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Abstract

Plants accumulate several metabolites in response to drought stress, including branched-chain amino acids (BCAAs). However,
the roles of BCAAs in plant drought responses and the underlying molecular mechanisms for BCAA accumulation remain elusive.
Here, we demonstrate that rice (Oryza sativa) DROUGHT-INDUCED BRANCHED-CHAIN AMINO ACID AMINOTRANSFERASE
(OsDIAT) mediates the accumulation of BCAAs in rice in response to drought stress. An in vitro enzyme activity assay indicated
that OsDIAT is a branched-chain amino acid aminotransferase, and subcellular localization analysis revealed that OsDIAT localizes
to the cytoplasm. The expression of OsDIAT was induced in plants upon exposure to abiotic stress. OsDIAT-overexpressing
(OsDIAT®) plants were more tolerant to drought stress, whereas osdiat plants were more susceptible to drought stress compared
with nontransgenic (NT) plants. Amino acid analysis revealed that BCAA levels were higher in OsDIAT® but lower in osdiat com-
pared with in NT plants. Finally, the exogenous application of BCAAs improved plant tolerance to osmotic stress compared with
that in control plants. Collectively, these findings suggest that OsDIAT mediates drought tolerance by promoting the accumu-
lation of BCAAs.

To cope with drought stress, plants have evolved protect-
ive mechanisms that allow them to acclimate to drought
stress naturally (Valliyodan and Nguyen, 2006; Harb et al,
2010; Todaka et al., 2015). One such mechanism that is wide-
ly conserved in plant species is the accumulation of small or-

Introduction

Drought is a major abiotic stress that adversely affects rice
(Oryza sativa) yield due to drought-induced phenomena
such as reduced spikelet number and low grain-filling rates
(Jin et al,, 2013). Recent global climate change has been in-

creasing the frequency and severity of drought in important
cultivation areas. These changes have motivated efforts to
improve crop productivity by manipulating drought toler-
ance mechanisms.

ganic molecules—amino acids, betaines, sugars, organic
acids, and other osmolytes—induced by drought stress
(Delauney and Verma, 1993; Urano et al., 2009; Joshi et al.,
2010; Bowne et al, 2012). Metabolic acclimation via the
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accumulation of compatible osmolytes has long been consid-
ered a general protective strategy of plants under drought
stress (Fiehn et al, 2000; Yancey, 2005; Chen et al, 2007;
Urano et al, 2009; Huang and Jander, 2017; Ullah et al,
2017). Compatible osmolytes enhance tolerance to drought
conditions by adjusting the osmotic balance, protecting pro-
tein structure, and maintaining membrane integrity (Yancey
et al, 1982; Hare et al, 1998; Wani et al, 2013; Khan et al,
2015). Therefore, determining the molecular mechanism
and engineering of compatible osmolyte biosynthesis path-
ways have become a focus of study as a way to improve
drought tolerance in plants (Chen et al, 2007; Wani et al,
2013; Khan et al., 2015; Todaka et al., 2015).

There is extensive evidence of amino acids and their meta-
bolites providing stress tolerance by functioning as compat-
ible osmolytes (Campalans et al, 1999; Ashraf and Foolad,
2007; Joshi et al.,, 2010; Abid et al., 2018). For instance, the ac-
cumulation of proline has been observed not only in plants
but also in eubacteria, protozoa, and algae (Maggio et al,
2002; Liang et al., 2013) and is positively associated with stress
tolerance (Delauney and Verma, 1993; Lehmann et al., 2010).
On the other hand, proline metabolism plays an important
role in regulating cell redox status (NADP/NADPH ratio) to
enhance plant adaptation and tolerance to drought stress
(Sharma et al, 2011; Zheng et al,, 2021). Moreover, proline
is not the only amino acid that accumulates in plants in re-
sponse to abiotic stress. Three essential amino acids, isoleu-
cine, leucine, and valine, which are collectively referred to
as branched-chain amino acids (BCAAs) due to their short
branched hydrophobic side chains, also accumulate copious-
ly in plants in response to drought stress (Urano et al.,, 2009;
Joshi et al, 2010; Bowne et al, 2012). Like proline, BCAAs
might help enhance plant drought tolerance by acting as
compatible osmolytes or alternative energy sources (Taylor
et al, 2004; Joshi et al, 2010; Huang and Jander, 2017;
Fabregas and Fernie, 2019). However, it is still unclear how
BCAA accumulation is regulated by drought stress and
how it confers drought tolerance in plants.

The biosynthesis of BCAAs mainly occurs in plastids, and
many enzymes involved in BCAA biosynthesis contain
plastid-localizing signal peptides (Diebold et al, 2002;
Graham and Eastmond, 2002; Maloney et al, 2010; Xing
and Last, 2017). BCAA biosynthesis is unique in that four
identical enzymes are involved in reactions with different
substrates to synthesize the corresponding BCAAs.
Acetohydroxy acid synthase (EC 4.1.3.18) is responsible for
the first step of BCAA biosynthesis by catalyzing the conden-
sation of two pyruvates, as well as pyruvate and 2-ketobuty-
rate. Ketol-acid reductoisomerase (EC 1.1.1.86) and
dihydroxy-acid dehydratase (EC 4.2.1.9) sequentially catalyze
the next two steps to produce branched-chain 2-oxo acids.
The final transamination step in BCAA biosynthesis is cata-
lyzed by branched-chain amino acid aminotransferase
(BCAT, EC 2.6.1.42) (Binder, 2010; Pratelli and Pilot, 2014).

