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Abstract

Abscisic acid (ABA) is a phytohormone that plays an important role in the adaptive responses to abiotic stresses. We
examined the metabolic changes in transgenic soybean that over-expressed Arabidopsis ABA responsive element-
binding factor 3 (ABF3), which participates in drought tolerance. Transgenic and non-transgenic plants were exposed
to a water deficit, and their metabolic differences were verified by untargeted GC-MS and LC-MS/MS analyses. A total
of 64 and 476 primary and secondary metabolites from leaf extracts were identified based on GC-MS and LC-MS/MS
platforms, respectively. Principal component analysis derived from both GC-MS and LC-MS/MS data showed a clearly
greater separation in the metabolite profiles among three different degrees of drought stress. However, no discrimina-
tion of metabolites between transgenic and non-transgenic plants was apparent. Furthermore, except for some free
amino acids, quantitative differences in relative levels of those metabolites were less than 50% between genotypes.
These results suggest that, during periods of drought, overexpression of ABF3 in transgenic soybean might result in a

negligible variance in primary and secondary metabolism when compared with its non-transgenic counterpart.

Keywords: Abscisic acid-responsive element-binding factor 3, Abscisic acid, Drought, Gas chromatography—mass
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Introduction
The phytohormone abscisic acid (ABA) plays a crucial
role in promoting tolerance to abiotic stresses such as
drought, low temperature, and high salinity [1]. Dur-
ing the vegetative growth phase, ABA mediates adaptive
responses to adverse abiotic conditions by stimulating
stomatal closure in guard cells, changing the expression
of numerous stress-responsive genes, and promoting the
accumulation of compatible solutes [2]. These responses
enhance plant growth and survival under stress condi-
tions [3, 4].

Members of a specific subfamily of basic leucine zipper
transcription factors (TFs) that recognize ABA-respon-
sive elements (ABREs), known as ABRE-binding factors
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and indicate if changes were made.

(ABFs), are the predominant TFs in the ABA-dependent
signaling pathway [5, 6]. Their overexpression confers
several phenotypes, such as hypersensitivity to ABA
and sugar, reduced transpiration, greater drought toler-
ance, and altered expression of ABA-/stress-responsive
genes [7]. These ABFs modulate stomatal closure, which
then reduces water losses and increases the survival rate
for transgenic plants under stress conditions. In particu-
lar, overexpression of ABF3 leads to significantly higher
drought tolerance in several species [8—12].

Although the general effects of ABF3 on diverse
abiotic stresses are known, the corresponding meta-
bolic responses in ABF3-overexpressing plants under
actual stress conditions are not well understood. Met-
abolic analysis is a key tool for clarifying information
about downstream genetic responses. This approach
has already revealed a more comprehensive and holis-
tic framework for presenting possible compositional
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differences between transgenic and conventionally bred
plants [13, 14]. Furthermore, it has helped to identify
unfavorable metabolites, including toxic compounds,
or any unintended metabolic changes due to such
genetic modifications [15-17].

Soybean (Glycine max) is an important food source
that contains not only beneficial proteins, oils, and bio-
active compounds, but also antinutrients such as lectin,
phytic acid, raffinose, and stachyose. It is also one of the
world’s most widespread transgenic crops, accounting
for 50% of all the land area used to grow such plants
globally [18]. However, most transgenic soybeans have
been developed to be resistant to herbicides and insects
or to change the composition of fatty acids, rather
than for tolerance to abiotic stress. Kim et al. [11]
have recently reported that the introduction of ABF3
induces tolerance to drought and salt stresses in trans-
genic soybean. They further suggested that the overex-
pression of this gene in soybean is closely correlated
with the promotion of stomatal closure, maintenance
of normal chlorophyll concentrations, and prevention
of damage to cell membranes. Here, we investigated
the global metabolic responses of transgenic soybean
over-expressing Arabidopsis ABF3 during a drought
period. Both transgenic and non-transgenic plants were
cultivated under water-stress conditions in a field rain-
out shelter. We then performed analyses via gas chro-
matography—mass spectrometry (GC-MS) and liquid
chromatography—tandem mass spectrometry (LC-MS/
MS) with leaf samples to obtain untargeted metabolite
profiles.

