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Abstract
Teosinte branched1/cycloidea/proliferating cell factor1 (TCP) proteins are a large family of transcriptional regulators in
angiosperms. They are involved in various biological processes, including development and plant metabolism pathways. In
this study, a total of 52 TCP genes were identified in apple (Malus domestica) genome. Bioinformatic methods were employed
to predicate and analyse their relevant gene classification, gene structure, chromosome location, sequence alignment and con-
served domains of MdTCP proteins. Expression analysis from microarray data showed that the expression levels of 28 and 51
MdTCP genes changed during the ripening and rootstock–scion interaction processes, respectively. The expression patterns
of 12 selected MdTCP genes were analysed in different tissues and in response to abiotic stresses. All of the selected genes
were detected in at least one of the tissues tested, and most of them were modulated by adverse treatments indicating that the
MdTCPs were involved in various developmental and physiological processes. To the best of our knowledge, this is the first
study of a genomewide analysis of apple TCP gene family. These results provide valuable information for studies on functions
of the TCP transcription factor genes in apple.

[Xu R., Sun P., Jia F., Lu L., Li Y., Zhang S. and Huang J. 2014 Genomewide analysis of TCP transcription factor gene family in Malus
domestica. J. Genet. 93, 733–746]

Introduction

Transcription factors (TFs) contain distinct types of DNA-
binding domains and transcriptional regulation regions, and
are capable of activating or repressing the transcription rates
of multiple target genes (Riechmann et al. 2000; Wray et al.
2003). TFs are important regulators of diverse cellular pro-
cesses and the complexity of living organisms necessitates
a large number of TFs. Teosinte branched1/cycloidea/ pro-
liferating cell factor1 (TCP) proteins constitute one of the
largest families of plant-specific TFs (Martin-Trillo and
Cubas 2010). The TCP gene family was named after the
TCP domain from the first identified members: TB1 (teosinte
branched1 from maize), CYC (cycloidea from Antirrhinum)
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and PCFs (PCF proteins from rice) (Doebley et al. 1997;
Kosugi and Ohashi 1997; Cubas et al. 1999; Luo et al. 1999).
Sequence comparison of TCP proteins identified two con-
served regions, including a TCP domain with a noncanoni-
cal basic helix-loop-helix (bHLH) structure and an R domain
(Doebley et al. 1997; Kosugi and Ohashi 1997; Cubas et al.
1999; Luo et al. 1999). Although the bHLH domain is pre-
sent in all TCP proteins, only some of the TCP genes had the
R domain (Brameier 2010).
Recently, many TCPs were found to have important

roles in regulating various developmental processes, such
as branching, floral organ morphogenesis and leaf growth
(Aguilar-Martinez et al. 2007; Nag et al. 2009; Martin-Trillo
and Cubas 2010; Danisman et al. 2012). OsTB1, the rice
homologue of the maize TB1 gene, was considered as a neg-
ative regulator of lateral branching (Takeda et al. 2003).
Functional analysis of the TCP genes BRC1 and BRC2 in
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Arabidopsis demonstrated that these genes were involved in
suppressing axillary bud outgrowth (Aguilar-Martinez et al.
2007). TCP2, TCP3, TCP4, TCP10 and TCP24 in Arabidop-
sis were all targeted by miR319, and have been implicated in
regulating leaf morphogenesis (Palatnik et al. 2003). A group
of AS2-binding TCP TFs (TCP3, TCP4, TCP10 and TCP24)
were identified as regulators in leaf development by binding
directly to the promoters of BP and KNAT2 to repress their
expression (Li et al. 2012a). Reporter gene analysis and the
use of SRDX fusions suggested that AtTCP14 and AtTCP15
modulate cell proliferation in the developing leaf blade and
specific floral tissues (Hiratsu et al. 2003;Kieffer et al. 2011).
In addition, AtTCP15 played an important role in regu-
lating endoreduplication during Arabidopsis development
(Li et al. 2012b). In Arabidopsis, TCP16 functioned in pollen
development, including variations in size, shape and stain-
ing patterns, suggesting that TCP16 was important for early
pollen development (Takeda et al. 2006). AtTCP20, acting
upstream of AtTCP9, served as a pivotal link between the
regulation of growth and cell division pathways, and con-
trolled leaf development via the jasmonate signalling path-
way (Li et al. 2005; Aguilar-Martinez et al. 2007; Nag et al.
2009; Martin-Trillo and Cubas 2010; Danisman et al. 2012).
LjCYC2, a CYC homologue, was shown to function in estab-
lishing dorsal identity together with Keeled wings in Lotus 1
(Kew1), which regulated the control of lateral petal identity,
suggesting a common molecular origin for the mechanisms
controlling floral zygomorphy in Lotus japonicus (Feng et al.
2006). Two CYC-like TCP proteins were characterized in the
genetic control of floral zygomorphy in Pisum sativum L.
(Wang et al. 2008).
Evolution of the TCP gene family in the Asteridae sug-

