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Abstract

Auxin response factors (ARF) are transcription factors that regulate auxin responses in plants. Although the genomewide
analysis of this family has been performed in some species, little is known regarding ARF genes in apple (Malus domestica).
In this study, 31 putative apple ARF genes have been identified and located within the apple genome. The phylogenetic
analysis revealed that MAARFs could be divided into three subfamilies (groups I, II and III). The predicted MdARFs were
distributed across 15 of 17 chromosomes with different densities. In addition, the analysis of exon—intron junctions and of the
intron phase inside the predicted coding region of each candidate gene has revealed high levels of conservation within and
between phylogenetic groups. Expression profile analyses of MAARF genes were performed in different tissues (root, stem,
leaf, flower and fruit), and all the selected genes were expressed in at least one of the tissues that were tested, which indicated
that MdARFs are involved in various aspects of physiological and developmental processes of apple. To our knowledge, this
report is the first to provide a genomewide analysis of the apple ARF gene family. This study provides valuable information
for understanding the classification and putative functions of the ARF signal in apple.

[Luo X.-C., Sun M.-H., Xu R.-R., Shu H.-R., Wang J.-W. and Zhang S.-Z. 2014 Genomewide identification and expression analysis of

the ARF gene family in apple. J. Genet. 93, 785-797]

Introduction

Natural auxins are highly important growth regulator
molecules that are known to play pivotal roles in various
development processes, which range from root and shoot
development to flower and fruit development in plants,
including growth and development of the root and stem, for-
mation and differentiation of vascular tissue, organ senes-
cence, apical dominance, gravitropism, phototropism etc.
(Guilfoyle and Hagen 2007; Kumar ef al. 2011). At present,
many highly active synthetic auxins have been developed in
the agricultural and horticultural industries. Related research
indicates that there are two types of transcription factor
families that are required for controlling the expression of
auxin response genes: type one is the auxin response factor
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(ARF) family, and the other is the Aux/IAA repressor family
(Guilfoyle and Hagen 2007). ARF acts as a transcription
factor to regulate the expression of auxin response genes
by binding with specificity to TGTCTC auxin response ele-
ments (AuxRE) in promoters of primary or early auxin-
responsive genes, such as Aux/IAA, Gretchen Hagen3
(GH3), and small auxin-up RNA (SAUR) family members
(Guilfoyle et al. 1998).

A typical ARF protein in higher plants is composed of

three modular and portable domains that can function inde-
pendent of one another. Many of these proteins always con-
tain a DNA-binding domain (DBD) (generally the B3-like
DNA-binding domain) in the amino-terminal region, a mid-
dle region (MR), which consists of an activation domain
(AD) or a repression domain (RD), and a protein—protein
interaction domain in the carboxy-terminal region (conser-
vative domains III/IV, CTD) (Ulmasov et al. 1999a; Tiwari
et al. 2003). However, ARFs 3, 13 and 17 in Arabidopsis
have amino-terminal DNA-binding domains but lack the

785



Xiao-Cui Luo et al.

carboxyl terminus. In composite AuxREs, the consensus
sequence for a functional element is TGTCNC, in which
the first four nucleotides, TGTC, are important for the com-
bination of ARF, whereas the nucleotides at positions 5
and 6 could be substituted by others, particularly position 5
(Guilfoyle et al. 1998). In addition, to further investigate
the structure of the ARF family members, a region that is
enriched with glutamine, serine and leucine residues might
be found in ADs of MR, whereas the conserved amino
sequence of serine, proline, leucine and glycine residues
might be found in RDs (Ulmasov et al. 1999b; Guilfoyle and
Hagen 2007). Thus, the difference in this region might have
a critical role in determining whether an ARF protein can act
as an activator or repressor of the auxin response process.
Further, the CTD domain of ARF, which contains domains
IIT and 1V, is similar to those domains that were found
in the C-terminus of Aux/IAAs (Okushima et al. 2005b),
which can form dimers with each other using this region.
Recently, it was found that the auxin signal transduction
process is related to the degradation of the Aux/IAA protein
and to the activation of the ARF protein (Guilfoyle et al.
1998). Detailed information from a yeast two-hybrid system
indicated that ARFs and Aux/IAA proteins can use their
conserved carboxyl-terminal domains (primarily domains
IIT and IV) to interact among themselves and among each
other (Kim ef al. 1997; Hardtke et al. 2004). ARF binds to
the Aux/IAA protein and forms an inactivated heterodimer
that represses the transcription of primary genes when there
is no auxin or when the auxin level is low; this path-
way results in no auxin response. However, the Aux/IAA
repressor can be recognized by the SCFTI complex, and
ubiquitin ligase is activated when auxin levels are ele-
vated. Thus, ARF and Aux/IAA proteins form homodimers
by the ubiquitin—proteasome pathway, and then bind with
specificity to TGTCTC-containing auxin response elements
(AuxREs) that are found in promoters of primary/early auxin
response genes. The transcription of these genes is then ini-
tiated and can regulate the expression of downstream genes
(Guilfoyle et al. 1998; Guilfoyle and Hagen 2007).

