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Abstract

about wheat and B. distachyon Trihelix genes.

Background: Plant Trihelix transcription factors, specifically bind to GT elements and play important roles in plant
physiology and development. Wheat is a main cereal crop. Brachypodium distachyon is a close relative of wheat and
has been described as a new model species for studying of grass functional genomics. Presently, little is known

Results: In 51 species, 2387 Trihelix genes were identified, including 80 wheat Trihelix genes and 27 B. distachyon

Trihelix genes. Consistent with the results of previous studies, these genes were classified into five subfamilies: GT-1,
GT-2, SIP1, GTy, and SH4. Members of the same subfamily shared similar gene structures and common motifs. Most
TaGT and BdGT genes contained many kinds of cis-elements, such as development-, stress-, and phytohormone-
related cis-acting elements. Additionally, 21 randomly selected TaGT genes were mainly expressed in the roots and
flowers, while the expression of 19 selected BdGT genes was constitutive. These results indicate that the roles of
Trihelix genes in wheat and B. distachyon might have diversified during the evolutionary process. The expression of
the most selected TaGT and BdGT genes was down-regulated when exposed to low temperatures, NaCl, ABA, and

some genes was up-regulated under heat stress.

and BdGT genes.

PEG, implying that TaGT and BdGT genes negatively respond to abiotic stress. On the contrary, the expression of

Conclusions: Trihelix genes exist extensively in plants and have many functions. During the evolutionary process,
this gene family expanded and their functions diversified. As a result, the expression pattern and functions of
members of the same family might be different. This study lays a foundation for further functional analyses of TaGT

Keywords: Trihelix, GT transcription factors, Wheat, Brachypodium distachyon

Background

Trihelix transcription factors (TFs), also named GT TFs,
contain three tandem helices (helix-loop-helix-loop-helix)
[1, 2]. The nomenclature GT originated from the first iden-
tified Trihelix gene pea (Pisum sativum) GT-1, which binds
specifically to the light-induced gene rbcS-3A [2]. Trihelix
genes extensively exist in plants. For example, there are 30
genes in Arabidopsis thaliana (3], 31 in rice [4], 52 in Bras-
sica Rapa [5), 36 in tomato [6] and 20 in Chrysanthemum
morifolium [7]. According to their sequence similarities,
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Trihelix TFs were divided into five clades: GT-1, GT-2,
SIP1, GTy, and SH4 [3].

Trihelix genes play extensive roles in plant growth
and response to environmental stress. G1-4, a clade
member of GT-1 in Arabidopsis, plays an positive role
in salt tolerance by directly binding to the Cor15A pro-
moter [8]. Another clade member of GT-1, Solanum
habrochaites ShCIGT functions in plant development
and response to stress. Transgenic tomato overexpress-
ing ShCIGT exhibited dwarf phenotype and enhanced
tolerance to cold and drought [9].

Distinct from other GT TFs, clade members of GT-2
have two DNA-binding domains [3]. In Arabidopsis, the
GT-2 gene PETAL LOSS (PTL) functions in flower devel-
opment [10]; GT-2-LIKEI (GTLI) represses root hair
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growth [11]; AtGT2L encodes a Ca2+/CaM-binding nu-
clear transcription factor and is involved in the response
to cold and salt [12]. In wheat, TaGT2L1 negatively regu-
lates drought tolerance and stomatal development [13]. In
B. distachyon, the transcription factor BATHX1 likely plays
an important role in the biosynthesis of Mixed-linkage glu-
can (MLG) by regulating the expression of BACSLF6 (a B.
distachyon Cellulose synthase-like gene) and BAXTHS (a B.
distachyon cellulose synthase-like H gene) [14].

