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Abstract 

Background: Basic leucine zipper (bZIP) transcription factors are crucial in plant development, and response to 
environmental stress, etc. With the development of sequencing technology and bioinformatics analysis, the bZIP fam-
ily genes has been screened and identified in many plant species, but bZIP family genes has not been systematically 
characterized and identified their function in Betula platyphylla.

Methods: B. platyphylla reference genome was used to characterize bZIP family genes. The physicochemical proper-
ties, chromosome distribution, gene structure, and syntenic relationships were analyzed by bioinformatics methods. 
The effect of BpbZIP26 on triterpenoid production was investigated using Agrobacterium-mediated transient transfor-
mation under N6022 treatment.

Results: 51 bZIP family genes were identified in B. platyphylla, and named BpbZIP1–BpbZIP51 sequentially accord-
ing to their positions on chromosomes. All BpbZIP genes were unevenly distributed on 14 chromosomes, and 
divided into 13 subgroups according to the classification of Arabidopsis thaliana bZIP proteins. 12 duplication 
events were detected in the B. platyphylla genome, and 28 orthologs existed between B. platyphylla and A. thali-
ana, 83 orthologs existed between B. platyphylla and Glycine max, and 73 orthologs existed between B. platyphylla 
and Populus trichocarpa. N6022 treatment changed gene expression levels of most BpbZIPs in seedlings of B. platy-
phylla. Among of them, N6022 treatment significantly enhanced gene expression levels of BpbZIP26 in leaves, stems 
and roots of B. platyphylla. BpbZIP26 mediated triterpenoid production, and N6022 treatment further enhanced 
triterpenoid production in BpbZIP26 overexpression calli of B. platyphylla using Agrobacterium-mediated transient 
transformation.

Conclusion: This work highlights potential BpbZIP family genes responding to S-nitrosothiol and provides candidate 
genes for triterpenoid production in B. platyphylla.
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Introduction
Basic leucine zipper (bZIP) is one of the largest tran-
scription factors (TFs) families in plants, its proteins 
contain a highly conserved 60–80 amino acid sequence 
that includes a basic region (N-×7-R/K sequence) 
and a leucine zipper [1, 2]. Increasing number of bZIP 
have recently been identified in multiple plant species 
based on the whole genome or full-length transcrip-
tome sequences, and its family size are different, such 
as 78 in A. thaliana [1], 47 in Betula pendula Roth [3], 
125 in Zea mays [4]. Based on conserved domains and 
sequence similarities of their basic regions, bZIP TFs 
can be divided into 11–14 subgroups that have different 
functions [1, 3–6]. For example, bZIP family of A. thali-
ana was divided into 13 groups, most of Group A bZIPs 
involved in ABA signaling, Group F bZIPs regulated Zn 
transporters, Group H and G subfamilies regulated pho-
toresponse [1]. Growing studies suggest that bZIP TFs 
are crucial in plant growth, development, regulation of 
secondary metabolite synthesis, and response to environ-
mental stress [7, 8]. However, there is still a large propor-
tion of bZIP TFs has not been identified their function in 
plants.

Nitric oxide (NO) is a signaling molecule distribut-
ing throughout all living organisms, and it is involved 
in multiple plant processes, including growth, develop-
ment, and biotic and abiotic stress responses [9, 10]. The 
accumulating data indicate that NO is executed through 
S-nitrosylation, which is the addition of an NO moiety to 
a protein cysteine thiol to form an S-nitrosothiol (SNO) 
[10]. Similar to other posttranslational modifications, 
S-nitrosylation regulates protein activities, including 

stability, biochemical activity, subcellular localization, 
and protein–protein interaction. The difference is that 
S-nitrosylation can be reversed by S-nitrosoglutathione 
reductase (GSNOR), it degrades S-nitrosoglutathione 
(the major cellular NO donor) to oxidized glutathione 
(GSSG) and ammonia. Plants with null or reduced 
expression of GSNOR show increased levels of total 
SNO, and conversely, that GSNOR overexpressing plants 
show reduced SNO content [10, 11]. Therefore, the level 
of S-nitrosated proteins corresponds to SNO levels.

