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SUMMARY

Metabolites, phytohormones, and genes involved in dehydration responses/tolerance have been predicted
in several plants. However, metabolite/phytohormone-gene regulatory networks in soybean organs under
dehydration conditions remain unclear. Here, we analyzed the organ specificity of metabolites, phytohor-
mones, and gene transcripts and revealed the characteristics of their regulatory networks in dehydration-
treated soybeans. Our metabolite/phytohormone analysis revealed the accumulation of raffinose, trehalose,
and cis-zeatin (cZ) specifically in dehydration-treated roots. In dehydration-treated soybeans, raffinose, and
trehalose might have additional roles not directly involved in protecting the photosynthetic apparatus; cZ
might contribute to root elongation for water uptake from the moisture region in soil. Our integration analy-
sis of metabolites-genes indicated that galactinol, raffinose, and trehalose levels were correlated with tran-
script levels for key enzymes (galactinol synthase, raffinose synthase, trehalose 6-phosphate synthase,
trehalose 6-phosphate phosphatase) at the level of individual plants but not at the organ level under dehy-
dration. Genes encoding these key enzymes were expressed in mainly the aerial parts of dehydration-trea-
ted soybeans. These results suggested that raffinose and trehalose are transported from aerial plant parts
to the roots in dehydration-treated soybeans. Our integration analysis of phytohormones-genes indicated
that ¢Z and abscisic acid (ABA) levels were correlated with transcript levels for key enzymes (cytokinin
nucleoside 5'-monophosphate phosphoribohydrolase, cytokinin oxidases/dehydrogenases, 9-cis-epoxy-
carotenoid dioxygenase) at the level of individual plants but not at the organ level under dehydration condi-
tions. Therefore, processes such as ABA and cZ transport, among others, are important for the organ
specificity of ABA and c¢Z production under dehydration conditions.
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INTRODUCTION 2017). Under dehydration conditions, several crops

showed reduced early seedling growth, root and shoot dry
weight, and vegetative growth. These adverse effects led

According to recent reports and simulation studies, climate
change is expected to adversely affect the yields of all

major crops worldwide (Varshney et al., 2011; Wheeler and
von Braun, 2013; Rosenzweig et al., 2014; Zhao et al.,

© 2020 The Authors.

to a decrease in crop yields (Fahad et al., 2017). As soy-
bean is cultivated by using mainly rainfed agricultural

197

The Plant Journal published by Society for Experimental Biology and John Wiley & Sons Ltd.
This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License,
which permits use and distribution in any medium, provided the original work is properly cited, the use is non-commercial

and no modifications or adaptations are made.


mailto:kyonosin@affrc.go.jp
http://creativecommons.org/licenses/by-nc-nd/4.0/

198 Kyonoshin Maruyama et al.

practices in the major soybean-producing countries (e.g.
USA, Brazil, and Argentina), yields might be reduced by
even short periods of soil water deficit (Sinclair, 2017).
Hence, genes that are isolated based on analyses of the
metabolite/phytohormone-gene  regulatory  networks
underlying the dehydration response in soybeans are
important for molecular breeding under dehydration condi-
tions.

An essential step in elucidating these metabolite/phyto-
hormone-gene regulatory networks is to identify dehydra-
tion-responsive metabolites, phytohormones, and gene
transcripts. To date, such studies have been conducted for
the most part in Arabidopsis thaliana. Studies of metabo-
lomes and phytohormones based on mass spectrometry
(MS) have led to the characterization of dehydration-re-
sponsive metabolites and phytohormones. The profiles of
several types of dehydration-responsive metabolites have
been reported. For instance, the levels of oligosaccharides,
proline, branched-chain amino acids (BCAAs), y-aminobu-
tyrate, saccharopine, and agmatine are significantly higher
in dehydration-treated plants than in untreated plants
(Urano et al., 2009; Skirycz et al., 2010; Verslues and Juen-
ger, 2011; Maruyama et al., 2014a; Todaka et al., 2017).
Analyses of phytohormone profiles have revealed that
abscisic acid (ABA) is the main dehydration-responsive
phytohormone (Miiller et al., 2002; Chiwocha et al., 2003;
Yamaguchi-Shinozaki and Shinozaki, 2006; Hirayama and
Shinozaki, 2007; Cutler et al., 2010; Raghavendra et al.,
2010; Weiner et al., 2010; Maruyama et al., 2014a; Todaka
et al., 2017; Urano et al., 2017).

Transcriptome studies involving microarray analysis and
next-generation sequencing have led to the characteriza-
tion of dehydration-responsive genes in several plant spe-
cies, including genes encoding metabolic enzymes, late
embryogenesis-abundant (LEA) proteins, detoxification
enzymes, chaperones, protein kinases, and transcription
factors (Kilian et al., 2007; Shinozaki and Yamaguchi-Shi-
nozaki, 2007; Cutler et al, 2010; Maruyama et al., 2012,
2014a; Todaka et al., 2017). The transcript levels of many
genes in dehydration-treated plants are correlated with
those in ABA-treated plants (Seki et al.,, 2002; Rabbani
et al., 2003). Mutant analysis has revealed that ABA plays
an essential role in the response to dehydration and that
an increase in endogenous ABA is required for activating
ABA-dependent signalling networks (luchi et al., 2001;
Urano et al., 2009, 2017).

ABA is recognized by pyrabactin resistance1/PYR1-like/
regulatory components of ABA receptor (PYR/PYL/RCAR)
proteins (Ma et al., 2009; Nishimura et al., 2009; Park et al.,
2009; Santiago et al., 2009). In plants with low levels of
ABA, PYR/PYL/RCAR proteins and group-A protein phos-
phatase 2C (PP2C) complexes inhibit the kinase activity of
subclass Ill sucrose non-fermenting 1-related protein
kinase 2 (SnRK2). By contrast, in plants with high levels of

ABA, ABA-PYR/PYL/RCAR-PP2C complexes form, the inhi-
bition of SnRK2 activity is relieved, and ABA signal trans-
duction is activated. Transcription factors, such as abscisic
acid-responsive element (ABRE)-binding protein/ABRE-
binding factors (AREB/ABFs), are phosphorylated by
SnRK2, and genes downstream of these transcription fac-
tors are upregulated (Cutler et al, 2010; Raghavendra
et al., 2010). ABREs are highly conserved in the promoters
of dehydration- and ABA-inducible genes and of genes that
function downstream of the AREB family, suggesting that
ABRE/AREB family-dependent gene expression plays a
major role in dehydration-inducible gene expression (Mar-
uyama et al., 2012). Cytokinins (CKs), which are involved in
various processes of plant growth and development, have
also been reported to respond to abiotic stresses such as
dehydration and high salinity (Kieber and Schaller, 2014).
Among CKs, the levels of trans-zeatin (tZ) and NP-(A%
isopentenyl) adenine (iP) decrease in xylem sap under
dehydration (Alvarez et al, 2008). CKs are generally
thought to have antagonistic actions relative to ABA and
function in opposition to ABA in stomatal movement, seed
germination, etc. (Hare et al., 1997; Peleg and Blumwald,
2011). The functions of tZ and iP under abiotic stress condi-
tions have been studied in detail, but the role of cis-zeatin
(cZ) is not well understood (Schafer et al., 2015). We previ-
ously described an increase in ABA signalling and a
decrease in CK signalling in the aerial parts of rice under
cold and dehydration conditions (Maruyama et al., 2014).
However, the role of ¢Z in rice under cold and dehydration
conditions was unclear based on our integration analysis
of phytohormones and gene transcripts.

