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Abstract: Throughout the growing season, crops experience a multitude of short periods of various
abiotic stresses. These stress events have long-term impacts on plant performance and yield. It is
imperative to improve our understanding of the genes and biological processes underlying plant
stress tolerance to mitigate end of season yield loss. The majority of studies examining transcriptional
changes induced by stress focus on single stress events. Few studies have been performed in model
or crop species to examine transcriptional responses of plants exposed to repeated or sequential stress
exposure, which better reflect field conditions. In this study, we examine the transcriptional profile
of soybean plants exposed to iron deficiency stress followed by phosphate deficiency stress (-Fe-P;).
Comparing this response to previous studies, we identified a core suite of genes conserved across
all repeated stress exposures (-Fe-P;, -Fe-Fe, -P;-P;). Additionally, we determined transcriptional
response to sequential stress exposure (-Fe-P;) involves genes usually associated with reproduction,
not stress responses. These findings highlight the plasticity of the plant transcriptome and the
complexity of unraveling stress response pathways.
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Sequential Nutrient Deficiency Constantly changing environmental conditions expose field grown crops to a vari-

ety of stresses simultaneously, repeatedly, and sequentially. Because of this, plants have
evolved specific mechanisms to detect and respond to environmental changes while con-
serving resources for proper growth and development [1]. Crop species were selected
for traits associated with yield; however, in selecting for yield, other traits were likely
impacted including stress tolerance. Understanding the molecular mechanisms underlying
stress responses is the first step towards preserving crop yield under suboptimal growth
conditions through either traditional breeding or engineering.

An abundance of studies have been conducted examining gene expression responses
to single stress events. However, recent research has revealed that over 60% of gene
expression responses to combined stress treatments were different than expected from
single stress treatments [2]. For this reason, transcriptome studies have shifted to examine
transcriptional changes under a combination of stresses. These types of studies will assist
in identifying common responses shared by multiple stresses. Studies have revealed
that Arabidopsis can very quickly alter its transcriptome when exposed to a second stress
event [3]. Further, the transcriptional responses measured in sequential stress studies have
revealed that initial stress exposure may alter a plants’ transcriptomic response to a second,
or repeated, stress event, improving long-term plant fitness [4].

Iron (Fe) is one of fourteen essential micronutrients required for proper plant growth
conditions of the Creative Commons  and development [5]. It is a key component to basic physiological processes including
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90% of U.S. soybeans are grown in calcareous soils. Soybeans grown under iron limited
conditions exhibit interveinal yellowing of leaf tissue and reduced yield at the end of the
growing season, with annual yield losses estimated to exceed USD 120 million [6-8].

Phosphorus (P), in its orthophosphate form (P;), is an essential macronutrient for all
organisms. Like iron, it is plentiful in soils; however, little is available for plant use due to
high fixation and slow diffusion [9]. Thus, despite its abundance, phosphorus is the most
rate-limiting macronutrient in agricultural production [9]. Due to these factors, almost 30%
of cropland around the world is P; deficient [10]. To overcome this limitation and preserve
yield, phosphorus is applied as a fertilizer. However, studies have shown plants only
utilize 15-30% of applied fertilizer, with the rest lost to run-off, which contributes to the
eutrophication of local and downstream water systems [11]. Further, phosphate fertilizer is
derived from mined rock phosphate, a nonrenewable resource. Recent estimates suggest
domestic P; reserves will be depleted within the next 25-40 years, and importing P; will
become prohibitively more expensive [12,13].

The majority of studies elucidating the Fe and P; uptake and homeostasis pathways
have been performed in Arabidopsis and other model species [9,14-22]. However, the
translation of these findings from model species to soybean and other crops has lagged
behind and is often not straightforward [23,24]. For example, Peiffer et al. [7] fine mapped
the major iron deficiency chlorosis quantitative trait locus (QTL) on soybean chromosome
three and identified two candidate basic helix-loop-helix ((HLH) transcription factors with
homology to AtbHLH38 in Arabidopsis. AtbHLH38 interacts with AtFIT to regulate iron
uptake [25]. However, silencing the two candidate genes in soybean had no phenotypic
affect [26]. Recently, we combined a genome-wide association study with RNA-seq which
split the QTL on soybean chromosome three into four distinct linkage blocks, each contain-
ing candidate genes explaining the breadth of the soybean iron stress response [26], and
highlighting the complexity of quantitative traits in crop species.

Previous soybean studies provide an excellent foundation for understanding the
genetic and molecular underpinnings of soybeans’ nutrient deficiency stress response and
highlight the need to conduct these studies within crop species [26-33]. However, there is a
shortage of studies examining the transcriptomic responses of soybean to sequential abiotic
stresses, conditions faced regularly by crops. A previous study by our group examined the
transcriptional response of soybean to single and repeated nutrient deficiencies (iron or
phosphate), confirming that transcriptional responses to a repeated stress were not identical
to the initial stress responses [34]. In the current study, we examine the transcriptomic
responses of soybean exposed to -Fe stress followed by -P; stress. Samples were grown,
collected and analyzed simultaneously with those in our previous study, allowing for
side by side comparisons. Specifically, we investigate whether transcriptomic responses
to a micronutrient deficiency (Fe) followed by a macronutrient deficiency (P;) would
be the same or different than repeated exposures of either stress. While examining the
transcriptomic response of soybean to -Fe followed by -P; only considers a single nutrient
deficiency induced sequential stress response, we believe the broad findings of this study
could be applied to or inform experimental designs for broader suites of studies in the
future.

2. Results
2.1. Comparing Repeated Stress and Sequential Stress

Following the experimental design depicted in Figure 1 and the RNA isolation, se-
quencing, and analysis pipeline detailed in the materials and methods, statistical analyses
identified 2975 and 10,612 DEGs in leaves and roots of -Fe-P; stressed plants, respectively
(Supplemental File 1: Tables S1 and S2). To identify similarities and differences between
repeated stress and sequential stress exposures, we compared the -Fe-P; differentially
expressed genes (DEGs) from this study with the -Fe-Fe and -P;-P; DEGs identified in our
previous study [34], which was conducted simultaneously (Figure 1).
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Figure 1. Experimental Design. Plants were sown in germination paper for seven days (D) and then
transferred to full nutrient hydroponic solutions as described by [35]. The plant age (14D, 15D, 17D,
and 18D post-germination) at corresponding experimental timepoints is provided at the top of the
figure. At 14 days (14D), plants were moved to new nutrient solutions. Iron deficient (-Fe) nutrient
solution, phosphate deficient (-P;) nutrient solution and full nutrient solution are indicated by black,
grey and white circles, respectively. After 24 hours (h), all plants were moved to new full nutrient
solutions for 48 h before a final move to new nutrient solutions for 24 h. At the end of the second 24 h
stress exposure, leaf and root samples were harvested, denoted by an asterisk (*). For each tissue all
12 samples were grown, harvested, extracted, sequenced, and normalized together. Samples within
bracket were analyzed and described in an earlier publication, [34]. However, to understand the
biological importance of this treatment requires a comparison to previously published data.

Between this study and our previous study [34] there were 15 possible gene expression
profiles (Figure 2) depending on if a gene was significantly induced, repressed, or not
differentially expressed in response to any of the three treatments (-Fe-Fe, -P;-P; and -
Fe-P;). Nine expression profiles could be found in both leaves and roots, three were
specific to roots, and three were not expressed. As previously demonstrated, genes with
similar expression patterns are often associated with the same biological processes [33,34].
Thus, we looked at the annotations of the genes for each of the 15 expression profiles.
Statistical analyses found unique over-represented gene ontology (GO) terms for six of
the nine expressed clusters in each tissue (Supplemental File 1: Table S3). GO analysis
determined the DEGs in clusters L1 and L2 are associated with a variety of processes while
R1 is associated with cell wall biosynthesis and R2 is associated with defense, specifically
salicylic acid mediated signaling (Tables 1 and 2, Supplemental File 1: Table S3). That
genes with the same expression patterns, but in different tissues, are associated with such
different biological processes serves to highlight the specialized roles different tissues play
in abiotic stress responses.
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Figure 2. Distribution of statistically significant differentially expressed genes (DEGs) (a—c) in leaves (a) and roots (c)
organized by possible expression profiles (b). Samples could either be downregulated (as indicated by blue in the heatmaps
or by a solid line below the dashed line), not differentially expressed (black in heatmaps or solid line on the dashed line), or
upregulated (yellow in heatmaps or solid line above the dashed line). Heatmaps present log2 fold changes compared to
controls with minimum and maximum fold changes in each tissue provided with the expression scale. While 15 possible
expression profiles were identified, only 12 profiles were identified in the data. Each cluster is assigned a unique designation.
Samples from this experiment were exposed to iron deficiency followed by phosphate deficiency stress (-Fe-P;). These
expression profiles were compared to a previous study examining repeated exposure to iron deficiency stress (-Fe-Fe) and
repeated exposure to phosphate deficiency stress (-P;-P;) [34].

Table 1. Top five GO terms associated with leaf expression profiles corresponding to Figure 2.

Cluster Pattern # DEGs Corrected p-Value GOID GO Description
1.69 x 1078 GO:0009733 Response to auxin stimulus
2.25 x 1077 GO:0043481 Anthocyanin accumulation, UV response
L1 0,0+ 1908 9.91 x 1075 GO:0010817 Regulation of hormone levels
1.26 x 1074 GO:0009611 Response to wounding
5.40 x 107* GO0:0055114 Oxidation-reduction process
L2 0,0,— 558 0.016700 GO:0042754 Negative regulation of circadian rhythm
L3 +,0,+ 15 No stat sig GO
L4 —,0,— 20 No stat sig GO
4.06 x 107 GO:0016036 Response to phosphate starvation
L5 0,+,+ 227 4.83 x 1073 GO:0019375 Galactolipid biosynthetic process
4.05 x 1073 GO:0030643 Cellular phosphate ion homeostasis
3.93 x 107° GO:0000103 Sulfate assimilation
L6 0 191 0.017285 GO:0006792 Regulation of sulfur utilization
e 0.028727 G0:0010438 Cellular response to sulfur starvation
0.028727 GO:0019419 Sulfate reduction
0.002435 GO:0000160 Phosphorelay signal transduction
L7 + 4+ 52 0.003631 GO:2000121 Regulating superoxide radical removal
0.012052 GO:0034052 Positive regulation of plant hypersensitive response
2.58 x 107° GO:0009408 Response to heat
0.001374 GO:0042542 Response to hydrogen peroxide
LS _ 52 0.004119 GO:0009644 Response to high light intensity
n 0.016569 GO:0006110 Regulation of glycolysis
0.039347 GO:0006979 Response to oxidative stress
Lo 0,+,— 21 No stat sig GO

Cluster corresponds to list designation in Figure 2. Pattern reflects the gene expression pattern in -Fe-Fe, -P;-P;, and -Fe-P; samples: 0
indicates no significant change in expression, + indicates upregulated expression, — indicates downregulated expression. # DEGs indicates
the number of differentially expressed genes assigned to each cluster. Corrected p-value is calculated using a Fisher’s exact test with a
Bonferroni correction. Short horizontal lines separate information for multiple GO terms assigned to the same cluster.
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Table 2. Top five gene ontology (GO) terms associated with root expression profiles corresponding to Figure 2.

