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Polyamine oxidase (PAO)–mediated polyamine catabolism plays
potential roles in peach (Prunus persica L.) fruit
development and ripening
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Abstract
Recently, there is an increased interest in the function of polyamine (PA) catabolism during fruit ripening, but little is known
about its role during the ripening of peach (Prunus persica L.). In this study, the contents of both free and conjugated PAs
markedly decreased as the peach fruit ripened. However, RNA-seq analysis showed that the transcript levels of PA synthesis–
related genes increased, suggesting that the decreasing PA content during peach ripening was associated with PA catabolism. To
better understanding the function of PA catabolism in peach ripening, genes encoding potential polyamine oxidases (PAOs),
which are involved in PA catabolism, were identified across the peach genome. Four putative PAO genes (PpePAO1-PpePAO4)
were identified in peach using the recently released genome database. The mRNA level of PpePAO1 was significantly increased
during peach fruit ripening. Detection of free PAs in tobacco leaves transiently over-expressing PpePAO1 suggested that this
gene is probably involved in terminal catabolism of PA. Treatment with the PAO inhibitor guazatine significantly reduced
ethylene production and flesh softening of peach fruit, decreased the expression levels of fruit ripening-related genes, and
significantly decreased the expression level of PpePAO1 and PAO activity, while PA contents were dramatically higher com-
pared to control treatments. Our results suggests that PpePAO1-mediated PA catabolism is associated with decreased PA content
during peach fruit ripening. These data provide valuable knowledge for better understanding the roles of PA catabolism in peach
development and ripening.
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Abbreviations
PAs Polyamines
PAO Polyamine oxidase
CuAO Copper-containing amine oxidase
FAD Flavin adenine dinucleotide
Put Putrescine
Spd Spermidine
Spm Spermine
Dap 1,3-Diaminopropane

PpePAO Peach polyamine oxidase
qPCR Real-time quantitative PCR
PCD Programmed cell death
PTSl Peroxisomal targeting signals

Introduction

Peach (Prunus persica L.) is one of the important fruits world-
wide. However, peach fruits are highly perishable and deteri-
orate after ripening. This fruit ripening is primarily regulated
by the phytohormone ethylene. The auxin IAA helps to stim-
ulate the synthesis of ethylene in peach (Tatsuki et al. 2013;
Pan et al. 2015). In addition, some transcription factors (TFs)
also play important roles in the regulation of fruit ripening,
including NAC transcription factors that affect fruit ripening
through ethylene and other hormone pathways. The ethylene
signaling pathway includes ethylene-induced NAC TFs that
regulate fruit ripening, NACTFs that regulate TFs upstream in
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the ethylene signaling network, and TFs that directly regulate
the main ethylene synthesis genes to control fruit maturity
(Ma et al. 2014; Zhu et al. 2014; Gao et al. 2018). In peach,
the NAC gene ppa008301m (PpeNAC72) co-segregated with
the maturity date locus, suggesting that this gene may control
ripening time in peach (Pirona et al. 2013). Recently, the eth-
ylene response factor (ERF) was found to regulate ABA bio-
synthesis by activating or repressing transcription of the NAC
transcription factor PpeNCED2/3 during fruit ripening in
peach (Wang et al. 2019).

Recent studies have shown that PAs serve as endogenous
anti-senescence agents. PAs are small molecules such as pu-
trescine (Put), spermidine (Spd), and spermine (Spm) that car-
ry at least two amino groups (more details below). PAs may
interact with plant hormones, including ethylene, auxin, and
ABA, to regulate fruit development and ripening (Alcazar
et al. 2010; Cui et al. 2010; Parra-Lobato and Gomez-
Jimenez 2011). Bregoli et al. (2002) reported that exogenous
PAs affect ethylene emission and flesh firmness in peach. Liu
et al. (2007) reported the possible role of PAs in peach devel-
opment and discussed the relationship between PAs and eth-
ylene biosynthesis. It has been more recently reported that
exogenous application of PAs affect peach fruit development
and ripening (Torrigiani et al. 2012). Generally, PAs are usu-
ally found at abundant levels during early stages of fruit de-
velopment, but at relatively low levels in mature fruits (Liu
et al., 2006; Gomez-Jimenez et al. 2010; Agudelo-Romero
et al. 2013).

