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ABSTRACT
Experiments were conducted to evaluate the role of plant growth promoting
rhizobacteria (PGPR) alone and supplemented with chemical fertilizers to improve
quantity and quality of safflower (Carthamus tinctorius L.) and canola (Brassica
napus L.) with perspective to biodiesel production.
First experiment of the series was conducted to evaluate the effect of PGPR viz.
Azospirillum brasilense and Azotobacter vinelandii and chemical fertilizers (Urea and
DAP) alone and in combination (under axenic conditions) on enzymes activities of
rhizospheric soil in addition to general impact on growth of safflower cvv. Thori and
Saif-32. The PGPR were applied as seed inoculation at the rate of 106 cells/mL prior
to sowing. Chemical fertilizers were applied at full (Urea 60 Kg ha-1 and
Diammonium phosphate (DAP) 30 Kg ha-1), half (Urea 30 Kg ha-1 and DAP 15 Kg
ha-1) and quarter doses (Urea 15 Kg ha-1 and DAP 7.5 Kg ha-1) during sowing. The
colony forming units (cfu) of Azospirillum and Azotobacter were higher in the
presence of quarter dose of chemical fertilizers. Activities of soil enzymes viz. urease
and phosphatase were enhanced by Azotobacter in combination with quarter doses of
chemical fertilizers and Azospirillum in combination with half dose of chemical
fertilizers respectively whereas; root proliferation was enhanced by Azotobacter and
Azospirillum supplemented with half and quarter doses of chemical fertilizers.
The 2nd experiment was focused on the effect of PGPR and chemical fertilizers under
field conditions on plant growth, seed yield, oil contents and quality of safflower with
perspective to biodiesel production. The indole acetic acid, gibberellic acid, oil
contents, oil/protein ratio and seed phenolics were improved by Azospirillum with half
dose of chemical fertilizers. Azospirillum in combination with quarter dose of
chemical fertilizers improved the fatty acid profile, oil quality and amino acids
contents with parallel increase in biodiesel yield whereas; Azotobacter in combination
with quarter dose of chemical fertilizers improved seed crude protein and induced
protein of 130 KDa and 100 KDa. Seed nutrients viz. Ca+2, K+ were increased by
Azotobacter and Azospirillum supplemented with half dose of chemical fertilizers.
In the 3rd experiment effects of chemical fertilizers, Azospirillum and Azotobacter
were studied on plant growth, seed yield and oil quality of canola (Brassica napus L.)
var. Pakola pertaining to biodiesel production. Significant improvements in seed yield
ix

and seed size were recorded in chemical fertilizer treatment while oleic acid (C18:1)
was improved by Azospirillum treatment with parallel decrease in erucic acid
contents. Azotobacter showed maximum increase in seed oil content with concomitant
decrease in seed glucosinolate and moisture content. Chemical fertilizers and
Azospirillum decreased the oil acid value and free fatty acid (%FFAs) contents with
concomitant increase in seed protein and biodiesel yield (93 % and 92% respectively).
Protocol for the production of safflower biodiesel was optimized using 1H NMR, FTIR, GC-MS and refractometer techniques. The biodiesel samples prepared by base
catalyzed transesterification reaction showed maximum yield (97.84%) at 0.5%
catalyst concentration with 6:1 methanol/oil ratio at 65°C as quantified by 1H NMR
technique with minimum (1.41) refractive index and improved physico-chemical
properties. The GC/MS analysis showed the presence of five major faty acid methyl
esters.
Improvement in separation and quantification of fatty acid methyl esters in safflower
oil was achieved using comprehensive two-dimensional GC (GC×GC). The GC×GC
separation accomplished by the combination of SLB-IL111 with IL59 column phases
provided excellent separation of FAME standard mixture and also safflower FAMEs
were well separated and quantified in a short run of 16 min.
It is inferred that PGPR can supplement the chemical fertilizers upto 50%–75% in
order to obtain optimum growth and yield of safflower and use of advanced
technologies improved biodiesel and fatty acid analyses being more rapid, precise and
cost effective.

x
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1. General Introduction and Review of Literature
Energy is the one of the fundamental aaspects
spects for the viable commodity and
responsible for improving the socio-economic
socio
development of a country. The sources
of energy from fossil fuel are finite and will deplete soon. On the other side there is an
increasing problem of global
gl
warming, accumulation of greenhouse
house gases and
environmental
vironmental pollution lead
leading to climate change which in turn influences the crop
productivity.. The search for the renewable, sustainable and environmental friendly
energy resources is the key factor
fa
for improving the economy of a country and
reducing the emission of green
greenhouse gases. It is indispensable to increase the supply
of energy by diversification of the energy sources and utilizing the biomass from
sources which have no competition with the conventional food resources (Sokoto et
al., 2011).
Biodiesel is an alternative energy source that is renewable, sustainable and
environmental friendly. Biodiesel is mainly composed of alkyl esters of long chain
fatty acid and it is one of the promising alternative fuels to petro-diesel
petro diesel which has
almost similar properties
es to that of petro-diesel
petro
(Knothe, 2008). Vegetable oils are
basically composed of triglycerides. These triglycerides are composed of three
molecules of fatty acid attached to one glycerol molecule and this structure contains a
considerable amount of oxygen,
oxygen however fatty acids vary in chain length and number
of presence of double bonds. The carbon chain length, position of double bond and
composition of fatty acids highly affect the biodiesel quality (Srivastava and Prasad,
2000). A typical structure
ure of triglycerides is shown in Figure 1.1.

Figure 1.1 Structure of Triglycerides
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Domestic renewable energy sources can play an important role in fulfilling the energy
demands of a country, thereby reducing its dependence on fossil-derived fuels.
Similar to other developing countries in South Asia and elsewhere in the World,
Pakistan is also facing serious challenges in meeting the country’s energy demands.
The existing petroleum based energy resources of Pakistan are insufficient to meet the
domestic needs, resulting in an expenditure of huge amounts of foreign exchange for
the import of petroleum and petroleum products.
Many countries of the World are producing biodiesel on a commercial scale such as
Germany, USA, France, Malaysia, Brazil, Italy and many other European countries.
Among European Union Germany and France are leading countries for 88% biodiesel
production of the World (Hazell and Pachauri, 2006). It is estimated that there is an
increase in biodiesel demand in the World with the passage of time and annual
production of biodiesel increased from 15000 barrel/day in 2000 to 325000
barrels/day in 2010 globally and this rate is increasing day by day. Figure 1.2
represents the global biodiesel production (%) production by different countries.

Figure 1.2 World’s biodiesel production in different countries (Adopted from
www.eni.com).
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Biodiesel has many advantages over petro-diesel. One of the most important benefits
is that it is a renewable energy source because the feedstock of biodiesel can be easily
cultivated and can be utilized as a source of biodiesel. Biodiesel contains about 10%
oxygen which improved the combustion properties of biodiesel. It is non-toxic as in a
study the particulate emitted from biodiesel were studied for cytotoxic and mutagenic
effect and the results indicated that biodiesel has very low mutagenic potential and
consequently it reduces 90% cancer risk as compared to that of petro-diesel. It is
easily biodegradable and environmental friendly. The CO2 emitted from the vehicles
can be reused by the plants as a result it reduces the environmental pollution hence it
is considered as a carbon neutral and environmental friendly fuel. It has no effect on
climate and is called a climatic neutral fuel. By restoring the degraded and non
cultivated land through cultivation of plants (feedstock) for biodiesel it provides
employment opportunities in rural areas. Due to higher cetane number and flash point
it reduces ignition delay and is safe for handling, transportation and storage. Biodiesel
with a blend of 20% can be utilized without any modification in the existing diesel
engine and has superior lubrication properties than petro-diesel and reduce the wear
and tear of engine and improve the engine efficiency (Atabani et al., 2012).
1.1. Biodiesel production technologies
Different technologies have been used for biodiesel production such as pyrolysis in
which decomposition of organic material such as vegetable oil, animal fat etc is
carried out in the presence of a catalyst and in the absence of oxygen (Balat and Balat,
2010; Yusuf et al., 2011; Jain et al., 2010). The fuel produced after pyrolysis has good
quality (Sharma et al., 2008) but the properties such as pour point, ash contents and
carbon residues are unacceptable. The dilution of vegetable oils with diesel to
decrease the viscosity and improve the engine performance without using any
chemical is another approach (Balat and Balat, 2010; Chauhan et al., 2010). But
research indicated that the use of vegetable oil in the engine as direct blend with
diesel is not a good practice as it is not suitable for long term use due to viscosity and
other poor properties (Yusuf et al., 2011). Micro-emulsion is another technique for
biodiesel production but it is normally not an impressive practice for biodiesel
production. The most commonly used technology for biodiesel production is the
transesterification process.
4
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1.2. Transesterification Reaction
Transesterification of vegetable oil is generally used for biodiesel production. It is
very simple and is cost effective. Transesterification process is composed of first
conversion of triglycerides into diglycerides and at the second step diglycerides are
converted
verted into monoglycerides and finally
lly to glycerol that is separated at the bottom
and the biodiesel floats on the top (Atabani et al., 2012).

Figure 1.3 Steps of Transesrerification reaction (Adapted from Atabani et al.
al., 2012)
A variety of alcohols can be used in the tansesterification reaction however
however; the most
commonly used alcohols are methanol and ethanol which are cheaper
cheap than other types
of alcohols. A variety of catalysts are used in tansesterification reaction such as
alkaline catalysts as sodium hydroxide, potassium
potassium hydroxide, sodium methoxide,
potassium methoxide etc. Sodium and potassium hydroxides are widely used catalysts
because the reaction is 4000
4000x faster than other catalysts and high yield of biodiesel
can be obtained in shorter
er time. But one drawback is that these catalysts are costly and
the higher level of free fatty acids results in soap formation which causes problems in
glycerol separation. The heterogeneous catalysts such as potassium carbonate are also
used for biodiesel production. These catalysts produce lower amount of soap during
alcoholysis and K2CO3 results in the production of potassium bicarbonate instead of
water which does not interfere with the reaction. As K2CO3 is a heterogeneous
catalyst therefore it does not dissolve in the mixture and can be easily separated from
biodiesel.
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Figure 1.4 Overall process of biodiesel production
1.3. Variables affecting transesterification reaction
A variety of parameters affect the transesterification reaction that depends upon the
conditions of a reaction. The reduction in yield or incomplete reaction indicates that
reaction variables are not optimized. In order to achieve a high quality biodiesel
optimization of these parameters is necessary and all the parameters have equal
importance to meet the regulatory standards of biodiesel. Some important parameters
that affect the transesterification reaction are given as.
1. Reaction temperature (Srivastava and Prasad, 2000)
2. Reaction time (Ehimen et al., 2010).
3. Type and concentration of catalysts (Sharma and Singh, 2009).
4. Type of alcohol and molar ratio employed (Balat and Balat, 2010).
5. Free fatty acids, moisture and water content of oil (Shahid and Jamal, 2011).
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6. Rate and mode of stirring of reactants (Jain and Sharma, 2010).
7. Purification of the final product (Sharma et al., 2008).
1.4. Properties of Biodiesel
1.4.1. Flash point
Flash point is an important property of biodiesel fuel. It is the temperature at which
fuel ignites when exposed to spark or flame. The flash point of biodiesel is higher as
compared to that of petro-diesel and due to this property it is safe during transport and
storage as well as handling is easy (Atadashi et al., 2011). The flash point of
conventional diesel is 55–66ºC whereas of biodiesel it is more than 150ºC. The flash
point of biodiesel also depends on the carbon length of fatty acid of oil (Kumar et al.,
2010). The flash point of biodiesel having lower chain length fatty acid is lower than
the flash point of biodiesel having longer chain fatty acid (C16, C18). The flash point
of biodiesel is lower than the pure vegetable oils (Demirbas, 2009). According to
ASTM D93 the flash point of 93°C or higher is much safer for transportation and
storage.
1.4.2. Cetane number
Cetane number is one of the most important properties of biodiesel and is the prime
indicator of quality of biodiesel. It determines the ignition properties of biodiesel.
Cetane number is the measure of the capability of fuel to auto-ignite after injection
into combustion chamber. The higher cetane number represents short ignition delay
and biodiesel is considered as of high quality. The cetane number is also dependent on
the length of carbon chain of the fatty acid such as the fatty acid with longer carbon
chain and increased saturation exhibited higher cetane number and the highly
branched compounds have lower cetane number and poor combustion properties.
Biodiesel has higher combustion efficiency than petro-diesel because of higher cetane
number. According to ASTM D613 the cetane number of fuel is 47 min and
according to EN ISO 5165 the cetane number biodiesel fuel is 51 min (Lapuerta et al.,
2008).
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1.4.3. Acid value
Acid value is the measure of mg KOH which is required to neutralize 1g of fatty acid
methyl esters. It represents the amount of free fatty acid present in the biodiesel. Free
fatty acids are monocarboxylic acid that may be unsaturated or saturated and naturally
present in the vegetable oils. The increase in amount of free fatty acids results in
increase in the acid value and higher acid value leads to corrosion of engine and bad
fuel properties. Presence of higher free fatty acid in the oil results in soap formation
and poor biodiesel properties. The maximum acid value approved by international
standards such as ASTM D664 and EN 14104 is 0.50 mg KOH/g of oil (Jena et al.,
2010).
1.4.4. Viscosity
Kinematic viscosity is an important indicator of the fuel material to flow. It is also one
of the main properties of biodiesel. Viscosity is particularly important at low
temperature and it affects the spray automization and fuel injection equipment
operation. As biodiesel is composed of fatty acids of large structure and large
molecular weight therefore the biodiesel has higher kinematic viscosity than that of
petro-diesel. At low temperature particularly during summer the fuel become more
viscous and its flow become poor which cause problems in operation process. The
ASTM D445 limit for viscosity is (1.9–6.0 mm2/s) and of EN ISO 3104 is 3.5–5.0
mm2/s (Rabe, 2010).
1.4.5. Specific gravity
Specific gravity of biodiesel is one of the fundamental properties because some of the
performance indicators such as heating value and cetane number are closely
correlated with it (Tat and Gerpen, 2000a). Specific gravity of petro-diesel is 0.85
whereas for biodiesel it varies from 0.86 to 0.90 which depends upon the feedstock.
The specific gravity of petro-diesel and biodiesel are almost similar (Bajpai and
Tyagi, 2006).
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1.4.6. Cloud point and pour point
Cloud point and pour point are important biodiesel properties and these are correlated
with low temperature. Cloud point is the temperature at which the first wax crystals
form and become visible. Pour point is the lowest temperature at which fuel can flow,
so it is the temperature at which fuel becomes gel (Atabani et al., 2012). These are
important with respect to climatic conditions as due to solidification of fuel there are
problems of blockage of engine, filter and lines which ultimately results in engine
starting, driving problems and due to inadequate lubrication damage to engine takes
place. As composition of fatty acid also affects the cloud and pour point of biodiesel
such as for saturated fatty acid these properties depends upon carbon chain length and
for unsaturated it depends upon the double bond orientation (Rajagopal et al., 2012).
The standard for cloud point and pour point are ASTM D2500 EN ISO 23015 and
D97 (Friday and Okano, 2011). The biodiesel generally has higher cloud and pour
points than the petro-diesel and it can be altered by blending biodiesel with fossil
diesel (Bajpai and Tyagi, 2006).
1.4.7. Oxidation stability
Oxidation stability measures the degree of oxidation of fuel. It is one of the important
properties of biodiesel and it depends upon the fatty acid composition of biodiesel.
The oxidation stability of polyunsaturated fatty acid is higher than the saturated and
monounsaturated fatty acid as polyunsaturated reacts with oxygen when exposed to
air and get oxidized (Atadash, 2010). The autoxidation of fuel depends upon the
number of double bonds in the fuel which increases with increase in the number of
double bond (Frankel, 1998). The oleic acid is the best fatty acid that maintains the
oxidation stability of biodiesel. The susceptibility of biodiesel to oxidative
degradation highly depends upon the chemical composition of biodiesel fuel
(Masjuki, 2010). Antioxidants are being used to improve the oxidation stability of
biodiesel (Atabani et al., 2012).
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1.4.8. Refractive Index
Refractive index is an important biodiesel property that represents the degree of
unsaturation. It is reported that refractive index of biodiesel increased with increase in
glycerol contents and it leads to poor quality biodiesel production (MacLeod, 2008).
Refractive index is also related to increase or decrease of temperature as well as it
depends on the saturated and unsaturated fatty acid composition of biodiesel
(Sadrolhosseini et al., 2011). Xie and Li (2006) reported that refractive index
determines the rate of transesterification reaction and hence it is an important
parameter for the evaluation of the standard of biodiesel.
1.4.9. Fatty acid composition of biodiesel
Overall properties of biodiesel are directly or indirectly correlated with fatty acid
composition of biodiesel. The saturated fatty acids impart worst cold flow properties
and the fuel agglomerate in the fuel lines and filter and create operation problems
whereas the oxidation stability of saturated fatty acid is good. On the other hand
unsaturated fatty acids can be divided into two types, monounsaturated fatty acid and
polyunsaturated fatty acid. Monounsaturated fatty acids improve the biodiesel
properties such as cold flow properties, viscosity, cetane number and good oxidation
stability while polyunsaturated fatty acids result in high NOx emission, poor oxidation
stability, low cetane number and high iodine value (Atabania et al., 2012). Saturated
fatty acid increases viscosity and unsaturated fatty acid with cis double bond
decreases the viscosity. Similarly the cetane number also depends on the fatty acid
composition and it increases with increase in carbon chain length and decreases with
decrease in carbon chain length and with increasing branching (Knothe, 2005). The
NOx emission increases with increasing unsaturation and decreasing chain length of
the fatty acid.
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Figure 1.5 Schematic representation of factors affecting biodiesel quality
1.5. Advanced techniques used for biodiesel and fatty acid analyses
Chromatography and spectroscopy are the most common methods for biodiesel
analyses (Knothe, 2001).
1.5.1. 1H NMR
The 1H NMR is an important technique for monitoring the yield of transesterification
reaction. Gelbard et al. (1995) for the first time reported the utilization of nuclear
magnetic resonance for monitoring the yield of transesterification reaction,
particularly 1H NMR. This method is simpler and faster than chromatographic ones
11
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but the maintenance costs and instrumentation are relatively high. The 1H NMR
methodology was developed previously to monitor the soybean oil ethanolysis as well
as to quantify the content of fatty ethyl esters in mixtures of biodiesel and oil (Neto et
al., 2004; Morgenstern et al., 2006). Moreover, a small amount of sample is required
and it could be analyzed without a prepurification process.
1.5.2. Fourier transform infrared spectroscopy (FT-IR)
Zagonel et al. (2004) reported the use of Fourier transform infrared spectroscopy
methods to observe the ethanolysis of soybean oil and this method was considered
accurate and fast to predict yield of a reaction. Siatis et al. (2006) developed a Fourier
transform infrared spectroscopy method to monitor the ultrasonically assisted
extraction transesterification of seed and seed cakes from cotton, sunflower, sesame,
and Cynara cardulus seeds. By using this technique simultaneous determination of
fatty acid methyl ester and triglycerides was carried out.
1.5.3. Gas chromatography (GC-FID, GC-MS)
Bondioli et al. (1994) reported the quantification of fatty methyl esters in
biodiesel/diesel blends using GC-FID. In another work the authors described a GCFID method for determination of biodiesel levels in biodiesel/diesel blends (Bondioli
et al., 2003). However, GC–MS method was also used for the analysis of mono-, diand triglycerides in biodiesel fuels and gave excellent quantification data (Plank and
Lorbeer, 1992). Mittelbach (1993) also described a GC method with MS or FID for
the determination of free glycerol in the biodiesel.
1.5.4. Comprehensive two dimensional gas chromatography (GCxGC)
Monodimensional capillary GC has been the most common approach used for the
determination of fatty acid profiles. However, it is shown that single column GC can
fall short in the full unveiling even of simple lipid profiles. Comprehensive two
dimensional chromatograms as compared to a monodimensional chromatogram
contain many more peaks and the peak capacities are much higher (Tranchida et al.,
2008). A large number of fast 2-D chromatograms are generated during a single
application. By using dedicated software, individual compounds are visualized as
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ellipse-shaped peaks in a 2-D contour plot; peak colour and dimension are related to
the total analyte quantity. In general, the main advantages of comprehensive 2-D GC
over conventional methods are basically three: apart from the increased resolving
power (I) a major beneficial characteristic is increased sensitivity through solute band
reconcentration (II) making the technique particularly suitable for trace-level
component detection. A further advantage is the 2-D chromatogram formation of
chemically similar compound patterns (III); this aspect can be of great help in the
identification of unknowns (Tranchida and Mondello, 2012).
1.6. Feedstock for Biodiesel
The commonly used feedstocks for biodiesel production are vegetable oils, animal
fats and waste oil; the vegetable oils are most frequently used. Oilseed crops used for
biodiesel production are rapeseed, soybean, jatropha, palm oil, linseed, sunflower,
safflower, cotton oil, canola, castor oil, Pongamia pinnata, Rice bran, Jojoba, Hevea
brasiliensis seed, Calophyllum inophyllum, and Microalgae etc. (Ahmad et al., 2011).
Recently about 350 oil seed crops have been identified globally for biodiesel
production. The production of biodiesel feedstock mainly depends upon the soil
conditions, agricultural practices, regional climate and geographical location of the
country. The selection of feedstock is the first priority for biodiesel producers because
the cost of feedstock represents about 75% of the total cost of biodiesel. Feedstock
directly affects the cost and quality of biodiesel. Currently about 95% biodiesel is
being produced from edible oil therefore there is a huge competition and conflicts
between biodiesel industry and edible oil.
In order to mitigate the conflict between biodiesel and edible oil there is a need to
improve the feedstock productivity. This conflict can be resolved by using (a) nonedible oilseed crops, (b) increasing the productivity of feedstock through bringing
improvement in the soil fertility status, (c) by using the arid and less fertile soil for
stress tolerant oilseed crops and (d) improving the yield and quality of feedstock by
using agrochemicals, biofertilizers (PGPR) and PGR (Plant Growth Regulator).
Previously a considerable amount of work have been done to improve the feedstock
yield and quality by using these measures (Patra et al., 2012; Pedram et al., 2013;
Ghasemi et al., 2012; Suriharn et al., 2011; Ullah et al., 2013).
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Figure 1.6 Feedstock for biodiesel (adopted from Atabani et al., 2012)
1.7. Improvement in biodiesel feedstock
Feedstock for biodiesel can be improved by using different measures.
14
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1.7.1. Chemical fertilizers
Chemical fertilizers have been used for decades to improve the plant growth and yield
of crops. Many studies have reported that use of chemical fertilizers provided higher
yield as compared to non-fertilized soil (Nahar and Ozores-Hampton, 2011).
Previously it was reported that higher yield of jatropha was obtained by the
application of chemical fertilizers (Mohapatra and Panda, 2011; Moore et al., 2011).
Obiero et al. (2013) reported in a study on jatropha as a biofuel crop that about 59%
chemical fertilizers are being used by the farmer for better growth and yield of crop.
Application of N, P and K fertilizers not only increased the yield of jatropha but also
improved the seed weight and seed oil contents (Mohapatra and Panda, 2011).
Surihan et al. (2011) reported that application of 312 Kg/ha of NPK fertilizers
improved growth and yield of jatropha. Previously it was reported that application of
NPK fertilizers resulted in significant increase in seed yield, seed weight and oil
contents of seed which ultimately leads to economization of biodiesel (Obiero et al.,
2013). During the seed development stage it is crucial to provide a balanced nutrient
supply in order to accomplish the requirements of assimilates to the fruit and the
developing seed (Scott et al., 1973). Yong et al. (2010) reported that increasing N
fertilizers level did not affect the seed oil contents this may be due to the parallel
increase in protein production which leads to reduction in oil contents and ultimately
fatty acid contents (Abbadi et al., 2008).
1.7.2. Plant Growth Promoting Rhizobacteria (PGPR)
Although nitrogen and phosphorus are essential nutrients for development and growth
of the plant yet the excessive use of chemical fertilizers leads to soil, water and
environmental pollution. The overuse of chemical fertilizers in order to replenish the
P and N requirements results in environmental pollution and leaching of the soil
nutrients. In order to cope with these detrimental effects there is a growing interest to
find out alternative ways that are sustainable and environmental friendly. One such
alternative is the use of PGPR to reduce the amount of chemical fertilizers. The
beneficial role of microbes has been oft-stated. PGPR are sustainable and
environmental friendly which also circulate the nutrients and reduce the excessive use
of chemical fertilizers to some extent (Azimi et al., 2013).
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1.7.2.1. Azospirillum
Azospirillum strains were isolated and used for inoculation studies in 1970’s. It is a
free living rhizobacteria and contains ten species, among them Azospirillum
brasilense and Azospirillum lipoferum are well known species (Hartmann et al., 2000;
Stoffels et al., 2001). It is associated with the roots of a large number of cereals and
crops that are of utmost importance in agriculture. The most important characteristic
of Azospirillum is its nitrogen fixation ability. Sen (1929) reported that the nitrogen
fixing bacteria such as Azospirillum could fulfil the demand of cereal crops for
nitrogen nutrition. It also improves the plant growth and yield by development of root
system that facilitates the uptake of water and mineral by the plant (Saharan and
Nehra, 2011).
1.7.2.2. Azotobacter
Azotobacter is an important plant growth promoting rhizobacteria which is free living
nitrogen fixing bacteria and about twelve species are well known. Several
mechanisms are reported by which it promotes plant growth such as phytohormone
production (indole acetic acid and gibberellins), stimulation of nutrient uptake,
nitrogen fixation, increasing stress tolerance, improving the availability of primary
nutrients to the plant (Wu et al., 2005), production of enzymes, riboflavin, thiamin,
synthesis of antibiotics, fungicidal compounds (Bharathi et al., 2004; Ahmad et al.,
2006; Jeun et al., 2004) and acts as a biocontrol agent against pathogenic bacteria
(Rodriguez and Fraga, 1999; Sindhu et al., 1999). Azotobacter is reported to produce
siderophore such as azotobactin is produced by Azotobacter vinelandii that helps in
plant growth and can be used as efficient PGPR for increasing the yield of crops.
Azotobacter vinelandii is reported to solubilise phosphate and take part in growth
promotion (Husen, 2003).
1.7.2.3. Mechanisms of action of PGPR
The PGPR improved the plant growth, yield and oil quality of crops by direct or
indirect mechanisms. Direct mechanisms include the nitrogen fixation, facilitating the
resource acquisition, phosphate solublization, sequestering of iron, production and
modulation of phytohormones. The PGPR improved plant growth by indirect
16
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mechanism such as synthesis of enzymes and antibiotics, siderophore production,
triggering the phenomenon of induced systemic resistance, biocontrol agent,
modulating the effect of environmental stress (Glick, 2012). A biofertilizer is a
substance that contains living microorganisms which, when applied to seed, plant
surfaces, or soil, colonizes the rhizosphere or the interior of the plant and promote
growth by increasing the supply or availability of primary nutrients to the host plant
(Vessey, 2003). Two commercialized biofertilizers known as Nitrofix and Peak Azad
contain Azospirillum and Azotobacter respectively (http://www.indiamart.com).
Figure 1.7 showed summarized mechanisms of action of PGPR.

Figure 1.7 Mechanisms of action of PGPR.
1.7.2.4. Soil enzymes
Soil enzymes are important and are involved in the biogeochemical cycles (nutrient
cycles); and are determinant of the soil microbial activity. They also respond to the
changes occurring in environment either by natural and artificial (anthropogenic)
factors.
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The PGPR improve soil health by improving the soil enzymes activity. A variety of
enzymes are produced in the soil such as urease, phosphatase, invertase, chitinase,
hydolase, protease,, cellulase,
cellul
catalase etc. which are important enzymes in the soil
soil.
Some soil enzymes and their functions
function are given in the Table 1.1.
Table 1.11 Soil enzymes as indicators of soil health (Adopted from Das and
Varma, 2011)
Soil enzyme

Enzyme reaction

Indicator of microbial
activity

Dehydrogenase

Electron transport system

C-cycling

b-glucosidase

Cellobiose hydrolysis

C-cycling

Cellulase

Cellulose hydrolysis

C-cycling

Phenol oxidase

Lignin hydrolysis

C-cycling

Urease

Urea hydrolysis

N-cycling

Amidase

N-mineralization

N-cycling

Phosphatase

Release of PO4-

P-cycling

Soil enzymes

Hydrolysis

General organic matter
degradative enzyme
activities

Urease function is very important in soil. It hydrolyses the urea that has been leached
out. It is believed that urea is a slow releasing fertilizer and undergoes transformation
through two steps. First step is the urea transformation into carbonate and ammonia in
the presence of urease enzyme and in the second step ammonia is converted to nitrit
nitrite
and then to nitrates ions which are readily available for the direct use of plant (Falih,
2000).. The reaction is given in the Figure 1.8.

Figure 1.8 Urea hydrolysis
18
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Microbial populations improve the enzyme activities in soil which consequently lead
to the improvement of soil fertility and soil health. Perotti and Pidello (1999) reported
that inoculation of Azospirillum significantly improved the urease activity in soil.
Phosphorus is one of the major essential macronutrients for plant growth and
development (Ehrlich, 1990). Phosphatase enzyme plays an important role in
phosphate solubilization and release of inorganic P from at which is bounded and
provides phosphorus nutrition to the plants (Wang et al., 2006). These phosphatases
are present in plants, bacteria, and fungi and cleave the ester bond of phosphorus
compounds and release the inorganic form of phosphorus for the use of plant
(Malcolm, 1983; Duff et al., 1994). A variety of PGPR such as Enterobacter,
Citrobacter, Proteus, Serratia, Rhizobium, Klebsiella and Pseudomonas have been
reported to express a significant level of phosphatases (Abd-Alla, 1994a, b; Thaller et
al., 1995a; Skrary and Cameron, 1998). Dick et al. (2000) reported that phosphatase
enzyme is an important indicator of soil fertility. It provides phosphorus to the plant
when there is deficiency of phosphorus by remobilizing and solublizing the organic
phosphorus and enables plants to cope with P stress (Versaw and Harrison, 2002;
Karthikeyan et al., 2002; Mudge et al., 2002). The most dominant group of
phosphatase enzymes is acid phosphatases which are responsible for phosphate
solublization in acidic soil.
Invertase is one of the important soil enzymes which plays an important role in carbon
cycling and catalyzes the hydrolysis of sucrose into glucose and fructose (Wang et al.,
2012). It is present in soil, microorganisms, plants and animals (Frankenberger and
Hohanson, 1983). In soil the invertase activity mainly depends upon the presence of
soil organic matter. The alkali-hydrolysable N, P and clay has a positive indirect
effect via soil organic matter on soil invertase activity (Shi et al., 2008).
1.7.2.5. Effect of PGPR on growth, yield and oil quality
The plant growth promoting rhizobacteria (PGPR) are the groups of bacteria which
colonize the plant roots and augment plant growth and yield (Mirshekari and Alipour,
2013). Plant Growth Promoting Rhizobacteria improve plant growth and yield by
several mechanisms such as organic acid, phytohormone and siderophore and
biologically active compounds production as well as phosphate solublization,
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nutrients uptake and antibiotic production that suppress the effect of deleterious
bacteria. Kumar et al. (2009) reported that 10% increase in oil contents was recorded
in treatment of half dose of chemical fertilizers plus LES4 isolate as compared to
untreated control. He further reported that the same treatment increased 33.3% oil
yield and 47% protein yield in sesame. The PGPR either alone or in combination with
chemical fertilizer improve the plant growth and yield by increasing the physiological
attributes such as chlorophyll, carotenoids, protein contents, as well as by increasing
the number of branches per plant, plant height, number of capitulum per plant and
1000 seed weight (Mirzai et al., 2010). Plant hormones play a significant role in
physiological and developmental processes of plants leading to improved plant
growth. A large number of studies have been conducted on the role of PGPR in
promoting plant growth by modulating the endogenous levels of phytohormones
(Jiang et al., 2007).
Fatty acid composition of vegetable oils plays an important role in determining the
quality of biodiesel. Dhanasekar and Dhandapani (2012) reported that application of
PGPR such as Azospirillum, Azotobacter and Rhizobium in combination with
chemical fertilizers significantly influenced the seed yield and oil quality in
sunflower. Mixed inoculation improved the fatty acid composition of canola in term
of increasing oleic acid concentration (Abd El-Gawad et al., 2009). The PGPR play an
important role in improving the oil quality attributes such as acid value, iodine value,
free fatty acid contents, oxidation stability etc (Mirzai et al., 2010).
Seed protein contents were also improved by the application of Azotobacter
chroccoccum and Azospirillum lipoferum to sunflower (Stefan et al., 2013). Prathibha
and Siddalingeshwara (2013) reported that PGPR (Pseudomonas fluorescence and
Bacillus subtilis) inoculation altered the protein profiling in seeds of sorghum.
Application of PGPR also reported to improve the amino acid contents of the seeds
such as methionine, valine, tyrosine, glutamic acid, valine, alanine, isoleucine
(Hamdia et al., 2004). The bacterial inoculation in combination with manure
significantly augmented the nutrient uptake such as phosphorus, nitrogen, sulfur
potassium, magnesium, calcium, iron, zinc, copper and manganese content in broccoli
as compared to control (Yildirim et al., 2011). Biari et al. (2008) reported that
inoculation of PGPR (Azospirillum and Azotobacter) significantly increased the K, Fe,
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Zn, N, Mn and Cu contents in seeds of maize and the increase ranged from 100% to
147%.
1.8. Safflower
Safflower (Carthamus tinctorius L.) is herbaceous; thistle like annual plant belongs to
family Asteraceae. The plant is 100 to 150 cm tall with globular flower heads
(capitula) and brilliant yellow, orange, or red flowers. It is commercially cultivated
for vegetable oil and used for flavoring and coloring foods, in medicines, and
production of red and yellow dyes in the Central and North Asia, Far East, America,
Europe, North Africa and Caucasia (Dajue and Mundel, 1996; Gyulai, 1996). India,
Mexico and U.S.A. are the principle producers of safflower; however, the crop has
also been cultivated in many other countries, such as Kazakhstan, Argentina,
Ethiopia, China, Uzbekistan, Russian Federation, Australia, Spain and Pakistan
(Dajue and Mundel, 1996). From the last five decades it has been cultivated as a
source of vegetable oil with a variety of fatty acids. Safflower produces various types
of

oil

which

are

high

in monounsaturated fatty

acid

(oleic

acid)

and

in polyunsaturated fatty acid (linoleic acid) which are used as edible oil and
in painting (Zohary and Hopf, 2000).
Safflower, although recognized as one of oldest crops, is still categorized as a minor
crop. The world’s safflower seed production is around 600 000 tons per year.
Although safflower has been grown for decades in Pakistan as a source of dye, folk
medicine, and human food but it did not attract any significant attention as an oil seed
crop and its cultivation had been limited until recently. Safflower is a drought tolerant
crop and recommended in areas where average annual rainfall is below 430 mm, if no
dry wind occurs it may grow even below 300 mm annual rainfall (Oyen and Umali,
2007). In summer, during the conditions of prolonged drought, 43ºC temperatures
does not cause any problems to this crop. Safflower uses surplus water, drawing down
the moisture with the salts dissolved in it, preventing the expansion of saline seeps in
dry land saline areas (Mundel et al., 1992). Recently, safflower has gained a
remarkable importance as a potential feedstock for the biofuel due to its important
characteristics as a source of biodiesel (Ashrafi and Razmjoo, 2010).
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Figure 1.9 Safflower plant,
plant flower and seeds (Adopted from funflower
funflowerfacts.com,
www.studyblue.com,
.studyblue.com, en.www.wikipedia.org, www.jjcardinal.com)
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1.9. Canola
Canola (Brassica napus L.) was developed through conventional plant breeding
from rapeseed, an oilseed plant already used in ancient civilization as a food and fuel.
It belongs to family Brassicaceae. The oil is suitable for consumption by humans as it
contains less than 2% erucic acid and food for livestock, and for use as a source
of biodiesel (Zeratsky and Katherine, 2009). It is an economically important crop of
Pakistan. In Pakistan it is cultivated on an area of 17.2 thousand ha with an annual
production of 18.6 tonnes. The seed oil content of canola varies from 40–44%
(Youssefi et al., 2011). The high oil content means more oil is available per unit of
seed, which ultimately makes more of the feedstock available for biodiesel production
and less by-product relative to other oilseeds. As a result, the biodiesel producer
realizes greater efficiencies from canola than from other oilseeds with lower oil
contents. Canola has high oil yield 127–160 gallons per acre compared to soybean
which has 48 gallons per acre oil yield (Pahl, 2008).
Canola oil is promising source for manufacturing biodiesel than the natural oil as a
renewable alternative to fossil fuels. In biodiesel, low saturated fat content is linked to
improve cold weather performance. At low temperature, petroleum diesel can gel or
crystallize and cause the engine to stop. One measure of fuel performance is the cloud
Point, the temperature at which small solid crystals form in the fuel (USA Dept of
energy, 2006). Canola has the lowest level of saturated fats at 7% and the resulting
biodiesel has a cloud point of -3°C. Soybean oil biodiesel will begin to form crystals
at 3°C, while the cloud point for diesel made from edible tallow is 19°C. Iodine value
(IV) is a measure of oxidative stability. The iodine value for canola is 114 and over
130 for soybean oil. Production of canola for biodiesel could diversify the crop
production while providing a locally-grown renewable fuel and protein-rich feed meal
for the state.
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Figure 1.10 Canola plant, flower and seeds (Adopted from en.www.wikipedia.org,
pk-photography.blogspot.com, www.plant-picture.de, www.mirfak.com.au)
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1.10. Aims and Objectives
On the basis of the preceding discussion the present study was conducted to evaluate
the effect of PGPR and chemical fertilizers to improve the plant growth, yield, quality
and quantity of safflower and canola oil with the perspective of biodiesel production.
To achieve this goal the following parameters were studied.
1. Effect of PGPR and chemical fertilizers on selected soil enzymes.
2. Evaluation of the potential role of PGPR and chemical fertilizers on plant
growth, yield, oil contents and quality of safflower and canola for biodiesel
production.
3. Optimization of protocol for maximum safflower oil biodiesel production
through base catalysed transesterification reaction.
4. Development of advanced technology for analysis of fatty acid of vegetable
oil using comprehensive two dimensional gas chromatography (GCxGC).
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Pot Experiment
Potential of plant growth promoting rhizobacteria and
chemical fertilizers on soil enzymes and plant growth of
safflower
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2. Introduction
Efforts are being made to supplement chemical fertilizers with environmental
friendly, sustainable and cost effective measures e.g. Plant Growth Promoting
Rhizobacteria (PGPR). The PGPR constitutes a group of bacteria that colonize root
surfaces and improve plant growth and development (Wu et al., 2005;
Egamberdiyeva, 2007). They also improve the plant health by improving the fertility
status of the soil (Hayat et al., 2010).
Plant Growth Promoting Rhizobacteria have been reported to bring improvements in
soil quality and enhance the plant growth (Mäder et al., 2011). Soil enzymes are
essential for turnover of organic matter and the metabolic activity of soil
microorganisms (Nannipieri et al., 2002). The most active enzymes in soil include
urease, protease, cellulase, catalase, dehydrogenase, amylase and phosphatase. The
hydrolysis of urea to CO2 and NH3 is brought about by ureases, which is a vital
process in the regulation of N supply to plants after urea fertilization. It also makes
the availability of nitrogen that has been leached down. It is believed that urea is a
slow releasing fertilizer and undergoes transformation through two steps. First step is
the urea transformation into carbonate and ammonia in the presence of urease enzyme
and in the second step ammonia is converted to nitrite and then to nitrates ions which
are readily available for the direct use of the plant (Falih, 2000). Ureases are tightly
bound to soil organic matter and minerals in the soil and are reported to correlate with
soil nutrients (Li et al., 2006).
Invertase is a hydrolase which converts sucrose into two monosaccharides and hence
provides energy for germination. Phosphatases have been detected in rhizosphere soil
and on root surfaces and make the availability of the unavailable form of phosphorus
by phosphate solublization process. Hydrolytic cleavage of P, by extracellular
phosphatases of microbial or root origin is one mechanism of such mineralization.
Previously it was reported that the application of arbuscular mycorrhizal fungi and
PGPR enhanced the soil enzyme activities such as urease, dehydrogenase and
phosphatase and ultimately improved soil quality (Mäder et al., 2011). It was reported
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that nitrogen fixing bacteria improved the urease and phosphatase activity of the soil
(Wu et al., 2012).
As a primary target, the root is the organ that shows the first stimulating bacterial
effects. This was particularly remarkable in plants inoculated with Azospirillum spp.
(Okon, 1985). Plant growth promoting rhizobacteria have been reported to alter the
root architecture of plants (Mantelin et al., 2006). Previous experiments showed that
inoculation with azospirilla markedly improved yield which was mediated by better
water and mineral uptake and positive alterations in the growth and morphology of
root (Creus et al., 2004; Dobbelaere et al., 2001). An increase in the degree of
branching of roots associated with improved root morphology would contribute to a
better plant growth and ultimately greater yields.
Malondialdehyde (MDA) is a major cytotoxic product of lipid peroxidation and has
been used as an indicator of free radical production (Mohammdkhani and Heidari,
2007), the concentration of MDA in the cell or tissue shows the degree of
macromolecules destruction resulting in the loss of the cell function and ultimately
cell death (Stoparic and Maksimovic, 2008). The MDA contents are the indication of
stress and negatively affect the seed germination process (Jiang et al., 2012).
On the basis of above discussion this chapter describes the effects of PGPR on soil
enzymes and plant growth under axenic conditions.
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Figure 2.1 Schematic layout of pot experiment
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2.1. Materials and methods
2.1.1. Plant material and growing conditions
The experiment was carried out in complete randomized design (CRD) at the
Department of Plant Sciences, Quaid-i-Azam University, Islamabad. Certified seeds
of Safflower cvv. Thori and Saif-32 were obtained from National Agricultural
Research Centre (NARC), Islamabad. The seeds were sown in plastic pots (11x8 cm2)
filled with autoclaved (temperature 121°C and pressure 15 psi) loamy soil and sand in
1:1 ratio under controlled sterilized conditions in a growth room (16 h photoperiod at
24°C and 60% relative humidity) and watered using autoclaved sterilized water.
2.1.2. Method of seed inoculation
The seeds of safflower were surface sterilized with 95% (v/v) ethanol followed by
10% (v/v) chlorox and subsequently washed three times with sterilized distilled water.
The PGPR were applied as seed inoculation at the rate of 106 cells/mL. For inoculum
preparation, 100 mL of Luria Bertani media (LB) (Appendix 1) was inoculated with
24 h old broth culture of Azospirillum brasilense (isolated from rhizosphere of wheat,
Accession no. GQ255949) and Azotobacter vinelandii Khsr1 (isolated from roots of
Chrysopogon Aucheri, Accession no. GQ849485) and kept on shaker (Excella E24,
New Brunswick Scientific Incubator shaker Series, New Gersey, USA) for 72 h at
120 rpm at 24ºC. The broth cultures were centrifuged at 10,000 rpm for 10 min.
Supernatant was discarded and pellet was diluted with autoclaved distilled water up to
100 mL, the optical density to be one at 600 nm. Sterilized seeds were soaked in broth
culture for 6 h prior to sowing.
2.1.3. Application of chemical fertilizers
The recommended doses of chemical fertilizers were applied in the form of urea at the
rate of 60 Kg ha-1 and diammonium phosphate (DAP) at the rate of 30 Kg ha-1 as
aqueous solution at the time of sowing.
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Following treatments were made.
Treatments

Symbols

Control (Without inoculation and without chemical fertilizers)
-1

C
-1

Chemical fertilizers full dose (Urea 60 Kg ha and DAP 30 Kg ha )

CFF

Chemical fertilizers half dose (Urea 30 Kg ha-1 and DAP 15 Kg ha-1)
-1

CFH
-1

Chemical fertilizers quarter dose (Urea 15 Kg ha and DAP 7.5 Kg ha )

CFQ

Single inoculation of Azospirillum brasilense (accession no. GQ255949)

SP

Azospirillum brasilense+full dose of chemical fertilizers

SPF

Azospirillum brasilense+half dose of chemical fertilizers

SPH

Azospirillum brasilense+quarter dose of chemical fertilizers

SPQ

Single inoculation of Azotobacter vinelandii (accession no. GQ849485)

BT

Azotobacter vinelandii+full dose of chemical fertilizers

BTF

Azotobacter vinelandii+half dose of chemical fertilizers

BTH

Azotobacter vinelandii+quarter dose of chemical fertilizers

BTQ

Inoculation with consortium of A. brasilense+A. vinelandii

SPBT

2.1.4. Nutrient analyses of soil
The soil nutrient analyses were carried out according to the method of Soltanpour and
Schwab (1977) using Ammonium Bicarbonate-DTPA (Diethylene triamine penta
acetic acid) method. Oven dried soil (10 g) was taken in a conical flask and 20 mL of
extraction solution (DTPA) was added (Preparation of extraction solution in appendix
2). The mixture was shaken for 30 min and then filtered (Whatman No. 40). The
extracted aliquots were kept in capped bottles for analysis on Atomic Absorption
Spectrophotometer (Spectra AA-100, Varian).
2.1.5. Determination of soil organic matter
Soil organic matter was determined by the method of Nelson and Sommers (1982).
Air dried soil (0.50 g) was mixed with 1N KMNO4 solution (5 mL) and after adding
sulphuric acid (10 mL) the mixture was incubated for 30 min. After incubation, 100
mL of deionized water was added. Titration was carried out against 1N FeSO4.7H2O
using 0.50 mL of diphenylamine as indicator until the solution turned to bluish colour.
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2.1.6. Determination of Soil phosphorus
Soil phosphorus contents were measured using the method of Olsen and Sommers
(1982). The sample preparation was carried out by mixing of 2 g of soil with 0.5 M of
NaHCO3 (40 mL) and mixed homogeneously on mechanical shaker for 30 min. After
filtration 10 mL of filtrate was taken in a flask and colouring reagent was added and
finally volume was made up to 50 mL with distilled water. After development of
colour, optical density was measured at 880 nm on spectrophotometer.
2.1.7. Determination of Electrical conductivity
Electrical conductivity was determined from a saturated paste of soil which was
prepared by suspending soil into the water with constant stirring for 30 min. After
settling the electrical conductivity was measured by conductivity meter (KL-138) and
pH was measured using pH meter (Model 215).
2.1.8. Colony forming unit (CFU g-1 Soil)
The soil (1 g) was suspended in autoclaved distilled water and colony forming unit
(CFU) of Azospirillum and Azotobacter was determined by plating 0.1 mL of 10x
serial dilution on Luria Bertani (LB) media. Number of bacteria/g soil was calculated
from the colony forming units obtained on plates by the given formula as proposed by
James (1987).
Number of colony forming unit = Number of colonies × Dilution factor
Volume of inoculum
The effect of PGPR on soil enzymes in the rhizosphere was determined at vegetative
stage (30d after sowing).
2.1.9. Determination of soil urease activity
Soil urease was measured according to the method of Douglas and Bremner (1970).
Soil sample (5 g) was placed in a universal bottle and 4 mL of sodium acetate buffer
(0.5 M) pH 6.5, toluene (1 mL) and 10 mL of the substrate (5 mM urea-N) solution
was added and the mixture was incubated at 25°C for 8 h. The reaction was stopped
by adding 20 mL of potassium chloride-phenyl mercuric acetate reagent (2 M). After
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shaking the flasks for 30 min, filtration was done using Whatman No. 1 filter paper
and urea concentration of the soil extract was analyzed at 525 nm using a
spectrophotometer (Hitachi U-1500). Concentration of urea was calculated from a
urea-N standard curve (0-10 ug mL-1) that was prepared on the day of analysis.
2.1.10. Determination soil invertase activity
Soil invertase activity was measured according to the method of Zhou and Zhang
(1980) using sucrose (8%) as a substrate. Phosphoric acid buffer of pH 5.5 (5 mL) and
substrate (15 mL) were mixed with 5 g of soil and incubated at 37°C for 2 h. The 1
mL of the soil filtrate was collected and 3 mL of 3, 5-dinitrosalicylic acid were added
and heated at 95°C for 5 min in a water bath. The amount of 3-amino-5-nitrosalicylic
acid was determined at 508 nm using a spectrophotometer (Hitachi U-1500). Invertase
activity was expressed as µg glucose/g/h.
2.1.11. Determination of soil phosphatase activity
Soil phosphatase activity was measured according to the method of Tabatabai and
Bremner (1969) using disodium paranitrophenyl phosphate as substrate. Soil (100
mg) was incubated at 37ºC with citrate-phosphate buffer (400 µl) and 5 mM disodium
paranitrophenyl phosphate solution (100 µl). Then 100 µl of 0.5 M CaCl2 and 400 µl
of 0.5 M sodium hydroxide were added to stop the reaction. Then estimation of
released phenols was carried out at a wavelength of 400 nm using a
spectrophotometer (Hitachi U-1500). Along with this, two sets of control one soil
without substrate and second substrate without soil were assayed under the similar
conditions to check the absence of coloured components that were extracted by buffer
and trace amount of paranitrophenol. The phosphatase activity was estimated from a
standard curve prepared using different concentrations of paranitrophenyl phosphate.
2.1.12. Root Morphology (Root Area, Root Width, Root Length)
Root morphology of harvested plants was determined using ‘Root Law’ (Washington
State University) software.

