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A B S T R A C T

Changes in intracellular calcium (Ca2+) levels in response to developmental processes or external stimuli serve
as signals in eukaryotic cells. These Ca2+ signals are likely perceived through sensor proteins that bind Ca2+ by
EF-hand (a helix-loop-helix structure) motif. Calmodulins (CaMs), a group of well-characterized Ca2+ sensors,
and calmodulin-like (CMLs) are implicated in a large number of diverse cellular processes, including plant
development and stress responses. In this study, apple (Malus× domestica) genes encoding CaM and CML pro-
teins that only possess EF-hand motifs with no other functional domains were analyzed. A total of 4 MdCaM and
58 MdCML genes were identified, which are spread among 16 out of the 17 apple chromosomes. Bioinformatics
analyses, including protein characteristics, conserved domain, evolutionary relationships and chromosomal lo-
cations, demonstrated the conservation and divergence of MdCaMs/CMLs. In addition, expression analysis
showed that MdCaMs/CMLs are expressed in more than one tissue, including shoot tips, roots, mature leaves,
flowers and fruit. Furthermore, the expression of some MdCaM/CML members responded to plant hormones
(abscisic acid, jasmonic acid) and salt stress, suggesting a potential role of these genes in responses to biotic and
abiotic stress. Overexpression of stress-induced MdCML3 gene significantly improved the tolerance of apple calli
to salinity and ABA. The identification and characterization of MdCaMs/CMLs in apple lays a foundation for
future functional studies of these genes.

1. Introduction

Calcium (Ca2+), as a major second messenger, is involved in re-
sponses of all eukaryotic cells to internal signal transduction and ex-
ternal stimuli (Berridge et al., 2000; Dodd et al., 2010; Hetherington
and Brownlee, 2004). The associated changes in intracellular Ca2+

concentrations, presented as calcium signatures, are typically amplified
by protein sensors that preferably bind Ca2+ (Batistic and Kudla, 2012;
DeFalco et al., 2009; Hashimoto and Kudla, 2011). These Ca2+-binding
proteins sensors are divided into four distinct groups, namely the cal-
modulins (CaMs), the CaM-like proteins (CMLs), the Ca2+-dependent
protein kinases (CDPKs) and the calcineurin B-like proteins (CBLs)
(Cheng et al., 2002; Luan, 2009; McCormack et al., 2005; Weinl and
Kudla, 2009). For the majority of Ca2+ sensors, the EF-hand (a helix
loop-helix structure) is the most frequent motif identified as the Ca2+-
binding site. Ca2+ binding leads to a change in protein conformation,
amplifying the signal by modulating their activity or their ability to

interact with downstream proteins (Gifford et al., 2007; Grabarek,
2006; Lewit-Bentley and Rety, 2000).

Among the Ca2+-binding proteins, Calmodulin-like proteins (CMLs)
belong to a plant-specific family of Ca2+ sensors. They are featured by
Ca2+-binding EF hands and share at least 16% amino acid identity with
calmodulin (McCormack et al., 2005; Perochon et al., 2011; Zhu et al.,
2015). CaM is a highly conserved Ca2+-binding protein in eukaryotes,
and typically contains four EF-hand motifs. However, there are one to
six EF-hand motifs in CMLs in comparison with CaM. Additionally,
plants encode more CMLs than CaMs in general genome-wide identifi-
cation of CaM and CML gene family members (Mohanta et al., 2017). A
total of 50 and 32 members of the CML family have been reported in
Arabidopsis and rice, respectively, but the corresponding numbers of
CaM members are only seven and five (Boonburapong and Buaboocha,
2007; McCormack et al., 2005). Besides EF-hands, CaMs and CMLs do
not have any other known functional domain, which is different from
the members of CDPKs and CBLs.
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As essential Ca2+ sensors, CaMs and CMLs are involved in plant
developmental processes and responses to biotic and abiotic stresses.
For example, AtCML24 and AtCML25 play vital roles in pollen germi-
nation and pollen tube growth (Wang et al., 2015; Yang et al., 2014).
cml24 mutant has significantly reduced pollen tube growth (Yang et al.,
2014), and CML25 is involved in the Ca2+-mediated regulation of K+

influx during pollen germination and tube elongation (Wang et al.,
2015). A number of previous reports indicate that the expression of
CaM and CML genes strongly affects the plant immune system (Ranty
et al., 2016). In tobacco, type III CaM isoforms are probably involved in
basal defense against necrotrophic pathogens, which is independent of
jasmonic acid (JA) and ethylene signaling (Takabatake et al., 2007).
AtCML9 expression was induced in plants exposed to bacterial pathogen
and to application of stress-associated phytohormones such as abscisic
acid (ABA) and salicylic acid (SA), and AtCML9 was involved in plant
defence by modulating responses to bacterial strains of Pseudomonas
syringae (Leba et al., 2012; Magnan et al., 2008). The infection of P.
syringae also strongly and transiently induced the expression of
AtCML8, which serves as a positive regulator for SA-dependent pro-
cesses of plant immunity (Zhu et al., 2017). In cotton, GhCML11 par-
ticipated in the defense response against Verticillium dahliae infection
under the regulation of transcription factor GhMYB108 (Cheng et al.,
2016).

