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SUMMARY 

Environment deterioration assessment is necessary to maintain and preserve 

natural ecosystems through targeting and answering the problem areas of priority 

concerns. Growing industrialization and poor management of heavy metals loaded 

industrial discharges has resulted in development of non-arable lands around immediate 

surroundings of industrial units in Pakistan. This transformation of healthy agricultural 

areas to barren lands highlights effects of recalcitrant pollutants on soil biogeochemical 

transformations. Since the soil microbiota provide necessary machinery to regulate 

biogeochemical cycles, thus studying potential activities of bacteria from chronically 

metals contaminated soils would generate important information regarding soil health 

status, bioremediating such soils and maintaining nutrient balance therein. Agricultural 

rehabilitation of contaminated soils, may thus be achieved by suitable strategies. 

The present investigation regarding screening of carbon and nitrogen cycle 

bacteria refers exclusively to the city Kasur tanneries effluents’ influenced area which 

had chronic exposure of chromium. Twenty eight cellulolytic, twenty five nitrogen fixing 

and twenty denitrifying bacteria were isolated from different depths (20 to 60 cm) of the 

chromium contaminated land area on selective media designated as M-I, M-II and M-IV, 

respectively. Screening of these isolates for chromium resistance on Cr(VI) amended 

nutrient agar plates revealed that all the isolates could resist 100 µg/ml of Cr(VI) as 

K2CrO4, while majority (64%) of them were resistant against 500 µg/ml of Cr(VI). 

Chromium amended nutrient broths supported bacterial survival even at higher Cr(VI) 

concentrations as compared to nutrient agar and manifested growths of cellulolytic, 

nitrogen fixing and denitrifying bacterial isolates even at concentrations 1850, 1600 and 

1600 µg/ml with MICs upto 1900, 1650 and 1650 µg/ml of Cr(VI), respectively.   These 

bacterial isolates were also found resistant against other heavy metals with MICs ranging 

1100 to1250, 850 to 1050 and 1050-1250 ppm of Pb, 40 to 65, 40 to 65 and 40-70 ppm of 

Hg and 600 to 800, 700 to 850 and 650-1050 ppm of Cu against cellulolytic, nitrogen 

fixing and denitrifying bacterial isolates, respectively. Considerable fraction of 

denitrifiers (40%) showed complete reduction of 50 µg/ml of Cr(VI) within 48 hrs of 
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incubation at 37°C as compared to the chromium reducing cellulolytic (14%) and 

nitrogen fixing(20%) bacterial isolates.  

 The cellulolytic, nitrogen fixing as well as denitrifying microbial communities of 

the sampled soils were dominated by genus Bacillus. Major diversity was found in 

nitrogen fixing bacterial isolates which belonged to four different genera Bacillus, 

Paenibacillus, Corynebacterium and Pseudomonas as compared to cellulolytic and 

denitrifying bacterial communities represented by Bacillus, Pseudomonas and Listeria, 

and Bacillus, Corynebacterium and Pseudomonas, respectively. Majority of the 

cellulolytic bacterial isolates were found inhabitants of 20 cm soil depth while 40 and 60 

cm depths were the preferred zones for the nitrogen fixing and denitrifying bacteria, 

respectively.  

During the preliminary screening for cellulolysis, 18% of the isolates lost 

cellulase activity while 29% retained above 50% of their cellulase activity following 

exposure to 50µg/ml of Cr(VI).  Five of the cellulolytic isolates ASK11, ASK12, ASK13, 

ASK15 and ASK16 exhibited prominent cellulose hydrolysis zones (11.96-20.46mm) on 

M-I agar as well as  retained/stimulated cellulase activity in presence of 50µg/ml of 

Cr(VI). These bacterial isolates  showed chromium resistances upto 1850 and 500 µg of 

Cr(VI)/ml nutrient broth and agar media, respectively. Cr(VI) reduction potential of the 

cellulolytic bacteria as well as cellulase yields were optimized in presence of 10µg 

Cr(VI) mL-1. These isolates were identified as B.amyloliquefaciens-ASK11, 

B.amyloliquefaciens-ASK12, B. cereus-ASK13, B. cereus-ASK15 and B. cereus-ASK16 

and their sequences were submitted to NCBI gene bank under the accession numbers 

KC527054, KC527055, KC527056, KF256130 and KF256131, respectively. 

Of the nitrogen fixing bacteria, only 24 % of the isolates could retain more than 

50% of their nitrogenase activity (C2H2/ml/hr). While 14 isolates (56 %) could express 

only 26% of their nitrogenase activity and 20% of the isolates completely lost  the 

enzyme activity when exposed to 50µg/ml of Cr(VI). Thus five nitrogen fixing isolates, 

ASNt10, ASNt11, ASNF3, ASNF3A and ASNS13 were selected for optimization of 

nitrogenase yield optima on the basis of upholding nitrogenase activity from---to 

2.25nmol C2H2/ml/hr in the presence of chromium. Highest chromium resistances of 
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1650 and 500 µg of Cr(VI) mL-1 in nutrient broth and agar media, respectively as well as 

their 100% Cr(VI) reduction potentialnof the select nitrogen fixer make them worthy for 

study. These isolates were also capable of producing indole acetic acid( 14-141 µg/ml). 

They were identified as Paenibacillus barcinonensis-ASNt10, B.cereus-ASNt11, B. 

megaterium-ASNF3, Corynebacterium varibile-ASNF3A and B. megaterium-ASNS13 

and allotted accession numbers KC512769, KC527059, KC527057, KC527058 and 

KF256129, respectively. 

Assessment of denitrification in nitrate containing broths showed that 

denitrification restricted to nitrate reduction was found only in 15% of the denitrifying 

community. Owing to highest chromium resistances of 1650 and 500 µg of Cr(VI) mL-1 

in nutrient broth and agar media, respectively as well as 100% Cr(VI) reduction potential 

while sustaining their denitrification ability in the presence of 50µg/ml of Cr(VI) , two 

denitrifying bacterial isolates ASDT1A and ASDS9 were selected for further studies and 

identified as B.subtilis-ASDT1A and B.cereus-ASDS9. These isolates were given 

accession numbers KC527060 and KF256128, respectively. 

The isolate B. amyloliquefaciens-ASK11, B. amyloliquefaciens-ASK12 and 

Bacillus cereus-ASK13, Bacillus cereus-ASK15 and Bacillus cereus-ASK16 showed 

20.23, 6.39, 11.29, 15.62 and 3.43 U/mL of cellulase in optimized media in the presence 

of 10µg of Cr(VI) mL-1. These cellulase yields were achieved by cultivating 10% inocula 

of B. amyloliquefaciens-ASK11and Bacillus cereus-ASK13 at 7 pH (28ºC) while 5% 

inocula of Bacillus cereus-ASK15 and Bacillus cereus-ASK16 and 10% of B. 

amyloliquefaciens-ASK12 at pH 5 following incubations at 28, 37 and 50ºC, 

respectively, with aeration at 120rpm for 96hrs. Nutrient components for optimized 

cellulase activity were galactose and lactose as c-supplement while peptone, urea and 

yeast extract as nitrogen source. Inhibitory relation between increasing chromium 

concentrations and the cellulolytic activity could permit the isolates B. 

amyloliquefaciens-ASK11, B. amyloliquefaciens-ASK12, Bacillus cereus-ASK13, B. 

cereus-ASK15 and B. cereus-ASK16 to express 1.09, 0.92 and 0.21, 0.23 and 0.23 U mL-

1 of cellulase, respectively, under 1000 µg of Cr (VI) mL-1 at their cellulase yield optima. 

However, at enzyme yield optima increments of 5.4, 3.1, 2.7, 0.81 and 2 folds in 

comparison to initial cellulase production were recorded for B. amyloliquefaciens-
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ASK11, B. amyloliquefaciens-ASK12, Bacillus cereus-ASK13, B. cereus-ASK15 and B. 

cereus-ASK16, respectively in the presence of 50µg/ml of Cr (VI)   

The nitrogen fixing bacteria were optimized for their nitrogenase production 

while cultivating in N-free medium. Nitrogenase activity of Paenibacillus barcinonensis-

ASNt10, Bacillus cereus-ASNt11, Corynebacterium variabile-ASNF3A and Bacillus 

megaterium-ASNS13 were recorded upto 175, 204, 302 and 138 nmol of C2H4/ml/hr 

after an incubation period of 30 days at their respective nitrogenase yield optima in 

presence of 10µg/ml of Cr(VI). While Bacillus megaterium-ASNF3 expressed highest 

nitrogenase activity upto 486 nmol of C2H4/ml/hr, after 40 days when it was optimally 

cultured in growth medium at neutral pH and 30ºC. Galactose was found the best carbon 

source for high nitrogenase yield for Bacillus megaterium-ASNF3, while mannitol 

stimulated nitrogenase activity in Paenibacillus barcinonensis-ASNt10, Bacillus cereus-

ASNt11 and Corynebacterium variabile-ASNF3A. Carbon substitution did not affect 

nitrogenase yields of Bacillus megaterium-ASNS13 positively,  it expressed best with the 

glucose. Chromium concentrations of 50 and 100µg/ml stimulated nitrogenase activities 

of nitrogen fixing bacteria, where B. megaterium-ASNF3 proved best with upto 3 fold 

increment, while 1.3 fold increase was observed for Corynebacterium variabile-ASNF3A 

as compared to control medium.    

Denitrifying bacteria B.subtilis-ASDT1a and B. cereus-ASDS9 completely 

reduced 1mg/l of nitrate when were cultivated in slightly alkaline M-IV broth following 

an incubation period of 48hrs at 37°C under anaerobic conditions. However, at higher 

nitrate concentration (15mg/ml) B.subtilis-ASDT1a could only reduce 60% of the nitrate 

after 144 hrs with concomitant accumulation of nitrite in comparison to B. cereus-ASDS9 

which completely denitrified the medium after 48hrs at their respective denitrification 

optima. B. cereus-ASDS9 also reduced NO3
-1 and Cr(VI) simultaneously as co-

contaminants though increasing Cr(VI) to 20mg/l inhibited 50 % of the nitrate reduction 

with slight accumulation(0.56mg/l) of nitrite. Scale up exploitation of B. cereus-ASDS9 

in a H2-based membrane biofilm reactor showed that the bacterium could only reduce 

chomate and nitrate when organic electron donor (yeast extract) was provided which 

resulted in 94% and 22% reductions of  nitrate and chromium at an effluent flow rate of 

1ml/min and a hydrolic retention time(HRT) of 55mins in bioreactor in comparison to no 
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at all with molecular H2 as electron donor. Lowering the chromium loads to 50% of its 

initial concentration enhanced the nitrate reduction due to alleviation of chromium toxic 

effects on biomass (16SrRNA gene) as well as higher expression of nirS genes. 

Exploiting cellulolytic and nitrogen fixing potentials of B.amyloliquefaciens-

ASK11 B.megaterium-ASNF3, respectively for bioremediation of experimentally 

chromium contaminated(1000µg/ml) soils in various treatment conditions revealed 

maximum chromium reduction of 93% by the B.amyloliquefaciens-ASK11 followed by 

89% reduction in soils inoculated with co-culture of B.amyloliquefaciens-ASK11 and 

B.megaterium-ASNF3 when supplemented with M-VIII medium containing carbon and 

nitrogen source for enzymes’ yield optima. While the isolate B.megaterium-ASNF3 could 

reduce upto 86% of Cr(VI), following two months incubation in soil enriched with 

optimal medium. B. amyloliquefaciens-ASK11 and B. megaterium-ASNF3 and their co-

culture even reduced upto 84% of the Cr(VI) without the nutrient medium 

supplementation. Although cellulolytic and N2 fixing abilities decreased significantly in 

the presence of 1000ppm Cr(VI), but the information declares potential candidature of 

these bacteria for rejuvenating carbon and nitrogen cycles together Cr(VI) metal 

reduction in contaminated soils. 

Agricultural rehabilitation potential of the bacteria reported above for chromium 

contaminated soils not only attained growth of the plants compareable to the intact 

control soils rather expressed improvements in the growth yields of wheat seedlings. 

Nutrient supplied and co-inoculated with B. amyloliquefaciens-ASK11 and B. 

megaterium-ASNF3 soils promoted root development upto 3.7±0.08 cm of 10 day old 

wheat seedlings, which was 25 and 95% higher than the intact and chromium amended 

controls, respectively. Nutrient supplemented B. amyloliquefaciens-ASK11 treated soils 

gave lower values of growth variables as compared to their nutrient non-added soil. 

While inverse was the case for B. megaterium-ASNF3 treated soils. Similar inverse 

relation was recorded for significant enhancement in growth yields of wheat in case of B. 

amyloliquefaciens-ASK11 treated plus autoclaved soil. While in case of B. megaterium-

ASNF3 higher plant growth required presence of alive bacteria. However, highest metal 

tolerance index (134.02±3.14), seed vigour (1156±13.62) and chlorophyll a content 

(4.56mg/g) were recorded for the wheat grown in soilnutrient added and co-cultured. 
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These reported bacteria proved qualify for biotechnological tools for 

rehabilitation and bioremediating chromium contaminated (agricultural) lands with 

concomitant forward gearing of C and N-cycle. Applications of B. amyloliquefaciens-

ASK11 and B. megaterium-ASNF3 in selected situations might render metals’ especially 

chromium laden soils arable with biofertility premium too. 
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CHAPTER 1  

INTRODUCTION 

           Over the period of few centuries economic development had necessitated 

industrial processing of various raw materials to refined products. In this race, the 

developing countries entered without/ineffective legislation framework for controlling 

industrial pollution and keeping the environment safe from allied deteriorative effects. 

Consequently, large land areas especially those adjoining industrial sectors had been 

exposed to different recalcitrant pollutants.  Various industrial proliferations in parallel to 

rapid urbanization have posed a serious situation regarding environmental health and 

contributed to the spread of heavy metals in terrestrial and aquatic environments. Owing 

to long term deposition of heavy metals containing effluents, the effected land areas have 

transformed into non-arable lands. Agricultural activities on such lands may result in 

bioaccumulation of toxic metals in food chain. Heavy metals’ generated pollution is an 

emerging environmental deterioration factor. Detrimental effects of the contaminants 

over vast area of  agricultural lands of the world make it a high attention seeking matter, 

particularly in developing countries where major economy is based on agricultural 

products (Moffat, 1999; Zayed and Terry, 2003;  Sinha et al., 2006;  Jamali et al., 2007). 

For these reasons the European Union based on the known effects of these elements on 

plant uptake and animal health has set limits on the amounts of concerned elements 

permitted in soils (Giovannetti et al., 2001; Liang et al., 2012; Saygideger et al., 2013). 

Disturbances of naturally occurring cleaning processes of pollutant recipient 

environments due to high accumulation of heavy metals have furthered the substantial 

threat to agro-ecosystems. 

Wide industrial applications of chromium in textile, leather tanning, metal 

finishing and inorganic chemicals’ manufacturing result into discharges of chromium 

loaded effluents in immediate land areas. The environmental as well as public health 

concerns have made the metal contaminations a highly attention seeking problem (Zayed 

and Terry, 2003). Improper disposal, leakage and poor legislation have made chromium 
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one of the most frequent contaminant at waste disposal sites. Contamination of soil, 

surface and ground water with chromium has been reported in many studies (DEFRA, 

2002; Krishna et al., 2005). Stable and thus commonly occurring oxidation states of Cr 

are trivalent Cr(III) and hexavalent Cr(VI) species (Kotas and Stasicka, 2000). 

Hexavalent chromium is the most toxic one because it has a high oxidizing potential, 

solubility and mobility across membranes in the living organisms and through the 

environment (Cieslak-Golonka, 1995; Marques et al., 1998; Gheju, 2005; Azmat and 

Javed, 2011). While, Cr(III) being water insoluble is much less toxic (Shanker et al., 

2005) and usually precipitates as hydroxides (Rai et al., 1987; Gheju, 2005; Gheju, 

2009). Hexavalent chromium Cr(VI) being carcinogenic and mutagenic is highly toxic to 

environment having detrimental effects on several organs and tissues, where it promotes 

the formation of reactive oxygen species which causes damage to DNA that may lead to 

lung (Dong et al., 2007; Soghoian and Sinert, 2008) liver and kidney cancers (Zayed and 

Terry, 2003; Dong et al., 2007; Peralta-Videa et al., 2009). In addition skin contact can 

produce allergies, dermatitis and necrosis (Kotas and Stasicka, 2000). Entry port of 

chromium in humans is either through inhalation of dust, direct ingestion of soils or 

consumption of plants food grown in the metal contaminated soil (Hawley, 1985; Canbra 

et al., 1999; Dudeka and Miller, 1999). 

Heavy metals affect plant yields directly through interference with various 

physiological processes including photosynthesis, metabolic activities, protein and 

carbohydrate synthesis as well as inhibiting antioxidant enzymes under varying 

concentrations (Wani et al., 2006; Noreiga et al., 2007; Feng et al., 2010). Retardation in 

nodulation time and number, root hairs and plant dry matter due to metal toxicity have 

also been reported. These destruction limit the plant’s absoption capacity (Karpiscale et 

al., 2001; Reiman, 2007). While accumulation of heavy metals in vegetables may be a 

direct threat to the human health (Turkdogan et al., 2003; Damek-Poprawa and Sawicka-

Kapusta, 2003; Ejaz ul et al., 2006). 

Chromium contaminations rise in urban lands where industrial effluents and 

wastewaters are applied for irrigating purposes and pose serious challenges regarding 
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toxicity to plants growing in it. (Shanker et al., 2005; Lopez-Luna et al.,2009; Mushtaq 

and Khan, 2010).  

Soil, the platform of terrestrial ecosystems is a dynamic living matrix with 

microbiota as major living component (Corstanje et al., 2007). Microbes play a 

significant role in creating and maintaining soil quality where they regulate inorganic as 

well as organic matters’ dynamics influencing carbon levels, mineralization, nutrient 

cycling and physical structure. These processes make soil a significant resource not only 

for agricultural production but also for maintenance of the associated life (Arias et al., 

2005). However, soils may suffer fertility loses due to depletion of soil nutrients under 

drastic effects of heavy metals on soil microbiota (Wani and Khan, 2010; Krujatz et al., 

2011). It is commonly accepted that toxic metals, their chemical derivatives, metalloids 

and organometals can have significant effects on microbial populations, and under toxic 

conditions more or less every index of microbial activity can be affected (Giller et al., 

1998; Violante et al., 2008; Gadd, 2009). Soils receiving chromium loaded effluents from 

industries are polluted heavily with chromium exerting stress on microbial community of 

the soil (Wyszkowska et al., 2008). Long term exposure of soil to chromium stress has 

been reported to affect its various physical, biochemical as well as microbial properties 

with immediate shifts in soil microbiota which sustain biogeochemical cycles for 

ecological nutrient balance. Diversified structural and fuctional changes have been 

observed in the soil microbial communities exposed to heavy metal loaded effluents 

(Giller et al., 1998; Linton et al., 2007; Desai et al., 2009). Deleterious effects of the 

heavy metals on microbes reduce soil fertility and hence crop yields (Broos et al., 2005).  

Carbon entering the soil as cellulose is released into the atmosphere in the terms 

of methane and carbon dioxide .The latter gaseous carbon source is recycled into plant 

material the most abundant bioresource. Thus cellulose (plant organic material) 

decomposition is of particular concern to biogeochemical cycling of carbon and 

represents a major carbon flow (Berner et al., 2008). Cellulosic material is attacked by 

many species of bacteria and fungi. The initial enzymatic attack is by cellulases which 

split this long-chain polymer of glucose into dimer of glucose, the cellobiose. Cellobiose, 
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in turn splits into glucose by the catabolic action of  enzyme β-glucosidase which is 

metabolized readily by many microorganisms (Schwarz, 2001).  

Nitrogen fixing bacteria are central to the nitrogen cycle, as they are major 

contributers to soil N input. Organisms depend upon the availability of this nutrient for 

synthesis of different macromolecules as amino acids/proteins, DNA as well as 

chlorophyll contents. Whenever nitrogen cycle comes under stress corresponding 

nitrogen nitrogen flow is disturbed. Change (1982) reported inhibition of N- 

mineralization under heavy metal exposure. Among the different heavy metals affecting 

nitrogen flow, chromium has been found highly toxic to nitrogen fixing and nitrifying 

community (Ye et al., 2005). Since the nitrogen fixing rhizospheric bacteria build up a 

bridge between soil and plants, thus  control the biological activities of this zone and 

stabilize the nutrient flow. While heavy metal stress might render the microbial 

community to its low profile. For example, Viti and Giovannetti (2001) reported absence 

of nitrogen fixing community from soils contaminated with chromium. A negative 

correlation between metal and nitrogen fixing bacteria explains the importance of 

controlling chromium contamination and exploring the metal the metal resistant 

indigenous bacterial groups (Prasad et al., 2012). The latter notion is important for 

seeking soil remediational measures in select metal exposed soils. Microbes capable of 

successful survival under heavy metal stresses are well documented, For instance, 

Sobolev and Begonia (2008) and Wyszkowska et al. (2001) reported that ammonia 

oxidizing bacteria could withstand and proliferate in the presence of heavy metal loads. 

Soil quality evaluated through its biochemical properties enlists microbial growth 

and absorbance of nutrients by hydrolytic enzymes. Such information are important for 

determining agricultural capacity of soil (Gil-Sotres et al., 2005). Estimation of microbial 

biomass, number of cultivable microorganisms and specific enzymatic activities have 

remained major parameters for assessment of heavy metal stressed soils’ biological 

potential. Thus microbially mediated processes have been suggested as bioindicators of 

metal pollution. Changing soil conditions must beconsidered while evaluating ecological 

impacts of metal pollutants (Giller et al., 1998; Oliveira and Pampulha, 2006).  
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Microbial enzymes are basic elements of nutrient cycling, while being protein in 

nature they are likely to be inactivated under hostile conditions. Various recalcitrant 

pollutants alter characteristics of soil including disturbances in biogeochemical cycles 

geared by microbial enzymes.  Heavy metals are persistent toxins which impede 

microbial activities more severely and inhibit their enzymes activities (Thavamani et al., 

2011). Soil enzyme activities are considered to be one of the very sensitive indicators of 

heavy metals pollution as they respond immediately against even minor changes in the 

soil characteristics influencing soil fertility and stability. Heavy metals disturb microbial 

metabolic pathways reducing substrate catalysis by intruding various enzyme action 

routes either competing for natural ions involve in enzyme-substrate complex or affecting 

enzyme synthesis( (Kurladze, 2008). Different enzymes studied so far as bioindicators of 

heavy metals toxicity include dehydrogenases, cellulases, glucosidases, phosphatases and 

ureases. Oxidizers of organic carbon,i-e., dehydrogenases are most sensitive toxicity 

evaluation parameter and represent viable functional microbes as theenzyme is involved 

in electron transport systems of oxygen metabolism (Dick, 1997; Shen et al., 2005). β-

glucosidases degrade cellulose for providing energy in form of glucose for soil biomass 

maintenance (Pinzon et al., 2008). Phosphatase and urease are quality indicator because 

they fluctuates under environmental stress (Yang et al., 2006; Martinez-Salgado et al., 

2010; Motor and Gobel, 2000; Duineveld et al., 2001;  Pfaffl and Hageleit, 2001; Whitby 

et al., 2001; Sheik et al., 2012). Cellulases play an important role in carbon availability 

which could be used to give a preliminary indication of some of the physicochemical 

properties of soil, thus, easing agricultural soil management strategies (Ndakidemi and 

Makoi, 2008). Among the different enzymes involve in the carbon cycling in soil, b-

glucosidase is most widely studied for quality evaluation of soils subjected to different 

management procedures which lead to the conclusion that b-glucosidase is a good 

indicator of soil quality for agricultural practices (Saviozzi et al., 2001). 

The process of denitrification, completes the N-cycle by removing nitrogen 

contents from ecosystems. Biological denitrification is a dissimilatory process where 

oxidized nitrogen compounds (NO3
 − and NO2 −) are used as alternative electron 

acceptors for energy production. It is ubiquitous phenomenon in soils and sequentially 

remove nitrogen oxides by reduction mechanism passing through various oxidized forms 
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of nitrite, nitric oxide, nitrous oxide and finally to nitrogen involving different enzymes 

for each particular reduction step (Zumft, 1997). In marine coastal sediments, 40 to 50% 

of external inputs of dissolved inorganic nitrogen are removed by denitrification 

(Seitzinger, 1990) This dissimilatory reduction is a facultative trait of bacteria (Tiedje, 

1988; Zumft, 1992). Any stress on either part of N cycle would disturb all components 

involved in its cycling. Since nitrate is a terminal electron acceptor for anaerobic 

respiration, a competitive phenomenon in the presence of other electron acceptors could 

change the rate of denitrification (Viamajala et al., 2002; Middleton et al., 2003) Certain 

bacteria also respire Cr (VI) as an electron acceptor under anaerobic conditions. Thus 

denitrification could be affected in the areas contaminated with industrial effluents loaded 

with chromium.  It is generally believed that electron acceptors with higher reduction 

potentials are reduced first followed by those with low reduction potential (Zehnder et 

al., 1986). Thus oxygen is first to be reduced when nitrate is also present in same 

environment (Zehndu et al., 1986). Different attributes of nitrate and chromium when 

both are present as co-contaminant have been reported. For denitrifying bacteria, Cr (VI) 

could either employ toxic effects on nitrate reduction or it may interfere with its 

reduction. Middletone et al. (2003) reported inhibitory relation between Cr(VI) and 

nitrate reduction due to competitive selection of one electron acceptor over the other by 

Shewanella oneidensis MR-I. Chromium has previously been reported to enhance 

denitrification in sediments (Slater and Capone, 1984). In another study nitrate stimulated 

the chromium reduction in denitrifying consortia when the medium was supplied with 

molasses as organic carbon source (Oliver et al., 2003). However, these interactions are 

concentration dependent, as low levels of Cr (VI) and nitrate reduced both electron 

acceptors simultaneously (Konovalova et al., 2008). Thus efficient chromium resistant 

denitrifiers can be exploited for treatments of chromium and nitrate contaminated 

soils/wastewaters. 

Waste discharges containing nitrogenous compounds have attracted the attention 

towards nitrogen removal strategies due to particular problems of eutrophication 

(Seitzinger, 1988; Rouge et al., 1995). Advancement in biotechnologies has offered 

bacterial machinery with characteristic denitrifying capabilities for the nitrogenous waste 

management. Use of organic and inorganic electron donors such as agro industrial wastes 
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and H2-gas specify the relation between bioreductions of chromate and nitrate under same 

system (Vainshtein et al., 2003; Kourlev et al., 2009).  Hydrogen based membrane film 

bioreactor (MBfR) is one of the most advance technique for bioremoval of toxic 

pollutants (Lee and Rittmann, 2000; Rittmann and Nerenberg, 2004).  

Despite metal toxicity the selective pressure imposed upon microbial community 

favors proliferation of microbes that are tolerant/resistant to the stress (Diaz-Ravina and 

Baath, 1996; Hutchinson and Symington, 1997). Thus microbes grow and flourish in 

apparently metal polluted environments and bring about a shift in microbial community 

through selection/elimination of microbes (Avery 2001; Holden and Adams, 2003). A 

large number of chromium resistant/tolerant microbial genera have been reported to adapt 

various ways to endure harsh chromium contaminated environments. These methods 

include chromium biosorption, bioaccumulation and biotransformation of Cr (VI) to less 

toxic form Cr (III) (Megharag et al., 2003; Pal et al., 2005; Subramanian and Jayaraman 

et al., 2012).   

Metals’ toxicity generated problems might be addressed by chemical methods like 

chemical and electrochemical reductions, adsorption, precipitation and coagulation 

(Mukhopadhyay et al., 2007) while land excavation, filling, coagulation, soil washing 

and flushing and phytoremediation are frequently applied for soil remediation. However, 

most of the processes are costly and labour intensive to decontaminate a large land area 

from inorganic and heavy metal contamination (Yamamoto et al., 1993; Burns et al., 

1996). Resistance to varying levels of the metal and ability to reduce the more toxic form 

of chromium make a variety of microorganisms effective biological tools for controlling 

the contamination by detoxifying chromate polluted waste waters and soils (Shakoori and 

Makhdoom, 2000; Megharag et al., 2003; Rajkumar et al., 2005; Ahmed et al., 2005; 

Sultan and Hasnain, 2006). Owing to high efficacy and low cost, the bioremediation 

strategies have been advocated including studies which employed genetic potential of 

microorganisms originally isolated from the contaminated effluents’ exposed 

environment (Trajanovska et al., 1997; Thacker et al., 2006; Cetin et al., 2008; Martins et 

al., 2010). 
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Different ex-situ bioremediation efforts while amending the contaminated soils 

with rich organic contents or bacterial inoculations with potential capable of gearing C 

and N biogeochemical cycles together with chromium bio-reduction potentials have 

shown promising results (Losi and Frankenbergee, 1994; Jeyasingh and Philip, 2005; 

Reykumar et al, 2006; Khan et al., 2011). Various bacterial genera such as Acinetobacter, 

Arthrobacter, Azobacter, Bacillus, Enterobacter, Ochrobacter, Pannonibacter and 

Pseudomonas capable of chromium reduction under diverse environmental conditions 

have been reported (Zakaria et al., 2007; Chai et al., 2009; He et al., 2009; Castillo et al., 

2010; Elangovan et al., 2010; Kathiravan et al., 2011). The line of action has high 

likelihood of isolating microbial cultures which can successfully be augmented for 

remediating the contamination. Majority of the studies, however, addressing isolation of 

metals’ resistant microorganisms from polluted soils, depend on sampling from surface or 

certain depths (Bahig et al., 2008; Chihching et al., 2008; Karelova et al., 2011). While it 

is well known that microbial diversity and structure involved in different biogeochemical 

cycles vary along different soil depths (Firer et al., 2003; Eilers et al., 2012). It is 

pertinent here to note that deposition of a pollutant might had exaggerated the soil 

vertical physicochemical and thus microbiological variations. Therefore, it is important to 

study different depths of a given contaminated soil for isolation of particular bacteria of 

one’s interest.  

Kasur, is a small industrial city but by harboring more than 300 leather tanning 

industries represents a prominent tanning center of Pakistan. Vast land area around 400 

acers adjoining the leather tanning units in the city had been remained exposed to toxic 

chromium containing effluents. the exposed area had remained in the form of shallow 

ponds for about a half century receiving the industrial discharges. The study area 

representing 50% of the country’s tanneries have remained a focused research area due to 

chromium generated problems, ignorance and rough handling of industrial effluents. A 

large number of studies have been conducted till now with respect to chromium status in 

water and land areas, chromium toxicities in the animals and humans investigated 

through haematological and biological observations and bioremediational strategies 

(Ahsan, 2003; Tariq et al., 2005; Rehman et al., 2008). Utmost levels of chromium have 

been reported in soil of Kasur among peri-urban areas of different cities of Pakistan 
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probably due to preference of chrome tanning for leather processing and poor legislation 

for waste disposal (Tariq et al., 2005; Tariq et al., 2009; Iram et al., 2011).   The heavy 

metal content of the soil receiving effluents of the tanneries was reported to be far high 

upto 16.1mgKg-1 than the safe limits defined by the world health organizations (Tariq et 

al., 2008). The higher levels of chromium had disturbed the microbial community of the 

subject area soon after the tanneries started to contaminate their surroundings and 

revealed stress over acidobacteria and actenobacteria dominated by proteobacteria 

otherwise abundant part of pristine soil (Sheik et al., 2012). Pollutants destructive to 

cellulose degraders influence the carbon cycle negatively which can be indexed by 

measuring cellulolytic potential of contaminated soil. Soils polluted with heavy metals 

can be treated by stimulating endogenous microflora or by inoculating with suitable 

microbes capable of biogeochemical turnover in presence of the contaminant’s stress. 

The present study is first of its kind in the subject area and was aimed at isolating 

chromium resistant cellulolytic bacteria from the subject area and to evaluate their 

chromium reduction potential under different growth conditions. The study reports 

workable information for rehabilitation of the metal polluted agricultural lands as well as 

soil fertility management programmes select conditions. 

 Objectives of the present study were to isolate cellulolytic and nitrogen fixing and 

denitrifying bacteria from different soil depths that could be employed for detoxifying 

chromium contaminated environmentss which may escalate nutrient turnover in the 

contaminated areas and thus promote plants growths. Agricultural land bioremediation is 

essentially a new field responding to the emerging and rapidly increasing environmental 

health concern  

Objectives of the present study were: 

1. To isolate chromium resistant cellulolytic, nitrogen fixing and denitrifying 

bacteria from the study area.   

2. To study carbon and nitrogen turnover potential of the bacteria in presence of 

chromium. 
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3. To optimize nutrient components of the specific media to escalate cellulase 

and nitrogenase turnovers in presence of chromium 

4. To study simultaneous nitrate and Cr (VI) reduction potentials of bacteria. 

5. To study bioremediationa potential of select cellulolytic and nitrogen fixing 

bacteria for the chromium contaminated soils 

6. To study agricultural potential of chromium spiked soils treated with the 

select bacterial isolates by growing wheat seeds. 

7. To declare potential of select denitrifiers for Cr (VI) reduction in hydrogen 

based membrane film bioreactor for designing the wastewater treatment 

facility to be operated in a multistage system continuously 
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CHAPTER 2  

REVIEW OF LITERATURE 

 A large number of challenges appeared on the dawn of modern civilization 

following industrial revolution which have invaded the whole globe. One of the great 

concerns in this regard is environmental pollution generated by the industrial sectors. 

Over the period of few centuries economic development had necessitated industrial 

processing of various raw materials to refined products. In this race, the developing 

countries entered the race without/ineffective legislation framework for controlling 

industrial pollution and keeping the environment safe from allied deteriorative effects. 

Consequently, large land areas especially those adjoining industrial sectors have been 

exposed to different recalcitrant pollutants. Of the myriad of issues, a highly concerned 

problem is contamination of waters and soils with heavy metals (Carmody et al., 1973; 

Synder et al., 1997; Valdman et al., 2001). In this regard the present review is concerned 

with chromium pollution and bioremediation of the contaminated soil and water.  

Natural sources accounting for 30-40% of chromium in the environment include 

volcanic eruptions and erosion of soils and rocks, airborn sea salt particles and forest 

wildfires (Pacyna and Nriagu, 1988; Bielicka et al., 2005). Chromium contamination of 

air, water and soil had been reported by a large number of workers (Handa, 1988; 

Richard and Bourg, 1991; Seigneur and Constantinou, 1995; Kotas and Stasicka, 2000; 

Zayed and Terry, 2003). Various anthropogenic chromium sources adding to 

environmental deterioration include metallurgical industries, refractory brick production, 

electroplating, combustion of fuels, tanning industries, leather finishing, metal plating 

and cooling tower of water treatment plants. Consequently, 60-70% of the chromium 

contamination occurs due to the industrial discharges. The effluents loaded with hundreds 

mg/l of Cr (III) and Cr (VI) have lead to increased bioavailability of chromium and its 

mobility in the environment (Towill et al., 1978; Nariagu, 1988; Nariagu and Nieboer, 

1988; Seingneur and Constantinou, 1995; Kimbrough et al., 1999; Kotas and Stasicka, 

2000; Park et al., 2005). Chromium present in the fertilizers may be an important source 

for its presence in soil, water and some foods (Langard and Norseth, 1979). Owing to 

involvement of chromium in a vast industrial sector and subsequent contamination of air, 
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soil and water of affected zones tremendous amount of information covering its toxicity, 

recalcitrant nature and remediation measures is available in the literature. However, this 

review will surely cover only highly relevant parts pertaining to the present study. Thus 

the review discusses the subject matter according to the following subheadings: (1) 

Chromium and its environmental concern (2) Mechanisms of chromium toxicity (3) 

Bioaccumulation of chromium (4) Metal resistance in microorganisms (5). 

Bioremediation of chromium contaminations (6) Determination of soil health status 

toxicity (7) Solutions for the heavy metal toxicity (8) Study area and the problem (9) 

Focus of the present study. 

2.1 Chromium and its environmental concern 

Chromium in the crystalline form is a steel gray, lustrous hard metal (Towill et 

al., 1978;Ecological analyst, 1981; ATSDR, 1993). Four isotopes of chromium occur 

naturally—Cr-50 (4.3%), -52 (83.8%), -53 (9.6%), and -54 (2.4%) while seven are man-

made. Chromium can exist in oxidation states ranging from -2 to +6, but is most 

frequently found in environment in trivalent Cr+3 and hexavalent Cr+6 oxidation states. 

The Cr+3 and Cr+6 forms are the most important because the Cr+2, Cr+4 and Cr+5 species 

are unstable and are rapidly converted to Cr+3, which in turn is oxidized to Cr+6(Towill et 

al., 1978; Langard and Norseth, 1979; Ecological Analysts 1981). Thus the metal in all 

environmentally important compounds is either in Cr+3 or Cr+6 form. In biological 

materials it is in Cr+3 form and functions as an important element for the lipid, glucose 

and protein metabolisms. (Steven et al., 1976; Langard and Norseth, 1979; Anderson, 

2000). Hexavalent chromium easily passes through the biological membranes and is 100 

folds toxic than Cr(III) (Steven et al. 1976; Taylor and Parr 1978; Langard and Norseth 

1979; Shen and Wang, 1995). Being soluble and mobile Cr (VI) persists in the 

environment and becomes a matter of concern, especially when released 

anthropogenically. Chromium concentrations in non biological materials are elevated in 

the industrial areas and municipal waste treatment facilities (Steven et al., 1976; Snyder 

et al., 1977; Mayer et al., 1981; Bryan et al., 1983; Katz and Saleem, 1994).  

Chromium concentrations vary considerably in air and water of different sites 

depending on the different environmental situations. It has been reported that chromium 
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rarely exceeds the concentration of 10ng/m3 in non industrial area (National Academy of 

Sciences, 1980; Adriano, 1986 ; Nariagu, 1988; Talebi, 2003). Lowest concentrations (5-

16 pgCr/m3) have been observed over the south pole, although, average atmospheric 

concentrations range between 1ng/m3 to 10 ng/m3 in rural and urban areas, respectively. 

These variations depend on the intensity of industrial processes, proximity to the sources, 

the amount of the chromium released and metereological factors. Similarly, size of 

chromium particles vary considerably (particle diameter: 0.2-50μm) controlling their 

translocation in the atmosphere. The smallest particles can travel long distances and those 

with larger diameters are deposited locally. The size of particles also account for its wet 

precipitation, dry fallout from atmosphere and chromium toxicity (Nriagu et al., 1988; 

Friess, 1989; Kotas and Stasicka, 2000). Major natural chromium sources in water are 

through weathering of rocks and runoff from terrestrial systems. Higher concentrations of 

chromium have been reported for rivers than sea water, which may be due to discharge of 

chromium containing industrial effluents to rivers(Handa, 1988; Nriagu, 1988; Richard 

and Bourg., 1991 Beaublen et al., 1994)  Metal transportation is usually associated with 

suspended particles within aquatic systems. However, the transfer of metal within 

terrestrial and aquatic systems is affected by its oxidation states and their affinity to 

chemical and photochemical redox transformations, precipitations/dissolution and 

adsorption processes which in turn determine its biogeochemical cycling (Spokes and 

jicklles, 1995; Kotas and Stasicka, 2000). Relative amounts of Cr +6 and Cr+3 are 

dependent on oxygen concentration  at neutral pH values, however, parameters such as 

presence of oxidation reduction agents and bonding with the other organic compounds in 

the water also influence the ratio of the two forms(Chuecas and Riley, 1966; Pettin et al., 

1991; Kaczynski and Kieber, 1994). The behaviour and conduct of different chromium 

species in waste effluents are much different from the natural waters. It differs in 

effluents on the basis of sources discharging it, as different industries have different 

processing material and pH. Thus in some wastes Cr(VI) predominates and other contain 

Cr(III) as dominanat species (Nriagu, 1988; Stein and Schwedt, 1994). 

Presence of chromium in natural soils results from weathering effects and ranges 

between 0.02-58μmol/g (Richard and Bourge, 1991) .Variations in soil chromium 

concentrations comes due to dumping chromium containing wastes and sludge near the 
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industrial areas. The chromium containing solid wastes dumping to soil participate in 

ground water contaminations. Reduction of Cr (VI) to Cr (III) enhances its dislocation to 

ground water (Schroeder and Lee, 1975; Forstner, 1995). 

Soil contains chromium usually in the form of Cr (OH)3aq or as Cr(III) adsorbed 

to soil components. As the latter form of the metal is insoluble its leaching to ground 

water sources and uptake by vegetation is thus prevented. Every soil represents a 

particular form of chromium depending upon the prevalence pH levels. Stable Cr(III) 

complexes with organic molecules(humic acid) are formed within acidic pH ranges 

making the chromim stable, insoluble and immobile. However, mobile ligands with 

Cr(III) oxidize it to Cr(VI) form. Chromium uptake by plants and its leaching to 

groundwater sources and deeper soil layers occur particularly in the forms of CrO4
-2 and 

HCrO4
- ions which are most mobile and predominate species in acidic soils. Reduction of 

these ions is mediated by organic molecules and catalyzed by Fe(II) and S2-. Whereas, in 

neutral and alkaline soils soluble form of chromium is Na2CrO4 and moderately least 

soluble forms are CaCrO4, BaCrO4 and PbCrO4. (Bartlett and Kimble, 1976a, b; James 

and Bartlett, 1983a; b, c; James and Bartlett, 1984; Handa, 1988; Ritchie and Sposito, 

1995; James, 1995). According to Kotas and Stasicka (2000) the chromium cycle can be 

depicted as the oxidation of organic molecules catalysed by CrVI/CrIII. 

Leather industry is one of the major chromium contributors to biosphere 

accounting for 40% of the total industrial use of the metal. Only 60% of the chromium 

applied reacts with hides and remaining washes out with effluents (Barnhart, 1997; 

Cassano et al., 1997; Basegio et al., 2002; Erdem., 2006). Large quantities of water, used 

to clean the skins and in other different chemical reactions are discharged daily creating 

pollution (ETPI, 1998). Tanning protects the leather from microbial degradation, heat, 

sweat or moisture (Erdem, 2006). About 90% of the tanners in the world use chromium 

salts as tanning  material for its excellent tanning properties including good mechanical 

resistance of hide, efficient dyeing suitability and hydrothermic resistance as compared to 

the product of vegetable tanning (Dantas et al., 2004).. In the conventional chrome 

tanning processes, chromium salts are used in 1.5-2.5% by weight of Cr(III) oxide based 

on pelt weight(animal hide). This is currently a preferred technique being more rapid and 

rendering a better combination of chemical and physical properties of the leather than 
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vegetable tanning. However, this results into contamination of soils in proximity of 

tanneries (US EPA, 1976; Traiq et al., 2009). Although chromium is an essential trace 

metal but very slight changes in its concentration may result in environmental and health 

hazards(Bailar, 1997; Sharma et al., 1995; Gibb et al., 2000).  Chromium toxicity to 

aquatic biota depends upon various abiotic variables such as temperature, salinity of 

water, hardness, pH and biological factors such as nature of species, life stage and 

potential differences in the sensitivity of the organisms (Ecological Analyst, 1981).  

Soil biota is a major component of soil quality as microorganisms contribute a 

crucial role in soil ecosystem performance through organic matter decay and nutrient 

cycling associated with soil fertility and primary production. In the range of 106 to 109 

viable cells cm–3, bacteria are usually the most numerous organisms in soil (Lynch, 1988) 

Microbes play the key role in mineralization of biological compounds, especially 

decomposition of biopolymers like, lignocellulose and chitin by (McCarthy and 

Williams, 1992; de Boer et al., 1999). Thus, they are essential for the global 

biogeochemical cycling of elements. Perturbations of this particular type of habitat by 

infiltration of metals can have enormous effects on the biosphere. Microbes actively 

participate in decomposing soil constituents as well as particle aggregation and influence 

soil texture and availability of nutrients for plants (Krasilnikov, 1961). This means that 

the food web in the soil is constituted to a high degree by microbes, which (1) produce 

substances that change the microenvironment e.g., by solubilization of minerals and 

subsequent rock breakdown (Cole, 1979), (2) modify the soil structure by production of 

extracellular polysaccharides (Hepper, 1975), and (3) influence the biogeochemical 

cycling of elements sulphur (Schippers et al., 1996). Impairment of the biological activity 

of soils due to metal loading leads basically to a reduction in decomposition and turnover 

rates of organic matter (Babich and Stotzky, 1985). Ultimately, this interference can 

cause a reduction in primary production (Taylor, 1972). 

Metals pollutants affect plant yields directly through interference with their 

various physiological processes including photosynthesis, metabolic activities, protein 

and carbohydrate synthesis as well as inhibiting antioxidant enzymes under varying 

concentrations (Wani et al., 2006; Noreiga et al., 2007; Feng et al., 2010). Retardation in 

nodulation time, number of root hairs and plant dry matter due to metal toxicity have 
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been reported. These destructions limit plants’ absoption capacity (Karpiscale et al., 

2001; Reiman, 2007).Effects of heavy metals on cycling of nutrients are of potential 

concern. Being toxic above a threshold level, metals influence soil enzymes activities. 

Soil enzyme activities are considered to be one of the very sensitive indicators of heavy 

metals pollution as they respond immediately to the changed soil characteristics and thus 

influence soil fertility and stability. Heavy metals may disturb microbial metabolic 

pathways by intruding various enzyme action either competing for natural ions involved 

in enzyme-substrate complex or affecting enzyme synthesis( (Kurladze, 2008). 

Dehydrogenases (oxidizing organic carbon; involved in electron transport systems of 

oxygen metabolism) are most sensitive toxicity evaluation parameter (Dick, 1997; Shen 

et al., 2005). Other enzymes shown as bioindicators of heavy metals’ toxicity include β-

glucosidases which degrade cellulose for providing energy in form of glucose (Pinzon et 

al., 2008) and phosphatase and urease as they fluctuates under environmental stress(Yang 

et al., 2006; Martinez-Salgado et al., 2010).  

Microbial cellulose degradation is responsible for the flow of carbon (carbon 

cycling) from the largest renewable resource. Carbonaceous compounds of soil include 

cellulose, hemicelluloses and ligin. Cellulose is the most abundant among these materials 

and its decomposition is important for plant nutrients availability and carbon cycling. 

Biogeochemical cycling of carbon at this step is facilitated by microbial enzymes 

cellulase and cellulolsomes which catalyze cellulosic hydrolysis and release carbon from 

fixed sinks to atmospheric CO2.  Thus cellulase producing microbes play crucial role in 

many agricultural and waste treatment practices (Lynd et al., 2002; Berner, 2003; 

Mansfield & Meder, 2003; Das and Singh, 2004; Haight, 2005; Schloss et al., 2005). 

Various recalcitratnt pollutantsaffect and damage microbial cellulases and 

hemicellulases. Regarding the heavy metals toxicity mercury, copper and iron have been 

reported as severly fatal for cellulolysis (Piston, 1997; Lee et al., 1999; Kim et al., 2001) 

Scarce information is available on  effect of redox-active metal ions on cellulases 

during natural microbial biomass degradation. One such study by Tejirian and Xu, (2010) 

reported inhibition of cellulaseds by ferrous/ferric ions as part of a more general effect 

from oxidative (or redox-active) metal ions and their complexes. The correlation between 

inhibition and oxidation potential indicated the oxidative nature of the inhibition, and 
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dependence on air established the catalytic role that iron ions played in mediating the 

dioxygen inhibition of cellulolysis. It is likely that the inhibition exerted its effect more 

on cellulose than on cellulase. Strong iron ion chelators and polyethylene glycols could 

mitigate the inhibition.   

Microbially mediated nitrogen cycle is completed by three phenomenon 

ammonification (formation of ammonium from organic nitrogenous compounds), 

nitrificationa (oxidation of ammonium to nitrate) and denitrification (reduction of 

nitrate/nitrite to N2) anaerobically. The soil contaminated with heavy metals has been 

reported to significantly affect the microbial activity of nitrogen cycle (Babich and 

Stotzky 1985; Ross and Kaye 1994; Munn et al. 1997; Sakadevan et al. 1999; Sauvè et 

al. 1999; Smolders et al. 2001; Holtan-Hartwig et al. 2002; Banerjee et al., 2004). Have 

reported that nitrogen fixing Rhizobium sp. manifested significant alterations in proteins 

under metal stress and that chromium exerted marked decreases in nitrogenase activity. 

Nitrogenase inhibition in root nodules of legumenous plants grown under low chromium 

concentration indicated importance of studying fertility management of heavy metal 

contaminated soils (Unnikannan et al., 2013). 

2.2 Interactions of Microbes and Metals 

Microbial interactions with metals and metalloids are both beneficial as well as 

detrimental. The metals of particular interest include vanadium, chromium, manganese, 

iron, cobalt, nickel, copper, zinc, molybdenum, silver, cadmium and lead; the precious 

metals gold and silver; and the metalloids arsenic, selenium, and antimony. Theses metals 

exits either in soluble form as cations and oxyanions in aqueous solutions while form 

precipitates as oxides or in form of salts. 

2.3 Mechanisms of Chromium toxicity 

  It is well known that following penetration of chromate anions through cellular 

membranes, a wide variety of cellular reductants reduce Cr(VI) to Cr(III). Cellular and 

nuclear membranes are not permeable to trivalent chromium species, however, 

hexavalent chromium can easily pass these barriers. Intracellular Cr(VI) is reduced by the 

the reductants which are usually one electron obligatory reducers thus produce short lived 
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Cr+5 and Cr+4 intermediates during this process ultimately leading to Cr(III) formation. 

Regeneration of Cr+6 from Cr+5 results in the productions of reactive oxygen species that 

easily bind with DNA-protein complexes. Inside the cell Cr+3 causes oxidative DNA 

strand breaks and formation of cross links with amino acids and reducing agents. 

Consequence of such damages, deletions, DNA rearrangements, and base substitution are 

mutations (Wiegand et al., 1984; Alcedo and Wetterhahn, 1990; Zhitkovich et al, 1995; 

Cheng et al., 1998; Pesti et al., 2000; Costa, 2003; Cheung and Gu, 2007). Plants 

membranes damages, ultrastructural changes in cell organelles, impaired metabolic 

activities and growth retardation have been reported due to heavy metal stresses 

(Kimbrough et al., 1999; Gardea-Torresdey et al., 2005 Sinha et al., 2009). The metals 

induced oxidative stresses have been evaluated through biochemical responses and 

through conventional visual perception (Schultzendubel et al., 2002).   

Hexavalnt chromium is highly toxic and is a known human carcinogen having 

detrimental effects on several organs and tissues where it promotes the formation of 

reactive oxygen species which cause damage to DNA (Dong et al., 2007;Peralta-Videa et 

al., 2009). Inhalation of chromium compounds can cause asthma, bronchitis and 

pneumonitis. Skin contact with it can result in allergies, dermatitis and necrosis (Kotas 

and Stasicka, 2000). The inhaled Cr (VI) inside cells is reduced to Cr(III)(Urberg and 

Zemmel, 1987). The Cr2O3 particles can be taken by phagocytes and solubilized inside 

lysosomes liberating Cr(III) ions which when come in contact with DNA or hydrophobic 

ligand cause gene mutations(Costa and Klein, 2006; Beyermann and Hartwig, 2008). 

Chronic exposure to Cr(III) may result in liver, kidney and lung damage(Zyed and Terry, 

2003) 

2.4 Metal resistance in Microorganisms 

 These microbial interactions with metals depend upon species of microbes and 

metals as well.  Both prokaryotic and eukaryotic organisms interact metals either by 

surface binding or intracellular processing. Among the prokaryotes, eubacteria and archea 

use oxidation/reduction mechanisms to conserve energy through different metal ions, 

participation as electron donors or acceptors. Metabolites of prokaryotes and eukaryotes 

also play important role to dissolve/precipitate metals. Among such metabolites organic 
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acids and ligands help in metals solubility from minerals, while sulfides and carbonates 

assist metal precipitation (Ehrlich, 1996). On the basis of these mechanisms microbial 

interactions are classified as (1) enzymatic or non-enzymatic. Enzymatic interactions 

with metals highlight importance of tract metals in enzymes structure (metalloenzymes) 

and their activation (Wackett et al., 1989) as well as transport mechanisms of metal 

uptake which are either genetically determined (Snavely et al. 1989; Silver and 

Walderhaug 1992). Nitrogenase is the metalloenzyme which require different metals 

either Mo/Fe, V/Fe or Fe for its functioning (Rob-son et al. 1986; Orme-Johnson 1992). 

Many bacteria use metals and metalloids for their energy demands where the metals 

either in simple ionic or oxyanionic forms work as electron donors or acceptors. 

Oxidation of iron Fe (II) to Fe (III) fulfills entire energy demands of Thiobacillus 

ferrooxidans and Leptospirillum ferrooxidans, while other microbes use metal ions for 

respiration as electron acceptor under anaerobic conditions. Aerobic reduction of CrO4 2 

to Cr(III) as part of respiration of Pseudomonas fluorescens LB300 has also been 

reported. Bacteria also detoxify metals through another interaction which involve 

enzymes either part of respiratory machinery of bacteria such as redox detoxifications of 

AsO2 to AsO4 and CrO4 2 to Cr (OH)3 or produce directly without involving respiration to 

support metals reductions such as mercuric reductase (Robinson and Tuovinen 1984; 

Wang and Shen, 1995; Ehrlich, 1996). 

Non-enzymatic metabolic processes also effects metals mobilization and 

solubilities. The metabolic products like acids (organic and inorganic) and ligands assists 

leaching of metals from minerals while other bacterial metabolites as carbonates, sulfides 

and phosphates and precipitate metals non-enzymatically (Ali bhai et al., 1991; Ehrlich 

1996) 

Some naturally occurring interactions involve surface binding of metals passively 

(Gadd, 1993). All the metals interactions are employed somehow for pollution 

management and cleanup of heavy metals contaminated wastes and environments. 

Resistance to heavy metals is a mechanism developed or acquired by microbes to 

adapt and survive in the contaminated environments. These adaptations are controlled by 

genetic variations. A large number of chromium resistant microorganisms belonging to 
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various genera such as Bacillus, Escherichia, Pseudomonas Desulfovibrio, Enterobacter 

and Micrococcus etc have been isolated from different locations (Bopp et al., 1983; 

Lovely, 1993, 1994).  Different resistance mechanisms have been elaborated, for 

example, Pseudomonas resists chromium contamination through enhanced efflux, 

decreased uptake and by reducing the toxic chromium species. While resistance cannot 

be related to the chromium reduction in some microbial isolates (Ohtake et al., 1987; 

Bopp and Ehrlich, 1988; Shakoori et al., 1999, 2000; Camargo et al., 2003; Aguilera et 

al., 2004). Genetic analysis has revealed that genes coding reductases, the enzymes which 

catalyze reduction processes, are present both on chromosomal and extrachromosomal 

genetic material. The studies with chromosomal determinants have indicated horizontal 

transfer of such genes among microbial communities (Blake 11 et al., 1993; Park et al., 

2002; Cheung et al., 2006). A gene with high homology to Cr+6 reductase has been 

reported on the chromosome of E. coli with high efficiency of direct conversion of Cr+6 

to Cr+3  with minimal generation of reactive oxygen species NADH and NADPH and 

electrons from endogenous system serve as electron donors in this aerobic reduction 

process (Neis, 2000). 

Anaerobic reduction of toxic metals is catalyzed by electron transfer systems 

involving cytochrom b and c. H2S produced during anaerobic conditions can act as a very 

efficient reducing agent for Cr+6 reduction under oxygen devoid conditions. Previously, 

this process was considered casual due to deficient energy conditions for growth. 

However, recently sulphur reducing bacteria have been reported using energy generated 

during this reduction process for their growth. Cr+6 serves as terminal electron acceptor in 

respiratory chain for various organic electron donors (Fude et al., 1994; Wang and Shen, 

1995; Tebo and Obraztsova, 1998; Wang, 2000). Thus anaerobic reduction processes 

provide greater potential for bioremediation of Cr+6 contaminated sites. Microbes with 

good enzymatic expression and minimal biomass are desirable as they may solve the 

problem with minimal of inputs for metal detoxification (Ganguli and Tripathi, 2002; 

Park et al., 2002; Cheung and Gu, 2007; Ackerly et al., 2004) 

Chromium resistant bacteria have also been reported to be resistant against other 

heavy metals (Haq et al., 1999; Ilhan et al., 2004; Raja et al., 2006). Multiple metal 

resistance in chromium resistant bacteria have been reported by a number of researchers. 
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Genetic determinants of various metals resulting in multiple heavy metal resistance have 

been isolated indicating interaction of resistant mechanisms (Nies and Silver, 1990; 

Trajanovska et al., 1997; Margesin and Schinner  2001; Verma et al., 2001; Sunder et al., 

2010) . Thus bacteria showing good multiple metal resistance can find applications for 

biological treatment of effluents originating from diverse industries, as well for 

bioremediating the contaminated soils.   

2.5 Bioremediation of chromium contaminated soils/waters  

Although, a number of cleaner leather production technologies have been 

developed to abate the pollution load of tannery effluents due to chromium salts 

(Sundarrajan et al., 2003; Madhan et al., 2003; Fatima et al., 2003; Prentirs et al., 2003; 

Saadia et al., 2006), but the metal still remains an irreplaceable tanning agent. Various 

physical and chemical techniques have been considered to decontaminate the soil from 

pollutants during last 25 years and millions of dollars have been spent over it all over the 

world (McEldowney et al., 1993). However, most of them are costly and labor intensive 

to decontaminate a large land area from inorganic and heavy metal contamination (Burns 

et al., 1996). These expensive conventional methods include chemical reduction, 

precipitation, membrane filtration, ion exchange, evaporation and concentration, 

electrolysis and electroplating, ion floating and carbon absorption (Nagesh and 

Krishnaiah, 1989). Owing to their recurring expenditures, these methods are not suitable 

for small scale industries and researchers have looked towards inexpensive biological 

methods. For cleanup of metal polluted environments use of biological techniques has 

been encouraged during past few decades. The processes of bioremediation for 

contaminated soils are based on two premises: i-e., the removal or detoxification of the 

pollutant and the maintenance/improvement of soil fertility (Haferburg and Knothe, 

2007). 

In Situ Bioremediation has made it possible to enrich metals in biomass using 

hyper accumulator plants selective for specific set of metals. Latter phytoextraction 

allows removing significant metals concentrations and processing them for metals 

recycling. Though this method is time consuming but it is not labour intensive and 

economically feasible (Erdei et al., 2005). Microbial reduction of toxic chromium species 



  22

to an insoluble non-toxic form is the key to potentially useful process of biological 

remediation of Cr(VI).  Bioremediation is the pollutant transformation to non-toxic/less 

toxic species by microbes thus providing an economic solution to the pollution. Microbial 

detoxification of contaminanats are associated with pH, biosorption and bioaccumulation 

processes. These microbes can be naturally occurring or genetically engineered. Field 

application of bioremediation include in situ bioremediation which uses native 

microorganisms (indigenous) which are usually more viable than the genetically 

engineered ones (Vasanthy and Sangeetha, 2006). Waste sludge enriched with heavy 

metals coming from water treatment plants generates disposal problems. Various 

techniques have been implemented for the heavy metal removal from such sludge. One 

such process is bioleaching. Sulfur oxidizing bacteria have been found very successful 

for this purpose as they work actively at lower acidic pH by producing sulfuric acid 

causing bioacidification of sludge and ultimate biosolubilization of metal. The metals 

then can be precipitated biologically by sulfur reducing bacteria (White et al., 1998; 

Zhang et al., 2007; Chang et al., 2008; Kumar and Nagendran, 2009). Wang et al. (2007) 

reported bioleaching of heavy metals from soil by employing indigenous sulfur oxidizing 

bacterium Acidithiobacillus thiooxidans. The acidophilic bacterium was not affected by 

the increasing pH of the bioleaching system towards neutral and it was able to utilize 

elemental sulfur (Kumar and Nagendran, 2007). Bioleaching influences the fractionation 

or binding of metals in soil.  Contaminant chromium is mainly found bound to the 

fractions of soil which are not very reactive, however, after the bioleaching process either 

the remnant heavy metal is in residual fraction or bound to the soil fraction which is not 

easily mobile( Kumar and Nagendran, 2009). In contrary to the bioremediational 

measures to be designed for the contaminated soils, water treatments relatively need 

application of simple bioremediation access of the biological metabolites / enzymes to the 

water dissolved / suspended metals and metalloids would be more effective. While n case 

of contaminated soils, the metals (or other recalcitrant pollutants are found bound to 

fraction of soils and first they have to be mobilized into liquid phase. Thus for 

contaminated soils’ bioremediation administration / cultivation of metal resistant 

microorganisms capable to reduce oxidized species of the pollutants is left the method of 

choice. And for agricultural rehabilitation process of metals, for instance chromium 



  23

contaminated soils application of the metal resistant nitrogen fixer and cellulytic bacteria 

might bring the desired results. While the chromium resistant/reducing denitrifying 

bacteria might find increasing applications for bioremediating, nitrates/nitrites rich 

effluents laiden with CrVI too. Thus treated water may then safely be used for 

recreational purposes. Increasing non arable land areas due to industrial pollutions and 

contaminations have necessitated detailing soils physicochemical as well as biological 

(microbial) attributes for understanding and predicting role of bioremediation; on 

measures regarding the soil health.  

