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Abstract: Basic leucine zipper (bZIP) transcription factors (TFs) are ubiquitous in eukaryotes. Mem-
bers of this family play significant roles in the regulation of plant growth, signal transduction, and
various stresses. To date, bZIP TFs have been extensively studied in various plants, but there is little
information about them in Pinus massoniana Lamb. In this study, 55 bZIP TFs were identified based
on data from four different P. massoniana transcriptomes, and a systematic analysis was performed.
According to the phylogenetic results, P. massoniana bZIP TFs were divided into 11 groups. Each
bZIP protein contained a highly conserved bZIP domain, and the numbers and types of motifs were
similar in the same group. The PmbZIPs were nuclear localization proteins. Based on the pine wood
nematode inoculation transcriptome, the transcriptional profiles revealed that 25 PmbZIP genes could
respond to pine wood nematodes at different levels. Genes PmbZIP3, PmbZIP4, PmbZIP8, PmbZIP20,
and PmbZIP23 were selected to be upregulated in the process of inoculation with pine wood nema-
todes. These five genes had different expression levels in different tissues and were responsive to the
related treatment conditions. Transcriptional activity analysis showed that PmbZIP3 and PmbZIP8
were transcriptional activators; PmbZIP4, PmbZIP20 and PmbZIP23 were transcriptional repressors.
These findings provide preliminary information on PmbZIP TFs, which is helpful for further study of
other physiological functions of bZIP TFs in P. massoniana.
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1. Introduction

Transcription factors (TFs) are important regulators, also called trans-acting factors,
that can combine with cis-acting elements in promoter regions, inhibiting or activating the
transcription of target genes [1]. By regulating transcription efficiency, plants can respond
to various factors over time to regulate normal growth and deal with the external stresses
of plants [2]. According to structural characteristics and functions, TFs can be divided
into basic leucine zipper (bZIP), NAC, MYB, WRKY, AP2/ERF families, and so on [3—-0].
Among these families, the bZIP family is one of the most abundant [7].

The bZIP TFs are recognized by a bZIP conserved domain, which includes two im-
portant regions, namely, a basic region and a leucine zipper region [8]. The basic region
is highly conservative and contains an N-X7-R/K structure, which helps to bind DNA
sequences and preferentially binds to elements containing ACGT [9,10]. The leucine zipper
region is less conservative and contains several repeats of leucine or other hydrophobic
amino acids [11].

The bZIP TFs have been identified in many plant species, for example, Ziziphus jujube
Mill. [12], Vitis vinifera L. [13], Malus domestica (Suckow) Borkh. [14], Arabidopsis thaliana
(L.) Heynh. [7], and Oryza sativa L. [15]. The bZIP family is involved in many processes in
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different biological functions. Numerous members” functional characteristics have been
determined. For instance, AtbZIP59 (group I) participates in auxin-induced callus formation,
plant regeneration and growth; in the same group, AtbZIP29 is expressed in proliferative
tissues [16,17]. AtbZIP19 (Group F) can bind to Zn-deficient reaction elements (ZDREs),
which makes plants adapt to Zn-deficient environmental conditions [18]. AtbZIP60 (group
K) plays a crucial regulatory role in endoplasmic reticulum (ER) stress, and the correct
folding of proteins in the ER has an important influence on survival [19]. The bZIP TFs of
Group D members of Arabidopsis can bind to TGACG elements; among these members,
TGA1 and TGA4 participate in SA and other signaling molecule biosynthesis to induce the
defense response to pathogens [20]. The expression of the ZjbZIP10 gene is increased after
salt treatment, indicating that ZjbZIP10 may function in resistance to salt stress [12]. The
OsbZIP62 gene is involved in the abscisic acid (ABA) signaling pathway in O. sativa and
can also improve drought stress resistance [15].

The bZIP TFs can also regulate related physiological processes by regulating the
expression of related genes. For example, DkbZIP5 overexpression in Diospyros kaki can
promote the expression of the DkMYB4 gene and lead to the accumulation of a large amount
of procyanidins in calli; therefore, the scavenging ability of reactive oxygen radicals was
improved in plants [21]. The bZIP genes (HY5 and HYH) upregulate the expression of
the downstream key gene DFR, which promotes anthocyanin accumulation and increases
the cold resistance of Arabidopsis [22]. Relevant research has shown that TbbZIP1 TF
positively regulates the expression of the ThSRPP1 gene and affects the synthesis of natural
rubber [23].