CaMs and CMLs are also involved in plant abiotic responses, such as
salinity, drought, and heat stresses (Zeng et al., 2015). Overexpression
of a salt-induced CaM gene GmCaM4 in Arabidopsis confers salinity
tolerance through the up-regulation of a MYB transcription factor,
MYB2 (Yoo et al., 2005). Ectopic expression of GsCML27 in Arabidopsis
decreased salinity and osmotic tolerance during seed germination and
early growth stages by modifying both the cellular ionic (Na+, K+)
concentration and regulating the transcript levels of osmotic stress re-
sponsive genes (Chen et al., 2015). A novel calmodulin-like protein
gene isolated from rice, OsMSR2, was reported to be involved in ABA-
mediated salinity and drought tolerance (Xu et al., 2011). There is also
a crosstalk between CaM/CML and another important second mes-
senger, reactive oxygen species (ROS), in plant response to abiotic stress
(Ozgur et al., 2014; Suzuki et al., 2012). The ABA-sensitive stomatal
movement and drought-resistance phenotypes were reported in Arabi-
dopsis mutant cml20, which is accompanied with the down-regulated
APX2 transcription and higher ROS accumulation in guard cells (Wu
et al., 2017). The latest research on grapevine (Vitis vinifera) CaMs/
CMLs gene family also demonstrated that many members’ expression
was up or down-regulated under various abiotic stresses (drought, heat,
gibberellic acid, abscisic acid or UV-C treatment), which suggests
multiple function of VviCaMs/CMLs in grapevine stress resistance
(Vandelle et al., 2018).

In consideration of their important roles, genes encoding CaMs/
CMLs have been analyzed at the whole genome scale in various model
plants and crops (Boonburapong and Buaboocha, 2007; Liao et al.,
2017; Mohanta et al., 2017; Munir et al., 2016; Nie et al., 2017;
Vandelle et al., 2018; Zhang et al., 2016; Zhao et al., 2013). However,
CaMs/CMLs genes have not been identified and characterized system-
atically in apple, an economically important fruit crop cultivated
worldwide (Cornille et al., 2014). Moreover, understanding Ca2+ as a
second messenger is particularly relevant because many apple cultivars
are susceptible to bitter pit, a physiological disorder related to Ca2+

deficiency, and both pre- and post-harvest applications of Ca2+ can
reduce the incidence of bitter pit (de Freitas and Mitcham, 2012;
Ferguson and Watkins, 1989). Characterization and expression analysis
of the CPK gene family in apple cultivars with contrasting susceptibility
to fire blight and comparisons with other Rosaceae species demon-
strated that MdCPKs play important roles in responses to Erwinia
amylovora and Alternaria alternata infection (Kanchiswamy et al., 2013;
Wei et al., 2016). However, compared with the extensive and in-depth
work on Ca2+ sensors in other plants, understanding of the CaMs/CMLs
gene family in apple is very limited.

In this study, we identified 4 CaM genes and 58 CML genes in the
apple (Malus× domestica) genome and determined their expression
profiles in different tissues, during fruit development, and in response
to hormone treatments. qRT-PCR was also used to detect the expression
levels of highly expressed members in response to salinity stress and
ABA treatment. One such gene, MdCML3, when overexpressed in apple
calli, significantly improved their tolerance to salinity stress and ABA
treatment, demonstrating that identification and expression analysis of
MdCaMs/CMLs in apple lays a foundation for functional characteriza-
tion of these genes in stress tolerance and developmental processes.

2. Materials and methods

2.1. Database searches and sequence annotation for identification of the
CaM and CML family in apple

To identify CaM and CML proteins in apple, the sequences of
Arabidopsis CaM and CML proteins were downloaded from the
Arabidopsis genome (TAIR, http://www.Arabidopsis.org/). These se-
quences were used as queries for BLASTP (with an E cut off value 1e-5)
search of the apple genome sequence database on the website GDR
(Genome Database for Rosaceae, https://www.rosaceae.org/). In addi-
tion, we used ‘Calmodulin’, ‘EF-hand’, and ‘Calmodulin-like protein’ as
keywords to perform homolog searches in the apple genome database.
All the MdCaM/CML genes were named consecutively based on GeneID
number in the Genome Database (GDR, https://www.rosaceae.org/)
and chromosomal position. Nucleotide and amino acid sequences as
well as genes' related information were obtained. Redundant sequences
or sequences lacking the EF-hand domain were removed after a simi-
larity comparison, and subsequent analyses were performed using
Hidden Markov Model of Simple Modular Architecture Research Tool
SMART (http://smart.embl-heidelberg.de/), InterProScan (http://
www.ebi.ac.uk/Tools/pfa/iprscan5/), Pfam (http://pfam.sanger.ac.
uk/) and NCBI Conserved Domain Database (http://www.ncbi.nlm.
nih.gov/cdd) programs to verify the reliability of MdCaM and MdCML
candidate sequences.

