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Abstract

Background: In plants, basic leucine zipper transcription factors (TFs) play important roles in multiple biological
processes such as anthesis, fruit growth & development and stress responses. However, systematic investigation and
characterization of bZIP-TFs remain unclear in Chinese white pear. Chinese white pear is a fruit crop that has
important nutritional and medicinal values.

Results: In this study, 62 bZIP genes were comprehensively identified from Chinese Pear, and 54 genes were
distributed among 17 chromosomes. Frequent whole-genome duplication (WGD) and dispersed duplication (DSD)
were the major driving forces underlying the bZIP gene family in Chinese white pear. bZIP-TFs are classified into 13
subfamilies according to the phylogenetic tree. Subsequently, purifying selection plays an important role in the
evolution process of PbbZIPs. Synteny analysis of bZIP genes revealed that 196 orthologous gene pairs were
identified between Pyrus bretschneideri, Fragaria vesca, Prunus mume, and Prunus persica. Moreover, cis-elements that
respond to various stresses and hormones were found on the promoter regions of PbbZIP, which were induced by
stimuli. Gene structure (intron/exon) and different compositions of motifs revealed that functional divergence
among subfamilies. Expression pattern of PbbZIP genes differential expressed under hormonal treatment abscisic
acid, salicylic acid, and methyl jasmonate in pear fruits by real-time gRT-PCR.

Conclusions: Collectively, a systematic analysis of gene structure, motif composition, subcellular localization,
synteny analysis, and calculation of synonymous (Ks) and non-synonymous (Ka) was performed in Chinese white
pear. Sixty-two bZIP-TFs in Chinese pear were identified, and their expression profiles were comprehensively
analyzed under ABA, SA, and MeJa hormones, which respond to multiple abiotic stresses and fruit growth and
development. PbbZIP gene occurred through Whole-genome duplication and dispersed duplication events. These
results provide a basic framework for further elucidating the biological function characterizations under multiple
developmental stages and abiotic stress responses.

Keywords: PbbZIP gene family, Phylogenetic analysis, Expansion, Expression analysis, Stress response

* Correspondence: ypcaiah@163.com
'School of Life Sciences, Anhui Agricultural University, Hefei 230036, China
Full list of author information is available at the end of the article

© The Author(s). 2021 Open Access This article is licensed under a Creative Commons Attribution 4.0 International License,
which permits use, sharing, adaptation, 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

changes were made. 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/4.0/.
The Creative Commons Public Domain Dedication waiver (http://creativecommons.org/publicdomain/zero/1.0/) applies to the
data made available in this article, unless otherwise stated in a credit line to the data.


http://crossmark.crossref.org/dialog/?doi=10.1186/s12870-021-03191-3&domain=pdf
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
mailto:ypcaiah@163.com

Manzoor et al. BMC Plant Biology (2021) 21:413

Background

Transcription factors (TFs) play crucial roles in the regu-
lation and biological processes under various environ-
mental stress [1, 2]. The basic leucine zipper (bZIP)
transcription factors family member is one of the most
diverse and largest transcription factors in eukaryotes
[3]. The length of the domain is 60—80 amino acids con-
taining two regions with various functions; the basic re-
gion is highly conserved and consists of 16 amino acid
residues with specific DNA binding (N-x 7-R/K-x 9) [4].
On the other hand, the leucine zipper is less conserved
and composed of several helical structures, which are re-
sponsible for dimerization stability and specificity
(homo/heterodimerization) [5].

Abiotic stress resistance in plants is mediated by the
hormone ABA, which regulates many stress-responsive
genes and confers abiotic stress tolerance in plants [6].
The group A AtbZIP protein includes ABA-responsive
element-binding proteins (AREB) or ABRE binding fac-
tors (ABF) that have been functionally identified as
major regulators of ABA-dependent gene expression and
the abiotic stress response [1, 6]. Phosphorylation of cat-
egory III SnRK2s activates AREBI/ABF2, AREB2/ABF4,
ABF1, and ABF3 in Arabidopsis, controlling the expres-
sion of their downstream genes [7, 8]. AtbZIP17, Atb-
ZIP60, and AtbZIP28 proteins play significant roles in
ER stress responses [9]. In Arabidopsis AtbZIP28, Atb-
ZIP17 genes are activated by salt stress and function as a
salt stress sensor/transducer [10]. Salt treatment in-
creased the transcription of AtbZIP1, MtbZIP2, and
MtbZIP26 from A. thaliana and Medicago truncatula,
resulting in an increase in salt stress resistance [11-13].
The bZIP family members have been comprehensively
identified and functionally characterized in various
plants such as A. thaliana (75 genes) [1], B. napus (247
genes) [14], Solanum lycopersicum (69 genes) [15], B.
distachyon (96 genes) [16], Oryza sativa (89 genes) [3],
Zea mays (125 genes) [17], Glycine max (131 genes)
(18], Coniothyrium minitans, (34 genes) [19], Vitis vinif-
era (55 genes) [20], Malus domestica (116 genes) [21],
Fragaria vesca (50 genes) [22], Sorghum bicolor (92
genes) [23] and Prunus persica (47 genes) [24], Ricinus
communis L. [25].