Polyamines (PAs) are lowmolecular weight aliphatic cat-
ions that are found in almost all living organisms (Cona et al.
2006). PAs are involved in various physiological and devel-
opmental processes, including plant growth, fruit develop-
ment and ripening, and abiotic and biotic stress responses
(Bregoli et al. 2002; Torrigiani et al. 2012; Guo et al. 2018;
Alcazar et al. 2010; Hatmi et al. 2013). Putrescine (Put),
spermidine (Spd), and spermine (Spm) are themost common
PAs inplants. In addition, some less abundantPAs, including
cadaverine (Cad), thermospermine (Therm-Spm),
norspermidine (Nor-Spd), and norspermine (Nor-Spm),
have been reported in plants. The intercellular concentra-
tions of PAs are decided by the dynamic balance between
PA biosynthesis and PA catabolism. In plants, PA biosyn-
thesis starts with the formation of Put from ornithine, which
is mediated by arginine decarboxylase (ADC) (Alcazar et al.
2010). The transitions from Put to Spd and Spd to Spm are
mediated by Spd synthase (SPDS) and Spm synthase
(SPMS), respectively. The Spd and Spm biosynthesis reac-
tions require one or two aminopropyl moieties, which are
p r o d u c e d t h r o u g h d e c a r b o x y l a t i o n o f S -
adenosylmethionine (SAM) by S-adenosylmethionine de-
carboxylase (SAMDC). SAM is also a precursor of ethylene
production, suggesting a competitive relationship between
PA and ethylene biosynthesis.

PA catabolism is mediated by two kinds of amine oxidases,
diamine oxidase (DAO) and polyamine oxidase (PAO).
DAOs are copper-containing enzymes and usually named
copper-containing amine oxidases (CuAOs). Generally speak-
ing, CuAOs catalyze the degradation of Put and Cad, produc-
ing 4-aminobutanal, H2O2, and ammonia (Alcazar et al.
2010). However, some studies reported that some CuAOs in
Arabidopsis thaliana are also involved in the catabolism of
Spd (Planas-Portell et al. 2013). The most studied CuAOs are
the Arabidopsis thaliana CuAOs. Five AtCuAOs have been
identified at the protein level in Arabidopsis (Møller and
McPherson 1998; Planas-Portell et al. 2013; Ghuge et al.
2015; Groβ et al. 2017). CuAOs have also been reported in
pea (Tipping and McPherson 1995), chickpea (Rea et al.
1998), tobacco (Naconsie et al. 2014), apple (Zarei et al.
2015), and sweet orange (Wang et al. 2017). In contrast to
CuAOs, PAOs are divided into two groups, according to
whether they function in PA terminal catabolism or PA
back-conversion reactions. The first group of PAOs cata-
lyze the breakdown of Spd and Spm, with the generation of
4-aminobutanal, 1,3-diaminopropane (Dap), and H2O2

