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Abstract
Key message  The TPS5 negatively regulates ABA signaling by mediating ROS level and NR activity during seed 
germination and stomatal closure in Arabidopsis thaliana.
Abstract  Trehalose metabolism is important in plant growth and development and in abiotic stress response. Eleven TPS 
genes were identified in Arabidopsis, divided into Class I (TPS1–TPS4) and Class II (TPS5–TPS11). Although Class I has 
been shown to have TPS activity, the function of most members of Class II remains enigmatic. Here, we characterized the 
biological function of the trehalose-6-phosphate synthase TPS5 in ABA signaling in Arabidopsis. TPS5 expression was 
induced by ABA and abiotic stress, and expression in epidermal and guard cells was dramatically increased after ABA treat-
ment. Loss-of-function analysis revealed that tps5 mutants (tps5-1 and tps5-cas9) are more sensitive to ABA during seed 
germination and ABA-mediated stomatal closure. Furthermore, the H2O2 level increased in the tps5-1 and tps5-cas9 mutants, 
which was consistent with the changes in the expression of RbohD and RbohF, key genes responsible for H2O2 production. 
Further, TPS5 knockout reduced the amounts of trehalose and other soluble carbohydrates as well as nitrate reductase (NR) 
activity. In vitro, trehalose and other soluble carbohydrates promoted NR activity, which was blocked by the tricarboxylic 
acid cycle inhibitor iodoacetic acid. Thus, this study identified that TPS5 functions as a negative regulator of ABA signaling 
and is involved in altering the trehalose content and NR activity.
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Abbreviations
ABA	� Abscisic acid
ER	� Endoplasmic reticulum
GFP	� Green fluorescent protein

NR	� Nitrate reductase
ROS	� Reactive oxygen species
T6P	� Trehalose-6-phosphasynthetase

Introduction

Trehalose, a non-reducing disaccharide consisting of two 
glucose molecules linked by 1,1-glycosidic bonds, is syn-
thesized in a two-step reaction from UDP-glucose (UDPG) 
and 6-phospho-glucose (G6P) by trehalose-6-phosphate 
synthase (TPS) and trehalose-6-phosphate phosphatase 
(TPP) in plants (Eastmond and Graham 2003). Although 
trehalose is ubiquitous in bacteria, yeast, fungi, nematodes, 
and insects, serving as a reserve carbohydrate and stress pro-
tection (Crowe et al. 2003; Goddijn et al. 1997), its level in 
plants is extremely low and it was once thought to occur only 
in drought-tolerant plants (Joachim et al. 1995). Following 
whole-genome sequencing, 11 TPSs and 10 TPPs were iden-
tified in Arabidopsis (Genome 2000; Leyman et al. 2001). 
The TPS proteins, carrying a TPS- and a TPP-like domain, 
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are further divided into Class I (TPS1–TPS4) and Class II 
(TPS5–TPS11) based on their homology with the yeast TPS 
(ScTps1) and TPP (ScTps2) proteins, respectively; the TPP 
proteins display significant similarity to the highly con-
served phosphatase box elements of ScTPS2 (Leyman et al. 
2001; Ramon et al. 2009).

Class I (e.g., TPS1), which has been shown to have TPS 
activity in vitro, is well characterized (Blázquez et al. 1998; 
Gomez et al. 2010a, b). Studies have shown that the TPS1 
gene is essential for normal growth, especially in flowers 
and buds, in embryogenesis and in ripening fruits (East-
mond et al. 2002; van Dijken et al. 2004; Wahl et al. 2013). 
Beyond being closely linked to growth and development 
in plants, TPS1 is highly expressed in guard cells and the 
tps1-12 mutant, which carries a weak allele of the AtTPS1 
gene, has a smaller stomatal aperture than wild-type plants 
(Gomez et al. 2010a, b). In addition, constitutive overexpres-
sion of TPS1 reduces the sensitivity of seed germination to 
abscisic acid (ABA) (Avonce et al. 2004; Van Houtte et al. 
2013; Vandesteene et al. 2012). These results suggest that 
TPS1 is also involved in ABA signaling.

Interestingly, although most of the functions of Class II 
TPS remain unclear, many of the Class II genes appear to 
be extensively regulated at the transcriptional level by abi-
otic stress (Baena-Gonzalez et al. 2007; Bates et al. 2012; 
Scheible et al. 2004; Usadel et al. 2008; Wang et al. 2003); 
TPS6 was reported to regulate plant architecture, epidermal 
pavement cell shape, and trichome branching (Chary et al. 
2008); TPS5 showed stomatal function effects without a 
change in stomatal density (Bates et al. 2012), and appears 
to be involved in thermotolerance, possibly by interaction 
with the transcriptional co-activator MBF1c (Suzuki et al. 
2008); Ramon used a set of promoter-GUS protein report-
ers to demonstrate that Class II proteins have a significantly 
different tissue-specific expression and responsiveness to 
carbon availability and hormones (Ramon et al. 2009). Very 
recently, a rice TPS (OsTPS8) was reported conferring salt 
stress tolerance and controlling yield-related traits in rice 
(Vishal et al. 2019). In summary, evidence is increasing that 
Class II proteins play an important role in many key pro-
cesses of plant growth and abiotic stress response.

