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ABSTRACT. Sugars function as signal molecules that regulate gene
expression, growth, and development in plants, animals, and yeasts.
As a contribution to understanding the molecular mechanisms of
sugar responses, we identified and characterized an Arabidopsis
thaliana BTB domain-containing protein of the H subfamily 1
(designated AtBTH1). The relative expression level of AtBTH1 was
enhanced by exogenous sugar treatment. To determine the function
of AtBTH1 in sugar response, we identified two T-DNA insertion
mutants, AtBTH1-1 and AtBTH1-2, which displayed an insensitive
response to sugar-mediated inhibition of seed germination. The
relatively early seedling growth of the AtBTH1-1 and AtBTH1-2
mutants was promoted by exogenous sugar treatment. Light-grown
seedlings of the AtBTH1-1 and AtBTH1-2 mutants developed long
roots when grown on medium containing a high sugar concentration.
Dark-grown AtBTH1-1 and AtBTH1-2 seedlings showed sugar-
insensitive hypocotyl elongation and development. These findings
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revealed that expression changes caused by mutation of AtBTH1
altered sugar-responsive seed germination and seedling growth.
Taken together, the results suggest that AtBTH1 plays an important
role in sugar responses in Arabidopsis.

Key words: Arabidopsis thaliana; BTB protein; Sucrose; Glucose;
T-DNA mutant; Seedling growth

INTRODUCTION

Plant growth is regulated by diverse developmental and environmental signals, and also is modulated
by the physiological and metabolic condition of the plant. Sugars are essential substrates for carbon and energy
metabolism, and function as signalling molecules to coordinate metabolic pathways (Rolland and Sheen, 2005).
As primary products of photosynthesis, sugars influence the majority of, if not all, metabolic processes in plant ¢
ells by providing essential elements for organic compounds and energy for chemical reactions (Rolland et al., 20
06; Smeekens and Hellmann, 2014).

The important role of sugars as signalling molecules and their regulatory effects on plant growth and
development have been recognized in recent decades (Rolland et al., 2002; Rolland and Sheen, 2005). Sugar-res
ponsive pathways typically involve genes that encode putative transcription factors and protein kinases, and gen
es required for protein synthesis and ubiquitin-mediated protein degradation (Blasing et al., 2005; Gutierréz et al
., 2008; Usadel et al., 2008). Plant G-box (CACGTG)-binding factors (GBFs) of the basic leucine zipper (bZIP)
family of transcription factors, such as bZIP2/GBF5 and bZIP11/ATB1, in conjunction with Snfl-related kinase
s (SnRKSs), such as KIN10/11, coordinate synergistic transcriptional networks promoted in response to sugar and
energy deprivation as well as diverse stresses (Baena-Gonzalez et al., 2007; Hanson et al., 2008). The Arabidop
sis SnRK1 isoforms AKIN10 and AKIN11 are regulated by PRL1 (Pleiotropic Regulatory Locus-1), which is an
evolutionarily conserved nuclear a-importin-binding WD protein (Nemeth et al., 1998; Bhalerao et al., 1999; Fa
rras et al., 2001). The prl1 mutation causes transcriptional derepression of many sucrose-regulated genes and res
ults in diverse phenotypic responses, including arrested root elongation, altered leaf development, inhibition of c
ell elongation, and hypersensitivity to glucose, sucrose, and several hormones (Németh et al., 1998). However, t
he molecular mechanisms downstream of bZIP/SnRK that regulate the adapation responses remain unclear.

