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Abstract

Background Squamosa promoter-binding protein-like (SPL) is a plant-specific transcription factor that is widely
involved in the regulation of plant growth and development, including flower and grain development, stress
responses, and secondary metabolite synthesis. However, this gene family has not been comprehensively evaluated
in barley, the most adaptable cereal crop with a high nutritional value.

Results In this study, a total of 15 HvSPL genes were identified based on the Hordeum vulgare genome. These genes
were named HVSPLT to HvSPLT5 based on the chromosomal distribution of the HvSPL genes and were divided into
seven groups (I, 11, 111, V, VI, VII, and VIII) based on the phylogenetic tree analysis. Chromosomal localization revealed one
pair of tandem duplicated genes and one pair of segmental duplicated genes. The HvSPL genes exhibited the highest
collinearity with the monocotyledonous plant, Zea mays (27 pairs), followed by Oryza sativa (18 pairs), Sorghum bicolor
(16 pairs), and Arabidopsis thaliana (3 pairs), and the fewest homologous genes with Solanum lycopersicum (1 pair).
The distribution of the HVSPL genes in the evolutionary tree was relatively scattered, and HvSPL proteins tended to
cluster with SPL proteins from Z mays and O. sativa, indicating a close relationship between HvSPL and SPL proteins
from monocotyledonous plants. Finally, the spatial and temporal expression patterns of the 14 HvSPL genes from
different subfamilies were determined using quantitative real-time polymerase chain reaction (qRT-PCR). Based on the
results, the HvSPL gene family exhibited tissue-specific expression and played a regulatory role in grain development
and abiotic stress. HvSPL genes are highly expressed in various tissues during seed development. The expression
levels of HVSPL genes under the six abiotic stress conditions indicated that many genes responded to stress, especially
HvSPL8, which exhibited high expression under multiple stress conditions, thereby warranting further attention.

Conclusion In this study, 15 SPL gene family members were identified in the genome of Hordeum vulgare, and the
phylogenetic relationships, gene structure, replication events, gene expression, and potential roles of these genes
in millet development were studied. Our findings lay the foundation for exploring the HvSPL genes and performing
molecular breeding of barley.

*Correspondence:
Jingjun Ruan
chenggy508@sohu.com

Full list of author information is available at the end of the article

© The Author(s) 2024. Open Access This article is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0
International License, which permits any non-commercial use, sharing, distribution and reproduction in any medium or format, as long as you
give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if you modified the

licensed material. You do not have permission under this licence to share adapted material derived from this article or parts of it. The images or
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation
or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http://
creativecommons.org/licenses/by-nc-nd/4.0/.


http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s12864-024-10773-6&domain=pdf&date_stamp=2024-9-9

He et al. BMC Genomics (2024) 25:846

Page 2 of 18

[Keywords Hordeum vulgare, SPL gene family, Genome-wide, Abiotic stress ]

Background

Transcription factors exist in all organisms and are the
key molecules involved in regulating gene expression.
The SQUAMOSA PROMOTER-BINDING PROTEIN-
Like (SPL) is a plant-specific transcription factor fam-
ily [1]. SPL genes were first discovered in Antirrhinum
majus and later found to be conserved in plants, such
as Arabidopsis thaliana [2], Oryza sativa [3], Zea mays
(4], Triticum aestivum (5], Salvia miltiorrhiza (6], Cap-
sicum annuum [7], etc. SPL has a highly conserved SBP
domain, and most SPL family genes contain a highly con-
served DNA-binding domain consisting of approximately
76 amino acids, two zinc-binding sites (Cys-Cys-Cys-His
and Cys-Cys-His-Cys), and a nuclear localization signal
(NLS) involved in DNA binding that overlaps with the
second Zn finger at the C-terminus of the SBP domain
[8]. The number of SPL genes varies among species. For
example, Arabidopsis thaliana has 16 SPL genes [2],
Oryza sativa has 19 SPL genes [3], Solanum lycopersicum
has 15 SPL genes [9], Fagopyrum tataricum has 24 SPL
genes [10], Setaria italica has 18 SPL genes [11], and Zea
mays [4] and Populus L [12]. have 31 and 28 SPL genes,
respectively. In previous studies, the SPL gene family
was divided into eight groups based on the conserved
SBP domain. Plant gene families have become increas-
ingly accessible due to increased genome sequencing
for numerous species. Many gene families in barley have
been fully identified and analyzed, including bHLH [13],
NAC [14], GRAS [15], AP2/ERF [16], HSP20 [17], OSCA
[18], PP2C [19], HMA [20], etc.

SPL genes play important roles in various aspects of
plant growth and development, including the regula-
tion of floral organ development, control of the tran-
sition from vegetative to reproductive growth, leaf
development, grain ripening, plant hormone and light
signal transduction, and response to stress [21-28].
In Arabidopsis, AtSPL2, AtSPL9, AtSPL10, AtSPL1lI,
AtSPL13, and AtSPLIS play important roles in plant
development and vegetative-to-reproductive transition
[24]; AtSPLI10 partially regulates bud development during
the vegetative phase [29]; AtSPL8 influences gibberellin
(GA)-mediated pollen sac development and maturation
[30]; AtSPL14 regulates normal plant structure develop-
ment and plant response to fumonisin B1 toxin [31]; and
AtSPLI and AtSPL12 redundantly function in heat toler-
ance during the reproductive stage [32].