Plant bZIP proteins plays important roles in plant
growth and diverse biological functions, including som-
atic embryogenesis [26], seed germination [20, 27], cell
elongation [28], vascular development [29], floral induc-
tion and growth [30], unfolded protein response [31],
and photomorphogenesis [32]. Plant bZIP transcription
factors have also been involved in a variety of abiotic/bi-
otic stress-related including hormone signaling and
sugar response [33—36], light response [37, 38], pathogen
infection [39, 40], cold signaling [41, 42], osmotic
stresses [43], heat stress [44] and so on. Generally, ABA-
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responsive binding factor (ABRE) and binding protein
(AREB) are associated with ABA and stress-related fac-
tors [45]. In rice, OsbZIP71 acts as ABA-mediated salt
and drought tolerance [46]. ZmbZIP17 in maize is also
highly induced with the interaction of ABA (cis-element
ABRE) [45]. SIbZIP33 (SIAREB1) was implicated in
stress-induced responses in tomato and acted as critical
components in regulating the expression of important
metabolic pathway-related genes and metabolic pro-
gramming during fruit ripening [47, 48].

Chinese pear (Pyrus. bretschneideri) fruit crop is culti-
vated worldwide, especially in China, and has become
most popular or essential due to its high medicinal and
nutritional value [49, 50]. Although bZIP members have
been identified in various model plants, this gene family
has not been comprehensively studied in Pyrus. bretsch-
neideri. However, a comprehensive and systematic ana-
lysis of the bZIP family has been identified in Chinese
pear. Finally, in this study, 62 PbbZIP genes were identi-
fied and classified into 13 groups according to the phylo-
genetic tree. The evolutionary relationship/history,
chromosomal distribution, conserved domain, gene du-
plication, gene structure analysis, conserved motif,
microsynteny relationship, cis-elements on the promoter
regions, ka/ks value analysis, and other important infor-
mation were investigated in PbbZIP genes. The expres-
sion profiles of PbbZIP genes in different fruit
development stages were analyzed using RNA-seq data.
Afterward, the expression patterns of 12 genes were ex-
amined in response to Abscisic acid (ABA), salicylic acid
(SA), and methyl salicylate (MeJA) by conducting qRT-
PCR. These results would provide specific knowledge
and evolution in Chinese pear for future studies.

Results

Identification of bZIP gene family in Chinese white pear
The pear bZIP transcription factors family members
were identified by using Hidden Markov Model (HMM)
and Blast method. A systematic approach bZIP domain
(PF00170) analysis was also performed using the Pfam
database. Initially, pear bZIP family members were iden-
tified, and their sequences were downloaded from the
pear genome. Finally, identified candidate genes were
briefly analyzed and verified the bZIP domain. Subse-
quently, 62 members of this family encoding complete
bZIP DNA binding domain were selected for sequence
alignment and for Further analysis. Nomenclature of
these identified genes was given based on chromosome
position and renamed all genes PbbZIP1 to PbbZIP62
(Table S2). The length of amino acid varied from 141
AA (PbbZIP41) to 1726 AA (PbbZIP16), with a cross-
ponding isoelectric point (IP) varied from 4.96
(PbbZIP28) to 10.51 (PbbZIP50). The molecular weight
of these genes ranged from 16,313.4kDa to 194,044.9
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kDa. Detailed information, including gene id, given
name, molecular weight, isoelectric point, gene size, and
chromosomal distribution, are mentioned in Table S2.