The ARF family contains numerous members, and these
genes are transcribed in many tissues and organs. Bioin-
formatics analyses and biological experiments of common
dicot and monocot plants make it possible to determine
the number of ARF genes and their potential functions. In
Arabidopsis, there are 22 full-length ARF genes and one
partial-length gene (ARF23), which was created by a stop
codon in its DBD (Remington et al. 2004; Okushima et al.
2005b). These 23 genes are distributed on all five chromo-
somes; however, there are 13 genes in chromosome 1 that
appear to be restricted to embryogenesis/seed development
(Remington et al. 2004). Using a one-hybrid screen with a
core motif, the first of these transcription factors to be iden-
tified was ARF1 in Arabidopsis. ARF1 contains 665 amino
acids and a sequence that stretches over ~120 amino acids
in the DBD (Ulmasov et al. 1997; Guilfoyle et al. 1998).
ARF1 has been found to regulate the process of flower
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development, and its transcripts may decrease slightly in
response to dark-induced senescence in leaves (Ellis ef al.
2005). ARF2 was isolated in a yeast two-hybrid screen using
the carboxyl-terminal region of ARF1 and functions in devel-
oping floral organs, as well as in light-grown and dark-grown
seedlings. In addition, flowering, leaf senescence, and floral
abscission were delayed in ARF2 single mutant plants (Li
et al. 2004; Ellis et al. 2005; Okushima et al. 2005a; Schruff
et al. 2006). ARF3 and ARF4 play important roles in devel-
oping reproductive and vegetative tissues (Sessions et al.
1997; Pekker et al. 2005), and ARFS is involved in embry-
onic and vascular tissue development (Hardtke and Berleth
1998; Hardtke et al. 2004; Weijers et al. 2006; Wenzel et al.
2007), ARF8 was reported to regulate fertilization and fruit
development (Tian et al. 2004; Nagpal et al. 2005; Goetz
et al. 2006; Wu et al. 2006). Related research of T-DNA
insertion mutations for AtARF genes indicated that
AtARF1-AtARF2, AtARF3-AtARF4, AtARF5-ATARF7,
AtARF6-AtARF8, and AtARF10-AtARF16 have overlap-
ping functions during all types of growth and developmen-
tal processes in Arabidopsis (Nagpal et al. 2005; Okushima
et al. 2005b; Wilmoth et al. 2005; Guilfoyle and Hagen
2007). In total, 25 OsARFs were found in rice by using all
23 predicted AtARF protein sequences as queries. A related
analysis indicated that there are 24 OsARFs that have a typi-
cal DBD domain that is similar to those ARFs that were pre-
viously identified, and all of the OsARFs contain a highly
conserved region that may include 320 amino acids in the
N-terminal region (Wang et al. 2007). Further, 16 OsARF
proteins are considered repressors, and nine members are
predicted to function as activators. The transcription of
OsARF1 and OsARF23 is enhanced by auxin treatment
under light conditions; however, the expression of OsARFS,
14 and 21 decreases under these conditions. OsARFs 1, 2,
16, 21 and 23 can be positively regulated by dark con-
ditions. OsARF8 functions in hypocotyl elongation and is
involved in auxin homeostasis (Wang et al. 2007). In total, 17
ARFs were identified in tomato (Solanum lycopersicum)
(Kumar et al. 2011). SIARF7 may act as a negative regulator
of fruit set (Vriezen et al. 2008; de Jong et al. 2009), whereas
SIARF10 has a higher expression level in fruit develop-
ment. SIARF12 positively functions in flowering and in early
stages of fruit development but negatively functions in repro-
ductive tissues. SIARF1, SIARF9, SIARF11, SIARF15 and
SIARF16 have been detected in flower development, and
SIARF16 has the highest expression level in flower buds.
In addition, there are 35, 26, 20 and 39 ARF members
in maize, sorghum, grapes and poplar, respectively (Kumar
et al. 2011); these genes each have specific functions (Hagen
and Guilfoyle 2002; Kalluri et al. 2007; Wang et al. 2007).
Apple (M. domestica) is one of the most widely culti-
vated fruit trees and is the most economically important
woody plant in temperate regions (Lee et al. 2007). The draft
genome sequence of apple has been decoded, which has pro-
vided an excellent opportunity for genomewide analyses of
all of the genes that belong to specific gene families (Velasco
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et al. 2010). The genomewide analysis of the RING finger
(Lietal 2011), DREB (Zhao et al. 2012), LBD (Wang et al.
2013) and Hsf gene families have been reported in apple
(Giorno et al. 2012). However, no genomewide information
regarding the apple ARF gene family is currently available.