(Cona et al. 2006). The second group of PAOs catalyze
the back-conversion of Spm to Spd or Spd to Put with
the concomitant generation of H2O2 (Moschou et al.
2012). So far, PAOs have been identified in many plant
species, such as maize (Cervelli et al. 2000), barley (Smith
1972; Cervelli et al. 2001), tobacco (Yoda et al. 2006),
poplar (Tuskan et al. 2006), Arabidopsis (Fincato et al.
2011), rice (Ono et al. 2012), sweet orange (Wang and
Liu 2015, 2016), Brachypodium distachyon (Takahashi
et al. 2018), upland cotton (Cheng et al. 2017), and tomato
(Hao et al. 2018). Although the first PAO genes identified
to be involved in PA terminal catabolism is from barley
(HvPAO1 and HvPAO2) (Smith 1972), the best-studied
gene of the first group is the maize PAO gene (ZmPAO)
(Cona et al. 2006). Subsequently, the PAO genes from rice
(OsPAO7), sweet orange (CsPAO4), and B. distachyon
(BdPAO2) were also found to be involved in PA terminal
catabolism (Liu et al. 2014; Wangand Liu 2016; Takahashi
et al. 2018). In contrast, most PAO genes that have been
reported belong to the second group and catalyze PA back-
conversion reactions. There are five PAO genes in
Arabidopsis (AtPAO1-AtPAO5) and all of them catalyze
the back-conversion reactions of PAs (Tavladoraki et al.
2006; Moschou et al. 2008; Kamada-Nobusada et al.
2008; Fincato et al. 2011; Ahou et al. 2014). So far, seven
PAO genes have been reported in the rice genome, and four
of them (OsPAO1, OsPAO3, OsPAO4, and OsPAO5) have
been shown to catalyze back-conversion reactions of PAs
(Ono et al. 2012; Liu et al. 2014). More recently, some
PAO genes in sweet orange (Wang and Liu 2015) and
upland cotton (Cheng et al. 2017) were reported to be in-
volved in the PA back-conversion pathway.
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The role of PA catabolism in fruit ripening has been poorly
studied. Agudelo-Romero et al. (2013) reported that the PA
content dramatically decreased during grape ripening, while
the levels of CuAO and PAO transcripts were markedly up-
regulated, suggesting that the increased oxidation of PA leads
to the decreased PA levels. Furthermore, perturbation of PA
catabolism by treatment with a PAO inhibitor affects cell ex-
pansion and aroma development during grape fruit ripening
(Agudelo-Romero et al. 2014). Recently, the genes involved
in PA biosynthesis and catabolism are found highly expressed
during the fast growing and ripening stages of tomato
(Tsaniklidis et al. 2016). These studies suggest that PA catab-
olism plays important roles in fruit ripening.

Understanding how the peach fruit ripens can lead to better
control of the deterioration common during storage. It is just
coming to light how PAs interact with plant hormone signal-
ing, especially influencing how ethylene, during fruit ripening
in peach. This study was undertaken to learn more about the
function of PA catabolism in peach ripening. RNA-seq anal-
ysis suggested that the decrease in the levels of free PAs was
associated with PA catabolism during peach fruit ripening.
The genome-wide identification of PAO genes identified four
putative PAO genes (PpePAO1-PpePAO4) in the peach ge-
nome. Analysis of free PAs in transgenic tobacco leaves sug-
gested that PpePAO1 and PpePAO4 were involved in PA
terminal catabolism, while PpePAO2 was involved in PA
back-conversion. The function of PAO-mediated PA catabo-
lism during peach fruit ripening was also investigated using
guazatine treatment, a potent inhibitor of PAO. The result
showed that guazatine treatment significantly reduced ethyl-
ene production and flesh softening of peach fruit. Our results
suggested that PpePAO1-mediated PA catabolism was signif-
icantly increased during peach fruit ripening, which probably
led to the decreased PA content. Furthermore, PAO-mediated
PA catabolism affected the expression of fruit ripening–
related genes. These data provide valuable knowledge for bet-
ter understanding the roles of PAO-mediated PA catabolism
during peach ripening.

Materials and methods

Plant materials and treatments

The experiment was carried out on 5-year-old Prunus persica
(L.) Batch cv. ‘Huangshuimi’ and 6-year-old Prunus persica
(L.) Batch cv. ‘Okubo’ trees that were grown at the experi-
mental farm of Henan Agricultural University, China. Fruit
diameter was measured at weekly intervals on 200 fruits from
20 days after full bloom (dAFB) to establish the fruit growth
curve in cv. Huangshuimi. The growth pattern was evaluated
using the first derivative of the diameter. Sixty fruits with
homogeneous diameter, size, color, and position on the plant

