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Abstract:  
 
 This study focused on a sugar and nitrogen uptake symbiotic relationship between Medicago 
truncatula legumes and Sinorhizobium meliloti rhizobia bacteria through cultivation, plant 
fitness, and data collection. Different genomic populations of legumes were studied to find 
variations in the mutual responses of each population towards rhizobia strain. Soil nitrogen 
concentrations were tested for their effects on four varied populations of legume, originating 
from France, Greece, Spain, and Portugal, with three variations of two strains of rhizobia (ABS7, 
WS480, and ABS7+WS480). It was found that increased soil nitrogen improved the fitness and 
increased the rate of nodulation for ABS7 inoculated legumes but decreased the fitness and 
nodulation of the ABS7+WS480 inoculated legumes (p < 0.05). Rhizobia strain inoculations had 
significant effects on pod mass, nodulation, and vine lengths (p < 0.05). Herbivore treatments did 
not slow nodulation or weaken the strength of this symbiotic relationship. The results of this 
study indicate that nitrogen fertilizers should be monitored when planting legumes in various 
cropping systems in order to not disrupt the ability of surrounding rhizobia to share mutual 
benefits with legumes. This study also implies that the symbiotic relation betweens legumes and 
rhizobia has evolved to the point where even when a legume produces lower amounts of sugar it 
will not lose the mutualism. 
 
Introduction: 
 
  Mutual behaviors involved in a symbiotic relationship between Sinorhizobium meliloti 
rhizobia and Medicago truncatula legumes were the focus of my study. Four variables were 
investigated: native legume populations, rhizobial strains, nitrogen concentrations, and herbivore 
treatments. Data were collected on legume fitness levels and nodule number to find the influence 
these variables had on the strength of the sugar and nitrogen uptake symbiotic relationships 
between legumes and rhizobia. 

Studies by K. P. Smith et al. showed that plant genotypes play significant roles in shaping 
plant-associated microbial communities and determining the biological outcome of such 
associations (1). These studies implied that legume populations, which differed in native habitat, 
would vary in preference towards strain of rhizobia. Furthermore, a study conducted by J. S. Pate 
stated that a plant infected by a single strain of rhizobia could easily obtain nitrogen needed for 
leaf growth when the legume would otherwise require a more extensive root system to fulfill 
required levels of nitrogen uptake (2). 

Three basic purposes directed my study. The first two purposes addressed mutualistic 
response of strain inoculations and the third purpose was undertaken with herbivore treatments. 
The first purpose, which dealt with an argument made by F.D. Dakora et al., stating that legumes 
play a multifunctional role in cropping systems by serving as enhancers of soil nitrogen (3). My 
study investigated the effects of increased nitrogen soil enhancers on the legume-rhizobia 
relationship. The second purpose of my study pertained to research by J. L. Bronstein, which 
indicated that over an extended time period legume-rhizobia relationships shift from mutualism 
to antagonism due to evolutionary origins and ecological alterations (5). By varying native plant 
populations and rhizobial strains, my study identified the preference each population expressed 



 

towards each rhizobial strains. The third purpose dealt with research by D. A. Samac et al. that 
focused on the negative effects pathogens, such as Clavibacter michiganensis subspecies and 
Colletotrichum trifolii, have on growth behaviors and defense mechanisms of legumes (4). My 
study was unique in that it imposed herbivore treatments on legume leaves to find how these 
treatments affected legume-rhizobia symbiotic relationships.  

The hypotheses of my study were, first, legumes that vary in genomes would vary in 
preference towards strains of rhizobia. Second, herbivore treatments would lower the 
photosynthetic abilities of legumes, making it difficult for them to develop extensive root 
systems, and therefore the legumes would be eager to express mutual behaviors. Third, increased 
nitrogen levels would have negative effects on mutual behaviors of legumes, making it easier for 
the legumes to obtain nitrogen with limited root growth.  
 
Materials: 
 
 I obtained seeds from four genomic populations of M. truncatula legumes originating from 
France, Greece, Spain, and Portugal. ABS7 rhizobia strain was used because it is a lab cultured, 
successful nodulator. WS480 rhizobia strain originated in Europe.  
 