Cluster Pattern #DEGs  Corrected p-Value GOID GO Description
2.96 x 10715 GO:0009834 Secondary cell wall biogenesis
1.97 x 1077 GO0:0010413 Glucuronoxylan metabolism
R1 0,0+ 813 2.19 x 1077 GO:0045492 Xylan biosynthetic process
433 x 107° GO:0044036 Cell wall macromolecule metabolism
0.000167 GO:0046274 Lignin catabolic process
R2 0,0,— 450 0.002135 GO:0009863 Salicyli.c acid mediat.ed signaling
0.002228 GO:0002679 Respiratory burst in defense
R3 —+,— 1 No stat sig GO
R4 +,0,+ 487 No stat Sig GO
5.30 x 107° GO:0009715 Chalcone biosynthetic process
9.67 x 107° GO:0009629 Response to gravity
R5 -0,- 361 591 x 1074 GO:0010224 Response to UV-B
0.011275 GO:0006979 Response to oxidative stress
0.016313 GO:0031540 Regulation of anthocyanin biosynthesis
432 x 10712 GO:0009832 Plant-type cell wall biogenesis
1.13 x 107° GO:0007018 Microtubule-based movement
R6 0+,+ 1305 2.39 x 107° G0:0030243 Cellulose metabolic process
426 x 1078 GO:0016126 Sterol biosynthetic process
1.95 x 1077 GO:0010075 Regulation of meristem growth
R7 0,—,— 583 No stat sig GO
6.25 x 10740 GO:0000911 Cytokinesis by cell plate formation
1.28 x 10732 GO0:0008283 Cell proliferation
R8 ++ 4044 3.40 x 10732 G0:0010075 Regulation of meristem growth
1.40 x 1072 GO:0006275 Regulation of DNA replication
1.28 x 10726 GO:0010389 Regulation of G2/M transition of mitosis
2.02 x 1072 GO:0006606 Protein import into nucleus
232 x 10718 GO:0006626 Protein targeting to mitochondrion
R9 —=— 2563 2.46 x 10718 GO:0001510 RNA methylation
435 x 10715 GO:0034976 Response to ER stress
3.01 x 10712 G0:0009220 Pyrimidine ribonucleotide biosynthesis
R10 +,0,— 1 No stat sig GO
R11 —,0,+ 3 No stat sig GO
R12 0,+,— 1 No stat sig GO

Cluster corresponds to list designation in Figure 2. Pattern reflects the gene expression pattern in -Fe-Fe, -P;-P;, and -Fe-P; samples: 0
indicates no significant change in expression, + indicates upregulated expression, - indicates downregulated expression. # DEGs indicates
the number of differentially expressed genes assigned to each cluster. Corrected p-value is calculated using a Fisher’s exact test with a
Bonferroni correction. Short horizontal lines separate information for multiple GO terms assigned to the same cluster.

In roots, the majority of the DEGs (6608) are similarly differentially expressed in all
three expression profiles. The GO processes associated with R8 and R9 include DNA
replication, growth, photosynthesis, protein transport, and abiotic stress responses (Table
2, Supplementary File 1: Table S3). These are the hallmarks of the Clark genotype -Fe
response [30]. Surprisingly in leaves, only 104 DEGs were differentially expressed in all
three treatments; 52 upregulated and 52 downregulated (clusters L7 and L8). The genes
in these two clusters represent the core soybean nutrient stress response, as supported by
over-represented GO terms associated with stress responses (Table 1, Supplementary File
1: Table S3). It is noteworthy that in leaves the number of DEGs increases in response to
sequential stress (Figure 3), while in roots the number of DEGs remains fairly constant in
all three root stress profiles (Figure 3). In contrast, there are more DEGs in the root samples
than in the leaf samples.
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Figure 3. Distribution of DEGs in leaves and roots in this study (-Fe-P;) and in repeated stress
exposure samples (iron stress, -Fe-Fe or phosphate stress, -P;-P;) from previous study [34]. The
number of DEGs is significantly higher in leaves exposed to sequential stress (-Fe-P;) than in repeated
stress samples while the number of DEGs in roots is consistent regardless of the stress exposure.

2.2. Identifying Genes Differentially Expressed in Both Leaves and Roots After -Fe-P; Stress

In the leaves, the majority (82.8%, 2466) of DEGs were only significantly differentially
expressed following -Fe-P; sequential stress (Figure 4a). In the roots, only 1263 DEGs
(11.9%) were specific to -Fe-P; roots (Figure 4b). We also compared our results between
tissues, identifying 896 DEGs common to -Fe-P; leaves and roots with 110 of these specific
to the -Fe-P; treatment (Figure 5, Supplemental File 1: Table S4). This is interesting because
previous studies have shown very little overlap in DEGs between these two tissues [29,33].
Gene annotation analysis identified 27 statistically significant GO terms associated with
the 896 DEGs common to -Fe-P; leaves and roots, all of which are associated with growth
and/or defense. Additionally, GO analyses identified three statistically significant terms
associated for the 110 -Fe-P; specific DEGs, all of which are associated with secondary cell
wall synthesis or programmed cell death (Supplemental File 1: Tables S5 and S6). Only
a few of the 896 DEGs have annotations specifically associated with nutrient deficiency
stress responses. These include Glyma.02G003700 and Glyma.10G183300, homologs of At-
PHO1, the major transporter of P; into the root system [36]. PHO1 also plays an important
role in mediating the leaf response to -P; conditions [37]. Also conserved between roots
and leaves are: Glyma.06G052000, a homolog of AtIRT3, a zinc and Fe transporter [38];
Glyma.10G231600, a homolog of AtFRO4, a ferric reductase regulated by FIT1 [39]; and
Glyma.16G168200 a homolog of AtVIT, a vacuolar Fe transporter responsible for mediating
Fe homeostasis [40]. It is noteworthy that the majority of nutrient stress specific genes
are associated with -Fe stress, suggesting that while -Fe stress responses have been well
characterized in model species, genes associated with -P; stress remain to be discovered.
It is also noteworthy that the expression patterns of 690 of the 896 DEGs were conserved
between tissues, with 612 upregulated in both tissues (Figure 5b, Supplemental File 1: Table
S4). Annotations of the 690 genes indicate they are associated with plant growth and devel-
opment. This is interesting since brief periods of nutrient deficiency stress and repeated
nutrient stress exposure inhibits soybean growth and development processes [30,41,42].
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Figure 4. Differentially expressed genes (DEGs) identified in iron deficiency followed by phosphate
deficiency (-Fe-P;) stressed soybean leaves (a) and roots (b) compared to previously published results
of repeated iron deficiency stress (-Fe-Fe) or repeated phosphate deficiency stress (-P;-P;) leaves
and roots [34]. Only genes within and overlapping with the -Fe-P; circle are discussed throughout
the manuscript. Numbers presented in parentheses represent the number of —Fe-P; unique genes
identified after altering parameters as described in Section 2.3 of the results.
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Figure 5. Gene expression conserved between tissues. There are 896 genes differentially expressed in
both leaves and roots under -Fe-P; growth conditions, with 110 genes unique to -Fe-P; (a). Heatmap
(using log2 expression) of the 896 DEGs common to -Fe-P; tissues (b) yellow indicates gene expression
is upregulated while blue indicates gene expression is downregulated compared to control samples.
The distribution of the 110 genes unique to -Fe-P; conditions is highlighted in green to the left of the
heatmap and in column labeled -Fe-P; unique.

2.3. Stringent Identification of Sequential Stress Specific Genes

This study was specifically designed to identify and analyze genes unique to the
sequential stress exposure. As described in Section 4.3 of the materials and methods section,
we recognized that the expression of some of these genes would be altered in either -Fe-Fe
or -P;-P;, but not to a level exceeding statistical significance. To account for this, we relaxed
the false discovery rate (FDR) (FDR < 0.25 -Fe-Fe and FDR < 0.25 -P;-P;) and removed the
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fold change cut-off requirements for the -Fe-Fe and -P;-P; datasets. This allowed us to
identify DEGs uniquely and significantly differentially expressed in the sequential stress
response. This resulted in identification of 605 sequential stress specific genes in leaves
and 59 in roots (Figure 4a,b, Supplemental File 1: Tables S1 and S2). Only a single gene
(Glyma.08G285300) was differentially expressed in both leaves and roots. There are no
over-represented GO terms affiliated with the 59 -Fe-P; specific genes from roots. However,
three GO terms (GO:0016126- sterol biosynthesis, GO:0010411- xyloglucan metabolism, and
GO:0009620- response to fungus) representing 47 genes were overrepresented among the
605 DEGs specific to -Fe-P; leaves. Since it is likely the initial -Fe stress primed the plant to
quickly respond to repeated stresses, we searched the promoter regions of the -Fe-P; specific
genes for conserved motifs, representing likely transcription factor binding sites (TFBS). In
the promoters of the 59 -Fe-P; specific DEGs in roots, only three motifs were statistically
over-represented (p-value <0.005); AT1G4765, MYB62, and MYB59 (Supplemental File 1:
Table S7). In the promoter region of the 605 -Fe-P; stress specific genes in leaves, there
were 30 over-represented motifs including a number related to biotic and abiotic stress
tolerance (Supplemental File 1: Table S8) including nine TFBS for bHLH TFs. These include
a TFBS for BESI-INTERACTING MYC-LIKE 1 (BIM1), a bHLH TF known to be involved
in brassinosteroid signaling [43], that was identified in the promoter of 315 of the 605
DEGs. Similarly, the TFBS for TCP8, which is important for systemic acquired resistance
and directly promotes the expression of salicylic acid (SA) biosynthesis genes [44] was
found in the promoter of 271 of the DEGs. In total, six homeodomain leucine zipper
(HD-ZIP) TFBS were over-represented (EDT1, ATHB13, ATHB20, ATHB40, ATHB51, and
ATHB53). These HD-ZIP TFBS were identified in the promoters of 373 DEGs. HD-ZIP TFs
are known to regulate plant development and responses to biotic and abiotic stress in other
species [45-48]. The identification of six HD-ZIP TFBS in the promoters of -Fe-P; specific
genes indicates these genes might play similar, and highly specialized, roles in the Clark
sequential stress response.

3. Discussion

The gene expression analyses revealed five main findings. The first; there is a core
suite of genes that is differentially expressed under all three stress conditions. Second, there
is a subset of genes differentially expressed under -Fe-Fe, and -Fe-P;, but not -P;-P; stressed
plants. These genes represent a first stress signature. Third, some -P; stress response genes
are crucial to the -P; response. These genes were differentially expressed under -P;-P; and
-Fe-P;. Fourth, there were more genes differentially expressed after sequential stress (-Fe-P;)
than after repetitive stress (-Fe-Fe or -P;-P;) in both leaves and roots (Figure 4). Finally,
there is a novel suite of genes differentially expressed under -Fe-P; sequential stress that
was not observed under either -Fe-Fe or -P;-P;. These represent enhanced stress responses
generated by sequential stress application.