Given the importance of ARF during various developmen-
tal processes that range from root and shoot development to
flower and fruit development in plants, in the present study,
we performed a systematic analysis of the apple ARF fam-
ily for the first time. We then carefully analysed the chromo-
some location and gene structure of the putative ARF genes
that were predicted by genomewide surveys of the apple
genomic sequences. Additionally, the putative MdARFs were
subjected to phylogenetic analyses with their Arabidopsis
counterparts. These comparisons have enabled the identifica-
tion of gene orthologues and clusters of orthologous groups
that can be studied for further functional characterization.
Further, we analysed the expression patterns of these ARFs
using qRT-PCR and performed expression profile analyses in
different tissues (root, stem, leaf, flower and fruit). To our
knowledge, this report is the first genomewide analysis of
the apple ARF gene family, which would provide valuable
information for understanding the classification and puta-
tive functions of MdARFs. Ultimately, these findings will
lead to potential applications for the improvement of stress
resistance in apple via genetic engineering.

Materials and methods

Identification of MAARFs in apple

To identify members of the ARF gene family, multiple
database searches were performed. The Arabidopsis ARF
gene sequences were used as queries to perform repeti-
tive BLAST searches against the GDR database (Genome
Database for Rosaceae: http://www.rosaceae.org/). Addi-
tionally, all protein sequences were then used as queries
to perform multiple database searches against proteome
and genome files that were downloaded from the GDR
database. Stand-alone versions of BLASTP and TBLASTN
(basic local alignment search tool: http://blast.ncbi.nlm.nih.
gov), which are available from NCBI (National Center
for Biotechnology Information), were used, with the
e-value cutoff set to 1e-003. Moreover, the predicted ARF
gene family sequences were downloaded from the Apple
GFDB database (Apple Gene Function and Gene Family
Database: http://www.applegene.org/). All protein sequences
that were derived from the candidate ARF genes that
were collected were examined using the domain analysis
programs Pfam (Protein family: http:/pfam.sanger.ac.uk/)
and SMART (Simple Modular Architecture Research Tool:
http://smart.embl-heidelberg.de/), with the default cutoff
parameters. The isoelectric point (pI) and molecular weight
of MdARF's were obtained with the assistance of proteomics
and sequence analysis tools on the ExPASy Proteomics
Server (http://expasy.org/).
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The chromosomal location and gene structure of MAARF genes

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 were mapped to the chromo-
somes using the software MapDraw. Additionally, the gene
structures of the MdARFs were generated with the server
GSDS (Gene Structure Display Server: http://gsds.cbi.pku.
edu.cn/).

Sequence alignment and phylogenetic analysis

MdARF sequences were aligned using the program ClustalX,
with the BLOSUM30 matrix as the protein weight matrix.
The multiple sequence comparison by log-expectation
(MUSCLE) program (ver 3.52) was also used to perform
multiple sequence alignments to confirm the ClustalX data
output (http://www.clustal.org/) (Edgar 2004). Phylogenetic
trees that were based on the protein sequences of the
MdARFs were constructed using the neighbor-joining (NJ)
method of the program MEGAS (molecular evolutionary
genetics analysis) with p-distance and the complete deletion
option parameters engaged (Saitou and Nei 1987; Tamura
et al. 2011). The reliability of the trees that were obtained
was tested using bootstrapping with 1000 replicates. Images
of the phylogenetic trees were also drawn using the program
MEGAS (http://www.megasoftware.net/).

Expression analysis of MAARFs in microarray

The microarray data of gene expression in apple fruit
during the fruit ripening process were downloaded from
the Gene Expression Omnibus database (http://www.ncbi.
nlm.nih.gov/geo/) using the GSE series accession number
GSE24523. The sequences of identified MdARF-containing
genes were used as queries to blast against a probe sequence
(GPL11164) to find corresponding unigene IDs that were
used in the microarray data. The microarray data during
rootstock—scion interactions (GSE4762) was also down-
loaded from the Gene Expression Omnibus database. More-
over, MdARF and MdARF-containing genes were used as
queries to blast against the probe platform (GPL3715) to
discover corresponding unigene IDs that were used in the
microarray data. The phylogenetic analysis was performed
to determine the corresponding unigene IDs when sequences
of high similarity were acquired. The microarray data were
organized into a database using a Perl-based program and
then clustered using the program Cluster3.0 with Euclidean
distances and the hierarchical cluster method of complete
linkage clustering. The clustering tree was constructed and
viewed in the Java application TreeView.