2.2. Phylogenetic tree construction and chromosomal location analysis

Phylogenetic analysis was conducted using MEGA version 6.0
(http://www.megasoftware.net/) with the neighbor-joining method,
with bootstrap values calculated using 1000 iterations. Sixty two genes
from apple and 56 genes from Arabidopsis were used. The chromosome
location of the MdCaM and MdCML genes was performed using
MapChart program based on gene position and markers in the apple
genome supplied by the GDR website (https://www.rosaceae.org/).

2.3. Amino acid identity and motif analyses of proteins

Protein physiochemical data, including the theoretical isoelectric
point (pI), molecular weight, and sequence length were obtained on the
ExpasyProtParam server (http://web.expasy.org/protparam/).
Structural motif annotation was performed using the MEME program
(http://meme-suite.org/) (Bailey and Elkan, 1994). Protein subcellular
localization was predicted via the Wolf PSORT II program (https://
www.genscript.com/wolf-psort.html?src=leftbar).

2.4. Plant materials and growth conditions

Growing shoot tips, mature leaves, flowers, stamens, and fruit at
five developmental stages from cell division (S1) to ripening (S5) (S1:
18 DAB, active cell division; S2: 37 DAB, end of cell division; S3: 67
DAB, early rapid cell expansion; S4: 90 DAB, late rapid cell expansion;
S5: 132 DAB, ripening) were obtained from ‘Greensleeves’/M.26 apple
trees in 3–5 replicates, and white roots from ‘G.890’ rootstock were
taken during active root growth in 5 replicates for mRNA isolation and
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RNA-seq library construction. The vegetative tissues (roots, shoot tips
and leaves) and reproductive organs (flower, stamens, and fruits) were
sampled from 2-year old trees and 5-year old trees grown in containers
at Cornell Orchards, respectively, as described before (Li et al., 2018;
Meng et al., 2018a; Wu et al., 2015). For the ABA and JA feeding ex-
periment for RNAseq analysis, two-year old ‘Greensleeves’ trees on
M.26 rootstock were grown in 7.6 L containers at Cornell Orchards as
previously described (Cheng et al., 2005). Leaves were fed with exo-
genous ABA or JA via transpiration stream following Meng et al.
(2018b) for sugar feeding with modifications (Meng et al., 2018b). The
youngest fully expanded leaves were cut at the petiole base from the
shoots with a razor blade, and immediately re-cut under water. These
leaves were randomly assigned to ABA (1 μM) treatment, JA (10 μM)
treatment or water control, with five leaves per replicate. The petiole of
each leaf was immersed into ABA/JA solution or water in a 2-ml Ep-
pendorf vial (wrapped in aluminum foil) inserted into a piece of Styr-
ofoam in an angle that allows the leaf blade to be perpendicular to the
lights. Each treatment was replicated five times, and they were ran-
domly arranged in a fume hood (2m×1.2m×1.5m) under fluor-
escent lights at ∼70 μmol photons m−2 s−1 at 23 °C. Leaf samples were
collected at 3 h after ABA/JA feeding was initiated, frozen in liquid
nitrogen and stored at −80 °C for use.

Tissue-cultured plantlets of ‘Greensleeves’ apple (Malus domestica
Borkh) were used in the qRT-PCR analysis. They were grown on MS
medium at 23 °C under fluorescent lights at ∼50 μmol photons m−2 s−1

in a 16-hr photoperiod. After one month in subculture, uniform plants
were selected for salinity or ABA treatment. The treated plants were
drenched with 200mM NaCl or 50 μM ABA, with water as control. Each
treatment was replicated 5 times with 3 plants per replicate in a com-
pletely randomized design. Samples were taken at 0, 2, 6, 12, and 24 h
after the treatments, and frozen in liquid nitrogen for later use.

2.5. Library construction and RNA-Seq analyses

RNA-seq library construction, sequencing and data analysis for
apple leaves, flowers, and fruits were described previously (Duan et al.,
2017; Meng et al., 2018a; Wu et al., 2015), and the same protocols were
used for constructing the RNAseq libraries, sequencing and data ana-
lysis for apple roots, shoot tips, stamens, and leaves fed with ABA, JA or
water. Heatmaps showing the expression profiles of MdCaM and
MdCML genes were constructed using the MeV software (http://mev.
tm4.org/) based on the RPKM (reads per kilobase of exon model per
million mapped reads) value of each gene obtained in the RNA-seq
analyses to compare their expression levels between different tissues, at
different developmental stages for apple fruit, and responses to ABA
and JA treatments.