Unlike BCAA biosynthesis, BCAA degradation occurs in
the mitochondria or peroxisomes. Besides the final step in
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BCAA biosynthesis, BCAT is also involved in the first step
in BCAA degradation. The branched-chain a-keto acids are
then further degraded by branched-chain keto acid dehydro-
genase (BCKD, EC 1.2.4.4) and isovaleryl-CoA dehydrogenase
(EC 1.3.99.10). Allosteric inhibition of these committed en-
zymes tightly regulates BCAA homeostasis by altering the le-
vels of their end-products at the protein level. However, the
transcriptional regulation of genes involved in BCAA metab-
olism is also thought to play a critical role in plants, especially
under stress conditions (Urano et al, 2009; Binder, 2010;
Chen et al, 2010; Joshi et al,, 2010). BCAT is thought to be
a key regulator of BCAA accumulation in plants under stress
conditions due to its stress-inducible expression patterns and
association with BCAA levels (Urano et al., 2009; Joshi et al,,
2010). For instance, Arabidopsis (Arabidopsis thaliana)
BCAT2 was identified as the gene responsible for abscisic
acid (ABA)-dependent accumulation of BCAA (Urano
et al, 2009). In addition, the expression of Arabidopsis
BCAT1 and BCAT2 is induced under salt stress (Joshi et al,
2010). Like BCAT, BCAA catabolic enzyme genes BCKD and
IVD are also upregulated at the transcriptional level under
stress conditions (Peng et al, 2015). The activation of
BCAA degradation is beneficial for plant survival under stress
conditions because BCAA catabolites can also be used as an
alternative energy source.

In this study, we investigated the molecular functions of
ricce  DROUGHT-INDUCED BRANCHED-CHAIN AMINO
ACID AMINOTRANSFERASE (OsDIAT), a rice BCAT belong-
ing to the aminotransferase IV family, in BCAA biosynthesis
and drought tolerance. Overexpression of OsDIAT resulted
in the increased accumulation of BCAAs under both normal
and drought conditions. OsDIAT-overexpressing (OsDIAT ©%)
plants showed higher survival rates and grain yield under
drought conditions compared with the wild type. By con-
trast, osdiat plants accumulated fewer BCAAs and showed
reduced tolerance to drought stress. Finally, the exogenous
application of BCAAs enhanced plant tolerance to polyethyl-
ene glycol (PEG)-driven osmotic stress. These results suggest
that OsDIAT regulates the drought-inducible accumulation
of BCAAs, which in turn enhances drought tolerance in
plants.

Results

OsDIAT is a drought-induced gene encoding a
cytoplasmic BCAT

BCAAs are synthesized via multiple enzymatic reactions.
BCATSs are strong candidate enzymes that are likely respon-
sible for increasing BCAA levels under abiotic stress conditions
(Matsui et al, 2008; Urano et al,, 2009). Phylogenetic analysis
grouped putative rice BCAT genes into two distinct subgroups
(Supplemental Figure 1). OsDIAT (Os05g0244700) belongs to a
subgroup with two additional putative BCAT genes
(0Os01g0238500 and Os02g0273100), while five other genes
form another subgroup with Arabidopsis plastidial BCATs
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(Binder, 2010). We examined the expression patterns of these
putative BCAT genes under drought conditions based on pre-
viously reported RNA-sequencing data (Chung et al,, 2016).
Among the 20 genes, eight genes showed more than two-fold
expression changes under drought conditions. The expression
change of OsDIAT was most prominent among eight genes;
therefore, we focused on the OsDIAT instead of other genes
(Supplemental Table 1). OsDIAT expression was induced
1 day after drought treatment and further induced 2-3 days
after drought treatment. To verify the induction of OsDIAT ex-
pression under drought and other abiotic stress conditions, we
performed reverse transcription quantitative PCR (RT-qPCR)
analysis using total RNA from the leaves and roots of plants
exposed to drought, high salinity, and low-temperature condi-
tions (Figures TA—C). OsDIAT expression was significantly in-
duced in both leaves and roots under drought conditions,
with stronger induction in leaves (Figure 1A). The abiotic
stress conditions of high salinity and low-temperature treat-
ment also induced OsDIAT expression in leaf tissues
(Figure 1, B and C). Therefore, OsDIAT expression is predom-
inantly induced in leaves by abiotic stress.

ABA is required for BCAA accumulation under drought
conditions (Urano et al,, 2009; Huang and Jander, 2017). To in-
vestigate the potential role of ABA in regulating OsDIAT ex-
pression, we analyzed the promoter region of OsDIAT in
silico and identified two ABA-responsive elements within the
2-kb promoter region (Supplemental Figure 2A). To examine
the expression of OsDIAT in response to ABA treatment, we
performed RT-qPCR analysis (Figure 1D; Supplemental
Figure 2). As a positive control, we wused rice
DEHYDRATION-INDUCIBLE PROTEINT (OsDIP1), whose ex-
pression increases in response to ABA (Supplemental
Figure 2B). OsDIAT expression showed dosage- and time-
dependent induction in response to ABA treatment in both
leaves and roots, as did OsDIP1 (Figure 1D; Supplemental
Figure 2C). We investigated the developmental regulation of
OsDIAT expression by performing spatiotemporal expression
profiling, finding that OsDIAT was more highly expressed in
roots than in other tissues (Figure 1E).

Since the functions of BCATs depend on their subcellular
localization in plants (Diebold et al, 2002), we examined
the subcellular localization of OsDIAT. OsDIAT was pre-
dicted to be a cytoplasmic BCAT by in silico analysis
(Target P-2.0; https://services.healthtech.dtu.dk/service.php?
TargetP-2.0). To confirm the subcellular localization of
OsDIAT, we generated a construct expressing the coding se-
quence of OsDIAT translationally fused with green fluores-
cent protein (GFP) under the control of the 35S promoter
(35S::0sDIAT-GFP). We transiently expressed this plasmid in
rice. The GFP signal was detected in the cytosol but not in
the mitochondria, a site of BCAA degradation (Binder,
2010) (Figure 1F). In order to investigate the kinetic proper-
ties of OsDIAT, the protein was expressed in Escherichia coli
and purified. Enzyme assays were performed with the recom-
binant OsDIAT in both the forward (synthesis) and reverse
(degradation) directions. Table 1 shows the kinetic values
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with all six branched-chain substrates. OsDIAT exhibits high-
er efficiency in the forward direction than the reverse, having
higher affinity for the BCKAs than BCAAs. Taken together,
these results suggest that OsDIAT is a drought-induced cyto-
solic BCAT that converts a-keto acids to BCAAs.

