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Abstract

Background Ubiquitination is an important regulatory step of selective protein degradation in the plant UPS (ubig-
uitin—proteasome system), which is involved in various biological processes in eukaryotes. Ubiquitin-conjugating
enzymes play an intermediate role in the process of protein ubiquitination reactions and thus play an essential role
in regulating plant growth and response to adverse environmental conditions. However, a genome-wide analysis

of the UBC gene family in wheat (Triticum aestivum L) has not yet been performed.

Results In this study, the number, physiochemical properties, gene structure, collinearity, and phylogenetic rela-
tionships of TaUBC family members in wheat were analyzed using bioinformatics methods. The expression pattern

of TaUBC genes in different tissues/organs and developmental periods, as well as the transcript levels under abiotic
stress treatment, were analyzed using RNA-Seq data and gRT-PCR. Meanwhile, favorable haplotypes of TaUBC25

were investigated based on wheat resequencing data of 681 wheat cultivars from the Wheat Union Database. The
analyses identified a total of 93 TaUBC family members containing a UBC domain in wheat genome. These genes
were unevenly distributed across 21 chromosomes, and numerous duplication events were observed between gene
members. Based on phylogenetic analysis, the TaUBC family was divided into 13 E2 groups and a separate UEV group.
We investigated the expression of TaUBC family genes under different tissue/organ and stress conditions by quantita-
tive real-time PCR (gRT-PCR) analysis. The results showed that some TaUBC genes were specifically expressed in certain
tissues/organs and that most TaUBC genes responded to NaCl, PEG6000, and ABA treatment with different levels

of expression. In addition, we performed association analysis for the two haplotypes based on key agronomic traits
such as thousand-kernel weight (TKW), kernel length (KL), kernel weight (KW), and kernel thickness (KT), examining
122 wheat accessions at three environmental sites. The results showed that TaUBC25-Hap Il had significantly higher
TKW, KL, KW, and KT than TaUBC25-Hap I. The distribution analysis of haplotypes showed that TaUBC25-Hap Il was pre-
ferred in the natural population of wheat.

Conclusion Our results identified 93 members of the TaUBC family in wheat, and several genes involved in grain
development and abiotic stress response. Based on the SNPs detected in the TaUBC sequence, two haplotypes,
TaUBC25-Hap | and TaUBC25-Hap I, were identified among wheat cultivars, and their potential value for wheat
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breeding was validated by association analysis. The above results provide a theoretical basis for elucidating the evo-
lutionary relationships of the TaUBC gene family and lay the foundation for studying the functions of family members

in the future.

Keywords Wheat, UBC gene family, Gene expression, Allelic variation, Thousand-kernel weight

Introduction

Post-translational protein modifications play an impor-
tant role in living organisms [1]. Ubiquitination, one of
the most common posttranslational modifications of
proteins, plays a crucial role in the process of selective
protein degradation in plants [2—4]. Protein ubiquitina-
tion is involved in various processes, such as photomor-
phogenesis, vascular differentiation, flower development,
phytohormone and light signaling, and biotic and abiotic
stress responses [5—8]. The process of protein ubiquitina-
tion is mediated by the action of three enzymes, termed
ubiquitin-activating enzyme (E1s), ubiquitin-conjugating
enzyme (E2s), and ubiquitin-ligating enzyme (E3s) [9].
Ubiquitin-conjugating enzymes facilitate the transfer of
activated ubiquitin to substrates or E3 ubiquitin ligases
[9, 10], resulting in the formation of polyubiquitin chains
on target proteins [11]. Together with the E3s, the E2s
determine substrate specificity in the ubiquitination sys-
tem [12]. The E2 enzyme contains a conserved catalytic
domain called the UBC domain. It forms a thioester bond
with ATP-activated ubiquitin proteins via a cysteine
located at the 85th amino acid [5, 13].

To date, a total of 34, 40, 41, 43, 48, 53, 57, 59, 72, 75,
and 83 E2 ubiquitin-conjugating enzyme UBC genes have
been identified in papaya, longan, Arabidopsis thaliana,
grape, rice, sorghum, potato, tomato, banana, maize, and
Brassica rapa, respectively [5, 14—20]. Some UBC genes
were cloned and functionally validated in different plants,
such as soybean, tomato and Arabidopsis [8, 21-24]. Pre-
vious research has revealed that UBC genes play criti-
cal roles in a variety of physiological and developmental
processes, including Arabidopsis flowering [25], seedling
photomorphogenesis [26], root development [27], and
female gametophyte development [28], as well as fruit
maturation of tomato [29].

In addition, E2 ubiquitin-conjugating enzyme UBC
genes are also involved in plant responses to environ-
mental stress such as low temperature, heat, drought, and
salt [24]. LelUBC1, the first plant UBC gene identified and
characterized in tomato, was found to be upregulated
in expression under high temperature stress, suggest-
ing that UBC proteins can degrade abnormal proteins at
high temperatures [21]. Salt stress triggered the expres-
sion of AtUBC32, which plays an important role in salt
stress tolerance in Arabidopsis [22]. In Arabidopsis,
UBC7, UBC13, and UBC14 are involved in the response

to salt stress, oxidative stress, and ABA stress [24]. Over-
expression of GmUBCY in transgenic Arabidopsis and
soybean plants increased drought tolerance, and the
transgenic plants exhibited a late flowering phenotype
with increased expression of genes related to flowering
[8]. Therefore, UBC genes play an important regulatory
role in plant growth and development and response to
abiotic stress [8, 28].