2.6 Determination of Soil Health status 

Advance molecular biological and chemical analyses have added up tons to 

understand soils’ genetic and functional biodiversity and physicochemical characteristics 

for environmentally stressed localities to take defined measures for solving the associated 

problems. Fluorescence in situ hybridization(FISH), reverse transcriptase polymerase 

chain reaction(RT-PCR), stable isotope probing (SIP), denaturing gradient gel 

electrophoresis(DGGE), temperature gradient gel electrophoresis(TGGE), terminal 

restriction fragment length polymorphism(T-RFLP), phospholipids fatty acids(PLFA), 

gas chromatography-mass spectrometry(GC-MS) and nuclear magnetic resonance(NMR) 

and pyrosequencing are very useful molecular techniques to evaluate soil microbial 

health status (González-Vila et al., 1983; Muyzer et al., 1993; Heuer and Smalla, 1997; 

Liu et al., 1997; Bautista et al., 1999). In the present era the above referred and other 

allied techniques will find increasing application in agricultural sector, in general and 

particularly in industrially contaminated ruined soils recovery programs as for example to 

evaluate results of a bioremediation process. A brief view of such parameters is 

reproduced here as Table. 2.1 after Arias et al (2005).  
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Table 2.1 Biological physical and chemical indicators and their corresponding 
Standard Analytical procedure for determining soil health, and Standard Analytical 
Procedures (Arias et al., 2005). 

Indicator 
 
Microbial biomass 

 

Measurement* 
 
Direct microscopic counts  
Chloroform fumigation 
SIR 
CO2 production 
Microbial quotient 
Fungal estimation 
PLFA 

Microbial activity 

 
Carbon cycling 

 
Nitrogen cycling 

 
Biodiversity and microbial 
resilience 

Bioavailability of 
contaminants 

 
Physical and chemical 
properties 
 
 

 

Bacterial DNA synthesis 
Bacterial protein synthesis 
CO2 production 

 
Soil respiration 
Metabolic quotient (qCO2) 
Decomposition of organic matter 
Soil enzyme activity 
 
N-mineralization 
Nitrification 
Denitrification 
N-fixation 
 
Direct counts 
Selective isolation plating 
Carbon and nitrogen utilization  patterns 
Extracellular enzyme patterns 
 
PLFA 
Plasmid-containing bacteria 
Antibiotic-resistant bacteria 
 
Bulk density 
Soil physical observations and  estimations 
pH 
EC 
CEC 
Aggregate stability and soil slaking 
Water holding capacity 
Water infiltration rate 
Macro/micronutrient analysis 

 *Acronyms: SIR, substrate induced respiration; PLFA, phospholipid fatty acids; EC, electrical 
conductivity; CEC, cation exchange capacity. 
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2.7 Recommended Solutions to limit heavy metals Toxicity 

Rapidly spreading industrialization and the consequent ecological side effects 

have directed us towards possible solutions to curb heavy metals generated 

contaminations. For this purpose cost effective natural habitats’ rehabilitation practices 

and studying relevant soil microbial groups as biomonitoring and bioremediating tools 

could pave the way for proper management. Owing to the toxic nature of tanneries’ 

effluents, especially chromium, various bioremediation strategies for the effected soils 

and waters have been documented. Many studies in this regard employed genetic 

potential of microorganisms originally isolated from the contaminated effluents’ exposed 

environment (Trajanovska et al., 1997; Thacker et al., 2006; Cetin et al., 2008; Martins et 

al., 2010). Despite the toxicity interactions of metal polluted environments and a variety 

biological of mechanisms, both active and incidental, contribute to development of 

resistance and thus many microbes grow and flourish in the contaminated localities 

(Avery ,2001; Holden and Adams, 2003). Infact long term exposure to metals imposes a 

selective pressure that favors the proliferation of microbes that are tolerant/resistant to the 

stress (Diaz-Ravina and Baath, 1996; Hutchinson and Symington, 1997). Resistance to 

varying levels of the metal and ability to reduce the more toxic form of chromium make a 

variety of microorganisms effective biological tools for controling the contamination by 

detoxifying chromate polluted waste waters and soils (Shakoori and Makhdoom, 2000; 

Megharag et al., 2003; Rajkumar et al., 2005; Ahmed et al., 2005; Sultan and Hasnain, 

2006, Firdaus-e-Bareen, 2008; Bennet et al., 2013). Obviously the metal resistance or its 

reduction potential of a microbe is reset of the emergent need to survive in the 

contaminated soil. While original role of a given microorganism must be studied. And 

microorganisms of specific ecological niche and resistant to / having a remediational 

potential for a given pollutant be secrutinized from predictable contaminated environment 

for bioremediating as well as anzymating the contaminated sites with the beneficial 

microbial ecological role. Such an attempt has been lade in the present study and the 

relavent points have been elaborated in the next two sections.  
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2.8 Study area and the problem 

Kasur is one of those important industrial cities in Pakistan which are under the 

limelight due to their chronically contaminated and thus disturbed environmental 

situations. It is situated in the central Punjab province, having a population of about 0.25 

million, over an area of 300Km2 most of which consists of plain fields irrigated from 

Indus river and ground water drawn by tube wells and small scale electric pumps and 

motors. The city has traditional industrial setup and keeps significant industrial units of 

which tanneries are the most important and dominant (Federal Bureau of statistics, 2003). 

Kasur is the major tanning centre in Pakistan and keeps about 50% tanneries in Pakistan 

in which 90% of tanning is carried out by chrome tanning. Hundreds of tanneries units 

had been depositing their chromium loaded effluents for over fifty years in the open land 

area (Personal communication). Many parts of the affected area were transformed into 

shallow water ponds which existed there for decades of years. About 10-years before, 

with the help of heavy motor driven pumping facility the withheld water was drained and 

the “shallow ponds” resumed landscape look, some parts of which are being used for 

agricultural purposes. A waste water pretreatment plant has been installed in the subject 

area. Wherein mainly the waste is treated at physiochemical level. Biological treatment 

plants have not yet been dreamt in this country. Inasmuch the present situation is 

concerned, it is well evident from above mentioned fact that the influenced agricultural 

land area had been contaminated with the industrial associated wastes, especially Cr. 

Infact heavy metal chromium is most stable pollutant of the tanneries’ effluents (Donmez 

and Kocberbr, 2005). Enhanced level of chromium along with the other contaminants has 

been estimated in the ground water of kasur (Tariq et al., 2009). The Cr, Pb and Fe levels 

of such effluents are several folds higher than the recommended values by WHO, US-

EPA, EU and Japan (Tariq et al., 2008). Kasur has remained underdeveloped with 

reference to equipment facilities and workers care in the industrial zone. Industries are 

still working without any particular realization of associated health hazards. Kasure 

Tanneries Pollution Control Project (KTCP) was launched in 1998. The project was a 

collaborative venture of the federal government, provincial line departments, 

international donors and the tanneries owners. The project components included both in 

plant and end of pipe measures. (Khan et al., 2003). But sanitary conditions in the city are 
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very poor both inside and out of the tanneries. No safety and protection is provided at the 

work place. The waste water directly or indirectly is discharged to the irrigation land 

supplementing mainly the agricultural fields reserved for raising fodders for buffaloes 

(personal observation). This issue is of great public health concern. As the heavy metal 

might had been travelling from the fodder grass through the cattles’ meat and milk to 

humans. This area has drawn the attention of my researchers to focus on the pollution 

controlling strategies. Chromium resistant bacteria, protozoan, yeasts and plants have 

been suggested for bioremediation of the chromium tannery sludge (Haq and Shakoori, 

1998; Rehman et al., 2005; Khilji and Firdaus-e-Bareen, 2008; Muneer et al., 2009)  

2.9 Focus of the present study 

Chronic and continuous release of chromium a recalcitrant pollutant in the land 

areas adjoining the tanneries units in Kasur has definitely exerted stresses on 

physicochemical as well as biological including the important bacterial components of 

biogeochemical cycle. Cellulose degradation potential of soil microbial community is 

considered a direct response of toxicity exerted by pollution (Pelczer et al., 1986). Thus 

polluted land areas become characterized with low turnover rates of biogeochemical 

cycles(Capone et al., 1983; Valsecchi et al., 1995; Kandeler et al., 2000) Bacterial 

community structures of highly chromium-polluted industrial landfill sites have been 

assessed which revealed that long-term chromium-induced perturbation results in 

community shifts (Desai et al., 2009). On the other hand it is also well known that in soils 

exposed to a pollutant for longer periods of time, microbial community is 

evolved/selected  and  become resistant to the particular pollutants. Considerable land of 

the study area is identifiable as the one that had received untreated tanneries’ effluents for 

decads. The sites where plant growth and ecosystem are observed in successions were 

sampled for bacterial isolation. Bacterial isolates from such environments can be 

employed for augmenting turnovers of biogeochemical cycles in environment recently 

exposed to the select pollutant(s). Such microorganisms appear potential candidates for 

rehabilitating recently/accidentally polluted environments. The present study reports 

isolation and characterization of chromium resistant cellulytic, nitrogen fixer and 

denitrifying bacteria representing functional biogeochemical cycles in the presence of 
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varying amounts of chromium. Such microbes might find applications in rehabilitating 

nutrients/elemental turnover processes in chromium and /or other metal contaminated 

soils. 
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CHAPTER 3 

MATERIALS AND METHODS 

The present study concerns with isolation of chromium resistant cellulolytic, 

nitrogen fixing and denitrifing bacteria from soils representing a land area chronically 

influenced by tanneries effluents. Their characterization, optimization of nutrient 

turnover potential under chromium stress and subsequent employment in bioremediation 

for rehabilitating the metal effected soils have also been worked out in this.  Figures 3.1 

to 3.4 depict design of study. 

3.1. Soil Samples Collection 

Soil samples were collected from land area called Deen Ghar, Kasur. Adjoining to 

the study area is a rich cluster of tanneries (leather tanning industries). The study location 

had been receiving effluents of the tanneries for few decades and a decade before the 

whole area was resumed the look of shallow ponds withholding pinkish effluents. 

Thereafter, the tanneries effluents’ drainage was improved and the area was also drained 

out. The  area is situated  in southern east of Kasur, a city of Punjab province of Pakistan 

with an area of 3,995 km2, elevation 218 m (715 ft), located at 31.12° North latitude, 

74.45° East longitude and a population density of 595/km2. 

Soils were sampled from three different localities (A, B and C) selected randomly 

within described piece of land. The three sampling localities were well away around 

500m from each other. From each point (Fig) soils were sampled from 20, 40 and 60 cm 

depths as described into the next paragraph.  

From the described depth soil was sampled from vertical surface of freshly digged 

out pit by pressing directly the sterile open mouthed glass bottle against the surface to 

avoid cross contamination. Samples were immediately brought to the laboratory and 

processed for the isolation of bacteria. All sampling was done in October-December.  

Bacterial isolates from a given depth of all the three localities were pooled and 

based upon their colony morphologies similarities were considered to represent one 
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isolation on a particular medium. Accordingly a typical well separated colony was 

selected for detailed study. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.1:  (A) Geographical presentation of the study land area 
adjacent to tanneries clusterings in Deen Ghar, Kasur (Shakir et al., 
2012);(B) Stangnant ponds holding the tanneries effluents still existing 
around the study area 

B 
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3.2. Soil Analyses 

3.2.1 Determination of soil pH 

Soil pH was assessed by making soil slurry in water in a ratio of 1: 2. It was kept 

for one hour and pH was measured with the help of a pH meter. The pH was recorded by 

placing electrode of pH meter in the slurry (Watson and Brown, 1998).  

3.2.2 Estimation of soil salinity/ electrical conductivity 

Soil sample was mixed with dH2O in a 20ml glass vial in 1:1 (w: v) ratio and 

stirred vigorously periodically for making homogenous suspension. It was then allowed 

to stand for 10 to 30 minutes. The conductivity was recorded by placing electrode of 

conductivity cell in the suspension in millivolts (Whitney, 1998). 

3.2.3. Measurement of soil moisture contents 

Moisture contents of the collected soil samples were determined as described by 

Gupta (2000). Five grams of a soil sample was sieved through 20 mesh sieve, weighed 

and placed in oven at 80ºC. Weight of the soil was measured every day until a consistent 

weight achieved.  

Percent moisture= (Loss in weight of soil/ Weight of oven dried soil)× 100. 

3.2.4. Estimation of organic contents 

Organic contents of soil samples were estimated following the method of Ben-

Dor and Banin (1989) by loss on ignition (LOI) method. For determination of organic 

matter, 1g of overnight oven dried soil sample was taken in a pre weighed crucible. Soil 

containing crucible was then placed overnight in a furnace at 350-400°C. The loss in soil 

weight on ignition was recorded for soil organic contents analysis. 
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3.2.5. Estimation of chromium in soil samples 

 Bioaccessible Cr (VI) in soil samples was extracted following the method 

proposed by Broadway et al. (2010). For this purpose 2.5g oven dried (105oC) soil was 

taken in crucible and placed in furnace at 450°C for 4 hours. Ash thus obtained was 
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placed in a 250mL flask and 10 mL extractant solution of pH 12 was added. The 

extractant solution was prepared by dissolving together 0.28M Na2CO3, 0.5M NaOH, 

0.5mL of 1.0 M phosphate buffer and 400mg MgCl2. Flask containing ash with extractant 

was placed in water bath at 90-95 ºC for 1 hour and stirrered every 15min. Solution after 

cooling was filtered through Whatmann 542 ashless filter paper in 100 mL flask. Volume 

of the filtrate was made upto 100mL with dH2O.Total chromium in the solution was then 

determined by using atomic absorptions spectrophotometer(AAS) facility available at 

Institute of Chemistry, University of the Punjab, Lahore, while amount of Cr (VI) was 

estimated using diphenylcarbazide (DPC) method (Rehman et al., 2008).  

3.2.6. Estimation of lead and copper in soils samples 

 Soil samples were digested by suspending 1g of oven dried soil in 15ml of aqua 

regia (1:2; HCl: HNO3) on hot plate at 350°C. Samples were then allowed to cool and 

volume was made up to 10ml by addition of dH2O. After filtration through Whatmann 

542 ashless filter paper the samples were stored in clean glass vials till analyses. Lead 

and copper concentrations (ppm) were determined by the atomic absorption 

spectrophotometer as mentioned above. 

3.3. Isolation of Carbon and Nitrogen Cycle Bacteria 

The study area under the chronic exposure of chromium contamination for many 

years has sparse agricultural production. The long term exposure of the soil microbes to 

chromium may has selected chromium resistant microbial community. Thus it was 

speculated that sparse agricultural activities under chromium toxicity is due to some 

potential chromium resistant biogeochemical gearing bacteria which could help soil 

rehabilitation processes. Isolation of such carbon (Cellulose degrading) and nitrogen 

(nitrogen fixing and denitrifying) cycle bacteria was attempted for this purpose from the 

soil samples of study and control areas. 
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Table 3.1: Composition of various media used in this study 

Medium 

code 

(used in 

this 

study) 

 

Nature of 

Medium 

 

Purpose to be 

isolated 

 

Composition (g/L) 

 

Reference 

MI Cellulose  Isolating cellulose 

degrading bacteria 

Ammonium dihydrogen 

phosphate 

Dipotassium hydrogen phosphate 

Sodium chloride 

Magnesium sulphate 

Cellulose 

Yeast extract 

Agar agar 

pH: 

5 

1 

5 

0.2 

10 

5 

15 

5.5 

(Ogbonna et al., 

1994). 

MII N-Free  Isolating nitrogen 

fixing bacteria 

Dipotassium hydrogen phosphate 

Magnesium sulphate 

Ferrous sulphate 

Calcium chloride 

Sodium molybdate 

Glucose(sterilized separate) 

Agar agar 

pH: 7.2 

1 

0.2 

0.05 

0.1 

0.001 

10 

15 

 

Benson, (1996) 

MIII Trypticase soy 

broth (TSB) 

Isolating denitrifying 

bacteria(enrichment) 

  (Li, 2007) 

MIV Yeast tryptone soy 

nitrate(YTSN) 

Isolating denitrifying 

bacteria 

Yeast extract 

Trypton 

Starch 

Sodium nitrate 

Agar agar 

pH: 7 

0.25 

0.25 

0.25 

0.5 

15 

 

(Siciliano et al. 

2001) 

MV Basal  Denitrifying bacteria 

in biofilm  

 

 

PotassiumI dihydrogen phosphate 

Disodium hydrogen phosphate 

 Magnesium sulphate 

Sodium nitrate 

Calcium chloride 

0.128 

0.434 

0.2 

0.03 

0.001 

(Chung et al., 

2006) 
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Iron sulphate 

Trace mineral solution 

pH: 8 

Trace mineral solution (mg/L)         

Zinc sulphate 

Manganese sulphate 

Boric acid 

Cobalt chloride 

Copper chloride 

Nickel chloride 

Sodium molybdate 

Sodium selenite 

0.001 

1 ml 

 

 

100 

30 

300 

200 

10 

10 

30 

30 

 

MVI Nurtrient agar Pure culturing and 

for general purpose 

growth 

 Merk, 2006 

MVII Nutrient broth Inoculum 

preparation  

 Merk, 2006 

MVIII Nutrient medium For feed soil 

bioreactor 

Ammonium dihydrogen 

phosphate 

Dipotassium hydrogen phosphate 

Sodium chloride 

Magnesium sulphate 

Ferrous sulphate 

Sodium molybdate 

Galactose 

Peptone 

5 

 

1 

5 

0.2   

0.2 

0.005 

10 

5   

Self 

constructed 

3.3.1. Media Preparation and Soil Processing for Bacterial Isolation 

  Selective media M-I, M-II and M-III agar plates were prepared for isolation of 

cellulose, nitrogen fixing and denitrifying bacteria, respectively. Composition and 

conditions of media for bacterial isolation are given in Table 3.1.  

3.4.2. Processing of Soil Samples 

One gram of soil was suspended in 10 ml of autoclaved distilled water and a 

homogenous suspension was prepared by shaking at 120rpm for 20min. Then 0.1 ml of 
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the serially diluted suspensions was spread on the selective agar medium plates using 

spread plate method.  

3.4.3. Isolation of Cellulose Degrading Bacteria 

Cellulose degrading bacteria were isolated by incubating the inoculated M-I 

medium plates at 37°C for 24 hrs.  Bacterial isolates following growth were observed and 

selected initially on the basis of different colonial morphological features. 

3.4.4. Isolation of Nitrogen Fixing Bacteria 

For isolation of nitrogen fixing bacteria the inoculated M-II medium plates were 

incubated for 72 hrs at 30ºC. Following the appearance of growth on the selective 

medium, colonies were processed for routine pure culturing procedures  

3.4.5. Isolation of Denitrifying Bacteria 

 For enrichment of denitrifying bacteria 1 gram of soil from each of the different 

depths i.e., 20, 40 and 60cm was inoculated into 10ml TSB (MIII) in screw capped test 

tubes.  One inch column of sterilized paraffin oil was added over the inoculated broths to 

provide anaerobic conditions and placed at room temperature (30°C) for one week. Then 

submerged agar medium method was used for the isolation of denitrifying bacteria from 

the enriched culture (Archana et al., 2004). For this purpose 0.1ml of enriched TSB 

culture of each respective soil sample was mixed in 15mL molten sterilized YTSN agar 

medium (MIV) and poured into sterilized petri plates. Thus poured medium was allowed 

to solidify at room temperature. Then a layer of molten wax was applied over the plates. 

The inoculated plates were placed at room temperature (30ºC) for 20 days. Colonies 

grown and embedded in the agar medium were cut with the help of sterilized scalpel and 

forceps and preserved in slants under paraffin oil layer. 

3.5. Colonial Characterization of Bacterial Isolates and Pure Culturing 

Bacterial isolates with different morphological characteristics were pure cultured 

through repeated streaking on nutrient agar and selective media by quadrant streak plate 

method. Colonial characteristics of bacterial isolates on nutrient agar and their respective 

selective media were observed and recorded. 
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3.6. Preservation of the Bacterial Isolates 

              Nutrient and the selective agar media slants were prepared in universal bottles. 

Cellulolytic isolates were streaked on the slants of respective media and incubated for 24 

hrs at 37ºC. While the nitrogen fixing and denitrifying bacterial isolates were incubated at 

30ºC for three days following inoculations on the respective agar slants. Once rich 

growth was observed, sterilized paraffin oil was poured onto the culture slants at least 

1/2" above the upper most agar surface for preservation. Glycerol stocks (15% glycerine) 

were also prepared from respective broth cultures for long term preservation. 

3.7. Chromium Resistance Screening 

Bacterial isolates were screened for chromium resistivity. For this purpose 

chromium (K2CrO4) amended nutrient agar plates were prepared. The Cr (VI) stock 

solution of 1000μg/mL concentration was prepared by dissolving 375mg of potassium 

chromate in 100ml of dH2O and sterilized. Nutrient agar medium was autoclaved and 

cold down to 50ºC to added chromium stock solution for the required concentration of 

100, 250 and 500μg/mL. Bacterial isolates were revived from the stocks and streaked on 

the nutrient agar plates harbouring of 100, 250 and 500 µg/ml of Cr(VI). Growth of the 

isolates as an indicative of chromium resistivity was recorded upto 14 days.  

3.8. Minimum Inhibitory Concentration (MIC) of different Metals for 

Bacterial Growth 

For finding MICs of Cr, Cu, Pb and Hg for the bacterial isolates, microdilutions 

of double strength nutrient broth according to the required metal concentrations were 

prepared. The metal salts used were K2CrO4, CuSO4.5H2O, Pb(NO3)2 and HgCl2. Two 

percent of fresh bacterial growth was inoculated into metal amended media and incubated 

at 37ºC for 48 hrs. Optical density of the growth was then recorded at 600 nm in UV 

spectrophotometer. Lowest concentration of metal which completely inhibited the 

bacterial growth in nutrient broth was considered minimum inhibitory concentration 

(MIC). 



 36

3.9. Chromium Reduction Potential 

 For finding Cr(VI) reduction potential of bacterial isolates, 20 ml of  nutrient 

broth spiked with 50 µg/ml of Cr(VI) as K2CrO4 was prepared in 100 ml culture bottles 

and inoculated with 10% of fresh (overnight incubated) bacterial culture. Inoculated 

bottles were incubated at 37°C in shaker at 120 rpm. Uninoculated broth processed 

similarly served as control. Following 48 hrs of incubation 1.5 ml of a bacterial culture 

was taken and centrifuged at 10000 rpm for 5 min.  Supernatant was analyzed for residual 

Cr(VI) in the media by colorimetric method using diphenylcarbazide (DPC) reagent 

(Rehman et al., 2008). Percent Cr(VI) reduction was determined by the following 

formula: 
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3.11. Assessment of Nutrient Cycling Potential of the Bacterial Isolates 

3.11.1. Cellulolytic Bacteria (C-Cycle Bacteria) 

3.11.1.1.  Qualitative Analysis of Cellulase Activity  

The bacterial isolates were preliminary screened for their cellulolytic activity on 

the cellulose medium agar plates by measuring hydrolysis zones visualized by flooding 

the plates with Lugol's iodine Kasana et al. (2008). For this purpose bacterial growth was 

streaked over the selective cellulose medium agar plates (5.5 pH). Zones of cellulose 

hydrolysis were observed and recorded after 24, 48 and 72 hrs of  incubations  at 37° C.  

3.11.1.2. Quantitative Estimation of Cellulase Activity 

The cellulase activity (U/mL) was estimated by o-toluidine method (Hartel et al., 

1969). Cell free supernatant of an overnight grown bacterial isolate in cellulose medium 

was used as enzyme source. This method measures the release of glucose produced in 

60min from a mixture of enzyme solution (0.1mL) and acetate buffer (0.1M pH 5, 0.4 

mL) in the presence of microcrystalline cellulose (0.1%) after incubation at 37°C. Then 

2ml of 300mM TCA (Trichloroacetic acid) followed by 2ml of o-toluidine reagent were 

added in reaction mixture and boiled for 8min. Reaction was terminated by placing in ice 

cold water and A625nm was observed by UV spectrophotometer. 0.5ml of a cell free 
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supernatant was also processed for estimation of glucose produced due to cellulose 

hydrolysis during growth. Cellulase activity of the isolates was also assessed and 

quantified in the presence of 50µg of Cr(VI) mL-1as K2CrO4 after an incubation period of 

3 days at 37°C.  

O-toluidine reagent was prepared by mixing 1.5g thiourea in 91ml of glacial 

acetic acid and then final volume was made up to 100ml by addition of o-toluidine. The 

microcrystalline cellulose (Merck) 0.1% solution was prepared in 0.1M buffer of required 

pH. The acetate buffers (0.1M) were prepared by mixing together 0.1M each of acetic 

acid and sodium acetate trihydrate in different proportions for attaining pH range of 5 to 

6. While 0.1M phosphate buffer (0.1M HCl and 0.1M NaOH mixed in different 

proportions) was used to attain pH range of 7 to 8. Green colour developed due to o-

toluidine reagent complex formation with glucose was estimated spectrophotometrically 

at 625nm in UV spectrophotometer. Distilled water was processed in the same way as 

blank.  

Standard curve was prepared using glucose concentrations of 10, 20, 40, 60, 80 

and 100μg/ml (Fig. 3.2). Production of 1μmol of glucose from cellulose in one hour at 

respective pH and temperature corresponds to one cellulase unit (U). The cellulase units 

were calculated with the help of following formula  

Cellulase units= (Y-X)*CV*df 

X= O.D625nm glucose in spent culture media×0.2 

Y= O.D625nm glucose after incubation with substrate 

df: dilution factor 

CV: Curve value 
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      Fig. 3.2: Standard curve of glucose with o-toluidine method  

y = 0.007x + 0.012  

If Y=1, then Curve value = 141.14μg of glucose /ml 

3.11.2. Nitrogen Fixing Bacteria (N-Cycle Bacteria) 

3.11.2.1. Qualitative Analysis of Nitrogenase Activity 

Biological nitrogen fixation occurs when atmospheric nitrogen is converted to 

ammonia with the assistance of nitrogenase (N2 + 8 H+ + 8 e− nitrogenase→ 2 NH3 + H2). 

Ability of the bacterial isolates to fix atmospheric N2 to NH3 was assessed 

qualitatively following the method of (Dye, 1962). Nitrogen fixing isolates were grown in 

10ml of peptone water (g/L: peptone 10, NaCl 5, disodium hydrogen phosphate 9, 

potassium dihydrogen phosphate dodecahydrate 1.5) and incubated for 48 hours at 37°C. 

Then 0.5 mL of Nessler's reagent was added to the cultures.  For preparation of Nessler's 

reagent two solution were prepared, solution A( 50g KI in 50mL cold dH2O) and solution 

B (22g HgCl2 in 350 mL dH2O). Solution B was mixed with solution A until red ppt was 

formed. Then 200 mL of 5N NaOH was added and the volume was made to 1L with 

dH2O. Clear solution was drawn and saved in separate reagent bottle for use. Test was 

performed keeping the samples cool. A yellow–brown colour after addition of Nessler's 
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reagent was considered positive for formation/presence of ammonia. Peptone water 

without bacterial culture was used as control.  

3.11.2.2. Quantitative Analysis of Nitrogenase Activity: 

 Nitrogenase activity of nitrogen fixing bacteria was estimated according to the 

method of Larue and Kurz (1973). Nitrogenase enzyme reduces chemicals with triple 

bonds into double bonded molecules. Thus, nitrogenase activity can be assessed by 

reduction of acetylene being triple bond compound into ethylene a double bond molecule. 

Ethylene is later oxidized into formaldehyde which is then estimated colorimetrically. For 

determination of nitrogenase activity of nitrogen fixing bacteria cultures were grown in 

20ml N free medium (MII, pH 7) in 50 ml serum bottles at 30°C for one week. Air was 

removed from the serum vial with the help of syringe to generate space for acetylene 

injection. Acetylene gas was then injected into 10% head space of bacterial culture with 

the help of a 10ml syringe and incubated for 2 hours at room temperature. Acetylene gas 

was prepared by addition of 0.2g of compact CaC2 into 5ml water in a 100mL air 

tightened serum vial. Ethylene produced from acetylene reduction under nitrogenase 

catalysis was biochemically analyzed for estimation of nitrogenase activity. For this 

purpose 1.5ml of oxidant solution (0.05M sodium metaperiodate and 0.005M potassium 

permanganate in 8:1, pH 7.5) was placed in 20ml gas tightened vials. Three ml of gas 

taken from the cultures incubated with acetylene was transferred into oxidant solution 

vials. The vials were agitated vigorously on shaker at 300rpm for 90 min at room 

temperature (25°C). After the incubation, 0.25ml of 4M sodium arsenite and 0.25ml of 

4N sulphuric acid were added into oxidant solution one after the other. Contents of the 

vials were mixed thoroughly to destroy excess oxidant. One ml of Nash reagent was then 

added and reaction was placed for 1 hour at room temperature. Nash reagent was 

prepared by mixing150g ammonium acetate, 3ml acetic acid and 2ml acetyl acetone and 

the volume was made up to one liter with distilled water. The yellow color formed due to 

conversion of ethylene into formaldehyde was read at 412nm wavelength in 

spectrophotometer. Standard Curve was prepared by using different concentrations 

(volumes) of ethylene 0.5, 1, 1.5, 2, 2.5 and 3ml and processed in the similar way as 

above (Fig. 3.3) 
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            Fig. 3.3. Standard curve of ethylene with Laure and Kurtz (1973) method 

y = 0.053x + 0.114  

If Y=1, then Curve value= 16.71mL of ethylene 

3.11.3. Denitrifying Bacteria (N-Cycle Bacteria) 

3.11.3.1. Qualitative Analysis of Nitarte and Nitrite Reduction 

 To determine the isolates’ potential of nitrate reduction, nitrate broth was 

prepared (g/L; peptone 20, potassium nitrate 2, pH 7), dispensed in an amount of 4ml/test 

tube and autoclaved routinely. The broth was inoculated with the isolates, growth and 

covered with 1cm layer of autoclaved paraffin oil and cotton plugged. The test tubes were 

then incubated for 48 hours at 37°C. After the incubation, oil was removed and 0.25ml of 

reagent I (8g of sulphanilic acid in 1 liter of 5N glacial acetic acid) was added soon after 

which 0.25ml of reagent II (5g Dimethyl- α -naphthylamine in 1 liter of 5N glacial acetic 

acid) was added. The presence of nitrite was evidenced by the development of red color 

within 1-2 minutes. The cultures which showed no red color, were considered for two 

possibilities that is either nitrate had reduced to nitrite or the nitrate was reduced 

completely into gaseous forms (N2). Therefore, to the negative tubes a small quantity of 

zinc dust was added. A negative test was assessed for its level of denitrification as when a 

red color appeared due to nitrate formed due to oxidation of nitrite by the zinc. Whereas 
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complete denitrification was considered for the culture which showed no color even after 

zinc dust addition (Weyant et al., 1995). 

3.11.3.2. Determination of Reductions of Nitrate and Nitrite by Denitrifying   

Bacteria: 

To assess nitrate reduction potential the denitrifying bacteria were grown in 20ml 

of M-VI medium with 5μg/mL of NO3-N (nitrate as nitrogen) in the form of NaNO3. 

Thus inoculated serum bottles were more incubated at 37°C under anaerobic condition 

for 3 days. Then 1.5mL of culture was taken and centrifuged at 8000rpm for 10 min. The 

cell free supernatant was filtered through 0.2μm pore size filters (Acrodisc Syringe 

Filters, USA) for chromatographic determination of nitrate and nitrite ions using IC 

(Dionex ICS, 3000) with an AS18 column and AG18 pre-column, at an eluent 

concentration of 22 mM KOH at 1 mL/min flow rate. Calibration curves for nitrate and 

nitrite were prepared from stocks of sodium nitrate and sodium nitrite each of 1000 ppm 

strenght. 

3.12. Optimization of Selected Bacteria 

Five isolates each of cellulolytic and nitrogen fixing and two of denitrifying 

bacteria were selected for further investigations on the basis of maximum cellulase, 

nitrogenase and nitrate reductase activities, respectively, in addition to their MIC of 

chromium, and Cr(VI) reduction potential, while cultivating in their respective selective 

growth media. 

3.12.1 Growth Curves 

  Growth cycles of the select bacteria were studied in MVII medium. For this 

purpose, 20ml of sterilized MV11 broth of pH 7 inoculated with 0.1% of respective 

bacterium was kept for incubation at 37°C temperature and aeration conditions. Of a 

given bacterial culture, 1.5ml was sampled in clean eppendorfs under sterilized condition 

daily and absorbance of the cells determined at 600nm till the decline phase became 

detectable.  
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3.12.2. Optimization of Enzyme Activity 

 Bacterial isolates were grown in their selective media for optimization of different 

culture conditions of temperature, pH, aeration, inoculum size, carbon and nitrogen 

sources and incubation time for maximum enzyme production. Culture incubation period 

in all experiments was 24hrs for cellulolytic isolates, 48hrs for denitrifying isolates while 

10 days for nitrogen fixing isolates except for optimizing culture age to achieve 

maximum enzymatic yield. Growth and soluble protein were also assessed for all 

optimization experiments.  

3.12.2.1. Inoculum Preparation 

 Each of twelve bacterial isolates (5 cellulolytic, 5 nitrogen fixing and 2 

denitrifying) were cultured in 15 mL test tubes containing 5mL of MVII broth (pH 7) at 

37°C. Cultures were incubated for time period of respective bacterial log phase and then 

used as inocula for the subsequent experiments.  

3.12.2.2. Optimization of Select Cellulose Degrading Bacteria in M-I Broth 

Bacterial cultures were grown overnight in nutrient broth at 37 °C. Then 0.1ml of 

a culture was used to inoculate 5ml of cellulose selective broth in 20ml glass vial. One ml 

of a bacterial growth was harvested at prescribed post incubation periods and after 

recording cells O.D. at 600nm culture was centrifuged at 8000rpm for 10min (4ºC). 

Supernatant was used for determination of cellulase activity (U/mL) as described above. 

While soluble protein was determined as described in section 3.13.2. All experiments 

were performed in triplicates in presence of 10µg/mL Cr (VI) as K2CrO4.  

3.12.2.2.1. Optimizing Temperature for Yields of Cellulase 

The bacterial isolates were inoculated and incubated at different incubation 

temperatures for determining enzymes yield optima. For this purpose the M-I broth (pH 

5.5) inoculated with 1% of a bacterial growth was incubated at 25, 37 and 50 ºC 

temperature for 24 hrs.  Growth was processed for determination of growth, soluble 

protein contents(mg/ml) and cellulase activity(U/ml). 
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3.12.2.2.2. Optimizing pH for Yields of Cellulase  

For optimizing pH  for cellulase yields of select cellulolytic bacterial isolates in 

another set of experiments, M-I broths of different initial pH of 5, 7 and 9 were 

inoculated with 1% of a bacterial culture and incubated for 24hrs at its respective 

temperature optima. After required incubation period cultures were processed for 

analyses as described above. 

3.12.2.2.3. Optimizing Inoculums Size for Yields of Cellulase  

The media (M-I) were inoculated with 1, 5 and 10%  of corresponding bacterial 

cultures and incubated at their respective determined growth optima for 24 hrs.  At 

completion of the incubation period growths were processed as described before. 

3.12.2.2 4. Optimizing Aeration Condition for Yields of Cellulase  

Effect of oxygen requirements for cellulose production were determined by 

incubating the bacterial cultures at 120rpm for aeration and without shaking for non-

aertion at their corresponding predetermined temperature, initial pH and inoculum size 

optima.  

After completion of 24hr incubation period the cultures were processed for 

determination of growth, yields of cellulase and soluble proteins as described before. 

3.12.2.2.5. Optimizing incubation time for yields of cellulase in M-I-Broths 

without Cr (VI) (A), with 50μg/mL Cr(VI) (B),  and glucose supplemented and 

Cr(VI) amended (C) 

For observing effect of incubation time on cellulolytic performance bacterial 

isolates were cultivated for a period of six days in M-I media under their respective 

optimized physical conditions. On each day post incubation, 1ml aliquot of a culture was 

taken and analyzed for cellulase activity, soluble protein and growth.  The isolates were 

also cultured in the selective media spiked with 50μg/ml of Cr (VI) with and without 

glucose supplement and incubated at their respective optimal physical conditions of 

temperature, pH and inoculum size 
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3.12.2.2.6. Optimizing Carbon Source Supplements for Yields of Cellulase 

 The bacterial isolates with improved cellulolytic activity in presence of Cr(VI) 

with glucose supplement were further studied for enhanced cellulase production with 

different carbon supplements. For carbon supplements 0.1% (w/v) of sodium acetate, 

sodium citrate, sodium succinate, pyruvic acid, maltose, lactose, mannitol, glactose, 

xylose and sorbitol as incorporated in the selective cellulose containing media(M-I) and 

incubated under optimum conditions. 

3.12.2.2.7. Optimizing Nitrogen Source for Yields of Cellulase  

Nitrogen source of M-I broth were used as N sources as individual components in 

M-I media. For this purpose 0.1% (w/v) of urea, meat extract, yeast extract, trypton, 

asparagines, peptone, sodium nitrate, ammonium tartarate, ammonium sulphate and 

ammonium nitrate was incorporated to substitute the nitrogen source of the selected 

medium following cellulase optimization for carbon supplement and incubated at optimal 

conditions. At completion of incubation time analyses were performed as described 

above.  

3.12.2.2.8. Effect of Varying Cr(VI) Concentrations on the Yields of Cellulase  

 Effects of varying chromium concentrations on cellulase production by the 

isolates were determined. For this purpose under the optimal condition of temperature, 

pH and aeration, C supplement and N-source, M-I broths spiked with 50, 100, 250and 

500 and 1000μg/mL of Cr (VI) were inoculated with overnight grown culture of an 

isolate and incubated as per optima. Cellulase activity, growth and total protein were 

analyzed. 

3.12.2.3. Optimization of Select Nitrogen Fixing Bacteria in M-II Broth 

The bacterial isolates were inoculated and incubated at different incubation 

conditions for determining enzymes yield optima All optimization experiments were 

performed with M-II media in 50mL serum vials amended with 10 μg/mL of Cr(VI). The 

bacteria were grown in nutrient broth at 37°C for time period of respective bacterial log 

phase. Then 0.1ml of the culture was inoculated to 20ml of M-II (pH 7) and incubated for 

corresponding time period. For all following optimization experiments one ml of a 
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bacterial growth was harvested at prescribed post incubation periods and absorbance was 

recorded at 600nm while soluble protein contents and nitrogenase yields were assessed 

following Lowery et al. (1951) and Larue and Kurz (1973), respectively. 

3.12.2.3.1. Optimizing Light Requirements for Yields of Nitrogenase 

 The N-free M-II broths (pH 7) inoculated with 1% of the bacterial growth were 

incubated at 30°C in day light and dark for 10 days. At completion of the incubation 

period, bacterial growth, concentration of soluble proteins and nitrogenase activity was 

assessed.  

3.12. 2.3.2. Optimizing Aeration Conditions for Yields of Nitrogenase 

 M-II medium broths were inoculated with 1% inoculum of a respective bacterium. 

The inoculated serum vials were then incubated at 30°C for 10days at the corresponding 

light conditions of respective bacteria. For finding aeration effects on nitrogenase 

activity, one set of M-II medium in 50mL serum vials pluged with cotton was placed on 

shaker at 120 rpm while the second set of M-II medium in serum vials with serum caps 

was incubated without aeration.  

3.12. 2.3.3. Optimizing Temperature for Yields of Nitrogenase 

 M-II broths prepared in 50mL serum vials were inoculated with 1% inoculum of a 

respective bacterium. The inoculated vials were assessed for optimum temperature for 

nitrogenase activity by incubating bacterial growths at 20, 30, 40 and 50°C for 10 days at 

the corresponding light and aeration conditions.  

3.12. 2.3.4. Optimizing pH for Yields of Nitrogenase  

In another set of experiments nitrogen free selective media M-II of different initial 

pH of 5, 6, 7, 8 and 9 were inoculated with 1% of the bacterial culture and incubated for 

10 days at their respective optima of temperature, light and aeration conditions. After 

required incubation period cultures were processed for analyses as described above. 

3.12. 2.3.5. Optimizing Inoculum Size for Yields of Nitrogenase  

For optimizing inocula size, 1, 5 and 10% of a given bacterial culture was 

inoculated to M-11 broths and incubated at their respective nitrogenase yield optima 
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described above for 10 days. After the completion of incubation period the growths were 

processed as described before. 

3.12. 2.3.6. Optimizing Carbon Source for Yields of Nitrogenase 

 The bacteria were further characterized for enhanced nitrogenase production with 

incorporation of different C sources in the selective media (M-II). For this purpose 1% 

(w/v) of sodium acetate, sodium citrate, sodium succinate, pyruvic acid, maltose, lactose, 

mannitol, glactose, xylose and sorbitol were incorporated in the N-free media and 

incubated under optimum conditions.  

3.12.2.3.7. Optimizing Incubation Time for Yields of Nitrogenase  

The bacteria were inoculated in the optimal broth media and incubated for 10, 20, 

30, 40 and 50 days at their nitrogenase yield’s optima. At termination of each experiment, 

analyses for growth, soluble protein contents and nitrogenase activity were performed. 

3.12. 2.3.8. Effects of Varying Cr (VI) Concentrations on Yields of Nitrogenase  

The bacteria were incubated in M-II broth media spiked with 50, 100, 250, 500 

and 1000μg/ml of Cr (VI) and incubated at the optimum conditions. Growth, soluble 

protein contents as well as nitrogenase activity was assessed at post incubation.  

3.12.2.4. Optimization of Denitrifying Bacteria for Nitrate Reduction in M-V 

Broth 

3.12.2.4.1. Optimizing Incubation Temperature for Nitrate Reduction 

 M-V broth prepared in serum vials and inoculated with 1% denitrifying bacterial 

growth were incubated at 25, 37 and 50°C for 48hr. In addition to assessment of growth 

(A600nm), nitrate and nitrite contents of cell free supernatants were determined as 

described in the section 3.17.1.2. 

3.12. 2.4.2. Optimizing of pH for Nitrate Reduction 

 M-V broth media of pH 5, 7.5 and 9 were prepared and cultured with respective 

denitrifying bacteria. at their corresponding optimum temperature for 48hr.  
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3.12. 2.4.3. Optimizing of Inoculum Size for Nitrate Reduction  

One 5 and 10% of a given bacterial culture was inoculated in M-V broth and 

incubated at their corresponding optimum incubation conditions for 48hr.  

3.12. 2.4.4. Optimizing Incubation Time for Nitrate Reduction 

 M-V broth of corresponding pH with 15ppm of nitrate was incubated with 

respective bacterial isolate and incubated at corresponding incubation temperature, for 6 

days. 

3.12. 2.4.5. Effect of Varying Cr (VI) Concentrations on Nitrate Reduction  

 M-V nitrate containing (15 μg/mL NO3
-1) broth with different concentrations of 

Cr(VI) 5, 10, 15 and 20 μg/mL were prepared and cultured at optimized conditions of 

respective bacterium. The measurements were made daily for experiments of sections 

3.13.1 and 3.17.1.2. 

3.13. Biochemical Assays 

3.13.1. Estimation at Cr(VI) Analysis 

 Cr(VI) contents of soil and experimental samples were estimated by 

Diphenylcarbazide (DPC) method adopted from Rehman et al., (2008). The DPC reagent 

was prepared as 0.25% solution of diphenylcarbazide in acetone whose pH was brought 

near to 2 with few drops of 1M phosphoric acid. Sample to be analyzed was centrifuged 

at 8000 rpm for 5 minutes and then 0.2 ml of the supernatant was reacted with 1ml of 

DPC reagent for 10 min at room temperature (30±1°C). After that the absorbance of 

violet colour complex formed was recorded spectrophotometerically at 540nm. A 

standard curve was made by reacting similarly concentrations of 100, 200, 400, 600, 800 

and 1000μg/mL of Cr(VI) (Fig. 3.4). Amount of Cr(VI) in the samples was then 

determined according to the following formula. 

Cr(VI) in sample=  Absorbance of sample × dilution factor × Curve value 
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Fig. 3.4: Standard curve of Cr(VI) for diphenylcarbazide method (Rehman et al., 2008) 

Y=0.0012x+0.1471 

If y=1 then  Curve value=948 

3.13.2. Estimation of Total Soluble Protein 

 Total soluble protein in a culture supernatant was measured by Lowery method 

(1951). For this analysis folin reagent was prepared by mixing 2% Na2CO3 in 0.1M 

NaOH, 1% sodium potassium tartrate and 0.5%CuSO4 in 100:1:1 ratio, respectively. 

Whereas commercial Folin-Ciacalteau reagent was diluted in 1:1 ratio in water. To 0.4ml 

of culture supernatant 2 ml of folin reagent was added and the mixture was kept for 15 

min. Then 0.2ml of the diluted Folin-Ciacalteau reagent was added and the reaction 

mixture was observed for blue colour development after 45 min of incubation at room 

temperature (30 ± 1oC). Absorbance of the colour developed was then determined 

spectrophotometrically at 750 nm. Standard curve was prepared by employing different 

concentration of bovine serum albumin (BSA) and reacting with the reagents as 

mentioned above (Fig. 3.5). Amount of total soluble protein in a sample was then 

determined with the help of following formula. 
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Fig. 3.5: Standard curve of BSA for Lowery et al. (1951) method.  

Y=0.0007X+0.0232 

If Y=1 then Curve value=1400 

3.13.3. Estimation of Indole Acetic Acid Produced by Nitrogen Fixers 

Nitrogen fixing bacteria were incubated in nitrogen free broth (MII) medium 

supplemented with 0.1gL-1ammonium chloride and 100ug/ml L-Tryptophan at 30°C for 3 

days under darkness in a shaking water bath. Supernatant of a sample was obtained by 

centrifugation of culture at 6000rpm for 20min. Indolic compounds were then measured 

by mixing one ml of supernatant with the same amount of salkowski reagent. Salkowski 

reagent was prepared by mixing 15ml of 0.5M FeCl3 with 500ml distilled water and 

300ml of conc. H2SO4. The reaction mixture was kept for 30min in dark and its 

absorbance was then measured spectrophotometrically at 535nm (Vanieraki et al., 2011). 

Standard curve was prepared with different concentrations of indole acetic acid (Fig. 3.6). 

Amount of indole acetic acid produced by the bacteria was then estimated with the help 

of following formula. 
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Indole acetic acid (µg/ml)  =  Absorbance of sample × dilution factor × Curve value 

 

       Fig. 3.6: Standard curve of 3-indole acetic acid according to Vanieraki et al. (2011).  

Y=0.002X+0.559 

If Y=1 then Curve value=220.5µg/ml of IAA 

3.14. Characterization and Identification of the Bacterial Isolates 

3.14.1 Physicobiochemical Characterization for Rapid Generic Diversity 

Assessment of the Bacterial Isolates  

Bacteria of the present study were characterized morphologically through Gram 

and endospore stainings and motility test in addition to the consideration of colony 

morphology. While they were characterized biochemically through catalase ,oxidase, 

MR-VP, casein hydrolysis, starch hydrolysis, gelatin liquefication, sulfide production, 

indole production, citrate utilization, nitrate reduction and sugar fermentation tests as 

described by Benson (1994). Genus level identification was then assessed for all the 

bacterial isolates after the Bergey’s Manual of Determinative Bacteriology for having a 

general look upon the vertical distribution patterns of the different bacterial genera (Holt 

et al., 2000). However, following their screening for Cr VI resistance / reduction and 

cellulase, nitrogenase and denitrifying potentials of the respective isolates, they were 
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selected for further investigations including 16SrDNA sequence analysis for 

identification.  

3.14.2. Assessment of Antibiotic Sensitivity of the Bacterial Isolates 

 Commercially available antibiotic sensitivity disks (Oxides) were placed upon the 

surface of the inoculated with respective bacterium nutrient agar plates. After an 

incubation of 24hrs at 37oC the plates were observed for determination of diameters of 

growth inhibition zones surrounding the discs. A clear zone of inhibition indicated that 

the organism was sensitive to the specific drug that diffused into the agar from the disc 

(Pelczar et al., 1993). 

3.14.3 Assessment of Antibiosis of Select Bacteria for Co-Culturing  

The select bacterial isolates were cross streaked on nutrient agar plates to assess 

their compatibility for co-culturing. Each experiment was repeated three times. Inhibition 

of growth with respect to each other observed at/around the crossing the two streaks was 

considered as indication of bacterial antibiosis and the bacterial couple was thus not 

considered suitable for co-culturing.  

3.14.4 16S rDNA Chracterization of Select Bacterial Isolates 

3.14.4.1. Bacterial DNA Isolation 

  For DNA isolation, method of (Li et al., 2005) was followed. Accordingly 1.5ml 

of bacterial culture grown in nutrient broth for an overnight period was taken in sterilized 

micro centrifuge tubes and centrifuged at 13000rpm for 5 min. The supernatant was 

discarded and 400μl of solution I [CTAB buffer(20mM EDTA, 1.4 M NaCl, 100mM pH 

8 Tris HCl, 2% w/v CTAB), 2μl of β-mercaptoethanol/ml of CTAB buffer and 50μl of  

1% w/v proteinase K/ml of CTAB buffer were added and mixed well with the pellet. 

Then 150μl of Solution II (0.2N NaOH and 1% w/v SDS) was added to it and incubated 

at 60°C for 2 hrs. After the incubation 500μl of PCI solution ( 25: 24: 1 of phenol buffer, 

chloroform and isoamyl alcohol) was added and mixed carefully by repeatedly inverting 

the tube for 2 min. The mixture was then centrifuged for 10 min at 13200rpm. As the 

aqueous phase containing DNA and colloidal phase containing proteins got clearly 

separated, thus the aqueous phase was carefully picked up and put into another sterilized 
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micro centrifuge tube.  Thereafter 300μl of 100% (absolute) ethanol was added to it and 

the eppendorfs were left for 10min at room temperature and later for 20min in freezer at -

20°C. The tubes were then taken out from freezer and centrifuged at 13200rpm for 5 min. 

The supernatant was discarded and the pellet given a wash with 1ml of 70% ethanol. 

Tubes were again centrifuged at 13200rpm for 5 min and the supernatant was discarded. 

Pellet was dried in air for complete removal of ethanol and DNA in the tube was 

resuspended in 50μl of DNA free deionized water. The DNA was then stored at -20 °C 

until further use. 

3.14.4.2. Agarose Gel Electrophoresis of DNA 

For the gel formation and filling the electrophoresis tank, 1X TAE buffer was 

prepared. One % agarose was prepared in 1X TAE buffer and heated for 2 min in 

microwave in a flask. The flask was taken out and kept at room temperature for cooling 

down to 40-50°C. Then ethedium bomide was added (8μl/ 100mL) and the material was 

poured carefully, avoiding bubble formation into gel casting tray containing a comb. On 

solidification of the gel comb was removed and gel with the tray was placed in 

electrophoresis tank. For confirmation of DNA isolation, 10μl of DNA was prepared with 

6ul loading dye and loaded in wells of the gel with sterilized micropippet. The electrodes 

of the gel apparatus were connected to electrophoretic chamber with a voltage of 90mV 

for 30min run. Movement of dye from anode to cathode ensured the DNA migration. 

After a 30 min run, gel was taken out and DNA bands were visualized under UV (Gel 

Doc, Bio-Rad Laboratories, USA) to check integrity of DNA isolation.   

3.14.4.3. PCR Conditions for 16SrDNA Amplification 

 Universal primers 27f (AGAGTTTGATCMTGGCTCAG) (Lane, 1991) and 

1492r (GGTTACCTTGTTACGACTT) (Turner et al., 1999) were used for 16SrDNA 

gene amplification of the bacterial genomes.  PCR master mix of 45μl reaction was 

prepared by adding 5μl each of Taq buffer, 25mM MgCl2, 1mM  dNTPs, 10pmol forward 

and reverse primer, 2 μl of 2U/ml DNA Taq polymerase and 18 μl of DNA free water. 

Then 5 μl of DNA of a test bacterium was added as template for amplification. Template 

DNA was obviously omitted for negative control. The PCR cycle with denaturation for 

3min at 94°C following 35 cycles of denaturation for 30sec at 95°C, annealing step of 2 
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min at 60°C and 1 min extension at 72°C with a final extension step of 30min at 72°C 

was run in thermal cycler (USA). For visualizing 5 µl each of PCR products and the 

DNA ladder were electrophoresed on 1% agarose gel in TAE buffer stained with 

ethedium bromide.  Appearance of amplified bands of 1.5kb under UV (Gel Doc, Bio-

Rad Laboratories, USA) confirmed integrity of the amplicons.  

3.14.4.4. PCR Product Purification and Sequencing 

 Once the amplified PCR product of 16SrDNA was obtained and electrophoresed 

on gel, bands were cut with the help of alcohol sterilized blade under UV for purification. 

The cut bands were placed in pre-weighed micro centrifuge tubes. The collective weight 

of the micro-centrifuge tube with gel was determined to assess the DNA band weight. 

The DNA bands were purified using Fermentas Gene Purification Kit following the 

manufacturer’s instructions. Samples of purified DNA in deionized water were send to 

the DNA Core Sequencing Facility, CEMB, University of the Punjab, Lahore for 

sequencing. Forward and reverse sequences were assembled using ContigExpress 

program of DNA assembly. Approximately 1100-1400 nucleotides were obtained from 

the assembled sequences. 

3.15. Soil Rehabilitation Potential of Carbon and Nitrogen Cycle 

Bacteria  

3.15.1. Inoculum Preparation 

The bacterial cultures were revived from slants into nutrient broth and incubated at 

37°C for 24hrs. From the fresh culture inocula for soil were prepared in selective broth 

M-VIII incubated at 30°C for 72hrs. The culture was centrifuged at 8000rpm for 10 

minutes and the pellet was washed with sterile water and the cells’ suspension in the 

water / M-VIII medium of 0.2 O.D. 600nm was prepared to harvest in subsequent soil 

bioremediation experiments. 

3.15.2. Batch Soil Bioreactors For Cr(VI) Reduction 

These experiments were performed for the analysis of soil Cr (VI) remediational 

potential of the select bacteria. Soil was brought to laboratory from an area within the 

vicinity of Quaid-e-Azam campus, University of the Punjab, Lahore, Pakistan not known 
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for the industrial contamination. The soil was dried, ground and sieved through 20 mesh 

seive for the removal of debris and stones. Ten g of soil was then weighed and poured 

into 20ml glass vials of 2.5cm diameter and 29.39cm3 volume. The soil was later 

autoclaved at (121°C) 15 lb pressure for 30 min. Eight different experiments were 

performed at different treatment conditions with respect to nutrition and bacterial isolates. 

Experimental soils were amended with 1000μg/ml of Cr (VI). Details of the different 

experiments of soil treatments are presented in Table 3.3. 
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Table 3.2 Treatment conditions for bioremediation of chromium spiked soils in 

bioreactors 

Soil Bioreactors Treatment 
Code Treatment 

M-VIII 
medium 

(ml) 

dH2O 

(ml) 

Bacterial 
growth 

inoculated 

(A 600nm) 

Cr(VI) 

ppm 

Soil 

(g) 
pH 

1 C Intact control Nil 10 

0.2 1000 10 7 

2 CCr 
Chromium spiked 

control 
10 

 
Nil 

3 BaN-ve 
B. 

amyloliquefaciens-
ASK11 

Nil 
10 

 

4 BmN-ve 
B. megaterium-

ASNF3 
10  

5 BaN+ve 

B. 
amyloliquefaciens-

ASK11+MVII 
medium 

Nil 10 

6 BmN+ve 
B. megaterium-
ASNF3+MVII 

medium 
Nil 10 

7 
(Ba+Bm)N-

ve 

B. 
amyloliquefaciens-

ASK11+ B. 
megaterium-

ASNF3 

10 Nil 

8 
(Ba+Bm)N+ 

ve 

B. 
amyloliquefaciens-

ASK11+ B. 
megaterium-
ASNF3+ MVII 

medium 

Nil 10 
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The experiments were performed in triplicates for a period of 8-weeks. For soil 

bioremediation amount of residual Cr (VI) was analyzed once a week in the liquid phase 

above to the soil column. At the time of sampling vials were shaken so that soil mixed 

thoroughly with liquid phase and then the vials were left for 2 -3min till the soil settled 

down. Thereafter 0.1mL of the liquid phase was taken and serially diluted in autoclaved 

dH2O. Of these dilutions 100 µl was spread over nutrient agar plates which were 

subsequently incubated at 37oC for 24 hrs to determine C.F.U./ml of soil suspension. For 

Cr (VI) analysis 1.5mL of the liquid were taken and centrifuged for 5 min at 8000rpm. 

The supernatant was then processed for the estimation of Cr (VI) by diphenylcarbazide 

method as describe in section 3.13.1.  

3.16. Wheat Seed Germination and Initial Plant Growth Determinations 

in the Bioremediated soils 

Eight week bioremediated soils of each experimental set up mentioned in above 

section were assessed for wheat seed germination indices and the plant growth profiles. 

Wheat seeds were taken from a local market and their average weight was recorded. 

 Surplus water over the soil surface was drained out by tilting the vials for 2 minutes. All 

the experiments were replica of four and soils of each experimental condition were 

processed at the following three routes:  

1. Weight of vials at the completion of eight week period was determined. These 

vials were then kept in oven at 105°C till the consistent weight achieved. Percent 

soil moisture was recorded and the dried soil was processed for total chromium 

analysis through atomic absorption spectrophotometer (Perkin Elmer Analyst 

400).  

2. Sets of eight week treated soils (vials) of each experimental condition were 

autoclaved for 15 min at 15 lb pressure (121°C). After cooling down, the soil 

columns within the vials were processed for determination of seed germination 

indices and the plants’ growth. 
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3. Third set of the vials representing each experimental condition were processed for 

seed germination and subsequent plants growth experiments like those mentioned 

above but here without autoclaving.  

The wheat seeds were placed and stirred in 0.5% sodium hypochlorite solution for 

1 min, then rinsed three times with dH2O and dried.  The seeds were embedded 1˝ down 

the top soil column within the glass vials with the help of a sterile graduated steel probe. 

Another wide mouth glass bottle was inverted over the soil containing vial for 

maintaining aseptic conditions. Four seeds were sown in each vial. The vials with this 

setup were placed at 25 ±1°C for 10-days in usual day light and night darkness for 

sprouting and growth. Seedlings growth was recorded at termination of the experiments 

after 10 days. The seedlings were recovered from the soil, washed with distilled water 

and blot dried. Weight of the fresh seedling as well as following drying at 80 oC for 24 

hrs was recorded. Following the harvesting of the seedlings their root and shoot lengths 

were measured. Percent germination, moisture contents and seed vigour and metal 

tolerance indices were calculated by using the following formulae.  

100
min

min% 
seedsofnumberTotal

atedgerSeeds
ationgerSeed  

Seed Vigour Index (SVI) = % Seed germination× Seedling size(cm) 

100% 



weightfreshSeedling

weightdryseedlingweightfreshSeedling
contentsMoisture  

100
controloflenghtrootorShoot

treatmentoflenghrootorShoot
indextoleranceMetal  

3.16.1. Estimation of Chlorophyll in Seedling Leaves 

Leaves of 10-days old seedling were analyzed for chlorophyll content. For this 

purpose distilled water washed and blot dried leaves (200mg) of a seedling were weighed 

and homogenized in 2.0 ml 80% of acetone and kept overnight at 4°C. The extract was 

centrifuged for 3 minutes at 3000rpm and the supernatant was analyzed for chlorophyll 

content in a UV spectrophotometer at 645nm and 663nm wavelength using 80% acetone 

as blank. Chlorophyll a and b concentrations were calculated following Arnon (1949). 
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3.17. Assessment of Denitrification Potential of Denitrifying Bacteria in 

H2-Based Membrane Biofilm Reactor  

3.17.1. Membrane Biofilm Reactor (MBfR) 

A MBfR setup similar to that of Chung and Rittmann (2006) was prepared for 

studying reduction of NO3
-1 and Cr(VI). The MBfR (Fig. 3.7) was a 55-mL continuous-

flow system consisting of two glass tubes connected with Norprene tubing, plastic fittings 

and hollow membrane fibers. Two bundles of hollow fiber membranes(Mitsubishi Rayon 

fiber, 200 μm OD, 100-110 μm ID, wall thickness 50-55 μm ; produced by Teijin, Ltd., 

Japan),  were prepared one with 32 hollow-fiber membranes while the other with 10 

hollow fiber membranes each with a 25-cm active length.  The fibers membranes were 

glued together, placed in separate glass tubes, joined with each other by norprene tubing, 

and connected with a H2-supply at the top for the both 32 and 10 fiber membrane 

bundles. While in case of 32 fiber membrane bundle, the bottom ends of the fibres were 

too connected with H2-supply. Whereas the bottom ends of the 10 fiber membranes were 

closed by knoting the individual fibers. Total surface area of the fiber was 92.4cm2. The 

leakage of membranes for H2 at knots and glue seal were checked by placing the knots 

and glue seals in water and supplying the H2 gas. The 10-fibres membranes 25-cm-long 

fibers served as sampling coupons for microbial ecology studies, while 32 fiber 

membranes provided the surface for development of microbial biofilm. Both of these 

glass tubes were connected to a peristaltic pump (Master Flex, model 7520-40, Cole-

Parmer Instrument Company, U.S. A) with the help of norprene tubing of diameter to 

provide completely mixed environment in MBfR due to a high recirculation rate of 150 

mL/min; to maintain the concentration in the MBfR equal to the effluent’s concentration. 