OsDIAT mediates drought tolerance

To investigate the biological functions of OsDIAT in rice
under drought conditions, we generated OsDIAT-
overexpressing and osdiat mutant plants. Among the 70
independent OsDIAT-overexpressing transgenic lines pro-
duced, we selected plants that did not show stunting to elim-
inate the effects of somaclonal variations. Based on the
expression levels of OsDIAT in transgenic plants, we chose
four independent single-copy homozygous transgenic lines
(OsDIAT?X #1, #5, #13, and #60) for further analysis
(Figure 2A). To examine the performance of plants under
drought conditions at the vegetative stage, we grew the se-
lected OsDIAT®® and nontransgenic (NT, Dongjin) plants in
a greenhouse for 4 weeks and exposed them to drought
stress by withholding water (Figure 2, B-E). Soil moisture
content, an indicator of drought treatment, showed a similar
rate of decrease across the plants, confirming that the stress
treatment was uniformly applied (Figure 2B). Drought-
induced symptoms, such as wilting, leaf rolling, and chlorosis,
appeared earlier in NT plants compared with in OsDIAT?X
plants during drought treatment (Figure 2C). The
OsDIAT?® plants also showed better recovery rates com-
pared with that of NT plants after being relieved from
drought stress by re-watering (Figure 2, C and D). The
OsDIAT® plants showed an 82% to 93% survival rate at
7 days after re-watering, whereas NT plants only showed a
40% survival rate (Figure 2D). To further verify the perform-
ance of the plants under drought conditions, the F,/F, va-
lues, an indicator of the photochemical efficiency of
photosystem ll, were measured in plants exposed to drought
stress. The F,/F, values in NT plants started to decrease rap-
idly at 5 days after drought treatment, whereas values in
OsDIAT?® plants showed a decrease at 9 days after treatment
(Figure 2E). Although OsDIAT expression level is different
among transgenic OsDIAT®X lines, all the transgenic lines
showed similar drought-tolerance phenotypes (Figure 2C-E),
suggesting that expression level of #5 and #60 lines were al-
ready high enough for the performance, and expression vari-
ation among the transgenic lines did not substantially affect
the performance.

We also investigated the drought responses of osdiat
plants. We generated four independent osdiat mutants via
CRISPR (clustered regularly interspaced short palindromic re-
peats)/Cas9 (CRISPR associated protein 9)-mediated gene
editing with two independent single-guide RNAs
(Figure 3A; Supplemental Figure 3). Each mutant showed dif-
ferent patterns of mutation, deletion, and insertion in the
OsDIAT locus. RT-qPCR results showed that osdiat mutants
still produce the transcripts (Supplemental Figure 3B); how-
ever, sequencing results demonstrated that they are
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Figure 1 Expression patterns of OsDIAT in response to abiotic stress. (A-D) Relative expression patterns of OsDIAT in response to four different
abiotic stresses and ABA treatment. Two-week-old seedlings were exposed to air-drying (drought) (A), 400 mM NaCl (high salinity) (B), 4°C (low
temperature) (C), and 100 pM abscisic acid (ABA) (D). Leaves and roots of the plants were harvested at the indicated time points after treatment.
(A-D) Different letters indicate significant differences between NT and transgenic plants at P < 0.05 (ANOVA followed by Tukey’s honestly signifi-
cant difference) (E) RT-qPCR analysis of OsDIAT expression in rice tissues at different developmental stages. D, day; D, dark; L, light; M, meiosis; BH,
before heading; AH, after heading. (A-E) Rice UBIQUITINT (OsUBI1) was used as an internal control for normalization, and data represent mean
values + standard deviation (SD) of three independent samples (n=35). (F) Subcellular localization of OsDIAT in rice protoplasts. Protoplasts
were transiently transfected with OsDIAT-GFP expression constructs. Fluorescence was observed in protoplasts 12 h after transfection under a con-

focal microscope. Scale bar, 10 pm.

abnormal transcripts (Supplemental Figure 3C). The osdiat
plants were more susceptible to a time course of drought
treatment than NT plants (Figure 3B), while soil moisture
contents were reduced to similar levels for both osdiat and
NT plants (Figure 3C). The osdiat plants showed lower sur-
vival rates following drought treatment than NT control
plants (Figure 3D). The F,/F, values of osdiat plants started
to decrease more rapidly (at 2 days after drought treatment)
than those of NT plants (Figure 3E). These results suggest
that OsDIAT is required for drought responses in rice and
that overexpressing OsDIAT enhances drought tolerance in
plants at the vegetative stage.

Table 1 Kinetic parameters of OsDIAT. Activities of purified
recombinant OsDIAT protein on all BCAA and BCKA substrates. K., is
presented as average + SE. Kinetic data were obtained using GraphPad
Prism 8 software

Substrate K Vinax Keae Keae/ K
mMm nkat mg™’ s TV
KIC 0.37 +0.07 1.2 337 0.091
KMV 0.44 +0.08 1.4 37.4 0.085
KIV 0.64 + 0.06 1.7 47.4 0.074
Leu 4.89+0.53 4.1 1125 0.023
lle 5.14 +0.45 6.5 179.9 0.035
Val 5.42+0.72 3.7 103.0 0.019

Overexpression of OsDIAT increases grain yield under
field drought conditions

Yield components, including grain-filling rate, number, and
weight, are essential criteria used to evaluate plant drought
tolerance at the reproductive stage (Atkinson and Urwin,
2012; Jin et al, 2013; Sehgal et al, 2018). To test the drought
tolerance of OsDIAT®X transgenic plants against drought at
the reproductive stage of growth, we evaluated the yield para-
meters of OsDIAT®X plants under both normal and drought
conditions in the field. We planted four independent Ty
homozygous OsDIAT®® lines and NT plants in a paddy field
and scored vyield parameters in 30 plants per independent
line with two replicates (Figure 4, A and B; Supplemental
Table 2). OsDIAT® plants exposed to drought stress condi-
tions at the reproductive stage showed dramatically higher to-
tal grain weight, grain-filling rate, and the number of filled
grains compared with NT plants (Figure 4B; Supplemental
Table 2). Specifically, the total grain weight of OsDIAT® plants
was 25%-29% higher than that of NT plants. Similarly, the
grain-filling rate and the number of filled grains were signifi-
cantly higher in OsDIAT?® plants versus NT plants (21%-
37% higher and 34%-44% higher, respectively). On the other
hand, OsDIAT* plants did not exhibited significant difference
in yield parameters compared with NT plants under the nor-
mal growth condition although there were some variations
among transgenic lines (Figure 4A; Supplemental Table 2).
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The significant increases in yield components of OsDIATX
plants under drought conditions suggest that overexpression
of OsDIAT enhanced drought tolerance and relieved the dam-
age by drought stress during the reproduction stage.

