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Abstract
The broad host range of Fusarium virguliforme represents a unique comparative system to identify and define differentially
induced responses between an asymptomatic monocot host, maize (Zea mays), and a symptomatic eudicot host, soybean
(Glycine max). Using a temporal, comparative transcriptome-based approach, we observed that early gene expression pro-
files of root tissue from infected maize suggest that pathogen tolerance coincides with the rapid induction of senescence
dampening transcriptional regulators, including ANACs (Arabidopsis thaliana NAM/ATAF/CUC protein) and Ethylene-
Responsive Factors. In contrast, the expression of senescence-associated processes in soybean was coincident with the ap-
pearance of disease symptom development, suggesting pathogen-induced senescence as a key pathway driving pathogen
susceptibility in soybean. Based on the analyses described herein, we posit that root senescence is a primary contributing
factor underlying colonization and disease progression in symptomatic versus asymptomatic host–fungal interactions. This
process also supports the lifestyle and virulence of F. virguliforme during biotrophy to necrotrophy transitions. Further sup-
port for this hypothesis lies in comprehensive co-expression and comparative transcriptome analyses, and in total, supports
the emerging concept of necrotrophy-activated senescence. We propose that F. virguliforme conditions an environment
within symptomatic hosts, which favors susceptibility through transcriptomic reprogramming, and as described herein, the
induction of pathways associated with senescence during the necrotrophic stage of fungal development.

Introduction
Analyses of contrasting phenes have illuminated our under-
standing of the complexity of processes in plants, examples

of which include the regulation and interaction between
plant development and the environment (York et al., 2013)
and response to abiotic stress (Lynch et al., 2014). Indeed,
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“genotype � phenotype” interaction studies have aided in
the identification of a multitude of genetic interactions un-
derpinning host susceptibility and resistance to pathogens.
For example, comparative studies evaluating phenotypically
distinct responses within a single plant to a single pathogen
have provided insight at physiological-to-genetic/genomic-
scale resolution (O’Connell et al., 2012; Lorrain et al., 2018).
Indeed, when coupled with functional analyses of gene net-
works, comparative transcriptome-based approaches have
provided insight into a wide breadth of immune signaling
processes. Key examples include processes governing (1) the
activation of the hypersensitive response, a hallmark of
effector-triggered immunity (Chisholm et al., 2006) and the
activation of resistance (R) genes (Etalo et al., 2013), (2)
pattern-triggered immunity (Bagnaresi et al., 2012; Zhang
et al., 2018a), and (3) the role of antimicrobial signaling and
metabolism (Dupont et al., 2015). Taken together, the array
of these processes illustrates the temporal colonization dy-
namics between susceptible and resistant plant cultivars
during their interaction(s) with a variety of pathogenic
organisms (Kong et al., 2015; Burkhardt and Day, 2016).

While numerous processes required for the regulation of
plant immunity have been described through the use of
pairwise genomics- and transcriptomics-based approaches,
most studies to date have focused on comparison(s) within
cultivars from a single species, or species within a single gen-
era (Lanubile et al., 2015; Burkhardt and Day, 2016; Chen
et al., 2016; Chowdhury et al., 2017). Thus, knowledge gaps
still remain in our understanding of how pathogens with
broad host ranges modulate immune signaling within di-
verged hosts. This is particularly limiting in the case of fun-
gal pathogens, many of which colonize a broad range of

agronomically important crops, yet only a few are true
pathogens (Gdanetz and Trail, 2017; Banerjee et al., 2019).
For example, phytopathogenic Ascomycetes found within
the species complexes of Fusarium solani and F. oxysporum
colonize more than 200 plant species, including both mono-
cots and eudicots (Michielse and Rep, 2009; �Si�si�c et al.,
2018). We posit that a comparison of host responses across
highly diverged plant species colonized by the same fungus
will provide insight(s) into immunity-induced pathways rele-
vant to both resistance and tolerance. Moreover, such com-
parisons would be highly relevant and translatable to
monoculture-based agroecosystems, particularly those com-
prising rotational crops, which are typically exposed to simi-
lar microbial community compositions each growing season
(Gdanetz and Trail, 2017; Katan, 2017; Leandro et al., 2018).
Relevant to the work described herein, rotation-based man-
agement practices are proving to be unsustainable as many
field crops support the asymptomatic persistence of numer-
ous pathogenic fungi (Kolander et al., 2012; Malcolm et al.,
2013; Lofgren et al., 2018).

A mechanistic understanding of the molecular-genetic
fundamentals of plant immunity has been largely built upon
the framework of the model plant Arabidopsis thaliana, and
from this, a robust understanding of eudicot immune signal-
ing exists. However, immune signaling in monocots remains
largely enigmatic (Balmer et al., 2012, 2013), and whilst de-
fense gene homologs in monocots and eudicots have been
described, there are many examples where well-defined eudi-
cot pathways are not consistently conserved, nor do they
function the same in monocots (Humphry et al., 2010; Lu
et al., 2011; Balmer et al., 2013). Furthermore, attempting to
infer the function and activity of below-ground host
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immune responses based on knowledge generated through
the analysis of above-ground colonization processes and dis-
ease symptom development is unrealistic (De Coninck et al.,
2015; Chuberre et al., 2018). In this regard, the work de-
scribed herein offers insight into the contrasting signaling
processes that exist between an asymptomatic monocot
and a symptomatic eudicot following fungal pathogen
colonization.

Differential host responses are prominent among crops
colonized by Fusarium virguliforme, the causal agent of soy-
bean (Glycine max) sudden death syndrome (SDS), a devas-
tating disease yielding annual losses in the United States in
excess of $274 million dollars (Koenning and Wrather, 2010;
Allen et al., 2017). As one example of management strategies
to reduce yield losses, soybean and maize (Zea mays) are
typically grown in rotation (Katan, 2017). However, a recent
study showed that maize can serve as an asymptomatic
host for F. virguliforme, thereby providing a potential reser-
voir for this devastating soybean pathogen (Kolander et al.,
2012). In the current study, we conducted a temporal
transcriptome-based analysis to identify, and compare, ge-
netic signatures underlying asymptomatic and symptomatic
responses in maize and soybean roots during fungal patho-
gen colonization. Through this, we have defined the early
temporal interactions between F. virguliforme and two hosts:
maize (asymptomatic) and soybean (symptomatic) to gener-
ate a transcriptional atlas of pathogen-induced responses in
each crop species. Using this approach, we asked if ortholo-
gous transcriptional responses are induced in a temporally
independent manner between soybean and maize. Based on
the output of the analysis presented herein, we suggest that
pathogen-induced host senescence plays a predominant role
in the establishment of fungal necrotroph colonization, a
process we hypothesize distinguishes symptomatic (i.e.
pathogen-induced) senescence in soybean from asymptom-
atic colonization and persistence of the pathogen in maize.

Results

Fusarium virguliforme colonizes soybean and maize
We recently reported a role for fungal transcriptome plastic-
ity in the regulation and adaptation of F. virguliforme in as-
sociation with asymptomatic (maize) and symptomatic
(soybean) hosts (Baetsen-Young et al., 2020). To extend this
analysis, and to identify induced host defense signaling
responses associated with fungal pathogen colonization, we
conducted a comprehensive analysis of fungal colonization
of soybean and maize roots over a 2-week period of coloni-
zation. Following pathogen inoculation, soybean radical
elongation was observed from 0 to 4 days after inoculation
(DAI), with subsequent development of lateral and second-
ary lateral roots at 7 and 10 DAI, respectively (Figure 1A;
Supplemental Figure 1A). By 14 DAI, lateral and tap root
growth was abundant, with full expansion of cotyledons in
soybean hosts following mock- and pathogen-inoculation.
This represented a vegetative cotyledon (Fehr and Caviness,
1977) stage for soybean.

Consistent with the hemibiotrophic lifestyle of F. virguli-
forme, no symptoms were apparent on soybean roots from
0 to 4 DAI, illustrative of the biotrophic stage of the patho-
gen (Ngaki et al., 2016). At 7 DAI, discoloration of the lower
tap root of F. virguliforme-inoculated samples was observed,
which subsequently developed into necrotrophic streaking
at 10 DAI. Beyond 10 DAI, complete necrosis of the lower
hypocotyl was observed, with subsequent disease symptom
spread to the lateral roots adjoining the tap root. Both
mock- and pathogen-inoculated maize showed comparable
growth and development patterns to those observed in soy-
bean (Figure 1A; Supplemental Figure 1B). In brief, maize
radical and seminal roots slowly emerged from 0 to 3 DAI,
and by 4 DAI, had expanded in length. At 7 DAI, lateral
roots initialized along the primary root, followed by crown
root emergence (Supplemental Figure 1B). By 14 DAI, the
seminal, crown, and primary roots had further elongated,
with parallel expansion of leaves to the V1 growth stage (i.e.
full extension of the first leaf).