Barley (Hordeum vulgare L.) is the world’s fourth larg-
est cereal crop, after rice, maize, and wheat, and is widely
cultivated for malt production, brewing, and feed pro-
duction. Barley is known for its good resistance to abi-
otic stress and is grown extensively worldwide. Barley

grains are rich in unique components, such as polyphe-
nols, flavonoids, and pB-glucans, and have low-fat and
antioxidant properties, resulting in their extensive use in
the development of health products [33]. The SPL gene
family plays important regulatory roles in plant growth
and development, grain ripening, abiotic and biotic stress
responses, and the maintenance of copper homeostasis in
plants. However, a comprehensive study of the SPL gene
family in barley has not been conducted. In this study,
we aimed to carry out a comprehensive analysis of the
gene structure, motif composition, cis-acting elements,
chromosomal location, and duplications of SPL genes in
the barley genome. We also compared the evolutionary
relationships between barley and A. thaliana, F. tatari-
cum, S. lycopersicum, O. sativa, S. bicolor, and Z. mays.
Grouping analysis of the HvSPL genes with that of other
plants was performed, including phylogenetic tree, motif
composition, and evolutionary relationships between
HySPL genes and the three monocotyledonous and three
dicotyledonous plants. We also examined tissue-specific
expression, expression during the five stages after flower-
ing, and the expression patterns under six abiotic stresses
of the 14 HvSPL genes identified in this study. This study
not only provides a theoretical basis for screening the
SPL genes involved in barley growth and development
and their response to adversity but also lays the founda-
tion for exploring and using these functional genes.

Results

Identification of the HvSPL genes

In the present study, two BLAST methods were used to
identify all potential SPL members in the barley genome.
After removing redundant genes, 15 HvSPL genes were
identified and named HvSPLI-HvSPLIS based on their
chromosomal positions (Table S1). The basic character-
istics of these genes, such as protein length, molecular
weight (MW), isoelectric point (pI), domain information,
and subcellular localization, were investigated (Table S1).
Among the 15 HvSPL proteins, HvSPL2 had the short-
est amino acid sequence length of 192, whereas HvSPL1
had the longest sequence length of 853. The relative
molecular weights (MW) of these proteins ranged from
20.12 kDa (HvSPL2) to 93.30 kDa (HvSPL1). The iso-
electric points (pI) of these proteins ranged from 5.69
(HvSPL1) to 9.87 (HvSPL2), with a mean value of 8.47.
Most pl values were greater than 7, indicating that this
gene family is biased toward basic amino acids. Based on
the subcellular localization prediction results for the 15
HvSPL proteins, all were localized to the nucleus.
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Phylogenetic analysis, classification, and multiple
sequence alignment of the HvSPL proteins

Based on the identified amino acid sequences of 15 H.
vulgaret and 16 A. thaliana SPL proteins, a phylogenetic
tree was constructed using TBtools software with a boot-
strap setting of 1,000 (Fig. 1A). According to the reported
classification method for Arabidopsis, these 31 SPL pro-
teins were found to cluster into eight subfamilies (I-VIII),
with no HvSPL members in subfamily IV. Consequently,
the HvSPL gene family was divided into seven subfami-
lies. Subfamilies I and VI had only one barley mem-
ber each, whereas subfamilies III and V had two barley
members each. Subfamilies II, VII, and VIII contained
three barley members each. Based on the position of the
SBP domain, we extracted the SBP domain sequences
(approximately 76 amino acids) of the AtSPL and HvSPL
proteins for multiple sequence alignment. As shown in
Fig. 1B, the barley SBP domain was generally conserved
at specific positions, such as in the CQQC, SCR, and
RRR sequences. Almost all HvSPL protein sequences
contained two zinc finger-like structures, Zn-1 and Zn-2,
and a highly conserved nuclear localization signal (NLS).
In subfamily I, the Zn-1 (Cys-Cys-Cys-His) sequence
underwent a certain mutation, with the fourth amino
acid being mutated to cysteine. This mutation may indi-
cate a conformational change in the zinc-finger binding
site 1 of subfamily I, conferring it with unique functional-
ity. However, this phenomenon was not observed in other
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subfamilies containing the highly conserved Zn-1 (Cys-
Cys-Cys-His) and Zn-2 (Cys-Cys-His-Cys) sequences.