The first SIP1 member, NtSIP1 (for Nicotiana tabacum
6b—interacting protein 1), was identified in tobacco and
seemed to function in the proliferation of plant cells,
through association with 6b protein (encoded by the
T-DNA of Agrobacterium) [15]. Arabidopsis SIP1 mem-
ber ASILI acts as a temporal regulator of seed filling by
repressing the expression of master regulatory genes
LEC2, FUS3, ABI3 and other related genes [16]. In Bras-
sica napus, the expression of BnSIP1-1 is induced by ABA
and abiotic stress. Transgenic Brassica napus lines overex-
pressing this gene improved the seed germination under
osmotic pressure, salt, and ABA treatments [17].

Rice genes OsGTy-1, OsGTy-2 and OsGTy-3 were the
first clade members of GTy to be identified. Expression
of OsGTy-1 is up-regulated under salt stress, with
transgenic rice plants over-expressing OsGTy-1 show-
ing enhanced salinity tolerance [18]. In addition to its
role in abiotic stress tolerance, GTy also plays import-
ant functions in the response to biotic stress. For ex-
ample, TuGTy-3 functions in the resistance to stripe
rust in Triticum urartu [19].

Arabidopsis SH4 gene ASR3 was reported to regulate
the expression of genes related to immunity (so called
immune genes) [20]. Rice Shattering 1(SHAI) gene plays
an important role in cell separation. Mutation in the tri-
helix domain results in the elimination of seed shattering
[21]. Another clade member of SH4, GhGT29 (Gossy-
pium hirsutum) might be involved in the regulation of
stress resistance-related genes [22].

Common wheat (Triticum aestivum) is an important
cereal crop. B. distachyon is a new model species of grass
and has a close genetic relationship with common wheat
[23]. As genome sequencing of wheat and B. distachyon
has been completed [24, 25], it is urgent to elucidate the
functions of important genes. However, to date, only the
genes TaGT and BdGT have been functionally analyzed
[13, 14]. In this study, 7aGT and BdGT were analyzed at
the genome level. A comparison between Trihelix genes
in wheat and B. distachyon was further performed. Our
results lay a foundation for further functional elucidation.

Results

Identification of wheat and B. distachyon Trihelix TFs

A total of 80 TaGT and 27 BAGT TFs were identified.
Most of them (70 TauGT and 23 BdGT genes) were
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verified by ESTs (Additional files 1 and 2). All predicted
wheat Trihelix genes were named from 7TaGTI-A to
TaGT36-D, based on their chromosomal order and gen-
omic homology (Additional file 1). BdGT genes were
renamed from BdGTI to BdGT27 based only on their
chromosomal order (Additional file 2). They were distrib-
uted on chromosomes unevenly (Additional files 3 and 4).
Among 80 TaGT genes, 51 genes constituted 17 sets.
Every set included three homologous genes in A, B, and D
sub-genomes respectively; other 20 genes formed 10 sets.
Every set has homologous genes. The parameters of these
GT proteins were predicted. The length of TaGT proteins
ranged from 129 (TaGT16-D) to 800 amino acids
(TaGT35-D); the PI ranged from 4.8 (TaGT16-D) to 10.39
(TaGT1-A); the molecular weight varied form 1.2 to 85.1
kDa (Additional file 1). In 27 BdGT proteins, the length
ranged from 242 (BAGT10) to 875 amino acids (BAGT15);
the PI ranged from 527 (BdGT14) to 10.05 (BdGT27),
and the molecular weight was between 27.6 and 96.6 kDa
(Additional file 1). Noticeably, most TaGT and BdGT TFs
were hydrophilic proteins (Additional files 1 and 2).

Sequence alignment and phylogenetic analyses of
Trihelix TFs

To further analyze wheat and B. distachyon Trihelix
TFs, multiple sequence alignment was performed. Re-
sults showed that GT domains were highly conserved
(Additional file 5). There were invariant amino acids in
the three tandem helices, including tryptophan (W) and
leucine (L) in Helix1; tryptophan (W), valine (V) and
glycine (G) in Helix2; and glutamine (Q), cysteine (C)
and tyrosine (Y) in Helix3 (Additional files 5 and 6). In
addition, many hydrophobic amino acids (tryptophan,
leucine, valine, tyrosine) were found in TaGT and BAGT
proteins. Consistent with these results, most TaGT and
BdGT TFs were hydrophilic proteins. These hydropho-
bic amino acids may affect the protein structure and
functions [3].