Pinus massoniana Lamb. is the main forest tree species in China and is widely used in
the paper, construction, rosin, and other industries; it also has significant roles in windbreak,
sand fixation, water conservation, and climate regulation [24]. Additionally, P. massoniana
trees can secrete complex oleoresins that includes terpenoids, such as monoterpenoids,
diterpenoids, and sesquiterpenoids, which are important secondary metabolites and bar-
riers against insects and pathogens. The release of these substances is one of the most
important conifer defenses against a variety of biotic and abiotic stresses [25-27]. Moreover,
bZIP TFs play important roles in a variety of biological processes in plants [28]. Therefore,
P. massoniana is a good species to explore regarding multiple response mechanisms, and the
bZIP gene functions of P. massoniana are very valuable. At present, bZIP TFs have rarely
been reported in P. massoniana. While whole-genome sequencing made the identification
of bZIP TF families possible, in the case of P. massoniana, there are no genomic resources
available. Therefore, we identified bZIP TFs based on the four transcriptomes of P. massoni-
ana that inoculated with pine wood nematode, drought stress, CO, stress and young shoot
in the laboratory. These transcriptomes include the biological processes of physiological,
biotic, and abiotic stresses, which were analyzed in different time periods. On the basis
of transcriptome data, 55 PmbZIP TFs were identified and analyzed using bioinformatics
methods. In addition, the expression patterns of representative PmbZIPs were analyzed
in different conditions. These analyses provide useful information for studying bZIP TF
functions in P. massoniana.

2. Materials and Methods
2.1. Identification of PmbZIP TFs

To identify members of the bZIP TFs family contained in the transcriptomes of P. masso-
niana, the hidden Markov model (HMM) was built according to the bZIP domain (PF00170
and PF07716) from the Pfam (http://pfam.xfam.org/, accessed on 23 February 2022)
database. Then, based on the transcriptomes, namely, P. massoniana inoculated with the
pine wood nematode (SRA accession: PRJNA660087); that is, after inoculation for 0, 3,
10, 20, and 35 d, needles were collected for sequencing. The CO;-treated transcriptome:
After P. massoniana seedlings were treated with high CO, concentrations, the needles were
collected at 0, 6, 12 and 24 h, and transcriptome sequencing was performed (SRA accession:
PRJNA561037) [29]. Young shoot transcriptome (SRA accession: PRINA655997), the buds
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were taken from the tender stems without any treatment. Drought-treated transcriptome
(SRA accession: PRINA595650): The transcriptome controlled the soil moisture content in
four gradients, normal, light, mild, and severe, by the weighing method; after treatment
for 60 d, the needles were collected for sequencing. These transcriptomes were used to
identify all contained PmbZIP TFs. The HMMER 3 program was used to screen, and
the screening standard was set to E < E~3. The protein sequences with more than 97%
similarity in transcriptomes were deleted. Then, the bZIP TF domains were confirmed
by Pfam and CD-search (https://www.ncbi.nlm.nih.gov/cdd/, accessed on 26 February
2022), and bZIP TFs with complete domains were chosen. The protein sequences and gene
sequences can be found in Table S1 and Table S2, respectively. The ExXPASy Proteomics
Server (http://expasy.org/, accessed on 27 February 2022) website was used to predict
the isoelectric point (pI), molecular weight (MW), amino acid (AA) number, and other
physicochemical properties.

2.2. Conserved Domain and Phylogenesis Analysis of bZIP TFs

Sequence alignments of the PmbZIP protein conserved regions were performed by
DNAMAN. Arabidopsis thaliana bZIP protein sequences were downloaded from the Plant
Transcription Factor Database (http://planttfdb.cbi.pku.edu.cn/, accessed on 5 March
2022). Sequences of P. massoniana and Arabidopsis were aligned by the ClustalW program
in MEGA 7.0 [30]. A phylogenetic tree was created by the maximum likelihood (ML)
method, the verification parameter was the bootstrap, and the number of repetitions was
1000 [31]. Then, using EvolView (https:/ /www.evolgenius.info/evolview /#login, accessed
on 7 March 2022) software to edit the phylogenetic tree for visualization.

2.3. Examination of PmbZIP Protein Motifs

To determine the motifs distribution of PmbZIP proteins, the MEME (http://meme.
nbcr.net/meme/, accessed on 14 March 2022) website was used to detect and obtain the
motifs information; the number of motifs was set to 8, and the other parameters were
default values. TBtools software was used to display the conserved motifs diagram [32].

