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degrading and signaling genes during seedling growth under
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Abstract The Arabidopsis thaliana T-DNA inser-
tion mutant glucose hypersensitive (ghs) 40-1 exhib-
ited hypersensitivity to glucose (Glc) and abscisic acid
(ABA). The ghs40-1 mutant displayed severely impaired
cotyledon greening and expansion and showed enhanced
reduction in hypocotyl elongation of dark-grown seed-
lings when grown in Glc concentrations higher than 3 %.
The Glc-hypersensitivity of ghs40-1 was correlated with
the hyposensitive phenotype of 35S::AtGHS40 seed-
lings. The phenotypes of ghs40-1 were recovered by
complementation with 35S::ArGHS40. The AtGHS40
(At5g11240) gene encodes a WD40 protein localized
primarily in the nucleus and nucleolus using transient
expression of AtGHS40-mRFP in onion cells and of
AtGHS40-EGFP and EGFP-AtGHS40 in Arabidopsis
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protoplasts. The ABA biosynthesis inhibitor fluridone
extensively rescued Glc-mediated growth arrest. Quan-
titative real time-PCR analysis showed that AtGHS40
was involved in the control of Glc-responsive genes.
AtGHS40 acts downstream of HXK/ and is activated by
ABI4 while ABI4 expression is negatively modulated
by AtGHS40 in the Glc signaling network. However,
AtGHS40 may not affect ABII and SnRK2.6 gene expres-
sion. Given that AtGHS40 inhibited ABA degrading and
signaling gene expression levels under high Glc condi-
tions, a new circuit of fine-tuning modulation by which
ABA and ABA signaling gene expression are modulated
in balance, occurred in plants. Thus, AtGHS40 may play
a role in ABA-mediated Glc signaling during early seed-
ling development. The biochemical function of AtGHS40
is also discussed.
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Glc-hypersensitive - Seedling growth - WD40

Abbreviations

ABA Abscisic acid

ABI ABA insensitive

DAPI 4/ 6-Diamidino-2-phenylindole

EGFP Enhanced green fluorescent protein

EtBr Ethidium bromide

ghs Glucose hypersensitive

Glc Glucose

HXKI Hexokinasel

mRFP Monomeric red fluorescent protein

Mtl Mannitol

gRT-PCR  Quantitative real-time-PCR

RT-PCR  Reverse transcriptase-polymerase chain
reaction

WT Wild type
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Introduction

WD repeats (WD40) are conserved domains of approxi-
mately 40—-60 amino acids, starting with a conserved Gly-His
(GH) and typically ending with a conserved Try-Asp (WD)
(Li and Roberts 2001). Most WD40 proteins have a cluster
of 4 or more copies of the WD motifs to form a functional
structure such as ap-propeller (Chothia et al. 1997). The
repeated WD40 motifs serve as platforms where a protein
interacts with other diverse proteins, peptides or nucleic acids
using multiple surfaces or modes of interaction (Ramsay
and Glover 2005; Smith et al. 1999; Stirnimann et al. 2010).
As of this writing, many genes that encode WD40 proteins
have been identified in Arabidopsis (van Nocker and Lud-
wig 2003). Most Arabidopsis WD40 proteins are strongly
conserved across eukaryotes. Members of the WD40 super-
family are known as key regulators of plant-specific events,
which are involved in chromatin modification, RNA synthe-
sis/processing, cytoskeleton dynamics, gametogenesis, floral
pigmentation, trichome and root hair formation, and seed
development (Gachomo et al. 2014; Gao et al. 2012; Pattan-
aik et al. 2014; Zeng et al. 2009; Zhao et al. 2013).

WDA40 proteins are responsive to hormones (Chen et al.
2006; Ullah et al. 2003) and different environmental stresses
(Jiang et al. 2012; Shi et al. 2011; Zhu et al. 2008). All
these reports suggest that each WD40 protein might play
an important role in stress tolerance and hormone regula-
tion. However, the response mechanism of WD40 proteins
to glucose (Glc), which is an important signaling factor
affecting plant development, has yet to be studied; a previ-
ous study reported that the WD40 repeat region of a myoi-
nositol polyphosphate 5-phosphatase interacts with SnRK1,
which is a central integrator of sugar, metabolic, stress, and
developmental signals (Ananieva et al. 2008). High levels
of exogenous Glc cause ABA accumulation, which results
in a delay in germination and inhibition of early seedling
development (Gibson 2005; Leon and Sheen 2003; Rolland
et al. 2002). Similarly, high Glc concentration represses cot-
yledon development and hypocotyl elongation. In terms of
gene regulation, high Glc concentration induces the expres-
sion of ABA biosynthesis and signaling genes, whereas
the ABA-deficient aba2 mutant is not arrested at 6 % Glc
(Cheng et al. 2002). Most of the ABA biosynthesis- and
ABA-insensitive mutants described thus far are insensi-
tive to high Glc concentrations. Several negative and posi-
tive regulators controlling ABA-signaling pathways have
recently been identified through the signal transduction
pathway (Bu et al. 2009; Carvalho et al. 2010; Guo et al.
2009; Huang et al. 2010; Lee et al. 2011; Stone et al. 2006).
The identification of these regulators emphasizes the com-
plexity of the plant signaling transduction network.