3.1. A Core Set of Genes Is Differentially Expressed in all Three Stress Profiles

First, we identified a suite of genes that is differentially expressed after all three
stresses; representing the conserved core stress response. These 104 genes in leaves and
6608 genes in roots are the core responsive genes for nutritional deficiency response in the
Clark genotype. Because there are so few genes associated with the individual clusters in
leaves, we used all 104 genes from clusters L7 and L8 to look for over-represented gene
ontology (GO) terms. In leaves the 104 DEGs are associated with terms involved in general
stress responses (GO:0009408 response to heat, GO:0000160 phosphorelay signal transduc-
tion, GO:0009736 cytokinin mediated signaling, GO:2000121 regulation superoxide radical
removal, GO:0042542 response to hydrogen peroxide, and GO:0034052 positive regulation
of plant hypersensitive response). However, the annotations assigned to the genes associ-
ated with these GO terms are either involved in cytokinin signaling or heatshock proteins
(HSPs). Cytokinin plays important roles in nutrient stress responses. Recent evidence
suggests it might be a primary preceptor of nutrient sensing [49]. Cytokinin signaling
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is required for a strong response to -P; [50] and suppresses genes for iron uptake and
homeostasis [51]. Similarly, cytokinins indirectly regulate E2F transcription factors [52,53],
which in turn regulate DNA replication genes. Atwood et al. [30] found E2F TFBS signifi-
cantly overrepresented among genes responding to silencing of the DNA replication gene
GmRPA3c. Silencing of this gene enhanced iron stress responses while limiting growth.
Further, in biotic stress experiments cytokinin has been shown to act as a priming agent
to prepare plants for enhanced responses upon biotic stress induction [54]. It is possible
that cytokinin is serving as both a priming and signaling factor in this experiment. Recent
research has shown HSPs respond to multiple biotic and abiotic stresses interacting with
signaling molecules and play a key role in stress signaling networks [55-57].

The 6608 DEGs conserved across all three experimental profiles in roots can be as-
signed to one of three clusters in Figure 2 (clusters R3, R8, and R9). The expression of
all but one gene is conserved in all three experimental profiles. Over-represented GO
terms associated with the genes upregulated in all three expression profiles (cluster R8)
are associated with growth, DNA replication/methylation, and photosynthesis (Table
2 and Supplemental File 1: Table S3). Modifying the transcriptional profiles of growth
and DNA replication/methylation processes is a hallmark of the Clark iron deficiency
response [26,30]. This is particularly interesting as genes associated with DNA replication
and methylation are largely repressed after single stress exposure, regardless of stress
duration [26,29,33,34]. The identification of 12 GO terms (343 genes) associated with photo-
synthesis reflects the importance of iron and phosphorus in photosynthetic process and
the importance of photosynthates in the roots as an energy source. Twenty-two of the
35 over-represented GO terms associated with the 2563 downregulated genes (cluster R9)
are associated with defense or abiotic stress responses (Table 2 and Supplemental File
1: Table S3). These include multiple GO terms associated with hormone biosynthesis
and signaling including ethylene (GO:0009873, GO:0009723, GO:0010105), abscisic acid
(GO:0009738 and GO:0009737), and jasmonic acid (GO:0010583 and GO:0009867). This reaf-
firms the important role hormones play in responding to abiotic stresses and is consistent
with the findings of Coolen et al. [3], who hypothesized that the different stresses were
interconnected by gene networks regulated by phytohormones.

3.2. Genes Required for -P; Responses

The second finding in this dataset is the identification of 369 and 1889 genes essential
for the -P; stress response in leaves and roots, respectively (Figure 2 clusters L5, L6, and L9
in leaves and clusters R6, R7, and R12 in roots). These genes are differentially expressed
in leaves after -P;-P; and -Fe-P; (but not -Fe-Fe), indicating they are required under -P;
growth conditions. 227 of the 369 P; stress response genes in leaves belong to cluster L5
and are involved in P; specific processes including galactolipid biosynthesis (GO:0019375),
response to P;j starvation (GO:0016036), and phosphate ion homeostasis (GO:0030643)
(Supplemental File 1: Table S3). Galactolipid membrane remodeling is a well-documented
response to P; deficiency stress in a variety of species [58,59] and has also been associated
with disease resistance in soybean [60]. The annotations of the 21 DEGs in Figure 2
cluster L9 are associated with receptor like proteins (RLPs), leucine rich repeats (LRRs),
and metal transport (Supplemental File 1: Table S1). This profile is noteworthy since
in Arabidopsis, RLPs and LRRs regulate development, are known to confer resistance
to a number of biological pathogens, and have been implicated in a number of abiotic
stress tolerances [61-63]. Altered developmental regulation and defense responses are two
hallmarks of the iron deficiency stress response in soybean. Our previous study [34] and
work by McCabe et al. [60,64] associated RLPs with resistance to soybean brown stem rot,
a disease often mistaken as iron deficiency chlorosis (IDC) due to the similarity of leaf
symptoms likely caused by the pathogen damaging the vascular system, which prevents
nutrient transport, and results in nutrient stress in leaves. The 1889 genes in roots are
associated with general abiotic stress responses including growth and development, DNA
replication and methylation, and hormone biosynthesis. The general stress responses in
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roots is consistent with previous findings that suggest roots arrive at a new homeostatic
normality faster than leaves [34].

3.3. First Stress Signature Genes

Third, we identified a suite of 852 genes in roots (Figure 2 clusters R4, R5, R10, R11)
and 35 in leaves (Figure 2 clusters L3 and L4) whose expression patterns mirror those
observed in -Fe-Fe (Supplemental Files 1: Tables S1 and S2). These genes represent the
“first stress signature” and illustrate the long-term impact of an early stress event on later
gene expression patterns. Previous work by our research group has demonstrated that
brief periods of -Fe stress early in a plant life cycle has long-term implications on gene
expression patterns in older plants [34,65]. First stress signatures have been identified by
a number of studies investigating sequential stress exposures [1,3,4]. In leaves, there are
no over-represented GO terms associated with the 35 DEGs, but annotations of the closest
Arabidopsis homologs indicate a number of them are involved in response to stress, cell
wall modifications, and hormone biosynthesis or signaling. All these processes are known
to be important in conferring abiotic stress tolerance. The hormone biosynthesis genes
in particular are interesting since Coolen et al. [3] found first stress signatures were often
related to phytohormone responses. This finding reinforces the idea that phytohormones
are global modulators of stress interactions. In roots, the 361 genes in cluster R5 are
associated with seven over-represented GO terms (Table 2 and Supplemental File 1: Table
S3), all of which are associated with general stress response processes. In both leaves and
roots, the majority of the first stress signature genes are expressed similarly in both -Fe-Fe
and -Fe-P;. The similar expression pattern observed in the first stress signature genes
highlights an important caveat of stress priming. While exposure to an initial stress can
expedite and induce a stronger response to a second stress, it is not due to more extreme
expression profiles of the same genes (i.e., transcription is not upregulated). Rather, it
appears the enhanced response is due to a combination of faster responses and an increase
in the number of genes recruited to the response.

It is worth noting that among the 852 first stress signature genes in roots, only two
genes (Glyma.19G132500 and Glyma.07G171600) are obviously associated with specific
iron processes. Glyma.19G132500 is homologous to Glyma.03G130400, which is located
in the historical IDC QTL on Gm03 and is one of the bPHLH38 putative candidate genes
identified by Peiffer et al. [7]. In Arabidopsis, AtbHLHO38 interacts with FIT to modulate
expression of iron uptake genes and regulate iron homeostasis [18]. Glyma.07G171600
is homologous to AtbHLH121, an upstream regulator of IRT1, which dimerizes with FIT
to drive transcription of IRT1 and FRO2 [66]. Given the lack of iron specific genes, we
examined the transcription factor binding sites over-represented in the promoter regions
of the 852 genes (Supplemental File 1: Table S9). This analysis found 241 genes contain a
binding site for bHLH34, Iron Deficiency Tolerant 1, which is important in regulating iron
homeostasis in Arabidopsis [16]. This indicates that initial -Fe-P; responses have already
acted and the gene expression we measured 24 h after stress induction is a downstream
response. Additional statistically significant TFBS identified in the promoter regions of
the 852 DEGs are TFBS associated with brassinosteroid (BZR2, BIM1), cytokinin and auxin
(SPT), abscisic acid (ABF2), and jasmonic acid (MYC3) signaling (Supplemental File 1:
Table S9). The remaining over-represented TFBS identified in the 852 genes differentially
expressed in both -Fe-Fe and -Fe-P; roots are associated with regulating the balance between
growth and defense, and general abiotic stress tolerance. We hypothesize that the genes
containing these TFBS represent the growth/ development and defense branches of the
Clark soybean iron deficiency response.

3.4. Sequential Stress Induces More DEGs in Leaves than in Roots

In our previous study [34], we compared gene expression levels after a single round
of stress and after repetitive stress exposures and found that in leaves plants exposed to
repetitive stresses exhibited far fewer differentially expressed genes compared to single
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stressed plants, while in roots the number of differentially expressed genes was nearly
unchanged. In this study, more genes are differentially expressed after sequential stresses
(-Fe-P;) than after repetitive stresses (-Fe-Fe or -P;-P;) in both tissues, though the increase is
more dramatic in leaf DEGs (Figure 4). Given the previous results, it was surprising that
sequential stress exposure in this study would dramatically increase the number of leaf
DEGs but not root DEGs (Figure 3). However, a 2016 study by Coolen et al. [3] compared
the transcriptomic response of Arabidopsis thaliana subjected to sequential biotic and abiotic
stress exposures. This study found that sequential stress exposures shifted the timing of
the expected changes in gene expression patterns. We know from previous studies that
the number of DEGs in leaves increases through time (30, 60 and 120 min) after -Fe stress
exposure [33] and root differential gene expression precedes leaf responses. Thus, it is
logical that a short term initial -Fe stress exposure could reduce the time required to induce
changes in the transcriptional response upon a second (-P;) stress, resulting in an increase
in DEGs in -Fe-P; stressed leaves compared to -Fe-Fe or -P;-P; stressed leaves. Additionally,
the differences we observed may reflect the different functions of iron and phosphate in
the plant. As shown by our previous work [34] soybean plants utilize the same networks
to uptake and transport iron and phosphate in the roots. However, the functions these
nutrients play in growth and development are completely different. While iron is a key
component of photosynthesis and electron transport [5], phosphate is found in DNA, RNA
and proteins and is involved in the regulation of numerous plant processes including
energy metabolism, and respiration [67]. Therefore, the application of a second, different
nutrient stress is likely to have a larger impact on gene expression in the leaves.

