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We evaluated the effect of TiO2 nanoparticles (NPs) on cold tolerance (CT) development in two chickpea
(Cicer arietinum L.) genotypes (Sel96Th11439, cold tolerant, and ILC533, cold susceptible) by using cDNA-
amplified fragment length polymorphism (cDNA-AFLP) technique during the first and sixth days of cold
stress (CS) at 4 �C. Selective amplification by primer combinations generated 4200 transcript-derived
fragments (TDFs) while 100 of them (2.62%) were differentially expressed. During CS, 60 differentially
expressed TDFs of TiO2 NPs-treated plants were cloned and 10 of them produced successfully readable
sequences. These data represented different groups of genes involved in metabolism pathways, cellular
defense, cell connections and signaling, transcriptional regulation and chromatin architecture. Two out of
10 TDFs were unknown genes with uncharacterized functions or sequences without homology to known
ones. The network-based analysis showed a gene-gene relationship in response to CS. Quantitative
reverse-transcriptase polymerase chain reaction (qPCR) confirmed differential expression of identified
genes (six out of 10 TDFs) with potential functions in CT and showed similar patterns with cDNA-AFLP
results. An increase in transcription level of these TDFs, particularly on the first day of CS, was crucial
for developing CT through decreasing electrolyte leakage index (ELI) content in tolerant plants compared
to susceptible ones, as well as in TiO2 NPs-treated plants compared to control ones. It could also indicate
probable role of TiO2 NPs against CS-induced oxidative stress. Therefore, a new application of TiO2 NPs in
CT development is suggested for preventing or controlling the damages in field conditions and increasing
crop productivity.

© 2016 Elsevier Masson SAS. All rights reserved.
1. Introduction

There is an efficient way to manage drought and high temper-
ature stresses in chickpea (Cicer arietinum L.) plants during terminal
periods of growth season in Mediterranean climates. This method
is to change the time of planting from its common time of spring
and summer to autumn or early spring that can also reduce yield
losses (Berger, 2007; Heidarvand and Maali-Amiri, 2013). However,
the absence of an efficient cold tolerance (CT) can reduce the
growth, development, crop productivity, and quality of chickpea
nt length polymorphism; CS,
e index; GO, gene ontology;
riptase polymerase chain re-
-derived fragments.

served.
plants in Iran with long relatively mild winters (Kazemi
Shahandashti et al., 2014). Therefore, plant breeding for CT devel-
opment is the most economic and environmentally acceptable
technique in creating tolerant varieties enhanced by technology
advances (Heidarvand et al., 2011).

Studying the vast range of plant responses in morphological,
physio-biochemical and molecular levels shows that CT is
controlled by multiple genes. This issue probably limits our success
in developing CT by transferring single genes because such method
rarely leads to an improved CT in field conditions along with the
other environmental stresses. In the absence of an appropriate
approach for CT development, some methods provide an alterna-
tive option to improve plant metabolic responses to cold stress (CS)
without any genetic modifications. Recently, we showed that CT in
chickpea can be enhanced by TiO2 nanoparticle (NP) applications
that results in plant survival or recovery in CS (Mohammadi et al.,
2014). Such responses may be due to metabolic regulations, the
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process which is associated with physio-biochemical characters.
The CT improvement in these studies is often related to significant
reduction of some damage indices and strong induction of defense
systems and photosynthetic capacities (Mohammadi et al., 2013,
2014; Hasanpour et al., 2015). On the other hand, the extensive
attentions have been previously devoted to the unique properties of
NPs in increasing germination, root growth, the dry weight, chlo-
rophyll synthesis, and some other physiological characteristics in
photosynthetic organisms. These properties may be related to the
alleviation of reactive oxygen species (ROS) detrimental effects, as a
unique mechanism of cell injury (Andersen et al., 2016; Xiao et al.,
2016). Such responses which regulate metabolic homeostasis due
to TiO2 NPs application, may establish CT in chickpea during CS.
However, plant physio-biochemical characteristics provide only a
shallow understanding of TiO2 NPs effects. It is believed that the CT
mechanisms involve the expression reprogramming of specific sets
of cold-responsive genes which particularly establish cellular ho-
meostasis (Chinnusamy et al., 2007). Nevertheless, there is no in-
formation available for the specific role of TiO2 NPs in the activation
of these genes. On the other hand, along with positive effects of
TiO2 NPs, some investigations have shown undesirable effects of
TiO2 NPs on plant physio-biochemical levels (Castiglione et al.,
2011; Song et al., 2013). These effects may be related to the func-
tional role of specific DNA sequences. Although the genome se-
quences of chickpea plants have been partially found, the
information on biosynthetic pathways, their activities and regula-
tions remains insufficient. Therefore, specifications in genome
reprogramming and regulatory mechanismsmay particularly occur
in plants exposed to TiO2 NPs in CS. As a result, gene identifications
which are directly or indirectly related to CT can establish a better
understanding of defense functional mechanisms and provide new
paths for controlling damage indices in chickpea during CS.

