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SUMMARY 

Ability of rhizobacteria to produce phytohormones (cytokinins and IAA) offers a valuable 

opportunity to select for plant growth promoting bacteria. 92 bacterial and 13 cyanobacterial 

strains were isolated from rhizosphere of plants growing in different habitats. Twelve 

bacterial strains (Am3, Am4, Am5, Am6, Am7, E2, BC1, Vi2, Am2, R2, Az1 and G1) and 5 

cyanobacterial (Ck1, Ck2, Ck3, Ck4, Ck5) isolates showing positive cytokinins like activity 

(cucumber cotyledon bioassay) and capable of IAA production were finally selected for 

further study. 16S rRNA gene sequence homology showed that bacterial strains belong to the 

genus Pseudomonas (Am3, Am4, Am5, Am6, Am7 and E2), Bacillus (BC1, Vi2, R2, Am2, 

G1) and Azospirillum (Az1). Cyanobacterial strains Ck1, Ck2, Ck3, Ck4 and Ck5 were 

assigned to Anabaena, Oscillatoria, Phormidium, Chroococcidiopsis and Synechocystis 

respectively. Cytokinins and IAA were determined simultaneously in bacterial as well as 

cyanobacterial cultures by introducing rapid method for routine extraction, purification and 

determination of phytohormones using UPLC-ESI-MS/MS. Cytokinins concentration ranged 

between 219 and 416 ng ml
-1

 in bacterial strains with maximum production, recorded in P. 

aeruginosa Am3. Four different cytokinins species were identified in bacterial cultures 

including two isomers of zeatin (cis and trans), ZR and DHZR. Among different cytokinin 

classes ZR was universally the most abundant cytokinins in the selected strains. IAA 

concentration ranged between 0.1µg ml
-1

 and 10.09µg ml
-1

 in bacterial strains. The most 

efficient IAA producer was A. brasilense Az1. Cytokinins concentration in cyanobacterial 

culture was as high as 21.9 pmol mg
-1

 Chlorophyll-a (Chroococcidiopsis sp. Ck4). The strain 

accumulated 17.22 pmol mg
-1

 Chlorophyll-a of cytokinins synthesized. Five different kinds of 

cytokinins including cZ, tZ, ZOG, ZR and DHZR were determined in Chroococcidiopsis sp. 

Ck4. The most efficient strain regarding IAA production was Anabaena sp. Ck1 where the 

concentration of the phytohormone was 43 pmol mg
-1

 Chlorophyll-a. Contrary to unicellular 

cyanobacteria, filamentous strains (Ck2 and Ck3) accumulated more phytohormones as 

compared to their release. Strains associated with rice rhizosphere synthesized greater amount 

of phytohormones that free living isolates.  

Microbial strains capable of phytohormones production in culture media were used to 

inoculate seeds of Triticum aestivum var. Uqab 2000, Helianthus annuus var. suncross and 

Brassica olaraceae var. capitata germinated under axenic conditions. Growth parameters 

(shoot length, number of lateral roots and leaf area), biomass parameters (fresh and dry 

weight), pigments (chlorophyll-a, b and carotenoids) and biochemical parameters (proteins 
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content, inorganic phosphate and nitrate reductase activity) were significantly enhanced in 

inoculated seedlings of all three genotypes. Root length either remained unchanged or was 

reduced as a result of inoculations producing high amount of IAA. Microbial inoculations 

enhanced growth of wheat more efficiently compared to sunflower and cabbage. Dependence 

of plant growth on exogenous cytokinins (microbial source) was evidenced from positive 

correlation of different parameters with cytokinins (r = 0.338-832; p = 0.01-0.05). While IAA 

in bacterial culture appeared to be negatively correlated with some parameters of plants 

particularly root length under axenic conditions, this hormone from cyanobacterial origin was 

positively correlated to a number of parameters with only one exception (root length in 

sunflower) where negative correlation was recorded. Endogenous phytohormones pool of 

wheat and sunflower was significantly enhanced in seedlings inoculated with bacterial as well 

as cyanobacterial inoculations under full axenic conditions. P. aeruginosa Am3, B. subtilis 

BC1 and B. cereus G1 caused greatest increase in cytokinin contents of wheat (150-170%) as 

well as sunflower (106-270%) seedlings. Most significant inoculations regarding IAA content 

of seedlings were A. brasilense Az1 and B. licheniformis Am2. In case of cyanobacteria 

unicellular rhizo-flora (Chroococcidiopsis sp. Ck4) enhanced endogenous cytokinins 

maximally in both monocot and dicot while greatest alteration in IAA was recorded with 

filamentous rizocyanobacteria, Anabaena sp. Ck1.  Significant positive correlation of wheat 

endogenous cytokinins (r = 0.752-0.775; p=0.01) and IAA (r = 0.953-0.990; p = 0.01) was 

recorded with bacterial hormones. Endogenous hormones (cytokinins and IAA) of sunflower 

seedlings were also positively correlated with bacterial cytokinins and auxin. Cyanobacterial 

cytokinins production was significantly correlated with the endogenous level of these 

hormones in wheat (r = 0.841-0.902; p = 0.05) and sunflower (r = 0.923-0.948; p = 0.01) 

seedlings. IAA from microbial and plant source also showed positive linear correlation (r = 

0.883-0.961; p = 0.05; 0.01). Majority of inoculations showed better performance under 

axenic conditions also enhanced growth and yield parameters of wheat at final harvest under 

natural conditions. Anabaena sp. Ck1 caused maximum increase in shoot length (31%) while 

Chroococcidiopsis sp. Ck4 enhanced spike length (26%) and weight of seeds (43%) 

maximally over control. 71% increase in number of tillers was recorded with P. aeruginosa 

Am3 and B. subtilis BC1. Bacterial cytokinins showed significant positive correlation with 

shoot length (r = 0.852; p = 0.01), number of tillers (r = 0.837; p = 0.01), spike length (r= 

0.569; p = 0.05) and weight of seeds (r = 0.614; p = 0.05). At final harvest, significant 

positive correlation for grain weight (r = 0.908; p = 0.05), spike length (r = 0.723; p = 0.05) 

and tillering (r = 0.684; p = 0.05) with cyanobacterial cytokinins showed the implication of 
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cytokinins as a tool for phytostimulation by the strains.  Number of tillers (r = 0.644-0.744) 

and weight of 100 seeds (r = 0.559-0.728) was linearly correlated with ratio of cytokinins to 

IAA in bacterial as well as cyanobacterial cultures. 

Phytohormones from microbial source in the form of extract or culture supernatant were 

proved as efficient supplements to MS media for in vitro growth of B. olaraceae. Supernatant 

from strains with high cytokinin to IAA ratio, including B. subtilis BC1 (4.02), P. aeruginosa 

Am3 (2.08) and Chroococcidiopsis sp. Ck4 (1.25) efficiently induced compact calli which 

were turned green upon exposure to light. The strains producing lower cytokinins to IAA ratio 

(0.031-0.2) on the other hand induced friable callus which were unable to regenerate on the 

selected media combinations. Caulogenesis as well as rhizogenesis was observed in four 

different kinds of ex-plants (internodal, hypocotyl, petiolar and root) in media supplemented 

with cytokinins and IAA from bacteria and cyanobacteria.  

Some of the cytokinin producing strains (Am3, Am6, R2 and Ck4) were able to induce 

localized resistance in Arabidopsis thaliana col-0 plants against P. syringae pav. tomato 

DC3000. These strains were not only capable to grow in leaf tissues but they also enhanced 

localized accumulation of cytokinins in the lamina as evident from GUS up-regulation in 

Arabidopsis ARR5::GUS as well as enhanced accumulation of cytokinins in the tissues 

supplied with the strains. Leaves infiltrated with Am3 and Ck4 were characterized by 150% 

and 119% increased cytokinins over control while IAA remained unchanged. Leaves 

incubated with P. syringae pv. tomato DC3000 reduction in cytokinins accumulation and 6-

fold increase in IAA concentration was recorded. Involvement of cytokinins was confirmed 

by the induction of resistance in Arabidopsis leaves fed with standard cytokinins.  Auxins 

were found to reverse the susceptible phenotype in Arabidopsis. Reactive oxygen species 

(ROS) and salicylic acid (SA) were irrelevant in resistance conferred by microbial strains. 

However, 13-15 folds increase in the accumulation of phytoelexins (camalexins) was 

recorded with biocontrol strains and cytokinins as compared to their concentration in mock 

inoculated leaves. Growth of the pathogen was significantly reduced in Arabidopsis tissues 

supplied with microbial or authentic cytokinins shown by GFP assay. Pathogenesis related 

proteins PR-1 accumulation was also enhanced several-fold by Am3 and Ck1 over control. 

Presence of all these valuable properties makes strains good candidates to be used to improve 

growth and yield of agronomically important crops. 

 

 



INTRODUCTION 

lant growth is conditioned by certain substances produced naturally by plants which 

are effective in minute concentrations known as phytohormones.  The concept of 

phytohormones was introduced for the first time by Sachs in his work on 

phototropism without actually using the term (Weyers and Paterson 2001). 

Experiments conducted by Charles Darwin proved that plant produce some influence in one 

part which is then transmitted to the other part to show its action. His experiments eventually 

led to the concept of phytohormonal control of plant growth and development. However the 

influence to which Charles Darwin referred in 1880 was first extracted by F. W. Went in 1926 

which is now termed as auxin (Gutjahr et al. 2005). During 20th century a number of 

naturally occurring compounds with physiological activity were discovered and the most 

effective were grouped as phytohormones. Five classical phytohormones are auxins, 

gibberellins, cytokinins ethylene and abscisic acid. The term auxin is derived from auxein 

(Greek, to increase); gibberellins from Gibberella fujikuroi   (fungus, the first known source 

of gibberellins) and cytokinin from cytokinesis (due to the role of cytokinins in cell division) 

respectively. Ethylene, Auxins (IAA), Gibberellins, Zeatin type cytokinins and abscisic acid 

were first discovered in 1934, 1941, 1958, 1963 and 1965 respectively. Later on the list was 

extended to accommodate several other bioactive compounds including brassinosteroids 

(brassinolide) discovered in 1979, jasmonates (Jasmonic acid) discovered in 1980, 

polyamines discovered in 1985, polypeptides (tomato systemin) discovered in 1991 and 

oligosaccharins in 1993 (Weyers and Paterson 2001). Recently a new group of 

phytohormones has been added to the list named as strigolactones (Umehara et al. 2008). As 

soon as these physiologically active compounds were discovered the concept was extended 

that these plant hormones may act like animal hormones. However at that time there was no 

clear report about their locus of synthesis. Although many were found in plant translocation 

system but the relationship of translocation in plants and mode of action of phytohormones 

was not known. The simple “synthesis, transport and action” model proposed for animals may 

be just one of the several possible ways in which phytohormones are utilized by plants in 

controlling physiological responses (Weyers and Paterson 2001;  Spartz and Gray 2008). 

Before the field of phytohormone research was revitalized by the application of molecular and 

genetics approaches it was considered as a vague subject (Teale et al. 2006).   

P 
Chapter 1 
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Cytokinins play central role in controlling cell cycle and several other physiological responses 

(Werner et al. 2001). Cytokinins contribute to plant growth and development by controlling 

cell division in developing embryos, apical meristem of the shoot, young leaves and 

cambium. Highest concentration of endogenous cytokinin has been detected during the late S 

phase and M phase of the cell cycle. Cytokinins play crucial role in the cell cycle by 

controlling G1/S transition and increasing the number of replication origins during S phase to 

control G2/M transition (Kim and Park 2007). Cytokinins are also indispensible for seed 

germination, cotyledon expansion, shoot branching, vascular differentiation, chloroplast 

differentiation and de-etiolation, transition from vegetative to floral growth, nutritional 

signaling, and regulation of sink strength, leaf senescence, fruit setting and grain filling 

(Werner et al. 2001;  Riefler et al. 2006;  Oldroyd 2007). Cytokinin signaling
 
is also required 

for cell divisions that initiate nodule development
 
in legume roots and defines an auto-

regulated process where cytokinin induction
 
of nodule stem cells is controlled by shoots. 

Cytokinins maintain meristematic activity during post embryonic growth as well as leaf 

development. For example, the loss of activity of cytokinin receptors causes premature 

termination of shoot meristem function (Higuchi et al. 2004). Similarly experiments have 

shown that cytokinin induce the development of shoot meristem in unorganized growing cells 

demonstrating its role beyond maintaining the cell cycle (Pozo et al. 2005). Early work 

focused on the exogenous application of cytokinin to plants while dealing with different 

growth responses. However positive results with exogenously applied hormones do not 

necessarily show the involvement of endogenous cytokinin. Mutant plants are used as a tool 

to understand the role of endogenous cytokinin in plant growth and development. With the 

help of cytokinin receptor mutants in Arabidopsis Riefler et al. (2006) demonstrated that 

cytokinin control endosperm size, chlorophyll formation, leaf development and root growth. 

Similarly cytokinin deficient mutants had stunted shoots with smaller apical meristem. The 

leaf cell production in such mutants was reduced down to 3% of the wild type plants and 

prolonged plastochrone was presented. However in case of root, the meristems were enlarged 

which initiated faster growth in the root.  From the results it was concluded that cytokinin 

control leaf growth and have contrasting role in root and shoot growth (Werner et al. 2001). 

Nishimura et al. (2004) with the help of cytokinin receptor mutant plants demonstrated the 

involvement of endogenous cytokinin in triggering of the cell division and maintenance of the 

meristematic activity so that the cells remain undifferentiated. Based on the transgenic plants 

and mutants analysis it is believed that cytokinin do not act as a root derived signal in 

controlling shoot branching (Schmulling 2002). Cytokinin receptor mutant cre1/wol has 
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revealed to be defected in the cell division in the embryonic axis during late stages of 

embryogenesis lead to fewer vascular initials. Thus in such plants only protoxylem is formed 

but no metaxylem which in turn leads to the formation of primary roots with narrower 

vascular cylinder. These finding demonstrated an important role of cytokinin in vascular 

morphogenesis (Mahonen et al. 2000). Chaudhury (1993) constructed a mutant in Arabidopsis 

with ability to produce 6 times greater amount of endogenous cytokinin against wild plants. 

The mutant was tricot, initiated leaf faster, with shorter hypocotyl and the flowering phase 

was reached significantly earlier as compared to wild Arabidopsis plants. The mutant was 

able to suppress late flowering in gigantea (gi) mutant, however late flowering in fca (a gene 

controlling flowering time in Arabidopsis) mutant was not affected (Bernier and Perilleux 

2005). In the fca mutant flowering is delayed under inductive (long-day) conditions and even 

more severely delayed during short days. It has been shown that fca functions in the 

posttranscriptional regulation of transcripts involved in the flowering process (Razem et al. 

2006). Gi regulates the expression of flowering time genes during the period of flowering 

promotion by photoperiod (Yu et al. 2008). Exogenous application of cytokinin accelerates 

flowering and cytokinin deficient Arabidopsis experienced delay in floral transition (Werner 

et al. 2003; Nishimura et al. 2004; Bernier and Perilleux 2005). Similarly amount of iP type 

cytokinins increase upon photoperiodic induction (Corbesier et al. 2003). Expression of 

isopentenyl transferase gene from Agrobacterium under flower specific promoter of 

Arabidopsis in Petunia has significantly increased the size of flower but the vegetative growth 

remained unchanged (Verdonk et al. 2008). Cytokinins have also a definite role in fruit set 

and grain filling (Xu et al. 2007). Greater activity of endogenous cytokinin was recorded 

during seed development in tea plants (Bhattacharya and Nagar 2006). In addition cytokinins 

control central genes of different primary metabolic pathways including hexose transporters, 

invertases (Roitsch and Gonzalez 2004), and phosphate and nitrogen metabolism 

(Schachtman and Shin 2007) as well as signaling. For example cytokinins control the gene 

encoding nitrate reductase which is evident from positive correlation between cytokinin and 

nitrogenous nutrients.  

A large array of natural and synthetic compounds fitting in to the definition of 

cytokinin, have been identified including adenine and phenylurea derivatives (Mok and Mok 

2001). All naturally occurring cytokinin are derived from adenine substituted by a side chain 

at N
6
 position. Biological activity of these cytokinins depends upon the structure and 

conformation of the side chain (Table-1.1). The side chain is also used as criteria to group
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Table-1.1 Natural and synthetic cytokinins (Moke and Moke 2001) 

 
R Name Abbreviation 

 

N
6
-(Δ

2
- isopentenyl) adenine i

6
Ade 

 

Trans-zeatin tZ 

 

Cis-zeatin cZ 

 

Dihydrozeatin DHZ 

 

Zeatin-o-glucoside ZOG 

 

Trans-zeatin-9-riboside ZR 

 

N
6
-Benzyladenine BA 

 

N
6
-(2-hydroxybenzyl)-adenine, 

Ortho-topolin 
oT 

 

N
6
-(3-hydroxybenzyl)-adenine, 

meta-topolin 
mT 

 

 

N,N'-Diphenylurea DPU 

 

N-phenyl-N'-(1,2,3-thidiazol-5-

yl)urea, thidiazuron 
TDZ 
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cytokinins into isoprenoid or aromatic forms. Both forms share the biological features in 

qualitative terms but may differ quantitatively. Isoprenoid cytokinins may either have 

isopentenyl side chain (isopentenyl or iP type cytokinins) or hydroxylated isopentenyl side 

chain (zeatin type cytokinins). In cis zeatin the side chain is in cis configuration while in trans 

form the side chain is in trans configuration. The most active form in the two zeatins is tZ. If 

the double bond in the side chain is reduced the resultant compound is dihydrozeatin (DHZ). 

Similarly the free form cytokinin may be converted to ribosides or ribotides when a ribose or 

ribose-5`-phosphate is added to the N
9
 position. The cytokinin nucleotides (ribotides) can be 

activated specifically in the shoot meristem by the phosphoribohydrolase encoded by the 

LONELY GUY (LOG) gene reported from rice. Proper expression of the gene is required to 

maintain meristematic activity and its loss of function causes premature termination of the 

shoot meristem (Kurakawa et al. 2007). In aromatic forms the side chain is aromatic which 

are rare as compared to isoprenoid type cytokinins. However the greater stability of such 

cytokinins for example benzyladenine makes them good candidates for use in tissue culture. 

Synthetic cytokinins are phenylurea derivatives and structurally unrelated to natural 

cytokinins. Diphenylurea and thidiazuron are examples of synthetic cytokinins with very high 

biological activity however they do not occur naturally (Schmülling 2004; Sakakibara 2006;  

Nieminen et al. 2008). Cytokinin regulation in plant cells involve de novo synthesis, 

metabolic inter-conversion and break down. The initial step of cytokinin biosynthesis is 

catalyzed by adenosine  phosphate-isopentenyltransferases  (IPT), encoded by a small multi-

gene family in Arabidopsis composed of seven genes (AtIPT1,   AtIPT3–AtIPT8; Kakimoto,   

2001; Takei et al. 2001) and in rice with eight genes (OsIPT1–OsIPT8) (Sakamoto et al. 

2006). In addition to plants the gene coding for IPT has also been identified from 

microorganisms including Agrobacterium tumefaciens and Rhodococcus fascians (Chu et al. 

2010). In higher plants, the predominant substrates of IPT are dimethylallyl diphosphate 

(DMAPP) and ATP or ADP while the resulting major initial product is either iP riboside 5' 

triphosphate (iPRTP) or iP riboside 5'-diphosphate (iPRDP). Unlike plants triphosphate 

(iPRTP) or iP riboside 5'-diphosphate (iPRDP) IPTs, Agrobacterium IPTs (Tmr and Tzs) 

catalyze the N-prenylation of AMP using DMAPP or HMBDP (1-hydroxy-2-methyl-2-(E)-

butenyl 4-diphosphate) as an isoprene donor in vitro (Kakimoto, 2001; Sakakibara et al. 2005; 

Hirose et al. 2007; Sugawara et al. 2008). In Arabidopsis, iP nucleotides are converted into tZ 

nucleotides by cytochrome P450 monooxygenases CYP735A1 and CYP735A2 (Takei et al. 

2004). To become biologically active, iP- and tZ-nucleotides are converted to nucleobase  

forms  by  dephosphorylation  and  deribosylation,  but  genes  encoding  the  nucleotidase  
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and nucleosidase have  not  yet  been  identified (Hirose et al. 2007). Kurakawa et al. (2007) 

identified a novel pathway that directly releases active cytokinin from the nucleotide, 

catalyzed by the cytokinin nucleoside 5'-monophosphate phosphoribohydrolase called LOG. 

Thus, it is likely that there are at least two cytokinin activation pathways in plants. Instead of 

de novo synthesis, cytokinin (cZ) can also be synthesized from tRNAs in a number of 

organisms including microorganisms. Two Arabidopsis and rice tRNA-IPTs (AtIPT2 and 

AtIPT9) and (OsIPT9 and OsIPT10), catalyze isopentylation of tRNA and are required for cis-

zeatin-type cytokinin synthesis (Golovko et al. 2002; Miyawaki et al. 2006). The prenyl-

donor for the IPT reaction, DMAPP, can be produced by both the methylerythritol phosphate 

(MEP) pathway in plastids and the mevalonate (MVA) pathway in the cytosol.  The prenyl 

group of tZ and iP is mainly produced by the MEP pathway as shown by isotope-labeling 

experiments in Arabidopsis seedlings, suggesting that plastids play an important role in the 

initial step of CK biosynthesis in Arabidopsis (Kamada-Nobusada and Sakakibara 2009). On 

the other hand the isoprenoid side chain for cZ comes from MVA pathway. There is also 

possibility of the direct transfer of hydroxylated side chain to adenine and hence adenine can 

also act as precursor. Cytokinin free forms, ribosides and ribotides are metabolically inter-

convertible which presumably have an important role in maintaining the concentration of 

active compounds. The inter-conversion is also catalyzed by IPT. However the inter-

conversion of cis and trans zeatin is powered by cis-trans-zeatin isomerase. NADPH-

dependent zeatin reductase is used to convert zeatin to DHZ. In addition to inter-conversion 

cytokinins may also undergo conjugation for example glucosylation at N
3
, N

7
 or N

9
 position 

of the purine ring or at the N
6
 lead to the formation of glucosides type cytokinins (inactive 

storage forms). The storage forms may be converted to active forms by hydrolysis. Several 

genes are reported to code for glucosyltransferases in plants (Martin et al. 2001). The route of 

xylem is followed to transport cytokinin from roots to shoot while phloem is used for 

transport in opposite direction (Kudo et al. 2010). It is speculated that transported cytokinins 

(mostly ribosides) may have role to coordinate root and shoot development however very 

little is known. For example cytokinin may act as long distance signal in the perception of 

nutrients like NO3 by roots and the subsequent response of shoot (Rahayu et al. 2005). In 

plants the control over active cytokinin concentration is several folds, de novo biosynthesis, 

conversion between free bases, nucleosides, and nucleotides, inactivation, degradation, and 

translocation. Cytokinin catabolism is catalyzed by cytokinin oxidases/dehydrogenases 

(CKX) in plants (Vyroubalova et al. 2009). So far seven genes are identified for CKX in 

Arabidopsis (Cedzich et al. 2008). The rice (Oryza sativa) genome contains at least 11 CKX 
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homologs (OsCKX1–OsCKX11) (Werner et al. 2006). Interestingly, a major quantitative trait 

locus controlling grain number in rice was identified as CKX (Ashikari et al. 2005). 

 

Very little is known about the perception and transduction of cytokinin signal in 

plants. However according to the current knowledge multi-step phosphorelay system is used 

to perceive and transduce the cytokinin signals through a complex form of the two-component 

system (TCS) pathway (Ren et al. 2009). The system uses a receptor kinase located in 

membrane along with a sensor which is actually an extracellular recognition domain. When a 

ligand bind to the sensor it dimerizes on a histidine located in the cytoplasmic transmitter 

domain. The phosphoryl group is then sequentially transferred to aspartate (Asp) residue in 

the receiver domain, histidine containing phosphotransmitter (Hpt) and response regulator 

(RR) at a central Asp residue. Histidine kinases are receptors for cytokinin which are 

composed of three domains, the extracellular domain, cytoplasmic histidine kinase transmitter 

and receiver. In Arabidopsis so far three cytokinin receptors including CRE1/WOL/AHK4, 

AHK2 and AHK3 have been reported (Hwang and Sheen 2001). There are five transmitters 

(Hpt) and 22 response regulators of the A or B-type which act as downstream components of 

the cytokinin signal transduction pathway (Schmülling 2004). Signal is taken from the 

receptors in the plasma membrane by the transmitter in the cytoplasm to the response 

regulators (B-type RRs or ARRs for Arabidopsis) in the nucleus. When activated the type-B 

ARRs induce the transcription of primary cytokinin response genes via C-terminal DNA 

binding domain. Response gene which are up-regulated by cytokinin code for A-type ARRs, 

differ from B-type ARRs because they lack C-terminal DNA binding and activating domain. 

A-type ARRs may exert negative feedback regulation of the cytokinin signaling pathway or 

mediate cytokinin dependent modulation of some other pathways. Cytokinin receptors have 

also been identified from other species, including maize (Yonekura-Sakakibara et al. 2004), 

the legumes Medicago truncatula (Gonzalez-Rizzo et al. 2006), Lotus japonicas (Murray et 

al. 2007) and rice (Du et al. 2007). Several compounds with anticytokinin properties have 

been synthesized. Their structure is similar to cytokinins that allow them to compete for the 

same receptor(s) but render them ineffective as cytokinins. Such compounds are used as 

potent tools to study the mechanism of cytokinin perception and signal transduction (Spichal 

et al. 2009).  

 

The distinct sites of expression of genes for cytokinin biosynthesis (Takei et al. 2004) 

degradation (Werner et al. 2006), and signaling (Ishida et al. 2008) provide basis for the 
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hypothesis for local function of cytokinins. Contrary to the above hypothesis, cytokinin may 

serve as a long-distance signaling molecules as evident from the translocation of cytokinin 

from root to shoot via xylem and their reflux occurring in the phloem (Emery et al. 2000). 

Thus, it is assumed that multiple cellular importers and exporters may be used to allow 

efficient mobilization and targeted translocation. However, in contrast to the mechanisms of 

polar transport of the hormone auxin, little is known about the mechanisms of cytokinin 

transport (Swarup et al. 2000). It has been shown that cellular uptake system may be present 

in plants as evident from rapid uptake and inactivation of free cytokinin bases by 

glycosylation and storage in the vacuole, by cell cultures (Fusseder et al. 1989). Furthermore, 

if a significant portion of cytokinin is catabolized extracellularly by CKX, transporters are 

required for the recycling of the released adenine. Efficient salvage of adenine to AMP and 

ATP is important for the synthesis of nucleotide cofactors and DNA, and for the supply of the 

cell with energy carriers (Stasolla et al. 2003). In Arabidopsis, low-affinity transporters for 

cytokinin nucleobases belonging to the purine permease (PUP) family (Gillissen et al. 2000) 

and in rice and Arabidopsis for cytokinin nucleosides belonging to the equilibrative 

nucleoside transporter (ENT) family (Hirose et al. 2008) have been identified. Indirect 

approach based on the structural similarity of cytokinins and purine bases have been used to 

isolate the cytokinin transporters of the PUP family. If metabolism occurs at least in part in 

the apoplasm, one may expect the coexistence of adenine and cytokinin transport systems in 

the plasma membrane. A purine transport-deficient yeast mutant fcy2 was used for 

suppression cloning of the plant transporter gene PUP1, which belongs to a plant-specific 

gene family encoding a new class of small, integral membrane proteins. PUP1 mediates not 

only high-affinity transport of adenine and other nucleobases (Gillissen et al. 2000) but is also 

able to recognize cytokinins. Yeast expressing PUP1 could directly uptake radiolabeled tZ 

demonstrating the affinity of PUP1 for cytokinin. Analysis of expression using promoter-

reporter fusions indicates that PUP1 may play a role in the retrieval of nucleobase derivatives, 

potentially including xylem-delivered cytokinins, in the epithem of hydathodes and at the 

stigma surface of siliques. Evidence for this hypothesis is provided by Aloni et al. 2005, who 

demonstrated accumulation of free cytokinins in shoot tissues known for high transpiration, 

such as hydathodes, guard cells, trichomes, and stigmas in ARR5-GUS plants. Two homologs 

of PUP1 were cloned and expressed in yeast. PUP2 is able to mediate adenine uptake and to 

recognize tZ and cis-zeatin, iP, kinetin, and benzylaminopurine as substrates; in contrast, 

PUP3 did not show detectable activity in yeast. The PUP2 promoter drives expression of the 

GUS reporter gene in the phloem of Arabidopsis leaves. This result, together with other 
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findings demonstrating the expression of IPT3 (Takei et al. 2004) in companion cells of sieve 

elements and the accumulation of cytokinins in phloem of ARR5-GUS plants (Aloni et al. 

2005), may implicate a role of PUP2 in phloem loading and transport of adenine and possibly 

cytokinins. 

 

The effect of auxin was first documented by Charles and Francis Darwin in their book, 

The Power of Movement in Plants. Forty-five years later, in 1926, this messenger diffused 

from plant tissue into agar blocks and was shown to retain a growth promoting activity. Auxin 

is now perhaps the best understood of the plant hormones and the one most resembling the 

canonical concept of a messenger, synthesized in one place and acting at another. The effect 

of auxin on a growing plant depends on the type of auxin applied and its concentration. 

Endogenous IAA regulate embryonic and post-embryonic development as well as movement 

in relation to light and gravity (tropism). Auxins influence different aspects of plant growth 

via controling division, elongation and differentiation of the cell. Auxin induces the 

expression of many cell-cycle genes mediated via both proteasome-dependent and ABP1-

dependent  pathways. The targets of auxins signals include proteins that are involved in 

transitions throughout the cell cycle, for example, entry into S phase and the G2–M transition. 

It has been shown that auxins govern physiological responses via a unique mechanism of 

perception and elicitation which are central to plant structure and function (Teale et al. 2006). 

In addition to their role in plant cell cycle auxins regulate pattern formation, apical dominance 

and tropic responses (Woodward  and  Bartel  2005). Auxins (IAA) has been shown to control 

cytoplasmic streaming a process depend upon actin and by reorganizing courser bundles of 

filamentous actin to fine strands they promote elongation in rice coleoptile (Holweg et al. 

2004). It has been demonstrated in several studies that actins are important in plant growth 

and auxins responses (Smith and Oppenheimer 2005). It has become common knowledge that 

contrary to cytokinins, auxins consistently induce lateral and adventitious root formation. At the 

same time they maintain apical dominance of the shoots. Several studies have illustrated this 

reliably over the years in different species (Ruzicka et al. 2009). Exogenous application of auxin 

to seedlings, root and stem explants results in most cases in the proliferation of new root 

primordia. From recent work with Arabidopsis it became clear that the endogenous auxin is also 

essential for the correct positioning of the lateral root primordia. Several mutants that have defects 

in early auxin responses show no or a reduced number of lateral roots (Casimiro et al. 2003) and 

when the active cell-to-cell transport (polar auxin transport, PAT) is hindered lateral root initiation 

is blocked or at least reduced (Casimiro et al. 2001). Lateral root development can be divided in 

http://www.pubmedcentral.nih.gov/articlerender.fcgi?tool=pmcentrez&artid=2593678#bib1
http://www.pubmedcentral.nih.gov/articlerender.fcgi?tool=pmcentrez&artid=2593678#bib1
http://www.pubmedcentral.nih.gov/articlerender.fcgi?tool=pmcentrez&artid=2593678#bib1
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different steps: primordium initiation and development, emergence, and meristem activation. 

Auxin local accumulation in Arabidopsis root pericycle cells adjacent to xylem vessels, triggers 

lateral root initiation by re-specifying these cells into lateral root founder cells (Hodge et al. 

2009). Furthermore, it is also involved in the growth and organization of lateral root primordia 

and emergence from the parent root. Indeed, mutants or transgenic lines with elevated auxin 

biosynthesis and endogenous levels of IAA display significant increased root branching. During  

embryonic  root apical meristem (RAM)  formation  many  auxin related  mutants,  such  as  those  

involved  in  its biosynthesis yuc1, yuc4, yuc10 yuc11 quadruple mutant (Cheng et al. 2007), or 

mutants affected in transport or signaling (monopteros, bodenlos, auxin transport inhibitor  

resistant  1 (tir1)  and related tir1/afb1-3 quadruple mutant (Jenik et al.2007) are unable to form 

the embryonic RAM. 

 

Auxins belong to chemically diverse compounds, most of which have an aromatic 

system such as indole, phenyl or naphthalene ring  with  a  side  chain  containing  a  carboxyl  

group  attached (Fig. 1.1). Indole-3-acetic acid (IAA) is the natural auxin commonly 

occurring in all vascular and lower plants. A chlorinated form of IAA with high auxin 

activity, 4-Cl-IAA, is found in several plant species. In addition to the indolic auxins, 

phenylacetic acid has been identified in plants and is an active auxin in the most bioassays 

(Ludwig-Müller and Schuller 2008). Certain IAA precursors such as indole-3-acetonitrile and 

in-dole-3-pyruvic acid also exhibit stimulating properties of plant growth and development, 

presumably because of conversion in the tissue to the biologically active IAA. Similarly, 

indole-3-butyric acid, identical to IAA except for two additional   methylene   groups   in   the   

side   chain,   is   effective   in bioassays. Indole-3-butyric acid, originally classified as 

synthetic auxin, is in fact an endogenous plant compound. Two, main types of synthetic plant 

growth regulators with high auxin activity have been described: naphthalene-1-acetic acid and 

2,4-related compounds, e.g., 2,4-dichlorophenoxyacetic acid. The  isomer  of  naphthalene-1-

acetic  acid,  naphthalene-2-acetic acid,  shows  lower  biological  activity. 2,4-

Dichlorophenoxyacetic acid is commonly used herbicide (Bajguz and Piotrowska 2009). 

Plants use several mechanisms to control the levels of endogenous auxins, especially 

IAA. Despite, the regulation of synthesis and degradation of these phytohormones, plants may 

store auxins in the form of conjugates. Most of plant‟s endogenous IAA is found not as a free 

and biologically active form, but conjugated at the carboxyl group. IAA is conjugated at the 

carboxyl group of monosaccharides, high molecular weight polysaccharides, myoinositol, 

choline and the carbohydrate components of glycoproteins via ester bonds. IAA can also be 
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conjugated to single amino acids, peptides or proteins via amide bonds. These mentioned 

conjugates are thought to be involved in IAA storage and transport, inactivation of the 

hormone pathways to auxin catabolism, and as components of a homeostasis for the control of 

IAA levels. They can also protect IAA against peroxidative degradation, and detoxification of 

excess auxin. Hydrolysis of endogenous conjugates of IAA is likely to be important free IAA 

sources (Teale et al. 2006). In addition to conjugation auxins catabolism can greatly decrease 

active auxin levels. De novo synthesis and hydrolysis of conjugates contribute to the 

developmental regulation of auxin homeostasis by increasing active auxin levels (Ljung et al. 

2005). Auxin biosynthesis not only takes place in young aerial tissues, but also in roots, 

particularly in the meristematic primary root tip (Ljung et al. 2005). Indole is converted to 

auxin via tryptophan-dependent and tryptophan-independent pathways (Woodward and Bartel 

2005). there are 4 proposed pathways for the biosynthesis  of  IAA from TRP  in plants: (i) 

the CYP79B pathway, (ii) the YUCCA (YUC) pathway, (iii) the indole-3- pyruvic acid (IPA) 

pathway, and (iv) the indole-3-acetamide (IAM)  pathway  (Fig. 1.2).  In Arabidopsis, indole-

3-acetaldoxime (IAOx) is known to be produced from the CYP79B pathway by the 

cytochrome P450 monooxygenases, CYP79B2 and CYP79B3 (Mikkelsen et al. 2000). It has 

been suggested that IAOx is a common intermediate for the synthesis of IAA, 3-

indolylmethyl-glucosinolate (IG), and camalexin (CL) in Arabidopsis (Glawischnig et al. 

2004; Mikkelsen et al. 2004). IG is a metabolite produced to discourage herbivores (Grubb 

and Abel 2006), and camalexin is a phytoalexin produced in Arabidopsis in response to 

pathogen infection (Nafisi et al. 2007).  However, the exact mechanisms by which IAOx is 

converted to IAA are not clear. Indole-3-acetonitrile (IAN) and indole-3-acetaldehyde 

(IAAld) are suggested as potential intermediates, but the biosynthetic routes and the genes 

involved have not been identified (Sugawara et al. 2009). The YUCCA (YUC) gene, which 

encodes a flavin monooxygenase-like enzyme, was identified by isolation of a dominant 

mutant with elevated levels of IAA (Zhao et al. 2001). Because YUCCA can convert 

tryptamine (TAM) to N-hydroxytryptamine (NHT) in vitro, Zhao et al. (2001) suggested that 

YUCCA catalyzes the N-oxygenation of TAM, a rate-limiting step in auxin biosynthesis in 

many plants. The roles of YUC genes in IAA biosynthesis and plant development have been 

extended to rice, maize, and petunia (Sugawara et al. 2009). Eleven YUC genes (AtYUC1-11) 

from Arabidopsis and seven (OsYUC1-YUC7) have been identified so far (Yamamoto et al. 

2007). The current model for the IPA pathway involves a Trp aminotransferase oxidatively 

transaminating Trp to IPA. Subsequently, an IPA decarboxylase converts IPA to indole-3-

acetaldehyde, and indole-3-acetaldehyde is oxidized to IAA. The IPA pathway is considered 
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Fig. 1.1 Chemical structures of selected auxins (Bajguz and Piotrowska 2009) 

 

 

Fig. 1.2 Proposed pathways for IAA biosynthesis: 1) the  CYP79B pathway, (2) the YUCCA 

(YUC) pathway, (3) the indole-3- pyruvic acid (IPA) pathway, and (4) the indole-3-acetamide 

(IAM)  pathway (Sugawara et al. 2009) 
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a major IAA biosynthetic pathway in plants, since potential intermediates have been isolated 

from different species. A gene called TAA1 encodes an aminotransferase that converts Trp to 

IPA and functions in IAA biosynthesis. Another gene identified from Arabidopsis is TIR2 

which also function as Trp aminotransferase (Yamada et al. 2009). The pathway also exist in 

microbes however it is proposed that the enzymatic conversion of IPA to IAA may be very 

different in the two (Normanly 2009). The indole-3-acetamide (IAM) pathway is the best 

characterized pathway in bacteria.  In this two-step pathway tryptophan is first converted to 

IAM by the enzyme tryptophan-2-monooxygenase (IaaM), encoded by the iaaM gene. In the 

second step IAM is converted to IAA by an IAM hydrolase (IaaH), encoded by iaaH. The 

genes iaaM and iaaH have been cloned and characterized from various bacteria, such as 

Agrobacterium tumefaciens, Pseudomonas syringae, Pantoea agglomerans, Rhizobium and 

Bradyrhizobium. The IAM-related genes have been detected on the chromosome in different 

Pseudomonas species as well as on plasmids such as pPATH of P. agglomerans. The IAM 

pathway was described previously as a bacterial specific pathway, however, its presence in 

Arabidopsis was also established later (Spaepen et al. 2007). The Trp-independent IAA 

synthesis pathway has been established in numerous plant species by way of stable isotope 

labeling studies (Woodward and Bartel 2005), yet remains undefined genetically. New alleles 

of iar4, a putative E1a subunit of mitochondrial pyruvate dehydrogenase, provide a possible 

link to the regulation of this pathway. The phenotypes of iar4-3 and iar4-4 mutants suggest a 

dual role for this protein in auxin homeostasis and the normal metabolic function of the 

acetyl-CoA-generating pyruvate dehydrogenase complex (Quint et al. 2009). IAA 

biosynthesis occurs in rapidly dividing and growing tissues, especially shoots (Palme and 

Nagy 2008).The importance of auxins in plant growth can be noticed by the fact that fully 

auxin-deficient mutant plants have not been identified so far (Teale et al. 2006).  

Auxins signaling proteins were identified through mutant screen for Arabidopsis 

seedlings with an altered response to auxin or auxin-transport inhibitors. Many of the auxin-

resistant mutants identified in this way are disrupted in components of the Skp1/Cullin/F-box 

(SCF) ubiquitin ligases (E3) or in proteins that regulate SCF activity. Specificity to the 

pathway is conferred by the E3 ligases which are the last enzymes in the ubiquitin–protein 

conjugation pathway. In the case of SCF-type E3 ligases, the F-box protein interacts directly 

with the substrate and thus determines the substrate specificity of the complex (Stuttmann et 

al. 2009). SCFs were first associated with auxin signaling when an F-box protein called TIR1 

was identified. Resistance to auxin is conferred by recessive mutations in TIR, confirming 
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that the protein is required for degradation of negative regulators of auxin response. A 

breakthrough in the characterization of the auxin-signaling pathway was the results implying 

that SCF TIR1 is directly linked to auxin-regulated transcription which is controlled by two 

large families of transcription  factors;  the  auxin/indole-3-acetic  acid  (Aux/IAA) proteins 

and the auxin response factors (ARFs) (of which Arabidopsis has 29 and 23 members 

respectively). ARFs bind the promoters of auxin-responsive genes and either activate or 

inhibit transcription depending on the type of ARF. The Aux/IAA proteins bind to the ARFs 

through shared domains in both proteins called domains III and IV and repress auxin-

regulated transcription. Importantly, the Aux/ IAA proteins are short-lived; their degradation 

is promoted by auxin and dependent upon TIR1 (Santner and Estelle 2009). Many gain-of-

function mutations in Aux/IAA genes have been isolated and in every case the mutations 

affect residues within a highly conserved region called domain II34. Biochemical studies 

demonstrated that domain II binds TIR1 and that this binding is enhanced by auxin. Although 

these results suggested a mechanism for auxin-dependent de-repression of transcription, how 

auxin promotes the SCF TIR1–Aux/IAA interaction remained unclear. Ultimately, TIR1 itself 

was shown to bind biologically active auxins directly and specifically. Auxin binding to TIR1 

increases the stability of the TIR1–Aux/IAA complex. Structural studies of TIR1 in the 

presence of auxin and a peptide encompassing domain II revealed how auxin promotes 

Aux/IAA degradation. A single hydrophobic pocket on the surface of the leucine-rich repeat 

domain of TIR1 binds both auxin and the domain II peptide. Auxin binds to residues at the 

base of this pocket and contributes to binding of the Aux/IAA protein37. Domain II of the 

canonical Aux/IAAs interacts with TIR1 residues directly above auxin, filling the remainder 

of the pocket. One important implication of the structure is that both TIR1 and the Aux/IAAs 

appear to contribute to high-affinity binding of auxin. In this sense, it may be more 

appropriate to call TIR1 and the Aux/IAA protein co-receptors (Dos Santos et al. 2009). If 

true, this also implies that different combinations of F-box protein and substrate may have 

unique auxin-binding characteristics. Recent results have also shed new light on the 

mechanism of Aux/IAA repression. Earlier studies showed that conserved domain I in the 

Aux/IAA proteins is required for transcriptional repression but the mechanism of repression 

was unclear. Domain I of most Aux/IAAs contains an ethylene-response-factor-associated 

amphiphilic repression motif. In 2008, a protein called TOPLESS (TPL) was shown to 

associate with domain I of the Aux/IAA protein IAA12 and to function as a transcriptional 

co-repressor (Szemenyei et al. 2008). These findings support an updated model in which the 

Aux/IAA proteins act as repressors of ARF-mediated transcription by recruiting TPL or 
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related transcriptional co-repressors to the multi-protein complex. Auxin de-represses 

transcription by promoting ubiquitination and subsequent degradation of Aux/IAA proteins 

through the action of SCF TIR1. Without the Aux/IAA proteins, TPL is no longer associated 

with promoters of auxin-regulated genes. Important questions about this model still remain. 

For example it is not known whether SCF
TIR1

 interacts with the Aux/IAA while in a complex 

with TPL and an ARF, with an ARF alone, or perhaps by itself. In addition, each of the 

relevant proteins is part of a large family (6 TIR1/AFBs, 29 Aux/IAAs, 23 ARFs, 5 

TPL/TOPLESS RELATEDs) and the potential specificity of interactions between different 

family members is just beginning to be explored (Santner and Estelle 2009). 

 

Specific and active transport of auxin reveal their unusual nature among 

phytohormones. Indeed, the pattern of a plant‟s response to auxin is not so much determined 

by the relative rates of auxin synthesis and catabolism as by the cells‟ capacity for auxin 

influx and efflux. Although the rates of synthesis and conjugation are undoubtedly important 

for the overall auxin status of the plant, it is the fine concentration gradients across only a few 

cells that have powerful effects on plant development. Only due to these observations great 

attention has been given to auxin transport in plant development. A number of proteins are 

involved in the redistribution of auxins (Vicente-Agullo et al. 2004; Li et al. 2005; Ian and 

Bennett 2007); among them, the most investigated belong to a family of polarly localized 

plasma-membrane proteins, the PIN proteins. PINs are found throughout the plant kingdom 

and mediate auxin efflux (Gälweiler et al. 1998; Paponov et al. 2005). Many developmental 

processes, including root development and organogenesis depend upon PIN-dependent short 

distance auxin transport (Reinhardt et al. 2003). Ever since its discovery, auxin has been 

considered a highly mobile signalling molecule. For example tropic growth depends on the 

directional and responsive transport of auxins. Therefore the existance of specific and active 

transporters for auxins in plants was predicted long before their discovery. Auxin is 

transported actively through the vascular cambium which is a cylinder of meristematic tissue 

that gives rise to (and is sandwiched between) the phloem and the xylem in trees. In A. 

thaliana auxin is actively transported through the vascular parenchyma. This conclusion is 

supported by the cellular location of AUX1, an auxin cellular influx carrier that is seen in 

positions that are consistent with vascular loading (in the leaves) and unloading (in the roots) 

(Marchant et al. 2002;  Swarup et al. 2001). AUX1 transports auxin directly, and this capacity 

was demonstrated in Xenopus laevis oocytes at physiologically significant concentrations 
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(Yang et al. 2006). The asymmetrical subcellular localization of AUX1 (a member of the 

LAX family of transporters) is thought to have functional significance, and its localization is 

dependent on an ER protein, AXR4, which has been shown to be responsible specifically for 

AUX1 distribution (Dharmasiri et al. 2006). AUX1 mutants have an auxins resistant and 

strongly agravitropic phenotype (irresponsive to gravity) Showing that AUX1 has a role in 

auxin influx (Wu et al. 2007). The characterization of other members of the LAX gene family 

should improve our understanding of auxin influx. PIN proteins are related to bacterial 

transporters and are commonly distributed polarly in the plasma membrane, which correlates 

with the expected direction of polar auxin flux (Gälweiler et al. 1998; Wisniewska et al. 

2006). Loss of function pin1 mutants show a distinctive phenotype after the floral transition: 

they often grow a single pin-shaped stem, with none of the flowers or characteristic branching 

of the wild-type plant (Okada et al. 1991). It has subsequently been shown that this phenotype 

is due to lower rates of auxin transport (Gälweiler et al. 1998). 

Investigations into cross-talk among plant hormones are underpinned by early 

discoveries on the antagonistic effects of auxin and cytokinins a precedent for hormone 

interaction in plant development. Analysis of the ATP/ADP isopentenyl transferase (AtIPT) 

family of cytokinin biosynthetic enzymes, using both mutant analysis and exogenous 

cytokinin application, it was found that cytokinins control root meristem size through cell 

differentiation. From several experiments the conclusion was drawn that cytokinins control 

the rate of meristematic cell differentiation by acting in a restricted region of the root 

meristem. These findings are significant to auxin-signaling pathways, as auxin is a crucial 

signal in root apical meristems, establishing and maintaining stem cell identity. Usually, 

cytokinins are negative regulators of root growth and development. Transgenic plants, which 

overexpress cytokinin oxidase/dehydrogenase (CKX) genes, have lowered cytokinin levels, 

and display a variety of phenotypes, including enlarged root  meristems, the  formation  of 

lateral  roots  in closer proximity to the apical meristem, increased root branching,  and  the  

promotion  of  adventitious  root  formation. Moreover, a specific reduction in cytokinin 

levels in early lateral root primordia formation was observed. The cell cycle is under the 

influence of both hormones. In contrast to cytokinins, auxin promotes the formation of lateral 

roots  and  adventitious  roots.  Cytokinins  and  IAA  have  antagonistic  roles  in  root 

development; the auxin:cytokinin ratio is important for the control of many developmental 

processes, including organ regeneration from tissue culture. Auxin can regulate cytokinin 

biosynthesis in Arabidopsis by reducing the pool size of major cytokinin intermediates (Teale 
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et al. 2008). Similarly cytokinins regulate the auxins level in plants. It has been observed that 

cytokinin overproducing tobacco had lower levels of indole-3-acetic acid (IAA), and that 

overproduction of IAA in tobacco leads to a reduced pool size of cytokinins. However such 

finding regarding crosstalk between the two hormones is the difficulty of resolving cause  and 

effect. It has been shown that auxins can regulate cytokinins level by upregulating cytokinin 

oxidase (CKX) and by inhibiying the action of ß-glucosidases that catalyz the hydrolysis of 

cytokinin-O-glucosides to release free cytokinins. In contrast cytokinin can both up and down 

regulate auxin level. It was demonstrated that auxin mediates a very rapid negative control of 

the cytokinin pool by mainly suppressing the biosynthesis via the isopentenyl adenosine-5-

monophosphate-independent pathway. In contrast, the effect of cytokinin overproduction on 

the entire auxin pool in the plant was slower, indicating that this most likely is mediated 

through altered development. The data demonstrating that auxin imposes a very rapid 

regulation of cytokinin biosynthesis,  illustrates  that  the  two  hormones  can  interact  also  

on  the metabolic level in controlling plant development (Nordstrom et al. 2004). 

 

Along with auxin, cytokinins are widely used in plant tissue culture to induce somatic 

embryogenesis or adventitious shoot organogenesis (Ramage and Williams, 2004). The 

balance between auxin and cytokinin plays an important role in determining the morphogenic 

development of an explant in culture. A high cytokinin to auxin ratio promotes shoot 

formation, a low cytokinin to auxin ratio results in root formation, and a balance between the 

two factors promotes callus formation (Ramage and Williams, 2004). Cytokinins inducing 

gene expression are important to adventitious shoot formation. Auxin and cytokinin were 

proved to be essential in callus induction and shoot formation. In general, cytokinin is 

considered in favor of shoot organogenesis in cultured tissues. It has previously been shown 

that media containing two different cytokinins may improve the number and the quality of 

shoots formed as compared to the media with only one cytokinin (Tomsone and Gertnere, 

2003). There are two modes of shoot regeneration from in vitro culture of leaf, hypocotyl, and 

cotyledon explants. Shoots can develop directly from the explant or indirectly through a callus 

phase. Direct in vitro regeneration was induced with the use of the cytokinin 

benzylaminopurine (BAP) (Li et al. 2003). Kinetin and zeatin were used to induce callus 

capable of bud formation (Lee et al. 2006). Buds development directly from the hypocotyl, 

without callus formation has also been reported (Nagori and Purohit 2004). 
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The term „rhizosphere‟ is used to describe the soil zone where microbial activity is 

influenced by plant root (Phillips and Fahey 2006). Rhizosphere host a vast array of microbial 

population several order of magnitude higher than those found in bulk soil supported by 

highly bioavailable, low-molecular weight carbon compounds from plant roots (Jing et al. 

2007). The increased microbial activities in the rhizosphere have major implications for soil 

function and plant growth itself. The organisms in the rhizosphere may influence plant growth 

by liberation of plant foods from soil organic matter and by the solvent action of carbon 

dioxide and other acids which they produce, transformation of nitrogen and sulfur compounds 

(ammonia, hydrogen sulfide) into readily available forms which may be beneficial or toxic to 

plants, affecting the oxygen tension in the immediate vicinity of the roots, competition with 

higher plants for available nitrogen and minerals, synthesis of vitamins and auxins; and 

entering with higher plants into various associations which may be beneficial or harmful 

(Ehrenfeld et al. 2005). Rhizodeposition includes both low and high-molecular weight 

compounds including monomers such as glucose and amino acids, polymers such as 

polysaccharides and proteins, root debris and root border cells, root cap cells separated from 

the root apex during root grwoth. Plants invest a lot of energy in root exudation, which 

depends on light intensity, temperature, type of plant, nutritional state of plants, stress factors, 

microbial activity in the rhizosphere and type of soil (for example soil texuture and thus 

mechanical impedance). It has been calculated that 50% of the net carbon fixed by plant is 

devoted to roots, 15% of the net fixed carbon by plant is respired by roots as CO2 and 10% is 

released as root debris including border cells, whereas diffusates and secretions accounted for 

less than 1%. The organic substances released from roots to the rhizosphere soil support 

higher microbial biomass and microbial activity in the rhizosphere than in the bulk soil 

(Nannipieri et al. 2007). The structure of microbial communities in the rhizosphere be greatly 

affected by root architecture, root age and plant age (Wu et al. 2009). The composition of 

eubacterial community of rhizosphere of conventionally managed continuous corn was 

similar to that of the light fraction, which includes plant debris, but differed with respect to 

that of heavy fraction, which includes mineral particles and the associated humic fractions, of 

bulk soil (Blackwood & Paul, 2003). Both terminal restriction fragments length 

polymorphism (TRFLP) and denaturing gradient gel electrophoresis (DGGE) finger printings 

of PCR-amplified 16 rDNA did not show any difference between the composition of bacterial 

communities of rhizosphere and that of rhizoplane, where the effect of rhizodepositon should 

be more pronounced (Nunan et al. 2005). The diversity of functional genes including amoA 

and nifH was higher in rhizosphere than bulk soil (Briones et al. 2003). It is obvious that 
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many factors (root architecture, root age, perturbation, stability of soil microflora, etc.) can 

interfere with the effects of plant species on the composition of microbial communities of 

rhizosphere soil. In addition, soil microflora appears very stable, since changes due to 

perturbations are transitory (Nannipieriet al. 2003). Thus the plant effect can be more easily 

studied in young soils without a stable microbial community.The presence of abundant 

organisms in the root zone suggests that associative and antagonistic relationships will be 

particularly pronounced with resulting favorable or unfavorable effects on the plant. One of 

the most important considerations in the study of the microorganisms of the rhizosphere is 

obviously that concerned with the extent of the zone of root influence. It is to be expected that 

the effects of root growth and physiology will diminish with the distance from the root, but 

whether the most characteristic picture of the microflora of the rhizosphere may be obtained 

from the soil adjacent to the root, from that on the intact root itself, or from root scrapings, is 

still controversial. Whereas in most cases soil at the immediate root surface is used, it has 

been suggested that a more characteristic rhizosphere microflora is obtained by using 

macerated root tissue after the roots have been washed in several changes of sterile water. 

Various workers have made distinctions between the "outer" rhizosphere (soil adhering to the 

root) and the "inner" rhizosphere (root surface). The localization of microorganisms on roots 

and around root hairs, as demonstrated by the contact slide method, supports the practise of 

utilizing the roots themselves in rhizosphere studies to obtain the most characteristic picture 

of the microflora (Nannipieri et al. 2007). Bacteria called rhizobacteria constitute an 

important proportion of the rhizosphere communities. Their association with plants not only 

increase bacterial fitness but also enhances plant growth. Plant growth promoting 

rhizobacteria (PGPR) are free living bacteria of the rhizosphere that improve plant growth and 

development (Rincon et al. 2008). These microorganisms, which belong to diverse genera 

such as Pseudomonas, Azospirillum and Bacillus, have been recognized from a wide range of 

plant species, such as barley, rice canola, bean and Arabidopsis (Ortíz-Castro et al. 2008). The 

contribution of PGPR to plant growth can be exerted  by  mechanisms  that  include  

competition  with  deleterious microorganisms (Sarosh et al. 2009),  the  activation  of  plant  

defense  responses (Schuhegger et al. 2006)  and secretion of plant growth-regulating 

substances such as auxins, cytokinins  and  bacterial  volatiles (Ryu et al. 2003; Arkhipova et 

al. 2005; Diaz et al. 2009). Production of phytohormones is one of the important tool uses by 

a number of PGPR as well as cyanobacteria. Microbes associated with plant rhizosphere are 

reportedly capable to secrete phytohormones not only in vitro but also enhance their 

concentration in plants (Arkhipova et al. 2006). The production of cytokinin particularly by 
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bacteria including Agrobacterium tumefaciens and Rhodococcus fascians was so well known 

that even scientists doubted its production by plants (Holland, 1997; Gracia de Salamone et al. 

2001).  However, later the discovery of ipt gene in Arabidopsis proved that plants were able 

to synthesize cytokinins (Kakimoto, 2001).  Cytokinins are formed by rhizobacteria belonging 

to the genera Rhizobium, Azotobacter, Azospirillum, Arthrobacter, Bacillus, and 

Pseudomonas as well as certain streptomycetes. The ability to synthesize cytokinins is 

inherent in methylotrophic and methanotrophic bacteria (belonging to the genera 

Methylobacterium, Methylovorus, Aminobacter, Methylopila, Methyloarcula, Xanthobacter, 

Paracoccus, Blastobacter, Hyphomicrobium, Methylophylus, Methylobacillus, 

Methylomonas, Methylobacter, and Methylosinus). Exometabolites exhibiting cytokinin like 

activity were isolated from the culture liquid of the phototrophic purple nonsulfur bacterium 

Rhodospirillum rubrum (Tsavkelova et al. 2006).Organisms capable of cytokinin production 

may play a vital role in plant growth and development. Bacterial secretion of phytohormones 

can impact root  architecture  by  overproduction  of  root  hairs  and  lateral  roots and 

subsequently increase nutrient and water uptake, thus contributing to growth. Nevertheless the 

attribute may be linked to pathogenesis in a number of bacteria therefore naturally many 

scientists have focused on this aspect of microbial phytohormones (Tsavkelova et al. 2006).  

Arkipova et al. (2006) reported that Bacillus species capable of cytokinin production 

enhanced wheat growth to a greater extent over non cytokinin producing Bacillus. Similarly 

in several cyanobacteria plant growth improvement has been attributed to their cytokinin 

production (Stirk et al. 2002). Nevertheless studies on cyanobacteria have focused on 

assumptions regarding the involvement of cytokinin in such interactions and evidences are 

indirect (Manickavelu et al. 2006). IAA production has also been associated with 

improvement of plant growth by both bacteria and cyanobacteria (Khalid et al. 2004; 

Karthikeyan et al. 2007). Similarly IAA production has also been demonstrated in 

cyanobacteria. However simultaneous effect of closely related phytohormones (IAA and 

cytokinin) was not addressed in such experiments (Khalid et al. 2004; Arkipova et al. 2006). 

The involvement of these microbial hormones in improving plant growth has not been 

monitored in a single study. As mentioned earlier phytohormones production potential of 

microbes on one side was considered as growth promoting strategy on the other side however 

it is linked to pathogenicity. Beside fungi several bacteria have shown to use cytokinin as a 

pathogenicity tool including Agrobacterium tumefaciens, Rhodococcus fascians, and 

Pseudomonas savastanoi (Yuan et al. 2008; Depuydt et al. 2009). However there are reports 

that at least in case of Pseudomonas aeruginosa DC3000 a pathogen of tomato and 
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Arabidopsis cytokinin and auxins are differentially regulated. Following infection by Ps 

DC3000 IAA accumulate in Arabidopsis leaves while the cytokinin response regulators are 

repressed and CKX genes are induced (Thilmony et al. 2006). Although there are several 

reports on the involvement if IAA in plant susceptibility to pathogens (Navarro et al.2008; 

Remans et al. 2006; Kazan and Manners 2009) however so far the role of cytokinin in plant 

immunity is underestimated. Much attention has been focused on the involvement of 

cytokinin in green island formation following fungal infection (Walters and McRoberts 2006; 

Walters et al. 2008). In bacterial pathogenesis gall formation by Agrobacterium with the help 

of cytokinin is widely studied (Sakakibara et al. 2005; Hodges et al. 2009). Transgenic plants 

overexpressing CKX was found to resist Plasmodiophora brassicae evidencing the 

involvement of cytokinin. R. fascians and A. tumefaciens are show to modulate cytokinin 

synthesis in the host plants (Bari and Jones 2009). Based on the previous reports we 

hypothesized that microbial phytohormones might have role in plant pathogen interplay.  

 

Keeping the above background in view present study was conducted to isolate Plant 

growth promoting prokaryotes capable of phytohormones (cytokinins and IAA) production 

from natural environment and to demonstrate the simultaneous impact of their hormones on 

plant growth. The study focused on establishing rapid screening strategies for cytokinin like 

activity in bacteria and cyanobacteria. The main aim was to identify phytohormones 

producing bacteria and cyanobacteria and explore their potential of phytostimulation and 

biofertilization of different crops. Along with in vivo growth promotion the in vitro growth 

and biocontrol by the strain was also given consideration. 



METHODS 

ISOLATION 

Bacterial strains  

ifferent locations in Pakistan were selected as sampling sites including Lahore 

(Punjab), Mardan, Swat and Bara Gali (NWFP). Plants including important crops 

and medicinal plants (wheat, rice, tomato, sugarcane, potato, maize, Viola biflora L. 

and Artemisia sp.) were uprooted and the roots along with rhizosphere soil were shifted to 

polythene bags (Khalid et al. 2004). The samples were quickly shifted to the lab and 

processed for isolation of bacteria. In the lab, roots were gently shaken to remove non 

rhizosphere soil, dipped in 500 ml flask containing sterile distilled water and vigorously 

shaken.  The soil suspension obtained was serially diluted under sterile conditions. Fifty 

microliters suspension from dilutions (10
-3

, 10
-4

 and 10
-6

) was spreaded on Luria-Bertani agar 

plates (Gerhardt et al. 1994) and incubated at 37
o
C (Annex 1; Table-2.1). Growth was 

checked after 24 hours. Colonies appeared on the plate were observed carefully under tube 

light and similar colonies were identified. Only 2-3 colonies which looked distinctly different 

were selected to avoid repeated selection of same strain. Selected colonies were streaked to 

single colonies repeatedly on L-agar and monitored by gram staining for purity. Pure colonies 

obtained after 4-5 subcultures were maintained on L-agar plates supplemented with 

appropriate antibiotics at 4
o
C. Sub culturing was done on fortnight bases. To enrich the 

diazotrophic isolates nitrogen free semi solid NFB medium (Annex 1; Table-2.2) was applied 

(Jha et al. 2009). The diffused subsurface pellicles appeared after first incubation at 30 
o
C 

were submitted to second incubation in the same media. Bacterial isolates were plated on agar 

plates of the NFB medium after fresh pellicles appeared. The isolated colonies appeared on 

the surface of the plates were finally transfered to NFB broth for screening.  

Prolonged storage  

Pure strains were maintained in glycerol stocks (Lin et al. 1991) as backup. Glycerol stocks of 

bacterial culture were made by mixing overnight bacterial culture and in 20% (v/v) sterile 

glycerol (Annex 1; Table-2.3) contained in sterile vials. The vials (in upright position) were 

quickly frozen in liquid nitrogen and stored at -80
o
C. 

 

D 

Chapter 2 
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Screening for 1-aminocyclopropane-1-carboxylic acid (ACC) deaminase (Penrose and 

Glick 2003) 

The isolated strains were screened for ACC (1-aminocyclopropane-1-carboxylic acid) 

deaminase activity to select for plant growth promoting rhizobacteria (PGPB). The isolated 

bacteria were screened for their ability to use ACC as a sole nitrogen source. For this purpose 

a single colony was inoculated to 50 ml sterile DF medium containing 3.0 mM ACC (instead 

of (NH4)2SO4) as a sole source of nitrogen (Annex 1; Table-2.4). The culture was incubated 

on shaking water bath at 25
o
C and 200 rpm for 24 hours. The culture was then diluted and 

spreaded on solid DF medium, incubated for 48 hours at 24
o
C. Appearance of the colonies 

was taken as a positive indicator of ACC deaminase production by the test strain 

Cyanobacterial strains isolation 

For cyanobacterial strains collection rice fields and fresh water ponds were selected in Quaid-

e-Azam Campus University of the Punjab, Lahore. Fresh soil samples were collected from the 

rice fields by using sterile spatula and shifted to sterile 500 ml flask. 100 ml sterile flasks 

were used for collection of water samples. The samples were quickly transported to laboratory 

and kept at 4°C until processed for isolation of cyanobacteria. Method modified from Ferris 

and Hirsch (1991) was followed for cyanobacterial isolation. Soil samples were shaken to 

suspend the sediments and aliquots of 10 µl were transferred to sterile distilled water which 

was then filtered aseptically through 47mm membrane. Water samples were directly filtered. 

The filters were incubated on plates of BG11 medium (Annex 1; Table-2.5) containing 

cyclohexamide (final concentration 40 mgL
-1

) to avoid eukaryotes interference for two weeks. 

Cyanobacterial colonies growing on the surface of filter were picked and transferred to 20 ml 

BG11 media in flasks. After incubation of three days in light, the cultures were supplemented 

with cyclohexamide (40 mg L
-1

) followed by another incubation in the dark for 24 hours at 

25
o
C and 200rpm. Cells and filaments were then washed and re-suspended in 1/10 volume of 

BG11 to make cyanobacterial suspension. The suspensions were spreaded on plates of BG11 

containing cyclohexamide and motile filaments were allowed to separate from the mass. 

Single filaments in case of filamentous strains and single colony in case of unicellular strains 

were picked and transferred to a new BG11 plate by using a sterile Pasteur pipette along with 

a very thin capillary (Stal and Krumbein 1985). All the strains were repeatedly subcultured 

unless axenic cultures were established. Contamination and cyanobacterial growth was 

monitored on weekly basis under a dissecting microscope. Purified colonies or filaments were 
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transferred to BG11 broth, monitored for contamination regularly and maintained as stock 

culture for further experiment. Bacterial contamination was monitored by spreading 

cyanobacterial culture on L-agar pates while fungal contaminations were checked by using 

PDA medium (Annex 1; Table 3.6). 

BIOASSAY FOR CYTOKININ (Yu et al. 2006) 

Bacterial strains 

To screen the isolated axenic cultures strains for cytokinin secretion a modified version of 

cucumber cotyledon bioassay was used. Bacterial strains were grown on half side of M9 

medium (Annex 1; Table-2.7) supplemented with 20% glucose, 0.2% casaminoacid and 2pg 

L
-1

 Biotin (Akiyoshi et al. 1987) solidified with 0.7% agar for 72 hours. Etiolated cotyledon 

excised from five days old cucumber seedlings were shifted to the bacterial culture plates and 

positioned in close proximity to the bacteria avoiding direct contact. The plates were 

incubated at 25
o
C in the dark for 24 hours followed by exposure to light (11 m mol m

-2
 s

-
1) 

for 3 hours at 25
o
C. E. coli was used as negative control and BAP (10μM) as positive control. 

For chlorophyll extraction 30 cotyledons from each treatment were homogenized in 80% 

(V/V) aqueous acetone and centrifuged to get the supernatant. UV spectra of the extraction 

solution were taken at 665 nm. Chlorophyll-a concentration relative to negative control 

(D/D0) was determined by using formula OD 665 nm x 13.9 (Tandeau de Marsac and 

Houmard 1988). Enhanced chlorophyll-a formation was taken as evidence for positive 

cytokinin activity. The experiment was repeated three times for each strain with 10 cotyledons 

per plate. 

Cyanobacterial strains 

The inoculating densities of unicellular and filamentous strains were adjusted to 2 X 10
5
 cells 

ml
-1

 and 10 mg L
-1

 respectively. To screen the isolated cyanobacterial strains for cytokinin, 

cucumber cotyledon bioassay was accomplished by modified version of Yu et al. (2006). 

Cytokinin secretion to the culture medium (exogenous cytokinin) was assayed by incubating 

cyanobacteria on Petri plates (9 cm) containing BG11 medium overlaid by Whatman No. 1 

filter paper. The culture was incubated for two weeks when enough cyanobacterial growth 

was achieved. Filter paper was removed and shifted to a new Petri plate containing 1 ml 

sterile distilled water. Etiolated cucumber cotyledons were incubated on the pre-treated filter 

paper for 24 hours in the dark followed by light exposure (11 m mol m
-2

 s
-
1) for 3 hours at 
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25
o
C. Membrane overlaid on empty BG11 plates and BG11 plates containing 10µM BAP for 

the same duration served as positive and negative controls respectively. Endogenous 

cytokinin was assayed by incubating etiolated cucumber cotyledons with water, BAP (10µM) 

or cyanobacterial biomass extract under the same conditions as mentioned. Chlorophyll 

concentration relative to negative control (D/D0) was determined.  

SENESCENCE BIOASSAY (Chory et al. 1994) 

Bacterial strains 

Bacterial and cyanobacterial strains showed cytokinin like activity in cucumber cotyledon 

bioassay were further confirmed by senescence bioassay. 100 µl suspensions of bacterial 

strains (10
8 

cfu) was inoculated in 100ml Luria-Bertani broth and incubated for 72 hours at 

28
o
C and 150 rpm. Supernatant was removed by centrifugation at 11000 rpm and 4

o
C for 15 

minutes. pH was adjusted to 7 and extracted three times with ½ volumes of water saturated n-

butanol. To prepare water saturated n-butanol, water was mixed with n-butanol in equal 

volume and separated after vigorous shaking in two layers; the upper layer was water 

saturated n-butanol. Organic phase was collected, combined and evaporated to dryness under 

reduced pressure at 4
o
C. It was fractionated by TLC (Merck silica gel 60 PF254) using solvent 

system; n-butanol: acetic acid: water (12:3:5) (v/v) as mobile phase (Annex 1; Table-2.8). 

Each fraction was eluted with methanol, solvent was removed under reduced pressure and the 

fractions were reconstituted in distilled water. The reconstituted extracts were filter sterilized 

and assayed for cytokinin like activity by senescence bioassay. Whole leaves detached from 

Arabidopsis (8 weeks old) were floated on the reconstituted n-butanol extract in the dark for 

seven days before chlorophyll was extracted and determined as mentioned earlier. Sterile 

distilled water and BAP (10µM) was used as control. 

Cyanobacterial strains 

Senescence bioassay was performed by floating leaves detached from eight weeks old 

Arabidopsis on water in Petri plates containing Whatman No. 1 filter paper pre-treated with 

cyanobacterial culture for one week. Delay in senescence was evaluated by measuring 

chlorophyll contents of Arabidopsis leaves (Chory et al. 1994). Experiment was repeated 

three times and results were shown as µg g
-1

 FW of leaves. 
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SCREENING FOR AUXIN  

Bacterial strains 

Selected bacterial strains were screened for IAA production.  500µl of bacterial inoculum 

(density adjusted to 10
8
 cfu ml

-1
) was dispensed in 100 ml L-broth alone or supplemented 

with 0.1% tryptophan (Annex 1; Table-2.9). The strains were grown for 24 hours at 28
o
C. 

One ml bacterial supernatant was mixed with two ml of Salkowski reagent (Annex 1; Table-

2.10) (4.5 g of FeCl3 per liter in 10.8 M H2SO4) (Benizri et al. 1998) and incubated at room 

temperature for 30 minutes. Color developed was monitored at 535 nm by using CECIL 

Aquarius CE 7200 spectrophotometer (UK). 

Cyanobacterial strains (Sergeeva et al. 2002) 

Briefly two weeks incubated cultures of cyanobacteria (grown in BG11 medium 

supplemented with tryptophan 0.1%) were harvested by centrifugation (11000rpm; 4
o
C). One 

milliliter Salkowski reagent (Tsavkelova et al. 2007) was added to the supernatant and 

incubated for 30 minutes at room temperature. Color developed was measured by 

spectrophotometer equipped with diode array detector using 540nm wave length. 100 mg 

biomass was extracted with Bieleski buffer (Annex 1; Table-2.11), evaporated to dry, 

reconstituted in 1 ml water and screened for IAA as mentioned above. 

 

CHARACTERIZATION OF THE SELECTED BACTERIAL STRAINS 

Siderophore detection  

Bacteria were screened for Siderophore by growing the selected strains on O-CAS agar. 

Simply the strains to be tested were grown on L-agar plates (diameter, 80mm) for 48 hours at 

28
o
C followed by the addition of 10ml O-CAS medium over the cultures (Annex 1; Table-

2.12). Orange halos surrounding bacterial colonies were considered as a positive evidence for 

siderophore production (Perez-Miranda et al. 2007). Each strain was inoculated on three 

plates. Plates were observed for change in color from blue to purple or blue to orange 

(hydroxamates producers) after 15 minutes. 

Phosphate solubilization 

Phosphate solubilization ability was assayed on plates containing Pikovskaya’s medium   

(Pikovskaya 1948) supplemented with 1.5% agar (Annex 1; Table-2.13). Pure bacterial 
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colony from each strain was picked with sterile tooth picks and stabbed on agar plate. Three 

plates were inoculated per bacterial strain. After incubation of 5 days at 30
o
C the plates were 

observed for clear zone around bacterial growth (Fischer et al. 2007) 

Colony morphology  

To determine colony morphology of pure bacterial cultures, a small inoculum was streaked on L-

agar and incubated at 37oC for 24 hours. Size, shape, color, elevation and margins of the bacterial 

colonies were observed visually as well as under stereomicroscope.  

Cell morphology  

Cell morphology, cell shape, cell arrangement was observed in overnight bacterial cultures 

incubated at 37oC.  

Gram staining (Gerhardt et al. 1994)  

The procedure was performed according to Gerhardt et al. (1994). A drop of glass-distilled water 

was placed on a clean glass slide and smear from overnight incubated fresh bacterial culture was 

made on the slide. The smear was air dried and heat fixed. It was then stained with crystal violet 

solution (Annex 1; Table-2.14) for 1-2 minutes followed by washing with glass-distilled water 

and flooded with iodine solution (Annex 1; Table-2.15) for 1 minute. The smear was dipped with 

95% EtOH after washing and counter-stained with safranin (Annex 1; Table-2.16) for 30 seconds. 

The smear was washed, air dried and observed under the microscope with an oil immersion lens.  

Motility test 

Hanging drop method which is quick and easy to interpret, was adapted for motility test. To 

prepare a hanging drop, a very small drop of young bacterial culture (12-14 hours incubated fresh 

culture) was placed on a cover slip which was then inverted over a depression slide avoiding 

contact between the bottom of the drop and the slide itself. Vaseline was used to make a sealed 

chamber. Shape and motility of the bacterial cells was observed under oil immersion lens.  

Spore stainiing (Gerhardt et al. 1994)  

For spore staining, method developed by Gerhardt et al. (1994) was followed. Smear from 

bacterial culture incubated for week at 37oC were prepared on clean glass slide. Air dried and heat 

fixed smears were flooded with 0.5% aqueous malachite green solution (Annex 1; Table-2.17). 

After the application of stain the smears were heated on the steam of water bath for 10 minutes 

with periodic addition of more stain to avoid drying. The slides were then washed with glass 
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distilled water and counter stained with 1-2 drops of safranin (Annex 1; Table 2.18) for 30 

seconds. Air dried smears were observed under oil immersion lens after washing.  

Capsule staining (Gerhardt et al. 1994) 

Capsule staining was performed according to Gerhardt et al. (1994). Bacterial smear was made 

from overnight incubated culture, air dried but not heat fixed (application of the heat may destroy 

or distort the capsule) and flooded with 1% aqueous crystal violet solution (Annex 1; Table-2.19) 

for 1-2 minutes. The smear was then washed with 20% CuSO4 solution (Annex 1; Table-2.20) and 

blot-dried. Slide was observed under microscope with an oil immersion lens.  

Catalase test (Gerhardt et al. 1994) 

To test the presence of catalase a drop of 3% hydrogen peroxide was added to a loopful inoculum 

from overnight incubated bacterial fresh culture on glass slide (Annex 1; Table-2.21). Evaluation 

of O2 in the form of bubbles was observed under light microscope. The presence of bubbles 

formation was positive while absence of the bubbles was negative catalase test.  

Cytochrome oxidase test (Gerhardt et al. 1994)  

To test the presence of cytochrome oxidase in bacteria, spot test was performed (Gerhardt et al. 

1994). Bacterial growth from fresh cultures was picked with the help of sterilized tooth pick and 

rubbed on filter paper that contained a drop of the reagent tetramethyl-paraphenyline diamine 

dihydrochloride (Annex 1; Table-2.22). The filter paper was observed for change in color to 

bluish-purple within 10-30 seconds that progressively becomes purpler in case of positive test.  

Oxidation fermentation test (Gerhardt et al. 1994) 

This test determines whether a bacterium has the enzymes necessary for the aerobic breakdown of 

glucose (oxidation) and/or for the fermentation of glucose. Four test tubes were used for each 

strain and 4 were taken as control. 5ml of Hugh and Leifson medium (Annex 1; Table-2.23) was 

poured in each test tube and autoclaved. After autoclaving medium was cooled to solidify. 

Inoculum was given in test tubes (4 test tubes per strain) with overnight incubated fresh bacterial 

cultures. After inoculation two test tubes for each strain were sealed with 2ml of 2% molten agar 

(Annex 1; Table-2.24) to render the conditions anaerobic. Similarly two test tubes of control were 

sealed and other two were left unsealed. All test tubes were incubated at 37oC for seven days. 

After seven days of incubation results were recorded. Change in color of medium from bluish 

green to yellow in the test tubes without plugs showed the oxidative quality of the strain, while 
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change in color of medium and production of gas in the test tubes with plugs indicated the 

fermentative breakdown of carbohydrates by the bacteria. 

Urease test (Gerhardt et al. 1994) 

To perform the procedure 5 ml of medium for urease test (Annex 1; Table 2.25) was poured in 

pre-autoclaved test tubes. Each bacteial strain (overnight culture) was inoculated in two test tubes. 

Control test tubes were left uninoculated. All tubes were incubated at 37oC for seven days. Pink 

color was considered as an evidence of the presence of urease. 

 Nitrate reduction test (Gerhardt et al. 1994)  

To determine nitrate reduction bacteria are cultivated in nitrate broth medium that is basically L- 

broth supplemented with 1% KNO3 as a nitrate substrate. However contrary to L-agar the medium 

contain only 0.1% agar, making it semisolid. The semi solidity impedes the diffusion of oxygen 

into the medium, making it ideal for nitrate reduction. Following incubation of the culture, the 

organism’s ability to reduce nitrate to nitrite is determined by the addition of two reagents: 

Solution A, which is sulfanilic acid, followed by the solution B, which is α-naphthylamine. 

Following reduction, the addition of solution A and B produces an immediate cherry red color.  

NO3
-                                                     NO2

- (Red color on addition of the solutions A and B)  

Culture not producing a color change suggests these possibilities: Nitrates were not reduced by the 

organisms. The organisms possess such nitrate reductase enzymes that nitrates were rapidly 

reduced beyond nitrites to ammonia or even molecular nitrogen. To determine whether or not, 

nitrates were reduced past the nitrite stage, a small amount of zinc powder is added to the 

basically colorless cultures already containing solutions A and B. Zinc reduces nitrates to nitrites. 

The development of red color therefore verifies that the nitrates were not reduced to nitrites by the 

organisms. If nitrates are not reduced, a negative nitrate reduction reaction has occurred. If the 

addition of zinc does not produce the color change, the nitrates in the medium were reduced 

beyond nitrites to ammonia or nitrogen gas. This is a positive reaction. Nitrate broth was prepared 

(Annex 1; Table-2.26) and 5ml was poured in each test tube and autoclaved. After autoclaving 

test tubes were cooled. Inoculum was given in each test tube, except control, from fresh 24 hour 

incubated bacterial culture. These test tubes were incubated at 37oC for 2-3 days. After three days 

test tubes were checked whether or not the reduction has taken place. 0.5ml of 1% sulphanilic acid 

and 0.5ml of 0.5% 1-naphthylamine (N-(1-Naphthyl)-ethylenediamine dihydrochloride) (Annex 

1; Table-2.27) was added to test tube of culture. Production of red color in test tubes indicated the 

organisms reduced the nitrate to nitrite reacted with added reagents. No color change after zinc 

addition means that nitrate has been reduced to compounds other than nitrite. However, the 
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appearance of red color after the addition of zinc dust shows inability of the bacteria to reduce 

nitrate. Zinc dust reacted with nitrate present in the medium, reduced it to nitrite and a pink color 

developed. Hence this reaction is interpreted as negative.  

Denitrification test (Gerhardt et al. 1994)  

Denitrification medium (Annex 1; Table-2.28) was prepared, divided into two halves. In one half 

KNO3 salt was added and the other one was without KNO3. Four test tubes were labeled for each 

strain, two test tubes with KNO3 and two without KNO3. Two test tubes were taken as control, 

one with KNO3 and one without it. 4 ml of medium was poured in each test tube and autoclaved. 

