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Phytosulfokines (PSKs) are plant peptide growth factors that participate in multiple
biological processes, including cell elongation and immune signaling. However, little
is known about PSKs in Rosaceae species. Here, we identified 10 PSK genes in
pear (Pyrus bretschneideri), 11 in apple (Malus × domestica), four in peach (Prunus
persica), six in strawberry (Fragaria vesca), and five in Chinese plum (Prunus mume).
In addition, we undertook comparative analysis of the PSK gene family in pear and
the four other species. Evolutionary analysis indicated that whole genome duplication
events (WGD) may have contributed to the expansion of the PSK gene family in
Rosaceae. Transcriptomes, reverse transcription-PCR and quantitative real-time-PCR
analyses were undertaken to demonstrate that PbrPSK2 is highly expressed in pear
pollen. In addition, by adding purified E. coli-expressed PbrPSK2 to pollen and using an
antisense oligonucleotide approach, we showed that PbrPSK2 can promote pear pollen
tube elongation in a dose-dependent manner. Furthermore, PbrPSK2 was found to
mediate the production of reactive oxygen species to regulate pear pollen tube growth.

Keywords: phytosulfokine, pear, WGD events, pollen tube growth, ROS

INTRODUCTION

Polypeptide signals play essential roles in many aspects of plant life including growth,
development, reproduction and immunity (Story, 1991; Pearce et al., 2001; Peng et al., 2002;
Ryan et al., 2002). For example, CLE (CLV3/ESR-related) peptides, identified as intercellular
signaling molecules, could regulate cell differentiation and division in plant development (Fiers
et al., 2007; Araya et al., 2014). RGF (root meristem growth factor) is a secreted peptide
involved in the maintenance of root stem cell niche (Mari et al., 2010; Matsubayashi, 2013).
Classified as secreted peptides, IDA (INFLORESCENCE DEFICIENT IN ABSCISSION) are
characterized to play important roles in petal abscission (Melinka, 2003; Estornell et al., 2015).
PLS (POLARIS) peptide family is identified to be involved in longitudinal cell expansion and
increased radial expansion (Topping and Lindsey, 1997). SP11/SCR (S-locus protein 11 or
S-locus Cys-rich) is a male determinant, involved in process of Brassica self-incompatibility
(Shiba et al., 2001; Sato et al., 2004; Fujimoto et al., 2006). Similarly, AtLURE1 is a defensin-
like peptide that functions in attracting pollen tubes into the embryo sac in arabidopsis
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(Okuda et al., 2009). SCA (Stigma/stylar cysteine-rich adhesion)
belongs to lipid transfer proteins and is involved in adhesion of
pollen tube to the extracellular matrix of female tissues (Mollet
et al., 2000). RALFs (Rapid alkalization factors) are a group of
cysteine-rich peptides (CRPs) regulating pollen tube growth and
burst in plant reproduction (Wu et al., 2000; Ge et al., 2017). In
addition, phytosulfokine (PSK) is a plant peptide family, plays
a role in plant cell growth, and thus employed as the research
objective in our study.

Synthesized from 80 to 120 amino acid prepropeptides, PSK is
a small peptide containing an N-terminal signal peptide sequence
and a C-terminal PSK sequence (Yang et al., 2001). PSK was
firstly identified as a key regulator for inducing division in cell
cultures at low density (Stuart and Street, 1969). Since the first
PSK gene was characterized, more members of the PSK gene
family have been identified in various plant species. For example,
PSK genes are ubiquitously expressed in Arabidopsis, where the
peptides are encoded by a small gene family containing six
members (Lorbiecke and Sauter, 2002). Moreover, seven PSK
genes are predicted to exist in the rice (Oryza sativa) genome
(Yang et al., 1999). Nevertheless, PSKs those in Rosaceae have yet
to be characterized and remain unstudied.

Since identified as a signaling molecule, PSKs have been
verified functions in plant growth and development (Yamakawa
et al., 1998; Yang et al., 1999; Kim et al., 2006). For example,
PSK can induce the proliferation of asparagus and rice cells in
low-density cell cultures (Matsubayashi et al., 1996). PSKs also
act as signaling molecules of root elongation involving in growth
regulation. For instance, AtPSK1 affects root elongation primarily
via control of mature cell size in Arabidopsis (Kutschmar et al.,
2009). PSK promotes root growth by repressing expression
of pectin methylesterase inhibitor (PMEI) genes in Medicago
truncatula (Yu et al., 2020). In Cunninghamia lanceolate, PSK had
been shown to promote primary root growth and adventitious
root formation (Wu et al., 2019). Additionally, PSK acts as
a growth factor to stimulate somatic embryogenesis in carrot
(Hanai et al., 2000). PSK interacts with phytosulfokine receptor
1 (PSKR1) to participate in the regulation of hypocotyl length
and cell expansion in Arabidopsis (Stührwohldt et al., 2011).
Known as a significant process that limits crop yield, the
drought-induced premature abscission of flowers and fruits is
identified to be regulated by PSKs (Reichardt et al., 2020).
Furthermore, PSK acts as a signal molecule in the fertilization
of female tissues. In tobacco (Nicotiana tabacum L.), PSK could
promote pollen germination in a dose–dependent manner (Chen
et al., 2000). In maize (Zea mays L.), two PSK precursor
genes were shown to be specifically expressed in male and
female gametophytes (Lorbiecke et al., 2005). In Arabidopsis,
PSK peptide signaling (AtPSK2) participates in the processes
of pollen tube growth and funicular pollen tube guidance
(Stührwohldt et al., 2015), indicating that PSK plays important
roles in plant reproduction. In addition, crucial regulatory
roles for PSK in plant immunity have been confirmed in
some Arabidopsis cultivars with enhanced plant immunity and
resistance (Yamakawa et al., 1999; Igarashi et al., 2012). In
Tomato (Solanum lycopersicum), PSK peptide Initiates auxin-
dependent immunity through cytosolic Ca2+ signaling (Zhang

et al., 2018). Nevertheless, functional investigations of PSKs have
been limited in model plants and the roles of these molecules are
poorly understood in the Rosaceae.

Pear is one of the most economically important fruit crops
world-wide. The pear genome has recently been reported (Wu
et al., 2013), which enables the comprehensive analysis of the
PSK gene family in pear. In the present study, we conducted
a comprehensive analysis of the PSK gene family in pear and
four other Rosaceae species. In addition, we identified a PSK
gene in pear, PbrPSK2, which can regulate pollen tube growth.
These results provide valuable information for future functional
studies of PSK in pear.

MATERIALS AND METHODS

Identification of PSK Genes in Rosaceae
To identify potential members of the PSK gene family in
Rosaceae, we performed multiple database searches. The PSK
domain PF06404, downloaded from Pfam1, was used as a
query to perform BLAST searches in HMMER3 software against
pear and other Rosaceae genome databases. Apple, peach and
strawberry PSK protein sequences were downloaded from the
GDR2 and Phytozome v.9.13 (Goodstein et al., 2012). Pear PSK
protein sequences were downloaded from the pear genome
project database4 (Wu et al., 2013). Chinese plum PSK protein
sequences were downloaded from the Prunus mume Genome
Project5 (Zhang et al., 2012). All PSK genes with expected
E-values of < 0.001 were collected. Candidate sequences were
then examined, and SMART6 was used to confirm the candidate
PSK genes.

In addition, EXPASY7 was used to compute the theoretical
isoelectric point and molecular weight values from the amino acid
sequences of the PSK genes.

Rosaceae PSK Domain Sequence
Analysis
To determine the level of sequence conservation and functional
homology of PSK in pear, apple, peach, strawberry and Chinese
plum, multiple sequence alignment of partial selected candidate
PSK domains was carried out using ClustalX8 in SMS9. The PSK
domain was acquired from Pfam10.