Materials and methods

Plant material and growth conditions

Soybean line ‘#2’ that over-expresses ABF3 was produced
via Agrobacterium tumefaciens—mediated transforma-
tion according to the method described by Kim et al.
[11]. Seeds of this transgenic line and the ‘Kwangan’ wild
type (WT) were sown on plastic trays filled with horti-
cultural soil (Nongwoobio Co., Suwon, Korea) and then
grown in a greenhouse maintained with day/night tem-
peratures of 28 £2 °C/27+2 °C and long-day conditions
(15 h light/9 h dark). Two-week-old plants were trans-
planted into six replicated plots (56 plants per plot) in
the rainout shelter located in an experimental field at the
Korea Research Institute of Bioscience and Biotechnol-
ogy, Republic of Korea. The experiment utilized a rand-
omized complete block design, and plants were spaced at
0.6 m x 0.15 m. Prior to transplanting, all plots were fer-
tilized with N, P, and K at rates of 5.4, 3.0, and 10.7 kg per
10 acres, respectively. Water was supplied via sub-surface
drip irrigation at 2-d intervals.
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Drought stress treatment

Drought conditions were induced by suspending irriga-
tion two weeks after transplanting. The severity of stress
was assessed daily based on soil water content and visual
examination of the leaflets. Soil water content was meas-
ured at 30-min intervals through three EasyAG soil mois-
ture sensors (Sentek, Stepney, South Australia, Australia)
installed in the soil at depths of 10, 20, 30, 40, and 50 cm,
as we have described previously [19]. Before the stress
treatment began, the initial soil water content was 13.4%.
Thereafter, values that were 0%, 50%, and 60% lower than
the initial content were chosen to represent non-, mild-,
and moderate-drought conditions, which corresponded
to 0, 4, and 9 weeks, respectively, of continuous drought
(Fig. 1). Leaves from plants under mild-drought condi-
tions began to show wilting while those under moderate-
drought conditions were rolled downward and chlorotic.

Metabolite extraction and GC-MS analysis

Metabolite analysis via GC-MS was conducted as
we have described previously [20]. At Weeks 0 (non-
drought), 4 (mild-drought), and 9 (moderate-drought),
two plants from each of the six replicated plots were col-
lected and the samples were pooled from each plot to
analyze metabolites. One pL of a derivatized sample was
injected at a split ratio of 10:1 into a GC-MS (TRACE
1310/ISQ-LT; Thermo Scientific, Waltham, MA, USA)
equipped with a VF-5 MS capillary column (6 m x
0.25 mm i.d., 0.25 mm particle size; J&W Scientific, Fol-
som, CA, USA), at a constant flow of 1.2 mL min~!. The
oven temperature was maintained at 60 °C for 2 min,
then ramped to 320 °C at a rate of 5 °C min~}, and held
for 11 min. Mass spectra collected in the electron impact
mode with 70 eV ionization energy were recorded at
0.15 scans s~} at a scanning range of 44 to 620 m/z. The
resultant data were processed with TurboMass software
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Fig. 1 Soil water content (%: 10-cm depth) over time after stress
treatment. Red arrows indicate times of mild drought; blue arrow,
moderate drought
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(version 5.4.2.1617; Perkin-Elmer, Shelton, CT, USA). For
the metabolite identification, peaks were compared with
retention indices and mass spectra of customized refer-
ence mass spectral library (NIST, Gaithersburg, MD,
USA) and authentic reference standards. Relative quanti-
fication was estimated based on peak area ratio of analyte
to internal standard ribitol. All chemicals and reagents
were of analytical grade and were not further purified.

LC-MS/MS analysis and data processing

For LC-MS/MS analysis, the metabolites were extracted
as described by de Vos et al. [21], with some modifica-
tions. One mL of methanol/water (8:2, v:v) was added
to 100 mg of freeze-dried leaf tissue. The mixture was
extracted in an ultra-sonic water bath for 15 min at 20 °C
and centrifuged at 20,000 g for 10 min at room tempera-
ture. The supernatant was then passed through a 0.2 um
pore-size syringe filter and transferred into a sample vial.

