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Abstract

Background The jasmonate ZIM domain (JAZ) protein is a key repressor of the jasmonate signal transduction
pathway, which plays an important role in plant growth and development and defense responses. In this study, based
on the published whole-genome data, we identified members of the JAZ gene family in Populus trichocarpa. Through
a series of bioinformatic approaches, their expression patterns under various stress conditions have been analyzed to
explore and excavate the endogenous resistance genes of poplar and provide a theoretical basis for breeding new
varieties of poplar resistance.

Results A total of 13 Pt/AZ genes have been identified in P, trichocarpa and designated as PtJAZ1-PtJAZ13. Those 13
PtJAZ genes were unevenly distributed on nine chromosomes, and they could be divided into four subfamilies. The
gene structures and motif composition of the members derived from the same subfamily were similar. Collinearity
analysis demonstrated that, compared with Arabidopsis thaliana and Oryza sativa, the most collinear pairs (13) were
found in P, trichocarpa and Eucalyptus robusta. Cis-acting element analysis suggested that the promoter regions of
PtJAZs contained a large number of hormones and stress response elements, of which abscisic acid (ABA) and methyl
jasmonate (MeJA) hormone response elements were the most abundant. The PtJAZ genes not only had diverse
expression patterns in different tissues, but they also responded to various abiotic and biotic stress conditions. The
co-expression network and GO and KEGG analyses showed that JAZ genes were closely related to insect resistance.

Conclusions In this study, applying bioinformatic methods, 13 Pt/AZ gene family members from P, trichocarpa were
identified and comprehensively analyzed. By further studying the function of the poplar JAZ gene family, the aim is
to select genes with better insect resistance and stress resistance so as to lay a solid foundation for the subsequent
breeding of new poplar varieties.
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Background

Jasmonate acid (JA) is an endogenous growth regula-
tor in higher plants and participates in regulating most
of the physiological processes, including plant growth
and development [1]. There are two main JA deriva-
tives: jasmonate-amino acid (JA-Ile) and MeJA [1]. JAZ
protein family members play a broad role in plant devel-
opment and defense responses. They also represent key
repressors in the JA signal transduction pathway [2].
JAZs belong to the TIFY family, which includes four sub-
families: JAZ, ZML, PPD, and TIFY [3]. JAZs are repres-
sor proteins composed of two main conserved domains,
with TIFY (also known as ZIM) and Jas (also known as
CCT-2) functional domains at the N- and C-terminus,
respectively [4]. The JA pathway mainly includes three
components: COI1, the SCFC°!! complex, and the JAZ
protein [5]. COIl is a 66 kDa F-box protein that is a JA
receptor and plays a critical role in the jasmonic signal
transduction pathway [5]. The SCFC°!! complex can bind
the E3 ubiquitin ligase and be ubiquitinated by JAZ to
regulate the expression of JA-responsive genes. Further-
more, similar to the function of COI1, the JAZ protein is
also a receptor in the jasmonate signaling pathway [6].

In recent years, with the rapid development of genome
sequencing technology, an increasing number of plant
JAZ genes have been characterized. For example, 12
JAZ genes were identified in the P trichocarpa TIFY
gene family [3, 7]. Nine, 12, 43, 26, 16, and 17 JAZ genes
were found in Aegilops taushii [8], Camellia Sinensis [9],
Ipomoea batatas [10], Solanum lycopersicum [11], Zea
mays [12], and Juglans regia L. [13], respectively. More-
over, using Y2H technology, Li et al. [14] constructed a
Solanum lycopersicum JAZ interaction network that con-
tained 13 members. Previous studies have shown that
JAZ genes play an important role in the growth, devel-
opment, and stress defense responses of plants. Zhang et
al. identified 11 JAZ genes from the Vitis vinifera genome
and found that their expression levels changed signifi-
cantly under different abiotic stress conditions (e.g.,
drought, cold, and salt) and hormone treatments (e.g.,
JA and ABA) [15]. Thirty GhJAZ genes were identified
in Gossypium hirsutum, and the results demonstrated
that they may regulate fiber differentiation and develop-
ment by interacting with cotton fiber initiation factors
[16]. Wu et al. characterized the phenotypes of overex-
pressed OsJAZI and OsJAZ9 transgenic rice lines at the
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seedling stage and found obvious phenotypes relating to
drought and salt stress, respectively [17]. Yu et al. studied
the expression patterns of 15 JAZ genes in Prunus per-
sica. Among which, three members (e.g., PpJAZ1, 4, and
5) may be stimulated by MeJA and positively correlated
with the process of exocarp pigmentation [18]. Except for
responding to abiotic stresses, the JAZ protein may also
function in anti-insect. For example, the expression lev-
els of three Toona ciliata JAZ genes (e.g., TciJAZ1, 3, and
11) were significantly upregulated in the leaves and ten-
der stems under Hypsipyla robusta Moore (a borer pest of
Meliaceae) stress [19].

