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ANNUAL REPORT OF PROGRESS/ACTIVITY 

Summary: In year 2 of this investigation, two greenhouse trials were conducted to assess the impacts of 

drought, M. phaseolina (MP) infection, and the co-occurrence of these stressors on soybean metabolites 

and their endophytic communities. Using the NMR platform, 6 metabolites of interest were identified: 

ascorbate, formate, malate, serine, succinate, and xylose. Additionally, when comparing MP negative 

versus MP positive samples across the maturation of the soybean plants, 15 metabolites exhibited a 

greater than 1.5-fold change based upon their MP status: 4-aminobutyrate (GABA), allantoin, ascorbate, 

aspartate, betaine, citrate, citrulline, glutamine, lysine, malate, phenylalanine, pyridoxine, serine, 

succinate, and sucrose. All the metabolites listed above were down regulated as they have either a vital 

role in preventing cellular damage from free radicals, ATP formation being hindered for energy 

metabolism and DNA production. Reduced regulation of these metabolism could provide the plant stress 

necessary to trigger MP disease outbreaks in different varieties.   

The samples were also analyzed for their levels of 4 reactive oxygen species (ROS) associated 

compounds: glutathione peroxidase, hydrogen peroxide, glutathione reductase, and malondialdehyde 

(MDA). For glutathione peroxidase, MP status did not have a significant impact on activity, although 

drought status did have a significant impact and there was a significant interaction between the two 

variables. For hydrogen peroxide concentrations, MP status was not statistically significant, while both 

the main effect of drought and the interaction effect between the two variables were both statistically 

significant. For glutathione reductase, only samples from the first harvest could be completed due to 

supply chain issues with receiving testing kits (kits now available), and from those first 40 samples MP 

status did not have a significant effect on glutathione reductase activity. Lipid peroxidation was measured 

by MDA concentration, and MP status was shown to have a significant impact on MDA concentrations, 

while there was neither a significant impact of drought nor a significant interaction between MP and 

drought status on MDA concentration. However, glutathione peroxidase and MDA are strong indicators of 

ROS activity responsible for cell or plant damage/susceptibility and may be important for narrowing the 

focus of the research to look at specific enzyme such as MDA or glutathione peroxidase more closely as 

biomarkers or indicators for MP variety resistance research.   

Preliminary analyses between soybean metabolites and the identified endophytic OTUs collected through 

DNA extraction have found a correlation between the 6 most abundant OTUs (OTU0004 – Curvularia sp; 

OTU0005 – Didymella sp.; OTU0010 – Alternaria prunicola; OTU0012 – Malasseziaceae sp; OTU0016 

– Stereum hirsutum; and OTU0018 – Malassezia restricta) and two metabolites: allantoin and xanithine. 

Additional analyses are needed to further correlate these data and to determine whether these endophytes 
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are influenced by concentrations of these metabolites or if they are influencing their regulation. This 

analysis gives a snapshot of full analysis that will be done from years 1-3 and a more accurate prediction 

of important microbials associations with metabolic activity as microbes can cause metabolic responses in 

plants for defense etc…  

Year 3 a final greenhouse trial is underway and replicated sampling from MP-positive grower (diseased vs 

healthy plants) during fall 2024 to determine whether the previously identified metabolites, associated 

microbial endophytes, ROS assay results can serve as biomarkers of potential soybean tolerant or 

resistance for soybean varieties to MP. With these findings the next phase of research can then center on 

potential genetic studies using RNAseq (transcription profiling RNA sequencing) evaluating gene 

expression associated with specific metabolites and ROS enzyme (eg glutathione reductase) to further 

define their biomarker potential indicative of resistance to MP.    

 

Brief Review of Research 

Charcoal rot disease of soybean, caused by a common soilborne fungus known in its anamorphic 

state as Macrophomina phaseolina, is a major soybean disease in soybean production areas in Mississippi 

and worldwide. This disease resulted in the estimated loss of 41,720,716 bushels in the US in 2011. The 

fungus causes stalk rot or charcoal rot disease in more than 500 plant species worldwide, including 

agricultural, horticultural, woody shrub and tree species. Charcoal rot disease is an endemic problem in 

Mississippi where mid to late summer is relatively dry or often under drought conditions. With few 

management tools to control the fungus, research on biologically based management of plant diseases is 

needed. 

Charcoal rot disease typically coincides with abiotic plant stress from heat and drought. This is 

especially true when pods are being set. Traditional methods for controlling the disease include biological 

and fungicide or fungicide seed treatments or cultural methods that only have limited success. Progress in 

breeding for resistance is slow, largely due to multi-gene disease associations.  Researchers attempting to 

identify genetic target biomarkers for M. phaseolina have not been able to locate redundant data 

pinpointing specific genes suggesting that molecular mechanisms for resistance to this fungal are 

complex. This makes breeding for resistance difficult for diseases which are controlled by multiple genes, 

including M. phaseolina. 

