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Abstract

Soybean is a well-known crop for its protein, oil, fatty ac-
ids, minerals, isoflavones, and other bioactive compounds. 
The high yielding mutant FM6-847 was developed through 
ethyl methanesulfonate (EMS) mutagenesis. FM6-847 was 
derived from soybean cultivar Forrest and the yield perfor-
mance of FM6-847 was not evaluated in North Carolina.  
The objective of this study was to evaluate the yield per-
formance of the mutant FM6-847 compared to three USDA 
reference lines LD00-2817, LD06-7620, and LD07-3395 in 
a field trial in Fayetteville, NC over a period of two years 
(2016–2017). We compared plant height (PH), pod numbers 
(Pod#), seed number (Seed#), 100-seed weight (100-SW), 
and total seed weight (TSW) of the mutant and USDA refer-
ence lines. In addition, we investigated the presence of Rhi-
zobia, nitrogen fixing bacteria that help in increasing the 
yield of legumes through enriching nutrients by nitrogen 
fixation. The results showed that the mean TSW of mutant 
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line was significantly higher (P<0.05) than all of the USDA 
reference lines in 2017 trial. The yield parameters of PH, 
pod#, seed#, and 100-SW were also significantly different 
between the soybean mutant line with more than one USDA 
reference lines. The contribution of yield parameters to the 
TSW was also analyzed and these parameters were signifi-
cantly contributing to the TSW based on linear fixed model. 
The first two principal components explained more than 
70% phenotypic variation among variables in the dataset 
based on the results of principal component analysis (PCA). 
Finally, a total of 13 bacterial strains including nitrogen 
fixation bacteria Rhizobium giardinii were identified in the 
soil of the field trial.

Keywords: Soybean, mutant FM6-847, total seed weight, yield 
parameters, multiple comparison. 



Introduction

Seeds of soybean [Glycine max (L.)] are rich in protein, 
oil, fatty acids, minerals, isoflavones, and many other bioac-
tive compounds (Brim and Burton, 1978; Dornbos and Mul-
len, 1992; Meksem et al., 2001; Ojo et al., 2002; Bellaloui 
et al., 2008, 2010a,b). Soybean is an important cash crop in 
the US including NC and the world. However, nitrogen is a 
limiting nutrient for plants growth (Nie et al., 2011). Soil is 
a very complex environment with a high diversity of bacteria 
(Fierer and Jackson, 2006) among which some have the ability 
to fix atmospheric nitrogen. Most of biologically fixed nitro-
gen comes from the symbiotic relationship between legumes 
and Rhizobia species (Vance, 1998). Through this symbiotic 
relationship, these bacteria can fix atmospheric nitrogen and 
plants take it up for their growth and development (Ouma et al., 
2016). The US produced 123.7 Million metric tons of soybean 
in 2018 which make it the world’s first soybean producer (34%) 
followed by Brazil (32%, 117 Million metric tons), Argentina 
(15%, 55 Million metric tons), China (4%, 15.9 Million metric 
tons), India (3%, 11 Million metric tons), Paraguay (2.6%, 9.5 
Million metric tons), and Canada (2%, 7.3 Million metric tons). 
All other countries produced about 6% or 21.6 Million metric 
tons (Soystats, 2019). In NC, soybeans were planted on 669 
thousand hectares (ha), yielded about 1.5 Metric Tons, and gen-
erated estimated revenues of $464 Million for farmers in 2018 
(Soystats, 2019).