Wheat (Triticum aestivum L.) is one of the world’s
most important cereals, contributing 20% of calories
and protein consumed worldwide [30]. Increasing wheat
yields is important for global food and nutrition secu-
rity (FAO, http://faostat.fao.org). Hexaploid wheat has a
large genome (~ 17 Gb) consisting of A, B, and D subge-
nomes derived from two amphiploidization events [31].
The wheat genome contains a large number of repeti-
tive sequences, which has limited the study of multiple
gene family functions. Although the UBC gene family
plays an important role in plant growth and development
and the response to abiotic stress, little is known about
this family in wheat. Hitherto, the main objectives of
this study were to identify and characterize UBC family
members in wheat and investigate the expression pattern
of TaUBC genes. Additionally, due to the high expres-
sion of TalUBC25 in grains, association analysis with the
TalUBC25 gene was performed using wheat resequenc-
ing data from the WheatUnion database and grain trait
data acquired from published studies. [32—36]. Simul-
taneously, the geographic distribution and frequency of
favorable allelic variation of Tal/BC25 were analyzed.
Our study aims to provide a theoretical basis for elucidat-
ing the physiological and biochemical functions of the E2
ubiquitin-conjugating enzyme UBC gene family in wheat.

Results

Identification of UBC genes in wheat

In this study, a total of 93 UBC genes were identified in
wheat, which were designated as Tal/BCI to TaliBC93
based on the distribution of /BC gene members on chro-
mosomes (Table S1). The results showed that the length
of the coding regions of all members ranged from 318 bp
(TaUBC30) to 3234 bp (TalBC39), and the theoretical
molecular weights (MW) of the coding proteins ranged
from 12.05 kDa (TaUBC30) to 118.59 kDa (TaUBC39),
with isoelectric points (pl) varying from 4.19 (TaUBC47)
to 9.77 (TaUBC77). Moreover, prediction of subcellular
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localization showed that TaUBC proteins were mainly
found in the nucleus and cytoplasm, accounting for
51.6% (48/93) and 20.4% (19/93), respectively. Some
TaUBC proteins were associated with chloroplasts, mito-
chondria, cytomembranes, or the endoplasmic reticulum
(Table S1).

Phylogenetic and structural analysis of UBC genes

To further evaluate the evolutionary relationships of
UBC proteins in different plant species, the full-length
amino acid sequences of 47 AtUBC, 39 OsUBC, and 93
TaUBC were selected for multiple sequence alignment
and construction of a Neighbour-Joining phylogenetic
tree (Fig. 1A). The phylogenetic tree results showed that
these UBC proteins could be divided into 13 E2 groups
and one UEV-independent group based on high boot-
strap analysis, including UBC1, UBC2, UBC3/7, UBC4/5,
UBC6, UBC8, UBC9, UBC10, UBC11, UBC12, UBC13,
UBC14, UBCI15, and UEV, which is essentially consist-
ent with previous reports [15]. As shown in Fig. 1A, the
UBC4/5 subfamily has the most members and contains
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twelve AtUBC, eight OsUBC, and twenty-one TaUBC.
The UBC1 and UBC11 subfamilies have the fewest mem-
bers, each containing only five group members.

To further investigate the structural diversity of TaUBC
proteins, the motif compositions of 93 TaUBC proteins
were identified and visualized using MEME software [37].
A total of 10 conserved motifs were identified, referred
to here as motifs 1 to 10 (Fig. 1B, Fig. S1B). Motifs 1, 2,
3, 5, and 6 were found in most sequences, suggesting the
functional similarity and conserved position of the genes
in wheat (Fig. S2). Motif 1 was most frequently con-
served in all E2 members (Fig. 1B, Fig. S1B). In addition,
motifs 4, 7, 8,9, and 10 were selectively present in certain
subgroups of the TaUBC family, such as motif 9, which
is present in only three proteins of the UBC1 subfam-
ily, with an additional or specific function and has been
found in other plant species [5, 16].

Structural analysis of TalUBC genes showed that the
number of introns in the coding sequences of 93 TalIBC
genes varied from 1 (TalBC56/63/77/83/84) to 8
(TaUBC14/85/90), and most members within the same
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Fig. 1 Phylogenetic relationships and conserved motifs of UBC proteins. A Phylogenetic analysis of Arabidopsis (47), rice (42), and wheat (93)
generated using MEGA 11 software with default parameter settings. The different colored blocks indicate different subclasses of the UBC family. The
TaUBC family was clustered into 14 clades, and each clade contained 3, 2, 3, 21,5, 6, 3,6, 2,6, 4, 5, 22 and 5 TaUBCs, respectively. The name of each
branch was indicated next to the corresponding branch. B Conserved motifs of UBC proteins. Distribution of the 10 conserved motifs in the TaUBC
proteins after analysis by the MEME tool. The different colored boxes represent different motifs and their position in each protein sequence of TaUBC
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subfamily had the same exon/intron structure (Fig. S1).
For example, TalUBC86/88/91 from UBC4/5 all con-
tained three introns and four exons that were about
3500 bp in length, similarly TaliBC22/19/60 from UBC9
each contained four introns and five exons that were
nearly 3000 bp long, while Tal/iBC2/6/13 from UBC3/7
each contained 5 introns and 6 exons, indicating their
evolutionarily conserved features with possibly similar
functions.

Chromosome localization, gene duplication

and collinearity analysis of UBC gene family

Based on the Ensembel Plants database, the 93 TalUBC
genes were unevenly distributed across 21 chromosomes
of the wheat genome (Fig. S3B).Among these, chromo-
some 5B had the greatest number of Tal/BC genes (8 out
of 93), while there were only two Tal/BC genes on each of
chromosomes 2B and 7B. Gene duplication events such
as segmental duplication and tandem duplication during
polyploidization of wheat lead to gene expansion [38].

To investigate the contribution of Tal/BC family dupli-
cation events, we analyzed the occurrence of tandem
duplication and large-scale segmental duplication during
evolution. Synteny results showed that 69.9% (65/93) of
TalUBC genes had duplication events, all of which expe-
rienced segmental duplication but no tandem duplication
(Fig. 2, Table S2). In addition, the duplicated gene pairs
had the most members in the UBC4/5 (13 pairs) and
UBCI5 (12 pairs) subfamilies, and no duplicated gene
pairs were found in the UBCI and UBCY9 subfamilies
(Table S2), indicating that segmental duplication is the
main driver of gene expansion in the Tal/BC family.

