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INTRODUCTION 

 
       Plants require nitrogen and carbon energy to produce sugars, amino acids, and 
proteins. Nitrogen can be assimilated from inorganic nitrates applied in fertilizers, from 
non-fertilizer nitrates available in soil, or, in the case of leguminous plants, atmospheric 
nitrogen can be fixed into inorganic ammonia through the process of biological nitrogen 
fixation (1). Due to competition with other plants for nitrogen derived from nitrate 
(nitrate-N), legumes generally attain nitrogen by assimilating nitrate from fertilizers or by 
fixing nitrogen (2). However, legumes must use carbon energy to fix and assimilate 
nitrogen that would otherwise be available for metabolism (3). The main focus of my 
research was to vary fertilizer nitrate concentrations applied to a cultivar of pea legumes 
(Pisum sativum L. cv. Oregon Sugar) in order to determine how nitrogen fixation is 
affected by nitrate availability, while a second focus was to determine carbon dioxide 
energy requirements for nitrogen assimilation vs. fixation. The ultimate goal of this 
project was to increase biomass productivity of the pea legume.  

Although nitrogen is available in seed cotyledons of legumes, this nitrogen does 
not support plant growth beyond germination. When seed nitrogen is insufficient, pea 
plants obtain nitrogen through fixation of atmospheric nitrogen, assimilation of nitrates, 
or through a combination of both processes (1). The process used to obtain nitrogen is 
primarily influenced by nitrate availability, whereas as nitrate availability increases, 
atmospheric nitrogen fixation is reduced (2). Research by Pate and Oghoghorie et al. 
(1971) supported this, where it was shown that when peas received nitrate fertilizer 
applications of 20-40 mg 1-1 nitrogen in nitrate, the peas fixed 70-90% total nitrogen. 
When fertilizer contained 120 mg 1-1 nitrate, the peas fixed 50% total nitrogen, and, when 
fertilizer applications were 315 mg 1-1 nitrate, the peas fixed only 20% total nitrogen (4). 
This trend suggests a high nitrate-N concentration applied to pea plants inhibits nitrogen 
fixation, although this concentration has not been determined. 
 Because legumes such as pea plants are not innately capable of fixing nitrogen, 
they initiate a relationship with rhizobia bacteria, which contain fixation-performing 
nitrogenase enzymes (3). The relationship between rhizobia and legumes is symbiotic; 
rhizobia fix nitrogen via nitrogenase for the legume, while the legume allocates 
photosynthetic carbon to nodules where it is respired by rhizobia as the energy used to fix 
nitrogen. When this relationship is established, atmospheric nitrogen (N2) can be fixed to 
ammonia (NH3) in a reaction catalyzed by nitrogenase (2). The reaction is shown in 
Figure 1. 
 

Figure 1: Reaction in which atmospheric nitrogen is fixed (2) 
N2 + 8 H+ + 8 e- !  2 NH3 + H2  

  
 Because nitrogenase is inhibited by aerobic conditions, nodules form on roots of 
legumes when a rhizobia relationship is established. Oxygen concentration in nodules is 
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low, which provides an environment for rhizobia that is conducive to nitrogen fixation by 
nitrogenase (2).  
 Carbon energy is directly related to plant and nodule biomass. When legumes are 
exposed to intense light, they photosynthesize, absorbing carbon dioxide that is 
incorporated into plant biomass. When legumes fix nitrogen, carbon energy from 
photosynthesis is allocated to nodules. As a result, there is a direct relationship between 
nitrogen fixation activity and nodule biomass. Therefore, nodule biomass is used to 
predict fixation activities (5).   
 Quantification of carbon energy required to fix or assimilate nitrogen is based on 
the rate of net photosynthesis. A study by Enrico and Spallacci (2005) investigated 
differences in photosynthesis and respiration between legumes that were completely 
dependent on nitrogen fixation and legumes that received a high amount of fertilizer 
nitrate. They concluded that, although fixation vs. assimilation had no apparent effect on 
photosynthesis, plants fixing nitrogen respired a significantly greater amount of carbon 
dioxide than plants receiving abundant fertilizer nitrate (6). A similar study by Mahon 
(1977) reported the same results for respiration but also found that plants assimilating 
nitrate had a lower rate of photosynthesis (7). These studies suggest that less energy is 
required to assimilate vs. fix nitrogen, but the studies lacked quantitative results.  