When a plant is under drought stress, chemical signaling occurs causing physical and 

physiological changes to support reduce water losses in the roots. Increased levels of reactive oxidative 

species (ROS) as a result of the metabolic shifts necessary to adapt to drought stress will lead to oxidative 

stress within the plant. During this metabolic process, calcium-permeability increases in cells, thereby 

modulating stomatal closure and indirectly lowering oxidative stress levels. Since ROS species are 

transient, to determine the extent of ROS occurrence activity in soybean we must indirectly qualify and 

quantify the major antioxidant scavenging metabolites and enzymes. Furthermore, the presence of 

glycolytic and citric acid cycle associated amino acids, ketone bodies and intermediate metabolites for 

energy formation may provide key metabolic differences between drought tolerant/resistant soybean 

hybrids to those that are susceptible. The impacts of infection and drought stress are intertwined and 

understanding metabolic/microbial factors associated with tolerance to the pathogen is a high research 

priority. 

Vascular plants host a hyper-diverse microbial community of endophytic bacteria and fungi where 

they colonize all internal tissues of their host plants but do not cause any visible signs of tissue damage or 
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adverse effects on the host. Diverse effects of endophytes on host plants have been observed. Studies with 

fungal endophytes (e.g., Cladosporium sphaerospermum) have shown reduced disease and/or improved 

plant growth. The effects of endophytes on host plants can be direct or indirect. These endophytes conduct 

important ecosystem functions such as absorption of non-mobile nutrients from the soil and their 

translocation to host plants, facilitation of interplant transfer of nutrients, and beneficial modification of 

plant-water relationships.  The potential drivers of the variable host disease responses include competition 

with more serious pathogens, facilitation of host nutrient uptake, mycoparasitism, or modulation of 

environmental stressors. Modern technology, including next generation sequencing, has made it possible 

to improve our understanding of microbial communities within plants. Results from these molecular 

studies can direct efforts to understanding if and which key microbes are associated with drought 

resistance varieties or are more transient.  

Metabolomics research using the platform 1H proton nuclear magnetic resonance (NMR) can 

provide metabolic profiles for plant disease or other stress factors and these metabolic fingerprints could 

provide biomarkers between healthy/drought tolerant M. phaseolina infected/uninfected plants during the 

pathogen’s disease cycle.  Critical stages of soybean plant infections cause host responses impacting the 

metabolites and their concentrations.  Nuclear magnetic resonance (NMR) is a rapid, inexpensive, high 

throughput detection technique for determining metabolites that may show potential defense mechanisms 

responses within host plants. Metabolites identified from NMR spectra can be used to detect 

carbohydrates, inorganic acids, amino acids, peptides, vitamins, nucleotides and nucleosides, thiols, and 

provide ratios of metabolites (NAD+/NADH). Many of these metabolites are associated with host cell 

responses, redox signaling and energy production critical to plant growth. If hybrid resistance to M. 

phaseolina does occur through drought resistance, these metabolic markers could provide targets for 

downstream genetic markers identification leading to new breeding strategies. 

 

Objective (1) Microbial whole community analysis of fungal/bacterial endophytes in drought tolerant and 

susceptible hybrids infected with Macrophomina phaseolina in two greenhouse trials (normal watering in 

Trial 1 and drought stressed in Trial 2). Lab isolation confirmations of M. phaseolina from root tissue 

samples will be done to confirm MP infection during both greenhouse trials. 

To minimize variation in conditions that would arise from the initial greenhouse plan, the 

experimental plan was modified so that drought and MP infection were variables in each trial. The 

treatments (Table 1) were applied to 120 pots, for a total of 30 pots per treatment. Over the course of the 

summer of 2023, these pots were destructively harvested on 3 separate dates, for a total of 10 replicates 

per treatment per harvesting date. An image of the greenhouse layout is provided in Figure 2. 

This year, two greenhouse trials were conducted: SP23 (June 6th – August 24th) and FA23 (August 

17th – October 25th). The plot plans for these two trials can be found in Figure 1 and Figure 3 respectively. 