Another peristaltic pump (Rainin Dynamax Peristaltic pump, model RP-1,) and PVC 

tubing (Rainin Silicone pump tube, Yellow Blue) were used to control and regulate 

influent feed rate of 1.0 mL/min. Then H2 pressures (5.5psi) was supplied using norprene 

tubing during the experiment. 
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Fig. 3.7: General Setup of H2-Based Membrane Biofilm Reactor (MBfR) employed 

in this study 

3.17.1.1 Start up and Continuous Operation of MBfR: 

The denitrifying bacterium B.cereus-ASDS9 cutivated in M-IV medium and the 

growth adjusted to 1.0 A600nm with distilled water was used as bioreactor inoculums. The 

inoculum 5ml was added with the help of sterilized syringe at bottom of the glass tube A, 

and the reactor was maintained for batch condition for 24hrs at room temperature 

(30±1ºC) and 150rpm/hr recirculation rate. After the completion of incubation reactor 

was put to continuous phase at an influent flow rate of 1.0 ml/min (Table…). Ten ml 

each of the influent and effluent were sampled with the help of syringe from the influent 

(norprene tubing carrying media towards reactor) and effluent lines (norprene tubing 

carrying media away from reactor into waste container), respectively. The samples were 

filtered through 0.2-μm membrane filter (LC+PVDF membrane, Pall Life Sciences 

Acrodisc Syringe Filters, USA) and 5ml of the filtrate was placed in vials specific for 
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anions(nitrate, nitrite and chromate) analyses and 5ml was placed in falcon tubes for total 

Cr analysis by ICP-OES. 

Table 3.3 Operating Conditions of MBfR 2 

Reactor 

Stage 

Electron 

acceptor 

Concentrations 

of anions 

(ppm) 

Electron 

donor 

Flow 

rate(ml/min) 
pH 

1 

NO3-N 

Chromate 

1 

1 

5.5 H2 psi 

1 7 2 

NO3-N 

Chromate 

1 

1 

Yeast 

extract(1mg/l)

3 

 

NO3-N 

Chromate 

1 

0.5 

Yeast 

extract(1mg/l)

3.17.1.2. Analyses of NO3
--N and NO2

--N: 

Anions NO3
--N and NO2

--N in the influent and effluent samples were assayed 

using IC (Dionex ICS, 3000) with an AS18 column and AG18 pre-column, an eluent 

concentration of 22 mM KOH and a 1 mL/min flow rate. Calibration curves for NO3
--N 

and NO2
--N were prepared by processing 1, 10, 20, 30, 40 and 50 μg/mL of nitrate and 

nitrite for the respective chemical analysis. Caliberation curves for nitrate and nitrite are 

depicted in Fig. 3.8 and 3.9, respectively. 
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   Fig. 3.8: Standard curve of nitrate  

Y=0.132X+0.1705 

If Y=1 then Curve value= 6.28 
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  Fig. 3.9: Standard curve of nitrite   

Y=0.157X+0.2158 

If Y=1 then Curve value= 5 
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3.17.1.3. Sampling of Biofilm from Continuous Reactor 

Sampling of biofilm from the reactor was done using sterilized scissor and 

forceps. Peristaltic pump were stopped. Clamps were placed on the tubings supplying H2. 

Coupon fibers (sampling membrane fibres) were taken out carefully of the glass tube B. 

Single fiber membrane was separated out from the bundle with the help of forceps and a 

piece of it was cut down. The fiber membrane piece was put into a falcon tube having 

10ml of PCR grade water. The fiber in the reactor was knotted at the cut end and checked 

for hydrogen leakage in a beaker with water. The remaining fiber bundle was then placed 

back into the glass tube B and peristaltic pump was activated. Once the fibers were fully 

inside the glass tube without any clumps, reactor was put to continuous phase and 

hydrogen supply was opened. For removal of biofilm (from fiber) falcon tube carrying 

sample fiber membrane was vortex for 15 min at high speed. Later it was centrifuged at 

4000rpm for 20 min at 25°C.  Then 9ml of the supernatant was moved carefully and 

discarded while the pellet was mixed in remaining 1ml.  This suspension was put into 

clean eppendorf and centrifuged again at -4ºC for 20min. The supernatant was discarded 

and the pellet was placed in freezer -20°C overnight before processing for DNA 

extraction. 

3.17.1.4. Processing of Biofilm for DNA Extraction  

 For extraction of DNA from the biofilm pellet, 180μl enzyme lysis buffer (20Mm 

Tris HCl (5µl/sample) 2mM EDTA, and lysozyme, 0.005g/sample) was added into pellet. 

The contents were mixed thoroughly by pipetting up and down several times. The 

lysozyme solution was prepared fresh every time before use. Biomass suspension in 

lysozyme buffer was incubated at 37ºC for 60min with 400rpm at 30sec mixing and 3 

min non-mixing intervals. After the incubation 24-26μl of 1.2% SDS was added, mixed 

by vortex for 30sec and incubated at 56°C for 10min. Following this incubation 25μl of 

proteinase K (Promega) and 200μl of AL buffer (without ethanol) was added, mixed and 

a clear suspension was made. The lysate was spun at 10,000rpm for 1 min. The 

supernatant was collected in a separate sterilized eppendorf and 200 μl of 96-100% 

ethanol was then added followed by thorough vortexing. Entire lysate was pipet into 

DNeasy spin column placed in a 2ml collection tube (provided with Kit). Spin column 
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was centrifugen at 8000rpm for 1min. The flow through was discarded and spin column 

was placed in another clean collection tube. Then 500 μl of buffer AW1 was added and 

the columns were centrifuged at 8000rpm for 1 min and again flow through was 

discarded and the spin columns were placed into clean collection tubes. Then 500 μl of 

AW2 buffer was added and and centrifuged at 17000rpm for 3min to dry the Dneasy 

membrane. The flow through was discarded and the spin columns were placed into 1.5ml 

eppendorfs. One hundred μl elution buffer AE was added to each spin column and kept 

for 1min, before centrifugating at 10,000 rpm for 1 min. The eluent was applied back into 

spin column and again centrifuged at 10,000rpm for 1 min. Concentration and quality of 

DNA extract was measured in the eluent  with nanodrop spectrophotometer (NanoDrop 

ND-1000, NanoDrop Technologies, USA), and documented its yield and purity based on 

the 260/280 nm absorbance ratio.  10X dilution of DNA extract was made and stored at -

20ºC. All of the chemicals used, except lysozyme buffer were taken from DNeasy Blood 

and Tissue Kit (QIAGEN, USA). 

3.17.1.5. Quantification of Genes in Biofilm DNA (qPCR) 

Quantification of different genes 16S rRNA, nirK and nirS, chrR in reactor 

biofilm was done using SYBR Premix Ex Taq Kit (Takara Bio Inc, Japan). Plasmid with 

the known gene concentrations were taken from Swette center of environmental 

biotechnology lab, Biodesign institute, Arizona State University (U.S.A). Standard curves 

were prepared for target gene copy number 108 to 102 by making serial dilutions. 

Different primers employed to target different genes are given in table 3.4. with their 

corresponding sequence and PCR conditions. Twenty μL of reaction mixture for gene 

quantification was prepared mixing 10 μL SYBR Premix Ex Taq Mix, 8.6 μL PCR grade 

water, 0.2 μL each of forward and reverse primer(1pmol/ μL) and 1µl of template DNA. 

Gene copy number in sample was calculated using standard curve. A negative control 

was also used having water instead of DNA template. All the reactions were performed in 

triplicates including standards and negative control. Cell ratios were calculated from the 

gene copy numbers assuming two nirS copies per cell, based on the genome of the 

nitrate-reducing Dechloromonas aromatica RCB (Coates et al., 2001) while seven copies 

of 16S rRNA gene per bacterial cell (Fogel et al., 1999). 
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Table 3.4. Different Primers Used for gene quantification by qPCR  

GENE PRIMERS REACTION 

CYCLE 

REFERENCE 

NirS 

 

cd3aF 5'- GT(C/G) AAC 

GT(C/G) AAG GA(A/G) 

AC(C/G) GG-3' 

 

R3cd 5'-GA(C/G) TTC GG(A/G) 

TG(C/G) GTC TTG A-3' 

95°C 2min 

94°C 1min 

57°C 1min 

72°C 

1min(40x) 

72°C 10min 

95°C 15sec 

60°C 15sec 

Throback et al., 

2004  

 

16SrRNA 

 

5'-gtgStgcaYggYtgtcgtca-3' 

5'-acgtcRtccMcaccttcctc-3' 

 

95°C 10min 

95°C 15sec 

60°C 

1min(40x) 

95°C 15sec 

60°C 15sec 

Maeda et al., 

2003 
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CHAPTER 4 

RESULTS  

4.1 Soil Analyses 

Physicochemical parameters which influence microbial ecological characteristics 

were recorded along the different depths of soils (Table 4.1). The Kasur tanneries’ 

exposed soil was found basic in nature with a pH range of 7.5-8.3. The basicity decreased 

gradually down the soil with maximum pH of 8.3 at 20cm depth and a minimum of 7.3 at 

60cm depth. A similar trend down the soil depths was recorded for organic contents. The 

highest organic contents upto 18.66% were measured for the top layer (20cm) which 

were significantly higher than the 40 and 60cm deep soils. In contrary to organic content 

and pH, electrical conductivity increased at increasing soil depths.  Middle soil depth of 

40cm showed highest moisture contents around 15% while lowest value(13%) was 

observed for the the upper 20cm soil layer.   

Amongst the metal contents of the soil chromium was the prominent metal and 

next to the rank were copper and lead. Lead could be detected ≤1 ppm in soils of all the 

three depths. Highest quantities of the metals appeared for the middle soil layer (20 to 

40cm depth) with 576ppm of Cr and 4.9ppm of Cu. Lowest levels of the metals were 

recorder from the uppermost soil layer (Table 4.1).  

Table 4.1: Physiochemical properties of soil sampled from different depths of the 

study area. 

Soil 
Depth 
(cm) 

 

Colour pH 
 

(%)moisture
 

EC 
(mV) 

% organic 
Contents 

(%) 

ppm 

Cu Pb Cr 

20 
Brown 

 
8.1a±0.01 13.16a±5.4 89.66c±16.91 18.7a±0.54 1.4b±0.01 ≤1 84.4c±2.1 

40 
Grey 

 
7.6b±0.01 15.33a±3.5 129.33b±0.88 6.0b±0.3 4.9a±0.04 // 576a±32.11 

60 
Brown 

 
7.5c±0.02 6.9±7b 0.65 148.66a±4.8 5.0bc±0.23 0.4c±0.00 // 227b±10.60 

Values are means ± S.E.M. of three replicates. Those not sharing a common alphabet within a respective 
group are significantly different from each other. Single factor analysis of variance (P ≤ 0.05). //, as above; 
EC, electrical conductivity 
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4.2 Isolation of Carbon and Nitrogen Cycle Bacteria 

4.2.1 Isolation of cellulolytic bacteria 

A total of 28 cellulolytic bacteria were isolated from the sampled soils on M-I 

medium. Colony characteristics of the bacterial isolates on M-I and  nutrient agar are 

shown in table 4.2 & 4.3, respectively. Maximum number of morphologically different 

colonies were found in upper soil from which 18 of the cellulolytic bacteria were 

isolated. From soils sampled from 40 and 60cm depths morphologically four and seven 

different cellulolytic bacterial colonies could be isolated, respectively (Table 4.2).  

4.2.2 Isolation of nitrogen fixing bacteria 

Distribution pattern of nitrogen fixing bacteria among three soil layers appeared 

different from that of cellulolytic isolates. A total of twenty five nitrogen fixing bacteria 

were isolated with highest diversity from soils sampled from 0cm depth.  Five, 12 and 8 

colonies harboring nitrogen fixing bacteria were isolated from 20, 40 and 60 cm soil 

depths, respectively. Their morphological features on M-II and nutrient agar plates are 

presented in table 4.4 & 4.5. 

4.2.3 Isolation of denitrifying bacteria 

A total of twenty denitrifying bacteria were isolated from soils sampled from the 

study area. Colonial characteristics on yeast tryptone soy agar( M-VI) and nutrient agar 

media are given in the tables 4.6 & 4.7, respectively. Highest diversity of the bacteria 

was found at deepest soil depth (60cm). Distribution of denitrifying bacterial isolates 

among different soil depths enumerated as six, three and eleven at 20, 40 and 60cm, 

respectively. 
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Table 4.2: Colonies’morphologies of different cellulolytic bacteria from different soil 

depths of the study area following growth on cellulose agar (M-I )plates 

Soil 
Depth 
(cm) 

Isolate 
Code 

Diameter 
(mm) 

Margin 
(elevation) 

Surface Texture 
(Consistency) 

Colour Configuration 

20 

ASK1a 1.2 
Wavy  

(convex) 

Shiny 

 (creamy) 

yellow 

green 
Round 

ASK2 4 
Radiating  

(lobate) 

Granular 

(membranous) 
off-white Round 

ASK3 6 
Lobate  

(flat) 

Shiny 

 (creamy ) 

yellow 

green 

irregular and 

spreading 

ASK4 2 

Wavy  

(flat centrally 

concave) 

Granular 

(membranous ) 
off-white Round 

ASK5 5.5 
Irregular 

(umbonate) 
Granular (creamy) off-white Round 

ASK9 2 
Irregular  

(raised) 

granular with 

creamy center 

(solid membranous) 

off-white Round 

ASK10 5 
Irregular  

(raised) 

Dull 

(solid membranous) 
off-white Round 

ASK11 9 
Irregular 

(hilly like) 
fluid filled (mucoid) 

light 

yellow 
Irregular 

ASK12 7 
Irregular 

(hilly) 
fluid filled (mucoid) off-white Irregulat 

ASK13 5 
Irregular 

(flat) 

granular(solid 

membranous) 
off-white Round 

ASK14 4 

Irregular 

(flat with convex 

center) 

dull with shiny 

center(membranous) 
off-white Round 

ASK15 5 
Irregulat 

(flat) 

Granular 

(membranous 

creamy) 

white 
round with 

secretions zone 

ASK16 5 
Irregular 

(centrally convex) 

Shiny 

(membranous solid) 

off-white irregular and 

spreading 

Continue 
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ASK18 4.3 

Smooth 

(centrally 

convex)) 

Granular 

(creamy) 
off-white Round 

ASK20 1.2 
Smooth 

(convex) 

Shiny 

(creamy) 

light 

yellow 

round and 

nucleated 

ASK21 4 
Irregular 

(flat) 

Shiny 

(aquous) 
off-white Round 

ASK22 4 
Irregular 

(centrally convex) 

Dull 

(membranous) 
off-white Roun 

40cm 

ASK23 4 
Spreading 

(convex) 
Creamy off-white Irregular 

ASK24 2 
Irregular 

(convex) 
Dilute 

Light 

yellow 
Round 

ASK25 2 
Irregular(centrally 

convex) 
Dry 

Light 

yellow 
Round 

ASK26 3 Irregular(convex) Creamy off-white Round 

60cm 

ASK27 2.4 Irregular (raised) Creamy white Round 

ASK28 2 Smooth (convex) Dilute transparent Round 

ASK29 3 Smooth (convex) Dilute 
Light 

yellow 
Round 

ASK30 2.5 
Smooth  

(drop like) 
Gummy Off-white Round 

ASK31 3 Irregular (convex) Creamy Off-white Round 

ASK32 4 
Thread like 

(convex) 
creamy white Rhizoid 

ASK33 2 Irregular (flat) Creamy Off-white Spreading 

Regarding optical features all the isolates’ colonies appeared opaqueexcept the ASK1, ASK21 and ASK32 
which yielded transparent colonies. 

a: During standard pure culturing some contaminants appeared while passing the growth through general 
purpose medium, which were then allotted code number but failure to their subsequent growth on the 
selective medium they were deleted from the study. Thus some serial numbers appear missing in the 
column.  
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Table 4.3: Colonies’morphologies of different cellulolytic bacteria from different soil 

depths of the study area following growth on nutrient agar plates  

Soil 
Depth 
(cm) 

Isolate  
Code 

Diameter
(mm) 

Margin 
(elevation) 

Surface 
Texture 

(Consistency) 
Colour Configuration 

20 

ASK1a 3 
Wavy 

(centrally 
raised) 

Granular 
(creamy) 

yellow 
green 

Round with 
radiating margins 

ASK2 4 
Irregular 
(lobate) 

Dull 
(membranous) 

light 
yellow 

Round 

ASK3 6 
Lobate 
(flat) 

Foamy 
(creamy ) 

yellow 
green 

surrounded 
by 

transparent 
zone 

irregular and 
spreading 

ASK4 3 
Lobate 
(flat) 

Foamy 
(dull solid ) 

off-white irregular filiform 

ASK5 4 
Lobate 

(umbonate) 
(creamy) 

light 
yellow 

Round 

ASK9 4 
thread like 

(flat) 

Foamy 
(solid 

membranous) 

light 
yellow 

irregular and 
spreading 

ASK10 4.5 
Irregular 
(raised) 

Dull 
(solid 

membranous) 
off-white 

irregular and 
spreading 

ASK11 4 
Irregular 

(drop like) 
fluid filled 
(mucoid) 

light 
yellow 

Round 

ASK12 5 

Irregular 
(flate with 

convex 
center) 

fluid filled 
(mucoid) 

off-white Round 

ASK13 7 
Irregular 

(flate) 

Dull 
(solid 

membranous) 
off-white L-form 

ASK14 4 
Branching 
(centrally 
convex) 

Granular 
(membranous) 

off-white L-form 

ASK15 6 
Wavy 

( raised 
margins) 

Shiny 
(creamy) 

yellow 
green 

Round 

ASK16 6 
irregular(ce

ntrally 
convex) 

shiny(membra
nous solid) 

off-white 
irregular and 

spreading 

Continue 
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ASK18 4 
smooth(cen

trally 
convex)) 

granular(crea
my) 

off-white Round 

ASK20 1.5 
smooth(con

vex) 
shiny(creamy) 

light 
yellow 

round and 
nucleated 

ASK21 6 
irregular(co

nvex) 
shiny(aquous) 

yellow 
green 

Round 

ASK22 5 
irregular(ce

ntrally 
convex) 

dull(membran
ous) 

off-white Roun 

40cm 

ASK23 4 
Spreading 
(convex) 

Creamy off-white Irregular 

ASK24 2 
Irregular 
(convex) 

Dilute Off-white Round 

ASK25 2 
Irregular 
(centrally 
convex) 

Dry Off-white Round 

ASK26 3 
Irregular 
(convex) 

Creamy off-white Round 

60cm 

ASK27 2.4 
Irregular 
(raised) 

Creamy white Round 

ASK28 2 
Smooth 
(convex) 

Dilute 
transparen

t 
Round 

ASK29 3 
Smooth 
(convex) 

Dilute Off-white Round 

ASK30 2.5 
Smooth 
(convex) 

Gummy Off-white Round 

ASK31 3 
Irregular 
(convex) 

Creamy 
Light 

yellow 
Round 

ASK32 4 
Thread like 

(convex) 
Creamy white Spreading 

ASK33 2 
Irregular 

(flat) 
Creamy Off-white Spreading 

Regarding optical features all the isolates’ colonies appeared opaqueexcept the ASK1, ASK21 and ASK32 
which yielded transparent colonies. 
a: During standard pure culturing some contaminants appeared while passing the growth through general 
purpose medium, which were then allotted code number but failure to their subsequent growth on the 
selective medium they were deleted from the study. Thus some serial numbers appear missing in the 
column.  



 71

Table 4.4: Colonies’morphologies of different  cellulolytic bacteria from different 

soil depths of the study area following growth on N-free agar medium (M-II ) plates 

Soil 
Depth 

(cm) 

Isolate 
Code 

Diameter 

(mm) 

Margin 

(elevation) 

Surface Texture 

(Consistency) 

Colour other 
feature 

20 

ASNt1a 1.5 Smooth(convex) Shiny(creamy) ransparent Round 

ASNt2 0.5 smooth(convex) shiny(creamy) ransparent Round 

ASNt9 2 Irregular(flat) 
Dull centre shiny 
edges (mucoide) 

off-white 
Spreading 

ASNt10 0.5 Round(convex 
shiny(watery at edges 

centrally hard) 
Yellow 

Round 

ASNt11 1.5 Smooth(convex) Shiny(creamy) White Round 

40 

ASNf1 0.5 irregular(convex) shiny(creamy) transparent Round 

ASNF3 2 Smooth(convex) Shiny(creamy) off-white Round 

ASNF3A 1.5 Smooth(convex) Shiny(creamy) off-white Round 

ASNf4 1 Smooth(convex) Shiny(creamy) off-white Round 

ASNf7 2 Irregular(flat) shiny edges(mucoide) Yellow Round 

ASNf9 2 Irregular(flat) 
Dull centre shiny 
edges(mucoide) 

off-white 
Spreading 

ASNf10 1 Wavy(convex) Shiny(creamy) 
transparent Nucleated 

and round 

ASNf14 1 Smooth(convex) Shiny(creamy) off-white Round 

ASNf15 1.5 Smooth(convex) Shiny(creamy) Transparent Spreading 

ASNf16 1.2 Smooth(convex) Shiny(creamy) off-white Round 

ASNf16A 1.5 Smooth(convex) Shiny(creamy) off-white Round 

ASNf18 1 irregular(convex) Shiny(creamy) off-white Round 

60 

ASNs1 1 
Irregular(centrall

y convex) 
Dull(creamy) 

White 
Round 

ASNs1A 1 
Irregular(centrall

y convex) 
Dull shiny(creamy) 

White Filiform 

 

Continue 
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ASNs2 1 Irregular(raised) Shiny(creamy) White Round 

ASNs5 2.5 
irregular(centrall

y convex) 
shiny centre(creamy) 

off-white 
Spreading 

ASNs9 6       ciliated(flat) Dull(dry) off-white Rhizoid 

ASNs10 1.5 
Wavy(centrally 

convex) 
Dull margins shiny 

centre(creamy) 
off-white 

Spreading 

ASNs12 1.5 
Irregular(centrall

y convex) 
Dull margin shiny 

centre(creamy) 
off-white 

Nucleated 

ASNS13 2 Wavy(convex) 
Dull 

shiny(membranous0 
off-white 

Round 

Regarding optical features all the isolates’ colonies appeared opaque except the ASNt1, ASNt10 and 
ASNt11 which yielded transparent colonies while ASNf1 and ASNf10 yielded transluscent characteristics. 
a: During standard pure culturing some contaminants appeared while passing the growth through general 
purpose medium, which were then allotted code number but failure to their subsequent growth on the 
selective medium they were deleted from the study. Thus some serial numbers appear missing in the 
column.  
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Table 4.5: Colonies’morphologies of  different nitrogen fixing bacteria isolated from 

different soil depths of the study area following growth on nutrient agar plates 

Soil 
Depth 

(cm) 

Isolate 
Code 

Diameter 

(mm) 

Margin 

(elevation) 

Surface Texture 

(Consistency) 

Colour other 
feature 

20 

ASNt1a 1.8 Smooth(convex) Shiny(creamy) ransparent Round 

ASNt2 1 smooth(convex) shiny(creamy) 
yellowish 

green 
Nucleated 

round 

ASNt9 2 
Irregular(slightly 

convex) 
Dull centre shiny 
edges (gummy) 

off-white Spreading 

ASNt10 2 smooth(convex) Shiny(dilute) transparent Round 

ASNt11 2 Smooth(convex) Shiny(dilute) transparent Round 

40 

ASNf1 
1.5(off-
white) 

irregular(raised) shiny(creamy)  
Spreading 
nucleated 

ASNF3 3 wavy(raised) Shiny(creamy) light yellow Concentric 

ASNF3A 4 irregular(raised) Shiny(creamy) light yellow Concentric 

ASNf4 1.6 Smooth(convex) Shiny(creamy) off-white Round 

ASNf7 2.5 Irregular(convex) shiny edges(gummy) Yellow Round 

ASNf9 5 Irregular(flat) 
Dull with drop like 
projections(mucoid) 

transparent Spreading 

ASNf10 2.5 
smooth(raised 

margins) 
Shiny(creamy) yellow Round 

ASNf14 4 Smooth(umbonate) Shiny(dilute) yellow Round 

ASNf15 4 Smooth(umbonate) Shiny(creamy) off-white Round 

ASNf16 3.5 Smooth(umbonate) Shiny(creamy) off-white Round 

ASNf16A 3 Smooth(umbonate) Shiny margin(creamy) off-white Round 

ASNf18 4 Smooth(convex) Shiny(dilute) off-white Nucleated 

60 ASNs1 5.5 Irregular(convex) 
Dull and 

Granular(creamy) 

off-white 
Round 

Continue 
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ASNs1A 4 Irregular(umbonate) 
Dull margins  shiny 

centre(creamy) 
off-white filiform 

ASNs2 2 Irregular(convex) Shiny(creamy) yellow Round 

ASNs5 5.1 Irregular(umbonate Shiny(creamy) off-white Nucleated 

ASNs9 4 Irregular(raised) dull(hard) yellow Spreading 

ASNs10 3 irregular(flat) 
Dull and 

granular(creamy) 
off-white Round 

ASNs12 1 Irregular( convex) shiny (creamy) transparent Round 

ASNS13 4 
irregular(central 

peak) 
Shiny 

granular(membranous) 
off-white Round 

Regarding optical features all the isolates’ colonies appeared opaque except the ASNt1, ASNt10 and 
ASNt11 which yielded transparent colonies while ASNf1 and ASNf10 yielded transluscent characteristics. 
a: During standard pure culturing some contaminants appeared while passing the growth through general 
purpose medium, which were then allotted code number but failure to their subsequent growth on the 
selective medium they were deleted from the study. Thus some serial numbers appear missing in the 
column.  
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Table 4.6: Colonies’ morphologies of different denitrifying bacteria isolated from 

different soil depths of the study area following growth on yeast trypticase soy (M-

IV) agar plates 

Soil depth 

(cm) 

Isolate Code 

 

Diameter 

(mm) 
Margin(elevation) 

Surface 
Texture(Consistency) 

other 
feature 

20 

ASDT1aa 4 
Irregular 

(raised) 

pox like luid filled 

(membranous) 
NA 

ASDT1b 2.5 
Irregular 

(margin raised) 

Shiny 

(creamy) 
NA 

ASDT2 3 
Irregular 

(raised) 

Wrinkled 

(hard membranous) 
NA 

ASDT5 4 
Irregular 

(flat) 

dull with shiny center 

(creamy) 
Spreading 

ASDT7a 2.5 
Irregular 

(raised) 

central ring(dry 
membranous) 

NA 

ASDT7b 5 
Irregular 

(center convex) 
granular shiny(creamy) NA 

40 

ASDF3a 6 
Irregular 

(hilly) 
fluid filled(mucous0 NA 

ASDF3b 3.5 
Irregular 

(slightly convex) 
granular shiny(creamy) NA 

ASDF3c 4 
Irregular 

(raised margins) 
granular shiny(creamy) Spreading 

60 

ASDS1a 4 
Irregulat 

(slightly convex) 
Shiny(creamy) Dilute 

ASDS1b 4.1  Shiny(creamy) NA 

ASDS1c 4 
Irregular 

(crown raised) 

fluid filled 
wrinkled(membranous) 

NA 

ASDS2 3.1 
Irregular 

(flat) 

paper like(dry hard) 
Spreading 

Continue 
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ASDS3b 3 
Smooth 

(central peak) 

centrally peaked(brittlle 
base membranous 

center) 
wheel like 

ASDS4 2.5 
Irregular 

(raised) 

fluid 
filled(membranous) 

NA 

ASDS5a 6 
Irregular 

(hilly) 
hilly(hard) 

flower like 
spreading 

ASDS5b 6 
Irregular 

(flat) 
paper like(dry hard) NA 

ASDS8b  
Irregular 

(raised) 

fluid filled 
pox(membranous) 

NA 

ASDS9 4.5 
Irregular 

(slightly convex) 
granular shiny(creamy) NA 

ASDS10a 2 
Irregular 

(hilly) 
hilly(hard) NA 

Regarding optical features all the isolates’ colonies appeared opaque except the Dt1b  which yielded 
transluscent characteristics. 
a: During standard pure culturing some contaminants appeared while passing the growth through general 
purpose medium, which were then allotted code number but failure to their subsequent growth on the 
selective medium they were deleted from the study. Thus some serial numbers appear missing in the 
column; NA= Not applicable  
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Table 4.7: Colonies’ morphologies of different denitrifying bacteria isolated from 

different soil depths of the study area following growth on nutrient agar plates 

Soil depth 

(cm) 

Isolate 
Code 

 

Diameter 

(mm) 

Margin 

(elevation) 

Surface Texture 

(Consistency) 
Colour 

other 
feature 

20 

ASDT1aa 
3 

 

Irregular 

(flat slightly 
raised margins) 

 

Shiny 

(membranous) 
off-white NA 

ASDT1b 
3.5 

 

Irregular 

(margin raised) 

Shiny 

(Membranous) 
light yellow Round 

ASDT2 
2.5 

 

Irregular 

(raised) 

Wrinkled 

(hard membranous) 
white Round 

ASDT5 
4 

 

Irregular 

(convex) 

dull with shiny center 

(hard) 
off-white Round 

ASDT7a 
3.5 

 

Irregular 

(raised) 

central ring 

(dry membranous) 
white Round 

ASDT7b 3 
Irregular 

(flat) 

granular shiny 

(creamy) 
white Round 

40 

ASDF3a 
4 

 

Irregular 

(raised) 

fluid filled 

(mucoid) 
transparent Round 

ASDF3b 
4 

 

Irregular 

(convex centrally) 

granular shiny 

(creamy) 
off-white Round 

ASDF3c 2.5 
Radiating 

(raised centrally) 

granular dull in centre 

(hard) 
off-white Round 

60 

ASDS1a 
3 

 

Irregulat 

(centrally convex) 

Shiny 

(creamy) 
off-white Round 

ASDS1b 
4 

 

Irregular 

(crown raised) 

Shiny 

(creamy) 
off-white Nucleated 

ASDS1c 
4 

 

Irregular 

(raised margins) 

fluid filled wrinkled 

(membranous) 

off-white 
Round 

Continue 
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ASDS2 
5 

 

Irregular 

(flat) 

Granular 

(dry hard) 
off-white Spreading 

ASDS3b 
2 

 

Smooth 

(central peak) 

centrally peaked 

( membranous) 
off-white Round 

ASDS4 
3.5 

 

Irregular 

(raised) 

fluid filled 

(membranous) 
white NA 

ASDS5a 
5 

 

Irregular 

(raised) 

Hilly 

(hard) 
off-white Round 

ASDS5b 
4 

 

Irregular 

(flat) 

White projections 

(dry hard) 
off-white Round 

ASDS8b 3 
Irregular 

(raised) 

fluid filled 
pox(membranous) 

white Round 

ASDS9 6 
Irregular 

(slightly convex) 

Granular shiny 

(hard) 
off-white Round 

ASDS10a 3 
Irregular 

(raised) 

Shing gel wrinkled 

(hard) 
off-white Round 

Regarding optical features all the isolates’ colonies appeared opaque except the Dt1b  which yielded 
transluscent characteristics. 
a: During standard pure culturing some contaminants appeared while passing the growth through general 
purpose medium, which were then allotted code number but failure to their subsequent growth on the 
selective medium they were deleted from the study. Thus some serial numbers appear missing in the 
column; NA= Not applicable  
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4.3 Minimum inhibitory concentrations (MIC) of heavy metal(s) in 

nutrient broth and agar media. 

Minimum inhibitory concentration(MIC) of metals against different cellulolytic 

bacteria isolates ranged from 1600 to1900 ppm for chromium(Cr(VI), 1100 to1250ppm 

for lead (Pb), 40 to 65 ppm for mercury(Hg) and 600 to 800 ppm for copper (Cu). 

Cellulolytic bacteria isolated from 40cm depth showed highest chromium resistance as 

compared to the rest of isolates whereas the bacteria isolated from 0-20cm depth showed 

lowest MICs (1600ppm) of chromium (Table 4.8).  

MIC levels for chromium and lead against nitrogen fixing bacteria were lower 

than those observed for the cellulolytic bacteria. The MICs ranged from 700 to 1650ppm 

for chromium and 850 to 1050ppm for lead. On the contrary, MICs of mercury and 

copper appeared higher against nitrogen fixing bacteria, with ranges of 40 to 65ppm for 

mercury and 700 to 850ppm for copper, as compared to cellulolytic isolates (Table 4.9).  

MIC levels of chromium for denitrifying bacteria ranged between 1400-1650ppm. 

When compard to cellulolytic and nitrogen  fixing bacterial isolates, the lower 

limit(1400ppm) of chromium was higher than that observed for nitrogen fixing bacterial 

isolates(700ppm), while it was lower than assessed for cellulolytic isolates(1600ppm). 

While considering lead MIC values(1050-1250ppm) it was noticed that these were higher 

than those analyzed for nitrogen fixing bacterial isolates while nearly similar to 

cellulolytic isolated to the upper limit(1250ppm).     For copper and mercury the MIC 

ranges were 650-850 and 40-70, respectively.  The maximum chromium MIC (1650ppm) 

was given by an isolate (ASDT1a) from 20cm depth and another isolate of 60cm soil 

ASDS9 (Table 4.10). 

Growth curves of cellulolytic, nitrogen fixing and denitrifying bacteria under 

varying conditions of Cr(VI), Pb, Hg and Cu are presented in Figs. 4.1-4.4, 4.5-4.8 and 

4.9-4.12, respectively. 

The isolates were also screened for their Cr (VI) tolerance level following 

inoculation on nutrient agar media containing different concentrations of the metal. As 

can be seen from Tables,  the bacterial isolates control tolerate much lower level of the 

metal in the solidified medium as compared to their efficiency in the nutrient broth (Table 

4.11, 4.12 &4.13). The isolates tolerated upto 500 µg/ml of Cr(VI) and at this 
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concentration growth of the isolates could appear at 4 to 12 day of incubation. However, 

all the isolated resisted the Cr(VI) upto 250 ppm while thriving in the soil medium but 

with manifestation of growth delayed from 6 to 12th days in contrast to the appearance of 

growth from 1st to 3rd  day for all isolates in case of 100ppm of the metal (Table 4.11, 

4.12 &4.13).   

Table 4.8: Minimum inhibitory concentrations (ppm) of different metals against 

cellulose degrading Bacterial isolates cultivated in nutrient broth for 48hrs at 37ºC 

Isolate 
Code 

Concentration 
(ppm) 

Cr Pb Hg Cu 
ASK1 1750 1100 60 800 
ASK2 1750 1100 40 800 
ASK3 1750 1100 40 800 
ASK4 1750 1100 40 800 
ASK5 1750 1100 65 800 
ASK9 1750 1150 40 650 
ASK10 1600 1100 50 650 
ASK11 1850 1100 60 650 
ASK12 1800 1100 60 800 
ASK13 1850 1250 60 800 
ASK14 1750 1150 40 650 
ASK15 1800 1250 60 800 
ASK16 1800 1150 60 800 
ASK18 1750 1200 40 600 
ASK20 1750 1250 60 600 
ASK21 1750 1250 40 800 
ASK22 1750 1250 40 800 
ASK23 1850 1100 40 800 
ASK24 1900 1150 40 800 
ASK25 1850 1200 50 800 
ASK26 1800 1100 50 850 
ASK27 1700 1000 40 600 
ASK28 1650 900 40 800 
ASK29 1600 1050 40 800 
ASK30 1500 1050 50 650 
ASK31 1650 1000 40 600 
ASK32 1700 1200 40 600 
ASK33 1800 1200 40 600 
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Table 4.9: Minimum inhibitory concentrations (ppm) of different metals against 

free living nitrogen fixing bacterial isolates cultivated in nutrient broth for 48hrs 

incubation. 

Isolate 
Code 

Concentration 
(ppm) 

Cr Pb Hg Cu 
ASNt1 1350 1050 50 750 
ASNt2 1350 1000 65 700 
ASNt10 1650 1000 65 700 
ASNt9 1400 1050 50 750 
ASNt11 1450 1050 65 700 
ASNf1 1350 1050 65 750 
ASNf3 1450 850 60 700 
ASNf3A 1400 1000 50 700 
ASNf4 1300 1000 50 700 
ASNf7 1350 1050 65 700 
ASNf9 1300 1050 60 700 
ASNf10 1350 1050 65 700 
ASNf14 1300 1000 50 700 
ASNf15 1000 1000 65 700 
ASNf16 1300 1000 65 700 
ASNf16A 1300 1050 40 800 
ASNf18 1000 950 55 700 
ASNs1A 1400 1050 50 800 
ASNs1 1350 1050 65 700 
ASNs2 1350 1050 70 750 
ASNs5 1500 1050 65 750 
ASNs9 700 1000 40 700 
ASNs10 1350 1050 65 750 
ASNs12 1300 1050 60 700 
ASNs13 1600 1200 40 850 
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Table 4.10: Minimum inhibitory concentrations (ppm) of different metals against 

denitrifying bacterial isolates cultivated in nutrient broth for 48hrs incubation. 

Isolate 

Code 

Concentration 

(ppm) 

Cr Pb Hg Cu 

ASDT1a 1650 1050 70 850 

ASDT1b 1600 1200 40 850 

ASDT2 1600 1200 40 850 

ASDT5 1600 1200 40 650 

ASDT7a 1600 1200 40 850 

ASDT7b 1600 1200 55 800 

ASDF3a 1600 1200 40 800 

ASDF3b 1600 1200 40 800 

ASDF3c 1550 1200 40 800 

ASDS1a 1600 1200 40 650 

ASDS1b 1600 1200 40 850 

ASDS1c 1550 1150 40 850 

ASDS2 1600 1200 50 850 

ASDS3b 1600 1200 40 850 

ASDS4 1500 1200 40 750 

ASDS5a 1600 1150 50 650 

ASDS5b 1550 1150 40 800 

ASDS8b 1600 1150 50 800 

ASDS9 1650 1150 50 800 

ASDS10a 1550 1150 40 800 
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Table 4.11: Chromium resistance of the cellulolytic bacterial isolates cultivated on 

chromium amended nutrient agar media incubated at 37ºC for 10 days. 

Isolate Code 
Cr(VI) 
(µg/ml) 

100 250 500 
ASK1 +(3)a +(3) - 
ASK2 +(1) +(3) - 
ASK3 +(1) +(3) +(10) 
ASK4 +(1) +(3) +(10) 
ASK5 +(3) +(5) - 
ASK9 +(1) +(3) +(10) 
ASK10 +(1) +(3) +(10) 
ASK11 +(1) +(5) +(10) 
ASK12 +(1) +(3) +(10) 
ASK13 +(1) +(5) +(10) 
ASK14 +(1) +(3) +(10) 
ASK15 +(1) +(5) +(10) 
ASK16 +(2) +(5) +(10) 
ASK18 +(1) - - 
ASK20 +(5) - - 
ASK21 +(1) +(5) +(10) 
ASK22 +(1) +(5) +(10) 
ASK23 +(1) +(3) +(10) 
ASK24 +(2) +(5) +(10) 
ASK25 +(1) +(5) - 
ASK26 +(2) +(5) +(10) 
ASK27 +(1) +(3) +(10) 
ASK28 +(3) - - 
ASK29 +(2) +(5) +(10) 
ASK30 +(1) +(5) +(10) 
ASK31 +(1) +(5) +(10) 
ASK32 +(1) +(3) +(10) 
ASK33 +(2) +(5) +(10) 

        +: Growth appered; - : no growth  
        a,  values in parenthesis indicate the day when growth  
        appeared 
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Table 4.12: Chromium resistance of nitrogen fixing bacterial isolates cultivated on 

chromium amended nutrient agar media incubated at 37ºC for 10 days. 

Isolate Code 
Cr(VI) 
(µg/ml) 

100 250 500 
ASNt1 +(3)a - - 
ASNt2 +(3) +(3) +(4) 
ASNt9 +(3) - - 
ASNt10 +(3) +(5) +(10) 
ASNt11 +(3) +(5) +(4) 
ASNf1 +(3) +(5) +(10) 
ASNF3 +(3) +(4) +(10) 
ASNF3A +(3) +(3) +(4) 
ASNf4 +(3) +(5) +(10) 
ASNf7 +(5) +(10) - 
ASNf9 +(3) +(4) +(4) 
ASNf10 +(3) +(5) +(10) 
ASNf14 +(3) +(5) +(7) 
ASNf15 +(3) - - 
ASNf16 +(1) - - 
ASNf16A +(5) - - 
ASNf18 +(5) +(5) - 
ASNs1 +(1) +(4) +(4) 
ASNs1A +(1) +(4) - 
ASNs2 +(1) +(4) +(4) 
ASNs5 +(1) +(4) +(4) 
ASNs9 +(2) - - 
ASNs10 +(4) - - 
ASNs12 +(3) - - 
ASNS13 +(1) +(4) +(4) 

      +: Growth appeared; - : no growth  
        a,  values in parenthesis indicate the day when growth  
        appeared 
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Table 4.13: Chromium resistance of denitrifying bacterial isolates cultivated on 

chromium amended nutrient agar media incubated at 37ºC for 12 days 

Isolate Code 

Cr(VI) 

(µg/ml) 

100 250 500 

ASDT1a +(2)a +(6) +(6) 

ASDT1b +(2) +(6) +(12) 

ASDT2 +(2) +(6) +(12) 

ASDT5 +(2) +(12) +(12) 

ASDT7a +(2) +(12) +(12) 

ASDT7b +(2) +(6) +(12) 

ASDF3a +(2) +(6) +(6) 

ASDF3b +(2) +(6) +(6) 

ASDF3c +(2) +(6) +(6) 

ASDS1a +(2) +(12) - 

ASDS1b +(2) +(12) - 

ASDS1c +(2) +(12) - 

ASDS2 +(2) +(12) - 

ASDS3b +(2) +(12) - 

ASDS4 +(2) +(12) - 

ASDS5a +(2) +(10) - 

ASDS5b +(2) +(10) - 

ASDS8b +(2) +(10) +(4) 

ASDS9 +(2) +(6) - 

ASDS10a +(2) +(12) +(4) 

       +: Growth appered; - : no growth  
         a,  values in parenthesis indicate the day when growth  
          appeared 
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Fig. 4.1: Growths of the cellulose degrading bacterial isolates in nutrient broths spiked  with Cr(VI) 
concentration lower than their respective MIC following an incubation period of 48hrs at 37°C 
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Fig. 4.2: Growths of the cellulose degrading bacterial isolates in nutrient broths spiked with Pb 
concentration lower than their respective MIC following an incubation period of 48hrs at 37°C 
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Fig. 4.3: Growths of the cellulose degrading bacterial isolates in nutrient broths spiked  with Hg 
concentration lower than their respective MIC following an incubation period of 48hrs at 37°C 
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Fig. 4.4: Growths of the cellulose degrading bacterial isolates in nutrient broths spiked  with Cu 
concentration lower than their respective MIC following an incubation period of 48hrs at 37°C 
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Fig. 4.5: Growths of the nitrogen fixing 
bacterial isolates in nutrient broths spiked  
with Cr(VI) concentration lower than their 
respective MIC following an incubation 
period of 48hrs at 37°C 
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Fig. 4.6: Growths of the nitrogen fixing 
bacterial isolates in nutrient broths spiked  
with Pb concentration lower than their 
respective MIC following an incubation 
period of 48hrs at 37°C 
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Fig. 4.7: Growths of the nitrogen fixing 
bacterial isolates in nutrient broths spiked  
with Hg concentration lower than their 
respective MIC following an incubation 
period of 48hrs at 37°C 
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Fig. 4.8: Growths of the nitrogen fixing 
bacterial isolates in nutrient broths spiked  
with Cu concentration lower than their 
respective MIC following an incubation 
period of 48hrs at 37°C 
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Fig. 4.9: Growths of the denitrifying bacterial isolates in nutrient broths spiked  with Cr(VI) 
concentration lower than their respective MIC following an incubation period of 48hrs at 37°C 
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Fig. 4.10: Growths of the denitrifying bacterial isolates in nutrient broths spiked  with Pb 
concentration lower than their respective MIC following an incubation period of 48hrs at 37°C 
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Fig. 4.11: Growths of the denitrifying bacterial isolates in nutrient broths spiked  with Hg 
concentration lower than their respective MIC following an incubation period of 48hrs at 37°C 

 

 

 

 

 

 



 97

 

 

 

           

 

  

           

  

Fig. 4.12: Growths of the denitrifying bacterial isolates in nutrient broths spiked with Cu 
concentration lower than their respective MIC following an incubation period of 48hrs at 37°C 
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4.4 Chromium reduction potential of the bacterial isolates 

Cellulolytic bacterial isolates were found more efficient chromium reducers as 

compared to the nitrogen fixing bacterial isolates. However, all of the isolates of both the 

categories did reduce chromium at varying degrees. Minimum reduction levels of 22.14% 

and 12.47% were expressed by cellulolytic isolate ASK20 and the nitrogen fixing isolate 

ASNf9, respectively while growing in the presence of 50 µg/ml of Cr(VI). Both of the 

isolates were habitants of 20 cm soil depth. However, the cellulolytic isolates which 

showed complete or nearly complete chromium reduction after an incubation period of 48 

hrs also belonged to 20 cm depth. Among these isolates ASK12, ASK13, ASK15 and 

ASK16 showed 100% chromium reductions, while ASK11 reduced the metal upto 

99.73%. Chromium reduction potential of the cellulytic isolates of along with the 

description of soil zones from which they were isolated is presented in Table 4.14;  Fig. 

4.13.  

When the nitrogen fixing bacterial isolates were screened for their chromium 

reduction potential, efficient reducers represented all the three soil depths. The isolates 

ASNt10 and ASNt11 from 20 cm, ASNf3 and ASNf3A from 40 cm and ASNs13 from 60 

cm soil depths showed 100% chromium reduction after an incubation period of 48 hrs 

while thriving in the presence of 50 µg/ml of Cr(VI). Table 4.15 and Fig. 4.14 presents 

profile of chromium reduction potential of the nitrogen fixing bacterial isolates. 

The denitrifying bacterial isolates were found most efficient chromium reducers 

as compared to the cellulolytic and nitrogen forming bacterial groups. Minimum 

reduction level of 36% was expressed by the isolate ASDS10a, an habitants of 60 cm soil 

depth while growing in presence of 50 µg/ml of Cr(VI). However, the denitrifying 

isolates, (ASDS1a, ASDS4, ASDS9 and ASDS8b) (belonged to 60 cm depth) 

representing 36% of the total isolates showed complete Cr (VI) reduction after an 

incubation period of 48 hrs following cultivation in M-VII medium containing 50 µg/ml 

of the metal.  All of the bacterial isolates from 60 cm deep zone showed Cr (VI) 

reductions upto 85% except ASDS10a. Among six isolates from 20cm soil depth, four 

completely reduced Cr(VI). One isolate (ASDF3a) from 40cm depth also showed 100% 

Cr (VI) reduction. All the Cr (VI) reduction experiments were performed in the presence 

of 50 ppm of the metal in the M-VII medium (Table 4.16). Chromium reduction potential 
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of the denitrifying bacterial isolates along with the description of soil zones from which 

they were isolated is presented in Fig. 4.15. 

4.5 Screening of cellulose degrading bacteria for cellulolytic activity     

The bacterial isolates were preliminary screened for their cellulolytic activity on 

the cellulose agar(M-I) plates by measuring hydrolysis zones (Table 4.17). The isolates 

(68%) which produced hydrolysis zones were mostly belonged to 20 and 40 cm soil 

depths while 32% of the bacterial isolates didn’t give any cellulose degradation and were 

came from 60cm soil depth.   Five of the cellulolytic isolates ASK11, ASK12, ASK13, 

ASK15 and ASK16 exhibited prominent hydrolysis zones (11.96-20.46mm) following 72 

hrs of incubation at 37ºC. 

The cellulase activity in selective broths in the absence and presence of 50μg/mL 

chromium, showed that the isolates can degrade cellulose even under chromium stress. 

During this analysis it was recorded that 18% of the isolates lost cellulase activity while 

29% retained above 50% of their cellulase activity on exposure to Cr (VI).  Presence of 

chromium in the cellulose selective medium delayed the expression of cellulase activity 

as the isolate ASK11 could show a maximum enzyme activity of 3.97U/ml of 24 hr 

grown control culture with initial pH 5.5 incubated at temperature 37ºC whereas only 

2.19 U/ml appeared after 3 days in presence of 50ug/ml of Cr(VI). The isolate ASK12 

and ASK13 yielded 3.52 and 2.15 U/ml of cellulase in control cultures after 24 hrs, while 

1.8 and 2.04 U/ml appeared 3 days of incubation in the presence of 50ug/ml of Cr, Two 

of the isolates ASK15 and ASK16 even showed increments in cellulase productions 

while exposed to chromium stress  (Table 4.17). 

4.6 Screening of nitrogen fixing bacteria for nitrogenase activity     

Preliminary screening of nitrogen fixing bacterial isolates for nitrogenase activity 

(C2H2/mL/hr) determined in absence and presence of 50µg/mL of Cr(VI) is presented in 

table 4.18. During the initial screening of nitrogenase activity of nitrogen fixing bacteria 

only 24 % of the isolates preserved more than 50% of their nitrogenase activity 

(C2H2/ml/hr), 14 isolates (56 %) showed lower levels upto 26% of their nitrogenase 

activity while a significant fraction (20%) of the nitrogen fixing isolates completely lost 

activity when exposed to 50µg/ml of Cr(VI). 
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4.7 Denitrification by the bacterial isolates in absence and presence of 

chromium 

Denitrification ability of the bacterial isolates in presence and absence of Cr(VI) 

is indicated in table 4.19. Seventy percent of the bacterial isolates underwent to inhibitory 

effects of Cr(VI) on denitrification. Only four isolates, one from 20cm depth (ASDT1a), 

two from the 40 cm soil depth (ASDF3a and ASDF3b ) and one from 60 cm soil 

depth(ASDS9) showed denitrification in the presence of comparable to the respective 

cultivation in the absence (Table 4.19).   
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Table 4.14: Percent chromium reduction of cellulolytic bacterial isolates 

representing different isolation soil depths incubated in nutrient broth ammended 

with 50 µg/ml of Cr(VI) following 48 hrs of incubation at 37°C 

Soil depth 
(cm) 

Isolate 
Code 

% Chromium 
reduction 

20 

ASK1 26.64m±1.78 
ASK2 89.28ab±1.51 
ASK3 85.77bc±1.22 
ASK4 52.60ijk±1.28 
ASK5 85.70bc±0.89 
ASK9 90.15ab±1.58 
ASK10 58.93hij±2.07 
ASK11 99.73a±0.27 
ASK12 100a±0 
ASK13 100a±0 
ASK14 64.78fghi±0.62 
ASK15 100a±0 
ASK16 100a±0 
ASK18 51.33jk±0.88 
ASK20 22.14m±1.15 
ASK21 42.99kl±0.70 

ASK22 76.09cdef±0.5 

40 

ASK23 83bcd±7.5 
ASK24 70.33efgh±3.18 
ASK25 71.67defg±2.19 
ASK26 53.45ijk±1.09 

60 

ASK27 24.71m±2.17 
ASK28 63ghij±2.08 
ASK29 73.33cdefg±1.86 
ASK30 81.67bcde±2.34 
ASK31 50.67jk±2.73 
ASK32 33.67lm±1.20 
ASK33 78bcde±4.62 

  values are means±S.E.M. of triplicates and those not sharing  
  a letter are significantly different from others in particular group 
  (ANOVA <0.05) 
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Table 4.15: Percent chromium reduction of nitrogen fixing bacterial isolates 

representing different isolation soil depths incubated in nutrient broth(M-VII) 

ammended with 50 µg/ml of Cr(VI) following 48 hrs of incubation at 37°C 

Soil depth 
(cm) 

Isolate 
Code 

% 
Chromium 
reduction 

20 

ASNt1 42.04fgh±2.05 
ASNt2 49.65defg±2.34 
ASNt9 45.66efgh±0.88 
ASNt10 100a±0 
ASNt11 100a±0 

40 

ASNf1 89.67b±2.34 
ASNf3 100a±0 
ASNf3A 100a±0 
ASNf4 81.67b±0.88 
ASNf7 52.34de±1.47 
ASNf9 12.47k±0.86 
ASNf10 55.51d±3.04 
ASNf14 50.90def±2.75 
ASNf15 52.24de±1.01 
ASNf16 44.70efgh±1.24 
ASNf16A 41.50fgh±0.41 
ASNf18 40.67ghi±1.2 

60 

ASNs1 31.71ij±0.82 

ASNs1A 15.09k±1.44 
ASNs2 24.71j±2 
ASNs5 43.38efgh±1.72 
ASNs9 51.05def±3.56 
ASNs10 70.00c±1.53 
ASNs12 38.67hi±2.6 
ASNs13 100a±0 

        values are means±S.E.M. of triplicates and those not  
          sharing a letter are significantly different from others 
          in particular group(ANOVA <0.05) 
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Table 4.16: Percent chromium reduction of denitrifying bacterial isolates 

representing different isolation soil depths incubated in nutrient broth(M-VII) 

ammended with 50 µg/ml of Cr(VI) following 48 hrs of incubation at 37°C 

Soil depth

(cm) 

Isolate  

Code 

% Chromium 

reduction 

20 ASDT1a 100a±0.00 

ASDT1b 100a±0.00 

ASDT2 99a±0.56 

ASDT5 100a±0.00 

ASDT7a 99a±0.12 

ASDT7b 100a±0.00 

40 ASDF3a 100a±0.01 

ASDF3b 88e±0.79 

ASDF3c 95bc±0.36 

60 ASDS1a 100a±0.00 

ASDS1b 92d±0.59 

ASDS1c 98.7ab±0.36 

ASDS2 86.9e±0.54 

ASDS3b 98.6a±0.30 

ASDS4 100a±0.00 

ASDS5a 93cd±0.48 

ASDS5b 98ab±0.88 

ASDS8b 100a±0.00 

ASDS9 100a±0.00 

ASDS10a 36f±2.01 

     Values are means±S.E.M. of triplicates and those not sharing 
     a letter are significantly different from others in particular  
     group(ANOVA <0.05) 
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Fig. 4.13: Percent Chromium Reduction of Cellulolytic Bacteria Representing diffent Isolation Soil Depths Incubated in Nutrient 
Broth Ammended with 50 g/ml of Cr (VI) following 48hrs of Incubation at 37ºC: values are means  S.E.M of Triplicates.  
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Fig. 4.14: Percent chromium reduction of nitrogen fixing bacteria representing different isolation soil depths inicubated in nutrient 
broth amended with 50  g/ml of Cr(VI) following 48 hrs of incubation at 37ºC; values are means   S.E.M of triplicates.  
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Fig. 4.15: Percent chromium reduction of denitrifying bacterial isolates representing different isolation soil depths inicubated in 

nutrient broth amended with 50 ug/ml of Cr(VI) following 48 hrs of incubation at 37ºC; values are means   S.E.M of triplicates. 
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Table 4.17: Cellulolytic potential of the bacterial isolates cultivated in the cellulose 

selective media at different post-incubation periods in absence and presence of 

Cr(VI). 

Isolate 
Code 

Zones of Cellulose Hydrolysis 
(mm) 

Cellulase  
Activity(U/mL) in 
absence of Cr(VI) 

Cellulase Activity 
(U/mL)  in 

presence of 50 
μg/mL Cr(VI) 

24 48 72 24hrs 72hrs 

ASK1 N N 1.13s±0.07 N N

ASK2 N 2.13q±0.07 3.5n±0.09 7.6a±0.01 N

ASK3 N N 1.3s±0.1 N N

ASK4 N N 1.73r±0.07 0.13k±0.02 0.14k±0.00

ASK5 N 1.1st±0.04 3.96m±0.07 2.6d±0.03 1.19f±0.01

ASK9 N N 3.16o±0.07 2.8d±0.02 2.6b±0.01

ASK10 N N 2.2p±0.1 0.3jk±0.00 N

ASK11 5.1u±0.04 5.7i±0.19 20.46a±0.22 4.0b±0.02 2.2c±0.02

ASK12 4.2u±0.09 5.2jk±0.3 15.6b±0.15 3.5c±0.01 1.8e±0.01

ASK13 5.16u±0.07 6.01h±0.1 14.9c±0.04 2.14e±0.02 2.04d±0.00

ASK14 N 2.6p±0.04 3.9m±0.15 1.4fg±0.01 0.6i±0.00

ASK15 4.0l±0.05 5.1jk±0.15 13.9d±0.09 3bc±0.01 3.12a±0.02

ASK16 2.0j±0.05 2.6f±0.05 11.96e±0.11 0.7i±0.00 1.04h±0.01

ASK18 N N 0.9±0.09 1.3h±0.01 0.12k±0.02

ASK20 N N 1.13±0.2 N N

ASK21 4.3u±0.1 5.0k±0.07 5.6i±0.07 0.5ij±0.01 N

ASK22 N N 1.73±0.2 0.7i±0.01 N

ASK23 N(+) N(+) N(+) N N

ASK24 N(+) N(+) N(+) N N

ASK25 N(+) N(+) N(+) N N

ASK26 N(+) N(+) N(+) N N

ASK27 N(+) N(+) N(+) N N

ASK28 N(+) N(+) N(+) N N

ASK29 N(+) N(+) N(+) N N

ASK30 N(+) N(+) N(+) N N

ASK31 N(+) N(+) N(+) N N

ASK32 1.7r±0.04 3o±0.09 7g±0.09 1.7fg±0.01 1.1g±0.01

ASK33 3.2o±0.02 5.2jk±0.03 8f±0.12 1.8ef±0.02 0.2j±0.02
Values are means±S.E.M. of triplicates and those not sharing a letter are significantly different from others 
in particular group(ANOVA <0.05) 
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Table 4.18: Nitrogen Fixing potential of the bacterial isolates cultivated in the M-II  

broth(pH 7) for 10 days at 30°C.  

Isolate Code 

Nitrogenase 
(nmolC2H2/mL/hr) 

Chromium 
absence 

Chromium 
presence 

(50µg/ml) 

ASNt1 0.36kl±0.01 N 

ASNt2 0.24mn±0.07 N 

ASNt9 0.10o±0.00 N 

ASNt10 2.25d±0.03 1.2b±0.01 

ASNt11 1.62d±0.01 1.01c±0.01 

ASNf1 0.69hi±0.01 0.42d±0.00 

ASNF3 2.11c±0.04 1.52a±0.01 

ASNF3A 2.20dc±0.01 1.23b±0.01 

ASNf4 0.30lm±0.01 0.11h±0.00 

ASNf7 0.38kl±0.01 0.1h±0.00 

ASNf9 0.04o±0.02 N 

ASNf10 0.68hij±0.04 0.10h±0.00 

ASNf14 0.20n±0.02 0.10h±0.00 

ASNf15 0.71h±0.03 0.12gh±0.00 

ASNf16 1.28e±0.03 0.34e±0.02 

ASNf16A 0.61ij±0.01 0.15g±0.01 

ASNf18 0.27mn±0.03 0.10h±0.00 

ASNs1A 1.02f±0.01 0.34e±0.02 

ASNs1 0.81g±0.05 0.23f±0.01 

ASNs2 1.29e±0.02 0.36e±0.02 

ASNs5 0.59j±0.01 0.11h±0.00 

ASNs9 0.20n±0.01 0.09h±0.00 

ASNs10 1.61b±0.04 0.42d±0.02 

ASNs12 0.42k±0.02 0.15g±0.01 

ASNS13 2.24a±0.07 1.23b±0.03 
values are means±S.E.M. of triplicates and those not sharing a 
letter are significantly different from others in particular 
group(ANOVA <0.05) 
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Fig 4.16: Colorimeteric determination of acetylene reduction (a) 
Colours in control and experimental vials after shaking oxidant 
solution with acetylene injected (b) control and experimental vials after 
addition of Nash reagent 

a 

b 
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Table 4.19: Denitrification ability of the bacterial isolates in absence and presence of 

chromium (50µg/ml) in M-IV media 

Isolate Code

Denitrification 

Control 

without Cr 

Cr presence 

(50 µg/ml) 

ASDT1a +++a +++ 

ASDT1b +++ + 

ASDT2 +++ + 

ASDT5 + + 

ASDT7a +++ ++ 

ASDT7b + + 

ASDF3a +++ +++ 

ASDF3b +++ +++ 

ASDF3c +++ ++ 

ASDS1a +++ + 

ASDS1b +++ + 

ASDS1c + + 

ASDS2 +++ ++ 

ASDS3b +++ ++ 

ASDS4 +++ ++ 

ASDS5a +++ ++ 

ASDS5b +++ ++ 

ASDS8b +++ ++ 

ASDS9 +++ +++ 

ASDS10a +++ ++ 

         +++, bubble formation observed with complete denitrification; 
         ++, complete denitrificatin; +, only nitrate reduction  
         a, Denitrifiable was declared.  
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4.8 Selection of bacterial isolates 

Preliminary selection of the cellulolytic, nitrogen fixing and denitrifying bacterial 

isolates was made on the basis of their MIC, chromium reduction and specific nutrient 

turnover potential.  Five cellulolytic isolates ASK11, ASK12, ASK13, ASK15 and 

ASK16,  five nitrogen fixing isolates ASNt10, ASNt11, ASNF3, ASNF3A and ASNS13 

and two denitrifying bacteria ASDT1A and ASDS9 which showed highest resistance 

against chromium, completely reduced 50µg/ml of Cr (VI) with in 48hrs and expressed 

cellulase, nitrogenase and denitrification in the presence of chromium were processed for 

their 16S rDNA sequence based identification and further for optimization experiments.  

