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Abstract
Background The β-glucosidases (BGLU) of glycoside hydrolase family 1 hydrolyze the glycosidic bond to release β-D-
glucose and related ligands, which are widely involved in important physiological processes in plants. Genome-wide 
analysis of the BGLU genes in the model crops Arabidopsis thaliana and Oryza sativa revealed that they are functionally 
diverse. In contrast, the BGLU gene family in Tartary buckwheat remains unclear.

Results This study identified the FtBGLU gene family based on Tartary buckwheat genomic data and analyzed the 
biological function of the FtBGLU gene using bioinformatics methods and the expression pattern of the gene using 
fluorescence quantitative PCR. The results showed that 39 BGLU genes were identified in Tartary buckwheat, which 
were classified into 10 subfamilies and one unclassified group. They were unevenly distributed on 10 chromosomes, 
and seven tandem duplication events involving 19 FtBGLU genes were observed, which mainly occurred in subfamily 
II. Their physicochemical properties are highly variable; however, they have relatively conserved exon-intron structures 
and high sequence homology in the subfamily, and most of the FtBGLUs contain conserved motifs, among which the 
expression products FtBGLU1, FtBGLU17, FtBGLU19, FtBGLU21, FtBGLU22, and FtBGLU28 have no β-glucosidase activity. 
Additionally, we analyzed the tissue expression specificity of 10 FtBGLU genes during Tartary buckwheat growth and 
development and their expression patterns under adversity stress and hormone treatments. Revealing the important 
role of the BGLU gene family in Tartary buckwheat growth and development, as well as its response to adversity, 
provides strong support for further analysis of its regulatory mechanisms and functional applications.

Summary A total of 39 FtBGLU genes were identified. Bioinformatics analysis of the gene structure, evolutionary 
relationship, and expression pattern of the Fagopyrum tataricum BGLU gene family establishes a foundation for a 
better understanding and future research on the Tartary buckwheat BGLU gene family.
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Background
β-glucosidases (BGLUs, EC 3.2.1.21), also known as 
β-D-glucosidases, are members of the glycoside hydro-
lase family 1 (GH1). In 1837, Liebig and Wohler first dis-
covered BGLUs, also known as gentian disaccharidases 
or fiber disaccharidases, in bitter almonds [1, 2]. Since 
then, BGLUs have been ubiquitous in nature, also pres-
ent in some bacteria, such as Aspergillus, Xylococcus, and 
yeast, and exhibit a wide range of functions. The catalytic 
specificity of the enzyme is demonstrated by its substrate 
and reaction specificity, leading to more than one glyco-
side hydrolase family. Currently, 145 glycoside hydrolase 
families exist in the CAZy database  (   h t  t p :  / / w w  w .  C A Z y . o r 
g / f a m / a c c G H . h t m l     ) , and new hydrolase families are con-
stantly being discovered. Studies have shown that BGLUs 
can be categorized into the GH3, GH5, GH9, GH10, 
and GH30 protein families based on their amino acid 
sequences [3–5]. In addition to binding to glucose on the 
substrate, BGLU must bind to various glycosides, result-
ing in different functional specificities. Most BGLUs 
identified in this study were also members of GH1 and 
were predominantly of bacterial origin, with fewer mem-
bers of the glycoside hydrolase family 3 [6].

The reaction mechanisms of enzymes are closely 
related to their structures. BGLUs belong to the GH-A 
type and have a classical (β/α)8 barrel structure [3, 5, 6]. 
The active site contains two carboxylic acid residues that 
catalyze acid-base and nucleophilic reagents capable of 
catalyzing the hydrolysis of the non-reducing terminal 
between two or more carbohydrates or between carbo-
hydrates and non-carbohydrate fractions of the β-1,4-
glycosidic bond with the release of β-D-glucose and the 
corresponding ligand [7]. Bauer et al. have also demon-
strated that the two carboxylic acid residues in the active 
site play a key role in the two-step double substitution 
reaction mechanism of β-D-glucosidases in catalyz-
ing the hydrolysis of glycosidic bonds [8]. Additionally, 
BGLUs (GH1) can be connected by a helical linkage at 
the end of the C-terminal of the extended classical (β/α)8 
barrel structure, forming the entrance to the substrate 
binding pocket [9]. In contrast, the active site of the GH3 
enzyme consists of two active structural domains located 
between the (β/α)8 and (β/α)6 sandwich structures that 
catalyze a carboxylate residue but are not readily recog-
nized [3, 10].

The biological functions of oligosaccharides and 
polysaccharides are diverse, and glycosyl hydrolases 
are involved in many fundamental life processes. For 
instance, the BGLU gene family is widely involved in 
important physiological processes in organisms, such 
as cell wall lignification [11–13], defense responses [14], 
phytohormone signaling activation [15, 16], second-
ary metabolism [17], and responses to adversity stresses 
[18–20]. Studies have shown that the cell wall of plants 

is a storehouse of carbohydrates, which contain a large 
number of glucoside residues, indicating that BGLUs can 
participate in plants cell wall development. Additionally 
in 1995, Leah et al. have showed that BGLUs are sensitive 
to oligosaccharides in germinating seedlings [21]. This 
sensitivity has also been reported by Hrmova et al. [22, 
23]. In 1998, Akiyama et al. have confirmed that BGLUs 
could stabilize the cell wall and degrade oligosaccharides, 
thereby releasing lignin monomers [24]. Studies have 
shown that BGLUs (especially lignin monomers, and 
Os1BGLU1, Os3BGLU8, and Os7BGLU26) can hydro-
lyze oligosaccharides and cellulosic oligosaccharides, and 
degrade the cell wall in rice seedlings [25, 26].

β-glucosidases have metabolic functions, releasing glu-
cosyl from metabolic intermediates while metabolizing 
them to natural products such as cyanohydrin [27], alka-
loids [28, 29], and phenylpropanoid [30, 31]. Many phy-
tohormones are glycosylated in plants and can modulate 
the biological activity by hydrolyzing inactive hormone-
glycoside couplings [32]. Some rice BGLUs have been 
found to hydrolyze gibberellin glucoside [33], and BGLUs 
have also been found to hydrolyze or stimulate cytoki-
nin glucoside in vitro in maize [34]. Recent, studies have 
found that AtBGLU18 [35], localized to the endoplasmic 
reticulum, can dehydrolyze ABA-GE and produce active 
abscisic acid (ABA), and that AtBGLU10 [36], localized 
to vesicles, can also act on ABA-GE (ABA-glucose abscis-
ate) to release ABA, thereby accumulating higher ABA 
levels. Complementation, overexpression, and mutant 
experiments have demonstrated that overexpression of 
AtBGLU18 and AtBGLU10 increased ABA levels and 
showed tolerance to abiotic stresses, especially drought 
and salt tolerance. OsBGLUs [37] have been found to 
be induced by drought and low-temperature stress; for 
example, disruption of chloroplast-localized Os3BGLU6 
in rice resulted in an increase in stomatal density and a 
decrease in ABA content and was responsive to drought 
and ABA treatments [38]. Not only have the model crops 
Arabidopsis thaliana and Oryza sativa been studied, 
but using RNA sequencing technology, the woody plant 
Populus trichocarpa PtBGLU8 and PtBGLU9 have been 
found to respond to drought stress through ABA signal-
ing, ZmBGLU1 [39] has been found to increase tolerance 
to salt stress and is possibly related to its own defense 
response or phytohormone activation, and SrBGLU16 
[40] has been found to be substantially upregulated in 
response to dark treatment. Collectively, the BGLU gene 
family exhibits functional biological diversity in networks 
that regulate plant growth, development, and response to 
adversity.