2.4. Subcellular Localization

The subcellular localization of PmbZIP TFs was predicted by Cell-PLoc 2.0 (http:
/ /www.csbio.sjtu.edu.cn/bioinf/Cell-PLoc-2/, accessed on 18 October 2022). To confirm
the predicted results, PmbZIP4 and PmbZIP20 were randomly chosen for subcellular lo-
calization experiment. The open reading frame (ORF) of PmbZIP4 and PmbZIP20 was
obtained by gene cloning. The primers for gene cloning and vector construction are listed
in Table S3. Inserting the ORF region without the stop codon into the pBI121-GFP vector,
including green fluorescent protein (GFP), by recombinase, the 355::PmbZIP4-GFP and
35S5::PmbZIP20-GFP vectors were constructed. Subsequently, these vectors were trans-
formed into Agrobacterium strain GV3101. The strains together with p19 (RNA silencing
suppressor) Agrobacterium strain were cultured in LB medium at 28 °C for 36 h and sus-
pended in injection solution (10 mM 2-(N-morpholino) ethanesulfonic acid (MES), 10 mM
MgCl,, 200 uM acetosyringone). Then, the suspension cells and p19 were mixed in 1:1
ratio, and the mixture was injected into Nicotiana benthamiana Domin leaves. The injected
N. benthamiana plants were cultured with a 16 h light and 8 h dark photoperiod for 3 days.
The GFP signal was captured via an LSM710 confocal microscope (Zeiss, Jena, Germany).

2.5. Transcriptional Pattern Analysis

The RNA sequencing (RNA-seq) data (SRA accession: PRINA66087) were collected
from the transcriptome of P. massoniana inoculated with the pine wood nematode to investi-
gate the potential function of PmbZIPs in response to pine wood nematode inoculation,
and the sequencing included five different time points (0, 3, 10, 20 and 35 d) after treat-
ments. The expression levels were calculated by ascertaining the fragments per kilobase of
transcript per million mapped reads (FPKM), and the FPKM values is provided in Table


https://www.ncbi.nlm.nih.gov/cdd/
http://expasy.org/
http://planttfdb.cbi.pku.edu.cn/
https://www.evolgenius.info/evolview/#login
http://meme.nbcr.net/meme/
http://meme.nbcr.net/meme/
http://www.csbio.sjtu.edu.cn/bioinf/Cell-PLoc-2/
http://www.csbio.sjtu.edu.cn/bioinf/Cell-PLoc-2/

Forests 2023, 14, 155

40f18

S4. Finally, the transcript abundance of PmbZIP genes was converted to logy(FPKM + 1)
values, and the expression heatmap was created via TBtools software [32].

2.6. Plant Materials and Treatments

Seeds of P. massoniana were obtained from the National Base of Improved Tree Species
of P. massoniana of Xinyi, Guangdong, China. Two-year-old P. massoniana seedlings were
transplanted into pots containing a soil mixture (peat: perlite: vermiculite, 3:1:1 (v/v)) at
24 °C with 16-h light and 8-h dark photoperiod. Seedlings with consistent growth status
were used to subsequent experiments. To study the expression patterns of PmbZIP genes,
four different tissues from the seedlings were taken, including roots, stems, mature needles,
and young needles. Three seedlings with the same growth status were selected as three
biological replicates. Expression in young needles was used as reference. Moreover, the
seedlings were subjected to four treatments: 100 pM methyl jasmonate (MeJA), 500 pM
ethephon (ETH), 1 mM salicylic acid (SA) and 10 mM H;O;. The seedling treatments were
applied by spraying. For each treatment, we selected three seedlings with the same growth
status as three biological replicates. The samples were collected at 0, 3, 12, and 24 h, and
samples at 0 h were used as controls. Then, the collected samples were stored at —80 °C.

2.7. Quantitative Reverse Transcription PCR (qRT-PCR) Analysis of PmbZIP Genes

The samples were ground into powder with liquid nitrogen. Following the manufac-
turer’s protocol, total RNA was extracted using an RNAprep Pure Kit (DP441, Tiangen
Biotech, Beijing, China) combined with the gDNA removal step, and RNA purity and
concentration were detected using the NanoDrop 2000 instrument (Thermo Fisher Scien-
tific, Waltham, MA, USA). Then, cDNA (20 uL) was produced from 1000 ng total RNA
using a first-strand cDNA synthesis kit (11141, Yeasen Biotech, Shanghai, China) according
to the manufacturer’s description. Primers were designed for qRT-PCR by Primer 5.0
(Table S3), and TUA (tubulin alpha) was used as an internal control [33]. Gene expression
levels were measured via real-time fluorescence quantitative PCR technology, and PCR
amplification was used with the StepOne system (Applied Biosystems, Foster City, CA,
USA). The total volume was 10 puL, which comprised 5 pL of SYBR Green Real-time PCR
Master Mix (QPK-201, Toyobo Bio-Technology, Shanghai, China), 1 uL of 20-fold diluted
cDNA, 0.4 uL of each primer, and 3.2 uL of ddH,O. The procedure was as follows: 95 °C
for 2 min; 40 cycles at 95 °C for 10 s and 60 °C for 30 s; 95 °C for 15 s; and 60 °C for 1 min.
Each reaction was repeated three times. Finally, gene expression levels were calculated
by the 2-AACT method [34]. One-way analysis of variance (ANOVA) (Duncan’s test) was
analyzed using SPSS (IBM, New York, NY, USA).