Gene structures, motif composition, and cis-acting
elements analysis of the HvSPL gene family
To further understand the structural composition of bar-
ley SPL genes, we compared the number and positions of
exons and introns in barley SPL gene sequences (Fig. 2A).
Ten conserved motifs (Motif 1-10) were detected in the
HySPL genes. By analyzing the intron-exon structure of
the barley SPL genes, we explored the evolutionary pro-
cess of the barley SPL gene family. As shown in Fig. 2B,
the intron-exon structures of the same subfamily were
similar but significantly different among different sub-
families. For example, subfamily II (HvSPL8, HvSPL12,
and HvSPL13) had the highest number of introns, with an
average of six. The other subfamilies had fewer introns,
with an average of 1.9. The subfamily with the fewest
introns was subfamily I. Notably, HvSPL1 had no introns.
To understand the differences in conserved motifs
among barley SPL proteins, we used the online MEME
website to detect the motif composition of 15 HvSPL
gene sequences, including sequences of the SBP domain.
Ten different conserved motifs, namely motifs 1-10, were
identified in these sequences (Fig. 2C, Table S2). Motifs
1, 2, and 3 were present in all HvSPL members, whereas
motif 7 was unique to subfamily VII (HvSPL5, HvSPL?,
and HvSPL15). Other subfamilies did not contain this
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Fig. 1 (A) Phylogenetic tree of the relationship between the SPL domains of Hordeum vulgare and Arabidopsis thaliana. (B) Multiple sequence alignment
of the SPL domains of eight phylogenetic subfamilies of Hordeum vulgare and Arabidopsis thaliana with 76 bp
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motif. In addition, subfamily VIII (HvSPL3 and HvSPL4)
contained a special motif, motif 5. In summary, the
arrangement of motifs in the same subfamily was simi-
lar, indicating the relative conservation of these protein
structures and their tendency to cluster together in the
phylogenetic tree. This result is consistent with that of
the phylogenetic analysis and supports the reliability of
the HvSPL subfamily classification.

In this study, the promoter sequences upstream of the
start codons (ATQ) of the 15 HvSPL genes were obtained
from the barley genome sequence, and a visualiza-
tion diagram of cis-acting elements was created using
the TBtools software (Fig. 3). Analysis of the promoter
sequences of the 15 HvSPL genes revealed that cis-acting
elements in the promoter region could be classified into
four main categories: light-responsive elements, stress-
responsive elements, hormone-responsive elements, and

growth and development-responsive elements. Among
these, GA responsiveness and light responsiveness had
the highest numbers, with 159 and 154 elements, respec-
tively, and were widely distributed across various pro-
moter sequences. Among the hormone-related response
elements, all genes were GA-responsive elements; most
HySPL genes contained abscisic acid responsiveness
elements and MeJA-responsiveness elements, and few
genes contained auxin-responsive elements and salicylic
acid-responsive elements. Among these, the promoter
of HVSPL14 contained the highest number of hormone-
responsive elements [34]. Among the environmental
stress-related elements, HvSPLS5 contained low-temper-
ature responsiveness elements, anoxic-specific inducibil-
ity elements, and MYB binding sites involved in drought
inducibility; HvSPLI13 contained defense and stress
responsiveness elements, anoxic-specific inducibility
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Fig. 3 The cis-acting element of the promoter sequence (Upstream 2000 bp) of 15 SPL genes in Hordeum vulgare

elements, and MYB binding sites involved in drought
inducibility. In addition, the promoters of HvSPL6 and
HvSPLI0 contained one endosperm expression element,
indicating that these two genes may directly or indirectly
regulate barley endosperm development.

Chromosomal distribution, gene duplication, and synteny
analysis of the HvSPL genes

Based on the latest Hordeum vulgare genome database, a
chromosome map was constructed and 15 HvSPL genes
were randomly distributed on eight barley chromosomes
(Fig. 4). Each HvSPL gene was named from top to bot-
tom based on its physical position on the barley chromo-
some (Chr), 1 H to Un. No HvSPL genes were detected
on Chr4H. This absence may be due to fragment loss or
chromosomal translocation during evolution. Chr2H,
5H, 6 H, and 7 H contained three HvSPL genes, whereas
ChrlH, Chr3H, and ChrUn contained 1 HvSPL gene
each. Gene duplication events are crucial for the evolu-
tion of gene families and play important roles in gene
amplification and the generation of new functional genes.
When two or more identical genomic regions are found
within a 200 kb chromosome region, a tandem duplica-
tion event occurs [35]. Therefore, we investigated the
duplication events of the HVSPL genes in the barley
genome and found one tandem duplication event involv-
ing two HvSPL genes on Chr2H (Fig. 4, Table S3). These
two tandem duplicated genes belong to the same subfam-
ily (IV). Using the BLASTP and MCScanX methods, we
identified a segmental duplication event involving a pair
of genes distributed on chromosomes 6 H and 7 H in the

HySPL gene family (Fig. 5, Table S4). This pair of segmen-
tal duplicated genes belonged to the same subfamily (III).