We report the phenotypic and molecular analyses of a
Glc-hypersensitive mutant, namely, ghs40-1, in which the
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mutated gene encodes a WD40 protein. AtGHS40 muta-
tion showed defects in early seedling growth, and gene
expression in the Glc signaling network. AtGHS40 down-
regulated both ABA degrading and signaling genes, thereby
indicating the occurrence of a fine-tuning modulation
of Glc-induced ABA signaling in plants. The AtGHS40
protein might play an important role in Arabidopsis in
response to sugar and involve in Glc- and ABA-signaling
during germination and seedling growth.

Materials and methods

Plant materials, growth conditions and stress
treatments

All Arabidopsis (A. thaliana) plants used in this study
were in the Col-0 ecotype background. Seeds of ghs40-1
and ghs40-2 are T-DNA insertion lines (SALK_073682C
and SALK_052897, respectively), were obtained from the
Arabidopsis Biological Resource Center (Ohio State Uni-
versity, Columbus, OH). hxkl (SALK_070739), abi4-1
(CS8104), and aba2 (also known as glucose-insensitivel,
ginl) (Cheng et al. 2002) were also used in this study. The
hxkl mutant has a T-DNA insertion in the first intron and
shown no hexokinasel (HXK1) product tested by HXKI
polyclonal antibodies. Wild type (WT) and mutant seeds
were sterilized and kept for 3 days at 4 °C in the dark to
break dormancy. Seeds were grown at 22 °C and 60 %
relative humidity under long-day conditions (16-h-light/8-
h-dark cycle) aseptically or on soil. For soil growth, seed
were sown on a 1:1:8 mixture of vermiculite, perlite, and
peat moss and watered every other day.

Seed germination and post-germination assays

The mutant and WT seeds (approximately 100 seeds each)
were aseptically treated and rinsed according to Yang et al.
(2005). To measure Glc and ABA sensitivity, seeds were
sown in sugar-free MS plates and placed at 22 °C with a
16-h light photoperiod. Various indicated concentrations
of D-Glc, NaCl, and mannitol (Mtl), ABA, and 1 uM flu-
ridone (Wako) were added where indicated. Unless indi-
cated otherwise, three replicate plates were performed for
each treatment. Germination (defined as the protrusion
of the radicle through the seed coat), cotyledon greening,
and cotyledon expansion were measured at indicated days.
The number of germinated seeds was expressed as a per-
centage of the total number of seeds plated. The number of
cotyledon greening and expansion was expressed as a per-
centage of the total number of germinated seeds. For the
measurement of hypocotyl length, germinated seeds were
grown vertically on solid sugar-free MS with Glc and Mtl
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in complete darkness at 22 °C. Hypocotyl length was meas-
ured 9 days after stratification.

Genomic DNA isolation and genotyping of mutant
plants

Arabidopsis DNA was isolated from seedling according
to Maliga et al. (1995). Mutant plants with the insertion
of T-DNA were identified by PCR analysis. For genotyp-
ing, PCR analysis was carried out using AtGHS40-specific
primers for the WT and in combination with T-DNA-spe-
cific primers (Table S1) for the mutants. The DNA frag-
ments were analyzed by 1.5 % agarose gel and stained with
ethidium bromide (EtBr).

Construction of 35S::AtGHS40
and 35S::AtGHS40-complemented lines

Genomic DNA was isolated from 9-day-old WT seedlings.
An entire coding region of AtGHS40 gene was amplified
by PCR with Bgl/II-AtGHS40 and PmlI-AtGHS40 primer
pair (Supplementary Table S1). The amplified AtGHS40
DNA fragment was then excised with Bg/Il and Pmll and
inserted into the binary pCAMBIA1301 vector, confirmed
by DNA sequencing and introduced into Agrobacterium
tumefaciens for floral dip transformation (Clough and Bent
1998) of WT and homozygous ghs40-1 plants. The medium
containing hygromycin was used to select plants and T1
plants were grown to maturity and selfed. More than three
independent lines in the ghs40-1 mutant background were
selected from each transformation.

RNA isolation, RT-PCR, and qRT-PCR

For different abiotic stresses, 9-day-old seedlings of WT
were at cold condition (4 °C) or exposed to drying at room
temperature or incubated with shaking in sugar-free MS
medium either containing 4.5 % Glc or 300 mM NaCl or
50 wM ABA for indicated time intervals before harvest.
Total RNA were extracted from each treatment of WT
seedlings and also from floral and vegetative organs of WT
plants. For RT-PCR, the first-stranded cDNA was synthe-
sized with 3 pg total RNA using oligo(dT) primer accord-
ing to the manufacturer’s protocol (Invitrogen). RT-PCR
analyses were performed using the gene-specific primer
pairs such as AtGHS40-A, -B, and -partial listed in Table
S1. The gRT-PCR analysis was performed according to
the procedures described by Hsu et al. (2011). The cDNA
was amplified in the presence of SYBR Green I Nucleic
Acid Stain (Cambrex 50513) 10* x dilution from stock
and using a Rotor-Gene 3000 (Corbett, Australia). In this
experiment, amplification of actin cDNA under identi-
cal conditions was used as an internal control to adjust

