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Abstract. Members of the bZIP transcription factor family play crucial roles in the regulation of plant development, biosynthesis of
secondary metabolites, and response to abiotic and biotic stresses. To date, multiple bZIPs have been identiﬁed and investigated in
numerous plant species. However, few studies have characterized bZIPs from Dimocarpus longan Lour. In this study, nine bZIPs from
D. longan were identiﬁed from RNA-Seq data and further veriﬁed using the NCBI conserved domain search tool and Pfam database.
Bioinformatics tools were used to systematically analyse the physicochemical properties, protein structures, multiple sequence alignment,
motif compositions, evolutionary relationships, secondary structures, subcellular localization, phosphorylation sites, signal peptides, GO
annotations and protein–protein interactions of the DlbZIPs. The expression patterns of the nine DlbZIPs were evaluated by qRT-PCR in
roots and leaves and in response to varying durations of a 38°C heat treatment. DlbZIP3, DlbZIP5, DlbZIP6 and DlbZIP7 were differentially expressed between root and leaf tissues. All nine DlbZIPs responded to heat treatment in both roots and leaves, but their speciﬁc
expression levels differed. DlbZIP4 and DlbZIP8 were highly expressed in roots after heat treatment, whereas DlbZIP1 and DlbZIP5 were
highly expressed in leaves after heat treatment. These ﬁndings lay a foundation for increasing active secondary metabolite content and
improving abiotic stress tolerance in D. longan using transgenic technology.
Keywords.

bZIP transcription factor; bioinformatics analysis; gene expression; heat treatment; Dimocarpus longan Lour.

Introduction
Dimocarpus longan Lour., a member of Sapindaceae, is an
economically important tropical fruit tree (Lai and Lin
2013). Its roots, leaves, ﬂowers and seeds can serve as
medicinal materials due to the pharmacological activities of
their chemical constituents (Chung et al. 2010). In addition
to the delicious fruit loved by consumers, D. longan also
produces abundant roots and leaves that contain diverse
secondary metabolites, including ﬂavonoids, phenolics,
glycosides, tannins and organic acids (Xue et al. 2015). Of
these, ﬂavonoids and polyphenols are the predominant secondary metabolites. They have strong antioxidant activities
and positive effects on the treatment of tumours, cancers and
hypoglycaemia (Hsieh et al. 2008; Jiang et al. 2009).
However, the economic value and application of D. longan

roots and leaves as Chinese herbal medicines have been
restricted because of their small accumulation of medicinal
ingredients. Moreover, the inhospitable growing conditions
(e.g., high temperatures) to which D. longan is frequently
exposed in its production areas signiﬁcantly affect both
quality and yield. Therefore, it is important to investigate
key genes, especially multifunctional transcription factor
(TF) genes that not only help D. longan adapt to adverse
environments but also increase its accumulation of secondary metabolites.
The basic leucine zipper (bZIP) TF family is one of the
largest and most conserved TF families in eukaryotic
organisms (Hurst 1994). It is widespread in humans, animals, plants, microorganisms and insects (Cao et al. 2019).
The bZIP TFs have a highly conserved bZIP domain
composed of a basic region and a leucine zipper region
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(Hurst 1994). The basic region consists of *20 amino
acids with an invariant N-X7-R/K-X9 motif that functions
in DNA binding and nuclear localization (Ji et al. 2018).
The DNA components to which the basic region preferentially binds are the A-box (TACGTA), the C-box
(GACGTC) and G-box (CACGTG) (Choi et al. 2000;
Fukazawa et al. 2000). The leucine zipper region confers
dimerization speciﬁcity and contains leucine residues that
repeat periodically at every seven positions (Pan et al.
2019). Two leucine zipper domains form a parallel helicalcoiled coil and are stabilized by hydrophobic interactions.
Dimerization juxtaposes two basic regions to form a DNAbinding site (Alber 1992).
To date, the bZIP TFs have been explored in diverse
species, including Arabidopsis thaliana (Jakoby et al.
2002), Glycine max (Liao et al. 2008), Oryza sativa (Nijhawan et al. 2008), Sorghum bicolor (Wang et al. 2011),
and Vitis vinifera (Liu et al. 2014). The functions of bZIPs
are closely linked to both the biosynthesis of secondary
metabolites and resistance to stress conditions (Akagi et al.
2012). Two bZIP TFs from Arabidopsis, HY5 and HYH,
promote anthocyanin accumulation by upregulating the
dihydroﬂavonol-4 reductase (DRF) gene, a key gene that
regulates the biosynthesis of anthocyanins in Arabidopsis
(Zhang et al. 2011). DkbZIP5 from persimmon is capable
of binding to the ABRE element in the promoter region of
DkMYB4, thereby regulating the expression of DkMYB4, a
gene involved in the biosynthesis of proanthocyanidin.
Therefore, DkbZIP5 is thought to indirectly affect the
accumulation of proanthocyanidin in persimmon (Akagi
et al. 2009). VvibZIPC22, a UV light-induced TF gene
from V. vinifera L., can affect the accumulation of ﬂavonols
by binding to the cis-acting element of VviMYBF1 (Malacarne et al. 2016). However, not all bZIPs positively affect
the accumulation of ﬂavonoids in plant tissues. Speciﬁc
bZIPs have been shown to inhibit the accumulation of
ﬂavonoids in some species. In parsley, CPRF1, a bZIP
transcription factor, inhibits the promoter activities of the
chalcone synthase (CHS) gene, thereby reducing the
accumulation of ﬂavonoids (Feldbrügge et al. 1994). In
addition, the involvement of bZIP TFs in the regulation of
biosynthesis of other secondary metabolites has also been
demonstrated. AabZIP1 from Artemisia annua can directly
bind to the ABRE element in the promoter of ADS and
CYP71AV1 to enhance their expression levels, thereby
increasing artemisinin content (Zhang et al. 2015). In
Catharanthus roseus, the bZIP transcription factors
CrGBF1 and CrGBF2 can speciﬁcally bind to the G-box
region of the isocuridine synthase (STR) gene promoter,
negatively affecting terpenoid indole alkaloid biosynthesis
(Pasquali et al. 1999; Pal et al. 2015).
In addition to their participation in secondary metabolite
biosynthesis, the involvement of bZIPs in resistance to
abiotic stresses has also been demonstrated. These include
drought, osmotic stress, cold, high temperature, oxidative
stress, and the response to abscisic acid (ABA) (Banerjee