BCAA levels are significantly elevated in OsDIAT?X
leaves

BCAA accumulates when plants are exposed to drought
stress (Huang and Jander, 2017), but whether BCAA accumu-
lation directly contributes to drought tolerance had not pre-
viously been tested. To examine the effects of BCAA contents
on drought tolerance, we measured the BCAA levels of NT
plants under both normal and drought conditions
(Figure 5). Under normal conditions, BCAA levels in the leaf
and root tissues of NT plants were comparable. However,
BCAA levels in both tissues were significantly higher under
drought stress conditions (Figure SA—F). These results con-
firm the finding that plants accumulate BCAAs when exposed
to drought stress. We then analyzed BCAA levels in OsDIATX
and osdiat plants to determine whether OsDIAT overexpres-
sion or mutation alters BCAA accumulation in plants
(Figures 5A-F). BCAA levels were significantly higher in leaf
tissues of OsDIAT?® versus NT plants under normal growth
conditions and further increased in OsDIAT® plants when
both groups were exposed to drought stress (Figure 5, A
and E). By contrast, the BCAA levels in root tissues of

OsDIAT® plants remained similar to those of NT plants un-
der normal growth conditions, although they were higher
in OsDIAT®® than in NT roots under drought-stress condi-
tions (Figure 5B). Interestingly, the BCAA levels in leaf and
root tissues of osdiat plants were similar to those of NT plants
under normal growth conditions (Figure 5, C and D) but were
significantly lower than those of NT plants under drought
conditions (Figure 5, C, D and F). These results suggest that
drought induces BCAA accumulation in plants and that
OsDIAT mediates this process.

Exogenous BCAAs enhance osmotic stress tolerance
To investigate the effects of BCAAs on osmotic stress toler-
ance, we examined the response of plants treated with ex-
ogenous BCAAs under osmotic stress conditions driven by
PEG treatment (Figure 6). To increase internal BCAA levels,
roots were pretreated with alanine (negative control), leu-
cine, isoleucine, valine, or proline (positive control). We ana-
lyzed BCAA levels in plants pretreated with exogenous
BCAAs using HPLC. The exogenous application of BCAAs re-
sulted in increased levels of the corresponding BCAAs in
both leaf and root tissues (Figure 6, A and B). To investigate
the enhanced drought tolerance of plants induced by ex-
ogenous application of BCAAs, we transferred plants pre-
treated with BCAA to PEG solution and monitored
osmotic stress-induced symptoms. During PEG treatment,
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Figure 3 Drought responses of osdiat plants. A, Mutation patterns of
osdiat plants. Blue, protospacer adjacent motif (PAM) sequence; red,
nucleotide insertion; underline, sgRNA sequence; hyphen, nucleotide
deletion. B, The drought responses of osdiat and NT plants during
drought treatment. One-month-old plants of two independent osdiat
lines (#2 and #8) and NT plants were exposed to drought stress for
3 days and then re-watered. Numbers in the images indicate the dur-
ation of drought treatment and re-watering. Scale bars, 10 cm.
C, Measurement of soil moisture contents. D, Survival rates of osdiat
and NT plants after re-watering. € Chlorophyll fluorescence (F,/F,) va-
lues of osdiat transgenic (#2 and #8) and NT control plants under
drought conditions. Four-week-old plants were exposed to drought
stress for 3 days. Chlorophyll fluorescence was measured in the dark
at the indicated time points using a Handy-PEA fluorometer. (C-E)
Data represent mean values + standard deviation (SD). (n > 30, bio-
logical repeat >3) Different letters indicate significant differences be-
tween NT and transgenic plants at P<0.05 (ANOVA followed by
Tukey’s honestly significant difference).

osmotic stress-related symptoms such as leaf-rolling and
wilting appeared earlier in mock-treated plants and plants
pretreated with alanine compared with plants pretreated
with BCAA or proline (Figure 6C). The relative water content
(RWCQ) of plants pretreated with BCAA or proline was sig-
nificantly higher than that of mock-treated plants or plants
pretreated with alanine (Figure 6D). Pretreatment with
BCAA also improved the recovery of plants after they
were relieved from osmotic stress via transfer to normal
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growth medium (Figure 6E). Finally, we monitored the de-
gree of dehydration stress caused by PEG treatment by ana-
lyzing the expression of OsDIP1. OsDIP1 expression was
induced in plants pretreated with BCAAs during PEG treat-
ments, but the levels of OsDIP1 induction in plants pre-
treated with BCAA or proline were lower than those in
mock-treated plants or plants pretreated with alanine
(Figure 6F). Moreover, the expression levels of OsDIP1
were lower in plants pretreated with BCAA than mock con-
trol plants after recovery (Figure 6F). These results suggest
that the accumulation of BCAAEs is sufficient to induce os-
motic stress tolerance in plants.