After autoclaving, inoculum was given in each test tube, except control, from fresh bacterial 

culture. All the test tubes were overlaid with 4 ml of 2% molten agar (40-50C). Agar was poured 

in such a way that it solidified above the medium. All the test tubes were incubated at 37oC for 

seven days. Gas production in the tubes (containing nitrate free medium) is considered 

denitrified/positive. While those which showed gas production in the medium having KNO3 is 

considered negative because the gas production may be due to the reaction of glycerol with 

nitrate.  

Voges proskauer test (Gerhardt et al. 1994)  

The test determines the capability of some organisms to produce nonacidic or neutral end 

products, such as acetylmethyl-carbinol, from the organic acids that result from glucose 

metabolism. The reagent used in this test consists of a mixture of alcoholic α-naphthol and 40% 

potassium hydroxide solution. Detection of acetylmethyl-carbinol requires that this end product be 

oxidized to a diacetyl compound. This reaction will occur in the presence of the α-naphthol 

catalyst and a guanidine group that is the peptone of the MRVP medium (Annex 1; Table-2.29). 

As a result, a pink complex is formed, imparting a rose color to the medium. The chemistry of this 

reaction is illustrated by equation. Development of a deep rose color in the culture within 15 

minutes following the addition of Barritt‘s reagent (Annex 1; Table-2.30) is indicative of the 

presence of acetylmethyl-carbinol and represent a positive result. The absence of rose color is a 

negative result. 

 

 

 

 

 

40% KOH 

Oxidation 

Diacetyl + Guanidine group of peptone Pink complex + α naphthol 
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MRVP broth (Annex 1; Table-2.29) was prepared, poured in test tubes (4ml each) and autoclaved. 

All the test tubes were inoculated, except control, with fresh bacterial culture. All the test tubes 

were incubated at 37oC for 48 hours. After 48 hours of incubation, 600µl of 5% -naphthol 

(Barritt's Reagent A) and 200 l of 40% KOH (Barritt's Reagent B) (Annex 1; Table- 2.30) were 

added to the cultures. The test tubes were gently shaken for aeration and were incubated at 37oC 

for 15 minutes to 1 hour. Formation of pink color in the medium indicates a positive reaction. No 

color change or a copper color is negative results.  

Starch hydrolysis test (Gerhardt et al. 1994) 

Starch is a polysaccharide, composed of a series of glucose molecules hooked together to form a 

long chain. Some bacteria are capable of using starch as a source of glucose by secreting an 

exoenzyme, which hydrolyzes the starch by breaking the bonds between the glucose molecules. 

The glucose can then enter the bacterium and used for metabolism. To test the ability of isolates to 

degrade starch, L-agar plates supplemented with 0.2% starch were prepared (Annex 1; Table-

2.31). Strains were stabbed on these plates and incubated at 37oC for 24-48 hour. After incubation 

plates were flooded with Gram's iodine solution. Positive result/starch hydrolysis was revealed as 

a clear zone surrounding the growth.  

Citrate utilization test (Gerhardt et al. 1994)  

For this test Simmon‘s citrate agar (Diffco U.S.A) was prepared (Annex 1; Table-2.32), dispensed 

in test tubes, autoclaved and solidified in slanting position. Bacterial isolates were streaked from 

fresh cultures and tubes were incubated at 37ºC. Positive results were recorded by a change in 

color of medium from forest green to royal blue after 24 and 48 hours of incubation.  

Arginine hydrolysis test (Gerhardt et al. 1994)  

4ml of Arginine broth (Annex 1; Table-2.33) was poured in test tubes and autoclaved. All test 

tubes were inoculated (except control) with 24 hours incubated fresh bacterial culture. Before 

incubation, 1ml of paraffin oil was poured in each test tube, including control, to make the 

conditions anaerobic. Test tubes were incubated at 37oC for 24-48 hours. The positive result was 

indicated by the change in color of medium to pink.  

Acid production from different sugars 

Hugh and Leifson media supplemented with the desired sugar to be tested (mannitol, sucrose, 

lactose and maltose) were prepared individually (Annex 1; Table-2.34). Autoclaved media were 



Chapter 2                                                                           METHODS 
 

Phytohormones cytokinins and IAA from microbial origin and their impact on plant growth Page 32 
 

cooled and poured in test tubes labeled with alphabets for respective sugars. The media in test 

tubes were allowed to cool and solidify. Isolated bacterial strains were streaked on the media and 

incubated for three days at 37oC. Acid production was marked by change in color from bluish 

green to yellow. 

Malonate utilization test 

To test the utilization of malonate as a carbon source sodium malonate containing medium was 

prepared (Annex 1; Table-2.35). Freshly prepared inoculum from selected bacteria was streaked 

on the plates containing malonate media and incubated for 48 hours. Change in color of media 

from green to blue indicated the utilization of malonate by bacterial strains and release of alkaline 

end product. 

H2S production test 

H2S is released as a result of breakdown of sulfur containing amino acids (cystine and 

methionine) or reduction of inorganic sulfur compounds (sulfite, sulfate or thiosulfate) by 

bacterial strains. To test H2S production by selected strains. H2S production medium containing 

sodium thiosulfate as sulfur source was prepared (Annex 1; Table-3.36), autoclaved and poured 

into properly labeled test tubes. The strains were streaked on the media and incubated for 24-48 

hours. Color change to black was positive indication of H2S production. 

Pigments production test 

Bacteria from different groups including Pseudomonadaceae produce pigments of different color. 

The selected strains were tested for pigment production by preparing King’s A (Annex 1; Table-

3.37) and King’s B medium (Annex 1; Table-3.38). The media was poured into two sets of 

properly labeled test tubes and slants were made. The strains to be tested were streaked on the 

media, incubated for two days at 37oC and the pigments production was then recorded as 

indicated by color change in the media. 

Growth on macconkey’s agar 

The medium is used to identify lactose fermenting, gram negative enteric bacterial pathogens. The 

organisms that utilize lactose as carbon source turn the media to pink as a result of acidic 

environment which force the indicator to change color. MacConkey’s agar was prepared by 

dissolving 50 gram of MacConkey’s mixture to 1000 ml distilled water and autoclaved (Annex 1; 

Table-2.39).  Autoclaved media was poured to pre-autoclaved Petri plates and allowed to cool. 
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Bacterial strains were streaked on the surface of the agar plates and incubated for 48 hours at 

37oC. Pink color indicative of lactose fermentation was recorded. 

Growth on eusine methylene blue  

Eusine methylene blue is a differential media used to isolate and identify gram negative enteric 

bacteria. The medium contains methylene blue and eusine dye that inhibits gram positive bacteria 

to grow. Lactose is also added to the medium along with two indicator methylene blue and eusine. 

The dye can differentiate between lactose fermenter and non fermenter. Small amount of acid 

produced as a result of lactose fermentation lowers pH encouraging the absorption of dyes by the 

colonies. This results in colonies with dark centers (nucleated colonies). E.coli gives a distinctive 

metallic green sheen on EMB (due to the metachromatic properties of the dyes, movement of 

E. coli with the help of flagella and strong acid produced during fermentation). Some species 

of Citrobacter and Enterobacter also react this way to EMB. Colonies of the selected bacterial 

strain were streaked on plates containing solidify EMB (Annex 1; Table-2.40) and incubated for 

48 hours at 37oC. After incubation the plates were checked for the presence or absence of bacteria 

growth and their colony colour. 

Growth on brilliant green bile 

The medium is intended to isolate and differentiate coliform bacteria. Brilliant green bile agar 

contains peptone as a source of carbon, nitrogen, vitamins and minerals as well as lactose. 

Oxgall (bile) and brilliant green inhibit growth of gram-positive bacteria and most gram-

negative bacteria except coliforms. Basic fuchsin and erioglaucine are pH indicators. 

Differentiation of the coliforms is based on fermentation of lactose. Bacteria that ferment 

lactose produce acid and, in the presence of basic fuchsin, form deep red colonies with a pink 

halo. Bacteria that do not ferment lactose form colorless to faint pink colonies. Coliform 

bacteria typically ferment lactose, producing deep red colonies, while Salmonella sp. which 

do not ferment lactose, produce colorless to faint pink colonies.  

Brilliant green bile agar was prepared (Annex 1; Table-2.41), autoclaved and poured in Petri 

plates. The plates were streaked with bacterial strains and incubated at 37
o
C for 48 hours. 

Growth of isolate and color was recorded. 
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Gelatin hydrolysis test 

 

The test indicates enzymatic action upon an incomplete protein. The test was performed by 

adding 0.5 percent gelatins to nutrient agar (Annex 1; Table-2.42) in Petri plates. Single streak 

of the test culture was grown for 48 hours containing ammonium sulfate solution. Clear zones 

in the opaque medium, around the culture were positive indicator of gelatin hydrolysis. 

Casein hydrolysis test 

The test is performed to determine the ability of isolates for release of exoenzyme casease to 

the culture media. Casease is an exoenzyme that is produced by some bacteria in order to 

degrade casein. The test is conducted on milk agar which is a complex media containing 

casien, peptone and beef extract. If an organism produces casease, then there will be a zone of 

clearing around the bacterial growth. Bacterial isolates obtained during the present study were 

grown on milk agar (Annex 1; Table-2.43) and incubated for 48 hours at 28
o
C. Clear zone 

around bacterial cultures were taken as evidence of casease production. 

Test for utilization of different carbon sources 

Different carbon sources (trehalose, 2 ketogluconate and meso-Inositol) were added to M9 

basal medium solidified by 1.5% agar (Annex 1; Table-2.44). The strains were incubated on 

the plates for 48 hours at 37
o
C. Growth on the plates was taken as evidence of utilization of 

particular compound as a carbon source.  

Indole production test  

Tryptophan  is  an  essential  amino  acid  that  can  undergo  oxidation  by  way  of  the 

enzymatic activities of some bacteria. In this experiment, SIM agar (Annex 1; Table 2.24), 

which contains tryptophan as substrate is used. Agar deep tubes (10 ml) of SIM agar were 

prepared and autoclaved and cooled to 50
o
C. All test tubes were supplemented with filter 

sterilized solution of tryptophan to a final concentration of 50 µg ml
-l
. Non supplemented 

control was kept for comparison for each strain.  Test tubes were inoculated with fresh 

bacterial cultures and incubated at 37
o
C for 24 hours. The presence of indole is detected by  

the  addition  of  Kovac’s  reagent  (Annex 1; Table  2.45),  which  produces  a  cherry  red  

reagent layer that indicates indole positive test. The absence of red coloration demonstrates 

that the substrate tryptophan was not hydrolyzed and indicates an indole negative reaction.   
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Bacterial growth curve  

The standard bacterial growth curve describes various stages of bacterial growth, beginning with 

the addition of cells to sterile media and ending with the death of all of the cells present. The 

phases of growth typically observed include: lag phase, exponential (log, logarithmic) phase, 

stationary phase and death phase (YuQing et al. 2007). In order to make bacterial growth curve 

sterile M9 medium (Annex 1; Table-2.7) was inoculated with 50μl bacterial inoculum (106 cfu ml-

1). Optical density was measured after different time intervals i.e., 0, 2, 4, 6, 8, 12, 18, 24, 30, 36, 

42, 48, 60, 72, 84, 96 and 120 hours. The OD was converted to cfu ml-1 by plate count method. 

To determine phytohormones production over time samples were drawn at 12 hours intervals 

and analyzed. 

CYANOBACTERIAL CHARACTERIZATION 

Characterization was done by following Bergey’s manual of systematic bacteriology 

(Castenholz 2001), Waterbury (1991) and Rippka et al. (1979). Morphology of cyanobacteria 

was observed under light microscope. 

Growth measurement (Sergeeva et al. 2002) 

Two methods were adapted to determine growth of the selected cyanobacterial strains over 

time. 

I) Chlorophyll-a estimation: The method was used to determine growth of the selected 

strains over time. Chlorophyll-a contents of the starter inoculum was adjusted to 0.1 µg ml
-1

. 

Chlorophyll-a contents were measured at two days intervals for two weeks. Cyanobacterial 

cells and filaments were collected by centrifugation, grounded in liquid nitrogen and extracted 

with 80% methanol in the dark for two hours. The debris was removed and absorbance of the 

extract was taken against 80% methanol reference at 665 nm. Chlorophyll-a (µg ml
-1

) was 

calculated by formula OD665 x 13.9 (Sergeeva et al. 2002). 

II) Cell density measurement: Growth curve based on cell counting were constructed for 

unicellular strains following Song et al. (1998). Inoculum cell density was adjusted to 2 x 10
5 

cells ml
-1

. Thoroughly washed and dried hemocytometer was overlaid with 50 μl of 

cyanobacterial suspension and the cells were counted under light microscope. The following 

formula was used to determine cell density 

Number of cell ml
-1

= Average number of cell x5000 (0.2x10
-3

) x dilution factor. 
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Growth characteristics 

Different media like BGII medium (Rippka et al. 1979), Bold Basal medium (Kantz and Bold,  

1969)  Chu’s 10  medium  (Chu,  1942),  Spirulina Medium (Yang et al. 2008), 

Cyanophycean  medium  (David  and  Thomas,  1979),  AVM  medium  (Venter  et  al.,  

2003)  and  Gorham’s medium  (Hughes  et  al. 1958)  in  standard  forms  and  with  slight  

variations  of  ingredients (particularly  NaNO 3  concentrations). BG11 medium was selected 

to demonstrate the effect of variations in pH and temperature.  Different pH 6, 6, 7, 8, 9 and 

10 was used. Incubation temperatures were 20°C, 25°C, 30°C and 35°C.  The minimum time 

period for decision about any growth or otherwise was of 15 days. 

IDENTIFICATION OF THE SELECTED STRAINS  

Bacterial strains 

Genomic DNA was extracted by using DNA extraction kit (Fermentas) from overnight 

bacterial culture (LB) incubated at 37
o
C at 150rev/min by following manufacturer 

instructions. 1.5 Kb 16s rDNA fragment was amplified (Hasnain and Thomas 1996) using 

forward primer 27f (5
´
-AGAGTTTGATCCTGGCTCAG-3´) and reverse primer 1522r (5´-

AAGGAGGTGATCCA(AG)CCGCA-3´) (Johnson 1994). 0.5-1ng genomic DNA (template) 

was mixed with 0.25µM primer solution (forward and reverse), 200µM deoxyribonucleosides 

and one unite of Taq polymerase. The mixture was first heated to 94
o
C for five minutes and 

then processed for 25 cycles. Each cycle was composed of three steps: dentauration for 20s at 

94
o
C followed by primers annealing at 50

o
C for 20s and extension for 20s at 72

o
C. Final 

extension was carried out for five minutes. Amplified fragment was eluted from gel by using 

aqua pure DNA extraction kit (Bio-rad) following the manufacturer’s instructions. Pure 

fragments were sequenced with 27f and 1522r primers by ABI PRISM-3100 Genetic 

Analyzer (Applied Biosystems, Foster City, CA, USA). Reagents and solutions for ribotyping 

used are listed in Annex 1 (Annex 1; Table-4.6-4.51). 

Cyanobacterial strains 

The strains were identified by molecular techniques based on 16s rDNA sequencing and blast 

homology. To extract genomic DNA, 5ml cyanobacterial supernatant from 15 days incubated 

fresh culture was processed with UltraClean Soil DNA Isolation Kit TM (Mo Bio 

Laboratories, Carlsbad, CA, USA) following the manufacturer's instructions. DNA quality 

and quantity was checked by gel electrophoresis. 16s rRNA fragment was amplified by using 
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PB36: AGR GTTTGATCMTGGCTCAG (nucleotide positions 8-27 E. coli bp numbering) 

and PB38 GKTACCTTGTTACGACTT (nucleotide positions R1492-1508 E. coli bp 

numbering) following Webb and Maas (2002). Simply 50-ng aliquot of DNA was amplified 

using 10 μM of each primer, 2.0 mM MgCl2, 10× buffer, 1 mM each dNTP and one unit Taq 

polymerase (Boehringer Mannheim, Germany). PCR was conducted according to the 

following profile: 94°C for 3 min; 25 cycles of 94°C for 55 s; 55°C for 45 s; 72°C for 90 s. 

The expected 1500-bp product was visualized using 6% PAGE and ethidium bromide 

staining. Amplified fragment was extracted from gel by using aqua pure DNA extraction kit 

(Bio-rad) and cloned in pGEMT vector. The vector: insert molar ratio was adjusted to 3:1. 

Rapid Ligation Buffer (Promega, Madison, WI, USA) and 1 U Ligase (Promega) was used 

according to manufacturer's instructions. Samples and suitable controls were incubated 

overnight at 4
o
C in epitubes. Plasmids were transformed into maximum efficiency competent 

cells (Life Technologies, Rockville, MD, USA) according to the manufacturer's instruction 

and plated onto LB Amp (60 µg ml
-1

) agar, incubated overnight at 37
o
C. Sequencing was 

done as described by Webb and Maas (2002) by using ABI PRISM-3100 Genetic Analyzer 

(Applied Biosystems, Foster City, CA, USA). 

PHYLOGENY OF THE STRAINS 

Sequences obtained by forward and reverse primers were aligned using Basic local alignment    

search    tool,    BLAST    (available at http://blast.ncbi.nlm.nih.gov/Blast.cgi). The aligned 

sequences were then compared to the compilation of 16S rRNA gene sequences available in 

databases using basic local alignment search tool (BLAST) (available at 

http://blast.ncbi.nlm.nih.gov/Blast.cgi) for the determination of highest similarity to GenBank 

database sequences. The 16S rRNA gene sequences determined in this study were then 

submitted GenBank and accession numbers were acquired. The evolutionary history of the 

selected bacterial and cyanobacterial strains was determined by using the Neighbor-Joining 

method (Saitou and Nei 1987). The optimal trees were constructed by using molecular 

evolutionary genetics analysis (MEGA 4.1; Tamura et al. 2007). Maximum composite 

likelihood method (Tamura et al. 2004) was used to calculate the evolutionary distances 

among the selected strains. Phylogenetic calculations were done by excluding the nucleotide 

positions with gaps, missing or ambiguous data. Phylogenetic analysis of the selected 

bacterial strains assigned them to three major groups. 

 



Chapter 2                                                                           METHODS 
 

Phytohormones cytokinins and IAA from microbial origin and their impact on plant growth Page 38 
 

PHYTOHORMONES EXTRACTION, PURIFICATION AND DETERMINATION 

(Tien et al. 1979; Novak et al. 2008) 

Summary of extraction and purification of phytohormones from bacteria, cyanobacteria and 

cyanobacteria is given in Figure 2.1. 

Bacteria 

Bacterial strains were grown in M9 medium supplemented with 20% glucose (Annex 1; 

Table-2.52), 0.2% casaminoacid and 2pg L
-1

 Biotin (Akiyoshi et al. 1987) for 72 hours at 

28
o
C. 100ml culture from each strain was centrifuged at 16000rpm for 10 min at 4

o
C, filtered 

through cellulose acetate filter (Millipore; 22 µm pore size; 47mm Diameter; Australia Pty 

Limited, Australia) to obtain cells free culture filtrate. The cell free culture filtrate was 

lyophilized to dryness, re dissolved in 10ml distilled water, acidified with 7N HCl (Annex 1; 

Table-2.53) and extracted three times with 1/2 volume of ethyl acetate having 10 pmol of 

D2IAA (internal standard for IAA). The aqueous phase was neutraliz1ed to pH 7.0-7.5 with 

7N NaOH (Annex 1; Table-2.54) and extracted three times with 1/2 volume of water saturated 

n-butanol containing appropriate internal standards of cytokinins (Tien et al. 1979). Water and 

n-butanol were mixed in equal proportion, shaken well, the upper phase was water saturated 

n-butanol and lower phase was n-butanol saturated water. Organic fractions obtained in the 

extraction steps were dried separately in rotary evaporator, reconstituted in 5ml deionized 

water (Millipore) and adjusted to pH 3.0 with acetic acid (Sigma). The reconstituted mixtures 

were passed separately through SPE column (CHROMABOND® HR-XC, 3 ml, and 200 mg) 

following manufacturer’s instructions. The elluant was dried, taken in 15mM ammonium 

formate (pH 4.0) and analyzed by UPLC-ESI-MS/MS. Cytokinins and IAA was analyzed in 

positive and negative modes respectively. Appropriate internal standards were used for 

cytokinins and IAA.  

Cyanobacteria 

Cyanobacterial strains were grown in 250 ml BG11 media at 25
o
C under continuous light (11 

mmol m
-2

 s
-1

) for four weeks (inoculum density adjusted to 0.1 µg ml
-1

 chlorophyll-a). 

Biomass was separated from culture media by centrifugation (4
o
C; 11000 rpm) and filtration 

through filters of 22µm pore size. 250 ml of supernatant was concentrated under reduced 

pressure and extracted three times with Bieleski buffer (60% methanol, 25% CHCl3, 10% 

HCOOH and 5% H2O) containing 1pmol IS for cytokinin and 10 pmol for IAA. The 
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reconstituted extract (media and culture supernatant) was evaporated to dry and reconstituted 

in 5 ml acidified water adjusted to pH 3. To extract endogenous Phytohormones, 200 mg 

cyanobacterial biomass was grounded under liquid nitrogen and homogenized in 1ml Bieleski 

buffer containing IS as mentioned. The homogenate was ultra sonicated for three minutes. 

Pellet was removed by centrifugation and re-extracted in 300 µl of 50% methanol with 2% 

formic acid in 2 ml Eppendorf tubes. The two aliquots were combined, dried under reduced 

pressure at 40
o
C and re-dissolved in 5 ml water adjusted to pH3. The reconstituted extract was 

passed through SPE column (CHROMABOND® HR-XC, 3 ml, and 200 mg or 

CHROMABOND® SA, 3 ml, 500 mg) following manufacturer’s instructions. The elluant 

was dried and re-dissolved in 15mM ammonium formate (pH 4.0) and analyzed by UPLC-

ESI-MS/MS (Annex 1; Table-2.55). Cytokinin and IAA were analyzed in positive and 

negative modes respectively. 

Chromatographic conditions 

Cytokinin determination was performed under chromatographic conditions optimized by 

Novak et al. (2008) with few modifications. Briefly 5µl of each sample dissolved in mobile 

phase was injected onto UPLC BEH C18 column (2.1X50 mm, 1.7 µm; Waters). The column 

was eluted with a linear gradient of 90:10 A (15 mM ammonium formate): B (methanol) to 

50:50 A:B (v/v) at a flow rate of 0.25 ml min
-1

 and column temperature of 40
o
C. The fractions 

eluted were directly passed through tandem mass spectrometer equipped with electrospray 

interface without post-column splitting and quantified by multiple reaction monitoring. 

Calibration curves   

To make calibration curves for different cytokinin and IAA ratios of the analyte signal to the 

internal standard signal were plotted against standard analyte concentrations. For cytokinin 

analyte/IS; 0.005, 0.05, 0.5, 5.0, 50.0 pmol/1pmol and for IAA analyte/IS; 0.005, 0.05, 0.5, 

5.0, 50.0/10 pmol was used. The ratios were then used to determine the concentration of 

different cytokinins and IAA in cyanobacterial samples. Limit of detection (LOD) and limit of 

quantification (LOQ) was determined accordingly. Each experiment was repeated three times. 

Validation of the analytical procedure 

Recovery, reproducibility, accuracy, precision and sensitivity of the analytical procedure were 

followed by three sets of experiments. In first experiment authentic cytokinin standards were 

added to blank BG11 medium in concentration ranged from 0.005, 0.05, 0.5, 5.0, 50.0 pmol, 

http://en.wikipedia.org/wiki/Analyte
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extracted in buffer contained 1 pmol IS and purified by SPE. Secondly, 100 mg of 

cyanobacterial biomass (phytohormones were predetermined) was extracted in buffer 

containing 1pmol of IS. Thirdly, cyanobacterial biomass extract or supernatant was diluted 

and the original concentration was reconstituted by spiking the extract with phytohormones. 

The samples were processed as mentioned earlier.  

PLANT GROWTH EXPERIMENTS 

Three different crops of economic importance (Triticum aestivum var. Uqab 2000, Helianthus 

annuus var. suncross and Brassica olaraceae var. capitata) were procured from NARC 

Islamabad, Pakistan. Healthy seeds from the three crops were surface sterilized with 0.1% 

HgCl2 (Annex 1; Table-2.56) for 5-10 minutes with constant shaking.  The seeds were then 

rinsed five times with sterile water. Two types of plant growth experiments were conducted 

with three different plants. Firstly, surface sterilized seeds were grown under axenic 

conditions. Before sowing the seeds were dipped in bacterial suspension adjusted to 10
7
 cfu 

ml
-1

 for 30 minutes. Control seeds were dipped in water. The pots, trays and covers were 

sterilized by dipping them in 5% sodium hypochlorite solution (Annex 1; Table-2.57) for 20 

minutes while soil was autoclaved. In case of unicellular cyanobacteria the inoculum density 

was adjusted to 0.1µg ml
-1

 ch-a. In order to make inoculum of the filamentous strains the 

filaments were homogenized to distribute them equally in the suspension. Inoculum density 

was same as kept for unicellular strains. Treatment of the seed was same as done with 

bacteria. Seeds treated with the strains were sown and their growth was followed for two 

weeks. The plants were kept at 22±1
o
C, 60% relative humidity, 12 hours photoperiod and 

light intensity adjusted to 180µmol m
-2

 s
-1

. For wire house experiments the seeds were surface 

sterilized and soaked in inoculum as mentioned. Plants kept under natural conditions were 

watered daily and data collection was made on weekly basis. Plants were harvested after 

reaching physiological maturity.  

Phytohormones contents of wheat plants inoculated with bacteria and cyanobacteria 

Surface sterilized seeds of wheat were soaked in bacterial (10
7
 cfu ml

-1
) or cyanobacterial 

suspension and grown in test tubes containing autoclaved calcinated sand. Seedlings were 

harvested after two weeks. 200 mg of plant material was ground in liquid nitrogen and 

extracted essentially as described by Novak et al. (2008). The crude extract was purified by 

SPE column according to scheme 1, cytokinin and IAA were determined by UPLC-ESI-

MS/MS under similar conditions as described for bacteria.  
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 Soluble protein extraction for protein estimation (Bhatti et al. 1993; Lowry et al. 1951) 

For soluble protein extraction 1g frozen plant material was extracted with 4ml phosphate 

buffer (0.1 M; pH 7.0) (Annex 1; Table-2.58)  in a cold pestle and mortar. The residues were 

removed by centrifugation (11,000 rpm) for 10 minutes. 0.4 ml of supernatant was mixed with 

2 ml Folin’s reagent in a test tube and incubated at room temperature for 15 minutes followed 

by incubation with 0.2 ml of Folin and Ciocalteu's phenol reagents (Annex 1; Table-2.59) for 

45 minutes. Optical density after color development was taken at 750 nm on 

spectrophotometer. Protein determination was based on standard curve made by reaction of a 

range of concentrations of BSA with the reagents. 

Nitrate reductase assay 

2-3 cm of terminal shoot (2g) was homogenized with 10ml ice cold extraction buffer (0.  I M 

phosphate buffer, pH 7.5 containing 0.5 mM EDTA) (Annex 1; Table-2.60). The extract was 

filtered and store on ice. 1mM KNO3, 0.1mM NADH, 100mM Phosphate buffer (pH 7.5) and 

0.5mM EDTA were added to the enzyme extract (1ml) followed by incubation at 25
o
C 

(Annex 1; Table-2.61). The reaction was terminated by the addition of 0.25 ml saturated zinc 

acetate and 0.5 ml 80% ethanol. After centrifuging, 0.5 mL of a 1% (w/v) solution of 

sulfanilamide in 3 M HCI and 0.5 ml of a 0.02% (w/v) solution of N-l-

naphthylethylenediamine was added. OD was taken at 540nm. 

Measurements of inorganic phosphate (Pi) 

To measure inorganic phosphate (Pi) in plants, about 0.5 g frozen sample was homogenized in 

1 ml of 10% (w/v) perchloric acid (PCA), using an ice-cold mortar and pestle as described by 

Wang et al. (2006). The homogenate obtained was incubated on ice for 30 minutes after being 

diluted 10 times with 5% (w/v) PCA and cleared from debris by centrifugation at 16000 rpm 

for 10 min at 4 
o
C. Inorganic phosphate was measured in the supernatant by using the 

molybdate blue method. To prepare the reagent, 0.4%  (w/v)  ammonium  molybdate  melted  

in  0.5 M  H2SO4  (solution A)  was mixed  with  10%  ascorbic  acid  (solution  B) in 6:1by 

proportion. Two milliliters of this reagent was mixed with 1 ml of the sample solution 

followed by incubation in a water bath at 4 °C for 20 min. After being cooled in ice, the 

absorbance was measured at 820 nm wavelength. 
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IN VITRO PLANT GROWTH EXPERIMENTS 

Culture conditions 

Murashige and Skoog (MS) medium containing 3% glucose, 5.0 µM thiamine-HCl and 30 

µM nicotinic acid was used as basal medium. Five milliliters of MS medium (Annex 1; Table-

2.62) supplemented with different combinations of phytohormones, bacterial supernatant 

(BS), bacterial extract (BE), cyanobacterial supernatant (CS), cyanobacterial extract (CE) and 

L-broth or BG11 (LB/BG11) was dispensed into each test tube (2.5 x 15 cm). Extraction was 

done according to the scheme given in Fig. 2.1. Filter sterilized BS and CS were 

supplemented in 100 µl, 150µl, 200 µl and 250 µl aliquots. Different media combinations 

used with BS and CS are depicted in Annex 1; Table-2.58. Kinetin and IAA were added in 

callus induction and morphogenesis media in the range of 0.001-1 µg ml
-1

 to finally select the 

optimum concentration. BS, BE, CS, CE and LB/BG11 were added to autoclaved MS 

medium after filter sterilization. 

Plant material  

Seeds of Brassica olaraceae L. were surface sterilized with 0.1% HgCl2 for two minutes and 

rinsed five times with autoclaved distilled water. For calli induction seeds were inoculated in 

the dark on all the 7 combinations of MS medium (Annex 1; Table 2.63) as mentioned. For 

morphogenesis experiments seeds were grown on MS to produce seedlings for different 

durations depending on the ex-plant needed. Two cm intermodal, hypocotyl or petiolar 

sections of the seedlings were taken as ex-plant. All the experiments were performed in 

Versatile Environmental Test Chamber (Sanyo MRL-350H) at 25 ± 1
o
C and exposed to a 16-

hours photoperiod provided by cool white fluorescent lamps (50–55 µmol m
–2

s
–1

) and 

humidity was maintained at 80% level. 

BIOCONTROL IN ARABIDOPSIS  

Feeding with cytokinin 

Leaves of eight weeks old Arabidopsis thaliana col-0 were detached and their petioles were 

dipped in 10µM each BAP, kinetin and adenine (Annex 1; Table-2.67) or water. After 24 

hours of feeding the leaves were infiltrated with P. syringae pv tomato DC3000 suspension 

(5µl) adjusted to 10
6
 cfu ml

-1
 and incubated. Disease symptoms of water soaked lesions 

surrounded by chlorotic areas were scored daily for five days.  
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Fig. 2.1 Extraction and purification of phytohormones (cytokinins and IAA) from bacterial, 

cyanobacterial and plant source  
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Biocontrol via PGPR and cyanobacteria  

Arabidopsis thaliana col-0 leaves were infiltrated with 10µl suspension of cytokinin 

producing bacterial strains (10
7
 cfu ml

-1
), cyanobacterial strains (0.5 µg ml

-1
 ch-a) or 10 mM 

MgCl2 (control). After pre-incubation of 48 and 72 hour respectively, the same spots 

infiltrated with biocontrol strains were infected with 5µl suspension of P. syringae pv. tomato 

DC3000 in 10 mM MgCl2 (10
6 

cfu ml
-1

). Experiment was repeated three times. The same 

experiment was repeated with killed bacterial suspension (autoclaved).  

Feeding with cytokinins and IAA 

Arabidopsis Col 0 leaves were petiole fed with 10µM kinetin, BAP alone or mixture of 

kinetin (10µM) and IAA in three different concentrations (11µM, 22µM and 44µM) (Annex 

1; Table-2.67). After 24 hours the leaves were exposed to P. syringae pv. tomato DC3000. 12 

replicates were used per treatment and experiment was repeated three times. Similar 

experiment was performed with biocontrol strains. Bacterial and cyanobacterial suspensions 

alone or mixed with IAA (11µM, 22µM and 44µM) were fed to Arabidopsis leaves for 48 and 

72 hours respectively. Experiment was repeated three times. The same experiment was 

repeated with culture supernatant (1X, 2X, 5X and 10X) and extract from bacteria and 

cyanobacteria. 

Screening for ROS (Radical oxygen species) accumulation (Scharte et al. 2005) 

Experiment was designed to monitor ROS accumulation in Arabidopsis leaves treated with 

pathogen at different time points. Leaves pre-incubated with biocontrol strains, kinetin or 

MgCl2 for 48 hours were treated with pathogen. Leaves were stained with diaminobenzidine 

(DAB; Sigma) solution at 24 hours (pre pathogen) and 12, 24, 48 and 72 hours (post 

pathogen) to check for ROS accumulation. For staining leaves were dipped in DAB (1mg ml
-

1
; pH 3.8), vacuum infiltrated five times (five minutes each) and after incubation for three 

hours at room temperature the leaves were de stained in boiling ethanol (96% v/v). Dark 

brown product in leaves was considered as positive reaction 

Screening via ARR5::GUS/DR5::GUS 

Leaves of Arabidopsis ARR5::GUS were infiltrated locally with kinetin or biocontrol bacteria 

and cyanobacteria. 10MM MgCl2 was used as mock inoculation. After incubation of 24 hours, 

48 hours and 72 hours in case of kinetin, bacteria and cyanobacteria respectively the leaves 
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were stained for GUS activity. For GUS staining detached leaves and seedlings were shifted 

to GUS buffer containing 1 mM 5-bromo-4-chloro-3-indolyl-b-Dglucuronide at pH 7.0 (X-

Gluc; Molecular Probes, Eugene, OR, USA) dissolved in 50µl DMF and diluted in 50mM 

sodium phosphate buffer pH 7.2 at the rate of 5mg ml
-1

and supplemented with 0.2% triton X-

100. Leaves were vacuum infiltrated with staining buffer five times at two minutes intervals 

and then incubated at 37
o
C for 3 hours. The stained leaves were vacuum infiltrated with 

clearing solution and kept in the solution for 24 hours (Aloni et al. 2005). 

Extraction of antimicrobial proteins 

Five grams A. thaliana col-0 leaves treated with different biocontrol bacterial (48 hours 

incubation) and cyanobacterial (72 hours incubation) strains were collected and immediately 

frozen in liquid nitrogen. Mock inoculated leaves were used as control. After grounding under 

liquid nitrogen the powder obtained was suspended in 15 ml of extraction buffer A (15 mM 

Na2HPO4, 15 mM NaH2PO4, 2 mM PMSF and 1 mM benzamidine hydrochloride;  pH = 7) 

and stirred for 3 h at 4
o
C. Supernatant was collected after centrifugation at 5000 rpm for 10 

min and the pellet was re-extracted overnight at 4
o
C with 15 ml buffer B (15 mM Na2HPO4, 

15 mM NaH2PO4, 1 M Nacl, 15 mM EDTA, 2 mM PMSF and 1 mM benzamidine 

hydrochloride; pH=7). After another round of centrifugation at 5000 rpm for 10 min, the 

pellet was discarded and the supernatant was collected. Two aliquots of supernatants obtained 

from two rounds of extractions were combined and dialyzed overnight against distilled water 

with 3x change of water during dialysis. The dialyzed fractions were stored at 4
o
C for 

bioactivity testing.  

Antimicrobial activity testing 

The in vitro antimicrobial activity testing was performed using the standard disc diffusion 

assay against P. syringae DC3000. 100 µl of the overnight cultures (LB medium) with an 

optical density of OD600 = 0.2 was spread on 100 mm plates containing solid LB. Sterile filter 

paper discs with a diameter of 6 mm were impregnated with testing solution (20 µl /disc) and 

dried (3 times impregnation and drying) and placed on the agar plates inoculated with the 

target microorganism. The plates were inverted and incubated for 24 h at 37
o
C and the 

activity was quantitatively assessed by inhibition zone diameter (in mm) measurement. Each 

experiment repeated 3 times. Chloramphenicol 25 µg/ml was used as positive control and 

buffer A was used as a negative control. 
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Antimicrobial activity in Arabidopsis extract (Silva et al. 1996) 

Feeding of Arabidopsis for 24 hours with kinetin, biocontrol strain or water was followed by 

extraction of camalexin in hot 80% methanol for 20 min. Methanol was evaporated and the 

aqueous phase was extracted in chloroform. Chloroform was evaporated and the residue was 

dissolved in 70% ethanol. Activity of the extract was tested against P. syringae DC3000 as 

described above. 

Impact of kinetin and bacterial feeding on salicylic acid and camalexins 

To assess the impact of kinetin and bacterial strain feeding on hormones salicylic acid, and 

phytoelexins, the camalexins, fully expanded leaves were detached from eight weeks old 

Arabidopsis plants. Leaves were fed with kinetin, bacterial and cyanobacterial suspensions or 

water (control) in 1.5 ml eppendorf tubes. Leaves (200mg) were then removed from the 

eppendorf tubes and quickly frozen in liquid nitrogen at 6, 12, 24, 36, 48 and 72 hours 

interval. The frozen leaves were then processed for determination of SA and camalexin and 

antimicrobial activity.  

Extraction and determination of salicylic acid and Camalexin (Mishina and Zeier 2006) 

Leaf SA and camalexin levels were determined as described in (Mishina and Zeier 2006). 200 

mg frozen leaf tissue was homogenized with 600 μl of extraction buffer (Annex 1; Table-

2.68), and 1 ml of methylene chloride containing metabolic solution of internal standards (100 

ng of D4-salicylic acid and indolepropionic acid) were added. The mixture was shaken 

thoroughly and centrifuged at 14000 rpm for phase separation. For methylation of carboxyl 

group, the lower, organic phase was removed, dried over Na2SO4, and treated with 2 μl of 2 

M trimethylsilyldiazomethane in hexane (Sigma-Aldrich) for 5 min at room temperature. The 

methylation reaction was stopped with 2 M acetic acid in hexane (Annex 1; Table-2.69), and 

the sample was subjected to a vapor phase extraction procedure using a volatile collector trap 

packed with Super-Q absorbent (VCT-1/4X3-SPQ, Analytical Research Systems, FL, USA). 

The final evaporation temperature was set to 200°C, and samples were eluted from the 

collector trap with 1 ml methylene chloride. Finally, the sample volume was reduced to 50 μl 

in a stream of nitrogen, and the sample was subjected to GC/MS analysis. The sample mixture 

(2 μl) was separated on a gas chromatograph (GC 6890N, Agilent Technologies, Waldbronn, 

Germany) equipped with a fused silica capillary column (DB-1; Fisons, Folsom, CA, USA), 

and combined with a 5975 mass spectrometric detector (Agilent Technologies). For 
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quantitative determination, peaks originating from selected ion chromatograms were 

integrated. The area of the substance peak was related to the peak area of the internal 

standard. An experimentally determined correction factor for the SA/D4-SA pair was 

considered. For antimicrobial activity, extraction of camalexin was done without adding 

internal standards in the samples. Activity of the extract was tested as described for 

antimicrobial peptides. 

Growth assay via GFP labeled P. syringae DC3000 

Leaves infiltrated with biocontrol strains (P.aeruginosa Am3 and Chroococcidiopsis sp. Ck4) 

or 10mM MgCl2, incubated for 48 and 72 hours respectively were exposed to green 

fluorescent protein (GFP) labelled pathogen. One set of leaves was fed with 10µM kinetin for 

24 hours before P. syringae DC3000-GFP infiltration. Unlebelled pathogen was also 

infiltrated for comparison. Chlorophyll fluorescence transients of the uninoculated leaves 

were imaged at 0, 3, 6, 9, 12, 24, 36 and 48 hours after the inoculation with IMAGING-PAM 

(MAXI-Version, Heinz, Germany) 

Expression of pathogenesis related protein (PR-1)  

Southern blotting was done as described by Mishina and Zeier (2006). Arabidopsis leaves 

supplied with P. aeruginosa Am3, Chroococcidiopsis sp. Ck4, using peqGOLD RNAPure
 

reagent (peqLab) following the manufacturer's instructions. Five
 
micrograms of RNA was 

separated on a formaldehyde/agarose gel (Annex 1; Table-2.69-2.73),
 
visualized under UV 

light, and transferred to a Nylon membrane
 
(Hybond-N; Amersham Pharmacia Biotech, Little 

Chalfont, UK).
 
RNA-blot hybridization

 
was performed with specific 

32
P-labeled DNA probes 

generated
 

by PCR using appropriate oligonucleotide primers for Arabidopsis PR-1
 

(At2g14610) gene (kindly provided by Wuerzburg University). Gene from tomato encoding 

for 18S RNA was used to probe 18 S RNA as internal standard
 
(Kiss et al. 1988). 

 



ISOLATION AND CHARACTERIZATION OF MICROBIAL 

STRAINS 

lant rhizosphere is a complex community hosting a vast variety of organisms 

including plant growth promoting rhizobacteria (PGPR) and cyanobacteria. 

Regarding their diverse nutritional and environmental requirements a number of 

different approaches are used to isolate free living rhizosphere bacteria including 

antimicrobial activity determine by plate assay and plant growth promotion by gonobiotic 

growth pouch assay. However the tedious and time consuming procedures can be replaced by 

hunting for ACC deaminase containing bacteria (Penrose and Glick 2003). The method is 

based on the isolation of rhizosphere bacteria in media containing ACC as a sole source of 

nitrogen. Once the PGPR are isolated, characterization is done by studying their 

morphological, physiological and biochemical features. In addition to several other 

mechanisms PGPR use phytohormones, cytokinin and IAA as tool to improve plant growth. 

Cyanobacteria are also reported to improve plant growth and form natural associations with 

rice (Nilsson et al. 2002). In the present chapter isolation, purification and characterization of 

bacteria and cyanobacterial capable of secreting cytokinin and IAA in the culture media, 

being discussed. 

BACTERIAL STRAINS 

Isolation  

As a first step we selected four different sites for isolation of bacterial strains from soil, 

including Punjab University Lahore (Punjab), Mardan, Swat and Bara Gali (NWFP). To 

isolate bacterial strains different crop plants (rice, maize, wheat, sugarcane, sunflower, tomato 

and potato) along with some important medicinal plants (Ajuga, Artemisia and Viola), fodder 

(Trifolium) and a number of other plants were selected. The plants were uprooted with some 

rhizosphere soil and brought in polythene bags to the lab. Temperature, electrical conductivity 

(EC) and pH of the rhizosphere soil samples was determined.  The samples isolated showed 

low to moderate EC values ranged between 1.9 and 5.5. Temperature of the samples varied 

according to the season which in turn influenced EC of the samples to some extent.  Soil 

samples were mostly saline with pH above 7. However some samples showed acidic 

characteristics (Table-3.1). Ninety two bacterial strains were isolated from the rhizosphere of 

26 plants obtained from different locations of Pakistan (Table-3.2). 46 bacterial strains were

P 
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 Table-3. 1 Characteristics of soil samples collected from rhizosphere of different plants in 

different locations 

Sample No. Plant pH Temperature (
o
C) EC (dS m-1) Soil source 

1 Cynodon sp 7.5 19 3.8 Forest land 

2 Euphorbia cyparissias 7.0 28 2.3 uncultivated land 

3 Brassica campestris 7.8 22 3.7 Forest land 

4 Daucus carota 6.4 16 1.9 Agriculture land 

5 Amaranthus sp 7.8 26 4.5 Forest land 

6 Viola species 6.5 22 4.1 Forest land 

7 Nicotiana plumbaginifolia 7.1 27 2.4 uncultivated land 

8 Fragaria sp 6.8 20 5.5 Forest land 

9 Helianthus annuus 7.5 33 2.6 Agriculture land 

10 Nerium oleander 6.6 24 5.0 Forest land 

11 Trifolium sp 7.4 38 3.1 Agriculture land 

12 Capsicum annum 7.8 35 2.6 Agriculture land 

13 Zea mays 7.3 24 2.5 Agriculture land 

14 Avena sativa 7.6 17 2.9 Agriculture land 

15 Triticum aestivum 7.6 19 3.0 Agriculture land 

16 Oryza sativa 7.4 29 3.1 Agriculture land 

17 Solanum nigrum 7.5 23 3.4 Agriculture land 

18 Hibiscus esculenta 7.2 26 2.9 Agriculture land 

19 Allium cepa 6.9 18 3.3 Agriculture land 

20 Solanum lycopersicum 6.8 16 2.8 Agriculture land 

21 Nicotiana tobaccum 7.0 32 2.9 Agriculture land 

22 Cucumis sativa 7.5 23 2.6 Agriculture land 

23 Solanum tuberosum 7.4 25 2.8 Agriculture land 

24 Ajuga parviflora 6.3 20 2.1 Forest land 

25 Artemisia maritime L. 6.3 20 2.1 Forest land 

25 Adiantum sp 6.5 18 2.3 Forest land 

26 Allium sativum 7.8 17 2.5 Agriculture land 

27 Gossypium sp. 7.5 36 3.1 Agriculture land 

28 Saccharum officinarum 6.9 11 2.2 Agriculture land 
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Table-3.2 List of bacterial strains isolated from rhizosphere of different plants along with 

ACC deaminase screening results 

S.No Strain Plant Location Date ACC deaminase 

1 G1 Cynodon sp Swat 10 march 2006 + 

2 G2 Cynodon sp Swat  10 march 2006 + 

3 G3 Cynodon sp Swat 10 march 2006 - 

4 G4 Cynodon sp Swat 10 march 2006 - 

5 E1 Euphorbia cyparissias Bara Gali 15 march 2006 - 

6 E2 Euphorbia cyparissias Bara Gali 15 march 2006 - 

7 E3 Euphorbia cyparissias Bara Gali 15 march 2006 - 

8 BC1 Brassica campestris Swat 02 Feb 2007 + 

9 BC2 Brassica campestris Swat 02 Feb 2007 - 

10 BC3 Brassica campestris Swat 02 Feb 2007 - 

11 Dc1 Daucus carota Lahore 08 Dec 2007 + 

12 Dc2 Daucus carota Lahore 08 Dec 2007 - 

13 Dc3 Daucus carota Lahore 08 Dec 2007 - 

14 Dc4 Daucus carota Lahore 08 Dec 2007 - 

15 Am1 Amaranthus sp PU 24 march 2006 - 

16 Am2 Amaranthus sp PU 24 march 2006 + 

17 Am3 Artemisia maritime Swat 08 April 2007 + 

18 Am4 Amaranthus sp PU 08 April 2007 + 

19 Am5 Adiantum sp Mardan 08 April 2007 + 

20 Am6 Adiantum  sp Mardan 08 April 2007 + 

21 Am7 Adiantum sp Mardan 08 April 2007 + 

22 Vi1 Viola sp. Bara Gali 23 August 2006 - 

23 Vi2 Viola sp. Bara Gali 23 August 2006 + 

24 Np1 Nicotiana plumbaginifolia PU 21 September 2006 - 

25 Np2 Nicotiana plumbaginifolia PU 21 September 2006 - 

26 Np3 Nicotiana plumbaginifolia PU 21 September 2006 - 

27 Np4 Nicotiana plumbaginifolia PU 21 September 2006 - 

28 Fr1 Fragaria sp Swat 09 April 2007 - 

29 Fr2 Fragaria sp Swat 09 April 2007 + 

30 Fr2 Fragaria sp Swat 09 April 2007 + 

31 Fr3 Fragaria sp Swat 09 April 2007 - 

32 Fr4 Fragaria sp Swat 09 April 2007 - 

33 Ha1 Helianthus annuus PU 18 August 2007 - 

34 Ha2 Helianthus annuus PU 18 August 2007 - 

35 Ha3 Helianthus annuus PU 18 August 2007 - 
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S.No Strain Plant Location Date ACC deaminase 

36 No1 Nerium oleander Bara Gali 24 August 2006 - 

37 No2 Nerium oleander Bara Gali 24 August 2006 - 

38 No3 Nerium oleander Bara Gali 24 August 2006 + 

39 No4 Nerium oleander Bara Gali 24 August 2006 + 

40 Tf1 Trifolium sp PU 19 July 2006 - 

41 Tf2 Trifolium sp PU 19 July 2006 - 

42 Tf3 Trifolium sp PU 19 July 2006 - 

43 Tf4 Trifolium sp PU 19 July 2006 - 

44 Ca1 Capsicum annum Lahore 11 July 2006 - 

45 Ca2 Capsicum annum Lahore 11 July 2006 - 

46 Zm1 Zea mays PU 16 october 2006 - 

47 Zm2 Zea mays PU 16 october 2006 + 

48 Zm3 Zea mays PU 16 october 2006 + 

49 Zm4 Zea mays PU 16 october 2006 - 

50 As1 Avena sativa PU 10 Feb 2007 - 

51 As1 Avena sativa PU 10 Feb 2007 - 

52 As1 Avena sativa PU 10 Feb 2007 - 

53 Te1 Triticum aestivum PU 06 Feb 2007 + 

54 Te2 Triticum aestivum PU 06 Feb 2007 + 

55 Te3 Triticum aestivum PU 06 Feb 2007 - 

56 Te4 Triticum aestivum PU 06 Feb 2007 - 

57 Te5 Triticum aestivum PU 06 Feb 2007 - 

58 R1 Rice  (Oryza sativa) PU 13 September 2007 - 

59 R2 Rice  (Oryza sativa) PU 13 September 2007 + 

60 R3 Rice  (Oryza sativa) PU 13 September 2007 + 

61 R4 Rice  (Oryza sativa) PU 13 September 2007 - 

62 Sn1 Solanum nigrum PU 10 October 2007 - 

63 Sn2 Solanum nigrum PU 10 October 2007 - 

64 He1 Hibiscus esculenta PU 24 April 2007 - 

65 He2 Hibiscus esculenta PU 24 April 2007 - 

66 He3 Hibiscus esculenta PU 24 April 2007 - 

67 Ac1 Allium cepa Mardan 10 December 2007 - 

68 Ac2 Allium cepa Mardan 10 December 2007 - 

69 Sl1 Solanum lycopersicum Mardan 21 December 2006 - 

70 Sl2 Solanum lycopersicum Mardan 21 December 2006 + 

71 Sl3 Solanum lycopersicum Mardan 21 December 2006 - 

72 Nt1 Nicotiana tobaccum Swabi 22 June 2006 - 

73 Nt1 Nicotiana tobaccum Swabi 22 June 2006 - 

74 Cs1 Cucumis sativa Mardan 21 March 2006 - 

75 Cs2 Cucumis sativa Mardan 21 March 2006 - 

76 St1 Solanum tuberosum Mardan 03 April 2007 - 
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S.No Strain Plant Location Date ACC deaminase 

77 St2 Solanum tuberosum Mardan 03 April 2007 - 

78 St3 Solanum tuberosum Mardan 03 April 2007 - 

79 St4 Solanum tuberosum Mardan 03 April 2007 + 

80 St5 Solanum tuberosum Mardan 03 April 2007 - 

81 St6 Solanum tuberosum Mardan 03 April 2007 - 

82 Ap1 Ajuga parviflora Swat 08 April 2007 - 

83 Ap2 Ajuga parviflora Swat 08 April 2007 + 

84 Ap3 Ajuga parviflora Swat 08 April 2007 + 

85 Ast1 Allium sativum Lahore 15 Nov 2006 + 

86 Ast2 Allium sativum Lahore 15 Nov 2006 - 

87 Ast3 Allium sativum Lahore 15 Nov 2006 - 

88 Go1 Gossypium sp. Faisal Abad 08 may 2007 - 

89 Go1 Gossypium sp. Faisal Abad 08 may 2007 - 

90 Az1 Saccharum officinarum Mardan 02 November 2006 + 

91 Az2 Saccharum officinarum Mardan 02 November 2006 + 

92 Az3 Saccharum officinarum Mardan 02 November 2006 - 

PU = Punjab University, Lahore  
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isolated from different plant rhizosphere in Punjab including 44 from Lahore and two from 

Faisalabad. Similarly three locations of NWFP including Mardan, Swat and Bara Gali were 

selected to isolate a total of 46 rhizobacterial strains. The isolated strains were named 

according to the botanical name of the plant from which the strains were isolated with a few 

exceptions where names of the strains were after common names of plants (G series). The Az 

series was another exception to the naming scheme, where names were taken from 

Azospirillum sp. as they were isolated on nitrogen-free semisolid malate (NFb) enrichment 

medium specific for Azospirillum sp (Jha et al. 2009). For example, bacterial strains isolated 

from Nerium oleander were named as No followed by different numbers. The isolated strains 

were purified by repeated subculture on Luria-Bertani agar and the purity of the culture was 

monitored by gram staining. Purified strains were screened for ACC deaminase activity to 

select PGPR. The strains were grown in DF broth containing ACC as a sole source of 

nitrogen and then shifted to solid DF plates having only ACC as nitrogen source. The colonies 

appeared on DF media were considered ACC positive. Twenty eight bacterial strains G1, G2, 

BC1, BC4, Am2, Am3, Am4, Am5, Am6, Am7, Vi2, Fr2, Fr3, No3, No4, Zm2, Zm3, Te1, 

Te2, R2, R3, Sl2, St4, Ap2, Ap3, Ap4, Az1 and Az2 were selected as ACC deaminase 

positive.  

Bioassay for cytokinin like activity 

Twenty eight bacterial strains selected on the basis of ACC deaminase assay were screened 

for cytokinin like activity by cucumber cotyledon bioassay and senescence bioassay. 

Modified cucumber cotyledon bioassay was used to screen the selected PGPR for cytokinin 

activity. Etiolated cucumber cotyledons were placed in close proximity to bacterial culture 

grown for 72 hours on minimal medium supplemented with 20% glucose, 0.2% casaminoacid 

and 2pg L
-1

 biotin and solidified with 0.7% agar. After pre-incubation in dark the plates were 

exposed to light for 3 hours. Chlorophyll was extracted from cotyledons and determined 

spectrophotometrically using 665 nm wave length. E. coli DH5α and BAP were used as 

negative and positive control respectively. Relative chlorophyll concentrations (D/D0) in 

cotyledon treated with test bacteria against control cotyledons (E. coli DH5α) were calculated. 

A list of D/D0 for test bacteria (screened positive) is given in Table 3.3. Value of D/D0 as high 

as 1.48, 1.46 and 1.39 were recorded for cotyledons treated with Am3, BC1 and R2 

respectively. Relative chlorophyll concentration (D/D0) was 1.27, 1.36, 1.35, 1.31, 1.299, 1.3, 

1.25, 1.40 and 1.22 in cotyledon co-incubated with Vi2, Am2, G1, Am4, Am5, Am6, Am7, 

E2 and Az1 respectively. Extract from selected strains purified by SPE column was also 
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subjected to the same assay. Purified extract performed better in the assay system (Table-3.3). 

Cytokinin like activity was further confirmed by senescence bioassay using Arabidopsis 

model plants. Bacterial extract purified by SPE and reconstituted in sterile distilled water was 

shifted to Petri plate. Detached Arabidopsis leaves were floated on the extract for one week in 

the dark.  Delay in senescence was determined by analyzing chlorophyll contents of the 

leaves after one week. Sterile water and BAP were used as negative and positive control 

respectively. All the selected strains significantly delayed senescence in detached Arabidopsis 

leaves (Table-3.3). Leaves incubated with Am3 and E2 strains retained high amount of 

chlorophyll (884 and 883µg g
-1

 FW respectively) after incubation of one week. This activity 

was slightly less than 10µM BAP where the chlorophyll contents were 1114µg g
-1

 FW. In 

case of water control the chlorophyll contents were 413µg g
-1 

FW. Leaves incubated with 

extract taken from Am3 retained 129.61% greater chlorophyll after one week against water 

control, highest activity among the selected strains. Leaves incubated with extract from BC1, 

Vi2, Am2, G1, R2, Am4, Am5, Am5, Am7, E2, Az1 retained 124.67, 78.96, 100.25, 90.38, 

61.03, 98.96, 77.66, 84.15, 54.02, 129.35 and 84.93% more chlorophyll over water control 

(Table-3.3). Extract E. coli DH5 α was used as negative control which delayed senescence by 

7.27% against water control. Significant positive correlation of bacterial cytokinin was 

observed with chlorophyll contents of the cucumber cotyledons incubated on bacterial culture 

(r=0.76; P=0.05) as well as on bacterial extract (r=0.815; P=0.05). Chlorophyll retained by 

Arabidopsis leaves floated on bacterial extract was also positively correlated to bacterial 

cytokinin (Table-3.4). 

Colorimetric determination of IAA 

IAA concentration released to the culture media by different strains was measured by 

colorimetric method. The strains were grown in L-agar alone or supplemented with 

tryptophan (0.1%). Blank LB was used as negative control. The strains showed different 

potentials for IAA production (tryptophan dependent) and release to the culture media ranging 

between 1.2µg ml
-1

 and 44.4µg ml
-1

 (Fig. 3.1). Important strains were Am2, Az1 and Am4 

producing 44.4, 41.2, 39.3µg ml
-1

 respectively. Am6, Am7, Am5 and Am2 secreted 31.8, 

31.3±3.04, 28.5 and 20.3µg ml
-1

 IAA respectively. BC1 and Vi2 secreted only 2.1 and 3.5µg 

ml
-1

 IAA respectively to the culture media (Fig. 3.1). However, without tryptophan in the 

media their potential for IAA secretion dropped drastically. Removal of tryptophan from the 

culture media decreased IAA production up to 82 percent in Vi2. When tryptophan was
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Table-3.3 Cucumber cotyledon bioassay for screening bacterial strains isolated from the 

rhizosphere of different plants 

 

                                                         

a
Bacterial culture, 

b 
Bacterial extract 

 

Table-3.4 Correlation of cytokinin in bacterial culture and chlorophyll concentration in 

different bioassay 

 BE-Ch (Cotyledon) BC-Ch (cotyledon) Total cytokinin 

BC-Ch (cotyledon) 0.959**   

Total Cytokinin 0.815** 0.760**  

BE-Ch (senescence) 0.777** 0.781** 0.926** 

    ** Correlation is significant at the 0.01 level (2-tailed). 

BC-Ch (Cotyledon), Chlorophyll accumulation in cotyledons incubated on bacterial culture. 

BE-Ch (Cotyledon), Chlorophyll accumulation in cotyledons incubated on bacterial extract. 

BE-Ch (Senescence), Chlorophyll retained by leaves floated on bacterial extract in senescence bioassay.  

  

Strain 
D/D0 µg ch g

-1
 FW of leaf tissues 

Percent 
BC

a
 BE

b
 BE

b
 

BC1 1.46±0.11 1.79±0.15 865±37.4 124.67 

Vi2 1.27±0.11 1.61±0.15 689±27.3 78.96 

Am2 1.36±0.09 1.67±0.12 771±64.2 100.25 

G1 1.35±0.13 1.64±0.11 733±24.5 90.38 

R2 1.39±0.13 1.73±0.11 620±21.5 61.03 

Am3 1.48±0.19 1.88±0.13 884±24.6 129.61 

Am4 1.31±0.1 1.51±0.16 766±21.5 98.96 

Am5 1.29±0.09 1.50±0.09 684±18.6 77.66 

Am6 1.30±0.1 1.55±0.14 709±12.4 84.15 

Am7 1.25±0.06 1.51±0.11 593±11.2 54.02 

E2 1.40±0.10 1.68±0.17 883±25.3 129.35 

Az1 1.22±0.07 1.41±0.12 712±10.4 84.93 

E. coli 1.11±0.09 1.15±0.12 413±9.2 7.27 

Water 1.00±00 1.00±00 285±13.4 0 

10µM kinetin 2.05±0.14 2.05±0.14 1114±44.7 189.35 
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Figure-3.1 IAA determined by colorimetric method in bacterial strains screened positive for 

cytokinin. The figure depicts dependence of IAA synthesis on tryptophan.   
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 removed from the culture media of Am2, Am4 and Az1 their IAA producing potential was 

reduced up to 63.82, 71.50 and 64.07% respectively (Fig. 3.1).   

Characterization of the selected strains 

The selected bacterial strains were characterized by morphological and biochemical features 

(Table-3.5). Colony size, shape, elevation, margin and color were observed. Circular colony 

was the most common among the selected strains. Three isolates including BC1, Vi2 and G1 

formed flat colonies on L-agar while the rest of the strains showed umbonate colonies except 

AZ1 which formed raised colonies. All strains of Am series except Am2 formed dark green 

colonies with entire margins which later turn to blackish green. BC1 and Vi2 produced yellow 

colonies and pink colonies were formed by Az1. All the selected strains were rod shaped with 

the only exception Az1 strain in which the rods were slightly curved. Cell width ranged from 

0.5 to 1.1µm and cell length ranged from 2.1 to 3.2µm. Different biochemical tests were 

performed to characterize selected PGPR. Among the selected strains five were gram positive 

and the other seven were gram negative. Presence of catalase activity, citrate utilization, 

gelatin hydrolysis, casein hydrolysis, glucose utilization, motility and absence of H2S 

production were common to all the bacterial strains including gram positive as well as gram 

negative. Voges-proskaeuer and spore formation were universally positive in gram positive 

and negative in gram negative. None of the strain was able to produce acid from sucrose and 

maltose. Except Az1 all other strains were able to produce indole. The strains Am3, Am4, 

Am5, Am6, Am7 and E2 were characterized by the absence of spores, negative results for 

Voges-Proskaur, starch hydrolysis, denitrification, lecithinase utilization and meso-Inositol 

utilization. At the same time production of arginine dihydrolase, oxidase reaction, growth on 

malonate, EMB, brilliant green bile, nitrate reductase activity, trehalose utilization and 

production of brown pigment on King‟s A as well as King‟s B medium were positive traits of 

these strains. Oxidative fermentation was common to all the bacterial strains. All gram 

negative strains were armed with capsule. BC1, Am2 and G1 were screened positive for 

starch hydrolysis while the rest of the strains were negative for this feature. None of the gram 

positive strain was able to produce arginine dihydrolase. Except Am2, G1 and R2 all other 

strains were oxidase positive. The only strain capable to turn mannitol to acid was Az1. One 

gram positive strain Am2 and two gram negative strains Am3 and E2 were able to produce 

acid as end product from lactose. Growth of gram positive strains was not supported by 

malonate, EMB, brilliant green bile and MacConkey agar. Except Vi2 and Az1 all other 

strains were able to liquefy gelatin. Nitrate reduction was common to all strains except R2 and  
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Table-3.5 Morphological features of the selected strains 

Strains 

Colony characteristics cell characteristics 

shape elevation size (mm) margin colour shape size (µm) 

Am2 Irr umbonate 3.1 undulate Off white Rod 0.8× 0.9µm 

Am3 Cir umbonate 2.5 entire Green Rod 0.7 × 2.6µm 

Am4 Cir umbonate 2.8 entire Green Rod 0.6× 2.7µm 

Am5 Cir umbonate 3.1 entire Green Rod 0.7 × 2.8µm 

Am6 Cir umbonate 2.4 entire Green Rod 0.5 × 2.5µm 

Am7 Cir umbonate 2.4 entire Green Rod 0.5× 2.5µm 

E2 Cir umbonate 3 entire Green Rod 0.7 × 2.8µm 

BC1 Irr Flat 2.5 Lobate yellow Rod 0.9×2.1μm 

Vi2 Irr flat 2.5 lobate yellow Rod 0.8 × 2.1μm 

R2 Cir flat 2.2 lobate Off white Rod 0.9× 2.1 µm 

AZ1 Cir raised 5.7 curled pink 
Curved 

rods 
1.1 × 3.2 µm 

G1 Cir flat 2.8 undulate Off white Rod 1.1× 2.3µm 

Cir, Circular; Irr, Irrigular 
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Az1. Denitrification was distinctly done by Az1 only (Table-3.6). Utilization of trehalose and 

meso-Inositol was tested only in Am series along with E2 and negative results were obtained. 

Lecithinase was universally absent in the isolates. 

Phosphate solubilization and Siderophore production  

Phosphate solubilization and Siderophore production were followed by plate assay in the 

selected bacterial strains (cytokinin producing). Clear hollow around bacterial inoculum was 

considered as positive activity for phosphate and Siderophore production. Seven strains 

including Am3, Am4, Am6, E2, BC1, R2, G1 showed phosphate solubilization activity and 

eight strains including Am2, Am3, Am4, E2, BC1, Vi2, Az1 and G1 were able to produce 

Siderophore (Table-3.7).  

CYANOBACTERIAL STRAIN 

Isolation  

Samples from fresh water ponds and rice field were collected in the month of October 2006 

and September 2007 respectively. Characteristics of these samples are listed in Table-3.8. 

Samples collected from rice rhizosphere were named “RR” and from standing water in the 

rice field were named “RW”. Similarly samples from fresh water named “W” while samples 

from rhizosphere of free floating aquatic plants were named “WR”. Temperature, pH and 

electrical conductivity of the samples were recorded. Samples had a basic pH (7.2-7.6), low 

electrical conductivity (2.4-3.5) and low temperature (18-23
o
C). Thirteen cyanobacterial 

strains were isolated from two different habitats including rice field, and fresh water pond 

located in the Quaid-e-Azam campus, University of the Punjab, Pakistan (Table-3.9). 

Organisms isolated from rice field habitat included five filamentous and two unicellular 

strains. The dominant cyanobacterium was a free floating, filamentous species, Oscillatoria 

sp. Ck2 mixed with two other free living Oscillatoria species (Cyn2 and Cyn4). Stem surface 

of the rice crop was colonized by filamentous organisms assigned to the genus Oscillatoria 

(Cyn5) and Phormidium (Ck3). Dominant flora in the rice rhizosphere was represented by 

mixed population of Anabaena sp. Ck1 and unicellular Chroococcidiopsis (Ck4). Pond water 

on the other hand was dominated by a free living unicellular organism identified as 

Synechocystis sp. Ck5 under light microscope. Gleocapsa (Cyn8 and Cyn9) and 

Synechocystis (Cyn10, Cyn12 and Cyn13) were present as minor flora in the fresh water 

habitat. The strains showing positive cytokinin like activity in the bioassay were selected for
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Table-3.6 Biochemical characteristics of the selected bacterial strains 

ADH, Arginine dihydrolase;  +B, Positive brown colour, MIU, meso-Inositol utilization; 2-KGU, 2 

Ketogluconate  utilization; Treh, trehalose  

P, Pseudomonas; B, Bacillus subtilis; A, Azospirillum 

 

 

Strains Am2 Am3 Am4 Am5 Am6 Am7 E2 BC1 Vi2 R2 Az1 G1 

Gram reaction + - - - - - - + + + - + 

Motility + + + + + + + + + + + + 

Indole production + + + + + + + + + + - + 

Spore + - - - - - - + + + + + 

Capsule - + + + + + + - - - + - 

Voges-Proskaur + - - - - - - + + + - + 

Starch hydrolysis + - - - - - - + - - - + 

Citrate  utilization  + + + + + + + + + + + + 

ADH - + + + + + + - - - + v 

H2S production - - - - - - - - - - - - 

Oxidase reaction - + + + + + + + + - + - 

Acid from sucrose - - - - - - - - - - - - 

Acid from maltose - - - - - - - - - - - - 

Acid from mannitol - - - - - - - - - - + - 

Acid from lactose + + - - - - + - - - - - 

Growth malonate - + + + + + + - - - + - 

Growth on EMB - + + + + + + - - - - - 

Brilliant green bile - + + + + + + - - - - - 

MacConkey agar - + + + + + + - - - + - 

King„s A - +B +B +B +B +B +B - - - - - 

King„s B - +B +B +B +B +B +B - - - - - 

Catalase + + + + + + + + + + + + 

Nitrates reduction + + + + + + + + + - - + 

Denitrification - - - - - - - - - - + - 

Gelatin hydrolysis + + + + + + + + + + + + 

Casein hydrolysis + + + + + + + + + + + + 

Glucose utilization + + + + + + + + + + + + 

Treh utilization  - - - - - -      

2-KGU  + + + + + +      

MIU  - - - - - -      

Lecithinase  - - - - - - - - - - - 

Assignment B P P P P P P B B B A B 
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Table-3.7 Screening of bacteria for phosphate solubilization and Siderophore production 

Strain 
Phosphate 

solubilization 

Siderophore 

production 
Strain 

Phosphate 

solubilization 

Siderophore 

production 

Am2 - ++ E2 +++ +++ 

Am3 +++ ++ BC1 ++ +++ 

Am4 ++ ++ Vi2 - ++ 

Am5 - - R2 ++ - 

Am6 ++ - Az1 - ++ 

Am7 - - G1 ++ +++ 

-Negative; + low; ++ medium, +++ high 

 

Table-3. 8 Characteristics of the samples  

WR, rhizosphere of free floating plants in water; W, open water; RR, Rice rhizosphere; RW, water in rice field 

 

 

Table-3. 9 Cyanobacterial strains isolated from different habitats 

S.No 

Strain 

Sample Habit 
Growth in the Lab. 

(Chlorophyll a mg L
-1

) 
Before 

selection 

After 

selection 

01 Cyn1 Ck1 Rice field Rice rhizosphere 3.83 

02 Cyn2  Rice field Free living 2.00 

03 Cyn3 Ck2 Rice field Free living 3.15 

04 Cyn4  Rice field Free living 1.67 

05 Cyn5  Rice field Attached to stem 1.11 

06 Cyn6 Ck3 Rice field Attached to stem 2.93 

07 Cyn7 Ck4 Rice field Rice rhizosphere 2.70 

08 Cyn8  Fresh water pond Free living 1.85 

09 Cyn9  Fresh water pond Attached to Pistia 1.17 

10 Cyn10  Fresh water pond Free living 1.58 

11 Cyn11 Ck5 Fresh water pond Free living 5.65 

12 Cyn13  Fresh water pond Attached to Pistia 2.44 

13 Cyn13  Fresh water pond Free living 0.22 

Only the strains screened in the bioassay were selected and different names were assigned to differentiate them 

from the rest of the strains.  

  

Location 
Samples 

name 

Conditions at 

sampling site 
pH Temperature EC( ds m

-1
) 

University of the 

Punjab, Lahore 

WR Free floating plants 7.2 18 2.4 

W Open water 7.4 21 2.7 

RR 
Irrigated before two 

weeks 
7.3 20 3.5 

RW Freshly irrigated 7.6 23 3.4 
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further study. Under laboratory conditions Synechocystis sp. Ck5 showed the most intensive 

growth which produced 5.65 mg L
-1

 ch-a after incubation period of 15 days. During the same 

duration Anabaena sp. Ck1, Oscillatoria sp. Ck2, Phormidium sp. Ck3 and 

Chroococcidiopsis sp. Ck4 accumulated 3.83, 3.15, 2.93 and 2.22 mg L
-1

 chlorophyll-a 

respectively (Table-3.9). 

Bioassay for cytokinin like activity 

Cyanobacterial strains were also screened by the same procedure as adapted for bacterial 

screening with modifications i.e. BG11 medium instead of Minimal medium solidified with 

agarose (0.7%) was used. Cytokinin was absorbed on to Whatman No. 1 filter paper by 

overlaying the cyanobacterial culture plates with the filter. After incubation of two weeks 

membrane was removed and assayed for the presence of cytokinin like compounds. 

Membrane overlaid on empty BG11 plates and BG11 plates containing 10µM BAP for the 

same duration served as positive and negative controls respectively. Enhanced chlorophyll 

formation due to synergistic effect of cytokinin and light (Yamaryo et al. 2003) was recorded 

in five strains and BAP control (Table-3.10). Five cyanobacterial strains showed cytokinin 

like activity in the bioassay. Endogenous cytokinin was assayed by incubating etiolated 

cucumber cotyledons with water, BAP (10µM) or cyanobacterial biomass extract in Bieleski 

buffer and reconstituted in water under the same conditions as mentioned. Assay for 

endogenous cytokinins was done only in strains screened positive for cytokinin like activity. 

Activity was further confirmed by senescence bioassay. Initial steps for impregnating 

cytokinin on to the Whatman No. 1 filter paper was same as described in cucumber cotyledon 

bioassay. Whatman No. 1 filter paper pre-incubated with cyanobacterial culture was shifted to 

Petri plates containing 5 ml water. Detached leaves of Arabidopsis thaliana col 0 (3 leaves 

per plate) were floated on the solution for one week in the dark (Chory et al. 1994). Controls 

used were same as used in cucumber cotyledon bioassay. The assays indicated that Ck4 

released cytokinin like compounds in greater concentration in the culture media as evident 

from enhanced relative chlorophyll contents (D/D0 = 1.77) against water control (D/D01.003± 

0.08) and significant delay in senescence (1063µg ch g
-1

 FW) as compared to water control 

(259 ch g
-1

 FW). However, activity was less than 10µM BAP. Other strains showed positive 

cytokinins like activity in the assay were named as Ck1, Ck2, Ck3 and Ck5 respectively. The 

strains screened positive for release of cytokinin like compounds were subjected to extraction 

of cytokinin with Bieleski buffer followed by purification with SPE (mixed mode columns). 

The extract was assayed for cytokinin like activity by using bioassays as mentioned. Results 
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obtained showed that the strains not only secreted cytokinins but also accumulated it in their 

biomass (Table-3.10). Greater cytokinin like compounds were accumulated in the biomass of 

Ck4 (D/D0 = 1.85) followed by Ck3, Ck3, Ck1 and Ck5 (D/D0 = 1.75, 1.56, 1.51, 1.22 

respectively). These results were confirmed by senescence bioassay. Relative chlorophyll 

(D/D0) was positively correlated {r (16) = 0.849 and 0.903} to cytokinins in bioassays for 

exogenous and endogenous cytokinin respectively (p = 0.01). Similarly chlorophyll 

concentration in senescing leaves was also significantly correlated to cytokinin in bioassay for 

exogenous as well as endogenous cytokinin (Table-3.11). All the strains showed a positive 

color reaction with Salkowski reagent indicative of IAA production in the presence of 

tryptophan (Table-3.10). Ck1 showed higher exogenous as well as endogenous IAA 

production (75.5 and 83.4 pmol mg
-1

ch a respectively). A general trend of more accumulation 

of cytokinins in the cyanobacteria biomass against their release to the culture media was 

prevailing. 

Characterization of the selected strains 

Based on their morphological characteristics under light microscope cytokinin producing 

cyanobacterial strains were assigned to five different genera. Ck1, Ck2, Ck3, Ck4 and Ck5 

were identified as Anabaena, Oscillatoria, Phormidium, Chroococcidiopsis, and 

Synechocystis respectively. 

Anabaena sp. Ck1 

This strain was isolated from a small temporary pond near rice field in Punjab University. 

They had uniseriate and straight trichome lacking a firm sheath, however sometimes a loose 

mucilage sheath was present. On the average there were 4-7 heterocysts per trichome. The 

trichomes were both intercalary and terminal. Dimensions of individual cell were 3.5 x 

6.2µm. Each cell was cylindrical, pale or bright blue-green or olive-green in color (Fig.3.2a). 

Oscillatoria sp. Ck2 

This strain was isolated from rice field in Punjab University, Lahore. The filaments showed 

gliding or oscillatory motions. The trichomes were straight or coiled composed of disk-shaped 

cells with tapered end cells. Cell size was 11.5 x 3.7µm. The trichomes had no sheath, 

however old cultures showed mucilage sheaths (Fig. 3.2b).  
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Table-3. 10 cucumber cotyledon and senescence bioassays for detection of cytokinin like 

activity in cyanobacterial strains. 

strain 

D/D0 

µg ch g
-1

 FW of leaf 

tissues 

IAA (colorimetric 

Pmol mg
-1

 ch a 

Exogenous Endogenous Exogenous Endogenous Exogenous Endogenous 

Anabaena sp. Ck1 1.59±0.026 1.51±0.014 829.6±9.26 720.3±13.16 52.4±4.43 45.8±6.12 

Oscillatoria sp. Ck2 1.24±0.055 1.56±0.028 554±9.29 745.3±8.25 34.5±3.18 38.2±4.45 

Phormidium sp. Ck3 1.44±0.046 1.75±0.017 677±4.72 921.3±6.06 75.5±9.14 83.4±8.6 

Chroococcidiopsis sp. Ck4 1.77±0.037 1.85±0.029 1063±10.12 1052.6±7.62 15.2±3.78 22.3±3.34 

Synechocystis sp. Ck5 1.36±0.035 1.22±0.02 680.6±6.74 423.3±15.9 28.7±3.9 32.3±5.45 

Control (BAP 1µM) 2.18±0.13 2.18±0.13 1122±52.41 1152±47.32 - - 

Control (water) 1.003±0.08 1.003±0.08 359±11.31 359±11.31 00 00 

 

 

Table-3.11 Correlation of cyanobacterial cytokinin with chlorophyll contents in different 

bioassays 

 CCBEC CCBEnC SBEC SBEnC CktE 

CCBEnC 0.772**     

SBEC 0.972** 0.780**    

SBEnC 0.781** 0.995** 0.788**   

CktE 0.849** 0.657** 0.873** 0.686**  

CktEn 0.819** 0.903** 0.844** 0.922** 0.893** 
**  Correlation is significant at the 0.01 level (2-tailed). 

CCBEC, Cucumber cotyledon bioassay for exogenous cytokinin 

CCBEnC, Cucumber cotyledon bioassay for endogenous cytokinin 

SBEC, Senescence bioassay for exogenous cytokinin 

SBEnC, Senescence bioassay for endogenous cytokinin 
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Figure-3.2 Light microscopy of cyanobacterial strains; a) Anabaena sp. Ck1 (100x), b) 

Oscillatoria sp. Ck2 (10x), c) Phormidium sp. Ck3, d) Chroococcidiopsis sp. Ck.4 (100x) and 

e) Synechocystis sp. Ck 5 (100x)  

 

e 
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Phormidium sp. Ck3 

The strain was isolated from fish farm of the Punjab University, Lahore. The filaments of Phormidium 

with loose sheath were entangled to form a slimy mat. Under light microscope the filaments were 

long, cylindrical structures which showed gliding, rotating, or oscillating motion. The trichomes were 

surrounded by thin, colorless sheaths. The cells were rectangular with size 2 x 1.3µm, having 

unconstricted cross walls and the apical cells were more pointed than other. The chloroplast was 

arranged radially within the cell, creating a net-like or banded appearance (Fig. 3.2c).  

Chroococcidiopsis sp. Ck4 

This unicellular strain was isolated from pond located in Zoology department, Punjab University, 

Lahore. The strain formed cuboid or sarcinoid microscopic colonies, sometimes in macroscopic 

agglomeration. Cells were blue green in color and 4.5µm in diameter, surrounded by copious mucilage 

making 8 celled units. The organism was non motile which could grow without nitrogen source in 

media and do not contain gas vesicles (Fig. 3.2d). 

Synechocystis sp. Ck5 

Under light microscope the cells of Ck5 were solitary or in pairs with a very fine narrow colorless 

sheath of mucilage. The cells were pale in color having a diameter of 3.0µm. The organism was non 

motile, unable to grow without nitrogen source and lacked gas vesicles (Fig.3.2e).  