It is well established that seed yield, yield components, and 
seed composition traits, including plant height, seed weight, 
protein, oil, fatty acids, amino acids, isoflavones, and sugars 
contents depend on the genotype and environmental factors 
such as temperature, drought conditions, presence or absence 
of pests, row spacing, application of nutrients, and many other 
factors (Luedders, 1977; Wolf et al., 1982; Maestri et al., 1998; 
Meksem et al., 2001; Dalley et al., 2004; Lightfoot et al., 2005; 
Jacobson et al., 2007; Ivey et al., 2011; Ragin et al., 2012, 2014; 
Akond et al., 2012, 2013a,b, 2014a,b, 2015; Bellaloui et al., 
2008; 2011; 2012; 2013a,b, 2014, 2016; Khandaker et al., 2015; 
Ambrocio et al., 2016).  The ‘Essex’ by ‘Forrest’ recombinant 
inbred line (RIL) population (ExF, n=100) was studied for 
many traits, including yield and yield components, seed isofla-
vone, protein, and oil contents (Meksem et al., 2001; Yuan et al., 
2002; Kassem et al., 2004a,b, 2006; Lightfoot et al., 2005). The 
results showed that Essex cultivar had a mean maturity of 104 
days and mean seed yield of 3.6 metric tone/ha while Forrest 
cultivar had a mean maturity of 111 days and mean seed yield 
of 3.3 metric tone/ha. The RIL population had a mean maturity 
of 108 days and mean seed yield of 3.4 metric tone/ ha (Light-
foot et al., 2005). Subsequently, Jacobson et al. (2007) found 
that plant height ranged from 28.1 to 93.3 cm in the ExF RILs. 
Other studies found that plant height is positively correlated 
with seed yield (Ivey et al., 2011; Ragin et al., 2012). In ExF 
RIL population, the RILs showed higher seed weight than the 
parents (Essex and Forrest) and 46% of the RILs outperformed 
the high yielding parent Forrest. Seed weight showed the high-
est variations for year of planting and genotype but it was nega-
tively correlated with plant height (Ivey et al., 2011). In the ‘PI 
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438489B’ by ‘Hamilton’ RIL population (PIxH, n=50), plant 
height was highly correlated with 100-seed weight, total seed 
weight, and pod and seed numbers. Days to flowering showed a 
high correlation with plant height but low correlation with total 
seed numbers (Ragin et al., 2012). Akond et al. (2012) grew 
the PIxH RIL population (n=50) in two row spaces (25 cm vs. 
50 cm) and their results showed high variations for all traits 
studied including plant height, pod and seed numbers, 100-seed 
weight, and total seed weight. Moreover, Plant height showed 
a high correlation with pod and seed numbers as well as total 
seed weight in both row spaces (Akond et al. 2012). In order 
to study the correlation among soybean quality traits and trait 
improvements, a new monofunctional ethylating agent called 
ethyl methane sulfonate (EMS) can often be used to create 
the EMS mutagenized soybean population and thereby select 
improved quality traits of soybean lines with superior quality 
traits.  Studies suggested that the EMS mutants increase the 
protein content as high as 50% compared to that of control lines 
(Espina et al., 2018).  Similarly, an increase in the quality of oil 
production has been indicated resulting from the use of EMS 
and displayed a positive correlation of oxidative stability index 
(OSI) and oleic acid content (Patil et al., 2007).  The high yield-
ing mutant FM6-847 was developed through EMS mutagenesis 
at Southern Illinois University Carbondale (SIUC) and the mu-
tant line was originally derived from one of parental lines of 
ExF RILs, soybean cultivar Forrest. The yield performance and 
quality trait assessment of soybean EMS mutant FM6-847 were 
not conducted in the field of North Carolina.  

To date, linear fixed-effective model and PCA are widely 
used statistical approaches in agriculture research to investigate 
the response of the phenotypic parameters to total yield (Yuan 
et al. 2016) and a few studies have explored the effectiveness 
of a number of field parameters of crop yield in various en-
vironmental conditions and the interrelationship among these 
field parameter were assessed in different crops (Gopal 1999; 
Afuape et al. 2011; Gana et al. 2013; Placide et al. 2015; Yuan 
et al., 2016). The objective of this study was to investigate the 
agronomic performance of the FM6-847 mutant compared to 
three USDA reference lines (LD00-2817, LD06-7620, and 
LD07-3395) in two field trials and over two years (2016 and 
2017) in Fayetteville, NC. We compared PH, pod#, seed#, 100-
SW, TSW, protein, and oil of the mutant and reference lines 
within two consecutive years. A soil microbial community anal-
ysis was also performed.  