Two goals were addressed in my research. The first was to determine how 
nitrogen fixation by pea plants (Pisum sativum L. cv. Oregon Sugar) was affected by 
fertilizer nitrate-N concentration. The second goal was to determine if the carbon energy 
requirement for atmospheric nitrogen fixation was different from the carbon energy 
requirement for nitrate-N assimilation from fertilizer. 

Based on the trend established by Pate and Oghoghorie (1977), my first 
hypothesis was that as nitrate-N concentration applied in fertilizer to pea plants increased, 
nitrogen fixation would decrease, and that a fertilizer nitrate-N concentration of 500 
µg/mL would inhibit nitrogen fixation by pea plants. Based on the studies by Spallacci 
and Mahon, my second hypothesis was that pea plants fixating nitrogen would utilize 
more carbon energy than plants assimilating nitrogen from a nitrate fertilizer.  

 
 

METHODS 
 

Planting Pea (Pisum sativum) Plants: First, Oregon Sugar pea seeds (Pisum 
sativum L.) were inoculated with rhizobia leguminosarum. Next, three seeds were planted 
in Turface, a nitrogen-free planting medium, in each of 60 pots. Planted pots were placed 
in a controlled growth chamber where seeds grew in light 12 hours at 25.0 ¡C and in 
darkness for 12 hours at 18.0 ºC. Twice each day, seeds were watered with H2O. When 
three pea plants emerged in each pot, two were removed so one plant remained in each 
pot for a total of 60 pea plants.  Five seeds were oven-dried overnight at 65 ¡C, massed, 
and stored for future quantification of total seed nitrogen. 
      Preparing Nutrient Stock Solutions: Five nutrient solutions were prepared as 
shown in Table 1. Next, a 1.5 M nitrate stock solution of one atom percent 15N was made 
by adding 703.2 g calcium nitrate and 6.50 g of potassium nitrate that was labeled with 
15N to 2.0 L of dH2O.  
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Table 1: Contents of Nutr ient Stock Solutions 

Nutrient stock 
solution 

Contents of nutrient stock solution 

1 588.02 g calcium chloride made to 2.0 L of dH20 
2 372.76 g potassium chloride made to 2.0 L of dH20 
3 492.96 g magnesium sulfate and 136.08 g potassium phosphate 

made to 2.0 L of dH20 
4 73.4 g ferric EDTA made to 2.0 L of dH20 
5 3.093 g boric acid, 0.785 g manganese chloride, 1.153 g zinc 

sulfate, 0.246 g copper(II) sulfate, and 1.239 g ammonium 
molybdate made to 2.0 L of dH20 

 
Preparing Nitrate Fertilizer Solutions: Five nitrate fertilizers made of nutrient stock 
solutions and nitrate stock solution, shown in Table 2, were prepared each day. Each 
nitrate fertilizer contained one of the following fertilizer nitrate-N concentrations, 
expressed in parts per million (µg/mL): 0, 10, 30, 100, and 500. All fertilizers were made 
to 1.6 L of dH20 except the control and the 500 µg/mL, which were made to 3.2 L of 
dH20.  
 

Table 2: Nutr ient and nitrate stock solutions used to make the nitrate fer tilizers 

 
Applying Nitrate Fertilizer Solution to Plants: First, each plant was labeled 

according to nitrate fertilizer applied and by replication. Then, 200 mL of fertilizer were 
applied daily to pea plants, as shown in Table 3, for a total of seven weeks. To ensure 
nitrate-N concentration in fertilizer solutions was not diluted, plants were not watered 
with dH2O. One week later, a black shade cloth was placed over eight plants receiving 
the 0 µg/mL concentration and over eight plants receiving the 500 µg/mL concentration 
to reduce photosynthesis. All other plants were non-shaded, or allowed to grow in light. 