Studies of the changes in metabolites, phytohormones,
and gene transcripts in various species of plants subjected
to dehydration stress have revealed many dehydration-re-
sponsive molecules, but studies of their organ-specific
accumulation have been limited. In the current analysis,
we surveyed the molecular responses of specific soybean
organs (leaves, stems, and roots) to dehydration during
vegetative growth. Using two types of MS, liquid chro-
matography coupled with MS (LC-MS) and gas chromatog-
raphy coupled with time-of-flight MS (GC-TOF-MS), we
identified and characterized representative dehydration-re-
sponsive metabolites and phytohormones. We also ana-
lyzed gene transcripts differentially expressed under
dehydration conditions via oligo microarray analysis and
cap analysis of gene expression (CAGE). Oligo microarray
analysis is suitable for comprehensive gene expression
analysis of a species whose genome has been sequenced.
CAGE uses cap trap technology based on biotinylation of
the 7-methylguanosine cap of mRNA transcribed by RNA
polymerase Il and large-scale parallel sequencing of the 5
ends of cDNAs. Therefore, CAGE can be used not only for
high-throughput gene expression analysis but also for
identifying transcription start sites (TSSs) (Carninci et al.,
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2005; Murata et al., 2014). Finally, we analyzed the regula-
tory networks of metabolites-genes and phytohormones—
genes and predicted several genes encoding metabolic
enzymes that might play key roles in the dehydration
response in soybeans.

RESULTS
Responses of soybeans to dehydration stress

To investigate the metabolites, phytohormones, and gene
transcripts in various soybean organs in response to dehy-
dration, we used our cultivation system to grow soybean
plants to the V3 growth stage (the full opening of the 3rd
trifoliate leaf) (Figure 1a) and then subjected them to dehy-
dration stress by withholding water for 4 days (Figure 1b-
k). Our cultivation system utilizing capillary phenomena
can maintain a soil moisture content of ~20% under normal
growth conditions (Figure 11). The soil moisture content
slowly decreased during the 4-day dehydration treatment
(Figure Tm). We measured the photosynthetic rate, transpi-
ration rate, and H,O conductance of soybean plants after
exposure to dehydration (Figure 1n-p) and found that
these values were close to zero after 3 days of dehydra-
tion. These results indicated that the plants closed their
stomata in response to dehydration. We collected five dif-
ferent organs (1st [L1], 2nd [L2], and 3rd [L3] trifoliate
leaves; stems [S]; and roots [R]) from soybean plants
exposed to dehydration for 3 or 4 days (D3 or D4) or
watered normally (untreated for 3 [U3] or 4 days [U4]) and
analyzed their metabolite, phytohormone, and gene tran-
script levels.

Metabolite profiles of soybean organs exposed to
dehydration

We used GC-TOF-MS to measure dehydration-responsive
metabolites in the five types of soybean organs (L1, L2, L3,
S, and R) in response to the four different treatments (U3,
U4, D3, and D4) and identified 197 independent metabo-
lites according to their retention-time indices and specific
mass fragments. Compared with those in the correspond-
ing 3-day and 4-day untreated plants, the levels of 59 (L1-
D3), 113 (L1-D4), 55 (L2-D3), 111 (L2-D4), 78 (L3-D3), 121
(L3-D4), 124 (S-D3), 135 (S-D4), 123 (R-D3), and 110 (R-D4)
metabolites were significantly higher in dehydration-trea-
ted plants (Benjamini and Hochberg false discovery rate
[FDR]: P < 0.05; fold change [FC] >2), whereas the levels of
12 (L1-D3), 7 (L1-D4), 14 (L2-D3), 25 (L2-D4), 18 (L3-D3), 19
(L3-D4), 5 (S-D3), 3 (S-D4), 10 (R-D3), and 7 (R-D4) metabo-
lites were significantly lower (FDR, P < 0.05; FC <0.5;
Table S1).

We compared the metabolite profiles via principal com-
ponent analysis (PCA) (Figure 2a). The cumulative contri-
bution ratio of the PCA was 72% up to the second principal
component (PC2). The PCA had two key features. The first

© 2020 The Authors.
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principal component (PC1) reflected increases in the levels
of metabolites after exposure to dehydration. The PC1 val-
ues for dehydration-treated organs were higher than those
for untreated organs. The PC2 values reflected differences
in the variety of metabolites in organs among dehydration-
treated organs. The PC2 values were highest for dehydra-
tion-treated roots, whereas dehydration-treated leaves had
the lowest PC2 values. These results indicated that the
organ specificity of metabolite accumulation was higher in
dehydration-treated organs than in untreated organs. We
displayed PCA loadings using scatter plots (Figure 2b).
PCA loadings correspond to the coefficients of each princi-
pal component. In the metabolite profiles, the highest PC1
loading was for pinitol. Pinitol levels were significantly
higher in dehydration-treated organs than in untreated
organs (Figure 2c) and were higher in leaves than in stems
and roots after exposure to dehydration. The 3rd leaves of
plants subjected to the 4-day dehydration treatment had
the highest pinitol levels. Asparagine had the highest PC2
loading (Figure 2b). Asparagine levels were higher in
stems and roots than in leaves after exposure to dehydra-
tion. The highest asparagine levels were detected in the
roots of plants subjected to the 4-day dehydration treat-
ment (Figure 2c).

We previously reported dehydration-inducible sugars,
amino acids, and oligosaccharides in Arabidopsis and rice
(Maruyama et al, 2009; Urano et al., 2009; Maruyama
et al., 2014a). In the current study, metabolite analyses of
soybean organs revealed that the levels of several organic
acids, sugars, amino acids, oligosaccharides, and polyols
were also significantly higher in dehydration-treated
organs than in untreated organs, and pinitol was the most
highly dehydration-inducible metabolite in various soy-
bean organs (Figure 2b,c). Dehydration-inducible changes
in pinitol levels have also been observed in Mesembryan-
themum crystallinum (ice plant) (Paul and Cockburn, 1989),
Porteresia coarctata (halophytic wild rice) (Sengupta et al.,
2008), and Medicago sativa (alfalfa) (Aranjuelo et al., 2011).