Complementary DNA-amplified fragment length polymorphism
(cDNA-AFLP), as one of the classical strategies has been used to
identify differentially stress-responsive genes (Zhao et al., 2015).
Previous reports have shown that this approach could find genetic
polymorphisms and many valued transcript-derived fragments
(TDFs) among plant species/genotypes without the necessity of any
pre-existing sequence data (Qin et al., 2000). The identifying novel
genes could be useful in breeding programs to improve chickpea CT
which may enhance crop production, extend agricultural produc-
tion areas and ultimately increase economic efficiency. In this work,
we used cDNA-AFLP analysis to study the dynamic network of gene
activities that control CT in TiO2 NPs-treated plants along with
defense and damage indices during CS at 4 �C.

2. Materials and methods

2.1. Plant material and growth conditions

Seeds of two chickpea (Cicer arietinum L.) genotypes, cold
tolerant (Sel96Th11439) and cold susceptible (ILC533) provided by
Dryland Agriculture Research Institute (Maragheh, Iran), were at
first sterilized by 10% sodium hypochlorite for 5 min and washed.
Then they were soaked in distilled water for 30 min and germi-
nated in Petri dishes on filter paper for 72 h at 25 �C in darkness.
The seedlings were transferred to pots containing soil, sand, and
farmyard manure, grown in a growth chamber (Arvin Tajhiz Espa-
dana, Isfahan, Iran) at 23 �C (optimum temperature), an irradiance
of 220 mmol m�2s�1, a photoperiod of 16 h, and 75% relative hu-
midity for three weeks. TiO2 NPs suspension was sprayed twice in
the 12th and 16th days on plant leaves. Physico-chemical charac-
terization of TiO2 NPs included: The purity of TiO2 powder (pur-
chased from Nanoyo Group Pte, Malaysia) was greater than 99%.
The size of the TiO2 NPs was examined by field emission scanning
electron microscope (Hitachi, S-460, Japan) and it was 7e40 nm. X-
ray diffraction (X'Pert PRO MPD, PANalytical) pattern of TiO2
nanoparticles in the 2qrange of 30�e120� operated at a voltage of
40 kV and a current of 40 mA showed that the applied TiO2 NPs
were all in the anatase phase. TiO2 NPs suspension (5 mg l�1),
selected in previous study (Mohammadi et al., 2013), was prepared
in double-distilled water through ultrasonication (120 W, 38 kHz)
for 20e30 min. Due to probable precipitation of TiO2 NPs suspen-
sion, prior to spraying, the suspension was freshly prepared. Con-
trol plants were sprayed with distilled water. The presence and
bioaccumulation of NPs were confirmed by Transmission electron
microscopy and inductively coupled plasma mass spectrometry,
respectively (Mohammadi et al., 2013). 21-day-old seedlings were
transferred to a chilling chamber at 4 �C (the rest of growth con-
ditions were fixed) for 6 days. Samplings were conducted at the
first and sixth days (as early and late responses, respectively) after
exposing the seedlings to CS. Thus, our experiments in every ge-
notype were focused on six groups of plants: samples in optimum
temperature, one and six days after CS in untreated control plants
and TiO2 NPs-treated plants. Considering the possible interplant
variability in each genotype, the leaf samples were taken at the end
of each treatment from the middle leaves of the apex of five plants,
then pooled and used for analysis. Collected samples were imme-
diately flash frozen in liquid nitrogen and stored at �80 �C for
further studies.

2.2. Electrolyte leakage index (ELI)

Increased rates of solute and cell membrane permeability were
assessed according to our previous study (Heidarvand et al., 2011).
Fresh leaves of experimental treatments were used for the ELI
assay.

2.3. RNA preparation and cDNA synthesis

Total RNA was extracted from 80 mg frozen leaves by the Biozol
method (Fersion Pooyesh, Tehran, Iran). The RNA quantity and
quality were measured by nanodrop (Thermo Scientific model
1000) and gel electrophoresis, respectively. cDNA synthesis was
performed according to our previous study (Kazemi-Shahandashti
et al., 2014). Briefly, after DNase treatment, first strand cDNA syn-
thesis was performed by using 2 mg of total RNA, 0.5 mg Oligo (dT)18-
20 primer and DEPC-treated water up to 11 ml for 5 min at 70 �C. The
tubes were placed on ice bath before adding the cDNA synthesis
mix, consisting of 4 ml cDNA reaction buffer, 2 ml dNTP (10mMdNTP
mix), 20 U RNAse inhibitor and DEPC-treated water to final volume
of 19 ml and then tubes were incubated for 5 min at 37 �C. Adding
200 U Revert Aid enzymes (MMLV-RT), reactions were incubated
for 60 min at 42 �C. The tubes were placed in a water bath set at
70 �C for 10 min. The second strand cDNAwas synthesized in a the
final reaction volume 200 ml with 20 ml single strand cDNA as
template, 7 ml E. coli DNA polymerase I (Invitrogen, Carlsbad, CA,
USA), 1.5 ml E. coli RNAse H (Invitrogen, Carlsbad, CA, USA), 15 ml
10� second strand buffer, 2.5 ml dNTPs (2.5 mM), and 154 ml ddH2O
(Bachem et al., 1996). The mixture was incubated for 2 h at 16 �C.
Then, total RNAwas removed by adding 20 ng of RNase A (Promega)
incubating at 37 �C for 20 min. The double-stranded cDNA was
purified by using the phenol-chloroform-isoamyl alcohol (25:24:1)
method and diluted in 20 ml of ddH2O. cDNA quality was surveyed
by agarose gel electrophoresis in order to observe an expected
smear.

