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Abstract
Plants are exposed to various environmental cues that lead to reactive oxygen species (ROS) accumulation. ROS production 
and detoxification are tightly regulated to maintain balance. Although studies of glucose (Glc) are always accompanied by 
ROS in animals, the role of Glc in respect of ROS in plants is unclear. We isolated gsm2 (Glc-hypersensitive mutant 2), a 
mutant with a notably chlorotic-cotyledon phenotype. The chloroplast-localized GSM2 was characterized as a transaldolase 
in the pentose phosphate pathway. With 3% Glc treatment, fewer or no thylakoids were observed in gsm2 cotyledon chlo-
roplasts than in wild-type cotyledon chloroplasts, suggesting that GSM2 is required for chloroplast protection under stress. 
gsm2 also showed evaluated accumulation of ROS with 3% Glc treatment and was more sensitive to exogenous H2O2 than 
the wild type. Gene expression analysis of the antioxidant enzymes in gsm2 revealed that chloroplast damage to gsm2 coty-
ledons results from the accumulation of excessive ROS in response to Glc. Moreover, the addition of diphenyleneiodonium 
chloride or phenylalanine can rescue Glc-induced chlorosis in gsm2 cotyledons. This work suggests that GSM2 functions to 
maintain ROS balance in response to Glc during early seedling growth and sheds light on the relationship between Glc, the 
pentose phosphate pathway and ROS.

Key message 
The chloroplast-localized GSM2 is a transaldolase in the pentose phosphate pathway, which functions in the regulation of 
glucose-induced ROS to protect chloroplasts from oxidative damage during Arabidopsis early seedling growth.
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Introduction

Reactive oxygen species (ROS) such as the superoxide 
anion (O2

·−), hydrogen peroxide (H2O2) and the hydroxyl 
radical (HO·), are constantly produced during plant growth 
and development (Mhamdi and Van Breusegem 2018). ROS 
are primarily generated in chloroplasts, mitochondria and 
peroxisomes, but are also generated in the cell membrane, 
endoplasmic reticulum and nucleus (Raja et al. 2017). Due 
to the significant toxicity of ROS, plants have developed 
a set of scavenging mechanisms to remove excessive ROS 
and to maintain redox balance (Czarnocka and Karpinski 
2018; Das and Roychoudhury 2014). When cellular anti-
oxidant capacity cannot manage excessive ROS, oxidative 
stress occurs, causing damage to DNA, proteins and lipids 
(Demidchik 2015). Thus, ROS homeostasis plays an impor-
tant role in the maintenance of normal biological processes 
(Foyer and Noctor 2005; Mittler 2017; Shigeoka and Maruta 
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2014). For example, a physiologically permissible level of 
ROS is required for seed germination and dormancy (Ley-
marie et al. 2012). In contrast, excessive ROS impair pol-
len germination and tube growth (Muhlemann et al. 2018), 
and cause the retardation of root growth and programmed 
cell death (PCD) (Mira et al. 2016; Tsukagoshi 2016). It is 
well known that biotic and abiotic stresses can induce higher 
amounts of ROS, and ROS also act as signals to partici-
pate in plant stress and defense pathways and interact with 
phytohormones to regulate plant growth and development 
(Waszczak et al. 2018).

In plants, glucose (Glc) is not only an important source of 
energy for cellular metabolism but also a signaling molecule 
that regulates various developmental processes such as seed 
germination, seedling growth and flowering (Li and Sheen 
2016). Arabidopsis hexokinase 1 (HXK1), the first plant Glc 
sensor identified, plays a dual role in Glc metabolism and 
signaling pathways (Moore et al. 2003). HXK1 is capable 
of sensing Glc and catalyzing the phosphorylation of Glc to 
glucose-6-phosphate (G6P), which is the initial step of gly-
colysis. Based on studies of Glc mutants, it has been estab-
lished that an HXK1-dependent or HXK1-independent Glc/
phytohormone signaling network exists (Sakr et al. 2018; 
Sheen 2014). While, the regulator of G protein signaling 
1 (RGS1) has been also reported to regulate Glc-induced 
G protein signaling (Fu, et al. 2014; Janse van Rensburg, 
et al. 2019). In animal cells, studies of Glc metabolism and 
signaling are always accompanied by ROS, because high 
Glc from overeating carbohydrates can induce the exces-
sive formation of ROS, which is related to some common 
diseases including obesity, diabetes, cancer and aging (Luo 
et al. 2018; Schulz et al. 2007; Semenza 2017; Shah and 
Brownlee 2016; Wang et al. 2014). In contrast, as an auto-
troph, plant produces Glc by photosynthesis for its growth 
and development, and the role of Glc with respect to ROS 
in plants is mainly focused on photosynthesis and respira-
tion (Couee et al. 2006; Keunen et al. 2013). A recent find-
ing revealed that autophagy-defective Arabidopsis mutants 
showed reduced Glc-induced ROS accumulation in roots 
(Huang et al. 2019), suggesting that ROS are important for 
the autophagy-mediated Glc response. Uridine 5′-diphos-
phoglucose (UDPG) was considered as a potential signaling 
molecule for the regulation of plant growth and develop-
ment (Janse van Rensburg and Van den Ende 2017), and 
Xiao et al. (2018) found that exogenous UDPG could trig-
ger ROS accumulation and PCD in rice (Xiao et al. 2018). 
However, the interaction between Glc and ROS remains to 
be investigated.

As an alternative metabolic pathway to glycolysis, the 
pentose phosphate pathway (PPP) consists of two sepa-
rate phases: the oxidative and non-oxidative phases (Stin-
cone et al. 2015). The irreversible oxidative phase pro-
duces the reducing agent NADPH, and G6P is oxidatively 