Our precious study verified that SNO enhanced 
betulin production using BpGSNOR transgenic B. 
platyphylla seedlings by RNAi silencing and GSNOR 
inhibitor N6022, and it indicated that protein S-nitros-
ylation mediated betulin production in B. platyphylla, 
which is a pioneer hardwood tree species with rich 
medical triterpenoid [12, 13]. Some bZIP TFs can pro-
mote secondary metabolite synthesis, such as VvbZIP36, 
PybZIP, and PgbZIP promotes anthocyanin accumula-
tion in grapevine, Pear, and pomegranate, respectively 
[11, 14, 15]. Given the importance of bZIP TFs in sec-
ondary metabolite biosynthesis in plants, the functional 
characterization of bZIP TFs family members in betulin 
biosynthesis of B. platyphylla has not been systematically 
investigated, especially under SNO treatment. There-
fore, in this study, the latest B. platyphylla reference 
genome was used to characterize bZIP TFs [16], a bZIP 
gene predicted to be involved in triterpenoid synthesis, 
was cloned and verified via transient transformation in 
B. platyphylla under SNO treatment. The results of this 
study will contribute to the functional characterization of 
bZIP TFs in B. platyphylla.

Graphical Abstract
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Materials and methods
Identification of BpbZIP genes
All annotated sequences were obtained from the genome 
of B. platyphylla (accession code PRJNA285437) [16], 
and bZIP domain (PF00170) downloaded from the Pfam 
database was used to detect the possible bZIP protein 
of B. platyphylla through the HMM search program (E 
value < 1 ×  10−5). All putative proteins were subjected 
to conserved structural domain identification using 
SMART software and the NCBI–CDD database [17]. 
Fifty-one BpbZIP family genes were identified and num-
bered according to their positions on chromosomes.

Analysis of physiochemical properties, localization, 
and gene structures
The physicochemical properties, protein molecular 
weights (MW), and theoretical isoelectric points (pI) of 
the 51 identified bZIP proteins were analyzed by ExPASy-
ProtParam. The subcellular localization was predicted by 
Plant-mPLoc [17]. The chromosome location informa-
tion was analyzed using TBtools software. The conserved 
motifs of the 51 BpbZIP proteins were analyzed by Mul-
tiple expectation maximization for motif elicitation 
(MEME), and the maximum number of motifs was set to 
10 (width range of motif = 6–300 residues). PHYLOG-
ENY in MEGA X software was adopted to construct a 
maximum-parsimony tree through 1000 bootstrap repli-
cations. The above precited results were visualized using 
TBtools software [17, 18].

Construction of the phylogenetic trees
Clustal W in MEGA X software were used to align the 
amino acid sequences of the 51 BpbZIP proteins and 78 
A. thaliana bZIP proteins, and PHYLOGENY in MEGA 
X software was used to draw a neighbor-joining tree 
(1000 bootstrap replications) [4, 17]. The phylogenetic 
tree was modified using the online software EvolView.

Cis‑acting element predictions and evolution analysis
The 2000  bp upstream sequence of each B. platyphylla 
bZIP was extracted and submitted to PlantCARE for cis-
regulating elements functions prediction analysis. The 
duplication events in BpbZIPs, and syntenic relation-
ships among B. platyphylla, A. thaliana, G. max, and P. 
trichocarpa were analyzed using TBtools software [17, 
18]. The above precited results were visualized using 
TBtools software.

Plant materials and N6022 treatment
Thirty-day-old seedlings of B. platyphylla obtained 
from sterile seeds were treated with 60  μmol   L−1 
3-(5-(4-(1H-imidazol-1-yl) phenyl)-1-(4-carbamoyl-
2-methylphenyl)-1H-pyrrol-2-yl) propionic acid (N6022, 

a GSNOR inhibitor) for 24  h, and 15-day-old calli of B. 
platyphylla obtained from tissue-cultured seedlings were 
used for Agrobacterium-mediated transient transforma-
tion and N6022treatment. The controls were treated with 
the same volume of distilled water. N6022 was purchased 
from Sigma Corporation (St Louis, MO, USA). The seed-
lings were planted in a woody plant medium supple-
mented with 20 g  L−1 of sucrose. The calli were cultured 
in  B5 medium supplemented with 0.3  mg   L−1 of 6-ben-
zyladenine, 0.6  mg   L−1 of thidiazuron, and 20  g   L−1 of 
sucrose. The pH of the medium was adjusted to 5.6 ± 0.2 
prior to autoclaving [19]. Fresh samples frozen with liq-
uid nitrogen were used for gene expression, and samples 
dried through the oven-drying method were used for the 
analysis of triterpenoid content [19].