gested that gene duplication, followed by functional diver-
gence, might be the mechanism responsible for regulatory
gene family diversification and its impact on morphological
evolution in the Lamiales (Reeves and Olmstead 2003). To
date, various members of the TCP family from Arabidop-
sis (23 members) and rice (22 members) have been iden-
tified, which can be divided into three classes by phyloge-
netic analysis. Expression pattern analyses of the AtTCPs and
OsTCPs in stems, leaves and flowers showed that approxi-
mately half of the genes (22 TCP genes) were expressed in all
the three tissues tested, suggesting that TCPs may play regu-
latory roles at multiple developmental stages in Arabidopsis
and rice (Brameier 2010) In contrast to the intensive research
on TCP in model and crop plants such as Arabidopsis and
rice, there are very limited reports on apple. Recently, the
draft genome sequence of apple has been decoded, which
provided an excellent opportunity for genomewide analy-
ses of all the genes belonging to specific gene families
(Velasco et al. 2010). The genomewide analysis of the RING
finger, DREB, dehydrin and Hsf gene families have been
reported in apple (Li et al. 2011; Giorno et al. 2012; Liang
et al. 2012; Zhao et al. 2012). However, no genomewide
information on the apple TCP gene family is currently
available.

Given the importance of TCPs in diverse biological and
physiological processes and their potential application for
the development of stress-tolerant transgenic plants, a sys-
tematic analysis of the apple TCP gene family was carried
out for the first time. The chromosomal location and gene
structure of the putative TCP genes were analysed carefully.
In addition, the TCPs were subjected to phylogenetic analy-
ses with their Arabidopsis counterparts. These comparisons
enabled the identification of gene orthologues and clusters
of orthologous groups that can be subjected to further func-
tional characterization. Further, we analysed the expression
patterns using microarray and expressed sequence tag (EST)
data. To our knowledge, this is the first genomewide analysis
of the apple TCP family, which provides valuable infor-
mation for understanding the classification and putative
functions of TCPs. Ultimately, these findings will lead to
potential applications for the improvement of apples via
genetic engineering.

Materials and methods

Identification of TCPs in apple

To identify members of the TCP gene family, multiple
database searches were performed. The Arabidopsis, rice
and Populus TCP sequences were used as queries to per-
form repetitive blast searches against the GDR database
(Jung et al. 2014). Additionally, all proteins sequences were
then used as queries to perform multiple database searches
against proteome and genome files downloaded from GDR
database. Stand-alone versions of BLASTP and TBLASTN
(basic local alignment search tool, http://blast.ncbi.nlm.nih.
gov) available from NCBI (National Center for Biotechnol-
ogy Information, http://www.ncbi.nlm.nih.gov) were used
with the e-value cutoff set to 1e-003 (Mount 2007). More-
over, the predicted TCP gene family sequences were down-
loaded from the Apple GFDB database (Apple gene function
and gene family database, http://www.applegene.org/) (Yao
et al. 2011). All protein sequences derived from the candidate
TCP genes were examined using the domain analysis pro-
grammes, Pfam (protein family, http://pfam.sanger.ac.uk/)
and SMART (simple modular architecture research tool,
http://smart.embl-heidelberg.de/) with the default cutoff pa-
rameters (Letunic et al. 2012; Finn et al. 2014) The pIs (iso-
electric points) and molecular weights of the TCP TFs were
obtained with the help of proteomics and sequence analysis
tools on the ExPASy proteomics server (http://expasy.org/).

Sequence alignment and phylogenetic analysis of TCP TFs
in apple

TCP sequences were aligned using the program ClustalX
with BLOSUM30 as the protein weight matrix. The MUS-
CLE (multiple sequence comparison by log-expectation)
program (ver. 3.52) was also used to perform multiple
sequence alignments to confirm the ClustalX data output

734 Journal of Genetics, Vol. 93, No. 3, December 2014

http://blast.ncbi.nlm.nih.gov
http://blast.ncbi.nlm.nih.gov
http://www.ncbi.nlm.nih.gov
http://www.applegene.org/
http://pfam.sanger.ac.uk/
http://smart.embl-heidelberg.de/
http://expasy.org/


TCP gene family in apple

(http://www.clustal.org/) (Edgar 2004). Phylogenetic trees
based on the protein sequences of the MdTCPs were con-
structed using the NJ (neighbour-joining) method of the
program MEGA5.0 (molecular evolutionary genetics analy-
sis) with p distance and using the complete deletion option
parameters engaged (Tamura et al. 2011). The reliability of
the trees obtained was tested using bootstrapping with 1000
replicates. Images of the phylogenetic trees were also drawn
using MEGA5.0.