Poplar is the main worldwide afforestation tree spe-
cies, especially in northern China. Poplar is an important
model plant for the study of genetic engineering of for-
est trees, and it is also the first perennial woody plant for
which the whole genome sequence has been determined
[20]. In consideration of the fact that the JAZ gene fam-
ily plays an important role in the growth and develop-
ment of the plant kingdom. In this study, based on the
published whole genome of P. trichocarpa, using bioin-
formatics approaches, a total of 13 PtJAZ members were
identified at the chromosomal level. One more gene than
Wang and Xia et al. [3, 7], in addition to We also profiled
their transcriptional landscape between different tissues,
abiotic and biotic stress conditions, and hormone treat-
ments. There are also co-expression networks and GO
and KEGG analyses, which Wang and Xia et al. [3, 7] do
not have. Our data will provide a reference for subse-
quent research on poplar resistance genes.

Results

Identification and analysis of the PtJAZ gene family in
Populus trichocarpa

The PtJAZ gene family members were identified from
the P trichocarpa genome (v4.1) using hidden Markov
models of the Jaz and TIFY domains. After verification of
protein domains, a total of 13 PtJAZ genes were screened
and named PtJAZI-PtJAZ13. The amino acid sequence
alignment analysis of these 13 PtJAZ proteins revealed
that all members contained two canonical Jaz and TIFY
domains (Fig. 1). The basic information analysis of the
family members shows that the number of inner and
outer membrane transmembrane helices of the 13 PtJAZ
proteins is 0, and there is no transmembrane region, so
it is predicted that they are not membrane proteins. The
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Fig. 1 Multiple alignment of JAZ proteins from Populus trichocarpa Note: The TIFY and Jaz domain were indicated by black boxes



Yang et al. BMC Genomic Data (2023) 24:55

number of signal peptides is 0, indicating that there is no
signal peptide in this family of proteins and that it is a
nonsecreted protein. The predicted subcellular localiza-
tion results showed that all 13 PtJAZ genes were located
in the nucleus, and the number of exons of these fam-
ily members is from 2 to 7, while the number of introns
is from 1 to 6. In addition, the secondary structure of
PtJAZ family proteins is mainly composed of random
coils (51.68-73.96%), a-helices (11.22-32.21%), extended
strands (7.43-14.36%), and B-turns (2.60-5.64%). PtJAZ11
and PtJAZ12 differed from the rest in that random
coil>extended chain>a-helix>p-turn, whereas for the
others, random coil>a-helix>extended chain>p-turn
(Table 1).

Chromosomal location of PtJAZ family genes in poplar

Chromosomal location of PtJAZ family genes in Populus
trichocarpa

The chromosomal location distribution map was drawn
according to the locations of the PtJAZ genes on the
poplar genome. Figure 2 shows that 13 PtJAZ genes are
distributed on 9 chromosomes, and the remaining 10
chromosomes, Chr02, Chr04, Chr05, Chr07, Chr09,
Chr13, Chrl4, Chrl6, Chrl7, and Chrl9, have no P{jAZ
gene distribution. Chr01 has 2 PtJAZ genes (PtJAZI and
PtJAZ2), Chr03 has 2 PtJAZ genes (PtJAZ3 and PtJAZ4),
Chr06 has 3 PtJAZ genes (PtJAZ5, PtJAZ6, and PtJAZ7),
and the remaining chromosomes each have only one
PtJAZ gene.

Phylogenetic tree analysis of the JAZ family in various
species

To further understand the evolutionary relationship of
the PtJAZ family, the P.trichocarpa (13), Arabidopsis
thaliana (12), Oryza sativa (15), Zea mays (6), Juglans
regia (17), and Picea sitchensis (13) JAZ protein sequences
were used to construct a phylogenetic tree. The results
showed that the PtJAZ gene family can be divided into
four subfamilies, among which subfamily II contained the
least number of P¢JAZ genes, while subfamilies III and IV
contained the most PtJAZ genes. Subfamily II includes
two genes, PtJAZ7 and PtJAZ13; subfamily I includes
three genes, PtJAZ2, PtJAZ3, and PtJAZ6; subfamily
III includes four genes, PtJAZ8, PtJAZ9, PtJAZ11, and
PtJAZ12; and subfamily IV includes four genes, PtJAZI,
PtJAZ4, PtJAZS5, and PtJAZ10 (Fig. 3). Interestingly, all
ZmJAZ genes are only distributed in subfamily I, and 10
genes in OsJAZ (15) are also distributed in this group.
The PsJAZ gene was distributed in all four subfamilies,
and most of the PtJAZ genes had higher homology with
Arabidopsis thaliana and Juglans regia..