Broad-complex, Tramtrack, and Bric-a-brac (BTB) proteins have been described in plants that contai
n a highly conserved domain of approximately 115 amino acids (Stogios et al., 2005; Weber et al., 2005; Figuer
oa et al., 2005; Gingerich et al., 2005; Gingerich et al., 2007). The BTB domain, also termed the poxvirus and zi
nc finger (POZ) domain, is an evolutionarily conserved protein—protein interaction motif (Bardwell and Treisma
n, 1994; Cheng et al., 2014). The BTB domain is composed of six a-helices and three B-sheets that form a butter
fly-shaped dimer with a tightly interwound peptide chain and has an extensive hydrophobic interface (Ahmad et
al., 2003; Ahmad, 1998). The BTB proteins are perform crucial roles in plant development (Chevrier et al., 2014
; Jurani¢ et al., 2012; Robert et al., 2009; Xu et al., 2016), nitrogen use efficiency (Araus et al., 2016), seed germ
ination (Kim et al., 2016), and responses to biotic and abiotic stresses (Boyl et al., 2009; Mandadi et al., 2009). |
n the Arabidopsis genome 80 genes that encode BTB domain-containing proteins have been identified and are cl
assified into 10 subfamilies. Five BTB domain-containing genes classified in the H subfamily have been identifi
ed in Arabidopsis thaliana (AtBTH). The locus At2g13690 interacts with the WD protein PRL1, which has dive
rse pleiotropic effects on hormone and sugar responses and developmental processes in Arabidopsis (Németh et
al., 199).However, At2g13690 is the only member of the H subfamily in Arabidopsis to have been studied inten
sively. Thus, further investigations are required to elucidate the functions of the other AtBTH genes.

In the present study, we identified and characterized AtBTH1 (At5g60050) of the H subfamily of BT
B domain-containing proteins in Arabidopsis. The phylogenetic relationships and gene structure were compared
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among the Arabidopsis AtBTH genes. The expression profile of each AtBTH gene in response to exogenous sug
ar treatments was analyzed using quantitative real-time RT-PCR (QRT-PCR). Loss-of-function of AtBTH1 resul
ted in insensitivity to sugar during seed germination and seedling growth. Thus, AtBTH1 was indicated to be a k
ey element in sugar response.

MATERIAL AND METHODS
Plant material and growth conditions

The wild-type, AtBTH1-1, and AtBTH1-2 Arabidopsis thaliana plants used in this study were of the
Columbia-0 ecotype. Seeds of the AtBTH1-1 (SALK_051265C) and AtBTH1-2 (SALK_068122C) mutants wer
e obtained from the Arabidopsis Biological Resource Center (http://www.arabidopsis.com). The T-DNA insertio
n was confirmed by PCR and sequencing. Seeds were surface-sterilized with 70% ethanol and 2% (v/v) househo
Id bleach, then washed at least five times with sterile water. The sterilized seeds were stratified at 4°C for 3 d in
the dark, and germinated on Murashige and Skoog (MS) medium (Duchefa, Haarlem, The Netherlands) with pH
5.7 and supplemented with 2% sucrose, and either 1.2% agar or 0.25% phytagel.

Sequence alignment and phylogenetic analysis

Deduced amino acid sequences for the five AtBTH proteins were aligned with ClustalW implemented
in MEGA 6 using the default settings (Tamura et al., 2013). Phylogeny reconstruction was conducted using the
neighbour-joining (NJ) method (Saitou and Nei, 1987). Statistical support for the tree topology was assessed usi
ng the bootstrap method with 1000 replications (Felsenstein, 1985) and the nucleotide substitution evolutionary
model was adopted.

RNA isolation, RT-PCR, and quantitative real-time RT-PCR

To analyze the expression patterns of AtBTH genes we used gRT-PCR. Total RNA was extracted fro
m 10-day-old seedlings treated with 100 mM sucrose for 1, 6, 12, 24, and 36 h as well as from control (non-treat
ed) plants. Total RNA was isolated using Trizol reagent in accordance with the manufacturer’s protocol (Gibco
BRL, Cleveland, OH, USA). Total RNA (1 pg) of each sample extract was reverse transcribed using the Power
cDNA Synthesis Kit (iNtRON Biotechnology Inc., Sungnam, Korea). The gene-specific primers used for RT-P
CR and gRT-PCR are listed in Table 1. PCR amplification with each gene-specific primer was performed using
1 pl cDNA (Table 1). The resulting RT-PCR products were electrophoresed on a 1.0% (w/v) agarose gel after st
aining with ethidium bromide. Quantitative real-time RT-PCR was carried out on a Bio-Rad CFX real-time PCR
detection system (Bio-Rad Laboratories Inc., Hercules, CA, USA) using iQ™ SYBR® Green Supermix (Bio-R
ad). The reaction was performed under the following conditions: 95°C for 10 min, followed by 45 cycles of 95°
C for 10 s and 60°C for 30 s. The relative expression levels were calculated using the relative 2—AACt method (
Livak and Schmittgen, 2001). All real-time RT-PCR analyses were repeated with three biological and three tech
nical replications.