Growth characteristics  

Growth of the strains was checked in seven different culture media by visual observation and 

determining chlorophyll-a concentration. The growth was followed for 15 days. All the strains were 

able to grow on BG11, Chu 10, Bold basal, Gorham‟s medium, Cyanophycean medium and AV 

medium. However, none of the strains was able to grow on SAG medium (Table-3.12). BG11 medium 

was selected to study the effect of temperature and pH on the growth of the strains. The optimum pH 

for growth in BG 11 medium of Ck1, Ck2 and Ck3 ranged between 7.0 and 8.0, giving chlorophyll-a 

concentration of 1.95, 1.9 and 2.95 mg L
-1

, respectively (Fig. 3.3). The optimum pH for growth in BG 

11 medium of Ck4. and Ck5. strain ranged between 6.0 and 7.0 giving chlorophyll-a concentration 

0.36, 0.125 and 7.8 mg L
-1

 respectively. In all strain temperature above 35ºC drastically reduced 

growth. The optimum temperature for growth in BG 11 medium of Ck1, Ck2, Ck3, Ck4 and Ck5 was 

25-28ºC giving chlorophyll-a concentration of 2.84, 1.86, 1.25, 1.61 and 2.95 mg L
-1

, respectively 

(Fig. 3.4).  
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Table-3.12 Growth responses of the strains towards different media observed visually as well 

as by chlorophyll-a determination 

Strains BG 11 Chu 10 Bold Basal Gorham’s Cyanophycean AV SAG 

CK1 + + + + + + - 

Ck2 + + + + + + - 

Ck3 + + + + + + - 

Ck4 + + + + + + - 

Ck5 + + + + + + - 

 (Observation time period = 15 Days) 
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Figure-3.3 Differences in growth responses of cyanobacterial grown on BG11 medium with 

different pH; Growth was determined as Chlorophyll-a concentration (mg L
-1

) 

 

 

 

 
 

Figure-3.4 Effect of temperature on the growth of cyanobacterial strain; BG11 medium was 

used to record the growth in the form of Chlorophyll-a concentration (mg L
-1

).  
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DISCUSSION 

The current chapter describes the isolation, purification and characterization of plant growth 

promoting bacterial and cyanobacterial strains from rhizosphere or fresh water. As plant 

growth promoting bacteria use different tools for plant growth promotion including 

siderophore production, solubilization of insoluble metals, ACC deaminase activity, fixing 

nitrogen, decreasing metal toxicity, volatile production, regulating plant ethylene level and 

phytohormones production (Compant et al. 2005). Ninety two bacterial strains were isolated 

and screened sequentially for different traits which were reported to serve as plant growth 

promoting tools. Based on the observation that a large number of PGPR secrete ACC-

deaminase enzyme (Belimov et al. 2001; 2002; Babalola et al. 2003; Ghosh et al. 2003; Dey 

et al. 2004; Hontzeas et al. 2005; Blaha et al. 2006; Belimov et al. 2009), the isolates were 

screened for ACC deaminase to make selection for PGPR bacteria rapid and easy (Penrose 

and Glick 2003). Based on the utilization of ACC, twenty eight bacterial strains were sorted 

out as PGPR bacteria. Several researchers have reported that microorganisms including PGPR 

are capable of synthesizing range of phytohormones as auxins, cytokinin, gibberellins and 

abscisic acid (Ziegler 1987; Arshad and Frankenberger 1991; Tsakelova et al. 2003;  

Tarakhovskaya et al. 2007). ACC deaminase positive strains were screened for cytokinin 

production by using two bioassay systems. The assay systems used were cucumber cotyledon 

bioassay and senescence bioassay. Cytokinin enhances chlorophyll synthesis in etiolated 

cotyledons (Fletcher and McCullagh 1971) and delays senescence (Hwang and Sheen 2001). 

The results obtained in cucumber cotyledon bioassay were cross checked in senescence 

bioassay. Cytokinin positive strains were further characterized for IAA production, 

Siderophore production, and solubilization of phosphorus. Cyanobacterial strains were 

directly screened for cytokinin and IAA without checking their ACC deaminase potential. 

Twelve bacterial strains and five cyanobacterial strains screened positive for cytokinin like 

activity in the bioassays were selected for further studies. The selected strains (bacterial and 

cyanobacterial) could also produce IAA as evident from color reaction with Salkowski 

reagent. The strain Am3 enhanced chlorophyll formation in etiolated cucumber cotyledons up 

to 91% which was the highest cytokinin like activity among the selected bacterial strains. 

Senescence was delayed in detached Arabidopsis leaves by all the selected strains.  Maximum 

IAA production was recorded in Am2 (44.5µg ml
-1

) followed by Az1 strain (41.2µg ml
-1

). 

Seven bacterial strains were able to solubilize phosphorous and 8 showed Siderophore 

production. BC1, G1, Am3, Am4 and E2 were able to synthesis phytohormones (cytokinin 



Chapter 3                                  ISOLATION AND CHARACTERIZATION 
 

Phytohormones cytokinins and IAA from microbial origin and their impact on plant growth Page 70 
 

and IAA), solubilize phosphorous and synthesis Siderophore simultaneously. There are earlier 

reports on these traits in bacteria in a number of different publications (Buysens et al. 1996; 

DeWitte et al. 2001; Park et al. 2005; Zaidi and Khan 2006;  Buch et al. 2008; Gaballa et al. 

2008; Garcia-Esquivel et al. 2009). It has been reported that different free living bacterial 

species or associated with plant roots, synthesize indole-3-acetic acid (IAA), gibberellic acid 

(GA3), zeatin, and abscisic acid (Karadeniz et al. 2006). Phosphate mobilization is a common 

feature of several PGPR which is an important tool to promote plant growth by these bacteria 

(Alikhani et al. 2006; Orhan et al. 2006; Hameeda et al. 2008; Gunes et al. 2009; Matias et al. 

2009). In addition to IAA, Cytokinin and phosphate solubilization PGPR also produce 

siderophore to make soil iron unavailable to plant pathogen and result in enhancing plant 

growth indirectly (Bent 2005; Siddiqui 2005; Sarode et al. 2007). 

Morphological and physiological behavior of the bacterial strains was studied. Most of the 

strains shared common morphological and physiological features. Most of the strains formed 

flat colonies with circular outline and entire margin. All bacterial strains isolated were rod 

shaped. However variations in the morphological features were not uncommon (Table-3.6). 

Six strains were gram positive while six were gram negative (Table-3.6). Gram staining of 

bacteria is not only used to evaluate cell wall structure but also to check purity of bacterial 

culture (Tu et al. 2008). Motility, citrate utilization, catalase production and casein hydrolysis 

were common features of the selected bacterial strains. Conversion of tryptophan to indole 

was common to all strains suggesting the presence of tryptophanase. Presence of the reaction 

suggested the ability of all bacterial strains to synthesis IAA at least in part via tryptophan 

independent pathway (Ostin et al. 1999).   Six bacterial strains Am3, Am4, Am5, Am6, Am7 

and E2 shared physiological features including gram negative behavior, negative Voges-

Proskaur test, presence of capsule, absence of spores, inability to hydrolyze starch, ability to 

utilize glucose, reduce nitrate and utilize ADH. At the same time the strains could grow on 

malonate, EMB, brilliant green bile and MacConkey agar. These features along with the 

production of brown pigment on both King‟s A and B medium suggested that the strains 

belong to same genus Pseudomonas. On the other hand BC1 and Vi2 produced identical 

results in all biochemical tests except starch hydrolysis. Based on the behavior they were 

assigned to the genus Bacillus. 

Among cyanobacterial strains Ck 4 was able to show maximum cytokinin like activity as 

evident from greater relative chlorophyll concentration (D/D0 = 1.85) against water control 

(D/D01.00) and significant delay in senescence (1050µg ch g
-1

 FW) as compared to water 
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control (280). However, activity was less than 10 µM BAP. Ck1 showed maximum 

exogenous as well as endogenous IAA production (75.5 and 83.4pmol mg
-1

ch a respectively). 

Results obtained showed a general trend of more phytohormones in the cyanobacteria 

biomass as compared to culture supernatant. Cyanophyta (cyanobacteria) is reported to 

produce zeatin derivatives, iso-pentenyladenine derivatives (cytokinin) and IAA (Stirk et al. 

2002)  Cytokinin like activity is also reported in Scytonema hofmanni (Cyanobacteria) which 

he used in Lilium alexandrae in vitro propagation (Zaccaro et al. 2006). Cyanobacteria strains 

isolated during the present study were assayed for cytokinin like activity by two bioassay 

approach. They showed good potential for the production of auxin and cytokinin in initial 

screening. The strains were Ck1, Ck2, Ck3, Ck4 and Ck5). Maximum cytokinin like activity 

was recorded in Ck4 strains. Light microscopic characterization of cyanobacterial strains was 

helpful to assign the strains into different genera. For instance Ck1 exhibited typical features 

of Anabaena such as the presence of terminal or intercalary heterocysts and characteristic 

trichomes, distinguishing them from Nostoc (Nayak et al. 2007). Characters like straight 

motile trichomes with thin sheath limited to old cultures only were exhibited by Ck2 which 

was assigned to the genus Oscillatoria. Cyanobacterial isolate Ck3 was distinguished from 

Ck2 and assigned to the genus Phormidium because of the presence of consistent sheath 

(Table-3.13). The strain Ck4 was benthic in liquid culture, showing cubical arrangement of 

cells, features typical of the genus Chroococcidiopsis (Waterbury 1991).   According to 

Rippka et al. (1979) the unicellular isolate Ck5 was assigned to to genus Synechocystis based 

on features like spherical cells and division in two planes. 

 

 



Table-3. 13 Morphological features of different cyanobacterial strains studied by light microscope 

feature Ck1 Ck2 Ck3 Ck4 Ck5 

Morphotype Filamentous Filamentous Filamentous 
Colonial ( sarcinoid or 

macroscopic aggregates) 

Unicellular, 

solitary/pairs 

Growth pattern 
Uniform 

suspension 
floating floating Benthic Uniform suspension 

Sheath ± ± + + ± 

Cell size (µm) 
3.5±0.13 x  

6.2±0.62 

11.5±1.12 x 

3.7±0.61 
2±0.22 x 1.3±0.15 4.5±0.28 3.0±0.11 

Cell shape cylindrical Disk-shaped Rectangular cubical spherical 

Trichome shape uniseriate, straight 
Straight, slightly 

undulating 

Long cylindrical/ 

curved 
- - 

Motility + + + - - 

Gas vesicles + + - - - 

Hormogonia - + + - - 

Growth on N free 

media 
+ - - - 

+ 

 

Heterocyst + - - - - 

± variable 

 



IDENTIFICATION AND PHYLOGENETIC 

RELATIONSHIP 

raditional identification of bacteria and cyanobacteria is based on isolation and 

purification of organisms followed by morphological scanning. Biochemical 

behavior of the strains is then sorted out to assign the isolate to genus or species 

(Woo et al. 2003). Biochemical characterization of bacterial isolate may be 

performed by following manual procedures or using commercially available systems. API 

20E and API 50 CH system are examples of such systems which are composed of plastic strip 

hosting 20 and 50 miniaturized capsules respectively having dehydrated mixtures for different 

tests. The API systems provides two variant methods for the identification of gram positive 

and gram negative bacteria with API 50CH and API 20E respectively (Satomi et al. 2006;  

Awong-Taylor et al. 2008). The methods are reported to be associated with highly accurate 

identification of bacteria on one hand (O'Hara et al. 2003;  Croci et al. 2007) however on the 

other hand there are several reports about the unsatisfactory performance of the tests 

(Colodner et al. 2004;  Martinez-Urtaza et al. 2004). For instance only cultivable organisms 

can be identified by using biochemical tests and identification of slow growing organisms is 

extremely difficult by the procedure (Woo et al. 2003). Contrary to biochemical methods, the 

discovery of PCR and DNA sequencing have tremendously enhanced the identification of 

bacteria via 16S rRNA gene sequencing which is highly conserved within the same species 

and can be used to identify organisms to species level. Kuppeveld et al. 1992 were able to use 

the method for species specific identification of Mycoplasmas. Goto et al. (2000) used the 

method for successful identification of Bacillus species. The method is also used to device 

phylogenetic trees emphasizing the base differences among different strains. In this chapter 

identification and phylogenetic relationship of bacterial and cyanobacterial isolates with the 

help of molecular tool based on 16S rRNA gene homology is described. Forward primer 27f 

(5
´
-AGAGTTTGATCCTGGCTCAG-3´) and reverse primer 1522r (5´-

AAGGAGGTGATCCA (AG) CCGCA-3´) were used to amplify 16S rRNA gene from 

bacteria (Johnson 1994). While cyanobacterial 16S rRNA gene was amplified by using PB36: 

AGR 5´-GTTTGATCMTGGCTCAG-3´ and PB38 5´-GKT ACCTTGTTACGACTT-3´ 

(Webb and Maas 2002). The sequences of the amplified DNA were analyzed by BLAST. 

 

T 

Chapter 4 
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16S RRNA GENE BASED IDENTIFICATION OF THE BACTERIA 

 

Genomic DNA from the selected bacterial strains was isolated and 16S rRNA gene fragment 

was amplified by using 16S rRNA gene specific primers. The amplified fragment was 

purified by gel elution and sequenced. Sequences obtained with reverse primer were 

converted to reverse complementary sequence with Chromas Lite 2.01 (Technelysium Pty 

Ltd, Australia) and aligned with sequences obtained with forward primers using Basic local 

alignment search tool, BLAST (http://blast.ncbi.nlm.nih.gov/Blast.cgi). The aligned 

sequences were then submitted as a query to BLAST for comparison with the collection of 

16S rRNA gene sequences present in the GenBank databases. Maximum homology of the 

query sequences to the database sequences was determined. Evolutionary conserved sequence 

of the query 16S rRNA gene was aligned with rRNA gene sequences from GenBank and 

sequence pair mismatches or dissimilarity was used to sort out evolutionary distances. The 

aligned sequences were also submitted to the GenBank under accession numbers given in 

Table 4.1. 

A total of 12 bacterial strains selected for their potential to produce cytokinin were identified 

by using the technique. Sequence from bacterial strain Am2 showed maximum homology 

99% with Bacillus licheniformis and was submitted to GenBank under accession number 

FJ190075. Strains Am3, Am4, Am5, Am6 and Am7 isolated from the rhizosphere of 

Amaranthus species showed 100% homology with Pseudomonas aeruginosa (accessions; 

FJ190076- FJ190080 respectively; Table-4.1). Bacterial isolate E2 showed maximum 

homology to Pseudomonas sp. and was assigned to the same genus (accession number 

EU418740). The strain G1 isolated from grass (Cynodon) was closely related to Bacillus 

cereus (Table-4.1). Sequence from G1 was submitted to GenBank under accession number 

(FJ190081). Two strains BC1 and Vi2 isolated from rhizosphere of Brassica campestris and 

Viola sp. respectively were closely associated (100% homology) to Bacillus subtilis 

(accession numbers EF600045 and FJ190083 respectively). The strains isolated from the 

rhizosphere of rice (R2) and sugarcane (Az1) were identified as B. pumilus and Azospirillum 

brasilense respectively.    

 

EVOLUTIONARY RELATIONSHIP OF THE BACTERIA 

The evolutionary history of the selected bacterial strains was determined by using the 

Neighbor-Joining method (Saitou and Nei 1987). The optimal trees were constructed by using 
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molecular evolutionary genetics analysis (MEGA 4.1; Tamura et al. 2007). Maximum 

composite likelihood method was used to calculate the evolutionary distances among the 

selected strains (Tamura et al. 2004). Phylogenetic calculations were done by excluding the 

nucleotide positions with gaps, missing or ambiguous data.  Phylogenetic analysis of the 

selected bacterial strains assigned them to three major groups. The first group was gamma 

proteobacteria comprised of different isolates of Pseudomonas. The group had bootstrap value 

equal to 100%, clearly differentiating the isolates in the group from the other groups. The 

second group was Firmicutes comprised of different isolates of Bacillus with a bootstrap 

value of 100%. The third group comprised of a single isolate of Azospirillum was Alpha 

proteobacteria (Fig. 4.1). 16S rRNA gene sequences from the selected cytokinin producing 

bacterial strains and closely related sequences retrieved through BLAST from GenBank were 

analyzed by MEGA 4.1 to construct a phylogenetic tree. The selected bacterial strains along 

with their close relatives (based on BLAST results) were clustered in 6 groups (Fig. 4.2). 

Each cluster in the tree was named as English alphabets to make description easy. Clusters, A, 

B, C and D composed of B. licheniformis, B. Subtilis, B. cereus and B. pumilus were 

supported by overall bootstrap value 100 and labeled as Firmicutes. The evolutionary analysis 

of the 16S rRNA gene partial sequence from Am2 and sequences of 16S rRNA gene 

fragments retrieved from BLAST established that the strain is closely related to Bacillus 

licheniformis as evident from 89% bootstrap value. The tree obtained showed that bacterial 

strains BC1 and Vi2 closely resembled strains of Bacillus subtilis supported by 96% bootstrap 

value, clustered together in group B. Bacterial isolate G1 was clustered in group C with 

Bacillus cereus strains supported by 100% bootstrap value (Fig. 4.2) and R2 showed 

affiliation with different strains of Bacillus pumilus supported by 97% bootstrap value, 

constituted group D. All strains belonging to the genus Bacillus were clustered together in 

class Firmicutes supported by 100 bootstrap value.   The rhizosphere isolated Am3, Am4, 

Am5, Am6, Am7 and E2 were strongly affiliated with Pseudomonas aeruginosa strains 

supported by 100% bootstrap value. (Fig.4.2). Bacterial strain isolated from the rhizosphere of 

sugarcane was clustered together in group F supported by 100 bootstrap value. 

16S RRNA GENE SEQUENCE BASED IDENTIFICATION OF THE CYANOBACTERIA 

 

The strains were identified by molecular techniques based on 16S rRNA gene sequencing and 

BLAST homology by using method of Webb and Maas (2002) with a few modifications.
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Table-4.1 Homology of the aligned rRNA gene sequences form 12 bacterial strains to the 

rRNA gene sequences in the GenBank 

Strain Assignment 
Sequence length 

(bp) 

Maximum 

homology (%) 

Gene bank accession 

number 

Am2 Bacillus licheniformis 1353 99 FJ190075 

Am3 P. aeruginosa 1367 100 FJ190076 

Am4 P. aeruginosa 1358 100 FJ190077 

Am5 P. aeruginosa 1352 100 FJ190078 

Am6 P. aeruginosa 1403 100 FJ190079 

Am7 P. aeruginosa 1393 100 FJ190080 

E2 P. aeruginosa 509 99 EU418740 

G1 Bacillus cereus 1387 100 FJ190081 

BC1 Bacillus subtilis 1393 100 EF600045 

Vi2 Bacillus subtilis 1384 100 FJ190083 

R2 Bacillus pumilus 1127 99 FJ190082 

AZ1 Azospirillum brasilense 1335 100 GQ131856 

Based on the maximum homology the strains were assigned to different species and the sequences were 

submitted to GeneBank under the accession given in front of each strain. 
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Fig. 4.1 Evolutionary relationship between the selected cytokinin producing bacterial taxa.  

The optimal tree with the sum of branch length = 0.63701422 made by using Neighbor-

Joining method in MEGA 4 is shown. The numbers given next to the branches denote the 

percentage of replicate trees in which the associated taxa clustered together in the bootstrap 

test (1000 replicates). Maximum composite likelihood method was used to determine the 

evolutionary distances and the nucleotide positions containing gaps, missing or ambiguous 

data were not included in the analyzed dataset (Complete deletion option). Phylogenetic trees 

showing 3 major clusters of bacterial strains indicating that the strains belong to three 

different groups, the Gamma proteobacteria, Firmicutes and Alpha proteobacteria. 
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Fig 4.2 Evolutionary analysis of the 16s rRNA partial sequence from selected cytokinin producing 

bacterial strains and their respective sequences retrieved from BLAST established by the Neighbor-

Joining method in MEGA 4. The optimum tree with some of branch length = 0.62949371 is shown. 

The numbers given next to the branches denote the percentage of replicate trees in which the 

associated taxa clustered together in the bootstrap test (1000 replicates). Maximum composite 

likelihood method was used to determine the evolutionary distances and the nucleotide positions 

containing gaps, missing or ambiguous data were not included in the analyzed dataset (Complete 

deletion option). Phylogenetic trees showing the evolutionary relationship of 16s rRNA gene partial 

sequences from bacterial isolates Am2 (group A), BC1 and Vi2 (group B), G1, (group C), R2 (group 

D), Pseudomonas strains (group E) and Az1 (group F) with nearest related strains retrieved from 

GenBank by using BLAST.  

 



Chapter 4                                        IDENTIFICATION AND PHYLOGENY 
 

Phytohormones cytokinins and IAA from microbial origin and their impact on plant growth Page 79 
 

 Genomic DNA was extracted from 15 days incubated pure culture and checked by gel 

electrophoresis. Amplified 16S rRNA gene fragment was extracted from gel and cloned in 

pGEMT vector. Sequences of the cloned DNA obtained with reverse and forward primers 

were aligned and submitted to BLAST query as mention in bacterial section.  The isolates 

were assigned to closely related genera in terms of homology. Table 4.2 shows 16S rRNA 

gene homology of the cyanobacterial strains along with accession number obtained for the 

selected strains. Sequence of cyanobacterial strain Ck1 showed 99% homology with 

Anabaena sp. Ck2 and Ck3 were identified as Oscillatoria sp. and Phormidium sp. 

respectively. Ck4 isolated from rice field was distinguished as Chroococcidiopsis sp. and Ck5 

isolated from rice rhizosphere was closely related to Synechocystis sp. (99% homology). 

PHYLOGENETIC RELATION OF THE CYANOBACTERIA 

 

Cyanobacterial strains were assigned to three groups based on the phylogenetic relationship 

among their 16S rRNA gene partial sequences. The filamentous and non heterocysts forming 

isolates Ck2 and Ck3 which closely resembled each other based on their morphological 

features were least related to other. However, Ck3 was more close to the unicellular strain 

Ck5 on the basis of 16S rDNA fragment (Fig. 4.3). Another unicellular isolate Ck4 was 

grouped together with filamentous strain Ck1. However the two strains showed clearly 

different morphological features. 

 

16S rDNA partial sequences from Cyanobacterial isolates and the respective retrieved 

BLAST sequences were also subjected to molecular genetics evolutionary analysis using 

MEGA 4.1. Cyanobacterial strains were clustered in three groups named according to Rippka 

et al. (1979). The isolate Ck1 showed close affiliation with different strains of Anabaena. 

Closest associate of Anabaena sp. Ck1 was Anabaena sp XP34A, supported by 98 bootstrap 

values. The cluster formed by Anabaena strains was assigned to morphological group, Section 

IV. Cyanobacterial isolate Ck2 was closely resembled by different strains of Oscillatoria 

supported by 100 bootstrap values. Ck3 was clustered together with Phormidium, supported 

by bootstrap values as high as 100. The clusters of Oscillatoria and Phormidium shared a 

common node supported by 22 bootstrap values. Chroococcidiopsis sp. Ck4 was assigned to 

section II with other Chroococcidiopsis strains (bootstrap=100). The unicellular strain Ck5 

showed greater affiliation with different strains of Synechocystis (Fig. 4.4). Their cluster was 

named as Section I. 
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Table-4.2 Assignment of the selected cyanobacterial strains to different genera on the basis of 

16s rRNA gene homology and their accession numbers 

Strain Assignment 
Sequence 

length 

Maximum 

homology (%) 

GeneBank accession 

number 

Ck1 Anabaena 1380 99 FJ982323 

Ck2 Oscillatoria 1330 99 GQ131852 

Ck3 Phormidium 1206 99 GQ131853 

Ck4 Chroococcidiopsis 1264 99 GQ131854 

Ck5 Synechocystis 1090 99 GQ131855 

Based on the maximum homology the strains were assigned to different species and the sequences were 

submitted to GeneBank under the accession given in front of each strain. 
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Fig. 4.3 The phylogenetic analysis of the 16s rRNA partial sequence from cyanobacterial 

strains established by the Neighbor-Joining method in MEGA 4. The optimal tree with the 

sum of branch length = 0.28670860 is shown. The numbers given next to the branches denote 

the percentage of replicate trees in which the associated taxa clustered together in the 

bootstrap test (1000 replicates). Maximum composite likelihood method was used to 

determine the evolutionary distances and the nucleotide positions containing gaps, missing or 

ambiguous data were not included in the analyzed dataset (Complete deletion option). The 

tree sorted out the selected into three groups named as A, B and C. 
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Fig. 4.4 Phylogenetic tree of 16s rDNA sequences from cyanobacterial isolates 

with sequences retrieved from GenBank through BLAST constructed by neighbor 

joining algorithm with branch length = 0.33718265. Percent bootstrap values (for 

1000 replicate trees) are shown adjacent to nodes. Phylogenetic tree showing 

evolutionary relationship of Ck2 with related strains of Oscillatoria sp (group A) , 

Ck3 with related strains of Phormidium strains (group B), Ck5 with related strains 

of Synechocystis sp (group C), Ck1 with related strains of Anabaena sp (group D) 

and Ck4 with related strains of Chroococcidiopsis sp, branch (group E). 
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DISCUSSION 

To established reliable taxonomical status of the isolates molecular approach based on 16S 

rRNA gene homology was adopted. Majority of the rhizosphere bacterial isolates Am3, Am4, 

Am5, Am6 and Am7 showed maximum similarity (99-100%) with Pseudomonas aeruginosa. 

Five bacterial strains were assigned to genus Bacillus. The strains Am2, BC1, Vi2, G1 and R2 

were assigned to B. licheniformis, B. subtilis, B. subtilis, B. cereus and B. pumilus 

respectively. The taxonomic status of Az1 was determined as Azospirillum brasilense. 16S 

rRNA gene based identification has largely used for identification of bacterial and 

cyanobacterial strains (Nubel et al. 1997;  Halda-Alija 2003;  Wang and Skipper 2004;  

Chung et al. 2005). Pseudomonas aeruginosa strains associated with wheat rhizosphere were 

identified by Matos et al. (2005) using 16S rRNA gene homology approach. The approach 

was successfully used for the identification of a number of bacillus isolates from rhizosphere 

(Ali et al. 2009; Chowdhury et al. 2009). Azospirillum brasilense associated with corn 

rhizosphere was identified by the same approach (Mehnaz and Lazarovits 2006).  

The phylogenetic trees constructed by distance joining algorithm using MEGA 4.1 clustered 

twelve bacterial strains in three major groups. Six Pseudomonas strains were assigned to 

Gamma proteobacteria supported by 100 bootstrap values.  All bacillus strains were clustered 

in Firmicutes while Azospirillum strain supported by 100 bootstrap values was separated in 

Alpha proteobacteria. Evolutionary divergence among the strains is given in Table-4.3. Case 

et al. 2007 classified the genus bacillus in Firmicute and Pseudomonas in Proteobacteria by 

using 16S rRNA gene and rpoB genes as molecular markers. Bacterial isolate from 

Azospirillum was assigned to α-proteobacteria clad by Davidov et al. (2006). Evolutionary 

divergence checked among different bacteria by estimating base substitution per site using 

maximum composite likelihood method in MEGA4 confirmed that bacteria assigned  

Pseudomonas aeruginosa  shared a common 16S rRNA gene sequences which were highely 

conserved among the strains. However sequences from P. aeruginosa and other bacterial 

strains showed base substitution pere site ranged between 0.11 and 0.41 calculated in MEGA 

4. The genera Pseudomonas and Bacillus were more closely related to each other as compared 

to Azospirillum (Table-4.3). Cyanobacterial strains were assigned to different genera 

including Anabaena, Oscillatoria, Phormidium, Chroococcidiopsis and Synechocystis. 

Molecular approach was used to identify Anabaena isolated from sea by Halinen et al. (2007;



   Table-4.3 Estimates of Evolutionary Divergence between cyanobacterial Sequences. 

 

Am4 Am5 Az1 E2 Am2 Am6 BC1 G1 Am3 Am7 R2 

Am4 

           Am5 0.00 

          Az1 0.41 0.41 

         E2 0.00 0.00 0.41 

        Am2 0.11 0.11 0.26 0.11 

       Am6 0.00 0.00 0.41 0.00 0.11 

      BC1 0.18 0.18 0.27 0.18 0.01 0.18 

     G1 0.20 0.20 0.44 0.20 0.03 0.20 0.02 

    Am3 0.00 0.00 0.41 0.00 0.11 0.00 0.18 0.20 

   Am7 0.00 0.00 0.41 0.00 0.11 0.00 0.18 0.20 0.00 

  R2 0.20 0.20 0.25 0.20 0.02 0.20 0.00 0.03 0.20 0.20 

 Vi2 0.18 0.18 0.27 0.18 0.01 0.18 0.00 0.02 0.18 0.18 0.00 
     The number of base substitutions per site from pairwise analysis between 12 sequences calculated with MEGA 4, is shown .



Chapter 4                                        IDENTIFICATION AND PHYLOGENY 
 

Phytohormones cytokinins and IAA from microbial origin and their impact on plant growth Page 85 
 

2008). A number of cyanobacteria including Oscillatoria, Phormidium, Synechocystis, 

Chroococcidiopsis and Anabaena were identified based on molecular genetics homology (Seo 

and Yokota 2003;  Castiglioni et al. 2004). 

Cyanobacteria constitute a phylum in the domain eubacteria which is classified to five groups 

(subsections) based on morphological characters (Urmeneta et al. 2003). According to the 

proposed scheme unicellular strains of Synechocystis are classified in subsection I and 

Chroococcidiopsis are kept in subsection II. Non heterocysts forming filamentous strains 

Oscillatoria and Phormidium are classified to subsection III. While heterocysts forming 

filamentous cyanobacteria such as Anabaena sp. are kept in subsection IV. However several 

molecular genetics analysis based approaches suggested that the morphology based 

assignment of cyanobacteria to five or six group is not natural (Wilmotte 1994; Zehr et al. 

1997; Urbach et al. 1998). Phylogenetic tree constructed by using 16S rDNA gene during the 

present study deviated from the proposed system of classification based on morphological 

basis. We could assign the selected strains to three groups instead of four. The neighbor 

joining tree constructed on based on molecular genetics analysis showed that Phormidium sp. 

Ck3 was more closely related to Synechocystis sp. Ck5 (51% bootstrap) rather than 

Oscillatoria sp. Ck2.  Similarly Chroococcidiopsis sp. Ck4 was clustered together with 

Anabaena sp. Ck1 supported by bootstrap value of 98%. The results are in agreement with 

Seo and Yokota (2003) who classified Chroococcidiopsis and Anabaena to the same clad on 

the basis of 16S rDNA sequence. Honda et al. (1999) grouped Oscillatoria and Synechocystis 

sp. in the same group (group 5) and Phormidium in group 3. However when sequences from 

cytokinin producing cyanobacteria isolated during current study and their homologs retrieved 

from GenBank database using BLAST were analyzed by MEGA 4 the consensus tree 

obtained was more realistic. Evolutionary divergence among the sequences from selected 

cyanobacteria and their homologs retrieved from BLAST are given in Table-4.4.The tree 

obtained clearly produced four clusters. Oscillatoria and Phormidium isolates were clustered 

with a common node although bootstrap value was as low as 22 only. The other three strains 

were isolated in separate clusters. Evolutionary divergence estimation among cyanobacterial 

rRNA gene sequences by MEGA4 confirmed the results obtained in the form of phylogenetic 

tree (Table-4.4). For instance strains of Anabaena and Chroococcidiopsis were less distant to 

each other as compared to the other genera.  



Table-4.4  Estimates of Evolutionary Divergence estimated by between cyanobacterial Sequences. 

Anabaena sp. Ck1 (1) 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 

Anabaena sp. BIR25 (2) 0.00 
           

 
      

 
     

 
  

 

Anabaena sp. XP34A (3) 0.00 0.00 
          

 
      

 
     

 
  

 

Anabaena sp. BIR169 (4) 0.00 0.00 0.00 
         

 
      

 
     

 
  

 

Anabaena cylindrica XP6B (5) 0.01 0.00 0.01 0.00 
        

 
      

 
     

 
  

 

Anabaena sp. BIR162 (6) 0.00 0.00 0.00 0.00 0.00 
       

 
      

 
     

 
  

 

Oscillatoria sp. Ck2 (7) 0.12 0.12 0.12 0.12 0.12 0.12 
      

 
      

 
     

 
  

 

Oscillatoria 39P1 (8) 0.12 0.12 0.12 0.12 0.12 0.12 0.00 
     

 
      

 
     

 
  

 

Oscillatoria 33P1 (9) 0.12 0.12 0.12 0.12 0.12 0.12 0.00 0.00 
    

 
      

 
     

 
  

 

Oscillatoria 35P1 (10) 0.12 0.12 0.12 0.12 0.12 0.12 0.00 0.00 0.00 
   

 
      

 
     

 
  

 

Oscillatoria KR04-1 (11) 0.13 0.12 0.13 0.12 0.12 0.12 0.01 0.01 0.01 0.01 
  

 
      

 
     

 
  

 

Oscillatoria KR04-4 (12) 0.13 0.12 0.13 0.12 0.12 0.12 0.01 0.01 0.01 0.01 0.00 
 

 
      

 
     

 
  

 

Phormidium sp. Ck3 (13) 0.14 0.13 0.14 0.13 0.13 0.13 0.12 0.12 0.12 0.12 0.12 0.12  
      

 
     

 
  

 

Phormidium sp. HBC9 (14) 0.14 0.13 0.14 0.13 0.13 0.13 0.12 0.12 0.12 0.12 0.12 0.12 0.00 
      

 
     

 
  

 

Oscillatoriales cyanobacterium Schier (15) 0.14 0.13 0.14 0.13 0.13 0.13 0.12 0.12 0.12 0.12 0.12 0.12 0.00 0.00 
     

 
     

 
  

 

Phormidiaceae cyanobacterium SAG 31.92 (16) 0.14 0.13 0.14 0.13 0.13 0.13 0.12 0.12 0.12 0.12 0.12 0.12 0.00 0.00 0.00 
    

 
     

 
  

 

Phormidium sp. UTCC 487 (17) 0.14 0.13 0.14 0.13 0.13 0.13 0.12 0.12 0.12 0.12 0.12 0.12 0.02 0.02 0.01 0.01 
   

 
     

 
  

 

Oscillatoria Baja-Osc-1 (18) 0.14 0.13 0.14 0.13 0.13 0.13 0.12 0.12 0.12 0.12 0.13 0.13 0.01 0.01 0.01 0.01 0.02 
  

 
     

 
  

 

Chroococcidiopsis sp. Ck4 (19) 0.10 0.10 0.10 0.10 0.10 0.10 0.12 0.12 0.12 0.12 0.12 0.12 0.13 0.13 0.13 0.13 0.13 0.13 
 

 
     

 
  

 

Chroococcidiopsis sp. CC1 (20) 0.10 0.10 0.10 0.10 0.10 0.10 0.12 0.12 0.12 0.12 0.12 0.12 0.12 0.12 0.12 0.12 0.12 0.12 0.01  
     

 
  

 

Uncultured cyanobacterium clone FQSS026 (21) 0.09 0.08 0.09 0.08 0.08 0.08 0.11 0.11 0.11 0.11 0.11 0.11 0.11 0.11 0.11 0.11 0.12 0.11 0.05 0.04 
     

 
  

 

Uncultured cyanobacterium clone FQSS047 (22) 0.09 0.08 0.09 0.08 0.08 0.08 0.11 0.11 0.11 0.11 0.11 0.11 0.11 0.11 0.11 0.11 0.12 0.11 0.05 0.04 0.00 
    

 
  

 

Uncultured cyanobacterium clone FQSS076 (23) 0.09 0.09 0.09 0.09 0.09 0.09 0.11 0.11 0.11 0.11 0.11 0.11 0.12 0.12 0.12 0.12 0.12 0.11 0.05 0.05 0.00 0.00 
   

 
  

 

Uncultured cyanobacterium clone FQSS027 (24) 0.09 0.08 0.09 0.08 0.09 0.08 0.11 0.11 0.11 0.11 0.11 0.11 0.12 0.12 0.11 0.11 0.12 0.11 0.05 0.05 0.00 0.00 0.00 
  

 
  

 

Synechocystis sp. Ck5 (25) 0.12 0.12 0.12 0.12 0.12 0.12 0.11 0.11 0.11 0.11 0.12 0.12 0.12 0.12 0.12 0.12 0.12 0.12 0.14 0.13 0.13 0.13 0.13 0.13 
 

 
  

 

Synechocystis sp. MMG-8 (26) 0.12 0.11 0.12 0.11 0.11 0.11 0.11 0.11 0.11 0.11 0.11 0.11 0.11 0.11 0.11 0.11 0.11 0.12 0.13 0.12 0.12 0.12 0.12 0.12 0.01  
  

 

Synechocystis sp. MMG-7 (27) 0.12 0.11 0.12 0.11 0.11 0.11 0.11 0.11 0.11 0.11 0.11 0.11 0.11 0.11 0.11 0.11 0.11 0.12 0.13 0.12 0.12 0.12 0.12 0.12 0.01 0.00 
  

 

Synechocystis sp. LMECYA 68 (28) 0.12 0.11 0.12 0.11 0.11 0.11 0.11 0.11 0.11 0.11 0.11 0.11 0.11 0.11 0.11 0.11 0.11 0.12 0.13 0.12 0.12 0.12 0.12 0.12 0.01 0.00 0.00 
 

 

Synechocystis sp. PCC 6803 (29) 0.12 0.11 0.12 0.11 0.11 0.11 0.11 0.11 0.11 0.11 0.11 0.11 0.11 0.11 0.11 0.11 0.11 0.12 0.13 0.12 0.12 0.12 0.12 0.12 0.01 0.00 0.00 0.00  

Synechocystis PCC6805 (30) 0.11 0.11 0.11 0.11 0.11 0.11 0.11 0.11 0.11 0.11 0.11 0.11 0.12 0.12 0.11 0.11 0.12 0.12 0.13 0.12 0.12 0.12 0.12 0.12 0.01 0.00 0.00 0.00 0.00 

Change in DNA sequence occure as a result of substitition, deletion of insertion of nucleotide as indicative of evolutionary divergence among 16S rRNA gene from cyanobacteria 

the number of base substitutions per site from pairwise analysis between 30 sequences is shown . 

 



MICROBIAL PHYTOHORMONES 

hytohormones production is wide spread among microorganisms including bacteria 

and cyanobacteria (Tsavkelova et al. 2006). The ability to secrete hormones is a 

major characteristic of rhizospheric, epiphytic and symbiotic bacteria known as 

PGPR. However, free living microorganisms are also reported to produce phytohormones 

(Spaepen et al. 2007). Cytokinins and IAA are the major plant hormones also synthesized by 

bacteria, directly correlated to plant growth (Pirlak and Kose 2009). The level of 

phytohormones in plant associated bacteria is a decisive factor in pathogenicity or 

phytostimulation on plant side (Spaepen et al. 2007). Hence determination of plant hormones 

in bacterial culture is an important step in their characterization. Cytokinins and IAA from 

microbial source is determined by a diverse array of analytical methods including bioassays, 

colorimetric method, immunoassays and different chromatographic techniques. Bioassays are 

considered essential for identification of new compounds however they slow and consumed a 

lot of time. Immunoassays are considered as sensitive and viable alternatives yet the method 

has its own limitations including cross reactivity, variability and imperfect validations. 

Methods like gas chromatography (GC) and high performance liquid chromatography 

(HPLC) are extensively used in cytokinins and IAA determination. Nevertheless a very recent 

addition is ultra performance liquid chromatography (UPLC) with a variety of detectors 

including mass spectrometer (MS/MS) which has been utilized to measure trace amounts of 

cytokinins in plants (Tarkowski et al. 2009).  The current chapter is focused on the 

determination of cytokinins and IAA in twelve bacterial and five cyanobacterial strains by 

using bioassay, thin layer chromatography (TLC), colorimetric method along with a novel 

method based on UPLC coupled with MS/MS via electrospray ionization. TLC was used in 

combination with bioassay for cytokinins identification only while the presence of IAA was 

confirmed by colorimetric method. Quantification of phytohormones was done by UPLC 

coupled with tandem mass spectrometer via electrospray ionization interface. Cytokinins and 

IAA synthesis was also studied over time to determine the optimum period of incubation for 

cyanobacteria and bacteria. In cyanobacteria (slow growing organisms) phytohormones 

biosynthesis was followed for four weeks while bacterial growth (fast growing organisms) 

and phytohormones production was studied for five days.     

 

P 
Chapter 5 
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PHYTOHORMONES IN BACTERIA 

Cytokinins detection (TLC)  

Bacterial strains grown in M9 medium supplemented with 10 µM adenine were harvested 

after 96 hours by centrifuging 250 ml culture. Supernatant from each strain was extracted 

with water saturated n-butanol and reconstituted in methanol. Bacterial extract (methanol 

fraction) and mixture of different cytokinins standards were analyzed by TLC. Authentic 

compounds were also chromatographed individually to trace their Rf value for comparison.  

Standard cytokinins cis zeatin (cZ), trans zeatin (tZ), dihydrozeatin (DHZ), zeatin riboside 

(ZR), dihydrozeatin riboside (DHZR) and zeaitn-o-glucoside (ZOG) were  characterized by Rf 

values 0.62, 0.62, 0.64, 0.54, 0.53 and 0.32 respectively. Based on the Rf values of authentic 

cytokinins, the TLC chromatographs were divided into three zones each corresponding to one 

or more different cytokinins classes. DHZ, cZ and tZ constituted zone 1 with Rf value ranging 

between 0.62-0.64. Zone 2 with Rf  values ranging between 0.53 and 0.54  was formed by ZR 

and DHAR. While ZOG moved into zone 3 showing Rf  value 0.32. Each zone was eluted 

indivisually with absolute methanol and assayed for cytokinins like activity by cucumber 

cotyledon bioassay. Twelve bacterial strains including Pseudomonas aeruginosa (Am3, Am4, 

Am5 and Am6), Pseudomonas sp. E2, Bacillus subtilis (BC1 and Vi2), B. pumilus R2, B. 

licheniformis Am2, B. cereus G1 and Azospirillum brasilense Az1 had two zones on TLC 

plates comparable to standard mixture. Zone 1 and Zone 2 (Rf = 0.62-0.64 and 0.53-0.54) 

eluted from TLC loaded with bacterial extract showed cytokinins like activity in cucumber 

cotyledon (Table-5.1).  

Auxin biosynthesis in PGPR (colorimetric)  

Bacteria were grown in LB medium supplemented with a range of tryptophan concentrations 

(0-1000 µg ml
-1

). Colorimetric analysis demonstrated that bacterial auxin production was 

tryptophan dependant and increase in the concentration of later up to 1000 µg ml
-1

 caused 

stimulation of the IAA biosynthesis. Tryptophan concentration beyond 1000 µg ml
-1

 was 

inhibitory to bacterial growth without further increase in IAA production. Dependence of 

auxin biosynthesis is evident from highly significant correlation between IAA and tryptophan 

concentration (0.982-0.985; p=0.01; Table-5.2). However, tryptophan independent IAA 

biosynthesis was also evident and its concentration in the culture media ranged between 0.6 

and 16.1 µg ml
-1

 in the absence of this precursor (Table-5.2). Bacterial isolates belonging to 

different genera e.g. Pseudomonas, Bacillus and Azospirillum were able to release variable
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Table-5. 1 TLC fraction eluted in four groups from bacterial strains and their cytokinin 

like activity in cucumber cotyledon bioassay 

Strains 
TLC fractions 

Rf (0.62-0.64) Rf (0.53-0.54) Rf (0.33-0.34) 

BC1 + + - 

Vi2 + + - 

G1 + ++ - 

Am2 + + - 

R2 + + - 

Am3 + ++ - 

Am4 + ++ - 

Am5 + ++ - 

Am6 + ++ - 

Am7 + + - 

E2 + ++ - 

Az1 + + - 

Standard Mix ++ ++ + 

 

Table-5. 2 Tryptophan dependent auxin biosynthesis (µg ml
-1

) by plant associated bacteria 

(means± SE x̄) 

 

Pearson correlation coeffiecient between auxin biosynthesis and tryptophan concentration** (p=0.01); *(p=0.05) 

Means of three replicates 

  

Strains 
Tryptophan conentration (µg ml

-1
) Correlation 

coefficients 

(r) 
0 100 250 500 750 1000 

Am3 5.2±0.02 7.2±0.04 9±0.2 12±0.31 13.7±1.3 15.2±1.2 0.983** 

Am4 11.2±0.1 16.3±0.15 19.6±0.42 22.4±0.53 27±1.8 29.3±1.8 0.973** 

Am5 7.7±0.06 14.5±0.22 17.4±0.5 23±0.42 25.4±1.7 28.5±2 0.958** 

Am6 9.5±0.1 11.5±0.11 14.6±0.45 16.3±0.22 19.5±2.1 20.3±1.4 0.973** 

Am7 7.3±0.06 14.5±0.21 18.6±1.5 22.1±0.65 27±1.6 31.8±1.7 0.973** 

E2 7.1±0.05 10±0.09 13.2±1.2 15.6±0.51 18±1.2 20.3±1.2 0.977** 

BC1 0.6±0.03 0.7±0.01 0.9±0.01 1±0.01 1.2±0.02 1.2±0.01 0.961** 

Vi2 0.6±0.01 1.5±0.01 2.3±0.03 3±0.02 3.5±0.02 3.5±0.02 0.926** 

Am2 16.1±0.23 20.3±0.26 26.8±2 31±1.2 35.4±2.1 40.4±2.4 0.982** 

R2 1.1±0.01 1.9±0.01 2.7±0.02 3.2±0.06 5±0.06 5.2±0.04 0.978** 

Az1 14.8±0.12 20.4±0.2 28.7±1.8 35.4±1.5 40.5±2.6 48.2±2.5 0.985** 

G1 0.9±0.01 2.3±0.02 4.6±0.05 5.9±0.07 6.3±0.05 6.5±0.07 0.900* 
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amount of IAA in the culture media. The most efficient tryptophan independent IAA producer 

was B. licheniformis Am2 which released 16.1 µg ml
-1

 of the growth regulator in the absence 

of the precursor. In this strain auxin showed linear correlation with tryptophan and the highest 

concentration of IAA (40.4 µg ml
-1

) was produced in the medium supplemented with 1000 µg 

ml
-1

 of tryptophan. Another important strain was A. brasilense Az1 which though produced 

lesser amount of IAA (14.8 µg ml
-1

) in the absence of tryptophan however when its medium 

was supplemented with the precursor it started releasing greater amount of the auxin reaching 

to the maximum (48.2 µg ml
-1

) at highest concentration of tryptophan. P. aeruginosa strains 

including Am3, Am4, Am5, Am6 and Am7 released 5.2, 11.2, 7.7, 9.5 and 7.3 µg ml
-1

 IAA 

respectively, in the culture media without tryptophan. The amount of auxin was increased in 

the culture media provided with the precursor of IAA (Table-5.2). The most efficient 

convertor of tryptophan to IAA among these strains was Am7 as evident from more than three 

folds increase in the production of hormone in the medium amended with the maximum 

amount of this precursor. The B. subtilis strains BC1 and Vi2 although showed dependence on 

tryptophan however they secreted very less amount of IAA.  Rhizosphere isolates B. pumilus 

R2 and B. cereus G1 secreted 1.1 and 1.9 µg ml
-1

 auxin respectively in the medium without 

tryptophan. In the presence of maximum concentration of tryptophan, their potential for IAA 

production was enhanced up to 78.8 and 86% respectively. In general all the selected strains 

showed tryptophan dependence regarding IAA biosynthesis in them and 1000 µg ml
-1

 was the 

most optimum beyond which there was no further enhancement in IAA production.   

Optimization of –MS/MS condition and phytohormones determination 

To optimize –MS/MS conditions for MRM scan each phytohormones and internal standards 

were individually injected in to the electrospray source of mass spectrometer. Mass 

spectrometer parameters such as cone voltage, extractor (V), cone gas flow (L/Hr), dwell 

time, ion energy and collision energy were optimized for maximum and consistent signals. 

Specific precursor [M+H
+
] and product ions were identified for each phytohormone using 

authentic compounds. The product ions produced via protonation and specific transition for 

different phytohormones are listed in Table-5.3. Retention time of tZ, cZ, ZR, DHZ, DHZR 

and ZOG was 3.11, 3.57, 3.9, 3.44, 4.33 and 2.46 minutes respectively. Specific transition 

selected for cZ, tZ, ZOG, ZR, DHZ and DHZR were 220.1>136.1, 220.1>136.1, 382.1>220, 

353.2>220.1, 222.1>136 and 354>222.1 respectively. For cytokinins determination two 

internal standards [
2
H5] tZ and [

2
H3] DHZR were used while [

2
H5] IAA was used as internal 

standard to determine IAA. Dissociation of [
2
H3] DHZR and [

2
H5] IAA followed a single 
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route. Two mechanisms were recorded for fragmentation of [
2
H5] tZ, 225.1 > 136 and 225.1 > 

137. To calculate the response factor calculation peak area from both transitions were added 

for correct estimation. All cytokinins were determined in positive mode while IAA was 

determined in negative mode. Optimum cone voltage, collision energy (eV) and dwell time 

(s) ranged between 22-30, 17-22 and 0.07 to 0.18 respectively. Daughter scan mass spectra of 

[
2
H3] DHZR, DHZR, tZ, [

2
H5] tZ, D2-IAA and IAA along with fragmentation pattern are 

shown in Figure 5.1. Crude extracts from bacteria and cyanobacteria were purified by passing 

through HR-XC column (mixed mode SPE) and directly subjected to UPLC-ESI (+/-)-

MS/MS analysis. Eluates were monitored by MRM scans with 70-180 ms dwell time for each 

precursor to product transition.  Calibrations for different standards were linear up to five 

orders of magnitude across the concentration ranged from 5fmol to 50 pmol with significant 

correlation coefficients between concentration of authentic cytokinins and response factor 

(r
2
=0.993-0.999; p=0.01; Fig. 5.2a). Limit of detection (LOD) for most of the cytokinins 

ranged between 1fmol-5fmol however limit of quantification (LOQ) ranged between 5fmol-

10fmol (Fig. 5.2b). Efficiency of the extraction was shown as percent recovery (Fig. 5.2b). 

Greater recovery of different cytokinins as well as IAA was achieved from standard mixtures 

as compared to bacterial or cyanobacterial culture supernatant. Although some compounds 

shared precursor to product transitions on ESI-MS nevertheless they had different retention 

times on UPLC column. The approach was applied to determine phytohormones in bacterial 

and cyanobacterial extract containing internal standards. Response factor calculated from 

peak areas of the diagnostic product ions were used to quantify cytokinins. Oscillatoria sp. 

Ck2 was selected to investigate the efficiency of different combinations of solvents and SPE 

columns for cytokinin extraction from cyanobacteria (Table-5.5). Cytokinins recovery was 

greater with Bieleski buffer (76%) and mixed mode SPE column as compared to 80% 

methanol (68%). Optimum solvent for IAA recovery was also Bieleski buffer in combination 

with mixed mode SPE column. However, actual quantities differ to a very little extent due to 

internal standards (Table-5.5). Based on recovery of phytohormones combination of Bieleski 

buffer and MCX column (SPE) were used for cytokinins and IAA extraction and purification 

from cyanobacteria. MCX columns were also found suitable for purification of bacterial crude 

extracts.  

Cytokinins in PGPR bacteria 

Extracts from the selected bacterial strains separated by UPLC were subjected to ESI (+/-)-

MS/MS analysis.  We were able to determine four different cytokinins species (TZ, CZ, ZR

O
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Figure-5. 1 Daughter scan mass spectrum of a) [
2
H5] tZ, b), tZ showing specific transition and 

fragmentation pattern. 

 

b 

a 
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Fig.5.1: Daughter scan mass spectrum of c) D2-IAA and d) IAA showing specific transition 

and fragmentation pattern.  

  

d 

c 
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Figure-5. 2 a) Calibration curves for five different cytokinin (tZ, cZ, ZOG, GHZ and ZR) 

analyzed by UPLC-ESI-MS/MS are shown along with straight line equation and correlation 

coefficients (r
2
); b) Limit of detection (LOD) and recoveries of different cytokinin species 

from standard mixtures 
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Table-5. 3 Optimized product ion scanning, diagnostic transition, cone voltage (CV), collision energy (CE) and 

dwell time (DT) of the triple duarupole mass spectrometer (electrospray interface in positive mode) for each of 

the analyzed cytokinin and IAA. 

Cytokinin Scan mode Retention time Transition CV (V) CE (eV) DT (s) 

cZ + 3.57 220.1>136.1 22 17 0.07 

tZ + 3.11 220.1>136.1 22 17 0.07 

[
2
H5] tZ + 3.12 225.1>137 24 17 0.07 

[
2
H5] tZ + 3.12 225.1>136 24 17 0.07 
ZR + 3.9 353.2>220.1 30 19 0.18 

DHZ + 3.44 222.1>136 24 21 0.07 

[
2
H3] DHZR + 4.3 357.1>225 24 22 0.07 

DHZR + 4.33 354>222.1 26 21 0.07 

ZOG + 2.46 382.1>220 22 17 0.07 

IAA - 2.18 176.1>130 -13 - - 

[
2
H5] IAA - 2.19 178.1>132 -14 - - 

 

 

Table-5. 4 Matrix effect on the recoveries of different phytohormones and limit of detection (LOD) for each 

phytohormone are shown.  

Strains 

 % recovery 

Cells  Supernatant 

cZ tZ ZR DHZ ZOG cZ tZ ZR DHZ ZOG 

Am3 - - - - -  63±0.65 75±1.2 50±0.63 48±0.74 79±1.12 

Am4 - - - - -  66±0.61 72±0.72 58±0.59 50±0.96 81±0.69 

Am5 - - - - -  65±0.73 74±0.57 54±0.756 50±0.7 78±0.54 

Am6 - - - - -  64±0.54 67±0.71 53±0.74 50±1.06 77±0.68 

Am7 - - - - -  65±0.87 70±0.82 51±0.65 50±1.17 75±0.78 

E2 - - - - -  69±1.33 70±0.92 49±0.63 50±1.29 77±0.88 

BC1 - - - - -  65±0.85 65±0.68 54±0.47 56±0.82 72±1.2 

Vi2 - - - - -  60±1.1 70±0.66 60±1.17 55±0.52 78±0.52 

Am2 - - - - -  65±1.21 63±0.45 51±0.59 52±0.84 73±0.42 

R2 - - - - -  68±0.74 77±0.75 58±1.26 51±0.71 78±0.72 

Az1 - - - - -  65±0.76 80±0.7 55±0.53 48±0.73 80±0.62 

G1 - - - - -  65±1.2 67±0.89 54±0.79 51±0.73 82±0.84 

Ck1 51±0.86 55±0.67 44±1 41±0.86 39±0.7  62±0.67 63±1.12 55±0.86 52±0.93 46±1.07 

Ck2 50±0.8 57±0.69 41±0.89 39±0.94 37±0.8  63±1.2 68±1.15 50±0.69 55±1.14 47±1.14 

Ck3 51±0.68 54±0.84 47±0.68 42±0.44 41±0.78  60±0.55 58±0.5 51±0.78 49±0.65 48±0.48 

Ck4 52±0.51 53±0.45 43±0.72 44±0.6 38±0.88  59±0.82 65±0.63 48±0.6 51±1.18 47±1.14 

Ck5 55±1.04 54±1.27 45±0.82 40±1.23 40±0.65  62±1.1 61±1.13 49±1.08 50±1.07 47±0.69 

Recoveries were calculated by spiking the diluted cyanobacterial and bacterial extracts with standard solutions, reconstituting the 

concentrations of phytohormones in original extracts. Values are means± SE x̄ of two experiments 

 

Table-5. 5 Total amount of cytokinin and percent recoveries of internal standards determined in cyanobacterial 

extract obtained by four different methods  

 

Pmol mg
-1

 ch-a and recovery (%) 

80% EtOH Bieleski buffer 

SCX HR-XC SCX HR-XC 

Cytokinin 5.92±0.84 (57%) 6.27±0.76 (65%) 6.11±0.78 (70%) 6.39±0.81 (76%) 

IAA 15.6±2.31 (52%) 16.4±1.44 (62%) 16.33±3.11 (75%) 17.88±2.45 (78%) 

SCX, strong cation exchanger; HR-XC, mixed mode SPE phase 
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and DHZR) in different bacterial strains (Table-5.6). Cytokinin concentration in bacterial 

culture ranged between 219.51 and 416.73. The most efficient cytokinins producing strain 

was Pseudomonas aeruginosa Am3 which produced a total of 416.73 ng ml
-1

 cytokinins 

including cZ, tZ, ZR and DHZR.  Bacillus subtilis BC1 was another important strain able to 

produce 401.22 ng ml
-1

 cytokinins. B. licheniformis Am2 and P. aeruginosa Am6 secreted 

cytokinins as high as 368.45 and 375.99 ng ml
-1

 cytokinins to the culture media. Ciz zeatin, 

trans zeatin and zeatin riboside were universally released by all the selected strains. However, 

DHZR was identified only in seven bacterial strains Am3, Am4, Am5, Am6, E2, Am2 and 

G1. Majority of the strains including Am3, Am4, Am5, Am6, Am2, Az1 and G1 synthesized 

greater amount of cytokinin ribosides (ZR+DHZR) than free bases (cZ+tZ). However some 

strains (Am7, E2, BC1 and R2) secreted free cytokinin types (cZ+tZ) in greater proportion as 

compared to the ribosides (ZR and DHZR). ZR was the major cytokinins species by 

proportion in bacterial isolates selected during the study with the only exception of R2 where 

tZ was the highest cytokinin type (Table-5.6). Concentration of ZR ranged between 58.6 and 

175.1ng ml
-1

. Highest concentration of ZR was recorded in Az1 strain while R2 released the 

least amount of ZR to the culture media. With exception of Am3 and Am5 DHZR was 

produced in the lowest proportion as relative to other cytokinin classes by the rest of the 

strains. Bacterial strain Am3 was the most efficient producer of DHZR (73.3 ng ml
-1

) while 

G1 released the least amount (11.2 ng ml
-1

). Cis zeatin was released as high as 127.1ng ml
-1

 in 

the culture media by BC1. The least amount of cZ (31.9 ng ml
-1

) was recorded in the culture 

media of Am5. Maximum amount of tZ (133.1ng ml
-1

) was determined in the culture media 

of BC1. The strain G1 was able to release the minimum amount (82.1ng ml
-1

) of tZ.  

IAA in PGPR Bacteria (UPLC-ESI-MS/MS) 

For IAA determination the samples from stationary phase bacterial culture grown in the 

presence of tryptophan (1000µg ml
-1

) were fractionated by UPLC BEH C18 column (2.1X50 

mm, 1.7 µm; Waters) and each fraction was analyzed via ESI (-)-MS/MS. Specific transition 

for IAA and [2H5] IAA (178.1>132 and 178.1>132) were followed by two channels MRM 

scan. Maximum IAA was recorded in culture supernatant of Az1 (10.09µg ml
-1

). Other 

important strains were Am2, Am7 and Am4 which release 8.71, 5.68 and 2.289 µg ml
-1

 to the 

culture media (Table-5.6). The concentration of IAA in culture of Am3, BC1 and R2 was as 

low as 0.2, 0.1 and 0.1µg ml
-1

 respectively. The quantitated amount of IAA was 0.51, 0.44, 

0.58, 0.42 and 0.22 in the culture of Am5, Am6, E2, Vi2 and G1 respectively. 



 

Table-5. 6 phytohormones in PGPR bacteria determined by UPLC-ESI (+/-)-MS/MS 

Strain 
Cytokinin (ng ml

-1
) IAA 

(µg ml
-1

) cZ tZ ZR DHZR Total 

P. aeruginosa Am3 67.2±1.9 115.2±2.5 162.5±3.1 73.3±1.1 416.73±10.2 0.20±0.005 

P. aeruginosa Am4 36.1±0.8 101.1±2.1 146.6±2.6 21.2±0.7 304.35±10.3 2.289±0.07 

P. aeruginosa Am5 31.9±0.7 89.3±1.5 112.1±2.1 33.6±0.6 266.05±6.5 0.513±0.007 

P. aeruginosa Am6 55.3±1.1 110.5±1.9 154.4±3.2 55.3±0.8 375.99±8.2 0.44±0.006 

P. aeruginosa Am7 61.2±1.8 70.3±1.5 89.8±1.7 00 219.51±6.3 5.68±0.1 

Pseudomonas sp. E2 71.4±1.7 87.3±2.1 119.4±1.9 36.4±0.5 314.43±7.5 0.58±0.009 

B. subtilis BC1 127.1±2.2 133.1±2.3 141.3±2.1 00 401.60±10.65 0.10±0.002 

B. subtilis Vi2 53.1±1.2 92.9±2.1 147.8±2.5 00 292.75±9.6 0.42±0.008 

B. licheniformis Am2 78.1±1.6 94.1±2.4 155.2±2.5 41±0.7 368.45±8.2 8.71±.16 

B. pumilus R2 86.3±2.0 91.2±1.8 58.6±1.4 25.8±0.4 260.004±4.8 0.10±0.001 

A. brasilense Az1 49.2±0.7 83.4±2.3 175.1±3.2 13.4±0.1 320.68±8.2 10.09±0.23 

B. cereus G1 81.7±1.5 82.1±1.9 131.1±2.6 54.2±0.9 306.22±8.2 0.22±0.003 
Bacterial strains were grown in M9 medium supplemented with biotin, casaminoacid, glucose and adenine for 72 hours at 28

o
C and 150 rpm 

in darkness. 100 ml culture supernatant obtained by centrifugation was extracted first with ethyl acetate and then water saturated n-butanol as 

described in methodology. Extract purified with MCX columns were analyzed by UPLC-ESI-MS/MS for cytokinins and IAA under 

conditions described earlier. Values are means ± SE x̄ of three experiments 
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PHYTOHORMONES IN CYANOBACTERIA 

Phytohormones were extracted from cyanobacterial biomass as well as supernatant by using 

Bieleski buffer. The crude extract was either subjected to TLC or purified by mixed mode 

SPE column and subjected to UPLC-ESI-MS/MS. Conditions of chromatography were same 

as mentioned in Table-5.3 

Cytokinins (TLC) 

Cyanobacteria crude extracts were chromatogramed on TLC along with authentic cytokinins 

and IAA. As mentioned earlier the TLC plates were divided into three zones with different 

range of Rf values. Chromatographs of cyanobacteria were developed into two zones except 

in Ck4 where 3 zones comparable to standard mixture were obtained. Compounds in zone 1 

(Rf = 0.62-0.64), zone 2 (Rf = 0.53-0.54) and zone 3 (Rf  = 0.33-0.34), showed cytokinins like 

activity in cucumber cotyledon when eluted from TLC plates (Table-5.7). In TLC 

chromatogram of Anabaena sp. Ck1 and Oscillatoria sp. Ck2 only two zones (with cytokinins 

like activity) were detected. The same zones were detected on the chromatographs of 

Phormidium sp. Ck3 however activity of zone 2 was stronger as compared to the activity of 

zone 1. Three different zones eluted from chromatograph of Chroococcidiopsis sp. Ck4 

showed cytokinins like activity in the bioassay (Table-5.7). Activities in Zone 1 and 2 of 

standard mixture were higher as compared to Zone 3. 

Auxin biosynthesis in cyanobacteria (colorimetric) 

IAA production was followed in cyanobacteria at different concentration of the precursor 

(tryptophan) and period of incubation. IAA synthesis in the cyanobacterial isolates showed 

linear correlation with tryptophan concentration and incubation time (Table-5.8-5.12). 

Maximum Period of IAA synthesis was third week in case of Anabaena sp. Ck1 and 

Synechocystis sp. Ck5. Oscillatoria sp. Ck2 and Phormidium sp. Ck3 release maximum 

amount of IAA during fourth week of incubation. However, maximum accumulation of the 

hormone was recorded during first week in the later strain and third week in the former. 

Chroococcidiopsis sp. Ck4 on the other hand accumulated greater amount of IAA 

endogenously during first week of growth while release was maximum during third week. 

From Pearson correlation it was evident that IAA biosynthesis by these strains was affected 

by tryptophan variably at different incubation time. With exception of Anabaena sp. Ck1
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Table-5. 7 TLC fraction eluted in four groups from cyanobacterial strains and their cytokinin 

like activity in cucumber cotyledon bioassay 

Strains TLC fractions 

 Rf (0.62-0.64) Rf (0.53-0.54) Rf (0.33-0.34) 

Anabaena Sp. Ck1 + + - 

Oscillatoria sp. Ck2 + + - 

Phormidium sp. Ck3 + ++ - 

Chroococcidiopsis sp. Ck4 + + + 

Synechocystis sp. Ck5 + - - 

Standard Mix ++ ++ + 

 

Table-5. 8 Effect of tryptophan and incubation time on the release accumulation of auxin 

(pmol mg
-1

 chlorophyll-a) by Anabaena sp. Ck1 in the culture media (means ± SE x̄) 

 Weeks 
Tryptophan (µg ml

-1
) Correlation 

coefficients (r) 0 100 250 500 750 

R
el

ea
se

d
 

1 12.5±0.12 22.3±1.2 30±1.3 37.4±2 39.4±1.1 0.995** 

2 22.4±0.23 31.7±1.3 44±0.3 50.3±2.1 57.5±2.1 0.958* 

3 41.33±2.1 53±1.9 66.3±3.1 75.5±2.1 81±2.3 0.950* 

4 52±2.5 66.3±2.1 73.5±3 80±3.1 91.4±2.8 0.960** 

Correlation 

coefficients (r) 
0.974* 0.980* 0.984* 0.971* 0.990** 

 

A
cc

u
m

u
la

te
d

 1 12.4±0.2 27.5±1.4 38.4±1.7 44.9±2.2 48±1.4 0.994** 

2 30.7±0.21 41.5±2 53.3±1.5 64.3±2 70±2.5 0.964**40 

3 52.23±2.2 64.8±2.1 71.9±3.6 83.4±2.4 88.6±2 0.962**36.6 

4 55.5±2.5 69.6±2.4 75.4±3.1 88.5±2.8 99.3±3 0.980**43 

Correlation 

coefficients (r) 
0.992** 0.990** 0.971* 0.974* 0.989* 

 
** (p=0.01); * (p=0.05), Means of three replicates 

 

Table-5. 9 Effect of tryptophan and incubation time on the release and accumulation of auxin 

(pmol mg
-1

 chlorophyll-a) by Oscillatoria sp. Ck2 in the culture media (means± SE x̄) 

 
Weeks 

Tryptophan (µg ml
-1

) Correlation 

coefficients (r) 0 100 250 500 750 

R
el

ea
se

d
 

1 4.8±0.03 7.6±0.5 10.2±1.5 13.4±1.2 14.6±0.5 0.965**9.8 

2 10.5±0.17 16.5±0.9 18±0.2 20.3±1.3 23.5±1.1 0.932*13 

3 19.2±0.19 22.7±1.2 25.2±1.4 28.7±0.7 33.5±1.2 0.992**14.3 

4 31.6±1.9 35±2.1 39±1.4 42.2±1.2 48.2±1.1 0.990**16.6 

Correlation 

coefficients (r) 
0.986* 0.991** 0.987* 0.987* 0.993** 

 

A
cc

u
m

u
la

te
d

 1 9.12±0.1 11.2±0.4 15.3±0.2 17.7±1.1 22.3±0.21 0.989**13.1 

2 14.8±0.11 19.9±0.8 23.2±1.1 26.4±1.1 30.4±1 0.970**15.6 

3 24.5±1.3 27.2±2.1 30.6±1.8 32.3±0.9 36.8±1.4 0.981**12.3 

4 28.4±1.2 32.5±1.8 34.2±1.6 36.4±0.8 40.6±1.2 0.972**12.2 

Correlation 
coefficients (r) 

0.988* 0.994** 0.988* 0.986* 0.988* 
 

** (p=0.01); * (p=0.05), Means of three replicates 



CHAPTER 5                                            MICROBIAL PHYTOHORMONES 
 

Phytohormones cytokinins and IAA from microbial origin and their impact on plant growth Page 100 
 

(first week) and Synechocystis sp. Ck5 (second week) where IAA accumulation and release 

showed maximum dependence on the precursor at the same time, the rest of the strains 

showed differential responses regarding accumulation and release of the hormone (Table-5.8-

5.12). For instance in Oscillatoria sp. Ck2 the effect of tryptophan was greatest on the release 

of IAA during fourth week while accumulation of the phytohormone was strongly affected 

during first week (Table-5.9). In addition to tryptophan concentration, incubation time also 

affected IAA biosynthesis significantly. The strain Anabaena sp. Ck1 was able to accumulate 

and release similar quantities of IAA during first week of incubation in the absence of the 

precursor. However during the following weeks greater accumulation of the hormone than its 

release in the culture media was recorded (Table-5.8). Accumulation of IAA was greater 

during first three weeks of incubation in Oscillatoria sp. Ck2 and Phormidium sp. Ck3 

however during the last week release of the compound was greater than its amount retained 

by the strains. In case of Chroococcidiopsis sp. Ck4 greater amount of IAA was retained 

throughout the incubation period. Synechocystis sp. Ck5 retained maximum amount of IAA 

during first week of growth however in the later weeks release of the hormone was increase 

tremendously to surpass its accumulation. No difference was observed in the trend of 

accumulation and release of IAA in media supplemented with tryptophan. An increase of over 

three folds in the amount of IAA released was recorded at the end of four weeks incubation 

period as compared to its amount synthesized during first week on incubation when Anabaena 

sp. Ck1 was grown in media excluding tryptophan. Of the total increase 25, 48 and 27% raise 

was recorded at the end of incubation period of two, three and four weeks respectively. 

Increase in the amount of endogenous levels of IAA over four weeks of incubation was more 

than four folds (Table-5.8). Phormidium sp. Ck3 released 5.5 pmol mg
-1

 chlorophyll-a and 

accumulated 10.22 pmol mg
-1

 chlorophyll-a IAA after one week of incubation in the absence 

of tryptophan. The amount of IAA released in the culture media was enhanced by more than 

four folds after four week. Negative correlation of tryptophan with IAA was recorded during 

third week (Table-5.10). 7.6 and 10.7 pmol mg
-1

 chlorophyll-a of IAA was released and 

accumulated by Chroococcidiopsis sp. Ck4 respectively after one week of growth in the 

media having no tryptophan. Total increase in the accumulation and release of IAA was 180 

and 275% respectively after four weeks of incubation without tryptophan. Synechocystis sp. 

Ck5 released 13.3 pmol mg
-1

 chlorophyll-a IAA in the culture media without tryptophan 

while 16.5 pmol mg
-1

 chlorophyll-a was accumulated. The accumulation and release were 

enhanced up to 174 and 280% when the strain was incubated for four weeks.  
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Table-5. 10 Effect of tryptophan and incubation time on the release and accumulation of 

auxin (pmol mg
-1

 chlorophyll-a) by Phormidium sp. Ck3 in the culture media (means± SE x̄) 

 
Weeks 

Tryptophan (µg ml
-1

) Correlation 

coefficients (r)  0 100 250 500 750 

R
el

ea
se

d
 

1 5.5±0.07 6.1±0.05 6.6±0.32 7.4±0.02 10.2±0.05 0.960**4.7 

2 8.2±0.1 9.2±0.05 9.4±0.3 9.6±0.07 10±0.3 0.879* 

3 14.9±0.32 15±1 15.2±1 15.2±0.2 17.1±0.3 0.856 

4 25.4±1.3 30.3±2 32.6±1.9 35.7±0.7 38±0.9 0.952* 

Correlation 

coefficients (r) 
0.967* 0.941 0.928 0.905 0.885 

 

A
cc

u
m

u
la

te
d

 1 10.22±0.14 12.3±0.3 12.7±0.03 13.3±0.09 15.5±0.2 0.945* 

2 15.4±0.16 16.2±0.4 17.3±0.2 18.6±0.4 19.2±0.4 0.979** 

3 24.3±0.53 25±1.1 23±1.1 22.3±1.1 20.8±0.6 -0.952* 

4 24.8±1.1 27.6±1.6 29.2±1 30±1 33.2±0.7 0.959** 

Correlation 
coefficients (r) 

0.957* 0.979* 0.998** 0.990* 0.92 
 

** (p=0.01); * (p=0.05), Means of three replicates 

 

 

 

Table-5. 11 Effect of tryptophan and incubation time on the release and accumulation of 

auxin (pmol mg
-1

 chlorophyll-a) by Chroococcidiopsis sp. Ck4 in the culture media (means± 

SE x̄) 

 
Weeks 

Tryptophan (µg ml
-1

) Correlation 
coefficients (r)  0 100 250 500 750 

R
el

ea
se

d
 

1 7.6±0.08 9.4±0.2 10.6±0.1 12.7±0.1 14.3±0.21 0.988** 

2 11.3±0.13 17.5±0.3 19±1.2 21.8±0.7 25.2±0.5 0.940* 

3 23.4±0.5 26.5±1.3 29.3±1.4 34.5±1.4 39.7±0.8 0.999** 

4 28.5±1.6 33.5±1.5 38±1.5 41.3±1.3 47.4±1.4 0.981** 

Correlation 

coefficients (r) 
0.979* 0.999** 0.999** 0.994** 0.994** 

 

A
cc

u
m

u
la

te
d

 1 10.7±0.16 13.4±0.1 14.3±0.19 16.8±0.3 20.2±0.36 0.987** 

2 17.5±0.21 21.7±1.1 23.4±1.7 26.1±0.2 29.2±1.2 0.969** 

3 26.54±0.7 31±1.6 35.3±1.9 38.2±1.2 45.3±1.3 0.983** 

4 30±2 35±2.2 41.5±2.1 48.5±1.6 51±1.3 0.967** 

Correlation 
coefficients (r) 

0.987* 0.988* 0.994** 0.999** 0.985* 
 

** (p=0.01); * (p=0.05), Means of three replicates 
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Table-5. 12 Effect of tryptophan and incubation time on the release and accumulation of 

auxin (pmol mg
-1

 chlorophyll-a) by Synechocystis sp. Ck5 in the culture media (means± SE x̄) 

 

Weeks 
Tryptophan (µg ml

-1
) Correlation 

coefficients 

(r) 
 

0 100 250 500 750 

R
el

ea
se

d
 

1 13.3±0.11 22.6±1.7 33.8±0.2 36.3±1.2 41±1.2 0.914* 

2 22.7±2.1 28.1±1.2 31±1.5 36.3±1.2 41.6±1.5 0.987** 

3 41.67±2.1 47.3±1.3 50.1±2.6 52.4±2.1 58.1±1.8 0.965** 

4 50.6±2.6 54.2±2.7 58±2.5 60±2 67.7±1.8 0.979** 

Correlation 

coefficients 

(r) 

0.989* 0.975* 0.913 0.946 0.954* 
 

A
cc

u
m

u
la

te
d

 

1 16.5±0.2 21.4±1 25.1±0.23 28.22±1.2 33.6±1.4 0.979** 

2 20.12±0.2 23±1 25.7±1.5 28.22±1.1 32.4±1 0.989** 

3 36.92±2 42±1.5 43.6±2.4 45.8±1.2 50±2 0.957* 

4 45.2±2.2 48.1±2.1 50±2.2 51.6±1.8 55.3±1.3 0.978** 

Correlation 

coefficients 

(r) 

0.974* 0.952* 0.946 0.939 0.924 
 

** (p=0.01); * (p=0.05), Means of three replicates 
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Cytokinins in cyanobacteria  

Extracts from three weeks incubated cyanobacterial cultures separated by UPLC were 

subjected to ESI-MS/MS analysis.  Cytokinins concentration was shown as pmol mg
-1

 

chlorophyll-a. In cyanobacterial strain five different cytokinins species (TZ, CZ, ZR, ZOG 

and DHZR) were determined (Fig. 5.3). The concentration of cytokinins in cyanobacterial 

culture media ranged between 0.77 and 21.9 pmol. Similarly cytokinins accumulated in the 

biomass of the strains fluctuate between 2.2 and 17.22 pmol. The most efficient cytokinins 

producer was a unicellular strain Chroococcidiopsis sp. Ck4. This strain accumulated 17.22 

pmol cytokinins in the biomass and released 21.9 pmol in the culture media. Major cytokinins 

species in culture supernatant and biomass of Chroococcidiopsis sp. Ck4 was cZ (28.49 and 

30.77% of the total respectively). Among different cytokinins ZOG was not released in the 

culture media by this strain. Synechocystis sp. Ck5 also had greater concentration of cZ by 

proportion in culture supernatant as well as biomass (76.23 and 68.18 % respectively). Total 

exogenous cytokinins in this strain were 4.46 pmol while endogenous cytokinins were 2.2 

pmol. We could detect and quantified only cZ and tZ from Synechocystis sp. Ck5. 

Filamentous strains Oscillatoria sp. Ck2 and Phormidium sp. Ck3 retained maximum 

cytokinins instead of secreting to the culture media during two weeks time. Cis zeatin, tZ and 

ZR were the only cytokinins which could be detected and quantified in Oscillatoria sp. Ck2 

and Phormidium sp. Ck3. Total cytokinins retained and released were 0.77 and 6.38 pmol 

respectively in Oscillatoria sp. Ck2. ZR was the most abundant cytokinins type in 

Oscillatoria sp. Ck2 ranging between 57% of the total exogenous cytokinins and 60% of the 

total endogenous cytokinins (Fig.5.4). Although Phormidium sp. Ck3 was able to synthesis 

ZR, its amount was below detection limit in the culture after three weeks of incubation (Fig. 

5.4). Total exogenous cytokinins in the isolate were 4.83 pmol mg
-1

 chlorophyll-a while 

endogenous cytokinins were 8.18 pmol. Major cytokinins species in Phormidium sp. Ck3 was 

trans isomer of zeatin which was 52.3% of the total exogenous and 47.5% of the total 

endogenous cytokinins (Fig. 5.4). Anabaena sp. Ck1 synthesized tZ, ZR and DHZR but no cZ 

was detected under the optimized conditions. Total cytokinins retained by Anabaena sp. Ck1 

were 6.07 pmol while 6.8 pmol were released (Fig. 5.5). Major cytokinin species was DHZR 

ranged up to 49.4% (released) and 55.3% (accumulated) by proportion. 
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Figure-5. 3 MRM (4 Channels of 13 channels) chromatogram of ZOG (a), DHZR (b), ZR (c), 

CZ (d) and TZ (d) present in Chroococcidiopsis biomass extract; Biomass (100 mg FW) was 

homogenized in Bieleski 1ml buffer, re-extracted, purified by SPE (MCX) column and 

subjected to UPLC-ESI(+)-MS/MS.  

  

a

b

c

d
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Figure-5. 4 Different classes of cytokinin accumulated in the biomass and released in the 

culture media of cyanobacteria  

 

 

Figure-5. 5 Comparison of cytokinin and IAA accumulated in the biomass or released in the 

culture media of cyanobacteria after three weeks of incubation; bars indicate standard error of 

the mean 
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IAA in Cyanobacteria (UPLC-ESI-MS/MS) 

 Extract from three weeks grown cyanobacterial culture having appropriate internal standard 

was purified by SPE (solid phase extraction) and subjected to UPLC-ESI-MS/MS. IAA was 

synthesized by all five strains in the presence of tryptophan (1000 µg ml
-1

). The concentration 

of IAA was shown as pmol mg
-1

 chlorophyll-a. IAA released in the culture media of different 

cyanobacterial strains ranged between 5.2 pmol and 35.1 pmol while its accumulation varied 

from 5.9 pmol to 43.43 pmol. In filamentous strains more IAA was accumulated than it was 

released in the culture media. However in case of unicellular strains greater amount of the 

compound was released rather than accumulated. Anabaena sp. Ck1 was able to accumulate 

and secrete highest amount of IAA among the selected strains (Fig. 5.5). Endogenous IAA in 

Anabaena sp. Ck1 was 43.43 pmol while exogenous IAA was 35.1 pmol (Fig. 5.5).  IAA 

secreted to the culture media was higher than endogenous IAA after incubation of period of 

three weeks in Chroococcidiopsis Ck4 and Synechocystis Ck5. 17.5 pmol IAA was released 

in the culture and 15.3 pmol mg
-1

chlorophyll-a was accumulated in the biomass by Ck4. 

However in Oscillatoria Ck2, endogenous IAA concentration was slightly higher (17.3pmol 

mg
-1

 chlorophyll-a) than exogenous IAA (12.8 pmol mg
-1

 chlorophyll-a). Least amount of 

IAA was recorded in the culture (5.2 pmol mg
-1

chlorophyll-a) and biomass of Ck3 (5.9 pmol 

mg
-1 

chlorophyll-a). Results obtained showed a general trend of more phytohormones in the 

cyanobacteria biomass as compared to culture supernatant. The isolates Anabaena sp. Ck1, 

Oscillatoria sp. Ck2 and Synechocystis sp. Ck5 had greater amount of IAA than cytokinins. 

On the other hand Phormidium sp. Ck3 and Chroococcidiopsis sp. Ck4 synthesized greater 

amount of cytokinin than IAA (Fig. 5.5). 

Bacterial growth and cytokinins synthesis 

Different bacterial strains were grown in M9 medium at 28
o
C and constant shacking. 50 ml of 

supernatant from the bacterial cultures was drawn after 6, 12, 24, 36, 48, 72, 96 and 120 hours 

of incubation and cytokinins were analyzed by UPLC-ESI-MS/MS. Cytokinins appeared in 

the supernatant of majority of the strains after 36 hours of incubation. Only exceptions were 

the strains Am2 and E2, which started to release cytokinins in the culture media after 24 hours 

of incubation (Fig.5.6). Maximum cytokinins production phase was the stationary growth in 

all PGPR bacterial strains. However cytokinins production in different PGPR strains hit the 

highest point of concentration variably in mid or late stationary phase. The strain Az1 

released maximum cytokinins to the culture media in early stationary phase. Mid stationary
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Figure-5. 6 Bacterial growth phases and total cytokinin secretion in the culture media 
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 phase was the most productive regarding cytokinins production by Am7, E2, BC1 and Vi2.  

