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ABSTRACT

JANICE KOFSKY. Genomic dissection of complex trait variation in wild soybean,
Glycine soja. (Under the direction of DR. BAO-HUA SONG)

There is a considerable demand for crop improvement, especially considering the growing
population, continuing climatic fluctuations, and rapidly evolving plant pests and
pathogens. Crop wild relatives hold great potential in providing beneficial alleles for crop
improvement. Wild soybean, Glycine soja (Siebold & Zucc.), the wild ancestor to the
domesticated soybean (Glycine max (L.) Merr.), harbors a high level of genetic variation.
Research on G. soja has been largely devoted to understanding the domestication history
of the soybean, while little effort has been made to explore its genetic diversity for crop
improvement. In this dissertation, genomic dissection of agronomically important complex
trait variation in G. soja was carried out in order to determine the potentially novel genetic
architecture of traits of interest, and to better understand the use of crop wild relatives for
crop improvement. The genetic background of quantitative traits: early vigor, Soybean
Cyst Nematode (SCN) resistance and the effects of abiotic and biotic combination stresses
(drought and SCN) on gene regulation was investigated. These findings have the potential
to enhance the cultivated soybean with cutting edge biotechnologies (genetic modification,
gene editing) and promote the exploration and use of wild resources for crop improvement

in order to meet future food requirements.



DEDICATION

To Science: “It works...bitches.”

- Richard Dawkins
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CHAPTER 1: THE UNTAPPED GENETIC RESERVOIR: THE PAST, CURRENT,
AND FUTURE APPLICATIONS OF THE WILD SOYBEAN (GLYCINE SOJA)

1. Soybean and wild soybean

The cultivated soybean (Glycine max (L.) Merr.) is an economically important crop grown
world-wide with diverse uses in oil and protein consumption for human and livestock, as
well as feedstock for biofuel production. The cultivated soybean produces two-thirds of the
world’s calories for agriculture, and is the leading producer of oil seed. With the growing
world population, the yield demand for soybean is at a current deficit of 1.2% annual
production per year (1). Although soybean production has increased by approximately 40%
in the last quarter century (1990 - 2015) (2), current soybean yield potential is restricted by
the narrow genetic reservoir in cultivated soybean, hindering the potential for breeding
soybean varieties with high environmental stress tolerance and resistance traits. These
drawbacks regarding the current cultivars are increasing because of the ecological changes
caused by climate fluctuations and other factors such as expanded drought or saline
environments. Meanwhile, the rapid evolution of pests and pathogens is posing difficult
challenges to soybean production. Because of the aforementioned factors, there is an urgent
need to use the untapped genetic resources from the wild relatives of cultivated soybean to

improve crop production.



The wild soybean, Glycine soja (Siebold &
Zucc.), is the wild ancestor of the
domesticated soybean, G. max. G. soja is
native to East Asia with a broad geographic
range, from East Russia to South China, and
the species can grow in diverse habitats.
Though G. soja and G. max are different in
many phenotypic characteristics (Figure 1),
they have the same number of chromosomes
(2n = 40), exhibit normal meiotic
chromosome pairing, and are cross-
compatible to produce vigor hybrids (3).
Also, G. soja was found to harbor more than
half of the rare alleles, which might have
been lost in G. max during their

domestication and improvement (4).

Figure 1. Phenotypic comparison of

Glycine max (A) and Glycine soja (B).

Considering the higher level of genetic diversity retained in G. soja, as well as its

adaptations to harsh environments, it is expected that G. soja has great potential to

improve its agriculturally important domesticated relative (Figure 2), beyond what is

currently known (5-8). Research on G. soja has been largely devoted to understanding the

domestication history of the soybean, with comparatively little effort made to use it as a

genetic reservoir for soybean improvement (5, 9-11). In
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Figure 2. Glycine max diverged from ancestral Glycine soja as a result of multiple
domestication events. Glycine max then underwent continued artificial selection for traits of
agronomic importance, further reducing the genetic diversity found in Glycine max. During
this time, Glycine soja continued to adapt to its various environments, maintaining and
potentially increasing genetic variability. Genetic breeding practices incorporate select
components from the Glycine soja gene pool to improve modern cultivars, creating superior

Glycine max cultivars. Width and color represent genetic variability.



this review, we will discuss genomic diversity and the current research in G. soja, and we

present a potential step forward in our application of G. soja to improve G. max.

2. Domestication history

Domestication of G. soja is reported to have occurred around 6,000-9,000 years ago in
regions along the Yellow River or Huang-Huai Valley in Central China (3, 12, 13),
resulting in landraces of G. max, and with further selection, the elite cultivars. However,
the history of G. soja in relation to G. max is far more complex, with varying contradictory
hypotheses. It is likely that the domestication process happened over a long period of time,
allowing for frequent introgressions between the wild and cultivated populations during
this time (14, 15). Although an opposing study of candidate domestication regions in
Korean wild soybeans suggests a single selective sweep, detecting no evidence for multiple
domestication events in East Asia (16). A summation of the contradictory hypotheses of
soybean origin and domestication was recently presented in a review of the domestication
history (17), in which three overarching hypotheses were provided: the single origin
hypothesis, the multiple origin hypothesis, and the complex hypothesis. The single origin
hypothesis states that G. max was diverged from G. soja from a single domestication event
in Central China, no earlier than 9,000 years ago, supported by the observation that all the
selected domesticated soybeans were clustered together by analyzing whole-genome SNPs
of 302 wild, landrace and cultivated soybeans (18). The multiple origin hypothesis states
that G. max was domesticated from G. soja during multiple events between 5,000 and 9,000

years ago. The complex hypothesis incorporates the results from two recent studies (19,



20), with a G. soja/G. max complex first diverging before multiple domestication events.
The estimated age of the G. soja/G. max complex is 0.27 MYA (19) by whole genome
comparison of one ecotype to one cultivar, or 0.8 MYA (20) by pan-genome comparison
of 7 wild ecotypes. In this last hypothesis, the domestication would have stemmed from an
already diverged G. soja/G. max complex (17). Individuals from either soja or max
subpopulation were closely clustered based on their geographic origins (11, 21). A possible
explanation could be that the early-domesticated G. soja or G. soja/G. max complex spread
from China to Korea and Japan, and subsequently underwent varying degrees of
domestication to meet local needs. Nevertheless, it is widely accepted that G. max was
created from G. soja or G. soja/G. max complex through a long, slow, and complex

domestication process by countless independent efforts (17).

3. Advantages of using wild soybean

G. soja gene pool is indisputably more diverse than G. max due to artificial selection during
domestication and continued loss due to modern breeding practices. A comparison of 102
gene sequences from 26 Glycine soja, 52 landraces, 17 North American ancestor, and 25
elite cultivar isolates suggested that the most significant loss in genetic diversity occurred
during the domestication bottleneck, and a secondary loss of diversity during modern
breeding. The domestication bottleneck has resulted in an 81% loss of rare alleles, 60%
gene allele frequency change, and almost halving the nucleotide diversity () from G. soja
(m=2.47 x 10°®) to landrace (n = 1.47 x 10°%). After domestication, intense selection toward

the elite cultivars (m = 1.17 x 10°®) resulted in an additional loss of 23% nucleotide diversity



(), and a 21% loss of rare alleles (4).These artificial selection processes resulted in
morphological differences of many agriculturally-important traits between G. max and G.
soja, such as pod shattering resistance (22), determinate growth habit (23), and seed-related
traits (24). Directional selection during modern soybean breeding practice also reduced the
genetic diversity surrounding the regions conferring these agriculturally important traits,
known as selective sweep. A recent genome-wide sequencing analysis showed that half of
the resistance-related genes/loci in G. soja were not found in landraces or the domesticated
soybean (18). Thus, modern breeding practices have further shrunk the gene pool by
selecting from a small fraction of landraces to produce elite cultivars (25). These
observations suggest that the morphological characters of the elite cultivars are genetically
controlled by the combined effects of these genomic regions that were selectively swept or
lost during domestication and artificial selection. It is possible that genetic diversity in the
elite cultivars can be significantly increased by introgression of the favorable variation in
wild or landrace in modern breeding program, while additional efforts are needed to

balance the selection of agriculturally and adaptively important traits.

Natural populations of Glycine soja were strongly influenced by climatic fluctuations.
The Quaternary glaciation around 2 MYA resulted in the death of many plant
populations, likely including many from Glycine (26). Bottlenecks of most natural
populations resulted in differentiation by genetic drift and environmental selection
between these populations, and the genes acted on by selection (20, 27, 28). It is likely
that G. soja populations then expanded rapidly through Asia, due to climatic shifts and G.

soja’s high adaptability (29, 30). This evolutionary history accounts for the wide range of



genetic and phenotypic diversity found among wild soybean populations. The population
size of G. soja is expanding, allowing for amplified genetic differentiation in varying
environments, while G. max has been relatively constant as shown in Figure 3 (31). The
diverse stress from varying environments caused G. soja to develop complicated
mechanisms to tolerate many biotic and abiotic stressors. Adaptations to local
environments has enabled G. soja to possess elaborated mechanisms. Many of the
resistance-causal genes have been found to exist in manners of copy number variations
(CNVs), such as soybean cyst nematode (SCN) (32), or presence-absence variation
(PAVs), such as salt tolerance gene identified in G. soja (5). Environmental/niche
isolation played a stronger role than isolation by geographic distance in the genetic
differentiation of G. soja, suggesting the presence of many environmentally tailored
adaptations in natural populations (28, 33). Lee, et al. (2015) found that the origin of the
tandem duplication of the 31.2-kb segment at the Rhg1 locus (34), a major QTL
conferring SCN resistance, occurred prior to the divergence of G. max and G. soja or the
formation of the ancestor of G. max/G. soja complex, implying that the copy number
variation in Rhgl evolved from a G. soja population in East Asia, where the SCN

populations most likely originated (35).
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Figure 3. Pipeline of crop improvement of

Glycine max using Glycine soja.

The concept of revitalizing the
cultivated gene pool with a progenitor
species is not novel to soybeans. Plant
domestication limits the range of
obtainable phenotypes by artificial
selection, often removing unforeseen
traits of interest down the line. During
the 1970s, commercial corn crops (Zea
mays L.) were devastated by blight
affecting as much as 50% of the yield in
the United States, until blight-resistant

alleles from the wild relative (Mexican

maize, Tripascum dactyloides L.) were introduced into the domesticated population (36).

Examples of the use of crop wild relatives to improve abiotic stress tolerance, biotic stress

resistance, and agronomic traits of cultivated crops dates back to the 1980’s, seen in major

crops: rice, barley, wheat, tomato, potato, and peanut (37). The artificial selection process

that lead to the domestication of these crops was blind to the future demands of a growing

population and environmental stressors. The development of superior soybean cultivars by

incorporating genes/alleles from G. soja (Figure 2, Figure 3) is a promising and

environmentally friendly solution for soybean improvement, moderating or negating the

need for pesticides and fertilizers.



4. Discoveries from Glycine soja

In 2010, 18 ecotypes were sequenced using Glycine max as a reference, serving as the
first reported whole-genome sequencing of G. soja (19, 38). Structural characteristics of
the genome were identified two years later, creating a physical map, useful for
investigating true genome architectural differences between G. max and G. soja (39). The
development and release of the SoySNP50K iSelect Illumina BeadChip in 2013 further
promoted the use of wild soybean as a research tool (40). Information regarding soybean
research, including all SNPs of USDA accessions are publicly available at the SoyBase

Database, serving as an excellent tool for candidate gene discovery in wild soybeans.

Research on G. soja thus far has focused on the understanding of domestication and
evolutionary history of the G. soja transition into the cultivated crop. Few studies have
made full use of this wild genetic reservoir. Although the utilization of the genetic diversity
contained in G. soja is lacking, the potential of G. soja as a tool in soybean breeding is
beginning to be realized. Table 1 summarizes the recent research and findings using G.
soja toward soybean improvement. We discuss some representative examples in the
following paragraphs and provide an in-depth consideration of these findings. G. soja has
also been used in many studies as a negative control to identify genes for traits present in
the G. max population, for example in the study of seed weight or protein content (18, 41).
In these cases, G. soja gene pool that was not used as a direct source of resistance,

tolerance, or improvement is not presented here as such.



4.1 Biotic stress resistance

The soybean aphid is native to Asia and was introduced to the United States in 2000.
Infestations of the aphids can directly affect biomass and yield, and indirectly affect yield
with the transmission of the soybean mosaic virus. The screening of wild soybeans for
soybean aphid resistance revealed that three wild soybean plants were resistant to the
soybean aphid (Aphis glycines) (42). The follow-up studies identified two new QTLs
related to aphid resistance, Rag3c and Rag6, using linkage mapping (43, 44). Map-based
cloning of the two QTLs and the functional verification of candidate genes is needed. It is
likely that the candidate genes within the QTL regions encode canonical nucleotide-
binding site leucine-rich repeat (NBS-LRR), a resistance protein that plays an important

role in potato aphid resistance (45).

The first report of the genetic identification of Foxglove aphid (Aulacorthum solani)
resistance gene, Raso2, in G. soja was in 2015. Up to this point, five other aphid
resistance genes had been identified, all mapped from G. max cultivars. Raso2, identified
from G. soja, differs in response from those isolated from G. max, with strong antixenosis

and antibiosis responses to the Foxglove aphid (46).

Soybean cyst nematode is the most devastating pest in cultivated soybeans. Breeding
soybean cyst nematode (SCN) resistant soybean cultivars in the United States are
dependent on very narrow genetic sources. In 2005, 94% of the SCN-resistant cultivars

used in Illinois were sourced from a G. max accession (P188788) that was no longer

10



resistant to the majority of SCN populations found in the soil (9). Nematodes have
demonstrated the ability to adapt and overcome resistance in the G. max, and therefore new
sources of SCN resistance are needed. G. soja has been shown to exhibit natural resistance
to SCN populations currently affected crops in the United States(9, 11). A large portion of
accessions are yet to be screened for resistance, and the investigation into the genetic
mechanisms conferring resistance is still underway. So far, studies have reported candidate
genes for SCN resistance using linkage mapping (9), and genome-wide association study
(7, 11).Interestingly, the candidate genes/QTLs identified from G. soja are different from
those conferring G. max SCN resistance, suggesting species-specific resistance
mechanisms. Two SCN-resistance QTLs (cqSCN-006 and cqSCN-007) identified in G.
soja genotype P1468916 differ from the two major SCN resistance QTLs identified in G.
max, rhgl or Rhg4 (Kim, et al. 2011). The majority of studies focused on resistance
mechanisms to SCN HG type 0 (race3), which is prevalent in the central US. Few studies
have worked on SCN HG type 2.5.7, which is prevalent in the southeast US. A recent study
identified G. soja genotypes resistant to SCN HG type 2.5.7 (Zhang, et al. 2016). A
genome-wide association study identified novel candidate genes in G. soja relating to HG
type 2.5.7 resistance (11). Further analysis of one of the resistant genotypes revealed an
entire defense regulatory network, with published RNA-seq data to aid in additional
discoveries (7, 47). Given the variability and rapid evolution of SCN populations, it is
critical to identify new source of resistance and develop soybean cultivars with broad-
spectrum resistance to multiple SCN types with advanced technology, such as genome

editing for gene stacking. The variability in the combination of these sources may provide

11



a unique source for resistance to SCN regionally, providing flexible solutions to mitigate

the negative effects of SCN globally.

4.2 Abiotic stress tolerance

Soil salinity is a growing challenge for today’s crops. As the most important protein-
providing crop, cultivated soybean has been cultured in well-ploughed soil, therefore the
crop is sensitive to salt stress. The realization of salt tolerance in G. soja was especially
significant and led to the first investigation of this trait in 1997, but only weak correlation
between the genetic markers chosen and the salt tolerance traits was found (48). Further
investigation using randomly amplified polymorphism DNA markers revealed associations
between 6 markers (OPF05-213, OPF19-4361, OPF19-1727, OPF19-14000-, OPF19-700,
OPHO02-1350) and salt tolerance in G. soja, but with no certainty of the genomic location
of these markers (49). The first discovered salt tolerance gene in G. soja was Ncl2, which
differs from the G. max salt tolerance gene (50) Screening and sequencing of another wild
soybean ecotype W05 lead to the discovery of a different salt tolerance gene, GmCHX1
(5), suggesting genotype-specific salt tolerance mechanisms. The mechanism of salt
tolerance in the wild soybean, Tongyu06311, was found to be regulated by amino acid and
organic acid metabolism where compatible solutes were accumulated instead of relying on
the consumption of ATP (51). Most recently, aquaporin gene GmTIP2;1, was found
associated with salt tolerance in G. soja (43). Given the role of aquaporins in water
transport, it is likely that more aquaporin genes/alleles found in G. soja might be associated

with drought and salt stress responses.

12



The discovery of drought tolerance gene GSWRKY20 from G. soja was recently identified
and validated by the development of a transgenic soybean overexpressing GSWRKY20. The
transgenic soybean exhibits increased yield, plant height, and root length over the non-
transgenic plant in the same stress conditions. The mechanisms governing the tolerance is
related to stomatal density and closure speed (52). This study provides promising solutions

to farming in arid and semi-air environments.

A landscape genomics investigation of the abiotic stress tolerance found in the various
populations of G. soja revealed candidate QTLs associated with varying environmental
factors, including monthly precipitation, substrate sand percentage and substrate silt
percentage (53). These findings indirectly suggest these genes might play roles in certain
abiotic stresses, functional evaluation is needed for each of these genes before they can be

considered for soybean crop improvement.

4.3 Nutrition

Reduction of saturated fatty acid content of soybeans is highly desired due to its association
with cardiovascular disease (54). A GWAS study on seed composition in G. soja revealed
three new markers associated with palmitic acid levels, a saturated fatty acid, although
increased resolution is needed to identify candidate genes. This result lead to the
identification of a putative candidate gene, Glyma.07G112100, associated with

biosynthesis of linoleic acid (55). Linoleic acid is a polyunsaturated fatty acid that is often

13



partially hydrogenated and attributed to cardiovascular health risks. This recent discovery
of a gene controlling both unwanted fatty acids has the potential to make marked
improvements on the nutritional profile of the cultivated soybean. The same study
identified two candidate genes, Glyma.14G121400.1 and Glyma.16G068500.1, which are
associated with a saturated fatty acid, steric acid, and revealed a candidate gene associated
with the “good” fatty acid, unsaturated oleic acid (55). In addition, seed protein content of
G. soja has been shown to be higher than G. max on average, likely due to selection on

increased yield and oil content (55-57)

4.4 Yield related traits

An investigation into the variation of early plant height in wild soybeans revealed
significant differences among wild soybean accessions (58). This variation suggests that
the trait has been selected for in the natural environment, and may have underlying genetic
controls that can be introduced to the cultivated population. However, characterizing G.
soja height beyond 30 days is especially challenging due to the fragile vining nature of the
species, limiting growth rate phenotyping to early stages of maturity. Nevertheless, early

growth rates are important indicators of a plant’s eventual success and yield (59, 60).

Yield has been strongly selected in cultivars, often making G. max superior in this trait.

However, one study has identified a QTL in G. soja correlated with improved yield. QTL

mapping of a cross population of G. soja with G. max lead to the discovery of a yield

14



related QTL in G. soja on chromosome 14. This QTL is responsible for a 9.4% vyield

advantage and has been validated in two elite genetic backgrounds (61).

15
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5. Limitations

G. soja and G. max have the same chromosome number and can be crossed to create fertile
hybrids, which can transfer useful genes from G. soja to G. max by traditional breeding
practices. But, introgression of G. soja into G. max can result in linkage drag by bringing
in unwanted parts of the genome together with the selected genes due to linkage
disequilibrium. Linkage drag usually result in drags of unfavorable traits, such as reduced
yield, apt to shatter, and lodging etc. But this limitation can be resolved by the rapid

progress of biotechnology, such as soybean genetic transformation and genome editing.

6. Perspective

G. soja holds great potential to provide novel genes/alleles in soybean and other legume
species for crop improvement. A prerequisite for using G. soja to improve the agricultural
potential of G. max is to dissect the genetic architecture underlying the traits of interest and
uncover the molecular, physiological, and biochemical mechanisms involved. Some
studies using GWAS and linkage mapping have facilitated the dissection of potentially
useful traits, and an integration of these strategies coupled with investigation of gene
expression (transcriptomics), protein expression (proteomics), and metabolite profiling
(metabolomics) can be helpful to understand the mechanisms involved in phenotypic
expression. High throughput sequencing technology and biotechnology (such as genome
editing) can significantly facilitate novel gene discovery and transfer useful genes to

soybean.
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Thus far, G. soja has been used to determine the nature of domesticated traits in G. max
(18, 20), while the associated genetic variation in G. soja has not been fully investigated.
Knowledge of these genomic regions with selective sweeps in G. soja is helpful to
understand the evolutionary mechanisms that produced and altered traits in G. max
resulting from domestication, and can facilitate the use of G. soja-derived variations to
improve soybean crop. Investigations of phenotypic variation should shift toward the
screening for biotic resistance and abiotic tolerance under different environmental
conditions and stressor regimes. Such a shift in research focus would produce results (and
future directions) that are more relevant to current needs as they pertain to growing food
needs and climate change. Although some studies have identified SCN-resistant G. soja
accession by screening a small portion of G. soja collection at USDA germplasm (9, 11),
a systematic screening is needed by collecting more ecotypes from many different natural
populations, taking into account the observed association between the SCN resistance and

G. soja origins.

Crop improvement by using wild soybean has been progressing, but is still lacking in some
promising areas. Currently, no work on the Soybean Mosaic Virus (SMV) has been
reported in G. soja, a native host to the virus. Natural fields of G. soja infected with SMV
have been observed in South Korea (62). Given the observed resistance to biotic factors
within the wild population, research in this area could be a promising avenue for

developing SMV-resistant soybean crop. The observed variation in early vigor traits in
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wild soybeans is also an understudied area with potential to improve the early success and

eventual yield of soybean crop.