33

Chapter# 2

Pot Experiment

2.1.13. Estimation of Leaf MDA
The leaf MDA contents were determined according to the method of Hernandez and
Almansa (2002). The leaves (0.2 g) were homogenized in 2 mL of 0.1% (w/v)
trichloroacetic acid (TCA) solution. The homogenate was centrifuged for 10 min at
15,000 rpm, and 0.5 mL supernatant was collected and 1.5 mL of thiobarbituric acid
in 20% (w/v) TCA was added. The mixture was incubated at 90°C for 20 min in a
shaking water bath, and the reaction was stopped by placing the reaction tubes in an
ice bath. The samples were again centrifuged at 10,000 rpm for 5 min, and absorbance
of the supernatant was measured at 532 nm using Spectrophotometer (Hitachi U1500).
2.1.14. Determination of Leaf Area
Leaf area was measured according to Ahmed and Morsy (1999) and was calculated
using the following formula:
Leaf area = 0.53 (Length x Width) +1.66
2.1.15. Extraction and estimation of leaf chlorophyll
Leaf chlorophyll was extracted using Dimethyl Sulfoxide (DMSO) according to the
method of Hiscox and Israelstam (1979). Small leaf discs were extracted in DMSO at
65ºC until the leaf discs became completely colourless. The absorbance of the DMSO
extract was measured at 665 and 645nm with spectrophotometer (Hitachi U-1500).
Total chlorophyll was calculated using the equation of Arnon (1949).
Total Chlorophyll (mg /g) = [20.2 (A645) + 8.02 (A663)] x V
(1000 x W)
Where V= Volume of solvent
W= Fresh weight of tissue extracted
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2.1.16. Estimation of leaf Carotenoids
The carotenoids of safflower leaves were determined following the method of Kirk
and Allen (1965) using the same extract that was used for chlorophyll estimation at
480 nm.
Carotenoid contents were calculated by the following formula.
Carotenoids: mg/g.fr.wt. = ∆A.480 + (0.114 X ∆A. 663) – (0.638 X ∆A. 645)
Where ∆A = Absorbance at 480 wave length
2.1.17. Extraction and estimation of leaf protein
Leaf soluble protein was estimated according to the method of Lowry et al. (1951).
Fresh leaves (0.1 g) were ground in phosphate buffer at pH 7.5 (1 mL) using a pestle
and mortar. Ground samples were centrifuged for 10 min at 3000 rpm at 4ºC and
supernatant (0.1mL) was collected in a test tube. Then distilled water was added in the
supernatant to make the total volume up to 1 mL and 1 mL of reagent C was added.
After shaking for 10 min, reagent D (0.1 mL) was added and after 30 min absorbance
of each sample was recorded at 650 nm. The concentration of protein was calculated
by standard curve made from different concentrations of Bovin Serum Albumin
(BSA) as a reference (Detail of reagents A, B, and D is given in appendix 3).
2.1.18. Estimation of leaf nitrogen contents
Plant nitrogen analysis was carried out according to micro-kjeldahl digestion method
(Kjeldahl, 1883). The leaf material was digested with concentrated H2SO4 (20 mL).
Digested mixture was allowed to cool and transferred to 50 mL flask and distillation
was carried out with 40% NaOH (20 mL) and it was collected in boric acid (5 mL).
Then distillate was titrated against 0.1 N H2SO4 using KMNO4 as indicator.
2.1.19. Estimation of leaf Phosphorus contents
Phosphorus contents of plant leaves were determined according to the molybdophosphate method of Watanabe and Olsen (1965). The leaf material was cut and oven
dried at 60ºC for 48 h. Dried leaf tissues were ground and sample (0.05–0.08 g) was
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digested in a mixture of conc. H2SO4 (5 mL) and 30% H2O2 (5 mL). Samples were
refluxed at 200ºC for 1 h and at 400ºC for 2 h using a digestion system (Hoganas,
Sweden) until the solution became clear. The digested mixture was analyzed
colorimetrically for total Phosphorus contents.
2.1.20. Statistical analysis
The data were analyzed statistically by factorial ANOVA using Statistix software
version 8.1 techniques and comparison among mean values of treatments was made
by least significant difference (Steel and Torrie, 1980).

36

Chapter# 2

Pot Experiment

2.2. Results
Soil used for cultivation of Safflower was sandy loam, having pH 7.3, EC 0.52 dSm-1,
soil organic matter 0.42%, total nitrogen 0.021%, phosphorus 3.5 mg kg-1, potassium
100 mg kg-1 and sodium 1138 ppm.
2.2.1. Colony forming unit (cfu) of PGPR isolates in rhizospheric soil
The survival efficiency measured in terms of colony forming unit (cfu) of the PGPR
isolates was enhanced in presence of quarter and half doses of chemical fertilizers
(CF) in both the cultivars of safflower (Figure 2.2). The maximum significant increase
in cfu (80%) was recorded in Azotobacter in combination with quarter dose of
chemical fertilizers (BTQ) treatment as compared to Azotobacter (BT) alone
treatment in cv. Thori. Azospirillum supplemented with full dose of chemical
fertilizers (SPF) showed 25% reduction as compared to that of single inoculation of
Azospirillum (SP) whereas; combination with half dose of chemical fertilizers (SPH)
showed 22% increase over SP alone. Similarly Azotobacter supplemented with full
dose of chemical fertilizers (BTF) exhibited a 2% reduction as compared to that of
Azotobacter alone (BT), however Azotobacter in combination with half dose of
chemical fertilizer (BTH) showed 10% significant improvement in cfu as compared to
Azotobacter alone. In cv. Saif-32 Azospirillum in combination with quarter dose of
chemical fertilizers (SPQ) showed significant maximum increase in cfu the value of
which was 89% higher than SP. Treatment SPF showed reduction of 10% as
compared to that of SP alone however, SP in combination with half doses of CF
(SPH) showed 22% over SP treatment. Treatment BTF exhibited 4% reduction in cfu
counts as compared to BT alone. The % increase by BTH and BTQ treatments was
25% and 29% higher over BT treatment. The cfu counts of treatment BT were 22%
lower than treatment SP.
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Figure 2.2 Colony forming unit (cfu) of PGPR in rhizospheric soil in the presence
and absence of chemical fertilizers
All such means which share a common English letter are similar; otherwise differ
significantly at P<0.05 (LSD 0.1580).
Symbols used for treatments: SP: A. brasilense, SPF: A. brasilense+full dose of
chemical fertilizers, SPH: A. brasilense+half dose of chemical fertilizers, SPQ: A.
brasilense+quarter dose of chemical fertilizers, BT: A. vinelandii, BTF: A.
vinelandii+full dose of chemical fertilizers, BTH A. vinelandii+half dose of chemical
fertilizers, BTQ: A. vinelandii+quarter dose of chemical fertilizers, SPBT: A.
brasilense+A. vinelandii, LSD: Least Significant Difference
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2.2.2. Effect of PGPR and chemical fertilizers on Urease and Invertase activity
The urease activity of soil was significantly enhanced by almost all the treatments in
both the varieties (Table 2.1). In cv. Thori maximum increase (481%) was due to
BTQ as compared to untreated control. Treatment BTQ exhibited 329% increase over
CFQ (quarter dose of chemical fertilizers) and 269% increase over BT treatment
alone. Single inoculation of Azospirillum and Azotobacter exhibited 112% and 57%
increase in urease activity over control and 44% and 6% significant increase over full
dose of chemical fertilizers (CFF). In cv. Saif-32 treatment SPH showed maximum
significant increase (287%) over untreated control and the value of which was 106%
higher over CFH (half dose of chemical fertilizers) and 207% higher over SP
treatment alone. Treatment BTQ showed significant increase (257%) over control;
furthermore it showed a 160% significant increase over CFQ and 157% over BT
treatment. Single inoculation of SP and BT showed 25% and 38% significant
increases over control; however both the treatments showed reduction in urease
activity as compared to CFF treatment.
All the treatments significantly enhanced the invertase activity except CFF and CFQ
in the rhizosphere of cv. Thori and SP in cv. Saif-32 (Table 2.1). In cv. Thori
maximum significant increase in invertase activity (211%) was recorded in SPF
treatments as compared to untreated control and CFF treatments. The % increase by
SPF over respective SP treatment was 32%. Single inoculation of SP showed 133%
increase and BT showed 70% increase over control and CFF treatment. In cv. Saif-32
maximum increase (513%) was recorded in rhizospheric soil of plants inoculated with
consortium of PGPRs (SPBT) as compared to that of control and the value of which
was 636% and 148% higher over SP and BT treatments alone. Single inoculation of
SP showed reduction in invertase activity whereas single inoculation of BT showed
147% increase over control and 76% increase over CFF treatment.
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Table 2.1 Effects of PGPR and chemical fertilizers on Soil Urease (ug urea/g/h)
and Invertase (µg glu./g/h) activity. The experiment was carried out in pots with
three replicates.

Treatments

Soil Urease Activity (ug urea/g/h)

Soil Invertase Activity (µg
glu./g/h)
cv. Thori
cv. Saif-32

cv. Thori

cv. Saif-32

C

53.78 y

55.56 w

36.33 m

24.00 p

CFF

79.44 p

103.33 j

36.33 m

33.67 n

CFH

70.56 t

104.44 i

70.00 g

48.33 k

CFQ

72.78 s

76.33 r

28.00 o

48.33 k

SP
SPF

114.44 h

70.00 u

85.00 d

20.00 q

SPH
SPQ
BT

126.67 g
76.67 r
161.67 e
84.67 o

92.22 m
215.56 b
97.78 l
77.22 q

113.00 b
54.00 j
47.33 k
62.00 h

75.00 e
114.00 b
32.67 n
59.33 i

BTF

56.11 v

87.22 n

109.00 c

84.00 d

BTH

150.56 f

182.78 d

39.33 l

62.33 h

BTQ

312.78 a

198.89 c

48.00 k

61.33 h

SPBT

101.11 k

55.00 x

71.33 f

147.33 a

LSD values

0.4641

1.0970

All such means which share a common English letter are similar; otherwise differ
significantly at P<0.05
Symbols used for treatments: C: Control, CFF: Chemical fertilizers full dose, CFH:
Chemical fertilizers half dose, CFQ: Chemical fertilizers quarter dose, SP: A.
brasilense, SPF: A. brasilense+full dose of chemical fertilizers, SPH: A.
brasilense+half dose of chemical fertilizers, SPQ: A. brasilense+quarter dose of
chemical fertilizers, BT: A. vinelandii, BTF: A. vinelandii+full dose of chemical
fertilizers, BTH A. vinelandii+half dose of chemical fertilizers, BTQ: A.
vinelandii+quarter dose of chemical fertilizers, SPBT: A. brasilense+A. vinelandii,
LSD: Least Significant Difference
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2.2.3. Effect of PGPR and chemical fertilizers on soil phosphatase and Root area
Maximum significant increase in phosphatase activity (20%) was recorded in SPH
treatment as compared to untreated control in cv. Thori; further more SPH treatment
exhibited non-significant increase over CFH and SP treatment alone (Table 2.2). The
treatment BTH also showed a significant increase (18%) over untreated control but it
differs non-significantly from SPH, BT and CFH treatments. The seed inoculated with
SP and BT alone significantly increased (15% and 16%) the phosphatase activity in
the rhizospheric soil as compared to that of control and % increase in phosphatase
activity by the respective treatments was at a par with that of CFF treatment. All the
other treatments differ non-significant between each other. In cv. Saif-32, maximum
significant increase in soil phosphatase activity was observed in BT (11%) and SP
(10%) treatments over control and this increase was non-significantly higher than
CFF treatment alone. All the other treatments differ non-significantly among each
other.
All the treatments significantly increased the root area in both the varieties of
safflower (Table 2.2). In cv. Thori, treatment BTQ showed maximum significant
increase (724%) over untreated control and the value of which was 289% and 215%
higher over BT and CFQ treatments respectively. Single inoculation of SP and BT
showed 111% significant increase over untreated control and 50% increase as
compared to that of CFF treatment. In cv.Saif-32 maximum significant increase
(83%) was recorded in BTH treatment over control, the value of which was 34% and
21% higher over BT and CFH treatments. Single inoculation of SP showed 12%
significant increase over control and showed reduction as compared to CFF treatment
however; treatment BT exhibited 35% increase over control and 15% as compared to
that of CFF treatment.
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Table 2.2 Effects of PGPR and chemical fertilizers on soil Phosphatase (ug pNp/g/min) activity and Root Area (cm3) of Safflower. The experiment was
carried out in pots with three replicates.

Treatments

C
CFF
CFH
CFQ
SP
SPF

Soil Phosphatase Activity (ug pNp/g/min)
cv. Thori
cv. Saif-32
5.44 jk
5.40 k
6.29 abcd
5.85 fghi
6.36 abc
5.45 jk
6.05 cdefg
5.69 hijk
6.26 abcd
5.93 efgh
6.22 bcde
5.58 ijk

Root Area (cm3)
cv. Thori
1.74 y
2.45 x
5.58 t
4.55 v
3.68 w
5.403 u

cv. Saif-32
11.65 o
13.73 j
17.603 e
13.01 l
13.07 k
14.81 h

SPH

6.58 a

5.75 ghij

8.26 q

19.09 c

SPQ

6.10 cdef

5.59 ijk

14.87 g

19.66 b

BT
BTF
BTH
BTQ
SPBT
LSD values

6.32 abcd
6.29 abcd
6.44 ab
5.69 hijk
5.79 fghi

3.68 w
5.68 s
8.68 p
14.34 i
6.68 r

15.84 f
12.6 m
21.36 a
18.02 d
12.24 n

6.00 defgh
5.75 ghij
5.68 hijk
5.57 ijk
5.72 hijk
0.3239

0.0363

All such means which share a common English letter are similar; otherwise differ
significantly at P<0.05, Detail of treatments as given in Table 2.1
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2.2.4. Effect of PGPR on Root Length and Root Width
Root length was significantly increased in all the treatments in cv. Thori (Table 2.3).
Maximum significant increase (66%) in root length was due to SPQ treatments as
compared to that of control in cv. Thori. Treatments SPQ exhibited 33% increase over
CFQ and 44% increase over SP treatment. The % increase by SP was 39% higher
over control and 21% higher over CFF treatment and BT showed 32% significant
increase over control and 12% significant increase over CFF treatment. All the other
treatments exhibited a significant increase as compared to that of control and also
among each other. In cv. Saif-32, maximum significant increase (53%) was recorded
in SPH treatment, the value of which was 22% higher than CFH and 13% higher over
SP treatment. The % of increase by single inoculation of SP and BT was 46% and
11% higher as compared to that of untreated control respectively; however treatments
SP and BT showed 45% and 11% increase over CFF treatment. All the other
treatments significantly improved the root length except CFF treatment at P<0.05.
All the treatments of PGPR and chemical fertilizers significantly enhanced the root
width in both the varieties except CFF and CFH treatments in cv. Thori which
exhibited a non-significant increase as compared to that of untreated control (Table
2.3). In cv. Thori, maximum significant increase (337%) was recorded in BTQ
treatment over untreated control, the value of which was 147% and 103% higher over
BT and CFQ treatments respectively. Single inoculation of SP and BT significantly
improved the root width (104% and 77%) as compared to control and both the
treatments showed a significant increase (96% and 70%) in root width as compared to
CFF treatment. In cv. Saif-32, maximum significant increase (226%) was recorded in
BTH treatment which showed significant increase of 53% and 25% as compared to
that of BT and CFH treatments respectively. The % increase in root width by single
inoculation of SP and BT was 96% and 112% higher as compared to control;
treatments SP and BT exhibited non-significant results as compared to CFF treatment.
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Table 2.3 Effects of PGPR and chemical fertilizers on Root Length (cm) and
Root Width (cm) of Safflower. The experiment was carried out in pots with three
replicates.
Treatments
C
CFF
CFH
CFQ
SP
SPF
SPH
SPQ
BT
BTF
BTH
BTQ
SPBT
LSD value

Root Length (cm)
cv. Thori
cv. Saif 32
17.33 t
20.83 rs
22.34 q
21.00 r
23.33 p
33.33 ij
34.00 i
37.33 h
28.33 l
38.66 g
33.00 j
23.00 pq
37.33 h
44.33 c
51.33 a
42.33 d
25.00 n
23.66 op
30.00 k
37.83 gh
40.00 f
41.33 e
48.00 b
24.33 no
20.00 s
26.33 m
0.9631

Root Width (cm)
cv. Thori
cv. Saif 32
0.048 m
0.05 m
0.05 m
0.102 gh
0.053 m
0.13 de
0.103 gh
0.09 ij
0.098 hi
0.098 hi
0.09 ij
0.077 kl
0.14 cd
0.142 c
0.11 fg
0.14 cd
0.085 jk
0.106 gh
0.07 l
0.128 e
0.11 fg
0.163 b
0.21 a
0.12 ef
0.084 jk
0.104 gh
0.0113

All such means which share a common English letter are similar; otherwise differ
significantly at P<0.05, Detail of treatments as given in Table 2.1
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2.2.5. Effect of PGPR and chemical fertilizers on shoot length and leaf MDA
All the treatments significantly improved the shoot length except BT treatment in cv.
Thori (Table 2.4). Maximum significant increase (36%) was recorded in CFQ
treatment over untreated control. Treatment SPF showed (27%) significant increase in
shoot length over control however it showed 10% significantly higher shoot length
over CFF and SP treatments. Single inoculation of SP showed 11% significant
increase over control and it was at par to CFF treatment, similarly BT did not differ
significantly from control and showed reduction as compared to that of CFF
treatment. In cv. Saif-32, all the treatments showed significant increase over control
however maximum significant increase (40%-43%) in shoot length was recorded in
treatments CFH and CFQ as compared to untreated control. The single inoculation of
SP and BT showed 13% and 4% significant increase over control however the
respective treatments did not showed increase as compared to that of CFF treatment.
Treatments showed different responses towards malondialdehyde (MDA) contents of
safflower in both the varieties (Table 2.4). Maximum significant increase (75%) in
MDA content was due to CFF treatment as compared to that of untreated control in
cv. Thori. Treatment BTF also showed significant increase (67%) over control
however it showed non-significant reduction as compared to CFF but it showed 32%
increase over BT treatment. All the other treatments differ non-significantly as
compared to the control. Treatments BTQ showed significant reduction of 40% as
compared to that of control and 44% decrease as compared to CFQ treatment;
however treatment SPBT exhibited maximum significant reduction (71%), the value
of which was 68% and 77% lower as compared to that of SP and BT treatments
respectively. In cv. Saif-32, maximum increase (78%) in MDA contents was recorded
in SPF treatment that was 72% significant increase over CFF and 11% non-significant
increase over SP treatment. Treatment SP and CFQ exhibited significant increase
(60% and 42%) in MDA content as compared to that of untreated control. All the
other treatments showed non-significant increase over control as well as among each
other.
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Table 2.4 Effects of PGPR and chemical fertilizers on Shoot Length (cm) and
Leaf MDA contents (nmol/gFW) of Safflower. The experiment was carried out in
pots with three replicates.
Treatments

Shoot Length (cm)

Leaf MDA (nmol/gFW)

C

cv. Thori
12.66 l

cv. Saif-32
13.03 k

cv. Thori
0.460 efghi

cv. Saif-32
0.350 ij

CFF
CFH
CFQ
SP
SPF

14.66 fg
14.60 g
17.33 b
14.06 i
16.20 c

17.16 b
18.36 a
18.66 a
14.83 efg
14.60 g

0.807 a
0.444 efghi
0.486 defghi
0.416 ghi
0.545 cdefg

0.362 hij
0.428 fghi
0.498 cdefgh
0.560 cdef
0.623 cd

SPH

14.16 hi

17.50 b

0.550 cdefg

0.480 efghi

SPQ

13.30 jk

14.86 efg

0.476 efghi

0.414 ghij

BT
BTF
BTH
BTQ
SPBT
LSD value

12.66 l
15.0 ef
13.66 j
15.53 d
15.16 e

13.60 j
14.50 gh
16.50 c
16.16 c
10.83 m

0.580 cde
0.770 ab
0.560 cdef
0.272 jk
0.132 k

0.514 cdefg
0.434 fghi
0.353 ij
0.483 defghi
0.437 fghi

0.3605

0.1426

All such means which share a common English letter are similar; otherwise differ
significantly at P<0.05, Detail of treatments as given in Table 2.1
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2.2.6. Effect of PGPR and chemical fertilizers on leaf area and chlorophyll
contents
All the treatments of PGPR and chemical fertilizers significantly increased the leaf
area of safflower in both the varieties (Table 2.5). Maximum increase (173%) in leaf
area was recorded in BTH treatment over untreated control in cv. Thori, furthermore
BTH showed 45% increase over CFH and 83% over BT. Single inoculation of SP and
BT showed 27% and 48% significant increase over control however the respective
treatments showed reduction in leaf area as compared to CFF treatment. In cv. Saif-32
maximum % increase (119% and 112%) in leaf area was recorded in BTF and SPH
treatments respectively. Treatment BTF showed 24% increase over BT and 16%
increase over CFF treatment whereas treatment SPH showed 56% increase over SP
and 12% increase over CFH treatment. Single inoculation of SP and BT exhibited
35% and 75% increase over control however both the treatments showed reduction as
compared to CFF treatment.
Results indicated that different treatments showed different effects on leaf chlorophyll
contents of safflower in both varieties (Table 2.5). In cv. Thori maximum significant
increase (182%) was recorded in BTF treatment over control, the value of which was
59% and 130% higher over CFF and BT treatments respectively. Treatments SPF and
SPH showed 102% significant increase as compared to control, however the
respective treatments showed 14% non-significant increase over CFF treatment and
47% significant increase over SP treatment. Treatment CFF also exhibited 43%
significant increase as compared to that of control. All the other treatments differ nonsignificantly from control. In cv. Saif-32 maximum significant increase (250%) in
chlorophyll contents was observed in SPF treatment over control and the respective
treatment showed 40% increase over CFF and 120% over SP treatment. All the other
treatments showed significant increases over control but differ non-significantly
among each other except CFH, CFQ and SP which showed non-significant increase as
compared to that of control.
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Table 2.5 Effects of PGPR and chemical fertilizers on Leaf Area (cm2) and
Chlorophyll contents (mg/g) of safflower. The experiment was carried out in pots
with three replicates.

Treatments

Leaf Area (cm2)
cv. Thori

Leaf Chlorophyll (mg/g)

cv. Saif-32

cv. Thori

cv. Saif32

C

10.67 r

8.54 t

0.35 fgh

0.22 h

CFF

17.40 j

16.14 n

0.62 bcde

0.55 cdef

CFH

20.10 e

16.70 lm

0.54 cdef

0.42 efgh

CFQ

18.48 fg

14.08 p

0.38 fgh

0.36 fgh

SP

13.64 p

11.60 q

0.48 defg

0.35 fgh

SPF

18.00 ghi

17.60 ij

0.71 bc

0.77 ab

SPH

21.32 d

18.13 gh

0.70 bcd

0.51 cdefg

SPQ

18.70 f

17.07 kl

0.49 cdefg

0.34 fgh

BT

15.88 n

15.00 o

0.43 efgh

0.36 fgh

BTF

26.47 b

18.73 f

0.99 a

0.47 efg

BTH

29.17 a

16.18 n

0.40 efgh

0.39 fgh

BTQ

16.25 mn

17.78 hij

0.30 gh

0.36 fgh

SPBT

22.06 c

10.13 s

0.35 fgh

0.42 efgh

LSD value

0.4995

0. 224

All such means which share a common English letter are similar; otherwise differ
significantly at P<0.05, Detail of treatments as given in Table 2.1
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2.2.7. Effect of PGPR and chemical fertilizers on leaf carotenoids and protein
contents
In cv. Thori, maximum increase in carotenoids contents (197%) was recorded in BTF
as compared to that of control (Table 2.6). The % increase by BTF was 56% higher
over CFF treatment and 134% higher over BT treatment. The SPF treatment also
showed 126% higher increase in carotenoid contents as compared to that of control;
however SPF exhibited 18% increase over CFF and 49% over SP treatment alone.
Treatments CFF, SPH and SPQ showed significant increase while all the other
treatments exhibited non-significant increase over control. In cv. Saif-32, maximum
significant increase (164%) was observed in CFF treatment; however SPF, BTF and
BTH also showed significant increase (85%, 66% and 73%) but all the other
treatments exhibited non-significant increases compared to that of untreated control
and also among each other.
In cv. Thori, significantly higher increase (68%) in leaf proteins was recorded in SPF
over untreated control, the value of which was 52% higher over CFF and 36% higher
over SP treatment (Table 2.6). Treatment SPH also showed significant increase (31%)
as compared to untreated control; furthermore it exhibited 30% increase over CFH
and non-significant increase over SP treatment. All the other treatments showed nonsignificant increase over control. In cv. Saif-32, maximum % increase (58%) was
recorded in BTH treatment which was 40% higher than CFH treatment and 42%
higher over BT treatment. Treatments SPF and BTF showed significant increase (34%
and 30%) over control; however SPF exhibited 8% higher protein contents over CFF
and 21% higher over SP whereas BTF showed 6% and 17% increase over CFF
treatment respectively. Rest of the treatments showed non-significant results as
compared to that of control.
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Table 2.6 Effects of PGPR and chemical fertilizers on Leaf Carotenoid (mg/g)
and Protein contents (mg/g) of safflower. The experiment was carried out in pots
with three replicates.
Treatments

Leaf Carotenoid (mg/g)

Leaf Protein (mg/g)

cv. Thori

cv. Saif-32

cv. Thori

cv. Saif-32

C

1.47 hi

1.34 i

239.39 efg

242.48 efg

CFF

2.80 bcde

3.55 ab

263.85 cdef

296.56 cde

CFH

2.21 defghi

2.18 defghi

242.36 efg

273.31 cdef

CFQ

1.70 ghi

1.96 efghi

299.59 cde

289.31 cde

SP

2.23 defgh

1.86 fghi

295.50 cde

267.94 cdef

SPF

3.33 bc

2.49 cdefg

403.08 a

325.17 bc

SPH

2.88 bcd

1.80 fghi

315.83 bcd

252.05 def

SPQ

2.59 cdef

1.85 fghi

258.36 cdef

256.84 def

BT

1.86 fghi

1.95 efghi

231.96 efg

270.39 cdef

BTF

4.37 a

2.23 defgh

261.87 cdef

317.11 bcd

BTH

2.13 defghi

2.32 efgh

277.17 cdef

384.04 ab

BTQ

1.85 fghi

2.02 defghi

271.44 cdef

249.25 defg

SPBT

1.64 ghi

1.91 fghi

205.10 fg

178.94 g

LSD value

0.8823

72.482

All such means which share a common English letter are similar; otherwise differ
significantly at P<0.05, Detail of treatments as given in Table 2.1
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2.2.8. Effect of PGPR and chemical fertilizers on leaf nutrients
Leaf nitrogen contents were significantly increased by all the treatments in both the
varieties however maximum significant increase (326%) was recorded in SPQ and
BTQ treatments in cv. Thori as compared to that of control (Table 2.7). The SPQ
exhibited 196% increase over CFQ and 69% increase over SP treatment whereas BTQ
showed 196% and 147% increase over CFQ and BT treatment respectively. Single
application of SP and BT showed 151% and 72% increase over control however both
the treatments showed reduction in leaf nitrogen contents as compared to CFF
treatment. In cv. Saif-32, maximum significant increase (269%) in leaf nitrogen
contents was recorded in BTQ treatment over control. Treatment BTQ showed 105%
higher nitrogen contents over CFQ and 122% as compared to that of BT treatment.
Single inoculation of SP and BT showed 91% and 66% significant increases over
control but showed significant reduction as compared to CFF treatment.
Leaf phosphate contents were significantly improved by all the treatments of both the
varieties of safflower (Table 2.7). In cv. Thori, maximum significant increase (421%
folds) was observed in SPF treatment as compared to untreated control, the value of
which was 21% and 19% higher as compared to SP and CFF treatments respectively.
Single inoculation of SP and BT showed 330% and 256% significant increase as
compared to that of control; however both the treatments showed reduction in leaf
phosphate contents as compared to that of CFF treatment. Maximum increase in leaf
phosphate contents (214%) in cv. Saif-32 were recorded in BTF and SPF treatments.
Treatment BTF showed 76% increment in phosphate contents over BT and SPF
showed 46% increase as compared to SP treatment however both the treatments
showed significant increase of 20% over CFF treatment. The % increase by single
inoculation of SP and BT over untreated control was 113% and 78% respectively;
however both the treatments showed a significant reduction in leaf phosphate contents
as compared to that of CFF treatment.
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Table 2.7 Effects of PGPR and chemical fertilizers on Nitrogen (mg/g) and
Phosphate contents (mg/g) of safflower leaves.
Treatments

Nitrogen contents (mg/g)

Phosphate contents (mg/g)

cv. Thori

cv. Saif-32

cv. Thori

cv. Saif-32

C

1.43 o

1.46 o

2.03 n

3.17 m

CFF

4.80 cde

4.46 f

8.85 e

8.24 f

CFH

3.33 hi

2.93 jk

7.78 h

6.88 j

CFQ

2.06 n

2.63 lm

6.74 j

4.81 l

SP

3.60 h

2.80 kl

8.74 e

6.78 j

SPF

4.86 cd

4.53 ef

10.58 a

9.94 b

SPH

4.06 g

3.60 ijk

9.90 bc

8.82 e

SPQ

6.10 a

5.03 c

8.16 fg

7.82 h

BT

2.46 m

2.43 m

7.23 i

5.67 k

BTF

4.40 f

4.66 def

9.41 d

9.98 b

BTH

3.44 hi

4.93 cd

8.23 f

8.89 e

BTQ

6.11 a

5.40 b

9.67 cd

7.92 gh

SPBT

3.20 ij

3.20 ij

6.81 j

6.90 j

LSD value

0.1638

0.2603

All such means which share a common English letter are similar; otherwise differ
significantly at P<0.05, Detail of treatments as given in Table 2.1

52

Chapter# 2

Pot Experiment

2.3. Discussion
Plant growth promoting rhizobacteria play an important role in improving plant
growth. Maximum cfu counts were recorded in SPQ and BTQ treatments.
Supplementing quarter dose of CF with Azospirillum (SP) for cv. Thori and with
Azotobacter vinelandii (BT) for cv. Saif-32 may be implicated to promote PGPR
proliferation in rhizosphere thereby economizing the use of chemical fertilizers as
PGPR improves nutrient mobilization (Figueiredo et al., 2010). Lower doses of
chemical fertilizers favor the survival efficiency of microbes in the rhizospheric soil
might be attributed to the N and P availability from chemical fertilizers which are
used by the PGPR in their metabolism. Winget and Gold (2007) reported low cfu
counts in chemical fertilizers treatments as compared to PGPR treatments in Brassica
rapa. There were varietal differences and also differences in the response of PGPRs to
chemical fertilizers. The quarter dose was stimulatory for both Azospirillum and
Azotobacter.
Urease has been involved in urea hydrolysis and increases the utilization rate of
nitrogen fertilizer (Klose and Tabatabai, 1999). The results of the present study are in
agreement with that of Madhaiyan et al. (2010) who reported that inoculation of A.
brasilense CW903 and Methylobacterium oryzae CBMB20 significantly increased the
soil urease activity. Previous studies indicated that urease activity of A. vinelandii spp.
was very closely correlated with N inputs (Mikanová et al., 2009). It is evident that
fertilizers assist the PGPR in stimulating the urease activity. Root length of cv. Thori
was positively and significantly correlated (r=0.565) with soil urease activity and it is
evident that increases in urease activity in SPQ and BTQ treatments provides
optimum nitrogen contents to the plant which helps in root proliferation and increase
in root length. Urease activity is correlated with cfu which indicate that higher number
of active PGPR can enhance the urease activity. The urease activity is also directly
correlated with plant nitrogen contents (r=0.610) and it is clearly indicated that urease
activity increased the nitrogen uptake of the plant which help in root growth and plant
development. Soil invertase is an important indicator of soil quality and varies with
land type. Invertase cleaves sucrose into hexoses to supply cells with fuel for
respiration and with carbon and energy for the synthesis of several diverse
compounds. The stimulatory effect of PGPR on invertase activity was further
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augmented in the presence of half dose of CF. Hui et al. (2004) reported that
inorganic fertilizers increased the soil invertase and urease activities being positively
correlated with increased microbial activities in the rhizosphere. The co-inoculation of
A. brasilense and A. vinelandii (SPBT) was more effective than single inoculation of
either of the microbes and it may be due to synergistic effect of both the microbes.
Previous studies showed that Azotobacter chroococcum secreted invertase into the
medium (Vega et al., 1991). Soil phosphatase activity has often been anticipated as an
indicator of the soil potential for organic phosphorus mineralization and biological
activity. Higher phosphatase activity in cv. Thori in the treatments SPH and BTH is
worth mentioning. The present results are the accordance with the previous findings
that application of Enterobacter agglomerans and Bacillus subtilis significantly
improved the phosphatase and urease activities of the rhizospheric soil of tomato and
lettuce (Kohler at al., 2007; Kim et al., 1998). It was previously reported that
Azotobacter vinelandii, Bacillus cereus isolates, Pseudomonas sp. and Azospirillum
sp. exhibit phosphate solublizing ability in vitro study (Husen, 2003; Ramachandran,
2007).
A dynamic root system is important for regulating the availability of water to the plant
(Toorchi et al., 2002). This spatial allocation of roots and their biomass in the soil are
greater determinants of the ability of crops to gain the nutrients and water essential for
growth (Li et al., 2006). During the present investigation, it was observed that
maximum increase in root area was recorded in BTH and SPQ treatments. These
results indicated the positive role of PGPR with lower doses of chemical fertilizers for
improving root morphology. These results are in agreement with those of Tahir et al.
(2006) who reported that combined application of biofertilizers and 50% N fertilizers
significantly improved the root length of tomato plant. Hossain and Hamid (2007)
reported that Application of N and P fertilizer exerted significant effects on root
development, photosynthesis and yield contributing characters of the crop. They
further documented that plants supplied with 60 kg N and 39 kg P/ha had a larger root
system, greater photosynthetic rate and better yield contributing characters that
resulted in maximum yield. Previous studies showed that plant growth promotion
activity of Azospirillum was primarily related to its impact on root growth and
morphology (Okon, 1985). Similarly, PGPR inoculation caused the production of
long root hairs, with increased production of lateral roots with improved root diameter
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and area respectively (Creus et al., 2004; Dobbelaere et al., 1999). The production of
phytohormones auxins, cytokinins and gibberellins, is the most commonly invoked
mechanism of plant growth promotion exerted by PGPR (Garcı´a de Salamone et al.,
2001). Among them, auxins are thought to play the major role in the development of
the root system. The PGPR investigated during current investigation have been
reported for their production of phytohormones in the culture medium (Ilyas and
Bano, 2010; Naz et al., 2009; Naz and Bano, 2010) and which might have contributed
to improve the rooting system of safflower. These results are in agreement with
previous findings of Okon and Kapulnik (1986) that root surface area and length were
increased due to Azospirillum inoculation. This stimulatory effect of PGPR
inoculation might be due to increased rate of cell division as reported in wheat’s root
(Levanony and Bashan, 1989). A. vinelandii in combination with quarter dose of
chemical fertilizers markedly increased the root diameter in safflower. This microbe
has been reported for the production of auxin and cytokinin in the culture medium
(Naz et al., 2009) which might have contributed to increase the root diameter in
safflower because the beneficial effects of auxin on root diameter have been reported
earlier (Christopher et al., 2004). Present data demonstrated that the stimulatory affect
of PGPR on root length were higher in the presence of half and quarter doses of
chemical fertilizers. This might be because that PGPR enhance the effect of organic
and chemical fertilizers on agricultural production by increasing the activity of
microbial biomass (Shata et al., 2007) in which case the PGPR use chemical
fertilizers as C, N and P source. Mia et al. (2010) reported substantial increase in root
length following PGPR inoculation. The beneficial effects of PGPR were also higher
on shoot length in the presence of half and quarter doses of chemical fertilizers. This
may be due to the fact that these bacteria directly affect the growth of the plants by
improving the nitrogen absorption, the synthesis of phytohormones and the dissolving
of minerals (Herman et al., 2008). Shoot length was higher in full, half and quarter
doses of chemical fertilizers and results for SPH were at almost at par to that of full
dose of chemical fertilizers. Mishra and Jain (2013) reported that combined
application of biofertilizers and 50% nitrogen, phosphorus and potassium fertilizers
significantly increased the shoot length of Andrographis paniculata which is in
accordance to our results. Zhang et al. (1996) reported that PGPR increased the
nitrogen transport from root to shoot in soybean which ultimately increases the shoot
length at later growth stages of soybean. Our results are in accordance with those of
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Ilyas and Bano (2010) who reported the increased shoot length in wheat when
inoculated with Azospirillum brasilense.
Malonyldialdehyde (MDA) is a cytotoxic product and indicates the degree of lipid
peroxidation. The full dose of chemical fertilizers and Azotobacter in combination
with full dose of chemical fertilizers (BTF) was stimulatory to MDA contents. PGPR
inoculation has been observed to decrease the MDA content under stressful conditions
which indicates their positive role in preventing lipid peroxidation (Habibi et al.,
2010). This attribute of PGPR is important in oxidative stress and other stresses
leading to ROS generation. But current findings are contradictory to the previous
work who reported that an increase in nitrogen fertilizers increased chlorophyll
content, photosynthetic performance and decreased the MDA contents (Zhang et al.,
2010). There are reports that combined application of chemical fertilizers and
biofertilizers decreased the electrolyte leakage and ultimately leads to decreased in
MDA contents in ginger plant (Bo, 2007 ). The PGPR induced the scavenging action
of ROS and enhance the activity of antioxidant enzymes and reduce the MDA
contents (Han and Li, 2005).
The PGPR along with full dose of chemical fertilizers was found to be stimulatory for
chlorophyll production; this was true for Azotobacter sp. in cv. Thori. The effect of
Azospirillum supplemented with full dose of chemical fertilizers was highly effective
in improving the chlorophyll contents of safflower. Previously it was reported that
nitrogen supply increased the chlorophyll contents of the leaves and chlorophyll
contents have direct relation with the nitrogen contents (Schlemmer et al., 2005). The
presence of PGPR further assists the increase by making the nutrient available to the
plants (Liu et al., 2013). The leaf area in the current study was significantly increased
in the BTF and BTH treatments. It is obvious from the results that leaf area and
chlorophyll contents are correlated with each other and both the parameters are
directly correlated with nitrogen supply to the plants. The growth parameters like leaf
area, contents of pigment fractions in plant seedlings have been reported to be
increased by bacterial inoculation (Karakurt and Aslantas, 2010). During the present
study maximum improvement in leaf protein was recorded in SPF treatment in cv.
Thori and BTH treatment in cv. Saif-32 and this increase might be due to the adequate
supply of nitrogen by nitrogen fixation to the plant for the synthesis of amino acid and
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ultimately building up of protein structure. The phosphate fertilizers play an important
role in providing enough energy in the form of ATP for the synthesis of protein in
physiological processes (Soliman et al., 2012). Malik et al. (1997) found that
Azospirillum inoculation could contribute about 70% of the total N requirement of the
host plant which plays an important role in protein build up process of the plant.
Azotobacter appeared more effective in cv. Saif-32 and responded better to chemical
fertilizers whereas; Azospirillum was effective for cv. Thori. Noteworthy, the effect of
half and quarter dose of CF which was further enhanced with Azospirillum and
Azotobacter inoculation. It has been reported that application of PGPR in combination
with recommended doses of chemical fertilizers enhanced the growth and yield of the
crop (Akhtar et al., 2009).
The plant nitrogen contents were also increased by various treatments of chemical
fertilizers and PGPR. Treatments SPQ, SPH and BTQ exhibited maximum increase
however full dose of chemical fertilizers and PGPR in combination with full dose of
CF also improved nitrogen contents. It means that PGPR in combination with lower
doses of chemical fertilizers showed better efficiency and ultimately improved plant
growth. Zhang et al. (1996) reported that PGPR increased the plant nitrogen contents
in soybean. Previously it was reported that application of nitrogen fertilizers
significantly increased the nitrogen contents in the safflower plant (Soliman et al.,
2012). The lower doses of chemical fertilizers favor the survival efficiency of
microbes which increased the nitrogen uptake by improving the urease activity.
Phosphorus is an important nutrient that is usually present in the soil in insoluble
form. Its deficiency is overcomed by the application of chemical fertilizers or using
phosphate solublizing bacteria which solublize the insoluble P and help the plant in
nutrient uptake. During the present study maximum increase in P contents were
recorded in SPF, BTF, BTH and BTQ treatments as compared to control and other
treatments. There are many reports that application of chemical fertilizers and PGPR
augmented the phosphorus uptake by the plant and increase the P contents. Kruczek
(2005) reported that application of mineral fertilizers from 17.4 kg P ha-1 to 56.7 kg P
ha-1 increased the phosphate contents of the plant. Similarly Lu and Miller (1997)
reported that increasing the phosphorus dose increased the percentage of this
component content in the plant. Microbial inoculants have been reported in increasing
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nutrient availability for the inoculated plant. The results for phosphatase activity
showed that PGPR in combination with different doses of chemical fertilizers
significantly enhanced the phosphatase activity which in result increased phosphate
solublization and increased P uptake by the plant. Previous reports have suggested
positive impacts of microbes on phosphate (P) solubilization and improved the uptake
of fixed soil P for the plant (Altomare et al., 1999; Aseri et al., 2008). The mechanism
resulting in increased availability of inorganic P appears to be through the action of
organic acids synthesized by inoculants (Rodriguez and Fraga, 1999). Rezvani et al.
(2013) reported that application of biofertilizers (nitroxin and biophosphate)
significantly improved leaf phosphorous and nitrogen content, 0.27% and 2.16%,
respectively of the Capsicum annum L.
It is inferred from the present results that Azospirillum and Azotobacter in
combination with quarter doses of chemical fertilizers improved soil enzymes
activities, cfu and root growth and had stimulatory effect on overall growth of the
plant.
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Chapter # 3
Field Experiment of Safflower
Role of PGPR and chemical fertilizers on plant growth, oil
content and quality of safflower and its potential for biodiesel
production
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3. Introduction
Efforts are being made to improve the quality and quantity of biodiesel feedstock by
various measures such as by the use of chemical fertilizers or biofertilizers. Soil
ecology has been subverts due to incessant use of chemical fertilizers which causes
many problems such as soil pollution, mortification of soil fertility status,
contamination of ground water and disturbance of environment (Joshi et al., 2006).
The application of biofertilizers is encouraged in order to tackle these problems and to
establish a pollution free, environmental friendly and sustainable farming ecosystem
(Galavi et al., 2011). The integration of bio-fertilizers and chemical is one of the
important ways for the sustainable agriculture production (Ali et al., 2008).
During the present investigation two varieties of safflower viz. cvv. Thori and Saif-32
were used. The cv. Thori is commercial and spineless variety whereas saif-32 is noncommercialized spiny variety from National Agricultural Research Center Islamabad
both having higher yield and oil contents.
On the basis of favorable effects of PGPRs and chemical fertilizers alone and in
combination used in the previous experiment conducted under axenic conditions, this
experiment was designed to explore the effect of PGPR and chemical fertilizers under
field growing conditions.
To achieve this goal the following parameters were studied.
1. Plant growth, seed yield and oil quality of feedstock used for biodiesel
production.
2. The potential of safflower oil for biodiesel production.
3. Assessment of quality of seed meal in terms of total proteins, protein quality,
nutrients and phenolics contents.
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Figure 3.1 Layout of field experiment.
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3. 1. Materials and Methods
A field experiment was conducted under natural conditions during October 2009–
2010 and 2010-2011 at the Department of Plant Sciences, Quaid-i-Azam University.
The meteorological data of both years are given in Table 3.1. A randomized complete
block design (RCBD) with three replications was used having plot size of 1x1 m2.
The distance between the rows was 45 cm. Certified seeds of safflower cv. Thori and
cv. Saif-32 was obtained from National Agricultural Research Centre (NARC). The
seeds were surface sterilized prior to sowing with 95% (v/v) ethanol then sterilized
with 10% (v/v) chlorox for 3 min and washed successively 3–4 times with autoclaved
distilled water.
Table 3.1 Meteorological data for average rainfall, maximum and minimum
temperature (°C), and average relative humidity (%) for the growth of safflower during
2009-2010 and 2010-2011.

Month
October
November
December
January
February
March
April

Month
October
November
December
January
February
March
April

Maximum
Temperature (°C)
30.80
24.71
20.14
20.60
19.20
28.50
33.80
Maximum
Temperature (°C)
30.7
26
20.1
17.29
17.71
25.79
28.77

2009–2010
Minimum
Rainfall
Temperature
(°C)
(mm)
12.58
8.94
6.6
14.95
3.48
0
2.5
11.1
7
88.49
12.4
32.46
16.4
45.25
2010–2011
Minimum
Rainfall
Temperature
(°C)
(mm)
14.9
32.4
8
4.13
1.9
26.97
1.79
8.32
5.80
8.75
10.24
7.60
13.5
6.745
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Avg. Relative
Humidity (%)
48.00
61.00
63.00
60.00
71.80
64.00
45.00
Avg. Relative
Humidity (%)
65
64
65
71.29
75.84
63.02
61.08
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3.1.1. Seed inoculation
The broth culture of Azospirillum brasilense and Azotobacter vinelandii Khsr1 were
grown at 24°C in Luria-Bertani (LB) medium. The PGPR were applied as seed
inoculation at the rate of 106 cells/ml. The preparation of inocula and the method of
inoculation were according to the method described in experiment 1.
3.1.2. Application of chemical fertilizers
Chemical fertilizers were applied in three doses i.e. full dose of Urea and
Diammonium phosphate (Urea 60 Kg ha-1 and DAP 30 Kg ha-1), half (Urea 30 Kg ha1

and DAP 15 Kg ha-1) and quarter doses (Urea 15 Kg ha-1 and DAP 7.5 Kg ha-1). The

entire amount of DAP was applied at the time of sowing while Urea was applied at
three different stages at an interval of 40d, however, first dose was applied at the time
of sowing as recommended. Two to three irrigations were applied as recommended.
Following treatments were made.
Treatments

Symbols

Control (Without inoculation and without chemical fertilizers)

C

Chemical fertilizers full dose (Urea 60 Kg ha-1 and DAP 30 Kg ha-1)

CFF

Chemical fertilizers half dose (Urea 30 Kg ha-1 and DAP 15 Kg ha-1)
-1

CFH
-1

Chemical fertilizers quarter dose (Urea 15 Kg ha and DAP 7.5 Kg ha )

CFQ

Single inoculation of Azospirillum brasilense

SP

A. brasilense+full dose of chemical fertilizers

SPF

A. brasilense+half dose of chemical fertilizers

SPH

A. brasilense+quarter dose of chemical fertilizers

SPQ

Single inoculation of Azotobacter vinelandii

BT

A. vinelandii+full dose of chemical fertilizers

BTF

A. vinelandii+half dose of chemical fertilizers

BTH

A. vinelandii+quarter dose of chemical fertilizers

BTQ

3.1.3. Soil analyses
During both the years soil samples were taken prior to sowing from 15 cm depth and
were air dried, sieved and analyzed for various physicochemical properties. Extraction
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for soil analyses was done according to Ammonium bicarbonate-DTPA method
proposed by Soltanpour and Schwab (1977) as described in chapter 2.
Table 3.2 Physicochemical analyses of soil in field
Physicochemical properties

2009–2010

2010–2011

Soil Texture

Sandy clay loam

Sandy clay loam

pH

7.40

7.51

E.C (dSm-1)

0.35

0.46

Soil Organic matter (%)

0.69

0.75

Total nitrogen (%)

0.036

0.046

Available phosphorous
Ca2+

3.10

3.52

9.21

11.17

2.39

3.00

2+

Mg
K

+

18.13

23.31

+

7.91

7.82

2+

Cu

0.45

0.51

Fe2+

2.05

3.67

2+

Zn

2.29

2.40

Co2+

0.072

0.070

Na

Phosphorous and all other nutrient elements are expressed as µg/g.
3.1.4. Morphological traits
Growth and yield parameters i.e. plant height, number of branches/plant, number of
capitulum/plant, number of seed/capitulum, capitulum weight, 1000 seed weight and
seed yield were recorded. Leaf chlorophyll, carotenoids, protein and phytohormone
(IAA, GA) contents were estimated at vegetative stage (90 days after sowing).
3.1.4. Extraction and estimation of Leaf Chlorophyll and Carotenoids
Chlorophyll contents of safflower leaves were extracted and estimated according to
the method of Hiscox and Israelstam (1979) and carotenoid contents were determined
according to the method of Kirk and Allen (1965) as described in chapter 2.
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3.1.5. Estimation of Leaf Protein
Protein contents of safflower leaves were estimated according to the method of Lowry
et al. (1951) as described in chapter 2.
3.1.6. Measurement of Leaf Area
Leaf area of safflower was measured by the method of Ahmed and Morsy (1999) as
described in chapter 2.
3.1.7. Extraction and Purification of Phytohormones (IAA and GA)
Extraction and purification of phytohormones was done according to the method of
Kettner and Doerffling (1995). The leaves (1g) were ground in 80% (v/v) methanol at
4°C with butylated hydroxyl toluene (BHT), used as an antioxidant. The extraction
was done at 4ºC for 72 h in dark with subsequent change of solvent at each 24 h. The
extracted samples were centrifuged and the supernatant was reduced to aqueous phase
using rotary thin film evaporator (RFE) at 35ºC. The pH of the aqueous phase was
adjusted to 2.5–3.0 with 0.1 N HCl and partitioned four times with ½ volume of ethyl
acetate. The ethyl acetate was dried down completely using rotary thin film
evaporator. The dried samples were re-dissolved in 1 mL of methanol (100% v/v) and
were analyzed on HPLC (Agilent 1100, Germany) using U.V. detector and C-18
column (39 x 300mm).
For identification of hormones, samples filtered through millipore filters (0.45 µ)
were injected into column. Methanol, acetic acid and water (30:1:70) were used as a
mobile phase. The wavelength used for the detection of IAA was 280 nm (Sarwar et
al., 1992), whereas for GA analysis it was adjusted at 254 nm (Li et al., 1994). These
hormones were identified on the basis of retention time and peak area of the
standards. Pure IAA and GA3 (Sigma Chemicals Co. Ltd. USA) were used as
standards for identification and quantification of plant hormones.
3.1.8. Seed oil content
Seed oil content was estimated by Nuclear Magnetic Resonance (NMR, Oxford
Analytical, UK, New Port 4000) according to Robertson and Morrison (1979).
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3.1.9. Oil extraction from seeds
Safflower seed oil was extracted by Soxhlet
oxhlet apparatus using hexane as solvent at 60ºC
for 6 h according to the AOCS Ag 1-65
1
method (AOCS, 1993).
3.1.10. Preparation of samples for fatty acid analysis
Fatty acid methyl esters were prepared according to AOCS standard method Ce 22-66
(1990) Detail of procedure
procedur is given in chapter 5b.