were selected for treatments. For treatment with a PAO inhib-
itor, guazatine acetate (J & K Chemical, China) containing a
surfactant was diluted in distilled water and applied at the
concentration of 1 mM and 5 mM. Blank control was per-
formed by applying Tween 20 (0.5 mL/L), while positive
control was performed with mixture of 1 mM Spd and
Tween 20. The guazatine acetate and Spd were applied at 68
days (the second half of S3 stage) and 82 days (S3/S4 stage)
after full bloom (dAFB) in cv. ‘Huangshuimi,’ respectively.
For cv. ‘Okubo,’ the guazatine acetate and Spdwere applied at
130 days after full bloom (20 days before commercial har-
vest). The harvest index was determined as follows: twenty
control and treated fruits of ‘Huangshuimi’ peach were col-
lected at 75 (late S3), 82 (S3/S4), and 89 dAFB (S4, commer-
cial harvest), while twenty control and treated fruits of
‘Okubo’ peach were collected at 150 dAFB (commercial har-
vest), respectively. Ethylene production and fruit quality traits
were determined using the whole fresh fruit. For polyamine
content analysis and gene expression analysis, ten untreated
fruits of ‘Huangshuimi’ peach of similar diameter, size, color,
and position on the plant were collected at 28 (S1), 43 (S2), 53
(S2/S3), 68 (S3), 82 (S3/S4), and 89 dAFB (S4, commercial
harvest). All the samples were quickly frozen using liquid
nitrogen and stored at − 80 °C until use. For each experiment,
at least three biological samples were collected for further
analysis.

Identification and sequence analysis of peach PAOs

To identify the putative PAO genes in peach, Arabidopsis
PAOs (AtPAO1-AtPAO5) were used to search against the
peach genome database (https://www.rosaceae.org/).
Multiple sequence alignment of the peach PAO genes was
performed with Genedoc program (version 2.7). Gene
structure of the peach PAO genes was analyzed by the Gene
Structure Display Server (http://gsds.cbi.pku. edu.cn/). The
molecular weights (MVs) and isoelectric points (pIs) of the
peach PAO proteins were identified by ExPasy (http://web.
expasy.org/compute_pi/), while the conserved and potential
motifs of peach PAOs were identified by MEME tool
(http://meme-suite.org/tools/meme). Phylogenetic
relationships of plant PAOs were analyzed using MEGA 4.1
software by the neighbor-joining (NJ) method (Saitou and Nei
1987). The cis-elements of the promoter regions of each
PpePAO were predicted by the Plant Care program (http://
bioinformatics.psb.ugent.be/webtools/plantcare/ html/).

RNA-seq analysis

For RNA-seq analysis, the mesocarp of ‘Huangshuimi’ peach
was collected at 68 (S3), 82 (S3/S4), and 89 dAFB and quick-
ly frozen in liquid nitrogen. Total RNA was extracted using
the Spin Column Plant Total RNA Purification Kit (Sangon,
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Shanghai, China) according to the manufacturer’s instruc-
tions. RNA quantity and quality (purity and integrity) were
analyzed using a NanoPhotometer spectrophotometer
(IMPLEN, Westlake Village, CA, USA) and an Agilent
Bioanalyzer 2100 system (Agilent Technologies, CA, USA),
respectively. The mRNA was purified from the total RNA
using poly-T oligo-attached magnetic beads and then was
broken into short fragments of approximately 200 bp. The
fragments were used to synthesize first-strand cDNA using
random oligonucleotides and SuperScript II. The library frag-
ments were purified with the AMPure XP system (Beckman
Coulter, USA). Eligible cDNAs were selected for PCR ampli-
fication, which was performed with Phusion® High-Fidelity
DNA polymerase, Universal PCR primers, and Index (X)
Primer. Raw reads (primary cDNA) were produced using
the Illumina HiSeq 2500 platform by BGI Tech (Shenzhen,
China). A total of 138.60 GB data were generated. The reads
containing the adapter and poly-N as well as low-quality reads
were removed to obtain clean reads. In addition, Q20, Q30,
GC-content, and sequence duplication values of the clean
reads were calculated. The summary statistics of assembly
are shown in Suppl. Table 1. The trimmed reads were aligned
to the Prunus persica genome (https://www.rosaceae.org/
organism/24333). Quantification of gene expression levels
was estimated as fragments per kilobase of transcript per
million fragments mapped (FPKM).