the level of cDNA. The qRT-PCR results were obtained
according to the Comparative Quantification (CQ) method
described by McCurdy et al. (2008). The CQ method gen-
erated a Relative Quantity (RQ) value for each individual
sample using Rotor-Gene 6.0 software equipped within
Rotor-Gene 3000. The value of RQeet genes/RQucrin T€PIe-
sents the expression level of target gene in the sample. The
qRT-PCR data were finally obtained by the value of RQy, o
genes’RQqciin from each sample over that of the WT under
control condition; the sample of WT under control condi-
tion is regarded as one arbitrary unit. For a short period of
induction, the 9-day-old of WT, ghs40-1, abi4, and hxkl
seedlings were incubated with shaking in sugar-free MS
medium with or without containing 4.5 % Glc or Mtl for
indicated time intervals before harvest. The primer sets for
gRT-PCR were listed (Table S1). The melting temperatures
to generate specific product were obtained as such: CABI
(88 °C), PC2 (86 °C), CHS (86 °C), APL3 (84 °C), ASNI
(87 °C), ABA3 (85 °C), AAO3 (84 °C), NCED3 (83 °C),
ABII (79 °C), ABI3 (83 °C), ABI4 (89 °C), ABI5 (87 °C),
SnRK2.6 (80 °C), HXKI (86 °C), AtGHS40 (80 °C),
CYP707A2 (79 °C), CYP707A3 (86 °C), CYP707A4
(83 °C), and ACTINI (85 °C). The above experiments
were repeated three times independently, and the data were
averaged.

Measurement of ABA

For quantification of ABA content, 9-day-old seedlings
of WT and ghs40-1 and aba2 mutants were transferred to
sugar-free MS medium solutions supplemented with or
without 4.5 % Glc or Mtl, and incubated for 4 h before
harvest. ABA measurement is according to the method of
Xiong et al. (2001). ABA in the solution was measured
using the Phytodetek ABA immunoassay kit (Idetek).

Construction of EGFP, AtGHS40-mRFP,
AtRH57-EGFP, AtGHS40-EGFP and EGFP-AtGHS40,
and driven by 35S promoter

To make the modified pUC18 (Genemark) construct con-
taining 35S promoter, the 35S-GUS (B-glucuronidase) frag-
ment was released from pBI121 vector (BD Biosciences
Clontech) with HindIll and EcoRI and ligated into pUC18.
To create constructs of enhanced green fluorescent protein
(EGFP) and monomeric red fluorescent protein (mRFP)
gene sequences in the modified pUC1S8, the complete
open reading frame (ORF) of EGFP or mRFP was ampli-
fied by PCR, respectively with a primer pair (Table S1) of
which the 5'-primer of EGFP or mRFP contains two con-
secutive restriction sites Kpnl and NotI and the 3’-primer
of EGFP or mRFP contains two consecutive restriction
sites Smal and BamHI. To further generate the construct
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of AtGHS40-mRFP or AtGHS40-EGFP in the modified
pUCI18, the complete ORF of AtGHS40 was amplified by
PCR with a Kpnl-AtGHS40 and Notl-AtGHS40 primer
pair (Table S1). The PCR-amplified fragment of AtGHS40
was restricted with Kpnl and Notl, then was ligated into
pUC-mRFP or pUC-EGFP that was also cut with the
same restriction sites. To generate the construct of EGFP-
AtGHS40 in the modified pUCIS, the complete ORF of
AtGHS40 was amplified by PCR with a Smal-AtGHS40
and BamHI-AtGHS40 primer pair (Table S1). The PCR-
amplified fragment of AtGHS40 was restricted with Smal
and BamHI, then was ligated into pUC-EGFP that was
also cut with the same restriction sites. The sequences of
EGFP, AtGHS40-mRFP, AtGHS40-EGFP, and EGFP-
AtGHS40 driven by 35S promoter were confirmed by DNA
sequencing.

The method of particle bombardment is according to
Sanford et al. (1993) with some modifications. AtRH57-
EGFP, AtGHS40-mRFP, and EGFP constructs were coated
onto gold particles (1 wm) and introduced into onion cells
with Biolistic PDS-1000-He apparatus (Bio-Rad) under a
vacuum of 27 in of Hg. Onion epidermal cells were placed
into 1/2 MS medium with 1 % (w/v) sucrose before bom-
bardment and incubated in the dark at 24 °C for 16-24 h
after particle delivery. The nuclei were stained with
0.2 wg mL~' 4/,6-diamidino-2-phenylindole (DAPI) for
30 min at room temperature. Plasmids carrying AtGHS40
tagged with EGFP were transiently expressed in leaf pro-
toplasts according to Yoo et al. (2007). EGFP or DAPI
fluorescence was observed with confocal laser scanning
biological microscope FV1,000 (Olympus). Excitation
wavelengths and emission filters were 488 nm/bandpass
505-530 nm for EGFP, 584 nm/bandpass 605-630 nm for
mRFP, and 358/461 nm for DAPI.

