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Deschampsia antarctica is a Poaceae grass that has adapted
to and colonized Antarctica. When D. antarctica plants were
subjected to cold and dehydration stress both in the
Antarctic field and in laboratory experiments, galactinol, a
precursor of raffinose family oligosaccharides (RFOs) and
raffinose were highly accumulated, which was accompanied
by upregulation of galactinol synthase (GolS). The Poaceae
monocots have a small family of GolS genes, which are div-
ided into two distinct groups called types I and II. Type II
GolSs are highly expanded in cold-adapted monocot plants.
Transgenic rice plants, in which type II D. antarctica GolS2
(DaGolS2) and rice GolS2 (OsGolS2) were constitutively
expressed, weremarkedly tolerant to cold and drought stress
as compared to the wild-type rice plants. The RFO contents
and GolS enzyme activities were higher in the DaGolS2- and
OsGolS2-overexpressing progeny than in the wild-type plants
under both normal and stress conditions. DaGolS2 and
OsGolS2 overexpressors contained reduced levels of reactive
oxygen species (ROS) relative to the wild-type plants
after cold and drought treatments. Overall, these results
suggest that Poaceae type II GolS2s play a conserved role
in D. antarctica and rice in response to drought and cold
stress by inducing the accumulation of RFO and decreasing
ROS levels.

Keywords: Antarctic flowering plant • Deschampsia antarc-
tica • Cold and drought tolerance • Poaceae type II galactinol
synthase • Raffinose family oligosaccharides • Transgenic
rice plants.

Introduction

Antarctica is a harsh environment with low temperatures, lim-
ited water availability, high soil salinity, drastic fluctuations in

annual irradiation and a short-day length, all of which severely
restrict plant growth and development. Despite these unfavor-
able conditions, two angiosperm species inhabit Antarctica, and
one of these, Deschampsia antarcticaDesv., is the only Antarctic
Poaceae species (Bravo et al. 2001). Deschampsia antarctica
exhibits specialized morphological traits, such as a distinct leaf
anatomy and chloroplast ultrastructure, which affect its photo-
synthetic characteristics (Gielwanowska et al. 2005, S�aez et al.
2019). In addition, the physiological and biochemical changes
accompanied by the expression regulation of diverse genes are
related to the plastic responses of D. antarctica plants to the
Antarctic climate (Lee et al. 2010, Lee et al. 2013). For example,
increases in ice recrystallization inhibition protein (DaIRIP) ex-
pression and recrystallization inhibition (RI) activity in response
to freezing stress may contribute to the cryotolerance of
D. antarctica (John et al. 2009). In addition, D. antarctica
displayed tolerance to ultraviolet B-induced oxidative stress
not only by synthesizing phenolic-type molecules but also by
activating both enzymatic and non-enzymatic antioxidant
systems (K€ohler et al. 2017). Furthermore, non-structural
carbohydrates were highly accumulated in D. antarctica dur-
ing growing summer season (January–February), which repre-
sents a metabolic adaptation of this plant (Zu~niga et al. 1996).
These traits might be linked to its capacity to colonize
this harsh environment, suggesting that D. antarctica could
serve as a model for the study of the genetic and metabolic
mechanisms responsible for plant adaption to a variety of
abiotic stresses.

Raffinose family oligosaccharides (RFOs), which are a-1,6-
galactosyl extensions of sucrose, are plant non-structural
carbohydrates that play diverse cellular roles, including
protection of embryos from maturation-associated seed
desiccation, transport and storage of carbon, and signal
transduction (Stevenson et al. 2000, Downie et al. 2003,
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Xue et al. 2007). RFOs are becoming increasingly recognized as
crucial molecules during stress responses in plants due to
their protective roles in response to adverse environmental
conditions (Zuther et al. 2004, Nishizawa-Yokoi et al. 2008,
ElSayed et al. 2014, Sengupta et al. 2015). RFOs function
as osmolytes to maintain cell turgor and stabilize cellular
proteins (Bartels and Sunkar 2005) and as antioxidants to
counteract the accumulation of reactive oxygen species
(ROS) under stress conditions (Nishizawa et al. 2008,
Valluru and Van den Ende 2011).

Galactinol synthase (GolS) is a key enzyme in the biosyn-
thesis of RFOs. GolS catalyzes the formation of galactinol from
UDP-galactose and myo-inositol. Galactinol is subsequently
converted to series of RFOs, including raffinose and stachyose
(Lehle and Tanner 1973, Loewus and Murthy 2000).
The AtGolS genes in Arabidopsis are upregulated in response
to abiotic stresses (Taji et al. 2002), and overexpression of
AtGolS2 in transgenic rice plants improves drought tolerance
(Selvaraj et al. 2017). Ectopic expression of chickpea
GolS (CaGolS) in Arabidopsis resulted in heat and oxidative
stress-tolerant phenotypes (Salvi et al. 2018). OsGolS1 is
involved in the thermo-tolerance response in rice plants
(Hue et al. 2013), and overexpression of wheat TaGolS in
rice plants conferred enhanced tolerance to chilling injury
(Shimosaka and Ozawa 2015). In addition, transgenic
Arabidopsis plants that overexpress maize ZmGolS2 exhibited
drought-, salt- and heat-tolerant phenotypes (Gu et al. 2016).
These results indicate that GolS plays a critical role in the
response to a broad spectrum of abiotic stresses in both
monocot and dicot species.

Deschampsia antarctica GolS (DaGolS) was previously
identified as a stress-related gene that may be involved in
the adaptive mechanism of Antarctic hairgrass (Gidekel
et al. 2003, Lee et al. 2013). However, there is no biological
evidence that the GolS-mediated accumulation of RFOs
contributes to the environmental stress tolerance of this
plant in Antarctica. To assess the potential role of DaGolS
in the response to low temperature, we generated DaGolS2-
overexpressing transgenic rice plants (Ubi:DaGolS2) and ana-
lyzed their phenotypes. Our results showed that the DaGolS2
overexpressors showed markedly enhanced tolerance to both
cold and drought stress as compared to the wild-type rice
plants. We also identified the rice GolS2 (OsGolS2) gene and
found that OsGolS2-overexpressing transgenic rice progeny
(Ubi:OsGolS2) also exhibited enhanced tolerance to drought
and cold stress. The levels of galactinol and raffinose were
higher in the DaGolS2 and OsGolS2 overexpressors than in
the wild-type rice plants under both normal and stress
conditions. Both the DaGolS2- and OsGolS2-overexpressing
plants contained lower levels of ROS than the wild-type plants
after cold and drought treatments. Overall, these results
suggest that Poaceae type II GolS2s play a conserved role in
D. antarctica and rice plants in response to drought and cold
stress by inducing the accumulation of galactinol and raffinose
and decreasing ROS levels.

Results

Endogenous galactinol and raffinose levels in
D. antarctica were increased in the Antarctic field
and in response to cold and drought stress in
the laboratory

RFOs accumulate in the vegetative tissues of various plant spe-
cies in response to a broad spectrum of abiotic stresses
(Sengupta et al. 2015); therefore, we considered the possibility
that RFOs play a crucial role in the adaptation ofD. antarctica to
Maritime Antarctica, one of the harshest environments for
plant growth. Naturally colonized D. antarctica plants were
collected from the Antarctic field (field control) near King
Sejong Antarctic Station (62�402900S; 58�4401800W) on the
Barton Peninsula of King George Island, transplanted and incu-
bated in the laboratory (at 15�C under 16 h light and 8 h dark)
for 6 d (L6d; Fig. 1A). The plants were transferred back to the
Antarctic field and harvested at different time points (8 h, 3 d
and 5 d). When the plants were moved from the Antarctic field
to the laboratory, the expression of DaIRIP, a well-known cold-
induced gene in D. antarctica (John et al. 2009), declined to the
background level. DaIRIP transcript levels gradually increased
after the plants were transferred back to the Antarctic field
(from 8 h to 5 d) (Fig. 1A).