Calculation of Ka/Ks values of the duplicated gene
pair for all TalIBC repeat genes (Table S2) suggests that
TalUBC are driven by selection pressure and the family
members are more conserved during evolution. In addi-
tion, synteny analysis of LUBC genes in wheat, rice, and
Arabidopsis revealed that 51 Tal/BC genes are homolo-
gous to OsUBC genes in rice and AtUBC genes in Arabi-
dopsis, indicating that they may have similar biological
functions (Fig. S3A).

Expression analysis of TaUBC genes in various organs

at different developmental stages

The expression level of TalIBC genes in roots, stems,
leaves, spikes, and grains at different developmental
stages were analyzed using wheat RNA-Seq data from
the expVIP expression database. The expression patterns
of TalBC genes showed that they were generally highly
expressed in spikes and grains (Fig. 3A). TalUBC genes in
the same subgroup generally showed a similar expression
pattern. TalIBC3/40/25/32/26 in the UBC15 subfamily
and TalUBC83/77/84 in the UBC4/5 subfamily had higher
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expression levels in spikes and young grains (Grain,
2DAA) compared with other organs. Moreover, the find-
ings indicated that the expression levels of the majority
of duplicated gene pairs were consistent across various
tissues and developmental stages, such as Tal/BC4/7 and
TalIBC86/88, which were widely expressed in diverse
organs and developmental phases.

In the subsequent, real-time quantitative PCR (qRT-
PCR) was used to assess the expression levels of six
TalUBC genes. Since TalUBC25, TalUIBC83, and Tal/IBC84
are highly expressed in grains, TalUBC9, TalUBC11, and
TalIBC21 are highly expressed in young panicles, stems,
and leaves, respectively, and therefore they were selected
for qRT-PCR detection. The results showed the predomi-
nant expression of TalUBC25/83/84 in the grain (Fig. 3B).
Conversely, TalBCY9, TalUBC?79, and TalIBC21 exhibited
primary expression in young panicles, leaves and stems,
respectively. The qRT-PCR results of generally consist-
ent with the in-silico expression analysis data obtained
from the expVIP database Among them, the heatmap
shows that Tal/BC25 is mainly highly expressed in grains
(2DAA) and panicles (Fig. 3A), while qRT-PCR data
shows that Tal/BC25 is constitutive and highly expressed
in grains and panicles (Fig. 3B). The differences between
these two result may be caused by the differences in cal-
culation methods.

Regulation of TaUBC genes expression in response

to abiotic stress

Analysis of the cis-acting elements of the promoters
of TalUBC genes identified several cis-acting elements
related to the response to abiotic stress (Fig. S5). There-
fore, the expression patterns of 7TalUUBC genes under
different abiotic stress treatments, including low tem-
perature (4 ‘C), salt (200 mM NaCl), and drought (20%
PEG6000), were analyzed using transcriptome data
from the expVIP database (Fig. S4). The results showed
that the expression levels of TalUBC37/43/29 in UBCIS,
TalBC60 in UBCY, and TalUBCI2 in UBC2 was down-
regulated upon low-temperature treatment, whereas the
expression of all genes in UBC4/5 except TulIBC18 was
up-regulated. The expression levels of TalUBC gene fam-
ily members were generally down-regulated after NaCl
treatment. On the other hand, the expression levels of
TalUBC3/7/14/25/32/40 in UBCI15 and TalUBC55/69 in
UBC14 were up-regulated after NaCl treatment, while the
expression of TalUBC17/20 was significantly increased
after 48 h of NaCl treatment. Moreover, while the
PEG6000 treatment affected the expression of all wheat
TalBC genes, each gene exhibited distinct responses.
Specifically, seven genes (TaliIBC85/90/60//13/6/66)
displayed substantial up-regulation, reaching peak
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(See figure on next page.)

Fig. 3 Expression analysis of the TaUBC genes. A Heatmap of TaUBC genes expression in different growth stages and different tissues of Chinese
Spring. The heatmap shows the phylogenetic clustering of 93 TaUBC genes. Color scale: Blue represents low expression and red indicates high
expression levels. B Expression profiles of TaUBCs over developmental period of wheat. Tubulin (TraesCS1A01G350200.1) was used as a reference
gene. The Y-axis and X-axis indicates the relative expression levels and the different tissues, respectively. Means and standard deviations (SDs) were

calculated from three biological and three technical replicates. The error bars indicate the standard deviation
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expression levels after 24 h. In contrast, TalUBC37 was
the sole gene exhibiting down-regulation.

To further investigate whether Tal/BC genes in wheat
respond to abiotic stress, we used qRT-PCR to detect
the expression of six selected TaliBC genes, including
TalUBC6, TaUBCl1, TaUBC25, TalUBC43, TalUBC7S,
and Tal/BCS86, in 14-day-old seedlings after treatment
with various stress conditions such as salt (200 mM
NaCl), 20% PEG6000, and ABA (100 uM ABA). The qRT-
PCR results showed that the expression of 7al/BC78 and
TallBC86 was slightly suppressed, whereas the expres-
sion of TalUBC6, TalUBC11, TalUBC25, and TalIBC43 was
significantly increased under 200 mM NaCl treatment. In
particular, TalIBC25 and TalIBC43 was rapidly up-regu-
lated after 6 h under treatment and peaked (Fig. 4A, Fig.
S6A). The expression levels of TalUBC6, TalIBC43 and
TalBC86 were significantly reduced, whereas TalUBC11,
TalUBC25 and TalBC78 were induced under 20%
PEG6000 treatment (Fig. 4B, Fig. S6B). The qRT-PCR
results generally consistent with the in-silico expression
analysis data obtained from the expVIP database. Among
them, the heatmap shows that Tal/BC11 is mainly highly
expressed in NaCl treatment for 12 h, while qRT-PCR
data shows that Tal/BC11 is highly expressed in NaCl
treatment for 24 h. The differences between them these
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two results may be caused by the differences in calcula-
tion methods and wheat varieties. The inconsistency
between the qRT-PCR data of some genes and the in-
silico analysis may be due to differences in their algo-
rithms. The ABA pathway is typically involved in signal
transduction under various abiotic stresses. Under ABA
treatment, all six genes showed significantly up-regu-
lated expression, and were induced after 6 h treatment
and reached peak at 12 h (Fig. 4C, Fig. S6C). Therefore,
the RNA-Seq data and qRT-PCR results revealed that a
part of TalUBC genes may be involved in the regulation of
diverse abiotic stress.