3.5. Genes Unique to Sequential Stress Response

We identified 605 genes in leaves and 59 genes in roots (Figure 4, Supplemental File 1:
Tables S1 and S2) that were not differentially expressed after either repetitive stress, even
with the modified parameters described in the materials and methods, but were differen-
tially expressed after sequential stresses were applied. Among the 605 genes unique to
-Fe-P; leaves, GO analysis found the processes sterol biosynthesis (GO:0016126), xyloglu-
can metabolism (GO:0010411), response to fungus (GO:0009620) and cellular metabolism
(GO:0044237) are all over-represented (Supplemental File 1: Table S10). Previous studies
have shown that increased sterol may induce stress response pathways [68]. This may
be due to the role of sterols in lipid membranes or a downstream effect of the increased
lipid signaling cascades induced by various abiotic stresses [69,70]. The modification of
lipid membranes in response to -P; is a common response, but this suite of genes has not
previously been associated with -P; deficiency responses. Further, the genes associated with
xyloglucan metabolism are all involved in increased cell wall metabolism, a common stress
defense response. We hypothesize these 605 genes are differentially expressed because the
initial -Fe stress “primed” the plant and with the onset of a new novel stress (-P;), the plant
induced an enhanced response to mitigate deleterious effects.

To better understand the 605 DEGs, we searched their promoters for over-represented
TFBS (Supplemental File 1: Table S8). The transcription factors binding to these TFBS
may be important regulators of the observed responses. These analyses identified 30 over-
represented TFBS motifs in the promoter region of 589 of the 605 differentially expressed
genes with most of the 605 promoters encoding multiple motifs. On average, each motif
was identified in the promoter region of 185 genes. The TFBS motif for BIM1 (MA0964.1)
was identified in the promoter region of 315 unique genes, the most for any motif. The BIM1
TF is involved in brassinosteroid signaling, modulating plant growth and development,
and is required for male fertility [71-73]. Three additional over-represented motifs for TFs
associated with brassinosteroids BIM2, BIM3, and BEE2 were also identified using this
approach. Combined, these four motifs were identified in the promoters of 360 genes,
emphasizing the importance of brassinosteroids in sequential stress responses. Previous
studies have found brassinosteroids are important regulators of growth and development
and are critical to modulating abiotic stress responses [74,75]. Not surprisingly, since
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hormones interact with each other to regulate responses, over-represented TFBS associated
with other hormones were also identified in promoters of the 605 genes. Two TFBS are
associated with ethylene (MA(0980.2 (RAP2-10), and MA0995.2 (ERF039)), two with ABA
(MAO0123.1 (abi4), MA1209.1 (ATHB20)), two with cytokinin (MA1215.1 (ATHB53) and
MA1061.1 (SPT)), two with gibberellic acid (MA1036.1 (MYB111) and MA1329.2 (ZHD1))
and two with salicylic acid (MA1197.1 (CAMTA1) and MA1428.1 (TCPS8)). Additional TFBS
motifs are associated with stress and defense responses. In total, 19 of the 30 motifs are
involved in hormone biosynthesis and/or stress responses. The TFs associated with the
stress response TFBS are associated with processes such as altering cell wall properties to
modulate disease susceptibility, conferring broad spectrum disease resistance, systemic ac-
quired resistance, and pathogen-associated molecular pattern (PAMP) triggered immunity
(Supplemental File 1: Table S8). Finally, TFBS MA1197.1 is associated with the CAMTA1
TF, which is a master regulator of salicylic acid mediated immunity and a major driver
of systemic acquired resistance (SAR) [76]. SAR is an important component of the stress
priming process, facilitating a heightened and faster transcriptional response to a second
stress exposure [77]. This motif was only found in the promoter region of 82 genes, which
are involved in a variety of biological processes. Examining the annotations associated with
the 605 DEGs found many are affiliated with altered cell wall architecture, which is to be ex-
pected. Unexpectedly, many also appear to be involved in seed development/germination
processes and pollen. We hypothesize that two stresses applied in a sequential manner
recruit the activity of genes normally reserved for specialized functions to quickly restore
the plant to homeostasis. Testing of this hypothesis is beyond the scope of this paper, but it
is worthy of future investigations.

In roots, only 59 genes (Figure 4, Supplemental File 1: Table S2) were unique to -Fe-P;
stress, 56 of which are upregulated. Given so few genes, no GO categories were statistically
significantly over-represented. However, promoter analysis identified three TFBS motifs
over-represented in the promoter regions of the 59 genes (Supplemental File 1: Table
S7); none of which were over-represented in the 605 -Fe-P; specific genes in leaves. The
over-represented TFBS include AT1G47655 (57 genes), MYB59 (34 genes), and MYB62 (27
genes). While AT1G47655 has no known function, MYB59 regulates calcium signaling
during growth and stress [78-80] and MYB62 regulates the phosphate starvation response
and GA biosynthesis [81]. Given the limited insights provided by GO and Cis-element
over-representation (CLOVER) analyses, we also examined the annotations associated
with each of the 59 DEGs. Similar to the leaf expression patterns, regulation and devel-
opment of the cell wall is represented. The upregulation of genes associated with the cell
wall likely reflects the important role of the cell wall in the processes of defense, growth,
and development. While the importance of slowing growth and development under
nutrient deficient conditions is well documented, modifying the structural integrity of
the cell wall is an important defense mechanism induced by multiple biotic and abiotic
stresses [82-84]. Furthermore, DEGs in the roots are genes directly involved in iron defi-
ciency stress. Glyma.03G130400 is homologous to the Arabidopsis bHLH038, and resides
within the major IDC QTL on soybean chromosome 3. In Arabidopsis, bLHLHO038 plays a
major role in the -Fe stress response [18,25,85]. Also involved in the iron deficiency stress re-
sponse is Glyma.07G128000, homologous to the Arabidopsis ACS7, which is involved in IDC
induced ethylene biosynthesis [86]. In -Fe stressed Arabidopsis, ethylene production is upreg-
ulated and serves as an important signal to regulate -Fe responses [87-89]. Multiple genes
involved in specific, known, stress responses are also unique to the root -Fe-P; stress profile.
These genes include Glyma.13G101900, Glyma.01G230100, and Glyma.13G312700 whose
homologs in Arabidopsis are involved in inducing SA mediated disease resistance [90,91],
abiotic stress adaptation and negative regulation of PAMP triggered immunity [92], re-
spectively. There are also three genes whose Arabidopsis homologs are involved in cation
stress; (Glyma.12G175000) modulating cation transport [93,94], (Glyma.17G001800) mediat-
ing cadmium tolerance [95], and (Glyma.13G127100) and preventing cadmium toxicity by
sustaining the TCA cycle and glutathione synthesis [96]. Cadmium and iron cations utilize
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the same transporters [17] and genes associated with cadmium homeostasis are likely in-
volved in the homeostasis of other cations, including Fe?*. Of the 59 genes unique to -Fe-P;
roots with informative annotations, 50 are associated with either cell wall development
or known stress responses, especially hormone biosynthesis responses. The association of
these processes with -Fe-P; stressed roots highlights their importance in the soybean stress
response profile.

In conclusion, conducting experiments investigating transcriptomic responses to se-
quential stress exposure and repeated stress exposure simultaneously facilitated direct
comparison between our two experiments. Analyses of these datasets determined se-
quential stress exposure induces novel responses, not just enhanced expression of genes
differentially expressed in response to either micronutrient or macronutrient repeated
stress exposure. Primary stress responses can be inferred from the TFBS analyses, which
suggests hormones are likely serving as important signaling agents, but these insights
will have to be confirmed by future experiments. While this experiment and analyses are
illuminating, they also highlight the complexity of nutrient deficiency responses in crop
species and reinforce the necessity of these studies in crop species.

4. Materials and Methods
4.1. Growth Conditions

Seeds from the soybean genotype Clark (P1:548533) were started on germination paper
for seven days then transferred to hydroponic solutions described by Chaney, Coulombe,
Bell and Angle [35]. Cotyledons were removed on day of transfer. All plants were grown
in full nutrient solutions for seven days. After seven days, half of the plants were moved
to -Fe (50 uM Fe(NO3)3) and half were moved to new full nutrient solutions. After 24 h
all plants were again moved to new full nutrient solutions for 48 h. After 48 h, the -Fe
stressed plants were moved to -P; (-Fe-P;) and the control plants were again moved to new
full nutrient solutions. After 24 h in the new nutrient solutions, the fourth trifoliate and
the entire root system of four biological replicates, each a single plant, was harvested and
immediately frozen in liquid nitrogen.

Plants for this experiment were grown simultaneously, as a subset of a larger experi-
ment, previously described by O’Rourke, McCabe and Graham [33]. In brief, O’Rourke,
McCabe and Graham [33] generated samples for eight different treatments: early stress
(-FeT1 and -PiT1), stress recovery (-FeT1Rec and -PiT1Rec), repeated stress (-FeT1T2 and
-PiT1T2), late stress (-FeT2 and -PiT2), and nonstress controls collected at each timepoint.
The layout of the entire experiment is depicted in Figure 1. The experiment, RNA isolation,
and data analyses were conducted simultaneously, to allow direct comparison of results.
For ease of interpretation, the repeated stress experiments from O’Rourke, McCabe and
Graham [33] will now be referred to as -Fe-Fe (formerly -FeT1T2) and -Pi-Pi (formerly
-PiT1T2).

4.2. RNA Isolation

RNA was extracted using Qiagen RNeasy kits (Qiagen, Valencia, CA). Contaminating
DNA was removed using the Ambion TURBO DNA-free kit (Ambion, Austin, TX, USA).
RNA was purified and concentrated using the RNeasy MinElute Cleanup kit (Qiagen,
Germantown, MD, USA). Sample purity and quantity was measured using the nanodrop
ND-1000 spectrophotometer (ThermoFisher Scientific, Waltham, MA, USA) and QiaCel
(Qiagen, Germantown, MD, USA). RNA from three biological replicates was submitted to
the Iowa State University DNA Facility for sequencing. All reads have been submitted to
the National Center for Biotechnology Information (http://ww.ncbi.nih.gov/sra) under
BioProject accessions PRJNA544698 and PRJNA662977.

4.3. RNA-Seq and Data Analysis

Library preparation was performed from 4 ug of total RNA and subsequent 100 bp
single end sequencing was performed using the Illumina HiSeq2500 (Illumina, San Diego,
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CA, USA). Reads with quality scores greater than 20 and longer than 30 bases were
mapped to the soybean genome (Glyma.Wm82.a2.v1, (Gmax2.0), https://phytozome jgi.
doe.gov/pz/portal. html#!info?alias=Org_Gmax) using Tophat2 (v2.1.1, [96]) with default
parameters except a maximum intron length of 10,000 base pairs. The program samtools
(v1.3.1, [97]) was used to retain uniquely mapping reads. Sample data were imported into
R-studio (v0.98.945, [98]) for further analysis. Leaf and root samples were normalized
independently using DESeq (v1.14.0, [99]). The graphics program ggplot2 (v0.9.3.1, [100])
was used to visualize expression between replicates to ensure consistency. This analysis
determined the expression profile of a single control leaf sample was statistically different
from the biological replicates. This sample was removed from the analyses and the data
renormalized. Using the renormalized data, edgeR [101] analyses identified DEGs. Samples
from the original study (O'Rourke, et al., 2020), were extracted, sequenced and normalized
with samples from the current study, facilitating direct comparisons. Differential expression
analyses compared plants exposed to nutrient stress to plants grown continuously in full
nutrient conditions at the same timepoint. DEGs were considered significant if their fold
change was >2, p-value was <0.05 and the FDR was <0.05. Gene expression profiles for all
DEGs identified in leaves and roots are available in Supplemental File 1: Tables S1 and S2,
respectively. To identify genes that were unique to -Fe-P; sequential stresses we compared
the list of DEGs identified in -Fe-P; leaves and roots to leaf and root DEG lists from soybeans
exposed to repeated -Fe stress and repeated -P; stress as described previously [33]. To
identify genes uniquely differentially expressed in -Fe-P; , the FDR for -Fe-Fe and -P;-P;
genes was raised to FDR < 0.25 and the log fold change >1 ratio was removed.