Plant materials and gene expression analysis

Root, stem, leaf, flower and fruit samples from apple
(M. hupehensis Rehd.) were collected from a five-year-old
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apple tree that was grown under natural conditions in the
Shandong province of China and stored at —80°C. RNA
was extracted from triplicate biological replicates of the
above samples using the CTAB method, which was fol-
lowed by treatment with Turbo DNase I (Ambion, Austin,
USA) and reverse transcription of 3 ug RNA from each
sample. First-strand cDNA was synthesized using a Prime-
Script Ist Strand cDNA Synthesis Kit (Takara, Dalian,
China). The transcript levels of the MdARF genes were
determined using semiquantitative RT-PCR. Primer details
are listed in table 1 in electronic supplementary material at
http://www.ias.ac.in/jgenet/.

Results

Identification of ARF genes in apple

In total, 31 typical ARF genes that contained full ORFs were
further manually analysed, and we named the genes by their
location on the chromosomes (table 1). The open reading
frame (ORF) length ranged from 816 bp (MdARF6) to 3450
bp (MdARF1 and MdARF26), with an average ORF length
of 2468 bp. The identified MdARF genes encode proteins
ranging from 271 (MdARF6) to 1149 (MdARFI and
MdARF26) amino acids (aa) in length, with an average of 822

aa, a predicted molecular mass range of 30263 to 128510 Da
and with protein pls ranging from 5.31 (MdARF22) to 8.75
(MdARF4) (table 1).

ARF genes in land plants ranging from mosses to eudi-
cots also make these genes interesting candidates for the evo-
lution of plant development. To date, a conserved number
of ARF genes have been identified and functionally char-
acterized thus far in both model and crop plants, such as
Arabidopsis, rice, maize and tomato. In this study, we first
identified 31 ARF containing full ORFs in apple using a
genomewide analysis. The ARF' gene family is conserved in
plants, with 23 ARFs in Arabidopsis, 25 ARFs in rice, 17
ARFs in tomato and 39 ARFs in maize. The ARF gene fam-
ily in apple is larger compared with the estimates for Ara-
bidopsis, rice and tomato, which indicates that the ARF' gene
family in apple has expanded. It can be speculated that the
presence of more ARF genes in the apple genome may reflect
a greater requirement for these genes in the complicated
transcriptional regulation in this woody perennial species.

Phylogenetic relations of the ARF gene family in apple

To evaluate the evolutionary relations among the MdARF
proteins, full-length amino acid sequences of 31 MdARFs

Table 1. Information of ARF gene family in apple.

Gene name Gene identifier Genomic position
MdARF1 MDP0000886637 chr2:7275029..7280110
MdAARF?2 MDP0000139073 chr2:18996607..19000351
MdAARF3 MDP0000221322 chr3:10462982..10466915
MdAARF4 MDP0000131481 chr3:10472257..10476185
MdAARFS5 MDP0000123466 chr3:31900678..31906822
MdAARF6 MDP0000138853 chr3:31920956..31924743
MdAARF7 MDP0000750392 chr4:8274004..8278242
MdAARFS MDP0000173151 chr5:4743628..4747532
MdAARF9 MDP0000268306 chr5:7058116..7063091
MdAARF10 MDP0000232417 chr5:7677357..7682854
MdAARF11 MDP0000310875 chr6:16525095..16529277
MdAARF12 MDP0000194603 chr7:17537721..17541545
MdAARF13 MDP0000211459 chr8:1177648..1181653
MdAARF 14 MDP0000256621 chr8:22707828..22720664
MdAARFI15 MDP0000929655 chr8:29301835..29306087
MdAARF16 MDP0000485205 chr8:29306787..29308536
MdAARF17 MDP0000294251 chr9:30780156..30789855
MdAARFI18 MDP0000179650 chr10:27962459..27966501
MdAARF19 MDP0000412781 chr11:10937100..10941794
MdAARF20 MDP0000138860 chr11:33860711..33865642
MdAARF21 MDP0000214352 chr11:33895360..33900291
MdAARF22 MDP0000143749 chr12:21353929..21358021
MdAARF23 MDP0000185253 chr13:31009456..31015086
MdAARF24 MDP0000258032 chr14:20297182..20301305
MdAARF25 MDP0000259062 chr15:13265722..13273664
MdAARF26 MDP0000876321 chr15:15832794..15838475
MdAARF27 MDP0000225980 chr15:25040483..25044882
MdAARF28 MDP0000232116 chr15:36502038..36504807
MdAARF29 MDP0000134824 chr16:19215127..19221178
MAARF30 MDP0000319957 chr17:11143176..11154531
MdAARF31 MDP0000153538 chr17:11147966..11154299
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Best homologs in