The chloroplast genome has been used in only a few studies with Glycine, and in those
cases only to discuss diversity and domestication. Plastids regulate photosynthesis and the
production of many metabolites; it would not be a great leap to assume that some of those
attributes are a) important to cultivation and b) phenotypically found to vary in the wild
population of soybean. The chloroplast genome of soybeans underwent multiple selection
events, and diverged into two major haplotypes early on in domestication (63). Whole
chloroplast genome assembly of G. soja compared to nine other Glycine species reported
high conservation with no major rearrangements within Glycine. Phylogenetic topology is
consistent between nuclear and plastid genomes, and an in-depth investigation into plastid
genomic differences between G. soja and G. max may reveal attributes worth studying for

crop improvement (64).

Efforts should be made to conserve the wild soybean populations. It has been shown that
these diverse populations exhibit desired phenotypes and diverse genotypes that can be
exploited for crop improvement. Conservation of these populations is required in order to
continue benefiting from them. A recent study in Japan reported low risk of gene flow
between genetically modified and wild soybeans (65). Soybeans self-fertilize, and
therefore gene flow can easily be maintained by reducing seed transport and spillage and

increasing the distance between crops and wild populations.
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The natural populations of wild soybean are distributed in East Asia and Russia. Current
research mainly uses a little over 1000 genotypes from USDA collections. To fully
investigate the natural variation of this species and identify useful resources, international
collaboration between scientists from diverse disciplines is needed. More findings from

wild soybean are expected in the near future.

7. Conclusion

The wild soybean has been the source of many advancements in crop improvement and
aided in research related to the evolution of the soybean. The domestication history of the
soybean is now widely understood. Continued research and screening of more ecotypes for
potentially useful traits in G. soja will help to reveal additional valuable genetic sources
for crop improvement. More collaboration and effort should be put toward finishing what
has already begun - to link the discovery of candidate genes with studies on relevant gene
regulatory networks and ultimately, the molecular and practical procedures for crop
improvement. Lastly, the conservation of natural soybean populations needs to be
promoted to ensure the continued existence of adaptable, wild traits that could later be used
for crop improvement. International collaboration is needed to carry out goal-directed,

comprehensive research of G. soja to make full use of their untapped genetic reservoir.
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CHAPTER 2: GENOME WIDE ASSOCIATION STUDY OF EARLY VIGOR
TRAITS IN WILD SOYBEAN

1. Introduction

The cultivated soybean, Glycine max, is an important legume crop that supplies the
majority of the protein meal and oilseed worldwide (66). Crop improvement is a continuous
necessity as the demands in agriculture increase due to a changing environment and rising
population. Modern soybean crops are challenged by abiotic and biotic stress. In order for
soybean production to keep up with the growing population, novel modifications must be
made to the current crop beyond modern breeding practices (67). The wild counterpart to
the cultivated soybean, Glycine soja, is analyzed for genetic associations to early vigor

traits that are not present in the cultivated population.

G. max diverged from G. soja up to 0.8 MY A, leaving much of the wild genetic variability
behind (17, 20). The cultivated soybean further diverged as a result of domestication in
China 6000-9000 years ago, however the wild soybean continues to inhabit a wide range
of areas across Eastern Asia (3, 19). The gene pool in wild soybean retains the genes and
alleles lost during the process of artificial breeding practices, and more importantly, the
initial domestication of the soybean, which contributes to 16.2% and 31% reduction in

genetic diversity respectively (68). Selection and improvement within G. max alone has
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been shown to have a significant effect on diversity on all twenty chromosomes (69, 70).
By exploiting the genetic diversity harbored in the wild soybean we are able to discover

novel sources of agronomical superiority.

Early vigor is a combination of traits that determine the eventual success and yield of a
plant. The early vigor phenotypic traits studied in G. soja are node count, inter-node length,
early growth rate, and early plant height. Early growth rate (EGR) and early plant height
(EPH) are further analyzed for genotypic dissection using GWAS. These traits have not
been studied or used for genetic association in wild soybean thus far. The node count and
inter-node length are representative of the density of plant foliage, as each node results in
a branching compound leaf. There is a significant correlation between the yield per soybean
plant and the branches on that plant (71). Measurements of mature plant height in wild
soybeans is relatively problematic due to its fragile stem and vining nature. Therefore, EPH
can be used as an analysis of height while the plant is still in early growth stages. In
cultivars of G. max, a positive linear relationship has been observed between plant height
and seedling rate where seedling rate has a positive effect on the overall yield (59). EGR
IS an important trait, used to determine the ultimate success of the plant. Seed vigor is
determined partially by an evaluation of seedling growth (60), which was initially
established in the 1950’s to represent the success and productivity of the resulting plant

(72). All traits analyzed are representative of plant success and a measure of vigor.

A genome wide association study (GWAS) is used in this study to determine genetic

associations with complex agronomically beneficial traits, EPH and EGR. GWAS has
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significant advantages over the tradition approach of complex candidate loci discovery,
quantitative trait loci (QTL) mapping. QTL mapping relies on a crossed mapping
population from only two individuals to contain all genetic diversity for the trait being
analyzed. In addition, QTL mapping is limited by its resolution in the mapping population
that can be affected by recombination while crossing (73). Although first demonstrated for
use in human disease (74), GWAS has been successfully used with plants for over a decade
to identify genes responsible for quantitative traits (75). While the QTL mapping approach
uses just two genotypes for genetic variation discovery, GWAS utilizes an unlimited
sample size and takes advantage of the genetic and phenotypic diversity contained in the
extensive natural population in order to accurately describe associations with higher
resolution than QTL mapping (76, 77). The soybean is an ideal candidate for GWAS, as it
can be maintained by self-fertilization, allowing for repeat screening of genetically similar
individuals. GWAS has previously been used to dissect phenotypic traits related to biotic
stress resistance (21, 78), abiotic stress tolerance (43, 53), and seed composition (55, 79)

in wild soybean.

The value of crop wild relatives in crop improvement has been progressively recognized
in the past decades (37). The wild soybean, G. soja, has been used in the genetic dissection
of soybean growth (80, 81), yield (61), seed composition(55, 82), abiotic stress tolerance
(10, 48, 50-53), and biotic stress resistance (7, 42-44, 47, 78, 83-88). However, using G.
soja to study early vigor phenotypic traits, such as node count, inter-node length, early
growth rate, and early plant height has never been reported. To explore the genetic diversity

harbored in the wild soybean, we used GWAS to effectively characterize the genetic
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architecture of early vigor traits. This study aims to make use of leading-edge quantitative
trait loci discovery methods in order to dissect the genetic background of agronomically
beneficial traits, EGR and EPH, and their relationships to inter-node length and node count,

to further crop improvement techniques.

2. Results

2.1 Correlation in phenotypic traits
All trait relationships studied on 225 ecotypes of G. soja, inter-node length to node count,
inter-node length to EGR, inter-node length to EPH, node count to EPH, node count to
EGR, and EGR to EPH, expressed significant positive correlations, p < 0.001, by
Spearman’s correlation test (Table 2). As a trend, plants with higher growth rate and height
had more nodes and the distance between each of the nodes was greater.

Table 2. Positive significant correlation between traits: EGR, EPH, Node count, and Inter-node

Length by Spearman’s p correlation coefficient. Mean, standard deviation (StDev), and
coefficient of variance (CV), measurements by cm.

Mean StDev CcV EGR EPH Node Count Inter-node Length
EGR 16.02 8.34 52.05 0.9861 0.7023 0.8674

EPH 244.68 127.2 51.99 0.6911 0.8838

Node Count 4.34 0.93 21.33 0.3449
Inter-node Length 54.55 24.97 45.76

2.2 Population structure of ecotypes

An estimation of population structure for all 225 accessions resulted in three assumed
populations. The inferred clusters, based on AK value (89), from STRUCTURE analysis
account for 23.7%, 35.2%, and 41.1% of the populations respectively, visualized in Figure

4. The constructed Newick tree, from calculated genetic distance of 31, 726 SNPs, supports
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the population estimation of three clusters (Figure 4A). The genetic distribution of the
populations is seen to highly correlate with the geographic locations of these wild
soybeans. Group 1 corresponds to collections from China and Russia, with only one
contrary observation, P1424008A, collected from South Korea. Group 2 primarily includes
South Korea accessions with just two individuals, P1549037 and P1479751, originating
from China. Group 3 includes all accessions from Japan with one diverging individual from

South Korea, P1407249.
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Figure 4. Population Structure Analysis. (a) Unrooted Newick Tree of ecotypes from 31726
SNPs. Groups primarily cluster by ecotype location. (b) STRUCTURE bar plot, K=3, inferred
clusters 1 = 0.237, 2 =0.352, 3= 0.411. (c) Plot of first three principle components with all
225 ecotypes.

The principle component analysis (PCA) results in the first three principle components
accounts for 19.1% of the genetic variation in all populations (Figure 4c), which are used

to control the population structure in the MLM for GWAS.
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2.3 Genome wide association study

The MLM of 31,726 filtered SNPs combined with kinship and PC control, resulted in four
significant SNPs associated with EGR and 12 significant SNPs associated with EPH with
chromosome-wide FDR adjusted p < 0.05 (Table 3). All significant SNPs associated with
EGR are also significant for EPH. The most highly associated SNP to EGR and EPH,
§s715598271, is significant (p < 0.05) by all p-value adjustment and threshold tests
(chromosome-wide Bonferroni, genome-wide Bonferroni, and genome-wide FDR). SNP
marker ss715598271 explains 10.85% of EGR phenotype variation and 12.42% of EPH
phenotype variation. Bracketing markers to ss715598271, ss715598270 and ss715598272,

are also shown to be significant by chromosome-wide Bonferroni threshold adjustment in

1 2 3 4 5 6 7 8 9 10 1 12 13 14 15 16 17 18
Chromosome

Observed -log;g(p)
Observed -logg(p)

Expected -logyq(p) Expected -logo(p)

Figure 5. GWAS Results. (a) Manhattan plot of MLM for EGR. Significant SNPs from
chromosome-wide FDR adjustment are highlighted in green. (b) Manhattan plot of MLM for
EPH. Significant SNPs from chromosome-wide FDR adjustment are highlighted in green. (c)
Quantile-quantile plot of MLM for EGR. (d) Quantile-quantile plot of MLM for EPH.
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EPH, explaining 8.34% and 8.17% of the phenotypic variation respectively. Manhattan
plots of EGR and EPH (Figure 5a, Figure 5b), visualize all significant SNPs by

chromosome, with corresponding Q-Q plots (Figure 5c, Figure 5d).

2.4 In-depth candidate loci investigation

Highly associated SNP to EGR and EPH, ss715598271, and significant bracketing
markers, ss715598269, ss715598270 and ss715598272 for EPH collocate with previously
identified QTL, Plant Height 19-5(90). In addition, this candidate region is within 50kb
adjacent to known QTLs, Plant Height 2-2 and Plant Height 2-4(91), which collocate with
ss715598304, an intergenic marker significantly associated with EPH (Table 3).
Significant markers on chromosome 13 correlate with two previously described QTL’s
related to plant height, Plant Height 25-6 (92) and Plant Height 26-11(93) (Table 3).
Although this correlation gives confidence in the findings of this GWAS, the association
of ss715598304 with EGR and EPH would be more reliable if the LD in the area of the
marker was high and other markers in the area were also found to be significantly
associated with the traits studied. Therefore, we do not have enough confidence to suggest
that this area is as highly significant in plant early vigor as that on chromosome 7 in the

wild soybean population.

The 65.3 kb region within significant markers from 4915929 bp to 4928272 bp on
chromosome 7 is further analyzed by pairwise linkage disequilibrium, showing high
linkage within this region (Figure 6). Two markers, ss715598269 and ss715598270, are

within the intron and 3’ untranslated region of gene Glyma.07G055800.1 respectively. Two

30



of gene

within  the intron

and ss715598272 are

$s715598271

markers,

Glyma.07G055900.1. No significant linkage disequilibrium is found near other significant
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SNPs and are therefore were not investigated further for candidate genes.

There is a significant relationship between ss715598271 allele polymorphism (A/C) and
studied traits, EPH and EGR. The A allele morph is correlated with higher EGR and higher
EPH than the C allele morph at this marker (p < 0.02) (Figure 6a, Figure 6b). The
relationship between allele and trait suggests that ss715598271 is highly linked with

causative SNPs.

Candidate genes, Glyma.07G055800.1 and Glyma.07G055900.1, are found to be
associated with EPH and EGR. Glyma.07G055800.1 is predicted to be a transmembrane
protein containing DoH and Cytocrhome b-561/ferric reductase transmembrane
domains(94). Cytochrome b561/ferric reductase transmembrane with DOMON related
domain protein (CYB561) is the closest homolog in Arabidopsis. This protein is responsible
for catalyzing transmembrane electron transfer by ascorbate, which is a key metabolite in
growth and development of plants (95). Glyma.07G055900.1 is predicted to be a
Tetratricopeptide repeat (TPR)-like super family protein, playing a role in protein binding
and translation initiation (94). The closest homolog in Arabidopsis is Reduced Chloroplast
Coverage 1 (REC1), which is associated with regulating the compartment size of

chloroplasts (96).
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3. Discussion

Significant correlations were found between all traits studied, suggesting that EPH, EGR,
inter-node length, and node count are all related phenotypic traits (Table 2). The positive
relationship between inter-node length and node count, inter-node length and EPH, and
internode-length and EGR, demonstrates the combined effect of elongation of the inter-
nodes along with the addition of new nodes in early growth of the soybean. Each node of
the wild soybean is accompanied by one branching compound leaf. Therefore, the observed
increase in node count with EGR and EPH relates directly to foliage increase and
acquisition of available light, having a cumulative effect on growth. The total yield has
previously been shown to be positively correlated with the branching of a soybean (71). A
positive correlation between all early vigor traits tested demonstrates that the traits chosen

are reliable indicators of early vigor and eventual success of a plant.

The results from STRUCUTRE analysis, PCA, and Newick tree construction suggest a
population structure of k=3 with high amounts of admixture between the populations
(Figure 4). The genotypic clustering is predominantly governed by the geographic location
of these ecotypes, grouping into China and Russia, Japan, and South Korea. A high level
of admixture has been seen in previous studies of wild soybean populations, specifically in
regards to South Korea and Japan populations, which is consistent with this study (28). Our
results, however, suggest that China and Russia cannot be clearly defined as separate
populations, most likely due to the fact that their locations are contiguous aside from

country borderlines or possible materials exchanges. In addition, environmental effects are
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shown to have a much higher influence on genetic grouping of wild soybeans than the
geographic locations themselves, which explains the clustering of China and Russia

together (28).

We discovered a total of 12 significant SNPs for EPH with 4 shared significant SNPs for
EPH and EGR. The most compelling results are found on chromosome 7, in which a
contiguous set of markers, ss715598271, ss715598270, and ss715598270, are highly
significant, revealing the importance of this genomic location to EGR and EPH. This locus
is also collocated with a known QTL, Plant Height 19-5 (90), and is adjacent to two QTLs
Plant Height 2-2 and Plant Height 2-4 (91). Although these consistently mapping QTLs
were previously identified, variation in this region might be unique to G. soja as previously
described in the finding of a G. soja-unique salt-tolerant gene GmCHXZ1(5). This location
is further verified with LD analysis, showing that significant linkage disequilibrium is
evident in this locus. High linkage disequilibrium can suggest that this area has been
selected for in its natural environment, which is expected of plant height and growth-related
loci. We were able to determine an allelic correlation with EPH and EGR at marker
ss715598271. The A allele morph is correlated with higher EGR and higher EPH than the
C allele morph at this marker. This marker is unlikely the causative SNP, but linked to one
unmapped in G. soja. This is supported by surrounding marker significance and high LD

in the region.

Two candidate genes were identified as significantly related to EPH and EGR,

Glyma.07G055800.1 and Glyma.07G055900.1 on chromosome 7. Significant markers are
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located within the introns of these genes and the untranslated 3’ region of
Glyma.07G055800.1. Glyma.07G055800.1 codes for a Cytochrome b561 transmembrane
protein, or CYB561 in Arabidopsis, a transmembrane protein involved in electron
transport(97). Glyma.07G055900.1, codes a Tetratricopeptide repeat like super family
protein, homologous to REC1 in Arabidopsis. The TPR domain protein has been shown
to be involved in plant height related phenotypes in Maize and Arabidopsis (98, 99) and is
a known motif in plant hormone signaling such as auxin, gibberellin, cytokinin responses
(100, 101). It is not unlikely that multiple individuals of this protein family share a similar
influence on traits in various locations in the genome. It has been proposed that REC1 is
involved in establishing and maintaining chloroplast coverage in Arabidopsis, and could
be manipulated in order to influence energy intake and yield (96). G. soja type REC1,
Glyma.07G055900.1, is likely involved in similar chloroplast coverage and plant hormone
signaling pathways to those found in Maize and Arabidopsis, with a direct relationship to
photosynthesis efficiency and growth rate, and therefore is an ideal gene to further

investigate for crop improvement.

This study identifies two candidate genes, Glyma.07G055800.1 and Glyma.07G055900.1,
related to early vigor traits, EGR and EPH. These traits are highly beneficial to agriculture,
and have been artificially selected for in breeding practices in the cultivated soybean, G.
max. However, the extent of adaptation by selection in the cultivated soybean population
is limited by the gene pool of the initial landraces. We explored the genetic architecture of

these traits in the more diverse wild soybean G. soja, to further improve our cultivation
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practices beyond the limited genotype of G. max. Future direction includes validation of

these genes’ associations to early vigor traits in cultivated soybeans by gene transfer.

4. Materials and Methods

4.1 Plant materials and phenotyping

In total, 225 G. soja accessions that were obtained by the USDA Soybean Germplasm
Collection were used for measurements and analysis. The original geographic distribution
of these accessions includes areas in China, Japan, Russia, and South Korea (Figure 7). All
seeds were manually scarified and germinated on filter paper for three days, after which 4-
5 seedlings per genotype were transplanted into MirocalGro soil in separate cells of a 3 x
5 growing tray. Optimal growing conditions were kept constant at 27°C and 12h light/day
in the greenhouse at University of North Carolina at Charlotte. The plants were watered

regularly to keep soil moist.

Four phenotypic traits were recorded or measured with a caliper to the nearest 0.1 mm on
each accession: node count, internode length, EGR, and EPH. EPH was measured at 20
days after germination, and node count, EGR, and internode length were obtained as the
average of three recordings take at days 7,14, and 20 after germination. For each accession,
measurements from two or three seedlings, quality filtered by coefficient of variance and

noted damage during growth, were averaged for each trait used in the analysis.
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Figure 7. Geographic distribution of 225 G. soja accession. Each point marks a location

4.2 Genotypic data

Previously identified markers, single nucleotide polymorphisms (SNPs), for all 225 G. soja
accessions were obtained from SoyBase (http://soybase.org/snps/)(94). All markers were
originally determined by the use of the Illumina Infinium SoySNP50k iSelect BeadChip,
with 52,041 total verified SNP markers(40). All markers with a minor allele frequency
(MAF) < 0.05 or missing rate of >10% were filtered out of the analyzed data, leaving

31,726 SNPs. All cleaned data were imputed using BEAGLE (v 3.3.1) (102-104).
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4.3 Phenotype analysis

Pair-wise associations among the four traits were evaluated with Spearman’s correlation
analysis, due to non-normal distributions, to determine the relationship between traits.
Specifically, the relationship between height and growth traits with the number and
frequency of nodes, and therefore relative foliage quantity. Phenotype data was not
normalized due to sufficient sample size for GWAS, and to avoid error, such as false

positives (105).

4.4 Analysis of population structure

A PCA was conducted using and GAPIT package (106). A genetic distance (1-1BS) matrix,
calculated in TASSEL (107), was used to build a Neighbor Joining (NJ) tree and visualized
by MEGA 7 (108). STRUCTURE software was used to validate the determined population
structure with 10,000 randomly selected markers with parameter sets K=1 to 10, 10,000

Burnin period length, and 50,000 MCMC reps after Burnin (109).

4.5 Genome-wide association study

A Mixed Linear Model (MLM) in TASSEL (107) was preformed to analyze the
associations of EGR and EPH with SNPs for all 225 accessions. A principle component
(PC) value of three, selected by analysis of quantile-quantile plots at various PC values,
and a scaled IBS Kinship matrix was used to control for the population structure. Multiple
significance threshold tests were used in order to substantiate the determination of
significant SNPs. The significance threshold was determined by chromosome-wide false

discovery rate (FDR) resulting in an adjusted p-value (g-value) for each marker (110).
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Genome-wide FDR, along with genome-wide and chromosome-wide Bonferroni
adjustments (111), were also used to validate the significant SNPs at p < 0.05 or q < 0.05

cutoff.

4.6 Investigation of candidate loci

All genes within 50 kb of significant SNPs were evaluated for potential association with
each phenotype. The annotated soybean reference genome, Wm82.a2.vl (SoyBase,
http://soybase.org), was used to determine these genes along with further investigation into
the function using Phytozome (112), TAIR (113), and BLAST2GO (114). Known QTL’s
for each phenotype from SoyBase (94) in each candidate loci were considered for
validation of candidate genes. SNP allele to phonotype comparison is done by non-
parametric Median tests. Pairwise linkage disequilibrium (LD) was calculated with

TASSEL and visualized with the LDheatmap R package (115)
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CHAPTER 3: WILD SOYBEAN CONFERS NOVEL RESISTANCE TO
THE BIGGEST SOYBEAN PATHOGEN, SOYBEAN CYST NEMATODE

1. Introduction

The soybean (Glycine max (L.) Merr.), is an important legume crop that supplies more than
half of the word’s vegetable fats, oils, and protein meal (116). Soybean cyst nematode
(Heterodera glycines, SCN) is the most destructive soybean pest, and is a growing problem
(117). The distribution of SCN infected regions has shown rapid growth since the initial
infection in 1954 in North Carolina, due to natural spread of pathogens and the lack of

resistant cultivars (118).