Figure 3.2 Steps of fatty acid methyl ester preparation for analysis
3.1.11. Iodine Value (gI2/100g)
Iodine value was determined according to the method recommended by AOAC
(1984). Oil sample (0.2 g)
g was taken in 100 mL glass stoppered bottle and dissolved
in 15 mL of carbon tetrachloride solution. After addition of 25 mL Wij’s
’s reagent (0.1
mol/L iodine monochloride acetic acid solution)
solution the contents in the flask were
allowed to stand in dark at 25ºC
25 for 2 h and then 20 mL of potassium iodide (10%
w/v)) was added and titrated with sodium thiosulphate (0.2 N) using starch as
indicator. A blank was prepared in the similar manner and iodine value was calculated
according to the following formula:
Iodine value = 12.69 N (V2
(V2-V1)/W
Where V1 = Volume (mL
L) of thiosulphate solution used in test
V2 = Volume (mL)) of thiosulphate solution used in blank.
N = Normality of thiosulphate
W = Weight of sample (0.2 g)
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3.1.12. Determination of Acid Value (mg KOH/g of oil)
Acid value of safflower oil was measured according to the method of Cox and
Pearson (1962). A 0.2 g oil sample was dissolved in 2.5 mL of ethanol:diethylether in
the ratio of 1:1 v/v and titrated with NaOH (0.1 N). Phenolphthalein was used as
indicator and acid value was calculated by the following formula.
Acid Value = [56.1 x N x V] / W
N = Normality of used NaOH
V = Volume of used NaOH
W = Weight of oil sample
3.1.13. Determination of Free Fatty Acid (%)
Free fatty acid (%) of safflower oil samples was determined by multiplying the acid
value with 0.503 factor. The formula is given as
% Free Fatty Acid = 0.503 x acid value
3.1.14. Determination of Refractive index
The refractive index of pure oil and safflower oil biodiesel samples was determined
using Abbe 5 refractometer.
3.1.15. Determination of Saponification value
Saponification value was estimated according to the method of Pearson (1981). Oil
sample (1 g) was taken in a conical flask and 12.5 mL of ethanolic potassium
hydroxide (0.5% w/v) was added and this mixture was heated in boiling water for 30
min and titrated against 0.5 N hydrochloric acid (HCl) using phenolphthalein (1%
v/v) as indicator. A blank determination was also accomplished under similar
condition. Saponification value was determined by the equation as given;
Saponification value = 56.1 N (V1-V2) / W
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Where N = Normality of used HCl
V1 = Volume of used HCl
V2 = Volume of HCl used in blank
W = Weight of sample (oil)
3.1.16. Determination of Specific gravity
Specific gravity was determined according to the method of AOAC (1970). The
weight of empty specific gravity bottle was measured (A) and filled with 5 mL of oil
sample and weighed again (B). Then specific gravity bottle was filled with 5 mL
water and weighed again (C). The specific gravity of sample was calculated by the
following formula:
Specific Gravity at 30ºC = (B-A)/C
Where A = Weight of empty specific gravity bottle at 30ºC.
B = Weight of specific gravity bottle with oil at 30ºC
C = Weight of specific gravity bottle with distilled water at 30ºC.
3.1.17. Biodiesel Preparation
The biodiesel of safflower oil was prepared by base catalyzed transesterification
reaction. Safflower oil was preheated at hot plate with constant temperature of 120°C
for 1 h. The base catalyzed transesterification of the safflower oil was carried out
using 6:1 molar ratio of methanol/oil and NaOH was used as a catalyst (w/w) at 0.5%
concentration. The temperature was retained 65°C during the reaction and stirred for
60 min. After the completion of reaction the mixture was cooled for the separation of
different phases by separating funnel. The upper layer contained biodiesel and the
lower layer contained the glycerin which is a byproduct of the transesterification
reaction. After separation the washing of biodiesel was carried out with distilled water
to remove the residues and impurities subsequently the residual water was removed
by filtering with anhydrous sodium sulphate (Na2SO3). Methanol present in the
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biodiesel was removed by rotary evaporator at 45°C for 30 min. A yellowish
transparent liquid thus obtained was a pure biodiesel.
3.1.18. Estimation of Phenolic contents of Seed
Phenolic contents of safflower seeds were estimated according to the method of
Sadasivam and Manickam (1992) which is called as Folin-Ciocalteu method. The
sample was lyophilized and 0.1 g was dissolved in 1 mL of deionized water. Then it
was mixed with 2.8 mL of deionized water and 2 mL of Na2CO3 (2%) and 0.1 mL of
Folin-Ciocalteau reagent (50% v/v) was added to the mixture, incubation was carried
out for 30 min at room temperature. The absorbance was measured on
spectrophotometer (Hitachi, Model 100-20) at wavelength of 750 nm using deionized
water as a blank. Gallic acid was used to plot a standard curve. The data were
expressed as mg gallic acid equivalents (GAE)/100 g lyophilized powder.
3.1.19. Seed Crude protein
Crude protein was estimated according to the method of Kjeldahl as described by
AOAC (2000).
The seed sample (700 mg) was taken into the Kjeldahl Digestion tubes and 5 g of
each of K2SO4 and CuSO4 were added and 25 mL of H2SO4 was added in the mixture.
The mixture was digested for 1h at 340°C. After cooling at room temperature, 20 mL
of deionized water was added and after addition of 40% NaOH (w/v) (25 mL)
distillation was carried out. The liberated ammonia was collected in boric acid and
titrated with HCl (0.1 N). The blank prepared was also treated following the same
procedure. The crude protein percentage was calculated according to the following
formula.
Crude protein (%) = (sample titer – blank titer) x 14 x 6.25 x 100 / sample weight
Where, 14 is molecular weight of nitrogen and 6.25 is the nitrogen factor
3.1.20. Protein Profiling by SDS-PAGE
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The profile of proteins in seed was analyzed by SDS-PAGE (Sodium Dodecyl
Sulfate-Polyacrylamide Gel Electrophoresis) using the method proposed by Laemmli
(1970).
3.1.20.1. Sample preparation
Safflower seeds were ground to a fine powder with the help of pestle and mortar and
0.01 g of the powdered sample was weighed in 1.5 mL eppendorf tube, 400 µL
protein extraction buffer was added and vortexed for 2 min. For purification
homogenate samples were centrifuged for 10 min at 12000 rpm. The supernatant was
collected and used for protein profile.
3.1.20.2. Preparation of Gels
Before gel preparation, the glass plates were cleaned with 70% ethanol. Two gels
were prepared, first separating gel (7.50% to 12.25%) was prepared (Appendix 5) and
poured between the two glass plates and after 30–40 min when gel had solidified then
stacking gel (4.5%) was poured. Then combs were inserted into the stacking gel and
gel was allowed to solidify for 15 min.
3.1.20.3. Electrophoresis
After solidification gel plates were placed carefully in electrophoresis tank and
electrode buffer solutions (Appendix 5) were added. The combs were removed and
wells were cleaned by running buffer. Protein marker (Fermentas, protein ladder) 5
µL and sample (10 µL) were loaded carefully.
3.1.20.4. Protein Detection and Data analysis
Gels were removed after electrophoresis and transferred into a tray containing
staining solution for 40 min on shaker at 40 rpm, and then destained until the protein
bands get cleared. Gel analysis was done under gel documentation system (Bio-Rad,
Italy) and photograph was taken.
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Similarity indices were calculated for the different treatments and dendrogram was
constructed by Unweighed pair-group method arithmetic average (UPGMA) using
STATISTICA software virsion-7.0
3.1.21. Amino Acid Analyses of Seed
Quantitative analysis of amino acid was carried out according to the method of
Tkachuk and Irvine (1969). Sample (20 mg) was taken in Pyrex test tube and 4 mL of
double distilled hydrochloric acid (6 N) was added and mixture was frozen at -80ºC.
The hydrolysis of sample was done at 110ºC for different time periods viz. 24, 48 and
72 h in an oven. Thereafter, hydrochloric acid was removed using desiccator
containing sodium hydroxide pellets. Subsequently 25 mL of citrate buffer of
normality 0.2 and pH 2.2 containing octanoic acid and Brij-35 were added and
insoluble humin was removed by vacuum filtration. Finally the supernatant (filtrate)
was used for amino acid analysis through amino acid analyzer (Hitachi's New Amino
Acid Analyzer, Model L-8900).
3.1.22. Seed nutrient analysis by wet digestion
Nutrient analysis of seeds was carried out using the method proposed by Rashid
(1986). The powdered material (1 g) was transferred into 100 mL digestion tube and
10 mL of the mixture of (2:1) nitric acid-perchloric acid was added and allowed to
stand overnight. After preliminary digestion the tubes were placed in digester block
and temperature was raised first to 150ºC and then to 235ºC until the orange fumes
changed into white fumes and after that digestion was carried out for 30 min. Then
tubes were allowed to cool and a few drops of deionized water were added. When
vapors got condensed the more deionized water was added to make the final volume
50 mL.

The extract was filtered prior to analysis on atomic absorption

Spectrophotometer

(Perking

Elmer

Analyst

100

Atomic

Absorption

Spectrophotometer). The concentration of macro and micro nutrient was calculated
according to the following formula.
Concentration (ppm) = (ppm in extract - Blank) x A / Wt
A = Total volume of extract (mL)

71

Chapter# 3

Field Experiment of Safflower

Wt = Weight of dry plant sample (g)
3.1.23. Statistical analysis
Data were analyzed by Statistix software version 8.1 using factorial design of
Analysis of Variance (ANOVA) and mean values were compared according to Steel
and Torrie (1980) by least significant difference (LSD) at P < 0.05.
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3.2. Results
3.2.1. Effect of PGPR and chemical fertilizers on leaf chlorophyll contents
During the first year (2009–2010) all the treatments significantly enhanced the leaf
chlorophyll contents in both the varieties except treatment BT in cv. Saif-32 which
showed non-significant increase as compared to control (Table 3.3). Maximum
significant increase (100%) in chlorophyll contents was recorded in BTF treatment as
compared to untreated control in cv. Thori, the value of which was 32% higher over
BT but it showed non-significant increase over CFF (full dose of chemical fertilizers)
and SPF (Azospirillum in combination with full dose of chemical fertilizers). Single
inoculation of Azospirillum (SP) and Azotobacter (BT) showed 58% and 40%
increase in chlorophyll contents over untreated control; however, the values of both
the treatments were significantly lower as compared to that of CFF treatment. The
pattern of increase in cv. Saif-32 for chlorophyll content was almost similar as that of
cv. Thori. The mean data of treatments during first year showed that maximum
increase (101%) in chlorophyll contents was found in Azotobacter in combination
with full dose of chemical fertilizers (BTF) treatment that showed 39% increase over
BT treatment alone and non-significant increase over CFF treatment. Single
inoculation of SP and BT treatment showed 64% and 35% increase over control
however both the treatments exhibited significant reduction as compared to CFF
treatment. During second year (2010–2011) the pattern of increase in chlorophyll
contents of safflower leaves in response to various treatments was similar to that of
first year.

73

Field Experiment of Safflower

1.437 bcd
1.357 bcdef
1.240 cdefgh
1.210 defgh
1.467 abc
1.347 bcdef
1.180 efghi
0.930 ij
1.713 a
1.217 defgh
1.300 bcdefg

1.460 bcd

1.390 bcdef

1.083 ghi

1.153 fghi

1.419 bcde

1.150 fghi

1.377 bcdef

1.023 hi

1.513 ab

1.342 bcdef

1.262 bcdefgh

CFF

CFH

CFQ

SP

SPF

SPH

SPQ

BT

BTF

BTH

BTQ
0.251

0.712 j

0. 727 j

C

0.178

1.281 bcd

1.279 bcd

1.613 a

0.977 e

1.278 bcd

1.248 cd

1.443 ab

1.181 d

1.162 d

1.373 bc

1.448 ab

0.719 f

Treatment Means

1.257 abc

1.021 defg

1.318 a

1.002 defgh

1.027 defg

1.076 cdef

0.962 efgh

0.846 gh

0.879 fgh

1.012 defg

1.061 cdef

0.576 i

Thori

0. 198

0.140

1.252 ab

1.172 bc

1.317 a

1.117 bc

1.046 cde

1.178 abc

1.150 bc

0.969 de

0.930 e

1.100 cd

1.072 cd

0.694 f

Treatment Means

74

C: Control, CFF: Chemical fertilizers full dose, CFH: Chemical fertilizers half dose, CFQ: Chemical fertilizers quarter dose, SP: A. brasilense, SPF: A.
brasilense+full dose of chemical fertilizers, SPH: A. brasilense+half dose of chemical fertilizers, SPQ: A. brasilense+quarter dose of chemical fertilizers, BT:
A. vinelandii, BTF: A. vinelandii+full dose of chemical fertilizers, BTH A. vinelandii+half dose of chemical fertilizers, BTQ: A. vinelandii+quarter dose of
chemical fertilizers, LSD: Least Significant Difference

1.247 abc

1.323 a

1.316 a

1.232 abc

1.066 cdef

1.280 ab

1.339 a

1.092 bcde

0.981 efgh

1.188 abcd

1.083 bcde

0.812 h

Saif-32

2010–2011

All such means which share a common English letter are similar; otherwise differ significantly at P<0.05

LSD value

Saif-32

2009–2010

Thori

Treatments

Table 3.3 Effects of PGPR and chemical fertilizers on Leaf Chlorophyll (mg/g) of safflower. PGPR were applied at the rate of 106
cells/mL as seed soaking prior to sowing. The data represent the mean of three replicates.
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3.2.2. Effect of PGPR and chemical fertilizers on leaf carotenoid contents
All the treatments significantly improved the leaf carotenoid contents in cv. Thori
except treatment CFF and CFQ which showed non-significant increase as compared
to untreated control during first year (Table 3.4). Maximum significant increase 64%
was recorded in BTF treatment over control which exhibited 25% and 32% significant
increase over BT and CFF treatments respectively. Single inoculation of SP and BT
showed significant increase (26% and 21%) over control, however both the treatments
non-significantly differ from that of CFF treatment. In cv. Saif-32 all the treatments
showed non-significant increase over control except BTF and SPH treatments which
showed significant increase as compared to untreated control. Maximum significant
increase (19%) was shown by BTF treatment as compared to control which showed
29% and 6% increase over BT and CFF treatments respectively. Mean data of
treatments during first year showed that all the treatments significantly enhanced the
leaf carotenoid contents except CFH and BT treatments which showed non-significant
increase over control. Maximum increase (29%) was recorded in BTF treatment
which showed 27% and 20% increase over BT and CFF treatments. Single
inoculation of SP showed 10% significant increase over control and exhibited nonsignificant reduction as compared to CFF treatment. During second year almost
similar pattern of increase in leaf carotenoids content was followed however
maximum % increase was recorded in BTF and CFF treatments and the treatments
SPH and BTH were statistically at par with that of BTF and CFF treatments.
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6.83 bcde
5.35 ghijk
6.58 bcdef
5.87 efgh
6.10 cdefg
7.10 ab
5.95 efgh
5.12 hi
7.25 ab
6.57 bcdef
6.50 bcdef

5.20 efghijk
3.96 jk
5.30 ghi

5.99 defgh
6.90 abc
5.71 fgh
6.86 bcd
5.75 fgh
7.76 a

6.45 bcdef
6.88 bc

CFF

CFH

CFQ

SP

SPF

SPH

SPQ

BT

BTF

BTH

BTQ
LSD value

6.69 bc
0.62

6.51 cd

7.50 a

5.44 ef

6.40 cd

6.40 cd

6.50 cd

5.93 de

5.94 de

4.65 fg

6.01 cde

5.29 f

Treatment Means

3.64 ij

4.66 fgh

4.94 defg

4.02 hij

4.06 hij

4.29 ghij

3.84 ij

3.60 j

3.51 j

7.00 ghi

8.33 efgh

2.46 k

Thori

0.78

Detail of treatments as described in Table 3.3.
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Saif-32

2010–2011

6.10 abc

6.12 abc

6.54 a

5.70 bcd

5.36 cdef

6.48 ab

5.67 cd

5.76 abc

4.42 ghi

12.66 bc

21.00 a

4.80 efgh

All such means which share a common English letter are similar; otherwise differ significantly at P<0.05

5.86 efgh

4.72 i

C

0.87

Saif-32

2009–2010
Thori

Treatments

4.87 bc
0.555

5.39 ab

5.74 a

4.86 bc

4.71 c

5.38 ab

4.76 c

4.68 c

3.96 d

9.83 cd

14.66 a

3.63 d

Treatment Means

Table 3.4 Effects of PGPR and chemical fertilizers on Leaf Carotenoids (mg/gfw) of safflower. PGPR were applied at the rate of 106
cells/mL as seed soaking prior to sowing. Data represent the mean of three replicates.
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3.2.3. Effect of PGPR and chemical fertilizers on leaf soluble protein contents
Application of PGPR and chemical fertilizers significantly improved the leaf soluble
protein contents in both the varieties except BTQ treatment in cv. Saif-32 which
showed non-significant increase as compared to that of untreated control during both
years (Table 3.5). During first year maximum significant increase (65%) was recorded
in SPH treatment over control the values of which were 16% and 23% significant
higher over SP and CFH treatments respectively in cv. Thori. The % increase by the
SP and BT alone treatments over control was 37% and 25% which showed 14% and
6% significant increase over CFF treatment respectively. Maximum % increase (36%)
in leaf soluble protein in cv. Saif-32 was recorded in SPF treatment, the values of
which were 23% and 8% higher over SP and CFF treatments respectively.
Application of SP and BT alone showed 3–4% significant increase over control
however both the treatments showed reduction as compared to CFF treatment. Mean
data of treatments during first year showed maximum increase in SPF treatment, the
values of which were 14% and 10% higher over SP and CFF treatments. During
second year, treatment CFF showed maximum significant increase (151%) in protein
contents as compared to control in cv. Thori. In cv. Saif-32, maximum % increase was
observed in SPF and BTH treatments whereas SPF showed significant increase (16%
and 35%) over SP and CFF treatments and BTH showed significant increase of 21%
over BT and CFH treatments. Single application of SP and BT exhibited 49% and
42% increase over control and 22% and 19% significant increase over CFF treatment.
The mean data of treatment during second year showed almost similar pattern of
increase in leaf soluble protein to that of cv. Saif-32 however maximum significant
increase was recorded in SPF and SPH treatments over that of the control.
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131.56 i
164.47 c
137.47 h
142.17 f
136.87 h
179.04 a
138.04 gh
156.17 d
136.25 h
141.60 fg
146.35 e
132.33 i

103.16 l
121.71 j
131.23 i
116.23 k
142.35 f
148.01 e
170.69 b
139.81 fgh
129.63 i
141.43 fg
157.56 d
148.60 e
3.8610

Saif-32

Thori

2009–2010

2.7301

117.36 h
143.09 d
134.35 f
129.20 g
139.61 e
163.52 a
154.36 b
147.99 c
132.94 f
141.51 de
151.96 b
140.46 de

Treatments Mean
101.90 l
255.87 c
152.55 k
184.84 ghi
169.03 j
197.84 fg
207.15 f
165.28 jk
189.53 gh
226.31 e
189.66 gh
247.81 cd

Thori

13.695

171.57 ij
197.30 fg
244.20 cd
189.40 gh
256.12 c
307.51 a
293.37 b
293.31 b
244.53 cd
238.57 de
309.32 a
176.20 hij

Saif-32

2010–2011

Detail of treatments as described in Table 3.3.
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LSD value

C
CFF
CFH
CFQ
SP
SPF
SPH
SPQ
BT
BTF
BTH
BTQ

Treatments

9.6841

136.74 g
226.59 bc
198.37 e
187.12 f
212.58 d
252.67 a
250.26 a
229.29 b
217.03 cd
232.44 b
249.49 a
212.01 d

Treatments Mean

Table 3.5 Effects of PGPR and chemical fertilizers on Leaf protein (mg/g) of safflower. PGPR were applied at the rate of 106 cells/mL as
seed soaking prior to sowing. Data represent the mean of three replicates.
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3.2.4. Effect of PGPR and chemical fertilizers on Gibberellic Acid of leaves
All the treatments of PGPR and chemical fertilizers significantly increased the
gibberellic acid (GA) contents over control in both the varieties during both years
(Table 3.6). During 2009–10, maximum significant increase (27%) was recorded in
SPH treatment over control in cv. Thori, the values of which were 11% and 13%
higher over SP and CFH treatments respectively. The application of SP and BT
treatments used singly exhibited 13% and 11% significant increase over control and
both the treatments showed increased as compared to CFF treatment. The maximum
% increase (23%) in GA content was recorded in BTH treatment in cv. Saif-32 which
were 8% and 12% higher over BT and CFH treatments respectively. The % increase
due to single inoculation of SP and BT was 11%–12% higher than untreated control
however both the treatments showed 4%–5% higher increase over CFF treatment.
Mean data of the treatments for first year showed that maximum significant increase
(25%) in GA contents was recorded in SPH treatment which showed 10%–12%
significant increase over SP and CFH treatments respectively. The treatments SP and
BT exhibited 12% significant increase as compared to that of untreated control and
4% significant increase over CFF treatment. During second year (2010–2011) the
treatments also showed almost similar pattern of increase in GA contents to that of
first year.
3.2.5. Effect of PGPR and chemical fertilizers on Indole acetic acid of leaves
During 2009–2010 and 2010–2011 the application of PGPR and chemical fertilizers
significantly improved the GA content of safflower leaves as compared to untreated
control (Table 3.7). During the first year a maximum significant increase (107%) was
shown by SPH treatment, the values of which were 30% and 47% higher over SP and
CFH treatments respectively. Single inoculation of SP and BT showed 43% and 83%
significant increase as compared to control and 18% and 36% significant increase
over CFF treatment. In cv. Siaf-32 similar trend of increase was observed to that that
of cv. Thori however the % increase by SPH treatment was maximum (90%) over
control which further showed 30% and 37% significant increase over SP and CFH
treatments respectively. The SP and BT treatments significantly increased the IAA
contents to about 70% and 60% over control and the respective treatments were 36%
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and 26% higher over CFF treatment. The mean data of treatments of first year and the
second year showed similar pattern of increase.
3.2.6. Effect of PGPR and chemical fertilizers on Leaf Area
During the first year all the treatments significantly increased the leaf area of
safflower in both the varieties (Table 3.8). In cv. Thori, maximum significant increase
(144%) in leaf area was recorded in SPF treatment which showed significant increase
of 33% and 20% as compared to SP and CFF treatments respectively. The % increase
by single inoculation of SP and BT was 63% and 19% higher over control but both
the treatments showed significant reduction as compared to CFF treatment. Similarly
in cv. Saif-32, the trend of increase in chlorophyll content was almost similar to that
of cv. Thori; however maximum increase (129% and 118%) was recorded in CFF and
SPF treatments; treatment SPF showed 24% significant increase over SP treatment
and it was statistically similar to that of CFF treatment. Single inoculation of SP and
BT showed significant increase (63% and 26%) over control however both treatments
exhibited significant reduction as compared to CFF treatment. Mean data for the
treatments indicated that similar pattern was observed to that of cv. Thori for the
chlorophyll contents during first year. During second year similar pattern of increase
in leaf area was observed in safflower.
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Thori
141.60 s
155.50 p
158.00 n
156.80 o
160.53 m
163.27 k
181.03 a
169.47 h
158.53 n
165.50 j
170.50 g
178.37 c
0.7305

2009–2010
Saif-32
145.07 r
153.53 q
156.53 o
156.47 o
161.50 l
165.50 j
177.50 d
172.63 f
163.30 k
166.27 i
179.37 b
175.63 e
Treatments Mean
143.33 k
154.52 j
157.27 h
156.63 i
161.02 g
164.38 f
179.27 a
171.05 d
160.92 g
165.88 e
174.93 c
177.00 b
0.5165

2010–2011
Thori
Saif-32
145.47 s
142.33 t
160.40 j
149.23 r
155.52 mn
156.23 m
150.93 pq
151.07 p
163.47 i
155.33 n
167.33 g
159.37 k
181.03 a
179.37 b
163.67 i
173.20 d
150.37 pq
150.33 q
153.33 o
165.97 h
157.57 l
177.50 c
171.50 e
168.40 f
0.7308

Detail of treatments as described in Table 3.3.
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All such means which share a common English letter are similar; otherwise differ significantly at P<0.05

C
CFF
CFH
CFQ
SP
SPF
SPH
SPQ
BT
BTF
BTH
BTQ
LSD value

Treatment

Treatments Mean
143.90 k
154.82 h
155.88 g
151.00 i
159.40 f
163.35 e
180.20 a
168.43 c
150.35 j
159.65 f
167.53 d
169.95 b
0.5167

Table 3.6 Effects of PGPR and chemical fertilizers on Gibberellic Acid (µg/g) contents of safflower leaves. PGPR were applied at the
rate of 106 cells/mL as seed soaking prior to sowing. Data represent the mean of three replicates.
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Thori
38.80 r
45.43 o
42.37 pq
40.73 qr
55.83 m
53.70 n
80.60 f
65.37 j
71.33 i
75.10 h
77.63 g
62.33 kl
2.0372

2009–2010
Saif-32
40.34 qr
44.40 op
63.37 jk
57.37 m
70.13 i
73.40 h
100.67 a
88.03 d
60.63 l
90.53 c
95.47 b
84.53 e
Treatments Mean
39.56 k
44.91 j
52.86 h
49.05 i
62.98 g
63.55 g
90.63 a
76.70 d
65.98 f
82.81 c
86.55 b
73.43 e
1.4405

Thori
60.53 u
75.93 s
88.33 o
85.53 p
80.70 r
101.57 k
128.37 b
120.73 e
106.47 j
123.20 d
125.80 c
113.43 h
1.2093

2010–2011
Saif-32
65.33 t
76.00 s
91.63 n
95.27 m
82.37 q
97.50 l
130.33 a
115.60 g
112.70 h
118.50 f
129.33 ab
107.77 i

Detail of treatments as described in Table 3.3.
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All such means which share a common English letter are similar; otherwise differ significantly at P<0.05

C
CFF
CFH
CFQ
SP
SPF
SPH
SPQ
BT
BTF
BTH
BTQ
LSD value

Treatment

Treatment Means
62.93 k
75.97 j
89.98 h
90.40 h
81.53 i
99.53 g
129.35 a
118.17 d
109.58 f
120.85 c
127.57 b
110.60 e
0.8551

Table 3.7 Effect of PGPR and chemical fertilizers on Indole Acetic Acid (µg/g) of safflower leaf. PGPR were applied at the rate of 106
cells/mL as seed soaking prior to sowing. Data represent the mean of three replicates.
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11.06 ijk

7.98 m

BT

1.2204

0.8629

13.12 fg

14.75 c

13.31 ef

9.52 i

11.32 h

14.19 cd

17.67 a

12.58 fg

12.32 g

13.53 de

16.47 b

7.70 j

Treatment Means

26.55 e

26.46 e

25.72 ef

15.79 ij

22.11 h

25.61 ef

32.98 bc

22.18 gh

21.80 h

25.14 fg

31.79 bc

10.69 k

Thori

2.9584

37.48 a

33.63 b

30.10 cd

18.37 i

21.95 h

27.98 de

37.70 a

22.96 fgh

21.69 h

32.96 bc

32.04 bc

13.62 jk

Saif-32

2010–2011

Detail of treatments as described in Table 3.3.
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All such means which share a common English letter are similar; otherwise differ significantly at P<0.05

LSD value

16.24 bc

12.76 fgh

9.88 kl

SPQ

9.99 k

16.21 bc

12.17 ghi

SPH

BTQ

19.03 a

16.32 b

SPF

BTH

14.29 de

10.88 jk

SP

15.63 bc

13.37 efg

11.27 ij

CFQ

15.06 cd

16.05 bc

11.00 ijk

CFH

11.55 hij

20.02 a

12.91 fg

CFF

13.87 def

8.72 lm

6.67 n

C

BTF

Saif-32

2009–2010

Thori

Treatments

2.0919

32.02 b

30.05 bc

27.91 de

17.08 g

22.03 f

26.80 e

35.34 a

22.57 f

21.74 f

29.05 cd

31.92 b

12.15 h

Treatment Means

Table 3.8 Effect of PGPR and chemical fertilizers on Leaf Area (cm2) of safflower. PGPR were applied at the rate of 106 cells/mL as seed
soaking prior to sowing. Data represent the mean of three replicates.
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3.2.7. Effect of PGPR and chemical fertilizers on Plant height
All the treatments significantly increased the plant height during first year (2009–
2010) in both the varieties (Table 3.9). In cv. Thori maximum significant increase
(23%) was observed in SPF and BTF treatments as compared to that of untreated
control. The treatment SPF showed 7% significant increase over SP treatment and
BTF showed 12% significant increase over BT treatment however, both the
treatments showed non-significant increase over CFF treatment. The % increase by
single inoculation of SP and BT was 12% and 6% higher over untreated control
however, both the treatments showed significant reduction as compared to that of CFF
treatment. A similar pattern of increase in plant height was observed in cv. Saif-32 as
well as in mean data of treatments during first year. During second year similar
pattern of increase in plant height was observed to that of first year in safflower.
3.2.8. Effect of PGPR and chemical fertilizers on number of branches plant-1
During first year maximum significant increase (93%) in number of branches plant-1
was recorded in BTQ treatment over untreated control, the value of which was 46%
and 51% higher over BT and CFQ treatments and 37% higher over CFF treatment in
cv. Thori (Table 3.10). All the other treatments showed non-significant increase over
untreated control. In cv. Saif-32, all the treatments showed significant increase in
number of branches plant-1 except CFH and BT treatments which showed nonsignificant increase as compared to that of control. Maximum % increase (173%) was
recorded in SPF treatments as compared to that of control; however the respective
treatment showed 34% significant increase over SP and CFF treatments. Single
inoculation of SP showed significant increase of 78% over control however; this value
was at par with CFF treatment and treatment BT showed non-significant increase as
compared t control and significant decrease as compared to CFF treatment. The mean
data of treatments for the first year indicated the similar pattern of increase in number
of branches plant as observed in cv. Saif-32. During second year the pattern of
increase in number of branches plant-1 was almost similar to that of first year except
in cv. Thori in which case maximum significant increase (150%) was recorded in BTF
treatment over the untreated control.
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137.16 ab
125.36 ef
137.16 ab
134.62 bc
139.70 ab
134.62 bc
131.23 cd
134.62 bc
141.39 a
131.23 cd
128.69 de

135.47 bc
123.61 ef
121.07 f
128.69 de
138.85 ab
135.47 bc
127.00 de
121.07 f
138.01 ab
135.47 bc
127.00 de

CFF

CFH

CFQ

SP

SPF

SPH

SPQ

BT

BTF

BTH

BTQ
5.4244

125.31 ef

112.61 g

C

3.8356

127.85 de

133.35 bc

139.70 a

127.85 de

129.12 d

135.04 bc

139.28 a

131.66 cd

129.12 d

124. 48 e

136.31 ab

118.96 f

Treatments Mean

138.33 def

137.33 ef

144.67 cd

119.33 k

127.33 hij

132.33 fgh

154.67 a

121.00 jk

124.33 ijk

136.00 efg

139.00 de

104.00 l

Thori

6.5095

Detail of treatments as described in Table 3.3.
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All such means which share a common English letter are similar; otherwise differ significantly at P<0.05

LSD value

Saif-32

2009–2010
Thori

Treatments

139.00 de

151.67 ab

148.00 bc

125.33 ijk

141.33 de

135.67 efg

144.33 cd

130.00 ghi

122.33 jk

141.00 de

144.33 cd

103.67 l

Saif-32

2010–2011

4.6029

138.67 de

144.50 bc

146.33 ab

122.33 g

134.33 ef

134.00 f

149.50 a

125.50 g

123.33 g

138.50 def

141.67 cd

103.83 h

Treatments Mean

Table 3.9 Effect of PGPR and chemical fertilizers on plant height (cm) of safflower. PGPR were applied at the rate of 106 cells/mL as
seed soaking prior to sowing. Data represent the mean of three replicates.

Chapter# 3

Field Experiment of Safflower

3.75 k
6.83 bcde
5.35 fghijk
6.10 defgh
6.70 bcde
10.25 a
7.60 bcd
5.76 efghi
4.78 ghijk
8.13 bc
6.35 defg
6.53 cdef

4.33 ijk
5.20 efghijk
3.96 jk
4.38 ijk
5.27 efghijk
5.50 efghij
5.55 efghij
4.60 hijk
4.50 hijk
5.61 efghij
4.96 fghijk
8.38 b
1.7003

Saif-32

Thori

2009–2010

1.2023

4.04 g
6.01 cde
4.65 fg
5.24 efg
5.98 cde
7.87 a
6.57 bcd
5.18 efg
4.64 fg
6.87 abc
5.65 def
7.45 ab

Treatments Mean
4.66 i
10.66 cde
7.00 ghi
7.00 ghi
6.00 hi
8.33 efgh
8.33 efgh
6.00 hi
6.00 hi
11.66 bcd
7.00 ghi
8.00 efgh

Thori

2.889

Detail of treatments as described in Table 3.3.
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All such means which share a common English letter are similar; otherwise differ significantly at P<0.05

LSD value

C
CFF
CFH
CFQ
SP
SPF
SPH
SPQ
BT
BTF
BTH
BTQ

Treatments
4.68 i
9.33 defg
12.66 bc
7.66 fgh
8.00 efgh
21.00 a
8.33 efgh
10.0 cdef
8.00 efgh
14.0 b
12.00 bcd
14.00 b

Saif-32

2010–2011

2.0430

4.67 f
10.00 cd
9.83 cd
7.33 e
7.00 e
14.66 a
8.33 de
8.00 de
7.00 e
12.83 ab
9.50 cd
11.00 bc

Treatments Mean

Table 3.10 Effects of PGPR and chemical fertilizers on number of branches/plant of safflower. PGPR were applied at the rate of 106
cells/mL as seed soaking prior to sowing. Data represent the mean of three replicates.

Chapter# 3

Chapter# 3

Field Experiment of Safflower

3.2.9. Effect of PGPR and chemical fertilizers on number of capitulum plant-1
In cv. Thori, all the treatments showed a significant increase except CFF, CFH, CFQ
and SP treatments which showed non-significant increase over untreated control
during first year (Table 3.11). Maximum significant increase (241%) was recorded in
BTQ treatment, the value of which was 56% higher over BT and 90% significantly
higher over CFQ treatments, moreover BTQ also showed significant increase (61%)
over CFF treatment. Single inoculation of SP showed non-significant increase over
control and its results were at par with CFF treatment however BT treatment showed
significant increase (50%) over control and showed non-significant increase as
compared to CFF treatment. In cv. Saif-32, maximum significant increase (112%) was
observed in SPH treatment over control, the values of which were 41% and 52%
higher as compared to SP and CFH treatments respectively. Treatments CFF, SPF,
SPQ, BTF and BTH showed significant increase as compared to that of control. The
mean data of the treatments for the first year indicated that maximum significant
increase (113%) was recorded in BTQ treatment as compared to control which was
45% and 56% higher over BT and CFQ treatments. The single inoculation of SP and
BT was 32% and 17% higher over control and both these treatments showed
significant reduction as compared to CFF treatment.
During the second year the effect of treatments was different as compared to first year
which might be due to the climatic factors which affected the number of capitulum
plant-1. All the treatments showed non-significant increase in number of capitulum
plant-1 except SPF treatment which exhibited 133% increase as compared to that of
control in cv. Thori. The treatment SPF showed 28% and 51% increase as compared
to CFF and SP treatment alone. In cv. Saif-32 all the treatments showed significant
increase over control except SP and BT treatments which showed non-significant
increase as compared to control. Maximum increase (337%) was recorded in BTQ
treatment as compared to untreated control and the value of which was 71% and 62%
higher over BT and CFQ treatments respectively. The mean of treatments of second
year showed almost similar pattern of increase to that of cv. Saif-32.
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Field Experiment of Safflower

11.00 bcd
5.66 ghi
4.33 hi
7.00 fg
10.00 cde
12.00 ab
10.00 cde
5.67 ghi
11.33 bc
10.66 bcd
7.00 fg

5.66 ghi

5.33 ghi
4.66 hi
5.66 ghi

9.33 de

6.00 gh
6.00 gh

6.00 gh

6.66 fg
8.33 ef

13.66 a

CFF

CFH
CFQ
SP

SPF

SPH
SPQ

BT

BTF
BTH

BTQ
1.724

5.66 ghi

4.00 i

C

1.2193

10.33 a

9.00 bcd
9.50 abc

5.66 ef

9.00 bcd
8.00 d

9.66 ab

5.50 ef
4.50 f
6.33 e

8.33 cd

4.83 f

Treatments Mean

8.33 efghi

7.33 fghij
6.33 fghij

6.00 ghij

7.66 fghij
6.00 ghij

11.66 cd

7.00 fghij
6.33 fghij
5.66 hij

7.33 fghij

5.00 j

Thori

3.2662

Detail of treatments as described in Table 3.3.
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23.33 a

9.00 defg
11.33 cde

6.66 fghij

9.33 def
11.33 cde

15.00 b

15.00 b
8.66 defgh
6.00 ghij

14.00 bc

5.33 ij

Saif-32

2010–2011

Al such means which share a common English letter are similar; otherwise differ significantly at P<0.05

LSD value

Saif-32

2009–2010

Thori

Treatments

2.3096

15.83 a

8.16 ef
8.83 cde

6.33 fgh

8.50 def
8.66 de

13.33 b

11.00 c
7.50 efg
5.83 gh

10.66 cd

5.16 h

Treatments Mean

Table 3.11 Effects of PGPR and chemical fertilizers on number of capitulum plant-1 of safflower. PGPR were applied at the rate of 106
cells/ml as seed soaking prior to sowing. Data represent the mean of three replicates.

Chapter# 3

Chapter# 3

Field Experiment of Safflower

3.2.10. Effect of PGPR and chemical fertilizers on Capitulum Weight
During first year all the treatments showed non-significant increase except CFQ, SPF,
SPH, SPQ and BTH treatments which showed significant increase over untreated
control in cv. Thori (Table 3.12). The maximum significant increase (95%) was
recorded in SPH treatment, the value of which was 53% and 46% higher as compared
to that of SP and CFH treatments respectively. Single inoculation of SP showed nonsignificant reduction whereas BT showed non-significant increase in capitulum
weight as compared to control and both treatments showed reduction as compared to
CFF treatment. Similarly in cv. Saif-32, all the treatments showed significant increase
except CFF, CFH and CFQ treatments which showed non-significant increase as
compared to control. Treatment SPH showed maximum increase (137%) as compared
to control, the value of which was 37% and 52% higher over SP and CFH treatments
respectively. The % increase by SP and BT was 48% and 55% over control and BT
showed 18% significant increase whereas SP showed non-significant increase as
compared to CFF treatment. The mean data of first year also showed almost similar
trend of increase to that of cv. Saif-32. During second year the trend of increase was
almost similar to that of first year however maximum significant increase in
capitulum weight was recorded in SPH and BTH treatments as compared to that of
untreated control.
3.2.11. Effect of PGPR and chemical fertilizers on number of seed capitulum-1
All the treatments significantly improved the number of seed capitulum-1 in both the
varieties during first year except CFQ treatment in cv. Thori which showed nonsignificant increase over control and BT treatment in cv. Saif-32 which showed nonsignificant reduction as compared to control (Table 3.13). The treatments SPH and
BTF were statistically similar to each other and exhibited maximum % increase (80%)
over control in cv. Thori. The % increase by SPH over SP and CFH was 28% and
30% and the % increase by BTF over BT and CFF was 34% and 19% respectively.
The application of SP and BT showed 28% and 18% significant increase over control
however both the treatments showed significant reduction in number of seed
capitulum-1 as compared to CFF treatment. In cv. Saif-32, maximum % increase was
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Chapter# 3

Field Experiment of Safflower

recorded in SPH treatment, the value of which was 37% higher over SP and 24%
higher over respective CFH treatment. Mean data of treatments for the first year
showed the similar pattern of increase to that of cv. Saif-32. During second year
almost similar pattern of increase in number of seed capitulum-1 was observed to that
of first year.
3.2.12. Effect of PGPR and chemical fertilizers on 1000 seed weight
During the first year all the treatments significantly increased the 1000 seed weight
except CFQ and BT treatments in cv. Thori (Table 3.14). The maximum % increase
(20%) was recorded in SPF treatment, the value of which was 12% and 10% higher
over SP and CFF treatments respectively. Single inoculation of SP showed 5%
significant increase and BT showed significant decrease as compared to control and
both the treatments showed reduction in 1000 seed weight as compared to CFF
treatment. All the treatments in cv. Saif-32 showed significant increase except CFF,
CFH and CFQ treatments which showed non-significant results as compared to
control. Maximum significant increase (22%) was recorded in BTQ treatment, the
value of which was 5% and 17% higher over BT and CFQ treatments respectively.
The treatments SP and BT showed 11% and 16% increase over control while 9%
and12% increases over CFF treatment. The mean data of the treatments for the first
year showed that maximum significant increase in 1000 seed weight was recorded in
SPQ and BTQ treatments as compared to the control. The treatment SPQ showed 5%
and 12% significant increase over SP and CFQ whereas BTQ exhibited 4% and 12%
significant increase over BT and CFQ treatments respectively. During second year all
the treatments showed significant increase in 1000 seed weight except SP in cv. Thori
and CFQ in cv. Saif-32 as compared to untreated control. During second year cv.
Thori and Saif-32 showed a similar pattern of increase to that of first year however
the mean data of treatments of second year indicated that maximum increase was
recorded in SPQ, BTF and BTQ treatments as compared to untreated control and
these all treatments were statistically similar to each other.
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Thori
1.53 hij
1.69 ghij
1.59 hij
2.70 bc
1.38 j
2.11 def
2.99 ab
2.04 defg
1.64 ghij
1.67 ghij
2.87 b
1.92 efgh
0.4091

Saif-32
1.43 ij
1.80 fghi
1.61 hij
1.52 hij
2.12 def
1.89 efgh
3.39 a
2.41 cd
2.22 de
1.89 efgh
2.67 bc
2.96 b

2009–2010
Treatments Mean
1.48 h
1.74 fgh
1.60 gh
2.11 de
1.75 fgh
2.00 def
3.19 a
2.22 cd
1.93 ef
1.78 fg
2.77 b
2.44 c
0.2893

Thori
1.56 hijk
1.69 ghij
2.97 a
1.54 ijk
1.38 jk
2.15 def
2.19 de
1.91 efgh
1.52 ijk
1.64 ghij
1.92 efg
2.70 abc
0.361

Saif-32
1.20 k
2.13 def
1.82 fghi
1.62 ghij
1.38 jk
2.41 cd
2.78 ab
2.37 cd
1.97 efg
2.60 bc
2.96 ab
1.33 jk

2010–2011

Detail of treatments as described in Table 3.3.
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All such means which share a common English letter are similar; otherwise differ significantly at P<0.05

C
CFF
CFH
CFQ
SP
SPF
SPH
SPQ
BT
BTF
BTH
BTQ
LSD value

Treatments

Treatments Mean
1.38 g
1.91 de
2.39 ab
1.58 fg
1.38 g
2.28 bc
2.48 a
2.14 bcd
1.74 ef
2.12 cd
2.44 a
2.01 d
0.255

Table 3.12 Effects of PGPR and chemical fertilizers on Capitulum Weight (g) of safflower. PGPR were applied at the rate of 106
cells/mL as seed soaking prior to sowing. Data represent the mean of three replicates.

Chapter# 3

Field Experiment of Safflower

34.33 cd
30.33 efg
29.66 fg
25.33 jkl
32.33 def
40.33 a
38.00 ab
19.00 o
33.00 de
28.00 ghij
28.33 ghi

29.00 gh

25.00 kl

22.00 mn

25.66 ijkl

33.33 cd

36.00 bc

34.66 cd

23.66 klm

36.00 bc

26.33 hijk

23.00 lm

CFF

CFH

CFQ

SP

SPF

SPH

SPQ

BT

BTF

BTH

BTQ
2.8635

21.00 mno

20.00 no

C

2.0248

25.66 ef

27.16 ef

34.50 bc

21.33 g

36.33 ab

38.16 a

32.83 cd

25.50 f

25.83 ef

27.66 e

31.66 d

20.50 g

Treatments Mean

25.00 j

33.66 ef

24.66 j

21.00 k

40.01 b

47.66 a

29.33 hi

30.66 ghi

25.00 j

36.66 cd

20.00 k

28.00 i

Thori

2.876

Detail of treatments as described in Table 3.3.
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2010–2011

50.00 a

36.00 cde

35.00 cde

40.33 b

40.00 b

30.33 hi

37.66 bc

33.33 efg

34.00 def

32.00 fgh

39.66 b

20.00 k

Saif-32

All such means which share a common English letter are similar; otherwise differ significantly at P<0.05

LSD value

Saif-32

2009–2010

Thori

Treatment

2.0338

37.50 b

34.83 c

29.83 f

30.66 ef

40.00 a

39.00 ab

33.50 cd

32.00 de

29.50 f

34.33 c

29.83 f

24.00 g

Treatments Mean

Table 3.13 Effects of PGPR and chemical fertilizers on number of seed-1 capitulum of safflower. PGPR were applied at the rate of 106
cells/ml as seed soaking prior to sowing. Data represent the mean of three replicates.

Chapter# 3

Field Experiment of Safflower

42.48 f
39.72 ij
40.58 hi
44.45 cd
45.20 bc
44.00 d
43.91 d
46.69 a

39.70 ij

45.41 b

43.65 de

42.76 ef

32.70 p

41.36 gh

39.41 jk

40.47 i

SP

SPF

SPH

SPQ

BT

BTF

BTH

BTQ
0.886

38.00 lmn
38.52 klm
37.10 o
38.70 kl

37.80 mno
40.46 i
42.03 fg
37.85 no

C
CFF
CFH
CFQ

0.6265

43.58 a

41.66 cd

42.68 b

38.95 e

43.60 a

42.11 bc

42.57 b

41.09 d

37.90 f
39.49 e
39.56 e
38.27 ef

Treatments Mean

41.50 e

41.50 e

43.00 d

39.00 i

43.75 c

33.00 n

45.10 b

38.10 jk

37.55 kl
40.60 f
42.05 e
39.70 h

Thori

0.6819

46.35 a

40.40 fg

44.65 b

40.35 fgh

43.95 c

45.10 b

39.75 gh

42.95 d

38.70 ij
34.20 m
37.00 l
38.80 i

Saif-32

2010–2011

Detail of treatments as described in Table 3.3.

93

All such means which share a common English letter are similar; otherwise differ significantly at P<0.05

LSD value

Saif–32

2009–2010

Thori

Treatments

0.4822

43.92 a

40.95 c

43.82 a

39.67 d

43.85 a

39.05 e

42.42 b

40.52 c

38.12 f
37.40 g
39.52 de
39.25 de

Treatments Mean

Table 3.14 Effects of PGPR and chemical fertilizers on 1000 Seed Weight (g) of safflower. PGPR were applied at the rate of 106 cells/mL
as seed soaking prior to sowing. Data represent the mean of three replicates.