Tartary buckwheat (Fagopyrum tataricum L.) is a 
medicinal crop belonging to the Fagopyrum Mill annual 
plants [41]. Fagopyrum tataricum is rich in proteins, 
amino acids, unsaturated fatty acids, and other nutrients, 
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as well as phenolic acids, alkaloids, anthraquinones, trit-
erpenoids, flavonoids, and other biologically active sub-
stances that have various health functions [42, 43]. More 
and more scholars are studying the BGLU gene family, 
and its functions are continually being explored. This 
interest has grown, especially after identifying the cor-
responding functions of the BGLU gene family members 
in the model crops A. thaliana and O. sativa. Addition-
ally, more plant BGLU gene family members have been 
identified. For example, 47 AtBGLUs have been identi-
fied and classified into 10 subgroups in A. thaliana [44], 
and 40 OsBGLUs have been identified and classified into 
eight subgroups in O. sativa [45]. In Brassica rapa [46], 
Zea mays [39], Stevia rebaudiana [40], Populus tricho-
carpa [47], Ziziphus jujube [48], Medicago truncatula 
[49], Dendrobium catenatum [50], and Pyrus bretschnei-
deri Rehd [51], 64 (10 subgroups), 26 (four subgroups), 19 
(five subgroups), 44 (four subgroups), 35 (10 subgroups), 
51 (seven subgroups), 22 (four subgroups), and 50 (eight 
subgroups) members of the BGLU gene family were iden-
tified, respectively. However, the BGLU gene family in 
Tartary buckwheat has not been identified, making it dif-
ficult to explore the function of its genes. Therefore, this 
study was based on Tartary buckwheat genomic data, 
used bioinformatics technology to identify the members 
of the FtBGLU gene family, and analyzed the physico-
chemical properties of the members of the gene family, 
gene structure, evolutionary relationships, chromosomal 
distribution, cis-acting elements, and multiple sequence 
comparisons. Real-time fluorescence quantification was 
also used to analyze the tissue expression specificity of 
Tartary buckwheat partial BGLUs during the grubbing 
period, the gene expression patterns of grains and husks 
during fruit development, and the response mechanism 
under different hormonal and abiotic stress treatments.

Results
Identification of BGLU gene family members
We identified all possible members of the BGLU family 
in the Tartary buckwheat genome and 39 FtBGLU genes. 
Because there is no specific nomenclature, the author 
named FtBGLU1-FtBGLU39 based on its position on the 
Tartary buckwheat chromosomes (Chr) (Table S1). The 
physicochemical properties, including protein length, 
location, domain, molecular weight (MW), predicted 
subcellular location, and isoelectric point (pI) of 39 
BGLU gene members were analyzed. The 39 BGLU gene 
members were highly variable in the number of amino 
acids, with an average of 471. The gene with the least 
number of amino acids was FtBGLU22, with 173 amino 
acids, and the gene with the most was FtBGLU12, with 
640 amino acids. The MW of the proteins averaged 53.76 
kD, mostly in the range of 19.40 kD (FtBGLU22)–72.99 
kD (FtBGLU12), which was consistent with the number 

of amino acids in a positive relationship. The pI of the 
FtBGLU family averaged 6.34, acidic, and distributed 
between 4.41 (FtBGLU22)–9.34 (FtBGLU5), and 74.36% 
of the FtBGLU proteins were enriched with acidic amino 
acids. All 39 FtBGLU proteins contain a Glyco_hydro_1 
conserved structural domain. Based on the results of the 
subcellular localization prediction, the proteins encoded 
by the FtBGLU gene were found to be widely distributed. 
Of these, 23.08% were localized in the endoplasmic retic-
ulum, 17.95% in the cytoplasm, 17.95% in chloroplasts, 
12.82% in vacuoles, 12.82% extracellularly, 7.69% in the 
cytoskeleton, FtBGLU27 in the nucleus, FtBGLU12 in the 
plasma membrane, and FtBGLU16 in the mitochondria. 
The physicochemical properties of different members 
of the FtBGLU gene family are highly variable, and their 
subcellular localization is high; therefore, members of the 
FtBGLU gene family are hypothesized to be functionally 
more diverse and involved in different physiological pro-
cesses in an organism.

Phylogenetic analysis, classification, and homology 
analysis of the BGLU gene family
In this study, a phylogenetic tree (bootstrap = 1000) of 
39 identified FtBGLU proteins and 47 reported AtB-
GLU proteins was constructed (Fig. 1, Table S2). The 86 
BGLU proteins were categorized into 10 subfamilies and 
one UN group based on the topology of the phylogenetic 
tree and the classification of Arabidopsis BGLUs. The 
FtBGLU proteins were unevenly distributed among the 
five subfamilies and one unclassified group. Subfamily II 
contained the most FtBGLU proteins, and the UN group 
contained only FtBGLU12. Among them, 53.85% (21) of 
the FtBGLU proteins belonged to subfamily II, followed 
by six FtBGLU proteins in subfamily IX, five FtBGLU 
proteins in subfamily I, four FtBGLU proteins in sub-
family VIII and two FtBGLU proteins in subfamily VII. 
The FtBGLU proteins were tightly aggregated (bootstrap 
support ≥ 80) in subfamilies I, II, and IX, indicating that 
these proteins have high homology and similar functions. 
However, subfamilies III, IV, V, VI, and VII in the absence 
of FtBGLU family members, which is likely to be in the 
Tartary buckwheat in the process of long-term evolution, 
and VII occurred in the BGLU gene local duplication, 
loss, or undifferentiated events. UN FtBGLU12 formed a 
topology distinct from that of AtBGLU, suggesting that it 
may represent a new direction in the evolution of Tartary 
buckwheat diversity.

Homology amino acid sequence analysis of FtBGLU genes
In this study, we analyzed the homology amino acid 
sequence of FtBGLU and AtBGLU proteins in sub-
families I, II, VIII, IX, and X (Fig.  2). The homology 
of the BGLU protein in subfamilies I, II, VIII, IX, and 
X was 58.71%, 55.24%, 70.58%, 56.24%, and 64.24%, 
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respectively. Homology of the BGLU protein in subfam-
ily IX was 56.24%, and that of the BGLU protein in sub-
family X was 64.24%. The high homology indicates that 
the BGLU proteins are relatively conserved. Czjzek et al. 
identified amino acids critical for glucose binding (Q38, 
H142, E191, E406, E464, and W465), with E191 and 
E406 as the key active sites [52]. Based on the multiple 
sequence comparisons conducted in this study, 38 amino 
acid sequences (excluding FtBGLU12) generally agreed, 
with 68.42% of the FtBGLU proteins containing these 
six important amino acids. Among them, all members 
of subfamily I lacked W465; FtBGLU21 in subfamily II 

lacked Q38, H142, and E191 (consistent with FtBGLU28); 
FtBGLU22 was missing H142, E191, and E406; FtB-
GLU17 and FtBGLU19 in subfamily IX were miss-
ing Q38, H142, and E191; FtBGLU18 was missing Q38; 
FtBGLU17 with E406 mutated to I406; E464 mutated 
to K464; and W465 mutated to E465. The similarity of 
members among the subfamilies suggests that they have 
similar functions. In addition, 84.21% (32 FtBGLU pro-
teins) contained glutamate residues. However, FtBGLU1, 
FtBGLU17, FtBGLU19, FtBGLU21, FtBGLU22, and FtB-
GLU28 were missing or mutated 1/2 glutamates in their 
conserved motifs, and the N-terminal active site of these 

Fig. 1 Phylogenetic tree of the relationships between the BGLU proteins of F. tataricum and A. thaliana. I, II, III, IV, V, VI, VII, VIII, IX, X, and UN group represent 
the different subfamilies
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Fig. 2 Multiple sequence alignments of the BGLU domains of the members of five phylogenetic subfamilies. Black, pink, and gray backgrounds indicate 
100%, ≥ 80%, and ≥ 60% amino acid homology, respectively. Red boxes indicate the conserved motifs of β-glucosidase TFNEP and I/VTENG. The red 
triangles point to six amino acids that are essential for glucose binding (Q38, H142, E191, E406, E464, and W465)
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six FtBGLUs were defective. In other words, the resulting 
β-glucosidase may not be active in catalyzing the hydro-
lysis of the substrate, which can be subsequently verified 
using enzymatic property assays.