4.4. Gene Annotation

Annotations for each of the DEGs were assigned using the annotation tool on SoyBase
(www.soybase.org/genomeannotation/). Primary proteins of the Glycine max v2 genome
were compared to all available Arabidopsis thaliana proteins (www.TAIR.org, version 10)
using BLASTP (E < 10~°). The best hit is reported. Over-represented gene ontology (GO)
terms associated with different gene lists were identified using the GO term enrichment
tool on SoyBase (https:/ /www.soybase.org/goslimgraphic_v2/dashboard.php). This tool
assigns gene ontology terms to each soybean gene using the gene ontology (GO) of the
best Arabidopsis thaliana homolog as identified by BLASTP (E < 10~°) then uses a Fisher’s
exact test [102] with a Bonferroni correction [103] as described in Morales et al. [104].
Overrepresented GO terms were used to assign biological function and classification to
heatmap clusters. Transcription factors (TFs) were identified using the SoyDB transcription
factor database published by Wang, et al. [105]. Overrepresented TFs were identified using
the same methodology for over-represented GO terms.

4.5. Identification of Over-Represented Transcription Factor Binding Sites

To identify over-represented (p-value cutoff of 0.005) transcription factor binding
sites (TFBS) within the promoters of gene lists of interest relative to all promoters in the
current genome assembly, we used CLOVER [106] and the JASPAR (v8) Transcription
Factor database [107]. Custom perl scripts were used to extract 500 bases of promoter
sequence from genes of interest and for all genes in the genome (Glyma.Wm82.a2.v1).
Promoters less than 500 bases or containing gaps or ambiguous bases were removed from
the analysis.

Supplementary Materials: Supplementary materials can be found at https:/ /www.mdpi.com /1422
-0067/22/3/1252/s1; Supplemental file 1: Table titles. Table S1. All DEGs in -Fe-Pi leaves. Table S2.
All DEGs in -Fe-Pi roots. Table S3. Over-represented GO terms associated with expression profiles
depicted in Figure 2. Table S4. The number of -Fe-Pi DEGs conserved between root and leaf tissues
was 896. One hundred and ten DEGs specific to -Fe-Pi treatment are denoted. Table S5. GO terms
associated with the 896 DEGs conserved between root and leaf tissues. Table S6. GO terms associated
with the 110 DEGs both conserved between tissues and specific to the -Fe-Pi treatment. Table S7.
Over-represented transcription factor binding sites identified using CLOVER in 59 -Fe-Pi specific
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DEGs in roots. Table S8. Over-represented transcription factor binding sites identified using CLOVER
in 605 -Fe-Pi specific DEGs in leaves. Table S9. Over-represented transcription factor binding sites
identified using CLOVER in 852 “First Stress Signature” genes in roots. Table S10. Over-represented
GO terms identified among 605 DEGs unique to -Fe-Pi leaves.
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DEGs Differentially expressed genes

FDR False discovery rate

-Fe Iron deficiency stress

-Fe-Fe  Iron deficiency stress (repeated stress)

-Fe-P;  Iron deficiency stress followed by phosphate deficiency stress (sequential stress)
GO Gene ontology

h Hours

IDC Iron Deficiency Chlorosis

p Probability

-P; Phosphate deficiency stress

-Pi-P;  Phosphate deficiency stress (repeated stress)
TF Transcription factor

TFBS  Transcription factor binding site
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References

1.  Bonnet, C,; Lassueur, S.; Ponzio, C.; Gols, R.; Dicke, M.; Reymond, P. Combined biotic stresses trigger similar transcriptomic
responses but contrasting resistance against a chewing herbivore in Brasica nigra. BMC Plant Biol. 2017, 17, 127. [CrossRef]

2. Rasmussen, S.; Barah, P.; Suarez-Rodriguez, M.C.; Bressendorff, S.; Friis, P.; Costantino, P.; Bones, A.M.; Nielsen, H.B.; Mundy, J.
Transcriptome Responses to Combinations of Stresses in Arabidopsis. Plant Physiol. 2013, 161, 1783-1794. [CrossRef]

3. Coolen, S.; Proietti, S.; Hickman, R.; Davila Olivas, N.H.; Huant, P.-P,; VanVerk, M.C.; VanPelt, ]. A.; Wittenberg, A.H.]J.; De Voss,
M.; Prins, M; et al. Transcriptome dynamics of Arabidopsis during sequential biotic and abiotic stresses. Plant |. 2016, 86, 249-267.
[CrossRef]

4. Zhang, H,; Sonnewald, U. Differences and commonalities of plant responses to single and combined stresses. Plant J. 2017, 90,
839-855. [CrossRef]

5. Marschner, H. Mineral Nutrition of Higher Plants; Academic Press Limited: San Diego, CA, USA, 1995.

6. Hansen, N.C,; Jolley, V.D.; Naeve, S.L.; Goos, R.J. Iron deficiency of soybean in the north central U.S. and associated soil properties.
Soil Sci. Plant Nutr. 2004, 50, 983-987. [CrossRef]

7. Shen,]; Yuan, L.; Zhang, J.; Li, H,; Bai, Z.; Chen, X.; Zhang, W.; Zhang, F. Phosphorus dynamics: From soil to plant. Plant Physiol.
2011, 156, 997-1005. [CrossRef]

8.  MacDonald, G.K; Bennet, E.M.; Potter, P.A.; Ramankutty, N. Agronomic phosphorus imbalances across the world’s croplands.

Proc. Natl. Acad. Sci. USA 2011, 108, 3086-3091. [CrossRef]


http://ww.ncbi.nih.gov/sra
http://doi.org/10.1186/s12870-017-1074-7
http://doi.org/10.1104/pp.112.210773
http://doi.org/10.1111/tpj.13167
http://doi.org/10.1111/tpj.13557
http://doi.org/10.1080/00380768.2004.10408564
http://doi.org/10.1104/pp.111.175232
http://doi.org/10.1073/pnas.1010808108

Int. J. Mol. Sci. 2021, 22, 1252 16 of 19

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.
22.
23.
24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Chowdhury, R.B.; Moore, G.A.; Weatherley, A.].; Arora, M. Key sustainability challenges for the global phosphorus resource, their
implications for global food security, and options for mitigation. J. Clean. Prod. 2017, 140, 945-963. [CrossRef]

Blackwell, M.; Darch, T.; Haslam, R. Phosphorus use efficiency and fertilizers: Future opportunities for improvements. Front.
Agricult. Sci. Eng. 2019, 6, 332-340. [CrossRef]

Cordell, D.; Drangert, ].-O.; White, S. The story of phosphorus: Global food security and food for thought. Glob. Environ. Change
2009, 19, 292-305. [CrossRef]

Brumbarova, T.; Bauer, P.; Ivanov, R. Molecular mechanisms governing Arabidopsis iron uptake. Trends Plant Sci. 2015, 20,
124-133. [CrossRef]

Kobayashi, T.; Nishizawa, N.K. Iron uptake, translocation, and regulation in higher plants. Ann. Rev. Plant Biol. 2012, 63, 131-152.
[CrossRef]

Li, X.; Zhang, H.; Ai, Q.; Liang, G.; Yu, D. Two bHLH transcription factors, bHLH34 and bHLH104, regulate iron homeostasis in
Arabidopsis thaliana. Plant Physiol. 2016, 170, 2478-2493. [CrossRef]

Vert, G.; Grotz, N.; Dédaldéchamp, F.; Gaymard, E; Guerinot, M.L.; Briat, J.-F,; Curie, C. IRT1, an Arabidopsis transporter essential
for iron uptake from the soil and for plant growth. Plant Cell 2002, 14, 1223-1233. [CrossRef]

Yuan, Y.; Wu, H.; Wang, N.; Li, J.; Zhao, W.; Du, J.; Wang, D.; Ling, H.-Q. FIT interacts with AtbHLH38 and AtbHLH39 in
regulating iron uptake gene expression for iron homeostasis in Arabidopsis. Cell Res. 2008, 18, 385-397. [CrossRef] [PubMed]
Aparicio-Fabre, R.; Gullien, G.; Loredo, M.; Arellano, J.; Valdes-Lopez, O.; Ramirez, M.; Iniguez, L.P,; Panzeri, D.; Castiglioni, B.;
Cremonesi, P. Common bean (Phaseolus vulgaris L.) PvTIFY orchestrates global changes in transcript profile response to jasmonate
and phosphorus deficiency. BMC Plant Biol. 2013, 13, 26. [CrossRef] [PubMed]

Liu, T.-Y,; Aung, K.; Tseng, C.-Y.; Chang, T.-Y.; Chen, Y.-S.; Chiou, T.-J. Vacuolar Ca 2+/H+ transport activity is required for
systemic phosphate homeostasis involving shoot-to-root signaling in Arabidopsis. Plant Physiol. 2011, 156, 1176-1189. [CrossRef]
[PubMed]

O’Rourke, J.; Yang, S.S.; Miller, S.S.; Bucciarelli, B.; Liu, J.; Rydeen, A.; Bozsoki, Z.; Uhde-Stone, C.; Tu, Z.].; Allan, D.; et al. An
RNA-Seq transcriptome analysis of orthophosphate deficient white lupin reveals novel insights into phosphorus acclimation in
plants. Plant Physiol. 2013, 161, 705-724. [CrossRef] [PubMed]

Wang, Z.; Ruan, W.; Shi, J.; Zhang, L.; Xiang, D.; Yang, C.; Li, C.; Wu, Z,; Liu, Y,; Yu, Y. Rice SPX1 and SPX2 inhibit phosphate
starvation responses through interacting with PHR2 in a phosphate-dependent manner. PNAS 2014, 111, 14953-14958. [CrossRef]
[PubMed]

Nelissen, H.; Moloney, M.; InZe, D. Translational research: From pot to plot. Plant Biotechnol. ]. 2014, 12, 277-285. [CrossRef]
Borrill, P. Blurring the boundaries between cereal crops and model plants. New Phytol. 2019. [CrossRef] [PubMed]

Peiffer, G.A; King, K.E; Severin, A.].; May, G.D.; Cianzio, S.R.; Lin, S.F,; Lauter, N.C.; Shoemaker, R.C. Identification of candidate
genes underlying an iron efficiency quantitative trait locus in soybean. Plant Physiol. 2012, 158, 1745-1754. [CrossRef] [PubMed]
Cui, Y,; Chen, C.L.; Cui, M.; Zhou, W.J.; Wu, H.L,; Ling, H.Q. Four IVa bHLH transcription factors are novel interactors of FIT and
mediate JA inhibition of iron uptake in Arabidopsis. Mol. Plant 2018, 11, P1166-P1183. [CrossRef] [PubMed]

