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Abstract

Background Peach (Prunus persica L.) is prone to chilling injury as exhibited by inhibition of the ethylene production,
failure in softening, and the manifestation of internal browning. The basic leucine zipper (bZIP) transcription factors play
an essential role in regulatory networks that control many processes associated with physiological, abiotic and biotic stress
responses in fruits. Formerly, the underlying molecular and regulatory mechanism of (bZIP) transcription factors responsive
to chilling injury in peach fruit is still elusive.

Methods and results In the current experiment, the solute peach ‘Zhongyou Peach No. 13’ was used as the test material
and cold storage at low temperature (4 °C). It was found that long-term low-temperature storage induced the production of
ethylene, the hardness of the pulp decreased, and the low temperature also induced ABA accumulation. The changes of ABA
and ethylene in peach fruits during low-temperature storage were clarified. Since the bZIP transcription factor is involved
in the regulation of downstream pathways of ABA signals, 47 peach bZIP transcription factor family genes were identified
through bioinformatics analysis. Further based on RT-qPCR analysis, 18 PpbZIP genes were discovered to be expressed
in refrigerated peach fruits. Among them, the expression of PpbZIP23 and PpbZIP25 was significantly reduced during the
refrigeration process, the promoter analysis of these genes found that this region contains the MYC/MYB/ABRES binding
element, but not the DRES/CBFS element, indicating that the expression may be regulated by the ABA-dependent cold
induction pathway, thereby responding to chilling injury in peach fruit.

Conclusions Over investigation will provide new insights for further postharvest protocols related to molecular changes
during cold storage and will prove a better cope for chilling injury.
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Introduction genes that responsive to cold have been identified and their

involvement in cold signaling pathways [4, 5]. In rice,

Peach (Prunus persica L. Batsch) is more imperative hor-
ticultural crop which developed the postharvest chilling
injury, when fruits are stored in cold storage for long period
[1, 2]. Under cold storage, a series of chilling injury (CI)
symptoms like internal browning (IB), membrane fluidity
and impairment of softening occur [3]. Formerly, several
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OsbZIP52 belong to bZIP genes which has confirmed his
contribution in abiotic stress signaling and acts as nega-
tive regulator in cold response. Similarly, GmbZIP1 also
enhanced the tolerance to cold, drought and salinity [6, 7].
Moreover, GmbZIP62, GmbZIP44 and GmbZIP78 genes
have been proved their functional role as negative regulators
in the signaling of ABA and respond to freezing tolerance in
transgenic plants of Arabidopsis [8].

Plants face numerous stresses in this natural environ-
ment like chilling stress (CS), heat stress (HS) and freezing
stress (FS) owing to unfavorable climate fluctuation. bZIP
TFs affected the expression of DGD and accumulated the
ABA in ‘CM’ fruit under cold storage, thus stimulated the
DGDG content and increased the cold resistance of fruit.
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MYB TFs were engaged in response to LT and regulated
the expression of downstream genes in pitted blueberry
[9-11]. Under low temperature, TaHDZipI-5 indicated its
role in cold tolerance during the reproductive stage. It is
confirmed that the HD-ZIP I subfamily genes facilitate
the resistance mechanism against cold stress by triggering
the expression of the cell membrane-related proteins and
AFP [12, 13]

Transcription factors (TFs) are more important which
play a key role in genes regulation that also control the vari-
ous decisive biological processes in plants. Characteriza-
tion related to the function of these TFs is necessary for
understanding the biological processes and transcriptional
regulatory networks in which they are involved. Previously,
at least 64 TFs families in the plant kingdom that have been
identified. The basic leucine zipper (bZIP) transcription fac-
tor family is one of the most important, biggest and diverse
[14]. These are categorized by 40-80 amino acid (bZIP)
conserved domains. These domains have two specific struc-
tural features. First, there is a leucine zipper region which
binds the dimerization motif with DNA [15, 16]. That region
is more conserved which contain nearly 16 amino acids and
remain with an invariant motif (N-x7-R/K). Second, basic
leucine zipper has a motif of dimerization, which is less
conserved. It is composed by repetition of heptad leucine
residues or other bulky amino acids (hydrophobic).

In several plant genomes, basic leucine zipper (bZIP)
domains genes has been comprehensively predicted or iden-
tified such as 75 (bZIP) genes has been found in Arabidopsis
[17], 89 in Rice [18], 92 in Sorghum [19], 125 in Maize [20],
131 in Castor bean [21], 64 in Cucumber [22], 55 in Grape
[23], 50 in Strawberry [24] and 112 in Apple [25]. Such
studies provide the understanding related to their evolution-
ary and functional relationships on herbaceous plant spe-
cies. Many studies shown that, basic leucine zipper (bZIP)
TFs regulates several physiological process which provide
resistance against numerous abiotic and biotic stresses, like
as osmotic stress, drought and salinity [26-28] and low tem-
peratures [29, 30]. They also regulate pathways related to,
energy metabolism, nitrogen and carbon [19], sugar signal-
ing, hormones and responses to light and pathogens [31-33].
These factors are also involved in developmental processes
including seed maturation, organ and tissue differentia-
tion [17, 34], cell elongation [35] and embryonic and floral
development [36, 37]. To the Authors’ knowledge, there is
no systematic analysis of (bZIP) family under chilling injury
in peach.