Analysis of TaUBC25 allelic variation in wheat

Because TalIBC25 was significantly highly expressed in
the wheat grain thus we further analyzed whether the
function of TalUBC25 could be associated with the con-
trol of seed traits. For this purpose, the single nucleo-
tide polymorphisms (SNPs) between the sequences of
TalIBC25 were analyzed in 681 wheat cultivars whose
genomic sequences could be obtained from the Wheat
Union database (http://wheat.cau.edu.cn/WheatUnion/).
This led to the identification of two types of TaliIBC25
gene haplotypes in different wheat cultivars (Table S5).
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The grain-related traits of 122 wheat accessions,
grown at Luoyang, Henan Province, in 2002 and 2005,
and at Shunyi, Beijing, in 2010 were acquired from
previous report [39] and used for association analysis.
The results showed that TKW, KL, KW, and KT were
significantly different between the two haplotypes of
TalBC25 gene (Fig. 5, Table S6). There were highly
significant differences (P<0.01) in TKW, KL, KW, and
KT (assessed over 3 years) between the two haplotypes
TalUBC25-Hap I and TalBC25-Hap II. Consequently,
TKW, KL, KW, and KT of TalBC25-Hap II were
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significantly higher (P<0.01) than those of Tal/BC25-
Hap I under three environmental conditions.

In the next step, analyzing the promoter regions of
the two haplotypes of the TalIBC25 gene revealed eight
SNP (single-nucleotide polymorphisms) variants at posi-
tions -790 (T/C), -973 (C/T), -979 (T/C), -1126 (A/G),
-1278 bp (C/A), -1512 (T/C), -1616 (C/A), and -1773
(T/C), respectively, upstream of the start codon ATG
(Fig. 6A). The prediction of cis-elements indicated that
these eight SNPs might contribute in the formation of
several transcription factor binding sites, including the
GATA motif. This implies a potential close link between
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represents different environments (Luoyang, 2002; Luoyang, 2005; Shunyi, 2010). The values show the mean +SE (n> 50 grains). Significant statistical

analysis was carried out by Student’s t-test (¥, P<0.05; **, P<0.01)
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wheat. ing, the geographical distribution of two haplotypes

Wheat breeding selection leaves a strong foot- of the TalUIBC25 gene was examined using 312 geno-
print in the genome. To better understand whether types from 13 provinces in China (Fig. 6B, Table S7).
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The distribution frequencies of TalIBC25-Hap I from
13 provinces in China were 93.75% (Beijing), 57.14%
(Gansu), 92.31% (Hebei), 92.86% (Henan), 72.73%
(Jiangsu), 60.00% (Ningxia), 93. 94% (Shandong), 71.43%
(Shanxi), 50.00% (Shaanxi), 36.84% (Sichuan), 84.40%
(Tibet), 91.67% (Xinjiang), and 23.08% (Yunnan), indicat-
ing that TalUBC25-Hap II is a favorable haplotype. We
also determined the frequencies of Tal/BC25-Hap II in
the historical population of 99 accessions over 10-year
intervals (pre-1970, 1970s, 1980s, 1990s, and post-2000)
of evaluation. As a result, the frequency of the favora-
ble haplotype TalIBC25-Hap II increased sharply from
41.67% to100% in the cultivars released from pre-1970 to
1980s, and subsequently remained stable in the decades
from 1990s to post-2000, while the frequencies of the
haplotype Tal/BC25-Hap I showed the opposite trend
(Fig. 6C; Table S8). The results suggest that the favorable
TalUBC25-Hap II haplotype is subject to positive selec-
tion in wheat breeding, particularly in China.

Finally, to further analyze the effect of favorable allelic
variation in regulating wheat grain development, eight
cultivars with TalUBC25-Hap I or TalUBC25-Hap II from
122 cultivars (mentioned above) were used to test the
levels of TalIBC25 gene expression in spike at the grain
filling stage. The qRT-PCR results showed that genotypes
with TalUBC25-Hap II had relatively higher expression
levels than those with TalUBC25-Hap I (Fig. 6D), suggest-
ing that TalUBC25-Hap II may contribute to increasing
grain yield in this wheat material.

Discussions

The ubiquitin proteasome system (UPS) is mediated
by three enzymatic cascades, which include ubiquitin-
activating enzymes, ubiquitin-binding enzymes, and
ubiquitin-ligases [9]. Ubiquitin-binding enzymes are
important components of the UPS and play a crucial
role in plant development and growth. The function of
E2 ubiquitin-binding enzymes in higher plants has been
relatively insufficient compared to the extensive studies
on E3 ubiquitin ligases. Therefore, a systematic analysis
of members of the E2 ubiquitin-binding enzyme family is
crucial to elucidate their role in plant development and
in responding to adverse changes in the external environ-
ment. In this study, we identified a total of 93 wheat UBC
genes. The phylogenetic tree results showed that these 93
UBC proteins could be divided into 13 E2 groups and 1
UEV-independent group, which is consistent with previ-
ous reports [15].