Chromosomal location and gene structure of MdTCPs

The chromosomal locations and gene structures were
retrieved from the apple genome data that were downloaded
from the GDR database. The remaining genes were selected
using a Perl-based program and mapped to the chromosomes
with MapDraw (Liu and Meng 2003), further the gene struc-
tures of the MdTCPs were generated with the GSDS (gene
structure display server, http://gsds.cbi.pku.edu.cn/).

Expression analysis of TCP TFs in microarray

The microarray data of gene expression in apple fruits dur-
ing fruit ripening process was downloaded from the gene
expression omnibus database using the GSE series accession
number GSE24523. The sequences of the identifiedMdTCP-
containing genes were used as queries to blast against
probe sequence (GPL11164) to find corresponding unigene
IDs used in microarray data. The microarray data during
rootstock–scion interactions process (GSE4762) was also
downloaded from the gene expression omnibus database.
And MdTCP-containing genes were used as queries to blast
against probe platform (GPL3715) to find corresponding uni-
gene IDs used in microarray data. Phylogenetic analysis was
performed to determine the corresponding unigene IDs when
sequences of high similarity were acquired. The microarray
data were made into a database by Perl-based programs and
then clustered using Cluster3.0 with Euclidean distances and
thehierarchical clustermethod of complete linkage clustering.

The clustering tree was constructed and viewed in Java
Treeview.

RNA extraction and cDNA synthesis

The young leaves and other tissues of the M. hupehensis (an
excellent apple rootstock widely used for grafting in China)
were used to determine the expression patterns of the apple
TCP genes. TheM. hupehensis trees were 12 years of age and
planted in the experimental orchard of Shandong Institute of
Fruit Tree Science (Taian, China).
The total RNA was extracted using the PureLinkTM RNA

mini kit (Invitrogen, Carlsbad, USA) and treated with RNase-
free DNase I. Two micrograms of the total RNA was used to
synthesize the first-strand cDNA using the PrimeScript First
Strand cDNA synthesis kit (Takara, Dalian, China).

Quantitative real-time PCR analysis

The qRT-PCR reaction was performed in 25μL volumes
containing 10μM of each primer (table 1), 50 ng of cDNA
and 12.5μL of SYBR Premix Ex Taq II. The PCR amplifi-
cation conditions included an initial heat denaturing step at
95◦C for 3min and then 40 cycles of 95◦C for 20 s, 56◦C for
20 s and 72◦C for 20 s. The fluorescence was measured at the
end of each cycle. A melting-curve analysis was performed
by heating the PCR product from 55 to 95◦C. The expres-
sion data for the apple TCP genes were presented as relative
units after their normalization to the apple actin gene using
the 2−��CT method. The qRT-PCR experiment was carried
out at least three times under identical conditions using actin
as an internal control. Details of primers are listed in table 1.

Results

Identification of TCP TFs in apple

To identify TCP genes from the apple genome, BLASTP
searches of the entire apple genome database (GDR,

Table 1. Primers used for the qRT-PCR analysis.

Gene name Forward primer 5′–3′ Reverse primer 5′–3′

MdTCP3 TCGTGTCCTGATGCTGGCTAT TGGGATGACACGAACATGGTG
MdTCP4 TAGAACATCAGGGCCGCCAC CGATGATAGAGGGCTCGGCATG
MdTCP8 CACCACGGACATCACAGTTCG GTGCTGCTGATGGTGGTGGTG
MdTCP9 CACCACGGACATCACAGTTCG GTGGTGGTGGTGATTCTCCATG
MdTCP10 GCAGCAGCACCGATGGATTACT GTGATGAGGCATAAGAGACGGTG
MdTCP16 CCGTGGAGTGGTTGCTCATTC CTCTCTTTGGCCGAGGGTTTG
MdTCP25 CAGAGGACTTGATGGTGGCTT AGAGGAAGTGGAAGCCGTTCG
MdTCP31 GAACACTAGGGACCGCCATAC TAGCGACTTGAGCGGTTGAAC
MdTCP33 GAGCAAGGGCAAGAGAGAGA TCTGCACCACCACAATTACTAC
MdTCP40 GAGAGAAAGATTGTCCACAGGC GCCACCATTGAATCAGGCTG
MdTCP45 CAAGAGCGCCATCAAGGAC TCTGCCCACAATTTTCTGACC
MdTCP49 CTGCTTCCTCCGTTGACGAT TACAAAGCCCCCATCAAGTCC
MdActin TGACCGAATGAGCAAGGAAATTACT TACTCAGCTTTGGCAATCCACATC
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Genome database for Rosaceae, http://www.rosaceae.org)
using well-studied plant (Arabidopsis, rice and Popu-
lus) TCPs as queries were first performed. The hidden
Markov model (HMM) of the simple modular architech-
ture research tool (SMART) and Pfam tool were then
exploited as query to confirm the putative TCP genes.