2.8. Transcriptional Activity Assays

To investigate the transcriptional activation activity of PmbZIP proteins, the coding
sequences of PmbZIP3, PmbZIP4, PmbZIP8, PmbZIP20, and PmbZIP23 were integrated into
the pGBKTY vector digested by BamHI and NotI enzymes. Then, the products of ligation
were transformed into Escherichia coli (E. coli) Trelief 5« competent cell and cultured at
37 °C. Single colonies were chosen for PCR amplification. The primers are listed in Table S3.
Subsequently, the pGBKT7-PmbZIP recombinant plasmids with correctly sequencing were
transferred into yeast competent cells AH109 and cultured on SD/-Trp medium for 3 d at
28 °C, single colonies of successfully transformed yeast strain were selected and cultured
in SD/-Trp liquid medium. 5 pL of dilution incubated on SD/-Trp, SD/-Ade/-His/-Trp,
and SD/-Ade/-His/-Trp containing X-x-gal solid medium for 3-5 d at 28 °C. After that,
the growth status of yeast cells was observed and recorded.

3. Results
3.1. Identification of bZIP TF Sequences in P. massoniana

From the transcriptomes, 55 bZIP protein sequences were identified after removing
repeat sequences and sequences without completely conserved domains. Then, the re-
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maining TFs were renamed PmbZIP1-PmbZIP55. The 55 PmbZIP protein sequences were
used for physicochemical property analysis (Table S5). The amino acid number ranged
from 90 (PmbZIP52) to 771 (PmbZIP4), the molecular weight ranged from 10,698.33 (Pm-
bZIP52) to 84,073.51 (PmbZIP4) Da, and the isoelectric point ranged from 4.88 (PmbZIP48)
to 11.26 (PmbZIP37). In addition, the instability index (II) ranged from 27.53 (PmbZIP18)
to 88.65 (PmbZIP52), and the aliphatic index ranged from 49.49 (PmbZIP54) to 82.94 (Pm-
bZIP30). The number of amino acids and physicochemical properties varied greatly among
different bZIP proteins. Moreover, the grand average of hydropathicity (GRAVY) was
negative, indicating that these PmbZIP proteins were hydrophilic.

3.2. Conserved Domain Analysis of PmbZIP Proteins

To analyze the conserved characteristics of the predicted PmbZIP TFs, sequence
alignments of the domains were performed (Figure 1). In the basic region, the core arginine
(R) residue of the bZIP domain of only PmbZIP33 was substituted with a tryptophan (T)
residue. Besides, all the remaining PmbZIP TF domains included an unchanged N-X7-R/K
structure. Moreover, only PmbZIP1, PmbZIP6, PmbZIP10, and PmbZIP21 were N-X7-K
residues. The remaining 51 PmbZIP TFs were N-X7-R residues, showing that lysine (K)
was less conserved than arginine (R) in PmbZIP TFs. In the leucine zipper region, the first
leucine (L) was highly conserved, except for PmbZIP26 and PmbZIP48, in which leucine
was replaced by tryptophan (T) and alanine (A), respectively. Nevertheless, the following
leucine was replaced more often than the first leucine; for example, the second leucine in
PmbZIP5, PmbZIP29, PmbZIP32, PmbZIP36, PmbZIP43, PmbZIP45, and PmbIZP46 was
replaced by methionine (M).

3.3. Phylogenetic Analysis of the bZIP TFs

To classify the evolutionary relationships of PmbZIP family members of P. massoniana,
a phylogenetic tree was constructed including 126 bZIP proteins, namely, 55 bZIP proteins
of P. massoniana and 71 bZIP proteins of Arabidopsis. Based on the classification of A. thaliana,
the P. massoniana bZIPs were divided into 10 groups, namely, S, C, G, A, H, K, E, L F and D.
In addition, we defined eight PmbZIPs as a new group of L (Figure 2). The evolutionary
relationships showed that the grouping of bZIP TFs of P. massoniana was almost consistent
with that of A. thaliana, indicating that the bZIP TFs of the two species were evolutionarily
conserved. In addition, no PmbZIP TFs were found in groups J, B, or M, and in some groups,
PmbZIP TFs and AtbZIP TFs were separately located together on a branch. For example, in
group G, PmbZIP12, PmbZIP13, PmbZIP52, PmbZIP3, PmbZIP8 and PmbZIP14 were on
a branch, while At1G32150.1, At2G35530.1, At2G46270.1, At4G01120.1 and At4G36730.1
were on another branch, indicating that there might be some differences in the evolutionary
relationship of bZIP TFs among different species.
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Figure 1. Sequence alignments of conserved domains of all bZIP family proteins in P. massoniana
Lamb.. The dark blue, light red, and light blue backgrounds indicate protein identities of 100%, 75%,
and 50%, respectively. The basic region and leucine zipper region are marked with black line boxes.
The asterisks indicate the conserved amino acids of bZIP domain.

