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Abstract 

Ascorbate accumulation under light conditions is regulated by GDP-L-galactose phosphorylase (GGP), which catalyzes the rate-limiting 
step in the ascorbate biosynthesis pathway and is encoded by the Vitamin C Defective 2 ( VTC2 ). While the VTC2 gene expression and 

the GGP activity in response to light have been extensively studied, the behavior of the VTC2 protein remains unclear. To explore 
the role of VTC2 protein accumulation in modulating ascorbate biosynthesis, we generated transgenic plants expressing VTC2 fused 

with a Myc ta g, dri v en by the nati v e VTC2 promoter, within vtc2-4 lacking VTC2 . Under normal light conditions, VTC2 transcripts, 
VTC2 protein levels, and GGP activity exhibited an increase during the early light period. These data highlight the importance of VTC2 
pr otein accum ulation during the earl y light phase in determining ascorbate biosynthesis capacity in response to light. Furthermore, 
our analysis demonstrated that high-ascorbate concentrations suppress VTC2 expression. 

Ke yw ords: GDP-L-galactose phosphorylase, light regulation, ascorbate biosynthesis, protein expression, Arabidopsis 

Gr aphical abstr act 

This study provided evidence that both VTC2 gene expression and protein accumulation are regulated by ascorbate-dependent feed- 
bac k re gulation. 
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scorbate, commonly known as vitamin C, is one of the most
bundant antioxidants in plants . It pla ys a crucial role in vari-
us physiological processes, including photosynthesis, phytohor-
one biosynthesis, and iron uptake (Smirnoff 2018 ; Smirnoff and
heeler 2024 ). Unlike plants , primates , including humans , ha ve

ost the ability to synthesize ascorbate and must obtain it through
heir diet, primarily from fruits and vegetables. Given its essen-
ial role in human health, increasing ascorbate content in crops
as been a focus of a gricultur al biotec hnology. Ho w e v er, par adoxi-
all y, plants engineer ed to ov er pr oduce ascorbate by ov er expr ess-
ng biosynthetic enzymes often exhibit adverse phenotypic traits,
uch as male sterility (Bulley et al. 2012 ; Deslous et al. 2021 ). Ad-
itionally, studies suggest a trade-off between ascorbate content
nd fruit quality or yield, as domesticated fruit varieties gener-
ll y hav e lo w er ascorbate le v els than their wild counter parts (Gest
t al. 2013 ). Ther efor e, understanding the regulatory mechanisms
overning ascorbate biosynthesis is critical for plant breeding and
r op impr ov ement. 

Se v er al biosynthetic pathways for ascorbate have been pro-
osed in plants, with the D-mannose ( d -Man)/ l -galactose ( l -
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al) pathway being the predominant route (Quiñones et al.
024 ; Smirnoff and Wheeler 2024 ). This pathway involves eight
nzymatic reactions, beginning with converting d -fructose-6-
hosphate to d -Man-6-phosphate (D-Man 6P) and culminating

n ascorbate synthesis. All enzymes involved in this pathway
ave been identified through biochemical and genetic studies

Maruta 2022 ; Smirnoff and Wheeler 2024 ). Notably, GDP-D-Man
nd GDP-L-Gal serve dual roles in cell wall synthesis and protein
 -glycosylation (Qin et al. 2008 ; Gilbert et al. 2009 ). The first com-
itted step of ascorbate biosynthesis is the conversion of GDP-

-Gal to L-Gal 1P, catalyzed by GDP-L-Gal phosphorylase (GGP),
hich exhibits high catalytic efficiency for this reaction (Linster

t al. 2007 ). The gene encoding GGP has been identified as VITAMIN
 DEFECTIVE 2 ( VTC2 ), with VTC5 as its minor isoform, based on
tudies of ascorbate-deficient ( vtc ) mutants in Arabidopsis thaliana
Dowdle et al. 2007 ). The lethality of the vtc2 vtc5 double mutant in
he absence of l -Gal supplementation further supports the cen-
r al r ole of this pathway in ascorbate biosynthesis (Dowdle 2007 ).

Ascorbate biosynthesis is influenced by environmental factors
uc h as light, temper atur e, nitr ogen deficiency, and dr ought, with
ety for Bioscience , Biotec hnology, and Agroc hemistry. This is an Open Access 
ttps://cr eati v ecommons.org/licenses/by/4.0/ ), which permits unrestricted 
 properly cited. 

https://www.jsbba.or.jp/e/
https://doi.org/10.1093/bbb/zbaf080
https://orcid.org/0000-0003-4144-7821
https://orcid.org/0000-0002-5834-2922
mailto:ishikawa@life.shimane-u.ac.jp
https://creativecommons.org/licenses/by/4.0/


Regulation of VTC2 protein expression in Arabidopsis | 1137 

 

0  

n  

g  

a  

t  

p  

D  

t  

t  

2  

fl  

b  

r  

l

A
A
s  

i  

m
t  

t  

i  

w  

r  

a
T
f  

m  

1  

a
o

Q
c
T  

T  

p  

(
u  

p  

T  

a  

2  

t  

I

P
A
T
f  

g  

a  

t  

m  

3  

w  

s
t
p  

V  

t

D
ow

nloaded from
 https://academ

ic.oup.com
/bbb/article/89/8/1136/8151577 by Shim

ane U
niversity user on 05 August 2026
light being particularly well-documented in this process (Conklin 

et al. 2013 ; Zhang et al. 2020 ; Iwagami et al. 2022 ). Light exposure in- 
duces the transcription of several genes in the d -Man/ l -Gal path- 
way, notably VTC2 , whose expression is also modulated by diurnal 
rhythms (Dowdle 2007 ; Yabuta et al. 2007 ; Gao et al. 2011 ). High- 
light stress enhances VTC2 transcription, leading to increased GGP 
enzyme activity (Dowdle 2007 ; Hamada et al. 2023 ). Ov er expr es- 
sion of VTC2 has been shown to significantly increase ascorbate 
le v els in various plant species (Bulley et al. 2009 , 2012 ; Yoshimura 
et al. 2014 ; Fenech et al. 2021 ), reinforcing the idea that GGP is a 
rate-limiting enzyme in ascorbate biosynthesis. Kinetic modeling 
of the d -Man/ l -Gal pathway using the Complex Pathway Simula- 
tor further supports this conclusion, highlighting GGP as a regu- 
latory hub in ascorbate metabolism (Fenech 2021 ). Consequently,
VTC2 has been extensiv el y studied as a target for modulating 
ascorbate le v els. 