An Ultimate 3000 nano RSLC system (Thermo Fisher
Scientific, Waltham, MA, USA) coupled to a Triple TOF
5600 MS system (AB Sciex, Concord, ON, Canada) was
used to perform the LC-MS/MS analyses. The LC sepa-
ration was conducted on a Kinetex C18 100A column
(100 x 2.1 mm i.d., 7 um particle size; Phenomenex, Tor-
rance, CA, USA) with an injection volume of 2 pL and
a column temperature of 40 °C. The mobile phases con-
sisted of A (0.1% formic acid in water) and B (0.1% for-
mic acid in acetonitrile) at a flow rate of 0.25 mL min™.
Elution was programmed as a linear gradient that began
by increasing from 5 to 100% B in 17 min, held at 100% B
for 3 min, decreasing from 100 to 5% B in 1 min, and then
maintained at 5% B for 2 min. Mass spectra were gener-
ated in the positive ion mode with an electrospray ioniza-
tion (ESI) source. Nitrogen was used as the drying gas at
500 °C and the ESI spray voltage was 5500 V. Full-scan
mass spectra were acquired over an m/z range of 50 to
2000.

The resultant data were collected with Analyst TF 1.7
software and feature-finding was performed with Ele-
ments software (version 1.3.1; Protemone Software
Inc., Portland, OR, USA). Fragment mass tolerance was
0.5 Da for low-resolution and 20 ppm for high-resolution
spectra. To identify the metabolites, we utilized various
biochemical databases and standard libraries includ-
ing MassBank of North America (MoNA; http://mona.
fiehnlab.ucdavis.edu/), DrugBank (http://www.drugbank.
ca/), the Yeast Metabolome Database (YMDB; http://
www.ymdb.ca/), Human Metabolome Database (HMDB;
http://www.hmdb.ca/), Toxin—Toxin-Target Database
(T3DB; http://www.t3db.ca/), and NIST/EPA/NIH Mass
Spectral Library (NIST 14). Relative quantification was
estimated by the ratio of the respective peak areas to the
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total peak areas. All solvents were of analytical grade and
were used without further purification.

Statistical analysis

The resultant datasets from both the GC-MS and the
LC-MS/MS procedures were subjected to multivariate
statistical analysis, using SIMCA-P + software (version
12.0; Umetrics AB, Kinnelon, NJ, USA). All data were
Pareto-scaled and an unsupervised principal component
analysis (PCA) was conducted to explore dataset varia-
tions. For individual metabolites, Student’s ¢-tests were
performed using STATISTICA (version 8.0; StatSoft Inc.,
Tulsa, OK, USA) to evaluate the significance of differ-
ences (p<0.05) in metabolite levels between transgenic
and non-transgenic soybean plants.

Results

Global metabolite profiling based on GC-MS analysis

of soybean plants under drought stress

To examine the global metabolic responses to drought
stress by transgenic soybean plants that over-express
ABF3, we used an untargeted approach to compare
the metabolite profiles between transgenic and non-
transgenic lines. A total of 64 metabolites, including
sugars, sugar alcohols, amino acids, organic acids, and
fatty acids, were identified based on GC-MS platforms
from leaf extracts obtained during the treatment period
(Table 1, Additional file 1: Fig. S1.). The PCA score plot
displayed three clusters that corresponded to different
degrees of stress (Fig. 2a). Our PCA loading plot dem-
onstrated that fructose and an unknown sugar mainly
influenced the separation by PC 1 (72.3% of the total vari-
ance), while fructose and sucrose contributed to the sep-
aration by PC 2 (13.0% of the total variance) (Fig. 2b). We
also observed minor contributions by glucose, melibiose,
proline, D-pinitol, glycerol, and y-aminobutyric acid.

LC-MS/MS-based metabolic profiling in soybean plants
exposed to different drought conditions