SCN resistant crops in the United States are dependent on few sources of resistance. There
are three sources of SCN resistant G. max used for breeding commercial varieties in the
United States: P188788, Peking (P1548402), and P1437654. The majority, over 95%, of
which are sourced from PI88788 (119). In 2005, 94% of the SCN resistant cultivars used
in Illinois sourced from PI88788 were no longer resistant to the majority of SCN
populations found in the soil, including SCN race 5 (9). In fact, SCN resistant cultivar,
Peking, is the main source of resistance to SCN race 5 in the United States, and only makes
up less than 5% of the cultivars used. The least used cultivar, P1437654, demonstrates broad
resistance and is able to resist SCN race 5, although it is rarely used due to risks associated

with broad resistance and complications with the genetic background and linkage to less
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favorable traits (120). Nematodes that are adapted to PI437654 type resistance are able to
overcome all other sources of resistance, and therefore cultivars sourced from this
accession should be used sparingly (121, 122). Nematodes have demonstrated the ability
to adapt and overcome all resistance found in the G. max gene pool (9, 121-123), creating

a high demand for new sources of SCN resistance.

Research on SCN resistance dates back to 1960, with the discovery of the first rhg loci
(Resistant to Heterodera glycines) (124). It was initially assumed that the mechanism of
SCN resistance in the cultivated soybean was comprised of Leucine-rich-repeat-Kinase
(LRR-Kinase) genes, which mapped closely to rhg loci and were known to confer
resistance in other crop species (125, 126). It was later found that resistance by the two
strongest loci, rhgl and Rhg4, was independent of LRR-Kinase genes (127, 128), and
instead is conferred by a novel resistance strategy. A complex mechanism of resistance in
the cultivated soybean consists of copy number variation of causative genes at the rhgl
and Rhg4 loci, and the genetic composition of these genes and associated promoters (34,
129-133). Two main types of resistance are found within the cultivated soybean, Peking-
type and P188788-type, with Peking type being the only type resistant to SCN race 5(119).
Peking-type resistance is conferred by low-copy SNAP (soluble NSF attachment protein)
gene (Glyma.18G022500, alternative ID: Glymal8g02590) at rhgl-a in combination with
resistant-type  SHMT (serine hydroxymethyltransferase) gene (Glyma.08G108900,
alternative 1D: Glyma08g11490) at Rhg4 (131). Broad resistance in P1437654 is derived
from Peking-type, with a high-copy SHMT allele (133). PI88788 type resistance is

conferred by a high-copy number of three genes, including SNAP, at rhgl-b, with no
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presence of resistant-type Rhg4 (34, 129). Duplication and selection at resistant rhgl
occurred in wild soybean, but the resistant Rhg4 allele emerged after domestication (32,
134). 1t is likely that the wild soybean population has an ancestral and separately derived

method of SCN resistance, not found in the cultivated gene pool.

The wild counterpart to the cultivated soybean, G. soja (Siebold & Zucc.), is analyzed for
SCN resistance novel to the crop gene pool. The domestication bottleneck resulted in an
81% loss of rare alleles, 60% gene allele frequency change, and nucleotide diversity ()
was almost halved. After domestication, selection toward the elite cultivars resulted in an
additional loss of 23% (m) nucleotide diversity, and a 21% loss of rare alleles (4). Due to
the dilution of the cultivated gene pool, half of the resistance-related sequences in G. soja
are not found in landraces or the domesticated soybean (18). Selection within G. max alone
has been shown to have a significant effect on diversity across the entire genome (69). SCN
is likely native to China and still prevalent throughout the native range of wild soybean
(135, 136). Genetic isolation of environmental niches suggests that there is strong selection
of environmentally tailored adaptations, such as nematode resistance, within the wild
soybean gene pool (79, 137). Novel traits such as pest and disease resistance from wild
relatives have been incorporated into major crops (138-147), but progress of this sort is
lacking in soybeans (3, 6, 37, 79). G. soja has been shown to exhibit native resistance to
SCN populations currently inflicting the United States crops (9, 78), and only a few studies
have reported candidate genes for SCN resistance in G. soja (7, 9, 78). Further research on
G. soja ecotype, S54, has revealed a mechanism to confer resistance that is not related to

the mechanism in G. max (7, 47). Since resistance in wild soybean is novel, it can be used
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to benefit cultivated soybeans, which are losing effectiveness. SCN resistance is complex,
and additional understanding of the mechanism in wild soybean is needed to benefit

breeding.

In the present study, we dissect the mechanism of resistance found in wild soybean ecotype,
P1578345 (named NRS100100 for nematode resistant soja, lab identifier 100). This
ecotype is significantly resistant (Female Index = 3.3%) to SCN HG Type 2.5.7 (SCN race
5), which is prevalent in the south-eastern United States. To reveal the novel mechanism
of resistance, we compare NRS100 to SCN race 5 resistant cultivar, Peking. A direct
comparison between resistance in wild G. soja and cultivated G. max has not been reported
previously. We use RNA-seq transcriptomes of SCN treated and control conditions across
four genotypes: Peking (P1548402), Williams 82 (P1509044), S-soja (susceptible soja,
P1468396B), and NRS100 to determine differential regulation between genotypes.
Nematode susceptible and resistant genotypes from both cultivated and wild soybeans are
used in this study to eliminate species-specific and stress-induced responses. Novel sources
of resistance are found within NRS100 that can be used for applications in the cultivated

crop.

2. Results

2.1 NRS100 is highly resistant to SCN
Our previous study identified a G. soja accession S54 showing resistance to SCN race 5

after a large-scale screening of 234 accessions of G. soja (78). This screening study was
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able to uncover G. soja ecotypes highly resistant to SCN race 5. A bar plot shows the
resistance responsiveness of all accession to race 5 SCN, indicating the FI difference
between NRS100 and S-soja (S1 Fig). S-soja, originally collected from China, was
susceptible with a Female Index (FI) of 149%. NRS100, originating from Russia, was

highly resistant with a FI of 3.3%, which was the most resistant of all accessions studied.

2.2 rhgl and Rhg4 expression patterns in wild soybean

Analysis of known SCN resistance mechanisms was analyzed to determine if NRS100 uses
rhgl, Rhg4, or SNAP genes to confer resistance. Resistance conferring loci, rhgl and Rhg4
are known to be used in Peking-type SCN resistance (130, 132, 148, 149). The rhgl locus
differs between Peking-type (rhgl-a) and PI88788-type (rhgl-b) SCN resistance, but
shares the AAT (amino acid transporter) gene (Glyma.18G022400, alternative ID:
Glymal8g02580) and SNAP gene. Peking-type resistance is conferred by only one gene at
rhgl and Rhg4 each, SNAP and SHMT, respectively (131, 133). Relative FPKM
(Fragments Per Kilobase of transcript per Million mapped reads) of SHMT at Rhg4, AAT
at rhgl, and SNAP at rhgl for all four genotypes at control and SCN treatment conditions
reveal a different expression profile for Peking at these genes than any of the other
genotypes. Peking exhibits high expression of these genes, compared to other genotypes,
both at control and treatment conditions, where all other genotypes do not (Figure 8).
Expression of rhgl-b genes in PI88788-type resistance are not significant in NRS100. A
PCA of FPKM at the resistance conferring genes, SHMT and SNAP, confirms that Peking
differs from all other genotypes in at the Peking-type resistance conferring genes (Figure

9). In contrast, NRS100 does not exhibit any significant difference in RNA-seq based
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expression at rhgl or Rhg4 from the SCN susceptible wild, S-soja soybean or cultivar,

Williams 82.

Analysis of the transcript sequence of SNAP at rhgl and SHMT at Rhg4 revealed Peking
specific variations not found in the other genotypes. In SNAP, Peking has two non-
synonymous SNPs, one at 1,634,660 bp on exon 6, resulting in an amino acid change from
Aspartic acid to Glutamic acid. The other at 1,645,409 bp on exon 9, resulting in an amino
acid change from Threonine to Asparagine (S2 Fig). In addition, a G. soja specific

synonymous variation exists on at 1,641,767 bp at exon 2. Another synonymous variation
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Figure 8. Relative expression of rhgl genes AAT (Glyma.18G022400) and SNAP
(Glyma.18G022500), and Rhg4 gene SHMT (Glyma.08G108900). No clustering, scaling, or imputed
values. Sequential color scheme shows FPKM values.
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Figure 9. Probabilistic principal component analysis (PCA) plot of expression of genes SNAP
(Glyma.18G022500) and SHMT (Glyma.08G108900). Individual points represent FPKM of
treatment groups P-C (Peking control), P-T (Peking SCN treated), R-C (NRS100 control), R-
T (NRS100 SCN treated), W-C (Williams 82 control), W-T (Williams 82 SCN treated), S-C
(S-soja control), S-T (S-soja SCN treated).
exists at 1,641,789 on exon 2, specific to NRS100 (S2 Figure). The only non-synonymous
variations in SNAP are found in Peking, suggesting resistant-type SNAP allele is only
found in Peking, while NRS100 has a similar susceptible-type SNAP gene similar to
Williams 82. A similar trend was seen in the SHMT transcript sequence. A synonymous
SNP was found in NRS100 at 8,361,269 bp (S3 Figure). A non-synonymous variation was

found in Peking at 8,361,924 bp, resulting in an amino acid change from Asparagine to

Tyrosine (S3 Figure), as well as distinct variation in mapping from the reference (Williams
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82) in this area, which was not found in NRS100 of S-soja. All sequence variations that
resulted in amino acid changes were found only in Peking-type SNAP and SHMT

sequences, further suggesting that Peking and NRS100-type resistance are not the same.

The resistance conferring gene of rhgl-a in Peking-type resistance is a SNAP gene at
chromosome 18. Paralogous SNAP genes were also analyzed to determine if resistance in
NRS100 was conferred by another member of the SNAP gene family. No significant
expression or fold change is found on SNAP 2, 9, 11, 14 by RT-gPCR or RNA-sequencing,
as if found in resistant soybeans using SNAP for resistance (150). Fold change <0.4 for all
NRS100 SNAP genes (S4 Figure). It was determined that NRS100 does not have
significant differential expression at SHMT, SNAP 18 or a SNAP paralog to maintain SCN

resistance.

2.3 Previously identified SCN resistance in wild soybean does not explain NRS100
resistance

Previously, SCN resistance related QTLs were mapped for G. soja accession P1468916,
and fine mapping revealed two candidate loci, cgSCN-006 on chromosome 15 and cqSCN-
007 on chromosome 18 (86, 87, 151). None of the candidate genes on previously described
resistance locus cqgSCN-006 in SCN race 5 resistant G. soja P1468916 were found
significantly upregulated in NRS100, including the y-SNAP gene (Glyma.15¢g191200).
However, one candidate gene in in resistance locus cqSCN-007 is significantly
upregulated in NRS100 exclusively, Apetala 2 (AP2) transcription factor
(Glyma.18g244600) (84). AP2 is known to regulate multiple developmental pathways and

play a role in abiotic and biotic stress response (152).
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A previous RNA-sequencing study of SCN race 5 resistant G. soja, S54, revealed potential
pathways of resistance in this genotype (7, 47). Expression patterns of S54 and NRS100
were compared to determine if the mechanism of resistance was the same. Similarities
between these genotypes were limited, and are noted. Previously identified Leucine-rich
repeat receptor-like protein kinases (LRR-RLKs) DEGs in G. soja SCN response,
Brassinosteroid insensitive 1 (BRI1)-associated kinases (BAK1) (Glyma.05G119500,
Glyma.05G119600) genes and BAK-linteracting receptor kinase 1 (SOB1R1) genes
(Glyma.04G190400, Glyma.06G175100) are induced in response to SCN, but not
exclusively to NRS100 (47). Previously studied (chitin elicitor receptor kinase 1) CERK1
genes (Glyma.02G270700, Glyma.15G111300) showed opposite reactions, significantly
down and upregulated respectively, just like in S54 SCN race 5 response. The response
was specific to NRS100. Two lectin receptor kinase (Glyma.07G135400) was also
exclusively induced in NRS100, which was also found in previously studied S54 (47). In
addition, significant downregulation of NBS-LRR gene (Glyma.16G209000) and
upregulation of (Glyma.17G180000) was found exclusively in NRS100, just like in S54.
Significant upregulated DEG’s associated with calmodulin binding, Glyma.05G237200,
Glyma.07G093900, Glyma.08G044400, were exclusively upregulated in NRS100 and S54.
Calcium transport genes, autoinhibited Ca?*-ATPase 9 (ACA9, Glyma.07G004300) and
protein calcium exchanger 7 (CAX7, Glyma.19G066700) were exclusively upregulated in
both NRS100 and S54. MAPKKKs Glyma.17G245300 and Glyma.05G094400 were
significantly up and down regulated in both S54 and NRS100 exclusively, however, the
strongest DEG in the MAPK cascade found in S54 (Glyma.15G048500) was not found to

exhibit the same response in NRS100. Jasmonic acid (JA) pathway gene,

49



oxophytodienoate-reductase 3 (DDE1/OPR3, Glyma.13G109800) showed a similar
induced effect in S54 and NRS100 exclusively, however this was the only one out of the
JA pathway genes to show this similarity between the two ecotypes. Highly induced
WRKY40 transcription factors shared between NRS100 and S54 are Glyma.13G370100
and Glyma.17G222500, although the fold change is not as high in NRS100 in either of
them. No similarities were found in upregulated chitinase genes in S54, however, the
downregulated  Chitinase-like protein  (CLT) genes Glyma.09G038500 and
Glyma.15G143600 had similar expression in NRS100 in response to SCN infection (47).
Overall, similarities between expression in NRS100 and S54 are limited, suggesting a

different mechanism of resistance.

2.4 Induced expression in response to SCN infection differs in NRS100 from all other
genotypes

Previously identified mechanisms of SCN resistance could not explain the resistance
mechanism used in NRS100. Therefore, RNA-sequencing expression results from the
entire genome of NRS100 in comparison with other genotypes were considered in order to
determine the mechanism used in NRS100. Illumina sequencing generated 17.9-29.7
million raw reads per library, in 24 libraries total. Filtering by quality of reads resulted in
93.8-95% usable reads for alignment. The mapping rate of quality-controlled reads ranged
from 84.9-92.8% of all 24 libraries to G. max Wm82.a2.v1 (S1 Table). On average 56, 710
expressed genes were found in root tissue from each genotype. The amount of significantly
(g < 0.01) differentially expressed genes between control and treatment groups for each
genotype were 4,641, 2,911, 498, and 663 in NRS100, S-soja, Peking, and Williams 82

respectively.
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In order to determine the genes
associated  with  induced
resistance response to SCN in
NRS100, DEGs of four
genotypes between control and
SCN treatment were
compared. A count of the
significant DEGs of all four
genotypes, NRS100, S-soja,
Peking, Williams 82, in
response to SCN infection
revels the higher quantity of
expressed genes in NRS100
compared to other genotypes,
with 1602 and 3039 genes

significantly up and down
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Figure 10. Significantly up and down regulated genes by
genotype. DEGs considered significant if g-value<0.01,
log.foldchange no less than +/-0.6.

regulated respectively (Figure 10). The SCN susceptible wild soybean (S-soja) has the

second most substantial response to SCN infection. Both cultivars, Peking and William 82,

exhibit less extensive and more tailored response to SCN infection, with Peking exhibiting

a lower number of down regulated genes. This trend is further supported by the expression

profiles of highly-significantly expressed genes, with a cutoff Log2FC no less than +/-2 for

NRS100 (Figure 11).
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NRS100 is seen to have a different set of genes induced in response to SCN infection,
(green and red bars (Figure 11), when compared to other genotypes. By contrast, the
induced response to SCN infection in Peking (blue and orange bars (Figure 11), is
controlled by smaller set of genes, separate from those induced in NRS100. Shared
responses by all genotypes, and species-specific shared responses are also seen, indicating
a shared stress-response mechanism. GO analysis of resistance specific, shared response,
and stress response genes was done after visualization of all DEG’s in a venn-diagram

(153) (S5 Figure).
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Figure 11. Heatmap of all DEGs by log.FC (fold change) of induced response to SCN treatment of
all genotypes clustered by. Centroid clustering on genes. Cutoff Log,FC no less than +/-2 for NRS,
including 2076 genes. Green bar indicates NRS100 specific up regulated genes in response to SCN
stress. Red bar indicates NRS100 specific down regulated genes in response to SCN stress. Blue bar
indicates Peking specific up regulated genes in response to SCN stress. Orange bar indicates Peking
specific down regulated genes in response to SCN stress.

52



=

Up NRS100 Up S-soja  Up Peking Up Williams 82

Up NRS100 Up Peking

Figure 12. A. Comparison of DEGs for SCN susceptible and SCN resistant G.
soja genotypes. B. Comparison of DEGs for SCN susceptible and SCN
resistant G. max genotypes. Shared responses from susceptible and resistant
genotypes from the same species were eliminated to produce a comparison of
resistance-specific associated genes. C. Comparison of resistance-specific
genes between Peking and NRS.

To elucidate the expression profile associated with resistance and eliminate generalized
stress responses, species-specific induced responses were compared (Figure 12A, 12B).
Shared induced responses by genotype were eliminated to create a subset of resistance-
specific induced DEGs (Figure 12C). Again, resistance-specific expression in NRS100 is

at a much larger scale than in Peking, consisting of expression profile more than ten-fold
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to Peking. Comparison of resistance-specific expression profiles of Peking and NRS100
reveal a shared response consisting of 69 genes, contributing to only 1.8% of the overall
resistance-specific profile of NRS100. Gene ontology (GO) functions associated with
NRS100 resistance include up regulation of systemic acquired resistance mechanisms,
salicylic acid signaling pathway, and regulation of defense response mechanisms (S5
Figure, S2 Table, Table, S3 Table) and down regulation of secondary cell wall biogenesis

and light harvesting by photosynthesis (S4 Table, S3 Table).

2.5 Constitutive SCN resistance in NRS100

To further analyze the potential mechanism of SCN resistance in NRS100, the constitutive
expression profile specific to NRS100 was considered due to its important role in plant-
pathogen protection (154-158). To determine the constitutively expressed genes associated
with SCN resistance in NRS100, the basal regulation of NRS100 was compared to S-soja
and Peking at control conditions. This eliminates specific-specific regulation shared with
wild soybeans and resistance-specific regulation shared with cultivated crops. The
significantly induced expression profile from SCN infection in NRS100 was also
eliminated from the basally regulated genes. This method ensures that only the genes
highly upregulated in the control condition in NRS100 specifically, that also did not
significantly alter their expression after SCN infection, were captured. Comparison of all
expression profiles results in a set of 1656 genes that are constitutively expressed in
NRS100, specific to resistance to SCN (S6 Fig). The overrepresented GO functions of these
genes include pathways associated with photoprotection, defense response, and respiratory

burst defense response, indicative presence of polyamine derived hydrogen peroxide (S7
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Figure) (159, 160). Analysis of combined induced and constitutive NRS100 specific
upregulation revealed the importance of glutamine metabolic process (GO:0006541),
glutathione metabolic process (GO:0006749), and chitin binding (GO:0008061) molecular
functions (S8 Figure). Associated biological processes include defense and stress response
processes (GO:0006950, GO:0006952, GO:0006979) and response to biotic stimulus
(G0O:0009607, GO:0043207) (S9 Figure). The cellular component of these processes were
allocated to areas including the cell periphery (GO:0071944), plasma membrane
(GO:0005886), extracellular region (GO:0005576), and cell wall (GO:0009505) (S10

Figure).

2.6 Expression patterns in NRS100-specific SCN resistance pathways

Based on the above findings, putative metabolic pathways conferring resistance were
selected based on exclusive constitutive and induced responses, importance in GO
enrichment, and previous understanding of plant-pest interactions. The Jasmonic acid (JA)
signaling pathway is a well-studied pathway, associated with plant-pathogen interactions,
and known to have antagonistic effects on the salicylic acid (SA) signaling pathway, and
therefore was analyzed further to determine if signal transduction plays a role in SCN
resistance in NRS100 (161-165). Within the JA signaling pathway, NRS100 specific
downregulation occurred at JAR1 (jasmonate resistant 1) genes and COI1 (coronatine-
insensitive protein 1) gene. JAR1 genes Glyma.03G256200 and Glyma.16G026900 have
NRS100 exclusive induced down regulation in response to SCN. Downstream of JAR1,
COI1 gene, Glyma.18G030200, was downregulated in NRS100 exclusively in response to

nematodes. No other genotypes had a significant induced response at these genes.
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Regulation at known genes in JAZ (jasmonate ZIM domain-containing protein) and MY C2
transcription factor (Glyma.08G271900) were not induced in NRS100 but were highly
expressed in control conditions, or constitutively expressed significantly higher than other
genotypes (S11 Figure). Expression at these significant genes in the JA signaling pathway
were confirmed in the RT-gPCR results with representatives for JAR1 and JAZ due to

modulation of these proteins by multiple genes (S5 Table).

The polyamine biosynthesis pathway, specifically at spermidine synthesis, was analyzed
in further detail to determine if NRS100 uses a polyamine related defense response known
to play a role in resistance to other plant pathogens (166, 167). Upstream of spermidine
synthase, ODC1 (ornithine decarboxylase, Gene ID: Glyma.04G020200) is significantly
upregulated in response to nematode infection in both Peking and NRS100. There are two
paralogous spermidine synthase genes, SPDS17 (Glyma.17G091123) and SPDS5
(Glyma.05G036300). SPDS5 is significantly upregulated in both NRS100 and Peking.
However, SPDS17 is significantly upregulated in response to nematode infection in
NRS100 only. These expression results are confirmed by both RNA-sequencing and RT-
gPCR results. Downstream of spermidine synthesis, expression of PR-1 (pathogenesis-
related protein 1) genes is highly constitutively expressed in NRS100 at
Glyma.15G062300, and non-specifically significantly induced at Glyma.15G062400 and
Glyma.15G062500. All three PR-1 genes are significantly induced in response to SCN
infection in S-soja, but not in either cultivar. Species-specific response at PR-1 is found,
with NRS100 specific constitutive expression of Glyma.15G062300 and overall higher

level of expression when induced in NRS100. The pattern of expression visualization was
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adapted from Pathview created figures (S11 Figure). The polyamine related defense
response includes direct and indirect resistance mechanisms, where indirect involves the

production of an unknown secondary metabolite.