Phylogenetic analysis

To further understand the evolutionary relationship, dif-
ference, and similarities of bZIP transcription factor be-
tween pear (62 genes), Arabidopsis (75 genes), grapes
(55 genes), and poplar (86 genes). The unrooted phylo-
genetic tree was generated through neighbor-joining
methods (NJ-M), and the maximum likelihood method
(ML-M). For future study neighbor-joining tree was used
to perform a phylogenetic characterization in Chinese
pear with Arabidopsis (Fig. 1 and S2). Finally, the phylo-
genetic tree was visualized through itol software and cat-
egorized into 13 subfamilies (A, B(F/Ara), C(D/Ara), D,
E(B/ Ara), E(H/Ara), G, H(E/Ara), 1(I/Ara), J(G/Ara),
K(A/Ara), L(C//Ara), M(S/Ara). These groups were clas-
sified according to the Arabidopsis groups, in subfamily
D and G absent in pear, but in the subfamily, A only
contained pear and poplar genes except Arabidopsis
may be due to functional divergence or these subfamilies
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indicating that specific functions. Furthermore, an in-
spection of the phylogenetic tree, maximal PbbZIPs
members contained in subfamily A (13) and minimal in
subfamily E-F (2) (Fig. 1). Subfamily C, D, G, and H
formed clades without pear genes indicating that these
clades might be specific for poplar and Arabidopsis.
Gene loss and gain mechanisms occurred in evolution-
ary mechanisms and caused functional divergence.

Gene ontology (GO) analysis and subcellular localization
of PbbZIP

GO annotation analysis was performed for the predic-
tion of various functions in PbbZIP members. Gene
ontology such as cellular components, biological pro-
cesses, and molecular functions. Additionally, 62 PbbZIP
proteins were grouped into 44 functional groups accord-
ing to protein similarities under the three basic groups.
In the ontology of biological process, we evaluate that
the highest percentage were involved in the biosynthetic
process (16.39%) and cellular nitrogen compound meta-
bolic process (16.39%). Among the PbbZIP, 13.98, 12.87,
10.33% of genes showed potential involvement in signal

Fig. 1 The phylogenetic tree of bZIP genes in Chinese pear, Arabidopsis, grapes, and poplar. Different color indicates different subfamilies (A-M)
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transduction, response to stress, and hemostatic process, re-
spectively. Also, some genes are involved in development
(043%), the immune system 1.88%, cell deafferentation
0.86%, and anatomical structure 5.50% (Fig. 2). In the ontol-
ogy of molecular functions, PbbZIPs genes the highest per-
centage are involved in nucleic acid binding transcription
function activity, and DNA binding 40.46%, followed by pro-
tein binding transcription factor 5.59%, enzyme regulator ac-
tivity 0.40%, RNA binding 0.40%, ion binding 3.36%,
hydrolase activity 1.61%, protein binding 1.80%, signal trans-
ducer activity 0.40%, kinase activity 0.40%.

Moreover, cellular component ontology suggested that
also contain cellular components followed as intracellu-
lar, cell, and organelle found are same and high percent-
age 17.74% as compared to another cytoplasm (14.65%),
cytosol (2.58%), nuclear chromosome (0.16%), nucleo-
plasm (1.36%), chromosome (0.16%), protein complex
(0.86), and endoplasmic reticulum (0.92%) (Table S3).
Subcellular localization was predicted by using CEL-
LOGO tool software. These results indicate that most of
the PbbZIP genes (96.8%) were localized in nuclear,
while remained genes were involved in cytoplasm and
chloroplast (Table S3).

Gene structure analysis and identification of conserved
motif

Structural analysis was performed by comparing general
feature format (GFF3) files of each bZIP gene in Chinese
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white pear to understand the phenomena of structural
diversity. The composition and position of introns/exons
identified using Gene structure display server and com-
pare the gene structure among different or same sub-
family. In PbbZIP genes contain maximum introns/
exons (18/19) (Fig. 3A). These results revealed that 5
PbbZIP genes (PbbZIP11, 40, 19, 4, and 46) had no in-
trons in their gene structures, while remained PbbZIP
genes contained 1 to 18 introns.

Additionally, the PbbZIPs gene in subfamily A con-
tained the largest number of exons/introns; for example,
PbbZIP16 had 19-exons/18-introns. On the other hand,
the number of introns/exons variant also in the same
subfamily, such as PbbZIP31, had 4-exons/4-introns.
These results revealed that the divergence of introns/
exons structure in the PbbZIPs family might be related
to different functions.

Conserved motif analysis was performed through the
protein sequence of PbbZIP genes using a MEME server.
Distribution and composition of conserved PbbZIP motif
ratio similar among the subfamily, supporting the results
of the phylogenetic tree. A total of twenty (20) motifs
were predicted in PbbZIP genes, and motif contained in
PbbZIP members varied within the subfamily. PbbZIP
genes were divided into different subfamilies (M, L, ], K,
F, I, A, and E) according to the phylogenetic tree and di-
vergence of motifs. The subfamily-I encoded a large
number of conserved motifs. The number of motifs was
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variant among different and same subfamilies. The num-
ber of motifs was different between these subfamilies M
(maximum number of motifs 2), L (maximum number of
motifs 3), ] (number of motif 9), K (maximum number of
motif 6), F (maximum number of motif 1), I (maximum
number of motif 13), A (maximum number of motif 3) and
E (maximum number of motif 2) (Fig. 3B). Conserved motif
two highly contribution is mostly genes. The presence of nu-
merous motifs in PhbZIP members indicates that similar du-
plication events. In Chinese pear (Pyrus bretschneideri),
among 65 bZIP members, 50 residues conserved domain
(motif 2). The presence of a conserved motif between the
same bZIP protein, especially within the subfamily, likely re-
flects the similarities in functions. These proteins conserved
different motifs in the same subfamily reflect that they have
different functions (Table S4).