We found that 69.9% (65/93) of wheat TalUUBC genes
had duplication events (Fig. 2). A total of 51 duplicated
gene pairs of TalUBC family genes were subjected to
fragmentary duplication with Ka/Ks values less than
1, indicating that TalUBC genes are conserved in the
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wheat genome by fragmentary duplication, which over-
all contributes to the expansion of the Tal/BC gene fam-
ily in wheat. Since wheat has undergone two rounds of
polyploidization, [40], the expansion of TalBC family
members in wheat should be due to gene duplication.
Gene duplications are an important mechanism for gene
family evolution. This event has occurred repeatedly in
angiosperms and has resulted in gene combination or
amplification, which in turn has resulted in gene family
expansion [41]. Gene duplications also play an important
role in adaptation to environmental stimuli, with family
members being better maintained over evolutionary time
following this event, which was triggered by a purifying
selection pressure [42—-46]. Gene duplications have been
also reported to occur among UBC family members in
Arabidopsis, rice [14], maize [15], and potato [18].

Motif analysis revealed that each subgroup of TaUBC
proteins contained a conserved structural domain of
UBC [47, 48]. According to the phylogenetic analysis and
amino acid sequence similarity (Fig. 1), the 93 members
of the TaUBC proteins family can be classified into 14
groups, including 13 E2 groups and 1 UEV group, which
is generally consistent with the phylogenetic analysis of
the UBC family in Arabidopsis [20], tomato [29] and rice
in previous studies [49]. The variation in numbers among
the different Tal/BC subfamilies suggests that the TalIBC
family has undergone genealogy-specific expansion and
functional divergence during evolution. Phylogenetic
analysis of the TalIBC genes also revealed that UBC9
and UBC15 are amplified in monocots but not in dicot
Arabidopsis. One member of UBC9 was identified in
Arabidopsis, while three members were identified in both
wheat and rice. For UBC15, five members were identified
in Arabidopsis, while 22 and seven members were identi-
fied in wheat and rice, respectively. This suggests that the
UBC-encoding genes of these subclasses evolved species-
specifically from common precursor genes that existed
before the diversification of monocot and dicot gene
lineages.

The results of our study showed that a large number
of elements related to plant growth and development,
hormone response, and stress response were present in
the promoter region of TaliBC genes (Fig. S5). We also
observed that the different subgroups contained differ-
ent numbers and types of cis-elements, suggesting a pos-
sible functional differentiation of Tal/BC genes [50, 51].
According to the expression patterns of Tal/BC genes, we
found that the same subgroup and most duplicated gene
pairs generally have shown similar expression patterns in
different tissues and developmental stages (Fig. 3A) and
under abiotic stress conditions (Fig. S4). This finding was
subsequently confirmed by qRT-PCR analysis, in which
we identified tissue-specific expression of TalIBC genes
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(TaUBCY9/79/25/21/83/84) predominantly in young
panicles, leaves, stems, and grains (Fig. 3B). The analy-
ses of the temporal and spatial expression patterns of
TalUBC genes provided valuable insights into their poten-
tial functions in wheat. Other studies have also reported
that the expression of E2 genes in many plant species is
regulated by tissues and developmental stages as well as
environmental conditions [22, 52, 53]. Overexpression
of SilIBC32 can significantly affect the flowering time
of foxtail millet (Setaria italica), thereby impacting seed
development. This indicates that this gene plays a key role
in regulating grain yield [54]. Heterologous expression of
the soybean (Glycine max) GmUBC9 gene significantly
increased the expression level of flowering-related genes
in Arabidopsis, exhibiting a late flowering phenotype [8].
OsUBC26 is involved in the proteasomal degradation of
the M. oryzae effector protein AvrPiz-t [55], OsUBC45
is localized in the endoplasmic reticulum of cells and is
involved in regulating plant immunity as a component of
ERAD [56]. In addition, the SMG3 encoding OsUBC45
controls rice grain size and weight [56, 57], and OsUBC45
can interact with OsGSK3 and OsPIP2;1 to mediate their
degradation in rice to promote yield [58]. In wheat, an E2
ubiquitin-conjugating enzyme UBC gene has been suc-
cessfully cloned and named 7alUBC. It has been found
that this gene is constitutively expressed in roots, stems,
and leaves of wheat. In vitro ubiquitination activity assay
confirmed that Tal/BC possesses ubiquitin-conjugating
enzyme activity, which confirms its involvement in wheat
plant development and yield regulation [59].

In this study, several TalIBC genes, such as
TalIBC6/11/25/43/78/86, were found to be significantly
up-regulated after 12 h of ABA treatment (Fig. 4). These
results correlate with the promoter region containing
a large number of ABA-responsive elements, suggest-
ing that the function of these Tal/BC genes responding
to abiotic stress may lie in an ABA-dependent signal-
ing pathway. Abiotic stresses such as drought, cold, and
salt stress can cause cell dehydration, which can severely
affect wheat growth and development, resulting in more
or less severe wheat yield losses [49, 60, 61]. Meanwhile,
some studies have identified an important role of cer-
tain E3 ligases and other components of the UPS in plant
stress responses [6, 7, 46]. For example, many genes
encoding E2 enzymes in the rice and potato genomes are
induced by salt and cold stress and abscisic acid (ABA)
[16, 49], showing that E2 genes play an important regula-
tory role in abiotic stress responses. The Ogl/BCI gene is
involved in cellular responses to biotic and abiotic stress
in wild rice [52]. AtUBC32 plays a role in brassinosteroid
(BR)-mediated salt tolerance in plants [22]. In soybean,
the expression of GmUBC2 was up-regulated in drought
and salt stress [53]. In addition, we found that elements
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related to environmental stress were abundant (Fig. S5),
including STRE, MYB, ARE, GC-Motif, etc. The most
abundant and widespread of the 13 hormone response
elements were ABREs, which respond to ABA [62, 63].
ABREs are the most important cis-regulatory elements
that play an important role in plant resistance to biotic or
abiotic adversities [64].