 

Nitrate fertilizers Nutrient stock solution  Nitrate stock solution  
0 µg/mL (control) 5.64 mL stock solutions 1, 4, and 5;  

11.28 mL stock solutions 2 and 3   
0.00 mL   

10 µg/mL  2.82 mL stock solutions 1, 4, and 5;  
5.64 mL stock solutions 2 and 3 

0.38 mL 

30 µg/mL  2.82 mL stock solutions 1, 4, and 5;  
5.64 mL stock solutions 2 and 3 

1.14 mL 

100 µg/mL  2.82 mL stock solutions 1, 4, and 5;  
5.64 mL stock solutions 2 and 3 

3.81 mL 
 

500 µg/mL  5.64 mL stock solutions 1, 4, and 5;  
11.28 mL stock solutions 2 and 3 

19.00 mL 
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Table 3: Application of nitrate fer tilizer  to plants 
Nitrate-N concentration in fertilizer Number of plants receiving fertilizer 
0 µg/mL (control) 16 
10 µg/mL  8 
30 µg/mL  8 
100 µg/mL  8 
500 µg/mL  16 

 
Harvesting Plants: Plants were harvested according to Table 4. First, leaves and 

stems of each plant were cut from roots. Leaves were removed from the stem and 
scanned with HP Image software to determine leaf area. Next, nodules on roots of plants 
were removed with forceps. Shoots, leaves, roots, and nodules were dried at 65.0 ºC for 
approximately 24 hours. Dry matter of plant components and whole plant dry matter were 
determined using a microgram scale.  

Second, shoot, root, and leaf samples were combined and ground in a VASS plant 
grinder. Nodule samples were ground with a mortar and pestle. Finally, nodules were 
combined with leaf, shoot, and root material of the corresponding plant.  

 
Table 4: Plants harvested 

Nitrate-N concentration 
in fertilizer 

Growing conditions Number of plants and time harvested 
(weeks after first fertilizer application) 

Shade 4 plants at 5 weeks 
4 plants at 7 weeks 

0 µg/mL nitrate 
(control) 

Light 4 plants at 5 weeks 
4 plants at 7 weeks 

10 µg/mL nitrate  Light 4 plants at 5 weeks 
4 plants at 7 weeks 

30 µg/mL nitrate Light 4 plants at 5 weeks 
4 plants at 7 weeks 

100 µg/mL nitrate Light 4 plants at 5 weeks 
4 plants at 7 weeks 

Shade 4 plants at 5 weeks 
4 plants at 7 weeks 

500 µg/mL  nitrate 

Light 4 plants at 5 weeks 
4 plants at 7 weeks 

 
Preparing Plant Tissue for 15N Analysis: First, 50.0 µg of each plant sample were 

massed into separate capsules. Next, each capsule was sealed, placed into a labeled vial 
of a microtiter plate, and the plate was mailed to the University of California-Davis 
Stable Isotope Facility where 15N was analyzed by mass spectroscopy. 

Determining Nitrogen Fixed and Nitrogen Assimilated: Mass spectroscopy data 
gave atom percent of 15N and total nitrogen, which included fixed, assimilated, and seed 
nitrogen in each plant sample. First, the following formula was used to calculate total 15N 
in grams assimilated from nitrate fertilizer, where atom%initial was initial atom percent of 
15N applied in fertilizer, atom%bkg was average atom percent of 15N in control plants, and 
Ndff was nitrogen derived from nitrate fertilizer.  

Ndff = (atom% 15Nplant sample – atom%15Nbkg) / (atom%15Ninitial – atom%15Nbkg ) x total plant nitrogen 
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Second, the following formula was used to determine atmospheric nitrogen fixed, where 
atom%15Nseed was average atom percent of 15N in a pea seed and Ndfa was nitrogen 
derived from atmospheric nitrogen fixation. 
 

Ndfa = total nitrogen – (Ndff + (atom%15Nseed x total seed nitrogen))  
 
Statistical Analysis: The Statistical Analysis System version 9.1 analysis of 

variance was used to determine if fertilizer nitrate-N concentration had a statistically 
significant effect on nitrogen fixation. A p-value of 0.05 was used to indicate statistical 
significance.  

Flow Injection Analysis: Each week, collection bags were placed around the 
bottom of each plant pot to collect leached nitrate solution. Nitrate fertilizers were 
applied to each plant, and 24 hours later or as soon as the solution had drained through 
the pot, volume from drainage in each bag was determined. Samples of the leached 
solution were poured into scintillation vials labeled according to nitrate fertilizer applied 
to plant, and replicate. The vials were first frozen and then allowed to thaw in a warm 
water bath. Next, 4.9 mL of dH2O and 0.1 mL of 500 µg/mL solution; 4.5 mL of dH2O 
and 0.5 mL of 100 µg/mL solution; and 3.3 mL of dH2O to 1.7 mL of 30 µg/mL solution 
were pipetted into separate Lachat analysis vials. Flow injection analysis of vials 
determined actual nitrate-N concentration absorbed by pea roots.     