2.6. RNA isolation and qRT-PCR

Frozen apple tissues were ground in liquid nitrogen to a fine
powder, and RNA was extracted using the CTAB method as described
(Meng et al., 2014). After treatment with RQ1 DNase (Promega, Ma-
dison, WI, USA), RNA concentration was measured by using a Nano-
Drop spectrophotometer, and RNA integrity was confirmed by agarose
gel electrophoresis. One microgram of total RNA was reverse-tran-
scribed to cDNA using the iScript cDNA Synthesis kit (Bio-Rad, Her-
cules, CA, USA). qRT-PCR was performed in 3 replicates on an Icycler
iQ5 (BioRad) using the SYBR Green Supermix kit (Bio-Rad) according to
the instruction manual. All primer sequences are given in Supplemental
Table 1. Data were analyzed by the iQ5 2.0 software (Bio-Rad) using
the 2-ΔΔCT method.

2.7. Apple callus transformation and stress treatments

‘Orin’ apple calli were used for genetic transformation. They were
cultured on MS medium with 30 g/L sucrose, 1.5 mg/L 6-BA and

0.5 mg/L indole-3-acetic acid at 25 °C in the dark. Transformation was
performed as described previously with slight modifications (An et al.,
2012). Full-length MdCML3 (MDP0000215758) cDNA was amplified
using primers MdCML3-GW-F/R (Supplemental Table 1), and cloned
into the Gateway pGWB417 vector through Gateway BP and LR reac-
tions (Invitrogen; BP Clonase; LR Clonase). Then the construct and
empty vector were transformed into Agrobacterium GV3101, respec-
tively, for apple callus transformation. Three-week old ‘Orin’ apple calli
were collected, and then suspended in the liquid medium containing
GV3101 for 15min under shaking at 140 rpm. Subsequently, the calli
were co-cultured on solid MS medium (4.43 g/L MS, 1.0 mg/L 6-BA,
1.0 mg/L 2, 4-D, 30 g/L sucrose, 7 g/L agar, pH 5.8) at 25 °C in the
dark. After 2–3 days, the calli were washed three times with sterile
water, and then cultured on the solid MS medium containing 250mg/L
carbenicillin and 30mg/L kanamycin for selection. The MdCML3
overexpression transgenic calli were identified through qRT-PCR. For
stress tolerance assays, the transgenic apple calli were cultured on MS
medium for 10 days, and then were transferred to MS medium with
100mM NaCl or 10 μMABA for two weeks. Each treatment was re-
plicated three times.

3. Results

3.1. Identification of CaM and CML family genes in apple

To identify CaM and CML genes in the apple genome, Arabidopsis
CaMs/CMLs genes were downloaded from TAIR database (http://www.
arabidopsis.org/) and used as query sequences. All of the redundant
genes were removed after a similarity sequence comparison. Finally, a
total of 4 MdCaM and 58 MdCML genes were identified and annotated
(Table 1). Based on GeneID number in GDR (https://www.rosaceae.
org/) and chromosomal position, all the MdCaM/CML genes were
named consecutively from MdCaM1 to 4 and MdCML1 to 58, respec-
tively (Table 1). The protein sequences corresponding to the identified
MdCaM and MdCML genes were analyzed through Pfam (http://pfam.
sanger.ac.uk/) and InterproScan platform (http://www.ebi.ac.uk/
Tools/pfa/iprscan5/) to confirm the presence of the EF-hand domain
and protein characteristics, which include the number of amino acids
(AA), theoretical isoelectric point, and molecular weight. As shown in
Table 1, all of the MdCaMs had four EF-hands domain, and MdCMLs
contained two to four EF-hands. The sizes of these proteins ranged from
123 (MdCML52) to 709 (MdCML34) AA residues, with molecular
weight from 13.7 (MdCML28) to 80.7 (MdCML34) KDa. To predict sub-
cellular locations of the MdCaM/CML proteins, we analyzed their se-
quences using the Wolf PSORT II program. Most of the MdCaMs/CMLs
are predicted to be nuclear and cytosolic proteins, but some are plastid
or membrane proteins, such as chloroplast proteins, mitochondrial
proteins, plasma membrane proteins and vacuolar membrane proteins
(Table 1). The various locations suggest diverse functions of these
proteins in calcium signaling transduction.