To ensure that the plants subjected to treatments involving drought would survive the duration of the 

experiment, drought conditions were not initiated until after the first harvesting date. Plants were watered 

twice a day, once in the early morning and again in the afternoon. At each watering, the current 

temperature and humidity were recorded, as well as the low/high value for each. The variations in 

temperature across the greenhouse trials can be observed in Figures 4 and 5 for SP23 and Figures 9 and 

10 for FA23. Water content was measured using a HOBO USB Micro Station Data Logger equipped with 

4 10HS Soil Moisture Smart Sensors. Each sensor was placed in a pot subjected to each treatment. These 

sensors measured the water content in the pots each minute for the entire course of the experiment. The 

data for the soil moisture content for SP23 and FA23 can be seen in Figure 6 and Figure 11 respectively. 
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For each harvest, 2 pots per treatment were selected at random from each block, for a total of 10 

harvest pots per treatment per harvest date. Each pot was expected to contain 3 plants, but some pots had 

fewer. Upon harvest, leaf tissue was harvested, and the roots were evaluated visually for disease and 

weighed for root weight. Roots were evaluated and assigned one of 5 qualities: none for <2% 

discoloration, slight for 2-10% discoloration, moderate for 11-50% discoloration, severe for >50% 

discoloration, and dying if there was severe root rot and the plant was dying. The Root Disease Index 

(RDI) was calculated using the following equation: 

𝑅𝐷𝐼 =  
((𝑁𝑜𝑛𝑒 ×  1) + (𝑆𝑙𝑖𝑔ℎ𝑡 ×  2) + (𝑀𝑜𝑑𝑒𝑟𝑎𝑡𝑒 ×  3) + (𝑆𝑒𝑣𝑒𝑟𝑒 ×  4) + (𝐷𝑦𝑖𝑛𝑔 ×  5))

𝑇𝑜𝑡𝑎𝑙 𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑃𝑙𝑎𝑛𝑡𝑠 𝑖𝑛 𝑃𝑜𝑡
 

 

 Following assessment of the roots, they were brought back to the lab for culturing to confirm the 

presence/absence of MP. There were no observed deviations from the expected MP status observed in the 

root samples. The data for the RDI and root weights can be found in Figures 7 and 8 for SP23 and Figures 

12 and 13 for FA23. Leaf tissue was stored in the -80 °C freezer, until they were processed by grinding 

with sterilized mortars and pestles under liquid nitrogen. This process produces a fine powder of the leaf 

tissue, which is weighed out and used in the DNA, NMR, and ROS analyses. 

 To evaluate the impact of MP infection upon RDI and root weight, the data for all the harvested 

samples was compared using IBM’s SPSS (v28.0.1.1). To assess the impact of the 4 treatment conditions 

on the soybean plants’ root physiology, each pot’s root weight and root disease index (RDI) were 

collected to generate two correlated, dependent variables (r = .31, p < .001). A factorial multivariate 

analysis of variance (MANOVA) was performed to evaluate the impact of MP infection and drought on 

root weight and RDI. It was determined that there was an overall significant effect of MP (p < .001), but 

drought did not have a statistically significant effect (p = .067). Furthermore, the interaction effect of MP 

infection and drought was not statistically significant (p = .95). Analysis of between-subjects effects 

demonstrated that there was a significant impact of MP infection on RDI (p < .001), but not a significant 

impact of MP infection on root weight (p = .93).  

 

 

Objective (2) Plant tissue subsamples collected from hybrid treatments in (1), an untargeted and targeted 

metabolomic analysis using NMR will be conducted emphasizing oxidative stress and energy producing 

metabolites. 

NMR Analysis 

 In Year 1 of this investigation, samples were collected in conjunction with a study Dr. Raja Reddy 

from Mississippi State University was conducting. To briefly summarize this previous experiment, two 

soybean cultivars, DS31-243 (DT) and DS25-1 (HT), were subjected to 5 treatments: high temperature, 

low temperature, high nighttime temperature, drought stress, and a control. On the 3 harvest dates, leaf 

tissue was collected for analysis. From this study, a framework for the metabolites to be analyzed was 

developed, and the metabolites selected for quantification can be found in Table 2. This study provided a 

baseline for understanding the metabolites potentially impacted by abiotic factors. Using this information, 

the NMR analyses of the metabolites in our greenhouse studies were conducted.  
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 This year, the NMR analysis was conducted upon the soybean samples grown in the 

spring/summer of 2023. To conduct NMR analysis on the collected soybean tissue, 0.1 grams of the 

processed tissue was subjected to a metabolite extraction protocol adapted from Kim et al.. Following 

extraction, the supernatant was reserved in the -80 °C freezer until it was run on the 500 MHz NMR 

instrument (Bruker). Data were processed using the Chenomx NMR Suite v10.1, and the resultant 

identified metabolites and their concentrations were assessed using IBM’s SPSS (v28.0.1.1) for statistical 

analysis.  

 A repeated measures one-way ANOVA was conducted to assess how the four treatments impacted 

the concentrations of 34 metabolites previously identified for the relevancy to stress response. When 

comparing the overall fluctuations in metabolites, a statistically significant difference was observed 

between treatments 1 and 2 (p = .009), 1 and 4 (p = .009), 2 and 3 (p < .001), 2 and 4 (p = .003), and 3 

and 4 (p < .001). From this, it can be concluded that treatment 4, simultaneous MP and drought 

challenges, resulted in significant changes to the metabolic profile of the associated soybean plants.  