Cloning of full‑length BpbZIP26
The full-length sequence of BpbZIP26 was amplified by 
the following PCR primers: F: ATA TTG TCA ACA CAT 
TGC CTG, R: AAA CAA AAT GAT CTT ACG CTT. PCR 
amplification was set as follows: 94 °C for 5 min; 35 cycles 
of 98 °C for 10 s, 50 °C for 45 s, and 72 ° C for 1 min; and 
72 °C for 10 min. Positive colonies (purified PCR ampli-
fication fragment ligated with  pMDTM18-T vector) were 
sequenced at Rui Biotech (Beijing) [17].

Agrobacterium‑mediated transient transformation
Agrobacterium tumefaciens strain LBA4404 harboring 
pBWA(V)HS-BpbZIP26-GLosgfp (overexpression vec-
tor) or pBWA(V)KS-BpbZIP26-GUS (RNAi vector) was 
used to infect 15-day-old B. platyphylla calli (soaked in 
25% sucrose for 5 min) for 1 h. The infection solution was 
reported by Liu et al. [16], and the main reagent as fol-
lows: 2 mM  L−1 of MES–KOH (pH 5.4), 10 mmol  L−1 of 
 CaCl2, 120 μmol  L−1 of acetosyringone (AS), 2% sucrose, 
270  mmol   L−1 of mannitol, and 200  mg   L−1 of dithi-
othreitol + 0.02% Tween. The infected calli (15 g calli per 
replicate) were cultured in  B5 liquid medium containing 
100 μmol  L−1 of AS for 2 days in the dark at 28 °C [17]. 
Then, the infected calli were washed with distilled water 
for analysis of gene expression and total triterpenoid 
content.

Determination of the total triterpenoid content
Fried samples (0.05  g) were accurately weighed and 
soaked in 5  mL of 95% ethanol for 24  h. The samples 
were extracted at 70 °C for 1 h in a water bath, and then 
ultrasound-assisted extraction (10 kHz) for 40 min. After 
centrifugation at 4000 rmp for 10 min, 1 mL of the super-
natant solution was obtained for content analysis [19]. 
The total triterpenoid content was determined using the 
vanillin–glacial acetic acid colorimetric method with 
betulin as the standard, and the linear equation was 
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y = 0.03483x + 0.0002  (R2 = 0.9995), where x indicates the 
absorbance of the solution at 551 nm.

Gene expression analysis
The total RNA was isolated using a CTAB-based method, 
and 1  µg RNA of each sample was reversed into cDNA 
according to instructions of the PrimeScriptTM RT rea-
gent Kit (TaKaRa, Japan). The Taqman probes and prim-
ers are presented in Additional file  1: Tables  1, 2. PCR 
amplification was performed on a Roche LightCycler 480 
real-time PCR system as follows: 95  °C for 15  min, fol-
lowed by 40 cycles at 95 °C for 15 s, 60 °C for 30 s, and 
72  °C for 30  s. Each RT-qPCR analysis was performed 
with three technical replicates. Gene expression data 
were calculated with the  2−ΔΔCt method [20].

Statistical analysis
The data presented in the figures were the mean ± stand-
ard deviation of three biological replicates, and analyzed 
through one-way ANOVA using SPSS version 21.0. The 
different letters show significant differences among 
means (P < 0.05, Tukey’s test) [17].