Chapter# 3

Chapter# 3

Field Experiment of Safflower

3.2.13. Effect of PGPR and chemical fertilizers on seed yield
During 2009–10 all the treatments of PGPR and chemical fertilizers significantly
increased the seed yield in both the varieties except CFQ treatment in cv. Thori which
showed non-significant results as compared to untreated control (Table 3.15). The
maximum % increase (90%) in cv. Thori was recorded in BTH treatment as compared
to control, the value of which was 37% and 21% higher over BT and CFH treatments
furthermore it showed 13% increase over CFF treatment. The % increase by single
application of SP and BT was 32% and 19% higher over control however SP showed
13% significant increase over CFF treatment whereas BT showed non-significant
increase over CFF treatment. In case of cv. Saif-32 maximum increase (202%) in seed
yield was recorded in SPF treatment over control and the value of which was 50% and
24% higher over SP and CFF treatments respectively. The single inoculation of SP
and BT showed 48% and 44% increase over control however both treatments showed
significant reduction as compared to CFF treatment. The mean data of treatments for
the first year indicated that maximum % increase (158%) was observed in SPF
treatment as compared to that of control. Single application of SP and BT also showed
significant increase over control as well as over CFF treatment. During second year
all the treatments significantly improved the seed yield however maximum increase in
cv. Thori was recorded in BTQ treatment and in cv.Saif-32 in SPF treatments which
also showed significant increase over their respective single inoculation of PGPR and
from the respective chemical fertilizers treatments. The mean data of treatments for
the second year showed almost similar results to that of the mean data of first year.
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Field Experiment of Safflower

2277.0 c
1517.5 f

1220.1 g
882.3 kl

BTH
BTQ
64.893

1529.7 f
2223.3 cd

763.3 m
923.3 jk

BT
BTF

45.886

1402.9 b
1199.9 f

1146.5 g
1573.3 d

Treatments Mean
849.4 i
1044.7 h
1586.6 d
1279.7 e
1211.4 f
2192.2 a
1660.3 c
1583.1 d

688.0 v
1220.1 l

750.0 u
820.0 t

Thori
474.3 x
916.1 q
639.1 w
829.0 s
848.3 r
1044.2 o
925.2 p
1150.1 n

1.415

1774.0 g
1586.4 j

2161.6 d
2237.1 c

Saif-32
1169.9 m
2449.0 b
1612.5 i
1285.6 k
2069.4 f
3272.0 a
2149.9 e
1645.0 h

2010–2011

Detail of treatments as described in Table 3.3.
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All such means which share a common English letter are similar; otherwise differ significantly at P<0.05

LSD value

SP
SPF
SPH
SPQ

C
CFF
CFH
CFQ

Saif-32
1057.7 i
2432.3 b
1129.9 h
1877.3 e
1571.2 f
3201.0 a
2173.1 d
2207.6 d

2009–2010

Thori
641.1 o
740.8 mn
959.5 j
682.0 no
851.6 l
1183.4 gh
1147.5 h
958.5 j

Treatment

1.0008

1682.6 b
1403.2 g

1455.8 f
1528.6 d

Treatment Means
822.1 l
1231.0 i
1125.8 j
1057.3 k
1458.8 e
2158.1 a
1537.5 c
1397.5 h

Table 3.15 Effects of PGPR and chemical fertilizers on Seed Yield (Kg/ha) of safflower. PGPR were applied at the rate of 106 cells/mL as
seed soaking prior to sowing. Data represent the mean of three replicates.

Chapter# 3

Chapter# 3

Field Experiment of Safflower

3.2.14. Effect of PGPR and chemical fertilizers on seed oil contents
During first year all the treatments showed significant increase in seed oil contents
except CFH, CFQ and SPQ treatment which showed non-significant increase over
control in cv. Thori (Table 3.16). Maximum significant increase was observed in SPH
treatment over control, the value of which was 8%, 14% and 8% higher over SP, CFH
and CFF treatments respectively. The % increase by SP and BT alone was 10% and
13% over control however both the treatments were statistically at par to CFF
treatment. In cv. Saif-32, all the treatments showed a significant increase in seed oil
contents except CFQ, SP and BT treatments which showed non-significant increase
over control. Treatment SPH and BTF were statistically at par and exhibited
maximum significant increase (23%) over untreated control. The % increased by SPH
over SP, CFH and CFF was 17%, 7% and 8% higher and BTF showed 16% and 7%
significant increase over BT and CFF treatments respectively. The mean data of
treatments during first year indicated that all treatments showed significant effect on
seed oil contents except CFQ treatment which was statistically at par to control
however maximum % increase was observed in SPH treatment. During second year,
all the treatment showed significant increase in oil contents except in CFQ treatment
in both the varieties. In cv. Thori, maximum % increase in oil contents was recorded
in SPH and BTH treatment whereas in cv. Saif-32, SPH and BTF showed maximum
increase and similar pattern of increase was recorded in the mean data of treatments of
second year to that of the first year.
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Thori
24.88 h
27.53 f
25.69 gh
25.37 gh
27.53 f
29.40 bcd
30.14 bc
25.89 gh
28.17 ef
26.10 g
29.23 cd
27.75 f
1.0198

2009–2010
Saif-32
25.63 gh
29.10 de
29.19 cd
26.11 g
26.13 g
29.38 bcd
31.68 a
27.47 f
26.26 g
31.59 a
30.37 b
30.34 b
Treatments Mean
25.50 g
28.31 d
27.44 e
25.74 g
26.58 f
29.39 bc
30.91a
26.68 f
27.21 ef
28.85 cd
29.80 b
29.05 c
0.7211

Thori
25.36 n
28.63 ghi
27.60 ijkl
25.56 n
27.96 ijk
30.03 def
30.90 bcd
27.43 jkl
28.00 ijk
28.20 hij
30.90 bcd
28.33 hij
1.0662

2010–2011
Saif-32
25.63 n
30.36 de
29.53 efg
26.00 mn
27.10 kl
30.83 cd
31.90 ab
29.10 fgh
26.90 lm
31.96 a
31.80 abc
30.46 de

Detail of treatments as described in Table 3.3.
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All such means which share a common English letter are similar; otherwise differ significantly at P<0.05

C
CFF
CFH
CFQ
SP
SPF
SPH
SPQ
BT
BTF
BTH
BTQ
LSD value

Treatment

Treatments Mean
25.50 g
29.50 c
28.56 d
25.78 g
27.53 ef
30.43 b
31.40 a
28.26 de
27.45 f
30.08 bc
31.35 a
29.40 c
0.7539

Table 3.16 Effects of PGPR and chemical fertilizers on Oil content (%) of safflower. PGPR were applied at the rate of 106 cells/mL as
seed soaking prior to sowing. Data represent the mean of three replicates.

Chapter# 3

Chapter# 3

Field Experiment of Safflower

3.2.15. Effect of PGPR and chemical fertilizers on fatty acid profile and oil
quality
Application of plant growth promoting rhizobacteria and chemical fertilizers altered
the relative proportion of major fatty acids and oil quality in safflower. The response
of plant growth promoting rhizobacteria and chemical fertilizers in terms of fatty acid
profile and oil quality followed the similar pattern during both the years. Therefore
the data of both years were pooled together.
3.2.15.1. Palmitic acid (C16:0)
The results indicated that all the treatments decreased the palmitic acid contents
except SPF and BT treatments which showed significant increase as compared to
control in cv. Thori (Table 3.17). The treatment SPF showed 8% significant increase
over control, the value of which was 19% and 16% higher over SP and CFF
treatments respectively. The % increment by single inoculation of BT was 5% higher
over control and 13% higher over CFF treatment. In the case of cv. Saif-32, maximum
significant increase (23%) was observed in SPF treatment as compared to that of
control, the value which was 23% and 8% higher over SP and CFF treatments
respectively. The treatments CFF, CFH, CFQ, BTF and BTH showed significant
increase, however the rest of the treatments showed a decrease compared to that of the
control. Mean data of treatments indicated that maximum significant increase (15%)
was recorded in SPF treatment over control, the value of which was 21% and 12%
higher over SP and CFF treatments respectively. Treatments SPH, SPQ, BTH and
BTQ showed significant decrease as compared to that of control.
3.2.15.2. Stearic acid (C18:0)
Data regarding stearic acid showed that SPF treatment showed maximum increase
(98%) as compared to that of control the value of which was 49% and 57% higher
over SP and CFF treatments in cv. Thori (Table 3.17). The treatments CFH, SPQ,
BTF and BTQ showed significant increase, however rest of the treatments showed
decrease as compared to untreated control. In cv. Saif-32, maximum significant
increase (44%) in stearic acid contents was recorded in CFF treatment as compared to
that of untreated control. The treatments CFH, CFQ, SPF, BTF and BTH showed
significant increase whereas all the other treatments showed non-significant effect on
98

Chapter# 3

Field Experiment of Safflower

stearic acid contents. The mean data of treatments indicated that all the treatments
significantly increased the stearic acid except SP, SPH and BT treatments which
exhibited a decrease compared to that of the control. The maximum % increase (46%)
was recorded in SPF treatment as compared to that of the control, the value of which
was 33% and 19% higher over SP and CFF treatments respectively.
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Thori
5.83 c
5.30 fgh
5.53 de
5.36 efg
5.10 hi
6.33 ab
4.56 kl
5.10 hi
6.13 b
5.10 hi
4.56 kl
5.35 efg

Palmitic Acid (C16:0)
(%)
Saif-32
Treatments Mean
5.16 gh
5.50 b
5.83 c
5.56 b
5.41 ef
5.47 bc
5.53 de
5.45 bc
4.88 ij
4.99 de
6.36 a
6.35 a
5.16 gh
4.86 e
4.63 kl
4.86 e
4.53 l
5.33 c
5.83 c
5.46 bc
5.66 cd
5.11 d
4.76 jk
5.05 d
0.2249
0.1590
Thori
2.62 m
2.23 n
2.71 l
2.65 lm
2.63 m
5.19 a
2.29 n
3.23 g
2.59 m
2.82 k
2.61 m
2.86 k

Stearic Acid (C18:0)
(%)
Saif-32
Treatments Mean
3.21 gh
2.92 h
4.65 b
3.44 c
3.64 e
3.18 ef
3.61 e
3.13 f
3.10 i
2.86 h
3.34 f
4.27 a
2.72 l
2.50 j
3.13 i
3.18 e
2.97 j
2.78 i
4.31 c
3.56 b
3.88 d
3.25 d
3.14 hi
3.00 g
0.0744
0.0526

Detail of treatments as described in Table 3.3.
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All such means which share a common English letter are similar; otherwise differ significantly at P<0.05

C
CFF
CFH
CFQ
SP
SPF
SPH
SPQ
BT
BTF
BTH
BTQ
LSD value

Treatments

Table 3.17 Effects of PGPR and chemical fertilizers on Palmitic Acid (%) and Stearic Acid (%) of safflower oil. PGPR were applied at
the rate of 106 cells/mL as seed soaking prior to sowing. Data represent the mean of three replicates.

Chapter# 3

Chapter# 3

Field Experiment of Safflower

3.2.15.3. Oleic acid (C18:1)
All the treatments significantly increased the oleic acid except CFH and BTF
treatments which showed a non-significant increase as compared to the control in cv.
Thori (Table 3.18). Maximum % increase was recorded in SPQ treatment as
compared to untreated control, the value of which was higher (16% and 20%) over SP
and CFQ treatments. The treatments SP and BT exhibited a significant increase over
the control, furthermore SP showed significant increase whereas BT showed
significant decrease as compared to CFF treatment. In case of cv. Saif-32 maximum
significant increase was recorded in BTQ treatment, the value of which was 9% and
18% higher over BT and CFQ treatments respectively. Single inoculation of SP and
BT exhibited a 5%-6% significant increase over control and the value of which was
12% higher over CFF treatment. Treatments CFH, SPQ and BTH significantly
improved the oleic acid contents. The mean data of treatments showed that all the
treatments significantly enhanced the oleic acid contents except CFQ and BTF which
showed a non-significant effect as compared to control. The maximum % increase
(23%) was recorded in SPQ and BTQ treatments, the value of which was 18% higher
over CFQ treatment and 12% and 18% higher over SP and BT treatments
respectively.
3.2.15.4. Linoleic Acid (C18:2)
Linoleic acid contents were significantly decreased by all the treatments except CFF
and CFH treatments which showed significant increase over control in cv. Thori
(Table 3.18). The maximum % increase (7%) was recorded in CPH treatment over
control however maximum decrease (25%) was recorded in SPQ treatment. In cv.
Saif-32, maximum increase (21%) was recorded in CFF treatment and maximum
decrease (24%) was observed in BTQ treatment as compared to that of control.
Treatments CFH, CFQ, SPF, BT, BTF and BTH exhibited significant increase while
other treatments showed significant decrease in linoleic acid contents. The mean data
of treatments of both the varieties showed that maximum significant increase (11%) in
linoleic acid contents was recorded in CFF treatment and maximum decrease (14%
and 11%) was observed in SPQ and BTQ treatments as compared to that of control
respectively.
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Oleic Acid (C18:1)
(%)
Thori
Saif -32
Treatments Mean
10.85 mn
11.56 ij
11.21 fg
11.52 j
10.69 n
11.10 g
10.88 m
12.10 g
11.49 e
11.57 ij
11.05 kl
11.31 f
12.16 fg
12.18 efg
12.17 c
11.92 h
10.33 o
11.12 g
13.61 c
11.72 i
12.67 b
14.57 a
13.13 d
13.85 a
11.17 k
12.27 ef
11.72 d
10.94 lm
11.55 j
11.24 f
12.20 efg
12.33 e
12.27 c
14.10 b
13.56 c
13.83 a
0.161
0.114
Thori
75.74 h
78.15 e
81.33 b
66.51 q
69.66 m
72.76 k
70.40 l
56.20 v
62.86 t
67.25 o
63.29 s
75.22 i

Linoleic Acid (C18:2)
(%)
Saif-32
Treatments Mean
68.02 n
71.88 e
82.82 a
80.48 a
77.24 g
79.28 b
79.16 d
72.84 d
65.81 r
67.74 h
74.21 j
73.49 c
56.95 u
63.67 i
66.77 p
61.49 k
75.62 h
69.24 g
80.07 c
73.66 c
77.65 f
70.47 f
51.56 w
63.39 j
0.254
0.179

Detail of treatments as described in Table 3.3.
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All such means which share a common English letter are similar; otherwise differ significantly at P<0.05

C
CFF
CFH
CFQ
SP
SPF
SPH
SPQ
BT
BTF
BTH
BTQ
LSD value

Treatments

Table 3.18 Effects of PGPR and chemical fertilizers on Oleic Acid (C18:1) and Linoleic Acid (C18:2) of safflower oil. PGPR were
applied at the rate of 106 cells/mL as seed soaking prior to sowing. Data represent the mean of three replicates.

Chapter# 3

Chapter# 3

Field Experiment of Safflower

3.2.15.5. Linolenic Acid (C18:3)
All the treatments showed a significant increase except SPH which was statistically at
par with untreated control in cv. Thori (Table 3.19). Treatment CFF exhibited
maximum significant increase (178%) compared to that of the control. Single
inoculation of SP and BT showed increase (15% and 9%) over control but showed
decrease as compared to CFF treatment. The cv. Saif-32 showed that treatment SPF
showed a maximum increase (34%) in linolenic acid contents over the control, the
value of which was 47% and 31% higher over SP and CFF treatments respectively.
Treatment BTF also showed significant increase however all the other treatments
showed reduction and maximum reduction (71%) being recorded in SPQ treatment as
compared to control. The mean data of treatments of both the varieties showed that
CFF treatment exhibited maximum increase (77%) whereas maximum decrease
(31%) was recorded in SPQ treatment as compared to that of untreated control.
3.2.15.6. C18:1/C18:3 Ratio
Results indicated that all the treatments decreased the ratio C18:1/C18:3 except SPH,
SPQ and BTQ treatments which showed a significant increase as compared to control
in cv. Thori (Table 3.19). Maximum increase (25%) in the ratio of oleic acid to
linolenic acid contents was found in SPH treatment as compared to control, the value
of which was 22% and 65% higher over SP and CFH treatments respectively. In cv.
Saif-32, all the treatments significantly improved the ratio except CFF, SPF and BTF
treatments which showed reduction as compared to control. The maximum % increase
(292%) in cv. Saif-32 was observed in SPQ treatment as compared to that of control
and the value of which was 62% and 70% higher over SP and CFQ treatments
respectively. The single inoculation of SP and BT exhibited 48% and 15% significant
increase over control, the values of which were 32% and 12% higher over CFF
treatment respectively. Mean data of treatments indicated that maximum ratio (146%)
was observed in SPQ treatment as compared to control.
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Thori
0.32 k
0.89 a
0.74 b
0.47 de
0.37 gh
0.36 ghij
0.32 k
0.38 g
0.35 j
0.45 ef
0.48 d
0.36 ghij

Linolenic Acid (C18:3)
(%)
Saif -32
Treatments Mean
0.38 g
0.35 e
0.35 hij
0.62 a
0.37 ghi
0.55 b
0.31 k
0.39 d
0.27 l
0.32 f
0.51 c
0.44 c
0.26 l
0.29 g
0.11 n
0.24 h
0.35 ij
0.35 e
0.45 f
0.45 c
0.27 l
0.37 d
0.20 m
0.28 g
0.022
0.0156
Thori
33.61 j
12.94 u
14.70 t
24.60 q
32.86 l
33.11 k
42.53 e
38.34 g
31.91 m
24.31 r
25.41 p
39.16 f
0.1796

Ratio
(C18:1/C18:3)
Saif-32
30.42 n
30.54 n
32.70 l
35.64 h
45.11 d
20.25 s
45.07 d
119.36 a
35.05 i
25.66 o
45.66 c
67.80 b

Detail of treatments as described in Table 3.3.
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All such means which share a common English letter are similar; otherwise differ significantly at P<0.05

C
CFF
CFH
CFQ
SP
SPF
SPH
SPQ
BT
BTF
BTH
BTQ
LSD value

Treatments

Treatments Mean
32.013 g
21.741 l
23.704 k
30.122 h
38.986 d
26.681 i
43.801 c
78.851 a
33.482 f
24.986 j
35.537 e
53.481 b
0.1270

Table 3.19 Effects of PGPR and chemical fertilizers on Linolenic Acid (C18:3) (%) and Ratio (C18:1/C18:3) of safflower oil. PGPR were
applied at the rate of 106 cells/mL as seed soaking prior to sowing. Data represent the mean of three replicates.

Chapter# 3

Chapter# 3

Field Experiment of Safflower

3.2.15.7. Acid value
All the treatments of PGPR and chemical fertilizers significantly reduced the acid
value of safflower oil as compared to that of untreated control in both the varieties
(Table 3.20). Maximum significant decrease (49%) in acid value was recorded in SP
treatment in cv. Thori. The SP treatment showed 73% decrease over CFF treatment.
The treatment BTQ exhibited maximum significant decrease (63%) in acid value in
cv. Saif-32, the value of which was 72% and 115% lower than that of BT and CFQ
treatments respectively. Single inoculation of SP and BT significantly decreased the
acid value as compared to CFF treatment. The mean data of treatments also followed
the pattern of decrease in acid value similar to that of cv. Saif-32.
3.2.15.8. Free Fatty Acid
All the treatments brought about a significant reduction in free fatty acid contents of
safflower oil in both the varieties (Table 3.20). Maximum % decrease (49%) in free
fatty acid contents was observed in SP treatment as compared to untreated control the
value of which was 74% lower than that of CFF treatment in cv. Thori. In cv. Saif-32,
treatment SPF brought about maximum reduction (44%) in free fatty acid contents as
compared to control, the value of which was 65% lower than that of CFF treatment.
Mean data for the treatments of both varieties showed the trend of decrease in free
fatty acid contents similar to that of cv. Thori.
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Thori
3.03 ab
2.66 ef
2.56 fg
2.46 gh
1.53 m
2.27 i
2.10 j
1.90 k
1.82 kl
2.47 gh
2.50 gh
1.90 k
0.1223

Saif-32
3.11 a
2.83 cd
2.55 fg
2.41 h
1.71 l
2.95 bc
2.74 de
2.42 h
1.93 k
2.64 ef
2.18 ij
1.12 n

Treatments Mean
3.07 a
2.75 b
2.56 c
2.44 d
1.62 h
2.61 c
2.42 de
2.16 f
1.88 g
2.55 c
2.34 e
1.51 i
0.0865

Acid Value (mg KOH/g oil)
Thori
1.52 ab
1.34 ef
1.29 fg
1.24 gh
0.77 m
1.14 i
1.05 j
0.95 k
0.91 kl
1.24 h
1.26 gh
0.95 k
0.0615

Saif-32
1.56 a
1.42 cd
1.28 fg
1.21 h
0.86 l
1.48 bc
1.37 de
1.22 h
0.97 k
0.56 n
1.32 ef
1.09 ij

Free Fatty Acid (%)

Detail of treatments as described in Table 3.3.
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All such means which share a common English letter are similar; otherwise differ significantly at P<0.05

C
CFF
CFH
CFQ
SP
SPF
SPH
SPQ
BT
BTF
BTH
BTQ
LSD value

Treatments

Treatments Mean
1.54 a
1.38 b
1.28 c
1.22 d
0.81 h
1.31 c
1.21 d
1.08 e
0.94 g
0.90 g
1.29 c
1.02 f
0.0435

Table 3.20 Effects of PGPR and chemical fertilizers on Acid Value (mg KOH/g oil) and Free Fatty Acid (%) of safflower oil. PGPR were
applied at the rate of 106 cells/mL as seed soaking prior to sowing. Data represent the mean of three replicates.

Chapter# 3

Chapter# 3

Field Experiment of Safflower

3.2.15.9. Saponification number
All the treatments of PGPR and chemical fertilizers significantly decreased the
saponification number of safflower oil as compared to that of untreated control in
both the varieties (Table 3.21). In cv. Thori, maximum reduction was found in BTQ
treatment, the value of which was 7% and 12% lower than that of BT and CFQ
treatments respectively. The treatment BTQ decreased 15% as compared to CFF
treatment. The % decrease by SP and BT treatments was 4% and 7% as compared to
that of control, however the respective treatments showed significant decreases in
saponification number as compared to that of CFF treatment. A similar trend of
decrease in saponification number was followed by cv. Saif-32 and also indicated by
the mean data of treatments similar to that of cv. Thori.
3.2.15.10. Specific gravity
In cv. Thori, all the treatments showed a non-significant effect on specific gravity
except SPQ, BT, BTF, BTH and BTQ treatments which were statistically at par to
each other and showed significant decrease (3%) compared to that of control (Table
3.21). In case of cv. Saif-32, all the treatments showed significant reduction except
CFF and BTF treatments which showed non-significant decrease as compared to
control. Treatment SPQ showed maximum decrease (4%) in specific gravity
compared to that of the control, the value of which was non-significantly lower as
compared to SP and CFQ treatments. Mean data of treatments indicated that all the
treatments significantly decreased the specific gravity except CFF and CFH which
showed a non-significant reduction compared to that of the control. Maximum
significant reduction was recorded in SPQ treatment similar to that of cv. Saif-32.
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Thori
188.67 b
187.33 cd
184.67 e
182.67 fg
179.33 hi
176.33 j
172.67 l
169.67 m
174.67 k
167.67 n
165.33 o
162.67 p
1.027

Saif-32
192.67 a
187.67 bc
184.67 e
182.33 fg
180.33 h
183.33 f
181.67 g
180.00 h
178.67 i
186.33 d
184.67 e
178.67 i

Treatments Mean
190.67 a
187.50 b
184.67 c
182.50 d
179.83 e
179.83 e
177.17 f
174.83 g
176.67 f
177.00 f
175.00 g
170.67 h
0.726

Saponification number (mg KOH/g oil)
Thori
0.92 a
0.92 a
0.92 a
0.92 ab
0.92 ab
0.91 abc
0.90 abcdef
0.89 fg
0.89 efg
0.89 defg
0.89 efg
0.89 fg
0.0178

Saif-32
0.92 a
0.91 abcde
0.90 cdefg
0.89 efg
0.89 fg
0.90 cdefg
0.89 fg
0.88 g
0.90 bcdefg
0.91 abcd
0.90 cdefg
0.89 fg

Specific gravity (g/cm3)

Detail of treatments as described in Table 3.3.
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All such means which share a common English letter are similar; otherwise differ significantly at P<0.05

C
CFF
CFH
CFQ
SP
SPF
SPH
SPQ
BT
BTF
BTH
BTQ
LSD value

Treatments

Treatments Mean
0.92 a
0.91 ab
0.91 abc
0.90 bcd
0.90 bcd
0.90 bcd
0.89 cde
0.88 e
0.89 cde
0.90 bcd
0.89 de
0.89 e
0.012

Table 3.21 Effects of PGPR and chemical fertilizers on Saponification number (mg KOH/g oil) and Specific gravity (g/cm3) of safflower
oil. PGPR were applied at the rate of 106 cells/mL as seed soaking prior to sowing. Data represent the of three replicates.

Chapter# 3

Chapter# 3

Field Experiment of Safflower

3.2.15.11. Iodine value
All the treatments significantly decreased the iodine value except CFF and CFH
treatments which significantly enhanced the iodine value as compared to untreated
control in cv. Thori (Table 3.22). Maximum significant increase (7%) was recorded in
CFH treatment over control. The treatment SPQ showed maximum significant
reduction (21%) as compared to that of the control, the value of which was 18% and
13% lower as compared to SP and CFQ treatments respectively. In cv. Saif-32,
maximum increase was observed in CFF treatment as compared to that of control.
Maximum decrease (20%) in iodine value was recorded in BTQ treatment as
compared to that of control, the values of which were 38% and 30% lower as
compared to that of BT and CFQ treatments respectively. Mean data of the treatments
followed the similar pattern of reduction in iodine value to that of cv. Thori.
3.2.15.12. Refractive index
All the treatments significantly decreased the refractive index except CFQ, CFF, BTF
tratments which showed significant increase as compared to that of control in cv.
Thori (Table 3.22). The maximum % increase (0.3%) was recorded in SPF treatment
which showed significant increase over SP and CFF treatments. Maximum decrease
was observed in BTQ treatment as compared to that of control as well as BT and CFQ
treatments. In case of cv. Saif-32, all the treatments significantly decreased the
refractive index except CFQ, CFF and BTF treatments which showed significant
increase as compared to that of control. Maximum decrease (0.5%) was recorded in
SPH treatment as compared to control as well as from SP and CFH treatments. Mean
data of the treatments showed that SPF treatment showed a maximum increase and
treatment SPQ showed a maximum decrease in refractive index as compared to that of
control.
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Thori
146.87 h
152.62 d
157.40 b
131.46 q
136.92 m
143.22 k
138.80 l
115.71 u
125.21 t
131.90 o
125.69 s
148.44 g

Iodine Value (gI2/100g)
Saif-32
Treatments Mean
133.64 n
140.26 f
159.09 a
155.86 a
150.29 f
153.85 b
152.67 d
142.07 e
129.80 r
133.36 i
144.79 j
144.01 c
114.29 v
126.55 k
131.62 p
123.66 l
146.74 i
135.98 h
155.32 c
143.61 d
151.18 e
138.43 g
106.01 w
127.22 j
0.0500
0.0354
Thori
1.4706 g
1.4684 q
1.4688 o
1.4722 b
1.4698 j
1.4760 a
1.4678 r
1.4688 p
1.4684 q
1.4714 d
1.4699 i
1.4635 t

Refractive index
Saif-32
Treatments Mean
1.4708 f
1.4707 d
1.4712 e
1.4698 e
1.4703 h
1.4695 g
1.4716 c
1.4719 b
1.4698 ij
1.4698 e
1.4692 l
1.4726 a
1.4650 s
1.4664 i
1.4635 t
1.4661 k
1.4691 m
1.4688 h
1.4708 f
1.4711 c
1.4694 k
1.4696 f
1.4689 n
1.4662 j
0.0000415
0.0000293

Detail of treatments as described in Table 3.3.
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All such means which share a common English letter are similar; otherwise differ significantly at P<0.05

C
CFF
CFH
CFQ
SP
SPF
SPH
SPQ
BT
BTF
BTH
BTQ
LSD value

Treatments

Table 3.22 Effects of PGPR and chemical fertilizers on Iodine Value (gI2/100g) and Refractive index of safflower oil. PGPR were applied
at the rate of 106 cells/mL as seed soaking prior to sowing. Data represent the mean of three replicates.

Chapter# 3

Chapter# 3

Field Experiment of Safflower

3.2.15.13. Biodiesel yield
Biodiesel yield was significantly increased by all the treatments in both the varieties
of safflower except CFQ treatment in cv. Thori which showed a non-significant
increase as compared to that of the control (Table 3.23). Maximum increase (15%)
was recorded in SPQ treatment as compared to control, the value of which was 6%
and 12% higher over SP and CFQ treatments respectively. The SPQ treatment also
showed significant increase over CFF treatment. Single inoculation of SP and BT
showed 8% and 9% significant increases over control and SP treatments showed nonsignificant increase over CFF while BT exhibited significant increase as compared to
CFF treatment. The pattern of increase in biodiesel yield by all the treatments of cv.
Saif-32 and the mean data of treatments of both the varieties was similar to that of cv.
Thori.
3.2.15.14. Seed phenolics
In cv. Thori, all the treatments showed a non-significant effect on seed phenolics
except SPQ treatment which showed maximum significant increase as compared to
that of control (Table 3.23). The treatment SPQ exhibited 14%, 17% and 16%
significant increases over CFQ, SP and CFF treatments respectively. In cv. Saif-32,
all the treatments showed a non-significant increase as compared to control; however
maximum increase (13%) was recorded in SPQ treatment as compared to that of
control. The mean data of the treatments of both the varieties indicated that all the
treatments showed a non-significant increase as compared to that of control however
maximum % increase was observed in SPQ treatment as compared to that of control.
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Thori
84.66 k
91.00 fg
87.33 i
85.33 jk
91.66 ef
93.33 d
95.00 bc
98.00 a
92.33 e
94.33 c
97.33 a
95.33 b
0.9885

Saif-32
82.33 l
84.66 k
83.00 l
85.66 j
89.66 h
90.66 g
93.33 d
95.66 b
89.33 h
91.00 fg
97.66 a
95.66 b

Treatments Mean
83.50 h
87.83 f
85.16 g
85.50 g
90.66 e
92.00 d
94.16 c
96.83 a
90.83 e
92.66 d
97.50 a
95.50 b
0.6989

Biodiesel yield (%)
Thori
1.128 bc
1.125 c
1.136 bc
1.147 bc
1.118 c
1.140 bc
1.102 c
1.349 a
1.118 c
1.130 bc
1.111 c
1.128 bc
0.1484

Saif-32
1.125 c
1.134 bc
1.275 ab
1.146 bc
1.179 bc
1.144 bc
1.213 abc
1.164 bc
1.175 bc
1.201 abc
1.178 bc
1.199 bc

Seed phenolics (mg/100g)

Detail of treatments as described in Table 3.3.
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All such means which share a common English letter are similar; otherwise differ significantly at P<0.05

C
CFF
CFH
CFQ
SP
SPF
SPH
SPQ
BT
BTF
BTH
BTQ
LSD value

Treatments

Treatments Mean
1.126 b
1.130 b
1.205 ab
1.147 b
1.148 b
1.142 b
1.158 ab
1.257 a
1.147 b
1.166 ab
1.145 b
1.164 ab
0.1049

Table 3.23 Effects of PGPR and chemical fertilizers on Biodiesel yield (%) and Seed phenolics (mg/100g) of safflower oil. PGPR were
applied at the rate of 106 cells/mL as seed soaking prior to sowing. Data represent the mean of three replicates.

Chapter# 3

Chapter# 3

Field Experiment of Safflower

3.2.16. Effect of PGPR and chemical fertilizers on seed crude protein
During the first year all the treatments significantly increased the seed crude protein
except SPH and BTH treatments which showed significant decreases as compared to
untreated control in cv. Thori (Table 3.24). Maximum % increase (62%) was recorded
in BTQ treatment over control, the value of which was 23% and 13% higher over BT
and CFQ treatments respectively. Single inoculation of SP and BT treatments also
showed significant increases (22% and 24%) over control, the values of which were
lower as compared to CFF treatment. Maximum decrease in seed protein was found in
SPH treatment as compared to control. In case of cv. Saif-32, maximum increase (6%)
was recorded in BTQ over control. The treatment CFF also showed significant
increase over control however all other treatments showed significant reduction as
compared to control. The mean data for the treatments during first year indicated
similar results to that of cv. Saif-32 for seed crude protein. The data for the second
year showed similar pattern with some variations among the treatments however,
maximum increase was recorded in the similar treatments as in the first year.
3.2.17. Effect of PGPR and chemical fertilizers on oil/protein Ratio
Results during the first year indicated that almost all the treatments showed decrease
in oil/protein ratio except in SPH and BTH treatment which showed significant
increase as compared to control in cv. Thori (Table 3.25). Maximum significant
increase (13%) was observed in SPH treatment over control, the values of which were
23% and 28% higher as compared to SP and CFH treatments respectively. In cv. Saif32, almost all the treatments showed non-significant effects as compared to that of
control except CFH treatment which showed maximum significant increase (11%) as
compared to that of control. Mean data of the treatments during first year showed
maximum significant increase in oil/protein ratio in SPH treatment as compared to
control. The pattern of % increase in oil/protein ratio during second year was almost
similar to that of the first year.
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Thori
13.14 k
18.81 fg
16.33 i
18.53 g
16.10 i
15.33 j
11.23 l
17.56 h
16.33 i
20.63 de
13.36 k
21.33 d
0.7058

2009–2010
Saif-32
22.46 c
23.27 b
18.53 g
17.66 h
17.40 h
23.42 ab
16.40 i
20.30 e
20.66 de
23.82 ab
19.40 f
24.00 a
Treatments Mean
17.80 fg
21.04 b
17.43 g
18.10 ef
16.75 h
19.37 c
13.81 i
18.93 cd
18.50 de
22.22 a
16.38 h
22.66 a
0.4991

Thori
14.84 u
14.46 v
17.06 q
19.26 o
17.47 p
19.24 o
15.35 t
15.81 s
16.36 r
21.16 m
17.08 q
21.24 l
0.0372

2010–2011
Saif-32
22.96 f
23.01 e
21.97 k
22.08 j
23.22 d
22.54 i
21.09 n
23.98 a
23.60 b
22.79 g
22.59 h
23.33 c

Detail of treatments as described in Table 3.3
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All such means which share a common English letter are similar; otherwise differ significantly at P<0.05

C
CFF
CFH
CFQ
SP
SPF
SPH
SPQ
BT
BTF
BTH
BTQ
LSD values

Treatments

Treatments Mean
18.90 j
18.73 k
19.51 i
20.67 d
20.34 e
20.89 c
18.22 l
19.89 g
19.98 f
21.97 b
19.83 h
22.28 a
0.0263

Table 3.24 Effects of PGPR and chemical fertilizers on Seed crude protein (%) of safflower. PGPR were applied at the rate of 106
cells/mL as seed soaking prior to sowing. Data represent the mean of three replicates.

Chapter# 3

Field Experiment of Safflower

1.55 def
1.57 de
1.36 fghi
1.70 d
1.91 bc
2.21 a
1.47 efgh
1.72 cd
1.26 i
2.06 ab
1.30 hi

CFF
CFH
CFQ
SP
SPF
SPH
SPQ
BT
BTF
BTH
BTQ
LSD value

1.30 hi
1.57 de
1.47 efgh
1.50 efg
1.25 i
1.55 def
1.35 ghi
1.27 i
1.32 ghi
1.50 efg
1.26 i
0.1946

1.41 efghi

2009–2010
Saif-32
1.42 ef
1.57 cd
1.41 efg
1.60 cd
1.58 cd
1.88 a
1.41 efg
1.49 de
1.29 fg
1.78 ab
1.28 g
0.1376

1.68 bc

Treatments Mean
14.17 a
10.54 bc
6.30 fgh
10.49 bc
10.79 bc
15.55 a
11.62 b
11.64 b
7.04 efg
13.82 a
5.09 hi

10.52 bc

Thori

1.9348

7.35 ef
7.56 def
3.92 ij
3.88 ij
8.29 de
10.71 bc
5.12 ghi
3.30 ij
6.503 efgh
9.31 cd
7.13 ef

2.67 j

2010–2011
Saif-32

Detail of treatments as described in Table 3.3.
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All such means which share a common English letter are similar; otherwise differ significantly at P<0.05

1.95 b

Thori

C

Treatments

10.76 bc
9.05 d
5.11 g
7.18 ef
9.54 cd
13.13 a
8.37 de
7.47 ef
6.77 f
11.56 b
6.11 fg
1.3681

6.59 f

Treatments Mean

Table 3.25 Effects of PGPR and chemical fertilizers on oil/protein ratio of safflower. PGPR were applied at the rate of 106 cells/mL as
seed soaking prior to sowing. Data represent the mean of three replicates.
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3.2.18. Effect of PGPR and chemical fertilizers on protein profile of safflower
seed
The electrophoretic pattern of seed protein of safflower in cv. Thori differed in
various treatments (Table 3.26). Total 20 bands were recorded in the seed protein of
cv. Thori (Figure 3.3). Maximum number of protein bands (20) was recorded in BTQ
treatment. Two new bands of 130 and 100 KDa molecular weight were induced in
BTF, BTH and BTQ treatments. The treatments SP, SPF, SPH, SPQ and BT induced
a new polypeptide band of 60 KDa molecular weight which was absent in control and
rest of the treatments. A polypeptide band of 29 KDa was present in all the treatments
but absent in the SPH and SPQ treatments. All the other protein bands were present in
all the treatment of cv. Thori.
In cv. Saif-32, total 17 protein bands were present in cv. Saif-32 (Figure 3.4).
Maximum numbers (16) of polypeptide bands were induced in BTF and BTH
treatments (Table 3.27). Two new polypeptide bands of molecular weight of 120 and
95 KDa were induced in BTF and BTH treatments. Similarly, a new band of 80 KDa
was induced by CFF, CFQ, SPF, SPH, SPQ, BT, BTF and BTQ treatments. Another
band of molecular weight of 60 KDa was induced by CFF, CFQ, BTH and BTQ
treatments. The polypeptide band of molecular weight 50 KDa was present in all the
treatments but absent in control and BTH treatment. All the treatments induced a new
band of 20 KDa which was absent in the control. All the other polypeptide bands were
present in all the treatments of PGPR and chemical fertilizers in cv. Saif-32
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Table 3.26 Effects of PGPR and chemical fertilizers on protein profile of safflower seed cv. Thori. PGPR were applied at the rate of 106
cells/ml as seed soaking prior to sowing. Data represent the mean of three replicates.
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Table 3.27 Effects of PGPR and chemical fertilizers on protein profile of safflower cv. Saif-32. PGPR were applied at the rate of 106
cells/ml as seed soaking prior to sowing. Data represent the mean of three replicates.
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Figure 3.3 Effect of PGPR and chemical fertilizers on protein profile of Safflower cv.
Thori.
B1, B2, B3 etc showed number of Bands and the bands with red arrows indicated the
newly induced band.

Figure 3.4 Effect of PGPR and chemical fertilizers on protein profile of Safflower in
cv. Saif-32
C: Control, CFF: Chemical fertilizers full dose, CFH: Chemical fertilizers half dose,
CFQ: Chemical fertilizers quarter dose, SP: A. brasilense, SPF: A. brasilense+full
brasilense
dose of chemical fertilizers, SPH: A. brasilense+half
+half dose of chemical fertilizers,
SPQ: A. brasilense+quarter
+quarter dose of chemical fertilizers, BT: A. vinelandii,
vinelandii BTF: A.
vinelandii+full
+full dose of chemical fertilizers, BTH A. vinelandii+half dose
se of chemical
fertilizers, BTQ: A. vinelandii+quarter
vinelandii
dose of chemical fertilizers
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3.2.19.1. Cluster analysis of 12 treatments for safflower seed
Cluster analysis was performed to evaluate the relative similarity among different
treatments of cv. Thori. The UPGMA (unweighted pair group method with arithmetic
mean) analyses produced two lineages (L) at linkage distance of 2.2 (Figure 3.5).
Both the lineages (L1 and L2) were further divided into 10 clusters at linkage distance
of 1.1 (50%). Lineage 1 contained six clusters (C1, C2, C3, C4, C5 and C6) of closely
related treatments such as SPQ, CFQ, SP, SPH, SPF and BT respectively. Lineage 2
was composed of four clusters (C7, C8, C9 and C10), the cluster 7 and 8 were
composed of control and CFF treatment, whereas C9 contained BTF and CFH
treatments which showed 100% similarity. The C10 was composed of BTH and BTQ
treatments which exhibited 100% similarity
Cluster analysis of cv. Saif-32 showed that two lineages (L1, L2) of different
treatments were produced at linkage distance of 1.8 (Figure 3.6). These two lineages
in the dendrogram were further divided into eight clusters at 50% (0.9) linkage
distance. Lineage 1 was comprised of two clusters (C1 and C2) of closely related
treatments BTH and BTF. Lineage 2 was composed of six clusters (C3, C4, C5, C7,
C8 and C9). Cluster 3 and 4 contained SP and SPF treatments and cluster 5 was
composed of 100% closely related treatments i.e. BT, SPQ and SPH. Similarly,
cluster 6 was also composed of three treatments (BTQ, CFQ and CFF) which showed
100% similarity among each other. Cluster 7 and 8 contained closely related control
and CFH treatment.
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Figure 3.5 Cluster analyses of 12 treatments for safflower (cv. Thori.)
Detail of treatments as in Table 3.3. L, Lineage; C, cluster

Figure 3.6 Cluster analyses of 12 treatments for safflower (cv. Saif-32).
Detail of treatments as in Table 3.3.
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3.2.20. Effect of PGPR and chemical fertilizers on seed amino acids
Application of plant growth promoting rhizobacteria and chemical fertilizers
modulated the amino acid composition of safflower seed. The effect of plant growth
promoting rhizobacteria and chemical fertilizers on amino acid profile followed the
similar pattern during the both the years. Hence the mean data were presented.
3.2.20.1. Metheonine
All the treatments showed significant increase in Metheonine contents except CFQ
and SP treatments which showed non-significant effects as compared to that of the
control whereas SPQ treatment showed significant reduction in cv. Thori (Table
3.28). Maximum significant increase (55%) was recorded in BTF treatment, the value
of which was 18% higher over BT however; BTF was statistically similar to CFF and
BTH treatments. Single application of BT showed 19% increase over control the
value of which was lower than that of CFF treatment. In cv. Saif-32, the treatments
CFF, CFQ, SPQ, BTH and BTQ showed significant increases however rest of the
treatments exhibited non-significant effects as compared to that of control. The
maximum increase (259%) was recorded in BTQ treatment, the values of which were
68% and 40% higher over BT and CFQ treatments respectively. The mean data of
treatments showed that maximum significant increase was observed in BTQ treatment
over control, the value of which showed 45% and 32% significant increase over BT
and CFQ treatments respectively.
3.2.20.2. Phenylanine
All the treatments significantly increased the Phenylanine contents except CFH, SP
and SPH treatments which showed non-significant results as compared to that of
control in cv. Thori (Table 3.28). The maximum % increase (1250%) was observed in
BTQ treatment over control which was statistically at par with BTH treatment. The
Treatment BTQ showed 61% and 77% increase over BT and CFQ treatments
respectively. The % increase by BT treatments was 425% higher over control
however; it showed decrease as compared to CFF treatment. In case of cv. Saif-32,
treatments SP and BTH exhibited significant increase in phenylanine contents
whereas, all the other treatments showed decrease as compared to that of control. The
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treatment SP significantly enhanced (83%) the phenylanine content as compared to
that of the control and the value of which showed 60% increase over CFF treatment.
The mean of treatments of both varieties showed that maximum increase was
recorded in BTH and BTQ treatments as compared to that of control, the values of
which were 59% higher over BT treatment. The treatment BTH showed 70% and
BTQ showed 72% significant increase over respective CFH and CFQ treatments. The
% increase by SPF was statistically at par with CFF treatment.
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Thori
0.36 fg
0.54 b
0.49 c
0.35 gh
0.36 fg
0.45 d
0.47 cd
0.14 m
0.43 de
0.56 b
0.53 b
0.40 ef

Metheonine (g/100g)
Saif-32
Treatments Mean
0.27 kl
0.31 g
0.32 ghij
0.43 bc
0.30 ijkl
0.39 de
0.58 b
0.46 b
0.29 jkl
0.32 g
0.27 kl
0.36 f
0.26 l
0.36 f
0.40 ef
0.27 h
0.31 hijk
0.37 ef
0.28 kl
0.42 cd
0.34 ghi
0.44 bc
0.97 a
0.68 a
0.0429
0.0303
Thori
0.04 lm
0.48 b
0.05 klm
0.12 ij
0.03 m
0.42 c
0.08 jkl
0.26 e
0.21 fg
0.40 c
0.51 ab
0.54 a
0.0489

Phenylanine (g/100g)
Saif-32
Treatments Mean
0.18 g
0.11 f
0.13 hi
0.30 b
0.18 g
0.11 f
0.08 jkl
0.10 f
0.33 d
0.18 e
0.17 gh
0.30 b
0.13 hi
0.10 f
0.17 gh
0.21 d
0.09 ijk
0.15 e
0.12 ij
0.26 c
0.23 ef
0.37 a
0.19 fg
0.36 a
0.0346

Detail of treatments as described in Table 3.3.
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All such means which share a common English letter are similar; otherwise differ significantly at P<0.05

C
CFF
CFH
CFQ
SP
SPF
SPH
SPQ
BT
BTF
BTH
BTQ
LSD value

Treatments

Table 3.28 Effects of PGPR and chemical fertilizers on Metheonine (g/100g) and Phenylanine contents (g/100g) of safflower. PGPR were
applied at the rate of 106 cells/mL as seed soaking prior to sowing. Data represent the mean of three replicates.
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3.2.20.3. Glutamic acid
The glutamic acid contents were significantly increased by SPF, SPQ, BT and BTF
treatments whereas rest of the treatments showed decrease as compared to control in
cv. Thori (Table 3.29). The treatment BT highly enhanced (126%) the glutamic acid
contents over the control, the value of which showed significant increase of 52% over
CFF treatment. Treatment SPQ was statistically at par with BT treatment. In cv. Saif32, treatments SP, SPF, SPQ, BT, BTF, BTH and BTQ exhibited significant increases
over control and all the other treatments differ non-significantly as compared to that
of control. The maximum significant increase was observed in BTQ treatment which
showed 63% and 86% significant increases over BT and CFQ treatments respectively.
The treatments SP and BT showed significant increases (202% and 53%) over the
control and CFF treatment. The mean data of treatments showed maximum %
increase (128%) in SPQ treatment as compared to that of control. Maximum reduction
was recorded in SPH treatment as compared to that of control.
3.2.20.4. Glycine
All the treatments significantly affected the glycine content except BTH and BTQ
treatments which showed non-significant effect as compared to that of control in cv.
Thori (Table 3.29). The treatments SPQ, BT and BTF were statistically similar and
showed maximum increase (350%) as compared to control. The treatment SPF
showed statistically similar increase (325%) as compared to control. The treatments
BT and BTF showed 22% significant increase over CFF treatment whereas, SPQ
showed 38% and 27% increase over CFQ and SP treatments respectively. The single
application of SP exhibited a 225% significant increase over the control, the value of
which showed a decrease compared to CFF treatment. In cv. Saif-32, all the
treatments significantly improved the glycine content except CFQ treatment, the value
of which showed non-significant increase over control. Treatment CFF exhibited
higher % increase (425%) over control. Single inoculation of SP and BT treatments
also showed significant increases (150% and 175%) over control. The mean data of
treatments indicated that maximum significant increase (325%) was recorded in CFF
treatment over control and all the other treatments showed significant increase in
glycine contents as compared to that of the control.
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Thori
0.73 e
0.79 e
0.77 e
0.71 e
0.46 fg
1.08 d
0.23 h
1.54 b
1.65 b
1.07 d
0.04 i
0.31 gh
0.1624

Saif-32
0.45 fg
0.44 fg
0.51 f
0.26 h
1.36 c
0.76 e
0.16 hi
1.16 d
0.69 e
0.68 e
1.07 d
1.88 a

Treatments Mean
0.59 de
0.61 d
0.64 d
0.48 e
0.91 c
0.92 c
0.19 f
1.35 a
1.17 b
0.87 c
0.55 de
1.09 b
0.1149

Glutamic acid (g/100g)
Thori
0.04 j
0.14 cde
0.17 bc
0.11 efg
0.13 def
0.17 abc
0.08 ghi
0.18 ab
0.18 ab
0.18 ab
0.04 j
0.07 hij
0.0388

Saif-32
0.04 j
0.21 a
0.10 fgh
0.05 ij
0.10 fgh
0.12 def
0.12 ef
0.11 efg
0.10 efgh
0.09 fgh
0.12 ef
0.16 bcd

Glycine (g/100g)

Detail of treatments as described in Table 3.3.
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All such means which share a common English letter are similar; otherwise differ significantly at P<0.05

C
CFF
CFH
CFQ
SP
SPF
SPH
SPQ
BT
BTF
BTH
BTQ
LSD values

Treatments

Treatments Mean
0.04 f
0.17 a
0.13 bc
0.08 e
0.11 cd
0.15 ab
0.10 de
0.14 b
0.14 b
0.14 bc
0.08 e
0.11 cd
0.0274

Table 3.29 Effects of PGPR and chemical fertilizers on Glutamic acid (g/100g) and Glycine contents (g/100g) of safflower. PGPR were
applied at the rate of 106 cells/mL as seed soaking prior to sowing. Data represent the mean of three replicates.
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3.2.20.5. Proline
All the treatments significantly increased the proline contents except SP which
showed non-significant increase and SPH, BT, BTQ treatments showed a decrease as
compared to that of untreated control in cv. Thori (Table 3.30). Maximum % increase
(136%) in proline contents were observed in CFF treatment over control. Treatment
SP showed 9% increase whereas BT showed 54% reduction as compared to that of
control. In cv. Saif-32, treatments SP, SPF, SPH and BTF showed significant
increases whereas, rest of the treatment showed non-significant increase or reduction
in proline contents as compared to control. The treatment SPH exhibited higher
increase (71%) over control, the value of which was 20% and 58% higher over SP and
CFH treatment respectively. The mean data of treatments followed almost similar
pattern for proline contents to that of cv. Thori in which maximum increase was found
in CFF treatment over control.
3.2.20.6. Tyrosine
All the treatments significantly increased the tyrosine contents except BTH in cv.
Thori and CFQ, SP treatments in cv. Saif-32 (Table 3.30). The treatment CFF was
highly responsive (409%) for increasing tyrosine contents as compared to that of
control. The single inoculation of SP and BT also exhibited significant increase
(136% and 227%) over control and showed a decrease compared to CFF treatment. In
case of cv. Saif-32, maximum increase was recorded in CFQ treatment over control
and the value of which was 81% higher over SP and CFQ treatments. Single
inoculation of SP and BT showed significant increase (22% and 177%) over control;
the SP treatment showed decrease whereas, BT treatment showed 32% increase in
tyrosine contents as compared to CFF treatment. The mean data for the treatment
indicated that maximum increase (350%) was recorded in SPQ treatment as compared
to that of control which was 64% and 60% higher over CFQ and SP treatments
respectively. Other treatments also showed significant increases over control.
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Thori
0.11 ijk
0.26 a
0.16 efg
0.18 def
0.12 hijk
0.14 fgh
0.09 kl
0.22 bc
0.05 m
0.18 def
0.21 bcd
0.07 lm
0.0361

Proline (g/100g)
Saif-32
0.14 ghi
0.16 efg
0.10 jkl
0.13 ghij
0.19 cde
0.19 cde
0.24 ab
0.11 ijk
0.14 ghi
0.19 cde
0.09 jkl
0.11 ijk
Treatments Mean
0.12 e
0.21 a
0.13 de
0.15 cd
0.15 cd
0.17 bc
0.16 bc
0.16 bc
0.09 f
0.18 ab
0.15 c
0.09 f
0.0255

Thori
0.11 kl
0.56 ab
0.55 bc
0.22 i
0.26 h
0.53 c
0.31 g
0.31 g
0.36 e
0.34 ef
0.13 k
0.17 j
0.0293

Tyrosine (g/100g)
Saif-32
0.09 l
0.17 j
0.27 h
0.11 kl
0.11 kl
0.17 j
0.48 d
0.59 a
0.25 h
0.16 j
0.19 j
0.33 fg

Detail of treatments as described in Table 3.3.