The light-induced transcriptional activation of VTC2 requires 
the photosynthetic electron transport (PET) chain. The applica- 
tion of 3-(3,4-dic hlor ophen yl)-1,1-dimethylur ea (DCMU), a PET in- 
hibitor, suppresses VTC2 induction under light conditions, lead- 
ing to reduced ascorbate accumulation (Yabuta 2007 ; Shiroma 
et al. 2019 ; Sodeyama et al. 2021 ). These findings suggest that 
yet unidentified c hlor oplast-deriv ed signals ar e essential for 
light-dependent VTC2 regulation. Beyond transcriptional control, 
VTC2 expression is also regulated at translational and post- 
tr anslational le v els . T he translation of VTC2 is inhibited by high- 
ascorbate concentrations through an upstream open reading 
frame (uORF) in the 5 ′ -untranslated region (UTR) of the gene 
(Laing et al. 2015 ). Deletion of this uORF enhances ascorbate accu- 
mulation in several plant species (Li et al. 2018 ; Zhang et al. 2018 ; 
Deslous 2021 ). Additionall y, r ecent studies hav e identified a nov el 
post-tr anslational r egulatory mec hanism inv olving the P er-ARNT- 
Sim (PAS)/Light, Oxygen, or Volta ge (LOV) pr otein (PLP), a blue- 
light receptor . Y east two-hybrid assays r e v ealed that PLP inter acts 
with Arabidopsis VTC2 and VTC5 in the dark, but this interaction 

is disrupted by blue light exposure (Ogura et al. 2008 ). Similar inter- 
actions have been observed in tomato and soybean plants (Aarabi 
et al. 2023 ; Bournonville et al. 2023 ; Zhang et al. 2023 ). In vitro stud- 
ies using recombinant tomato PLP and GGP suggest that darkness 
enhances the PLP-GGP interaction, inhibiting GGP activity, while 
blue light disrupts this interaction, leading to the activation of 
GGP (Bournonville 2023 ). Consistent with this, PLP mutants exhibit 
incr eased ascorbate accum ulation and GGP activity (Aar abi 2023 ; 
Bournonville 2023 ; Zhang 2023 ). 

These studies underscore the intricate regulation of VTC2, em- 
phasizing its crucial role in controlling ascorbate biosynthesis 
(Baldet 2024 ). Ho w e v er, despite extensiv e r esearc h on VTC2 tr an- 
scriptional r egulation, fe w studies hav e inv estigated its expr es- 
sion at the protein level. T herefore , it remains unclear whether 
VTC2 mRNA abundance dir ectl y corr elates with pr otein le v els or 
whether VTC2 protein abundance is necessary for GGP activity. To 
addr ess this ga p, we gener ated tr ansgenic vtc2 plants expr essing 
VTC2 fused with a Myc tag at the c -termin us, dri ven by the native 
VTC2 promoter. Our findings reveal that VTC2 protein levels are 
regulated by both light and ascorbate availability. 

Materials and methods 

Plant materials and growth conditions 

Arabidopsis thaliana ecotypes Col-0 was utilized as the wild-type 
plant. T he T-DNA insertion line , vtc2-4 (SAIL_769_H05), was ob- 
tained from the Arabidopsis Biological Resource Center. Surfaced- 
sterilized Arabidopsis seeds were sown on 1/2 MS medium with 
.7% (w/v) agar and 1% sucrose . T he plants were subjected to ver-
alization at 4 ◦C for 2 da ys , after which they were transferred to a
r owth c hamber (LH-350S, NK system, Osaka, Japan) maintained
t 21 ◦C for a 16-h light period (a ppr oximatel y 110-120 μmol pho-
ons m 

−2 s −1 ) and an 8-h dark period. For the DCMU treatment,
lants wer e spr ayed with a 10 μm DCMU solution containing 0.1%
MSO and incubated under continuous light at 100 μmol pho-

ons m 

−2 s −1 for 24 h. DCMU is used as the a ppr opriate concen-
r ation fr om our pr e vious studies (Yabuta et al. 2007 ; Shir oma et al.
019 ). For l -Gal treatment, the shoots of 2-week-old plants were
oated on a 10 m m 2-( N -morpholino) ethanesulfonic acid (MES)
uffer (pH 5.7) with 0.02% poly oxy ethylene (20) sorbitan monolau-
ate (Tween-20), with or without 10 m m l -Gal, under continuous
ight at 100 μmol photons m 

−2 s −1 for 24 h. 

scorbate assay 

scorbate contents were quantified according to the method de- 
cribed by Shiroma et al. ( 2019 ). Plant leaves (50 mg) were frozen
n liquid nitrogen and subsequently ground in 500 μL of 2%

etaphosphoric acid (MPA). The resultant homogenate was cen- 
rifuged at 15 300 g for 20 min at 4 ◦C. The supernatant was
hen pass through 0.22 μm filters. Total ascorbate and reduc-
ng ascorbate le v els wer e determined by tr eating the samples
ith or without 35 m m Tris (2-carboxyethyl) phosphine hydr oc hlo-

ide (TCEP), r espectiv el y. Dehydr oascorbic acid was calculated
s the difference between total and reduced ascorbate (without 
CEP treatment). These samples were analyzed using an ultra- 

ast liquid c hr omatogr a phy (UFLC) system (Prominence UFLC, Shi-
adzu, K yoto , Japan) equipped with a C18 column (LUNA C18(2),

50 × 4.6 nm, Shimadzu). Ascorbate was detected at 254 nm using
 UV detector (SPD-20A, Shimadzu). The mobile phase consisted 

f 1% MPA, with a flow rate of 0.5 mL min 

−1 . 

uantitati v e Rev erse transcription polymerase 

hain reaction 

otal RN A w as extracted using Sepasol ®-RN A I Super G (Nakalai
esque, Osaka, Ja pan) and subsequentl y tr eated with DNase. Com-
lementary DN A (cDN A) w as synthesized using Re v erTr a Ace