Phylogenetic Analysis
The complete PSK protein sequence was used to perform
multiple sequence alignments using ClustalX (see footnote)

1http://pfam.xfam.org/family/PF06404
2http://www.rosaceae.org/
3http://www.phytozome.net/search.php
4http://peargenome.njau.edu.cn/
5http://prunusmumegenome.bjfu.edu.cn/index.jsp
6http://smart.embl-heidelberg.de/
7http://web.expasy.org/compute_pi/
8http://www.clustal.org/
9http://www.bioinformatics.org/sms2/
10http://pfam.xfam.org/family/PF06404
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with default parameters (Larkin et al., 2007). The neighbor-
joining method was used to construct a phylogenetic tree with
MEGA 7.0 from the full-length protein sequences of PSK in five
Rosaceae species. The phylogenetic trees were presented using
EVOLVIEW11 (He et al., 2016) and the reliability was tested using
the bootstrap method with 1,000 replicates.

Conserved Motif and Gene Structure
Analysis
In order to examine the relationships involved in the structural
evolution of PSK genes, we compared the gene structures and
motifs of individual PSK genes in pear, apple, peach,strawberry
and Chinese plum. The motifs were constructed online
in Multiple Expectation Maximization for Motif Elicitation
(MEME)12 using the full-length amino acid sequences of
all Rosaceae PSK proteins (Bailey et al., 2006). Exon-intron
structural information for the PSK genes was obtained from the
pear, apple, peach, strawberry, and Chinese plum genome project.
The motifs and gene structures of the PSK genes were redrawn
using TBtools (Chen et al., 2018).

Synteny Analysis of PSK Genes
Information on the synteny relationships among pear, apple,
peach, strawberry and Chinese plum were obtained from the
pear, apple, peach, strawberry, and Chinese plum genome project,
respectively (Velasco et al., 2010; Shulaev et al., 2011; Zhang et al.,
2012; Verde et al., 2013; Wu et al., 2013), and the orthologous
and paralogous relationships among the five species were plotted
using the circos project13 (Krzywinski et al., 2009). MCScanX was
further used to identify whole-genome duplication/segmental,
tandem, proximal and dispersed duplications in the PSK gene
family (Wang et al., 2012).

Calculating the Ka and Ks Values for the
PSK Gene Family
The Ka and Ks substitution rates of the syntenic gene pairs
were annotated using MCScanX downstream analysis tools.
KaKs_Calculator 2.0 was used to determine Ka and Ks
(Wang et al., 2012).

Gene Inhibition by Antisense
Oligodeoxynucleotides (ODN)
The construction of PbrPSK2 mRNA was predicted using the
RNA fold Web Server14. The candidate as-ODN sequence was
evaluated in DNAMAN and SnapGene. The as-ODN sequence
was synthesized from phosphorothioate and purified by high-
performance liquid chromatography. Pollen was pre-cultured
in liquid medium for 45 min at 25◦C, 120 rpm. The culture
contained: 0.03% Ca (NO3)2·4H2O, 0.01% H3BO3, 10% sucrose
and 0.58% 2-(N-morpholino) ethanesulfonic acid hydrate (MES)
at pH 6.2 (adjusted with Tris). The PbrPSK2-asODN primers

11http://www.evolgenius.info/evolview/
12http://meme.nbcr.net/meme/cgibin/meme.cgi
13http://circos.ca/
14http://rna.tbi.univie.ac.at/cgi-bin/RNAWebSuite/RNAfold.cgi

were mixed with LipofectamineTM 2000 Transfection Reagent
(11668027, Thermo Fisher Scientific, Shanghai) and incubated
for 15 min before being added into the pre-cultured pollen. The
pollen tubes were kept in the culture for 1.5 h and visualized
with a Nikon Eclipse E100 microscope. The lengths of the pollen
tubes were measured with IPWin32 software. Finally, pollen
samples were centrifuged, the supernatant removed and the
precipitate kept. Then, samples were preserved by freezing in
liquid nitrogen and stored at−80◦C. All materials were harvested
for the extraction of total RNA. Quantitative real-time (qRT) PCR
was used to detect the expression of PbrPSK2. The primers used
for this assay are listed in Supplementary Table S4.

Expression and Purification of PbrPSK2
Protein From E. coli
A DNA fragment encoding PbrPSK2 was cloned into the pCold
TF vector and expressed in E. coli strain BL21. A single positive
clone was cultured in medium containing 100 µg/mL ampicillin
at 25◦C and 220 rpm for 16 h and then transferred to fresh
medium at a dilution of 1/100. When the OD600 of the culture
reached 0.6–1.2, IPTG was added to induce recombinant protein
expression at 15◦C and 220 rpm for 24 h. The expression of
the recombinant protein was identified by SDS-PAGE. Finally,
the purified protein was dialyzed (Spectra/por R© membrane,
molecular cutoff 2,000–3,000) against 1 L of pollen medium at
4◦C for 24 h and stored at -80◦C. The primers used for this assay
are listed in Supplementary Table S4.

Nitroblue Tetrazolium (NBT) Assay for the
Detection of Reactive Oxygen Species
To detect a change of reactive oxygen species (ROS) in pollen
tube tips after PbrPSK2 treatment, pear pollen was pre-cultured
in liquid medium at 25◦C and 120 rpm for 45 min and then
treated with recombinant PbrPSK2 protein. As a negative control,
DPI (diphenylene iodonium) and Mn-TMPP [Manganese (III)
5,10,15,20-tetra (4-pyridyl)-21H,23H-porphine] were used to
treat the pre-cultured pollen tubes. The pollen was cultured for
another 1.5 h. Finally, the pollen tubes were stained with NBT
(1 mg/mL) for 5 min. The change in ROS content at pollen
tube tips was visualized with a Nikon Eclipse E100 microscope.
More than 50 pollen tubes were detected in each treatment,
with three repeats.

Expression Analyses of PSKs in Five
Pear Tissues
RT-PCR analysis was used to study the expression of PSK genes
in five types of tissue, including young root, leave, stem, pollen
and pistil from the pear “Dangshansuli.” Total RNA was extracted
using a Plant Total RNA Isolation Kit (FOREGENE, Chengdu,
China) and genomic DNA contamination was removed by Dnase
I. RT-PCR was carried out according to the manufacturer’s
instructions. The PCR temperature scheme was regulated
according to the oligonucleotide primers employed for the
experiments. The RT-PCR process was as follows: 3 min at 94◦C,
30 cycles of 30 s at 94◦C, 30 s at 60◦C, 1 min at 72◦C and 10 min
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of extension at 72◦C. All PCR experiments were repeated three
times to confirm the reproducibility of the results.

Analyses of PbrPSKs Expression During
Pollen Tube Growth
Quantitative RT-PCR was used to analyze the expression of
PbrPSK genes in pollen during the developmental stages of
the pear “Dangshansuli.” Primer 5.0 was used to design the
unique primers according to the PbrPSK gene sequences.
Neither primer dimers nor unexpected products were found
and primers were diluted sixfold. qRT-PCR was performed on
LightCycler-480 Detection System (Roche, Penzberg, Germany)
using AceQ R© qPCR SYBR R© Green Master Mix (Vazyme, Nanjing,
China), according to the manufacturer’s protocol. Reactions were
prepared in a total volume of 20 µL containing: 10 µL of AceQ R©

qPCR SYBR R© Green Master Mix, 5 µL of nuclease-free water,

2.5 µL of each diluted primer and 0.1 µL of cDNA. The qRT-
PCR began with 5 min at 95◦C, followed by 45 cycles at 95◦C
for 3 s, 60◦C for 10 s and 30 s of extension at 72◦C. PbrTUB
was used as reference gene and the relative expression levels were
calculated using the 2-11Ct method. All RNA extraction and
cDNA synthesis experiments for all samples were performed with
three biological and technical replicates.

RESULTS

Identification and Bioinformation of PSK
Genes in the Rosaceae
A Hidden Markov Model search (HMM search) using
“Phytosulfokine precursor protein” domain (Pfam: PF06404)
was carried out in five Rosaceae genome databases and

TABLE 1 | Characteristics of the PSK proteins.