The endogenous galactinol and raffinose levels in the leaves
of D. antarctica in the Antarctic field control were 1.10 ± 0.20
and 12.90 ± 1.20mg/g FW, respectively (Fig. 1B). After a 6-d
incubation under laboratory conditions (L6d), galactinol and
raffinose contents markedly decreased to 0.002 ± 0.001 and
1.19 ± 0.04mg/g FW, respectively. The levels of galactinol and
raffinose gradually increased after the plants were transferred
back to the adverse environment of the Antarctic field. At 8 h
(F8h), 3 d (F3d) and 5 d (F5d) after transfer, the galactinol
contents were 0.84 ± 0.18, 1.89 ± 0.37 and 5.86 ± 1.30mg/g FW,
respectively, and at these same time points, the raffinose con-
tent increased to 2.44 ± 0.17, 9.42 ± 1.96 and 38.67 ± 2.20mg/g
FW, respectively (Fig. 1B). The levels of galactinol increased
more rapidly than the levels of raffinose (Fig. 1C), suggesting
stepwise synthesis of RFOs in D. antarctica in response to the
Antarctic environment. In contrast, the changes in the levels of
sucrose, glucose and fructose in response to the different
growth conditions were not as great as those of the RFOs
(Fig. 1C, D).

We next measured the accumulation of RFOs in laboratory-
cultured D. antarctica plants in response to cold and drought
stress. For the cold-stress treatment, D. antarctica plants grown
at 15�C were transferred to a climate chamber at 4�C for 10 d.
For the dehydration treatment, D. antarctica plants were incu-
bated at 15�C on filter paper for 4 d. The results showed large
increases in the levels of both galactinol and raffinose after cold
treatment and dehydration. The low basal level of galactinol
(0.59 ± 0.39mg/g FW; mock control) was increased to 4.32 ±
1.08mg/g FW after cold stress and to 2.05 ± 0.20mg/g FW after
dehydration (Fig. 1E–G). The raffinose content was increased
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Fig. 1 Amounts of galactinol and raffinose were increased in response to cold and drought stress inDeschampsia antarctica. (A) Expression patterns
ofDaIRIP in response to different growth conditions.Deschampsia antarctica plants were collected fromAntarctica field (control) and incubated in
the laboratory conditions for 6d (L6d), afterwhich theplantswere transferred back toAntarcticfield for 8 h (F8h), 3 d (F3d) and5d (F5d). Total RNAs
were isolated from each sample and used for real-time qRT-PCR analysis with a gene-specific primer set (Supplementary Table S1). The relative
expression ofDaIRIPwas normalized to that ofDaEF1a that was served as an internal control. Data aremeans ± SD (*P< 0.05, **P< 0.01, Students t-
test) from three biologically independent experiments. Changes in the temperatures in the Antarctic field and laboratory conditions are indicated.
(B) Galactinol and raffinose content in D. antarctica plants grown in the Antarctic field and laboratory conditions. Data are means ± SD (*P< 0.05,
**P< 0.01, Students t-test) from three biologically independent experiments. (C) Relative levels of galactinol, raffinose, sucrose, glucose and fructose
in response to different growth conditions inD. antarctica plants. Relative sugar levels indicate themeasured values of each growth point divided by
the value of field control. (D) Amounts of sucrose, glucose and fructose inD. antarctica plants grown in theAntarctic field and laboratory conditions.
Data aremeans ± SD (*P< 0.05, **P< 0.01, Students t-test) from three biologically independent experiments. (E, F) Galactinol and raffinose content
in the laboratory-culturedD. antarctica plants before (control) and after cold (4�C for 10 d) and drought (air dried on the filter paper at 15�C for 4 d)
treatments. (G) Relative carbohydrate levels in the laboratory-cultured D. antarctica under stress conditions. Relative levels of each carbohydrate
indicate the measured values of each stress treatment divided by the value of normal condition.
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from 0.53 ± 0.53mg/g FW in the mock control to 21.12 ±
0.80mg/g FW after cold stress and to 5.62 ± 0.73mg/g
FW after dehydration (Fig. 1E–G). In contrast, the relative
levels of sucrose, glucose and fructose remained unchanged
in response to the cold and drought treatments (Fig. 1G).
Thus, it appears that the accumulation of RFOs may play a
key role in the response of Antarctic hairgrass to abiotic
stresses. Overall, these results raised the possibility that
the biosynthesis and storage of RFOs are elaborate features
of D. antarctica plants that have evolved to cope with harsh
Antarctic environment.

Identification and characterization of DaGolS1 and
DaGolS2 in D. antarctica

GolS is a key enzyme that catalyzes an initial step in the
RFO biosynthetic pathway. In D. antarctica, two homologous
GolS genes, DaGolS1 (GenBank accession no. MK286464) and
DaGolS2 (GenBank accession no. MK286465), were identified
based on the transcriptome database using TBLASTN (Lee et al.
2013; SRA051881). DaGolS1 and DaGolS2 were predicted to
consist of 336 and 326 amino acids, respectively, with 72% iden-
tity (Fig. 2A). Both proteins contained a single glycosyltransfer-
ase domain and a conserved catalytic DxDmotif (Sengupta et al.
2012) (Fig. 2A and Supplementary Fig. S1). The results of the
real-time quantitative reverse transcription polymerase chain
reaction (qRT-PCR) analysis revealed that the expression levels
of DaGolS1 and DaGolS2 were unchanged when the D. antarc-
tica plants were moved from the Antarctic field to the labora-
tory at 6 d (Fig. 2B). However, transcript levels of DaGolS1 and
DaGolS2 were rapidly upregulated at 8 h after the plants were
transferred back to the Antarctic field. Subsequently, the tran-
scripts of these two genes were downregulated to basal levels
during prolonged exposure (from 8 h to 5 d) in the Antarctic
field (Fig. 2B). These expression profiles ofDaGolS1 andDaGolS2
were highly comparable to those of DaCBF4 and DaCBF7, which
encode transcription factors that turn on a subset of initial cold-
responsive genes (Fig. 2B; Byun et al. 2015, Byun et al. 2018).
These results suggest thatDaGolS1 andDaGolS2 play roles in the
early stage of the cold stress response in D. antarctica. This
notion was further supported by the results that DaGolS1 and
DaGolS2 transcripts were rapidly upregulated in laboratory-
cultured D. antarctica plants after 8 h in the cold (4�C) (up to
25-fold and 8-fold, respectively) and 4 h of drought (up to 6-fold
and 11-fold, respectively) (Fig. 2C, D). Thus, the increased
levels of RFOs (Fig. 1) were positively correlated with the rapid
transcriptional induction of DaGolS1 and DaGolS2 (Fig. 2B–D)
under stress conditions.

The subcellular localization of the DaGolSs was investigated
via a protoplast transient expression system. Protoplasts were
prepared from the mature leaves of D. antarctica plants and
were transfected with the 35S:DaGolS1-sGFP or 35S:DaGolS2-
sGFP chimeric constructs. The expressed proteins were visual-
ized by fluorescence microscopy. The results revealed that the
fluorescence signals for DaGolS1-sGFP and DaGolS2-sGFP were
predominantly located in the cytosolic fraction (Fig. 2E), which
suggested that DaGolS1 and DaGolS2 are cytosolic enzymes.