Analysis of BGLU gene structure and conserved motifs of 
the BGLU protein
Based on the Tartary buckwheat genome sequence, we 
constructed a structural map of the buckwheat BGLU 
gene family (phylogenetic tree + motif pattern + gene 
structure) and obtained the intron-exon structure of 
39 FtBGLUs, which led to a better understanding of the 
function of the FtBGLU genes (Fig.  3). The number of 
exons of FtBGLU gene family members varies from 6 to 
13, with FtBGLU22 having the fewest exons and 16 FtBG-
LUs having the most exons. All 39 FtBGLUs had intronic 
sequences (Table S1). Moreover, 10.26% of FtBGLUs had 
11 exons, 33.33% of FtBGLUs had 12 exons, and 41.03% 
of FtBGLUs had 13 exons.

Six genes had 6–10 exons, and the other 33 FtBGLUs 
had 11–13 exons, consistent with results from soybean 
[53] and rice [45]. In plants, the closer members of the 
same subfamily are evolutionarily, and the more homol-
ogous they are, the more similar they are likely to be in 

terms of the structure, pathways involved, and biologi-
cal processes. Comparative analysis revealed that the 
homology between individual genes in subfamilies VIII 
and X was the highest, followed by subfamilies I, II, and 
IX. Among them, FtBGLU1 had eight exons (subfamily I, 
1/5); FtBGLU21 and FtBGLU22 had seven and six exons, 
respectively (subfamily II, 2/21); and FtBGLU19 had nine 
exons (subfamily IX, 1/6), suggesting that the presence of 
these four FtBGLU genes may allow its subfamily to show 
greater diversity.

We further analyzed 39 FtBGLU proteins in Tartary 
buckwheat, which have not been previously reported. 
The conserved motifs of the protein were analyzed, and 
10 conserved motifs were selected (named motifs 1–10). 
The results of the conserved domain analysis (Table S3) 
showed that motifs 1 and 2 were the longest, contain-
ing 50 amino acid residues, followed by motifs 3, 6, 5, 
4, and 10, which were the shortest, with only 16 amino 
acid residues. The 10 motifs were found in most of the 
FtBGLU family members (30/39), and all of them were in 
the order of “5, 3, 9, 1, 4, 8, 2, 6, 7, and 10”. A descrip-
tion is a conserved motif of the family that performs a 
basic function, where a single motif appears in the fam-
ily at least 31 times. However, FtBGLU1, FtBGLU21, 

Fig. 3 Phylogenetic tree, gene structure, and motif pattern of BGLU genes in F. tataricum. (A) The phylogenetic tree constructed using the neighbor-
joining method from the full-length sequence of the FtBGLU protein, with 1000 repetitive sequences per node. (B) Exons and introns are indicated by 
yellow rectangles and black lines, respectively. The numbers “0”, “1”, and “2” indicate the different stages of CDS in the gene. (C) Green, yellow, and pink 
rectangles represent the untranslated region (UTR), coding sequence (CDS), and BGLU structural domain (Glyco_hydro_1), respectively
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FtBGLU22, FtBGLU28, FtBGLU35, FtBGLU17, FtB-
GLU18, and FtBGLU19 lacked a complete combination 
of conserved motifs based on this order (1–7 motifs 
missing). Motifs 1 and 6 contained the conserved amino 
acid sequences “TLNEP” and “ITENG”, respectively. The 
analysis revealed that FtBGLU1 and FtBGLU17 lacked 
motif 6; FtBGLU21, FtBGLU28, and FtBGLU19 lacked 
motif 1; and FtBGLU22 lacked motifs 1 and 6, which is 
consistent with the results of the multiple sequence com-
parison. This suggests that these six FtBGLUs may not be 
enzymatically active and may have resulted from incor-
rect splicing. Moreover, FtBGLU12 of the UN group con-
tained active conserved motifs, but the motifs were not in 
the same order, suggesting the possibility of a new direc-
tion in the evolution of Tartary buckwheat with activity.

Cis-acting element prediction of the FtBGLU gene 
promoter
The upstream 2000 bp of the 39 identified FtBGLU genes 
were used as promoter sequences for cis-acting element 
analysis using PlantCARE software (Fig.  4, Table S4). 
A total of 986 components were predicted, with light-
responsiveness components being the most abundant 
at 451 (45.74%). This was followed by hormone-related 

components (32.05%), including ABA responsiveness 
(11.36%), methyl jasmonate responsiveness component 
(11.16%), auxin inducibility component (4.06%), gib-
berellin (GA) responsiveness element (3.14%), and sali-
cylic acid (SA) responsiveness element (2.33%). There 
are also components related to environmental stress: 
anoxic inducibility, low-temperature responsiveness, 
drought inducibility, defense, and stress responsiveness. 
Additionally, cis-acting elements include developmen-
tally relevant elements, such as palisade mesophyll cell 
regulation, root-specific expression, cell cycle regulation, 
seed-specific regulation, and meristem expression. This 
indicates that the FtBGLU gene is important for Tartary 
buckwheat cell growth, normal plant growth and devel-
opment, and response to adversity stress.

Chromosomal distribution of FtBGLU genes and gene 
duplication events
Studies have shown that there are many repetitive 
sequences in the genome and that both gymnosperms 
and angiosperms have undergone genome duplication 
events, leading to an increase in the number of genes in 
plants [54, 55]. Gene and fragment duplication events 
are important tools for gene amplification, and exploring 

Fig. 4 The cis-acting element of the promoter region (upstream 2000 bp) of 39 FtBGLU genes in F. tataricum
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the possibility of duplication events in gene families is 
important to advance the study of gene functions [56, 
57]. In this study, we mapped the physical location of 
FtBGLU genes based on the latest genomic database 
of Tartary buckwheat (Fig.  5A). Notably, 39 FtBGLUs 
were unevenly distributed on eight Chr, with the most 
genes distributed on Chr3 (9, 23.08%), containing some 

members of subfamily IX (4/6) and subfamily II (4/21) as 
well as FtBLU12 from the UN group, followed by Chr5 
(7, 17.95%), Chr1 (7, 17.95%), and Chr6 (6, 15.38%). Addi-
tionally, Chr8 contained four FtBGLUs, Chr2 contained 
three FtBGLUs, Chr7 contained two FtBGLUs, and Chr4 
contained only one gene (FtBGLU20); that is, Chr con-
tained the least number of genes. FtBGLU genes of the 

Fig. 5 Schematic diagram of the chromosomal distribution and interchromosomal relationships of the F. tataricum BGLU genes. (A) Vertical bars represent 
the chromosomes of F. tataricum; each chromosome is labeled with a chromosome number on the left side of the chromosome; the scale on the left 
represents chromosome length. (B) Colored lines indicate all homologous blocks in the F. tataricum genome; chromosome numbers are labeled at the 
bottom of each chromosome
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same subfamily are also randomly distributed on these 
eight chromosomes, especially subfamily II, which has 
the largest number of members. The random distribution 
on the chromosomes is more obvious, with no obvious 
preference, and most of the FtBGLU genes are distrib-
uted at the ends of the chromosomes and are tightly clus-
tered, as in A. thaliana [32].

Two or more chromosomal regions within 200  kb of 
the same genomic region are referred to as tandem dupli-
cation events [58]. In this study, we found seven tandem 
duplication events on Chr1, Chr3, Chr5, Chr6, and Chr8 
involving 19 (48.72%) FtBGLU genes (subfamilies I, II, 
and IX) (Fig.  5A, Table S5). The genes involved in one 
of the tandem duplication events found on Chr1 (FtB-
GLU1, FtBGLU2, and FtBGLU3) belonged to subfamily 
I, and the genes involved in one of the tandem duplica-
tion events found on Chr3 (FtBGLU16 and FtBGLU17) 
belonged to subfamily IX. Additionally, one tandem rep-
etition event on Chr3 (FtBGLU13 and FtBGLU14), one 
tandem repetition event on Chr5 (FtBGLU22, FtBGLU23, 
FtBGLU24, FtBGLU25, FtBGLU26, and FtBGLU27), two 
tandem repetition events on Chr6 (FtBGLU28 and FtB-
GLU29, FtBGLU31 and FtBGLU32), and one tandem 
duplication event on Chr8 (FtBGLU38 and FtBGLU39) 
involve basal genes that belong to subfamily II. Duplica-
tion events occurred in almost half of the FtBGLU genes, 
with 73.68% of the members belonging to subfamily II; 
particularly, one duplication event on Chr5 involved six 
genes. This suggests a localized duplication event in the 
FtBGLU gene family, most likely a tandem duplication 
due to unequal hybridization. Gene fragment duplication 
analysis showed (Fig. 5B) that no genes involved in frag-
ment duplication events were identified in the FtBGLU 
gene family.