Given that we did not observe visual symptoms on F. vir-
guliforme-inoculated maize roots, we next employed
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Figure 1 Fusarium virguliforme growth on maize and soybean. (A)
Plant growth and development over 14 days (numbered) post inocu-
lation with F. virguliforme. Soybean is on the left and maize is on the
right in each pair. Bar = 4 cm. (B) F. virguliforme DNA in planta quan-
tification from mock and inoculated soybean and maize roots. F. virgu-
liforme levels were determined using a TaqMan-based quantitative
PCR assay. Values shown are the average of three biological replicates,
each of which contained two plants, ± SEM (n = 6).
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quantitative real-time polymerase chain reaction (qPCR) to
evaluate the in planta fungal growth in both maize and soy-
bean. Using this approach, we observed that F. virguliforme
DNA concentrations increased on both soybean and maize
roots over the timecourse of analysis, with 0 and 2 DAI dis-
playing significantly lower levels of F. virguliforme DNA
quantities than 14 DAI (P5 0.0001; Figure 1B). Interestingly,
both inoculated soybean and maize exhibited similar levels
of F. virguliforme, as determined by qPCR at most time-
points, with notable increases between soybean and maize
between 10 and 14 DAI. All sampled timepoints after fungal
inoculation were significantly different from mock treat-
ments (Tukey’s test with P5 0.001; Supplemental Table 1).
As previously observed, we detected nominal background
levels of DNA in tissue samples from mock-inoculated roots
using F. virguliforme-specific DNA primers, an artifact that is
associated with the non-specific nature of the qPCR assay at
detection limits below 10 fg of DNA resulting in modest sig-
nals associated with nonspecific DNA (plant or fungal) bind-
ing (Wang et al., 2015).

Temporal expression of induced defense genes in
soybean and maize
Having established that F. virguliforme colonizes both hosts,
we conducted a comparative RNA-seq experiment using
samples from six selected timepoints over a 0- to 14-day in-
oculation period. Timepoints were selected based on prelim-
inary colonization timecourse experiments (Figure 1;
Supplemental Figure 1). The impetus for this approach was
to (1) determine if the timing of defense responses underpin
symptomatic and asymptomatic phenotype development
and (2) identify pathway rewiring in host plants by the
pathogen which potentially function in modulating toler-
ance and susceptibility (Chen et al., 2016; Chowdhury et al.,
2017).

Mock- and fungal-inoculated maize and soybean roots
from 0, 2, 4, 7, 10, and 14 DAI were subjected to RNA-seq.
Each of these biological samples were pooled from six inde-
pendent plants, as well as repeated in three independent
growth chamber runs. Sampling of plant tissues from both
mock- and fungal-inoculated events at each timepoint
allowed us to discover genes specifically related fungal colo-
nization. In addition, all sampling and phenotypic observa-
tions were performed from the same inoculation site within
the root, thereby enabling a comprehensive evaluation of
host response to fungal inoculation, including fungal adhe-
sion, development and colonization, and penetration and
proliferation. Sequencing of each sample to an average of 70
million reads yielded uniquely mapped reads (after adapter
trimming and quality thresholding) in the range of 76%–
83% for soybean and 77%–81% for maize (Supplemental
Figure 2 and Supplemental Data Set 1).

As a key step in demonstrating the relatedness of gene ex-
pression profiles across sampling as a function of host and
time, we observed a high correlation (496%) of gene ex-
pression patterns among biological replicates (Supplemental

Figure 3), illustrating consistency among independent repli-
cates and within treatments. To explore expression patterns
between mock- and F. virguliforme-infected plants, samples
were grouped using principal component analysis, the out-
put of which revealed that gene expression patterns in
maize were primarily separated from each other by time,
with distinct groupings at 0, 2–7, 10, and 14 DAI
(Supplemental Figure 2B). This is in contrast to groupings
by treatment over time, indicating that root development
had a greater impact on gene expression than did fungal
colonization. Conversely, transcripts from soybean were pri-
marily grouped by treatment (Supplemental Figure 2C). By 4
DAI, mock- and fungal-inoculated treatments had separated
into distinct groups, and the remaining samples were sepa-
rated by treatment as the time course proceeded. The large
separation between treatments suggests large global expres-
sion changes within soybean roots, as the F. virguliforme in-
duced disease symptoms.

To further catalog gene expression changes as those that
were identified as differentially expressed following F. virguli-
forme inoculation, we first filtered the dataset for genes that
were significantly up- or downregulated (multiple-testing ad-
justed P5 0.05, jlog2(fold-change)j 4 1) between fungal-
inoculated samples and mock-inoculated treatments within
each host species at each timepoint. Among the 28,956
expressed maize genes identified in at least one timepoint,
600 unique responsive [i.e. differentially expressed genes
fDEGsg] genes were detected across all timepoints. Among
the 600 significantly responsive genes identified in maize in
response to F. virguliforme, 266 were upregulated and 336
were downregulated with two significantly up and downre-
gulated at different timepoints, with the majority of the
identified differential expression changes occurring at 0 and
14 DAI (Figure 2, A and Table 1; Supplemental Table S2,
Figure S4 and Supplemental Data Set 2). In contrast, among
43,308 soybean genes expressed at one or more timepoints,
10,898 were significantly differentially expressed following F.
virguliforme colonization (Supplemental Table 3 and
Supplemental Data Set 3). Interestingly, there was an almost
equal number of up- and downregulated genes from soy-
bean (5,643 and 5,325, respectively), with a majority of DEGs
identified at 7 DAI and beyond (Figure 2B and Table 1). This
contrasts with the temporal pattern of response changes ob-
served in maize, an observation we posit further highlights
that differential host gene expression may underpin the di-
vergence in symptomatic versus asymptomatic phenotypes
in soybean and maize, respectively.

Previous studies have demonstrated that fungi elicit an ar-
ray of pro-immune transcriptional responses in their host(s)
roots, including the activation of metabolic processes such
as the generation of reactive oxygen species (ROS) and the
release of secondary metabolites (Pusztahelyi et al., 2016;
Zhang et al., 2017). To gain insight into processes that un-
derpin the observed phenotypic differences between symp-
tomatic and asymptomatic host responses, we first
conducted a gene ontology (GO) enrichment analysis of
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upregulated DEGs. We identified defense-related transcrip-
tional response categories as the most enriched processes
from those within upregulated genes over the timecourse of
colonization of maize (Supplemental Table S4). Indeed, and
as illustrated in Figure 2C, we observed an enrichment of
genes from maize that were associated with defense re-
sponse processes following F. virguliforme colonization, in-
cluding those associated with oxidation–reduction and

terpenoid biosynthesis (Boba et al., 2020). This suggests that
maize, while phenotypically asymptomatic, recognized F. vir-
guliforme and activated defense-associated processes follow-
ing inoculation.

Based on the observation that F. virguliforme inoculation
elicited a broader alteration of gene expression in soybean
than in maize, we predicted that a greater diversity of
enriched processes would be evident in soybean as

Figure 2 Temporal pattern of defense gene expression in maize and soybean. (A and B) The number of significantly DEGs between mock and in-
oculated maize with log2(FC) 4 1, respectively, of early differentially regulated genes in maize or soybean from six timepoints over the coloniza-
tion timecourse. (C and D) Heatmap of log2-fold gene expression changes among transcripts cataloged in ontologies significantly enriched in
upregulated genes across pooled timepoints for maize (n = 266) and soybean (n = 5,643). (E and F) Heatmap of significantly enriched gene ontol-
ogies from F. virguliforme-induced downregulated genes across pooled timepoints for maize (n = 336) and soybean (n = 5,325).
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compared to maize. Specifically, 12 significantly (multiple-
testing adjusted P5 0.05) enriched biological process cate-
gories were identified in maize (Supplemental Table 4), in-
cluding defense response signaling and the regulation of
oxidation reduction processes. In contrast, 46 significantly
(multiple-testing adjusted P5 0.05) enriched biological pro-
cess categories were identified in soybean (Supplemental
Table 5). Among these were numerous categories such as
phosphate metabolism, protein ubiquitination, and cell-to-
cell communication (Figure 2D). The increased number of
identified categories not only points to broader disruption
in soybean following pathogen colonization, but in the case
of altered metabolic functions, is associated with the alter-
ation of soybean root physiological processes and associated
F. virguliforme colonization. When we compared the same
enriched categories across hosts, we observed that defense-
related ontologies were upregulated much earlier (i.e. 0–4
DAI) in samples from inoculated maize roots than in soy-
bean (Figure 2, C and D). We hypothesize that this may un-
derpin F. virguliforme tolerance in maize and is further
supportive of a diverged temporal response between the
two hosts. Indeed, we observed that the same gene catego-
ries that were also enriched early (i.e. induced) in maize
were induced at later points in the colonization of soybean
(7–14 DAI).

To identify biological processes that were repressed in
each host over the duration of the colonization timecourse,
we conducted an enrichment analysis of downregulated
genes and their associated ontologies. As shown in
Figure 2E, we identified 336 genes in maize, enriched among
�13 biological process categories, that were significantly
(multiple-testing adjusted P5 0.05) downregulated over the
timecourse of F. virguliforme colonization (Table 1). Notably,
among these were those associated with plant growth and
development, as well as several key defense processes
(Supplemental Data Set 2). In contrast, in soybean, 5,325

downregulated genes and their enriched categories—espe-
cially at later timepoints of the infection—were identified
(Supplemental Data Set 3). Among these, many have previ-
ously been described as host processes essential for fungal
growth and development, and nitrogen metabolism
(Figure 2F; Fagard et al., 2014). For example, the downregula-
tion of photosynthesis during pathogen infection has been
demonstrated to not only coincide with the activation of ro-
bust defense signaling (Su et al., 2018), but is also associated
with pathogen-induced downregulation of photosynthesis as
a mechanism to induce ROS accumulation in chloroplasts,
which leads to reduced levels of photosystems I and II
(reviewed in Kretschmer et al., 2019).