Arabidopsis ORF Size (aa) Mass (Da) pl
AT5G20730.1 3450 1149 128510.2 6.35
AT4G23980.1 2169 722 79965.34 6.02
AT4G30080.1 2412 803 88609.07 8.32
AT4G30080.1 2322 773 85183.56 8.75
AT5G62000.1 2595 864 95952.61 7.85
AT5G62000.1 816 271 30263.17 5.53
AT4G30080.1 2526 841 92784.92 7.59
AT2G33860.1 2127 708 76944.88 6.2
AT1G30330.2 2682 893 99090.52 6.25
AT1G30330.2 2688 895 99116.83 6.11
AT5G62000.1 2550 849 94622.23 6.34
AT4G23980.1 2109 702 78388.83 7.03
AT1G19850.1 2694 897 98557.63 5.61
AT1G77850.1 2874 957 106469.3 8.72
AT1G59750.1 1695 564 62804.7 5.88
AT1G59750.1 2502 833 92578.38 5.98
AT5G37020.1 2103 700 79586.32 6.24
AT2G33860.1 2139 712 77566.34 6.19
AT5G60450.1 2475 824 91255.65 6.42
AT1G59750.1 1998 665 74495.03 6.52
AT1G59750.1 1926 641 71594.59 6.48
AT1G19850.1 2691 896 98043.26 5.31
AT1G19220.1 3345 1114 123415.6 6.37
AT5G62000.1 2532 843 93981.87 6.46
AT4G23980.1 2472 823 91264.54 8.32
AT5G20730.1 3450 1149 128483.4 6.36
AT5G60450.1 2400 799 88422.96 5.86
AT1G77850.1 1764 587 64636.19 5.72
AT1G19220.1 3405 1134 124901.9 6.41
AT1G30330.2 2928 975 105597.6 7.02
AT1G30330.2 2664 887 97310.28 6.03
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from Arabidopsis were subjected to a multiple sequence
alignment using the MEGA4 program. The multiple
sequence alignment file was then used for the construction of
an unrooted phylogenetic tree. As shown in figure 1, the phy-
logenetic tree divided the ARFs into four groups (classes I,
11, 11T and IV) as monophyletic clades with at least 50% boot-
strap support, and classes I and II were divided into two sub-
groups. In total, 13 sister pairs of paralogous MdARF genes
were found, which were marked by a red shadow, and had
strong bootstrap support (> 90%) (figure 2). Class Ib and IIb
both contain four apple genes, and class Ila constitutes the
largest clade, with 11 MdARFs, followed by class la (seven
genes) and III (five genes).

In addition, an unrooted tree, which is shown in
figure S1 in electronic supplementary material was con-
structed from alignments of the full MAARF amino acid
sequences to intuitively examine the evolutionary relations
among the 31 MdARFs. The results of this work indicated 13
duplicated gene pairs (MdARF9 and MdARF10, MdARF30

and MdARF31, MdARF1 and MdARF26, MdARF23
and MdARF29, MdARF13 and MdARF22, MdARF20
and MdARF21, MdARF11 and MdARF24, MdARF15
and MdARF16, MdARF2 and MdARF25, MdARFS8 and
MdARF18, MdARF19 and MdARF27, MdARF14 and
MdJARF28, MdARF3 and MdARF4), which included 26
members, and these paralogous gene pairs represented ~84%
of the apple ARF gene family members. These pairs have
strong support (100%).

Exon and intron organization of ARF genes

Structural analyses are thought to provide valuable informa-
tion concerning duplication events when interpreting phylo-
genetic relations within gene families. In the MdARF gene
family, the number of introns varied from one (MdARF28)
to 15 (MdARF25 and MdARF30) (figure 3). Additionally,
most members within the same subfamily shared a similar
exon/intron structure and gene length. In class la, MAARF16
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Figure 1. Phylogenetic relation between Arabidopsis and apple ARF genes. The phylogenetic tree was
constructed based on a complete protein sequence alignment of ARFs in Arabidopsis and in apple by
the neighbor-joining method with bootstrapping analysis (1000 replicates). The subgroups are marked
by a colorful background. Scale bar represents 0.05 amino acid substitution per site.
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Figure 2. Positions of ARF gene family members on the apple chromosomes. The chromosome number is indicated
at the 15 of each chromosome representation. To simplify the presentation, we named the putative ARF family genes
from MdARF'1 to MdARF31 from the gene order on Chr01 to Chr17 (however, MdARF24 is not found), respectively.