2.4. cDNA-AFLP analysis

The cDNA-AFLP analysis was carried out according to the
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method described by Bachem et al. (1996). Briefly, 250 ng templates
of double-stranded cDNA was incubated for 16e20 h at 37 �C with
2.5 U EcoRI (Fermentas, Lithuania) and 2.5 U MseI (Fermentas,
Lithuania) in 4 ml 2 � Tango buffer (Fermentas, France). Enzymes
were inactivated at�20 �C for 3 h. Five ml of digestion products was
checked with 0.8% agarose gels to confirm complete digestion. For
ligation of adapters, 20 ml digestion products was mixed with 5 ml
master including 1 ml of every adaptor (Table 1) primers EcoRI and
MseI (50 mM), 1 U T4 DNA ligase, and 1 ml 10 � T4 ligation buffer
and 1 ml ddH2O and incubated at 37 �C for 3 h and then at 20 �C for
16 h. The reactions were then diluted in ddH2O at a ratio of 1/3 and
stored at �20 �C. Pre-amplification was conducted in a 25 ml vol-
ume with 4 ml diluted product of doubled cDNA, 2.5 ml 10 � PCR
reaction buffer, 1.5 ml dNTPs (2.5 mM), 0.2 ml Taq polymerase
(Sinaclone, Karaj, Iran) 5 U, and 2 ml pre-amplification primers
(10 pmol), 2 ml MgCl2 (25 mM), by adding ddH2O to 25 ml. The re-
actionwas catalyzed for 1 cycle in a thermocycler (Bio-Rad, USA) of
94 �C for 3 min, then 30 cycles at 94 �C for 1 min, 54 �C for 45 s, and
72 �C for 2 min and followed by final extension at 72 �C for 10 min.
Selective amplification reaction with 25 ml volume contained 2.5 ml
10 � PCR reaction buffer, 1.5 ml dNTPs (2.5 mM), 0.2 ml Taq poly-
merase 5 U, 4 ml pre-amplification product (diluted 1 to 20) as cDNA
template, 2 ml EcoRI selective amplification primer (10 pmol), 2 ml
MseI selective amplification primer (10 pmol) and 10.8 ml ddH2O.
The selective amplification was performed by a touchdown
Table 1
Sequences of adapters and primers used for complementary DNA-amplified fragment le
experimental treatments.

Primers/adapters

cDNA-AFLP analysis
EcoRI adapter

MseI adapter

Preamplication primer
E00
M00
EcoRI selective amplification primers
E00 þ GC
E00 þ CG
E00 þ CC
E00 þ AG
E00 þ AC
E00 þ GT
E00 þ AA
E00 þ AG
E00 þ CT
E00 þ AC
E00 þ AT
E00 þ CA
E00 þ AAC
E00 þ AAG
E00 þ ACC

QPCR analysis Accession No.

CaTDF1 (APX) XM_004502430

CaTDF2 (CHN) XM_004505990

CaTDF3 (RLK) XM_012712002

CaTDF4 (CRC) XM_004508250

CaTDF5 (VSR) XM_004487833

CaTDF6 (ERF) XM_004501500

CaActin-1 (Actin1) EU529707.1
program 1 cycle at 94 �C for 4 min, 9 cycles at 94 �C for 1 min, 64 �C
for 1min (reduced by 1.5 �C per cycle) and 72 �C for 1min, and then
28 cycles at 94 �C for 1min, 55 �C for 1min and 72 �C for 1minwith
a final extension of 10 min at 72 �C. The final products were
separated on a 6% polyacrylamide gel at 1100 V for 3 h and visu-
alized via silver staining with AgNO3 (Rakei et al., 2016). TDFs
which showed differential expression, were mechanically excised
from silver-stained polyacrylamide gels and used as template for
re-amplification by PCR under the same conditions by using the
same primers from the selective amplification. TDFs of interest
were those differentially expressed in TiO2 NPs-treated tolerant and
susceptible plants and in CS. DNA band was excised from agarose
gel. The PCR products were ligated to pTG19-T cloning vector
(Vivantis, Malaysia) and transferred into E. coli DH5a-competent
cells by thermal shock. The recombinants were selected to
sequencing and homology search that was performed by using the
BLASTN and BLASTX programs in NCBI (http://www.ncbi.nim.nih.
gov).