Our LC-MS/MS analysis identified 476 metabolites,
including flavonoids, isoflavonoids, phenylpropanoids,
steroids, alkaloids, benzenoids, lipids, and amines, in
leaves from drought-stressed plants (data not shown).
Results from the PCA score plot indicated a significant
separation among different degrees of drought stress,
but no distinctive clustering in metabolites was detected
between transgenic and non-transgenic soybeans
(Fig. 3a). The loading plot revealed that the discrimina-
tion of samples by PC 1 (35.1% of the total variance) was
mainly due to 9-OxoOTrE and monolinolenin, whereas
6”-malonylgenistin, dehydrophytosphingosine, apiosyl-
glucosyl 4-hydroxybenzoate, and campestanol contrib-
uted to the separation of samples by PC 2 (16.4% of the
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Table 1 Chromatographic and spectrometric data for 64 metabolites from soybean leaves analyzed by GC-MS
Compound RT Compound RT Compound RT
Oxalic acid 6.80 Proline 1942 Xylitol 27.26
Propanoic acid, 2-(methoxy- 8.81 Ribose 19.60 Shikimic acid 3349
imino)
Uracil 9.03 Isoleucine 19.77 3-Hydroxy hexanedioic acid 34.19
Glutamic acid 9.63 Succinic acid 2031 Ribitol 3571
Glyceric acid 12.78 Isocitric acid 20.67 Galactose 36.39
Ketomalonic acid 13.85 beta-Alanine 21.05 Inositol 36.61
Alanine 14.55 Fumaric acid 21.16 Tyrosine 3741
Lactic acid 14.91 Glycine 21.20 Glucose 37.66
Xylose 1541 Threonine 21.26 Fructose 38.70
Glycolic acid 16.18 4-Keto glucose 23.01 Melibiose 38.75
Leucine 17.15 Threitol 23.11 Tryptophane 39.05
Asparagine 17.27 Malic acid 2413 Sorbitol 40.16
Ribonic acid 17.46 Salicylic acid 24.14 Glyceryl glycoside 4140
Malonic acid 17.59 Citric acid 2443 Sucrose 45.78
Valine 17.86 y-Aminobutyric acid 24.50 Maltitol 45.87
Carboxyglycine 18.14 Pyroglutamic acid 25.10 Trehalose 46.59
Hedracylic acid 18.23 Threonic acid 25.66 Octadecanoic acid 47.13
Aminoethanol 18.62 Phenylalanine 25.89 Hexadecanoic acid 47.99
Lysine 18.89 Glutamine 2593 Maltose 5391
Mannitol 18.89 p-pinitol 26.55 Raffinose 54.59
Serine 18.94 Aspartic acid 26.88 Lactose 55.96
Glycerol 19.20 Erythritol 2693

RT retention time (min)

total variance) (Fig. 3b). Glycerol 1-hexadecanoate, fla-
vidulol C, and nervonoylacetone were also contributed to
the distinction by PC1 or PC2.

Variations between transgenic and non-transgenic
soybean plants in primary metabolites obtained from GC-
MS data

We performed relative quantification of identified
compounds to examine the significance of differences
between transgenic and non-transgenic soybean plants
during the treatment period. In the absence of drought
stress (Week 0), the relative levels of ketomalonic acid,
carboxyglycine, serine, phenylalanine, octadecanoic acid,
and lactose were significantly higher in the transgenic
line than in the WT, while those of ribonic acid, ribose,
4-keto glucose, salicylic acid, and shikimic acid were
significantly lower in the transgenics (Additional file 1:
Table S1).

At Week 4 (mild-drought), the relative level of fructose
was significantly greater in the transgenic line than in the
W T, whereas the relative levels of carboxyglycine and raf-
finose were significantly lower in the transgenics (Addi-
tional file 1: Table S2).

At Week 9 (moderate-drought), the relative levels of
leucine, asparagine, valine, lysine, serine, isoleucine,
beta-alanine, glycine, threonine, pyroglutamic acid, phe-
nylalanine, 3-hydroxyhexanedioic acid, inositol, and
tyrosine were considerably greater in the transgenic line
than in the WT (Table 2). In contrast, the relative lev-
els of 4-ketol glucose, threonic acid, and D-pinitol were
lower in those transgenics. In particular, the relative lev-
els of free amino acids such as leucine, asparagine, valine,
lysine, serine, isoleucine, beta-alanine, glycine, threo-
nine, pyroglutamic acid, phenylalanine, and tyrosine
were 40.4%, 151.9%, 57.5%, 126.6%, 89.3%, 48.1%, 130.0%,
72.2%, 80.4%, 84.2%, 83.8%, and 73.1% higher, respec-
tively, in the transgenic line than in the WT.