Discussion

Due to the importance of BCAAs as essential amino acids
and potential protective metabolites, increasing BCAA levels
in plants is of great interest for crop engineering. Despite
their biological and industrial importance, engineering plants
with increased BCAA levels is difficult due to complex feed-
back regulation in BCAA biosynthesis and degradation path-
ways (Chen et al, 2010; Gu et al,, 2010; Peng et al., 2015; Xing
and Last, 2017). Therefore, identifying specific targets that
can increase plant BCAA contents will facilitate the develop-
ment of crops with higher nutritional value and enhanced
stress tolerance. BCAT is a strong candidate enzyme respon-
sible for the control of BCAA accumulation in plants. In to-
mato (Solanum lycopersicum), the two major quantitative
trait loci for elevated BCAA levels co-localize with SIBCAT1
and SIBCAT4 (Maloney et al., 2010). Similarly, AtBCAT2 is a
causative gene of natural variation in BCAA contents in
Arabidopsis (Angelovici et al, 2013). However, whether
BCAT is responsible for drought tolerance in plants had
not yet been investigated. In this study, we demonstrated
that OsDIAT mediates the accumulation of BCAAs under
drought stress conditions. Through RNA sequencing and
gene expression analysis, we determined that OsDIAT was
significantly upregulated under drought conditions
(Figure 1; Supplemental Table 1). We also found that
OsDIAT expression is controlled by ABA (Figure 1D;
Supplemental 2), which is in agreement with the finding
that ABA is required for drought-induced accumulation of
BCAAs in plants (Urano et al, 2009; Huang and Jander,
2017). These results suggest that OsDIAT alters the accumu-
lation of BCAAs in response to drought stress in an
ABA-dependent manner.

Subcellular localization analysis in protoplasts revealed
that OsDIAT localizes to the cytosol (Figure 1F). The func-
tions of BCAT enzymes in BCAA metabolism are closely
related to their subcellular localizations (Diebold et al,
2002; Binder, 2010; Maloney et al, 2010). For example,
plastid-localized BCATs are involved in the biosynthesis of
BCAAs, while BCATSs localized to mitochondria are thought
to function in the degradation of BCAAs. Several BCATs
are also localized to the cytoplasm in Arabidopsis
(AtBCAT4 and AtBCAT6) and tomato (SIBCATS5) (Diebold
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Figure 4 Agronomic traits of OsDIAT®X transgenic plants under field conditions. Four independent T5 OsDIAT®X and nontransgenic (NT) plants
were grown in the field under normal and drought conditions. Agronomic traits were analyzed from 10 plants per line. Data represent the percent-
age of the mean value with NT plants assigned a reference value of 100%. PH, plant height; CL, culm length; PL, panicle length; NP, number of panicles
per hill; NGP, number of grains per panicle; NTG, number of total grains per hill; NFG, number of filled grains per hill; FR, filling rate; TGW, total grain

weight; 1,000 GW, thousand-grain weight.

et al, 2002; Maloney et al., 2010). Although the role of cyto-
solic BCATs remains unclear, in vitro enzyme assays sug-
gested that they function in BCAA biosynthesis (Diebold
et al, 2002; Maloney et al, 2010). Cytosolic BCATs are also
thought to regulate specific developmental processes or
plant responses to stress conditions (Binder, 2010; Maloney
etal, 2010). The current data support the idea that a cytosol-
ic BCAT might regulate BCAA biosynthesis under stress
conditions.

The potential involvement of BCAT in a drought tolerance
pathway has been proposed in Arabidopsis. Arabidopsis
NAM, ATAF, and CUC family 16 (AtNAC016) negatively regu-
late  drought tolerance by downregulating the
ABA-dependent transcription factor gene ABA-RESPONSIVE
ELEMENT BINDING PROTEINT (Sakuraba et al, 2015).
Moreover, BCATT expression is negatively regulated by
AtNACO16. Finally, BCAT3 is involved in ETHYLENE
RESPONSIVE FACTOR 19-dependent drought tolerance me-
chanisms (Winter et al., 2007).

Similar to what has been seen in other plants species
(Ranieri et al,, 1989; Urano et al,, 2009; Bowne et al., 2012),
BCAAs accumulated in both the leaves and roots of rice un-
der drought conditions (Figure 5). These findings suggest
that BCAA accumulation is a conserved strategy that helps
plants cope with drought stress. Although the detailed me-
chanisms are not yet fully understood, BCAAs are thought
to induce drought tolerance in plants by acting as compat-
ible osmolytes or as a source of alternative energy under
stress conditions (Taylor et al, 2004; Joshi et al, 2010).
Therefore, the increased drought tolerance of OsDIATX
plants could be explained by the enhanced accumulation
of BCAAs (Figure 5). Indeed, the transcriptional regulation

of OsDIAT is essential for BCAA accumulation under drought
conditions.

Treatment with peptides or amino acids can help protect
plants against abiotic stresses such as drought (Colla et al.,
2017; Haghighi et al, 2020). We determined that the ex-
ogenous application of individual BCAAs ameliorated the
adverse effects of PEG-driven osmotic stress. Interestingly,
their impact on osmotic stress tolerance was similar to
that of proline, the best-characterized metabolite for plant
drought tolerance (Figure 6). By contrast, alanine treatment
did not significantly affect the osmotic stress tolerance of
plants. These results suggest that not all amino acids confer
osmotic stress tolerance in plants. It has been proposed that
proline plays other roles beyond simply functioning as an
osmoprotectant. Proline metabolism is thought to modu-
late the redox balance and energy status of the cell and con-
tribute to stress tolerance by maintaining the NADPH/
NADP* balance and antioxidant levels (Sharma et al,
2011; Zheng et al,, 2021). A recent study showed that the
enzyme activity of BCAT, which harbors a redox-active mo-
tif (CXXC), is modulated by peroxide-mediated redox sta-
tus, indicating that BCAA metabolism is also closely
associated with cellular redox balance (Conway, 2021).
These findings suggest that BCAA metabolism shares a
common mechanism with proline metabolism in drought
tolerance.