In addition, our metabolite analyses revealed the organ
specificity of several types of dehydration-inducible
metabolites (Figure 2c). Both sucrose and glucose levels
were higher in leaves and stems than in roots under
untreated conditions. The levels of both metabolites were
significantly higher in dehydration-treated organs than in
untreated organs, and they dramatically increased in roots
after exposure to dehydration. Both metabolites had a high
fold change in roots after dehydration treatment (Figure 2c).
The highest levels of both fructose and mannose were
detected in stems subjected to the 3-day dehydration treat-
ment. In the 2nd and 3rd leaves and in the stems, both
fructose and mannose levels increased after dehydration
treatment, peaking on the third day of dehydration treat-
ment, and then decreased on the fourth day (Figure 2c).
The levels of myoinositol, BCAAs (valine, leucine, and
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Figure 1. Dehydration treatment of soybean seedlings using our cultivation system. Soybean plant at the V3 growth stage (a). L1, L2, and L3 indicate 1st, 2nd,
and 3rd trifoliate leaves, respectively. Soybean seedlings before (b, c) and 1 day (d, e), 2 days (f, g), 3 days (h, i), and 4 days (j, k) after exposure to dehydration.
D and U indicate dehydration and untreated, respectively. Soil in pots before and after water supply (I). Graphs show soil moisture content (m) in pots and pho-
tosynthetic rate (n), transpiration rate (o), and H,O conductance (p) in soybean plants after exposure to dehydration. Orange and green indicate dehydration and
untreated, respectively. Error bars indicate standard deviation (SD) from 36 measurements (m-p).

isoleucine), lysine, threonine, methionine, 2-aminobu-
tanoate, and cis-aconitate were higher in leaves and stems
than in roots under dehydration conditions (Figure 2c).
Greater increases in tyrosine, phenylalanine, tryptophan,
and ononitol levels were detected in leaves than in stems
and roots after exposure to dehydration (Figure 2c). The
highest levels of proline, glutamine, ornithine, and urea
were found in 2nd leaves subjected to the 4-day dehydra-
tion treatment. The accumulation of these metabolites also
increased in stems and roots after dehydration (Figure 2c).
Galactinol, raffinose, and trehalose levels were higher in
roots than in leaves and stems under dehydration condi-
tions (Figure 2c).

Phytohormone profiles of soybean organs exposed to
dehydration

We identified 13 phytohormones in dehydration-treated or
untreated soybean organs using LC-MS (Table S2) and per-
formed PCA to compare dehydration-responsive phytohor-
mone levels (Figure 3a). The cumulative contribution ratio
of the PCA was 77.5% up to PC2. Two key features
emerged from the PCA. PC1 reflected increases in the
levels of phytohormones after exposure to dehydration.
The highest PC1 value was for the 3rd leaves subjected to
the 4-day dehydration treatment. The PC2 value reflected

differences in the variety of phytohormones in different
organs. The PC2 values were positive for stems, negative
for roots, and near zero for leaves. These results indicate
that some phytohormones exhibit high organ specificity in
soybeans under both untreated and dehydration condi-
tions.

We focused on representative phytohormones by ana-
lyzing PCA loadings (Figure 3b). The highest PC1 loading
was for ABA. ABA levels were significantly higher in dehy-
dration-treated organs than in untreated organs and were
higher in leaves than in stems and roots after exposure to
dehydration. The highest ABA levels were found in 3rd
leaves subjected to the 4-day dehydration treatment (Fig-
ure 3c). The first- and second-highest PC2 loadings were
for iP riboside phosphates (iPRPs) and tZ riboside phos-
phates (tZRPs), respectively; iPRPs and tZRPs are precur-
sors of iP and tZ, respectively. The levels of both
precursors were higher in stems than in leaves and roots
(Figure 3c). The lowest PC2 loading was for cZ. cZ levels
were higher in roots than in leaves and stems, and cZ
levels in untreated roots were similar to those in dehydra-
tion-treated leaves and stems. The highest cZ levels were
detected in the roots of plants subjected to the 3-day dehy-
dration treatment (Figure 3c). Both cZ riboside (cZR) and
c¢ZR phosphates (cZRPs) are precursors of cZ; these
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Figure 2. Statistical analysis of the metabolite profiles of soybean organs
(1st [L1], 2nd [L2], and 3rd [L3] trifoliate leaves; stems [S]; and roots [R])
after exposure to dehydration. Metabolite levels were measured in various
soybean organs subjected to four treatments: dehydration (water withheld)
for 3 days (D3) or 4 days (D4) and untreated for 3 or 4 days (U3 and U4,
respectively). (a) Principal component analysis (PCA) of metabolite levels.
Values on the y and x axes indicate PC1 and PC2, respectively. (b) PCA load-
ings for metabolites. (c) Representative metabolites under water-deficit
stress conditions. In each case, the maximum level of metabolite was set to
100. Values are means (n = 3 experiments); error bars show SDs.
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Figure 3. Statistical analysis of the phytohormone profiles of soybean
organs after exposure to dehydration. Phytohormone levels were measured
in various soybean organs subjected to four treatments: U3, U4, D3, and
D4. (a) Principal component analysis (PCA) of phytohormones. Values on
the y and x axes indicate PC1 and PC2, respectively. (b) PCA loadings for
phytohormones. (c) Relative levels of representative phytohormones. n.d.
indicates that the phytohormone could not be detected. In each case, the
maximum phytohormone level was set to 100. Values are the mean + SD
(n = 3 experiments). ABA, abscisic acid; iPRPs, N®-(A%-isopentenyl) adenine
ribosides; tZRPs, trans-zeatin riboside-5'-phosphates; cZ, cis-zeatin; cZR, cis-
zeatin riboside; cZRPs, cis-zeatin 5'-phosphates.

compounds had the second- and third-lowest PC2 loading,
respectively. The highest levels of both precursors were
also found in the roots of plants subjected to the 3-day
dehydration treatment (Figure 3c).