TOYOBO, Osaka, Japan) with random primers following the man- 
factur e’s dir ection. A 20 μL r eaction mixtur e was pr epar ed, com-
rising 10 μL of 2 × GeneAce SYBR ® qPCR Mix α (Nippon Gene,
ok y o, J apan), 1 μL of 1 μm primer mixture (forw ar d and reverse)
nd 20 ng of cDNA, with H 2 O added to r eac h a final volume of
0 μL. The reaction was conducted using a LightCycler ®96 Sys-
em (Roche , Switzerland). T he primers emplo y ed are detailed in
wagami et al. ( 2022 ) 

lasmid construction and gener a tion of 
r abidopsis tr ansgenic lines 

he VTC2 promoter region, extending 2056 bp upstream 

rom the + ATG site, was amplified from the Col-0
enome using the following primer sets: VTC2pro F (5 ′ -
 ggtgtattcacaaa gttactttata gaaaatta g-3 ′ ) and VTC2pro R (5 ′ -
ctcaaaaaa gacaaatttcgaa ga gc-3 ′ ) with KOD -Plus- Neo poly-

erase (To y obo). PCR amplification incorporated a dA at the
 

′ end using 10 × A-attachment mix (To y obo). The fragment
ith the dA was cloned into the pDONR vector, and then

equence was verified by DNA sequencing. The liner vec- 
or was amplified from VTC2pro/pDONR using the following 
rimer sets: pDONR R (5 ′ - A GTGTCTA CCCA GCTTTCTTG -3 ′ ) and
TC2pro R. VTC2 CDS was amplified from cDNA of Col-0 as

emplate, using following primer sets: VTC2pro-VTC2CDS infu 
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 (5 ′ -ttgtcttttttgagaA TGTTGAAAA TCAAAA GA GTTCCGA CC-
 

′ ) and VTC2pro-VTC2CDS infu R (5 ′ -
 GCTGGGTA GA CA CTCTGAA GGA CAA G-3 ′ ). The amplification
as performed with KOD -Plus- Neo pol ymer ase (To y obo). The

iner v ector deriv ed fr om VTC2pr o/pDONR and the VTC2 CDS
ere assembled using the In-Fusion HD Cloning Kit (Takara Bio,
SA), and the sequence was confirmed by DNA sequencing.
he resulting pDONR/VTC2pro-VTC2 construct, as an entry
lone, was subjected to an LR reaction with pGWB16 to generate
GWB16/VTC2pr o-VTC2. The LR r eaction was carried out using
ateway™ LR Clonase™ II Enzyme mix (Invitrogen, MS, USA)
ccording to the manufacturer’s instructions . T he resulting
GWB16/VTC2pro-VTC2 construct was introduced into vtc2-4
ia the Agrobacterium -mediated floral drip method (Clough and
ent 1998 ). Transgenic T1 plants were selected using 25 μg/mL
ygromycin and 100 μg/mL cefotaxime. Homozygous T3 lines
ere established and used for analysis. 

estern blotting 

rabidopsis plants (50 mg) were frozen in liquid nitrogen and ho-
ogenized in 0.5 mL of 50 m m Tris-HCl buffer (pH 7.5) supple-
ented with 1 m m dithiothreitol (DTT), 1 m m EDTA, and 1 m m

henylmethanesul fluoride (PMSF). The homogenate was cen-
rifuged at 15 300 g for 15 min at 4 ◦C. The supernatant was
r ansferr ed to a fresh tube . T he pr otein concentr ation of the su-
ernatant was quantified using the Br adford Pr otein Assay Kit

Takar a, Ja pan). The pr otein solution was mixed with Sodium Do-
ecyl Sulfate – Poly-Acrylamide Gel Electrophoresis (SDS-PAGE)

oading buffer containing 125 m m Tris-HCl (pH6.8), 4% (w/v) SDS,
0% (w/v) gl ycer ol, 0.015% (w/v) br omophenol blue, and 1% (w/w)
-mercaptoethanol, and then heated at 95 ◦C for 5 min. Pro-
eins (2 μg per lane) wer e separ ated by 10% (w/v) SDS-PAGE and
ubsequentl y electr o-tr ansferr ed onto a pol yvin ylidene fluoride
PVDF) membr ane. Following tr ansfer, the membr ane was bloc ked
ith Skim Bloc ker (Wak o, Ja pan) and then probed with a primary
ntibody against Myc (Anti-Myc-tag mAb-HRP-DirecT, M192-7,
:10 000, MBL, Tok y o, J a pan). Pr otein bands were visualized using
he Imm unoStar LD (Wak o). Signal intensities of pr otein bands
orresponding to VTC2:: Myc and the large subunit of Rubisco
RBCL; as indicated by the predominant Coomassie Brilliant Blue-
tained band) were quantified using ImageJ software. Western blot
ignal intensities (VTC2:: Myc) were normalized against the corre-
ponding CBB-stained band intensities (RBCL) and subsequently
nalyzed. 

hlorophyll fluorescence measurements 

hlor ophyll fluor escence in Ar abidopsis leav es was measur ed
sing a Closed FluorCam 800MF (Photon Systems Instruments,
rásov, Czech Republic). Prior to and following DCMU treatment,
lants were dark-adapted for 30 min before chlorophyll fluores-
ence measur ements wer e conducted. The actinic light was cali-
rated to 120 μmol photons m 

−2 s −1 . The quantum yields of pho-
osynthesis II ( �PS II ) were calculated according to the method
escribed by Genty et al. ( 1989 ). 

GP enzyme assay 

GP enzyme activity was measured following the methodology
escribed by Ishida et al. ( 2024 ). GGP activity was e v aluated based
n the Pi-dependent degradation of GDP- d -glucose. Arabidopsis
lants (100 mg) were frozen in liquid nitrogen, then ground and
omogenized in 1 mL of extraction buffer comprising 50 m m Tris-
Cl (pH 7.5), 10% (w/v) gl ycer ol, 2 m m DTT, 10 m m MgCl 2 , 1 m m
minoca pr oic acid, 1 m m benzamidine, and 1 m m PMSF. The ho-
ogenate was centrifuged at 15 300 × g for 20 min at 4 ◦C. The

upernatant was tr ansferr ed to a concentr ated ultr afiltr ation tube
Amicon ultra centrifugal filter 10 kDa, NMWL) and further cen-
rifuged at 15 300 × g for 20 min at 4 ◦C to obtain a concentrated
xtract for the assa y. T he extract (20 μL) was combined with 80 μL
f a reaction mixture containing 50 m m Tris-HCl (pH 7.5), 2 m m
gCl 2 , 10 m m KCl, 1 m m DTT, and 100 μm GDP- d -glucose, with or
ithout 5 m m sodium phosphate, and incubated for 1 h at 26 ◦C.
he reaction was terminated by boiling for 5 min, and the mixture
as filter ed thr ough 0.22 μm filters (Merc k Millipor e). The samples
er e anal yzed using an ultr a-fast liquid c hr omatogr a phy (UFLC)

ystem (Prominence UFLC, Shimadzu) equipped with a C-18 col-
mn (LUNA C18(2), Column 150 × 4.6 nm, Shimadzu). The mobile
hase consisted of 50 m m phosphate buffer (pH 6.7), 5 m m tetra-
utylammonium dihydrogen phosphate, 5 mg L −1 EDTA, and 3.5%

v/v) methanol, with a flow rate of 1 mL min 

−1 . GDP- d -glucose
as detected at 254 nm using the SPD-20A UV-Vis detector (Shi-
adzu). Pi-independent degradation was subtracted from the Pi-

ependent substr ate decr ease to determine GDP- d -glucose degr a-
ation activity. 