Results

ghs40-1 is hypersensitive to Glc-dependent inhibition
of germination and early seedling growth

Thousands of T-DNA lines were screened to identify
Glc-hypersensitive mutants, one of which was named
as ghs40-1. The seedlings of T-DNA insertion mutant
ghs40-1 (SALK_073682C) were smaller and slightly pale
in color compared with WT of A. thaliana under normal
growth conditions (Fig. 1b). Addition of high Glc concen-
trations to the MS (Murashige and Skoog 1962) medium
decreased germination percentage and induced a post-ger-
minative growth block in cotyledon greening and expan-
sion in WT Arabidopsis seedlings (Zhou et al. 1998).
Therefore, quantitative analysis was taken to examine
seed germination and cotyledon development of the
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mutant. When grown in MS medium for 9 days, ghs40-
I mutant cotyledon greening and expansion were greatly
impaired by the addition of Glc concentrations more than
3 % (Fig. 1a). At 4.5 % Glc, only 18 % of ghs40-1 seed-
lings were able to undergo greening and 24 % of their
cotyledons expanded while both greening and expansion
of WT cotyledons remained higher than 90 % (Fig. 1a).
Their cotyledons remained white or dark brown and no
true leaves were observed in ghs40-1 seedlings. Similarly,
in the presence of either 150 or 200 mM NaCl, seed ger-
mination and cotyledon development of the mutant were
severely impaired (Fig. 1a, c¢). In contrast, no visible phe-
notypic difference was observed in ghs40-1 compared
with 9-day-old WT seedlings in the presence of either 3
or 4.5 % Mtl. These observations suggested that the Glc-
hypersensitivity of ghs40-1 might be caused by mutation
of AtGHS40 (At5g11240).

On the other hand, the T2 transgenic lines of Arabidopsis
seedlings expressing 35S5::AtGHS40 were examined. The
AtGHS40 gene was successfully expressed in T2 transgenic
lines (Fig. S2). No obvious difference was observed in
358::AtGHS40 seedlings compared with the WT. However,
with an increasing concentration of Glc, the 35S::AtGHS40
cotyledons grew better than the counterparts of WT. In
the presence of 4.5 % Glc, the 35S::AtGHS40 roots grew
longer than those of WT (Fig. 2a), suggesting that the
transgenic plants expressing 35S::AtGHS40 are hyposensi-
tive to high Glc conditions. The hyposensitive phenotype of
358::AtGHS40 seedlings correlates with the hypersensitive
feature of ghs40-1.

ghs40-1 mutation also had an inhibitory effect on hypoc-
otyl growth of dark-grown seedlings under relatively high
Glc conditions (Fig. S1). The length of ghs40-1 hypocotyls
was greatly decreased by the addition of Glc higher than
3 %. In contrast, the length of ghs40-1 hypocotyls remained
similar to WT in the presence of various concentrations of
Mtl (Fig. S1).

Phenotype recovery of ghs40-1 by complementation
with AtGHS40

To further confirm that the abnormal phenotypes of ghs40-
1 might be due to the absence of AtGHS40, we examined
the T3 transgenic seedlings expressing 355::AtGHS40 in a
ghs40-1 mutant background. Eight transgenic lines corre-
sponding to independent transformation events were gener-
ated. The ArtGHS40 gene was successfully expressed in the
three complementation lines presented in Fig. S2. The three
transgenic lines presenting different levels of recovery
were presented (Fig. 2b). Thus, the expression of AtGHS40
driven by a 35S promoter indeed recovered phenotypes
similar to the WT, thereby indicating that the AtGHS40
protein is essential for normal seedling growth.
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Fig. 1 Effects of glucose (Glc)
and NaCl on seed germination
and early seedling development
of the ghs40-1 mutant. a Wild-
type (WT, white bars) Arabi-
dopsis thaliana and ghs40-1
(SALK_073682C, black

bars) seedlings were grown in
sugar-free MS medium with or
without the indicated con-
centrations of Glc, NaCl, and
mannitol served as a control.
The seed germination (radicle
emergence) and early seedling
development (cotyledon green-
ing and expansion) rates were
scored 9 days after stratifica-
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Molecular characterization of ghs40 mutants

In addition to ghs40-1, another T-DNA insertion mutant
ghs40-2 (SALK_052897) was examined (Fig. S3a). Poly-
merase chain reaction (PCR) analysis with the T-DNA-
specific primer (BP) and AtGHS40-specific primer (RP)
amplified a product from the mutants of ghs40-1 and
ghs40-2, but not from WT (Fig. S3b), confirming that
insertion occurs in AtGHS40. Further, PCR with the
AtGHS40-specific primer pair (LP + RP) flanking the
T-DNA insertion site amplified the predictable size of the
gene product from WT but not from ghs40-1, confirm-
ing that the mutant is a homozygous; however, ghs40-2
is heterozygous given that the gene product was detected
both in WT and in ghs40-2 (Fig. S3b). The ghs40-2
seeds, some of which were undeveloped ovules in the
silique (Fig. S3c), also suggesting that ghs40-2 is het-
erozygous. Genotype analysis of a total number of 88
progenies indicated that the segregation of ghs40-2 het-
erozygous plants to WT was close to 2:1 (58/30). The

0 3 45
Mannitol (%)

100 o

0 3 45
Mannitol (%)