Identification of gene duplication events, expansion, and
chromosomal distribution

To elucidate the origin of the bZIP TFs gene family in
Chinese pear, four types of duplication (WGD-whole
genome duplication, TD-tandem duplication, TRD-
transposed duplication, and DSD- dispersed duplication)
were carryout (Fig. 4B). A total of 87 duplicated pairs
were reported in Chinese pear followed by DSDs (41
gene pairs), WGDs (42 gene pairs), TDs (2 gene pairs),
and TRDs (2 gene pairs), indicating that the expansion
of the gene family (Fig. 4A). Expansion of gene family

basically occurred by the whole genome duplication and
dispersed duplication [51]. In the study, identified tan-
dem and dispersed duplication to elucidate expansion of
bZIP genes in Pyrus bretschneideri. Simultaneously,
these results also indicate the complicated duplication
mechanism of the PbbZIP family. All duplication modes
(DSDs, WGDs, TDs, and TRDs) were involved in the
evolution and expansion of PbbZIP genes. In pear, 41%
of genes showed dispersed duplication (DSD), while 2%
tandem duplication (TD) suggesting that dispersed du-
plication events highly contribute to the expansion and
evolution of the PbbZIP genes family as compared to
tandem duplication events (Table S5). The number of
duplicated genes was different on duplication mode such
as WGD (maximum eight duplicated genes on chromo-
some 15), DSD (maximum six duplicated genes on scaf-
fold), TD (maximum one duplicated genes on
chromosome 15 and scaffold respectively), TRD (max-
imum one duplicated genes on chromosome 8 and scaf-
fold respectively) (Table S5). To understand the
localization of PbbZIP genes on a different chromosome
number, all genes of pear are mapped except that gene
located on scaffold according to the pear genome. As a
result of the 62 PbbZIP gene, 54 genes were located on
the chromosome, and eight genes were located on the
scaffold. Moreover, maximum 9 genes are traced on
chromosome 15. On the other hand, chromosome 16
minimum carried one gene (Fig. S1 and Table S2).
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Estimation of Ka/Ks analysis

To determine the evolutionary date in gene duplication
events, we calculate synonymous (Ks) and non-
synonymous (Ka) values for 87 duplicated gene pairs.
The Ka/Ks value ranged from 1.24 to 0.21, as shown in
Table S5. In general, Ka/Ks value greater than one was
suggested that positive selection, Ka/Ks less than 1 sug-
gested purifying selection, and Ka/Ks =1 suggest neutral
selection [52, 53]. In our study, all PbbZIP gene pairs
Ka/Ks value less than 1, indicating that these genes are
primarily undergone in purifying selection. On the other
hand, four genes ka/ks value is equal to 1, indicating that
positive selection (Fig. 4C). We also calculated the ka/ks
value in DSD, TD, TRD, and WGD. These gene pairs
PbbZIP40-PbbZIP19 had (ka/ks 1.0827), and PbbZIP10-
PbbZIP12 (ka/ks 1.2498) had higher Ka/Ks value indi-
cates that this gene family complicated evolutionary
history.

Synteny analysis of PbZIP genes

The collinearity relationship is constructed among hom-
ology in other species to illustrate the collinearity associ-
ation of PbZIP genes between Fragaria vesca, Prunus
mume, and Prunus persica. The collinearity relationship
between Pyrus bretschneideri, Fragaria vesca, Prunus
mume, and Prunus persica showed a total of 196 ortho-
logous pairs. The orthologous pairs of PbbZIP genes
with other species, including Pyrus bretschneideri-Fra-
garia vesca (63 pairs), Pyrus bretschneideri-Prunus mume
(61 pairs), and Pyrus bretschneideri-Prunus persica (72
pairs) Table S6. Finally, these results indicate that the
close similarities relationship with other orthologous and
phylogenetic relationships (Fig. 5).