3.2. Sequence alignment and phylogenetic analysis of MdCaM and MdCML
genes

To gain insights into the potential functions of MdCaMs and
MdCMLs, we constructed an unrooted phylogenetic tree by using
MEGA6.0 following the neighbor-joining method, with selected
Arabidopsis CaM/CML proteins added as reference proteins. MdCaM/
CML proteins were classified into nine subgroups according to their
similarities and relationships with Arabidopsis members (McCormack
and Braam, 2003), and each group contained a diverse number of
MdCaM/CML proteins (Fig. 1). Group 7 had the most members (17),
followed by group 8 (13 members) and 6 (12 members). Group 2 was
the smallest and contained only one member, MdCML41, in comparison
with 5 CMLs in Arabidopsis. We also performed a phylogenetic analysis
of MdCaMs/CMLs with those in tomato ((Boonburapong and
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Table 1
Information of MdCaM and MdCML genes.

(caption on next page)
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Buaboocha, 2007; Munir et al., 2016) and rice (Boonburapong and
Buaboocha, 2007) (Supplemental Fig. 1). Multiple sequence alignments
and phylogenetic analyses revealed that CaM/CML proteins from apple,
Arabidopsis, tomato and rice shared high levels of similarity, which
suggests similar functions for those homologous members.

3.3. Conserved motifs of the MdCaMs/CMLs

The protein motif was found to be relatively conserved among CaMs
but variable among CMLs. We identified the conserved motifs of
MdCaMs/CMLs via the MEME program by using the following

1GeneID number in the Genome Database for Rosaceae (GDR, https://www.rosaceae.org/).
2Chromosome number and position in which the gene resides.
3pI, theoretical isoelectric point.
4Mw, molecular weight, KDa.
5Number of amino acids of the deduced amino acid sequence.
6Length of the coding region in base pairs.
7Number of EF hands based on the prediction by InterProScan (https://www.ebi.ac.uk/interpro/).
8The prediction of protein localization in cells in WoLF PSORT II (https://www.genscript.com/wolf-psort.html?src=leftbar); Cyto, cytosol; ER, endoplasmic re-
ticulum; Vacu, vacuolar; membrane; Chlo, chloroplast; Nucl, nuclear; Extr, extracellular; Mito, mitochondria; Cysk, cytoskeleton; Plas, plasma membrane.

Fig. 1. Phylogenetic analysis of apple and Arabidopsis CaM and CML proteins. Sixty-two CaM and CML proteins from apple (4 CaMs and 58 CMLs) and 56 from
Arabidopsis (6 CaMs and 50 CMLs) were aligned using ClustalW. The phylogenetic tree was constructed using the MEGA 6.0 program by the neighbor-joining method
with bootstrap values 1000 using protein sequences. The proteins were categorized into 9 clades based on sequence similarities in amino acids between apple and
Arabidopsis. Red color denotes the 12 selected apple genes detected by qRT-PCR in Fig. 7. (For interpretation of the references to color in this figure legend, the reader
is referred to the Web version of this article.)
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parameters: a maximum of 6 motifs and an optimum motif width be-
tween 6 and 50 amino acid (Fig. 2). All of the MdCaM proteins con-
tained the typical four EF-hands (Fig. 2), each of which had the ability
to bind Ca2+. However, the MdCML proteins contained two to four
highly conserved EF-hand motifs. In general, members with close
phylogenetic relationships had high sequence similarity and similar
motifs. The presence of the same type of conserved motifs might in-
dicate functional similarity among MdCaM/CML family members.

3.4. Chromosomal locations of the MdCaMs and MdCMLs

To determine the distribution of MdCaMs and MdCMLs genes in 17
apple chromosomes, we analyzed their chromosomal location. The
MdCaMs/CMLs genes are spread among all of the apple chromosomes,
except chromosome 16 (Fig. 3a), but the distribution appear to be un-
balanced. Chromosome 14 contains the most CML genes (8), followed
by chromosome 6, 9 and 15 with each having 6 MdCML genes. Each of
the 4 MdCaM genes is located on chromosome 3, 7, 11 and 14. How-
ever, there is only one MdCML gene each on chromosome 1 and 17.
(Fig. 3b). This uneven distribution of MdCaM/CML genes on

Fig. 2. Gene structure and phylogenetic relationship of MdCaM and MdCML genes. The 4 MdCaM and 58 MdCML genes were arranged according to the
phylogenetic tree as described in Fig. 1. Six conserved motifs identified in both CaM and CML genes by the MEME program (http://meme-suite.org/) are shown in
different colors. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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chromosomes indicate that genetic variations exist in the evolutionary
process of the apple.