Table 1. Primer sequences used for semi-quantitative and quantitative real-time RT-PCR.

Target
AGI No. Forward and reverse primers
genes
For quantitative real-time RT-PCR
AT4g15900 PRL1 5-TCTGTT GCG TTT GAC CCG A
5-ACT CCAGTT GCT ACATCC CAT
At5g60050 AtBTH1 5'-TCG AAG CTT CTC ACT GGT GT
5'- AGC ACA AGA GAC GTG AGACA
At1963850 5'- GAG AGC TTC GAA AGG GCT TG
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5'- CTC CAC CAA ACT TCG AAC CC

At2g13690 5'- GCT CAC CGC AAAGCT CTAAA

5-TGG TCT CGG TCT CTT GCATT

At3g05675 5'- TCT GCA GAC CAA GCT GAG AT

5-ACATGCCGT TCT CCT CTT CA

At3g50780 5-CCT GCT TGG ATT CGG TTC TG

5-TTG GTT TGC CCATGT GAC TG

At3g18780 Actin2 5’-TCC CTC AGC ACATTC CAG CA

5’- GAT CCC ATT CAT AAAACC CCAGC

For semi-quantitative RT-PCR

At5g60050 AtBTH1 5-GTTTCTGCAGCTATCTCGTTTGATGAA

5-GGATCCTCAATAGAGTGTAATCTGCAGCCG

At3g18780 Actin2 5-ATGGCTGAGGCTGATGATATTCAA

S-TTAGAAACATTTTCTGTGAACGATT

Phenotypic analysis under sugar treatments

To compare germination frequencies, control and AtBTH1 mutant seeds were harvested on the same
day. Seeds were surface-sterilized and sown on 0.25% (w/v) phytagel plates containing MS medium (pH 5.8) su
pplemented with 0%, 2%, 4%, 6%, 8%, or 10% sucrose. The plates were incubated at 25°C under a long-day ph
otoperiod, and germination was scored based on radicle emergence 4 days after sowing. In each experiment, app
roximately 100 seeds were used, and triplicate experiments were carried out using independent seed lots.

For the seedling growth test, seeds were sown on MS medium supplemented with glucose or sucrose
(0%, 2%, 4%, 6%, 8%, or 10%) and 0.7% Phyto agar (Duchefa), and incubated at 24°C under a 16 h light/8 h da
rk photoperiod for 7 day. To measure root length, seedlings were grown vertically on the specified medium unde
r constant light. At least 20 seedlings were measured for each sample. For the dark condition, wild-type and mut
ant seeds were germinated on MS medium supplemented with sucrose (0%, 2%, 4%, 6%, 8%, or 10%), 1.2% ag
ar or 0.25% phytagel, exposed to light for 18 h, and then grown vertically in complete darkness at 25°C for 7 da
y. Measurement of hypocotyl length followed a similar protocol to that used for root length measurement, excep
t that the seedlings were grown in darkness.

RESULTS

Sequence comparison and phylogenetic analysis of AtBTH proteins

We generated an alignment of the deduced amino acid sequences of the BTB domain-containing H su
bfamily proteins in Arabidopsis (AtBTH proteins) (Figure 1). A consensus BTB motif that contained three cons
erved regions separated by short variable sequences was discernible (Figure 1). Residues in the BTB domains pr
eviously identified as important for binding CUL3 were located in the conserved regions, particularly Asp, His,
lle, Asp, Asp/Glu, Tyr, and lle/Leu (Geyer et al., 2003, Xu et al., 2003). We noted that some of the predicted BT
B proteins lacked one or more of these conserved residues (Figure 1). Specifically, the five members of the H su
bfamily all shared a ~300 amino acid region of 32%-63% similarity in the C-terminus of the BTB domain (Figu
re 1). This conserved region may be important for target recognition.
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Figure 1. Comparison of the amino acid sequences of Arabidopsis BTB proteins of the H subfamily. Conserved and similar

amino acids are shown in black and grey shading, respectively. Dashes denote gaps. Asterisks mark amino acid positions im

portant for CUL3-BTB interactions. Predicted a-helices and B-sheets are indicated beneath the sequences by boxes and bold
lines, respectively.