Methods: 
 
Mutualistic Response Strain Inoculations: 

To start, I planted 60 legumes from each population that were planted and inoculated 
them with ABS7, WS480, and a combination of those two different strains of S. meliloti rhizobia 
(The combination strain will be referred to as ABS7+WS480 in rest of the paper.) as seen in 
Table 1 on March 17, 2004. Half of the plants where treated with nitrogen, also seen Table 1.  
Table 1: Rhizobia Inoculations and Nitrogen Treatments 

Number of Plants from one 
Population 

Strain of Rhizobia Inoculated Nitrogen treatment 

10 ABS7 Yes 
10 ABS7 No 
10 WS480 Yes 
10 WS480 No 
10 ABS7+WS480 Yes 
10 ABS7+WS480 No 

 
Preparing and Growing Seeds:  

I slightly scarified seeds from the original habitats of each legume population with 
sandpaper. Then, I sterilized the seeds by placing them into a 70% ethanol solution for one 
minute. I rinsed the seeds five times with dH2O before and after placing them in a 5% bleach 
solution for six to eight minutes. Then, I put the seeds into a shaker until they imbibed. After 
they had imbibed, I mixed in vermiculite, sealed the seeds in a baggy, and stored them at about 4 
°C. Once the seeds begin to sprout, they were set on the surface of Sun Shine Mix, a soil 
mixture, in pots that were carefully randomized using the Excel randomizing program. After 
conducting the mutualistic response strain inoculations, I observed that it would be more 
efficient to collect data on the vine length and leaf number if the lifespan of the plant was 
shortened. I used Cone-tainers to shorted the root growth, and ultimately shorten the lifespan on 
the legumes planted in the herbivore treatment, see Figure 2. All data collected were recorded 
into an Excel program and analyzed using an ANOVA program.  
Inoculations: 



 

I diluted S. meliloti rhizobia inoculant mixtures of strains ABS7, WS480, and 
combination ABS7+WS480 to 108 cell/mL OD 0.1 with dH2O and read each at 600 nm with a 
spectrophotometer. Before 1 mL of either combination of rhizobia strain was injected into the 
surrounding soil at the base of the legume, I watered all legumes to ensure that the inoculant 
would easily diffuse into the soil. 
Herbivore Treatments: 

I used the two genomic populations from the mutualistic response inoculation that varied 
the most in fitness levels and symbiotic strength for the herbivore treatment. I inoculated every 
plant of each population with 1 mL of equally concentrated ABS7+WS480. This treatment 
involved removing half of every leaflet on each legume with fine scissors. I harvested each 
population three times during their life spans, in order to record nodule development as the plants 
grew, as shown in Table 2.  

 
Table 2: Herbivore Treatments  
Number of Legumes in both 

Populations 
Herbivore Treatment Harvest Date 

8 None Two days before herbivore treatment 
8 Yes A week after herbivore treatment 
8 No A week after herbivore treatment 
8 Yes After the plant died 
8 No After the plant died 

          
Harvesting the Plants: 

I removed the legumes from their surrounding soil after they died. A second generation 
of the legumes was planted from the mutualistic response strain inoculations. I saved both the 
root systems and the soil surrounding the plant from the mutualistic response strain inoculations. 
I divided all roots from one plant into two equal parts. I counted the nodules from one root 
section, multiplied it by two to find the total nodule number, and removed twenty nodules. If the 
root system was small, I counted all nodules. I cut off the stems, leaves, and roots (also referred 
to as the above-ground biomass) and dried them in labeled envelopes in an oven 80 ˚C. Once 
dry, I weighed the above-ground biomasses. I stored the nodules at 14 °C in epindorf tubes 
containing a layer of calcium chlorite silicon covered with cotton. 

 
S. meliloti Distraction: 

I hydrated the nodules that formed on legume roots for two hours until imbibed. Then, I 
sterilized the nodules in ethanol for two minutes and in CaOCl2 for three to four minutes. After 
sterilized, I rinsed the nodules with dH2O several times. Then I crushed each nodule in an 
enpindorf tube with 500 mL of BYMA (NaCl, MgSO4(H2O)7, CaCl2(H2O)2, K2HPO4, 
FeCl3.6H2O, mannitol, yeast extract, dH2O) buffer solution. After the nodule was fully crushed, I 
added another 500 mL of BYMA. 
 
