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Abstract

PHD-finger proteins, which belongs to the type of zinc finger family, and that play an important role in the regulation of both
transcription and the chromatin state in eukaryotes. Currently, PHD-finger proteins have been well studied in animals, while few
studies have been carried out on their function in plants. In the present study, 129 non-redundant PHD-finger genes were
identified from 5 Rosaceae species (pear, apple, strawberry, mei, and peach); among them, 31 genes were identified in pear.
Subsequently, we carried out a bioinformatics analysis of the PHD-finger genes. Thirty-one PbPHD genes were divided into 7
subfamilies based on the phylogenetic analysis, which are consistent with the intron-exon and conserved motif analyses. In
addition, we identified five segmental duplication events, implying that the segmental duplications might be a crucial role in the
expansion of the PHD-finger gene family in pear. The microsynteny analysis of five Rosaceae species showed that there were
independent duplication events in addition to the genome-wide duplication of the pear genome. Subsequently, ten expressed
PHD-finger genes of pear fruit were identified using qRT-PCR, and one of these genes, PbPHD 10, was identified as an important
candidate gene for the regulation of lignin synthesis. Our research provides useful information for the further analysis of the
function of PHD-finger gene family in pear.
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Introduction been divided into different types, such as really interesting

new genes (RING); Linl1, Isl-1, and Mec-3 (LIM); and plant
Zinc finger proteins contain large family members and are =~ homeodomain (PHD) according to their amino acids align-
widely distributed in eukaryotic organisms. Although rich in ~ ment (Takatsuji 1998). PHD-finger proteins are among the
histidines or cysteines, the “finger” structural domains have =~ common zinc finger proteins with one or several PHD-finger
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domains, which contain approximately 60 amino acids and are
characterized by the Cys4-His-cys3 zinc-binding motif
(Kaadige and Ayer 2006). Among these PHD domains, the
numbers of amino acids between the cysteine residues or be-
tween cysteine and histidine are usually conserved, and the
second amino acid residue before the last pair of cysteines is
usually aromatic amino acids, such as tryptophan (Bienz
2006). A cysteine-rich domain was first observed in the
PHD-finger proteins of Arabidopsis thaliana HAT3.1 and
maize Zmhox1 (Schindler et al. 1993). Subsequently, PHD-
finger proteins were studied in humans, drosophila, nema-
todes, and yeasts (Gibbons et al. 1997; Kehle et al. 1998;
Martin et al. 2006; Papoulas et al. 1998).

Many studies reported that the PHD-finger proteins regulat-
ed the chromatin by binding their PHD-finger domains to nu-
cleosomes, such as ATP-dependent chromatin assembly factor
1 (ACF1), bromodomain PHD finger transcription factor
(BPTF), and BHCS80 (also known as PHF21A) in humans
(Lan et al. 2007). The human BPTF showed binding activity
with H3K4 me2/3 (Wysocka et al. 2006), while the BHC80
protein specifically bound to non-methylated H3K4 (H3K4
me0) (Lan et al. 2007). In yeast, Yngl, Yng2, and PHO23 of
the YNG family exhibited a strong H3K4 me2/3 binding activ-
ity in the PHD domain (Shi et al. 2007). Some PHD-finger
proteins could bind to protein subunits that lack histone in the
PHD-finger domain. For example, the PHD-finger domain of
the trans-activator protein Pygopus in flies bound to Legless/
BCL9 (Kramps et al. 2002). In addition, the PHD-finger do-
main of the human transcriptional repressor KAP-1 bound to an
isomer of the Mi-2 alpha subunit (Schultz et al. 2001). PHD-
finger transcription factors are also involved in the regulation of
plant growth and development. For example, MS1 (male steril-
ity 1) is related to the development of pollen and the viscoelastic
layer (Yang et al. 2007); VIN3 (Vernalization insensitive 3),
VRNS (Vernalization 5) (Greb et al. 2007), SHL (short life),
and MMD1 (male meiocyte death 1) are involved in the regu-
lation of genes during the developmental process and meiosis
(Yang et al. 2003).

The PHD-finger gene family has been identified in some
model plant species, such as Arabidopsis (Arabidopsis
thaliana), maize (Zea mays), and poplar (Populus trichocarpa).
However, the PHD-finger genes in Rosaceae have not been
studied as compared to the extensive surveys that have been
conducted in other plants. Recently, the whole genomes of apple
(Malus x domestica) (Velasco et al. 2010), pear (Pyrus
bretschneideri) (Wu et al. 2013), peach (Prunus persica)
(Verde et al. 2013), mei (Prunus mume) (Zhang et al. 2012),
and strawberry (Fragaria vesca) (Shulaev et al. 2011) have been
fully sequenced. This resource provided an excellent opportuni-
ty for further understanding of gene structure and function of the
PHD-finger gene family in five Rosaceae species. In the present
study, the gene structures, chromosomal localizations, and col-
linearity analysis of the PHD-finger genes in pear and other
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Rosaceae species were analyzed. Furthermore, their expression
profiles during the development of pear fruit were assessed.
These results suggested that the expression trend of PbPHDI10
was consistent with the changing trend of stone cell content in
pear. Some previous studies have suggested that the content of
the stone cell is an important factor that have influences on the
quality of pear fruit (Jin et al. 2013). Current strategies focus to
reduce lignin content for improving the quality of pear fruit (Cai
etal. 2010; Jin et al. 2013). Our study will contribute by reveal-
ing the effect of the PHD-finger genes on lignin synthesis during
the development of pear fruit and providing a reference for
improving the quality of other fruits that contain lignin.