Differences between genotypes in primary and secondary
metabolites derived from LC-MS/MS data

Quantitative comparisons were made between gen-
otypes concerning the metabolites obtained from
LC-MS/MS data. Under non-drought conditions
(Week 0), relative levels of corchorifatty acid D, cor-
chorifatty acid A, PC (16:0/16:0), polyethylene, oxidized,
3,4-methylenesebacic acid, rubraflavone D, neryl ara-
binofuranosyl-glucoside,  di(N-acetyl-D-glucosamine),
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Fig. 2 PCA derived from GC-MS data for drought-tolerant transgenic
soybean ‘ABF3' (filled symbols) and ‘Kwangan"WT (open symbols)
grown under non-drought (blue open triangle, blue filled triangle),
mild-drought (red inverted open triangle, red inverted filled triangle),
and moderate-drought (green open circle, green filled circle)
conditions. a Score plot (ellipse represents Hotelling T with 95%
confidence) and b loading plot

3-methyl-3-butenylapiosyl-(1- > 6)-glucoside, dihydrozea-
tin-O-glucoside, nequinate,  4-{[5-(cyclohexylamino
[1, 2, 4] triazolo [1,5-a] pyrimidin-7-yl] amino} benze-
nesulfonamide,  dihydro-3-(2-octenyl)-2,5-furandione,
3-cis-hydroxy-b,e-caroten-3’-one, 2-amino 1-phenyle-
thanol, DL-phenylalanine, b-tyrosine, ferulic acid, chrys-
oeriol 7-O-(6"-malonyl-glucoside), and methylpyridazine
piperidine butyloxyphenylethylacetatewere significantly
higher in the transgenic line than in the WT. In con-
trast, the levels of DG (14:0/18:1(9Z)/0:0), 4-(3,14-dihy-
droxy-10,13-dimethyl-hexadecahydrocyclopentala]
phenanthren-17-Yl)-5h-furan-2-one, delavirdine,
ethyl 7-epi-12-ydroxyjasmonate glucoside, adeno-
sine, 2-phenoxyethyl isobutyrate, taraxasterone, PG
(18:3(97,127,157)/22:6 (42,72,10Z,13Z,16Z,19Z)), rhei-
din C, apo-10’-violaxanthal, momordicoside I, N6-car-
bamoyl-L-threonyladenosine, and zinc acetate were
considerately lower in the transgenics (Additional file 1:
Table S3).

In response to mild drought (Week 4), the relative lev-
els of corchorifatty acid A, ricinoleic acid methyl ester,
Ser-Leu, 8-oxohexadecanoic acid, D-proline, trigonelline,
5(6)-pentyl-1,4-dioxan-2-one, 4,7(11)-guaiadien-8-one,
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and 5-megastigmen-7-yne-3,9-diol 3-glucoside were
greater in the transgenic line than in the WT, while
those of 1-(10Z-heptadecenoyl)-sn-glycero-3-phospho-
(1’-myo-inositol), formononetin, DG (22:5(7Z,10Z,13Z,
16Z7,19Z)/14:0/0:0), and DG (16:1(9Z)/18:1(9Z)/0:0) were
lower in the transgenic line (Additional file 1: Table S4).

Under moderate drought (Week 9), the relative levels of
trigonelline, beta-D-glucopyranosyl-11-hydroxyjasmonic
acid,  enol-phenylpyruvate, = N-(1-deoxy-1-fructosyl)
tyrosine, 3-methyl-3-butenyl apiosyl-(1->6)-glucoside,
benzyl O-[arabinofuranosyl-(1->6)-glucoside], dihy-
drozeatin-O-glucoside, nequinate, 5-aminoimidazole
ribonucleotide, 2,5-pyridinedicarboxylic acid, dipropyl
ester, D-tyrosine, dihydroxyfumitremorgin C, and cinger-
glycolipid B were higher in the transgenic line than in the
WT. In contrast, the relative levels of DG (14:0/18:0/0:0),
PI (20:0/20:3(8Z,11Z,14Z)), Pl (20:3(5Z,8Z,11Z)/18:0),
PI (18:1(11Z)/18:1(9Z)), PI (18:1(9Z)/20:4(8Z,11Z,14
Z,17Z7)), rubraflavone D, captopril-cysteine disulfide,
gluten exorphin B5, capsianoside VI, rheidin C,
N’-hydroxyneosaxitoxin, brassica napus non-fluorescent
chlorophyll catabolite 3, aromadendrin, 9-deazainosine,
4-methylthio-alpha-p-mannose, and malformin were
lower in those transgenics (Table 3).