128

All such means which share a common English letter are similar; otherwise differ significantly at P<0.05

C
CFF
CFH
CFQ
SP
SPF
SPH
SPQ
BT
BTF
BTH
BTQ
LSD value

Treatments

Treatments Mean
0.10 h
0.37 c
0.41 b
0.16 fg
0.18 f
0.35 c
0.39 b
0.45 a
0.30 d
0.25 e
0.16 g
0.25 e
0.0207

Table 3.30 Effects of PGPR and chemical fertilizers on Proline (g/100g) and Tyrosine (g/100g) contents of safflower. PGPR were applied
at the rate of 106 cells/mL as seed soaking prior to sowing. Data represent the mean of three replicates.
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3.2.20.7. Histidine
The results indicated that treatments CFF, SPF, SPQ and BT significantly improved
the histidine content whereas, all the other treatments showed non-significant effects
as compared to that of the untreated control in cv. Thori (Table 3.31). Treatment SPF
and BT were statistically similar and exhibited a maximum increase (150%) over the
control. The treatment SPF showed 60% and 20% increase over SP and CFF
treatments respectively whereas; BT exhibited 20% increase over CFF treatment. In
cv. Saif-32, treatments CFQ, SP, SPH, SPQ, BT and BTQ showed significant increase
whereas, rest of the treatments showed non-significant effect on histidine contents as
compared to that of control. Maximum % increase (14 folds) was observed in SPQ
treatment and the values of which were 27% and 62% higher over SP and CFQ
treatments respectively. The single inoculation of SP and BT exhibited 10 folds and 8
folds increase in histidine contents as compared to that of control and both the
treatments showed 93% and 90% significant increase over CFF treatment. The mean
data of treatments indicated that maximum increase (7 folds) was recorded in SPQ
treatment as compared to control however; all the treatments showed increase except
BTH which showed a reduction compared to the control.
3.2.20.8. Lysine
All the treatments significantly improved the lycine contents except CFH treatment
which showed non-significant increase over control in cv. Thori (Table 3.31). The
treatment SPF and BTF were statistically similar for lysine contents and showed
maximum % increase (625% and 650%) as compared to the control. Both the
treatments showed 10% and 13% significant increases over CFF treatment however,
SPF showed 100% increase over SP and BTF showed 53% increases over BT
treatment. In cv. Saif-32, treatments CFH, SPF and SPH showed significant increase
whereas, all the other treatments showed non-significant effect on lysine contents as
compared to control. Maximum significant increase (71%) was recorded in CFH
treatment over control. The mean data of treatments showed that maximum significant
increase (280%) was exhibited by BTF and SPF treatment as compared to that of the
control.
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Thori
0.06 hij
0.12 ef
0.09 fgh
0.08 ghi
0.06 hij
0.15 e
0.02 k
0.11 fg
0.15 e
0.09 fgh
0.04 jk
0.03 jk

Histidine (g/100g)
Saif-32
Treatments Mean
0.04 jk
0.05 h
0.03 jk
0.08 fg
0.03 jk
0.06 gh
0.22 d
0.15 d
0.43 b
0.24 b
0.05 hijk
0.10 ef
0.23 d
0.12 de
0.59 a
0.35 a
0.33 c
0.24 b
0.03 jk
0.06 gh
0.05 ijk
0.04 h
0.33 c
0.18 c
0.0381
0.0269
Thori
0.04 kl
0.26 b
0.06 ijk
0.08 ghij
0.14 e
0.29 a
0.22 cd
0.19 d
0.14 e
0.30 a
0.22 c
0.11 efg
0.0310

Lysine (g/100g)
Saif-32
0.07 hijk
0.05 jkl
0.12 ef
0.04 kl
0.05 jkl
0.09 fgh
0.11 efg
0.02 l
0.07 ijk
0.08 ghi
0.09 fgh
0.04 kl

Detail of treatments as described in Table 3.3.
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All such means which share a common English letter are similar; otherwise differ significantly at P<0.05

C
CFF
CFH
CFQ
SP
SPF
SPH
SPQ
BT
BTF
BTH
BTQ
LSD value

Treatments

Treatments Mean
0.05 e
0.15 b
0.09 cd
0.06 e
0.09 cd
0.19 a
0.16 b
0.10 c
0.10 c
0.19 a
0.15 b
0.07 de
0.0219

Table 3.31 Effects of PGPR and chemical fertilizers on Histidine (g/100g) and Lysine contents (g/100g) of safflower. PGPR were applied
at the rate of 106 cells/mL as seed soaking prior to sowing. Data represent the of three replicates.
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3.2.21. Effect of PGPR and chemical fertilizers on seed meal nutrients
The effect of PGPR and chemical fertilizers was similar during both the years
therefore the pooling of the data of both years was carried out.
3.2.21.1. Ca+2 contents
All the treatments significantly increased the Ca+2 contents of safflower seed in cv.
Thori (Table 3.32). Maximum % increase (92%) was recorded in BTH treatment over
the control, the value of which was 23% and 18% higher over BT and CFH treatments
respectively. Single inoculation of SP and BT showed significant increased (59% and
47%) over the control however, SP treatment exhibited significant increase but BT
treatment showed decrease as compared to CFF treatment. In cv. Saif-32, all the
treatments showed decrease in Ca+2 content except SP, SPH and BTH treatments
which showed significant increase over the control. Maximum significant increase
(45%) was observed in BTH treatment over control, the values of which were 31%
and 68% higher BT and CFH treatments respectively. The mean data of the treatments
of both varieties indicated that maximum significant increase was observed in BTH
treatment as compared to that of the control.
3.2.21.2. Mg+2 contents
All the treatments significantly improved the Mg+2 contents in both varieties except
CFF, CFH and CFQ treatments in cv. Thori which showed decrease as compared to
control (Table 3.32). Treatment SPQ showed maximum increase (126%) over the
control the value of which was 35% and 71% higher over SP and CFQ treatments
respectively. Single inoculation of SP and BT treatments exhibited 45% and 43%
significant increase over control and 37% and 36% over CFF treatment respectively.
In case of cv. Saif-32, maximum increase (694%) in Mg+2 contents was observed in
BTF treatment, the value of which was 36% and 59% higher over BT and CFF
treatments respectively. The treatments SP and BT showed 525% and 403%
significant increase over control and 48% and 36% significant increase as compared
to CFF treatment respectively. The mean data of treatments of both the varieties
showed that maximum significant increase (256%) was recorded in BTF treatment
which showed significant increase over BT and CFF treatments.
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Thori
129.56 h
201.52 e
204.21 de
213.91 c
206.02 d
206.21 d
205.42 de
229.60 b
191.25 f
230.75 b
249.32 a
213.23 c
4.140

Ca+2 (µg/g)
Saif-32
145.16 g
107.92 j
66.75 n
87.69 m
146.40 g
114.0 i
204.30 de
92.37 l
144.15 g
97.02 k
210.83 c
43.84 o
Means
137.36 i
154.72 g
135.48 i
150.80 h
176.21 c
160.11 f
204.86 b
160.98 ef
167.70 d
163.89 e
230.08 a
128.53 j
2.927

Thori
73.11 n
66.74 o
56.29 p
46.60 r
106.15 ij
139.64 c
125.31 f
165.69 a
105.09 ij
152.17 b
100.59 k
113.06 h
2.351

Detail of treatments as described in Table 3.3.
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All such means which share a common English letter are similar; otherwise differ significantly at P<0.05

C
CFF
CFH
CFQ
SP
SPF
SPH
SPQ
BT
BTF
BTH
BTQ
LSD value

Treatment

Mg+2 (µg/g)
Saif-32
16.61 s
53.15 q
116.19 g
106.48 i
103.87 j
123.05 f
73.67 n
98.65 k
83.57 m
131.90 d
128.23 e
92.92 l

Means
44.86 k
59.95 j
86.24 h
76.54 i
105.01 d
131.35 b
99.49 f
132.17 b
94.33 g
142.04 a
114.41 c
102.99 e
1.662

Table 3.32 Effects of PGPR and chemical fertilizers on Ca+2 (µg/g) and Mg+2 (µg/g) of safflower. PGPR were applied at the rate of 106
cells/mL as seed soaking prior to sowing. Data represent the mean of three replicates.
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3.2.21.3. K+ contents
In cv. Thori, treatments SP, SPF, SPH, SPQ and BTH showed a significant increase in
K+ contents however, all the other treatments showed non-significant effects as
compared to control (Table 3.33). Maximum significant increase (50%) was recorded
in SPH treatment and the value of which was (22% and 27%) higher over SP and
CFH treatments respectively. The treatment SP showed significant increase of 17%
and 19% over control and CFF treatment respectively but treatment BT showed nonsignificant effect. In cv. Saif-32, treatments CFF, SP, SPH, BTH and BTQ showed
significant increase however, all the other treatments showed non-significant effects
as compared to control. Maximum % increase (91%) was found in SPH treatment
over control, the values which were 26% and 47% higher as compared to that of SP
and CFH treatments respectively. The single inoculation of SP showed a significant
increase over control however, BT showed non-significant effect. The mean data of
treatments of both varieties followed the similar pattern of increase in K+ contents to
that of both varieties.
3.2.21.4. Fe+2 contents
All the treatments significantly increased the Fe+2 content of safflower seed except
CFF, CFH, BT and BTH treatments which showed non-significant effects as
compared to the control in cv. Thori (Table 3.33). Maximum significant increase
(51%) was observed in SPH treatment over the control, the value of which was 19%
and 26% hgiher as compared to that of SP and CFF treatments respectively.
Treatments SP showed higher Fe+2 contents (21% and 9%) over control and CFF
treatment respectively however, BT showed non-significant decrease as compared to
control and CFF treatment. In case of cv. Saif-32, all treatments showed nonsignificant results except CFH, SPF, SPH and SPQ treatments which exhibited
significant increase over the control. Maximum % increase (40%) was shown by BTH
treatment over control. Treatment SPQ was statistically similar with BTH treatment
for increasing the Fe+2 content. The mean data of treatments of both the varieties
showed that maximum increase was found in CFH, SPH and SPQ treatments which
were statistically similar with SPF, BTF and BTQ treatments for improving the seed
Fe+2 contents.
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Thori
226.53 fghi
214.82 ghi
246.76 defg
259.64 def
265.36 de
327.73 ab
340.62 a
277.69 cd
253.79 def
254.18 def
302.85 bc
245.03 defg
35.03

Saif-32
173.13 jk
312.42 abc
173.05 jk
143.00 k
243.16 efg
206.19 hij
331.89 ab
179.31 j
176.70 jk
191.98 ij
255.49 def
231.74 fgh

K+ (µg/g)
Treatments Mean
199.83 g
263.62 bc
209.91 fg
201.32 g
254.26 cd
266.96 bc
336.26 a
228.50 ef
215.25 efg
223.08 efg
279.17 b
238.38 de
24.77

Thori
101.83 gh
112.99 fgh
120.71 efg
137.39 bcde
124.09 def
128.65 def
154.13 ab
130.63 def
98.00 h
134.12 cde
121.44 ef
151.39 bc
19.33

Saif-32
122.85 def
136.79 bcde
172.10 a
77.90 i
118.33 efg
141.58 bcd
141.43 bcd
152.90 abc
126.73 def
136.74 bcde
123.74 def
118.97 efg

Fe+2 (µg/g)

Detail of treatments as described in Table 3.3.
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All such means which share a common English letter are similar; otherwise differ significantly at P<0.05

C
CFF
CFH
CFQ
SP
SPF
SPH
SPQ
BT
BTF
BTH
BTQ
LSD value

Treatments

Treatments Mean
112.34 cd
124.89 bc
146.41 a
107.65 d
121.21 cd
135.11 ab
147.78 a
141.77 a
112.37 cd
135.43 ab
122.59 bc
135.18 ab
13.67

Table 3.33 Effects of PGPR and chemical fertilizers on K+ (µg/g) and Fe+2 (µg/g) of safflower seed. PGPR were applied at the rate of 106
cells/mL as seed soaking prior to sowing. Data represent the mean of three replicates.
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3.2.21.5. Mn+2 contents
The Mn+2 content were significantly enhanced by CFF, CFH, CFQ, BT and BTF
treatments whereas, rest of the treatments showed non-significant effects as compared
to control in cv. Thori (Table 3.34). Treatment CFF and BTF showed maximum
increase (26%) as compared to control the value of which was 11% higher as
compared to BT treatment. The single inoculation of SP showed decrease however,
BT showed 12% higher Mn+2 contents over control. In cv. Saif-32, treatments CFH,
SPQ and BTF exhibited significant increase while all the other treatments showed
non-significant effect as compared to that of control. Maximum % increase (32%)
was observed in SPQ treatment, the values of which were 34% and 24% higher over
SP and CFQ treatments respectively. The average data of the treatments of both the
varieties showed maximum increase (21%) in Mn+2 contents in CFH treatment over
control.
3.2.21.6. Zn+2 contents
All the treatments showed decrease in Zn+2 contents except CFF, CFQ, SPF, SPQ and
BTH treatments which showed significant increase as compared to that of control in
cv. Thori (Table 3.34). Maximum % increase (24%) was shown by SPF treatment
over control, the values of which were 22% and 10% higher over SP and CFF
treatments respectively. In cv. Saif-32, all the treatments significantly enhanced the
Zn+2 content except CFH treatment which was statistically at par to control. The
higher % increase was shown by BTF treatment, the value of which was 36% higher
over BT and CFF treatment. The treatment SP showed 39% increases over control and
12% increase over CFF treatment whereas, BT showed 20% increase over control but
showed non-significant increase as compared to that of CFF treatment. The mean data
of treatments of both the varieties exhibited maximum increase (33%) in Zn+2
contents in SPF treatment over control which showed 15% and 13% significant
increase over SP and CFF treatments respectively.
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Thori
7.61 de
9.65 a
9.18 b
9.45 ab
6.52 i
7.35 efgh
7.55 def
6.56 i
8.53 c
9.59 a
7.60 de
7.22 fgh
0.340

Saif-32
7.20 gh
7.46 defgh
8.76 c
7.17 h
6.23 ij
6.46 i
7.54 defg
9.53 a
6.48 i
7.76 d
7.19 h
6.06 j

Mn+2 (µg/g)
Treatments Mean
7.40 e
8.55 b
8.97 a
8.31 c
6.38 h
6.90 f
7.54 e
8.04 d
7.51 e
8.68 b
7.40 e
6.64 g
0.240

Thori
56.15 g
63.09 c
56.71 fg
60.15 d
55.02 h
70.82 a
51.92 i
59.19 e
48.28 jk
41.90 l
55.11 h
56.97 f
0.76

Detail of treatments as described in Table 3.3.
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Zn+2 (µg/g)
Saif-32
34.47 n
42.41 l
34.72 n
42.21 l
48.47 j
51.38 i
42.50 l
37.38 m
41.79 l
65.57 b
47.60 k
42.37 l

All such means which share a common English letter are similar; otherwise differ significantly at P<0.05

C
CFF
CFH
CFQ
SP
SPF
SPH
SPQ
BT
BTF
BTH
BTQ
LSD value

Treatments

106 cells/mL as seed soaking prior to sowing. Data represent the mean of three replicates.

Treatments Mean
45.31 ij
52.75 c
45.71 i
47.21 h
51.75 d
61.10 a
51.18 e
48.29 g
45.03 j
53.73 b
51.35 de
49.67 f
0.54

Table 3.34 Effects of PGPR and chemical fertilizers on Mn+2 (µg/g) and Zn+2 (µg/g) of safflower seed. PGPR were applied at the rate of
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3.2.21.7. Cu+2 contents
All the treatments of PGPR and chemical fertilizers significantly improved the Cu+2
content in both the varieties except SPH treatment in cv. Thori which was statistically
at par with control (Table 3.35). In cv. Thori, maximum significant increase (205%)
was recorded in CFF treatment over control. Treatments SP and BT showed 51% and
29% higher Cu+2 content over control however, both the treatments showed decrease
as compared to CFF treatment. In the case of cv. Saif-32, the treatment CFH showed
maximum significant % increase (74%) over control. Single inoculation of SP and BT
showed 31% and 35% significant increase over control, the values of which were
lower as compared to CFF treatment. The mean data of the treatments illustrated that
maximum increase (120%) in Cu+2 contents was recorded in CFF treatment as
compared to control however, all the other treatment also showed significant increase
over the control.
3.2.21.8. Ni+2 contents
All treatments showed significant increase in Ni+2 content in both the varieties except
CFQ treatment in cv. Thori which showed statistically similar effect to that of control
(3.35). The treatment CFF showed higher % increase (48%) as compared to that of
control. Single inoculation of SP and BT also exhibited 44% and 21% increase over
control and both the treatments showed reduction as compared to CFF treatment. In
cv. Saif-32, treatment SPF significantly improved (75%) the Ni+2 contents as
compared to the control, the values of which were 17% and 24% higher over SP and
CFF treatments. Treatments SP and BT showed significant increases (44% and 21%)
over control; SP showed significant increase but BT showed significant decrease as
compared to CFF treatment. The mean data showed that maximum higher (52%) Ni+2
contents were recorded in SPF treatment as compared to control. All the other
treatments also exhibited significant increases as compared to the control.
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Thori
9.59 k
29.28 a
11.33 fg
10.41 ij
14.53 b
12.51 d
9.62 k
10.65 hi
12.43 de
14.52 b
12.60 d
11.87 ef
0.60

Saif-32
8.46 l
10.57 hij
14.76 b
9.60 k
11.13 gh
13.53 c
10.51 ij
11.50 fg
11.50 fg
10.36 ij
10.37 ij
10.02 jk

Cu+2 (µg/g)
Treatments Mean
9.02 h
19.92 a
13.05 b
10.00 g
12.83 bc
13.02 b
10.06 g
11.07 ef
11.96 d
12.44 c
11.48 e
10.94 f
0.42

Thori
8.43 lm
12.53 b
9.53 h
7.66 n
10.16 g
11.12 ef
8.82 jk
10.84 f
11.19 ef
11.80 c
11.57 cd
8.63 kl
0.35

Saif-32
7.82 n
10.36 g
11.37 de
10.42 g
11.33 de
13.69 a
9.53 h
8.30 lm
9.50 hi
11.47 cde
9.16 ij
8.20 m

Ni+2 (µg/g)

Detail of treatments as described in Table 3.3.

138

All such means which share a common English letter are similar; otherwise differ significantly at P<0.05

C
CFF
CFH
CFQ
SP
SPF
SPH
SPQ
BT
BTF
BTH
BTQ
LSD value

Treatments

Treatments Mean
8.13 h
11.44 b
10.45 d
9.04 f
10.75 c
12.41 a
9.17 f
9.57 e
10.34 d
11.63 b
10.37 d
8.41 g
0.25

Table 3.35 Effects of PGPR and chemical fertilizers on Cu+2 (µg/g) and Ni+2 (µg/g) of safflower seed meal. PGPR were applied at the rate
of 106 cells/mL as seed soaking prior to sowing. Data represent the mean of three replicates.
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3.3. Discussion
The application of PGPR and chemical fertilizers improved the growth and yield of
safflower. The stimulatory effect of SPF and BTF treatments on chlorophyll,
carotenoids and leaf soluble protein contents of safflower are in good agreement with
those of Zafar et al. (2011) who reported the integration of chemical fertilizer along
with PGPR (Rhizobium) significantly improved the leaf photosynthetic pigments and
leaf soluble protein in Phaseolus vulgaris. Promotory effects of PGPR in combination
with chemical fertilizers on photosynthetic pigments and soluble proteins might be
due to the increase nutrient supply to the plant and production of phytohormones like
Indole-3-acetic acid and gibberellic acid (Thuler et al., 2003). Plant hormones play a
significant role in physiological and developmental processes of plants leading to
improved growth. Different treatments of chemical fertilizers altered the gibberelllic
acid and IAA concentration and significantly enhanced the hormones level as
compared to that of control. The results of the present investigation are in accordance
with Jang et al. (2008) who reported that increasing the N fertilizer rate led to increase
in the endogenous level of GA in various cultivars of rice. Kiba et al. (2011) reported
that phytohormones such as IAA, ABA, and CK were closely linked to the signaling
of nitrogen and provided insight that nitrogen and phytohormones signals were
integrated in order to alter the morphology and physiology of plants.
In the present study PGPR either alone or in combination with chemical fertilizers
brought about significantly higher increase in endogenous hormonal level (IAA and
GA) of safflower leaves however, maximum increase was recorded in SPH and these
results are in concordant with that of Glick (2012) who described that PGPR
increased the production of phytohormones such as IAA, GA and CK etc. The present
results are in agreement with those of Saharan and Nehra (2011) who reported that
Plant Growth Promoting Rhizobacteria viz. Azospirillum, Azotobacter, Pseudomonas
etc. increased the plant growth and yield by a variety of mechanisms and among
those, one was the production of phytohormones.
The application of PGPR in combination with full and half doses of chemical
fertilizers significantly increased the plant height, number of branches per plant, leaf
area and yield attributes and these findings are supported by Akhtar et al. (2009) who
reported that maximum increase in plant height, number of tillers and number of
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spikelets/ spike, grain, straw yield, grain yield and 1000 grain weight were recorded
with the use of PGPR inoculated seeds in combination with compost and
recommended dose of chemical fertilizers in wheat. Similarly, Adesemoye et al.
(2009) reported that supplementing the recommended fertilizer rate (75%) with
inoculants produced higher plant growth, yield, and nutrient (nitrogen and
phosphorus) uptake that were statistically equivalent to the full fertilizer dose without
inoculants. The increase in seed weight might be due to the fact that that PGPR
improved the dry matter accumulation in the seed whereas, the higher seed yield in
SPF treatment was because of larger leaf area, increased chlorophyll contents and
number of branches plant-1 and these results were according to previous studies who
reported that the application of nitrogen and phosphorus fertilizers in combination
with Azospirillum and Azotobacter resulted in maximum grain yield, 1000 grain
weight as compared to control in barley (Mirshekari et al., 2012).
In the present study improvement in oil contents and oil/protein ratio by Azospirillum
in combination with half dose of chemical fertilizers (SPH) are in good agreement
with the findings of Mirzaei et al. (2010) who reported that application of
Azospirillum and Azotobacter in combination with half dose of nitrogen fertilizers
significantly enhanced the seed yield and oil contents of safflower. Similar results
were reported by Asghar et al. (2004) that inoculation with selected PGPR increased
plant height, 1000-grain weight, grain yield, and oil content over a range of 7–57%
over the uninoculated control. The increase in oil content might be due to the increase
in endogenous level of phytohormones as it was reported previously by Sharma et al.
(2008) that phytohormones played a critical role in seed maturation and accumulation
of seed oil contents in Brassica.
Fatty acid composition of vegetable oils plays an important role in determining the
quality of biodiesel. Present results depicted an interesting finding that Azospirillum in
combination with quarter dose of chemical fertilizers (SPQ) showed higher increase
in oleic acid. Oleic acid is an important fatty acid with perspective to good quality
biodiesel production which improves the biodiesel properties such as cold flow
properties, oxidation stability, specific gravity, cetane number and viscosity.
Therefore supplementing PGPR with quarter doses of chemical fertilizers amended
the quality of oil suitable for biodiesel production. Present findings are in line with
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those of Dhanasekar and Dhandapani (2012) who reported that application of PGPR
such as Azospirillum, Azotobacter, and Rhizobium in combination with chemical
fertilizers significantly influenced the seed yield and oil quality in sunflower. In the
present work single inoculation of Azospirillum and Azotobacter also enhanced the
oleic acid contents as compared to that of control and these results are closely related
to that of Texier (1993) who reported that inoculation of sunflower with PGPR
improved the oil contents as well as fatty acid proportion unsaturated/saturated fatty
acids ratio. The present results are in accordance to that of Choudhury and Kennedy
(2004) who reported that inoculation of sunflower with nitrogen fixing bacteria
increased the phosphorus level that influenced the seed oil content and ultimately
altered the proportion of fatty acids (unsaturated/saturated fatty acids ratio. Similarly
Jha et al. (2007) reported that Transformation of Azospirillum brasilense ACP and its
functional expression in Brassica juncea improved the fatty acid profile
predominantly C18:1 fatty acids. The prime improvement was observed for oleic acid
(C18:1) and linoleic acid (C18:2) in the seeds with parallel reduction of C22:1 (erucic
acid) which indicated that Azospirillum played a critical role in improving the oleic
acid content in the Brassica seed. Our results indicated that among chemical
fertilizers half dose of chemical fertilizers took part in improving the fatty acid
composition in term of monounsaturated fatty acid (oleic acid). These results confirm
the findings of Texier (1993) who demonstrated that in oil seed crops during the
process of seed development the fatty acid composition is under genetic control and
the process of fatty acid biosynthesis require the C and N skeleton and in this way
nitrogen fertilizers play an important role in modulating the fatty acid composition of
oil seed crops. Gopinath et al. (2009) reported that fatty acid methyl esters
significantly influenced the cetane number of biodiesel. The cetane number increases
with increase in chain length and decreases with increase in unsaturation. Therefore,
the cetane number of unsaturated fatty acids decreases with increase in the degree of
unsaturation and vice versa for saturated fatty acids. In the present study the ratio of
monounsaturated (oleic acid)/polyunsaturated (linolenic acid) was significantly
increased by the SPQ treatment which play important role in the improvement of the
oil quality and oxidation stability with perspective to biodiesel production. Oxidation
stability is an important indicator of fuel quality and it depends upon degree of
unsaturation. The polyunsaturated fatty acids are more susceptible to oxidation
leading to poor storage properties of biodiesel as compared to monounsaturated fatty
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acids (Atabania et al., 2012). Hence, the application of PGPR in combination with
quarter dose of chemical fertilizers markedly improved the oil quality of safflower by
improving the oxidation stability, cetane number, viscosity and cold flow properties
which are very important variables affecting biodiesel quality.
For good quality biodiesel production the properties of oil play an important role.
Acid value is an important variable for monitoring the quality of biodiesel during
transesterification reaction and storage. Dodos et al. (2012) reported that due to
increase in acid value of vegetable oil, formation of shorter fatty acid and acidic
secondary oxidation product occurred. The presence of higher acid contents causes
the corrosion of the engine (Atabania et al., 2012). According to the present study all
the treatments of chemical fertilizers and PGPR decreased the acid value of safflower
oil however; maximum reduction was brought about by BTQ treatment. These
findings are in parallel to that of Abd El-Gawad et al. (2009) who reported that
Azotobacter chroococcum and Bacillus megaterium reduced the acid value and
peroxide value of canola as compared to that of untreated control. The decrease in
acid value might be due to the production of phytohormone by PGPR as Ullah et al.
(2011) reported that application of cytokinin decreased the acid value of safflower oil.
The lower acidity of vegetable oil and biodiesel leads to a profound increase in
oxidation stability and improved storage properties (Bondioli, 2002). Results
indicated that maximum reduction in free fatty acid content of oil was recorded in SP
followed by BT and BTF treatment and BTQ treatments respectively. The yield of
biodiesel is highly influenced by the presence of free fatty acids in the oil during base
catalyzed transesterification reaction (Demirbas, 2009)

which results in soap

formation and ultimately leads to the reduction of biodiesel yield and quality (Canakci
and Gerpen, 2001).
Saponification number is an important variable that affects the quality of biodiesel.
Results indicated a reduction in saponification value in all the treatments however;
maximum reduction was recorded in BTQ treatment. Saponification is negatively
correlated with the degree of unsaturation (Gopinath et al., 2009). It was reported
previously that application of nitrogen at the rate of 108 and 216 kg per ha brought
about a reduction in saponifiable number and refractive index with parallel increases
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in unsaponifiable number (Sawan et al., 2006); however no literature was found for
the effect of PGPR on oil saponification number.
Specific gravity is of paramount importance and basic property of biodiesel as heating
value and cetane number which are the most important indicator of performance are
correlated with it (Tat and Gerpen, 2000). The results indicated that maximum
reduction in specific gravity was recorded in Azospirillum in combination with quarter
dose of chemical fertilizers treatment (SPQ). Specific gravity of biodiesel varies from
0.86–0.90 depending upon the source of feedstock used for biodiesel production
(Bajpai and Tyagi, 2006). The increase in specific gravity leads to poor biodiesel
quality and creates problem during the operation process. Tat and Gerpen (2000)
reported that specific gravity is very important variable that is linked with the storage
of fuel and transportation. Increase in specific gravity tends to lower the cetane
number (Evangelos and Giakoumis, 2013).
Refractive index and Iodine value is an important factor that is strongly correlated
with degree of unsaturation of fatty acids and polyunsaturated fatty acid have more
iodine value and refractive index as compared to monounsaturated fatty acid (Ibeto et
al., 2012). The present work showed that maximum reduction in both the variables
was recorded in SPQ treatment. The current results are in line with the findings of
Lawania et al. (2012) who reported that the application of nitrogen fertilizers in
combination with biofertilizers (Azotobacter) brought about a reduction in iodine
value of linseed. The higher iodine value tends to result in deposit formation hence
cause problems of storage stability. Iodine value decrease with decrease in refractive
index and improves the quality and oxidation stability of oil (Eid et al., 2010).
All the treatments with chemical fertilizers and PGPR significantly increased the
biodiesel yield and maximum % increase was recorded in SPQ treatment. This
increase in biodiesel yield is associated with the improvement in oil properties in term
of decrease in acid value, free fatty acid content, iodine value, specific gravity,
viscosity and saponification number etc.
Seed phenolics are the natural antioxidants that improve the oil quality by increasing
the oxidation stability and enhancing the storage properties of oil. Siger et al. (2008)
reported that oxidation stability of polyunsaturated fatty acid was increased by the
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seed phenolics. In the present investigation maximum improvement in seed phenolics
was recorded in SPH treatment. These results are in agreement with that of Raj at al.
(2005) who reported that PGPR improve the phenolic contents.
Seed proteins plays vital role in human nutrition and animal feed. Results of the
present study indicated that the maximum increase in seed crude protein was recorded
in BTQ treatment whereas higher oil/protein ratio was recorded in SPH treatment.
The present findings are in accordance with those of Mohsennia and Jalilian (2012)
who reported that Azotobacter chroccoccum and Azospirillum lipoferum inoculation
lead to the production of higher protein concentration in sunflower achene. The PGPR
increased the seed protein as they are nitrogen fixer. Similar results were reported
previously that application of PGPR influenced the crude protein of safflower seed
and improved the protein contents as compared with that of control (Stefan et al.,
2013). As indicated from the results of the present study that full dose of chemical
fertilizers also improved the seed crude protein as compared to that of untreated
control and this increase might be due to the increased supply of nitrates to the plant
during photosynthesis and growth stages and this increase in nitrogen rate increased
the biosynthesis of amino acids and it stimulates the accumulation of protein in the
seed (Greef, 1994). These results are in agreement with those of Hasanpour et al.
(2012) who demonstrated that nitrogen fertilizers significantly enhanced the protein
level in sesame. Lone et al. (2005) reported that phytohormones are the chief
constituent of protein and oil structure and improve the yield and quality of oilseed
crops. As in the present work the PGPR either alone or in combination with different
doses of chemical fertilizers increased the endogenous phytohormone level and
profound increment was recorded in Azospirillum and Azotobacter in the presence of
quarter dose of chemical fertilizers, therefore it is obvious from the results that in
addition to nitrogen fertilizers, nitrogen fixation by PGPR, the production of
phytohormones is an important factor which enhanced the seed crude protein. The
increase in crude protein by the PGPR in combination with half and quarter doses of
chemical fertilizers is an important improvement toward the nutrition quality of
safflower seed particularly for seed meal to be used for cattle feed.
There is not much information about the effect of PGPR on protein profiling of seed.
In the present work it is reported that Azotobacer as single inoculant as well as in
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combination with different doses of chemical fertilizers induced new bands in
safflower seed and maximum being recorded in treatment BTQ in cv. Thori and BTF
and BTH in cv. Saif-32. The present results are in agreement with those of Prathibha
and Siddalingeshwara (2013) who reported that PGPR (Pseudomonas fluorescence
and Bacillus subtilis) inoculation altered the protein profiling in seeds of sorghum and
some new protein bands were found in these treatments. Similar findings were
reported previously that Rhizobium and Phosphobacteria inoculated plants showed
the appearance of one new band in Blackgram (Selvakumaret al., 2012). The present
result are in parallel to that of Shehata and El-Khawas (2003) who demonstrated that
biofertilizers application induced the protein bands of different molecular weight i-e.
biogien (biofertilizers) induced 2.1KDa protein band and microbien induced 14.9
KDa protein band and he further mentioned that these protein bands might be used as
an adaptive mechanism for the biofertilizers to improve the plant productivities and
protein quality of the sunflower seed.
In plants, amino acids are the major building block for the synthesis of protein (Lam
et al., 1996). Phenylalanine is an essential amino acid as it is a precursor of a very
important group of metabolic compound phenylpropanoids, similarly tryptophan is of
utmost importance as a precursor of phytohormone indole acetic acid. Threonine is
an indispensable amino acid that plays an essential role in human health and as well
as in animals. Babalola (2010) reported that amino acid synthesis is an important
feature of PGPRs and notable amino acids are asparagine, glutamine, glutamic acid,
alanine, valine, serine, isoleucine, leucine and aspartic. Methionine was significantly
improved by BTQ treatment. During the present study phenylalanine, glutamic acid
and glycine content was significantly augmented by BTH, SPQ and CFF whereas,
proline was increased by CFF treatment. A profound increase in tyrosine and histidine
content was recorded by SPQ treatment whereas lysine content was improved by SPF
treatments. These results are in accordance to that of Kang et al. (2012) who reported
that plant treated with the PGPR showed higher increase in crude protein and amino
acids (threonine, alanine and proline) in cucumber. The increase in amino acid was
might be due to increase rate of photosynthesis and activated metabolism by the
application of PGPR. Application of A. calcoaceticus brought about the increase in
proline concentration which plays a pivotal role in osmotic adjustments (Evelin et al.,
2009; Khan et al., 2011a, b) and acts as reserve of organic nitrogen that is available as
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a source of energy (Meloni et al., 2001). Similar results were reported by Hamdia et
al. (2004) that inoculation of Azospirillum in maize increased the amino acids such as
serine aspartic, threonine, proline glutamic, alanine, glycine, cystine, methionine,
valine, tyrosine, isoleucine, histidine, phenylalanine, arginine leucine and lysine.
Similarly, increase in glutamic acid accumulation was stimulated by the application of
Azospirillum in cv. 324 of maize. The NH3 synthesized by Azospirillum was
incorporated into a-ketoglutarate to form glutamic acid (El-Komy et al., 2003); the
elevated concentration of glutamic acid serves as a sink for the synthesis of protein
and amino acids (Wang et al., 1999). Glycine and glutamic acid were under the
control of maternal genetic control in rapeseed cake (Ren et al., 2005).
In the current study some of the amino acids (glycine, proline) are increased by full
dose of chemical fertilizers and these results are in parallel to that of Akbari et al.
(2011) who reported that the higher rate of nitrogen increased the amino acid
synthesis in the leaves of Helianthus annus L. which stimulate the protein
accumulation in the seed. It is evident from the results that PGPR play an important
role in improving the amino acid composition of safflower seed meal however; the
treatments of PGPR in combination with half and quarter doses of chemical fertilizers
brought about profound increase in amino acids.
After oil extraction the residual material is called seed meal which is an important byproduct to be used as organic fertilizers for soil amendment and also for cattle feed
(Wang et al., 2012). The oilseed meal contains a variety of nutrients and mineral
elements which are required to improve the fertility status of the soil by improving the
soil carbon, nitrogen phosphorus and other macro and micro nutrients (Goos et al.,
2009; Snyder et al., 2010). The safflower seed meal is composed of 24% protein and
high fibers and it is an excellent source of phosphorus and a very good source of iron
and zinc. It is also composed of riboflavin, niacin and biotin therefore the oilseed
meal left after oil extraction can be used as livestock and poultry feed as well (Heuzé
et al., 2012). The results of nutrient analysis of safflower seed indicated that it is
composed of variety of macro and micronutrients which are essential for the growth
of the crops when used as organic fertilizers.
During the present study Ca+2, Mg+2, K+ and Fe+2 were improved by BTH, BTF and
SPH treatments respectively whereas; Cu+2, Mn+2, Zn+2 and Ni+2 were augmented by
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CFF, CFH and SPF treatments. Calcium serves as secondary messenger in
physiochemical processes of plant, magnesium play an important role in
photosynthesis while potassium play important role in plant metabolic process,
regulation of rate of respiration and influencing the enzyme action. The results
indicated that various treatments of chemical fertilizers and PGPR modulated the
nutrients contents of the seed meal of safflower and these results are in accordance
with Yildirim et al. (2011) who demonstrated that Bacterial inoculations in
combination with manure significantly augmented the nutrient uptake such as
phosphorus, nitrogen, sulfur potassium, magnesium, calcium, iron, zinc, copper and
manganese content in broccoli. Similar findings were reported by Yazdani et al.
(2011) that phosphate solubilization and plant growth promoting rhizobacteria
inoculation significantly improved the potassium and nitrogen contents of grain as
well as phosphorus, nitrogen and potassium contents of leaf of the corn. Similarly,
Qiao-gang et al. (2013) reported that by increasing the nitrogen fertilizers level in rice
plant there was a parallel trend of accumulation of potassium contents. The results of
the present investigation are in accordance with those of EL-Assiouty and Abo-Sedera
(2005) who reported that integration of chemical fertilizers (Nitrogen and Potassium)
and PGPR significantly improved the uptake of mineral nutrients such as P, K, N, Fe
and Ca in Spinacia oleracea during both the growing season of 2003–2004.
He et al. (2013) reported that there was a significant increase in Fe and Mn contents in
cottonseed by the application of chemical fertilizers. The similar findings were
reported by Sharma et al. (2013) that by the application of P. putida, P. fluorescens,
A. lipoferum on rice not only increase the uptake of iron by the plant but it also led to
the translocation into the grains during both the years of 2010 and 2011 and brought
about 30–40% increase in iron contents.
Similarly the improvement in zinc, nickel, copper, manganese content are in
agreement with the results of Biari et al. (2008) who reported that inoculation of
PGPR (Azospirillum and Azotobacter) significantly increased K, Fe, Zn, N, Mn and
Cu contents in seeds of Maize. Similarly these findings corroborate with the work of
Mottaghian et al. (2008) who found that Fe, Zn, Cu, Mn contents were significantly
improved by integration of chemical fertilizers and organic fertilizers in soybean seed.
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Hence, the treatments SPQ, BTQ, BTH, CFF, and CFH played an important role in
improving the nutrients content of the seed meal.
It is inferred that supplementing PGPR with chemical fertilizers augmented plant
growth and yield attributes. All the seed and oil quality parameters such as seed oil
contents, fatty acid profile, oil properties, biodiesel yield, crude seed contents, soluble
and storage protein, seed amino acids and seed nutrients were significantly improved
by the application of PGPR in combination with quarter and half doses of chemical
fertilizers.
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Chapter # 4
Field Experiment of Canola
The Role of PGPR and chemical fertilizers on Oil Yield and
Biodiesel Production of Canola (Brassica napus L.)
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4. Introduction
Canola is the second most important source of oil after cotton in Pakistan. It is
cultivated on marginal lands over an area of 307,000 hectares with annual production
of 233,000 tonnes and contributes about 17% to the domestic production of edible oil.
Canola is a rich source of oil and protein. The seed has 46%–47% oil contents
(Bernesson et al., 2004) and 43.6% protein. Canola is annual/biennial crop and grows
well under 500 mm of rainfall in temperate regions. It is cultivated on fertile and well
drained land (Nielen, 2002).
The main uses of rapeseed are as forage, animal feed and vegetable oil. The oil can be
used in food applications or as feedstock for biodiesel, soap and lubricants. The most
important by-products are straw from cultivation and glycerin from the biodiesel
process (Koukios and Diamantidis, 1998). In spite of its low nutritional value, the
rapeseed cake is often used for feed. Moreover, organic waste can be used as fertilizer
(Bernesson et al., 2004). The canola is preferred over rapeseed as it contains low
glucosinolate and erucic contents as compared to other rapeseed cultivars.
In Europe, canola has a dominant position in biodiesel production due to widespread
cultivation. Rapeseed (canola) is the most important feedstock for biodiesel
production on a global scale, accounting for approximately 59% of world biodiesel
feedstock (Pahl and McKibben, 2008). Biodiesel yield in Europe from rapeseed is
1200 litres/hectare of rapeseed (FAO, 2008a).
However, the making of biodiesel from edible vegetable oil is expensive because of
its extensive utilization in food products. This problem could be addressed by
increasing the potential and quality of oil yielding plants. But recently there have been
some reports that excessive and repeated use of chemical fertilizers may indulge the
soil, ground water and pollute even the atmosphere (Kennedy and Tchan, 1992).
These problems have renewed public interest in exploring alternative or
supplementary non-polluting sources of N-fertilizers such as the biofertilizers
(Bloemberg et al., 2000). They are the alternative source to meet the nutrient
requirement of crops.
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Information is lacking on the effects of bioinoculants/ biofertilizers on the oil quality
of seeds pertaining to biodiesel production. The present investigation was aimed to
compare the effects of Azospirillum, Azotobacter and chemical fertilizers on yield and
oil quality of canola (Brassica napus L.) pertaining to biodiesel production.

Figure 4.1 Schematic layout of the experiment
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4.1. Materials and Methods
A field experiment was conducted in the Department of Plant Sciences, Quaid-i-Azam
University Islamabad. A plot size of 1x1 m2 was used with randomized complete
block design (RCBD) with 4 replications. Seeds of canola (Brassica napus L.) cv.
Pakola, obtained from National Agricultural Research Center (NARC), Islamabad,
were surface sterilized prior to sowing with 95% (v/v) ethanol and 0.1% (w/v)
mercuric chloride (HgCl2) and subsequently washed with autoclaved water.
4.1.2. Treatments
Treatments were: T0 control (without inoculation and without urea and
Diamonium phosphate), T1 (Inoculation with Azospirillum), T2 (Treated with
Chemical fertilizers (urea 160 kg/ha+Diamonium Phosphate 185 kg/ha) and T3
(inoculation with Azotobacter).
4.1.3. Method of seed inoculation
The Azospirillum and Azotobacter were applied as seed inoculation at the rate of
106 cells/mL. First dose of chemical fertilizers was applied at the time of sowing
while other 3 doses were applied at 40 days interval. The irrigations were applied
as required.
4.1.4. Soil analysis
Soil samples collected prior to cultivation and analyzed for nutrient analysis
according to the method described in chapter 1.
4.1.5. Parameter studied
The agronomic traits and yield attributes were recorded at maturity stage.
Seed oil content was estimated by NMR and seed protein contents were
determined according to Kjeldahl method as described in chapter 3.
Seed glucosinolates and moisture contents were determined by Near Infrared
Spectroscopy (NIR) at Nuclear Institute for Food and Agriculture (NIFA)
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Peshawar Pakistan. Calibration and validation procedures were carried out with
ISI software, version 1a.1 (Infra-soft International) as described by Anon (1998).
Oil was extracted in Soxhlet extractor as described in chapter 3 and the oil quality
parameters e.g. acid value, free fatty acid and specific gravity were determined
according to the methods as described in chapter 3.
4.1.6. Fatty acids analysis
For quantification of fatty acids, oil sample was converted into its fatty acid
methyl esters according to the AOCS standard method Ce 2-66 (1990) as
described in chapter 5b.
The methyl esters of the fatty acids (0.5 µl) were analyzed in a gas
chromatograph (Shimadzu QP 5050) equipped with a flame ionizing detector
(FID) and a fused silica capillary column (MN FFAP (50 m x 0.32 mm i.d.; film
thickness 0.25 µm). Helium was utilized as carrier gas. The column temperature
was kept at 110°C for 0.5 min, raised to 200°C at the rate of 10°C/min, and
maintained for 10 min. The temperatures of the injector and detector were set at
220°C and 250°C respectively.
4.1.7. Biodiesel Preparation
The biodiesel was prepared via base catalyzed transesterification (Freedman et
al., 1986). The oil to methanol ratio was 1: 6. The basic catalyst NaOCH3 (0.5%)
was utilized while the temperature was 60°C during the reaction process. After 1h
of the completion of transesterification reaction, the produced glycerin was
allowed to settle down and biodiesel phase was separated and subsequently
washed with warm distilled water to remove traces of catalyst and soap. The
biodiesel produced was dried in a rotary evaporator at 40°C and 120 rpm for 30
min. The biodiesel yield was determined as % conversion of vegetable oil to
biodiesel (w/w) (Rashid and Anwar, 2008).
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4.1.8. Statistical analysis
The data were analyzed statistically by Analysis of Variance technique using
statistix software version 8.1 and comparison among mean values of treatments
was made by least significant difference (Steel and Torrie, 1980).
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4.2. Results
The nutrient status of soil used for cultivation of canola is presented in Table 4.1. The
soil analysis showed the optimum concentration of different nutrients for the
cultivation of canola.
4.2.1. Effect of PGPR and chemical fertilizers on agronomic attributes
The results showed that all the treatments increased the number of branches per plant
and number of siliqua per branch in canola (Table 4.2). The maximum significant
increase (83% and 45%) number of branches per plant and number of siliqua per
branch was recorded in chemical fertilizers treatment the value of which was 8% and
42% higher in number of branches per plant and 22%–23% higher in number of
siliqua per branch over Azospirillum and Azotobacter treatments respectively.
Azospirillum and Azotobacter treatments also showed significant increase of 67% and
6% in number of branches plant-1 whereas 13% and 11% increase in number of siliqua
per branch as compared to untreated control. Number of seeds siliqua-1 was
significantly enhanced by the all treatments, however maximum increase (44%) was
recorded in chemical fertilizers treatment as compared to untreated control (Table 4.2)
which showed significant increase of 19% and 26% over Azospirillum and
Azotobacter treatments; moreover both the treatments of PGPR showed significant
increase of 16% and 5% over untreated control.
4.2.2. Effect of PGPR and chemical fertilizers on 1000 seed weight and seed yield
The 1000 seed weight was improved by the all treatments however maximum
significant increase (10%) was recorded in Azospirillum and chemical fertilizers
treatments over untreated control (Table 4.2). Azotobacter treatment showed nonsignificantly increase in 1000 seed weight over untreated control.
All the treatments significantly improved the seed yield however maximum increase
of 187% was recorded by chemical fertilizer treatment which exhibited 52% and 61%
significant increase over Azospirillum and Azotobacter treatments respectively (Table
4.2). The % increase by Azospirillum and Azotobacter treatments was significant
(36% and 10%) as compared to that of the untreated control.