and Roychoudhury 2017). In rice, OsbZIP23 and OsbZIP72 play a pivotal role in ABA signal transduction, and
their overexpression confers resistance to salt and drought
stresses (Xiang et al. 2008; Lu et al. 2009). In grape, the
expression of VvbZIP23 is broadly induced by various
abiotic stresses including drought, salt and cold (Tak and
Mhatre 2013). In Arabidopsis, overexpression of AtbZIP37
enhances drought tolerance (Kang et al. 2002; Oh et al.
2005), and high temperature tolerance is strengthened by
the overexpression of the bZIP TF gene ABF3 (Jin et al.
2004).
Although the functions of bZIP TFs in secondary
metabolite biosynthesis and abiotic stress resistance have
been studied extensively in diverse plant species, little is
known about bZIP TFs from D. longan. In this study, nine
bZIP genes were identiﬁed from D. longan, and their
physicochemical properties, protein structures, multiple
sequence alignment, motif compositions, phylogenetic relationships, subcellular localization, phosphorylation sites,
signal peptides, protein–protein interactions, and GO annotations were broadly characterized. We used quantitative
real-time PCR (qRT-PCR) to proﬁle their expression patterns
in root and leaf tissues and in response to high temperature
stress. The results of this study will help in improving the
survival rate of D. longan under abiotic stresses using
genetic methods. In addition, our ﬁndings lay a foundation
for the biosynthesis of secondary metabolites in D. longan
leaves and roots, and further emphasize the importance of
bZIP TFs in plants.

Materials and methods
Plant material

D. longan was cultivated at 50% relative humidity and 25°C.
After 2 months of growth, the leaves of upper outer branches
and the roots were collected from 10 plants. For the high
temperature treatment, D. longan was cultivated and maintained at 38°C for 1, 4, 8 or 24 h. Root and leaf tissues were
obtained after high temperature treatment at the given time
points. All samples were immediately placed in liquid
nitrogen and then stored in a -80°C freezer for qRT-PCR
analysis.

Identiﬁcation of DlbZIPs

Based on their Nr annotations, nine putative DlbZIPs from
D. longan were identiﬁed from RNA-Seq data stored in the
nonredundant (Nr) NCBI database (accession number:
SRP155595). All DlbZIP sequences were compared with
known bZIP sequences using the NCBI conserved domain
search tool and Pfam database to further conﬁrm their
identities as bZIPs. All nine conﬁrmed DlbZIPs were used
for further analysis.

Identiﬁcation and characterization of bZIP transcription factors from D. longan
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Table 1. Online software for bioinformatics analysis.
Name
NCBI CD search
ExPasy
MEME
STRING
SOPMA
Wolf PSORT
Clustal Omega
SignalP 4.1
NetPhos3.1

Function

Web address

Conserved domain prediction
Physical and chemical properties prediction
Conserved motifs prediction
Protein–protein interactions prediction
Secondary structure prediction
Subcellular localization
Multiple sequence alignment
Signal peptide prediction
Phosphorylation site prediction

http://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cg
http://web.expasy.org/protparam/
http://meme-suite.org/tools/meme
http://string-db.org/
https://npsa-prabi.ibcp.fr/cgi-bin/npsa_automat.pl?
http://wolfpsort.org/
https://www.ebi.ac.uk/Tools/msa/clustalo/
http://www.cbs.dtu.dk/services/SignalP
http://www.cbs.dtu.dk/services/NetPhos/