Table 1 The information of JAZ genes from Populus trichocarpa
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Note: Gene name? is the name of PtJAZ gene family members identified in this study. Gene name® is the name of Pt/AZ gene family members identified by Wang et al. and Xia et al. [3, 7]
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Fig. 2 Chromosomal distribution of PtJAZ family genes
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Fig. 3 Phylogenetic tree of JAZ family proteins from Populus trichocarpa (Pt), Arabidopsis thaliana (At), Oryza sativa (Os), Zea mays (Zm), Juglans regia (Jr)
and Picea sitchensis (Ps). Different colored dots in the phylogenetic tree represent JAZ proteins from different species

Gene structure and conserved motif analysis of the Pt/AZ subfamilies of PtJAZ genes. Conserved motif analysis
family in Populus trichocarpa revealed that most of the PtJAZ proteins contain simi-
The gene structure and motif distribution of PtJAZ fam-  lar motif types and orderings (Fig. 4B). Three conserved
ily genes were drawn using the online software GSDS  motifs, motif 1, motif 2, and motif 5, are present in all
and MEME. Figure 4 A shows members of different PtJAZs. The first subfamily members contain five motifs:
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Fig. 5 Collinear analysis of Pt/AZ genes from Populus trichocarpa with Arabidopsis thaliana, Oryza sativa and Eucalyptus robusta. (A) Collinear analysis of
PtJAZ genes with Arabidopsis thaliana. (B) Collinear analysis of Pt/AZ genes with Oryza sativa. (C) Collinear analysis of PtJAZ genes with Eucalyptus robusta

motif 1, motif 2, motif 3, motif 5, and motif 9. The mem-
bers of subfamily II all contain motif 1, motif 2, motif 5,
motif 8, and motif 10. The members of subfamily III all
contain motifs 1-6, with PtJAZ8 and PtJAZ9 also con-
taining motif 7, with PtJAZ11 and PtJAZ12 also con-
taining motif 8 and motif 10. Subfamily IV members all
contain motif 1, motif 2, and motif 5, with both PtJAZ1
and PtJAZ4 containing motif 7 (Fig. 4B). The gene struc-
ture is shown in Fig. 4C, which shows that the members
of subfamily I, PtJAZ2, PtJAZ3, and PtJAZ6, contain 5
exons and 4 introns. Subfamily II members PtJAZ7 and
PtJAZ13 contain 5 exons and 4 introns. Subfamily III
members all contain 7 exons and 6 introns. Subfamily
IV members PtJAZ1 and PtJAZ4 contain 6 exons and 5
introns, PtJAZS5 genes contain 3 exons and 2 introns, and
PtJAZ10 genes contain 2 exons and 1 intron. The analy-
sis of the results shows that different JAZ gene subfam-
ily members have similar motifs and gene structures,
indicating that they have a relatively recent evolutionary
relationship. However, there are some differences within
subfamilies, indicating that the genes of the same sub-
family members may also have functional diversity.

(A) Subfamily classification of PtJAZ family members.
(B) Ten motifs of PtJAZ proteins analyzed by MEME
software. (C) Gene structure of the PtJAZ genes. The
UTR, introns, and exons are indicated with green boxes,
black lines, and yellow boxes, respectively.

Collinear analysis of JAZ genes in different species

The PtJAZ genes in poplar and the Arabidopsis thaliana,
Oryza sativa, and Eucalyptus robusta genomes were ana-
lyzed for collinearity using TBtools. As shown in Fig. 5
and 11 collinear gene pairs were found in P. trichocarpa
and Arabidopsis; 8 collinear gene pairs were found in P
trichocarpa and Oryza sativa; and 13 collinear gene pairs
were found in P trichocarpa and Eucalyptus, indicat-
ing that the JAZ genes in P, trichocarpa and Eucalyptus
robusta have a more recent evolutionary relationship.