Materials and methods
Identification of PHD-finger containing genes

To identify the PHD-finger genes in five Rosaceae species, we
obtained the Hidden Markov Model (HMM) profile of PHD-
finger proteins from the Pfam database (http://pfam.sanger.ac.
uk/). These sequences in PHD-finger HMM profiles were used
as a query to search against the fully sequenced genome data-
bases of the pear, peach, apple, strawberry, and mei using the
BlastP program (p value = 0.001). Subsequently, the SMART
database (http://smart.embl-heidelberg.de/) (Letunic et al.
2012) and Pfam database (http://xfam.org/) (Punta et al. 2011)
were used to determine whether each candidate PHD-finger
protein sequence was a member of the PHD-finger family.
Subsequently, we removed all potentially redundant PHD-
finger sequences according to the results of the sequence align-
ments. According to the starting positions of the PHD-finger
genes on the pear chromosomes that were extracted from the
genome annotation document ‘Pyrus_bretschneideri Chr
gene.gff V121010,” which can be obtained from the website
(http://gigadb.org/dataset/100083), the chromosome location
images of these genes in the pear were generated using Circos
(http://circos.ca/) (Krzywinski et al. 2009). At the same time,
the exon-intron structures of the pear PHD-finger genes were
produced using the online GSDS website (http://gsds.cbi.pku.
edu.cn/) (Guo et al. 2007) according to the genome annotations.
The conserved motifs that were encoded by each PHD-finger
gene were also identified in pear using the online tool MEME
(http://meme-suite.org/tools/meme) (Bailey et al. 2015) with
the optimum motif width ranging from 15 to 200 and the max-
imum number of motifs set to 20.

Phylogenetic analysis

ClustalX was used with the default parameters to perform a
coding sequence alignment. A neighbor-joining (N-J) tree was
constructed using MEGAS (Tamura et al. 2011), and the pa-
rameters were set as follows: the bootstrap was set to 1000,
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and the pairwise deletion option and the Poisson correction
were set to the distance model. The tree included five types of
Rosaceae species and was constructed by MEGAS according
to the data that were downloaded from the National Center for
Biotechnology Information (NCBI) Taxonomy Common Tree
(http://www.ncbi.nlm.nih.gov/Taxonomy/CommonTree/
wwwemt.cgi).

Collinearity analysis

In this research study, the pear genome sequences were
downloaded to our local server to identify the collinearity.
The microsynteny relationships between each pair of chromo-
somes were ascertained using MCscanX (Wang et al. 2012).
Consequently, the microsynteny chains were evaluated with
an E value of < e '°(Jain and Das 2016).

Ka/Ks analysis

The synonymous (Ks) and nonsynonymous (Ka) substitution
rates were estimated using DnaSP 5.0 (Librado and Rozas
2009). Subsequently, the selection modes of the PbPHD
paralogs were confirmed by analyzing the Ka/Ks ratios.

Functional annotation analysis

The functional annotations of the PbPHDs were performed
using Blast2GO software (Conesa et al. 2005) with the default
parameters. Based on the cellular localizations, molecular
functions, and biological processes, 31 pear PHD-finger pro-
teins were classified using the WEGO web site (Ye et al.
2006). The KEGG pathways of these PbPHDs were carried
out using KEGG database (http://www.kegg.jp) (Kanchisa
and Goto 1999).

Orthologous analysis

The position of each PhPHD was marked on the chromo-
somes using a Perl script. The orthologous PbPHDs among
the pear (Pyrus bretschneideri), apple (Malus x domestica),
strawberry (Fragaria vesca), mei (Prunus mume), and peach
(Prunus persica) were identified using OrthoMCL (Li et al.
2003) with E values less than l¢™. The orthologous pairs
among the five species were drawn using Circos
(Krzywinski et al. 2009).

Expression analysis based on the RNA-sequencing
data

The RNA-seq raw data of five developmental periods of pear
fruits (25 DAF, 55 DAF, 85 DAF, 115 DAF, and 145 DAF)
were retrieved from the National Center for Biotechnology
Information (NCBI: Accession number SRP008545) (Xie

et al. 2013). An analysis of these data was performed accord-
ing to a previous method (Muthamilarasan et al. 2014). The
NGS toolkit was used to filter the RNA-seq data for delete low
quality reads (Patel and Jain 2012). The RNA-seq data
mapped onto the reference genome of pear using the
Bowtie2 software. The expression levels of the POPHD genes
in the exon model were estimated as reads per kilobase per
million mapped reads (RPKM). In the present study, we con-
sidered a PhPHD gene was expressed if the RPKM value was
> or = 1 in an expression atlas based on the previously pub-
lished papers (Lin et al. 2012). The hierarchical clustering was
performed with R software (http://www.bioconductor.org/) to
analyze the expression profile of the PHD genes in pear.