Most of the yield parameters, including total grain number
and weight, of OsDIAT® were significantly higher than those
of NT plants after drought treatment at the early reproduct-
ive stage (Figure 4B; Supplemental Table 2). It has been docu-
mented that drought affects rice reproduction primarily by
reducing male fertility and grain filling, which causes severe
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Figure 5 Branched-chain amino acid contents of OsDIAT®X and osdiat plants. Three-week-old OsDIAT®, osdiat, and nontransgenic (NT) plants were
exposed to (A-D) dehydration (air-drying) and (E-F) drought (soil) stress. BCAA contents in (A) leaves and (B) roots of OsDIATX and NT plants after
air-drying treatment. BCAA contents in (C) leaves and (D) roots in osdiat and NT plants after air-drying treatment. BCAA contents in leaves OsDIATX
€ and osdiat plants (F) after drought treatment (6-week-old soil-grown plants). Data represent mean values +SD (n > 5, biological repeat >3).
Significant differences from the NT control are indicated by asterisks (ANOVA followed by Tukey’s honestly significant difference, *P < 0.05).

losses of grain yield (Jin et al., 2013; Sehgal et al., 2018). We did
not observe a significant difference in vegetative and repro-
ductive growth between OsDIAT®® and NT under normal
conditions. However, a dramatic difference in filling rate
was observed between OsDIAT?® and NT plants, while
1,000 seed weight was slightly reduced in NT compared
with in OsDIAT®® after drought treatment. It suggested
that yield improvement in OsDIAT®® plants was mainly
due to the difference of filling rate (Figure 4B;
Supplemental Table 2) and overexpressing OsDIAT greatly re-
lieves the damage by drought stress during fertilization. On
the other hand, it appears that overexpressing OsDIAT has
a partly negative effect on the agronomic traits, especially
the number of total grains per hill, under normal field

conditions although the difference in yield parameters be-
tween NT and OsDIAT® plants was marginal (Figure 4A;
Supplemental Table 2). Constitutive overexpression of
OsDIAT might have affected the reproductive growth of
the plants by inducing the production of particular amino
acids (Lehmann et al., 2010; Stuttmann et al,, 2011). For fu-
ture development, tissue (especially leaf) specific promoter,
instead of whole-body constitutive promoter, could improve
the yield variations under normal conditions, maintaining
the drought tolerance.

In conclusion, we provided direct genetic evidence that
BCAAs confer drought tolerance in plants. We also identified
a valuable candidate gene for engineering crops with high
BCAA contents and enhanced drought tolerance.
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Figure 6 BCAA accumulation confers osmotic stress tolerance in rice.
Three-week-old nontransgenic (NT) plants were incubated in a solu-
tion containing 10 mM amino acids for 24 h before being transferred
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in leaf (A) and root (B) tissue of plants pretreated with amino acids.
Plants were harvested 24 h after incubation in solution containing
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proline (Pro). (A, B) Data represent mean values + SD (n > 10, biologic-
al repeat >3). Significant differences from the mock-treated control are
indicated by asterisks (Student’s t test, *P<0.05 **P<0.01).
C, Phenotypes of NT plants pretreated with BCAAs during PEG treat-
ment. Numbers in the images indicate the duration of PEG treatment
and recovery. Scale bars, 5 cm. D, Relative water content (RWC) in the
leaf tissues of plants pretreated with different amino acids after PEG
treatment. E, Survival rates of plants pretreated with different amino
acids after recovery. F, OsDIP1 expression was monitored during PEG
treatment and recovery by RT-qPCR. OsUBIT expression was used as
an internal control for normalization. (D—F) Data represent mean va-
lues +SD (n> 10, biological repeat >3). Significant differences from
the mock-treated control are indicated by asterisks (ANOVA followed
by Tukey’s honestly significant difference, *P < 0.05).

Materials and methods

Plant growth conditions and ABA treatment

Rice (Oryza sativa “Dongjin”) seeds were sown on Murashige
and Skoog (MS) solid medium and incubated in the dark for
4 days at 28°C. The seedlings were transferred to a growth
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chamber with a 16-h-light/8-h-dark cycle, the light intensity
of 200 umol m™ s, and relative humidity of 70%.
One-week-old seedlings were transferred to hydroponic
solution (Yoshida et al,, 1976) and grown for two more weeks
for gene expression analysis. To examine the ABA
concentration-dependent response of OsDIAT, eight seed-
lings were transferred to 50-ml tubes containing 0, 1, 10, or
100 uM ABA solution (Sigma, USA). Seedlings were har-
vested 6 h after ABA treatment for RNA extraction. To exam-
ine the sensitivity of OsDIAT to ABA treatment, 2-week-old
rice seedlings were transferred to 50-ml tubes containing
100 M ABA. The seedlings were harvested at the indicated
time points (0, 2, 4, and 6 h) for RNA extraction.

Phylogenetic analysis

Phylogenetic analysis was carried out using the amino acid se-
quences of 49 putative rice aminotransferase proteins using
the annotation from the riceXPro public database (http://
ricexpro.dnaaffrcgo.jp/). The phylogenetic tree was constructed
with CLC workbench software using the deduced protein se-
quences from genes with the following IDs: Os01g0178000,
0s01g0238500, Os01g0290100, Os01g0290600, Os01g0729600,
0s01g0736400, Os01g0760600, Os02g0236000, Os02g0252600,
0s02g0273100, Os02g0302400, Os02g0302700, Os02g0709200,
0s02g0797500, Os02g0806900, Os03g0106400, Os03g0171900,
0s03g0195100, Os03g0231600, Os03g025800, Os03g0299900,
0s03g0338000, Os04g0405700, Os04g0559400, Os04g0614500,
0s05g0129100, Os05g0244700, Os05g0475400, Os05g0558400,
050680345200, Os06g0548000, Os07g0106700, Os07g0108300,
0s07g0461900, Os07g0617800, Os08g0245400, Os08g0532200,
0s08g0532200, Os09g0433900, Os10g0189600, Os10g0390500,
0s10g0390600, Os10g0484700, Os10g0549500, Os10g0560900,
0Os11g0209900, Os11g055200, Os11g0644800, and Os12g0131100
(https://digitalinsights.giagen.com/products-overview/discovery-
insights-portfolio/analysis-and-visualization/giagen-clc-genomics-
workbench/).