esults 

esponse of VTC2 protein expression to growth 

ight 
o elucidate the expression profile of VTC2 protein under light
onditions, we generated vtc2-4 complementation lines express-
ng VTC2 fused with a c-Myc tag under the control of the na-
ive VTC2 promoter. The promoter region used included 2 kbp up-
tream of the transcription start site, along with the 5 ′ -UTR. From
ore than 10 independent lines, we selected two r epr esentativ e

ines ( vtc2 /VTC2pro:: VTC2-Myc #1 and #2) for further analysis.
s a negative control, vtc2-4 mutants transformed with an empty
ector ( vtc2 /EV) were used. 

Plants were grown under long-day conditions (16 h light at 110-
20 μmol photons m 

−2 s −1 ) for 2 weeks. Befor e light exposur e (0 h,
t the end of the dark period), the ascorbate le v els in Lines #1
nd #2 were 114% and 143% of the wild type, r espectiv el y, con-
rming that the loss of VTC2 was successfully complemented in
hese lines. In contrast, vtc2 /EV exhibited ascorbate deficiency. Us-
ng these transgenic lines, we examined changes in ascorbate lev-
ls, VTC2 transcription, and VTC2 protein expression during the
ight phase. As shown in Figure 1 a, ascorbate levels increased in
esponse to light in the wild type and the transgenic lines, except
or vtc2 /EV. In the wild type, VTC2 tr anscript le v els displayed a
iphasic pattern, peaking at 4 and 16 h after light exposure, with
n intermediate decline at 8 h. A similar trend was observed in the
ransgenic lines, though their VTC2 transcript levels before light
xposur e wer e mor e than twice as high as in the wild type, r esult-
ng in a less distinct increase at the 4-h time point. GGP activity in
he wild type peaked at 4 h after light exposure and gradually de-
lined ther eafter, whic h did not dir ectl y corr elate with VTC2 tr an-
cription le v els. In the tr ansgenic lines, GGP activity was already
igher before light exposure (0 h) than in the wild type, consistent
ith their ele v ated VTC2 tr anscript le v els. As a r esult, the light-

nduced increase in GGP activity was less apparent in these lines.
his suggests that nighttime suppression of VTC2 expression was
ttenuated in the tr ansgenic lines, potentiall y due to regulatory
lements outside the VTC2 pr omoter r egion used in this study,
uch as the 3 ′ -UTR or terminator region. Nevertheless, GGP activ-
ty in the transgenic lines increased 4 h after light exposure and
 eac hed le v els compar able to those of the wild type at the same
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Figure 1. Analysis of ascorbate content and VTC2 expression under normal long-day conditions. The plants were grown on 1/2 MS medium with 1% 

sucrose and 0.7% w/v agar for 2 weeks under long-day conditions at 110-120 μmol photons m 

−2 s −1 , then harvested after dark following the time 
course and anal yzed. Err or bar means ± SE from 3 biological replicates. A statistically significant difference (Dunnett test): ∗P < 0.05 versus values 
before light. (a) Total ascorbate content. (b) The transcription levels of VTC2 were normalized by before light in WT . (c) Relative GGP activities were 
normalized by before light in WT . N.D .: Not Detected. (d) Western blot of VTC2. Coomassie brilliant blue R (CBB) staining was used as a loading control. 
(e) Relative signal intensity of western blot analysis . T he signals were normalized by the value of CBB-stained proteins. 
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time point, suggesting that VTC2 expression and activity remained 

light-r esponsiv e in the transgenic lines. 
To further investigate this response, we examined VTC2 protein 

le v els in the transgenic lines. Western blot analysis using an anti- 
MYC antibody successfully detected VTC2:: Myc protein in both 

lines. As shown in Figur e 1 d, VTC2:: Myc pr otein le v els incr eased at 
4 h after light exposure and gr aduall y declined ther eafter, r eflect- 
ing the pattern observed for GGP activity. Quantification of West- 
ern blot signals (Figure 1 e) r e v ealed that Line #2 exhibited a par- 
ticularly clear light-responsive pattern, whereas Line #1 sho w ed 

a more gradual response, likely due to its lo w er VTC2 transcript 
le v els and GGP activity compared to Line #2. These findings col- 
lectiv el y indicate that the light r esponsiv eness of GGP activity is 
regulated at both the transcriptional and protein levels of VTC2. 

Inhibition of photosynthesis suppresses the 

accumulation of VTC2 transcripts and proteins 

Pr e vious studies hav e shown that PET inhibitors suppress VTC2 
transcription under illumination, suggesting that photosynthe- 
sis is r equir ed for light-de pendent VTC2 acti vation (Yabuta 2007 ).
To examine whether photosynthesis influences VTC2 protein ex- 
pression, we used DCMU, a potent PET inhibitor. Following the 
dark period of the long-day cycle, plants were treated with 0 or 
10 μm DCMU and subsequently exposed to continuous light at 
00 μmol photons m 

−2 s −1 for 24 h. DCMU treatment effectively
uppressed the quantum yield of PSII ( �PSII) in all genotypes
ested ( Figur e S1 ). Compar ed to the moc k contr ol, DCMU tr eat-

ent significantly reduced VTC2 transcription levels in both the 
ild type and transgenic lines, leading to a partial decrease in
scorbate le v els (Figur e 2 a and b). Consistent with this tr anscrip-
ional suppression, VTC2 protein levels also decreased following 
CMU tr eatment. Although the r eduction in pr otein le v els was

ess pronounced than the transcriptional suppression, it corre- 
ated well with the observed decrease in ascorbate levels . T hese
esults support the notion that photosynthesis is r equir ed for the
ight-induced accumulation of VTC2 transcripts and proteins. 

igh ascorbate pool size suppresses VTC2 

rotein expression 

aing et al. ( 2015 ) proposed that ele v ated ascorbate le v els inhibit
TC2 translation via uORF in its 5 ′ -UTR. To investigate whether

his mechanism affects VTC2 protein levels, we examined VTC2 
xpression under high-ascorbate conditions. Transgenic plants 
ere incubated in a 10 m m l -Gal solution or a moc k contr ol for
4 h under continuous light at 100 μmol photons m 