Furthermore, we identified Trihelix genes in 51 spe-
cies, including algae species, seed and un-seed plants.
Totally, 2387 genes were identified and grouped into
GT-1, GT-2, SIP1, GTy, and SH4 (Additional file 7,
Fig. 1). Similar to seed plants, some non-seed species
had members in all clades GT-1, GT-2, SIP1, GTy, and
SH4, while some algae species only had one or two
sub-group genes. For example, Dunaliella salina and
Chlamydomonas reinhardtii only had SIP1 clade genes;
Coccomyxa subellipsoidea and Micromonas pusilla only
had clade members of SIP1 and GT-2. The number of
Trihelix genes was greatly variable among 51 plant spe-
cies, ranging from two to three in algae to 121 in Pani-
cum virgatum. SIP1 is the largest subfamily, and was
found in all selected species, whereas the subfamily
SH4 appeared latest. These results indicate that the
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SIP1 GTy GT-1 GT-2 SH4 total
Marchantia polymorpha 25 6 4 2 7 44
Physcomitrella patens 36 6 8 9 ) 68
Sphagnum fallax 38 5 8 11 6 68
Vitisvinifera 17 3 4 9 4 37
Citrus clementina 30 6 6 9 & 54
Citrus sinensis 35 6 6 10 4 61
Capsellarubella 25 5 5] 8 & 46
Arabidopsisthaliana 13 4 4 6 2 29
Arabidopsis halleri 13 3 8 7 & 29
Eutrema salsugineum 19 2 4 8 3 36
Boechera stricta 22 17 5] 7 & 54
Carica papaya 13 2 4 8 8 30
Theobroma cacao 33 7 3 11 4 58
Eucalyptus grandis 30 3 5 6 2 46
Trifolium pratense 28 6 7 11 1 53
Medicago truncatula 34 7 6 12 2 61
Cucumis sativus 20 3 &) 6 4 36
Linum usitatissimum 32 1 9 13 6 71
Ricinus communis 21 5 &) 6 4 39
Manihot esculenta 35 7 7 10 4 63
Populustrichocarpa 36 & 8 17 5 75
Salix purpurea 24 10 7 16 4 61
Prunus persica 23 7 6 8 4 48
Malus domestica 47 11 7 23 4 92
Amaranthus hypochondriacus 22 5 3 4 1 35
Kalanchoe fedtschenkoi 27 10 5 1 3 56
Daucus carota 28 9 4 9 3 53
Carissa macrocarpa 21 3 5 8 1 38
Erythranthe guttata 22 4 5 10 2 43
Aquilegia coerulea 24 5 4 10 3 46
Ananas comosus 21 3 2 6 3 35
[Brachypodium distachyon 12 4 3 4 4 27
Brachypodium stacei 53 5 5 6 11 80
Hordeum vulgare 13 2 2 5 8] 25
Kengyilia laxiflora 45 6 7 21 4 83
[Triticum aestivum 31 16 8 13 1280
Oryza sativa 15 4 & 8 6 31
Sorghum bicolor 13 4 2 5 6 30
Zeamays 24 5 6 7 7 49
Setaria viridis 44 10 3 7 5 69
Panicum hallii 74 21 5 8 10 118
Panicum virgatum 73 14 6 12 16 121
Oropetium thomaeum 14 1 2 7 4 28
Zosteramarina 15 5 4 8 1 33
Spirodela polyrhiza 19 5 2 3 3 32
Coccomyxa subellipsoidea 2 0 0 1 0 3
Dunaliellasalina 2 0 0 0 0 2
Chlamydomonas reinhardtii 3 0 0 0 0 3
Volvox carteri 2 0 1 0 0 3
Ostreococcus sp. lucimarinus 1 2 0 0 0 3
Micromonas pusilla 1 0 0 1 0 2

Fig. 1 Phylogenetic relationships between the 51 plant species investigated in this study. The total number of Trihelixs and each groups

identified in each plant species was presented on the right

Trihelix gene family is an ancient gene family that might
have undergone gene expansion during evolution.