decarboxylated to ribulose-5-phosphate (R5P). The revers-
ible non-oxidative phase provides glycolytic intermediates 
for various biosynthetic processes. Unlike the PPP in the 
animal cytosol, the PPP in plants is compartmentalized in 
the cytosol, plastids, and especially chloroplasts (Holscher 
et al. 2014; Kruger and von Schaewen 2003). The non-
oxidative phase of the PPP in plants can also lead to the 
redistribution of carbon flux through the shikimate pathway 
for the synthesis of aromatic amino acids (AAAs) that serve 
as precursors for phytohormones (e.g., auxin and salicylic 
acid) and numerous secondary metabolites (e.g., alkaloids, 
flavonoids and phenylpropanoids) (Maeda and Dudareva 
2012; Parthasarathy et al. 2018). In addition to transketolase, 
transaldolase (TA) is an important enzyme of the non-oxi-
dative phase of the PPP that catalyzes the reaction between 
sedoheptulose-7-phosphate (S7P) and glyceraldehyde-
3-phosphate (G3P) to yield erythrose-4-phosphate (E4P) and 
fructose 6-phosphate (F6P) (Caillau and Paul Quick 2005; 
Moehs et al. 1996). E4P and phosphoenol pyruvate (PEP) 
are the initial precursors of the shikimate pathway; thus, TA 
deficiency could affect the shikimate pathway (de Vries et al. 
2018). Interestingly, some secondary metabolites from the 
shikimate pathway contribute to ROS scavenging (Maloney 
et al. 2014; Muhlemann et al. 2018; Para et al. 2016; Xu and 
Rothstein 2018). Although the PPP has been studied exten-
sively in animals, its role in plant development and response 
to stress remains unclear.

In this study, we isolated a Glc-hypersensitive mutant, 
named gsm2, from a large-scale screen of T-DNA insertion 
transformants in Arabidopsis. gsm2 showed chlorotic coty-
ledons and retarded seedling growth in the presence of 3% 
Glc, and the tendency for chlorosis was gradually enhanced 
along with an increasing concentration of Glc. GSM2 
encodes a transaldolase that shares 77% sequence identity 
and 84% sequence similarity with tomato ToTal1. The colo-
calization of enhanced green fluorescent protein (EGFP) 
fused to GSM2 and chlorophyll reflected the chloroplast 
localization of GSM2. The thylakoids in gsm2 cotyledon 
chloroplasts were disrupted by 3% Glc, which is consistent 
with the reduced chlorophyll content of gsm2 cotyledons in 
response to Glc. Histochemical assays with nitro blue tetra-
zolium (NBT) and 3,3′-diaminobenzidine (DAB) revealed 
the evaluated ROS accumulation in gsm2 cotyledons in the 
presence of 3% Glc. Transcriptional analysis of antioxidant 
enzymes further confirmed the results of NBT and DAB 
staining. Furthermore, the addition of diphenyleneiodonium 
(DPI) chloride or phenylalanine (Phe) was able to restore the 
greening of gsm2 cotyledons under high Glc condition. In 
contrast, ethylene (ET) but not abscisic acid (ABA) could 
partially rescue Glc-induced cotyledon-chlorotic phenotype 
in gsm2. Taken together, these results suggest that GSM2 
maintains ROS homeostasis in response to Glc during early 
seedling growth.
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Materials and methods

Plant materials and growth conditions

Arabidopsis thaliana ecotype Columbia (Col-0) and the 
gsm2-1 (SALK_202022), gsm2-2 (SALK_206302), and 
aba3-1 (CS157) mutants were obtained from the ABRC and 
used in this study. Seeds were surface sterilized with 10% 
bleach and 0.1% Triton X-100 for 7 min and washed with 
sterilized water three times. After stratification at 4 °C for 
3 days, the sterilized seeds were plated on 1/2 Murashige 
and Skoog (MS) medium (PhytoTechnology Laboratories) 
containing various concentrations of sugar and 0.8% agar 
(PhytoTechnology Laboratories) at pH 5.6. To analyze the 
effect of H2O2 or ROS levels, different concentrations of 
H2O2, diphenyleneiodonium chloride, phenylalanine, and 
erythrose (Sigma) were added to the medium. 1–2-week-old 
seedlings grown on the plates were transferred to a mixture 
of vermiculite, perlite, and peat moss (1:1:8) and continued 
to grow. Plate/soil-grown plants were grown in a growth 
chamber under a 16-h light/8-h dark cycle at 22 °C with 
8000 lx light intensity and 60% relative humidity.

Plasmid construction and plant transformation

The open reading frame of GSM2 was cloned into the 
pCAMBIA1305-HA/-EGFP vector with the MluI and PstI 
restriction sites, resulting in a cauliflower mosaic virus 
(CaMV) 35S promoter-driven construct (35S::GSM2-HA). 
The GSM2 promoter sequence (1.5 kb region upstream of 
the GSM2 start code) was cloned into the pCAMBIA1300-
GUS vector with the KpnI and SalI restriction sites to gener-
ate a GSM2p-GUS construct. All constructs used for plant 
transformation were transferred to Agrobacterium tumefa-
ciens GV3101 via chemical heat shock transformation. To 
generate stable Arabidopsis transgenic plants, plants were 
transformed by Agrobacterium-mediated transformation 
through the floral dip method (Clough and Bent 1998). The 
transformants were selected on 1/2 MS medium containing 
20 μg/mL hygromycin (VWR). Homozygous lines from T3 
progeny were used for experiments.

RNA isolation and PCR

Total RNA was extracted using RNAiso plus (TaKaRa) 
according to the manufacturer’s instructions. The isolated 
RNA from each sample was used as a template for cDNA 
synthesis by reverse transcription using the 5 × All-In-One 
RT MasterMix with an AccuRT Genomic DNA Removal 
kit (abm). To analyze the GSM2 transcription level in the 
wild type and gsm2, 14-day-old seedlings were used as 

samples for reverse transcription PCR (RT-PCR). Quan-
titative RT-PCR (qPCR) was performed with the Light-
Cycler® 96 system (Roche) using EvaGreen 2 × qPCR 
MasterMix (abm). To analyze GSM2 tissue-specific 
expression, 14-d-old seedlings and roots, 35-d-old rosette 
leaves/cauline leaves/stems/flower buds/siliques were used 
as samples. To quantify changes in GSM2 mRNA levels 
in response to Glc, 9-day-old seedlings grown on sugar-
free 1/2 MS medium were transferred to 1/2 MS solution 
containing 4.5% Glc, shaken for the indicated time points 
and then collected for total RNA extraction. To quantify 
changes in the gene expression of antioxidant enzymes 
or G6PD1, plant samples grown on 1/2 MS medium con-
taining 1% Glc (or sugar-free 1/2 MS medium) for 6 day 
were collected. ACTIN2 and EF-1α were used as endog-
enous controls (Czechowski et al. 2005). The experiments 
described above were independently repeated at least three 
times, and the data were averaged. The primers used for 
qPCR are listed in Supplementary Table S1.