 Pairwise comparisons were assessed to determine which metabolites contributed to these 

differences. Six metabolites were identified as having a statistically significant difference in concentration 

between at least 2 treatments: ascorbate, formate, malate, serine, succinate, and xylose. Table 3 shows the 

specific statistical significances of the pairwise comparisons for these 6 metabolites across the 4 

treatments. Several of these metabolites were previously identified in the annual report for Year 1 of this 

investigation, specifically formate and malate. However, other previously identified metabolites such as 

arginine were above the cutoff of p = .05 on account of their large error bars. As the data is further 

processed and samples whose initial spectra were distorted are re-analyzed, some additional metabolites 

may become statistically significantly different. 

 The metabolite data was further analyzed to extract specific metabolites whose concentrations are 

influenced by MP status. To represent these results, MetaboAnalyst 6.0 was used to produce volcano plots 

that separated the samples in a given harvest by their MP status, with a p-value threshold of p = .05. An 

additional constraint of only highlighting metabolites that exhibited a greater than 1.5-fold change 

between MP negative and MP positive samples was applied to highlight the most likely candidates for 

biomarkers.  

For the first harvest, pyridoxine and allantoin were found to be downregulated in MP negative 

samples compared to their MP positive counterparts, while lysine and succinate were found to be 

upregulated. The entire volcano plot for the first harvest can be found in Figure 15. 

In the data from the second harvest, only one metabolite was found to be significantly 

upregulated in MP negative samples compared to the MP positive samples: betaine. However, 10 

metabolites were found to be downregulated in MP negative samples compared to MP positive samples: 

4-aminobutyrate (GABA), allantoin, ascorbate, aspartate, citrate, citrulline, glutamine, malate, 

phenylalanine, and sucrose. The entire volcano plot for the second harvest can be found in Figure 16. 

Finally, the analysis from the third harvest revealed 4 metabolites that were significantly 

upregulated in MP negative samples versus MP positive samples: allantoin, ascorbate, serine, and sucrose. 

By contrast, only two metabolites were found in lower concentrations in MP negative samples: citrulline 

and lysine. These results are surprising given several of these metabolites were swapped in the results 

from previous harvesting dates. This is potentially due to the dual impact of plant age and the onset of 

drought conditions following the first harvest. The entire volcano plot for the third harvest can be found in 

Figure 17. 
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ROS Analysis 

 In addition to the NMR metabolomic analysis, analyses of the ROS were performed to provide a 

broader perspective on the metabolic mechanisms at play in soybeans under MP stress. The selected 

assays were hydrogen peroxide, glutathione reductase, and glutathione peroxidase, which form one 

system, while lipid peroxidation (MDA) was also assessed. To perform these analyses, assay kits were 

purchased from Abcam. However, their recent merger has resulted in fluctuating kit qualities and 

quantities. As a consequence, the analyses of glutathione reductase activity for all SP23 samples could not 

be completed at the time of this report.  

Glutathione Peroxidase 

 When analyzing the activity of glutathione peroxidase in the soybean samples, it was found that 

the factors’ impact on the enzyme’s activity mimicked the hydrogen peroxide concentration findings. MP 

status did not have a significant impact on glutathione peroxidase activity (p = .332), however drought 

status did have a significant impact (p = .041) and there was a significant interaction between the two 

variables (p = .010). After excluding the first harvest samples given drought had not been implemented at 

time of harvest, the results were still similar; MP did not have a significant impact (p = .414) while 

drought (p = .034) and the interaction effect were both significant (p = .008). The corresponding charts 

can be found in Figures 18 and 19. 

Hydrogen Peroxide 

 Surprisingly, when analyzing the hydrogen peroxide content of the SP23 greenhouse trial 

samples, a similar trend was observed. When reviewing the entire study, the main effect of MP status was 

not statistically significant (p = .773), while both the main effect of drought (p = .026) and the interaction 

effect between the two variables (p < .001) were both statistically significant. To account for the fact that 

drought was initiated after the first harvest, another analysis was conducted with the first harvest samples 

excluded. The results were the same, MP status was not statistically significant (p = .151), while drought 

status (p = .004) and the interaction effect (p = .017) were still statistically significant. These results are 

shown in Figures 20 and 21. 

Glutathione Reductase 

 As previously mentioned, due to internal issues with Abcam following their acquisition, there 

have been fluctuations in the quality of the supplied kits. In particular, the glutathione reductase kits we 

have typically used for these analyses have been out of stock as Abcam works to address their quality 

control concerns. We were able to complete the assay for one set of samples, those from the first harvest. 

Therefore, for this analysis there is only 1 factor: MP status. From this limited sample pool of the 40 

samples harvested on July 11th, which had yet to be subjected to drought conditions, statistical analysis 

revealed that there was not a significant effect of MP status on glutathione reductase activity (p = .777). 