Sister paralogous pairs are indicated by a blue line. The scale bar represents a 10 Mb chromosomal distance.

consisted of four exons, and other genes have more than
10 exons. Moreover, MdARFs belonging to class Ib pos-
sess eight to 15 exons. Class Ila and IIb MdARFs are com-
posed of more than 10 exons, except MdARF28. The class
III MdARFs consisted of no more than seven exons. Overall,
most closely related members in same subfamilies share sim-
ilar exon/intron structures in terms of the intron number and
exon length.

Analysis of conserved domains of MdARFs

The amino acid sequences of related proteins were used to
process the structure of MdARFs members. Notably, typi-
cal features of ARF proteins are also exhibited in MdARFs.
Most members always contain three conservative amino
acid residues: a DNA-binding domain, Auxin-res and AUX-
TIAA (figure 4). All of the ARF proteins contain a DNA-
binding domain, which is generally a B3-type DBD in
amino-terminal regions, this region can specifically combine

with AuxREs with the consensus sequence TGTCNC. The
middle region is Auxin-resp, which also exists in all apple
ARF proteins. However, for the AUX-IAA region, the
phenomenon is different. Eight members lack this region:
two members (MdARF20/21) in class all, one member
(MdARF17) in class bl, three members (MdARF8/18/28) in
class bll and one member (MdARF14) in class III.

Chromosomal location of ARF's on apple genomes

Chromosomal location analyses showed that 31 MdARF
genes are present on 15 of 17 chromosomes, which were dis-
persed throughout their respective genomes (figure 2). Only
one MdARF gene was found on each of chromosomes 4, 6, 7,
9,10, 12, 13 and 16, whereas two genes were found on chro-
mosomes 2 and 17, and 3 or more were found on chromo-
somes 3, 5, 8, 11 and 15. Interestingly, five pairs of MdARFs
(MdARF3/4, MAARF9/10, MdARF15/16, MdARF20/21 and
MdAARF30/31) were tightly colocalized in the apple genome.
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Therefore, it is suggested that segmental duplication and
transposition events all have played roles in the evolution
of the ARF gene family in apple. Gene duplications have an
important role not only in genomic rearrangement and expan-
sion but also in the diversification of gene function. A recent
GWD event was reported to have occurred in apple 60—65
million years ago, which resulted in the expansion of several
gene classes. According to this previous report, gene duplica-
tion caused the expansion of some gene families (e.g. Ring,
LBD, HSP and DREB).

Expression pattern of ARFs from microarray

The expression pattern of genes is significant to some degree
for determining their functions. Thus, from this perspective,
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a microarray analysis of ARFs was completed and is pre-
sented in figures 5 and 6 with published microarray data
of GEO (GSE24523). Using a BLAST search against the
apple UniGene database from the GDR database, 24 sam-
ples, GSM618107-GSM618130, were selected from four
weeks before ripening to the ripening of apple. Twenty of
the 31 apple ARF genes were identified, whereas probes
for the other 11 ARF genes were not found. Based on
the consequent hierarchical clustering, the expression pat-
terns for ARF genes are divided into four groups: groups
I, I, IIT and IV. Some members of each group show sim-
ilar expression patterns. Group I contains three members
(MdARFS, MdARF13 and MdARF22), and the expres-
sion levels of these genes exhibited higher expression
levels at week-0 (ripening) and week-2 (before ripening
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Figure 5. The expression patterns of the MAARFs from a microarray during rootstock—scion inter-
actions. The colour scale, which represents the relative signal values, is shown above (green refers
to low expression, black refers to medium expression, and red refers to high expression). Of the
27 samples (GSM107608-GSM107659) that are shown, 10 functioned in rootstock—scion interactions
(Ambrosia/B9, Gala/B9, Melrose/B9, Gala/B9, Gala/G30, Gala/M111, Gala/M27, Gala/M7, Gala/M9

and Gala/Supporter).