Synteny analyses of FtBGLU genes
To further infer the kinship evolution of FtBGLUs, this 
study analyzed the interspecific covariance between 
Tartary buckwheat and monocotyledon/dicotyledonous 
and finally constructed an interspecific covariance map 
between Tartary buckwheat and two monocotyledons 
(B. distachyon and O. sativa) and four dicotyledons (A. 
thaliana, C. quinoa, T. cacao, and S. lycopersicum) (Fig. 6, 
Table S6). The results showed that FtBGLU genes covar-
ied only with those of dicotyledonous plants and not 
with those of monocotyledonous plants. The FtBGLU 
genes had the highest number of homologous pairs with 
T. cacao (10), followed by C. quinoa (9), and the lowest 
number of homologous pairs with A. thaliana (2). Nota-
bly, FtBGLU20 shared a common line of homologous 
genes with all four dicotyledons. Co-linear homologs 
were found between FtBGLU6, FtBGLU9, FtBGLU16, 
and FtBGLU36 and the three dicotyledonous plants. 
FtBGLU9, FtBGLU16, FtBGLU20, and FtBGL36 had two 

co-linear homologs in C. quinoa. These five genes were 
hypothesized to be the most primitive in the FtBGLU 
gene family and may have played an important role in 
family evolution. In contrast, FtBGLU7, FtBGLU10, FtB-
GLU12, and FtBGLU33 covaried with only one or two 
dicotyledons, suggesting that these four genes may have 
formed gradually and at a more primitive time after the 
independent differentiation of dicotyledons. The rela-
tively primitive FtBGLU genes described above belong 
to the subfamilies I, VIII, IX, X, and UN, whereas sub-
family II, which contains the largest number of FtBGLU 
members, does not. This indirectly indicates the scientific 
validity of the classification and suggests that some FtB-
GLU genes in the FtBGLU gene family may have arisen 
as a result of tandem duplication events, which are the 
main driving force in the long-term evolution of Tartary 
buckwheat.

Analysis of the expression pattern of FtBGLU genes under 
different adversity stresses
To investigate whether FtBGLU genes play a regulatory 
role in abiotic stresses, the expression patterns of 10 FtB-
GLU genes randomly selected under six abiotic stresses 
(cold, heat, dark, NaCl, flooding, and polyethylene glycol 
(PEG)) were explored in this study. The expression of 10 
genes was analyzed using quantitative PCR technology 
(quantitative real-time polymerase chain reaction (qRT-
PCR)) in the roots, stems, and leaves under each treat-
ment (Fig.  7). FtBGLU34 (subfamily II) and FtBGLU38 
(subfamily II) were significantly induced under all six 
stressors with diverse expression patterns. For example, 
under flooding stress, the expression of FtBGLU34 in 
roots, stems, and leaves showed a tendency to decrease 
and then increase, reaching a peak at 24 h. Under NaCl 
stress, the expression in roots showed a tendency to 
increase and then decrease, reaching a peak at 12  h, 
whereas the expression in stems reached a peak at 24 h. 
The expression of FtBGLU34 in roots tended to decrease, 
reaching a peak at 12 h; the expression in stems reached a 
peak at 24 h. Roots, stems, and leaves responded to dark 
stress and peaked at 3, 12, and 24 h, respectively. Another 
example is that the expression of FtBGLU38 under heat, 
PEG, flooding, and NaCl stress treatments peaked at 24 h 
in the roots, however, the increase in expression was 
not evident in the stems and leaves. Under cold stress, 
expression was induced in both roots and leaves, whereas 
the amount of change in the stems was insignificant. In 
contrast, under dark stress, expression was significantly 
increased in the roots, stems, and leaves. Second, FtB-
GLU33 was significantly expressed only in the heat, 
PEG, and flooding treatments, and expression induc-
tion occurred mainly in the stems and leaves. Finally, the 
relative expression of FtBGLU1, FtBGLU6, FtBGLU9, 
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FtBGLU12, FtBGLU20, and FtBGLU29 was lower than or 
equal to that of the CK under the six abiotic stresses.

The correlation among the gene expression of these 
10 FtBGLUs was also analyzed in this study (Fig. 8). The 
results revealed that the significant/extremely significant 
coefficients of correlation between the gene expressions 
of FtBGLUs were distributed in the range of − 0.21–0.86, 
with FtBGLU38 being significantly negatively correlated 
with FtBGLU6 (− 0.21), and FtBGLU12 being highly sig-
nificantly positively correlated with FtBGLU1 (0.86). 
These results are consistent with those analyzed above.

Analysis of the expression pattern of FtBGLU genes under 
hormone treatment
Cis-acting element analysis of the 2000  bp sequence 
upstream of the FtBGLU gene family yielded 32.05% 
hormone-responsive elements. Combined with the cor-
responding prediction data, this study chose to treat 
buckwheat with ABA, MeJA, GA, and SA at the seed-
ling stage to analyze the expression patterns of the 10 
FtBGLU genes under hormone treatments (Fig.  9). The 
results showed that the relative expression of FtBGLU29, 
FtBGLU33, FtBGLU34, and FtBGLU38 varied signifi-
cantly under GA treatment and was mainly expressed 
in the leaves. The remaining FtBGU genes with small 
but peak changes appeared during the pretreatment 

Fig. 6 Synteny analyses of the BGLU genes between F. tataricum and six representative plants (B. distachyon, O. sativa, A. thaliana, C. quinoa, T. cacao, and S. 
lycopersicum). The gray lines on the background indicate the collinear blocks in the genomes of F. tataricum and other plants. Red lines highlight syntenic 
F. tataricum BGLU gene pairs
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Fig. 7 Relative expression patterns of 10 FtBGLUs (FtBGLU1, FtBGLU6, FtBGLU9, FtBGLU12, FtBGLU20, FtBGLU21, FtBGLU29, FtBGLU33, FtBGLU34, and FtB-
GLU38) under different stresses (cold, heat, dark, NaCl, flooding, and PEG) at the seedling stage: expression patterns of 10 FtBGLUs at 3, 12, and 24 h in 
root, stem, and leaf. Values of the column chart are expressed as mean ± SD; the lowercase letters represent significant differences (p < 0.05, Duncan test)
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period (3 and 12 h). Under MeJA treatment, genes with 
significant changes in relative expression (FtBGLU34 
and FtBGLU38) were expressed in the leaves of Tartary 
buckwheat, and the peak of expression appeared at 3 h. 
Genes with non-significant changes in relative expres-
sion were mainly found in the stems, which showed a 
tendency to increase and then decrease, and peak expres-
sion appeared at 3  h. Genes with significant changes in 
relative expression were mainly found in the stems, and 
peak expression appeared at 3 h. The relative expression 
of FtBGLU33 and FtBGLU38 was lower than that of the 
control under SA treatment, and the expression of these 
genes was suppressed under SA treatment, whereas 
FtBGLU1 and FtBGLU34 were significantly expressed 
in roots and leaves, respectively, and the genes that did 
not show significant changes in their relative expression 
peaked mainly in stems at 3–12  h. The relative expres-
sion of the genes in the roots and leaves was significantly 
higher than in the control, whereas the relative expres-
sion of the genes in the roots and leaves was significantly 
higher than in the control. Under ABA treatment, FtB-
GLU34 and FtBGLU29 were significantly expressed in 
leaves and roots, respectively. Genes with non-signifi-
cant expression also appeared in leaves and roots, with 
peaks mainly in leaves at 12 h. Analysis of the correlation 
results (Fig. 10) revealed that both positive and negative 
correlations existed between the FtBGLU genes, but only 
the positive correlations were significant or highly sig-
nificant, with correlation coefficients distributed between 
0.18 and 0.55. The smallest positive and significant 

correlation coefficients were found between FtBGLU21 
and FtBGLU6 (0.18, p < 0.05), and the largest positive and 
significant correlation coefficients were found between 
FtBGLU9 and FtBGLU29 (0.55, p < 0.01), followed by 
FtBGLU12 and FtBGLU9 (0.55, p < 0.01).