We expect that this result arises primarily from the minimal invasion of MP into the soybean plants by the 

first harvest date, and secondarily from the relatively young age of the soybean plants by the first harvest 

date. When we can obtain the kits, additional assays will be performed to provide a more complete picture 

of the impact of MP and drought on glutathione reductase activity. This preliminary data is shown in 

Figure 22. 

Lipid Peroxidation (MDA) 

Although the main effect of MP status was shown to have a significant impact on MDA 

concentrations across the entire trial (p = .021), there was neither a significant impact of drought status (p 
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= .719) nor a significant interaction between MP and drought status (p = .245). Given that drought 

conditions were only initiated following the first harvest, another analysis was conducted with these 

samples excluded to provide a better picture of the impact of drought. However, the main effect of 

drought remained insignificant (p = .340) as well as the interaction effect (p = .346). These results can be 

seen in Figures 23 and 24.  

 

Objective (3) Through strong statistical inference and experimentation, the holistic data will be analyzed 

to elucidate and better understand three-party interactions among endophytic microbes, the fungal 

pathogen, and the host plant metabolism using greenhouse investigations (year 1 and preliminary year 2) 

to inform potential microbial and metabolite targets possible biomarkers of disease resistance. 

DNA extractions have been performed on the harvested soybean samples using the DNeasy® 

PowerSoil® Kit (Qiagen). Analysis of the quality of the extractions was performed by testing the samples 

on the NanoDrop® ND-1000 Spectrophotometer, and those samples with a 260:280 ratio below 1.75 were 

re-extracted. The DNA samples were brought to Dr. Brown’s laboratory at the University of Memphis, 

and following additional purifications steps, libraries were generated and sent off for sequencing.  

Once the identified OTUs were received following sequencing of the libraries, statistical analyses 

were conducted to correlate bacterial and fungal populations with the soybean metabolite data. To 

examine the interactions between metabolite and fungal community data within our experiment, we used 

a generalized linear latent variable model (GLLVM) approach which regresses response variables 

(metabolomic concentrations here) against fungal OTU count data and vectors or latent variables 

(num=3); this was done using the R package GLLVM (Niku et al., 2019). Using Poisson distributions to 

model mean-variance relationships, coefficients for predictors and their 95% confidence intervals were 

plotted (Figure 25). This visualizes the nature of the effect of individual OTU abundances on metabolite 

data.  

Visualizing the six most abundant fungal OTUs (Figure 25), we see that these OTUs (OTU0004 – 

Curvularia sp; OTU0005 – Didymella sp.; OTU0010 – Alternaria prunicola; OTU0012 – Malasseziaceae 

sp; OTU0016 – Stereum hirsutum; and OTU0018 – Malassezia restricta) do not influence the 

concentrations of most measured metabolites (non-significantly different from zero [grey marks and 

CIs]). However, the metabolites allantoin and xanthine, which are associated with purine catabolism and 

often considered stress-responsive metabolites that may activate jasmonate signaling are impacted by 

several OTUs but in different ways. These OTUs seem to facilitate an increase in one of these metabolites 

whilst decreasing the other. Additional analytic methods will identify how these OTU-metabolite 

interactions can inform disease interactions, and how they may undergird key metabolic pathways 

necessary for increased a/biotic stress resistance. 
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Tables and Figures 

Table 1. Treatments applied to the SP23 and FA23 greenhouse trials 

Treatment MP Drought 

1 - - 

2 + - 

3 - + 

4 + + 

 

Figure 1. Plot plan for the SP23 greenhouse triala 

Block 1b 

 4-3c 4-1  3-3d 3-5  2-1e 1-1f  2-6 2-5 
 3-1 3-2  3-4 3-6  1-4 1-5  1-2 1-6 
 4-6 4-2  4-4 4-5  2-2 2-3  1-3 2-4 

                     

Block 2 
 3-1 3-5  4-3 3-2  2-2 2-6  2-5 1-2 
 3-4 4-1  3-3 4-5  1-6 1-5  1-3 1-4 
 4-4 4-2  4-6 3-6  2-3 2-1  2-4 1-1 

  
               

                 

Block 3 
 1-3 1-1  2-1 1-4  4-2 3-5  4-6 3-3 
 1-2 2-4  1-5 2-6  3-4 3-6  3-1 3-2 
 2-3 2-5  2-2 1-6  4-1 4-3  4-5 4-4 

                     

Block 4 
 3-4 4-3  3-6 4-2  2-4 1-4  2-2 2-3 

 4-5 3-2  3-5 4-1  1-3 2-5  2-1 2-6 
 3-1 4-6  3-3 4-4  1-2 1-1  1-6 1-5 

                     