2.7 Validation of expression by RT-gPCR

RNA-sequencing expression of 20 genes (S5 Table), including randomly selected and
selected from important pathways detailed in pathview results (S11 Figure), was validated
using RT-gPCR for all genotypes and condition replicates. RT-gPCR results of the 20
selected genes correlated with RNA-sequencing results. An expected indirect correlation
(R=0.621) of RT-gPCR derived ACT to RNA-sequencing derived FPKM of all biological

replicates and averaged technical replicates was found (Figure 13). In addition, calculated

-1.5 -1.0 -0.5 0.0 0.5 1.0 1.5 2.0 2.5 3.0
Log(FPKM)

Figure 13. Correlation (R?=0.621) between qPCR expression
values (ACT) and correlated RNA-sequencing expression
values (FPKM) for 20 genes (supplementary table 6).
Individual points represent relative expression of individual
replicates calculated by RT-gPCR analysis 224 €T method and
calculated FPKM expression of individual replicates from
RNA-sequencing analysis.
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fold change for from RT-qPCR correlates directly (R=0.762) with RNA-sequencing
derived fold change (S12 Figure). Results confirm that assumptions made from RNA-
sequencing results are valid. The selected genes were used not only to validate RNA-
sequencing results but to better understand the expression of genes of interest, including
those within rhgl, Rhg4, SNAP paralogs, the Jasmonic Acid (JA) signaling pathway, and

the Polyamine defense response.

3. Discussion

SCN is the most destructive pest to soybean, and is rapidly evolving increased virulence
against resistant crops (117, 119, 123, 168). Current efforts to understand SCN resistance
is focused on P188788 and Peking type resistance, which use rhgl-b or a combination of
rhgl-a and Rhg4 (34, 129-133, 169). Little effort has been placed on sources of resistance
outside rhgl or Rhg4, but is necessary to combat the future SCN population. Due to
evidence of selection at resistant rhgl in wild soybean, and emergence of resistant Rhg4
allele after domestication it is likely that the wild soybean population has a separately
derived method of SCN resistance (32, 134). However, research to understand the
mechanisms of resistance in wild G. soja is lacking, and only a handful of studies describe

potential mechanisms (7, 47, 78, 83, 86-88, 151).

3.1 NRS100 does not use rhgl, Rhg4, or SNAP family to confer resistance
Our results show that NRS100 uses a resistance mechanism independent of Peking-type or
P188788-type resistance. Genes at rhgl-b, rhgl-a, and Rhg4, are not induced in response

to SCN infection or highly expressed at basal levels in NRS100, and the overall expression
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pattern at resistance conferring genes in Peking is no different in NRS100 than the
susceptible genotypes (Figure 8, Figure 9). Of the two main cultivated sources of
resistance, Peking-type resistance is the only one that is resistant to SCN race 5, which uses
SNAP at rhgl-a and SHMT at Rhg4 to confer resistance(119, 131). In addition, analysis
of the molecular sequence of exons in SNAP and SHMT reveal that non-synonymous
mutations found in Peking are not found in any other genotype in our study, including
NRS100. This confirms that the Peking-type variation of these resistance conferring genes
are not found in NRS100. Resistance to SCN is conferred by a complex mechanism in the
cultivated soybean, that consists of copy number variation of causative genes at the rhgl
and Rhg4 loci, and the genetic composition of these genes and associated promoters (34,
129-133). Our results suggest NRS100 does not make use of rhgl and Rhg4 based on their
constitutive and induced transcription, and the molecular sequence of the coding region,
but the copy number of these genes and the composition of their promotors is yet to be

determined.

It has been shown that the product SNAP in rhgl likely associates with proteins within the
SCN secretion at the point of infection. SNAP gene products interact with SCN protein
products of Hg-SLP-1, and potentially HgBioB, to confer resistance (169-171). Due to the
importance of SNAP in SCN resistance, the SNAP family was analyzed further to
determine if another member conferred resistance by a similar mechanism. Previous
characterization of the SNAP family revealed that SNAP 11 contributes to additive
resistance to SCN in Peking-type resistance, however our results suggest that none of the

SNAP genes in the family (SNAP2, SNAP9, SNAP11, SNAP14, and rhgl SNAP18) are
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significant in SCN resistance in NRS100. In addition, NSF gene, Glyma.079g195900,
previously shown to be associated with resistant SNAP at rhgl, is not significantly induced
or highly constitutively expressed in NRS100 (150, 169). Thus, suggesting that a novel
mechanism outside of the previously identified rhgl, Rhg4, and SNAP family conferred

resistance exists in NRS100.

3.2 Mechanisms of SCN resistance in wild soybean

The only gene found in common with G. soja P1468916 resistance by cqSCN-006 and
cgSCN-007, was an AP2 transcription factor. This transcription factor is related to flower
development in Arabidopsis (Arabidopsis thaliana) and stress response (151, 152). AP2
transcription factors can be activated by either JA or SA pathways, which may indicate that

signaling pathways are important in resistance in wild soybeans (172-175).

Similarities between NRS100 and previously reported important genes in S54 resistance
are limited to RLK-LRRs, Non-LRR domain RLKSs, calmodulin binding genes, calcium
transport genes, WRKY40, a JA pathway associated gene, MAPKKKSs, and downregulated
CLTs. Although similarities are seen between NRS100 and S54, the expression profile
found in NRS100 does not include the most important genes in the S54 proposed resistance
mechanism (47). In addition, none of the candidate genes found in S54 GWAS correlate
with DEG’s of NRS100, therefore it is likely that these do not use the same method of

resistance to SCN race 5 (78).
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3.3 Novel mechanism of resistance in NRS100

NRS100 displays a novel expression profile before and after SCN inoculation, indicating
a new mechanism of resistance. The amount of DEGs in response to SCN is much greater
in NRS100, with twice as many DEGs than S-soja and almost 10-fold the amount found in
Peking or Williams 82. This strong response by NRS100 suggests that resistance is
controlled by many genes, and is a less tailored response than that found in the artificially
selected Peking-type resistance. The number of genes downregulated in NRS100
exclusively was more than twice that upregulated, demonstrating a significant trade off,
consisting of downregulation of energy and nutrient uptake. NRS100 and Peking have a
limited shared resistance specific response to SCN, consisting of 39 up and 30
downregulated genes, an insignificant amount compared to the 1031 up and 2604
downregulated genes specific to NRS100. There is a clear induced signal in NRS100 that
IS non-existent in the SCN resistant cultivar, Peking, or either susceptible genotype, which

has not been directly demonstrated in any other G. soja ecotype.

In addition to a clear induced effect, constitutively expressed genes, or genes that are highly
upregulated in control conditions of NRS100 compared to the other genotypes, suggest a
resistance mechanism that is already turned on before SCN infect the roots. Constitutively
expressed genes are known to play a significant role in plant-pathogen resistance, which
can promote toxin production, increase the sensitivity to pathogen stimuli, or support an
inducible immunity (154-158). Intracellular signal transduction is highly upregulated in

control NRS100 roots, suggesting a higher sensitivity to pathogen trigger via signal
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transducers. Ethylene biosynthesis, another signaling molecule, is also highly expressed,
which is associated with induced resistance to root knot nematode and SCN, but conversely
also found to increase susceptibility to SCN in a separate study (176-181) . To explain the
unique resistance found in NRS100, we hypothesize two modes of resistance in NRS100,
1) induced immunity by suppression of JA signaling pathway, and 2) spermidine synthesis

mediated induced defense against SCN growth.

3.4 JA suppression in induced immunity

Signaling pathways are widely studied for their role in parasite and pathogen defense of
plants. Signaling pathways, including JA, SA, and ethylene act as detection system to
decipher pest and pathogen signals in order to allow a plant to mount a defense (165, 182).
High levels of jasmonate are associated with increase wound signaling to insect pests by
inducing an effective defense against pests, and induced systemic defense in root knot
nematode by PR1 (162, 180, 183, 184). However, JA signaling is antagonistic with SA
signaling (182, 185). It has been shown in tomato (Solanum lycopersicum) that JA
signaling actually has a negative impact on resistance to aphids and root knot nematode,
and JA-deficient mutants exhibit elevated resistance (186, 187). In the interaction with
aphids, susceptibility can be restored by suppressing the SA signaling pathway,
demonstrating the direct interplay between the JA and SA signaling pathways (185). A
separate example exists in rice where modification of JA signaling increases SA levels and
in turn leads to increased resistance to multiple insect herbivory (188). It is likely that JA
is important for broad resistance and wounding response, but can be costly due to its

negative interaction with SA signaling which is needed for constitutive and inducible
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resistance mechanisms (164, 189-191). In addition, suppression of the JA signaling
pathway can promote plant growth via activation of PIF regulated gibberellin signaling
(192). It is also possible that JA signaling is suppressed by a deactivation of NRS100
defense mechanisms by a decoy produced by the nematode, similar to that found in the
tobacco-Helicoverpa zea larvae interaction for example (164, 193). However, this is
unlikely considering this suppression is only found in NRS100 and not the SCN susceptible
genotypes. With suppression of JA, SA can accumulate. SA accumulation has been found

to be important in specialized defense response in Arabidopsis (194).

In NRS100, JA signaling is suppressed at JAR1 and COI1, important in regulators in the
pathway (184, 195, 196). This suppression reduces the ability of COI1 and JAZ to interact
physically, and does not allow a release of JA mediated transcription factors (184).
Upregulation of JAZ and MYC2 act as repressors to the JA pathway (197, 198).
Suppression of JA allows SA signaling to induce a defense response, avoiding potential
conflicts with SCN produced decoys to mediate traditional JA signaling in SCN defense
response (Figure 14). Interestingly, the downregulation of JAR1 and COI1 is induced in
NRS100 only, but the induced response at JAZ is found in both Peking and NRS100 but
regulated by separate genes. This suggests that JA signaling is not only regulated
differently at key steps (COI1 and JAR1) in NRS100 but is regulated by different genes at
points of similar expression of with Peking (JAZ). It is likely that many different JAZ
products exist, especially in the case of regulation by separate genes, which is expected to

occur in NRS100 (164, 191).
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3.5 Spermidine synthesis mediated induced defense against SCN growth

We hypothesize that spermidine synthesis and secondary metabolite production induce
defense against SCN growth and syncytium formation in NRS100. Polyamine metabolism,
including spermidine synthesis, is often altered in abiotic and biotic stress responses in
plants (199, 200). Spermidine synthesis upregulation can result in accumulation of free
spermidine or lead to the production of polyamine derived molecules. This can trigger H202
regulated hypersensitive response, cooperative effects with SA signaling to induce PR
proteins or other modes of pathogen resistance, lead to production of secondary metabolites
like nicotine, and reinforce/maintain structural integrity of cell walls to hinder pathogen

invasion (159, 160, 166, 167, 201-205). In addition, higher expression of spermine

Signal transduction
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induced defense response
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Figure 14. Pathway of resistance in NRS100 includes upregulation of SA signaling by JA
suppression, induced PR-1 genes, accumulation of polyamines (spermidine and spermine),
reinforcement of the cell wall, and production of secondary metabolites.

64



synthesis, directly following spermidine synthesis, has been shown to induce pathogen
resistance (160, 166). NRS100 exhibits non-exclusive upregulation of spermine synthesis,
downstream of exclusively upregulated SPDS. Therefore, accumulation of spermine and
spermidine in response to SCN is likely. Conversely, it has been found that upregulation
of SPDS can be induced by effector proteins secreted by nematodes, and therefore leads to
a compatible plant-pathogen interaction (206). Spermidine synthesis gene, SPDS17, is
found to be significantly upregulated in NRS100, a response that is specific to the
genotype. Interestingly, a separate SPDS gene on chromosome 15 is also highly
upregulated in both Peking and NRS100, but not to the same extent as SPDS17 is in
NRS100. In addition, upregulation of precursors, at putrescine synthesis (ODC1) is
upregulated in both NRS100 and Peking but at a much higher level in NRS100.
Overexpression of ODC1 has been shown to lead to elevated levels of putrescine but not
spermidine, meaning that the upregulation of spermidine synthesis in NRS100 activates an
independent response and production of spermidine, regardless of the shared ODC1
upregulation with Peking (207, 208).

Although polyamine synthesis can be related to both compatible and incompatible
interactions with pathogens, we propose that SPDS17 regulated spermidine synthesis in
NRS100 has a highly incompatible interaction with SCN (199). The outcome impedes the

nematodes’ ability to expand a feeding site, leading to decreased nutrition and death.

65



4. Conclusion

These results identify an expression profile unique to wild soybean SCN resistance and
identify candidate mechanisms significantly associated with SCN resistance by dissecting
the expression profile of a newly found SCN resistant ecotype, NRS100. The method
makes use of both wild and cultivated soybeans in order to identify novel resistance
mechanisms. The identification of candidate pathways involved in SCN resistance will
advance the long-term goal to develop SCN resistant soybean cultivars, which has crucial
significance to agriculture and environmental sustainability. Novel genes involved in SCN
resistance can be incorporated into the cultivated crop to advance crop improvement

methods, and provide a model for further improvement using crop wild relatives.

5. Materials and Methods

5.1 Screening for resistance

SCN race 5 were reared on soybean cv. Williams 82 plants in the greenhouse under optimal
conditions at 27°C and 16h light for over 30 generations. Female SCN cysts were harvested
from the roots using a nested sieve collection (850 and 250 um) method, and females
released from cysts by pressure into a 25 pm sieve (47). Released eggs were purified by

sucrose flotation (209) and allowed to hatch on incubation trays over water.

For screening, second stage juveniles (J2) were collected from the water and diluted to

a concentration of 2500 eggs/ml for inoculation. A set of 234 previously screened wild
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soybean accessions from USDA Soybean Germplasm collection were inoculated along
with indicator lines (Peking, P188788, P190763, P1437654, P1209332, PI189772, and
P1548316) to verify HG Type 2.5.7 After 35 days, cysts were collected from roots and
counted under a stereomicroscope to determine resistance level by FI (Female Index)
calculation as a percentage (FI=(number of females on given individual/average number
of females on susceptible control)/100) (78, 210) Significantly resistant ecotypes from
the set of 234 previously screened wild soybean accessions were revealed (S1 Figure)
(7, 78). The accessions natural ranges include China, Russia, South Korea and Japan. G.
soja ecotype, NRS100, was found to be significantly resistant to SCN race 5 with a Fl
of 3.3%. A bar plot is used to visualize of the resistance level of the 234 genotypes
studied, indicating NRS100 and S-soja specifically (JMP®Pro Version 13. SAS Institute

Inc., Cary, NC, 1989-2019).

5.2 SCN stress experiment

A controlled SCN stress experiment was performed on SCN-resistant wild soybean
accession (NRS100), SCN-susceptible wild soybean accession (S-soja), SCN-resistant
cultivated soybean accession (Peking), and SCN-susceptible cultivated soybean accession
(Williams 82). Germinated soybeans were planted in cone planters (Stuewe & Sons,
Tangent, Oregon, USA) in replicates of 12 per condition, treatment and control for each
accession in sterilized sand with nutrients. After 2 days post transplanting, each plant was
inoculated with hatched J2 of SCN race 5 (1500/plant) suspended in 0.09% agarose, or a
blank (1 ml 0.09% agarose) for control groups. Optimal growing conditions were kept

constant at 27°C and 15h light at 50% relative humidity in an environmental chamber.
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Roots were collected 6 days after SCN inoculation and fragmented in liquid nitrogen in
preparation for RNA isolation. Each biological replicate contained pooled roots from three

individual plants, providing four replicates of each group in total.

5.3 RNA sequencing and library construction

Root tissues was pooled by replicates for total RNA extraction. Total RNA extraction was
preformed using the RNeasy mini total RNA isolation kit (Qiagen, Valencia, CA, USA),
and RNA integrity, purity, and concentrations were assessed using an Agilent 2100
Bioanalyzer with an RNA 6000 Nano Chip (Agilent Technologies, Palo Alto, CA, USA).
Messenger RNA (MRNA) was purified from the total RNA with oligo-dT beads provided
in the NEBNext Poly(A) mRNA Magnetic Isolation Module (New England BioLabs,
Beverly, MA, USA). Complementary DNA (cDNA) libraries for Illumina sequencing were
constructed using the NEBNext Ultra Directional RNA Library Prep Kit (NEB, Beverly,
MA, USA) and NEBNext Multiplex Oligos for Illumina (NEB, Beverly, MA, USA) using
the manufacturer-specified protocol. The mRNA was chemically fragmented and primed
with random oligos for first-strand cDNA synthesis. The double-stranded cDNA was then
purified, end repaired and “a-tailed” for adapter ligation. Following ligation, the samples
were selected and sample-specific indexed. The final quantified libraries were pooled in
equimolar amounts for sequencing on an Illumina HiSeq. 2500 utilizing a 125-bp read

length with v4 sequencing chemistry (Illumina, San Diego, CA, USA).

Technical and biological replicates of total RNA sequences of controlled and treatment

group root tissues were obtained using the lllumina 1.9 Hi-seq platform (NEB, Beverly,
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MA, USA). Each replicate was on two separate lanes and merged, generating 24 total
libraries in triplicates per sample group (control 1-3, treatment 1-3 per genotype). Raw
fastq reads were checked for quality control with FastQC (version 0.11.6) and filtered for
quality, and trimmed (quality score <30, and adapters) using FASTXx toolkit (version
0.0.13). Reads were mapped against reference genome G. max Wm82.a2.v1(211) with
Tophat (version 2.1.1) and Bowtie2 (version 2.2.9) for all four genotypes, control and
treatment. Assembly of transcripts of each replicate to the reference was done using
Cufflinks (Version 2.2.1), a final assembly of each replicate was obtained, and

differently expressed genes (DEGS) as the final step in the Cufflinks pipeline (212-215).

5.4 Comparative transcriptomics

In order to investigate the global gene expression changes, we compare RNA seq-based
transcriptome of the NRS100, S-soja, Peking, and Williams 82, under both control and
nematode-treated conditions. In order to determine induced response, differentially
expressed profiles were found between control and treatment groups for each genotype. In
order to determine constitutive expression, differentially expression profiles were

compared between control conditions of each genotype.

Resulting transcripts from mapping, assembly by Tophat (version 2.1.1) and Bowtie2
(version 2.2.9) were analyzed for differential expression using Cufflinks (Version 2.2.1).
Genes with FDR significance (g < 0.01) were considered Differentially Expressed Genes
DEGs. Putative metabolic pathways assigned for SCN-resistant genes with the KEGG

pathway database, SoyBase Gene Model Data Mining and Analysis Tool (94, 216),
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(http://www.soybase.org) PlantRegMap (217), and visualization of pathways in Pathview
1.22.3 (218, 219). Integrative Genomics Viewer 2.5.3 (220) was used for sequence analysis

against susceptible type Williams 82.

5.5 Quantitative reverse transcription PCR (RT-gPCR)

Intron-spanning primers designed to bracket 80-150 bp of 20 selected genes (S5 Table).
RT-gPCR performed on an ABI 7500 Fast real-time PCR system (Applied Biosystems,
Foster City, CA, USA) using PerfeCTa™ SYBR® Green FastMix™ (Quanta
Biosciences, Gaithersberg, MD, USA) with biological and technical triplicates. Relative
expression quantified by comparison of ACT and FPKM from RNA sequencing results, in

addition to the 2— AACT method (221).
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CHAPTER 4: COMBINATION STRESS PROFILING IN SOYBEAN CYST
NEMATODE RESISTANT WILD SOYBEAN

1. Introduction

The wild soybean, Glycine soja (Siebold & Zucc.), is the ancestor of the cultivated
soybean, Glycine max (Glycine max (L.) Merr.). Soybean is the sixth most produced crop,
and the leading legume crop in production and economic importance (222). The largest
threat to this staple crop is soybean cyst nematode (SCN, Heterodera glycines), resulting
in $1.2 billion in yield loss in the United States annually (223). SCN is a rapidly growing
pest and has the demonstrated ability to adapt and overcome all resistance sources in the
cultivar gene pool (121, 122). Therefore, it is necessary to refresh the cultivated gene pool
with the use of its crop wild relative. G. soja is more genetically diverse than its crop
descendant, G. max (4, 18, 69, 79), and has been shown to exhibit natural resistance to

SCN populations currently inflicting the United States crops (9, 78).

Abiotic stress conditions, such as drought, have been shown to weaken plant defense
mechanisms against pathogens (224-229). Climate prediction models anticipate an increase
of temperature and extended droughts, which are proposed to amplify the spread of plant
pathogens (230). Drought is the most devastating abiotic stress to soybeans (231). Drought

impacts soybean directly at the root and rhizobium, which translates to overall
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modifications in the plant’s proteome, metabolome, transcriptome, and phenome, leading
to a decline plant growth rate and yield loss up to 50% (232-236). Short-term droughts
have a significant effect on yield variability in soybean, with the highest susceptibility to
drought during the reproductive stage. Long-term drought sensitivity has increased in
soybean crops since 1958, predominantly in central and southeastern United States (237,
238). Interestingly, this broadly correlates with the locations of SCN infestation in the
United States, which has spread rapidly since the initial inoculation in 1954 in North
Carolina (35). SCN is not limited to the United States, and is found throughout Canada,
South America, Russia, China, Japan, Korea, and Egypt (239-241). SCN is the most
destructive biotic stress of soybean crops, and causes more yield loss than any other pest

(117, 223).

It has been demonstrated that a response to combination stresses cannot be extrapolated
from each individual stress alone, and that a combination stress will show a non-additive,
unique expression profile (227, 242). Combination of abiotic stresses, heat and drought,
have been shown to elevate the level of expression of steady-state genes which belong to
unique pathways not involved in the individual stress response (243). An independent
abiotic stress combination expression profile is consistently observed; however, the level
of transcript overlap for abiotic stress combination and the individual stress varies
depending on the type of abiotic stress (243-245). This relationship is even further
complicated when determining the interaction between an abiotic and biotic stress (246).
The activation of one stress response pathway can have a synergistic or antagonistic effect

on the stress response pathway associated with a secondary stress, an interaction that is
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largely regulated by hormone signaling pathways (247). In a synergistic relationship, the
cross-talk between pathways can induce cross-tolerance, such as the positive effect of UV
or ozone treatment on pathogen tolerance by stimulation of salicylic acid (SA)
accumulation (248-250). In an antagonistic relationship, the stimulation of one pathway
can silence or reduce the sensitivity of another (225, 228, 242). Previously studied
pathogen and environmental stress interactions have demonstrated that the outcome is
unpredictable and specific to the stress and plants studied (229, 242, 246, 251-253).
Simultaneous drought and pathogen stress can lead to drought induced pathogen resistance,
pathogen induced drought tolerance, increased pathogen susceptibility by drought induced
weakening, induced tolerance to combination stress by unique strategy, or increased
susceptibility to both stresses due to weakening effect. Specific outcomes are determined
by physiological changes mediated by abscisic acid (ABA), SA, jasmonic acid (JA),
ethylene signaling, transcription factors, pathogenesis related (PR) genes, and

modifications of reactive oxygen species (ROS) concentrations(229, 254, 255).