3.4. Motif Analysis of PmbZIP Proteins

Motif analysis further supports the reliability of the phylogenetic classification of
PmbZIP TFs, and the conserved motifs were determined using the MEME website. Eight
motifs were searched in the 55 PmbZIP proteins, which were named motifs 1-8. The motif
sequences are shown in Table 1, and each motif sequence logo is generated in Figure S1.
The amino acid number of the eight motifs varied from 11 to 50, and motifs 1 and 3 formed
two main parts of the bZIP conserved domain. Motif 1 is a highly conserved N-X7-R/K
structure with DNA recognition function and motif 3 is a less conserved leucine zipper
structure, which is characterized by continuous «-helix [35]. The motif distribution of
PmbZIP TFs is shown in Figure 3. All the proteins contained motif 1, and at the same time,
most of the proteins included motif 3. The results showed that PmbZIP protein structures
were complete.
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Figure 2. Phylogenetic tree of the bZIP TF family of P. massoniana and A. thaliana. The different color
branches and surrounding letters represent different groups. The green stars represent AtbZIPs, and

the purple stars represent PmbZIPs.

Table 1. Sequences of the motifs of PmbZIP TFs.

Motif Length Motif Sequence
1 22 LSNRESARRSRERKKAYLQELE
5 50 HYDELFRMKSVAAKADVFHLVSGMWKTPAERCFMWMG
GFRPSELLKILVP
3 21 AKVAQLRAENTQLRKELTLLS
4 44 GAAAFDMEYARWLEEQHRQISDLRAALQAHVTDNEL
RILVEGGM
5 34 VPPPPPYFASQVASGPTPHPYMWGGQPLMPPYGT
6 29 NVANYMGOMAMAMGKLGMLENFVHQADNL
7 11 KVIDERRQKRM
8 29 YTHGCTHTHTCNPPGPDNSHTHTCYHSLT
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Figure 3. Motif analysis of the bZIP TFs in P. massoniana. The motif structures were obtained by
MEME analysis. Eight conserved motifs of PmbZIP proteins are shown, and the different colors
represent different kinds of motifs.

Additionally, in the same group, PmbZIP proteins generally contained similar numbers
and types of motifs. For example, most members in group G contained not only motifs 1, 3,
and 7 but also motifs 5 and 8. In addition, some motifs only existed in individual groups.
For instance, motifs 6, 4, and 2 were identified only in group D members; motif 5 was
found in group G members. The results indicated that the differences in motif distribution
among different groups may reflect the differences in protein structure and some biological
functions.

3.5. Subcellular Localization Analysis

The Cell-PLoc 2.0 prediction results showed that PmbZIP proteins were located in the
nucleus (Table S6). To further comprehend the localization features of PmbZIPs, PmbZIP4
and PmbZIP20, were selected for the experiment. A fluorescent signal was found after
transient transformation in tobacco leaves (Figure 4). The GFP signal was distributed
throughout the whole cell in the control; however, GFP fused with PmbZIP4 and PmbZIP20
only showed fluorescence in the nucleus. The specific labelling of nuclei was also performed
and that it did overlap with signal from GFP and GFP-labelled PmbZIPs (data not shown).
The results indicated that these TFs are nuclear localization protein.
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PmbZIP4-GFP
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Figure 4. Subcellular localization analysis of PmbZIP4 and PmbZIP20 protein. Transient expression
of GFP (control), PmbZIP4-GFP and PmbZIP20-GFP in N. benthamiana leaves. The scale in the images
of GFP and PmbZIP20-GFP is 50 uM, and the scale in the images of PmbZIP4-GFP is 20 pM.

3.6. Transcriptional Profile Analysis of PmbZIP Genes

To investigate the potential role of PmbZIPs in response to pine wood nematode
inoculation, we investigated the expression patterns of PmbZIPs based on the transcriptomic
data (SRA accession: PRJNA66087), and an expression heatmap was constructed (Figure 5).
The results showed that only PmbZIP1-PmbZIP25 genes were detected and expressed
in response to inoculation. These PmbZIP genes were up-regulated in varying degrees
after inoculation. For example, the expression levels of PmbZIP6, PmbZIP10, PmbZIP21,
PmbZIP3, PmbZIP14 and PmbZIP24 increased after inoculation for 3 d. The expression of
PmbZIP1, PmbZIP2, PmbZIP7, PmbZIP11, PmbZIP8, PmbZIP13, PmbZIP5, PmbZIP22, and
PmbZIP16 increased after inoculation for 35 d. High-level expression of only PmbZIP18
was detected after inoculation for 20 d. Moreover, some genes retained continuously
high expression levels after inoculation. For instance, the expression of PmbZIP23 was
significantly increased at 10, 20, and 35 d. There was also a trend in which the expression
levels of some genes, such as PmbZIP4 and PmbZIP20, first increased, then decreased and
subsequently increased. The results suggested that these PmbZIP genes responded to pine
wood nematode infection.
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Figure 5. Transcriptional profiles of PmbZIP family members after inoculation with pine wood
nematodes in P. massoniana corresponding to five stages: 0 (CK), 3, 10, 20, and 35 d. A heatmap was
generated by the log, (FPKM + 1) value, and the color scale represents the relative expression level.