−2 s −1 . As
hown in Figures 3 a and S2 a, ascorbate le v els incr eased in a time-
ependent manner following l -Gal treatment. After 24 h, ascor-
ate le v els wer e 3.8-fold and 3.4-fold higher in complementation

https://academic.oup.com/bbb/article-lookup/doi/10.1093/bbb/zbaf080#supplementary-data
https://academic.oup.com/bbb/advance-article/doi/10.1093/bbb/zbaf080/8151577#supplementary-data
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Figure 2. Effect of DCMU treatment for ascorbate biosynthesis under continuous light. The plants wer e gr own on 1/2 MS medium with 1% sucrose and 
0.7% w/v agar for 2 weeks under long-day conditions at 110-120 μmol photons m 

−2 s −1 . The plants treated 0.1% DMSO with or without 10 μM DCMU 

for 24 h under continuous normal light at 100 μmol photons m 

−2 s −1 . Error bar means ± SE from at least 3 biological replicates. A statistically 
significant difference (student’s t -test): ∗P < 0.05, ∗∗P < 0.01 v ersus v alues moc k contr ol. (a) Total ascorbate content. (b) The tr anscription le v els of VTC2 
were normalized by mock control in WT . (c) Western blot of VTC2. CBB staining was used as a loading control. (d) Relative signal intensity of western 
blot analysis . T he signals w ere normalized b y the v alue of CBB-stained pr oteins. 
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ines #1 and #2, r espectiv el y, compar ed to the mock controls. We
hen analyzed VTC2 transcript and protein levels as well as GGP
ctivity before and after the 24-h treatment. Due to continuous
ight exposure, VTC2 transcript levels increased in both the mock
nd l -Gal treatments. Ho w ever, in contrast to the transcript in-
r ease, VTC2 pr otein le v els and GGP activity did not incr ease with
oc k tr eatment, de viating fr om their typical light-r esponsiv e pat-

ern observed under a normal diurnal cycle (Figure 1 ). The reason
or this discrepancy remains unclear, but it suggests that VTC2
r otein expr ession may be subject to circadian regulation. Impor-
antl y, VTC2 pr otein le v els and GGP activity tended to be lo w er
fter l -Gal treatment compared to the mock control (Figure 3 c-e),
upporting the hypothesis of feedback inhibition of VTC2 transla-
ion by ascorbate. Howe v er, due to high variability in the data, this
ifference was not statistically significant. To further investigate
his phenomenon, we included two ad ditional inde pendent lines
#3 and #14) in the experiment (Figure S2 ). In these lines, VTC2
ranscription was induced by continuous light, but VTC2 protein
e v els and GGP activity remained unchanged. Notably, l -Gal treat-

ent led to a clear suppression of VTC2 protein levels, reflecting
he lo w er VTC2 tr anscription le v els and GGP activity observ ed un-
er high-ascorbate conditions. 

iscussion 

his study aimed to investigate the response of VTC2 protein lev-
ls to light and ascorbate. To ac hie v e this, we generated vtc2 com-
lementation lines expressing a VTC2:: Myc fusion protein under
he control of the native VTC2 promoter. In two independent lines
#1 and #2), the ascorbate deficiency caused by the vtc2 mutation
as fully complemented by VTC2:: Myc expression. Western blot
nalysis using an anti-Myc antibody successfully detected VTC2::
yc protein, confirming that these complemented lines were suit-

ble for our study. 
We found that VTC2 transcription in the wild type follo w ed a

iphasic pattern, with peaks at 4 and 16 h after light exposure.
nter estingl y, GGP activity exhibited a single peak at 4 h, follo w ed
y a gradual decline . T hese findings suggest that the second tran-
criptional peak of VTC2 does not contribute to GGP activity, high-
ighting a potential disconnect between VTC2 mRNA le v els and
nzyme activity. In the complemented lines, VTC2 transcription
nd GGP activity exhibited trends similar to those of the wild
ype, though the changes were more gradual. This attenuation
as likely due to the ele v ated VTC2 tr anscription and GGP activity
efore light exposure, suggesting that the nighttime suppression
f VTC2 expression was partially disrupted in these lines. It is rea-
onable to postulate that suppressor cis -elements located beyond
he promoter region utilized in this study, or within the introns or
he 3 ′ -UTR region, may exert significant re pressi ve effects on VTC2
xpression during the dark phase. Notably, in potato, methylation
 v ents hav e been detected within both the intr on and pr omoter
egions of VTC2 gene, potentially contributing to this regulatory

echanism (Boutsika et al. 2023 ). Despite this, the fundamental
ight-r esponsiv e pattern of VTC2 transcription and the transient
ncrease in GGP activity at 4 h remained largely consistent with
he wild type. Importantly, VTC2 protein levels increased slightly
 h after light exposure, follo w ed b y a gr adual decr ease . T his re-
ponse was particularly pronounced in Line #2, where the differ-
nce was statisticall y significant. Furthermor e, VTC2 pr otein dy-
amics resembled those of GGP activity more closely than VTC2

https://academic.oup.com/bbb/advance-article/doi/10.1093/bbb/zbaf080/8151577#supplementary-data
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Figure 3. Effect of l -Gal treatment for VTC2 transcripts and VTC2 protein levels under continuous light. The plants were grown on 1/2 MS medium 

with 1% sucrose and 0.7% w/v agar for 2 weeks under long-day conditions at 110-120 μmol photons m 

−2 s −1 . The shoots wer e harv ested and floated on 
the 10 m m MES buffer (pH 5.7) containing poly oxy ethylene (20) sorbitan monolaurate with or without 10 m m l -Gal, then transferred continuous 
normal light at 100 μmol photons m 

−2 s −1 for 24 h. Error bar means ± SE from 3 biological replicates. Different letters indicate statistically significant 
differences. ( P < 0.05, Tuk e y-Kramer test). (a) Total ascorbate content. (b) Relative transcription levels of VTC2 were normalized by before treatment. (c) 
Relative GGP activities were normalized by before treatment. (d) Western blot of VTC2. CBB staining was used as a loading control. (e) Relative signal 
intensity of western blot analysis . T he signals were normalized by the value of CBB-stained proteins. 
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tr anscript le v els. Our findings partiall y contr ast with those r e- 
ported for Glycine max VTC2b (GmVTC2b) by Zhang et al. ( 2023 ),
who observed that protein levels of GmVTC2b exhibited two dis- 
tinct peaks following light exposure . T his discrepanc y betw een 

Arabidopsis and soybean may stem from species-specific differ- 
ences , growth conditions , plant age , or other experimental factors.
Further r esearc h is necessary to elucidate the mechanisms under- 
lying VTC2 regulation in different plant species therefore. 