In nature, plants face many challenges from the environ-
ment. Trehalose metabolism is considered an important 
pathway for plants to improve stress tolerance. Trehalose is 
reported to be an essential virulence factor for the rice blast 
fungus, Magnaporthe oryzae (Foster et al. 2014). T6P, the 
intermediate in trehalose biosynthesis, was found to play a 
possible role in ABA-mediated regulation of stomatal con-
ductance, involving covalent modifications of nitrate reduc-
tase (NR) and the sucrose nonfermenting-1-related protein 
kinase2.6 (SnRK2.6) (Chen et al. 2016; Emanuelle et al. 
2015; Figueroa and Lunn 2016).

TPS5 expression is closely related to ABA-induced 
and abiotic stress. tps5 mutants (tps5-1 and tps5-cas9) are 
more sensitive to ABA during seed germination and ABA-
mediated stomatal closure. The obvious question that arises 
is how TPS5 could be involved in the regulation of ABA 
signaling.

As a further step towards the elucidation of TPS5 exact 
functions in ABA signaling, the level of H2O2 and ABA-
responsive genes, such as RbohD and RbohF, were analyzed. 
In addition, the amounts of trehalose and other soluble car-
bohydrates as well as NR activity in both tps5 mutants (tps5-
1 and tps5-cas9) and the wild type were determined. Finally, 
we determined whether trehalose metabolism is directly or 
indirectly involved in ABA signaling. Collectively, this study 
will elucidate the important role of TPS5 in ABA signaling 
and help develop strategies to improve stress tolerance in 
plants for better crop production.

Materials and methods

Plant materials and growth conditions

The Arabidopsis thaliana (L.) Heynh. ‘Columbia’ and tps5 
mutant (salk_144791) used in this study were purchased 
from the Arabidopsis Biological Resource Center (ABRC; 
http://www.arabi​dopsi​s.org/). Plant growth conditions and 
Agrobacterium tumefaciens-mediated transformation were 
performed as described previously (Clough and Bent 1998). 
The primers for identifying tps5-1 mutants were as follows: 
TPS5-T-F (5′-CAC​TCC​TCA​ACG​CTG​ATT​TGA-3′); TPS5-
T-R (5′-ATC​TTG​TAT​AAA​GCT​ACG​CGCC-3′); LBb1.3 (5′-
ATT​TTG​CCG​ATT​TCG​AAC​-3′).

Plasmid constructs

The TPS5 cDNA was amplified by RT-PCR using the primer 
pair TPS5-F and TPS5-R and ligated to the pMD18-T vector. 
For subcellular localization analysis, the TPS5 cDNA was 
amplified without its stop codon using the primer pair TPS5-
SF and TPS5-SR, subsequently digested with BsaI, and 
then inserted into transient expression vector pEZS-N. The 
TPS5pro::GUS for histochemical analysis was constructed as 
follows: a 1.6-kb fragment upstream of the ATG start codon 
of TPS5 was amplified by PCR using the primers TPS5-GF 
and TPS5-GR and cloned into the pMD18-T vector, subse-
quently digested with Pst I and BamHI, respectively, then 
subcloned into the expression vector pBI101.2.

TPS5-Cas9 vectors for transgenic plants were also 
designed. The chimeric sgRNA for TPS5 was constructed 
by cloning the annealed oligos TPS5-sgF and TPS5-sgR into 
pBlueScript SK-sgRNA, then both the sgRNA and hSpCas9 

http://www.arabidopsis.org/
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were subcloned into the expression vector pCAMBIA1300 
(Lu et al. 2017).

Stress induction and qRT‑PCR analysis

The 20-day-old seedlings were subjected to various stress 
treatments. Drought stress was applied by removing the 
seedlings from the 0.5 × Murashige and Skoog (MS) medium 
plate and placing them on filter paper for a specified period 
of time; high-temperature stress was induced by transferring 
the seedlings from the 0.5 × MS medium into an incubator 
at 42 °C; 250 mM NaCl and 100 µM ABA treatments were 
performed as described previously (Ding et al. 2015). Total 
RNA was extracted with TRIzol reagent (Invitrogen) follow-
ing the provider’s instructions. Two micrograms of DNA-
free RNA was used for reverse transcription according to 
the kit instructions (Invitrogen). Quantitative RT-PCR was 
performed on a Quant Studio 5 Real-Time PCR Instrument 
(96-well 0.2-ml block). The primers for RT-PCR and qRT-
PCR are shown in Supplemental Table 1.

Histochemical GUS analysis

For GUS (β-glucuronidase) staining assays, transgenic 
plants were selected based on kanamycin resistance. The 
TPS5pro activity was analyzed via histochemical stain-
ing according to slightly modified published protocols (Li 
et al. 2015). Briefly, TPS5pro::GUS transgenic plants were 
immersed in staining buffer containing 0.1 M phosphate-
buffered sodium (pH 7.0), 10 mM EDTA, 2 mM potassium 
ferrocyanide, 0.1% (v/v) Triton X-100, 20% (v/v) methanol, 
0.5 mM X-gluc, and incubated at 37 °C overnight. After 
staining, tissues were observed and photographed with an 
Olympus SZX12 microscope equipped with a camera.