Assefa, T.; Zhang, J.; Chowda-Reddy, R.V,; Lauter, AAN.M; Singh, A.; O'Rourke, ]J.A.; Graham, M.A ; Singh, A K. Deconstrcting
the genetic architecture of iron deficiency chlorosis in soybean using genome-wide approaches. BMC Plant Biol. 2020, 20, 42.
[CrossRef] [PubMed]

Waters, B.M.; Amundsen, K.; Graef, G. Gene expression profiling of iron deficiency chlorosis sensitive and tolerant soybean
indicates key roles for phenylpropanoids under alkalinity stress. Front. Plant Sci. 2018, 9, 10. [CrossRef] [PubMed]

Li, L.; Gao, W.; Peng, Q.; Zhou, B.; Kong, Q.; Ying, Y.; Shou, H. Two soybean bHLH factors regulate response to iron deficiency. J.
Integr. Plant Biol. 2018, 60, 608-622. [CrossRef] [PubMed]

Moran Lauter, A.N.; Peiffer, G.A.; Yin, T.; Whitham, S.A.; Cook, D.; Shoemaker, R.C.; Graham, M. A. Identification of candidate
genes involved in early iron deficiency chlorosis signaling in soybean (Glycine max) roots and leaves. BMC Genom. 2014, 15, 1.
[CrossRef]

Atwood, S.E.; O'Rourke, J.A.; Peiffer, G.A.; Yin, T.; Majumder, M.; Zhang, C.; Cianzio, S.R.; Hill, ].H.; Cook, D.; Whitham, S.A.;
et al. Replication protein A subunit 3 and the iron efficiency response in soybean. Plant Cell Environ. 2014, 37, 213-234. [CrossRef]
Rogers, E.E.; Wu, X.; Stacey, G.; Nguyen, H.T. Two MATE proteins play a role in iron efficiency in soybean. J. Plant Physiol. 2009,
166, 1453-1459. [CrossRef]

Santos, C.S.; Roriz, M.; Carvalho, S.M.; Vasconcelos, M.W. Iron partitioning at an early growth stage impacts iron deficiency
responses in soybean plants (Glycine max L.). Front. Plant Sci. 2015, 6, 325. [CrossRef]

Moran Lauter, A.N.; Rutter, L.; Cook, D.; O'Rourke, ].A.; Graham, M.A. Examining short-term responses to a long-term problem:
RNA-seq analyses of iron deficiency chlorosis tolerant soybean. Int. J. Mol. Sci. 2020, 21, 3591. [CrossRef] [PubMed]

O'Rourke, ]J.A.; McCabe, C.E.; Graham, M.A. Dynamic gene expression changes in response to micronutrient, macronutrient, and
multiple stress exposure in soybean. Funct. Integr. Genom. 2020, 20, 321-341. [CrossRef] [PubMed]

Stefanovic, A.; Arpat, A.B.; Bligny, R.; Gout, E.; Vidoudez, C.; Bensimon, M.; Poirier, Y. Over-expression of PHO1 in Arabidopsis
leaves reveals its role in mediating phosphate efflux. Plant J. 2011, 66, 689-699. [CrossRef] [PubMed]

Rouached, H.; Stefanovic, A.; Secco, D.; Arpat, A.B.; Gout, E.; Bligny, R.; Poirier, Y. Uncoupling phosphate deficiency from its
major effects on growth and transcriptome via PHO1 expression in Arabidopsis. Plant ]. 2011, 65, 557-570. [CrossRef] [PubMed]


http://doi.org/10.1016/j.jclepro.2016.07.012
http://doi.org/10.15302/J-FASE-2019274
http://doi.org/10.1016/j.gloenvcha.2008.10.009
http://doi.org/10.1016/j.tplants.2014.11.004
http://doi.org/10.1146/annurev-arplant-042811-105522
http://doi.org/10.1104/pp.15.01827
http://doi.org/10.1105/tpc.001388
http://doi.org/10.1038/cr.2008.26
http://www.ncbi.nlm.nih.gov/pubmed/18268542
http://doi.org/10.1186/1471-2229-13-26
http://www.ncbi.nlm.nih.gov/pubmed/23402340
http://doi.org/10.1104/pp.111.175257
http://www.ncbi.nlm.nih.gov/pubmed/21546457
http://doi.org/10.1104/pp.112.209254
http://www.ncbi.nlm.nih.gov/pubmed/23197803
http://doi.org/10.1073/pnas.1404680111
http://www.ncbi.nlm.nih.gov/pubmed/25271318
http://doi.org/10.1111/pbi.12176
http://doi.org/10.1111/nph.16229
http://www.ncbi.nlm.nih.gov/pubmed/31571228
http://doi.org/10.1104/pp.111.189860
http://www.ncbi.nlm.nih.gov/pubmed/22319075
http://doi.org/10.1016/j.molp.2018.06.005
http://www.ncbi.nlm.nih.gov/pubmed/29960107
http://doi.org/10.1186/s12870-020-2237-5
http://www.ncbi.nlm.nih.gov/pubmed/31992198
http://doi.org/10.3389/fpls.2018.00010
http://www.ncbi.nlm.nih.gov/pubmed/29403520
http://doi.org/10.1111/jipb.12651
http://www.ncbi.nlm.nih.gov/pubmed/29575545
http://doi.org/10.1186/1471-2164-15-702
http://doi.org/10.1111/pce.12147
http://doi.org/10.1016/j.jplph.2009.02.009
http://doi.org/10.3389/fpls.2015.00325
http://doi.org/10.3390/ijms21103591
http://www.ncbi.nlm.nih.gov/pubmed/32438745
http://doi.org/10.1007/s10142-019-00709-9
http://www.ncbi.nlm.nih.gov/pubmed/31655948
http://doi.org/10.1111/j.1365-313X.2011.04532.x
http://www.ncbi.nlm.nih.gov/pubmed/21309867
http://doi.org/10.1111/j.1365-313X.2010.04442.x
http://www.ncbi.nlm.nih.gov/pubmed/21288266

Int. J. Mol. Sci. 2021, 22, 1252 17 of 19

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

Lin, Y.-F; Liang, H.-M.; Yang, S.-Y.; Boch, A.; Clemens, S.; Chen, C.-C.; Wu, J.-F,; Huang, J.-L.; Yeh, K.-C. Arabidopsis IRT3 is a
zinc-regulated and plasma membrane localized zinc/iron transporter. New Phytol. 2009, 182, 392-404. [CrossRef]

Wu, H.; Li, L;; Du, J.; Yuan, Y.; Cheng, X.; Ling, H.-Q. Molecular and biochemical characterization of the Fe(III) chelate reductase
gene family in Arabidopsis thaliana. Plant Cell Physiol. 2005, 46, 1505-1514. [CrossRef]

Gollhofer, J.; Timofeev, R.; Lan, P.; Schmidt, W.; Buckhout, T.]. Vacuolar-iron-transporterl-like proteins mediate iron homeostasis
in Arabidopsis. PLoS ONE 2014, 9, e110468. [CrossRef]

Yu, H.; Yang, ].; Shi, Y.; Donelson, J.; Thompson, S.M.; Sprague, S.; Roshan, T.; Wang, D.-L.; Liu, J.; Park, S.; et al. Arabidopsis
glutaredoxin S17 contributes to vegetative growth, mineral accumulation, and redox balance during iron deficiency. Front. Plant
Sci. 2017, 19. [CrossRef]

Magio, A.; Bressan, R.A.; Zhao, Y.; Park, J.; Yun, D.-]. It’s hard to avoid avoidance: Uncoupling the evolutionary connection
between plant growth, productivity and stress “tolerance”. Int. . Mol. Sci. 2018, 20, 3671. [CrossRef]

McCabe, C.E.; Cianzio, S.R.; O'Rourke, J.A.; Graham, M. A. Leveraging RNA-seq to characterize resistance to brown stem rot and
the Rbs3 locus in soybean. Mol. Plant Microbe Interact. 2018, 31, 1083-1094. [CrossRef]

McCabe, C.E,; Singh, A.; Leandro, L.E; Cianzio, S.R.; Graham, M.A. Identifying new sources of resistance to brown stem rot in
soybean. Crop Sci. 2016, 56, 2287-2296. [CrossRef]

Gust, A.A,; Felix, G. Receptor like proteins associate with SOBIR1-type of adaptors to form biomolecular receptor kinases. Curr.
Opin. Plant Biol. 2014, 21, 104-111. [CrossRef] [PubMed]

O’Rourke, J.A.; Graham, M.A.; Vodkin, L.; Gonzalez, D.O.; Cianzio, S.R.; Shoemaker, R.C. Recovering from iron deficiency
chlorosis in near-isogenic soybeans: A microarray study. Plant Physiol. Biochem. 2007, 45, 287-292. [CrossRef] [PubMed]
Chandler, ].W.; Cole, M.; Flier, A.; Werr, W. BIM1, a bHLH protein involved in brassinosteroid signalling, controls Arabidopsis
embryonic patterning via interaction with DORNROSCHEN and DORNROSCHEN-LIKE. Plant Mol. Biol. 2009, 69, 57—68.
[CrossRef] [PubMed]

Li, M.; Chen, H.; Chen, J.; Chang, M.; Palmer, I.A.; Grassmann, W.; Liu, E; Fu, Z.Q. TCP transcription factors interact with NPR1
and contribute redundantly to systemic acquired resistance. Front. Plant Sci. 2018, 14. [CrossRef]

Gong, S.; Ding, Y,; Hu, S.; Ding, L.; Chen, Z.; Zhu, C. The role of HD-Zip class I transcription factors in plant response to abiotic
stress. Physiol. Plant. 2019, 167, 516-525. [CrossRef]

Yang, Y.; Luang, S.; Harris, J.; Riboni, M.; Li, Y,; Bazanova, N.; Hrmova, M. Overexpression of the class I homeodomain
transcription factor TaHDZipl-5 increases drought and frost tolerance in transgenic wheat. Plant Biotechnol. . 2017, 16, 1227-1240.
[CrossRef]

Gao, S.; Fang, J.; Xu, F; Wang, W.; Chu, C. Rice HOX12 reglates panicle exsertion by directly modulating the expression of
ELONGATED UPPERMOST INTERNODEI]. Plant Cell 2016, 28, 680-695. [CrossRef]

Chew, W.; Hrmova, M.; Lopato, S. Role of homeodomain leucine zipper (HD-ZIP) IV transcription factors in plant development
and plant protection from deleterious environmental factors. Int. J. Mol. Sci. 2013, 14, 8122-8147. [CrossRef]

Pavld, J.; Novdék, J.; Koukalovéd, V.; Luklova, M.; Brzobohaty, B.; Cerny, M. Cytokinin at the crossroads of abiotic stress signalling
pathways. Int. J. Mol. Sci. 2018, 19, 2450. [CrossRef]

Franco-Zorilla, ] M.; Martin, A.C.; Leyva, A ; Paz-Ares, J. Interaction between phosphate-starvation, sugar, and cytokinin signaling
in Arabidopsis and the roles of cytokinin receptors CRE1/AHK4 and AHKS3. Plant Physiol. 2005, 138, 847-857. [CrossRef]
[PubMed]