Discussion

Our GC-MS-based metabolic analysis showed clear dis-
tinctions among soluble sugar profiles in parallel with the
severity of drought treatment. Changes in the amounts
of soluble sugars in plants under abiotic stress are associ-
ated with the regulation of CO, assimilation, source—sink
carbon partitioning, activity of related enzymes, and the
expression of specific genes [22]. Vassey and Sharkey [23]
have suggested that the activity of sucrose phosphate
synthase, a key enzyme in sucrose synthesis, declines in
Phaseolus vulgaris during periods of mild water stress
because the photosynthetic rate is reduced due to sto-
matal restriction of the CO, supply. Application of
exogenous ABA induces a significant increase in sugar
accumulations under drought stress, which may be partly
responsible for improving the relative water content in
leaves of Oryza sativa [24]. Results provided here dem-
onstrated that drought strongly contributed to the varia-
tion in sugar profiles. However, overexpression of ABF3,
which confers improved tolerance to drought stress, did
not have a significant impact on sugar metabolism in our
drought-tolerant transgenic soybeans.

Regulation of phytohormone-related genes in plants is
correlated with alterations in various biochemical path-
ways as well as in primary metabolism. For example,
transgenic overexpression of the gene for jasmonic acid
carboxyl methyltransferase (At/MT) increases isoflavone
contents in transgenic soybean seeds, which implies that
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Fig. 3 PCA derived from LC-MS/MS data for drought-tolerant
transgenic soybean ‘ABF3’ (filled symbols) and ‘Kwangan'WT (open
symbols) grown under non-drought (blue open triangle, blue filled
triangle), mild-drought (red inverted open triangle, Red inverted
filled triangle), and moderate-drought (green open circle, green filled
circle) conditions. a Score plot (ellipse represents Hotelling T2 with
95% confidence) and b loading plot
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this overexpression is sufficient to activate the defense
system that then promotes isoflavone biosynthesis [25].
A metabolomic approach using LC-MS allows research-
ers to detect a wide range of analytes—not only primary
metabolites but also secondary metabolites such as fla-
vonoids, glucosinolates, phenylpropanoids, phenolic
acids, polyamines, saponins, and derivatives [21]. Here,
we identified 476 metabolites, both primary and sec-
ondary. The PCA indicated that the metabolite profiles
could be substantially discriminated among three differ-
ent degrees of drought stress. However, the separation
in metabolites was insignificant between transgenic and
non-transgenic soybeans, an outcome that corresponded
to the result derived from GC-MS data. These findings
suggest that overexpression of ABF3 in transgenic soy-
bean might lead to a negligible difference in primary
and secondary metabolism when compared with its
non-transgenic counterpart when both are grown under
drought conditions.

With regard to metabolic variations, environmen-
tal factors, e.g., growing season, location, sowing date,
and type of abiotic stress, play a larger role than genetic
modifications [26-28]. Because those factors may be the
dominant parameter driving the variability of metabolite
profiles in the PCA, we also conducted a comparative
analysis to examine individual differences in the datasets
of transgenic soybean versus its non-transgenic coun-
terpart. Relative quantification demonstrated that some
metabolites were accumulated due to overexpression

Table 2 Relative quantification of GC-MS-based metabolites in ‘Kwangan’ WT soybean and drought-tolerant transgenic
soybean ‘ABF3’ measured after 9 weeks of moderate-drought treatment

Component Kwangan ABF3 t-value Degrees of freedom p value
Leucine 3.89+0.79 546141 —238 10 0.039
Asparagine 1494055 375£158 —3.30 10 0.008
Valine 104£3.01 16.3+4.69 —261 10 0.026
Lysine 029+0.18 0.66+0.21 —3.1 9 0013
Serine 1584052 300+£1.03 —3.02 10 0.013
Isoleucine 591+£1.21 876+£2.14 —283 10 0.018
beta-Alanine 0.66+0.35 1.51£049 —349 10 0.006
Glycine 0.46+0.06 0.79+£0.23 —335 10 0.007
Threonine 062+£0.17 1.11£0.24 —4.10 10 0.002
4-Keto glucose 0.06+0.01 0.04£0.01 3.08 10 0.012
Pyroglutamic acid 091+£0.17 1.68+0.40 —430 10 0.002
Threonic acid 040+£0.06 0.29+£0.04 376 10 0.004
Phenylalanine 3.544+0.90 6.51+£1.85 —353 10 0.005
o-Pinitol 10634933 93.5+3.12 295 6 0.026
3-Hydroxy hexadioic acid 0.22£0.03 0.3940.07 —532 10 <0.001
Inositol 143+£140 19.9+3.71 —346 10 0.006
Tyrosine 491£093 850+£143 —5.16 10 <0.001