Promoter cis-element analysis of the PtJAZ genes family

The upstream 2000-bp promoter sequences of PtJAZ
family genes were extracted from the poplar genome and
submitted to PlantCARE online software to predict cis-
acting elements. The distribution of cis-acting elements
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in the PtJAZ gene promoters is shown in Fig. 6A. As can
be seen from the figure, the promoter region of each gene
contains stress-related cis-acting elements, of which the
number of PtJAZ6 is up to 11, mainly auxin (TGA-motif)
response elements and ABA response elements (ABRE),
and the number of PtJAZI11 is at least 2. As can be seen
from Fig. 6B, these cis-acting elements include hormone
response elements such as ABA, MeJA (CGTCA-motif,
TGACG-motif), gibberellin (GA) (GARE-motif, P-box,
TATC-motif), Auxin (IAA), salicylic acid (SA) (TCA-ele-
ment), and stress response elements such as low temper-
ature, drought, and resistance. Among them, the number
of ABA response elements (46) and MeJA response ele-
ments (14) was the highest, suggesting that PtJAZ genes
may be involved in plant resistance through ABA and
MeJA signaling pathways.

Expression patterns of PtJAZ family genes in various
tissues and under various abiotic stresses

Expression pattern analysis can help predict the biologi-
cal function of genes; therefore, we analyzed PtJAZ genes
in various tissues (shoot, root, leaf, xylem, phloem, vessel,
and fiber) and under abiotic stress (JA, SA, salt, drought,
high temperature, and low temperature) through public
transcriptome data. As shown in Fig. 7A, the expression
patterns of PtJAZ genes are different in different tissues.
The expression levels of the PtJAZI-5, and PtJAZ10-
12 genes were relatively lower in all tissues compared
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to those of the PtJAZ6-9 genes. Among the latter, the
expression level of the PtJAZ6 gene was higher in roots
and vessels, and the expression level of the PtJAZ7 gene
was higher in shoots, leaves, and phloem. The expres-
sion levels of the PtJAZI2 and PtJAZI13 genes were
higher in shoots and leaves and lower in other tissues.
Figure 7B shows the expression levels under SA and JA
hormone stress treatments. Compared with the con-
trol, the expression level of the PtJAZ gene in poplar
under JA stress treatment was higher than that under SA
stress treatment. In addition, the expression levels of the
PtJAZ3, PtJAZ6-9, and PtJAZ11-13 genes were highest
at 2 h after JA treatment. These results indicated that JA
treatment induced the expression of these JAZ genes. As
shown in Fig. 7C, the expression levels of the PtJAZI-S,
PtJAZ10, and PtJAZ12 genes under salt, drought, high-
temperature, and low-temperature stress treatments
were low and basically unchanged. The PtJAZ6, PtJAZ9,
and PtJAZ11 genes were upregulated by short-term
cold stress, with the PtJAZ11 gene showing the most
upregulation.

Expression patterns of PtJAZ family genes under biotic
stress

We analyzed the expression patterns of PtJAZ family
genes under biotic stress (pathogen and pest) conditions
using public transcriptome data. Figure 8 A shows that
the expression levels of PtJAZ9 and PtJAZ12 were highly
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Fig. 6 Analysis of cis-elements in the 2000 bp upstream promoter of Pt/AZ family genes. (A) Distribution of cis-acting elements in the Pt/AZ promoters.

(B) Statistics of cis-acting elements in the PtJAZ promoters
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Fig. 8 Expression profiles of PtJAZ genes under pathogen and insect pest treatments. (A) Expression profiles of Pt/AZ genes under pathogen treatment.
(B) Expression profiles of PtJAZ genes under brassy willow beetle (Phratora vitellinae) treatment. (C) Expression profiles of Pt/AZ genes in poplar leaves fed
on by Hyphantria cunea

induced after treatment with pathogens for 4 days, indi-  Phratora vitellinae and Hyphantria cunea feed on pop-
cating that these two genes may be important for regu- lar leaves, respectively. The two figures show that Pt/AZ3,
lation of the pathogen response. Figure 8B and C show  PtJAZ4, PtJAZ6-9, and PtJAZ13 were significantly upreg-
the transcript abundance of PtJAZ family genes when ulated after being induced by insects, with the expression
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of the PtJAZ6 gene increasing most significantly. There-
fore, the PtJAZ6 gene may play an important role in the
pest response.

Weighted gene coexpression network analysis of PtJAZ
genes involved in pest stress

To explore the potential interactions and functions
of coexpressed genes, a coexpression network was
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constructed based on the transcriptome data of poplar
leaves fed on by Phratora vitellinae, and Cytoscape soft-
ware was used for visual analysis. Figure 9 shows that 193
genes were coexpressed with 7 PtJAZ genes, including
PtJAZ3, PtJAZ4, PtJAZ6, PJAZ7, PtJAZS8, PtJAZ9, and
PtJAZ13. These results indicate that the PtJAZ family
genes may interact with each other and with other genes
and participate in the regulatory network regulating pest-
induced stress.