In the current study, we evaluated the physiological
changes in the peach fruits under low temperature (4 °C).
After that, we reported the 47 (bZIP) genes from the peach
genome and examined their phylogenetic relationship, genes
characteristics, chromosomal locations, proteins structure,
conserved and functional protein motifs, cis-acting elements
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and their expression patterns induced by cold. Some (bZIP)
genes revealed quite response to chilling injury.

Materials and methods
Plant material and postharvest treatment

The peach (Prunus persica L. Batsch) cultivar ‘CN13’
was grown in the experimental orchard that was situated
in Zhengzhou Fruit Research Institute, Zhengzhou, China.
‘CN13’ was used as plant material which is a melting flesh
(MF) cultivar. Fruits of this cultivar were harvested at matu-
rity stage and stored in chamber at low temperature (4 °C).
Fruits were harvested after every 5 days and stored in cold
storage. We selected the five self-pollinated 7 years old trees.
To conduct this experiment, three independent biological
replicates were used, and 20 fruits were collected for each
biological replicate at a single time point. Mesocarp tissues
were sampled from the cold treated fruits, instantly frozen
into the liquid nitrogen and stored at — 80 °C for extraction
of RNA and subsequent gene expression analysis.

Estimation of physiological parameters and ABA
content

To evaluate ethylene production, we incubated the individ-
ual peach fruits in 440 ml container for the period of 2 h.
After that we withdraw 1 ml of headspace gas and injected
into the gas chromatographic machine (Model-GC4 CMPF,
Shimadzu, Kyoto, Japan), that equipped with an activated
alumina column and flame ionization detector. During this
procedure, the detection capacity of minimum ethylene pro-
duction is 0.01 nl g~! h™!. By using a penetrometer (model
SMT-T-50, Toyo Baldwin, Tokyo, Japan), we measured the
flesh firmness (N) at four equatorial regions of peeled flesh,
that was fitted with an 8 mm plunger. Ethylene production
and flesh firmness of treated fruits were monitored after
every 5 days of interval during throughout storage period
[38]. ABA extraction and content were determined by using
UHPLC-ESI-MS/MS as described by [39]. Quantification
was done by considering recovery rates for each sample by
means of a deuterium-labeled internal standard.

Bioinformatic analysis of (bZIP) TFs family in peach
Phylogenetic analysis and classification of bZIP genes

We found the protein sequence of (bZIP) TFs genes from
strawberry, these sequences were downloaded from Gen-
Bank (http://www.ncbi.nlm.nih.gov/Genbank/) and used
to inquire the protein blast against the Prunus persica
v2.1. Total 47 (bZIP) TFs genes were isolated through
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transcriptomic screening and those genes strongly changed
their expression levels (log2 > 2) and subjected to further
analysis. By using the Genome Database of Prunus persica
v2.1, the protein sequences of (bZIP) TFs genes in peach
were downloaded. In order to construct the phylogenetic
trees of (bZIP) superfamily proteins in strawberry and peach,
we utilized software (MEGA 5) in combination with Clustal
W tool. Phylogenetic trees of (bZIP) genes of peach belong
to different classes also constructed. During this process, we
used the method of neighbor joining along with replicates
of 1000 bootstrap [40].

Genes structure, motif analysis, chromosomal distribution
and cis-acting elements

Gene Structure Display Server (GSDS) is a web-based
bioinformatics tool (http://gsds.gao-lab.org/Gsds_about.
php) that was used to construct (bZIP) TFs genes structure
that including exons (CDS), intron numbers and upstream/
downstream regions [41]. The motif location of (bZIP) TFs
proteins was obtained by using online tool MEME (http://
meme.nbcr.net/meme/), along with following parameters, we
set the largest number of discovered and conserved motifs
which was 10, and width of this motif was kept 30 to 50 aa.
Settings of other remaining parameters were put as default.
In order to determine the specific chromosomal positions
of (bZIP) TFs genes of peach, we used BlastP search of the
sequences of (Prunus persica. L) against the PHYTOZOME
database (thttp://www.phytozome.net/peach.php) and set the
settings as default. All the PpbZIP genes were mapped indi-
vidually onto the basic eight peach chromosomes to show
their physical position. These genes were plotted according
to their ascending order, from the short-arm to the long-arm
telomere and finally displayed by using Map Chart software
2.32. Cis-elements in the promoter region of bZIP genes
determined by using the electronic webtool, New PLACE
database (https://www.dna.affrc.go.jp/PLACE/?action=new
place).