To further study the phylogenetic mechanisms of the
barley SPL family, we constructed six collinearity maps
between barley and three dicotyledonous plants (A. thali-
ana, E tataricum, S. lycopersicum) and three monocoty-
ledonous plants (O. sativa, S. bicolor, Z. mays). Based on
the results, the HVSPL genes had the highest number of
homologous genes with the monocotyledonous plant,
Z. mays (27 pairs), followed by O. sativa (18 pairs), S.
bicolor (16 pairs), and A. thaliana (three pairs), and the
fewest homologous genes with S. lycopersicum (one pair).
However, none of the genes were homologous to those
in E tataricum. The collinearity between the HvSPL
gene family and monocotyledonous plants was stronger
than that between this gene family and dicotyledonous
plants. HvSPL5 had homologous genes in all five species
(Table S5). Except for E tataricum and S. lycopersicum,
HySPL6 had homologous genes in the other four plants.
This result suggests that HVSPL5 and HvSPL6 may have
existed before the differentiation of monocotyledonous
and dicotyledonous plants and continue to play impor-
tant roles in these species. Overall, barley SPL genes had
the highest homology with those in Z. mays, indicating
that these highly homologous genes evolved from a com-
mon ancestor of different plants.

Evolutionary analysis of the HvSPL proteins in barley and
the HvSPL proteins in different plants

To investigate the evolutionary relationships of SPL
genes, we analyzed the phylogenetic trees of the
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identified HvSPL genes in three dicotyledonous plants (A.
thaliana, E tataricum, S. lycopersicum) and three mono-
cotyledonous plants (O. sativa, S. bicolor, Z. mays). Phy-
logenetic trees were constructed based on the sequences
of 138 SPL proteins via the MEME network server, which
revealed the presence of 10 conserved motifs (Fig. 7,
Table S2). As shown in Fig. 7, the distribution of HvSPL
in the evolutionary tree was relatively scattered, with
HvSPL proteins clustering with SPL proteins from Z.
mays and O. sativa, indicating a close phylogenetic rela-
tionship between HvSPL and monocotyledonous SPL.
Furthermore, motifs 3, 2, 1, and 6 were conserved and
alternately distributed among all subfamilies. This result
suggests that motif composition is crucial for SPL genes
and may have important implications for the protein
function of SPLs. Similar motifs tended to be distributed
in specific subfamilies of SPL. For example, motifs 10, 5,
and 8 tended to cluster within subfamily II, indicating
that SPL genes within the same subfamily have similar
motif compositions, which suggest similar structures and
functions. However, significant differences were found
among different subfamilies. Subfamily II contained
motif 5, whereas the other subfamilies did not contain
this motif. Subfamilies V and VIII contained the unique
motifs 7 and 9 but lacked motif 4. Subfamily VI exhibited
the greatest difference, comprising motifs 3, 2, 1, and 6
but lacking other conserved motifs.

Expression patterns of HvSPLs in different plant tissues

To investigate the physiological functions of HvSPL
genes, we performed qRT-PCR to determine the rela-
tive expression levels of 14 HvSPL genes in different tis-
sues (roots, stems, leaves, flowers, and grains) (Fig. 8A).
Different genes were found to exhibit distinct expres-
sion patterns in different tissues. Certain genes are pref-
erentially expressed in specific barley tissues. Among
these, two genes (HvSPL4 and HvSPL10) showed the
highest expression levels in stems, while HvSPL12 was
highly expressed in leaves. Four genes (HvSPL3, HvSPLS6,
HvSPLS8, and HvSPL11) had the highest expression lev-
els in flowers, whereas seven genes (HvSPL1, HvSPL2,
HvSPLS, HvSPL9, HvSPL13, HvSPL14 and HvSPL15)
had the highest expression levels in grains. Most genes
exhibited relatively low expression in the roots. Fur-
thermore, the correlation between HvSPL expression in
the five organs was investigated (Fig. 8B). The expres-
sion of different genes in the plant organs was found to
be positively correlated, suggesting their potential syn-
ergistic roles. The most significant positive correlation
was observed between pairs of genes, such as HvSPL3,
HvSPL6, HvSPL8, and HvSPL11, which were highly
expressed in the flower and showed a significant positive
correlation (P<0.05). HvSPL4, HyvSPL10, and HvSPL12
were negatively correlated (P<0.05) with HvSPLI,
HvSPL2, HvSPL5, HvSPL13, HvSPL14, and HvSPL15, all
of which were highly expressed in grain.
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Fig. 5 Colinear region of SPL genes in Hordeum vulgare. The colored lines represent all the collinear blocks in the genome of H. vulgare and the red lines
represent SPL gene pairs. Chromosome numbers are shown on the inside of each chromosome

Expression patterns of the HvSPL genes in barley during
grain development

Some HvSPLs may regulate barley grain development,
thereby affecting the nutrient content and develop-
ment rate. To identify the genes that may regulate barley
grain development, the expression of 14 HvSPL genes
was assessed at 7, 14, 21, 28, and 35 days post-anthesis
(DPA) (Fig. 9A). Most HvSPL genes were expressed dur-
ing the five periods after flowering. Eight genes (HvSPLI,

