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ABSTRACT 
   

Farmers apply chemical fertilizers in the field soil to provide 
nitrogen and phosphorus nutrients for improving growth and 
yield of crop plants to provide food for ever-increasing 
human population. But, injudicious use of these chemical 
fertilizers results in environmental pollution and causes 
public health hazards. Recently, various nitrogen-fixing 
microorganisms are used as biofertilizers to reduce the 
application of chemical fertilizers. However, the survival and 
nitrogen (N2) fixation capacity of these microorganisms is 
adversely affected under stress conditions in recent changing 
agroclimatic scenario. In the present study, predictive models 
were developed to study biological nitrogen fixation (BNF) 
behaviour of rhizobia in response to exogenous nitrogen (N) 
level conditions under culture as well as in the soil using R 
software. With increase in concentration of ammonium 
(NH4

+) or nitrate (NO3
-) (represented along X axis in the 

graph) in the cultural medium, there is sequential fall in 
nitrogenase activity of Rhizobium strain 32H1 (on Y axis). 
Under field conditions, the comparisons of fertilizer addition 
showed that N2 fixation was partially suppressed after 
addition of 150 kg N per hactare in faba bean (Vicia faba) 
and chickpea (Cicer arietinum) species under glasshouse pots 
trial conditions. Predictive models were developed using R 
software to indicate the approximate values of nitrogen 
fixation in chickpea and faba bean under field and glasshouse 
conditions with application of different doses of fertilizers. 
These linear and non-linear predictive models could be 
applied to predict behaviour of nitrogen-fixing rhizobia in 
response to available nitrogen level under cultural as well as 
field conditions. 
 
Keywords : Chemical fertilizers, Cultural and field 
conditions, Nitrogen fixation, Nitrogen-fixing organisms, 
Predictive models, R software, Rhizobia  
 
1. INTRODUCTION 
 

Expensive chemical fertilizers are added in the soil to 
improve yield of crop plants for providing food to the 
world’s rapidly growing population. However, excessive use 
of these chemical fertilizers has polluted soil, air and water 
along with public health hazards [1]. Moreover, agricultural 
soils are continuously losing their chemical and biological 
health due to excessive application of fertilizers [2]. 
Therefore, attempts are being made recently to minimize the 
use of potentially deleterious agrochemicals to crop plants. In 
integrated nutrient management system, nitrogen-fixing 
microorganisms including Rhizobium species are being used 

as biofertilizers to improve agriculture productivity and for 
restoration of sustainability in agricultural systems [3], [4]. 
Rhizobium strains form nitrogen-fixing nodules on legume 
plants and reduce atmospheric nitrogen to plant utilizable 
ammonia for crop plants using the nitrogenase enzyme. 
Legume-Rhizobium symbiotic association has been reported 
to reduce about 70–80% of the total 17.2 x 107 tonnes of 
biologically fixed nitrogen annually on worldwide basis [5], 
[6]. Interestingly, inoculation of legumes with effective and 
competitive strains of rhizobia caused significant increases in 
the yield of different legume crops [7], [8].  
 
However, the persistence, survival, nodulation capacity and 
the nitrogen fixation capacity of inoculated Rhizobium strains 
in soil were governed by various soil ecological factors such 
as salinity, acidity, temperature, soil moisture, aeration and 
osmotic stress conditions [9]–[11]. In addition, inhibitory 
effect of combined nitrogen (added as fertilizer) was likewise 
observed on root nodule formation by Azorhizobium 
caulinodans on Sesbania rostrata [12]. Pankhurst and Craig 
[13] reported that high concentrations of both NH4

+ and NO3
- 

(at 20 mM-N) caused inhibition of nitrogenase activity by 
Rhizobium strain 32H1 under cultural conditions. Besides 
this, biological nitrogen fixation was also suppressed under 
field conditions with addition of fertilizer N (at 150 kg N per 
hectare dose) in Melaleuca alternifolia plantation 
intercropped with either chickpea or faba bean legumes [14]. 
Addition of 150 kg N fertilizer for every hactare caused 40% 
BNF reduction in faba bean and  35% BNF reduction in 
chickpea [14]. 
  