Block 5 

 1-3 2-6  1-4 2-2  4-4 4-6  4-3 3-6 

 2-1 1-1  1-5 2-3  3-3 4-5  4-2 4-1 
 1-6 2-5  1-2 2-4  3-1 3-2  3-4 3-5 

a Outlines are used to indicate benches within the greenhouse. 
b Blocks are groups of 24 containing 6 pots of each treatment, pots are formatted as treatment-replication 
c Treatment 4: MP positive, Drought positive 
d Treatment 3: MP negative, Drought positive 
e Treatment 2: MP positive, Drought negative 
f Treatment 1: MP negative, Drought negative 
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Figure 2. Image of the SP23 greenhouse trial taken on 6/26/23 

 

 

Figure 3. Plot plan for the FA23 greenhouse triala 

Block 1b 

 2-1c 2-2  1-4d 1-5  4-1e 4-2  3-1 4-3 
 1-1 2-3  2-4 2-5  3-2 3-3  3-4 3-5 
 1-2 1-3  2-6 1-6  4-4 4-5  4-6 3-6 

                     

Block 2 
 4-1 4-2 

 
3-1 4-3 

 
2-1 2-2 

 
2-3 1-1 

 4-4 3-2 
 

4-5 3-3 
 

1-2 2-4 
 

2-5 1-3 

 4-6 3-4 
 

3-5 3-6 
 

2-6 1-4 
 

1-5 1-6 

  
               

                 

Block 3 
 3-1 4-1 

 
4-2 3-2 

 
1-1 2-1 

 
2-2 1-2 

 3-3 4-3 
 

4-4 4-5 
 

1-3 2-3 
 

2-4 2-5 
 3-4 3-5 

 
3-6 4-6 

 
1-4 1-5 

 
1-6 2-6 

                     

Block 4 
 2-1 1-1 

 
2-2 1-2 

 
4-1 3-1 

 
4-2 3-2 

 2-3 1-3 
 

2-4 1-4 
 

4-3 3-3 
 

4-4 3-4 
 1-5 1-6 

 
2-5 2-6 

 
3-5 3-6 

 
4-5 4-6 

                     

Block 5 

 4-1 4-2 
 

3-1 4-3 
 

2-1 2-2 
 

1-1 2-3 

 4-4 3-2 
 

3-3 3-4 
 

2-4 1-2 
 

1-3 1-4 

 4-5 3-5 
 

4-6 3-6 
 

2-5 1-5 
 

2-6 1-6 
a Outlines are used to indicate benches within the greenhouse. 
b Blocks are groups of 24 containing 6 pots of each treatment, pots are formatted as treatment-replication 
c Treatment 2: MP positive, Drought negative  
d Treatment 1: MP negative, Drought negative 
e Treatment 4: MP positive, Drought positive  
f Treatment 3: MP negative, Drought positive 



MISSISSIPPI SOYBEAN PROMOTION BOARD 
 

MSSOY.ORG JULY 2024 10 

Figure 4. Temperature data for the SP23 greenhouse trial 

 

Figure 5. Humidity data for the SP23 greenhouse trial 

 

 

 

 

 

 

0

10

20

30

40

50

60

6/6 6/13 6/20 6/27 7/4 7/11 7/18 7/25 8/1 8/8 8/15 8/22 8/29

T
em

p
er

at
u
re

 (
°C

)

Date

Spring 2023 Greenhouse Trial Temperature Variation

AM PM

0

10

20

30

40

50

60

70

80

90

100

6/6 6/13 6/20 6/27 7/4 7/11 7/18 7/25 8/1 8/8 8/15 8/22 8/29

H
u
m

id
it

y
 (

%
)

Date

Spring 2023 Greenhouse Trial Humidity Variation

AM PM



MISSISSIPPI SOYBEAN PROMOTION BOARD 
 

MSSOY.ORG JULY 2024 11 

Figure 6. Water content data for the SP23 greenhouse trial 

 
Treatment 1: MP negative and drought negative; Treatment 2: MP positive and drought negative; Treatment 3: MP 

negative & drought positive; Treatment 4: MP positive and drought positive. 

 

Figure 7. RDI data for the SP23 trial 

 
Treatment 1: MP negative and drought negative; Treatment 2: MP positive and drought negative; Treatment 3: MP 

negative & drought positive; Treatment 4: MP positive and drought positive. 

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

230 280 330 380 430 480 530 580 630 680 730

W
at

er
 C

o
n
te

n
t 

(m
³/

m
³ 

)

Time Since 7/11/23 (Hours)

Spring 2023 Water Content Variation

Treatment 1 Treatment 2 Treatment 3 Treatment 4

0

1

2

3

4

5

7/11/2023 8/4/2023 8/24/2023

A
v
er

ag
e 

R
D

I

Harvesting Date

Spring 2023 Greenhouse Trial RDI Values 

Treatment 1 Treatment 2 Treatment 3 Treatment 4



MISSISSIPPI SOYBEAN PROMOTION BOARD 
 

MSSOY.ORG JULY 2024 12 

Figure 8. Root weight data for the SP23 trial 

 
Treatment 1: MP negative and drought negative; Treatment 2: MP positive and drought negative; Treatment 3: MP 

negative & drought positive; Treatment 4: MP positive and drought positive. 