HvSPL2, HvSPL4, HvSPLS, HvSPLS8, HvSPL13, HvSPL14,
and HvSPL15) showed the highest expression levels at 21
DPA, with HvSPL15 exhibiting the highest expression.
Six genes (HvSPL1, HvSPL3, HvSPL4, HvSPL8, HvSPL9,
and HvSPL13) had increased expression over time during
grain development. However, their expression levels sig-
nificantly decreased during the late stages of grain devel-
opment. The expression levels of most genes (HvSPLI,
HvSPL3, HvSPL4, HvSPL6, HvSPL10, HvSPL11, HvSPL12,
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Fig.6 Synteny analysis of the SPL genes between Hordeum vulgare and six representative plants (Fagopyrum tataricum, Solanum lycopersicum, Arabidopsis
thaliana, Sorghum bicolor, Oryza sativa, Zea mays). The gray lines between Hordeum vulgare and other plants indicate collinearity in the wide genome of
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Fig.9 Gene expression of 14 H. vulgare SPL genes during grain development and the correlation between the gene expression patterns of HvSPLs during
grain development. (A) gRT-PCR was performed to detect the expression patterns of 14 H. vulgare SPL genes in the grain development stage. Error bars
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HvSPL13, and HvSPL15) decreased during grain devel-
opment, whereas that of HvSPLI5 increased. We also
analyzed the correlation between the HVSPL gene expres-
sion patterns and found that most genes were positively

correlated (Fig. 9B). For example, significant positive cor-
relations were found between HvSPL1, HvSPL2, HvSPLS,
HvSPL8, HvSPL13, HvSPL14 and HvSPLI15, as well as
between HvVSPL3, HvSPL6, and HvSPLIO (P<0.05).
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HvySPL11 was found to be negatively correlated with
HvSPL2, HvSPLS, HvSPL14, and HvSPL15 (P<0.05).

Expression patterns of the HvSPL genes in response to
different abiotic stresses

To further determine whether the expression of HvSPL
genes was influenced by different abiotic stresses, we
examined the expression of 14 HvSPL members in the
roots, stems, and leaves of barley under six abiotic stress
conditions: strong ultraviolet radiation (UV), flooding,
polyethylene glycol (PEG), NaCl, heat, and cold treat-
ments (Fig. 10A). Some HvSPL genes were significantly
induced or inhibited under different abiotic stress con-
ditions. The expression of certain HvSPL genes varied at
different time points or in different organs, depending
on the specific treatment. For example, HvSPL8 exhib-
ited high expression under strong UV radiation, flooding,
NaCl, heat, and cold treatments, with the highest expres-
sion observed in the roots after 24 h of NaCl, flooding,
and heat treatments. Under cold and UV treatments,
the highest expression level of HVSPL8 was observed in
the leaves at 24 h. Under stress treatments, more genes
tended to reach their highest expression levels at 24 h,
such as most genes reaching their maximum expression
levels at 24 h under flooding stress. Furthermore, a posi-
tive correlation (P<0.05) was found between the expres-
sion patterns of HvSPL genes under stress conditions
(Fig. 10B). For example, HvSPL1 and HvSPL13 displayed
significant positive correlations, indicating their syner-
gistic effects. Significant positive correlations were found
between HvSPL3, HvSPLS, HvSPL9, HvSPL10, HvSPL12,
and HvSPL14.

Discussion

Characteristics of the HvSPL genes

In this study, the H. vulgare SPL gene family was system-
atically analyzed, and 15 HvSPL genes were identified, all
of which exhibited significant structural differences in
the encoded proteins. The size of the SPL proteins ranged
from 192 to 853 amino acids, indicating a high degree
of variability, which may be related to gene duplication
events or genome sizes. The relative molecular weights
of these proteins ranged from 20.12 kDa to 93.30 kDa.
Further, the isoelectric points of these proteins ranged
from 5.69 to 9.87, with 80% (12/15) of the HvSPL pro-
teins having an isoelectric point greater than 7, indicat-
ing that most HvSPL proteins are composed of more
basic amino acids, which may be related to the presence
of basic amino acid-rich regions at the C-terminus of the
SBP domain. Subcellular localization prediction revealed
that all 15 HvSPL proteins were located in the nucleus,
aligning with the results of the domain information align-
ment, as a highly conserved nuclear localization signal
(NLS) exists in the SBP domain. Analyses of the SPL gene
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family in other species revealed that most SPL genes were
located in the nucleus. Based on the constructed phylo-
genetic tree (Fig. 1A), at least one barley SPL gene was
identified in each subfamily of Arabidopsis, except sub-
family IV, indicating that the differentiation of the SPL
family may have occurred earlier than that of monocots
and dicots. The SBP domain contains highly conserved
sequences, such as CQQC, SCR, RRR, NLS, Zn-1, and
Zn-2, which are the same as those in the SPL gene fam-
ily of other species. In AtSPL7 (subfamily I), the first Zn-
finger structure was replaced by a Cys residue, which is
consistent with HvSPLI, indicating that the Zn-finger
structure of subfamily I is relatively unique. Unlike in
Arabidopsis thaliana [2], the SPL gene family in barley
can be categorized into seven subfamilies that lack group
IV, while rice [3] and maize [4] lack subfamilies VII and
VIIL The subfamilies present in all plants may play a fun-
damental role, whereas new subfamilies may have unique
functions. The AtSPL6 gene in subfamily IV plays an
important role in plant immunity. Among the seven sub-
families of the barley SPL gene family, subfamilies II, VII,
and VIII had the most members (3, 20%), which is similar
to other plants, such as Arabidopsis and buckwheat. Such
finding indicates that these SPL gene families may have
strong partial differentiation ability during long-term
evolution.