While strains Am2, Am3, Am4, Am5, Am6, G1 and R2 preferred late stationary phase for 

maximum cytokinins production. Decline in cytokinins production by E2, BC1 and Vi2 was 

observed after 96, 96 and 72 hours respectively. However the rest of the strains continued to 

release cytokinins beyond 120 hours. 

Individual cytokinins classes hit the highest point of concentration at different time points in 

stationary phase culture. Generally the maximum concentration point of cytokinins free bases 

(cZ and tZ) reached earlier after 96 hours of incubation and their ribosides (ZR and DHZR) 

attain the highest concentration after 120 hours of incubation. However there were exceptions 

when the results were carefully analyzed. E2 and Vi2 released maximum amount of cZ in 72 

hours grown cultures. The strains Am3, Am4, Am5, Am7, BC1 and Am2 released highest 

amount of cZ after 96 hours of incubation. On the other hand culture supernatant of Am6, R2, 

Az1 and G1 was richest in cZ after 120 hours of incubation. Trans zeatin hit the highest point 

of concentration in the culture of Vi2 incubated for 72 hours. Maximum amount of tZ was 

found in cultures of Am2, Am3, Am5, Am7, E2 and BC1 after 96 hours of incubation. The 

same compound was released in maximum amount to the culture media after 120 hours by 

Am4, Am6, R2, Az1 and G1. Maximum ZR concentration was recorded in 96 hours grown 

cultures of Am3, Am7, E2, BC1 and Vi2. At the same time ZR hit the highest point in term of 

concentration after 120 hours of incubation regarding the strains Am4, Am5, Am6, Am2, R2, 

Az1 and G1. DHZR was found in highest concentration in 120 hours old cultures of Am3, 

Am4, Am5, Am6, Am2, R2, Az1 and G1. However E2 released maximum amount of DHZR 

after 96 hours of incubation.  

Bacterial growth and IAA synthesis 

For auxin production bacterial strains were grown in LB supplemented with 1000µg ml
-1

 

tryptophan at 28
o
C and constant shaking. 1 ml of bacterial culture supernatant was drawn 

after 2, 4, 8, 12, 18, 22, 24, 36, 72, 96 and 120 hours of incubation and mixed with 2 ml of 

Salkowski reagent. Colour developed after 30 minutes was measured spectrophotometrically 

to quantify auxin. Results obtained are summarized in Fig 5.7. The most efficient phase of 

bacterial growth for IAA production was stationary phase which started after incubation of 48 

hours. Some strains (Am2 and E2) even continued to release IAA in the decline phase (96 

hours) while other secreted maximum IAA at the start of the stationary phase (onset from 36 

hours in majority of cases). In all cases the dependence of IAA on bacterial growth was 
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illustrated by positive correlation between bacterial cell density and IAA production (Fig. 

5.7). In most of the cases the lag phase was characterized by very low level of IAA in the 

culture media followed by tremendous increase during the log and early stationary phase. For 

instance P. aeruginosa Am3 released very low amount of IAA until 12 hours of incubation 

however there was a sharp increase during the following hours peaking at 72 hours (mid 

stationary phase).  Other strains of P. aeruginosa including Am4, Am5 and Am6 showed 

similar behavior as recorded for Am3. However in case of Am7 IAA concentration hit the 

highest point (32 µg ml
-1

) at early stationary phase (48 hours of growth). Similarly a sharp 

increase in IAA production by Pseudomonas sp. E2 was observed in the log phase hitting the 

maximum point at 36 hours of incubation, early stationary phase of growth in this strain. Both 

strains of B. subtilis e.g. BC1 and Vi2 although produced very low amount of IAA (1.2 and 

3.5 µg ml
-1

 respectively) however they released the hormone constantly in the culture media 

until stationary phase of growth. In case of B. licheniformis Am2 and A. brasilense Az1 

maximum IAA was found in the stationary phase culture after 72 and 96 hours of growth 

respectively. Mid stationary phase of growth (72 hours) was the most optimum time for IAA 

production by B. pumilus R2 and B. cereus G1. 

Cyanobacterial growth and cytokinins synthesis 

Cytokinins accumulation and release in the culture media by cyanobacteria were determined 

by chromatographic method at one week interval for four weeks. The isolates continuously 

accumulated cytokinins endogenously as well as released the metabolites during the four 

weeks growth period. The most efficient phase of cytokinins synthesis was stationary phase as 

was observed in case of bacteria. Gradual increase in accumulated and released cytokinins 

was recorded over time. In first two weeks more accumulation of cytokinins in cyanobacterial 

cells was recorded than released in the culture media.  During the following weeks more 

cytokinins was released as compared to accumulated (Fig 5.8). Cyanobacterial strains 

Anabaena Ck1, Oscillatoria sp. Ck2, Phormidium sp. Ck3, Chroococcidiopsis sp. Ck4 and 

Synechocystis sp. Ck5 accumulated 2.01, 1.54, 2.16, 5.89, 1.24 pmol cytokinins mg
-1

 

Chlorophyll-a at the end of first week respectively. At the same time cultures of these strains 

had 1.34, 0.25, 1.23, 2.21 and 1.13 pmol cytokinins mg
-1

 chlorophyll-a respectively. 

Cytokinin concentration in the culture media of cyanobacterial after one week of incubation 

was taken as base values and increase in the amount of cytokinins during the following three 

week was compared with it.  The endogenously accumulated cytokinins level was increased 

up to 250, 315, 250, 201 and 152% by the end of four week incubation period. In all strains
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Figure-5. 7 IAA synthesis in bacterial cultures over time (colorimetric determination) 
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maximum increase in endogenously accumulated cytokinins was observed during third week 

of incubation, stationary phase of the growth (Fig 5.8). In case of Ck1, 44% increase of the 

total gain in accumulated cytokinins was recorded after three weeks of incubation. The 

increase for Ck2, Ck3 and Ck5 was 72, 73 and 34% for respectively. The only exception was 

Ck4 where maximum accumulation of cytokinins occurred during the fourth week of growth. 

Total cytokinins in the culture media (released) of Ck1, Ck2, Ck3, Ck4 and Ck5 were 

enhanced up to 498, 424, 520, 930 and 365% of respectively. The period of maximum 

increase was third week of incubation for Ck1 and Ck4 (Fig. 5.8). On the other hand Ck2 and 

Ck3 released maximum amount of cytokinins during fourth week of growth. The most 

effective period for Ck5 to release cytokinins was second week. Individual cytokinins classes 

followed the same general rule as was observed in case of total cytokinins accumulation in 

cyanobacterial biomass and release in the culture media (Fig 5.9). In Ck1, after incubation of 

two weeks amount of tZ released was less than the amount retained. However after incubation 

of three and four weeks, the amount released was greater than the amount retained in the 

biomass by Ck1. The same was true for ZR (Fig. 5.9). In case of DHZR the amount released 

was less than the amount released after first week. Nevertheless the amont released surpassed 

the amount retained in the following weeks. The same patteren was followed by different 

cytokinin in Ck4 and Ck5 (Fig. 5.9). In case of cyanobacterial isolate Ck2 maximum of the cZ 

and ZR was retained in the biomass after 1, 2 and 3 weeks of incubation. After incubation 

period of four weeks the level of cZ and ZR released was approximately equal to the amount 

retained (Fig. 5.9). However in case of tZ the amount retained was always greater than the 

amount released in the culture media. Amount of cZ accumulated by Ck3 was greater than the 

amount released after 1, 2 and 3 weeks of incubation. At the end of fourth week of incubation 

exogenous cZ was greater than endogenous. Amount of tZ released and retained by the isolate 

was in accordance with cZ however the amount of ZR retained was always greater than its 

amount released (Fig. 5.9).  
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Figure-5. 8 Cytokinin accumulation and release in the culture media by cyanobacterial strains over 

time; Ck1, Anabaena; Ck2, Oscillatoria; Ck3, Phormidium; Ck4, Chroococcidiopsis and Ck5, 

Synechocystis 
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Figure-5. 9 Comparison of week wise accumulation and release of cytokinins (cZ, tZ, ZR, 

DHZR and ZOG) in cyanobacterial strains. Cytokinins release and accumulated in biomass 

was determined every week for four weeks. 
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DISCUSSION 

Present chapter deals with phytohormones cytokinin and IAA determination in microbial 

strains by using different techniques including bioassay, TLC, colorimetric method and 

UPLC-ESI (+)-MS/MS in MRM mode. Preliminary detection of cytokinins was done by TLC 

in bacteria as well as cyanobacteria. Activity of the TLC fractions in cucumber bioassay 

proved that all the strains were able to produce cytokinins. For chromatographic 

determination of cytokinins in bacteria and cyanobacteria the method followed was modified 

from Novak et al. (2008) which was basically developed for the determination of plant 

cytokinins. The method worked equally well not only for determination of cytokinins but also 

for IAA in bacteria as well as cyanobacteria. Solid phase extraction (SPE) approach was 

chosen for rapid purification of phytohormones (Hedden, 1993) from cyanobacterial origin. 

Mixed mode SPE column (HR-XC), which have both hydrophobic (reverse phase) and 

hydrophilic properties (cation exchange) were found more efficient for the purification of 

phytohormones over SCX (strong cation exchange column) as reported earlier (Dobrev and 

Kaminek, 2002). Losses during extraction and purification were monitored by using 

appropriate internal standards (Table-5.3; 5.4). Despite inevitable losses of phytohormones 

during extraction and purification the method offered analytical accuracy for different 

cytokinins was very close to 100%. For efficient separation of different phytohormones from 

each other in bacterial and cyanobacterial matrix, ultra performance liquid chromatography 

(UPLC) was selected. UPLC columns using small particles (1.7µm) offers high resolution 

over conventional HPLC column due to high column pressure up to 1000 bar (Tarkowski et 

al. 2009). Another advantage of the instrument is short run time as compared to HPLC. Triple 

quadruple mass spectrometer was coupled with UPLC by electrospray interface analyze 

phytohormones. Cytokinins and IAA were determined in positive [M+H
+
] and negative mode 

[M+H
-
] using state of the art technique, the MRM scan. The method offer high sensitivity for 

both classes of phytohormones over conventional HPLC/MS and GC/MS (Tarkowski et al. 

2009).  Four different classes of cytokinins were determined among which ZR was the most 

abundant. cZ, tZ and ZR were universally present in all rhizosphere bacterial strains. However 

DHZR was differentially present in some strains only (Table-5.5). P. aeruginosa Am3 was 

able to release as high amount of cytokinins as 416ng ml
-1

 in the stationary phase culture. 

Amount of cytokinins in culture of other strains of P. aeruginosa (Am4, Am5, Am6 and 

Am7) ranged between 219 and 376 ng ml
-1

. Maximum total cytokinins among Bacillus strains 

were released by Bacillus subtilis BC1 (401.60ng ml
-1

). On the average strains of Bacillus 
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were more efficient in cytokinins production than Pseudomonas strains. Azospirillum 

brasilense could release 320.68 ng ml
-1

 cytokinins to the culture media. Cytokinins were 

previously determined in a number of bacterial strains including several species of Bacillus, 

Pseudomonas, and Azospirillum (Tien et al. 1979; Arkhipova et al. 2005; Karadeniz et al. 

2006; Aslantas et al. 2007). It was previously reported that amount of cytokinins ranged 

between 790-1200 ng ml
-1

 in the culture media of Bacillus subtilis (Arkhipova et al. 2005). 

However the amount is too high as compared to published data by other authors (Aslantas et 

al. 2007). Although B licheniformis, B cereus and B pumilus have the ability to produce 

different phytohormones like gibberellins and IAA (Ramos et al. 2003; Joo et al. 2004;  Ali et 

al. 2009), however their cytokinins producing ability has not been explored. During the 

present study we were able to detect and quantify IAA as well as cytokinins in the culture of 

B licheniformis Am2, B cereus G1 and B pumilus R2. Cytokinins production started after 36 

hours of incubation, stationary phase of growth and increase in cytokinins secretion was 

recorded over time. Although peak secretion of cytokinins in the culture was during stationary 

phase of growth nevertheless there was variation from early to mid to late stationary phase. 

Stationary phase is ideal for secretion of secondary metabolites including phytohormones like 

IAA and cytokinins (Timmusk et al. 1999). In most of the strains both isomers of zeatin hit 

the highest point of secretion after 96 hours of incubation, however ZR and DHZR secretion 

continued to increase till 120 hours (Table-5.18). It was reported earlier that zeatin, ZR and 

DHZR are inter-convertible in plants as well as in bacteria (Astot et al. 2000; Gracia de 

Salamone et al. 2001; Schmülling 2004). Current data suggest that zeatin secretion was either 

reduced or maintained after 96 hours due to their conversion to ZR and DHZR in the late 

stationary phase cultures. IAA was also detected in all the selected bacterial strains ranged 

between 0.1 and 10.09µg ml
-1

. The most effective strains were A. brasilense Az1, B 

licheniformis Am2 and P aeruginosa Am4. IAA biosynthesis was evidently dependant on 

tryptophan in the culture media as was also reported by other authors (Idris et al. 2007). 

Optimum concentration of tryptophan was 1000 µg ml
-1

 in case of the selected bacteria. 

Increase in IAA production with increasing concentration of tryptophan 1-100 µg ml
-1

 in the 

culture of A. brasilense was recorded by Tien et al. (1979). Several rhizosphere bacteria 

belonging to different genera including Bacillus and Pseudomonas reportedly synthesize 

maximum amount of IAA in the presence of tryptophan as high as 1000 µg ml
-1

 (Ali et al. 

2009). As noticed in case of cytokinins, stationary phase cultures of the bacteria contained the 

maximum amount of IAA. In previous studies high levels of IAA was determined in the 

culture media of A. brasilense and Pseudomonas putida only after entrance into the stationary 
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phase (Carrenao-Lopez et al. 2000; Patten and Glick 2002). In all cases Salkowski reagent 

based colorimetric estimation resulted in over-estimation of IAA as compared to mass 

spectrometric determination. This may be due to the reaction of Salkowski reagent with some 

indolic compounds other than IAA (Ivanova et al. 2001; Ali et al. 2009). Contrary to 

cytokinins the concentration of IAA did not changed sharply over time in the culture media of 

the selected bacterial strains. Four bacterial strains including Am3, BC1, R2 and G1 

synthesized cytokinins in relatively greater amount as compared to IAA production leading to 

high cytokinin to IAA ratio in their culture media. Cultures of other strains had lower 

cytokinin to IAA ratio (Fig. 5.10). 

Cyanobacteria are capable to synthesis almost all classes of phytohormones, auxins, 

cytokinins, gibberellins, abscisic acid, ethylene and jasmonates (Rodríguez et al. 2006; 

Manickavelu et al. 2006). Despite of numerous reports about cytokinins and auxins like 

activity in cyanobacteria (Stirk et al. 2002; Shanab et al. 2003) limited amount of literature 

(Stirk et al. 1999) is available on direct determination of the phytohormones particularly 

cytokinins. The new method for determination of cytokinins and IAA in single sample from 

cyanobacterial culture media and their biomass was found very rapid and effective. Bieleski 

buffer which is used in routine extraction of cytokinins from plant origin (Bieleski 1964) was 

found more efficient to extract both IAA and cytokinins from biomass as well as culture 

medium as compared to 80% EtOH (Table-5.5) which is routinely used to extract cytokinins 

from cyanobacteria (Stirk et al. 1999). Chroococcidiopsis Ck4 synthesized greater amount 

variable classes of cytokinins as compared to other strains (Fig 5.6; 5.8). Cytokinin like 

activity was previously demonstrated in Chroococcidiopsis sp by using in vitro culture 

technique (Banerjee and Sarkar 2008). Phormidium sp. and Oscillatoria sp. were also 

screened positive for cytokinin like activity (Stirk et al. 2002). Previously cytokinins were 

reported in liquid culture of Anabaena (Tsavkelova et al. 2006) and putative cytokinins gene 

ipt was identified in Synechocystis sp. (Takei et al, 2001). We were able to determined three 

different species of isoprenoid cytokinins in Anabaena Sp. Ck1, Oscillatoria sp. Ck2 and 

Phormidium sp. Ck3. Synechocystis sp. Ck5 synthesized tZ and cZ in concentration ranging 

between 0.7-3.4 pmol mg
-1

 chlorophyll-a. All the strains not only accumulate phytohormones 

but also released in the culture media. Unicellular strains including Chroococcidiopsis sp. 

Ck4, Synechocystis sp. Ck5 were more efficient to release phytohormones in the culture 

medium as compared to filamentous strains (Oscillatoria sp. Ck3 and Phormidium sp. Ck3) 

under the same conditions of growth (Fig. 5.9). For instance Chroococcidiopsis sp. Ck4 and 
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Synechocystis sp. Ck5 released more amount of cytokinins and IAA rather that accumulating 

them.  However during first three weeks of incubation the amount of cytokinins accumulated 

was greater than the amount released in the culture media with few exceptions. During fourth 

week of incubation was greater amount of cytokinins was released in the culture media as 

compared to their amount in the cyanobacterial biomass. Cytokinin free bases were generally 

released more efficiently in the culture media as compared to their ribosides. Similarly 

conjugated cytokinins like ZOG were never released in the culture media (Fig. 5.11). IAA 

was determined in all strains by colorimetric as well as chromatographic method, however 

colorimetric method using Salkowski reagent resulted in overestimation of IAA as was 

recorded in case of bacteria. It was reported earlier that Salkowski reagent may also react with 

some indolic compounds and intermediates of IAA pathway (Glickmann and Dessaux 1995). 

Another factor adding to the problem is difference of sensitivity between the two techniques. 

UPLC-ESI-MS/MS offer greater sensitivity over colorimetric method and is highly accurate 

due to the use of internal standards (Jiraskova et al. 2009). The strains used in this study were 

able to synthesize IAA by tryptophan dependant as well as independent pathways. 

Tryptophan concentration was shown to have linear correlation with IAA production. 

However concentration of this precursor beyond 500 µg ml
-1

 was inhibitory to cyanobacterial 

growth although there was some increase in IAA production. These findings are in agreement 

with Sergeeva et al. (2002) who also reported optimum IAA production in the presence of 500 

µg ml
-1

 tryptophan. Similarly addition of tryptophan (500µg ml
-1

) caused 9 folds enhancement 

in IAA production by cyanobacteria (Karthikeyan et al. 2009). Among the selected strains 

Anabaena sp. Ck1 was the major IAA producing species followed by Synechocystis sp. Ck5.  

Anabaena sp. Ck1 secreted IAA 35.1 pmol mg
-1

 chlorophyll-a, in the culture media after 

incubation period of three weeks and accumulate 43.43 pmol mg
-1

 chlorophyll-a. 

Synechocystis sp. Ck5 on the other hand released more IAA than accumulated. Indole-3-

acetic or IAA like activity was previously reported in Oscillatoria (Tarakhovskaya et al. 

2007), Anabaena (Sergeeva et al. 2002), Synechocystis (Tsavkelova et al. 2006) and 

Phormidium (Vance, 1987). However to our knowledge there is no report of IAA production 

by Chroococcidiopsis sp. The difference between released and accumulated IAA fluctuate in 

a narrow range (17.5 and 15.3 pmol mg
-1

 chlorophyll-a, respectively) regarding 

Chroococcidiopsis sp. Ck4.  Oscillatoria Sp. Ck2 and Phormidium sp. Ck3 accumulated more 

IAA in during three weeks incubation period. Generally more IAA was retained by the strains 

as compared to the amount released in culture media which was in agreement with Stirk et al. 

(2002). Majority of the cyanobacteria synthesized more amount of IAA as relative to 
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cytokinins (Fig. 5.11). However Chroococcidiopsis sp. Ck4 and Phormidium sp. Ck3 were 

exception to this general trend. The former produced cytokinin in greater proportion than IAA 

while the later strain although retained more cytokinins but released phytohormones followed 

the general trend. Concentration of cytokinin and IAA was several folds higher in bacterial 

strains as relative to cyanobacterial strains. However contrary to bacteria where 

phytohormones synthesis was faster and hit the peak concentration at 96-120 hours of 

incubation, cyanobacteria continued steadily to synthesize cytokinins and IAA for longer time 

(four weeks). 
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Figure-5. 10 Cytokinins to IAA ratios in bacterial cultures grown for 72 hours in M9 medium 

supplemented with biotin, casaminoacid, glucose and adenine at 28
o
C in darkness. 

 

 

 

Figure-5. 11 Cytokinins to IAA ratios in cyanobacterial cultures grown for three weeks in 

BG11 medium supplemented with adenine at 25
o
C. 
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PHYTOSTIMULATION UNDER AXENIC CONDITIONS 

nder natural conditions a large number of organisms inhabit plant rhizosphere and 

influence plant growth in one way or the other (Richardson et al. 2009). This makes 

the natural environment quite complex for studying the effect of PGPR individually. 

Plants are grown in gnotobiotic conditions to determine the efficacy of one organism in 

isolation for plant growth promotion (Timmusk and Wagner 1999). In such a system plants 

are either kept sterile or inoculated with a well defined microorganism. Axenic bacterial 

culture contains identical organisms where the generation of variability is only limited to 

mutation and horizontal gene transfer. The system generally is more uniform and 

reproducible, consequently, simplifying the interpretation of experiments (Omsland et al. 

2009). Microbial production of phytohormones in plant rhizosphere has been reported as tool 

for phytostimulation in a number of crop plants including wheat, sunflower and cabbage 

under axenic conditions (Ruppel et al. 2006; Arshad et al. 2007: Ali et al. 2009). The 

involvement of phytohormones produced by PGPR has been studied as a possible mechanism 

of growth promotion in lettuce seedlings grown under axenic condition (Arkhipova et al. 

2005). In addition to PGPR several authors have reported growth improvement in rice by 

cyanobacteria under field conditions (Song et al. 2005; Irisarri et al. 2007; Pereira et al. 2009). 

However, less attention has been given to other crops. Current chapter deals with the 

inoculation of seeds from different crop plants with bacteria and cyanobacteria under axenic 

conditions and evaluation of their growth. Three important crop plants including Wheat var. 

Uqab 2000, sunflower var. suncross and cabbage var. capitata were selected. Different 

bacterial strains isolated from rhizosphere (Am3, Am4, Am5, AM6, Am7, E2, BC1, Vi2, 

Am2, R2, Az1 and G1) and cyanobacterial strains (Ck1, Ck2, Ck3, Ck4 and Ck5) were used 

as inoculum. Surface sterilized seeds were inoculated with bacterial and cyanobacterial 

suspension adjusted to inoculum densities 10
7
 cfu ml

-1
 and 0.1 µg chlorophyll-a ml

-1
 

respectively. The seeds were grown in pots (6.5 x 6.5 cm) under axenic conditions. Eight 

seeds were sown in each pot and all the treatments were replicated five times. After 

germination thinning was done to keep five seedlings per pot. Each experiment was repeated 

three times. 

  

U 
Chapter 6 
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PHYTOSTIMULATION BY BACTERIA 

WHEAT (Triticum aestivum L. var. Uqab 2000) 

Surface sterilized seeds of Triticum aestivum var. Uqab 2000 were inoculated with bacterial 

suspension (10
7
 cfu ml

-1
) and after germination grown for 15 days under axenic conditions. 

The parameters measured after 15 days were seed germination, shoot and root growth, 

biomass production, pigments content, total soluble proteins, nitrate reductase activity and 

inorganic phosphate content. 

Seed germination 

Seed emergence was significantly enhanced when seeds were treated with the isolated 

bacterial strains (Table-6.1). Significant increase in seed germination against control was 

recorded in case of Am3, Am4, Am6, E2, BC1, Vi2, Am3, R2, Az1 and G1. The most 

effective inoculum regarding seed germination in wheat was Am2 where an increase of 17.9% 

was recorded. The parameter was enhanced up to 14.9% in seedlings inoculated with Am3, 

Am6 and BC1. The strains Am5 and Am7 were ineffective to improve seed germination 

regarding statistical tests. Improvement in the trait was only 2.8% in case of Am5 and 2.4% in 

case of Am7. Seed emergence was 9.3% higher in seedlings associated with Am4. The 

parameter was enhanced up to 15.4% by E2. Similarly, 8.9% increase was obvious in case of 

Vi2. 13.4% greater seed emergence was recorded in case of R2. The isolate Az1 enhanced 

seed germination up to 15.4%. In case of G1 an increase of 11.2% was recorded.   

Shoot and root growth 

Generally, seedlings showed improved growth with bacterial inoculations. Shoot growth was 

enhanced significantly over control while root length was reduced with majority of 

inoculations (Table-6.2). Shoot length was significantly enhanced relative to control by all 

strains except Am5. Highest increase in shoot length over control was 40% observed in 

seedlings inoculated with bacterial strains Bacillus cereus G1. This parameter was enhanced 

only marginally in seedlings inoculated with P. aeruginosa Am5 (4%) which was not 

significant. Shoot length was improved up to 36, 31 and 26% with P. aeruginosa Am3, B. 

subtilis BC1and P. aeruginosa Am6 inoculations respectively over control. Bacterial 

inoculations P. aeruginosa Am4 and Pseudomonas E2 caused 23 and 22% stimulation in this 

trait, respectively. Stimulation in shoot height ranged between 13-22% over control with P. 

aeruginosa Am7, B. subtilis Vi2, B. licheniformis Am2, B. pumilus R2 and A. brasilense Az1 
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Table-6. 1 Effect of bacterial inoculation on seed germination in T. aestivum var. Uqab 2000 

under fully axenic conditions 

Treatment %Germination 

Cont 82.3ab 

Am3 94.6d 

Am4 90bcd 

Am5 79.6a 

Am6 94.6d 

Am7 84.3abc 

E2 95d 

BC1 94.6d 

Vi2 89.6bcd 

Am2 97d 

R2 93.3d 

Az1 95d 

G1 91.5 

Means of 3 plants from three replicates 

Means with different letters in the same column denotes significant difference between treatments (Duncan 

multiple range test; P=0.05)  



Chapter 6                     PHYTOSTIMULATION (AXENIC CONDITIONS) 
 

Phytohormones cytokinins and IAA from microbial origin and their impact on plant growth Page 123 
 

 inoculations. While root length was negatively affected by a number of bacterial inoculations 

the emergence of lateral roots was significantly enhanced by some strains. Bacterial strains 

(Am4, Am5, Am6, Am7, E2, Am2 and Az1) significantly reduced root length relative to 

control. However retardation in this parameter was accompanied by increase in the number of 

lateral roots with Am4, Am7, E2, Am2, Az1 and G1 inoculations only.  With some strains 

(Am3, BC1, Vi2 and G1) root growth showed only marginal variations when compared with 

control seedlings. Maximum reduction in root length was recorded in seedlings inoculated 

with A. brasilense Az1 (47%) and B. licheniformis Am2 (46%) relative to control. contrary to 

root length parameter, lateral root emergence was enhanced with the former (49%) and later 

(43%) inoculations. Similarly a reduction of 40.9% in primary root length of the seedlings 

associated with 32% increase in lateral root growth was observed with P. aeruginosa Am7 

inoculation. P. aeruginosa Am5 and Am6 inoculations decreased root length by 25% and 

24.1% respectively however their contribution to the root branching was negligible. On the 

other hand P. aeruginosa Am3 (2%), B. subtilis BC1 (%8) and Vi2 (4%) enhanced root length 

only marginally over control (not significant) in lateral root emergence. 

Biomass  

Fresh weight (green biomass) and dry weight (dry biomass) were also significantly enhanced 

by bacterial inoculations when compared with control (Table-6.2). While green biomass was 

stimulated significantly with all bacterial inoculations dry biomass showed significant 

increase with Am3, Am4, Am5, Am6, BC1, Vi2, Am2, R2, Az1 and G1. Highest increase in 

fresh and dry weight was recorded with B. subtilis BC1 (74%) and Am3 (72%) respectively 

relative to control. Increase in fresh weight parameter ranged between 50 to 72% with E2, 

Am6, Vi2, Am4, Am2, Az1, Am3, G1 and R2 inoculations. This parameter was stimulated 

significantly with Am7 (47%) and Am5 (27%) over control. While maximum increase in 

fresh weight was recorded with BC1 inoculation stimulation in dry weight with the same 

inoculation was only 26% as compared to control. Maximum increase in dry biomass was 

recorded with Am3 (72%) over control. Inoculation of seedlings with R2 caused 44% increase 

in this parameter when compared with uninoculated roots. Bacterial inoculations Am6 and 

Am2 caused 26 and 20% increase in dry biomass respectively relative to control. Increase in 

this parameter was recorded in seedlings inoculated with Am4 (5%), Am5 (7%), Vi2 (8%), 

Az1 (13%) and G1 (7%) over control. Increase in dry biomass caused by Am7 (1%) and E2 

(6%) was not significant. 



Table-6. 2 Effect of PGPR inoculation on different growth parameters of T. aestivum var. Uqab 2000 under axenic conditions 

Means of 75 plants from three replicates 

Means with different letters in the same column denotes significant difference between treatments (Duncan multiple range test; P=0.05) 

 

Strains 
Shoot length 

(cm) 

Root length 

(cm) 

Fresh weight 

(mg plant 
-1

) 

Dry weight 

(mg plant 
-1

) 

Lateral 

roots 

Chlorophyll-a Chlorophyll-b Carotenoid Protein 

(mg g
-1

 

FW) 

NO2 

(nKat g
-1

 

Protein) 

Pi 

(mg g
-1

 

Proteins) µg g
-1

 FW 

Cont. 14.28a 3.57e 1.63a 0.254a 3.40a 44.7a 10.296a 8.70a 65.66a 0.84a 0.77a 

Am3 19.36fg 3.65e 2.75def 0.437f 3.53abc 65.82h 14.86cd 12.48d 113.562f 1.51d 1.18f 

Am4 17.61cde 2.63c 2.51cdef 0.267bc 4.02d 46.6ab 13.51c 9.79ab 86.71cd 0.79a 1.00e 

Am5 14.90a 2.68c 2.07b 0.271bcd 3.62abc 47.5b 12.91bc 10abc 83.11bc 0.79a 1.109f 

Am6 18.07def 2.71c 2.48cde 0.319e 3.41a 61.09g 12.74bc 11.61bcd 85.06bcd 1.44d 0.976e 

Am7 16.62bcd 2.11b 2.39c 0.256ab 4.48e 48.04b 10.52a 8.93a 70.15a 0.96a 0.93ede 

E2 17.46bcde 3.06d 2.45cd 0.269abc 3.82cd 64.52gh 14.24cd 13.51de 70.11a 1.14b 0.883bcd 

BC1 18.75ef 3.86ef 2.84f 0.319e 3.70abc 59.91ef 16.01d 13.31de 79.87b 1.51d 1.138f 

Vi2 16.20bc 3.70e 2.51cdef 0.274cd 3.51ab 57.2c 14.461cd 12.01cd 89.6de 0.93a 1e 

Am2 17.34bcde 1.93a 2.71cdef 0.304e 4.85e 47.3ab 10.488a 8.714a 87.14cd 1.17b 0.913cde 

R2 19.15fg 3.48e 2.67def 0.365ef 3.66abc 58.441cb 11.22ab 12.77d 86.18cd 1.35c 0.83abc 

Az1 17.34bcde 1.90a 2.58cdef 0.286d 5.06e 45.5ab 10.12a 8.684a 93.48e 1.20b 0.806ab 

G1 19.99g 3.53e 2.80ef 0.272bcd 3.78bcd 65.68h 14.23cd 14.976e 93.30e 1.55d 1.163f 
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Pigments (Chlorophyll-a, Chlorophyll-b and carotenoids) 

A trend of increased synthesis of pigments (chlorophylls and Carotenoids) was observed in 

seedlings inoculated with bacterial isolates. Chlorophyll-a concentration ranged between 

44.7µg g
-1

 FW and 65.68µg g
-1

 FW. Significanly high content of chlorophyll-a was observed 

in seedlings inoculated with P. aeruginosa Am3 (47%), P. aeruginosa Am6 (36%), 

Pseudomonas sp. E2 (44%), B. subtilis BC1 (34%), B. subtilis Vi2 (27%), B. pumilis R2 

(30%) and B. cereus  G1(46%) over control. Azospirillum brasilense Az1,  P. aeruginosa 

Am4 and B. licheniformis Am2 could enhace chlorophyll-a only marginally which was not 

significant. Chlorophyll-b concentration was significantly enhanced by strains of P. 

aeruginosa Am3 (44%), Am4 (31%), Am5 (25%), Am6 (23%) and E2 (42%). Maximum 

increase in chlorophyll-b concentration (55%) was detected in seedlings inocuated with B. 

subtilis BC1followed by P. aeruginosa Am3 strain (44%) over control. Concentration of 

carotenoids ranged between 8.7µg g
-1

 FW in control and 14.97µg g
-1

 FW in seedlings co-

cultivated wtih B. cereus G1 strain. There was a significant increase of 43%, 33%, 55%, 52%, 

38%, 46% and 72% over control in carotenoid concentration of seedlings inoculated with P. 

aeruginosa Am3, P. aeruginosa Am6, P. aeruginosa E2, B. subtilis BC1 B. subtilis Vi2, B. 

pumilis R2 and B. cereus  G1 respectivly over control. The rest of the inoculations including 

Am4 (13%), Am5 (13%), Am7 (3%) , Am2 and Az1 caused either non significant or no 

increase in this parameter. 

Total soluble protein  

With microbial inoculation total soluble protein synthesis in seedlings was significantly 

enhanced over control. Majority of the inoculations (Am3, Am4, Am5, Am6, BC1, Vi2, Am2, 

R2, Az1 and G1) significantly improved total soluble protein content of the seedlings (Table-

6.2). However two bacterial strains (Am7 and E2) could not caused significant increase in 

protein content of seedlings. Greatest increase in protein content (73%) over control was 

recorded with P. aeruginosa Am3. With A. brasilense Az1 and B. cereus G1 inoculations 

42% increase in protein synthesis was recorded when compared with control. Increase in this 

parameter with P. aeruginosa Am4, P. aeruginosa Am6, B. licheniformis Am2, B. pumilus 

R2 and B. subtilis Vi2 inoculations was 32, 30, 33, 31 and 36% respectively over control. 

Increase in total soluble protein with P. aeruginosa Am5 (27%) and B. subtilis BC1 (22%) 

was also significant relative to control. Increase (7%) in protein content of seedlings with P. 

aeruginosa Am7 and Pseudomonas sp. E2 was not significant over control.  
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Nitrate reductase activity 

In vitro nitrate reduction assay was performed by colorimetric method. Bacterial inoculation 

significantly enhanced nitrate reduction as pictured by enhanced synthesis of the end product, 

NO2 during the assay (Table-6.2). Activity of nitrate reductase (NR) was significantly greater 

over control in seedlings inoculated with bacterial strains including Am3, Am6, E2, BC1, 

Am2, Az1, R2 and G1. Other inoculations (Am4, Am5, Am7 and Vi2) caused increase in NR 

activity which was not significant over control. Maximum increase in nitrate reductase (NR) 

potential was 84% recorded with G1 inoculation followed by 61-79% enhancement, recorded 

in case of Am3, BC1 and R2. Seedlings inoculated with Az1, Am6 and Am2 showed 43, 71 

and 39% greater NO
-
3 assimilation when compared with control. With bacterial inoculations 

Am4 and Am5, NO
-
3 assimilation was 6% and 7% enhanced over control respectively.  

Inorganic phosphate (Pi) 

Availability of inorganic phosphate was significantly improved by majority of the bacterial 

strains.  Concentration of Pi ranged between 0.774 and 1.189 mg g
-1

 proteins. The Pi content 

of seedlings inoculated with Am3, Am4, Am5, Am6, Am7, E2, BC1, Vi2 and G1 were 

significantly greater over control. With R2 and Az1 seedling’s Pi content was only trivially 

improved which was not significant (Table-6.2). Highest enhancement of Pi (53%) was 

recorded in seedlings associated with Am3. Stimulation of inorganic phosphate was 51 and 

47% with G1 and BC1 inoculations respectively relative to control. Bacterial inoculations 

Am5 (44%), Am4 (30%), Vi2 (30%), Am6 (26%), Am7 (21%) and Am2 (19%) caused 

significant increase in this parameter when compared with control. However, Pi content was 

enhanced only marginally with R2 (8%) and Az1 (5%) inoculations which was not significant 

relative to control.   

CABBAGE (Brassica olaraceae L. var. Capitata) 

Seeds of B. olaraceae var. capitata were surface sterilized and dipped in bacterial suspension 

for 30 minutes. Eight seeds were then transferred under fully axenic conditions to pots 

containing mixture of sterile soil mixture and vermiculite in 1:1 ratio. After germination five 

uniform seedlings were kept in each pot. Each treatment was replicated five times and the 

experiment was repeated three times. The parameters measured at the end of experiment 

included shoot length, root length, number of lateral roots, green and dry biomass, pigment 

content, total soluble protein, Pi and nitrate reductase activity. Seed germination assay was 
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done in separate experiment where seeds were kept on water soaked filter paper in Petri plate. 

Seed germination was recorded daily and percent seed germination was calculated.  

Seed germination 

Seed germination was positively affected by bacterial inoculations and except P. aeruginosa 

Am5 all other strains significantly enhanced seed germination (Table-6.3). The most effective 

inoculum regarding seed germination in cabbage was B. pumilis R2 where seed germination 

was almost equal to 100% (enhancement up to 22.5%). With bacterial inoculations P. 

aeruginosa strains Am3 (19%), Am7 (13%), Am4 (7%) and Am6 (7%) seed germination was 

enhanced significantly relative to control. Increase in this parameter with B. licheniformis 

Am2, B. cereus G1, A. brasilense Az1, B. subtilis BC, B. subtilis Vi2, Pseudomonas E2 was 

8-21% as compared to control seeds.  

Shoot and root growth 

While shoot length was significantly improved by bacterial inoculation, length of the primary 

root was reduced by some strains associated with increase in number of lateral roots as also 

observed in wheat seedlings (Table-6.4). Significant increase in shoot length was recorded 

with great majority of strains except with Am7. Maximum increase in this parameter was 

57% in seedlings inoculated with P. aeruginosa Am3. B. cereus  G1, Pseudomonas E2, B. 

subtilis BC1, P. aeruginosa Am6, B. subtilis Vi2, A. brasilense Az1 and B. licheniformis 

Am2 inoculations caused 53, 51, 46, 47, 42 and 40% increase in this parameter over control 

respectively. Increase in shoot length recorded with B. pumilus R2, P. aeruginosa Am4 and P. 

aeruginosa Am5 was 28, 26 and 18% respectively. Root length was reduced by bacterial 

inoculations in some cases while remained unaltered in some other cases (Table-6.4). Length 

of the primary root in case of seedlings inoculated with P. aeruginosa Am3, Am4, Am5, 

Am6, Pseudomonas E2, B. subtilis BC1, Vi2 and B. pumilus R2 either remained unchanged 

or reduced marginally which was not significant (Table-6.4). Inoculation with bacterial strain 

A. brasilense Az1 and B. licheniformis Am2 strongly reduced root length in two weeks old 

cabbage seedlings. 20 and 17% reduction in primary root length was recorded when seedlings 

were inoculated with these strains respectively over control. Reduction (15%) was recorded in 

seedlings with P. aeruginosa Am7. In these strains reduction in root length was associated 

with increase in number of lateral roots. Decrease in root length with P. aeruginosa Am4 

(10%), P. aeruginosa Am5 (7%) and Pseudomonas sp. E2 (5%) inculcations was not 

significant relative to control. With P. aeruginosa Am3 (3%), P. aeruginosa Am6 (3%), B.
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Table-6. 3 Effect of bacterial inoculation on seed germination in B. olaraceae var. capitata 

under fully axenic conditions 

Treatment %Germination 

Cont 81.5a 

Am3 96.7efg 

Am4 87.1bc 

Am5 83.7ab 

Am6 87.1bc 

Am7 92.2cde 

E2 88.2bc 

BC1 94.2def 

Vi2 89cde 

Am2 98.4fg 

R2 99.8g 

Az1 89.5cd 

G1 94.7def 

Means of 3 plants from three replicates 

Means with different letters in the same column denotes significant difference between treatments (Duncan 

multiple range test; P=0.05) 
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 subtilis BC1 (6%), B. subtilis Vi2 (10%), B. pumilus R2 (3%) and B. cereus (3%) increase in 

root length was also not significant when compared with control. Maximum increase in lateral 

roots was recorded in seedlings inoculated with A. brasilense Az1 (62%) and B. licheniformis 

Am2 (47%) over control. This parameter was enhanced when P. aeruginosa Am7 (29%), B. 

cereus G1 (7%) and P. aeruginosa Am6 (6%) inoculations were used over control. Increase in 

lateral root emergence, though not significant, was recorded in seedling inoculated with the 

rest of the bacterial strains (P. aeruginosa Am3, B. subtilis BC1, B. subtilis Vi2 and B. 

pumilus R2) over control. 

Biomass  

Cabbage seedlings inoculated with PGPR strains accumulated greater biomass in the form of 

fresh weight and dry weight over control (Table-6.4). Total biomass (dry and fresh) was 

maximally enhanced over control with B. cereus G1 inoculation as evident from 53% increase 

in fresh weight and 47% increase in dry weight. Increase in green biomass with P. aeruginosa 

Am3 (53%) was equal to that recorded with G1 however dry biomass showed relatively less 

stimulation (39%) with this inoculation. While stimulation in dry weight (50%) relative to 

control was maximum with B. subtilis BC1, improvement of fresh weight (26%) was lower 

than several bacterial inoculations. Fresh weight of seedlings inoculated with B licheniformis 

Am2, A. brasilense Az1, B. pumilus R2, Pseudomonas E2 and P. aeruginosa am6 and B. 

subtilis Vi2 was enhanced in the range of 21-37% when compared with control. Although 

seedlings inoculated with P. aeruginosa Am5, Am7 and Am4 accumulated respectively 11, 

11 and 5% greater fresh weight over control, however, the increase was not significant 

(Table-6.4). Significant inoculations regarding increase in dry biomass parameter over control 

were Pseudomonas sp. E2 (28%), B. subtilis Vi2 (25%), A. brasilense Az1 (24%) and B. 

pumilus R2 (22%). Some strains of P. aeruginosa including Am4, Am5 and Am6 along with 

B. licheniformis Am2 could only trivially augmented dry weight of the seedling over control 

which was not significant.  

Pigments (Chlorophyll-a, Chlorophyll-b and carotenoids) 

Bacterial inoculation significantly augmented pigment content in two weeks old seedlings of 

cabbage (Table-6.4). Seedlings inoculated with P. aeruginosa Am3, B. pumilus R2,  B. cereus  

G1, Pseudomonas sp. E2, B. subtilis Vi2, B. subtilis BC1and P. aeruginosa Am6 respectively 

synthesized 25, 17, 18, 17, 15, 14.5 and 11% greater chlorophyll-a over control. In case of 

seedlings inoculated with P. aeruginosa Am5, Am7 and A. brasilense Az1 only



Table-6. 4 Effect of PGPR inoculation on different growth parameters of B. olaraceae var. capitata under axenic conditions 

Strains 
Shoot length 

(cm) 

Root length 

(cm) 

Fresh weight 

(mg plant 
-1

) 

Dry weight 

(mg plant 
-1

) 

Number of 

roots 

Chlorophyll-a Chlorophyll-b Carotenoid Protein 

(mg g
-1

 

FW) 

NO2 

(nKat g
-1

 

Protein) 

Pi 

(mg g
-1

 

Proteins) µg g
-1

 FW 

Cont. 4.38a 4.37defg 19a 3.73a 1.7a 1.196a 0.41a 9.43a 381.45a 0.91a 0.78a 

Am3 6.86f 4.48efg 29e 5.17de 1.74ab 1.49d 0.47cd 12.3gh 443.11c 1.32g 1.32e 

Am4 5.52c 3.92abcd 20ab 4a 1.98e 1.34bc 0.42a 10.72bcd 381.47a 1.06bc 1.2d 

Am5 5.19bc 4.05bcde 21abc 4.03a 1.91d 1.17a 0.41a 10.82bcde 387.83a 0.89a 0.76a 

Am6 6.42ef 4.49efg 23cde 4.04a 1.8bc 1.33bc 0.46bc 11.07cde 423.84bc 1.18def 0.93c 

Am7 4.67ab 3.72abc 21abc 3.82a 2.19f 1.2a 0.43ab 11.44defg 384.62a 0.88a 0.91bc 

E2 6.61ef 4.15cdef 23bcde 4.78cd 1.93de 1.38c 0.46cd 12.08fgh 392.52a 1.13cde 1.29e 

BC1 6.4ef 4.63fg 24de 5.6e 1.72a 1.37c 0.48d 12.4h 444.35c 1.2def 1.26e 

Vi2 6.18e 4.8g 22bcd 4.68cd 1.75ab 1.4cd 0.45bc 10.6bcd 401.25ab 1.22ef 0.78a 

Am2 6.13de 3.61ab 23cd 4.12ab 2.5g 1.35c 0.41a 10.15ab 421.74bc 1.1cd 0.9bc 

R2 5.6cd 4.5efg 25d 4.55bc 1.76abc 1.41cd 0.45bc 9.9ab 390.82a 0.97ab 0.95c 

Az1 6.21e 3.48a 26d 4.64cd 2.76h 1.24ab 0.43ab 11.16def 424.2bc 0.98ab 0.85b 

G1 6.7ef 4.48efg 29e 5.49e 1.82c 1.21a 0.54e 11.68efgh 422.27bc 1.29fg 0.95c 

Means of 75 plants from three replicates 

Means with different letters in the same column denotes significant difference between treatments (Duncan multiple range test; P=0.05) 
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inconsequential increase in chlorophyll-a content was observed over control seedlings. 

Chlorophyll-b content in cabbage seedlings was significantly enhanced with B. cereus G1 

(32%), B. subtilis BC1 (17%), P. aeruginosa Am3 (15%), Pseudomonas E2 (12%), B. subtilis 

Vi2 (10%), P. aeruginosa Am6 (12%), and B. pumilus R2 (10%). Increase in chlorophyll-b 

content with the remaining bacterial inoculations was not significant when compared with 

control (Table-6.4). Bacterially inoculated seedlings accumulated greater amount of 

carotenoids over control when analyzed statistically. Maximum increase in total carotenoids 

(31%) was recorded with B. subtilis BC1inoculation relative to control seedlings. Other 

beneficial inoculations were P. aeruginosa Am3, Pseudomonas E2, B. cereus G1, P. 

aeruginosa Am7 and A. brasilense Az1 where 30, 28, 24, 21 and 18% increases in 

carotenoids content over control were recorded.   

Total soluble proteins  

Total soluble proteins in cabbage seedlings were altered less sharply with bacterial 

inoculations and significant increase in this parameter was recorded with 50% bacterial 

inoculations (Table-6.4). Maximum increase in protein accumulation was only 16% with P. 

aeruginosa Am3 and B. subtilis BC1 inoculations over control. Significant increase (11%) in 

total soluble proteins was recorded with P. aeruginosa Am6, B. licheniformis Am2, A. 

brasilense Az1 and B. cereus G1 relative to control. Increase in protein content of the 

seedlings with other bacterial inoculations including P. aeruginosa Am5 (2%), P. aeruginosa 

Am7 (1%), Pseudomonas sp. E2 3%), B. subtilis Vi2 (5%) and B. pumilus R2 (2%) was not 

significant when compared with that of the control seedlings.  

Inorganic phosphate (Pi) 

Availability of phosphate in the form of inorganic phosphate (Pi) was substantially increased 

by bacterial inoculations (Table-6.4). Significantly higher amount of Pi (69%) was 

determined in seedlings inoculated with P. aeruginosa Am3 as compared to control. Increases 

in seedling’s Pi with bacterial inoculations Pseudomonas sp. E2 (65%) and B. subtilis BC1 

(65%) were significant when compared with control. Seedlings inoculated with P. aeruginosa 

Am4, B. pumilus R2, B. cereus G1, P. aeruginosa Am6, Am7 and B. licheniformis Am2 

enhanced Pi content by 54, 22, 22, 19, 16 and 15% respectively. However when seedlings 

were inoculated with P. aeruginosa Am5, decrease (2%) in Pi concentration was recorded 

which was not significant with control. 
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Nitrate reductase activity (NRA) 

Increase in nitrate reductase activity was monitored in seedlings by colorimetric assay (Table-

6.4). Significant improvement in NO3
-
 assimilation by seedlings inoculated with PGPR was 

evident from in vitro assay system. Maximum NR activity (45% enhanced over control) was 

scored in seedlings inoculated with P. aeruginosa Am3. Plant extract obtained from seedlings 

inoculated with B. cereus G1 exhibited 42% greater NR activity over control. Stimulated 

nitrate assimilation (34, 31, 29, 24, 20 and 16% over control) was recorded when  B .subtilis 

Vi2, B. subtilis BC1, P. aeruginosa Am6, Pseudomonas E2, B. licheniformis Am2 and P. 

aeruginosa Am4 were used to inoculate seedlings respectively.  

SUNFLOWER (Helianthus annus L. var. suncross) 

Surface sterilized seeds of sunflower were treated with bacterial suspension for 30 minutes 

under sterile conditions. Seeds were transferred aseptically to pots containing sterile soil 

mixture and vermiculite in equal proportion. Thinning was accomplished after germination by 

keeping five seedlings per pot. Growth parameters were studied after 15 days. Seed 

germination was checked in separate experiment where seeds inoculated with bacteria were 

grown aseptically on water soaked filter paper. Seed emergence was recorded on daily basis. 

Seed germination  

Sunflower (Helianthus annus L. var. suncross) seeds germination was improved to a great 

extent with bacterial inoculation (Table-6.5). Results obtained in seed germination assay 

showed that germination was enhanced by B. pumilus R2 up to 25% over control. Seeds 

treated with P. aeruginosa Am3, B. subtilis BC1 and B. cereus G1 enhanced seed emergence 

by 20% as compared to control. Similarly 19% improvement was achieved in seed inoculated 

with A. brasilense Az1. P. aeruginosa Am6, P. aeruginosa Am4, P. aeruginosa Am7, 

Pseudomonas sp. E2 and  stimulation in seed germination ranged between 8 and 15% over 

control. B. subtilis Vi2 and P. aeruginosa Am4 provoked only marginal increase (3-4%) was 

recorded. 

Seedling height and leaf area 

Seedling height was divided into shoot length and root length. Shoot length was significantly 

enhanced with majority of bacterial inoculations including P. aeruginosa Am3, P. aeruginosa 

Am6, Pseudomonas sp. E2, B. subtilis BC1, B. subtilis Vi2, B. pumilus R2 and B. cereus G1
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Table-6. 5 Effect of bacterial inoculation on seed germination in H. annuus var. suncross 

under fully axenic conditions 

Treatment %Germination 

Cont 79a 

Am3 95efg 

Am4 88cd 

Am5 82ab 

Am6 91de 

Am7 85bc 

E2 85bc 

BC1 95efg 

Vi2 81a 

Am2 90de 

R2 98g 

Az1 94efg 

G1 95efg 

Means of 3 plants from three replicates 

Means with different letters in the same column denotes significant difference between treatments (Duncan 

multiple range test; P=0.05) 
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 relative to control (Table-6.6). Maximum increase was 20% scored with two inoculations 

belonged to the species P. aeruginosa (Am3 and Am6) when compared with control. Increase 

in this parameter was 19% when seeds were inoculated with B. subtilis BC1. Other bacterial 

inoculations significantly stimulating shoot height over control were B. cereus G1 (15%), B. 

subtilis Vi2 (12%), Pseudomonas sp. E2 and B. pumilus R2. Increases in this parameter with 

B. licheniformis Am2 (7%), P. aeruginosa Am4 (7%), P aeruginosa Am5 (2%) and P. 

aeruginosa Am7 (1%) were not significant when compared with that of control. Marginal 

reduction (3%) in shoot length was recorded with A. brasilense Az1 relative to control. Root 

length responded opposite to shoot length in most of the cases. Maximum stimulation in root 

length (14%) over control during the current experiments was scored with B. pumilus R2 

inoculation. Increases in this parameter with P. aeruginosa Am3 (5%), Pseudomonas sp. E2 

(3%) and B. subtilis (4%) were not significant when compared with control. However with the 

rest of the strain significant decline in root length was scored (Table-6.6).  A. brasilense Az1 

and B. licheniformis Am2 reduced root length maximally (32 and 27% respectively) over 

control seedlings.  Reductions in root length with bacterial inoculations P. aeruginosa Am4 

(14%), P. aeruginosa Am7 (16%) and B. subtilis Vi2 (12%) were significant over control. 

Decreases (3-11%) were scored with B. cereus G1, P. aeruginosa Am5 and P. aeruginosa 

Am6 inoculations which was not significant when compared with control. Leaf expansion 

was recorded in seedlings inoculated with rhizosphere isolates. Area of the leaves ranged 

between 21.22 cm
2
 (control) and 38.42 cm

2
 (Am3). Maximum increase was 81% in seedlings 

inoculated with P. aeruginosa Am3. Leaf expansion was enhanced 70, 51, and 48 and 43% in 

seedlings inoculated with B. subtilis BC1, Pseudomonas sp.  E2, B. cereus G1 and P. 

aeruginosa Am6 respectively relative to control. With B. licheniformis Am2, B. pumilus R2, 

A. brasilense Az1 33-38% improvement in this parameter was recorded relative to control. 

Similarly with P. aeruginosa inoculations (Am4, Am5 and Am7) leaf expansion was 

significantly stimulated (16-23%) over control. Only with B. subtilis Vi2 inoculation increase 

in leaf expansion (6%) was not significant when compared with control. 

Biomass  

It was found that rhizosphere bacteria can tremendously improve plant’s green as well as dry 

biomass (Table-6.6). The most significant inoculum was P. aeruginosa Am3 regarding both 

fresh weight and dry weight which caused maximum increase in green biomass (61%) and dry 

biomass (67%) over control. B. subtilis BC1 was equally efficient in improving dry weight 

(67%), however, fresh weight was improved to a lesser extent (49%) over control, when



Table-6. 6 Effect of bacterial inoculation on different growth parameters of H. annuus var. suncross under axenic conditions 

Strains 
Shoot length 

(cm) 

Root length 

(cm) 

Fresh weight 

(g plant 
-1

) 

Dry weight 

(g plant 
-1

) 

Leaf area 

(cm
2
) 

Chlorophyll-a Chlorophyll-b Carotenoid Protein 

(mg g
-1

 

FW) 

NO2 

(nKat g
-1

 

Protein) 

Pi 

(mg g
-1

 
Proteins) µg g

-1
 FW 

Cont. 14.25ab 3.32ef 3.42a 0.18a 21.22a 63.49a 47.19a 21.4b 107.31a 0.93a 1.13a 

Am3 17.16f 3.5fg 5.5g 0.3h 38.42h 89.56g 60.45e 24.3de 185.16g 1.45f 1.67e 

Am4 15.29bcd 2.84cd 4.01bc 0.25fg 26.02b 69.5cd 52.48c 21.36b 126.25b 1.24cd 1.29b 

Am5 14.59abc 2.94cde 3.47a 0.18a 24.56b 66.8bc 50.05b 21.61b 114.46a 1.09b 1.12a 

Am6 17.07f 3de 4.4bcd 0.24ef 30.37de 75.88e 60.18e 24.89e 174.17e 1.26cd 1.52d 

Am7 14.34ab 2.78bc 3.37a 0.2ab 24.99b 65.23ab 50.93bc 24.49de 107.6a 0.97a 1.19ab 

E2 15.97def 3.42fg 4.59cde 0.26fg 32.13f 81.63f 55.87d 23.01c 152.93d 1.42f 1.49d 

BC1 16.97ef 3.44fg 5.09ef 0.3h 36.02g 89.58g 58.9e 26.2f 192.48f 1.4f 1.65e 

Vi2 15.92def 2.91cd 4.12bc 0.22cd 22.49a 76.81e 54.39d 23.4cd 128.75b 1.18cd 1.39c 

Am2 15.29bcd 2.43ab 4.07bc 0.21bc 29.38cd 64.31ab 49.83b 24.19de 146.28cd 1.22cd 1.2ab 

R2 15.73cde 3.8g 4.81de 0.23de 28.21cd 82.92f 55.31d 21.17b 125.31b 1.3ef 1.55d 

Az1 13.77a 2.26ab 4.19bc 0.21bcd 28.58cd 70.33d 50.03b 22.94c 140.97cd 0.92a 1.19ab 

G1 16.43def 3.23def 4.84de 0.27h 31.37ef 87.23g 60.6e 19.12a 187.7f 1.31de 1.71e 

Means of 75 plants from three replicates 

Means with different letters in the same column denotes significant difference between treatments (Duncan multiple range test; P=0.05) 
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compared with Am3. Bacterial inoculation B. cereus G1 was able to cause 50% increase in 

dry weight and 41% increase in fresh weight. Similarly seedling inoculated with P. 

aeruginosa Am4 gathered 39% greater dry weight and 17% more fresh weight over control. 

Increase fresh weight and dry weight was 29 and 33% respectively with P. aeruginosa Am6 

inoculation over control. Increases in fresh and dry weight ranged between 34 to 44% with 

Pseudomonas sp. E2 inoculation relative to control. Bacterial isolates including B. subtilis 

Vi2 (20 and 22%), B. licheniformis Am2 (19 and 17%), and A. brasilense Az1 (23 and 17%) 

enhanced seedling’s dry matters and fresh weight over control significantly (p=0.05). At the 

same time increase in biomass content by B. pumilus R2 and P. aeruginosa Am6 ranged 

between 28 and 41% relative to control. With P. aeruginosa Am5 inoculation increase in the 

biomass parameters was not significant relative to control. 

Pigments (Chlorophyll-a, Chlorophyll-b and carotenoids) 

Pigments content in sunflower seedlings was significantly stimulated by bacterial inoculation 

with few exceptions where increase was not significant statistically (p=0.05; Table-6.6). 

Chlorophyll-a content ranged between 63.49µg g
-1

 to 89.58µg g
-1

. Most efficient strain 

regarding chlorophyll-a content were P. aeruginosa Am3 and B. subtilis BC1 where 

significant stimulation (41%) in this parameter over control was recorded. Similarly 

chlorophyll-b content was affected by these strains up to 28 and 25% respectively. Increase in 

chlorophyll-a content with bacterial inoculations B. cereus G1 (37%), B. pumilus R2 (31%), 

Pseudomonas sp. E2 (29%), B. subtilis Vi2(21%), A. brasilense Az1 (11%), P. aeruginosa 

Am4 (9%) and P. aeruginosa Am5 (5%) was statistically significant over control. With these 

inoculations chlorophyll-b synthesis was enhanced in a range of 6-28% relative to control. 

Carotenoids content was also significantly altered (though not universally) with bacterial 

treatment (Table-6.6). At the same time chlorophyll to carotenoids ratio was also enhanced 

the bacterial inoculations.  The most influential strains regarding carotenoids content, was B. 

subtilis BC1 where the process was enhanced up to 22%. Some strains including P. 

aeruginosa Am4, B. pumilus R2 and B. cereus G1 reduced the process of carotenoids content 

0.2, 1 and 11% respectively, however, the difference was not significant when compared with 

control (Table-6.6). In case of P. aeruginosa Am6 and Am7 the parameter was enhanced up 

to 16 and 14% respectively. Stimulation in carotenoids content of the seedlings was 14, 13, 9 

and 8, 7% with P. aeruginosa Am3, B. licheniformis Am2, B. subtilis Vi2, Pseudomonas sp. 

E2 and A. brasilense Az1 respectively.  
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Total soluble protein 

A number of the selected strains significantly enhanced total protein content in sunflower 

seedlings grown under axenic conditions (Table-6.6). B. subtilis BC1 and P. aeruginosa Am3 

inoculations caused maximum increase (79 and 73% respectively over control) in protein 

content. Proteins accumulation was significantly enhanced with B. cereus G1 (75%), P. 

aeruginosa Am6 (62%), Pseudomonas sp. E2 (43%), B .licheniformis Am2 (36%), A. 

brasilense Az1 (31%), P. aeruginosa Am4 (18%), B. subtilis Vi2 (20%) and B. pumilus R2 

(17%) inoculations over control.  With P. aeruginosa Am5 inoculation increase in protein 

content (7%) over control was not significant.  

Inorganic phosphate (Pi) 

Phosphate availability was checked in the form of Pi in the seedlings. Content of Pi ranged 

between 1.13 mg g
-1

 proteins (control) and 1.71 mg g
-1

 proteins (G1). Bacterial was proved 

significant in terms of Pi accumulation in sunflower seedlings under axenic conditions (Table-

6.6). Maximum Pi was accumulated in seedlings co-cultivated with B. cereus G1 where 51% 

increased over control was recorded. P. aeruginosa Am3 and B. subtilis BC1 enhanced Pi of 

the seedlings by 48 and 46% respectively. Inoculation with P. aeruginosa Am6 Pseudomonas 

E2 and B. subtilis Vi2 caused 34, 32 and 23% increased in this parameter over control. Some 

strains including P. aeruginosa Am7 (5%), B. licheniformisAm2 (6%) and A. brasilenseAz1 

(5%) were statistically non influential regarding Pi content. Contrary to the above mentioned 

inoculations P. aeruginosa Am5 reduced this trait by 1% over control.  

Nitrate reductase activity 

Greater in vitro nitrate reductase activity (NRA) was recorded in extract taken from seedlings 

co-cultivated with bacterial inoculations (Tabel-8.6). NRA ranged between 0.93 (control) and 

1.45 nKat g
-1

 Prot. (P. aeruginosa Am3). Seedlings inoculated with P. aeruginosa Am3 were 

able to assimilate 56% more nitrate as compared to control. Assimilation of nitrate was 52.7, 

51 and 40% stimulated with Pseudomonas sp. E2, B. subtilis BC1 and B. Pumilis R2 strains 

when compared with control. In seedlings inoculated with P. aeruginosa Am4, B. 

licheniformis Am2, P. aeruginosa Am6, P. aeruginosa Am5 and B. subtilis Vi2 NRA was 

enhanced by 33, 31, 36, 17 and 27% respectively over control. On the other hand the enzyme 

activity was either enhanced (4%) or reduced (1%) only marginally P. aeruginosa Am7 and 

A. brasilenseAz1 inoculations respectively when compared with control. 
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PHYTOSTIMULATION BY CYANOBACTERIA 

WHEAT (Triticum aestivum L. var. Uqab 2000) 

Experimental design and seed inoculation procedure was essentially the same as described in 

case of bacteria. Seeds were dipped for 30 minutes in cyanobacterial suspension adjusted to 

0.1 µg chlorophyll-a. After germination under axenic condition 5 uniform seedlings were kept 

in each pot and consequently, 25 seedlings get the same treatment. The experiments were 

repeated three times. The growth parameter studies after 15 days are reported below. 

Seed germination 

Germination of seeds was improved unequivocally by cyanobacterial inoculation over control 

(Table-6.7). Maximum seeds germination was 99%, observed in case of Anabaena sp. Ck1 

and Phormidium sp. Ck3 respectively which was 20% greater over control. Oscillatoria sp. 

Ck2, Synechocystis sp. Ck5 and Chroococcidiopsis sp. Ck4 enhanced seed germination by 

14%, 13% and 11% respectively over control. 

Shoot and root growth 

Seedlings inoculated with cyanobacteria showed remarkable increase in shoot height (Table-

6.8). In control seedlings shoot length was 15.9 cm. Inoculation with Phormidium sp. Ck3 

caused maximum increase in shoot height (52%) relative to control. With Chroococcidiopsis 

sp. Ck4 (49%), Anabaena sp. Ck1 (40%) and Oscillatoria sp. Ck2 (22%) significant increase 

over control was scored. Although Synechocystis sp. Ck5 also increased the shoot height (6%) 

however the increase was not significant when compared with control (Table-6.8). Primary 

root length was also significantly enhanced with cyanobacterial inoculations except Anabaena 

sp. Ck1 where reduction in this parameter was recorded (Table-6.8).  Maximum root length 

was recorded in seedlings inoculated with Phormidium sp. Ck3 which was 24% greater as 

compared to control. Increase in root length with Chroococcidiopsis sp. Ck4 (22%) and 

Oscillatoria sp. Ck2 (13%) was significant relative to control. Synechocystis sp. Ck5 

inoculation caused increase (5%) in root length which was not significant. With majority of 

cyanobacterial inoculations stimulation in lateral roots emergence, a typical auxins response 

was recorded (Table-6.8). Maximum increase in number of lateral roots (52%) over control 

was recorded with Anabaena sp. Ck1, the most prolific IAA secretor in the culture media. 

Stimulation in lateral root emergence ranged between 45-54% with Phormidium sp. Ck3, 



Table-6. 7 Effect of cyanobacterial inoculation on seed germination in T. aestivum var. Uqab 2000 under fully axenic conditions 

Treatment Germination (%) 

Control 83a 

Anabaena sp. Ck1 99c 

Oscillatoria sp. Ck2 94b 

Phormidium sp. Ck3 99c 

Chroococcdiopsis sp. Ck4 92b 

Synechocystis sp. Ck5 93b 

 

Table-6. 8 Effect of cyanobacterial inoculation on different growth parameters of T. aestivum var. 2000 under axenic conditions 

Strains 
Shoot length 

(cm) 

Root length 

(cm) 

Fresh weight 

(g plant 
-1

) 

Dry weight 

(g plant 
-1

) 

Lateral 

roots 

Chlorophyll-a Chlorophyll-b Carotenoid Protein 

(mg g
-1

 

FW) 

NO2 

(nKat g
-1

 

Protein) 

Pi 

(mg g
-1

 
Proteins) µg g

-1
 FW 

Cont. 
15.9a 3.93b 1.82a 0.25a 3.14a 47.68a 12.03a 10.17a 667.53a 0.92a 0.96a 

Anabaena sp. Ck1 
22.23bc 3.23a 2.29d 0.33a 4.77c 63.19b 12.39a 10.78a 714.17b 1.51c 1.68e 

Oscillatoria sp. Ck2 
19.35b 3.44ab 2.09b 0.37b 4.06b 66.95c 14.42c 14.16b 744.52b 1.52c 1.41c 

Phormidium sp. Ck3 
24.2c 4.86c 2.25cd 0.41c 2.97a 69.45cd 14.97c 14.6b 826.52c 1.56d 1.45cd 

Chroococcidiopsis sp. 

Ck4 

23.72c 4.79c 2.55e 0.37b 4.63c 70.86d 13.24b 14.71b 801.17c 1.66e 1.52d 

Synechocystis sp. 

Ck5 

16.79a 4.13b 2.12bc 0.35a 4.57c 47.08a 12.33a 10.23a 670.82a 1.15b 1.05b 

Means of 75 plants from three replicates 

Means with different letters in the same column denotes significant difference between treatments (Duncan multiple range test; P=0.05) 
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Synechocystis sp. Ck5 and Chroococcidiopsis sp. Ck4. Increase in this parameter with 

Oscillatoria sp. Ck2 was 29% over control.  

Biomass  

Like other parameters, biomass of wheat seedlings was also significantly improved by 

cyanobacterial inoculations (Table-6.8). Chroococcidiopsis sp. Ck4 was the most successful 

inoculation for stimulation of green (40%) as well as dry biomass (88%) over control. Next to 

Ck4 was Phormidium sp. Ck3 which enhanced fresh weight (24%) and dry weight (64%) 

significantly relative to control. Anabaena sp. Ck1, Synechocystis sp. Ck5 and Oscillatoria sp. 

Ck2 enhanced seedlings fresh weight by 26, 16 and 15% respectively. Seedlings inoculated 

with Oscillatoria sp. Ck2 accumulated 48% greater dry matters over control. Response in 

terms of gain in dry weight to Anabaena sp. Ck1 (32%) and Synechocystis sp. Ck5 (40%) 

inoculation was also significant as compared to uninoculated seedlings (Table-6.8). 

Pigments (Chlorophyll-a, Chlorophyll-b and carotenoids) 

Pigments were analyzed by spectrophotometer. With most of the cyanobacteria inoculations 

(though not all) seedling’s pigments content was significantly enhanced over control (Table-

6.8). Among different pigments stimulation in chlorophyll-a content was greater with 

cyanobacterial inoculations as compared to other pigments. Amount of chlorophyll-a was 

47.68µg g
-1

 in control seedling which was enhanced maximally (49%) with 

Chroococcidiopsis sp. Ck4 inoculation. This inoculation also caused maximum stimulation in 

chlorophyll-b (27%) and carotenoids (45%) content relative to control. Inoculation with 

Phormidium sp. Ck3 caused almost similar increase in chlorophyll-a (46%) and carotenoids 

(44%) synthesis however chlorophyll-b content (24%) was stimulated to a relatively lesser 

extent.  The same trend was observed with Oscillatoria sp. Ck2 inoculation. While Anabaena 

sp. Ck1 significantly increased Chlorophyll-a content (33%) over control, the other two 

pigments remained unchanged (not significant) with this inoculation. With Synechocystis sp. 

Ck5 no significant alteration was recorded in pigments content of the seedlings.     

Total soluble proteins 

Except Synechocystis sp. Ck5 where protein content showed no significant variations, all 

other strains significantly enhanced protein content relative to control (Table-6.8). the most 

significant improvement over control was caused with Phormidium sp. Ck3 inoculation (24%) 

followed by Chroococcidiopsis sp. Ck4 (20%). Seedlings co-cultivated with Oscillatoria sp. 



Chapter 6                     PHYTOSTIMULATION (AXENIC CONDITIONS) 
 

Phytohormones cytokinins and IAA from microbial origin and their impact on plant growth Page 141 
 

Ck2 amassed 11% greater amount of total soluble proteins when compared with control.  

While stimulation in this parameter with Anabaena sp. Ck1 (7%) was not significant, no 

increase with Synechocystis sp. Ck5 was recorded relative to control. 

Inorganic phosphate (Pi) 

Availability of Pi was greatly improved in wheat seedlings under axenic conditions with 

cyanobacterial inoculations (Table-6.8). Accumulation of Pi in the tissues was enhanced up 

maximally (75%) as a result of Anabaena sp. Ck1 inoculation over uninoculated seedlings. 

Next to Anabaena sp. Ck1 were Chroococcidiopsis sp. Ck4 (58%), Phormidium sp. Ck3 

(51%) and Oscillatoria sp. Ck2 (47%) where significant stimulation in this parameter was 

recorded. With Synechocystis sp. Ck5 inoculation increase in pi accumulation was relatively 

less (9%) over control. 

Nitrate reductase activity (NRA) 

A trend of increasing nitrate reductase activity was recorded in the seedlings inoculated with 

cyanobacteria (Table-6.8). In vitro assay for NRA indicated a maximum increase of 80% over 

control caused with Chroococcidiopsis sp. Ck4 inoculation. Other inoculations including 

Phormidium sp. Ck3, Oscillatoria sp. Ck2, Anabaena sp. Ck1 and Synechocystis sp. Ck5 

enhanced the uptake of nitrate by 70, 65, 64% and 25% respectively over control. 

CABBAGE (Brassica olaraceae L. var. Capitata) 

Seeds of B. olaraceae var. capitata were surface sterilized, dipped in cyanobacterial bacterial 

suspension for 30 minutes and transferred to pots. Each treatment was replicated five times 

and the experiment was repeated three times. The parameters measured at the end of 

experiment included shoot length, root length, number of lateral roots, increase in biomass, 

pigments contents, total soluble protein, Pi and nitrate reductase activity. Seed germination 

assay was done in separate experiment where seeds were kept on water soaked filter paper in 

Petri plate. Seed germination was recorded daily and percent seed germination was calculated.  

Seed germination 

All cyanobacterial strains made valuable contributions to provoke seed germination in 

cabbage under axenic conditions (Table-6.9). Chroococcidiopsis sp. Ck4 enhanced seeds 

germination to the maximum (23%) over control. Seed germination was 19% greater over 

control when seeds were inoculated with Anabaena sp. Ck1. Oscillatoria sp. Ck2 and 
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Phormidium sp. Ck3 initiated similar response by 14% enhancement in seed germination as 

compared to uninoculated seeds.  Synechocystis sp. Ck5 also improved seed germination 

significantly over control. 

Shoot and root growth 

In uninoculated seedling shoots attained a height of 4.55 cm after two weeks which was 

significantly stimulated with cyanobacterial inoculations except Oscillatoria sp. Ck2 and 

Phormidium sp. Ck3 where increase in this parameter was not significant. Maximum increase 

in shoot length was 39% over control with Anabaena sp. Ck1 inoculation.  28.3% and 22.8% 

increase over control respectively was recorded in seedling height with Synechocystis sp. Ck5 

and Chroococcidiopsis sp. Ck4 inoculations. Although Oscillatoria sp. Ck2 and Phormidium 

sp. Ck3 enhanced shoot length by 11% and 7% however the increase was statistically not 

significant as compared to control (Table-6.10).Variations in primary root length and number 

of lateral root as a result of cyanobacterial colonization were analyzed statistically to reach 

conclusion about their effectiveness (Table-6.10). In uninoculated seedlings root length was 

4.8 cm and number of lateral roots was 1.31 per plant. A trend of increase in lateral root 

emergence associated with some stimulation in root elongation (though not significant in most 

of the cases) was scored with cyanobacterial inoculations (Table-6.10). Anabaena sp. Ck1 

was exception to this general trend where increase (36%) in root branching was associated 

with significant retardation in primary root length (34%) over control. when seedlings were 

inoculated with Phormidium sp. Ck3, root elongation (10%) as well as lateral root emergence 

(5%) was stimulated however increase in both cases was not significant relative to control. In 

seedlings co-cultivated with Chroococcidiopsis sp. Ck4, Oscillatoria sp. Ck2 and 

Synechocystis sp. Ck5 though both these parameters were enhanced over control however the 

difference in inoculated and uninoculated seedlings was not significant. 

Biomass  

Seedlings associated with cyanobacterial inoculations in general showed improvement in 

biomass parameter as compared to control seedlings (Tabel-6.14). Inoculation with Anabaena 

sp. Ck1 inoculation caused maximum increase in fresh (77%) as well as dry weight (40%). 

Next to Ck1 was Synechocystis sp. Ck5 which caused 61 and 36% increase in green and dry 

biomass respectively when compared with control. Stimulation in fresh matters with 

Chroococcidiopsis sp. Ck4 (46%), Oscillatoria sp. Ck2 (37%) and Phormidium sp. Ck3



Table-6. 9 Effect of cyanobacterial inoculation on seed germination in B. olaraceae var. capitata under fully axenic conditions 

Treatment Germination (%) 

Control 81a 

Anabaena Ck1 97c 

Oscillatoria Ck2 92bc 

Phormidium Ck3 92bc 

Chroococcidiopsis Ck4 100cd 

Synechocystis Ck5 91b 

 

Table-6. 10 Effect of cyanobacterial inoculation on different growth parameters of B. olaraceae var. capitata under axenic conditions 

Strains 
Shoot length 

(cm) 

Root length 

(cm) 

Fresh weight 

(g plant 
-1

) 

Dry weight 

(g plant 
-1

) 

Lateral 

roots 

Chlorophyll-a Chlorophyll-b Carotenoid Protein 

(mg g
-1

 

FW) 

NO2 

(nKat g
-1

 

Protein) 

Pi 

(mg g
-1

 
Proteins) µg g

-1
 FW 

Cont. 
4.55a 4.8b 19.89a 4.32a 1.31a 1.06a 0.64a 0.23a 351.31a 1.06a 0.78a 

Anabaena sp. Ck1 
6.35d 3.15a 35.12e 6.06e 1.78d 1.73e 1d 0.35c 452.9b 1.68e 1.37d 

Oscillatoria sp. Ck2 
5.06abc 3.47a 27.27c 5.22c 1.72c 1.52c 0.72b 0.27ab 433.37b 1.22b 1.24c 

Phormidium sp. Ck3 
4.87ab 3.27a 22.29b 4.59b 1.37b 1.27b 0.69ab 0.34c 364.23a 1.16b 0.96b 

Chroococcidiopsis sp. 

Ck4 

5.59bcd 4.63b 29.06c 5.84d 1.43b 1.3b 0.8c 0.28b 436.65b 1.56d 1.34cd 

Synechocystis sp. Ck5 
5.84cd 3.56a 32.03d 5.87d 1.81d 1.62d 0.77c 0.25ab 441.18b 1.41c 1.42d 

Means of 75 plants from three replicates 

Means with different letters in the same column denotes significant difference between treatments (Duncan multiple range test; P=0.05) 
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(12%) inoculations was significant over control. While dry biomass was significantly 

enhanced with Oscillatoria sp. Ck2 (21%) and Chroococcidiopsis sp. Ck4 (35%) the 

stimulation with Phormidium sp. Ck3 (6%) was not significant when compared with that of 

control. 

Pigment (Chlorophyll-a, Chlorophyll-b and carotenoids) 

Response of different pigments content in seedlings to cyanobacterial colonization was 

evaluated (Table-6.10). With cyanobacterial inoculations chlorophyll-a was stimulated 

maximally though some exceptions (Phormidium sp. Ck3 and Chroococcidiopsis sp. Ck4), 

where either chlorophyll-b or carotenoids showed highest response, were recorded. 

Inoculation with Anabaena sp. Ck1 caused 63, 56 and 52% increase in chlorophyll-a, b and 

carotenoids content of the seedlings respectively. Chroococcidiopsis sp. Ck4 caused uniform 

increase in chlorophyll and carotenoids content (22-25%) when compared with control. 

Oscillatoria sp. Ck2 inoculations caused significant increase in chlorophyll-a (43%), 

chlorophyll-b (13%) and carotenoids (17%) relative to control. While chlorophyll-a and 

carotenoids content was significantly enhanced with Phormidium sp. Ck3 inoculation, 

chlorophyll-b synthesis showed only trivial increase in seedlings co-cultivated with this 

cyanobacterium. Synechocystis sp. Ck5 inoculation caused only marginal increase (95) in 

carotenoids accumulation associated with 53 and 20% increase in chlorophyll-a and 

chlorophyll-b content relative to control. 

Total soluble proteins 

Majority of cyanobacterial inoculations, except Phormidium sp. Ck3, caused significant 

increase in total soluble content of cabbage seedlings (Table-6.10). Maximum increase in this 

parameter (29%) was recorded with Anabaena sp. Ck1. Increase in protein content of 

seedlings co-cultivated with Oscillatoria sp. Ck2 (23%), Chroococcidiopsis sp. Ck4 (24%) 

and Synechocystis sp. Ck5 (26%) inoculations was significant relative to that of control. 

Phormidium sp. Ck3 inoculation caused only marginal increase (4%) in this parameter over 

control. 

Inorganic phosphate (Pi) 

Seedling’s Pi availability was enhanced significantly as a result of cyanobacterial inoculation 

(Table-6.10). This parameter was 82% enhanced with Synechocystis sp. Ck5 relative to 

uninoculated seedlings. Stimulation in Pi accumulation with Anabaena sp. Ck1 and 
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Chroococcidiopsis sp. Ck4 was 76 and 72% respectively over control. Seedling co-cultivated 

with Oscillatoria sp. Ck2 and Phormidium sp. Ck1 showed 59% and 23% increase in this 

parameter.  

Nitrate reductase activity 

The activity of nitrate reductase enzyme was enhanced significantly as a result of 

cyanobacterial inoculations when assayed in vitro (Table-6.10). Nitrate reductase activity of 

cabbage seedlings was improved maximally (58%) with Anabaena sp. Ck1 inoculation as 

compared to uninoculated seedlings. Nitrate assimilation was enhanced significantly (47%) 

with Chroococcidiopsis sp. Ck4 as evident from in vitro assay. Activity of this enzyme was 

significantly greater in seedlings co-cultivated with Synechocystis sp. Ck5 (33%), Oscillatoria 

sp. Ck2 (15%) and Phormidium sp. Ck3 (9%) inoculations. 

SUNFLOWER (Helianthus annus L. var. Suncross) 

Sunflower seeds were inoculated with cyanobacterial suspension for 30 minutes under sterile 

conditions at room temperature. Each treatment was replicated five times and each replicate 

was composed of five seedlings. Growth parameters were studied after 15 days. Seed 

germination was checked in separate experiment where seeds inoculated with cyanobacteria 

were grown aseptically on water soaked filter paper.  

Seed germination 

Seed germination varied between 77% and 90%. Maximum increase in seed germination was 

observed was 17% in case of Anabaena Sp. Ck1 inoculation. Oscillatoria sp. Ck3 and 

Chroococcidiopsis sp. Ck4 were able to enhance seed germination by 11% and 10% 

respectively (Table-6.11). However, Phormidium sp. Ck2 and Synechocystis sp. Ck5 resulted 

decline in seed germination by 0.5 and 3.6% respectively, which was not significant when 

compared with control. 