DaGolS2 belongs to the Poaceae type II family
of GolSs
Phylogenetic analysis of the full-length GolS sequences from
Poaceae, which are important cultivated monocot cereals,
showed that these crops possess a small GolS gene family, which
is divided into two different groups, type I and type II (Fig. 3).
For example, D. antarctica and rice have two genes (type I:
II¼ 1:1), barley has three genes (type I: II¼ 1:2) and maize has
four genes (type I:II¼ 3:1). Winter wheat (Triticum aestivum L.),
a representative freeze-tolerant hexaploid crop, contains six
genes in its B genome, most of which were expanded type II
GolS genes (type I:II¼ 1:5) (Fig. 3 and Supplementary Fig. S2).
The role of one of the wheat GolSmultigene, TaGolS1, which is a
type II gene, was identified. Transgenic rice plants overexpress-
ing TaGolS1 showed increased tolerance to chilling stress
(Shimosaka and Ozawa 2015). DaGolS1 is a type I GolS and
DaGolS2 is a type II enzyme (Fig. 3). We selected DaGolS2 for
our experiment to investigate the in planta role of type II GolS in
relation to the cold stress tolerance response of D. antarctica.

Generation of DaGolS2- and OsGolS2-overexpressing
transgenic rice plants
Although genetic transformation has been widely used to ex-
plore the cellular roles of stress-related genes in diverse plant
species, stable gene transformation and regeneration of D. ant-
arctica has not yet been established. Deschampsia antarctica
and rice, a monocot model plant, belong to the same Poaceae
family. Thus, to investigate the role of DaGolS2 in planta,
DaGolS2 was constitutively expressed in rice under the control
of the maize Ubiquitin promoter (Ubi), and transgenic rice
plants were generated (Fig. 4A). Under normal growth condi-
tions, theDaGolS2-overexpressing T4 transgenic rice plants (Ubi:
DaGolS2) exhibited no detectable morphological difference as
compared to the wild-type rice plants (Fig. 4B). Based on the
results of a genomic Southern blot analysis, two independent
Ubi:DaGolS2 lines (#1 and #2) were selected, in which DaGolS2
transcripts were detected by RT-PCR (Fig. 4C, D). Accordingly,
GolS activity was also upregulated in the Ubi:DaGolS2 lines
compared to the activity in the wild-type rice plants (Fig. 4E).

To address the biological function of GolS2 in Poaceae, we
also characterized OsGolS2, a rice homolog of DaGolS2. The
deduced OsGolS2 comprised 328 amino acids with 79% identity
to DaGolS2 (Fig. 4F). OsGolS2 was predominantly localized in
the cytosolic fraction of rice leaf protoplasts (Supplementary
Fig. S3). OsGolS2 was rapidly induced by drought and high
salinity. However, unlike DaGolS2, OsGolS2 was not induced
during 0.5–2 d of cold stress, but it was clearly induced after
5 d of cold treatment in rice plant (Fig. 4G). This late cold-
induction pattern of OsGolS2 in rice was somewhat different
from those of DaGolS1 and DaGolS2, whose expressions were
increased after 8 h cold treatment in D. antarctica (Fig. 2C).
OsGolS2-overexpressing transgenic rice plants were constructed,
and two independent T3 Ubi:OsGolS2 lines (#1 and #2) were
chosen for subsequent phenotypic analysis with respect to the
abiotic stress tolerance response (Fig. 4H–K). Increased GolS
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activity was detected in theUbi:OsGolS2 progeny relative to that
in the wild-type plants (Fig. 4L).

DaGolS2- and OsGolS2-overexpressing transgenic
rice plants exhibited enhanced tolerance to cold
stress relative to the wild-type plants
To examine the cold-tolerant phenotypes of the DaGolS2
and OsGolS2 overexpressors, wild-type, T4 Ubi:DaGolS2

(independent lines #1 and #2) and T3 Ubi:OsGolS2 (independ-
ent lines #1 and #2) rice plants were grown at 28�C for 5 weeks
under long-day (16 h light and 8 h dark) conditions, transferred
to a cold room at 4�C and incubated under continuous light.
After 8 d of low temperature treatment, these plants were
transferred back to the growth room at 28�C, allowed to re-
cover and grow for 50 d and their survival was monitored.
Under our experimental conditions, most of the wild-type
rice plants exhibited discolored leaves, with markedly reduced
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Fig. 2 Identification and characterization of DaGolS1 and DaGolS2 in Deschampsia antarctica. (A) Schematic structures of predicted DaGolS1 and
DaGolS2. The glycosyltransferase domain is shown as a dark gray bar and the DxD catalytic motif is marked as a red bar. (B) Expression patterns of
DaGolS1 andDaGolS2 in response to theAntarcticafield and laboratory conditions inD. antarcticaplants. Real-timeqRT-PCRanalysiswas performed
as described in Fig. 1A.DaCBF4 andDaCBF7wereused aspositive controls for cold stress. Relative expression level of each genewas normalized to that
of DaEF1a. Data are means ± SD (*P< 0.05, **P< 0.01, Students t-test) of three biologically independent experiments. (C, D) Expression profiles of
DaGolS1 andDaGolS2 in response to cold and drought stress. Laboratory-cultured 3-week-oldD. antarctica seedlings were subjected to cold (4�C for
10 d) and dehydration (air dried on the filter paper at 15�C for 4 d) treatments, and total RNAs prepared from the treated tissues were analyzed by
qRT-PCR using gene-specific primer sets (Supplementary Table S1). DaIRIP and DaDhn were used as positive controls for cold and drought stress,
respectively. Relative expression level of each gene was normalized to that of DaEF1a. Data are means ± SD (*P< 0.05, **P< 0.01, Students t-test) of
three biologically independent experiments. (E) Subcellular localization of DaGolS1 and DaGolS2. The 35S:DaGolS1-sGFP and 35S:DaGolS2-sGFP
fusion constructs were transfected into the protoplasts prepared from mature leaves of D. antarctica. The fluorescent signals of the expressed
proteins were visualized by fluorescence microscopy. sGFP was used as a cytosolic marker protein. Bars¼ 20mm.
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turgor, after recovery from the cold stress and were unable to
grow (survival rate: 16.8 ± 2.5–20.9 ± 3.8%; Fig. 5A–D). In con-
trast, the DaGolS2 and OsGolS2 overexpressors clearly showed
healthier morphology and resumed growing (survival rates: 64.0
± 9.2–84.4 ± 4.0% and 61.0 ± 4.8–63.8 ± 4.4%, respectively)
(Fig. 5A–D).

To measure the total leaf chlorophyll content (chlorophyll
aþ chlorophyll b), mature leaves were detached from the
plants of each genotype before and after cold treatment.
Before cold treatment, the chlorophyll content of the wild-
type, Ubi:DaGolS2 and Ubi:OsGolS2 plants was indistinguishable
(Fig. 5E, F). However, the DaGolS2- and OsGolS2-overexpressing
progeny contained higher amounts of chlorophyll than the
wild-type rice plants in response to cold temperature. After
1month of recovery from cold treatment (4�C), the chlorophyll
content of the wild-type leaves was 1.5 ± 0.7–2.0 ± 0.4mg/g DW,
whereas the chlorophyll contents of the Ubi:DaGolS2 and Ubi:
OsGolS2 plants were 10.4 ± 1.3–10.8 ± 0.6 and 8.5 ± 0.9–10.3 ±
1.5mg/g DW, respectively (Fig. 5E, F).

To quantify the cellular response to cold stress, an electrolyte
leakage assay was conducted using 8-day-old seedlings.
Wild-type, Ubi:DaGolS2 and Ubi:OsGolS2 whole seedlings were
incubated at 4�C for 0, 5 and 10 d. Seedlings were then soaked
in 35ml of distilled water overnight at 25�C, and electrolyte

leakage was measured with a conductivity meter. As shown in
Fig. 5G, the Ubi:DaGolS2 and Ubi:OsGolS2 seedlings showed
lower ion leakage rates (12.4 ± 0.7–12.5 ± 0.7% and 12.5 ±
0.7–12.7 ± 0.7%, respectively, at 5 d; 15.4 ± 1.0–15.8 ± 1.2% and
14.4 ± 2.4–16.5 ± 2.0%, respectively, at 10 d) than the wild-type
seedlings (14.7 ± 1.1% at 5 d and 25.6 ± 1.7% at 10 d) in response
to prolonged cold stress. These results showed that overexpres-
sion of DaGolS2 and OsGolS2 resulted in increased tolerance
to low temperature treatment, suggesting that DaGolS2
and OsGolS2 play positive roles in the cold stress response in
rice plants.