Results
Genome‑wide identification of BpbZIPs
Fifty-one genes with conserved bZIP domains were iden-
tified in the B. platyphylla genome and named BpbZIP1–
BpbZIP51 sequentially according to their positions on 
chromosomes. All BpbZIP genes were unevenly distrib-
uted on 14 chromosomes, with chromosome 1 contain-
ing the most genes (7 BpbZIP genes) and chromosomes 
7 containing a single BpbZIP gene, and most of BpbZIPs 
were distributed at both ends of the chromosomes 
(Fig. 1).

The physicochemical properties of 51 BpbZIP proteins 
showed that the number of amino acids ranged from138 
(BpbZIP25 and BpbZIP30) to 584 (BpbZIP17), molecular 
weight ranged from 15.71 (BpbZIP25 and BpbZIP30) to 
63.67 (BpbZIP17) kD, and isoelectric points ranged from 
4.50 (BpbZIP22) to 10.16 (BpbZIP7) (Table 1). The sub-
cellular location predicted that most of the proteins were 
nuclear proteins. Only BpbZIP2, BpbZIP7, BpbZIP22, 
BpbZIP29, BpbZIP40, and BpbZIP48 were distributed in 
the chloroplast.

Fig. 1 Chromosomal locations of BpbZIPs in B. platyphylla. The chromosomal position of 51 BpbZIP family genes were mapped according to the B. 
platyphylla genome (PRJNA285437) using TBtools software. The left scale indicated the length of the chromosome



Page 5 of 13Wang et al. Chem. Biol. Technol. Agric.            (2022) 9:97  

Table 1 Sequence information of BpbZIP gene family

Name Sequence ID Amino acid number Molecular weight (kD) Theoretical pI Subcellular 
localization