To study the evolutionary relationships of Trihelix
genes in Gramineae plants, un-rooted Neighbor-joining
(N]J) and Maximum Likelihood (ML) phylogenetic trees
were constructed using 249 putative Trihelix proteins of
wheat, B. distachyon, maize, rice, sorghum, and barley
(Additional file 8). Results of these two trees were con-
sistent (Additional file 9; Fig. 2).

Gene structure and conserved motifs of Trihelix genes

Gene structure is helpful to understand the evolution of
genes. As shown in Fig. 3, the exon number of TaGT
genes ranged from 1 to 8. Except for TuGT22-A and
TaGT22-D with two exons, other GTy genes only had
one exon. In B. distachyon, the exon number of most
BdGT genes ranged from 1 to 7. One exception was
BdGT16, which had 16 exons. Similar to TaGT genes,
BdGT genes in the subfamily GTy had one exon (Fig. 4).
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Fig. 2 Phylogenetic tree of Trihelix proteins. The five different subfamilies were indicated by different colors. Trihelix proteins of TaGT and BAdGT

In general, members of the same family might share simi-
lar gene structure.
Furthermore, we predicted the conserved motifs of
TaGT and BdGT proteins. A total of 10 motifs were
identified (Figs. 3 and 4). Almost all TaGT proteins
had motif 1 and motif 3, except for TaGT1-A (without
motif 3) and TaGT16-D (without motif 1). Motif 7 and
10 was only found in some clade members of GTy and
in some proteins of SH4, respectively. Similarly, motif
1 and motif 3 were identified in all BAGT proteins,
while motif 7 and 10 only appeared in BAGT18 which
belonged to the subfamily GTy and SH4, respectively.
These results show that the gene structure and motifs
of TaGT and BAGT TFs were conserved. As a result,
members with conserved motif compositions and
similar gene structures were divided into the same
groups. Our phylogenetic analyses results and previ-

ous studies clearly showed the reliability of this classi-
fication [26, 27].

Cis-elements and gene ontology (GO) annotation

The cis-regulatory elements of promoter regions are re-
lated to gene expression patterns and functions [28].
Martin et al. showed that regulatory sequences were lo-
cated 1500-bp upstream of the start codon [29]. There-
fore, we analyzed the 1500-bp promoter region of TaGT
and BdGT genes. A total of 249 and 233 kinds of cis-acting
elements were detected in TaGT and BAGT gene pro-
moters, respectively. Among them, 216 were identical
(Additional files 10 and 11).These results further showed
that 7aGT and BdGT genes were conserved to some ex-
tent. Most cis-elements were related to plant growth/de-
velopment and abiotic stress response (Additional file 12).
Cis-elements related to growth/development are, among
others, associated with light response (SORLIP1AT,
GATABOX, GT1CONSENSUS, IBOXCORE, and SORLI-
P2AT), seed expression (CAATBOX1, EBOXBNNAPA,
MYCCONSENSUSAT, and SEFAMOTIFGMY7S), leaf ex-
pression (DOFCOREZM, GT1CONSENSUS, MYBCORE,
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MYCCONSENSUSAT and RAV1AAT), shoot expression
(GT1 CONSENSUS, MYBCORE, RAVIAAT and IBOX
CORE), root expression (RAVIAAT and ROOTMOTIE-
TAPOX1), pollen expression (GTGANTG10 and POL-
LEN1LELAT52). Cis-elements related to abiotic stresses
are, among others, involved in ABA response (MYCCON-
SENSUSAT and DPBFCOREDCDC3), gibberellin (GA)
response (WRKY710S), salicylic acid (SA) response
(WBOXATNPR1), heat response (CCAATBOX1), salt
stress (GT1IGMSCAM4), drought response (CBFHV and