Analysis of β‑glucuronidase activity

For the histochemical visualization of β-glucuronidase 
(GUS) activity using the β-glucuronidase Reporter Gene 
Staining Kit (Leagene), tissues were submerged in GUS 
buffer supplemented with 1 × X-Gluc (5-bromo-4-chloro-
3-indolyl-β-glucuronide) at 37 °C overnight. Then, 80% 
ethanol was used to wash the tissues until the chlorophyll 
was removed. Images were captured with a stereomicro-
scope (Chongqing COIC Industrial Co., Ltd., ZSA0850T, 
China). 9-day-old seedlings grown on sugar-free 1/2 MS 
medium were transferred to 1/2 MS solution containing 
4.5% Glc, shaken for 6 h or 12 h and then collected.

Measurement of TA activity

TA activity assay was performed as described before (Cail-
lau and Paul Quick 2005). Protein samples from 7-d-old 
seedling of the wild type, gsm2-1 and gsm2-2 on sugar-
free 1/2 MS medium were extracted and desalted by ultra-
filtration centrifugal tube (Merck Millipore Amicon Ultra, 
MWCO 30kD). BCA Protein Assay Kit (Novoprotein) 
was used to analyze protein concentration according to 
the manufacturer’s instructions. The reaction volume of 
TA activity assay contained 0.4 mM of F6P (Solarbio), 
0.4 mM of E4P (Sigma); 30 U triose phosphate isomer-
ase (Shanghai yuanye Bio-Technology Co., Ltd.), 10 U 
d-glycerol-3-phosphate dehydrogenase (Solarbio), 0.2 mM 
NADH (Solarbio), and a definite volume of desalted plant 
extract (from 3 to 10 µL according to the samples assayed).
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Enzyme activity assay

The activity of APX was tested using Ascorbate Peroxi-
dase Assay Kit (Solarbio) according to the manufacturer’s 
instructions. Seven-day-old wild-type, gsm2-1 and gsm2-2 
grown on 1/2 MS medium containing 3% Glc (or sugar-free 
1/2 MS medium) were used as samples.

Chlorophyll measurement and fluorescence

Seven-day-old wild-type, gsm2-1 and gsm2-1 complement 
line 1 seedlings grown on 1/2 MS medium containing 3% 
Glc (or sugar-free 1/2 MS medium) were used as samples. 
Chlorophyll was extracted from the plant samples with 80% 
acetone, and the chlorophyll content was measured using 
a spectrophotometer (Pultton, P100+ , USA) at 645 nm 
and 663 nm according to previous methods (Porra 2002). 
Imaging of the chlorophyll signal in the cotyledons of plant 
samples was performed by measuring chlorophyll autofluo-
rescence following excitation with a 488 nm argon laser and 
detection at 650 nm (Olympus FV1000).

Chloroplast ultrastructure analysis

Fully expanded cotyledons from 7-day-old wild-type, gsm2-
1 and gsm2-1 complement line 1 seedlings grown on 1/2 MS 
medium containing 3% Glc (or sugar-free 1/2 MS medium) 
were used for transmission electron micrography. Plants 
were fixed overnight at room temperature by vacuum infil-
tration with a 2.5% (w/v) glutaraldehyde solution (Sigma), 
washed three times with phosphate buffer (Biosharp), 
postfixed with 1% (w/v) osmium tetroxide (Sigma) for 3 h 
and washed again in a similar manner. After fixation, the 
samples were dehydrated with a graded ethanol series and 
embedded in Spurr resin (SPI-812) with a propylene oxide 
(Chuandong Chemical) mixture. The resin was polymerized 
at 60 °C for 48 h. Ultrathin sections were cut on a Leica EM 
UC7 ultramicrotome (Leica Microsystems) and stained with 
3% (w/v) lead citrate (Sigma) and 2% (w/v) uranyl acetate 
(Daken Chemical) before being observed with a transmis-
sion electron microscope (JEOL JEM-1400 Plus electron 
microscope).

Histochemical staining of dead cells and ROS

Wild-type and gsm2 seedlings were grown on 1/2 MS 
medium containing 3% Glc (or sugar-free 1/2 MS 
medium). Dead cells were assessed by Trypan blue stain-
ing as described previously (Tanaka et al. 2004). Plants 
were incubated with a 1% (w/v) Trypan blue (Sigma) solu-
tion at room temperature overnight and then washed with 
phosphate buffer (Biosharp). For the detection of O2

·−or 
H2O2, plants were stained overnight with 0.1% (w/v) NBT 

(neoFroxx) or DAB (Sigma) and then bleached by boiling in 
an ethanol:glycerol:acetic acid (3:1:1) solution for 10 min. 
Images were captured with a stereomicroscope (Chongqing 
COIC Industrial Co., Ltd., ZSA0850T, China).

Confocal microscopy analysis and imaging

Mesophyll protoplasts were prepared as previously described 
(Yoo et al. 2007). Transformed Arabidopsis mesophyll pro-
toplasts were observed after transformation 48 h with a laser 
scanning confocal microscope (Nikon C2-ER). Fluorescent 
signals were detected using an argon laser with a 488 nm 
excitation wavelength and a 510 nm bandpass filter to detect 
EGFP and a 650 nm bandpass filter to detect chlorophyll.

Statistical analysis

All the experiments were performed with at least three tech-
nical replicates on two to four biological replicates. Data 
were analyzed with GraphPad Prism 5 and Microsoft Excel 
2010 (Microsoft) for calculating mean and standard error 
(SE), except qPCR which was used LightCycle® 96 SW1.1 
software. The statistical significance was determined using 
the standard Student’s t test.

Accession numbers

Sequence data from this article can be found in the 
TAIR (The Arabidopsis Information Resource) or Gen-
Bank database under the following accession numbers: 
GSM2 (AT5G13420), GSM2-LIKE (AT1G12230), ABA3 
(AT1G16540), CAT1 (AT1G20630), CAT2 (AT4G35090), 
CSD1 (AT1G08830), CSD2 (AT2G28190), sAPX 
(AT4G08390), tAPX (AT1G77490), 2CPA (AT3G11630), 
2CPB (AT5G06290), EF-1α (AT1G18070), ACTIN2 
(AT3G18780), G6PD1 (AT5G35790), ToTal1 (AF184164), 
ToTal2 (AY007225).