As a final step in this stage of our analysis, we conducted
a comparative co-expression analysis of each host’s tran-
scriptome using a differential gene correlation analysis
(DGCA). The impetus for this was to discover significant
changes within gene pairs caused by the treatment, by
employing the median z-score difference of the gene pair
correlations in the first condition compared to the second
condition, and then compared to all gene pairs (McKenzie
et al., 2016). Using this approach, we identified 128 gene
pairs (ca. 0.00003%) in maize that were significantly differen-
tially correlated; that is, these gene pairs were observed to
undergo a change in correlated expression in comparison of
mock versus pathogen inoculation (Supplemental Data
Set 4). Among these, two transcripts from maize with
homologs to Arabidopsis R-genes were identified as having
significant differential correlations. The first, RESISTANCE
TO PSEUDOMONAS SYRINGAE pv. MACULICOLA (RPM1;
Zm00001d014099), showed an expression profile that was
positively correlated with XYLOGLUCAN
GALACTOSYLTRANSFERASE (Zm00001d029862) in response
to fungal inoculation, but negatively correlated in mock
treatments. Specifically, expression of the putative maize
RPM1 ortholog was downregulated at 0 DAI (ca. 19.5-fold
change), but expression gradually increased over the time-
course to an approximate two-fold change. The second,
RESISTANCE TO PERONOSPORA PARASITICA 13-LIKE-4
[RPP13L4; Zm00001d018786, containing a Rho-N domain
fZm0001d051967g], showed a negative expression correla-
tion during colonization, yet was positively correlated under
mock-inoculation conditions. The former suggests possible
fungal modulation of R-gene expression during colonization,
a scenario supported by previous work which identified this
R-gene as a candidate for SDS resistance (Zhang et al., 2015).
Additionally, the observed co-regulation of R-gene expres-
sion with genes associated with cell wall-associated remodel-
ing processes (i.e. xyloglucan galactosyltransferase) further
illustrates the connectivity of immunity with pathogen-
induced changes in host cell architecture (Day and Graham,
2007).

In soybean, many more gene pairs (7,950,000) were identi-
fied as significantly differentially correlated when we com-
pared samples from mock- and F. virguliforme-inoculated
roots. To determine how these identified gene pairs were

Table 1 Transcriptomic landscape of soybean and maize during colo-
nization by F. virguliforme over a 2-week timecourse of colonization

Transcriptome Soybean Maize

Total expressed genes 43,308 28,956
DEGs 10,898 600
Orthologous genes 23,274 14,542
Orthologs, N (%)

Orthologous DEGs 4,528 (41.5) 221 (36.8)
Orthologous DEGs, up 2,296 (50.7) 86 (38.9)
Orthologous DEGs, down 2,257 (49.8) 137 (62)

Nonorthologs, N (%)
Nonorthologous DEGs 6,370 (58.5) 379 (63.2)
Nonorthologous DEGs, up 3,347 (52.5) 180 (47.5)
Nonorthologous DEGs, down 3,068 (48.2) 199 (52.5)

The total percent of orthologous DEGs that were up- and downregulated in soybean
reflects the percentage assignment(s) resulting from 25 genes in soybean being both
up- and downregulated over the timecourse. The total percent of orthologous DEGs
that were up- and downregulated in soybean reflects the percentage assignment(s)
resulting from two genes in soybean being both up- and downregulated over the
timecourse. The total percent of nonorthologous DEGs that were up- and downre-
gulated in soybean reflects the percentage assignment(s) resulting from 45 genes in
soybean being both up- and downregulated over the timecourse.
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co-expressed, we constructed a planar filtered network
(PFN), dissecting the resultant data into 1,160 modules
(Supplemental Data Modules). Using this, we next explored
the enrichment of co-regulated defense genes in the above
modules and found that while they were significantly
enriched in “metabolic process” and “primary metabolic
process” (Supplemental Figure 5 and Supplemental Data Set
5), we did not identify enrichment in defense-related pro-
cesses. This further supports our assertion that biotrophic
fungal pathogens suppress plant cell death and manipulate
plant metabolism in soybean (Doehlemann et al., 2017).

Orthologous host gene analysis reveals differential
patterns of induced defense responses
Previous studies have described temporal changes in gene
expression during compatible and/or incompatible pathogen
interactions, an observation that associates with the onset
of disease symptom development (Dupont et al., 2015; Kong
et al., 2015). Here, we observed the enrichment of defense-
related GOs at distinct timepoints in soybean and maize. To
address whether defense-induced responses in soybean and
maize occur in a temporally similar, or diverged, manner, we
first identified the orthologous genes between soybean and
maize. We reasoned that this would enable us to compare
the temporal expression pattern changes between orthologs,
which are descended from a single gene stemming from the
last common ancestor. First, we clustered the predicted pro-
tein sequences from the maize and soybean genomes using
OrthoFinder, which yielded 10,700 orthogroups, containing
23,273 and 14,542 expressed genes in soybean and maize, re-
spectively (Supplemental Data Set 6). For each orthogroup,
if orthologs contain more than a one-to-one relationship
(e.g. two maize orthologs to one soybean ortholog), the me-
dian of the log2-fold changes value for each DEG was calcu-
lated at each timepoint. The variation in DE expression
between soybean and maize orthologs was assessed to cap-
ture the greatest differential by the median transformation
of gene expression values, as represented by significant cor-
relations at several timepoints (Supplemental Figure 6)

To understand the significance of the soybean–maize
orthologous gene set in light of the host response to F. vir-
guliforme colonization, we next explored whether the DEGs
were contained in the orthologs. Overall, a similar number
of DEGs were identified as orthologous in both soybean
and maize (41.5% versus 36.8%). However, of the ortholo-
gous genes cataloged from soybean and maize, an apparent
difference was observed in the percentage of genes that
were either up- or downregulated within each host. For
example, in soybean, we identified a similar number of up-
and downregulated genes from among the list of ortholo-
gous DEGs (50.7% up and 49.8% down), while in maize,
38.9% were upregulated and 62% were downregulated
(Table 1; Supplemental Figure 4 and Supplemental Data
Sets 7 and 8).

To determine if the host response to fungal colonization
was unique to each host, we cataloged each orthogroup

depending on whether significant DEGs, or groups of genes,
were maize-specific, soybean-specific, or occurred in both
hosts. As shown in Figure 3A, we identified 3,003 signifi-
cantly upregulated orthogroups, whereby 93.3% of the
orthogroups classified as significantly upregulated were
uniquely upregulated in soybean. In contrast, only 3.3% of
the orthogroups were uniquely upregulated in maize. In ad-
dition, 3.4% were upregulated in both hosts following F. vir-
guliforme inoculation (Figure 3A; Supplemental Data Set 9),
indicating that more than half of the upregulated genes in
maize were also upregulated in soybean. To further explore
the processes contained within the list of identified ortholo-
gous DEGs, we developed a merged gene ontologies annota-
tion containing gene annotations from maize and soybean.
This new GO annotation contained 4,685 orthogroups with
GO annotations from maize, and an additional 6,015
orthogroups were supported by both soybean and maize
annotations. Interestingly, no orthogroups were solely associ-
ated with soybean (Supplemental Data Set 10). Orthogroups
that were uniquely upregulated in soybean were highly
enriched for responses to oxygen containing compounds,
defense, and hormone metabolism (Supplemental Data Set
11). Orthogroups that were upregulated in both hosts in re-
sponse to F. virguliforme colonization were enriched for re-
sponse to organic substance, stimulus, and defense
(Supplemental Data Set 11). Orthogroups that were upregu-
lated and unique to maize were enriched with cytoskeleton-
associated processes and DNA methylation (Supplemental
Data Set 12).

In addition, we identified 1,660 significantly downregulated
orthogroups; as shown in Figure 3B, 92.2% of the
orthogroups classified as significantly downregulated were
uniquely downregulated in soybean, while only 5.8% of the
orthogroups were uniquely downregulated in maize.
Approximately 2.0% were downregulated in both hosts
(Supplemental Data 9). Specifically, orthogroups that were
uniquely downregulated in soybean were enriched for cell
wall organization, root development, and auxin transport
(Supplemental Data Set 11). Surprising, we observed that
the most significantly enriched process was photosynthesis,
a finding that is agreement with previous studies demon-
strating that the rate of photosynthesis decreases during leaf
senescence (Wojciechowska et al., 2018). While roots and
leaves utilize numerous distinct processes during growth, de-
velopment, and environment interactions, the process of
cellular and tissue senescence in each follow similar patterns
of gene process expression (Liu et al., 2019). Leveraging this
similarity, we exploited our root-specific transcriptome data-
sets as a guide to discover and further characterize the pro-
cesses that are associated with pathogen-induced
senescence in soybean. Using this approach, we observed
that a small proportion of genes downregulated in both soy-
bean and maize was highlighted by only 19 processes being
significantly enriched (Supplemental Data Set 11). Not sur-
prisingly, these included response to stimulus, root develop-
ment, and response to external stimulus. Orthogroups that
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were uniquely downregulated in maize were enriched for
cell cycle processes, the regulation of reproduction, and the
negative regulation of metabolic process. Additionally, we
evaluated F. virguliforme GO enrichments during coloniza-
tion of both maize and soybean (Supplemental Figures 7
and 8). We did not observe an increase in the expression of
F. virguliforme genes involved in chitin metabolic processes
(a key indicator of fungal growth and development), yet we
did identify a downregulation of F. virguliforme genes associ-
ated with ROS production from samples collected from
colonized maize roots. Based on this, we surmised that
these observations provide a basis from which we could
proceed to compare and identify orthologous responses to
colonization between the two hosts (Supplemental Figure 9,

A and B, Supplemental Figure 10, A and B). Surprisingly, we
did not observe an enrichment in soybean genes associated
with defense response (e.g. “defense response to fungus”,
“immune response”, and “root development”). Taken to-
gether, these data highlight the different host responses in
soybean and maize in response to F. virguliforme.