S.meliloti Strain Analysis: 

Once the S. meliloti bacteria was extracted from a nodule I plated it. I autoclaved liquid 
Xgal solution (BYMA) with added granulated agar at 20g/L, at 15 psi for 20 minutes. Then, I 
poured it onto a petri dish. As the Xgal cooled and solidified in the petri dish, I spun the 
distracted S. meliloti for 20 to 30 seconds. Once the Xgal was completely cooled, I pipetted 1 mL 
of extracted S. meliloti onto a prepared plate and streaked it to progressively dilute the 
suspension to a stage where isolated colonies grew. I then incubated each of the plates at 30 °C 
for about three days. I periodically checked the plates for blue coloration, indicating the presence 



 

of the ABS7 strain of S. meliloti. The plates containing rhizobia colonies without contamination 
were stored at 14 °C. Unfortunately, the blue coloration indicators did not work properly, making 
it impossible to detect the strain of rhizobia present in the plated nodule.  
 
Results of Mutualistic Response Strain Inoculations: 
 

Shown in Figure 1, the date of initial pod production was earliest for two out of four 
populations (Greece and Portugal) treated with and without nitrogen and inoculated with a 
combination ABS7+WS480 strain of rhizobia. The Spain population followed a similar trend 
with earliest pod production when inoculated with ABS7+WS480 without nitrogen treatments.   

Shown in Figure 2, nitrogen-treated France and Greece populations produced greatest 
pod mass with all rhizobia inoculations. The Spain and Portugal populations without nitrogen 
treatment produced greater average pod mass than when treated with nitrogen and inoculated 
with ABS7+WS480 and ABS7.  

Figure 3 shows that the average pod number was greatest with WS480 for the Spain and 
Portugal populations with and without nitrogen treatments. The average pod number was greatest 
for the France and Greece populations when inoculated with AB57, with nitrogen treatment.  

Figure 4 shows all populations had highest average nodule number when inoculated with 
ABS7+WS480 without nitrogen treatments. The Spain population when treated with nitrogen 
had increased nodule development in response to ABS7+WS480. The Greece, Portugal, and 
France populations when treated with nitrogen produced most nodules with ABS7.  

In Figure 5, all populations treated with nitrogen produced earliest flowers when inoculated 
with ABS7+WS480. The Spain and Portugal populations without nitrogen treatments showed the 
latest flowering with ABS7+WS480, and the France and Greece populations with nitrogen 
showed late flowering with WS480.  

Figure 6 shows all populations showed no trends between average above-ground biomass and 
inoculation. Nitrogen treatments did increase the above-ground biomass of ABS7 inoculated 
populations  

Figures 7-10 show populations with nitrogen produced longer vine lengths. In Figures 7 and 
8, populations inoculated with ABS7+WS480 produced intermediate vine lengths between 
populations inoculated with ABS7 and populations inoculated with WS480.  

 
Results for Herbivore Treatments: 
 

Before imposed herbivore, shown in Figures 11 and 12, early growth rates were similar for 
the Spain and Portugal populations. Shown in Figures 13 and 14, herbivore treatments had 
negative effects on vine and leaf-growth rates for both populations. Shown in Figures 15 and 16, 
herbivore-treated Spain population had constant vine and leaf-growth rates.  

The Spain population had a faster rate of nodulation when compared to the Portugal 
population in the early growth stages with and without imposed herbivore. Displayed in Figure 
17, the Spain population without imposed herbivore had developed an average 41.6% of its total 
nodule growth by the first harvest date, and an average of 86.1% nodules for plants of the same 
population harvested 20 days later. However, the Spain population with imposed herbivore had 
developed no nodules by the first harvest date, and an average of 94.4% nodules 20 days later. 
The Portugal population without imposed herbivore had developed an average of 46.5% of its 
nodules by the first harvest date, and 56.6% when harvested 20 days later. Conversely, the 
Portugal population with imposed herbivore developed 41.2% total average nodules by the first 
harvest date and 67.0% of nodules 20 days later.  



 

Due to color indication failures the S. meliloti distractions did not produce accurate data. This 
procedure has been a constant complication in many legume-rhizobia studies, possiably because 
of the multitude variations in rhizobia stains. Currently scientists are reverting to genetic analysis 
through PCR reactions to identify rhizobia strain in each nodule. A procedure that is much more 
time consuming. Time restrictions did not allow me the opportunity to investigate this process of 
rhizobia identification.  

 
Discussion: 
 

The purpose of this study was to determine the mutualistic behaviors shared between four M. 
truncatula legume populations and two rhizobia strains with and without nitrogen and herbivore 
treatments. The study focused on mutual benefits by measuring legume fitness levels through 
pod mass, flowering, growth rates, and above ground biomass. The mutualistic behavior of 
rhizobia was studied through nodule development.  