Wheat yield is mainly determined by thousand ker-
nel weight (TKW), grain number per spike (GNPS) and
spikelet number per spike (GNS),which is a complex
quantitative trait [45]. In recent years, with the devel-
opment of molecular biology and genetics, many genes
regulating seed development are involved in protein deg-
radation by UPS, suggesting that UPS may play a key role
in wheat seed development. In previous studies, genes
related to controlling grain weight such as GW2 [65, 66],
DAI [67], GW7 [68] and Sus2 [69], have been studied in
detail, and their superior haplotypes have been positively
selected in Chinese wheat breeding. Association analysis
of the natural genetic variations of four agronomic traits
in three environments in the present study showed that
the TalUBC25-Hap II had a significantly higher TGW
than the TalUBC25-Hap I haplotype (Fig. 5). Our analysis
of the geographical distribution of 312 wheat accessions
in China suggests that genetic variation in Tal/BC25-
Hap II was artificially and strongly selected for during
wheat domestication breeding (Fig. 6B). Moreover, the
frequency of the TulUBC25-Hap II in wheat breeding in
China increased rapidly in the 1970s and remained at
a stable high level after the 1980s (Fig. 6C). This period
coincides with the green revolution period in wheat
[70], suggesting that the favorable Tal/BC25-Hap II of
TallBC25 may have been strongly selected by breeders
during this time in China. To further analyze the effect of
favorable allelic variation on the regulation of wheat grain
development, qRT-PCR analysis was performed on eight
cultivars with TalUBC25-Hap I or TalIBC25-Hap II. The
results showed that the genotypes with the Tal/BC25-
Hap II gene had relatively higher expression levels than
those with the TaliBC25-Hap I gene, and their TKWs
also showed consistent phenotypes. It was experimentally
confirmed that the TalUBC25 gene is related to wheat
seed development and the TalUBC25-Hap II haplotype is
an excellent haplotype for wheat yield improvement that
can be used in future wheat breeding programs.

Conclusion

In summary, a total of 93 TalIBC genes were identified
and divided into 13 E2 groups and a separate UEV group
from a wheat genome. The results of RNA-Seq and qRT-
PCR suggested that some TalBC genes were specifically
expressed in certain tissues/organs and that most 7al/BC
genes responded to NaCl, PEG6000, and ABA treatment



Gao et al. BMC Plant Biology (2024) 24:341

with different levels of expression, which results will
be valuable for further studies on the biological role of
TalUBC genes in grain development and response to
stress conditions and may shed light on the improve-
ment of the genetic breeding of wheat. Based on the
SNPs detected in the TaliBC sequence, two haplotypes,
TalUBC25-Hap I and TalUBC25-Hap II, were identified
among wheat cultivars. Association analysis showed that
allelic variation TalUBC25-Hap II displayed higher TKW,
KL, KW and KT compared with TalIBC25-Hap I allelic
variation, and and TalUBC25-Hap II haplotype is widely
planted in the primary wheat-producing regions of
China. qRT-PCR showed the expression of the TalUBC25
gene in eight haplotypes, exhibiting a significantly higher
expression in TalUBC25-Hap II than in TalUBC25-Hap 1.
Our results provide potential value for wheat breeding.
The above results provide a theoretical basis for eluci-
dating the evolutionary relationships of the Tal/BC gene
family and also provide insights into the molecular regu-
lation of the TalIBC25 gene.

Materials and methods

Plant materials, growth conditions, and stress treatments
Wheat variety JinMai47 which has diverse abiotic toler-
ance and has been widely planted in China [71, 72] was
used as experimental material for this study. Grains were
sterilized with 10% sodium hypochlorite, spread on steri-
lized Petri dishes, and cultured in 1/2 Hoagland nutrient
solution under photoperiod conditions of 16/8 h (light/
dark, 25/22 °C). The 1/2 Hoagland nutrient solution
was replaced every five days to ensure a constant sup-
ply of nutrients. For the stress treatment experiments,
the 1/2 Hoagland nutrient solution was replaced with:
(I) 1/2 Hoagland nutrient solution added with 200 mM
NaCl, (II) 1/2 Hoagland nutrient solution added with
20% PEG6000, (III) 1/2 Hoagland nutrient solution added
with 100 uM ABA, and (IV) 1/2 Hoagland nutrient solu-
tion alone, as the control treatment, when wheat seed-
lings were 14-day-old. Then the first leaves of the three
wheat seedlings were collected after 0, 6, 12, 24, and 48 h
after the stress treatments in each biological replicate.
Three biological replicates were performed for qRT-PCR
analysis. For tissue-specific gene expression analysis,
untreated wheat seedlings were transferred in pots for
culturing. Then roots, stems, leaves and young panicles
at anthesis, and developing grain (5, 10, 15, 20, 25, and
30DAA) stage were collected from three wheat plants,
respectively. Eight wheat varieties with TalUBC25-Hap
I or TalUBC25-Hap II haplotypes were selected from
122 wheat accessions and spikelets were collected at the
grain filling stage to test the expression of the two haplo-
types. Three biological replicates were performed to ana-
lyze the data. All samples were stored in liquid nitrogen
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immediately after collection, and thereafter stored in an
ultra-low temperature freezer.

Identification of the UBC gene family in wheat

To identify UBC family members in wheat, UBC protein
sequences in rice and Arabidopsis were retrieved from
the Rice Genome Annotation Project database (http://
rice.plantbiology.msu.edu/) and the Arabidopsis Informa-
tion Resource (TAIR) database (http://www.Arabidopsis.
org), respectively [73]. In addition, whole genome data,
CDS sequences, protein sequences, and annotation data-
bases of Triticum aestivum (IWGSCRefSeq_v1.0), were
downloaded from the Ensembl Plants database (http://
plants.ensembl.org) [73]. In addition, the hidden Markov
model (HMM) profile for the UBC domain (PF00179)
was downloaded from Pfam (http://pfam.xfam.org/fam-
ily/PF00179) [74], and then applied to the whole genome
protein sequence of wheat using the HMMER 3.0 [75]
software program (threshold E<1e-5) to obtain Tal/BC
candidate genes. The wheat UBC proteins containing the
structural domain of E2 ubiquitin-binding enzymes were
confirmed using the NCBI Conserved Domain Database
(NCBI-CDD) (https://www.ncbi.nlm.nih.gov/Structure/
bwrpsb/bwrpsb.cgi), Inter Pro (http://www.ebi.ac.uk/
interpro/scan.html), and SMART (http://smart.embl-
heidelberg.de/) [76-78].