To address how the temporal patterns of orthogroup in-
duction differed between soybean and maize, we next fo-
cused on the defense-relevant GO categories that were
enriched in maize during the early timepoints of the coloni-
zation (0–4 DAI; Supplemental Data Set 11). To do this, we
first identified upregulated orthogroups in biological pro-
cesses associated with host–pathogen interactions, including:
(1) defense response; (2) defense response to fungus;

Figure 3 An analysis of putative orthologous host processes reveals differential patterns of induced defense responses. (A and B) Heatmap of
expression of significantly (log2(FC) 4 1) upregulated (n = 3,003) and downregulated (n = 1,660) genes from mock- and fungal-inoculated
samples. Gray indicates orthologous genes from soybean and maize are significant, blue indicates orthologous genes from only soybean are
significant, and green illustrates orthologous genes from maize that were uniquely significantly DE. (C and D) Mean expression patterns of
log2(FC) 4 1 gene expression profiles from among significantly up- and downregulated orthologous genes, respectively, at a single timepoint in
both hosts over the colonization timecourse. Error bars indicate one standard deviation of the mean.
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(3) negative regulation of cellular protein; (4) oxidation re-
duction; and (5) terpenoid biosynthetic process (Figure 3C).
As shown, we observed a shift in the induced patterns of ex-
pression between maize and soybean, with a notable upre-
gulation of orthologous genes at 2 and 4 DAI in maize.
Interestingly, and consistent with our hypothesis of a delayed
response to pathogen colonization being one of the underly-
ing factors driving susceptibility, these same responses were
not observed as enriched/induced until 4 to 7 DAI in soy-
bean. Genes within these upregulated orthogroups encoded
PATHOGENESIS-RELATED PROTEIN 10 (PR10), STRESS-
INDUCED PROTEIN 1, TERPENE SYNTHASE, and BROWMAN-
BIRK TYPE TRYPSIN INHIBITOR. Based on this, it is tempting
to hypothesize that while similar host defense-associated
genes are activated during the course of F. virguliforme colo-
nization in both soybean and maize, the induced expression
of these genes at earlier time intervals in maize associates
with the absence of disease symptom progression, as com-
pared to soybean.

Using an approach similar to the above, we also identified
downregulated defense-relevant process groups (Figure 3D;
Supplemental Data Set 11). Among these, we observed that
the expression of downregulated genes associated with re-
sponse to chemical and endogenous stimulus were slightly
diminished between maize and soybean; specifically, we ob-
served an upregulation of orthologous genes in maize, but a
downregulation in soybean and 7–10 DAI. We posit that
this further supports the hypothesis that a delayed response
to pathogen in soybean underpins, yet is not wholly respon-
sible for, susceptibility to F. virguliforme colonization. Indeed,
if one considers the in planta lifestyle transition (i.e. biotro-
phy to necrotrophy) of F. virguliforme, pathogen co-option
of host processes at discrete stages of this transition in a
host-specific manner (Supplemental Figures 7 and 8)
likely serves as a critical virulence strategy. Thus, it is reason-
able to hypothesize that the pathogen’s ability to alter the
timing and activation sequence of host defense processes
underpins host transitions from pathogen recognition, to
defense, to either susceptibility, resistance, and/or tolerance
(Supplemental Figure 9, A and B, Supplemental Figure 10,
A and B; Doehlemann et al., 2017).

Nonorthologous defense processes within maize and
soybean
While the identification of orthologous defense-related pro-
cesses in soybean and maize identified temporal divergence
in host response(s) to fungal colonization, an analysis of the
novel host-specific defense signaling processes from each
was not apparent. To resolve this, we surveyed the specific
processes unique to each host associated with upregulated
and downregulated DEGs as a comparison between maize
and soybean. As shown in Figure 4, A and B, we identified
non-orthologous genes that were significantly upregulated
(180 and 3,347 in maize and soybean, respectively) and
downregulated (199 and 3,068 in maize and soybean,

respectively) following fungal colonization (Table 1;
Supplemental Data Sets 12 and 13, Supplemental Tables 6
and 7).

We next asked if there were induced defense responses
derived from defense gene categories that were unique to
each host (i.e. genes that did not have an apparent ortho-
log). As shown in Figure 4C, upregulated DEGs in maize fol-
lowing F. virguliforme inoculation were associated with GO
enrichment of processes including defense response to fun-
gus, immune signaling, the hypersensitive response, and host
programmed cell death (Supplemental Table 8 and
Supplemental Data Set 14). Among these, and consistent
with the initial biotic interaction lifestyle of this fungus, pro-
cesses in maize were primarily associated with host pro-
grammed cell death, a mechanism likely associated with
localized defenses preventing fungal proliferation and further
invasion (Jones, 2001; Deshmukh et al., 2006; Schäfer et al.,
2007; Diamond et al., 2013). Conversely, in soybean, we iden-
tified upregulated genes associated with processes such as
glucose catabolic and response to carbohydrate catabolic
process, previously identified as metabolic signatures of the
onset of host–fungal interactions, host susceptibility, and
disease (Figure 4D; Supplemental Table 8, Supplemental
Data Set 15; Divon et al., 2007; Deveau et al., 2008; Askew
et al., 2009). In addition, we explored the significantly upre-
gulated nonorthologous genes pattern changes between
maize and soybean within the same biological processes. As
shown in Figure 5A, processes associated with “defense
response”, “defense response to fungus”, “oxidation reduc-
tion”, and “terpenoid biosynthetic process” showed similar
responses to fungal colonization in maize (ca. 2–7 DAI) than
observed in soybean. In maize, the majority of downregu-
lated genes identified were differentially regulated at later
points in the colonization (i.e. 14 DAI; Figure 4E;
Supplemental Data Set 16). In soybean, the host processes
known to be associated with survival during fungal coloniza-
tion were enriched at early timepoints in the colonization;
specifically, as early as 2 DAI (Figure 4F; Supplemental Data
Set 17).

Next, we explored the nonorthologous response to F. vir-
guliforme between maize and soybean within each time-
point. The impetus for this was to identify the various, and
differentially induced, biological processes utilized by each
host in their response to fungal colonization, including as a
function of the timing of fungal lifestyle transitions
(Supplemental Figure 9, C and D, Supplemental Figure 10, C
and D). Additionally, we queried if defense processes identi-
fied using this approach were relevant to the observed host
phenotypes (Supplemental Figure 1, Supplemental Tables 6
and 7), which identified the enrichment of several key bio-
logical processes that presented as potentially host-specific
(Figure 4G; Supplemental Tables 8 and 9, Supplemental
Data Sets 14–17). In soybean, enriched processes included
“primary metabolite biosynthesis” and “signaling”, as well as
“nucleotide catabolic processes”. In maize, this also included
well-defined processes, such as those associated with the
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elicitation of the hypersensitive response, as well as signaling
associated with response to chitin and fungus. Similar to
orthologous defense gene comparisons described above, the
GO process of “defense response” containing processes

related to antifungal activity were upregulated earlier in
maize than in soybean and include PATHOGENESIS-
RELATED MAIZE SEED (PRms), TIFY10B (containing
JASMONATE-ZIM DOMAIN repressors), and hevein-like

Figure 4 Analysis of nonorthologous host processes reveals host-specific patterns of induced defense responses that are consistent with disease
and pathogen tolerance. (A and B) Heatmap of expression of log2(FC) 4 1 genes from a list of significantly upregulated (n = 180) and downregu-
lated (n = 199) genes at a single timepoint from maize, and significantly upregulated genes (n = 3,347) and downregulated genes (n = 3,068)
from soybean at a single timepoint. Orange indicates significantly upregulated DE nonorthologous genes and blue indicates significantly downre-
gulated DE nonorthologous genes. (C and D) Heatmap of significantly enriched gene ontologies from upregulated genes across pooled timepoints
for maize and soybean. (E and F) Heatmap of significantly enriched gene ontologies from downregulated genes across pooled timepoints for maize
and soybean, respectively, following F. virguliforme inoculation. (G) Mean expression patterns of log2(FC) 4 1 of significantly upregulated and
downregulated genes, respectively, at a single timepoint in both hosts, over the colonization timecourse. Error bars indicate one standard devia-
tion of the mean.
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(Figure 5A). Interestingly, both PRms and hevein were previ-
ously identified as being induced following fungal coloniza-
tion (Majumdar et al., 2017; Wong et al., 2017). Similarly,
TIFY10B was also upregulated in maize, and further analysis
revealed that key marker genes within the jasmonic acid

(JA) biosynthesis pathway were minimally impacted (mock
versus treated).