Tissue expression specificity analysis of FtBGLU genes
To further understand the role of FtBGLU genes in the 
development of Tartary buckwheat, we analyzed the 
expression patterns in roots, stems, young leaves, mature 
leaves, flowers, fruits, and husks during the mid-period 
of grain filling. We found that the expression patterns of 
different genes varied during the middle stage of grain 
filling, and tissue-specific expression also represented 
differences in regulatory mechanisms to some extent 
(Fig. 11A). Overall, the relative expression levels of FtB-
GLU6, FtBGLU12, and FtBGLU20 were low in all tissues, 
whereas the relative expression levels of FtBGLU1 and 
FtBGLU21 were low in most tissues. Secondly, the rela-
tive expression of most FtBGLU genes was high in young 
leaves, grains, and husks. The highest relative expression 
of FtBGLU29 was observed in young leaves, followed by 
FtBGLU38, FtBGLU33, FtBGLU34, and FtBGLU9 (The 
relative expression of FtBGLU29 was approximately 15, 
18.4, 18.5, and 20 times higher than them, respectively). 
High relative expression of FtBGLU34, FtBGLU33, and 
FtBGLU9 was found in grains, and FtBGLU34 and FtB-
GLU9 in husks. This indicates that in the middle stage 
of grain filling, nutrients are mainly present in young 
leaves, grains, and husks, and FtBGLU33, FtBGLU34, 

Fig. 8 Correlation analysis of 10 FtBGLUs (FtBGLU1, FtBGLU6, FtBGLU9, FtBGLU12, FtBGLU20, FtBGLU21, FtBGLU29, FtBGLU33, FtBGLU34, and FtBGLU38) under 
different stresses (cold, heat, dark, NaCl, flooding, and PEG) at the seedling stage. A positive number represents a positive correlation, and a negative 
number indicates a negative correlation. The right color scale (− 0.40 to 1.00) represents the normalized gene expression correlation
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and FtBGLU9 may play a role. Finally, the relative expres-
sion of FtBGLU33 was the highest among the 10 FtBGLU 
genes in root but hardly expressed in mature leaf. The 
specificity of the expression of individual genes in tissues 

during plant growth and development facilitates the 
organs to perform their respective roles. Moreover, cor-
relation analysis showed (Fig.  11B) that FtBGLU33 was 
negatively correlated with the remaining nine FtBGLU 

Fig. 9 Relative expression patterns of 10 FtBGLUs (FtBGLU1, FtBGLU6, FtBGLU9, FtBGLU12, FtBGLU20, FtBGLU21, FtBGLU29, FtBGLU33, FtBGLU34, and FtB-
GLU38) under different hormone treatments (abscisic acid, ABA; methyl jasmonate, MeJA; gibberellin, GA; and salicylic acid, SA) at the seedling stage: 
expression patterns of 10 FtBGLUs at 3, 12, and 24 h in root, stem, and leaf. Values of the column chart are expressed as mean ± SD; the lowercase letters 
represent significant differences (p < 0.05, Duncan test)
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genes. Furthermore, FtBGLU33 exhibited a highly sig-
nificant negative correlation (p < 0.01) with FtBGLU9 
and FtBGLU20, whereas FtBGLU38 had the largest cor-
relation coefficient (0.99) and a highly significant positive 
correlation with FtBGLU29.

Expression patterns of FtBGLUs in grain-filling stages
Grain-filling is often a critical period for determining the 
yield and quality of cereal crops. The above tissue-spe-
cific expression pattern in the middle stage of grain fill-
ing provides a perspective for understanding the role of 
the BGLU family in Tartary buckwheat development and 
further elucidating its mechanism of action. This study 
explored the expression patterns of FtBGLU in grains 
and husks during grain filling (early, middle, and late) 
(Fig.  12A). The relative expression levels of FtBGLU12, 
FtBGLU20, and FtBGLU21 were lower than those of the 
other seven genes. FtBGLU6, FtBGLU29, and FtBGLU9 
were significantly expressed in both the grains and husks 
during grain filling (early). The highest relative expression 
of FtBGLU38 was found in grain filling (late) grains, and 
the highest relative expression of FtBGLU34 was found in 
filling (late) husks. Correlation analysis yielded (Fig. 12B) 
that FtBGLU29 was significantly positively correlated 
with FtBGLU1 with the largest correlation coefficient 
(0.99, p < 0.01) and with FtBGLU9 (0.86, p < 0.01). FtB-
GLU34 was significantly and positively correlated with 
FtBGLU20 (0.94, p < 0.01), whereas it was negatively and 
not significantly correlated with the other eight FtBGLU 

genes. FtBGLU38 was positively correlated with FtB-
GLU21 and negatively and non-significantly correlated 
with the other eight FtBGLU genes.

Discussion
Physicochemical properties and phylogenetic analysis of 
the FtBGLU protein
β-glucosidase is a multifunctional enzyme with spe-
cial substrate hydrolysis properties that binds to non-
reducing glucose residues at the end of oligosaccharide 
chains to cleave glycosidic bonds to hydrolyze cellobiose 
and other poly-oligosaccharide molecules to produce 
glucose. With the rapid development of bioinformat-
ics, the biological functions of BGLU in different plants 
have gradually been identified. This is the first study to 
systematically analyze the BGLU gene family in the Tar-
tary buckwheat in a more systematic manner in terms of 
bioinformatics and gene expression patterns. Based on 
the genomic data, a bioinformatics approach was used 
to identify that the FtBGLU family contains 39 FtBGLUs. 
The number of members was similar to that of BGLU 
members in the model crops A. thaliana [44] and O. 
sativa [45], suggesting that there were no excessive gene 
loss events. Whereas these 39 FtBGLU proteins showed 
large differences in physicochemical properties, the lon-
gest FtBGLU protein was FtBGLU12, which contained 
640 amino acids, while the shortest FtBGLU protein (FtB-
GLU22) contained only 173 amino acids. The MW was 
distributed between 19.40 kD (FtBGLU22) − 72.99 kD 

Fig. 10 Correlation analysis of 10 FtBGLUs (FtBGLU1, FtBGLU6, FtBGLU9, FtBGLU12, FtBGLU20, FtBGLU21, FtBGLU29, FtBGLU33, FtBGLU34, and FtBGLU38) under 
different hormone treatments (abscisic acid, ABA; methyl jasmonate, MeJA; gibberellin, GA; and salicylic acid, SA) at the seedling stage. A positive number 
represents a positive correlation, and a negative number indicates a negative correlation. The right color scale (− 0.20 to 1.00) represents the normalized 
gene expression correlation
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(FtBGLU12). The relative MWs of β-glucosidases from 
different sources vary markedly but generally remain in 
the range of 40–300 kD [59, 60]. In this study, 15.4% of 
the FtBGLU proteins identified had a relative MW lower 
than 40 kD, indicating that buckwheat in the long-term 
evolutionary process of adapting to the environment 
caused by the degree of differentiation was inconsistent, 
resulting in a large number of differences between the 
FtBGLU proteins. The theoretical isoelectric points of 
most β-glucosidases are in the range of 3–6 [61]. FtBGLU 
proteins have an average pI of 6.34 and are rich in acidic 
amino acids, meaning that most β-glucosidases are acidic 
proteases. A few β-glucosidases with isoelectric points 
exist in the basic range [62] (10 FtBGLU proteins). Next, 
the subcellular localization of FtBGLU proteins was pre-
dicted, and it was found that FtBGLU proteins are widely 
distributed in the endoplasmic reticulum (9), cytoplasm 
(7), chloroplast (7), extracellular space (5), vacuole (5) 

cytoskeleton (3), nucleus (1), plasma membrane (1), and 
mitochondria (1). Access to physiological substrates for 
catalytic reactions in these organelles indirectly reflects 
the diverse functions of the BGLU gene family in Tartary 
buckwheat.