ACGTATERD), cold response (MYCCONSENSUSAT and
CBFHYV), oxygen response (CURECORECR and CURE-
CORECR), wounding response (WBOXNTERF3). Trihelix
promoters such as GTIGMSCAM4 (pathogen-related),
NODCON2GM (root nodules related), WBOXATNPR1
(disease resistance related), and OSE2ROOTNODULE
(root nodules related) also contained cis-elements related
to biotic stresses. Identification of such high numbers of
cis-elements further implies the extensive functions of
Trihelix genes.
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29 cis-elements were found in more than 80% TaGT
and BdGT genes (Additional file 13). Among them, 6 are
involved in light response, 15 are related to plant tissue-
specific expression and 13 respond to stress. We also in-
vestigated the conservation of cis-elements at the sub-
family level. In wheat, clade members of GT-1, GT-2,
and SH4 had 9, 2 and 3 of the same cis-elements, re-
spectively and the same 10 cis-elements in all TaGTs
(Additional file 14). In B. distachyon, members of GT-1,
GTy and SH4 had corresponding numbers of 7, 3 and 3
of the same cis-elements, respectively, and 8 cis-ele-
ments in all BdGTs (Additional file 14).

In order to predict the functions of 7aGT and BdGT pro-
teins, gene ontology (GO) annotation analyses were per-
formed. A total of 19 distinct functional groups were
identified: 10 involved in biological processes, 6 involved in
cellular components and 3 involved in molecular functions
(Additional file 15). In wheat, GO classifications of ‘binding’
(54 proteins, 66.67%), ‘biological regulation’ (37, 45.68%),
‘cell’ (30, 37.04%), ‘cell part’ (30, 37.04%), and ‘organelle’ (30,
37.04%) were dominantly attributed. Similarly, BAGT pro-
teins were mainly grouped in the GO categories of ‘binding’
(19 proteins, 70.37%), ‘biological regulation’ (9, 33.33%), ‘cell’
(7, 25.93%), ‘cell part’ (7, 25.93%), and ‘organelle’ (7,
25.93%). Among these GO categories, TaGT and BdGT
genes shared similar proportions of distributions. On one
hand, these results indicate the multi-functions of TuGT
and BdGT genes; on the other hand, they further suggest
functional conservation between TaGT and BAGT TFs.

Homologous gene pairs and synteny analysis

To identify orthologous of 7aGT and BdGT genes, 67 and
7 pairs of putative paralogous of 7TaGT (Additional file 16;
Fig. 5a) BdGT genes (Additional file 17; Fig. 5b) were iden-
tified. These results were consistent with phylogenetic
analyses.

In addition, orthologous between Trihelix genes in
wheat, B. distachyon, Arabidopsis thaliana, rice,
Hordeum vulgare, Sorghum bicolor, and Zea wmays
were also investigated. A total of 53, 7, 88, 39, 86
and 154 orthologous Trihelix gene pairs were found
between wheat and B. distachyon (Additional file 18;
Fig. 6a), Arabidopsis thaliana (Additional file 19;
Fig. 6b), rice (Additional file 20; Fig. 6c), Hordeum
vulgare (Additional file 21; Fig. 6d), Sorghum bicolor
(Additional file 22; Fig. 6e), Zea mays (Additional file 23;
Fig. 6f) respectively. Moreover, 3, 25, 14, 21 and 22
orthologous Trihelix gene pairs between B. distachyon
and Arabidopsis thaliana (Additional file 24; Fig. 6b),
rice (Additional file 25; Fig. 6c), Hordeum vulgare
(Additional file 26:; Fig. 6d), Sorghum bicolor
(Additional file 27; Fig. 6e), and Zea mays
(Additional file 28; Fig. 6f) were also identified respect-
ively. These results suggested that Trihelix genes of
monocot have strong relationships.