BpbZIP1 >BPChr07G09851 199 23.08 5.55 Nuclear

BpbZIP2 >BPChr01G24961 198 21.48 10.08 Chloroplast

BpbZIP3 >BPChr01G05288 435 46.62 8.54 Nuclear

BpbZIP4 >BPChr01G18070 145 16.83 7.84 Nuclear

BpbZIP5 >BPChr01G22783 155 17.83 7.88 Nuclear

BpbZIP6 >BPChr01G22848 484 52.71 6.18 Nuclear

BpbZIP7 >BPChr01G16976 278 30.74 10.16 Chloroplast

BpbZIP8 >BPChr01G31933 304 33.65 4.82 Nuclear

BpbZIP9 >BPChr05G14456 145 16.35 6.84 Nuclear

BpbZIP10 >BPChr05G17438 380 40.47 6.42 Nuclear

BpbZIP11 >BPChr05G31486 446 48.42 6.69 Nuclear

BpbZIP12 >BPChr05G17931 159 18.08 5.90 Nuclear

BpbZIP13 >BPChr06G02197 339 35.83 5.33 Nuclear

BpbZIP14 >BPChr06G29443 433 46.17 6.86 Nuclear

BpbZIP15 >BPChr06G22245 263 29.17 6.45 Nuclear

BpbZIP16 >BPChr02G14600 214 23.28 9.34 Nuclear

BpbZIP17 >BPChr02G10510 584 63.67 6.41 Nuclear

BpbZIP18 >BPChr13G21953 363 40.84 4.91 Nuclear

BpbZIP19 >BPChr13G00887 488 54.02 5.92 Nuclear

BpbZIP20 >BPChr13G00422 264 29.33 5.73 Nuclear

BpbZIP21 >BPChr04G23855 159 18.08 5.90 Nuclear

BpbZIP22 >BPChr04G04435 506 55.47 4.50 Chloroplast

BpbZIP23 >BPChr04G00610 332 37.22 6.62 Nuclear

BpbZIP24 >BPChr03G00747 378 41.94 9.80 Nuclear

BpbZIP25 >BPChr03G10962 138 15.71 10.05 Nuclear

BpbZIP26 >BPChr03G13918 191 21.76 7.94 Nuclear

BpbZIP27 >BPChr03G02600 335 36.87 8.02 Nuclear

BpbZIP28 >BPChr08G15472 280 31.69 6.65 Nuclear

BpbZIP29 >BPChr08G15858 306 34.50 5.84 Chloroplast

BpbZIP30 >BPChr08G07606 138 15.71 10.05 Nuclear

BpbZIP31 >BPChr08G05419 420 45.82 6.22 Nuclear

BpbZIP32 >BPChr08G16217 170 19.17 6.84 Nuclear

BpbZIP33 >BPChr08G11307 184 21.25 6.16 Nuclear

BpbZIP34 >BPChr14G12548 471 51.76 7.83 Nuclear

BpbZIP35 >BPChr14G12853 503 56.83 7.17 Nuclear

BpbZIP36 >BPChr14G27906 254 27.41 9.56 Nuclear

BpbZIP37 >BPChr14G27794 450 50.04 7.98 Nuclear

BpbZIP38 >BPChr09G20109 328 35.89 9.06 Nuclear

BpbZIP39 >BPChr09G29729 452 49.87 6.22 Nuclear

BpbZIP40 >BPChr09G29789 186 21.25 9.54 Chloroplast

BpbZIP41 >BPChr09G12275 268 29.58 6.94 Nuclear

BpbZIP42 >BPChr09G16384 336 37.47 6.03 Nuclear

BpbZIP43 >BPChr09G20563 156 17.44 8.89 Nuclear

BpbZIP44 >BPChr11G18682 428 48.18 9.06 Nuclear

BpbZIP45 >BPChr11G07209 319 35.92 6.19 Nuclear

BpbZIP46 >BPChr11G17764 381 40.90 6.27 Nuclear

BpbZIP47 >BPChr12G25846 413 43.87 6.25 Nuclear

BpbZIP48 >BPChr12G08218 289 32.50 6.70 Chloroplast

BpbZIP49 >BPChr12G25179 317 35.55 6.18 Nuclear
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Phylogenetic analysis of BpbZIPs
In accordance with the classification of A. thaliana bZIP 
proteins, 51 BpbZIP proteins were divided into 13 sub-
groups except for BpbZIP33 and BpbZIP38, which were 
named as Subgroups A, B, C, D, E, F, G, H, I, J, K, M, and 
S (Fig.  2). The largest subgroup S contained 11 BpbZIP 
members, followed by the Groups A and I containing 8 

and 6 BpbZIP members, respectively. Subgroup J, K, and 
M all had only one protein. This suggested the members 
of bZIP proteins involved in plant starvation signalling, 
abscisic acid or stress signalling and vascular develop-
ment, etc. [1].

Table 1 (continued)

Name Sequence ID Amino acid number Molecular weight (kD) Theoretical pI Subcellular 
localization

BpbZIP50 >BPChr10G21732 304 33.84 9.66 Nuclear

BpbZIP51 >BPChr10G21739 222 25.58 6.66 Nuclear

Fig. 2 Phylogenetic tree of B. platyphylla and A. thaliana. The outermost letters A to S indicated that 51 BpbZIP proteins were divided into 13 
subgroups except for BpbZIP33 and BpbZIP38 according to the classification of A. thaliana bZIP proteins, white dots were AtbZIP proteins, and red 
star were BpbZIP proteins
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Evolutionary analysis of BpbZIPs
As shown in Fig.  3a, 12 duplication events with 51 
BpbZIP genes were detected in the B. platyphylla 
genome. One pair of genes (BpbZIP40 and BpbZIP41) 
was found to have undergone a tandem duplication event 
and five pairs of genes (BpbZIP4 and BpbZIP36, BpbZIP4 
and BpbZIP20, BpbZIP6 and BpbZIP20, BpbZIP8 and 
BpbZIP22, BpbZIP11 and BpbZIP27) underwent a 

fragment duplication event. This evidence suggested 
that fragment duplication events were a major driver of 
BpbZIP gene diversity. The syntenic relationships of the 
BpbZIP genes showed that 28 orthologs existed between 
B. platyphylla and A. thaliana (Fig.  3b), 83 orthologs 
existed between B. platyphylla and G. max (Fig.  3c), 
and 73 orthologs existed between B. platyphylla and 
P. trichocarpa (Fig.  3d). The differences in numbers of 

Fig. 3 Evolutionary analysis of BpbZIPs. (a) 12 duplication events were detected in the B. platyphylla genome. (b) Synteny analysis of BpbZIP genes 
between B. platyphylla and A. thaliana. (c) Synteny analysis of BpbZIP genes between B. platyphylla and G. max. (d) Synteny analysis of BpbZIP genes 
between B. platyphylla and P. trichocarpa 
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orthologous pairs were related to the evolutionary dis-
tance [21].