3.7. Expression Patterns of Selected PmbZIPs in Various Parts of the Plant

According to the transcriptional profile of P. massoniana inoculated with pine wood ne-
matodes, five representative PmbZIP (PmbZIP3, PmbZIP4, PmbZIPS, PmbZIP20, PmbZIP23)
genes with significantly up-regulated expression were chosen. The qRT-PCR technology
was used to analyze the expression of PmbZIP genes in different parts. The results in
Figure 6 show that PmbZIPs were expressed in young needles, mature needles, roots, and
stems but at different levels. Among these genes, PmbZIP3, PmbZIP8, and PmbZIP20 were
found to exhibit high expression levels in the roots. PmbZIP23 was observed to have higher
expression in young needles than in other tissues. PmbZIP4 showed similar expression
patterns in young needles, mature needles, and roots, which were slightly higher than
those in the stems.
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Figure 6. The expression levels of PmbZIPs in different tissues in P. massoniana. YN: young nee-
dles; MN: mature needles; S: stems; R: roots. The relative expression level is indicated as the
mean =+ standard deviation (SD). Different letters show significant differences at the 0.05 level with
the Duncan method.

3.8. Expression Patterns of Selected PmbZIPs in Response to Different Treatments

The expression of the five PmbZIP genes after SA, MeJA, ETH, and H,O, treatments is
shown in Figure 7. After SA treatment, the expression of PmbZIP4 and PmbZIP8 smoothly
increased at 12 h and subsequently decreased at 24 h. The expression level of PmbZIP20
reached the highest level at 3 h and subsequently decreased. The expression of PmbZIP3
and PmbZIP23 decreased throughout the process. After MeJA treatment, the expression
of PmbZIP3 and PmbZIP23 were downregulated. The expression levels of PmbZIP4 and
PmbZIP8 sharply decreased at 3 h, then increased at 12 h, and subsequently decreased at
24 h. The expression of PmbZIP20 was upregulated at 3 h and 12 h and then downregulated
at 24 h. After ETH treatment, the expression trends of PmbZIP4, PmbZIP8 and PmbZIP20
were similar, and their expression levels increased throughout the whole process and
peaked at 24 h. The expression trend of PmbZIP3 slightly increased at 3 h and then
decreased. However, the expression level of PmbZIP23 continuously decreased. After H,O,
treatment, the expression levels of PmbZIP4 and PmbZIP8 sharply decreased at 3 h, then
increased and reached the highest expression level at 24 h. The expression level of PmbZIP3
first decreased and then smoothly increased. The expression of PmbZIP20 was upregulated
throughout the whole process. The expression of PmbZIP23 presented a downregulated
trend during the process.
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Figure 7. The expression levels of PmbZIPs in different treatments. (A) SA; (B) MeJA; (C) ETH;
(D) HyO,. The relative expression level is indicated as the mean =+ standard deviation (SD). Different
letters show significant differences at the 0.05 level with the Duncan method.
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3.9. Transcriptional Activity Assays of PmbZIPs

Furthermore, the transcriptional activity of these five PmbZIP proteins was determined.
As shown in Figure 8, the yeast cells containing fusion vectors pGBKT7-PmbZIP3 and
pGBKT7-PmbZIP8 could grow on SD/-Ade/-His/-Trp selected medium and appeared
as blue spots after adding X-«-gal. The yeast cells containing fusion vectors pGBKT7-
PmbZIP4, pGBKT7-PmbZIP20 and pGBKT7-PmbZIP23 could not grow on SD/-Ade/-His/-
Trp selected medium and could not show blue spots on selected media containing X-x-gal,
their growth state was consistent with the control (pGBKT7). The results showed that
PmbZIP4, PmbZIP20 and PmbZIP23 proteins were transcriptional repressors, PmbZIP3
and PmbZIP8 proteins were transcriptional activators.