DaGolS2- and OsGolS2-overexpressing transgenic
rice plants exhibited enhanced tolerance to drought
stress when compared to the wild-type plants
Wild-type, T4 Ubi:DaGolS2 and T3 Ubi:OsGolS2 plants were
grown at 28�C for 5 weeks under long-day (16 h light and 8 h
dark) conditions. The plants were then subjected to drought
stress by withholding water for 9–10 d. After dehydration, the
plants were re-watered, allowed to grow for 3–4 weeks to re-
cover and their growth was monitored. After recovery from
drought stress, 28.0 ± 4.0–32.0 ± 2.8% of the Ubi:DaGolS2 plants
and 38.1 ± 5.7–51.0 ± 8.1% of the Ubi:OsGolS2 plants resumed
growing (Fig. 6A–D). In contrast, most of the wild-type plants

Fig. 3 Phylogenetic analysis of GolS proteins. The full-length amino acid sequences of DaGolS1, DaGolS2 andGolS homologs fromPoaceaemonocot
crops were retrieved from the GenBank database and proofread. Phylogenetic trees were constructed from the data sets by the neighbor-joining
method based on the Jones-Taylor-Thornton (JTT)matrix-basedmodel usingMEGA7 software. The tree is drawn to scale with branch lengths in the
same units, as those of the evolutionary distances were used to infer the phylogenetic tree. The evolutionary distances were computed using the JTT
matrix-based method. The Poaceaemonocot GolS members are divided into two different groups, type I and type II.
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Fig. 4 Molecular characterizations of DaGolS2- and OsGolS2-overexpressing transgenic rice plants. (A) Schematic representation of a DaGolS2-
overexpressing binary vector construct. RB, right border; pUbi, maize ubiquitin promoter; NOS-T, NOS terminator; 35S-Pro, CaMV 35S promoter;
hph, hygromycin phosphotransferase; T7-T, T7 terminator; LB, left border. (B) Morphology of 2-month-old wild-type (WT) and T4 Ubi:DaGolS2
(independent lines #1 and #2) transgenic rice plants grown under long-day condition (16 h light and 8 h dark). Bars¼ 20 cm. (C) Genomic Southern
blot analysis. Total leaf genomic DNA was extracted from the wild-type and T4 Ubi:DaGolS2 (lines #1 and #2) rice plants. The DNA was digested
withHindIII and hybridized to a 32P-labeled hygromycin B phosphotransferase (hph) probe. (D) RT-PCR analysis of thewild-type andT4Ubi:DaGolS2
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were severely wilted, with discolored leaves after irrigation and
their survival rates were as low as 8.8 ± 2.0–11.0 ± 2.0%
(Fig. 6A–D).

After recovery from drought treatment, the DaGolS2- and
OsGolS2-overexpressing transgenic leaves contained much
higher amounts of chlorophyll (9.6 ± 2.5–10.7 ± 1.7 and 11.3 ±
2.1–11.6 ± 1.1mg/g DW, respectively) than the leaves of the
wild-type plants (1.4 ± 0.4–2.8 ± 1.4mg/g DW; Fig. 6E, F). In
addition, the detached transgenic leaves lost their water con-
tent more slowly than the wild-type leaves. After a 5-h incuba-
tion at room temperature, the wild-type leaves retained 48.9 ±
4.9% of their fresh weight. In contrast, 61.7 ± 1.8–65.1 ± 3.9%
and 62.8 ± 2.1–63.0 ± 2.1% of the fresh weight was still retained
in the Ubi:DaGolS2 and Ubi:OsGolS2 leaves, respectively
(Fig. 6G). Thus, constitutive expression of DaGolS2 and
OsGolS2 resulted in enhanced tolerance to dehydration stress
in rice. Overall, the results of the phenotypic analyses presented
in Figs. 5, 6 indicated that DaGolS2 and OsGolS2 are positive
factors in the responses to both cold and drought stress.

The improved tolerance of the DaGolS2- and
OsGolS2-overexpressing transgenic rice plants in
response to cold and drought stresses was associated
with decreased levels of ROS
Many abiotic stresses induce ROS accumulation, and excessive
ROS eventually cause cell damage (Blokhina et al. 2003, Peshev
et al. 2013). RFOs have been shown to act as antioxidant mol-
ecules and scavenge hydroxyl radials (Nishizawa et al. 2008). To
investigate whether the enhanced tolerance of the Ubi:DaGolS2
and Ubi:OsGolS2 plants in response to cold and drought stress
was caused by effective restriction of stress-induced ROS accu-
mulation, we evaluated the phenotypes of the wild-type, Ubi:
DaGolS2 and Ubi:OsGolS2 plants under MV-induced oxidative
stress. In the absence of MV, the growth patterns of the wild-
type and transgenic progeny were highly similar. However, in
the presence of 2 lMMV, the wild-type seedlings showed more
developmental anomalies than the transgenic rice plants
(Fig. 7A). These differences became even more pronounced
at a higher concentration of MV (5 lM). The total chlorophyll
contents (chlorophyll aþ chlorophyll b) in each sample were

measured in the presence of different concentrations (0, 2 and
5 lM) of MV. Before MV treatment, the total leaf chlorophyll
contents of the wild-type and DaGolS2- orOsGolS2-overexpress-
ing plants were indistinguishable. However, after treatment with
2–5 lM MV, the wild-type rice plants contained much lower
chlorophyll contents (4.7 ± 1.3–7.4 ± 1.9mg/g DW) than the
Ubi:DaGolS2 and Ubi:OsGolS2 transgenic rice plants (11.3 ±
1.1–19.7 ± 1.0mg/g DW) (Supplementary Fig. S4).

Although the H2O2 and malondialdehyde (MDA) contents of
both the wild-type and transgenic seedlings were upregulated
under stress conditions, the accumulation of ROS was clearly
lower in the GolS2-overexpression lines than in the wild-type.
The H2O2 levels in the wild-type plants were 266–291mmol/g
FW under cold stress and 285–461mmol/g FW under drought
stress, while those of the DaGolS2- and OsGolS2-overexpressing
lines were lower at 153–267 and 199–352mmol/g FW in response
to the cold and drought treatments, respectively (Fig. 7B). It is
worth noting that the H2O2 levels in the wild-type and transgenic
plants appeared to be comparable after 16 d of cold treatment.
This suggests that cellular amounts of H2O2 are saturated in re-
sponse to the prolonged cold stress in transgenic rice plants.
Further, the cellular levels of MDA in the wild-type rice plants
were as high as 20–23 and 18–37mmol/g FW under cold and
drought stress, respectively (Fig. 7C). The levels of MDA in the
Ubi:DaGolS2 and Ubi:OsGolS2 plants were 14–18mmol/g FW
under cold stress and 13–30mmol/g FW under drought stress.