Previous studies have demonstrated that the JA pathway
plays a crucial role in protecting plants against both patho-
gen colonization and wounding (Zhang et al., 2018b). Based

Figure 5 Processes unique to maize are associated with host immune responses following F. virguliforme inoculation. (A) Mean expression pat-
terns of log2(FC) 4 1 of significantly upregulated nonorthologous genes from at least a single timepoint in both hosts over the colonization time-
course. Genes for analysis were selected based on those identified within the same gene ontology categories, but themselves are nonorthologous.
Error bars indicate one standard deviation of the mean. (B) Gene expression profile of maize root defense markers that do not share a soybean
orthologous group across the colonization timecourse.
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on the observation that JA precursor biosynthesis gene ex-
pression was not altered by F. virguliforme colonization of
maize (Figure 5B; Supplemental Figure 11), we were curious
as to how maize perceives and responds to F. virguliforme
colonization. To address this, we next interrogated the ex-
pression patterns of several defense marker genes previously
demonstrated as specific to maize root fungal colonization
(Balmer et al., 2013; Chuberre et al., 2018). As shown in
Figure 5B, pathogenesis-related (PR) genes were induced
over the timecourse of colonization. At the same time, while
we detected the induction of several PR genes,
NONEXPRESSER OF PR GENES 1 (NPR1) was not upregulated
in maize. While salicylic acid (SA)-dependent defense signal-
ing does not specifically require the induced expression of
NPR1, we hypothesize an additional bifurcation in SA-
associated signaling, and that the observed upregulation of
PR in response to F. virguliforme, herein, occurs in a SA-
independent manner (Balmer et al., 2012). Additional hor-
mone signaling processes, such as auxin and gibberellic acid
biosynthesis, were also not significantly altered as a function
of transcriptional expression throughout the timecourse of
colonization. Interestingly, however, ethylene biosynthesis
was rapidly upregulated (0 DAI) in maize roots
(Supplemental Figure 11), as was the expression of
ETHYLENE RESPONSIVE FACTOR 105-LIKE (ERF-105-like).
This is significant, as ethylene biosynthesis was recently
reported to be induced in SDS-resistant soybean cultivars
(Abdelsamad et al., 2019), a broader defense mechanism hy-
pothesized to be associated with resistance to necrotrophic
pathogens (Laluk and Mengiste, 2010).

Constitutive expression of maize genes within
orthologous defense
To date, numerous studies have focused on induced plant
defense responses following fungal colonization (reviewed in
van der Does and Rep, 2017). However, the role of constitu-
tive defense-associated responses, particularly those in maize
in response to F. virguliforme colonization, remains largely
unaddressed. To determine if the duration and amplitude of
constitutive orthologous gene expression underpins these
responses, we next compared soybean and maize
orthogroups following mock-inoculation, as opposed to
fungal-treatment, detailed above. Using this approach, we
successfully identified 182 orthogroups that were signifi-
cantly upregulated in maize (compared to soybean) over
the mock-inoculation timecourse (Figure 6; Supplemental
Data Set 18). Based on the output of this analysis (i.e. 182
orthogroups), we hypothesize that the function of these
genes might provide insight into host tolerance to F. virguli-
forme (i.e. maize) through a mechanism associated with con-
stitutive, sustained, elevated defense gene expression.
Additionally, we hypothesized that the expression of these
orthogroups will decrease over the course of fungal coloniza-
tion in maize (i.e. tolerant, asymptomatic host), in contrast
to a robust induction of defense-associated processes in soy-
bean (i.e. susceptible, symptomatic host). Surprisingly, we

identified a similar pattern of expression of constitutively
upregulated orthogroups at 2–14 DAI in both fungal-
inoculated hosts. Indeed, constitutively induced genes in
maize were on average four-fold higher in the F. virguliforme
treatment when compared to the constitutive expression of
the same genes following mock-inoculation at 0 DAI. In
summary, these expression profiles support our hypothesis
that the rapid upregulation of a core group of defense-
associated transcripts during the initial interaction between
maize and F. virguliforme is associated with the establish-
ment of the asymptomatic interaction.

Defense expression patterns of orthologous
transcription factors is diverged across soybean and
maize
The expression patterns of defense-induced orthologous
genes in response to F. virguliforme inoculation varied by
host, suggesting potential differences in host pathway activa-
tion, or repression. To define the regulation of these expres-
sion patterns within our orthologous soybean and maize
datasets, we next compared the patterns of transcription
factor (TF) expression (i.e. induced or upregulated) in each
host following F. virguliforme inoculation. Similar to the
orthologous genes identified as upregulated by F. virguli-
forme, the vast majority (93.3%) of the DE TFs were uniquely
expressed within soybean (Supplemental Data Sets 19 and
20). Specifically, our analyses revealed that only 4 TF
orthogroups were uniquely induced in maize (i.e. bHLH-157,
MYB-41, Homeobox-transcription factor 29, and GRAS-tran-
scription factor 11), while 11 were induced in both soybean
and maize in response to F. virguliforme (Supplemental Data
Set 19).

To narrow our focus to the analysis of those TFs whose
expression patterns contained altered gene expression in

Figure 6 Conservation of defense gene expression patterns preceding
inoculation with F. virguliforme. Line graph of expression patterns of
orthogroups that are uniquely upregulated in maize when compared
to soybean log2(FC) 4 1, and corresponding regulation when maize
and soybean are colonized by F. virguliforme. Individual green lines
represent individual orthogroups. Solid green or brown lines represent
the mean of orthogroups from mock- or F. virguliforme-inoculated.
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both hosts, we next evaluated the expression patterns of
TFs that were upregulated in both maize and soybean fol-
lowing fungal colonization. As shown in Figure 7A (dashed
black boxes), among the selected TF orthogroups upregu-
lated in both species, we identified three TFs that were
expressed at least four-fold higher in maize than soybean at
0 DAI. Among these was a C2H2-zinc finger TF, ZINC
FINGER OF ARABIDOPSIS THALIANA12, previously

identified as being induced in response to elevated hydrogen
peroxide generation in maize (Mittler et al., 2006), and a
NAC042 TF, which exhibited the largest expression change
in comparison to mock versus fungal-inoculated maize. This
is noteworthy, as NAC042 was also shown to be responsive
to hydrogen peroxide generation (Wu et al., 2012), illustrat-
ing that ROS production in maize may underlie the more
than four-fold difference in expression compared with

Figure 7 Divergence of defense expression patterns of orthologous transcription factors. (A) Heatmap of log2(FC) 4 1 of significantly upregulated
genes at a single timepoint in at least one host between mock and inoculated (n = 215). Gray indicates orthologous genes from soybean and
maize were significant, blue indicates orthologous genes from only soybean were significant, and green indicates that maize orthologous genes
were uniquely significantly DE. Black dashed boxes highlight changes in transcription factor expression between hosts. (B) Heatmap of positive-
regulatory TFs in maize (n = 9) and soybean (n = 4), and negative regulatory TFs in maize (n = 5) and soybean (n = 3). (C) Representation of re-
active oxygen species induced NO APICAL MERISTEM (NAM), ATAF1/2, CUP-SHAPED COTYLEDON-2 (CUC2) pathways in soybean that exhib-
ited differential expression patterns of log2(FTAbleC) 4 1 between mock and pathogen-inoculated samples. The corresponding orthologs or
homologs in maize associated with senescence and root vascular development. Each gene heatmap illustrates temporal changes from 0 to 14 DAI
in soybean (blue) and maize (green). Green font indicates orthologous genes.
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soybean. The third TF that was identified as induced was
DEHYDRATION-RESPONSIVE ELEMENT-BINDING PROTEIN
1A, a gene regulated by NAC042, and hypothesized to func-
tion in the activation of oxidative stress in tomato
(Thirumalaikumar et al., 2018). Based on the sum of these
analyses, we hypothesize that maize rapidly attenuates ROS
production following defense activation to dampen cellular
stress. Of significance to this process is the potential role of
NAC042, which has been shown to function as a negative
regulator of senescence (Wu et al., 2012). Taken together,
we propose a model wherein F. virguliforme activates ethyl-
ene defense responses in maize, and that prolonged expres-
sion of NAC042 leads to the promotion of cell longevity via
dampening of cell stress responses and the inhibition of cell
death (Figure 7C). This hypothesis is consistent with the ob-
servation that NAC042 expression in soybean did not ap-
proach expression levels of more than four-fold change until
7 DAI, a timepoint that coincides with symptom develop-
ment. Based on these data, we hypothesize that host senes-
cence plays a key role in SDS development.

Fusarium virguliforme promotes susceptibility via
regulatory biological processes that control
senescence
Previous studies indicated that root senescence follows an
intrinsically regulated developmental program that is regu-
lated by multiple fundamental signaling pathways (Liu et al.,
2019). As such, we hypothesized that pathogen-induced se-
nescence is a key virulence strategy, which supports patho-
gen colonization and disease progression. To test this, we
compared gene expression patterns in related GO processes
between maize and soybean previously identified as required
for senescence-associated signaling (e.g. fatty acid, chroma-
tin, hydrolase process, response to water, JA, ethylene, pig-
ment, carbohydrate, and ion relative biological process; Yang
and Ohlrogge, 2009; Woo et al., 2013; Li et al., 2019). As
shown in Figure 8, A and B, we observed that some of the
orthologs assigned to these GO terms were DE in each host
(Supplemental Data Set 21). For example, protein metabolic
processes were generally unchanged in the early timepoints
of colonization in maize yet were downregulated at later
stages of the colonization. In contrast, in soybean, more
than half of the DEGs were upregulated at the later stages
of fungal colonization. In addition, genes involved in re-
sponse to water deprivation were upregulated at early time-
points in maize. In soybean, transcripts assigned to this
processes were generally not DE over the course of coloniza-
tion. Indeed, and in further support of pathogen manipula-
tion of senescence-associated signaling processes, we
identified an increase in the expression of genes associated
with pigment biosynthesis processes in maize (Zhao et al.,
2018), yet in soybean, the DE of these processes was absent.