2.5. Quantitative reverse-transcriptase polymerase chain reaction
(qPCR) analysis

QPCR analysis was performed according to our previous study
method (Kazemi- Shahandashti et al., 2014). QPCR was performed
by using iQ5 instrument (BioRad, USA). QPCR mixture contained
ngth polymorphism (cDNA-AFLP) and qPCR analysis of chickpea genotypes under

Oligonucleotide sequence (50-30)

CTCGTAGACTGCGTACC
AATTGGTACGCAGTC
GACGATGAGTCCTGAG
TACCTCAGGACTCAT

GACTGCGTACCAATTC
GATGAGTCCTGAGTAA
MseI selective amplification primers
M00 þ AA
M00 þ GC
M00 þ AT
M00 þ CAG

ATGGCATGATGCTGGTACTTA
GTCTTTGATTGGCTGGAGAAGT
GAATGGTGAATGGGAGGTTG
GAATGGTGAATGGGAGGTTG
CAATGTTGATCAATGTGGCTCT
TTCTTGTCATCCAACACCTCAG
CCCTCATTCGGCTTGTAGAG
AACTGCTTCCGCTTCTTCAG
GGCTGCTCTAGCTGGTTACATT
TTTCTTACACCGTGTCTTGTCG
AACAGAACCAACAACAACAACG
GGGTTATGTAAGAACCCAACCA
CTACGAATTGCCTGATGGAC
CCTCCTGAAAGGACGATGTT

http://www.ncbi.nim.nih.gov
http://www.ncbi.nim.nih.gov
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5 ml of 1:20 diluted cDNA,10 ml of 2� SYBR Bio Pars PCRMaster Mix
(Gorgan University of Agricultural Sciences and Natural Resources)
and 1 ml of each gene-specific primer (10 pmol) in a final volume
20 ml with double distilled water. The PCR amplification was per-
formed using 2min at 94 �C and 35 cycles of 10 s at 95 �C and 10 s at
60 �C. The specificity of amplicons was verified by melting curve
analysis. A melting curve was recorded by cooling to 55 �C at 20 �C
s�1, holding at 55 �C for 30 s, and then heating slowly at 0.5 �C s�1

until 95 �C. Fluorescence was measured continuously during the
slow temperature rise to monitor dissociation of SYBR Green Dye.
Fluorescence signals were plotted automatically in real time versus
temperature to produce melting curves. Two biological and three
technical replicates for each sample were used for qPCR analysis.
Relative expression was computed by using 2eDDCT method (Livak
and Schmittgen, 2001). Primers were designed by using primer 3
(www.embnet.sk/cgi-bin/primer3_www.cgi) to obtain 18-21 bp
length, 59e61 �C melting temperature and GC content between
55% and 65% avoiding hairpins and complementarities between
primers (Table 1). PCR efficiency of all primer pairs was around
1.9e2 based on standard curves drawn by 5 serial dilutions (1, 1:10,
1:20, 1:50 and 1:100) and the slope of regression line was
between �3.52 and �3.33 (Pfaffl, 2001). The relative expression
ratio of each sequence was performed according to the Cq incor-
porating the mean PCR efficiencies of the target and endogenous
genes in the plate. The abbreviation of the species name Cicer
arietinum, ‘‘Ca’’ was added as a prefix to the name of each selected
gene. Based on the standard curves results, it is possible to use REST
software in order to calculate the ratio between the amount of
target molecule and reference molecule CaActin within the same
sample. In thismodel the target gene expressionwas normalized by
CaActin expression which is a non-regulated reference gene and its
constitutive expression was validated by geNorm v3.4. The
normalized value was then applied to compare differential gene
expression in different samples. The real time PCR data were rep-
resented as heat map generated at pheatmap-package of Bio-
conductor R.

2.6. Gene ontology (GO) annotation, enrichment analysis of GO
terms, functional annotation and network analysis

In this study, BLAST analyses for TDFs were performed by
BLAST2GO software v3.2.7 with an E-value cut off 1.0E-5 as
described by Ghannam et al. (2016). The databases and files used in
this study were those accessible on May 10th, 2016. Based on the
default parameters of annotation rule, this software assigned GO
terms to the query sequence. BLAST2GO was used to obtain GO
annotation of sequences for describing cellular component, mo-
lecular function, and biological process. Annotation and functional
analysis can be visualized in graph form (http://www.blast2go.de/).
The enrichment analysis was carried by Agrigo (Du et al., 2010)
using GO annotation data which were generated from homology
search of the Arabidopsis proteins. The selected genes by cDNA-
AFLP analysis in response to CS were summarized in GO Slim
terms by InterProScan (IPS) search as our input and organized into a
functional network by Cytoscape software v3.3.0 (Ghannam et al.,
2016). This tool visualized the biological network map for GO
terms and gene assignments. The genes clustering was performed
by single linkage method. The highlighted nodes and links show
the active gene and gene association. The strength of the link be-
tween these annotated functional terms was determined by the
color of nodes and the width of connections.

2.7. Statistical analysis

The experiment design was carried out in a factorial 3 (thermal
treatments, optimum temperature, the first and sixth days of
CS) � 2 (genotypes, tolerant and susceptible) � 2 (TiO2 NPs con-
centrations, 0 and 5 mg l�1) by applying Completely Randomized
Design (CRD) with 3 replications. The data were analyzed on the
basis of ANOVA, treatment means via Duncan multiple range tests,
by using SAS software. With regard to ELI data and because of the
significant differences in interactions between experimental
treatments, we presented the results in the form of combination
and not separate factors.