Analysis of subcellular localization of TPS5

Subcellular localization of TPS5 was done according to 
slightly adjusted published protocols. The recombinant 
plasmids 35S::TPS5-EGFP and 35S::BIP-RFP (ER marker) 
were used to cotransfect Arabidopsis mesophyll protoplasts 
transiently. TPS5–EGFP fusion protein was excited at 
488 nm using a laser, and the emitted fluorescence signal 
was collected with a band-pass filter at 490–540 nm (GFP 
panel). BIP-RFP marker was excited by laser emission at 
561 nm, and the emitted fluorescence was collected with a 
band-pass filter at 592 nm (RFP panel) (Li et al. 2015).

Stomatal movement assay

Stomatal movement assays were performed as described 
previously (Ding et al. 2015) with slight modification. For 
ABA-induced stomatal closure experiments, 20-day-old 

rosette leaves were isolated and incubated in stomatal open-
ing solution (OS solution) containing 10 mM KCl, 100 mM 
CaCl2, and 10  mM 2-morpholinoethanesulphonic acid 
(MES)–KOH (pH 6.1), for 30 min in the light, and then 
1 μM, 5 μM, and 10 μM ABA were added, respectively. The 
stomatal apertures were measured after 1 h of ABA treat-
ment. Subsequently, the epidermis was gently torn off and 
mesophyll cells were carefully scraped off; the epidermal 
layer was mounted on glass slides and observed using an 
Olympus microscope.

Determination of soluble carbohydrates content

Soluble carbohydrates were detected by ion chromatography 
(ICS 5000, Thermo Fisher Scientific) by Shanghai Sanshu 
Biotechnology (www.sansh​ubio.com). Briefly, soluble car-
bohydrates were extracted with an 80% ethanol solution and 
shaken and mixed in a 70 °C water bath. After 2 h, the EP 
tube was taken out; after cooling, 700 µl of sterile water 
was added, and the solution was centrifuged at 1200 rps for 
5 min to remove the supernatant. An aliquot of 700–1000 µl 
of chloroform was added to the supernatant, mixed well, 
and centrifuged three times. The supernatant was placed in 
a clean EP tube for testing. After addition of 700 µl of 80% 
alcohol solution to the weighed sample, it was extracted in a 
70 °C water bath, and shaken 3–5 times during this period.

Construction of double mutants of tps5 and tps6

First, we selected flower buds from tps5 and tps6 single 
mutants, labeled as parents, and carefully removed the pet-
als and stamens. Then, the pollens of tps5 and tps6 mutants 
were applied to the stigma of the emasculated flowers 
reciprocally. Three days after pollination, the siliques were 
formed and elongated, which denoted successful hybridiza-
tion. An F2 generation was obtained from the F1 hybrid, 
and F2 homozygotes were identified by their DNA and RNA 
levels.

DAB staining assay of rosette leaves

The accumulation of H2O2 was monitored by 3,3′-diam-
inobenzidine (DAB) staining (Thordal-Christensen et al. 
1997). Twenty-day-old leaves grown under control condi-
tions were treated with 100 µM ABA for 3 h and immersed 
in freshly prepared 1 mg/mL DAB solution, followed by 
vacuuming for 10 min and shaking at 180 rpm in the dark 
overnight. Stained leaves were fixed with a solution of 3:1:1 
ethanol:acetic acid:glycerol, and then photographed (Ding 
et al. 2015).

http://www.sanshubio.com
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Nitrate reductase (NR) activity assay

The nitrate reductase (NR) activity was measured using 
20-day-old seedling tissue extracts of both tps5 mutants 
(tps5-1 and tps5-cas9) and the wild type. The NR Activity 
in plants was determined by Nitrate Reductase (NR) Assay 
Kit (Solarbio, Beijing, China). The absorbance of NR was 
measured at 520 nm (n = 9).

Results

tps5 mutants are more sensitive to ABA during seed 
germination

A TPS5 T-DNA insertion allele (SALK_144791) was identi-
fied from ABRC, and named tps5-1. The site where T-DNA 
was inserted was determined to be 1472 bp downstream of 
the translational start site of TPS5 (Fig. 1A). Subsequently, 
we created a tps5-cas9 line using targeted genome editing 
of the TPS5 by applying CRISPR/Cas9 technology and we 
found that tps5-cas9 line lost four base pairs at 771–774 bp 
downstream of the translational start site of TPS5 compared 
with wild-type(Fig. 1A). Semi-quantitative PCR analysis 
suggested that the tps5-1 was an effective TPS5 knockout 
mutant (Fig. 1B).

Under normal growth conditions, tps5-1 and tps5-cas9 
did not show any morphological alterations. Then, the ger-
mination of tps5-1 and tps5-cas9 was compared with that 

of wild-type plants (Columbia). The germination rate (ger-
mination rate was defined by cotyledon greening) for the 
mutants was the same as that of the wild type on ABA-
free medium. In the presence of ABA, tps5-1 and tps5-cas9 
mutants showed lower cotyledon-greening percentages than 
wild-type plants (Fig. 2A). To quantify the effect of ABA on 
germination rate, we measured the cotyledon-greening per-
centages of tps5 mutants and the wild type at different con-
centrations of ABA. When the concentration of exogenous 
ABA was 0.2 µM, the germination rates of tps5-1, tps5-cas9 
and wild type were 90.3%, 89.6% and 99%, respectively. At 
0.6 µM ABA concentration, the germination rates of tps5-
1 and tps5-cas9 were significantly reduced, only 35.7%, 
26.3%, while the wild-type germination rate was 78.3% indi-
cating that the mutation in TPS5 led to ABA hypersensitivity 
during seed germination (Fig. 2B).