The light-induced transcriptional activation of VTC2 is sup- 
pressed by PET inhibitors (Yabuta 2007 ), implying that photosyn- 
thesis plays a k e y role in its regulation. Ho w ever, the impact of 
photosynthesis inhibition on VTC2 protein levels had not been 

pr e viousl y examined. In our study, DCMU treatment suppressed 

VTC2 protein accumulation under light exposure, consistent with 

the observed reduction in VTC2 transcript levels . T his implies that 
a plastid-deriv ed signal, potentiall y the r edox state of the plasto- 
quinone pool or r eactiv e oxygen species, facilitates the transcrip- 
tional activation of VTC2 , culminating in pr otein accum ulation.
Further investigation is required to elucidate the precise nature of 
this signaling molecule. Since DCMU also inhibits VTC2 transcrip- 
tion in immature green tomato fruits and Physcomitrella patens 
(Badejo et al. 2012 ; Sodeyama 2021 ), this regulatory mechanism 
ppears to be evolutionarily conserved across plant species . T he
TC2 5 ′ -UTR contains an uORF, which has been proposed to medi-
te tr anslational r epr ession in r esponse to high ascorbate le v els.
r e vious studies hav e demonstr ated that r emoving this uORF via
utation or genome editing enhances VTC2 translation and in- 

reases the ascorbate pool size in multiple plant species, including
obacco , tomato , and lettuce ( Li 2018 ; Zhang 2018 ; Deslous 2021 ).
o investigate whether high ascorbate le v els suppr ess VTC2 pr o-
ein expression, we treated transgenic plants with l -Gal, which
le v ated the ascorbate pool size by 3.4- to 3.8-fold, exceeding the
.5-fold incr ease r eported in tobacco VTC2 ov er expr ession studies
Laing 2015 ). T his pro vided a sufficiently high-ascorbate concen-
ration to potentially trigger feedback inhibition of VTC2 transla- 
ion. Following l -Gal treatment, VTC2 protein levels and GGP ac-
ivity exhibited a slight do wnw ar d trend, supporting the hypothe-
is of ascorbate-dependent feedbac k r egulation. Ho w e v er, due to
igh variability in Western blot quantification, the effect was rela-
iv el y minor and not statistically significant. To further clarify this,
 e included tw o ad ditional inde pendent transgenic lines . T hese
dditional data reinforced the observation that l -Gal treatment 
uppressed VTC2 protein levels and GGP activity, aligning with the
roposed model of ascorbate-mediated translational repression. 
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Notabl y, l -Gal tr eatment also r educed VTC2 tr anscript le v els in
he complemented lines, raising the question of whether the de-
rease in VTC2 protein was due to uORF-mediated translational
nhibition or transcriptional downregulation. Since this study did
ot dir ectl y assess the r ole of the uORF, we cannot conclusiv el y de-
ermine whic h mec hanism pr edominated. Pr e vious r eports sug-
est that uORF translation regulate downstream main ORF by
ausing ribosome stalling and/or triggering nonsense-mediated
ecay (NMD) of the mRNA. Smirnoff and Wheeler ( 2024 ) proposed
hat ribosome stalling at the VTC2 uORF could lead to VTC2 mRNA
egradation via NMD. This idea is supported by findings showing

ncreased VTC2 transcript levels in Arabidopsis UP frameshift mu-
ants, whic h lac k an NMD system (Kurihar a et al. 2009 ). Suc h a

echanism may explain the observed suppression of VTC2 tran-
cription following l -Gal tr eatment. Howe v er, e vidence support-
ng ascorbate-dependent activation of the uORF system remains
imited, having been demonstrated only in transient VTC2 overex-
ression experiments in tobacco. Further studies are required to
etermine whether this mec hanism oper ates br oadl y acr oss plant
pecies. 

Our findings demonstrate that VTC2 pr otein le v els ar e
egulated by both photosynthesis-dependent activation and
scorbate-dependent suppression. In most conditions, VTC2 pro-
ein dynamics closely corresponded with transcriptional changes,
nderscoring the importance of transcriptional regulation. How-
 v er, the second peak in VTC2 transcriptional response to light
id not translate to increased VTC2 protein levels or GGP activity,
uggesting the presence of additional regulatory mechanisms at
he post-tr anscriptional le v el. Since VTC2/GGP is a r ate-limiting
nzyme in ascorbate biosynthesis, further elucidation of its reg-
latory mechanisms will contribute to a deeper understanding
f plant stress responses and may facilitate the de v elopment of
rops with enhanced ascorbate content. The complemented lines
enerated in this study are expected to serve as valuable tools for
dv ancing r esearc h on VTC2 r egulation at m ultiple le v els. 

upplementary martial 
upplementary martial is available at Bioscience, Biotechnology, and
iochemistry online. 

a ta av ailability 

he datasets generated and/or analyzed during the current study
r e av ailable fr om the corr esponding author upon r easonable r e-
uest. 

uthor contribution 

 .I. and Y.T . concei ved the stud y. Material pre paration, data col-
ection, and anal ysis wer e carried out by Y.T. All authors inter-
reted the data. The first draft of the manuscript was written by
.T ., T .M., and T .I. r e vised the manuscript. All authors r e vie wed
nd a ppr ov ed the final v ersion of the manuscript. 

unding 

his w ork w as supported b y JSPS Grant-in-Aid for Scientific Re-
earc h (B) [gr ant no. 24K016801] to T.I. and conducted as an SDGs
esearc h Pr oject of Shimane Univ ersity (T.M.). 
isclosure statement 
o potential conflict of interest was reported by the authors. 