Considering the importance of nitrogen fixation for different 
legume crops, extensive analysis is required to understand 
the contibution of nitrogen fixation by rhizobia under soil 
conditions. Recently, three groups of quantitative models 
including simple equations, coarse-grained models and 
detailed metabolic models have been developed for analysis 
and prediction of nitrogen fixation by N2-fixing organisms in 
terrestrial ecosystems [15]. These models have been used to 
complement the laboratory experiments and in situ 
measurements of N2 fixation [15], [16]. Different modeling 
strategies and mathematical theories were used in these 
models to interpret observations of fixed N uptake for 
making predictions about their influence on N2 fixation by 
free-living or symbiotic organisms, where laboratory data are 
missing. In this study, novel predictive models were 
developed using R software to predict nitrogen fixation by 
rhizobia in response to nitrogen-sufficient conditions (after 
fertilizer addition) in soil. This study will supplement 
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laboratory experiments for improving nitrogen fixation in 
legumes, leading to reduction of chemical fertilizers for 
sustainable agriculture.  
 
2. MATERIALS AND METHODS 
 

Rhizobium species form nitrogen-fixing nodules on roots of 
various leguminous plants. Under favourable nitrogen-
limited and microaerobic conditions in the soil or in root 
nodules, nitrogenase enzyme converts environmental inert 
nitrogen to plant utilizable ammonia. NifA protein acts as a 
transcriptional activator of different nitrogen fixation genes 
[17]–[19].  
 
2.1. Effect of environmental factors on nitrogen fixation 

by Rhizobium species under cultural and field 
conditions 

Nitrogen fixation in the culture medium or in the soil is 
adversely affectd by various ecological factors including 
salinity, temperature, soil moisture and addition of combined 
nitrogen sources. The data obtained from these parameters 
could be used for modeling or prediction of nitrogen fixation. 
Besides this, field observations and in situ measurements of 
nitrogen fixation are highly valuable for modeling in 
biological experiments. The outstanding problems faced 
during laboratory studies and field observations are usually 
resolved by development of predictive models by selecting 
the key parameters, which affect nitrogen fixation.  
 
2.1.1. Effect of combined nitrogen sources addition on 

nitrogenase activity 
The effect of oxygen concentration, temperature and 
combined nitrogen was studied on morphology and 
nitrogenase activity of Rhizobium sp. strain 32H1 in agar 
culture [13]. The primary data regarding adverse effect of 
addition of nitrogen sources i.e. ammonium and nitrate on 
nitrogenase activity of Rhizobium strain under cultural 
conditions was used in development of predictive model 
using R software. Supply of 2 mM-N to rhizobial cells (in the 
form of NH4

+) was demonstrated to support high levels of 
nitrogenase activity. In this study, the values reported at four 
concentrations i.e., 2.0, 4.0, 10.0 and 20.0 mM-N (Table 1) 
were further splitted into ten different concentrations with 
same trend of decrease in nitrogenase activity. Similarly, the 
addition of nitrate doses were further splitted into ten 
different NO3

- concentrations with equal level of decrease in 
nitrogenase activity. Interestingly, the addition of 20 mM-N 
either as NH4

+ and NO3
- in culture medium was found to 

completely inhibit nitrogenase activity of cultured Rhizobium 
strain 32H1.  
 
2.1.2. Effect of nitrogenous fertilizer addition on 

nitrogenase activity and shoot N  content 
 

In this study, The impact of four rates of nitrogenous 
fertilizer addition (i.e., 0, 50, 100 and 150 kg N for every 
hactare) was studied on nitrogen fixation in faba bean (Vicia 
faba) and chickpea (Cicer arietinum) under glasshouse pot 
trial conditions [14]. The primary data values regarding 
effect of fertilizer addition at four concentration doses in 
chickpea were used for development of predictive models. 
The reported values of fertilizer addition were further splitted 
into sixteen different concentrations with same trend of 
decrease in shoot fixed nitrogen content. As per experimental 

observations, around 35 and 23% nitrogen fixation was 
maintained in chickpea in the field and glasshouse 
conditions, respectively after addition of 150 kg N per 
hectare of the soil [14]. In case of faba bean crop, the values 
reported for fertilizer addition at four concentration doses 
i.e., 0, 50, 100 and 150 Kg N ha-1 (Table 1), were also further 
splitted to sixteen different concentrations with same trend of 
decrease in shoot fixed nitrogen content. About 40% nitrogen 
fixation was maintained in faba bean at 150 Kg N ha-1 
addition in the field and glasshouse conditions. 
  