Gene name Gene ID Chr locous Genomic position CDS length (bp) Protein length (aa) PI MW (kDa)

PbrPSK1 Pbr033759.1 15 30125362–30126069 249 82 5.05 9 WGD

PbrPSK2 Pbr019776.1 15 7007426–7007908 255 84 5.2 9.3 WGD

PbrPSK3 Pbr001074.1 2 12193941–12194510 255 84 4.85 9.3 WGD

PbrPSK4 Pbr029236.1 1 2370098–2370610 258 85 6.9 9.6 WGD

PbrPSK5 Pbr017982.1 17 19789236–19789748 258 85 6.9 9.6 WGD

PbrPSK6 Pbr030039.1 13 4052766–4053325 306 101 4.64 10.8 WGD

PbrPSK7 Pbr025638.1 10 16763000–16763383 258 85 5.61 9.4 dispersed

PbrPSK8 Pbr005499.1 12 20880364–20881482 249 82 6.05 9.6 WGD

PbrPSK9 Pbr004808.1 3 13115592–13116225 285 94 5.06 10.5 WGD

PbrPSK10 Pbr016802.1 14 3257529–3257919 240 79 4.92 9 WGD

MdPSK1 MD02G1189200 14 17279050–17279779 303 100 4.90 11.1 WGD

MdPSK2 MD15G1066300 15 4612903–4613689 255 84 5.82 9.6 WGD

MdPSK3 MD15G1300000 15 28529252–28529832 249 82 4.85 8.9 WGD

MdPSK4 MD05G1105500 5 21872939–21873522 261 86 4.97 9.3 WGD

MdPSK5 MD13G1053700 13 3785657–3786239 306 101 4.48 10.8

MdPSK6 MD10G1110000 10 18087718–18088297 258 85 4.68 9.3 WGD

MdPSK7 MD08G1079100 8 6590799–6591412 258 85 7.84 95 WGD

MdPSK8 MD11G1157500 11 15199717–15200525 285 94 5.87 10.6 WGD

MdPSK9 MD14G1016200 14 1461086–1462014 249 82 5.19 9.4 WGD

MdPSK10 MD12G1018200 12 1740431–1741485 249 82 6.71 9.6 WGD

MdPSK11 MD03G1134700 3 13446978–13448023 285 94 4.61 10.4 WGD

PpPSK1 Prupe.6G217500.1 6 22440310–22441230 246 81 4.85 8.9 WGD

PpPSK2 Prupe.8G150200.1 8 16361784–16362457 255 84 4.7 9.3 WGD

PpPSK3 Prupe.7G116900.1 7 14189550–14190256 237 78 5.09 9.1

PpPSK4 Prupe.1G420000.1 1 36347487–36348242 255 84 5.21 9.3 WGD

FvPSK1 FvH4_1g18100.1 1 10519153–10520025 192 63 10.18 6.8

FvPSK2 FvH4_6g17920.1 6 11755315–11755987 240 79 5.36 9.2 Dispersed

FvPSK3 FvH4_2g32750.1 2 17924199–17924836 324 107 6.63 12 Dispersed

FvPSK4 FvH4_2g03340.1 2 24747841–24748458 261 86 4.88 9.6 Proximal

FvPSK5 FvH4_2g03370.1 2 2656597–2657767 354 117 4.66 13 Proximal

FvPSK6 FvH4_3g29900.1 3 23002017–23003111 285 94 4.9 10.5 Dispersed

PmPSK1 Pm021096 6 6679335–6679722 255 84 5.05 9.2 WGD

PmPSK2 Pm002355 1 18913407–18913747 234 77 4.83 8.5 WGD

PmPSK3 Pm005428 2 10969139–10969477 252 83 5.21 9.2 WGD

PmPSK4 Pm001229 1 8232164–8232742 291 96 4.58 10.6 WGD

PmPSK5 Pm026233 8 8630210–8630575 237 78 5.69 9.1 WGD
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SMART was used to confirm the candidate PSK genes (Eddy,
2011). Protein sequences lacking the PSK domain or with
E-values > 1e-15 were removed. As a result, 36 candidate PSK
genes were surveyed in our study. A total of 10 PSK genes
were identified in pear (PbrPSKs), 11 in apple (MdPSKs),
four in peach (PpPSKs), six in strawberry (FvPSKs), and
five in Chinese plum (PmPSKs). The PbrPSK genes were
distributed unevenly through the genome, with two of the genes
located on chromosome 15. Similar to the PbrPSK genes, the
distribution of PSK genes in the other four Rosaceae genomes
was also random. We determined that PbrPSK4 (Chr1:2370098-
2370610) and PbrPSK5 (Chr17: 19789236-19789748) have
the same CDS length, isoelectric point and molecular weight
(Supplementary Figure S3 and Table 1), and further studies
have found that these two genes are, in fact, the same gene
located on different chromosomes.

The physical and chemical characteristics of the PSK gene
family are shown in Table 1. The protein sequence lengths varied
from 63 to 117 amino acids, but most were between 80 and 90
amino acids long. The values of the isoelectric point were between
4.48 and 10.18 and the molecular weights of the proteins were
between 6.8 and 13 kDa.

Phylogenetic Analysis and Structural
Characterization of the PSK Family
In order to examine the evolutionary relationships of PSK genes
between pear and the other Rosaceae species (apple, peach,
strawberry, and Chinese plum), we constructed a neighbor-
joining phylogenetic tree in MAGA 7.0 using the full-length
protein sequences of 10 PbrPSKs from pear, 11 MdPSKs from
apple, four PpPSKs from peach, six FvPSKs from strawberry and
five PmPSKs from Chinese plum. According to the phylogenetic
tree (Figure 1A), the PSK family members were divided into three
major groups (Groups I-III). Interestingly, GroupIIconstituted
the smallest branch, with only three members. In addition,
GroupIpossessed the largest number of PSK members, with six
PSK genes in pear (Figure 1B).

To investigate the protein structures of PSK in the five
Rosaceae species studied, 10 conserved motifs were constructed
using the MEME website. From Group I, only PmPSK3 is missing
motif 4 and FvPSK5 contains two copies of motif 5, whereas
motif 10 only exists in MdPSK5 and PbrPSK6. We also found
that, bar FvPSK1, motifs 1 and 2 (containing YIYTQ motif) are
present throughout the PSK family in the Rosaceae indicating
that they may be conserved among this gene family (Figure 2 and
Supplementary Figure S4).

The introns and exons of PSK genes were established using
GSDS 2.0 (Hu et al., 2015), giving similar results for the motif
and gene structures, which were conserved within the same
branch. According to the predicted structures, all PSK genes
have two to three exons with relatively conserved arrangements
and similar size.

Evolutionary Pattern Analysis of PSKs
Gene duplications play important roles in the expansion of gene
families and the generation of new functionalities. To explain

the origin of the PSK gene family expansion, the MCScanX
package was used to analyze the different duplication modes of
the PSK genes. Three duplication patterns were shown to drive
the expansion of the PSK gene family: whole-genome, dispersed
and proximal duplication. As shown in Supplementary Table S1
and Figure 3B, whole-genome duplication is the main driver
of the expansion of the PSK family, as it accounts for 90% (9
for 10), 90% (10 for 11), 75% (3 for 4), and 100% (5 for 5) of
gene expansion events studied in pear, apple, peach and Chinese
plum, respectively. It is worth noting that two FvPSKs (33.3%)
were assigned to the proximal duplication block, while the other
three (50%) were assigned to the dispersed duplication block.
These results showed that a whole-genome duplication event
played a critical role in the expansion of the PSK gene family
in the Rosaceae.

The identification of orthologous genes is required for the
accurate understanding of the PSK gene family. Therefore,
synteny analyses were performed among pear and the other
four Rosaceae species. A total of 41 collinear gene pairs were
identified among pear and the other Rosaceae species (Figure 3A
and Supplementary Table S2). Collinear pairs within the same
species were also identified (Supplementary Figure S1) including
six pairs in pear, 12 in apple, two in peach and four in Chinese
plum. The Ka/Ks ratio for the collinear gene pairs was calculated
to identify which selection process drove the evolution of the
PSK gene family in pear. A ratio of <1 indicates purification
selection, a ratio >1 implies positive selection and a ratio = 1
indicates neutral selection. As shown in Supplementary Table
S3, all Ka/Ks values were <1 indicating that the PSK gene
family was conserved, which is consistent with results seen
in Arabidopsis (Lorbiecke and Sauter, 2002). The Ks value
is usually used to estimate the evolutionary dates of WGD
events. Previous studies have shown that the pear genome has
undergone two WGD events: a recent WGD (30–45 MYA) and
an ancient WGD (∼ 140 MYA) (Wu et al., 2013). According
to the Ks value of the PbrPSK family in our study, we found
that the duplicated gene pairs were distributed at the two Ks
value peaks (Figure 3C). Thus, the recent (30–45 MYA) and
ancient (∼140 MYA) WGDs might led to the expansion of the
PbrPSK gene family.