3. Results and discussion

In this study, the ELI was used as a physiological index to eval-
uate membrane damages in tolerant and susceptible genotypes
exposed to TiO2 NPs during CS. The results of the ELI analysis
indicated significant differences among plants under experimental
treatments (Fig. 1). In optimum temperature, the level of ELI in
tolerant plants was lower than that of in susceptible ones. Under
such conditions, ELI significantly decreased in TiO2 NPs-treated
tolerant. During CS, ELI increased in both genotypes in control
plants and TiO2 NPs-treated plants; however, the least pronounced
effect of ELI was detected in TiO2 NPs-treated tolerant plants on the
sixth day of CS, which was a sign of the acclimation process. Ac-
cording to our previous studies the release of more than 50% of total
electrolytes from leaves was considered lethal (Heidarvand et al.,
2011). This issue which is confirmed by the highest level of ELI
was observed in susceptible control plants on the sixth day of CS,
showing severe damages. It is supposed that discernible changes in
cell membrane functions have an interplaying role between dam-
age and defense pathways that probably regulate the gene
expression balance in CT responses. However, further under-
standing of CT mechanisms needs an in-depth study of molecular
processes, adjusting such physio-biochemical pathways.

By applying cDNA-AFLP, it is suggested for the first time that
TiO2 NPs induced some CS-responsive genes in CS; the genes that
may be involved in chickpea CT. The primer combinations amplified
a total of 4200 TDFs with an average of 24 clear bands per primer
pair with the length range of 100e2000 bp. This length range was
depended on primers and experimental treatments (Fig. 2). 100
bands showed changes in expression patterns based on the pres-
ence or absence of bands in experimental treatments (2.62% of total
produced bands in two genotypes). These bands had similar in-
tensities in the biological replications, confirming reproducibility of
these transcripts. Some of these bands with differential expression
were not used in the following studies because they showed the
same polymorphism in susceptible and tolerant genotypes under
experimental treatments. TDFs of interest were those differentially
expressed in TiO2 NPs-treated tolerant and susceptible plants on
the first and sixth days of CS. To acquire more information, these
fragments were isolated from the stained cDNA-AFLP gels and re-
amplified by PCR. Among them, 60 ones were cloned into pTG19-
T vector, and 10 ones produced successfully readable sequences,
indicating that these genes probably belong to unique gene TDFs.
The basic local alignment search tool (BLAST) analysis of TDFs
(1e10) showed that these sequences often corresponded to the
TDFs sequenced in public databases with more than 97% identity
(Table 2).

TDF1 was annotated as C. arietinum ascorbate peroxidase 6
(APX) with the length of 1053 bp. This fragment was amplified by
primer combination of MþAT/EþCA. During CS, the expression of
the APX gene increased in tolerant plants compared to susceptible
plants, as well as in TiO2 NPs-treated plants compared to control
plants. It is supposed that APX activity may alleviate ROS damage
(confirmed by ELI results) during CS; demonstrating a general re-
action to CS because of its role as early and late responses (Rakei

http://www.embnet.sk/cgi-bin/primer3_www.cgi
http://www.blast2go.de/


Fig. 1. The electrolyte leakage index content in leaves of tolerant (a) and susceptible (b) chickpea genotypes during optimum temperature (23 �C), the first and sixth days of cold
stress (4 �C). Black and light gray columns indicate control and TiO2 NPs-treated plants, respectively. The error bars represent the standard deviation (±SD) for replicates. Different
letters indicate significant differences based on Duncan's multiple range tests.
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et al., 2016). Therefore, the alleviation of CS effects by TiO2 NPs in a
time-dependent manner was partly related to the damage and
defense pathways that probably regulated the homeostasis balance
in physiological and molecular levels. However, a non-differential
expression of APX gene in both TiO2 NPs-treated plants and con-
trol plants indicates that this character could not be assumed as a
biomarker in chickpea CT studies in optimum temperature
(Heidarvand and Maali-Amiri, 2013).

TDF2, amplified by MþAT/EþCA primers, was identified as
receptor-like serine/threonine kinase (RLK) that was 745 bp in
length. As a posttranslational regulator, this protein plays critical
roles in signaling pathways and regulatesmany physio-biochemical
responses to environmental stresses (Chen et al., 2016). The same
expression pattern of this fragment was observed in both
genotypes in CS and these responses alsowere induced by TiO2 NPs.
So, it is suggested that the activity of this gene probably launches a
series of public reactions inmany aspects of cold acclimation (Kreps
et al., 2002). During CS, these reactions were started as early and
continued as late responses in tolerant plants. Therefore, the
initiation and progression of this gene expression is a continuous
issue with regard to the decreased levels of cell damage indices (ELI
results) and increased capacity in defense systems (like anti-
oxidative activities). Consequently, this issue confirmed functional
basis of cell metabolisms stability (gene expression, metabolic, and
redox balance) to copewith CSwhichmay be promoted by TiO2 NPs
(Hasanpour et al., 2015). It should be noted that the downstream
targets of these genes may develop a comprehensive picture of
their functional products in signal transduction networks.