Shoot and root growth  

 Shoot height and root length were also significantly improved with cyanobacterial 

inoculations although there were some exceptions to this general trend (Table-6.12). Shoot 

elongation was enhancement was 44 and 43% over control with Phormidium sp. Ck3 and 

Chroococcidiopsis sp. Ck4 inoculations respectively. When seedlings were co-cultivated with 

Oscillatoria sp. Ck2, Synechocystis sp. Ck5 and Anabaena sp. Ck1 increase in this parameter 
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ranged between 10 and 23% over control was recorded. While primary root length was 

significantly enhanced with Phormidium sp. Ck3 (19%) and Chroococcidiopsis sp. Ck4 

(17%) inoculations, stimulation in this parameter was not significant with Synechocystis sp. 

Ck5. Inoculation with Oscillatoria sp. Ck2 caused no alteration in this parameter. 

Leaf area (cm
2
) 

Leaf expansion was universally stimulated with all cyanobacterial inoculation studied (Table-

6.12). However the most efficient inoculation in this regard was Chroococcidiopsis sp. Ck4 

which caused 63% increase in this parameter relative to control. Next to Ck4 was 

Synechocystis sp. Ck5 inoculation where 59% enhancement in leaf expansion was scored. 

Stimulation in leaf expansion ranged between 20 and 36% with Oscillatoria sp. Ck2, 

Anabaena sp. Ck1 and Phormidium sp. Ck3 inoculations. 

Biomass  

Biomass parameters showed significant response when seedlings were co-cultivated with 

cyanobacterial inoculations (Table-6.12). Majority of cyanobacterial inoculations (Anabaena 

sp. Ck1, Oscillatoria sp. Ck2 and Phormidium sp. Ck3) caused relatively greater stimulation 

in dry biomass however with Synechocystis sp. Ck5 green biomass showed greater response. 

Chroococcidiopsis sp. Ck4 caused similar increase in green and dry biomass (32%) relative to 

their respective control.  

Pigments (Chlorophyll-a, Chlorophyll-b and carotenoids) 

Pigments content was monitored in control as well as seedlings inoculated with 

cyanobacterial strains (Table-6.12). Pigment content was significantly stimulated with 

cyanobacterial inoculations when compared with control. Chroococcidiopsis sp. Ck4 caused 

51, 59 and 44% increase in chlorophyll-a, b and carotenoids content of the seedlings 

respectively as compared to control. With Anabaena sp. Ck1 and Phormidium sp. Ck3 

chlorophyll-a content was enhanced to the same extent (47%) over control. Nevertheless 

former inoculation was relatively more efficient to increase chlorophyll-b (52%) and 

carotenoids (32%) accumulation in sunflower seedlings. Cyanobacterial inoculation 

Oscillatoria sp. Ck2 caused significant increase in chlorophyll-a (20%), chlorophyll-b (26%) 

and carotenoids (25%) content over control. With Synechocystis sp. Ck5 increase in 

chlorophyll-a, b and carotenoids was 13-27% relative to control.



Table-6. 11Effect of cyanobacterial inoculation on seed germination in H. annuus var. suncross under fully axenic conditions  

 

Germination (%) 

Cont 77a 

Anabaena sp. Ck1 90c 

Oscillatoria sp. Ck2 77a 

Phormidium sp. Ck3 86bc 

Chroococcidiopsis sp. Ck4 85bc 

Synechocystis sp. Ck5 74a 

 

Table-6. 12 Effect of cyanobacterial inoculation on different growth parameters of Sunflower under axenic conditions 

Strains 
Shoot length 

(cm) 

Root length 

(cm) 

Fresh 

weight 

(g plant 
-1

) 

Dry weight 

(g plant 
-1

) 

Leaf area 

(cm
2
) 

Chlorophyll-a 
Chlorophyll-

b 

Carot

enoid Protein 

(mg g
-1

 FW) 

NO2 

(nKat g
-1

 

Protein) 

Pi 

(mg g
-1

 
Proteins) µg g

-1
 FW 

Cont. 
13.08a 4.08c 3.39a 0.19a 20.66a 59.52a 42.72a 21.5a 122.29a 1.11a 1.03a 

Anabaena sp. Ck1 
14.37b 2.19a 3.89b 0.24bc 24.85b 70.71b 54.91c 26.92bc 161.83c 1.23a 1.38c 

Oscillatoria sp. 

Ck2 

15.89c 3.06b 4.03b 0.24bc 25.17b 71.71b 53.83bc 31.05d 178.64d 1.49b 1.45cd 

Phormidium sp. 

Ck3 

16.03c 2.85b 4.14bc 0.28d 28.09c 89.7c 68.07d 25.07b 143.17b 1.67bc 1.7e 

Chroococcidiopsis 

sp. Ck4 

18.66d 2.77b 4.49cd 0.25cd 33.76d 87.28c 62.23d 28.31c 191.73d 1.79c 1.53d 

Synechocystis sp. 

Ck5 

18.78d 2.86b 4.82d 0.21ab 32.75d 67.09b 48.59ab 27.29bc 147.12bc 1.58bc 1.22b 

Means of 75 plants from three replicates 

Means with different letters in the same column denotes significant difference between treatments (Duncan multiple range test; P=0.05) 
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Total soluble proteins 

Seedlings co-cultivated with cyanobacterial inoculations accumulated significantly greater 

amount of proteins as compared to uninoculated seedlings (Table-6.12). With 

Chroococcidiopsis Ck4 and Oscillatoria Ck2 inoculations 57 and 46% increase in protein 

content was recorded. Inoculation with Anabaena sp. Ck1, Synechocystis sp. Ck5 and 

Phormidium sp. Ck3 caused 32, 20 and 17% increase in this parameter relative to control. 

Inorganic Phosphate (Pi) 

Bioavailability of phosphate was checked in the form inorganic phosphate content in the 

tissues. Cyanobacterial associations with sunflower significantly enhanced content of 

inorganic phosphate (Table-6.12). Phosphate availability was enhanced (66%) with 

Phormidium sp. Ck4 over control. Chroococcidiopsis sp. Ck4 (48%) and Oscillatoria sp. Ck2 

(41%) caused significant increase in this parameter when compared with control. Increase in 

Pi content of the seedlings was 18-34% with Synechocystis sp. Ck5 and Anabaena sp. Ck1 

inoculations relative to control. 

Nitrate reductase activity (NRA) 

Nitrate reductase activity was 1.11 nkat g
-1

 proteins in control seedlings assayed through in 

vitro system. Cyanobacterial inoculations significantly enhanced activity of this enzyme over 

control (Table-6.12). Maximum increase was 61.3% over control recorded with 

Chroococcidiopsis sp. Ck4 inoculation. Another valuable inoculation was Phormidium sp. 

Ck3 where increase in NRA was 50% over control. With Synechocystis sp. Ck5, Oscillatoria 

Ck2 and Anabaena sp. Ck1 increase in this parameter was 42, 34 and 11% as compared to 

control. 
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DISCUSSION 

Bacterial strains used as PGPR bacterial in the study belonged to three different genera i.e. 

Bacillus, Pseudomonas and Azospirillum. Species belonged to the genus Pseudomonas (Am3, 

Am4, AM5, Am6, Am7 and E2) showed more or less greater affinity for wheat seedling. 

Among the selected strains P. aeruginosa Am3 generated the most consistent response in all 

seedlings. This strain improved pigment content, seedling fresh weight and NO3
-
 assimilation 

more effectively in wheat seedlings. However in case of sunflower dry biomass and protein 

content were enhanced to a greater extent as compared to wheat. The strains P. aeruginosa 

Am4, Am5 and Am7 As well as Pseudomonas sp. E2 performed much better when used to 

inoculate wheat seedlings. However, these strains differ significantly in their growth 

promotion potential. On the other hand P. aeruginosa Am6 was equally good to improve 

growth in wheat and sunflower. All growth parameters in sunflower seedlings were 

significantly enhanced by this strain. Several species of Pseudomonas particularly P. 

fluorescence, P. putida and P. aeruginosa have attracted the attention of researchers for their 

plant growth promotion properties (Artursson et al. 2006; Adesemoye et al. 2008; Kumar et 

al. 2009; Choudhary et al. 2009). However beneficial interaction of P. aeruginosa with wheat, 

cabbage and sunflower seedlings is reported for the first time. Among two strains of B. 

subtilis used in this study, Vi2 was more specific in response, which had a greater effect on 

wheat. In comparison to Vi2 B. subtilis BC1 improved growth in wheat as well as sunflower 

in a similar way. B. licheniformis Am2 showed similar behavior as BC1. The strain B. 

pumilus R2 was proved as a more efficient inoculum in case of wheat and sunflower. B. 

cereus G1 showed consistent results with all the three plant genotypes. A. brasilense 

Az1potentialy improved growth in wheat and cabbage to a similar extent. From these results 

it is evident that wheat (monocotyledon) plant was more successful in making association 

with rhizobacterial isolates. Difference in the efficacy of bacterial isolates to improve plant 

growth in different crop plants may be due to the differential affinity of the strains to colonize 

the roots and survive in the rhizosphere (Chabot et al. 1996). By critically analyzing the 

results P. aeruginosa Am3, B subtilis BC1 and B. cereus G1were proved to be more suitable 

for improvement of different growth parameters in the selected crops. Other strains including 

B. pumilus R2, B. subtilis Vi2, Pseudomonas E2 and A. brasilense Az1 also showed better 

performance in the current system. Although species from different genera showed 

differences in their potential to promote plant growth however their overall effect was similar. 

Rhizosphere isolates Pseudomonas and Bacillus have the ability to display growth promoting 
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in multiple plants (Ahmad et al. 2008). There are several reports where the plant growth 

promoting ability of rhizobacteria is connected to nitrogen fixation (Hartmann and Bashan 

2009; Van Dommelen et al. 2009) but still other emphasis on the phytohormonal role in such 

associations (Malhotra and Srivastava 2008). P. aeruginosa have the ability to enhance plant 

growth by using phytohormones as a tool in addition to phosphate solubilization ability 

(Adesemoye and Ugoji 2006). There are several reports regarding growth promotion in 

different seedlings by P. aeruginosa including wheat, ground nut, potato and mustard 

(Germida and Walley 1996;  Kishore et al. 2005;  Pandey et al. 2005). B. subtilis BC1 also 

promoted growth persistently in wheat, sunflower and cabbage seedlings. Its phytostimulation 

properties were linked to phytohormones production (cytokinin and IAA), nitrogenase 

activity, phosphate solubilization, siderophore production, induction of 1-aminocyclopropane-

1-carbocylate (ACC), hydrogen cyanide (HCN), and volatile compounds antibiotic potential 

(Cakmakc et al. 2007;  Adesemoye et al. 2008;  Dias et al. 2009). Azospirillum brasilense Az1 

showed a very little impact on pigments content in all the three seedlings consistently. 

Simultaneously it could hardly alter the response of Pi and NRA and consistently reduced 

primary root followed by enhanced in a number of roots. These results show the possible 

involvement of IAA along with other factors.  

Improvement of plant growth with cyanobacteria under fully axenic conditions is limited to a 

few publications (Pedurand and Reynaud 1987). Several cyanobacteria including Anabaena, 

Oscillatoria and Phormidium grow naturally in wheat and rice fields (Prasanna et al. 2008a; 

2009). Inoculation of wheat seedlings with cyanobacteria under axenic conditions has resulted 

considerable enhancement in different growth parameters. Seed emergence was significantly 

enhanced up to 20% over control by Anabaena sp. Ck1 and Phormidium sp. Ck3. Similar 

behavior was observed in case of Oscillatoria sp. Ck2, Chroococcidiopsis sp. Ck4 and 

Synechocystis sp. Ck5 inoculation. Seedling height was enhanced by 52% in case of 

Phormidium sp. Ck3 inoculation under gonobiotic conditions. Chroococcidiopsis sp. Ck4 

enhanced shoot height by 49% over control seedlings. Oscillatoria sp. Ck2 and Anabaena sp. 

Ck1 were also able to enhance shoot growth. Synechocystis sp. Ck5 could not initiate any 

significant response in shoot height. Contrary to previous reports, root length was 

significantly reduced by some strains for instance Anabaena sp. Ck1 (Obreht et al. 1993). 

However some strains including Phormidium sp. Ck3 enhanced root growth by 24% over 

control. Nevertheless lateral roots initiation was positively affected by a number of isolates. 

Up to 52% greater lateral roots were formed in seedlings inoculated with Anabaena sp. Ck1 
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as compared to control. All strains were able to enhance total soluble proteins content in 

inoculated seedlings against control. The same was true for pigments content particularly 

chlorophyll. Our results are in line with Karthikeyan et al. (2007) who reported improved dry 

weight and plant height in wheat inoculated with cyanobacterial. Cyanobacteria like 

Anabaena have the ability to fix nitrogen and add nitrates to the soil which are absorbed by 

seedlings for their growth requirements (Karthikeyan et al. 2007). Similarly vitamins 

produced by certain cyanobacterial isolates may also enhance growth of the seedlings (Misra 

and Kaushik 1989). Growth of cabbage seedlings was also significantly improved by 

cyanobacteria under axenic conditions. Although, all the growth parameters studied showed 

increase as a result of cyanobacterial inoculation however root length was reduced. The best 

inoculum was Anabaena sp. Ck1. The strain enhanced all growth parameters except root 

length and Pi to the maximum among the selected isolates. Synechocystis sp. Ck5 was another 

important strain regarding cabbage growth. To our knowledge this is the first report of 

cyanobacterial impact on the growth of cabbage under axenic conditions. Cyanobacteria 

significantly enhanced growth of sunflower under gonobiotic conditions. Seed emergence was 

enhanced up to 17% in seeds inoculated with Anabaena sp. Ck1 as compared to control. 

Other parameters significantly enhanced by cyanobacterial inoculation over control included 

shoot length, leaf area, proteins and pigments content, biomass content, inorganic phosphate 

content and NRA.  

In previous studies regarding cyanobacterial-plant interaction, the diazotrophic genera 

Anabaena and Nostoc have been given great attention while the other species have got the 

least (Karthikeyan et al. 2007; Prasanna and Nayak 2007; Singh and Datta 2007). The results 

obtained during current study indicated that cyanobacterial inoculum was beneficial for all the 

selected crop plants tested. Nevertheless, specificity in their plant growth promoting potential 

was recorded. For instance Anabaena sp. Ck1 and Synechocystis sp. Ck5 showed the highest 

activity with cabbage. Similarly Phormidium sp. Ck3 and Chroococcidiopsis sp. Ck4 

benefited growth in wheat the most. Similarly Phormidium sp. Ck3, Anabaena sp. Ck1 and 

Chroococcidiopsis sp. Ck4 were proved to be the best inoculums for wheat, cabbage and 

sunflower respectively. Hence it is evident that the isolates have different affinities for 

different crops. Comparison among all the strains used in this study showed that 

cyanobacterial Phormidium sp. Ck3 and Chroococcidiopsis sp. Ck4 were more successfully 

associated with wheat and cabbage. But in case of sunflower bacterial isolate P. aeruginosa 

Am3 produced the highest growth response.   



ENDOGENOUS PHYTOHORMONES IN INOCULATED PLANTS  

hizosphere bacteria may use phytohormones as a tool to promote plant growth 

directly (Barea et al. 2005). They have the ability to secrete phytohormones 

(cytokinins and IAA) in the plant rhizosphere. Seedlings may absorb these 

phytohormones which not only contribute to plant growth promotion but also to the plant’s 

cytokinins and auxins pool (Arkhipova et al. 2005; Ali et al. 2009).   Although seedlings can 

synthesis cytokinins and auxins by their own however a huge part of these hormones is 

absorbed from rhizosphere and phyllosphere (Holland 1997). Precursors of phytohormone, 

needed by rhizobacteria are provided in the form of root exudates (Bais et al. 2006). 

Cyanobacteria also occur in plant rhizosphere and contribute to plant growth by increasing 

nutrient availability and phytohormones production (Karthikeyan et al. 2009). They are 

normally highly communicative and form associations naturally with seedlings called 

syncyanosis (Gorelova 2006). Although cyanobacterial potential to improve plant growth has 

been speculated to be due to phytohormonal action along with nitrogen fixation and vitamins 

production however endogenous phytohormones from seedlings associated with 

cyanobacteria has not determined. In the present chapter altered phytohormones contents of 

the seedlings inoculated with bacteria or cyanobacteria are being reported. For this purpose 

Triticum aestivum var. Uqab 2000 and Helianthus annuus var. suncross seedlings were 

selected. Surface sterilized seeds were sown in test tubes containing sterile sand under fully 

gonobiotic conditions and two days after emergence their rhizosphere was injected with 200µl 

suspension of bacteria in 10mM MgCl2 adjusted to 10
7
 cfu ml

-1
. Control was 10mM MgCl2 

solution. Cyanobacterial inoculum 200µl adjusted to 0.1 µg ml
-1

 chlorophyll-a was also 

applied to the rhizosphere in the same way. In case of cyanobacteria BG11 medium was used 

as control Seedlings were grown for two weeks before endogenous phytohormones were 

extracted and analyzed. Endogenous phytohormones cytokinins and IAA were extracted from 

frozen plant material with Bieleski buffer containing stable isotope labeled standards for 

cytokinins and IAA. Two internal standards i.e deuterium labeled zeatin and dihydrozeatin 

riboside (DHZR) were used for cytokinins determination while deuterium labeled IAA was 

used for IAA determination in the same sample. Purification was done by adopting solid 

phase extraction procedure with mixed mode column (MCX). Determination was done by 

using UPLC-ESI-MS/MS, positive mode for cytokinins and negative mode for IAA. Method 

validation and instrument validation was done as described in chapter 5. 

R 
Chapter 7 
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BACTERIAL INOCULATIONS 

ENDOGENOUS PHYTOHORMONES OF WHEAT  

Shoots and roots of inoculated and uninoculated (control) wheat seedlings, extracted with 

Bieleski buffer and purified by mixed mode solid phase extraction (SPE) columns were 

subjected to separation by UPLC and analyzed by electrospray ionization coupled with triple 

quadruple mass spectrometer. Multiple reactions monitoring (MRM) chromatogram of 

cytokinin species in seedling inoculated with representative bacterial strain P. aeruginosa 

Am3 is given in Figure 7.1. Total cytokinins contents (zeatin, zeatin riboside and zeatin-o-

glucoside) in the leaves of control seedlings were 52.54 ng g
-1

 fresh weight. In control 

seedlings ZOG was the most abundant cytokinin, while Z and ZR were relatively low. ZR was 

the lowest cytokinin species in wheat seedlings grown axenically. The same trend for three 

species of cytokinins was observed with majority of bacterial inoculations (excluding Am5 

and R2). Total cytokinins contents of wheat seedlings increased significantly with all bacterial 

inoculations when compared with control (Table-7.1). More than 2-fold increases in total 

cytokinin level of seedlings were observed with inoculations of Am3, BC1 and G1. 

Inoculation of Am5, Am7, Am2, R2 and Az1 caused 34-44% increases in cytokinin level of 

wheat seedlings. While considering three type of cytokinins (Z, ZR and ZOG), a variable 

response was observed with different inoculations. With few exceptions (Am4 for ZOG, Am5 

for Z, Am7 for ZR, Vi2 for ZR, R2 for Z and Az1 for ZOG) all strains enhanced level of Z 

and ZR when compared with control. With Am3, BC1 and G1 inoculations all three types of 

cytokinin species were increased maximally. With Am4 (120%), E2 (144%), Am2 (80%) and 

Az1 (95%), Z level over control was relatively high than ZR and ZOG cytokinins species. 

Am5 (2 % decrease in Z), Am7 (8 % decrease in ZR) and Vi2 (15 % decrease in ZR) 

inoculations caused reduction in either Z or ZR levels whereas other species of cytokinin were 

enhanced by inoculations of these strains. With R2 no significant impact on Z in wheat 

seedlings was observed, whereas ZR and ZOG increased significantly when compared with 

that of control. With all bacterial inoculations (except Am3 and BC1) significant increases 

were recorded in endogenous IAA levels (Table-7.1). Am2 and Az1 inoculations caused more 

than 2-fold increases in the IAA contents of wheat seedlings when compared with control. 

Inoculation of Am4 (38%), Am5 (34%), Am6 (35%), Am7 (72%), E2 (33%), Vi2 (30%), R2 

(35%) and G1 (39%) caused significant increases in IAA level of wheat seedlings. MRM 

chromatograms of IAA and its internal standard in seedlings inoculated with Az1 are shown 

in Figure 7.2. 
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Figure-7. 1 MRM (3 Channels of 13 channels) chromatogram of ZOG, ZR, CZ  and TZ 

present in leaves of wheat seedlings inoculated with P. aeruginosa Am3; 100 mg of plant 

material was homogenized in Bieleski 1ml buffer, re-extracted, purified by SPE (MCX) 

column and subjected to UPLC-ESI(+)-MS/MS. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure-7. 2 MRM (2 Channels) chromatogram of D2-IAA (internal standard) and IAA present 

in leaves of wheat seedlings inoculated with A. brasilense Az1; 100 mg of plant material was 

homogenized in Bieleski 1ml buffer, re-extracted, purified by SPE (MCX) column and 

subjected to UPLC-ESI(+)-MS/MS. 
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Cytokinin contents of the root were enhanced relatively to a greater extent with bacterial 

inoculations. Total cytokinins (Z, ZR and ZOG) of the root in control seedlings were as high 

as 56.86 ng g
-1

 fresh weight. In uninoculated seedlings ZR was the most abundant cytokinins, 

while Z was relatively low with ZOG was present in the least amount. With majority of 

bacterial inoculations the same trend for these three cytokinins species was obvious and the 

only exception was Am5 and Am7. In Am5 Z instead of ZR was the most abundant while the 

later was relatively low whereas in Am7 Z was the lowest. In case of Am3, BC1 and G1 more 

than 3-fold increases were recorded in the total cytokinin content of the roots. All other 

inoculations except Am7 caused more than 2-fold increases in total cytokinin level of the root 

relative to control.  Three species of cytokinins showed variable response with different 

inoculations. Maximum increase in the level of ZR was recorded as a result of bacterial 

inoculations. With few exceptions (Am4, Am7, Am2 and AZ1) all inoculations enhanced the 

level of three kinds of cytokinins significantly when compared with control. As recorded in 

shoot the strains Am3, BC1 and G1 caused maximum increase in the endogenous level of Z, 

ZR and ZOG (Table-7.2). Over 2-fold increases in Z level was recorded in seedlings 

inoculated with Am5, E2 and Az1 when compared with control. Increases in the contents of 

zeatin ranged between 10-90% with Am4, Am6, Am7, Vi2, Am2 and R2 inoculations. With 

only two exceptions (Am5 and R2) all inoculations caused more than 3-fold increases in the 

endogenous contents of ZR. ZOG levels responded the least to bacterial inoculations. The 

increases were not significant with inoculations Am4 (9%), Am7 (21%) and Az1 (6%) when 

compared with control.  Root IAA level was significantly enhanced in wheat seedlings 

inoculated with bacterial strains except Am3, BC1 and G1. Maximum increase in this 

compound (more than 3-fold) was recorded with Am2 and Az1 inoculations. When Am7 and 

Am4 were used as inoculations, IAA level was enhanced by more than 2-fold as compared to 

control.  Increases in IAA content ranged between 4 and 17% with the rest of bacterial 

inoculations (Table-7.2). 

ENDOGENOUS PHYTOHORMONES OF SUNFLOWER  

Total amount of endogenous cytokinins including Z, ZR and ZOG was 17.62 in the leaves of 

uninoculated seedlings of sunflower. Major cytokinin species was ZOG followed by Z and 

ZR in control plants (Table-7.3). The same general trend of three cytokinin species was 

observed with all bacterial inoculations. Bacterial inoculations caused significant increases in 

total cytokinin contents with few exceptions including Am5, Am7, Am2 and Az1 where the 
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Table-7. 1 Impact of bacterial inoculations on endogenous cytokinins and IAA contents in 

leaves of wheat seedlings 

Treatment 

ng g
-1

 fresh weight 

Cytokinins 
IAA 

Z ZR ZOG Total 

Control 17.2a 11.4ab 23.94a 52.54a 293.33a 

P. aeruginosa Am3 49.41f 24.6e 60.75d 134.76e 320.67ab 

P. aeruginosa Am4 37.76cd 15.28cd 27.38a 80.42bc 405.67c 

P. aeruginosa Am5 16.8a 16.48cd 36.98bc 70.26b 392.33bc 

P. aeruginosa Am6 41.44de 16.84cd 40.84c 99.12d 396.67bc 

P. aeruginosa Am7 31.28bc 10.32a 30.32ab 71.92b 505.33d 

Pseudomonas E2 42de 18.48d 31.64ab 92.12cd 390.33bc 

B. subtilis BC1 48.51f 24.2e 66.51d 139.22e 325.33ab 

B. subtilis Vi2 32.56bc 10.08a 37.52bc 80.16bc 380.67bc 

B. licheniformis Am2 30.96b 13.88bc 30.76ab 75.6bc 599.67e 

B. pumilus R2 17.84a 18.04d 35.84bc 71.72bb 395bc 

A. brasilense Az1 33.6bc 14.64c 27.28a 75.52bc 682.67f 

B. cereus G1 46.53ef 22.85e 62.19d 131.57e 408.33c 

 

Table-7. 2 Impact of bacterial inoculations on endogenous cytokinins and IAA contents in 

roots of wheat seedlings 

Treatment 

ng g
-1

 fresh weight 

Cytokinins 
IAA 

Z ZR ZOG Total 

Control 17.66a 21.72a 17.48a 56.86a 194.09a 

P. aeruginosa Am3 49.6fg 73.52g 30.56ef 153.68d 213.63abc 

P. aeruginosa Am4 30.48bcd 56.72cd 19.2ab 106.4bb 408.96e 

P. aeruginosa Am5 40f 34.88b 23.44c 98.32b 227.93cd 

P. aeruginosa Am6 33.56de 64.88defg 28.3e 126.74c 227.92bcd 

P. aeruginosa Am7 19.44a 51.92c 21.2abc 92.56b 485.04f 

Pseudomonas E2 36.64ef 68.96fg 23.86cd 129.46c 234.36cd 

B. subtilis BC1 41.2f 73.2g 34.28f 148.68d 212.4ab 

B. subtilis Vi2 26.2bc 58.56cde 22.56bc 107.32b 215.71bc 

B. licheniformis Am2 22.04ab 61.52cdef 21.92bc 105.48b 582.34g 

B. pumilus R2 33de 35.36b 27.44de 95.8b 227.64bcd 

A. brasilense Az1 41.12f 68.08efg 18.62ab 127.82c 609h 

B. cereus G1 52.72g 70.08fg 29.96e 152.76d 201.01a 
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increases were not significant when compared with control. The inoculations Am3, BC1 and 

G1 caused more than 2-fold increases in the total cytokinin of seedlings. Other important 

inoculations were Am6, E2 and Vi2 where the level of total cytokinins was enhanced up to 

98, 88 and 83% respectively. Increases in the endogenous cytokinins level ranged between 12 

and 71% with the rest of bacterial inoculations (Am4, Am5, Am7, Am2, R2 and Az1). 

Among three different cytokinin species ZR levels were enhanced to the greatest extent by 

bacterial inoculations. With BC1 inoculation more than 2-fold increase in all three types of 

cytokinins was recorded. The strain Am3 caused similar increase in Z and ZR while ZOG was 

enhanced to a relatively lesser extent (87%) when compared with respective control. G1 

inoculation on the other hand caused greater increase in ZR and ZOG contents relative to Z 

type of cytokinin (Table-7.3). Am5, Am7 and Az1 inoculations caused increase in all three 

kinds of cytokinin species, but not significant when compared with control. Among three 

different cytokinin species only ZR was significantly enhanced (42%) as a result of Am2 

inoculation. Am6, E2, Vi2 and R2 inoculations caused significant increases (24-59%) in Z 

contents of sunflower seedlings. ZR contents of the seedlings were increased by more than 2-

fold with Am6, Vi2 and R2 inoculations. Bacterial inoculation E2 caused greater increase 

(119%) in ZOG as relative to ZR (99%) and Z (42%). The strains Am4, Am5, Am7, Am2 and 

Az1 enhanced ZR contents of the sunflower seedlings by 26-43% when compared with 

control. ZOG level of seedlings enhanced 91 and 104% with Am6 and Vi2 inoculations 

respectively. Am3, Am4 and R2 caused 37-87% increases in ZOG level of sunflower 

seedlings. Endogenous level of IAA in leaves of control sunflower seedlings was 56.02 ng g
-1

 

fresh weight. All bacterial inoculations (excluding Vi2) enhanced IAA contents in the leaves 

of sunflower when compared wtih that of control. Nevertheless increases over control were 

variable with different strains (Table-7.3). Maximum increase in IAA level was recorded with 

inoculations Az1 (142%) and Am2 (111%). Bacterial strains Am4 (42%), Am5 (25%) and 

Am7 (67%) caused significant increases in IAA contents of seedlings when compared with 

control. Inoculation of Am3, Am4, Am6, E2, BC1, R2 and G1 caused 3-67% increases in 

IAA contents. In case of Vi2, 2% decrease in the IAA contents was recorded. 

Root endogenous cytokinin was 2.84 ng g
-1

 fresh weight much lower as compared to that of 

leaves. However increases in cytokinin contents of roots with bacterial inoculations were 

variable. In control roots the most abundant cytokinin species was Z (1.3 ng g
-1

 FW), ZOG 

(0.84 ng g
-1

 FW) was relatively low while ZR (0.7 ng g
-1

 FW) was lowest. The same trend for 

three cytokinin species was recorded with many bacterial inoculations (except Am3, Am5, 
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BC1, Vi2, R2 and G1). In seedlings inoculated with Am3, Am5, BC1, Vi2, R2 and G1 ZOG 

instead of Z was the major cytokinin type (Table-7.4). More than 6-fold increases in total 

cytokinin (Z, ZR and ZOG) content were recorded with Am3 and BC1 inoculations. Total 

cytokinin content of sunflower seedlings was enhanced by more than 5-fold with G1. 

Inoculation of Am6, E2, Vi2 and R2 caused 182-383% increases in total cytokinin levels. 

Inoculations of Am4, Az1 significantly enhanced total cytokinin contents of the root over 

control (Table-7.4).  Increases (though not significant) in total cytokinin contents of seedlings 

inoculated with Am5 (69%), Am7 (54%) and Am2 (55%) were recorded when compared with 

that of control. In control seedlings Z type cytokinins were the most abundant, ZOG was in 

relatively lower amount and ZR was the least of all cytokinins. With half of the inoculations, 

Am4, Am6, Am7, E2, Am2 and Az1, different cytokinin species showed the same trend. 

However with the other half strains including Am3, Am5, BC1, Vi2, R2 and G1 the 

descending order of concentration of individual cytokinins was ZOG, Z and ZR (Table-7.4). 

With bacterial inoculations Am3, BC1 and G1 all three different types of cytokinins were 

enhanced maximally. Increases in ZOG with Am5 (138%), Am6 (445%), E2 (570%), Vi2 

(507%), Am2 (106%), R2 (343%) and Az1 (85%) over control was relatively high than Z and 

ZR cytokinin species. While in case of Am4 (100%) and Am7 (69%) increase in the level of 

zeatin type of cytokinin over control was relatively high, the strains Am5 and Am2 caused  

some increases in all three kinds of cytokinins over respective control but these were not 

significant. Increases in the endogenous level of ZR and ZOG were not significant with Am7 

inoculation. Az1 on the other hand enhanced the level of Z and ZR significantly while 

increase in ZOG level was not significant. IAA content in the roots of control seedlings was 

61.68 ng g
-1

 fresh weight. More than 2-fold increases were recorded with Am2 and Az1 

inoculations (Table-7.4). With Am4, Am5 and Am7 inoculations IAA levels increased from 

31 to 82%. Increases in IAA level with the rest of the strains (Am3, Am6, E2, BC1, Vi2, R2 

and G1) were not significant.   

CYANOBACTERIAL INOCULATIONS 

ENDOGENOUS PHYTOHORMONES OF WHEAT  

Total endogenous cytokinins in the leaves of control wheat seedlings were 57ng g
-1

 fresh 

weight. ZOG was present in highest concentration in control seedlings, Z in relatively low and 

ZR in lowest concentration. However in inoculated seedlings the contents of Z was highest 

showing greatest response to cyanobacterial inoculation. All inoculations caused greatest 
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Table-7. 3 Impact of bacterial inoculations on endogenous cytokinins and IAA contents in 

leaves of sunflower seedlings 

Treatment 

ng g
-1

 fresh weight 

Cytokinins 
IAA 

Z ZR ZOG Total 

Control 6.22a 3.05a 8.35a 17.62a 56.02a 

P. aeruginosa Am3 13.03ef 7.59e 15.65cd 36.27fg 61.13ab 

P. aeruginosa Am4 8.55abc 4.37c 11.42b 24.34c 79.75c 

P. aeruginosa Am5 6.5ab 4.11ab 9.1ab 19.71ab 69.99bc 

P. aeruginosa Am6 10.9de 6.95de 17.02cd 34.87efg 62.44ab 

P. aeruginosa Am7 7.69abc 3.88ab 9.53ab 21.09abc 93.69d 

Pseudomonas E2 8.82bcd 6.08d 18.31d 33.21def 60.41ab 

B. subtilis BC1 14.32f 7.48e 16.71cd 38.51gh 57.85ab 

B. subtilis Vi2 9.89cd 6.51de 15.93cd 32.33de 54.63a 

B. licheniformis Am2 6.83ab 4.37c 10.89ab 22.08abc 118.34e 

B. pumilus R2 8.71bcd 6.34de 15.01c 30.07d 58.49ab 

A. brasilense Az1 7.22ab 3.83ab 10.96ab 22.02abc 135.48f 

B. cereus G1 12.29ef 7.49e 21.74e 41.52h 61.47ab 

 

Table-7. 4 Impact of bacterial inoculations on endogenous cytokinins and IAA contents in 

roots of sunflower seedlings 

Treatment 

ng g
-1

 fresh weight 

Cytokinins 
IAA 

Z ZR ZOG Total 

Control 1.3a 0.7a 0.84a 2.84a 61.68a 

P. aeruginosa Am3 6.02fg 4.9h 6.98ef 17.9g 67.99ab 

P. aeruginosa Am4 2.6bc 0.9ab 1.56a 5.06b 80.88b 

P. aeruginosa Am5 1.95ab 0.84ab 2a 4.8ab 87.24b 

P. aeruginosa Am6 4.68d 1.81de 4.58bc 11.06d 68.42ab 

P. aeruginosa Am7 2.2b 1.07ab 1.09a 4.36ab 112.19c 

Pseudomonas E2 6.47g 1.62cd 5.63cde 13.72e 69.64ab 

B. subtilis BC1 5.44ef 4.42g 8.14g 18g 62.97a 

B. subtilis Vi2 3.17c 1.87de 5.1bcd 10.14d 67.18ab 

B. licheniformis Am2 1.88ab 0.8a 1.73a 4.4ab 148.69d 

B. pumilus R2 2.25b 2.05e 3.72b 8.01c 68.91ab 

A. brasilense Az1 2.15b 1.25bc 1.55a 4.95b 164e 

B. cereus G1 5.25de 3.83f 6.31de 15.38f 66.04ab 
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increases in Z contents of the seedlings while the level of ZOG was enhanced the least. 

Chroococcidiopsis sp. Ck4 inoculation caused maximum increase in all the three different 

cytokinins e.g. Z, ZR (more than 3-fold) and ZOG (80%).  More than 3-fold increase in Z 

contents was recorded with inoculation of Phormidium sp. Ck3 while both ZR and ZOG were 

enhanced equally up to 53% over control. The strains Anabaena sp. Ck1, Oscillatoria sp. Ck2 

and Synechocystis sp. Ck5 caused 92-140% increases in Z contents over control. Increases in 

ZR level with Anabaena sp. Ck1 (84%) and Oscillatoria sp. Ck2 (68%) were recorded in the 

leaves of wheat seedlings. The increases with these strains in ZOG contents of the leaves were 

not significant. Increases in ZR and ZOG levels of leaves with Synechocystis sp. Ck5 

inoculation were not significant (Table-7.5). Auxin (IAA) level of the leaves was also 

enhanced significantly (although not significant in all cases) by cyanobacterial inoculation. 

The most effective inoculations were Anabaena sp. Ck1 (83%) and Synechocystis sp. Ck5 

(65%) regarding endogenously accumulated IAA of the leaves. The rest of the strains 

(Oscillatoria sp. Ck2, Phormidium sp. Ck3 and Chroococcidiopsis sp. Ck4) caused increases 

in IAA accumulation over control but these were not significant (Table-7.5). 

Total cytokinin contents in the root were enhanced significantly with cyanobacterial 

inoculations (Table-6.8). More than 2-fold increase in total cytokinin contents was recorded 

with Chroococcidiopsis sp. Ck4 inoculation. Cyanobacterial inoculations, Anabaena sp. Ck1, 

Oscillatoria sp. Ck2, Phormidium sp. Ck3 and Synechocystis sp. Ck5 caused 60-69% 

increases in the endogenous level of total cytokinins. In control roots the most abundant 

cytokinin type was ZR followed by Z while ZOG was the least (Table-7.6). The same trend 

for these three cytokinin species was found in seedlings inoculated with cyanobacteria with 

exception of Phormidium sp. Ck3 and Synechocystis sp. Ck5 where Z was the most abundant 

cytokinin type. All cyanobacterial inoculations caused highest increases in the level of Z 

while ZOG contents were hardly altered. With Chroococcidiopsis sp. Ck4 inoculation Z and 

ZR type cytokinins were enhanced maximally over control. Increases in the Z type cytokinin 

ranged from 108 to 151% with Anabaena sp. Ck1, Oscillatoria sp. Ck2, Phormidium sp. Ck3 

and Synechocystis sp. Ck5. These inoculations caused 43-82% increases in the level of ZR. 

All the strains (except Chroococcidiopsis sp. Ck5) caused increase in the ZOG contents in the 

roots which was not significant. Endogenously accumulated IAA level of the root was also 

significantly enhanced with cyanobacterial inoculations in axenically grown wheat seedlings. 

Maximum increase (more than 4-fold) in the hormone contents was recorded with Anabaena 

sp. Ck1 inoculations (Table-7.6). Synechocystis sp. Ck5 inoculation caused more than 3-fold
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Table-7. 5 Impact of cyanobacterial inoculations on endogenous cytokinins and IAA contents 

in leaves of wheat seedlings  

Treatment 

ng g
-1

 fresh weight 

Cytokinins 
IAA 

Z ZR ZOG Total 

Control 20a 11.4a 25.6a 57a 309a 

Anabaena sp. Ck1 45.6b 21b 32.8ab 99.4bc 567b 

Oscillatoria sp. Ck2 38.4b 19.2b 28.6a 86.2ab 322a 

Phormidium sp. Ck3 76c 17.4b 39.2bc 132.6cd 319a 

Chroococcidiopsis sp. Ck4 82.4c 34.8c 46c 163.2d 334a 

Synechocystis sp. Ck5 48b 16.8ab 32ab 96.8abc 510b 

 

 

Table-7. 6 Impact of cyanobacterial inoculations on endogenous cytokinins and IAA contents 

in roots of wheat seedlings 

Treatment 

ng g
-1

 fresh weight 

Cytokinins 
IAA 

Z ZR ZOG Total 

Control 17.14a 22.4a 16.72a 56.26a 211a 

Anabaena sp. Ck1 37.17b 40.8b 16.91a 94.88b 732.3e 

Oscillatoria sp. Ck2 35.64b 36.8b 17.67a 90.11b 459.6c 

Phormidium sp. Ck3 42.95c 33.6b 17.86a 94.41b 376b 

Chroococcidiopsis sp. Ck4 46.52c 63c 22.95b 132.47c 380b 

Synechocystis sp. Ck5 49.36b 35b 17.23a 92.59b 622.2d 
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increase in the endogenous IAA contents. Increases with the remaining isolates were in the 

range of 78 and118%. 

ENDOGENOUS PHYTOHORMONES OF SUNFLOWER  

Cyanobacterial associations in the rhizosphere of sunflower were beneficial in term of 

endogenous phytohormones pool. Significant increase in the endogenous level of cytokinin 

and IAA was recorded in leaves as well as root of the inoculated seedlings. Total endogenous 

cytokinins (Z+ZR+ZOG) in the leaves of control seedlings grown axenically for one week 

were 14.6ng g
-1

 fresh weight. In control seedlings the highest proportion of cytokinins was Z 

type while ZR was the least. However with cyanobacterial inoculations the relative amount of 

different cytokinins was changed and ZOG was the most abundant cytokinin type in such 

seedlings. Maximum increase in total cytokinin was recorded with Chroococcidiopsis sp. Ck4 

when compared with control (Table-7.7). MRM chromatogram of sunflower seedlings shows 

four cytokinin species including cZ, tZ, ZR and ZOG of Chroococcidiopsis sp. Ck4 (Fig. 7.3). 

Increases in the content of cytokinins with the remaining inoculations ranged between 37-

86%.  Different cytokinin species (Z, ZR and ZOG) were enhanced maximally in seedlings 

inoculated with Chroococcidiopsis sp. Ck4. Cyanobacterial inoculations Phormidium sp. Ck3 

and Synechocystis sp. Ck5 caused 76 and 46% increases in zeatin type cytokinin relative to 

control. Inoculation with Anabaena sp Ck1 caused some increase (not significant) in the 

content of this cytokinin species. In case of Oscillatoria sp. Ck2 reduction (2%) in zeatin 

level but stimulation in other cytokinin types (ZR and ZOG) were recorded. Anabaena sp Ck1 

and Oscillatoria sp. Ck2 inoculations caused significant increases in the endogenous level of 

ZR while Phormidium sp. Ck3 and Synechocystis sp. Ck5 caused some increases which were 

not significant. More than 2-fold increases in ZOG content were recorded with Phormidium 

sp. Ck3 and Synechocystis sp. Ck5. Similarly Anabaena sp Ck1 and Oscillatoria sp. Ck2 

caused 81 and 98% increases respectively in this cytokinin species. Endogenously 

accumulated IAA was positively affected with cyanobacterial inoculations. The most effective 

inoculation was Anabaena sp Ck1 where more than 2-fold increase was observed. 

Synechocystis sp. Ck5 enhanced the endogenous level of IAA by 83% when compared with 

control. Although rest of the strains also stimulated the accumulation of IAA as compared to 

control but the increases were not significant. MRM chromatogram from sunflower leaves 

with best inoculum Anabaena sp. Ck1 is given in Fig. 7.4. 
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Figure-7. 3 MRM (3 Channels of 13 channels) chromatogram of ZOG, ZR, cZ  and tZ present 

in leaves of sunflower  seedlings inoculated with Chroococcidiopsis sp. Ck4; 100 mg of plant 

material was homogenized in Bieleski 1ml buffer, re-extracted, purified by SPE (MCX) 

column and subjected to UPLC-ESI(+)-MS/MS. 

 

 

Figure-7. 4 MRM (2 Channels) chromatogram of D2-IAA (internal standard) and IAA present 

in leaves of sunflower  seedlings inoculated with Anabaena sp. Ck1; 100 mg of plant material 

was homogenized in Bieleski 1ml buffer, re-extracted, purified by SPE (MCX) column and 

subjected to UPLC-ESI(+)-MS/MS. 
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Total cytokinin contents of uninoculated sunflower root were 3.62ng g
-1

. Order of cytokinins 

concentration in the root was ZOG, Z and ZR (Table-7.8). With cyanobacterial inoculations 

this trend was changed and variable response of cytokinin species was recorded. Significant 

increase in total cytokinin was recorded in seedlings inoculated with cyanobacterial isolates. 

Chroococcidiopsis sp. Ck4 inoculation caused maximum increase (more than 3-fold) in the 

endogenous cytokinin contents of root as relative to control. More than 2-fold increases were 

recorded with Phormidium sp. Ck3 and Synechocystis sp. Ck5 inoculations. Inoculation with 

Phormidium sp. Ck3, Chroococcidiopsis sp. Ck4 and Synechocystis sp. Ck5 enhanced the 

endogenous level of Z to relatively greater extent while ZOG was affected the least. 

Chroococcidiopsis sp. Ck4 inoculation enhanced Z maximally (5-fold over control). 

Anabaena sp Ck1 and Oscillatoria sp. Ck2 caused more than 2-fold increases in ZR.  With 

other strains increases were not significant (Table-7.8). As recorded for leaves, root IAA pool 

was enhanced maximally with Anabaena sp. Ck1 (116%) and then by Synechocystis sp. Ck5 

(65%) when compared with control. Oscillatoria sp. Ck2, Phormidium sp. Ck3 and 

Chroococcidiopsis sp. Ck4 though enhanced IAA levels of the root but increases were not 

significant.  
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Table-7. 7 Impact of cyanobacterial inoculations on endogenous cytokinins and IAA contents 

in leaves of sunflower seedlings 

Treatment 

ng g
-1

 fresh weight 

Cytokinins 
IAA 

Z ZR ZOG Total 

Control 5.9a 3.5ab 5.2a 14.6a 52a 

Anabaena sp. Ck1 7.2ab 5.3c 10.3b 22.8b 117c 

Oscillatoria sp. Ck2 5.8a 4.8bc 9.4b 20b 62a 

Phormidium sp. Ck3 10.4c 3.9a 12.8bc 27.1c 59a 

Chroococcidiopsis sp. Ck4 13.2d 8.4d 14.5c 36.1d 70a 

Synechocystis sp. Ck5 8.6bc 4abc 10.7b 23.3b 95b 

 

 

Table-7. 8 Impact of cyanobacterial inoculation on endogenous cytokinins and IAA contents 

in roots of sunflower seedlings 

Treatment 

ng g
-1

 fresh weight 

Cytokinins 
IAA 

Z ZR ZOG Total 

Control 1.22a 0.9a 1.5a 3.62a 68.3a 

Anabaena sp. Ck1 2.6a 2.5c 1.7ab 6.8bc 147.6c 

Oscillatoria sp. Ck2 1.8a 2.1bc 1.6ab 5.5b 82.5a 

Phormidium sp. Ck3 6.3b 1.3ab 2ab 9.6d 72.1a 

Chroococcidiopsis sp. Ck4 6.6c 2.3d 3.1b 12e 86.6ab 

Synechocystis sp. Ck5 5.1b 1.6ab 1.7ab 8.4cd 112.5b 
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DISCUSSION 

Phytohormones are low molecular weight substance that act in micromolar or even low 

quantities to influence plant growth and development (Chiwocha et al. 2003). The most 

important among these are cytokinins and IAA. Under physiological conditions these 

signaling molecules are present at very low concentration and in several instances act 

synergistically or antagonistically (Bao et al. 2007; Pernisova et al. 2009). Therefore a method 

for simultaneous analysis of the two phytohormones is needed to clearly demonstrate their 

levels at a given instance. To witness the influence of phytohormones producing microbe 

(bacteria and cyanobacteria) on plant’s endogenous hormones pool an analytical method with 

high accuracy and sensitivity was adapted. Substantial increase over control in endogenous 

phytohormones (cytokinins and IAA) levels was recorded in seedlings inoculated with 

bacteria or cyanobacteria over control. While endogenous accumulation of cytokinins in roots 

responded more sharply in wheat with bacterial inoculations there levels were also 

significantly enhanced in leaves. However wheat seedlings associated with cyanobacteria 

showed greatest increase in cytokinin accumulation of leaves. In sunflower seedlings 

cytokinins levels were increased more sharply in leaves than roots with bacterial as well as 

cyanobacterial inoculations. Contrary to cytokinins, IAA levels were universally enhanced 

more sharply in roots than leaves. These observations clearly demonstrated that microbial 

hormones released in the rhizosphere are absorbed by roots which may be transported to the 

shoots. Modulation of endogenous cytokinins and IAA in seedlings by microbial strains was 

also evidenced by positive correlation between phytohormones from the two sources (Table-

7.9-7.12). Concentration of cytokinins and IAA in bacterial cultures was several-fold higher 

than cyanobacteria however they enhanced phytohormones accumulation in plant almost to 

the same extent. These results showed that plant absorbed bacterial phytohormones at slower 

rate as compared to cyanobacterial hormones which may be because bacteria released such 

compounds in complex with high molecular weight substances which dissociates slowly to 

release cytokinins or IAA (Arkhipova et al. 2005). More than 2-fold increases in the cytokinin 

content of the leaves were recorded in wheat seedlings with Am3, BC1 and G1 inoculations. 

Although increases in root’s cytokinins were up to the same extent with these strains as 

observed in leaves however with some strains (Am6, E2 and Az1) more sharp change in root 

than leaves was observed. Wheat seedlings inoculated with bacterial inoculations showed 

greatest increase in zeatin or ZOG content of the leaves while in roots ZR displayed the 

greatest response. Level of ZR and ZOG was the least changed in leaves and roots 
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Table-7. 9 Correlation coefficients between phytohormones in wheat seedlings and culture 

media of PGPR bacteria 

Phytohormones source 
bacteria 

Ckt (Leaves) Ckt (Root) 
IAA 

(Leaves) Cytokinins IAA 

Cytokinins (Leaves) 0.752** -0.436 
   

Cytokinins (Root) 0.775** -0.261 0.934** 
  

IAA (Leaves) 0.196 0.953** -0.364 -0.161 
 

IAA (Root) 0.176 0.990** -0.411 -0.226 0.963** 

 

Table-7. 10 Correlation coefficients between phytohormones in sunflower seedlings and 

culture media of PGPR bacteria  

Phytohormones source 
bacteria 

Ckt (Leaves) Ckt (Root) 
IAA 

(Leaves) Cytokinins  IAA  

Cytokinins (Leaves) 0.599* -0.509 
   

Cytokinins (Root) 0.596* -0.472 0.957** 
  

IAA (Leaves) 0.146 0.987** -0.52000 -0.473 
 

IAA (Root) 0.133 0.984** -0.54000 -0.494 0.989** 

 

Table-7. 11 Correlation coefficients between phytohormones in wheat seedlings and culture 

media of cyanobacteria 

Phytohormones source 
cyanobacteria 

Ckt (Leaves) Ckt (Root) 
IAA 

(Leaves) Cytokinins  IAA  

Cytokinins (Leaves) 0.902* 0.197 
   

Cytokinins (Root) 0.841* 0.365 0.947** 
  

IAA (Leaves) -0.077 0.886* -0.096 0.069 
 

IAA (Root) -0.11 0.883* -0.121 0.043 0.999** 

 

 

Table-7. 12 Correlation coefficients between phytohormones in sunflower seedlings and 

culture media of cyanobacteria 

 

Phytohormones source 
cyanobacteria 

Ckt (Leaves) Ckt (Root) 
IAA 

(Leaves) Cytokinins  IAA  

Cytokinins (Leaves) 0.923** 0.265 
   

Cytokinins (Root) 0.948** 0.189 0.982** 
  

IAA (Leaves) 0.081 0.957** 0.103 0.03 
 

IAA (Root) 0.053 0.961** 0.049 -0.028 0.992** 

* Correlation is significant at the 0.05 level (2-tailed) 

** Correlation is significant at the 0.01 level (2-tailed) 
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respectively as a result of bacterial association with wheat seedlings. Zeatin-o-glucoside 

(ZOG) is storage cytokinin (inactive form) while ribosides are considered to serve as transport 

form  which are inter-convertible to each other as well as to zeatin type of cytokinins (Rahayu 

et al. 2005). These results showed that in root ZR was either directly absorbed from 

rhizosphere or synthesized by converting other cytokinin species for transporting cytokinins 

to the shoots. Positive linear correlation (r=0.752; p=0.05) was observed between cytokinins 

released to the bacterial culture media (in vitro) and endogenous plant cytokinins level in the 

leaves (Table-7.9). Production of cytokinins is considered to be the main factor responsible 

for plant growth promotion (Mafia et al. 2009). Bacillus subtilis strain was reported to 

produce cytokinins and enhance endogenous hormones contents in lettuce plants (Arkhipova 

et al. 2005). Several growth promoting bacteria influence plants to accumulate increased 

amount of IAA (Ali et al. 2009). Ghallab and Salem (2001) reported that Azospirillum and 

Serratia based biofertilizers increase growth regulators including cytokinins, gibberellins and 

IAA in wheat plants. Beside increase in the amount of plant growth regulators (PGRs) the 

effect of Azospirillum on root morphology can be mimicked by IAA alone or combination of 

IAA, ABA and kinetin (Gracia de Salamone et al. 2006). Qualitative and quantitative 

differences in the amount of plant growth regulators cytokinins and IAA were observed in 

soybean roots inoculated with Bradyrhizobium (Caba et al. 2000). In some cases the 

production of cytokinins and auxins by bacteria might be limited to in situ only. For example 

cytokinins  activity  was  detected  in  the  medium  of  Phaseolus  vulgaris  plants  inoculated  

with  Rhizobium  phaseoli, however no such activity was found in the medium  containing  

the  same  amounts  of  non-inoculated  roots  or  rhizobial cells suspension alone (Gracia de 

Salamone et al. 2006). Phytopathogens have the ability to enhance endogenous cytokinins and 

IAA levels of the plants (Jameson 2000; Vandeputte et al. 2005). However phytopathogens 

enhance endogenous phytohormones by several-fold disturbing their physiological balance 

while during current study the increase was under physiological limits. Cajanus cajan with 

leaf curl disease accumulated 8-fold greater concentrations of cytokinins in xylem exudates as 

compared to normal nodulated plants (Gracia de Salamone et al. 2006). Cyanobacterial 

inoculations also significantly altered the endogenous cytokinin of wheat seedlings harvested 

after two weeks. Most efficient inoculations were Chroococcidiopsis sp. Ck4 and 

Phormidium sp. Ck3 where more than 2-fold increases in cytokinin content of the leaves were 

recorded. Increases in the level of cytokinins with these strains were greater in leaves than 

roots. Free cytokinins form (zeatin) was more sharply increased in leaves as well as roots as 

compared to other cytokinin types (ZR and ZOG). Exception to this was recorded in roots of 
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wheat seedlings where ZR instead of Z showed greatest increase with Chroococcidiopsis sp. 

Ck4 inoculation. Nevertheless concentration of Z in such roots was comparable to roots 

inoculated with other strains evidencing that this strain was either directly contributing more 

ZR to the root or access of Z was converted by plant to transport form. It can be clearly shown 

that in case of cyanobacteria (except Chroococcidiopsis sp. Ck4) ZR was very low in roots as 

compared with bacterial inoculations. In sunflower seedlings ZOG content of root was altered 

maximally as compared to other forms which may be due high rate of inactivation to 

accommodate sharp increase in the cytokinins content. Leaves of sunflower seedlings 

inoculated with bacteria showed maximum increase in ZOG content while Z showed second 

highest increase. Bacterial strains including Am3, BC1 and G1 changed endogenous level of 

cytokinin more effectively when compared with other strains. Cyanobacterial inoculation 

Chroococcidiopsis sp. Ck4 caused more than 4-fold increase in root cytokinin content 

associated with 170% increase in the leaves.  While leaves showed maximum increase in 

ZOG with cyanobacterial inoculations the major responsive cytokinin in root was either ZR 

(with Anabaena sp. Ck1, Oscillatoria sp. Ck2 and Chroococcidiopsis sp. Ck4) or Z (with 

Phormidium sp. Ck3 and Synechocystis sp. Ck5). Lupinus termis plants co-cultivated with 

two cyanobacteria namely Cylindrospermum muscicola and Anabaena oryzae was shown to 

accumulate greater amount of cytokinins, auxin and gibberellic acid over uninoculated control 

(Haroun and Hussein 2003). Microbial inoculation caused more drastic change in IAA 

content of root as compared to leaves of wheat as well as sunflower seedlings. Maximum 

increase in root was more than 3-fold over control while in leaves increase was more than two 

times in leaves. Among bacterial strains, A. brasilense Az1 and B. licheniformis Am2 more 

efficiently altered endogenous IAA levels of seedlings in all cases. In sunflower increase in 

IAA was relatively low as compared to wheat seedlings demonstrating more efficient 

absorption of this hormone by wheat. Endogenous IAA concentration in wheat leaves was 

significantly correlated to bacterial IAA produced in vitro. When comparison was made 

between cyanobacteria and bacteria regarding their overall effect on endogenous 

phytohormones of wheat or sunflower seedlings there was no difference (ANOVA; p=0.05). 

However considering individual inoculations significant variations in endogenous cytokinins 

and IAA levels were recorded. In leaves of sunflower seedlings total cytokinin was maximally 

enhanced with bacterial inoculation B. cereus G1 whereas IAA showed greatest response to 

A. brasilense Az1. Response of the cytokinins pool of the root was more or less similar to that 

of leaves with bacterial strains P. aeruginosa Am3 and B. subtilis BC1 as dominant 

inoculations. Maximum stimulation in IAA accumulation was recorded with A. brasilense 
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Az1. Maximum increase in cytokinins accumulated by roots of wheat seedlings was recorded 

with P. aeruginosa Am3 however IAA was greatest with Anabaena sp. Ck1.  The situation in 

leaves was opposite as cytokinins were maximally enhanced with Chroococcidiopsis sp. Ck4 

(cyanobacterium) and IAA with A. brasilense Az1 (Bacterium) 

Although phytohormones in bacterial and cyanobacterial culture was positively correlated to 

their endogenous level in seedlings however, interestingly, some strains which were 

characterized by high in vitro phytohormones production could influence seedlings cytokinins 

and IAA pools relatively less than expected. For instance B. licheniformis Am2 and A. 

brasilense Az1 (bacterial strains) were able to secrete more cytokinins in the culture as 

compared to B. pumilus R2 and B. subtilis Vi2 however, influence on the endogenous 

cytokinins pool  was greater by the later two strains. Similarly cyanobacterial strain Anabaena 

sp. Ck1 was able to release 153% greater cytokinins relative to Synechocystis sp. Ck5 

nevertheless the difference in the endogenous cytokinins level was only 3% in case of wheat 

leaves while roots were influenced by the former strain to accumulate only 8% more 

cytokinins as compare to the later strain. In all such cases the role of IAA seemed to be 

important. Bacterial and cyanobacterial strains which produced high amount of IAA (such as 

Anabaena sp. Ck1, Az1 and Am2) influenced seedlings endogenous cytokinins less than the 

expected increase based on in vitro cytokinins production. The reason may be antagonistic 

role of IAA and cytokinins in seedlings. Auxins (IAA) suppress ipt gene to control local 

synthesis of cytokinins in the nodal stem of Pisum sativum. The same results were reported 

for pea roots and even Arabidopsis roots (Tanaka et al. 2006). On the other hand induction of 

cytokinins oxidase (CkX) by auxins was also reported in tobacco pith explants where the 

oxidative break down of ZR was increased after the application of NAA. Similarly the in vitro 

conversion of zeatin type cytokinins to adenine derivatives was demonstrated after NAA 

treatment (Nordstrom et al. 2004). Inactivation of cytokinins via conjugation is well known 

(Bajguz and Piotrowska 2009). IAA has been shown to inhibit the action of β-glucosidases 

which hydrolyze cytokinins-o-glucosides and release active cytokinins (Swarup et al. 2002). 

Expression of bacterial auxin biosynthesis genes down-regulated ZR and ZRMP levels in 

transgenic tobacco plant (Eklöf et al. 2001). In present work the antagonistic relation of the 

two phytohormones is evident from negative correlation (though not significant) of bacterial 

IAA with plant endogenous cytokinin as well as between endogenous IAA and cytokinin 

(Table-7.9; 7.10). However cyanobacterial IAA showed positive (not significant) correlation 

with plant endogenous cytokinins.  



PHYTOSTIMULATION UNDER NATURAL CONDITIONS 

hizosphere associated microorganisms are used as biofertilizer to enhance plant 

growth and improve yield (Vessey 2003). According to Vessey (2003) biofertilizer 

are substances with living organisms which colonize plant and improve its growth 

by improving nutrient availability. Rhizosphere bacteria having ability to mobilize 

phosphate and fix atmospheric nitrogen are extensively used as biofertilizer in crop plants 

including wheat, maiz, rice and sugarcane (Sundara et al. 2002;  Rosas et al. 2008;  Ali et al. 

2009;  Naiman et al. 2009). In addition to the bacterial biofertilizers, nitrogen fixing 

cyanobacteria have extensively used to inoculate rice (Kannaiyan et al. 1997; Hashem 2001; 

Vaishampayan et al. 2001). However, other crops including wheat have attracted very little 

attention (Obreht et al. 1993; Abd-Alla et al. 1994). Current chapter describes 

phytostimulatory effect of phytohormones (cytokinin and IAA) producing rhizobacteria and 

cyanobacteria on wheat var. Uqab 2000 under wire house conditions. Seeds of Triticum 

aestivum var. Uqab 2000 were procured from Punjab Seed Corporation and healthy seeds 

were selected for inoculation. In one set of experiments surface sterilized seeds were soaked 

in bacterial suspension adjusted to cfu 10
7
 for 15 minutes at room temperature. Distilled water 

was used as control. While in another set of experiments surface sterilized seeds were soaked 

in cyanobacterial suspension adjusted to concentration equivalent to 0.1 µg ml
-1

 of 

chlorophyll-a for 1 hour, control seeds got the same treatment in sterile distilled water. Fifteen 

seeds were sown in each pot (30 cm x 30 cm) containing unfertilized garden soil under natural 

conditions. After germination selection was made and 10 uniform seedlings were left in each 

pot. After growth period of six weeks by further thinning (first harvest) 5 seedlings were left 

at random in each pot. Experiments were performed between December 2007 and April 2008. 

Each treatment was replicated ten times so 50 plants got the same treatment at random. First 

harvest was taken after six weeks (42 days) while second harvest was taken at full crop 

maturity after 18 weeks (130 days). Growth (shoot length), biomass (shoot fresh and dry 

weight) and yield (number of tillers, spike length and weight of 100 grains) parameters were 

recorded for all treatments at early growth as well as full maturity stage.  
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PHYTOSTIMULATORY EFFECTS OF BACTERIA 

SEED GERMINATION 

Bacterial inoculation was proved to be beneficial for wheat seeds germination under natural 

conditions (Fig. 8.1). All bacterial inoculations provoked seed germination and 19-33% 

enhanced germination, relative to control, was observed with different bacterial inoculations. 

Am2 (33%) and Am3 (32%) caused maximum increase in germination when compared with 

that of control. Am6 inoculation caused relatively less stimulatory effect as compared with 

that of other strains. Bacterial strains including R2, G1, BC1, Az1 and E2 improved seed 

germination by 29%, 28%, 25%, 22% and 21% respectively over control.  

RESPONSE OF WHEAT AFTER SIX WEEKS OF GROWTH 

First harvest was taken after six weeks of germination. The parameters included shoot length, 

shoot fresh and dry weight and number of tillers. Phytohormones producing bacteria were 

able to enhance the overall growth of wheat plants. Increase in shoot height ranged between 

9% and 26% with bacterial inoculations. Maximum increase in this parameter was 26% in 

plants inoculated with B. cereus G1. Bacterial inoculation B. pumilus R2 on the other hand 

caused the least stimulation (9% over control) in shoot length as relative to other strains.  

Shoots of wheat plants attained greater height when inoculated with B. subtilis BC1 (24%),   

P. aeruginosa Am3 (23%) and G1, B. licheniformis Am2 (20%). Improvement in this 

parameter was 11-18% over that of control with P. aeruginosa (Am7 and Am5), 

Pseudomonas sp. E2, P. aeruginosa Am4, A. brasilense Az1, P. aeruginosa (Am6), B. 

subtilis Vi2  (Table-8.1). Increase in fresh weight parameter was 10-71% in plants inoculated 

with bacterial strains relative to control. In majority of cases bacterial inoculations caused 

significant increase (Table-8.1). Maximum improvement in this parameter (71%) was 

recorded with B. licheniformis Am2 inoculation when compared with control.  With B. cereus 

G1, B. subtilis BC1 and P. aeruginosa Am3 inoculations green biomass was enhanced 68, 60 

and 59% respectively. Increase in this parameter caused by B. pumilus R2 (44%), 

Pseudomonas sp. E2 (41%), P. aeruginosa Am6 (35%), A. brasilense Az1 (33%), P. 

aeruginosa Am4 (24%) and B. subtilis Vi2 (16%) was significant as relative to uninoculated 

plants. Although P. aeruginosa Am7 improved gain in fresh weight but it was not significant 

while P. aeruginosa strain Am5 had inhibitory effect on fresh weight parameter. Bacterial 

inoculation exhibited variable effects on the dry weight of wheat plant. In some cases dry 
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Figure-8. 1 Impact of bacterial inoculations on the germination of wheat under natural 

conditions  
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Table-8.1 Early growth (6 weeks) responses of wheat plants to different bacterial inoculations 

under natural conditions 

 strains Shoot length (cm) Fresh weight (g) Dry weight (g) No. tillers 

Cont 34.4±1a 9.7±0.58a 2.2±0.08abc 1.5±0.05a 

P. aeruginosa Am3 42.4±0.8def 15.4±0.65hi 4.2±0.15h 2.2±0.13d 

P. aeruginosa Am4 39.5±0.87bcd 12±0.38bcd 2.1±0.08ab 1.8±0.08bc 

P. aeruginosa Am5 38.1±0.82b 9±0.76a 1.9±0.07a 1.7±0.07ab 

P. aeruginosa Am6 40.1±1.01bcde 13.1±0.56def 2.5±0.11c 2.1±0.09cd 

P. aeruginosa Am7 38.2±0.98b 10.7±0.74ab 2±0.08a 1.8±0.1bc 

Pseudomonas sp. E2 39±0.94bc 13.7±0.66fgh 2.9±0.07d 1.9±0.09bc 

B. subtilis BC1 42.6±1.09ef 15.5±0.5hi 3.6±0.17fg 2.2±0.11d 

B. subtilis Vi2 40.6±1.01bcdef 11.3±0.59bc 1.9±0.13a 2.1±0.1cd 

B. licheniformis Am2 41.4±0.93cdef 16.6±0.7i 3.3±0.12ef 1.9±0.1bc 

B. pumilus R2 37.6±0.91b 14±0.63gh 3.7±0.13g 2±0.09bcd 

A. brasilense Az1 39.8±0.96bcde 12.9±0.63def 3.2±0.1de 2±0.13bcd 

B. cereus G1 43.3±0.98f 15.6±0.46hi 3.7±0.21g 2.1±0.11cd 

Means of 50 replicates with standard error 

Different letters within the same column indicate significant difference among means determined by using 

Duncan multiple range test (p=0.05).  
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mass accumulation was improved, in other cases no change in this parameter was observed, 

whereas with others reduction in dry weight accumulation over control was recorded (Table-

8.1). Increase in dry biomass ranged between 14%-91% with bacterial inoculations. The 

maximum stimulation (91%) in dry matter was with P. aeruginosa Am3 inoculation.  With B. 

cereus G1 and B. pumilus R2, 68% increase in dry biomass accumulation was recorded. B. 

subtilis BC1 and B. licheniformis Am2 caused 63% and 50% increase in dry weight over 

control respectively. Plants inoculated with A. brasilense Az1 and Pseudomonas sp. E2 

enhanced 45 and 32% dry matters accumulation, respectively, as compared to control. P. 

aeruginosa Am6 caused some increase in dry weight of wheat plants but it was not 

significant. The rest of the strains caused reduction in the dry weight of wheat plant (Table-

8.1). Reduction in this parameter (though not significant) was recorded with a number of 

bacterial strains including P. aeruginosa Am5 (14%), B. subtilis Vi2 (14%), P. aeruginosa 

Am7 (9%) and P. aeruginosa Am4 (5%). Most of the rhizosphere bacterial isolates 

significantly improved tillering (13-47%) in wheat at early growth stage (6 weeks). Maximum 

increase over control was observed in plants inoculated with B. subtilis BC1 (47%) and P. 

aeruginosa Am3 (47%). An increase of 40% was recorded over control with bacterial 

inoculations P. aeruginosa Am6, B. subtilis Vi2 and B. cereus G1. Stimulation in number of 

tillers was 20-33% with bacterial inoculations P. aeruginosa Am4, Pseudomonas sp. E2, B. 

licheniformis Am2, B. pumilus Rs and A. brasilense Az1. However in case of P. aeruginosa 

Am5 increase (13% ) was not significant (Table-8.1). 

RESPONSE OF WHEAT AT MATURITY 

Second harvest of the wheat plants was taken when they attained full maturity at 22
nd

 day of 

April 2008. At full maturity the overall growth response of wheat inoculated with bacterial 

cultures was significantly improved as compared to control (Fig. 8.2; Fig. 8.3). Different 

parameters including shoot height, number of tillers, spike length and weight of 100 seeds 

were recorded. Shoot length was significantly improved with bacterial inoculation however in 

some cases stimulation in this parameter was not significant. Bacterial inoculations caused 1-

30% increase in plant height as relative to control. This parameter was maximally enhanced in 

plants inoculated with B. subtilis BC1 (30%) and B. cereus G1 (29%) as compared to control 

plants. Significant improvement in shoot growth was recorded with P. aeruginosa (26%),  B. 

pumilus R2 (25%), A. brasilense Az1 (17%), B. licheniformis Am2 (12%), B. subtilis Vi2 

(11%) and P. aeruginosa Am6 (10%) over control. Some strains including P. aeruginosa 



Chapter 8                PHYTOSTIMULATION (NATURAL CONDITIONS) 
 

Phytohormones cytokinins and IAA from microbial origin and their impact on plant growth Page 176 
 

  

 

 

Figure-8. 2 Growth response of T. aestivum var. Uqab 2000 inoculated with P. aeruginosa 

Am3 (b) and control (a). 

 

 

Figure-8. 3 Comparison of spike length in control (a) and plants inoculation with bacterial 

strain P. aeruginosa Am3 (b) 
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Am4 (1%), P. aeruginosa Am5 (0%) and P. aeruginosa Am7 (3%) caused either same (not 

significant) or no increase in this parameter.  Yield parameters including number of tillers per 

plant, spike length and weight of seeds were also significantly stimulated by bacterial 

inoculations. Number of tillers per plant increased significantly (19-71%) over control, with 

all bacterial inoculations. Maximum stimulatory effects in this parameter were observed with 

P. aeruginosa Am3 and B. subtilis BC1 inoculations where 71% increase over control was 

recorded. These isolates were also the most effective regarding tillering after six weeks of 

growth however, the parameter was improved to greater extent at full maturity. P. aeruginosa 

isolates Am5 and Am7 caused relatively less stimulatory effects (19%) on this parameter. 

Number of tillers was improved as high as 52, 43 and 24% with B. cereus G1, P. aeruginosa 

Am6 and P. aeruginosa Am4. Similarly 33% stimulation was recorded with bacterial 

inoculations B. subtilis Vi2, B. pumilus R2 and A. brasilense Az1. Inoculation with 

Pseudomonas sp. E2 and B. licheniformis Am2 caused 29% increase in number of tillers as 

relative to control. Spike length was affected to a lesser extent relative to other parameters 

with bacterial inoculations. Nevertheless increase in this parameter with bacterial inoculations 

was recorded which ranged between 1-23% relative to control (Table-8.2). Significant 

increase in spike length was recorded with a number of bacterial strains (P. aeruginosa Am3, 

P. aeruginosa Am6, B. subtilis BC1, B. pumilus R2 and A. brasilense Az1), however, other 

strains (P. aeruginosa, Am4, P. aeruginosa Am5, P. aeruginosa Am7, Pseudomonas sp. E2, 

B. subtilis Vi2, B. licheniformis Am2 and B. cereus G1) stimulated this parameter to some 

extent (not significant). Comparison of spike length in control and inoculated plants is given 

in Figure 8.3. Maximum increase (23%) in spike growth was caused by P. aeruginosa Am3 

when compared with control. Increase in spike length with B. subtilis BC1 (16%), B. pumilus 

R2 (15%) and P. aeruginosa Am6 (10%) and A. brasilense Az1 (5%) was significant as 

compared to that of control. Some inoculations (P. aeruginosa Am4, P. aeruginosa Am5 and 

B. cereus G1) caused reduction (1%) which was not significant. Increases with P. aeruginosa 

Am7, Pseudomonas sp. E2, B. subtilis Vi2 and B. licheniformis Am2 were also not significant 

(Table-8.2). When weight of 100 seeds was considered, stimulatory effects (although not 

significant in all cases) over control were observed with bacterial inoculations (Table-8.2). P. 

aeruginosa Am3, P. aeruginosa Am6, B. subtilis BC1, B. subtilis Vi2, B. licheniformis Am2, 

B. pumilus R2, A. brasilense Az1 and B. cereus G1 inoculations caused significant increase in 

the weight of seeds and maximum increase was recorded with inoculation of G1. Next to G1 

are Am3 and BC1 inoculations where 33% increase in this parameter over control was 

recorded. Increase, over control, with strains including P. aeruginosa Am4, P. aeruginosa 
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Table-8. 2 Growth responses of wheat plants to different bacterial inoculations at full maturity 

stage under natural conditions. 

Means of 50 replicates with standard error 

Different letters within the same column indicate significant difference among means determined by using 

Duncan multiple range test (p=0.05). 

 

  

Strains 
Shoot length 

(cm) 
No. tillers 

Spike length 

(cm) 

Weight of 

100 seeds (g) 

Cont 50.6±0.64a 2.1±0.05a 8±0.1abc 3.6±0.09a 

P. aeruginosa Am3 63.8±1.16d 3.6±0.07g 9.8±0.11g 4.8±0.08c 

P. aeruginosa Am4 51.2±1.04a 2.6±0.07bcd 7.9±0.11a 3.9±0.08ab 

P. aeruginosa Am5 50.6±0.88a 2.5±0.07b 7.9±0.13ab 3.9±0.11ab 

P. aeruginosa Am6 55.6±1.05b 3±0.09ef 8.8±0.11e 4.2±0.09b 

P. aeruginosa Am7 52.2±0.81a 2.5±0.09bc 8.2±0.09bcd 3.9±0.07ab 

Pseudomonas sp. E2 49.8±0.84a 2.7±0.05cd 8.2±0.09cd 3.9±0.08ab 

B. subtilis BC1 65.7±1.51d 3.6±0.06g 9.3±0.09f 4.8±0.11c 

B. subtilis Vi2 56.4±0.86b 2.8±0.08de 8.1±0.08abc 4.1±0.09b 

B. licheniformis Am2 56.5±1.08b 2.7±0.07cd 8.1±0.06abc 4±0.06b 

B. pumilus R2 63.4±0.76d 2.8±0.05de 9.2±0.11f 4.2±0.07b 

A. brasilense Az1 59.3±0.42c 2.8±0.09de 8.4±0.07d 4.1±0.09b 

B. cereus G1 65.1±0.77d 3.2±0.08f 7.9±0.09abc 5±0.14c 
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Am5, P. aeruginosa Am7 and Pseudomonas sp. E2 was only 8%. Bacterial inoculations P. 

aeruginosa Am6, B.subtilis Vi2, B. licheniformis Am2, B. pumilus R2 and A. brasilense Az1 

caused increase of 17, 14, 11, 17 and 14% in weight of seeds over control respectively. 

PHYTOSTIMULATORY EFFECTS OF CYANOBACTERIA 

SEED GERMINATION 

Seed emergence was provoked greatly with the inoculation of cyanobacterial strains (Fig. 

8.4). When seeds were soaked in sterile distilled water (control treatment), 76% of seeds 

germinated. Contrary to control 100% emergence was observed with Anabaena sp. Ck1 

inoculation. Seed emergence was provoked by cyanobacterial inoculations where 30.2, 27.6, 

25 and 18.4% increases over control were observed with inoculation of Chroococcidiopsis sp. 

Ck4, Oscillatoria sp. Ck2, Phormidium sp. Ck3 and Synechocystis sp. Ck5. 

RESPONSE OF WHEAT AFTER SIX WEEKS OF GROWTH 

Cyanobacterial inoculations stimulated wheat early growth (after six weeks) significantly in 

most of the cases. Stimulation of shoot length by cyanobacterial inoculations ranged between 

17-30% relative to control. Maximum increase in shoot length (30%) was recorded when 

wheat plants were inoculated with Anabaena sp. Ck1 over control. The parameter was 

significantly stimulated by Chroococcidiopsis sp. Ck4, Oscillatoria sp. Ck2, Phormidium sp. 

Ck3 and Synechocystis sp. Ck5 inoculations, where 26, 24, 18 and 17% increase over control 

was recorded respectively. Cyanobacterial inoculations significantly stimulated green as well 

as dry biomass in wheat seedlings (Table-8.3). Maximum increase in fresh weight (52%) was 

recorded in seedlings inoculated with Chroococcidiopsis sp. Ck4. Anabaena sp. Ck1 and 

Synechocystis sp. Ck5 were also beneficial inoculations, as they caused increase in this 

parameter up to 35% and 28% respectively when compared with control. 20% and 16% 

stimulation in fresh weight respectively by Phormidium sp. Ck3 and Oscillatoria sp. Ck2 was 

recorded over control. Stimulation in green biomass was accompanied by increase in dry 

weight, resulted after cyanobacterial inoculation of wheat. Chroococcidiopsis sp. Ck4 

inoculation caused maximum increase (64%) in dry matters as compared to control. 

Cyanobacterial inoculations, Oscillatoria sp. Ck2, Phormidium sp. Ck3 and Synechocystis sp. 

Ck5 enhanced seedlings dry weight by 44, 40 and 20% respectively. Inoculation with 

Anabaena sp. Ck1 caused 8% increase in this parameter which was statistically non 

significant. Tillering in wheat plants was significantly stimulated by all the cyanobacterial 
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Figure-8. 4 Impact of cyanobacterial inoculation on the germination of wheat under natural 

conditions 
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inoculations. Maximum increase in this parameter (59%) was recorded with 

Chroococcidiopsis sp. Ck4 inoculation. Next important strain was Anabaena sp. Ck1 

inoculation which caused 35% increase in number of tillers over control. Plants inoculated 

with Phormidium sp. Ck3 and Oscillatoria sp. Ck2 stimulated the parameter by 29% relative 

to control. Similarly 18% greater tillers were recorded in plants inoculated with Synechocystis 

sp. Ck5 over control. 

Response of wheat at maturity 

Wheat plants were harvested at their full maturity after 18 weeks of growth and different 

parameters including shoot length, number of tillers, spike length and weight of 100 seeds 

were recorded (Table-8.4). Cyanobacterial inoculations significantly enhanced growth as well 

as yield parameters of wheat crop under natural conditions (Fig. 8.5; 8.6). Plant height (shoot 

length) was significantly enhanced as a result of cyanobacterial inoculations. Increases caused 

by cyanobacterial inoculations ranged between 15-31% over control plants. Anabaena sp. 

Ck1 inoculation caused maximum stimulation (31%) in shoot length over control. Stimulation 

over control was 28, 25 and 15% respectively in wheat plants inoculated with 

Chroococcidiopsis sp. Ck4, Oscillatoria sp. Ck2, Phormidium sp. Ck3 and Synechocystis sp. 

Ck5. Increase in the spike length was recorded (although not significant in all cases) with 

cyanobacterial inoculations (Table-8.4). Maximum stimulation in this parameter was 

observed in plants inoculated with Chroococcidiopsis sp. Ck4 where an increase of 26% as 

compared to control was recorded. The inoculations next to Ck4 are Synechocystis sp. Ck5 

and Anabaena sp. Ck1 where 23% and 18% increases over control were recorded 

respectively. The parameter was stimulated only marginally (2%) in case of Oscillatoria sp. 

Ck2. Number of tillers per plant was also significantly increased with all cyanobacterial 

inoculations. Stimulation of tillering by Chroococcidiopsis sp. Ck4 inoculation (52% over 

control) was the maximum at full maturity. Increases in number of tillers 13, 39, 17 and 9% in 

plants inoculated with cyanobacterial inoculations Anabaena sp. Ck1, Oscillatoria sp. Ck2, 

Phormidium sp. Ck3 and Synechocystis sp. Ck5 respectively were observed. Weight of 100 

seeds was affectively enhanced in wheat plant inoculated with cyanobacteria. Maximum 

stimulation in this parameter was observed in case of Chroococcidiopsis sp. Ck4 inoculation 

where 43% increase was recorded.  Similarly cyanobacterial inoculations Anabaena sp. Ck1, 

Oscillatoria sp. Ck2 and Phormidium sp. Ck3 caused 24, 16 and 11% increases in this 

parameter. Ck5 inoculation caused relatively less increase (8%) in seed weight when weight 

of 100 seeds was considered.  
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Table-8. 3 Early growth (6 weeks) responses of wheat plants to different cyanobacterial 

inoculations under natural conditions 

Treatment 
Shoot length 

(cm) 

Fresh weight 

(g Plant
-1

) 

Dry weight 

(g Plant
-1

) 
No. Tillers 

Cont 33.4±1.06a 12.4±0.62a 2.5±0.09a 1.7±0.05a 

Anabaena sp. Ck1 43.3±1.21c 16.7±1.07bc 2.7±0.18ab 2.3±0.09b 

Oscillatoria sp. Ck2 41.3±1.3bc 14.4±0.93ab 3.6±0.13c 2.2±0.13b 

Phormidium sp. Ck3 39.5±0.91b 14.9±0.99ab 3.5±0.09c 2.2±0.11b 

Chroococcidiopsis cp. Ck4 42.1±1.48bc 18.8±0.67c 4.1±0.27d 2.7±0.1c 

Synechocystis sp. Ck5 39.1±0.66b 15.9±0.71b 3±0.15b 2±0.11b 

Means of 50 replicates with standard error 

Different letters within the same column indicate significant difference among means determined by using 

Duncan multiple range test (p=0.05). 