SD/-Trp SD/-Ade/-His/-Trp ~ SD/-Ade/-His/-Trp

+X-0-gal
pGBKT7
pGBKT7-PmbZIP3

pGBKT7-PmbZIP4 ‘ e o

pGBKT7-PmbZIP8

X] XX

7

T

pGBKT7-PmbZIP20

pGBKT7-PmbZIP23 ° e ‘

Figure 8. Transcriptional activity analysis of PmbZIP proteins. The growth state of the pGBKT7 (con-
trol), pGBKT7-PmbZIP3, pGBKT7-PmbZIP4, pGBKT7-PmbZIP8, pGBKT7-PmbZIP20 and pGBKT7-
PmbZIP23 on SD/-Trp, SD/-Ade/-His/-Trp and SD/-Ade/-His/-Trp + X-x-gal medium.
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4. Discussion

Relevant studies have shown that bZIPs play vital roles in many biological processes,
including plant development, metabolism, and a variety of stresses [36,37]. The bZIP TFs
have been found in O. sativa [38], Elaeis guineensis Jacq. [39], Malus domestica [14], Brassica
napus L. [40], and many other species. For the first time, we systematically identified
bZIP TFs from the four transcriptomes of P. massoniana. Moreover, the PmbZIP members
were analyzed to determine evolutionary relationships, conserved domains, motif struc-
tures, transcriptional profiling, qRT-PCR expression patterns, subcellular localization, and
transcriptional activity.

Fifty-five PmbZIP TFs were identified from the P. massoniana transcriptomes and
renamed PmbZIP1-PmbZIP55. Almost all PmbZIP proteins had conserved structures of
unchanged sequences (N-X7-R/K) and leucine zipper regions. In the unchanging N-X7-R
basic region, arginine (R) and asparagine (N) are the most conserved sites. However, only
one protein (PmbZIP33) had a mutation at the arginine (R) position, the residue of which
was replaced by a tryptophan (T) residue, which is 1.8% of all proteins. A similar pattern
was also observed in Fusarium graminearum and poplar [41,42]. A total of 55 PmbZIP
TFs were divided into 11 groups, which is basically the same as that of Arabidopsis [7].
Interestingly, groups B, ] and M did not contain P. massoniana bZIP members, indicating
that some non-conserved bZIP members were probably lost in the process of evolution
to fulfill the demand for growth. In a study of the tobacco bZIP family, it was also found
that groups ] and M did not contain NtbZIP TFs [35]. Moreover, eight PmbZIP members
were classified into a new group of L, indicating that a separate group may have evolved,
which may be related to its own characteristics. In a study of the jujube bZIP family, it was
also found that some ZjbZIPs were discovered in new subfamilies [12]. These results were
almost aligned with the results of the current study. Motif analysis showed that the types
and numbers of motifs were broadly similar in the same group of most PmbZIP TFs, and the
motifs were arranged in the same order, some groups also contained specific motifs, which
firmly supported the evolutionary relationship, as well as group classification of PmbZIPs.
These phenomena have been observed in olive [43], cassava [44], and grapevine [13]. Taken
together, these findings indicated that PmbZIP TFs were conserved in structure.

The prediction of subcellular localization and transient transformation experiment
showed that PmbZIPs are nucleoproteins; which is in accordance with the characteristics of
tobacco bZIP TFs and the theory that TFs normally play a role in the nucleus [35].

Gene expression profiles are thought to be related to gene functions [45]. It has been
reported that bZIP TFs participate in multiple stress resistance, and P. massoniana is easily
attacked by pine wood nematodes [46,47]. Therefore, it is important to study the function of
PmbZIPs in pine wood nematodes, and we analyzed the transcriptional profiles of PmbZIP
family members via the pine wood nematode inoculation transcriptome. Within 35 d of pine
wood nematode inoculation, the expression levels of many PmbZIP members significantly
increased at 35 d, and a few increased separately at 3, 10 and 20 d. In addition, the overall
expression trend of many genes first increased, then decreased and subsequently increased.
These results indicated that PmbZIP genes could respond and positively regulate pine
wood nematode infection, but their regulatory mechanisms were different and complex.
Hence, this study laid a basic foundation for further study on the role of PmbZIPs in pine
wood nematodes.

It has been found that the functions of some bZIPs are related to plant growth [48].
For instance, AtbZIP11 (At4G34590.1) controls auxin-dependent primary root growth [49],
and its homolog in P. massoniana, PmbZIP20, is highly expressed in roots, indicating that
PmbZIP20 may regulate root growth. AtbZIP56 (At5G11260.1) promotes photomorphogen-
esis, chloroplast development and pigment accumulation [50]. The expression level of the
P. massoniana homolog PmbZIP23 in young leaves was higher than that in other tissues,
which is consistent with the expression level of AtbZIP56 promoting chloroplast synthesis.
AtbZIP68 (At1G32150.1) and AtbZIP16 (At2G35530.1) are involved in the light response
process [51]; the expression of the P. massoniana homologs PmbZIP3 and PmbZIP8 in the
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roots was higher than that in other tissues, which may be related to photosynthate transport
and accumulation in the roots. AtbZIP46 (At1G68640.1) controls the formation of floral
organ primordia [52], and its P. massoniana homolog, PmbZIP4, had a similar expression
pattern in young leaves, mature leaves, and roots, implying that PmbZIP4 may have similar
functionality to AtbZIP46 and could regulate organs development.