Cis-elements analysis
Promoter activities play a vital role in the regulatory
mechanism and different types of gene functions [54].
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The cis-elements analysis on promoter regions was ana-
lyzed to estimate the metabolic network, including stress
response, tissue-specific expression, multi stimulus-
response, and other environmental conditions [53, 55].
Trans-acting elements and cis-regulatory elements play a
potential mechanism for the increase and decrease of
the expression of any gene. Cis-elements were obtained
on the promoter regions of PbbZIP genes to understand
the potential role and mechanism. We observed the
highest amount of cis-elements on the promoter regions
through plantCare database. Furthermore, cis-elements
were classified into three basic categories: (1) stress re-
sponse (biotic/abiotic) (2) plant growth/development (3)
phytohormones responsive (Fig. 6). In-plant growth/de-
velopment, mostly PbbZIPs genes contain as regulatory
elements such as Box 4, MRE, G-Box (plant growth re-
sponse in light), CAT-box (meristem related), 02-site
(zein metabolism related). In stress related cis-elements
including MBS (light responsive), LTR (low temperature
related) and ARE (responsible anaerobic induction). Sub-
sequently, in phytohormones related class identified
large number of cis-elements including P-box and
GARE-motif (gibberellin response elements). Among all
these three classes (stress response, plant growth/devel-
opment, phytohormones responsive) the dominant por-
tion G-box (28%), CAT-box and 02-site (40%) and
TGACG-motif and CGTCA-motif (30%) respectively.
These results imply that different type of cis-elements in

the same types of PbbZIP genes might have various
functions (Table S7). Further, TCA-element involved in
salicylic acid (SA) response, TGACG-motif and CGTCA
had involve in as a methyl jasmonate (MeJA) responsive
cis-elements and ABRE had abscisic acid (ABA) respon-
sive cis-elements. These hormones (ABA, SA and MeJA)
were involved in senescence and fruit ripening [56, 57].
These results suggesting that bZIP family may be associ-
ated with hormonal changes and involved in pear fruit
senescence, ripening and maturation.

Expression patterns of PbZIP genes in different fruit
development stages

Based on RNA-seq data in pear fruit at different devel-
opment stages, we investigate the expression profile of
PbZIP genes (Table S8). The RNA-seq data carried out
from previous studies conducted in 7 fruit development
stages ((stagel-15DAB, stage2-30DAB, stage3-55DAB,
stage4-85DAB, stage5-115DAB, stage6- mature stage,
and stage7- fruit senescence stage). The microarray data
was used to investigate the spatiotemporal expression
profile of PbZIP members in different fruit stages. Frag-
ments per kilobase million (FPKM) values were used to
analyze the gene expression pattern. These results
showed that PbZIPs expressed patterns increase and de-
creased in different development stages. PbZIP49,
PbZIP59 genes were abundantly expressed in stage-7 de-
velopment stages, implying that maybe these genes play
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a critical role in fruit ripening and development. On the
other hand, the expression profile of 2 genes (PbZIP39,
PbZIP51) increased, and three genes (PbZIP33, PbZIP6,
and PbZIP9) decrease during fruit development stages,
suggesting that they may play an important role in early
and later stages. The expression pattern in the develop-
ment stagel and stage2 is higher than that of other de-
velopmental stages of pear fruits (Fig. 7).

Expression analysis of PbZIP genes under hormonal
treatment

To further examine the expression pattern of PbZIP
under hormonal treatment stresses (ABA, SA, and
MeJA). Twelve genes were randomly selected after the
spraying on pear fruit at different time duration (1 h, 2h,
3 h). Finally, the expression patterns were analyzed using
qRT-PCR. Application of exogenous hormonal spray
two types of expression were observed inhibit and in-
duced. Under the ABA (Abscisic acid) hormones treat-
ment, most of the genes (PbZIP3, 13, 58, 49, 16, and 26)
showed the highest expression pattern on 3h,
PbZIP27,18,30,22 and 61 genes peak expression on 2h,
and only one gene (PbZIP31) showed high expression as
compared to control (CK) at 39 DAF. All genes showed
significant expression under the ABA treatment (Fig. 8A).
In SA (salicylic acid) treatment, we found that PbZIP18,
30, 13, 16, and 22 were achieved the highest expression
pattern at 1 h. While PbZIP27, 3, 49, 26, and 61 strongly
upregulated at 3h. on the other hand, two genes

(PbZIP58 and 31) significantly expressed at 2 h (Fig. 8B).
In case of MeJA (methyl jasmonate) treatment, genes
have also seen the same trend as were in Abscisic acid
and salicylic acid except for PbZIP22. Five genes, namely
PbZIP18, 30, 49,16, and 61 upregulate expression at 3 h,
while the PbZIP22 gene inhibits expression at 1h, 2h
and 3 h. The expression PbZIP27, 13, 31, and 26 signifi-
cantly achieved expression at 1 h and 2 genes (PbZIP58,
3) at 2 h higher as compared to control. (Fig. 8C).