Based on the analysis above detailing the differential pat-
terns of expression of defense-associated orthologs from soy-
bean and maize, we next queried the list of differentially
regulated nonorthologous genes. As shown in Figure 8, C

and D, processes associated with protein metabolism, ROS
metabolism, response to water derivation, and JA biosynthe-
sis were upregulated in maize, while no significant changes
were observed in soybean. Interestingly, the expression pat-
tern of nonorthologous genes associated with these biologi-
cal processes was similar to the pattern of orthologous
genes (Figure 8, A and B; Supplemental Data Set 21). Taken
together, these results demonstrate that processes related to
senescence were altered in maize, yet not affected in soy-
bean during symptom development.

The data presented above highlight the importance of
early, rapid, changes in host gene expression of F. virguli-
forme recognition and colonization, a process we hypothe-
size underscores the differential response, and outcome,
between soybean and maize. To investigate the role of path-
ogen manipulation of host senescence-associated transcrip-
tional reprogramming of growth and development, as well
as the downregulation of host defenses, we first investigated
the expression of TFs known to regulate senescence-
associated processes, including those previously identified as
positive and/or negative regulators of leaf senescence
(Koyama, 2014; Koyama et al., 2017). Using this published
dataset as a template to guide our discovery of root-
associated senescence processes, we identified 9 and 5 previ-
ously characterized positive and negative regulators, respec-
tively, of leaf senescence. As shown in Figure 7B, we
observed a general trend of downregulation of maize gene
expression profiles at early timepoints (i.e. 0–4 DAI) of TFs
associated with the activation of senescence-associated pro-
cesses (Supplemental Data Set 22). In support of our hy-
pothesis that pathogen-induced host senescence is
associated with disease symptom development in soybean,
we observed that the same positive regulatory TFs previ-
ously identified (i.e. Koyama et al., 2017) were significantly
upregulated in soybean, supporting the hypothesis for a
mechanism of host transcriptome reprogramming in favor
of induced host senescence. Specifically, among the identi-
fied induced TFs identified was the senescence-positive fac-
tor Teosinte Branched1/Cycloidea/Proliferating cell factors,
which promotes the expression of JA biosynthetic enzyme
genes (Schommer et al., 2008; Koyama, 2014). As predicted,
TFs that negatively regulate senescence-associated processes,
such as WRKY54 (Besseau et al., 2012), were significantly in-
duced in maize, while in soybean, their induction was not
observed. Taken together, these results suggest that the reg-
ulation of host senescence during the early stages of patho-
gen colonization is a key process associated with
susceptibility and disease development.

As described above, we observed that the upregulation of
positive-senescence-associated TFs decreased in maize com-
pared to soybean at early timepoints of the colonization,
while the pattern of expression of negative-senescence-
associated TFs increased in comparison with soybean. To
further test the hypothesis that host senescence plays a key
role in SDS development, we interrogated the soybean tran-
scriptome for significant expression changes in ANAC
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(ABSCISIC-ACID-RESPONSIVE NAC (NAM, ATAF1,2, and
CUC2); Podzimska-Sroka et al., 2015) genes. Using this ap-
proach, we identified an additional seven ANACs that were
DE in soybean but not in maize. Excitingly, and in further
agreement with our hypothesis, previous work demon-
strated that these ANACs play a role in both the negative
and positive regulation of senescence, as well as in root de-
velopment (reviewed in Majid and Abbas, 2019; Figure 7C;
Supplemental Data Set 23). Specifically, three ANACs—
ANAC047, ANAC055, and ANAC087—have established roles
in senescence-associated signaling in Arabidopsis, and two,
ANAC055 and ANAC087, have been demonstrated to be ab-
scisic acid (ABA) responsive (Huysmans et al., 2018). In the
context of the current work, we further observed that
the expression of 9-CIS-EXPOSYCAROTENOID DIOXYGENASE,
the product of which is required for the first step in ABA
production (Xiong and Zhu, 2003), increased at 2 DAI in
soybean, and was followed by a 16-fold increase in expres-
sion of ANAC055 and ANAC087 (Suppplemental Figure 10).

Interestingly, these genes were not upregulated in maize.
Along this same theme, several senescence-associated genes
(SAGs) were also upregulated in soybean, but not in maize,
as early as 4–7 DAI. This is noteworthy, as previous work
showed that expression of SENESCENCE-ASSOCIATED GENE
13 (SAG13) is associated with the cell death response
(Pell et al., 2004), with additional work revealing that SAG21
and SAG24 are upregulated during early senescence (Salleh
et al., 2012). Interestingly, SAG20 expression was found to be
upregulated by necrosis- and ethylene-inducing peptides
from Fusarium spp., as well as by phytotoxins produced by
F. virguliforme (Chang et al., 2016).

As a potential link to the development-associated gene
networks in each of the hosts, we observed that NAC TFs
(specifically those associated with cell development) were
also induced in soybean roots infected with F. virguliforme.
This is interesting, as previous studies showed that NAC022
plays a significant role in lateral root growth (Xie et al.,
2000); herein, NAC022 was downregulated following

Figure 8 Gene expression patterns of regulatory pathways that control senescence-associated processes. (A and B) Gene expression pattern
of orthologous genes in maize (103) and soybean (376). (C and D) Gene expression pattern of nonorthologous genes in maize (159) and
soybean (668).
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F. virguliforme inoculation. In a similar manner, NAC074,
which positively regulates xylem development (Xia et al.,
2018), was observed as being downregulated in soybean in
response to F. virguliforme colonization. Likewise, NAC083,
which plays a role in vascular development (Yamaguchi
et al., 2010), was upregulated over the timecourse of coloni-
zation. In total, the expression profiles of key development-
associated regulators identified in the current study support
a role for the alteration of root development and the con-
comitant acceleration of senescence by F. virguliforme as a
potential mechanism of disease symptom development and
susceptibility in soybean.

Discussion
Whole-transcriptome analyses of resistant and susceptible
host responses to phytopathogens are a common approach
to evaluate host–pathogen dynamics during colonization. In
total, the sum of these studies provided a foundation to
comparatively explore how immune pathways across di-
verged hosts respond to a single, common, pathogen. In the
current study, we exploited the broad host range of F. virgu-
liforme as a comparative system to probe differentially in-
duced root responses between a monocot and a eudicot to
uncover immune regulatory responses encoding tolerance
and susceptibility. To do this, we generated 72 transcrip-
tomes from mock and inoculated hosts to identify host
responses specific to fungal root colonization.

Soybean and maize have distinct phenotypic responses to
F. virguliforme colonization. For example, soybean shows
marked signs of symptom development as early as 7 DAI,
with chlorosis manifesting at 10 DAI, and tap root necrosis
at 14 DAI. In maize, disease symptoms do not develop in re-
sponse to F. virguliforme colonization, yet as noted above,
maize supports similar levels of fungal colonization as ob-
served in soybean. In total, this apparent dichotomy suggests
a difference in the underlying genetic and/or physiological
interactions between the host and pathogen that yields
asymptomatic versus symptomatic colonization. For exam-
ple, an analysis of maize revealed that root growth and de-
velopment were unaltered in response to F. virguliforme
colonization. However, and contrary to the lack of visible
changes, we did identify significant changes in gene expres-
sion following colonization, most of which included immune
response-associated genes. Conversely, an analysis of soybean
revealed a massive transcriptomic reprogramming of defense
signaling responses concomitant with symptom develop-
ment. These observations are in agreement with a diver-
gence in the magnitude of host responses as previously
noted in the analysis of a single host independently colo-
nized by both pathogenic and nonpathogenic isolates
(Lanubile et al., 2015).

While the number of host genes induced by F. virguliforme
varied substantially, both hosts exhibited gene expression
changes associated with marked enrichments in defense-
related ontologies, indicating that the temporal induction of
immunity plays a predominant role in the tolerance of

F. virguliforme by maize. Indeed, when we compared the
expression of orthologous defense-related processes, we
observed a strikingly different response between soybean
and maize, with very few orthologous genes identified as
uniquely DE in both hosts. This observation supports our
hypothesis of a significant divergence in the transcriptome
of orthologous genes. Indeed, orthologs encoding defense
responses identified as induced by F. virguliforme exhibited
disparate temporal patterns of induction. This is significant,
as this timeframe coincides with the recognition of the fun-
gus and the subsequent initiation of host defense responses.
This also coincides with the developmental transition of the
pathogen from a biotrophic phase to a necrotrophic phase
in soybean. Similar shifts in host gene expression as a func-
tion of fungal lifestyle changes during colonization have
been described previously in the case of hemibiotrophic
interactions (Njiti et al., 1996; Chowdhury et al., 2017).
Coincident with developmental transitions in pathogen life-
style, defense-related processes typically upregulated in
infected hosts are commonly associated with processes, for
example, associated with hydrogen peroxide production and
the release of anti-microbial compounds.

In the current study, our analyses reveal that as fungal col-
onization develops over time, numerous orthologous de-
fense genes in maize were downregulated, indicating a
dampening of host defense signaling by the fungus. While
this observation is consistent with previous work evaluating
gene expression change in resistant cultivars (Chen et al.,
2016), there are limited examples of this occuring in an
asymptomatic host. Not unexpectedly, we oberved that soy-
bean defense responses increased to maximal induced levels
at 10–14 DAI, further highlighting a delayed host response
to F. virguliforme colonization. Taken together, these data
point to the temporal activation of defense signaling as the
underlying mechanism distinguishing symptomatic versus
asymptomatic responses. For example, nonorthologous
defense-induced responses exhibited equivalent trends be-
tween hosts for a majority of defense-associated processes.
Again, these data support a role for transcriptional control
(i.e. TF expression) as a critical process underpinning F. vir-
guliforme tolerance in maize.