Materials and Methods

Plant Material

A high-yielding mutant line (FM6-847) and three USDA ref-
erence lines (LD00-2817, LD06-7620, and LD07-3395) have 
been used in this study. The mutant line was developed at the 
Illinois Agricultural Experiment Station in Southern Illinois 
University at Carbondale. The high yielding mutant FM6-847 
was originally derived from soybean cultivar Forrest through 
EMS mutagenesis in Southern Illinois University at Carbon-
dale (SIUC). LD00-2817 is a late F5 maturity group IV line 
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derived from a cross between ‘Ina’ and ‘Dwight’ cultivars, is 
highly resistant to soybean cyst nematode (SCN, Heterodera 
glycines races 1 and 3). It yields on average 4.6 metric ton/ha 
and has a lodging score of 2.6, a plant height of 43 cm, a 100-
seed weight of 13.6 g, a protein content of 33.7%, and an oil 
content of 20% on average (Scofield et al., 2016). LD06-7620 is 
a maturity group IV line derived from a cross between ‘IA3023’ 
and ‘LD00-3309’ lines, and is not resistant to SCN race 1 but 
resistant to race 3. It yields on average 4.4 metric ton/ha, and 
has a lodging score of 2.3, a plant height of 39 cm, a 100-seed 
weight of 14.7 g, a protein content of 35.4%, and an oil content 
of 19.3% on average (Scofield et al., 2016). LD07-3395 is a late 
maturity group III line derived from a cross between ‘Maver-
ick’ and ‘Dwight’ cultivars, and is highly resistant to SCN race 
3 and moderately resistant to SCN race 1. It yields on average 
4.6 metric ton/ha, and has a lodging score of 2.2, a plant height 
of 37 cm, a 100-seed weight of 16 g, a protein content of 32.4%, 
and an oil content of 20.6% on average (Scofield et al., 2016). 
These three USDA checks have exhibited better yield than that 
of soybean cultivar Forrest.

Development of an EMS Mutagenized ‘Forrest’ Population

The soybean cultivar ‘Forrest’ was used to develop an 
EMS-mutagenized population. The seeds were mutagenized 
with 0.6% (v/v) EMS, as described previously (Meksem et al., 
2008) and planted at the Horticulture Research Center (HRC) 
of Southern Illinois University at Carbondale. A total of 1,588 
M2 family seeds were harvested in 2011, then successively ad-
vanced to M3, M4, M5 and M6 generations in 2012, 2013, 2014 
and 2015, respectively. In total, 1037 mutant families (lines) 
were harvested. Then, seeds were threshed at the ARC, pack-
aged, and stored at 4°C for short time storage and at -20°C for 
long time storage. FM6 plants including the FM6-847 mutants 
were harvested from M5 plants in 2015. 

Growing Conditions

Seeds of the mutant FM6-847 and USDA reference lines 
(LD00-2817, LD06-7620, and LD07-3395) were sown directly 
in a field in Fayetteville, NC (35.0527° N, 78.8784° W and 262 
feet above sea level; Cumberland County) in a randomized 
complete block design (RCB) with four replicates and three 
row spaces (25 cm, 50 cm, and 75 cm) between the seeds. The 
plants were growing in the rain feed plots with occasionally 
watered and kept in the field until maturity (121 days, May–
September 2016 and 2017). No pesticide, herbicide, or fertilizer 
was applied. 

Soil Microbial Community Analysis 

In order to assess the nitrogen fixation microbes in the rain 
feed and no fertilizer field, soil samples were collected from 
the field and serially diluted. Briefly, an autoclaved trowel was 
used to remove 5 shallow scoops of soil from different points 
in the field from approximately the top four inches of soil. Soil 

samples were mixed in an autoclaved beaker using autoclaved 
spoons. The homogenized soils were then serially diluted in 
sterile isotonic (0.85%) saline. A 100 µl from each dilution was 
plated on a nutrient agar plate using a glass spreader. The nutri-
ent agar plates were incubated at room temperature (23-25°C) 
for 2-3 days. After incubation, different colonies were chosen 
from different plates followed by at least three rounds of streak-
ing for single colonies on nutrient agar plates. The purified 
strains were used for further analysis. 

DNA Extraction from Bacterial Strains

Genomic DNA was isolated from the purified strains using 
PureLink™ Genomic DNA Mini Kit (Invitrogen, CA). Briefly, 
each strain was streaked on a nutrient agar plate and incubated 
two to three days at room temperature until good colony growth 
was observed. A single colony from each plate was used to in-
oculate 5 ml nutrient broth and incubated at room temperature 
until turbid growth was observed. A sufficient volume of cul-
ture (1 to 2 ml) was centrifuged at 10,000 g for 2 minutes to 
provide a pellet size of approximately 109 bacteria. PureLink™ 
Genomic DNA Mini Kit (Invitrogen, CA), was used to extract 
DNA from the cells according to the manufacturer’s directions. 
Extracted DNA was stored at −20°C. A negative control was 
included consisting of sterile water rather than cells to confirm 
absence of contamination.