2.2. Development of predictive model for usage in 

nitrogen fixation  
Predictive models were developed, using R software [20] 
available on the internet, for prediction of nitrogen fixation 
by rhizobia in response to nitrogen level conditions 
prevailing in culture or soil conditions. R software is freely 
distributed software package for statistical analysis and 
graphics. R can be downloaded from internet site of CRAN. 
R language is generally used among analysts and data miners 
for developing statistical software and data analysis. 
Statisticians and data miners generally use R software for 
developing statistical software, statistical computing and data 
analysis.  
 
2.2.1. Entry of data in the software 
Data can be directly entered into R software, but MS Excel is 
commonly used to create a data set. Data sets are arranged 
with every section representing a variable and each row 
representing to subject; a data set with 05 variables recorded 
on 50 subjects would be represented in Excel document with 
05 columns and 50 rows. Excel can save files in 'comma 
delimited arrangement', or .csv files;  these .csv files can then 
be read into R for analysis. 
 
2.2.2. Execution and analysis of data using R software 
 R is an interactive statistical computing language. During 
use of R software, a blank window shows up with '>', which 
is ready prompt, on first line of window. Analysis are 
performed through series of commands; user enters a 
command and R software responds. User then enters next 
command and R responds. In this software, documents, 
commands typed by user are given in red and responses from 
R are given in blue. R uses this same shading scheme. Some 
supportive odds and ends, when using R software include:  

(i) When object name is entered, it will generally print 
that object.  

(ii) This software is case sensitive. Hence, object named 
"Group" must be  referred to as "Group". It ought not 
be entered as "group".  

(iii)  To recall and scroll through past commands, up and 
down arrow keys can be used, which can save typing 
when fixing grammatical mistakes or changing 
command.  

(iv) Entering letter and afterward hitting Tab key twice, 
will list commands and objects beginning with that 
letter.  

(v) Material can be cut and pasted into or from R window. 
R results could be saved and may print as part of MS 
Word documents. The text of R session could be saved 
as record of work finished.  

(vi) R text is generally designed as Courier font. Courier 9 
point font generally works well for R output.  
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3. RESULTS  

Three groups of quantitative models i.e., simple equations, 
coarse-grained models and detailed metabolic models are 
generally applied for exploring the nitrogen fixation in N2-
fixing organisms [15]. The computation becomes less 
efficient and model-data comparisons become harder in the 
different types of models with increase in complexity of 
metabolic processes. The growth and elemental 
stoichiometry of the cells serves as the basic parameters for 
calculation of their effect on the rate of N2 fixation in 
simplest category of ecological models [21]. More detailed 
physiologies of nitrogen-fixing cells than simple analytical 
equations are included in coarse-grained models, which may 
resolve fewer metabolic pathways [22]. On the other hand, 
the most extensively studied models used in laboratories 
include metabolic (physiological) models, which have been 
developed around ‘‘model organisms”. In these quantitative 
models, modeling strategies are applied to explore the effect 
of fixed N uptake and its influence on N2 fixation by free-
living or symbiotic organisms in terrestrial ecosystem [23]– 
[24]. 
    
3.1. Development of statistical models for prediction of 
nitrogen fixation in response to  addition of fertilizer 
containing nitrate or ammonium  
  

Abiotic stress conditions, especially lack or excess of 
appropriate nutrients (i.e, nitrogen, phosphorus, potassium), 
scaricity or abundance of moisture and extreme temperatures 
during growth season have been reported to reduce crop 
yields substantially. In this study, adverse effects of 
combined nitrogen in soil (added as fertilizers) were analyzed 
on the nitrogen fixation activity of nitrogenase enzyme. 
Computational models were developed for predicting 
nitrogen fixation behaviour of rhizobia in response to 
nitrogen level conditions prevailing in soil using R software 
[20].  
 

3.1.1. Effect of added nitrogen compounds on nitrogen 
fixation by Rhizobium species 
 

Pankhurst and Craig [13] reported that concentration of three 
nitrogen sources (i.e., glutamine, ammonium or nitrate) 
adversely influenced the nitrogenase activity of Rhizobium 
strain 32H1 under cultural conditions. Supply of 2 mM-N 
ammonium was found to support high levels of nitrogenase 
activity by rhizobial cells (Table 1, Figure 1), but addition of 
NO3

-supported only very low nitrogenase activity (Table 2, 
Figure 2). However, addition of 20 mM-N either as NH4

+ and 
NO3

- in culture medium was found to completely inhibit 
nitrogenase activity.  
 