GO and KEGG analysis of genes in the coexpression
network of pest stress

The genes in the coexpression network were compared
with the Gene Ontology (GO) database, and the results
showed that these genes were annotated in 37 GO cat-
egories, including 17 for biological processes, 13 for cel-
lular structure, and 7 for molecular functions (Fig. 10A).
Among biological processes, the genes were primar-
ily involved in cellular processes, metabolic processes,
stimulus responses, and biological regulation. Among the
cellular components, the main categories were cell com-
ponents, cells, organelles, membranes, and membrane
components. Among the molecular functions, the main
categories were catalytic activity, binding, and transcrip-
tional regulatory activity. These genes were subjected
to KEGG pathway analysis through alignment with the
KEGG database. The results showed (Fig. 10B) that these
genes were significantly enriched in injury response,
transferase activity, small molecule metabolic pro-
cesses, small molecule biosynthesis processes, jasmonate

Pattway envichment
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Pake

Fig. 10 GO and KEGG analysis of genes in the coexpression network. (A) GO functional annotation of genes in the coexpression network. (B) KEGG

pathway enrichment analysis of genes in the coexpression network
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response, cytoplasmic part, carboxylic acid biosynthesis,
and a series of related plant insect-resistance relevant
pathways.

Discussion

JA signaling is a key developmental and defense media-
tor that arose during the transition of plants from aquatic
environments to terrestrial environments. JAZ evolved
from the ZIM gene of the TIFY family through changes
in several key amino acids [21]. The JAZ protein was
originally isolated and identified from Arabidopsis thali-
ana [22], and it plays a key inhibitory role in the JA signal
transduction pathway and has multiple functions.

Genome-wide identification of the plant JAZ gene family
In this study, a total of 13 PtJAZ genes were identi-
fied. The predicted signal peptides and transmembrane
regions were absent; they are nonsecreted proteins rather
than membrane proteins. The subcellular localization is
predicted to be in the nucleus, which is consistent with
the subcellular localization of NtJAZI reported by Pant-
ing et al. [23]. Wang et al. [3] studied the poplar TIFY
gene family in 2017 and identified 24 TIFY genes, which
they divided into 4 subfamilies, including ZML, JAZ,
PPD, and TIFY, of which the JAZ subfamily had 12 mem-
bers, PtJAZ1-PtJAZ12. This is consistent with the results
identified by Xia et al. [7]. This study identified one more
JAZ gene, PtJAZ5 (Potri.006G023301), than that of Wang
and Xia et al. [3, 7], probably due to the different meth-
ods used to identify gene family members. Wang et al.
[3] used JAZ from other species to identify homologous
genes within the poplar genome. The alignment identi-
fied in this study was based on the hidden Markov model
of the TIFY and Jaz domains searched by HMMER. Xia
et al. [7] used genome annotation version 3.0 of P. tricho-
carpa, and this study used version 4.1 of P trichocarpa
genome annotation, which may have contributed to the
discrepancy in numbers.

In this study, the PtJAZ gene family was divided into
four subfamilies, of which the number of subfamilies
II was the least and the numbers of subfamilies III and
IV were the most. Wang et al. divided the JAZ subfami-
lies in the TIFY gene family into six groups (JAZ I-JAZ
VI). There are 4 PtJAZ genes in JAZ I, the largest group;
there is no PtJAZ gene in the JAZ V group; and JAZ VI
contains only one, PtJAZ9 [3]. In the classification of
family members, the different classifications may be
related to the species selected for phylogenetic analysis;
for example, the species selected when constructing the
phylogenetic tree in this paper are more Zea mays, Jug-
lans regia, and Picea sitchensis than Wang et al., but less
Vitis vinifera and Malus pumila Mill [3]. It may also be
related to the choice of software or the subjective choice
of classification.
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Wang et al. [3] found that most P¢tJAZ genes have 5 to
7 exons, except for PtJAZ9, which has only 2 exons. Our
study concluded that PtJAZ genes have 2 to 7 exons,
with PtJAZ10 in subgroup IV containing 2 exons and all
members of subfamily III containing 7 exons, resulting in
structural differences, but the differences are not signifi-
cant, indicating that they have a relatively recent evolu-
tionary relationship. The gene structure and conserved
motifs of BrrJAZ are similar within subfamilies and all
contain conserved TIFY or Jas domains [24]. TIFY and
Jas conserved structures are found in the genomes of
Triticum aestivum L. [25] and Pinus tabulaeformis [26].
The C-terminal and N-terminal of the CsJAZ protein
contain Jas and TIFY domains, respectively, suggesting
that different members of the CsJAZ gene family may be
involved in different abiotic stresses [27]. In this study,
all PtJAZ members also contain two typical Jaz and TIFY
domains, which are presumed to perform functions simi-
lar to those of other plant JAZ proteins.