Séguéla, M.; Briat, ].F,; Vert, G.; Curie, C. Cytokinins negatively regulate the root iron uptake machinery in Arabidopsis through a
growth-dependent pathway. Plant J. 2008, 55, 289-300. [CrossRef] [PubMed]

Zubo, Y.O.; Blakley, I.C.; Yamburenko, M.V.; Worthen, ] M.; Street, I.H.; Franco-Zorilla, ].M.; Zhang, W.; Hill, K; Raines, T.; Solano,
R.; et al. Cytokinin induces genome-wide binding of the type-B response regulator ARR10 to regulate growth and development
in Arabidopsis. PNAS 2017, 114, E5995-E6004. [CrossRef] [PubMed]

Schaller, G.E.; Street, I.H.; Kieber, ].J. Cytokinin and the cell cycle. Curr. Opin. Plant Biol. 2014, 21, 7-15. [CrossRef] [PubMed]
Cortleven, A.; Leuendorf, ].E.; Frank, M.; Pezzetta, D.; Bolt, S.; Schmdilling, T. Cytokinin action in response to abiotic and biotic
stresses in plants. Plant Cell Environ. 2019, 42, 998-1018. [CrossRef]

Wang, W.; Vinocur, B.; Shoseyov, O.; Altman, A. Role of plant heat-shock proteins and molecular chaperones in the abiotic stress
response. Trends Plant Sci. 2004, 9, 244-252. [CrossRef]

Divya, K.; Bhatnagar-Mathur, P.; Sharma, K.K.; Sudhakar Reddy, P. Heat shock proteins (Hsps) mediated signalling pathways
during abiotic stress conditions. In Plant Signaling Molecules: Role and Regulation Under Stressful Environments; Ferrante, A., Khan,
M.IR., Khan, N.A., Sudhakar Reddy, P., Eds.; Woodhead Publishing: Sawston, UK, 2019; pp. 499-516.

Mishra, D.; Shekhar, S.; Singh, D.; Chakraborty, S.; Chakraborty, N. Heat Shock Proteins and Abiotic Stress Tolerance in Plants. In
Regulation of Heat Shock Protein Responses; Asea, A.A.A., Kaur, P., Eds.; Springer International Publishing: Cham, Switzerland,
2018; pp. 41-69. [CrossRef]

Anderson, M.X.; Stridh, M.H.; Larsson, K.E.; Liljenberg, C.; Sandelius, A.S. Phosphate-deficient oat replaces a major portion of
the plasma membrane phospholipids with the galactolipid digalactosyldiacylglycerol. FEBS Lett. 2003, 537, 128-132. [CrossRef]
Mehra, P.; Pandey, B.K.; Verma, L.; Giri, J. A novel glycerophosphodiester phosphodiesterase improves phosphate deficiency
tolerance in rice. Plant Cell Environ. 2018, 42, 1167-1179. [CrossRef]


http://doi.org/10.1111/j.1469-8137.2009.02766.x
http://doi.org/10.1093/pcp/pci163
http://doi.org/10.1371/journal.pone.0110468
http://doi.org/10.3389/fpls.2017.01045
http://doi.org/10.3390/ijms19113671
http://doi.org/10.1094/MPMI-01-18-0009-R
http://doi.org/10.2135/cropsci2015.08.0492
http://doi.org/10.1016/j.pbi.2014.07.007
http://www.ncbi.nlm.nih.gov/pubmed/25064074
http://doi.org/10.1016/j.plaphy.2007.03.008
http://www.ncbi.nlm.nih.gov/pubmed/17466527
http://doi.org/10.1007/s11103-008-9405-6
http://www.ncbi.nlm.nih.gov/pubmed/18830673
http://doi.org/10.3389/fpls.2018.01153
http://doi.org/10.1111/ppl.12965
http://doi.org/10.1111/pbi.12865
http://doi.org/10.1105/tpc.15.01021
http://doi.org/10.3390/ijms14048122
http://doi.org/10.3390/ijms19082450
http://doi.org/10.1104/pp.105.060517
http://www.ncbi.nlm.nih.gov/pubmed/15923327
http://doi.org/10.1111/j.1365-313X.2008.03502.x
http://www.ncbi.nlm.nih.gov/pubmed/18397377
http://doi.org/10.1073/pnas.1620749114
http://www.ncbi.nlm.nih.gov/pubmed/28673986
http://doi.org/10.1016/j.pbi.2014.05.015
http://www.ncbi.nlm.nih.gov/pubmed/24994531
http://doi.org/10.1111/pce.13494
http://doi.org/10.1016/j.tplants.2004.03.006
http://doi.org/10.1007/978-3-319-74715-6_3
http://doi.org/10.1016/S0014-5793(03)00109-1
http://doi.org/10.1111/pce.13459

Int. J. Mol. Sci. 2021, 22, 1252 18 of 19

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

McCabe, C.E.; Graham, M.A. New tools for characterizing early brown stem rot disease resistance signaling in soybean. Plant
Genome 2020, €20037. [CrossRef]

Wang, G.; Ellendorff, U.; Kemp, B.; Mansfield, ] W.; Forsyth, A.; Mitchell, K.; Bastas, K.; Liu, C.-M.; Woods-T6r, A.; Zipfel, C.; et al.
A genome-wide functional investigation into the roles of receptor like proteins in Arabidopsis. Plant Physiol. 2008, 147, 503-517.
[CrossRef]

Kang, W.H.; Yeom, S.I. Genome-wide identification, classification, and expression analysis of the receptor-like protein family in
tomato. Plant Pathol. |. 2018, 34, 435-444. [PubMed]

Kim, S.A.; LaCroix, L.S.; Gerber, S.A.; Guerinot, M.L. The iron deficiency response in Arabidopsis thaliana requires the phosphory-
lated transcription factor URIL. PNAS 2019, 116, 24933-24942. [CrossRef] [PubMed]

Shimada, T.L.; Yamaguchi, K.; Shigenobu, S.; Takahashi, H.; Murase, M.; Fukuyoshi, S.; Hara-Nishimura, I. Exess sterols disrupt
plant cellular activity by inducing stress-responsive gene expression. J. Plant Res. 2020, 133, 383-392. [CrossRef]

Saema, S.; ur Rahman, L.; Singh, R.; Niranjan, A.; Zareen Ahmad, I.; Misra, P. Ectopic overexpression of WsSGTL1, a sterol
glucosyltransferase gene in Withania somnifera, promotes growth, enhances glycowithanolide and provides tolerance to abiotic
and biotic stresses. Plant Cell Rep. 2016, 35, 195-211. [CrossRef] [PubMed]

Kuczynska, A.; Cardenia, V.; Ogrodowicz, P.; Kempa, M.; Rodriguez-Estrada, M.T.; Mikotajczak, K. Effects of multiple abiotic
stresses on lipids and sterols profile in barley leaves (Hordeum vulgare L.). Plant Physiol. Biochem. 2019, 141, 215-224. [CrossRef]
Nolan, T.M.; Vukasinovi¢, N.; Liu, D.; Russinova, E.; Yin, Y. Brassinosteroids: Multidimensional regulators of plant growth,
development, and stress responses. Plant Cell 2020, 32, 295-318. [CrossRef]

Cifuentes-Esquivel, N.; Bou-Torrent, J.; Galstyan, A.; Gallemi, M.; Sessa, G.; Martret, M.S.; Roig-Villanova, I.; Martinez-Garcia,
LR.J.F. The bHLH proteins BEE and BIM positively modulate the shade avoidance syndrome in Arabidopsis seedlings. Plant |.
2013, 75, 989-1002. [CrossRef]

Xing, S.; Quodt, V.; Chandler, J.; Hohmann, S.; Berndtgen, R.; Huijser, P. SPL8 acts together with brassinosteroid-signaling
component BIM1 in controlling Arabidopsis thaliana male fertility. Plants 2013, 2, 416—428. [CrossRef]

Ahammed, G.J.; Li, X;; Liu, A.; Chen, S. Brassinosteroids in plant tolerance to abiotic stress. J. Plant Growth Regulat. 2020, 39,
1451-1464. [CrossRef]

Vardhini, B.V.; Anjum, N.A. Brassinosteroids make plant life easier under abiotic stresses mainly by modulating major components
of antioxidant defense system. Front. Environ. Sci. 2015, 2, 67. [CrossRef]

Kim, Y.; Gilmour, S.J.; Chao, L.; Park, S.; Thomashow, M.F. Arabidopsis CAMTA transcription factors regulate pipecolic acid
biosynthesis and priming of immunity genes. Mol. Plant 2020, 13, 157-168. [CrossRef] [PubMed]

Conrath, U.; Beckers, G.J.M.; Langenbach, C.J.G.; Jaskiewicz, M.R. Priming for enhanced defense. Annu. Rev. Phytopathol. 2015,
53,97-119. [CrossRef] [PubMed]

Mu, R.-L.; Cao, Y.-R; Liu, Y.-E; Lei, G.; Zhou, H.-F,; Liao, Y.; Wang, H.-W.; Zhang, W.-K.; Ma, B.; Du, J.-Z,; et al. An R2R3-type
transcription factor gene AtMYB59 regulates root growth and cell cycle progression in Arabidopsis. Cell Res. 2009, 19, 1291-1304.
[CrossRef] [PubMed]

Fasini, E.; DalCorso, G.; Costa, A.; Zenoni, S.; Furini, A. The Araibidopsis thaliana transcription factor MYB59 regulates calcium
signaling during plant growth and stress response. Plant. Mol. Biol. 2019, 99, 517-534. [CrossRef] [PubMed]

Hickman, R.; van Verk, M.C.; van Dijken, A.]. H.; Mendes, M.P,; Vroegop-Vos, I.A.; Caarls, L.; Steenbergen, M.; van der Nagel, I.;
Wesselink, G.J.; Jironkin, A.; et al. Architecture and dynamics of the jasmonic acid gene regulatory network. Plant Cell 2017, 29,
2086-2105. [CrossRef]

Devaiah, B.N.; Madhuvanthi, R.; Karthikeyan, A.S.; Raghothama, K.G. Phosphate starvation responses and gibberellic acid
biosynthesis are regulated by the MYB62 transcription factor in Arabidopsis. Mol. Plant 2009, 2, 43-58. [CrossRef]

Bacete, L.; Mélida, H.; Miedes, E.; Molina, A. Plant cell wall-mediated immunity: Cell wall changes trigger disease resistance
responses. Plant ]. 2018, 93, 614-636. [CrossRef]

Engelsdorf, T.; Gigli-Bisceglia, N.; Veerabagu, M.; McKenna, J.E; Vaahtera, L.; Augstein, F; Van der Does, D.; Zipfel, C.; Hamann,
T. The plant cell wall integrity maintenance and immune signaling systems cooperate to control stress responses in Arabidopsis
thaliana. Sci. Signal. 2018, 11. [CrossRef]

Bacete, L.; Mélida, H.; Pattathil, S.; Hahn, M.G.; Molina, A.; Miedes, E. Characterization of plant cell wall damage-associated
molecular patterns regulating immune responses. Methods Mol. Biol. 2017, 1578, 13-23. [CrossRef] [PubMed]