With a limited ability to predict the resulting interaction of two stresses, further
investigation into important and common stress interactions is needed. A combination of
stresses should be addressed as a new stress that cannot be resolved by adding two
individual stress responses together. The failure of genetically modified plants for
improved tolerance to perform in the field is likely due to the addition of mixed stress in
the natural environment (242). A deeper understanding of the effects of a combination of
stresses is required to facilitate the production of effective transgenic crops (256, 257). The

natural environment does not have only one stress at a time, and therefore to better study
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abiotic/biotic stress resistance/tolerance, it is necessary to understand a combined stress

effect in addition to each stress individually.

In order to model the natural environment, we have chosen SCN and drought stress to study
in combination due to overlapping incidences of both in the United States, agronomic
importance, and predicted escalation (230). To our knowledge, gene regulation of SCN and
drought stress has not been studied in combination. We make use of a well described SCN
resistant G. soja ecotype, s54 (47, 78), in order to study the unique response when

combined with drought stress.

2. Results

2.1 Differential expression profiles

[llumina sequencing generated 12 libraries of total RNA from root tissue, 3 for each
condition: drought SCN, drought control, SCN, and control. After quality control and
trimming adapters, 20.39 — 27.02 million filtered reads per library were generated, with a
mapping rate of 76.1% - 91.3% of filtered reads aligned to G. max Wm82.a2v1.
Differential expression analysis of each condition to the control condition revealed
differentially expressed genes (DEGS) of root tissue in response to drought, SCN, and a
combination of both. A total of 57,275 mapped genes were found in each treatment
condition. A higher quantity of significant DEGs were found in the combination treatment,
with almost twice as many significantly regulated DEGs in the combination treatment than

the SCN treatment alone. In addition, the combination stress had a strong unique signal,
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with 44% of DEGs from all treatments specific to combination stress. Almost half of the

combination DEGs were unique to the combination, while 47% were shared with the SCN

treatment (Table 4, Figure 15).

Table 4. Differentially expressed genes (DEGS) present in each condition and the proportion of
shared and unique DEGs for each condition.

Condition DEGs |Unique to condition | Shared with SCN | Shared with Drought
SCN 4299 581 13.51% 36 0.84%
Drought 496 177 35.69% 36 7.26%

SCN + Drought 7358 3588 48.76% | 3487  47.39% 88 1.20%
Drought SCN

Dy

*

‘3
N

177 =

(2.2%) ;)

3487
(42.8%)

Drought + SCN

Figure 15. Significantly differentially expressed genes (DEGS) unique
and overlapping in each condition.
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Separation of the up and down significant DEGs reveals a similar pattern. SCN and
Drought combination stress has the most up and down regulated genes. Interestingly, the
combination stress has more downregulated genes than upregulated, while each stress
individually has more upregulated genes than down regulated (Figure 16). Overall,
drought stress has the lowest number of DEGs, both up and down regulated, and shares the

least number of genes with the combination stress and SCN stress alone.

Up Drought Up SCN Down Drought  Down SCN
Up SCN + Drought Down SCN + Drought

Figure 16. Significantly up and down regulated differentially expressed genes
(DEGs) unique and overlapping in each condition.

2.2 Functional analysis of differentially expressed profiles

In order to determine the function of DEGs in the shared and unique expression profiles,
significantly enriched overrepresented GO functions for each unique set of DEGs per
treatment and for each unique shared profile were analyzed (Figure 17, Figure 18, Figure
19, Figure 20). Upregulated expression profiles reveal a shared importance of systemic

acquired resistance (SAR, GO:0009862, GO:0009627, GO:0010112) , salicylic acid (SA)
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biosynthesis and signaling (GO:0009751, GO0:0080142, GO:0009697), ethylene
biosynthesis and signaling (G0O:0009693, GO:0009723, GO:0009873) , Jasmonic acid (JA)
biosynthesis and signaling (G0O:0009867, G0:0009864, G0:0009753, G0O:0009695),
abscisic acid (ABA) signaling (GO:0009738), and signal transduction (GO:0035556,
G0:0007165) for SCN and combination stress (Figure 17C, S8 Table)). Similarly, SAR,
SA, JA, ABA and ethylene signaling were also highly important in the combination stress
alone (Figure 17B, S7 Table).). In addition, positive regulation of autophagy
(GO:0010508) is overrepresented only in the combination stress (Figure 17B, S7 Table).
Drought treatment alone induced upregulation unique responses, including xanthophyll
catabolic process (GO:0016124), response to phosphate starvation (GO:0080040), and

carotene catabolic process (GO:0016121) (Figure 17A, S6 Table).
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Figure 17. Significantly enriched overrepresented GO functions (p<0.05) for unique and
shared upregulation profiles. Only profiles with significantly enriched functions are shown.
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In addition to GO enrichment, broader biologic processes were also analyzed (Figure 18)
in the interested of observing trends between treatment profiles. SCN and the combination

treatment share important upregulated biological processes, including

a\

Up Drought Up SCN

&

Up SCN + Drought

Up Drought Up SCN

©

Up SCN + Drought

Up Drought UpSCN

Biological Process

[Wisignal transduction
[l carbohydrate metabolic process
i transport
M lipid metabolic process
[Wmulticellular organismal development
M biosynthetic process
flower development
|cell differentiation
W cell growth
growth
[micell death
[ photosynthesis
i cellular metabolic process
" embryo development
post-embryonic development
[ developmental process
[ protein modification process
[translation
[ cellular developmental process
'reproductive structure development

UpSCN + Drought

Figure 18. Important biological processes in upregulated profiles of drought, SCN, and
combination drought and SCN treatment.

signal transduction (GO:0007165) carbohydrate metabolic process (GO:0005975), and
transport (GO:0006810), and overall have very similar profiles. The profile of drought
treatment differed but shared two of the most important upregulated biological processes
with SCN and combination stress, carbohydrate metabolic process and transport, differing

by importance of biosynthetic process (GO:0009058).
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Downregulated overrepresented enriched GO functions specific to the combination stress,
SCN and drought, include translation and ribosomal activity related functions
(GO:0006412, GO:0042254, GO:0000462, G0O:0006414), rhamnogalacturonan | side
chain metabolic process, and brassinosteroid (BR) biosynthetic process (GO:0016132)
(Figure 19C, S10 Table). Shared SCN and combination GO functions include
downregulation of growth, and secondary and cell wall biogenesis (GO:0009834,
G0:0042546) (Figure 19D, S11 Table). Only secondary cell wall biogenesis was
significantly overrepresented in SCN alone (Figure 19B, S9 Table). Overrepresented
functions in drought alone include cellular response to glucose (GO:0042802) and identical
protein binding (GO:0071333) downregulation (Figure 19A, S9 Table). Shared between
all treatment groups are downregulation of sugar and lipid transport and binding activity

(G0O:0008289, GO:0008515, GO:0005504, GO:0051119, GO:0015770, GO:0005319),

H identical protein bindin .
2 P g Down Drought  Down SCN
2
Cpee—y— |
01000 3000 5000 7000 9000

% Overrepresented @
-3
]
5 secondary cell wall biogenesis
S
8

Down SCN + Drought
0 100 200 300 400 500 600 700 800
% Overrepresented

1500

GO Function

sucrose transmembrane transporter activity
tipid ransporter actvic [
tipid binding [
o ]
cellular response to salcyic acid stimuius N
celuar response to osmotic stress [

o 2000 4000 6000 8000 10000 12000
% Overrepresented

GO Function

acetyl-CoA biosyntheti process IEEG—_——_——
0 500 1000 1500
% Overrepresented

Figure 19. Significantly enriched overrepresented GO functions (p<0.05) for unique and
shared downregulation profiles. Only profiles with significantly enriched functions are
shown.
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response to osmotic stress (GO:0071470), and response to SA (GO:0071446) (Figure 19E,

S9 Table).

The importance of downregulation of carbohydrate metabolic process is common between

all three treatments (Figure 20). The most substantial difference in profiles of biological

processes is the high proportion of downregulated translation processes in the combination

stress, making up the most represented process in this profile only (Figure 20). Pathways

Down Drought oawn SCN

:mm SCN + Drought

Down Drought  Down SCN

Down SCN + Drought

0\

Biological Process

Ml translation
M carbohydrate metabolic process
I transport
Wsignal transduction
M lipid metabolic process
I photosynthesis
growth
M biosynthetic process
1 cell differentiation
flower development
[ embryo development
i cell growth
" multicellular organismal development
M cellular protein metabolic process
W cell death
post-embryonic development
cellular metabolic process
M developmental process
I DNA metabolic process
I cellular process
I reproductive structure development
M cellular developmental process

M nucleobase, nucleoside, nucleotide and nucleic acid metabolic process

protein modification process

Down Drought _Down SCN

Down SCN + Drought

Figure 20. Important biological processes in downregulated profiles of drought, SCN, and

combination drought and SCN treatment.
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of interested were selected for further investigation based on overrepresented enriched

functions and known importance in stress response.

2.3 Stress and resistance signaling pathways

2.3.1 Abscisic acid

The ABA signaling pathway has an extensive influence over plant growth and development
and is commonly regulated in response to stress, sometimes inducing tolerance or
resistance (258). Significant upregulation of ABA signaling is seen in the combination
stress response exclusively at SRK2 (serine/threonine-protein kinase) genes
Glyma.06G160100 and Glyma.04G205400, and at PP2C (protein phosphatase 2C) genes
Glyma.11G222600 and Glyma.18G035000 (Figure 21A). However, this trend is not seen
for all genes coding for SRK2 and PP2C. The majority of the ABA pathway is expressed
similarly in response to SCN treatment and combination SCN and drought treatment. The
response to drought exhibits different expression in ABA signaling and has unique
upregulation of AAO3 (abscisic-aldehyde oxidase), CYP707A3 (Abscisic acid 8'-
hydroxylase 3) and AOG (abscisate beta-glucosyltransferase-like) at Glyma.20G167500,

Glyma.16G133800, and Glyma.02G104300 (Figure 21A).

2.3.2 Salicylic acid
SA signaling is known to play an important role in stress response and is highly enriched
in the GO analysis of differentially expressed genes (155, 165). All NPR-1 coding genes

in the SA signaling pathway are only significantly upregulated under combination stress
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(Figure 21B), suggesting an important role in the interaction between the individual
stresses SCN and drought. Different expression profiles are seen at TGA and bZIP
transcription factors in response to SCN and the combination stress. A trend at TGA and
bZIP of no expression in SCN treatment and upregulation with the addition of drought is
seen at Glyma.06G107300 and Glyma.10G092100, indicating that protein coding genes for
the same protein are regulated separately in differing environmental conditions. This same
trend is seen at PR1 precursor (pathogenesis-related protein 1-like protein precursor) gene
Glyma.15G062300, but not any PR1 genes (Figure 21B). No SA related DEGs were found

in response to drought.

2.3.3 Jasmonic acid

JA signaling pathway was analyzed further, due to its well-studied role in stress response
and resistance (165), and overrepresentation in GO enrichment analysis. Expression of
JAZ11(Glyma.11G038600) was significantly upregulated in all three conditions, but with
a compounding effect in the combination stress, with the highest expression exhibited in
the combination treatment group (Figure 21C). However, no other JAZ genes exhibit this
trend. JAZ genes, Glyma.15G184900 and Glyma.13G116100 were only upregulated in the
combination treatment, while all other JAZ genes were expressed in both SCN and the
combination treatment. Similar expression between SCN treatment and combination stress
treatment also occurs at JMT (jasmonate O-methyltransferase-like) and JAR1 (jasmonic
acid-amido synthetase). Interestingly, all MYC2 transcription factor genes
(Glyma.08G271900, Glyma.09G204500, Glyma.01G096600, Glyma.16G020500) are

found to be significantly upregulated in the combination stress condition only. Lack of
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significant differential expression of MYC2 transcription factor in each individual

treatment suggests an important role in the interactive stress (Figure 21C),

2.3.4 Brassinosteroid

BR signal transduction is important in plant growth and also plays a role in modulating a
plant’s response to environmental changes (259). Overall, regulation of BR signaling genes
is shown to differ between SCN, drought, and combination SCN and drought treated plants
(Figure 21D). Similar upregulation at BAK1 (BRASSINOSTEROID INSENSITIVE 1-
associated receptor kinase) genes is seen between SCN and combination stress treatments,
but is not expressed in drought treated plants. BSK2 (serine/threonine-protein kinase),
BRZ1  (BRASSINAZOLE-RESISTANT 1), and XTH23  (xyloglucan
endotransglucosylase/hydrolase protein 23) are only differently expressed in the
combination stress treatment, and not found to be up or down regulated in response to
individual treatments, suggesting an important role in the interaction between the stresses.
Regulation of CYD3-1 (cyclin-D3-1) genes differs by treatment and gene, with significant
downregulation in response to drought only at Glyma.17G167700, and shared upregulation

at Glyma.01G189700 between SCN and combination responses (Figure 21D).

2.3.5 Gibberellin regulation by DELLA

DELLA genes are regulators of the GA (gibberellin) signaling pathways, that can modulate
GA expression and its interaction with ABA, JA, and SA signaling (260, 261), and have
shown to be activated in response to osmotic stress (262). GA repressor, GAI1, is

upregulated in response to both SCN treatment and the combination of SCN and drought,
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but not in response to drought treatment alone (Figure 21E). Dissimilarly, DELLA SLR1
(Slender Ricel) is downregulated in both SCN and combination stress; and GA repressor
DELLA DWARFS8 is downregulated in response to the combination stress exclusively
(Figure 21E). No DELLA genes were significantly differentially expressed in response to

drought treatment exclusively.

2.3.6 Ethylene

Ethylene signaling is vital during plant development and known to respond to biotic and
abiotic stress stimuli (263). The ethylene signaling pathway was analyzed at ethylene-
responsive transcription factor 1B (ERF), which was the only gene product in the pathway
that was significantly differentially expressed by any treatment group (Figure 21F). ERF
upregulation is shared at two genes (Glyma.10G186800, Glyma.20G203700) in SCN
treatment and SCN treatment with the addition of drought. However, upregulation of the
ERF gene, Glyma.10G007000, is only found in response to SCN treatment and not in the
combination stress. No ethylene signaling pathways genes are upregulated in response to

drought-only treatment (Figure 21F).
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2.4 Differential regulation of polyamines at PAO

Differential expression within the polyamine pathway is analyzed due to known
importance in resistance to biotic stress in general and findings from NRS100 SCN
resistance (160, 166). Interestingly, Spermidine Synthase (SPDS) genes
(Glyma.05G036300,  Glyma.05G036300, Glyma.06G126700) and  Ornithine
decarboxylase (ODC1) gene (Glyma.04G020200) are upregulated in the SCN treatment
and remain highly expressed throughout drought conditions, but are not highly expressed

in drought conditions alone (Figure 22). However, other genes encoding SPDS

Arginine
decarboxylase

Glyma.04G007700

Glyma.06G020300

Ornithine

decarboxylase Glyma.04G020200

Glyma.08G255800
S-adenosylmethionine

decarboxylase Glyma.18G278800

Glyma.18G045100
Glyma.13G153100
Polyamine Oxidase Glyma.14G209400
Glyma.09G063000
Glyma.15G169600
Glyma.17G055000

Glyma.17G091100

Spermidine Synthase Glyma.17G092400

2 0 2
Logz(FC)

Glyma.05G036300

Glyma.06G126700

SCN  prought SCN+
Drought

Figure 22. Significantly expressed genes in polyamine pathway in
Log.Foldchage (FC).
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(Glymal7G092400) and ODC1 (Glyma.06G020300) do not exhibit this trend, in these
cases ODCL is only upregulated in SCN and drought treatment individually and SPDS is
only upregulated in the combination stress. The most notable difference in the polyamine
pathway between treatment groups is in the regulation of PAO (polyamine oxidase) genes,
in which four out of five PAO DEG’s are specifically downregulated in response to the
combination stress only. The fifth PAO DEG’s is exclusively upregulated in response to
SCN treatment only (Figure 22). PAO enzymes are responsible for converting spermine
to spermidine, and differential regulation at PAO genes could represent an importance of

spermine production in combination stress (264).

2.5 Enhanced regulation of transcription factors in response to combination stress

Transcription factors MYB and WRKY were analyzed further due to known role in
regulation in abiotic, biotic, and combination stress response and resistance (255, 265-268).
An overall enhanced upregulation of WRKY genes was found when drought was added to
SCN stress (Figure 23A). In addition, specific members of the WRK family were
upregulated in response to combination stress that were not differentially expressed in SCN
alone, WRKY 56, 49, 37, 39, 5, and probable WRKY33. No WRKY genes were found to
be differentially expressed in response to drought only (Figure 23A). Upregulation of MYB
76, 4 and 184 is found in response to combination stress but not SCN alone (Figure 23B).

Many MY B DEGs are similarly expressed in SCN and combination stress condition.
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Figure 23. Significantly expressed MYB and WRK transcription factors in LogzFoldchage
(FC).

2.6 Regulation of reactive oxygen species differs between treatments

ROS (reactive oxygen species) are often generated in response to abiotic and biotic stress,
mediated by peroxidases (266). We analyzed AOX (alternative oxidase) and Prx
(peroxidase) genes (Figure 24). Although frequently associated with plant stress, no APX
(ascorbate peroxidase) or CAT (catalase) genes were differentially expressed in any
treatment. In both AOX and Prx genes, abiotic drought stress reveals a different expression
pattern compared to SCN treatment and the combination stress (Figure 24A, B). In both
AOX and Prx DEG profiles, the combination stress response includes expression of a

greater number of genes than either of the individual conditions.
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Glyma.06G302600
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Glyma.15G155700
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Glyma.04G220600
Glyma.06G145300
Glyma.02G259300
Glyma.01G130800
Glyma.09G022800
Glyma.06G275900
Glyma.14G053600
Glyma.13G167100
Glyma.12G129500
Glyma.07G209900
Glyma.09G022300
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Figure 24. Significantly expressed Prx and AOX genes in LogzFoldchage (FC).

2.7 Plant resistance and immune response

PR (pathogenesis related) genes and genes associated with autophagy functions are
analyzed further due to their role in modulating the plant immune response to pathogens
and stress (269-271), and their relative importance in the GO enrichment analysis. PR-1
genes are similarly regulated in SCN stress with and without the addition of drought,

however, PTI (pathogenesis-related genes transcriptional activator) genes are differently
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regulated after the addition of drought (Figure 25). Drought alone did not induce a

significant expression change in any PR1, PTI genes.

5 0 5
Logz(FC)

Glyma.15G079100 (pathogenesis-related genes transcriptional activator PTI5)

Glyma.11G199300 (pathogenesis-related genes transcriptional activator PTI6-like)

Glyma.14G205600 (pathogenesis-related genes transcriptional activator PTI6-like)

Glyma.06G125100 (pathogenesis-related genes transcriptional activator PTI6-like)

Glyma.17G030100 (pathogenesis-related protein beta v1)

Glyma.15G062400 (pathogenesis-related protein 1-like)

Glyma.15G062500 (pathogenesis-related protein 1-like)

Glyma.15G062700 (pathogenesis-related protein 1-like)

Glyma.13G082700 (pathogenesis-related protein 5-like)

SCN +
SCN Drought

Figure 25. Significantly expressed PR and PTI genes in LogzFoldchage (FC)

Autophagy genes which belong to overrepresented GO function, GO:0010508, were
analyzed further. Overall, a larger number of autophagy related genes are differentially
expressed in response to the combination stress than each stress individually, and unique
upregulation at multiple autophagy related genes is found in the combination stress (Figure
26), indicating an importance of these genes in the immune response to multiple stresses.
In addition, drought exclusively induced upregulation at AMP ligase gene,
Glyma.06G031600, and shared upregulation with SCN-only response at histone binding
protein Glyma.07G13930, but was not significantly expressed in any other autophagy

related genes.
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'.] Glyma.09G211100 (AMP-binding enzyme)
Glyma.11G189400 (uncharacterized LOC100801688)

Glyma.14G200200 (probable WRKY transcription factor 25)

4 0 4

Logz(FC)

Glyma.18G214000
Glyma.02G232600 (probable WRKY transcription factor 25)
Glyma.05G209600 (RING/U-box superfamily protein)
Glyma.18G208800
Glyma.05G171000 (LSD1 zinc finger)

Glyma.01G128100 (probable WRKY transcription factor 33)
Glyma.03G212100 (autophagy-related protein 18a-like)
Glyma.03G212100 (autophagy-related protein 18a-like)
Glyma.12G181500 (uncharacterized protein Atd4g22758-like)
Glyma.03G042700 (probable WRKY transcription factor 33)
Glyma.11G029200
Glyma.08G251300 (E3 ubiquitin-protein ligase At3g02290-like)
Glyma.01G210200 (autophagy-related protein 8f)

Glyma.10G104700 (soyasaponin lll rhamnosyltransferase-like)
Glyma.06G031600 (long-chain-fatty-acid--AMP ligase FadD26-like)

Glyma.07G13930 (Histone Binding related protein )
Glyma.18G033300 (uncharacterized LOC100797772)
| Glyma.05G053400 (uncharacterized LOC100796408)
Glyma.17G135900 (uncharacterized LOC100786268)

(probable receptor-like protein kinase At3g55450)

(probable WRKY transcription factor 33)

(hypothetical protein )

SCN Drought SCN +
Drought

Figure 26. Significantly expressed genes in autophagy go function (GO:0010508), in

Log.Foldchage (FC)
Significantly regulated resistance genes (R genes) previously identified as responsive
genes associated with SCN resistance in S54 (47) are analyzed to determine the impact of
an additional stress on this potentially important regulatory step in SCN resistance. Disease
resistance associated genes or R genes, Leucine-rich repeats (LRR), N-terminal coil-coiled
domain with a nucleotide binding site (NBS) LRR (CC-NBS-LRR), and toll and interleukin
receptor (TIR)-NBS-LR genes do not show significant differences in upregulation in
response to SCN stress with and without the addition of drought stress except for LRR,

Glymal6G172300, which was not significantly upregulated after the addition to drought
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stress. Glymal6G172300 was not a key candidate gene associated with SCN resistance

found in S54 before. Dirigent, resistance-responsive genes are analyzed but not found to

have significantly different profiles with the addition of drought stress.