Finally, 52 typical TCP genes containing full open read-
ing frame (ORF) were identified. Later, these genes were
analysed manually using InterProScan (Jones et al. 2014)
and ClustalX program to confirm the presence of a TCP
domain. We provisionally named them MdTCP1 through
MdTCP52, based on their chromosomal locations (table 2).

Table 2. TCP transcription factors in apple.

Gene Molecular Isoelectric Arabidopsis
Gene accession Exon weight/D point homologous
number no. CDS number Size/aa (MW) (pI) Chromosome location gene

MdTCP1 MDP0000123919 1047 1 348 35970.18 6.97 chr1: 25131292..25132388 AtTCP19
MdTCP2 MDP0000594000 516 4 171 19521.38 8.39 chr2: 34636835..34640797 AtTCP13
MdTCP3 MDP0000681033 573 2 190 21190.64 10.65 chr4: 17051470..17055503 AtTCP15
MdTCP4 MDP0000393985 594 2 197 22003.1 7.17 chr4: 17076789..17078318 AtTCP15
MdTCP5 MDP0000182310 723 1 240 27586.5 6.31 chr5: 4983945..4984667 AtTCP10
MdTCP6 MDP0000259723 723 1 240 27586.5 6.31 chr5: 4986196..4986918 AtTCP10
MdTCP7 MDP0000534647 1155 6 384 42809.65 9.27 chr5: 6310689..6314838 AtTCP13
MdTCP8 MDP0000927314 1464 1 487 53092.36 8.65 chr5: 6897651..6899111 AtTCP2
MdTCP9 MDP0000920127 1464 1 487 53141.05 8.85 chr5: 6905767..6907227 AtTCP2
MdTCP10 MDP0000763497 1464 1 487 53141.05 8.85 chr5: 6906611..6908071 AtTCP2
MdTCP11 MDP0000287069 1455 1 484 52876.67 7.27 chr5: 7572414..7573868 AtTCP2
MdTCP12 MDP0000280252 1008 3 335 34901.43 5.58 chr6: 13199161..13200294 AtTCP9
MdTCP13 MDP0000877369 1281 1 426 45449.99 6.98 chr6: 20909349..20910626 AtTCP14
MdTCP14 MDP0000531313 1281 1 426 45425.74 6.98 chr6: 20930056..20931333 AtTCP14
MdTCP15 MDP0000120671 1125 1 374 41686.22 9.02 chr6: 21954058..21955182 AtTCP5
MdTCP16 MDP0000219838 1617 3 538 60965.41 9.28 chr6: 22600713..22602619 AtTCP18
MdTCP17 MDP0000199422 702 2 233 26244.63 9.6 chr7: 7533528..7535742 AtTCP13
MdTCP18 MDP0000260056 1089 1 362 37483.89 5.99 chr7: 23199732..23200820 AtTCP19
MdTCP19 MDP0000617746 447 1 148 16597.89 9.16 chr8: 24098713..24099156 AtTCP13
MdTCP20 MDP0000253526 444 1 147 16597.89 9.16 chr8: 24107900..24108343 AtTCP13
MdTCP21 MDP0000319266 1827 3 608 63870.51 8.87 chr8: 28824646..28827556 AtTCP8
MdTCP22 MDP0000523096 969 1 322 34308.18 8.67 chr9: 626759..627724 AtTCP20
MdTCP23 MDP0000130524 444 1 147 16680.19 10.08 chr9: 1402850..1403293 AtTCP13
MdTCP24 MDP0000692406 1155 1 384 42111.01 7.96 chr9: 4205989..4207140 AtTCP13
MdTCP25 MDP0000442611 1053 1 350 38217.12 6.64 chr9: 32452747..32453796 AtTCP4
MdTCP26 MDP0000264920 1134 2 377 39069.02 6.18 chr10: 4137787..4139257 AtTCP9
MdTCP27 MDP0000184743 1839 3 612 69007.24 7.36 chr10: 6942026..6944154 AtTCP4
MdTCP28 MDP0000238683 864 1 287 30365.65 8.86 chr10: 17761157..17762020 AtTCP7
MdTCP29 MDP0000189749 984 2 327 36374.5 8.13 chr10: 27694805..27696702 AtTCP10