The analyses described herein point to a key role for the
early recognition and activation of defenses, including both
the timing and amplitude of expression. For example, our
data suggest that the early activation of defense responses
in maize may stem from the specific induction of ethylene
and ROS production, a process that was previously identi-
fied as a process associated with reduced disease severity in
soybean in response to F. virguliforme colonization
(Abdelsamad et al., 2019). The analyses presented herein
highlight a potential role for ERF-105 (Bolt et al., 2017) and
NAC042 (Thirumalaikumar et al., 2018) as key regulators of
symptomatic versus asymtompatic signaling during fungal
colonization of soybean and maize, respectively. Indeed, as
F. virguliforme transitions from a biotrophic to necrotrophic
lifestyle on soybean, a substantial transcriptomic rewiring
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occurs. Necrotrophic plant pathogens promote plant cell
death, which results in dramatic shifts in host gene expres-
sion and cellular metabolism. Through an analysis of host
gene expression changes over the timecourse of coloniza-
tion, we identified changes in the regulation of several
senescence-related TFs in soybean following pathogen colo-
nization. As a result of these changes in gene expression,
downstream signaling through additional senescence-related
genes within soybean occurred, the outcome of which is the
inhibition of protein synthesis, the hydrolysis of macromole-
cules, and the degeneration of cells (Podzimska-Sroka et al.,
2015). As a function of pathogen proliferation and host cell
death, the observed onset of senescence in soybean is asso-
ciated with the timing of fungal pathogen necrotrophy and
the appearance of disease symptoms. Similar processes have
previously been described during pathogen infection and
defense and include the production of ROS—a defense
mechanism that is concomitant with the induction of NAC-
associated host senescence (reviewed in Häffner et al., 2015).

As a further link to the work described herein,
senescence-associated processes which signal through NAC
TFs are also induced by abscisic acid. This is noteworthy, as
we also identified the induced expression of genes associated
with abscisic acid biosynthesis from samples collected from
soybean roots at 2 DAI. This also includes the observation
of NAC055 and NAC087 induction at 4 and 7 DAI, respec-
tively. We posit that F. virguliforme susceptibility in soybean
is mediated in part by pathogen-induced senescence pro-
cesses, similar to those previously described in the case of
Sclerotinia sclerotium (Williams et al., 2011). Based on the
data presented herein, we predict that future research in
this area will help clarify previous observations suggesting
that plant senescence and defense share many overlapping,
critical, signaling pathways. These include, for example, the
modulation of expression of key NAC TFs, most of which
have demonstrable roles in immunity and susceptibility (Bu
et al., 2008; Saga et al., 2012; Yuan et al., 2019). What
remains unclear is if gene expression is an indicator of
pathogen-triggered senescence or host-induced susceptibil-
ity, or both. However, the mounting evidence presented
herein, and previously seems to suggest that necrotrophic
pathogen manipulation of genetic pathways leading to a fa-
vorable host environment are evident (Häffner et al., 2010,
2015; Williams et al., 2011; Podzimska-Sroka et al., 2015;
Chowdhury et al., 2017). In conclusion, the data presented
in the current study demonstate that the intersection of
pathogen lifestyle, host genetics, and plant development
play a key role in the interaction of defense, virulence, and
processes of pathogen-accelerated host senescence.

Materials and methods

Plant and F. virguliforme assay
Soybean (Glycine max cv. Sloan; gift from Martin Chilvers,
Michigan State University) and maize (Zea mays) hybrid
E13022S (Epley Brothers Hybrids Inc., gift from Martin
Chilvers) were surface sterilized in 70% ethanol for 30 s,

followed by 10% bleach for 20 min, and then rinsed three
times with sterile distilled water for 1 min. Surface sterilized
soybean seeds were placed between two sheets of sterile
Whatman filter paper soaked with 5 mL of sterile water,
which was then placed inside a sterile Petri dish. Surface
sterilized maize seeds were incubated in the dark in sterile
water for 24 h and were then placed between two sheets of
sterile 100-mm Whatman filter paper with 5 mL of sterile
water inside a Petri dish. All seeds were incubated in the
dark for 5 days at 21�C before transplanting.

The F. virguliforme Mont-1 isolate was propagated for 7
weeks on potato dextrose agar (Difco, Thermo-Fisher).
Asexual macroconidia spores were collected, diluted to 1 �
105 macroconidia mL–1, and sprayed onto 5-day-old maize
or soybean seedlings using a 3-oz travel spray bottle.
Twenty-five sprays were applied to the seedlings at angles of
0�, 90�, 180�, and 270� to ensure that seedlings were thor-
oughly inoculated. For mock-inoculated samples, sterile wa-
ter was sprayed onto the seedlings. Seedlings were
incubated for 30 min with the inoculum (including mock-
inoculated), after which time the excess inoculum was re-
moved, and seedlings were incubated for an additional 1 h.
Three seedlings (maize and soybean) were placed into CYG
germination pouches (Mega International; CYG-19LB) con-
taining 25 mL of sterile distilled water, and the pouches
were transferred to a BioChambers Bigfoot Series Model AC-
60 growth chamber with 140 mE m–2 s–1 (T5 fluorescent
bulbs) and a 14:10 h light/dark cycle at 12�C for 7 days and
then 25�C for 7 days. Plants were watered as needed with
sterile water. Tap roots from soybean, or radicals from
maize, were collected at the same time of day (i.e. 16:00 h)
from the original 4-cm inoculation site. The 2-week time-
course was repeated three times (independent biological
replicates) in the same growth chamber, with sampling of
six plants for RNA isolation and three plants for DNA isola-
tion at 0, 2, 4, 7, 10, and 14 DAI for each biological repeat.
Sampling of timepoint 0 was performed after completion of
mock and fungal inoculations at 1-h post-fungal inoculum
application. Plant growth and disease symptomology were
recorded at each timepoint by photography with a D50
Nikon camera.

Analysis of fungal colonization: visual phenotypes
and quantification
To visualize fungal growth on plant roots, microscopy analy-
ses of maize and soybean were conducted at each timepoint
for all treatments. Roots (n = 6) were cleared in 100% etha-
nol, followed by staining in a 0.05% trypan blue solution
containing equal parts of water, glycerol, and lactic acid
(Savory et al., 2012). Fungal structures were observed using a
MZ16 dissecting microscope (Leica).

To determine the amount of fungal biomass present in in-
oculated samples over the duration of the colonization
timecourse, genomic DNA was extracted from flash-frozen
root tissue and used for qPCR analysis. A total of 60 mg of
ground root tissue was extracted from individual maize or
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soybean plants from each timepoint. DNA was extracted us-
ing the NucleoSpin Plant II Kit (Macherey-Nagel) according
to the manufacturer’s protocol, with an additional incuba-
tion of 1 h at 65�C for the first step in DNA isolation
(i.e. cell lysis step). DNA samples for qPCR-based detection
of F. virguliforme were prepared following the method of
Wang et al. (2015). The 50-end of the F. virguliforme
TaqMan probe (prb) was labeled with 6-fluorescein (6-FAM;
Life Technologies), whereas the 30-end was modified with a
minor groove binder nonfluorescent quencher (MGBNFQ;
Thermo-Fisher). PrimeTime dual-labeled probes were labeled
with 50 6-FAM, internal ZEN quencher and 30 Iowa Black
FQ quencher (3IABkFQ; IDT Technologies). The exogenous
control HHIC (Haudenshield and Hartman Internal Control)
assay primers and probe were purchased from IDT
Technologies and are described in Haudenshield and
Hartman (2011). All DNA primers for F. virguliforme quanti-
fication are listed in Supplemental Table 10. Real-time qPCR
reactions were performed using the Applied Biosystems
7500 Fast Real-Time PCR System (Thermo-Fisher). At least
three biological replicates containing three technical repeats
were performed for each timepoint. Reaction mixtures con-
sisted of 10 mL of TaqMan Universal real-time PCR master
mix (2X) (Applied Biosystems), 2 mL of DNA, 0.5 mL of
FvPrb-3 (Fv TaqMan probe; 10 mM), 0.5 mL of F6-3 and R6
primers (20 mM, each), 0.6 mL of HHIC-F (forward primer;
20 mM) primer, 0.2 mL of HHIC-R (reverse primer 20 mM),
0.4 mL of HHIC-prb (10 mM), 0.5 mL of linearized HHIC DNA
plasmid (10 fg/mL; Haudenshield and Hartman (2011), 0.4 mL
of bovine serum albumin (New England BioLabs, catalog #
B9000S) at 10 mg/mL, and 4.4 mL of distilled water
(Thermo-Fisher). Cycling conditions were as follows: 1 cycle
at 50�C for 2 min, 1 cycle at 95�C for 10 min, and 40 cycles
at 95�C for 15 s, and a final step at 60�C for 1 min.
Fluorescence data were collected during the annealing and
extension stages of the program.

Analysis of variance was calculated for DNA quantities us-
ing the lme4 (Bates et al., 2015) and Car (Fox and Weisberg,
2011) packages in R (v3.4.1; R Development Core Team,
2010; Supplemental Table 1). Fungal DNA means were sepa-
rated by Tukey’s least significant difference test using the
multicomp package (Hothorn et al., 2008) at P4 0.05.