4.9 Identification of the bacterial isolates 

All the cellulolytic, nitrogen fixing and denitrifying bacterial isolates were 

recognized upto to genus level based upon their physicochemical and biochemical 

characteristics (Table 4.20, 4.21 & 4.22) in accordance with the Holt et al. (1994) and 

following the characteristics determination protocols as described Benson (1994). All 

five select cellulolytic bacteria were belonged to genus Bacillus while five select nitrogen 

fixing bacteria were found belong to three different genera Bacillus, Paenibacillus and 

Corynebacterium. The two select denitrifying bacteria were identified as Bacillus sp. 

  While the select isolates were processed for their 16SrRNA gene sequencing resulted in 

their identification. According to the BLAST analysis, the species % similarity with the 

NCBI data is given in table 4.23. 

  

  



 112

 

Table 4.20: Phenotypic and biochemical characterization of the cellulolytic bacteria from different soil depths. 

SD(cm) Isolate 
Code 

Mp GS M ES 
Gr in 
NaCl 

(6.5%) 

Biochemical Tests Carbohydrate Utilization Hydrolysis of 
Identified as 

Cat Oxi VP MR Gl Ga La Xy Ar St Ge Ca 

20 

ASK1 Short rods -ve +ve -ve +ve +ve -ve -ve -ve +ve +ve -ve +ve +ve -ve +ve -ve Pseudomonas sp 
ASK2 Chains of rods +ve +ve +ve +ve +ve -ve -ve -ve +ve +ve +ve -ve -ve -ve +ve +ve Bacillus sp 
ASK3 Rods +ve +ve +ve +ve +ve -ve -ve -ve +ve +ve -ve +ve -ve +ve +ve +ve Bacillus sp 

ASK4 Rods 
(Diplobacilli) 

+ve +ve +ve +ve +ve -ve -ve -ve +ve +ve +ve +ve -ve +ve +ve +ve Bacillus sp 

ASK5 Chains of rods +ve +ve +ve +ve +ve -ve -ve -ve +ve +ve +ve +ve -ve -ve +ve +ve Bacillus sp 
ASK9 Chains of rods +ve +ve +ve +ve +ve -ve +ve -ve +ve +ve +ve +ve -ve +ve +ve +ve Bacillus sp 
ASK10 Chains of rods +ve +ve +ve +ve +ve -ve -ve -ve +ve +ve +ve +ve -ve +ve +ve +ve Bacillus sp 
ASK11 Rods +ve +ve +ve +ve +ve -ve +ve -ve +ve +ve +ve +ve +ve +ve +ve -ve Bacillus sp 
ASK12 Rods +ve +ve +ve +ve +ve -ve +ve -ve +ve +ve +ve +ve +ve +ve +ve -ve Bacillus sp 
ASK13 Chains of rods +ve +ve +ve +ve +ve -ve +ve -ve +ve +ve +ve +ve +ve +ve +ve -ve Bacillus sp 
ASK14 Chains of rods +ve +ve +ve +ve +ve -ve +ve -ve +ve +ve -ve -ve -ve +ve +ve +ve Bacillus sp 
ASK15 Chains of rods +ve +ve +ve +ve +ve -ve +ve -ve +ve +ve -ve +ve +ve +ve +ve -ve Bacillus sp 
ASK16 Chains of rods +ve +ve +ve +ve +ve -ve +ve -ve +ve +ve +ve +ve +ve +ve +ve -ve Bacillus sp 
ASK17 Chains of rods +ve +ve +ve +ve +ve -ve -ve -ve +ve +ve +ve +ve +ve +ve +ve +ve Bacillus sp 
ASK18 Rods +ve +ve +ve +ve +ve -ve +ve -ve +ve +ve +ve +ve -ve +ve +ve +ve Bacillus sp 
ASK20 Coccobacillus +ve +ve -ve +ve +ve -ve +ve -ve +ve +ve +ve +ve -ve -ve +ve +ve Listeria sp 
ASK21 Chains of rods -ve +ve +ve +ve +ve -ve +ve -ve +ve +ve +ve +ve -ve +ve +ve +ve Bacillus sp 
ASK22 Chains of rods +ve +ve +ve +ve +ve -ve +ve -ve +ve +ve +ve +ve -ve +ve +ve +ve Bacillus sp 

40 

ASK23 Rods +ve +ve +ve +ve +ve -ve +ve -ve +ve +ve +ve +ve -ve +ve +ve +ve Bacillus sp 
ASK24 Chains of rods +ve +ve +ve +ve +ve -ve +ve -ve +ve +ve +ve +ve -ve +ve +ve +ve Bacillus sp 
ASK25 Rods +ve +ve +ve +ve +ve -ve +ve -ve +ve +ve +ve +ve -ve +ve +ve +ve Bacillus sp 
ASK26 Chains of rods +ve +ve -ve +ve +ve -ve +ve -ve +ve +ve +ve +ve +ve +ve +ve +ve Bacillus sp 

60 

ASK27 Rods +ve +ve +ve +ve +ve -ve -ve -ve +ve +ve +ve +ve +ve +ve +ve +ve Bacillus sp 
ASK28 Rods +ve +ve +ve +ve +ve -ve -ve -ve +ve +ve +ve +ve +ve +ve +ve +ve Bacillus sp 
ASK29 Chains of rods +ve +ve +ve +ve +ve -ve +ve -ve +ve +ve +ve +ve +ve +ve +ve +ve Bacillus sp 
ASK30 Rods -ve +ve -ve +ve +ve -ve +ve -ve +ve +ve +ve +ve -ve +ve +ve +ve Pseudomonas sp 
ASK31 Chains of rods +ve +ve +ve +ve +ve -ve +ve -ve +ve +ve +ve -ve -ve +ve +ve +ve Bacillus sp 
ASK32 Chains of rods +ve +ve +ve +ve +ve -ve +ve -ve +ve +ve +ve -ve -ve +ve +ve +ve Bacillus sp 
ASK33 Rods +ve +ve +ve +ve +ve -ve +ve -ve +ve +ve +ve -ve -ve +ve +ve +ve Bacillus sp 

Abbreviations used: SD, Soil depth; IC, Isolation code; Mp, Morphology; GS, Gram’s staining; M, Motility; ES, Endospore staining; Gr, Growth; Cat, Catalase; 
Oxi, Oxidase; VP, Voges-Proskauer test; MR, Methyl red; Gl, Glucose; Ga, Galactose; La, Lactose; Xy, Xylose; Ar, Arabinose; St, Starch; Ge, Gelatin; Ca, 
Casein; +ve, positive; -ve, negative 
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Table 4.21: Phenotypic and Biochemical Characterization of the nitrogen fixing bacteria isolated from different soil depths. 

SD 
(cm) 

Isolate 
Code 

Mp GS M ES 
Gr in 
NaCl  
(6.5%) 

Biochemical Tests Carbohydrate Utilization Hydrolysis of 
Identified as 

Cat Oxi VP Gl Ga La Xy Ar St Ge Ca 

20 ASNt1 Rods +ve -ve -ve +ve -ve -ve -ve +ve +ve +ve -ve -ve +ve +ve +ve Corynebacterium sp 
ASNt2 Rods 

(Diplobacilli) 
+ve +ve +ve 

+ve 
-ve -ve -ve +ve +ve -ve +ve +ve +ve +ve +ve Bacillus sp 

ASNt9 Rods +ve -ve -ve +ve +ve -ve -ve +ve +ve -ve +ve +ve +ve +ve +ve Corynebacterium sp 
ASNt10 Rods +ve +ve +ve 

+ve 
+ve -ve -ve +ve -ve +ve +ve +ve +ve +ve -ve Paenibacillus 

barcininencis 
ASNt11 Rods +ve +ve +ve +ve +ve -ve -ve +ve +ve +ve -ve -ve +ve +ve +ve Bacillus cereus 

40 ASNf1 Chains of rods +ve +ve -ve +ve -ve -ve -ve +ve +ve +ve -ve -ve +ve +ve +ve Bacillus sp 
ASNf3 Chains of rods +ve +ve +ve +ve +ve -ve -ve +ve +ve -ve +ve +ve +ve +ve +ve Bacillus sp 
ASNf3A Chains of rods +ve +ve -ve +ve +ve +ve -ve +ve +ve +ve -ve -ve +ve +ve +ve Corynebacterium sp 
ASNf4 Chains of rods +ve +ve +ve +ve +ve -ve -ve +ve +ve -ve +ve +ve +ve +ve +ve Bacillus sp 
ASNf7 Chains of rods +ve -ve -ve +ve +ve -ve -ve +ve +ve -ve +ve +ve +ve +ve +ve Corynebacterium sp 
ASNf9 Chains of rods +ve +ve +ve +ve +ve -ve -ve +ve +ve +ve +ve +ve +ve +ve +ve Bacillus sp 
ASNf10 Rods 

(Diplobacilli) 
+ve +ve +ve 

+ve 
+ve -ve -ve +ve +ve -ve -ve -ve +ve +ve +ve Bacillus sp 

ASNf14 Long rods 
(chains) 

+ve +ve +ve 
+ve 

+ve -ve -ve +ve +ve +ve +ve +ve +ve +ve +ve Bacillus sp 

ASNf15 Rods 
(Diplobacilli) 

-ve +ve +ve 
+ve 

+ve -ve -ve +ve +ve +ve +ve -ve +ve +ve +ve Pseudomonas sp 

ASNf16 Chains of rods +ve +ve -ve +ve +ve -ve -ve +ve +ve +ve +ve +ve +ve +ve +ve Bacillus sp 
ASNf16A Chains of rods +ve +ve +ve +ve +ve -ve -ve +ve +ve +ve +ve +ve +ve +ve +ve Bacillus sp 
ASNf18 Chains of rods +ve +ve -ve +ve +ve -ve -ve +ve +ve +ve +ve +ve +ve +ve +ve Bacillus sp 

60 ASNs1 Chains of rods +ve -ve -ve +ve +ve -ve -ve +ve +ve -ve +ve +ve +ve +ve +ve Corynebacterium sp 
ASNs1A Rods 

(Diplobacilli) 
+ve +ve +ve 

+ve 
+ve -ve -ve +ve -ve +ve +ve +ve +ve +ve +ve Paenibacillus sp 

ASNs2 Rods 
(Diplobacilli) 

+ve +ve +ve 
+ve 

-ve -ve -ve +ve -ve +ve +ve +ve +ve +ve +ve Paenibacillus sp 

ASNs5 Short rods +ve +ve +ve +ve +ve -ve -ve +ve +ve -ve +ve +ve +ve +ve +ve Bacillus sp 
ASNs9 Chains of rods -ve -ve -ve +ve +ve +ve -ve +ve -ve -ve +ve -ve +ve +ve +ve Azotobacter sp 
ASNs10 Chains of rods +ve +ve -ve +ve +ve -ve -ve +ve +ve +ve +ve +ve +ve +ve +ve Bacillus sp 
ASNs12 Rods +ve +ve +ve +ve +ve -ve -ve +ve +ve +ve +ve +ve +ve +ve +ve Bacillus sp 
ASNs13 Chains of rods +ve +ve +ve +ve +ve -ve -ve +ve +ve +ve +ve +ve +ve +ve +ve Bacillus sp 

Abbreviations used: SD, Soil depth; IC, Isolation code; Mp, Morphology; GS, Gram staining; M, Motility; ES, Endospore staining; Gr, Growth; Cat, Catalase; 
Oxi, Oxidase; VP, Voges-Proskauer test; Gl, Glucose; Ga, Galactose; La, Lactose; Xy, Xylose; Ar, Arabinose; St, Starch; Ge, Gelatin; Ca, Casein; ; +ve, 
positive;-ve,negative 
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Table 4.22: Phenotypic and Biochemical Characterization of the denitrifying bacteria isolated from different soil localities and 

depths. 

SD 
(cm) IC Mp GS M ES 

Gr in 
NaCl 

(6.5%) 

Biochemical Tests Carbohydrate Utilization Hydrolysis of 
Identified as 

Cat Oxi VP Gl Ga La Xy Ar St Ge Ca 

20 

ASDT1a 
Rods (single) 

 +ve + ve + ve + ve + ve + ve - ve + ve - ve - ve + ve + ve + ve + ve + ve Bacillus sp 

ASDT1b Rods - ve + ve -ve + ve + ve + ve - ve + ve - ve - ve - ve - ve - ve + ve - ve Pseudomonas sp 
ASDT2 Rods - ve + ve - ve + ve + ve + ve - ve + ve - ve - ve - ve - ve - ve + ve - ve Pseudomonas sp 
ASDT5 Rods(single) - ve + ve - ve + ve + ve + ve - ve + ve - ve - ve - ve - ve - ve + ve - ve Pseudomonas sp 

ASDT7a 
Rods (single) 

 + ve + ve + ve + ve + ve + ve - ve + ve - ve - ve + ve + ve + ve + ve + ve Bacillus sp 

ASDT7b Rods(chains) + ve + ve + ve - ve + ve + ve + ve + ve - ve + ve - ve + ve - ve + ve + ve Bacillus sp 

40 
ASDF3a Rods(single) 

 + ve - ve + ve + ve + ve - ve - ve + ve + ve + ve - ve + ve + ve + ve + ve Bacillus sp 

ASDF3b Rods(chains) + ve + ve + ve + ve + ve + ve - ve + ve + ve - ve + ve + ve + ve + ve + ve Bacillus sp 
ASDF3c Rods(single) + ve + ve + ve + ve + ve + ve + ve + ve + ve + ve - ve + ve + ve + ve + ve Bacillus sp 

60 

ASDS1a Clumps of 
rods 

+ ve _ ve + ve + ve + ve + ve - ve + ve + ve + ve + ve + ve + ve - ve + ve Bacillus sp 

ASDS1b Rods - ve + ve Ve -ve + ve - ve - ve + ve - ve - ve - ve - ve - ve + ve - ve Pseudomonas sp 
ASDS1c Rods(single) - ve + ve - ve + ve + ve + ve + ve + ve - ve - ve - ve - ve - ve + ve - ve Pseudomonas sp 

ASDS2 Long chains 
of rods 

+ ve - ve + ve + ve + ve + ve + ve + ve + ve - ve + ve + ve + ve + ve + ve Bacillus sp 

ASDS3b Short 
rods(single) - ve + ve Ve -ve  + ve - ve - ve + ve - ve - ve - ve - ve - ve + ve - ve Pseudomonas sp 

ASDS4 Rods(single) + ve - ve + ve + ve + ve + ve + ve + ve + ve - ve + ve + ve + ve - ve + ve Bacillus sp 
ASDS5a Rods(single) + ve + ve + ve + ve + ve + ve _ ve + ve + ve + ve + ve + ve + ve - ve + ve Bacillus sp 
ASDS5b Rods(single) + ve - ve + ve + ve + ve + ve + ve + ve + ve - ve + ve + ve + ve + ve + ve Bacillus sp 
ASDS8b Rods(chains) + ve - ve + ve + ve + ve + ve + ve + ve + ve - ve + ve - ve - ve + ve + ve Bacillus sp 
ASDS9 Rods(chains) + ve + ve + ve + ve + ve + ve + ve + ve + ve - ve + ve + ve + ve + ve + ve Bacillus sp 

ASDS10a Rods(single) + ve + ve - ve + ve + ve + ve + ve + ve + ve - ve + ve + ve + ve - ve - ve Corynebacterium 
sp 

Abbreviations used: SD, Soil depth; IC, Isolation code; Mp, Morphology; GS, Gram staining; M, Motility; ES, Endospore staining; Gr, Growth; Cat, Catalase; 
Oxi, Oxidase; VP, Voges-Proskauer test; Gl, Glucose; Ga, Galactose; La, Lactose; Xy, Xylose; Ar, Arabinose; St, Starch; Ge, Gelatin; Ca, Casein; -: negative; +; 
positive 
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Table 4.23: BLAST analysis of select bacterial isolates for identification 

 
Isolate 
code 

Identification 

Gene 
bank 

accession 
no. 

Similar 
bacterium 

Accession 
no. 

% 
sequence 
similarity 

Cellulolytic 
isolates 

ASK11 
Bacillus 

amyloliquifaciens 
KC527054 

Bacillus 
amyloliquefaciens 

subsp. 
plantarum 

HE617159.1 99 

ASK12 
Bacillus 

amyloliquifaciens 
KC527055 

Bacillus 
amyloliquefaciens 

strain 
CTSP10 

EU855192.1 99 

ASK13 
Bacillus 

thuriengenesis 
KC527056 

Bacillus cereus 
strain PR15 

JQ435675.1 99 

ASK15 Bacillus  cereus KF256130 
Bacillus cereus 

strain PR15 
JQ435675.1 99 

ASK16 Bacillus  cereus KF256131 
Bacillus cereus 
strain MSU AS 

JF907013.1 99 

Nitrogen 
fixing 

isolates 

ASNT10 
Paenibacillus  
barcinonensis 

KC512769 
Paenibacillus  
barcinonensis 

NR042272 97 

ASNT11 Bacillus cereus KC527059 
Bacillus cereus 
strain MSU AS 

JF907013.1 99 

ASNF3 
Bacillus  

megaterium 
KC527057 

Bacillus 
megaterium 

strain CCMM 
JN208059.1 99 

ASNF3A 
Corynebacterium 

variabilis 
KC527058 

Corynebacterium 
variabilis 

AJ222816.1 98 

ASNS13 
Bacillus 

megaterium 
KF256129 

Bacillus 
megaterium 

strain TBA-R1 
-001 

DQ872156.1 99 

Denitrifying 
isolates 

ASDT1A Bacillus subtilis KC527060 
Bacillus subtilis 

strain CE1 
JQ435698.1 99 

ASDS9 Bacillus cereus KF256128 
Bacillus cereus 

NC7401 
AP007209.1 99 
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4.9.1 Antibiogram of the Select Cellulolytic, Nitrogen Fixing and Denitrifying 

Bacterial Species/Strains 

All the bacteria employed for this screening were sensitive to Streptomycin, 

Vancomycin, Rifampicin, Cephalexin, trimethprim, Nalidixic acid, and My while the B. 

cereus-ASK13, B. cereus-ASK16, Paenibacillus barcinonensis-ASNt10, B. cereus-

ASNt11, ASDT1a and B. cereus-ASDS9 showed resistance against Pennicillin the B. 

amyloliquefaciens -ASK11, Paenibacillus barcinonensis-ASNt10 and B. megaterium-

ASNF3 showed maximum sensitivity against S with growth inhibition zone of 31mm. 

Highest sensitivity against Rifampicin, Cephalexin, and My was shown by the bacterium 

B. amyloliquefaciens -ASK11, while B. megaterium-ASNS13 showed high sensitivity to 

Rifampicin and trimethprim with grown inhibition zones of 22 and 31 mm diameters, 

respectively. The bacteria B. cereus-ASK13 and B. megaterium-ASNF3 were the highly 

sensitive species to Vancomycin and  NA antibiotics, respectively (Table 4.24).  

4.9.2 Antibiosis Assessment  

 Among the cellulolytic bacteria only B. amyloliquefaciens-ASK12 and B. cereus-

ASK13 co-existed while they expressed inhibition for B. amyloliquefaciens-ASK11, B. 

cereus-ASK15 and B. cereus-ASK16. The bacteria B. cereus-ASK15 and B. cereus-

ASK16 were inhibited by all of the cellulolytic and nitrogen fixing isolates. Among the 

nitrogen fixing bacteria Paenibacillus barcinonensis-ASNt10 was capable of co-

existence with B. cereus-ASNt11 and B. megaterium-ASNF3, however, these isolates 

inhibited growths of cellulolytic isolates B. cereus-ASK15 and B. cereus-ASK16. 

Similarly Corynebacterium variabile-ASNF3A and B. megaterium-ASNS13 co-existed. 

Cross streaking of cellulolytic and nitrogen fixing bacterial isolates showed that B. 

amyloliquefaciens-ASK11 and B. megaterium-ASNF3 as the only representatives of the 

two groups which could grow together without antibiosis (Table 4.25).    
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Table 4.24: Sensitivity pattern of select cellulolytic, nitrogen fixing and denitrifying 

bacterial species against antibiotics 

Bacterial 

species 

Antibiotics 

aP10 S VA RD30 CL30 W5 NA My 

B. 

amyloliquefaciens -

ASK11 

6* 31 25 22 40 30 25 16

B. 

amyloliquefaciens -

ASK12 

6 26 20 17 36 24 26 11

B. cereus -ASK13 R 30 27 21 27 20 10 12

B. cereus -ASK15 6 27 22 17 26 25 19 9

B. cereus -ASK16 R 26 18 14 30 21 12 10

Paenibacillus 

barcinonensis -

ASNt10 

R 31 26 6 12 27 20 12

B. cereus -ASNt11 R 27.5 18.5 16 15 30 21 13

B. megaterium-

ASNF3 
8 19.5 24 20 13 31 24 12

Corynebacterium 

variabile-ASNF3A 
9 20 23 21 20 20 23 11

B. megaterium-

ASNS13 
11 31 26 22 17 22 27 15

B. subtilis-ASDT1a R 20 21.5 17 20 25 22 12

B. cereus -ASDS9 R 17.5 21 16.5 13 28 21 12

a; aP10, Penicillin;  S, Streptomycin; VA, ; RD30,  Rifampicin; CL30, Cephalexin W5, Trimthoprim NA, Nalidixic acid ; My, 
* Subscripts represent concentration(µg/disc) of the drug. Values are diameters of growth inhibition zone in 
mm. R; resistant to drug.  
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Table 4.25: Evaluation of select cellulolytic and nitrogen fixing bacterial isolates for co-culturing and antibiosis through cross-

streaking on nutrient agar 

Bacterial isolate 
codes 

B. 
amyloliquefaciens 

-ASK11 

B. 
amyloliquefaciens 

-ASK12 

B. 
cereus 

-
ASK13 

B. 
cereus 

-
ASK15 

B. 
cereus 

-
ASK16 

Paenibacillus 
barcinonensis-

ASNt10 

B. 
cereus 

-
ASNt11 

B. 
megaterium-

ASNF3 

Corynebacterium 
varibile-ASNF3A 

B. 
cereus 

ASNS13 

B. 
amyloliquefaciens-
ASK11 

TNP × × × × × × ++ × × 

B. 
amyloliquefaciens-
ASK12 

× TNP ++ × × × × × × × 

B. cereus-ASK13 × ++ TNP × × × × × × × 
B. cereus -ASK15 × × × TNP × × × × × × 
B. cereus -ASK16 × × × × TNP × × × × × 
Paenibacillus 
barcinonensis-
ASNt10 

× × × × × TNP ++ ++ × × 

B. cereus -ASNt11 × × × × × ++ TNP × × × 
B. mwgaterium-
ASNF3 ++ × × × × ++ × TNP × × 

Corynebacterium 
varibile -ASNF3A 

× × × × × × × × TNP ++ 

B. megaterium-
ASNS13 

× × × × × × × × ++ TNP 

×, growth of the test organism (column) those inhibited by cross streaked species/strains (row) 
++, cross streaked species/strains grew well; TNP, test not performed 
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4.10 optimization of incubation periods for bacterial growth at 370C in 

MVII 

4.10.1 B. amyloliquefaciens -ASK11  

 On the 1st day cells density measured upto 0.41 ± 0.01 which followed the slight 

increase of 2% with each succenive incubation day from 2nd to 4th day of incubation. The 

highest growth was observed on 6th day of incubation which was 24% higher then the 

value observed at 4th day of incubation period (Fig. 4.17)  

4.10.2 B. amyloliquefaciens-ASK12 

 The bacterium grew to the maximum level of growth A600nm (0.61 ± 0.01) on 4th 

day of incubation and the cells density was 34% higher than the value observed on day 

first. A gradual decline phase appeared from 4th day through 8th with cell growth. (Fig. 

4.18). 

4.10.3 B. cereus -ASK13  

 Bacterial growth was 0.55 ± 0.02 on 1st day and reached maximum level (0.67 ± 

0.02) after three days of incubation. A decline in growth occurred on 4th day 

measurement (A600nm0.57 ± 0.00) which persisted to 5th day with an of absorbance 0.54 ± 

0.00. An increment of 17% then occurred on 6th day which them declined down to 0.18 ± 

0.01 cell density at the last observational point. (Fig. 4.19)   

4.10.4 B. cereus -ASK15  

 At first point of observation, the bacterium showed a growth of 0.43 ± 0.01 A600nm 

which then increased progressively till day 6th. Then the growth entered to decline phase 

with cells absorbance of 0.22 ± 0.01 on 8th day of the incubation period (Fig. 4.20). 

4.10.5 B. cereus -ASK16  

 In comparison to bacterial growth on first day of incubation (0.43 ± 0.01) a 

significant increase of 43% was recorded on 6th day of incubation. Thereafter a decline in 

growth appeared, leveling off the cells density to 0.22 ± 0.01 on 8th day of the incubation 

(Fig. 4.21). 
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4.10.6 Paenibacillus  barcinonensis -ASNt10  

After 24 hrs of incubation A600nm of 0.13 ± 0.00. A feable decrease in growth on 

2nd day followed a consistent increment and the bacterial cells attained the maximum 

level of 0.80 ± 0.06 absorbance 8th day of incubation (Fig. 4.22). 

4.10.7 B. cereus-ASNt11 

 The growth of this bacterium at first observation day was 0.11 ± 0.00 A600nm. The 

isolate continued to grow and a gradual increment from 1st through 2nd day of incubation 

resulted in cells density of 0.64 ± 0.01 at 7th observation at point. The leveling off the 

growth from 7th to 8th day of incubation brought the cells absorbance (600nm) 0.48 ± 0.02 

(Fig.4.23). 

4.10.8 B. megaterium -ANSF3  

 Maximum cell density was observed on 2nd day which was 60% higher than the 

value of first day of incubation. Thereafter following a sustained growth (~ 0.64) from 2nd 

to 6th day of incubation, the cells density showed a slight decreased (0.58 ± 0.01) on 7th 

day of incubation (Fig.4.24) 

4.10.9 Corynebacterium -ASNF3A  

 This bacterium grew to the maximum level on 3rd day of the incubation and 

experienced a cells density of 0.76 ± 0.01. The isolate slowed gradual decline upto 0.37 ± 

0.07 cell density on 8th day of incubation (Fig. 4.25). 

4.10.10 B. megaterium -ASNS13  

 The isolate grew to 0.5 ± 0.01 (A600nm) on 1st day of incubation and  57% showed 

increase in cells concentration on the 3rd day of incubation. A decrease upto 10% in 

growth appeared on 4th day. Thereafter a sustained cells density ( ~ 0.6) was observed 

from 4th through 8th day of incubation (Fig. 4.26). 

4.10.11 B. Subtilis -ASDT1a 

The bacterium growth at the first observational spot was 0.4 A600m. The cells 

density increased significantly upto 1.71±0.01 on the 2nd day. Thereafter the isolate 

showed a comparable growth ranging from 1.82 ±0.02 to 1.74±0.03 (A600nm) from 3rd day 
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of incubation to 5th day followed by a 33% increase in growth and attained maximum 

growth on 7th day. The growth leveled off on 8th day (Fig. 4.27). 

4.10.12 B. cereus-ASDS9 

 This bacterium grew significantly and showed 1 ± 0.02 cells density at 2nd day of 

incubation. Later followed a feable decrement in growth was observed with absorbance 

value of 0.81 to 0.90 A(600nm) at 3rd to 5th day of incubation, respectively. Thereafter a 

boost up in growth resulted in a significant increase (176%) on 8th day of incubation (Fig. 

4.28)   

 

 

 

 
Fig. 4.17: Growth curve of B. amyloliquefaciens-ASK-11 in M-VII broth (pH 7) at 
(37oC) different post incubation times (hrs) 
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Fig. 4.18: Growth curve of B. amyloliquefaciens-ASK-12 in M-VII broth (pH 7) at 
(37oC) different post incubation times (hrs) 

 

 

 

Fig. 4.19: Growth curve of B. cereus-ASK-13 in M-VII broth (pH 7) at (37oC) 
different post incubation times (hrs) 
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Fig. 4.20: Growth curve of B. cereus-ASK-15 in M-VII broth (pH 7) at (37oC) 
different post incubation times (hrs) 

 

 

 

 
Fig. 4.21: Growth curve of B. cereus-ASK-16 in M-VII broth (pH 7) at (37oC) 
different  post incubation times (hrs) 
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Fig. 4.22: Growth curve of Paenibacillus barcinonensis-ASNt10 in M-VII broth 
(pH7) at (37oC) different post incubation times (hrs) 

 
 

 

 
Fig. 4.23: Growth curve of B. cereus-ASNt11 in M-VII broth (pH 7) at (37oC) 
different post incubation times (hrs) 
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Fig. 4.24: Growth curve of B. megaterium-ASNF3 in M-VII broth (pH 7) at (37oC) 
different post incubation times (hrs) 

 

 

 

 
Fig. 4.25: Growth curve of Corynebacterium variabile-ASNFA in M-VII broth (pH 7) 
at (37oC) different post incubation times (hrs) 
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Fig. 4.26: Growth curve of B. megaterium-ASNS13 in M-VII broth (pH 7) at (37oC) 
different post incubation times (hrs) 

 
 
 

 

 
Fig. 4.27: Growth curve of B. subtilis-ASDT1a in M-VII broth (pH 7) at (37oC) 
different post incubation times (hrs) 
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Fig. 4.28: Growth curve of B. cereus-ASDS9 in M-VII broth (pH 7) at (37oC) 
different post incubation times (hrs) 
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4.11 Enzyme yield optima of incubation conditions for cellulolytic 

bacteria 

 While optimizing physical conditions, cellulase yields were considered index 

rather than bacterial growth. Bacterial cell densities and yields in terms of soluble protein 

and enzyme activity varied significantly under different incubation conditions. Select 

optimum conditions were those for which cellulase yields were highest irrespective of the 

accompanied growth. Previously optimum incubation level(s) were applied for the 

subsequent experiments.  

4.11.1 B. amyloliquefaciens-ASK11   

Bacterial growth and cellulase production both greatly varied at different growth 

conditions. Cellulolytic activity of B. amyloliquefaciens-ASK11 at different temperatures 

is shown in Table 4.26 and Fig. 4.29. The bacterium showed maximum cellulase activity 

of 6.0 U/mL for growth A600nm of 0.37 after 24 hrs of incubation at 28°C. Regarding the 

effect of pH, following incubation of the optimum temperature the bacterium produced 

1.5 U/mL of cellulase with A600nm 0.38 when grown in neutral medium (Table 4.27; Fig. 

4.30). Ten % inoculum gave maximum enzyme units of 2.5 U/mL and the B. 

amyloliquefaciens-ASK11 preferred aeration and yielded 3.29 U/ml of cellulase with 

growth A600nm 0.22. The enzyme yield was 3.5 fold higher as compared to non-aerated 

culture (Table 4.28 & 4.29; Fig. 4.31 & 4.32). 

The bacterium showed highest cellullase yield of 3.2 U/mL with growth A600nm of 

0.21 and 2.59 mg/mL soluble protein at 96hrs of post incubation i.e., during stationary 

phase. When the bacterial cellulase production was assessed in the presence of 50μg/mL 

of Cr (VI) in the selective broth, the B. amyloliquefaciens-ASK11 did not produce 

appreciable level of enzyme till 72hrs of incubation and 1.52U/mL units the cellulase 

were recorded at 96hrs of incubation. The B. amyloliquefaciens-ASK11 indicated enzyme 

production in beginning of log phase and then did not produce further till 144 hrs. In the 

selective medium amended with 50μg of Cr(VI)/mL and 1% glucose, prominent increase 

in the enzyme was observed as the cellulase units measured upto  5.81U/mL and growth 
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A.600nm of 0.29 while with soluble protein contents of 0.91 mg/ml at 120 hours of 

incubation (Table 4.30; Fig. 4.33).  

The bacterium showed maximum cellulolytic activity when galactose was 

supplemented to the selective broth. This elevation in the enzyme yield was followed by 

lactose and glucose (Table 4.31; Fig. 4.34). Highest total cellulase activity (23.0 U/mL) 

was obtained after 144 hrs of incubation for the B. amyloliquefaciens-ASK11 at its 

respective optimum conditions with galactose. This activity level was significantly higher 

than the activity induced by other carbon sources. Galactose was followed by lactose in 

enhancing cellulolytic activity of B. amyloliquefaciens-ASK11. While screening the 

nitrogen source for cellulose yield of optima the bacterium showed maximum cellulase 

activity when peptone was used as nitrogen source and produced 20.23 U/mL of cellulase 

with a growth A 600nm  of 0.81 and soluble protein yield of 0.82 mg/mL. Yeast extract also 

proved effective nutrient as nitrogen source and yielded upto 7.03 U/mL of cellulase with 

growth A 600nm 0.67 and soluble protein content of 0.52 mg/mL. (Table 4.32; Fig. 4.35). 

The B. amyloliquefaciens-ASK11 produced 22.5 U/mL of cellulase in the 

optimized medium. Decreases of 47.26% (11.9 U/mL), 83.35% (3.75 U/mL), 93.47% 

(1.47 U/mL), 94.12% (1.33 U/mL) and 95.16% (1.09 U/mL) in the enzyme yield occured 

when the media were spiked with 50, 100, 250, 500 and 1000μg/mL of Cr (VI), 

respectively. A parallel decrement occurred for the growth in contrast to soluble proteins 

which showed an inverse relation to growth and cellulase production while a direct 

relation to increasing concentrations of Cr(VI) (Table 4.33; Fig. 4.36). cellulose 

hydrolysis zones at these Cr(VI) concentrations are presented in Fig. 4.37.    
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Table 4.26: Effect of different incubation temperatures (°C) on growth(A600nm ), 

soluble proteins(mg/ml) and cellulase yields (U/ml) of B. amyloliquefaciens-ASK11 

after 24hrs of incubation in M-I broth containing 10µg/ml of Cr(VI) 

 

Temperature 

(ºC) 

Growth 

(A600nm) 

Soluble 

Proteins(mg/mL) 
Cellulase(U/mL) 

28 0.37a±0.01 2.75b±0.11 5.59a±0.11

37 0.74a±0.08 1.65b±0.17 3.56a±0.05

50 0.29b±0.03 3.38a±0.17 2.63a±0.06

Values are means ± S.E.M. of three replicates. Those not sharing a common alphabet 
within a respective group are significantly different from each other. Single factor 
analysis of variance (P ≤ 0.05).  

 

 

 
Fig. 4.29: Effect of different incubation teperatures (oC) on growth (A600nm), soluble 
proteins (mg/ml) and cellulase yields (U/ml) of B. amyloliquefaciens-ASK11 after 
24hrs of incubation in M-I broth containing 10ug/ml of Cr(VI) 
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Table 4.27: Effect of different pH on growth(A600nm ), soluble proteins(mg/ml) and 

cellulase yields of B. amyloliquefaciens-ASK11 after 24hrs of incubation in M-I 

broths containing 10µg/ml of Cr(VI) 

 

pH 
Growth 

(A600nm) 

Soluble 

Proteins(mg/mL) 
Cellulase(U/mL) 

5 0.20a±0.02 0.63b±0.02 1.06a±0.01

7 1.07a±0.03 1.63a±0.07 1.50a±0.03

9 0.92a±0.05 1.19c±0.08 0.79a±0.02

Values are means ± S.E.M. of three replicates. Those not sharing a common alphabet 
within a respective group are significantly different from each other. Single factor 
analysis of variance (P ≤ 0.05). 
 

 

Fig. 4.30: Effect of different pH on growht (A600nm), soluble proteins(mg/ml) and 
cellulase yields (U/ml) of B. amyloliquefaciens-ASK11 after 24hrs of incubation in 
M-I broth containing 10ug/ml of Cr(VI) 
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Table 4.28: Effect of different inoculums sizes on growth (A600nm), soluble proteins 

(mg/ml) and cellulase yields (U/ml) of B. amyloliquefaciens-ASK11 after 24hrs of 

incubation in M-I broths containing 10µg/ml of Cr(VI) at corresponding 

temperature and pH optima 

  

Inoculum size 

(%) 

Growth 

(A600nm) 

Soluble 

Proteins(mg/mL) 
Cellulase(U/mL) 

1 0.32a±0.04 0.60a±0.01 2.10b±0.05

5 0.32a±0.03 0.86a±0.09 2.21b±0.01

10 0.40a±0.02 0.78a±0.02 5.57a±0.03

Values are means ± S.E.M. of three replicates. Those not sharing a common alphabet 
within a respective group are significantly different from each other. Single factor 
analysis of variance (P ≤ 0.05). 

 

 

 
Fig. 4.31: Effect of different inoculum sizes growht (A600nm), soluble proteins(mg/ml) 
and cellulase yields (U/ml) of B. amyloliquefaciens-ASK11 after 24hrs of incubation 
in M-I broth containing 10ug/ml of Cr(VI) at corresponding temperature and pH 
optim  
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Table 4.29: Effect of different oxygen conditions on growth (A600nm), soluble proteins 

(mg/ml) and cellulase yields (U/ml) of B. amyloliquefaciens-ASK11 after 24hrs of 

incubation in M-I broths containing 10µg/ml of Cr(VI) at corresponding 

temperature, pH and inoculums size optima 

 

Oxygen 

conditions 

Growth 

(A600nm) 

Soluble 

Proteins(mg/mL) 
Cellulase(U/mL) 

Aeration 0.22a±0.01 0.33b±0.03 6.94a±0.01

Non-aeration 0.10b±0.01 0.41a±0.01 0.99b±0.01

Values are means ± S.E.M. of three replicates. Those not sharing a common alphabet 
within a respective group are significantly different from each other. Single factor 
analysis of variance (P ≤ 0.05). 

 

 

 
Fig. 4.32: Effect of different oxygen conditions on growht (A600nm), soluble 
proteins(mg/ml) and cellulase yields (U/ml) of B. amyloliquefaciens-ASK11 after 
24hrs of incubation in M-I broth containing 10ug/ml of Cr(VI) at corresponding 
temperature, pH and 
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Table 4.30: Effect of different incubation times on growth (A600nm), soluble proteins 

(mg/ml) and cellulase yields (U/ml) of B. amyloliquefaciens-ASK11 after 24hrs of 

incubation in M-I broths A without Cr(VI), B with 50µg of Cr(VI)mL-1 and C with 

50µg of Cr(VI)mL-1 +0.1% glucose supplement at corresponding cellulase yield 

optima 

 

Incubation 

time 

Media 

Conditions 

Growth 

(A600nm) 

Soluble 

Proteins(mg/mL) 
Cellulase(U/mL) 

24 

A 0.21h±0.02 1.19e±0.03 3.07bcd±0.00

B 0.28fg±0.03 0.50ij±0.03 N

C 0.30e±0.00 0.33k±0.02 1.85def±0.01

48 

A 0.43d±0.04 1.44c±0.08 2.12cde±0.02

B 0.09j±0.04 0.53i±0.02 N

C 0.13i±0.00 0.44j±0.01 2.93bcd±0.02

72 

A 0.73a±0.16 2.44b±0.01 1.55efg±0.02

B 0.21h±0.03 0.52ij±0.01 N

C 0.61b±0.00 0.56i±0.01 3.94b±0.00

96 

A 0.74a±0.27 2.59a±0.07 3.20bc±0.02

B 0.25g±0.02 0.78h±0.02 1.52efg±0.02

C 0.49c±0.01 0.77h±0.01 3.62d±0.01

120 

A 0.74a±0.33 1.45c±0.04 2.12cd±0.02

B 0.31e±0.04 1.12ef±0.03 N

C 0.30ef±0.00 0.91g±0.03 5.82a±0.01

144 

A 0.61a±0.03 1.28d±0.07 3.09efgh±0.00

B 0.27fg±0.04 1.02f±0.02 N

C 0.15i±0.06 0.94g±0.01 5.70a±0.02

Values are means ± S.E.M. of three replicates. Those not sharing a common alphabet within a respective 
group are significantly different from each other. Single factor analysis of variance (P ≤ 0.05). 

 

 

 



 135

 

 

 

 

 

 
Fig. 4.33: Effect of different incubation times on growht (A600nm), soluble 
proteins(mg/ml) and cellulase yields (U/ml) of B. amyloliquefaciens-ASK11 after 
24hrs of incubation in M-I broth A without Cr(VI), B with 50ug of Cr(VI)mL-1 and 
C with 50ug of Cr(VI)m at corresponding cellulase yield optima.  
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Table 4.31: Effect of different carbon supplements (0.1%) on growth (A600nm), 

soluble protein (mg/ml) and the yields of cellulase (U/ml) of the isolates B. 

amyloliquefaciens -ASK11 in M-I broths amended with 50µg/ml of Cr(VI)  at 

corresponding cellulase yield optima 

Carbon 
supplement 

(0.1%) 

Growth 
(A600nm) 

Soluble 
Proteins(mg/mL) 

Cellulase(U/mL)

Glucose 0.14ab±0.013 0.14f±0.003 0.80de±0.3
Sodium citrate 0.14a±0.001 0.14f±0.003 1.09de±0.7
Galactose 0.15a±0.002 0.16ef±0.002 23.06a±0.6
Sodium 
succinate 0.06c±0.002 0.46a±0.012 8.15b±0.1
Lactose 0.08c±0.001 0.23bc±0.005 8.39b±0.2
Mannitol 0.06c±0.005 0.25b±0.003 N
Sodium acetate 0.11b±0.005 0.19de±0.005 1.34de±0.1
Xylose 0.15a±0.004 0.003g±0.01 1.86d±0.2
Maltose 0.13ab±0.001 0.21cd±0.004 7.13b±0.1
Sodium pyruvate 0.10b±0.003 N 4.7c±0.1

 
Values are means ± S.E.M. of three replicates. Those not sharing a common alphabet 
within a respective group are significantly different from each other. Single factor 
analysis of variance (P ≤ 0.05). 

 

 

Fig. 4.34: Effect of different carbon supplemnets (0.1%) on growht (A600nm), soluble 
proteins(mg/ml) and the yields of cellulase (U/ml) of the isolates B. 
amyloliquefaciens-ASK11 in M-I broth amended with 10ug/ml of Cr(VI) at 
corresponding cellulase yield optima  
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Table 4.32: Effect of different nitrogen sources (0.1%) on growth (A600nm), soluble 

protein (mg/ml) and  the yields of cellulase(U/ml) of the isolates B. amyloliquefaciens 

-ASK11 in M-I broths amended with 50µg/ml of Cr(VI)  at corresponding cellulase 

yield optima 

Nitrogen  
source 
(0.1%) 

Growth 
(A600nm) 

Soluble 
Proteins(mg/mL) 

Cellulase(U/mL)

Ammonium 
Sulphate 0.01e±0.01 0.15f±0.02 0.91c±0.04

Peptone 0.81a±0.03 0.21de±0.02 20.23a±0.52

Yeast Extract 0.07cd±0.01 0.52b±0.02 7.03b±0.17

Trypton 0.11bcd±0.01 0.34c±0.03 1.10c±0.63

Meat Extract 0.16bc±0.01 0.62a±0.02 0.97c±0.25

Sodium Nitrate 0.13bc±0.01 0.21de±0.00 0.62c±0.17

Urea 0.09cd±0.01 0.19e±0.01 5.86b±0.12

Asparagine 0.05de±0.01 0.25d±0.00 1.83c±0.35
Ammonium 
tartarate 0.18b±0.01 0.12f±0.01 0.42c±0.09

Values are means ± S.E.M. of three replicates. Those not sharing a common alphabet 
within a respective group are significantly different from each other. Single factor 
analysis of variance (P ≤ 0.05). 
 

 

 
Fig. 4.35: Effect of different nitrogen sources (0.1%) on growht (A600nm), soluble 
proteins(mg/ml) and the yields of cellulase (U/ml) of the siolates B. 
amyloliquefaciens-ASK11 in M-I broth amended with 10ug/ml of Cr(VI) at 
corresponding cellulase yield optima 
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Table 4.33: Effect of varying Cr(VI) concentrations(µg/mL) on growth(A600nm), 

soluble protein (mg/ml)  and yields of cellulase(U/ml)  of  B. amyloliquefaciens-

ASK11 in cellulose selective media at their corresponding cellulase yield optima 

 

Cr(VI) 

concentrations 

(µg/mL) 

Growth 

(A600nm) 

Soluble 

Proteins(mg/mL) 
Cellulase(U/mL) 

C 0.86a±0.02 0.56d±0.01 22.55a±0.81

50 0.58b±0.07 0.52d±0.13 11.89b±0.75

100 0.35c±0.02 0.71c±0.14 3.75c±0.32

250 0.23cd±0.01 0.72c±0.14 1.47cd±0.07

500 0.23cd±0.01 0.83b±0.15 1.33d±0.24

1000 0.12d±0.01 0.89a±0.11 1.09d±0.02

Values are means ± S.E.M. of three replicates. Those not sharing a common alphabet 
within a respective group are significantly different from each other. Single factor 
analysis of variance (P ≤ 0.05). 
 

 

Fig. 4.36: Effect of varying Cr(VI) concenrations(ug/mL) on growht (A600nm), soluble 
proteins(mg/ml) and the yields of cellulase (U/ml) of B. amyloliquefaciens-ASK11 in  
cellulose selective media at their corresponding cellulase optima  
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Fig. 4.37: Cellulose hydrolysis zones produced by B.amyloliquefaciens-ASK11 in M-I media 
under varying cr(VI) concentrations(µg/ml) at its cellulase yield optima  
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4.11.2 B. amyloliquefaciens-ASK12 

This bacterium grew maximum with cells density 0.27 ± 0.01 at 37oC the which 

was 26% and 14% higher than the growths obtained at 50oC and 28oC, respectively. 

However, this temperature did not yield maximum soluble proteins and cellulase activity. 

Maximum soluble protein contents were 3.22 ± 0.03(mg/ml) when the bacterium grew at 

50o C with the corresponding highest cellulase units 2.92 ± 0.07(U/ml). These values 

were 45% and 8% and 79.5% and 43.58% higher than the protein contents and cellulase 

units observed at 28oC and 37oC, respectively (Table 4.34; Fig. 4.38). The bacterium 

produced highest cellulase levels (1.81 ± 0.03 U/ml) when grown in neutral pH (Table 

4.35; Fig. 4.39) while for maximum yields of cellulase at different inocula and oxygen 

conditions, 5% inoculum and aeration best suited with the production of  2.21 ± 0.01 and 

5.99 ± 0.03 units of the cellulase per ml of the media, respectively (Table 4.36 & 4.37; 

Fig. 4.40 & 4.41). 

The bacterium growth exhibited the gradual increase in the cell density 0.24 ± 

0.00, 0.55 ± 0.20, 0.61 ± 0.06, 0.63 ± 0.44 and 0.76 ± 0.03, in medium A. at the 

respective incubation time of 24, 48, 72, 96 and 120 hrs then again decreased down to 

0.71 ± 0.06 at incubation time of 144 hrs. At most favourable incubation period of 120 

hrs, production of 86% and 83% higher cell density in media A than B and C 

respectively, was obtained. The soluble proteins exhibited the similar trend of increasing 

concentration of 2.85 ± 0.02, 3.49 ± 0.06, 3.60 ± 0.09 and 4.05 mg/ml at incubation times 

of 24, 48, 72 and 96 hrs, respectively. Then a decline in the soluble proteins contents was 

observed after incubation time of 120 (4.00 ± 0.03) and 144 hrs (3.70 ± 0.12). For all the 

incubation times media A remained the most consistent fabourable media for better yield 

of soluble proteins, which produced maximum protein at 96 days incubation and even 

83% and 73% more soluble protein than media B and C, respectively  (Table 4.38; Fig. 

4.42) The bacterium grew best when maltose was the carbon supplement with maximum 

cell density of (0.18 ± 0.00) at A600nm. This value was 100%, 78%, 72%, 61%, 33%, 28% 

and 22% higher than sodium citrate, mannitol, xylose, sodium acetate, sodium pyruvate, 

glucose and sodium succinate, lactose and glactose, respectively. Mannitol was the best 

carbon supplememt for higher soluble protein yields (upto 80%) as compared to other 
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sources. However, maximum cellulase activity (5.27 ± 0.21 µ/ml) was obtained in 

medium containing glactose as carbon supplement which was 100% elevated than 

sodium citrate, sodium succinate, sodium acetate and sodium pyruvate and 99, 89, 83, 78 

and 63% higher than mannitol, lactose, maltose,  xylose and glucose, respectively (Table 

4.39; Fig. 4.43). Among the different nitrogen sources peptone significantly enhanced 

bacterium growth ( A600nm0.24±0.01), soluble protein contents(0.35 ±0.21mg/mL) and 

corresponding levels of cellulase (6.39±0.30U/mL) than the other nitrogen sources in this 

study (Table 4.40; Fig. 4.44). 

The isolate B. amyloliquefaciens-ASK12 produced maximum enzyme units upto 

7.50 U/mL in medium without chromium while it showed  25.54% (5.58 U/mL), 59.29% 

(3.05 U/mL), 73.60% (1.98 U/mL), 73.67% (1.97 U/mL) and 87.7%(0.92 U/mL)  

decreases in media amended with 50, 100, 250, 500 and 1000μg/mL of Cr (VI), 

respectively.  Trends in growth and proteins were similar to those observed for 

B.amyloliquefaciens-ASK11 (Table 4.41; Fig. 4.45). 
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Table 4.34:  Effect of different incubation temperatures (°C) on growth (A600nm), 

soluble proteins (mg/ml) and cellulase yields (U/ml) of B. amyloliquefaciens-ASK12 

after 24hrs of incubation in M-I broth containing 10µg/ml of Cr(VI) 

 

Temperature 

(ºC) 

Growth 

(A600nm) 

Soluble 

Proteins(mg/mL) 
Cellulase(U/mL) 

28 0.23ab±0.01 1.75b±0.18 0.60b±0.02

37 0.27a±0.01 2.96a±0.18 1.63ab±0.02

50 0.20b±0.01 3.22a±0.03 2.92a±0.07

Values are means ± S.E.M. of three replicates. Those not sharing a common alphabet 
within a respective group are significantly different from each other. Single factor 
analysis of variance (P ≤ 0.05). 
 

 

 
Fig. 4.38: Effect of different incubation temperture (oC) on growht (A600nm), soluble 
proteins(mg/ml) and cellulase yields (U/ml) of B. amyloliquefaciens-ASK12 after 
24hrs of incubation in M-I broth containing 10ug/ml of Cr(VI) 
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Table 4.35: Effect of different pH on growth (A600nm), soluble proteins (mg/ml) and 

cellulase yields (U/ml) of B. amyloliquefaciens-ASK12 after 24hrs of incubation in 

M-I broths containing 10µg/ml of Cr(VI) 

 

pH 
Growth 

(A600nm) 

Soluble 

Proteins(mg/mL) 
Cellulase(U/mL) 

5 0.29b±0.03 0.78b±0.01 2.99a±0.09

7 0.38b±0.03 1.07a±0.03 1.81ab±0.03

9 0.34a±0.03 0.63b±0.02 0.42b±0.03

Values are means ± S.E.M. of three replicates. Those not sharing a common alphabet 
within a respective group are significantly different from each other. Single factor 
analysis of variance (P ≤ 0.05). 
 

 

 
Fig. 4.39: Effect of different pH on growht (A600nm), soluble proteins(mg/ml) and 
cellulase yields (U/ml) of B. amyloliquefaciens-ASK12 after 24hrs of incubation in 
M-I broth containing 10ug/ml of Cr(VI) 
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Table 4.36: Effect of different inoculums sizes on growth (A600nm), soluble proteins 

(mg/ml) and cellulase yields of B. amyloliquefaciens-ASK12 after 24hrs of 

incubation in M-I broths containing 10µg/ml of Cr (VI) at corresponding 

temperature and pH optima 

 

Inoculum size 

(%) 

Growth 

(A600nm) 

Soluble 

Proteins(mg/mL) 
Cellulase(U/mL) 

1 0.14c±0.02 0.18c±0.04 4.85a±0.11

5 0.32b±0.01 0.81b±0.02 3.01a±0.03

10 0.51a±0.01 0.98a±0.02 5.34a±0.04

Values are means ± S.E.M. of three replicates. Those not sharing a common alphabet 
within a respective group are significantly different from each other. Single factor 
analysis of variance (P ≤ 0.05). 
 

 

 
Fig. 4.40: Effect of different inoculum sizes on growth (A600nm), soluble 
proteins(mg/ml) and cellulase yields (U/ml) of B. amyloliquefaciens-ASK12 after 
24hrs of incubation in M-I broth containing 10ug/ml of Cr(VI) at corresonding 
temperature and pH optim  
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Table 4.37: Effect of different oxygen conditions on growth (A600nm), soluble proteins 

(mg/ml) and cellulase yields (U/ml) of B. amyloliquefaciens-ASK12 after 24hrs of 

incubation in M-I broths containing 10µg/ml of Cr(VI) at corresponding 

temperature, pH and inoculum optima 

 

Oxygen 

requirement 

Growth 

(A600nm) 

Soluble 

Proteins(mg/mL) 
Cellulase(U/mL) 

Aeration 0.12a±0.03 0.23b±0.02 5.99a±0.03

Non-aeration 0.07a±0.01 0.32a±0.01 0.65b±0.01

Values are means ± S.E.M. of three replicates. Those not sharing a common alphabet 
within a respective group are significantly different from each other. Single factor 
analysis of variance (P ≤ 0.05). 
 

 

 
Fig. 4.41: Effect of different oxygen conditions on growth (A600nm), soluble 
proteins(mg/ml) and cellulase yields (U/ml) of B. amyloliquefaciens-ASK12 after 
24hrs of incubation in M-I broth containing 10ug/ml of Cr(VI) at corresonding 
temperature, pH and i 
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Table 4.38: Effect of different incubation times on growth (A600nm), soluble proteins 

(mg/ml) and cellulase yields (U/ml) of B. amyloliquefaciens-ASK12 after 24hrs of 

incubation in M-I broths A without Cr(VI), B with 50µg of Cr(VI)mL-1 and C with 

50µg of Cr(VI)mL-1 +0.1% glucose supplement at corresponding cellulase yield 

optima 

 

 

Incubation 

time 

Media 

Conditions 

Growth 

(A600nm) 

Soluble 

Proteins(mg/mL) 
Cellulase(U/mL) 

24 

A 0.24f±0.08 2.85e±0.02 1.56efg±0.02

B 0.11kl±0.01 0.16m±0.02 0.65gh±0.02

C 0.24f±0.01 0.52k±0.04 4.02ab±0.04

48 

A 0.55d±0.20 3.49d±0.06 1.09gh±0.06

B 0.04m±0.00 0.29l±0.02 N

C 0.42e±0.00 0.56jk±0.02 2.32cdef±0.02

72 

A 0.61c±0.06 3.60c±0.09 0.80gh±0.09

B 0.08l±0.01 0.35l±0.02 N

C 0.15gh±0.00 0.61ij±0.03 3.47cde±0.03

96 

A 0.63c±0.44 4.05a±0.06 2.24def±0.06

B 0.11ijk±0.01 0.59jk±0.02 0.04h±0.02

C 0.17g±0.00 0.69h±0.01 3.47bc±0.01

120 

A 0.76a±0.03 4.00a±0.03 2.71cd±0.03

B 0.11jk±0.01 0.83g±0.03 N

C 0.13hij±0.00 0.66hi±0.01 4.89a±0.01

144 

A 0.71b±0.06 3.70b±0.12 2.24fg±0.02

B 0.14ghi±0.02 0.96f±0.01 N

C 0.10ijk±0.03 0.55k±0.01 4.10ab±0.01

Values are means ± S.E.M. of three replicates. Those not sharing a common alphabet within a respective 
group are significantly different from each other. Single factor analysis of variance (P ≤ 0.05). 
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Fig. 4.42: Effect of different incubation times on growth (A600nm), soluble 
proteins(mg/ml) and cellulase yields (U/ml) of B. amyloliquefaciens-ASK12 after 
24hrs of incubation in M-I broth A without Cr(VI), B with 50ug of Cr(VI)/mL 0.1% 
glouse supplment at corresponding yeild optima.   
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Table 4.39: Effect of different carbon supplements (0.1%) on growth(A600nm), , 

soluble protein(mg/ml) and  the yields of cellulase(U/ml) of the isolates B. 

amyloliquefaciens-ASK12 in M-I  broths amended with 50µg/ml of Cr(VI)  at 

corresponding cellulase yield optima 

 

Carbon 

supplement 

(0.1%) 

Growth 

(A600nm) 

Soluble 

Proteins(mg/mL) 
Cellulase(U/mL) 

Glucose 0.13b±0.003 0.22de±0.005 0.19d±0.06

Sodium citrate 0.00d±0.0 0.19ef±0.002 0d±0.01

Glactose 0.14b±0.001 0.33c±0.003 5.27a±0.21

Sodium succinate 0.13b±0.003 0.12g±0.002 0±0.03

Lactose 0.14b±0.002 0.15fg±0.002 1.65b±0.03

Mannitol 0.04d±0.001 0.52a±0.017 0.04±0.03

Sodium acetate 0.07c±0.002 0.23d±0.005 0±0.01

Xylose 0.05d±0.004 0.18ef±0.001 1.15bc±0.67

Maltose 0.18a±0.002 0.13g±0.004 0.90c±0.06

Sodium pyruvate 0.12b±0.006 0.41b±0.007 0

Values are means ± S.E.M. of three replicates. Those not sharing a common alphabet within a 
respective group are significantly different from each other. Single factor analysis of variance (P ≤ 
0.05). 
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Fig. 4.43: Effect of different carbon supplements (0.1%) on growth (A600nm), soluble 
proteins(mg/ml) and the yields of cellulase(U/ml) of the isolates B. 
amyloliquefaciens-ASK12 in M-I broth amended with 10ug/ml of Cr(VI) at 
corresponding cellualse yield optima. 
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Table 4.40: Effect of different nitrogen sources (0.1%) on growth (A600nm), soluble 

protein(mg/ml) and  the yields of cellulase (U/ml) of the isolates B. amyloliquefaciens 

-ASK12 in M-I broths amended with 50µg/ml of Cr(VI)  at corresponding cellulase 

yield optima 

Nitrogen  
source 
(0.1%) 

Growth 
(A600nm) 

Soluble 
Proteins(mg/mL)

Cellulase(U/mL)

Ammonium Sulphate 0.11cd±0.00 0.17c±0.12 0.71de±0.27

Peptone 0.24b±0.01 0.35bc±0.21 6.39a±0.30

Yeast Extract 0.35a±0.01 0.54a±0.47 2.99b±0.14

Trypton 0.36a±0.00 0.41b±0.04 0.67de±0.03

Meat Extract 0.15c±0.00 0.36bc±0.25 0.32e±0.09

Sodium Nitrate 0.01d±0.01 0.25c±0.05 1.60cd±0.12

Urea 0.15c±0.01 0.21c±0.06 2.05bc±0.24

Asparagine 0.20bc±0.01 0.19c±0.07 0.99cde±0.12

Ammonium tartarate 0.24b±0.02 0.11d±0.04 0.43de±0.22
Values are means ± S.E.M. of three replicates. Those not sharing a common alphabet 
within a respective group are significantly different from each other. Single factor 
analysis of variance (P ≤ 0.05). 
 

 

Fig. 4.44: Effect of different introgen sources (0.1%) on growth (A600nm), soluble 
proteins(mg/ml) and the yields of cellulase(U/ml) of the isolates B. 
amyloliquefaciens-ASK12 in M-I broth amended with 50ug/ml of Cr(VI) at 
corresponding cellualse yield optima 
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Table 4.41: Effect of varying Cr(VI) concentrations(µg/mL) on growth(A600nm), 

soluble protein (mg/ml)  and yields of cellulase(U/ml)  of  B. amyloliquefaciens-

ASK12 in cellulose selective media at their corresponding cellulase yield optima 

 

Cr(VI) 

concentrations 

(µg/mL) 

Growth 

(A600nm) 

Soluble 

Proteins(mg/mL)
Cellulase(U/mL)

0 1.18a±0.01 0.44d±0.01 7.50a±0.29

50 0.96b±0.02 0.59c±0.13 5.58ab±0.17

100 0.84bc±0.02 0.53c±0.12 3.05c±0.24

250 0.74cd±0.01 0.57c±0.12 1.98c±0.20

500 0.45e±0.02 0.72b±0.13 1.97c±0.08

1000 0.23f±0.01 0.89a±0.02 0.92d±0.03

Values are means ± S.E.M. of three replicates. Those not sharing a common alphabet 
within a respective group are significantly different from each other. Single factor 
analysis of variance (P ≤ 0.05). 
 

 

 
Fig. 4.45: Effect of varying Cr(VI) concentrations(ug/mL) on growth (A600nm), 
soluble proteins(mg/ml) and the yields of cellulase(U/ml) of B. amyloliquefaciens-
ASK12 in cellulose selective media at its corresponding cellualse yield optima 
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4.11.3 B.cereus-ASK13 

The most favourable temperature which gave maximum cell density (0.69 ± 0.01) 

for this bacterial isolate was 37oC with percent increments of 54% and 33% cell density 

than the bacterial culture raised at 28oC and 500C. The soluble protein concentration was 

also found to be maximum (1.56 ± 0.04 mg/ml) at this temperature even 57% and 28.9% 

more than the bacterial cultures grown at 28 and 50oC. However, cellulase yield was 

(1.65 ± 0.06 U/ml) maximum at 28oC which was 40% and 94.5% higher than the 

cellulase yield at 37% and 50oC, respectively (Table 4.42; Fig. 4.46). 