Relative amounts were determined by peak area ratio of analyte to internal standard. Values are means (n =6) + standard deviations. p-values are from Student’s

t-tests
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Table 3 Relative quantification of LC-MS/MS-based metabolites in ‘Kwangan’ WT soybean and drought-tolerant
transgenic soybean ‘ABF3’ measured after 9 weeks of moderate-drought treatment

Component Kwangan ABF3 t-value Degrees p-value
of freedom
DG(14:0/18:0/0:0) 544+£0.03 531+0.06 4.96 10 0.001
Trigonelline 564+0.08 5.77+0.07 —3.18 10 0.010
PI1(20:0/20:3(82,112,142)) 5.14£0.09 501£0.10 243 10 0.035
PI1(20:3(52,82,112)/18:0) 5.58+0.09 540+0.05 4.04 9 0.003
beta-p-Glucopyranosyl-11-hydroxyjasmonic acid 5924061 6.62+0.28 —257 10 0.028
PI(18:1(112)/18:1(92)) 4.44£0.46 3.97+0.23 2.25 10 0.048
PI(18:1(92)/20:4(8Z,11Z142,172)) 444 £046 3.97+0.23 2.25 10 0.048
Enol-phenylpyruvate 4524011 4.78+0.07 —4.67 10 0.001
Rubraflavone o 4044014 3.70+0.34 2.28 10 0.046
Captopril-cysteine disulfide 5.04£0.09 47640.10 503 10 0.001
Gluten exorphin B5 4.85£0.19 391+0.62 3.26 9 0.010
Capsianoside VI 561+£004 5224032 284 6 0.029
Rheidin C 4544031 3.59+0.14 4.09 6 0.006
N-(1-Deoxy-1-fructosyl)tyrosine 503+0.14 520+0.10 —248 10 0.032
3-Methyl-3-butenyl apiosyl-(1-> 6)-glucoside 3.77+0.80 471+0.16 —288 8 0.020
Benzyl O-[arabinofuranosyl-(1-> 6)-glucoside] 3584067 4424016 —3.02 8 0.017
Veranisatin C 525+0.07 5124005 4.07 10 0.002
N'-Hydroxyneosaxitoxin 4214038 3.53+0.34 3.1 9 0.012
Dihydrozeatin-O-glucoside 335+038 4254039 —362 8 0.007
Nequinate 335+038 4254039 —3.62 8 0.007
Brassica napus non-fluorescent chlorophyll catabolite 3 80940387 441+£1.69 433 8 0.002
5-Aminoimidazole ribonucleotide 4.89+£042 5354024 —232 10 0.043
Aromadendrin 4414028 3.86+0.52 2.32 10 0.043
9-Deazainosine 4.28£0.27 3.79+044 2.30 10 0.044
4-Methylthio-Alpha-p-Mannose 5174007 5004004 5.54 10 <0.001
Malformin 4924033 432+039 2.86 10 0.017
2,5-Pyridinedicarboxylic acid, dipropyl ester 4.61+030 5054021 —293 10 0.015
p-Tyrosine 545+0.06 5.61+0.04 —5.10 10 <0.001
Dihydroxyfumitremorgin C 4.65£0.11 4.88+£0.09 —4.17 10 0.002
Gingerglycolipid B 4734024 500+0.12 —236 9 0.042

Relative amounts were determined the ratio of the respective areas to total peak areas. Values are means (n = 6) + standard deviations. p-values are from Student’s

t-tests

of ABF3 during the stress period. In particular, levels of
amino acids were somewhat higher in our tolerant trans-
genic soybean than in the non-transgenics in response
to moderate drought. Proline participates in defenses
against osmotic challenges by acting as a major compat-
ible solute [29]. Yoshiba et al. [30] have suggested that
ABA is involved in activating the gene that encodes A’-
pyrroline-5-carboxylate synthase, the key enzyme for
proline biosynthesis.