TPS5 is localized to the endoplasmic reticulum (ER) 
of Arabidopsis protoplasts

To determine the subcellular localization of the TPS5 pro-
tein, we constructed a vector for TPS5–GFP fusion proteins 
whose expression was regulated by cauliflower mosaic virus 
(CaMV) 35S promoter (35S::TPS5-EGFP). When tran-
siently expressed in Arabidopsis mesophyll protoplasts, the 
appearance of the GFP signal in the cytoplasm was reticular, 
similar to the distribution and appearance of the endoplas-
mic reticulum (ER) (Fig. 3). Arabidopsis protoplasts were 

Fig. 1   Schematic structure of TPS5 and the identification of tps5 
mutants. A T-DNA insertion site in the tps5 mutant and Cas9 editing 
site in the tps5-cas9 mutant. The ATG start codon and the TAA stop 
codon are indicated. The black straight lines show introns of TPS5 

and the black boxes show exons of TPS5 in the genome. The T-DNA 
insertion point is shown by the triangle above the gene diagram. B 
Identification of the tps5-1 mutants based on the RNA level
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Fig. 2   ABA sensitivity of tps5-1 and tps5-cas9 during seed germina-
tion. A Seed germination of wild type and tps5 mutants in response 
to ABA. Germination rates were defined by cotyledon greening. Wild 
type, tps5-1, and tps5-cas9 seedlings grown on 0.5 × Murashige and 
Skoog medium with or without 0.5 μM ABA for 7 days were com-

pared. B The percentage of cotyledon greening in the wild type and in 
tps5 mutants in response to different ABA concentrations. Values rep-
resent mean ± SD (n = 3) from three biological replicates. Statistical 
significance of the difference between the wild type and tps5 mutants 
was determined using a t test (*P < 0.05; **P < 0.01)
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then co-transformed with 35S:TPS5-GFP and 35S: Bip-RFP 
plasmids (a fluorescence marker for ER localization) (Lee 
et al. 2011). The co-localization of both TPS5-GFP and BiP-
RFP was clearly detected (Fig. 3), leading to the conclusion 
that TPS5 was localized to the ER.

TPS5 expression is ABA‑ and stress‑related

To investigate the expression of TPS5, 20-day-old seed-
lings of the wild type were treated with exogenous ABA 
and subjected to various abiotic stresses, including drought, 
salt, and heat. Quantitative RT-PCR analysis showed that 
ABA induced the expression of TPS5, which was increased 
approximately twofold at 20 min after 100 µM ABA treat-
ment, then gradually decreased for 4 h and maintained at 
a level close to the control, after which a significant rise 
occurred to an approximately fourfold increase at 24 h 
(Fig. 4A). High salt and temperature stresses also signifi-
cantly induced the expression of TPS5, which increased 
about six- to tenfold, respectively, after the treatment was 
applied (Fig. 4A). By contrast, TPS5 expression was mildly 
responsive to drought stress, changing only about one- to 
twofold relative to control plants (Fig. 4A). To analyze the 
TPS5 expression pattern in more detail, a 1.5-kb upstream 
DNA fragment of TPS5 was fused with a GUS gene, and the 
construct was introduced into Arabidopsis thaliana to gener-
ate transgenic plants. Activity of GUS during seed germina-
tion was only detected in the root (Fig. 4B, a–c). However, 

in the presence of ABA, GUS was expressed more strongly 
in the hypocotyls and cotyledons (Fig. 4B, f–h), supporting 
the role of TPS5 during seed germination under ABA treat-
ment. At the rosette stage, in addition to the strong expres-
sion of GUS in the root, there is also a weak expression 
in the leaf veins (Fig. 4B, d). Similarly, under ABA treat-
ment, the intensity of GUS activity increased significantly 
(Fig. 4B, i), and was consistent with the qRT-PCR analysis. 
Interestingly, the activity of GUS in epidermal cells, guard 
cells and vascular bundle was also significantly enhanced by 
ABA treatment (Fig. 4B, j, Supplemental Fig. 4), suggesting 
that TPS5 is involved in regulating ABA-mediated stomatal 
closure and the response to abiotic stress.