eferences 

arabi F , Ghigi A, Wijesingha Ahchige M et al. Genome-Wide As-
sociation Study unveils ascorbate regulation by PAS/LOV PRO-
TEIN during high light acclimation. Plant Physiol 2023; 193 :2037-
54 https:// doi.org/ 10.1093/ plphys/kiad323 

adejo AA , Wada K, Gao Y et al. Translocation and the alternative
D-galacturonate pathway contribute to increasing the ascorbate
le v el in ripening tomato fruits together with the D-mannose/L-
galactose pathway. J Exp Bot 2012; 63 :229-39. https:// doi.org/ 10.1
093/ jxb/ err275 

aldet P , Mori K, Decros G et al. Multi-regulated GDP-L-galactose
phosphorylase calls the tune in ascorbate biosynthesis. J Exp Bot
2024; 75 :2631-43. https:// doi.org/ 10.1093/ jxb/ erae032 

ournonville C , Mori K, Deslous P et al. Blue light promotes ascor-
bate synthesis by deactivating the PAS/LOV photoreceptor that
inhibits GDP-L-galactose phosphorylase. Plant Cell 2023; 35 :2615-
34. https:// doi.org/ 10.1093/ plcell/koad108 

outsika A , Michailidis M, Ganopoulou M et al. A wide foodomics ap-
pr oac h coupled with metagenomics elucidates the environmen-
tal signature of potatoes. iScience 2023; 26 :105917. https://doi.org/
10.1016/j.isci.2022.105917 

ulley S , Wright M, Rommens C et al. Enhancing ascorbate in
fruits and tubers thr ough ov er expr ession of the L-galactose
pathway gene GDP-L-galactose phosphorylase. Plant Biotechnol J
2012; 10 :390-7. https:// doi.org/ 10.1111/ j.1467-7652.2011.00668.x 

ulley SM , Rassam M, Hoser D et al. Gene expression studies in ki-
wifruit and gene ov er-expr ession in Ar abidopsis indicates that
GDP-L-galactose guan yltr ansfer ase is a major control point of vi-
tamin C biosynthesis. J Exp Bot 2009; 60 :765-78. https:// doi.org/ 10
.1093/ jxb/ ern327 

lough SJ , Bent AF. Floral dip: a simplified method for Agrobacterium -
mediated transformation of Arabidopsis thaliana . Plant J
1998; 16 :735-43. https:// doi.org/ 10.1046/ j.1365-313x.1998.00343.x

onklin PL , DePaolo D, Wintle B et al. Identification of Arabidopsis
VTC3 as a putative and unique dual function protein kinase:: pro-
tein phosphatase involved in the regulation of the ascorbic acid
pool in plants. J Exp Bot 2013; 64 :2793-804. https:// doi.org/ 10.109
3/ jxb/ ert140 

eslous P , Bournonville C, Decros G et al. Ov er pr oduction of ascorbic
acid impairs pollen fertility in tomato. J Exp Bot 2021; 72 :3091-107.
https:// doi.org/ 10.1093/ jxb/ erab040 

o wdle J , Ishikaw a T, Gatzek S et al. Two genes in Arabidopsis thaliana
encoding GDP-L-galactose phosphorylase are required for ascor-
bate biosynthesis and seedling viability. Plant J 2007; 52 :673-89.
https:// doi.org/ 10.1111/ j.1365-313X.2007.03266.x 

enec h M , Amorim-Silv a V, Esteban del Valle A et al. The role of GDP-
L-galactose phosphorylase in the control of ascorbate biosynthe-
sis. Plant Physiol 2021; 185 :1574-94. https:// doi.org/ 10.1093/ plphys
/kiab010 

ao Y , Badejo AA, Shibata H et al. Expr ession anal ysis of the VTC2 and
VTC5 genes encoding GDP-L-galactose phosphorylase, an enzyme
involved in ascorbate biosynthesis, in Arabidopsis thaliana . Biosci
Biotec hnol Bioc hem 2011; 75 :1783-8. https:// doi.org/ 10.1271/ bbb.11
0320 

enty B , Briantais J-M, Baker NR. The relationship between the quan-
tum yield of photosynthetic electron transport and quenching
of c hlor ophyll fluor escence. Bioc himica et Biophysica Acta (BBA)—

https://academic.oup.com/bbb/article-lookup/doi/10.1093/bbb/zbaf080#supplementary-data
https://doi.org/10.1093/plphys/kiad323
https://doi.org/10.1093/jxb/err275
https://doi.org/10.1093/jxb/erae032
https://doi.org/10.1093/plcell/koad108
https://doi.org/10.1016/j.isci.2022.105917
https://doi.org/10.1111/j.1467-7652.2011.00668.x
https://doi.org/10.1093/jxb/ern327
https://doi.org/10.1046/j.1365-313x.1998.00343.x
https://doi.org/10.1093/jxb/ert140
https://doi.org/10.1093/jxb/erab040
https://doi.org/10.1111/j.1365-313X.2007.03266.x
https://doi.org/10.1093/plphys/kiab010
https://doi.org/10.1271/bbb.110320


Regulation of VTC2 protein expression in Arabidopsis | 1143 

General Subjects 1989; 990 :87-92. https:// doi.org/ 10.1016/ S0304-41 

 

 

 

Qin C , Qian W, Wang W et al. GDP-mannose pyrophosphorylase is 

 

Q  

 

 

S  

 

S  

 

 

S
 

S  

 

Y  

 

Y  

 

Z  

Z  

 

Z  

 

D
ow

nloaded from
 https://academ

ic.oup.com
/bbb/article/89/8/1136/8151577 by Shim

ane U
niversity user
65(89)80016-9 
Gest N , Gautier H, Ste v ens R. Ascorbate as seen through plant evo- 

lution: the rise of a successful molecule? EXBOTJ 2013; 64 :33-53.
https:// doi.org/ 10.1093/ jxb/ ers297 

Gilbert L , Alhagdow M, Nunes-Nesi A et al. GDP-D-mannose 3, 5- 
epimerase (GME) plays a key role at the intersection of ascor- 
bate and non cellulosic cell wall biosynthesis in tomato. Plant J 
2009; 60 :499-508. https:// doi.org/ 10.1111/ j.1365-313X.2009.03972 
.x 

Hamada A , Tanaka Y, Ishikawa T et al. Chlor oplast dehydr oascorbate 
reductase and glutathione cooperatively determine the capacity 
for ascorbate accumulation under photoo xidati ve stress condi- 
tions. Plant J 2023; 114 :68-82. https:// doi.org/ 10.1111/ tpj.16117 

Ishida T , Tanaka Y, Maruta T et al. The D-mannose /L-galactose path- 
wa y pla ys a pr edominant r ole in ascorbate biosynthesis in the 
li verwort Mar chantia polymorpha but is not regulated by light and 
o xidati v e str ess. Plant J 2024; 117 :805-17. https:// doi.org/ 10.1111/ 
tpj.16530 

Iw agami T , Ogaw a T, Ishikaw a T et al. Activation of ascorbate 
metabolism by nitrogen starvation and its physiological impacts 
in Arabidopsis thaliana . Biosci Biotechnol Biochem 2022; 86 :476-89.
https:// doi.org/ 10.1093/ bbb/ zbac010 

Kurihara Y , Matsui A, Hanada K et al. Genome-wide suppression of 
aberrant mRNA-like noncoding RNAs by NMD in Arabidopsis. Proc 
Natl Acad Sci USA 2009; 106 :2453-8. https:// doi.org/ 10.1073/ pnas.0 
808902106 