Results

The loss of GSM2 function leads to cotyledon 
chlorosis in response to Glc

As in our previous studies, a genetic screen to identify Glc-
hypersensitive or Glc-insensitive mutants was carried out 
in Arabidopsis (Hsiao et al. 2016; Hsu et al. 2014; Zheng 
et al. 2019). Thousands of T-DNA insertion mutants were 
grown on 1/2 MS medium containing 3% Glc or mannitol as 
a control. After 14 d, gsm2-1 (glucose hypersensitive mutant 
2) showed obvious chlorotic cotyledons as well as retarded 
seedling growth (Fig. 1a). The true leaves in gsm2-1 dis-
played a normal green color similar to that in the wild type. 
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Treatment with 3% mannitol did not affect cotyledon green-
ing in gsm2-1. Cotyledon chlorosis in gsm2-1 was gradually 
enhanced with increasing Glc concentration. Compared to 
that of completely green cotyledons in wild-type plants, the 
greening rate of gsm2-1 cotyledons was 72.1% in 1% Glc, 
47.2% in 2% Glc and 18.9% in 3% Glc (Fig. 1b), suggesting 
that the chlorotic-cotyledon phenotype is correlated with Glc 
and not due to osmotic stress. Chlorosis was also observed 
in gsm2-1 cotyledons treated with 3% sucrose (Suc), but 
this effect was not as severe as that following treatment with 
Glc (Supplementary Fig. S1a). To further characterize the 
hypersensitivity of gsm2-1 to Glc, the germination rate was 
determined (Supplementary Fig. S1b). A significant differ-
ence in germination rate was found after 2 d of 3% Glc treat-
ment, where more than 70% of wild-type plants germinated, 
whereas the germination rate of gsm2-1 was approximately 
20%. After 4 d, gsm2-1 and the wild type exhibited a similar 
germination rate, which was nearly 100%. Upon treatment 
with 4.5% Glc, gsm2-1 germinated at a lower rate than the 
wild type.

The T-DNA insertion site in gsm2-1 was determined to be 
in the intron of AT5G13420 (Fig. 1c), which was thought to 
encode a transaldolase. From an amino acid sequence sim-
ilarity-based BLAST search, GSM2 shows high sequence 
similarity to ToTal1 in tomato, with 77% and 84% sequence 
identity and similarity, respectively (Supplementary Fig. 

S2a). Caillau and Paul Quick (2005) reported that ToTal1, 
in contrast to its isoform ToTal2, showed TA catalytic activ-
ity and was involved in plant pathogen infection (Caillau and 
Paul Quick 2005). In Arabidopsis, although the GSM2-like 
protein (GSL) shares only 21% and 32% sequence identity 
and similarity, respectively, with GSM2 (Supplementary 
Fig. S2b), it shares 65% and 78% sequence identity and simi-
larity, respectively, with ToTal2 (Supplementary Fig. S3). It 
has been noted that TA in plants contains a well conserved 
amino acid sequence required for its enzyme activity in the 
non-oxidative phase of the PPP (Supplementary Fig. S4). To 
further explore the role of GSM2 in early seedling growth, 
we obtained another gsm2 mutant allele (gsm2-2) from the 
Arabidopsis Biological Resource Center (ABRC), in which 
the T-DNA is inserted in the sixth exon of AT5G13420 
(Fig. 1c). Genomic PCR and RT-PCR analysis revealed that 
the AT5G13420 transcript was not detected in homozygous 
mutants (Supplementary Fig. S5a), suggesting that both 
gsm2-1 and gsm2-2 are transcriptional knockouts. We exam-
ined the transaldolase activity of gsm2. Both of gsm2-1 and 
gsm2-2 showed about twofold lower transaldolase activity 
than that in the wild type (9.4 in gsm2-1, 7.6 in gsm2-2 and 
18.3 in the wild type) (Fig. 1d). Similar to gsm2-1, gsm2-2 
also exhibited cotyledon chlorosis in 3% Glc (Fig. 1a, b). 
The transgenic overexpression of full-length AT5G13420 
cDNA in gsm2-1 was able to complement Glc-induced 

Fig. 1   Isolation of Arabidopsis 
T-DNA insertion mutants with 
hypersensitivity to Glc. a The 
Glc-hypersensitive phenotype 
of gsm2. b Statistical analysis of 
the cotyledon greening rate of 
9-day-old Col-0 (the wild type), 
gsm2-1 and gsm2-2 grown on 
1/2 MS medium supplemented 
with increasing amounts of Glc 
(sugar-free, 1%, 2%, 3%) or 
Mtl as a control. c Schematic 
diagram of GSM2 and T-DNA 
insertion sites in gsm2-1 and 
gsm2-2. Black boxes, exons; 
lines, introns; white boxes, the 
untranslated regions; inverted 
triangles, T-DNA insertion 
sites. Arrows indicate prim-
ers used for genotyping (LP/
RP, left/right genomic primers; 
BP, T-DNA border primer). d 
Analysis of TA activity in Col-
0, gsm2-1 and gsm2-2 on sugar-
free 1/2 MS medium. Error bars 
represent the standard deviation 
(SD; t test: **P < 0.01). Scale 
bar, 5 mm
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cotyledon chlorosis and the growth arrest of gsm2-1 (Sup-
plementary Fig. S5b). Taken together, these results suggest 
that the disruption of AT5G13420 results in the hypersensi-
tivity of gsm2 to Glc.

GSM2 is localized to the chloroplast

To investigate the tissue-specific expression of GSM2, we 
cloned a 1.5 kb region upstream of the GSM2 start codon 
that acts as its native promoter to drive the reporter gene 
GUS. The GSM2p-GUS transcriptional fusion construct 
was introduced into Arabidopsis to generate stable trans-
genic lines. GUS activity was detectable in all tested tissues 
including roots, rosette leaves, cauline leaves, stems, flower 
buds, siliques and seedlings (Fig. 2a). The results from 
qPCR analysis of the GSM2 transcript in wild-type plants 
showed that seedlings, rosette leaves and roots had higher 
expression level of GSM2 than other tested tissues (Fig. 2b). 

qPCR was used to examine the expression level of GSM2 
in 3- to 7-day-old seedlings (Fig. 2c). GSM2 expression did 
not differ markedly across 3- to 6-d-old seedlings but was 
rapidly promoted in 7-d-old seedlings; GSM2 expression 
in 7-day-old seedlings was over twofold higher than that 
in 3- to 6-d-old seedlings. Since gsm2 is hypersensitive to 
Glc, the effect of Glc on the expression of GSM2 was evalu-
ated. GSM2 expression was increased with prolonged treat-
ment with Glc, and GUS activity was also induced by Glc 
(Fig. 2d, e).