Extraction of RNA and first-strand cDNA synthesis

In order to extract the RNA from cold treated fruits of peach,
we used the total RNA kit (Sangon, Shanghai, China) and
followed the manufacturer’s instructions. After that, we
observed the RNA degradation and contamination by run-
ning (1%) agarose gels. Moreover, according to the manu-
facturer’s instructions, an Agilent 2100 Bioanalyzer (Agilent
Technologies, CA, USA) and Nano Drop ND-1000 spec-
trophotometer (Thermo Scientific, Wilmington, DE, USA)
were used to determine the quantity and quality of RNA. To
carry out (QRT-PCR), we synthesized the cDNA from RNA
by using the following M-MLV Reverse Transcriptase kit

(Promega, USA). cDNA was further diluted to 20 ng ul-1323
described by [40].

Real-time quantitative reverse transcriptase-PCR
analysis

gRT-PCR analysis was performed to investigate the (bZIP)
TFs genes expression patterns induced by cold treatment in
peach fruits We analyzed whole the data according to 2724
Method [42]. Three biological independent replicates were
used to perform gene expression analysis of all the genes.
For the reference gene, we used actin [43]. While the prim-
ers that was used during the (QRT-PCR) analysis are listed in
(Supplementary file 1). The primers that was used for (QRT-
PCR), design based on the nucleotide sequence of individual
gene by using Primer 3. The range of the entire PCR prod-
ucts size was from 80 to 200 bp. The PCR amplification
specificity was observed based on dissociation curves that
was monitored throughout qPCR analysis by using a Roche
Light Cycler 480 II (Roche, Switzerland).

Results

Physiological changes and deviation in ABA content
under LTC (low temperature conditioning)

Measurable ethylene and flesh firmness were noticed in low
temperature treated fruits throughout the period of cold stor-
age. The production of ethylene after cold treatment was
detected, which was at the level of (0.75 nl g~! h™!) after
5d and rapidly increased after 15d in cold storage. Finally,
reached at highest level of (57.11 nl g~ h™!) after 40 d of
cold treatment. Hence, significant level of ethylene induction
was detected in cold storage fruits as compared to control.
Flesh firmness in control fruits remained at highest level
(47.65 N), which decreased rapidly in low temperature
treated fruits and reached at lowest level (14.94 N) after
40 d of cold storage. Hence, these results confirmed that
LTC (low temperature conditioning) at 4 °C significantly
increased the induction of ethylene and rapidly decreased
the rate of flesh firmness. ABA content sharply decreased
from (10 to 40 d) of cold storage as compared to room tem-
perature (Fig. 1).

Phylogenetic relationship of peach and strawberry
(bZIP) genes

In different species, the dynamic method to understand
the evolutionary history, origin and function of un-char-
acterized genes is the comparison of the genomes. Since,
a well-known study has been done on strawberry (bZIP)
genes. The function of these genes also well-characterized.
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Fig. 1 Physiological changes in peach fruits at the time of harvest
under low temperature; Ethylene production (nl/g™! h~!) and flesh
firmness (N). Fruits were transferred to 4 °C for 5d to 40d of cold
storage. Data was collected after 5d intervals and represented as

We used the full-length protein sequences of PpbZIP and
mrnabZIP genes to construct an unrooted neighbor-join-
ing (NJ) tree, which permitted the identification of 47
(bZIP) genes in peach. Ppbzip1/mrna01680, Ppbzipl3/
mrnal3716, Ppbzip27/mrnal8928 and Ppbzip29/
mrna29546 had high homology of protein sequence in
same clade, while Ppbzip2, Ppbzip24, Ppbzip31 and
Ppbzip36 showed the similarity in another clade. Ppbzip14
and Ppbzip15 had high similarity in protein sequence with
mrna04504, mrna29546, mrnal1019 and mrna00517 in
same clade. Ppbzip3/mrna29159, Ppbzip46/mrna23487,
Ppbzip45/mrna03633 had homology that belonging to
another clade. Ppbzip4, Ppbzip8, Ppbzipll, Ppbzip28 and
Ppbzip38 had similarity with mrna30280, mrna09110 and
mrna02177 in one clade. Similarly, Ppbzip5, Ppbzip40
and Ppbzip41 shared the same clade with mrna2l344,
mrna28103 and mrnal7796 respectively. Ppbzip6 and
Ppbzip47 revealed the homology with mrna30252,
mrna08186 and mrna31322. While another clade had
high similarity of Ppbzip7, Ppbzip22, Ppbzip30, Ppbzip42,
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Mean +SD of three biological replications. Determination of ABA
contents at Room temperature (RT) and Low temperature (4 °C).
ABA content sharply decreased from (10 to 40 d) of cold storage as
compared to room temperature