than week-4 (before ripening). There are seven members
(MdARF3, MdARF4, MdARF23, MdARF29, MdARF9,
MdJARF10 and MdARF31) in group II. Based on the
similarity of their expression patterns, three pairs of these
members are produced in this group (MdARF3-MdARF4,
MdARF23-MdARF29 and MdARF9-MdARF10). How-
ever, all members of this group are highly expressed
before ripening, particularly two weeks before ripening.
Group IIT contains three members (MdARF15, MdARF12
and MdARFS); these three genes have their own expres-
sion pattern and exhibit active expression levels in week-0
(ripening). Group IV contains seven members; (MdARF7,
MdAARF18, MdARF30, MdARF27, MdARF19, MdARF11
and MdARF24), MdARF11 and MdARF24 show simi-
lar expression patterns. All of the seven members can be

detected in the fruit development stage which contains ripen-
ing and proripening, suggesting that the members of this
group may positively control fruit development.

In addition, to investigate the expression of MdARFs
in the entire plant, the expression patterns of 31 MdARF-
containing probes from a microarray during rootstock—scion
interactions were found using a BLAST search against the
probe sequences (GPL3715). These probes can also be
divided into four groups based on the hierarchical clustering.
Both groups I and II contains only one member, MAARF14
and MdARF15, respectively. Although these probes have
different expression patterns, MdARF14 shows higher
expression in some samples (GSM107608—-GSM107616);
however, MdARF15 displays converse expression pat-
terns in those samples. Group III has eleven members
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Figure 6. The expression patterns of the MdAARFs from a microarray during fruit development in
apple. The colour scale, which represents the relative signal values, is shown above (green refers to low
expression, black refers to medium expression, and red refers to high expression). HC, honeycrisp; CP,
cripps pink. Week-4, 4 weeks before ripening; week-2, 2 weeks before ripening; week-0, ripening. In
total, 24 samples named GSM618107-618130 (GEO accession numbers) are shown.

(374/8/5/21/20/13/12/18/19/27), and there are 18 members in
group IV. Further, most members of this group have high
expression levels in samples GSM 107646 to GSM107659.

Expression pattern of ARFs in various tissues as determined
by semi-quantitative RT-PCR analyses

To study the function of MdARF genes in different plant
tissues (roots, stems, leaves, flowers and fruits), eight
MdAARFs were selected to perform qRT-PCR. As shown in
figure 7, eight genes were expressed in five tissues that
were tested, except the root, with various expression levels.
MdAARF 17 has high expression levels in the stem and fruit,
and MdARF1, MdARF 13, MdAARF24 and MdARF26 showed
high transcript abundances in the flower. Overall, these
results indicated that MdARFs play multiple roles in apple
development.

Because the gene expression patterns can provide impor-
tant clues for gene function, we examined the expression
of all the ARF genes in the root, stem, leaf, flower and
fruit tissues using semi-quantitative RT-PCR. Eight selected
genes were expressed in five tissues that were tested, except
the root, with various expression levels. These results indi-
cated that MdARF genes play a major role in apple devel-
opment. In future studies, more research will be required to
determine the functions of MdARF genes in apple. Overall,
our results will be helpful in laying the foundation for the

functional characterization of the ARF gene family and for
further understanding of the structure—function correlation
between these family members. Additionally, our study pro-
vides comprehensive information and novel insights into the
evolution and divergence of the ARF genes in plants. More-
over, these studies may potentially aid in the understand-
ing of the molecular basis of many agronomically important
traits of apple.

Discussion

Auxin signalling plays important roles in plant growth and
in development processes, such as tropic responses, lat-
eral root formation, vascular differentiation, embryo pat-
terning and shoot elongation (Finet ez al. 2013). Auxin
response factors (ARF) are transcription factors that regu-
late the expression of auxin response genes. To date, the
members of ARF cascades from Arabidopsis, rice, tomato
and maize have been identified. Analysis of the Arabidopsis
genome revealed the presence of 23 ARFs, and an
in silico analysis of the rice genome revealed 25 ARF genes
(Wang et al. 2007). More recently, 17 and 39 ARF genes
were identified in tomato and maize, respectively (Kumar
et al. 2011; Xing et al. 2011). In this study, 31 ARF genes
were identified in apple, and various types of information
for this family were collected and collated; the number of
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Figure 7. Tissue-specific expression profiles for the MAARF genes. The expression levels of MAARF genes in apple
roots, stems, leaves, flowers and fruits were examined using qRT-PCR. The MdACTIN gene was used as an internal

control.

members of this family is larger than that of Arabidopsis.
Genomic rearrangements and expansions that occurred in
the apple genome might explain the additional members.
However, the fundamental mechanisms include extensive
duplication and diversification that were generated from the
long evolutionary history of the organism. Generally, whole
genome and chromosomal segment duplications occur in
almost all organisms and are the main contributors of expan-
sion. As mentioned above, there are 13 duplicated gene
pairs in apple, among these 13 MdJdARF sister pairs, five
pairs (MdARF1 and MdARF26, MdAARF23 and MdARF29,
MdAARF13 and MdARF22, MdARF2 and MdARFS5, MdARF 19
and MdARF29) have been identified as formed by tandem

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

duplication. This pathway of duplication has also occurred
in Arabidopsis, but has not been found in rice. Further, the
highly similar microarray expression modes of those genes
indicate that these genes may have similar functions.