TPS5 is a negative regulator of ABA‑mediated 
stomatal closure

Since TPS5 is expressed in stomata and TPS5 expression 
was induced by ABA and abiotic stress, we further analyzed 
whether TPS5 regulates ABA-dependent stomatal closure. 
Stomatal closure or opening in tps5-1 and tps5-cas9 plants 
was similar to that of the wild type in both light and dark con-
ditions. However, a significant difference was observed under 
ABA treatment. The stomatal apertures in detached leaves of 
the tps5-1 and tps5-cas9 mutants decreased more rapidly than 
those of the wild type after 1–2.5 h of ABA treatment (Fig. 5A, 
B). Then, the water loss in leaves of tps5-1, tps5-cas9, and 
the wild type was analyzed, showing that leaf water loss of 

Fig. 3   Subcellular localization of TPS5 in protoplasts from Arabi-
dopsis mesophyll cells. The recombinant plasmids 35S::TPS5-EGFP 
and 35S::BiP-RFP (ER marker) were used to cotransfect Arabidop-
sis mesophyll protoplasts transiently. TPS5–EGFP fusion protein was 
laser-excited at 488 nm, and the emitted fluorescence signaling was 
collected with a band-pass filter at 490–540  nm (GFP panel). BiP-

RFP marker was laser-excited at 561  nm, and the emitted fluores-
cence was collected with a band-pass filter at 592 nm (RFP panel). 
The GFP and RFP fluorescence signals were mostly overlapping 
(overlay panel). The DIC panel shows the bright-field fluorescence 
microscopic image of the protoplast. Bar, 10 µm
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tps5 mutant was significantly lower than that of the wild type 
(Fig. 5C). Increased H2O2 levels have been reported to func-
tion as an early signaling in response to ABA signaling (Zhang 
et al. 2001). Therefore, ABA-mediated accumulation of ROS 
(reactive oxygen species) was also compared in the wild type, 
tps5-1, and tps5-cas9. Leaves of 20-day-old plants were treated 
with 0 or 100 µM ABA for 3 h, after which the leaves were 
incubated in DAB for 12 h. The results showed that in tps5-1, 
tps5-cas9, and the wild type, H2O2 levels increased in response 

to ABA, while the increase in tps5-1 and tps5-cas9 was sig-
nificantly larger than in the wild type (Fig. 5D). Then, the 
transcript levels of the key genes responsible for the production 
of H2O2, RbohD and RbohF were examined in the wild type 
and in the tps5 mutants. The expression of RbohD and RbohF 
in mutants was higher than that in the wild type (Fig. 5E), 
which was consistent with the changes in the H2O2 level. Col-
lectively, these data indicate that TPS5 negatively regulates 
ABA-mediated stomatal closure.

Fig. 4   Expression patterns of 
TPS5. A Relative expression of 
TPS5 in response to treatments 
with 100 µM ABA, 42 °C, 
250 mM NaCl, or drought. Total 
RNA was isolated from 3-week-
old seedlings after the stress 
treatments. 18S rRNA transcript 
levels were used as an internal 
control for data normalization. 
Values represent mean ± SD 
(n = 3). B Histochemical analy-
sis of TPS5 promoter activity in 
different tissues. (a)–(d) and (f)–
(i) GUS activity in seedlings, 
grown in Murashige and Skoog 
medium without (a–d) or with 
(f–i) 1 mM ABA. Bars, 2 mm. 
(e, j) GUS activity in guard cells 
with or without 0.5 µM ABA 
treatment for 3 h. Bars, 10 μm. 
(k–m) GUS activity in opened 
flower, rosette leaf, and silique. 
Bars, 2 mm. All GUS stain-
ing patterns were obtained by 
observing at least ten independ-
ent T2 transgenic lines
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TPS5 knockout reduces the amounts of trehalose 
and other soluble carbohydrates

Accumulating evidence shows that trehalose metabolism 
plays a particularly important role in the regulation of sto-
matal closure (Figueroa et al. 2016; Gomez et al. 2010a, b; 

Fig. 5   Phenotypic analysis of the ABA-related stress response of 
tps5-1 and tps5-cas9 mutant plants. A, B Comparison of ABA-
induced stomatal closure in the wild type, tps5-1, and tps5-cas9 
mutants. Leaves from 4-week-old plants were incubated in stomatal 
OS. ABA (0, 1, 5, and 10 μM) was added to the samples and stoma-
tal closure was observed at 2.5 h of ABA treatment. The data were 
obtained from approximately 100 stomatal. C Water loss rate of wild-
type, tps5-1 and tps5-cas9 mutants. D DAB (3,3′-diaminobenzidine) 
staining indicates different levels of ABA-induced H2O2 production 

in leaves of the wild type, tps5-1, and tps5-cas9 mutants. The pres-
ence of H2O2 in the leaves is visualized as a brown color. Representa-
tive photographs are shown. E Relative expression of RbohD and 
RbohF in wild type, tps5-1, and tps5-cas9 mutants. The 18S rRNA 
transcript levels were used as an internal control for data normali-
zation. Error bars indicate SD (n = 3). Values represent mean ± SD 
(n > 100) from three to five biological replicates. The statistical sig-
nificance of the difference between the wild type and tps5-1 or tps5-
cas9 mutant lines was determined by a t test (*P < 0.05; **P < 0.01)
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Van Houtte et al. 2013; Vandesteene et al. 2012). Therefore, 
the negative regulation of ABA signaling by TPS5 might be 
associated with changes in T6P levels, resulting in down-
stream effects such as the accumulation of trehalose and 
other soluble carbohydrates. Nevertheless, trehalose has 
also been reported to have a signaling or regulatory func-
tion (Fernandez et al. 2012; Rodriguez-Salazar et al. 2009). 
To verify this possibility, the amounts of T6P, trehalose, 
and other soluble carbohydrates in plants were measured. 