Expression Profile Analysis of PSK
Genes in Pear
To study the tissue-specific expression pattern of PbrPSK genes
in pear, the expression levels of PSK genes in different tissues
were determined using transcriptome data (RPKM values)
(Figure 4A) and RT-PCR (Figure 4B), however, we focused
more on the genes highly expressed in pollen. The results
showed that PbrPSK2 and PbrPSK4/5 were highly expressed
in pear pollen, and PbrPSK2 shown a highest expression.
PbrPSK2 is highly expressed in pollen, and lowly expressed in
multiple tissues (Figures 4A,B). Furthermore, qRT-PCR was
used to analyze the expression of PbrPSK genes during pollen
development in the pear “Dangshansuli.” The following stages
were investigated: mature pollen, hydrated pollen, pollen tubes
that had been growing for 6 h and pollen tubes that had
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FIGURE 1 | Phylogenetic tree of PSK genes in five Rosaceae species. (A) Complete amino acid sequences of PSK proteins identified in five Rosaceae species (pear,
apple, peach, strawberry, and Chinese plum) were aligned using Clustal X. The phylogenetic tree was constructed using MEGA7.0 program by the neighbor-joining
(NJ) method. A bootstrap test was set as 1,000 replications to test the confidence of the tree. (B) The numbers of PSK genes from Rosaceae in group I, II, and III.

Frontiers in Plant Science | www.frontiersin.org 6 November 2020 | Volume 11 | Article 601993

https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles


fpls-11-601993 November 24, 2020 Time: 16:14 # 7

Kou et al. PbrPSK2 Regulates Pollen Tube Growth

FIGURE 2 | Gene structure and the conserved protein motifs in 36 PSK genes from five Rosaceae species. Analysis with MEME to investigate 10 conserved motifs
in PSK proteins. Ten motifs (1–10) were identified and are indicated by different colors. Introns and exons are represented by black lines and yellow boxes,
respectively. The number indicates the phases of the corresponding introns. Each section of bar represents 0.2 kb.

stopped growing. As shown in Figure 4C, we found that
PbrPSK2 and PbrPSK4/5 were highly expressed throughout
pollen development. Based on the RT-PCR and qRT-PCR results,
PbrPSK2 was selected for the study of its function in pear
pollen tube growth.

PbrPSK2 Regulates Pollen Tube Growth
To examine the roles of PbrPSK2 in the growth of pear
pollen tubes, we expressed and purified PbrPSK2 in E. coli
(Supplementary Figure S2) and dialyzed the proteins in pollen
medium for 24 h. When we used these purified PbrPSK2
proteins to treat pear pollen, we found that pollen tube growth
was significantly promoted (Figures 5A,B). Moreover, pollen
germination was significantly promoted by PbrPSK2 (Figure 5C).
To check the dose effect of PbrPSK2 on pear pollen tube growth,
we used different concentrations of the protein to treat pear
pollen. The results showed that when the concentration of
PbrPSK2 was 0.3 µmol, the promotion of pollen tube growth
was at its strongest, but when the concentration of PbrPSK2
exceeded 0.3 µmol, the promotion of pollen tube growth showed
a downward trend, but compared with the control, still had
a promoting effect (Figure 5D). These results showed that
PbrPSK2 can promote pear pollen tube growth in a dose-
dependent manner.

In addition, to further study the functions of PbrPSK2 on
pear pollen tube growth, we used the as-ODN approach to knock
down the expression of PbrPSK2 in pear pollen and used qRT-
PCR to detect the subsequent expression level. As shown in
Figure 5E, when the expression of PbrPSK2 was significantly

knocked down by ODN treatment (Figure 5F), we observed
that the elongation of pollen tubes was significantly inhibited
(Figure 5G), indicating PbrPSK2 could promote pear pollen
tube growth.

PbrPSK2 Increases the Production of
ROS in Pear Pollen Tube
Reactive oxygen species play important roles in pollen tube
growth (Potockı et al., 2007; Speranza et al., 2012; Duan et al.,
2014). To further study the effect of PbrPSK2, we detected ROS
production in pollen tubes using an NBT assay (Wang et al.,
2010). NBT can be reduced to blue formazan precipitates by
superoxide radicals, so the position of ROS can be detected.
Typical images of pollen tubes with NBT staining under different
treatments are shown in Figure 6. The control pollen tubes
displayed the tip-localized pattern of NBT staining, indicating
that pollen tube tips were rich with ROS. Compared with
the control and pCold-TF treatment, the gray value at the
pollen tube tips increased significantly after PbrPSK2 treatment.
ROS at the tips of pollen tubes treated with DPI (a NOX
inhibitor) and Mn-TMPP (a ROS scavenger) were removed, and
TMPP obviously inhibited pollen tube growth (Supplementary
Figure S5), which indicated that ROS are necessary for pear
pollen tube growth and these ROS may be produced by an
RBOH. When we used PbrPSK2 with TMPP to treat pear
pollen, the promotion growth pollen tube was less sensitive to
PbrPSK2 (Supplementary Figure S5). These results showed that
PbrPSK2 increased the production of ROS and promoted pear
pollen tube growth.
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FIGURE 3 | Evolution pattern of PSK genes in pear and other Rosaceae species. (A) Synteny analyses of PbrPSK genes and other four Rosaceae species.
Colorized lines indicate all synteny blocks between pear and other Rosaceae species. Chromosome numbers are indicated on the inner side; gene pairs with
syntenic relationships are joined by lines. (B) The proportion of duplication model of PSK genes in pear and other Rosaceae. The duplication model includes WGD
duplication event, dispersed duplication and proximal duplication. (C) Distribution of mean Ks values of PbrPSK genes. The x-axis represents the mean Ks value;
y-axis represents the density of the distribution.
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FIGURE 4 | Expression pattern of pear PSK genes. (A) Expression heatmap of pear PSK genes in eight tissues. The expression levels of pear PSK genes were
measured using RPKM value. Blue indicates a low expression level, white indicates a medium level, and red indicates a high level. (B) Expression pattern of PbrPSK
genes in six tissues using RT-PCR. RT-PCR was performed using root, stem, leaf, fruit, pollen and pistil in pear. An amplified PbrACT gene was used as a loading
control. Reactions were performed with 30 cycles and experiments were repeated at least three times. (C) Heatmap of the expression levels of PbrPSK genes during
pollen development using qRT-PCR. MP, HP, PT, and SPT correspond to four different developmental stages: mature pollen grains, hydrated pollen, growing pollen
tubes 3 h post-hydration and stopped growing pollen tubes, respectively. PbrTUB was used as a reference gene.

DISCUSSION

Phytosulfokines are plant peptides that play essential roles
in many aspects of plant development such as root growth,
pollen tube growth, pollen tube guidance and immune responses
(Yamakawa et al., 1999; Kutschmar et al., 2009; Stührwohldt et al.,
2015). PSK gene families have been identified in many plants
(Lorbiecke and Sauter, 2002; Stührwohldt et al., 2015). However,
the ensuing biological and genetic roles of these peptides in
pear and other Rosaceae species remain uncharacterized. In the
present work, we performed a comprehensive investigation of
the PSK gene family in pear and four other Rosaceae species
(apple, peach, strawberry and Chinese plum). A total of 10

PSK genes were identified in pear, 11 in apple, four in peach,
six in strawberry and five in Chinese plum (Table 1). It is
interesting that the number of PSK genes in pear and apple are
almost double the number of in peach, strawberry and Chinese
plum. Pear and apple belong to the Maloideae, while strawberry
belongs to the Rosoideae, peach and Chinese plum belong to the
Prunoideae; a recent whole-genome duplication event occurred
in the Maloideae, but not in the Rosoideae or Prunoideae.
Therefore, the results indicated that the recent whole-genome
duplication may have led to the expansion of the PSK gene family
in the Maloideae.