Transcript profiles of soybean organs exposed to
dehydration

We performed oligo microarray analysis to identify dehy-
dration-responsive genes in these soybean organs. Overall,
2736 (L1-D3), 3630 (L1-D4), 2904 (L2-D3), 3956 (L2-D4), 3497
(L3-D3), 4666 (L3-D4), 2910 (S-D3), 3797 (S-D4), 2589
(R-D3), and 2881 (R-D4) genes were significantly upregu-
lated (FDR: P < 0.05; FC > 2), and 3461 (L1-D3), 3862 (L1-
D4), 3982 (L2-D3), 4476 (L2-D4), 4176 (L3-D3), 5067 (L3-D4),
4058 (S-D3), 8238 (S-D4), 4497 (R-D3), and 4409 (R-D4)
genes were significantly downregulated (FDR: P < 0.05;
FC < 0.5; Table S3) in response to dehydration relative to
those in the corresponding untreated plants. In addition, to
confirm the dehydration-responsive genes, we performed
CAGE using L3-U4, L3-D4, S-U4, S-D4, R-U4, and R-D4. We
detected 27 233 transcripts by CAGE. Correlation analysis
showed that the two kinds of transcriptome analyses (oligo
microarray and CAGE) were highly correlated. The
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Figure 4. Statistical analysis of the transcript profiles of various soybean
organs after exposure to dehydration. (a) Correlation analysis of gene tran-
script levels. Values on the y and x axes indicate fold change in microarray
and CAGE analyses, respectively. (b) Principal component analysis (PCA) of
gene transcript levels. Values on the y and x axes indicate PC1 and PC2,
respectively. (c) PCA loadings for gene transcripts. (d) Expression levels of
representative genes under dehydration conditions. In each case, the maxi-
mum gene transcript level was set to 100. Values are the mean + SD (n =3
experiments). (e) Molecular functions of dehydration-responsive genes in
various soybean organs. Radar charts of 27 upregulated and downregulated
molecular function classes indicating the frequency of each class in dehy-
dration-treated soybean organs. 1, Carbohydrate metabolism; 2, Energy
metabolism; 3, Lipid metabolism; 4, Nucleotide metabolism; 5, Amino acid
metabolism; 6, Metabolism of other amino acids; 7, Glycan biosynthesis
and metabolism; 8, Metabolism of cofactors and vitamins; 9, Metabolism of
terpenoids and polyketides; 10, Biosynthesis of other secondary metabo-
lites; 11, Xenobiotic biodegradation and metabolism; 12, Biosynthesis of
plant hormones; 13, Photosynthesis; 14, Signal transduction; 15, Transcrip-
tion; 16, Translation; 17, Epigenetics; 18, Molecular chaperone; 19, DNA
replication and repair; 20, Helicase; 21, Ribonuclease; 22, Ubiquitination; 23,
Protease/peptidase; 24, Transport; 25, Detoxification enzyme; 26, dehydrin/
LEA proteins; 27, Other. Orange and light blue indicate the 3-day dehydra-
tion treatment. Red and blue indicate the 4-day dehydration treatment.
(F, G) Heatmaps illustrate the log ratios of dehydration-responsive genes in
representative molecular classes of dehydrin/LEA proteins (f) and photosyn-
thesis (g). psaD, photosystem | subunit Il; psbO, photosystem Il oxygen-
evolving enhancer protein 1; Lhc, chlorophyll a/b-binding protein; atpC,
CF1-ATPase y-subunit; rbeS, ribulose 1,5-bisphosphate carboxylase/oxyge-
nase small subunit.

correlation coefficients were 0.89 (L3-D4), 0.89 (S-D4), and
0.77 (R-D4) (Figure 4a).

We compared the transcript profiles of the samples via
PCA (Figure 4b). The cumulative contribution ratio of the
PCA was 58.8% up to PC2. Two key features emerged from
the PCA. The PC1 value reflected increases in transcript
levels after exposure to dehydration. The PC1 values were
higher for dehydration-treated organs than for untreated
organs. The PC2 value reflected differences in the variety
of transcripts in these organs. The PC2 values for untreated
and dehydration-treated 3rd leaves were similar and were
the highest among the organs. Untreated roots had the
lowest PC2 values. These results indicated that the organ
specificity of transcript accumulation was lower in dehy-
dration-treated plants than in untreated plants.

We selected representative dehydration-responsive
genes for PCA loading (Figure 4c). The transcript levels of
four selected genes were confirmed by reverse-transcrip-
tion quantitative PCR (RT-qPCR) and are displayed as bar
charts (Figure 4d). Among the transcript profiles, Gly-
ma.16G037900 and Glyma.09G185500 showed the first-
and second-highest PC1 loadings, respectively. The levels
of both transcripts were significantly higher in dehydra-
tion-treated organs than in untreated organs and were
higher in leaves than in stems and roots under dehydration
conditions (Figure 4d). The lowest PC1 loading was for Gly-
ma.11G221000. Glyma.11G221000 transcript levels were
significantly lower in dehydration-treated leaves than in
untreated leaves and were higher in leaves than in stems
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and roots (Figure 4c). The lowest PC2 loading was for
Glyma.15G186100. Untreated roots showed the highest
Glyma.15G186100 transcript levels (Figure 4d).
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We used our in-house gene ontology (GO) database
(Maruyama et al., 2012) to annotate the molecular func-
tions of all identified dehydration-responsive genes (Fig-
ure 4e). The GO profiles of the upregulated genes were
similar among the five organs examined, revealing dehy-
drin/LEA genes as representative genes whose transcript
levels increased under dehydration conditions. Transcript
levels of dehydrin/LEA genes upregulated under dehydra-
tion conditions increased by 35.8% (L1-D3), 39.5% (L1-D4),
35.8% (L2-D3), 37.0% (L2-D4), 30.9% (L3-D3), 42.0% (L3-D4),
30.9% (S-D3), 35.8% (S-D4), 24.7% (R-D3), and 32.1% (R-D4)
relative to those in the corresponding untreated plants
(Figure 4e). As dehydrin/LEA genes are classified into
seven groups in the Pfam database, we constructed heat-
maps to illustrate the log ratios of expression of these
dehydration-responsive genes (Figure 4f; Figure S1). We
analyzed 74 dehydrin/LEA genes by oligo microarray analy-
sis. Five genes belong to the dehydrin group, and four
genes, 53 genes, six genes, three genes, two genes, and
one gene belong to groups 1, 2, 3, 4, 5, and 6 of LEA
genes, respectively. All genes in the dehydrin group and in
LEA gene groups 1, 4, 5, and 6 were upregulated in all five
organs under dehydration conditions. Among group 2 LEA
genes, a few were upregulated under dehydration condi-
tions, and several genes (e.g. Glyma.02G197600) were
downregulated. We selected genes involved in photosyn-
thesis to represent downregulated genes under dehydra-
tion conditions (Figure 4e). The transcript levels of
photosynthesis-related genes downregulated by dehydra-
tion decreased by 45.3% (L1-D3), 56.8% (L1-D4), 40.5%
(L2-D3), 60.8% (L2-D4), 48.0% (L3-D3), 65.5% (L3-D4), 8.8%
(S-D3), 25.7% (S-D4), 14.2% (R-D3), and 21.6% (R-D4) rela-
tive to those in the corresponding untreated plants. Photo-
synthesis-related genes include psa and psb, which
encode subunits of photosystems | and Il, respectively.
psaD, psaE, psaF, psaG, psaH, psaK, psbO, psbP, psbR,
psbW, and psbY were significantly downregulated in
dehydration-treated leaves. Lhc (chlorophyll a/b-binding
protein), atpC (CF1-ATPase y-subunit), atpD (CF1-ATPase
d-subunit), and rbcS (ribulose 1,5-bisphosphate carboxylase/
oxygenase small subunit) were also significantly downregu-
lated in dehydration-treated leaves (Figures 4g and S2).