Among the three pH conditions neutral pH was the most encouraging for the 

maximum cell density (0.68 ± 0.01), soluble proteins (1.16 ± 0.10 mg/ml) and cellulase 

(2.12 ± 0.01 U/ml), which were 44%, 72.67 and 8% higher than the cell density, soluble 

protein and cellulase yields at 9 pH, respectively (Table 4.43; Fig. 4.47). In case of 

inoculum sizes 10% exhibited the most productive results of cell density (A600nm 1.42 ± 

0.05) and soluble proteins 1.56 ± 0.03 (mg/mL), which were 49% and 38.7% and 42% 

and 33% higher elevated than obtained with 1% and 5% inoculums sizes, respectively, 

while cellulase yield (1.04 ± 0.01 U/mL) was maximum in 1% inoculums size and about 

20% and 15% higher than 5 and 10% inoculum sizes (Table 4.44; Fig. 4.48).  

 The B. cereus-K13 showed 23% better growth in the presence of oxygen and 

exhibited the cell density of 0.69 ± 0.08 at A600nm with corresponding higher levels of 

soluble proteins (1.16 ± 0.09 mg/ml) and cellulase yields (3.11±0.01U/ml), respectively, 

in aerobic environment with 73% and 81% more productivity than obtained under 

anaerobic growth condition (Table 4.45; Fig. 4.49).  

 The bacterium incubated for the periods of 24, 48, 72, 96, 120 and 144 days 

analyzed at A600nm revealed maximum cell densities of 1.30 ± 0.07, 1.57 ± 0.04, 1.36 ± 

0.13, 1.00 ± 0.25, 1.04 ± 0.12 and 1.53 ± 0.01, respectively. The maximum bacterial 

growth was observed at the incubation time of 48 hrs in media A and was 90% and 97 % 

more than media B and C at this incubation period. The soluble protein concentrations 

gradually increased from 24 hrs (1.04 ± 0.03 mg/ml), 48 hrs (1.28 ± 0.04 mg/ml), 72 hrs 

(1.35 ± 0.02 mg/ml), 96 hrs (1.48 ± 0.02 mg/ml) to 120 hrs (1.60 ± 0.04 mg/ml) and then 

declined for 144 days incubation (1.51 ± 0.05 mg/ml) (Table 4.45; Fig. 4.49).  
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 The results oriented that the 120 days incubation period was the most suitable 

time and medium A proved 56% and 51% more productive for soluble proteins than B 

and C, respectively at this incubation period. Maximum yield of cellulase was obtained in 

medium C with incubation time of 96 days. The units of cellulase (8.59 ± 0.05 µ/ml) 

obtained at this incubation time were 100% and 86% higher than in media B and A, 

respectively (Table 4.46; Fig. 4.50). 

Carbon supplement and nitrogen source for cellulase optimum yields were similar to 

those observed for B. amyloliquefaciens-ASK11 (Table 4.47 & 4.48; Fig. 4.51 & 4.52).  

 Bacillus cereus-ASK13 yielded maximum cellulolytic activity in the optimized 

media without chromium as 11.65U/mL while the activity reduced until 1.67 U/mL in 

with the presence of 500 μg/mL of Cr(VI)  with (85.68 %) loss.  Losses of 52.32% (5.55 

U/mL), 72.86% (3.16 U/mL) and 77.34% (2.64 U/mL) were observed in media spiked 

with 50, 100 and 250 μg/mL of Cr(VI), respectively. Only 2% of the the cellulase activity 

retained in the medium amended with 1000 μg/mL of Cr(VI) in comparison to chromium 

unspiked control culture. Maximum growth was observed in medium without chromium 

with a cell density 0.65±0.08, however, this cells growth didn’t produced maximum 

soluble proteins which were found highest (0.59±0.02mg/mL )in medium under 

maximum chromium stress  of 1000µg/mL. Same levels of soluble proteins 

(0.35±0.08mg/ml) were observed when the bacterium grew under two different 

chromium concentrations of 50 and 250 μg/mL though growth and cellulase activities 

significantly varied in these media. (Table 4.49; Fig. 4.53). 
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Table 4.42: Effect of different incubation temperatures (°C) on growth (A600nm), 

soluble proteins (mg/ml) and cellulase yields of B. cereus-ASK13 after 24hrs of 

incubation in M-I broth containing 10µg/ml of Cr(VI) 

 

Temperature 

(ºC) 

Growth 

(A600nm) 

Soluble 

Proteins(mg/mL) 
Cellulase(U/mL) 

28 0.32c±0.01 0.67c±0.02 1.65a±0.06

37 0.69a±0.01 1.56a±0.04 0.99b±0.05

50 0.46b±0.02 1.21b±0.05 0.09c±0.06

Values are means ± S.E.M. of three replicates. Those not sharing a common alphabet 
within a respective group are significantly different from each other. Single factor 
analysis of variance (P ≤ 0.05). 
 

 

 
Fig. 4.46: Effect of different incubation temperatures (oC) on growth (A600nm), 
soluble proteins(mg/ml) and cellulase yields(U/ml) of B. cereus-ASK13 after 24hrs 
incubation in M-I broth containing 10ug/ml of Cr(VI) 
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Table 4.43: Effect of different pH on growth (A600nm), soluble proteins (mg/ml) and 

cellulase yields of B. cereus-ASK13 after 24hrs of incubation in M-I broths 

containing 10µg/ml of Cr(VI) 

 

pH 
Growth 

(A600nm) 

Soluble 

Proteins(mg/mL) 
Cellulase(U/mL) 

5 0.57b±0.02 0.86a±0.06 2.05a±0.01

7 0.68a±0.01 1.16a±0.10 2.12a±0.01

9 0.38c±0.01 0.44b±0.04 1.95a±0.01

Values are means ± S.E.M. of three replicates. Those not sharing a common alphabet 
within a respective group are significantly different from each other. Single factor 
analysis of variance (P ≤ 0.05). 
 

 

Fig. 4.47: Effect of different pH on growth (A600nm), soluble proteins(mg/ml) and 
cellulase yields (u/ml) of B. cereus-ASK13 after 24hrs incubation in M-I broth 
containing 10ug/ml of Cr(VI) 
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Table 4.44: Effect of different inoculums sizes on growth (A600nm), soluble proteins 

(mg/ml) and cellulase yields of B. cereus-ASK13 after 24hrs of incubation in M-I 

broths containing 10µg/ml of Cr(VI) at corresponding temperature and pH optima 

 

Inoculum size 

(%) 

Growth 

(A600nm) 

Soluble 

Proteins(mg/mL) 
Cellulase(U/mL)

1 0.74b±0.01 0.91c±0.02 1.04a±0.01

5 0.87b±0.01 1.05b±0.01 0.83a±0.01

10 1.42a±0.05 1.56a±0.03 0.88b±0.01

Values are means ± S.E.M. of three replicates. Those not sharing a common alphabet 
within a respective group are significantly different from each other. Single factor 
analysis of variance (P ≤ 0.05). 
 

 

 
Fig. 4.48: Effect of different inoculums sizes on growth (A600nm), soluble 
proteins(mg/ml) and cellulase yields of B. cereus-ASK13 after 24hrs incubation in 
M-I broths containing 10ug/ml of Cr(VI) at corresponding temperture and pH 
optima  
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Table 4.45: Effect of different oxygen conditions on growth (A600nm), soluble proteins 

(mg/ml) and cellulase yields (U/ml) of B. cereus-ASK13 after 24hrs of incubation in 

M-I broths containing 10µg/ml of Cr(VI) at corresponding temperature, pH and 

inoculum size optima 

 

Oxygen 

requirement 

Growth 

(A600nm) 

Soluble 

Proteins(mg/mL) 
Cellulase(U/mL)

Aeration 0.69a±0.08 1.16a±0.09 3.11a±0.01

Non-aeration 0.53a±0.01 0.31b±0.01 0.59b±0.01

Values are means ± S.E.M. of three replicates. Those not sharing a common alphabet 
within a respective group are significantly different from each other. Single factor 
analysis of variance (P ≤ 0.05). 
 

 

 
Fig. 4.49: Effect of different oxygen conditions on growth (A600nm), soluble 
proteins(mg/ml) and cellulase yields of B. cereus-ASK13 after 24hrs incubation in 
M-I broths containing 10ug/ml of Cr(VI) at corresponding temperture, pH and 
inoculums sizes  
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Table 4.46: Effect of different incubation times on growth (A600nm), soluble proteins 

(mg/ml) and cellulase yields (U/ml) of B. cereus-ASK13 after 24hrs of incubation in 

M-I broths A without Cr(VI), B with 50µg of Cr(VI)mL-1 and C with 50µg of 

Cr(VI)mL-1 +0.1% glucose supplement at corresponding cellulase yield optima 

 

Incubation 

time(hrs) 

 

Media 

Conditions 

Growth 

(A600nm) 

Soluble 

Proteins(mg/mL) 
Cellulase(U/mL)

24 

A 1.07d±0.02 3.51f±0.07 1.03e±0.07

B 0.11k±0.27 0.23m±0.02 0.05de±0.02

C 0.49h±0.04 0.32kl±0.01 3.80bc±0.01

48 

A 1.72ab±0.04 4.09e±0.05 0.11e±0.05

B 0.03ijk±0.00 0.30lm±0.02 N

C 0.82ef±0.07 0.48j±0.01 0.24e±0.01

72 

A 1.75a±0.06 4.39d±0.13 0.05e±0.01

B 0.07fg±0.00 0.39k±0.01 N

C 0.27ij±0.15 0.53j±0.02 4.78ab±0.02

96 

A 1.64bc±0.06 11.02a±0.28 0.60cd±0.28

B 0.10k±0.02 0.47j±0.01 0.30e±0.01

C 0.91e±0.04 0.69i±0.03 4.78ab±0.03

120 

A 1.60c±0.09 9.40c±0.09 2.41de±0.17

B 0.11k±0.05 0.86h±0.05 N

C 0.66g±0.03 0.71i±0.03 6.28a±0.01

144 

A 0.32i±0.02 1.06g±0.02 0.59e±0.02

B 0.24ij±0.01 0.99g±0.01 N

C 0.16jk±0.00 0.70i±0.00 5.42ab±0.21

Values are means ± S.E.M. of three replicates. Those not sharing a common alphabet within a respective 
group are significantly different from each other. Single factor analysis of variance (P ≤ 0.05). 
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Fig. 4.50: Effect of different incubation times on growth (A600nm), soluble 
proteins(mg/mL) and cellulase yields(U/mL) of B. cereus-ASK13 after 24hrs 
incubation in M-I broths A without Cr(VI), B with 50ug of Cr(VI)mL-1 and C with 
50ug of Cr(VI)mL-1 + 0.1% glucose supplement at corresponding cellulase yield 
optima. 
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Table 4.47: Effect of different carbon supplements (0.1%) on growth (A600nm), 

soluble protein (mg/mL) and  the yields of cellulase(U/mL) of the B.cereus-ASK13 in 

M-I  broths amended with 50µg/ml of Cr(VI)  at corresponding cellulase yield 

optima 

 

Carbon supplement 

(0.1%) 

Growth 

(A600nm) 

Soluble 
Proteins(mg/mL) 

Cellulase(U/mL) 

Glucose 0.77a±0.01 1.21b±0.021 0.72c±0.34

Sodium citrate 0.27d±0.01 0.16e±0.009 0.18c±0.06

Glactose 0.71a±0.01 1.31a±0.009 10.00a±0.06

Sodium succinate 0.41c±0.01 0.19de±0.015 0.36c±0.07

Lactose 0.56b±0.01 0.24d±0.010 1.70b±0.07

Mannitol 0.32d±0.01 1.30a±0.002 N

Sodium acetate 0.44c±0.01 1.35a±0.013 N

Xylose 0.55b±0.02 0.44c±0.024 0.51c±0.04

Maltose 0.44c±0.02 0.21de±0.008 0.79c±0.07

Sodium pyruvate 0.56b±0.01 1.16b±0.005 N

Values are means ± S.E.M. of three replicates. Those not sharing a common alphabet within a 
respective group are significantly different from each other. Single factor analysis of variance (P ≤ 
0.05). 
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Fig. 4.51: Effect of different carbon supplemnets (0.1%) on growth (A600nm), soluble 
proteins(mg/ml) and the yields of cellulase (U/ml) of the B. cereus-ASK13 in M-I 
broths amended with 10ug/ml of Cr(VI) at corresponding cellulase yield optima 
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Table 4.48: Effect of different nitrogen sources (0.1%) on growth (A600nm), soluble 

protein (mg/mL) and the yields of cellulase(U/mL) of the B.cereus-ASK13 in M-I 

broths amended with 50µg/ml of Cr(VI)  at corresponding cellulase yield optima 

 

Nitrogen  

source 

(0.1%) 

Growth 

(A600nm) 

Soluble 
Proteins(mg/mL) 

Cellulase(U/mL) 

Ammonium 

Sulphate 0.08fg±0.01 0.12e±0.05 0.26c±0.15

Peptone 0.25bc±0.01 0.38b±0.15 11.29a±0.72

Yeast Extract 0.34b±0.02 0.56a±0.43 4.88b±0.25

Trypton 0.37a±0.01 0.42b±7.93 1.11e±0.36

Meat Extract 0.37a±0.01 0.48a±0.25 3.20bc±1.21

Sodium Nitrate 0.05g±0.02 0.21d±0.14 1.38c±0.58

Urea 0.15ef±0.02 0.21d±0.14 0.99c±0.14

Asparagine 0.22cd±0.01 0.33e±0.14 1.06c±0.46

Ammonium tartarate 0.18de±0.01 0.12e±0.04 0.43c±0.08

Values are means ± S.E.M. of three replicates. Those not sharing a common alphabet within a 
respective group are significantly different from each other. Single factor analysis of variance (P ≤ 
0.05). 
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Fig. 4.52: Effect of different nitorgen sources (0.1%) on growth (A600nm), soluble 
proteins(mg/mL) and the yields of cellulase (U/mL) of the B. cereus-ASK13 in M-I 
broths amended with 50ug/ml of Cr(VI) at corresponding cellulase yield optima 
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Table 4.49: Effect of varying Cr(VI) concentrations(µg/mL) on growth (A600nm), 

soluble protein (mg/mL)  and yields of cellulase(U/mL)  of  B.cereus-ASK13  in 

cellulose selective media at its corresponding cellulase yield optima 

 

Cr(VI) 
concentrations 

(µg/mL) 

Growth 
(A600nm) 

Soluble 
Proteins(mg/mL) 

Cellulase(U/mL)

0 0.65a±0.08 0.26d±0.01 11.65a±0.16
50 0.54ab±0.03 0.35c±0.08 5.55b±0.63
100 0.35bc±0.02 0.39bc±0.08 3.16c±0.30
250 0.26cd±0.01 0.35bc±0.08 2.64cd±0.48
500 0.16d±0.02 0.42b±0.02 1.67d±0.17
1000 0.06e±0.0 0.59a±0.02 0.21e±0.01

Values are means ± S.E.M. of three replicates. Those not sharing a common alphabet 
within a respective group are significantly different from each other. Single factor 
analysis of variance (P ≤ 0.05). 
 

 

Fig. 4.53: Effect of different nitorgen sources (0.1%) on growth (A600nm), soluble 
proteins(mg/mL) and the yields of cellulase (U/mL) of the B. cereus-ASK13 in M-I 
broths amended with 50ug/ml of Cr(VI) at corresponding cellulase yield optima 
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4.11.4 B. cereus-ASK15 

 The maximum bacterial growth and soluble proteins were achieved while growing 

bacterium at 37oC. This cell density (0.69 ± 0.02) was 30.4% and 66.7% higher than the 

values at 28oC and 50oC, respectively. The maximum soluble proteins (1.92 ± 0.095 

mg/ml) were 53.03% and 77.2% more than the protein concentrations yielded at 28oC 

and 50oC, respectively (Table 4.50; Fig. 4.54). Neutral pH was found most suitable for 

the maximum cell density of 0.61 ± 0.01 which was 24.5% and 28% higher than the cell 

densities at pH 5 and 9. Similarly about 8% and 27% higher levels of soluble proteins 

(mg/mL) were present in the bacterial culture maintained at 7 pH as compared to 5 pH 

and 9 pH. The cellulase production was higher at pH of 5 and about 15% and 36% more 

than the cellulase production at 7 and 9 pH, respectively (Table 4.51; Fig. 4.55). 10% 

inoculum size was more favourable to yield maximum cell density of 0.72 ± 0.01, soluble 

protein concentrations of 1.31 ± 0.04 mg/ml which were 54% and 39% and 53.4% and 

30% elevated than the values obtained with 1% and 5% inoculum sizes, 

respectivelyWhile for cellulase yields 5% inoculum size gave the maximum production 

(5.81% ± 1.07 U/mL) .This level was 10% and 63% higher than obtained with 1% and 

10% inoculums (Table 4.52; Fig. 4.56).  

 The microbe grew 57% more in the presence of oxygen than in its absence with 

cell density of 0.56 ± 0.04. The soluble protein contents (1.16 ± 0.09 mg/ml) and 

cellulase yield (3.11 ± 0.01 U/ml) both were also higher in the aerobic concentrations 

with 73.2% and 81% increases (Table 4.53; Fig. 4.57).  

 The incubation period of 48 hrs was the most suitable for media for maximum cell 

density A600nm 1.57 ± 0.04 in medium A, which was 90% and 97% higher than the 

chromium spiked B and chromium spiked glucose supplemented media C, respectively 

(Table 4.54; Fig. 4.58).  

 The gradual increasing trend of soluble protein concentration was observed from 

24 to 120 hrs incubation periods then it decreased at 144 hrs incubation period. The 

maximum protein yield(1.60 ± 0.04 mg/ml) was examined in media A at incubation 

period of 120 days, which was 56% and 51% higher than observed in media B and C, 

respectively. The maximum cellulase yield (6.59 ± 0.05 U/mL) was observed for medium 



 166

spiked with Cr (VI) and supplemented with glucose at 96 hrs of incubation period. This 

was found to be 86% and 100% higher than obtained with media A and B, respectively.  

Xylose was the best carbon supplement which yielded up to 92% better cells 

density (0.25 ± 0.00) at A600nm as compared to other carbon sources in this study. The 

maximum soluble protein (1.00 ± 0.00 mg/mL) yields were obtained in medium 

supplemented with glucose followed by mannitol and xylose. The cellulase activity was 

maximum (6.35 ± 0.29 U/ml) for galactose as carbon supplement and was found 

significantly higher in comparison to other carbon sources of this study. Followed by 

galactose were the sodium pyruvate and glucose which yielded higher cellulase levels 

2.65±0.02 and 2.25±0.36, respectively (Table 4.55; Fig. 4.59). 

The highest cell density (A600nm0.28 ± 0.01) was obtained with trypton as nitrogen 

source which was 82%, 71%, 68%, 43%, 25%, 14% and 7% higher as compared to 

asparagine, sodium tartarate, ammonium sulphate and sodium nitrate, meat extract, 

peptone, urea and yeast extract, respectively. Regarding maximum soluble proteins, meat 

extract gave maximum value of 0.49 ± 0.02 mg/ml with 67%, 63%, 57%, 51%, 39%, 

35%, 22% and 10% increments than ammonium tartarate, ammonium sulphate, sodium 

nitrate, urea, asparegine, peptone, trypton and yeast extract, respectively. The maximum 

yield of cellulase (15.62 ± 0.20 µ/ml) was obtained in the medium containing urea and 

was 98%, 96%, 95%, 92%, 91%, 89% and 51% elevated than with sodium nitrate, 

ammonium sulphate and trypton, asparagine, peptone, meat extract and ammonium 

tartarate, respectively (Table 4.56; Fig. 4.60). 

When B.cereus-ASK15 grew under chromium stress conditions in comparison to 

control without chromium, significant differences appeared in growth and corresponding 

cellulase yields. Highest growth and cellulase yields were recorded for control medium while 

significant decreases appeared with increasing chromium concentrations. Concentrations 500 

and 1000µg/ml of Cr(VI) were found highly inhibitory to cellulase activity and reduced it to 

the 12% and 5% of cellulase units 4.72 U/ml of the control. At these concentrations growth 

of the bacterium was inhibited to 85% and 88%, while the soluble protein concentrations 

were increased to 166% and 125%, respectively. Growth at 50 and 100 µg/ml of Cr (VI) 

showed  24% and 36% decrease with a corresponding  decrease of 18% and 20% in cellulase 

production, respectively (Table 4.57; Fig. 4.61) 
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Table 4.50: Effect of different incubation temperatures (°C) on growth(A600nm ), 

soluble proteins(mg/ml) and cellulase yields of B. cereus-ASK15 after 24hrs of 

incubation in M-I broth containing 10µg/ml of Cr(VI) 

 

Temperature 

(ºC) 

Growth 

(A600nm) 

Soluble 

Proteins(mg/mL) 
Cellulase(U/mL) 

28 0.48b±0.01 0.90b±0.02 1.62a±0.08

37 0.69a±0.02 1.93a±0.08 0.65b±0.22

50 0.23c±0.01 0.44c±0.03 0.26b±0.13

Values are means ± S.E.M. of three replicates. Those not sharing a common alphabet 
within a respective group are significantly different from each other. Single factor 
analysis of variance (P ≤ 0.05). 
 

 

 
Fig. 4.54: Effect of incubation temperature (oC) on growth (A600nm), soluble 
proteins(mg/ml) and cellulase yields (u/ml) of B. cereus-ASK15 after 24hrs 
incubation M-I broth containing 10ug/ml of Cr(VI) 
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Table 4.51:  Effect of different pH on growth (A600nm), soluble proteins (mg/ml) and 

cellulase yields of B. cereus- ASK15 after 24hrs of incubation in M-I broths 

containing 10µg/ml of Cr(VI) 

 

pH 
Growth 

(A600nm) 

Soluble 

Proteins(mg/mL) 
Cellulase(U/mL)

5 0.59b±0.01 0.83b±0.03 2.91a±0.06

7 0.75a±0.02 1.05a±0.03 0.46b±0.13

9 0.56b±0.02 0.71b±0.04 N

Values are means ± S.E.M. of three replicates. Those not sharing a common alphabet 
within a respective group are significantly different from each other. Single factor 
analysis of variance (P ≤ 0.05). 
 

 

Fig. 4.55: Effect of different pH on growth (A600nm), soluble proteins(mg/ml) and 
cellulase yields of B. cereus-ASK15 after 24hrs of incubation in M-I broths 
containing 10ug/ml of Cr(VI) 
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Table 4.52: Effect of different inoculums sizes on growth (A600nm), soluble proteins 

(mg/ml) and cellulase yields of B. cereus- ASK15 after 24hrs of incubation in M-I 

broths containing 10µg/ml of Cr(VI) at corresponding temperature and pH optima 

 

Inoculum size 

(%) 

Growth 

(A600nm) 

Soluble 

Proteins(mg/mL) 
Cellulase(U/mL)

1 0.33b±0.03 0.61c±0.02 5.19ab±0.64

5 0.44b±0.04 0.92b±0.01 5.81a±1.07

10 0.72a±0.01 1.31a±0.04 2.17b±0.06

Values are means ± S.E.M. of three replicates. Those not sharing a common alphabet 
within a respective group are significantly different from each other. Single factor 
analysis of variance (P ≤ 0.05). 
 

 

 
Fig. 4.56: Effect of different inoculums sizes on growth (A600nm), soluble 
proteins(mg/ml) and cellulase yields of B. cereus-ASK15 after 24hrs of incubation in 
M-I broths containing 10ug/ml of Cr(VI) at corresponding temertuere and pH 
optima  
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Table 4.53: Effect of different oxygen conditions on growth (A600nm), soluble proteins 

(mg/ml) and cellulase yields (U/ml) of B. cereus- ASK15 after 24hrs of incubation in 

M-I broths containing 10µg/ml of Cr(VI) at corresponding temperature, pH and 

inoculums size optima 

 

Oxygen 

requirement 

Growth 

(A600nm) 

Soluble 

Proteins(mg/mL) 
Cellulase(U/mL) 

Aeration 0.56a±0.04 1.21a±0.01 0.22a±0.09

Non-aeration 0.24b±0.03 0.76b±0.03 0.12a±0.03

Values are means ± S.E.M. of three replicates. Those not sharing a common alphabet 
within a respective group are significantly different from each other. Single factor 
analysis of variance (P ≤ 0.05). 
 

 

 
Fig. 4.57: Effect of different oxygen conditions on growth (A600nm), soluble 
proteins(mg/ml) and cellulase yields (U/ml) of B. cereus-ASK15 after 24hrs of 
incubation in M-I broths containing 10ug/ml of Cr(VI) at corresponding 
temertuere, pH and inoculums size optima.  
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Table 4.54: Effect of different incubation times on growth (A600nm), soluble proteins 

(mg/ml) and cellulase yields (U/ml) of B. cereus- ASK15 after 24hrs of incubation in 

M-I broths A without Cr(VI), B with 50µg of Cr(VI)mL-1 and C with 50µg of 

Cr(VI)mL-1 +0.1% glucose supplement at corresponding cellulase yield optima 

 

 

Incubation 

time(hrs) 

Media 

Conditions 

Growth 

(A600nm) 

Soluble 

Proteins(mg/mL) 
Cellulase(U/mL) 

24 

A 1.30a±0.07 1.04d±0.03 N

B 0.14c±0.02 0.24j±0.02 0.22c±0.02

C 0.09±c0.003 0.46gh±0.02 3.50c±0.02

48 

A 1.57a±0.04 1.28c±0.04 N

B 0.15c±0.08 0.28ij±0.03 N

C 0.04±c0.005 0.60fg±0.03 4.12b±0.02

72 

A 1.36a±0.13 1.35bc±0.02 N

B 0.10±c0.004 0.39hi±0.01 N

C 0.06±c0.002 0.68ef±0.02 1.43ef±0.06

96 

A 1.00ab±0.25 1.48ab±0.02 0.89g±0.10

B 0.07c±0.004 0.43hi±0.01 0.02±0.0

C 0.42bc±0.24 0.83e±0.01 6.59a±0.05

120 

A 1.04a±0.12 1.60a±0.04 1.51ef±0.06

B 0.07c±0.01 0.70ef±0.07 N

C 0.42bc±0.14 0.79e±0.01 1.97d±0.02

144 

A 1.09a±0.25 1.51ab±0.05 1.57e±0.02

B 0.10c±0.01 0.80e±0.04 N

C 1.53a±0.11 0.75ef±0.03 0.78g±0.01

Values are means ± S.E.M. of three replicates. Those not sharing a common alphabet within a respective 
group are significantly different from each other. Single factor analysis of variance (P ≤ 0.05). 
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Fig. 4.58: Effect of different incubation times on growth (A600nm), soluble 
proteins(mg/ml) and cellulase yields (U/ml) of B. cereus-ASK15 in M-I broths A 
without Cr(VI), B with 50ug of Cr(VI)mL-1 and C with 50ug of Cr(VI)mL-1 
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Table 4.55: Effect of different carbon supplements (0.1%) on growth (A600nm), 

soluble protein (mg/ml) and the yields of cellulase (U/ml) of the isolates B.cereus- 

ASK15 in M-I  broths amended with 50µg/ml of Cr (VI)  at corresponding cellulase 

yield optima 

Carbon 

supplement 

(0.1%) 

Growth 

(A600nm) 

Soluble 

Proteins(mg/mL) 
Cellulase(U/mL) 

Glucose 0.11bcd±0.006 0.14d±0.003 2.25b±0.36

Sodium citrate 0.16bc±0.004 0.11d±0.036 N

Glactose 0.05de±0.003 1.00a±0.005 6.35a±0.29

Sodium succinate 0.14bc±0.002 0.11d±0.003 2.11bc±0.16

Lactose 0.02e±0.003 0.13d±0.003 N

Mannitol 0.11bc±0.01 0.35b±0.013 1.84bc±0.05

Sodium acetate 0.10cd±0.004 0.24c±0.003 0.65de±0.05

Xylose 0.25a±0.002 0.22c±0.003 N

Maltose 0.13bc±0.001 0.12d±0.003 1.16cd±0.12

Sodium pyruvate 0.17b±0.007 0.11d±0.005 2.65b±0.02

Values are means ± S.E.M. of three replicates. Those not sharing a common alphabet within a 
respective group are significantly different from each other. Single factor analysis of variance (P ≤ 
0.05). 
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Fig. 4.59: Effect of different carbon supplements (0.1%) on growth (A600nm), soluble 
proteins(mg/ml) and the yields of celluase (U/ml) of the isoaltes B. cereus-ASK15 in 
M-I broths amended with 10ug/ml of Cr(VI) at corresponding cellulase yield optima  
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Table 4.56: Effect of different nitrogen sources (0.1%) on growth (A600nm), soluble 

protein (mg/ml) and  the yields of cellulase(U/ml) of the isolates B.cereus- ASK15 in 

M-I broths amended with 50µg/ml of Cr(VI)  at corresponding cellulase yield 

optima 

 

Nitrogen  

source 

(0.1%) 

Growth 

(A600nm) 

Soluble 

Proteins(mg/mL) 
Cellulase(U/mL) 

Ammonium Sulphate 0.09d±0.01 0.18e±0.01 0.58c±0.10

Peptone 0.21bc±0.01 0.32cd±0.01 1.19c±0.24

Yeast Extract 0.26ab±0.01 0.44ab±0.02 1.66c±0.35

Trypton 0.28a±0.01 0.38bc±0.01 0.61c±0.23

Meat Extract 0.16c±0.01 0.49a±0.02 1.35c±0.13

Sodium Nitrate 0.09d±0.02 0.21e±0.01 0.26c±0.08

Urea 0.24b±0.02 0.24de±0.01 15.62a±0.20

Asparagine 0.05e±0.03 0.30cd±0.01 0.72c±0.25

Ammonium tartarate 0.08d±0.01 0.16e±0.01 7.73b±0.35

Values are means ± S.E.M. of three replicates. Those not sharing a common alphabet within a 
respective group are significantly different from each other. Single factor analysis of variance (P ≤ 
0.05). 
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Fig. 4.60: Effect of different nitrogen sources (0.1%) on growth (A600nm), soluble 
proteins(mg/ml) and the yields of celluase (U/ml) of the isoaltes B. cereus-ASK15 in 
M-I broths amended with 50ug/ml of Cr(VI) at corresponding cellulase yield optima 
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Table 4.57: Effect of varying Cr(VI) concentrations(µg/mL) on growth (A600nm), 

soluble protein (mg/ml)  and yields of cellulase (U/ml)  of  B.cereus- ASK15  in 

cellulose selective media at their corresponding cellulase optima 

 

Cr(VI) 

concentrations 

(µg/mL) 

Growth 

(A600nm) 

Soluble 

Proteins(mg/mL) 
Cellulase(U/mL) 

0 0.85a±0.02 0.27d±0.02 4.72a±0.29

50 0.64b±0.01 0.50b±0.11 3.84ab±0.38

100 0.54c±0.01 0.34c±0.09 3.79ab±0.77

250 0.32d±0.03 0.48b±0.10 2.55b±0.12

500 0.13e±0.0 0.72a±0.12 0.52c±0.37

1000 0.10e±0.0 0.61ab±0.01 0.23d±0.01

Values are means ± S.E.M. of three replicates. Those not sharing a common alphabet 
within a respective group are significantly different from each other. Single factor 
analysis of variance (P ≤ 0.05). 
 

 

 
Fig. 4.61: Effect of varying Cr(VI) concentration(ug/mL) on growth (A600nm), soluble 
proteins(mg/ml) and yields of celluase (U/ml) of B. cereus-ASK15 in cellulose 
selective media M-I at their corresponding cellulase optima 
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4.11.5 B. cereus-ASK16 

 B. cereus-K16 grew best at 37oC with maximum cell density of 0.64 ± 0.02 which 

was 29% and 36% higher than the bacterial cultures grew at 28oC and 50oC, respectively. 

The maximum soluble proteins concentration (1.07 ± 0.03 mg/ml) and maximum 

cellulase units (2.65 ± 0.22 U/ml) were 24% and 38.8% higher than obtained at 28oC and 

29% and 86.4% higher than 50oC, respectively (Table 4.58; Fig. 4.62).  

 Neutaral pH was the most favourable for maximum cell density (A600nm 0.61 ± 

0.01) while acidic pH (pH 5)  yielded higher soluble proteins (0.74 ± 0.01 mg/mL) and 

cellulase(3.11 ± 0.03U/mL) as compared to neutral to basic media. At 5 pH cell densities 

were 25% and 28% lower than at 7 pH. Similarly soluble protein contents and cellulase 

yield were about 8% and 27% and 15% and 36% higher at 7 and 9 pH, respectively 

(Table 4.59; Fig. 4.63).   

 The 10% inoculum size was considered to be the best for the maximum cell 

densities (1.42 ± 0.03) and soluble proteins concentrations (1.54 ± 0.06 mg/ml) which 

were significantly higher than the values obtained with 1 and 5% inocula. (Table 4.60; 

Fig. 4.64) The microbe aerobically showed 53% more cell density(A600nm 0.89 ± 0.03) 

33% higher soluble protein(1.14 ± 0.05 mg/ml) and 63% more cellulase(1.31 ± 0.03 

U/ml) as compared to non-aerated culture condition (Table 4.61; Fig. 4.65).   

 Medium A without chromium amendment was considered to be the highly 

favourable and yielded 93% and 99% better growth than media with chromium 

chromium spiked and Cr(VI)+glucose supplemented media  B and C, respectively. The 

soluble protein exhibited an increasing concentration from 24 hrs of incubation to 120 hrs 

of incubation at media A. The maximum soluble protein was observed at 120 days of 

incubation period and was 52% and 54% higher than obtained with media B and C at this 

level of incubation period. The cellulase yield was maximum with value 4.02 ± 0.02 at 96 

days of incubation in chromium spiked and glucose supplemented(C) medium which was 

80% and 100% better than obtained in media A and B, respectively (Table 4.62; Fig. 

4.66).  
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Maximum cell density at A600nm(0.77 ± 0.02)  and soluble protein contents(1.32 ± 

0.00 mg/ml) were obtained with glucose supplement and yielded upto 87% and 72% 

elevated levels as compared to sodium citrate, mannitol, sodium succinate, xylose, 

sodium acetate, lactose, maltose and glactose, respectively. The highest cellulase 

activity(U/mL) was produced with lactose followed by sodium pyruvate and galactose 

(Table 4.63; Fig. 4.67). For the maximum cell density (0.58 ± 0.00) urea was the most 

suitable as a nitrogen source to give respective elevation of 87%, 84%, 53%, 43%, 41% 

and 40% cell densities than the nitrogen sources of asparagine, ammonium tartrate, 

ammonium sulphate and sodium nitrate, yeast extract, peptone, trypton, and meat extract, 

respectively. While yeast extract produced maximum soluble proteins (0.63 ± 0.02 

mg/ml) as well as cellulase yield (3.43 ± 0.61) as compared to asparagine, ammonium 

sulphate, urea, sodium nitrate, ammonium tartarate, peptone, trypton and meat extract 

(Table 4.64; Fig. 4.68).  

  Trends in growth of B.cereus-ASK16 with increasing concentrations of Cr(VI) 

were similar as observed for above discussed cellulolytic bacterial isolates, however, 

some unusual trends in soluble proteins (5% decrease) and cellulase production (15% 

increase) appeared for 250 µg/ml concentration of Cr(VI)  in  comparison to other 

cellulolytic bacteria of this studies while an increase of 1.8% cellulase was also another 

contradiction with  500 µg/ml of Cr(VI) though protein was increased at this level (Table 

4.65; Fig. 4.69).   
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Table 4.58: Effect of different incubation temperatures (°C) on growth (A600nm), 

soluble proteins(mg/ml) and cellulase yields of B. cereus-ASK16 after 24hrs of 

incubation in M-I broth containing 10µg/ml of Cr(VI) 

 

Temperature 

(ºC) 

Growth 

(A600nm) 

Soluble Proteins 

(mg/mL) 
Cellulase(U/mL)

28 0.52b±0.02 0.81b±0.03 1.62b±0.08

37 0.64a±0.02 1.07a±0.03 2.65a±0.22

50 0.41c±0.01 0.76b±0.02 0.36c±0.13

Values are means ± S.E.M. of three replicates. Those not sharing a common  alphabet 
within a respective group are significantly different from each other. Single factor 
analysis of variance (P ≤ 0.05). 
 

 

 
Fig. 4.62: Effect of different incubation temperature (oC) on growth (A600nm), soluble 
proteins(mg/ml) and celluase yields of B. cereus-ASK16 after 24hrs of incubation in 
M-I broth containing 10ug/ml of Cr(VI)  
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Table 4.59: Effect of different pH on growth (A600nm), soluble proteins (mg/ml) and 

cellulase yields of B. cereus- ASK16 after 24hrs of incubation in M-I broths 

containing 10µg/ml of Cr(VI) 

 

pH 
Growth 

(A600nm) 

Soluble 

Proteins(mg/mL) 
Cellulase(U/mL) 

5 0.46b±0.02 0.68a±0.07 3.11a±0.03

7 0.61a±0.01 0.74a±0.01 2.65b±0.01

9 0.44b±0.01 0.54a±0.01 1.98c±0.02

 Values are means ± S.E.M. of three replicates. Those not sharing a common  alphabet 
within a respective group are significantly different from each other. Single factor 
analysis of variance (P ≤ 0.05). 
 

 

 
Fig. 4.63: Effect of different pH on growth (A600nm), soluble proteins(mg/ml) and 
celluase yields of B. cereus-ASK16 after 24hrs of incubation in M-I broths 
containing 10ug/ml of Cr(VI) 
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Table 4.60: Effect of different inoculums sizes on growth (A600nm), soluble proteins 

(mg/ml) and cellulase yields of B. cereus- ASK16 after 24hrs of incubation in M-I 

broths containing 10µg/ml of Cr(VI) at corresponding temperature and pH optima 

 

Inoculum size 

(%) 

Growth 

(A600nm) 

Soluble 

Proteins(mg/mL) 
Cellulase(U/mL)

1 0.47c±0.01 0.76c±0.02 4.30c±0.04

5 0.61b±0.01 1.01b±0.02 5.10a±0.03

10 1.42a±0.03 1.54a±0.06 4.60b±0.02

Values are means ± S.E.M. of three replicates. Those not sharing a common  alphabet 
within a respective group are significantly different from each other. Single factor 
analysis of variance (P ≤ 0.05). 
 

 

 
Fig. 4.64: Effect of different inoculums sizes on growth (A600nm), soluble 
proteins(mg/ml) and celluase yields of B. cereus-ASK16 after 24hrs of incubation in 
M-I broths containing 10ug/ml of Cr(VI) at corresponding temperature and pH 
opima  
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Table 4.61: Effect of different oxygen conditions on growth (A600nm), soluble proteins 

(mg/ml) and cellulase yields (U/ml) of B. cereus- ASK16 after 24hrs of incubation in 

M-I broths containing 10µg/ml of Cr (VI) at corresponding temperature, pH and 

inoculums size optima 

 

Oxygen 

requirement 

Growth 

(A600nm) 

Soluble 

Proteins(mg/mL) 
Cellulase(U/mL)

Aeration 0.89a±0.03 1.14a±0.05 1.31a±0.03

Non-aeration 0.42b±0.02 0.76b±0.04 0.49b±0.02

Values are means ± S.E.M. of three replicates. Those not sharing a common  alphabet 
within a respective group are significantly different from each other. Single factor 
analysis of variance (P ≤ 0.05). 
 

 

 
Fig. 4.65: Effect of different oxygen conditions on growth (A600nm), soluble 
proteins(mg/ml) and celluase yields (U/ml) of B. cereus-ASK16 after 24hrs of 
incubation in M-I broths containing 10ug/ml of Cr(VI) at corresponding 
temperature, pH and incoulums size. 
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Table 4.62: Effect of different incubation times on growth (A600nm), soluble proteins 

(mg/ml) and cellulase yields (U/ml) of B. cereus- ASK16 after 24hrs of incubation in 

M-I broths A without Cr (VI), B with 50µg of Cr(VI)mL-1 and C with 50µg of 

Cr(VI)mL-1 +0.1% glucose supplement at corresponding cellulase yield optima 

 

Incubation 

time(hrs) 

Media 

Conditions 

Growth 

(A600nm) 

Soluble 

Proteins(mg/mL) 
Cellulase(U/mL)

24 

A 1.42bc±0.22 0.77c±0.02 N

B 0.10de±0.02 0.22h±0.03 0.57de±0.01

C 0.06de±0.01 0.37fg±0.01 N

48 

A 1.67a±0.02 0.97b±0.02 N

B 0.11de±0.00 0.34gh±0.04 N

C 0.02a±0.00 0.39fg±0.00 1.95bcd±0.03

72 

A 1.55ab±0.04 1.05b±0.02 N

B 0.09de±0.01 0.34gh±0.03 N

C 0.01e±0.01 0.47efg±0.02 3.86a±0.04

96 

A 1.28c±0.11 1.29a±0.02 0.82cde±0.01

B 0.17±de0.003 0.49def±0.02 0.01e±0.05

C 0.12de±0.01 0.62cd±0.03 4.02a±0.02

120 

A 1.41bc±0.09 1.32a±0.07 1.00cde±0.01

B 0.21d±0.01 0.63cd±0.02 N

C 0.03e±0.10 0.61de±0.02 3.28ab±0.03

144 

A 1.40bc±0.15 1.31a±0.03 1.0cde±0.04

B 0.21d±0.01 0.64cd±0.03 N

C 0.13de±0.02 0.62de±0.02 2.13bc±0.04

Values are means ± S.E.M. of three replicates. Those not sharing a common  alphabet within a respective 
group are significantly different from each other. Single factor analysis of variance (P ≤ 0.05). 
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Fig. 4.66: Effect of different incubation times on growth (A600nm), soluble 
proteins(mg/ml) and celluase yields (U/ml) of B. cereus-ASK16 following incubatiion 
in M-I broths A without Cr(VI), B with 50ug of Cr(VI)mL-1 and C with 50ug of 
Cr(VI)mL-1+0.1 glucose supplement at corresponding cellulase yield optima 
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Table 4.63: Effect of different carbon supplements (0.1%) on growth (A600nm), 

soluble protein (mg/ml) and  the yields of cellulase (U/ml) of the isolates B.cereus- 

ASK16 in M-I  broths amended with 50µg/ml of Cr (VI)  at corresponding cellulase 

yield optima 

 

Carbon supplement 

(0.1%) 

Growth 

(A600nm) 

Soluble 

Proteins(mg/mL) 
Cellulase(U/mL) 

Glucose 0.77a±0.02 1.32a±0.004 0.50ab±0.04

Sodium citrate 0.10g±0.01 0.38d±0.04 0.46ab±0.18

Glactose 0.71a±0.03 1.16a±0.01 0.53ab±0.05

Sodium succinate 0.25ef±0.03 0.41d±0.06 0.28ab±0.10

Lactose 0.38cd±0.02 0.36d±0.05 1.60a±0.10

Mannitol 0.23f±0.001 1.26a±0.01 N

Sodium acetate 0.34de±0.02 0.78b±0.004 N

Xylose 0.33def±0.01 0.67bc±0.02 0.26ab±0.06

Maltose 0.45bc±0.02 0.53cd±0.02 0.22±0.09

Sodium pyruvate 0.54b±0.02 1.21a±0.005 0.72ab±0.09

Values are means ± S.E.M. of three replicates. Those not sharing a common  alphabet within a 
respective group are significantly different from each other. Single factor analysis of variance (P ≤ 
0.05). 
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Fig. 4.67: Effect of different carbon supplements (0.1%) on growth (A600nm), soluble 
proteins(mg/ml) and the yield of celluase (U/ml) of the isoaltes B. cereus-ASK16 in 
M-I broths amended with 50ug/ml of Cr(VI) at corresponding cellulase yield optima  
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Table 4.64: Effect of different nitrogen sources (0.1%) on growth (A600nm), soluble 

protein (mg/ml) and the yields of cellulase (U/ml) of the isolates B.cereus-ASK16 in 

M-I broths amended with 50µg/ml of Cr (VI)  at corresponding cellulase yield 

optima 

 

Nitrogen 

source 

(0.1%) 

Growth 

(A600nm) 

Soluble 

Proteins(mg/mL) 
Cellulase(U/mL) 

Ammonium Sulphate 0.09d±0.01 0.21de±0.02 0.58b±0.10

Peptone 0.33b±0.01 0.33c±0.01 1.80ab±0.72

Yeast Extract 0.27c±0.01 0.63a±0.02 3.43a±0.61

Trypton 0.34b±0.01 0.46b±0.01 1.86±0.68

Meat Extract 0.35b±0.02 0.59a±0.02 3.04ab±0.63

Sodium Nitrate 0.09d±0.00 0.21de±0.03 0.84ab±0.16

Urea 0.58a±0.00 0.23d±0.01 0.75ab±0.19

Asparagine 0.06d±0.01 0.25cd±0.01 0.34b±0.10

Ammonium tartarate 0.09d±0.00 0.12e±0.00 1.15ab±0.26

Values are means ± S.E.M. of three replicates. Those not sharing a common  alphabet within a 
respective group are significantly different from each other. Single factor analysis of variance (P ≤ 
0.05). 
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Fig. 4.68: Effect of different nitrogen sources (0.1%) on growth (A600nm), soluble 
proteins(mg/ml) and the yield of celluase (U/ml) of the isoaltes B. cereus-ASK16 in 
M-I broths amended with 50ug/ml of Cr(VI) at corresponding cellulase yield optima 
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Table 4.65: Effect of varying Cr (VI) concentrations (µg/mL) on growth (A600nm), 

soluble protein (mg/ml) and yields of cellulase (U/ml) of B.cereus-ASK16 in cellulose 

selective media at their corresponding cellulase optima 

 

Cr(VI) concentrations

(µg/mL) 

Growth 

(A600nm) 

Soluble 

Proteins(mg/mL) 

Cellulase 

(U/mL) 

0 0.78a±0.01 0.34bc±0.01 3.33ab±0.16

50 0.53b±0.02 0.43bc±0.10 2.11c±0.14

100 0.41c±0.01 0.29c±0.08 2.91bc±0.27

250 0.28d±0.01 0.36bc±0.08 3.85a±0.33

500 0.19e±0.00 0.57ab±0.10 3.39ab±0.76

1000 0.11f±0.01 0.68a±0.12 0.23d±0.02

Values are means ± S.E.M. of three replicates. Those not sharing a common  alphabet 
within a respective group are significantly different from each other. Single factor 
analysis of variance (P ≤ 0.05). 
 

 

 
Fig. 4.69: Effect of varying Cr(VI) concetrations(ug/mL) on growth (A600nm), soluble 
proteins(mg/ml) and yield of celluase (U/ml) of B. cereus-ASK16 in cellulose 
selective media at their corresponding cellulase optima  
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4.12 Nitorgenasa yield optima of nitrogen fixing bacteria 

4.12.1 Paenibacillus barcinonensis-ASNt10 

 This bacterium grew best with cell density of 0.29 ± 0.01 and soluble protein 

yield of 0.16 ± 0.01 when cultivated under light. These values were 55% and 64% higher 

than the respective values of culture raised under the dark incubation. However, the 

maximum nitrogenase activity in terms of 2.8 ± 0.06 nmol of C2H2/ml/hr was obtained 

when the culture was grown under dark and the value appeared 19% higher than the light 

incubation (Table 4.66; Fig. 4.70). Paenibacillus barcinonensis-ASNt10 expressed 

nitrogenase activity over a wide range of temperature (20-45oC) with maximum 

production (1.8 nmol C2H2/ml/hr) at 25-30 oC. Highest soluble protein level of 1.29 

mg/ml was expressed at 30 oC, however, maximum cell density (0.34 ± 0.01) was 

obtained at 37oC (Table 4.68; Fig. 4.72). Although the bacterium grew as well as 

expressed soluble protein and nitrogenase activity over a wide range of pH but preferred 

neutral to alkaline pH for  higher growth and nitrogenase yields with maximal levels of 

0.25 A600nm and 15nmol C2H2/ml/hr at 9 pH, respectively (Table 4.69; Fig. 4.73). 

 Optimum inoculum size for growth, soluble protein and nitrogenase activity for 

this bacterium was 10% with corresponding values of 0.54 ± 0.02(A600nm), 2.04 ± 

0.02(mg/ml) and 2.02 ± 0.03 nmol C2H4/ml/hr, respectively(Table 4.70; Fig. 4.74). The 

growth, soluble protein as well as nitrogenase activity appeared maximum under non-

aerated condition with values of 0.15 ± 0.01(A600nm), 1.94 ± 0.01 (mg/ml) and 11.42 ± 

0.14 nmol C2H4/ml/hr respectively and were 3%, 11% and 58% higher than 

corresponding values of the aerated cultures (Table 4.67; Fig. 4.71).  

Of the different loads of Cr(VI), 50 and 100 µg/ml escalated nitrogenase activity 

upto 8.6% and 16.29% as compared to the bacterial culture without Cr(VI). Whereas, 

decreases of 3.45, 18 and 59% were recorded for 250, 500 and 1000 µg/ml of Cr (VI) 

spiked cultures in comparison to the control. Growth and soluble protein trends appeared 

similar to those observed for Corynebacterium variable-ASNF3A, except the soluble 
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protein response in medium with1000 µg/ml of Cr(VI) which was % higher or lower in 

case of P. barcinomensis – ASNt10 (Table 4.71; Fig. 4.75).  

Fructose, galactose and mannitol were the optimal carbon sources for highest 

production of bacterial growth (0.39± 0.01), soluble proteins and nitrogenase. Following 

those carbon sources the bacterium expressed significant nitrogenase yields with sucrose, 

maltose and fructose upto 17.42± 0.15, 16± 0.06 and 15.6± 0.14, respectively. These 

values appeared statistically non-significantly different from each other (Table 4.72; Fig. 

4.76).   

 Incubation of 50 days was found most productive for maximum growth (0.55 ± 

0.02 A600nm) soluble protein (1.66 ± 0.02 g/ml) and nitrogenase activity (175.00 ± 2.37 

nmol C2H4/ml/hr). The bacterium grew very slow during 10 to 30 days post incubation 

with cell densities of 0.21 to 0.30, respectively. However, the growth significantly 

enhanced following incubations of 40 and 50 days. More conspicuous response appeared 

for soluble proteins during incubation period of 30 to 50 days which was ~ 4 fold higher 

than the value obtained at 20 day post incubation (Table 4.73; Fig. 4.77).  

4.12.2 B.cereus-ASNt11 

 Higher cell density (0.21 ± 0.01 A600nm) soluble protein (0.51 ± 0.03 g/ml) and 

nitrogenase activity (2.65 ± 0.04 nmol C2H4/ml/hr) were obtained in the culture incubated 

under light. These values were found to be 14, 7 and 17% higher than corresponding 

values obtained in the cultures incubated under darkness (Table 4.66; Fig. 4.70). 

Regarding the effect of different incubation temperatures, the bacterium followed the 

trends for growth, soluble protein as well as nitrogenase yields comparable with those 

observed for Paenibacillus barcinonensis-ASNT10 (Table 4.74; Fig. 4.78).  

 Following growth in media with different initial pH, the bacterium gave higher 

cell density (0.24 ± 0.01 at A600nm) as well as soluble protein level (1.83± 0.02 

mg/ml)when at high alkaline conditions (pH 9). While neutral pH gave maximum yield 

of 29.97 ± 0.83 nmC2H4/ml/hr which was 98, 86, 35 and 54% higher than the enzyme 

activities at 5, 6, 8 and 9 pH, respectively (Table 4.75; Fig. 4.79). Inoculum 10% was the 
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most promising for the best growth (0.34 ± 0.01 A600nm), soluble protein (2.18 ± 0.03) 

and nitrogenase activity (2.01 ± 0.04 nmol C2H4/ml/hr). These values were 93 and 59, 24 

and 41 and 18 and 39% higher than the corresponding figures for 1 and 5% inocula, 

respectively (Table 4.76; Fig. 4.80).  

 Growth, soluble protein and nitrogenase yields of this bacterium for different 

inocula sizes and aeration condition appeared similar to the above described nitrogen 

fixing bacteria which preferred 10% inoculum size and aeration for the higher yields 

(Table 4.67; Fig. 4.71). When nitrogenase yields were observed in the presence of 

different amounts of chromium, stimulatory effects were observed only for 100µg/ml of 

Cr(VI) with 19% increment over the control value of 11.42±0.40 nmolC2H4/mL/hr. 

While inhibitory effects in terms of 19, 7 and 64% decreases in the parameter were 

noticed with respect to control. Trends for growth and soluble proteins appeared 

comparable to those observed for B. megaterium-ASNF3 (Table 4.77; Fig. 4.81).  

 Pyruvate, sorbitol, maltose and glucose gave maximum nitrogenase yields upto 14 

nmolC2H2/ml/hr, while the carbon source sorbitol was found optimal for the bacterial 

growth with highest cell density of A600nm (0.40±0.02). Maximum soluble protein level 

was obtained when galactose was used as C source, however, glucose and pyruvate also 

expressed significantly higher soluble proteins. Nitrogenase activity was completely 

diminished when the bacterium was cultivated in medium containing arabinose as C 

source with lowest cell density of 0.11±0.01 (Table 4.78; Fig. 4.82).  

 Maximum cell density with 0.39 ± 0.01 A (600nm) was obtained at 50th day of 

incubation. For maximum soluble protein, 20th day was found optimum with highest 

value of 1.33 ± 0.02 mg/ml of the parameter. Whereas, highest nitrogenase yield (204 

nmoleC2H2/ml/hr) appeared at 30th day post incubation (Table 4.79; Fig. 4.83).   

4.12.3  B.megaterium-ASNF3  

The bacterium grew a bit better with A600nm upto 0.43 in the presence of light than 

A600nm of 0.38 under the dark incubation. Whereas the isolate preferred darkness for 

nitrogen fixing and produced 2.4nmole of C2H4/ml of N-free medium per hour as 
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compared to 2nmol yield of C2H4/ml/hr under day light condition (Table 4.66; Fig. 4.70). 

B. megaterium-ASNF3 showed nitrogenase activity over a wide range of incubation 

temperatures (20-45°C) with maximum yield of 1.7nmole C2H4/ml/hr at 30°C (Table 

4.80; Fig. 4.84).  

This bacterium gave maximum nitrogenase yield in neutral media and produced 

17.81 nmol C2H4/ml/hr which was significantly higher than the acidic and basic media. 

However, the maxium cell density and corresponding soluble protein contents were 

achieved at 9 pH (Table 4.81; Fig. 4.85). 

Inoculum, 10% expressed maximum nitrogenase activity upto 12.9nmol 

C2H4/ml/hr with accompanying growth of 1.0 A600nm (Table 4.82; Fig. 4.86) B. 

megaterium-ASNF3 showed better growth under anaerobic conditions favorable for 

nitrogen fixation and expressed 14.4nmol C2H4/ml/hr (Table 4.67; Fig. 4.71). 

With chromium load of different concentrations a gradual decrease in growth of 

bacterium with increasing concentration appeared. Highest growth (0.66±0.01) was 

observed when no Cr(VI) was added to medium, however, with the addition of 50, 100, 

250 , 500 and 1000µg/ml of Cr(VI), growth(A600nm )reduced down to 0.53±0.01, 

0.45±0.01, 0.18±0.02, 0.09±0.01 and0.06±0.02, respectively. Highest growth didn’t 

produced highest yields of nitrogenase which appeared rather in medium with 100 µg/ml 

of Cr(VI) and gave  193% increased activity over the chromium unammended control. 

Similar increments of nitrogenase over the control with 33.4%, 103% and 27% were 

recorded for media containing 50, 250 and 500 µg/ml of Cr(VI). Only 1000 µg 

concentration of Cr(VI) per ml of medium reduced nitrogenase yield with a 59% decrease 

in comparison to control. When the soluble proteins were measured a percent increase of 

4.5% over control was only observed for medium containing 50µg/ml of Cr(VI) while a 

non significant difference was observed for 100µg/ml Cr(VI) containing medium in 

comparison to control. All other higher Cr(VI) concentrations reduced the levels of 

soluble proteins with slight  percent decreases over control (Table 4.83; Fig. 4.87). 

Maximum bacterial growth occurred in the presence of glucose, maltase and the 

sodium acetate with nearly similar A of 0.38. These three carbon sources were followed 
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by fructose and sucrose yielding the cell densities of 0.35 and 0.33, respectively. 

Excepting the galactose, nitrogenase yields in different carbon sources following the 

growth pattern. Among the various carbon sources studied maximum acetylene reduction 

occurred when the isolate was incubated in the medium containing galactose as it yielded 

16.55nmol of C2H4/ml/hr. This activity level was significantly higher as compared to 

other carbon sources. Maltose followed the galactose and produced sufficient nitrogenase 

15.12nmol C2H4/ml/hr. While pyruvate and sodium acetate also enhanced nitrogenase 

activity with the production of 10–11nmole C2H4/ml/hr. Nitrogenase response to different 

carbon source is given in (Table 4.84; Fig. 4.88). 

Bacterial growth enhanced significantly in presence of nitrogen source as 

compared to nitrogen free broth. Maximum cell densities appeared with meat extract and 

yeast extract with A600nm of 0.68 and 0.52, respectively. Asparagine and peptone followed 

meat extract and yeast extract for growth yields with A600nm of 0.39 and 0.38, 

respectively. However, nitrogenase yields didn’t follow these growth increments and 

maximum activity occurred in N-free broth with production of 11.35nmole C2H4/ml/hr. 

Among the different nitrogen sources, peptone appeared non-inhibitory to nitrogenase 

performance with production of 11.26nmole C2H4/ml/hr while other nitrogen sources 

decreased nitrogenase activity levels by 22-55%. These nitrogenase and growth responses 

are presented in (Table 4.84a; Fig. 4.88b).  

The bacterial growth curve could express two phases. A gentle progression from 

0.15 cell density to 0.35 occurred during the 10 to 30 days post-incubation. This was 

followed by feable decrements in growth down to 0.31and 0.25 cell density at 40 and 

50th days, post incubation (Table 4.85). Nitrogenase activity of B. megaterium-ASNF3 

showed progressive increases till 40th day of incubation where 24.5 fold increment was 

observed over the first sampling period i.e. 10th day’s value. The nitrogenase activity at 

the last sampling point dropped to 248nmole C2H4/ml/hr and was comparable to the value 

obtained at 2nd sampling point (Table 4.85; Fig. 4.89). 
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4.12.4 Corynebacterium  variabile-ASNf3A  

Maximum cell density of this bacterium was observed in the absence of light with 

51% higher value of 0.59 ± 0.02 A600nm than the culture raised in the presence of light? 

(Table 4.66; Fig. 4.70). The bacterium grew best with cell density of 0.55 ± 0.02 (A600nm) 

at 37oC which was 62%, 60% and 27% than when it was grown at 20oC, 25oC, 30oC and 

45oC, respectively (Table 4.86; Fig. 4.90). Maximum soluble protein (0.96 ± 0.02 mg/ml) 

obtained at 25oC showed 50%, 29%, 21% and 30% elevations over the values obtained at 

20oC, 30oC, 37oC and 45oC, respectively. However, 20oC was found optimum for 

nitrogenase activity and the value (1.59 ± 0.06 nmole of C2H4/ml/hr) was found 31, 13, 

41 and 64% higher than the obtained at 25oC, 30oC, 37oC and 45oC, respectively (Table 

4.86; Fig. 4.90). 

 At 8 pH maximum cell density of 0.56 ± 0.02 was obtained which was 14, 18, 17 

and 7% higher as compared to the cultivations at 5, 6, 7 and 9 pH. For the higher soluble 

proteins pH 5 appeared optimum and the value 2.05 ± 0.03 g/ml of the parameter was 2, 

9, 12 and 25% higher than the values obtained in media with initial pH of 6, 7, 8 and 9 

respectively. On the other hand 9 pH gave maximum nitrogenase activity with value of 

16.26 ± 0.58 nmol C2H4/ml/hr which was 97, 97, 25 and 37% higher than the enzymatic 

activities at 5, 6, 7 and 8 pH, respectively (Table 4.87; Fig. 4.91).  

 Inoculum 10% was found optimum for the highest cell density (1.17 ± 0.05) 

which was 81% and 12% higher than when the bacterium was cultured with 1% and 5% 

inocula, respectively. Maximum soluble proteins (1.94 ± 0.02 mg/ml) were obtained with 

5% inoculum with 7% and 17% elevations over 1 and 10% inocula sizes, respectively. 

The 10% inoculum also yielded maximum nitrogenase activity (1.86 ± 0.03 nmol 

C2H4/ml/hr) which was 66% and 62% higher than for the 1% and 5% inocula size (Table 

4.89; Fig. 4.92).  

 Non-aerated culture of this bacterium showed 3% better growth with cell density 

of 0.66 ± 0.01 over non-aeration. Similarly the bacterium expressed maximum soluble 

protein (1.94 ± 0.02 g/ml) as well as nitrogenase yields (10.15 ±  0.21 nmol/ml/hr) when 



 197

cultivated at shaking and these values were 7% and 13% higher than the corresponding 

values obtained for non-aerated cultures (Table 4.67; Fig. 4.71).  