The CsJAZ protein was more similar to the JAZ pro-
tein in poplar, Arabidopsis thaliana, Vitis vinifera, and
Gossypium spp. than to that in Oryza sativa L. [9], which
is consistent with the fact that the former plants and
Camellia sinensis are dicotyledons. The collinearity anal-
ysis of poplar and other species was not carried out in
the two papers by Wang et al. and Xia et al. [3, 7]. In this
study, compared with Arabidopsis thaliana, Oryza sativa
L., and Eucalyptus, the number of gene homologous pairs
(13) was the highest in P trichocarpa and Eucalyptus,
suggesting that P, trichocarpa and Eucalyptus have higher
homology and a closer evolutionary relationship. This
may be because P trichocarpa and Eucalyptus belong
to woody plants and are closer relatives than the annual
herb Arabidopsis thaliana.

Functional prediction of the PtJAZ gene family in poplar

To further understand the function of the PtJAZ genes,
we analyzed the composition of cis-acting elements in
PtJAZ promoters and the expression of the PtJAZ genes
in different tissues and under various stress conditions.
Previous studies have shown that cis-acting elements are
important molecular switches in the transcriptional reg-
ulation of genes under abiotic or biotic stress [28]. Wang
et al. [3] analyzed the cis-elements in the promoter region
of PtJAZ and found that JAZI2 has up to 12 drought-
responsive elements (S000413), JAZ7 has up to 10 cold-
responsive elements (S000407), and JAZ3 has up to 9 salt
response elements (S000453), indicating that the PtJAZ
gene may be associated with plant stress resistance. In
this study, we identified hormone response elements
such as ABA, MeJA, GA, IAA, and SA response elements
and stress response elements such as low temperature,
drought, and resistance response elements in the pro-
moter region of the PtJAZ gene. This further revealed
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that the PtJAZ gene may be involved in regulating various
stress resistance responses in poplar. The Pnjazl-medi-
ated salt stress tolerance is related to the ABA signal, the
MeJA signal, and osmotic pressure [29]. This study found
that the cis-acting elements of the promoter of the Pt/AZ
gene had the largest number of ABA and Me]JA response
elements, indicating that the Pt/AZ gene may be involved
in regulating P trichocarpa stress resistance through
ABA and MeJA signaling pathways.

Expression profiling analysis in tea plants showed that
all 12 CsJAZ genes were widely expressed in plant tis-
sues [27]. QRT-PCR (real-time quantitative polymerase
chain reaction) analysis showed that seven CsJAZ genes
were preferentially expressed in roots [8]. The expression
trends of TaJAZ family member genes in wheat differ in
different developmental stages of wheat [25]. Wang et al.
[30] conducted expression profiling analysis and showed
that AetJAZ1 and AetJAZ2 had clear tissue specific-
ity, being specifically expressed only in the panicle, pis-
til, or stamen. In this study, the PtJAZ6 gene was highly
expressed in roots and vessels, and the Pt{JAZ7 gene
was highly expressed in shoots, leaves, and phloem. The
expression levels of PtJAZ12 and PtJAZ13 genes are also
high in shoots and leaves, indicating that P¢tJAZ genes are
similar to those of other plants and have different expres-
sion specificities between different tissues.