Expression of genes involved in carbohydrate and amino
acid metabolism in soybeans

Our metabolite and gene transcript analyses revealed the
organ specificity of dehydration-induced metabolites and
gene transcripts in soybeans, respectively (Figures 2 and 3).
We investigated the expression of genes involved in carbo-
hydrate and amino acid metabolism in dehydration-treated
soybean organs using KEGG, Kappa-view, and Phytozome.
Among the genes involved in sucrose metabolism, tran-
script levels of the gene encoding alkaline/neutral invertase
(INV) (Glyma.01G211000) were upregulated in leaves and
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stems after dehydration treatment (Figure 5a,b). Gly-
ma.01G211000 transcript levels were >30-fold higher in
dehydration-treated 1st and 2nd leaves than in untreated
1st and 2nd leaves and were higher on the third day of
dehydration treatment than on the fourth day. Branched-
chain amino acid aminotransferase (BCAT) is important
not only for BCAAs but also for 2-aminobutanoate biosyn-
thesis (Figure 5¢). The highest transcript levels of the gene
encoding BCAT (Glyma.06G050100) were found in 2nd
leaves subjected to the 4-day dehydration treatment (Fig-
ure 5a). Among glutamine and methionine biosynthesis,
the transcript levels of the genes encoding glutamine syn-
thetase (GS) (Glyma.02G244000) and homocysteine
S-methyltransferase  (HMT) (Glyma.20G148900) were
upregulated after exposure to dehydration. The 1st leaves
and the stems subjected to the 4-day dehydration treat-
ment had the highest transcript levels of Glyma.02G244000
and Glyma.20G148900, respectively (Figure 5a,c). Among
the genes in the glyoxylate cycle, the transcript levels of
genes encoding isocitrate lyase (ICL) (Glyma.12G100500)
and malate synthase (Glyma.17G128000) were higher in
leaves and stems than in roots under dehydration condi-
tions (Figure 5a,d). Of the genes associated with aspara-
gine metabolism, the transcript levels of the gene
encoding glutamine-dependent asparagine synthetase
(ASNS) (Glyma.18G061100) were higher in leaves and
stems than in roots under dehydration conditions (Figure
5a,d). Among the genes involved in proline metabolism,
the transcript levels of genes encoding A'-pyrroline-5-
carboxylate dehydrogenase (P5CD) (Glyma.05G029200)
and A'-pyrroline-5-carboxylate synthase (P5CS) (Gly-
ma.01G099800) were significantly higher in all dehydra-
tion-treated organs than in untreated organs (Figure 5a,e).
The highest transcript levels of both Glyma.05G029200 and
Glyma.01G099800 were found in 2nd leaves subjected to
the 4-day dehydration treatment (Figure 5a). Among the
genes involved in mannose metabolism, we detected high
transcript levels of Glyma.19G223000, which encodes man-
nan endo-1,4-B-mannosidase (MAN), in only stems under
dehydration conditions (Figure 5a,f). Among the genes
involved in trehalose metabolism, the transcript levels of
the genes encoding trehalose 6-phosphate phosphatase
(TPP) (Glyma.18G018100) and trehalose 6-phosphate
synthase (TPS) (Glyma.17G067800) were upregulated in
the dehydration-treated leaves and stems but were down-
regulated in dehydration-treated roots (Figure 5a,f). We
investigated the expression levels of the dehydration-in-
ducible galactinol (GolS) and raffinose synthase (RS) genes
in soybeans via oligo microarray and CAGE analysis and
confirmed their transcript levels by RT-gPCR (Figure 5h).
Probes corresponding to several GolS genes were not
included in our oligo microarray slide. The transcript levels
of Glyma.199227800 (GolS) and Glyma.03g137900 (RS)
were significantly higher in dehydration-treated organs
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Table S4. Ad, Arachis duranensis; Bv, Beta vulgaris; Gm, Glycine max; La, Lupinus angustifolius; Lj, Lotus japonicus; Mt, Medicago truncatula; Mc, Mesembryan-

themum crystallinum; Pc, Porteresia coarctata.

than in untreated organs (Figure 5h). The transcript levels
of Glyma.199227800 were higher in leaves and stems than
in roots under dehydration conditions. Stems subjected to
the 3-day dehydration treatment showed the highest tran-
script levels of Glyma.199227800. The transcript levels of
Glyma.03g137900 were higher in leaves than in stems and
roots after exposure to dehydration. The highest transcript
levels of Glyma.03g137900 were detected in 1st leaves sub-
jected to the 4-day dehydration treatment.

Our metabolite analysis revealed that the increased
levels of polyols (ononitol and pinitol) were higher in
leaves than in stems and roots after exposure to dehydra-
tion (Figure 2). High levels of ononitol and/or pinitol have
been reported in halophytic wild rice, legumes, and ice
plants (Quemener and Brillouet, 1983; Adams et al., 1992;
Sengupta et al., 2008), and there is a correlation between
the expression of genes encoding myoinositol methyl-
transferase 1 (McIMT1) and both ononitol and pinitol levels
in ice plants (Ishitani et al., 1996). McIMT1, which belongs
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to the S-adenosyl-.-methionine-dependent methyltrans-
ferase (SAM-MTase) family, is a key enzyme in both ononi-
tol and pinitol biosynthesis in ice plants (Ishitani et al.,
1996). Transgenic tobacco plants that overexpress McIMT1
accumulate more endogenous ononitol and exhibit
improved dehydration tolerance compared with those of
wild-type plants (Vernon et al, 1993; Sheveleva et al.,
1997). In addition, a cDNA for a McIMT1 homologue
(PcIMTT1) was reported in only a halophytic wild rice acces-
sion (Sengupta et al., 2008). To predict the myoinositol
methyltransferase (IMT) genes in soybeans, we performed
a similarity search for McIMT1 against the Phytozome and
GenBank databases and constructed phylogenetic trees of
representative members of the SAM-MTase family from
several species, including soybean (Figures 5i and S3 and
Tables S4 and S5). The known IMTs (McIMT1 and PcIMT1)
are highly conserved and are most similar to
LOC104893230 in Beta vulgaris, forming a single group.
The level of homology between McIMT1 and PcIMT1 is
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quite high. Surprisingly, McIMT1 and PcIMT1 differ by only
4 of 1095 bases, with this small number of differences
between the two genes at nucleotide positions 6, 9, 47,
and 709 from the initiation codon (Figure S4). We recog-
nized several identifiable clusters in our phylogenetic trees,
which suggest that members of the SAM-MTase family are
classified into groups of proteins with the same function,
such as anthranilate N-methyltransferase, caffeic acid 3-O-
methyltransferase, (R,S)-reticuline 7-O-methyltransferase,
and trans-resveratrol di-O-methyltransferase (Figure 6i).
This classification was not related to species. These results
suggested that there are no genes with high levels of
amino acid sequence similarity to McIMT1 in legumes,
including in soybeans. As ononitol is present in soybeans,
SAM-MTases other than myoinositol methyltransferase
might be involved in ononitol biosynthesis in soybeans. We
then searched for dehydration-inducible SAM-MTase genes
but found no SAM-MTase genes that were expressed at high
levels under dehydration conditions (Figure S5). Ononitol
levels were significantly increased in 35S:McIMT1 trans-
genic soybean plants, whereas pinitol levels in these plants
were not significantly different from those in wild-type
plants (Chiera et al., 2006). Taken together, these results sug-
gested that the roles of SAM-MTases in ononitol and pinitol
accumulation in plants under dehydration conditions differ
between soybeans and ice plants.