Effects of Cr (VI) on growth of the Corynebacterium variabile-ASNF3A 

appeared similar to those observed for B. megaterium-ASNF3. But the soluble proteins 

and nitrogenase activities showed inverse relations when compared with B. megaterium-

ASNF3. Highest nitrogenase yield (19.79±0.37 nmolC2H4/mL/hr) occurred in medium 

with 50µg/ml of Cr(VI) that corresponded to highest soluble proteins too (1.62±0.19 

mg/ml). These nitrogenase and protein levels were 37% and 12% higher over the 

respective control values. For the higher amounts of Cr(VI) exposures i.e., 50,100 and 

250 µg/ml 36, 19, 15 and 29%  decreases in acetylene reduction corresponding to 9.2%, 

55%, 67% and 65% decrements in cell densities of the Corynebacterium variabile-

ASNF3A occured as compared to the respective values of esronlum unspiked control 

(Table 4.90; Fig. 4.93).   

Among the different carbon sources studied, glucose, glactose and mannitol gave 

comparable maximum cell densities of ~ 0.55 which were 73, 62, 47, 42, 29, 27, 20, 11, 4 

and 4% higher when the C sources were sodium acetate, sorbitol, pyruvate, sodium 

citrate, sodium succinate, arabinose, maltose, fructose and sucrose respectively. 

Galactose was also found a favorable carbon source for highest soluble protein yield of 

1.66 ± 0.03 mg/ml which was 97, 96, 93, 90, 85, 84, 77, 64 and 4% higher as compared 

to the values obtained when sodium succinate, sodium citrate and sodium acetate, 

glucose, sorbitol, maltose, sucrose, mannitol, fructose, pyruvate and arabinose, 

respectively were employed as carbon sources (Table 4.91; Fig. 4.94).  

 The growth curve expressed significant increments in cell density from 0.21 to 

0.34 during 10 to 30 days which decreased non-significantly down to 0.31 and 0.25 

during 40 to 50 days post incubation. A progressive increase in soluble protein was 

observed corresponding to increasing incubation period and reached highest level (0.30 ± 

0.07mg/l) at 50th day of incubation. Highest nitrogenase yield (302.00 ± 7.50 nmol 

C2H4/ml/hr) was exhibited at 30th day of incubation in accordance with highest cell 

growth (Table 4.92; Fig. 4.95).  
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4.12.5 B. megaterium-ASNs13  

 Dark incubation was found favourable for higher yields of cell density (0.24 ± 

0.02 A600nm), soluble protein (0.80 ± 0.05 g/ml) and nitrogenase activity (2.9± 

0.07nmolC2H2/ml/hr) incubation to the presence of light (Table 4.66; Fig. 4.70). The 

bacterium B. megaterium ASNS 13 grew best at 25 oC but expressed maximum soluble 

protein (0.41± 0.01) and nitrogenase (1.51nmol C2H4/ml/hr) at 30 oC.  Nitrogenase yields 

gradually enhanced for increases in temperature from 20 to 30 oC, but declined down to 

0.98 nmol of C2H4 /ml/hr reduction at 45 oC (Table 4.93; Fig. 4.96). The bacterium 

prefered 9 pH for maximum cell density (0.24 ± 0.02 A600nm) which was 17% higher than 

the cell growths obtained at 6, 7 and 8 pH. Maximum soluble protein (1.84 ± 0.01) was 

encouraged at 8 pH and was 25, 13, 29 and 11% higher than the values obtained at 5, 6, 7 

and 9 pH respectively. However, neutral pH was found appropriate for maximum 

nitrogenase activity (14.72 ± 1.68 nmol C2H4/ml/hr) that was 73, 84, 35 and 42% higher 

than the values obtained at 5, 6, 8 and 9 pH respectively (Table 4.94; Fig. 4.97).  

 The bacterium grew with compareable cell densities (~0.29) at different inocula 

sizes while maximum soluble protein (2.12 ± 0.02 g/ml) and nitrogenase activity (0.82 ± 

0.03 nmol C2H4/ml/hr) appeared at 10% inoclumn (Table 4.95; Fig. 4.98). Aeration 

supported higher bacterium growth (A600nm0.87 ± 0.04 ) as well as the nitrogenase 

activity (4.14 nmol C2H4/ml/hr) though soluble proteins were slightly higher(3%) at non-

aeration (Table 4.67; Fig. 4.71). Regarding Cr(VI) effects on growth of the B. 

megaterium-ASNS13 and corresponding nitrogenase and soluble protein contents the 

trends were in general similar to Paenibacillus barcinonensis-ASNt10 (Table 4.96; Fig. 

4.99). 

 Galactose and arabinose proved optimum carbon sources for maximum cell 

density upto 0.34 ± 0.006 A600nm followed by glucose and mannitol. Sucrose and sodium 

citrate yielded the lowest cell densities of 0.11 and 0.08 respectively. Maximum soluble 

protein (1.79 ± 0.03 g/ml) and nitrogenase activity (16.10 ± 0.26) were exhibited with 

galactose and glucose, respectively. Followed by galactose the bacterium gave higher 

nitrogenase yields (from 12.68 ± 0.33, to 13.05 ± 0.37 nmol C2H4/ml/hr) with fructose, 

arabinose and pyruvate (Table 4.97; Fig. 4.100). 
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 The B.megaterium-ASNS13 expressed higher cell density A600nm (0.32±0.02) 

during the first 10 days of incubation followed by feable consistent decrements during 20 

to 40 days till the A600nm dropped to 0.24. Then a significant enhancement occurred again 

from 40 to 50 days of incubation and resulted in cells growth upto 0.39±0.03 A600nm. 

However, maximum concentration of soluble protein (1.48 ± 0.06) and nitrogenase 

138.24 ± 5.66 nmol C2H2/ml/hr were obtained at 40th and 30th days post incubation 

respectively (Table 4.98; Fig. 4.101). 
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Table 4.66: Growth (A600nm), soluble protein (mg/mL) and nitrogenase yields 

(nmolC2H4/mL/hr) of different nitrogen fixing bacterial isolates incubated at 30°C 

in nitrogen free broth (pH 7) following 10 days in light and dark conditions 

 

 

Light 
conditions 

 

Bacterial 
Isolates 

 

Growth 
(A600nm) 

Soluble 
Protein 

(mg/mL) 

Nitrogenase 
activity 

(nmolC2H4/mL/hr)

Light Paenibacillus 
barcinonensis-
ASNt10 0.29c±0.01 0.16cd±0.01 2.28 defg ±0.02

B. cereus-
ASNt11 0.21de±0.01 0.51bc±0.03 2.65 abcd ±0.04

B.megaterium-
ASNF3 0.43b±0.01 0.41bcd±0.02 2.00 fg ±0.04

Corynebacterium 
variabile-
ASNf3A 0.29c±0.01 0.79b±0.06 1.97 g ±0.03

B.megaterium-
ASNs13 0.21de±0.01 0.54bc±0.02 2.54 bcde ±0.11

Dark Paenibacillus 
barcinonensis-
ASNt10 0.13fg±0.01 0.05±0.02 2.8 abc ±0.06

B. cereus-
ASNt11 0.18ef±0.01 0.47d±0.02 2.2 efg ±0.09

B.megaterium-
ASNF3 0.38b±0.01 2.48a±0.16 2.4 cdef ±0.03

Corynebacterium 
variabile-
ASNf3A 0.59a±0.02 0.44bcd±0.04 2.9 ab ±0.07

B.megaterium-
ASNs13 0.24cd±0.02 0.80b±0.05 2.9 ab ±0.07

Values are means ± S.E.M. of three replicates. Those not sharing a common  alphabet within a 
respective group are significantly different from each other. Single factor analysis of variance (P ≤ 
0.05). 
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Fig. 4.70: Growth (A600nm), soluble protein (mg/mL) and nitrogenase yields 
(nmolC2H4/mL/hr) of different nitrogen fixing bacterial isolates incubated at 
30°C in nitrogen free broth (pH 7) following 10 days in light and dark conditions 
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Table 4.67: Optimization for Growth (A600nm), soluble protein (mg/mL) and 

nitrogenase yields (nmolC2H4/mL/hr) of nitrogen fixing bacteria at different oxygen 

requirements, following 10 days incubation in N-free media at respective optimal 

incubation conditions  

 

Oxygen 
conditions 

Bacterial 
Isolates 

Growth 
(A600nm) 

Soluble 
Protein 

(mg/mL) 

Nitrogenase 
activity 

(nmolC2H4/mL/hr)

Aeration 

Paenibacillus 
barcinonensis-

ASNt10 
0.10f±0.008 1.73bcd±0.02 4.84f±0.08 

B. cereus-
ASNt11 

0.52d±0.03 1.65cde±0.01 7.67e±0.15 

B.megaterium-
ASNF3 

0.63c±0.01 1.46bc±0.03 12.04cd±0.17 

Corynebacterium 
variabile-
ASNf3A 

0.64c±0.02 1.81a±0.01 8.87e±0.30 

B.megaterium-
ASNs13 

0.87a±0.04 1.86ef±0.02 4.14f±0.18 

Non- aeration 

Paenibacillus 
barcinonensis-

ASNt10 
0.15f±0.01 1.94bc±0.01 11.42d±0.14 

B. cereus-
ASNt11 

0.66c±0.01 2.01b±0.02 14.13c±0.22 

B.megaterium-
ASNF3 

0.73b±0.01 1.83def±0.04 14.41bc±0.29 

Corynebacterium 
variabile-
ASNf3A 

0.66c±0.01 1.94bcde±0.02 10.15de±0.21 

B.megaterium-
ASNs13 

0.77b±0.02 1.99bcde±0.01 4.03f±0.30 

Values are means ± S.E.M. of three replicates. Those not sharing a common  alphabet within a respective 
group are significantly different from each other. Single factor analysis of variance (P ≤ 0.05). 

 
 
 
 
 



 203

 
 
 
 
 
 
 
 
 
 

 

Fig. 4.71: Optimization for Growth (A600nm), soluble protein (mg/mL) and 
nitrogenase yields (nmolC2H4/mL/hr) of nitrogen fixing bacteria at different oxygen 
requirements, following 10 days incubation in N-free media at respective optimal 
incubation conditions  
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Table 4.68: Growth (A600nm), soluble protein (mg/mL) and nitrogenase yields 

(nmolC2H4/mL/hr) by Paenibacillus barcinonensis-ASNT10 in N-free broth medium 

of pH 7 after an incubation of 10 days at different temperatures (ºC) 

  ASNT10 

Temperature 

(ºC) 

Nitrogenase 

(nmolC2H4/mL/hr) 

Total 

Protein(g/mL) 

Growth 

(OD600nm) 

20 1.52a±0.15 1.02bc±0.02 0.18b±0.01

25 1.77a±0.08 0.78d±0.03 0.26ab±0.04

30 1.80b±0.07 1.29a±0.03 0.18ab±0.01

37 1.53a±0.03 1.08b±0.04 0.34a±0.01

45 1.40a±0.03 0.91cd±0.02 0.19b±0.01

Values are means ± S.E.M. of three replicates. Those not sharing a common  alphabet 
within a respective group are significantly different from each other. Single factor 
analysis of variance (P ≤ 0.05). 
 

 

 
Fig. 4.72: Growth (A600nm), soluble protein (mg/mL) and nitrogenase yields 
(nmolC2H4/mL/hr) by Paenibacillus-barcinonensis-ASNT10 in N-free broth medium 
of pH 7 after an incubation of 10 days at different temperature (oC) 
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Table 4.69: Effect of different pH on growth (A600nm), soluble proteins (mg/mL) and 

nitrogenease yields (nmolC2H2/mL/hr) of Paenibacillus barcinonensis-ASNT10 following 

incubation of 10 days in N- free media (pH 7) at respective optimal temperature  

Ph 
Growth 

(OD600nm) 

Total 

Protein(g/mL) 

Nitrogenase 

(nmolC2H4/mL/hr)

5 0.19ab±0.01 2.23a±0.01 6.11a±0.42

6 0.14b±0.01 1.67c±0.05 0.52c±0.16

7 0.19ab±0.01 1.89b±0.03 5.73b±0.62

8 0.16a±0.01 1.59c±0.02 6.40c±0.04

9 0.25a±0.02 1.88b±0.02 14.95a±0.46

Values are means ± S.E.M. of three replicates. Those not sharing a common  alphabet 
within a respective group are significantly different from each other. Single factor 
analysis of variance (P ≤ 0.05). 
 

 

Fig. 4.73: Effect of different pH on growth(A600nm), soluble proteins(mg/mL) and 
nitrogenease yields (nmolC2H2/mL/hr) of Paenibacillus barcinonensis-ASNT10 
following incubation of 10 days in N-free media (pH 7) at respective optimal 
temperature  
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Table 4.70: Optimization of Growth (A600nm), soluble protein (mg/mL) and 

nitrogenase yields (nmolC2H4/mL/hr) of Paenibacillus-barcinonensis-ASNT10 

following incubation of 10 days N-free broth with different inoculum sizes its 

respective optimal conditions 

 

Inoculum 

Size(%) 

Growth 

(A600nm) 

Total 

Protein(mg/mL)

Nitrogenase 

Activity 

(nmolC2H4/mL/hr)

1 0.28c±0.01 1.73±0.02 0.65±0.02

5 0.41b±0.01 1.94±0.01 0.86±0.01

10 0.54c±0.02 2.04±0.02 2.02±0.03

Values are means ± S.E.M. of three replicates. Those not sharing a common  alphabet 
within a respective group are significantly different from each other. Single factor 
analysis of variance (P ≤ 0.05). 
 

 

Fig. 4.74: Optimization of Growth (A600nm), soluble protein (mg/mL) and 
nitrogenase yields (nmolC2H4/mL/hr) of Paenibacillus barcinonensis-ASNT10 
following incubation of 10 days in N-free broth wih different inoculum sizes its 
respective optimal conditions 



 207

Table 4.71: Effect of chromium on Growth (A600nm), soluble protein (mg/mL) and 

nitrogenase yields (nmolC2H4/mL/hr) of Paenibacillus-barcinonensis -ASNT10 at 

different concentrations, following 10 days incubation in N- free media at optimal 

conditions  

Cr(VI) 

(µg/mL) 

Growth 

(A600nm) 

Total 

Protein(mg/mL) 

Nitrogenase 

(nmolC2H4/mL/hr)

Control(C) 0.92a±0.05 1.45b±0.12 12.15a±0.21

50 0.41b±0.01 1.50ab±0.39 13.17a±0.75

100 0.30c±0.007 1.63a±0.02 14.13a±0.11

250 0.20d±0.008 1.56ab±0.02 11.73ab±0.30

500 0.18d±0.01 1.57ab±0.03 9.95b±0.11

1000 
0.11e±0.01 1.54ab±0.03 5.03c±0.11

 
Values are means ± S.E.M. of three replicates. Those not sharing a common  alphabet 
within a respective group are significantly different from each other. Single factor 
analysis of variance (P ≤ 0.05). 
 

 

Fig. 4.75: Effect of chromium on Growth (A600nm), soluble protein (mg/mL) and 
nitrogenase yields (nmolC2H4/mL/hr) of Paenibacillus-barcinonensis-ASNT10 at 
different concentrations, following 10 days incubation in N-free media at optimal 
conditions 
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Table 4.72: Effect of carbon source on Growth (A600nm), soluble protein (mg/mL) 

and nitrogenase yields (nmolC2H4/mL/hr) of Paenibacillus-barcinonensis-ASNT10 at 

different concentrations, following 10 days incubation in N-free media at optimal 

conditions 

C source 
(1%) 

Growth 
(A600nm) 

Soluble 
Protein(mg/mL)

Nitrogenase 
(nmolC2H4/mL/hr)

Glucose 0.32±0.01abc 0.21±0.01fg 11.61±0.42b

Glactose 0.31±0.007bcd 1.59±0.01a 11.23±0.03b

Fructose 0.39±0.01a 0.36±0.04d 15.58±0.14ab

Sucrose 0.21±0.008ef 0.25±0.005ef 17.42±0.15ab

Maltose 0.33±0.005ab 0.31±0.006de 16.01±0.06ab

Arabinose 0.25±0.01cde 1.09±0.01b 10.12±0.32ab

Mannitol 0.24±0.006de 0.16±0.01gh 19.59±0.06ab

Pyruvate 0.15±0.01fg 0.51±0.01c 5.57±1.05b

Sodium succinate 0.05±0.006h 0.06±0.01i 13.28±0.36a

Sodium citrate 0.07±0.03gh 0.07±0.01i 4.14±1.16b

Sodium acetate 0.03±0.004h 0.05±0.01i 7.47±0.92ab

Sorbitol 0.17±0.03f 0.12±0.01hi 10.00±0.24ab

Values are means ± S.E.M. of three replicates. Those not sharing a common  alphabet 
within a respective group are significantly different from each other. Single factor 
analysis of variance (P ≤ 0.05). 
 

 

Fig. 4.76: Effect of carbon source on Growth (A600nm), soluble protein (mg/mL) and 
nitrogenase yields (nmolC2H4/mL/hr) of Paenibacillus barcinonensis-ASNT10 at 
different concentrations, following 10 days incubation in N- free media at optimal 
conditions 
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Table 4.73: Effect of incubtion time on Growth (A600nm), soluble protein (mg/mL) 

and nitrogenase yields (nmolC2H4/mL/hr) of Paenibacillus-barcinonensis-ASNT10 in 

N-free media at optimal conditions  

 

Incubation 

Days 

Growth 

(A600nm) 

Total 

Protein(mg/mL)

Nitrogenase 

(nmolC2H4/mL/hr)

10 0.05c±0.01 0.06c±0.02 13.28c±0.14

20 0.25c±0.006 0.29c±0.008 23.00c±2.84

30 0.30c±0.007 1.11b±0.04 122.75b±5.59

40 0.43b±0.04 1.49a±0.08 44.53c±1.59

50 0.55a±0.02 1.66a±0.02 175.00a±2.37

Values are means ± S.E.M. of three replicates. Those not sharing a common  alphabet 
within a respective group are significantly different from each other. Single factor 
analysis of variance (P ≤ 0.05). 
 

 

 
Fig. 4.77: Effect of incubation time on Growth (A600nm), soluble protein (mg/mL) and 
nitrogenase yields (nmolC2H4/mL/hr) of Paenibacillus barcinonensis-ASNT10 in N-
free media at optimal conditions 
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Table 4.74: Growth (A600nm), soluble protein (mg/mL) and nitrogenase yields 

(nmolC2H4/mL/hr) by B. cereus-ASNT11 in N-free broth medium of pH 7 after an 

incubation of 10 days at different temperatures (ºC) 

  

Temperature 

(ºC) 

Growth 

(A600nm) 

Total 

Protein(mg/mL)

Nitrogenase 

(nmolC2H4/mL/hr)

20 0.13b±0.008 0.74b±0.04 1.03b±0.09

25 0.22a±0.01 0.66a±0.03 1.55ab±0.23

30 0.13a±0.005 1.06a±0.02 1.87a±0.11

37 0.31a±0.01 1.04a±0.07 1.25ab±0.03

45 0.11b±0.01 1.05a±0.04 0.96b±0.01

Values are means ± S.E.M. of three replicates. Those not sharing a common  alphabet 
within a respective group are significantly different from each other. Single factor 
analysis of variance (P ≤ 0.05). 
 

 

 
Fig. 4.78: Growth (A600nm), soluble protein (mg/mL) and nitrogenase yields 
(nmolC2H4/mL/hr) by B. cereus-ASNT11 in N-free broth medium of pH 7 after an 
incubation of 10 days at different temperature (oC) 

 



 211

Table 4.75: Effect of different pH on Growth (A600nm), soluble protein (mg/mL) and 

nitrogenase yields (nmolC2H4/mL/hr) of B. cereus-ASNT11 following incubation of 

10 days in N- free media (pH 7) at respective optimal temperature 

 

pH 
Growth 

(OD600nm) 

Total 

Protein(g/mL) 

Nitrogenase 

(nmolC2H4/mL/hr)

5 0.14cd±0.01 1.83a±0.02 0.46c±0.11

6 0.17bc±0.008 1.44c±0.04 4.20c±0.10

7 0.10d±0.007 1.63b±0.03 29.97a±0.83

8 0.23ab±0.01 1.65ab±0.02 19.32c±0.04

9 0.24a±0.01 1.35c±0.04 13.71b±0.29

Values are means ± S.E.M. of three replicates. Those not sharing a common  alphabet 
within a respective group are significantly different from each other. Single factor 
analysis of variance (P ≤ 0.05). 
 

 

 
Fig. 4.79: Effect of different pH on Growth (A600nm), soluble protein (mg/mL) and 
nitrogenase yields (nmolC2H4/mL/hr) of B. cereus-ASNT11 following incubation of 
10 days in nitrogen free media (pH 7) at respective optimal temperature  
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Table 4.76: Optimization of Growth (A600nm), soluble protein (mg/mL) and 

nitrogenase yields (nmolC2H4/mL/hr) of B. cereus-ASNT11 following incubation of 

10 days in N-free broth with different inoculum sizes its respective optimal 

conditions 

Inoculum 

Size(%) 

Growth 

(OD600nm) 

Total 

Protein(g/mL) 

Nitrogenase 

Activity 

(nmolC2H4/mL/hr)

1 0.14c±0.01 1.65±0.01 1.19±0.05

5 0.28b±0.01 2.01±0.02 1.22±0.03

10 0.34a±0.01 2.18±0.03 2.01±0.04

Values are means ± S.E.M. of three replicates. Those not sharing a common  alphabet 
within a respective group are significantly different from each other. Single factor 
analysis of variance (P ≤ 0.05). 
 

 

Fig. 4.80: Optimization of Growth (A600nm), soluble protein (mg/mL) and 
nitrogenase yields (nmolC2H4/mL/hr) of B. cereus-ASNT11 following incubation of 
10 days in N-free broth wih different inoculum sizes its respective optimal 
conditions 
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Table 4.77: Effect of chromium on Growth (A600nm), soluble protein (mg/mL) and 

nitrogenase yields (nmolC2H4/mL/hr) of B. cereus-ASNT11 at different 

concentrations, following 10 days incubation in N- free media at optimal conditions  

Cr(VI) 

(µg/mL) 

Growth 

(A600nm) 

Total 

Protein(mg/mL) 

Nitrogenase 

(nmolC2H4/mL/hr)

Control(C) 0.52a±0.02 1.67b±0.06 11.42b±0.40

50 0.47a±0.01 1.64bc±0.10 11.35ab±0.19

100 0.30b±0.01 1.82a±0.06 13.63a±0.10

250 0.12c±0.01 1.70b±0.03 9.26b±0.33

500 0.07c±0.01 1.57bc±0.02 10.65b±0.09

1000 
0.11c±0.01 1.54c±0.05 4.06e±0.27

Values are means ± S.E.M. of three replicates. Those not sharing a common  alphabet 
within a respective group are significantly different from each other. Single factor 
analysis of variance (P ≤ 0.05). 
 

 

Fig. 4.81: Effect of chromium on Growth (A600nm), soluble protein (mg/mL) and 
nitrogenase yields (nmolC2H4/mL/hr) of B. cereus-ASNT11 at different 
concentrations, following 10 days incubation in N-free media at optimal conditions 
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Table 4.78: Effect of carbon source on Growth (A600nm), soluble protein (mg/mL) 

and nitrogenase yields (nmolC2H4/mL/hr) of B. cereus-ASNT11, following 10 days 

incubation in N-free  media at optimal conditions  

C source 
(1%) 

Growth 
(A600nm) 

Soluble 
Protein(mg/mL) 

Nitrogenase 
(nmolC2H4/mL/hr)

Glucose 0.32±0.01bc 0.21±0.01b 11.61±0.42a

Glactose 0.31±0.007de 1.59±0.01a 11.23±0.03a

Fructose 0.39±0.01bcd 0.36±0.04de 15.58±0.14a

Sucrose 0.21±0.008de 0.25±0.005de 17.42±0.15a

Maltose 0.33±0.005bcd 0.31±0.006d 16.01±0.06a

Arabinose 0.25±0.01de 1.09±0.01c 10.12±0.32a

Mannitol 0.24±0.006e 0.16±0.01ef 19.59±0.06b

Pyruvate 0.15±0.01cde 0.51±0.01c 5.57±1.05a

Sodium 
succinate 

0.05±0.006b 0.06±0.01h 13.28±0.36a 

Sodium citrate 0.07±0.03bcd 0.07±0.01fg 4.14±1.16a

Sodium acetate 0.03±0.004bcd 0.05±0.01fg 7.47±0.92a

Sorbitol 0.17±0.03a 0.12±0.01gh 10.00±0.24a

Values are means ± S.E.M. of three replicates. Those not sharing a common  alphabet 
within a respective group are significantly different from each other. Single factor 
analysis of variance (P ≤ 0.05). 
 

 

 
Fig. 4.82: Effect of carbon source on Growth (A600nm), soluble protein (mg/mL) and 
nitrogenase yields (nmolC2H4/mL/hr) of B. cereus-ASNT11 at different 
concentrations, following 10 days incubation in N-free media at optimal conditions 
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Table 4.79: Effect of incubtion time on Growth (A600nm), soluble protein (mg/mL) and 

nitrogenase yields (nmolC2H4/mL/hr) of B. cereus-ASNT11 in N- free media at optimal 

conditions 

 

Incubation 

Days 

Growth 

(A600nm) 

Total 

Protein(mg/mL) 

Nitrogenase 

(nmolC2H4/mL/hr) 

10 0.17c±0.01 0.83c±0.01 14.46d±0.22

20 0.20bc±0.04 1.33a±0.02 19.75d±0.50

30 0.29ab±0.05 1.05b±0.03 204.00a±3.82

40 0.13c±0.03 1.02b±0.007 54.21c±0.99

50 0.39a±0.01 1.12ab±0.02 144b±2.09

Values are means ± S.E.M. of three replicates. Those not sharing a common  alphabet 
within a respective group are significantly different from each other. Single factor 
analysis of variance (P ≤ 0.05). 
 

 

 
Fig. 4.83: Effect of incubation time on Growth (A600nm), soluble protein (mg/mL) and 
nitrogenase yields (nmolC2H4/mL/hr) of B. cereus-ASNT11 in N- free media at 
optimal conditions 
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Table 4.80: Growth (A600nm), soluble protein (mg/mL) and nitrogenase yields 

(nmolC2H4/mL/hr) of B. megaterium-ASNF3 in nitrogen free broth (pH 7) following 

10 days of incubation at different temperatures (ºC) 

  

Temperature 

(ºC) 

Nitrogenase 

(nmolC2H4/mL/hr)

Total 

Protein(mg/mL)

Growth 

(OD600nm) 

20 1.64a±0.07 0.80c±0.03 0.17c±0.01

25 1.09b±0.10 1.31ab±0.07 0.32b±0.03

30 1.71a±0.12 1.57a±0.04 0.17a±0.01

37 1.12bc±0.06 1.47ab±0.09 0.58a±0.01

45 0.75c±0.02 1.17b±0.02 0.33b±0.01

Values are means ± S.E.M. of three replicates. Those not sharing a common  alphabet 
within a respective group are significantly different from each other. Single factor 
analysis of variance (P ≤ 0.05). 
 

 

Fig. 4.84: Growth (A600nm), soluble protein (mg/mL) and nitrogenase yields 
(nmolC2H4/mL/hr) by B.megaterium -ASNF3 in N-free broth medium of pH 7 after 
an incubation of 10 days at different temperature (ºC) 
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Table 4.81: Effects of different pH on Growth (A600nm), soluble protein (mg/mL) and 

nitrogenase yields (nmolC2H4/mL/hr) of B. megaterium -ASNF3 following 

incubation of 10 days in N- free media (pH 7) at respective optimal temperature  

 

 ASNF3 

pH 
Growth 

(A600nm) 

Total 

Protein(mg/mL)

Nitrogenase 

(nmolC2H4/mL/hr) 

5 0.48b±0.01 1.99b±0.03 0.54c±0.17

6 0.46b±0.008 2.07ab±0.02 1.09c±0.02

7 0.37c±0.05 2.10ab±0.01 17.81a±0.54

8 0.45b±0.02 1.62c±0.02 4.90c±0.01

9 0.56a±0.02 2.18a±0.03 4.03b±0.39

Values are means ± S.E.M. of three replicates. Those not sharing a common  alphabet 
within a respective group are significantly different from each other. Single factor 
analysis of variance (P ≤ 0.05). 
 

 

Fig. 4.85: Effect of different pH on Growth (A600nm), soluble protein (mg/mL) and 
nitrogenase yields (nmolC2H4/mL/hr) of B. megaterium -ASNF3 following 
incubation of 10 days in N-free media (pH 7) at respective optimal temperature 
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Table 4.82: Optimization of Growth (A600nm), soluble protein (mg/mL) and 

nitrogenase yields (nmolC2H4/mL/hr) of B. megaterium-ASNF3 following incubation 

of 10 days in N-free broth with different inoculum sizes its respective optimal 

conditions  

 

Inoculum 

Size(%) 

Growth 

(OD600nm) 

Total 

Protein(g/mL)

Nitrogenase 

Activity 

(nmolC2H4/mL/hr)

1 0.41b±0.01 1.46±0.03 0.73±0.03

5 0.54b±0.02 1.83±0.04 0.81±0.01

10 1.08a±0.04 1.88±0.04 1.07±0.05

Values are means ± S.E.M. of three replicates. Those not sharing a common alphabet 
within a respective group are significantly different from each other. Single factor 
analysis of variance (P ≤ 0.05). 
 

 

 
Fig. 4.86: Optimization of Growth (A600nm), soluble protein (mg/mL) and 
nitrogenase yields (nmolC2H4/mL/hr) of B. megaterium-ASNF3 following incubation 
of 10 days in N-free broth wih different inoculum sizes at its respective optimal 
conditions 
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Table 4.83: Effect of chromium on Growth (A600nm), soluble protein (mg/mL) and 

nitrogenase yields (nmolC2H4/mL/hr) of B. megaterium-ASNF3 at different 

concentrations, following 10 days incubation in N- free media at optimal conditions 

Cr(VI) 

(µg/mL) 

Growth 

(A600nm) 

Total 

Protein(mg/mL) 

Nitrogenase 

(nmolC2H4/mL/hr)

Control(C) 0.74a±0.02 1.45ab±0.13 14.59b±0.21

50 0.45b±0.01 1.62a±0.19 19.79a±0.37

100 0.49ab±0.01 1.53a±0.08 9.33e±0.07

250 0.24c±0.01 1.60a±0.05 11.81cd±0.11

500 0.18d±0.008 1.61a±0.01 12.39bc±0.13

1000 
0.19d±0.01 1.30b±0.04 5.36de±0.48

 

Values are means ± S.E.M. of three replicates. Those not sharing a common  alphabet 
within a respective group are significantly different from each other. Single factor 
analysis of variance (P ≤ 0.05). 
 

 

Fig. 4.87: Effect of chromium on Growth (A600nm), soluble protein (mg/mL) and 
nitrogenase yields (nmolC2H4/mL/hr) of B. megaterium-ASNF3 at different 
concentrations, following 10 days incubation in N-free media at optimal conditions 



 220

Table 4.84: Effect of carbon source on Growth (A600nm), soluble protein (mg/mL) 

and nitrogenase yields (nmolC2H4/mL/hr) of ASNF3 at different concentrations, 

following 10 days incubation in nitrogen free media at optimal conditions 

C source 
(1%) 

Growth 
(A600nm) 

Total 
Protein(mg/mL) 

Nitrogenase 
(nmolC2H4/mL/hr)

Glucose 0.38±0.01a 0.14±0.004h 9.93±0.43cd

Glactose 0.25±0.01bc 0.49±0.02a 16.55±0.23c

Fructose 0.35±0.008a 0.61±0.01c 5.50±0.09ef

Sucrose 0.35±0.007a 0.33±0.005e 4.40±0.14f

Maltose 0.38±0.004a 0.26±0.006fg 15.83±0.13ab

Arabinose 0.19±0.01bc 1.08±0.02b 5.03±0.06f

Mannitol 0.25±0.005b 0.30±0.01ef 6.68±0.03def

Pyruvate 0.24±0.004b 1.58±0.01d 11.75±0.27a

Sodium succinate 0.25±0.03b 0.42±0.01d 7.45±1.48def

Sodium citrate 0.18±0.01bc 0.07±0.01i 8.94±1.07cde

Sodium acetate 0.38±0.01a 0.45±0.02d 12.06±0.97bc

Sorbitol 0.17±0.01c 0.19±0.006gh 7.45±0.22def

Values are means ± S.E.M. of three replicates. Those not sharing a common  alphabet 
within a respective group are significantly different from each other. Single factor 
analysis of variance (P ≤ 0.05). 
 

 

Fig. 4.88: Effect of carbon source on Growth (A600nm), soluble protein (mg/mL) and 
nitrogenase yields (nmolC2H4/mL/hr) of B. megaterium-ASNF3 at different 
concentrations, following 10 days incubation in nitrogen free media at optimal 
conditions temperature (oC) 
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Table 4.84(a): Effect of nitrogen source on Growth (A600nm) and nitrogenase yields 

(nmolC2H4/mL/hr) of B. megaterium-ASNF3 at different concentrations, following 

10 days incubation in nitrogen free media at optimal conditions 

 

C source 
(1%) 

Growth 
(A600nm) 

Nitrogenase 
(nmolC2H4/mL/hr)) 

Amm. Sulphate 0.16±0.02 8.22±0.23
Peptone 0.38±0.00 11.26±0.09
Yeast Extract 0.51±0.01 7.21±0.14
Trypton 0.24±0.05 8.6±0.13
Meat Extract 0.68±0.03 6.54±0.06
Sodium Nitrate 0.09±0.02 5.12±0.03
Urea 0.12±0.00 7.6±0.27
Asparagine 0.39±0.01 8.77±1.48
Amm. tartarate 0.16±0.00 5.2±1.07

Values are means ± S.E.M. of three replicates. Those not sharing a common  alphabet 
within a respective group are significantly different from each other. Single factor 
analysis of variance (P ≤ 0.05). 

 

 

Fig. 4.88(a) Effect of nitrogen source on Growth (A600nm) and nitrogenase yields 
(nmolC2H4/mL/hr) of B. megaterium-ASNF3 at different concentrations, following 
10 days incubation in nitrogen free media at optimal conditions 
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Table 4.85: Effect of incubtion time on Growth (A600nm), soluble protein (mg/mL) 
and nitrogenase yields (nmolC2H4/mL/hr) of B. megaterium-ASNF3 in N- free media 
at optimal conditions  
 

Incubation 

Days 

Growth 

(A600nm) 

Total 

Protein(mg/mL)

Nitrogenase 

(nmolC2H4/mL/hr)

10 0.25b±0.01 0.49c±0.07 16.55c±0.29

20 0.28b±0.006 0.13c±0.01 124.44b±0.39

30 0.86a±0.01 0.76b±0.01 291.98ab±1.89

40 0.30b±0.01 1.03a±0.13 486.00a±17.05

50 0.25b±0.02 0.84ab±0.01 249.00b±34.18

Values are means ± S.E.M. of three replicates. Those not sharing a common  alphabet 
within a respective group are significantly different from each other. Single factor 
analysis of variance (P ≤ 0.05). 
 

 

Fig. 4.89: Effect of incubation time on Growth (A600nm), soluble protein (mg/mL) and 
nitrogenase yields (nmolC2H4/mL/hr) of B. megaterium-ASNF3 in N free media at 
optimal conditions 
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Table 4.86: Growth (A600nm), soluble protein (mg/mL) and nitrogenase yields 

(nmolC2H4/mL/hr) by Corynebacterium variabile-ASNF3A in N-free broth medium 

of pH 7 after an incubation of 10 days at different temperatures (ºC)  

 

 ASNF3A 

Temperature 

(ºC) 

Nitrogenase 

(nmolC2H4/mL/hr) 

Total 

Protein(g/mL) 

Growth 

(OD600nm) 

20 1.59a±0.06 0.48d±0.02 0.21c±0.01

25 1.10bc±0.08 0.96a±0.02 0.22c±0.01

30 1.39ab±0.04 0.68bc±0.02 0.21b±0.003

37 0.94c±0.02 0.76b±0.02 0.55a±0.02

45 0.57d±0.06 0.59cd±0.02 0.40b±0.04

Values are means ± S.E.M. of three replicates. Those not sharing a common  alphabet 
within a respective group are significantly different from each other. Single factor 
analysis of variance (P ≤ 0.05). 
 

 

Fig. 4.90: Growth (A600nm), soluble protein (mg/mL) and nitrogenase yields 
(nmolC2H4/mL/hr) by Corynebacterium variabile-ASNF3A in N-free broth medium 
of pH 7 after an incubation of 10 days at different temperature (oC) 
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Table 4.87: Effect of different pH on Growth (A600nm), soluble protein (mg/mL) and 

nitrogenase yields (nmolC2H4/mL/hr) of Corynebacterium variabile-ASNF3A 

following incubation of 10 days in N-free media (pH 7) at respective optimal 

temperature 

 

pH 
Growth 

(A600nm) 

Total 

Protein(mg/mL)

Nitrogenase 

(nmolC2H4/mL/hr)

5 0.48b±0.02 2.05a±0.03 0.46c±0.11

6 0.46b±0.02 2.00ab±0.02 0.41c±0.01

7 0.48b±0.03 1.86bc±0.03 12.16b±0.49

8 0.56ab±0.02 1.80c±0.008 10.22c±0.03

9 0.52a±0.007 1.54d±0.04 16.26a±0.58

Values are means ± S.E.M. of three replicates. Those not sharing a common  alphabet 
within a respective group are significantly different from each other. Single factor 
analysis of variance (P ≤ 0.05). 
 

 

Fig. 4.91: Effect of different pH on Growth (A600nm), soluble protein (mg/mL) and 
nitrogenase yields (nmolC2H4/mL/hr) of Corynebacterium variabile-ASNF3A 
following incubation of 10 days in N- free media (pH 7) at respective optimal 
temperature 
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Table 4.89: Optimization of Growth (A600nm), soluble protein (mg/mL) and 

nitrogenase yields (nmolC2H4/mL/hr) of Corynebacterium variabile-ASNF3A 

following incubation of 10 days in N-free broth with different inoculum sizes its 

respective optimal conditions  

 ASNF3A 

Inoculum 

Size(%) 

Growth 

(OD600nm) 

Total 

Protein(g/mL) 

Nitrogenase 

Activity 

(nmolC2H4/mL/hr)

1 0.22b±0.009 1.81±0.01 0.64±0.02

5 1.03a±0.06 1.94±0.02 0.71±0.03

10 1.17a±0.05 1.62±0.13 1.86±0.03

Values are means ± S.E.M. of three replicates. Those not sharing a common  alphabet 
within a respective group are significantly different from each other. Single factor 
analysis of variance (P ≤ 0.05). 
 

 

Fig. 4.92: Optimization of Growth (A600nm), soluble protein (mg/mL) and 
nitrogenase yields (nmolC2H4/mL/hr) of Corynebacterium variabile-ASNF3A 
following incubation of 10 days in N-free broth wih different inoculum sizes at its 
respective optimal conditions 
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Table 4.90: Effect of chromium on Growth (A600nm), soluble protein (mg/mL) and 

nitrogenase yields (nmolC2H4/mL/hr) of Corynebacterium variabile-ASNF3A at 

different concentrations, following 10 days incubation in N-free media at optimal 

conditions  

Cr(VI) 

(µg/mL) 

Growth 

(A600nm) 

Total 

Protein(mg/mL) 

Nitrogenase 

(nmolC2H4/mL/hr)

Control(C) 0.66a±0.01 1.55a±0.03 10.15d±0.31

50 0.53b±0.01 1.62a±0.09 13.55c±0.17

100 0.45c±0.01 1.55a±0.02 29.74a±0.27

250 0.18d±0.02 1.50a±0.02 20.64b±0.58

500 0.09e±0.01 1.5498a±0.01 12.86cd±0.15

1000 
0.06e±0.00 1.56a±0.06 2.16e±0.12

 
Values are means ± S.E.M. of three replicates. Those not sharing a common  alphabet 
within a respective group are significantly different from each other. Single factor 
analysis of variance (P ≤ 0.05). 
 

 
Fig. 4.93: Effect of chromium on Growth (A600nm), soluble protein (mg/mL) and 
nitrogenase yields (nmolC2H4/mL/hr) of Corynebacterium variabile-ASNF3A at 
different concentrations, following 10 days incubation in N-free media at optimal 
conditions  
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Table 4.91: Effect of carbon source on Growth (A600nm), soluble protein (mg/mL) 

and nitrogenase yields (nmolC2H4/mL/hr) of Corynebacterium variabile-ASNF3A at 

different concentrations, following 10 days incubation in N- free media at optimal 

conditions 

C source 
(1%) 

Growth 
(A600nm) 

Soluble 
Protein(mg/mL) 

Nitrogenase 
(nmolC2H4/mL/hr)

Glucose 0.55±0.02a 0.12±0.01fg 4.35±0.13fg

Glactose 0.53±0.01ab 1.66±0.03a 1.90±0.21c

Fructose 0.44±0.007cd 0.39±0.01d 2.92±0.04g

Sucrose 0.49±0.01bc 0.29±0.01e 5.80±0.16ef

Maltose 0.40±0.005de 0.25±0.01e 8.55±0.10d

Arabinose 0.39±0.006e 0.98±0.01b 7.34±0.11de

Mannitol 0.53±0.01ab 0.27±0.005e 2.70±0.08g

Pyruvate 0.22±0.01g 0.60±0.006c 13.41±0.72b

Sodium succinate 0.32±0.01f 0.05±0.007h 17.09±0.35a

Sodium citrate 0.29±0.01f 0.07±0.01gh 6.40±0.18e

Sodium acetate 0.15±0.01h 0.06±0.01gh 4.30±0.21fg

Sorbitol 0.21±0.006g 0.16±0.01f 16.94±0.23a

Values are means ± S.E.M. of three replicates. Those not sharing a common alphabet 
within a respective group are significantly different from each other. Single factor 
analysis of variance (P ≤ 0.05). 
 

 

 
Fig. 4.94: Effect of carbon source on Growth (A600nm), soluble protein (mg/mL) and 
nitrogenase yields (nmolC2H4/mL/hr) of Corynebacterium variabile-ASNF3A at 
different concentrations, following 10 days incubation in N- free media at optimal 
conditions  
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Table 4.92: Effect of incubtion time on Growth (A600nm), soluble protein (mg/mL) 

and nitrogenase yields (nmolC2H4/mL/hr) of Corynebacterium variabile-ASNF3A in 

N- free media at optimal conditions 

 

Incubation 

Days 

Growth 

(A600nm) 

Total 

Protein(mg/mL)

Nitrogenase 

(nmolC2H4/mL/hr)

10 0.32ab±0.01 0.05a±0.01 17.09c±0.21

20 0.31ab±0.006 0.09a±0.005 13.16c±0.94

30 0.34a±0.03 0.17a±0.02 302.00a±7.50

40 0.31ab±0.01 0.20a±0.01 136.50b±6.20

50 0.26b±0.02 0.30a±0.07 160.32b±25.21

Values are means ± S.E.M. of three replicates. Those not sharing a common  alphabet 
within a respective group are significantly different from each other. Single factor 
analysis of variance (P ≤ 0.05). 
 

 

Fig. 4.95: Effect of incubation time on Growth (A600nm), soluble protein (mg/mL) and 
nitrogenase yields (nmolC2H4/mL/hr) of Corynebacterium variabile-ASNF3A in N-
free media at optimal conditions 
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Table 4.93: Growth (A600nm), soluble protein (mg/mL) and nitrogenase yields 

(nmolC2H4/mL/hr) by B. megaterium-ASNS13 in N-free broth medium of pH 7 after 

an incubation of 10 days at different temperatures (ºC) 

 

Temperature 

(ºC) 

Growth 

(A600nm) 

Total 

Protein(mg/mL)

Nitrogenase 

(nmolC2H4/mL/hr)

20 0.13c±0.01 0.21b±0.03 1.11b±0.06

25 0.24b±0.01 0.36b±0.01 1.18ab±0.04

30 0.13b±0.01 0.41a±0.01 1.51a±0.10

37 0.21a±0.01 0.40a±0.01 1.21ab±0.06

45 0.10c±0.01 0.34a±0.04 0.98b±0.05

Values are means ± S.E.M. of three replicates. Those not sharing a common  alphabet 
within a respective group are significantly different from each other. Single factor 
analysis of variance (P ≤ 0.05). 
 

 

Fig. 4.96: Growth (A600nm), soluble protein (mg/mL) and nitrogenase yields 
(nmolC2H4/mL/hr) by B. megaterium-ASNs13 in N- free broth medium of pH 7 after 
an incubation of 10 days at different temperature (oC) 
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Table 4.94: Effect of different pH on Growth (A600nm), soluble protein (mg/mL) and 

nitrogenase yields (nmolC2H4/mL/hr) of ASNs13 following incubation of 10 days in 

nitrogen free media (pH 7) at respective optimal temperature 

 

pH 
Growth 

(A600nm) 

Total 

Protein(mg/mL)

Nitrogenase 

(nmolC2H4/mL/hr)

5 0.16b±0.01 1.37c±0.06 3.87bc±0.63

6 0.20b±0.009 1.61b±0.03 2.27c±0.08

7 0.20b±0.007 1.31c±0.04 14.72a±1.68

8 0.20b±0.006 1.84a±0.01 9.55c±0.03

9 0.24a±0.02 1.64ab±0.03 8.52b±0.63

Values are means ± S.E.M. of three replicates. Those not sharing a common  alphabet 
within a respective group are significantly different from each other. Single factor 
analysis of variance (P ≤ 0.05). 
 

 

Fig. 4.97: Effect of different pH on Growth (A600nm), soluble protein (mg/mL) and 
nitrogenase yields (nmolC2H4/mL/hr) of B. megaterium-ASNs13 following 
incubation of 10 days in nitrogen free media (pH 7) at respective optimal 
temperature 
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Table 4.95: Optimization of Growth (A600nm), soluble protein (mg/mL) and 

nitrogenase yields (nmolC2H4/mL/hr) of B. megaterium-ASNS13 following 

incubation of 10 days in N-free broth with different inoculum sizes its respective 

optimal 

 

Inoculum 

Size(%) 

Growth 

(A600nm) 

Total 

Protein(mg/mL)

Nitrogenase 

Activity 

(nmolC2H4/mL/hr)

1 0.30a±0.02 1.86±0.02 0.75±0.10

5 0.29a±0.01 1.99±0.01 0.72±0.02

10 0.29a±0.01 2.12±0.02 0.82±0.03

Values are means ± S.E.M. of three replicates. Those not sharing a common  alphabet 
within a respective group are significantly different from each other. Single factor 
analysis of variance (P ≤ 0.05). 
 

 

Fig. 4.98: Optimization of Growth (A600nm), soluble protein (mg/mL) and 
nitrogenase yields (nmolC2H4/mL/hr) of B. megaterium-ASNS13 following 
incubation of 10 days in N-free broth wih different inoculum sizes its respective 
optimal conditions 
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Table 4.96: Effect of chromium on Growth (A600nm), soluble protein (mg/mL) and 

nitrogenase yields (nmolC2H4/mL/hr) of B. megaterium-ASNS13 at different 

concentrations, following 10 days incubation in N-free media at optimal conditions 

Cr(VI) 

(µg/mL) 

Growth 

(A600nm) 

Total 

Protein(mg/mL) 

Nitrogenase 

(nmolC2H4/mL/hr)

Control(C) 0.93a±0.02 1.42b±0.15 4.32bc±0.32

50 0.46b±0.02 1.47b±0.34 7.28a±0.65

100 0.36c±0.02 1.55a±0.01 5.77ab±0.26

250 0.32c±0.01 1.50a±0.02 4.03bc±0.29

500 0.20d±0.007 1.5a±0.01 5.00ab±0.27

1000 0.14d±0.00 1.4b±0.01 2.5c±0.27

Values are means ± S.E.M. of three replicates. Those not sharing a common  alphabet 
within a respective group are significantly different from each other. Single factor 
analysis of variance (P ≤ 0.05). 
 

 

Fig. 4.99:   Effect of chromium on Growth (A600nm), soluble protein (mg/mL) and 
nitrogenase yields (nmolC2H4/mL/hr) of B. megaterium-ASNS13 at different 
concentrations, following 10 days incubation in N-free media at optimal conditions 
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Table 4.97: Effect of carbon source on Growth (A600nm), soluble protein (mg/mL) 
and nitrogenase yields (nmolC2H4/mL/hr) of B. megaterium-ASNS13 at different 
concentrations, following 10 days incubation in N- free media at optimal conditions 
 

C source 
(1%) 

Growth 
(A600nm) 

Soluble 
Protein(mg/mL) 

Nitrogenase 
(nmolC2H4/mL/hr) 

Glucose 0.32±0.01a 0.11±0.01g 16.10±0.26a

Glactose 0.34±0.006a 1.79±0.03a 8.30±0.11de

Fructose 0.24±0.003bc 0.38±0.02de 13.10±0.14b

Sucrose 0.11±0.004ef 0.45±0.01cd 12.35±0.18bc

Maltose 0.07±0.008f 0.51±0.01c 6.17±0.10ef

Arabinose 0.34±0.01a 0.94±0.01b 13.05±0.37b

Mannitol 0.33±0.01a 0.30±0.01f 5.75±0.15f 

Pyruvate 0.15±0.01de 0.34±0.01ef 12.68±0.33b

Sodium succinate 0.25±0.01b 0.06±0.01gh 2.26±0.17g

Sodium citrate 0.08±0.01f 0.02±0.006h 8.32±0.35de

Sodium acetate 0.19±0.006cd 0.07±0.01gh 10.12±0.66cd

Sorbitol 0.31±0.02a 0.10±0.04gh 4.82±0.98f

Values are means ± S.E.M. of three replicates. Those not sharing a common  alphabet 
within a respective group are significantly different from each other. Single factor 
analysis of variance (P ≤ 0.05). 
 

 

Fig. 4.100: Effect of carbon source on Growth (A600nm), soluble protein (mg/mL) and 
nitrogenase yields (nmolC2H4/mL/hr) of B. megaterium-ASNS13 at different 
concentrations, following 10 days incubation in N-free media at optimal conditions 
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Table 4.98: Effect of incubtion time on Growth (A600nm), soluble protein (mg/mL) 

and nitrogenase yields (nmolC2H4/mL/hr) of B. megaterium-ASNS13 in N-free 

media at optimal conditions 

 

Incubation 

Days 

Growth 

(A600nm) 

Total 

Protein(mg/mL)

Nitrogenase 

(nmolC2H4/mL/hr)

10 0.32ab±0.02 0.11d±0.02 16.1c±0.30

20 0.19b±0.008 0.68cd±0.01 17.81c±6.67

30 0.24b±0.01 1.06b±0.03 138.24a±5.66

40 0.24b±0.01 1.48a±0.06 51.50bc±1.42

50 0.39a±0.03 0.84bc±0.06 78.22b±4.53

Values are means ± S.E.M. of three replicates. Those not sharing a common  alphabet 
within a respective group are significantly different from each other. Single factor 
analysis of variance (P ≤ 0.05). 
 

 

Fig: 4.101. Effect of incubation time on Growth (A600nm), soluble protein (mg/mL) 
and nitrogenase yields (nmolC2H4/mL/hr) of B. megaterium-ASNs13 in N-free media 
at optimal conditions  
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4.12.6 Indole Acetic Acid Production by nitrogen fixing bacteria   

Pattern of indoleacetic acid production by the nitrogen fixing bacterial isolates 

varied greatly among the inhabitants of different soil depths. The bacterial isolates 

Paenibacillus-barcinonensis-ASNt10 and B. cereus-ASNt11 from top soil showed 

significantly higher levels upto 91.74 and 140.90 µg/mL, respectively of the plant growth 

promoting hormone as compared to those isolated from deeper soil depth which could 

maximally yield indoleacetic acid upto 20.94µg/mL (Table 4.99). All of the isolates 

showed ammonia production indicated by the appearance of yellow colour. 
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Table 4.99: Plant growth promoting activities of nitrogen fixing bacteria in M-II 
broth supplemented with trytophan following an incubation of 72 at 30°C 

Isolate Code 
Indoleacetic Acid 

(µg/mL) 

Ammonia 

production 

Paenibacillus-

barcinonensis-ASNt10 
91.74b±6.22 +ve 

B. cereus-ASNt11 140.90a±1.47 +ve 

B. megaterium-ASNF3 14.83c±0.78 +ve 

Corynebacterium variabile-

ASNF3A 

20.94c±0.88 

 
+ve 

B. megaterium -ASNS13 14.08c±0.14 +ve 

Values are means ± S.E.M. of three replicates. Those not sharing a common  
alphabet within a respective group are significantly different from each other. Single 
factor analysis of variance (P ≤ 0.05). 
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4.13. Optimization of growth and denitrification potential of the select 

denitrifying bacteria 

4.13.1 Effect of oxygen on growth and denitrification 

 Bacillus subtilis-ASDT1a grew best under anaerobic conditions with growth A. 

600nm 0.83 and complete removal of nitrate following 48 hrs cultivation at 37oC in M-IV 

medium. Whereas 32% of the nitrate supplied retained by the medium when the 

bacterium was grown (A 600nm 0.45)  under aeration condition. Likewise Bacillus cereus-

ASDS9 preferred anaerobic conditions for complete removal of 1 mg/mL of nitrate with 

cell density 0.66. While the bacterium could achieve 84% nitrate reduction with growth 

A. 600nm 0.33 when the culture was aerated (Table 4.100; Fig. 4.102). 

4.13.2 Effect of temperature on growth and denitrification 

Growth and nitrate removal both varied significantly under different incubation 

temperatures. The bacterium Bacillus subtilis-ASDT1a grew better with A.600nm up to 

0.56 at 37ºC with complete removal of 1 mg/mL of nitrate supplied. Nitrate removal of 

82% and 40 % was achieved by Bacillus subtilis-ASDT1a  at 25 ºC and 45 ºC incubation 

temperatures with A. 600nm of 0.42 and 0.27, respectively (Table 4.101; Fig. 4.103).  

Bacillus cereus-ASDS9 removed nitrate completely from the medium when 

incubated at 37ºC with maximum growth A.600nm 0.72. While nitrate removal of 83% and 

62% occurred with cell densities A.600nm  of 0.35 and 0.26 at 25 ºC and 45 ºC incubation 

respectively (Table 4.101; Fig. 4.103). 
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Table  4.100: Growth and denitrification potential of the select bacteria in M-V with 

initial nitrate loading of 1mg/L after an incubation period of 48 hrs at different 

oxygen conditions 

 

 
 

Bacterial species  

 

Oxygen 

condition 

 

Growth 

(A 600nm) 

Residual 

nitrate 

concentration 

(mg/l) 

B. subtilis-ASDT1a Aerobic 0.45bc±0.07 0.31a±0.03

Anaerobic 0.83a±0.02 0.00

B. cereus-ASDS9 Aerobic 0.33c±0.01 0.16b±0.03

Anaerobic 0.66ab±0.02 0.00

Values are means ± S.E.M. of three replicates. Those not sharing a common  alphabet 
within a respective group are significantly different from each other. Single factor 
analysis of variance (P ≤ 0.05). 
 

 

 
Fig. 4.102: Growth and denitrification potential of the select bacteria in M-V with 
initial nitrate loading of 1mg/L after an incubation period of 48hrs at different 
oxygen conditions  
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Table 4.101: Growth and denitrification potential of the select bacteria in M-V with 

initial nitrate loading of 1mg/L after an incubation period of 48 hrs at different 

temperatures (°C) 

 

 

Bacterial species 
Incubation 

temperature(°C)

Growth 

(A 600nm) 

Residual nitrate 

concentration 

(mg/l) 

B. subtilis-

ASDT1a 

 

25 0.42c±0.01 0.18bc±0.03

37 0.56b±0.02 0.01c±0.00

45 0.27d±0.03 0.59a±0.08

B. cereus-ASDS9 25 0.35cd±0.03 0.17bc±0.02

37 0.72a±0.02 0.00c±0.0

45 0.26d±0.02 0.37b±0.03

Values are means ± S.E.M. of three replicates. Those not sharing a common  alphabet 
within a respective group are significantly different from each other. Single factor 
analysis of variance (P ≤ 0.05). 
 

 

 
Fig. 4.103: Growth and denitrification potential of the select bacteria in M-V with 
initial nitrate loading of 1mg/L after an incubation period of 48hrs at different 
incubation temperatures (oC) 
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4.13.3 Effect of pH on growth and denitrification 

 Bacillus subtilis-ASDT1a grew best with A. 600nm of 0.50 at slightly alkaline pH 

(7.5) while acidic (pH 5) and highly alkaline i.e., 9 pH could allow growth of cell 

densities only up to 0.14 and 0.32, respectively.  A pH 7.5 also complete nitrate removal 

was observed while at pH 5 and 9 only 27% and 68% of the nitrate reduced, respectively 

(Table 4.102; Fig. 4.104).    

Bacillus cereus-ASDS9 also preferred 7.5 pH and achieved 100% nitrate reduction 

with cell density of 0.64. Whereas 47% and 87% nitrate reductions occurred at pH 5 and 

9 with respective A. 600nm of 0.15 and 0.44 (Table 4.102; Fig. 4.104). 

4.13.4 Effect of inoculums size on growth and denitrification  

 Inoculum 10% showed complete removal of nitrate with accompanying growth of 

0.67 A. 600nm for Bacillus subtilis-ASDT1a.  When the bacteria was cultivated at its 

predetermined aeration, incubation temperature and pH optima. It was followed by 5% 

inoculum size with removal of 95% nitrate and growth A. 600nm 0.56. While cells density 

of 0.46 and 86% nitrate removal was achieved with 1% inoculum size (Table 4.103; Fig. 

4.105).   

In case of Bacillus cereus-ASDS9 highest growth(A. 600nm 0.88)was observed with 

10% inoculum as compared to 0.65 A.600nm  with 5%, however, a complete removal of 

nitrate was recorded for both the conditions. Significant nitrate reduction (92%) with A. 

600nm 0.47 was also recorded when the growth was started with 1% inoculums size (Table 

4.103; Fig. 4.105). 
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Table 4.102: Growth and denitrification potential of the select bacteria in M-V 

broths of different pH containing 1 mg/l  of nitrate after an incubation period of 48 

hrs. 

 

 

Bacterial species  pH 
Growth 

(A600nm) 

Residual nitrate 

concentration 

(mg/l) 

B. subtilis-ASDT1a 

 

5 0.35bc±0.03 0.17c±0.02

7.5 0.72a±0.02 0.00±0.0

9 0.26c±0.02 0.37b±0.03

B. cereus-ASDS9 5 0.15c±0.01 0.53a±0.02

7.5 0.64ab±0.06 0.00±0.00

9 0.44bc±0.01 0.16c±0.02

Values are means ± S.E.M. of three replicates. Those not sharing a common  alphabet 
within a respective group are significantly different from each other. Single factor 
analysis of variance (P ≤ 0.05). 
 

 

 
Fig. 4.104: Growth and denitrification potential of the select bacteria in M-V with 
initial nitrate loading of 1mg/L after an incubation period of 48hrs at different 
initial pH  
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Table 4.103: Growth and denitrification potential of select bacteria in M-VI broths 

containing 5mg/1mg/l  of nitrate following incubation period of 48 hrs with different 

inoculum sizes 

 

Bacterial species 
Inoculum 

size (%) 

Growth 

(A 600nm) 

Residual nitrate 

concentration 

(mg/l) 

B. subtilis-ASDT1a 

 

1 0.46c±0.02 0.14a±0.02

5 0.56bc±0.02 0.05b±0.02

10 0.67a±0.02 0.00±0.00

B. cereus-ASDS9 

1 0.47c±0.03 0.05b±0.02

5 0.65b±0.02 0.0±0.00

10 0.88a±0.04 0.00±0.00

Values are means ± S.E.M. of three replicates. Those not sharing a common  alphabet 
within a respective group are significantly different from each other. Single factor 
analysis of variance (P ≤ 0.05). 
 

 

 
Fig. 4.105: Growth and denitrification potential of the select bacteria in M-V broths 
containing mg/l of nitrate following incubation period of 48hrs with different 
inoculum sizes  
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4.13.5 Growth and denitrification potential of the bacteria cultivated optimally in 

M-V medium for different incubation times.  

Bacillus subtilis-ASDT1a showed progressive denitrification over a period of 

144hrs with 15 mg/mL of initial nitrate loading. Percent reduction of only 5.2% could be 

achieved after 24hrs with cells density of 0.4 A600nm. However, progressive reductions of 

26%, 39%, 53%, 55% and 60% were observed 2nd through 6th days, with corresponding 

cell densities of 0.47, 0.62, 0. 71, 0.77 and 0.65 (A600nm), respectively. The reduced 

nitrate appeared in form of nitrite accumulation upto 0.6, 3.9, 6.4, 7, 8.4 and 8.37 mg/mL 

in medium after 24, 48, 72, 96, 120 and 144hrs, respectively. Maximum growth was 

recorded at 24 hrs of the incubation (Table 4.104; Fig. 4.106).   