155

Field Experiment of Canola

11.64

23

0.53

Mg2+
5.3

Na+
0.08

Cu3+
0.64

Fe2+
6.2

Mn+2
0.05

Ni+2
0.15

Co+3
0.59

Zn+2
0.02

Cr+3
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Phosphorus

37.25 d
42.20 b
54.20 a
41.50 c
0.0188

4.05 d
6.80 b
7.45 a
4.30 c
0.1335

Control

Azospirillum

Chemical fertilizers

Azotobacter
LSD value

21.17 c
0.0188

28.98 a

23.38 b

20.05 d

No. of Seed Siliqua-1

453.1 c
0.9554
0.9416
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1176 a

559.2 b

409.7 d

Seed yield (Kg/ha)

2.850 ab

3.000 a

3.050 a

2.750 b

1000 Seed weight (g)

All such means which share a common English letter are similar, otherwise they differ significantly at P<0.05.

No. of Siliqua Branch-1

No. of Branches Plant-1

Treatments

Number of Seed Siliqua-1, 1000 Seed weight (g) and Seed yield (Kg/ha) of Canola (Brassica napus L.).

Table 4.2 Effect of Azospirillum, Azotobacter and chemical fertilizers on Number of Branches Plant-1, Number of Siliqua Branch-1,

Phosphorous and all other nutrient elements are expressed as µg/g, data showed the average of 4 replicates.

K+

Ca2+

Table 4.1 Macro and micronutrients (µg/g) content of soil used for cultivation of Canola.
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4.2.3. Effect of PGPR and chemical fertilizers on seed quality
All the treatments significantly increased the seed oil contents however; maximum
increase (10%) was recorded in Azotobacter treatment as compared to that of control,
the value of which was 4%–6% higher as compared to Azospirillum and chemical
fertilizer treatments respectively (Table 4.3). Azospirillum and chemical fertilizer
treatments also exhibited significant increase (4% and 3%) in seed oil contents as
compared to untreated control.
All the treatments significantly decreased the glucosinolate contents however
maximum decrease (14%) was recorded in Azotobacter treatment as compared to that
of control, the value of which was 10% lower as compared to chemical fertilizers and
Azospirillum treatments (Table 4.3). Azospirillum and chemical fertilizers treatments
also showed significant reduction (3%–4%) in glucosinolate contents as compared to
the untreated control.
Moisture content of seed was significantly increased (9%) by Azospirillum treatment
as compared to that of the untreated control (Table 4.3). Chemical fertilizers and
Azotobacter significantly decreased the moisture contents (3% and12%) as compared
to control however Azotobacter showed 9% decrease in moisture contents as
compared to chemical fertilizers treatments.
Results in table 4.3 indicated that maximum significant increase (11%) in seed protein
was recorded in Azotobacter treatment as compared to the control. Azospirillum and
chemical fertilizer showed significant increase (10%) in seed protein as compared to
the control.
4.2.4. Effect of PGPR and chemical fertilizers on oil quality
All the treatments significantly reduced the acid value of oil and maximum decrease
(32%–36%) was recorded in Azospirillum and chemical fertilizers treatments as
compared to control (Table 4.4). Azotobacter also showed significant decrease in acid
value (8%) as compared to untreated control.
The % free fatty acid was reduced by all the treatments as compared to control
however maximum significant reduction (25%–33%) was recorded in Azospirillum
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and chemical fertilizers treatments (Table 4.4). Azotobacter also showed significant
decrease in free fatty acid contents (8%) as compared to the untreated control.
Specific gravity was non-significantly decreased by Azospirillum and chemical
fertilizers treatments as compared to the untreated control (Table 4.4). Azotobacter
treatment was ineffective.
4.2.5. Effect of PGPR and chemical fertilizers on fatty acid composition and
biodiesel yield
Maximum increase in oleic acid was recorded in Azospirillum treatment as compared
to control (Table 4.5); however the respective treatment exhibited non-significant
increase over chemical fertilizers treatment and 5% significant increase over
Azotobacter treatment. Chemical fertilizers showed a non-significant increase over
control and Azotobacter treatment showed non-significant decrease in oleic acid as
compared to the control.
Maximum increase (4%) in linolenic acid was recorded in Azotobacter treatment as
compared to the control, the value of which was 18% and 9% higher over
Azospirillum and chemical fertilizers treatments respectively (Table 4.5). Azospirillum
and chemical fertilizers treatments showed significant decrease as compared to the
control; however maximum reduction (14%) was recorded in Azospirillum treatment.
Erucic acids were significantly reduced (10%) by Azospirillum treatment as compared
to the control (Table 4.5). Chemical fertilizers showed significant reduction (7%) over
control; however Azotobacter treatment showed non-significant increase in erucic
acid content as compared to the untreated control. Azospirillum and chemical fertilizer
treatments significantly increased (3% and 4%) the biodiesel yield as compared to the
untreated control (Figure 4.1). The treatment Azotobacter showed non-significant
increase in biodiesel yield over the control.
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41.0 a
39.53 b
39.23 b
35.0 c

44 c
46 b
45.4 b
48.3 a
1.3380

Control

Azospirillum

Azotobacter

Chemical fertilizers

LSD value

0.1338

4.53 d

5.03 c

5.7 a

5.2 b

Moisture content (%)

0.0955

22.43 b

22.6 a

22.43 b

Seed Protein content (%)
20.36 c

Acid value (mgKOH/g)
2.5 a
1.7 c
1.6 c
2.3 b
0.1883

Free fatty acids (%)
1.2 a
0.9 b
0.8 b
1.1 a
0.1883
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All such means which share a common English letter are similar, otherwise they differ significantly at P<0.05.

Treatments
Control
Azospirillum
Azotobacter
Chemical fertilizers
LSD value

(g/cm3) of Canola (Brassica napus L.).
Specific gravity (g/cm3)
0.91 a
0.901 a
0.908 a
0.91 a
0.0134

Table 4.4 Effect of Azospirillum, Azotobacter and chemical fertilizers on acid value (mgKOH/g), free fatty acids (%) and specific gravity

All such means which share a common English letter are similar, otherwise they differ significantly at P<0.05.

1.3314

Glucosinolate content (µmol/g)

Seed oil contents (%)

Treatments

(Brassica napus L.).

Table 4.3 Effect of Azospirillum, Azotobacter and chemical fertilizers on seed oil, glucosinolate, moisture and protein contents of Canola
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Oleic acid (%) (C18:1)
55 bc
57 a
56 ab
54 c
1.882

Linolenic acid (%) (C18:3)
10.5 b
9.0 d
10.0 c
11.0 a
0.1883

Erucic acid (%) (C22:1 )
28 a
25 c
26 b
29 a
1.8828
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Figure 4.2 Effect of Azospirillum, Azotobacter and chemical fertilizers on biodiesel yield (%) of Canola (Brassica napus L.), LSD 1.882.

All such means which share a common English letter are similar, otherwise they differ significantly at P<0.05.

Treatments
Control
Azospirillum
Chemical fertilizers
Azotobacter
LSD value

Table 4.5 Effect of Azospirillum, Azotobacter and chemical fertilizers on fatty acid composition of Canola (Brassica napus L.).
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4.3. Discussion
During the present study PGPR and chemical fertilizers played an important role in
improving growth and yield of canola. It was observed that chemical fertilizers,
Azospirillum and Azotobacter treatments significantly improved the agronomic
attributes in canola and our results are in agreement with those of Golzarfar et al.
(2012) and Firoz (2009) who reported that application of nitrogen and phosphorus
fertilizer increased the yield and yield components (number of heads per plant,
number of heads on primary branch, number of seeds per head, number of seeds per
primary head, number of seeds per secondary head and 1000 seed weight) of
safflower (Carthamus tinctorius L. cv. ‘Goldasht’) and okra. This increase might be
due the optimum supply of the nutrients (N, P) to the plant which augmented the plant
growth. These results are in accordance with those of Yasari and Patwardhan (2007)
who reported increase in number of branches plant-1 in biofertilizer treated plants as
compared to control. Azospirillum is free living N2 fixing bacteria which secrete some
biologically active substances like vitamins, nicotinic acid, biotin, gibberellins etc. in
rhizosphere which enhances the root growth and results in better plant growth (Kader,
2002). Ilyas and Bano (2010) reported phytohormone (IAA, GA and ABA)
production by the respective Azospirillum which improved the plant growth.
The chemical fertilizer significantly increased the total seed yield which might be due
to adequate supply of nitrogen which improved the production of siliqua per plant and
other agronomic traits and consequently resulted in higher yield. The N is a necessary
nutrient in the production of plant dry matter and several metabolic pathways (FeiBo
et al., 1998). Khan et al. (2010) reported that nitrogen and phosphorus fertilizers
increased the growth and yield attributes of capsicum. It was reported previously that
application of nitrogen and phosphorus fertilizer increased the yield and yield
components of safflower (Golzarfar et al., 2012). Maximum 1000-seed weight was
found in Azospirillum and chemical fertilizers treated plants as compared to control
and these results are in line with those of Shehata and El-Khawas (2003) who reported
that yield characters such as 1000-seed weight in sunflower were significantly
increased due to application of each of the two biofertilizers (Biogien and Microbein).
The increase in seed weight might be due to the increase rate of nitrogen supply to the
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reproductive parts of the plant both from chemical fertilizers and N fixed by the
PGPR causing dry matter accumulation leading to increase seed weight.
The increase in seed oil content by Azotobacter treatment is in accordance with the
findings of Kumar (1994), who found that Azotobacter chroococcum isolate improved
oil yield in Brassica juncea. Chemical fertilizer treatment also showed significant
increase in seed oil content as compared to control. Similar results were obtained by
Yasari and Patwardhan (2007) who reported maximum oil content in canola by the
application of biofertilizer and chemical fertilizers. There is an inverse relationship
between oil contents and seed protein contents. The increase in oil contents in
Azotobacter was might be at the cost of protein contents which were lower in the
respective treatment.
Chemical fertilizers and Azospirillum treatments significantly decreased oil acid
value, free fatty acid content and specific gravity. The PGPR are reported to be
involved in phytohormone production such as indole-3-aceic acid, gibberellic acid
and abscisic acid etc. which may be involved in changing the physiology of the fats
and lipids metabolism and improving the quality of oil (Thuler et al., 2003). The
phytohormone so produced brought about significant improvement in oil quantity and
quality in canola (Ullah et al., 2012).
All the treatments altered the relative proportion of major fatty acids. Significantly
higher oleic acid (C18:1) content was observed in Azospirillum treatment which
significantly decreased the erucic acid (cis-13-docosenoic acid, C22:1) content.
Maximum alpha linolenic Acid (C18:3) was found in oil of Azotobacter treatment.
The fatty acid composition of vegetable oil significantly affects the quality and
quantity of biodiesel. Transesterification does not change the fatty acid composition
of feedstock resources and this composition plays a significant role in determination
of the some important parameters of the biodiesel such as cetane number and cold
flow properties. The highly unsaturated vegetable oil yields biodiesel with low cetane
numbers which is of prime importance in determination of biodiesel quality.
Similarly, the presence of monounsaturated fatty acids particularly oleic acid gave a
higher cetane value to biodiesel of olive oil (Ramos et al., 2009). Stability of fatty
compounds is decreased by factors such as presence of air, peroxides, light or
structural formulation of the compounds themselves and usually by the presence of
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double bonds (Bajpai and Tyagi, 2006). The oxidation stability of fatty acids
decreased with increase in polyunsaturated methyl esters (McCormick et al., 2007).
Similarly, fuels with higher saturated fatty acid content develop operation problems
such as settling of wax and plugging of filters and fuel lines when temperature during
night approach -10 and -15°C (Dunn and

Bagby, 1996). Therefore, the most

economical and effective way to improve low flow temperature properties of
biodiesel is optimization of fatty acid composition of raw material (Durrett et al.,
2008). Azospirillum improved the content of oleic acid which is considered as an ideal
fatty acid for biodiesel production concomitant with decrease in the content of
polyunsaturated fatty acids which might contribute for the production of better quality
biodiesel with higher cetane number. The present results are in parallel to that of
Nosheen et al. (2011) who reported that PGPR significantly improved the fatty acid
composition of canola cv. rainbow by increasing the oleic acid contents. The increase
in biodiesel yield by Azospirillum and chemical fertilizers would probably be due to
their marked effect on oil acid value as shown by content of free fatty acids (% Oleic
acid). A similar increase in biodiesel yield of soybean was found by Nosheen et al.
(2009) when inoculated with biofertilizers (Biopower and Biozote) as compared to the
control. The presence of free fatty acids in vegetable oil significantly decreases the
methyl ester yield in alkali catalyzed transesterification reactions. The presence of
free fatty acids results in soap formation and higher quantities of basic catalyst are
required to neutralize them. The resulting soap causes an increase in viscosity and
hence formation of gels that interferes in the reaction as well as with separation of
glycerol. This neutralization of free fatty acids in vegetable oil can be achieved only
by using oils with low acid value (Freedman et al., 1984).
It is inferred from the present investigation that Azospirillum is more effective than
Azotobacter in improving the oil and biodiesel yield and reduced erucic acid. The
glucosinolate content which is undesirable oil constituent was significantly decreased
following Azotobacter inoculation.
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biodiesel by NMR, FT-IR and GC-MS techniques
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5a. Introduction
Protocol optimization is of prime importance step towards cost effective sustainable
biodiesel production because the variables such as catalyst type and concentration,
alcohol type and ratio, temperature, stirring time and speed have tremendous effect on
the quality of biodiesel. The concentration of catalyst higher than the optimum
amount increased the chances of soap formation (Meka et al., 2007). The temperature
requirement for transesterification process depends upon the type of oil used (Meher
et al., 2006) because the temperatures higher than optimum value degrade the
methanol and negatively affect the yield of biodiesel (Leung and Guo, 2006). Oil to
methanol ratio also has a great impact on the yield and quality of biodiesel. Therefore,
it is necessary to optimize the variables for biodiesel production for the optimum
conversion of oil into biodiesel and production of best quality biodiesel (Nakpong and
Wootthikanok, 2010).
Various types of instrumental methods are being used for the quantitative analysis of
yield of transesterification reaction and oil to biodiesel conversion ratio such as gas
chromatography, HPLC, FTIR and NMR etc (GyQrik et al., 2006; Dayrit et al., 2008).
The quantitative analysis which is based on the amplitude of a proton nuclear
magnetic resonance (1H NMR) signal proportional to the number of hydrogen nuclei
present in the molecule is carried out by NMR method (Knothe et al., 2005).
Chromatographic methods are usually used for the conversion and quality analyses of
biodiesel and Fourier transformed infrared spectroscopy (FTIR) is used to observe
reaction yields (Zagonel et al., 2002; Meher et al., 2006).
Keeping in view the above discussion the aim of the present study was to
1. Optimize the protocol for sustainable safflower oil biodiesel production of cv.
Thori by using different catalysts concentrations, reaction temperature and oil
to methanol ratio.
2.

Monitor the biodiesel yield and characterization of biodiesel using advanced
technologies viz. NMR, FTIR and GC-MS.
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5.1a. Materials and Methods
5.1.1a. Seed material and Reagents
The certified seeds of safflower cv. Thori were obtained from National Agricultural
Research Center, Islamabad Pakistan. The seeds were dried in an oven at 50°C prior
to extraction of oil by Soxhlet apparatus. Analytical grade reagents such as methanol
(MeOH), NaOH (sodium hydroxide) and sodium sulphate (Na2SO4) anhydrous were
purchased from Merck (Germany). Fatty acid methyl ester standards were purchased
from Sigma Aldrich (USA). The deuterated tetramethylsilane (TMS) and chloroform
were of spectroscopic grade, whereas the helium gas was more than 99.9% pure.
5.1.2a. Biodiesel preparation
The biodiesel of safflower oil was prepared by base catalyzed transesterification
reaction. Safflower oil was preheated over hot plate with constant temperature of
120°C for 1 h to remove moisture. The base catalyzed transesterification of the
safflower oil was carried out at 1: 6 and 1:9 molar ratio of oil/methanol, NaOH was
used as catalyst (w/w) at different concentrations as 0.1, 0.3, 0.5, 1 and 1.5% (%w/w).
The temperature was retained at 60, 65, 70 and 75°C during the reaction and the
mixture was stirred for 1 h. After the completion of reaction, the mixture was cooled
in separating funnel for the separation of different phases. The upper layer contained
biodiesel and the lower layer contained the glycerin a byproduct of the
transesterification reaction. Subsequently, the biodiesel was washed with distilled
water to remove the residues and impurities from it and the residual water was
removed by filtering with anhydrous sodium sulphate (Na2SO3). Methanol present in
the biodiesel was removed by rotary evaporator at 45°C for 30 min. A yellowish
transparent liquid thus obtained was a pure biodiesel. Biodiesel yield was calculated
according to the equation used by Rashid and Anwar (2008).
Biodiesel Yield (%) = Biodiesel produced (g) x 100
Oil used (g)

(Equation 1)

5.1.3a. Determination of Refractive index
The refractive index of pure oil and safflower oil biodiesel samples was determined
using Abbe 5 refractometer.
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5.1.4a. Fourier transform-infrared spectroscopy
FT-IR analysis of Safflower oil biodiesel was carried out by Bio-Rad Excalibur
Model FTS3000MX in the range 4000−400 cm−1. The resolution was 1 cm−1 and 15
scans.
5.1.5a. NMR analysis
Safflower oil biodiesel was analyzed by NMR using Avan CE 300 MHz spectrometer.
Deuterated chloroform (CDCl3) and Tetramethylsilane (TMS) were used as solvent
and internal standard respectively. The 1H (300 MHz) spectra were recorded with
pulse duration of 30o, a recycle delay of 1.0 s with 8 scans. The % age conversion of
triglycerides into methyl esters was calculated by using 1H NMR (Gelbard et al.,
1995; Knothe, 2000) as
C= 100 ×

Where C

2A Me
3A CH 2

(Equation 2)

= percentage conversion of triglycerides to corresponding methyl esters

AMe = integration value of the methoxy protons of the methyl esters and
A CH2 = integration value of α-methylene protons

5.1.6a. GC/MS analysis
GC chromatograph (model GC-6890N) equipped with mass spectrometer (model MS5973 MSD) was used to determine the contents of fatty acid methyl esters (FAMEs)
in safflower oil biodiesel. Capillary column DB-5MS (30 m×0.32 mm, 0.25 µm of
film thickness) was used for separation. The carrier gas was Helium with flow rate of
1.5 mL/min. The column temperature was programmed from 120 to 300°C at the rate
of 10°C/min. Both injector and detector temperature was set at 250°C. A sample of
0.1 µL safflower oil biodiesel in CHCl3 was injected using a split mode, with the split
ratio of 1:10. The mass spectrometer was set to scan in the range of m/z 50–550 with
electron impact mode of ionization. The peaks shown by GC spectrum were matched
with library match software (NO. NIST 02).
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5.1.7a. Physiochemical properties of safflower oil and Biodiesel
Physiochemical properties of safflower oil and Biodiesel were determined according
to the standard methods. Saponification number and iodine value were determined
according to the methods as described in chapter 3, whereas acid value, specific
gravity, cetane number, kinematic viscosity at 40ºC and flash point were determined
according to the standard methods of ASTM D664, ASTM D287, ASTM D 613,
ASTM D 445and ASTM D 93 respectively.
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5.2a. Results
The safflower seed oil analyzed prior to transesterification reaction showed an acid
value of 0.612 mg of KOH/g of oil, specific gravity 0.92 g/cm3, saponification
number 188 (mg KOH/g oil) and iodine value of 144 g of I/100 g of oil.
The results in Table 5.1a indicated that maximum increase (97.84%) in biodiesel yield
as calculated by equation 1 was recorded in the sample prepared by using 0.5%
catalyst concentration, 6:1 methanol to oil ratio and 65ºC reaction temperature
followed by biodiesel yield 97.58% at 1% catalyst concentration under similar
conditions.
5.2.1a. Refractive Index
The maximum refractive index (1.47) was recorded for pure safflower oil as
compared to its respective methyl esters; maximum reduction (1.41) in refractive
index being observed in biodiesel sample prepared at 0.5% catalyst concentration at
65°C using 6:1 methanol to oil molar ratio, also showing maximum biodiesel yield as
quantified by 1H NMR (Table 5.1a). The safflower biodiesel sample prepared at 0.3, 1
and 1.5% catalyst concentration under the similar experimental conditions showed the
similar refractive index (1.45) while methyl esters prepared by using at 0.1% catalyst
concentration showed 1.46 refractive index.
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Table 5.1a Variables affecting biodiesel yield and Refractive index of Safflower.
Biodiesel
Sample
No.

Catalyst
concentration
(%)

Temperature
(°C)

Biodiesel
yield (w/w) %

biodiesel yield
(NMR) %

Refractive
index
(20°C)

1
2
3
4
5
Safflower
Oil

0.1
0.3
0.5
1.0
1.5

65
65
65
65
65

93.28
95.00
97.80
91.28
68.00

58.45
97.23
97.84
97.58
96.69

1.46544
1.45945
1.41067
1.45803
1.45869
1.47634

The bold values showed the optimum level of variables for maximum biodiesel yield
of safflower.
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5.2.3a Infrared spectroscopy
The FT-IR spectra of Safflower oil biodiesel was obtained in the range 4000–400cm-1.
The FT-IR spectra of oil as well as of biodiesel obtained were approximately similar
because both of them are composed of similar functional group (Figure 5.1a, 5.2a),
however in biodiesel spectra some new bands appeared. Manifestation of new band in
biodiesel spectra at 1195.6 cm-1 correspond to methyl group which substituted the
glycerol moiety that was present in the oil and corroborate the transesterification
reaction (conversion of oil into biodiesel). Glycerol moiety in oil and methoxy group
in biodiesel was attached to carbonyl (νC=O). The shifting of some peaks at 1158.9,
1097.7 cm-1 in the oil sample to 1168.4, 1100 cm-1 in the biodiesel sample in the
corresponding spectra were observed which indicated the conversion of oil into
biodiesel.
5.2.4a. 1H NMR Study
The 1H NMR spectrum of various samples of safflower oil biodiesel with various
concentration of catalyst used, were obtained (Figure 5.3a and 5.4a). The conversion
of oil into biodiesel was confirmed by the disappearance of signals at 4.11 to 4.30 of
methylene and methane protons in glycerol moiety in oil and appearance of strong
signal at 3.60-3.64 ppm of methoxy protons. The characteristic peak of methoxy
protons was observed as a strong signal at 3.64 ppm (97.84%) at 0.5% NaOH catalyst
concentration, 3.625 ppm (97.58%) at 1.0% NaOH catalyst concentration, 3.627 ppm
(58.45%) at 0.1% NaOH catalyst concentration and a triplet of α−CH2 protons at
2.282 ppm (97.84%), 2.269 (97.58%), 2.294 (58.45%).
The relevant signals chosen for integration were those of methoxy group in the methyl
esters at 3.64 ppm (97.84%), 3.625 (97.58%), 3.627 (58.45%), and of the α-carbonyl
methylene protons at 2.282 ppm (97.84%), 2.269 (97.58%), 2.294 (58.45%) and at
2.197 ppm. The percentage conversion of triglycerides to corresponding methyl esters
by using eq. (2) was found to be 97.84%, 97.58%, 58.45%, which is quite in good
agreement with the practically observed yield of 97.80%, 91.28%, 52.25%,
respectively through equation (1) as described in materials and methods.
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Figure 5.1a FT-IR spectra of safflower oil
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Figure 5.2a FT-IR spectra of safflower Fatty Acid Methyl Esters
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Figure 5.3a 1H NMR spectra of a safflower sample with maximum yield (97.84%) of
Fatty Acid Methyl Esters.

Figure 5.4a 1H NMR spectra of a safflower sample with minimum yield (58.45%) of
Fatty Acid Methyl Esters
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5.2.5a. Gas chromatography and mass spectrometry
The chemical composition of the safflower oil biodiesel was determined by gas
chromatography and mass spectrometry (Figure 5.5a). Total seven peaks, one for each
methyl ester were observed in GCMS spectrum. The identified FAMEs were Palmitic
acid, Stearic acid, Oleic acid, Elaidic acid, Linoleic acid, Octadacadienoic acid and
Linolenic acid. The identified FAMEs with their retention time are shown in Table
5.2a. The identity of FAMEs was made by the retention time data and verified by
mass spectrometric analysis.
5.2.6a. Physicochemical properties of biodiesel
The physiochemical characteristics of safflower oil biodiesel were according to the
ASTM standard. Results (Table 5.3a) indicated that biodiesel had 0.89 specific
gravity at 15ºC, kinematic viscosity that was measured at 40ºC was 4.26 mm2/s,
cetane number recorded was 52.43, flash point was 163, acid value was 0.28,
saponification value was 182 and iodine value was 143. Detail of physicochemical
properties of safflower biodiesel and their respective ASTM standard methods are
given in Table 5.3a.
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Table 5.2a Composition of fatty acid methyl esters in safflower oil biodiesel
analyzed by GCMS.

Retention time (min)

Fatty acid

14.59

Palmitic acid methyl ester (C16:0)

19.59

Stearic acid methyl ester (C18:0)

20.12

Oleic acid methyl ester (C18:1)

20.36

Elaidic acid methyl ester (C18:1n9T)

21.37

Linoleic acid methyl ester (C18:2c)

21.72

Octadacadienoic acid methyl ester (C18:2t)

24.27

Linolenic acid methyl ester (C18:3n3)

Table 5.3a Physicochemical properties of safflower oil biodiesel
Fuel property
Specific gravity
Kinematic viscosity
Cetane number
Flash point
Acid value
Iodine value
Saponification number

Safflower biodiesel
0.89
4.26
52.43
172
0.28
143
182

177

ASTM Method
D287
D445
D613
D93
D664
-
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Figure 5.5a GCMS spectra of fatty acid methyl esters of safflower oil biodiesel
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5.3a. Discussion
The optimization of biodiesel production from vegetable oil markedly depend on
process variables such as catalyst concentration, oil to methanol ratio, temperature
and time of reaction as well as on quality of oil of a plant species (Ullah et al., 2013).
In the current study higher biodiesel yield was recorded at catalyst concentration of
0.5%, temperature 65ºC and 6:1 methanol to oil ratio. These results were in agreement
with those of Anwar and Rashid (2008). During the present investigation catalyst
concentration and temperature affected the biodiesel yield. Similar results were
reported by Ahmad et al. (2010) for sesame oil. Increase in temperature increase the
saponification of triglycerides with a subsequent decrease in biodiesel yield (Eevera et
al., 2009). The higher concentration of basic catalyst causes losses in biodiesel yield
because excess catalyst reacts with triglycerides and results in the production of soap
(Leung and Guo 2006). Eevera et al. (2009) reported that longer reaction time
resulted in the loss of methyl esters due to the reversible reaction of transesterification
and formation of soap.
The refractive index showed a linear relationship with the oil to methyl ester
conversion process. In the current study highest refractive index (1.47) was recorded
for pure safflower oil as compared to its respective methyl esters; maximum reduction
(1.41)

in refractive index being observed in biodiesel sample prepared at 0.5%

catalyst concentration and 65°C using 6:1 methanol to oil molar ratio, also showing
maximum biodiesel yield as quantified by 1H NMR. These results are in agreement
with those of Domínguez (1996), who reported that refractive index of pure biodiesel
was in the range of 1.45 and less than this value was observed in the present study
(1.41). These results are also confirmatory with the findings of Falate et al. (2007)
who found that lower refractive index was recorded in biodiesel with higher methyl
esters yield. Previous study indicated that biodiesel having higher amounts of glycerol
showed higher refractive index (MacLeod, 2008). Similarly Xie and Li (2006)
reported that refractive index is a good indicator of conversion of oil to methyl esters
which decrease with the increase in oil to methyl ester conversion.
The results for FT-IR analysis demonstrated that disappearance of some peaks from
safflower oil and appearance of new peaks in biodiesel spectra and replacement of
glycerol moiety of oil with methyl group of biodiesel confirms the conversion of
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safflower oil into biodiesel. The carbonyl (νC=O) absorption band around 1750–1730
cm-1 and C-O (antisymmetric axial stretching and asymmetric axial stretching) bands
at 1300–1000 cm-1 are two distinct bands (Soares et al., 2008; Guillen and Cabo,
1997). The slight change was observed in stretching vibration of carbonyl (νC=O)
from 1742.7 in oil to 1741 in biodiesel due to change of substituent attached to it
(Bianchi et al., 1995). Similar findings were reported by Tariq et al. (2011) that FT-IR
confirms the transesterification reaction.
1

H NMR is an important tool for the estimation of exact yield of conversion of

vegetable oil into biodiesel. Previous studies indicated that 1H NMR has gained much
importance in monitoring the transesterification reaction (Gelbard et al., 1995,
Knothe, 2000) and its principle is based on the area of methoxy, elpha carbonyl
methylene and glycerides signals (Morgenstern et al., 2006). It requires a little
quantity of sample and is nondestructive method for the sample measurement
(Knothe, 2001). During the current work it was studied that 1H NMR confirm the
actual and practical yield of the biodiesel and the 1H NMR spectra clearly indicated
the shifting of peaks in the oil to biodiesel.
Results indicated that maximum biodiesel yield was recorded at catalyst concentration
of 0.5% NaOH and a strong signal was observed at 3.65 ppm. The same studies were
reported previously that the terminal methyl protons peaks were at 0.832-0.865 ppm,
a strong signal at 1.234-1.243 ppm related to methylene protons of carbon chain, a
signal at 1.569-1.581 ppm from β−carbonyl methylene protons and at 5.251-5.266
ppm due to olefinic hydrogen were also observed in both oil and biodiesel (Jin et al.,
2007; Neto et al., 2004; Morgenstern et al., 2006). Similarly Knothe (2000) and Tariq
et al. (2011) reported that NMR spectroscopy is a potent tool for quantitatively
monitoring of the transesterification reaction.
Composition of fatty acid is an important indicator of biodiesel quality. The mass
spectrum was obtained by an electron impact (EI) ion source. Among the total seven
identified fatty acids, oleic acid was important fatty acid with the perspective of good
quality biodiesel production as it kept a balance between saturated and unsaturated
fatty acid and improved the biodiesel properties such as cold flow properties, specific
gravity, cetane number, viscosity and oxidation stability.
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The Biodiesel properties such as specific gravity, acid value, iodine value,
saponfication number directly impact the biodiesel yield and quality. In the current
study the observed biodiesel properties were according to the standards of ASTM.
Viscosity of biodiesel is very important as it is related to fuel engine operation
especially during temperature. The kinematic viscosity in the current study is within
the range of ASTM specified value. Acid value was also in the range of recommended
values. Higher acid value represents higher number of free fatty acids which
ultimately lead to soap formation and production of low quality biodiesel. The higher
acid value may cause the corrosion of the engine (Tariq et al., 2011). The flash point
is the temperature at which the fuel gets ignited when it is exposed to spark. In current
results flash point was 173 that was higher than petro diesel. The higher flash point
provide advantage as it is correlated with the lower risk of fire and it is also
considered important in handling, storage and safe transportation of fuel. Cetane
number is also very important property as it is the tendency of fuel to self-ignite at
some pressure and temperature. The cetane number of 52 in the present study was
according to the findings of Anwar and Rashid (2008). Increase in cetane number
improves the biodiesel quality by reducing the delay of ignition of fuel. Previous
studies reported that the cetane number of soybean and tobacco seed oil was 53.7 and
51 (Georgogianni et al., 2007; Usta, 2005).
It is inferred from the present study that maximum biodiesel yield was observed at
0.5% catalyst concentration at 65°C with 6:1 methanol to oil ratio with minimum
refractive index. GCMS analysis identified seven fatty acid methyl esters in safflower
biodiesel and physicochemical properties of biodiesel were according to the ASTM
standard values.
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Part b
Fast comprehensive two-dimensional Gas Chromatography
method for safflower fatty acid separation and quantification on
ionic liquid columns
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5b. Introduction
Vegetable oils play an imperative role in foodstuffs as they are not only crucial for
living cells from a structural and functional point of view. Safflower is an oil seed
crop which has unique oil properties because of its fatty composition. One of the
important application of safflower oil is as a potential source of biodiesel; this is a
renewable resource, and large scale production ensures adequate supply as a biodiesel
feedstock (Patil et al., 2009); it is composed of 75–80% linoleic acid, a long chain
unsaturated fatty acid, which improves the low temperature properties of biodiesel
fuel. The fatty acid profile of vegetable oil determines its quality, and it is the key
factor in commercial uses of oil (Gecgel et al., 2007).
Structural similarities of fatty acids, their molecular heterogeneity in a wide variety of
food matrices and feedstock, and their different abundances make comprehensive
fatty acid (FA) profiling a challenging task. Gas chromatography (GC) is by far the
most commonly used analytical procedure for FA analysis, after conversion into their
corresponding fatty acid methyl esters (FAME). Non-polar (NP) and mid-polarity
columns give good FAME separation according to their carbon number but they lack
positional and geometric isomer of fatty acid separation within homologous FAME
(Gu et al., 2011; Delmonte et al., 2012). Polar columns (P) give better separation of
the positional and geometric isomer of fatty acid within a given carbon number
FAME, and are now the most common column type employed for this purpose
(Delmonte et al., 2012; Delmonte et al., 2011). Recently, several applications have
appeared in the literature on using ionic liquid columns (Gu et al., 2011; Delmonte et
al., 2011) as the most polar stationary phases commercially available, even though
some of them are intended for C18 (Ragonese, 2009; Villegas et al., 2010) or C22
isomers (Shimizu and Ando, 2012). The IL columns have shown equal or better
selectivity towards FAME isomers than the most widely used cyanopropyl columns
(Delmonte et al., 2011), reportedly with column bleed reduction (Gu et al., 2011).
However, as phase polarity increases, FAME differing for their number of carbons
and double bonds increasingly overlap, so again co-elution is obtained. Longer
columns can address the problem, but the initial column cost and long run time are
drawbacks.
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Multidimensional GC (MDGC) is an alternative method to overcome this co-elution
and potentially delivers improved separation of certain group of analytes, depending
on the number of heart-cuts and repeat analyses that are required. A MDGC method
targeting C18 and C20 regions has been recently reported (Zeng et al., 2013).
However, limited number and frequency of targeted regions analysed in a single run
limit their applicability. Comprehensive two-dimensional gas chromatography
(GC×GC) achieves bi-dimensional separation across the whole sample, with good
peak capacity, and an enhanced sensitivity arising from cryogenic zone compression.
The unique feature of structurally-related elution of compounds within the 2D
chromatograms is an oft-stated benefit (Marriott et al., 2004; Vlaeminck et al., 2007).
Here, very narrow bands (2–8 s) of the first dimension (1D) column are cryotrapped or
flow modulated, and released in a sharp band on the short and very efficient second
dimension (2D) column for fast separation. The separation on the 2D column has to
finish before the next effluent portion is released, since the process is continuous.
Both, non ploar / polar (Gu et al., 2011; Villegas et al., 2010, Tiyapongpattana et al.,
2008, Manzano et al., 2011) and polar / non polar column combinations have been
applied (Villegas et al., 2010; Manzano et al., 2011). While a non ploar / polar column
set gives excellent separation of multi component standard mixtures (Tiyapongpattana
et al., 2008), or for moderately abundant major components, it may fail at separation
of samples where FAME isomers are present in large number, as is the case for
safflower oil and linseed oil. The inability of the short, low peak capacity 2D column
to separate isomers present in high amount which co-elute on the 1D column accounts
for this problem. A long runtime, and in some cases the need to adjust modulation
temperature settings, are additional method limitations. IL columns, either as a 1D or
as a 2D column, have already been applied to GC×GC of fatty acids (Gu et al., 2011;
Villegas et al., 2010), essential oils (Cagliero et al., 2012; Ragonese et al., 2011), and
other field of analysis (Zapadlo et al., 2010; Reid et al., 2008; Seeley et al., 2008).
Here a fast GC×GC method is proposed based for the first time on two ionic liquid
columns for FAME profiling in different samples. The method has been applied to
selected samples where the separation of very abundant isomers is required. Method
linearity, limit of detection and reproducibility were validated.

184

Chapter# 5b

Fatty acid analysis by comprehensive Gas Chromatography

1D
chromatogram
2D
Chromatogram

LMCS
LMCS
FID11
FID

Sample
injected

CT

11D

D

22D

D

L

GC Oven

Cryotrap

Figure 5.1b General Configuration of Comprehensive two dimensional gas
chromatography (GCxGC).
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5.1b. Materials and Methods
5.1.1b. Chemicals and Reagents
Dichloromethane (DCM), methanol, n-hexane (all chromatography grade), boron
trifluoride-methanol reagent (12.5% (v/v), for GC derivatisation), nonadecanoic acid
methyl ester and sodium chloride (99.0%) were purchased from Sigma-Aldrich, while
sodium hydroxide pellets were purchased from Merck (Darmstadt, Germany). A 37component fatty acid methyl ester (FAME) mixture (Supelco, Bellefonte, USA) was
used for method optimisation and validation, where the individual FAME
concentrations were between 2% and 6% of the total FAME concentration. The
original 10 mg mL-1 (total FAME) concentration was progressively diluted with
dichloromethane to six concentrations in the range 30–1000 mg L-1.
5.1.2b. Safflower oil extraction and sample preparation
Safflower oil was extracted by Soxhlet apparatus using hexane as a solvent, according
to the AOCS Ag 1-65 method (1993).
The FAME of safflower and linseed were prepared according to the AOCS standard
method Ce 2-66 (1990). Four mL of 0.5 M sodium hydroxide/methanol solution was
added to 350 mg of safflower oil and the mixture was heated on a water bath at 100°C
for 10 min. Five mL of 12.5% (v/v) boron trifluoride-methanol reagent was then
added to the mixture and heated for 3 min at 100°C. Two mL of GC-grade hexane and
5 mL of saturated sodium chloride solution were finally added and the mixture was
shaken vigorously for one min. The upper hexane layer of about 1 mL was transferred
to a 1.5 mL GC vial and stored in a freezer at -20°C. A stock solution of
nonadecanoic acid methyl ester (C19:0) was prepared at 1000 mg L-1 in
dichloromethane, and further diluted to 100 mg L-1 for use as an internal standard (IS).
Equal volumes of internal standard and FAME at various concentrations were mixed
just before the injection.
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5.1.3b. Instrumentation
5.1.3.1b. Non Polar / Polar (NP/P) column configuration
An Agilent 6890 GC (Agilent Technologies, Burwood, Australia) retrofitted with a
longitudinally modulated cryogenic system (LMCS, Chromatography Concepts,
Doncaster, Australia) was used for FAME separation on a non-polar / polar column
configuration. A DB-5 phase column (30 m x 0.25 mm; 0.25 µm) was used as a first
dimension (1D) column, and INNOWax (1 m x 0.1 mm; 0.1 µm, both columns from
Agilent) was used as a second dimension (2D) column. The effluent from the 2D
column was fed to an Agilent Deans Switch device (DS), which was connected
through a 1 m x 0.1 mm deactivated fused silica restrictor column (Agilent) to a
monitor flame ionisation detector (FID, Det1), and to the second FID (Det2) through a
2

D long free fatty acid phase (FFAP) column (30 m x 0.25 mm; 0.2 µm; Agilent). The

latter column was used for MDGC of selected target regions as necessary (not
reported here). A 29.50 psi head pressure delivered 2.30 mL min-1 carrier flow
(hydrogen) through the 1D column, with the electronic pressure control (EPC) at the
DS set at 22.3 psi. FAME were eluted under programmed temperature conditions,
starting at 40°C for 2 min then increased to 140°C at a rate of 20°C min-1 and finally
increased to 270°C at a rate of 4°C min-1, held for 5 min at 270°C. The injector and
detector temperatures were 250°C. Different modulation periods (5 s and 6 s) and
modulation temperatures were applied for best separation during the optimisation
stage. The detector acquisition rate was 100 Hz for Det1 and 20 Hz for Det2. One
microlitre aliquots of samples or standard mixture were injected using splitless mode,
with 0.5 min purge time.
5.1.3.2b. Polar / Non Polar (P/NP) column configuration
A SolGel-WAX (30 m x 0.32 mm; 0.5 µm; SGE) as 1D column and VF-5 (1.7m x
0.15mm; 0.15µm; Varian) as 2D column were used for FAME separation as a P / NP
column set. The oven temperature program was: initial temperature of 150°C held for
1 min, increased to 280°C at a rate of 4°C min-1. Injector and detector (FID)
temperatures were 270°C and 280°C, respectively. Samples and the standard mixture
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of FAME were injected in split mode at a split ratio of 20:1. Six seconds was applied
as modulation period, and modulation temperature was held at -100°C offset from the
oven temperature throughout the whole run. The detector sampling frequency was 50
Hz.
5.1.3.3b. IL / IL column configuration
A range of different ionic liquid columns (SLB-IL59, SLB-IL61, SLB-IL76, SLBIL82, SLB-IL100, SLB-IL111, all from Supelco) were used to investigate the IL / IL
arrangement. The IL111 was used as the 1D column in all cases. The most polar
commercially available ionic liquid column IL111 (30 m x 0.25 mm; 0.25 µm) was
used as 1D, and the least polar IL59 (1 m x 0.1 mm; 0.1 µm, both columns from
Sigma-Aldrich) was used as the 2D column in the IL / IL column set. FAME were
eluted under a moderately high temperature ramp: an initial temperature of 100°C was
held for 1 min and then increased to 230°C at a rate of 8°C min-1. The injector and
detector temperatures were 250°C and 260°C, respectively.
Different modulation period (4 s, 5 s, 6 s, and 8 s) and modulation temperature (30°C,
60°C and 90°C isothermal) were applied to determine best separation during the
optimisation stage. FID acquisition rate was set at 50 Hz. One microlitre aliquots of
samples or standard mixtures were injected at 20:1 split ratio. Agilent Chemstation
was used for data acquisition and processing, an in-house application for data
conversion, and Fortner Transform (Fortner, Inc., Savoy, IL) for data visualisation
(2D plots).
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5.2b. Results
5.2.1b. Separation of FAMEs on Non Polar / Polar column configuration
The commonly employed non polar/polar column set used for GC×GC separation of
FAME gave a good spread of the constituents of the 37 FAME mixture (Figure
5.2b.A) over the 2D separation space, without component co-elution. Despite the
successful separation of the 37 components FAME mixture, this column set was
unable to separate the major constituents in safflower (Figure 5.2b.B). The high
abundance of C18 isomers (C18:0, C18:1, C18:2 and C18:3) in both samples and the
consequent inability of the short, low capacity 2D column prevented their separation
to baseline within a PM of 5–6 s. The remainder of the constituents were in much
lower abundance, and generally gave good modulated zones. Highly diluted samples
(1:2000) gave better separation for the major components, but none of the minor
components were detected at this dilution condition. A polar / non polar set was then
tested.
5.2.2b. Separation of FAME on a Polar / Non Polar column set
The column set comprising SolGel-WAX /VF-5 again gave good separation for the
standard mixture of FAME (Figure 5.3b.A), but importantly also better separation of
major FAME in safflower oil (Figure 5.3b.B), which were also better separated on the
1

D SolGel-WAX column. However, high column bleed due to the low temperature

limit (260°C), SolGel-WAX column prevents elution of high mass FAME. Even
though good modulation was obtained for the FAME standard mixture at -100°C TM
offset, major FAME in safflower oil showed excessive tailing (Figure 5.3b. B) when
higher amounts were introduced to the column under the same conditions. No further
optimisations were conducted on this column set.
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Figure 5.2b Contour plots of 37-component Supelco FAME mixture (A) and
safflower oil (B) on NP / P column set (DB-5 / INNOWax). C18 FAME cluster in
safflower oil could not be separated, although the standard mixture was well separated
under the same conditions.

190

Chapter# 5b

A

5

C24:0

4

C20:0

2

time (s)

C21:0

C22:0

C23:0

C18:0
C17:0
C22:1
C21:1
C18:1
C16:0
C15:0
C20:2
c, t C18:2
C16:1 C17:1
C22:2
20:3
C14:0
C15:1
n3, 6
c, t
C14:1
C13:0
C18:3
C20:4
C12:0
cn6, 3
C20:5
C11:0

3

2D

Fatty acid analysis by comprehensive Gas Chromatography

C10:0

1

B

5
4

C18:0

C20:0

C22:0

C24:0

C16:0

3

C20:1

C18:1

C14:0

C16:1

C18:2
C18:3

C20:2

2
1
0

10

20
1D time (min)

Figure 5.3b Contour plots of Supelco FAME mixture (A) and safflower oil (B) on P /
NP column set (SolGel-Wax / VF-5). Significant column bleed and peak tailing for
abundant components were observed under these conditions.
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5.2.3b. Separation of FAME on IL / IL column sets
As expected from the polarity scale, an IL111 / IL100 column set (Figure 5.4b. A)
provided very little spread of the 37 FAME in 2D space for the standard mixture,
most likely due to the similar separation mechanisms for these components on this
column set. However, when the polarity of the 2D column was decreased, the
components in the mixture increasingly spread over the 2D space as evidenced by
increased 2D retentions between saturated and polyunsaturated FAME (Figure 5.4b.
B-E). Not surprisingly, IL111 / IL59 (Figure 5.4b. E) gave the best spread of
components; wrap-around on a 1m x 0.1 mm ID 2D column was not excessive.
Interestingly, IL59 performed as a lower polarity column phase when coupled to the
IL111, giving a similar FAME profile as that on the SolGel-Wax / VF-5 column set
(Figure 5.3b. A), even though IL59 has similar polarity to SolGel-WAX.
In all cases, the modulation process in these examples was performed at the end of the
1

D IL111 column, rather than modulation at the beginning of the 2D column. The data

demonstrate that the IL111 phase appears to provide effective modulation of FAME,
since an average peak width at half height of about 150ms was obtained which is a
very efficient value for solutes that wrap-around. The study was extended to another 5
non-IL 2D column phases, all combined with IL111 as 1D column. It was observed
that retention of FAME on polar IL phase columns leads to significant reduction in
elution temperature (Te) compared to non-polar or moderately polar phases.
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Figure 5.4b Contour plots of Supelco FAME mixture obtained on IL111 column as
1

D column combined with IL100 (A), IL82 (B), IL76 (C), IL61 (D), and IL59 (E) as

2

D column. Increased spread of the FAME, thus better use of separation space

(increased orthogonality) was obtained when the 2D phase polarity decreased.
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As the 2D phase polarity decreased (Figure 5.5b.A-E), the retention on the 2D column
(2tR) increased, and may produce multiple wraparounds for later eluting FAME (i.e.
lower polarity FAME) on the least polar columns (BPX35 and BPX5). As a
consequence, the average w1/2 increased proportionally. The only way to counter this
is to have either very thin phase coatings (i.e. a very high phase ratio), or an
excessively short 2D column. On the other hand, the polar cyanopropyl BPX70 phase
produced only a small spread of the FAMEs, with a profile similar to the one obtained
for IL111 / IL76. Wax and BPX50 2D columns produced relatively good separation,
though still with appreciable wrap-around. Based on the best spread, with minimum
wrap-around, and good modulation (peak shape) across the whole 2D plot, the IL111 /
IL59 column set was selected as column set of choice for all further experiments. All
37 FAME in the Supelco mixture were well separated in less than 16 min, and their
location in the 2D separation space on this column set is presented in Figure 5.6b.
An interesting “exponential” trend of 2D retention of saturated FA on IL111 / BPX5
was observed (Figure 5.7b) when the original 2D plot in Figure 5.5b.E was
reconstructed by taking into account the known mixture composition and the possible
number of wraparounds. The FAME which showed one or more wraparounds were
placed in the corresponding 6-12 s, 12-18 s or 18-24 s panel, and removed from the
original 0-6 s panel. As the retention of higher carbon FAME increased, the peak
width increased proportionally, being 150 ms for C9:0, 250 ms for C15:0, to 600 ms
for C24:0. On the other hand, polyunsaturated FAME showed steady peak width of
about 120 ms throughout the chromatogram, due to their poor retention on the nonpolar BPX5 column under these conditions. The approximate exponential increase in
2

tR for the saturated FAME under moderately high temperature ramp of 8°C min-1 is

unusual in GC×GC and it is worth further study. Use of a second oven for
independent 2D column oven temperature programme ramping could possibly give
better spread and peak shape, and permit easier optimisation, but this is yet to be
explored since this option was not available for this study.
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Figure 5.5b Contour plots of Supelco FAME mixture obtained on IL111 column as
1

D column combined with BPX70 (A), INNOWax (B), BPX50 (C), BPX35 (D), and

BPX5 (E) as 2D columns. The column set in E appears to exhibit too much separation
with much wrap-around.
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Figure 5.7b Reconstructed 2D time corresponding to the IL111/BPX5 column set
data shown in Figure 5.5b.E.
5.5
These data are simply based on the 2D positions of the
peaks in the panel shown in Fig
Figure 5.5b.E,, translated to respective panels from 6-12,
6
12-18 or 18-24
24 s, and removed from the original 0-6
0 s panel.
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Based on the separation between C15:1 and C16:0 (these two solutes co-elute on the
1

D IL111 column phase at about 8.5 min, refer to Figure 5.4b and Figure 5.5b) the

following separation magnitudes were observed on the 2D columns when coupled
with IL111:
IL100<IL82<IL76<BPX70<IL61<IL59<Wax<BPX50<BPX35<BPX5.
The IL111 / IL59 column set was additionally applied for separation of FAME in
safflower oil and linseed oil (Figure 5.8b. A and B). Excellent separation of major
C18 isomers was obtained for safflower and linseed oils, and considerably less peak
broadening for these abundant FAME was obtained compared with a non polar / polar
column set observed above. Also a considerably greater number of other FAMEs
were also detected at the injected concentration; it is possible to inject higher
concentrations without excessive broadening of major components, and so this
enhances minor component delivery to the column, and their detection. A number of
FAMEs were detected and reported for the first time in safflower oil, such as C17:0,
C17:1, and C22:6n3. Figure 5.8b A and B clearly demonstrates that C20:0 is
completely separated from the highly abundant C18:2 component, which co-elutes on
the 1D column, owing to the excellent modulation and narrow peaks of the major C18
isomers. It is common to use polar column phases in the 1D separation of FAME, but
on these columns co-elution of polyunsaturated fatty acids (PUFA) of lower carbon
number often overlap with saturated and monounsaturated FAME of higher carbon
number, which can lead to confounded elution overlaps. GC×GC overcomes this
problem by locating FAME with different degrees of unsaturation at different 2tR
positions: the spread on 2D space is based on two complementary separation
mechanisms. Fatty acid methyl esters of carbon number less than C10:0 were not able
to modulate well, due to the isothermal temperature of modulation applied (60°C).
However, no FAMEs lower than C14:0 were detected in the analysed samples.
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Figure 5.8b Contour plots of safflower oil (A), linseed oil (B) on the IL111 / IL59
column set.
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5.2.4b. Method performance
5.2.4.1b. Reproducibility
Reproducibility of peak area for the most abundant FAME in analysed samples was
calculated from 5 replicates at two different concentrations (25 ppm and 250 ppm).
The results are given in Table 5.1b. Generally, an RSD of <10% has been obtained for
saturated and unsaturated fatty acids.
5.2.4.2b. Limit of detection (LOD)
Limit of detection (LOD) was calculated as the lowest FAME concentration which
gives signal-to-noise ratio of 3, and limit of quantification (LOQ) as the concentration
which gives S/N of 10. Similar LOD and LOQ were obtained for most of the FAMEs
due to their structural similarities. The results are given in Table 5.1b.
5.2.4.3b. Linearity
Linearity was checked across the concentration range 62.5ppm–1000 ppm of FAME,
at 5 different concentration levels. Excellent linear correlation was obtained for all
FAMEs, with coefficients ranging from 0.998 to 0.999 (Table 5.1b).
Safflower oil and linseed oil samples were quantitatively analysed using the proposed
method. Amongst the prior reported FAME in safflower oil, several other unreported
FAMEs were detected in the samples. This includes C15:0, C17:0, C17:1 and
C22:6n3. The list of detected FAME in safflower oil with their abundances is given in
Table 5.2b. The combination of IL111 / IL59, with fast elution on the very polar first
column, and suitable elution performance on the rather polar IL59 (without too much
wrap-around) contributes to the fast overall analysis time of just above 15 min.
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Table 5.1b Method performance parameters obtained from 5 replicates at two
different concentrations (RSD), or from 5 different concentration levels
(linearity, r2, LOD).
FA

linearity equation*

r2

C16:0
C18:0
C18:1
C18:2
C18:3

y=0.000471x+0.012
y=0.000467x-0.019
y=0.000585x-0.012
y=0.000166x+0.000
y=0.000162x+0.002

0.999
0.998
0.999
0.999
0.999

RSD (%)#
25 ppm

250 ppm

9.0
9.8
7.4
7.8
9.0

3.4
9.5
7.6
4.6
8.4

LOD (mg L-1)
1.9
3
3
5.2
5.2

* y = relative response area of the modulated peaks for each solute vs. that for internal
standard; x = concentration of total FAME level, not accounting for each individual
FAME.
The small slope arises from the relatively high internal standard amount (100 mg L-1).
# RSD

are given for solution concentrations of approximately 2x and 20x LOD

Table 5.2b List of FAME detected or quantified in selected safflower oil samples.
Fatty acids in bold have not been reported previously in this type of oil.