Expression of genes involved in phytohormone
biosynthesis and metabolism

Our phytohormone profiling indicated that ¢Z and its ribo-
side levels increased in soybean roots after dehydration
treatment (Figure 3c). ABA levels under dehydration condi-
tions were higher in leaves than in stems and roots
(Figure 3c). We screened dehydration-responsive genes
involved in ¢Z and ABA biosynthesis and metabolism.
Among the genes involved in ¢Z biosynthesis and metabo-
lism, the transcript levels of the gene encoding LONELY
GUY (LOG) (Glyma.12G174900) were increased, and those
of the genes encoding CK oxidases/dehydrogenases
(CKXs)  (Glyma.04G055600, Glyma.11G149100, Gly-
ma.17G054500) were decreased in leaves and stems after
exposure to dehydration (Figure 6a,b). We also investi-
gated the expression of genes involved in ABA biosynthe-
sis under dehydration in soybean organs. Among the
genes involved in ABA biosynthesis, the transcript levels
of the gene encoding zeaxanthin epoxidase (ZEP)
(Glyma.11G055700) were increased in all organs after
dehydration treatment (Figure 6a,c). The enzyme 9-cis-
epoxycarotenoid dioxygenase (NCED), which converts
9-cis-neoxanthin and 9-cis-violaxanthin into xanthoxin,
plays a key role in ABA biosynthesis (Figure 6c). We
searched for coding sequences (CDSs) of soybean NCEDs
and constructed a phylogenetic tree of representative
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NCEDs from Arabidopsis, rice, maize, and soybean (Fig-
ure 6d). Phylogenetic analysis of NCEDs suggested that
they can be divided into monocot and dicot plant proteins.
Among soybean NCEDs, Glyma.15g250100 and Gly-
ma.08g176300 are most similar to AtNCED3 and form a
single group (Figure 6d and Table S6). We investigated the
expression levels of the dehydration-inducible NCED genes
in soybeans via oligo microarray and CAGE analysis and
confirmed their transcript levels by RT-qPCR. Probes corre-
sponding to several NCED genes were not included in our
oligo microarray slide. Both Glyma.15g250100 and Gly-
ma.08g 176300 showed markedly higher transcript levels in
dehydration-treated organs than in the untreated organs
(Figure 6e), and the levels of transcripts for both genes
were higher in leaves and stems than in roots under dehy-
dration conditions. The highest transcript levels of Gly-
ma.159250100 and Glyma.08g176300 were found in stems
and 1st leaves subjected to the 3-day dehydration treat-
ment, respectively (Figure 6e).

In addition, we analyzed the promoter for Gly-
ma.15g250100. This promoter contains four ABREs within
1 kb upstream from the TSS (Figure 6f), whereas the regu-
latory region of the AtNCED3 promoter in Arabidopsis is
located 3 kb upstream from the TSS (Behnam et al., 2013).
To predict Glyma.159g250100 promoter activity in dehydra-
tion- and ABA-treated transgenic plants, we transformed
Arabidopsis plants with a fragment of the Gly-
ma.159250100 promoter fused to the B-glucuronidase gene
(GUS) and analyzed GUS expression. In untreated trans-
genic plants, hydathodes exhibited Glyma.15g250100 pro-
moter activity. By contrast, dehydration and ABA treatment
enhanced Glyma.15g250100 promoter activity in the vascu-
lar tissues of leaves and stems of the transgenic plants
(Figure 6g). These results support our transcript analyses
of Glyma.15g250100 in soybeans. The Glyma.15g250100
promoter is likely to be functional in the vascular tissue of
leaves and stems in dehydration-treated plants and is likely
to be regulated by ABA via a positive feedback regulation
loop.

DISCUSSION

There is a close relationship between the level of dehydra-
tion stress in plants and ABA concentration (Beardsell and
Cohen, 1975; Bensen et al.,, 1988). In plants with mild
dehydration stress levels, the endogenous ABA levels are
low, and changes in gene transcript and metabolite levels
are minimal. By contrast, in plants with severe dehydra-
tion stress levels, the endogenous ABA levels are high,
and gene transcript and metabolite levels undergo
dynamic changes (Todaka et al., 2017; Urano et al., 2017).
In Arabidopsis, ethylene signalling is involved under mild
osmotic stress conditions (Skirycz et al., 2010). The
metabolite/phytohormone-gene  regulatory  networks
under dehydration stress with low levels of ABA might

also be different from ABA-dependent metabolite/phyto-
hormone-gene regulatory networks in soybean. In addi-
tion, ABA is related to not only dehydration responses but
also senescence, seed maturation, etc. (Lim et al., 2007).
The metabolite/phytohormone-gene regulatory networks
in reproductive stages of plant organs under dehydration
conditions are considered to be more complex than those
of vegetative stages due to effects such as senescence,
seed maturation, etc. In the present study, we conducted
an integration analysis to understand the metabolite/phy-
tohormone-gene regulatory networks involved in the
dehydration responses in soybean organs of the vegeta-
tive growth stages at dehydration stress levels during
which stomatal closure occurs.