Bacillus cereus-ASDS9 reduced efficiently upto 36% of 15mg/mL of nitrate 

within 24 hrs of incubation. Progressive reductions resulted in complete removal of 

nitrate on 5th day of incubation with growth (A600nm) 0.81. Residual nitrite only upto 

5.12mg/L was detectable at 48 hrs of incubation, while no nitrite appeared at later 

incubation periods. Maximum growth of this bacterium was again observed at 24 hrs of 

incubation (Table 4.105; Fig. 4.107). 
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Table 4.104: Growth and denitrification potential of B. subtilis-ASDT1a optimally in 

M-V medium with 15mg/l of nitrate for different incubation periods. 

 

Incubation 

time (hrs) 

Growth 

(A 600nm) 

Residual nitrate 

(mg/l) 

Nitrite 

accumulation

(mg/l) 

24 0.40de±0.01 14.00a±0.43 0.60d±0.09

48 0.47d±0.02 11.40b±0.18 3.88c±0.04

72 0.62c±0.01 9.02c±0.40 6.37b±0.22

96 0.71a±0.03 7.46d±0.18 6.96b±0.03

120 0.77a±0.01 6.39df±0.14 8.42a±0.14

144 0.65bc±0.02 5.97f±0.08 8.37a±0.25

Values are means ± S.E.M. of three replicates. Those not sharing a common  alphabet 
within a respective group are significantly different from each other. Single factor 
analysis of variance (P ≤ 0.05). 
 

 

 
Fig. 4.106: Growth and denitrification potential of B. Subtilis-ASDT1a in M-V 
medium with 15mg/I nitrate at different incubation periods (37oC) 
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Table 4.105: Growth and denitrification potential of B. cereus-ASDS9 in M-V 

medium with 15mg/l of nitrate at different incubation periods(37°C) 

 

Incubation 

time (hrs) 

Growth 

(A 600nm) 

Residual nitrate 

concentration 

(mg/l) 

Nitrite 

accumulation 

(mg/l) 

24 0.56cd±0.03 10.37a±0.14 4.84a±0.03

48 0.68abcd±0.02 8.34b±0.23 5.12a±0.05

72 0.79abc±0.01 5.41c±0.14 N

96 0.81ab±0.01 1.44d±0.19 N

120 0.86a±0.03 0.04e±0.03 N

144 0.80abc±0.02 0.00±0.00 N

Values are means ± S.E.M. of three replicates. Those not sharing a common  alphabet 
within a respective group are significantly different from each other. Single factor 
analysis of variance (P ≤ 0.05). 
 

 

Fig. 4.107: Growth and denitrification potential of B. cereus-ASDS9 in M-V broth 
with 15mg/I nitrate at different incubation periods (37oC) 
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4.13.6 Simultaneous reduction of nitrate and chromium in nitrate containing 

(15mg/l) M-V broths of different Cr(VI) concentrations(mg/l)  under batch 

conditions 

Effects of different chromium concentrations on growth, denitrification potential 

and chromium reduction by B.cereus-ASDS9 are illustrated in (Table 4.106; Fig. 4.108) 

At Cr(VI) concentration of 5 mg/l of M-V broth, complete reduction of nitrate as well as 

of Cr(VI) without any residual traces of the both oxyanions with a cell density of 0.74 (A. 

600nm) were recorded following 96 hrs of anaerobic incubation at 37oC, with 7.5 pH and 

10% inoculum size. However, increasing Cr(VI) concentrations lead to 17, 19 and 22% 

decreases in nitrate reductions at 10, 15 and 20mg of Cr(VI) per liter, respectively. For 

these experiments decreases in chromium reductions at 15 and 20 mg/l of Cr(VI) upto 7.4 

and 9.3 % respectively were also observed. When nitrite accumulation was taken into 

consideration, it was detectable (0.56mg/l) only in the medium that was amended initially 

with 20mg/l of Cr(VI). Cell densities responded retrogressively to the increasing 

concentrations of Cr(VI) with highest (A600nm of 0.74) for the lowest Cr(VI) i.e., (5mg/l) 

stress (Table 4.106; Fig. 4.108).     
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Table 4.106: Simultaneous reduction of nitrate (15mg/l) by B cereus-ASDS9 

cultivated anaerobically at 37oC, 7.5 pH with 10% inoculums size at different 

concentrations chromium in M-V broths under batch conditions for 96 hrs.  

 

Cr(VI)  

(mg/l) 

Growth 

(A 600nm) 

Residual nitrate 

concentration 

(mg/l) 

Nitrite 

accumulation

(mg/l) 

Residual Cr(VI) 

concentration 

(mg/l) 

5 0.74a±0.01 N N N

10 0.64b±0.02 2.6a±0.15 N N

15 0.54c±0.03 2.8a±0.06 N 1.11b±0.06

20 0.55c±0.01 3.3a±0.38 0.56a±0.20 1.86a±0.15

Values are means ± S.E.M. of three replicates. Those not sharing a common  alphabet 
within a respective group are significantly different from each other. Single factor 
analysis of variance (P ≤ 0.05). 

 

 

 
Fig. 4.108: Growth and denitrification potential of B. cereus-ASDS9 in nitrate 
containing (15mg/l) M-V broth amended with different Cr(VI) concentrations 
(mg/I) at its incubation optima  
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4.13.7 Simultaneous reduction of nitrate and chromium in H2-based membrane 

biofilm reactor 

The results for simultaneous removal of nitrate and chromate are presented in 

(Table 4.107; Fig. 4.109) summarizes the steady state results of nitrate and Cr(VI) 

reduction during the following stages of biofilm reactor. 

Stage 1. 

After 24 hours of continuous operation equal concentrations of nitrate were 

recorded in the influent and effluent. No reduction was recorded when the reactor was 

operated for 10 days in this stage. In contrast to nitrate, a sharp reduction of Cr(VI) was 

noticed soon after 24 hrs of the continuous operation. However, (64%) reduction of the 

metal observed at 24 hrs declined 3rd and 4th day. So that at 5th day level of Cr (VI) in 

effluent became similar to that observed for the influent. Reactor was analyzed for ten 

days in this stage and steady state results were found. Biofilm development over the 

membranes was not observed during the stage (Fig. 4.109). 

Stage 2. 

Organic donor supplemented medium fed to reactor significantly enhanced nitrate 

as well as Cr(VI) reductions. Nearly 90% of the nitrate reduced at 4th day of stage 2 

without nitrite accumulation and with 22% of Cr(VI) reduction. From 8th day of the stage 

2 to the 24th days, a consistent removal of 94% nitrate was observed. The results appeared 

follow a steady state pattern following 8th day of the stage 2 of the bioreactor. A visible 

biofilm also developed over the fiber membranes during this stage (Fig. 4.109)  

Stage 3. 

When the reactor was put to stage 3 with lower chromium loading (0.5ppm) in the 

influent, nitrate reduction enhanced which resulted in complete removal of 1 ppm of 

nitrate while the Cr(VI) reduction dropped down to 9% in a steady state manner (Fig. 

4.109).  
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Fig. 4.109: Simultaneous reduction of nitrate and chromium in H2- based 
membrane biofilm B. cereus-ASDS9 reactor under different operational conditions 
of electron donors and acceptors  

 

4.13.8 Molecular analysis of biofilm for 16SrRNA and nirS genes sequencing 

16SrRNA and nirS genes in biofilms from the reactor at stages 2 and 3 are 

presented in (Table 4.108; Fig. 4.110) It is clear from the results that lower nirS gene 

corresponded to lower bacterial biomass accumulated over the membranes. However, 

decreasing Cr(VI) concentrations for stage 3, enhanced 16SrRNA as well as nirS genes’ 

copy number as shown in Fig. 110. 
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Table 4.107:  Simultaneous nitrate and chromium reduction potential of (B.cereus-

ASDS9) in H2-based membrane biofilm reactor under different operational 

conditions of electron donors and acceptors 

 

Reactor 

Stage 

Electron 

acceptor 

Concentrations 

of electron 

acceptors (ppm) 

Electron donor % reduction 

1 
NO3-N 

Chromate 

1

1
5.5 H2 psi 

2 
NO3-N 

Chromate 

1

1

Yeast 

extract(1mg/l) 

94

22

3 

 

NO3-N 

Chromate 

1

0.5

Yeast 

extract(1mg/l) 

    100

       9
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Table 4.108: Trends in gene copy number of 16SrRNA and nirS and biomass of 

B.cereus-ASDS9 during different steady state conditions of the membrane biofilm 

reactor 

 

Bioreactor 

stags 

Biofilm 

area(cm2) 

16SrRNA gene 

copies/cm2 

nirS gene 

copies/cm2 

No of cells on 

16SrRNA basis 

1 0.41 0 0 0 

2 0.41 
1.98E+11b±3.69E+0

8 
1.61E+10b±9.01E+09 2.82E+10b±1.29E+09 

3 0.41 
6.73E+12a±7.22E+0

9 
3.79E+11a±1.76E+11 9.62E+11a±2.5E+10 

Values are means ± S.E.M. of three replicates. Those not sharing a common  alphabet 
within a respective group are significantly different from each other. Single factor 
analysis of variance (P ≤ 0.05). 
 

 

 
Fig. 4.110: Trends in gene copy number of 16SrRNA and nirS and cells of B.cereus-
ASDS9 according to different steady state conditions of membrane biofilm reactor  
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4.14 Soil Bioremediation 

The bacteria B. amyloliquefaciens-ASK11and B. megaterium-ASNF3 

representatives of carbon and nitrogen cycles were employed for bioremediation. The 

colonies morphologies on there respective selective and nutrint ager media are presented 

in Fig. 4.111 & 4.112, respectively.  

4.14.1 Survival of inoculants in soil bioreactor 

4.14.1.1 Single culture biotreatments with B. amyloliquefaciens-ASK11 

CFU of B. amyloliquefaciens-ASK11 per mL of soil suspension of treatment BaN-

ve was 2×104 during the initial incubation period while it increased with increase in 

incubation time and reached maximum of 3×106  at the termination of experiment after an 

incubation time of 56 days. B. amyloliquefaciens-ASK11 grew appreciably from 7-14 

days of incubation with 3×104 to 4×106 of CFU per mL soil suspension of treatment 

BaN+ve, respectively (Table 4.109a; Fig. 4.113). 

4.14.1.2 Single culture biotreatments with B. megaterium-ASNF3 

B. megaterium-ASNF3 inoculants in the soil bioreactors responded negatively to the 

presence of additional nutrients. In the treatment BmN+ve with nutrient amendments a rapid 

increase in CFU/ml upto 3×103 during the initial 7 days of incubation was observed. Maximum 

elevation of CFU having a value of 1×105 for the nutrient added bioreactor (BmN+ve) occurred at 

14th day of incubation. Same trend but with significantly higher CFU/ml of B. megaterium-

ASNF3 at various sampling points was recorded for the treatments BmN-ve. However, growth of 

B. megaterium-ASNF3 in bioreactor  treatment BmN-ve was slower at beginning of the 

experiment as the CFU approval as 2×103 as compared to the respective value of 3×103 for the 

treatment BmN+ve. Gradual decreases in growth after the peaks at 14th day post-inoculation were 

recorded for rest of the experimental period (Table 4.109a; Fig. 4.114).  
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4.14.1.3 Co-culture biotreatments with B. amyloliquefaciens-ASK11 and B. 

megaterium-ASNF3: 

Soil bioreactors with co-cultures of B. amyloliquefaciens-ASK11 and B. 

megaterium-ASNF3 reflected significant dominance of B. megaterium-ASNF3 over B. 

amyloliquefaciens-ASK11 with maximum CFU 5×106 and 3×105 after 28 and 14 days of 

incubation while B. amyloliquefaciens-ASK11 grew maximum with CFU/mL 2×105 and 

1×105 after an incubation period of 35 and 21 days in soil treatments (Ba+Bm)N-ve and 

(Ba+Bm)N+ve, respectively (Table 4.109a; Fig. 4.115). 

4.14.2 Cr(VI) reduction in soil bioreactors 

4.14.2.1 Single culture biotreatments employing B. amyloliquefaciens-ASK11 

Performance of the soil treatments inoculated with B. amyloliquefaciens-ASK11 in 

perspective of Cr(VI) reduction with different nutrients conditions is presented in table 

4.109b. The bacterium proved highly efficient for Cr(VI) reduction. Cr(VI) reduction was 

carried out under facultative conditions with an initial concentration of 1000mg of K2Cr2O7 per 

liter of soil suspension in soil bioreactors. Performance of the soil bioreactors is presented in Fig. 

4.113.  Appreciable abiotic chromium reduction nearly 14% of the added Cr(VI) was observed 

just after 7th day of incubation in control reactor. Thereafter no further noticeable decrements 

were observed for the control reactor and it reached 829 ppm at end of the experiment. The soil 

treatment without any nutrient (BaN-ve) supply for optimal microbial activity was more 

active in reducing chromium during the initial period and showed % reduction while the 

one with nutrient amendments (BaN+ve) was slower with only 10% reduction after 2 

weeks of incubation (Table 4.109b; Fig. 4.113). 

4.14.2.2 Single culture biotreatments employing B. megaterium-ASNF3 

The B. megaterium-ASNF3 proved very efficient in reducing Cr(VI) under soil 

conditions(Fig. 4.114). Chromium reductions increased with increase in incubation period in both 

experimental bioreactors. The soil reactor without nutrient supplement (BmN-ve)appeared more 

efficient in reducing chromium than the nutrient amended (BmN+ve), except for the last sampling 

point. Decreases in residual Cr(VI) observed from 7-42 days ranged from 764 to 528ppm in 
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bioreactor BmN-ve while the corresponding values of bioreactor BmN+ were 961 to 734 ppm. 

Cr(VI) dropped sharply during the last 15 days of incubation period and valued down to 134 and 

99ppm in bioreactor BmN-ve and BmN+ve, respectively (Table 4.109b; Fig. 4.114).   

4.14.3 Co-culture biotreatments employing B. amyloliquefaciens-ASK11 and B. 

megaterium-ASNF3 

The Cr(VI) reduction trend was opposite in regard to nutrient supplement when 

compared with single inocula treatments. A negligible (1%) Cr(VI) reduction was 

obderved during initial 7 days of incubation. Till 14th days of incubation, Cr(VI)reduction 

was higher in the nutrients non-supplemented co-cultured treatment(Ba+Bm)N-ve as 

compared to nutrient amended treatment (Ba+Bm)N+ve. However, from 14th days 

afterwards higher reductions were recorded for nutrient amended co-cultured treatment as 

compared to nutrient deficient and correspondingly residual Cr(VI) levels measured as 

154 and 70 µg/mL at last sampling point (56 days) (Table 4.109b; Fig. 4.115). 
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Fig. 4.111: Colonies of B.amyloliquefaciens-ASK11 on (a)nutrient 
agar and (b) cellulose selective media (M-I) 

ASK 11 

ASK 11 
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Fig. 4.112: Colonies of B.megaterium-ASK11 on (a)nutrient agar 
and (b) N-free agar medium (M-II) 

ASNF 3 

ASNF 3 
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Table 4.109(a):  Effects of single and co-inocula of B. amyloliquefaciens-ASK11(Ba) and B.megaterium-ASNF3(Bm) treatments 

without (N-ve) and with (N+ve) nutrient supplement on changes in CFU/ml  of bioreactor soil suspensions analyzed at (30°C) 

different post incubation times(week) 

Treatment 
Code 

Treatment 
conditions 

Incubation Time 
(Week) 

1 2 3 4 5 6 8 

CCr Chromium spiked 
control - - - - - - - 

BaN-ve 
B. 

amyloliquefaciens-
ASK11 

2.7×104±3.0E+3j 211×104±57.0E+3cd 195×104±180.1E+3d 247×104±63.1E+3c 314×104±58.1E+3b 352×104±48.1E+3ab 
 

312×104±22.7E+3b 

BmN-ve 
B. megateriums-

ASNF3 

 
0.2×104±1.60E+02j 

 
2×103±9.28E+01fghij 28×104±1.42E+04ij 12×104±3.41E+04j 7×104±2.59E+04j 1×104±1.44E+03j  

5×103±1.09E+03j 

BaN+ve 

B. 
amyloliquefaciens-

61ASK11+MVII 
medium 

2.6×104±0.36E+02j 375×104±1.03E+05a 52×104±6.07E+04fghi 66×104±1.02E+05f 198×104±9.90E+04d 188×104±19.90E+04d 110×104±1.07E+05e 

BmN+ve 
B. megateriums-

ASNF3+ MVII 
medium 

 
0.3×104 ±5.01E+03j 

 
3×103±2.9±0E+02hij 14×104±2.13E+04j 4×104±1.29E+04j 

 
2×104±2.88E+03j 

 
1×104±2.38E+03j 2×104±3.40E+03j 

(Ba+Bm)N-ve 

B. 
amyloliquefaciens-

ASK11+  

 
(7.8×104  ±2.43E-02 

 
3.5×104  ±9.01E-03)ij 

 

(7.8×104±2.43E+03 
 

3.5×104±)ghij 

(5×104±2.06E+04 
 

16×104±9.25E+03)fghij 

(8×104±3.40E+03 
 

32×104±1.01E+05)fgh 

(9×104±5.53E+03 

 

462×104±2.93E+04)f 

(20×104±8.97E+03 
 

44×104±2.60E+04)fg 

(11×104±1.37E+04 
 

28×104±4.23E+04)fghij B. megateriums-
ASNF3 

(Ba+Bm)N+ve 

B. 
amyloliquefaciens-

ASK11+  (3.8×104 ±5.28E-02 
 

9.9×104 ±1.17E-01)hij 

(3.8×104±5.28E+03 
 

10×104±1.17E+04)Fghij 

(6×104±4.58E+03 

 

27×104±1.23E+04) hij 

(12×104±4.20E+04 
 

4×104±4.75E+03) ij 

 
(6×104±2.04E+04 

 

6×104±1.05E+04) ij 

 
 

(2×104±3.31E+03 
 

9×104±3.78E+03) ij 
 

(2×104±2.38E+03 

 

4×104±7.73E+03) j B. megateriums-
ASNF3+ MVII 

medium 
Values are means ± S.E.M. of three replicates. Those not sharing a common  alphabet within a respective group are significantly different from each other. Single 
factor analysis of variance (P ≤ 0.05). 
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Table 4.109(b):  Effects of single and co-inocula of B. amyloliquefaciens-ASK11(Ba) and B.megaterium-ASNF3(Bm) treatments 

without (N-ve) and with (N+ve) nutrient supplement on Cr(VI) reduction of bioreactor soil suspensions analyzed at (30°C) 

different post incubation times(week) 

Treatment 
Code 

Treatment conditions 

Incubation Time 
(Week) 

1  2  3  4  5  6  8 

CCr 
Chromium spiked 

control 
857±3  853±8 850±1.65  845±5.7  841±30  837±38  829±10 

BaN‐ve 
B. amyloliquefaciens-

ASK11 
887±1.30  600±30.64  561±7.5  540±11  487±27  410±33  135±4.52 

BmN‐ve 
B. megateriums-

ASNF3 
808±5.6  764±7.6  735±5  722±15  609±16  624±37  134±8.9 

BaN+ve 
B. amyloliquefaciens-

61ASK11+MVII 
medium 

910±1.32  865±30.6  796±7.5  791±11  746±27  700±33  46±4.5 

BmN+ve 
B. megateriums-
ASNF3+ MVII 

medium 
991±1.3  961±19  893±18  801±10  712±37  757±44  99±4.46 

(Ba+Bm)N‐ve 
B. amyloliquefaciens-

ASK11+ B. 
megateriums-ASNF3 

1000±1.3  911±4.2  873±4  869±42  766±17  629±31  154±12 

(Ba+Bm)N+ve 

B. amyloliquefaciens-
ASK11+ B. 

megateriums-
ASNF3+ MVII 

medium 

990±1  986±15  857±20  717±14  665±18.7  553±33  70±7 

Values are means ± S.E.M. of replicates 

258 



 259

 

 

Fig. 4.113: Effects of inocula of B. amyloliquefaciens-ASK11 treatmens without 
(BaN-ve) and with (BaN+ve) nutrient supplement on Cr(VI) reduction and changes 
in CFU/m of bioreacor soil suspencions analyzed at (30oC) different post incubation 
periods (week) 

 
 
 
 

 

Fig. 4.114: Effect of inocula of B. megaterium-ASNF3 treatments without (BmN-ve) 
and with (BmN+ve) nutrient supplement on Cr(VI) reduction and changes in 
CFU/ml of bioreactor soil suspensions analyzed at (30oC) different post incubation 
perods (week) 
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Fig. 4.115: Effect of co-inocualtions of B. amyloliquefaciens-ASK11 and B. 
megaterium-ASNF3 treatments without ((Ba+Bm)N-ve) and with ((Ba+Bm)N+ve) 
nutrient supplemnt on Cr(VI) reduction and changes in CFU/ml of bioreactor soil 
supensios analyzed at (30oC) different post incubation periods (week) 
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4.14.4 Chromium mass balance , pH, cellulase and nitrogenase yields of treatments 

post incubation 

 At the termination of experiment i.e., after an incubation period of 56 days mass 

balance of chromium was determined (Table 4.110). It was observed that higher fraction 

of total chromium was present in soil suspension, while lesser mass was held in soil. 

Another important observation was that total chromium bound to soils was higher in the 

nutritionally supplemented bioreactors. 

After 56 days concentration (ppm) of Cr (VI) in soil suspension was 135, 134, 

46.5, 99.12, 154.41 and 70.32 for soil treatments BaN-ve, BmN-ve, BaN+ve, BmN+ve, 

(Ba+Bm)N-ve and (Ba+Bm)N+ve, respectively, while 562.94 ppm was observed in 

chromium spiked control (CCr). A sum of total chromium in leachate and soil showed 

1000, 989.5, 988.5, 989, 972.75, 990.5 and 983 ppm in control (CCr), BaN-ve, BmN+ve, 

BaN+ve, BmN+ve, (Ba+Bm)N-ve, and (Ba+Bm)N+ve bioreactors, respectively (Table 

4.110). 

 After 56 days of incubation an increase in pH of the soil was observed in all 

treatments with minimum increase in CCr control (7.1±0.02). Thus pH rose to 7.6±0.02, 

7.5±0.03, 7.9±0.02, 8.1±0.01, 7.8±0.02 and 8.3±0.02 in treatments BaN-ve, BmN-ve, 

BaN+ve, BmN+ve,(Ba+Bm)N-ve and (Ba+Bm)N+ve, respectively (Table 4.110; Fig. 4.116). 

Nitrogenase activity of soil suspensions at the termination of experiments in single 

and co-cultures of B. megaterium-ASNF3 are given in Highest nitrogenase activity was 

recorded for nutrient amended co-culture treatment T8 and showed 25±0.7 nmolC2H2/ml/h 

which slowed down in an order of 22.1±0.9, 21.8±0.8 and 14.6±0.9 nmolC2H2/ml/h in soil 

treatments(Ba+Bm)N-ve, BmN+ve and BmN-ve, respectively (Table 4.110; Fig. 4.117). 

Cellulase activity of soil suspensions at the termination of experiments in single and 

co-cultures of B. amyloliquefaciens-ASK11 are given in B. amyloliquefaciens-ASK11 

expressed highest cellulase activity (13U/ml) in treatment (Ba+Bm)N+ve while cellulase 

units 4.5, 6.1 and 4.4 appeared in treatments BaN-ve, BmN+ve and (Ba+Bm)N-ve, 

respectively (Table 4.110; Fig. 4.118).  
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Table 4.110: Chromium mass balance and bacterial nutrient turnover in soil bioreactors liquid and solid phase at termination 

of experiment (incubation period 56 days) 

Soil Treatments Treatment condition 
Initial 
Cr(VI) 

(ppm) 

Mass of Cr(VI ) 
in leachate 

(ppm) 

Mass of total 
Cr in 

leachate 

(ppm) 

Mass of 
Total Cr in 

soil 

(ppm) 

Total Cr in 
bioreactor 

(ppm) 

Percent 
reduction 

(%) 
pH 

Nitrogenase 

(nmolC2H2/ml/hr) 

 

Cellulase 
activity(U/mL) 

 

CCr Chromium spiked 
control 

1000 

829a±21 860a±32 140d±26 1000a 15d±0.5 7.1g±0.02 ND ND 

BaN-ve B. amyloliquefaciens-
ASK11 

135b±5 634.5c±26 355a±21 989.5a±55 80c±1 7.6e±0.02 ND 4.5c±0.02 

BmN-ve B. megateriums-
ASNF3 

134b±2 825a±31 163d±3 988a±43 84bc±2 7.5f±0.03 14.6c±0.9 ND 

BaN+ve B. amyloliquefaciens-
61ASK11+MVII 

medium 
46.56d±9 609c±42 380a±15 989a±43 92.6a±3 7.9c±0.02 

ND 6.1b±0.05 

BmN+ve B. megateriums-
ASNF3+ MVII medium 

99.12c±4 683bc±23 290b±5 972a±52 86b±3 8.1b±0.01 
21.8b±0.8 ND 

(Ba+Bm)N- ve B. amyloliquefaciens-
ASK11+ B. 

megateriums-ASNF3 
154.41b±11 737.5b±32 253c±21 990a±62 79c±0.9 7.8d±0.02 

22.1b±0.9 4.4c±0.01 

(Ba+Bm)N+ve B. amyloliquefaciens-
ASK11+ B. 

megateriums-ASNF3+ 
MVII medium 

70.32cd±15 646c±12 337ab±11 983a±42 89ab±1 8.3a±0.02 

25a±0.7 13.03a±0.03 

Values are means ± S.E.M. of three replicates. Those not sharing a common  alphabet within a respective group are significantly different from each other. Single 
factor analysis of variance (P ≤ 0.05). 
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Fig. 4.116: Effect of B. amyloliquefaciens-ASK11 inocula treatment without (BaN-ve) 
and with (BaN+ve) nutrient supplement on Cr(VI) and total Cr, pH and cellulase 
yields (U/ml) in soil bioreactors in comparison to uninoculated chromium spiked 
control (CCr) after 56 days of incubation 

 
 

 

 
Fig. 4.117: Effects of B. megaterium-ASNF3 inocula treatment without (BmN-ve) 
and with (BmN+ve) nutrient supplement on Cr(VI) and total Cr, pH and 
nitrogenase yields (C2H2/ml/hr) in soil bioreactors in comparison to uninocualted 
chromium spiked control (CCr) after 56 days of incubation 
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Fig. 4.118: Effects of co-inoculations of B. amyloliquefaciens-ASK11 and B. 
megaterium-ASNF3 treatments without ((Ba+Bm)N-ve) and with ((Ba+Bm)N+ve) 
nutrient supplement on Cr(VI) and total Cr, pH and cellualse yields (U/ml) in soil 
bioreactors in comparison to uninoculated intact( C) and chromium spiked(CCr) 
controls.  
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4.15 Wheat Seeds Germination and Growth in Cr (VI) Contaminated 

and Bioremediated/Bioaugmented Soils  

 Agricultural output of experimentally Cr (VI) contaminated and bioremediated 

soils was assessed by employing wheat seeds under aseptic conditions. Bioremediated 

soils were divided into two groups on the basis of differences in bacterial growth; A 

(autoclaved) and B (attaining active culture). Two other groups of soils without bacterial 

inoculations served as controls; without chromium contamination(C) and the chromium 

exposed (CCr). Results of these experiments are summarized here under different sub 

headings. 

4.15.1 Seed Germination  

Percent wheat seeds germination in different catagories of the experimental and 

control soils is presented in (Table 4.111; Fig. 4.119). All of the soils treated with 

different bacterial inoculations  showed 100% seed germination, except the ABaN-ve 

which showed 75% seed germination. In case of chromium exposed control soil, the seed 

germination dropped to 25%. The intact control soils yielded 100% seed germination. All 

the bacterially treated soils also expressed 100% seed germinations, which clearly 

demonstrated the bioremediational potential of B. amyloliquefaciens-ASK11 and B. 

megaterium-ASNF3 bacteria both in the presence and absence of additional nutrients 

(Table 4.111; Fig. 4.119) 
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Fig. 4.119: Effect of inoculations of B. amyloliquefaciens-ASK11(Ba), B. megaterium-
ASNF3(Bm) and their coculture (Ba+Bm) in nutrient added (N+ve) and non-added 
(N-ve) Cr(VI) contaminated soils compared to intact (C) and chromium 
contaminated control (CCr) on seed germination  
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4.15.2 Root Length (cm)  

 Root lengths of the wheat seedlings allowed to grow for 10 days post…. were 

greatly affected by varying soil treatments (Table 4.111; Fig. 4.120). Soil treatment CCr 

loaded with 1000µg/ml of Cr(VI) inhibited root growth significantly when compared to 

the control soil. However, wheat plants grown in soil bioremediated with co-culture of B. 

amyloliquefaciens–AKSII and B. megaterium-ASNF3 (A(Ba+Bm)N+ve) expressed 

maximum root length (3.7cm) which was 25 and 95% higher than the intact control 

(chromium unamended and non-inoculated) and chromium spiked (CCr) controls, 

respectively (Fig. 4.113).  

Root length of wheat in autoclaved nutrient supplemented soil (A(Ba+Bm)N+ve) 

was 1.7cm which was 54% less as compared to the length in B(Ba+Bm)N+ve treatment 

while the root growths in co-culture treated soils without nutrient amendments 

A(Ba+Bm)N-ve and B(Ba+Bm)N-ve were even more lower with measurements of 0.6cm 

and 1.18 cm long in comparison to B(Ba+Bm)N+ve. When these values were compared 

with chromium spiked control (CCr), a percent increase of 200 and 500% was observed 

for A(Ba+Bm)N-ve and B(Ba+Bm)N-ve treatments, respectively. Root lengths of 

1.21±0.04, 0.58±0.02, 0.73±0.02, 0.85 ±0.02, 2.2 ±0.20, 0.65 ±0.05, 1.3 ±0.1 and 1.5 

±0.07 cm were observed for treatments ABaN-ve, BBaN-ve, ABmN-ve, BBmN-ve, 

ABaN+ve, BBaN+ve, ABmN+ve and BBmN+ve, respectively (Table 4.111; Fig. 4.120).  

These values were significantly lower than the intact control soil (C). However, in 

comparison to chromium spiked control (CCr) soil significant increases in the root 

lengths upto 11 and 7.5 folds resulted for the soils ABaN+ve and BBmN+ve, respectively. 

Comparable root growths (1.2 cm) of ABaN-ve and ABmN+ve treatments were 6 fold 

higher than the CCr. Increments of 4.25, 3.7, 3.2 and 3 folds in the parameters were 

observed for BBmN-ve, ABmN-ve, BBaN+ve and BBaN-ve in comparison with CCr, 

respectively (Table 4.111; Fig. 4.120). 
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 In case of treatments of soils with B. amyloliquefaciens–ASK11 resulted into 

higher root growth in autoclaved bioremediated soils (ABaN-ve) than the biologically 

active soil (BBaN-ve). Inversely for soils treated with mono as well as co-culture of B. 

megaterium–ASNF3 (with B. amyloliquefaciens-ASK11) higher root lengths were 

obtained in case of soils which were allowed to retain the bacterial inoculations alive. 

Overall root growths in nutrient supplemented treatments showed increases over the 

nutrient non-supplemented ones (Fig. 4.131).  
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Table 4.111: Effect of inoculations of B.amyloliquefaciens-ASK11 (Ba), 

B.megaterium-ASNF3 (Bm) and their coculture (Ba+Bm) in  nutrient added (N+) 

and non-added (N) Cr(VI) contaminated soils compared to intact control (C) and 

chromium contaminated control (CCr) on seed germination, root and shoot lengths, 

root/shoot ratio and seedling size of wheat 

Treatment 
Code 

Treatment 

Seed 
germination 

(%) 

Root 
length(cm) 

Shoot 
length(cm) 

Root/shoot 

Ratio 

Seedling 
height 

(cm) 

C Intact control 100 2.77b±0.04 4.6a±0.05 0.61cde±0.01 11.21a±0.43 

CCr Chromium spiked 
control 

25 0.2h±0.00 0.7h±0 0.28f±0 1.5d±0 

ABaN-ve 
Dead B. 

amyloliquefaciens-
ASK11 

75 1.21ef±0.04 2.6bc±0.03 0.46ef±0.01 5.52bc±1.04 

BBaN-ve B. amyloliquefaciens-
ASK11 

100 0.58g±0.02 1.92def±0.05 0.3f±0.01 3.5bc±0.16 

ABmN-ve Dead B. megateriums-
ASNF3 

100 0.73g±0.02 1.32fg±0.05 0.55de±0.04 3.2c±0.35 

B BmN-ve  B. megateriums-
ASNF3 

100 0.85fg±0.02 1.15g±0.02 0.74bcd±0.01 3.35c±0.31 

ABaN+ve 
Dead B. 

amyloliquefaciens-
ASK11+MVII medium 

100 2.2c±0.2 2.8b±0.23 0.78bcd±0.03 6.02b±0.76 

BBaN+ve 
B. amyloliquefaciens-

61ASK11+MVII 
medium 

100 0.65g±0.05 2.35bcd±0.1 0.27f±0.01 3.8bc±0.11 

ABmN+ve 
Dead62 B. 

megateriums-ASNF3+ 
MVII medium 

100 1.2ef±0.1 1.4efg±0.17 0.89ab±0.09 3.7bc±0.17 

BBmN+ve B. megateriums-
ASNF3+ MVII medium 

100 1.5de±0.07 1.4efg±0.09 1.09a±0.09 3.8bc±0.18 

A(Ba+Bm) 
N-ve 

Dead B. 
amyloliquefaciens-

ASK11+ B. 
megateriums-ASNF3 

100 0.6g±0.03 1.65efg±0.02 0.36ef±0.02 4.15bc±0.27 

B(Ba+Bm) 
N-ve 

 B. amyloliquefaciens-
ASK11+ B. 

megateriums-ASNF3 

100 1.18ef±0.11 1.97de±0.02 0.6cde±0.00 4.6bc±0.57 

A(Ba+Bm) 
N+ve 

Dead  B. 
amyloliquefaciens-

ASK11+ B. 
megateriums-

ASNF3+MVII medium 

100 1.7d±0.08 2.02cde±0.1 0.84abc±0.05 4.6bc±0.14 

B(Ba+Bm) 
N+ve 

B. amyloliquefaciens-
ASK11+ B. 

megateriums-ASNF3+ 
MVII medium 

100 3.7a±0.08 4.8a±0.07 0.77bcd±0.01 11.1a±0.13 

Values are means ± S.E.M. of three replicates. Those not sharing a common alphabet within a respective 
group are significantly different from each other. Single factor analysis of variance (P ≤ 0.05).  
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Fig. 4.120: Effect of inoculations of B. amyloliquefaciens-ASK11(Ba), B. megaterium-
ASNF3(Bm) and their coculture (Ba+Bm) in nutrient added (N+ve) and non-added 
(N-ve) Cr(VI) contaminated soils compared to intact control (C) and chromium 
contaminated control (CCr) on root length (cm) 
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4.15.3 Shoot Length (cm) 

 Highest shoot length (4.6cm) was obtained for co-cultured, nutrient supplemented 

(B(Ba+Bm)N+ve) soil though it could show only 1.4% increase over the intact control. 

The ABaN+ve and ABaN-ve treatments showed about 39 and 45% decreases in shoot 

lengths when compared to the intact control, respectively. Lowest shoot lengths appeared 

for the ABmN+ve, BBmN+ve, ABmN-ve and BBmN-ve bioremediated soils with values of 

1.4, 1.32, and 1.15 cm, respectively (Table 4.111; Fig. 4.121).  

 Shoot lengths in all biologically treated soils decreased as compared to the intact 

control, except in B(Ba+Bm)N+. While increases of 3.7, 2.7, 1.9, 1.6, 4, 3.4, 2.2, 2.4, 2.8, 

2.9 and 6.7 folds were observed in case ABaN-ve, BBaN-ve, ABmN-ve, BBmN-ve, 

ABaN+ve, BBaN+ve, ABmN+ve, BBmN+ve, A(Ba+Bm)N-ve, B(Ba+Bm)N-ve, 

A(Ba+Bm)N+ve and B(Ba+Bm)N+ve, respectively, over CCr (0.7cm) (Table 4.111; Fig. 

4.121). 

 An interesting observation was that the monocultured active soils; BBaN-ve, 

BBmN-ve and BBaN+ve showed 2.6, 3 and 16% decreases in the shoot lengths as 

compared to respective bioremediated but autoclaved soils (ABaN-ve, BBmN-ve and 

ABaN+ve) (Fig. 4.134a & b). However, the case was inverse for the co-culture treatments, 

where 16 and 58% increase in the parameters were observed for the B(Ba+Bm)N-ve and 

B(Ba+Bm)N+ve soils over the inactivated A(Ba+Bm)N-ve and A(Ba+Bm)N+ve soils, 

respectively. (Figs 4.121, 132a & b).  
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Fig. 4.121: Effect B. amyloliquefaciens-ASK11 and B. megaterium-ASNF3 in 
different soil treatments on shoot length (cm) of wheat seedling 

 
4.15.4 Seeding Size (cm)  

 Since the seedling size is a measure of shoot height + spile length, the results thus 
paralleled elaboratively those observed for the shoot heights (Table 4.111; Fig. 4.122).  
 

 

Fig. 4.122: Effect B. amyloliquefaciens-ASK11 and B. megaterium-ASNF3 in 
different soil treatments on size of wheat seedling  
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4.15.5 Root/Shoot ratio (cm) 

 Highest root/shoot ratio appeared when the wheat seeds were allowed to 

germinate and grow in BBmN+ve and ABmN+ve soils bioremediated with B. megaterium-

ASNF3, showing increases of 77% and 46% over the intact control (0.61cm), 

respectively. Co-cultured treatments; A (Ba+Bm)N+ve and B(Ba+Bm)N+ve expressed 

38% and 26% increases in root/shoot ratios as compared to the intact control soil. While 

monocultured treatments (ABaN+ve and BBmN-ve) showed 28% and 21% enhancements 

over the control value, respectively. Significant decreases in root/shoot ratios occurred in 

various treatments in an order of ABmN-ve (0.55)>ABaN-ve (0.46) >A(Ba+Bm)N-ve, 

(0.36) > BBaN-ve (0.30) > BBaN+ve (0.27) when compared with intact control. (Table 

4.111; Fig. 4.123). 

 Significant increases in root/shoot ratios of all the bioremediated soils except 

BBaN-ve and BBaN+ve treatments appeared when compared with Cr (VI) spiked control 

soil. In this regard maximum difference of 289% was recorded for BBmN+ve 

experiments.  

 Conclusively 75% of the soils treated with B. amyloliquefaciens-ASKII resulted 

in low root/shoot ratios, while 75% soils bioremediated with B. megaterium- ASNF3 

showed high root/shoot ratios. Co-cultured treatments supplemented with nutrients 

(A(Ba+Bm)N+ve and B(Ba+Bm)N+ve) yielded higher root/shoot ratios in comparison 

with the corresponding without nutrients treatments (A(Ba+Bm)N- and B(Ba+Bm)N-).  

 A 54% reduction in the parameter was observed when CCr (Cr (VI) containing 

uninoculated) root/shoot ratio was compared with the intact control (C) (Table 4.111; Fig. 

4.123).  
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Fig. 4.123: Effect B. amyloliquefaciens-ASK11 and B.megaterium-ASNF3 in 
different soil treatments on root/shoot ratios of wheat seedling 
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4.15.6 Seedling fresh weight 

 Maximum fresh weight of B(Ba+Bm)N+ve treated seedlings increases recorded 

over the respective categories of the controls was 104% and 767% higher than the intact 

and Cr(VI) contaminated controls, respectively. This was followed by A(Ba+Bm)N+ve 

treatment wherein 32%  and 462% increases were recorded. Excepting the co-culture 

treatments all of the other soil treatments showed significant decreases ranging from 6 – 

33% as compared to the intact control (C).  

 Soils treated with monocultures of B. megaterium-ASNF3 (ABmN-ve) indicated 

300% increase in fresh weight of the seedlings than the CCr control. This was followed 

by the BBmN+ve and ABmN+ve with 262 and 238% increments, respectively. Among the 

different treatments of soil with B. megaterium-ASNF3, BBmN-ve (without nutrient and 

biologically active) showed least % increase (175%) in the parameter as compared with 

the value of chromium spiked control (CCr). Soil treated with B. amyloliquefaciens-

ASK11 yielded 292 and 200% higher than CCr seedling fresh weight for ABaN+ve and 

BBaN+ experiments, respectively. Increase in seedling fresh weight of ABaN-ve and 

BBaN-ve appeared 181% higher than chromium spiked control (Table 4.112; Fig. 4.124).  

4.15.7 Seedling Dry Weight 

 Variations in seedling dry weight to different treatments showed similar trend as 

observed for fresh weight with exception for the A(Ba+Bm)N+ve and B(Ba+Bm)N+ve 

treatments where high % increases (12% over the intact control and 450% over CCr) 

appeared for the A(Ba+Bm)N+ve in contrast to higher values of  fresh weight of 

B(Ba+Bm)N+ve seedlings (Table 4.112; Fig. 4.125).  

4.15.8 Percent Moisture (%) 

 Highest moisture contents of the seedling upto 70% were recorded for the co-

cultured B(Ba+Bm)N+ve, while lowest (18%) value was observed for soil treated with B. 

amyloliquefaciens-ASKII (BBaN-ve). However, both the treatments showed higher 

moisture contents when compared with intact control (13%). In general 75% of the 
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monocultured treatments showed higher moisture contents of the seedlings grown in 

biologically inactivated soils. The soil categories, ABaN-ve, ABmN-ve and ABmN+ve 

showed 72, 24 and 42 % higher values of the parameter than the BBaN-ve, BBmN-ve and 

BBmN+ treatments, respectively. Co-cultured treatments enhanced moisture contents of 

the seedlings of biologically active soils (B(Ba+Bm)N-ve and B(Ba+Bm)N+ve) by 30% 

and 61% over  the A(Ba+Bm)N-ve and A(Ba+Bm)N+ve treatments, respectively (Table 

4.112; Fig. 4.126). 

 Conclusively, all the bacterially treated and the Cr (VI) contaminated control soils 

indicated higher seedlings moisture contents when compared with the intact control. 

When compared with Cr (VI) contaminated control soil (CCr) % moisture contents of the 

seedlings of ABaN+ve, BBmN+ve and A(Ba+Bm)N+ve treatments appeared comparable. 

Whereas increases of 16, 68, 36, 52, 48, 112 and 176% over the Cr(VI) loaded control 

were recorded for the ABaN-ve, ABmN-ve, BBmN-ve, BBaN+ve, ABmN+ve, A(Ba+Bm)N- 

ve, B(Ba+Bm)N-ve and B(Ba+Bm)N+ve, respectively (Table 4.112; Fig. 4.126). 
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Table 4.112: Effect of B.amyloliquefaciens-ASK11 and B.megaterium-ASNF3 in 

different soil treatments on fresh weight, dry weight and moisture contents of wheat 

seedling 

Treatment 
Code 

Treatment Conditions 

Seedling 
fresh 

weight 
(mg/plant) 

Seedling dry 
biomass 

(mg/plant) 

Moisture 
 Contents 

(%) 

C Intact control 170de±3.5 147.5ab±2.16 13.17f±0 

CCr 
Chromium spiked 

control 
40g±0 30f±0 25cdef±0 

ABaN-ve 
Dead B. 

amyloliquefaciens-
ASK11 

112.5f±5.4 80e±6.12 29.17cdef±0 

BBaN-ve 
B. amyloliquefaciens-

ASK11 
112.5f±4.14 92.5cde±4.14 17.97ef±3.07 

ABmN-ve 
Dead B. megateriums-

ASNF3 
160de±9.35 90cde±6.12 42.3bc±6.38 

B BmN-ve  B. megateriums-ASNF3 110f±3.5 72.5e±4.14 34.05cde±3.4 

ABaN+ve 
Dead B. 

amyloliquefaciens-
ASK11+MVII medium 

157.5de±4.14 120bcd±3.53 23.7def±2.23 

BBaN+ve 
B. amyloliquefaciens-

ASK11+MVII medium 
120f±3.53 75e±5.6 37.61bcd±3.7 

ABmN+ve 
Dead B. megateriums-

ASNF3+ MVII medium 
135ef±5.59 85de±5.59 37.29bcd±1.55 

BBmN+ve 
B. megateriums-ASNF3+ 

MVII medium 
145def±5.59 107.5cde±4.14 25.72cdef±2.21

A(Ba+Bm) N-
ve 

Dead B. 
amyloliquefaciens-

ASK11+ B. 
megateriums-ASNF3 

207.5bc±9.6 122.5bc±4.14 40.7bcd±2.03 

B(Ba+Bm) N-
ve 

 B. amyloliquefaciens-
ASK11+ B. 

megateriums-ASNF3 

180cd±3.53 85de±5.6 52.55ab±3.7 

A(Ba+Bm) 
N+ve 

 B. amyloliquefaciens-
ASK11+ B. 

megateriums-ASNF3 

225b±9.01 165a±13.4 27.02cdf±4.18 

B(Ba+Bm) 
N+ve 

Dead  B. 
amyloliquefaciens-

ASK11+ B. 
megateriums-

ASNF3+MVII medium 

347.5a±6.49 105cde±5.6 69.85a±1.09 

Values are means ± S.E.M. of three replicates. Those not sharing a common  alphabet within a respective 
group are significantly different from each other. Single factor analysis of variance (P ≤ 0.05). 
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Fig. 4.124: Effect B. amyloliquefaciens-ASK11 and B. megaterium-ASNF3 in 
different soil treatments on fresh weight(mg) of wheat seedling 

 
 

 

 
Fig. 4.125: Effect B. amyloliquefaciens-ASK11 and B. megaterium-ASNF3 in 
different soil treatments on dry biomass(mg)/wheat seedling 
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Fig. 4.126: Effect B. amyloliquefaciens-ASK11 and B. megaterium-ASNF3 in 
different soil treatments on moisture contents of wheat seedling 
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4.15.9 Seed Vigour Index (SVI) 

 Seed vigour index is a measure of potential seed germination and plant size 

against toxicity of a given matter. Results indicated a highly significant reduction in SVI 

of seedlings grown in Cr(VI) spiked control soil (CCr) ammended with 1000µg/ml of 

Cr(VI) as compared to control without chromium addition.  

 Highest seed vigour was found for the culture (B(Ba+Bm)N+ve) treated soil with 

an increment of 3% over intact control value. Nutrient added co-culture treated soil made 

biologically inactive by autoclaving (A(Ba+Bm)N+ve) showed a marked decrease (≈60%) 

in vigour index from the intact control as well as B(Ba+Bm)N+ve treatment. However, a 

significant increase of 12 fold was recorded when the seedling vigour was compared to 

chromium spiked control soil (CCr). Compareable results appeared for the co-culture 

treatment B(Ba+Bm)N-ve. While seedling of A(Ba+Bm)N-ve treatment expressed least 

vigour among all the four categories of co-cultured soils (Table 4.113; Fig. 4.127)..  

 All of the categories of soils treated with B. megaterium-ASNF3 showed lower 

vigour when compared with co-cultured soils seedlings. While 9 and 10 folds increases in 

the vigour indices appeared in nutrient deficient and nutrient amended soils treated with 

B. megaterium-ASNF3 when compared with chromium spiked control soil (CCr).  

 Soils treated with monoculture with B. amyloliquefaciens-ASKII significantly 

enhanced seed vigour in case ABaN-ve and ABaN+ve upto 57 and 58% over the seedlings 

values obtained for the biologically active soil treatments BBaN-ve and BBaN+ve, 

respectively. When the seed vigour was compared with intact control decreases of 51, 67, 

46 and 66% occurred for the ABaN-ve, BBaN-ve, ABaN+ve and BBaN+ve treatments, 

respectively, while increases of (1373%)15, (840%)9, (1500%)16 and (914%)10 folds 

were observed when these treatments were compared i-e., chromium spiked control soil 

(CCr) (Table 4.113; Fig. 4.127). 
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4.15.10 Metal Tolerance Index (MTI) 

 MTI of the seedlings ranged from 22 to 134 in all categories of bacterially treated 

soils. Seedlings of co-cultured treatment with nutrient additions (B(Ba+Bm)N+ve) 

indicated 34% and 1761% higher metal tolerance than the intact control and CCr (7.2), 

respectively. In general, a trend of high metal tolerance appeared in soil treatments 

supplemented with nutrients in comparison with non-nutrient added soils (Table 4.113; 

Fig. 4.128).  
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Table 4.113: Effect of B.amyloliquefaciens-ASK11 and B.megaterium-ASNF3 in 

different soil treatments on seed vigour and metal tolerance index of wheat seedling 

Treatment 
Code 

Treatment Conditions Seed Vigour Index 
Metal Tolerance 

Index 

C Intact control 1121a±43.3 100±0 

CCr Chromium spiked control 37.5d±1 7.2h±0 

ABaN-ve 
Dead B. amyloliquefaciens-

ASK11 
552.5bc±105 43.77de±1.4 

BBaN-ve 
B. amyloliquefaciens-

ASK11 
352.25bc±16.8 22.38g±1.32 

ABmN-ve 
Dead B. megateriums-

ASNF3 
320c±35.88 26.35eg±0.97 

B BmN-ve  B. megateriums-ASNF3 335c±31.72 30.86efg±0.63 

ABaN+ve 
Dead B. amyloliquefaciens-

ASK11+MVII medium 
602.5b±76 79.42b±7.55 

BBaN+ve 
B. amyloliquefaciens-

ASK11+MVII medium 
380bc±11.18 23.46g±2.01 

ABmN+ve 
Dead B. megateriums-

ASNF3+ MVII medium 
370bc±17.67 44.22de±3.9 

BBmN+ve 
B. megateriums-ASNF3+ 

MVII medium 
380bc±18.37 55.05cd±2.7 

A(Ba+Bm) N-ve 
Dead B. amyloliquefaciens-
ASK11+ B. megateriums-

ASNF3 

415bc±28 21.66g±1.27 

B(Ba+Bm) N-ve 
 B. amyloliquefaciens-

ASK11+ B. megateriums-
ASNF3 

457.5bc±57.37 42.87def±0.41 

A(Ba+Bm) 
N+ve 

 B. amyloliquefaciens-
ASK11+ B. megateriums-

ASNF3 

462.5bc±14.3 61.37c±2.8 

B(Ba+Bm) 
N+ve 

Dead  B. amyloliquefaciens-
ASK11+ B. megateriums-
ASNF3+MVII medium 

1156a±13.62 134.02a±3.14 

Values are means ± S.E.M. of three replicates. Those not sharing a common  alphabet within a respective 
group are significantly different from each other. Single factor analysis of variance (P ≤ 0.05). 
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Fig. 4.127: Effect B. amyloliquefaciens-ASK11 and B. megaterium-ASNF3 in 
different soil treatments on seed vigour index of wheat  

 

 

 
Fig. 4.128: Effect B. amyloliquefaciens-ASK11 and B. megaterium-ASNF3 in 
different soil treatments on metal tolerance index of wheat  
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4.15.11 Photosynthetic Pigment (Chlorophyll a and b) 

Maximum levels of of chlorophyll a (chl a), 4.5µg/mL was detected for the 

seedlings from co-inoculated B(Ba+Bm)N+ve soil. This value was siginficanlty 

higher(<0.05) over the intact (C) as well as chromium spiked control (CCr) with 

respective increases of  62 and 280%. Seedlings grown in co-inoculated A(Ba+Bm)N+ve 

soil tended to follow B(Ba+Bm)N+ve with much lower increases of 9 and 155% over the 

controls C and CCr, respectively. Rest of the treatments though produced appreciable 

concentrations of chl a but did not express increments over the intact control C. 

Significant increases of 121, 102, ,16, 19, 19, 5, 19, 30 and 40% for chl a contents in the 

seedlings of ABaN-ve, BBaN-ve, ABmN-ve, BBmN-ve, ABaN+ve, BBaN+ve, ABmN+ve, 

BBmN+ve, A(Ba+Bm)N-ve and B(Ba+Bm)N-ve treatments appeared, respectively when 

they were compared with value of chromium spiked (CCr) control. Treatment BBaN- 

showed lowest chlorophyll level with non significant difference from the CCr control. 

The order of chl a concentration(mg/g) among the different treatments was B(Ba+Bm)N 

+> A(Ba+Bm)N+ve > ABaN-ve > ABmN-ve > B(Ba+Bm)N-ve > A(Ba+Bm)N-ve > 

BBaN+ve > ABaN+ve > BBmN+ve > BBmN-ve> ABmN+ve > BBaN-ve. (Table 4.114; Fig. 

4.129). 

Highest level of 1.26mg/g of wheat seedlings, chl b appeared for A(Ba+Bm)N +ve  

treated wheat seedlings which was non significantly different (<0.05)  from B(Ba+Bm)N-

ve seedling value of 1.13 mg/g, however A(Ba+Bm)N+ve treated seedling had 134 and 

109% and 532 and 466 % higher chl b contents than C and CCr controls, respectively. 

Chl b levels of the B(Ba+Bm)N+ve, BBmN+ve and BBaN+ve treated seddlings appeared 85, 

63 and 43 and 402, 340 and 287%  higher than the C and CCr controls, respectively. 

Treatments ABmN+, BBmN- and BBaN- showed 33, 30 and 22 and 260, 253 and 230% 

increases over the C and CCr, controls respectively. Treatments A(Ba+Bm)N-ve, ABaN-ve, 

ABmN+ve and ABaN+ve showed low levels of chl b when compared with C values. 

However, these treatments caused 165, 160, 157and 79% increases when compared with 

chromium spiked control (CCr). Among these treatments differences of A(Ba+Bm)N-ve, 

ABaN-ve and ABmN-ve were statistically non significant (Table 4.114; Fig. 4.130).  
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Table 4.114: Effect of B.amyloliquefaciens-ASK11 and B.megaterium-ASNF3 in 

different soil treatments on chlorophyll concentrations (mg/g) in wheat seedling 

Treatment 
Code 

Treatment Conditions 
Chlorophyll a 

(mg/g) 
Chlorophyll b 

(mg/g) 

C Intact control 2.81c±0.02 0.55fg±0.03 

CCr Chromium spiked control 1.2j±0.01 0.21h±0.01 

ABaN-ve Dead B. amyloliquefaciens-ASK11 2.66d±0.02 0.52de±0.03 

BBaN-ve B. amyloliquefaciens-ASK11 1.02j±0.05 0.66g±0.04 

ABmN-ve Dead B. megateriums-ASNF3 2.44e±0.02 0.52fg±0.02 

B BmN-ve  B. megateriums-ASNF3 1.39h±0.02 0.71efg±0.03 

ABaN+ve 
Dead B. amyloliquefaciens-

ASK11+MVII medium 
1.44gh±0.01 0.36b±0.03 

BBaN+ve 
B. amyloliquefaciens-

ASK11+MVII medium 
1.44gh±0.04 0.78g±0.08 

ABmN+ve 
Dead B. megateriums-ASNF3+ 

MVII medium 
1.26i±0.04 0.72de±0.03 

BBmN+ve 
B. megateriums-ASNF3+ MVII 

medium 
1.43h±0.06 0.88cd±0.00 

A(Ba+Bm) 
N-ve 

Dead B. amyloliquefaciens-

ASK11+ B. megateriums-ASNF3 
1.57fg±0.02 0.53g±0.04 

B(Ba+Bm) 
N-ve 

 B. amyloliquefaciens-ASK11+ B. 

megateriums-ASNF3 
1.69f±0.02 1.13def±0.04 

A(Ba+Bm) 
N+ve 

 B. amyloliquefaciens-ASK11+ B. 

megateriums-ASNF3 
3.06b±0.03 1.27c±0.02 

B(Ba+Bm) 
N+ve 

Dead  B. amyloliquefaciens-

ASK11+ B. megateriums-

ASNF3+MVII medium 

4.56a±0.02 1.00a±0.04 

Values are means ± S.E.M. of three replicates. Those not sharing a common  alphabet within a respective 
group are significantly different from each other. Single factor analysis of variance (P ≤ 0.05). 
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Fig. 4.129: Effect B. amyloliquefaciens-ASK11 and B. megaterium-ASNF3 in 
different soil treatments on chlorophyll a concentration (mg/g) of wheat  

 

 

Fig. 4.130: Effect B. amyloliquefaciens-ASK11 and B. megaterium-ASNF3 in 
different soil treatments on chlorophyll b concentration (mg/g) in wheat  
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Fig. 4.131: Wheat roots and shoots developments following 10 
days’ cultivation in uncontaminated intact control(C) as compared 
to the seedlings in chromium spiked (1000µg of Cr(VI)/ml) control 

(CCr) soil within the all glass reactor to maintain asceptic 
interior. 
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Fig. 4.132: Growth of wheat seedlings following 10 days’ 
cultivation  in chromium spiked soil treated with co-inocula of B. 
amyloliquefaciens-ASK11 and B. megaterium-ASNF3 supplemented 
with M-VIII medium ((Ba+ Bm) N+ve) compared with the seedlings 
of intact(C) and chromium spiked (CCr) control soils within the all 
glass bioreactors to maintain asceptic interior. 

 

b 
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Fig. 4.133: Root development in 10 day old wheat seedlings from 
chromium spiked soil treated with co-inocula of B. 
amyloliquefaciens-ASK11 and B. megaterium-ASNF3 supplemented 
with M-VIII medium ((Ba+Bm)N+ve)compared with the seedlings 
of intact(C) and chromium spiked (CCr) controls. 
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Fig. 4.134: Ten day old wheat seedling size in chromium spiked soil 
treated with B.amyloliquefaciens-ASK11 (BBaN-ve) in the (a); 
active and (b);  autoclaved soils with the seedlings of intact(C) and 
chromium spiked (CCr)controls 

a

b
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CHAPTER 5  

DISCUSSION  

The present study aimed to evaluate level of nutrient cycling in a chromium 

contaminated land area resulted in isolation of cellulolytic, nitrogen fixing and 

denitrifying bacteria of varying potentials of nutrient cycling and chromium reduction. 

Carbon and nitrogen are basic nutrients of soil particularly important for plants growth. A 

balanced cycling of these elements is necessary to maintain soil health. Thus 

determination of functional microbial machinery responsible for nutrient homeostasis for 

a given habitat is very important. Though with the recent advances in molecular 

approaches, it is possible to detect fine edges of environmental associated responses of 

concerned microorganisms. However, this does not necessarily qualify for providing all 

required information. This particular aspect has been addressed in a study by Ellis et al. 

(2003) where they elaborated the importance of traditional culturing method for 

environmental stress assessment and concluded that overall genetic diversity in 

contaminated soil remained almost the same in comparison to pristine soil as indicated by 

denaturing gradient gel electrophoresis (DGGE) results while physiological status was 

more affected.  Thus the present investigation was aimed at finding the bacterial 

communities representatives of different physiological groups which survived and 

retained their particular work potential under chromium stress. 

Isolation of chromium resistant cellulolytic, nitrogen fixing and denitrifying 

bacteria from the metal contaminated soil yielded significant information about their 

potential of initiating / strengthening agricultural programmes in the pollution associated 

ruined land areas. While additional benefits could be achieved by utilizing denitrifying 

bacteria for decontaminating diverse environments. Chromium stress, frequency of the 

isolations of cellulolytic, nitrogen fixing as well as denitrifying bacteria for different soil 

depths indicated effects of nutrients and oxygen availability etc. A long term exposure to 

a heavy metal may allow presence, selection and/ or proliferation of microorganisms 
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resistant to that metal and capable of performing their primary roles in the altered 

environment. 

The cellulose hydrolysis zones of cellulose degrading bacterial isolates ranged 

from 0.9 to 20.46(mm) during preliminary screening, while the cellulase activity ranged 

from 0.3 to 7.6 and 0.2 to 3.12(U/ml) in absence and presence of chromium, respectively. 

The largest zone of cellulose hydrolysis (20.46mm) was given by the isolate ASK11. 

Although maximum cellulose enzyme units (7.6U/ml) were produced by the isolate 

ASK2 but complete inhibition of the cellulase activity was observed under chromium 

stress. The decrease in cellulase production profile under chromium stress is recognized 

as detrimental effects of heavy metals on microbes in soil environments (Friedlova, 

2010). However, cellulolytic potential was not only sustained in few of the cellulolytic 

bacterial isolates (ASK5, ASK11, ASK12,  ASK13 and ASK16) but was even stimulated 

in ASK15 in the presence of Cr(VI). 