Real-time qRT-PCR analysis

To investigate the tissue-specific expression profiles of the
PpePAO genes, flowers (including pistil, stamen, petal, and
calyx), tender leaves (10 dAFB), old leaves (40 dAFB), and
young fruits (20 dAFB) were collected, and total RNA was
extracted as previously described. First-strand cDNA synthe-
sis was performed by reverse transcription (TaKaRa,
PrimeScript® 1st Strand cDNA Synthesis Kit, Dalian,
China) according to the manufacturer’s descriptions. The
primers used for real-time qRT-PCR (qPCR) were designed
using Primer Premier 5. The qPCR was performed with a
QuantStudio 7 Flex system (Applied Biosystems, USA) and
SYBR Premix Ex Taq II (TaKaRa, Dalian, China). The qPCR
reaction system contained 1 μL of diluted cDNA, 5 μL of
SYBR® Premix Ex Taq™ II, 0.25 μL of each primer, and
3.5 μL of RNase-free H2O. For each sample, at least three
technical replicates were performed. The peach EF2 gene
(GeneBank ID: XM_007213735.2) was used as an internal
control. The expression levels of the samples were calculated
with 2−ΔΔCT method (Livak and Schmittgen 2001). The ex-
pression levels of previously reported fruit ripening–related
genes were also analyzed by qRT-PCR. These genes included
ethylene synthesis (ACS1 and ACO1), ethylene perception
and signal transduction (ETR1/ETR2 and ERF2), cell wall
metabolism (PG and PMEI), ABA and gibberellins synthesis

(NCED2 and GA2-OX), auxin conjugation, perception and
transport (GH3, TIR1, and PIN1), and three NAC transcription
factors (NAC1, NAC4, and NAC72) (Trainotti et al. 2003;
Paponov et al. 2005; Staswick et al. 2005; Zhang et al.
2009; Torrigiani et al. 2012; Pirona et al. 2013). These genes
or their homologous genes in peach genome were selected for
gene expression analysis. The primers for expression analysis
of the PpePAOs and fruit ripening–related genes are listed in
Suppl. Table 2 and Suppl. Table 3.

Vector construction and transient expression assay

Full-length cDNA of PpePAO1, PpePAO2, and PpePAO4
were PCR-amplified with primers (Suppl. Table 1) containing
SalI and EcoRI restriction sites and cloned into the pRI-
101AN binary vector, under the control of the CaMV 35S
promoter producing recombinant constructs. The three recom-
binant constructs were introduced into Agrobacterium
tumefaciens strain GV3101, respectively, as was the empty
pRI-101AN vector (EV) as control. An Agrobacterium-medi-
ated transient transformation system was used to generate
transgenic tobacco as described by Voinnet et al. (2003).
The transgenic plants were kept at 25 °C for 3 days before
the transgenic samples were collected for further analysis.

Detection of PAs, ethylene, and fruit quality traits

The extraction, derivation, and benzoylation of free and con-
jugated PAs (soluble and insoluble) were performed as de-
scribed by Fu et al. (2011). The benzoylated PAs were sepa-
rated and detected by HPLC (Waters, MilfordMA, US) with a
reverse-phase C18 column and an UV detector (230 nm) ac-
cording to the description of Wang and Liu (2016).

Dry weight (DW) was obtained after drying mesocarp
slices in an oven at 60 °C for 48 h. Ethylene production was
detected by placing the whole detached fruit in a 500-mL box
sealed with an air-tight lid equipped with a rubber stopper at
room temperature. One hour later, 1 mL of gas was taken and
measured by gas chromatography (GC 2010PLUS,
Shimadzu, Japan) as described by Bregoli et al. (2002).
Flesh firmness (FF) was measured using a pressure tester
(GY-4, Hengmei, China). Soluble solids content (SSC) was
measured with a digital refractometer (PAL-1, Atago, Japan).
Each measurement was repeated at least three times.