Bioinformatics analysis of DlbZIPs

The molecular weights, protein sequence lengths, instability
indices, aliphatic indices, grand average of hydropathicity
scores, isoelectric points, protein secondary structures, protein subcellular localization, phosphorylation sites, signal
peptides, multiple sequence alignments, motif predictions,
and functional regulatory networks of the D. longan DlbZIPs
were systematically analysed using on-line software as
described in table 1. In addition, 54 bZIPs randomly selected
from monocot (Sorghum bicolor, Oryza sativa and Aegilops
tauschii) and dicot (Pistacia vera, Populus euphratica and
Arabidopsis thaliana) plants (table 2) were combined with
the nine DlbZIPs and used to construct a phylogenetic tree in
MEGA 7.0 using the neighbour-joining method with 1000
bootstrap iterations. The functional classiﬁcation of DlbZIPs
from D. longan was analysed using Blast2GO v3.0. Genes
were assigned GO terms from three categories: biological
process, molecular function and cellular component.
RNA isolation and quantitative real-time PCR analysis

The cetyl trimethylammonium bromide (CTAB) method was
used to extract total RNA from roots and leaves of D. longan
(Jaakola et al. 2001). First-strand cDNAs were synthesized
using the TransScriptÒ One-Step gDNA Removal and
cDNA Synthesis SuperMix kits according to the manufacturer’s instructions (TransGen Biotech, Beijing, China).
Quantitative real-time PCR (qRT-PCR) reactions were performed to analyse the expression patterns of DlbZIPs using
the TransStart Top Green qPCR SuperMix (TransGen Biotech, Beijing, China) following the manufacturer’s instructions. The 20 lL total reaction volume contained 10 lL of
29 TransStart Top Green qPCR SuperMix, 1 lL of cDNA
template, 7 lL of ddH2O, 1 lL of forward primer, and 1 lL
of reverse primer. The qRT-PCR reaction conditions were as
follows: 95°C for 1 min, then 95°C for 5 s, 60°C for 30 s and
72°C for 30 s. The qRT-PCR primers are shown in table 3,
and the D. longan tubulin gene was used as a reference gene.
All experiments were performed in triplicate. Relative gene

expression was calculated by the 2-DDCT method (Schmittgen and Livak 2008).

Results
Identiﬁcation of DlbZIPs and their physicochemical
properties

Nine DlbZIPs were identiﬁed from D. longan RNA-Seq data
(accession number: SRP155595) and further conﬁrmed
using the NCBI conserved domain search tool and Pfam
database. The nine DlbZIPs were renamed DlbZIP1–
DlbZIP9 based on the order in which they were identiﬁed
from the RNA-Seq data. The physicochemical properties of
the DlbZIPs, including their molecular weights, protein
sequence lengths, instability indices, aliphatic indices, isoelectric points and grand average of hydropathicity
(GRAVY) scores were systematically analysed (table 4).
The secondary structures of the DlbZIPs were predicted
using SOPMA, and all nine DlbZIPs were composed of ahelix, extended strand, b-turn, and random coil structures
(table 4). Of these, a-helix and random coil were the two
main secondary structures, accounting for an average of
47.73% and 44.91%, respectively. By contrast, the proportions of b-turn and extended strand were relatively small,
averaging only 1.57% and 5.57%, respectively.
Multiple sequence alignment and motif analysis of DlbZIPs

A multiple sequence alignment of nine DlbZIPs from D.
longan and nine bZIPs from Arabidopsis was performed
using the Clustal Omega online tool. The results shown in
ﬁgure 1 indicated that all the analysed bZIPs, including the
nine DlbZIPs from D. longan, contained the typical bZIP
family domains (i.e., the basic region domain and leucine
zipper domain). The basic domain contained a conserved N
-x7 -R / K structure, followed by the two conserved basic
amino acids R (arginine) and K (lysine). The leucine zipper
domain was characterized as L-x6-L-x6-L. The ﬁrst and
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Table 2. NCBI accession numbers of bZIPs from three monocot and three dicot species.
Monocotyledon

Dicotyledon

Sorghum bicolor

Oryza sativa

Aegilops tauschii

Pistacia vera

XP_021306079.1
XP_021314694.1
XP_021310814.1
XP_002453108.1
XP_002437297.1
XP_002441096.1
XP_002445402.1
XP_002453116.2
XP_002454604.1

XP_025881774.1
XP_015628684.1
XP_025881763.1
XP_015612550.1
XP_015650926.1
XP_015640996.1
XP_015639395.1
XP_015625853.1
XP_015612904.1

XP_020174160.1
XP_020175204.1
XP_020164610.1
XP_020185454.1
XP_020185453.1
XP_020149137.1
XP_020184631.1
XP_020177661.1
XP_020174961.1

XP_031259433.1
XP_031259432.1
XP_031260088.1
XP_031252230.1
XP_031282300.1
XP_031282301.1
XP_031271260.1
XP_031270269.1
XP_031268989.1