Consistent with the Glc-induced yellow or pale color 
of gsm2-1 cotyledons, the level of chlorophyll content was 
severely reduced in gsm2-1 with 3% Glc treatment compared 
to that in the wild type (Fig. 3a), which was also corrobo-
rated by the examination of chlorophyll autofluorescence 
(Fig. 3b). Next, we analyzed the ultrastructure of chloro-
plasts in gsm2-1 cotyledons by transmission electron micros-
copy (Fig. 3c). Compared to the wild-type chloroplasts, the 

Fig. 2   Expression analysis 
of GSM2. a Tissue-specific 
expression of GSM2p-GUS in 
Col-0. Representative images: 
a. 14-day-old seedlings/roots; 
b–e. 35-day-old cauline leaves/
stems, rosette leaves, flower 
buds, and siliques; and f 7-day-
old seedlings. b qPCR analysis 
of GSM2 expression in Col-0 
(Si siliques, F flower buds, 
St stems, CL cauline leaves, 
RL rosette leaves, R roots, Se 
seedlings). qPCR analysis of 
GSM2 expression c during early 
seedling growth (3 to 7 day) or 
e in response to 4.5% Glc (0 to 
12 h). d GSM2p-GUS staining 
pattern in 9-d-old Col-0 seed-
lings upon treatment with 4.5% 
Glc. EF-1α (b) and ACTIN2 
(c, e) were used as endogenous 
controls. Error bars represent 
the standard deviation (SD). 
Scale bar: a 1 mm; d 5 mm
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gsm2-1 chloroplasts appeared misshapen with few or no 
thylakoid membrane systems in 3% Glc, and the chloroplast 
defects were fully rescued in the gsm2-1 complement line 
1. These results suggest that the gsm2 chloroplasts could 
respond to Glc. To further investigate the effect of Glc on 
chloroplast development in gsm2 cotyledons, gsm2 and the 
wild type were grown on 1/2 MS medium containing 3% 
Glc for 5 d and then transformed to 1/2 MS medium sup-
plemented with 0%, 3% or 4.5% Glc for 9 d. In addition 
to retarded growth, chlorotic gsm2 cotyledons were still 
observed (Supplementary Fig. S6 right panel). Nevertheless, 
when gsm2 and the wild type were grown on sugar-free 1/2 
MS medium (instead of 3% Glc-containing 1/2 MS medium) 
for 5 d before transfer, gsm2 showed normal growth and 
green cotyledons that were similar to those seen in the wild 
type (Supplementary Fig. S6 left panel). These results elu-
cidate that GSM2 plays an important role in the early stage 
of cotyledon chloroplast development. In addition, TA is 
restricted to plastids in plants (Caillau and Paul Quick 2005); 
therefore, we speculated that chloroplasts might be targeted 

by GSM2. To assess GSM2 subcellular localization, GSM2 
was fused to the N-terminus of EGFP driven by a CaMV 
35S promoter. GSM2-EGFP was transiently expressed in 
Arabidopsis leaf protoplasts. As expected, the green fluores-
cence of GSM2-EGFP exclusively localized with the chlo-
rophyll autofluorescence (Fig. 3d), revealing the chloroplast 
localization of GSM2.

Glc‑induced ROS accumulation in gsm2

Considering the chlorophyll deficiency and aberrant chloro-
plasts observed in gsm2 cotyledons in 3% Glc, both the pho-
tosynthetic capacity and productivity of gsm2 were thought 
to be decreased, which might induce carbon starvation 
and ultimately cell death. Therefore, we used Trypan blue 
staining to monitor cell death. Dark blue stain was clearly 
observed in gsm2 cotyledons with 3% Glc treatment com-
pared to that in wild-type cotyledons (Fig. 4a right panel), 
whereas the stain was not found in either the untreated wild-
type or gsm2 cotyledons (Fig. 4a left panel), implying that 

Fig. 3   The loss of GSM2 affects 
the development of cotyledon 
chloroplasts in the presence 
of Glc. a The chlorophyll 
content of gsm2-1 was reduced 
in response to 3% Glc. b, c 
Analysis of chlorophyll auto-
fluorescence and chloroplast 
ultrastructure in Col-0, gsm2-1 
and COM#1 cotyledons grown 
on 1/2 MS medium containing 
3% Glc (or sugar-free 1/2 MS 
medium). d GSM2 is local-
ized to the chloroplasts. Top: 
diagrammatic representation of 
the 35S::GSM2-EGFP construct 
used to test GSM2 localization. 
Bottom: subcellular localiza-
tion of the GSM2-EGFP fusion 
protein in mesophyll proto-
plasts. EGFP signals are shown 
in green. Chlorophyll autofluo-
rescence signals are shown in 
red. The colocalization between 
GSM2-EGFP and chlorophyll is 
indicated by yellow. Error bars 
represent the standard deviation 
(SD; t test: ns no significant dif-
ference, **P < 0.01). Scale bar: 
b 100 µm; c 1 µm; d 10 µm
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cell death occurred in the 3% Glc-treated gsm2 cotyledons. 
It is well known that cell death is accompanied by excessive 
accumulation of ROS. To evaluate ROS accumulation in 
gsm2, staining with NBT or DAB was used to examine the 
production of O2

·− and H2O2, respectively. NBT is reduced 
by O2

·− to blue formazan, and DAB reacts with H2O2 to 
exhibit a brown precipitate (Kumari et al. 2015). Untreated 
wild-type and gsm2 seedlings showed similar basal O2

·− and 
H2O2 levels (Fig. 4b, c upper panel). The accumulation of 
O2

·− or H2O2 in gsm2 cotyledons was notably enhanced upon 
treatment with 3% Glc, which produced dark blue and brown 
staining (Fig. 4b, c lower panel; Supplementary Fig. S7). In 
contrast, NBT staining in the 3% Glc-treated wild-type coty-
ledons appeared slightly less intense (or even pale) than that 
in the untreated cotyledons (Fig. 4b lower panel). In accord-
ance with the higher endogenous level of ROS in gsm2, 
1.5 mM H2O2 was sufficient to induce chlorosis in gsm2 
cotyledons, which also inhibited the root growth in both the 
wild type and gsm2 (Fig. 4d). Whereas, at least 50% of gsm2 
was not able to grow the true leaf because of the strong 

inhibitory effect of H2O2 on gsm2 (Supplementary Fig. S8). 
On the other hand, we found that 3% Glc did not induce cell 
death in gsm2 grown in the dark and that both gsm2 and 
wild-type cotyledons were still etiolated with Trypan blue 
treatment (Supplementary Fig. S9 left panel). After gsm2 
grown in the dark was transferred to light for an additional 
3 day, a sharp increase in the permeability to Trypan blue 
was detected in gsm2 cotyledons (Supplementary Fig. S9 
right panel), which suggested that Glc might have an addi-
tive effect on light-induced ROS production and enhance 
the severity of oxidative damage, ultimately resulting in cell 
death. These results indicated that Glc-induced ROS accu-
mulation is associated with cell death in gsm2 cotyledons.