MdTCP30 MDP0000243495 1797 3 598 65728.91 6.55 chr11: 29676059..29679200 AtTCP4
MdTCP31 MDP0000139807 669 1 222 24323.61 6.66 chr12: 15276397..15277065 AtTCP14
MdTCP32 MDP0000535805 909 1 302 32225.71 5.41 chr12: 19508030..19508935 AtTCP9
MdTCP33 MDP0000173048 1434 1 477 53214.59 8.96 chr13: 2901807..2903240 AtTCP12
MdTCP34 MDP0000242185 1200 1 399 42547.06 6.73 chr13: 4641471..4642670 AtTCP15
MdTCP35 MDP0000374900 756 1 251 26948.08 9.67 chr13: 8629824..8630576 AtTCP20
MdTCP36 MDP0000202241 669 4 222 25375.36 9.91 chr13: 25582032..25583228 AtTCP13
MdTCP37 MDP0000693146 741 3 246 27271.87 9.89 chr13: 34653532..34663244 AtTCP4
MdTCP38 MDP0000210785 1197 2 398 42180.84 9.71 chr14: 25705450..25706743 AtTCP14
MdTCP39 MDP0000155433 1116 1 371 41251.98 7.32 chr14: 26663505..26664620 AtTCP5
MdTCP40 MDP0000224810 1440 2 479 54019.35 6.56 chr14: 27236441..27238113 AtTCP18
MdTCP41 MDP0000617459 795 3 264 29182.19 10.64 chr15: 31621875..31625233 AtTCP8
MdTCP42 MDP0000247249 1005 6 334 36745.93 6.18 chr15: 41975515..41982669 AtTCP24
MdTCP43 MDP0000515080 1596 1 531 55578.99 6.37 chr15: 47289729..47291321 AtTCP8
MdTCP44 MDP0000608645 1596 1 531 55406.74 6.71 chr15: 47289793..47291385 AtTCP8
MdTCP45 MDP0000272980 1251 1 416 46624.44 9.01 chr16: 1586089..1587339 AtTCP12
MdTCP46 MDP0000319941 1209 1 402 42973.7 6.83 chr16: 3210527..3211735 AtTCP15
MdTCP47 MDP0000915616 948 1 315 33460.38 8.68 chr17: 492812..493756 AtTCP20
MdTCP48 MDP0000320363 1143 1 380 41775.72 6.81 chr17: 4673803..4674945 AtTCP13
MdTCP49 MDP0000916623 1068 1 355 38772 5.98 chr17: 19109090..19110154 AtTCP4
MdTCP50 MDP0000149841 348 1 115 12816.8 9.79 chr0: 109274102..109274449 AtTCP4
MdTCP51 MDP0000851695 846 1 281 29713.74 8.08 chr0: 4448042..4448884 AtTCP7
MdTCP52 MDP0000373350 384 2 127 14337.32 9.51 chr0: 15633466..15633909 AtTCP13
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Table 2 also shows the gene identifier, genomic posi-
tion, pI, number of amino acids (aa), protein size, exon
numbers and homologous genes. The ORF lengths ranged
from 348 (MdTCP50) to 1839 bp (MdTCP27), with an
average of 1049 bp. The corresponding proteins contained
aa from 115 to 612 (average 348 aa), with a predicted mole-
cular mass range of 12,816–69,007 Da; the pIs ranged from
5.41 (MdTCP32) to 10.65 (MdTCP3).

Phylogenetic relationships and gene structure analysis of TCP
gene family in apple

To evaluate the evolutionary relationship among the MdTCP
proteins, the full-length aa sequences of 52 MdTCPs and
24 TCPs from Arabidopsis were subjected to a multiple
sequence alignment using the MEGA5.0 program. The mul-
tiple sequence alignment file was then used to construct
an unrooted phylogenetic tree. As shown in figure 1, the

Table 3. Number of TCPs in Arabidopsis, rice and apple.