Based on the constructed phylogenetic tree analysis 
of AtBGLU and FtBGLU proteins, it was concluded that 
at least one member of FtBGLU proteins was present in 
subfamilies II (21), IX (6), I (5), VIII (4), and X (2), except 
for subfamilies II, IV, V, VI, and VII. These results are in 
close agreement with the grouping of Z. mays [39], S. 
rebaudiana [40], P. tomentosa [47], M. truncatula [49], 
and D. catenatum [50], although some variability has 
been observed in the model crops. Members of subfam-
ily II far exceeded those of other subfamilies, comprising 
approximately 50% of the FtBGLU protein. This suggests 
that the FtBGLU family did not undergo complex differ-
entiation during evolution.

Fig. 11 Relative expression patterns and correlation analysis of 10 FtBGLUs (FtBGLU1, FtBGLU6, FtBGLU9, FtBGLU12, FtBGLU20, FtBGLU21, FtBGLU29, FtB-
GLU33, FtBGLU34, and FtBGLU38). (A) Expression patterns of 10 FtBGLUs at the mid-grain-filling stage in root, stem, young leaf, mature leaf, flower, grain, and 
husk. Values of the column chart are expressed as mean ± SD; the lowercase letters represent significant differences (p < 0.05, Duncan test). (B) Correlation 
hierarchical cluster analysis between their expression in different tissues at the mid-grain-filling stage. A positive number represents a positive correla-
tion, and a negative number indicates a negative correlation. The right color scale (− 0.90 to 1.20) represents the normalized gene expression correlation
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Hydrolysis of the β-D-glycosidic bond in BGLUs 
involves a two-step process (glycosylation and de-gly-
cosylation) that requires the simultaneous involvement 
of two glutamate residues, E191 (an acid/base catalyst) 
and E406 (a nucleophilic reagent) and has to be present 
simultaneously in the conserved motifs TFNEP and I/
VTENG, respectively, of all BGLUs [52, 63–66]. In this 
study, AtBGLUs were subjected to multiple sequence 
comparisons with FtBGLUs, and FtBGLUs were found 
to have conserved structural domains as well as high 
sequence homology during evolution. Not all identi-
fied FtBGLU proteins had glycoside hydrolase activ-
ity, with FtBGLU1, FtBGLU17, FtBGLU19, FtBGLU21, 
FtBGLU22, and FtBGLU28 lacking or having mutated 
glutamate residues in the conserved motifs. This sug-
gests that all 32 FtBGLUs found in the genome produce 
active BGLU [45, 67], whereas the BGLU produced by 
the remaining FtBGLU genes may be inactive, which 
remains to be verified. Apart from the active amino acid 
residues, Q38, H142, E464, and W465 are also important 

amino acid binding sites. Some members of subfamilies 
I, II, and IX contain deletions or mutations in impor-
tant amino acid residues. This leads to diversification of 
BGLU proteins and affects their functional differentia-
tion. The motifs of most FtBGLU (30/39) proteins follow 
the sequence “5, 3, 9, 1, 4, 8, 2, 6, 7, and 10”, i.e., they are 
conserved families. The conserved motifs TFNEP and I/
VTENG containing active glutamate residues were pres-
ent in motifs 1 and 6, respectively, and similarly FtB-
GLU1, FtBGLU17, FtBGLU21, FtBGLU28, FtBGLU19, 
and FtBGLU22 all lacked one or two motifs with active 
glutamate residues, in agreement with the results of the 
multiple sequence comparisons. This indicates that these 
six FtBGLU genes could not produce active BGLU.

Although the physicochemical properties of the mem-
bers of the FtBGLU gene family vary widely, each sub-
group has a relatively conserved exon-intron structure. 
In the BGLU family, the 13-exon pattern (13 exons-12 
introns) is the most common structure of the ancestral 
gene, and the appearance of other structural patterns 

Fig. 12 Relative expression patterns and correlation analysis of 10 FtBGLUs (FtBGLU1, FtBGLU6, FtBGLU9, FtBGLU12, FtBGLU20, FtBGLU21, FtBGLU29, FtB-
GLU33, FtBGLU34, and FtBGLU38) in grain and husk at different grain-filling stages. (A) Expression patterns of 10 FtBGLUs in the grain and husk during 
early, middle, and late grain-filling stages. Values of the column chart are expressed as mean ± SD; the lowercase letters represent significant differences 
(p < 0.05, Duncan test). (B) Correlation analysis between their expression in the grain and husk during the grain-filling stage. A positive number represents 
a positive correlation, and a negative number indicates a negative correlation. The right color scale (− 0.60 to 1.00) represents the normalized gene ex-
pression correlation
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leads to the appearance of other gene structures [68]. 
Introns also play an important role in the evolution of 
species because they can increase the length of genes and 
the frequency of intergenic recombination, which has a 
regulatory role [69] We identified the exon-intron struc-
ture of 39 FtBGLU genes based on the annotation file of 
the buckwheat genome, and the number of introns was 
distributed in the range of 5–12, with a pattern of 13 
exons being the most common, which is consistent with 
the fact that most of the crops are expressed, e.g., (A) 
thaliana [44], O. sativa [45], G. max [57], and (B) rapa 
[46].

Additionally, UN FtBGLU12 (UN group) has an active 
conserved motif, but the motifs are not aligned in the 
same order as all members of the other subfamilies. This 
suggests that FtBGLU12 may be a new direction for the 
evolution of the FtBGLU family and demonstrates the 
correctness and validity of cluster grouping of BGLU 
proteins.

Analysis of conserved structures and evolutionary 
relationships of FtBGLU genes
Currently, the number of the same gene family in plants 
varies among species, which may be related to the natural 
differentiation of species during evolution, gene duplica-
tion events, the frequency of gene recombination, and 
genome size [70–74]. In contrast, this differentiation is 
mostly ascribed to gene duplication events; the size of the 
quantitative gap is related to the magnitude of the degree 
of gene duplication [75]. The analysis of gene duplication 
provides a theoretical basis for a better study of the origin 
of new genes in gene families, formation of families, and 
diversity of gene expression levels [75, 76].

To further understand the evolutionary relation-
ships among FtBGLU family members, we analyzed the 
chromosomal localization and gene duplication events 
of FtBGLU genes. In this study, 39 FtBGLU genes were 
named according to their locations on the Chrs, and 
the 39 FtBGLU genes were found to be unevenly dis-
tributed on eight chromosomes, and most of them were 
distributed at the ends of the chromosomes. Tandem 
duplication events occurred in nearly half the genes in 
the FtBGLU family, with one tandem duplication event 
involving five FtBGLU genes. Additionally, most genes 
that underwent tandem duplication belonged to sub-
family II. No fragment duplication events occurred in 
the members of the FtBGLU gene family. To analyze the 
kinship of FtBGLU family members in more depth, this 
study constructed a covariance map was constructed 
between Tartary buckwheat and two monocotyledons 
(B. distachyon and O. sativa), and four dicotyledons (A. 
thaliana, C. quinoa, T. cacao, and S. lycopersicum). The 
results showed that the FtBGLU family only covaried 
with dicotyledons and introduced FtBGLU20 (subfamily 

X), FtBGLU6 (subfamily IX), FtBGLU9 (subfamily X), 
FtBGLU16 (subfamily IX), and FtBGLU36 (subfamily I) 
as the most primitive genes in the FtBGLU gene family. 
In summary, the FtBGLU gene family is closely related 
to dicotyledonous plants and has evolved to increase the 
number of BGLU gene family members mainly via tan-
dem duplication events. Members of subfamily II may be 
derived from subfamilies X and IX, and the members of 
subfamily I may have undergone extensive gene dupli-
cation. Members of subfamily II may be transcription-
ally translated into BGLU proteins that play functionally 
distinct roles, and functional redundancy may occur to 
some extent.