To determine phylogenetic relationships among BTB proteins of the H subfamily from Arabidopsis a
nd the monocot rice (Oryza sativa), a phylogenetic analysis of deduced amino acid sequences was performed usi
ng the neighbour-joining method (Figure 2). The phylogenetic reconstruction showed that AtBTH1 (At5g60050)
was grouped with At1g63850 and LOC_0s04g49060.
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Figure 2. Phylogenetic analysis of Arabidopsis BTB proteins of the H subfamily. The full-length amino acid sequences were
aligned and the tree was generated using MEGA 6. The neighbour-joining method with default parameters was used for
phylogeny reconstruction. Statistical support for the tree topology was assessed by a bootstrap analysis with 1,000
replications. The values at each node are the bootstrap value.
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Expression of AtBTH genes under sucrose treatment

A previous study indicated the possible involvement of BTB genes in sugar responses (Mandadi et al
., 2009). Gene expression patterns can provide important clues for gene function; therefore, we performed gRT -
PCR to compare the expression patterns of the five AtBTH genes in response to exogenous sugar treatments. All
AtBTH genes showed an increased expression level in the sugar treatments. This result supported the involvem
ent of the AtBTH genes in responses to sugar. At1g63850 showed the highest expression level at 6 h, whereas th
e highest expression levels of At5g60050, At2g13690, At3g50675, and At3g50780 were observed at 36 h (Figur
e 3). Among these genes, the expression pattern of At5g60050 (AtBTH1) showed the greatest similarity to that o
f PRLZ; the relative expression level increased after 12 h under sugar treatment (Figure 3). Thus, AtBTH1 was s
elected for additional investigation in this study.
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Figure 3. Quantitative real-time RT-PCR analyses of five AtBTH genes and PRL1 in response to exogenous sucrose treatme

nt. Relative expression levels of the genes at 0, 1, 6, 12, 24, and 36 h after initiation of sucrose treatment were determined by

gRT-PCR. Error bars represent the standard error of three biological replicates. Expression values for each gene were norma
lized against the expression of Actin2.

Identification of T-DNA insertion mutants in AtBTH1

The AtBTHL1 gene consists of 1500 bp between the start and stop codons. The gene is organized into
two exons and one intron (Figure 4A). To determine the function of AtBTH1, we identified two independent T-
DNA insertion mutants for AtBTH1. The AtBTH1-1 (SALK_051265) and AtBTH1-2 mutants (SALK _068122)
both contain a T-DNA insertion in the second exon of AtBTH1 (Figure 4A). The two mutants had single T-DN
A insertions (data not shown) that were predicted to disrupt AtBTH1 expression. This finding was confirmed by
semi-quantitative RT-PCR (Figure 4B). The RT-PCR analysis showed that no PCR products were detected amo
ng the AtBTH1 mutant lines, which indicated that AtBTH1-1 and AtBTH1-2 likely represent loss-of-function al
leles of AtBTH1 (Figure 4B). No obvious morphological differences were observed between wild-type and mut
ant plants.
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Figure 4. Identification of AtBTH1 mutant plants. (A) Schematic representation of the AtBTH1 gene with T-DNA insertion

sites in two independent lines. The black region represents exon regions, and introns are indicated by a narrow line. Bar = 50

0 bp. (B) Semi-quantitative RT-PCR analysis of AtBTH1 expression in the wild type (WT), AtBTH1-1, and AtBTH1-2 usin

g gene-specific primers. Total RNA was extracted from 14-day-old seedlings of the wild type (Col-0) and two AtBTH1 muta
nts. Actin2 was used as an internal control.