Introns are beneficial for species evolution because
they can increase gene length, enhance recombination
frequency between genes, and exhibit regulatory func-
tions [36]. According to prior studies, genes that respond
quickly to stress do not contain introns. Genes without
introns can delay regulatory responses and quickly regu-
late the entire growth and developmental processes [37,
38]. In this study, the exon and intron structures, and
the motifs of the identified 15 HvSPL genes, were ana-
lyzed (Fig. 2). Each gene contained one to five coding
sequences (CDSs) (Fig. 2B). Subfamily II had a rich distri-
bution of introns and CDS regions, with HvSPL13 having
nine introns and five CDS regions. Subfamilies I and VIII
had fewer introns and CDS regions, whereas HvSPLI
(subfamily I) had no introns. The results of conserved
protein motif analysis of the barley SPL family revealed
that within the same subfamily, most HvSPL proteins had
similar motif distributions. However, the arrangement
and distribution of motif patterns varied among different
subfamilies (Fig. 3). For example, motif 5 was only pres-
ent in subfamily VIII, and motif 7 was only present in
subfamilies I and III. These results highlight the complex
functions of barley SPL proteins. In addition, we identi-
fied some conserved motifs, such as motifs 1, 2, and 3,
that are present in all barley SPL proteins. These motifs
may be important components that determine the shared
molecular functions of the SBP domains among different
subfamily members. Differences in motif patterns among
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HySPL genes from different subfamilies provide a struc-
tural basis for the functional diversity of these genes.
Promoter analysis elucidates the regulation and
response mechanisms of gene expression. Predictive anal-
ysis of cis-acting elements in the HvSPL gene promoter
region revealed that they could be divided into four main

categories: light-responsive elements, stress-responsive
elements, hormone-responsive elements, and growth and
development-responsive elements (Fig. 5). The promoter
regions of HvSPL genes contain several light-responsive,
hormone-responsive, and stress-related cis-acting ele-
ments. All 15 HvSPL genes had GA-responsive elements,
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further indicating the important role of the SPL family
genes in plant growth, development, and response to var-
ious stresses. Studies have found that in Arabidopsis, the
SOC1-SPL module acts as a molecular link to integrate
photoperiod and GA signals, promoting flowering [39].
In addition, we found that the promoters of HVSPL6 and
HvSPLI10 contained one endosperm expression element,
suggesting that these two genes may directly or indirectly
regulate endosperm development in barley.

Evolution of the HvSPL genes

The number of HvSPLs (15) in barley was lower than
that in Arabidopsis (16), rice (19), wheat (56), and Tar-
tary buckwheat (24). The extension of gene families and
genome evolution mechanisms mainly rely on tandem
and segmental duplications [40-43]. Generally, gene
duplication events can expand new genes with similar
or different functions; however, the degree of their roles
varies for each species. Further analysis of these gene
subfamilies revealed that these genes are linked in their
subfamilies. One tandem duplication event involving
two genes (12.5%) was identified in the HvSPL gene fam-
ily; and both genes were located on Chr2H and belonged
to subfamily VIII. Wheat had eight tandem duplications,
whereas Tartary buckwheat and maize did not have these
duplications. In barley SPL, only one segmental dupli-
cation event occurred involving HvSPLI10 (Chr6H) and
HySPL14 (Chr7H), both of which belong to subfamily III.
Wheat had 73 segmental duplications, Tartary buckwheat
had six pairs comprising seven genes (29.2%), and maize
had 18 pairs involving 24 genes (77.4%). These repeat
events in plants suggest that segmental duplication is
the main factor in the expansion of the SPL gene family,
whereas barley SPL only contains one pair of tandem and
segmental duplications. The low number of barley SPL
genes may be related to gene duplication. In addition,
15 HvSPL genes were used in this study to analyze inter-
species collinearity with three monocots and three dicots
(Fig. 6). Based on the results, the HvSPL gene family had
more collinear genes with monocots, especially Zea mays
(27 pairs), less collinear relationships with dicots, and no
collinearity with Fagopyrum tataricum, possibly because
barley is a monocot. Furthermore, HvSPL5 was found to
be collinear with all five species, except Tartary buck-
wheat, indicating that this gene existed as a homologous
gene before the differentiation of monocots and dicots.
The clustering of the HVSPL genes with SPL genes in the
dicot Z. mays and rice O. sativa was similar (Fig. 7), indi-
cating a close relationship between them. In addition,
a high conservation of the SPL genes was found among
plants in the same family.
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Spatio-temporal expression patterns of the HvSPL gene
and its response to abiotic stress