Statistical analysis

Values are the means ± SE. Data on polyamine and fruit qual-
ity parameters were analyzed by the two-way ANOVA test
(n=4).
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Results

Detection of PA concentrations during peach fruit
development and ripening

The diameter of the fruits from peach cultivar ‘Huangshuimi’
was measured and plotted over time. The first derivative of the
growth curve exhibited a classic double sigmoidal pattern over
the four stages of growth (S1 to S4; Fig. 1a). The concentra-
tions of free and conjugated PA (soluble and insoluble) were
detected during peach fruit development and ripening. The
concentration of free Put slightly increased at S2 and then
dramatically decreased from S2 to S4 (Fig. 1b). The concen-
trations of both free Spd and Spmwere significantly increased
at S2 and then dramatically decreased from S2 to S4 (Fig. 1b).
Meanwhile, the concentrations of both soluble and insoluble
conjugated PAs dramatically decreased during peach fruit de-
velopment and ripening (Fig. 1c, d). However, it is unclear
whether the decrease in free PA was associated with the de-
crease in conjugated PA.

RNA-seq analysis of the expression levels of PA
synthesis and catabolism-related genes

In order to investigate the molecular mechanisms behind the
decrease in PA content during peach fruit ripening, RNA-seq

was performed to analyze the expression of PA synthesis and
catabolism-related genes. Across the later stages, the tran-
scription levels increased or only slightly changed for PA
synthesis–related genes such as Prupe.8G083100 (an arginine
decarboxylase gene) and Prupe.8G048200 (an ornithine de-
carboxylase gene) (Fig. 2). Meanwhile, the expression of
some PA catabolism–related genes significantly increased,
such as Prupe.2G020100 (a polyamine oxidase gene) and
Prupe.1G011900 (a copper amine oxidase gene). These re-
sults suggested that the decrease of PA content during peach
fruit ripening was probably associated with PA catabolism.

Identification of PAO genes in peach

Four putative PpePAO genes were identified by searching
against the peach genome database using Arabidopsis
AtPAO amino acid sequences (Table 1). After confirmation
of the gene sequences by PCR amplification and sequencing,
the peach PAO genes were designated as PpePAO1-4, respec-
tively. The lengths of the coding sequences (CDS) of the four
PpePAO genes ranged from 1485 bp (PpePAO2) to 1563 bp
(PpePAO4), with corresponding polypeptides ranging from
494 to 520 amino acids (aa). The theoretical isoelectric points
(pIs) of the PpePAOs ranged from 5.17 (PpePAO1) to 5.40
(PpePAO4), while the molecular weights (MWs) ranged from
54.5 kDa (PpePAO2) to 56.8 kDa (PpePAO4) (Table 1).

Fig. 1 Fruit growth curve and free polyamines content in the peach
cultivar Huangshuimi during fruit development and ripening. a Peach
fruit growth curve based on fruit diameter (red line) and its first
derivative (green line) from 28 to 90 dAFB. S1–S4 are the four stages
of growth up to harvest. b The free polyamine concentration during fruit
development and ripening. c The content of soluble conjugated

polyamines during peach fruit development and ripening. d The content
of insoluble conjugated polyamines during peach fruit development and
ripening. All measurements used 5-year-old orchard-grown trees of peach
cultivar Huangshuimi. Error bars represent standard deviations for three
replicates. Asterisks indicate *P <0.05, **P <0.01, ***P <0.001
(Student’s t test)
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Sequence alignment, conserved motif identification,
and phylogenetic analysis

Amino acid sequence alignment was performed with the four
PpePAOs and one typical Zea mays PAO member (ZmPAO)
(Fig. 3). The peach PAOs displayed a great divergence from
each other. PpePAO2 and PpePAO3 were the most identical
(61.0% identity), followed by ZmPAO and PpePAO1
(39.2%). PpePAO3 exhibited the lowest sequence similarity,
of 13.7%, to PpePAO4, while the identities among other
PpePAOs ranged from 14.0 to 23.4%.