Plasmid construction and rice transformation

To generate overexpression plants, the coding sequence of
OsDIAT (Os05g0244700) was amplified from rice (O. sativa
L. ssp. japonica “Nipponbare”) total RNA using the Reverse
Transcription System (Promega, USA) and PrimeSTAR HS
DNA polymerase (Takara, Japan). The amplified OsDIAT cod-
ing sequence was cloned into rice transformation vector
p700 carrying the GOS2 promoter for constitutive overex-
pression using the Gateway Cloning system (Invitrogen,
USA) (Supplemental Table 3 and Jeong et al., 2010). The final
construct (GOS2:0sDIAT) was introduced into rice (O. sativa
“Dongjin”) by Agrobacterium (LBA4404)-mediated trans-
formation as described previously (Jang et al.,, 1999). The pri-
mers used for plasmid construction are listed in
Supplemental Table 3. The copy numbers of OsDIAT in the
transgenic plants were determined by TagMan Q-PCR
(Thermo Fisher, USA) using probes specific for the Bar
gene (which confers resistance to the herbicide Basta). To
analyze the copy number of OsDIAT in the transgenic plants,
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genomic DNA was extracted from 2-week-old seedlings.
Genomic DNA extracted from transgenic plants from a pre-
viously confirmed homozygous line with a single insert was
used as a control. The single-copy insertion lines were al-
lowed to self-fertilize, and homozygous transgenic lines
were selected from the T, generation on MS medium con-
taining phosphinothricin (Duchefa, Netherlands). Four inde-
pendent single-copy homozygous plants were selected and
propagated in a rice paddy field at Kyungpook National
University, Gunwi (128:34E/36:15N), Korea.

To generate osdiat mutant plants, two independent single-
guide RNAs (sgRNAs) (5'-CATGTCCCTGTCTACGAGTCA
GG-3', 5-TGGGGAGCTGATCTTTGCTTTGG-3') were intro-
duced into the pSB11 vector harboring recombinant
codon-optimized Streptococcus pyogenes Cas9 for rice
(Chung et al,, 2020). The constructs were introduced into
plants by Agrobacterium (LBA4404)-mediated transform-
ation (Jang et al, 1999). To analyze the mutation patterns,
the genomic regions targeted by the sgRNAs were amplified
by PCR using gene-specific primers. The PCR products were
purified using a QIAquick PCR purification kit (Qiagen,
Germany) and subjected to Sanger sequencing (Macrogen,
Korea). Homozygous mutants were identified in which
both alleles contained the same nucleotide deletion or
insertion. T, mutants used for the experiments were verified
to be homozygous for the mutation by genomic DNA
sequencing.

RNA isolation and reverse transcription quantitative
PCR

Total RNA was extracted from leaf or root tissues using a
Hybrid-R RNA Purification kit (GeneAll Biotechnology,
Korea) according to the manufacturer’s instructions. To
generate first-strand complementary DNA (cDNA), 2 pg of
total RNA was reverse-transcribed using RevertAid
M-MuLV Reverse Transcriptase (Thermo Scientific, USA).
Quantitative PCR analysis was performed using 2 X real-time
PCR Smart mix (SolGent, Korea) and EvaGreen (SolGent,
Korea) in an Mx3000P real-time PCR system (Stratagene,
USA). The PCR conditions were an initial denaturation
at 95°C for 15 min, followed by 40 cycles of 95°C for 20s,
60°C for 20s, and 72°C for 30s. Rice UBIQUITINT
(Os06g0681400, OsUBIT) was used as an internal control
for normalization, and rice DIP1 (Os02g0669100) was used
as a marker of drought and ABA stress treatments. Three bio-
logical replicates (independent samples (n=5)) were ana-
lyzed for the quantitative experiments. The primers used
for RT-gPCR are listed in Supplemental Table 3.

Rice protoplast preparation and transient gene
expression

Rice (O. sativa “Dongjin”) seedlings were grown in the dark for
10 days and transferred to the light for 8-10 h. Leaf sheaths of
50 rice seedlings were cut into 0.5-mm pieces using a sharp
blade on a piece of glass. Rice protoplast preparation and
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transient gene expression were performed as described previ-
ously (Shim et al, 2018). The 35S5:0sDIAT-GFP plasmid was
transferred into protoplasts using PEG-mediated transform-
ation. Following incubation at 28°C, the protoplasts were har-
vested by centrifugation at 300 X g for 2 min. The subcellular
localization of OsDIAT was observed under a Leica SP8 STED
confocal laser-scanning microscope (Leica, Germany) with
488 nm excitation wavelength lasers and 512~560 nm emis-
sion wavelength detection filter.

Enzyme activity assay

To test the enzyme activity of OsDIAT in vitro, the OsDIAT
coding sequence was cloned into the pGEX-5X protein ex-
pression vector through the EcoRI restriction enzyme site
using an Infusion Cloning kit (Takara, Japan). The construct
was transformed into Escherichia coli BL21(DE3) pLysS for
protein expression. In vitro protein expression was induced
by adding 0.1 mM isopropyl-B-D-thiogalactopyranoside
(IPTG, Sigma, USA) to the E. coli culture (OD = 0.6) and incu-
bating for 16 h at 20°C with shaking. Induced protein was
captured by glutathione-agarose resin (Thermo, USA). The
protein was eluted by adding 10 mM glutathione (Sigma,
USA). Eluted protein samples were analyzed by sodium dode-
cyl sulfate-polyacrylamide gel electrophoresis (Supplemental
Figure 4). The concentration of OsDIAT was measured with a
protein assay kit based on Bradford assay (Bio-Rad, USA)
using bovine serum albumin as a standard. The BCAT assay
was performed as described previously (Prohl et al, 2000;
Maloney et al.,, 2010). One microgram of purified DIAT pro-
tein was used in each reaction, which was carried out at 25°C
for 5 min. Forward assays were recorded at 340 nm and re-
verse assays at 440 nm using a spectrophotometer.
Reactions lacking substrate were used as a negative control.
Kinetic data were obtained using GraphPad Prism 8 software
(https://www.graphpad.com/scientific-software/prism/).