Conserved motifs and gene structures
A total of 20 conserved amino acid motifs were identified 
in the BpbZIP proteins (Fig. 4b), and motifs with similar 
structures and domains were clustered into one group 
indicating that they had an analogous function (Fig. 4a), 
such as group I (BpbZIP13, BpbZIP28, BpbZIP40, 
BpbZIP41, BpbZIP5, and BpbZIP9). Motif1 was distrib-
uted in all members of the BpbZIPs, which was recog-
nized as bZIP conserved domain sequence. However, 
some motifs were very rare, such as motif 19 only found 
in group I, motif 18 in group F.

Gene structure is one of the important parameters for 
gene family evolution that further supports phyloge-
netic trees. Gene structure analysis was performed on 
the 51 BpbZIP genes (Fig.  4c). The results showed that 
78.43% (40/51) of the BpbZIPs had introns varying from 
1 (BpbZIP29) to 13 (BpbZIP2, 46), and the eleven intron-
less genes were BpbZIP3, 4, 11, 14, 17, 20, 24, 27, 30, 36, 
and 47. In addition, 70.59% (36/51) of the BpbZIPs had 
untranslated regions (UTRs) varying from 1 (BpbZIP1, 5, 
6, 15, 25, 31, 35, 40, 43, 48) to 3 (BpbZIP22, 46), and the 
15 genes (BpbZIP3, 4, 11, 14, 17, 20, 24, 27, 29, 30, 33, 36, 
37, 38, 47) had no UTR.

A Phylogenetic Tree B Motif pattern C Gene Structure

Fig. 4 Gene structures of the BpbZIP genes. (a) The phylogenetic tree of 51 BpbZIP proteins. (b) 20 motifs in the BpbZIPs were represented by 
different colored boxes. (c) Exon/intron structures of BpbZIP genes. Yellow boxes, blue boxes, and gray line indicated exons, untranslated regions 
(UTR), and introns at each BpbZIP gene, respectively
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The cis‑elements in the promoter regions of BpbZIPs
The 2.0 kb promoter region located upstream of the tran-
scriptional start site of each BpbZIP gene was used to pre-
dict their possible expression regulation patterns (Fig. 5). 
The cis-elements of the BpbZIPs belonging to the same 
group in phylogenetic analysis did not show the same 
pattern. The number of responsive elements ranged from 
25 (BpbZIP26) to 84 (BpbZIP1), and light, hormone, and 
stress were three main categories of responsive elements. 

Light responsive elements were the most prevalent in all 
the BpbZIPs promoters varying from 4(BpbZIP36, 47) 
to 34(BpbZIP1), and Gbox and box4 were the top two 
responsive elements. ABA and JA were the dominant 
hormone elements. Wound-responsive element was rich 
in the stress responsive elements. The different types and 
amounts of cis-elements in the promoters of BpbZIPs 
suggested that they might had different functions in B. 
platyphylla growth and development.