Analysis of ROS-related gene expression showed that SODcc2
(LOC_Os07g46990), which encodes rice superoxide dismutase
(Xiong et al. 2018), was upregulated by cold and drought treat-
ments in both DaGolS2- and OsGolS2-overexpressors as com-
pared to the wild-type rice plants (Fig. 7D). In addition, the
expression levels of rice catalase CATB (LOC_Os06g51150)
(Xiong et al. 2018) were markedly higher after 10 d of cold
treatment and 4 d of drought stress in the transgenic plants
than in the wild-type plants. However, we also noticed that
the CATB expression was similar in the wild-type and transgenic
rice plants after 16 d of cold- and 2 d of drought-treatments,
suggesting that the expression of ROS-related genes is fluctu-
ated in response to different environmental conditions in the
transgenic lines. Collectively, these results suggested that the
DaGolS2- and OsGolS2-overexpressing progeny exhibited

Fig. 4 Continued
(lines #1 and #2) rice plants to examine the overexpression ofDaGolS2 and endogenous transcript level ofOsGolS2.OsUbiquitinwas used as a loading
control. (E) GolS enzyme activity assay. Crude extracts (50 lg protein) of the wild-type and Ubi:DaGolS2 (lines #1 and #2) rice seedlings were used in
each assay. Activity was calculated as lmol Pi released per mg protein per min. Data are means ± SD (**P< 0.01, Students t-test) of three biologically
independent experiments. (F) Schematic structure of deduced OsGolS2. The glycosyltransferase and DxD motifs are indicated as dark gray and red
bars, respectively. (G) Expression patterns ofOsGolS2 in response to drought (0, 0.25, 0.5, 1 and 2 h), high salinity (300mM for 0, 1, 4 and 8 h) and low
temperature (4�C for 0, 0.5, 1, 2 and 5 d) stress in rice plants. OsRab16b was used as a positive control for drought and salt treatments, whereas
OsDREB1Awas used as a positive control for cold stress. (H) Schematic representation of anOsGolS2-overexpressing binary vector construct. RB, right
border; pUbi, maize ubiquitin promoter; NOS-T, NOS terminator; 35S-Pro, CaMV 35S promoter; hph, hygromycin phosphotransferase; T7-T, T7
terminator; LB, left border. (I) Morphology of 2-month-old WT and T3 Ubi:OsGolS2 (independent lines #1 and #2) rice plants grown under long-day
condition. Bars¼ 20 cm. (J) Genomic Southern blot analysis. Total leaf genomic DNAwas extracted from the wild-type and T3 Ubi:OsGolS2 (lines #1
and #2) rice plants, digested with HindIII, and hybridized to a 32P-labeled hygromycin B phosphotransferase (hph) probe. (K) RT-PCR analysis of the
wild-type and T3Ubi:OsGolS2 (lines #1 and #2) rice plants to examine the expression ofOsGolS2 transcript.OsUbiquitinwas used as a loading control.
(L) GolS enzyme activity assay. Crude extracts (50 lg protein) of thewild-type andUbi:OsGolS2 (lines #1 and #2) rice seedlings were used in each assay.
Activity was calculated as lmol Pi released per mg protein per min. Data are means ± SD (**P< 0.01, Students t-test) of three biologically inde-
pendent experiments.
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Fig. 5 Increased tolerance ofDaGolS2- andOsGolS2-overexpressing transgenic rice plants in response to cold stress. (A, B) Cold stress phenotypes of
the wild-type, Ubi:DaGolS2 and Ubi:OsGolS2 transgenic rice plants. Light-grown, 5-week-old wild-type, T4 Ubi:DaGolS2 (lines #1 and #2) and T3 Ubi:
OsGolS2 (lines #1 and #2) rice plants were transferred to a cold room at 4�C for 8 d, after which the plants were recovered at 28�C for 50 d.
Bars¼ 15 cm. (C,D) Survival rates of thewild-type,Ubi:DaGolS2 andUbi:OsGolS2plants in response tocold stress.Data aremeans ± SE (n� 6biologically
independent experiments; >30 plants were used in each assay, **P< 0.01, Students t-test). (E, F) Total leaf chlorophyll content of the wild-type, Ubi:
DaGolS2 andUbi:OsGolS2plantsbefore andafter cold treatments. Theamountsof leaf chlorophyll (chlorophyllaþ chlorophyllb) ofmock- (before cold)
andcold-treatedplantsweredetermined1monthafter recovery fromcoldstress.Dataaremeans± SE(n� 3biologically independentexperiments;>10
plants were used in each assay, **P< 0.01, Students t-test). (G). Electrolyte leakage analysis of the wild-type, Ubi:DaGolS2 and Ubi:OsGolS2 rice plants
in response to cold stress. Electrolyte leakage analysis was conducted using 8-day-old wild-type, T4 Ubi:DaGolS2 (lines #1 and #2) and T3 Ubi:OsGolS2
(lines #1 and #2) seedlings at different time points before and after cold (4�C) treatment (0, 5 and 10 d). Data are means ± SD (n¼ 3 biologically
independent experiments;>12 plants of each genotype were used in each experiment, **P< 0.01, Students t-test).
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improved tolerance to cold and drought stresses by more ef-
fectively restricting stress-induced ROS accumulation.

Ectopic expression of DaGolS2 or OsGolS2 in rice
plants results in increased galactinol and raffinose
content and GolS activity under both normal and
stress conditions
To further assess the role of GolS2 in mitigating the adverse
effects of abiotic stress, we next measured the sugar content in
the wild-type and transgenic rice plants before and after stress
treatment. In the absence of stress, the wild-type, Ubi:DaGolS2
(independent lines #1 and #2) and Ubi:OsGolS2 (independent
lines #1 and #2) plants contained 0.63 ± 0.32mg/g FW, 4.08 ±
0.63 and 2.33 ± 0.28mg/g FW and 2.36 ± 0.45 and 2.01 ±
0.27mg/g FW of galactinol, respectively and 0.33 ± 0.44mg/g
FW, 2.07 ± 0.29 and 1.85 ± 0.20mg/g FW and 1.09 ± 0.20 and
1.53 ± 0.40mg/g FW of raffinose, respectively (Fig. 8A, B).
Thus, the DaGolS2 and OsGolS2 overexpressors contained
higher levels of galactinol and raffinose than the wild-type
plants under normal growth conditions. After stress treatment,
the accumulation of galactinol and raffinose was more evident
in the Ubi:DaGolS2 and Ubi:OsGolS2 lines than in the wild-type
rice plants. As shown in Fig. 8A, under cold stress, the galactinol
contents of the Ubi:DaGolS2 and Ubi:OsGolS2 lines were
increased to 8.19 ± 1.46 and 9.14 ± 0.81mg/g FW and 7.14 ±
2.04 and 5.97 ± 1.01mg/g FW, respectively, while the galactinol
content in the wild-type plants was 2.38 ± 0.77mg/g FW. In
response to low temperature stress, the raffinose content in
the Ubi:DaGolS2 and Ubi:OsGolS2 lines was 8.99 ± 0.91 and
7.21 ± 0.81mg/g FW and 6.95 ± 0.61 and 7.29 ± 0.73mg/g FW,
respectively, while that in the wild-type plants was as low as 4.96
± 0.22mg/g FW (Fig. 8B). The levels of galactinol and raffinose
in the Ubi:DaGolS2 and Ubi:OsGolS2 lines were also upregulated
under dehydration stress as compared to the levels in the wild-
type plants. After drought treatment, the amounts of galactinol
were 15.97 ± 2.25mg/g FW in wild-type, 31.29 ± 2.20 and 29.31 ±
1.51mg/g FW in Ubi:DaGolS2 and 25.95 ± 1.60 and 25.32 ±
0.96mg/g FW in Ubi:OsGolS2, and the amounts of raffinose
were 3.94 ± 0.78mg/g FW in wild-type, 8.47 ± 0.98 and 6.68 ±
0.38mg/g FW in Ubi:DaGolS2 and 6.29 ± 0.70 and 9.98 ±
0.49mg/g FW in Ubi:OsGolS2 (Fig. 8A, B). Thus, ectopic expres-
sion of DaGolS2 and OsGolS2 in rice plants induced the accu-
mulation of galactinol and raffinose under both normal and
stress conditions. In contrast to these differences in RFO levels,
there were less differences between the wild-type and transgen-
ic lines in the levels of sucrose, glucose and fructose before and
after stress treatment (Fig. 8C–E). To verify whether the
increased amounts of galactinol and raffinose were caused by
upregulation of GolS activity, GolS enzyme activities were meas-
ured in the wild-type and transgenic rice plants. As shown in
Fig. 8F, higher levels of GolS activity were detected in the
DaGolS2- and OsGolS2-overexpressing rice plants (independent
transgenic lines #1 and #2) than in the wild-type plant before
and after stress treatment. These results suggested that the
elevated levels of galactinol and raffinose are responsible, at
least in part, for the tolerant phenotypes of the DaGolS2- and
OsGolS2-overexpressors in response to cold and drought stress.