Species Class 1 Class 2 Class 3 Total

Arabidopsis 13 2 8 23
Rice 8 3 9 22
Apple 22 4 26 52

MdTCPs were divided into three classes (class 1, 2 and 3)
as monophyletic clades with at least 50% bootstrap support,
containing 22, 4 and 26 members, respectively. The small
number of proteins in class 2 was consistent with the classifi-
cations ofArabidopsis and rice (table 3). In addition, 12 sister
pairs of paralogousMdTCP genes were identified (figure 2),
with strong bootstrap support (> 90%). The gene structures
of the MdTCPs were analysed using the gene structure dis-
play server 2.0 (GSDS). As shown in figure 2, most MdTCP

Figure 1. Phylogenetic relationships of Arabidopsis and apple TCP genes. The phylogenetic tree was
constructed based on a complete protein sequence alignment of TCPs in Arabidopsis and apple by the
(NJ) method with bootstrapping analysis (1000 replicates). The classes are marked by blue fragments.
Scale bar represents 0.1 aa substitution per site.
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Figure 2. Phylogenetic relationships and exon/intron structure of TCP genes in apple. The phylogenetic tree was constructed based on a
complete protein sequence alignment of TCPs by the (NJ) method with bootstrapping analysis (1000 replicates). Sister paralogous gene
pairs are indicated by red line. The exons and introns are represented by the green boxes and black lines, respectively, and the number of the
exons and introns are marked behind the gene structure. The sizes of exons, introns and untranslated regions are drawn to scale as indicated
at the bottom of the figure.
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genes (32 members, 61.5%) have no introns. Nine genes
have one intron (17.3%), seven have two introns (13.5%),
two have three introns (3.8%) and two have five introns
(3.8%). The sequence alignment analysis of these TCP pro-
teins showed that the specific TCP domain with bHLH was
highly conserved and the R domain was not present in apple
TCP proteins (figure 3). We also compared the TCP gene
structures between Arabidopsis and apple (figure 4). In Ara-
bidopsis, the exon numbers ranged from one to four, 82%
genes contained only one exon and the average number is
1.30. In MdTCPs, the exon numbers ranged from one to

six, 63% genes contained only one exon and the average
number is 1.73. These results suggested that the TCP genes
did not exhibit gene structure diversification independently
in different organisms.

Chromosomal location of TCPs on apple genomes

Chromosomal location analyses showed that 49 MdTCP
genes were located on 16 chromosomes, dispersed through-
out the genome (figure 5). No TCP gene was found on chro-
mosome 3, while chromosome 5 had the most TCPmembers

Figure 3. Sequence alignment of the conserved motif of TCP proteins in apple. Conserved aa are shown in colour. Dots denote gaps.
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Figure 4. TCP gene structures in Arabidopsis.

(seven genes). Interestingly, among the 12 sister pairs of par-
alogous genes, two pairs MdTCP19/20 andMdTCP3/4 were
tightly colocated in the apple genome and seven sister pairs
(MdTCP24/48, MdTCP15/39, MdTCP25/49, MdTCP16/40,
MdTCP33/45, MdTCP22/47 and MdTCP34/46) were linked
to at least one of the 15 potential chromosomal/segmental
duplications combined with genomewide duplication on dif-
ferent chromosomes. Therefore, it was suggested that seg-
mental duplication and transposition events both played roles
in the evolution of TCP gene family in apple.

Microarray analysis of the expression patterns of TCPs

Gene expression pattern analysis can provide important
information for understanding the roles of genes. The
microarray data of GEO (GSE24523) showed the transcrip-
tional variation of apple genes from four weeks before
ripening (WBR) to ripening. By BLAST searching against
the apple unigene database from GDR, 28 MdTCPs were

identified (figure 6). Based on hierarchical clustering, the
expression patterns of these 28 MdTCP genes were divided
into two groups, namely, groups I and II (figure 6). The
expression of group II genes, such as MdTCP11, MdTCP13,
MdTCP14, MdTCP25 and MdTCP49, increased slightly
from four WBR to ripening, whereasMdTCP16, MdTCP22,
MdTCP32 andMdTCP47, showed slightly decreased expres-
sion among the apple cultivar, Honey Crisp (HC). In addi-
tion, the expression of MdTCP16 (group II) decreased
slightly from four WBR to ripening, whereas genes in group
I, such as MdTCP1, MdTCP8 and MdTCP40, increased in
the apple cultivar, Cripps Pink (CP) (figure 6). However, the
expression of other genes did not show significant changes
during the ripening process.
Additionally, using BLAST searches against the probe

sequences (GPL3715), the expression patterns of 51
MdTCPs (except MdTCP29) during the rootstock–scion
interaction process were identified. Based on hierarchical
clustering, the expression patterns of theMdTCP genes were
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Figure 5. Chromosomal mapping analysis of the TCP gene family in apple. The chromosome number is indicated
at the top of each chromosome representation. Scale measures a 10 Mb chromosomal distance. The gene names on
the right side of each chromosome correspond to the approximate locations of each TCP gene. Segmented duplicate
homologous blocks are indicated with a blue shadow.