Based on the phylogenetic tree of apple and Arabidopsis,
an apparent phenomenon should be noticed, i.e., the absence
of any MdARF gene in class Ib and a related study indicates
that seven A¢t4ARFs of this class originally generated from
one AtARF gene. This phenomenon also occurs in the phy-
logenetic tree of rice—Arabidopsis and tomato—Arabidopsis,
which suggests that these genes might execute specific
functions and play important roles in Arabidopsis. More
importantly, a new group of genes (MdARF6, MdARF?2I,
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MAARF20 and MdARF5) have been found in apple and
classified into class IV, which does not include any At4ARF
genes. These four genes may also have originally been
derived from one AdARF gene, which provides a reasonable
explanation for the existence of a larger ARF family in
apple. The result also suggests that there are more complex
auxin response processes in apple. Compared with other
phylogenetic trees (rice—Arabidopsis, tomato—Arabidopsis
and so on), there are two unusual types of grouping of both
Arabidopsis and apple that should be noticed in this study.
All of the groups contain more than two orthologous genes,
of which only one belongs to the AtARF family and the
others belong to the MdARF family. Nine MdARF-MdARF-
AtARF groups are observed in the combined phylogenetic
tree, including MdARFI1-MdARF26-AtARF19, MdARF13-
MAARF22-AtARFS5, MdARF9-MdARF10-AtARF6, MdARF
14-MdARF28-AtARF17, MAARF8-MdARF18-AtARF3, MdA
RF19-MdARF27-AtARF4,  MdARF2-MdARF25-AtARF?9,
MAARF11-MdARF24-AtARF2 and MdAARF15-MdARF16-
AtARF1, revealing a 3:1 orthologous relation among these
apple and Arabidopsis genes. A 4:1 orthologous relation
is found among MdAARF3, MdARF4 and MdJARF7 and
AtARF16. The above-mentioned results indicate that these
genes may originate from one common ancestor and may
have conserved functions. However, this phenomenon of
multiple MdARFs and a single AtARF in each group also
explains the amplification of the ARF family in apple. Thus,
diversity in the functions of these genes indicates that there
are different levels of regulation in auxin response actions
that occur in different species.

The conserved domain in the carboxyl-terminal region of
both ARF and auxin-induced Aux/IAA proteins is highly
similar; ARFs may act as repressors or activators depending
on which partner an ARF binds to through its carboxyl-
terminal domain. This interaction may play a role in auxin-
regulated gene expression (Guilfoyle et al. 1998). However,
MdARF6/MdARF20/MdARF21/MdARF17/MdARF8/MdA
RF18/MdARF28/MdARF14 lack this region, and the
same situation exists in AtARF3/AtARF13/AtARF17 and
in SIARF2/SIARF3/SIARF7/SIARF13 (Okushima et al.
2005b; Kumar et al. 2011). Nevertheless, those genes that
lack the carboxyl-terminal region can also be regulated in an
auxin-independent manner.

Tissue-specific expression profiles and the expres-
sion patterns from a microarray for the MdARF genes
are very frequently used to predict the functions of
unknown genes in specific species. Thus, expression lev-
els of MdARF genes were examined using qRT-PCR
in apple roots, stems, leaves, flowers and fruits. As the
above results indicated, nearly all of the genes (MdARF1/
MAARF13/MdARF9/MAARF 1 0/MdARF24/MdARF11/MdAR
F26) that were selected for analysis have higher expression
levels in the flower and fruit, particularly in the flower, and
only MdARF17 is expressed in both the stem and fruit. In
the microarray experiment, most members of this family are
highly expressed before ripening, particularly two weeks
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to four weeks before ripening. From the above-mentioned
results, it is clear that those genes may be involved in fruit
set and in early cell division stages of the fruit in apple. Fur-
ther, there are many types of similar expression models for
some MdARF genes, which may indicate their possible over-
lapping functions during various developmental processes in
plants.
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