Phylogenetic relationship can provide novel insights into the
evolution of diverse gene family members and gene multiplicity
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FIGURE 5 | PbrPSK2 promote pear pollen tube growth. (A) PbrPSK2 promotes pear pollen tube growth. Images shown were acquired 2 h after treatment without
or with purified recombinant PbrPSK2. The experiments were repeated at least three times. Bar = 40 µm. (B) The statistical analysis of pollen tube length.
Differences were identified using Student’s t-test and were considered significant when p < 0.01, indicating ∗∗. More than one hundred pollen tubes were measured.
(C) The statistical analysis of pollen germination rate. Differences were identified using Student’s t-test and were considered significant when p < 0.05, indicating ∗.
More than one hundred pollen tubes were measured. (D) PbrPSK2 promotes pear pollen tube growth in a dose-dependent manner. The statistical analysis of pollen
tube length was measured. More than one hundred pollen tubes were measured. (E) Knock-down PbrPSK2 inhibited pollen tube growth using antisense
oligonucleotides. UT suggests no treatment controls, cytofectin and s-ODN are used as negative controls. The experiments were repeated at least three times.
Bar = 40 µm. (F) The expression level of PbrPSK2 is decreased after as-ODN treatment. Cytofection and s-ODN are used as controls. Differences were identified
using Student’s t-test and were considered significant when p < 0.05, indicating ∗. (G) The statistical analysis of pollen tube length after as-ODN treatment.
Differences were identified using Student’s t-test and were considered significant when p < 0.05, indicating ∗. More than one hundred pollen tubes were measured.

(Smith et al., 2008). The comparative phylogenetic analysis in this
study showed that PSK genes in pear and other Rosaceae species
can be categorized into three distinct subclasses, which is similar

to the classification of PSK genes in Arabidopsis (Figure 1).
Gene structural diversity can offer important information on
the evolutionary history of gene families, providing additional
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FIGURE 6 | PbrPSK2 induces reactive oxygen species (ROS) production in pollen tubes. (A) Typical images of pollen tubes stained with NBT under different
treatment conditions for 30 min. At least three independent experiments were repeated with similar results. Mean pixel intensity at the tips of pollen tubes stained
with NBT only, NBT with PbrPSK2 (100 nM), NBT with DPI (300 µM), or with Mn-TMPP (300 µM) but without NBT. Bar = 20 µm. (B) Statistical analysis of NBT
staining intensity in pear pollen tube. Differences were identified using Student’s t-test and were considered significant when p < 0.05, indicating ∗. More than one
hundred pollen tubes were measured.

help to phylogenetic classification (Ames et al., 2012). Based on
the phylogenetic analysis, PSKs with similar motif compositions
and gene structures were clustered, which were similar to results
described for Arabidopsis. These findings suggest that PSK genes
are highly conserved.

Gene duplication, which may occur through chromosomal
segmental duplication or tandem duplication, is thought to be an
important means of expanding and gaining functional diversity
during evolution (Schacherer et al., 2005; Suhre, 2005). Whole-
genome, tandem and segmental duplication are the three main
duplication models for gene family expansion (Freeling, 2009).
In this study, analysis of duplication models showed that most
PSK genes in pear and other Rosaceae species were duplicated in
WGD duplication events (Figure 3B and Supplementary Table
S1). The number of homologous genes between pear and apple
considerably exceeds the number of homologous genes between
pear and the other Rosaceae species studied. This result may be
due to the recent whole-genome duplication event in pear, which
is consistent with the two Ks value peaks in PbrPSK duplicated
gene pairs, which indicated that the recent (30–45 MYA) and
ancient (∼140 MYA) WGDs led to the expansion of PSK genes
in pear. The Ka/Ks ratios were used to represent the selection
constraint for evolutionary selection (Hu and Banzhaf, 2008).
Our result showed that all the ratios of duplicated pairs in PSK
genes were <1 (Supplementary Table S3), indicating that the
PSK genes were conserved.

Gene expression patterns provide important information
on gene function. In Arabidopsis, many members of the PSK
family have been reported to be involved in cell development
(Yamakawa et al., 1998; Yang et al., 1999; Kim et al., 2006).
To dissect the expression patterns of PSK genes in pear,
Transcriptome data (RPKM values) and RT-PCR were used to

map the expression level in different tissues of pear. For the
PSK genes in pear, we were most interested in those which
play important roles during pear reproductive processes. The
results showed that five PSK genes were expressed in pear pollen
(PbrPSK2, PbrPSK4/5, PbrPSK7, PbrPSK8, and PbrPSK9), with
PbrPSK2 showing the largest expression level (Figures 4A,B).
PbrPSK2 was expressed at a low level in multiple tissues, but
highly expressed in pollen, indicating that PbrPSK2 may play
important roles in pear pollen development. Furthermore, we
examined the expression level in pear pollen tube development
using qRT-PCR and generated a heatmap (Figure 4C). Based
on the heatmap, PbrPSK4/5 was expressed in all four stages
of pollen tube growth. PbrPSK2 was highly expressed at all
stages of pollen tube development except in those that had
stopped growth. The expression level of PbrPSK2 in pollen tube
growth was significantly higher than that for other PbrPSK genes.
These results further demonstrated that PbrPSK2 is likely to play
important roles in pear pollen tube growth.

Many proteins have been identified as regulators in pollen
tube growth. For example, pollen tube growth in Arabidopsis
and tomato is respectively inhibited by AtRALF4/19 and SlRALF
(Covey et al., 2010; Mecchia et al., 2017). Transmitting-tract-
specific protein (TTS), as positive regulator, plays important
roles in pollen tube growth (Wu et al., 2000). In this study,
several pieces of evidence suggested a promoting effect of
PbrPSK2 on pear pollen tube growth. In pear pollen treated with
purified E. coli-expressed PbrPSK2, pollen tube elongation was
promoted in a dose-dependent manner (Figures 5A–D). When
the expression level of PbrPSK2 was knocked down in pear pollen
using ODN, the pollen tube grew slower (Figures 5E–G). These
results provide more evidence that pollen peptides, which pollen
itself produces, regulate pollen tube growth.
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Reactive oxygen species production is essential for cell
signaling and regulation, but excess ROS accumulation is
injurious to cell survival (Thannickal and Fanburg, 2000).
Excessive ROS in cells can serve as a second messenger to
mediate multiple signaling pathways (Bae et al., 2011). In our
study, we examined the ROS production of pollen tubes after
PbrPSK2 treatment using NBT. We observed that PbrPSK2
could increase the production of ROS in pear pollen tubes
(Figure 6). Its possible mechanism is that PbrPSK2 activates
downstream receptors that transduce signals into the cytosol,
leading to the production of ROS and elongation of pollen tubes.
In summary, based on our results, PbrPSK2 may promote pollen
tube growth, but its mechanism for regulating pollen tube growth
requires further study.

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation, to any
qualified researcher.

AUTHOR CONTRIBUTIONS

XK and QL conceived the experimental design. XK performed
experiments and data analyses. QL and YS contributed synteny
analyses and the Perl script, and configured some of the figures.
PW revised the final manuscript. JW and SZ managed the
experiments. All authors read and approved the final manuscript.

FUNDING

This work was financially supported through grants from the
National Natural Science Foundation of China (31772256 and

31772276), the Fundamental Research Funds for the Central
Universities (KYTZ202002, KYZ201836 and JCQY201903),
and the project funded by the Priority Academic Program
Development of Jiangsu Higher Education Institutions.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fpls.2020.
601993/full#supplementary-material

Supplementary Figure 1 | Synteny analyses of PSK genes in the same species
and chromosome location. Chromosome numbers are indicated on the inner side;
gene pairs with syntenic relationships are joined by lines.

Supplementary Figure 2 | PbrPSK2 protein expression and purification in vitro.
Recombinant proteins for the PbrPSK2 and purified using the E. coli system.

Supplementary Figure 3 | Alignment of PbrPSK4 and PbrPSK5 amino acid
sequences. PbrPSK4 and PbrPSK5 shared 100% identity at the amino acid level.