The peach PAOs were analyzed for conserved and potential
motifs. A peroxisomal targeting signal (PTS) was found in two of
the PpePAO proteins. A PTS is a C-terminal tripeptide consisting
of the consensus sequence (S/P/A/C) (R/K/N/M/S/L/H/)(L/M/I/
V/Y) (Lingner et al. 2011). In plants, the preferred targeting signal
is SKL (Reumann et al. 2007). The amino acid sequences of
PpePAO2 and PpePAO3 contained a putative PTS1 (Fig. 3).
PpePAO2 contained an SRI sequence, whereas PpePAO3
contained an SRM sequence, indicating that both of them are

probably targeted to the peroxisome. All of the peach PAOs
contained a transmembrane domain (TD), while only PpePAO2
and PpePAO3 possessed a signal peptide (SP) (Fig. 3).

A phylogenetic analysis of the PAO proteins from different
plants (includingmaize, grape, and apple) divided the protein fam-
ily into four major groups (I, II, III, and IV) (Fig. 4). Consistent
with the amino acid sequence alignment, PpePAO2andPpePAO3
belonged to group I, PpePAO1 to group III, and PpePAO4 to
group II. No proteins from peach were found in group IV, which
contained genes from both monocots and other dicots.

Gene structure analysis and chromosomal
distribution of the PpePAOs

Gene structure analysis revealed that PpePAO2 and PpePAO3
possessed similar gene structures, with each having ten exons
and nine introns (Fig. 5a). PpePAO4 contained only 2 exons
and 1 introns (Fig. 5a). In contrast, PpePAO1 lacked introns.
The chromosomal distribution analysis suggested that the four
PpePAOs were anchored on three chromosomes (Fig. 5b). Both

Fig. 2 Transcriptome analysis of
the expression levels of PA
synthesis and catabolism-related
genes. Prupe.8G083100, arginine
decarboxylase; Prupe.8G048000,
Prupe.8G044900, and
Prupe.8G048200, ornithine de-
carboxylase; Prupe.2G289700,
Prupe.1G405900, and
Prupe.1G011700,
thermospermine synthase;
Prupe.3G243800 and
Prupe.1G299600, S-
adenosylmethionine decarboxyl-
ase; Prupe.1G255300 and
Prupe.5G176100, spermidine
synthase; Prupe.1G012100,
Prupe.5G078900,
Prupe.1G011900, and
Prupe.1G243500, copper amine
oxidase; Prupe.2G020100,
Prupe.3G179900,
Prupe.3G013800, and
Prupe.7G209800, polyamine
oxidase

Table 1 Sequence information of
four peach PpePAOs Gene Annotated CDS Location on

chromosome
CDS length
(bp)

Amino acids
(aa)

pI MV
(kDa)

PpePAO1 Prupe.2G020100.1 2 1518 505 5.17 56.4
PpePAO2 Prupe.3G179900.1 3 1485 494 5.23 54.5
PpePAO3 Prupe.3G013800.1 3 1494 497 5.31 55.2
PpePAO4 Prupe.7G209800.1 7 1563 520 5.40 56.8
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PpePAO2 and PpePAO3 were located on chromosome 3, while
PpePAO1 and PpePAO4were located on chromosomes 2 and 7,
respectively (Fig. 5b).