The following exponential model was used for prediction of 
N2 fixation (Table 1) from exogeneous ammonium and 
nitrogenase activities and for prediction of nitrogen fixation 
(Table 2) from nitrate addition. 

Y = A exp [-BX], where the parameter A represents the 
value of Y when X = 0 and B represents the relative change 
in Y for a unit change in X. Summary of the models fitted 
using R software has also been pasted in the respective 
tables. 
 
Based on the amount of ammonium supplied in the medium 
as ammonium sulphate, which were further splitted to ten 
different concentrations with same trend of decrease in 
nitrogenase activity, quantitative models was developed to 
explore the effect of fixed N uptake and its influence on N2 
fixation by Rhizobium species (Table 1, Figure 1). 
Mathematical theories were used in these quantitative models 
to interpret observations and predictions were made, where 
laboratory data are missing. Thus, using graph presented in 
this model, the approximate values of nitrogenase activities 
(along Y axis) can be predicted at different concentrations of 
ammonium incorporated in the medium (along X axis). 
 

Table 1. Effect of exogenous ammonium addition on nitrogenase activity (N2 fixation) in Rhizobium sp. and delopment of 
predictive model using R software 

 
Concentration as 
ammonium 
(ammonium sulphate) 

Nitrogenase activity 
[nmole acetylene 
reduced h-1 (mg protein)-

1] 

Formula: Ammonium ~A * exp(-B * Concentration) 
Parameters: 
Estimate Std. Error t value Pr(>|t|)     
A 215.36559   12.89718   16.70 1.67e-07 *** 
B   0.25251    0.01631   15.48 3.02e-07 *** 
--- 
Signif. codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1 
Residual standard error: 5.036 on 8 degrees of freedom 
predict(model) 
 [1] 129.972205  78.437666  47.336793  28.567551  17.240394  
10.404503 
 [7]   6.279073   3.789393   2.286883   1.380124 

2.0 125.8 

4.0 85.2 

6.0 54.5 

8.0 22.0 

10.0 11.8 

12.0 8.0 

14.0 5.0 

16.0 2.0 

18.0 0.5 

20.0 0.0 
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Figure 1. Effect of exogenous ammonium on nitrogenase activity in Rhizobium sp. strain 32H1 where observed results were 

depicted by dots and predicted results were depicted by lines.  

Similarly, the effect of nitrate addition in the culture medium 
on the expression nitrogenase activity by Rhizobium species 
was evaluated. The amount of nitrate supplied in the culture 
medium as potassium nitrate, was further splitted into ten 
different concentrations with same trend of decrease in 
nitrogenase activity. Mathematical theories were used in  
these quantitative models to interpret observations and 
predictions are made (Table 2, Figure 2). Thus, using the 
graph presented in this model, the approximate values of 
nitrogenase activities (along Y axis) can be predicted at 
different concentrations of nitrate incorporated in the 
medium (along X axis). 
 
3.2. Effect of added nitrogenous fertilizers on shoot 

nitrogen content in two legume crops under field 
conditions  

 

Different legumes play an important role in sustainable 
agricultural production and contribute significantly towards 
nitrogen fixation in the soil every year. However, 

supplemental applications of nitrogenous fertilizer are 
required for intercropping or green mauring crops, which 
may constrain utility of intercropped legumes in these 
systems. Addition of higher amount of nitrate- and/or 
ammonium-containing fertilizers in soil were found to inhibit 
nodule formation resulting into reduced nitrogen fixation in 
soil.  
 
Experiments performed under field conditions demonstrated 
that faba bean is more tolerant than chickpea to higher soil 
nitrate levels during crop rotations [14]. However, N2 
fixation was not totally inhibited in either species at 150 kg N 
ha−1 level. Around 35 and 23% nitrogen fixation were 
maintained in chickpea in field and glasshouse, respectively 
(Table 3, Figure 3), whereas around 40% nitrogen fixation 
was maintained in faba bean in field and glasshouse 
conditions (Table 4, Figure 4). 
 