Glc

homozygous ghs40-2 seeds could not be obtained, indi-
cating that they are lethal because the fragment of T-DNA
is inserted at the third exon of AtGHS40. It is different
from ghs40-1 where the T-DNA fragment resides at the
last intron of the gene. Thus, the homozygous ghs40-1
seeds are available. Portions of the 1845 bp open read-
ing frame of ghs40-1 were amplified by reverse transcrip-
tion-polymerase chain reaction (RT-PCR) to help define
the physiological function of AtGHS40 and accumulation
of the ArGHS40 transcript. The AtGHS40 transcript levels
were absent or markedly reduced in ghs40-1. Significant
reduced levels of mRNAs were detected with a primer
pair that amplified a region upstream of the insertion site
(primer pair A) in ghs40-1, but no product was detected
with primer pair B, which spanned the insertion site (Fig.
S3d). Quantitative real time PCR (qQRT-PCR) analysis of
the AtGHS40 transcripts in various organs of A. thali-
ana indicated that the gene was differentially expressed
in various organs with high expressions in root (43-fold)
and silique (24-fold) (Fig. S4).
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Fig. 2 Effects of glucose
(Glc) on Arabidopsis seedling
development. a The Arabi-
dopsis 35S::AtGHS40 lines
compared with wild type
(WT) in the presence of 3 and
4.5 % Glc conditions. b The
358::AtGHS40-complemented
lines in a ghs40-1 mutant
background compared with the
ghs40-1 mutant and WT. For
each line, about 50 seedlings
were grown on sugar-free MS
medium containing 4.5 % Glc
for 9 d after stratification. The
experiment was repeated three
times. Bar 5 mm
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Fig. 3 Subcellular localization

of AtGHS40 in onion epidermal
cells. Top panel indicates the
constructs of AtGHS40-mRFP

#M% AtGHS40 | mRFP H NOS-ter b#

(monomeric red fluorescent pro-
tein), AtRH57-EGFP (enhanced
green fluorescent protein), and

7§L| CaMV3sS_ > A4RH57 | EGFP H NOS-ter b#

EGFP only. Transient expres-
sion of these constructs in the
onion epidermal cells. DAPI
(4',6-diamidino-2-phenylindole)
or EGFP fluorescent field (left)
and its bright fields (right) are
indicated. The images of green
and red fluorescent fields and

a merge (right) of both are

also indicated. The nucleolar
AtRH57-EGFP proteins (Hsu
et al. 2014) were used as a posi-
tive control for nucleolar loca-
tion indicated by arrowheads. N
nucleus; bar 50 pm

AtGHS40 encodes a WD40 protein localized in the
nucleus and nucleolus

The AtGHS40 gene (At5g11240) encodes a WD40 protein.
Four WD40 repeats were found in the N-terminal half of the
AtGHS40 protein by profile searching (Fig. S5). The two
dipeptides GH and WD at both ends of a WD repeat con-
served in WD1 and WD3 domains and alternative conserved
amino acids among the other WD repeats were indicated by
asterisks (Smith et al. 1999). AtGHS40 shares 58, 54, and
45 % identities with the unnamed or hypothetical proteins in
Vitis vinifera (CB122945.3), Glycine max (XP_003550446.1),
and Oryza sativa (EEC75066.1), and 25 and 23 % identities
with the WD repeat-containing proteins 43 in Danio rerio
(AAI55127.1) and Homo sapiens (BAA05499.1), respec-
tively (Fig. S5). Obviously, the protein is phylogenically
closer to plant WD40 proteins. In addition, all plant repre-
sentatives contain a putative nuclear localization signal (NLS,
76 to 84 amino acid residues) sequence that is absent in those
sequences of animal WD40 proteins (Fig. S5).

A-Ccamivss - zarr

NOS-ter I#

Because the AtGHS40 protein contains a bipartite
nuclear localization sequence (NLS, 95 to 99 residues), the
subcellular localization of AtGHS40 was examined. We
generated a construct of AfGHS40 fused with the sequence
of mRFP gene under the control of a 35S promoter (Fig. 3).
AtRH57 fused with EGFP gene (AtRH57-EGFP) driven
by a 35S promoter was used as an indicator of nucleolar
localization (Hsu et al. 2014). The two constructs were
then introduced into onion epidermal cells by particle
bombardment. Fluorescence microscopy revealed that the
AtGHS40-mRFP protein was localized in the nucleus, with
a number of dense spots colocalized with the nucleolus in
expressing onion cells (Fig. 3). The nucleolar localization
of AtGHS40-mRFP was confirmed by colocalization of the
protein with AtRH57-EGFP (Fig. 3). The use of DAPI only
stained the nucleus, but not the nucleolus. EGFP protein,
a control, was detected in the cytoplasm and nucleus. The
cell protoplast isolated from A. thaliana was also used for
subcellular localization of AtGHS40. AtGHS40 was fused
with EGFP gene (AtGHS40-EGFP and EGFP-AtGHS40)
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Fig. 4 Abscisic acid (ABA) phenotypes of the ghs40-1 mutant. a
ghs40-1 seedlings are hypersensitive to ABA. Wild type (WT) and
ghs40-1 seeds were sown either in sugar-free medium or in medium
containing the indicated ABA concentrations. Seed germination (radi-
cle emergence) and early seedling development (cotyledon greening
and expansion) percentages were scored 9 d after stratification. b
The addition of fluridone reduces the Glc-induced inhibition of cot-

and driven by a 35S promoter. The transient expression of
the two constructs showed that the AtGHS40 protein was
primarily localized in the nucleus (Fig. S6).

ghs40-1 exhibits ABA hypersensitivity may mainly
through Glc-mediated ABA accumulation