The organization of gene expression patterns may be
associated with their functional characteristics, and SPL
genes exhibit significant differences in expression in dif-
ferent plant tissues. This study explored the spatiotempo-
ral expression patterns of 14 HvSPL genes from different
subfamilies, including their expression in different tis-
sues, during grain development, stress, and hormone
responses. The expression patterns of 14 representative
genes in different tissues and developmental stages were
examined using qRT-PCR. Almost all SPL genes were
found to exhibit different expression levels in different
tissues under various abiotic stress treatments (P<0.05),
with most genes showing prominent expression in grain
(Fig. 8A). Analysis of the expression characteristics of
HySPL genes in different barley tissues revealed distinct
expression profiles among members of the HvSPL sub-
family. For example, the expression levels of HvSPLS
and HvSPL15 from subfamily VII were the highest in the
grain. Furthermore, all 14 barley SPL genes were signifi-
cantly upregulated in response to flooding in the roots,
stems, and leaves, and in response to cold treatment in
the leaves. This finding suggests that overexpression of
these 14 barley SPL genes may enhance plant tolerance
to low temperatures and waterlogging. Therefore, further
analyses should be conducted to identify the key candi-
date genes in cold and waterlogging tolerance in barley.
Most HvSPLs were significantly upregulated in response
to all six abiotic stress treatments. Notably, HvSPL8
exhibited consistently high expression levels under all six
abiotic stress conditions, indicating its potential as a can-
didate gene for breeding barley tolerant to various abiotic
stresses.

According to a previous study, AzSPL7 plays a crucial
role in the maintenance of copper homeostasis in plants
[44]. The evolutionary conservation of copper response
regulation in plants suggests that HvSPL1, the most likely
single representative of the AtSPL7 homolog in subfam-
ily I, may also be an important regulatory factor in barley
response. AtSPL8, a member of subfamily III in Arabi-
dopsis, influences GA-mediated pollen sac development
and maturation. Genetic mutants of AtSPL8 markedly
affect grain set, trichome production on petals, and root
growth, and have been found to regulate GA signaling in
flowers and roots positively and negatively, respectively
[30, 45]. The homologs of AtSPL8 in barley, HvSPLIO,
and HvSPL14, may also have similar functions, thereby
warranting further investigations. Phylogenetic analysis
revealed that HvSPL14 in barley subfamily III is highly
homologous to OsSPL10 in rice, and knocking out or
silencing OsSPLI0 in rice can induce rapid stomatal clo-
sure and prevent water loss, thereby enhancing drought
resistance [46]. In Arabidopsis, AtSPL3, AtSPL4, and



He et al. BMC Genomics (2024) 25:846

AtSPLS play important roles in promoting the transfor-
mation of floral meristems [24], and their homologous
genes in barley SPL subfamily VI contain HvSPL2. Analy-
sis of the expression pattern of HVvSPL2 revealed its high
expression in seeds at the middle stage of grain filling
(Fig. 9A), suggesting its crucial role in plant nutritional
growth. In addition, OsSPL13, a homolog of HvSPL2,
positively regulates spikelet number, grain length, and
grain thickness [47]. However, the functions of this gene
require further investigation. Furthermore, we discov-
ered that most genes exhibited high expression during
the middle stage of grain filling. This finding further sup-
ports the notion that the SPL family actively contributes
to barley grain irrigation during development.

Conclusion

Fifteen HvSPL genes were identified for the first time in
the barley genome, classified into seven subfamilies, and
distributed on eight chromosomes. Chromosomal local-
ization revealed one pair of tandem duplicated genes
and one pair of segmental duplicated genes. The HvSPL
genes had the highest number of collinear genes with
the monocotyledon, Zea mays. This study also analyzed
the spatiotemporal and temporal expression patterns of
14 HvSPL genes from different subfamilies, indicating
that the HvSPL gene family has regulatory roles in tissue
specificity, grain development, and abiotic stress. These
findings provide a theoretical basis for studying the func-
tions of different HvSPL gene subfamilies under stress
conditions.

Methods

Plant materials, Experiment Design, and treatments

The barley used in this study was provided by Prof. Jun
Yan of Chengdu University. Barley was planted in pots
containing soil and vermiculite (1:1) under growth condi-
tions of 25+ 1 °C during the day and 20+ 1 °C at night
with 75% relative humidity. Under the same growth con-
ditions, the roots, stems, leaves, flowers and grains of
the plants in the middle stage of grain filling, as well as
the flowers and grains at 7, 14, 21, 28, and 35 days post-
anthesis (DPA), were collected. All organ samples were
collected from three plants under the same growth con-
ditions, rapidly placed in liquid nitrogen, and stored
at -80 °C until further use. Additionally, the expres-
sion patterns of HvSPL genes under different stresses
conditions were studied and the expression levels of 14
HvSPL genes were analyzed. Six abiotic stresses were
conducted on barley at the seedling stage (21 d): low-
temperature(seedlings were placed at 4 °C), water flood-
ing (seedlings were placed in pure water with a water
flooding level of approximately 40 cm to completely
submerge the seedlings), high-temperature (seedlings
were placed at 40 °C), salt (50 mL of 150 mmol-L™! NaCl
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solution was poured into each independent seedling
tray to fully immerse the root system), drought (50 mL
of 30% PEG6000 solution was poured into each indepen-
dent seedling tray to fully immerse the root system), UV
exposure (seedlings were irradiated with ultraviolet light
at 70 uW-cm™2, 220 V, and 30 W). Three replicates were
set for each treatment. Root, stem, and leaf tissues were
collected and stored in liquid nitrogen at 0, 2, and 24 h.
The samples were stored in a -80 °C ultra-low tempera-
ture refrigerator [48, 49].