2 3 4 LRR
Logz(FC)

CC-NBS-LRR

TIR-NBS-LRR

Dirigent protein

Figure 27. Significantly expressed R genes, in LogzFoldchage (FC)
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Glyma.16G172300
Glyma.U007900

Glyma.17G179400
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Glyma.06G265200
Glyma.07G067800
Glyma.19G054700
Glyma.06G265400
Glyma.11G153000
Glyma.12G132200
Glyma.12G135600
Glyma.16G137600
Glyma.U032700

Glyma.03G147700
Glyma.05G213400

Glyma.09G198900

SCN +
Drought

SCN
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2.8 Validation by RT-qPCR
RNA-sequencing expression of 20 genes (S12 Table), was validated using RT-gPCR for

all genotypes and condition replicates. RT-gPCR results of the 20 selected genes correlated

2.5

R?=0.643

2.0

0.5

0.0

|ng(2—AA CT)

-0.5

-2.0

-1 0 1 2 3

log,(FC)

Figure 28. Positive correlation (R>=0.643) between qPCR fold change
expression values (logz2(222€T)) and correlated RNA-sequencing fold
change expression values (logz(FC)) where FC= Fold change, for 20
genes (supplementary table 12). Individual points represent relative
fold change of grouped replicates calculated by 24 €T method and
calculated fold change of group replicates from RNA-sequencing
analysis.

with RNA-sequencing results. An expected indirect correlation (R=0.581) of RT-qPCR
derived ACT to RNA-sequencing derived FPKM of all biological replicates and averaged
technical replicates was found (S13 Figure). In addition, calculated fold change for from
RT-gPCR correlates directly (R=0.643) with RNA-sequencing derived fold change (Figure

27). Results confirm that assumptions made from RNA-sequencing results are valid.

93



3. Discussion

Drought and SCN are the two most yield devastating abiotic and biotic stresses for soybean
(223, 272, 273). The cultivated soybean, G. max, has a limited availability of natural
resources for resistance and tolerance in the population. Considering all races in the highly
adapted SCN population, SCN can overcome every type of resistance used in soybean
crops (121-123). G. soja, the wild ancestor of G. max, is genetically diverse and offers an
excellent natural toolkit for fighting abiotic and biotic stress in crops. Genetic widening of
the cultivated crop can be done by integration of well-studied resistance alleles by genetic
modification (31, 79). Our study makes use of SCN resistance found in a previously studied
G. soja ecotype, S54, to investigate the impacts of a secondary stress, drought, on the
expression of important resistance-related pathways. The results indicate that a
combination stress should be considered a novel stress, and predicting the impact of
combination stress on regulatory networks is not possible without this type of study. Due
to the complex interactions between these two stresses, this type of investigation is needed
in order to ensure that transformed crops for enhanced drought tolerance or SCN resistance
will be able to perform in the field, and to further understand how current crops will manage

under climatic changes.
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3.1 Combination stress response: as distinct as drought or SCN stress response
independently

Combination stress

We determined that that SCN and drought combination stress response is unique and
separate from each stress individually. In addition, the combination of drought and SCN
has a much more significant effect on soybean, resulting in the highest number of DEG’s
and a more enhanced level of expression on many shared DEG’s. Drought alone had a
much smaller effect on gene regulation than the combination of drought with SCN, in
which weakening by either stress allowed for a more substantial impact by the other.
Previous studies have shown that exposure to a pathogen can exaggerate the effect of the
abiotic stress, and similarly, the susceptibly to a biotic stress can be heightened when

enduring environmental stress (247, 274-278).

The effect of drought on SCN is unclear; conflicting studies have shown no effect of soil
moisture on SCN count and increased SCN cyst number in wet soil (279, 280). Although,
we safely rule out an overwhelming effect of drought on SCN given the highly inflated
response in combination stress, suggesting that these treatments did not cancel each other,

but instead combined forces to overwhelm the plant.

Individual stress response
Abiotic and biotic stresses are known to stimulate separate pathways, not surprisingly our

results show that drought and SCN response consist of separate expression profiles in wild
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soybean. Differential expression between the individual stress responses was most notable
in the fact that SCN induced a much larger response in up and downregulated genes than
drought. In addition, genes associated with hormone signaling pathways: ABA and
brassinosteroid, and ROS related proteins: AOX and peroxidase genes, were regulated
differently in drought stress compared SCN. Surprisingly, these genes were even regulated
differently in drought stress compared to SCN and drought stress combination, in which

regulation of different genes within the same functional groups were induced.

ABA signaling is important in abiotic stress response by controlling stomatal closure and
various developmental traits(281). Differential expression of ABA signaling, specifically
at the final protein of ABA production, abscisic aldehyde oxidase (AAO), is upregulated
in drought stress but down regulated in SCN and combination SCN and drought stress.
This indicates that ABA signaling is highly important in drought stress response in wild
soybean, but not in SCN resistance. Only one gene, a cyclin D3-1 (CYCD3-1) gene, within
the brassinosteroid signaling pathway was differently expressed, downregulated, in the
drought treatment only, which is likely due to negative effects of drought stress, in turn
downregulating plant growth (282). Only one, separate, CYCD3 gene was upregulated in
SCN treatment alone, indicating that plant growth was not hindered by SCN stress in the

SCN resistant S54.

High expression of AOX and peroxidase genes indicates high levels of ROS. Peroxidases
can both produce and scavenge ROS (283). AOX is often induced in response to high ROS

levels to reduce the impact of oxidative stress. In stress signaling, AOX is hypothesized to
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control the signal of ROS generation and the strength of ROS signal dependent pathways
in response to stress (284). Pervious findings propose that independent sets of defense
genes can be activated in response to abiotic and biotic stress, which then activates similar
or overlapping cascades downstream (285). This explains our findings that some similar
functions are regulated in response to drought and SCN but by different proteins. The
analyses of important molecular processes of each stress indicates that drought stress
response was functionally very different, and SCN and combination stress had more similar
patterns of expression. This indicates that SCN stress and the regulatory network that
confers resistance to SCN overpowers the effect of drought stress in the combination stress

reaction.

3.2 Complex cross-talk in combination stress response

A unique set of genes are expressed in response to combination drought and SCN stress in
wild soybean, similar to previous findings in which combination stress is perceived as a
novel type of stress by the plant (286, 287). Often in a combined stress on a plant, one
stress response can inadvertently sabotage the effort to counteract the other. On the other
hand, combined stress responses can work synergistically to overcome both stresses or
maintain a stable level of resistance under an added stress(229, 242). We analyze important
regulatory networks involved in pathogen resistance to determine the novel regulation of

SCN resistance pathways under added drought stress.
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Transcription factor regulation

Transcription factor regulation, particularly in the WRKY family, has a range of
characterized responses to abiotic and biotic stress and resistance (158, 288-291), and has
been recognized for its importance in SCN resistance specifically (47, 268, 292-294). Our
results indicate that WRKY is not only important in SCN resistance for G. soja ecotype
S54, but also highly upregulated with the addition of drought stress. This is likely a
response to a severe novel stress — combination stress, in which an exaggerated response
by WRKY family genes is produced in order to maintain the resistance to SCN even under

added stress.

WRKY has been shown to regulate SA and JA pathways, and are key genes in the cross
talk of abiotic and biotic stress in rice and tomato (265, 295). WRKY plays a role in PAMP
triggered immunity and effector triggered immunity, triggered by R genes, in response to
biotic stress. Both types of immunity can induce a local or systemic acquired resistance
response which is modulated by accumulation of ROS and signaling hormones such as JA,
SA, and ethylene (295). There is not a significant difference between the expression of R
genes important to S54 before or after the addition to drought stress of SCN infected plants,
which makes this a promising source of resistance in the natural environment. It has been
shown that overexpression of WRKY genes can lead to activation of pathogen resistant
genes, NPR1 (NON-EXPRESSOR OF PATHOGENESIS-RELATED GENES 1), within

the SA pathway in order to induce resistance(296-298). Our results indicate that NPR1 is
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upregulated in combination stress, which leads to the conclusion that combination stress

induces an exaggerated response to SCN stress in order to maintain SCN resistance.

MY B transcription factor has also been shown to play an important role in combination
abiotic and biotic stress by inducing immune responsive genes (265, 295). MYB
transcription factor genes were identified as candidates for SCN race 5 resistance in wild
soybean by GWAS, which is supported by our results (78). More promisingly, these genes

are not significantly altered by the addition of drought stress.

MYC?2 transcription factor, often associated with its important role of regulating JA
signaling, is highly expressed in combination stress (299). MYC2 can fine-tune JA
signaling by activating or repressing the pathway at multiple steps by regulation of other
transcription factors and its interaction with JAZ (197, 198, 299). We cannot conclude if
this pathway is induced or repressed by the upregulation of MYC2. Although, in SCN
stress response alone, JAZ, a repressor of JA signaling (198), was upregulated. This
suggests that that the pathway may be suppressed in response to SCN and then further
suppressed by MY C2. Oppositely, MYC2 may play a role in the crosstalk between JA and
SA, suppressing the SA pathway, as has been seen in plant-pathogen interactions before
(300). JA can also interact with GA signaling, in which MYC2 regulates the interaction of
the two pathways in order to prioritize the stress response or growth in changing conditions
(192, 301). Additionally, MYC2 can interact a variety of other transcription factors and
signaling pathways (302), and might be involved in a novel reaction to SCN and drought

together.
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ROS accumulation and activation of pathogen related genes

ROS are produced by plants to be used as signaling molecules in biotic and abiotic stress
response. Production of ROS can cause oxidative stress, which is mitigated by ROS
detoxifying proteins that sequester or modulate the production of ROS (303). In
combination stress, expression of genes encoding ROS sequestering enzymes and PR
proteins have been demonstrated to contribute to disease resistance in plants by abiotic
stress stimulated accumulation of ABA and ROS that in turn mitigates the effects of the

pathogen (304).

AOX modulates the stress signaling of accumulated ROS and attempts to protect the plant
from oxidative stress (284). Higher observed AOX expression under combination stress
indicates that more ROS has been accumulated. Interestingly AOX3 (alternative ID:
AOX2b), which is only upregulated in the combination stress in our study, contains a
unique motif in the promoter that is able to interact with pathogen related gene, NPR1(284,
305, 306). Our study shows that NPR1 is highly upregulated in the combination stress only,
which can be explained by the combinations stress induced upregulation of AOX3. This
suggests a synergistic relationship between drought and SCN stress response to induce

NPR1 proteins.

Autophagy is the process of recycling molecules, which becomes very important in

maintaining survivable conditions when under biotic or abiotic stress and consequently,
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oxidative stress (307, 308). Functional analyses revealed that autophagy is important in the
combination stress, which was supported by the different expression profile of genes
related to autophagy. ROS accumulation has been shown to induce autophagy, and in
response, autophagy will induce ROS scavenging (307). In this case, molecules and
organelles damaged by oxidative stress can be recycled by autophagy (307, 309).
Accumulation of SA can lead to increased ROS production and induce autophagy by
interactions through NPR1, a receptor for SA (310, 311); our results suggest this interaction

is also found in S54 under combination stress.

Compounding suppression of ABA signaling in combination stress in order to promote SA
signaling

Production of ABA at the final protein in the process, AAO, is downregulated in both SCN
and SCN and drought combination stress, but upregulated in drought stress. This indicates
that ABA is not highly accumulated in either combination or SCN stress, and is not
important in SCN resistance, but is important in drought stress alone. In our study, ABA
signaling is suppressed at key steps in SCN and combination stress at abscisic acid
receptors, PYR/PYL, and further in the combination stress only by upregulation of ABA
suppressor, PP2C (312). This supports previous studies in which ABA signaling is seen to
suppress SA signaling (281, 313), an important process in pathogen resistance and S54
SCN resistance specifically (47). Suppression of ABA accumulation in combination and
SCN stress allows SA signaling to continue, which is not impacted by the addition of

drought.
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Here, SA signaling is highly upregulated at NPR1 genes and a PR1 precursor in the
combination stress. Pathogen defense mediated by SA signaling has already been reported
in many plants (155, 161, 165, 182), including SCN resistance in this ecotype specifically
(47). It is not surprising that this pathway remains important even after the addition of
drought stress. We suggest that ABA signaling is suppressed in response to SCN first by
ABA receptors PYR/PYL and additionally suppressed after drought stress by SA signaling
interruption at PP2C (312). This allows S54 to carry out SA mediated SCN resistance even

in drought conditions.

Alteration of growth-related pathways

In the brassinosteroid pathway, CYCD3 was differentially regulated at one gene each in
SCN stress and drought treatment individually, however 5 separate CYCD3 genes were
upregulated in combination stress, suggesting upregulation of the brassinosteroid pathway
and promotion of plant growth and development (282). Upregulation of BAK1 in both
SCN and stress indicates this pathway remains important in combination stress. However,
the expression of the brassinosteroid pathway changes with the addition of drought stress
at BSK2, BRZ1, and XTH23 which might translate to differential growth of the cell wall

in the combination stress (314, 315).

GA is important for plant growth and development; however, this process is not crucial in
severe stress. GA signaling is negatively regulated by upregulation of DELLA GAI1 in
SCN stress and further in the combination stress, suggesting an additive negative effect of

drought and SCN on plant growth (316). Another DELLA gene, DWARFS8 is exclusively
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upregulated in combination stress. DWARF8 has not been widely studied in stress response
but is known to be associated with growth and maturity time of a plant (317). The
differential regulation of this gene in the combination stress only could indicate altered

growth due to severe stress.

Translation stalling in combination stress

In addition to enhanced and specific regulation of genes at important pathways, overall
translation was stalled in the combination stress. It is known that under severe stress, global
translation rate is turned down in plants, indicative of translation stalling (318-320). In this
situation, important stress-related mRNA may remain bound to ribosomes in polysomes to
be translated while translation is halted for production of less critical proteins (321).
Another possibility is that all translation is stalled due to toxicity in the plant as a protective
quality control measure (320, 322, 323). Our results show that translation was highly
downregulated in the combination stress specifically, indicating a similar mechanism of
translation stalling, in which only critical proteins were manufactured and less urgent

protein production was halted while in the severe-stress state.

PAO increases spermine production in differential expression of polyamines

Our results indicate that the polyamine pathway is disrupted in SCN and drought
combination stress by downregulation of PAO4 and PAO5, which convert spermine to
spermidine (262), and therefore downregulation would induce higher levels of spermine.
High levels of spermine have been shown to induce pathogen resistance (158, 164) and

abiotic stress tolerance(324-326). Arabidopsis mutants with the inability to produce
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spermine exhibit hypersensitivity to drought stress (326), and spermine production has
been associated with drought resistance(327-329). Although S54 is not drought resistant,
we suggest that downregulation of specific PAO genes in combination stress leads to
spermine accumulation which provides a protective effect against drought stress. In
addition, the polyamine pathway and spermine production can trigger H.02 regulated
hypersensitive response, cooperative effects with SA signaling to induce PR proteins or
other modes of pathogen resistance, serve as a precursor to the production of secondary
metabolites (157, 158, 164, 165, 199-203). The different regulation of the polyamine
pathway by PAO downregulation in combination stress is an interesting discovery, which

may impact each of the aforementioned pathways to promote a novel response.

4. Conclusion

Studying combination stresses allows us to model stress response in the natural
environment. Drought and SCN stresses are not mutually exclusive in the natural
environment, and therefore it is necessary to study them in combination. Combinations
stress interactions are unpredictable, shown by the various avenues of cross-talk and
outcomes; understudied, due to conventional method of focusing on one stress at a time;
real and unavoidable in the natural environment; and likely the causative factor in
transgenic field study failure. We suggest SCN and drought induce a complex response,
including interactions between ROS signaling, SA signaling, JA signaling, and polyamine
production. These findings can enhance crop improvement with genetic breeding

techniques (genetic modification, gene editing) by determining precise candidate gene
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capabilities in varying environments, and provides a model of applying crop wild relatives

in crop improvement.

5. Materials and Methods

5.1 SCN and drought stress experiment

SCN race 5 were reared on Williams 82 soybean cultivar in a greenhouse at 27°C and 16h
light/8h dark for over 30 generations. The nested sieve SCN extraction method was used
to harvest SCN. Roots were washed over nested sieves (850 and 250 pm), and SCN were
released from cysts by pressure into a 25 pm sieve (47). Extracted SCN eggs were
purified by sucrose flotation (209) and hatched over several days on incubation trays
over water. Second stage juveniles (J2) were collected from the water and diluted to a

concentration of 1500 eggs/ml.

A controlled SCN, drought and nematode stress experiment was performed on SCN-
resistant wild soybean accession (S54). Germinated soybeans were planted in cone planters
in sterilized sand with nutrients (Stuewe & Sons, Tangent, Oregon, USA), in replicates of
12 per condition: SCN, drought, SCN and drought (combination), and control. After 2 days
the SCN and combination treatment plants were inoculated with hatched J2 SCN race 5
(1500/plant) suspended in 0.09% agarose and a blank (1 ml 0.09% agarose) was added to
control and drought plants. Growing conditions were kept constant at 27°C and 16h
light/8h dark at 50% relative humidity in an environmental chamber. Drought and

combination treatment plants were not watered after initial transplantation of germinated
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plants into the sand cones. Roots were collected 6 days after SCN inoculation and tissue
fragmented in liquid nitrogen in preparation for RNA sequencing. Each replicate contained

roots from 4 individual plants, providing 3 replicates of each group in total.

5.2 RNA sequencing, alignment and assembly of transcriptomes

RNA of pool replicates was extracted using the RNeasy mini total RNA isolation kit
(Qiagen, Valencia, CA, USA). RNA integrity, purity, and concentrations were assessed
using an Agilent 2100 Bioanalyzer with an RNA 6000 Nano Chip (Agilent Technologies,
Palo Alto, CA, USA). Messenger RNA (mRNA) was purified from the total RNA with
oligo-dT beads provided in the NEBNext Poly(A) mRNA Magnetic Isolation Module
(New England BioLabs, Beverly, MA, USA). Complementary DNA (cDNA) libraries for
[llumina sequencing were constructed using the NEBNext Ultra Directional RNA Library
Prep Kit (NEB, Beverly, MA, USA) and NEBNext Multiplex Oligos for Illumina (NEB,
Beverly, MA, USA). The mRNA was chemically fragmented and primed with random
oligos for first-strand cDNA synthesis. The double-stranded cDNA was then purified, end
repaired and “a-tailed” for adapter ligation. Following ligation, the samples were selected
and sample-specific indexed. The final quantified libraries were pooled in equimolar
amounts for sequencing on an lllumina HiSeq. 2500 utilizing a 125-bp read length with v4

sequencing chemistry (Illumina, San Diego, CA, USA).

Total RNA was obtained using the llumina 1.9 Hi-seq platform (NEB, Beverly, MA, USA).
Each of the three replicates from four treatment groups (SCN, drought, combination, and
control) was run on two separate lanes and merged, generating 12 libraries total. Raw fastq

reads were checked for quality and adapter content with FastQC (version 0.11.6), and
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adjusted using FASTXx toolkit (version 0.0.13). Reads were mapped against reference
genome Glycine max Wm82.a2.v1(211) with Tophat (version 2.1.1) and Bowtie2
(version 2.2.9). Cufflinks (Version 2.2.1) was used to assemble each transcript to the

reference (212-215).

5.3 Comparative transcriptomics and analysis of DEGs

Assembled transcripts of treatment groups (drought, SCN, combination) were compared
to the control condition in order to determine expression profiles of each condition
separately. Differently expressed genes (DEGSs) of the final assembly for each condition
was completed using the Cufflinks (Version 2.2.1) pipeline. Genes with FDR
significance (q < 0.01) were considered DEGs. Visualization of total expression profiles
was used to isolate unique profiles using Venny 2.1.0 (153). Expression profiles of each
treatment group and shared and unique profiles were characterized using GO annotations
and enrichment data provided by SoyBase Gene Model Data Mining and Analysis Tool
(http://www.soybase.org) (94, 216) and visualized using Heatmapper (330). Putative
metabolic pathways for combination and individual stress DEGs are analyzed using the

KEGG pathway database and visualized in Pathview 1.22.3 (218, 219).