Ppbzip43 with mrna21882, mrna23487, mrna32022,
mrnal 1979, mrna07554. Ppbzip19/mrna21797, Ppbzip23/
mrna03778, Ppbzip26/mrnal 1837, Ppbzip9/mrna31621,
Ppbzip12/mrna08757, Ppbzip10/mrna22776, Ppbzip32/
mrna31621, Ppbzip23/mrna03778, Ppbzipl7/mrnal 1666,
Ppbzip44/mrna32629 tended to cluster together in dis-
tinct clades. While, Ppbzip18/mrna2l1832, Ppbzip20/
mrnal5193, Ppbzip21/mrnal4942, Ppbzipl16/mrna02284,
Ppbzip33/mrna21882, Ppbzip34/mrnal4220, Ppbzip37/
mrna28250, Ppbzip25/mrna09110 and Ppbzip39/
mrna00393 had high homology of protein sequence
in shared clades of phylogenetic tree (Supplementary
Fig. 1). Phylogenetic tree of peach (bZIP) TFs was also
constructed and classified the genes into further (I-VIII)
sub-groups. Each PpbZIP gene belong to different groups
including leucine zipper, CAMP response, G-Box, TGA,
MYB, ABA insensitive, H-loop and HY5 proteins. Each
group was assigned a different color according to well-
known members in peach specie (Fig. 2).
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Fig.2 Phylogenetic tree of peach (bZIP) proteins. The proteins were
classified into eight distinct clusters. Each PpbZIP gene belong to
different groups including leucine zipper (bZIPI1-bZIP13), CAMP
response (bZIP14-bZIP26), G-Box (bZIP27-bZIP30), TGA (bZIP31-

Genomic characterization of (bZIP) genes in peach

All the PpbZIP proteins characteristics were deliberated
and listed in (Table 1), which including genome length,
CDS length, protein length, exon number, molecular
weight and theoretical pI. Genomic length of PpbZIPs
from 441 (PpbZIP 17) to 13,282 (PpbZIP 34), CDS
length varied from 429 (PpbZIP 16) to 2298 (PpbZIP 12).
While protein length of PpbZIP had wide-ranging from
142 (PpbZIP 16) to 1266 (PpbZIP 37) aa with an average
364 aa. Similarly, range of exon number of all PpbZIP
from 1 to 12. Meanwhile, the predicted molecular weights
of PpbZIP proteins range from 2101.45 (PpbZIP 7) to
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bZIP35), MYB and ABA insensitive (bZIP36-bZIP40), H-loop and
HYS5 proteins (bZIP41-bZIP47). Each group was assigned a different
color according to well-known members in peach specie. (Color fig-
ure online)

81,968.37 (PpbZIP 12) Da, with pl from 4.69 (PpbZIP 3)
to 9.82 (PpbZIP 37).

Exon-intron organization, conserved protein
motifs, chromosomal location and cis-regulatory
elements of (bZIP) genes in peach

For better understanding of genomic structures evolution,
exon—intron organization of 47 (bZIP) genes were exam-
ined. Schematic diagrams of the (bZIP) genes of peach were
constructed by using the online tool GSDS utility that was
presented in (Fig. 3). The members of (bZIP) TFs family
have no. of introns, exons, and CDS sequence. 38 out of
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Table 1 The identified peach bZIP encoding genes and their genomic characterization

Gene Name Accession No. Gene length (bp) CDS length (bp) Exon number Proteins size PI MW (Da)
(bp)

Ppbzipl Prupe.1G369300 3869 1722 4 573 6.59 62,637.01
Ppbzip?2 Prupe. 1G575800 6880 1170 4 389 6.91 43,427.73
Ppbzip3 Prupe.5G003000 1315 1014 2 337 4.69 37,269.05
Ppbzip4 Prupe.6G041400 2932 1326 4 441 6.12 47,408.33
Ppbzip5 Prupe.2G263700 3774 1083 4 360 5.85 39,864.20
Ppbzip6 Prupe.7G 114400 4816 1626 6 541 8.37 59,570.74
Ppbzip7 Prupe.5G211200 963 531 1 176 7.07 2101.45
Ppbzip8 Prupe.6G343100 3789 1362 6 453 5.98 49,100.72
Ppbzip9 Prupe.7G173300 1314 972 3 323 9.2 35,879.54
Ppbzipl0 Prupe.8G031500 6338 948 4 315 6.5 34,688.02
Ppbzipl1 Prupe.8G232800 2861 1395 6 464 5.93 50,693.30
Ppbzipl2 Prupe.2G020400 4074 2298 2 765 6.09 81,968.37
Ppbzipl3 Prupe.5G027000 9714 1230 12 409 6.62 43,437.92
Ppbzipl4 Prupe.7G073000 7296 1641 11 546 6.64 61,473.83
Ppbzipl5 Prupe.1G298200 1265 615 1 204 6.05 23,325.82
Ppbzipl6 Prupe.8G267100 800 429 1 142 5.59 16,104.24
Ppbzipl7 Prupe.1G419700 441 441 1 146 9.69 17,135.27
Ppbzipl8 Prupe.7G 160600 539 471 1 156 5.183 17,674.9