In this study, Pt/AZ6-9 genes were higher in all tis-
sues; PtJAZ6, PtJAZ9, and PtJAZI11 genes were upregu-
lated under low-temperature stress treatment; and the
expression levels of PtJAZ9 and PtJAZI2 were higher
after bacterial stress treatment. Analysis of the transcript
abundance of PtJAZ family genes in poplar leaves fed on
by pests revealed that PtJAZ6 gene expression was most
significantly increased, indicating that the PtJAZ6 gene
plays an important role in insect resistance. Xia et al.
[7] showed that the expression of eight genes (PHJAZI,
2,4,6,7,9, 11, and 12) was up-regulated after JA treat-
ment for 2 h via qRT-PCR expression profile analysis.
The expressions of four genes (PtJAZ3, 5, 9, and 10) were
up-regulated after SA treatment for 24 h, and the rela-
tive expressions of PtJAZ2, 3, 6, 9, and 12 in the leaves
of “NL895” were the highest after 8 days of inoculation
with M. larici-populina. The results showed that the
relative expression of PtJAZ9 (corresponding to PJAZ7
in this paper) was better [7]. Wang et al. [3] performed
qRT-PCR expression profile analysis and showed that
PtJAZ8 (corresponding to PtJAZ9 in this paper) was
highly expressed in all tissues. Five genes (PtJAZ2, 3, 4, 5,
and 9) were upregulated after JA treatment. The PtJAZ3
and PtJAZS5 genes were upregulated under cold stress,
and the PtJAZ2, 3, 4, and 9 genes were upregulated the
most under salt stress, indicating that PtJAZ3 (corre-
sponding to PtJAZ3 in this paper) always had the high-
est expression level, in contrast to this study showing
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that the PtJAZ6 gene had the highest level [3]. Wang et
al. [3] focused on analyzing the expression patterns of the
PtJAZ gene under JA, cold stress, and salt stress treat-
ments. Xia et al. [7] focused on analyzing the expression
patterns of the PtJAZ gene under JA, SA, and pathogen
treatment. This study included not only the above four
treatments but also drought, high temperatures, and
insect pest stress. Considering all of these conditions,
PtJAZ6 may be an important candidate gene for growth
and development and the response to stress, but its func-
tion needs to be further verified.

Coexpression network analysis is a powerful means of
identifying highly correlated gene clusters and predict-
ing gene functions and functional modules [31]. In the
coexpression network, we found that there may also be
interactions among JAZ proteins. Chini et al. [32, 33]
showed that JAZ proteins can form homodimers and
heterodimers, so PtJAZ proteins may also be involved in
the regulation of insect resistance by forming homodi-
mers or heterodimers. Whether dimers are formed can
be verified by subsequent experiments, such as yeast
two-hybrid, bimolecular fluorescence complementa-
tion, and luciferase complementation imaging. This is
the shortcoming of the study by Wang et al. and Xia et
al. [3, 7]. This study analyzed the PtJAZ co-expression
network and concluded that some co-expressed genes
were closely related to injury response, stress response,
defense response, hormone synthesis, and metabolism,
further demonstrating the important role of the PtJAZ
gene in regulating insect stress response.

Conclusion

In this study, 13 members of the JAZ gene family were
identified in poplar using bioinformatics methods and
found to be located in the nucleus. The phylogenetic tree
divided the 13 JAZ genes into 4 subfamilies (subfamilies
I-1V), and collinearity analysis suggested that the JAZ
genes in poplar and Eucalyptus have a more recent evo-
lutionary relationship. The analysis of cis-regulatory ele-
ments lays the foundation for further research on the
function of JAZ family genes in response to biotic or
abiotic stresses. Transcriptome data analysis showed
that different PtJAZ genes exhibited different expression
patterns. The coexpression network and GO and KEGG
analyses indicated that JAZ family genes may participate
in the regulatory network of pest-induced stress by inter-
acting with other genes. Therefore, it is speculated that
PtJAZ may play a key role in plant growth and develop-
ment and stress response. This study provides a founda-
tion for further research on the function of the poplar
JAZ genes and may serve as a reference for poplar genetic
engineering breeding.
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Materials and methods

Identification of JAZ gene family members in Populus
trichocarpa

Version 4.1 of P. trichocarpa genome data and genome
annotation files were downloaded from the Phytozome
database (https://phytozome.jgi.doe.gov/). Hidden Mar-
kov models of the TIFY (also known as ZIM) (PF06200)
and Jaz (also known as CCT_2) (PF09425) domains were
constructed using the Pfam database (https://pfam.xfam.
org/) [34]. Poplar whole genome protein sequences were
searched for potential PtJAZ proteins using HMMER 3.0
software [35]. The domains of the protein sequences were
verified using the Pfam tool and CD-search (https://www.
ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi). In addition,
12 Arabidopsis thaliana, 15 Oryza sativa, 6 Zea mays,
17 Juglans regia, and 13 Picea sitchensis JAZ protein
sequences were obtained from the TAIR database (http://
www.arabidopsis.org/), TIGR database (http://rice.plant-
biology.msu.edu/), JGI database (https://genome.jgi.doe.
gov/), and NCBI database (https://www.ncbi.nlm.nih.
gov/).