Photosynthesis Chamber: To build a photosynthesis chamber, a transparent, 
plastic cylinder (75.50 cm height and 15.00 cm diameter) was used as the body of the 
chamber. Two square sheets of plastic were secured to the top and bottom of the 
chamber. Cocking material was used to seal air passages where the tube and tops met. 
Next, two holes were drilled through the top of the chamber and plastic tubing was 
secured to each hole. Fans were wired to the top and bottom of the chamber, positioned 
so air was directed in a circular motion. Lastly, a Bunsen burner stand was placed inside 
the chamber to hold each plant. 

Net Photosynthesis: To measure net photosynthesis, a plant was placed inside the 
photosynthesis chamber, and LICOR CO2 gas analyzer tubes were connected to tubes in 
the chamber. Air was continuously extracted from the photosynthesis chamber, carried to 
the LICOR, and analyzed for CO2 concentration every second for three minutes. The 
procedure was repeated for each pea plant that would be harvested at seven weeks.  

Analysis: Rate of net photosynthesis (µgC/m2/s) was determined by subtracting 
initial concentration of CO2 in the chamber from final concentration. The result was 
multiplied by circulating gas volume in the chamber. The Statistical Analysis System 
version 9.1 analysis of variance was performed to determine if energy utilized by plants 
was statistically different at each nitrate-N concentration. A p-value of 0.05 was used to 
indicate statistical significance.  
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RESULTS 