Populus euphratica

Arabidopsis thaliana

XP_011014474.1
XP_011005984.1
XP_011005983.1
XP_011017194.1
XP_011032410.1
XP_011038578.1
XP_011026070.1
XP_011026069.1
XP_011015485.1

NP_850369.1
NP_565970.2
NP_568508.2
NP_851088.1
NP_563810.2
NP_849290.1
NP_192173.1
NP_195315.3
NP_850168.2

Table 3. Primer sequences for qRT-PCR analysis.
Gene
DlbZIP1
DlbZIP2
DlbZIP3
DlbZIP4
DlbZIP5

Primer sequence

Gene

Primer sequence

F: CAACCACAACCAATGAAGAG
R: AGCACACGCCTTAACCTA
F: GTATAGTCTGGCTTGGCATA
R: TGGTGGTGGTCCTGTTAT
F: TCTTAGGAGGAGACCAAGG
R: CGCACATTAGACGATGATG
F: TGGAGATCAACAAGCATCAT
R: CAACAACAGCAGCACAAG
F: GACAACAGCCAACAGACT
R: CCATAGAATCCACGACTACA

DlbZIP6

F: TCCGTTATACATTGGCTCTG
R: CACCGTCTCTTCCTCTAATC
F: CGTATGGTGTCTCTATCTCTT
R: ATGAGCGATGAGTGTGATAA
F: GCTTACTTGCTTCTTGTTCA
R: CGTCCACATCTATCATTGC
F: GATGGCGATGATCCTGTC
R: AGATACTTGTTCTTCGTCTCC
F: CTCATGTATGCCAAGCGTGC
R: CTCTGCAGACTCAGCACCAA

DlbZIP7
DlbZIP8
DlbZIP9
Tubulin

second Leu in the leucine zipper domain were seemingly
more conserved and were retained by all the bZIPs studied
in this section. By contrast, the third Leu was not widely
maintained. Four DlbZIPs (DlbZIP4, DlbZIP5, DlbZIP8
and DlbZIP9) and several AtbZIPs did not contain the third
Leu.
The motif compositions of the DlbZIPs were predicted
using MEME. Seven conserved motifs were identiﬁed (ﬁgure 2a), and their positions are indicated in ﬁgure 2b.
Among the seven conserved motifs, motif 1 was found in all
nine DlbZIPs, and motif 5 was found in ﬁve of the nine
DlbZIPs.

following the classiﬁcation scheme of Arabidopsis thaliana
(Jakoby et al. 2002). Group A had the most members (24
bZIPs), followed by group C (11), group D (8), group H (6),
group B (5), group E (5), and group F (4). The D. longan
DlbZIPs were categorized into groups A, C, D, E and H;
none fell into group B or F. Group D contained ﬁve DlbZIPs:
DlbZIP1, DlbZIP2, DlbZIP4, DlbZIP6 and DlbZIP7. Groups
A, C, E and H contained only one DlbZIP each: DlbZIP9,
DlbZIP3, DlbZIP5, and DlbZIP8, respectively. In addition, it
was clear that most DlbZIPs (DlbZIP1, DlbZIP2, DlbZIP3,
DlbZIP4, DlbZIP5, DlbZIP6 and DlbZIP7) tended to cluster together with bZIPs from other dicots within each group.

Phylogenetic analysis of bZIPs

Analysis of phosphorylation sites, subcellular localization
and signal peptides of DlbZIPs

A phylogenetic tree was constructed using MEGA 7.0 to
investigate the evolutionary relationships among the bZIPs.
A total of 54 bZIP sequences were selected from monocot
(Sorghum bicolor, Oryza sativa and Aegilops tauschii) and
dicot (Pistacia vera, Populus euphratica and Arabidopsis
thaliana) plant species. Together with the nine D. longan
DlbZIPs, a total of 63 bZIPs were used to construct the
phylogenetic tree. As shown in ﬁgure 3, the 63 bZIPs were
classiﬁed into seven groups (A, B, C, D, E, F and H)

The phosphorylation sites of the DlbZIPs were predicted
using the NetPhos 2.0 Server. Serine (Ser), threonine (Thr)
and tyrosine (Tyr) phosphorylation sites were identiﬁed in all
DlbZIPs, but with different quantities (table 4). Overall, the
number of Ser phosphorylation sites was the highest, followed by Thr and Tyr phosphorylation sites. WoLF PSORT
was used to predict the subcellular localization of the
DlbZIPs. The results suggested that seven DlbZIPs

10
7
6
5
1
7
4
3
7
33
40
49
24
30
27
46
15
4
30.19%
38.32%
62.21%
48.93%
66.67%
42.94%
53.59%
3.92%
57.45%
2.22%
1.40%
0.94%
1.83%
2.90%
2.98%
0.00%
0.00%
1.86%
58.43
66.47
56.26
39.58
58.52
51.46
35.44
60.27
51.31