3.5. Expression profiles of MdCaM and MdCML genes in different tissues

The function of any given gene is closely related to its expression. To
gain insights into the potential functions of MdCaMs and MdCMLs, we
analyzed all members’ transcript levels via RNA-seq to examine their
expression patterns in different tissues, including roots, shoot tips,
mature leaves, stamens, flowers, and mature fruit (Fig. 4).MdCaM2 was
expressed at a high level in all tissues tested, suggesting a ubiquitous
role of MdCaM2 in apple tree growth and development. In addition,
MdCML11 and MdCML47 had similarly high expression levels in most
tissues examined except fruit. Some members were expressed in specific
tissues. For example, MdCML7 and MdCML49 had the highest expres-
sion in roots, whereas MdCML13 and MdCML35 showed higher ex-
pression levels in stamens compared with other parts. Interestingly,
MdCaM4, MdCML32, 35, 54 and 55 showed high expression levels in
both stamens and flowers, implying the potential function of these
genes in flower and fruit development. However,MdCML14, 15, 16, 18,
20, 27, 30, 37, 50, 52 and 58 genes showed low expression in most
tissues (Fig. 4).

To investigate the function of MdCaMs and MdCMLs during apple
fruit development, we analyzed their expression patterns at five fruit
developmental stages using the RNA-seq database (Li et al., 2016)). The

expression level of MdCaM2 stayed very high throughout fruit devel-
opment (Fig. 5). The expression level of MdCaM4, MdCML11, 12, 17,
21, 32, 47 and 57 showed developmental stage-dependent changes. As
fruit developed from cell division (S1) to ripening (S5), the transcript
level of MdCML11, 12, 47 and 57 decreased; MdCML21 and 32 had a
high expression level only at S1 whereas MdCML17 was highly ex-
pressed at both S1 and S5. These differential expression patterns may
provide important clues for exploring their functions in fruit develop-
ment in the future.

3.6. Expression patterns of MdCaM and MdCML genes in response to ABA
and JA

Increasing evidence suggests that CaMs/CMLs play important roles
in biotic and abiotic stress tolerance in various plant species (Reddy
et al., 2011; Virdi et al., 2015; Yang et al., 2013; Zeng et al., 2015). As
important stress hormones in plants, both abscisic acid (ABA) and jas-
monic acid (JA) are involved in responses to various biotic and abiotic
stresses (Ahmad et al., 2016; Verma et al., 2016; Vishwakarma et al.,
2017). To understand potential involvement of the newly identified
MdCaM andMdCML genes in responses to biotic and abiotic stresses, we
analyzed the expression patterns of MdCaM and MdCML genes under
ABA and JA treatments using RNA-seq (Fig. 6). In response to ABA and
JA, the transcript level of MdCML44, 45, and 46 was down-regulated.
By contrast, the transcript level of MdCML3, 4 and 7 and that of

Fig. 3. The distribution ofMdCaM andMdCML genes in apple chromosomes. a, The number of MdCaM and MdCML genes in each chromosome. b, MdCaMs and
MdCMLs were mapped onto apple chromosomes. Names were assigned based on their location in apple chromosomes.
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MdCaM1 and MdCML19 were up-regulated by ABA and JA, respec-
tively. The results suggest that these MdCaMs/CMLs may be involved in
the transduction of ABA/JA signals under various stresses.

3.7. Expression analysis of the selected genes in response to salinity and
ABA by qRT-PCR

Considering that 1) high salinity is a major abiotic stress for apple
tree growth and development (Duan et al., 2015; Julkowska and
Testerink, 2015; Yang and Guo, 2018); 2) ABA concentration increases
in response to both biotic and abiotic stresses, thereby regulating the
expression of genes involved in stress adaptation (Lee and Luan, 2012;
Leng et al., 2014); and 3) an increasing number of CaM/CML have been
shown to be involved in salinity stress and ABA responses (Perochon
et al., 2011; Reddy et al., 2011), we selected 12 candidate genes based
on the subgroup classification of MdCaMs/CMLs (Fig. 1, colored in red)
and their expression levels obtained in the RNA-seq data (Figs. 4 and 6)
for qRT-PCR analysis of their expression patterns under salinity stress
and ABA to explore the functional MdCaMs/CMLs members (Fig. 7).
The expression level of all 12 genes was increased under salinity stress,
with CML7 transcription level being increased nearly five times in 12 h
of treatment. In addition, CML3 and 57 had the highest expression at
2 h of salinity treatment and then returned to their normal low level,
whereas other genes were kept at a higher expression level from 2 to
24 h (Fig. 7). The expression level of CML3, 35 and 57 was increased
after 2 h of ABA treatment, which is consistent with the RNA-seq result
(Fig. 6). Meanwhile, CaM2, CML47 and 53's expression was decreased
in response to ABA. These results suggest that MdCaMs/CMLs family
members may have diverse biological functions in response to stress
conditions, such as salinity and ABA treatment.