Laing WA , Martínez-Sánchez M, Wright MA et al. An upstream open 

r eading fr ame is essential for feedbac k r egulation of ascorbate 
biosynthesis in Arabidopsis. Plant Cell 2015; 27 :772-86. https://doi. 
org/ 10.1105/ tpc.114.133777 

Li T , Yang X, Yu Y et al. Domestication of wild tomato is accelerated 
by genome editing. Nat Biotechnol 2018; 36 :1160-3. https://doi.org/ 
10.1038/nbt.4273 

Linster CL , Gomez TA, Christensen KC et al. Arabidopsis VTC2 en- 
codes a GDP-L-galactose phosphorylase, the last unknown en- 
zyme in the Smirnoff-Wheeler pathway to ascorbic acid in plants.
J Biol Chem 2007; 282 :18879-85. https:// doi.org/ 10.1074/ jbc.M702 
094200 

Maruta T. How does light facilitate vitamin C biosynthesis in leaves? 
Biosci Biotechnol Biochem 2022; 86 :1173-82. https:// doi.org/ 10.1093/ 
bbb/zbac096 

Ogura Y , Komatsu A, Zikihara K et al. Blue light diminishes in- 
ter action of PAS/LOV pr oteins, putativ e blue light r eceptors in 

Arabidopsis thaliana , with their interacting partners. J Plant Res 
2008; 121 :97-105. https:// doi.org/ 10.1007/ s10265- 007- 0118- 8 
Recei v ed: 25 Mar c h 2025. Accepted: 22 May 2025 
© The Author(s) 2025. Published by Oxford Uni v ersity Pr ess on behalf of J apan Society for 
distributed under the terms of the Cr eati v e Commons Attribution License ( https://creativ

and r e pr oduction in any medium, pr ovided the original work is pr operl y cited. 
a genetic determinant of ammonium sensitivity in Arabidopsis 
thaliana. Proc Natl Acad Sci USA 2008; 105 :18308-13. https://doi.or
g/ 10.1073/ pnas.0806168105 

uiñones CO , Gesto-Borroto R, Wilson RV et al. Alternative pathways
leading to ascorbate biosynthesis in plants: lessons from the last
25 years. J Exp Bot 2024; 75 :2644-63. https:// doi.org/ 10.1093/ jxb/ er
ae120 

hiroma S , Tanaka M, Sasaki T et al. Chloroplast development acti-
vates the expression of ascorbate biosynthesis-associated genes 
in Ar abidopsis r oots. Plant Sci 2019; 284 :185-91. https:// doi.org/ 10
.1016/j.plantsci.2019.04.012 

mirnoff N , Wheeler GL. The ascorbate biosynthesis pathway in
plants is known, but there is a way to go with understanding con-
trol and functions. J Exp Bot 2024; 75 :2604-30. https:// doi.org/ 10.1
093/ jxb/ erad505 

mirnoff N. Ascorbic acid metabolism and functions: a comparison 

of plants and mammals. Free Radical Biol Med 2018; 122 :116-29. ht
tps:// doi.org/ 10.1016/ j.freeradbiomed.2018.03.033 

odey ama T , Nishikaw a H, Harai K et al. The D-mannose/L-galactose
pathway is the dominant ascorbate biosynthetic route in the 
moss Physcomitrium patens . Plant J 2021; 107 :1724-38. https://doi.
org/ 10.1111/ tpj.15413 

abuta Y , Mieda T, Rapolu M et al. Light regulation of ascorbate
biosynthesis is dependent on the photosynthetic electron trans- 
port chain but independent of sugars in Arabidopsis. J Exp Bot
2007; 58 :2661-71. https:// doi.org/ 10.1093/ jxb/ erm124 

oshim ur a K , Nakane T, Kume S et al. Transient expression analysis
r e v ealed the importance of VTC2 expr ession le v el in light/dark
regulation of ascorbate biosynthesis in Arabidopsis. Biosci Biotech- 
nol Biochem 2014; 78 :60-6. https:// doi.org/ 10.1080/ 09168451.2014. 
877831 

hang H , Si X, Ji X et al. Genome editing of upstream open read-
ing frames enables translational control in plants. Nat Biotechnol 
2018; 36 :894-8. https:// doi.org/ 10.1038/ nbt.4202 

hang H , Xiang Y, He N et al. Enhanced vitamin C produc-
tion mediated by an ABA-induced PTP-like nucleotidase im- 
pr ov es plant drought tolerance in Arabidopsis and maize.
Mol Plant 2020; 13 :760-76. https:// doi.org/ 10.1016/ j.molp.2020.02 
.005 

hang Y , Zheng J, Zhan Y et al. GmPLP1 negativ el y r egulates soy-
bean resistance to high light stress by modulating photosyn- 
thetic capacity and reactive oxygen species accumulation in a 
blue light-dependent manner. Plant Biotechnol J 2023; 21 :2625-40.
https:// doi.org/ 10.1111/ pbi.14158 
Bioscience , Biotec hnology, and Agroc hemistry. This is an Open Access article 
ecommons.org/licenses/by/4.0/ ), which permits unrestricted reuse, distribution, 

 on 05 August 2026

https://doi.org/10.1016/S0304-4165(89)80016-9
https://doi.org/10.1093/jxb/ers297
https://doi.org/10.1111/j.1365-313X.2009.03972.x
https://doi.org/10.1111/tpj.16117
https://doi.org/10.1111/tpj.16530
https://doi.org/10.1093/bbb/zbac010
https://doi.org/10.1073/pnas.0808902106
https://doi.org/10.1105/tpc.114.133777
https://doi.org/10.1038/nbt.4273
https://doi.org/10.1074/jbc.M702094200
https://doi.org/10.1093/bbb/zbac096
https://doi.org/10.1007/s10265-007-0118-8
https://doi.org/10.1073/pnas.0806168105
https://doi.org/10.1093/jxb/erae120
https://doi.org/10.1016/j.plantsci.2019.04.012
https://doi.org/10.1093/jxb/erad505
https://doi.org/10.1016/j.freeradbiomed.2018.03.033
https://doi.org/10.1111/tpj.15413
https://doi.org/10.1093/jxb/erm124
https://doi.org/10.1080/09168451.2014.877831
https://doi.org/10.1038/nbt.4202
https://doi.org/10.1016/j.molp.2020.02.005
https://doi.org/10.1111/pbi.14158
https://creativecommons.org/licenses/by/4.0/

	Materials and methods
	Results
	Discussion
	Supplementary martial
	Data availability
	Author contribution
	Funding
	Disclosure statement
	References