Expression pattern analysis of FtBGLU genes
GH1 is recognized for its BGLU activity and is largely 
involved in abiotic and biotic stress responses, growth, 
and development in plants [7, 45, 77–79]. Most members 
of subfamilies b, c, d, f, and i are resistant to stress [80]. 
In conclusion, the predictions of the cis-acting element 
revealed that in addition to the light-responsive element, 
the FtBGLU genes also contain a hormone-responsive 
element, an environmental stress-related element, and 
a growth and development-related element. Promot-
ers and enhancers of cis-acting elements participate in 
the regulation of gene expression through the binding 
of trans-acting factors that regulate the activity of target 
genes. Therefore, 10 FtBGLU genes were selected from 
the subfamily containing FtBGLU genes to preliminarily 
investigate the expression patterns of the FtBGLU gene 
family during growth, development, and adversity stress. 
Furthermore, the expression of individual genes was tis-
sue-specific, and the relative expression of young leaves, 
grains, and husks was high, indicating that nutrients were 
mainly concentrated in these three tissues during the 
irrigation period. The relative expression of FtBGLU6, 
FtBGLU12, and FtBGLU20 was generally low in tissues, 
whereas FtBGLU29, FtBGLU38, FtBGLU33, FtBGLU34, 
and FtBGLU9 were highly expressed in young leaves, 
grains, and husks. Further analysis of the expression pat-
terns of FtBGLU genes in grains and husks during grain 
filling (early, middle, and late) revealed that FtBGLU6, 
FtBGLU29, and FtBGLU9 were significantly expressed 
during grain filling (early). FtBGLU38 and FtBGLU34 
were most highy expressed in the grains and husks, 
respectively, at the late grain-filling stage. Correlation 
analysis revealed complex interactions among FtBGLUs, 
suggesting that FtBGLU genes have a complex network 
regulatory mechanism during the grain filling stage of 
Tartary buckwheat.

Next, the expression patterns of these 10 FtBGLU 
genes were investigated under six abiotic stressors: cold, 
heat, dark, NaCl, flooding, and PEG. Some genes were 
found to respond to the full range of stress mechanisms 
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and have different expression patterns; however, oth-
ers responded to only some stresses or were insensitive 
to adversity stress. FtBGLU34 and FtBGLU38 were sig-
nificantly induced under all six stressors with diverse 
expression patterns. For example, the relative expres-
sion of FtBGLU34 in the roots, stems, and leaves showed 
a decreasing and then increasing trend under flood-
ing stress, and the expression in the roots under NaCl 
stress showed an increasing and then decreasing trend. 
FtBGLU33 was significantly expressed in the stems and 
leaves under heat, PEG, and flooding stresses. In contrast, 
FtBGLU1, FtBGLU6, FtBGLU9, FtBGLU12, FtBGLU20, 
and FtBGLU29 were either inhibited or unresponsive to 
these six stressors.

The expression of FtBGLUs was differed at different 
time points and under different hormone treatments. 
FtBGLU34 was significantly induced in leaves follow-
ing ABA, MeJA, GA, and SA treatments. Under the GA 
treatment, FtBGLU29, FtBGLU33, FtBGLU34, and FtB-
GLU38 were significantly upregulated in the leaves. FtB-
GLU34 and FtBGLU38 were also significantly induced 
in the leaves under the MeJA treatment. SA treatment 
inhibited the expression of FtBGLU33 and FtBGLU38. In 
contrast, FtBGLU1 and FtBGLU34 were induced in roots 
and leaves. Additionally, FtBGLU34 was significantly 
expressed in the leaves, and FtBGLU29 in roots under 
ABA treatment. No significant expression of FtBGLU 
genes was observed in any of the stems under hormone 
treatment, suggesting that under hormone stress, mem-
bers of the FtBGLU gene family exhibit a high degree of 
tissue specificity and are mainly dependent on the leaves 
and roots for their responses. Combined with correlation 
analysis data, the diverse expression patterns of FtBGLU 
gene family members during growth and development, 
abiotic stress, and hormone treatments have laid a theo-
retical foundation for understanding the regulatory role 
of FtBGLU genes. The functional BGLU proteins found 
in A. thaliana improved drought resistance, salt toler-
ance, and frost protection (AtBGLU10, AtBGLU2, AtB-
GLU18, AtBGLU20, AtBGLU21, AtBGLU23, AtBGLU33, 
and others) [81–86]. BGLU proteins that are tolerant to 
abiotic stresses have been divided into several subfami-
lies. This indicates that more BGLU proteins have physi-
ological functions. Both FtBGLU34 and FtBGLU38 that 
were significantly induced in growth and development, 
abiotic stress, and hormone-treated adversity, as well 
as FtBGLU29, which was most pronounced under ABA 
treatment, were distributed in the late-formed subfam-
ily II. They release ABA for accumulation by transferring 
ABA-GE, which in turn is transported to the mechanism 
of response to growth, development, and stress. This also 
indirectly suggests that BGLU gene members of subfam-
ily II may have similar functions.

Conclusions
This study was based on systematic research at the whole-
genome level, discovering the FtBGLU gene family and 
conducting a series of analyses and verifications. Thirty-
nine FtBGLU genes were identified and categorized into 
10 subfamilies and one UN group. Subfamily II did not 
contain the most primitive genes; however, it maintained 
several FtBGLU gene families through tandem duplica-
tion events. Inactive FtBGLU protein was not present in 
subfamily II. This suggests that the genes of this subfamily 
may have specific functional requirements and selection 
pressures, eliminating inactive proteins during the evolu-
tionary process, thus ensuring that the genes of this sub-
family have specific and effective biological functions in 
the process of Tartary buckwheat growth, development, 
and adaptation to the environment. Members of the 
FtBGLU gene family vary widely in their physicochemi-
cal properties; however, a high degree of homology in 
gene structure and conserved motifs was observed. The 
genes were unevenly distributed across 10 chromosomes 
and were more closely related to dicotyledons. Addition-
ally, FtBGLU34 and FtBGLU38, as BGLU genes were sig-
nificantly induced in Tartary buckwheat, and FtBGLU29 
was most significantly expressed under ABA treatment, 
which facilitated the maintenance of normal growth and 
development under adverse conditions by regulating the 
composition of the cell wall and secondary metabolites, 
such as the synthesis and degradation of physiological 
processes, thus enhancing plant resilience. This study lays 
a theoretical foundation for exploring the mechanisms 
of regulation during plant growth and development by 
identifying and analyzing the biological functions of the 
FtBGLU gene family.

With the advancement and improvement of modern 
biotechnology, the results of this study can provide new 
theoretical support and strategies for improving plant 
stress resistance and yield, as well new ideas and methods 
for Tartary buckwheat breeding.

Materials and methods
Identification and analysis of FtBGLU gene family members
The whole-genome sequences of Tartary buckwheat 
and annotation files were downloaded from the website 
(http:// www.mbk base.or g/Pi nku1/). First, two BLASTp 
methods (score ≥ 100, e ≤ 1e10) by Altschul et al. [87] 
and Liu et al. [88] were used to retrieve all sequences of 
Tartary buckwheat for possible identification of BGLU 
proteins. The Hidden Markov Model (HMM) file cor-
responding to the BGLU structural domain (PF00232) 
was downloaded (Pfam Protein Family Database [89]: 
http://pfam.sanger.ac.uk/). Secondly, the FtBGLU  p r o t e 
i n sequences were compared using the HMM model in 
HMMER 3.0  (   h t  t p :  / / p l  a n  t s . e n s e m b l . o r g / h m m e r / i n d e 
x . h t m l     ; the cutoff value was set to 0.01) [90]. Third, the 

http://www.mbkbase.org/Pinku1/
http://pfam.sanger.ac.uk/
http://plants.ensembl.org/hmmer/index.html
http://plants.ensembl.org/hmmer/index.html
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presence or absence of BGLU core gene sequences was 
verified using PFAM and the SMART program  (   h t  t p :  / / s 
m  a r  t . e  m b l  - h e i  d e  l b e r g . d e / s m a r t / s e t _ m o d e . c g i G E N O M 
I C = 1 1     ) to determine the presence or absence of BGLU 
core gene sequences [91, 92]. Finally, merged integration 
was performed to obtain the final FtBGLU genes. Addi-
tionally, basic characterization of FtBGLU gene family 
members was obtained from the ExPasy website (http:// 
web.exp asy.org /pro tparam/), including location, domain, 
MW, protein length, predicted subcellular location, and 
theoretical pI.