 

 
Table 2. Effect of nitrate addition on nitrogenase activity in Rhizobium sp. strain 32H1 using predictive models developed 

using R software 
 
Concentration 
Nitrate (KNO3) 

Nitrogenase activity 
[nmole acetylene 
reduced h-1 (mg 
protein)-1] 

Formula: Nitrate ~ A* exp(-B * Concentration) 
Parameters: 
Estimate Std. Error t value Pr(>|t|)     
A 28.26264    4.89319   5.776 0.000416 *** 
B  0.68030    0.07833   8.685 2.41e-05 *** 
--- 
Signif. codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’1  
Residual standard error: 0.3226 on 8 degrees of freedom 
predict(model) 
 [1] 7.249533e+00 1.859548e+00 4.769849e-01 1.223494e-01 3.138334e-02 
 [6] 8.050010e-03 2.064875e-03 5.296525e-04 1.358590e-04 3.484862e-05 

2.0 7.3 
4.0 1.5 
6.0 1.0 
8.0 0.5 
10.0 0.2 
12.0 0.1 
14.0 0.5 
16.0 0.0 
18.0 0.0 
20.0 0.0 
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Figure 2. Effect of nitrate on nitrogenase activity (N2 fixation) in Rhizobium sp. strain 32H1 where observed results were 

depicted by dots and predicted results were depicted by lines. 
 
The following piecewise linear regression model [25]–[26], 
in which the two pieces are connected at X = 50 (fertilizer 
nitrogen), was used for prediction of biological N2 fixation 
for fixation in chickpea (Table 3) and faba bean (Table 4): 
 

Yi= β0+ β1Xi1+ β2(Xi1-50) Xi2+ €i  (i =1, 2, 3,….,n) 
 

where Yi is the ith observation of the response variable and 
Xi2 is a dummy variable defined as 

 Xi2  = 0  if  Xi1  ≤  50  
  = 1 if  Xi1  >  50 
 

Also, €i is the error term associated with the ith observation, 
which is assumed to follow the usual assumptions. The 
term (Xi1-50) Xi2 denote the interaction term. 

In another set of experiments performed under field 
conditions, the doses of fertilizer addition in the soil were 
further splitted to fifteen different concentrations with same 
trend of decrease in shoot fix nitrogen content. Mathematical 
theories were used in these quantitative models to interpret 
observations and predictions are made about shoot fix 
nitrogen content in chickpea (Table 3, Figure 3). Thus, using 
the graph presented in this model, the approximate values of 
shoot nitrogen content in chickpea (along Y axis) can be 
predicted at different concentrations of fertilizer nitrogen 
applied in the soil (along X axis). 
 

 
Table 3. Effect of fertilizer nitrogen addition on shoot nitrogen content in chickpea and development of predictive model 

using R software  
  
Fertilizer N rate  
(Kg N ha -1) 

Shoot fix N 
content (mg 
plant-1) 

> fit1<-lm(y1~x1+x2, data=data) 
> summary(fit1) 
 
Call: 
lm(formula = y1 ~ x1 + x2, data = data) 
 
Residuals: 
    Min      1Q     Median      3Q     Max  
-1.4666 -0.4763  0.0351  0.5629  1.2844  
 
Coefficients: 
            Estimate Std. Error t value Pr(>|t|)     
(Intercept)  25.5409     0.6184   41.30  3.5e-15 *** 
x1           -0.0851     0.0169   -5.02  0.00023 *** 
x2           -0.0434     0.0223   -1.94  0.07397 .   
--- 
Signif. codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1 
 
Residual standard error: 0.886 on 13 degrees of freedom 
Multiple R-squared:  0.979,     Adjusted R-squared:  0.975  
F-statistic:  296 on 2 and 13 DF,  p-value: 1.43e-11 

0 25.2 
10 24.6 
20 24 
30 23.4 
40 22.9 
50 22.5 
60 20.5 
70 18.5 
80 16.5 
90 15 
100 13.4 
110 12.7 
120 12 
130 11.3 
140 10.5 
150 9.73 
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> predict(fit1) 
    1     2     3     4     5     6     7     8     9    10    11    12    13    14    15  
25.54 24.69 23.84 22.99 22.14 21.29 20.00 18.72 17.43 16.15 14.87 13.58 12.30 
11.01  9.73  
   16  

 8.45        

        
 

 
 

 
 
Figure 3. Observed results were depicted by dots and predicted results were depicted by lines, y1=Chickpea and 

x1=concentration of nitrogen 
  
Under field conditions, the doses of fertilizer addition in the 
soil cropped with faba bean were also further splitted to 
fifteen different concentrations. Mathematical theories were 
used in these quantitative models to interpret observations 
regarding decrease in shoot fix nitrogen content and 
predictions were made about correlation of fertilizer doses  

 
with shoot fix nitrogen content (Table 4, Figure 4). Thus, 
using the graph presented in this model, the approximate 
values of shoot nitrogen content in faba bean (along Y axis) 
may be predicted at different concentrations of fertilizer 
nitrogen applied in the soil (along X axis). 
 