 

 

Table-8. 4 Growth responses of wheat plants to different cyanobacterial inoculations at full 

maturity stage under natural conditions. 

Treatment 
Shoot length 

(cm) 
NO Tillers 

Spike length 

(cm) 

Weight of 

100 seeds (g) 

Cont 47.4±2.4a 2.3±0.05a 8±0.1a 3.7±0.09a 

Anabaena sp. Ck1 62±4.4c 2.6±0.04b 9.4±0.09b 4.6±0.13c 

Oscillatoria sp. Ck2 59.1±4.8c 3.2±0.08c 8.2±0.07a 4.3±0.09b 

Phormidium sp. Ck3 59.1±4.1c 2.7±0.06b 7.9±0.28a 4.1±0.08b 

Chroococcidiopsis cp. Ck4 60.5±4c 3.5±0.09d 10.1±0.1c 5.3±0.1d 

Synechocystis sp. Ck5 54.6±5.5b 2.5±0.07b 9.8±0.13b 4±0.05ab 

Means of 50 replicates with standard error 

Different letters within the same column indicate significant difference among means determined by using 

Duncan multiple range test (p=0.05). 
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Figure-8. 5 Growth response of T. aestivum var. Uqab 2000 inoculated with Anabaena sp. 

Ck1 (a), Oscillatoria sp. Ck2 (b) and Chroococcidiopsis sp. Ck4 (c) and control (d). 

 

 

Figure-8. 6 Impact of cyanobacterial inoculations on spike length Anabaena sp. Ck1 (a), 

Oscillatoria sp. Ck2 (b) and Chroococcidiopsis sp. Ck4 (c) and control (d) 
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DISCUSSION 

Phytostimulation as a result of bacterial and cyanobacterial inoculations was recorded in 

wheat plants under wire house conditions. Seed germination was maximum (100%) with 

cyanobacterial inoculation, Anabaena sp. Ck1. However, with bacterial inoculations B. 

licheniformis Am2 seed emergence was 99%. These results show that there was no significant 

difference in the behavior of seeds inoculated with bacteria or cyanobacteria. To improve seed 

germination is one of the important tests for plant growth promotion by rhizobacteria and 

cyanobacteria which shows the establishment of symbiotic association between the plants and 

bacteria (Pothier et al. 2007). Improved seed germination as a result of bacterization has been 

reported by several researchers (Shweta et al. 2009: Cassan et al. 2009). It was demonstrated 

that phytohormonal shock from bacteria may be the first contact between plant seeds and the 

inoculum (Cassan et al. 2009). Enhanced seed germination as a result of cyanobacterial 

inoculation was also reported (Karthikeyan et al. 2009). In wire house experiments different 

growth parameters of wheat crop were recorded after growth period of six weeks (early 

growth) and 18 weeks (maturity). In general bacteria were grouped in three classes based on 

their phytostimulatory potential. Class 1 includes P. aeruginosa Am3, B. subtilis BC1, B. 

cereus G1 and B. pumilus R2 which showed the highest stimulation regarding growth and 

yield parameters. The strains (Az1, Am2, Vi2, Am6 and E2) constitute class II as they 

showed relatively low activity regarding their efficacy to promote growth in wheat. Similarly 

the lowest activity was recorded in strains Am4, Am5 and Am7 and can be regarded as class 

III. Phytostimulatory potential of PGPR in wheat was linked to the production of 

phytohormones (Khalid et al. 2004; Ali et al. 2009). Generally bacterial inoculations resulted 

improved seed germination, early seedling development and flowering along with significant 

increase in fresh and dry weight. These findings are in line with Dobbelaere et al. (2002). 

PGPR inoculations could also improve nutrient availability and benefit plant development by 

releasing plant growth regulators at the root interface, as a result stimulated root development 

and ultimately better absorption of water and nutrients from the soil (Wu et al. 2005; 

Egamberdiyeva et al. 2009). Bacterial inoculation P. aeruginosa Am3 was the most consistent 

regarding early growth stimulation as well as phytostimulation at full maturity. Inoculation 

with this strain caused maximum stimulation in dry weight and number of tillers during early 

growth. However maximum stimulation in fresh weight and shoot length was recorded with 

B. licheniformis Am2 and B. cereus G1 respectively. Stimulation of dry weight by P. 

aeruginosa Am3 was significantly greater as compared to other bacterial strains. 
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Nevertheless, stimulation recorded in fresh weight, number of tillers and shoot length, caused 

by Am3, G1 and BC1 inoculations was essentially similar. At full maturity growth parameter 

for instance shoot length was greatest in plants when B. subtilis BC1 was used as inoculation. 

On the other hand spike length, weight of seeds and number of tillers, were maximally 

stimulated with P. aeruginosa Am3 inoculation over control. P. aeruginosa isolates were the 

most effective inoculations for wheat as demonstrated by De Freitas and Germida (1990). 

Stimulation of shoot length and weight of seeds with bacterial inoculations Am3, G1 and BC1 

was not significant, among themselves. Similarly impact of Am3 and BC1 on tillering in 

wheat plants showed only marginal variations which were not significant. From these results 

it can be shown that strains belonging to the genus Pseudomonas (Am3) and Bacillus (BC1 

and G1) have similar potential for phytostimulation in wheat. At the same time it may be 

emphasized that strains of Pseudomonas aeruginosa (Am3, Am4, Am5, Am6 and Am7) 

showed variable stimulatory effect on wheat crop which may be due to differences in the 

production of secondary metabolites required for growth promotion. Similarly the isolates 

from genus Bacillus (Am2, BC1, Vis, R2 and G1) also differed greatly in their biofertilization 

ability. The best inoculations among Bacillus strains were BC1, G1 and R2 followed by the 

other strains. These results are in close agreement with Cakmakc et al. (2007) who also 

reported variability in the ability of different Bacillus isolates to promote plant growth. They 

reported that variability in growth responses were inoculation specific and dependent upon the 

inoculated strain, stimulatory compounds and parameter evaluated. Biostimulation potential 

of A. brasilense Az1 was significantly lower as compared to Am3, BC1 and G1 not only 

during early growth but also at full maturity. Nevertheless, A. brasilense Az1 and B. subtilis 

Vi2 stimulated wheat growth essentially to the same extent. The later observations are in line 

with the findings of Felici et al. (2008), who observed similar phytostimulation in tomato by 

A. brasilense and B. subtilis. Similarly the results obtained here are also in agreement with 

Arkhipova et al. (2005) who reported variability in phytostimulation by different strains of B. 

subtilis that vary in their ability to synthesize phytohormones in in vitro cultures. 

Cyanobacteria undergo intimate associations with the roots of wheat and stimulate its growth 

(Karthikeyan et al. 2009). Significant phytostimulation under natural conditions was recorded 

in wheat plants inoculated with cyanobacterial strains. Cyanobacterial inoculations can also 

be grouped into three classes based on their performance in plant growth experiments. 

Chroococcidiopsis sp. Ck4 was the most effective inoculum for wheat under wire house 

conditions and can be considered as class 1. Class II was constituted by two inoculations, 
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Anabaena sp. Ck1 and Oscillatoria sp. Ck2. Phormidium sp. Ck3 and Synechocystis sp. Ck5 

were assigned to class III. Maximum increase in shoot length was recorded in plants 

inoculated with Anabaena sp. Ck1. However the other parameters (fresh weight, dry weight 

and number of tillers) showed best response with Chroococcidiopsis sp. Ck4 at first harvest. 

Among the parameters studied, dry weight and number of tillers response was significantly 

greater with Chroococcidiopsis sp. Ck4. Nevertheless in case of shoot length and fresh weight 

Ck4 inoculation was not different from Ck1. At full crop maturity all the cyanobacterial 

inoculations except Ck5 enhanced shoot length to the same extent. Greatest stimulation in 

spike length, number of tillers and weight of seeds was obvious in plants inoculated with 

Chroococcidiopsis sp. Ck4. Hence this strain may be regarded as best inoculum for wheat 

plant in natural conditions. Phytostimulatory potential of cyanobacteria is attributed to the 

atmospheric nitrogen fixation and making it available to the associated plants (Spiller and 

Gunasekaran 1990;  Karthikeyan et al. 2007). Anabaena sp. associated with wheat plants were 

shown to enhance grain yield, dry weight and nitrogen contents in the plants (Spiller and 

Gunasekaran 1990). Reversal of the salinity effect on rice by extracellular extract of a 

cyanobacterium Scytonema hofmanni was attributed to gibberellins like activity in the extract 

(Rodríguez et al. 2006). However in a number of in vitro plant growth experiments the role of 

phytohormones in cyanobacterial extract is shown (Wake et al. 1991). It seems that 

cyanobacteria may use phytohormones as a tool for plant growth promotion along with a 

number of other mechanisms including nitrogen fixation.  

At early growth cyanobacterial and bacterial inoculations caused equal enhancement in 

growth parameter (shoot length) over control. However at full maturity bacterial inoculations 

caused significantly higher stimulation than cyanobacterial strains in this parameter (p = 

0.05). While green biomass was enhanced maximally with Chroococcidiopsis sp. Ck4, dry 

weight was enhanced to the same extant with P. aeruginosa Am3, B. cereus G1, B. pumilus 

R2 (bacteria) and Anabaena sp. Ck1 (cyanobacterium), as increases with these strains were 

not significant when compared. Bacterial strains (Am3, BC1 and G1) were superior 

inoculations for enhancing the yield parameter, number of tillers, over cyanobacteria at full 

maturity though at early growth the later were more effective. Chroococcidiopsis sp. Ck4 

caused maximum enhancement in weight of 100 seeds when compared with other strains. 

Spike length was equally enhanced with both inoculations. These observations showed that 

bacterial and cyanobacterial inoculations are parameter specific though they caused 

improvement consistently over control.         



IN VITRO GROWTH OF BRASSICA OLARACEAE VAR. 

CAPITATA 

fficient in vitro regeneration of plant depends upon reliable tissue culture techniques 

which bring about successful application of biotechnology in crop improvement 

(Özgen et al. 1998). White Cabbage (Brassica olaraceae L. var. capitata) is being 

paid great attention as a crop plant for
 
its enormous nutritional value and a potential 

role in combating cancer (Vermeulen et al. 2006; You et al. 2008). Several studies have 

reported that the plant is amenable to tissue culture techniques (Ali and Hasnain 2007; Nugent 

et al. 2006; Sasaki 2002). Shoot regeneration from hypocotyl and cotyledon ex-plants of 

Brassica olaraceae has been achieved by Qin et al. (2007). Ferreres et al. (2009) reported that 

in vitro shoot production of B. olaraceae is important in obtaining dietary source of 

compounds with health protective potential. Two classes of phytohormones i.e. cytokinins 

and auxins are very important for in vitro regeneration of plants. Cytokinins constitute a 

group of mobile phytohormones have central role in plant growth and development (Hirose et 

al. 2008). The role of different cytokinins (zeatin, isopentenyl adenine, kinetin, benzyladenine 

and benzylaminopurin) has been demonstrated in plant tissue culture including cabbage 

(Nikolic et al. 2006; Guo et al. 2005). Cytokinin alone as well as in combination with auxins 

induce shoot in cotyledon and hypocotyl ex-plants (Guo et al. 2005). Cytokinin production is 

wide spread in different bacterial genera including Pseudomonas, Azospirillum, Azotobacter, 

Bacillus and Rhizobium (Gracia de Salamone et al. 2001; Tsavkelova et al. 2006; Sugawara et 

al. 2008). Bacterial auxin has been demonstrated to induce adventitious shoot in Brassica 

olaraceae internodal ex-plants (Ali and Hasnain 2007). The purpose of the present study was 

to investigate the impact of phytohormones from bacterial and cyanobacterial origin in 

Brassica olaraceae L. in vitro culture and develop efficient callus as well as ex-plant 

regeneration medium based on microbial hormones. For this purpose Murashige and Skoog 

(MS) medium containing 3% glucose, 5.0 µM thiamine-HCl and 30 µM nicotinic acid was 

used as basal medium. Five milliliters of MS medium supplemented with different 

combinations of phytohormones, Bacterial supernatant (BS), bacterial extract (BE), 

cyanobacterial supernatant (CS), cyanobacterial extract (CE) and L-broth (LB) was dispensed 

into each test tube (2.5 x 15 cm). Culture free supernatant (from four days old bacterial 

culture) extracted with n-butanol and purified with mixed mode SPE column was evaporated 

under vacuum to dry and reconstituted in distilled water to transform it to bacterial extract.  

E 

Chapter 9 
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Filter sterilized BS and CS were supplemented in 100 µl, 150µl, 200 µl and 250 µl aliquots. 

The final concentration of cytokinins in BE and CE supplemented to MS medium was 

adjusted to 0.1µg ml
-1

 for callus induction medium as well as morphogenesis medium. BS and 

BE were added to autoclaved MS basal medium after filter sterilization. For callus induction 

seeds were used as ex-plants. For morphogenesis experiments seeds were grown on MS to 

produce seedlings for different durations depending on the ex-plant needed. Two cm 

internodal, hypocotyl, petiolar and root sections of the seedlings were taken as ex-plant. All 

the experiments were performed in Versatile Environmental Test Chamber (Sanyo MRL-

350H) at 25 ± 1
o
C and exposed to a 16 hours photoperiod provided by cool white fluorescent 

lamps (50–55 µmol m
–2

s
–1

) and humidity was maintained at 80% level. 

BACTERIAL PHYTOHORMONES BASED MEDIA 

Callus induction and maintenance 

Four bacterial strains including P. aeruginosa Am3, B. subtilis BC1, P. aeruginosa Am4 and 

A. brasilense Az1 were selected for in vitro study on the basis of phytohormones 

(cytokinin/IAA) ratio in their culture media. Cytokinin/IAA ratio in the culture of B. subtilis 

BC1, P. aeruginosa Am3, P. aeruginosa Am4 and A. brasilense Az1 was 4.02, 2.08, 0.13 and 

0.031 respectively. Seeds inoculated on MS medium alone (control) or supplemented with 

different combinations of phytohormones, bacterial extract and bacterial supernatant, 

germinated within 3-4 days in the dark. Optimum concentration of kinetin and IAA for callus 

induction in the MS medium was 0.1µg ml
-1

 and 0.5µg ml
-1

 respectively (low cytokinin to 

IAA ratio). Seven different media combinations were used (Table-9.1). Callus induction was 

observed in seeds incubated on MS supplemented with 100µl, 150µl, 200µl and 250µl BS 

from P. aeruginosa Am3, B. subtilis BC1 and P. aeruginosa Am4 however optimum 

concentration was 200µl BS with exception of A. brasilense Az1 where 100 µl of BS was 

more suitable for callus formation. Only optimum concentration of BS for callus induction is 

discussed. Off white calli were induced in seeds inoculated on C1 (MS+BS), C3 

(MS+BE+IAA), and C5 (MS+kinetin+IAA) within two weeks after germination (Fig. 9.1) 

while C2 (MS+BE), C4 (MS+kinetin), C6 (MS) and C7 (MS+LB) did not support callus 

induction. Calli formed on MS supplemented with BS from B. subtilis BC1 and P. aeruginosa 

Am3 were compact while with P. aeruginosa Am4 and A. brasilense Az1 friable calli were 

observed. Maximum callus induction by BS was 70% in case of P. aeruginosa Am4 followed 

by A. brasilense Az1 where 57% seeds formed calli. Only 45 and 30% of seeds incubated on 
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Table-9. 1 Callus induction in seeds of B. olaraceae var. capitata on MS media supplemented 

with bacterial and standard phytohormones.  

Strain Medium Designation 
Callus 

Induction 

Callus differentiation 

Calli 

differentiated 

Shoots per 

callus 

Am3 

MS+BS C1 13.6±0.05 15.4±0.32 3±0.01 

MS+BE C2 - - - 

MS+BE+IAA C3 22.3±1 16.8±1.2 7±0.06 

BC1 

MS+BS C1 9±0.56 16.9±0.85 3±0.03 

MS+BE C2 - - -- 

MS+BE+IAA C3 21.1±1.13 17.4±0.88 6±0.04 

Am4 

MS+BS C1 20.9±0.6 - - 

MS+BE C2 - - - 

MS+BE+IAA C3 15.4±1 15.1±1.1 6.5±0.02 

Az1 

MS+BS C1 17.1±1.3 - - 

MS+BE C2 - - - 

MS+BE+IAA C3 20.3±2.1 7.5±0.46 4.5±0.01 

Cont 

MS+Kinetin C4 - - - 

MS+Kinetin+IAA C5 25.8±1.3 18.6±1.13 8.1±0.32 

MS C6 - - - 

MS+LB C7 - - - 
Surface sterilized seeds were incubated on MS media supplemented with bacterial supernatant (200µl) or extract 

from bacterial culture supernatant (equivalent to 0.1µg ml
-1

 kinetin) in the dark at 25 ± 1
o
C and exposed to a 16 

hours photoperiod provided by cool white fluorescent lamps (50–55 µmol m
–2

s
–1

), humidity was maintained at 

80% level. Each treatment was replicated 10 times. Values are means of 30 replicates ± standard error from three 

experiments 
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BS from P. aeruginosa Am3 and B. subtilis BC1 (C1) were transformed into callus 

respectively. C3 supported callus induction from all the selected strains when BE was 

supplemented to 5 ml MS. Callus induction was 74, 70, 68 and 51% respectively on C3 from 

P. aeruginosa Am3, B. subtilis BC1, A. brasilense Az1 and P. aeruginosa Am4. In case of 

positive control C5 the callus induction was recorded in 86% of the seeds. 

Callus differentiation 

Calli were shifted to fresh media and incubated in a photoperiod of 8 hours light and 16 hours 

dark. Greening occurred in calli incubated on BS (C1) from P. aeruginosa Am3 and B. 

subtilis BC1 (Fig. 9.2). However C1 from P. aeruginosa Am4 and A. brasilense Az1 failed to 

facilitate greening in the calli. BE from all the selected bacterial strains in combination with 

low amount of IAA supplemented to MS affected greening in the calli. Optimum 

concentration of standard cytokinin (kinetin) and IAA was 0.1 µg ml
-1

 and 0.05µg ml
-1 

respectively for callus differentiation. Positive control (C5) having high cytokinin/IAA ratio 

also efficiently initiated greening in the calli. After incubation period of two weeks the green 

patches in calli regenerated into shoots (Fig. 9.3). Maximum caulogenesis was 56% observed 

in case of B. subtilis BC1 based medium C1. 51% Calli incubated on C1 with BS from P. 

aeruginosa Am3 regenerated shoots. BE from the selected strains equivalent to 0.1 µg ml
-1

 

kinetin, in combination with 0.05 µg ml
-1

 IAA (C3) resulted in greening of the calli followed 

by adventitious shoot induction. However maximum caulogenesis was 58% recorded in case 

of B. subtilis BC1. In case of P. aeruginosa Am3, P. aeruginosa Am4 and A. brasilense 

Az1differentiation of callus into shoot was 56, 50 and 25% respectively. Shoot generation per 

callus was in the range of 3-8.1. On C5 8.1 shoots were regenerated per callus. C3 was 

relatively efficient than C1 regarding shoots emergence per callus. 7, 6, 6.5 and 4.5 shoots 

were regenerated per callus when cultured on C3 from P, aeruginosa Am3, B. subtilis BC1, 

P. aeruginosa Am4 and A. brasilense Az1 respectively .  

Organogenesis in ex-plants 

Seven different media were tried for organogenesis in B. olaraceae var. capitata ex-plants 

(Table-9.2). For morphogenesis the optimum concentration of IAA was 0.05µg ml
-1

 along 

with 0.1 µg ml
-1 

kinetin. In all cases 200µl BS and BE (equivalent to 0.1 µg L
-1

) showed best 

results regarding ex-plants regeneration and hence only these quantities are discussed. 

MS+BS (C1) and MS+BE+IAA (C3) were proved efficient media for plantlet regeneration 

from the selected ex-plants. Generally shoot bud formation on the explants was recorded after
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Figure-9. 1 Calli induced on C1 from BC1 (a), C3 from BC1 and (c) C5 (positive control) 

 

Figure-9. 2 Greening and regeneration in calli kept on C1 with 200µl BS from BC1 exposed 

to light (a) greening stage; (b) adventitious shoot regeneration.  

 

  

 

 

 

 

 

 

Figure-9. 3 Caulogenesis in callus kept on medium C3 composed of MS supplemented with 

IAA and BE from BC1 

ba

cba



Table-9. 2 Regeneration of internodal, hypocotyl, petiolar and root ex-plants from B. olaraceae L. var capitata on different media combinations 

based on bacterial phytohormones.  

BE, bacterial extract equivalent to 0.1 µg ml
-1

 kinetin; BS, Bacterial supernatant (200µl/5ml MS) 

For morphogenesis ten ex-plants received the same treatment and experiment was repeated three times. Values are mean of 10 replicates with standard error. 

 

 

Treatment 
Media 

combinations 

Ex-plants  

 Internodal hypocotyl Petiole Root 

 Plantlet  Root Shoot Plantlet  Root Shoot Plantlet  Root Shoot  

Am3 

MS+BS C1 6.3±0.32 1.3±0.02 0 6.6±0.22 1.4±0.02 1.3±0.02 2.7±0.09 0 2.1±0.08 0 

MS+BE C2 0 0 7.3±0.46 0 0 7.6±0.42 0 0 6.5±0.45 0 

MS+BE+IAA C3 7.6±0.43 1.3±0.02 1±0.04 7.5±0.33 1±0.03 1±0.03 3±0.1 1±0.02 2.5±0.1 4.5±0.2 

BC1 

MS+BS C1 6.2±0.54 1.1±0.03 0 4.2±0.13 1.5±0.02 0 1.5±0.02 0 3.5±0.13 0 

MS+BE C2 0 0 7.5±0.55 0 0 5±0.22 0 0 6.4±0.42 0 

MS+BE+IAA C3 6.4±0.44 2.1±0.09 1±0.03 6.6±0.34 2.4±0.09 1±0.02 5±0.21 0 2.2±0.05 3.4±0.13 

Am4 

MS+BS C1 2.2±0.11 3.6±0.11 0 3.3±0.12 2.5±0.05 0 1±0.02 1.7±0.04 1.5±0.03 0 

MS+BE C2 0 0 4.5±0.16 0 0 5±0.25 0 0 5±0.27 0 

MS+BE+IAA C3 5.8±0.32 1.2±0.04 1±0.03 4.1±0.23 2.2±0.04 0 2.4±0.11 1.4±0.01 1±0.01 0 

Az1 

MS+BS C1 5.4±0.29 3.3±0.14 0 5.2±0.36 2.1±0.06 0 2±0.07 1.5±0.03 1±0.03 0 

MS+BE C2 0 0 3.4±0.13 0 0 5±0.3 0 0 6.6±0.35 0 

MS+BE+IAA C3 3.3±0.12 1.5±0.05 2.8±0.1 2.5±0.11 1.5±0.02 3±0.12 2.6±0.12 1±0.02 1±0.02 0 

Control 

Kinetin C4 0 0 5.3±0.23 0 0 5±0.33 0 0 5.2±0.24 0 

Kinetin+IAA C5 8.1±0.63 1.3±0.07 0 7.5±0.65 0 1±0.02 4.3±0.21 1.5±0.01 2±0.05 4.8±0.24 

MS C6 0 0 0 0 0 0 0 0 0 0 

MS+LB C7 0 0 0 0 0 0 0 0 0 0 
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one week of incubation followed by shoot elongation while rooting occurred on the same 

medium after seven weeks of incubation. However there were cases where only rooting 

occurred but the proportion of such ex-plants was very low. The proportion of ex-plants 

which did not root after caulogenesis was also low in general (Table-9.2). Internodal ex-plants 

were the most amicable to regeneration whereas root segments showed highest degree of 

recalcitrance. Ex-plants cultured on variable media combination behaved differently (Fig. 

9.4). Combination of MS, kinetin and IAA (positive control; C5) was an excellent medium to 

support organogenesis in 81% internodal ex-plants. This was significantly high proportions of 

plantlets regeneration in internodal ex-plants relative to other media combinations. Among 

bacterial phytohormones based medium the best combination was MS supplemented with BE 

from P. aeruginosa Am3 and IAA (C3) where 76% of the internodal ex-plants regenerated 

shoots followed by rhizogenesis.  Plantlet regeneration frequency in internodal segments was 

63% when incubated on MS supplemented with BS alone (C1) with the same strain. C3 was 

proved to be better plantlet regeneration in cabbage ex-plants than C1 (Table-9.2). Mixture of 

MS with BE alone from all bacterial strains (C2) and mixture of MS with kinetin (C4) were 

efficient shooting medium for the types of ex-plants studied however this combination did not 

support rhizogenesis even after incubation for 8 weeks (Fig. 9.4). However shoot formed on 

this media formed adventitious roots upon transfer to C1, C3 or C5. No regeneration with MS 

alone or MS supplemented with LB was recorded in any of the ex-plants. Majority of 

internodal, hypocotyl and petiolar segments developed plantlets in C1 and C3 based on 

bacterial metabolites.  Exception was C1 (P. aeruginosa Am4 and A. brasilense Az1) where 

majority of the ex-plants rejuvenated adventitious roots only. On MS supplemented with BS 

(C1) caulogenesis in internodal sections was always accompanied by rooting whereas some 

ex-plants developed roots alone with no shooting. In hypocotyl ex-plants on the other hand 

caulogenesis without rhizogenesis was also recorded although in small proportion when 

incubated on C1. Majority of hypocotyl segments regenerated plantlets on C1 from P. 

aeruginosa Am3 (66%), B. subtilis BC1 (42%), P. aeruginosa Am4 (33%) and A. brasilense 

Az1 (12%). Some of these sections rejuvenated adventitious shoots (10-50%) and roots (10-

33%) alone on the same medium from these strains. Hypocotyl ex-plants behave more or less 

similarly on C3 (Tabel-8.2). Plantlet rejuvenation frequency was greatest (75%) when 

hypocotyl segments were incubated on C5 (MS+kinetin+IAA). Petiolar ex-plants were 

relatively difficult to regenerate on the selected media (Fig. 9.5). Majority of the sections 

developed shoots which were easily transformed to plantlets on C1 from P. aeruginosa Am3 

(27%) and B. subtilis BC1 (35%) however when MS was supplemented with BS from P.
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Figure-9.4 Organogenesis in internodal ex-plants inoculated on different media combinations; 

plantlet induction on C1 (a) and C3 (b) from Am3, adventitious shoot induction on C2 from 

Am3 (c) and BC1 (d), plantlet regeneration on C5 (positive control; e), internodal ex-plant 

incubated on C7 (LB control; f). 
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 aeruginosa Am4 greater proportion regenerated adventitious shoots which never formed 

roots without shifting to other media (17%). A. brasilense Az1 based media supported 

relatively greater proportion (15%) to form adventitious roots. BE based media (C2) though 

showed good potential for shoot induction (50-66%) but rooting was not supported in this 

combination. While high proportion of petiolar sections regenerated shoots followed by root 

formation on combination of BE and IAA (C3) number of ex-plants where either shoots or 

roots were formed alone. B. subtilis BC1 based C3 was the most efficient plantlet medium 

where the proportion of ex-plants regeneration (50%) was even higher than C5 (43%). 

Adventitious shoot induction was recorded in root segments incubated on media containing 

both cytokinins and IAA (Fig. 9.6) In roots sections shooting was observed only on C3 from 

P. aeruginosa Am3 (45%) and B. subtilis BC1 (34%) or C5 (48%).   

CYANOBACTERIAL PHYTOHORMONES BASED MEDIA 

Callus induction and maintenance 

Three cyanobacterial strains were selected on the basis of their potential to release cytokinin 

and IAA in the culture media. The selected strains included Chroococcidiopsis sp. Ck1, 

Phormidium sp. Ck3 and Chroococcidiopsis sp. Ck4 where the Cytokinin/IAA ratio was 0.2, 

0.93 and 1.25 respectively. Both cyanobacterial supernatant (CS) and cyanobacterial extract 

(CE) were used. Media combinations were same as in case of bacteria with bacterial 

phytohormones replaced by cyanobacterial metabolites. Callogenesis was supported MS 

supplemented with CS from Phormidium sp. Ck3 and Chroococcidiopsis sp. Ck4, media 

combination C1 (Fig. 9.7). However, in case of Anabaena  sp. Ck1 media combination C1 

failed to induce callus in the seeds of cabbage. Callus induction was recorded in 81% and 

48% of seeds incubated on C1 in case of Phormidium sp. Ck3 and Chroococcidiopsis sp. Ck4 

respectively. When cyanobacterial extract in combination with IAA was used instead of CS 

all the strains were able to support callus induction in seeds. In case of Chroococcidiopsis sp. 

Ck4 callus induction was 73% followed by 68% in Chroococcidiopsis sp. Ck1 and 55% in 

Phormidium sp. Ck3. With authentic phytohormones (C5) callus was induced in 86% seeds 

(Table-9.3). The rest of the media combinations failed to support Callogenesis. 
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Figure-9.5 Organogenesis in petiolar ex-plants incubated on C3 from Am3 (a) and BC1 (b)  

 

 

Figure-9.6 Adventitious shoot induction in root ex-plants incubated on C3 from Am3 (a) and  

C5 (kinetin control; b), root ex-plants inoculated on C7 (LB control; c)  

  

a b c

a b
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Table-9.3 Callus induction in seeds of B. olaraceae var. capitata on MS media supplemented 

with cyanobacterial and standard phytohormones.  

Strain Medium Designation 
Callus 

induction 

Callus differentiated 

Calli 

differentiated 

Shoots per 

callus 

Ck1 

MS+BS C1 - - - 

MS+BE C2 - - - 

MS+BE+IAA C3 20.4±1.4 13.5±0.35 6.5±0.06 

Ck3 

MS+BS C1 24.3±1.2 8.7±0.25 3±0.02 

MS+BE C2 - - - 

MS+BE+IAA C3 16.5±1.1 15.6±1.2 7.2±0.05 

Ck4 

MS+BS C1 14.4±1.3 16.5±1 2.3±0.03 

MS+BE C2 - - - 

MS+BE+IAA C3 21.9±2 19.32±1.5 8±0.06 

Cont 

MS+Kinetin C4 - - - 

MS+Kinetin+IAA C5 25.8±1.3 18.6±1.13 8.1±0.07 

MS C6 - - - 
Surface sterilized seeds were incubated on MS media supplemented with bacterial supernatant (200µl) or extract 

from bacterial culture supernatant (equivalent to 0.1µg ml
-1

 kinetin) in the dark at 25 ± 1
o
C and exposed to a 16 

hours photoperiod provided by cool white fluorescent lamps (50–55 µmol m
–2

s
–1

), humidity was maintained at 

80% level. Each treatment was replicated 10 times. Values are means of 30 replicates ± standard error from three 

experiments 
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Callus differentiation 

Calli were incubated on fresh media exposed to a photoperiod of 8 hours light and 16 hours 

dark. Greening occurred in calli incubated on BS (C1) from Phormidium sp. Ck3 and 

Chroococcidiopsis sp. Ck4 but with Chroococcidiopsis  sp. Ck1 calli remained off white and 

no greening was recorded (Fig. 9.8). CE from all the selected cyanobacterial strains 

supplemented to MS containing low amount of IAA affected greening in the calli. Optimum 

concentration of standard cytokinin (kinetin) and IAA was 0.1 µg ml
-1

 and 0.05µg ml
-1 

respectively for callus regeneration. Positive control (C5) having high cytokinin/IAA ratio 

also efficiently initiated greening in the calli. Green patches regenerated into shoots within a 

period of two weeks (Fig. 9.9). Maximum caulogenesis (64%) was observed on MS media 

supplemented with CE from Chroococcidiopsis sp. Ck4 in the presence of IAA. C1 (MS+CS) 

supported shoot induction in 55% Calli. Similarly Chroococcidiopsis sp. Ck1 and 

Phormidium sp. Ck3 based C1 induced shoot formation in 12 and 29% calli respectively. 45 

and 52% calli regenerated adventitious shoots on C3 (MS+CE+IAA) from Chroococcidiopsis 

sp. Ck1 and Phormidium sp. Ck3 respectively (Table-9.3). Number of shoot formed per callus 

varied between 2.5 to 8.1 on different media combinations. On the average 8.1 shoot per 

callus were formed on C5 (positive control). Calli generated 7.2 and 8 adventitious shoots 

when cultured on C3 formulation based on Phormidium sp. Ck3 and Chroococcidiopsis sp. 

Ck4 respectively. Culturing of callus on the same combination of Chroococcidiopsis sp. Ck1 

formed 6.5 shoots on the average. On C1 shoots formed on a single callus varied from 2.3 to 

3.  

 Organogenesis in internodal, hypocotyl and petiolar ex-plants 

To check the usefulness of cyanobacterial phytohormones for the in vitro growth, different 

segments of B. olaraceae (internodal, hypocotyl, petiolar and root) were cultured on a range 

of media combinations. Regeneration in the selected ex-plants is shown in Figure 9.10. Three 

different media based on hormones from each strain along with four combinations as control 

were prepared (Table-9.4). C1 was mixture of MS and CS. Similarly combination of MS with 

CE alone constituted C2 while addition of IAA to C2 was designated as C3. Mixtures used as 

control included C4 (MS+kinetin), C5 (C4+IAA), C6 (MS alone) and C7 (MS+LB). Plantlet 

regeneration frequency was highest in all explants on C5. In general C3 was the most efficient 

medium among different media combination based on cyanobacterial hormones (Table-9.4). 
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Figure-9.7 Callus induction on (a) C1 (200µl CS) from Ck3, (b) C1 from Ck4 and (c) Positive 

control (C5) 

 

 

 

 

 

 

Figure-9.8 Greening in calli maintained on C1 from Chroococcidiopsis sp. Ck4 in the 

presence of light. 

  

 

 

 

 

 

 

Figure-9.9 caulogenesis in callus kept on medium C3 composed of MS supplemented with 

IAA and BE from Chroococcidiopsis sp. Ck4 

 

a b c
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Figure-9.10 Organogenesis in different ex-plants; hypocotyl ex-plants incubated on C1 from 

Ck4 (a) and C5 (b) ; internodal ex-plant incubated on C3 from Ck4 (c) and C5 (d); petiolar 

ex-plant incubated on C3 from Ck4 (e) and C5 (f); root  ex-plant incubated on C3 from Ck4 

(g) and C5 (h); internodal ex-plant incubated on C7 (i) 
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Chroococcidiopsis sp. Ck1 based C1 was efficient rooting medium as it supported 

adventitious root induction in 67.3, 52 and 50% internodal, hypocotyl and petiolar ex-plants 

respectively. This medium although supported plantlet induction in a small proportion of 

segments from the selected parts however shooting without roots was never observed (Table-

9.4). Most of the internodal ex-plants (62%) failed to regenerate on C1 from Phormidium sp. 

Ck3. Only 15% on these sections developed adventitious shoots followed by rooting when 

cultured for 6-7 weeks. Some ex-plants formed adventitious roots (12%) or shoots (10%) 

alone. As with internodal segments, majority of hypocotyl and petiolar also could not 

regenerate on the medium. Of the rejuvenated ex-plants, majority produced adventitious 

shoots of which only small population regenerated roots and majority remained rootless on 

the same medium. Greatest proportion of the internodal (78%), hypocotyl (70%) and petiolar 

(72%) ex-plants produced shoots when incubated on C1 (Chroococcidiopsis sp. Ck4) of 

which only 35, 25 and 22% formed roots after prolonged incubation (6-7 weeks) on this 

medium. Small population of internodal (15%) and hypocotyl (3%) ex-plants formed roots 

alone whereas petiolar segments were recalcitrant to root induction alone. C2 (from all 

cyanobacteria) was efficient shooting medium (Table-9.4). However Chroococcidiopsis sp. 

Ck4 based C2 was the most efficient mixture supporting shoot induction in 91% (internodal), 

65% (hypocotyl) and 80% (petiolar) ex-plants. Results obtained with C4 (kinetin control) 

were although comparable regarding selective shooting, nevertheless the proportion of 

regenerated ex-plants was quite low. Rooting was not recorded on C2 and C4. In majority of 

ex-plants plantlet formation was recorded when incubated on C3 formulation from all strains. 

In case of Chroococcidiopsis sp. Ck4, frequency of plantlets formulation was highest in the 

selected ex-plants and these results were very close (statistically non significant) to the data 

obtained with positive control (C5). Shoot regeneration was 98, 75 and 70% in internodal, 

hypocotyl and petiolar ex-plants respectively of which 71, 62 and 25% formed roots when 

cultured on C3 of Chroococcidiopsis sp. Ck4. Internodal (62%), hypocotyl (42%) and petiolar 

(42%) segments formed shoots on C3 of Phormidium sp. Ck3 followed by rooting in 52, 31 

and 22% respectively. Frequency of shoot regeneration on C3 of Chroococcidiopsis  sp. Ck1 

was 53-80% in the selected ex-plants while 0nly 31-65% of the explants formed roots after 

shooting when cultured on the same media for longer duration. Shoot induction of root ex-

plants was recorded only on C3 and C5 (positive control). Highest regeneration rate of the 

root segments was 48% on C5 followed by C3 from Chroococcidiopsis sp. Ck4 (47%), 

Chroococcidiopsis sp. Ck1 (42%) and Phormidium sp. Ck3 (21%). No regeneration in any of 

the cabbage ex-plants was recorded on MS alone (C6) or MS supplemented with LB (C7). 
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Table-9.4 Regeneration of internodal, hypocotyl, petiolar and root ex-plants from B. olaraceae L. var capitata on different media combinations 

based on cyanobacterial hormones.  

Treatment 
Media 

combinations 

Ex-plants 

 Internodal hypocotyl Petiole                    Root 

 plantlet Root Shoot Plantlet Root Shoot plantlet Root Shoot Shoot 

Ck1 

MS+CS** C1 1.4±0.02 7.5±0.53 0 1.6±0.03 5.4±0.26 0 2.2±0.08 5.5±0.4 0 0 

MS+CE* C2 0 0 7.5±0.48 0 0 5.5±0.33 0 0 6.5±0 0 

MS+CE+IAA C3 6.5±0.37 1.5±0.04 1.3±0.06 4.5±0.35 1.3±0.03 2.6±0.11 3.1±0.18 1.5±0.04 2.2±0.09 4.2±0.25 

Ck3 

MS+CS** C1 2.6±0.13 1.2±0.05 1±0.05 1.1±0.03 1±0.02 1±0.05 1.5±0.04 0 1±0.06 0 

MS+CE* C2 0 0 5±0.23 0 0 4.3±0.27 0 0 5.4±0.5 0 

MS+CE+IAA C3 5.2±0.35 1.8±0.03 1±0.03 3.1±0.2 1±0.04 1±0.06 2.2±0.14 0.11 2±0.15 2.1±0.1 

Ck4 

MS+CS** C1 3.5±0.15 1.5±0.05 4.3±0.26 2.5±0.1 0.333 4.5±0.3 2.2±0.2 0 5±0.35 0 

MS+CE* C2 0 0 9.1±0.8 0 0 6.5±0.4 0 0 8±0.76 0 

MS+CE+IAA C3 7.1±0.5 0.2 1.7±0.07 6.2±0.5 0 1.3±0.05 2.5±0.11 0 4.5±0.3 4.7±0.2 

Control 

Kinetin C4 0 0 5.3±0.41 0 0 5.5±0.43 0 0 5.3±0.5 0.1 

Kinetin+IAA C5 8.1±0.63 1.3±0.07 0 7.5±0.65 0 1.5±0.02 4.3±0.21 1.5±0.01 2±0.05 4.8±0.24 

MS C6 0 0 0 0 0 0 0 0 0 0 

MS+LB C7 0 0 0 0 0 0 0 0 0 0 

For morphogenesis ten ex-plants received the same treatment and experiment was repeated three times. Values are mean of 10 replicates with standard error. 

CE, Cyanobacterial extract equivalent to 0.1 µg ml
-1

 kinetin; CS, Cyanobacterial supernatant (200µl/5ml MS) 
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DISCUSSION 

It was evident the capacity of ex-plant to regenerate was tissue dependant and different ex-

plants had different regenerative capacities (Cheng et al. 2001; Guo et al. 2005). Internodal 

ex-plant was more acquiescent to regenerate in the in vitro system. Shoot morphogenesis 

seemed to be control by developmental polarity (apical and basal ends) of the ex-plants 

(Lazzeri and Dunwell 1984; Lakshmanan et al. 2006). Potential of different species of 

cytokinin and IAA in shoot regeneration greatly vary (Jain et al. 1988). Thidiazuron and 

Coconut waster (a source of cytokinins) has used for shoot regeneration in different ex-plants 

(Sretenovi-Rajicic et al. 2007; Wang et al. 2009). Impact of supernatant and extract from 

cyanobacteria and bacteria was analyzed on in vitro growth of B. olaraceae. Callus was 

induced on supernatant as well as extract from both bacteria and cyanobacteria in majority of 

cases. When exposed to light greening of callus was followed by de novo shoot induction. 

Supernatant from the selected bacterial strains induce callus in B. olaraceae seeds in the dark. 

The best supplement was 200µl BS to MS except in case of A. brasilense Az1 where it was 

100µl. Bacterial extract along with IAA was also able to induce Callogenesis in the seeds. 

Calli in case of BS from B. subtilis BC1 and P. aeruginosa Am3 were compact while 

supernatant from P. aeruginosa Am4 and A. brasilense Az1 induced friable calli. In case of 

standard phytohormones high cytokinin to IAA ratio was found to induce compact callus 

while lowering the ratio decreased the compactness. Compact callus amenable to regenerate 

shoots was formed on BE equivalent to 0.1 µg ml
-1

 in combination with 0.01µg ml
-1

 IAA. 

Inoue and Maeda (1980) reported the same behavior of callus in rice plants. Cytokinin to 

auxin ratio is very important in shoot or plantlet regeneration. Lowering cytokinin to auxin 

ratio may adversely affect the in vitro regeneration of shoots in ex-plants (Ning et al. 2007). It 

has already established that high cytokinin to auxin ratio favors shoot regeneration in B. 

olaraceae (Qin et al. 2007). When exposed to light greening occurred in high proportion of 

compact calli while friable calli failed to green. Shoot regeneration was achieved in compact 

calli on C1, C3 (bacterial and cyanobacterial based media) and C5. The most efficient 

bacterial phytohormones based medium for callus regeneration was C3 having BE from P. 

aeruginosa Am3 where the proportion of regenerated calli was 74%.  

Along with medium composition and genotype of the plant the type of ex-plants also 

influence shoot regeneration (Radhika et al. 2006; Dagustu et al. 2008). Among four different 

ex-plants including internodal, hypocotyl, petiolar and root the most efficient to regenerate 



Chapter 9                                                                                             TISSUE CULTURE 

 

Phytohormones cytokinins and IAA from microbial origin and their impact on plant growth Page 204 
 

plantlet was internodal ex-plant. According to a previous report internodal and hypocotyl 

segments are the most regenerative of the ex-plants (Cheng et al. 2001). On C5 (positive 

control) the plantlet regeneration efficiency was 81% in internodal ex-plants. C3 from P. 

aeruginosa Am3 containing BE and IAA was proved to be the best bacteria based media 

combination which supported 76% internodal ex-plants to regenerate. The same media 

combination showed 74% regeneration in the hypocotyl ex-plant very close to the 75% in 

case of C5 (positive control). In some cases vitrification was observed in ex-plants incubated 

on MS supplemented with BS from P. aeruginosa Am3 (Fig. 9.11) which may be due to high 

amount of cytokinin (Raja and Arockiasamy 2009). However, high proportion of petiolar ex-

plants (5%) regenerated on C3 from B. subtilis BC1 which was even higher than C5. The 

most recalcitrant to regeneration were root ex-plants which showed the highest regeneration 

on C5 (48%). The proportion of root ex-plants regenerated on C3 in case of P. aeruginosa 

Am3 and B. subtilis BC1 was 45 and 43%. In case of high IAA producing strains P. 

aeruginosa Am4 and A. brasilense Az1 root ex-plants failed to regenerate on all media 

combinations. Extract from different strains with same amount of cytokinins initiated 

different responses in the ex-plants evidencing the involvement of certain other metabolites 

which might be present in the extract. For shoot induction on root ex-plants the best 

combination was cytokinins (standard or microbial) along with IAA supplemented in MS 

medium. However shoot induction was not observed on cytokinin alone. In one study it was 

demonstrated that cytokinin along with IAA and picloram offered best combination for shoot 

induction in root segments (Lazzeri and Dunwell 1984). It was previously established that a 

short pre-culture of the root segment on 2,4-D is essential for shoot induction and immediate 

incubation of the ex-plants on shooting medium  leads to shoot formation at the proximal end 

of the root only (Valvekens et al. 1988). In contrast to this study we found shoot induction in 

B. olaraceae var. capitata root segment incubated on shooting medium bypassing the pre-

culture on 2,4-D.   

Cyanobacterial hormones also effectively replaced phytohormones regarding the in vitro 

growth of B. olaraceae var. capitata. Callogenesis was supported by supernatant from the 

selected cyanobacterial strains. However the best supplement was proved to be supernatant 

from Phormidium sp. Ck 3 which induced callus in 81% of the seeds. Ratio of cytokinin to 

IAA in the culture media was 1.08, very close to 1. Cyanobacterial extract (CE) support callus 

induction only in combination with IAA as a supplement to the MS. In all cases as already 

discussed in bacteria, increasing cytokinin to IAA ratio increased compactness in the callus
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Figure-9.11 Abnormalities in ex-plants regeneration a) Vitrification in petiolar ex-plants 

incubated on MS supplemented with BS from P. aeruginosa Am3, b) Callus induction and 

regeneration of callus in hypocotyl ex-plants incubated on MS supplemented with BS from B. 

subtilis BC1, c; d) callus induction and root regeneration in internodal ex-plants incubated on 

MS supplemented with BS from A. brasilense Az1, e) root regeneration on the top of 

internodal ex-plants incubated on MS supplemented with BS from P. aeruginosa Am4. 
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 and upon exposure to light greening was observed much frequently in compact callus. 

Regarding cyanobacterial supernatant greening followed by differentiation of callus was 

recorded only in case of Phormidium sp. Ck3 and Chroococcidiopsis sp. Ck4. While 

supernatant from Chroococcidiopsis  sp. Ck1 failed to support the process. Callus revival was 

recorded when CE from cyanobacteria was supplemented in combination with low 

concentration of IAA. CE equivalent to 0.1µg ml
-1

 from all the strains was proved to be the 

most effective supplement along with 0.05 µg ml
-1

 IAA (C3). However the highest proportion 

(64%) of calli regenerated on CE from Chroococcidiopsis sp. Ck4. Since Chroococcidiopsis 

sp. Ck4 produced greater variety of cytokinin species as compared to the other strains hence it 

callus differentiation seemed to be accelerated when more kinds of cytokinins are present in 

the medium. Cyanobacterial phytohormones induced regeneration of ex-plants from different 

sources including internodal, hypocotyl, petiolar and root. As noticed earlier internodal ex-

plants regenerated with high efficiency as compared to the other ex-plants. MS supplemented 

with kinetin (0.1µg ml
-1

) and IAA (0.01 µg ml
-1

) was selected as positive control (C5) 

because of its greater efficacy to initiate regeneration in the selected ex-plants. Proportions of 

internodal, hypocotyl, petiolar and root ex-plants to regenerate plantlets were 81%, 75%, 43% 

and 48% respectively when incubated on C5.  Supernatant from Chroococcidiopsis sp. Ck4 

was the most efficient supplement as compared to supernatants from the other two strains 

regarding plantlet regeneration in different ex-plants. Nevertheless CE instead of CS was 

proved to induce regeneration in high population of ex-plants when supplemented to MS 

along with low amount of IAA. Cyanobacterial extracellular product has been used for in 

vitro growth of plants (Rodriguez et al. 2006). Extracellular product from cyanobacteria 

efficiently induced root in the endosperm ex-plants of rice showing auxin like activity 

(Manickavelu et al. 2006). Similarly cyanobacterial biomass extract has been reported to 

promote somatic embryogenesis (Wake et al. 1992; Bapat et al. 1996). In addition to the role 

of microbial metabolites in plant regeneration microorganisms also induce resistance 

(biotization) in tissue culture based plantlets (Nowak 1998). There was no difference in the 

efficacy of bacterial and cyanobacterial phytohormones to support the in vitro growth of B. 

olaraceae. Nevertheless the efficacy of phytohormones from individual strains in growth 

medium differed significantly. Mixture of MS and supernatant from cyanobacterial strain 

Phormidium sp. Ck3 was the most efficient callus induction medium whereas greatest 

proportion of calli regenerated on C3 from Chroococcidiopsis sp. Ck4. Supernatant from 

Anabaena sp. Ck1 (C1) had the greatest rhizogenic potential among all bacterial and 

cyanobacterial strains.  Greatest proportional of internodal ex-plants regenerated plantlets on 
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C3 composed of BE from Chroococcidiopsis sp. Ck4 where as hypocotyl and petiolar 

segments showed maximum plantlets formation on BE from bacterial strain P. aeruginosa 

Am3 and B. subtilis BC1 (C3) respectively. Shoot induction in internodal ex-plants was 

significantly high when incubated on C2 from Chroococcidiopsis sp. Ck4. Hypocotyl and 

petiolar ex-plants on the other hand regenerated shoot more efficiently when incubated on MS 

supplemented with extract from P. aeruginosa Am3 and Chroococcidiopsis sp. Ck4 

respectively. Greatest proportion of root sections on the other hand produced adventitious 

shoots on Medium containing extract from the later strain as supplement.   

 

  

 



BIOCONTROL IN PLANTS 

ith several other mechanisms, PGPR, may improve plant yield by disease 

suppression. PGPR bacteria interact with a variety of microorganisms present in 

the rhizosphere and in some instances behave as biocontrol agents (Siddiqui 

2005). Normally biocontrol activity may be enhanced by colonization of roots 

with PGPR bacteria. Several rhizobacteria are reported to have biocontrol activities against 

different kinds of pathogens including bacteria and fungi (Haas and Defago 2005). A number 

of mechanisms are used by such bacteria to interact with plant pathogens including 

allelochemicals such as antibiotics, iron-chelatin siderophores, lytic enzymes, detoxification 

enzymes and biocidal volatiles (Compant et al. 2005).  Biofilm formation on the root surface 

is also an important tool for biocontrol (Haggag and Timmusk 2008). Biopriming of plants 

with PGPR bacteria may also induce systemic resistance similar to pathogen-induced 

systemic acquired resistance (SAR) in plant against fungal, bacterial and viral infection to 

improve plant growth indirectly (Bakker et al. 2007). Induced systemic resistance (ISR) 

mediated via rhizobacteria has been demonstrated in several plants including Arabidopsis, 

tobacco, radish, cucumber, bean, carnation and tomato (Compant et al. 2005). Siderophore, 

salicylic acid (SA) and lipopolysaccharides are ISR determinants in biocontrol bacteria (De 

Vleesschauwer and Hofte 2009). Strains belong to the genus Bacillus, Pseudomonas and 

Streptomyces constitute some common biocontrol group (Sarosh et al. 2009). Biocontrol of 

pathogenic fungi and bacteria by cyanobacteria was also reported by several authers (Khan et 

al. 2007; Ido 2008; Prasanna et al. 2008b). Various cyanobacterial strains reportedly produce 

anti algal, antifungal and anti bacterial compounds (Volk and Furkert 2006). However 

induced resistance in plants is not systemic in all case, for instance in some cases only local 

tissues exposed to rhizobacteria may become resistant to the pathogen. While in induced 

systemic resistance transmissible signal molecules are generated which are transported 

systemically, in local protection the signals may trigger the immune response only locally. 

Due to difficulties in experimental verification of local protection via induced resistance little 

has been known. In 1963 Lovrekovich and Farkas reported that cytokinin can induce localized 

resistance against areal pathogen P. syringae in Tobacco. Current study was conducted to 

screen microbial strains capable of cytokinins and IAA for biocontrol against P. syringae pv 

tomato DC3000. Leaves of Arabidopsis thaliana col-0 were supplied with microbial strains 

(10
6
 cfu ml

-1
) by two different methods including syringe infiltration and petiole feeding. For 

syringe infiltration 5µl suspension of bacteria as well cyanobacteria was used. 10 mM MgCl2 

was used as mock inoculation. Selection among the bacterial strains was made by their 

W 
Chapter 10 
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performance in the screening for biocontrol in Arabidopsis system for further study. In planta 

growth of these strains was another criterion for selection Among cyanobacteria only 

unicellular strains were selected as they were easily infiltrable in plant tissues.. In planta 

cytokinins secretion was screened via Arabidopsis ARR5::GUS and endogenous 

phytohormones alteration as a result of microbial inoculation in Arabidopsis leaves was 

determined by ultra performance liquid chromatography coupled with mass spectrometry via 

electrospray ionization source. To get insight to the mechanism of resistance by microbial 

strains leaves pre-incubated with microbial strains were used for radical oxygen species 

(ROS), antimicrobial peptides, salicylic acid (SA), camalexin and pathogenesis related 

proteins (PR-1) determination. Growth of the pathogen in leaves pre-incubated with bacterial 

and cyanobacteria was assayed by using P. syringae DC3000::GFP. Standard hormones 

(cytokinins and IAA) were used for comparison. All experiments were done with 8-weeks old 

Arabidopsis thaliana col-0 plants and every procedure was repeated three times. 

BIOCONTROL VIA STANDARD HORMONES 

Feeding with phytohormones (cytokinins and IAA) 

Arabidopsis leaves detached from 8-weeks old A. thaliana col-0 plants were petiole fed with 

10 µM solutions each of BAP, kinetin, adenine and IAA or water in eppendorf for 24 hours 

followed by pathogen infiltration on single spots at one side of each leaf. Disease symptoms 

(water soaked lesions surrounded by chlorotic region) were scored daily for five days. Leaves 

fed with BAP and kinetin showed resistance (87.5% and 92% respectively) to pathogen, 

however, majority of adenine (70%), IAA (100%) and water (98%) supplied leaves developed 

symptoms upon exposure to the pathogen (Table-10.1).  

Antagonism between cytokinins and auxins 

Two species of cytokinins (kinetin and BAP) were mixed with two different types of auxins 

(IAA and 2,4-D) to make four combinations for instance kinetin; IAA, kinetin; 2,4-D, BAP; 

IAA and BAP; 2,4-D. Arabidopsis leaves were petiole fed for 24 hours with these mixtures 

before pathogen infiltration to demonstrate any antagonistic or synergistic effect regarding 

disease manifestation (Table-10.1). While the concentration of kinetin and BAP were kept 

constant to 10 µM in the mixture, IAA and 2,4-D were supplied in variable amount for 

instance 11, 22 and 44 µM. Control leaves were fed with 10 mM MgCl2 alone. While disease 

symptoms appeared 48 hours after pathogen inoculation in control leaves, cytokinins (Kinetin 
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and BAP) fed leaves were resistant to the pathogen even after five days evident from 

complete absence or only faint symptoms.  In general auxins antagonized the disease 

suppression activity of cytokinins in Arabidopsis leaves (Fig. 10.1). Susceptible phenotype in 

Arabidopsis leaves was developed in 20-37% cases when 11 µM IAA or 2, 4-D was mixed 

with cytokinins (kinetin and BAP). Resistance against the disease manifestations was only 17-

25% in leaves when mixture of cytokinins with two auxins (22 µM) was supplied to the 

leaves. There was a complete reversal of the susceptible phenotype in leaves (83-92%) 

supplied with mixture of cytokinins and auxins (44 µM).    

BIOCONTROL BY BACTERIA 

Screening for biocontrol activity  

To screen for biocontrol activity in bacteria uniform healthy eight weeks old A. thaliana col-0 

plants were selected. Five microliters of bacterial suspension was syringe infiltrated locally in 

mesophyll tissues of three leaves from the selected plants. Other three leaves of the same 

plant were infiltrated with 5µl of 10mM MgCl2 for comparison. After incubation of 48 hours 

suspension (5µl) of pathogenic bacteria P. syringae pv. Tomato DC3000 adjusted to 10
6
 cfu 

ml
-1

 was infiltrated on the same spot previously infiltrated with test bacteria or MgCl2. 

Disease symptoms of water soaked lesions surrounded by chlorosis region were scored daily 

for five days (Fig. 10.2). In mock inoculated leaves symptoms appeared after 48 hours as 

chlorosis in the localized area followed by necrosis. Localized resistance was conferred by 

three bacterial strains including two strains of P. aeruginosa (Am3 and Am6) and B. pumilus 

R2, against the pathogen as evident by suppression of the disease symptoms even five days 

post pathogen inoculation. Leaves pre-incubated with P. aeruginosa (Am5 and Am7), 

Pseudomonas sp. E2, B. subtilis (BC1 and Vi2), B. licheniformis Am2, B. cereus G1 and A. 

brasilense Az1 failed to resist the disease causing activity of the pathogen (Table-10.2). 

Leaves infiltrated with P. aeruginosa Am3 and B. pumilus R2 suppressed the manifestation of 

the disease in 92% of cases. In case of Am4 resistance to the pathogen was only 42%. Leaves 

infiltrated with Am6 redistricted pathogen growth in 75% cases. Suspension of the bacteria 

showed positive biocontrol activity in the assay was autoclave to kill the bacteria and 

infiltrated locally in the tissues in the same way as describe earlier. None of the heat killed 

bacteria was able to resist the disease causing ability of the pathogen. Supernatants from the 

three positive biocontrol strains (Am3, Am6 and R2) were tested for activity against P. 
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Table-10.1 Antagonistic effect of cytokinins and IAA in plant pathogen interaction  

Cytokinins 

(10 µM) 

Auxins (µM) 

IAA 2, 4-D 

0 µM 11µM 22 µM 44 µM 0 µM 11µM 22 µM 44 µM 

Kinetin 11±0.58 9.5±0.88 2.7±0.33 1±0.58 11±0.33 7.5±0.58 2±0.58 1.5±0.67 

BAP 10.5±0.67 9±0.88 2.5±0.33 2±0.33 10.5±0.58 8±0.58 3±0.33 1±0.33 

Water 1±0.33 - - - - - - - 

8 weeks old Arabidopsis leaves were fed with cytokinin (kinetin and BAP) alone or mixed with different 

concentration of auxins (IAA and 2,4-D) for 24 hours and then suspension of pathogenic bacteria P. syringae 

DC3000 (10
6
 cfu ml

-1
) was infiltrated. Disease symptoms were scored daily for five days. Each treatment was 

replicated 12 times and experiment was. Number of resistant leaves with standard error of mean is given for each 

treatment. 

 

 

 

 

Table-10.2 Screening of cytokinin producing bacteria for biocontrol activity against P. 

syringae pv. tomato DC3000 in A. thaliana col-0 leaves.  

S. No. Bacteria-Hours-Pathogen Leaves 
Outcome 

Resistance Symptoms 

01 Am3-48-Ps 12 11±0.6 1±0.6 

02 Am4-48-Ps 12 5±1.2 8±0.6 

03 Am5-48-Ps 12 2±1.2 10±1.2 

04 Am6-48-Ps 12 9.3±0.3 2.7±0.3 

05 Am7-48-Ps 12 1.3±0.3 10.7±0.3 

06 E2-48-Ps 12 1.3±0.9 10.7±0.9 

07 BC1-48-Ps 12 2±1.2 10±1.2 

08 G1-48-Ps 12 1.3±0.3 10.7±0.3 

09 Vi2-48-Ps 12 0.3±0.3 11.7±0.3 

10 R2-48-Ps 12 10.7±0.7 1.3±0.7 

11 Am2-48-Ps 12 3.3±0.9 8.7±0.9 

12 Az1-48-Ps 12 0.3±0.3 11.7±0.3 

13 MgCl2-48-Ps 12 1.3±0.9 10.7±0.9 

To check biocontrol activity 5 ml suspension of different strains (10
6
 cfu ml

-1
) was infiltrated in local tissue of 

leaf lamina and after incubation of 48 hours pathogen (Ps) was applied on the same spot previously infiltrated 

with bacterial inoculations. Observations were recorded after five days and each experiment was repeated three 

times. 
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Figure-10. 1 Antagonistic interaction between cytokinin (kinetin) and IAA; leaves were 

petiole fed for 24 hours either with 10 mM MgCl2 (a) kinetin (10 µM) alone (b) or in 

combination with different concentation of IAA for instance 11 µM (c), 22 µM (d) and 44 µM 

(e) followed by exposure to P. syringae pv. tomato DC3000 suspension (5 µl). 
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Figure-10.2 Biocontrol with bacteria; Disease manifestation in Arabidopsis thaliana col-0 

incubated with pathogenic bacteria P. syringae pv. tomato DC3000 for 48 hours after pre-

incubation of 48 hours with MgCl2 (control; red circles) or biocontrol bacteria (light blue 

circles) a) P. aeruginosa Am3, b) P. aeruginosa Am4 and c) B. licheniformis Am2 

  



Chapter 10                                                                                BIOCONTROL 
 

Phytohormones cytokinins and IAA from microbial origin and their impact on plant growth Page 214 
 

syringae DC3000 by disc diffusion assay. No activity in the supernatant of any of the culture 

was recorded. 

In planta bacterial growth  

To check the in planta growth of different PGPR, plate count experiment was performed. 

Leaves were infiltrated with bacterial suspension (10
6
 cfu ml

-1
) in 10 mM MgCl2. Bacterial 

populations in leaves were sampled at 6, 12, 24, 36 and 48 hours interval by taking four leaf 

disks using a No. 3 cork borer. The disks were macerated in 10 mM MgCl2, and appropriate 

dilutions were plated on L-agar to monitor bacterial population. Results were recorded after 

24 hours as summarized in Figure10.3. Bacterial strains showed differential growth pattern in 

the mesophyll tissues of the leaves. The isolates including four strains of P. aeruginosa (Am3, 

Am4, Am5 and Am6) along with B. pumilus R2 and B. licheniformis Am2 grew at faster rate 

producing a high population density at the end of 48 hours of incubation reaching very close 

to 10
8
 cfu ml

-1
. P. aeruginosa Am7 and A. brasilense Az1 grew not only at a slower rate but 

also produce smaller population (9 x 10
5
 and 1 x 10

5
 cfu ml

-1
 respectively) as relative to the 

above mentioned strains. On the other hand in planta growth of B. subtilis (BC1 and Vi2), B. 

cereus G1 and Pseudomonas sp. E2 was very slow and negligible (Fig. 10.3).  

Feeding with bacterial strains 

Bacteria capable of growth in Arabidopsis leaf tissues were tested for biocontrol activity by 

feeding experiment. The leaves were petiole fed with bacterial suspension or 10 mM MgCl2 

in 2 ml eppendorf for 48 hours followed by infiltration with the pathogen. Disease symptoms 

were scored for five days. Results of the feeding experiments were in close agreement to the 

results obtained during infiltration experiments (Table-10.3). Two strains of P. aeruginosa 

(Am3 and Am6) along with B. pumilus R2 caused suppression of the disease symptoms. 

Maximum resistance (90%) was recorded in leaves fed with P. aeruginosa Am3 followed by 

B. pumilus R2 (84) and P. aeruginosa Am6 (79). B. licheniformis Am2 (15%), P. aeruginosa 

Am4 (38%) and P. aeruginosa Am5 (19%) failed to resist the manifestation of the disease.     

Inplanta cytokinin production 

In planta cytokinin secretion by biocontrol bacteria was checked via Arabidopsis 

ARR5::GUS. Leaves from cytokinin response mutants (ARR5::GUS) were syringe 

infilterated with suspension of biocontrol bacteria and incubated for 48 hours. After 48 hours 

leaves were detached and stained for GUS induction to demonstrate cytokinins secretion by
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Figure-10.3 Bacterial populations in A. thaliana col-0 leaves sampled at different time 

intervals, measured by plate count method. Initial density of bacterial population was adjusted 

to 10
6
 cfu ml

-1 
before infiltration in leaves. Values are means from three repetitions and 

vertical bars represent ± SEM. 
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Table-10.3 Biocontrol via cytokinins producing bacteria against P. syringae DC3000 in 

Arabidopsis leaves (petiole feeding).  

S. No. Bacteria-Hours-Pathogen Leaves 
Outcome 

Resistance Symptoms 

01 Am3-48-Ps 12 10.7±0.9 1.3±0.9 

02 Am4-48-Ps 12 4.7±0.9 7.3±0.9 

03 Am5-48-Ps 12 10±0.6 2±0.6 

04 Am6-48-Ps 12 9.7±0.3 2.3±0.3 

05 R2-48-Ps 12 10±1.2 2±1.2 

06 Am2-48-Ps 12 2±1 10±1 

07 MgCl2-48-Ps 12 0.3±0.3 11.7±0.3 
To check biocontrol activity leaves were petiole fed with different strains (10

6
 cfu ml

-1
) and after incubation of 

48 hours pathogen (Ps) (10
6
 cfu ml

-1
) was applied with blunt ended syringe in localized spot on leaf lamina. 

Observations were recorded after five days and each experiment was repeated three times. 
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 bacterial inoculations in lamina of the leaves. Accomulation of cytokinin was enhanced in 

leaves infiltrated with Am3 and Am4 as evident by dark staining in the localized areas of the 

leaves (Fig. 10.4). P. Aeruginosa Am6 and B. pumilus R2 also enhanced endogenous 

cytokinins of the leaves as evident from GUS staining in areas supplied with these 

inoculations. However leaves infiltrated with B. licheniformis Am2 and P. aeruginosa Am5 

showed similar staining as observed in mock inoculated leaves demonstrating the absence of 

in plant cytokinins production by these strains.  

Endogenous phytohormones status in localized tissues of Arabidopsis leaves infiltrated with 

test bacterial strains (Am2, Am3, Am4, Am5, Am6 and R2) Arabidopsisincubated for 48 

hours (period of maximum biocontrol activity) was determined. For comparison mock 

inoculated (10mM MgCl2), pathogen infiltrated (P. syringae DC3000) leaves were used with 

same incubation time as given to biocontrol bacteria. Significant change in endogenous 

phytohormones of the localized area was recorded. In majority of cases cytokinins and IAA 

were modulated differentially as a result of various treatments. 6-fold increase in IAA levels 

was recorded in leaves inoculated with P. syringae DC3000 against control accompanied with 

significant decrease in cytokinin levels (Fig. 10.5). Contrary to this, leaves inoculated with 

Am3 accumulated more than two-fold greater cytokinins as compared to mock inoculated 

leaves. Cytokinin content of the leaves supplied with P. aeruginosa Am6 (124%) and B. 

pumilus R2 (119%) was also significantly enhanced over control. Contrary to the response of 

cytokinins the level of IAA was only marginally enhanced (4-16%) by these inoculations 

relative to control.  Bacterial strains B. licheniformis Am2, P. aeruginosa Am4 and P. 

aeruginosa Am5 although enhanced cytokinin contents of the leaves (8, 25 and 22% 

respectively) over control, however, these increases were not significant. On the other hand 

increase in IAA was significant in case of Am2 (72%) while Am4 and Am5 caused some 

increases (50 and 20% respectively) which were not significant as relative to control. 

ROS accumulation in Arabidopsis 

For reactive oxygen species (ROS) accumulation bacterial strains capable of growth in 

Arabidopsis leaves including Am3, Am4, Am5, Am6, R2 and Am2 were selected. 10µM 

kinetin was used as positive control while 10mM MgCl2 was negative control. After 

incubation of 48 hours leaves were infiltrated with pathogen locally and assayed for H2O2 

production with DAB (diaminobenzidine) stain, 24, 48 and 72 hours post pathogen 

infiltration. Leaves fed with kinetin or infiltrated biocontrol strains P. aeruginosa Am3, B.
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Figure-10.4 In planta cytokinins production by bacteria; Arabidopsis ARR5::GUS leaves 

syringe infiltrated with 10mM MgCl2 (control) (a), B. licheniformis Am2 (b) P. aeruginosa 

Am4 (c) and P. aeruginosa Am3 (d); localized GUS induction in and its intensity indicates 

accumulation of  different amount of cytokinin released by bacteria in in the leaves. 

 

 

Figure-10.5 Effect of bacterial inoculations on endogenous phytohormones levels of A. 

thaliana col-0 compared to the effect of pathogen (P. Syringae DC3000) and mock inoculated 

leaves. Local mesophyll tissues of the leaves were syringe infiltrated with P. Aeruginosa 

(Am3, Am4, Am5 and Am6), B. licheniformis Am2 and B. pumilus and incubated for 48 

hours. Mock inoculation (10mM MgCl2) and Pathogen were infiltrated for comparison. 

Phytohormones of the infiltrated tissues were determined via UPLC-ESI-MS/MS.   
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 pumilus R2 and P. aeruginosa Am6 showed negative DAB reaction even 72 hours post 

pathogen incubation evidencing the absence of ROS accumulation. Such leaves showed 

resistance to the pathogen and disease symptoms. However leaves infiltrated with Am2, Am4 

and Am5 started to accumulate ROS 24 hours post pathogen inoculation before the disease 

symptoms were appeared. In control leaves ROS accumulation started only after disease 

manifestation (Fig. 10.6). 

Antimicrobial activity 

Antimicrobial proteins were extracted from Arabidopsis leaves infiltrated with Am3, Am4, 

Am5, Am6, R2 and Am2 after 48 hours of incubation and extracts were assayed for activity 

against P. aeruginosa DC3000 by disc diffusion method. No activity was recorded in any of 

the extracts demonstrating the absence of antimicrobial peptides. To investigate the role of 

phytoelexins (Camalexins) in Arabidopsis defense extract from leaves fed with Am3, Am4, 

Am5, Am6, R2 and Am2 was tested for activity against P. syringae pv. tomato DC3000 by 

disc diffusion assay (Fig. 10.7). Kinetin and MgCl2 were taken as positive and negative 

control respectively. Zone of inhibition was observed in extract taken from leaves treated with 

kinetin. Similarly extract taken from leaves fed with Am3, Am6 and R2 also restricted the 

growth of pathogen on agar plate demonstrating the presence of antimicrobial substances. 

However no activity was observed in extract taken from Am2, Am4 and Am5 fed leaves. 

Extract taken from leaves was analyzed by GC-MS to determine camalexins and Salicylic 

acid (SA). After incubation of 12 hours no significant increase in camalexins accumulation 

was observed regarding in leaves supplied with cytokinin or biocontrol strains and mock 

inoculated leaves. However 3-fold increase in camalexins accumulation was recorded in case 

of kinetin feeding after 24 hours relative to mock inoculated leaves. After the incubation of 72 

hours, increase in camalexins accumulation was as high as 15-fold in leaves fed with kinetin. 

Likewise camalexins was 2 and 13-fold higher in leaves fed with Am3 over mock inoculated 

leaves after incubation of 24 and 72 hours. Leaves supplied with Am6 and R2 accumulated 

11-fold and 10-fold greater amount of camalexins over control by the end of experiment. 

Although biocontrol strains (Am2, Am4 and Am5) caused some increase in camalexin 

accumulation however the difference was not significant over control (Fig. 10.8). In case of 

kinetin an abrupt increase of 159% in SA concentration was recorded after 12 hours of 

incubation. However after 24 and 72 hours of incubation the increase was only 43% and 97% 

respectively. With biocontrol strains no significant difference in the level of SA was recorded 

during the first 12 hours of incubation relative to control. However after 24 and 72 hours 
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Figure-10.6 ROS accumulation assay with DAB; localized brown areas on the leaves 

symbolizing ROS accumulation; Leaves were stained after 72 hours post pathogen incubation. 

A) control leaves pre-incubated with MgCl2 for 48 hours; B) Pre-incubated with kinetin for 24 

hours; C) pre-incubated with Pseudomonas aeruginosa Am3 for 48 hours; D) pre-incubated 

with Bacillus licheniformis Am2 for 48 hours. 
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Figure-10.7 Activity of extract from Arabidopsis leaves pre-incubated with a) kinetin for 24 

hours and b) Am3 for 48 hours against pathogenic bacteria P.syrinagae pv. tomato DC3000; 

no activity was shown by extract from mock inoculated leaves (c).  

 

 

 

Figure-10.8 Comparison of Camalexin and SA accumulation in Arabidopsis leaves under the 

influence of different treatments through time. Camalexin and SA were determined with 

GC/MS in leaves fed with 10 µM kinetin (positive control), 10 mM MgCl2 (negative control), 

and bacterial strains including Am2, Am3, Am4, AM5, Am6 and R2 for different time 

intervals.    
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increase over control was noticed. In leaves supplied with Am3, the concentration of SA was 

maintained to a constant level for 24 hours and a decrease was recorded after 72 hours. After 

12 hours no significant difference in SA concentration was recorded between control and 

Am3 fed leaves. SA accumulation was significantly enhanced up to 53% and 86% in leaves 

treated with Am3, 24 and 72 hours post pathogen application. With R2 and Am6 (strains with 

biocontrol activity) SA accumulation was enhanced by 76 and 138% respectively over control 

after 72 hours of incubation. Non active strains (Am2, Am4 and Am5) caused 59, 160 and 

160% increase regarding SA accumulation in the leaves when incubated for 72 hours. 

Increase in SA levels of leaves treated with bacterial strains against control was not due to 

increased accumulation of the hormone over time in the former treatment but was due to 

decrease in mock inoculated leaves.  

Effect of IAA and 2,4-D on biocontrol activity in Arabidopsis  

Bacterial strains with biocontrol activity against P. syringae DC3000 were selected for the 

study to confirm the involvement of cytokinins production in conferring resistance against the 

pathogen. Positive control was 10 µM kinetin and MgCl2 was used for mock inoculation. 

Different concentrations of IAA and 2, 4-D were mixed with kinetin and biocontrol strains 

(Table-10.4). Sensitive phenotype was reversed in Arabidopsis leaves supplied with 22 and 44 

µM IAA and 2, 4-D in the presence of biocontrol strains or kinetin (10µM). More consistent 

antagonistic results were obtained with 22 and 44 µM IAA. Biocontrol activity of strains, P. 

aeruginosa Am3, P. aeruginosa Am6 and B. pumilus R2 was masked with 22 µM and higher 

concentration of auxins (IAA and 2, 4-D). 92% leaves fed with kinetin alone showed 

resistance to DC3000. Resistance was decreased with increasing concentration of IAA from 

92% (kinetin alone) to 8% (kinetin + 44 µM IAA). In Am3 fed leaves resistance to the 

pathogen was 83%. However in the presence of IAA the proportion of susceptible leaves was 

greatly enhanced. Resistance was reduced to 75%, 29% and 17% in Am3 fed leaves in the 

presence of 11, 22 and 44µM IAA. When 2, 4-D was mixed with Am3 suspension leaves 

susceptibility to the pathogen was increased with increasing concentration of this auxin and 

only 8% leaves showed resistance with 44 µM 2, 4-D. Leaves supplied with Am6 and R2 

showed local protection in 75 and 79% cases respectively however the resistance was only 

21-25% in the presence of 22 µM IAA. Similarly only 8-13% leaves were immuned to the 

disease when 44 µM IAA was supplied along with these strains. 2, 4-D also antagonized the 

biocontrol activity of the strains and reduced their activity to 4-8% when 44µM solution of 

this hormone was supplied.  
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BIOCONTROL BY CYANOBACTERIA 

Only unicellular cyanobacterial strains which were easily infiltrable in Arabidopsis leaves 

were screened for biocontrol experiments. 

Screening for biocontrol activity  

Suspension of unicellular cyanobacterial strains (Chroococcidiopsis sp. Ck4 and 

Synechocystis sp. Ck5) adjusted to inoculum density10
6
 cfu ml

-1
 in 10 mM MgCl2 was 

syringe infiltrated in the mesophyll tissues of A. thaliana col-0 and incubated for 72 hours. 

Areal pathogen of Arabidopsis was syringe infiltrated on the same spot previously infiltrated 

with cyanobacterial strains. Disease symptoms were scored daily for five days. While 

Chroococcidiopsis sp. Ck4 showed activity against the pathogen, Synechocystis sp. Ck5 failed 

to restrict the disease manifestations in the leaves (Fig. 10.9). Arabidopsis leaves pre-

incubated with Ck4 for 72 hours showed restricted disease symptoms manifestation (92%) 

after exposure to the pathogen. Almost half of the leaves (41.67%) were made resistance to 

the pathogen when treated with Ck5 (Table-10.5). 

In planta cyanobacterial growth  

To check the in planta growth of cyanobacteria plate count experiment was performed. 

Leaves were infiltrated with cyanobacterial suspension (10
6
 cfu ml

-1
) in 10 mM MgCl2. 

Cyanobacterial populations in leaves were sampled at 6, 12, 24, 36, 48, 60 and 72 hours 

interval by taking four leaf disks using a No. 3 cork borer. The disks were macerated in 10 

mM MgCl2, and plated on BG11-agar to monitor cyanobacterial population. Cyanobacterial 

strains showed differential growth pattern in the mesophyll tissues of the leaves. A lag phase 

was observed up to 24 hours post infiltration (Fig. 10.10). There was a rapid increase in the 

growth of Synechocystis sp. Ck5 beyond this point reaching 10
7
 cfu ml

-1
, 72 hours post 

infiltration. However a continuous steady increase in the growth of Chroococcidiopsis sp. 

Ck4 was observed after 24 hours peaking at 72 hours (2 x 10
6
 cfu ml

-1
). 

Feeding with cyanobacterial strains 

The leaves were petiole fed with cyanobacterial suspension (10
6
 cfu ml

-1
) or 10 mM MgCl2 in 

2 ml eppendorf for 72 hours followed by infiltration with the pathogen in localized spots. 

Disease symptoms were scored for five days. Results of the feeding experiments were in close 

agreement to the results obtained during infiltration experiments (Table-10.6). 

Chroococcidiopsis sp. Ck4 was the most successful biocontrol agent showing resistance to
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Table-10.4 Antagonistic effect of auxins (IAA and 2, 4-D) on biocontrol activity of bacterial 

strains.  

Treatment 

 Auxins 

IAA 
 

2, 4-D 

0 µM 11µM 22 µM 44 µM 0 µM 11µM 22 µM 44 µM 

Kinetin 11±0.6 9.3±0.3 3±0.6 1±0.6  10.7±0.3 7.7±0.9 2±0.6 2±1 

Am3 10±1.2 9±1 3±0.6 2.3±0.3  10±0.6 8.7±0.9 3±1 1±0.6 

Am6 9±1.2 8.3±0.9 2.7±0.7 1.3±0.3  9.3±0.9 8±1.2 1.7±0.3 0.7±0.3 

R2 9.7±1.2 8.7±0.3 3±1.2 1±1  10.7±0.3 8.3±0.3 2±1 2±1 
Twelve leaves of Arabidopsis were petiole fed with supension of P. aeruginosa Am3, Am6 and B. pumilus R2 

(106 cfu ml-1) alone or mixed with varable concentration of auxins (IAA and 2,4-D) hormones. Kinetin was 

used for comparison. Mean number of resistant leaves from three repeated experiments with standard error are 

given for each treatment. 

 

Table-10.5 Screening for biocontrol activity of unicellular cyanobacteria against DC3000 in 

Arabidopsis leaves via syringe infiltration.  

S. No. Bacteria-Hours-Pathogen Leaves 
Outcome 

Resistance Symptoms 

01 Ck4-72-Ps 12 11±0.6 1±0.6 

02 Ck5-48-Ps 12 5±0.6 7±1.2 

03 MgCl2-48-Ps 12 1±1 11±1 
To check biocontrol activity 5 µl suspension of cyanobacterial strains (Chroococcidiopsis sp. Ck4 and 

Synechocystis sp. Ck5) was infiltrated in local tissue of leaf lamina and after incubation of 48 hours pathogen 

(Ps) was applied on the same spot previously infiltrated with bacterial inoculations. Mean number of resistant 

leaves with standard errors is given from three repeated experiments. 

 

Table-10.6 Screening for biocontrol activity of unicellular cyanobacteria against DC3000 in 

Arabidopsis leaves via petiole feeding.  