Fig. 5 Cis-elements in the promoter regions of BpbZIPs. The 2.0 kb promoter region located upstream of each BpbZIP gene was used to predict by 
PlantCARE. The number of different kinds of cis-elements were represented with the colored circle
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Gene expression of BpbZIPs under S‑nitrosation treatment
qRT-PCR was used to investigate gene expression pat-
terns of BpbZIPs in response N6022 treatment. The 
results revealed that all BpbZIP genes expressed in 
control tissues of B. platyphylla, and 62.7% BpbZIPs 
(32 genes) in leaves were higher than that of stems 
and roots (Fig.  6). Among them, BpbZIP21, BpbZIP17 
and BpbZIP26 highly expressed in leaves, BpbZIP16, 
BpbZIP26 and BpbZIP21 in stems, BpbZIP16, BpbZIP24 
and BpbZIP15 in roots. N6022 treatment changed gene 
expression levels of BpbZIPs in B. platyphylla seedlings, 
BpbZIP16, BpbZIP2 and BpbZIP26 highly expressed in 
leaves, and their increases were 3.96, 2.36, and 2.06 times 
greater than those of controls, respectively. BpbZIP 25 
and BpbZIP26 highly expressed in stems under N6022 
treatment, and their increases were 19.53 and 1.70 folds 
higher than those of controls, respectively. BpbZIP35, 
BpbZIP33, and BpbZIP26 highly expressed in roots under 
N6022 treatment, their increases were 27.4, 15.8, and 
12.50 folds greater than those of controls, respectively. 
The above results suggested that BpbZIP26 may play 
a key role in B. platyphylla responses to S-nitrosation 
treatment. Hence, we cloned BpbZIP26 via PCR (Addi-
tional file 1: Figs. 1, 2).

Overexpression of BpbZIP26 enhanced triterpenoid 
production under S‑nitrosation treatment
Our previous study showed that N6022 treatment signifi-
cantly enhanced triterpenoid content [11, 12], and it also 
significantly increased gene expression of BpbZIP26. To 
investigate the function of BpbZIP26 in triterpenoid syn-
thesis, overexpression and silencing vector of BpbZIP26 
were constructed to transfer into B. platyphylla calli. 
After 3 days of Agrobacterium-mediated transient trans-
formation, the silencing of BpbZIP26 in B. platyphylla 
calli (0.44 times than that of untransformed calli) sig-
nificantly decreased the triterpenoid contents (40.46%) 
and reduced the gene expression of BpCAS, BpLUS, 

and BpβAS, which are key enzyme genes for triterpe-
noid synthesis. The overexpression of BpbZIP26 in B. 
platyphylla calli (812 times than that of untransformed 
calli) enhanced the triterpenoid contents (26.21%) and 
increased the gene expression of BpCAS, BpLUS, and 
BpβAS. N6022 treatment further enhanced triterpenoid 
contents (90.38% and 65.44%) and gene expression of 
BpCAS, BpLUS, and BpβAS in control and overexpres-
sion of BpbZIP26 calli of B. platyphylla (Fig.  7). The 
above results suggested that BpbZIP26 mediated trit-
erpenoid production under control and S-nitrosation 
treatment.

Discussion
In our study, 51 BpbZIPs were identified in the B. platy-
phylla genomes for the first time, and its family size was 
larger than that the same genus of B. pendula (47) [3]. 
Further analysis showed that the genome size of B. platy-
phylla (441 Mb) and B. pendula (440 Mb) was the about 
the same size, but bZIPs of B. pendula and B. platyphylla 
were divided into 10 and 13 groups according to the clus-
tering with A. thaliana, respectively. In addition, they all 
had 1–2 genes that are not clustered with A. thaliana. It 
can be seen that there are differences in bZIP gene family 
size and clustering among Betula species, different clus-
tering suggested that they could have different function, 
those will be verified experimentally in the future.

Genomic chromosome localization analysis showed 
that bZIPs of Lycopersicon  esculentum (69 SlbZIPs) and 
G. max (160 GmbZIPs) were unevenly distributed in all 
chromosomes, but bZIPs in Vitis vinifera (55 VvbZIPs), 
Citrullus lanatus (62ClabZIP), and Nicotiana taba-
cum  (77 NtbZIPs) were concentrated in some chromo-
somes. In addition, 6 bZIPs in Raphanus  sativus  (135 
RsbZIPs) and 9 genes in Pyrus  breschneideri (92 Pbr-
bZIPs) had unassigned scaffolds in chromosomes [22–
28]. In our study, 51 BpbZIPs were unevenly distributed 
in all the chromosomes of B. platyphylla. The above 