Gene expression of antioxidant enzymes in gsm2

As we observed, gsm2 displayed chlorotic cotyledons and 
the excessive accumulation of ROS in the presence of 
Glc, which raised the question of whether the impairment 
of redox balance is responsible for chlorosis. Thus, we 

Fig. 4   Cell death and ROS 
accumulation in gsm2 cotyle-
dons in response to Glc. a–c 
Staining with a Trypan blue to 
measure cell death, b NBT to 
measure O2

·−, and c DAB to 
measure H2O2 in Col-0, gsm2-1 
and gsm2-2 grown on 1/2 MS 
medium containing 3% Glc (or 
sugar-free 1/2 MS medium). d 
Effects of H2O2 on Col-0, gsm2-
1 and gsm2-2. Left: representa-
tive images. Right: statistical 
analysis of the cotyledon green-
ing rate. Error bars represent 
the standard deviation (SD; t 
test: **P < 0.01). Scale bar: a, d 
5 mm; b, c 0.5 mm
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examined the gene expression of ROS scavenging enzymes. 
With 1% Glc treatment, the transcript levels of CSD1 (CuZn-
superoxide dismutase 1) and CSD2 (CuZn-superoxide dis-
mutase 2) in gsm2 were by 3 to 4-fold higher than those in 
the wild type (Fig. 5a). The most prominent chloroplast per-
oxidases were sAPX (stromal ascorbate peroxidase), tAPX 
(thylakoid-bound ascorbate peroxidase), 2CPA (2-Cys per-
oxiredoxin A) and 2CPB (2-Cys peroxiredoxin B). Upon 

1% Glc treatment, the expression levels of the four genes in 
gsm2 were significantly decreased compared to those in the 
wild type (approximately one-fold decrease in tAPX, 2CPA 
or 2CPB) (Fig. 5b). We tested APX activity in gsm2 and 
the wild type. With or without Glc treatment, the activity 
of APX in gsm2 was obviously lower than that in the wild 
type (Supplementary Fig. S10). While CAT1 (catalase 1) 
and CAT2 (catalase 2) transcript levels remained similar in 

Fig. 5   The gene expression 
of the antioxidant enzymes. 
a CSD1 and CSD2; b tAPX, 
sAPX, 2CPA and 2CPB; and 
c CAT1 and CAT2 in response 
to Glc during early seed-
ling growth. Total RNA was 
extracted from 6-day-old seed-
lings grown on 1/2 MS medium 
containing 1% Glc (or sugar-
free 1/2 MS medium). ACTIN2 
was used as an endogenous 
control. Error bars represent the 
standard deviation (SD; t test: 
ns, no significant difference, 
**P < 0.01)
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gsm2 and the wild type with and without 1% Glc treatment 
(Fig. 5c). Superoxide dismutase is capable of dismutat-
ing O2

·− into H2O2, and peroxidases and catalases detoxify 
H2O2 to maintain ROS homeostasis. In response to Glc, 
CSD1/CSD2 expression in gsm2 was strongly induced 
to cope with the massive production of O2

·−; however, 
tAPX/2CPA/2CPB expression was downregulated, and did 
not increase along with CSD1/CSD2 expression and could 
not efficiently reduce the enhanced levels of H2O2 to water, 
which probably resulted in oxidative damage to the chloro-
plasts in gsm2 cotyledons.

DPI and Phe rescue Glc‑induced chlorosis in gsm2 
cotyledons

Considering the putative function of GSM2 in the PPP, 
we examined the effects of different additives related to 
the PPP on Glc-induced chlorosis in gsm2 cotyledons. 
1 µM DPI, an NADPH oxidase inhibitor (Kleniewska et al. 
2012), was added to 1/2 MS medium containing 3% Glc 

(or sugar-free 1/2 MS medium). With application of DPI 
in sugar-free 1/2 MS medium, gsm2 was not markedly dif-
ferent from the wild type (Fig. 6a). In contrast, with appli-
cation of DPI in 3% Glc-containing 1/2 MS medium, the 
Glc-induced chlorotic phenotype of gsm2 cotyledons was 
complemented (Fig. 6b) and the Glc-induced extensive 
staining of gsm2 cotyledons by DAB was also alleviated, 
suggesting that H2O2 was highly reduced (Supplementary 
Fig. S11). We also found that upon treatment of 1% Glc, 
the transcript level of glucose-6-phosphate dehydrogenase 
1 (G6PD1) in gsm2 was significantly almost onefold lower 
than that in the wild type (Fig. 6b). Previous studies have 
demonstrated the important role of Phe in Arabidopsis 
etiolated seedlings (Para et al. 2016). Accordingly, we 
evaluated the effect of Phe on Glc-induced chlorosis in 
gsm2 cotyledons. The addition of 500 µM Phe to 3% Glc 
successfully rescued Glc-induced chlorosis in gsm2 coty-
ledons (Fig. 6c). Whereas, erythrose (Ery) had no effect 
on the greening of chlorotic gsm2 cotyledons in 3% Glc 
(Fig. 6c).