An integration analysis enabled us to predict important
genes encoding metabolic enzymes for carbohydrates,
amino acids, and phytohormones that are involved in the
response of soybean plants to dehydration. Based on our
results, INV (Glyma.01G211000) is important for sucrose
metabolism in dehydration-treated soybean plants. High
levels of glucose and fructose were correlated with tran-
script levels of Glyma.01G211000 in the aerial parts of soy-
beans under dehydration conditions (Figures 2 and 5). In
the glyoxylate cycle, ICL and MS are important enzymes,
and the expression levels of the genes that encode them
play a role in activating gluconeogenesis (Eastmond et al.,
2000; Dunn et al., 2009). Among the genes in the glyoxy-
late cycle, the transcript levels of ICL (Glyma.12G100500)
and MS (Glyma.17G128000) were upregulated significantly
after exposure to dehydration (Figure 5). High levels of
monosaccharide were correlated with transcript levels of
both Glyma.12G100500 and Glyma.17G128000 in the aerial
parts of plants under dehydration conditions (Figures 2
and 5). We suggest that both genes have important roles
in increasing the accumulation of monosaccharides under
dehydration conditions in soybeans. Our findings also indi-
cate that MAN (Glyma.19G223000) is important for man-
nose metabolism in dehydration-treated stems. Increased
mannose levels were correlated with high transcript levels
of Glyma.19G223000 in stems under dehydration condi-
tions (Figures 2 and 5). Consistently, the highest levels of
mannose were found in stems subjected to dehydration
treatment. The highest transcript levels of Gly-
ma.19G223000 were also found in stems subjected to
dehydration treatment.

BCAT (Glyma.06G050100) is an important gene in both
BCAA and 2-aminobutanoate biosynthesis. Increased
BCAAs and 2-aminobutanoate levels were correlated with
high transcript levels of Glyma.06G050100 in dehydration-
treated soybean plants (Figures 2 and 5). The highest levels
of both BCAAs and 2-aminobutanoate were found in 2nd
leaves subjected to the 4-day dehydration treatment. The
highest transcript levels of Glyma.06G050100 were also
found in 2nd leaves subjected to the 4-day dehydration
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treatment. P5CS (Glyma.01G099800) is an important gene
in proline metabolism. Increased proline levels were corre-
lated with high transcript levels of Glyma.01G099800 in all
organs under dehydration conditions (Figures 2 and 5).
The highest levels of proline were found in 2nd leaves sub-
jected to the 4-day dehydration treatment. The highest
transcript levels of Glyma.01G099800 were also found in
2nd leaves subjected to the 4-day dehydration treatment.
Levels of asparagine were correlated with transcript levels
of ASNS (Glyma.18G061100) at the level of the individual
plants but not at the organ level under dehydration condi-
tions. Asparagine levels increased in mainly stems and
roots under dehydration conditions (Figure 2), but Gly-
ma.18G061100 was expressed in mostly the aerial parts of
soybeans under dehydration conditions (Figure 5). Aspara-
gine is a typical compound for nitrogen transport and stor-
age (Lam et al., 1994; Lea et al., 2007). Our integration
analysis suggested that asparagine is biosynthesized in the
aerial parts of soybean plants and is transported to the
roots under dehydration conditions.

Trehalose is a compatible solute that functions under
various abiotic stresses in rice. Transgenic plants with
increased trehalose accumulation show improved photo-
system |l function under dehydration conditions (Garg
et al., 2002). Increased trehalose levels were correlated
with transcript levels of TSP (Glyma.17G067800) and TPP
(Glyma.18G018100) at the level of the individual plants but
not at the organ level under dehydration conditions. Tre-
halose levels increased in mainly roots under dehydration
conditions (Figure 2), but both Glyma.17G067800 and Gly-
ma.18G018100 were expressed in mostly the aerial parts of
soybeans under dehydration conditions (Figure 5). Our
integration analysis suggested that trehalose is biosynthe-
sized in the aerial parts of soybean plants and is trans-
ported to the roots under dehydration conditions.
Raffinose is thought to function in processes such as
translocation (Haritatos et al., 2000) and polymer trapping
(Turgeon and Wolf, 2009). In addition, raffinose functions
as an osmoprotectant to stabilize cellular membranes, as a
scavenger of reactive oxygen species to protect the photo-
synthetic apparatus in chloroplasts under dehydration con-
ditions (Nishizawa et al., 2008), and as a stabilizer of
photosystem Il to protect cold-acclimated leaf cells from
damage during freezing (Knaupp et al., 2011). Our integra-
tion analysis revealed that GolS (Glyma.19g227800) and
RS (Glyma.03g137900) were expressed in mainly the aerial
parts of soybeans, but galactinol and raffinose accumu-
lated to the greatest extent in the roots of soybeans under
dehydration conditions (Figures 2 and 5). Our integration
analyses indicated that galactinol and raffinose levels were
correlated with transcript levels of Glyma.199227800 and
Glyma.03g 137900, respectively, at the level of the individ-
ual plant but not at the organ level under dehydration con-
ditions. Therefore, along with transcriptional regulation of
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Glyma.199227800 and Glyma.03g137900, transport of their
resulting metabolites may also be important for the accu-
mulation of galactinol and raffinose in roots under dehy-
dration conditions. In addition, the specific accumulation
of trehalose and raffinose in dehydration-treated soybean
roots detected in our study suggests that trehalose and raf-
finose have additional roles not directly involved in pro-
tecting the photosynthetic apparatus of soybeans under
dehydration conditions.

Our integration analyses indicated that ¢Z levels were
correlated with transcript levels of LOG (Glyma.12G174900)
and CKX (Glyma.04G055600, Glyma.11G149100, Gly-
ma.17G054500) at the level of individual plants but not at
the organ level under dehydration conditions. In general,
cZ is resistant to CKX, but overexpression of an Arabidop-
sis cytosolic isoenzyme, CKX7, reduces levels of ¢Z and its
conjugates (Kollmer et al., 2014). ¢Z accumulated most
notably in roots after exposure to dehydration (Figure 3),
but transcriptional changes in LOG and CKX genes were
detected in the aerial parts under dehydration conditions.
In addition, among the genes involved in the biosynthesis
and metabolism of cZ, genes expressed specifically in
roots were not detected under dehydration conditions
(Table S3). As cZR is relatively abundant in phloem sap
(Hirose et al., 2008), cZ detected in roots might be translo-
cated from aerial organs. Elevation of ¢Z in roots has been
reported under high-salt conditions in maize (Vyroubalova
et al., 2009) and under dehydration conditions in tobacco
(Nicotiana tabacum) (Havlova et al., 2008; Mackova et al.,
2013). In general, cZ is a CK species with little activity. It
was suggested that ¢Z maintains a minimal level of CK
activity under abiotic stress conditions (Schafer et al.,
2015). The increase in ¢Z and its riboside in dehydration-
treated soybean roots might be involved in the mainte-
nance of certain physiological functions of CKs under
water-deficit conditions. Arabidopsis mutants for c¢Z
biosynthesis, which show chlorotic phenotypes, have a
shortened primary root, which likely results from a reduced
root meristem size and ectopic protoxylem formation
(Miyawaki et al., 2006; Kollmer et al., 2014). These results
support the possibility that ¢cZ accumulation in soybean
roots might contribute to root elongation for water uptake
from the moisture region in soil. Our integration analyses
indicated that ABA levels were correlated with transcript
levels of NCED (Glyma.15g250100 and Glyma.08g176300)
at the individual level but not at the organ level under
dehydration conditions. These results suggested that pro-
cesses such as ABA transport and others were important
for the accumulation of ABA in the youngest leaves of soy-
beans under dehydration conditions as well as for the tran-
scriptional regulation of NCED genes. The ABA exporter
AtABCG25 has been isolated from Arabidopsis (Kuromori
et al., 2010). The accumulation of ABA under dehydration
conditions might be attributed to the activity of an ABA
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exporter localized to stems. High levels of ABA are impor-
tant for plant growth and dehydration tolerance, as shown
in several plant species (Yamaguchi-Shinozaki and Shi-
nozaki, 2006; Hirayama and Shinozaki, 2007; Cutler et al.,
2010). Our phytohormone profiling of various soybean
organs revealed that ABA is the most strongly dehydra-
tion-inducible phytohormone. Among the dehydration-
treated organs, the youngest leaves (3rd leaves) had the
highest ABA levels, and the roots had the lowest (Figure 3).
These results suggested that the effects of ABA on plant
growth and dehydration tolerance are greater in the aerial
parts of plants, especially the youngest leaves, than in the
underground parts of plants under dehydration conditions.