Ppbzipl9 Prupe.6G129100 6957 1596 12 531 6.45 58,587.57
Ppbzip20 Prupe.1G374400 934 501 1 166 6.49 18,956.04
Ppbzip21 Prupe.8G091600 852 474 1 157 591 17,589.59
Ppbzip22 Prupe.3G246000 970 609 1 202 6.19 23,331.75
Ppbzip23 Prupe. 1G455300 3267 1065 6 354 5.14 38,606.59
Ppbzip24 Prupe.6G 156000 6771 834 4 277 7.79 31,093.85
Ppbzip25 Prupe.1G434500 5715 1260 4 419 9.68 44,894.44
Ppbzip26 Prupe.1G562000 4156 834 4 277 5.23 30,313.57
Ppbzip27 Prupe.2G182800 5615 1275 12 424 8.39 45,316.41
Ppbzip28 Prupe.8G102100 5061 846 8 281 4.47 31,141.55
Ppbzip29 Prupe.7G150700 3987 1080 11 359 5.95 37,620.23
Ppbzip30 Prupe.5G113500 4035 822 6 273 6.03 29,687.09
Ppbzip31 Prupe. 1G508100 3533 1131 8 376 6.51 42,779.08
Ppbzip32 Prupe.6G177200 6114 1092 8 363 6.41 40,986.36
Ppbzip33 Prupe.7G037900 8522 1359 11 452 7.84 49,949.84
Ppbzip34 Prupe.2G041300 13,282 1002 8 333 8.59 37,070.60
Ppbzip35 Prupe.1G307300 4439 1395 11 464 6.01 51,667.69
Ppbzip36 Prupe.2G056800 7164 969 3 322 7.68 35,935.56
Ppbzip37 Prupe.8G126600 3675 1266 4 1266 9.82 45,790.41
Ppbzip38 Prupe.7G112200 4046 1350 4 449 7.24 48,896.49
Ppbzip39 Prupe.1G508200 1320 948 3 315 6.73 35,525.89
Ppbzip40 Prupe.3G125500 3263 942 4 313 6.19 35,141.95
Ppbzip41 Prupe.4G172000 2935 1002 4 333 6.09 37,611.61
Ppbzip42 Prupe.8G165400 3830 819 2 272 6.31 29,409.68
Ppbzip43 Prupe.2G025800 2922 735 1 244 8.28 27,056.47
Ppbzip44 Prupe.8G026300 4080 1041 4 346 6.91 37,852.78
Ppbzip45 Prupe. 1G208500 2168 654 4 217 5.16 24,345.76
Ppbzip46 Prupe. 1G197700 5152 1302 4 433 6.05 47,289.44
Ppbzip47 Prupe.1G478400 2095 504 4 167 9.51 18,211.14

(http://www.phytozome.net/peach.php) and (http://web.expasy.org/computepi/) were used to execute this table
MW Molecular weight (Da), PI Isoelectric points (pls)
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Fig.3 Genomic structure (exon/intron organization) of peach (bZIP) genes was illustrated for each group. The exons and introns are represented
by green and black color respectively. Upstream and downstream regions indicated by blue color. (Color figure online)

47 PpbZIP genes have variable number of exons and nine
genes have no intron in their ORF region. This indicated
that exon—intron organization of PpbZIPs family and protein
structure could be important during gene evolution process.
Motif distribution remained helpful to insight the function
and divergence of the PpbZIPs proteins, we captured the
overall 10 conserved protein motifs by using online MEME
software that was annotated with the Inter Pro database. All

peach (bZIP) TFs genes have the basic domain of (leucine
zipper) in motif 1 (Fig. 4). These results suggested that
proteins contain analogous amino acid sequence. Further,
these results also supported the phylogenetic analyses of
PpbZIPs. There are total eight chromosomes in peach, all
PpbZIP genes were physically mapped on these chromo-
somes. Among these, chromosome 1 contains the maxi-
mum no of PpbZIP (19.14%), while, the minimum number
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Name
Ppbzip1
Ppbzip2
Ppbzip3
Ppbzip4
Ppbzip5
Ppbzip6
Ppbzip7
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Ppbzip9
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p-value

8.43e-41
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of genes (2.12%) were dispersed on chromosome 4. Certain ~ gene clusters revealed by distribution pattern of the PpbZIP
physical regions with a relatively higher accumulation of ~ genes on individual chromosome. For example, PpbZIP
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Fig.4 (continued)

genes which were located on chromosomes 2, 5, 6 and
chromosomes 8 appear to be assembled at upper and lower
end of the arms, respectively. The accurate position of every
PpbZIP on the chromosome of peach was displayed (Fig. 5).
Promoter sequence analysis of bZIP genes revealed ABA
responsive cis-regulatory elements (MYB, MYC and ABRE
recognition sites) and some other stress elements (Table 2).
ABRE:s binding element contained conserved 5 base pair
signal sequence (ACGTG), which had immense capacity to
regulate the gene expression.