 
Table 4. Effect of fertilizer nitrogen addition on biological N2 fixation and shoot nitrogen content in faba bean and 

development of predictive model using R software  
 
Fertilizer N rate 
(Kg N ha-1) 

Shoot fix N 
content (mg plant-

1) 

> fit2<-lm(y2~x1+x2, data=data) 
> summary(fit2) 
 
Call: 
lm(formula = y2 ~ x1 + x2, data = data) 
 
Residuals: 
   Min     1Q Median     3Q    Max  
-1.576 -0.720 -0.147  0.494  2.566  
 
Coefficients: 
            Estimate Std. Error t value Pr(>|t|)     
(Intercept) 123.7115     0.8221  150.48  < 2e-16 *** 
x1           -0.0284     0.0225   -1.26     0.23     
x2           -0.4288     0.0297  -14.46  2.2e-09 *** 
--- 
Signif. codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1 

0 124 
10 123.5 
20 123 
30 122.5 
40 122 
50 121 
60 117 
70 113 
80 109 
90 105 
100 102 
110 96.5 
120 91 
130 85 
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140 80  
Residual standard error: 1.18 on 13 degrees of freedom 
Multiple R-squared:  0.996,     Adjusted R-squared:  0.995  
F-statistic: 1.53e+03 on 2 and 13 DF,  p-value: 3.8e-16 
 
> predict(fit2) 
    1     2     3     4     5     6     7     8     9    10    11    12    13    14    15    16  
123.7 123.4 123.1 122.9 122.6 122.3 117.7 113.1 108.6 104.0  99.4  94.9   
 
90.3  85.7  81.1  76.6 
 

150 75 
  

 

 
 
Figure 4. Observed results were depicted by dots and predicted results were depicted by lines, y2=Faba bean and 

x1=concentration of nitrogen. 
 
4. DISCUSSION 
 

The concentration of combined nitrogen in the soil (supplied 
either as NO3 and NH4

+ as fertilizer) has been observed to 
down-regulate nitrogenase activity and N2 fixation under 
terrestrial ecosystems [27]–[28]. Similarly, concentrations of 
added nitrogen sources were found to influence growth and 
nitrogen fixation in Rhizobium species under cultural 
conditions [13]. The concentration of different nitrogen 
sources i.e., glutamine, ammonium sulphate and potassium 
nitrate were demonstrated to affect growth and nitrogenase 
activity of Rhizobium strain 32H1 under cultural conditions 
[13]. At 2 mM-N, NH4

+ supported high levels of nitrogenase 
activity (Table 1; Figure 1), yet NO3

-  addition supported only 
very low activity (Table 2; Figure 2). In the present studies, 
predictive models were developed for predicting nitrogen 
fixation by rhizobia in response to different nitrogen level 
conditions prevailing under cultural conditions using R 
software. 
 
The amount of ammonium supplied in the medium as 
ammonium sulphate, was further splitted to ten different 
concentrations to develop quantitative models for predicting 
the effect of fixed N uptake and its influence on N2 fixation 
by Rhizobium species (Table 1, Figure 1). Observations of  
 

 
nitrogenase activity values under laboratory conditions were 
interpreted/splitted in these quantitative models and 
predictions were made regarding the approximate values of 
nitrogenase activities in relation to different concentrations of 
ammonium in the medium. In another predictive model, the 
amount of nitrate supplied in the culture medium as 
potassium nitrate, was further splitted to ten different 
concentrations with same trend of decrease in nitrogenase 
activity by Rhizobium species. Mathematical calculations 
were used in these quantitative models to interpret laboratory 
observations and predictions were made about effect of 
nitrate addition in the culture medium on the expression of 
nitrogenase activity by Rhizobium species (Table 2, Figure 
2). Thus, using these predictive models, the approximate 
values of nitrogenase activities can be predicted at different 
concentrations of ammonium or nitrate in the medium. 
 