The functional conservation of gene sets was further
investigated by comparing both, BAGT18 and BdGT20
gene sets, in detail. A total of 65 and 54 cis-elements were
found in BdGT18 and BdGT20, respectively. Among
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them, 33 were common (Additional files 10 and 11). Fur-
thermore, given that the expression pattern between both
gene sets was very similar (Figs. 8 and 10). BAGT18 and
BdGT20 may share similar functions.

To better understand the evolutionary factors that
affect the Trihelix gene family, we calculated Ka and Ks
ratio between of Trihelix gene pairs. The ratio of most
of the tandem and segmental duplications TaGT and
BdGT gene pairs, as well as of the orthologous Trihelix
gene pairs was less than 1, suggesting that this gene
family might have undergone strong purifying selective
pressure during evolution in wheat and B. distachyon
(Additional files 16, 17, 18, 19, 20, 21, 22, 23, 24, 25, 26,
27 and 28).

Expression pattern analyses
To analyze expression pattern associated with gene func-
tion, we first investigated the temporal and spatial expres-
sion patterns of Trihelix genes in wheat and B. distachyon,
based on public RNA-sequencing data (Additional files 29
and 30). In general, there was no obvious pattern.
Furthermore, we performed qRT-PCR to analyze the
expression patterns of 22 and 19 randomly selected
TaGT and BdGT genes, respectively (Additional file
31). Briefly, clade members of GT-1, GT-2, SIP1 and
SH4 were lowly expressed in stems and leaves, and
highly expressed in roots and flowers (Fig. 7). GTy
genes were highly expressed in leaves. Different from
the expression patterns of TaGT genes, the expression
of BdSIP1 and BdGTYy genes was constitutive (Fig. 8).
The expression of BAGT-2 and BASH4 genes was simi-
lar to that of TaGT-2 and TaSH4 genes. The expression
of different GT-1 genes showed relatively similarities.
These results suggest that the functions of BdGT genes di-
versified and became more extensive during the

evolutionary process. We also detected the expression of
selected genes under different conditions of abiotic
stress. Although, for most of the genes the expression
was down-regulated under different abiotic stress con-
ditions, for 11 genes (TaGT6-B, TuGT6-D, TaGT13-B,
TaGT17, TaGT26-B, BdGT17, BdGTI8, BdGT22,
BdGT24, BdGT26, BdGT27) the expression was
up-regulated under heat treatment (Figs. 9 and 10).

Discussion

Extensive functions of Trihelix genes

Previous studies demonstrated that Trikelix genes play
extensive roles in plant growth/development and re-
sponse to abiotic stress. In this study, the expression
of most selected BAGT genes was constitutive, imply-
ing their multi-functions in growth and development.
However, up- and down- regulated expression under
different kinds of abiotic stress conditions (Figs 9 and
10) suggest that Trihelix genes also participate in the
response to abiotic stress. GO analyses showed that
TaGT and BdGT genes are grouped in 19 functional
groups, including 10 involved in biological processes,
6 in cellular components and 3 in molecular functions,
further indicating the extensive functions of Trihelix
genes. Consistent with these results, many cis-ele-
ments were detected in promoters of TuaGT and BdGT
genes (Additional files 10 and 11). Most of the cis-ele-
ments were involved in plant growth/development and
abiotic stress response.

Our results imply that the Trihelix gene family expanded
during the evolutionary process. The number of genes in-
creased and new subgroups emerged. Undoubtedly, the
functions of Trihelix genes are shown to become more ex-
tensive with gene expansion.
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(See figure on previous page.)