Fig. 2. The amplification pattern from a silver-stained cDNA-AFLP gel showing the transcript-derived fragments (TDFs) generated by selective PCR primer combinations in chickpea.
Lanes 1e6 (tolerant genotype) and 7e12 (susceptible genotype) belonged to different thermal treatments, optimum temperature (lanes 1, 7 for control plants and lanes 2, 8 for TiO2

NPs-treated plants), first day after cold stress (4 �C) (lanes 3, 9 for control plants and lanes 4, 10 for TiO2 NPs-treated plants) and sixth day after cold stress (4 �C) (lanes 5, 11 for
control plants and lanes 6, 12 for TiO2 NPs-treated plants). Lane M, 100 bp ladder NEB marker. Arrows indicate differentially expressed TDFs.
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The third TDF consists of chloroplast gene Cicer arietinum
RuBisCO large subunit-binding protein subunit alpha which is
evolutionally homologue of chaperonin 60 (CHN), the key factor in
the assembly of Rubisco subunits under environmental stresses
(Salvucci, 2008; Parry et al., 2013). In optimum temperature, the
expression of this gene was only observed in TiO2 NPs-treated
susceptible plants to improve the photosynthesis (Carmo-Silva
and Salvucci, 2012; Hasanpour et al., 2015). The lack of its
expression in CS indicates the weakness of the photosynthetic
system against CS in susceptible plants, proved by the significant
decrease in the expression and activity of Rubisco, antioxidants and
also chlorophyll contents (Mohammadi et al., 2014; Hasanpour
et al., 2015) as well as severe cold damage. It seems that the
expression of CHN gene is closely related to patterns changes in
damage indices under CS. For example, in tolerant plants, the
expression of this gene was observed on the first day of CS, which



Table 2
Characterization of the transcript-derived fragments (TDFs) identified by cDNA-AFLP in leaves of chickpea genotypes during experimental treatments. The abbreviation of the
species name Cicer arietinum, “Ca” was used as a prefix to the name of each selected TDF. DB is referred to data bank.

TDFs Primer
combination

Size
(bp)

DB
length
(bp)

Reference
accession NO.

Identity
(%)

E-
value

Query
cover
(%)

MAX
score

Total
score

Localize Sequence homology

Ca1 AT/CA 1053 1663 XM_004502430.2 97 0 99 1736 1736 Linear PREDICTED: Cicer arietinum probable L-ascorbate peroxidase 6,
chloroplastic (LOC101511999), transcript variant X2, mRNA.

Ca2 AT/CA 745 3747 XM_012712002.1 96 0 89 867 1071 Linear PREDICTED: Cicer arietinum probable leucine-rich repeat receptor-like
serine/threonine-protein kinase At3g14840 (LOC101511119),
transcript variant X3, mRNA.

Ca3 AT/CA 493 2254 XM_004505990.2.1 97 0 99 665 838 Linear PREDICTED: Cicer arietinum ruBisCO large subunit-binding protein
subunit alpha, chloroplastic (LOC101503231), mRNA.

Ca4 CAG/CA 436 2340 XM_004487833.2 99 0 97 778 778 Linear PREDICTED:Cicer arietinum vacuolar-sorting receptor 6
(LOC101504543), mRNA.

Ca5 CAG/AT 487 3651 XM_004508250.2 99 0 99 959 959 Linear PREDICTED: Cicer arietinum putative chromatin-remodeling complex
ATPase chain (LOC101504208), transcript variant X3, mRNA.

Ca6 CAG/CA 531 1650 XM_004488007.2 99 0 99 959 959 Linear PREDICTED: Cicer arietinum nucleosome assembly protein 1;3-like
(LOC101506897), transcript variant X2, mRNA.

Ca7 CAG/CA 741 1061 XM_004501500.1 97 0 100 1232 1232 Linear PREDICTED: Cicer arietinum ethylene-responsive transcription factor
RAP2-1-like (LOC101512420), mRNA.

Ca8 GC/AC 384 1189 XM_013602196.1 88 2e-
111

95 412 412 Linear PREDICTED: Medicago truncatula myb transcription factor mRNA

Ca9 CAG/CA 310 e e e - - e e e Unknown
Ca10 GC/AC 393 e e e - - e e e Unknown
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indicates quantitative and qualitative activity of Rubisco while ROS
content accumulated by CS. However, the lack of its expression on
the sixth day of CS may be due to acclimation processes
(Mohammadi et al., 2014; Gao et al., 2015).

A nucleotide BLAST search resulted in a Cicer arietinum vacuolar-
sorting receptor (VSR) sequence, 436 bp in length, (TDF4) which
was amplified by primer combination of MþCAG/EþCA. VSRs
involve in responding the environmental stresses and general ho-
meostasis due to its participation in the trans-Golgi networks of
proteins (Wang et al., 2005; Zouhar et al., 2010). During CS, the
expression of this genewas observed only in tolerant control plants
indicating the cold-induced increase of gene activity. However, the
gene expression in TiO2-treated susceptible plants in optimum and
CS conditions showed that TiO2 NPs may not only induce the de-
fense genes (like APX) but also organize the chickpea cells for
secretion of proteins through secretory pathway components. Our
results are consistent with the fact in which the change of VSR
genes expression may probably be the basis for functional specifi-
cation of CT in chickpea.