5.4 RT-qPCR

Findings by RNA-sequencing are validated by RT-gPCR by comparing relative
expression. Extracted RNA was quantified with NanoDrop 2009 (Thermo Fisher
Scientific, Wilmington, DE, USA). Intron-spanning primers for 20 selected genes (Table

S12), and reference gene UB1, were designed using Primer3 (331). RT-gPCR was
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performed on ABI 7500 Fast real-time PCR system (Applied Biosystems, Foster City, CA,
USA) using PerfeCTaTM SYBR® Green FastMixTM (Quanta Biosciences, Gaithersberg,
MD, USA) with biological and technical triplicates. The 2— AACT method (221) was used

to quantify relative expression.
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Supplementary Figure 1. Graph of all accessions screened for SCN resistance with resulting F1%. NRS100 is the

most resistant of all screened accessions.
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Supplementary Figure 2. Rhgl gene SNAP (Glyma.18G022500) comparison of nucleotide sequence
and amino acid sequence between Peking, Williams 82, S-soja, and NRS100. Variations are
highlighted in gray. Synonymous variations are outlined in gray. Non-synonymous variations are

outlined in red.
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Supplementary Figure 3. Rhg4 gene SHMT (Glyma.08G108900) comparison of nucleotide sequence

and amino acid sequence between Peking, Williams 82, S-soja, and NRS100. Variations are

highlighted in gray. Synonymous variations are outlined in gray. Non-synonymous variations are

outlined in red.
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NRS100 (C) > S-soja (C) NRS100 (C) > Peking (C)

NRS100 (T) Up NRS100 (T) Down

Supplementary Figure 6. Significantly highly expressed genes in
NRS100 control expression profile (NRS100 (C)), compared to S-soja
control expression profile (S-soja (C)) and to Peking control expression
profile (Peking (C)), g-value<0.01. NRS100 SCN induced expression
profiles, both up (NRS100 (T) Up) and down (NRS100 (T) Down),
compared to the NRS-specific control expressed genes.
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defense response, incompatible interaction
respiratery burst invelved in defense response
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Supplementary Figure 7. Significantly enriched GO functions (p<0.01) of the 1656 NRS-specific
significantly constitutively expressed genes.
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Supplementary Figure 11. Heatmap/Pathway of DEGs by log,FC (fold change) of constitute
expression relative to other genotypes on left of box and induced response to SCN treatment on right
of box. NRS100 specific regulation is shown with purple stars. Adapted from Pathveiw output.
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Supplementary Figure 12. Positive correlation (R?=0.752) between gPCR fold change expression
values (logz2(222 ")) and correlated RNA-sequencing fold change expression values (log,(FC))
where FC= Fold change, for 20 genes (supplementary table 6). Individual points represent relative
fold change of grouped replicates calculated by 224 €T method and calculated fold change of group
replicates from RNA-sequencing analysis.
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Supplementary Table 1. RNA sequencing results before and after quality filter for NRS, Peking, S-soja,
and Williams 82 in control (C) and treatment (T) conditions.

Sample ID Total raw reads Totarlezllzzned Que:l:;;:?;c;ked Reads mapped Multipler-:tliegnment Overa'!;\:l:pping
NRS100_C1 21,063,908 19,761,419 93.82% 17,649,075 19.70% 89.30%
NRS100_C2 17,934,885 16,889,827 94.17% 15,429,378 10.30% 91.40%
NRS100_C3 26,401,150 24,786,549 93.88% 22,527,878 16.70% 90.90%
NRS100_T1 21,400,799 20,131,429 94.07% 17,325,667 13.20% 86.10%
NRS100_T2 21,168,967 19,920,214 94.10% 17,478,920 11.50% 87.70%
NRS100_T3 24,977,825 23,508,971 94.12% 20,126,490 11.30% 85.60%
S-soja_C1 21,713,908 20,418,540 94.03% 18,734,942 13.20% 91.80%
S-soja_C2 22,480,424 21,140,634 94.04% 19,371,545 13.20% 91.60%
S-soja_C3 18,217,521 17,128,116 94.02% 15,687,553 13.50% 91.60%
S-soja_T1 22,025,661 20,699,732 93.98% 17,575,720 12.90% 84.90%
S-soja_T2 18,306,577 17,213,674 94.03% 14,773,707 10.60% 85.80%
S-soja_T3 20,541,015 19,341,615 94.16% 16,819,076 9.80% 87.00%
Peking_C1 23,521,521 22,138,476 94.12% 20,372,740 10.10% 92.00%
Peking_C2 19,348,795 18,197,184 94.05% 16,720,114 11.40% 91.90%
Peking_C3 22,428,803 21,091,236 94.04% 19,166,712 11.90% 90.90%
Peking_T1 22,536,397 21,195,218 94.05% 19,156,398 10.00% 90.40%
Peking_T2 25,234,276 23,745,769 94.10% 21,672,021 9.90% 91.30%
Peking_T3 29,687,822 27,941,769 94.12% 25,563,489 10.20% 91.50%
Williams_82_C1 22,149,804 20,833,495 94.06% 19,333,485 10.10% 92.80%
Williams_82_C2 19,200,624 18,034,095 93.92% 16,641,849 13.30% 92.30%
Williams_82_C3 24,633,007 23,152,320 93.99% 21,419,108 12.80% 92.50%
Williams_82_T1 25,363,759 24,056,915 94.85% 21,800,389 9.70% 90.60%
Williams_82_T2 27,632,370 26,243,565 94.97% 24,041,494 8.70% 91.60%
Williams_82_T3 29,277,958 27,806,301 94.97% 25,569,291 9.5%) 92.00%

Supplementary Table 2. Significant upregulated genes in NRS100 overrepresented enriched GO terms.

GOID

G0:0009627
G0:0031347
G0:0009697
G0:0010310
G0:0004353
G0:0045088
G0:0009862
G0:0001666
G0:0004364
G0:0010112
G0:0016639
G0:0080142
G0:0009867
GO0:0043295
G0:0043531

751
345
653
535
8
64
688
195
125
11
14
7
800
28
543

54
33
45
39
5
11
42
19
14
5
5
4
43
6
30

20.44458
9.391982
17.77671
14.56438
0.201269
1.742281
18.72952
5.308512
3.144833
0.299455
0.352221
0.190562
21.77851
0.704443
13.66116

GO count Expressed Expected_Corrected_ P GO_desc

6.03E-08 systemic acquired resistance
2.52E-07 regulation of defense response
7.64E-06 salicylic acid biosynthetic process
1.60E-05 regulation of hydrogen peroxide metabolic process
0.000175436 glutamate dehydrogenase [NAD(P)+] activity
0.00065232 regulation of innate immune response
0.000716186 systemic acquired resistance, salicylic acid mediated signaling pathway
0.000962761 response to hypoxia
0.001002302 glutathione transferase activity
0.003770086 regulation of systemic acquired resistance
0.005544378 oxidoreductase activity, acting on the CH-NH2 group of donors, NAD or NADP as acceptor
0.011562246 regulation of salicylic acid biosynthetic process
0.014133788 jasmonic acid mediated signaling pathway
0.019326592 glutathione binding
0.023266026 ADP binding
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Supplementary Table 3. Significant (Bonferroni p>.05) GO identifiers associated with results from venn

diagram (Figure 3A, s10 Figure) of resistance specific genes associated with Peking and NRS100

resistance. Up and down regulated GO ID are specific do genes exclusive to up and down regulation of that
genotype. Shared up and down regulated GO IDs are from shared genes in NRS100 and Peking resistance

specific responses.

Genome

GoID Expressed  Expected Overrepresentation pvalue Description
total count
Up Regulated in NRS
G0:0009627 751 54 20.354305 265.3001436 516975E-08  systemic acquired resistance
GO:0031347 345 33 93505129 352.9218175 226941E-07  reguiation of defense response
G0:0009697 653 45 17698217 254.2628993 6.74541E-06  salicyic acid biosynthetic process
G0:0010310 535 39 14.500071 2689642059 1.42707E-05  regulation of hydrogen peroxide metabolic process
G0:0004353 8 5 02004984 2493.785851 0000172221 glutamate dehydrogenase INAD(P)+] activity
GO:0045088 64 1 1.7345879 634.1563908 0000626476 regulation of innate immune responise
G0:0009862 688 22 18.64682 225.2394792 0.000666556 2&%‘;‘; acquired resistance, salicylic acid mediated signaling
GO:0001666 195 19 52850725 359.5031101 0000905478 response o hypoxia
600004364 125 14 3132787 4468864245 0000960171 glutathione transferase activity
G0:0010112 11 5 0.2981323 1677.10781 0.003697018 regulation of systemic acquired resistance
Down Regulated in NRS
GO:0009834 135 62 83544883 742.1160684 6857E-37  secondary cell wall biogenesis
G0:0010413 495 93 30.633124 3035929371 203785E-20  glucuronoxyian metabolic process
G0:0045492 497 93 30.756894 302.3712351 274313620 xyan biosynthetic process
GO:0015706 486 73 30.076158 242.7171729 189893E-10  nitrate transport
GO:0010167 479 7 29.642962 2395172239 1.09083E-09  response to nitrate
GO:0000041 201 41 12.438905 329.6110126 217046E-09 transition metal ion transport
600010106 237 44 14666768 299.9979207 100029E-08 cellular response (o iron ion stanvation
G0:0009832 313 52 19.370036 268.4558796 1.17032E-08  planttype cell wall biogenesis
GO:0019344 459 66 28.40526 232.3513307 1.97867E-08  cysteine biosynthetic process
GO:0006826 241 43 14914309 288.3137316 649597E-08  ironion transport
G0:0010218 251 44 1553316 283.2649689 7.14464E-08  response to far red light
GO:0009765 44 17 27229443 624.3241851 160475E-07  photosynthesis, light harvesting
GO:0016168 58 19 35536248 534.6653331 195928E-07  chlorophyll binding
600052716 58 18 3.5536248 5065250524 1.53896E-06  hydroguinone:oxygen oxidoreductase activity
600042546 185 34 11448743 296.9758286 2.77389E-06  cellwall biogenesis
G0:0010417 35 14 2.1659784 646.3591563 3.91328E-06 glucuronoxylan biosynthetic process
GO:0046274 64 18 39606463 4544712818 167176E-05 lignin catabolic process
GO:0055114 2341 204 144.87302 140.812973 2.04603E-05  oxidation-reduction process
GO:0010400 6 6 03713106 1615.897891 41089E-05  rhamnogalacturonan | side chain metabolic process
G0:0070838 237 37 14666768 252.2709787 532909E-05 divalent metal ion transport
60:0009637 269 40 16.647091 2402822142 6.20507E-05 response to blue light
GO:0016491 1468 135 89.94347 150.0942764 890188E-05  oxidoreductase activity
GO:0009657 201 32 12.438905 257.2573756 000026004 plastid organization
GO:0044036 222 34 13.738492 247.4798571 0000287572 cellwall macromolecule metabolic process
G0:0030003 274 39 16956517 230.0000647 0000362172 cellular cation homeostasis
GO:0048767 504 59 31.19009 189.1626499 0000504086 oot hair elongation
600016762 76 17 46564739 3650831152 0000799047 xyloglucanxyloglucosyl ransferase activity
GO:0010114 252 35 15595045 224.4302626 0002297266 response to red light
GO:0010155 191 29 11820054 245.3457531 0002478003 regulation of proton transport
G0:0020037 750 75 45.952045 163.213628 0002891104 heme binding
GO:0050734 33 10 202189 494.5867515 0007120777 hydroxycinnamoyitransferase activity
G0:0008289 187 27 11457377 235.6560404 0007172937 lipid binding
GO:0016760 56 13 3.431086 3788887793 0009108529 cellulose synthase (UDP-forming) activity
G0:0090447 16 7 09803103 714.0506225 000988302 glycerol-3-phosphate 2-O activity
GO:0015250 91 17 55755148 304.9045798 0010506593 water channel activity
GO:0016759 74 15 45339351 330.8384351 0011831642 cellose synthase activity
GO:0009413 7 5 04331957 1154.212779 0013409727 response to flooding
GO:0010345 21 8 12995871 615.5801489 0014256745  suberin biosynthetic process
G0:0016747 260 33 15.930042 2071557586 0015237587 ::;‘IS‘:TZZZ activit, transferring acyl groups other than amino-
G0:0009932 248 33 15347504 215018671 0015574335 celltip growth
GO:0008324 68 14 41663188 336.0280576 0018531918 cation transmembrane transporter activity
oxidoreductase activity, acting on paired donors, with
G0:0016706 298 36 18.258279 1971708258 0019220978 Norporation or reduction of molecuar oxygen, 2-oxoglutarate
as one donor, and incorporation of one atom each of oxygen
into both donors
GO:0019684 320 39 19803231 196.9375554 0020332362 photosynthesis, light reaction
G0:0010817 212 29 13119641 221.042636 0022570572 regulation of hormone levels
GO:0009416 440 49 27.229443 179.9522651 0023559122 response to light stimulus
GO:0009773 121 20 7.4880969 267.0905605 0024652611 photosynthetic electron transport in photosystem |
GO:0046688 29 9 1.7946679 5014855523 0027876403 response o copper ion
60:0006073 67 14 41463016 3376503055 002816383 cellular glucan metabolic process
GO:0016798 129 20 79037518 253.0443845 0033923242 hydrolase activity, acting on glycosyl bonds
G0:0046168 8 5 0.4950808 1009.936182 0.034028433 glycerol-3-phosphate catabolic process
GO:0008361 144 22 89114542 2468732889 0035063373 regulation of cell size
GO:0009055 970 87 50431312 146.3874808 0036500059 electron carrier activity
G0:0015018 14 6 0.8577715 699.4869771 0.047774951 ga‘ac'“wga‘amswm"?cz";’:ye'" S-beta-
Up Regulated in Peking
GO:0009620 310 7 30831421 551.3855439 588362E-06  response to fungus
GO:0043169 335 13 23271475 5586236197 0000110816 cation binding
60:0009695 417 17 41473234 409.9029223 0000384972 jasmonic acid biosynthetic process
GO:0009753 756 23 75188885 305.8962752 0000882651 response to jasmonic acid stimulus
G0:0009863 458 16 45550939 351.2551115 0.005356641 salicylic acid mediated signaling pathway
GO:0004601 237 9 164637 5466571945 0006520455  peroxidase activity
GO:0009867 800 22 7.9564958 276.5036331 0006772526 jasmonic acid mediated signaling pathway
malate
GO:0004473 13 3 00903072 3321.993721 0012589026 o0
GO:0016619 13 3 00903072 3321.993721 0012589926 malate activity
GO:0004567 3 2 00208401 9596.870748 0020142076 beta-mannosidase activity
GO:0047668 3 2 00208401 9596.870748 0020142076 amygdalin beta-glucosidase activity
4 beta.D bet
GO:0080081 3 2 00208401 9596.870748 0020142076
G0:0080082 3 2 00208401 9596.870748 0020142076 esculin beta-glucosidase activity
G0:0080083 3 2 00208401 9596.870748 0020142076 beta-gentiobiose beta-glucosidase activity
GO:0004470 19 3 01319875 2272.943072 0041362028 malic enzyme activity
G0:0016652 19 3 0.1319875 2272.943072 0.041362028 ng;;;d’”cmse activity, acting on NAD(P)H, NAD(P) as
Down Regulated in Peking
600008271 36 4 01246776 3208.275463 0.000668772 active sulfate activity
GO:0015116 47 4 01627735 2457.402482 0001965842 sulfate transmembrane transporter activity
G0:0008272 49 4 01993236 2006.786901 0009230133 sulfate transport
GO:0005504 9 2 00311694 6416.550926 0037788551 fatty acid binding
G0:0018131 6 2 0.024407 8194.379845 0.046146255 __oxazole o thiazole ic process
Shared Up
600080150 5 2 0.0104511 19136.81818 000192795 5-adenosyL-methionine:benzoic acid carboxy methyt
transferase activity
600052624 8 2 00167217 1196051136 0005376293 2-phyty-14 activity
Shared Down regulation
GO:0015116 a7 3 00632554 4742.680851 0001314923 _ sulfate transmembrane transporter activity
GO:0015098 7 2 0009421 2122914286 0001369833 molybdate ion transmembrane transporter activity
60:0015689 7 2 00127761 15654.1744 0004582665  molybdate ion transport
GO:0015114 21 2 0028263 7076.380952 0013534433 phosphate ion activity
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Supplementary Table 4. Significant downregulated genes in NRS100 overrepresented enriched GO terms.

GOID

G0:0009834
G0:0010413
G0:0045492
G0:0009765
G0:0015706
G0:0019344
G0:0010167
G0:0000041
G0:0010218
G0:0010106
G0:0009832
G0:0006826
G0:0042546
G0:0010417
G0:0009637
GO0:0055114
G0:0046274
G0:0070838
G0:0009657
G0:0010400
G0:0030003
G0:0010114
G0:0044036
G0:0048767
G0:0010155
G0:0019684
G0:0015979
G0:0009416
G0:0009413
G0:0010345
G0:0009932
G0:0010817
G0:0009773
G0:0046688
G0:0006073
G0:0046168
G0:0008361

135
495
497
44
486
459
479
201
251
237
313
241
185
35
269
2341
64
237
201

274
252
222
504
191
320
452
440

21
248
212
121

29

67

144

62
93
93
20
73
70
7
4
46
44
52
43
34
14
42
206
18
38
34
6
40
37
34
59
30
42
52
50

[

o« U

33
29
20

14

152}

22

8.460091119

31.0203341
31.14566879
2.757363031
30.45632803
28.76430981
30.01765664
12.59613567
15.72950275
14.85215996
19.61487793
15.10282933

11.5934582
2.193356957

16.8575149
146.7042467
4.010709864
14.85215996
12.59613567

0.37600405

17.1708516
15.79217009
13.91214984
31.58434018
11.96946225
20.05354932
28.32563841
27.57363031
0.438671391
1.316014174
15.54150072
13.28547642
7.582748336
1.817352907
4.198711889
0.501338733
9.024097194

GO count Expressed Expected_ex Corrected_P GO_desc

1.36E-36 secondary cell wall biogenesis
4.60E-20 glucuronoxylan metabolic process
6.18E-20 xylan biosynthetic process
1.18E-10 photosynthesis, light harvesting
4.83E-10 nitrate transport
4.83E-10 cysteine biosynthetic process
1.56E-09 response to nitrate
3.15E-09 transition metal ion transport
8.20E-09 response to far red light
1.47E-08 cellular response to iron ion starvation
1.80E-08 plant-type cell wall biogenesis
9.40E-08 iron ion transport
3.73E-06 cell wall biogenesis
4.56E-06 glucuronoxylan biosynthetic process
9.78E-06 response to blue light
1.92E-05 oxidation-reduction process
2.01E-05 lignin catabolic process
2.33E-05 divalent metal ion transport
3.24E-05 plastid organization
4.42E-05 rhamnogalacturonan | side chain metabolic process
0.000200732 cellular cation homeostasis
0.000349449 response to red light
0.00037714 cell wall macromolecule metabolic process
0.000959254 root hair elongation
0.001035818 regulation of proton transport
0.002097215 photosynthesis, light reaction
0.005329286 photosynthesis
0.010927635 response to light stimulus
0.014222921 response to flooding
0.015555878 suberin biosynthetic process
0.017338653 cell tip growth
0.026844375 regulation of hormone levels
0.029171977 photosynthetic electron transport in photosystem |
0.030636232 response to copperion
0.032103644 cellular glucan metabolic process
0.036070209 glycerol-3-phosphate catabolic process
0.041865148 regulation of cell size
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Supplementary Table 5. Selected genes and primers for RT-qPCR.

Lab Name
Gm182580
GmM182590 (SNAP)
rhg 1 2160
SHMT
rhgl a block
GmSNAP11
GmSNAP02
GmSNAP14
GmSNAP09
JAR1-B
colnn
JAZ-A
JAZ-B
JAZ-C
JAZ-F
JAZ-G
MYC2-C
ODC1
SSB
SSA 5

Reference UB1

Gene ID

Glyma.18G022400
Glyma.18G022500
Gm182160

Glyma.08G108900
Glyma.18G022300
Glyma.11G234500
Glyma.02G260400
Glyma.14G054900
Glyma.09G279400
Glyma.03G256200
Glyma.18G030200
Glyma.11G038600
Glyma.17G043700
Glyma.17G047700
Glyma.09G071600
Glyma.13G112000
Glyma.01G096600
Glyma.04G020200
Glyma.05G036300
Glyma.17G091100

GmuUB1

Left Primer
CGTGTAGAGTCCTTGAAGTACAGC
TCGCCAAATCATGGGACAAGGC
AGGTCACGTGTTGCCGTTG
TGAAAAAGACTTTGAGCAGATTGG
TGAGCTAACCATCGAGGAAGA
CGAAGAGATAGCTCGCCAAT
TGAAGATATTGCTCGCCAGTC
TGAAGATATTGCTCGCCAGTC
CCAAGAGAGCGGAGAACAAG
TTCGTTGATGCAGGCTACAC
TGTCACAGGGCTGTTCAGAG
GGCAAGGGAATGTCTCAAAA
CCCAAAAGCCCTTCTTCTTC
CCTGCTGAAAAATTGGAGGA
TGACACCAAAGGACCTGACA
GCCAAAGCACCCTATCAAAT
GGGTGAGGAGGACAAAGTCA
TGAACCTGAAGCCCATTTTC
TCCCCCAGTGAACTTCAAAC
TGATTGGATTCATGCTCTGC

GTGTAATGTTGGATGTGTTCCC

Right Primer

ACCAGAGCTGTGATAGCCAACC
CAATGTGCAGCATCGACATGGG
AAACCACACCAATAACAACAAAGCTCT

TTGCCATGCTCCTTCTGGAT
GCTACCCCTGCAGTGACAA
GGCAGATGCCAGCATTAAG
GCAAATGCCAGCATTAAGAA
GCAAATGCCAGCATTAAGAA
TTGGCGAGTTTGAAGGAAGT
TGGAATGTTCCTCTCCGAAC
CATGGTCAAGCAACACAAGG
TGGCACTGGTTGGAATGATA
AGCCTGCGAATGGAACTCT
AGTGTGAGCACATGCAGAGG
GGTTGGAATCTCCTCTGAAGG
GCACCTAATCCAAGCCATGA
AGGGGCCAGAGATTAAGGAA
TGGTGTGTCGATGTCTGGTT
CTACCCCATTTTGCTCTGGA
CACCCCATTTTTCTCTGGAT

ACACAATTGAGTTCAACACAAACCG
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APPENDX B

Supplementary Figure 13. Correlation (R?=0.581) between qPCR expression values
(ACT) and correlated RNA-sequencing expression values (FPKM) for 20 genes
(supplementary table 12). Individual points represent relative expression of individual
replicates calculated by RT-gPCR analysis 224 T method and calculated FPKM
expression of individual replicates from RNA-sequencing analysis.