S. No. Bacteria-Hours-Pathogen Leaves 
Outcome 

Resistance Resistance 

01 Ck4-72-Ps 12 10.7±0.9 1.3±0.9 

02 Ck5-48-Ps 12 3.6±0.6 6±1.2 

03 MgCl2-48-Ps 12 0.3±0.3 11.7±0.3 
To check biocontrol activity leaves were petiole fed with suspension (10

6
 cfu ml

-1
) of Ck4 and Ck5 for 48 hours 

followed by syringe infilteration of 5 µl suspension of pathogen (Ps) (10
6
 cfu ml

-1
) in the leaf lamina. 
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Figure-10.9 Biocontrol with cyanobacteria; Disease manifestation in Arabidopsis thaliana 

col-0 incubated with pathogenic bacteria P. syringae pv. tomato DC3000 for 48 hours after 

pre-incubation of 72 hours with MgCl2 (control; red circles) or cyanobacterial isolate 

Chroococcidiopsis sp. Ck4 (light blue circles). 

 

 

 

Figure-10.10 Cyanobacterial populations in A. thaliana col-0 leaves sampled at different time 

intervals, measured by plate count method. Initial cyanobacterial population density was 

adjusted to 10
6
 cfu ml

-1
. Values are means from three repetitions and vertical bars represent ± 

SEM. 
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 disease symptoms in 90% of the leaves. On the other hand Synechocystis sp. Ck5 resisted the 

appearance of symptoms only in 30% of cases.   

In planta cytokinin production  

In planta cytokinin production was checked via Arabidopsis ARR5::GUS. Endogenous GUS 

staining driven by ARR5 promoter was observed in the midrib and veins along with some 

background staining in the whole leaf regarding control as well as cyanobacterial infiltrated 

leaves. Nevertheless higher activity of GUS was obvious in localized tissues infiltrated in 

Chroococcidiopsis sp. Ck4 compared to mock inoculated leaves (Fig. 10.11). As noticed 

earlier addition of exogenous cytokinins, kinetin resulted in strong induction of ARR5 visible 

in the form of intense GUS staining. 

Leaves infiltrated with cyanobacterial strains Chroococcidiopsis sp. Ck4 and Synechocystis 

sp. Ck1 were incubated for 72 hours. Extract of the local tissue were purified by mixed mode 

solid phase extraction column and analyzed via UPLC-ESI-MS/MS for phytohormones. 

Leaves infiltrated with P. syringae DC3000 and MgCl2 (10mM), incubated for the same 

duration were used for comparison. Endogenous phytohormone contents of A. thaliana col 0 

showed significant response to different treatments (Fig. 10.12). Cytokinins were significantly 

enhanced by Chroococcidiopsis sp. Ck4 (more than 2-fold) and Synechocystis sp. Ck1 (423%) 

as compared to mock inoculated leaves. IAA on the other hand was significantly enhanced 

(91%) by Synechocystis sp. Ck1 while Chroococcidiopsis sp. Ck4 inoculation caused only 

marginal increase in this phytohormone. Pathogenic bacteria P. syringae DC3000 caused 6-

fold increase in IAA while cytokinin contents were significantly reduced over control (mock). 

ROS accumulation in Arabidopsis 

For ROS accumulation, two biocontrol strains capable of growth in Arabidopsis leaves 

(Chroococcidiopsis sp. Ck4 and Synechocystis sp. Ck5) were selected. 10µM kinetin was 

used as positive control while 10mM MgCl2 was negative control. Leaves infiltrated with 

kinetin and Chroococcidiopsis sp. Ck4 showed negative DAB reaction 72 hours post 

pathogen incubation evidencing the absence of ROS accumulation. Such leaves showed 

resistance to the pathogen and disease symptoms. However leaves infiltrated with MgCl2 and 

Synechocystis sp. Ck5 started to accumulate ROS after the onset of disease symptoms. 
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Figure-10.11 In plant cytokinins secretion by cyanobacteria; Arabidopsis ARR5::GUS leaves 

syringe infiltrated with 10 mM MgCl2 (control) (a) and Chroococcidiopsis sp. Ck4 (b); 

localized GUS induction and its intensity indicates accumulation of different amount of 

cytokinin released by cyanobacteria in the leaves. 

 

 

 

Figure-10.12 Effect of cyanobacterial inoculations (Ck1 and Ck4) on endogenous 

phytohormones levels of A. thaliana col-0 as compared to the effecto of pathogen (P. 

Syringae DC3000) and mock inoculated leaves 
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Antimicrobial activity 

To establish antibacterial compounds, antibiotic peptides extract taken from leaves after 72 

hours incubation with Chroococcidiopsis sp. Ck4 and Synechocystis sp. Ck5 was assayed for 

activity against the pathogen via disc diffusion assay. Irrelevance of antibacterial peptides was 

evidenced by the absence of zones of inhibition with extracts obtained from leaves inoculated 

with both cyanobacterial strains. To investigate the role of phytoelexins (Camalexins) in 

Arabidopsis defense, extract from leaves infiltrated with Chroococcidiopsis sp. Ck4 and 

Synechocystis sp. Ck5 were tested for activity against P. syringae pv. tomato DC3000 by disc 

diffusion assay (Fig. 10.13). Kinetin and MgCl2 were taken as positive and negative control 

respectively. Zone of inhibition was observed in extract taken from leaves treated with 

kinetin. Similarly extract taken from leaves supplied with biocontrol strains also restricted the 

growth of pathogen on agar plate demonstrating the presence of antimicrobial substances. 

Extract taken from leaves incubated with the best biocontrol Chroococcidiopsis sp. Ck4 was 

analyzed by GC-MS to determine camalexins and SA. After incubation of 12 hours increases 

in camalexins accumulation were not significantly different from that recorded with kinetin 

and Chroococcidiopsis sp. Ck4 (Fig. 10.14). However 2-fold increase in camalexins 

accumulation was recorded in kinetin fed leaves after 24 hours. After the incubation of 72 

hours, increase in camalexins accumulation was as high as 15-fold in leaves fed with kinetin. 

With kinetin an abrupt increase of 159% in SA concentration was recorded after 12 hours of 

incubation. However after 24 and 72 hours of incubation the increase was only 43% and 97% 

respectively. Leaves incubated with Ck4 accumulated 2-fold and 12-fold greater amount of 

camalexins against control after 24 and 72 hours respectively. However after 12 hours of 

incubation no significant difference in the concentration of the phytoelexins was noticed 

between control and Ck4 treated leaves (Fig. 10.14). The hormone SA was enhanced up to a 

greater extent after 12 hours of incubation by kinetin as well as Ck4. The increase was 158% 

and 105% respectively over control in case of kinetin and Ck4. In case of kinetin and Ck4, 

after 24 hours of incubation 42% and 24% increases in SA accumulation respectively over 

control were recorded. However after incubation of 72 hours the increase was 98% and 113% 

in leaves incubated with kinetin and Ck4 respectively. Synechocystis sp. Ck5 on the other 

hand hardly altered the accumulation of camalexins in Arabidopsis leaves however SA 

accumulation was increased the most after 72 hours of incubation. 
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Figure-10.13 Activity of extract from Arabidopsis leaves pre-incubated with a) kinetin for 24 

hours and b) Ck4 for 72 hours against pathogenic bacteria Ps var. tomato DC3000; no activity 

was shown by extract from mock inoculated leaves (c and d).  

 

 

 

Figure-10.14 comparison of Camalexin and SA accumulation in Arabidopsis leaves under the 

influence of different treatments through time. Camalexin and SA were determined with 

GC/MS in leaves fed with 10 µM kinetin (positive control), 10 mM MgCl2 (negative control), 

Chroococcidiopsis sp. Ck4 and Syenchocystis sp. Ck5 for different time intervals.   
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Effect of IAA and 2,4-D on biocontrol activity in Arabidopsis  

Only Chroococcidiopsis sp. Ck4 (having biocontrol activity) was selected for this study. 

Different concentrations of IAA were co-fed with kinetin and biocontrol strain to demonstrate 

cross talk between IAA and cytokinins (Table-10.7). Arabidopsis leaves fed with 22, 44 and 

88 µM IAA in the presence of biocontrol strain or kinetin (10µM) showed decreased 

resistance against pathogen. More consistent antagonistic results were obtained with 44 µM 

IAA as described in case of bacteria. When IAA was mixed with Chroococcidiopsis sp. Ck4 

the same trend as noticed for kinetin treatment was recorded. In addition to IAA, 2,4-D also 

antagonized the effect of kinetin and biocontrol strains. Resistance with kinetin (92%) was 

reduced to 79%, 22.5% and 8% respectively when 11, 22 and 44µM IAA was mixed with this 

cytokinin. When IAA (22µM) was applied simultaneously with cyanobacterial strain Ck4, 

resistance was reduced from 92% to 33%. The most potent concentration of IAA was 44µM 

where only 16.7% of the leaves pre-incubated with Ck4 showed resistance to the pathogen. 

Similarly 2, 4-D reduced the immunity of Ck4 fed leaves from 92% to 67, 29 and 13% when 

supplied in 11, 22 and 44 µM concentration respectively. 

GROWTH ASSAY OF THE PATHOGEN VIA GFP 

In order to demonstrate clearly restricted growth of pathogen in leaves pre-incubated wtih 

biocontrol strains green fluorescent protein (GFP) labelled Pst DC3000 was used to visualiz 

its growth in host tissues. Leaves infiltrated with biocontrol strains or 10mM MgCl2 were 

incubated for 48 hours and exposed to GFP labelled pathogen. One set of leaves was fed with 

10µM kinetin for 24 hours before P. syringae DC3000-GFP infiltration. Unlebelled pathogen 

was also infiltrated for comparison. Chlorophyll fluorescence transients of the uninoculated 

leaves were imaged at 0, 3, 6, 9, 12, 24, 36 and 48 hours after the inoculation. In moke 

inoculated leaves fluorescence appeared as early as 6 hours after pathogen introduction to the 

host tissues with mild symptoms as noted by localized decline in FV/FM value (Fig. 10.15 ). 

The fluorescence was indicative of the growth of Pst DC3000 in the host tissue. Increase in 

the intensity of fluorescence accompnied by decline in FV/FM was observed in the following 

hours up to 48 hours. However in leaves infiltrated with biocontrol bacteria P. aeruginosa 

Am3 and Chroococcidiopsis sp. Ck4 only a faint fluorescence was recorded after 24 hours 

and its intensity remained constant after 48 hours of incubation evidencing the restricted 

growth of the pathogen. The same trend was observed in leaves fed with kinetin (positive 

control) clearly evidencing restricted growth of the pathogen. 
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Table-10.7 Antagonistic effect of auxins (IAA and 2, 4-D) on biocontrol activity of 

cyanobacterial strains.  

Treatment 

 Auxins 

IAA 
 

2, 4-D 

0 µM 11µM 22 µM 44 µM 0 µM 11 µM 22 µM 44 µM 

Kinetin 11±1.7 9.7±0.9 2.7±0.7 1±1  11±0.6 7±0.6 2±1.2 1.7±0.9 

Ck4 11±1 7.3±1.5 4±1 2±1  10.7±1.5 8±1 3±2 1±1 
Twelve leaves of Arabidopsis were petiole fed with Chroococcidiopsis sp. Ck4 suspension (10

6
 cfu ml

-1
) alone 

or mixed with variable concentrations of auxins (IAA and 2,4-D). Mean number of resistant leaves with standard 

error are given for each treatment from three experiments. 
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Figure-10.15 Growth tracking of Pst DC3000 labeled with GFP (shown in red false colour) in 

A. thaliana col-0 pre incubated with biocontrol strains Am3 and Ck4, mock inoculation 

(MgCl2) for 48 hours or kinetine for 24 hours. First visible signs of growth in the form of 

fluorescences shown in red  post pathogen application in mock inocuaed leaves.  

  

10mM MgCl2 Am3 Ck4 10µM Kinetin

3h

6 h

24 h
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PATHOGEN RESPONSE PROTEINS (PR-1) EXPRESSION 

Leaves of Arabidopsis were harvested after 48 hours incubation with 10 µM Kinetin, P. 

aeruginosa Am3, Chroococcidiopsis sp. Ck4 or 10 mM MgCl2 for RNA gel blot analysis. 

Ten microgram RNA was run on formaldehyde/agarose gel and transferred to Nylon 

membrane after visualizing under UV light. RNA was probed with cDNA of pathogenesis-

related proteins PR-1 while 18S gene was used as internal standard. Expression of PR-1 was 

clearly enhanced to several folds in leaves supplied with bacterial or cyanobacterial strains 

relative to control evidencing the involvement of pathogenesis-related proteins in disease 

suppression by these strains. Induction of PR-1 proteins in leaves supplied with kinetin was 

also several-fold over control (Fig. 10.16). 
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Figure-10.16 PR-1 expression in leaves of A. thaliana col-0 plants infiltrated with P. 

aeruginosa Am3, Chroococcidiopsis sp. Ck4 and MgCl2 (c). After inoculation of 48 hours, 

leaves of treated plants, and leaves of control plants were harvested. Two independent 

samples containing RNA (5 µg) of two treated plants were analyzed together with one control 

sample Membranes were probed with PR-1 and with the 18S rDNA as internal standard. The 

experiment was repeated twice with similar results. 

  

Am3 Ck4 CK

PR1

18S
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DISCUSSION 

Cytokinins producing microbial strains were screened for biocontrol activity in Arabidopsis 

thaliana col-0. Bacterial and cyanobacterial isolates secreting cytokinins were able to 

markedly reduced proliferation of the hemibiotrophic bacterium P. syringae pv tomato 

DC3000 and thus significantly increased host resistance by enhancing cytokinins 

accumulation confined to the infiltrated area evident from enhanced GUS activity in 

Arabidopsis ARR5::GUS. ARR5 expression was shown to be an effective surrogate for the 

state of cytokinin signaling (Lohar et al. 2004). Pre-incubation of 48 hours was appropriate 

for bacteria and 72 hour for cyanobacteria to enable plants to resist the pathogenic bacteria. 

Infiltration as well as feeding of bacteria, cyanobacteria and standard phytohormones was 

tested for induction of resistance in Arabidopsis leaves. It was found that leaves pre-incubated 

with 10µM each of BAP and kinetin showed resistance to the pathogen. However 10µM 

adenine (cytokinins precursor) was ineffective regarding control against P. syringae pv. 

tomato DC3000. Resistant with biocontrol strains was restricted to local regions and required 

living bacterial or cyanobacterial cells. Microbial strains were unable to induce systemic 

resistance, the most extensively form of resistance (SAR) conferred with rhizosphere bacteria 

(Pozo et al. 2008; Matilla et al. 2009; Verhagen et al. 2010). To dissect the mechanism of 

resistance ROS accumulation in cytokinins or biocontrol strains fed leaves was compared 

with mock inoculated leaves. No difference in ROS accumulation was recorded between 

treated and mock inoculated leaves before development of visible symptoms. However a 

relatively high amount of H2O2, indicated by intense DAB staining, was noted in mock 

inoculated areas displaying severe necroses after pathogen challenge. No such reaction was 

visible in areas with increased cytokinins levels either by biocontrol strains or exogenously 

supplied cytokinins. One characteristic feature of increased cytokinins level in Arabidopsis 

was the markedly delayed or even completely prohibited formation of necroses. A lack in the 

plants ability to respond to infection via hypersensitive reaction (HR), which would stop 

progress of biotrophic pathogens, could result in uncontrolled spread of bacteria. Contrary to 

this however, pathogen number was significantly reduced in cytokinin (microbial or 

exogenous) supplied tissues. The evidence was provided by growth assay of Pst 

DC3000::GFP in Arabidopsis leaves supplied with microbial strains as well as cytokinins.  

Accordingly, resistance conferred by biocontrol strains or cytokinins was not due to the 

accumulation of ROS. Rather, the latter in mock inoculated leaves is a consequence of 

pathogen killed host cells and the spread of pathogen itself. Results obtained regarding the 
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role of cytokinins in resistance or susceptibility to herbivores and pathogens were often 

conflicting and depended very much on the analyzed system (Novacky 1972; Smigocki et al. 

1993; Beckman and Ingram 1994; Sano et al. 1994; Jameson 2000; Siemens et al. 2006; 

Babosha et al. 2009). Cytokinins have mostly been seen as factors involved in creating sinks 

for biotrophs consequently little attention has been given to the resistance or susceptibility of 

necrotrophic pathogens (Walters et al. 2008). Although cytokinins have been shown to 

influence the outcome of plant-pathogen interactions, the mechanism behind has never been 

found. It was speculated that kinetin might counteract a bacterial toxin and thus prevents 

chlorosis in tobacco leaves infected with P. syringae pv. tabaci (Lovrekovich and Farkas 

1963), but this awaits proof. Cytokinins feeding also inhibited virus-induced down-regulation 

of several antioxidant enzymes (Jameson 2000). Furthermore, kinetin prevented salt-induced 

leaf-necrosis in tobacco (Benzioni et al. 1974). Our results are in tie with Rivero et al (2007) 

who reported that there seems to be an “efficient scavenging of ROS in (ipt-expressing) 

transgenic plants”. It has long been argued that resistance to pathogens is either mediated via 

salicylic acid (SA) (biotrophs) or through jasmonate (JA) and ethylene (ET) (necrotrophs) 

(Robert-Seilaniantz et al. (2007). However SA accumulation was not enhanced in leaves with 

enhanced level of cytokinins due to in plant cytokinins secretion by our test organisms or 

exogenous feeding with kinetin and BAP. 

The involvement of antimicrobial proteins in host resistance to the pathogen was rule out by 

antimicrobial assay of the protein extract from Arabidopsis leaves supplied with cytokinins 

producing bacteria or cyanobacteria. To establish antimicrobial factor in Arabidopsis leaves 

camalexin, a phytoalexin, was extracted and determined. Camalexin is an indole derivative 

phytoelexins act as broad spectrum antibiotic which inhibit the growth of fungal and bacterial 

pathogens. Though relatively high concentration of camalexin is required to inhibit growth of 

bacterial pathogen which may never reach in planta nevertheless several other antibacterial 

metabolites may be involved to restrict pathogen in living system (Glawischnig 2007). 

Camalexin has been shown to limit the growth of virulent P. Syringae strains in Arabidopsis 

(Glazebrook and Ausubel 1994). In current study camalexin accumulation was enhanced in 

Arabidopsis leaves as a result of raised cytokinins concentration.  The extract also showed 

activity against P. syringae pv. tomato DC3000 when analyzed by disc diffusion assay. Genes 

of pathogenesis related proteins (PR-1), generally believed to be related with plant defence 

(Kesari et al. 2009), were up-regulated in leaves supplied with P.aeruginosa Am3 and 

Chroococcidiopsis sp. Ck5 after 48-74 hours of incubation. This effect was mimicked by 
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exogenous kinetin. SA independent up-regulation of PR-1 genes in this study suggest an in 

built increase of PR-1 and hence a premeditated defense capability of the plant against the 

invading pathogen as reported by Memelink et al. (1987). It was concluded that bacterial and 

cyanobacterial infiltration in the local tissue of Arabidopsis leaves enhanced cytokinins 

followed by increase in camalexins accumulation and PR-1 induction which restricted 

pathogen growth and suppressed the appearance of necrotic symptoms.  

While screening bacteria for biocontrol it was found that certain bacteria and cyanobacteria 

which produce greater amount of IAA than cytokinins were unable to confer resistance in 

host. This was also clear from in planta phytohormones secretion by these strains. 

Arabidopsis leaves with low cytokinin to IAA ratio (0.6 or below) showed high degree of 

susceptibility to the pathogen. Microbial inoculation where this ratio was enhanced to 1.2 or 

above induced resistance against P. syringae DC3000. Surprisingly antagonism between the 

two phytohormones was also obvious in exogenous system. When ratio of cytokinin to IAA 

was dropped below 0.5 in mixture supplied to Arabidopsis leaves they became susceptible to 

the pathogen. However, when cytokinins to IAA ratio were increased above 0.5, leaves 

became resistant. It has been shown that free IAA levels increase in Arabidopsis plants after 

infection with P. syringae (Chen et al. 2007). 6-fold increase in IAA level of Arabidopsis 

leaves was observed when challenged with P. syringae DC3000. Down-regulation of auxin 

signaling is a component of the plant basal defense response and that stimulation of auxin 

signaling may promote disease susceptibility, consistent to this was the appearance of more 

severe symptoms in plants supplied with exogenous IAA by P. syringae DC3000 as compared 

to plant inoculated with the pathogen alone (Chen et al. 2007). Arabidopsis leaves infected by 

P. syringae were characterized by enhanced IAA levels and reduction in cytokinins 

accumulation. Hormones including auxins, Jasmonic acid (JA) and ethylene are elevated in 

infected plants (Korves and Bergelson 2003). Endogenous cytokinins concentration was 

reduced drastically in coconut plants affected by lethal yellowing (Aguilar et al. 2009). 

Biocontrol strains Am3, Am6, R2 (bacteria) and Ck4 (cyanobacterium) enhanced endogenous 

cytokinin of the host significantly keeping the IAA levels unaffected. The strains which failed 

to induce resistance in Arabidopsis against the pathogen for instance Am2 and Ck5, was 

shown to enhance IAA levels leaving cytokinin accumulation unchanged. It may be 

concluded that cytokinins producing bacterial induce defense against P. syringae in 

Arabidopsis leaves by camalexins overproduction which is independent of SA. Similarly the 

SA independent induction of PR-1 genes which code for antimicrobial proteins has peculiar 
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implication in microbially induced resistance against P. syringae DC3000 via enhanced levels 

of cytokinins. These effects can be mimicked by exogenous supply of cytokinins to the 

leaves. Indole-3-acetic may embark susceptibility by down regulating PR-1 or camalexins 

biosynthetic genes.  

 
 

 

 



DISCUSSION 

n effective strategy was adapted to select plant growth promoting rhizobacteria of 

92 isolates from the rhizosphere soil of plants growing in forest, uncultivated area 

or cultivated land. The isolated PGPR microbes from plant rhizosphere were 

simultaneously screened for ACC deaminase activity to make selection for PGPR 

rapid and time affective. Presence of ACC deaminase activity makes bacteria to reduce 

ethylene levels in roots by breaking its precursor ACC into ammonia and α-ketoglutarate 

which may promote plant growth (Contesto et al. 2008). This strategy helped us to narrow 

down our selection from 92 bacterial strains to 28. Thirteen cyanobacterial strains were 

isolated from rice field and fresh water pond with different growth characteristics. These 41 

microbial isolated (28+13) were screened for phytohormones by developing a time effective 

protocol for cytokinin bioassay. Cucumber cotyledon bioassay which exploits the synergistic 

effect of light and cytokinins was modified to make direct screening of bacterial and 

cyanobacterial strains, without a need for time consuming extraction and purification, 

possible. Cucumber cotyledon bioassay has been successfully used for the detection of 

cytokinin like activity in bacterial as well as cyanobacterial extract (Greene 1980; Stirk et al. 

2002; Jäger et al. 2005; Gracia de Salamone et al. 2006). Secretion of IAA in the culture 

media by these strains was screened by Salkowski reagent which is an assay of choice for 

screening purpose (Ahmad et al. 2008). 12 bacterial strains (Am3, Am4, Am5, Am6, Am7, 

E2, BC1, Vi2, Am2, R2, Az1 and G1) and 5 cyanobacterial isolates (Ck1, Ck2, Ck3, Ck4, 

Ck5) showing positive cytokinins like activity and capable of IAA production were selected 

for further study. Before selecting for best inoculum identification and characterization of the 

strains is an important step. The isolated bacteria were characterized by different 

morphological and biochemical test. Six bacterial strains were Gram positive and six were 

Gram negative rods. Based on a number of biochemical tests, six bacterial strains including 

Am3, Am4, Am5, Am6, Am7 and E2 showed close resemblance to the genus Pseudomonas. 

The isolates obtained from the rhizosphere of B. campestris (BC1), Viola sp. (Vi2), 

Amaranthus (Am2), Rice (R2) and Grass (G1) were closely similar to the genus Bacillus. 

Similarly bacterial strain associated with sugar cane rhizosphere was directly analogous to 

Azospirillum. Cyanobacterial strains were characterized under light microscope and assigned 

to different genera. The strains Ck1, Ck2, Ck3, Ck4 and Ck5 were assigned to Anabaena, 

Oscillatoria, Phormidium, Chroococcidiopsis and Synechocystis respectively. 16S rDNA 

A 
Chapter 11 
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gene homology confirmed the taxonomic status of the selected strains. The approach has been 

successfully used for the identification of bacterial and cyanobacteria strains (Kommedal et al. 

2009; Valerio et al. 2009). Bacterial strains Am3, Am4, Am5, Am6 and Am7 were identified 

as P. aeruginosa. The strain E2 was assigned to the genus Pseudomonas. Two strains, BC1 

and Vi2 showed maximum homology to B. subtilis. The taxonomic status of G1, R2, Am2 

and Az1 was confirmed as B. cereus, B. pumilus, B. licheniformis and A. brasilense 

respectively.  

Several developmental changes are triggered after plants rhizosphere is being colonized by 

PGPR involving several signaling pathways elicited by the beneficial microbes 

simultaneously.  Phytohormones or substances with hormone-like activity secreted by PGPR 

are considered to provoke these signaling pathways (Contesto et al. 2008). Once the strains 

were identified, their potential for phytohormones production was quantified by ultra 

performance liquid chromatography coupled with tandem mass spectrometer through 

electrospray interface. The instrument was used to determine cytokinins and IAA 

simultaneously in bacterial as well as cyanobacterial cultures by introducing rapid method for 

routine extraction, purification and determination of phytohormones. LC-MS particularly 

UPLC-MS is the most useful technique because of high pressure and small size particles as 

column packing (Kojima et al. 2009; Tarkowski et al. 2009; De Brouwer et al. 2010). Protocol 

originally developed for determining cytokinins in plants by Novak et al. (2008) was modified 

to quantify both cytokinins and IAA simultaneously in selected microbial strains.  Extraction 

and purification of theses hormones was also modified to make the process more convenient 

and time effective for routine analysis. Cytokinins concentration ranged between 219 and 416 

ng ml
-1

 regarding bacterial strains with maximum production, recorded in P. aeruginosa Am3 

isolated from the rhizosphere of Artemisia maritime growing in temperate forest. Cassan et al. 

(2009) found the concentration of zeatin in the culture of a PGPR, A. brasilense, as high as 

880 ng ml
-1 

using HPLC-UV. Difference between zeatin quantity in the culture of A. 

brasilense determined during this study (136.6 ng ml
-1

) and their report is clearly due to the 

sensitivity difference between UV detection, which often give over estimation due to the 

presence of UV-absorbing contaminants, and mass spectrometry (Hoyerova et al. 2006). Four 

different cytokinins species were identified in bacterial culture including two isomers of 

zeatin (cis and trans), ZR and DHZR. Among different cytokinin classes ZR was universally 

the most abundant cytokinins in the selected strains. Except P. aeruginosa Am7, B. subtilis 

BC1 and B. subtilis Vi2 which were unable to synthesize DHZR other strains including P. 
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aeruginosa Am3, Am4, Am5, Am6, Pseudomonas sp. E2, B. licheniformis Am2, B. cereus 

G1 and A. brasilense Az1 synthesized this hormone.  According to previous reports ZR, Z, 

DHZR, IPA and ZOG are synthesized by rhizobacteria (Muller et al. 1988; Gracia de 

Salamone et al. 2001). Optimum media for cytokinin production was M9 supplemented with 

casaminoacid, biotin, thiamine and adenine. In general bacteria belong to rhizosphere soil of 

the temperate forest synthesized greater amount of cytokinins relative to isolates from 

uncultivated and cultivated areas. Trans isomer of zeatin was secreted in greater concentration 

by bacteria than its ciz isomer. Though these compounds are isomers of each other, at least in 

plants they are synthesized by different pathways and have different affinities as well as 

activities. However, in rhizobacteria isoprenoid type cytokinins are considered to be the 

broken down product of tRNA (Kamada-Nobusada and Sakakibara 2009). It has been 

suggested that some tRNA species may generate cZ via cZR as a result of prenylation at the 

adenine near the 3' end of anticodon with the help of tRNA-isopentenyltransferase (tRNA-

IPT) (Kudo et al. 2010). Ciz zeatin produce in this way can be converted to trans isomer by 

trans-zeatin isomerase (Kamada-Nobusada and Sakakibara 2009). Most of the 

phytopathogenic bacteria on the other hand synthesize de novo cytokinin by involving ipt or tz 

genes (Pertry et al. 2009). Maximum cytokinins synthesis in bacterial strains was observed 

during stationary phase of growth and except E2, BC1 and Vi2 where decline in the 

concentration of the phytohormone occurred before 120 hours the rest of the strains continued 

to synthesize it beyond 120 hours. In majority of the strains except E2, maximum DHZR 

concentration was recorded after 120 hours of incubation. It is believed that the amount of ZR 

and DHZR produced by PGPR depends on the amount of IPA produced previously 

suggesting that later hormone may also be produced by our strains which was probably below 

detection limit due to its rapid conversion to these ribosides. Synthesis of ZR from IPA may 

either be one-step reaction catalyzed by a mixed-function oxidase or the conversion can occur 

in several enzymatic steps involving the precursors IPa and Z (Brzobohaty et al. 1994; 

Jameson 1994). DHZR is one of the final derivatives in cytokinins biosynthetic pathway, 

produced by the conversion of zeatin type of cytokinin to DHZ which is then converted to 

DHZR. IAA concentration ranged between 0.1µg ml
-1

 and 10.09µg ml
-1

 in bacterial strains. 

The most efficient IAA producer was A. brasilense Az1. Majority of the cultures contained 

IAA several times greater as compared to cytokinins. However cytokinins/IAA ratio was 

higher in the culture of P. aeruginosa Am3, B. subtilis BC1, B. pumilus R2 and B. cereus G1. 

Several bacterial strains are reported to produce auxins including IAA (Ali et al. 2009). In 

cyanobacterial strains phytohormones accumulated and released were determined. Cytokinins 
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concentration in cyanobacterial culture was as high as 21.9 pmol mg
-1

 Chlorophyll-a 

regarding Chroococcidiopsis sp. Ck4. The strain accumulated 17.22 pmol mg
-1

 Chlorophyll-a 

of cytokinin synthesized. Five different kinds of cytokinins including cZ, tZ, ZOG, ZR and 

DHZR were determined in Chroococcidiopsis sp. Ck4.  Oscillatoria sp. Ck2 and Phormidium 

sp. Ck3 were able to synthesize three cytokinins species including cZ, tZ and ZR. Anabaena 

sp. Ck1 on the other hand produced tZ, ZR and DHZR. In Synechocystis sp. Ck5 only zeatin 

type of cytokinin was detected. Cyanobacteria respond to exogenous cytokinins and host a 

system to recognize the signal (Selivankina et al. 2006). Cytokinin biosynthesis gene tRNA-ipt 

is reportedly present in cyanobacteria including Synechocystis and Synechococcus (Takei et 

al. 2001; Yevdakova and Schwartzenberg 2007). Contrary to bacteria where the concentration 

of tZ isomer was greater than cZ in cyanobacteria the later isomer was the most prevailing 

cytokinin type in most of the cases. No previous reports regarding cytokinin quantification in 

cyanobacteria are available for comparison however compared to moss Physcomitrella, which 

share cytokinin biosynthetic pathway (tRNA based) with cyanobacteria, cultures of blue green 

algae synthesized relatively greater concentration of cytokinins (Yevdakova et al. 2008).  

Concentration of cytokinins determined in Chlorella (green algae) was very close to its 

amount quantified in isolated cyanobacteria (Jiraskova et al. 2009). The selected 

cyanobacterial strains were also able to accumulate and release IAA. The most efficient strain 

regarding IAA production was Anabaena sp. Ck1 where the concentration of the 

phytohormone was 43 pmol mg
-1

 Chlorophyll-a. Filamentous strains (Ck2 and Ck3) 

accumulated more phytohormones as compared to their release. Cyanobacterial strains, Ck1, 

Ck4 and Ck5 on the other hand released greater amount of hormones than the quantity 

retained. The ratio of IAA to cytokinin in the culture of the entire cyanobacterial strains 

except Ck4 was greater than one. Continuous increase in IAA synthesis over time was 

recorded in cyanobacterial strains. Strains associated with rice rhizosphere synthesized greater 

amount of phytohormones than free living isolates. A linear increase in IAA concentration 

was determined with increasing concentration of tryptophan in the culture media. Though 

comparatively greater amount of IAA was synthesized by cyanobacteria in the presence of 

1000 µg ml
-1

 tryptophan, this concentration was relatively toxic to cyanobacterial growth. 500 

µl of this precursor also reported by Sergeeva et al. (2002) was found to be optimum for IAA 

production 

The selected strains with known potential of phytohormones production were subjected to 

plant microbe’s interaction. Phytostimulatory effects of the strains were evaluated under 
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axenic and natural conditions. Under axenic conditions majority of the strains positively 

influenced the growth of Triticum aestivum var. Uqab 2000, Helianthus annuus var. suncross 

and Brassica olaraceae var. capitata. On the basis of phytostimulation in wheat bacterial and 

cyanobacterial strains were clustered in clearly separate classes (Fig. 11.1). In bacterial cluster 

there were four sub-clusters while cyanobacteria were divided into two sub-clusters. Bacterial 

strains B. pumilus R2, P. aeruginosa Am3, B. cereus G1 and Am6 showed close resemblance 

regarding their plant growth promoting activities in wheat. Similarities in their action may be 

attributed to similar phytostimulation determinants including relatively high cytokinin to IAA 

ratio (0.8-2.6), ability of mobilize phosphate and siderophore production. These strains were 

isolated from rhizosphere of different herbaceous plants in temperate forest (except Am6) and 

hence they shared common origin. Bacterial strains Azospirillum brasilense Az1, B. 

licheniformis Am2 P. aeruginosa Am4, Am5 and Am7 were clustered together on the basis of 

phytostimulation in wheat seedlings. Cytokinin to IAA ratio was below 0.5 in culture of all 

these strains evidencing an important role of the relative amount of these two hormones. 

Strains with medium cytokinin to IAA ratio (0.5-0.6), Pseudomonas sp. E2 and B. subtilis 

Vi2, were grouped in a single cluster. Growth promoting potential of B. subtilis BC1 having 

highest cytokinin to IAA ratio (4.01) in its culture was clearly different from the rest of the 

strains. Among cyanobacterial strains Phormidium sp. Ck3 (cytokinin/IAA = 0.9) showed 

close resemblance with Chroococcidiopsis sp. Ck4 (cytokinin/IAA = 1.2) in its 

phytostimulatory potential (Fig. 11.1). Oscillatoria sp. Ck2, Anabaena sp. Ck1 and 

Synechocystis sp. Ck5 with cytokinin to IAA ratio below 0.5 were assigned to the same 

cluster. Bacterial strains were clustered in three groups when phytostimulation in cabbage 

with these strains was analyzed (Fig. 11.1). P. aeruginosa Am3, B. subtilis BC1, B. pumilus 

R2 and B. cereus G1 were assigned a common cluster (cytokinin/IAA < 1). Azospirillum 

brasilense Az1 and B. licheniformis Am2 showed close relationship in their phytostimulation 

potential. Pseudomonas sp. E2, P. aeruginosa Am4, Am5 and Am6 closely resemble each 

other in improving cabbage growth. P. aeruginosa Am7 showed distinctly different 

performance with cabbage seedlings. Chroococcidiopsis sp. Ck4, Anabaena sp. Ck1, 

Oscillatoria sp. Ck2 and Synechocystis sp. Ck5 showed similar performance with cabbage. 

Phormidium sp. Ck3 was isolated in separate cluster showing some similarities with Ck4. 

Based on phytostimulation in sunflower, P. aeruginosa Am3, B. subtilis BC1, P. aeruginosa 

Am6, Pseudomonas sp. E2, B. cereus G1 and B. pumilus R2 were clustered together (Fig. 

11.1). Close resemblance was shown by B. subtilis Vi2 and P. aeruginosa Am4. Growth 

promoting activities of high IAA producing A. brasilense Az1



 

Figure-11.1 Clustering of microbial strains based on the phytostimulatory performance under fully axenic conditions made by Statistica 9 (StatSoft, 

Inc. OK, USA); Clusters are shown for phytostimulatory performance with wheat, sunflower and cabbage 
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and B. licheniformis Am2 were similar in sunflower. In the same system, Phormidium sp. Ck3 

and Chroococcidiopsis sp. Ck4 showed similarity in their performance.  Several determinants 

of plant growth promotion in bacterial inoculations were found including phytohormones 

production, phosphate mobilization and siderophore production along with ACC deaminase 

activity. Phytostimulation with different PGPB and PGPC was greatest in wheat 

(monocotyledonous) when compared with sunflower and cabbage (dicotyledonous) seedlings. 

It was reported that plants have differential potential to attract microbes for colonization by 

releasing variable quality and quantity of root exudates (Grayston et al. 1998). Graminoids 

secrete chellators in their rhizosphere more efficiently than dicots which potentially form 

complexes with metallic micronutrients and make them bio-available (Bais et al. 2006). 

PGPR strains subjected to PMI (plant-microbes interaction) belonged to three different 

environmental setups for instance natural vegetation including temperate forest of Northwest 

Frontier Province (NWFP), uncultivated land in the subtropical region of Punjab and 

cultivated land in both provinces. All cyanobacterial strains on the other hand were 

representatives of the subtropical region isolated either from rice rhizosphere of fresh water 

ponds. Bacterial strains isolated from forest habitat in temperate region were the most 

efficient inoculations for all three plants under axenic conditions. Such isolates enhanced 

growth, biomass, pigments and biochemical parameters maximally relative to bacterial strains 

isolated from bare land and agriculture settings (Fig. 11.2). Among bacterial isolates P. 

aeruginosa Am3, B. subtilis BC1 and B. cereus G1 belonged to forest habitat and having 

greater cytokinins to IAA ratio enhanced growth (shoot length, root length and number of 

roots), biomass (fresh and dry weight), pigments (chlorophyll-a and b) and biochemical 

parameters (total soluble proteins, inorganic phosphate and nitrate reductase activity) more 

efficiently relative to other strains. These isolates also shared the ability of phosphate 

solubilization and siderophore production. P. aeruginosa Am6 and B. licheniformis Am2 

were dominant phytostimulatory strains among different isolates from uncultivated land 

habitat. While Am6 synthesized greater amount of cytokinins relative to IAA, ratio of these 

two hormones was the other way round in Am2. A. brasilense Az1 isolated from rhizosphere 

soil of cultivated land was relatively efficient inoculation than B. pumilus R2 (belong to the 

same habitat) for cabbage. With sunflower and wheat, however, R2 performed better than 

Az1. Difference in their phytostimulatory potential may be, at least in parts, due to the 

contrasting ratios of cytokinins to IAA in the cultures of these two strains. While R2 was 

phosphate solubilizer, Az1 have the ability to produce siderophore which may be another 

explanation for the recorded data. However under axenic conditions the phosphate 
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Figure-11.2 Percent increase/decrease in different parameters of wheat, cabbage and 

sunflower seedlings inoculated with microbial strains under axenic conditions for two weeks; 

a) growth b)biomass, c) pigments and d) biochemical parameters; F, Forest; U, uncultivated; 

C, cultivated; FR, filamentous rhizosphere, FF, filamentous free living; UR, unicellular 

rhizosphere; UF, unicellular free living 
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 solubilization and siderophore production may be of relatively less significance. Dependence 

of plant growth on microbial cytokinins was evidenced from positive correlation of different 

parameters with cytokinins. Bacterial IAA on the other hand had inhibitory effect 

demonstrated by negative correlation of some parameters with this hormone particularly in 

wheat (Table-11.1).  This may be due to above optimum concentration of this auxin in 

bacterially inoculated wheat seedlings. Nevertheless, IAA in the cultures low amount of this 

hormone (Am3, Am4, Am5, E2 and G1) was significantly correlated to shoot length (0.711-

0.813; p = 0.01), root length (r = 0.915-0.982; p = 0.01), biomass (r = 0.724-0.874; p = 0.01 

and number of lateral roots (p = 0.933-0.991; p = 0.01). In addition to the role of individual 

hormone in wheat, ratio of cytokinins to IAA seemed to be more important in controlling 

growth as evident from positive correlation of a number of parameters with the ratio of these 

hormones (Table-11.1 a). In case of sunflower and cabbage, ratio of cytokinin to auxin was 

unrelated as no correlation of their ratio was recorded with any of the parameters studied. 

However, ratio of cytokinin to IAA in individual strains was significantly correlated to a 

number of parameters in wheat and sunflower. Bacterial auxin which was either positively or 

negatively correlated with root length (r = -0.872; p = 0.01) and number of lateral roots (r = 

0.979; p = 0.01) seemed to have relatively less role in controlling the rest of parameters in 

cabbage seedlings. In sunflower seedlings IAA was negatively correlated with shoot (r = -

0.580; p = 0.05) and root length (r = -0.835; p = 0.01) while other parameters showed no 

dependence on this hormone from microbial source (no correlation observed). Zeatin type 

cytokinin in bacterial culture was more important phytostimulation determinant in all three 

plants (Table-11.1). This species of cytokinin was linearly correlated with growth (r = 0.389-

0.712; p = 0.05-0.01), biomass (r = 0.565-0.731; p = 0.05-0.01), pigments (r = 0.388-0.611; p 

= 0.05-0.01) and biochemical parameters (r = 0.443-0.689; p = 0.05-0.01). Production of 

phytohormones has been implicated in plant growth promotion by a number of rhizobacteria 

(Ahmad et al. 2008; Ortíz-Castro et al. 2008; Ali et al. 2009; Glick 2010). Rhizosphere 

dwelling cyanobacteria performed much better in axenic system with all three types of 

seedlings as compared to fresh water isolates. Unicellular cyanobacterial strains isolated from 

rice rhizosphere (Chroococcidiopsis sp. Ck4) performed relatively better with the selected 

plants under axenic conditions. They were particularly efficient in improving growth, biomass 

and biochemical parameters in wheat and sunflower (Fig. 11.1 b). However rhizosphere 

inhabiting filamentous strains (Anabaena sp. Ck1) caused greatest improvement in all 

parameters of cabbage among the cyanobacterial strains. Superior phytostimulatory activities 

of rhizosphere associated strains may be attributed to high amount of cytokinins and IAA in 
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Table-11.1 Correlation of in vitro cytokinins and IAA production by bacteria with different 

growth parameters of plant grown under axenic conditions 

a: T. aestivum var. Uqab 2000 

            Phytohormones 

 

        Parameters 

cZ tZ ZR DHZR 
Cytokinins 

(Total) 
IAA 

Ratio 

(Ckt/IAA) 

Shoot length 0.559** 0.544** 0.523** 0.480** 0.680** -0.081 0.402* 

Root length 0.389* 0.273 -0.173 0.08 0.113 -0.830** 0.731** 

Fresh weight 0.569** 0.630** 0.775** 0.25 0.791** 0.184 0.259 

Dry weight 0.245 0.565** 0.495** 0.590** 0.688** -0.122 0.390* 

Number of roots 0.014 -0.137 0.297 -0.213 0.06 0.940** -0.441** 

Chlorophyll-a 0.531** 0.436** 0.132 .507** 0.468** -0.630** 0.577** 

Chlorophyll-b 0.392* 0.611** 0.319 0.191 0.496** -0.689** 0.563** 

Carotenoids 0.576** 0.388* 0.01 0.336* 0.338* -0.711** 0.655** 

Protein 0.066 0.443** 0.574** 0.568** 0.574** -0.001 0.215 

NRA 0.615** 0.488** 0.470** 0.501** 0.674** -0.103 0.509** 

Pi 0.284 0.547** 0.361* 0.378* 0.488** -0.471** 0.437** 

 

b: B. olaraceae var. capitata 

           Phytohormones 

 

       Parameters 

cZ tZ ZR DHZR 
Cytokinins 

(Total) 
IAA 

Ratio 

(Ckt/IAA) 

Shoot length .599* .700** .752** .600* .832** -0.07 -0.017 

Root length 0.233 0.161 -0.165 0.087 0.037 -.872** -0.137 

Fresh weight 0.543 0.431 0.449 .615* .572* 0 0.013 

Dry weight .731** 0.525 0.402 0.245 .556* -0.264 0.031 

Number of roots -0.052 -0.022 0.381 -0.098 0.147 .979** 0.027 

Chlorophyll-a 0.464 .588* 0.36 0.31 .579* -0.233 0.201 

Chlorophyll-b .589* 0.357 0.249 0.391 0.397 -0.418 0.05 

Carotenoids .568* .612* .554* 0.304 .647* -0.123 0.503 

Protein .611* .600* .637* 0.426 .726** 0.099 -0.012 

NRA 0.496 .561* .583* 0.534 .657* -0.325 -0.016 

Pi 0.501 0.54 0.318 0.326 0.533 -0.251 0.426 

 

c: H. annuus var. suncross 

         Phytohormones 

 

      Parameters 

cZ tZ ZR DHZR 
Cytokinins 

(Total) 
IAA 

Ratio 

(Ckt/IAA) 

Shoot length .598* .653* 0.369 0.544 .638* -.580* 0.104 

Root length 0.291 0.042 -0.458 0.176 -0.087 -.835** 0.15 

Fresh weight -0.243 0.056 -0.035 0.121 -0.035 -0.176 -0.235 

Dry weight .683* .670* 0.462 0.422 .677* -0.361 0.212 

Number of roots .712** .676* 0.511 .594* .761** -0.107 0.288 

Chlorophyll-a .618* .646* 0.413 .567* .646* -0.516 0.135 

Chlorophyll-b 0.393 0.471 0.376 -0.116 0.466 0.2 0.515 

Carotenoids .664* .626* .565* .566* .725** -0.214 0.018 

Protein .658* .681* 0.356 .564* .667* -0.504 0.172 

NRA .689** .558* 0.272 0.476 0.55 -0.538 0.115 

Pi .618* .646* 0.413 .567* .646* -0.516 0.135 
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their cultures compared with non rhizosphere isolates (Fig. 11.2 a). Contrary to bacterial 

phytohormones both cytokinins and IAA from cyanobacterial origin played important role in 

phytostimulation under axenic conditions as pictured by positive correlation of different 

parameters with these hormones (Tabel-11.2 a).  However in case of cabbage and sunflower 

seedlings dependence of growth was less on exogenous phytohormones obtained from 

cyanobacteria as there was no correlation between them (Table-11.2 b; c). This clearly 

demonstrated that the growth promotion by cyanobacteria is not solely dependent on 

phytohormones and other mechanisms may be involved (Bergman et al. 1996; Vessey 2003). 

Cytokinin in individual cyanobacterial strains was however, significantly correlated with 

growth (r = 0.743-0.921; p = 0.01), biomass (r = 0.895-0.981; p = 0.01), pigments (r = 0.881-

0.954; p = 0.01) and biochemical parameters (r = 0.822-0.906; p = 0.01) of all three plants. 

Similarly amount of IAA in individual strains was positively correlated to all these parameters 

with only exception was Anabaena sp. Ck1 where IAA was negatively correlated to root 

length (r = - 0.552-0.722; p = 0.05). Increase in shoot length, root length, biomass, pigments 

content, nitrate reductase and phosphate content was recorded with increasing ratio of 

cytokinin to IAA in individual strains (positive correlation observed). Overall growth 

promoting potential of unicellular rizocyanobacteria was greater among different bacteria and 

cyanobacteria.      

In addition to correlation between growth parameters and microbial phytohormones, evidence 

for phytohormonal involvement was provided by modulation of cytokinins and IAA in wheat 

and sunflower seedlings. Due to more obvious role of microbial phytohormones (cytokinins 

and IAA), evidenced from plant-microbe experiments, effect of microbial inoculation of 

wheat and sunflower was analyzed by measuring endogenous phytohormones of both plants. 

Microbial inoculation influences growth of the associated plants by modulating the contents 

of nutrients and phytohormones. Plant auxins and cytokinins pool actively respond to 

phytohormones producing bacteria and cyanobacteria (Haroun and Hussein 2003; Ping and 

Boland 2004; Spaepen et al. 2007; Ali et al. 2009).  Endogenous cytokinins pool of wheat and 

sunflower was significantly enhanced in seedlings inoculated with bacterial as well as 

cyanobacterial strains under full axenic conditions. While endogenous cytokinins of wheat 

and sunflower were enhanced to greater extent with bacterial inoculations from forest habitat, 

seedling’s IAA pool was enhanced maximally with isolates from agriculture settings (Fig. 

11.3). In case of cyanobacteria, unicellular rhizo-flora (Chroococcidiopsis sp. Ck4) enhanced  
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Table-11.2 Correlation of in vitro cytokinins and IAA production by cyanobacteria with 

different growth parameters of plant grown under axenic conditions 

a: T. aestivum var. Uqab 2000 
            Phytohormones 

 

    Parameters 

cZ tZ ZR DHZR 
Cytokinins 

(Total) 
IAA 

Ratio 

(Ckt/IAA) 

Shoot length 0.725 0.391 0.566 0.584 0.619 0.23 0.794 

Root length 0.321 0.117 -0.031 -0.101 0.089 -0.675 0.575 

Fresh weight .889* 0.714 .817* 0.8 .886* 0.498 .814* 

Dry weight 0.471 0.455 0.171 0.097 0.34 0.154 0.615 

Number of roots 0.295 0.328 0.579 0.636 0.499 .888* 0.018 

Chlorophyll-a 0.592 0.272 0.533 0.481 0.51 0.106 0.662 

Chlorophyll-b 0.183 0.084 -0.093 -0.209 -0.004 -0.329 0.429 

Carotenoids 0.575 0.425 0.385 0.222 0.446 -0.245 0.711 

Protein 0.686 0.457 0.414 0.322 0.52 -0.153 .842* 

NRA 0.632 0.372 0.584 0.559 0.585 0.358 0.653 

Pi 0.176 0.168 0.441 0.536 0.355 .954** -0.053 

 

b: B. olaraceae var. capitata 

              Phytohormones 

 

        Parameters 

cZ tZ ZR DHZR 
Cytokinins 

(Total) 
IAA 

Ratio 

(Ckt/IAA) 

Shoot length 0.249 0.199 0.434 0.59 0.398 0.987** 0.034 

Root length 0.277 0.326 0.36 0.224 0.327 -0.487 0.171 

Fresh weight 0.166 0.164 0.389 0.515 0.333 0.983** -0.054 

Dry weight 0.36 0.379 0.56 0.635 0.528 0.929** 0.121 

Number of roots -0.309 -0.173 -0.091 0.01 -0.158 0.792 -0.451 

Chlorophyll-a -0.14 -0.112 0.041 0.178 -0.015 0.895* -0.269 

Chlorophyll-b 0.216 -0.005 0.473 0.669 0.356 0.952** 0.015 

Carotenoids 0.276 -0.078 0.182 0.342 0.189 0.445 0.358 

Protein 0.212 0.243 0.473 0.519 0.392 0.884* -0.016 

NRA 0.488 0.353 0.692 .813* 0.636 0.927** 0.252 

Pi 0.306 0.393 0.457 0.491 0.453 0.865* 0.106 

 

c: H. annuus var. suncross 
              Phytohormones 

 

    Parameters 

cZ tZ ZR DHZR 
Cytokinins 

(Total) 
IAA 

Ratio 

(Ckt/IAA) 

Shoot length 0.595 .861* 0.392 0.257 0.598 0.263 0.546 

Root length -0.397 -0.24 -0.41 -0.531 -0.429 -.840* -0.326 

Fresh weight 0.473 0.751 0.261 0.181 0.478 0.398 0.431 

Dry weight 0.533 0.288 0.278 0.262 0.376 0.09 0.694 

Number of roots 0.715 .911* 0.487 0.387 0.706 0.325 0.662 

Chlorophyll-a 0.789 0.617 0.476 0.396 0.634 -0.022 0.918** 

Chlorophyll-b 0.68 0.46 0.383 0.346 0.519 0.049 0.828* 

Carotenoids 0.194 0.235 0.327 0.248 0.275 0.482 0.114 

Protein 0.588 0.478 0.751 0.66 0.675 0.453 0.451 

NRA 0.724 .838* 0.404 0.24 0.625 0.009 0.796 

Pi 0.572 0.368 0.315 0.269 0.422 0.078 0.724 
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endogenous cytokinins maximally in both monocot and dicot while greatest increase in IAA 

was recorded with filamentous rizocyanobacteria, Anabaena sp. Ck1 (Fig. 11.4).  Significant 

positive correlation of endogenous cytokinins level of the leaves (r = 0.752; p=0.01) and root 

(r = 0.775; p = 0.01) of wheat seedlings with bacterial cytokinins was recorded. Similarly 

bacterial IAA was positively correlated to the endogenous IAA contents of wheat leaves (r = 

0.953; p = 0.01) and root (r = 0.990; p = 0.01). In case of sunflower the endogenous 

cytokinins of leaves (r = 0.599; p = 0.05) and root (r = 0.596; p=0.05) was also significantly 

correlated to bacterial cytokinins. Endogenous IAA contents of leaves (r=0.987; p = 0.01) and 

root (r = 0.984; p=0.01) in sunflower seedlings showed linear positive correlation with 

bacterial IAA. Cyanobacterial cytokinins production was also positively correlated with the 

endogenous cytokinins of wheat leaves (r = 0.902; p = 0.05) and root (r = 0.841; p = 0.05). 

Positive linear correlation of IAA in cyanobacterial culture and endogenous IAA level of 

leaves (r = 0.886; p = 0.05) and root (r = 0.883; p = 0.05) was recorded in case of wheat. 

Endogenous cytokinins level of leaves (r = 0.923; p = 0.01) and root (r = 0.948; p = 0.01) in 

sunflower showed highly significant correlation with cyanobacterial cytokinins. 

Cyanobacterial IAA production was also shown to be significantly correlated with leaves (r = 

0.957; p = 0.01) and root (r = 0.961; p=0.01) IAA of sunflower. Correlation between 

microbially produced growth regulators and endogenous hormones of plants picture the 

physical association between the two groups of organisms (Spaepen et al. 2007). Microbial 

inoculations caused greater increase in the endogenous content of IAA and cytokinins of 

wheat relative to sunflower. This may be one answer why wheat growth was enhanced the 

most of all three crops with bacterial as well as cyanobacterial inoculations.  

Under axenic conditions microbial inoculations exhibited specificity for growth promotion in 

wheat as evident from relatively greater phytostimulation in this crop. Efficacy of the strains 

to improve growth of wheat plants was also tested under natural conditions. Inoculation of 

wheat with strains of P. aeruginosa, B. subtilis, B. pumilus, B. cereus and A. brasilense 

significantly improved the grain yield at final harvest. As observed from experiments in 

gnotobiotic conditions, initial habitat of bacteria and cyanobacteria has pronounced influence 

on their phytostimulatory activities under natural conditions (Fig. 11.5). For instance bacterial 

isolates from the rhizosphere soil of temperate forest including P. aeruginosa Am3, 

Pseudomonas sp. E2, B. subtilis BC1; Vi2 and B. cereus G1 performed much better compared 

to bacterial isolated from rhizosphere soil of agriculture or uncultivated area. Better 
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Figure-11.3 Endogenous phytohormones in wheat and sunflower seedlings inoculated with 

bacterial strains isolated from rhizosphere forest, uncultivated and cultivated habitats for two 

weeks under axenic conditions 

 

 

 

Figure-11.4 Endogenous phytohormones in wheat and sunflower seedlings inoculated with 

cyanobacterial strains isolated from rice rhizosphere or fresh water habitats for two weeks 

under axenic conditions; FR, filamentous rhizosphere; FF, filamentous free living; UR, 

unicellular rhizosphere; UF, unicellular free living  
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Figure-11.5 Percent increase/decrease in different parameters of wheat crop inoculated with microbial strains under natural conditions; SL, shoot 

length; NOT, number of tillers; SpkL, Spike length; WS, weight of 100 seeds 

FR, filamentous rhizosphere, FF, filamentous free living; UR, unicellular rhizosphere; UF, unicellular free living 
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performance of exotic bacteria may be due to seed inoculation which might have shifted the 

microbial community equilibrium at early growth of wheat to select beneficial PGPR (Roesti 

et al. 2006). Likewise cyanobacterial isolates from rice rhizosphere were superior plant 

growth promoter over non rhizosphere cyanobacteria. Association of PGPR with 

agriculturecrops may enable them to maintain productivity and decrease dependence on 

chemical fertilizers (Yang et al. 2009).It was proven that the application of biofertilizers 

(PGPR strains) reduced dependence on the recommended fertilizers by 25% (Shaharoona et 

al. 2008). Inoculation of wheat seeds significantly improves grain yield under salt stress 

(Iqbal and Ashraf 2006). Bacterial strains were divided into five clusters based on their 

phytostimulatory activities in wheat (Fig. 11.6). Strains having cytokinin to IAA ratio greater 

than 1 in their culture including B. cereus G1, B. pumilus R2 and P. aeruginosa Am3 showed 

homology in their performance. B. subtilis BC1 which had highest cytokinin to IAA ratio (4) 

was clustered together with Pseudomonas sp. E2 where this ratio was 0.8. Strains with lowest 

cytokinin to IAA ratio (0.03-0.04) including A. brasilense Az1, B. licheniformis Am2 and P. 

aeruginosa Am7 showed maximum homology in their performance. Pattern of growth 

promotion in wheat with B. subtilis Vi2, Pseudomonas sp. E2 and P. aeruginosa Am5 with 

medium cytokinin to IAA ratio (0.5-0.6) was closely related.  Cyanobacterial strains were 

separated in two clusters based on their performance in wheat rhizosphere. Phormidium sp. 

Ck3 and Chroococcidiopsis sp. Ck4 were homologous considering growth promotion in 

wheat by these strains. While Anabaena sp. Ck1 (0.2), Synechocystis sp. Ck5 (0.2) and 

Oscillatoria sp. Ck2 (0.06) were clustered together, similarity in performance of Ck1 and Ck5 

was greater than homology of any of them with Ck3 (Fig. 11.6). Bacterial cytokinins had 

greater influence on different growth parameters as compared to IAA. The evidence was 

provided by significant positive correlation for shoot length (r = 0.852; p = 0.01), number of 

tillers (r = 0.837; p = 0.01), spike length (r= 0.569; p = 0.05) and weight of seeds (r = 0.614; p 

= 0.05; Table-11.3 a). Growth promotion by Methylobacterium in rice was shown to vary 

with their potential to produce cytokinins (Lee et al. 2006). Cyanobacterial inoculation also 

significantly improved growth of wheat under field conditions. Cyanobacterial strains 

Anabaena sp. Ck1, Oscillatoria sp. Ck2, Phormidium sp. Ck3, Chroococcidiopsis sp. Ck4 

and Synechocystis sp. Ck5 showed good potential to improve growth of wheat at full maturity. 

At final harvest, significant positive correlation for grain weight (r = 0.908; p = 0.05), spike 

length (r = 0.723; p = 0.05) and tillering (r = 0.684; p = 0.05) with cyanobacterial cytokinins 

showed the implication of cytokinins as a tool for phytostimulation by the strains (Table-11.3 
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Figure-11.6 Joining trees based on the average of phytostimulatory performance of different 

microbial strains used to inoculate wheat under natural conditions, made by Statistica 9 

(StatSoft, Inc. OK, USA), Bacterial inoculations (a) and cyanobacterial inoculations (b) 

b

a
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 b). Involvement of cyanobacterial IAA was also confirmed by correlation study (Table-11.3 

b). Cytokinins and IAA have been implicated in plant growth promotion by cyanobacteria 

along with several other mechanisms (Haroun and Hussein 2003). Cytokinin to IAA ratio in 

bacterial as well as cyanobacterial cultures was also of great importance for phytostimulatory 

potential of microbial strains as can be demonstrated by positive correlation with different 

parameters including growth, biomass and yield parameters (Table-11.3 a; b).  There was a 

clear evidence to believe that different cytokinin classes influenced plant growth to variable 

extent. However other metabolites for instance phosphate solubilization and siderophore 

production in case of bacteria may also play significant role as evident from differential 

growth responses of various plants.   

Plant rhizosphere being rich in organic substances from root exudates is a potential reservoir 

of opportunistic human pathogens. Hence, Pathogenic bacteria would be expected to compete 

effectively with the indigenous rhizobacteria (Jablasone et al. 2005).Some bacterial strains 

isolated during this study are potential human pathogens including five strains of P. 

aeruginosa strains and B. cereus G1. However these strains were isolated from rhizosphere of 

plants in temperate forest and they showed great potential for plant growth promotion 

particularly P. aeruginosa Am3 and B. cereus G1. Likewise P. aeruginosa Am3 was not only 

biocontrol agent against P. syringae DC3000 but also showed promising results in tissue 

culture study. Several authors have identified plant growth promoting potential biocontrol 

activities of P. aeruginosa and B. cereus (De Meyer and Höfte 1997; Egamberdieva et al. 

2007; van Loon 2007; Tank and Saraf 2010). It has been reported that opportunistic human 

pathogen may use plant as alternate host and therefore transmit via food chain to human or 

animals. So far there is no clear evidence that rhizosphere inhabiting facultative pathogens 

may directly colonize the human body, however, in some individual patients the appearance 

of unique clones were thought to be acquired from the rhizosphere independently 

(Egamberdieva et al. 2007).  

Members of Brassicaceae family are more amicable to tissue culture than Poaceae (wheat) 

and Asteraceae (sunflower), of the three plants Brassica olaraceae var. capitata was selected 

to test the ability of microbial strains to support in vitro growth of plants. Murashige and 

Skoog medium (MS) supplemented with phytohormones from microbial strains, was efficient 

medium for callogenesis, caulogenesis and rhizogenesis. Cyanobacterial extract was used to 

enhance the frequency of plantlets regeneration in Daucus carota embryos (Wake et al. 1992). 

High ratio of endogenous cytokinins to auxin has been proved to be required for cell

http://www3.interscience.wiley.com/cgi-bin/fulltext/119419882/main.html,ftx_abs#b43
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Table-11.3 Correlation of in vitro cytokinins and IAA production by microbial inoculations 

with different growth parameters of wheat grown in wire house.  

A: Bacterial inoculations 

Phytohormones 

 

                      Parameters 

cZ tZ ZR DHZR 
Cytokinins 

(Total) 
IAA 

Ratio 

(Ckt/IAA) 

Shoot length .690** .761** .804** 0.457 .852** 0.054 0.44 

Fresh weight .773** 0.551 0.477 0.498 .687** 0.127 0.506 

Dry weight .588* 0.399 0.434 0.543 .574* 0.085 0.495 

Shoot length .576* 0.472 0.543 0.276 .569* 0.018 0.546 

Number of tillers .734** .766** .616* 0.445 .796** -0.206 0.744** 

Spike length 0.529 0.518 0.17 0.299 0.481 -0.234 0.758** 

Weight of seeds .696** .580* 0.438 0.452 .614* -0.263 0.728** 

 

 

B: Cyanobacterial inoculations 

Phytohormones 

 

                      Parameters 

cZ tZ ZR DHZR 
Cytokinins 

(Total) 
IAA 

Ratio 

(Ckt/IAA) 

Shoot length 0.469* 0.252 0.479* 0.520* 0.467 0.586* 0.445 

Fresh weight 0.646** 0.553* 0.698** 0.539* 0.668** 0.12 0.585* 

Dry weight 0.542* 0.626** 0.644** 0.664** 0.684** 0.690** 0.308 

Number of tillers 0.799** 0.599** 0.912** 0.876** 0.869** 0.479* 0.644** 

Shoot length 0.501 0.262 0.517 0.563 0.5 0.624* 0.476 

Spike length 0.571 0.661 0.684 0.705 0.724* 0.723* 0.317 

Weight of seeds 0.833* 0.622 0.955** .917** .908* 0.489 0.669* 
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 morphogenesis and shoot bud differentiation in callus (Smigocki and Owens 1989). 

According to the model proposed by Pernisova et al. (2009), auxin but not cytokinin act as a 

trigger for organogenesis while the output of the later is modulated by cytokinins. During the 

study they found that although high cytokinin to auxin ratio was mandatory for organogenesis 

however, calli failed to regenerate at auxin concentration below the organ inducing threshold. 

Bacterial strains with high cytokinin to IAA ratio, including B. subtilis BC1 (4.02) and P. 

aeruginosa Am3 (2.08) induced compact calli which were turned green upon exposure to 

light. Illumination of plant materials is probably necessary for modulating cytokinin levels or 

response (Rikiishi et al. 2008). The strains producing lower cytokinins to IAA ratio (0.031-

0.13) on the other hand induced friable callus which were unable to regenerate on the selected 

media combinations. Beside seeds, different explants including internodal, hypocotyl, petiolar 

and root were used to study their regeneration capacity under in vitro conditions in the 

presence of microbial phytohormones. Bacterial supernatant (200µl) as well as extract 

(equivalent to 0.1 µg ml
-1

 of kinetin) supplemented to MS supported regeneration in all four 

types of explants. However, internodal explants were more amenable to regenerate. 

Combination of two phytohormones, cytokinins and IAA was found essential for plantlet 

regeneration in explants taken from B. olaraceae. Nevertheless for the induction of 

adventitious shoot the presence of only one of the two phytohormones was enough. Root 

explants regenerated adventitious shoots only on MS supplemented with bacterial extract or 

kinetin and IAA. For shoot bud induction on the explants access of auxin is inhibitory, the 

phenomenon observed in tomato Rg1 (mutant with enhanced potential to form shoots) ex-

plants having rol and aux genes (Lima et al. 2009). However, auxin rich medium induce 

proliferation of the multipotent cells and callus formation.  Partitioning of the cells identity in 

callus of the root explant is governed by cytokinin rich medium followed by de novo shoot 

formation (Gordon et al. 2007).Cyanobacterial phytohormones were also effective in 

supporting callus induction and regeneration in callus as well as the selected explants. Out of 

three cyanobacterial strains used, Chroococcidiopsis sp. Ck4 was the most efficient cytokinin 

producer with high cytokinin to IAA ratio and supported the in vitro growth of the explants 

more effectively. Cytokinin/IAA ratio seems to be of importance regarding the in vitro growth 

of B. olaraceae. Root explants were the most recalcitrant as compared to other strains and 

they need at least one kind of cytokinins and IAA to initiate shoot buds. 

Majority of PGPR have the hidden potential of biocontrol against several pathogenic 

organisms. Most of the bacteria are reported to mediate resistance in plants by triggering 



Chapter 11                                                                                  DISCUSSION 
 

Phytohormones cytokinins and IAA from microbial origin and their impact on plant growth Page 259 
 

induced systemic resistance (ISR). Bacterial determinants for ISR include flagella, 

lipopolysaccharides, iron-regulated metabolites, siderophore, SA, active oxygen species 

(AOS), extracellular medium alkalinization (MA) and antibiotics (Bakker et al. 2007; van 

Loon et al. 2008). The induction of localized resistance in Arabidopsis plants against P. 

syringae by cytokinins producing bacteria and cyanobacteria was demonstrated. Arabidopsis 

like most of the plants recognize the pathogen by localized resistance reaction, the 

hypersensitive response (Durrant and Dong 2004). Leaves of Arabidopsis supplied with 

bacterial strains P. aeruginosa Am3, Am6, B. pumilus R2  and cyanobacterial strain 

Chroococcidiopsis sp. Ck4 induced localized resistance against the pathogen. However 

bacterial strain P. aeruginosa Am4, Am5, Am7, Pseudomonas sp. E2, B. subtilis BC1, Vi2, A. 

brasilense Az1, B. cereus G1, B. licheniformis Am2 and Synechocystis sp. Ck1 played a 

neutral role in the plant-pathogen interaction. The strains capable to grow in leaf tissues 

including Am3, Am6, R2 and Ck4 were shown to enhance localized accumulation of 

cytokinins in the lamina by using Arabidopsis ARR5::GUS system. These results pointed out 

that cytokinins may somehow be involved in suppressing the disease symptoms. This was 

confirmed by the induction of localized resistance in Arabidopsis leaves fed with standard 

cytokinins.  To further confirm, cytokinin and IAA in the local tissue of Arabidopsis leaves 

pre-incubated with Am2, Am3, Am4, Ck4 and P. syringae pv. tomato DC3000 were 

determined. Leaves infiltrated with Am3 and Ck4 were characterized by 150% and 119% 

increased cytokinins over control while IAA remained unchanged. Endogenous cytokinins 

were also significantly enhanced with Am6 and R2. In case of Am2 and Am4 cytokinins were 

only marginally increase while IAA accumulation was enhanced up to 191% and 71% as 

compared to mock inoculated leaves. In leaves incubated with P. syringae pv. tomato 

DC3000 reduction in cytokinins accumulation and 6-fold increase in IAA concentration was 

recorded. In feeding experiments with standard cytokinin and IAA the later was found to 

reverse the susceptible phenotype in Arabidopsis. Ratio of cytokinin to auxins may be of 

importance in plant pathogen interaction which was evident from the observations that 

cytokinins to IAA ratio ≤ 0.6 generally made Arabidopsis susceptible to the invading 

pathogen while in leaves were immuned against disease symptoms where this ratio was ≥ 1.2. 

The characteristic feature of the resistance in our study was delayed necrosis and restricted 

growth of the pathogen without any visible increase in the accumulation of radical oxygen 

species (ROS) during current study. Biocontrol was shown to be independent of SA that is 

normally involved in resistance against biotrophs (Robert-Seilaniantz et al. 2007). Plate assay 

of the bacteria ruled out the involvement of antimicrobial proteins as no zone of inhibition 
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against P. syringae pv. tomato DC3000 was observed. Camalexin, the only phytoelexins in 

Arabidopsis is reported to show activity against P. syringae in disc diffusion assay 

(Glawischnig 2007). Extract from leaves pre-incubated with biocontrol strains or kinetin 

restricted growth of the pathogen on plate assay. Interestingly the reconstitution assay with 

standard camalexin confirmed its involvement. Leaves supplied with biocontrol strains and 

kinetin was characterized by 13 to 14-fold increase in the accumulation of camalexin and 

antimicrobial phytoelexins in Arabidopsis. Pathogenesis related proteins PR-1 accumulation 

was also enhanced several-fold by Am3 and Ck1 over control. Hence it seems that cytokinin 

producing bacteria and kinetin induce localized resistance in Arabidopsis leaves by up-

regulating camalexins and PR-1 accumulation in the local tissues independent of SA. 

It may be concluded that microbes including rhizobacteria and cyanobacteria have good 

potential for phytohormone production both in vitro and in planta which may be one of their 

many phytostimulatory tools as evident from plant growth promotion under gnotobiotic 

conditions. The relative proportion of different phytohormones for instance cytokinins and 

IAA by these inoculations may play significant role in deciding their overall performance in 

plant growth promotion. High cytokinins to IAA ratio (0.5 and above) in bacterial culture was 

generally proved beneficial for enhancing plant growth. It may be emphasized that ratio of 

these two hormones is more important than concentration of individual hormone. Isolates 

belong to Pseudomonas, Bacillus and Azospirillum, Anabaena and Chroococcidiopsis genera 

have the ability to improve growth of plants from diverse taxonomic groups (Graminae, 

Asteraceae and Cruciferae) not only under axenic conditions but also in natural environment 

where they were introduced as exotic flora. Beside in vivo performance of several bacteria and 

cyanobacteria may also be used as source of phytohormones in tissue culture media to support 

in vitro growth of plants and their micro-propagation for instance B. olaraceae. In addition to 

direct growth promotion some strains may also be used as biocontrol strains to induce 

localized resistance particularly in Arabidopsis against P. syringae DC3000 by improving 

cytokinins concentration in local tissues a prerequisite to control the growth of hemibiotrophs. 
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MATERIALS 
All media and solutions were prepared in glass-distilled water by the addition of specific 

ingredients.  Solid media were prepared by the addition of agar wherever mentioned. Before 

use all media and solutions were autoclaved at 121
o
C with 15 lbs/sq. inch for 15 minutes. 

Glassware was washed properly and oven dried at 50
o
C in oven before use.   

 

STRAINS ISOLATION 

 

Table-2:1 L- Agar (Gerhardt et al. 1994). 

S. No. Components Quantity L
-1

 

1. Tryptone 10.0 g 

2. Yeast extract 5.0 g 

3. NaCl 5.0 g 

4. Agar 12.0 g 
pH was adjusted to 7.2 

Table-2.2: 20% Glycerol stock (Lin et al. 1991) 

S. No. Components Quantity (ml) 

1. Glycerol 20  

2. Overnight bacterial culture 80  

 

Table-2.3A: Nitrogen free basal (NFB) media  

S. No. Components Quantity L
-1

 

1. K2HPO4 0.6 g 

2. KH2PO4 1.8 g 

3. MgSO4.7H2O 0.2 g 

4. NaCl 0.1 g 

5. CaCl2.2H2O 0.2 g 

6. KOH 4.5 g 

7. Bromothymol blue (0.5% [w/V] solution in 0.2 MKOH) 2ml 

8. Fe-EDTA solution (1.6% [w/v]) 4 ml 

9. Mallic acid 5 g 

10. Vitamin solution Table 2.3B 

11. Trace elements 2ml 

12. Agar 1.8g 
pH was adjusted to 6.5 

B: Vitamin slution 

S. No. Components Quantity L
-1

 

1. riboflavine 10 mg 

2. thiamin-HC.2H2O 50 mg 

3. nicotic acid 50 mg 

4. pyrodixin-HCl 50 mg 

5. Ca-panthotenate 50 mg 

6. biotin 100 mg 

7. folic acid 200 mg 

8. vitamin B12 200 mg 

pH was adjusted to 4.2-4.5 
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C: Trace metal solution 

S. No. Component Quantity L
-1

 

1. ZnSO4 100 mg 

2. MnCl2.4H2O 30 mg 

3. H3BO3 300 mg 

4. CoCl2.6H2O 200 mg 

5. CuCl2.2H2O 10 mg 

6. NiCl2.H2O 20 mg 

7. Na2MoO4.2H2O 30 mg 

 

Table-2.4: Dwarkin and Foster (DF) media for ACC-deaminase screening (Dworkin and 

Foster 1958) 

S.NO. Name of chemical Quantity L
-1

 

1. (NH4)2SO4 or ACC 2.0 g / 303 mg 

2. KH2PO4 4.0 g 

3. Na2HPO4 6.0 g 

4. MgSO4.7H20 0.2 g 

5. FeSO4.7H20 1.0 mg 

6. H3BO3 10.0 µg 

7. MnSO4 10.0 µg 

8. ZnSO4 70.0 µg 

9. CuSO4 50.0 µg 

10. MoO3 10.0 µg 

11. Agar when needed 15.0 g 

pH was adjusted to 7.0 

 

Table-2.5: A-BG-11 medium (Franco-Lara et al. 2006)  

S.NO. Components Quantity L
-1

 

1. NaNO3 1.500g 

2. K2HPO4 0.040g 

3. MgSO4·7H2O 0.075g 

4. CaCl2·2H2O 0.036g 

5. Citric acid 0.006g 

6. Ferric ammonium citrate 0.006g 

7. EDTA (disodium salt) 0.001g 

8. NaCO3 0.020g 

9. Trace metal mix (Table-2.4 B) 1.000 mL 

10. Cyclohexamide 40.000mg 

11. Agar (if needed) 10.000g 
pH was adjusted to 7.1 
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B: trace metal mix  

S.NO. Components Quantity L
-1

 

1. H3BO3 2.860g 

2. MnCl2·4H2O 1.810g 

3. ZnSO4·7H2O 0.222g 

4. NaMoO4·2H2O 0.390g 

5. CuSO4·5H2O 0.079g 

6. Co (NO3)2·6H2O 0.049g 

 

Table-2.6 Potato dextrose agar media (PDA) for fungi  (Naicker et al. 2007) 

S.NO. Components Quantity L
-1

 

1. PDA (Difco, USA) 39.3g 

2. Agar 15.0g 
pH was adjusted to 7.0 

 

Table-2.7: Supplemented M-9 medium for cytokinin production (Akiyoshi et al 1987) 
A: M-9 salts and suppliments 

S.NO. Components Quantity L
-1

 

1. Na2HPO4.7H2O 12.8g 

2. KH2PO4 3.0g 

3. NaCl 0.5g 

4. NH4Cl 1.0g 

5. 1M MgSO4.7H2O (sterile) (Table 2.6 B) 2.0 ml 

6. 1M CaCl2 (sterile) (Table 2.6 C) 100.0µl 

7. 20% glucose 20.0 ml 

8. casaminoacid 2.0g 

9. Biotin 2.0pg 

10. Adenine 10.0µM 

11. Agar if needed 15.0g 

 

B: 1M MgSO4.7H2O 

S.NO. Components Quantity L
-1

 

1. MgSO4.7H2O 246g 

 

C: 1M CaCl2.2H2O 

S.NO. Components Quantity L
-1

 

1. CaCl2.2H2O 147 

 

TABLE-2.8: Mobile phase for TLC 

S.NO. Components Quantity  

1. n-butanol 12 ml 

2. Acetic acid 3 ml 

3. Millipore water 5 ml 

 

TABLE-2.9: Tryptophan (1%)  

S.NO. Components Quantity L
-1

 

1. Tryptophan 10g 
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TABLE-2.10: Salkowski reagent for colorimetric assay of IAA (Benizri et al 1998) 

 

SOLUTION A: 0. 5M Ferric chloride solution 

S. No. Components 10 ml
-1

 (w/v) 

1. FeCl3 0. 8125 

 

SOLUTION B: 35% Perchloric acid 

S. No. Components 100 ml
-1

 (v/v) 

1. HClO4 (70% solution) 50 
1 ml of solution A was mixed in 50 ml of 35% perchloric acid to prepare Salkowski 

 

Table-2.11: Bieliski buffer 

S. No. Components Quantity 100 ml
-1

 

1. Methanol 60ml of 100% 

2. CHCl3 25ml of 100% 

3. HCOOH 10ml of 100% 

 

Table 2.12: O-CAS medium for siderophore production (Perez-Miranda et al  2007) 

S. No. Components Quantity L
-1

 

1. Chrome azurol S (CAS) 60.5 mg 

2. hexadecyltrimetyl ammonium bromide (HDTMA) 72.9 mg 

3. Piperazine-1,4-bis(2-ethanesulfonic acid) (PIPES) 30.24 g 

4. 1 mMFeCl3·6H2O in 10 mMHCl 10 mL 

5. Agarose 9g 

pH was adjusted to 7.0 

 

Table-2.13: Pikovskaya’s medium for phosphate solubilization (Pikovskaya 1948) 

S. No. Components Quantity L
-1

 

1. glucose 10 g 

2. Ca3(PO4)2 5 g 

3. (NH4)2SO4 0.5 g 

4. NaCl 0.2 g 

5. MgSO4·7H2O 0.1 g 

6. KCl 0.2 g 

7. yeast extract 0.5 g 

8. MnSO4·H2O 0.002 g 

9. FeSO4·7H2O 0.002 g 

 

GRAM STAINING SOLUTIONS (Gerhardt et al. 1994) 

Table-2.14: Crystal violet solution  

S. No. Components Quantity L
-1

 

1. Crystal violet 20 g 

2. Ammonium oxalate 8 g 

3. Ethanol 20 % 1000 ml 
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Table-2.15: Iodine solution  

S. No. Components Quantity L
-1

 

1. Iodine 2. 5 g 

2. Potassium iodide 5. 0 g 

3. Ethanol (95%) 312.4 ml 

 

Table-2.16: Safranine solution 

S. No. Components Quantity L
-1

 

1. 2.5% aqueous safranine 8 ml 

2. Alcohol 95% Up to 1000 ml of solution 

 

SOLUTIONS FOR SPORE STAINING (Gerhardt et al. 1994) 

Table-2.17: Malachite green solution 

S. No. Components Quantity L
-1

 

1. Malachite green 5 g 

 

Table-2.18: Safranin solution 

S. No. Components Quantity L
-1

 

1. 2.5% aqueous safranine 8 ml 

2. Alcohol 95% Up to 1000 ml of solution 

 

SOLUTIONS FOR CAPSULE STAINING (Gerhardt et al. 1994) 

Table-2.19: Aqueous crystal violet solution 

S. No. Components Quantity L
-1

 

1. Crystal Violet 10 g 

 

Table-2.20: CuSO4 (20%)  

S. No. Components Quantity L
-1

 

1. CuSO4 200 g 

 

SOLUTIONS FOR BIOCHEMICAL TESTS (Gerhardt et al. 1994) 

TABLE-2.21: Hydrogen peroxide (3%) 

S. No. Components 100 ml
-1

 

1. H2O2 (35%) 3 ml 

 

TABLE-2.22: Reagent for oxidase test 

S. No. Components Quantity L
-1

 

1. Tetramethyl-p-phenylinediamine dihydrochloride 10 g 

Prepare freshly before use  
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Table-2.23: Hugh and Liefson oxidation fermentation medium 

S. No. Components Quantity L
-1

 

1. Peptone 2.00 g 

2. NaCl 5.00 g 

3. K2HPO4 0.30 g 

4. Bromothymol blue 0.03 g 

5. Glucose 10.00 g 

6. Agar 10.00 g 
pH was adjusted to 7.1 - 7.2  

Table-2.24: Molten agar (2 %) 

S. No. Components Quantity L
-1

 

1. Agar 20 g 

 

Table-2.25: Medium for urease test 

A: 

S. No. Components Quantity L
-1

 

1. KH2PO4 9.10 g 

2. Na2HPO4 9.50 g 

3. Yeast extract 0.10 g 

4. Phenol red 0.01 g 

pH was adjusted to 6.8-6.9 

B: 

S. No. Components Quantity L
-1

 

1. Urea 20 g 

pH was adjusted to 6.8 

In case of solution B, urea was added in glass distilled water and solution was filter sterilized 

after adjusting the pH to 6.8. Solution B and pre - autoclaved solution A were mixed in equal 

volumes and then 5 ml of solution was poured in each test tube. 