The proteins without UBC domains were removed.
Based on the phylogenetic clustering of UBCs in Arabi-
dopsis and rice, the identified wheat UBC genes were
renamed as Tal/BCs described in a previous report [79].
The ExPASy server (https://web.expasy.org/compute_pi/)
was used to calculate the molecular weight (MW), theo-
retical isoelectric point (pl), grand average hydropathicity
(GRAVY), and amino acid sequence length of the pro-
teins. Gpos-mPLoc (http://www.csbio.sjtu.edu.cn/bioinf/
Gpos-multi/) was used to predict the subcellular localiza-
tion of wheat UBC proteins [80].

Phylogenetic, gene structure, and motif analysis of UBC
genes

Phylogenetic tree construction allows further investi-
gation of gene conservation during evolution. Multiple
sequence alignments of wheat, Arabidopsis, and rice
UBC proteins were performed using Clustal W and stand-
ard parameters. The phylogenetic tree was constructed
with the 179 UBC full-length amino acid sequences using
MEGA 11.0, and the neighbor-joining (NJ) method was
used with the following parameters: Poisson correction,
pairwise deletion, and bootstrap (1000 repeats; random
seed) [81, 82]. The phylogenetic tree was visualized using
the online software ChiPlot (https://www.chiplot.online/
tvbot.html) [83]. The phylogeny analysis is performed
on full-length amino acid sequence. Wheat genome
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annotation (GFF3) files were obtained from the Interna-
tional Wheat Genome Sequencing Consortium (IWGSC)
(https://urgi.versailles.inra.fr/download/iwgsc/IWGSC_
RefSeq_Annotations/v1.0/). By comparing the genomic
and corresponding cDNA sequences of wheat TalUBC
genes, the schematic structure of TalIBC genes was
determined using Gene Structure Display Server (GSDS
2.0, http://gsds.gao-lab.org/index.php). The protein-con-
served motifs were identified using the Multiple Expecta-
tion Maximization for Motif Elicitation (MEME) online
tool (http://meme.nbcr.net/meme) [37] with the motif
number set to 10 and visualized using TBtools software
(84, 85].

Chromosomal location, gene duplication, and collinearity
analysis

The chromosomal positions of wheat U/BC genes were
obtained from the Ensembl Plants database (http://ftp.
ebi.ac.uk/ensemblgenomes/pub/release-51/plants/gft3/
triticum_aestivum/) and mapped to chromosomes using
TBtools software [84]. Based on the wheat genome anno-
tation, covariance analysis was performed using the One
Step MCScanX module [86, 87] in TBtools software [81].
The Simple Ka/Ks Calculator module was followed to
calculate the rate of synonymous substitutions (Ks) and
nonsynonymous substitutions (Ka) for duplicate gene
pairs. If Ka/Ks>1, positive selection; Ka/Ks=1, neutral
selection; Ka/Ks < 1, purifying selection [85].

Analysis of the cis-regulatory elements in the promoter
Wheat whole-genome data were downloaded from the
Triticeae Multi-omics Center (http://202.194.139.32),
and the 2.0-kb DNA sequences upstream from the initia-
tion codon of TalIBCs were retrieved using TBtools soft-
ware [84]. The cis-regulatory elements in the promoter
regions of the TaulUBC genes were analyzed for type, num-
ber, and function using the PlantCARE website (http://
bioinformatics.psb.ugent.be/webtools/plantcare/html/)
[73]. The distribution of identified cis-elements was plot-
ted using GSDS.

TaUBC genes expression profiles

Available RNA-seq data from different tissues/organs
and developmental periods, as well as from plants under
different abiotic stress treatments in Chinese spring, were
retrieved from the expVIP expression database (http://
www.wheat-expression.com) [88, 89] and used to verify
the expression patterns of Tul/BC genes family members.
Among them, the material used in the expVIP expression
database is Chinese spring wheat plants, which grown
in growth pouches supplied with 50% Hoagland’s solu-
tion in growth chambers with 12:12 h day: night length
at constant 20 °C for 14 days. On the 14th day, plants at
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the three-leaf stage (Zadok stage 13) were selected for
RNA extraction. The different tissues/organs and devel-
opmental periods include grain developing at 2 d (grain,
2 DAA), 14 d (grain, 14 DAA), and 30 d (grain, 30 DAA)
after flowering; spikes developing at two nodes, flag-
picking stage, and flowering stage; leaf development at
seedling stage, tiller stage, and 2 d after flowering; stems
developing at 1 cm spike length, two nodes, and flower-
ing; and root development at seedling stage, three-leaf
stage, and flag picking stage. Abiotic stress included low-
temperature stress (wheat, 4 °C), salt stress (NaCl), and
simulated drought stress (PEG6000), with data sourced
from expVIP database (http://www.wheat-expression.
com) [89]. All relative expression values were calculated
as transcripts per kilobase of exon model per million
mapped reads (TPM) with StringTie using the method
described previously [90, 91], and expression values were
log2-transformed using TBtools software [84, 85] and
displayed as a heat map.

Total RNA isolation, cDNA synthesis, and quantitative
real-time reverse transcriptase-polymerase chain reaction
(qQRT-PCR)

Wheat tissue/organ samples kept at -80 °C were used
for RNA isolation. Total RNA was extracted from all the
collected samples using the TTANGEN® RNAprep Pure
Plant Kit according to the manufacturer’s protocol. The
RNA concentration was measured using a Nanodrop
2000 spectrophotometer (ND2000; Thermo Scientific,
Wilmington, NC) and the quality of RNA samples was
determined by agarose gel electrophoresis. The first-
strand cDNA was synthesized with the TTANGEN® Fast-
King gDNA Dispelling RT SuperMix.