Fig. 6 Syntenic relationships between Trihelix genes in different species. Gray lines in the background indicate the collinear blocks within wheat/B.
distachyon and other plant genomes, while the red lines highlight the syntenic Trihelix gene pairs. a Orthologous relationship of Trihrlix genes
between wheat and B. distachyon. Results of orthologous relationship analysis of Trihrlix genes between b wheat/B. distachyon and Arabidopsis,
wheat/B. distachyon and rice, d wheat/B. distachyon and Sorghum bicolor e wheat/B. distachyon and Zea mays, f wheat/B. distachyon and Arabidopsis.
Comparative physical mapping shows the orthologous relationships of BAGT TFs with g Oryza sativa, h Sorghum bicolor and i Zea mays

Additionally, the functions of homologous genes might
have diversified during the evolutionary process. For ex-
ample, OsGTy-1 is mainly expressed in leaves and func-
tions in response to salt stress [18]. There are two
homologous genes in wheat (TaG723 and TaGT3I) and
B. distachyon (BAGT18 and BdGT20), respectively. Pro-
teins with similarly motif composition were grouped to-
gether, despite presenting a different gene structure
(OsGTy-1 has two exons; TuGT23, TuGT31, BAGTI8

and BdGT20 only have
(Additional file 32).

Like OsGTy-1, three copies of TaGT-23 and TuGT-31
were mainly expressed in leaves. Consistently, TaGT-23
and TaGT-31 share 62 and 64 common cis-elements with
rice, respectively. But when treated with salt stress, the ex-
pression of TuGT-23 and TaGT31 was down-regulated,
while the expression of OsGTy-1 was up-regulated. Differ-
ent from OsGTy-1, the expression of BdGT18 and
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Fig. 7 Expression profiles of TaGTs in different tissue (R, roots; S, stems; L, leaves; F, flowers)
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BdGT20 was constitutive and they were expressed in
roots, stems, leaves and flowers at high levels, although
they shared 53 and 35 common cis-elements with
OsGTy-1, respectively. However, the expression of
BdGT18 and BdGT20 was also down-regulated under
salt stress. Such different expression patterns indicate
diversified functions.

Conservation and diversification between TaGT and BdGT
genes

Gene structure of TauGT and BdGT genes was similar
within the same subfamilies (Figs. 3 and 4). In the pro-
moters of 80 TaGT genes, 249 kinds of cis-elements
were detected (Additional file 10); in the promoters of
27 BdGT genes, 233 kinds of cis-elements were detected
(Additional file 11). Among these cis-elements, 216 are
the same. A total of 10 protein motifs were found.
Among them, motif 1 and 3 were found in most TaGT
and BAGT proteins; motif 7 was present in GTy mem-
bers, while motif 10 was only found in the SH4 sub-
group (Figs. 3 and 4). These results are consistent with
the fact that wheat and B. distachyon have a close
phylogenetic relationship. Furthermore, GO annotations

showed that TaGT and BAGT proteins were divided into
19 functional groups (Additional file 15). Taken these re-
sults together, it is possible to conclude that 7aGT and
BdGT genes are conserved to some extent.

On the other hand, the expression pattern of TaGT
genes is quite different from that of BAGT genes. Most
TaGT genes are mainly expressed in roots and flowers,
while most BAGT genes are expressed constitutively
(Figs. 7 and 8). During the evolutionary process, the ex-
pression domain of BdGT genes might have extended.
As a result, the functions of single BAGT gene might
have been more extensive. Furthermore, up- and down-
regulated expression of TauGTs and BdGTs under differ-
ent kinds of abiotic stresses (Figs. 9 and 10), suggest
that Trihelix genes participate in plant response to abi-
otic stress.

Conclusion

In this paper, the Trihelix genes were analyzed at the
genome level in wheat and B. distachyon. 80 TaGT and
27 BdGT genes were identified. Gene structure, pro-
tein motifs, GO analyses, the cis-elements and the
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expression pattern indicate the conservative and diver-
sified nature of 7aGT and BdGT genes.