-0.520
-0.480
-0.633
-0.508
-0.963
-0.512
-0.861
-1.080
-0.870

60.94%
55.14%
34.27%
37.00%
28.02%
49.30%
35.95%
96.08%
32.92%

6.65%
5.14%
2.58%
12.23%
2.42%
4.77%
10.46%
0.00%
7.76%

GO annotation was performed using Blast2GO v5.2.5 with
graph level 2 to classify the DlbZIPs into biological process,
molecular function and cellular component GO categories
(ﬁgure 4). Seven biological process terms were assigned to
the DlbZIPs. All nine DlbZIPs were predicted to be involved
in metabolic process and cellular process, followed by six
DlbZIPs in biological regulation, six DlbZIPs in regulation
of biological process, two DlbZIPs in positive regulation of
biological process, one DlbZIP in response to stimulus, and
one DlbZIP in signalling. Molecular function prediction
indicated that all nine DlbZIPs were associated with transcription regulator activity, and eight of them participated in
binding. Two cellular component terms were assigned to the
DlbZIPs: cellular anatomical entity and intracellular. Both of
these terms were assigned to three DlbZIPs. The multiple
classiﬁcations of the DlbZIPs are speciﬁcally displayed in
table 5.
Protein–protein interactions

82.52
79.86
69.11
76.64
56.57
74.04
54.25
59.41
65.71

40938.06
47513.94
46080.00
35935.95
23322.60
55451.11
17187.22
6102.07
35742.15
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Gene ontology (GO) annotation

MW, molecular weight; pI, isoelectric point.

6.39
7.12
5.37
5.82
5.63
6.75
7.97
9.60
8.60
361
428
426
327
207
503
153
51
322
c27332.graph_c0
c30690.graph_c0
c28530.graph_c0
c33723.graph_c0
c33938.graph_c0
c32368.graph_c0
c33503.graph_c0
c34507.graph_c1
c54352.graph_c0
DlbZIP1
DlbZIP2
DlbZIP3
DlbZIP4
DlbZIP5
DlbZIP6
DlbZIP7
DlbZIP8
DlbZIP9
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(DlbZIP2, DlbZIP3, DlbZIP5, DlbZIP6, DlbZIP7, DlbZIP8
and DlbZIP9) were located in the nucleus, and two (DlbZIP1
and DlbZIP4) were located in the cytoplasm. Signal peptide
analysis with the SignaIP 4.1 Server showed that the scores
for both the signal peptide (Sec/SPI) and the original splicing
site of the DlbZIPs were smaller than the cutoff of 0.5,
suggesting that the DlbZIPs contained no signal peptides and
were nonsecretory TFs.

13
20
24
20
8
26
8
1
17

Tyr
Thr
Ser
Random
coil
Instability index
(II)
MW
(Da)
Aliphatic
index
pI
Open reading frame
(aa)
Gene ID
Gene

Table 4. Physicochemical properties of DlbZIPs from D. longan.

GRAVY

Alpha
helix

Extended
strand

Beta
turn

Phosphorylation
sites

Identiﬁcation and characterization of bZIP transcription factors from D. longan

DlbZIP protein interactions were predicted using Protein–
Protein Interaction Networks (STRING). D. longan genomic
data were not included in the STRING database, precluding
the direct analysis of DlbZIP protein interactions in D. longan. We therefore selected Arabidopsis bZIPs that were
highly homologous to D. longan DlbZIPs as representative
sequences for the prediction of protein interactions. To some
extent, the results can be used to suggest potential protein
interactions of the D. longan DlbZIPs. It can be seen in
ﬁgure 5 that DlbZIP2 (homologous to AT5G06839.3) and
DlbZIP6 (homologous to AT1G08320.3) were connected
with a black line, suggesting that they were coexpressed.
Purple lines indicated that the interaction between the linked
proteins has been experimentally veriﬁed. Nonexpressor of pathogenesis-related genes 1 (NPR1) was connected
to DlbZIP1 (homologous to AT5G10030.1), DlbZIP4 (homologous to AT5G06950.1) and DlbZIP7 (homologous to
AT5G65210.2) by purple lines. Likewise, nonexpressor of pathogenesis-related genes 4 (NPR4) was connected
to DlbZIP4 (homologous to AT5G06950.1) and DlbZIP7
(homologous to AT5G65210.2) by purple lines. Based on
the principle that homologous proteins usually have similar
biological functions, we speculated that DlbZIP1, DlbZIP4,
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Figure 1. Sequence alignment of bZIPs from D. longan and Arabidopsis.

Figure 2. Motif compositions and distributions of nine DlbZIPs from D. longan. (a) Motif compositions. E-values refer to expected
values. Sites indicate the number of identiﬁed DlbZIPs that contain the motif. Width represents the length of the motif sequence. The height
of each letter is proportional to the amino acid frequency. (b) Phylogenetic relationships and motif distributions. Each coloured box
indicates a motif, and nonconserved sequences are shown as black lines.