25
RZ 0.581

Log FPKM

-1.0

-1.5

Supplementary Table 6. Significant upregulated enriched GO terms in drought treatment exclusively

GOID Genome Count |_GO _e i Corrected_ P GO_desc
Up Drought

G0:0019375 234 23 2.241532672 4.66E-14 galactolipid biosynthetic process
G0:0016036 330 26 3.161135819 1.12E-13 cellular response to phosphate starvation
G0:0010054 51 12 0.488539172 1.88E-11 trichoblast differentiation
G0O:0009247 13 6 0.124529593 3.87E-07 glycolipid biosynthetic process
G0:0046506 6 4 0.057475197 3.95E-05 sulfolipid biosynthetic process
GO:0080040 4 3 0.038316798 0.00112321 positive regulation of cellular response to phosphate starvation
G0:0010223 33 5 0.316113582 0.00481507 secondary shoot formation
G0O:0010623 7 3 0.067054396 0.00962054 developmental programmed cell death
GO:0046274 64 6 0.613068765 0.011208341 lignin catabolic process
G0:0016121 10 3 0.095791995 0.03228913 carotene catabolic process
G0:0016124 10 3 0.095791995 0.03228913 xanthophyll catabolic process
G0:0010413 495 15 4.741703729 0.033405737  glucuronoxylan metabolic process
G0:0045492 497 15 4.760862128 0.034909973  xylan biosynthetic process
G0:1901684 11 3 0.105371194 0.044083548  arsenate ion transmembrane transport
G0:0006817 52 5 0.498118372 0.045435198  phosphate ion transport
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Supplementary Table 7. Significant upregulated enriched GO terms in combination treatment exclusively

GOID Genome Count Expressed_GO |_exp Corrected_P  GO_desc
Up Combinati

G0:0010200 1135 135 49.31754528 2.98E-24 response to chitin
G0O:0002679 420 68 18.24966433 1.34E-18 respiratory burstinvolved in defense response
G0:0035556 479 68 20.81330765 1.86E-15 intracellular signal transduction
G0:0010363 1019 106 44.2771618 2.18E-14 regulation of plant-type hypersensitive response
GO:0006612 1020 106 44.32061338 2.27E-14 protein targeting to membrane
GO:0009863 458 63 19.90082444 1.51E-13 salicylic acid mediated signaling pathway
GO:0043069 525 66 22.81208041 2.63E-12 negative regulation of programmed cell death
G0:0030968 501 58 21.76924245 3.79E-09 endoplasmic reticulum unfolded protein response
GO:0006412 763 2 33.15355687 8.36E-09 translation
G0:0009963 300 41 13.03547452 3.09E-08 positive regulation of flavonoid biosynthetic process
GO:0031348 766 74 33.28391161 3.78E-08 negative regulation of defense response
GO:0009738 634 65 27.54830282 4.46E-08 abscisic acid mediated signaling pathway
GO:0009697 653 66 28.37388288 7.87E-08 salicylic acid biosynthetic process
GO:0050832 941 83 40.88793842 2.42E-07 defense response to fungus
G0:0009611 1031 88 44.79858078 5.11E-07 response to wounding
GO:0009627 751 69 32.63213789 1.89E-06 systemic acquired resistance
GO:0009867 800 71 34.76126539 3.86E-06 jasmonic acid mediated signaling pathway
GO:0045087 274 35 11.9057334 4.90E-06 innate immune response
G0:0031347 345 39 14.9907957 2.14E-05 regulation of defense response
G0:0009793 1180 17 51.27286646 0.000103159  embryo development ending in seed dormancy
G0O:0009693 270 32 11.73192707 0.000125662  ethylene biosynthetic process
G0O:0009862 688 60 29.89468824 0.000129916  systemicacquired resistance, salicylic acid mediated signaling pathway
G0:0001510 418 1 18.16276117 0.00079114 RNA methylation
G0O:0000165 575 49 24.9846595 0.002794434  MAPK cascade
GO:0009909 744 9 32.32797682 0.004697536  regulation of flower development
G0:0010508 8 5 0.347612654 0.005866077  positive regulation of autophagy
GO:0006468 2386 145 103.675474 0.008057313  protein phosphorylation
GO:0009695 417 38 18.11930959 0.009956987  jasmonic acid biosynthetic process
GO:0006364 532 5 23.11624149 0.016359402 rRNA processing
GO:0009612 152 19 6.604640425 0.019222689 response to mechanical stimulus
G0O:0009873 311 30 13.51344192 0.021596002  ethylene mediated signaling pathway
G0:0010228 754 1 32.76249263 0.03155419 vegetative to reproductive phase transition of meristem
G0:0010207 372 2 16.16398841 0.036463262  photosystem Il assembly
G0O:0009220 315 1 13.68724825 0.045841081  pyrimidine ribonucleotide biosynthetic process
G0:0009753 756 56 32.8493958 0.046084423 response to jasmonic acid stimulus
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Supplementary Table 8. Significant upregulated enriched GO terms in SCN and combination treatment
exclusively

GOID Genome Count d_GO d_e i Corrected_P  GO_desc
Up SCN and C i

G0:0010200 1135 166 68.10272928 1.24€-25 response to chitin
G0O:0031347 345 74 20.70082961 2.90E-20 regulation of defense response
GO:0043069 525 93 31.50126244 1.75E-19 negative regulation of programmed cell death
G0:0010363 1019 141 61.14245034 2.81E-19 regulation of plant-type hypersensitive response
G0:0006612 1020 141 61.20245275 3.05E-19 protein targeting to membrane
GO:0002679 420 80 25.20100995 1.42E-18 respiratory burstinvolved in defense response
GO:0009867 800 118 48.00192372 3.62E-18 jasmonic acid mediated signaling pathway
GO:0009697 653 103 39.18157024 8.07E-18 salicylic acid biosynthetic process
G0:0009863 458 82 27.48110133 2.56E-17 salicylic acid mediated signaling pathway
GO:0009862 688 103 41.2816544 3.75E-16 systemic acquired resistance, salicylic acid mediated signaling pathway
G0:0031348 766 109 45.96184196 1.66E-15 negative regulation of defense response
GO:0000165 575 89 34.50138268 1.09E-14 MAPK cascade
G0:0010310 535 84 32.10128649 3.65E-14 regulation of hydrogen peroxide metabolic process
G0:0006412 763 2 45.78183475 6.90E-14 translation
GO:0045088 64 26 3.840153898 2.37E-13 regulation of innate immune response
GO:0050832 941 118 56.46226278 1.48E-12 defense response to fungus
G0:0043900 264 51 15.84063483 1.32E-11 regulation of multi-organism process
GO:0009595 278 52 16.68066849 2.86E-11 detection of biotic stimulus
G0:0009753 756 98 45.36181792 4.37E-11 response to jasmonicacid stimulus
GO:0009627 751 97 45.06180589 6.90E-11 systemic acquired resistance
G0:0006952 1116 128 66.96268359 7.44€-11 defense response
G0:0051707 255 47 15.30061319 8.21E-10 response to other organism
GO:0009620 310 52 18.60074544 2.37E-09 response to fungus
G0O:0009611 1031 113 61.8624792 4.23E-08 response to wounding
GO:0009617 407 59 24.42097869 4.26E-08 response to bacterium
G0:0001666 195 37 11.70046891 8.50E-08 response to hypoxia
G0:0051567 443 1 26.58106526 3.15E-07 histone H3-K9 methylation
GO:0045087 274 44 16.44065887 4.49e-07 innate immune response
G0O:0009751 380 54 22.80091377 7.79E-07 response to salicylic acid stimulus
G0:0009793 1180 24 70.80283749 1.18E-06 embryo development ending in seed dormancy
GO:0009693 270 42 16.20064926 2.91E-06 ethylene biosynthetic process
GO:0030968 501 63 30.06120473 4.28E-06 endoplasmic reticulum unfolded protein response
G0:0000226 379 1 22.74091136 9.28E-06 microtubule cytoskeleton organization
G0O:0009723 726 81 43.56174578 9.48E-06 response to ethylene stimulus
GO:0009909 744 11 44.64178906 9.71E-06 regulation of flower development
G0:0019288 581 6 34.8613971 1.18E-05 i i i ic process, i pathway
G0:0010112 1 8 0.660026451 1.34E-05 regulation of systemic acquired resistance
G0:0010207 372 1 22.32089453 1.36E-05 photosystem Il assembly
G0:0001510 418 2 25.08100514 1.43E-05 RNA methylation
GO:0006098 421 2 25.26101236 1.50E-05 pentose-phosphate shunt
G0O:0042538 461 57 27.66110854 3.98E-05 hyperosmotic salinity response
G0:0010027 469 4 28.14112778 5.98E-05 thylakoid membrane organization
G0:0035556 479 58 28.74115183 7.29€-05 intracellular signal transduction
GO:0009640 502 5 30.12120714 9.04E-05 photomorphogenesis
GO:0009612 152 27 9.120365507 0.000112621  response to mechanical stimulus
GO:0009738 634 70 38.04152455 0.000140579  abscisic acid mediated signaling pathway
G0O:1900056 23 10 1.380055307 0.000175163  negative regulation of leaf senescence
G0:0015979 452 4 27.1210869 0.00017682 photosynthesis
GO:0006342 372 2 22.32089453 0.00019408 chromatin silencing
GO:0009814 196 31 11.76047131 0.000211355  defense response, incompatible interaction
G0:0006979 632 69 37.92151974 0.000228712  response to oxidative stress
GO:0006995 149 26 8.940358293 0.000274041  cellular response to nitrogen starvation
GO:0009695 417 51 25.02100274 0.000300689  jasmonic acid biosynthetic process
G0:0000278 398 3 23.88095705 0.000321311  mitoticcell cycle
G0:0008283 388 3 23.28093301 0.000677129  cell proliferation
G0:0006306 421 4 25.26101236 0.000690432  DNA methylation
G0O:0042742 1063 100 63.78255615 0.000895347  defense response to bacterium
GO:0009560 289 1 17.34069494 0.001267943  embryo sac egg cell differentiation
G0:0006281 290 1 17.40069735 0.00126945 DNA repair
G0O:0009873 311 40 18.66074785 0.001428245  ethylene mediated signaling pathway
G0O:0006396 330 2 19.80079354 0.001723404  RNA processing
G0:0010120 35 11 2.100084163 0.00200821 camalexin biosynthetic process
G0O:0010088 9 6 0.540021642 0.002144911  phloem development
G0:0010228 754 16 45.24181311 0.00241237 vegetative to reproductive phase transition of meristem
GO:0009630 358 3 21.48086087 0.002722509  gravitropism
GO:0009625 83 17 4.980199586 0.003130685 response to insect
GO:0009637 269 1 16.14064685 0.003924651 response to blue light
G0:0016192 549 9 32.94132015 0.003935083  vesicle-mediated transport
G0:0007165 1328 116 79.68319338 0.00482547 signal transduction
GO:0006346 306 2 18.36073582 0.005006232 methylation-dependent chromatin silencing
G0:0007131 263 1 15.78063242 0.00573157 reciprocal meiotic recombination
G0:0042254 264 1 15.84063483 0.005774493  ribosome biogenesis
G0:0007154 186 27 11.16044727 0.006434846  cell communication
GO:0052542 116 20 6.96027894 0.007306987  defense response by callose deposition
GO:0006886 410 5 24.60098591 0.007314858 intracellular protein transport
G0:0031048 261 1 15.66062761 0.009029791  chromatin silencing by small RNA
G0:0080142 7 5 0.420016833 0.009987281  regulation of salicylic acid biosynthetic process
G0:0009624 221 30 13.26053143 0.010400341 response to nematode
GO:0070588 34 10 2.040081758 0.011291901  calcium ion transmembrane transport
G0:0010218 251 1 15.06060357 0.012334304  response to far red light
G0:0015031 286 2 17.16068773 0.014846739 protein transport
GO:0006606 243 1 14.58058433 0.017737057 protein import into nucleus
G0:0043090 266 33 15.96063964 0.022929972  amino acid import
G0O:0006261 234 1 14.04056269 0.025645517 DNA-dependent DNA replication
G0:0009759 30 9 1.80007214 0.025790474  indole glucosinolate biosynthetic process
GO:0035196 342 4 20.52082239 0.029644558 production of miRNAs involved in gene silencing by miRNA
GO:0000394 343 4 20.5808248 0.029687785  RNA splicing, via endonucleolytic cleavage and ligation
G0:0051726 345 4 20.70082961 0.030052048  regulation of cell cycle
GO:0006486 348 4 20.88083682 0.031319638 protein glycosylation
G0:0050776 25 8 1500060116 0.042893348  regulation of immune response
GO:0009864 32 9 1.920076949 0.045606417  induced systemic resistance, jasmonic acid mediated signaling pathway
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Supplementary Table 9. Significant Downregulated enriched GO terms in SCN, Drought, and all three

treatments exclusively

GOID Genome Count Expressed_GO d_e i Corrected_ P GO_desc
Down Drought
G0:0042802 318 5 0.596057971 0.018806807 identical protein binding
G0:0071333 9 2 0.02357442 0.027014017 _ cellular response to glucose stimulus
Down SCN
GO:0009834 135 11 1.489875958 0.000161232  secondary cell wall biogenesis
Down Drought, SCN, and C inatis
G0:0008289 187 5 0.386060108 0.002366365 lipid binding
GO:0008515 34 3 0.070192747 0.002529211  sucrose transmembrane transporter activity
G0O:0005504 9 2 0.018580433 0.007802209  fatty acid binding
GO:0051119 53 3 0.109418105 0.009623042  sugar transmembrane transporter activity
G0:0015770 34 3 0.09170877 0.009645032  sucrose transport
G0:0005319 11 2 0.022709418 0.011887933 lipid transporter activity
GO:0071446 11 2 0.029670485 0.034995632  cellular response to salicylicacid stimulus
G0O:0071470 13 2 0.035065118 0.049455299  cellular response to osmotic stress

Supplementary Table 10. Significant Downregulated enriched GO terms in combination exclusively

GOID Genome Count |_GO _e Corrected P GO_desc
Down C i

G0:0006412 763 183 32.61428151 1.12011E-81 translation
G0:0001510 418 125 17.86732591 2.17778E-67 RNA methylation
G0:0042254 264 71 11.28462689 2.67978E-34 ribosome biogenesis
G0:0009220 315 70 13.46461163 3.9863E-28 pyrimidine ribonucleotide biosynthetic process
GO:0006084 178 38 7.608574192 5.26126E-14 acetyl-CoA metabolic process
G0:0042545 266 43 11.37011649 1.94355E-11 cell wall modification
G0:0016132 271 43 11.58384048 3.79295E-11 brassinosteroid biosynthetic process
GO:0009664 337 46 14.40499721 1.32066E-09 plant-type cell wall organization
G0:0016126 363 48 15.51636198 1.41606E-09 sterol biosynthetic process
G0:0006606 243 37 10.38698612 7.63606E-09 protein import into nucleus
GO:0006633 237 32 10.13051732 4.06246E-06 fatty acid biosynthetic process
G0:0009697 653 3 27.91235364 8.54982E-06 salicylic acid biosynthetic process
G0:0042742 1063 12 45.43772116 1.55864E-05 defense response to bacterium
G0:0042991 71 16 3.034880717 2.28291E-05 transcription factor import into nucleus
G0:0000271 274 33 11.71207488 4.02833E-05 polysaccharide biosynthetic process
G0:0000462 13 7 0.555682385 0.000261658 maturation of SSU-rRNA from tricistronic rRNA transcript (SSU-rRNA, 5.85 rRNA, LSU-rRNA)
G0:0009753 756 7 32.31506792 0.000284619 response to jasmonic acid stimulus
G0:0009832 313 34 13.37912203 0.000306728 plant-type cell wall biogenesis
G0:0048829 50 12 2.137239942 0.000617783 root cap development
G0:0043481 310 33 13.25088764 0.000715726 anthocyanin accumulation in tissues in response to UV light
G0:0010817 212 26 9.061897352 0.000732895 regulation of hormone levels
GO:0006414 81 15 3.462328705 0.000936013 translational elongation
G0:0009932 248 28 10.60071011 0.001505882 cell tip growth
G0:0010200 1135 18 48.51534667 0.001840559 response to chitin
G0:0044267 46 11 1.966260746 0.001878767 cellular protein metabolic process
G0:0016192 549 4 23.46689456 0.002499513 vesicle-mediated transport
GO:0006952 1116 18 47.7031955 0.003171897 defense response
G0:0044070 18 7 0.769406379 0.004046803 regulation of anion transport
G0:0006626 235 26 10.04502773 0.005051799 protein targeting to mitochondrion
GO:0006334 128 18 5.471334251 0.005187748 nucleosome assembly
G0:0010075 450 40 19.23515947 0.006428815 regulation of meristem growth
G0:0048767 504 43 21.54337861 0.007821147 root hair elongation
G0:0006486 348 1 14.87518999 0.015928674 protein glycosylation
G0:0042026 15 6 0.641171982 0.016823815 protein refolding
G0:0050832 941 15 40.2228557 0.02150667 defense response to fungus
G0:0019745 69 12 2.949391119 0.021775494 pentacyclic triterpenoid biosynthetic process
G0:0006085 23 7 0.983130373 0.026013215 acetyl-CoA biosynthetic process
G0:0007169 348 32 14.87518999 0.029029429 transmembrane receptor protein tyrosine kinase signaling pathway
G0:0009165 201 22 8.591704565 0.030456759 nucleotide biosynthetic process
G0:0031348 766 11 32.74251591 0.033343623 negative regulation of defense response
G0:0010400 6 4 0.256468793 0.038726983 rhamnogalacturonan | side chain metabolic process
G0:0009834 135 17 5.770547842 0.040285085 secondary cell wall biogenesis
G0:0009738 634 8 27.10020246 0.049685245 abscisic acid mediated signaling pathway
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Supplementary Table 11. Significant Downregulated enriched GO terms in SCN and combination

GO ID Genome Count Expressed_GO _ Corrected_P  GO_desc
Down SCN and C i

G0:0009834 135 32 4.676182848 1.73347E-15 secondary cell wall biogenesis
G0:0010413 495 58 17.14600378 2.39015E-13 glucuronoxylan metabolic process
G0:0045492 497 58 17.21528056 2.86838E-13 xylan biosynthetic process
G0:0055114 2341 141 81.08847442 5.15586E-08 oxidation-reduction process
GO:0000041 201 28 6.962316685 1.99858E-07 transition metal ion transport
G0:0015706 486 45 16.83425825 1.19565E-06 nitrate transport
G0:0010106 237 29 8.209298778 2.10574E-06 cellular response to iron ion starvation
G0:0006826 241 29 8.347852343 3.09925E-06 iron ion transport
G0:0010167 479 43 16.59178951 6.82341E-06 response to nitrate
G0:0006457 779 3 26.98330695 1.71803E-05 protein folding
G0:0071732 36 10 1.246982093 0.00017235 cellular response to nitric oxide
G0:0071219 24 8 0.831321395 0.000613349 cellular response to molecule of bacterial origin
G0:0030001 247 25 8.555682692 0.000978243 metal ion transport
G0:0006412 763 5 26.42909269 0.001208703 translation
G0:0010345 21 7 0.727406221 0.003100405 suberin biosynthetic process
G0:0009793 1180 14 40.87330193 0.003722725 embryo development ending in seed dormancy
G0:0042546 185 20 6.408102421 0.004095828 cell wall biogenesis
G0:0016036 330 28 11.43066918 0.007298561 cellular response to phosphate starvation
GO:0046854 79 12 2.736432926 0.010727871 idylinositol ylation
G0:0071369 27 7 0.93523657 0.019842686 cellular response to ethylene stimulus
G0:0006886 410 1 14.2017405 0.020809893 intracellular protein transport
GO:0006364 532 3 18.42762426 0.025892857 rRNA processing
G0:0009909 744 7 25.77096325 0.03085878 regulation of flower development
G0:0040009 7 4 0.24246874 0.034786656 regulation of growth rate
G0:0010054 51 9 1.766557965 0.038387487 trichoblast differentiation
G0:0046274 64 10 2.216857054 0.043713297 lignin catabolic process
G0:0071281 78 11 2.701794534 0.049590134 cellular response to iron ion

Supplementary Table 12. Selected genes and primers for RT-gPCR.

Gene ID
Glyma.01G096600
Glyma.02G260400
Glyma.03G256200
Glyma.04G020200
Glyma.05G036300
Glyma.08G108900
Glyma.09G071600
Glyma.09G279400
Glyma.11G038600
Glyma.11G234500
Glyma.13G112000
Glyma.14G054900
Glyma.17G043700
Glyma.17G047700
Glyma.17G091100
Glyma.18G022300
Glyma.18G022400
Glyma.18G022500
Glyma.18G022700
Glyma.18G030200

GmUBL1

Left Primer
GGGTGAGGAGGACAAAGTCA
TGAAGATATTGCTCGCCAGTC
TTCGTTGATGCAGGCTACAC
TGAACCTGAAGCCCATTTTC
TCCCCCAGTGAACTTCAAAC
TGAAAAAGACTTTGAGCAGATTGG
TGACACCAAAGGACCTGACA
CCAAGAGAGCGGAGAACAAG
GGCAAGGGAATGTCTCAAAA
CGAAGAGATAGCTCGCCAAT
GCCAAAGCACCCTATCAAAT
TGAAGATATTGCTCGCCAGTC
CCCAAAAGCCCTTCTTCTTC
CCTGCTGAAAAATTGGAGGA
TGATTGGATTCATGCTCTGC
TGAGCTAACCATCGAGGAAGA
CGTGTAGAGTCCTTGAAGTACAGC
TCGCCAAATCATGGGACAAGGC
AGGTCACGTGTTGCCGTTG
TGTCACAGGGCTGTTCAGAG
GTGTAATGTTGGATGTGTTCCC

Right Primer
AGGGGCCAGAGATTAAGGAA
GCAAATGCCAGCATTAAGAA
TGGAATGTTCCTCTCCGAAC
TGGTGTGTCGATGTCTGGTT
CTACCCCATTTTGCTCTGGA
TTGCCATGCTCCTTCTGGAT
GGTTGGAATCTCCTCTGAAGG
TTGGCGAGTTTGAAGGAAGT
TGGCACTGGTTGGAATGATA
GGCAGATGCCAGCATTAAG
GCACCTAATCCAAGCCATGA
GCAAATGCCAGCATTAAGAA
AGCCTGCGAATGGAACTCT
AGTGTGAGCACATGCAGAGG
CACCCCATTTTTCTCTGGAT
GCTACCCCTGCAGTGACAA
ACCAGAGCTGTGATAGCCAACC

CAATGTGCAGCATCGACATGGG

AAACCACACCAATAACAACAAAGCTCT

CATGGTCAAGCAACACAAGG
ACACAATTGAGTTCAACACAAACCG