Expression of (PpbZIP) TFs genes induced by cold

To investigate the chilling responsive (bZIP) TFs family
members, we performed the qRT-PCR analyses. We selected
18 distinct (bZIP) family members and assessed their expres-
sion levels during cold storage period. These results exposed
that seven (bZIPs) genes were downregulated, two genes

were upregulated while all other genes exhibited differen-
tial expression during cold storage period. Among them,
expression of the Ppbzip20 (Prupe.1G374400), Ppbzipl6
(Prupe.8G267100), Ppbzip23 (Prupe.1G455300), Ppbzip42
(Prupe.8G165400), Ppbzip44 (Prupe.8G026300), Ppbzip38
(Prupe.7G112200) and Ppbzip25 (Prupe.1G434500)
revealed gradual reduction with progressing cold treatment.
On the contrary, Ppbzip7 (Prupe.5G211200) was measured
as up regulated during cold storage period. While Ppbzipl
(Prupe.1G369300), Ppbzip2 (Prupe.1G575800), Ppbzip3
(Prupe.5G003000), Ppbzip5 (Prupe.2G263700), Ppbzipll
(Prupe.8G232800), Ppbzip12 (Prupe.2G020400), Ppbzipl3
(Prupe.5G027000), Ppbzip27 (Prupe.2G182800), Ppbzip33
(Prupe.7G037900), and Ppbzip29 (Prupe.7G150700) dis-
played diverse expression levels, first decreased to 20 d,
then increased to 25 d and finally decreased till 45 d of cold
treatment as shown in (Fig. 6). qRT-PCR results revealed
that, the peach (bZIP) transcription factors were remarkably
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Fig.5 Distribution of 47 (bZIP) genes onto eight peach chromo-
somes. Chromosome 1 contains the maximum no of PpbZIPs
(19.14%), while, the minimum number of genes (2.12%) were dis-
persed on chromosome 4. Physical locations for each PpbZIP gene
belong to different groups including leucine zipper (bZIP1-bZIP13),

affected which exposed the altering expression levels in
response to chilling temperature.

Table 2 Putative cis-regulatory elements in promotor region of bZIP
gene

Cis-regulatory elements  Signal sequence  Depiction

MYBIAT WAACCA Response to ABA

MYB2CONSENSUSAT YAACKG MYB recognition site

ABRELATERD1 ACGTG Response to ABA

MYCCONSENSUSAT CANNTG Response to ABA

DPBFCOREDCDC3 ACACNNG bZIP-Binding core
sequence

WRKY710S TGAC MYB recognition site,
W-box

GATABOX GATA Response to light

GT1IGMSCAM4 GAAAAA Response to salinity
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CAMP response (bZIP14-bZIP26), G-Box (bZIP27-bZIP30), TGA
(bZIP31-bZIP35), MYB and ABA insensitive (bZIP36-bZIP40),
H-loop and HYS proteins (bZIP41-bZIP47) on peach chromosomes
(numbered 1-8) represented by graphical (scaled)

Cellular process induced by cold acclimation
and molecular mechanism involved in regulation
of genes responsive to chilling injury

Low temperature exposures generated serious stresses,
which overcome by triggering the cascade of plant actions
that cause alterations in expression of genes. Consequently,
induced the modification in biochemical and some physi-
ological processes which enhanced the stress tolerance. The
process is called cold acclimation or chilling. Cold accli-
mation or chilling induced several process such as plant
membrane modification (molecular or physiological), the
activation of scavenger systems of (ROS) by increasing
the ROS level, alteration of cold regulating and transcrip-
tion factors (TFs) gene expression, increasing the level of
cytosolic Ca®*, increasing the level of sugars and proline,
increased the level of ABA and photosynthesis affected by
these biochemical changes (Supplementary Fig. 2).

Plants response to cold (low temperature) goes through
a certain process that initiated from cell recognition (low
temperature sensor) and pass through signaling pathway,
which induced the cold response genes. Low temperature
sensors including membranes, elements of cytoskeletal,
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phytochromes, chromatin, specific proteins, DNA/RNA and
sugars perceived signals and mediated the ABA dependent
and ABA independent signaling pathways. In ABA inde-
pendent pathway, CBF/DREBI transcription factors binds
with the regulatory signal sequence in the promoter of CBF
(C-repeating binding factors), DREs (drought responsive
elements) and LTREs (low temperature responsive elements)
in cold regulating genes, which regulate the transcription
and response to cold or chilling. While, in ABA depend-
ent pathway, MYB/MYC/bZIPs families transcriptions fac-
tors bind with regulatory signal sequence in the promoter
of ABREs or AREBs (ABA responsive elements) in cold
response genes and improved the cold tolerance (Supple-
mentary Fig. 2). Thus, ABA dependent and independent
signaling pathways, regulatory components and their inter-
actions help us to understand the regulatory mechanism of
chilling responsive genes.