Insensitivity of AtBTH1 mutants to sugar stress

Sugars, in addition to their metabolic roles, act as signalling molecules and control key aspects of pla
nt growth and development. Several mutants implicated in sucrose and glucose responses display decreased sens
itivity to the inhibitory effects of high sugar concentrations on seed germination and seedling establishment (Dij
kwel et al., 1996; Zhou et al., 1998; Huijser et al., 2000; Laby et al., 2000). Given that BT2 affects germination i
n the presence of sugar (Mandadi et al., 2009), we determined whether the BTB H subfamily gene, AtBTH1, als
o affected seed germination under exogenous sugar treatment. We germinated seeds from the AtBTH1-1 and At
BTH1-2 mutants and wild-type plants on medium supplemented with various concentrations of sucrose (0%, 2%
, 4%, 6%, 8%, or 10%) or glucose (0%, 2%, 4%, 6%, 8%, or 10%) and the percentage cotyledon emergence was
determined. All lines showed almost 100% germination on medium supplemented with 2% sucrose or 2% gluc
ose. However, higher concentrations of sucrose and glucose were sufficient to inhibit germination of the AtBTH
1-1 and AtBTH1-2 mutants (Figures 5A and 5B). The 8% and 10% concentrations of sucrose and glucose inhibi
ted germination of all lines equally (Figures 5A and 5B).

To check the early seedling growth of AtBTH1 mutants in response to sucrose and glucose, seeds of
the wild type and the AtBTH1 mutants were sown on medium supplemented with various concentrations of sucr
ose and glucose. On medium that contained 2% sucrose or 2% glucose, the AtBTH1 mutants showed no differen
ce in growth and development from those of the wild type. However, on media containing 10% sucrose or 8% gl
ucose, the AtBTH1 mutants showed greater insensitivity than the wild type (Figure 5). The cotyledons and roots
of the mutants were more uniformly developed than those of the wild type (Figures 5C and 5D). These results s
uggested that AtBTH1 controlled sugar signalling during germination and early seedling development.
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Figure 5. Sugar-insensitive phenotypes of AtBTH1-1 and AtBTH1-2 mutants. (A) Percentage seed germination of the wild-t

ype (WT) and AtBTH1 mutants on MS medium supplemented with different sucrose concentrations. Error bars represent SD

(n>50). (B) Percentage seed germination of the WT and AtBTH1 mutants on MS medium supplemented with different glu

cose concentrations. Error bars represent SD (n > 50). (C) Growth phenotypes of 7-day-old seedlings of the WT and AtBTH

1 mutants grown on MS medium supplemented with 0%, 2%, or 10% sucrose. (D) Growth phenotypes of 7-day-old seedling
s of the WT and AtBTH1 mutants grown on MS medium supplemented with 0%, 2%, or 8% glucose.

Light-independent insensitive phenotype of AtBTH1 mutants in response to sucrose treatment

Dark-grown Arabidopsis seedlings develop leaf-like organs on vertical plates with exposure to extre
mely low concentrations of sugars, which suggests that the dark development phenotype of Arabidopsis seedling
s is a sensitive indicator of the effects of sugars on plant growth and development (Roldéan et al., 1999; Baier et a
I., 2004; Li et al., 2007; Zheng et al., 2015). To gain insight into how AtBTH1 influences sugar responses, we in
vestigated the light or dark development phenotype of 7-day-old Col-0, AtBTH1-1, and AtBTH1-2 seedlings. W
ith regard to the light condition, the mutants showed a dramatically insensitive phenotype of the roots and cotyle
dons compared with those of the wild type (Figures 6A and 6B).

In dark-grown AtBTHL1 seedlings, hypocotyl length showed no difference from that of wild-type pla
nts in response to 0% and 4% sucrose treatment, and elongation was progressively elevated with increase in sucr
ose concentration between 6% and 10% (Figure 6D). Hypocotyl elongation in AtBTH1 seedlings was similar to
that of wild-type seedlings at no or low sucrose concentrations, but at higher sucrose concentrations hypocotyl le
ngth was progressively longer than that of the wild type (Figures 6C and 6D). These results indicated that the m
utations in AtBTH1 might affect insensitivity to sucrose and light independently.
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Figure 6. Phenotypic analysis of cell elongation in the AtBTH1 mutant treated with sucrose. (A) Development in the light of

wild-type (WT) and AtBTH1 mutant seedlings grown on MS medium supplemented with 0%, 8%, or 10% sucrose for 7 day

s. (B) Root length of 7-day-old seedlings of the WT and AtBTH1 mutants grown on MS medium supplemented with differen

t sucrose concentrations. Error bars represent SD (n > 8). (C) Development in the dark of WT and AtBTH1 mutant seedlings

grown on MS medium containing 0%, 8%, and 10% sucrose for 7 days. (D) Hypocotyl length of 7-day-old dark-grown seedl

ings of the WT and AtBTH1 mutants grown on MS medium supplemented with different sucrose concentrations. Error bars r
epresent SD (n > 8).