TDF5 (478 bp in lenght), amplified by primer combination of
MþCAG/EþAT, was identified as ATP-dependent chromatin
remodeling complex (CRC) in chickpea. To acclimate against CS, the
dynamic changes in chromatin architecture provide an effective
tool for the regulation of cold-responsive genes in genetic and
epigenetic levels. This strategy leads to the facilitation of specific
transcription factors binding (Zhu et al., 2012; Probst and Scheid,
2015). Under thermal treatments, the expression of this gene was
observed only in TiO2 NPs-treated tolerant plants while during CS,
it was only detected on the first day of CS. The result of such early
specific responses probably leads to plant acclimation and stability
in long-term CS (Kim et al., 2015). Thus, chromatin remodelers as
one of epigenetic regulators, could affect CT capacity due to in-
duction and/or inhibition of general and specific genes.

TDF6 (531 bp in length) was identified as nucleosome assembly
protein 1 (NAP1) that amplified by primer combination of MþCAG/
EþCA. NAP1 as a histone chaperone in connection with other reg-
ulatory proteins affects dynamic of nucleosomes and the regulation
of gene expression in response to environmental stresses (Son et al.,
2015). The expression of this gene was observed in all experimental
treatments except TiO2 NPs-treated tolerant plants that was
possibly through inhibition of the negative effects of CS-induced
oxidative stress. Therefore, the expressed NAP1 gene probably
regulates the gene expressions balance in CT responses in chickpea.
Such changes are consistent with previous reports in which the
overexpression of the NAP1 genes increased plant survival against
environmental stresses (Bír�o et al., 2013).

TDF7 (741 bp in length), amplified by primer combination of
MþCAG/EþCA, was identified as ethylene-responsive transcription
factor (ERF). As a trans-acting element, a family of transcription
factors known as ethylene-responsive element binding protein/
APETALA2 (EREBP/AP2) activates cis-elements of dehydration
responsive element/C-repeat (DRE/CRT) that are present in the
promoters of downstream genes induced by CS (Phuong and Hoi,
2015). This gene was related to tolerant genotype in CS and was
not observed in optimum temperature. So, it can be supposed that
the induction of EREBP/AP2 proteins, as a positive regulator of CT,
probably increase the expression level of the CS-responsive genes
via an ABA-independent pathway (Licausi et al., 2013). It seems that
TiO2 NPs application may change the expression level of this gene
as the early and late responses, indicating the higher degrees of CT
that was confirmed by a decrease in damage index of ELI.

A 384 bp TDF8, amplified by primer combination of MþGC/
EþAC, was identified as MYB transcription factor. Many homo-
logues of MYB proteins, as the transcriptional activator or inhibitor
may directly and/or indirectly regulate CT in plants. The expression
of this gene in TiO2 NPs-treated plants and control plants under
optimum and CS conditions stimulates CS-responsive primary and
secondary metabolisms through downstream target gene net-
works. This issue indicates cell effort to settle a retrieving status
that was confirmed by decreasing damage indices. Despite
numerous studies, specific functions of these genes in connection
with regulatory pathways of CT are low or not available (Chen et al.,
2002; Li et al., 2015). Therefore, changed expression of this gene
due to TiO2 NPs applications may ensure the ability of chickpea
plants to induce CS-responsive components.

Other fragments like TDF9 and TDF10 were annotated to the
genomic regions which did not show significant homology to
known sequences in C. arietinum. These fragments were probably
considered new uncharacterized genes, or the short length frag-
ments which limited the homology search analysis (Wang et al.,
2010). Thus, these fragments, as new potential genes, may have
direct and/or indirect relationship with CT in the absence or



Fig. 3. Heat map of gene expression analysis using qPCR from selected cDNA-AFLP
TDFs [ascorbate peroxidase 6 (APX), receptor-like serine/threonine kinase (RLK),
vacuolar-sorting receptor (VSR), ATP-dependent chromatin remodeling complex (CRC),
RuBisCO large subunit-binding protein subunit alpha (CHN), ethylene-responsive
element binding protein (ERF)] in leaves of tolerant (a) and susceptible (b) chickpea
genotypes during optimum temperature (23 �C) (C.0 for control plants and T.0 for TiO2

NPs-treated plants), first day after cold stress (4 �C) (C.1 for control plants and T.1 for
TiO2 NPs-treated plants) and sixth day after cold stress (4 �C) (C.6 for control plants
and T.6 for TiO2 NPs-treated plants.
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presence of TiO2 NPs, although they have not been in database li-
braries yet.