 

Figure 9. Temperature data for the FA23 greenhouse trial 
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Figure 10. Humidity data for the FA23 greenhouse trial 

 

 

Figure 11. Water content data for the FA23 greenhouse trial 

 
Treatment 1: MP negative and drought negative; Treatment 2: MP positive and drought negative; Treatment 3: MP 

negative & drought positive; Treatment 4: MP positive and drought positive. 
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Figure 12. RDI data for the FA23 trial 

 
Treatment 1: MP negative and drought negative; Treatment 2: MP positive and drought negative; Treatment 3: MP 

negative & drought positive; Treatment 4: MP positive and drought positive. 

 

Figure 13. Root weight data for the FA23 trial 

 
Treatment 1: MP negative and drought negative; Treatment 2: MP positive and drought negative; Treatment 3: MP 

negative & drought positive; Treatment 4: MP positive and drought positive. 
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Figure 14. NMR metabolite averages across all treatments and harvesting dates in the SP23 

greenhouse trial 

 

 
*: p < .05; **: p < .01; ***: p < .001 
 

Table 2. Metabolite averages for SP23 trial samples 
 

Date of Harvest  
7/11/2024 8/4/2024 8/24/2024  

Treatment  
1 2 3 4 1 2 3 4 1 2 3 4 

Metabolite Average Concentration (mmol) 
GABA 0.75 1.56 0.40 0.26 0.58 0.32 0.66 0.31 0.83 0.72 0.80 1.54 

Allantoin 0.45 1.34 7.95 1.06 0.15 0.09 0.23 0.14 0.41 0.95 0.45 1.31 

Arginine 4.26 6.26 1.02 1.14 0.24 0.28 0.05 0.14 0.17 0.17 0.17 0.14 

Ascorbate *** 8.87 17.00 3.33 2.85 0.55 0.39 0.73 0.41 1.36 3.45 1.25 4.12 

Asparagine 0.77 1.28 0.20 0.24 0.06 0.10 0.16 0.04 0.19 0.12 0.15 0.20 

Aspartate 1.65 3.22 0.84 0.83 0.15 0.14 0.43 0.23 0.41 0.24 0.43 0.51 

Betaine 0.47 0.81 0.16 0.14 0.02 0.16 0.05 0.01 0.11 0.05 0.07 0.10 

Biotin 1.52 2.19 0.30 0.41 0.08 0.07 0.08 0.06 0.23 0.17 0.13 0.13 

Choline 3.52 5.59 1.24 1.51 0.27 0.20 0.44 0.29 0.84 0.75 0.78 1.16 

Citrate 4.96 7.03 1.62 1.76 0.39 0.28 0.66 0.41 0.35 0.40 0.72 1.05 
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Citrulline 2.40 3.32 0.53 0.49 0.24 0.12 0.15 0.19 0.27 0.11 0.33 0.17 