Discussion

The basic leucine zipper (bZIP) transcription gene family
has been identified and comprehensively studied in
many plants such as Arabidopsis, Oryza sativa, Zea
mays, Glycine max, Coniothyrium minitans, Vitis vinif-
era, Ricinus communis L., Malus domestica, Fragaria
vesca, Sorghum bicolor, B. napus, Solanum lycopersicum,
B. distachyon, Prunus persica, and evidence indicates
that these genes participate in different physiological and
developmental processes in plants. In this study, we
identified and analyzed 62 genes in Chinese white pear
and investigated their expression patterns on different
fruit developmental stages under hormonal stress. Syn-
teny analysis, evolutionary history, cis-elements analysis,
chromosol location gene structure, and gene duplication
were examined. Although the bZIP family has been
identified and characterized in many crops, yet system-
atic and comparative study in pear remains unknown.
However, bZIP genes were divided into 13 subfamilies
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H(E/Ara), I(1/Ara), J(G/Ara), K(A/Ara), L(C//Ara), M(S/
Ara) based on the phylogenetic tree and Arabidopsis
groups. A phylogenetic tree was constructed of bZIP
genes by neighbor-joining methods (NJ-M). The evolu-
tionary analysis of the tree showed that subfamily C, D,
G, and H genes might be lost in the subfamily and ex-
panded during the evolutionary mechanism in Chinese
pear (Fig. 1). The number of bZIP genes in Arabidopsis,
poplar, and Prunus persica was higher, while less than in
gapes, apple, and strawberry as compared to a pear.
These results indicate that the expansion of bZIP genes
in pear. Different modes of gene duplication events
(WGD-whole genome duplication, TD-tandem duplica-
tion, TRD-transposed duplication, and DSD- dispersed
duplication) are the major source of driving force in the
expansion and evolution process [58-60] for example,
Hsf, and F-box gene family [61, 62]. Whole-genome du-
plication (WGD) can create a large number of duplicate
genes in a short time [63]. In this present study, we
identified four modes of duplication (DSDs, WGDs,

TDs, and TRDs) in the PbbZIP gene family, 42 gene
pairs in whole-genome duplication, 41 pairs in dispersed
duplication, 2 tandem duplication, and 2 transposed du-
plications. In addition, WGD and DSD genes were in-
volved in high proportion, indicating that these modes
(WGD and DSD) may play a critical role in the evolu-
tion and expansion of PbbZIPs.

Furthermore, the pairwise synonymous (Ks) and non-
synonymous (Ka) values were calculated in paralogous
gene pairs, as shown in Fig. 4 and Table S5. The pairwise
ka/ks value indicates that three types of selection (posi-
tive, purifying selection, and neutral selection). Ka/ks
value of mostly paralogous genes indicates that purifying
selection in PbbZIPs gene family. Tandem duplication
events contained only two gene pairs, indicating that
tandem duplication was not an important role in the ex-
pansion of PbZIP genes as compared to dispersed dupli-
cation (Table S5). Additionally, we analyzed the
orthologous syntenic relationship between Pyrus bretsch-
neideri, Fragaria vesca, Prunus mume, and Prunus per-
sica. Pyrus bretschneideri and Fragaria vesca have 63
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orthologous gene pairs, followed by Pyrus bretschneideri
and Prunus mume have 61 orthologous gene pairs, while
Pyrus bretschneideri and Prunus persica contained 72
orthologous gene pairs. These findings of collinearity
analysis indicate that Rosaceae species (pear, peach,
apple, and strawberry) strong similar syntenic ortholo-
gous and evolutionary relationship. Subsequently, the
organization of gene structure (intron/exon) might imply
that evolutionary trajectory in different bZIPs [64]. The
amount of introns determines the plants potential to
adapt and the development process [25].. Furthermore,
the exon-intron compositions of bZIP individuals from
the same group are frequently identified, as shown in
Fig. 3. In certain gene families, this phenomenon is con-
sidered an evolutionary imprint, resulting in the devel-
opment of functionally different paralogs [65, 66]. Those
genes that have shorter introns or without introns cre-
ated an activation role in evolutionary selection [67].
Some PbbZIP genes, especially PbbZIP11, 40, 19, 4, and
46, were prevalently lack of introns (Fig. 3), which could
reduce the posttranscriptional processes for response to
multiple abiotic stresses [68]. In this study, a maximal
number of introns/exons (18/19) and minimal intron/
exon (1/1) (Fig. 3). Moreover, 20 motifs were detected in
PbbZIPs through the MEME webtool. The composition
of motifs was shown in Table S4. These conserved mo-
tifs composition and different numbers indicate that the
functional divergence between different subfamilies.
Highly conserved motif 2 was distributed in most of the
genes. These results suggest that conserved motifs may
play various roles in determining specific functions of
bZIP proteins [25].