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17

Fatty Acid
Myristic Acid (C14:0)
Pentadecanoic Acid (C15:0)
Palmitic Acid (C16:0)
Palmitoleic Acid (C16:1
Heptadecanoic Acid (C17:0)
Ginkgolic acid (C17:1)
Stearic Acid (C18:0)
Oleic Acid (C18:1)
Linoleic Acid (C18:2)
Linolenic Acid (C18:3)
Arachidic Acid (C20:0)
Eicosadienoic Acid (C20:2)
Eicosatrienoic Acid (C20:3)
Behenic Acid (C22:0)
Docosahexaenoic Acid (C22:6n3)
Lingoceric Acid (C24:0)
Nervonic Acid (C24:1)
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5.3b. Discussion
The results indicated that non polar/polar column set used for GC×GC separation of
FAME gave a good spread of the constituents of the 37 FAMEs mixture over the 2D
separation space, without component co-elution. Similar to the work of
Tiyapongpattana et al. (2008), long runtime and appropriate modulation temperature
control was needed for best modulation, i.e. narrowest peaks on the 2D column. The 75°C offset from the oven temperature gave the best peak shape across the 2D
separation space, slightly higher than that reported in the previous study (-50°C)
(Tiyapongpattana et al., 2008). However this column set was unable to separate the
major constituents in safflower and linseed oil. The high abundance of C18 isomers in
both samples and the consequent inability of the short, low capacity 2D column
prevented their separation to baseline within a PM of 5–6 s. A similar problem using a
similar column set was observed in the previous work (Tiyapongpattana et al., 2008).
The column set comprising SolGel-WAX /VF-5 again gave good separation for the
standard also better separation of major FAME in safflower oil. However, high
column bleed due to the low temperature limit (260°C) SolGel-WAX column
prevents elution of high mass FAME, and interferes with detection of lower
concentration FAME, especially later eluting ones where the bleed is substantial.
All commercially available ionic liquid columns are claimed to be polar, with polarity
of the least polar (SLB-IL59, Supelco, Bellefonte, USA) comparable to that of
polyethylene glycol (Wax-type) columns. According to the Sigma-Aldrich polarity
scale (Harynuk et al., 2006) the polarity of the most polar SLB-IL111 column exceeds
the polarity of the most polar classical GC column phase. The opportunity to exploit
IL column phases in the GC×GC experiment offers potential possibilities for
optimisation, and can contribute to understanding of GC×GC orthogonality so as to
maximise the independence of separation mechanisms on both 1D and 2D columns.
Although IL columns have been reported in combination with other stationary phase
columns, including for FAME separation (Delmonte et al., 2011), the present study
employs combinations where an IL phase is coupled with another IL phase. This is
due to the relatively large polarity differences between the IL phases, even though all
IL phases themselves are classified as polar. The McReynold’s constants for IL
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phases (Supelco data) are reported to be IL59 (2624), IL61 (2710), IL76 (3379), IL82
(3638), IL100 (4437) and IL111 (4938). By comparison, a 5% phenyl column is about
252 and a Wax phase about 2324 (Supelco phase data).
In all cases, the modulation process in these examples was performed at the end of the
1

D IL111 column, rather than modulation at the beginning of the 2D column. This

offered some advantages during the study. First, modulation on the 1D column
eliminates the effect of phase differences on the modulation efficiency when different
2

D column phases are tested, so separation on the 2D column is unbiased and purely

dependant on phase retention. Second, it simplifies changing 2D columns because
they do not have to be fed through the modulator. Finally, data demonstrate that the
IL111 phase appears to provide effective modulation of FAME, since an average peak
width at half height of about 150ms was obtained which is a very efficient value for
solutes that wrap-around. The study was extended to another 5 non-IL 2D column
phases, all combined with IL111 as 1D column. Note that the retention of FAME on
polar IL phase columns leads to significant reduction in elution temperature (Te)
compared to non-polar or moderately polar phases, in similar manner to polar
cyanopropyl phases (Bozan et al., 2008). This suggests that the very high polarity
IL111 phase may exhibit excessive polarity difference when coupled with very low
polarity 2D phases (e.g. a 5% phenyl phase), owing to the low Te of FAME on the
IL111 phase and consequent high retention factor of non-polar solutes . Fatty acid
methyl esters with carbon number less than C10:0 were not able to modulate well, due
to the isothermal temperature of modulation applied (60°C). In this case, the
difference in elution temperature and modulator temperature (TM) was too small (ca.
∆T 60°C). Further TM optimisation (i.e. by using a lower TM) could possibly produce
better modulation for these low molar mass FAMEs, but it will require TM adjustment
to a higher setting for the rest of the FAME.
Representative samples from safflower oil and linseed oil were quantitatively
analysed using the proposed method. For the previously reported FAME, there is a
good agreement with the composition of safflower oil (Bozan and Temelli, 2008).
Even though quantitative data were not determined for FAME in other samples, it is
demonstrated here that the proposed method offers a fast profiling approach for
FAME in a variety of samples, which includes safflower oil and linseed oil.
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columns,

even

though

exhibiting

a

polar

nature,

showed

interesting‘orthogonality’trends when coupled in the GC×GC experiment, for
separation of FAME mixtures. The greatest spread of components in 2D space applies
especially to the case where the highest (IL111) and the lowest (IL59) polarity IL
columns were coupled, in this case as an IL111 / IL59 column set. The spread of
components on the 2D column (IL59) was excellent even at a moderately high
temperature ramp of 8°C/min, which resulted in a fast overall runtime of less than 16
min. In contrast to a NP / P column set which demonstrates poor separation of the
major constituent C18 FAME isomers, the IL111 / IL59 column set succeeded in
separating them in a short time for a complex mixture. In addition, detection of many,
less abundant fatty acids, can be readily reported. Several new FAMEs were reported
in safflower oil for the first time.
Method performance was validated on a 37-component FAME mixture. Excellent
linearity, peak area reproducibility and LOD were obtained. The proposed method
was successfully applied for analysis of FAME derivatives in several samples of
safflower oil and linseed oil. Good agreement with prior results was obtained for
abundances of the most important FA in safflower oil. The method is especially
attractive for samples where some components are of large abundance (safflower oil,
linseed oil) and with low abundant FAME present.
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6.1. Concluding chapter
This is the first study regarding the role of PGPR in combination with different doses
of chemical fertilizers with the perspective to biodiesel production. Results of two
crops both in safflower and canola showed that chemical fertilizers can be
supplemented with PGPR to improve plant growth and yield mediated by increase in
the production of IAA and GA, improved protein content, photosynthetic pigment and
enhanced leaf area. These PGPRs improved the soil fertility status by making the N
and P available to growing plants as evidenced by increase in urease and phosphatase
activity. The release of bond P from the soil can be enhanced by the phosphatase
activity which was improved by Azospirillum supplemented with half dose of
chemical fertilizers. The volatilization of urea is the main problem in soil and this
problem can be mitigated by urease activity which was enhanced by the Azotobacter
supplemented with quarter dose of chemical fertilizers (Figure 6.1). The lower doses
of chemical fertilizers favor the survival efficiency of microbes which increased the
nitrogen uptake by improving the urease activity and plant growth. Positive effects of
Azotobacter supplemented with half and quarter doses of chemical fertilizers on root
proliferation demonstrate the increased nutrient supply to the plant and their
implication under drought stress. Root length was positively correlated with soil
urease activity and it is evident that increase in urease activity in SPQ and BTQ
treatments provides optimum nitrogen contents to the plant which helps in root
proliferation and increase in root length. Maximum increase in oil contents was
recorded by Azospirillum in combination with half dose of chemical fertilizers and
this increase might be due to increase in endogenous level of phytohormones which
were enhanced by Azospirillum and Azotobacter in combination with half and quarter
doses of chemical fertilizers. The oil and biodiesel quality parameters such as iodine
value, acid value, specific gravity, refractive index, saponification number and free
fatty acid contents were markedly improved by Azospirillum and Azotobacter
supplemented with half and quarter doses of chemical fertilizers and these variables
are positively linked with increase in biodiesel yield (15%) as compared to chemical
fertilizers and PGPR alone. Fatty acid profile plays an important role in biodiesel
quality because monounsaturated fatty acids (C18:1) improved the oxidation stability
and storage properties and were significantly improved by Azospirillum in
combination with half dose of chemical fertilizers with concomitant decrease in
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polyunsaturated fatty acids. The seed crude protein was improved by Azotobacter in
combination with quarter dose of chemical fertilizers and the respective treatment also
induced some new bands of high molecular weight (130 KDa and 100 KDa) which
were absent in control. Similarly, Azotobacter also showed significant decrease in
glucosinolate content which is undesirable oil constituent in canola. The amino acids
such as metheonine, tyrosine, histidine, glutamic acid and phenylalanine were also
significantly improved by Azospirillum supplemented with quarter dose of chemical
fertilizers and Azotobacter supplemented with half dose of chemical fertilizers with
concomitant decrease in erucic acid contents by Azospirillum inoculation in canola.
The amino acids such as phenylalanine provide defence to the plant against a variety
of pathogens and consequently improved plant growth whereas; seed meal nutrients
viz. Ca+2, K+ were significantly improved by Azospirillum and Azotobacter in
combination with half dose of chemical fertilizers respectively. Safflower seed meal is
an important source of nutrients, vitamins and protein and can be utilized as animal
feed, bird food and as a source of biofertilizers for sustainable agriculture. In this way
PGPR supplemented with half and quarter doses of chemical fertilizers increased the
plant growth and yield with improved oil quality by increasing monounsaturated fatty
acid as well as acid value, iodine value, free fatty acid etc. for sustainable biodiesel
production (Figure 6.1).
During protocol optimization experiment it was found that 0.5% was the optimum
catalyst concentration at which maximum biodiesel yield was obtained at 65°C under
60 min reaction time with minimum refractive index. The physicochemical properties
of biodiesel were according to the ASTM standard values.
In addition GCxGC is a precise technique for separation, identification and
quantification of fatty acid which are complex and present in high amount as in the
case of safflower. The use of ionic liquid columns in the current investigation was of
utmost important as the combination of IL111 / IL59 column set provided excellent
separation even at a moderately high temperature ramp of 8°C/min, which resulted in
a fast overall runtime of less than 16 min. The method is precise and rapid for the
fatty acid analysis along with separation of C18 FAME isomers. Several new fatty
acids (C17:0, C17:1) were reported in safflower oil for the first time.

207

Chapter# 6

Concluding chapter

The cost benefit ratio is an important aspect to evaluate the comparative efficiency of
PGPR verses chemical fertilizers. In the present investigation application of PGPR
reduces the chemical fertilizers upto 50%–75% in order to obtain optimum growth
and yield of safflower and canola.
6.1.1. Safflower oil biodiesel Economy
Efforts are being made to evaluate the economic feasibility of safflower oil biodiesel
which depends upon the cost of feedstock, cost of processing technology, market
factor and other attributes related to biodiesel production. The price of petro-diesel in
Pakistan is 0.91 U.S dollar/L and the rough estimation of the cost of laboratory scale
biodiesel production from safflower oil is 1.2 U.S dollar/L. This cost is higher to
some extent than the petro-diesel but the optimization of variables, use of cost
effective technologies for biodiesel production, by using the byproduct of biodiesel
such as glycerin and soap, seed cake as animal feed and as organic fertilizer and use
of other parts of safflower plant for other benefits can reduce the price of biodiesel.
Safflower is a neglected crop in Pakistan, therefore there is a need of large-scale
cultivation of safflower crop coupled with more research and advancements in
biodiesel technology and additional subsides from the government for producers may
lead to further reduction of the cost of this renewable green fuel.
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Figure 6.1 Concluding scheme of the experiments
↑ Symbol shows the increase or improvement of the parameter
↓ Symbol shows the decrease of the parameter
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6.2. Future perspective
On the basis of above discussion to improve the soil enzymes activity, plant growth
and feedstock quality for sustainable biodiesel production further investigations are
required.
1. The molecular mechanism of the plant microbe interaction to improve the oil
quantity and quality in particular the effect of PGPR on the biosynthesis of
lipids.
2. Evaluation of the varietal differences and their potential for biodiesel
feedstock production.
3. Use of barren land for oilseed crop production need to be implicated and the
role of Plant Growth Promoting Rhizobacteria to improve the feedstock
quantity and quality should be taken in account.
4. The use of non-edible oil and algae feedstock ensure the sustainability of
biodiesel production.
5. Possibility of utilization of seed meal for as a source of organic fertilizer
production may be explored.
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a b s t r a c t
Safflower oil is a complex mixture of C18 saturated and unsaturated fatty acids amongst other fatty
acids, and achieving separation between these similar structure components using one dimensional gas
chromatography (GC) may be difficult. This investigation aims to obtain improved separation of fatty
acid methyl esters in safflower oil, and their quantification using comprehensive two-dimensional GC
(GC × GC). Here, GC × GC separation is accomplished by the coupling of two ionic liquid (IL) column
phases: the combination of SLB-IL111 with IL59 column phases was finally selected since it provided
excellent separation of a FAME standard mixture, as well as fatty acids in safflower and linseed oil, compared to other tested column sets. Safflower oil FAME were well separated in a short run of 16 min. FAME
validation was demonstrated by method reproducibility, linearity over a range up to 500 mg L−1 , and
limits of detection which ranged from 1.9 mg L−1 to 5.2 mg L−1 at a split ratio of 20:1. Quantification was
carried out using two dilution levels of 200-fold for major components and 20-fold for trace components.
The fatty acids C15:0 and C17:0 were not reported previously in safflower oil. The SLB-IL111/IL59 column
set proved to be an effective and novel configuration for separation and quantification of vegetable and
animal oil fatty acids
© 2013 Elsevier B.V. All rights reserved.

1. Introduction
Vegetable oils contain fatty acids (FA) that are implicated in various biological functions [1,2], and their FA profile is an important
commercial parameter [3]. Safflower is an oil seed crop which has
unique oil properties because of its fatty composition. It represents
a rich source of polyunsaturated fatty acids (PUFA) which play a
fundamental role in growth, coronary heart disease prevention,
and reduction in the risk of high blood pressure and atherosclerosis
[4]. Another important application of safflower oil is as a potential
source of biodiesel; this is a renewable resource, and large scale
production ensures adequate supply as a biodiesel feedstock [5]; it
is composed of 75–80% linoleic acid, which improves the low temperature properties of biodiesel fuel. Rashid and Anwar [6] reported
that safflower biodiesel can be utilised effectively in ignition compression engines due to its good quality fatty acid composition.
Structural similarities of fatty acids, their molecular heterogeneity in a wide variety of food samples and feedstocks, and their
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0021-9673/$ – see front matter © 2013 Elsevier B.V. All rights reserved.
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different abundances make FA profiling a challenging task. Gas
chromatography (GC) is by far the most commonly used analytical procedure for FA analysis, usually after conversion into their
corresponding methyl esters (FAME). Non-polar (NP) and midpolarity columns give good FAME separation according to their
carbon number but they lack separation of positional and geometric isomers of unsaturated FA [7,8]. Polar columns (P) give better
separation of the aforementioned isomers within a given carbon
number, and are now the most common column type employed
for this purpose [8,9]. Recently, several applications have appeared
in the literature on using ionic liquid columns [7–9] as the most
polar stationary phases commercially available, even though some
of them were applied for C18 [10,11] or C22 isomers separation
[12]. The IL columns have shown equal or better selectivity towards
FAME positional and geometric isomers of unsaturated FA than
the most widely used cyanopropyl columns [9], reportedly with
column bleed reduction [7]. However, as phase polarity increases,
FAME differing in their number of carbons and number, geometric
configuration and/or position of double bonds increasingly overlap, so again co-elution is obtained. Longer columns can address
this problem, but the initial column cost and long run time are
drawbacks.
Multidimensional GC (MDGC) is an alternative method to overcome co-elutions and potentially delivers improved separation for
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selected groups of analytes [13]. However, the limited number
and frequency of targeted regions analysed in a single run limits the applicability of MDGC due to the time requirement for
the completion of each heart-cut on the 2 D column before the
subsequent heart-cut. Comprehensive two-dimensional gas chromatography (GC × GC) achieves bi-dimensional separation across
the whole sample, with good peak capacity, and an enhanced sensitivity arising from cryogenic or flow zone compression. The unique
feature of structurally related elution of compounds within the 2D
chromatograms is an oft-stated benefit [14,15]. Now a modulation
process introduces focussed analyte bands to a second dimension
(2 D) column for fast separation. The separation on the 2 D column
must finish before the next 1 D portion is introduced, otherwise
wrap-around occurs which leads to polar and non-polar analyte
overlap in the 2D space. Both NP/P [7,11,16,17] and P/NP column
combinations have been applied [11,17]. While a NP/P column set
gives excellent separation of multicomponent standard mixtures
[16], or for moderately abundant major components, it may fail at
separation of complex samples containing several geometric and
positional isomers of unsaturated FAME, as is the case for safflower
oil and linseed oil. IL columns, either as a 1 D or as a 2 D column, have
already been applied to GC × GC of fatty acids [7,11], essential oils
[18,19], and other applications [20–22]. An excellent review covering the application of ionic liquid columns in MDGC and GC × GC
has been recently published [23].
Here a fast GC × GC method is proposed based for the first time
to the best of our knowledge on two ionic liquid columns for FAME
profiling in different samples. The method has been applied to
selected samples where the separation of very abundant isomers
is required. Method parameters (linearity, limit of detection and
reproducibility) were validated.
2. Experimental
2.1. Chemicals and reagents
Dichloromethane (DCM), methanol, n-hexane (all chromatography grade), boron trifluoride-methanol reagent (12.5%, for
GC derivatisation), nonadecanoic acid methyl ester and sodium
chloride (99.0%) were purchased from Supelco (Sigma–Aldrich,
Bellefonte, PA) while sodium hydroxide pellets were purchased
from Merck (Darmstadt, Germany). A 37-component FAME mixture
(Supelco, p/n 47885-U) was used for method optimisation and validation, where the individual FAME concentrations were between
2% and 6% of the total FAME concentration. The original 10 mg mL−1
(total FAME) concentration was progressively diluted with DCM to
six concentrations in the range 30–1000 mg L−1 . Note that the concentrations were recorded in terms of total FAME, rather than for
the individual FAME, and so each individual FAME will be 0.6–20.0;
1.2–40.0, or 1.8–60 mg L−1 depending on their composition in the
mixture.
2.2. Safflower oil extraction and sample preparation
Safflower seeds were extracted by Soxhlet apparatus using hexane as a solvent, according to the AOCS Ag 1–65 method [24].
Safflower and linseed FAME were prepared according to the
AOCS standard method Ce 2-66 [25]. A stock solution of nonadecanoic acid methyl ester (C19:0) was prepared at 1000 mg L−1
in DCM, and further diluted to 100 mg L−1 for use as an internal
standard (IS). Equal volumes of IS and FAME at various concentrations (20× and 200× dilutions) were mixed just before GC injection.
Fish oil and butter samples were prepared according to Chin et al.
[26]. The upper hexane layer was collected and diluted by 200-fold
for GC analysis.
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2.3. Instrumentation
A range of different ionic liquid columns (SLB-IL59, SLB-IL61,
SLB-IL76, SLB-IL82, SLB-IL100, SLB-IL111, all from Supelco) were
used to investigate the IL/IL arrangement. IL111 was used as the 1 D
column in all cases. For the final analytical method, the most polar
commercially available ionic liquid column IL111 (30 m × 0.25 mm;
0.20 mm) was used as 1 D, and the least polar IL59 (1 m × 0.1 mm;
0.08 mm) was used as the 2 D column in the IL/IL column set. FAME
were eluted under a moderately high temperature ramp: an initial temperature of 100 ◦ C was held for 1 min and then increased to
230 ◦ C at a rate of 8 ◦ C min−1 . The injector and detector temperatures were 250 ◦ C and 260 ◦ C, respectively.
Different modulation periods (4 s, 5 s, 6 s, and 8 s) and modulation temperatures (30 ◦ C, 60 ◦ C and 90 ◦ C isothermal) were applied
to determine best separation during the optimisation stage. FID
acquisition rate was set at 50 Hz. One microlitre aliquots of samples or standard mixtures were injected at 20:1 split ratio. Agilent
Chemstation was used for data acquisition and processing, an
in-house application for data conversion, and Fortner Transform
(Fortner, Inc., Savoy, IL) for data visualisation (2D plots). Accurate
mass analysis of FAME in safflower oil samples was performed on
an Agilent 7200 Q-TOF mass spectrometer.

3. Results and discussion
3.1. Separation of FAME on IL/IL column sets
Although IL columns have been reported in combination with
other stationary phase columns, including for FAME separation [9],
the present study employs combinations where an IL phase is coupled with another IL phase. This is possible due to the relatively
large polarity differences between the IL phases, even though all
IL phases themselves are classified as polar. IL phase polarities
are available on the Sigma-Aldrich website [27]. For IL phases the
following McReynold’s constants (Supelco data) have been determined IL59 (2624), IL61 (2710), IL76 (3379), IL82 (3638), IL100
(4437) and IL111 (4938). By comparison, a 5% phenyl column is
characterised by a McReynold’s constant of about 252 and a Wax
phase about 2324 (Supelco phase data).
As expected from the polarity scale, an IL111/IL100 column
set (Fig. 1A) provided very little spread of the 37 FAME over the
2D space for the standard mixture, most likely due to the similar separation mechanisms for these components on this column
set. However, when the polarity of the 2 D column was decreased,
the components in the mixture increasingly spread over the 2D
space as evidenced by increased 2 D retentions between saturated
and polyunsaturated FAME (Fig. 1B–E). Not surprisingly, IL111/IL59
(Fig. 1E) gave the best spread of components; wrap-around on a
1 m × 0.1 mm ID 2 D column was not excessive. Interestingly, IL59
functions as a lower polarity column phase when coupled to the
IL111, giving a similar FAME profile as that on the SolGel-WAX/VF-5
column set (data not shown), even though IL59 has similar polarity
to SolGel-WAX. Certainly, phase selectivity also influences component spread, but this is out of scope of this communication.
In all cases, the modulation process in these examples was performed at the end of the 1 D IL111 column, rather than modulation at
the beginning of the 2 D column. Data demonstrate that the IL111
phase appears to provide effective modulation of FAME, since an
average peak width at half height of about 150 ms was obtained –
which is a very efficient value for solutes that wrap-around. Based
on the best spread, with minimum wrap-around, and good modulation (peak shape) across the whole 2D plot, the IL111/IL59 column
set was selected as column set of choice for all analytical sample
analyses. All 37 FAME in the Supelco mixture were well separated
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Fig. 1. Contour plots of Supelco FAME mixture obtained on IL111 column as 1 D column combined with (A) IL100, (B) IL82, (C) IL76, (D) IL61, and (E) IL59 as 2 D columns.
Increased spread of the FAME, thus better use of separation space (increased degree
of orthogonality) is obtained when the 2 D phase polarity decreased. Each panel has
a range of 0–6 s for 2 D retention.

Fig. 3. Contour plots of Supelco FAME mixture obtained on IL111 column as 1 D
column combined with (A) BPX70, (B) INNOWax, (C) BPX50, (D) BPX35, and (E) BPX5
as 2 D columns. The column sets in D and E appear to exhibit too much separation
with excessive wrap-around. Each panel has a range of 0–6 s for 2 D retention.

in less than 16 min, and their location in the 2D separation space
on this column set is presented in Fig. 2.
The study was extended to another 5 non-IL 2 D column phases,
all combined with IL111 as 1 D column. Note that the retention
of FAME on polar IL phase columns leads to significant reduction
in elution temperature (Te ) compared to non-polar or moderately
polar phases, in similar manner to polar cyanopropyl phases [28].
This suggests that the very high polarity IL111 phase may exhibit

excessive polarity difference when coupled with very low polarity
2 D phases (e.g. a 5% phenyl phase), owing to the low T of FAME on
e
the IL111 phase and consequent high retention factor for non-polar
solutes.
As the 2 D phase polarity decreased (Fig. 3A–E), the retention on
the 2 D column (2 tR ) increased, and may produce multiple wraparounds for later eluting FAME (i.e. lower polarity FAME) on the
least polar columns (BPX35 and BPX5). As a consequence, the average peak width at half height (wh ) increased proportionally. The
only way to counter this is to have either very thin phase coatings
(i.e. a very high phase ratio), or an excessively short 2 D column. On
the other hand, the polar cyanopropyl BPX70 phase produced only a
small spread of the FAME, with a profile similar to the one obtained
for IL111/IL76. Wax and BPX50 2 D columns produced relatively
good separation, though still with appreciable wrap-around.
An interesting “exponential” trend in the 2 D retention values of
saturated FA on IL111/BPX5 was observed (Fig. 4), when the original 2D plot in Fig. 3E was reconstructed by taking into account
the known mixture composition and the possible number of wraparounds. This is mimicked by the Cx:1 FAME series. FAME located
in the panel 0–6 s were already wrapped around once. FAME which
showed more than one wrap-around were placed in the corresponding 6–12 s, 12–18 s or 18–24 s panels, and removed from
the original 0–6 s panel. As the retention of higher carbon FAME
increased, the peak width at half-height (wh ) increased proportionally, being 150 ms for C9:0, 250 ms for C15:0, and 600 ms for
C24:0. Polyunsaturated FAME showed peak widths similar to those
of saturated FAME with similar 2 tR values. Thus both C14:1 and

Fig. 2. Contour plot of Supelco FAME mixture on IL111/IL59 column set. All 37
FAME were baseline separated in just over 15 min. C4:0, C6:0 and C8:0 do not fit the
saturated FAME trend because they are not modulated well under these conditions.
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Fig. 4. Reconstructed 2 D time corresponding to the IL111/BPX5 column set data
shown in Fig. 3E. These data are simply based on the 2 D positions of the peaks in the
panel shown in Fig. 3E, translated to respective panels from 6–12, 12–18 or 18–24 s,
and removed from the original 0–6 s panel. Amount injected in the column was
approximately 1 ng per component.

C20:5 had wh of about 150 ms; C23:1 had wh ∼ 450 ms. From these
data, it can be estimated that C24:0 FAME had a theoretical plate
number of up to 11,000, assuming that its 2 tR is about 27 s. This
is an excellent efficiency for the 1 m column. On this column set,
FAME C15:0 and C14:1 both with 1 tR ∼ 8.5 min have a difference
in 2 tR of about 2.15 s, and Rs ∼ 6.6, corresponding to the vertical
displacement between the Cx:0 and Cx:1 lines. The approximate
exponential increase in 2 tR for the saturated FAME under the moderately high temperature ramp of 8 ◦ C min−1 is unusual in GC × GC
and it is worth further study. It may be partly contributed by a
reduced flow velocity as T increases. Use of a second oven for independent 2 D column oven temperature programme incrementing
could possibly give better spread and peak shape, and permit easier optimisation, but this has not been explored since this option
was not available for this study. Given the excessive 2 tR for FAME
with the IL111/BPX5 set, this suggests that these phases exhibit
too disparate polarity, although one might believe that they ‘maximise orthogonality’. In this case, using BPX5 without wrap-around
would require a much shorter 2 D column, a much thinner 2 df film
[29], or a longer or more retentive (or thicker film) 1 D column.
Based on the vertical separation between C14:1 and C15:0
(these two solutes co-elute on the 1 D IL111 column phase at about
8.5 min, refer to Figs. 1 and 3) the following separation magnitudes
were observed on the 2 D columns when coupled with IL111:
IL100 < IL82 < IL76 < BPX70 < IL61 < IL59 < Wax < BPX50
< BPX35 < BPX5.
The IL111/IL59 column set was additionally applied for separation of FAME in safflower oil, linseed oil, fish oil and butter
(Fig. 5A–D). Excellent separation of major C18 FAME was obtained
for safflower and linseed oils, and considerably less peak broadening for these abundant FAME was obtained compared with a
NP/P column set observed (data not shown). Also a considerably
greater number of other FAME were also detected at the injected
concentration; it is possible to inject higher concentrations without
excessive broadening of major components, and so this enhances
minor component delivery to the column, and their detection. Two

Fig. 5. Contour plots of (A) safflower oil, (B) linseed oil, (C) butter, and (D) fish oil
sample on the IL111/IL59 column set. Panels A and B have a range of 0–6 s, and
panels C and D a range of 0–4 s for 2 D retention. C19:0 is added to the safflower and
linseed oil samples as an internal standard.

FAME (C15:0 and C17:0) were detected and reported for the first
time in safflower oil. The identification was confirmed using accurate mass time-of-flight mass spectrometry. Fig. 5A and B clearly
demonstrates that C20:0 is completely separated from the highly
abundant C18:2 component, which co-elutes on the 1 D column,
owing to the excellent modulation and narrow peaks of the major
C18 isomers. It is common to use polar column phases in the 1D
separation of FAME, but on these columns co-elution of polyunsaturated fatty acids (PUFA) of lower carbon number often overlap with
saturated and monounsaturated FAME of higher carbon number,
which can lead to confounded elution overlaps. GC × GC overcomes
such problems by locating FAME with different degrees of unsaturation at different 2 tR positions: the spread in 2D space is based on
two complementary separation mechanisms.
3.2. Method performance
Repeatibility of peak area for the most abundant FAME in analysed samples was calculated from 5 replicates at two different
concentrations (25 mg L−1 and 250 mg L−1 ). The results are given in
Table 1. Generally, an RSD of <10% has been obtained for saturated
and unsaturated fatty acids.
Limit of detection (LOD) was calculated as the FAME concentration which gives signal-to-noise ratio of 3, and limit of
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Table 1
Method performance parameters (linearity, r2 , LOD) obtained from 5 replicates at two different concentrations (RSD), or from 5 different concentration levels.
FAME

Linearity equation*

r2

C16:0; palmitic
C18:0; stearic
C18:1; oleic
C18:2; linoleic
C18:3; linolenic

y = 0.000471x + 0.012
y = 0.000467x − 0.019
y = 0.000585x − 0.012
y = 0.000166x + 0.000
y = 0.000162x + 0.002

0.999
0.998
0.999
0.999
0.999

RSD (%)#

LOD (mg L−1 )

2× LOD

20× LOD

9.0
9.8
7.4
7.8
9.0

3.4
9.5
7.6
4.6
8.4

0.16
0.16
0.16
0.21
0.21

#

RSD are given for solution concentrations of approximately 2× and 20× LOD.
y = relative response area of the modulated peaks for each solute vs. that for internal standard; x = concentration of total FAME level, not accounting for each individual
FAME. The small slope arises from the relatively high internal standard amount (100 mg L−1 ).
*

Table 2
List of FAME detected or quantified in selected safflower oil samples, with their
relative amounts. Concentrations less than 0.2% are not reported. Fatty acids in bold
have not been reported previously in this type of oil.
Fatty acid
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17

Myristic acid (C14:0)
Pentadecanoic acid (C15:0)
Palmitic acid (C16:0)
Palmitoleic acid (C16:1)
Heptadecanoic acid (C17:0)
Ginkgolic acid (C17:1)
Stearic acid (C18:0)
Oleic acid (C18:1)
Linoleic acid (C18:2)
Linolenic acid (C18:3)
Arachidic acid (C20:0)
Eicosadienoic acid (C20:2)
Eicosatrienoic acid (C20:3)
Behenic acid (C22:0)
Docosahexaenoic acid (C22:6n3)
Lingoceric acid (C24:0)
Nervonic acid (C24:1)

Concentration (%)

4–6.39

2–3.6
10–15.83
73–79
0.4–0.7
0.2–0.3

mixtures. The greatest spread of components in 2D space applies
to the case where the highest and the lowest polarity IL columns
were coupled, in this case as an IL111/IL59 column set. The spread
of components on the 2 D column (IL59) was excellent even at a
moderately high temperature ramp of 8 ◦ C min−1 , which resulted
in a fast overall runtime of less than 16 min. In addition, detection
of many, less abundant fatty acids, can be readily determined, and
two new FAME were reported in safflower oil for the first time.
Method performance was validated on a 37-component FAME
mixture. Excellent linearity, peak area repeatability and LOD were
obtained. The proposed method was successfully applied for analysis of FAME derivatives in several food samples (safflower oil,
linseed oil, fish oil, butter). Good agreement with prior results
was obtained for abundances of the major FA in safflower oil. The
method is especially attractive for samples where some components are of large abundance (as in safflower oil and linseed oil),
and with low abundant FAME present.
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quantification (LOQ) as the concentration which gives S/N of 10.
Similar LOD and LOQ were obtained for most of the FAME due to
their structural similarities. The results are given in Table 1. Lower
LOD/LOQ could be obtained if splitless instead of split mode of
injection was applied.
Linearity was checked across the concentration range
1.25–60 mg L−1 for different individual FAME, at 5 different
concentration levels. Excellent linear correlation was obtained
for all FAME, with coefficients ranging from 0.998 to 0.999 (see
Table 1).
Representative samples from safflower oil and linseed oil were
quantitatively analysed using the proposed method. Amongst the
prior reported FAME in safflower oil, two other unreported FAME
were detected in almost all samples and unambiguously identified
using high resolution MS. This includes C15:0 (0.3 ppm mass accuracy) and C17:0 (−0.4 ppm mass accuracy) for their corresponding
molecular ions. Even though quantitative data were not determined
for FAME in other samples, it is demonstrated here that the proposed method offers a fast profiling approach for FAME in a variety
of food and related samples, which includes safflower oil, linseed
oil, fish oil and butter. Data for safflower oil generally agreed with
previous data [30]. The combination of IL111/IL59, with fast elution
on the very polar first column, and suitable elution performance on
the rather polar IL59 (without too much wrap-around) contributes
to the fast overall analysis time of just above 15 min (Table 2).
4. Conclusion
Ionic liquid columns, even though all exhibited a polar nature,
showed interesting trends in their degree of ‘orthogonality’ when
coupled in the GC × GC experiment, for separation of FAME
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The Role of Plant Growth Promoting Rhizobacteria on
Oil Yield and Biodiesel Production of
Canola (Brassica napus L.)
A. Nosheen,1 A. Bano,1 and F. Ullah1
1

Department of Plant Sciences, Quaid-i-Azam University Islamabad, Islamabad, Pakistan

The aim of the present investigation was to compare the effects of chemical fertilizers and plant
growth promoting rhizobacteria viz. Azospirillum andAzotobacter on seed yield, oil content, and oil
quality of canola (Brassica napus L.) var. Pakola pertaining to biodiesel production. Azospirillum and
Azotobacter were applied as broth culture prior to sowing, while chemical fertilizers viz. urea and
Diamonium phosphate were applied @ 185 Kg/hec and 160 Kg/hec, respectively. The first dose of
chemical fertilizers was applied at the time of sowing, while another three doses were applied at
40 day intervals. Chemical fertilizers significantly increased number of branches plant 1 , number of
siliqua branch 1, number of seeds siliqua 1 , and total seed yield. However, significant increase in
1,000 seed weight was observed in Azospirillum treatment. Maximum increase in seed oil content
was recorded in Azotobacter treatment. Chemical fertilizers and Azospirillum significantly increased
seed protein content and decreased oil acid value and free fatty acid (%FFAs) content as compared
to the control. Significantly lower glucosinolate and moisture content were recorded in Azotobacter
treatment. Significantly higher oleic acid (C18:1) content was observed in Azospirillum treatment.
Maximum alpha linolenic acid (C18:3) content was found in Azotobacter treatment. Azospirillum
significantly decreased the erucic acid (cis-13-docosenoic acid, C22:1) content. The oil extracted
from seeds of chemical fertilizers and Azospirillum-treated plants exhibited maximum (93 and 92%,
respectively) conversion to methyl esters as a result of transesterification reaction.
Keywords: biodiesel, canola, chemical fertilizers, oil yield, plant growth promoting rhizobacteria

INTRODUCTION
In recent times, worldwide depletion of fossil fuel supplies and increased environmental concerns
has stimulated recent interest in alternative resources for petroleum-based diesel. One such alternative is biodiesel produced from animal or vegetable fats (Mehar et al., 2006). It does not
increase the level of carbon dioxide in the atmosphere and is biodegradable (Barnwal and Sharma,
2005). The production of biodiesel from edible vegetable oils, such as canola, soybean, corn, and
sesame, has been found to be a good substitute for diesel (Lang et al., 2001; Freedman et al.,
1986; Ahmad et al., 2010). It is usually produced by the transesterification of vegetable oils
or animal fats with short chain alcohols (Knothe et al., 2006). While studying the kinetics of
Address correspondence to Prof. Asghari Bano, Department of Plant Sciences, Quaid-i-Azam University Islamabad,
Islamabad, Pakistan. E-mail: asgharibano@yahoo.com
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transesterification, reaction temperature near 60ıC for methanol and 6:1 molar ratio of alcohol to
soybean oil were recommended by Freedman et al. (1984). However, the preparation of biodiesel
from edible vegetable oil is expensive because of its extensive utilization in food products. This
problem could be addressed by increasing the potential and quality of oil-yielding plants. The
use of plant biomass as a source of biodiesel must, therefore, involve not only cost-effective
agricultural production with minimal inputs, but also efficient chemical conversion into liquidor gaseous-phase compounds, which retain sufficient calorific value and other engine-compatible
properties (Davies et al., 2010).
Chemical fertilizers play an important role in improving the yield of oil seed crops. But
recently there have been some reports that excessive and repeated use of chemical fertilizers may
indulge the soil, ground water, and pollute even the atmosphere (Kennedy and Tchan, 1992) These
problems have renewed public interest in exploring alternative or supplementary non-polluting
sources of N-fertilizers, such as the biofertilizers (Bloemberg et al., 2000).
Biofertilizers are usually composed of plant growth promoting rhizobacteria, which are applied
to the seed surfaces or the interior of the plant. They improve the growth by enhancing the
accessibility of the host plant to primary nutrients. They are the alternate sources to meet
the nutrient requirement of crops. In recent years, biofertilizers have emerged as a promising
component of integrating a nutrient supply system in agriculture. Shehata and El-Khawas (2003)
reported that oil contents and seed yield in sunflower significantly increased in response to a
biofertilizer application as compared to the control. Information is lacking on the effects of
bioinoculants/biofertilizers on the oil quality of seeds pertaining to biodiesel production. The
present investigation was aimed to compare the effects of Azospirillum, Azotobacter, and chemical
fertilizers on yield and oil quality of canola (Brassica napus L.) pertaining to biodiesel production.
MATERIAL AND METHOD
A field experiment was conducted in the Department of Plant Sciences, Quaid-i-Azam University
Islamabad. A plot size of 3  3 m2 was used with randomized complete block design and
four replications. Seeds of canola (Brassica napus L.) cv. Pakola, obtained from the National
Agricultural Research Center (NARC), Islamabad, were surface sterilized prior to sowing with
95% ethanol and 0.1% mercuric chloride (HgCl2) and subsequently washed in sterile water.
Treatments were: T0 control (without inoculation and without urea and Diamonium phosphate);
T1 (Azospirillum); T2 (chemical fertilizers: urea 160 kg/hec C Diamonium Phosphate 185 kg/hec);
and T3 (Azotobacter).
The Azospirillum and Azotobacter were applied as seed inoculation @ 106 cells/ml. The first
dose of chemical fertilizers was applied at the time of sowing, while the other three doses
were applied at 40-day intervals. The irrigations were applied as required. Soil samples were
collected prior to cultivation and analyzed for phosphorus content according to Soltanpur and
Workman (1979). The exchangeable KC1 and MgC2 were extracted according to Lanyon and
Heald (1982), while MnC2 , ZnC2 , CuC3 , Ni, CoC3 , and FeC2 were extracted with a solution
of diethylenetriaminepentaacetic acid (DTPA) (Lindsay and Norvell, 1978) and then determined
by means of the atomic absorption spectrophotometer. Seed oil content was estimated by NMR
(nuclear magnetic resonance) test (Robertson and Morrison, 1979). The oil was extracted in a
Soxhlet extractor (AOAC, 1960). The oil acid value and saponification number were determined
according to AOCS (1997). The specific gravity was determined by the method of Pearson (1980)
using a density bottle. For quantification of fatty acids, an oil sample (50–100 mg) was converted
into its fatty acid methyl esters. The methyl esters of the fatty acids (0.5 l) were analyzed in
a gas chromatograph (Shimadzu QP 5050) equipped with a flame ionizing detector and a fused
silica capillary column (MN FFAP (50 m  0.32 mm i.d.; film thickness 0.25 m). Helium was
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utilized as carrier gas. The column temperature was kept at 110ı C for 0.5 min, heated to 200ıC
at 10ı C/min, and then maintained for 10 min. The temperatures of the injector and detector were
set at 220 and 250ıC, respectively.
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Biodiesel Preparation
The biodiesel was prepared via base catalyzed transesterification (Freedman et al., 1986). The oil
to methanol ratio was 1:6. The basic catalyst NaOCH3 (0.5%) was utilized while the temperature
was 60ıC during the reaction process. After 1 h of the completion of transesterification reaction,
the glycerin produced was allowed to settle down and the biodiesel phase was separated and
subsequently washed with distilled water to remove traces of catalyst and soap produced. The
biodiesel produced was dried in a rotary evaporator at 40ıC and 120 rpm for 30 min.
The biodiesel yield was determined as % conversion of vegetable oil to biodiesel (w/w) (Rashid
and Anwar, 2008).
Statistical Analysis
The data was analyzed statistically by analysis of variance (Steel and Torrie, 1980) technique and comparison among mean values of treatments was made by Duncan’s multiple range test (Duncan, 1955).

RESULTS AND DISCUSSION
The nutrient status of soil used for cultivation of canola is presented in Table 1.
The results presented in Table 2 revealed that chemical fertilizers significantly increased the
number of branches per plant, number of siliqua per branch, number of seeds siliqua 1 , and
total seed yield as compared to the control. Nonetheless, the effects of chemical fertilizers and
Azospirillum on number of branches plant 1 were statistically similar at P < 0:05. A significantly
higher increase (10%) in 1,000 seed weight was observed in Azospirillum treatment, while the
maximum (48%) seed oil content was recorded in Azotobacter treatment.
The increase in number of branches plant 1 , number of siliqua, and number of seeds per siliqua
in response to N2 application has been reported in canola (Cheema et al., 2001). Azospirillum
treatment also showed a 58% increase in number of branches plant 1 as compared to the control.
These results are in accordance to that of Yasari and Patwardhan (2007) who reported an increase in
number of branches plant 1 in biofertilizer treated plants as compared to the control. Azospirillum
is free living N2 fixing bacteria that secrete some biologically active substances, such as vitamins,
nicotinic acid, biotin, gibberellins, etc., in the plant rhizosphere, which enhances the root growth
and results in better plant growth (Kader, 2002).
The chemical fertilizer significantly increased the total seed yield, which might be due to
an adequate supply of nitrogen improving the production of siliqua per plant and consequently
resulting in higher yield. This might be due to an increased supply of N, which is a necessary
nutrient in the production of plant dry matter and several metaboil pathways (FeiBo et al., 1998).
TABLE 1
Macro and Micronutrients (g/g) Analysis of Soil Used for Cultivation of Canola Crop
Ca2C

K1C

Mg2C

Na1C

Cu3C

Fe2C

MnC2

NiC2

CoC3

ZnC2

CrC3

P

23

11.64

0.53

5.3

0.08

0.64

6.2

0.05

0.15

0.59

0.02
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TABLE 2
Effect of Azospirillum, Azotobacter, and Chemical Fertilizers on Number of Branches Plant1 , Number of Siliqua
Branch 1 , Number of Seed Siliqua 1 , Seed Yield (Kg/h), 1,000 Seed Weight (g), and Seed Oil Content (%)
of Canola (Brassica napus L.). Urea and DAP Were Applied @ 160 and 185 kg/ha, Respectively

Treatments

No. of
Branches
Plant 1

Control
Azospirillum
Urea C DAP
Azotobacter

4.050
6.800
7.450
4.300

c
ab
a
bc

No. of
Siliqua
Branch 1

No. of Seed
Siliqua 1

Seed
Yield,
Kg/h

37.25 b
42.20 b
54.20 a
41.50 b

20.05 b
23.38 b
28.98 a
21.17 b

409.7 b
559.2 b
1,176 a
453.1 b

1,000
Seed
Weight,
g
2.750
3.050
3.000
2.850

b
a
a
ab

Seed Oil
Contents,
%
44 c
46 b
45.4 c
48.3 a

Note: All such means that share a common English letter are similar, otherwise they differ significantly at p < 0:05.

Maximum 1,000 seed weight was found in Azospirillum-treated plants as compared to the control
and all other treatments. Shehata and El-Khawas (2003) reported that yield characters, such as
1,000 seed weight in sunflower were significantly increased due to application of each of the two
biofertilizers (Biogien and Microbein), either separately or in combination.
The increase in seed oil content by Azotobacter treatment is in accordance with findings of
those obtained by Kumar (1994), who found that Azotobacter chroococcum isolate 103 and its
mutant Mac 27 and Mal 27 improved oil yield in Brassica juncea. Chemical fertilizer treatment
also showed a significant increase in seed oil content as compared to the control. Similar results
were obtained by Yasari and Patwardhan (2007) who reported maximum oil content in canola by
the application of biofertilizer and chemical fertilizers.
Chemical fertilizers and Azospirillum treatments significantly decreased oil acid value and free
fatty acid content. Nevertheless, the effects of chemical fertilizers and Azospirillum treatments
on acid value and free fatty acid contents were statistically similar at P < 0:05. Azospirillum
decreased oil specific gravity by 1% and increased the oil pH, while the effects of other treatments
were non-significant (Table 3).
Chemical fertilizers and Azospirillum significantly increased seed protein content than the
control. All of the treatments decreased the glucosinolate content. Nonetheless, significantly lower
glucosinolate and moisture content was recorded in Azotobacter treatment (Table 4).