Methods

Identification and analyses of TaGT and BdGT TFs

To identify the Trihelix TFs in 51 species, firstly, we
used the Hidden Markov Model profile (PF13837) of
the Trihelix signature domain downloaded from the
Pfam v31.0 database (http://pfam.xfam.org/) to search
against plant protein sequences using a threshold of E
< le-5 [30]. Then, 31 rice and 30 Arabidopsis Trihelix
protein sequences were selected to search against pro-
tein sequences using a threshold of E<1le-5 and an
identity of 50%. Subsequently, blast and manual correc-
tions were performed to remove alternative events and
redundancy. Finally, the NCBI-CDD web server [31]
and SMART [32] were used to confirm whether puta-
tive Trihelix TFs had conserved GT domains. To further
verify the existence of Trihelix genes in wheat and B. dis-
tachyon, we performed BLASTN to search for EST using
putative Trihelix gene sequences. The Maplnspect tool

(http://mapinspect.software.informer.com/) was used to
map the chromosome location. The ProtParam tool was
used to predict physical and chemical properties of TaGT
and BAGT TFs [33].

Multiple sequence alignment and phylogenetic analyses
To investigate the genetic divergence between each
group, we counted the genetic distances based on
amino acid sequences using the method of Min Jiang et
al. [34]. Full-length Trihelix protein sequences were
aligned using the T-COFFEE method [35]. NJ and ML
trees were constructed with 1000 bootstrap replicates
using MEGA 7 EvolView for tree visualization (http://
www.evolgenius.info/evolview/).

Gene structure and conserved motif analyses

Gene structures were deduced using GSDS (http://
gsds.cbipku.edu.cn/). The MEME Suite web server (http://
meme-suite.org/) was used to predict the conserved motifs
of TaGT and BAGT TFs, with the maximum number and
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optimum width of motif sets at 10 and 5 to 200 amino
acids, respectively [36].

Promoter analysis of GT genes and gene ontology (GO)
annotation

The 1500-bp upstream genomic DNA sequences of the
wheat and B. distachyon Trihelix genes were submitted to
PLANT CARE database (http://bioinformatics.psb.ugent.be
/webtools/plantcare/html/)to predict the cis-acting ele-
ments [37]. Gene ontology (GO) annotation of Trihelix
proteins was obtained from the PLAZLA3.0 (https://bio
informatics.psb.ugent.be/plaza/versions/plaza_v3_mono
cots/genome_mapping) to predict the functions of TaGT
and BdAGT proteins. GO annotation were then plotted
using the OmicShare tool (http://www.omicshare.com/
tools).

Detection of homologous gene pairs and synteny analysis
Gene duplication analysis of Trihelix genes in different
species was performed using the Multiple Collinearity
Scan toolkit (MCScanX) with default parameters [38]. The
collinear chart of 7TaGT and BAGT genes was drawn using

Circos v0.55 [39]. We plotted the synteny relationship of
the Trihelix genes from selected species and calculated
the ratio of non-synonymous (ka) to synonymous (ks).
Substitutions (Ka/Ks) using the TBtools software (https://
github.com/C]J-Chen/TBtools) [40].

Plant materials and qRT-PCR

The wheat cultivar ‘Chinese Spring’ and B. distachyon
Bd-21 were planted in a growth chamber at 23 +1°C
with a photoperiod of 16h /8h (light/dark). Roots,
stems, leaves, and inflorescences were collected at the
heading stage. The methods used for abiotic stress
treatment, primer design, RNA extraction, cDNA syn-
thesis, quantitative RT-PCR were described in a previ-
ous study [26]. To explore the expression profiles of
GT genes in different tissues and abiotic stress, the
FPKM values of expansin genes were obtained from
ArrayExpress database under accession number E-
MTAB-4401 and E-MTAB-4484, the RNA-seq dataset
in the SRA database with accession number SRP045409
and PRJNA360513.
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