Unfortunately, due to the extremely low T6P content in 
plants, the levels of T6P have not been detected in both 
mutants and wild-type plants. However, under normal con-
ditions, the accumulation of trehalose, glucose and fructose 
in the tps5 mutants was lower than that in the wild type, 
while there was no difference in sucrose levels (Fig. 6A). 
When treated with ABA for 12 h in the light, the trehalose, 
glucose and fructose contents in both wild type and mutants 
were significantly increased, but the increase in the wild 

Fig. 6   Analysis of the content of soluble sugar and nitrate reductase 
(NR) activity. A The content of soluble sugars in the wild type (WT), 
tps5-1, and tps5-cas9 under controlled conditions. B The content of 
soluble sugar in WT, tps5-1, and tps5-cas9 under ABA stress. C NR 
activity in WT, tps5-1, and tps5-cas9 under controlled conditions. D 

NR activity in WT, when T6P or soluble sugar is added. Values rep-
resent mean ± SD (n = 9) from three biological replicates. Statistical 
significance of the difference between the wild type and tps5 mutants 
was determined by a t test (*P < 0.05; **P < 0.01)
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type was more pronounced (Fig. 6B). Although inconsistent 
with the result that there was no catalytic activity of Class 
II TPS proteins (Harthill et al. 2006; Ramon et al. 2009), 
these results apparently implicate a possible role for TPS5 in 
regulating carbohydrate metabolism and in ABA signaling. 
Possibly, TPS5 may be involved in the regulation of treha-
lose metabolism through interactions with other proteins or 
complex formation (Ramon et al. 2009; Vishal et al. 2019).

TPS5 knockout decreases NR activity, 
while trehalose and other soluble carbohydrates 
promote NR activity in vitro

The findings that nitric oxide (NO)-mediated ABA signaling 
is impaired in nia1 and nia2 mutants lacking nitrate reduc-
tase (NR) activity (Chen et al. 2016), whereas TPS induction 
leads to activation of NR (Figueroa and Lunn 2016), sug-
gests a possible role for the trehalose metabolism pathway in 
regulating ABA signaling involving changes in the activity 
of NR (Figueroa and Lunn 2016). In this study, NR activ-
ity was measured using 20-day-old seedling tissue extracts 
of both tps5 mutants (tps5-1 and tps5-cas9) and the wild 
type. The results showed that the NR activity in tps5-1 and 
tps5-cas9 was lower than that in the wild type (Fig. 6C). 
Then, NR activity was measured using 3-week-old seedling 
tissue extracts with and without T6P in vitro. NR activity in 
wild-type seedling extracts enhanced by T6P was observed 
when exogenous 1 μM T6P was added (Fig. 6D). The same 
effect as with T6P was observed when glucose, sucrose, tre-
halose and fructose were added (Fig. 6D), indicating that 
the change in NR activity is most correlated with the treha-
lose metabolic pathway. Thus, further studies are needed to 
understand why adding T6P and soluble sugars to seedling 
extracts can lead to activation of NR. NR is widely present 
in plants and is a key enzyme for the conversion of plant 
nitrate nitrogen to ammonia nitrogen. Its catalytic effect 
requires the presence of NADPH and H+. Therefore, it is 
speculated that an increase in NR activity is associated with 
the production of NADH and H+ by the glycolysis pathway. 
To further verify this possibility, we added iodoacetic acid, 
an inhibitor of the tricarboxylic acid cycle, to the extract 
and found that the addition of T6P, trehalose, glucose and 
sucrose no longer led to the activation of NR (Supplemental 
Fig. 1). This unexpected finding led to the proposal that in 
regulating ABA signaling, TPS5 is most likely involved in 
trehalose metabolism and is associated with changes in the 
activity of NR.

Discussion

Role of TPS5 in ABA signaling

ABA is an important regulator of stomatal closure, and sev-
eral studies have found evidence of a link between trehalose 
metabolism and ABA signaling (Gomez et al. 2010a, b; Van 
Houtte et al. 2013; Vandesteene et al. 2012). The Arabidop-
sis TPS family has 11 TPS genes and is subdivided into 2 
distinct clades, known as Class I (TPS1–TPS4) and Class 
II (TPS5–TPS11) (Leyman et al. 2001). In addition to the 
better-established roles of the gene products of Class I, the 
function of most of the Class II proteins remains enigmatic 
(Figueroa et al. 2016). In this study, we show that the TPS5 
gene, which encodes a trehalose-6-phosphate synthase and 
has been implicated in thermotolerance (Suzuki et al. 2008), 
plays an important role in ABA signaling.

ABA response assays indicated that during seed germi-
nation tps5-1 and tps5-cas9 mutants are more sensitive to 
ABA than the wild type (Fig. 2). However, if after germina-
tion the seedlings were shifted to ABA-containing medium, 
the differences in the effects between tps5-1, tps5-cas9 and 
wild type were less apparent when the transfer occurred after 
more than 7 days, meaning that the role of TPS5 in the ABA 
signaling pathway may be particularly important during seed 
germination. AtTPS5 is temporally induced by salt, drought 
and heat treatment. However, the tps5 mutants did not show 
any changes in phenotype when treated with these stresses. 
We supposed that it is caused by functional redundancy of 
the TPS genes.