Supplementary Figure 4 | The multiple sequence alignments from all identified
PSK homologs and some functionally characterized PSKs.

Supplementary Figure 5 | ROS are necessary for pear pollen tube growth. (A)
The ROS effect on pollen tube growth. The ROS scavenger TMPP arrests pollen
tube elongation. Images shown were acquired 2 h after treatment PbrPSK2,
TMPP or PbrPSK2 with TMPP. The experiments were repeated at least three
times. Bar = 40 µm. (B) The statistical analysis of pollen tube length was
measured. More than one hundred pollen tubes were measured.

Supplementary Table 1 | Numbers of PSK genes from different origins in five
Rosaceae genomes.

Supplementary Table 2 | The orthology of PSK genes in five Rosaceae species.

Supplementary Table 3 | Ka and Ks substitution rates between gene pairs
in pear.

Supplementary Table 4 | Primers of PbrPSK genes for this work (∗represents
the modification).

REFERENCES
Ames, R. M., Money, D., Ghatge, V. P., Whelan, S., and Lovell, S. C. (2012).

Determining the evolutionary history of gene families. Bioinformatics 28, 48–55.
doi: 10.1093/bioinformatics/btr592

Araya, T., Miyamoto, M., Wibowo, J., Suzuki, A., Kojima, S., Tsuchiya, Y. N.,
et al. (2014). CLE-CLAVATA1 peptide-receptor signaling module regulates the
expansion of plant root systems in a nitrogen-dependent manner. Proc. Natl.
Acad. Sci. U.S.A. 111, 2029–2034. doi: 10.1073/pnas.1319953111

Bae, Y. S., Oh, H., Rhee, S. G., and Do Yoo, Y. (2011). Regulation of reactive
oxygen species generation in cell signaling.Mol. Cells 32, 491–509. doi: 10.1007/
s10059-011-0276-3

Bailey, T. L., Williams, N., Misleh, C., and Li, W. W. (2006). MEME: discovering
and analyzing DNA and protein sequence motifs. Nucleic Acids Res. 34, W369–
W373.

Chen, C., Chen, H., He, Y., and Xia, R. (2018). TBtools, a toolkit for biologists
integrating various biological data handling tools with a user-friendly interface.
bioRxiv [Preprint]. doi: 10.1101/289660 bioRxiv: 289660,

Chen, Y.-F., Matsubayashi, Y., and Sakagami, Y. (2000). Peptide growth factor
phytosulfokine-α contributes to the pollen population effect. Planta 211, 752–
755. doi: 10.1007/s004250000370

Covey, P. A., Subbaiah, C. C., Parsons, R. L., Pearce, G., Lay, F. T., Anderson, M. A.,
et al. (2010). A pollen-specific RALF from tomato that regulates pollen tube
elongation. Plant Physiol. 153, 703–715. doi: 10.1104/pp.110.155457

Duan, Q., Kita, D., Johnson, E. A., Aggarwal, M., Gates, L., Wu, H.-M., et al.
(2014). Reactive oxygen species mediate pollen tube rupture to release sperm
for fertilization in Arabidopsis. Nat. Commun. 5:3129.

Eddy, S. R. (2011). Accelerated profile HMM searches. PLoS Comput. Biol.
7:e1002195. doi: 10.1371/journal.pcbi.1002195

Estornell, L. H., Mari, W., Pérez-Amador, M. A., Manuel, T., Tadeo, F. R., and
Butenko, M. A. (2015). The IDA peptide controls abscission in Arabidopsis and
Citrus. Front. Plant Sci. 6:1003. doi: 10.3389/fpls.2015.01003

Fiers, M., Ku, K. L., and Liu, C.-M. (2007). CLE peptide ligands and their roles in
establishing meristems. Curr. Opin. Plant Biol. 10, 39–43. doi: 10.1016/j.pbi.
2006.11.003

Freeling, M. (2009). Bias in plant gene content following different sorts of
duplication: tandem, whole-genome, segmental, or by transposition.Annu. Rev.
Plant Biol. 60, 433–453. doi: 10.1146/annurev.arplant.043008.092122

Fujimoto, R., Sugimura, T., Fukai, E., and Nishio, T. (2006). Suppression of gene
expression of a recessive SP11/SCR allele by an untranscribed SP11/SCR allele
in Brassica self-incompatibility. Plant Mol. Biol. 61, 577–587. doi: 10.1007/
s11103-006-0032-9

Ge, Z., Bergonci, T., Zhao, Y., Zou, Y., Du, S., Liu, M.-C., et al. (2017). Arabidopsis
pollen tube integrity and sperm release are regulated by RALF-mediated
signaling. Science 358, 1596–1600. doi: 10.1126/science.aao3642

Goodstein, D. M., Shu, S., Howson, R., Neupane, R., Hayes, R. D., Fazo, J., et al.
(2012). Phytozome: a comparative platform for green plant genomics. Nucleic
Acids Res. 40, D1178–D1186.

Frontiers in Plant Science | www.frontiersin.org 12 November 2020 | Volume 11 | Article 601993

https://www.frontiersin.org/articles/10.3389/fpls.2020.601993/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fpls.2020.601993/full#supplementary-material
https://doi.org/10.1093/bioinformatics/btr592
https://doi.org/10.1073/pnas.1319953111
https://doi.org/10.1007/s10059-011-0276-3
https://doi.org/10.1007/s10059-011-0276-3
https://doi.org/10.1101/289660
https://doi.org/10.1007/s004250000370
https://doi.org/10.1104/pp.110.155457
https://doi.org/10.1371/journal.pcbi.1002195
https://doi.org/10.3389/fpls.2015.01003
https://doi.org/10.1016/j.pbi.2006.11.003
https://doi.org/10.1016/j.pbi.2006.11.003
https://doi.org/10.1146/annurev.arplant.043008.092122
https://doi.org/10.1007/s11103-006-0032-9
https://doi.org/10.1007/s11103-006-0032-9
https://doi.org/10.1126/science.aao3642
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles


fpls-11-601993 November 24, 2020 Time: 16:14 # 13

Kou et al. PbrPSK2 Regulates Pollen Tube Growth

Hanai, H., Matsuno, T., Yamamoto, M., Matsubayashi, Y., Kobayashi, T., Kamada,
H., et al. (2000). A secreted peptide growth factor, phytosulfokine, acting as a
stimulatory factor of carrot somatic embryo formation. Plant Cell Physiol. 41,
27–32. doi: 10.1093/pcp/41.1.27

He, Z., Zhang, H., Gao, S., Lercher, M. J., Chen, W.-H., and Hu, S. (2016). Evolview
v2: an online visualization and management tool for customized and annotated
phylogenetic trees. Nucleic Acids Res. 44, W236–W241.

Hu, B., Jin, J., Guo, A.-Y., Zhang, H., Luo, J., and Gao, G. (2015). GSDS 2.0:
an upgraded gene feature visualization server. Bioinformatics 31, 1296–1297.
doi: 10.1093/bioinformatics/btu817

Hu, T., and Banzhaf, W. (2008). “Nonsynonymous to synonymous substitution
ratio ka/ks: measurement for rate of evolution in evolutionary computation,” in
Proceedings of the 10th International Conference Parallel Problem Solving from
Nature-ppsn X, September 13–17, Dortmund.