Previous studies have established pivotal roles for ABA
in plant Glc responses (Cheng et al. 2002; Carvalho
et al. 2010). Exogenous application of ABA significantly
affected germination and early growth of mutant coty-
ledons (Fig. 4a). In 0.25 pM ABA, little effect occurred
on greening and expansion of WT cotyledons whereas
approximately 88 and 77 % of the mutant cotyledons
achieved greening and expansion, respectively. Applica-
tion of higher ABA concentrations resulted in a more pro-
nounced decrease in cotyledon greening and expansion
of mutant seedlings compared with WT, indicating that
ghs40-1 exhibited hypersensitivity to ABA. Previous stud-
ies reported that ABA accumulation is induced by Glc dur-
ing early stages of seedling growth (Carvalho et al. 2010).
This indication is armored by the observation that WT
seedlings fail to arrest growth in 6 % Glc supplemented
with fluridone (Ullah et al. 2002). Fluridone, an inhibitor of
ABA synthesis, interrupts carotenoid synthesis generating
an albino-like seedling and so only cotyledon expansion
was measured. Without fluridone addition, the presence
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yledon expansion. The WT and ghs40-1 seeds were sown in sugar-
free medium or in the presence of Glc supplemented with or without
1 uM fluridone. Cotyledon expansion percentages of WT and ghs40-
1 were scored 9 d after stratification. Approximately 100 seeds of
each genotype were sown for each experiment. Data were obtained
from three biologically independent experiments. Error bars repre-
sent standard deviation (SD;  test: *P < 0.05, **P < 0.01)

of Glc did not significantly affect early development of
WT seedlings, but adverse effects on the development of
ghs40-1 seedling were obvious (Fig. 4b). The significant
developmental arrest observed in ghs40-1 seedlings in the
medium containing 3 or 4.5 % Glc was greatly reverted
when supplemented with 1 uM fluridone (Fig. 4b). There-
fore, this result suggested that seedling growth arrest in the
mutant may mainly function through Glc-mediated ABA
biosynthesis.

Transcripts of photosynthesis genes and a gene related
to nitrogen metabolism are repressed in ghs40-1
whereas transcripts of ABA degrading, and signaling
genes, and two genes related to starch and anthocyanin
biosynthesis are significantly induced by Glc

Given that seedling growth arrest in the mutant mainly
functions through Glc-induced ABA biosynthesis, we
examined the regulation of ABA biosynthesis gene expres-
sion under 4.5 % Glc conditions in WT and mutant seed-
lings using qRT-PCR analysis. Exposure of 9-day-old WT
seedlings and ghs40-1 mutants to 4.5 % Glc for a short
induction period resulted in induced expressions of AAO3,
ABA3, and NCED3 in both plants. However, the induced
transcripts of ABA biosynthesis genes in ghs40-1 were
similar to those in the WT (Fig. 5b). This finding seemed to
contradict the Glc hypersensitivity feature of ghs40-1. The
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Fig. 5 Quantitative real-time PCR (qRT-PCR) analysis of glucose
(Glc)-regulated gene expression in the ghs40-1 mutant. RNA levels of
a Glc-responsive and b ABA biosynthesis, degrading, and signaling
genes were determined by qRT-PCR analysis using total RNA isolated
from nine-day-old seedlings of wild type (WT) and ghs40-1. The seed-
lings were incubated with shaking in sugar-free MS containing 4.5 %
Glc or mannitol (Mtl) for indicated time intervals before harvest. The
y-axis represents the relative transcript abundance ratios expressed in
arbitrary units. Primers for qRT-PCR analysis were listed in Table S1.

The analyzed Glc-responsive genes: CABI, chlorophyll a/b-binding
protein 1; PC2, plastocyanin 2; CHS, chalcone synthase; APL3, ADP-
Glc pyrophosphorylase large subunit; and ASNI, asparagine syn-
thetase 1. ABA biosynthesis genes: ABA3, NCED3, and AAO3; ABA
degrading genes: CYP707A2, CYP707A3, and CYP707A4; ABA sign-
aling genes: ABII, ABI3, ABI4, and ABI5 and a protein kinase gene,
SnRK2.6. ACTINI was used as an internal control for gRT-PCR analy-
sis. Data were obtained from three biologically independent experi-
ments. Error bars represent standard deviation (SD; ¢ test: **P < 0.01)
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Table 1 Abscisic acid (ABA) content is significantly induced in the
presence of high Glc and Mtl compared with WT

Treatment ABA content (ng g~! fresh weight)

WT ghs40-1 aba2
Control 213.5+ 10 196.1 £ 8 1473 +5
4.5 % Glc 3303 £ 17 2754 + 12" 155.14+9
4.5 % Mt 395.9 + 24™ 330.6 £ 20" 1574 + 11

Quantification of ABA levels in 9-day-old seedlings of wild type
(WT) and mutant seedlings in sugar-free medium treated without or
with 4.5 % glucose (Glc) and 4.5 % mannitol (Mtl) for 4 h. aba2, an
ABA-deficient mutant plant (Cheng et al. 2002), is shown as a con-
trol. Data are expressed as the mean £ SD of two experiments. The
ABA level measured in both WT and ghs40-1 seedlings is signifi-
cantly induced at 4.5 % Glc and 4.5 % Mtl compared with the control
as evaluated by 7 test (** P < 0.01)