Discussion

Higher plants have developed complicated physiological and
biochemical processes to cope with unfavorable growth
conditions brought by the multitude of environmental factors
(Seki et al. 2007). Deschampsia antarctica exhibits a combin-
ation of morphological and physiological adaptive traits that
allows these plants to endure the harsh Antarctic climate
(Cavieres et al. 2016). RFOs are plant non-structural carbohy-
drates and play protective roles in response to a broad spectrum
of abiotic stresses (Sengupta et al. 2015). Although several stud-
ies showed high accumulation of carbohydrates during growing
season and seed maturation in D. antarctica (Zu~niga et al. 1996,
Z�u~niga-Feest et al. 2003), a link between cellular roles of carbo-
hydrates, especially RFOs, and abiotic stress tolerance response
remains elusive in an Antarctic hairgrass.

In this study, we first monitored changes in the endogenous
levels of RFOs in naturally grown and laboratory-cultured
D. antarctica plants. The results showed that endogenous galac-
tinol and raffinose levels were markedly increased when the
plants were subjected to cold and dehydration treatments in
both Antarctic field and laboratory conditions (Fig. 1). We next
identified two homologous DaGolS1 and DaGolS2 genes, which
encode enzymes that catalyze the first committed step of RFOs
biosynthesis. Both genes were rapidly upregulated under cold
and drought stresses, and when plants were transferred to the
Antarctic field after 6 d of incubation in the laboratory condi-
tion (Fig. 2). These early inductions ofDaGolSswere reminiscent
of those of DaCBF4 and DaCBF7, which encode transcription
factors that trigger a subset of early cold-responsive genes (Byun
et al. 2015, Byun et al. 2018). Previously, the AtGolS genes were
rapidly induced by 10-h treatment of cold, and were reported as
a C-repeat binding factor regulon during cold acclimation in
Arabidopsis (Fowler and Thomashow 2002, Taji et al. 2002). In
Poaceae cool-season species, 6 GolS genes of Festuca arundina-
cea, 3 GolS genes of Lolium perenne and TaGolS3 of T. aestivum
showed early induction as a part of the cold acclimation re-
sponse (Wang et al. 2016a, Wang et al. 2016b). These reports
suggest that GolS has an important function in cold tolerance in
plants especially for cold-adapted species. However, GolS tran-
scription patterns are different in the case of cold-sensitive
crops. Rice OsGolS2 in this study was induced by 1 h drought
treatment, while the induction timing was delayed for the cold
stress to 5 d (Fig. 4G). This prominent response of GolS to the
drought was also observed in maize. The transcripts of homolo-
gous ZmGolS1, ZmGolS2 and ZmGolS3 accumulated in maize Hi-
II callus cells upon dehydration and heat treatments, but
showed no significant response by cold stress (Zhao et al.
2004). Together with results showing no considerable pheno-
typic difference between Ubi:DaGolS2 and Ubi:OsGolS2 rice
plants under cold and drought treatment (Figs. 5, 6), we could
assume that the transcriptional regulation systems forGolS have
differentiated into various ways specific to the regional climate
as the adaptation strategy of plant species. In fact, the upstream
sequences of DaGolS2 and OsGolS2 contain different combin-
ation of cis-elements putatively responding to various environ-
mental stresses (Supplementary Fig. S5). Based on these
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results, we speculated that rapid induction of GolS under cold
condition and RFOs biosynthesis are critical strategies for
D. antarctica plants to survive and flourish in harsh Antarctic
environments.

GolS, a member of glycosyltransferase 8 (GT8) family, is a key
enzyme of RFOs biosynthesis that is a specialized metabolic
event in higher plants (Yin et al. 2010). Among large members
of GT8 family, GolS is the only group that is responsive to a
variety of abiotic stress (Sengupta et al. 2012). Expanded num-
bers of GolS and differential expression profiles of individual
GolS genes in plants suggest an evolutionary need of RFOs to
effectively deal with adverse environments (Taji et al. 2002,
Downie et al. 2003, Gu et al. 2016). The cladogram of GolS-
like sequences shows a distinct separation of monocot and
dicot sequences, suggesting that GolSs were originated before
the diversification of monocot and dicot plants (Yin et al. 2010,
Sengupta et al. 2012; Supplementary Fig. S2). The monocot
GolSs are further classified to type I and type II enzymes (Fig. 3).
The distinct characteristic of type II GolS was highly expanded
numbers of the protein in Triticeae subfamily, which includes a
representative chilling stress-tolerant crop. Winter wheat
(T. aestivum L.) has a greater number of GolS members
belonging to type II than those of type I, while chilling sensitive
maize contains lower number of type II GolS than type I
(Supplementary Fig. S2 and Table S3). The distinct numbers
of each type of GolSs might be associated with their functional
divergence for the specific requirements of plants to maintain
their growth and development under different environmental
and physiological situations.

Although the glycosyltransferase domain is highly conserved
in GolSs (Sengupta et al. 2012), there is a distinct property in the
catalytic DxDmotif betweenmonocot and dicot GolSs: two Asp
residues in the DxD motif are involved in the interaction
with the Mn2þ ion, whereas Ala for monocot GolS and Gly
for dicot GolS participate, respectively, in ribose binding
(Supplementary Fig. S1). In addition, the Ser84 residue, a pre-
dicted phosphorylation site in monocot type II GolS, is substi-
tuted to the Asp residue inmonocot type I and dicot GolS, while
a putative phosphorylation site Thr205 in monocot type I and
dicot GolS is replaced by Lys or Ala in monocot type II GolS
(Supplementary Fig. S1). These indicate that monocot type I
GolS is more closely correlated with dicot GolS than monocot
type II GolS. It is also worth noting that a predicted phosphor-
ylation site Ser324 is well conserved in type II DaGolS2, but not in
type I DaGolS1 (Supplementary Fig. S1), suggesting the unique
alternation in the Antarctic DaGolS enzymes. These variations
in the putative phosphorylation sites of GolSs might be related
to specific protein modification, which, in turn, fine-tunes the
cellular function of GolSs in response to different developmen-
tal and environmental cues (Zhang et al. 2018). Overall, these
results imply that each GolS isoform may have evolved to per-
form the distinct and diverse roles in planta to overcome the
sessility and to survive in the continuously fluctuating
environment.

Increasing evidence indicates that GolSs from different kinds
of species participate in the response to abiotic stress (Hue et al.
2013, Shimosaka and Ozawa 2015, Gu et al. 2016, Selvaraj et al.