divided into three groups, namely, groups I, II and III, with
22, 15 and 14 TCP genes, respectively (figure 7). The expres-
sion of group I decreased slightly in Ambrosia/ B9, Gala/B9
and Melrose/B9, but increased in the other seven rootstock–
scion types. The transcripts of group II increased slightly in
Ambrosia/B9 and Gala/B9, while most decreased in other
rootstock–scion types. Intriguingly, the expression of group
III showed significant differences during the rootstock–scion
interaction processes. Taken together, the different expres-
sion patterns of MdTCP genes indicated that they might be
directly or indirectly involved in the fruit development and
rootstock–scion interaction processes.

Expression profiles of MdTCP genes

Based on the sequence similarity comparisons and phy-
logenetic analyses, we randomly selected 12 apple TCP
genes for further study. Among them, three, four and five
genes were selected from classes 1, 2 and 3, respectively.

RT-PCR was used to detect their expression patterns in dif-
ferent tissues and in response to abiotic stresses. As shown in
figure 8, 10 genes were differentially expressed in all of the
examined tissues. However, tissue-specific expression was
also observed. For example, the expression of MdTCP8 was
too low to be detected in fruits, while MdTCP45 could be
only detected in the stem, leaf and fruit (figure 8). When
treated with stressed conditions, the expression levels of
most genes (except MdTCP3, MdTCP25 and MdTCP49)
were apparently modulated (figure 9). Among them, seven
genes (MdTCP4,MdTCP8,MdTCP9,MdTCP10,MdTCP16,
MdTCP31 and MdTCP40) were suppressed by heat (37◦C),
cold (4◦C), high salinity (150 mM NaCl) and osmotic stress
(10% PEG). Intriguingly, MdTCP33 and MdTCP45 were
significantly induced by heat, salt and osmotic stress, respec-
tively (figure 9). Overall, the expression profile analysis indi-
cated that MdTCP genes were widely distributed and might
play multiple roles in apple development and abiotic stress
tolerance.
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Figure 6. Expression patterns of the MdTCPs from microarray during fruit devel-
opment in apple. The colour scale representing the relative signal values is shown
above (green, low expression; black, medium expression; red, high expression). HC,
Honey Crisp; CP, Cripps Pink; week-4, four weeks before ripening; week-2, two weeks
before ripening; week-0, ripening. Twenty-four samples are shown as GSM618107–
GSM618130 (GEO accession numbers).

Discussion

TCP TFs play important roles in diverse processes, espe-
cially in developmental programmes (Cubas et al. 1999; Li
et al. 2005; Takeda et al. 2006; Aguilar-Martinez et al. 2007;
Herve et al. 2009; Nag et al. 2009; Giraud et al. 2010;
Martin-Trillo and Cubas 2010; Danisman et al. 2012). To
date, only a limited number of TCP TFs have been identi-
fied and functionally characterized even in model plants such
as Arabidopsis and rice, and no dataset of apple TCP TFs
are available. In this study, we identified 52 TCPs contain-
ing full ORFs in apple using genomewide analysis. How-
ever, the missing ones may reside in the apple genome due
to the screening methods that we utilized. Compared with
the TCPs from Arabidopsis and rice, the number in apple is
much larger, indicating that the TCP gene family in apple
has expanded (Brameier 2010). We speculate that the pres-
ence of more TCP genes in apple genome may reflect the
greater need for the involvement of these genes in the com-
plicated transcriptional regulations in the woody perennial
species.
We constructed a phylogenetic tree based on the full length

of the TCP proteins and three classes were clustered, which
was consistent with the previous studies (Brameier 2010).
MdTCP8–MdTCP11, MdTCP25 and MdTCP49 belonged
to class 3 and shared the highest homology with the

miR319-targetd TCP genes and AS2-binding genes, which
implies that these MdTCP genes may be involved in leaf
development through similar mechanisms (Palatnik et al.
2003; Li et al. 2012a). Likewise, MdTCP13, MdTCP14,
MdTCP34, MdTCP38 and MdTCP46 in class 1, which
resembled TCP14 and TCP15 in Arabidopsis, might be
involved in regulating cell proliferation in the develop-
ing leaf blade and specific floral tissues (Hiratsu et al. 2003;
Kieffer et al. 2011).MdTCP22,MdTCP35 and MdTCP47 in
class 1 might act as key regulators with similar function to
AtTCP20 in flower development (Li et al. 2005; Kieffer et al.
2011). As shown in figure 2, most TCP genes from the same
subfamily shared relatively similar exon/intron structures in
terms of intron number and exon length between Arabidopsis
and apple, which provided an excellent reference to explore
the functions of the MdTCPs. The structural analyses of
apple TCP TFs will mirror the diverse functions of TCP
genes and encourage future functional research. However,
the detailed biological functions of most TCP genes require
further investigation.
Gene duplications, including segmental and tandem dupli-