The qPT-PCR was performed using TIANGEN® FastReal
qPCR PreMix (SYBR Green) on the Q2000C fluorescence
quantitative PCR system (Long Gene®, China). The wheat
Tubulin gene [70, 92] (TraesCS1A01G350200.1) was used
as a reference gene for wheat tissue development expression
analysis, and wheat TaActinl [93] (TraesCS1A02G020500.1)
and TaActin3/TaAct (TraesCS5D02G132200.1) [94] was used
as reference genes for wheat expression analysis under differ-
ent stress treatment. The reaction procedure was as follows:
Thermal cycling at 95 °C for 120 s, followed by 39 cycles at
95 °C for 5's, 58 °C for 10 s, and 72 °C for 15 s. All data were
obtained from three biological repeats. The expression levels
of wheat root were used as a control for wheat tissue develop-
ment expression analysis, and the expression levels of wheat
untreated leaves was used as a control for wheat stress expres-
sion analysis. The 2724 method was used to calculate the
relative quantity [95]. To determine statistical for result signifi-
cance, one-way analysis of variance (ANOVA) was performed
in IBM SPSS Statistics 25.0 software (http://www.ibm.com).
The primers used are listed in Table S7. The primers efficiency
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calculation for each primer pair are listed in Table S9. The
details on relative expression calculation and statistical meth-
ods for result significance are listed in Table S10.

Haplotype analysis of the TaUBC25 gene in wheat
The Wheat Union Database (http://wheat.cau.edu.cn/Wheat
Union/?language=en) was used to obtain the variant loci
of the TalIBC25 gene in different wheat materials based
on the variant information query module using 681 newly
sequenced data of hexaploid wheat [32, 34, 36, 96-98]. The
differences between the different haplotypes and phenotypic
traits were determined using a one-way ANOVA with TAS-
SEL 5.0 software. Phenotypic data of 122 wheat test acces-
sions were obtained from Prof. Xueyong Zhang team at the
Institute of Crop Research, Chinese Academy of Agricultural
Sciences (CAAS). The phenotypic traits including thousand
kernel weight (TKW), kernel length (KL), kernel width (KW)
and kernel thickness (KT), were measured on grains pro-
duced at Luoyang, Henan Province, in 2002 and 2005, and
at Shunyi, Beijing, in 2010 [39]. Wheat genotypes used for
spatiotemporal distribution were obtained from the Wheat
Union Database (http://wheat.cau.edu.cn/WheatUnion/)
[32, 34, 36, 96]. To determine significant statistical differ-
ences between the two haplotypes and phenotypic traits,
one-way analysis of variance (ANOVA) was performed in
IBM SPSS Statistics 25.0 software (http://www.ibm.com).
PlantPAN 3.0 (http://PlantPAN.itps.ncku.edu.tw) was
used to analyze the cis-regulatory elements in the pro-
moter of the TalUBC25 gene. The distribution of the
identified cis-regulatory elements was drawn from GSDS
(http://gsds.gao-lab.org/). The Wheat Union database in
China was used to analyze the geographical distribution
of the two haplotypes of Tal/BC25 in wheat. The map
was downloaded from the Standard Map Service System
(http://bzdt.ch.mnr.gov.cn/).
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Additional file 1: Figure S1. Phylogenetic relationships, gene structure
and conserved motifs of TaUBC genes in wheat. A: The different color
blocks indicated different subclasses of the TaUBC genes family. B: The
distribution of conserved motifs constructed by the MEME. Boxes with
different colors represent different conserved motifs (Motif 1-10) C:
Structure of TaUBC genes, with blue boxes representing UTRs, yellow
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boxes representing exons, and black lines representing introns. Figure S2.
Conserved domains of TaUBCs in wheat. Figure S3. Collinearity and chro-
mosome localization analysis of TaUBCs. A: Collinearity analysis of UBCs
between wheat and Arabidopsis, rice, which were constructed by TBtools.
The gray lines in the background indicate the orthologous genes of wheat
and the other two species, while the blue lines highlight the collinear
TaUBC gene pairs of wheat and the other two species. B: Distribution of
TaUBC genes on chromosomes. Figure S4. Expression heatmap of TaUBC
genes under different abiotic stress in Chinese spring. The heatmap shows
the phylogenetic clustering of 93 TaUBC genes. Color scale: Blue repre-
sents low expression and red represents high expression levels. Figure
S5. Analysis of cis-elements in the promoter of TaUBC genes. Figure S6.
gRT-PCR analysis of selected TaUBCs under 200 mM NaCl, 20% PEG6000,
and 100 uM ABA stress. A: Relative expression patterns of TaUBCs in leaves
after 200 mM NaCl treatment. B: Relative expression patterns of TaUBCs

in leaves after 20% PEG6000 treatment. C: Relative expression patterns

of TaUBCs in leaves after treatment with 100 uM ABA. Relative expression
values in the control sample (CK 0h) were normalized to 1. TaAct was

used as a reference gene. Each bar value is the average value + standard
deviation based on three biological replicates. The different letters denote
a significant difference between means (P<0.05). Table S1. Characteristics
of TaUBC genes family members. Table S2. Information on duplication
events of TaUBC genes. Table S3. Analysis of cis-elements in the promoter
of TaUBC genes. Table S4. Primer sequences used in this study. Table S5.
Variation sites and genotypes of TaUBC25 gene in 681 wheat materials.
Table S6. Association analysis of TKW, KL, KW and KT between two haplo-
types of TaUBC25 gene. Table S7. Wheat diversity panel information and
distribution of TaUBC25 alleles among genotypes. Table S8. Information
on genotypes containing the TaUBC25 gene in the wheat diversity panel
over decades. Table S9. The results of the amplification efficiency of each
pair of primers. Table S10 and Table S11. The details on relative expres-
sion calculation and statistical methods for result significance.
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