DISCUSSION

Sugars modulate multiple responses in plant growth, development, gene expression, and metabolism
(Rolland et al., 2006). BTB proteins are central components of an interconnected signalling network that detects
and responds to multiple inputs, such as nutrients, stresses, and hormones (Mandadi et al., 2009). However, the f
unction of AtBTH genes has not been elucidated.

The present results showed that the expression level of the five AtBTH genes was affected by exogen
ously applied sugars, which was confirmed in the qRT-PCR analysis. All of the studied genes showed a similar
expression pattern to that of PRL1 (Figure 3). PRL1 is a component of the SnRK1 pathway that encodes an E3 u
biquitin ligase and interacts with At2g13690 of the BTB H subfamily (Nemeth et al., 1998). This suggests that
AtBTH genes play roles in the regulation of sugar responses, at least at the transcriptional level. In addition, AtB
TH genes may influence the sugar response through the SnRK1 pathway. Among these genes, At5g60050 (AtB
TH1) showed the greatest similarity in expression pattern to that of PRL1, with the expression level increasing a
fter 12 h under sugar treatment (Figure 3). Therefore, AtBTH1 was selected for further investigation in this stud

y.

The mRNA expression level of four AtBTH genes, but not that of At3g50780, was decreased at 24 h
compared with that at 12 h (Figure 3). Previous studies have demonstrated that BT2 is controlled by light (Mand
adi et al., 2009). Consistent with this finding, the peaks in AtBTH transcript levels occurred during the light peri
od at 6, 12, or 36 h (Figure 3). These results suggest that light may also modulate AtBTH transcription.

To further investigate AtBTH1 gene function in response to sugar, we analyzed seed germination in t
he presence of exogenous glucose and sucrose, and observed that loss of AtBTH1 function resulted in decreased
sensitivity to high concentrations of sugars. After identifying a role for AtBTH1 in modulation of sugar respons
es during seed germination, we investigated whether seedling growth also was modulated by AtBTH1. Thus, ou
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r findings define an important genetic and molecular mechanism mediated by AtBTH1 to regulate sugar-respons
ive germination in Arabidopsis.

During seedling growth and development, high concentrations of sugar induce developmental arrest i
n the light (Arenas-Huertero et al., 2000). Light-grown AtBTH1 mutant seedlings displayed typical physiologica
| changes caused by exogenously applied sugars or decreased sugar sensitivity (Figure 5). Development in the d
ark is a sensitive indicator of the effects of sugars on growth and development in Arabidopsis (Baier et al., 2004;
Li et al., 2007). Hypocotyl elongation of dark-grown Arabidopsis seedlings is progressively inhibited by high ¢
oncentrations of sugar (Li et al., 2007). In the present study, we observed that dark-grown AtBTH1-1 and AtBT
H1-2 mutants exhibited increased hypocotyl length in response to exogenous sucrose treatment (Figure 6). Muta
tions in PRL1 (At4g15900) lead to transcriptional derepression of glucose-responsive genes and increase the sen
sitivity of plants to growth hormones, including cytokinin, ethylene, abscisic acid, and auxin (Németh et al., 199
8). Given that the Arabidopsis prl1 mutant shows hypersensitivity to sugars in light and dark conditions (Német
h et al., 1998; Li et al., 2007). The pattern of hypocotyl elongation of AtBTH1 mutants in the dark (Figure 6C)
was essentially different to that of the prl1 mutant. This observation suggested that the sugar-responsive pathwa
ys that control dark development and hypocotyl elongation in wild-type seedlings show an antagonistic function
with that of PRL1.

CONCLUSION

The present results demonstrated that AtBTH1 plays a crucial role in regulating sugar-responsive gro
wth and development under both light and dark conditions. These findings will help to provide an improved mec
hanistic understanding of the role of AtBTH1 in sugar-induced responses. In summary, we present evidence that
AtBTH1 encodes a functionally unknown protein involved in sugar-related responses in Arabidopsis. In the fut
ure, genome-wide transcriptomic and proteomic analyses combined with studies of protein—protein interaction i
n vitro and in vivo will provide additional information for functional analysis of AtBTH1 in the sugar response.
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