Quantitative real-time RT-PCR

To investigate the expression patterns of the PbPHD genes,
pear root, stem, leaf, and fruit samples (15, 39, 47, 55, 63, 79,
102, and 145 days after flowering (DAF)) were collected in
2013. Three biological replicates of the samples were harvest-
ed from 40-year-old pear trees grown in a horticultural field in
Dangshan, Anhui, China during each developmental stage.
All fruit samples were taken to the laboratory, immediately
frozen in liquid nitrogen, and stored at — 80 °C for RNA iso-
lation. The total RNA of all the samples was extracted using
the RNAprep pure Plant Kit (Tiangen, Beijing) according to
the manufacturer’s instructions with DNase I (Tiangen,
Beijing) to remove any genomic DNA contamination. Then,
the RNA (1 pg) was used for the reverse transcription using
the SuperScript III reverse transcription kit (Invitrogen).
Gene-specific primers (Table S1) for the qRT-PCR were de-
signed using the Beacon Designer 7 software, and the tubulin
gene (Wu et al. 2012) was used as an internal control. These
primers were synthesized by General Biosystems, Inc.
(Chuzhou, China). The qRT-PCR was conducted on
ABI7500 (Applied Biosystems) using the FastFire qPCR
PreMix (Tiangen, Beijing) based on the manufacturer’s in-
structions. The 222€T method (Livak and Schmittgen 2001)
was used to assess the relative expression levels of these
PbPHD genes.

Results
Sequence collection and identification

To identify the PHD-finger family genes, the Hidden Markov
Model (HMM) and BLASTP searches were performed
against the reference genomes of pear (Wu et al. 2013), apple
(Kalyanaraman et al. 2010), peach (Verde et al. 2013), mei
(Zhang et al. 2012), and strawberry (Shulaev et al. 2011) using
DNATools software. Totally, 156 candidate PHD-finger genes
were identified from five Rosaceae species. Subsequently, all
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candidate PHD-finger proteins were surveyed to further deter-
mine whether they contained the PHD-finger domain using
the Pfam database. Due to the absence of the PHD-finger
binding domain, 27 candidate genes were discarded. Finally,
129 non-redundant PHD genes were identified, including 31
apple PHDs, 19 mei PHDs, 25 peach PHDs, 23 strawberry
PHDs, and 31 pear PHDs (Fig. 1, Tables S2 and S3).
Remarkably, 7 genes encode proteins that contain 3 PHD-
finger domains, and 12 genes encode proteins that contain 2
PHD-finger domains in pear (Table S2). A phylogenic tree of
these PHD-finger genes from the five Rosaceae species was
constructed to deduce the genome-wide duplication between
the progenitors of pear and apple (Fig. 1). Additionally, due to
several genes of this gene family occurred alternative splicing,
the longest splicing isoforms were selected for following anal-
ysis except specific description.

Phylogenetic and structures analysis of the PbPHD
genes

To investigate the evolutionary relationships of the PHD-
finger family in plant species, the PHD-finger genes from
the monocots Oryza sativa and Zea mays or the dicots
Arabidopsis thaliana, Vitis vinifera, Populus trichocarpa,
Malus % domestica, Pyrus bretschneideri, Prunus persica,
Prunus mume, and Fragaria vesca were used to construct an
N-J phylogenetic tree with the MEGA 5.0 software (Tamura
et al. 2011). Bootstrapping tests were performed on this tree.
Based on the bootstrap values and the topology of the tree, all
the PHD-finger proteins were divided into the following five
main clades: I, IL, ITL, IV, and V (Figs. 2 and S1). Furthermore,
clade I was categorized into the following four subfamilies: I
(a)-I (d); clade II classified into five subfamilies: II (a)-II (e);
and clade IV divided into the following five subfamilies: IV
(a)-1V (e), according to the phylogenetic tree (Figs. 2 and S1).
The I (c) subfamily was not present in the monocots Oryza
sativa and Zea mays; however, the I (c) subfamily was iden-
tified in the dicots species, including pear species. In pear

species, the II (a), II (¢), II (d), II (e), IV (c), and IV (d)
subfamilies were absent (Figs. 2 and S1).

Previous studies have shown that the gene structure diver-
sity provides the primary resource for the evolution of multi-
gene families (Cao et al. 2016a, b). To obtain further insights
into the structural diversity of the PHD-finger genes in pear,
an exon-intron analysis was performed. In the present study,
the exon-intron structures (Fig. 3) showed that the intron num-
bers in PbPHDs varied from 1 to 23, and PbPHD23 contained
the most introns (23). Moreover, most members clustered in
the same group shared highly similar exon-intron structures,
including the numbers and lengths of the introns. For instance,
PbPHD 14 and PhPHD?24, which are located in subfamily III,
all contained 22 introns, while all genes in subfamily I (a)
included seven introns. In contrast, the PbPHDs in subfamily
I (c) showed a high diversity in their intron lengths and num-
bers (Fig. 3). To sum up, the exon-intron structures of the
PHD genes in pear substantially conformed to their phyloge-
netic relationships.