Drought stress treatments and evaluation of drought
tolerance

OsDIAT transgenic and NT control plants (O. sativa
“Dongjin”) were sown on MS solid medium and incubated
in a dark growth chamber for 4 days at 28°C. The seedlings
were transferred to a growth chamber under a 16-h-light/
8-h-dark cycle and grown for one additional day before trans-
planting to soil. Thirty plants per line were transplanted into
10 pots containing soil (4 X 4 X 6 cm: three plants per pot) in
a container (59 X 38.5 X 15 cm) and grown for an additional
4 weeks in a greenhouse (16-h-light/8-h-dark cycle, 28°C, and
50~60% humidity). Drought stress was imposed by sequen-
tially withholding water for 3 days and re-watering for 7 days.
Drought-induced symptoms were monitored by imaging
transgenic and NT plants at the indicated time points using
a NEX-5N camera (Sony, Japan). The soil moisture contents
were measured at the indicated time points using an
SM150 Soil Moisture Sensor (Delta-T Devices, United
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Kingdom). Relative water content was measured as described
previously (Sharp et al,, 1990).

Transient chlorophyll a fluorescence and the performance
index were measured using a Handy-PEA fluorimeter
(Hansatech Instruments, United Kingdom) as previously de-
scribed (Redillas et al, 2011). Two-week-old plants were
transplanted to pots containing soil (15X 15X 14 cm) and
grown for 5 weeks. Chlorophyll a fluorescence was measured
from the longest leaves of each plant after 1 h of dark adap-
tation to ensure sufficient opening of the reaction centers.
Measurement was performed at the apex, middle, and base
regions of leaves using a Handy-PEA fluorimeter. Thirty mea-
surements per line were averaged using HANDY-PEA soft-
ware (version 1.31). F,/F, values and the performance
index were calculated according to the equations of the JIP
test (Redillas et al., 2011).

Evaluation of the agronomic traits of rice grown in the
field

To evaluate yield components of transgenic and NT plants
under field conditions, three independent T, homozygous
GOS2::0sDIAT lines and NT plants were planted in the rice
paddy field at Kyungpook National University, Gunwi (36°
06'48.0"'N,128°38038.0"'E), Korea. The field experiments
were performed for 3 years (2018-2020), and similar patterns
were observed between NT and GOS2:OsDIAT plants. The
representative data of 2020 are presented in Figure 4 and
Supplemental Table 2. The experiments were repeated in
multiple locations in our field. Climate data from the field
in 2020 is provided (Supplemental Dataset 1). Yield para-
meters were scored from 10 plants collected from three dif-
ferent plots under normal field conditions. To evaluate the
yield components of plants under field drought conditions,
plants were grown in semi-field conditions under rain-off
shelters. The plants were exposed to intermittent drought
twice by withholding water during panicle development.
Drought treatment was monitored by measuring soil water
content using a soil moisture sensor. After two rounds of
drought treatment at the reproductive stage, the plants
were re-irrigated until the harvesting stage. Yield compo-
nents were scored from 30 plants per line under drought field
conditions. The plant height (PH) panicle length (PL), and
culm length (CL) of individual plants were measured in the
field. Then, the panicles of individual plant (hill) were har-
vested separately. We counted the filled and unfilled grains
of individual plants, then measured and calculated the yield
parameters, including total grain weight (TGW), filling rate
(FR), number of filled grains (NFG), number of total grains
(NTG), and number of grains per panicle (NGP)

Amino acid content analysis

To measure amino acid contents, NT (O. sativa “Dongjin”)
and T; homozygous transgenic GOS2:OsDIAT (#5) seeds
were sown on MS solid medium and incubated in a dark
growth chamber for 4 days at 28°C. The seedlings were
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transferred to a growth chamber under a 16-h-light/
8-h-dark cycle and grown for 2 weeks. The 2-week-old seed-
lings were transferred to hydroponic solution and incubated
for an additional week. The 3-week-old plants were air-dried
to stimulate dehydration stress and sampled at the indicated
time points after stress treatment. Plants not exposed to
stress were used as a control. Amino acid contents were mea-
sured by high-performance liquid chromatography (HPLC)
using an HPLC Ultimate 3000 equipped with a VDSpher
100 C18-E column (4.6 mm X150 mm, 3.5 um/VDS,
Optilab, USA) and a 1260 FLD FL detector (Agilent, USA)
at the National Instrumentation Center for Environmental
Management, College of Agriculture and Life Science in
Seoul National University.

Amino acid feeding and PEG treatment

Three-week old plants grown in Yoshida liquid medium were
fed with 10 mM L-valine, leucine, or isoleucine (Sigma, USA)
by dipping their roots into a solution containing the corre-
sponding BCAAs for 24 h. The plants were then transferred
to a 50-ml tube containing 25 ml of 25% (w/v) PEG 8000
(Sigma) solution. Plants pretreated with BCAAs were har-
vested for amino acid analysis. PEG-induced visual symptoms
such as leaf rolling and wilting were monitored by imaging
plants at the indicated time points using a NEX-5N camera.
Plants were harvested at the indicated time point after
PEG treatment for RNA extraction. Total RNA extraction,
cDNA synthesis, and RT-qPCR analysis were performed as de-
scribed in the “RNA isolation and reverse transcription quan-
titative PCR” section. The DIP1 gene was used as a molecular
marker for osmotic stress responses in PEG-treated plants.

Statistical analysis

All data are represented as the mean value + SD. Each data
value was separately compared with the control value to de-
termine significant differences using ANOVA or an LSD test.
Data were analyzed using Microsoft Excel or IBM SPSS
software.

Accession numbers

Sequence data from this article can be found in the Rice
Annotation Project Database (https://rapdb.dna.affrc.go.jp/)
under the following accession numbers: OsDIAT (Os05g024
4700), OsUBI1 (Os06g0681400), and OsDIP1 (Os02g0669100).
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