EXPERIMENTAL PROCEDURES
Plant materials and growth conditions

Soybean seedlings (Glycine max [L.] Merr. cultivar Williams 82)
were grown in plastic pots filled with nutrient soil (Kureha) for
3 weeks under a 12-h light (28°C)/12-h dark (25°C) photoperiod
(ca. 1500 pumol of photons m~2 sec™'). Soybean seedlings were
subjected to dehydration treatment by withholding watering for
the indicated number of days, after which they were allowed to
recover by rehydration treatment (Figure S6). Transgenic Ara-
bidopsis seedlings (Arabidopsis thaliana ecotype Columbia) were
grown in plates containing germination medium in agar at 22°C
under a 16-h light/8-h dark photoperiod (50 + 10 umol of pho-
tons m~2 sec”"). Three-week-old plants were removed from the
germination medium and transferred to empty Petri dishes that
were subsequently sealed with Parafilm for dehydration treat-
ment, as described (Liu et al., 1998).

GC-TOF-MS analysis

Metabolites were extracted from five different organs (1st [L1], 2nd
[L2], and 3rd [L3] trifoliate leaves; stems [S]; and roots [R]) of soy-
bean plants at the V3 growth stage (25 mg/sample) using extrac-
tion medium (3:1:1 [v/v/v] methanol/chloroform/water). Extraction
and derivatization were performed as described (Kusano et al.,
2007, 2011). Metabolites were detected using a GC instrument
(Model 6890, Agilent Technologies, Palo Alto, CA, USA) fitted with
an Rxi-5Sil MS column (0.25-mm i.d., 0.25-um film; Restek) coupled
to a TOF mass spectrometer (Leco, St. Joseph, MI, USA). Ten stable
isotope reference compounds were used as internal standards
(Kusano et al., 2007). All raw data in netCDF format were pre-pro-
cessed by hyphenated data analysis (Jonsson et al., 2005, 2006).
The obtained data matrix was normalized and summarized using
the cross-contribution-compensating multiple standard normaliza-
tion method (Redestig et al., 2009). For metabolite identification,
we cross-referenced the obtained mass spectra with GC-EI-MS
mass spectral and Rl libraries (Schauer et al., 2005) in the Golm
Metabolome Database (Kopka et al., 2005) and our own in-house
libraries. The reproducibility of GC-TOF-MS analysis was assessed
with three biological replicates per experiment.

LC-MS analysis

Phytohormone levels in soybean tissue (100 mg) were quantified
as described previously (Kojima and Sakakibara, 2012) using an
LC-MS system (AQUITY UPL System/Xevo-TQS; Waters, MA,
USA) fitted with an octadecylsilyl column (AQUITY UPLC BEH
C18, 1.7 um, 2.1 x 100 mm; Waters). The reproducibility of LC-MS

analysis was assessed with three biological replicates per experi-
ment.

Oligo microarray analysis

Total RNA was isolated from soybean plants and labelled using
Low RNA Input Linear Amplification/Labelling kit reagents (Agi-
lent). Cyb-labelled cRNA experimental samples and Cy3-labelled
cRNA control samples were hybridized to the oligo microarray
chips. Biological and technical (dye-swap) replicates of the sample
sets were analyzed as described (Maruyama et al., 2014b). After
hybridization, the oligo microarray slides were scanned (scanner
model G2505C with scan control software version A.8.5.1; Agi-
lent), and the data were analyzed using Feature Extraction soft-
ware version 10.10.1.1 (Agilent), as described (Maruyama et al.,
2014b). Raw data were analyzed using GeneSpring GX software
version 12.0 (Agilent). Expression log ratios and Benjamini and
Hochberg FDR P-values were calculated using GeneSpring GX as
described (Maruyama et al., 2014b). The oligo microarray design
and data were deposited at ArrayExpress (accession number
E-MTAB-7010).

CAGE analysis

CAGE TSS clustering was performed using the protocol from the
third stage of the Functional Annotation of Mouse project (Carn-
inci et al., 2005). CAGE TSS clusters were created by summing the
number of CAGE tags at each genome position, which required at
least one CAGE tag for at least one experimental condition. The
TSSs within 20 bp of each other on the same chromosomal strand
were clustered into a single TSS cluster. The tags per million
(tpm) values for the TSS clusters were calculated by dividing the
number of CAGE tags in each TSS cluster for each experimental
condition by the total number of mapped CAGE tags for that con-
dition and multiplying by 1 000 000. TSS clusters with values
<10 tpm over the experimental condition were discarded. The
FASTQ files of the sequencing reads were submitted to the DDBJ
Sequence Read Archive under accession number DRA007142.

RT-gPCR analysis

RT-gPCR was performed as described (Urano et al., 2017). Total
RNA was extracted from soybean plants using RNAiso (TaKaRa,
Kusatsu, Shiga, Japan). First-strand cDNA was synthesized from
total RNA with SuperScript Ill Reverse Transcriptase (Invitrogen,
Carlsbad, CA, USA). RT-gPCR was performed on a LightCycler
(Roche, Basel, Switzerland) with TB Green Premix Ex Taq Il
(TaKaRa). Primer sets are listed in Table S7. The reproducibility of
RT-gPCR was assessed with three biological replicates per experi-
ment.
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