After 1–2.5 h of ABA treatment, the tps5-1 and tps5-cas9 
mutants show enhanced stomatal closure (Fig. 5A, B). These 
findings are supported by the enhanced expression of tps5 
in response to ABA and abiotic stresses (Fig. 4A). Under 
ABA stress, stronger GUS activity was observed in the 
hypocotyls, cotyledons and guard cells of the TPS5pro::GUS 
transgenic plants (Fig. 4B). Furthermore, the expression of 
RbohD and RbohF in response to ABA in tps5-1 and tps5-
cas9 mutants increased more significantly than in the wild 
type (Fig. 5E). These data were consistent with the findings 
obtained for changes in H2O2 content (Fig. 5D), which is a 
key signal for regulating stomatal closure. In addition, the 
accumulation of trehalose, fructose and glucose in the wild 
type under ABA treatment was also more than that in tps5 
mutants (Fig. 6A), which is consistent with the result that the 
tps5 gene could link sucrose signaling to guard-cell move-
ments (Bates et al. 2012). Collectively, these results suggest 
that TPS5 is a negative regulator of ABA signaling in seed 
germination and stomatal closure.

The obvious question that arises is how TPS5 could 
be involved in the regulation of ABA signaling. NO has 
been reported to suppress ABA signaling in guard cells by 
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S-nitrosylation of SnRK2.6 (Wang et al. 2015a, b), which 
plays a key role in ABA downstream signaling and belongs 
to the same SNF1/AMPK/SnRK superfamily of protein 
kinases as SnRK1. Lunn et al. speculated that T6P could 
participate in the ABA-mediated regulation of stomatal clo-
sure, involving covalent modifications of NR and SnRK2.6, 
with NO as an intermediary signal (Lunn et  al. 2014). 
Although speculatively, this hypothesis could be tested by 
investigating the NR activity in tps5 mutants and the wild 
type and the effect of exogenous T6P on NR activity. In this 
study, we demonstrated that the NR activity in the tps5-1 
and tps5-cas9 mutants was lower than that in the wild type 
(Fig. 6C), and that exogenous T6P enhanced the NR activity 
significantly (Fig. 6D), which is consistent with the observa-
tion of activation of NR by Tre6P by Figueroa et al. (2016), 
and also explains the suppression of SnRK2.6 activity after 
the induction of TPS (Zhang et al. 2009). However, further 
proof is needed to understand how rising T6P levels lead to 
the activation of NR (Figueroa and Lunn 2016). It is striking 
that exogenous trehalose, glucose, sucrose, and fructose also 
increase the NR activity significantly, and that this enhance-
ment is blocked by iodoacetic acid. Iodoacetic acid is an 
inhibitor of the tricarboxylic acid cycle and inhibits the pro-
duction of NADPH and H+. Recently, similar results were 
reported in rice that the levels of trehalose and other soluble 
sugars were also changed in tps8 mutant. Besides, the ABA 
sensitivity was altered when TPS8 was mutated (Vishal et al. 
2019). From these findings, a model emerged that changes 
in trehalose content driven by the knockout of TPS5 trigger 
related changes in glucose and fructose, which cause reduc-
tions of NADH and H+ and decrease the activity of NR. 
Another possibility is that the trehalose and fructose in the 
guard cells are rapidly reduced in the tps5 mutant, resulting 
in a decrease in malate synthesis that contributes to enhanc-
ing stomatal closure. Thus, experiments to measure T6P and 
related metabolites (e.g., trehalose, glucose,) in guard cells 
should provide new insight into how trehalose metabolism 
affects stomatal opening and closing.

Studies have shown that TPSs possess multiple SnRK1 
phosphorylation sites, and TPS5 can bind directly or indi-
rectly to 14-3-3 proteins (Avonce et al. 2004; Harthill et al. 
2006). These correlations between TPS5 and SnRK1 lead to 
the hypothesis that TPS5 can interact directly with SnRK2 s 
to modulate ABA signaling. Analysis of transcriptional lev-
els showed that the expression of TPS5 was very similar 
to that of SnRK2.6 in the wild type under ABA and heat 
treatment (Supplemental Fig. 2), but no direct interaction 
between Class II TPSs and SnRK2 s has been reported so 
far (Emanuelle et al. 2015; Figueroa et al. 2016).

Although detailed dynamic changes in the levels of 
activated NR, T6P, and S-nitrosylated SnRK2.6 in guard 
cells are not yet known, available evidence and the well-
established ABA signaling pathway (Chen et al. 2016; Ding 

et al. 2015; Figueroa and Lunn 2016; Wang et al. 2015a, b) 
suggest the following hypothetic model for a function of 
TPS5 as a negative regulator of ABA signaling in regulating 
stomatal closure and seed germination (Fig. 7). We hypoth-
esize that ABA treatment leads to increased expression of 
TPS5 in seed and guard cells (Fig. 4b), causing the synthesis 
of T6P and triggering-related changes in trehalose, glucose, 
and fructose, and causing an increase in the activity of NR 
(Fig. 6D), resulting in the accumulation of NO (Chen et al. 
2016). When NO accumulates to high levels, the SnRK2s 
are S-nitrosylated by NO at cysteine 137, a residue adja-
cent to the kinase catalytic site (Wang et al. 2015a, b), and 
their activation is inhibited. Since the expression pattern of 
TPS5 was similar to that of SnRK2.6 under ABA and abi-
otic stress (Supplemental Fig. 2), and TPSs possess multiple 
SnRKs phosphorylation sites that bind directly or indirectly 
to 14-3-3 proteins (Harthill et al. 2006). Another scenario 
could be reached, namely that ABA treatment causes very 
fast and strong activation of SnRK2 s in seed and guard 
cells, which phosphorylates many downstream effector pro-
teins and leads to stomatal closure and the inhibition of seed 
germination (Wang et al. 2015a, b). The activated SnRK2 s 