Fig. 6 Gene expression levels of BpbZIPs in seedlings of B. platyphylla under N6022 treatment. Thirty-day-old seedlings of B. platyphylla obtained 
from sterile seeds were treated with 60 μmol  L−1 3-(5-(4-(1H-imidazol-1-yl) phenyl)-1-(4-carbamoyl-2-methylphenyl)-1H-pyrrol-2-yl) propionic acid 
(N6022, a GSNOR inhibitor) for 24 h
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results revealed that the number of bZIP gene family was 
irrelevant to the chromosome size. Evolutionary analysis 
of BpbZIPs showed that 28 orthologs existed between 
B. platyphylla and A. thaliana, 83 orthologs existed 
between B. platyphylla and G. max, and 73 orthologs 
existed between B. platyphylla and P. trichocarpa. It 
seems that the evolution events in bZIP gene family 
members have happened before the divergence of spe-
cies, which affected their gene family numbers and evo-
lutionary distance.

The cis-elements in the promoter regions of bZIPs 
and increasing experimental data indicated that the 
bZIP genes played important roles in plant growth and 
response to multiple stresses [1, 2]. NO is a ubiquitous 
gasotransmitter produced in living cells under normal as 
well as under conditions of biotic and abiotic stress. The 
major bioactivity of NO is executed via S-nitrosylation by 
covalently adding an NO group onto the reactive cysteine 
thiol of a protein to form SNO, which is regulated by 
GSNOR [10, 11]. It can be seen that both bZIPs and 
NO are all involved in plant growth and stress response. 
Therefore, how bZIPs responds to SNO has not yet been 
reported.

To investigate the effect of SNO on gene expres-
sion of 51 BpbZIPs, 30-day-old seedlings of B. platy-
phylla obtained from sterile seeds were treated with 

60  μmol   L−1 N6022 (a GSNOR inhibitor) for 24  h. The 
results revealed that gene expression levels of 62.7% 
BpbZIPs (32 genes) in leaves were higher than that of 
stems and roots in B. platyphylla, and N6022 treatment 
changed expression levels of most BpbZIP genes. Among 
of them, N6022 treatment significantly increased gene 
expression of BpbZIP26 in leaves, stems, and roots of B. 
platyphylla. The above results suggested that the BpbZIP 
genes can respond to SNO, and BpbZIP26 may play a key 
role in responses to SNO.

Some bZIP TFs can regulate secondary metabolite 
production, such as BcbZIP134 decreased the biosyn-
thesis of saikosaponin, VvbZIP36 promotes anthocya-
nin accumulation in grapevins [14]. Our precious study 
verified that SNO enhanced triterpenoid production 
using BpGSNOR transgenic B. platyphylla seedlings by 
RNAi silencing and GSNOR inhibitor N6022, and SNO 
also significantly increased gene expression of BpbZIP26. 
To investigate the function of BpbZIP26 in triterpenoid 
synthesis, we cloned BpbZIP26 and tentatively verified 
BpbZIP26 mediated triterpenoid production under con-
trol and N6022 treatment using Agrobacterium-medi-
ated transient transformation, which has been proved by 
experiment that the results of transient transformation 
were consistent with that based on stable transformation 
in B. platyphylla [29]. The above result will provide gene 

Fig. 7 BpbZIP 26 regulated triterpenoid production using Agrobacterium-mediated transient transformation. Fifteen-day-old calli of B. platyphylla 
were used for Agrobacterium-mediated transient transformation and 60 μmol  L−1 N6022 treatment
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resources for further improving the content of triterpe-
noid in B. platyphylla.

Conclusion
We identified 51 BpbZIPs in the B. platyphylla through 
genome-wide study, and divided into 13 subgroups 
according to the classification of A. thaliana bZIP pro-
teins. All BpbZIP genes were unevenly distributed on 14 
chromosomes, and12 duplication events were detected 
in the B. platyphylla genome. N6022 treatment changed 
gene expression levels of most BpbZIPs in leaves, stems, 
and roots, and gene expression levels of BpbZIP26 in all 
tissues of B. platyphylla was significantly enhanced under 
N6022 treatment. BpbZIP26 mediated triterpenoid pro-
duction, and N6022 treatment further enhanced triter-
penoid production in BpbZIP26 overexpression calli of 
B. platyphylla using Agrobacterium-mediated transient 
transformation.
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