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Sugars, the end products of photosynthesis, not only fuel growth and development of plants as carbon and energy
sources, but also function as signaling molecules to modulate a range of important processes during plant growth and
development. We recently found that sugar can promote hypocotyl elongation in Arabidopsis in darkness and this is
largely dependent on brassinosteroids (BRs), a group of essential phytohormones involved in mediation of plant cell
elongation. Sugars not only positively regulate the transcription of BZR1, the gene encoding the BR-activated
transcription factor BRASSINAZOLE RESISTANT1 (BRZ1), but also stabilize the BZR1 protein. Based on these results, we
proposed that BZR1 may act as a converging node for crosstalk between BR and sugar signaling in regulating plant
growth in darkness. In this short communication, we present some new data showing that HEXOKINASE1 (HXK1), the
first identified glucose (Glc) sensor in plants, was positively involved in Glc promotion of hypocotyl elongation in
Arabidopsis in the dark. It appears that the function of HXK1 is dependent on the presence of BR, suggesting that BR
may act downstream of HXK1 to positively regulate Glc-induced hypocotyl elongation in Arabidopsis in darkness.

Sugars not only fuel growth and development as carbon and
energy sources, but in addition have acquired important regula-
tory roles as signaling molecules.””? Glucose (Glc) and sucrose
(Suc), 2 kinds of metabolic sugars that are widely present in
plants, have been recognized as pivotal integrating regulatory
molecules that control gene expression related to plant metabo-
lism, stress responses, and other growth and development related
processes including seed germination, floral transition, fruit rip-
ening, embryogenesis, and senescence.””* While little is known to
the signaling mechanisms of Suc, part of the signal transduction
pathways of Glc in plants has been established, which include 3
distinct pathways: HEXOKINASED (HXK1)-dependent path-
way, HXKIl-independent pathway, and glycolysis-dependent
pathway that utilizes the SUCROSE NONFERMENTING
RELATED KINASE1 (SnRK1)/TARGET OF RAPAMYCIN
(TOR) pathway.” Discovery of unique and global repression of
photosynthetic genes by Glc in Arabidopsis led to identification
of HXK1 as the first plant Glc sensor, which mediates Glc repres-
sion or promotion of gene transcription and plant growth.®”
Later on, diverse isoforms of HXK and HXK-like (HXL) genes
were found in the genomes of many plants, including rice, maize,
tomato, tobacco and Arabidopsis, which suggests that plants have
evolved a complex mode of Glc signaling to support various
growth strategies and architectures dictated by sugar availabil-
ity.*” Suc is the major transport sugar in higher plants and could
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also initiate signaling pathways leading to changes of gene expres-
sion and physiological adaptation, but a Suc sensor has not be
identified.®

Brassinosteroids (BRs) are a class of polyhydroxylated sterol
derivatives that regulate diverse developmental and physiological
processes, including seed germination, seedling photomorpho-
genesis, stomata differentiation, organ boundary formation, flow-
ering, male fertility, and even responses to biotic and abiotic
stresses.”'* In particular, BRs stimulate cell elongation by
increasing cell wall plasticity and affect cell expansion via regula-
tion of microtubule dynamics.'®'? The BR receptor BRASSI-
NOSTEROID INSENSITIVE1 (BRI1) heterodimerizes with
BRI1 ASSOCIATED KINASE1 (BAK1), the BRI co-receptor,
after binding to BR. BRI and BAKI1 subsequently act together
to inhibit the GSK3-like kinase BRASSINOSTEROID INSEN-
SITIVE2 (BIN2), a negative regulator of BR signaling.m’13 In
the absence of BR, BIN2 phosphorylates and inactivates BRAS-
SINAZOLE RESISTANT1 (BZR1) and BRI1 EMS-SUPRES-
SOR1 (BES1), 2 key transcription factors mediating BR
responses. In the presence of BR, BZR1 and BESI are dephos-
phorylated and activated for regulation of BR-inducible gene
expression, including many genes related to cell elongation, such
as PACLOBUTRAZOL RESISTANCE;s (PREs), XYLOGLUCAN
ENDOTRANSGLYCOSYLASE/HYDROLASEs  (XTHs) and
EXPANSINs (EXPs).! 1415
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Sugars repress plant growth in the light, whereas they pro-
mote growth in the dark, indicating that the sugar regulation of
growth is mediated through different pathways in the light and
dark.*">'? In Arabidopsis, Phytochrome-Interacting Factors
(PIFs) and the plant hormone gibberellin (GA) have been
shown to play important roles in sugar-induced hypocotyl elon-
gation under both dark and short photoperiod conditions.'”""”
In a recent study, we found that sugar-induced hypocotyl elon-
gation and the expression of genes important for cell elongation
in Arabidopsis seedlings could be significantly repressed by the
treatment with brassinazole (BRZ), a biosynthetic inhibitor of
BRs, suggesting that BR is important for sugar regulation of
plant growth in darkness.'” Furthermore, we found that exoge-
nous sugar treatment could enhance the transcription of BZRI
and BESI, the 2 BR transcription factor genes, and that sugar
treatment could maintain a higher level of BZR1 proteins in
plants grown in the dark, implying that sugar promotion of
plant growth in darkness is mediated by the BZR1- and BESI-
dependent pathways.'”