Varieties of cis-elements were divided into three
groups; 1) related to stress (LTR, G-box, and ARE), 2)
related to phytohormones (GARE motif, TGACG motif,
P-box, ABRE, and CGTCA-motif), and 3) related to
plant growth/development (Box 4, CAT-box, 02-site)
has been carried out on the promoter regions of
PbbZIPs. Transcription factors are involved in stress re-
sponse, for example, ABA [69], ethylene [35], light sig-
naling [37, 38], hormones signaling [34, 35, 36], drought
[46], cold stress [41, 42] and mechanical and osmotic
stress [43]. OsABF2 is positively regulating Abiotic stress
and ABA signaling in rice [70]. SIbZIP38 gene identified
in tomato is a response to salt stress [71]. ZjbZIPs play
roles in development under abiotic and biotic stresses
[5]. 10 TGA family genes in Arabidopsis play important
roles in the SA defense signaling pathway and necrotiz-
ing pathogens [5, 72]. Plants improve their biotic and
abiotic response after exogenous application of gibberel-
lin, ethylene, SA, and ABA [73]. Proteins homologous to
the FD (follower locus D; AThZIP14) and FDP (FD para-
log; ATbZIP27) transcription factors in A. thaliana were
found in the FD-like clades, and they may play
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important roles in blooming. Finally, the qRT-PCR ana-
lysis was used to determine the expression profile of
PbbZIPs in fruit under exogenous hormonal stress
(ABA, SA, and MeJA). PbbZIPs genes significantly
showed peaked expression, except one gene (PbZIP22)
on different time duration in pear fruit (Fig. 8). Based on
RNA- seq data, stagel and stage4 genes are highly
expressed. bZIP genes in many plant species, including
tomato [74], apple [75], and watermelon [76], have been
involved in fruit development and the ripening process.
However, whether bZIPs are involved in Chinese pear
fruit development and post-harvest ripening is unknown.
In this present study, we found that PbbZIP genes were
abundantly expressed on different development stages.
These results imply that PbbZIPs genes are extensively
involved in fruit development and ripening processes in
Chinese white pear Figs. 9 and 10.

Conclusion

In conclusion, A total of 62 PbbZIPs were identified in
Chinese white pear, based on phylogenetic evolution,
conserved motifs, and introns/exons analysis. PbbZIPs
genes were categorized into 13 subfamilies. Whole-
genome duplication (WGD) and dispersed duplication
(DSD) might be highly contributed to the expansion of
PbbZIPs. Moreover, chromosomal location, subcellular
localization, synteny analysis, characteristics, calculate of
ka/ks value, promoter regions, gene structure analysis.
Finally, qRT-PCR results showed that PbbZIPs had a sig-
nificant role in abiotic and biotic stress. Our results pro-
vide us a strong base for PbbZIPs roles in fruit
development, ripening process, molecular mechanism,
and evolutionary relationship, especially under multiple
stress conditions.

Methods

Plant material and treatments

The fruit samples 39 days after flowering were collected
from a 42-year-old pear plant, which was grown in a re-
search horticulture orchard in Dangshan, Anhui, China.
The exogenous hormonal sprayed on the whole surface
of fruits with 200 pM salicylic acid (SA), 500 uM abscisic
acid (ABA), and 500 pM Methyl jasmonate (MeJA) ac-
cording to a previously described method [50, 77]. All
fruit samples were harvested at 39 DAF and collected on
Oh, 1h, 2h, 3h. Immediately all fruit samples were fro-
zen in liquid nitrogen and transformed into — 80 °C for
storage until further experiments.

Identification, conserved domain, and sequence analysis

The whole-genome sequence of Chinese white pear
along with GFF3 (general feature format file) and CDS
(Coding sequences) was downloaded from the pear gen-
ome project online web server (http://peargenome.njau.
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edu.cn) [78]. Furthermore, the Arabidopsis bZIP protein
sequence was downloaded from the TAIR web server
(http://arabidopsis.org) and Blasted against the Chinese
pear genome for carryout PbbZIP genes. Secondly, the
Hidden Markov Model (HMM) of the bZIP (PF00170) do-
main was retrieved from the Pfam database (http://pfam.
xfam.org) [79], and Blast was used for the extraction of
bZIP transcription factors genes from the pear genome.
HMMER v3.3.2 software package and NCBI web-based
conserved domain (http://ncbi.nlm.nih.gov/structure/
bwrpsb/pwrpssb.cgi) was performed with default parame-
ters for the identification of integrity domain. Finally, all
output candidate genes were verified using SMART
(http://smart.embl-heidelberg.de) [80] and InterPro (htt://
www.ebi.ac.uk/InterPro/search/sequence) [81].