As a common mechanism, alternative splicing could pro-
duce different subtypes of proteins, which could likely affect
the diversities of proteomic and transcriptomics, and finally
affecting the regulation of protein function and gene expres-
sion (Black 2003; Pan et al. 2008). In the present study, we
also revealed the occurrence of alternative splicing events
(such as PbPHD22 and PbPHD?23) in the PHD family during
the evolutionary process. The mRNAs of PbPHD22 and
PbPHD?23, which are produced by variable splicing, are dif-
ferent in the 3’-end (Fig. S2). Their first 20 exons and introns
are all identical; however, an intron is inserted into the twenty-
first exon, resulting in PhPHD?23 being longer than PhbPHD2?2
by 12 nucleotides.

The domain sequence and conserved motifs analysis
of the PbPHD proteins

In general, the protein domain is associated with protein func-
tion; therefore, the domain sequence characteristics of 31
PbPHDs were analyzed. The sequence alignment suggested

Plants

Chromosome Genome gene Indentified PHD Release version
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Prunus mume

Fig. 1 Comparison of the PHD-finger genes from five Rosaceae species
(Pyrus bretschneideri, Malus x domestica, Fragaria vesca, Prunus
mume, and Prunus persica) in phylogenetic relationships. In the present
study, the genomes of five Rosaceae species were investigated. GIGADB:
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Fig. 2 Phylogenetic tree of the
PHD-finger proteins in the
monocots Oryza sativa and Zea
mays and the dicots Arabidopsis
thaliana, Populus trichocarpa,
Vitis vinifera, Malus x domestica,
Pyrus bretschneideri, Prunus
persica, Prunus mume, and
Fragaria vesca. For the ten-
species PHD-finger gene tree, the
PHD-finger proteins of Oryza
sativa and Vitis vinifera were
obtained from the PLAZA 3.0
database (Proost et al. 2015). The
neighbor-joining tree was
constructed using MEGAS
software

that the length of the PHD-finger domains ranged from 40 to
60 amino acids and contained 7 cysteine and 1 histidine resi-

dues for the binding of Zn ions and maintaining the stability of  patterns. In contrast, there are
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two loop areas, including their lengths and the constitutions of
amino acids. Moreover, the PbPHD proteins that contained
common sequences were C-X (1-2)—C-X (8-14)—C-X (2—
3)—C-X4—H-x 2—C x (12-18) C-X 2—C (Figs. S3 and 4),
which formed the C4HC3 type zinc finger structure. This
common sequence was basically consistent with the con-
served residues reported in a previous study (Capili et al.
2001). Remarkably, it was also found that there was a great
difference in the nucleotide composition among the PHD do-
main genes, except for a few conserved T or G nucleotides
(Fig. S4).

Regarding the fact that the PHD-finger proteins function
via their conserved domains, a study on the PHD-finger pro-
tein domains in pear was carried out. In total, 31 pear PHD-
finger proteins were analyzed by MEME. As a result, 20 mo-
tifs were identified. The detailed information regarding each
motif is shown in Table S4. The results showed that members
with highly conserved motifs were included in the same sub-
group, and most members of the same subgroup had at least
one homologous protein with completely coincident motifs
(Fig. 5), such as PbPHD13/PbPHD31 and PbPHD22/
PbPHD23. Because of their sequence similarity, these
paralogous proteins possibly exhibited a functional redundan-
cy, resulting in a difficulty in analyzing their functions using
single gene mutants. In the case of most PHD-finger proteins
within diverse subgroups, the proteins were different not only
in their motifs but also in their locations (Fig. 5). The known
domains, except for the PHD-finger domain, were identified
and annotated using SMART and Pfam (Fig. 5 and Table S4).
Among these domains, motif 5, which encodes the TPL do-
main (De Geyter et al. 2012; Pauwels et al. 2010), was iden-
tified in all members of groups I (a), I (b), and I (c), suggesting
that these subgroup members might be involved in regulating
the jasmine acid signaling pathway. Motif 9 encoded the DDT
domain (Doerks et al. 2001), which was predicted to be a
DNA binding domain in different transcription and chromo-
some remodeling factors and was only distributed in group I
(c). Both PbPHD10 and PbPHD11 in group I (d) contained
motifs 18 and 19, which encode an SNF domain (Eisen et al.
1995; Linder et al. 2004), suggesting that they might be relat-
ed to the transcriptional regulation of genes (Eisen et al. 1995;
Linder et al. 2004). Additionally, a number of other interesting

Fig.4 The sequence logos of the PHD-finger domains. These logos were
based on a multiple alignment analysis of 31 PbPHDs (Fig. S2). The bit
score indicates the information content of each position in the sequence.