The expression profiling of identified genes with potential
functions in CT was individually examined by using qPCR. Inter-
estingly, the relative abundance of these genes transcripts followed
similar patterns with cDNA-AFLP results under CS and TiO2 NPs
application. Such results confirm the validity of our analysis of the
transcriptome regulation during CS. The results showed that the
transcript levels of these genes approximately increased in tolerant
genotype on the first day of CS and decreased thereafter on the
sixth day of CS, indicating higher potential of inducing CS-
responsive genes (Fig. 3). Such results are characteristics of
tolerant genotype to produce significant early responses which can
be associated with genome reprogramming to encounter CS (Rakei
et al., 2016). However, the transcription levels of studied genes
except CRC and RLK decreased in susceptible genotype during CS.
The highest obtained expression level under CS and TiO2 NPs
application belonged to VSR gene in tolerant genotype so that the
transcript level was approximately 12-fold compared to plants in
optimum temperature. The minimum expression level was related
to ERF gene in susceptible genotype under CS without TiO2 NPs
(�12.5 fold) compared to plants in optimum temperature. Our re-
sults of the increased transcription level in APX gene confirm
decreased oxidative stress (ELI results) only in TiO2 NPs-treated
tolerant plants on the sixth day of CS and support ROS scav-
enging properties of TiO2 NPs. Such results may be related to the
elevated consumption of oxygen throughmitochondrial respiratory
chain and/or the ability of Ti4þ/Ti3þ to oxidize/reduce O2

�/O2
�� to O2/

H2O2 (Ciofani et al., 2014). This hypothesis probably suggests the
role of TiO2 NPs as potential ROS scavengers against CS-induced
oxidative stress. Thus, continuous and sporadic expression of CS-
responsive genes in a coordinated manner (that can be induced
by TiO2 NPs) may ensure plants survival or recovery ability during
CS.

Up to now, our results showed only the set of gene candidates
that play a crucial role during CS. However, BLAST2GO software due
to functional annotation of individual sequences allows categori-
zation of these genes in functional classes. Based on sequence ho-
mology, gene ontology (GO) of TDFs showed several gene
annotations categorized under the three main groups including
molecular function, biological process and cellular component
(Fig. 4). In the molecular function category, “binding”, “catalytic
activity”, “transcription factors” and “antioxidant activity”were top
GO terms. Among the biological process, “single-organism pro-
cess”, “cellular process”, “developmental process” and “response to
stimulus” were major GO terms. In the cellular component, “cell
part”, “organelle”, “cell” and “membrane”were the most abundant.
Therefore, the ameliorative mechanisms of TiO2 NPs in CS can be
related to broad categories of biological organization that help us
understand the physiological meaning of identified genes in
chickpea.

As known, plants tolerance responses are the result of functional
connections among stress-responsive genes. Therefore, the poten-
tial networking of enriched genes set may demonstrate the distinct
transcriptional regulation in chickpea during CS (Ghannam et al.,
2016). The selected gene set contains elements that participate in
CT in a vast range from “response to stress” to “DNA repair” (Fig. 5).
These associations were determined through significant links and
notable nodes. The co-regulation network including damage
(confirmed by damage to macromolecules) and defense (confirmed
by metabolic pathways) pathways in chickpea leaves may be
considered as potential key player in homeostasis establishment
during CS. The strongest relationships were established among the
following: cellular macromolecule metabolism, regulation of RNA
metabolism, cellular response to DNA damage stimulus, regulation
of cellular process and regulation of metabolismwhere the color of
nodes and the width of connections represent the strength of the
link among these annotated functional terms. Therefore, regulatory
difference in acclimation processes in chickpea is related to gene-
gene relationships.
4. Conclusion

Our results are based on large-scale analysis of chickpea re-
sponses to CS by TiO2 NPs application. The ameliorative effects of
TiO2 NPs in CS might be related to the possible responsive com-
ponents that involved in signal transduction, defense, metabolism



Fig. 4. Functional categorization of cDNA-AFLP TDFs sequences under experimental treatments based on biological process (BP), molecular function (MF) and cellular component (CC) generated by BLAST2GO software v3.2.7.
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Fig. 5. Functional network of enriched gene set in chickpea genotypes under cold stress treatments. Network map of GO terms interactions was generated using Cytoscape v3.3.0.
The networks are comprised of 14 genes that show significant expression in this study. The highlighted nodes and links show the active gene and gene association. The strength of
the link between these annotated functional terms are determined by the color of nodes and the width of connections.

S. Amini et al. / Plant Physiology and Biochemistry 111 (2017) 39e4948
and regulatory processes. These components provide genetic or
metabolic opportunities in increasing tolerance of chickpea to CS.
The network-based analysis of our studies showed a gene-gene
relationship in response to CS and also the gene categorization in
functional classes help us understand the physiological meaning of
identified genes in chickpea. An increase in transcription levels of
TDFs is presumably crucial for survival or recovery during CS
through decreasing damage index (like ELI) in tolerant plants
compared to susceptible plants, as well as in TiO2 NPs-treated
plants compared to control plants. Therefore, along with physio-
biochemical responses reported by Mohammadi et al. (2014) and
Hasanpour et al. (2015), rapid and transient up-regulation of
identified genes particularly in TiO2 NPs-treated plants may be
considered as functional markers in acclimation process in
chickpea against CS. Our results can be a starting point for associ-
ating other genes or proteins with CT at molecular levels. Since the
productivity in crops is often related to the prevention or control of
damages under field conditions, such findings may reveal new
applications of TiO2 NPs in CT.
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