ABA endogenous levels in Col-0 and ghs40-1 seedlings
grown in the presence of either 4.5 % Glc or 4.5 % Mtl
were further determined. The ABA-deficient aba2 mutant
(Cheng et al. 2002) was included as a control. Table 1
shows no significant difference in ABA content between
WT and mutant seedlings in the absence of sugar. The pres-
ence of 4.5 % Glc induced a 1.5- and 1.3-fold increase in
endogenous levels of ABA in WT and ghs40-1 seedlings,
respectively. Similarly, an exogenous addition of 4.5 % Mtl
induced a 1.8- and 1.7-fold increase in endogenous levels of
ABA in WT and ghs40-1 seedlings, respectively (Table 1).
It is noted that the increased ABA level in ghs40-1 is much
less than that in WT seedlings under 4.5 % Glc or 4.5 %
Mtl treatment. To realize the mystery, ABA degrading
genes were examined using qRT-PCR analysis. The tran-
scripts of three ABA degrading genes, namely, CYP707A2,
CYP707A3, and CYP707A4, were significantly increased
by 4 h of inductive treatment with either 4.5 % Glc or Mtl
in ghs40-1 (Figs. 5b, S7). The increased transcripts of those
ABA degrading genes under high Glc or Mtl conditions
could balance the accumulation of ABA generated by ABA
biosynthesis genes, resulting in a decreased ABA level in
ghs40-1 compared with WT seedlings.

ABI3 acts upstream of ABI5 to execute seedling growth
arrest during germination (Lopez-Molina et al. 2002).
ABI4 also induces ABI5 gene expression in response to
sugar (Arroyo et al. 2003). The ABA signaling genes are
also activated by ABA, salt, and sugar (Lopez-Molina et al.
2001; Cheng et al. 2002; Bossi et al. 2009). Thus, the tran-
scription of the three ABA signaling genes in ghs40-1 seed-
lings was examined by qRT-PCR. The transcripts of ABI3,
ABI4, and ABI5 were significantly increased by 4.5 % Glc
in ghs40-1 after a short period of induction (Fig. 5b). How-
ever, the transcripts of ABI/ and SnRK2.6, a protein kinase
gene, were not appreciably changed in ghs40-1 seedlings
after a short period of high Glc treatment (Fig. 5b). These
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results are consistent with the ABA-hypersensitive feature
of the ghs40-1 mutant, thereby indicating that AtGHS40
could be involved in the transcriptional down-regulation of
these ABA signaling genes under high Glc conditions.

Several other sugar-responsive genes were also ana-
lyzed. APL3, which encodes a large subunit of ADP-Glc
pyrophosphorylase, a key enzyme for starch synthesis, and
CHS, which encodes a chalcone synthase, a key enzyme
for anthocyanin biosynthesis, were significantly induced in
ghs40-1 compared with the WT seedlings under the treat-
ment of 4.5 % Glc (Fig. 5a). On the other hand, 4.5 %
Glc greatly repressed photosynthetic genes CABI, which
encodes chlorophyll a/b-binding protein 1, and PC2, which
encodes a plastocyanin protein in ghs40-1 compared with
the WT seedlings. 4.5 % Glc also significantly repressed
nitrogen metabolism related gene ASNI, which encodes
asparagine synthetase 1 (Fig. 5a). No appreciable change
in gene expression was observed between ghs40-1 and WT
seedlings when 4.5 % Mtl was used as a control. These
altered Glc responses may not attribute to osmotic stress,
but rather to the loss of function of ghs40-1.

AtGHS40 transcripts are significantly induced by high
Glc, ABA, and various stresses

Expression of ArGHS40 under various stress conditions
was examined by qRT-PCR analysis. The AtGHS40 tran-
script was strongly induced when 9-day-old WT seedlings
were incubated in medium containing either 4.5 % Glc or
50 uM ABA for a short period of induction (Fig. 6a). Sig-
nificant induction was also observed when 9-day-old WT
seedlings were incubated in medium containing 300 mM
NaCl or under either cold or drying treatments for a short
induction period (Fig. 6a).

AtGHS40 acts downstream of HXKI and is activated
by ABI4 while ABI4 expression is negatively modulated
by AtGHS40

To further elucidate the role of AtGHS40 in sugar signal-
ing, qRT-PCR was performed using total RNA obtained
from 9-day-old seedlings of WT, ghs40-1, hxkl and abi4,
which were incubated with shaking in the medium contain-
ing 4.5 % Glc for the indicated time intervals. Since both
HXK]1 and ABI4 are essential for sugar and ABA signaling
(Dekkers et al. 2008; Lee et al. 2012), the relationships of
HXK]I and ABI4 to AtGHS40 were examined. As shown in
Fig. 6b, no change in HXKI expression was observed in
ghs40-1 mutants compared with the WT, whereas AtGHS40
expression was significantly reduced in Axk/ mutants under
4.5 % Glc condition for 6 h. It is in accordance with the
observation that the exogenous addition of 50 uM ABA or
300 mM NaCl significantly induced AtGHS40 expression
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Fig. 6 Expression profiles
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(Fig. 6a). These findings suggest that AtGHS40 acts in
a signaling network downstream of ABA. Similarly, no
change in HXKI expression was observed in abi4 com-
pared with WT, whereas ABI4 expression was significantly
reduced in hxkl mutants (Fig. 6b). Therefore, ABI4 acted
downstream of HXKI, and this is consistent with the result
of a previous report, which established that ABI4 acts
downstream of HXK1 Glc sensors (Arenas-Huertero et al.
2000; Leon and Sheen 2003).