16S rRNA Gene, DNA Sequencing, and Annotation
 

Universal bacterial primers for 16S rRNA were used to am-
plify a fragment of approximately 1,400 bp. Extracted DNA was 
used as the template in PCR using the primer pair 27F/1492R 
(Wilson et al.,1990). The PCR products were visualized us-
ing agarose gel documentation system (Bio-Rad, USA). The 
nucleotide sequences of the PCR products were determined 
at Eton Bioscience, Durham, NC using 27F/1492R (Wilson 
et al., 1990) primers for 16S rRNA gene sequence. Sequence 
chromatograms were assembled to generate the consensus se-
quences using Phred-Phrap (Machado et al., 2011). Taxonomy 
affiliation was deduced using BLASTn (Altschul et al., 1990).

Trait Measurements 

Plant height (PH) and pod numbers (PN) were recorded in 
the field just before harvest and seed numbers (SN) were re-
corded in the lab just after harvest. 100-seeds (100-SW), and 
total seed weight (TSW) were recorded in the lab after harvest. 
The means of the agronomic traits studied here are show in 
Table 1.  

Statistical Data Analysis

The One-way ANOVA combining R package multcomp 
with Tukey function was used to compare the mean of the field 
data of different lines within two-year interval and the year was 
treated as a block effect (Mangiofico, 2015). The R function 
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of boxplot (www.r-project.org) was used to display the mean 
TSW. The linear mixed-effects model (Starkweather, 2010) was 
implemented to handle the fixed and random effects and to de-
termine if the independent (explanatory) variables both fixed 
effects and random effects, altered the dependent (response) 
variables. The analytic tools in R (www.r-project.org) including 
that of linear mixed-effects model fit by maximum likelihood, 
correlation, and PCA were employed in the data analysis. Lin-
ear mixed-effects fit by maximum likelihood built in R package 
lme4 was used to analyze the independent variables including 
both fixed effects and random effects (Bates et al., 2014). Ex-
cept for TSW, other yield parameters including year, PH, pod#, 
seed#, 100-SW, and quality traits of protein, and oil were con-
sidered as independent variables. Thus, the total seed weight 
(TSW) was considered as the dependent variable. The soybean 
lines were treated as a random effect. Year (YR) as an important 
environmental aspect was considered to be a factor with two 
levels while other parameters were designed to be continuous 
explanatory variables. The R package car (type II Wald chi-
square tests) was integrated to display the significant level of 
the assessment. PCA was also used to analyze the dataset as a 
complementary analytic tool to validate the results of the mixed 
model. PCA analysis was carried out following the prcomp al-
gorithm plus ggbiplot package for the visual display (Vu and 
Lei 2012, www.r-project.org). The correlation and barplot were 
carried out using R code described by King (2013). The follow-
ing abbreviated terms were used in the R script including TSW 
presented total seed weight; Plht denoted as plant height; Pod 
presented total pod number; Seed was for total seed number; 
SW100 was for 100 seed weight.

Results and Discussion

Yield Performance

The one-way ANOVA combing the R package multcomp 
with function of Tukey was employed to analyze the yield pa-
rameters between soybean mutant FM6-847 with USDA refer-
ence lines.  As presented in Table 1, the total seed weight, plant 
height, total pod number, and total seed number were signifi-

cantly different at least from one of USDA reference lines us-
ing the field data in 2017. Compared the plant height and total 
seed number of FM6-847 to the USDA reference line LD07-
3395, the significantly mean differences were observed in the 
field data collected in 2017. However, only plant height and 
100-seed weight between FM6-847 and USDA reference lines 
LD06-7620 and LD07-3395, respectively were significantly 
different in the field data collected in 2016. The severe drought 
was experienced in the growth season of the field trial in 2016 
and thereby significantly affected the yield performance among 
lines in the rain feed trial. The box plot was clearly displayed the 
mean total seed weight among the lines analyzed in 2016 and 
2017, respectively (Figure 1).  The mean of total seed weight 
of the mutant was among the highest in 2017 and  nearly to be 
the lowest one compared to the USDA reference lines assessed 
in 2016 at the rain feed field plot (Figure 1). The block function 
of ANOVA was used to compare the two year yield data and of 
the seven yield parameters, the plant height, 100-seed weight, 
and protein content were significantly different compared the 
mutant to the USDA reference line LD06-7620 when year was 
treated as the block effect. The significant differences of plant 
height and 100 seed weight were also identified between FM6-
847 and LD07-3395 in the two year dataset combined (Table 1). 
In contrast to the means of other yield parameters that were sig-
nificantly higher in FM6-847 than in USDA reference lines, the 
content of protein was higher in USDA line LD06-7620 than 
the mutant FM6-847. 