Fig. 7   Proposed model for the function of TPS5 in ABA-induced sto-
matal closure, germination and seedling growth. ABA treatment leads 
to increased expression of TPS5 in seed and guard cells, causing the 
synthesis of T6P and triggering-related changes in trehalose, glucose, 
and fructose, and causing an increase in the activity of NR, result-
ing in the accumulation of NO. When NO accumulates to high lev-
els, the SnRK2s are S-nitrosylated, and their activation is inhibited. 
The expression pattern of TPS5 was similar to that of SnRK2.6 under 
ABA and abiotic stress, another scenario could be reached, namely 
that ABA treatment causes very fast and strong activation of SnRK2s 
in seed and guard cells, which phosphorylates many downstream 
effector proteins and leads to stomatal closure and the inhibition of 
seed germination
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also promote the expression of tps5 and increase the level 
of trehalose to activate NR, which in turn leads to the accu-
mulation of NO and inhibits the activity of SnRK2.6. This 
inhibition serves as negative feedback on ABA signaling. 
Furthermore, when treated with ABA, not only H2O2 pro-
duction was increased in tps5 mutants, but the expression of 
RbohD and RbohF was also promoted (Fig. 5D, E). These 
results demonstrate unambiguously that the negative regula-
tion of ABA-mediated stomatal closure by TPS5 is required 
for phosphorylation of the NADPH oxidases RbohD and 
RbohF.

Seed germination and stomatal closure analysis 
in mutants TPS6–TPS11 provide insight into the role 
of Class II TPS in regulating ABA signaling

For further insight into the role of TPS5 in regulating ABA 
signaling, a step forward in the analysis is to elucidate the 
role of other members of the Class II TPS (TPS5–TPS11) 
family under ABA treatment. The tps6 mutant is more sen-
sitive to ABA than the wild type during seed germination 
(Fig. 8), while mutants tps7–11 showed no significant dif-
ferences. A similar result was observed in ABA-mediated 
stomatal closure (Fig. 8). Next, a tps5/tps6 double mutant 
was constructed, and it exhibited higher sensitivity to ABA 
than the tps5 and tps6 single mutants during seed germina-
tion and ABA-mediated stomatal closure (Fig. 8). Further-
more, histochemical staining analysis of TPS6 showed that 
GUS activity was also increased in epidermal and guard 
cells after ABA treatment (data not shown), which was 

very similar to the effect of TPS5. In summary, accumulat-
ing data suggest important roles for the Class II proteins 
in regulating ABA signaling and abiotic stress response. 
Although a detailed analysis of the expression patterns of 
the entire set of Class II TPS genes showed that they differ 
remarkably in their tissue-specific expression and respon-
siveness to hormones (Ramon et al. 2009), the TPS5 and 
TPS6 genes are likely to play similar roles in ABA signal-
ing. In support of these results, a phylogenetic analysis 
of the Class II TPS family showed that Arabidopsis TPS5 
and TPS6 were more closely related to each other than to 
TPS7–11 (Supplemental Fig. 3).

In Arabidopsis thaliana, trehalose metabolism plays an 
important role in regulating stomatal conductance. How-
ever, it is unknown at present how trehalose metabolism 
participates in ABA signaling (Figueroa and Lunn 2016). 
Although many of the molecular details remain to be elu-
cidated, our results reveal an important role for TPS5 in 
coordinating trehalose and NR activity in the regulation of 
ABA signaling in plants. The genetic mechanism defined 
in this study may, therefore, assist in understanding the 
possible mechanism by which metabolic and genetic regu-
lation is integrated in ABA signaling.
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Fig. 8   Phenotypic analysis of tps6 tps5/tps6 mutants plants in ABA 
stress response. A Comparison of ABA-induced stomatal closure in 
the wild type, tps5, and tps5/tps6 mutants. Leaves from 4-week-old 
plants were incubated in stomatal OS. ABA (0, 1, 5, and 10 µM) was 
added to the samples and stomatal closure was observed after 2.5 h 
of ABA treatment. The data were obtained from more than 100 sto-
mata. Values represent mean ± SD (n > 100) from three to five bio-

logical replicates. Statistical significance of the difference between 
the wild type and tps6 or tps5/tps6 mutant lines was determined with 
a t test (*P < 0.05; **P < 0.01; ***P < 0.001). B Seed germination of 
wild-type tps6 and tps5/tps6 mutants in response to ABA. Germina-
tion rates were defined by cotyledon greening. In wild-type, tps6, and 
tps5/tps6 seeds on Murashige and Skoog medium with 0.5 μM ABA 
are compared for 7 days
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