Under glasshouse pots trial conditions, the impact of four 
rates of N fertilizer (0, 50, 100 and 150 kg N for every 
hactare) on nitrogen fixation was evaluated in faba bean and 
chickpea when cultivated as inter-row legume crops in 
Melaleuca alternifolia plantation [14]. Similarly predictive 
models were developed for the effect of fertilizer addition on 
the shoot fix nitrogen content under field conditions. The 
doses of fertilizer addition in the soil were further splitted to 
fifteen different concentrations and mathematical theories 
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were used in these quantitative models to interpret 
observations about the effect of fertilizer doses on shoot fix 
nitrogen content in chickpea (Table 3, Figure 3). Thus, using 
this model, the approximate values of shoot nitrogen content 
in chickpea can be predicted at different concentrations of 
fertilizer nitrogen in the soil. Similarly, mathematical 
theories were used in to interpret observations regarding 
decrease in shoot fix nitrogen content in faba bean and 
predictions were made about correlation of fertilizer doses 
with shoot fix nitrogen content under field conditions (Table 
4, Figure 4). Thus, the approximate values of shoot nitrogen 
content in chickpea and faba bean can be predicted at 
different concentrations of fertilizer nitrogen in the soil using 
these models. Such quantitative models have earlier been 
used to complement the laboratory experiments and in situ 
measurements of nitrogen fixation [15]–[16]. 
  
In similar studies, a coarse-grained model was developed for 
blue green algae Anabaena correlating its growth based on 
addition of various fixed N sources and the process of their 
assimilation into biomass. The model observed negative 
correlation between NO3 and NH4

+ uptake and NifH 
(nitrogenase iron protein) level and it also showed the 
inhibition of heterocyst differentiation by fixed N [29]. 
Recently, a coarse-grained model developed for Azotobacter 
resolved fixed N uptake showing that the rate of N2 fixation 
is optimally regulated to maximize biomass concentration 
[30]. The model suggested that while using only the fixed N 
source for growth, this organism invested in high rates of 
respiration associated with respiratory protection. Similarly, 
the behaviour of nitrogen-fixing rhizobia could be predicted 
for nitrogen fixation in legume plants in response to available 
nitrogen level prevailing in the soil by use of these predictive 
models. 
  
5. CONCLUSION  
                                 

The optimal nitrogen fertilization doses and improvement of 
nitrogen management efficiency heavily depend on precise 
assessment of nitrogen status in plant-soil system [31]. To 
maximize benefits of nitrogen nutrition and to guarantee 
adequate nitrogen availability throughout growing season, 
extra nitrogen application in the form of chemical fertilizers 
may be required during growing season of various crops [1]. 
However, environmental nitrogen conditions are critical 
signals for regulation and expression of nitrogen fixation (nif 
and fix) genes in different nitrogen-fixing bacteria [32]. Due 
to environment-friendly and plant growth-promoting traits, 
application of biofertilizers (microbial inoculants) has 
emerged as an innovative technology for improving crop 
production [33, 34]. But global warming, changes in 
precipitation patterns and recent abrupt changes in climatic 
conditions have emerged as the major constraints for 
stagnation of productivity in cereal and legume crops [9, 35]. 
  
For development of any predictive model, proper 
experimental data obtained from laboratory and field 
experiments are essential. Thus, values obtained from the 
experiments conducted and used for development of models 
are usually complementary and provide useful information 
about quantitative measurements and mathematical theories. 
In this study, predictive models were developed to study the 
behaviour of rhizobia for nitrogen fixation in response to 
nitrogen level conditions prevailing under cultural conditions 

as well as in the soil using R software. Such predictive 
models will help to learn more about biological nitrogen 
fixation under culture and field conditions and may help to 
improve availability of fixed nitrogen for restoration of soil 
fertility and plant health leading to crop productivity 
improvement. Such predictive models can be expanded to 
cover different nitrogen-fixing organisms including 
terrestrial, marine, heterotrophic, aerobic and anaerobic 
nitrogen-fixing organisms. Further, the development of novel 
computer-based softwares, rapid development of predictive 
skill and the understanding of interactions between microbial 
ecosystems, biogeochemistry and climate is expected in near 
future to improve prediction of nitrogen fixation for 
improving crop production. 
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