2017). Both DaGolS2- and OsGolS2-overexpressors displayed
markedly enhanced tolerance to cold and drought treatments,
as evidenced by stable growth performance, higher leaf chloro-
phyll content, less leaf electrolyte leakage and lower leaf water
loss rate, which resulted in higher survivals as compared to the
wild-type rice plants (Figs. 5, 6). Consistent with these pheno-
typic properties,DaGolS2- andOsGolS2-overexpressors accumu-
lated higher amounts of galactinol and raffinose, but not
sucrose, glucose and fructose, under both normal and stress
conditions in comparison with the wild-type rice plants
(Fig. 8). These results are in agreement with the view that
galactinol and raffinose levels were rapidly elevated when nat-
urally grown and laboratory-cultured D. antarctica plants were
subjected to cold and drought stress conditions (Figs. 1, 2).
The cell-free degradation assay using bacterially expressed
6xMyc-DaGolS2 recombinant protein suggested that the
DaGolS2 protein stability was unchanged in response to
drought and cold treatment as compared to the normal con-
ditions (Supplementary Fig. S6). Thus, it was highly plausible
that higher amounts of galactinol and raffinose in the DaGolS2-
and OsGolS2-overexpressors were a consequence of increased
GolS activity rather than protein stability. Thus, our results pro-
vide reasonable evidence that Poaceae type II DaGolS2 and
OsGolS2 improve tolerance to abiotic stresses through accu-
mulation of RFOs in D. antarctica and rice plants.

Imposition of environmental stress gives rise to excess con-
centration of ROS, which is associated with oxidative damage at
the cellular level (Blokhina et al. 2003, Salvi et al. 2018). Hydroxyl
radical is one of the most deleterious forms of ROS and poten-
tially reacts withmost, if not all, cellular molecules. Small soluble
sugars are widely regarded to be related to oxidative stress and
ROS signaling, and there is a close correlation between sugar
structure and hydroxyl radical scavenging capacity (Peshev
et al. 2013). Recently, RFOs have been proposed to fulfill import-
ant roles in oxidative stress protection in plants (Nishizawa et al.
2008, Van den Ende and Valluru 2009, Peshev et al. 2013). RFOs
serve as compatible solutes under stress conditions to maintain
cell turgor and stabilize cellular proteins, and also acts as antiox-
idants to counteract the accumulation of ROS (Bartels and
Sunkar 2005, Nishizawa et al. 2008, Valluru and Van den Ende
2011). Consistent with these notions,DaGolS2- andOsGolS2-over-
expressors showed enhanced tolerance toMV treatment, and the
levels of H2O2 and MDA were reduced in transgenic lines under
the stress conditions as compared to those ofwild-type rice plants
(Fig. 7). Thus, it is highly plausible that increased levels of galac-
tinol and raffinose in Ubi:DaGolS2 and Ubi:OsGolS2 transgenic
lines efficiently counteracted the accumulation of ROS and
attained improved tolerance to cold and drought stress.

In conclusion, our results showed that ectopic expression of
Poaceae type II DaGolS2 and OsGolS2 increased the tolerance
of transgenic rice plants to cold and drought stress by induc-
ing the accumulation of RFOs and decreasing ROS. Therefore,
under extreme environmental conditions, inducing the
DaGolS genes for efficient production of RFOs to stabilize
cellular proteins and membranes and to counteract ROS
accumulation would be an efficient survival strategy for
D. antarctica in Maritime Antarctica.
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Materials and Methods

Plants materials and growth conditions
Deschampsia antarctica was collected near the King Sejong Antarctic Station
(62�1402900S; 58�4401800W) on the Barton Peninsula of King George Island in
January 2007. The plants were transplanted, cultured in vitro in a tissue culture
medium [half-strength Murashige and Skoog (MS) (Duchefa Biochemie,
Haarlem, The Netherlands), 2% sucrose and 0.8% phytoagar, pH 5.7] under a
16-h- light/8-h-dark photoperiod with a light intensity of 150 lmol/m2/s at
15�C, and transferred to new medium every 3 weeks.

Dry seeds of rice (Oryza sativa L.) japonica variety Dong-jin were washed
with 70% ethanol and subsequently sterilized with 0.4% NaClO solution.
Sterilized seeds were germinated and grown on half-strength MS medium sup-
plemented with 3% sucrose and 0.75% phytoagar, pH 5.7, for 10–12 d.
Germinated seedlings were transplanted to soil and grown at 25–30�C under
long-day (16 h light and 8 h dark) conditions in a greenhouse.

Stress treatments and real-time qRT-PCR
For low-temperature treatment, D. antarctica plants grown at 15�C were trans-
ferred to a climate chamber at 4�C for various time periods (1 h–7 d). For
dehydration treatment, plants were transferred to filter paper, dried at 15�C
and collected at different time points (1, 2 and 4 h) after the imposition of stress.
All the samplings for expression analysis were conducted at the same time to
avoid variation by circadian rhythm.

Total RNAs were extracted from mature leaves of D. antarctica and rice
plants using a RNeasy Plant Mini Kit (Qiagen, Hilden, Germany). The quantity
and quality of RNAs were determined by spectroscopic measurements using an
ND-1000 spectrophotometer (NanoDrop Technologies, Wilmington, DE, USA).
The first-strand cDNA was synthesized from 2 mg of total RNA using TOPscript
reverse transcriptase (Enzynomics, Daejeon, South Korea) and oligo (dT) pri-
mers. Real-time qRT-PCR analysis was performed in 20 ll reaction mixtures [1 ll
of 1:10 diluted cDNA template, 2lM of each primer and 10ll of TB GreenTM

Premix Ex Taq (TaKaRa, Kyoto, Japan)]. The amplification procedure was as
follows: 5min of denaturation and enzyme activation at 95�C; followed by 40
cycles at 95�C for 10 s, 55�C for 10 s and 72�C for 15 s. TheDaEF1a gene was used
as an internal control. The DNA sequences of primers used for PCR amplification
are listed in Supplementary Table S1.

Measurement of leaf galactinol and raffinose content
Mature leaf tissues (100mg) of D. antarctica and rice plants was ground to a fine
powder with liquid N2 using a mortar and pestle and then homogenized with
1ml of 80% (v/v) methanol. The homogenates were boiled for 10min at 90�C
and centrifuged at 10,000�g for 5min. The supernatant was collected and dried
using dry nitrogen flush at room temperature overnight. Samples were resus-
pended in 1ml of HPLC grade distilled water and filtered with 0.2-lm filter.
Sugars were analyzed by HPLC (Ultimate 3000, Dionex, USA) with the Suga-pak
(Waters, USA) column and an RI detector (Shodex, RI-101, Japan). Peaks for
galactinol and raffinose were identified and calculated by comparison with au-
thentic standards.

Subcellular localization assay
The 30 ends of DaGolS1 and DaGolS2 coding regions were tagged with synthetic
green fluorescent protein (sGFP) in-frame and inserted into the pBI221 binary
vector that contains the 35S CaMV promoter. The 35S:DaGolS1-sGFP, 35S:
DaGolS2-sGFP and 35S:OsGolS2-sGFP constructs were expressed in D. antarctica
or rice protoplast by using the polyethylene glycol-mediated DNA transfer
method. Fluorescent signals were visualized by fluorescence microscopy
(BX51, Olympus, Japan). sGFP were used as a cytosolic marker.

Phylogenetic analysis
The amino acid sequences of DaGolS1, DaGolS2 and GolS homologs from
Poaceae monocot crops, eudicots and gymnosperm were retrieved from the
GenBank database and proofread. Phylogenetic trees were constructed from the
data sets by the neighbor-joining method based on the JTT matrix-based model
using MEGA7 software (Kumar et al. 2016). All positions with <95% site cover-
age were eliminated. Fewer than 5% alignment gaps, missing data and

ambiguous bases were allowed at any position. Supports for internal branches
were tested by bootstrap analyses of 1,000 replications. The GenBank accession
numbers of GolS homologs from Antarctic hairgrass (D. antarctica), Oryzeae,
Leersia perrieri, Triticeae, Aegilops tauschii, barley (Hordeum vulgare), maize (Zea
mays), great millet (Sorghum bicolor), foxtail millet (Setaria italic), Brachypodium
distachyon, Musaceae (Musa acuminate), eudicots (Arabidopsis thaliana,
Brassica napus, Glycine max) and gymnosperms (Selaginella moellendorffii) are
presented in Supplementary Table S2.