Igarashi, D., Tsuda, K., and Katagiri, F. (2012). The peptide growth factor,
phytosulfokine, attenuates pattern−triggered immunity. Plant J. 71, 194–204.
doi: 10.1111/j.1365-313x.2012.04950.x

Kim, B. J., Gibson, D. M., and Shuler, M. L. (2006). Effect of the plant peptide
regulator, phytosulfokine−α, on the growth and Taxol production from Taxus
sp. suspension cultures. Biotechnol. Bioeng. 95, 8–14. doi: 10.1002/bit.20934

Krzywinski, M., Schein, J., Birol, I., Connors, J., Gascoyne, R., Horsman, D., et al.
(2009). Circos: an information aesthetic for comparative genomics. Genome
Res. 19, 1639–1645. doi: 10.1101/gr.092759.109

Kutschmar, A., Rzewuski, G., Stührwohldt, N., Beemster, G. T., Inzé, D., and Sauter,
M. (2009). PSK−α promotes root growth in Arabidopsis. New Phytol. 181,
820–831. doi: 10.1111/j.1469-8137.2008.02710.x

Larkin, M. A., Blackshields, G., Brown, N. P., Chenna, R., McGettigan, P. A.,
McWilliam, H., et al. (2007). Clustal W and Clustal X version 2.0. Bioinformatics
23, 2947–2948. doi: 10.1093/bioinformatics/btm404

Lorbiecke, R., and Sauter, M. (2002). Comparative analysis of PSK peptide growth
factor precursor homologs. Plant Sci. 163, 321–332. doi: 10.1016/s0168-
9452(02)00101-2

Lorbiecke, R., Steffens, M., Tomm, J. M., Scholten, S., Von Wiegen, P., Kranz,
E., et al. (2005). Phytosulphokine gene regulation during maize (Zea mays L.)
reproduction. J. Exp. Bot. 56, 1805–1819. doi: 10.1093/jxb/eri169

Mari, O. O., Matsuzaki, Y., Mori, A., and Matsubayashi, Y. (2010). Secreted peptide
signals required for maintenance of root stem cell niche in Arabidopsis. Science
329, 1065–1067. doi: 10.1126/science.1191132

Matsubayashi, Y. (2013). Root meristem growth factor, an secreted peptide signal
involved in root meristem development(Plant Peptide Signals). Regul. Plant
Growth Dev. 48, 54–59.

Matsubayashi, Y., Hanai, H., Hara, O., and Sakagami, Y. (1996). Active fragments
and analogs of the plant growth factor, phytosulfokine: structure–activity
relationships. Biochem. Biophys. Res. Commun. 225, 209–214. doi: 10.1006/
bbrc.1996.1155

Mecchia, M. A., Santos-Fernandez, G., Duss, N. N., Somoza, S. C., Boisson-Dernier,
A., Gagliardini, V., et al. (2017). RALF4/19 peptides interact with LRX proteins
to control pollen tube growth in Arabidopsis. Science 358, 1600–1603. doi:
10.1126/science.aao5467

Melinka, A. B. (2003). Inflorescence deficient in abscission controls floral organ
abscission in Arabidopsis and identifies a novel family of putative ligands in
plants. Plant Cell 15, 2296–2307. doi: 10.1105/tpc.014365

Mollet, J. C., Park, S. Y., Nothnagel, E. A., and Lord, E. M. (2000). A lily stylar pectin
is necessary for pollen tube adhesion to an in vitro stylar matrix. Plant Cell 12,
1737–1750. doi: 10.2307/3871186

Okuda, S., Tsutsui, H., Shiina, K., Sprunck, S., Takeuchi, H., Yui, R., et al. (2009).
Defensin-like polypeptide LUREs are pollen tube attractants secreted from
synergid cells. Nature 458, 357–361. doi: 10.1038/nature07882

Pearce, G., Moura, D. S., Stratmann, J., and Ryan, C. A. (2001). RALF, a 5-kDa
ubiquitous polypeptide in plants, arrests root growth and development. Proc.
Natl. Acad. Sci. U.S.A. 98, 12843–12847. doi: 10.1073/pnas.201416998

Peng, L., Jiang, Y., and Yang, S. (2002). Plant polypeptide signals: properties and
functions. Sheng Wu Hua Xue Yu Sheng WuWu Li Jin Zhan 29, 877–880.

Potockı , M., Jones, M. A., Bezvoda, R., Smirnoff, N., and Žárskı , V. (2007).
Reactive oxygen species produced by NADPH oxidase are involved in pollen
tube growth. New Phytol. 174, 742–751. doi: 10.1111/j.1469-8137.2007.02
042.x

Reichardt, S., Piepho, H., Stintzi, A., and Schaller, A. (2020). Peptide signaling for
drought-induced tomato flower drop. Science 367, 1482–1485. doi: 10.1126/
science.aaz5641

Ryan, C. A., Pearce, G., Scheer, J., and Moura, D. S. (2002). Polypeptide hormones.
Plant Cell 14, S251–S264.

Sato, Y., Okamoto, S., and Nishio, T. (2004). Diversification and alteration of
recognition specificity of the pollen ligand SP11/SCR in self-incompatibility of
Brassica and Raphanus. Plant Cell 16, 3230–3241. doi: 10.1105/tpc.104.027029

Schacherer, J., De Montigny, J., Welcker, A., Souciet, J.-L., and Potier, S. (2005).
Duplication processes in Saccharomyces cerevisiae haploid strains. Nucleic Acids
Res. 33, 6319–6326. doi: 10.1093/nar/gki941

Shiba, H., Takayama, S., Iwano, M., Shimosato, H., Funato, M., Nakagawa, T., et al.
(2001). A pollen coat protein, SP11/SCR, Determines the pollens-specificity
in the self-incompatibility of Brassica species. Plant Physiol. 125, 2095–2103.
doi: 10.1104/pp.125.4.2095

Shulaev, V., Sargent, D. J., Crowhurst, R. N., Mockler, T. C., Folkerts, O., Delcher,
A. L., et al. (2011). The genome of woodland strawberry (Fragaria vesca). Nat.
Genet. 43:109.

Smith, L. L., Fessler, J. L., Alfaro, M. E., Streelman, J. T., and Westneat,
M. W. (2008). Phylogenetic relationships and the evolution of regulatory gene
sequences in the parrotfishes. Mol. Phylogenet. Evol. 49, 136–152. doi: 10.1016/
j.ympev.2008.06.008

Speranza, A., Crinelli, R., Scoccianti, V., and Geitmann, A. (2012). Reactive oxygen
species are involved in pollen tube initiation in kiwifruit. Plant Biol. 14, 64–76.

Story, M. (1991). Polypeptide modulators of prostatic growth and development.
Cancer Surveys 11, 123–146.

Stuart, R., and Street, H. (1969). Studies on the growth in culture of plant cells:
IV. The initition of division in suspensions of stationary-phase cells of Acer
pseudoplatanus L. J. Exp. Bot. 20, 556–571. doi: 10.1093/jxb/20.3.556

Stührwohldt, N., Dahlke, R. I., Kutschmar, A., Peng, X., Sun, M. X., and Sauter,
M. (2015). Phytosulfokine peptide signaling controls pollen tube growth and
funicular pollen tube guidance in Arabidopsis thaliana. Physiol. Planta. 153,
643–653. doi: 10.1111/ppl.12270

Stührwohldt, N., Dahlke, R. I., Steffens, B., Johnson, A., and Sauter, M. (2011).
Phytosulfokine-α controls hypocotyl length and cell expansion in Arabidopsis
thaliana through phytosulfokine receptor 1. PLoS One 6:e21054. doi: 10.1371/
journal.pone.0021054

Suhre, K. (2005). Gene and genome duplication in Acanthamoeba polyphaga
Mimivirus. J. Virol. 79, 14095–14101. doi: 10.1128/jvi.79.22.14095-14101.
2005

Thannickal, V. J., and Fanburg, B. L. (2000). Reactive oxygen species in cell
signaling. Am. J. Physiol. Lung Cell. Mol. Physiol. 279, L1005–L1028.

Topping, J. F., and Lindsey, K. (1997). Promoter trap markers differentiate
structural and positional components of polar development in Arabidopsis.
Plant Cell 9, 1713–1725. doi: 10.2307/3870519

Velasco, R., Zharkikh, A., Affourtit, J., Dhingra, A., Cestaro, A., Kalyanaraman, A.,
et al. (2010). The genome of the domesticated apple (Malus× domestica Borkh.).
Nat. Genet. 42, 833–839.