cations, play important roles not only in genomic rearrange-
ment and expansion but also in the diversification of gene
functions, implicating them as the primary driving forces
throughout the evolutionary process of genomes (Moore and
Purugganan 2003; Cannon et al. 2004). It has been reported
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Figure 7. Expression profile of the MdTCPs during rootstock–scion interactions. The colour scale
represents the relative signal value from weak (green) to strong (red). Ten types of rootstock–scion
interactions in altogether 27 samples were analysed.

that a recent genomewide duplication event in apple occurred
60–65 million years ago, which resulted in gene expansion
(Velasco et al. 2010). In this study, chromosomal location
analysis showed that the apple TCP genes were dispersed
throughout 16 out of 17 chromosomes with different den-
sities, and mutiple sister pairs were linked to chromoso-
mal segmental duplications. Consistent with this there was
a clear paralogous pattern of gene family divergence by
gene duplication in apple. Evolutionary divergence analysis
suggested that the whole genome duplication, chromosomal
segment duplications and transposition events, might have
contributed to the expansion of apple TCP TFs.
Microarray and EST data revealed the expression pat-

terns of 28 MdTCP genes during fruit development, and
51 MdTCPs during rootstock–scion interaction process.
For example, MdTCP11, MdTCP13, MdTCP14, MdTCP25,

MdTCP49,MdTCP22 andMdTCP47, increased or decreased
slightly from four WBR to ripening among the apple culti-
vars HC and CP, respectively (figure 6). This result implied
that the MdTCP genes might be involved in the apple
ripening process, especially in leaf and flower development,
which correlated with the phylogenetic relationship analysis.
Additionally, most MdTCPs showed significant differ-
ences during rootstock–scion interaction process. Accord-
ing to the microarray and EST analyses, MdTCP genes
might be intimately involved in fruit development and the
rootstock–scion interaction processes. Moreover, nine out
of 12 randomly selected MdTCP genes exhibit obvious
responsiveness to different kinds of abiotic stresses,
implying that MdTCPs are also involved in abiotic
stress signalling or tolerance, which is worth of further
investigation.
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Figure 8. Expression profiles of the selected MdTCP genes in different apple tissues The data were normalized to the expression level of
apple Actin. The mean expression value was calculated from three independent replicates. The vertical bars indicate the standard deviation
(SD).

This study presented a systematic analysis of TCP gene
family in apple, with special emphasis on fruit develop-
ment and rootstock–scion interaction process. Our results
lay the foundation for functional characterization ofMdTCP
genes and will lead to further understanding of the structure–
function relationship between these family members. Addi-
tionally, our study provided comprehensive information and
novel insights into the evolution and divergence of the
TCP genes in plants. Potentially, this study will aid in the
understanding of the molecular basis of many agronomically
important traits of apple, such as fruit development, stress
tolerance and other physiological processes.

Conclusion

In this study, 52 TCP genes were identified in the apple
genome. The MdTCPs were divided into three classes and
49 MdTCP genes were distributed across 16 chromosomes,
except Chr03, with different densities. Expression analy-
sis showed that the MdTCPs were altered during the ripen-
ing process and rootstock–scion interaction process. Expres-
sion profile analyses of MdTCPs were performed in differ-
ent tissues and in response to different stress conditions.
All of the selected genes were expressed in at least one
of the tissues tested and most of them were responsive to
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Figure 9. Expression analysis of MdTCP genes to different abiotic stresses. One-month-old seedlings were treated with 37◦C, 4◦C,
150mM NaCl or 10% PEG6000 for 6 h, respectively. After treatment, the aerial part was collected for RNA extraction and real time PCR
analysis. The data were normalized to the expression level of apple Actin. The mean expression value was calculated from three independent
replicates. The vertical bars indicate the standard deviation (SD).

abiotic stress treatments, indicating that the MdTCPs were
involved in various developmental and physiological pro-
cesses in apples. To the best of our knowledge, this is the
first report of a genomewide analysis of the apple TCP gene
family. This study provides valuable information for under-
standing the classification and functions of the TCP genes in
apples.
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