@ Springer

structural domains were also identified, such as SANT and
PWWP. The identification of these motifs and domains will
be helpful for further studies on the biological functions of the
PHD-finger family in pear.

Functional annotations analysis of the PbPHD
proteins

In our study, to better understand the function of the different
PbPHDs, a GO annotation analysis was performed to predict
the functions of the putative PbPHD proteins. In total, 24 of
the 31 PbPHD proteins were classified into 19 functional cat-
egories within 3 main ontologies, including molecular func-
tion, biological process, and cellular component (Fig. 6,
Table S5). The GO annotation of the PbPHD proteins showed
that the binding, metabolic process, cell, catalytic, and cell
part annotations were predominant among the functional cat-
egories. Several proteins were assigned to the macromolecular
complex, organelle part, anatomical structure formation, and
cellular component biogenesis. Furthermore, the molecular
function annotations suggested that all PbPHDs functioned
in the binding and catalytic categories, while the cellular com-
ponent annotations suggested that these proteins were pre-
dominantly localized in the nucleus.

To further evaluate the active pathways of PbPHDs, these
genes were mapped to the canonical pathway in KEGG data-
base. Subsequently, we found that the most represented path-
ways by these PhbPHDs were cellular processes, cell cycle,
environmental information processing, andspliceosome
(Table S5). The pathway annotations of PbPHDs not only
support the GO enrichment analysis but also provide a valu-
able resource for gaining insights into the functions, specific
processes, and pathways in pear growth and development.

Chromosomal locations and duplications
of the PbPHD genes

Pear is the third important fruit tree after grape and apple,
which has very important economic value (Wu et al. 2013).
At least one whole genome duplication (WGD) event was
discovered in the pear genome during the evolutionary pro-
cess (Cao et al. 2016¢; Wu et al. 2013). In order to further

Li< PPL E [

SA LSe...oh | = =
2EfVEsexE=zrbisps 23

O WoNoo o= TwoNn S0 ©
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The asterisks indicate that the typically conserved PHD finger domains in
pear were C-X (1-2) -C-X (8-14) -C-X (2-3) -C-X 4 -H-x 2 -C x (12-18)
CcX2-C
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Fig. 5 Distribution of the motifs
in the PbPHD family members.
The domains in the A, B, C, D,
and E subgroups were determined
by both SMART and Pfam
searches. Different motifs are
represented by different color
boxes. The length of each box did
not relate to the actual size of each
motif. The detailed information
regarding each motif is annotated
on the right

PbPHD7
PbPHD9  Id
PbPHD19

POPHD14 ||/ ———— 1 =
—— I

PbPHD24

. B S R
5 5 L orE &
-

motif 2,3,14: PHD

motif 18,19: SNF

motif 5,7: TPL
motif 15: PWWP

motif 20: SANT

motif 9: DDT

understand the effect of gene differentiation and gene dupli-
cation on the PhPHD gene family, we investigated the local-
ization of PhPHD in the pear genome and the types of its gene
duplication events. According to the initial positions of the
genes in the chromosomes, 21 of the 31 PhPHD genes were
unevenly distributed on 11 chromosomes in pear, while
PbPHD?22,-23,-24,-25,-26,-27, -28, -29, -30, and -31 were
mapped to currently unattributed scaffolds. The number of
PbPHD genes that were mapped on each chromosome varied
from 1 to 5 (Fig. 7). Chromosome 11 contained five PbOPHD
genes, while chromosomes 4, 5, 6, 8, 9, 12, and 15 included
only one PbPHD gene (Fig. 7). These uneven distribution
patterns were also observed in the genomes of maize, poplar,

Fig. 6 Gene ontology

and Arabidopsis thaliana (Fan et al. 2009; Wang et al. 2015;
Wu et al. 2016b).

In plants, segmental duplication or tandem duplication are
the main ways to expand the number of family members. To
understand the expanded mechanism of the PHD-finger gene
family in pear during the evolution process, we investigated
their duplication event potential. Based on the collinearity
analysis of the PbPHD genes, eight gene pairs (PbPHD4/17,
PbPHD5/8, PbPHD7/19, PbPHDY/19, PbPHD10/11,
PbPHD12/26, PbPHD14/24, and PbPHD17/31) were identi-
fied as involved in the segmental duplication events (Fig. 7),
among them PhPHD4/17 and PbPHD?7/19 were involved in
WGD events (Table 1). However, we did not find any tandem

WEGO output

classification of the PHD-finger 100

proteins of pear. The Y-axis (left)
shows the percentages of genes,
and the Y-axis (right) indicates the
actual gene number. In total, 31
pear PHD-finger genes were
annotated in three main categories
(cellular component, molecular
function, and biological process
(X-axis)) using the Blast2GO
software

101
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0.1r
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Fig. 7 Distribution and gene
duplication events of PHDs in
pear chromosomes. Gray lines
connect the corresponding
duplicated genes. The numbers of
chromosomes are displayed

duplication events. PbPHD12/26, PbPHD14/24, and
PbPHD17/31 were not shown in the figure because
PbPHD26, PbPHD24, and PbPHD31 are mapped on the un-
attributed scaffolds.