Verde, I., Abbott, A. G., Scalabrin, S., Jung, S., Shu, S., Marroni, F., et al. (2013). The
high-quality draft genome of peach (Prunus persica) identifies unique patterns
of genetic diversity, domestication and genome evolution. Nat. Genet. 45, 487.
doi: 10.1038/ng.2586

Wang, C.-L., Wu, J., Xu, G.-H., Gao, Y.-b, Chen, G., Wu, J.-Y., et al. (2010). S-
RNase disrupts tip-localized reactive oxygen species and induces nuclear DNA
degradation in incompatible pollen tubes of Pyrus pyrifolia. J. Cell Sci. 123,
4301–4309. doi: 10.1242/jcs.075077

Wang, Y., Tang, H., DeBarry, J. D., Tan, X., Li, J., Wang, X., et al. (2012).
MCScanX: a toolkit for detection and evolutionary analysis of gene synteny and
collinearity. Nucleic Acids Res. 40:e49. doi: 10.1093/nar/gkr1293

Wu, H., Zheng, R., Hao, Z., Meng, Y., Weng, Y., Zhou, X., et al. (2019).
Cunninghamia lanceolata PSK peptide hormone genes promote primary
root growth and adventitious root formation. Plants 8:520. doi: 10.3390/
plants8110520

Wu, H.m, Wong, E., Ogdahl, J., and Cheung, A. Y. (2000). A pollen tube
growth−promoting arabinogalactan protein from Nicotiana alata is similar to
the tobacco TTS protein. Plant J. 22, 165–176. doi: 10.1046/j.1365-313x.2000.
00731.x

Frontiers in Plant Science | www.frontiersin.org 13 November 2020 | Volume 11 | Article 601993

https://doi.org/10.1093/pcp/41.1.27
https://doi.org/10.1093/bioinformatics/btu817
https://doi.org/10.1111/j.1365-313x.2012.04950.x
https://doi.org/10.1002/bit.20934
https://doi.org/10.1101/gr.092759.109
https://doi.org/10.1111/j.1469-8137.2008.02710.x
https://doi.org/10.1093/bioinformatics/btm404
https://doi.org/10.1016/s0168-9452(02)00101-2
https://doi.org/10.1016/s0168-9452(02)00101-2
https://doi.org/10.1093/jxb/eri169
https://doi.org/10.1126/science.1191132
https://doi.org/10.1006/bbrc.1996.1155
https://doi.org/10.1006/bbrc.1996.1155
https://doi.org/10.1126/science.aao5467
https://doi.org/10.1126/science.aao5467
https://doi.org/10.1105/tpc.014365
https://doi.org/10.2307/3871186
https://doi.org/10.1038/nature07882
https://doi.org/10.1073/pnas.201416998
https://doi.org/10.1111/j.1469-8137.2007.02042.x
https://doi.org/10.1111/j.1469-8137.2007.02042.x
https://doi.org/10.1126/science.aaz5641
https://doi.org/10.1126/science.aaz5641
https://doi.org/10.1105/tpc.104.027029
https://doi.org/10.1093/nar/gki941
https://doi.org/10.1104/pp.125.4.2095
https://doi.org/10.1016/j.ympev.2008.06.008
https://doi.org/10.1016/j.ympev.2008.06.008
https://doi.org/10.1093/jxb/20.3.556
https://doi.org/10.1111/ppl.12270
https://doi.org/10.1371/journal.pone.0021054
https://doi.org/10.1371/journal.pone.0021054
https://doi.org/10.1128/jvi.79.22.14095-14101.2005
https://doi.org/10.1128/jvi.79.22.14095-14101.2005
https://doi.org/10.2307/3870519
https://doi.org/10.1038/ng.2586
https://doi.org/10.1242/jcs.075077
https://doi.org/10.1093/nar/gkr1293
https://doi.org/10.3390/plants8110520
https://doi.org/10.3390/plants8110520
https://doi.org/10.1046/j.1365-313x.2000.00731.x
https://doi.org/10.1046/j.1365-313x.2000.00731.x
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles


fpls-11-601993 November 24, 2020 Time: 16:14 # 14

Kou et al. PbrPSK2 Regulates Pollen Tube Growth

Wu, J., Wang, Z., Shi, Z., Zhang, S., Ming, R., Zhu, S., et al. (2013).
The genome of the pear (Pyrus bretschneideri Rehd.). Genome Res. 23,
396–408.

Yamakawa, S., Matsubayashi, Y., Sakagami, Y., Kamada, H., and Satoh, S. (1999).
Promotive effects of the peptidyl plant growth factor, phytosulfokine-α, on the
growth and chlorophyll content of Arabidopsis seedlings under high night-
time temperature conditions. Biosci. Biotechnol. Biochem. 63, 2240–2243. doi:
10.1271/bbb.63.2240

Yamakawa, S., Sakuta, C., Matsubayashi, Y., Sakagami, Y., Kamada, H., and
Satoh, S. (1998). The promotive effects of a peptidyl plant growth factor,
phytosulfokine-α, on the formation of adventitious roots and expression of
a gene for a root-specific cystatin in cucumber hypocotyls. J. Plant Res. 111,
453–458. doi: 10.1007/bf02507810

Yang, H., Matsubayashi, Y., Nakamura, K., and Sakagami, Y. (1999). Oryza sativa
PSK gene encodes a precursor of phytosulfokine-α, a sulfated peptide growth
factor found in plants. Proc. Natl. Acad. Sci. 96, 13560–13565. doi: 10.1073/
pnas.96.23.13560

Yang, H., Matsubayashi, Y., Nakamura, K., and Sakagami, Y. (2001). Diversity of
Arabidopsis genes encoding precursors for phytosulfokine, a peptide growth
factor. Plant Physiol. 127, 842–851. doi: 10.1104/pp.010452

Yu, L., Zhou, W., Zhang, D., Yan, J., and Luo, L. (2020). Phytosulfokine-α promotes
root growth by repressing expression of pectin methylesterase inhibitor (PMEI)
genes in Medicago truncatula. Phyton 89, 1–9. doi: 10.32604/phyton.2020.
011882

Zhang, H., Hu, Z., Lei, C., Zheng, C., Wang, J., Shao, S., et al. (2018). A plant
phytosulfokine peptide initiates auxin-dependent immunity through cytosolic
Ca2+ signaling in tomato. Plant Cell 30, 625–667.

Zhang, Q., Chen, W., Sun, L., Zhao, F., Huang, B., Yang, W., et al. (2012). The
genome of Prunus mume. Nat. Commun. 3:1318.

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2020 Kou, Liu, Sun, Wang, Zhang and Wu. This is an open-access
article distributed under the terms of the Creative Commons Attribution License
(CC BY). The use, distribution or reproduction in other forums is permitted, provided
the original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice. No
use, distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Plant Science | www.frontiersin.org 14 November 2020 | Volume 11 | Article 601993

https://doi.org/10.1271/bbb.63.2240
https://doi.org/10.1271/bbb.63.2240
https://doi.org/10.1007/bf02507810
https://doi.org/10.1073/pnas.96.23.13560
https://doi.org/10.1073/pnas.96.23.13560
https://doi.org/10.1104/pp.010452
https://doi.org/10.32604/phyton.2020.011882
https://doi.org/10.32604/phyton.2020.011882
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles

	The Peptide PbrPSK2 From Phytosulfokine Family Induces Reactive Oxygen Species (ROS) Production to Regulate Pear Pollen Tube Growth
	Introduction
	Materials and Methods
	Identification of PSK Genes in Rosaceae
	Rosaceae PSK Domain Sequence Analysis
	Phylogenetic Analysis
	Conserved Motif and Gene Structure Analysis
	Synteny Analysis of PSK Genes
	Calculating the Ka and Ks Values for the PSK Gene Family
	Gene Inhibition by Antisense Oligodeoxynucleotides (ODN)
	Expression and Purification of PbrPSK2 Protein From E. coli
	Nitroblue Tetrazolium (NBT) Assay for the Detection of Reactive Oxygen Species
	Expression Analyses of PSKs in Five Pear Tissues
	Analyses of PbrPSKs Expression During Pollen Tube Growth

	Results
	Identification and Bioinformation of PSK Genes in the Rosaceae
	Phylogenetic Analysis and Structural Characterization of the PSK Family
	Evolutionary Pattern Analysis of PSKs
	Expression Profile Analysis of PSK Genes in Pear
	PbrPSK2 Regulates Pollen Tube Growth
	PbrPSK2 Increases the Production of ROS in Pear Pollen Tube

	Discussion
	Data Availability Statement
	Author Contributions
	Funding
	Supplementary Material
	References