Correlation and Contribution of Yield Parameters to TSW

The soybean mutant FM6-847 line that was analyzed in this 
study had wide ranges of phenotypic differences for all major 
components of yield parameters (Table 2). The coefficients of 
variation (CV) of pod number (83.43%), seed number (61.35%) 
and total seed weight (61.25%) were high among the lines sug-
gested that the higher variability of these traits was identified in 
the assay. In contrast, the CVs of protein (5.44%) and oil (4.7%) 
were very narrow. The linear mixed-effects model fit by maxi-
mum likelihood was used to conduct the analyses of the dataset 
from field trials within two consecutive years in order to esti-

Table 1. Multiple comparisons of yield parameters in the two dataset. The R package multcomp was used to conduct the 
analysis. PH: plant height; Pod#: total pod number; Seed#: total seed number; 100-SW: 100 seed weight; TSW: total seed 
weight. 

Line Year PH Pod# Seed# 100-SW TSW Protein Oil
LD00-2817 - FM6-847 2016
LD06-7620 - FM6-847 2016 . ** ***
LD07-3395 - FM6-847 2016 **
LD00-2817 - FM6-847 2017
LD06-7620 - FM6-847 2017 * . * .
LD07-3395 - FM6-847 2017 * *
LD00-2817 - FM6-847 2016 2017
LD06-7620 - FM6-847 2017 2017 . *** **
LD07-3395 - FM6-847 2018 2017 * .
Note: *<0.05, **<0.001, ***<0.001, · ≈0.05.
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100

mate the contribution of the yield parameters among soybean 
lines toward soybean total seed weight (Table 3). For the fixed-
effects of the linear mixed model, PH, seed#, 100-SW were all 
were significantly contributed to TSW  (P < 0.001%). However, 
no association between the total protein content with TSW was 
identified. The higher significant coefficients of variation were 
observed for PH, seed#, and 100-SW (Table 3). Based on the 
mixed-effects algorithm, pod# also significantly contributed 
to TSW (P<0.01) while year and oil content had marginally 
been considered as significant factor for TSW of soybean lines 
(P≈0.05). The relationship among the field traits was observed 
in the correlation analysis. Seed# and pod# had the highest cor-
relation (r=0.99 and r=0.98, respectively) with TSW (Figure 2). 
The TSW had a weak correlation with plant height (r=0.45) and 
100 seeds weight (r=0.31) but had a moderate or high correla-
tion with year (r=0.69) suggesting that the environmental factor 
played a significant role in the rain feed plot (Figure 2). Our 

results also suggest that the yield parameters contribute to TSW 
differently for the mutant line. Based on the algorithm of cor-
relation, pod number and seed number were also strongly corre-
lated. However, the relationships between oil and other param-
eters were excluded by the software due to the low correlation 
indicating that the factors that contributed to the TSW mainly 
from the components other than the contents of protein and oil. 

Principal Component Analysis

As one of the most widely used multivariate statistical ap-
proaches in agriculture research, PCA was used to identify the 
major variance components among the correlated traits (Afuape 
et al. 2011; Gana et al., 2013; Placide et al., 2015; Yuan et al., 
2016). Multivariate approach of PCA assigned a given set of 
variables into the principal components (PCs) and transferred 
the original correlated variables through linear combination to 

Figure 1. Box plots of total seed weight among the lines assessed. The values of the seed weight were log 2 transformed. 
A: Box plot of TSW of 2016 field trial; B. Box plot of TSW of 2017 field trial. 