Dominance of aerobic cellulolytic microbiota in general cultivable lands (Saha et 

al., 2013) suggest their importance as biological augumentation agent for land recovery 

from soils ruined under long term exposure of heavy metals / other pollutants. More 

diversity of cellulose degrading bacterial isolates observed in uppermost soil layer, in the 

present study reflected cellulosic substrate availability. Plant as well as other organic 

wastes prevalence was evident in the study area. And cellulolytic bacteria maintain 

nutrient balance in such locations. Soil pH is another important factor for enrichment of 

specific microbial community. For the cellulolytic microbial groups, slightly alkaline 

soils facilitate their communities over the fungi for decomposition of cellulosic materials 

(Trujillo-Cabrera et al., 2013). These differences of cellulolytic bacteria isolated from 

different soil depths reflect variations of the soil level. In fact soil, a living heterogeneous 

matter, is under continuous pressure of changing environmental conditions due to 

biochemical, physical and anthropogenically imposed influences whose cumulative effect 

determines availability of specific ecological niches for specific organism (Liesak et al., 

1997). Soil maturation and development depends upon the major biogeochemical cycles, 

organic matter decomposition and mineralization processes of soil microbiota (Swift & 

Anderson, 1993).  
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Major diversity of nitrogen fixing isolates in this study was observed at deeper 

soil depths. These bacterial isolates were found to have a preference of their 

diversification at 40 cm soil depth. Since oxygen diffusion decreases with increases in 

soil depths, thus suitable soil depths may select and favour the bacterial groups for which 

facultative conditions are mandatory. Another possible reason could be the zone of plant 

root penetration where major nitrogen fixers are speculated to be present due to their 

particular role of nitrogen input (Johri et al., 2003). Thus it can be argued that to augment 

the soils with nitrogen fixers, specific depth(s) which might be defined with by the 

prevailing levels of O2 be focused for successful results. It is noteworthy that besides the 

higher diversity of nitrogen fixers recovered from the depth soil, the nitrogen fixing 

efficiency of such isolates was also higher than those isolated from upper soils. 

The present study reports isolation of 20 denitrifying bacterial isolates from soil 

of the study area depths with maximum number of isolates obtained from the deepest soil 

depth studied. Cloete and Muyima (1997) reported predominance of denitrifying bacteria 

in anoxic zones where limited oxygen conditions favor proliferation of nitrate reducing 

microbes. Presence of denitrifying microorganisms in contaminated environments has 

been reported in many studies from different geographical locations (Fries et al. 1994; 

Leta et al., 2004).  Denitrifying bacterial community depends upon the source of nitrate 

as well as other environmental factors for its structural development. Negative factors 

may include heavy metals in agricultural fields with potential stressful effects on the 

process of denitrification (Enwall, 2005). 

Chromium resistant bacterial community in the present, in general, study 

belonged to three major genera, i-e., Bacillus, Pseudomonas and Corynebacterium. 

Roane and Kellogg (1996) justified Bacillus, as a dominant genus in heavy metal polluted 

soils as a function of their spore forming trait, while unique characteristic of lipid 

membranes of Corynebacterium help them combat heavy metal stress. Denitrification is 

well reported in Gram positive bacteria and Bacillus sp. represent one of the most 

abundant denitrifying bacterial group (Garcia, 1977; Flores-Mireles et al., 2007; 

Verbaendert et al., 2011). 
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Metal tolerance of bacteria greatly varies with respect to biochemical and 

physicochemical properties of isolation source. The metal analysis of soil used in this 

study revealed that chromium was the dominant contaminant. Thus the isolates 

accordingly showed higher levels of chromium resistance as compared to other metals. 

Screening of the cellulolytic, nitrogen fixing and denitrifying isolates for chromium 

resistance on Cr(VI) amended nutrient agar plates revealed that all the isolates could 

resist 100 µg/ml of Cr(VI) as K2CrO4, while majority (64%) of them were resistant 

against 500 µg/ml of Cr(VI). Chromium amended nutrient broths supported bacterial 

survival even at higher Cr(VI) concentrations as compared to nutrient agar and 

manifested growths of cellulolytic, nitrogen fixing and denitrifying bacterial isolates even 

at concentrations to 1850, 1600 and 1600 µg/ml with MICs upto 1900, 1650 and 1650 

µg/ml of Cr(VI), respectively. These bacterial isolates were also found resistant against 

other heavy metals with MICs ranging 1100 to1250, 850 to 1050 and 1050-1250 ppm of 

Pb, 40 to 65, 40 to 65 and 40-70 ppm of Hg and 600 to 800, 700 to 850 and 650-1050 

ppm of Cu against cellulolytic, nitrogen fixing and denitrifying bacterial isolates, 

respectively. The higher MIC for chromium suggests selective proliferation of bacterial 

community in the tanneries effluents’ affected soils which resulted in isolation of narrow 

range of the bacteria in terms of their heavy metals tolerances. A variety of multiple 

metal resistant bacteria has previously been isolated from contaminated sites. Resistance 

mechanisms are either plasmid linked which encode membrane transporters to efflux 

metals while chromosome linked resistance is related to detoxification mechanisms 

involving reduction (Ramirez-Di’az et al., 2007). Detailed analysis in this regard is 

required for the present isolates as the information of metals’ reduction mechanisms is 

pivotal for practical applications and concerned predictions. It has been reported 

previously that most Cr(VI) resistant microorganisms are tolerant up to 4500 mg L-1 of 

Cr(VI) (Shakoori et al., 1999). Enhanced resistivity in broths as compare to agar 

solidified media has also been reported (Pei et al., 2009). The possible explanations are 

more oxygen diffusion and complexation of metals which may contribute to such 

differences (Hassen et al., 1998; Zakaria et al., 2007).  

Analysis of chromium reduction potential of the bacterial isolates showed that 

they could overcome chromium toxicity of varying degrees by converting Cr(VI) to 
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Cr(III). All of the isolates reduced µg/ml of Cr(VI) from 12 to 100% at varying levels. 

Considerable fraction of denitrifiers (40%) showed complete reduction of 50 µg/ml of 

Cr(VI) within 48 hrs of incubation at 37°C as compared to 14 and 20% percentiles of 

chromium reducing cellulolytic and nitrogen fixing bacterial isolates, respectively. 

Biological chromium reduction has previously been reported in many bacterial genera 

under varying mechanisms involving intracellular metabolism, metabolic products or 

enzymatic processes. Understanding of such mechanisms has highlighted these microbes 

as amazing biotechnological tools for remediation of metals contaminated wastes 

(Cheung & Gu, 2007; Wani et al., 2007; Kathiravan et al., 2011).  

Since promising bacteria which can cope with industrial metal loaded wastes are 

prerequisite for decontaminating soils, whereas the bioaugmented soils could get 

additional benefits as well if the bacteria are capable of active nutrient cycling in 

presence of metals. Thus the selection criteria for cellulolytic, nitrogen fixing and 

denitrifying bacteria of the present investigation were chromium resistance/reduction and 

ability to express cellulase, nitrogenase, and denitrification potential under chromium 

stress. Five cellulolytic isolates ASK11, ASK12, ASK13, ASK15 and ASK16 identified 

as B. amyloliquefaciens-ASK11, B. amyloliquefaciens-ASK12, B. cereus-ASK13, 

B.cereus-ASK15 and B.cereus-ASK16, respectively five nitrogen fixing ASNt10, 

ASNt11, ASNF3, ASNF3A and ASNS13 identified as Paenibacillus barcinonensis-

ASNt10, B. cereus-ASNt11, B. megaterium-ASNF3, Corynebacterium variabile-

ASNF3A and B. megaterium-ASNS13, respectively and two denitrifying bacterial 

isolates ASDT1a and ASDS9 identified as B.cereus-ASDT1a and B.cereus-ASDS9, 

respectively were selected for optimization of cellulase, nitrogenase and denitrification 

activities, respectively, under varying level of the Cr(VI) stress. 

The select cellulolytic, nitrogen fixing and denitrifying bacteria were optimized 

for their cellulose, nitrogenase and denitrification potentials initially in the presence of 10 

ppm of Cr(VI). Their respective potential was then assessed in higher concentration of 

metal. One member each of cellulolytic (i) and nitrogen fixer (ii) was then employed for 

experimentally chromium spiked soil remediation. The bioremediation was also 

attempted by co-culturing the chromium exposed soil. The bioremediated soils’ 
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agricultural potential was then verified by wheat seedlings experiments. Finally the 

denitrifying bacteria B. cereus-ASDS9 was employed to assess its concomitant potential 

of Cr(VI) reduction and denitrification. The forthcoming discussion is accordingly sub 

headed as: 

(i) Optimization of cellulolytic activity in the presence of Cr(VI). 

(ii) Optimization of nitrogen fixation in the presence of Cr(VI). 

(iii) Chromium loaded soil bioremediation. 

(iv) Agricultural potential of bioremediated soil. 

(v) Concomitant Cr(VI) and nitrate reductions potential of B. cereus-ASDS9 

(i) Optimization of cellulolytic activity in the presence of Cr(VI) 

For the five cellulolytic bacteria selected for optimizing cellulase yields in 

presence of Cr(VI) were found to represent both mesophilic and thermophilic categories. 

B. amyloliquefaciens-ASK11, B. cereus-ASK13 and B.cereus-ASK15 and B.cereus-

ASK16 showed higher cellulase yields at temperatures 28-37°C, while B. 

amyloliquefaciens-ASK12 expressed higher cellulase at 50°C.  Most of the isolates gave 

higher cellulase yields under acidic conditions, while optimum pH for B. 

amyloliquefaciens-ASK11 was neutral. The Bacillus cereus-ASK13 showed diverse 

behavior and produced comparable cellulase (  2.00 U/ml) in acidic, neutral as well as 

basic media. Temperatures for cellulase production have a broad spectrum of 28-50°C for 

different Bacillus sp (Lin et al., 2012; Singh et al., 2012).  While Yang et al.  (1995) 

reported basic media environment (7-9 pH) favourable for Bacillus sp. to hydrolyze 

cellulose. Cellulases produced by B. amyloliquefaciens are thermotolerant and have been 

reported to be optimally produced at higher temperatures (40-55° C) and neutral pH (Lee 

et al., 2008). However, B.amyloliquefaciens-ASK11 gave higher enzyme yields at neutral 

pH and mesophilic temperature while the B.amyloliquefaciens-ASK12 yielded best at 

50°C but at 5 pH. These results were similar to the findings of Vasudeo and Lew (2011). 

All of the select bacteria required aeration for their maximum cellulases yields. All of the 
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cellulolytic bacteria expressed maximum growths when cultivated in neutral media at 

37°C incubation temperature and aeration with concomitant production of higher levels 

of soluble proteins, except B. amyloliquefaciens-ASK11 and B. amyloliquefaciens-

ASK12 which gave higher content of soluble proteins at 50°C. 

A significant decrease in bacterial growth as well as soluble protein is attributed 

to chromium inhibitory effects on bacterial metabolic rate (Pal et al., 2005). Chromium 

also adversely effects cellulose degradation (Patki et al., 2010). In the present study 

percent decreases of 57.14%, 75.9% and 87.7% in cellulolytic activities of the isolates B. 

amyloliquefaciensASK11, B. amyloliquefaciens-ASK12 and B. cereus-ASK13, 

respectively, as compared to chromium non-amended medium were recorded.  

All of the isolates appeared enzymatically more active during stationary phase. 

The isolate B. amyloliquefaciens-ASK11 showed highest cellulolytic activity of 3.2 

U/mL with growth A600nm of 0.21 and 2.59mg/mL soluble protein at 96hrs of post 

incubation. Whereas B. amyloliquefaciens-ASK12 and B. cereus-ASK13, B. cereus-

ASK15, B. cereus-ASK16 isolates expressed 2.7, 2.4, 1.5 and 1.0 U/mL of the enzyme 

yields after 120hrs of incubation, respectively. These results correlates with the studies of 

Robson and Chambliss (1984) on Bacillus sp. which  reports cellulolytic activity during 

the  stationary  phase.  When  the  bacterial  cellulase  production  was  assessed  in  the 

presence of 50μg/mL of Cr(VI)  in  the selective broth,  the  isolate B. amyloliquefaciens-

ASK11 did not produce enzyme significantly till 72hrs of incubation while all other four 

isolates expressed cellulase soon after 24 hrs of incubation which was not observed again 

during the later post incubation times. When the selective media amended with 50μg/mL 

of  Cr(VI)  and  supplemented  with  0.1% glucose studied for cellulase production and 

growth analysis, prominent increase in cellulase activity was observed for all of the 

isolates. Isolates B. amyloliquefaciens-ASK11, B. amyloliquefaciens-ASK12 and 

B.cereus-ASK13 produced maximum cellulase units of  5.81 and 4.89 and 6.3 U/mL with 

growth A600nm of 0.29, 0.13 and 0.66 after 120 hours of incubation, respectively. The 

observed prominent cellulase activities of B.cereus-ASK15 and B.cereus-ASK16 isolates 

were 6.28 and 6.59 with growth A600nm of 0.42 and 0.12 after an incubation time of 96hrs, 

respectively. In contrast to our results glucose as end product of cellulolysis cause 
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regulatory feedback inhibition of cellulase in most of the bacteria for regulating inducible 

enzymes (Hrmova et al., 1991; Woodward et al., 1992), however, certain chemically 

mediated mutants of the B. pumilus are reported by the Kotchoni et al. (2006) which 

escaped this catabolic repression and showed higher enzyme yields at higher glucose 

levels in comparison to their wild type. It is known that Cr(VI) decreases biomass 

formation by slowing down the growth rate due to oxidative stress (Ackerley et al., 

2004). Since glucose is a readily available energy source as well as a potent electron 

donor for Cr(VI) bioreduction (Viti et al., 2007)  it may have masked the toxicity through 

unavailibilty of Cr(VI) thus enhancing growth as well.  

Four of the isolates showed maximum cellulolytic activity when galactose 

supplemented the cellulose selective broth while the isolate B.cereus-ASK16 produced 

elevated cellulase levels when supplemented with lactose. These activity levels were 

significantly higher than the activity induced by other carbon sources. Whereas following 

galactose’ lactose enhanced cellulolytic activity of B. amyloliquefaciens-ASK11 while 

for B. amyloliquefaciens-ASK12 and B. cereus-ASK13 glucose ranked second. Galactose 

and lactose are potent inducer of cellulase enzymes in many Bacillus species [De Souza 

Teodoroa nd Martins,2000; Shanker et al., 2011) whereas galactose and glucose are 

effective electron donors for Cr(VI) reduction (Viti et al., 2007) . It is also documented 

that under heavy metal stress microbial decomposition is substrate dependent (Cornfield, 

1977; Doelman and Haanstra, 1979). Thus further experiments involving different ratios 

and sources of cellulose may identify the conditions in which these isolates may perform 

better in terms of their cellulolytic potential under the heavy metal stress. 

Among the different nitrogen sources assessed organic nitrogen showed 

advantage over inorganic sources. Three bacterial isolates B. amyloliquefaciens-ASK11, 

B. amyloliquefaciens-ASK12 and B. cereus-ASK13 showed maximum cellulase activity 

when peptone was used as nitrogen source. While B. cereus-ASK15 and B. cereus-

ASK16 produced higher cellulase with urea and yeast extract. Yeast extract also proved 

effective nutrient as nitrogen source for production of cellulases significantly following 

peptone for B. amyloliquefaciens-ASK11, B. amyloliquefaciens-ASK12 and B. cereus-

ASK13. This information is in good agreement with the studies of Bai et al. (2012) who 
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proposed peptone as the best choice for Bacillus sp to produce higher cellulase levels 

among different nitrogen sources.  

Cellulase activities of isolates gradually decreased with increasing Cr (VI) stress, 

however, the isolates remained active even at 1000 μg/mL of Cr(VI) showing cellulose 

degradation. When growth of the isolates was taken into account, a prominent decrease in 

growth was observed with an increase in chromium concentration. While an increasing 

trend was observed for levels of soluble proteins contents. Lower cellulose degradation 

levels have previously been reported in metal contaminated soils Chew et al., 2001. 

Various oxidants either metals or metallo-organics inflict inhibitory action of enzymatic 

cellulolysis. Cellulose is amenable for oxidation at its reducing ends decreasing 

accessibility for cellulases; a probable explanation of the inhibitory action of metals on 

cellulolysis (Xu et al., 2009, Tejirian and Xu, 2010). These detrimental oxidative effects 

are likely for Cr(VI) being a powerful oxidizing agent. Bacteria surviving in chromium 

contaminated environment through reduction mechanism also face toxicity pressures 

during bioreduction process depending on the enzyme behaviour and this results in 

slower growth rates which could be another view for decreased cellulase production. 

Enhanced production of soluble chromate reductase enzyme for chromium bioreduction 

might be a possible explanation for enhanced soluble proteins in the medium with an 

increase in initial concentration of the metal (Megharag  et al., 2003; Ackerely et al., 

2004). 

(ii) Optimization of nitrogen fixation in the presence of Cr(VI) 

Higher nitrogen fixation potential (2.80 nmole C2H4/ml/hr) of the isolate 

ASNS13, of the present study equivalent to the other (ASNt10) dictates for importance of 

thorough screening of all the initial isolates from an environment to obtain the efficient 

microorganism(s) of desirable characteristics. The isolates from deeper soil layers, in 

general, showed even higher nitrogenase activities. Many metal resistant nitrogen fixing 

genera viz., Bacillus, Paenibacillus, Azobacter and Rhizobia have previously been 

reported (Wani et al., 2007 & 2008; Khan et al., 2011). Nitrogen fixing bacteria are more 

sensitive to heavy metals as compared to heterotrophic bacteria (Ahmed et al., 2005). 
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Most of the nitrogen fixers also produce extra-cellular polysaccharides which help them 

withstand heavy metals toxicity (Geesey & Jang, 1990).  A 14-15 fold inhibition of 

nitrogen fixing activity of salt marsh sediments under high chromium concentration 

reported by Slater and Capone (1984) together with above information rendering the 

sensitivity of nitrogen fixers to heavy metals are suggestive of first determination of 

tolerable level of a given pollutant before the bacteria are adapted for N cycling under the 

stressed environments. 

Five nitrogen fixing bacteria Paenibacillus barcinonensis-ASNt10, B. cereus-

ASNt11, B. megaterium-ASNF3, Corynebacterium variabile-ASNF3A and B. 

megaterium-ASNS13 were optimized for nitrogenase activity under different growth 

conditions. All of the bacteria expressed higher nitrogenase yields when grown under 

dark, except B. cereus-ASNt11 which produced significantly higher nitrogenase 

(2.65nmolC2H2/ml/hr) when grown in the presence of  light as compared to the level 

obtained with the culture raised under darkness (2.2 nmolC2H2/ml/hr). Facultative growth 

conditions were suitable for nitrogenase yields for these bacteria, except for B. 

megaterium-ASNS13 which could express higher nitrogenase activity measuring upto 4.0 

nmolC2H2/ml/hr in aerobic conditions. Soluble protein levels followed the trends of 

nitrogenase yields. Dark incubations lead to expression of nif gene for Fe-proteins (part 

of nitrogenase complex) and hence nitrogenase synthesis. Fe-proteins are modified 

during light phase and are speculated to be degraded by the proteases produced during 

light phase (Cho and Tabita, 1994). Paenibacillus and Bacillus species are well known to 

carry nifH genes which encode dinitrogenase reductase (Choo et al., 2003; Hong et al., 

2012). Nitrogenase is highly sensitive to oxygen and inhibition of nitrogenase activity on 

exposure to oxygen and irreversible lose of nitrogenase activity at high oxygen levels 

have been reported in Bacillus polymyxa. While nitrogenase activity of the Bacillus 

polymyxa at low oxygen levels reversed through oxygen exhaustion due to increased cells 

respiration (Holzmann et al., 1991). These finding support the present results of slightly 

enhanced nitrogenase yields by B. megaterium-ASNS13 with higher cells growth in 

aerated as compared to non aerated cultures.  
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All of the nitrogen fixing bacteria produced higher nitrogenase levels when grown 

at 30°C, except Corynebacterium variabile-ASNF3A which expressed best nitrogenase at 

20°C incubation temperature.  These nitrogenase yields paralleled soluble protein levels 

but were not related to higher cells densities which were obtained at 37°C for majority of 

the isolates. Gibson et al. (1976) reported similar results for Rhizobia yielding higher 

nitrogenase levels at 30°C. While the vanadium associated nitrogenase in Azotobactor sp. 

has the ability to fix nitrogen at low temperature (Miller and Eaddy, 1988).  The 

B.cereus-ASNt11, B. megaterium-ASNF3 and B. megaterium-ASNS13 required neutral 

pH for optimal yields of nitrogenase, while alkaline pH 9 was found best for the 

Paenibacillus barcinonensis-ASNt10 and Corynebacterium varibile-ASNF3A with 

nitrogenase yields upto 14.95±0.46 and 16.26±0.58, respectively. A pH range of 7.0 to 

7.5 has been reported  optimum for Azotobactor both for growth as well as nitrogen 

(Garrity, 2005). Agricultural soils are generally neutral to slightly alkaline, therefore 

nitrogen fixing bacteria of the present study yielding optimal nitrogenases, in neutral to 

alkaline pH indicate their high relevance as biofertilizers. 

Although the bacterial isolate of the present study has much lower metal 

resistance level than several of the previously reported bacteria, but nitrogen fixing 

ability makes it a potential candidate for the ruined soil remediation processes augmented 

with biofertility benefit. Varying Cr(VI) levels in N-free M-II culture media imposed 

variable impacts on yields of nitrogenase by the nitrogen fixing bacteria. Significant 

decrements in the bacterial growths  were observed under different Cr(VI) concentration 

except cells densities given by B. megaterium-ASNF3 which grew in the presence of 50 

and 100µg of Cr/ml with comparable cells density to the control (~ 0.5 A.600nm) while 

decreased down to 44, 33 and 28 % in the presence of 250, 500 and 1000 µg of Cr(VI)/ml 

of media. Higher nitrogenase levels (31 and 68 %) in comparison to control were given 

by the strains B. megaterium-ASNF3 and B. megaterium-ASNS13 at 50µg/ml of Cr(VI). 

While Paenibacillus barcinonensis-ASNt10, B. cereus-ASNt11 and Corynebacterium 

variabile-ASNF3A showed nitrogen fixation increments upto the presence of 100 µg/ml 

of Cr(VI). Contrasting to the present results, nitrogenase inhibition have been reported 

under these concentrations of chromium by the Novarronoya et al. (2012). However, 

significant reductions in nitrogen fixation were observed at higher chromium 
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concentration as compared to the control value for the present bacteria. In another study 

Slater and Capnone (1984) reported 15 fold reduction in nitrogenase yields after 72 hrs in 

presence of 1000 µg/ml of Cr(VI). Percent decreases in the nitrogenase yields in the 

present study at this much Cr(VI) were 59, 64, 63, 79 and 42 % by Paenibacillus 

barcinonensis-ASNt10, B. cereus-ASNt11, B. megaterium-ASNF3, Corynebacterium 

variabile-ASNF3A and B. megaterium-ASNS13, respectively. These results suggest 

importance of optimizing select media conditions and compositions to identify the range 

where the toxicity might be scavenged. Bacteria could also scavenge metal toxicity 

through production of extracellular organic materials. Banerjee et al. (2004) reported this 

effect in fungal extracts where nitrogenase activity under Cr(VI) stress was recovered. 

The phenomenon involve complex formation between metal and organic molecules 

produced by bacteria (Srivastava et al., 1999)  

Optimizing carbon source for  nitrogenase yields showed that maximum bacterial 

growth occurred in the presence of glucose for B. megaterium-ASNF3, Corynebacterium 

variabile-ASNF3A and B. megaterium-ASNS13. While Paenibacilllus barcinonensis-

ASNt10 and B. cereus-ASNt11 gave maximum cell densities when fructose was supplied 

as carbon source. Maltose, galactose and arabinose were also important carbon sources 

for enhancing the bacterial growth. However, maximum soluble protein contents were 

achieved with galactose as carbon source for all of the bacteria, except B. megaterium-

ASNF3 for which pyruvate was the best inducer. Excepting the glucose, nitrogenase and 

growth yields differed for optimum carbon source. Mannitol, galactose, sodium succinate 

and glucose yielded highest nitrogenase units for Paenibacilllus barcinonensis-ASNt10 

(19.59), B. megaterium-ASNF3 (16.55), Corynebacterium variabile-ASNF3A (17.09) 

and B. megaterium-ASNS13 (16.10), respectively. It had earlier been reported by 

Mohaptatar and Gresshoff (1984) that hexose and disaccharide sugars could enhance 3-6 

fold nitrogenase activity of Rhizobium sp. as compared to pentose sugars.  

B. megaterium-ASNF3 growth enhanced significantly in presence of nitrogen 

source as compared to nitrogen free broth. Maximum cell densities appeared with meat 

extract and yeast extract. Asparagine and peptone followed meat extract and yeast extract 

for growth. However, nitrogenase yields didn’t follow these growth increments and 
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maximum activity occurred in N-free broth. Among the different nitrogen sources, 

peptone appeared non-inhibitory to nitrogenase performance with production of 

11.26nmole C2H4/ml/hr while other nitrogen sources decreased nitrogenase activity levels 

by 22-55%. Rao and Venkateswarlu (1982) observed significant reductions in 

nitrogenase activity of Azospirillum lipoferum with inorganic nitrogen sources as 

compared to proteins and amino acids though growth was enhanced. 

Incubation over longer periods of tumes significantly enhanced nitrogenase 

activities. The activity of Bacillus cereus-ASNt11, Corynebacterium variabile-ASNF3A 

and Bacillus megaterium-ASNS13 were recorded upto 204, 302 and 138 nmol of 

C2H4/ml/hr after an incubation period of 30 days at their respective nitrogenase yield 

optima in presence of 10µg/ml of Cr(VI). While Paenibacillus barcinonensis-ASNt10 

and Bacillus megaterium-ASNF3 expressed highest nitrogenase activities upto 175 and 

486 nmol of C2H4/ml/hr, after 50 and 40 days, respectively when it was optimally 

cultured in growth medium at neutral pH and 30ºC. The bacterial growth curve of B. 

megaterium-ASNF3 could express two phases. A gentle progression from 0.15 cell 

density to 0.35 occurred during the 10 to 30 days post-incubation. This was followed by 

feable decrements in growth. Nitrogenase activity of B. megaterium-ASNF3 showed 

progressive increases till 40th day of incubation where 24.5 fold increment was observed 

over the first sampling period i.e. 10th day’s value. The nitrogenase activity at the last 

sampling point dropped to 248nmole C2H4/ml/hr and was comparable to the value 

obtained at 2nd sampling point. 

Highest indole acetic acid yields were given by the Paenibacillus barcononensis- 

ASNt10 and B. cereus-ASNt11 from top soil upto 91.74 and 140.90 µg/mL, respectively 

as compared to those isolated from deeper soil depth which could maximally yield indole 

acetic acid upto 20.94µg/ml. Rehabilitaion and revegetation of heavy metal polluted soils 

using metal reducing / resistant microbes with potential capabilities of plant growth 

hormone production may bioremediate the localities as well as enhance plant yields 

through stimulation of plant growth (Bashan & Holguin, 2002; Khan et al., 2009). 

Improved seed germination with indoleacetic acid (IAA) producing bacteria is a well 

known phenomenon (Idris et al., 2007). IAA enhances plant growth through cell 
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enlargement, proliferation and differentiation. The hormone, a member of auxin family, 

not only work under metal stress when nitrogenase and phosphorous solubilization get 

inhibited but also stimulate plant uptake of nutrients and minerals from soil in 

conjunction with IAA of plant (Teale et al., 2006; Spaepen, 2007). Significant yields of 

IAA by the nitrogen fixing bacteria in the present study permit application of the isolates 

for select metal contaminated soils’ remediation together with promising agricultural 

yields.  

(iii) Chromium loaded soil bioremediation 

In the present investigation the B. amyloliquefaciens-ASK11 a cellulolytic and B. 

megaterium-ASNF3 a nitrogen fixing plant growth promoting rhizobacteria, were 

employed as inoculant to bioremediate chromium contaminated soils. The rhizobial 

bacteria could survive metal harsh conditions through different mechanisms of metal 

resistance, efflux, bioaccumulation or bioreduction (Outten et al., 2000). It is also known 

that bacterial tolerance to metals vary according to the media conditions and composition 

(Rajkumar et al., 2005)  

Bacterial inocula in the soil bioreactors responded negatively to the presence of 

additional nutrients. The soil bioreactor BaN-ve (without nutrient supplement) and 

BaN+(nutrient supplemented) inoculated with B. amyloliquefaciens-ASK11 showed 

same level of growth during the initial 7 days. A boost in cell growth was observed till 

the 14 days (3.7×106 CFU/ml) of incubation which sharply declined down (5×105 

CFU/ml) on 21 day while a second growth peak appeared after 35 days though with low 

CFU/ml. In contrast to this trend a longer exponential phase extending 6 weeks was 

observed for growth of B. amyloliquefaciens-ASK11 in treatment BaN-ve , however, the 

peak CFU/ml (3.5×106 ) were lower than those observed for BaN+ve. Irregular growth 

curves of due to partial lysis of cells in liquid media have previously been reported by 

Ivanovics and Nagy (1958) where antibacterial product was found to be related with the 

lysis during the exponential phase.  In the bioreactor BmN+ve with nutrient amendments 

a rapid increase in CFU/ml during the initial 7 days of incubation was observed. 

Maximum elevation of CFU having a value of 1×105 for the nutrient added bioreactor 
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occurred at 14th day of incubation. Same trend but with significantly higher CFU/ml of 

B. megaterium-ASNF3 at various sampling points was recorded for the bioreactors BmN-

. However, growth of B. megaterium-ASNF3 in this bioreactor was slower at beginning 

of the experiment as the CFU approval as 2×103 as compared to the respective value of 

3×103 for the bioreactor 2. Gradual decreases in growth after the peaks at 14th day post-

inoculation were recorded for rest of the experimental period.  

Growth trends of B. amyloliquefaciens-ASK11 and B. megaterium-ASNF3 in co-

inoculated nutrient supplemented (Ba+Bm)N+ve and non-supplemented (Ba+Bm)N-ve 

treatments showed dominance of B. megaterium-ASNF3.  Higher CFU/ml of B. 

megaterium-ASNF3 (5×106 and 2×103) as compared to co-bacterium B. 

amyloliquefaciens-ASK11 (2×105 and 1×105) was observed in nutrient non supplemented 

and supplemented soil treatments, respectively. Though these bacteria did not show 

antibiosis on nutrient agar plate, however, B. megaterium-ASNF3 may have taken the 

selective advantage of facultative conditions generated in soil bed in the glass bioreactors 

over the growth of B. amyloliquefaciens-ASK11 which liked aeration for its growth 

enhancement. Higher growths of B. amyloliquefaciens-ASK11 and B. megaterium-

ASNF3 during the initial phase of growth curves in nutrient supplemented treatments 

indicate their higher metabolism due to utilizing readily available nutrients. While the 

higher growths during the later phase of growth curves indicate that bacteria have taken 

time for survival and growth through production of enzymes for utilizing soil natural 

nutrients.       

The B. amyloliquefaciens-ASK11 and B. megaterium-ASNF3 proved very 

efficient in reducing Cr (VI) under soil conditions. Appreciable abiotic chromium 

reduction nearly 14% of the added Cr (VI) was observed just after 7 days of incubation in 

control reactor. Thereafter no further noticeable decrements were observed. While Cr 

(VI) reductions increased with increase in incubation period in bioreactors. The soil 

bioreactors without nutrient supplement appeared more efficient in reducing chromium 

than the nutrient amended, except for the last sampling points. In the bioreactor 

inoculated with B. amyloliquefaciens-ASK11 and without nutrient supplement (BaN-ve) 

faster Cr(VI) reduction was observed from 7-14 days of incubation and reduced 32% of 
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the 887 ppm Cr(VI) while at a slow rate residual Cr(VI) decreased down to 135 µg/ml at 

the last sampling point(56 days). However, the nutrient supplemented soil treatment with 

this bacterium lead to Cr(VI) decline down to 46 µg/ml on 56th day of incubation.  The 

soil treated with B. megaterium-ASNF3 showed 30% decline in residual Cr(VI) during 

the 7-42 days incubation period while a sharp decrement followed the similar pattern as 

for B. amyloliquefaciens-ASK11 from 42 days afterwards and reached 134 and 99 µg/ml 

of Cr(VI) for without nutrient and the supplemented bioreactors BmN-ve and BmN+ve, 

respectively. Within co-inoculated treatments without nutrient (Ba+Bm)N-ve and with 

nutrient (Ba+Bm)N+ve, in contrast to single inoculum treatments higher Cr(VI) 

reductions were noticed for nutrient supplemented bioreactor as compared to without 

supplement from incubation time 14 days afterwards reaching 79 and 89% chromium 

reduction at last sampling point(56 days). Faster chromium reductions 67, 93, 78, 87, 75 

and 87 during the last two study points 42 to 56 days of incubation for the bioreactors 

BaN-ve, BaN+ve, BmN-ve, BmN+ve, (Ba+Bm)N-ve and (Ba+Bm)N+ve, respectively, 

suggested that change of pH in bioreactor along with bacterial growth played a 

significant role for chromium bio-reduction. The gradual change in pH of soil suspension 

from neutral to basic with increase in incubation time favoured Cr(VI) reduction. Studies 

of Jeyasingh and Philip (2005) also showed that neutral to basic pH enhanced Cr(VI) 

reduction in biological systems. Among the different Bacillus sp known for chromium 

reduction B. megaterium has its importance as plant growth promotor and for subsequent 

phytoremediation of heavy metals. It is a soil bacterium with heavy metals resistance 

capability and posses great potential for their bioaccumulation (Vary, 1994; Pobell-

Seleska et al., 1999; Cheung et al., 2005; Wu et al., 2005).  

The soil bacteria B. amyloliquefaciens-ASK11 and B. megaterium-ASNF3 had a 

history of exposure to chromium contamination and thus exhibited significant Cr(VI) 

reduction potentials under soil suspension conditions.  Complete reduction of Cr(VI) was 

not observed in any of the experimental soil bioreactors, however, significant chromium 

reductions upto 80, 84, 93, 86, 79 and 89% in the bioreactors BaN-ve, BaN+ve, BmN-ve, 

BmN+ve, (Ba+Bm)N-ve and (Ba+Bm)N+ve, respectively occurred for considering the 

bacteria candidates of soil bioremediation. Many microorganisms indigenous to waste 

contaminated environments showed resilience to recalcitrant pollutants and hence, 
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efficient bioremediation performance (Bader et al., 1999; Shakoori et al., 1999; 

Jeyasingh and Philip, 2005). Chromium resistant gram positive bacteria in this regard 

have previously been successfully characterized for chromium reduction and 

implemented for bioremediation of soils (Shakoori et al., 1999; Kathiravan et al., 2011).   

The present results demonstrate that maximum growth and reductions are 

achieved at different incubation times and seem not highly related. This trend is well 

justified by the studies of Viti et al. (2007) who reported that bacterial growth and 

chromate reduction are not always related and depend on carbon / energy source which 

decouple growth and chromium reduction. 

At the termination of experiment i.e., after an incubation period of 56 days mass 

balance of chromium was determined. It was observed that higher fraction of total 

chromium was present in soil suspension, while lesser mass was held in soil. Another 

important observation was that total chromium bound to soils was higher in the 

nutritionally supplemented bioreactors. Bolan et al. (2003) also reported that organic 

amendments in chromate contaminated soils enhanced the organic bound fraction of the 

metal in soil and decreased the soluble and exchangeable chromium fraction. A possible 

explanation could be formation of more Cr(OH)3 under basic pH attained during 

detoxification mechanism which restricted its availability to the soil surface (Benefield et 

al., 1982) and hence its absorption and bioaccumulation in plants is controlled (Zhang et 

al., 2006). Since surfaces of bacterial cells also serve as sites for specific electrochemical 

interactions with metals (Wang and Chen, 2006), this effect rationale the differences in 

total Cr added (1000ppm) in the bioreactors and the one observed at end of the 

experiments. The metal adsorbed to bacterial surface might had become unavailable for 

the analyses. 

Analyses of nutrient turnover potentials of the bacteria in soil reactors under 

single and co-inocula conditions revealed higher bacterial cellulase and nitrogenase 

activities nutrient supplemented bioreactors of the respective biotreatment. Cellulase 

yields of 4.5, 6.1, 4.4 and 13.03 U/ml appeared in BaN-ve, BaN+ve and (Ba+Bm)N-ve 

and (Ba+Bm)N+ve treatments, respectively. While nitrogenase activities of 14.6, 21.8, 22 
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and 25 nmolC2H2/ml/hr were recorded for BmN-ve, BmN+ve and (Ba+Bm)N-ve and 

(Ba+Bm)N+ve, bioreactors, respectively at termination of experiment.  Since the 

bioreactors were supplemented with the medium optimized for cellulase and nitrogenase 

yields, thus higher enzymatic activities were observed in nutrient added bioreactors as 

compared to the non added ones. Significantly higher nitrogenase yields (30-

80nmol/ml/hr) with co-culture of nitrogen fixing Azospirillum species and Bacillus 

species have been reported as compared to the pure cultures (Khammas and Kaiser, 1992)  

The above elaborated attributes of B. amyloliquefaciens-ASK11 and B. 

megaterium-ASNF3 render these bacteria a study model for rehabilitating the metal 

contaminated soils. However, low cost media and proper dilution of the pollutant would 

be required for enhancing and metal’s remediation as well as biofertility efficiencies of 

the bacterium. 

(iv)  Agricultural potential of bioremediated soil 

Chromium resistant celllulolytic and nitrogen fixing bacterial inoculations 

ameliorated the metal induced stress in wheat (Triticum aestivum) through reduction of 

chromium upto 92% and stimulating the plant growth as compared to the corresponding 

values obtained for Cr(VI) contaminated control soils. Wheat experiments performed in 

this study showed different growth attributes in response to varying conditions of the soil 

treatments with B.amyloliquefaciens-ASK11 and B. megaterium-ASNF3 as soil 

biological inocula.It is known that bacteria posses various mechanisms of metal 

detoxification such as reduction, efflux, biosorption, bioaccumulation. All these 

mechanisms ameliorate the toxic effects of metals. Cleaning of toxic metals from 

contaminated soils using such bacteria as biological inoculants could achieve land 

recovery for agricultural purposes.  (Hasnain and Sabri, 1997; Ahluwalia, 2007; Khan et 

al., 2012)    

Seed germination and growth indices of wheat in this study underwent drastic 

inhibitions uptill 75% in chromium loaded (1000µg/mL) soil treatment (CCr) as 

compared to the corresponding values obtained for intact control (C) soils. However, the 

chromium loaded soils yielded plant growth comparable to the level of intact control soil 
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when treated with the bacterial inocula. One of the soil treatments designated as 

B(Ba+Bm)N+ve was supplemented with nutrient and co-cultured with inocula of B. 

amyloliquefaciens- ASK11 (a cellulolytic strain) and B. megaterium-ASNF3 (a nitrogen 

fixing strain) not only enhanced growth of the wheat seedling in comparison with 

chromium contaminated uninoculated control (CCr) but also expressed elevations over 

the uninoculated intact control. These results bring further supports that B. 

amyloliquefaciens and B. megaterium represent well known plant growth promoting 

rhizobacteria (PGPR) (Idris et al., 2007; Ramirez and Kloepper, 2010; Chakraborty et al., 

2012) with potential mechanisms to survive under metal harsh environments (Cheung 

and Gu, 2005; Gu et al., 2006)   

Regarding seed germination, wheat seeds sown in chromium contaminated 

(1000µg of Cr (VI)/ml) uninoculated soil showed a drastic effect with 75% reduction in 

the parameter. However, 100% seed germinations were achieved when the wheat seeds 

were sown in the chromium spiked (1000µg/ml) soils but treatmented with mono or co-

inocula of the bacteria which significantly reduced the toxic chromium to the non-toxic 

form. Seed % germination index is highly important for assessing phytotoxicity of 

different pollutants such as metals imposed fertility loses. Chromium toxicity of different 

plants has been reported previously (Rout et al., 2000; Cheng and Zhou, 2002; Chigbo 

and Batty, 2013). Susceptibility to chromium toxicity depends upon concentration of the 

metal and nature of the seeds used. For example, application of 500ppm of chromium 

reduced 48% seeds germination of Phaseolus vulgaris (Parr and Taylor, 1982) in contrast 

to 75% reduction of wheat seeds in the present study. Whereas Jain et al (2000) reported 

up to 57% germination decline in sugarcane bud exposed to 80 ppm of chromium. 

Declines in seed germination indicate inhibitory attributes of chromium to particular 

enzymes’ activity involved in seed germination (Zeid, 2001). Results of the present and 

earlier studies dictate for the usefulness of chromium resistance bacterial inocula that are 

inhabitant of specific plant(s)’ rhizosphere for recovering agripotentials chromium 

contaminated soils.  

Determination of root growth is another very important parameter for the 

assessment of metals phytotoxic effects. In this study CCr treatment (1000µg/ml could 
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allow only upto 0.2cm wheat roots’ development as compared to control root length at 

2.77cm. Since plants absorb nutrients through roots, accumulation of metals along with 

nutrient absorption occurs. Once the chromium comes in contact with roots either on 

surface or inside the cells it could restrict cell division directly through delayed cell cycle 

(Woolhouse, 1983). It is also known that heavy metals could either affect physiological 

processes of the plants or completely inhibit their growth while accumulation of metals in 

roots and bioaccumulation up to toxic levels in other plant parts affect overall growth and 

plant yields (Levitt, 1980; Zayed et al., 1998; Ali et al., 2011).  

Plant growth retardations under high chromium concentrations are reported even 

when chemical fertilizers are supplied. In fact, damages to the root surfaces under high 

chromium concentrations cause malabsorption of nutrients from soil with an ultimate 

growth retardation (Terry, 1981; Hanus and Tomas, 1993). Further, utilization of 

chromium resistant/reducing microbes capable of plant growth promoting substances has 

been reported for alleviating metal toxicity pressures through root growth stimulatory 

effects (Bashan and Levanony, 1990) or by reduction of Cr(VI) into non toxic Cr(III) (Gu 

et al., 2006). Wheat plants grown in the biologically treated soils in this study not only 

retained roots growth upto (79%) in case of mono inoculated treatments (ABaN-ve, 

BBaN-ve, ABmN-ve, BBmN-ve, ABaN+ve, BBaN+ve, ABmN+ve and BBmN+ve) over 

the over chromium contaminated control (C) but potential stimulatory effects on root 

growth appeared under co-inoculations with significant increases up to 1750% and 33% 

as compared to the CCr and intact controls, respectively. increase over uninoculated 

control without chromium(C). Bacterial soil inoculations for alleviating other metals have 

also been reported. For instance, Wani et al. (2008) employed Rhizobium sp as soil 

inoculant to reduce zinc toxicity and reported significant increase in lentil and nodule dry 

biomass.  

Inoculation of nutrient supplemented soils with the cellulolytic 

B.amyloliquefaciens-ASK11 yielded seedlings with 83 and 8 % higher shoot and root 

lengths, respectively, as compared with the similarly treated but autoclaved soils. 

Inoculations of soils with B. megaterium-ASNF3 yielded 14 and 20 % higher root lengths 

of wheat plants as compared to those cultivated in similarly treated but autoclaved soils. 
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Liu et al. (2005) reported endophytic nature of B. megaterium. This bacterium enters 

through root tip and primary and lateral root junctions and colonize mainly intracellular 

spaces. Xylem, root cells, cortex and pith are also important residencies for B. 

megaterium. These results declare importance of live culture for growth enhancement. 

Besides size of bacterial inoculums has specific effects on the growth yields of plants. 

For instance, Ramirez and Kloepper (2010) reported that lower inoculum concentrations 

of B.amyloliquefaciens-ASK11 (106 spore/seed) brought higher root elongation in 

Chinese cabbage over higher concentration (108 spores/seed) which resulted in 

accumulation of the phytohormone indole acetic acid (1AA). This phytohermone is 

controlled by density of the plant growth promoting rhizobacteria (PGPR) inoculums 

applied to rhizosphere (Dobbelaere et al. 1999).  

Uninoculated chromium treated soil showed 85% decrease in shoot growth as 

compared to the wheat seedlings raised in intact control soil. Maximum shoot growth was 

obtained in case of co-inoculated (B.amyloliquefaciens-ASK11 and B. megaterium-

ASNF3) soils and promotion was 858 and 137% higher than the chromium contaminated 

control and the co-inoculated plus autoclaved Cr(VI) spiked soils, respectively. 

Reductions up to 49 and 16 % in root and shoot growths, respectively in case of co-

cultured plus autoclaved Cr(VI) spiked soils as compared to the corresponding values for 

non autoclaved soils suggest synergistic relation between the B.amyloliquefaciens-

ASK11 and B. megaterium-ASNF3 ((A(Ba+Bm)N-ve). Shoot growth was higher in 

Cr(VI) spiked inactivated B.amyloliquefaciens-ASK11 treated soils in contrast to the case 

of  B. megaterium-ASNF3 which showed higher shoot length for the biologically active 

treatments. It is pertinent here to refer that growth enhancing effects of B. 

amyloliquefaciens. B. megaterium bacteria for leaves of wheat plants are well reported 

(ref). Co-inoculation of B. megaterium with Azorpirillum Lipoferum has been reported to 

enhance aerial height as well as nitrogenase activity in wheat plant (El-Kamy, 2005). Co-

inoculation of nitrogen fixing and cellulolytic bacteria stimulated different growth 

variables of wheat in this study. Specific contributions of rhizospheric bacterial 

community for significant crop yields are a growing field of research interest.  
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Root: shoot ratios of the wheat seedlings showed highest values (0.78 to 1.09 ) for 

the monocultured treatments ABaN-ve (B. amyloliquefaciens-ASK11) and ABmN+ve 

(nutrient supplemented plus autoclaved B. megaterium-ASNF3) followed by 

A(Ba+Bm)N+ve (nutrient supplemented co-inocula of B. amyloliquefaciens-ASK11 and 

B. megaterium-ASNF3 plus autoclaved) which was non significantly different from 

ABaN-ve. Minimum ratio was found for wheat plants grown in (BBmN+ve) B 

megaterium-ASNF3 treated soils. From a physiological viewpoint, root: shoot ratios are 

inferred to reflect disparity of photosynthesis distribution between the above and 

belowground plant parts (Titlyanova et al., 1999).  

All the bacterial treatments caused significant enhancements in sizes of the 

seedlings when compared to chromium loaded uninoculated control. Maximum size 

(11.1cm) was for the B(Ba+Bm)N+ve (nutrient supplemented co-inocula of B. 

amyloliquefaciens-ASK11 and B. megaterium-ASNF3) and the smallest size (5.52cm) 

was recorded for seedlings from ABaN-ve (treated with B. amyloliquefaciens-ASK11 

plus autoclaved) 

When grew in metal contaminated soils significant decreases in the plant fresh 

and dry weight were recorded. These findings are in accordance with previous studies 

which demonstrated that decreases in dry biomass of plants are often result of chromium 

toxic effects on chlorophyll contents inhibiting CO2 assimilation (Chatterjee and 

Chatterjee, 2000; Nichols et al., 2000). Estimation of chlorophyll a and b in this study 

indicated that it was not the sole reason for lesser plant dry weight, since inconsistencies 

were generally observed in the relationship of plants dry weight and chlorophyll content, 

except for treatment B (Ba+Bm)N+ve where highest wheat dry biomass (177mg/pot) was 

achieved accompanied with highest chlorophyll a (4.5mg/g). Chlorophyll a levels were 

high in comparison with chlorophyll b in all treatments. Chlorophyll b showed marked 

increases over the intact control in mono as well as co-inoculated soils in all biologically 

active treatments. Higher photosynthesis is requisite for production of organic molecules 

and plant biomass under chromium contamination (Bishnoi et al., 1993). It is also known 

that disorganization of chloroplast under chromium stress may affects photosynthesis 

severely (Vazques et al., 1987).  B. megaterium and B. amyloliquefaciens used in this 
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study are well known for promoting plant growths through their nitrogen fixation and 

growth hormones production, respectively. Chakraborty et al. (2012) reported increased 

number of tea leaves and chlorophyll contents following application of B. megaterium 

while another study of its co-inoculation with arbuscular mycorrhiza not only 

accumulated chlorophylls but also carotenoides in Lactuca sativa (Daayf et al., 1997). 

We report here similar growth as well as chlorophyll enhancing effects of 

B.amyloliquefaciens-ASK11 and B.megaterium-ASNF3 in single and co-inoculum 

treatments with production of upto 4.5 mg/g of chlorophyll a and 1.26mg/g of 

chlorophyll b brought further support to the above described notion. Chlorophyll  

increaments in leaves of rice under the plant growth enhancing effects of B. 

amyloliquefaciens in salt stress have been reported recently (Nautiyal et al.,  2013). 

Sharma and Sharma (1996) reported vast decrease in chlorophyll content of wheat under 

different chromium concentrations. Whereas, a significant decrease in chlorophyll b and 

a/b ration indicates chromium toxic effects on peripheral parts of antenna complex due to 

degradations of proteins or enzymes involved in their biosynthesis (Shanker, 2003, 2005). 

Heavy metal toxicity and chlorophyll losses are directly related due to sensitivity of 

chlorophyll against oxidative damage of metals (Malicka et al., 2001; Al-Hamdani and 

Blair, 2004). And chromium is well known for its oxidative damage and reactive oxygen 

species generation (Gorbi et al., 2006). 

 Seed vigour (SVI) as well as metal tolerance indices as important parameter for 

assessment of any crop’s yield influencing factor. Elaborated affects of B.megaterium-

ASNF3 on SVI (upto 830 % increase over CCr) proves the bacterium a potential 

candidate for obtaining healthy plant yields from the contaminated soil. Where as a 

significant increase in SVI of 719% over CCr in the co-inoculated soil treatment 

(B(Ba+Bm)N+ve) highlights the importance of bacterial interactive processes in natural 

environments for healthy crops harvesting. When metal tolerance index was compared 

among all soil treatments higher values (from 79.42 to 134) were recorded for chromium 

spiked nutrient supplemented mono inoculated B. amyloliquefaciens-ASK11 and its co-

inocula with B. megaterium-ASNF3 as well as its co-inoculated nutrient supplemented 

plus autoclaved treatments (A(Ba+Bm)N+ve) treatment. Whereas MTI for all other 

treatments could range from 21.74 to 55.05.  



  314

 Conclusively, the present experimental data of wheat plant growth in different soil 

treatments following bioremediation with B.amyloliquefaciens-ASK11 and 

B.megaterium-ASNF3 declare significance of these bacteria not only for bioremediation 

of chromium loaded soils, in general, but also for rehabilitation of nutrient deficient soil 

by promoting C and N cycling. Nutrient additions did not support the wheat growth in 

mono-inoculated soils in camparison to intact soil control but showed significant 

increases when compared to seedling grown in chromium spiked control treatment (CCr). 

The responses of co-inoculated and nutrient added soils appeared contrasting to mono 

inocula. One possible explanation for this is the probable syntrophic relationship between 

B. amyloliquefaciens-ASK11 and B.megaterium-ASNF3, where metabolites of the 

bacterial species instead of exerting negative feedback to their growths might had been 

employed as reciprocal growth supplements. B. amyloliquefaciens has been studied so far 

for its beneficial role in growth enhancement in plants through phytate and P solubilizing 

activity as well as amylase and cellulase activity (Apun et al., 2000; Idriss et al., 2002; 

Camelo et al., 2010). However, chromium reduction potential is reported here for the 

very first time to best knowledge of the author.  Mechanism of chromium reduction in 

this bacterium is highly needed as future prospective. Likewise roles of B .megaterium 

for chromium reduction and plant growth promotion are well reported (Ortiz-Castro et 

al., 2008) in different studies. However, its nitrogenase activity under chromium stress 

are not yet reported. 

(v) Concomitant Cr (VI) and nitrate reductions potential of  B. cereus-ASDS9 

The bacterial species B. subtilis and B. cereus of this investigation were those 

which showed complete denitrification even under chromium loads of varying intensities. 

The incubation optima for denitrification showed that the isolates were more active 

denitrifiers under alkaline conditions (7.5 pH) and at 37°C, where complete removal of 

1mg/L of nitrate was achieved after 48 hrs of incubation. Slmek and Cooper (2002) 

reviewed the interactions between pH and soil denitrification processes and came up with 

the conclusion that neutral to alkaline soils favor denitrification processes, whereas the 

phenomenon was also found highly associated with bacterial biomass. Zhao et al. (2009) 

reported enhanced levels of total nitrogen removal with higher CFU/l of bacterial spores’ 
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powder 108. This notion justifies results of higher nitrate removal with maximum 

inoculum size (10%) employed in this study.  

B. cereus is known to perform denitrifier of both aerobic and anaerobic 

conditions. Anaerobically grown cultures of B. cereus strains isolated from soddy 

podzolic soils have been reported for maximal denitrifying activity (Manucharova et al., 

2000). While in case of aerobic cultures, evolution of N2 from nitrate proove them 

potential dentrifiers in this condition too (Kim et al., 2005). Zhao et al. (2009) reported 

efficient removal of total nitrogen with denitrification rate of 68.6% from eutrophicated 

landscape water using B. cereus-DNF409. B. subtilis was once believed to be a strict 

aerobic bacterium but latter its ability to utilize nitrate or nitrite for growth under 

anaerobic conditions opened a new direction for detailed studies of the mechanism 

(Nakano and Zuber, 1998). Besides being a well-developed general denitrifier the B. 

subtilis. Its nitrifying capability of ammonia make it a potential candidate for removal of 

diverse nitrogen containing toxicants.  Yang et al. (2011) studied the nitrification- 

denitrification potential of B. subtilis and achieved 20% removal of 104 mg/L NH04+- N 

after 60 hrs of incubation under autotrophic growth conditions while a 58% removal was 

achieved within 60 hrs when growth media was supplemented with acetate.    

Chromium stress, applied in the present study in the form of Cr (VI), induced 

inhibition in the denitrification potential of the bacterial community mainly affecting 

nitrite reduction. Bollag and Barabasz (1979) reported accumulation of nitrite and nitrous 

oxide as indicators of denitrification inhibition under the increasing amounts of heavy 

metals. Decrease in denitrification potential of B. cereus-ASDS9 with increase in 

chromium concentration was observed in the present investigation with nitrite 

accumulation at 20mg/l of Cr (VI). The changes in denitrification potential of bacteria 

could be due to inhibition of particular step in denitrification (Mazierski, 1994; 

Dmitrenko et al., 2006) or due to toxicity effects on biomass production under oxidative 

stress. Inhibition of denitrification potential of Shewanella oneidensis MR-1 in presence 

of Cr(VI) has been reported to be due to involvement of nitrite reductase in Cr(VI) 

reduction thus interfering with anaerobic respiration pathway (Viamajala et al., 2002). 

Similar inhibitory effects on nitrate and nitrite reductions by Pseudomonas have also been 
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reported under chromium stress in pure culture conditions (Mazierski, 1994). Studying 

denitrification phenomenon in autotrophic biofilms in H2 –based membrane reactor has 

shown competitive interactions between nitrate and chromium (Xia et al., 2010). While 

for the bacterial species Staphylcoccus epidermidis and B. cereus positive correlation 

between the two contaminants has been reported (Vatsouria et al., 2005). These multiple 

interactions between Cr (VI) and nitrate may vary according to the culture conditions, 

electron donor and bacterial species. Fifty percent inhibition in dinitrification under 

chromium stress has previously been reported at Cr (III) concentrations ranging between 

25 to 54mg/l (Leta et al., 2004). 

In this study B. cereus-ASDS9 was found incapable of denitrification when 

molecular hydrogen (H2) was used as electron donor, however, the process 

(denitrification) started following the addition of yeast extract. At equivalent levels of Cr 

(VI) and nitrate, higher amount of nitrate was reduced compared to Cr (VI). At 50% 

decrease in the initial concentration of Cr (VI) 100% nitrate reduction was recorded.  The 

quantification for number of B.cereus-ASDS9 cells in parallel to reactor conditions 

showed that decreasing chromium concentration in reactor at stage 3 resulted in 

significant enhancement in biofilm mass formation as indicated by 16SrRNA gene copies 

number. Similar trends in nirS gene copies were observed in biofilm samples from the 

stages 2 and 3 of the reactor. Assessments of nitrite reductase provide information about 

the key steps of denitrification i-e., conversion of nitrite to nitrous oxide. This step 

distinguishes nitrate respiring microbes from the denitrifiers. For the catalyses of nitrite 

to nitric oxide, nitrite reductase is encoded by nirK and nirS respectively, genes with 

similar function but different in structures. Both genes are responsible for the processes 

of denitrification in different organisms (Zumft, 1997; Braker et al., 2000). Profound 

inhibitory effects on nirK denitrifying community were observed under high and low 

concentrations of lead. Thus in continuous bioreactor an inhibitory relationship between 

Cr (VI) and nitrate is speculated to be related to chromium exerted toxicity to B.cereus-

ASDS9. Kourtev et al. (2009) reported that nature of electron donor greatly affect 

chromium resistance and nitrate metabolism. Glucose and lactate posed differential 

resistant levels to Cr (VI) in presence of nitrate. Nitrite accumulation was observed when 

lactate was the carbon source irrespective of the presence or abcense of chromium. Our 
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findings are in accordance with these reported nitrate reductions at higher Cr (VI) 

concentrations inhibition in B.cereus-GNCr-4 (Kourtev et al., 2009). Electron donors are 

very important for limiting or stimulating denitrification processes. In a recent study 

Cayuela et al. (2013) provided electron shuttle to the denitrifying community which 

converted 90% of N2O to N2. Similarly organic matter containing eutrophicated 

landscape completely transformed N2O to N2 when inoculated with denitrifying B 

.cereus strain DNF409 (Hallin et al., 1996). Achievement of denitrification with yeast 

extract in camparison to molecular hydrogen (H2) suggests proper selection of electron 

donor for successful denitrification. It is reported that complex electron donors suitable 

for aerobic growth are ideal for assessment of denitrification potential (Verbaendert et al., 

2011). Yeast extract is a preferred electron donor over glucose and acetate for 

denitrification particularly for enhancing efficiency of nitric oxide reductase (Garcia, 

1977; Abdul Talib and Johari, 2013).   

Excess use of nitrogen fertilizers has lead to nitrate accumulation in soils as well 

as surface and ground water bodies through soil erosion and leacking (Gastal et al., 2002; 

Wang et al., 2002). These levels become toxic when reach above 50ppm according to the 

EU standards (Nitrate Directive- 91/676/EEC). High nitrate contents are harmful even for 

plants, where they affect root nodules’ and surface area of leguminous plants when 

accumulated in soils and cause eutrophication when exaggerate in water bodies 

(Hannaway and Shuler, 1993). Excess accumulation in plants particularly leafy 

vegetables has indirect health concerns when utilized by animals (Wright and Davidson, 

1964). Methaemoglobinemia and gastric cancer are diseases are reported consequences of 

consuming nitrate rich plants and vegetables (Bruning-Fann and Kaneene, 1993; Ishiwata 

et al., 2002). Since nitrate accumulation in plants is directly related to the presence of 

excess nitrates in soils, thus biological treatment of affected land areas by utilizing 

potential denitrifying microbes is highly suggestive (Ilinef, 2000). Bacillus sp based 

treatment system ‘Bio Best Bacillus: B3’ is working for removal of nitrogen as well as 

phosphorous and organic matter from the wastewater and represents one of the advanced 

treatment (Choi et al., 2000). Excess application of nitrogen fertilizers is common 

practice in Pakistan. With scarcity of irrigation waters accumulations of nitrates in the 

agroecosystems have become more likely to occur. Although no data are available here in 
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this country for the excessive accumulation of nitrates in the soils and thus in the crops 

and vegetables cultivated on such lands, but keeping in view the increasing number of 

reported cancer cases one might consider for quick analytical surveys of lands and the 

food crops and vegetables. However, for any emergent situation the potential denitrifying 

bacterial species worked out in the present investigation which are Cr (IV) resistant too 

are proposed for augumenting nitrate contaminated agricultural lands, nitrogen removal 

from the nitrate polluted water bodies, in general, and for the heavy metals polluted 

environments in particular. 
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CONCLUSION 

The present study culminates in the isolation, preservation and characterization of 

cellulose degrading, nitrogen fixing and denitrifying bacteria which can withstand 

presence of 1600-1850µg/ml of Cr(VI), respectively. The bacteria are not only chromium 

tolerant but they also expressed varying levels of the metals reductions. Of the 

cellulolytic isolates B. amyloliquefacien is known for its plant growth promotion while 

from the nitrogen fixing bacteria Paenibacillus barcinonensis, B.cereus, B. megaterium, 

Corynebacterium variabile are well known for production of plant growth promoting 

hormones. The above mentioned attributes of the select cellulolytic and nitrogen fixing 

bacteria were verified by the wheat seedling experiments. Chromium reductions coupled 

with cellulose degradation and nitrogen fixing potential of the bacteria of this study make 

them excellent potential candidates for metals contaminated soils bioremediation as well 

as bringing the carbon and nitrogen cycles in dynamic phase from a previously chromium 

toxicated ruined land area. In addition plant growth promoting attributes of B. 

amyloliquefaciens-ASK11 and B. megaterium-ASNF3 can be exploited for soil 

biofertility enhancing purpose generally. While their application in select chromium 

contaminated soils will be promising for concomitant soil bioremediation enhanced 

agricultural outputs. 

The Cr(VI) reducing potential of denitrifying bacteria might find increasing 

applications for removal of nitrates and the heavy metals from contaminated waters.. 

Appropriate amounts of nitrates and Cr(VI) contaminations from different industrial 

sources might be adjusted for efficient removal of the pollutants. While proper dilution of 

discharges harboring both the contaminants will also be required for designing efficient 

bioremediation processes.  

Further work addressing cultivation of these bacteria in an economical way by 

searching suitable natural low cost substitutes replacing the constituents of the academic 

media and verification of potential of these bacteria fir addressing other pollutants are 

likely to widen the soil bioremediation and agricultural land rehabilitation/recovery 

programs in this country. Agricultural land run-off characterized with higher nitrates 

and/or metal contents will also be addressable.   
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