3.8. Growth of MdCML3-overexpressing apple calli in response to salinity
and ABA

The qRT-PCR result showed that the expression of MdCML3 was
increased under both NaCl and ABA treatments (Fig. 7). In addition,
ABA (ABRE) and stress (TC-rich repeats) responsiveness elements were
found to be present in the MdCML3 promoter (1500 bp upstream se-
quence of the gene) via the PlantCARE (http://bioinformatics.psb.
ugent.be/webtools/plantcare/html/) analysis (Supplemental Table 2),
which suggests that MdCML3 may play a role in adapting to ABA and/
or salinity stress. To determine the function of MdCML3, we con-
structed a pGWB417-MdCML3 overexpression vector and transformed
it into ‘Orin’ apple calli. Expression analysis showed significantly higher
MdCML3 transcript levels in the transgenic MdCML3-OE calli (OE-1, 2)
than in the empty vector (pGWB417) control calli (417–1, 2). No dif-
ference in fresh weight was detected between MdCML3-OE and control
calli (417–1, 2) under normal conditions (Fig. 8b and e), but when
grown under 100mM NaCl or 10 μM ABA, MdCML3-OE calli had sig-
nificantly higher fresh weight (Fig. 8c–e), indicating that MdCML3
confers a level of tolerance to salinity stress and ABA level in apple.
These results also demonstrate that gene expression analysis of
MdCaM/CMLs can provide good clues for the evaluation of their phy-
siological function.

4. Discussion

An increasing number of studies have shown that Ca2+ is an im-
portant second messenger in eliciting responses to many biotic and
abiotic signals in plants (DeFalco et al., 2009; McAinsh and Pittman,
2009). Myriad Ca2+ binding proteins in plants that function as Ca2+

sensors to decode complex Ca2+ signatures (Boonburapong and

Fig. 4. Expression profiles of MdCaM and MdCML genes
in different tissues of apple. The color bar represents the
expression value, normalized by the reads per kilobase of
exon model per million mapped reads (RPKM) algorithm.
RO: Roots, SH: Shoot tips, LE: Leaves, ST: Stamens, FL:
Flowers, FR: Mature fruit. (For interpretation of the refer-
ences to color in this figure legend, the reader is referred to
the Web version of this article.)
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Buaboocha, 2007; Day et al., 2002). These Ca2+ binding proteins re-
spond to the changing cellular Ca2+ concentration and amplify down-
stream signal transduction, thereby eliciting a physiological response
corresponding to the signal. Among these Ca2+ sensors, CaMs and
CMLs are the most conserved major calcium sensor proteins in plants.
CaMs are about 149 amino acid in length and carry two pairs of EF-
hand motifs and share over 90% identity in amino acid sequence (Yang
and Poovaiah, 2003). By following these criteria, we identified 4 CaM
genes, with additional 58 CaM-like (CML) genes in the apple genome
(Table 1). Apple has more CML members than Arabidopsis (50 CML-
encoding genes), rice (32 CML-encoding genes) and tomato (52 CML-
encoding genes), but less than grapevine (62 CML-encoding genes)
(Boonburapong and Buaboocha, 2007; McCormack and Braam, 2003;
Munir et al., 2016; Vandelle et al., 2018). In agreement with previous
studies, different subcellular localizations are predicted for the
MdCaMs/CMLs (Table 1), which suggests their diverse biological
functions in apple. Some of the CaM/CML members are involved in
calcium signal transduction and stress resistance in Arabidopsis or other
crop plants (Ahmad et al., 2016; DeFalco et al., 2009; Leng et al., 2014;
McCormack and Braam, 2003; McCormack et al., 2005; Reddy et al.,
2011; Yang and Guo, 2018). The neighbor-joining phylogenetic trees
constructed for MdCaM/CMLs with Arabidopsis, rice and tomato CaM/
CMLs demonstrate their evolutionary relationships and potential simi-
larities in function (Fig. 1, SeFig. 1). These phylogenetic trees will be a

useful reference for future studies on MdCaMs/CMLs. Moreover, the
motif analysis and characterization will also help in future exploration
of gene functions. The conservation and divergence of motif numbers
present in the MdCaM/CML proteins (Fig. 2) are expected to lead to
functional similarities or differences between various MdCaM/CML
family members (Day et al., 2002; Zeng et al., 2017).

The important functions of CaMs/CMLs in plant development and
stress tolerance have been widely reported. For example, CaM takes
part in plant development through interaction with various transcrip-
tion factors, including members of the NAC and WRKY families (Kim
et al., 2007; Park et al., 2005). AtCML39 is involved in regulating seed
development and seedling establishment in Arabidopsis (Bender et al.,
2013; Midhat et al., 2018). Expression analysis demonstrated that
various CMLs are also involved in response to abiotic stresses such as
drought and salinity. CML18 has been shown to increase plant salinity
tolerance through interaction with the Na+/H+ antiporter AtNHX1 on
the tonoplast (Yamaguchi et al., 2005). AtCML20 is a negative regulator
for plant drought resistant as CML20 overexpression lines were hy-
persensitive to drought stress (Wu et al., 2017). Considering that the
function of any given gene is closely related to its expression (Anil et al.,
2000; Vanderbeld and Snedden, 2007), we determined the expression
patterns of MdCaMs/CMLs in different apple tissues and in response to
plant hormones (ABA and JA) through RNA-seq analysis to evaluate
their potential functions. We found that the evolutionarily conserved