FtBGLU gene structure, conserved motifs, and multiple 
sequence comparison
First, the coding sequence of the FtBGLU genes were 
compared with the corresponding genomic DNA 
sequences using TBtools-ll (Toolbox for Biologists) 
v2.119 software. Next, the BGLU protein motifs were 
characterized using the MEME server  (   h t  t p :  / / m e  m e  - s 
u i t e . o r g / t o o l s / m e m e     ) [93] with the parameters set to 10 
motifs and 6–200 residues [88, 93, 94]. The exon-intron 
structure of the FtBGLUs was displayed using the Gene 
Structure Display Server (http://GSDS.cbi.pku.edu.cn) 
[65]. Finally, a gene structure diagram of the phylogenetic 
tree, motif pattern, and gene structure was constructed.

Multiple sequence comparisons of BGLU proteins 
of different subfamilies from F. tataricum and A. thali-
ana were performed using MEGA 11 software based 
on the default parameters of ClustalW [92]. After sav-
ing the FASTA files of multiple sequence alignments for 
each subfamily, the files were put into GeneDoc soft-
ware to present the conserved structural domains of the 
sequences. Finally, the sequence homology values of the 
subfamilies were determined using DNAMAN software.

Chromosomal distribution and gene duplication of FtBGLU 
genes
Gene duplication events were analyzed using the Mul-
tiple Covariance Scanning Toolkit (MCScan X) [95] 
with default parameters. We used a Dual Synteny Plot-
ter (https://github.com/ CJ-Chen/TBtools) function of 
TBtools to co-vary the FtBGLU genes with two mono-
cotyledonous (B. distachyon and O. sativa) and four 
dicotyledonous species (A. thaliana, C. quinoa, T. cacao, 
and S. lycopersicum) that were analyzed for homology. 
Non-synonymous (ka) and synonymous (ks) values were 
calculated for each duplicate BGLU gene using Ka/Ks-
Calculator 2.0 [96].

Phylogenetic analysis and classification of the FtBGLU gene 
family and cis-acting element prediction
Based on the classification of AtBGLU proteins, all iden-
tified FtBGLU and AtBGLU proteins were used to con-
struct a phylogenetic tree with a bootstrap value of 1000 

using the Jukes-Cantor model in MEGA 7.0, and Genetic 
R11 was assigned using the BLOSUM62 cost matrix. The 
cis-acting elements present in the promoter sequence 
(Upstream 2000 bp) of the FtBGLU gene family were pre-
dicted using the PlantCare website  (   h t  t p :  / / b i  o i  n f o  r m a  t i c s  
. p  s b . u g e n t . b e / w e b t o o l s / p l a n t c a r e / h t m l /     ) .  

Plant material, growth conditions, and abiotic stresses
The Tartary buckwheat variety selected for this experi-
ment was “Chuanqiao-2”, which was provided by the 
Alpine Crops Research Station of Xichang Institute of 
Agricultural Science, Sichuan Province, China (102.20 E, 
27.96  N). Uniform sized, pest-free “Chuanqiao-2” seeds 
were selected after strict sterilization and careful rins-
ing. The seeds were sown in two layers of sterile, washed 
textured filter paper (diameter, 9 cm) covered with Petri 
dishes (diameter, 90  mm). Thereafter, the Petri dishes 
were placed in a thermostatic incubator and subjected 
to 16 and 8  h day and night cycles at a temperature of 
25 ± 1 °C and 20 ± 1 °C, respectively, with relative humid-
ity maintained at 75%. Petri dishes were incubated for 
seven days until germination. Seedlings with uniform 
growth potential were transplanted into pots (25.5 cm in 
diameter and 17.5  cm in height) with autoclaved mixed 
nutrient soil (soil: substrate = 1:1), with three seedlings 
per pot. The pots were incubated under the same con-
ditions. Six abiotic stress treatments and four hormonal 
treatments were applied to Tartary buckwheat during 
the three-leaf period. These included cold (4  °C), heat 
(40  °C), dark (complete shade), flooding (whole plant), 
PEG (6000: 25% w/v), NaCl: (150 mmol·L− 1), SA (100 
µmol·L− 1), MeJA (100 µ µmol·L− 1), GA (100 µmol·L− 1), 
and ABA (100 µmol·L− 1) treatments, each containing 
five replicates. Three tissues (root, stem, and leaf ) were 
collected at 0, 3, 12, and 24 h, respectively, and then the 
tissues were rapidly placed in liquid nitrogen and stored 
at − 80  °C. Furthermore, the roots, stems, young leaves, 
mature leaves, flowers, grains, and husks were extracted 
during the grain-filling stage. The grain and husk were 
collected during the early, middle, and late grain-filling 
periods, placed equally rapidly in liquid nitrogen, and 
stored at − 80 °C.

Total RNA extraction and cDNA synthesis
In this study, total RNA was extracted from the samples 
according to the instructions of the E.Z.N.A. Plant RNA 
Kit (Omega Bio-Tek, Inc, USA), and RNA integrity was 
examined using 1% agarose gel electrophoresis. The 
concentration and quality of the RNA were determined 
using an ultra-micro spectrophotometer (Beijing Kaiao 
Technology Development Co., Ltd., China). cDNA was 
synthesized using a HiScript II Q RT SuperMix for qPCR 
Kit (Vazyme Biotech Co., Ltd., China) according to the 
manufacturer’s instructions.

http://smart.embl-heidelberg.de/smart/set_mode.cgiGENOMIC=11
http://smart.embl-heidelberg.de/smart/set_mode.cgiGENOMIC=11
http://smart.embl-heidelberg.de/smart/set_mode.cgiGENOMIC=11
http://web.expasy.org/protparam/
http://web.expasy.org/protparam/
http://meme-suite.org/tools/meme
http://meme-suite.org/tools/meme
http://GSDS.cbi.pku.edu.cn
https://github.com/
http://bioinformatics.psb.ugent.be/webtools/plantcare/html/
http://bioinformatics.psb.ugent.be/webtools/plantcare/html/
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qRT-PCR analysis
qRT-PCR can accurately measure gene expression, and 
reference genes can effectively correct the differences 
caused by RNA initiation and transcription efficiency, 
so it is widely used, but in fact, there is no ideal ref-
erence genes [97]. Li et al. [98] verified the expres-
sion stability of 7 candidate reference genes in Tartary 
Buckwheat and found that FtH3, the most commonly 
used reference gene in Tartary buckwheat standardiza-
tion, was a stable gene under abiotic stress. The stress 
involved in this experiment is abiotic stress, so we 
chose FtH3 gene as the internal reference gene.

qPCR-specific primers for the FtBGLU genes were 
designed using Primer Premier software (version 5.0; 
Premier Corporation, Vancouver, British Columbia, 
Canada), while and FtH3 [98] was used as the internal 
reference gene (Table S7). The qRT-PCR method was 
performed using ChamQ Universal SYBR qPCR Master 
Mix Kit (Vazyme Biotech Co., Ltd, China) and Fluores-
cence Quantification Kit, 20 µL system. Detection was 
performed using a CFX96 Real-Time System instrument 
(BIO-RAD, USA), and then the relative expression of 
FtBGLU genes was calculated using the 2−ΔΔCt formula 
[99]. Three biological and technical replicates were used 
in the experiment.

Statistical analysis
We performed analysis of variance (ANOVA) (p < 0.05) 
and multiple comparisons (Duncan) on the data of rela-
tive expression using IBM SPSS 26.0 software, and the 
results are expressed as mean ± standard deviation 
(mean ± SD). Histograms were plotted using Origin 8.0 
software. All experiments were performed in triplicates.

Abbreviations
BGLU  β-glucosidase
GH1  Glycoside hydrolase family 1
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SrBGLU  Stevia rebaudiana BGLU
ZmBGLU  Zea mays BGLU
qRT-PCR  Quantitative real-time polymerase chain reaction
ABA  Abscisic acid
GA  Gibberellin
MeJA  Methyl jasmonate
SA  Salicylic acid
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