Gene structure and conserved motif

The MEME-suit (Multiple EM for Motif Elicitation) on-
line tools (http://meme-suit.org) were visualized and
identified the conserved motif with the following default
parameters; the minimum width 6 residues and

maximum width 50 residues and the maximum number
of 20 motifs were identified [82]. Subsequently, the in-
trons/exons analysis of PbZIP genes was found through
general feature format (GFF3) files and visualized by
using (GSDS v2.0) Gene Structure Display Server
(http://gsds-gao-lab.org) [83].

Chromosomal distribution and gene features

The information about starting and ending points of
each bZIP protein was investigated from the pear anno-
tation GFF3 files the position of genes displayed using
MapChart v2.3 (http://www.wur.nl/en/shoe/Mapchart.
htm) [84]. Afterward, the molecular weight (MW), Iso-
electric point (pI), and length of the amino acid were
computed using the online web tool ExPasy (http://
www.expasy.org) [85].

Gene duplications, synteny analysis, and calculation of
ka/ks value

we used the Multiple collinearity Scan toolkit
(MCScanx) [86] to examine the four modes of gene
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duplication (WGD, TD, TRD, and DSD) in PbbZIP
genes and the synteny relationship between Pyrus
bretschneideri, Fragaria vesca, Prunus mume, and Pru-
nus persica. Finally, gene duplication and collinearity re-
lationship displayed using circos software and Tbtool
software [87] with default parameters. The ka/ks values
were determined for the measurement of selection pres-
sure during the expansion and evolution process of dif-
ferent gene pairs. The ka/ks values were obtained using
ka/ks calculator (http://github.com/qiaoxin/scripts_for_
Gb/tree/master /calculator_ka_ks_pipeline) [88].

Cis-element analysis and gene ontology

The potential cis-regulatory elements on promoter re-
gions of bZIP genes were analyzed. The promoter se-
quence of each bZIP was used, which is already
downloaded from the pear genome project (http://
peargenome.njau.edu.cn). Furthermore, the plantCare
[89] web tool (http:///bioinformatics.psb.ugent.be/webt-
ool/plantcare) to identify the putative cis-regulatory ele-
ments on promoter region. In the predicted genes, GO

annotation and subcellular localization were determined
by using the CELLOGO tool [90].

Phylogenetic tree

A multiple protein sequence alignment (75 Arabidopsis,
86 poplar, 55 grapevine) was aligned with the full-length
amino acid of bZIP members using MEGA-X software
(http://www.megasoftware.net) [91]. A phylogenetic tree
was constructed with neighbor-joining methods (NJ-M)
with 1000 bootstrap replicates, the pairwise deletion and
Poisson correction distance method were selected with
others default parameters. On the other hand, align-
ments were used to construct a phylogenetic tree with a
maximum likelihood method using the online IQ-TREE
program. Finally, the phylogenetic tree was visualized
using itol software (https://itol.embl.de/) [92].

Insilico expression analysis

To investigate the expression patterns of PbbZIP genes
in different fruit development stages (stagel-15DAB,
stage2-30DAB, stage3-55DAB, stage4-85DAB, stage5-
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115DAB, stage6- mature stage, and stage7- fruit senes-
cence stage) of Pyrus bretschneideri and FPKM value were
carried from RNA-seq SRA (sequence read archive) data
were downloaded from NCBI (http://www.ncbi.nlm.nih.gov)
with  following  accession number, = SRX1595645,
SRX1595648, SRX1595646, SRX1595647, SRX1595651,
SRX1595650, SRX1595652. Finally, the heat map of the
PbbZIP family was visualized by using TBtool software [87].

RNA isolation and quantitative real-time PCR analysis
Total RNA was isolated from pear fruits using RNA-prep
plant pure kit (Tiangen - Beijing). The qRT-PCR specific
primers were designed by using the Beacon Designer 7
software and a specific primer sequence as shown in Table
S1. The total qRT-PCR mixture was 20 pl including 10 pl
SYBER premix Ex Taq II, 1 pl forward, 1 pl reverse primer,
6 pl RNAase free water, and 2 pul cDNA. The pear tubulin
gene was used as an internal control (Table S1) [78, 80].
The final expression patterns of PbbZIP genes were calcu-
lated using 274" methods [93].
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