To evaluate the driving force underlying the PHD-finger
gene evolution, the synonymous (Ks) substitution rate ratio
versus the nonsynonymous (Ka) were calculated for the du-
plicated PbPHD genes. Generally, Ka/Ks> 1 indicated a

Pbpy
10 PbPHg:;Z

PbPHDS

PbPHD6

01aHdad
6aHdad

&
=
&

positive selection with an accelerated evolution; Ka/Ks < 1
indicated functional constraints with a negative selection;
and Ka/Ks=1 signified a neutral selection. The results
showed that the Ka/Ks ratios of eight duplicated PAPHD gene
pairs ranged from 0.090 to 0.696 with an average of 0.343
(Table 1). Additionally, the majority of the ratios were less
than 0.4, suggesting that the duplicated PbPHD genes were
under a strong negative selection during evolution.

Table 1 Ka/Ks analysis and estimated divergence time for the duplicated PbPHD paralogs

Paralogous pairs Ks Ka Ka/Ks Purifying selection Duplication date (Mya) Duplicate type
PbPHD4-PbPHD17 0.1738 0.0456 0.2624 No 57.9333 (WGD) Segmental
PbPHDS5-PbPHDS 1.1535 0.104 0.0902 No 384.5 Segmental
PbPHD7-PbPHD19 0.1768 0.0795 0.4497 No 58.9333 (WGD) Segmental
PbPHD9-PbPHD19 0.0153 0.0056 0.366 No 5.1 Segmental
PbPHDI10-PbPHD11 0.0087 0.0019 02184 No 2.9 Segmental
PbPHDI2-PbPHD16 0.7825 0.5445 0.6958 No 260.8333 Segmental
PbPHDI14-PbPHD24 0.0141 0.0044 03121 No 4.7 Segmental
PbPHDI17-PbPHD31 0.0176 0.0061 0.3466 No 5.8667 Segmental
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Microsynteny analysis among pear, apple, peach, mei,
and strawberry

To further insight into the evolutionary history of the PDPHD
genes, we carried out the microsynteny analysis among five
Rosaceae species. Finally, orthologous of all 90 pear genome
PHDs were found in the genomes of the other Rosaceae spe-
cies (i.e., apple, peach, mei, and strawberry) (Table S6).
Among these orthologous, 25 orthologous gene pairs were
identified in pear, apple, and peach, while 20 gene pairs were
found in pear, mei, and strawberry (Fig. S4 and Table S6). In
addition, to better observe the microsynteny of the PHDs in
the different species, PhPHDS was used as examples to dis-
play the microsynteny relationship in different Rosaceae spe-
cies (Fig. 8).

Remarkably, we observed that certain collinear gene pairs in
pear and apple were missing between pear and peach, mei, and
strawberry, such as PbPHD6/MDP0000120221, PbPHD18/
MDP0000232962, PbPHD22/MDP0000125254, PbPHD23/
MDP0000125254, PbPHD25/MDP0000246432, PbPHD28/
MDP0000272113, and PbPHD30/MDP0000311077.
Similarly, certain uniquely duplicated genes also appeared be-
tween pear, peach, mei, and strawberry (Fig. S5 and Table S6).
Moreover, the result indicated that two or more PHD-finger
genes in apple, peach, mei, and strawberry matched one pear
PHD-finger gene, i.e., mrna00537 and mrnal9503, Pm009703
and Pm015135, and ppa011288m and ppa011295m are
orthologous to PbPHDS, and MDP0000193753 and
MDP0000120221 are orthologous to PbPHDG6 (Table S6).

o O oy —)

NNV

ppaOl 1295m-PbPHDS- ppaOl 1288m

Fig. 8 Microsynteny relationships of the PHD-finger genes in pear. The
relative positions of all flanking protein-coding genes were defined by the
anchored PHD-finger genes and are highlighted in red. The broad line
with the arrowhead represents the gene transcriptional orientation. The
conserved gene pairs among the segments were connected by a gray line

Expression analysis of the PbPHD genes

To determine the role of the PHD-finger gene family during
the development of the pear fruit, the expression of the
PbPHD genes were analyzed using [llumina RNA-Seq data.
Figure S5 shows that the transcripts of the most POPHD genes
(67.74%) were not detected in each developmental stage of
pear fruit, proposing that these genes might be express in other
organs, such as the leaf, root, and flower or these genes are
pseudogenes. Ten PbPHDs (32.26%) were expressed in one
or more developmental stages. PbPHD10 and PbPHD11 were
highly expressed in all stages (Fig. S6). Six of the ten PHD-
finger genes that expressed during pear fruit development
belonged to subgroup E (Fig. S5), indicating that this subfam-
ily might play an important role in the developmental period
of pear fruit.