Identiﬁcation and characterization of bZIP transcription factors from D. longan
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Figure 3. Phylogenetic tree of bZIPs from Sorghum bicolor, Oryza sativa, Aegilops tauschii, Pistacia vera, Populus euphratica,
Indicates bZIPs from D. longan.
Arabidopsis thaliana and D. longan. indicates bZIPs from monocots; indicates ZIPs from dicots;

and DlbZIP7 may be capable of interacting with NPR1.
Similarly, DlbZIP4 and DlbZIP7 may be capable of interacting with NPR4.

leaves. The expression level of DlbZIP6 in roots was about
1/14 that in leaves.
Expression patterns of DlbZIPs in root and leaf tissues
under heat treatments

Expression patterns of DlbZIPs in D. longan root and leaf
tissues

The expression patterns of DlbZIPs in D. longan root and
leaf tissues were measured using RNA-Seq and further
conﬁrmed by qRT-PCR. The RNA-Seq data indicated that
only four DlbZIPs (DlbZIP3, DlbZIP5, DlbZIP6 and
DlbZIP7) clearly differed in expression between root and
leaf tissues (ﬁgure 6), a result which was conﬁrmed by qRTPCR (ﬁgure 7). The expression level of DlbZIP3 in roots
was 5-fold higher than that in leaves, and the expression
levels of DlbZIP5 and DlbZIP7 in roots were nearly 10-fold
higher than those in leaves. By contrast, the expression of
DlbZIP6 in roots was much lower than its expression in

The expression of the nine DlbZIPs in root and leaf tissues
was analysed by qRT-PCR after 38°C heat treatments for 1,
4, 8, or 24 h. All DlbZIPs responded to the high temperature treatment, but they displayed diverse expression
patterns (ﬁgure 8). On the whole, the expression of all nine
DlbZIPs ﬁrst increased and then decreased in roots and
leaves during the heat treatment from 0 h to 24 h, although
several DlbZIPs rebounded at the end of the heat treatment
(24 h). In roots, the expression of DlbZIP4, DlbZIP6 and
DlbZIP7 peaked after 1 h of heat treatment; the expression
of DlbZIP3, DlbZIP5 and DlbZIP8 peaked after 4 h of heat
treatment; and the expression of DlbZIP1 and DlbZIP2
peaked after 8 h of heat treatment. The expression of
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Figure 4. GO annotation results for nine DlbZIPs from D. longan.

DlbZIP9 did not vary signiﬁcantly after heat treatment for
1, 4, 8 or 24 h. In leaves, the expression of DlbZIP3,
DlbZIP4, DlbZIP5 and DlbZIP6 peaked after 4 h of heat
treatment; the expression of DlbZIP1 peaked after 8 h of
heat treatment; and the expression levels of DlbZIP7 and
DlbZIP9 were relatively stable, showing only slight changes as the duration of heat treatment increased. The highest
expression levels of DlbZIP2 and DlbZIP8 were measured
at 1 h and 4 h, and their expression was similar at these
two time points. With regard to the strength of the thermal
response, DlbZIP4 and DlbZIP8 showed particularly high
expression in roots after heat treatment, whereas DlbZIP1

and DlbZIP5 showed particularly high expression in leaves
after heat treatment.

Discussion
The bZIP TF family is one of the largest and most conserved
transcription factor families; bZIPs have been identiﬁed and
studied in many plant species (Hurst 1994). Increasing evidence has shown that bZIPs not only mediate the biosynthesis of secondary metabolites in diverse plants (Zhang
et al. 2018), but also play an important role in physiological
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Table 5. Function-based classiﬁcation of the DlbZIPs from
D. longan.
Gene
name
DlbZIP1
DlbZIP2
DlbZIP3
DlbZIP4
DlbZIP5
DlbZIP6
DlbZIP7
DlbZIP8
DlbZIP9

Biological
process

Molecular
function

Cellular
component

H
H
H
H
H
H
H
H
H

H
H
H
H
H
H
H
H
H

H
H
H

processes such as plant biology, abiotic stress response and
development (Baloglu et al. 2014). Although bZIPs have
been comprehensively surveyed in many species, there are
few studies of bZIP TFs in medicinal plants (Jakoby et al.
2002; Nijhawan et al. 2008; Xiang et al. 2008; Yu et al.
2017). D. longan is not only a favourite fruit for consumers
but also serves as a Chinese herbal medicine. The roots,
leaves, ﬂowers and pulps of D. longan can be used as a
Chinese herbal medicine due to their possession of various
secondary metabolites such as ﬂavonoids, terpenes,

Figure 6. Heatmap showing the expression proﬁles of the four
DlbZIPs that were differentially expressed between D. longan root
and leaf tissues.