qRT-PCR analysis was also used to examine the rela-
tionship between ABI4 and ArGHS40. AtGHS40 expression
was markedly repressed in abi4 mutants compared with
WT, whereas ABI4 expression was significantly induced
in ghs40-1 (Fig. 6b). This finding suggests that a fine-
tuning modulation occurs in plants under high Glc condi-
tions where ABI4 expression was negatively modulated by
AtGHS40 while ABI4 activates AtGHS40 expression in the
ABA-mediated Glc signaling pathway (Fig. 7).
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HXK1
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Seed ge_rrﬁination
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Fig. 7 A scheme of glucose (Glc) signaling wherein AtGHS40 acts
as a negative player of ABA signaling and degrading genes during
early seedling development in Arabidopsis

Discussion

WD40 proteins are responsive to hormones and different
environmental stresses (Ananieva et al. 2008; Shi et al.
2011). We have identified a Glc- and ABA- hypersensitive
mutant, ghs40-1, thereby suggesting that AtGHS40 may be
a crucial player in the sugar-signaling pathway during early
seedling growth in Arabidopsis. With the analysis of qRT—
PCR, AtGHS40 is activated by ABI4 while ABI4 expression
is negatively modulated by AtGHS40 in the Glc signaling
network. However, the final proof is relied on genetic anal-
ysis. As proposed in Fig. 7, high Glc levels up-regulate the
HXK1-mediated expression of ABA biosynthesis genes and
an increase in ABA levels enhances ABA signaling gene
expression, resulting in sugar-mediated seedling growth
arrest. The ArGHS40 gene is also up-regulated as a conse-
quence of ABA accumulation. The increased AtGHS40 not
only inhibits the expression of ABA signaling genes such
as ABI3, ABI4 and ABI5, thereby counteracting growth
arrest but inhibits ABA degrading gene expression, thereby
assisting ABA accumulation and growth arrest. However,
AtGHS40 may not affect ABII and SnRK2.6 gene expres-
sion. It is in agreement with the concept that ABI1 does not
likely play a critical role in transmitting sugar signals dur-
ing seed germination (Price et al. 2003). ABI1 inactivates
SnRK?2.6 kinase via dephosphorylation of Ser/Thr residues
in the activation loop (Xie et al. 2012). SnRK2.6 is not only
known as a positive regulator of ABA signaling mediating
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the control of stomatal aperture, but has a role in the regu-
lation of carbon and energy supply (Zheng et al. 2010).

Thus, a circuit of fine-tuning mechanism, by which ABA
and ABA signaling gene expression are modulated in bal-
ance, occurs in plants (Fig. 7). The AtGHS40 protein acts
as a modulator, ensuring appropriate generation of ABI4,
which plays a crucial role in ABA signaling during early
seedling development (Finkelstein et al. 1998). Upon
AtGHS40 mutation, the relief of inhibition of ABA degrad-
ing genes may result in a decrease in the ABA content to a
level lower than that in the WT under 4.5 % Glc conditions
(Table 1); however, the ghs40-1 seedlings remain hypersen-
sitive. Thus we report a new player, AtGHS40, in the sugar
signaling transduction pathway. Other transcription fac-
tors play varied roles in connecting proline accumulation
to sugar sensing (Verslues and Bray 2006), in chloroplast
retrograde signaling (Koussevitzky et al. 2007), lipid mobi-
lization from the embryo (Penfield et al. 2006), and in bidi-
rectional communication between the plastid and nucleus
(Lee et al. 2012).

Many genes that encode WD40 proteins in Arabidop-
sis are diverse in function and modulate different bio-
logical processes. The exact role of most plant WD40-
containing proteins remains unclear and requires further
study. AtGHS40 is a predicted ortholog of UTPS, which
is a component of the t-UTP complex involved in ribo-
some assembly in yeast (Pérez-Ferndndez et al. 2007). That
rRNA biogenesis mainly occurs in the nucleolus is all in
agreement with the nucleolar localization of the AtGHS40
protein. Similar to AtGHS40, SLOW WALKERI encodes a
WD40 protein that is reportedly involved in 18S ribosomal
RNA biogenesis (Shi et al. 2005). Recently, a new member
of WD40 repeat proteins in A. thaliana, known as GTS],
reportedly interacts with two ribosomal protein partners
(i-e., a ribosome-biogenesis factor L19e and a component
of ribosome Nopl6) in controlling plant growth develop-
ment (Gachomo et al. 2014).

In conclusion, the ghs40-1 seedlings exhibit enhanced
Glc- and ABA-hypersensitivity in Arabidopsis. The
AtGHS40 gene encodes a WD40 protein localized in the
nucleus and nucleolus. AtGHS40 acts in a signaling net-
work downstream of HXK] and is activated by ABI4 while
ABI4 expression is negatively modulated by AtGHS40.
Both ABA signaling and degrading genes are down-regu-
lated by AtGHS40, thereby generating a fine-tuning modu-
lation in the Glc responses in plants. Thus, AtGHS40 may
play an important role in ABA-mediated Glc signaling dur-
ing early seedling development.
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