RNA extraction
Root tissue from mock and infected samples from 0, 2, 4, 7,
10, and 14 DAI was used for RNA-sequencing. Biological
samples were pooled from six independent plants, and for
RNA-sequencing, three independent replicates were included
from three independent growth chamber experiments.
Sampling of plant tissue from both mock and inoculated
roots at each timepoint allowed us to discover genes specifi-
cally related to fungal colonization. Additionally, all tissue
was sampled from the same inoculation site within the root,
further enabling us to explore responses within the inocula-
tion site stemming from fungal adhesion, colonization, and
proliferation. mRNA was prepared using the miRNeasy Mini
Kit (Qiagen) from a total RNA isolation derived from 200

mg of either ground flash frozen germinating macroconidia
or plant root sample. Contaminating genomic DNA was re-
moved using the TURBO DNase Free kit (Invitrogen). RNA
quality was evaluated by gel electrophoresis using the 2100
Bioanalyzer (Agilent) in combination with the Agilent RNA
6000 Pico kit, according to the manufacturer’s instructions.

Library preparation and sequencing
mRNA libraries were prepared from three biological repeats
of each timepoint of F. virguliforme or mock inoculated
maize or soybean or germinating macroconidia sample using
the Illumina TruSeq mRNA Library Preparation Kit by the
Michigan State Research Technology and Support Facility.
Samples were pooled and sequenced on the Illumina HiSeq
4000 (single end 50-bp mode). Base calling was performed
using the Illumina real-time analysis (RTA; v2.7.7), and the
output of RTA was demultiplexed and converted to FastQ
format using Illumina Bcl2fastq (v2.19.1). Sequencing of each
sample was performed to an average yield of 70 million
reads.

Quantification of RNA-seq expression and differen-
tial analysis
Reads were adapter-trimmed and evaluated for read quality
using Trimmomatic (v0.33; Bolger et al., 2014). After trim-
ming for adapters and quality thresholding, uniquely
mapped soybean reads ranged from 76% to 83%, while
maize reads were in the range of 77%–81% (Supplemental
Figure 2A and Supplemental Data Set 1). Resultant trimmed
reads were mapped to the corresponding reference genomes
of soybean (Wm82.a2.v1) and maize (B73 RefGen_v4,
AGPv4) using HISAT2 (v 2.1.0; Kim et al., 2015). The follow-
ing parameters were applied: –dta–rna-strandness F.

Hits from HISAT2 were converted from SAM to BAM for-
mat by Picard (v2.18.1; http://broadinstitute.github.io/picard/).
Sequence alignments were counted using HTSeq (v0.6.1;
Anders et al., 2014) with the following options: –minaqual
50-m intersection-strict-s reverse–idattr=gene_id. Gene
counts were imported into DESeq2 (v1.22.2; Love et al.,
2014), executed in R (R Development Core Team, 2010),
normalized for library size, and log2-transformed to deter-
mine the correlation of biological replicates at each
timepoint.

To determine differential gene expression, DESeq2
(v1.22.2), executed in R with raw HTSeq counts, was used.
Gene counts of less than 10 were excluded. DESeq2 was
used to identify DE transcripts which met the requirement
of an adjusted P4 0.05 and greater than j1-log2j fold differ-
ence in expression between mock- and F. virguliforme-inocu-
lated samples. Pairwise comparisons were evaluated at
each timepoint and within each host, including mock- and
F. virguliforme-inoculated samples.

Differential gene co-expression network analysis
Gene counts were filtered for DGCA (implemented in R;
McKenzie et al., 2016) for 90% of genes with less than 10
reads across all samples. The resultant 43,308 soybean and
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28,956 maize genes were variance stabilized, transformed for
importation, and the Pearson correlation of individual gene
pairs within each treatment was calculated and compared
to mock- or F. virguliforme-inoculated treatments. To classify
differential correlation significance, DGCA transforms corre-
lation coefficients to z-scores and uses differences in z-scores
to calculate P-values of differential between gene pairs (e.g.
q 5 0, adjusted P5 0.05 for negative correlation, and q 4
0, adjusted P5 0.05 for positive correlation), with a
Bonferroni correction of P-value (i.e. McKenzie et al., 2016).
Significant gene pairs from differentially induced classes (e.g.
+ /0, –/0, 0/–, + /0, + /–, and –/ + ) were weighted by the
z-score difference between treatments to convert into a PFN
assembled upon unique links between significantly differen-
tially correlated gene pairs within a spherical surface to de-
rive with the most relevant information from a similarity
matrix based on a topological sphere. Gene pairs were
imported into MEGENA and multiscale modules and hubs
were identified through partitioning of the parent PFN by k-
splitting via evaluation of network compactness through
multi-scale embedded gene co-expression analysis, with a
hub detection significance threshold of P5 0.05, module
significance threshold of P5 0.05, network permutations of
100, and module size greater than 10 (Song and Zhang,
2015). Differential gene expression correlation analysis of
samples from maize identified 128 significant gene pairs
from 419,152,582 total gene pairs between mock- and
pathogen-inoculated. Analysis of the correlation between
soybean gene expression identified 5,526,057 significant gene
pairs from 904,379,186 gene pairs between treatments.
Soybean differential gene pairs were clustered into 1,161
modules using MEGENA (https://cran.r-project.org/web/pack
ages/MEGENA/index.html). Modules were visualized in R us-
ing ggplot2 (v3.1.1; Wickham, 2016).

Identification of orthologous genes
Protein sequences were retrieved from Ensembl Plants
(http://plants.ensembl.org/index.html). The longest protein
sequences for genes from soybean and maize were analyzed
by OrthoFinder using program default settings (v2.2.7;
Emms and Kelly, 2019). A total of 23,274 soybean and
14,542 maize genes were discovered and subsequently classi-
fied into 10,700 orthogroups. This dataset was next analyzed
to filter log2-fold changes between mock and inoculated
maize or soybean at the orthogroup level. Because many
orthogroups contained more than a one-to-one relationship,
the median of log2-fold changes of all genes within one host
orthogroup was evaluated. The median transformation of
genes within an orthogroup captured the most variation be-
tween maize and soybean (Supplemental Data Set 9).

Differential expression analysis of orthogroups
To determine differential orthogroup expression, DESeq2
(v1.22.2; executed in R) was employed using the median
transformed gene HTSeq counts within each orthogroup.
Orthogroup counts with a value less than 10 were filtered
from the analysis. Significant differential expression patterns

were determined using an adjusted P 4 0.05. A greater
than one-fold difference between mock treatments between
maize and soybean, as well as inoculated treatments be-
tween maize and soybean, at each timepoint was used as a
cutoff for analyses.

GO enrichment analysis
GO was retrieved from the GFF file of the soybean genome
annotation (Wm82.a2.v1) and the revised GO annotation
for maize (Wimalanathan et al., 2018). The GO annotation
varies in completeness between soybean and maize. For ex-
ample, the defense response term (GO:0006952) has 374 an-
notated genes; however, in soybean, only 86 genes are
associated with this GO annotation. To generate an ontol-
ogy that is similar for an ortholog comparison, we merged
gene ontologies from maize and soybean within each
orthogroup and removed redundant ontology terms. In to-
tal, all 10,700 orthogroups had GO assignments.

Orthogroup lists from differential analyses were analyzed
by TopGO (2.34.0) conducted in R (Alexa and
Rahnenfuhrer, 2018). Fisher’s exact test, set at an adjusted
P4 0.05, was conducted on each orthogroup to determine
the relative significance of enrichments across all
orthogroups. Additionally, lists of genes from differential
analysis or gene differential clustering modules were ana-
lyzed for GO term enrichment by the singular enrichment
analysis using the AgriGO (v2) website (Tian et al., 2017)
with the Fisher statistical adjustment method set at a signifi-
cance level of 0.05.

Orthologous TF analysis
TF sequences from maize were retrieved from: http://
planttfdb.cbi.pku.edu.cn/.

Maize genome v3 gene IDs were converted to v4 IDs for
the 2,290 TFs and orthologous genes in soybean; this in-
cluded 508 orthogroups. Orthogroups were filtered for sig-
nificant defense induction over the timecourse.

Positive and negative senescence TFs analysis
Positive and negative senescence TFs were selected from
previous studies (Koyama, 2014), with a total of nine posi-
tive TFs and nine negative TFs chosen for further expression
analysis herein. The gene expression value of each TFs was
derived from mock treatments between maize and soybean,
as well as inoculated treatments between maize and soy-
bean, at each timepoint after quantification of differential
gene expression.

Simplify GO enrichment analysis
GO enrichments from F. virguliforme (Baetsen-Young et al.,
2020), maize, and soybean were analyzed by using a simpli-
fied enrichGo method in the clusterProfiler package of R
(Yu et al., 2012) to reduce redundant GO terms from the
generated output of the enrichGO function. All user-defined
parameters were set to the program default mode.
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GO analysis
Related gene ontologies of F. virguliforme (Baetsen-Young
et al., 2020) were selected based on its biotrophy–necrotro-
phy switch in pathogen lifestyle (Doehlemann et al., 2017).
Related gene ontologies of maize and soybean were selected
based on the biological processes related to response to F.
virguliforme colonization (Vargas et al., 2012). Gene count
numbers were calculated based on gene numbers that
sorted into each selected GO category and as a function of
up- or downregulated expression changes.

Accession numbers
The RNA-seq data generated herein are contained within
the National Center for Biotechnology Information (NCBI)
Short Read Archive (SRA) in BioProject under project ID:
PRJNA549915.
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