Figure 5. Protein interaction network of DlbZIPs from D. longan. Purple lines indicate experimentally validated protein interactions;
green lines indicate predicted protein interactions based on gene neighbourhood; blue lines indicate predicted protein interactions based on
gene co-occurrence; and black lines indicate protein coexpression.
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Figure 7. Expression patterns of nine DlbZIPs in roots and leaves of D. longan; error bars represent the standard error of three independent
replicates.

polysaccharides and phenolic acids (Hou et al. 2012). In
addition, D. longan root and leaf tissues have been shown to
have positive effects on the treatment of fever, malaria and
hypoglycaemia (Jiang et al. 2009; Thitiratsakul and Anprung
2014). However, the minimal accumulation of medicinal
ingredients and the adverse growth conditions to which
D. longan is typically subjected currently limit its economic
value and applications. Therefore, the identiﬁcation and
investigation of multifunctional bZIPs from D. longan is
important for enhancing its accumulation of secondary
metabolites and improving its resistance to adverse growing
conditions.
In this study, nine DlbZIPs were identiﬁed in D. longan
based on RNA-Seq data and further veriﬁed using the

NCBI conserved domain search tool and Pfam database.
All the identiﬁed DlbZIPs were analysed using bioinformatics tools. The lengths of their predicted proteins varied
from 51 to 503 aa with an average of 309 aa, similar to
the bZIPs of Arabidopsis (321 aa on average) (Jakoby
et al. 2002) and Oryza sativa (311 aa on average) (Nijhawan et al. 2008). The theoretical isoelectric points of
DlbZIPs ranged from 5.37 to 9.60, similar to those of
Salvia miltiorrhiza, which ranged from 5.16 to 11.83
(Zhang et al. 2018). This result suggests that DlbZIPs
seem to function in a wide variety of microenvironments.
The instability index is often used to predict whether or
not a given protein is stable and an instability index larger
than 40 indicates that the protein is unstable (Guruprasad
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Figure 8. Stress responses of nine DlbZIPs under a 38°C heat treatment for 1, 4, 8 or 24 h in D. longan root and leaf tissues. Asterisks
indicate that the value is signiﬁcantly different from that of the 0 h treatment (*P\ 0.05, **P \ 0.01).

et al. 1990). Seven of the DlbZIPs (DlbZIP1, DlbZIP2,
DlbZIP4, DlbZIP5, DlbZIP7, DlbZIP8 and DlbZIP9) were
predicted to be unstable, with instability indices larger
than 40. By contrast, the instability indices of DlbZIP3
and DlbZIP6 were less than 40, suggesting that they were
stable. The stable and unstable DlbZIPs were both maintained by D. longan, with unstable DlbZIPs predominating. The a-helix and random coil were predicted to be the
main secondary structures for all nine DlbZIPs, consistent
with bZIPs studied in Chlamydomonas reinhardtii (Ji et al.
2018) and Ipomoea traﬁda (Yang et al. 2019). We therefore speculated that the a-helix and random coil were
likely to be the predominant secondary structures of most
plant bZIPs.
Seven conserved motifs were found in D. longan DlbZIPs
using MEME tools. Of these, motif 1 was present in all nine
DlbZIPs. Based on this result and on the multiple sequence
alignment, we propose that motif 1 is likely to represent the
basic region domain and the leucine zipper domain. In
addition, the function of motif 5 has been demonstrated to be
related to seed dormancy in Arabidopsis (Bentsink et al.
2006). According to the motif distribution and phylogenetic