Fig. 6   Effects of additives on 
Glc-induced cotyledon chlorosis 
in gsm2. a The addition of 
DPI can restore Glc-induced 
cotyledon chlorosis in gsm2. b 
The Glc-induced decrease of 
G6PD1 transcripts in gsm2. c 
Effects of Phe and Ery on Glc-
induced cotyledon chlorosis in 
gsm2. Error bars represent the 
standard deviation (SD; t test: 
ns no significant difference, 
**P < 0.01). Scale bar, 5 mm
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The effect of ABA or ET on Glc‑induced chlorosis 
in gsm2 cotyledons

Previous studies have demonstrated that ABA and ET have 
antagonistic effects on the plant response to Glc (León 
2003). Accordingly, we evaluated the effect of ABA and 
ET on gsm2. With treatment of 0.1 µM or 0.2 µM ABA, 
gsm2 was more sensitive to ABA than the wild type, which 
still showed normal green cotyledons (Supplementary Fig. 
S12). gsm2-1 was crossed with aba3-1, an ABA-deficient 
mutant, to generate a gsm2-1 aba3-1 double mutant. Simi-
lar to gsm2-1, gsm2-1 aba3-1 had chlorotic cotyledons 
when treated with 3% Glc (Supplementary Fig. S13a), 
which indicated that the chlorotic phenotype of gsm2 coty-
ledons involves ABA-independent Glc signaling. In con-
trast, although gsm2 and the wide type appeared similar 
in 10 μM 1-aminocyclopropane-1-carboxylic acid (ACC) 
used to produce ET and displayed normal green cotyledons 
(Supplementary Fig. S13b upper panels), the addition of 
10 μM ACC in the presence of 3% Glc reduced the Glc-
hypersensitivity of gsm2 and partially restored greening in 
gsm2 cotyledons (Supplementary Fig. S13b lower panels).

Discussion

The role of GSM2 in the PPP

A BLAST search revealed that many monocotyledonous 
and dicotyledonous plants have GSM2 homologs (Sup-
plementary Fig. S4). GSM2 is thought to encode a PPP 
enzyme, TA, which is responsible for catalyzing the reac-
tion between S7P and G3P to yield E4P and F6P in the 
non-oxidative phase of the PPP. The non-oxidative phase 
of the PPP not only acts as a source of NADPH as well as 
the oxidative phase, but also provides intermediates for 
various biosynthetic processes. TA, in conjunction with 
TK, plays an important role in converting R5P to G6P dur-
ing the non-oxidative phase of the PPP. However, in ani-
mals, TA is not expressed in certain organisms and tissues 
(Perl et al. 2006), and the non-oxidative phase could func-
tion without this enzyme (Qian et al. 2008). Hence, it has 
not been established that TA acts as a regulator through 
the PPP in the modulation of distinct physiological and 
metabolic processes. TA deficiency impairs mitochondrial 
function to cause mice infertility and increases the Caeno-
rhabditis elegans lifespan (Bennett et al. 2017; Perl et al. 
2006). In humans, TA is implicated in liver diseases and 
cancer cell proliferation (Perl et al. 2011). The function 
of TA in plants is still poorly understood, although it has 
been a few decades since TA was initially discovered in 
peas. TA abundance in both wheat and cucumber leaves 
was largely promoted with fungal infection (Caillau and 

Paul Quick 2005). Yang et al. (2015) recently reported 
that rice TA knockout plants showed a dwarfed phenotype 
with shorter and narrower leaves, altered culm elonga-
tion and vascular pattern (Yang et al. 2015). tra2, another 
gsm2 knockout mutant, exhibited the low-lignin trait and 
increased saccharification efficiency, which suggested its 
role in leading carbohydrate flux toward phenolic metabo-
lism (de Vries et al. 2018; Vanholme et al. 2012).

Based on this study, we suspect that the PPP is related 
to the elevated ROS in gsm2 in response to Glc. First, 
lower GSM2 levels may indirectly affect the amount of 
NADPH, which is required to minimize oxidative damage 
from ROS and maintain redox homeostasis. As an NADPH 
oxidase inhibitor, DPI was used to assess the requirement 
of NADPH for removing ROS by adding 1 µM DPI to 
3% Glc-containing 1/2 MS medium, which restored gsm2 
cotyledon greening (Fig. 6a). Glucose-6-phosphate dehy-
drogenase (G6PDH) catalyzes the oxidation of G6P to 
6-phosphogluconolactone and generates NADPH, which 
is the rate-limiting first step of the oxidative phase of the 
PPP. Compared to that in the wild type, the transcript level 
of G6PD1 in gsm2 was reduced upon treatment with 1% 
Glc (Fig. 6b), indicating that the disruption of the NADP+/
NADPH balance may cause the inadequate production of 
protective antioxidants, such as glutathione (GSH) and 
thioredoxin (Trx(SH)2). Second, in contrast to animals, in 
plants, E4P and PEP enter the shikimate pathway for the 
synthesis of three AAAs: phenylalanine (Phe), tyrosine 
(Tyr), and tryptophan (Trp). Of the metabolites derived 
from the three AAAs, Phe-derived plant secondary metab-
olites such as phenylpropanoids, flavonoids and anthocya-
nins are able to scavenge ROS and protect plants from 
stresses (Emiliani et al. 2013; Para et al. 2016; Xu and 
Rothstein 2018). The presumed depletion of E4P caused 
by GSM2 defect leads to the interruption of Phe synthesis 
and subsequently diverting Phe to a secondary metabolic 
pathway. Para et al. (2016) suggested that the supply of 
Phe could counteract ROS in young seedlings (Para et al. 
2016). As expected, the Glc-induced chlorosis in gsm2 
cotyledons was recovered by the application of Phe but not 
Ery (Fig. 6c). On the other hand, RGS1, as a regulator of 
G-protein signaling, participates in Glc-induced autophagy 
(Janse van Rensburg, et al. 2019). Autophagy is a con-
served process in the eukaryotic cell, which functions in 
the degradation or recycle of damaged proteins and orga-
nelles (Avin-Wittenberg 2019). Autophagy is thought of 
as a noncanonical antioxidant system to scavenge ROS 
for plant abiotic/biotic stress tolerance (Signorelli, et al. 
2019). However, excess ROS in gsm2 may inhibit Glc-
induced autophagy by RGS1. Overall, the presence of a 
functional PPP is responsible for resistance to Glc-induced 
ROS stress.
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GSM2 functions in cotyledon chloroplasts