Figure 2. Correlation among yield parameters based on two-yield data collected in the field trials of Fayetteville, NC.
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produce a series of eigenvalues and associated eigenvectors 
(Johnson and Wichern, 2007).  Eigenvectors are contained the 
correlations between original variables and PCs, which specify 
the axes of linear coefficients (Jolliffe, 2002) and the variance 
along direction of each PCs axis represents the eigenvalue in 
the analysis. To validate results of the mixed model analy-
sis, PCA was applied to analyze the phenotypic components 
that contributed to the total seed weight in the dataset. As the 
complementary approach of the linear mixed model, PCA can 
handle the original variables through linear combination and 

produced a new set of uncorrelated PCs (Jolliffe, 2002; John-
son and Wichern, 2007). A total of 5 PCs were generated in the 
dataset (Table 4). The five PCs represent both main principal 
components and proportional contribution of PCs to the total 
variation of the data collected during 2016–2017 (Table 4). The 
first PC accounted for 55% of variation observed from 2016 to 
2017. The second principal component contributed 22% of the 
total variation in the dataset. The results showed that except 
of protein, all other components were positively contributed to 
PC1. The second PC accounted for 22% of the total variation 

Table 3. Deviance table of relationship of TSW with other field parameters. PH: plant 
height; Pod#: total pod number; Seed#: total seed number; 100-SW: 100 seed weight; 
TSW: total seed weight.

Chisq Df Pr(>Chisq) Significance
Year 3.735 1.000 0.053 .
PH 21.106 1.000 0.000 ***
Pod# 7.597 1.000 0.006 **
Seed# 45.892 1.000 0.000 ***
100-SW 14.363 1.000 0.000 ***
Protein 0.864 1.000 0.353
Oil 4.797 1.000 0.029 *
Note: *<0.05, **<0.001, ***<0.001, · ≈0.05. The linear mixed model fit by
maximum likelihood was used to evaluate the two years field data. The linear
fixed-effect model was carried out using lmer in lme4 package (Bates et al.
2014) and the significant values were displayed using R package car (www.r-
project.org).

Table 2. Mean, range, standard error, and coefficient of variation (CV) for field param-
eters and protein and oil contents based on % dry weight of soybean lines assessed in 
North Carolina. PH: Plant height; Pod#: pod number; Seed#: seed number; 100-SW: 100 
seed weight (g); TSW: total seed weight (g). Protein and oil contents are in %. 

Trait Mean Range CV SE
PH 41.52 59 38.36 3.4
Pod# 130.86 454 83.43 23.28
Seed# 228.09 626 61.35 29.84
100-SW 14.48 8.08 13.72 0.42
TSW 32.82 88.56 61.25 4.29
Protein 41.43 7.6 5.44 0.48
Oil 23.35 3.6 4.7 0.23

PC1 PC2 PC3 PC4 PC5
Year 0.74 0.23 -0.53 0.04 0.35
PH 0.52 -0.4 0.7 -0.18 0.23
Pod# 0.98 -0.12 -0.01 0.08 -0.1
Seed# 0.98 -0.12 0.04 0.09 -0.1
100-SW 0.36 0.79 0.06 -0.48 -0.08
TSW 0.98 -0.03 -0.03 0.07 -0.15
Protein 0.01 0.8 0.44 0.4 0.05
Eigenvalue 3.830 1.510 0.970 0.450 0.23
Proportion of variance 0.550 0.220 0.140 0.060 0.03
Cumulative proportion 0.550 0.760 0.900 0.960 1
Note: The prcomp algorithm of r (www.r-project.org) was used in the analysis.

Table 4. Five principal component axes to variation in field parameters. PH: plant height; Pod#: total pod 
number; Seed#: total seed number; 100-SW: 100 seed weight; TSW: total seed weight. 
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Figure 3. The relationship of PC1 vs. PC2 from principal component analysis (PCA) 
among the field parameters. Plh: plant height; Pod: total pod number; Prt: protein; Sed: 
total seed number; SW1: 100 seed weight; TSW: total seed weight. Green bar: positive 
contribution; Blue bar: Negative contribution. The size of the bar will be increased with 
the contribution.

Figure 4. PCR amplicons using 16S rRNA primers (27F/1492R). Lane 1, Lambda DNA HindIII size 
marker; lanes 2-14, amplicons from strains AJK-1- AJK-13, respectively. Lane 15, negative control. 