In order to study the dynamic of PbPHD genes, the expres-
sion levels of ten PbPHDs in the root, stem, and leaf, and
during the pear fruit development were investigated by qRT-
PCR. The results showed that PbPHDI12, 15, and 29 were
expressed predominantly in the leaf, while the expression of
PbPHD 11 was not detected in the leaf (Fig. 9). The expression
of PbPHDS and PbPHDZ25 was higher at the 102 DAF (days
after flowering) stage as compared to other like root, stem, and
leaf'in other developmental stages (15 DAF, 39 DAF, 47 DAF,
55 DAF, 63 DAF, 79 DAF, and 145 DAF) of pear fruit.
Figure 9 demonstrated the expression of PbPHDS, 10, 11,
and 25 was higher during the different developmental stages
of pear fruit than that in the root, stem, or leaf. Remarkably, the
expression of PhPHDI(0 was basically consistent with the
lignin content of the pear fruit during the different develop-
mental stages, which increased rapidly during the early stages
of pear fruit development, highest peak in the middle stage of
the development (55 DAF), and decrease gradually during the
mature period (Cai et al. 2010; Jin et al. 2013).

Discussion

Due to the completion of pear genome sequencing, the anal-
ysis of a gene family in terms of its biological information has
laid a steady foundation for exploring the origin, evolution,
and gene function of pear. Currently, numerous transcription
factor families have been identified in the pear genome, such
as the WRKY, MYB, MADS families, etc. However, compre-
hensive analysis of the PHD-finger transcription factor gene
family has not been reported in pear. The PHD-finger tran-
scription factor is a zinc finger protein with a characteristic
Cys4-His-Cys3 structure, which widely exists in transcrip-
tional regulatory proteins in eukaryotes. The PHD-finger pro-
teins, a class of transcription factors, have been thought to play
an important role in plant development process.
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Fig. 9 Expression analysis of PhPHD genes in different plant tissues.
The sample identities are as follows: 1, root; 2, stem; 3, leaf; 4, 15 days
after flowering (DAF); 5,39 DAF; 6,47 DAF; 7, 55 DAF; 8, 63 DAF; 9,

In our study, 129 PHD-finger genes were screened from 5
Rosaceae species, among them various numbers of PHD-
finger genes were identified in pear (31), apple (31), mei
(20), peach (25), and strawberry (23). The number of PHD-
finger genes in pear and apple were almost two-fold duplica-
tions as compare to mei, peach, and strawberry. This gene
family has undergone an expansion at different extensions,
which corresponds to the variation in chromosome number
(Shulaev et al. 2011; Velasco et al. 2010; Verde et al. 2013;
Wu et al. 2013; Zhang et al. 2012). For example, the chromo-
some number in apple and pear is 34, but there are only 16
chromosomes in peach and mei and 14 chromosomes in the
strawberry. A recent genome-wide duplication event was
shared by the apple and pear 30—45 MYA (million years
ago) (Fig. 1) (Wu et al. 2013), the PHD-finger gene family
expansion in the apple and pear might occur at that time.
Remarkably, we also observed that there was no positive as-
sociation between genome sizes and the number of PHD-
finger gene family members in these Rosaceae species. For
example, although there was no significant difference in the
genome size of pear (271.9 Mb) and strawberry (240 Mb),
while the number of PHD-finger genes obviously changed.
In contrast, the number of PHD-finger genes in peach
(224.6 Mb) and strawberry (240 Mb) have a positive correla-
tion with their genome size.

To better understand the evolutionary relationships, a com-
parative phylogenetic analysis was performed. Then this tree
was divided into 5 clades with 16 subfamilies. We found that
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79 DAF; 10, 102 DAF; and 11, 145 DAF. Error bars show the standard
error between three replicates

most of the subfamilies were dominated by monocots and
dicots in addition to subfamily I (¢). These results suggested
that the evolution of the PHD-finger gene families in plants
(monocots and dicots) was relatively conservative. However,
the PHD-finger genes from dicots, such as the poplar and pear,
were classified in subfamily I (c), indicating that the PHD-
finger genes in these subfamilies might have species-specific
roles. These genes were lost in the monocots maize and rice or
obtained in dicot lineages after the divergence from their last
common ancestor. In addition, the phylogenetic tree was also
showed that pear have strong association/relationship with
apple as compared to other Rosaceae species. This result
was supported by the interspecific microsynteny analysis.
For example, 25 orthologous genes were found between pear
and apple, but we found only 20 orthologous genes between
pear and mei and 20 orthologous genes between pear and
strawberry.