Table-2.26:  Medium for nitrate reduction test 

S. No. Components Quantity L
-1

 

1. Peptone 5 g 

2. Beef extract 3 g 

3. KNO3 1 g 

 

Table-2.27: REAGENTS FOR NITRATE REDUCTION TEST A- α-NAPHTHYLAMINE 

A: [N-(1-Naphthyl)-ethylenediamine dihydrochloride] 

S. No. Components Quantity L
-1

 

1. N-(1-Naphthyl)-ethylenediamine dihydrochloride 5 g 

2. HCl (1.5N) Up to 1000 ml of solution 
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B-: Sulfanilic acid 

S. No. Components Quantity L
-1

 

1. Sulfanilic acid 10 g 

2. HCl (1.5N) Up to 1000 ml of solution 

 

Table-2.28: Medium for denitrification test 

S. No. Components Quantity L
-1

 

1. Peptone 5 g 

2. Beef extract 3 g 

3. Yeast extract 5 g 

4. K2HPO4 1 g 

5. Glycerol 10 g 

6. KNO3 1 g 

7. Agar 10 g 
pH was adjusted to 7.2  

KNO3 was added in half of the medium, while half of the medium was without it.  

Table 2.29: Methyl red/Voges Proskauer broth (MRVP) (Gerhardt et al. 1994)  

S. No. Components Quantity L
-1

 

1. Peptone 7.0 g 

2. K2HPO4 5.0 g 

3. Glucose 5.0 g 
 pH was adjusted to 6.9 

Table-2.30: Reagents for Voges Proskauer test  

A:  α-Naphthol solution 

S. No. Components Quantity L
-1

 

1. α-Naphthol 50 g 

2. Absolute Ethanol Up to 1000 ml of solution 

 

B-: Potassium hydroxide solution 

S. No. Components Quantity L
-1

 

1. KOH 400 g 

 

Table-2.31: Medium for starch hydrolysis test 

S. No. Components Quantity L
-1

 

1. Tryptone 10 g 

2. Yeast extract 5 g 

3. NaCl 5 g 

4. Starch 2 g 

5. Agar 20 g 
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Table-2.32: Simmon’s citrate agar (Difco, USA) 

S. No. Components Quantity L
-1

 

1. Simmon's citrate agar 24.2 g 

 

Table-2.33: Arginine broth 

S. No. Components Quantity L
-1

 

1. Tryptone 10 g 

2. Yeast extract 5 g 

3. NaCl 5 g 

4. L - arginine 3 g 
pH was adjusted to 7.0  

 

Table-2.34: Medium for sugar utilization of sugars (sucrose, lactose, glucose, maltose, and 

mannitol) 

S.No Components Quantity L
-1 

1. Peptone 2.00 g 

2. NaCl 5.00 g 

3. K2HPO4 0.30 g 

4. Bromothymol blue 0.03 g 

5. Sucrose/Lactose/ Glucose/Maltose/Manitol 10.00 g 

6. Agar 10.00 g 
pH was adjusted to 7.1 

Table-2.35: Malonate agar (Gerhardt et al. 1994) 

S.No Components Quantity L-1 

1. Yeast extract 1.000 g 

2. (NH4)2 SO4 2.000 g 

3. K2HPO4 0.600 g 

4. KH2PO4 0.400 g 

5. NaCl 2.000 g 

6. Sodium malonate (C3H2O4Na2) 3.000 g 

7. Glucose (C6H12O6) 0.250 g 

8. Bromothymol blue 0.025 g 

9. Agar 20.000 g 
pH was adjusted to 7.0 

Table-2.36: SIM agar for H2S production (Gerhardt et al. 1994) 

S.No Components Quantity L
-1 

1. Peptone 30.000 g 

2. Fe(NH4)2(SO4)2.6H2O 0.200 g 

3. Beef extract 3.000 g 

4. (Na2S2O3) 0.025 g 

5. Agar 10.000 g 

pH was adjusted to 7.3 
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MEDIUM FOR PIGMENT PRODUCTION 

 

Table-2.37: King’s A 

S.No Components Quantity L
-1 

1. Peptone 20.0 g 

2. Glycerol 10.0 g 

3. K2SO4 (anhydrous) 10.0 g 

4. MgCl2 (anhydrous) 3.5 g 

5. Agar 12.0 g 
pH was adjusted to 7.2-7.4 

 

Table-2.38: King’s B 

S.No Components Quantity L
-1 

1. Peptone 20.0 g 

2. Glycerol 10.0 g 

3. MgSO4.7H2O 10.0 g 

4. K2HPO4 3.5 g 

5. Agar 12.0 g 
pH was adjusted to 7.2-7.4 

 

Table-2.39: Macconkey agar 

S.No Components Quantity L
-1 

1. MacConkey’s agar 50 g 

 

Table-2.40: Eusine methylene blue agar 

S.No Components Quantity L
-1 

1. Dehydrated EMB (Levine) 37.5 g 

 

Table-2.41: Brilliant green agar 

S.No Components Quantity L
-1 

1. Brilliant green bile 40 g 

2. agar 10 g 
pH was adjusted to 6.9 ± 0.2 at 37°C 

 

Table-2.42: Medium for gelatin hydrolysis (Mc and Weaver 1959) 

S.No Components Quantity L
-1 

1. Gelatin 5 g 

2. MnSO4 10ppm 

3. NaCl 9 g 

4. (NH4)SO4 120 g 

The gelatin, NaCl, MnSO4, and agar are first put into solution by heating. With the addition of 

ammonium sulfate the medium becomes opaque-white, due to the precipitated gelatin. pH is 

adjusted to 7.0 
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Table-2.43: Media for casein hydrolysis (Difco™) 

S.No Components Quantity L
-1 

1. Difco™ Milk Agar 22 g 
pH was adjusted to 6.9 

Table-2.44: M-9 salts supplemented with different carbon sources (Trehalose, 2 Ketogluconate  and 

meso-Inositol) 

S.NO. Components Quantity L
-1

 

1. Na2HPO4.7H2O 12.8 g 

2. KH2PO4 3.0 g 

3. NaCl 0.5 g 

4. NH4Cl 1.0 g 

5. 1M MgSO4.7H2O (sterile) (Table 2.7) 2.0 ml 

6. 1M CaCl2 (sterile) (2.8) 100.0 µl 

7. 20% carbon source 20.0 ml 

11. Agar 15.0 g 

 

Table 2.45: Kovac’s reagent (For indole production)  

S. No. Components Quantity L
-1

 

1. p-Dimethylaminobenzaldehyde 50.0 g 

2. Amyl alcohol 750.0 ml 

3. Hydrochloric acid (conc.) 250.0 ml 

 

 

RIBOTYPING 

 

Table-2.46: 0.9 % Agarose 

S. No. Components Quantity L
-1

 

1. Agarose 9 g 

 

 

Table-2.47: 10 X TBE (tris base boric acid EDTA) 

S. No. Components Quantity L
-1

 

1. Tris base 108.00 g 

2. Boric acid 55.00 g 

3. Sodium EDTA 9.25 g 

 

Table-2.48: Running buffer (0.5 X TBE) 

S. No. Components Quantity L
-1

 

1. 10 X TBE 50 ml 
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POLYMERASE CHAIN REACTION (PCR) 

REQUIREMENT AND CONDITIONS 

Table-2.49: Primers (Johnson 1994; Webb and Maas 2002) 

Name of Gene Forward Primer Reverse Primer 
16S rDNA (Bacteria) 5′ CCAGAGTTTGATCCTGGCTCAG ′3 

 

5′ AGGAGGTGATCCA(AG)CCGCA ′3 

 

16S rDNA 

(Cyanobacteria) 

5'AGRGTTTGATCMTGGCTCAG'3 5'GKTACCTTGTTACGACTT'3 

The primers designed and obtained from Gene Link (e-oligos) USA. 

 

Table-2.50: Conditions for the amplification of 16S rDNA  

S.No Steps 16S rDNA 

1. Denaturation 94°C for 5 minutes 

2. Denaturation 94°C for 1 minute 

3. Annealing 60°C for 1 minute 

4. Extension 72°C for 1 minute 

5. Final extension 72°C for 5 minutes 

6. No. of cycles 30 

7. Hold at 4°C 

 

Table-2.51: Components of reaction tube 

In a sterile amplification tube, the PCR reaction mixture components were added as: 

S.No Components Quantity 50 μl
-1

 

1. Template DNA 5 μl 

2. 50 p mol Forward Primer 1 μl 

3. 50 p mol Reverse Primer 1 μl 

5. 2x PCR mix 25 μl 

6. Deionized water 18 μl 

 

PHYTOHORMONES DETERMINATION 

 

Table: 2.52 20% Glucose 

S. No. Components Quantity L
-1

 

1. Glucose 400 g 

 

Table-2.53: HCL (7N) 

S. No. Components Quantity L
-1

 

1. HCL 600.86 ml of 36% HCL (Conc.) 

 
Table-2.54: NaOH (7N) 

S. No. Components Quantity L
-1

 

1. NaOH 280 g 
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SOLUTIONS FOR PHYTOHORMONES DETERMINATION BY UPLC-ESI-MS/MS 

Table-2.55: Ammonium formate (15mM) 

S. No. Components Quantity L
-1

 

1. Formic acid ammonium salt 946.05mg 

 

SOLUTIONS FOR PLANT MICROBES INTERACTION EXPERIMENTS 

 

Table-2.56: 0.1% HgCl2 

S. No. Components Quantity L
-1

 

1. HgCl2 1 g 

 

 

Table-2.57 5% Sodium hypochlorite 

S. No. Components Quantity L
-1

 

1. Sodium hypochlorite 50 g 

 

Table-2.58: 0.1M Phosphate buffer (pH 7.0)  

S. No. Components Quantity L
-1

 

1. Na2HPO4 8.66 g 

2. NaH2PO4 4.68 g 

 

SOLUTIONS FOR SOLUBLE PROTEIN ESTIMATION (Lowry, 1951) 

 

Table-2.59: Folin’s mixture 

Solution A: 

S. No. Components Quantity L
-1 

1. NaOH 4.0 g 

2. Na2CO3 20.0 g 

 

Solution B: 

S. No. Components Quantity L
-1 

1. C4H4KNaO6.4H2O 4.0 g 

 

Solution C: 

S. No. Components Quantity L
-1 

1. CuSO4 1.0 g 
Folin’s mixture was prepared by mixing all the three solutions i.e., A, B and C in the ratio of 100:10:10, 

respectively. 

 

FOLIN AND CIOCALTEU’S PHENOL REAGENT 

Commercially prepared reagent (Merck) was used. 
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SOLUTIONS FOR NITRATE REDUCTASE EXTRACTION AND ESTIMATION IN 

PLANTS 

Table-2.60: 0.1M Phosphate Buffer pH 7.5 

S. No. Components Quantity L
-1

 

1. Na2HPO4 10.9 g 

2. NaH2PO4 3.2 g 

3. Na2-EDTA 168mg 

 

Table-2.61: Assay mixture for nitrate reductase test 

S. No. Components Quantity ml
-1

 

1. KNO3 0.101mg 

2. NADH 66.4µg 

3. Na2-EDTA 0.17mg 

4. Enzyme extract in 0.1mM Phosphate buffer Up to 1 ml 

 

SOLUTIONS FOR IN VITRO CULTURE OF BRASSICA OLARACEAE 

Table-2.62:  Murashige & Skoog basal medium (Murashige and Skoog  1962) and supplements 

Macronutrients 

S. No. Components Quantity L
-1

 

1. Ammonium nitrate (NH4NO3) 1,650 mg 

2. Calcium chloride (CaCl2.H2O) 440 mg 

3. Magnesium sulfate (MgSO4.7H2O) 370 mg 

4. Potassium phosphate (KH2PO4) 170 mg 

5. Potassium nitrate (KNO3) 1,900 mg 

Micronutrients 

6. Boric Acid (H3BO3) 6.2 mg 

7. Colbalt chloride (CoCl2.6H2O) 0.025 mg 

8. Cupric Sulfate (CuSO4.5H2O) 0.025 mg 

9. Ferrous sulfate (FeSO4.7H2O) 27.8 mg 

10. Manganese sulfate (MnSO4.4H2O) 22.3 mg 

11. Potassiom Iodine (KI) 0.83 mg 

12. Sodium molybdate (Na2MoO4.2H2O) 0.25 mg 

13. Zinc Sulfate (ZnSO4.7H2O) 8.6 mg 

14. Na2EDTA.2H2O 37.2 mg 

15. Distilled water 1L  

Organic suppliments 

16. Myoinositol 100 mg 

17. Pyridoxine.HCl 0.5 mg 

18. Glycine 2.0g  

19. Nicotinic Acid 0.5 mg 

20. Thiamine.HCl 0.1 mg 

21. Sucrose 20g 

22. Agar 8g 

Phytohormones supplements                                                       Quantity L
-1

 

23. IAA 1-4 mg 

24. Kinetin 0.04-4 mg 
pH was adjusted to 5.7-5.8 
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Table-2.63: Medium combinations used for In vitro growth of Brassica olaraceae var. 

capitata 

A: Bacteria 

Media Combination Components Media Combination Components 

C1 MS+BS
a
 (100µl) C3 MS+BE (50µl)+IAA 

MS+BS (200 µl) MS+BE (100µl) 

+IAA 

MS+BS (300 µl) MS+BE (150µl) 

+IAA 

C2 MS+BE
b
 (50µl) C4 MS+Kinetin 

MS+BE (100µl) C5 MS+kinetin+IAA 

MS+BE (150µl) C6 MS 

  C7 MS+LB
c
/BG11 

a 
Bacterial supernatant; 

b
 Bacterial extract (cytokinin) purified by SPE and reconstituted in sterile distilled water; 

c
 Extract from blank LB 

 

B: Cyanobacteria 

Media Combination Components Media Combination Components 

C1 MS+CS
a
 (100µl) C3 MS+CE (50µl)+IAA 

MS+CS (200 µl) MS+CE (100µl) 

+IAA 

MS+CS (300 µl) MS+CE (150µl) 

+IAA 

C2 MS+CE
b
 (50µl) C4 MS+Kinetin 

MS+CE (100µl) C5 MS+kinetin+IAA 

MS+CE (150µl) C6 MS 

  C7 MS+LB/BG11 
a 

Cyanobacterial supernatant; 
b
 Cyanobacterial extract (cytokinin) purified by SPE and reconstituted in sterile 

distilled water 

PHYTOHORMONES STOCKS FOR TISSUE CULTURE 

TABLE-2.64 Kinetin 

A: 500X Solution 

S. No. Components Quantity 

1. Kinetin 200mg 

2. Millipore water 10ml 

 

B: Working solution 

Working solution Conc. Stock  Water  

4mg L
-1

 2 ml 998 ml 

1mg L
-1

 0.5 ml 999.5 ml 
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Table-2.65: IAA 

A: 500X 

S. No. Components Quantity 

1. IAA 200mg 

2. Millipore water 10ml 

 

B: Working solution 

Working solution Conc. Stock  Water  

4mg L
-1

 2 ml 998 ml 

2mg L
-1

 1 ml 999 ml  

1mg L
-1

 0.5 ml 999.5 ml 

 

PHYTOHORMONES STOCKS FOR BIOCONTROL EXPERIMENTS 

TABLE-2.66: Phytohormones stocks 

A: 100X Kinetin 

S. No Components Quantity 50 ml
-1

 

1. Kinetine 10.76mg 

 

B: 100X BAP 

S. No Components Quantity 50 ml
-1

 

1. BAP 11.25mg 

 

 

C: 100X Adenine 

S. No Components Quantity 50 ml
-1

 

1. Adenine 6.75mg 

 

D: 100X IAA  

S. No Components Quantity 50 ml
-1

 

1. IAA 19.25mg 

 

Table-2.67: Working solutions of phytohormones 

Hormone Working solution Conc. Stock (ml) Water (ml) 

Kinetin 10µM 10 90 

BAP 10µM 10 90 

Adenine 10µM 10 90 

IAA 11µM 5 95 

IAA 22µM 10 90 

IAA 44µM 20 80 
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SOLUTIONS FOR SALICYLIC ACID AND CAMALEXINS EXTRACTION AND 

DETERMINATION  

Table-2.68: Extraction buffer 

S.No Components Quantity (ml) 

1. H2O 100 

2. 1-propanole 400 

3. HCl 1 

 

Table 2.69: 2 M acetic acid in hexane 

S.No Components Quantity 250ml
-1

 

1. Acetic acid 30 ml 

2. Hexane Up to 250 ml of solution 

 

EXPRESSION OF PATHOGENESIS RELATED PROTEIN, PR-1 (SOUTHERN 

BLOTTING) 

Table-2.69 37% formaldehyde 

S.No Components Quantity L
-1

 

1. 40% Formaldehyde  925 ml 

 

Table-2.70 10X Running buffer 

S.No Components Quantity L
-1

 

1.  Morpholinopropanesulphonic acid  (MMOPS)  83.72 g 

 Sodium acetate 8.2 g 

 Disodium EDTA 3.72 g 
pH adjusted to 7.0 using NaOH or Glacial acetic acid CH3COOH 

Table-2.71 1% RNA Agarose gel 

S.No Components Quantity L
-1

 

1. Agarose 10 g 

2. 10X running buffer 100 ml 
Microwave for 45 seconds, then allow to cool. Add 3.8 ml of 37% formaldehyde and then dump into casting tray 

with combs 

Table-20.2 10X Loading RNA Buffer Recipe 

S.No Components Quantity L
-1

 

1. Orange G 3.5 g 

2. Ficoll 400 300 g 

3. Disodium EDTA  0.37 g 

 

  

http://www.molecularstation.com/w/index.php?title=NaOH&action=edit
http://www.molecularstation.com/w/index.php?title=Glacial_acetic_acid&action=edit
http://www.molecularstation.com/wiki/RNA
http://www.molecularstation.com/w/index.php?title=Agarose_gel&action=edit
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Table-2.73 RNA loading mixture 

S.No Components Quantity  

1. RNA sample 5 µl 

2. Formamide 10 µl 

3. 37% formaldehyde  3.5 µl 

3. 10X running buffer 1 µl 

4. 10 X loading buffer 2 µl 
Denature RNA in buffers for 10 minutes at 65-75°C. Then load onto cooled and well formed gel wells. 
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Bacterial strains isolated from rhizosphere of different plants were screened for cytokinin production 
by developing a simple and rapid bioassay technique. The assay was based on the ability of cytokinin 
to stimulate greening in etiolated cucumber cotyledons. Isolated bacterial strains were grown on half 
of 0.6% agar plate for 96 h at 30°C. Etiolated cucumber cotyledons were placed at 2 mm distance from 
bacterial culture under green light. After initial incubation for 20 h in darkness the plates were 
exposed to light for three hours. Greater chlorophyll contents were obvious in cotyledons exposed to 
Bacillus licheniformis Am2, Bacillus subtilis BC1 and Pseudomonas aeruginosa E2 strains. 
Sensitivity of the plate assay was 10-7 M of cytokinin. Cytokinin fractions in bacterial extract (BE) were 
separated by Thin Layer Chromatography (TLC) and quantified by High Performance Liquid 
Chromatography (HPLC). Major cytokinin species detected were zeatin and zeatin riboside. Bacterial 
extract enhanced cell division, fresh weight and cotyledon size in dark as well as light grown 
cucumber cotyledons against control.  
 
Key words: Bacillus, Pseudomonas, cytokinin, cell division, cucumber, cotyledons, Trans-zeatin, HPLC, TLC. 

 
 
INTRODUCTION 
 
Phytohormones are signal molecules which regulate 
plant growth and development. Cytokinins are adenine 
derivative phytohormones that control cell division, cell 
cycle and stimulate developmental processes in plants 
(Srivastava, 2002). Stimulatory or inhibitory function of 
cytokinins in different developmental processes such as 
regulation of root and shoot growth as well as branching, 
control of apical dominance in the shoot, chloroplast 
development, and leaf senescence have been described 
(Werner et al., 2001; Oldroyd, 2007). Cytokinin influence 
cell division activity in embryonic as well as mature 
plants by altering the size and activity of meristems 
(Werner et al., 2001). Yang et al. (2002) showed that the 
rate of endosperm cell division is closely associated with 
cytokinin level in endosperm. They also reported that  
 
 
 
*Corresponding author. E-mail: genetic@brain.net.pk. 
 
Abbreviations: BE, bacterial extract; BS, bacterial 
suspension; tZ, trans zeatin; ZR, zeatin riboside. 

exogenous kinetin significantly increase the number of 
endosperm cells and grain weight. 

Phytohormones including cytokinins were detected in 
the culture medium of several bacteria including Halo-
monas desiderata, Proteus mirabilis, P. vulgaris, 
Klebsiella pneumoniae, Bacillus megaterium, B. cereus, 
B. subtilis and Escherichia coli (Arkhipova et al., 2005; 
Karadeniz et al., 2006; Ali et al., 2009). Different Cyto-
kinins are detected not only in the biomass of micro-
organisms (in free state or bound to certain tRNAs) but 
also in the culture medium in the form of either adenine 
derivatives, isoprenylated at N6 position or their 
ribosides, such as 6-benzyladenine, N6-isopentenyl-
adenosine, zeatinriboside (Serdyuk et al., 2003). Trans-
zeatine has also been found in the culture of 
Agrobacterium tumefaciens (Krall et al., 2002). Ryu et al. 
(2003) reported that cytokinin from bacterial origin 
improve growth in Arabidopsis. Inoculation of plant with 
bacteria producing cytokinin has been shown to stimu-
late shoot growth and reduce root/shoot ratio in 
droughted plants (Arkipova et al., 2007). Rhizobium was 
reported to  enhance  cytokinin  production  in  plants  by  



 
 
 
 
regulating the expression of signaling pathway and 
trigger cortical sells to divide in plants (Oldroyd, 2007). 
We hypothesized that inoculation of plants with cytokinin 
producing bacteria may stimulate cell division rate in 
plants. To answer this question the present work was 
planned. 
 
 
MATERIAL AND METHODS 
 
Screening of rhizosphere bacteria for cytokinin production 
 
At least thirty bacterial strains from rhizosphere of different plants 
including some important crop (maize, wheat, tomato, sugarcane, 
mustard, carrot and sunflower) and medicinal plants (Ajuga and 
Nerium) were isolated. The plants were uprooted with some non 
rhizosphere soil and brought in polythene bags to the lab. In the 
lab, roots were gently shaken to remove non rhizosphere soil, 
dipped in 500 ml flask containing sterile distilled water and 
vigorously jiggled.  The Soil suspension obtained was serially 
diluted under sterile conditions. Fifty microliters suspension from 
dilutions (10-3, 10-4 and 10-6) was spreaded on Luria-Bertani agar 
plates (Tzfira et al., 1997) and incubated at 37°C. Growth was 
checked after 24 h. Colonies appeared on the plate were observed 
carefully under tube light and similar colonies were identified. Only 
2 - 3 colonies which looked distinctly different were selected to 
avoid repeated selection of same strain. Selected colonies were 
streaked repeatedly on L-agar and monitored by gram staining for 
purity. Pure colonies obtained after 4 - 5 subcultures were main-
tained on L-agar plates supplemented with appropriate antibiotics 
at 4°C. Sub culturing was done on fortnight bases. Pure cultures 
were screened for cytokinin by developing a rapid and easy 
bioassay modified from Fletcher and McCuliagh 1971. Isolated 
bacterial strains were streaked on half of petri plate containing M9 
medium supplemented with 0.2% Casamino Acids, 0.01% 
thiamine, and 2 pg of biotin per liter, solidified by 6 gL-1 agar 
(Akiyoshi et al., 1987). The plates were incubated at 28°C and 100 
rpm for 96 h. Ten etiolated cucumber cotyledons were placed on 
each of the bacterial culture plate under green light. The plates 
were kept in light (intensity of 55 µ mol m-2 s-2) for 3 h after initial 
incubation in darkness for 20 h. Minimal medium (9 M) was used 
as control. Chlorophyll was extracted from cotyledon grown on 
different bacterial culture plates or control with cold acetone and 
quantified by taking absorbance at 665 nm. The procedure was 
repeated three times for strains screened positive for cytokinin. To 
investigate the sensitivity of the plate assay varying amount of 
bacterial supernatant (equivalent to 10-9 to 10-5 M of kinetin) was 
added to the agar plates.  
 
 
Bacterial strain identification 
 
Genomic DNA was extracted by using DNA extraction kit 
(Fermentas) from overnight bacterial culture (LB) incubated at 
37°C and 150 rpm. 1.5 Kb 16s rDNA fragment was amplified by 
method described by Hasnain and Thomas 1996. Forward primer 
27f (5´-AGAGTTTGATCCTGGCTCAG-3´) and reverse primer 
1522r (5´-AAGGAGGTGATCCA (AG) CCGCA-3´) were used 
(Johnson 1994). Amplified fragment was extracted from gel by 
using aqua pure DNA extraction kit (Bio-rad) and sequenced with 
27 f and 1522 r primers by ABI PRISM-3100 Genetic Analyzer 
(Applied Biosystems, Foster City, CA, USA). Sequences obtained 
with reverse primer were converted to reverse complementary 
sequence with Chromas Lite 2.01 (Technelysium Pty Ltd, 
Australia) and aligned with sequences obtained with forward 
primers   using   Basic   local    alignment    search    tool,    BLAST  
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(http://blast.ncbi.nlm.nih.gov/Blast.cgi). The aligned sequences 
were then submitted as a query to BLAST for comparison with the 
collection of 16S rRNA gene sequences present in the GenBank 
databases. Maximum homology of the query sequences to the 
database sequences was determined. 
 
 
Extraction and detection of cytokinin 
 
Bacterial strains were grown in M9 broth supplemented as 
described at 30°C and 150 rpm for five days. Extraction, frac-
tionation and quantification of cytokinin in B E was done according 
to the flow chart (Figure 1). Cells free culture filtrate was obtained 
by centrifuging 50 ml culture at 16000 rpm for 10 min at 4°C. The 
supernatant obtained was neutralized with 7 N NaOH (pH 7.0), 
filtered through cellulose acetate filter (Millipore; 22 µm pore size; 
47 mm Diameter; Australia Pty Limited, Australia), lyophilized to 
dryness and extracted three times with ethyl acetate/n-butanol. 
Organic phase was evaporated to dry and reconstituted in HPLC 
grade methanol (Sigma). Bound cytokinins were extracted after 
aqueous phase was adjusted to pH 11 and hydrolyzed. After 
drying the organic phase was re-dissolved in methanol. Pooled 
methanol fractions (Bacterial extract) were co-chromatogramed on 
Merck silica gel 60 PF254 with authentic cytokinins (Trans-zeatin, 
Zeatin riboside, Kinetin and Adenine) using n-butanol: acetic acid: 
water (12:3:5) (v/v) as mobile phase. TLC chromatograms were 
observed under 245 nm UV light to detect cytokinin as described 
by El-Tarabily et al., 2003. The Rf values were calculated for both 
standards and samples. Bands were then eluted separately with 
absolute methanol and run on C18 reverse-phase column using 
Syknm HPLC system with TZ and ZR standards. Solvent used was 
70% methanol with flow rate 1ml/min and 8.6 MPa pressure. 
Different fractions were also checked for cytokinin activity through 
cucumber cotyledon bioassay. For comparison etiolated cotyle-
dons were grown on kinetin standard (0.1, 1.0, 5, 10, 15 and 20 
µM). 

BE obtained at different time intervals (12, 24, 48, 72, 96, 120, 
132 and 150 h) was subjected to TLC and HPLC analysis as 
described earlier. Quantification was done by comparing peak area 
of the tested compound to the standard curve made by plotting 
peak area against TZ and ZR (Sigma) concentration. Concen-
tration (x) of TZ and ZR in the sample was determined by solving 
Straight line equation derived from regression analysis of the peak 
area of standards and respective concentration. Growth curve was 
made by taking OD of the culture at 600 µm for different time 
intervals. The procedure was repeated three times for Bacillus 
licheniformis Am2 only. 
 
 
Plant materials and culture conditions 
 
Cucumber seeds were surface sterilized with 0.1% HgCl2 for 3 min 
and rinsed five times with sterile distilled water. After germinating 
seeds for five days on distilled water in the dark at 25°C and 80% 
relatively humidity, the seedlings were divided into two groups. 
From one group of seedlings cotyledons were excised under green 
light and transferred (10 cotyledons per plate) to sterile Petri plates 
on double layers of filter papers soaked in distilled water. Plates 
were divided into three groups i.e. Positive control supplemented 
with 50µM standard cytokinin solutions, negative control without 
any supplement and experimental supplemented with 0.5, 1 and 
1.5 ml of BE (equivalent to 24.64, 49.91 and 74.94 µM of tZ 
respectively). Each treatment was replicated four times. The plates 
were incubated in darkness for five more days at 25°C and 80% 
relative humidity. Seedlings of the second group were incubated 
on nutrient solution either inoculated with bacterial suspension or 
without   inoculation   for   five   days   in   16 h  light  and  8 h  dark 
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External culture filtrate (50ml) 
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Figure 1. Flow chart for cytokinin extraction (modified from Tien et al., 1979). 

 
 
 
photoperiod at 25°C. Each treatment was replicated four times. 
Cotyledons were processed for cell count after every 12 h interval. 
Fresh weight and cotyledon length were recorded after five days. 
 
 
Cell division  
 
Each group of 10 cotyledons was macerated in 40 ml of 5% (w: v) 
Cr2O3 at 37°C and 55 rpm for 24 h. Cells were then separated by 
stirring the mixture with magnetic bar for 60 minutes. A drop of the 
cell suspension after stirring was placed on hemocytometer and 
the no of vacuolated as well as non vacuolated cells were counted. 
Cell division per meristematic cell per 12 h was calculated as 
described (Brown and Rickless, 1949). Vacuolated (non 
meristematic) and non vacuolated (meristematic) cells in one 
milliliter of the cell suspension were determined by equation 1 and 
division rate was calculated by equation 2. 
 
 

    

                                                                                               (1) 

                                   (2)                                                                
 
 
RESULTS  
 
Bacterial strains isolation and screening for 
cytokinin production 
 
The strains isolated and their source plants are listed in 
Table 1. Important crop plants from agriculture land 
including maize, wheat, tomato, sugarcane, mustard, 
carrot and sunflower along with some medicinal plants 
from forest (Ajuga and Nerium) were selected for bac-

terial isolation. The isolated strains were named accord-
ing to the botanical name of the source plants. Purified 
isolates were screened for cytokinin like activity by 
cucumber cotyledon bioassay. Cucumber cotyledons 
were incubated on stationary phase bacterial culture in 
the dark for 14 h. Greening occurred in cotyledons when 
shifted to light for 3 h (Figure 2). Enhanced chlorophyll 
formation (73.08, 61.54 and 51.28%) was obvious in 
etiolated cucumber cotyledons exposed to Bacillus 
licheniformis Am2, Bacillus subtilis BC1 and Pseudo-
monas aeruginosa E2 respectively against control 
(Figure 3a). cytokinin like activity was not detected in the 
rest of the strains by the method adopted. Detectable 
concentration of cytokinin in bacterial supernatant was 
10-7 M. 
 
 
Strains homology 
 
Sequences homology study was done by comparing 
partial sequence of 16 S  rDNA from three bacterial 
strains Am2, BC1 and E2 with nucleotide sequence 
database (GeneBank) through BLAST 
(www.ncbi.nih.nlm.gov/BLAST). The strains showed 
maximum homology with Bacillus licheniformis, Bacillus 
subtilis and Pseudomonas aeruginosa respectively. The 
nucleotide sequence from the three strains has been 
submitted to GeneBank under accession No. FJ190075, 
EF600045 and EU418740 respectively. 
 
 
Extraction and quantification of cytokinin  
 
Recovery of TZ was  76  and  65.2%  with  ethyl  acetate
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Table 1. List of bacterial isolated from rhizosphere of different plants 
 
S. No. Strain Plant S. No. Strain Plant 

1 Zm1 Zea mays 16 Am2 Amaranthus sp 
2 Zm2 Zea mays 17 Te1 Triticum aestivum 
3 Sl1 Solanum lycopersicum 18 Te2 Triticum aestivum 
4 Sl2 Solanum lycopersicum 19 St1 Solanum tuberosum 
5 Ap1 Ajuga parviflora 20 St2 Solanum tuberosum 
6 Ap2 Ajuga parviflora 21 E1 Euphorbia sp. 
7 So1 Saccharum officinarum 22 E2 Euphorbia sp. 
8 BC1 Brassica campestris 23 Fr1 Fragaria sp 
9 BC2 Brassica campestris 24 Fr2 Fragaria sp 

10 BC3 Brassica campestris 25 Ha1 Helianthus annuus 
11 Dc1 Daucus carota 26 Ha2 Helianthus annuus 
12 Dc2 Daucus carota 27 Ha3 Helianthus annuus 
13 Dc3 Daucus carota 28 No1 Nerium oleander 
14 Dc4 Daucus carota 29 No2 Nerium oleander 
15 Am1 Amaranthus sp 30 Tf1 Trifolium sp 

 
 
 

A B  
 
Figure 2. Bioassay for cytokinin with Cucumber cotyledons A: Control plate, B: stationary 
phase culture plate of B. licheniformis Am2. 

 
 
 

�a b 
 

 
Figure 3. (a) Percentage increase chlorophyll synthesis enhanced by bacterial strains in excised Cucumber 
cotyledons relative to control. (b) Bacillus licheniformis Am2 strain growth curve and cytokinin production. 

 
 
 
and n-butanol respectively. Ethyl acetate was selected 
for extraction on behalf of its efficient extraction and 
quick evaporation. Portions of methanol fraction (BE) 
chromatogramed on Merck silica gel 60 PF254. Three 
compounds in BE (Rf values 0.5, 0.54 and 0.58) showed 
cytokinin activity in bioassay (Table 2). A total of 20 µl of 
BE eluted from TLC plates was injected on a BDS 
hypersil C18 reverse phase column (Thermo-hypersil; 

dimensions; 200 x 4.6 mm; particle size; 5 µm) and 
eluted with 70% methanol. Trans-Zeatin and ZR were 
eluted after retention time 2.55 min and 3 min respect-
tively (Figure 4), recorded with UV detector at 270 nm. 
Maximum concentration recorded was 1091.9 ng ml-1 
(TZ) and 521 ng ml-1 (ZR) in the late stationary phase 
culture of Bacillus licheniformis (Am2 strain) after 120 
and 96 h incubation  respectively  (Figure 3b).  Maximum  
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Table 2. Activity of different Rf fraction (equivalent to µM of kinetin) in cucumber cotyledon bioassay. Results are 
means ± S.E . 
 

 Rf 
Strain 0.29 0.43 0.50 0.54 0.58 0.8 
Bacillus licheniformis Am2 0 0 - 5.7 ± 0.88 20.1 ± 1.1 0 
Bacillus subtilis BC1 0 0 - - 19.5 ± 1.23 0 
Pseudomonas aeruginosa E2 - - 4.6 ± 0.81 - 19.2 ± 0.96 0 

 
 
 

  

 
 
Figure 4. HPLC chromatographs (a) tZ, (b) ZR and (c) Bacillus licheniformis Am2. 

 
 
 
cytokinin detected in 120 h old culture filtrate of BC1 and 
E2strains was 984 ng ml-1 and 640 ng ml-1 respectively. 
 
 
Growth and cell division in etiolated cucumber 
cotyledons 
 
When incubated with bacterial extract supplemented to 
distilled water for five days Cucumber cotyledons 
showed enhanced growth as compared to control 
cotyledons grown on water alone (Figure 5). 50 µM TZ 
was used as authentic cytokinin supplement. Increase in 
cotyledon area and fresh weight was observed along 
with increase in total cell no and cell division rate (Table 
3 and 4). In all cases studied, supplement of 1.0 ml BE 
(extracted from 50 ml culture supernatant) to 5 ml 
distilled water (final concentration equivalent to 49.91 
µM of TZ in case of Am2) showed the finest results as 
compared to the other two treatments that is 0.5 and 1.5 
ml (final concentration equivalent to 24.64 µM and 74.94 
µM of trans-zeatin respectively in case of Am2) BE. The 
most efficient strain was Bacillus licheniformis Am2 

which generated growth response in excised cotyledons 
as TZ standard supplemented in final concentration 
equal to 50 µM (Least significant difference 0.05). Mean 
cells per ml of cotyledon suspension were 36.6 x 104  
and 33.2 x 104 in  cotyledon grown on exogenous TZ 
and 1.0ml Am2 BE respectively. The strains BC1 and E2 
increased total cell no. up to 28 x 104 and 20.6 x 104 
respectively when 1.0 ml BE was used as a supplement.  
Mean No. of cells ml-1 suspension obtained from coty-
ledons grown on distilled water alone (9.55 x 104) was 
not significantly greater than cells present initially (7.75 x 
104). Number of divisions per meristematic cell per 12 h 
was 0.144188, 0.070025, 0.137863, 0.124191 and 
0.100442 in dark incubated cotyledons on TZ standard, 
water, Am2, BC1 and E2 strains respectively (Table 4). 
B. licheniformis Am2, B. subtilis BC1 and P. aeruginosa 
E2 enhanced gain in fresh weight of light grown coty-
ledons by 39.23, 36.96 and 28.07% respectively as 
compared to control. Dark grown cotyledons showed 
significant stimulation in size under additional supply of 
TZ or BE. No significant expansion in cotyledon size was 
witnessed in light grown cotyledons under similar  condi- 
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Figure 5. Excised cucumber cotyledons grown in the dark for five days on water 
supplemented with (a) TZ, 1.0 ml BE (49.91µM) from (b) Bacillus licheniformis Am2 strain 
(c) Bacillus subtilis BC1 strain (d) Pseudomonas aeruginosa E2 strain and (e) water 
alone (bar = 10mm) 

 
 
 

Table 3. Expansion in excised and intact Cucumber cotyledons grown for five days on BE and BS from different bacterial 
strains or control. 
 

Treatment Dark grown cotyledons (BE) Light grown cotyledons* (BS) 

Area 
(mm2±SE) 

Gain in fresh weight 
(%) 

Area (mm2±SE) Gain in fresh weight 
(%) 

Water 40.09 ± 4.05a 100 64.39 ± 3.35a 100 

TZ 72.75 ± 3.82cd 134.31 - - 

B. licheniformis Am2 70.49 ± 5.00cd 131.55 77.46 ± 4.71b 139.23 

B. Subtilis BC1 60.73 ± 3.07bc 129.61 68.36 ± 4.63a 136.96 

P. aeruginosa E2 55.7 ± 4.72b 124.11 65.55 ± 3.86a 128.07 

5%LSD  

r (p=0.01) 

12.70 

0.88** 

 5%LSD 

r (p = 0.01) 

6.49 

0.551 
 
 
 
tions. Significant correlation was obvious between TZ 
concentration and cell division rate in dark as well as 
light grown Cucumber cotyledons (Table 3). However 
cotyledon expansion was significantly correlated to TZ 
concentration in darkness only (Table 3). 
 
 
Effect of BS on cell division in light grown 
cotyledons 
 
To demonstrate the impact of bacterial inoculation on 
intact cotyledons cucumber cotyledons were grown in 
photoperiod of 16 h light and 8 h darkness in the pre-
sence of bacterial suspension adjusted to 106 cfu. 
Seedlings grown in the presence of BS showed 
enhanced cell division rate by contrast to seedlings 

grown on nutrient solution alone. Both groups of 
seedlings (treated and control) showed similar pattern of 
cell increase after 12 and 24 h intervals.  Beyond 24 h 
significant increase in total cell number was observed for 
BS treated cotyledons (Figure 6). After 36 h cell division 
rate was 0.1435 divisions per meristematic cell per 12 h 
in control cotyledons which was significantly less than 
cotyledons treated with BS (0.1628, 0.1594 and 0.1553 
divisions per meristematic cell per 12 h in Am2, BC1 and 
E2 respectively). The rate of division was maintained for 
the next 120 h with non significant fluctuations. 
 
 
DISCUSSION 
 
Plant rhizosphere is a rich environment that hosts a wide 
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Table 4. Impact of different treatment on cell division rate in cucumber 
cotyledons. 
 

Treatment Cell division rate (Division MC-1 12h-1±SE) 
in Cucumber cotyledon 

Dark grown (BE) Light grown* (BS) 
Water 0.0538 ± 0.00432a 0.1515 ± 0.000814a 
TZ 0.144 ± 0.00343c - 
B. licheniformis Am2 0.137 ± 0.0078c 0.1687 ± 0.001332bc 
B. Subtilis BC1 0.124 ± 0.00725bc 0.1632 ± 0.000945b 
P. aeruginosa E2 0.1 ± 0.0108b 0.1594 ± 0.000869b 
5%LSD  
r (p = 0.01) 

0.0345 
0.853** 

0.0097 
0.914** 

 

Alphabets represent significant difference between means using Duncan 
multiple range test (p=0.05) 
**Significant correlation between TZ concentration and (1a) cotyledon area (1b) 
cell div rate (1c) cell size. 
*16h light and 8 h dark photoperiod. 

 
 
  

 

a b 
 

 
Figure 6. Total cell No. in Cucumber cotyledons (a) Excised cotyledons grown on KCl 
alone, treated with TZ (56µM) or 1ml BE (49.91µM); (b) From seedlings grown on nutrient 
solution alone (control) or supplemented with BS (Bacillus licheniformis Am2, Bacillus 
subtilis BC1and Pseudomonas aeruginosa E2). Cell count was based on samples taken 
every 12 hours interval. 

Bars represent means± S.E  (mean of five replicates).  
 
 
array of bacteria including PGPR. Phytostimulatory 
effect of PGPR may be initiated by several ways but in 
cytokinin production by such bacteria is the direct 
mechanism to improve plant growth (Ortíz-Castro et al., 
2008; Remans et al., 2008). In majority of studies PGPR 
were isolated form crop plants (Hynes et al., 2008; 
Ashrafuzzaman et al., 2009). In this study not only crop 
plants but also herbaceous wild type plants including 
medicinal plants were selected. Screening of PGPR 
bacteria for cytokinin production is a critical step in 
studying such bacteria because of the laborious extrac-
tion and bioassay procedures. We established an easy 

and quick screening technique for cytokinin producing 
bacteria bypassing extraction procedure modified from 
Fletcher and McCuliagh 1971. The technique can be 
used to detect cytokinin in the bacterial cultural plates as 
less as 10-7 M. The mentioned test helped us to select 
three strains out of total thirty strains very swiftly. It was 
evident that Bacillus licheniformis Am2 strain isolated 
from crop plant B. campestris was the most efficient 
cytokinin secreting bacteria among the strains studied. 
Two species of cytokinins were detected in the culture 
media of Bacillus licheniformis Am2 strains. The main 
species was TZ (equivalent to 1091.9 ng ml-1; of authen- 



 
 
 
 
tic TZ) also shared by the other two strains that is 
Bacillus subtilis BC1 and Pseudomonas aeruginosa E2. 
Stationary phase culture (120 hours old) contained 
maximum amount of TZ. Zeatin riboside on the other 
hand hit the highest point (equivalent to 521 ng ml-1 of 
authentic ZR) after 96 h of incubation at 30°C and 
upheld till 120 h before decline in concentration started. 
Arkhipova et al. (2005) reported cytokinin as equivalent 
to 1.2 mg of Zeatin per litre in Bacillus subtilis culture 
medium. In another study, Taller and Wong (1989) 
determined cytokinins as equivalent to 0.75 µg of kinetin 
per litre in Azotobacter vinelandii culture medium while  
Barea and Brown (1974) reported 20 µg of cytokinin 
equivalent per liter for Azotobacter paspali and 50 µg L-1 
for A. vinelandii. 

Exogenous cytokinin enhances cell division rate in 
plants (Riou-Khamlichi et al., 1999; Cecchetti et al., 
2007). However impact of cytokinin producing bacteria 
on plant cell division is investigated mainly in root 
nodules formation (Phillips and Torrey, 1972; Markmann 
and Parniske, 2009). Azospirillum brasilense has been 
reported to enhance cell division in root tips of inoculated 
wheat (Molina-Favero et al., 2007). Our results showed 
that bacterial extract significantly enhances cell division 
rate in cucumber cotyledons. Extract from Am2 strain 
enhanced sell division rate up to 0.1378 divisions 
meristematic cell-1 in 12 h which is analogous to that of 
56µM of standard trans-zeatin. In contrast to 0.5 ml 
(equivalent to 24.64 µM of tZ) and 1.5 ml BE (equivalent 
to 74.94 µM of tZ), 1.0 ml BE (equivalent to 49.91 µM of 
tZ) triggered the cells to divide with maximum rate and 
induced significant cotyledon expansion. 1.5 ml BE had 
supraoptimal concentration of TZ and the resulted 
decline in cell division rate may be due to the same 
reason. But this hypothesis was not supported by the 
results obtained in the experiment performed on Cucum-
ber seedling inoculated with BS in photoperiod of 16 
hour light and 8 h dark. The cell division was followed for 
five days (period of maximum TZ secretion by bacteria) 
at 12 h intervals. Cucumber seedlings inoculated with 
BS showed significantly enhanced cell division as 
compared to non inoculated seedlings after 24 h lag 
time. The lag may be due to least amount of exogenous 
cytokinin secreted by bacteria during 24 h incubation. 
The cell division rate was maintained after the lag period 
for 120 h and no decline was recorded. The consistent 
cell division in seedlings supplied with BS may be 
attributed to the fact that light and cytokinin syner-
gistically effect cotyledons growth as reported by several 
authors (Brenner et al., 2005; Zubo et al., 2008). It is 
also reported that exogenous cytokinin is inhibitory to 
cell expansion in light grown cotyledon but stimulatory to 
cell division resulting in small cells (Stoynova-Bakalova 
et al., 2004). We found that bacterial cytokinin in the 
form of BE was significantly correlated to cell division as 
well as cotyledon expansion in the dark. However in light 
grown cotyledons bacterial cytokinin was only significantly 
correlated to cell division but not to the cotyledon expan- 
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sion. It may be concluded that PGPR isolated from crop 
plants and other herbaceous plants were capable of 
cytokinin production which essentially affected plant cell 
division in the same way as exogenous cytokinin. The 
most efficient cytokinin producing strain was B. 
licheniformis Am2 isolated from the rhizosphere of 
Amaranthus sp.  
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Abstract Five cyanobacterial strains, Anabaena sp. Ck1,

Oscillatoria sp. Ck2, Phormidium sp. Ck3, Chroococcidi-

opsis sp. Ck4, and Synechosystis sp. Ck5 were selected for

their positive cytokinins-like activity using cucumber cot-

yledon bioassay and GUS assay in Arabidopsis ARR5::

GUS. Classical cucumber cotyledon bioassay was modified

for direct screening of cyanobacteria avoiding need for

extraction and purification. Cytokinins from cyanobacteria

were absorbed onto filter paper which was then assayed for

cytokinins-like activity. A rapid chromatographic method

was developed for the simultaneous determination of

cytokinins and indole-3-acetic acid (IAA). Cyanobacterial

biomass (50–100 mg) and cell-free culture filtrate were

extracted in Bieleski buffer and purified by solid-phase

extraction. The extract was used to determine phytohor-

mones by ultra performance liquid chromatography and

electrospray ionization-tandem mass spectrometry in

positive and negative modes, respectively, with multiple

reactions monitoring. Stable isotope-labeled cytokinins and

IAA standards were added in the samples to follow

recovery of the compounds and method validation. Five

cytokinins determined in the selected strains were Zeatin

(cis and trans isomers), Zeatin riboside, Dihydrozeatin

riboside, and zeatin-o-glucoside. The strains were shown to

accumulate as well as release the phytohormones.

Keywords Anabaena � Biochemistry �
Environmental biotechnology � Cyanobacteria �
UPLC–ESI–MS/MS � Cytokinins �
Indole-3-acetic acid (IAA) � Bioassay

Introduction

Cytokinins and auxins are classes of phytohormones that

play vital roles in controlling growth and development not

only in plants, but also in other organisms including cya-

nobacteria [18, 26]. Naturally occurring cytokinins are

adenine derivatives substituted at the N6 position by iso-

prenoid side chain or an isoprenoid ring [14]. The most

abundant cytokinins classes are N6-(D2-isopentenyl) ade-

nine (iP) and Zeatin (Z) carrying an isoprenoid side chain

[33]. Indole-3-acetic acid (IAA) is the only active natural

auxin and most extensively studied [31]. Cyanobacterial

extract as well as biomass has been used in plant growth

experiments in vivo and in vitro [22, 35]. Nevertheless

little attention has been given to the determination of

cytokinins in cyanobacteria [21]. Cyanobacteria including

Anabaena, Anabaenopsis, Calothrix, Chlorogloeopsis,

Cylindrospermum, Gloeothece, Nostoc, Plectonema, and

Synechocystis have also been reported to produce IAA

[28]. IAA is determined in cyanobacteria by colorimetric as

well as chromatographic methods, GC/MS [19]. However,

colorimetric determination results in overestimation of

auxins, whereas GC/MS needs tedious derivatization steps

making the routine estimation time consuming [1, 8]. In

recent years, development of bench top mass spectrometers

has attracted the attention of plant physiologists for ana-

lyzing phytohormones [6, 11]. The technique is sensitive

enough to detect and quantify phytohormones in milligram

amount of plant tissues in combination with efficient way
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of separation and purification [12]. For separation of phy-

tohormones from plant tissues, Bieleski buffer was found

superior to 70% ethanol [16]. Solid-phase extraction (SPE)

has proved to be the method of choice for rapid purification

of crude phytohormones containing samples [4]. This study

focuses on the isolation and identification of cyanobacterial

strains capable of phytohormones production and devel-

oping a high throughput, rapid method for the simultaneous

determination of cytokinins, and IAA in the selected

strains.

Materials and Methods

Instrumentation

Acquity UPLCTM System (Waters, Milford, MA, USA),

including a Binary solvent manager, Sample manager, and

2996 PDA detector, combined with a Micromass Quattro

microTM API (Waters MS Technologies, Manchester, UK)

was used for phytohormones analysis. All data were pro-

cessed by MassLynxTM software with QuanLynxTM and

QuantOptimizeTM programs (version 4.0, Waters).

Isolation and Purification of Cyanobacterial Strains

Cyanobacterial strains were isolated from rice fields and

fresh water ponds in the selected area (Lahore, Pakistan).

1 g soil samples were shaken to suspend the sediments and

aliquots of 10 ll were transferred to sterile distilled water

which was then filtered aseptically through 47 mm mem-

brane. Water samples were directly filtered. The filters

were incubated on plates containing BG11 medium sup-

plied with cyclohexamide (400 mg l-1) for 3 weeks [5].

Cyanobacterial colonies (mixed cultures) growing on the

surface of filter were picked and transferred to 20 ml BG11

media in flasks in order to obtained sufficient biomass.

Cells or filaments were washed after being incubated for

3 days in light (18 lmol photons m-2 s-1) and 24 h in the

dark under cyclohexamide selection. Cyanobacterial sus-

pensions were made in BG11 medium and the suspensions

were then spread on plates of BG11-containing cyclo-

hexamide. Purified colonies or filaments were picked and

transferred to a new BG11 plate incubated at 25 ± 1�C,

illuminated by 18 lmol photons m-2 s-1 light. Several

shifts from surface colonies to suspension cultures made

the establishing of axenic cultures time effective. Con-

tamination and cyanobacterial growth was monitored on

weekly basis under a dissecting microscope. Purified col-

onies or filaments were transferred to BG11 broth without

cyclohexamide, monitored for contamination regularly and

maintained for further experiment.

Screening for Phytohormones

The axenic cyanobacterial cultures were adjusted to rela-

tively high inoculum densities (0.2 mg l-1 Chl-a) to make

screening more effective and rapid. The isolates were

screened for cytokinin-like activity by a modified version

of cucumber cotyledon [34]. The cyanobacteria were cul-

tured on agarose-solidified BG11 medium overlaid by

Whatman No. 1 filter paper for 1 week. The filter paper

was shifted to a new Petri plate containing 1 ml sterile

distilled water and etiolated cucumber cotyledons were

incubated on it for 24 h in the dark followed by light

exposure (11 mmol m-2 s-1) for 3 h at 25�C. The filter

paper overlaid on BG11 alone or supplemented with

10 lM 6-Benzylaminopurine (BAP) for the same duration

served as negative and positive controls, respectively.

Accumulated cytokinins (endogenous) were assayed by

soaking the filter paper in cyanobacterial extract. Chloro-

phyll contents of the cotyledons relative to water control

were determined [34].

Leaves of 4-week-old Arabidopsis ARR5::GUS were

also used to screen the strains for cytokinin. Selected spot

on the leaf attached to the plant (about one-third of the leaf)

was infiltrated with cyanobacterial suspension in 10 mM

MgCl2 (5 ll) followed by incubation for 1 week. Control

leaves were infiltrated with 10 mM MgCl2. GUS staining

for ARR5 activity was performed as reported by Aloni

et al. [2]. The method was used only for unicellular

cyanobacterial strains including Ck1 and Ck4.

Sergeeva et al.’s [19] method was used for initial

screening of IAA. In brief, 3-week-old cultures of cyano-

bacteria (grown in BG11 medium supplemented with

tryptophan 0.5 g l-1) were harvested by centrifugation

(11000 rpm). 1 ml Salkowski reagent (60% methanol, 25%

CHCl3, 10% HCOOH, and 5% H2O) was added to the

supernatant and incubated for 30 min at room temperature

[27]. Color developed was measured by spectrophotometer

equipped with diode array detector using 540-nm wave

length. 100 mg biomass was extracted with Bieleski buffer,

evaporated to dry, reconstituted in 1 ml water and screened

for IAA as mentioned above.

16S rRNA Gene Sequencing

The strains were identified by molecular techniques based

on 16S rRNA gene sequencing and BLAST homology. To

extract genomic DNA, 5 ml cyanobacterial supernatant

from 15-day-old pure culture was processed with UltraClean

Soil DNA isolation Kit TM (Mo Bio Laboratories, Carlsbad,

CA, USA) following the manufacturer’s instructions. DNA

quality and quantity was checked by gel electrophoresis.

16S rRNA gene fragment was amplified by using

forward primer, PB36: AGR GTTTGATCMTGGCTCAG
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(nucleotide positions 8–27 Escherichia coli bp numbering)

and PB38 GKT ACCTTGTTACGACTT (nucleotide posi-

tions R1492–1508 E. coli bp numbering) under conditions

described by Webb and Maas [30]. Amplified fragment was

extracted from gel by using aqua pure DNA extraction kit

(Bio-Rad, Hercules, CA, USA) and cloned in pGEMT

vector. The vector:insert molar ratio was adjusted to 3:1.

Rapid Ligation Buffer (Promega, Madison, WI, USA) and

1 U Ligase (Promega) were used according to manufac-

turer’s instructions. Samples and suitable controls were

incubated overnight at 4�C in epitubes. Plasmids were

transformed into maximum efficiency competent cells

(Life Technologies, Rockville, MD, USA) according to the

manufacturer’s instruction and plated onto LB Amp

(60 lg ml-1) agar, incubated overnight at 37�C. The

cloned fragment was amplified by pGEMF and pGEMR

primers and the PCR product was digested with the endo-

nuclease HaeIII (Life Technologies) at 37�C for 3 h. Puri-

fication of the PCR products was accomplished by using

PCR Product Purification Kit (Qiagen, Germany).

Sequencing was done by using ABI PRISM-3100 Genetic

Analyzer (Applied Biosystems, Foster City, CA, USA) as

described by Webb and Maas [30].

Quantification of Cytokinins and IAA

by UPLC–ESI–MS/MS

Chromatographic Conditions

Cytokinins determination was performed under chromato-

graphic conditions optimized earlier [16] with few modifi-

cations. 5 ll of each sample dissolved in mobile phase was

injected onto UPLC BEH C18 column (2.1 950 mm2,

1.7 lm; Waters). The column was eluted with a linear gra-

dient of 90:10 A (15 mM ammonium formate):B (methanol)

to 50:50 A:B (v/v) at a flow rate of 0.25 ml min-1 and

column temperature of 40�C. The fractions eluted were

directly passed through tandem mass spectrometer equipped

with electrospray interface without post-column splitting

and phytohormones were quantified by multiple reactions

monitoring (MRM).

Calibration Curves and Method Validation

To make calibration, curves for different cytokinins and

IAA ratios of the analyte signal to the internal standard

signal were plotted against standard analyte concentrations.

For cytokinins analyte/IS; 0.005, 0.05, 0.5, 5.0, 50.0 pmol/

1 pmol, and for IAA analyte/IS; 0.005, 0.05, 0.5, 5.0, 50.0/

10 pmol were used. The ratios were then used to determine

the concentration of different cytokinins and IAA in

cyanobacterial samples. Limit of detection (LOD) and limit

of quantification (LOQ) were determined by software

provided with the instrument. In the first experiment

authentic cytokinins standards were added to blank BG11

medium in concentration ranged from 0.005, 0.05, 0.5, 5.0,

50.0 pmol, extracted in buffer contained 1 pmol IS and

purified by SPE. Secondly, 100 mg of cyanobacterial bio-

mass (phytohormones were predetermined) was extracted

in buffer containing 1 pmol of IS. Thirdly, cyanobacterial

biomass extract or supernatant extract was diluted and the

original concentration was reconstituted by spiking the

extract with phytohormones. The samples were processed

as mentioned earlier. Each experiment was repeated thrice.

Sample Preparation

Cyanobacterial strains were grown in 250 ml BG11 media

at 25�C under continuous light (18 lmol photons m-2 s-1)

for 3 weeks (inoculum density adjusted to 0.1 lg ml-1 chl-

a). Biomass was separated from culture media by centri-

fugation at 4�C and 11000 rpm and filtrated through filters

of 22 lm pore size. Four different combinations of solvents

and SPE columns were used initially and one combination

with maximum recovery was selected for further experi-

ments. To extract accumulated phytohormones, 100 mg

cyanobacterial biomass was grounded under liquid nitrogen

and homogenized in 1 ml Bieleski buffer or 80% methanol

containing IS as mentioned. The homogenate was soni-

cated for 3 min. Pellet was removed by centrifugation and

re-extracted in 300 ll of 50% methanol with 2% formic

acid in 2 ml Eppendorf tubes only when Bieleski buffer

was used. While the pellet obtained in case of 80%

methanol was re-extracted with the same solvent. Two

aliquots (obtained during extraction and re-extraction)

from each protocol were combined in separate vials, dried

under reduced pressure at 40�C, and re-dissolved in 5 ml

water adjusted to pH3 to make two sets of extracts. Each

set of the reconstituted extract was passed through SPE

column (CHROMABOND� HR-XC, 3 ml, and 200 mg or

CHROMABOND� SA, 3 ml, 500 mg) following manu-

facturer’s instructions. The elluant was dried and re-dis-

solved in 15 mM ammonium formate (pH 4.0) and

analyzed by UPLC–ESI–MS/MS. Cytokinins and IAA

were analyzed in positive and negative modes, respec-

tively. Combination of the solvent and SPE conditions with

maximum recovery was followed for further extraction and

purification of the accumulated as well as released phyto-

hormones. To extract phytohormones from the culture

media, 500 ml of supernatant was concentrated under

reduced (25 mbar) pressure and extracted three times with

Bieleski buffer containing 1 pmol [2H5] tZ and [2H3]

DHZR and 10 pmol [2H5] IAA to monitor recovery and

quantify phytohormones. The pooled extract was evapo-

rated to dryness and reconstituted in 5 ml acidified water

adjusted to pH 3. The SPE column HR-XC was used to
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purify the extract as mentioned above. Endogenous cyto-

kinin in 4-week-old Arabidopsis leaves infiltrated with

unicellular cyanobacterial strains (Ck4 and Ck5) were also

determined by the same protocol.

Results

Isolation of Cyanobacteria

Thirteen cyanobacterial strains were isolated from two

different habitats including rice field and fresh water pond

located in the Quaid-e-Azam Campus, University of the

Punjab, Pakistan (Table 1). Samples from rice field were

collected in the mid of September 2007 when air temper-

ature was 33�C (evening), whereas that of from fresh water

ponds were collected in the month of October 2006 when

air temperature was 25�C at the time of collection.

Organisms isolated from rice field habitat included five

filamentous and two unicellular strains. The dominant

cyanobacterium was a free floating, filamentous species,

Oscillatoria sp. Ck2 mixed with two other free living Os-

cillatoria species (Cyn2 and Cyn4). Stem surface of the

rice crop was colonized by filamentous organisms assigned

to the genus Oscillatoria (Cyn5) and Phormidium (Ck3).

Dominant flora in the rice rhizosphere was represented by

mixed population of Anabaena sp. Ck1 and unicellular

Chroococcidiopsis (Ck4). Pond water on the other hand

was dominated by a free living unicellular organism

identified as Synechocystis sp. Ck5 under light microscope.

Gleocapsa (Cyn8 and Cyn9) and Synechocystis (Cyn10,

Cyn12, and Cyn13) were present as minor flora in the fresh

water habitat. The strains showing positive cytokinin-like

activity in the bioassay were selected for further study.

Under laboratory conditions, Synechocystis sp. Ck5

showed the most intensive growth which produced

5.65 mg l-1 chl-a after incubation period of 15 days.

During the same duration Anabaena sp. Ck1, Oscillatoria

sp. Ck2, Phormidium sp. Ck3, and Chroococcidiopsis sp.

Ck4 accumulated 3.83, 3.15, 2.93, and 2.22 mg l-1 chl-a,

respectively (Table 1).

Screening of Cyanobacteria

Enhanced chlorophyll formation in cucumber cotyledons

due to synergistic effect of cytokinins and light [32] was

recorded in five strains and BAP control (Table 2). The

assays indicated that Chroococcidiopsis sp showed greater

cytokinins-like activity as evident from enhanced relative

chlorophyll contents (D/D0 = 1.85) against water control

(D/D0 = 1.00). However, activity was less than 10 lM

BAP. All the strains showed a positive color reaction with

Salkowski reagent indicative of IAA production in the

presence of tryptophan (Table 2). Anabaena showed higher

exogenous as well as endogenous IAA production (75.5

and 83.4 pmol mg-1 chl-a, respectively). Results obtained

showed a general trend of more phytohormones accumu-

lation by cyanobacteria as compared to their release.

Localized GUS staining against light background in

Arabidopsis ARR5::GUS leaves infiltrated with Ck4 and

Ck5 indicative of local in planta accumulation of cytokinins

was recorded (Fig. 1). In control (MgCl2) only background

Table 1 List of cyanobacterial strains isolated

S. no. Strain Sample Habit Growth in the lab

(Chl-a mg l-1)
Before selection After selection

01 Cyn1 Ck1 Rice field Rice rhizosphere 3.83

02 Cyn2 Rice field Free living 2.00

03 Cyn3 Ck2 Rice field Free living 3.15

04 Cyn4 Rice field Free living 1.67

05 Cyn5 Rice field Attached to stem 1.11

06 Cyn6 Ck3 Rice field Attached to stem 2.93

07 Cyn7 Ck4 Rice field Rice rhizosphere 2.70

08 Cyn8 Fresh water pond Free living 1.85

09 Cyn9 Fresh water pond Attached to Pistia 1.17

10 Cyn10 Fresh water pond Free living 1.58

11 Cyn11 Ck5 Fresh water pond Free living 5.65

12 Cyn13 Fresh water pond Attached to Pistia 2.44

13 Cyn13 Fresh water pond Free living 0.22

Only the strains screened positive in the bioassay were selected and different names were assigned to differentiate them from the rest of the

strains
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staining was present. Further evidence was provided by the

cyanobacterial influence on endogenous Z and ZR pool of

Arabidopsis leaves where accumulation was significantly

greater (443.4 and 287.6 nM g-1 FW, respectively) in case

of Ck4 and Ck5 against mock (MgCl2) inoculated leaves

(202.48 nM g-1 FW).

Identification of The Cyanobacterial Strains

The selected strains were identified on the basis of

homology between rRNA gene partial sequences from the

strains with the sequences present on the GeneBank

database. The isolates Ck1, Ck2, Ck3, Ck4, and Ck5 were

assigned to cyanobacterial genera Anabaena, Oscillatoria,

Phormidium, Chroococcidiopsis, and Synechocystis,

respectively. GenBank accession numbers of the strains are

presented in Table 3.

Cytokinins and IAA Determination

Specific precursor and product ions identified for each

phytohormone using authentic compounds are listed in

Table 4. MS conditions were optimized to produce maxi-

mum signal (Table 4). Mixture of phytohormones was

separated by UPLC BEH C18 column (2.1 9 50 mm2,

1.7 lm; Waters) and analyzed via ESI ± MS/MS. Eluates

were monitored by MRM scans with 70–180 ms dwell time

for each precursor to product transition. Calibrations were

linear up to five orders of magnitude across the concentra-

tion ranged from 5 fmol to 50 pmol for different cytokinins

with correlation coefficient (r) ranged between 0.993 and

0.999. In MRM scan mode LOD for most of the phytohor-

mones ranges between 1 and 5 fmol; however, LOQ ranged

from 5 to 10 fmol (Table 5). Greater recovery of different

phytohormones was achieved when standards’ mixture was

extracted followed by cyanobacterial culture supernatant

and biomass extract (Table 5). Typical UPLC–ESI–MS/MS

chromatograms for five cytokinins from Chroococcidiopsis

Table 2 Biological screening (through cucumber cotyledon and senescence bioassays) for cytokinin and colorimetric estimation of IAA in

cyanobacteria

Strain D/D0 IAA (colorimetric pmol mg-1 ch-a)

Exogenous Endogenous Exogenous Endogenous

Synechocystis sp 1.35 ± 0.09 1.43 ± 0.07 52.4 ± 4.43 45.8 ± 6.12

Chroococcidiopsis sp 1.78 ± 0.18 1.85 ± 0.11 34.5 ± 3.18 38.2 ± 4.45

Anabaena sp 1.60 ± 0.12 1.80 ± 0.13 75.5 ± 9.14 83.4 ± 8.6

Phormidium sp 1.12 ± 0.07 1.76 ± 0.15 15.2 ± 3.78 22.3 ± 3.34

Oscillatoria sp 1.32 ± 0.10 1.41 ± 0.11 28.7 ± 3.9 32.3 ± 5.45

Control (BAP 10 lM) 2.18 ± 0.13 2.18 ± 0.13 – –

Control (water) 1.00 ± 0.08 1.00 ± 0.08 00 00

D total chlorophyll contents of sample, D0 total chlorophyll contents of water control

Significant correlation between cytokinin and D/D0 (exo), r(5) = 0.903; P = 0.05

Significant correlation of endogenous cytokinin with D/D0 r(5) = 0.879; P = 0.05

Fig. 1 Arabidopsis ARR5::GUS leaves syringe infiltrated with

Synechocystis sp. Ck5 (a), Chroococcidiopsis sp. Ck4 (b), and

10 mM MgCl2 (c). Localized GUS induction in a and b, pointed by

arrows, indicates accumulation of high amount of cytokinin released

by cyanobacteria into the leaves

Table 3 Assignment of the selected strains to different genera on the basis of 16s rRNA homology and their accession numbers

Strain Assignment Sequence length Maximum

homology (%)

GeneBank

accession number

Ck1 Anabaena 1380 99 FJ982323

Ck2 Oscillatoria 1330 99 GQ131852

Ck3 Phormidium 1206 99 GQ131853

Ck4 Chroococcidiopsis 1264 99 GQ131854

Ck5 Synechocystis 1090 99 GQ131855
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sp. Ck4 are shown in Fig. 2. The approach was applied to

determine phytohormones in cyanobacterial extract con-

taining internal standards (Fig. 2). Optimum combination of

solvent and SPE column for cytokinins and IAA recovery

from cyanobacterial biomass was Bieleski buffer and HR-

XC. The maximum recovery was 76 and 78%, respectively,

for cytokinin and IAA under optimum conditions. However,

actual quantities of phytohormones differ to a very little

extent due to internal standards (Table 6).

We were able to determine five different cytokinins

species including trans zeatin (tZ), cis zeatin (cZ), zeatin

riboside (ZR), zeatin-o-glucoside (ZOG), and dihydrozea-

tin riboside (DHZR) in Chroococcidiopsis sp. Ck4 (uni-

cellular), the most efficient cytokinins producer among the

selected strains (Table 7). Major cytokinins species in

culture supernatant and biomass of Chroococcidiopsis sp.

Ck4 was cZ (Fig. 3). Among different cytokinins, ZOG

was not released to the culture media by the strain. Syn-

echocystis sp. Ck5 also had greater concentration of cZ by

proportion in culture supernatant as well as biomass (76.23

and 68.18%, respectively). Total cytokinins released in the

culture medium by the strain were 4.46 pmol mg-1 chl-a,

whereas cytokinins as high as 2.2 pmol mg-1 chl-a were

accumulated in the biomass. We could detect and quantify

only cZ and tZ from Synechocystis sp. Ck5. Filamentous

strains, Oscillatoria sp. Ck2 and Phormidium sp. Ck3,

retained maximum cytokinins in the tissues instead of

secreting to the culture media during 3 weeks time. Three

cytokinin kinds, cZ, tZ, and ZR, were detected and quan-

tified in Oscillatoria sp. Ck2 and Phormidium sp. Ck3

(Table 7). ZR was the most abundant cytokinins type in

Oscillatoria sp. Ck2 ranging between 57% of the total

exogenous cytokinins and 60% of the total endogenous

cytokinins (Fig. 3). Although Phormidium sp. Ck3 was

able to synthesis ZR, its amount was below detection limit

in the culture after 3 weeks of incubation (Table 7). Major

cytokinins in Phormidium sp. Ck3 was cis isomer of zeatin

(Table 7). Anabaena sp. Ck1 synthesized tZ, ZR, and DHZ

but no cZ was detected under the optimized conditions.

IAA was synthesized by all five strains in the presence of

tryptophan. Anabaena sp. Ck1 was able to accumulate and

secrete high amount IAA. Endogenous IAA in Anabaena

sp. Ck1 was 43.43 pmol mg-1 chl-a, whereas exogenous

IAA was 35.1 pmol mg-1 chl-a. IAA secreted to the

culture media was higher than endogenous IAA after

incubation of period of 3 weeks in Chroococcidiopsis

Ck4 and Synechocystis Ck5 (Table 7). However in

Oscillatoria Ck2, endogenous IAA concentration was

slightly higher (17.3 pmol mg-1 chl-a) than exogenous

IAA (12.8 pmol mg-1 chl-a).

Discussion

Cyanobacteria are capable to synthesis almost all classes of

phytohormones, auxins, cytokinins, gibberellins, abscisic

acid, ethylene, and jasmonates [13]. A simple and rapid

screening method for cytokinin-like activity in cyanobac-

teria based on transferring cytokinins to the membrane and

its assay is reported. Cytokinins accumulated and released

by the isolates were assayed. Greening in cucumber

Table 4 Optimized MS conditions for each of the analyzed cytokinin and IAA

Cytokinin Scan mode Retention time Transition CV (V) CE (eV) DT (s)

cZ ? 3.57 220.1 [ 136.1 22 17 0.07

tZ ? 3.11 220.1 [ 136.1 22 17 0.07

[2H5] tZ ? 3.12 225.1 [ 137 24 17 0.07

ZR ? 3.9 353.2 [ 220.1 30 19 0.18

[2H3] DHZR ? 4.3 357.1 [ 225 24 22 0.07

DHZ ? 3.45 222.1 [ 136.1 32 21 0.07

ZOG ? 2.46 382.2 [ 220.1 30 22 0.13

IAA - 2.18 176.1 [ 130 -13 – –

[2H5] IAA - 2.19 178.1 [ 132 -14 – –

CV cone voltage, CE collision energy, DT dwell time

Table 5 Matrix effect on the recoveries of different phytohormones

and their LOD recoveries were calculated by spiking the diluted

cyanobacterial extracts with standard solutions to reconstitute the

concentrations of phytohormones in original extracts

Cytokinin LOD

(fmol)

% Recovery

Standards Cyanobacterial

matrix

Supernatant

cZ 2.5 83 ± 8 51 ± 5 62 ± 6

tZ 2.5 87 ± 10 55 ± 6 63 ± 8

ZR 10 71 ± 7 44 ± 3 50 ± 4

DHZ 2.5 73 ± 6 41 ± 4 51 ± 5

ZOG 10 70 ± 7 39 ± 5 47 ± 6

IAA 5 88 ± 11 51 ± 5 68 ± 7

A. Hussain et al.: Rapid Determination of Cytokinins and Auxin in Cyanobacteria

123



cotyledons (D/D0) was significantly correlated (r = 0.903;

P = 0.05) to cytokinins released by the cyanobacteria

demonstrating the efficiency of the assay system for

screening cyanobacteria. Along with bioassay specific for

cytokinins ARR5::GUS also offered a good system to

screen for cytokinins [17]. This system was optimized to

assay cytokinins produced by cyanobacteria in plant tissues

for the first time.

Despite of numerous reports about cytokinins and aux-

ins-like activity in cyanobacteria [9, 20, 22], literature

available on the direct determination of the phytohormones

particularly cytokinins is limited to a few publications. For

instance, the GC–MS approach was used to detect iso-

pentenyl adenine (iP) in Arthronema africanum [21].

However, the authors did not determine cytokinin con-

centration in the strain. For IAA determination colorimetric

assay and chromatographic method (GC/MS) are routinely

used. Here we report a high-throughput method for

simultaneous determination of cytokinins and IAA in

cyanobacterial culture media as well as in their biomass.

Bieleski buffer was found more efficient to extract both

IAA and cytokinins from tissues as well as culture medium

as compared to 80% EtOH which is routinely used to

extract cytokinins from cyanobacteria [21]. Mixed mode

SPE columns (HR-XC) were found superior over SCX

(strong cation exchange column) for cytokinins and IAA

purification. UPLC columns using small particles (1.7 lm)

offers high resolution over conventional HPLC column due

to high column pressure up to 1000 bar [25]. Chroococ-

cidiopsis Ck4 was found to be the most efficient cytokinin-

producing strain (Table 2). Cytokinin-like activity was

previously demonstrated in Chroococcidiopsis sp by

Banerjee and Sarkar [3] by using in vitro culture technique.

Phormidium, Oscillatoria, and Anabaena were also

screened positive for cytokinins-like activity [22, 28].

Nevertheless, quantitative data of the cytokinins profile for

the strains is missing. The accumulation and release of tZ,

cZ, and ZR was proved for the first time in these strains.

Fig. 2 MRM monitoring (showing 4 selected channels of total 13)

chromatogram of ZOG, DHZR, ZR, cZ, and tZ accumulated by

Chroococcidiopsis sp. Ck4; Biomass (100 mg FW) was homogenized

in Bieleski 1 ml buffer, re-extracted, purified by SPE (MCX) column,

and subjected to UPLC–ESI ± MS/MS

Table 6 Total amount of cytokinin and percent recoveries of internal standards determined in cyanobacterial extract obtained by four different

methods

Pmol mg-1 chl-a and recovery (%)

80% EtOH Bieleski buffer

SCX HR-XC SCX HR-XC

Cytokinin 5.92 ± 0.84 (57%) 6.07 ± 0.76 (65%) 6.11 ± 0.78 (70%) 6.39 ± 0.81 (76%)

IAA 15.6 ± 2.31 (52%) 16.4 ± 1.44 (62%) 16.33 ± 3.11 (75%) 17.88 ± 2.45 (78%)

SCX strong cation exchanger, HR-XC mixed mode SPE phase
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Previously cytokinins were reported in culture liquid of

Anabaena and putative cytokinin gene, the ipt, was iden-

tified in Synechocystis [23, 28]. We were able to deter-

mined three different species of cytokinins in Anabaena

Sp. Ck1, Oscillatoria sp. Ck2, and Phormidium sp. Ck3.

Our result confirmed the presence of tZ and cZ in Syn-

echocystis culture. Contrary to previous reports [15, 24],

we were able to determine DHZR-type cytokinin in two

cyanobacterial strains including Anabaena sp. Ck1 and

Chroococcidiopsis sp. Ck4 with ZOG documented in the

later strain. DHZR made up a large proportion (22–55%) of

the cytokinin complement in the two cyanobacterial strains

tested. Some strains for instance Chroococcidiopsis sp.

Ck4 and Synechocystis sp. Ck5 released more amounts of

cytokinins and IAA rather that accumulating them, while

the rest of the strains showed the opposite behavior.

Sergeeva et al. [19] demonstrated the accumulation of IAA

in a number of free living and symbiotic cyanobacteria by

using GC/MS. They also reported that the amount of IAA

retained in cyanobacterial biomass was greater than the

exogenous IAA. IAA was determined in all strains by

colorimetric as well as chromatographic method; however,

colorimetric method using Salkowski reagent resulted in

overestimation of IAA. It was reported earlier that Sal-

kowski reagent may also react with some indolic com-

pounds and intermediates of IAA pathway [7]. Another

factor adding to the problem is difference of sensitivity

between the two techniques. UPLC–ESI–MS/MS offers

greater sensitivity over colorimetric method and is highly

accurate due to the use of internal standards [10]. Among

the selected strains Anabaena sp. Ck1 was the major IAA-

producing species followed by Synechocystis sp. Ck5. IAA

or IAA-like activity has been reported in the culture of

Oscillatoria, Anabaena, Synechocystis, and Phormidium

[19, 24, 28, 29]. However, to our knowledge there is no

report of IAA production by Chroococcidiopsis. The con-

centration of IAA documented earlier by using GC/MS

approach ranged between 0.7 and 67 pmol mg-1 chl-a in

different strains of Nostoc [19]. Our results regarding IAA

quantification are in close agreement with them. These

results demonstrate that cyanobacteria produce IAA and

several classes of cytokinins. UPLC coupled with MS/MS

via electrospray ionization and SPE offer a rapid method

for their simultaneous determination. This newly devel-

oped approach has enabled us to simultaneously analyze

phytohormones (cytokinins and IAA) in cyanobacterial

cultures with greater accuracy and reproducibility which

Table 7 Cytokinin and IAA (pmol mg-1 chl-a) determined by UPLC–ESI–MS/MS in selected cyanobacterial strains grown for 3 weeks in

BG11 medium at 25 ± 1 under fluorescent lamps at 18 lmol photons m-2 s-1

Pmol mg-1 Chl-a

tZ cZ ZR DHZR ZOG IAA

Anabaena sp. Ck1

R 1.43 ± 0.11 – 2.01 ± 0.25 3.36 ± 0.23 – 35.1 ± 4.05

A 1.07 ± 0.1 – 1.67 ± 0.12 3.33 ± 0.3 – 43.43 ± 3.2

Oscillatoria sp. Ck2

R 0.1 ± 0.01 0.23 ± 0.02 0.44 ± 0.03 – – 12.8 ± 1.2

A 0.90 ± 0.07 1.59 ± 0.1 3.89 ± 0.2 – – 17.3 ± 1.4

Phormidium sp. Ck3

R 2.53 ± 0.21 2.3 ± 0.23 – – – 5.2 ± 0.61

A 2.79 ± 0.3 3.9 ± 0.42 1.49 ± 0.11 – – 5.9 ± 1.2

Chroococcidiopsis sp. Ck4

R 5.86 ± 0.4 6.24 ± 0.38 4.93 ± 0.2 4.87 ± 0.32 – 17.5 ± 1.1

A 4.29 ± 0.3 5.3 ± 0.42 2.12 ± 0.11 4.1 ± 0.3 1.41 ± 0 15.3 ± 1.2

Synechocystis sp. Ck5

R 1.06 ± 0.1 3.4 ± 0.22 – – – 22.3 ± 3.2

A 0.7 ± 0.05 1.5 ± 0.08 – – – 12.5 ± 1.2

R released, A accumulated

R= released; A= Accumulated

0%
20%
40%
60%
80%

100%

R A R A R A R A R A

Ck1 Ck2 Ck3 Ck4 Ck5

ZOG DHZR ZR cZ tZ

Fig. 3 Percentage of different group of cytokinin in cyanobacterial

strains
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may be useful for studying mode of action and metabolism

of these compounds in cyanobacteria.
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