Cysteine 2.29 4.04 0.45 0.45 0.06 0.11 0.11 0.05 0.36 0.15 0.21 0.27 

Formate * 10.67 21.57 2.01 2.14 0.04 0.03 0.05 0.04 0.05 0.05 0.06 0.07 

Glutamate 4.95 6.41 1.58 1.47 0.19 0.16 0.32 0.13 0.85 0.81 0.84 1.15 

Glutamine 1.96 1.67 0.35 0.21 0.10 0.07 0.17 0.08 0.21 0.23 0.23 0.42 

Histidine 1.51 2.52 0.41 0.35 0.10 0.11 0.10 0.11 0.21 0.21 0.25 0.32 

Lysine 0.44 0.91 0.19 0.40 0.37 0.39 0.27 0.09 0.29 0.19 0.32 0.12 

Malate *** 10.72 14.57 1.66 3.27 0.39 0.20 0.64 0.68 0.40 0.28 0.45 0.86 

Maltose 3.53 3.28 0.97 1.31 0.13 0.13 0.15 0.07 0.87 0.65 0.75 1.41 

myo-Inositol 4.64 6.61 1.23 1.61 0.53 0.50 0.70 0.39 1.57 1.49 1.46 1.88 

Pantothenate 3.24 2.33 0.66 0.67 0.15 0.13 0.14 0.14 0.29 0.30 0.29 0.49 

Phenylalanine 0.69 0.91 0.31 0.26 0.12 0.02 0.03 0.02 0.08 0.09 0.08 0.12 

Proline 2.14 2.63 0.45 0.59 0.16 0.32 0.42 0.25 0.44 0.30 0.32 0.38 

Pyridoxine 0.87 0.37 0.21 0.21 0.09 0.08 0.12 0.09 0.07 0.08 0.10 0.18 

Pyruvate 4.82 8.54 1.28 1.08 0.12 0.12 0.05 0.22 0.33 0.29 0.24 0.35 

Riboflavin 0.32 0.48 0.12 0.10 0.02 0.02 0.02 0.02 0.03 0.02 0.02 0.04 

Serine *** 17.03 25.61 5.90 10.06 1.48 1.11 1.78 1.00 3.99 6.17 4.56 8.13 

Succinate * 3.90 12.90 0.74 1.78 0.08 0.06 0.10 0.15 0.07 0.05 0.04 0.07 

Sucrose 2.13 2.15 0.92 0.75 0.13 0.06 0.13 0.07 0.12 0.10 0.10 0.25 

Threonine 5.13 4.48 0.72 1.69 0.31 0.22 0.32 0.29 0.30 0.23 0.24 0.30 

Trehalose 7.63 6.74 2.02 1.58 0.28 0.26 0.29 0.33 0.61 0.54 0.60 0.97 

Tryptophan 0.76 0.69 0.24 0.21 0.08 0.08 0.08 0.06 0.19 0.21 0.17 0.27 

Tyrosine 0.39 0.46 0.09 0.10 0.08 0.08 0.11 0.10 0.22 0.27 0.27 0.34 

Xanthine 1.59 2.49 0.48 0.47 0.05 0.04 0.05 0.07 0.05 0.04 0.06 0.08 

Xylose *** 10.41 19.23 4.34 5.31 0.70 0.85 0.96 0.79 2.31 2.46 2.01 3.37 

*: p < .05; **: p < .01; ***: p < .001 

Treatment 1: MP negative and drought negative; Treatment 2: MP positive and drought negative; Treatment 3: MP 

negative & drought positive; Treatment 4: MP positive and drought positive. 

 

 

Table 3. Statistically significant metabolites from SP23 trial samples 

 

Metabolites Treatment I Treatment J Significance 

Ascorbate 1 2 < .001 

3 0.002 

4 0.023 

2 1 < .001 

3 < .001 

4 < .001 

3 1 0.002 

2 < .001 

4 0.115 

4 1 0.023 

2 < .001 
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3 0.115 

Formate 1 2 0.014 

3 0.332 

4 0.226 

2 1 0.014 

3 0.025 

4 0.032 

3 1 0.332 

2 0.025 

4 0.603 

4 1 0.226 

2 0.032 

3 0.603 

Malate 1 2 0.267 

3 0.005 

4 0.212 

2 1 0.267 

3 0.527 

4 0.655 

3 1 0.005 

2 0.527 

4 0.003 

4 1 0.212 

2 0.655 

3 0.003 

Serine 1 2 0.042 

3 0.991 

4 0.006 

2 1 0.042 

3 0.017 

4 0.639 

3 1 0.991 

2 0.017 

4 < .001 

4 1 0.006 

2 0.639 

3 < .001 

Succinate 1 2 0.102 

3 0.826 

4 0.663 

2 1 0.102 

3 0.039 

4 0.092 
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3 1 0.826 

2 0.039 

4 0.2 

4 1 0.663 

2 0.092 

3 0.2 

Xylose 1 2 0.032 

3 0.919 

4 0.011 

2 1 0.032 

3 0.014 

4 0.442 

3 1 0.919 

2 0.014 

4 < .001 

4 1 0.011 

2 0.442 

3 < .001 
Treatment 1: MP negative and drought negative; Treatment 2: MP positive and drought negative; Treatment 3: MP 

negative & drought positive; Treatment 4: MP positive and drought positive. 

 

 

Figure 15. Volcano plot for 7/11/2024 samples 
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Figure 16. Volcano plot for 8/4/2024 samples 

 
 

 

 

 

Figure 17. Volcano plot for 8/24/2024 samples 
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Figure 18. Glutathione peroxidase activity averages across all harvest dates

 
 

Figure 19. Glutathione peroxidase activity averages for 2nd and 3rd harvests only 
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Figure 20. Hydrogen peroxide concentration averages across all harvest dates 

 
 

Figure 21. Hydrogen peroxide concentration averages for 2nd and 3rd harvests only 
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Figure 22. Glutathione reductase activity for 1st harvest samples only 

 

  
 

Figure 23. MDA concentration (lipid peroxidation) averages across all harvest dates
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Figure 24. MDA concentration (lipid peroxidation) averages for 2nd and 3rd harvests only 

 
 

 

Figure 25. OTU correlations with soybean metabolites

 
(OTU0004 – Curvularia sp; OTU0005 – Didymella sp.; OTU0010 – Alternaria prunicola; OTU0012 – 

Malasseziaceae sp; OTU0016 – Stereum hirsutum; and OTU0018 – Malassezia restricta) 
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