Analysis of JAZ gene structure, protein sequence, and
promoter cis-acting elements in P. trichocarpa

The JAZ gene structure was analyzed using GSDS 2.0
(Gene Structure Display Server, http://gsds.gao-lab.org/).
[36]. The secondary structure of the protein was pre-
dicted using the SOPMA online website (https://npsa-
prabi.ibcp.fr/cgi-bin/npsa_automat.pl?page=/NPSA/
npsa_sopma.html). The subcellular localization of the
protein was analyzed using the CELLO v2.5 subcellular
localization prediction tool (http://cello.life.nctu.edu.
tw/) [37]. Signal peptides were predicted using the Sig-
nalP3.0 Server (http://www.cbs.dtu.dk/services/SignalP).
Protein transmembrane domains were analyzed using
TMHMM  (http://www.cbs.dtu.dk/services/ TMHMMY/).
Protein motifs were analyzed using MEME online soft-
ware (https://meme-suite.org/meme/tools/meme). [38].
The 2000-bp upstream promoter sequences of the JAZ
genes were extracted from the Ptrichocarpa genome and
submitted to the PlantCARE online database (http://bio-
informatics.psb.ugent.be/webtools/plantcare/html/)  to
analyze promoter cis-acting elements [39].

Multiple sequence alignments and phylogenetic tree
construction

Multiple sequence alignments of P. trichocarpa JAZ pro-
teins were performed using DNAMAN software. Multi-
ple sequence alignment analysis of JAZ protein sequences
of P. trichocarpa, Arabidopsis thaliana, Oryza sativa, Zea
mays, Juglans regia, and Picea sitchensis was performed
using ClustalW [40]. The phylogenetic tree was con-
structed using the biological evolution distance method
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(Neighbor-Joining, NJ) in MEGA 5.0 software [41], and
the bootstrap value was 1000.

Chromosomal location and collinearity analysis

MapChart software [42] was used to draw a draft of the
chromosomal locations of the PtJAZ family members.
The genome sequence files of P. trichocarpa, Arabidopsis,
Oryza sativa, and Eucalyptus robusta were aligned and
analyzed using the One Step MCScanX-Super Fast tool of
TBtools software [43]. Based on the comparison results,
MCScanX software was used for collinearity mapping;
the default parameters were used.

Expression pattern analysis and weighted gene
coexpression network construction

The public RNA-seq data of various P. trichocarpa tis-
sues (shoot, root, leaf, xylem, phloem, vessel, and fiber)
(accession number: SRX1740285-SRX1740305), differ-
ent hormone treatments (final concentrations of JA and
SA at 0.2 mM and 0.5 mM for samples collected at 2, 6,
12, and 24 h after treatment of fast-growing “NL895”
Populus nigra X Populus euramericana) (accession num-
ber: SRX5181815-SRX5181841), abiotic stresses (salt:
short-term salt stress of 100 mM NacCl solution for 24 h;
long-term salt stress, 100 mM NaCl solution was added
to the soil every 2 days, and samples were taken after 7
days. drought: sampling was taken 5 days after the short-
term drought cut-off and 12 days after the long-term
drought cut-off. high temperature: in a short-term high
temperature, the temperature rose to °C 12 h after sam-
pling. Long-term high temperature: the temperature
rises to 39 °C 7 days after sampling. low temperature: for
short-term low temperature, the temperature is lowered
to 12 °C in the light period and 4 °C in the dark period,
and the temperature is lowered for 24 h after sampling.
Long-term low temperature, lower temperature 7 days
after sampling.) (accession number: ERR1864411-
ERR1864437), pathogen treatments (A.alternata impreg-
nated leaves were treated for 2, 3, and 4 days, accession
number: SRR12371687-SRR12371698), and willow beetle
treatments (healthy plants from each of the eight asexual
poplar lines were selected for willow beetle feeding exper-
iments) (accession number: SRR8424223-SRR8609265)
were used for transcript expression analysis. All raw tran-
scriptome sequencing data were downloaded from NCBI
(National Center for Biotechnology Information, https://
www.ncbi.nlm.nih.gov/). The transcriptome data of the
leaves of P euramericana fed on by Hyphantria cunea
were obtained by our group (Hyphantria cunea con-
ducted insect feeding experiments. After feeding insects
for 2 h, samples were taken, and leaves with leaf surface
loss of about 1/4 were treated as A, and leaves with leaf
surface loss of about 1/8 were treated as B (unpublished).
TopHat was used to align RNA-seq reads to the reference
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genome, and the Cufflinks package was used for differen-
tially expressed gene analysis with fragments per kilobase
million (FPKM) [44]. The heatmaps of gene expression
were visualized using the TBtools program [43]. Using
the transcriptome data from the pest treatments noted
above, the R/WGCNA package was used to construct a
coexpression network [45], and Cytoscape software [46]
was used for visual analysis. Gene Ontology (GO) and
Kyoto Encyclopedia of Genes and Genomes (KEGG,
https://www.kegg.jp/) [47] enrichment analyses were
performed on the genes in the coexpression module.
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