GSM2 was localized to the chloroplasts (Fig. 3d), and chlo-
roplasts act as metabolic centers not only for photosynthesis 
but for the biosynthesis of metabolites such as amino acids, 
nucleotides, and phytohormones (Rolland et al. 2012). Con-
sidering the endosymbiotic origin of chloroplasts, they have 
their own genome that coordinates with the nuclear genome 
to encode the chloroplast proteome (Daniell et al. 2016; Wu 
and Yan 2018). On sugar-free 1/2 MS medium, chloroplasts 
in cotyledons of both gsm2 and the wild type showed well-
formed thylakoid membrane systems (Fig. 3c). However, 
under high Glc condition, the misshapen chloroplasts were 
observed in gsm2 cotyledons (Fig. 3c) and the damage of 
chloroplasts caused by the Glc-induced ROS was thought 
to occur at the early stage of chloroplast development (Sup-
plementary Fig. S6). The development of chloroplasts is 
depended on light (Pogson and Albrecht 2011). In the dark, 
with or without treatment of Glc, gsm2 and the wild type 
have no obvious difference with Trypan blue staining, show-
ing almost etiolated cotyledons (Supplementary Fig. S9 left 
panel). Once plants were exposed to light, cell death was 
only detected in gsm2 cotyledons treated with Glc (Supple-
mentary Fig. S9 right panel), because functional chloroplasts 
has a complex redox regulatory network to combat ROS 
(Dietz et al. 2016). Chloroplast development in cotyledons 
and true leaves uses distinct pathways (Jarvis and Lopez-
Juez 2013; Shimada et al. 2007). In cotyledons, etioplasts 
rapidly develop into chloroplasts under light conditions. In 
contrast, proplastids transform into chloroplasts during true 
leaf development. This may explain why cotyledons and not 
true leaves in gsm2 exhibited chlorosis in response to Glc. 
Cotyledon development goes through hypogaeic to epigaeic 
growth, which belongs to early seedling growth of plants. 
Pogson et al. (2011) referred that even if chloroplast devel-
opment is only impaired in cotyledons with normal chlo-
roplast development in true leaves, plant growth and yield 
can be negatively impacted (Pogson and Albrecht 2011). 
As we observed before, besides the phenotype of chlorotic 
cotyledons, the growth of gsm2 seedlings was inhibited upon 
treatment with Glc, suggesting the important role of GSM2 
in early seedling growth. It has been established that both 
anterograde signaling and retrograde signaling between the 
chloroplasts and the nucleus serve to regulate chloroplast 
development, plant pathogen defense and the response to 
abiotic stresses (Kmiecik et al. 2016). A number of tran-
scription factors participate in these signaling pathways (Van 
Aken et al. 2013). Recently, Dong et al. (2019) reported 
that the transcription factors TCP4 and PIF3 orchestrate to 
regulate cotyledon-specific light activation of SAUR16 and 
SAUR50 during de-etiolation in Arabidopsis (Dong et al. 
2019). Further experiments needs to explain why cotyle-
dons but not true leaves in gsm2 exhibit chlorosis in response 

to Glc and how GSM2 functions in early seedling growth, 
especially for chloroplast development during hypogaeic and 
epigaeic seedling growth.

The Glc‑induced chlorotic cotyledons of gsm2 
is not ABA dependent

It has been reported that Glc, as a signaling molecule, inter-
acts with phytohormones to regulate plant growth and devel-
opment (Sakr et al. 2018; Sheen 2014). ABA and ET are 
known to have antagonistic effects on the plant response 
to Glc (León 2003). Glc can induce ABA biosynthesis to 
establish a Glc-ABA signaling cascade and various ABA 
biosynthetic genes and signaling-related components par-
ticipate in the cascade (Carvalho et al. 2016; Dekkers et al. 
2008; Li et al. 2006; Rodrigues et al. 2013). Whereas, ET 
has an antagonizing effect on Glc signaling; for example, 
eto1 and ctr1 (ethylene overproducing and constitutive eth-
ylene signaling mutants, respectively) displayed decreased 
glucose sensitivity (León 2003; Sakr et al. 2018). Numerous 
studies have provided evidence of the relationship between 
ROS and ABA or ET (Overmyer et al. 2003; Qi et al. 2017; 
Singh et al. 2017; Suzuki and Katano 2018). ROS are con-
sidered second messengers to participate in ABA-induced 
stomatal closure (Mittler and Blumwald 2015). Yang et al. 
(2014) have shown that the enhanced accumulation of ROS 
in abo8/abo6/abo5 (aba-overly sensitive 8/6/5) leads to 
increased ABA sensitivity in these mutants during seed 
germination/root growth (He et al. 2012; Liu et al. 2010; 
Yang et  al. 2014). While, ET and ROS also involves a 
complicated network in seed germination, cell death reg-
ulation and the plant immune response (Corbineau et al. 
2014; Leymarie et al. 2012; Overmyer et al. 2003; Zipfel 
2013). Recent research by Watkins et al. (2017) revealed 
that ethylene induces the accumulation of flavonol, which 
counteracts ROS and consequently inhibits ABA-induced 
stomatal closure in tomato (Watkins et al. 2017). gsm2 still 
displayed chlorotic cotyledons in the absence of endogenous 
ABA in response to Glc (Supplementary Fig. S13a), sug-
gesting that the Glc-induced chlorosis in gsm2 cotyledons 
is ABA-independent. But ACC treatment may be able to 
alleviate Glc-induced chlorosis in gsm2 cotyledons (Supple-
mentary Fig. S13b). Interestingly, ET plays a regulatory role 
in photosynthesis depending on plant species and age, and it 
generally induces the degradation of chlorophyll to promote 
chlorosis in mature leaves (Ceusters and Van de Poel 2018). 
Therefore, how ET functions in the Glc-induced chlorosis 
in gsm2 cotyledons needs further study.

In conclusion, this study extends our understand-
ing of the role of the plant PPP in the maintenance of 
redox balance under normal or stress conditions. From a 
mutant screen based on Glc sensitivity, we isolated a Glc-
hypersensitive mutant, gsm2, with a chlorotic-cotyledon 
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phenotype. GSM2 encodes a transaldolase that is localized 
to the chloroplasts, and analysis of gsm2 mutants indicates 
that GSM2 is involved in ABA-independent ROS home-
ostasis. We therefore propose a model for the response 
to Glc in which GSM2 functions in the PPP, leading to 
increased NADPH production and favoring carbon flux 
toward the shikimate pathway for antioxidant generation to 
combat oxidative stress (Fig. 7). GSM2 provides an inter-
esting link between Glc, the PPP and ROS homeostasis in 
plants, and more details of this molecular network remain 
to be determined in the near future.
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