Total RNA extraction, reverse transcription PCR (RT-PCR),
and quantitative real-time PCR (qRT-PCR)

Total RNA was extracted from the barley leaf tissues
using an E.Z.N.A. Plant RNA Kit (Omega Bio-tek, Inc.,
USA), according to the manufacturer’s instructions. The
extracted RNA was then reverse transcribed into first-
strand cDNA using the HiScript II Q RT SuperMix for
qPCR Kit (Vazyme Biotech Co., Ltd, China) in a reaction
volume of 20 pL.

Specific primers for qPCR were designed using Primer
Premier (version 5.0; Premier, Canada), with HvActin as
the reference gene. The primer sequences are listed in
Table S6. qPCR was performed using the ChamQ Uni-
versal SYBR qPCR Master Mix Kit (Vazyme Biotech Co.,
Ltd., China) and a fluorescence quantification kit on a
CFX96 Real-Time System (Bio-Rad, USA). The relative
gene expression levels were calculated using the 2-AACt
method [50].

Genome-wide identification of HvSPL Genes in Hordeum
vulgare

In this study, the whole genome sequence of barley
was downloaded from the Ensembl Genomics web-
site (http://ensemblgenomes.org/), along with the SPL
amino acid sequences of Arabidopsis (https://www.Ara-
bidopsis.org/) and rice (http://Rice.plantbiology.msu.
edu/). First, all possible barley SPL proteins were iden-
tified from the Arabidopsis protein sequences using the
BLASTp algorithm (score value>100, e-value<le—10)
[51]. Subsequently, the corresponding hidden Markov
model (HMM) files for the SBP domain (PF03110) were
downloaded from the Pfam database (http://pfam.xfam.
org/). The presence of the SBP domain was determined
using HMMER3.0 with a cutoff value of 0.01 (http://
plants.ensembl.org/hmmer/index.html) and SMART
(http://smart.emblheidelberg.de/) [52, 53]. The lengths,
molecular weights, isoelectric points, and subcellular
localization information of 15 barley SPL proteins were
obtained using the ExPASy website (https://web.expasy.
org/compute_pi/).
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SPL gene structure, conserved motifs, cis-acting elements,
and protein interactions

Multiple sequence alignments of the SPL protein domain
sequences from different subfamilies of barley and Arabi-
dopsis were performed using the MEGA 11 software with
default parameters [54]. The CDSs of the HvSPL genes
were compared with their corresponding genomic DNA
sequences using TBtools v1.0987663 software to con-
struct the gene structure diagram. The full sequences of
the HvSPL protein family were analyzed using the MEME
online program (https://meme-suite.org/meme/tools/
meme), with a maximum conserved motif search value of
10 [55]. Putative cis-regulatory elements in the 2,000 bp
promoter sequences upstream of the HvSPL genes were
predicted using the PlantCare website (http://bioinfor-
matics.psb.ugent.be/webtools/plantcare/html/).

Chromosomal distribution and gene duplication of the
HvSPL genes

Based on the physical location information in the bar-
ley genome database, all barley SPL genes were mapped
onto sorghum chromosomes using Circos [56]. Dupli-
cation events of barley SPL genes were analyzed using
multiple collinearity scan tools (MCScanX) with default
parameters [57]. The homology of SPL genes between
barley and six other plant species (Arabidopsis thaliana,
Oryza sativa, Solanum lycopersicum, Zea mays, Fagopy-
rum tataricum, and Sorghum bicolor) was analyzed using
a Dual Synteny Plotter (https://github.com/CJ-Chen/
TBtools).

Phylogenetic evolution and classification of the SPL gene
family

The amino acid sequences of SPL from six plants (Ara-
bidopsis thaliana, Oryza sativa, Solanum lycopersicum,
Zea mays, Fagopyrum tataricum, and Sorghum bicolor)
and HvSPL were downloaded from the UniProt data-
base (https://www.uniprot.org/) and used to construct a
maximum likelihood phylogenetic tree with an IQ-tree
wrapper (bootstrap number set to 1000). Classification
of the barley SPL gene family was based on the classifica-
tion method of the SPL gene family in the model plant,
Arabidopsis.

Statistics and analysis

Data were analyzed using analysis of variance (ANOVA)
with JMP6.0 software (SAS Institute). The least signifi-
cant difference (LSD) was used for comparison at 0.05
and 0.01. Bar charts were created using the Origin soft-
ware (version 8.0; SAS Institute).
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