 
Figure 1 shows fertilizer nitrate-N 

concentration vs. whole plant nitrogen content, 
including seed nitrogen, fixed nitrogen, and 
nitrogen assimilated from nitrate fertilizer for 
plants grown in light and harvested at five 
weeks (shown in blue) and plants harvested at 
seven weeks (shown in red). As fertilizer 
nitrate-N concentration increased from 0 
µg/mL to 100 µg/mL, nitrogen content 
increased significantly from 0.021 g to 0.046 g 
for plants harvested at five weeks (p=0.001) 
and from 0.062 g to 0.19 g for plants harvested 
at seven weeks (p<0.0001). The increase in 
nitrogen content from five to seven weeks at each fertilizer nitrate-N concentration was 
significant. Although Figure 1 shows an apparent decrease in nitrogen content between 
nitrate-N concentrations of 100 µg/mL and 500 µg/mL, nitrogen content means between 
these nitrate-N concentrations were 
not different (p> 0.05).  
 Figure 2 shows the amount 
of nitrogen fixed at each fertilizer 
nitrate-N concentration by pea 
plants grown in light that were 
harvested at five and seven weeks. 
Figure 2 also shows the amount of 
nitrogen fixed by plants grown in 
shade and harvested at five and 
seven weeks. Fertilizer nitrate-N 
concentration had a significant 
effect on nitrogen fixation by plants 
grown in light harvested at five 
weeks (p= 0.0001) and for plants harvested at seven weeks (p= 0.0002), whereas as 
concentration increased, fixed nitrogen decreased. Specifically, when comparing fixed 
nitrogen means at each fertilizer nitrate-N concentration, the amount of fixed nitrogen did 
not differ between concentrations of 0, 10, and 30 µg/mL and as well as between 
concentrations of 100 and 500 µg/mL. However, the mean amount of nitrogen fixed at 
fertilizer nitrate-N concentrations of 0, 10, and 30 µg/mL was significantly greater than 
nitrogen fixed at concentrations of 100 and 500 µg/mL. Thus, nitrogen fixation by plants 
grown in light decreased significantly at both harvest times only after fertilizer nitrate 
concentrations surpassed 30 µg/mL. The amount of nitrogen fixed by plants grown in 
light and plants grown in shade increased significantly from five to seven weeks 
(p<0.0001). Plants grown in light fixed significantly greater amounts of nitrogen than 
plants grown in shade at both five and seven weeks (p< 0.0001).  
 Figures 3 and 4 show percentage of whole plant nitrogen distributed as seed 
nitrogen, nitrogen assimilated from nitrate fertilizer, and fixed nitrogen at each fertilizer 
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nitrate-N concentration for plants grown in light and harvested at five and seven weeks, 
respectively. The percent of assimilated fertilizer nitrate-N with respect to whole plant 
nitrogen increased as fertilizer nitrate-N concentration increased (p=0.001), while the 
percent of fixed nitrogen decreased as fertilizer nitrate-N concentration increased 
(p<0.0001). Figures 5 and 6 show these distributions for plants grown in shade and 
harvested at five and seven weeks respectively, where percent of assimilated fertilizer 
nitrate-N increased as fertilizer nitrate-N concentration increased (p<0.0001), while the 
percent of fixed nitrogen decreased as fertilizer nitrate-N concentration increased 
(p=0.003). The percent of nitrogen assimilated from nitrate fertilizer decreased from five 
weeks to seven weeks (p=0.002) for both shaded and non-shaded plants. 
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 Figure 7 shows fertilizer nitrate-N 
concentration vs. whole plant dry matter 
for plants grown in light harvested at five 
weeks (shown in blue) and plants 
harvested at seven weeks (shown in red). 
As fertilizer nitrate-N concentration 
increased from 0 µg/mL to 100 µg/mL, 
plant dry matter increased significantly 
from 0.742 g to 1.55 g for plants 
harvested at five weeks (p<0.0001), and 
from 2.22 g to 6.83 g for plants harvested 
at seven weeks (p<0.0001). For plants 
grown in light, the increase in growth 
between five weeks and seven weeks at 
each nitrate-N concentration was statistically significant (p<0.0001); however, the decrease 
in dry matter from 100 µg/mL to 500 µg/mL at both harvest times was not significant. For 
shaded plants, dry matter also increased significantly from five to seven weeks (p= 0.0002). 
Shading significantly affected dry matter at each nitrate-N concentration, where dry matter 
for shaded plants was less than dry matter of non-shaded plants at five weeks (p=0.001) and 
at seven weeks (p=0.0001). 
 Figure 8 shows the mean rate 
of net photosynthesis at each fertilizer 
nitrate-N concentration for plants 
grown in light and compares net 
photosynthesis rates between plants 
grown in light and plants grown in 
shade. All plants were harvested at 
seven weeks. There was no 
significant trend between fertilizer 
nitrate-N concentration and net 
photosynthesis rate (p= 0.34) despite 
the increase in whole plant dry matter 
as fertilizer nitrate-N concentration 
increased. Net photosynthesis 
between plants grown in light and 
plants grown in shade was also insignificant (p=0.058).  
 