Strain# Strain Name (16S rRNA 
Accession#)

Genus (Class) Closest GenBank Match 
Accession# (%  similarity)

1 AJK-1 (MN715357) Brevundimonas (Alphaproteobacteria) MN704401 (100%)
2 AJK-2 (MN715358) Microbacterium (Actinobacteria) KY292472 (99.09%)
3 AJK-3 (MN715359) Nakamurella (Actinobacteria) NR_157706 (100%)
4 AJK-4 (MN715360) Flavobacterium (Flavobacteriia) EU057851 (100%)
5 AJK-5 (MN715361) Pseudomonas (Gammaproteobacteria) MH883923 (100%)
6 AJK-6 (MN715362) Frigoribacterium (Actinobacteria) KR922277 (100%)
7 AJK-7 (MN715363) Paenarthrobacter (Actinobacteria) MG686085 (100%)
8 AJK-8 (MN715364) Rhizobium (Alphaproteobacteria) MK611735 (100%)
9 AJK-9 (MN715365) Microbacterium (Actinobacteria) KX981237 (100%)
10 AJK-10 (MN715366) Bacillus (Bacilli) MK934384 (100%)
11 AJK-11 (MN715367) Bacillus (Bacilli) MN640965 (100%)
12 AJK-12 (MN715368) Aminobacter (Alphaproteobacteria) DQ401867 (100%)
13 AJK-13 (MN715369) Aminobacter (Alphaproteobacteria) MK382451 (99.92%)

Table 5. Summary of annotation of strains and their GenBank matches.
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to the phonotypical variation. Protein (0.8), total seed weight 
(0.79), and year (0.23) positively contributed to this principal 
component and the remaining variables contributed to the PC 
negatively.  The last three PC contributed only 23% of the total 
variation in the population and PC3 contributed 14% to the total 
variation in the population (Table 4). The r packages (www.r-
project.org) were used to visually display multivariate relation-
ship of the first two principal components with the field yield 
parameters using variables of the two year trials (Figure 3). The 
green color bar represented positive contribution to the PCs 
while blue color bar showed negative contribution to the PC. 
The graph of two PCs described the contribution of field pa-
rameters to the corresponding PCs at the multivariate algorithm 
suggesting that the field parameters were mainly contributing to 
PCs positively in the EMS mutant line (Figure 3) and only plant 
height was negatively contributing PC2.   

Gel Electrophoresis and Phylogenetic Analysis of Soil Bac-
teria

Thirteen bacterial strains were isolated from the field’s soil 
and identified using 16S rRNA sequences (Table 5). Bands 
with the expected size were obtained from the agarose gel 
when amplicons of DAN samples of bacterial strains were am-
plified using the primers derived from 16S rRNA (Figure 4). 
The annotation of the sequenced amplicons suggested that the 
strains were identified as: 5 Actinobacteria, 4 Alphaproteobac-
teria, 2 Bacilli, 1 Gammaproteobacteria, and 1 Flavobacteriia 
(Table 5). Out of the four Alphaproteobacteria, one strain was 
identified as Rhizobium giardinii (Table 5). The 16S rRNA se-
quences were deposited in GenBank under accession numbers 
MN715357-MN715369. The presence of nitrogen fixation Rhi-
zobium giardinii seemed to explain the beneficial effect to the 
soybean plants grown in the unfertilized rain feed field. It is 
believed that Rhizobia help in increased plant growth when in-
teracting with legumes (Mabrouk et al., 2018) and maintained 
healthy growth of the soybean plants. In addition, previous 
studies have shown that some bacterial strains, besides Rhi-
zobium, that we isolated from the field also have the potential 
to promote plant growth such as: Brevundimonas (Kumar and 
Gera, 2014), Microbacterium (Cordovez et al., 2018), Pseudo-
monas, and Bacillus (Di Benedetto et al., 2019).

In conclusion, we demonstrated that the soybean mutant 
FM6-847 performed outstanding in yield, yield components, 
and several seed composition traits (protein and oil contents) 
and is well adapted to North Carolina. We also isolated and 
identified several beneficial bacteria for soybean growth and 
development including the nitrogen-fixing Rhizobium giardi-
nii, and other beneficial species such as Brevundimonas, Micro-
bacterium, Pseudomonas, and Bacillus for beneficial effect on 
soybean plant growth.
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