Fig. 5. Expression profiles ofMdCaM andMdCML genes during apple fruit development. The color bar represents the expression value, normalized by the reads
per kilobase of exon model per million mapped reads (RPKM) algorithm. ‘Greensleeves’ fruit samples were taken at five developmental stages, from cell division (S1)
to fruit ripening (S5), with three replicates at each stage. DAB, days after full bloom. S1: 18 DAB. S2: 37 DAB. S3: 67 DAB. S4: 90 DAB. S5: 132 DAB. (For
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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CaMs showed broad spatio-temporal expression profiles in various tis-
sues and during fruit development, whereas most CMLs displayed more
tissue-specific expression patterns (Figs. 4 and 5). Among the four
CaMs, MdCaM2 had the high expression level in all the tissues tested
and under hormone treatments, suggesting a vital and universal func-
tion of MdCaM2 in apple tree growth and fruit development. Moreover,
some MdCMLs were highly expressed in a specific tissue, such as CML7,
29 and 49 in roots, CML24 in shoot tips, CML3 in leaf, CML54 and 55 in
both stamens and flowers. During fruit develop, MdCMLs showed dif-
ferential expression patterns (Fig. 5). The expression level ofMdCML11,
47 and 57 gradually decreased with fruit development, suggesting that
these CML members may play a more important role in early fruit

development than fruit ripening. In light of important roles of ABA and
JA in plant stress responses (Ahmad et al., 2016; Lee and Luan, 2012),
the expression patterns of MdCaMs/CMLs in response to ABA and JA
may be useful to exploring the functional members for stress tolerance
(Fig. 6). In addition, we also analyzed the expression of 12 selected
MdCaMs/CMLs in response to salinity and ABA by qRT-PCR (Fig. 7).
Consistent with the RNA-seq results, MdCML3's expression showed a
rapid increase whereas MdCML47's expression decreased in response to
ABA. For salinity response, most selected members had higher expres-
sion levels in 2–24 h of treatment, especially MdCML7's expression in-
creased almost 5 times in 12 h. Moreover, when MdCML3 was over-
expressed in apple calli, the transgenic calli grew significantly better

Fig. 6. Expression profiles of MdCaM and MdCML genes in response to abscisic acid (ABA) and jasmonic acid (JA) treatment. The color bar represents the
expression value, normalized by the reads per kilobase of exon model per million mapped reads (RPKM) algorithm. H2O: Control; ABA: 1 μM ABA fed via petiole; JA:
10 μM JA fed via petiole. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 7. The expression patterns of 12 selected MdCaM and MdCML genes in the leaves of ‘Greensleeves’ apple in response to NaCl and ABA treatment.
Plants were grown on MS medium at 23 °C under fluorescent lights at ∼50 μmol photons m−2 s−1 in a 16-hr photoperiod. The treated plants were drenched with
200mM NaCl or 50 μM ABA, with water as control. Each treatment was replicated 5 times with 3 plants per replicate. Gene expression was detected using qRT-PCR.

Fig. 8. Growth ofMdCML3-overexpressing ‘Orin’ apple calli in response to NaCl or ABA treatment. a, qRT-PCR analysis of the expression ofMdCML3 in control
(417–1, 2) and MdCML3 overexpression (OE-1, 2) calli. b, Fresh weight of 2-week-old calli grown on control medium. c, Fresh weight of 2-week-old calli grown on
100mM NaCl medium. d, Fresh weight of 2-week-old calli grown on 10 μM ABA medium. e, Picture of 2-week-old calli grown in control, 100mM NaCl or 10 μM ABA
medium.
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under salinity and ABA conditions, suggesting that MdCML3 may play a
role in the tolerance of apple trees to salinity and drought. In summary,
our identification and expression analysis of MdCaMs/CMLs lays a
foundation for future functional studies to elucidate their physiological
roles in apple.

5. Conclusion

We have identified and characterized 4 MdCaM and 58 MdCML
proteins containing functional EF-hand motifs in the apple genome.
Expression analysis reveals that MdCaM/CML members have diverse
expression patterns in different tissues and stress responses, and over-
expression of stress-induced MdCML3 significantly enhances the toler-
ance of apple calli to salinity and ABA. These findings provide new
insights into the specificity of CML gene expression, and lay a foun-
dation for further examining the function of MdCaM/CML genes in
calcium signaling and stress responses in apple and other tree fruits in
Rosaceae.
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