tree shown in ﬁgures 2b and 3, motif 5 was only found in
DlbZIPs from group D (DlbZIP1, DlbZIP2, DlbZIP4,
DlbZIP6, DlbZIP7) and in three bZIPs from other species.
Consequently, we propose that these ﬁve DlbZIPs from
D. longan may be associated with seed dormancy because of
their possession of motif 5. The evolutionary relationships
among D. longan DlbZIPs and bZIPs from monocot and
dicot species were analysed using MEGA 7.0. All DlbZIPs
except for DlbZIP8 and DlbZIP9 had a close evolutionary
relationship with bZIPs from other dicots; this result was
consistent with ﬁndings from Vitis vinifera in which the
VvbZIPs clustered with bZIPs from dicots (Liu et al. 2014).
Hence, we infer that the close evolutionary relationship
between DlbZIPs and bZIPs from dicots is likely due to the
fact that D. longan belongs to the dicot lineage.
Protein phosphorylation is a covalent modiﬁcation that
usually occurs after translation. It is closely related to plant
growth and development, gene transcription and functional
metabolites (Kim et al. 2004; Lee et al. 2010). Under abiotic
stresses, including salt, drought, cold and high temperature,
bZIPs are activated by phosphorylation to increase tolerance
to the adverse circumstances (Golldack et al. 2014). The
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results of phosphorylation site analysis indicated that all nine
DlbZIPs had predicted phosphorylation sites, suggesting
their involvement in resistance to abiotic stresses.
Protein interaction networks for the DlbZIPs were constructed using the STRING database based on protein interaction data from Arabidopsis. Interactions between DlbZIPs
(DlbZIP1, DlbZIP4 and DlbZIP7) and NPR1 were predicted.
NPR1 is a key regulator of the salicylic acid (SA)-mediated
systemic acquired resistance (SAR) pathway (Pieterse and
Van Loon 2004). In Citrus sinensis, CsbZIP40 interacts with
CsNPR1 to activate the expression of pathogenesis-related
gene-1, thereby indirectly enhancing plant disease tolerance
(Li et al. 2019). Similar interactions between bZIPs and
NPR1 have also been found in other species such as Arabidopsis, Gladiolus hybridus and rice (Pieterse and Van Loon
2004; Zhong et al. 2015; Moon et al. 2018). Therefore, the
interactions between DlbZIPs (DlbZIP1, DlbZIP4 and
DlbZIP7) and NPR1 predicted in this study may exist and
may function in plant disease resistance.
In plants, expression levels of bZIPs have been shown to
correlate with the accumulation of secondary metabolites
(Akagi et al. 2009; Zhang et al. 2011; Malacarne et al. 2016).
For example, the accumulation of proanthocyanidins was
enhanced by increasing the expression of DkbZIP in persimmon (Akagi et al. 2012). Overexpression of the bZIP
gene SlHY5 was associated with increased accumulation of
anthocyanins in Solanum lycopersicum (Liu et al. 2018). In
Salivia miltiorrhiza, the accumulation of tanshinone in root
and periderm tissues paralleled the expression trends of seven
SmbZIPs (Zhang et al. 2018). Accordingly, we infer that the
four DlbZIPs (DlbZIP3, DlbZIP5, DlbZIP6 and DlbZIP7)
that were differentially expressed between roots and leaves
may be involved in secondary metabolite accumulation,
although further investigations are necessary to conﬁrm this
possibility. In addition to studies of tissue-speciﬁc expression, the expression of nine DlbZIPs was also measured in
response to a 38°C heat treatment for 1, 4, 8 or 24 h. All nine
DlbZIPs responded to heat treatment, but they displayed
diverse expression patterns in both roots and leaves. The role
of the bZIP TF family in plant responses to adverse conditions has been reported in many species, including Arabidopsis thaliana, Capsicum annuum, Triticum aestivum,
Vigna radiata and Oryza sativa (Liu et al. 2007; Shen et al.
2016; Banerjee and Roychoudhury 2017; Wang et al. 2018;
Das et al. 2019). In Capsicum annuum, overexpression of
CabZIP63 upregulated the expression of the thermotolerance-associated CaHSP24, resulting in the acquisition of the
ability to withstand high temperature (Shen et al. 2016).
Resistance to high temperature was also improved in rice
when the OsHBP1b (a bZIP TF gene) was overexpressed
(Das et al. 2019). In addition, bZIPs were found to participate
in other abiotic stresses including salt, drought and cold. For
example, AtbZIP17 from A. thaliana activated the expression
of the salt stress-responsive gene ATHB-7 to improve salt
tolerance (Liu et al. 2007). Drought stress resistance was
strengthened in Vigna radiata by increasing the expression of

VrbZIP52 (Wang et al. 2018). In wheat, overexpression of the
bZIP TF gene TaABL improved cold tolerance (Banerjee and
Roychoudhury 2017). Therefore, the nine D. longan
DlbZIPs, especially those that responded strongly to high
temperature stress (DlbZIP1, DlbZIP4, DlbZIP5 and
DlbZIP8), may participate not only in heat stress but also in
other abiotic stresses such as salt, drought and cold.
The results of this study enrich our understanding of the
bZIP TF family and provide a basis for increasing the
accumulation of secondary metabolites in D. longan by
genetic techniques. In addition, our ﬁndings provide a
genetic resource for breeding stress-tolerant plants using
transgenic technology. Consequently, the expansion of
D. longan applications and medicinal values can be expected
in the near future.
In conclusion, in this study, bioinformatics tools were
used to comprehensively analyse nine DlbZIPs identiﬁed
from D. longan, including their protein structures, phosphorylation sites, signal peptides, protein–protein interactions, evolutionary relationships, and GO annotations. qRTPCR was used to proﬁle their expression patterns in roots
and leaves, as well as their responses to a 38°C heat treatment. Four of the nine DlbZIPs (DlbZIP3, DlbZIP5,
DlbZIP6 and DlbZIP7) were clearly differentially expressed
between roots and leaves. All nine DlbZIPs responded to
heat treatment in leaves and roots, although they showed
different expression levels. Of these, DlbZIP1, DlbZIP4,
DlbZIP5 and DlbZIP8 responded most strongly to heat
treatment. The results of this study expand our understanding of the bZIP TFs and support the possibility of increasing
functional secondary metabolite content through genetic
engineering. Moreover, the ﬁndings provide a genetic
resource for improving abiotic stress resistance in plants by
transgenic technology.
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