Gene duplication is the main way to produce new genes,
which provide the raw material for the evolution of species
(Faris et al. 2008; Moore and Purugganan 2003). Gene dupli-
cations, including tandem duplication, segmental duplication,
and transposition events, were the primary driving force of the
gene family expansion during the evolution process, such as
the GRF, MYB, and WRKY family in pear (Cao et al. 2016c, d;
Huang et al. 2015), the CHS family in maize (Han et al. 2016),
the HD-Zip family in soybean (Belamkar et al. 2014), the 14-
3-3 gene family in cotton (Sun et al. 2011), and y-gliadin gene
family in wheat (Sun et al. 2011). In the present study, the
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PHD-finger genes were assigned to segmental/ WGD duplica-
tion blocks, and no PHD-finger genes were assigned to tan-
dem duplication blocks, which indicated that segmental/ WGD
duplication was the main expansion mechanism of this PHD-
finger gene family. Certain PHD-finger subfamilies have in-
creased rapidly during the evolution process. In addition, the
Ka/Ks ratios of eight PbPHD duplications were < 1, indicat-
ing that the PhPHD gene family has gone through purifying
selection and highly conserved evolution. Remarkably, previ-
ous studies have indicated that the genome of the pear has
undergone two genome-wide duplication events. The first
genome-wide duplication event occurred at ~ 140 MYA (Ks
~1.5-1.8) (Fawcett et al. 2009), while the latest duplication
event occurred in the period of 3045 MYA (Ks ~0.15-0.3)
(Wuetal. 2013). As shown in Table 1, these PHD-finger gene
duplications may have been derived from the same recent
genome-wide duplication events and the same ancient
genome-wide duplication events, indicating that the PHD-
finger family is an ancient gene family that expanded with
the recent genome-wide duplication events.

Previous studies showed that the consensus sequences of
the PHD-finger domain were C-X(1-2)-C-X(8-19)-C-X(2—
4)-C-X(4-6)-H-X2-C-X(11-26)-C-X(2-3)-C in Arabidopsis
(Fan et al. 2009), C-X (1-2)-C-X(8-28)-C-X(2-4)-C-X(4—
6)-H-X 2-C-X(12-34)-C-X 2-C in poplar (Wu et al. 2016a),
C-X(1-2)-C—X (8-19)-C—X(2-4)-C—X(4-6)-H-X2-C—
X(11-26)-C-X(2-3)-C in maize (Wang et al. 2015), and C-
X (1-2) -C-X (8-14) -C-X (2-8) -C-X (4-6) -H-X 2 -C-X
(11-34) -C-X 2 —C in carrot (Wu et al. 2016b). In the present
study, we found that the consensus sequence of the PHD-
finger domain was C-X (1-2) -C-X (8-14) -C-X (2-3) -C-X
4- H-X 2 -C- X (12-18) -C-X 2 —C in pear. The difference
among the five plants proposed that there have been signifi-
cant changes in the PHD-finger proteins during the evolution
process. The PbPHDs were divided into seven subfamilies,
and the majority of these genes were similar in their exon-
intron structures and included conserved motifs. The charac-
teristics of each PHD sequence may be highly diverse due to
the different numbers of PHD-finger motifs and other motifs,
which is consist of many domains, such as the SNF domain
(Eisen et al. 1995; Linder et al. 2004), DDT domain (Doerks
etal. 2001), and PWWP domain (Qiu et al. 2002). In general,
most PbPHDs in the same subgroup contain similar motifs,
which was consistent with the phylogenetic analysis.
Interestingly, several motifs only existed in specific-sub-
groups, which indicated that these motifs might be involved
in the functional differentiation of PHD-fingers in pear.

The gene expression patterns could provide important clues
for exploring gene function (Budak and Zhang 2017; Neilson
et al. 2017; Thomas et al. 2018). Previous studies have con-
firmed that the expression of the PHD-finger genes was affect-
ed by salt, PEG, and ABA in maize or drought stress in poplar
(Wang et al. 2015; Wu et al. 2016a). However, still nobody

reported the PHD-finger genes roles during the fruit develop-
ment. The stone cell is an important factor that affects the
quality of pear, and lignin is the main component of stone cells
(Cai et al. 2010; Jin et al. 2013). In the present study, ten genes
were identified to be expressed in five developmental stages of
pear fruit based on Illumina RNA-Seq data, suggesting their
important roles in the development of pear fruit. Furthermore,
the QRT-PCR showed that the expression level of PbPHD10
was consistent with the changing trend of lignin contents dur-
ing different stages of pear fruit development (Cai et al. 2010;
Jin et al. 2013). Interestingly, the expression of PhPHD 10 was
obviously increased at 55 DAF, and it showed an expression
pattern that was similar to that of key genes that are involved in
the regulation of the lignin synthesis pathway (Xie et al. 2013).
These results strongly implied that PoPHD10 might regulate
lignin synthesis in pear fruit. Remarkably, we found that a
segmental duplication gene pair (PbPHD14 and PbPHD24)
exhibited similar expression levels not only in the root, stem,
and leaf but also during pear fruit development, indicating that
these genes did not diverge much along with the evolution of
each gene after the duplication.

Conclusions

In the present study, 129 non-redundant PHD-finger members
were identified in 5 Rosaceae species. Among these members,
31 PHD-finger proteins were from the pear. Using integrated
methods, including a phylogenetic, gene structure, sequence
feature, duplication event, and orthologous analyses, it was
found that although with a certain degree of divergence during
the evolution process, certain well-conserved motifs were
sustained in members of the PHD-finger family. The expression
analysis suggested that the PhPHD genes exhibited different
expression patterns during pear fruit development. In addition,
PbPHDI0 was found to be possibly involved in regulating
lignin synthesis in pear fruit. PoPHDI0 may be selected as a
target for a functional investigation to improve the quality of
pear fruit in the future.
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