The study revealed legume fitness levels were significantly affected by the rhizobia. Both 
rhizobia strains ABS7 and WS480 as well as the combination of those strains (ABS7+WS480) 
showed significant effects on average pod mass for the four legume populations (p < 0.05). 
Rhizobia inoculations also had significant effects on leaf and vine lengths (p < 0.05).  

Rhizobia nodulation was significantly affected by the legume populations (p < 0.05). The 
combination strain (ABS7+WS480) had significantly increased nodule development, showing it 
had the strongest mutualism (p < 0.01). The WS480 strain of rhizobia had significantly less 
nodule development showing it exhibited the weakest mutualism towards the legumes (p < 0.01).  

Nitrogen treatments had negative effects on the ability of the ABS7+WS480 strain to 
produce nodules. Nitrogen treatments increased earliest flowering. Nitrogen treatments had 
significant effects on pod mass for all populations with all rhizobia inoculations (p < 0.01). 

 The herbivore treatment showed that under stressed conditions nodulation did not decreased 
for either population, showing that rhizobia does not lose symbiotic relations with legumes even 
when the legume was under stressed conditions. This is interesting because herbivore treatments 
decreased the legumes sugar production and did not affect nodulation rates. The Spain 
population consistently had the faster nodulation rate with and without imposed herbivore in 
early growth stages. This showed that basic symbiotic development patterns were initially 
consistent. After herbivore, the Spain population had an increase in nodule development, 
showing the Spain legumes increased their dependency on rhizobia for nitrogen uptake through 
nodule development when under an herbivore treatments. These conclusions were not proven 
significant due to limitations on population size, but the data could still be significant. 

The ABS7-WS480 rhizobia strain inoculation proved to be the most powerful symboiant. 
ABS7 proved to produce the stronger symbiotic relationship, but the WS480 strain enhanced the 
strength of the legume-rhizobia relationship. Herbivore treatments did not affect the performance 
of the symbiotic relationship in the early growth rates. The legume did not lose symbiotic 
relations with rhizobia even when producing lower amounts of sugar.  

Future studies should conduct the herbivore treatments experience with a larger legume 
populations in order to prove significance. Also, S. meliloti rhizobia plating procedures should be 
tested and modified to correct ABS7 color indicator in order to identify exactly what strain 
legumes are nodulating.  
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Figure 1: Effects of Rhizobia Inoculations and Nitrogen Treatments 
on Intial M.Truncatula Pod Production
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Figure 2: Effects of S. Meliloti  Inoculations and Nitrogen 

Treatments on Average M. truncatula Pod Mass
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Figure 3: Effects of Rhizobia Inoculations and Nitrogen Treatments 

on Average M.Truncatula  Pod Number
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Figure 4: Effects of Rhizobia Inoculation and Nitrogen Treatments 
on M.truncatula  Average Nodule Development
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Figure 5: Effects of Rhizobia Inoculations and Nitrogen Treatments 
on First M.truncatula  Flower
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Figure 6: Effects of Rhizobia Inoculation and Nitrogen Treatments 
on M.truncatula  Above-ground Biomass
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Figure 7: Average Vine Length of the 
France Populations
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Figure 8: Average Vine Length of the 
Greece Population
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Figure 9: Average Vine Length of the 
Spain Populations
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Figure 10: Average Vine Length of the 
Portugal Populations
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Figure 11: Early Vine Growth Rates of the Spain 
and Portugal Populations
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Figure 12: Early Leaf Growth Rates of the Spain and Portugal 
Populations
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Figure 13: The Effects of Herbivore Treatments on Vine Growth 
Rates of the Spain and Portugal Populations after 

the second Harvest
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Figure 15: The Effects of Herbivore Treatments on Leaf Growth 
Rates for Spain and Portugal Populations after the thrid Harvest
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Figure 14: The Effects of Herbivore Treatments on Leaf Growth 
Rates of the Spain and Portugal Populations after 

the second Harvest
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Figure 17: The Effects of Herbivore Treatments on 
Nodule Numbers of the Spain and Portugal Populations
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Figure 16:The Effects of Herbivore Treatments on Growth Rates of 
the Spain and Portugal Populations after the third Harvest 
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