Cold storage induced the physiological disorder CI
in peaches by membrane modification (physiological),
changes in the expression of genes and protein synthesis
(molecular). Several transcription factor TFs families such
as DREB, MYB, ERF, WRKY, bHLH, ZF and bZIP are
induced as response to cold stress which either developed
the cold acclimation or stabilize other cold associated physi-
ological disorders. Stability of the membrane and metabolic
responses which controlled the chilling injury under cold
storage, regulated by bZIP genes which contain ABRE or
AREBs binding factors, which had immense capacity to
up or downregulate the expression of genes through ABA
dependent signaling pathway. Thus, increased the tolerance
against chilling injury in peach fruit.

Discussion

Low temperature alleviates Cl (chilling injury)
and permits the normal fruit softening in peach

Cold storage is one of the most valuable postharvest tech-
nology which we used to extent the shelf life of the fresh
horticultural produce. Formerly, cold storage reduces the
most cell metabolic activities. Thus, fruit ripening and plants
senescence become delay [44]. Low temperature treatment
produces many physiological disorders in chilling sensitive
fruits. These disorders including dry or wooly texture, tis-
sue browning and abnormality in cell metabolism like mem-
brane permeability related disorders which cause chilling
injury [45]. Previously, the fruits stored at 2.5 °C developed
98% of LTB (low temperature breakdown) symptoms [46].
During this study, we observed no LTB symptoms during
cold storage in peach. Under LTC (low temperature condi-
tions), fruits indicated the increased in ethylene production,
along with losing of original flesh firmness by alteration
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of cell wall structure. Peach fruits stored at 4 °C rapidly
decreased the softening rate. These results are consistent
with previous findings in many species that reported by [1,
47-50]. Therefore, Low temperature (4 °C) seemed valuable
measure to alleviate the chilling injury and permitted the
normal process of peach fruit softening during the period
of cold storage. Moreover, Endogenous ABA concentrations
gradually decreased in peach fruits during post-harvest at
4 °C. Thus, cold treatment led to an inhibition of over-rip-
ening. These results are similar in sweet cherries [51]. Low
temperature decreased the ABA concentration along with
ethylene which inhibited the development of pulp browning.
Consequently, taste was enhanced in peach [52]. While in
kiwifruit, LTC alleviated the chilling injury with improving
the activities of antioxidant enzyme and maintaining higher
levels of endogenous ABA [53].

Evolutionary process of (PpbZIP) transcription
factors family

There are substantial evidences that genes of (bZIP) fam-
ily are the key regulators of several crucial growth, devel-
opmental, ripening and numerous physiological processes
of plants [54], several biological, cellular processes as well
as response to biotic and abiotic stresses [55]. Although,
there are many plant species in which the (bZIP) TFs fam-
ily has been reported. While in peach fruit, the genome-
wide documentation of (bZIPs) TFs family has not been
formerly reported. In this study, 47 (bZIP) TFs genes of
this family were detected in the genome of peach (Prunus
persica). Based on their evolutionary relationship of phylo-
genetic, they were classified into eight sub-groups, which
was consistent with maize [20], Arabidopsis [17], strawberry
[24], B. distachyon [56] and Apple [25]. The phylogenetic
analysis accomplished that was supported by both structural
analyses (Exon—intron and conserved motif prediction).

The genes structure analysis indicated that PpbZIPs com-
prised no. of exons that varying range from 1 to 12 with the
similar exon—intron structure organizations. PpbZIP gene
structure features have also been observed in various spe-
cies, such as grapes [57], Apple [25], Strawberry [24] and
sorghum [56]. All the PpbZIPs contain the typical (bZIP)
domains that suggested by conserved motif analysis. Con-
served protein motifs like features have been noticed in some
former plant species like as cassava and grapes [57, 58].
Both structural analyses indicated that all PpbZIP genes had
similar exon—intron structure organizations and conserved
protein motifs which suggesting that peach (bZIPs) TFs had
a very close relationship through their gene evolution pro-
cess and had similar function due to analogous conserved
domains.
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bZIP genes response to chilling injury in Peach