Kurt, F; Filiz, E. Genome-wide and comparative analysis of bHLH38, bHLH39, bHLH100, and bHLH101 genes in Arabidopsis,
tomato, rice, soybean and maize: Insights into iron (Fe) homeostasis. BioMetals 2018, 31, 489-504. [CrossRef] [PubMed]

Ye, L.; Li, L.; Wang, L.; Wang, S.; Li, S.; Du, J.; Zhang, S.; Shou, H. MPK3/MPKS6 are involved in iron deficiency-induced ethylene
production in Arabidopsis. Front. Plant Sci. 2015, 6. [CrossRef] [PubMed]

Romera, EJ.; Alcantara, E.; de la Guardia, M.D. Ethylene production by Fe-deficient roots and its involvement in the regulation of
Fe-deficiency stress responses by strategy I plants. Ann. Botany 1999, 83, 51-55. [CrossRef]

Waters, B.M.; Blevins, D.G. Ethylene production, cluster root formation, and location of iron(III) reducing capacity in Fe deficient
squash roots. Plant Soil 2000, 225, 21-31. [CrossRef]

Lingam, S.; Mohrbacher, J.; Brumbarova, T.; Potuschak, T.; Fink-Straube, C.; Blondet, E.; Genschik, P.; Bauer, P. Interaction between
the bHLH transcription factor FIT and ETHYLENE INSENSITIVE3/ETHYLENE INSENSITIVE3-LIKE1 reveals molecular linkage


http://doi.org/10.1002/tpg2.20037
http://doi.org/10.1104/pp.108.119487
http://www.ncbi.nlm.nih.gov/pubmed/30369853
http://doi.org/10.1073/pnas.1916892116
http://www.ncbi.nlm.nih.gov/pubmed/31776249
http://doi.org/10.1007/s10265-020-01181-4
http://doi.org/10.1007/s00299-015-1879-5
http://www.ncbi.nlm.nih.gov/pubmed/26518426
http://doi.org/10.1016/j.plaphy.2019.05.033
http://doi.org/10.1105/tpc.19.00335
http://doi.org/10.1111/tpj.12264
http://doi.org/10.3390/plants2030416
http://doi.org/10.1007/s00344-020-10098-0
http://doi.org/10.3389/fenvs.2014.00067
http://doi.org/10.1016/j.molp.2019.11.001
http://www.ncbi.nlm.nih.gov/pubmed/31733370
http://doi.org/10.1146/annurev-phyto-080614-120132
http://www.ncbi.nlm.nih.gov/pubmed/26070330
http://doi.org/10.1038/cr.2009.83
http://www.ncbi.nlm.nih.gov/pubmed/19581938
http://doi.org/10.1007/s11103-019-00833-x
http://www.ncbi.nlm.nih.gov/pubmed/30710226
http://doi.org/10.1105/tpc.16.00958
http://doi.org/10.1093/mp/ssn081
http://doi.org/10.1111/tpj.13807
http://doi.org/10.1126/scisignal.aao3070
http://doi.org/10.1007/978-1-4939-6859-6_2
http://www.ncbi.nlm.nih.gov/pubmed/28220412
http://doi.org/10.1007/s10534-018-0095-5
http://www.ncbi.nlm.nih.gov/pubmed/29546482
http://doi.org/10.3389/fpls.2015.00953
http://www.ncbi.nlm.nih.gov/pubmed/26579185
http://doi.org/10.1006/anbo.1998.0793
http://doi.org/10.1023/A:1026513022280

Int. J. Mol. Sci. 2021, 22, 1252 19 of 19

88.

89.

90.

91.
92.

93.

94.

95.

96.

97.

98.
99.

100.
101.

102.

103.

104.

105.

106.

107.

between the regulation of iron acquisition and ethylene signaling in Arabidopsis. Plant Cell 2011, 23, 1815-1829. [CrossRef]
[PubMed]

Retzer, K.; Akhmanova, M.; Konstantinova, N.; Malinska, K.; Leitner, J.; Petrasek, J.; Luschnig, C. Brassinosteroid signaling
delimits root gravitropism via sorting of the Arabidopsis PIN2 auxin transporter. Nat. Commun. 2019, 10, 5516. [CrossRef]

Xia, Y.; Suzuki, H.; Borevitz, J.; Blount, J.; Guo, Z.; Patel, K.; Dixon, R.A.; Lamb, C. An extracellular aspartic protease functions in
Arabidopsis disease resistance signaling. EMBO ]. 2004, 23, 980-988. [CrossRef]

Stegmann, M.; Anderson, R.G.; Ichimura, K.; Pecenkova, T.; Reuter, P.; Zarsky, V.; McDowell, ]. M.; Shirasu, K.; Trujillo, M. The
ubiquitin ligase PUB22 targets a subunit of the exocyst complex required for PAMP-triggered responses in Arabidopsis. Plant Cell
2012, 24, 4703-4716. [CrossRef]

Maathuis, EJ. cGMP modulates gene transcription and cation transport in Arabidopsis roots. Plant ]. 2006, 45, 700-711. [CrossRef]
Wang, Y.F; Munemasa, S.; Nishimura, N.; Ren, H.M.; Robert, N.; Han, M.; Puzorjova, L; Kollist, H.; Lee, S.; Mori, L; et al.
Identification of cyclic GMP-activated nonselective Ca2+-permeable cation channels and associated CNGC5 and CNGC6 genes in
Arabidopsis guard cells. Plant Physiol. 2013, 163, 578-590. [CrossRef]

Li, J.Y,; Fu, YL.; Pike, S.M.; Bao, ]J.; Tian, W.; Zhang, Y.; Chen, C.Z.; Zhang, Y.; Li, HM.; Huang, J.; et al. The Arabidopsis
nitrate transporter NRT1.8 functions in nitrate removal from the xylem sap and mediates cadmium tolerance. Plant Cell 2010, 22,
1633-1646. [CrossRef]

He, L, Jing, Y,; Shen, J.; Li, X,; Liu, H.; Geng, Z.; Wang, M.; Li, Y.; Chen, D.; Gao, J.; et al. Mitochondrial pyruvate carriers prevent
cadmium toxicity by sustaining the TCA cycle and glutathione synthesis. Plant Physiol. 2019, 180, 198-211. [CrossRef] [PubMed]
Chaney, R.L.; Coulombe, B.A; Bell, PF,; Angle, ].S. Detailed method to screen dicot cultivars for resistance to Fe-chlorosis using
FeDTPA and bicarbonate in nutrient solutions. J. Plant Nutr. 1992, 15, 2063-2083. [CrossRef]

Langmead, B.; Trapnell, C.; Pop, M.; Salzberg, S.L. Ultrafast and memory-efficient alignment of short DNA sequences to the
human genome. Genome Biol. 2009, 10, R25. [CrossRef]

Li, H.; Handsaker, B.; Wysoker, A.; Fennell, T.; Ruan, J.; Homer, N.; Marth, G.; Abecasis, G.; Durbin, R. The sequence align-
ment/map format and SAMtools. Bioinformatics 2009, 25, 2078-2079. [CrossRef] [PubMed]

Team, R. RStudio: Integrated Development for R; RStudio, Inc.: Boston, MA, USA,, 2015.

Anders, S.; Huber, W. Differential Expression of RNA-Seq Data at the Gene Level-The DESeq Package; European Molecular Biology
Laboratory (EMBL): Heidelberg, Germany, 2012.

Wickham, H. ggplot2: Elegant Graphics for Data Analysis; Springer Nature: Houston, TX, USA, 2016.

Robinson, M.D.; McCarthy, D.J.; Smyth, G.K. edgeR: A Bioconductor package for differential expression analysis of digital gene
expression data. Bioinformatics 2010, 26, 139-140. [CrossRef] [PubMed]

Fisher, R. The Design of Experiments, 8th ed.; London Oliver and Boyd: Edinburgh, UK, 1966.

Bonferroni, C. III Calcolo delle assicurazioni su gruppi di teste. Studi Onore Prof. Salvatore Ortu Carboni 1935, 13-60.

Morales, A M.A.P;; O’'Rourke, J.A.; van de Mortel, M.; Scheider, K.T.; Bancroft, T.].; Borem, A.; Nelson, R.T.; Nettleton, D.; Baum,
T.J.; Shoemaker, R.C.; et al. Transcriptome analyses and virus induced gene silencing identify genes in the Rpp4-mediated Asian
soybean rust resistance pathway. Funct. Plant Biol. 2013, 40, 1029-1047. [CrossRef]

Wang, Z.; Libault, M.; Joshi, T.; Valliyodan, B.; Nguyen, H.T.; Xu, D.; Stacey, G.; Cheng, J. SoyDB: A knowledge database of
soybean transcription factors. BMC Plant Biol. 2010, 10, 14. [CrossRef]

Frith, M.C,; Fu, Y,; Yu, L.; Chen, ].F; Hansen, U.; Weng, Z. Detection of functional DNA muotifs via statistical over-representation.
Nucleic Acids Res. 2004, 32, 1372-1381. [CrossRef]

Fornes, O.; Castro-Mondragon, J.A.; Khan, A.; van der Lee, R.; Zhang, X.; Richmond, P.A.; Modi, B.P,; Correard, S.; Gheorghe, M.;
Baranasi¢, D.; et al. JASPAR 2020: Update of the open-access database of transcription factor binding profiles. Nucleic Acids Res.
2020, 48, D87-D92. [CrossRef]


http://doi.org/10.1105/tpc.111.084715
http://www.ncbi.nlm.nih.gov/pubmed/21586684
http://doi.org/10.1038/s41467-019-13543-1
http://doi.org/10.1038/sj.emboj.7600086
http://doi.org/10.1105/tpc.112.104463
http://doi.org/10.1111/j.1365-313X.2005.02616.x
http://doi.org/10.1104/pp.113.225045
http://doi.org/10.1105/tpc.110.075242
http://doi.org/10.1104/pp.18.01610
http://www.ncbi.nlm.nih.gov/pubmed/30770461
http://doi.org/10.1080/01904169209364459
http://doi.org/10.1186/gb-2009-10-3-r25
http://doi.org/10.1093/bioinformatics/btp352
http://www.ncbi.nlm.nih.gov/pubmed/19505943
http://doi.org/10.1093/bioinformatics/btp616
http://www.ncbi.nlm.nih.gov/pubmed/19910308
http://doi.org/10.1071/FP12296
http://doi.org/10.1186/1471-2229-10-14
http://doi.org/10.1093/nar/gkh299
http://doi.org/10.1093/nar/gkz1001

	Introduction 
	Results 
	Comparing Repeated Stress and Sequential Stress 
	Identifying Genes Differentially Expressed in Both Leaves and Roots After -Fe-Pi Stress 
	Stringent Identification of Sequential Stress Specific Genes 

	Discussion 
	A Core Set of Genes Is Differentially Expressed in all Three Stress Profiles 
	Genes Required for -Pi Responses 
	First Stress Signature Genes 
	Sequential Stress Induces More DEGs in Leaves than in Roots 
	Genes Unique to Sequential Stress Response 

	Materials and Methods 
	Growth Conditions 
	RNA Isolation 
	RNA-Seq and Data Analysis 
	Gene Annotation 
	Identification of Over-Represented Transcription Factor Binding Sites 

	References