Inhibition of ABA accumulations, as studied with
the ABA-deficient Zea mays (maize) mutant vp5, sub-
stantially decreases proline concentrations in primary
roots exposed to low soil water potential [31]. How-
ever, Verslues and Bray [32] have reported that an ABA

accumulation is required for proline accumulation, and
that ABA alone is not sufficient to elicit the accumula-
tion of proline at low water potential. Our results indi-
cated that proline levels were considerably elevated
under moderate-drought stress in both transgenic and
non-transgenic plants, but that those levels were not
significantly different between genotypes. In addition,
asparagine, beta-alanine, glycine, isoleucine, leucine,
lysine, phenylalanine, pyroglutamic acid, serine, threo-
nine, tyrosine, and valine were accumulated at higher
levels in the transgenics than in the W'T under moderate-
drought stress. Rai and Sharama [33] have reported that
amino acids modulate stomatal closure, stomatal resist-
ance, and K* fluxes in the guard cells of Vicia faba leaves.
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However, this ABA-induced stomatal closure is reversed
by amino acids that promote stomatal opening, and is
further enhanced by glycine, alanine, leucine, threonine,
lysine, arginine, proline, tryptophan, and phenylalanine
[33]. That research group has suggested that this behav-
ior could be a balancing mechanism by which an optimal
stomatal aperture is maintained under stress because
ABA-induced stomatal closure under drought condi-
tions reduces the loss of water but can have detrimental
effects on gas exchange. Finally, an ABA-deficient mutant
of Arabidopsis thaliana accumulates a smaller amount
of free amino acids during dehydration when compared
with the WT [34].

The accumulation of free amino acids may also serve
as a precursor step in the biosynthesis of endogenous
antioxidants and plant hormones that are involved in
the response to osmotic stress as well as substrates for
the synthesis of stress-induced proteins [35]. Moreover,
ABA-enhanced tolerance to water stress is correlated
with the activation of antioxidant defense systems by that
hormone [36]. Therefore, the elevated levels of amino
acids in our ABF3-overexpressing transgenics might be
explained by the closing of stomata and various succes-
sive biochemical reactions as part of a drought defense
mechanism.

A recent multi-omics study with soybean leaves has
revealed that exogenously applied ABA increases the
accumulation of glycerolipids, prenol lipids, and phos-
pholipids while the concentrations of secondary metab-
olites, such as flavonoids and isoflavonoids, remain
unchanged [37]. Drought stress is known to have a dis-
tinct effect on the metabolism of lipids that play a role
in maintaining membrane integrity and preserving cell
compartmentation [38, 39]. Overexpression of the gene
for phosphatidylinositol synthase, ZmPIS, in maize plants
effectively improves their drought tolerance by alter-
ing the lipid composition in membranes and increasing
ABA synthesis [40]. Here, overexpression of ABF3 in
soybean plants changed the levels of some glycerolipids,
glycerophospholipids, prenol lipids, fatty acyls, and their
derivatives during the stress period. These alterations
might have been correlated with the regulation of cell
membrane damage and the osmotic balance in response
to drought. Nevertheless, quantitative differences in the
relative levels of those metabolites were less than 50%
between genotypes.

In conclusion, the induction of drought stress signifi-
cantly altered the accumulations of primary and second-
ary metabolites, as indicated by our GC-MS and LC-MS/
MS analyses. However, no changes in metabolite profiles
were apparent between the transgenic and non-trans-
genic soybeans. Under drought conditions, only a slight
difference in some metabolites was detected between
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transgenic soybean and the WT. These findings suggest
that the overexpression of ABF3 in soybean might lead
to an insignificant difference in primary and second-
ary metabolism when compared with its non-transgenic
counterpart after drought treatment. Further studies that
examine the effect of the interactions between water-
stress conditions and genotype in metabolite profiles
will provide better information about the variability in
drought-related metabolic responses that result from this
genetic transformation.
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and drought-tolerant transgenic soybean ‘ABF3'measured at beginning of
stress treatment (Week 0: non-drought). Table S4. Relative quantification
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