In fruits, cold temperature responses involve numerous
crosstalk with the process of senescence and ripening at
physiological, cellular, biochemical and molecular level
[59]. Peach fruit is sensitive to chilling, which causes the
symptoms of CI like IB along with failure of fruit soften-
ing process and prohibition of ethylene production [3, 60].
There are some evidence about (bZIP) proteins that has been
suggested that they were widely involved during signaling
and abiotic/biotic stimuli responses. [18, 61, 62]. But, there
is limited information related to (bZIP) family and their
involvement on chilling responses in peach fruit. In order
to investigate the (bZIP) genes of peach and their potential
involvement in cold responses. We observed the expression
of most important genes induced cold. Expression patterns
of genes can provide crucial evidences for gene function.
During this study, Group I (basic leucine zipper) including
Ppbzipl, Ppbzip2, Ppbzip3, Ppbzip5, Ppbzipll, Ppbzipl2
and Ppbzipl3 had differential expression while Ppbzip7
upregulated and respond to cold stress. These results are
consistent with previous findings reported in rice, in which
large number of bZIP genes including OsbZIP73, OsbZIP38,
OsbZIP87 and OsbZIP52 regulated positively or negatively
by cold temperature [29, 30, 63]. Furthermore, Ppbzip20,
Ppbzipl6, Ppbzip23, Ppbzip25 and Ppbzip38 transcription
factors belong to Group II (Camp response binding Factor)
and Group V (ABA and MYB insensitive protein) respec-
tively, were downregulated with progressive cold treatment
and showed an agreement with previous investigation which
revealed that OsMYBS3 and OsMYB3R?2 induced under cold
stress in rice and suppressed during well-known cold sign-
aling pathway [64]. While, Group III (G-Box binding fac-
tors) and Group IV (TGA transcription factors) contained
Ppbzip27, Ppbzip29 and Ppbzip33 transcription factors
which respond to cold stress and had different expressions
during cold storage period respectively. These findings were
similar with inquiry in rice which indicated that bZIP fac-
tors including GCC-box and TGA-like elements through
various regulatory enrichment clusters involved in chilling
response during oxidative signaling (ROS) pathway [65].
Transcript level of Ppbzip42 and Ppbzip44 decreased under
chilling period that transcription factors belong to Group VI
(H-loop) and Group VII (HYS). Such results matched with
previous findings in Arabidopsis [66] and tomato [67] which
indicated that SIHYS5 in a Phytochrome expressed under cold
stress and inhabit the tomato growth and also induce cold
tolerance. While, MdHY5 also modulated cold tolerance
positively in Apple through CBF- pathways [68].
Additionally, in transcriptional regulatory network,
DREBSs/CBFs binding and regulatory factors play an essen-
tial role to regulate the ABA independent pathway. Such
as, in wheat, TaCBF14 and TaCBF'15 were involved in cold

signaling pathway and enhanced the cold tolerance in trans-
genic plants [69]. While in fruits species, [70] reported the
five CBFs genes in peach and overexpression of PpCBF-
Igene in apple enhanced the level of cold tolerance. While,
AREBs/ABREs binding elements facilitates to regulate the
ABA dependent pathway and respond to cold regulating
genes under chilling stress [71]. The expression of genes in
ABA dependent pathway is regulated by MYC, MYB and
bZIP (ABRE or AREBs binding factors) transcription fac-
tors. For example, OsbZIP52 and OsbZIP38 genes in rice
responded to drought and chilling stress through signaling
pathways of cold [29]. Both dependent and independent
cold acclimation pathways facilitate to regulate the chilling
responsive genes. While, ABA plays a function synergisti-
cally under cold signal [72]. bZIP TFs has been proven to
contribute in ABA-dependent signaling pathway in some
plants in response to several abiotic stress (cold, drought and
salinity) like Rice [73], Arabidopsis thaliana [74], Barley
[75] and Wheat [76]. In Arabidopsis, AtbZIP1 transcrip-
tion factor regulates the ABA signaling by binding factor
ABRESs, which alter the expression of chilling responsive
genes and provide the tolerance against chilling stress [77].
Chilling and ABA inducible bZIP gene, ABF I binding factor
has been cloned in Arabidopsis. Zinc finger protein (C2H2-
type) triggers bZIP transcription factor which regulates the
expression of chilling responsive genes by ABRE elements.
Overexpression of these protein from soybean to Arabidop-
sis provides the tolerance against chilling [78]. CsbZIP18
was a gene of tea plant that overexpressed in Arabidopsis,
which played a role as negative regulator and decreased
the freezing tolerance via ABA dependent signaling path-
way under cold or chilling stress [79]. In soybean, SGBF'1
belongs to bZIP subfamily (G-Box-binding factor 1) which
induced the expression of chilling responsive geneses in an
ABA dependent pathway and enhanced the DNA-binding
activity during cold acclimation and respond to chilling
related physiological disorders [80]. Overall, it ponders that
bZIP transcription factor genes induced as response to cold
stress, which either developed the cold acclimation or allevi-
ated other cold associated physiological disorder (chilling
injury).

Conclusions

In conclusion, physiological and molecular aspects respond
to chilling injury in peach fruit during the period of cold
storage were monitored. Peach fruit is susceptible to CI as
exhibited by inhibition of the ethylene production. Low tem-
perature (4 °C) increased the production of ethylene and rap-
idly decreased the rate of flesh firmness with no LTB (Low
temperature breakdown). Even so, ABA content sharply
decreased by low temperature which led to inhibition of
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over ripening. In PpbZIP family, Ppbzip23 and Ppbzip25 are
candidate genes which triggered under cold stress by ABA
dependent cold signaling pathway. These verdicts revealed
that these bZIP genes response to cold stress and reduced the
CI, which permitted the normal process of peach fruit sof-
tening under low temperature. In near future, we will clarify
the function of chilling responsive (bZIP) genes through
molecular cloning. Consequently, these identified genes
can be used as a road map to validate with other cultivars of
peach that respond to chilling injury, which will prove the
first step for postharvest technological applications.
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