CONCLUSION 
 
 The first goal to determine the effects of fertilizer nitrate-N concentration on 
nitrogen fixation by Pisum sativum L. cv. Oregon Sugar was successful. First, I found 
that as fertilizer nitrate-N concentrations increased, nitrogen fixation decreased. This 
occurred in plants grown in light and plants grown in shade at both five and seven week 
harvest times. However, I found that the amount of nitrogen fixed between plants grown 
in light and fertilized with one of the three lowest nitrate-N concentrations (0, 10, or 30 
µg/mL) were not different (Figure 2). This occurred at both harvest times and indicates 
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that nitrogen fixation will decline only after fertilizer nitrate-N concentrations exceed at 
least 30 µg/mL. Because this conclusion is based on data collected from only 24 pea 
plants, future work should repeat my research using more plant replicates. Future studies 
should also pinpoint specifically where fixation begins to decline by fertilizing pea plants 
with nitrate-N concentrations between 30 µg/mL and 100 µg/mL.  
 A second, unexpected, outcome was that nitrogen fixation was not inhibited in 
shaded plants or plants grown in light that received a 500 µg/mL nitrate-N concentration. 
Fixed nitrogen comprised 1.57% and 3.58% whole plant nitrogen at five and seven 
weeks, respectively, which suggests a 500 µg/mL concentration does not supply pea 
plants sufficient nitrogen to fulfill nitrogen demand by assimilating nitrate-N alone. This 
conclusion should be verified by applying higher nitrate-N concentrations to pea plants in 
the future. 
 A third outcome was that nitrogen fixation varied significantly between shaded 
and non-shaded plants, and between harvest times. Both shaded and non-shaded plants 
that were harvested seven weeks after germination fixed more nitrogen than those 
harvested at five weeks. However, at both harvest times, shaded plants fixed less nitrogen 
than non-shaded plants. These outcomes were expected and can be explained by whole 
plant dry matter and nitrogen content trends (Figures 7 and 1). Plant growth, or dry 
matter, increased at both harvest times as fertilizer nitrate-N concentrations increased, but 
was greatest in plants that were harvested at seven weeks and fertilized with high 
concentrations of nitrate-N. Increased growth created a greater nitrogen demand, and so 
trends in whole plant nitrogen content closely resembled growth trends; nitrogen content 
was highest in plants that were harvested at seven weeks and fertilized with 100 or 500 
µg/mL nitrate-N but increased with concentration at both harvest times. However, 
because nitrate-N concentrations applied to plants remained constant over the course of 
this study, nitrate-N derived from these fertilizers may have become less effective in 
supplying nitrogen at the later harvest than at five weeks and similarly in plants fertilized 
with high concentrations. To fill the gap between elevated nitrogen demand and 
assimilated nitrate-N, fixation increased at each nitrate-N concentration from five weeks 
to seven weeks. This may explain why percentages of nitrogen fixed in respect to whole 
plant nitrogen increased for both shaded and non-shaded plants at seven weeks.  
 A fourth outcome was that shaded plants fixed significantly less nitrogen in 
comparison to non-shaded plants overall. Shading pea plants with cloth was expected to 
reduce photosynthesis and consequently diminish plant growth. It appears that shading 
was successful in reducing growth; Figure 7 shows that dry matter in shaded plants was 
lower than non-shaded plants. This diminished growth suggests that nitrogen demand in 
shaded plants was lower than non-shaded plants, and subsequently percentages of fixed 
nitrogen were less. This shows that nitrate-N concentration, harvest time, and light 
environment all interacted to significantly influence nitrogen fixation.  
 The second goal to determine the rates of net photosynthesis by plants fixing 
nitrogen as opposed to assimilating nitrate-N from fertilizer produced no significant 
results. First, no relationship could be determined between fertilizer nitrate-N 
concentration and net photosynthesis, which suggests that the amount of energy required 
to fix nitrogen is not different from the amount of energy required to assimilate nitrogen 
from a nitrate fertilizer. Second, there was no significant difference in net photosynthesis 
rates between shaded and non-shaded plants. These results did not support my hypothesis 
that net photosynthesis would be higher in plants fertilized with low nitrate-N 
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concentrations or my expectation that net photosynthesis would be greater in non-shaded 
plants than in shaded plants. Results were also inconsistent with plant dry matter. Dry 
matter increased significantly as nitrogen fixation declined (Figure 7) and was greatest in 
non-shaded plants. This suggests that plants acquiring a majority of nitrogen by 
assimilating nitrate-N as opposed to fixing nitrogen used less carbon energy, because 
photosynthetic carbon that was not respired for energy could be incorporated into 
structural plant biomass to enhance growth.  
 There were several reasons why my net photosynthesis results were not 
significant and did not reflect growth trends. First, because fixation occurred in plants 
that were fertilized with 500 µg/mL nitrate-N, net photosynthesis rates do not accurately 
represent the rate at which pea plants uptake CO2 for nitrate-N assimilation from a 
fertilizer solution. Second, the Turface that plants were grown in was porous, which may 
have allowed respired CO2 to be trapped between soil particles and not measured. Also, 
the photosynthesis chamber was narrow, which caused leaves to fold on top of and shade 
one another. This may have increased plant respiration and lowered rates of net 
photosynthesis.  
 Results from my research have several agricultural implications. Nitrate-N 
fertilizers applied to legumes to enhance plant growth and nutritional value are 
expensive. By determining how fertilizer nitrate-N concentration affects nitrogen 
fixation, my research may contribute to economic profitability of growing legumes. Also, 
legume yields can be maximized by determining net photosynthesis rates required for 
nitrogen fixation vs. nitrate-N assimilation from fertilizer. Then, the concentration that 
influences the ratio of nitrogen fixation to nitrate-N assimilation where carbon costs 
associated in obtaining nitrogen are minimized can be applied to legumes to increase 
harvest yield.  
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