Relevant studies have shown that a number of bZIP members are involved in signal
transduction of hormone synthesis pathways and respond to a variety of stresses [53]. SA,
MeJA, ETH and H,O, are important signaling molecules that are induced by environmental
stimuli and play a key role in the response to stress [54,55]. In Arabidopsis, AtbZIP11 pro-
motes metabolic reprogramming under energy or nutrient starvation, resulting in metabolic
adaptation and survival [49]; the expression of its homolog in P. massoniana, PmbZIP20, is
upregulated after SA, MeJA, ETH, and H,O; treatments, indicating that PmbZIP20 may
improve resistance to external stress through these signaling pathways. AtbZIP56 is in-
volved in various hormone signaling pathways that coordinate light and environmental
signals [56]; the expression level of the P. massoniana homolog PmbZIP23 was lower than
that of the control after SA, MeJA, ETH, and H,O, treatments, suggesting that there may
be some functional differences between them in some respects. AtbZIP16 and AtbZIP68S,
which are homologs in P. massoniana, PmbZIP3 peaked at 3 h after ETH treatment, and
PmbZIP8 increased its expression levels after SA, ETH, and HyO, treatments, suggesting
that PmbZIP3 and PmbZIP8 were expressed under the induction of the treatments. At-
bZIP46 interacts with the main regulators of the plant pathogenic response, increasing
plant survival capability under pathogen and biological stress [57]; in its P. massoniana
homolog, PmbZIP4, the expression level always increased after ETH and H,O, treatments,
implying that PmbZIP4 may be involved in regulating the signaling pathways to enhance
plant resistance.

By observing the growth status of yeast cells containing pGBKT7-PmbZIP fusion
vectors on nutrient deficiency medium. PmbZIP4, PmbZIP20 and PmbZIP23 proteins
were unable to grow on the medium, indicating that they had no transcriptional activation
activity and could not activate the expression of downstream reporter genes. Therefore,
subsequent yeast two-hybrid assays could be carried out. PmbZIP3 and PmbZIP8 had
transcriptional activation activity, suggesting that they could activate the expression of
downstream reporter genes. They could also interact with other TFs to form transcription
complexes that directly or indirectly regulate the expression of downstream genes. Tran-
scriptional self-activation activity analysis will be more conducive to study the regulation
mechanism of TFs [58].

In brief, the study systematically analyzed the bZIP TFs of P. massoniana. It not only
helps to select appropriate representative genes for further study, but also contributes to
understanding the molecular mechanism of bZIP TFs. Meanwhile, the identification and
characteristic analysis of PmbZIP TFs provides insight into the biological functions of bZIPs
in P. massoniana.

5. Conclusions

In this study, fifty-five bZIP TFs were identified from four P. massoniana transcriptomes.
These TFs were divided into 11 groups, each TF contained conserved domain and motifs.
Subcellular localization prediction showed that PmbZIPs were nuclear localization pro-
teins, PmbZIP4 and PmbZIP20 were chosen to subcellular localization experiments, which
showed that they were located in the nucleus. Based on the pine wood nematode inocula-
tion transcriptome, it was found that 25 PmbZIPs could positively respond to pine wood
nematodes stress. The qRT-PCR analyses were performed on seedlings of P. massoniana
under SA, MeJA, ETH and H,O; treatments, five representative genes namely, PmbZIP3,
PmbZ1P4, PmbZIPS, PmbZIP20, and PmbZIP23, were up-regulated or down-regulated to
varying degrees in different time periods, indicating that the expression of PmbZIP genes
may be induced by these exogenous exciters. Additionally, transcriptional activation
activity showed that PmbZIP3 and PmbZIP8 were transcriptional activators; PmbZIP4,
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PmbZIP20 and PmbZIP23 were transcriptional repressors. This study lays a theoretical
foundation for the study of bZIP TFs and provides a potential strategy for the development
of breeding related to pine wood nematode resistance in P. massoniana.

Supplementary Materials: The following supporting information can be downloaded at https:
/ /www.mdpi.com/article/10.3390/f14010155/s1: Table S1: Protein sequences; Table S2: Gene
sequences; Table S3: Primer sequences; Table S4: FPKM values; Table S5: Physicochemical properties
analysis; Table S6: Subcellular localization prediction; Figure S1: The eight motif logos identified
within the bZIP family proteins.
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