Here, we report that sugar could promote plant growth in
Arabidopsis not only in the dark but also under shade conditions.
The results in (Fig. 1) showed that after the 7-day-old Col-0
seedlings (grown up under a continuous light condition
[100 wmol photons m™2 g eIy e treated
with 90 mM Suc, 90 mM Glc, or 90 mM mannitol (Mtl) and
then shade (~10 pmol
) for another 7 days, the Suc- or
Gle-treated seedlings grew much bigger than the Mtl-treated con-

transferred to a condition

2 - 1</tb
photons m™~ s <tBp>1</ibr>

trol seedlings. However, whether the mechanisms for sugar pro-
motion of plant growth in shade are identical to that in darkness
remain to be determined. Moore et al. (2003) reported that
when the Arabidopsis giz2-1 mutant (a null mutant of HXKI)
was grown under a shade condition, it showed defects in hypo-
cotyl elongation compared to its wild-type Ler,” indicating that
HXK1 might play a role during shade promotion of plant
growth.

To test whether HXKI1 also functions during Glc promotion
of plant growth in darkness, we grew both the gin2-1 and Ler
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Figure 1. Representative images of 7-day-old Col-0 seedlings that were
grown up under white light (100 wmol photons m=2 s~ =™P=1</tr=) 3¢
were then treated with or without 90 mM sucrose (Suc), 90 mM glucose
(Glc) or 90 mM mannitol (Mtl), followed by additional growth in a shade
condition (10 wmol m=2 s~ =*PP=1</%>) f5r 7 days. Bar = 0.4 cm.
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plants in a constant light condition in 1/2 MS media without
any sugars for 4 days, and then treated the plants with various
concentrations of Glc for another 2 days in darkness, before the
hypocotyl lengths of seedlings were determined. The results
(Fig. 2A) showed that the Glc-induced hypocotyl elongation was
obviously impaired in gin2-1 as compared with Ler. For instance,
in the absence of Glc, the ratio of hypocotyl lengths of Ler and
gin2-1 was only 1.06, but in the presence of 30 mM and 60 mM
of Gle, the ratio was increased to 1.24 and 1.38, respectively
(Fig. 2A), suggesting that HXK1 is indeed playing a positive role
in Glc promotion of hypocotyl elongation in darkness. We have
recently shown that sugar-induced hypocotyl elongation is greatly
impaired in the BR biosynthetic mutant dez2-1, indicating that
BR is necessity for sugar promotion of hypocotyl elongation.'
To identify the relationship between HXK1 and BRs in this pro-
cess, we tested by yeast 2-hybrid assay for possible interactions
between BZR1 and 3 sugar signaling components HXK1, VHA-
B1 (vacuolar H*-ATPase B1), and RPT5B (198 regulatory parti-
cle of proteasome subunit), which have been shown to form a Glc
signaling complex core to modulate sugar-regulated gene tran-
scription likely through interaction with other transcriptional fac-
tors.® However, no interaction was observed.'> On the other
hand, the hypocotyl elongation of the gin2-1 mutant was shown
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Figure 2. (A) Role of HXK1 in Glc-induced hypocotyl elongation in dark-
ness. Hypocotyl lengths of 4-day-old light-grown seedlings of Ler and
gin2-1 that were first treated with various concentrations of Glc (from 0
to 90 mM) and then transferred to darkness for 2 days. (B) Role of BR in
HXK1-mediated Glc induction of hypocotyl elongation. Hypocotyl
lengths of 4-day-old light-grown seedlings of Ler and gin2-1 that were
treated with 60 mM Glc (+Glc), 60 mM Glc plus 2 iM BRZ (+Glc+BRZ), or
60 mM Glc plus 2 iM BRZ and 0.1 uM BL (+Glc+BRZ+BL) for 2 days.
Each value is the mean of 25 seedlings +SE. The numbers above the
bars indicate the ratios for hypocotyl lengths of Ler related to gin2-1.
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to be less sensitive to the treatment of BRZ, a BR biosynthetic
inhibitor. For example, without BRZ treatment, the hypocotyl
length ratio of the wild-type Ler seedlings to the gin2-1 seedlings
treated with Glc in darkness (2d) was 1.40, whereas in the pres-
ence of BRZ, the ratio was decreased to 1.19. Moreover, when
the Gle- and BRZ-treated plants were supplied with exogenous
BL (brassinolide, the most active form of BR), the hypocotyl
ratio increased again (Fig. 2B). These results suggest that BRs
may function downstream of HXK1 in mediating Glc promotion
of hypocotyl elongation. Similar to our findings, Gupta et al.
(2015) recently reported that BR signaling functions downstream
of Glc to control lateral root production and emergence in Arabi-
dopsis.*® The same laboratory also reported that under etiolated
conditions, Glc and BR signals may converge at auxin signaling
machinery to regulate etiolated hypocotyl elongation.'" All these
results suggest that the crosstalk between sugars and BRs are
important for regulation of different growth and developmental
processes in plants.
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