TABLE 3
Effect of Azospirillum, Azotobacter, and Chemical Fertilizers on Acid
Value (mgKOH/g), Free Fatty Acids (%), and Specific Gravity (g/cm3 )
of Canola (Brassica napus L.). Urea and DAP Were Applied
@ 160 and 185 kg/hec, Respectively

Treatments
Control
Azospirillum
Urea C DAP
Azotobacter

Acid Value,
mgKOH/g
2.5
1.7
1.6
2.3

a
b
b
a

Free
Fatty
Acids, %
1.2
0.9
0.8
1.1

a
b
b
a

Specific
Gravity,
g/cm3
0.91 a
0.901 a
0.908 a
0.91 a

Note: All such means that share a common English letter are similar,
otherwise they differ significantly at p < 0:05.
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TABLE 4
Effect of Azospirillum, Azotobacter, and Chemical Fertilizers on
Seed Glucosinolate, Moisture, and Protein Content of
Canola (Brassica napus L.). Urea and DAP Were
Applied @ 160 and 185 kg/hec, Respectively

Treatment

Downloaded by [INASP - Pakistan (PERI)] at 10:21 18 July 2013

Control
Azospirillum
Urea C DAP
Azotobacter

Glucosinolate
Content

Moisture
Content

Protein
Content

41.0 a
39.53 a
39.23 a
35.0 b

5.2 b
5.7 a
5.03 b
4.53 c

20.36 b
22.43 a
22.6 a
20.36 b

Note: All such means that share a common English letter are similar,
otherwise they differ significantly at p < 0:05.

All the treatments altered the relative proportion of major fatty acids. Significantly higher
oleic acid (C18:1) content was observed in Azospirillum treatment. Maximum alpha linolenic acid
(C18:3) was found in the oil of Azotobacter treatment. Azospirillum significantly decreased the
erucic acid (cis-13-docosenoic acid, C22:1) content (Table 5).
The oil extracted from seeds of chemical fertilizers and Azospirillum treated plants exhibited
maximum conversion to methyl esters as a result of transesterification reaction. The oil obtained
from plants supplemented with chemical fertilizers exhibited 93% conversion to methyl esters;
this was in contrast to 92% conversion to methyl esters following Azospirillum inoculation
(Figure 1).
The fatty acid composition of vegetable oil significantly affects the quality and quantity of
biodiesel. Transesterification does not change the fatty acid composition of feedstock resources
and this composition plays a significant role in determination of the some important parameters of
the biodiesel, such as cetane number and cold flow properties. The highly unsaturated vegetable
oil yields biodiesel with low cetane numbers, which is of prime importance in determination
of biodiesel quality. Similarly, the presence of monounsaturated fatty acids, particularly oleic
acid, gave a higher cetane value to biodiesel of olive oil (Ramos et al., 2009). Stability of
fatty compounds is decreased by factors, such as presence of air, peroxides, light, or structural
formulation of the compounds themselves and usually by the presence of double bonds (Bajpai and
Tyagi, 2006). The oxidation stability of fatty acids decreases with an increase in polyunsaturated

TABLE 5
Effect of Azospirillum, Azotobacter, and Chemical Fertilizers on Fatty
Acid Composition of Canola (Brassica napus L.). Urea and DAP
Were Applied @ 160 and 185 kg/hec, Respectively

Treatment
Control
Azospirillum
Urea C DAP
Azotobacter

Oleic Acid
(C18:1)

Linolenic Acid
(C18:3)

Erucic Acid
(C22:1)

55 b
57 a
56 a
54 b

10.5 b
9.0 d
10.0 c
11.0 a

28 a
25 c
26 b
29 a

Note: All such means that share a common English letter are similar,
otherwise they differ significantly at p < 0:05.
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methyl esters (McCormick et al., 2007). Similarly, fuels with higher saturated fatty acid content
develop operation problems, such as settling of wax and plugging of filters and fuel lines when
temperatures during the night approach 10 and 15ıC (Dunn and Bagby, 1996). Therefore,
the most economical and effective way to improve low flow temperature properties of biodiesel
is optimization of fatty acid composition of raw material (Durrett et al., 2008). Azospirillum
improved the content of oleic acid, which is considered as an ideal fatty acid for biodiesel
production, and decreased the content of polyunsaturated fatty acids, which might contribute for
the production of better quality biodiesel with a higher cetane number. The increase in biodiesel
yield byAzospirillum and chemical fertilizers would probably be due to their noticeable effects
on oil acid value as shown by content of free fatty acids (% oleic acid). A similar increase in
biodiesel yield of soybean was found by Nosheen et al. (2009) when inoculated with biofertilizers
(Biopower and Biozote) as compared to the control. The presence of free fatty acids in vegetable
oil significantly decreases the methyl ester yield in alkali catalyzed transesterification reactions.
The presence of free fatty acids results in soap formation, and higher quantities of basic catalyst
are required to neutralize them. The resulting soap causes an increase in viscosity or formation
of gels that interferes in the reaction as well as with separation of glycerol. This neutralization of
free fatty acids in vegetable oil can be achieved only by using oils with low acid value (Freedman
et al., 1984).

CONCLUSION
It is inferred from the present investigation that Azospirillum is more effective than Azotobacter in
both oil yield and biodiesel yield. The seed yield and seed size (measured as 1,000 seed weight)
was not significantly affected by Azotobacter as compared to the control, but the glucosinolate
content, which is undesirable oil constituent, was significantly decreased following Azotobacter
inoculation. Azospirillum, in parallel with chemical fertilizer, has significantly changed the seed
weight, seed oil, and protein content but reduced erucic acid and improved the quality of biodiesel
by decreasing the free fatty acids and acid value of oil.
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Rooting characteristics significantly affect the water-use patterns and acquirement of nutrient for any
plant species. Plant growth promoting rhizobacteria improve the plant growth by a variety of ways like
the production of phytohormones, nitrogen fixation, phosphate solubilization and improvement in root
morphology etc, and are also useful in cutting down the cost of chemical fertilizers. The present
investigation was carried out to determine the comparative effect of plant growth promoting
rhizobacteria (PGPR), Azospirillum brasilense, Azotobacter vinelandii and Pseudomonas stutzeri, either
alone or in combination with different doses of chemical fertilizers [full dose (Urea at 60 kg ha-1 and
DAP at 30 kg ha-1), half dose (Urea 30 kg ha-1 and DAP 15 kg ha-1) and quarter dose (Urea 15 kg ha-1 and
-1
DAP 7.5 kg ha )] on root morphology and root distribution pattern of safflower (Carthamus tinctorius L.)
viz. cvv. Thori and Saif-32 in the soil. The PGPR were applied as seed inoculation at 106 cells/ml prior to
sowing. P. stutzeri either alone or in combination with full dose of chemical fertilizers, was highly
effective in increasing the root area in cv. Saif-32, whereas, the percent increase due to A. brasilense
was comparable to that of treatment with full dose of chemical fertilizers. P. stutzeri inoculation resulted
in significantly higher root length in both the cultivars. Significantly, higher root width (54%) of cv. Thori
was observed in treatment receiving inoculation with A. vinelandii and supplemented with half dose of
chemical fertilizers, whereas maximum root width of cv. Saif-32 was recorded in treatment
supplemented with half dose of chemical fertilizers. It is inferred that PGPR inoculation especially those
of A. brasilense and P. stutzeri either alone and more so in combination with half dose of chemical
fertilizers, are highly effective in improving root morphology and growth in safflower.
Key words: Root area, safflower, plant growth promoting rhizobacteria (PGPR), root growth, chemical
fertilizers.
INTRODUCTION
Plant growth promoting rhizobacteria (PGPR) are freeliving soil-borne bacteria that colonize the rhizosphere
and when applied to seed or crops, enhance the growth
of plants (Kloepper et al., 1980). They have been
reported to increase the percentage seed germination,
emergence, shoot growth, root growth, total biomass of
the plants, induce early flowering and increase the grain
yield (Van-Loon et al., 1998; Ramamoorthy, 2001). These
improvements in growth attributes of plants caused by
PGPR are brought about due to their potential of nitrogen
fixation and production of phytohormones like auxin,
gibberellins, cytokinin, and phosphate solubilization,

*Corresponding author. E-mail: banoasghari@gmail.com.

resulting in the availability of nutrients to plants and
increase in roots permeability (Enebak and Carey, 2000).
As a primary target, root is the organ that shows the
first stimulating bacterial effects. This was particularly
remarkable in plants inoculated with Azospirillum spp.
(Okon, 1985). Plant growth promoting rhizobacteria have
been reported for altering the root architecture of plants
(Mantelin et al., 2006). Auxin, a phytohormone, is
considered to positively affect the growth of roots.
However, the auxin mutants were found to retain the
capacity to elongate their root hairs when inoculated by
PGPR (Desbrosses et al., 2009).
Previous experiments showed that inoculation with
Azospirillum markedly improved yields, which were
accompanied by better water and mineral uptake and
remarkable positive alterations in the growth and
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morphology of root (Creus et al., 2004; Dobbelaere et al.,
2001). The mechanisms involved in root distribution can
be measured by quantifying root length, diameter and
surface area (Gamalero et al., 2002). Therefore, an
increase in the degree of branching of roots associated
with improved root morphology would contribute to a
better plant growth and ultimately greater yields.
Safflower has been grown from a long of time for its
colorful petals, which was used in food coloring and
flavoring agent, as a source of vegetable oils and also for
preparing textile dye in the Far East, Central and
Northern Asia and European Caucasian (Esendal, 2001).
Regarding the human health and nutritional physiology,
vegetable oil is one of the fundamental components in
foods that have important functions. Consumers have
demanded healthier oils, naturally low in saturated fats.
From this perspective, safflower has received a lot of
importance as a source of vegetable oil. The seeds of
safflower contain 35 to 50% oil, 15 to 20% protein and 35
to 45% hull fraction (Rahamatalla et al., 2001). This plant
is considered as a drought tolerant crop, which is capable
of obtaining moisture from levels not available to the
majority of crops (Weiss, 2000). Safflower can also be
grown successfully on soil with poor fertility and in areas
with relatively low temperatures (Koutroubas and
Papakosta, 2005). Safflower is also being used as a
source of alternative fuel (biodiesel) these days.
The current investigation was therefore aimed to compare the effect of PGPR, either alone or in combination
with different doses of chemical fertilizers, on root growth
and morphology of safflower.
MATERIALS AND METHODS
The experiment was carried out in complete randomized design
(CRD) at the Department of Plant Sciences, Quaid-i-Azam
University, Islamabad. Certified seeds of Safflower cv. Thori and
Saif 32 were obtained from National Agriculture Research Centre
(NARC), Islamabad. The seeds were sown in plastic pots (11 × 8
cm2) filled with autoclaved (temperature 121°C and pressure 15
Pascal) loamy soil and sand in 1:1 ratio under controlled sterilized
conditions in a growth chamber (16 h light period at 24°C, 8 h dark
period at 18°C and 60% relative humidity) and watered with
autoclaved sterilized water. Seedlings were harvested after one
month of sowing.

Method of seed inoculation
The seeds of safflower were surface sterilized with 95% ethanol
followed by soaking in 10% clorox with intermittent stirring for 5 min
and subsequently washed three times with sterilized distilled water.
The Azospirillum brasilense (isolated from rhizosphere of wheat),
Azotobacter vinelandii Khsr1 (isolated from roots of Chrysopogon
aucheri) and Pseudomonas stutzeri Khsr3 (isolated from the roots
of Solanum surattense) was applied as seed inoculation at106
cells/ml and the number of bacterial colonies/seed were measured
4 × 105.
For inoculum preparation, 24 h old fresh cultures were inoculated
in 100 ml broth of Luria-Bertani media (LB), kept on shaker (Excell
E24, New Brunswick Scientific Incubator shaker Series, New

Gersey, USA) for 72 h at 120 rpm and centrifuged for 10 min at
10,000 rpm. Supernatant was discarded and pellet was diluted with
distilled water up to 100 ml and then optical density was measured
at 600 nm wavelength. Sterilized seeds were soaked in culture for 4
h and then sown.
Chemical fertilizers were applied in the form of urea (source of
nitrogen) and diammonium phosphate (DAP) (source of
phosphorus) at 60 kg ha-1 and 30 kg ha-1, respectively. The
fertilizers were applied at the time of sowing in the form of aqueous
solution. The mode of application / treatments is shown in Table 1.
Parameters studied
The plants were harvested after one month of sowing and root
morphology was determined using ‘Root Law’ (Washington State
University) software. The phytohormone production (IAA and GA
etc.) and the capabilities of the respective PGPR viz. A. brasilense,
A. vinelandii and P. stutzeri were demonstrated by Ilyas and Bano
(2010), Naz et al. (2009) and Naz and Bano (2010), respectively.

Statistical analysis
The data were analyzed statistically by Statistix version 8.1
technique and comparison among mean values of treatments was
made by Duncan’s Multiple Range Test (Duncan, 1955).

RESULTS AND DISCUSSION
A dynamic root system is important for regulating the
availability of water to the plant (Toorchi et al., 2002).
This spatial allocation of roots and their biomass in the
soil are the greater determinants of the ability of crops to
gain the nutrients and water essential for growth (Li et al.,
2006). During the current investigation, it was observed
that in cv. Thori, all the treatments significantly increased
the root area; however, maximum increase (90, 91 and
90%) was recorded in P. stutzeri alone when supplemented with half and quarter doses of chemical fertilizers,
respectively (Figure 1). Nevertheless, quarter dose of
chemical fertilizers and inoculation with A. brasilense
showed similar results (88 and 87%) as compared to
untreated control. These results indicate the positive role
of PGPR in enhancing root growth, which may counteract
the fertilizer effect. However, the inoculation of A.
brasilense along with application of half and quarter
doses of chemical fertilizers markedly improved (79 and
61%) the root area than un-inoculated control. The
impact of A. vinelandii and P. stutzeri co-inoculation was
more pronounced (86%) than that of A. brasilense and A.
vinelandii co-inoculation, which was 51% greater with
both treatments, compared with untreated control,
respectively. In case of cv. Saif-32, significant increase in
root area was observed in almost all the treatments
except A. brasilense + quarter dose of chemical
fertilizers. Whereas, inoculation with P. stutzeri along with
full dose of chemical fertilizers exhibited maximum (47%)
increase in root area. Furthermore, A. brasilense and A.
vinelandii significantly increased the root area by 33 and
39% when inoculated with half dose of chemical
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Table 1. Treatment of seeds of safflower.

Treatment
Control (Without inoculation and without chemical fertilizers)
Chemical fertilizers full dose (Urea 60 kg ha-1 and DAP 30 kg ha-1)
-1
-1
Chemical fertilizers half dose (Urea 30 kg ha and DAP 15 kg ha )
-1
-1
Chemical fertilizers quarter dose (Urea 15 kg ha and DAP 7.5 kg ha )
Azospirillum brasilense
A. brasilense + full dose of chemical fertilizers (Urea 60 kg ha-1 and DAP 30 kg ha-1)
A. brasilense + half dose of chemical fertilizers (Urea 30 kg ha-1 and DAP 15 kg ha-1)
-1
-1
A. brasilense + quarter dose of chemical fertilizers (Urea 15 kg ha and DAP 7.5 kg ha )
Azotobacter vinelandii
A. vinelandii + full dose of chemical fertilizers (Urea 60 kg ha-1 and DAP 30 kg ha-1)
-1
-1
A. vinelandii + half dose of chemical fertilizers (Urea 30 kg ha and DAP 15 kg ha )
-1
-1
A. vinelandii + quarter dose of chemical fertilizers (Urea 15 kg ha and DAP 7.5 kg ha )
A. brasilense + A. vinelandii
Pseudomonas stutzeri
P. stutzeri + full dose of chemical fertilizers (Urea 60 kg ha-1 and DAP 30 kg ha-1)
P. stutzeri + half dose of chemical fertilizers (Urea 30 kg ha-1 and DAP 15 kg ha-1)
P. stutzeri + quarter dose of chemical fertilizers (Urea 15 kg ha-1 and DAP 7.5 kg ha-1)
P. stutzeri + A. vinelandii
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Figure 1. Effect of A. brasilense, A. vinelandii, P. stutzeri and chemical fertilizers on root area (cm3) of
safflower viz. cvv. Thori and Saif-32. The experiment was carried out in pots with three replicates. All
such means which share a common English letter are similar; otherwise differ significantly at P<0.05.
C, Control; CFF, chemical fertilizers full dose (Urea 60 kg ha-1 and DAP 30 kg ha-1); CFH, chemical
fertilizers half dose (Urea 30 kg ha-1 and DAP 15 kg ha-1); CFQ, Chemical fertilizers quarter dose
(Urea 15 kg ha-1 and DAP 7.5 kg ha-1); SP: A. brasilense, SPF, A. brasilense +full dose of chemical
fertilizers (Urea 60 kg ha-1 and DAP 30 kg ha-1); SPH, A. brasilense + half dose of chemical fertilizers
(Urea 30 kg ha-1 and DAP 15 kg ha-1); SPQ, A. brasilense + quarter dose of chemical fertilizers (Urea
15 kg ha-1 and DAP 7.5 kg ha-1); BT, A. vinelandii; BTF, A. vinelandii + full dose of chemical fertilizers
(Urea 60 kg ha-1 and DAP 30 kg ha-1); BTH, A. vinelandii + half dose of chemical fertilizers (Urea 30
kg ha-1 and DAP 15 kg ha-1); BTQ, A. vinelandii + quarter dose of chemical fertilizers (Urea 15 kg ha-1
and DAP 7.5 kg ha-1); SPBT, A. brasilense + A. vinelandii; P, P. stutzeri; PF, P. stutzeri + full dose of
chemical fertilizers (Urea 60 kg ha-1 and DAP 30 kg ha1); PH, P. stutzeri + half dose of chemical
fertilizers (Urea 30 kg ha-1 and DAP 15 kg ha-1); PQ, P. stutzeri + quarter dose of chemical fertilizers
(Urea 15 kg ha-1 and DAP 7.5 kg ha-1); PBT, P. stutzeri + A. vinelandii

Abbreviation
C
CFF
CFH
CFQ
SP
SPF
SPH
SPQ
BT
BTF
BTH
BTQ
SPBT
P
PF
PH
PQ
P BT
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Figure 2. Effect of A. brasilense, A. vinelandii, P. stutzeri and chemical fertilizers on root length (cm) of safflower viz. cvv.
Thori and Saif-32. The experiment was carried out in pots in three replicates. All such means which share a common
English letter are similar; otherwise differ significantly at P<0.05. C, Control; CFF, chemical fertilizers full dose (Urea 60
kg ha-1 and DAP 30 kg ha-1); CFH, chemical fertilizers half dose (Urea 30 kg ha-1 and DAP 15 kg ha-1); CFQ, chemical
fertilizers quarter dose (Urea 15 kg ha-1 and DAP 7.5 kg ha-1 ); SP: A. brasilense, SPF, A. brasilense +full dose of
chemical fertilizers (Urea 60 kg ha-1 and DAP 30 kg ha-1); SPH, A. brasilense + half dose of chemical fertilizers (Urea 30
kg ha-1 and DAP 15 kg ha-1); SPQ, A. brasilense + quarter dose of chemical fertilizers (Urea 15 kg ha-1 and DAP 7.5 kg
ha-1); BT, A. vinelandii; BTF, A. vinelandii + full dose of chemical fertilizers (Urea 60 kg ha-1 and DAP 30 kg ha-1); BTH,
A. vinelandii + half dose of chemical fertilizers (Urea 30 kg ha-1 and DAP 15 kg ha-1); BTQ, A. vinelandii + quarter dose of
chemical fertilizers (Urea 15 kg ha-1 and DAP 7.5 kg ha-1); SPBT, A. brasilense + A. vinelandii; P, P. stutzeri; PF, P.
stutzeri + full dose of chemical fertilizers (Urea 60 kg ha-1 and DAP 30 kg ha1); PH, P. stutzeri + half dose of chemical
fertilizers (Urea 30 kg ha-1 and DAP 15 kg ha-1); PQ, P. stutzeri + quarter dose of chemical fertilizers (Urea 15 kg ha-1
and DAP 7.5 kg ha-1); PBT, P. stutzeri + A. vinelandii.

fertilizers. A. brasilense treatment improved 30 and 17%
root area as compared to P. stutzeri and A. vinelandii,
respectively.
Results presented in Figure 2 showed that root length
was higher in cv. Saif-32 as compared to cv. Thori. It was
found that root length was significantly enhanced by all
treatments in both the varieties. Among chemical fertilizer
treatments (Figure 4), maximum root length was recorded
in treatment supplemented with quarter dose of chemical
fertilizers in both the cultivars. It was also observed that
root length of safflower was gradually increased by
decreasing the dose of chemical fertilizers. A. brasilense
improved the root length of both cultivars; maximum
response being shown by cv. Saif-32 (Figure 9). In cv.
Thori, the inoculation effects of A. brasilense (Figure 5)
were more pronounced when applied alone rather than

its application along with different doses of chemical
fertilizers. In the same cultivar, inoculation effects of A.
brasilense on root length were more pronounced (70%)
than A. vinelandii (Figure 6). The co-inoculation of A.
brasilense and A. vinelandii caused 76% improvement in
root length than un-inoculated control, whereas
inoculation with P. stutzeri exhibited 84% increase in root
length. However, the application of chemical fertilizers
along with P. stutzeri (Figure 7) did not improve further
the root length. The treatment having co-inoculation of A.
brasilense and A. vinelandii showed 29% higher root
length than co-inoculation of P. stutzeri and A. vinelandii.
In cv. Saif-32, the impact of A. brasilense on root length
was greater than cv. Thori, having 84% higher root length
than untreated control. The inoculation with A. brasilense
along with quarter dose of chemical fertilizers showed
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Figure 3. Effect of A. brasilense, A. vinelandii, P. stutzeri and chemical fertilizers on root width (cm)
of safflower viz. cvv. Thori and Saif-32. The experiment was carried out in pots with three replicates.
All such means which share a common English letter are similar; otherwise differ significantly at
P<0.05. C, Control; CFF, chemical fertilizers full dose (Urea 60 kg ha-1 and DAP 30 kg ha-1); CFH,
chemical fertilizers half dose (Urea 30 kg ha-1 and DAP 15 kg ha-1); CFQ, chemical fertilizers quarter
dose (Urea 15 kg ha-1 and DAP 7.5 kg ha-1); SP: A. brasilense, SPF, A. brasilense +full dose of
chemical fertilizers (Urea 60 kg ha-1 and DAP 30 kg ha-1); SPH, A. brasilense + half dose of
chemical fertilizers (Urea 30 kg ha-1 and DAP 15 kg ha-1); SPQ, A. brasilense + quarter dose of
chemical fertilizers (Urea 15 kg ha-1 and DAP 7.5 kg ha-1); BT, A. vinelandii; BTF, A. vinelandii + full
dose of chemical fertilizers (Urea 60 kg ha-1 and DAP 30 kg ha-1); BTH, A. vinelandii + half dose of
chemical fertilizers (Urea 30 kg ha-1 and DAP 15 kg ha-1); BTQ, A. vinelandii + quarter dose of
chemical fertilizers (Urea 15 kg ha-1 and DAP 7.5 kg ha-1); SPBT, A. brasilense + A. vinelandii; P, P.
stutzeri; PF, P. stutzeri + full dose of chemical fertilizers (Urea 60 kg ha-1 and DAP 30 kg ha1); PH,
P. stutzeri + half dose of chemical fertilizers (Urea 30 kg ha-1 and DAP 15 kg ha-1); PQ, P. stutzeri +
quarter dose of chemical fertilizers (Urea 15 kg ha-1 and DAP 7.5 kg ha-1); PBT, P. stutzeri + A.
vinelandii.

significantly greater (78%) root length than un-inoculated
control (Figure 9). Perhaps full dose of chemical fertilizer
+ PGPR inhibits root length. The inoculation with A.
vinelandii (Figure 10) caused 80% increase in root length
as compared to untreated control; which was 25% lower
than impact of A. brasilense. It was observed that root
length of cv.Saif-32 was further improved by application
of quarter dose of chemical fertilizers (Figure 8). It was
also observed that effect of P. stutzeri on root length
(Figure 11) was more pronounced (11%) than inoculation
with A. vinelandii. The results show that impact of coinoculation of A. brasilense and A. vinelandii on root
length was greater (19%) than co-inoculation of P.
stutzeri and A. vinelandii.
Roots with larger diameters (root width) result in
greater biomass of root (Eissenstat and Yanai, 2002),
whereas roots with smaller diameters result in root
system with greater surface area (Waisel and Eshel,
2002). Current results in Figure 3 showed that all the

treatments positively affected the root width. Maximum
(76%) root width was recorded in treatment having
inoculation with A. vinelandii and supplemented with
quarter dose of chemical fertilizers in cv. Thori. A.
brasilense supplemented with full and half dose of
chemical fertilizers significantly increased (64 and 54%)
root width as compared to control. The magnitude of
increase in root width by A. vinelandii supplemented with
half dose of chemical fertilizers and P. stutzeri
supplemented with quarter dose of chemical fertilizers
was 54 and 61% as compared to the control. A. vinelandii
and P. stutzeri co-inoculation improved (34%) root width
as compared to A. brasilense and A. vinelandii coinoculation (Figure 3). In the case of cv. Saif-32,
maximum increase (52%) in root width was recorded in
half dose of chemical fertilizers followed by full dose of
chemical fertilizers (40%). However, 45% increase was
recorded in A. brasilense supplemented with both full and
half dose of chemical fertilizers. Similarly, A. vinelandii
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Figure 4. Morphological variations shown in root architecture of safflower cv. Thori under
various treatments of chemical fertilizers (urea and DAP). The plants were harvested after
one month of sowing. C, Control ((without inoculation and chemical fertilizers); CFF,
chemical fertilizers full dose (Urea 60 kg ha-1 and DAP 30 kg ha-1); CFH, chemical
fertilizers half dose (Urea 30 kg ha-1 and DAP 15 kg ha-1); CFQ, chemical fertilizers
quarter dose (Urea 15 kg ha-1 and DAP 7.5 kg ha-1).

Figure 5. Morphological variations in root of safflower cv. Thori under various
treatments of A. brasilense alone and in combination with different doses of
chemical fertilizers (urea and DAP). The plants were harvested after one month
of sowing. SP, Azospirillum brasilense; SPF, A. brasilense + full dose of chemical
fertilizers (urea 60 kg ha-1 and DAP 30 kg ha-1); SPH, A. brasilense + half dose of
chemical fertilizers (urea 30 kg ha-1 and DAP 15 kg ha-1); SPQ,A. brasilense +
quarter dose of chemical fertilizers (urea 15 kg ha-1 and DAP 7.5 kg ha-1).
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Figure 6. Morphological variations in root of safflower cv. Thori under various
treatments of A. vinelandii alone and in combination with different doses of
chemical fertilizers (urea and DAP). The plants were harvested after one month of
sowing. BT, Azotobacter vinelandii; BTF, A. vinelandii + full dose of chemical
fertilizers (urea 60 kg ha-1 and DAP 30 kg ha-1); BTH, A. vinelandii + half dose of
chemical fertilizers (urea 30 kg ha-1 and DAP 15 kg ha-1); BTQ, A. vinelandii +
quarter dose of chemical fertilizers (urea 15 kg ha-1 and DAP 7.5 kg ha-1); SPBT,
A. brasilense+A. vinelandii.

Figure 7. Morphological variations in root of safflower cv. Thori under various
treatments of P. stutzeri alone and in combination with different doses of chemical
fertilizers (urea and DAP). The plants were harvested after one month of sowing.
P, Pseudomonas stutzeri; PF, P. stutzeri + full dose of chemical fertilizers (urea 60
kg ha-1 and DAP 30 kg ha1); PH, P. stutzeri + half dose of chemical fertilizers (urea
30 kg ha-1 and DAP 15 kg ha-1); PQ, P. stutzeri + quarter dose of chemical
fertilizers (urea 15 kg ha-1 and DAP 7.5 kg ha-1); PBT, P. stutzeri + A. vinelandii.
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Figure 8. Morphological variations shown in root architecture of safflower cv. Saif-32 under
various treatments of chemical fertilizers (Urea and DAP). The plants were harvested after one
month of sowing. C, Control (without inoculation and chemical fertilizers); CFF, chemical
fertilizers full dose (urea 60 kg ha-1 and DAP 30 kg ha-1); CFH, chemical fertilizers half dose
(urea 30 kg ha-1 and DAP 15 kg ha-1); CFQ, chemical fertilizers quarter dose (urea 15 kg ha-1
and DAP 7.5 kg ha-1).

Figure 9. Morphological variations in root of safflower cv. Saif-32 under various
treatments of A. brasilense alone and in combination with different doses of
chemical fertilizers (urea and DAP). The plants were harvested after one month
of sowing. SP, Azospirillum brasilense; SPF, A. brasilense + full dose of chemical
fertilizers (urea 60 kg ha-1 and DAP 30 kg ha-1); SPH, A. brasilense + half dose of
chemical fertilizers (Urea 30 kg ha-1 and DAP 15 kg ha-1); SPQ, A. brasilense +
quarter dose of chemical fertilizers (urea 15 kg ha-1 and DAP 7.5 kg ha 1).
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Figure 10. Morphological variations in root of safflower cv. Saif-32 under various
treatments of A. vinelandii alone and in combination with different doses of chemical
fertilizers (Urea and DAP). The plants were harvested after one month of sowing. BT,
Azotobacter vinelandii; BTF, A. vinelandii + full dose of chemical fertilizers (urea 60 kg ha-1
and DAP 30 kg ha-1); BTH, A. vinelandii + half dose of chemical fertilizers (urea 30 kg ha-1
and DAP 15 kg ha-1); BTQ, A. vinelandii + quarter dose of chemical fertilizers (urea 15 kg
ha-1 and DAP 7.5 kg ha-1); SPBT, A. brasilense +A. vinelandii.

Figure 11. Morphological variations in root of safflower cv. Saif-32 under
various treatments of P. stutzeri alone and in combination with different
doses of chemical fertilizers (urea and DAP). The plants were harvested
after one month of sowing. P, Pseudomonas stutzeri; PF, P. stutzeri + full
dose of chemical fertilizers (urea 60 kg ha-1 and DAP 30 kg ha1); PH, P.
stutzeri + half dose of chemical fertilizers (urea 30 kg ha-1 and DAP 15 kg
ha-1); PQ, P. stutzeri + quarter dose of chemical fertilizers (urea 15 kg ha-1
and DAP 7.5 kg ha-1); P BT: P. stutzeri + A.
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alone and in combination with full, half and quarter dose
of chemical fertilizers caused 27, 39, 24 and 35%
increase as compared to un-inoculated control. P. stutzeri
supplemented with full dose of chemical fertilizers
exhibited 35% increase in root width as compared to the
control. Moreover A. brasilense and A. vinelandii coinoculation resulted in 52% increase in root width as
compared to A. vinelandii and P. stutzeri co-inoculation.
The beneficial effects of PGPR on root growth have
been reported in wheat (Levanony and Bashan, 1989).
Previous studies showed that plant growth promotion
activity of Azospirillum was primarily related to its impact
on root growth and morphology (Okon, 1985). Similarly,
PGPR inoculation caused the production of lengthy root
hairs, stimulated the production of lateral roots, and
improved the root diameter and area respectively (Creus
et al., 2004; Dobbelaere et al., 1999). Maximum root
diameter was recorded in treatment having being
inoculated with A. vinelandii, establishing the production
of root system with greater biomass in cv. Thori, whereas
in the same variety, A. brasilense produced roots with
small width, indicating its potential role in improving the
root surface area. P. stutzeri was highly effective in
improving the root area and length in safflower. These
results are in agreement with previous findings of
Egamberdieva and Hoflich (2003) whose report showed
that inoculation of wheat with Pseudomonas caused
significant increase in root length and growth.
The production of phytohormones namely auxins,
cytokinins, and gibberellins, is the most commonly
invoked mechanism of plant growth promotion exerted by
PGPR (Garcı´a de Salamone et al., 2001). Among them,
auxins are thought to play the major role in the
development of root system. The PGPR investigated
during current investigation have been reported for their
production of phytohormones in the culture medium (Ilyas
and Bano, 2010; Naz et al., 2009; Naz and Bano, 2010),
which might have contributed to the improvement of the
rooting system of safflower. Pseudomonas and Azospirillum
has the potential to synthesize plant hormones that can
replace indole acetic acid (IAA) to stimulate root growth in
wheat
and
vegetable
soybean,
respectively
(Egamberdieva, 2010; Molla et al., 2001). Dobbelarere et
al. (1999) suggested that secretions of plant growth
promoting substances such as auxins, gibberellins and
cytokinins by the bacteria seem to be responsible for
these effects. Desbrosses et al. (2009) also reported that
auxin mutants were found to retain the capacity to
elongate their root hairs when inoculated by PGPR. The
inoculation effects of A. brasilense along with half dose of
chemical fertilizers were greater on root area than the
application of full dose of chemical fertilizers and without
inoculation of this PGPR strain. These results are in
agreement with previous findings of Okon and Kapulnik
(1986) that root surface area and length were increased
due to Azospirillum inoculation. This stimulatory effect of
PGPR inoculation might be due to increased rate of cell
division as reported in wheat’s root (Levanony and

Bashan, 1989).A. vinelandii markedly increased the root
diameter in safflower. This microbe has been reported for
the production of auxin and cytokinin in the culture
medium (Naz et al., 2009), which might have contributed
to increase in the root diameter in safflower because the
beneficial effects of auxin on root diameter have been
reported earlier (Christopher et al., 2004). It was
observed that cv. Saif-32 was more responsive to
Azospirillum inoculation than cv.Thori. These results are
also in agreement with previous findings that those
effects of Azospirillum on root growth are dependant on
the type of cultivar inoculated (Vande-Broek et al., 2000).
Similarly, Chanway et al. (1988) observed that the extent
of positive effects of the bacteria on plant growth varied
with the species or variety of the host plant.
Conclusion
It is inferred that A. brasilense and P. stutzeri are
effective PGPR strains that improved the root morphology of safflower as evidenced by their impact on root
area, length and diameter, respectively. It is therefore
recommended that inoculation with these PGPR, either
alone or more so in combination with half and quarter
doses of chemical fertilizers, could be highly beneficial in
improving the water and nutrient availability to safflower
plants. Moreover, the impact of selected PGPR strains
was different on two safflower cultivars. Therefore, before
the selection of PGPR strains for safflower there should
be screening of cultivars that benefit from association
with these beneficial microbes.
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POTENTIAL OF PLANT GROWTH PROMOTING RHIZOBACTERIA ON
SOIL HEALTH AND THEIR INTERACTION WITH CHEMICAL
FERTILIZERS
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ASIA NOSHEEN AND ASGHARI BANO*
Department of Plant Sciences Quaid-i-Azam University, Islamabad, Pakistan
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Abstract
The present investigation deals with the role of Plant Growth Promoting Rhizobacteria and chemical
fertilizers alone or in combination on urease, invertase and phosphatase activities of rhizospheric soil
and also on general impact on growth of safflower cvv. Thori and Saif-32. The PGPR (Azospirillum
brasilense and Azotobacter vinelandii) were applied at 106cells/mL as seed inoculation prior to sowing.
Chemical fertilizers were applied at full (Urea 60 Kg ha-1 and Diammonium phosphate (DAP) 30 Kg
ha-1), half (Urea 30 Kg ha-1 and DAP 15 Kg ha-1) and quarter doses (Urea 15 Kg ha-1 and DAP 7.5 Kg
ha-1) during sowing. The chemical fertilizers and PGPR enhanced urease and invertase activities of soil.
Presence of PGPR in combination with quarter and half doses of chemical fertilizers further augmented
their effect on soil enzymes activities. The soil phosphatase activity was greater in Azospirillum and
Azotobacter in combination with half dose of chemical fertilizers. Maximum increase in leaf
melondialdehyde content was recorded in full dose of chemical fertilizers whereas coinoculation
treatment exhibited significant reduction in cv. Thori. Half and quarter dose of chemical fertilizers
increased the shoot length of safflower whereas maximum increase in leaf protein was recorded in
Azotobacter in combination with full dose of chemical fertilizers. Root length was improved by
Azospirillum and Azotobacter in combination with quarter dose of chemical fertilizers. Leaf area and
chlorophyll contents were significantly improved by Azotobacter in combination with half dose of
chemical fertilizers. It is inferred that PGPR can supplement 50 % chemical fertilizers for better plant
growth and soil health.
Key words: Plant growth, PGPR, soil enzymes, Safflower, urease, Melondialdehyde, phosphatase,
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Growth enhancement of Carthamus tinctorius (L) and reduction in dosage of
chemical fertilizers with application of Plant Growth Promoting Rhizobacteria
Asia Nosheen and Asghari Bano*
Department of Plant Sciences Quaid-i-Azam University, Islamabad Pakistan
*Corresponding author: banoasghari@gmail.com
Abstract
Experiencing the adverse effects of synthetic chemical fertilizers in agriculture
production the concept of biofertilizers has gained interest currently. The aim of the
current study was to evaluate the integrated role of plant growth promoting
rhizobacteria (PGPR) and chemical fertilizers on growth and yield attributes of
safflower during growing season of 2009-10 and 2010-11. The chemical fertilizers
were applied at full (Urea 60 Kg ha-1 and DAP @ 30 Kg ha-1), half (Urea 30 Kg ha-1
and DAP 15 Kg ha-1) and quarter doses (Urea 15 Kg ha-1 and DAP 7.5 Kg ha-1). The
PGPR (Azospirillum brasilense and Azotobacter vinelandii) were applied as seed
inoculation @106cells/ml. Maximum plant height, number of branches/plant, leaf
chlorophyll and leaf area was recorded in Azospirillum and Azotobacter with full dose
of chemical fertilizers and with full dose of chemical fertilizers treatments alone while
maximum number of capitulum/plant, capitulum weight and seed yield was shown by
Azospirillum brasilense supplemented with half dose of chemical fertilizers.
Maximum achene oil contents were recorded in Azospirillum treatment supplemented
with half dose of chemical fertilizers. The PGPR improved plant growth and yield by
reducing the use of chemical fertilizer (50 %), hence leading towards sustainable
agriculture production.
Key words: PGPR, soil toxicity, agronomic traits, plant growth, yield attributes, oil
contents

Submitted in Toxicology and Industrial Health (Under Review)
Physicochemical characterization of eco-friendly and sustainable safflower oil
biodiesel
Asia Nosheen1, Asghari Bano1 and Saqib Ali2,
1Department

of Plant Sciences, Quaid-i-Azam University, Islamabad

2Department

of Chemistry, Quaid-i-Azam University, Islamabad

Corresponding author: banoasghari@gmail.com
Abstract
Current study aimed to optimize the protocol for the production of safflower biodiesel
by using a range of catalyst (NaOH) concentrations and reaction temperatures (°C) as
well as monitoring the safflower oil biodiesel yield by advanced NMR, FT-IR, GCMS and refractometer techniques. The biodiesel samples were prepared by base
catalyzed transesterification reaction using 1 : 6 molar ratio of oil /methanol, different
concentrations (0.1, 0.3, 0.5, 1 and 1.5 %w/w) of NaOH and the reaction temperature
of 50, 65 and 75°C respectively. Results showed that maximum (97.84%) biodiesel
yield was obtained at 0.5% catalyst concentration using 6:1 methanol to oil ratio and
65°C temperature as quantified by 1H NMR technique with maximum reduction
(1.41) in refractive index. GC/MS analysis showed the presence of a number of fatty
acid methyl esters in safflower biodiesel i.e. palmitic acid, stearic acid, oleic acid and
linoleic acid being the major ones. Physicochemical properties of safflower oil
biodiesel such as acid value, iodine value, specific gravity and cetane number also
convened the international standards for biodiesel.
Key words: Biodiesel, NMR, GC/MS, FT-IR, Safflower, Refractive index, iodine
value
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Appendix 1

LB (Luria-Bertani) Medium, (Miller 1972)
Trypton

10 g

Yeast extract

5g

NaCl

10 g

Agar

18 g

H2O

1000 ml

pH (final)

7.0

Appendix 2

Preparation of extraction for soil analysis
The 0.005 M solution was obtained by adding 1.97 g DTPA to 800 mL distilled water.
Approximately 2 mL (1:1) ammonium hydroxide (NH4OH) was added to facilitate
dissolution and to prevent effervescence when bicarbonate was added.
When most of the DTPA was dissolved, 79.06 g ammonium bicarbonate (NH4HCO3)
was added and stirred gently until dissolved. The pH was adjusted to 7.6 with
ammonium hydroxide. The solution was diluted to 1 L with distilled water.

Appendix 3

Composition of solutions/reagents required for protein extraction (Lowry et al.,
1951)
Phosphate Buffer (Stock solution)
Monobasic sodium phosphate
27.6 g was dissolved in distilled water (1000 mL)
Dibasic sodium phosphate
53.6 g were dissolved in 1000 mL distilled water.
Monobasic sodium phosphate (16 mL) and dibasic sodium phosphate (84 mL) was
mixed together to obtain the desired pH (7.5).
Reagent A
2.0 g sodium carbonate (Na2CO3)
245

Appendices
0.4 g NaOH (0.1N) and 1 g Na-K tartarate was dissolved in 100 mL of distilled water.
Reagent B
The CuSO4.5H2O (0.5) dissolved in 100 mL of distilled water.
Reagent C
Solution A (50 mL) and solution B (1 mL) were mixed together.
Reagent D
Folin phenol reagent was diluted with distilled water in the ratio 1:1.
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0.3289

-0.2784

-0.0753

-0.229

0.044

-0.193

Prtn

RA

RL

RW

SL

Urs

0.048

-0.153

0.038

-0.0307

-0.0210

0.0441

0.177

0.180

0.115

0.2425

-0.1291

0.1556

MDA

0.1468

Prtn

-0.0589

0.0820 0.2911

-0.3005 -0.5625 0.1189

0.1421

Phts

0.4601*

RA

RL

0.183

-0.3221

-0.102

-0.1388

-0.2008

0.1775 0.4552

0.4343* 0.3337

0.3069

RW

Chl chlorophyll; Crtn Carotenoids; Inv Invertase; LA Leaf Area; LN Leaf Nitrogen; LP Leaf Phosphate; MDA; Prtn Protein; Phts
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Phosphatase; RA Root Area; RL Root Length; RW Root Width; SL Shoot Length

SL

0.5657** 0.7478*** 0.3046

0.2623

0.4412 -0.3781 -0.1544 0.2595 0.6285*** 0.7264***

0.4027

0.1159

0.4901*

0.4432* 0.4737*

0.2280

0.610*** 0.413*

0.149

0.5125**

0.4788*

0.3570

0.3311

0.5536** 0.1028

0.2433

LP

All such means with *** showed significantly positive correlation at p≤0.000 and with ** at p≤0.01, and with * at p≤0.05

-0.085

0.164

-0.089

0.0089

-0.1487

-0.0194

0.1139

0.4962** 0.4695*

Phts

0.4089

0.0813

MDA 0.6365*** 0.4959*

0.3531

0.6078*** 0.5924*** 0.3994* 0.5520** 0.7731***

0.1762

LP

0.4811*

0.3428

LN

0.1133

0.4949* 0.4757*

LA

LN

0.4536* 0.2858

LA

Inv

Inv

0.8640***

Crtn

Crtn

Chl

Appendix 4 Correlation coefficient (Pearson) of soil enzyme activities and growth parameters of safflower
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Appendix 5
Solutions for Sodium Dodecyl Sulphate Polyacrylamide Gel Electrophoresis (SDSPAGE) (Laemmli, 1970)
Protein Extraction Buffer
(0.05 M Tris-HCl pH 8.0, 0.2 % SDS, 5 M Urea, 1% ß- mecaptoethanol)
Tris

0.6057 g

SDS

0.2 g

Urea

30.3 g

Distilled Water about

70 mL

+ Conc. HCl Adjust to pH

8.0

ß- mecaptoethanol

1 mL

Total volume

100 mL.

Solution A
3.0 M Tris-HCl pH 9.0, 0.4%SDS)
Tris

36.3 g

SDS

0.4 g

Distilled water about

70 mL

+conc. HCl Adjust to

pH 8.8

Make total volume of

100 mL

Solution B
0.493M Tris-HCl pH 7.0,0.4%SDS)
Tris

5.98 g

SDS

0.4 g

Distilled water About

80 mL

Adjust to pH

7.0

Make total volume of

100 mL

Solution C
(30% Acrylamide, Acrylamide/Bis = (30:0.8).
Acrylamide

30 g

Bis-acrylamide (Bis)

0.8 g

Distilled water make total volume of

100 mL

10% APS
Ammonium per sulphate (APS)

0.1 g
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+Distilled water to make total volume of

1 mL

Electrode buffer solution
0.025 M Tris, 0.129 M Glycine, 0.125%SDS)
Tris

3.0 g

Glycine

14.4 g

+Distilled water
Make total volume of

1000 mL.

Staining solution
Methanol

440 mL

Acetic acid

60 mL

+Distilled water

500 mL

Coomassie Brilliant Blue (CBB)

2.25 g

Make total volume of

1 litre

Stir for 30 minutes and then filter.
Destaining solution
Methanol

200 mL

Acetic acid

50 mL

Distilled water

750 mL

Solutions for gels with 1mm thickness
Separation Gel 12.25%
Solution A

5 mL

Solution C

7.5 mL

10%APS

200 µl

Distilled Water

7.5 mL

TEMED

15 µl

Total:

20 mL

Stacking Gel 4.5%
Solution B

2.5 mL

Solution C

1.5 mL

10% APS

70 µl

Distilled Water

6.0 mL

TEMED

17 µl

Total:

10 mL
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Plate 1 Morphological variation shown in root architecture of safflower cv. Thori
under various treatments of chemical fertilizers and PGPR.
C: Control (Without inoculation and without chemical fertilizers), CFF: Chemical
fertilizers full dose (Urea 60 Kg ha-1 and DAP 30 Kg ha-1), CFH: Chemical fertilizers
half dose (Urea 30 Kg ha-1 and DAP 15 Kg ha-1), CFQ: Chemical fertilizers quarter
dose (Urea 15 Kg ha-1 and DAP 7.5 Kg ha-1), SP: Azospirillum brasilense, SPF: A.
brasilense+full dose of chemical fertilizers, SPH: A. brasilanse + half dose of
chemical fertilizers, SPQ: A. brasilense+quarter dose of chemical fertilizers.
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Plate 2 Morphological variations in root of safflower cv. Thori under various
treatments of A. vinelandii alone and in combination with different doses of chemical
fertilizers.
BT: Azotobacter vinelandii, BTF: A. vinelandii+full dose of chemical fertilizers (Urea
60 Kg ha-1 and DAP 30 Kg ha-1), BTH A. vinelandii+half dose of chemical fertilizers
(Urea 30 Kg ha-1 and DAP 15 Kg ha-1), BTQ: A. vinelandii+ quarter dose of chemical
fertilizers (Urea 15 Kg ha-1 and DAP 7.5 Kg ha-1) ,SPBT: A. brasilense+A. vinelandii.
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Plate 3 Morphological variations shown in root architecture of safflower cv. Saif-32
under various treatments of chemical fertilizers.
C: Control ((Without inoculation and without chemical fertilizers), CFF: Chemical
fertilizers full dose (Urea 60 Kg ha-1 and DAP 30 Kg ha-1)., CFH: Chemical fertilizers
half dose (Urea 30 Kg ha-1 and DAP 15 Kg ha-1), CFQ: Chemical fertilizers quarter
dose (Urea 15 Kg ha-1 and DAP 7.5 Kg ha-1), SP: Azospirillum brasilense, SPF: A.
brasilense+full dose of chemical fertilizers (Urea 60 Kg ha-1 and DAP 30 Kg ha-1),
SPH: A. brasilanse + half dose of chemical fertilizers (Urea 30 Kg ha-1 and DAP 15
Kg ha-1), SPQ: A. brasilense+quarter dose of chemical fertilizers (Urea 15 Kg ha-1 and
DAP 7.5 Kg ha-1).
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Plate 4 Morphological variations in root of safflower cv. Saif-32 under various
treatments of A. vinelandii alone and in combination with different doses of chemical
fertilizers.
BT: Azotobacter vinelandii, BTF: A. vinelandii+full dose of chemical fertilizers (Urea
60 Kg ha-1 and DAP 30 Kg ha-1), BTH A. vinelandii+half dose of chemical fertilizers
(Urea 30 Kg ha-1 and DAP 15 Kg ha-1), BTQ: A. vinelandii+ quarter dose of chemical
fertilizers (Urea 15 Kg ha-1 and DAP 7.5 Kg ha-1), SPBT: A. brasilense+A. vinelandii.
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Plate 5 Pot Experiment
Pots of blue colour belongs to cv. Thori
Pots of green colour belongs to cv. Saif-32
C: Control (Without inoculation and without chemical fertilizers), CFF: Chemical
fertilizers full dose (Urea 60 Kg ha-1 and DAP 30 Kg ha-1), CFH: Chemical fertilizers
half dose (Urea 30 Kg ha-1 and DAP 15 Kg ha-1), CFQ: Chemical fertilizers quarter
dose (Urea 15 Kg ha-1 and DAP 7.5 Kg ha-1), SP: Azospirillum brasilense, SPF: A.
brasilense+full dose of chemical fertilizers, SPH: A. brasilanse + half dose of
chemical fertilizers, SPQ: A. brasilense+quarter dose of chemical fertilizers, SPBT: A.
brasilense+A. vinelandii
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Plate 6 Field of Safflower experiment at Department of Plant Sciences Qua
Quaid-i-Azam
University, Islamabad
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Plate 7 Field of Canola experiment at Department of Plant Sciences Quaid-i-Azam
Qua
University, Islamabad
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