Generation of DaGolS2- and OsGolS2-overexpressing
transgenic rice plants
Full-length coding regions of D. antarctica DaGolS2 (GenBank accession No.
MK286465) and rice OsGolS2 (GenBank accession No. XP_015645380.1) were
ligated into the pGA2897 binary vector plasmids that contained the maize
Ubiquitin promoter (Ubi). The Ubi:DaGolS2 and Ubi:OsGolS2 recombinant con-
structs were transformed into theAgrobacterium tumefaciens strain LBA4404 via
electroporation as previously reported by Park et al. (2016). All procedures of
rice transformation were conducted according to the established protocol as
recently described by Cui et al. (2018). Generated transgenic rice T0 plants were
transplanted in the soil under the greenhouse conditions and further propa-
gated in the paddy field conditions. The harvested transgenic seeds of individual
plant were germinated in the half-strength MS medium supplemented with
hygromycin B (40mg/l) to select the homozygous T2 generation.
Homozygous T4 DaGolS2-overexpressing (independent lines #1 and #2) and
T3 OsGolS2-overexpressing (independent lines #1 and #2) transgenic rice pro-
geny were used for our phenotypic analysis.

Protein extraction and GolS enzyme activity assay
Light-grown 10-day-old rice seedlings were ground to a fine powder and sus-
pended in an extraction buffer (100mM HEPES buffer pH 7.5, 1mM b-mercap-
toethanol and protease inhibitor cocktail). The homogenates were centrifuged
at 13,200 rpm for 15min at 4�C and the supernatants were used for determin-
ation of GolS activity. The GolS activity assay was followed by Salvi et al. (2018)
with slight modifications. Cell-free protein (50lg) crude extracts (60mM myo-
inositol, 2mM dithiothreitol, 50mMHEPES buffer pH 7.0, 4mMMnCl2, 20lg of
bovine serum albumin and 4mM UDP-galactose) were incubated at 32�C for
30min and placed in the boiling water for 2min to terminate enzyme reaction.
Hydrolysis of UDP was carried out with 500ll of distilled water, 0.3 unit of
potato apyrase and 150ll of apyrase reaction mixture (250mM Tris–HCl, pH
7.5, 25mM KCl, 7.5mM CaCl2, 0.5mM ethylenediaminetetraacetic acid and
50mM glucose). After incubation for 10min at 37�C, the apyrase reaction
was stopped by addition of 60ll of 75% trichloroacetic acid (TCA). The reaction
mixtures were then cooled on ice for 10min, centrifuged at 5,000 rpm for 10min
and amount of Pi in the supernatant was determined according to the protocol
by Fiske and Subbarow (1925). The amount of UDP produced by GolS was
determined using a pre-constructed standard curve of Pi.

Stress treatments of wild-type, Ubi:DaGolS2 and Ubi:
OsGolS2 rice plants
For low-temperature stress treatment, 5-week-old rice plants grown at 28�C in
the same pot under the long-day (16 h-light and 8 h-dark) conditions were
transferred to cold room at 4�C. After 8 d cold treatment, the plants were
recovered at 28�C for 50 d and their growth patterns weremonitored as recently
described (Cui et al. 2018). Plants that resumed growing with green and healthy
leaves were regarded as having survived and the survival rates were determined
at 50 d of recovery. Data were obtained from at least six biological independent
experiments. Electrolyte leakage analysis was conducted using 8-day-old whole
seedlings at different time points of cold treatments (0, 5 and 10 d) at 4�C. The
cold stress-treated seedlings of wild-type and transgenic rice plants were soaked
in a test tube containing 35ml of distilled water on an orbital shaker (200 rpm)
at room temperature for overnight. The electrolyte conductivity of each sample
was determined before and after autoclaving by using conductivity meter
(Orion Star A212, Thermo Scientific, USA) by the method of Min et al. (2016).

For water deficit treatment, 5-week-old wild-type, T4 Ubi:DaGolS2 (inde-
pendent lines #1 and #2) and T3 Ubi:OsGolS2 (independent lines #1 and #2)
plants were grown in the same pot withholding water for 9–10 d until the leaves
were wilted. The plants were then re-watered and their growth profiles were
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monitored at different time points of stress recovery. Plants that resumed
growing with green and healthy leaves were regarded as having survived. The
survival rates and total leaf chlorophyll content were determined at 3–4 weeks
of recovery. Data were obtained from at least six biological independent experi-
ments. To measure the leaf water loss rate, detached leaves from 6-week-old
wild-type and transgenic rice plants were placed on the filter paper and weighed
at the different time intervals (15, 30, 60, 90, 120, 180, 240 and 300min) at room
temperature. The water loss rate was calculated as the percentage of initial
fresh weight.

For methyl viologen treatment, the wild-type and T4 Ubi:DaGolS2 and T3
Ubi:OsGolS2 transgenic rice seeds were germinated on half-strengthMSmedium
for 2 d at 28�C under the long-day (16 h light and 8 h dark) conditions.
Germinated seedlings were transferred to half-strength MS medium supple-
mented with 0, 2 and 5 lM methyl viologen (Sigma-Aldrich, MO, USA) and
incubated for another 7 d in the same growth condition. The chlorophyll con-
tent of each genotype was determined at 9 d after germination. More than 100
seeds were used in each assay and three biologically independent assays
were performed.

Measurement of total leaf chlorophyll content
Total leaf chlorophyll (chlorophyll aþ chlorophyll b) content of the wild-type
and transgenic rice plants was measured before and after stress treatment as
described by Min et al. (2016) with slight modifications. The amounts of chloro-
phyll aþ chlorophyll b were measured at 664.2 and 648.6 nm, respectively, by
ELISA microplate reader (VERSAmax, Molecular Devices, USA) and normalized
by dry weight of leaves of each genotype.

MDA and H2O2 determination assay
To determine the MDA level, thiobarbituric acid (TBA) reactive substances test
was performed according to Heath and Packer (1968) with modifications as
described by Park et al. (2016). Mock- or stress-treated seedling shoots (100mg)
of the wild-type and transgenic rice plants were homogenized with 1ml of 0.25%
TBA (Sigma-Aldrich) and dissolved in 10% TCA (Sigma-Aldrich). The mixtures
were heated in boiling water for 30min, quickly cooled on ice for 10min and
subsequently centrifuged at 13,200 rpm for 30min. The absorbance of the super-
natant was measured at 532 and 600 nm by ELISA microplate reader and nor-
malized by fresh weight of leaves of each genotype.

To determine the H2O2 level, mock- or stress-treated seedling shoots
(100mg) of the wild-type and transgenic rice were homogenized with 1ml of
solution containing 0.1% TCA, 0.5MKI and 2.5mMpotassium phosphate buffer,
pH 7.0. The mixtures were then incubated at 4�C under the dark condition for
10min. The homogenate samples were centrifuged at 13,200 rpm for 15min at
4�C and the supernatant from each sample was taken to measure the absorb-
ance at 390 nm.

Cell-free protein degradation assay
In vitro cell-free protein degradation assay was performed as described by Seo
et al. (2016) with a slight modification. Briefly, the 6xMyc-DaGolS2 recombinant
protein was incubated with a cell-free crude extract (50lg total proteins) of rice
andD. antarctica seedlings, which had been treated by normal and cold/drought
stress conditions for 0, 1.5 and 3 h. The reactions were terminated by adding 2�
SDS sample buffer. The protein degradation patterns were analyzed by immuno-
blotting with anti-Myc (Applied Biological Materials) antibody.

Supplementary Data
Supplementary data are available at PCP online.
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