Expressions of PpePAOs in different tissues

To investigate the expression profiles of the PAO genes in dif-
ferent tissues, transcript levels of the PpePAOs in flowers (in-
cluding pistil, stamen, petal, and calyx), young leaves, old leaves,
and young fruits were analyzed (Fig. 6). The expression level of
each PpePAO gene in the flower sample was set at 1. The results
showed that the PpePAO genes exhibited tissue-specific expres-
sion patterns. Specifically, PpePAO1 had its highest expression
level in old leaves, and much lower expression levels in tender
leaf and young fruit (Fig. 6a). In the flower, the mRNA level of
PpePAO1wasmuch higher in stamen than in other tested tissues
(Fig. 6a).PpePAO2 exhibited nearly equivalent expression levels
in flower, young fruit, and old leaves, but presented a much
lower expression level in tender leaves (Fig. 6b). The expression
level of PpePAO2 was much higher in pistil than in other tested
tissues of the flower (Fig. 6a). Similarly, PpePAO3 exhibited
nearly equivalent expression levels in flower, tender leaves, and
old leaves, but presented amuch lower expression level in young
fruit (Fig. 6c). In contrast, the mRNA level of PpePAO4 was
highest in tender leaves, followed by old leaves, young fruit, and
flower (Fig. 6d). Interestingly, the transcript levels of PpePAO4
in the petal were markedly higher than those in the pistil, stamen,
and calyx (Fig. 6d).

Expression patterns of PpePAOs during peach fruit
development and ripening

The expression patterns of the PpePAO genes in developing and
ripening peach fruit were also investigated over six stages. The
mRNA level of PpePAO1 gradually increased during fruit de-
velopment and ripening (S1 to S3), peaking at 14-fold higher
than the level of S1 at S3/S4 (Fig. 7b), then slightly decreasing
at S4, although remaining higher compared to S1 (Fig. 7b). The
expression level of PpePAO2was stable at stages 1 and 2, sharp-
ly decreased to its minimum value (only 1/6 of its initial value) at
S2/S3, dramatically increased to its peak value (2-fold higher
than its initial value) at S3, and slightly decreased from S3/S4
to S4 (Fig. 7b).PpePAO3 exhibited an expression pattern similar
to that of PpePAO2, of low expression at stages 1 and 2, follow-
ed by a rapid decrease at S2/S3, and a subsequent increase to the
initial level from S3 to S4 (Fig. 7b). Compared to PpePAO1,
PpePAO4 exhibited a converse expression pattern, gradually de-
creasing from S1 to S4 with its minimal levels during the S3/S4
and S4 (Fig. 7b).

Detection of free PA concentration in plants
transiently expressing peach PpePAOs

To further investigate the function of the PpePAOs in PA
catabolism, PpePAO1, PpePAO2, and PpePAO4 were tran-
siently expressed in tobacco. Genomic PCR and RT-PCR
analyses demonstrated that these three genes were

Fig. 3 Alignment of the amino acid sequences of peach PAO and maize
PAO amino acid sequences. Identical and similar residues are shaded in
black and gray background, respectively. Black lines above indicate the

signal peptide and transmembrane domain (SP+TD). Peroxisomal
targeting signals of PpePAO2 and PpePAO3 are indicated in red
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successfully expressed in the tested leaves (Supplementary
Data Fig. 3). The content of free PAs was detected in
PpePAO1, PpePAO2, and PpePAO4 transgenic leaves. The
levels of Put in all transgenic lines were decreased compared
to the level in the EV control line (Fig. 8). The levels of both
Spd and Spm in PpePAO1 transgenic leaves were significant-
ly decreased, by 55.9% and 57.8%, respectively, in

comparison with the control (Fig. 8). Interestingly, in the
PpePAO2 transgenic leaves, the level of Spd was increased
by 33.7%, while the level of Spm was dramatically decreased
by 34.2% compared to the EV line. In the PpePAO4 transgen-
ic leaves, the concentration of Spd was similar to EV, while
the level of Spm decreased by 55.1% compared to the control
level (Fig. 8).

Fig. 4 Phylogenetic tree showing
sequence relationships among
polyamine oxidase proteins
(PAOs) from peach (Ppe), sweet
orange (Cs), apple (Md),
Arabidopsis (At), tobacco (Ni),
grape (Vv), humans, maize (Zm),
barley (Hv), Brassica juncea (Bj),
and rice (Os). The accession
numbers of the genes are listed in
Supplemental Table 1
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Fig. 5 Genomic sequence and location analysis of four PpePAO genes. a
Gene structures of the peach PAO genes generated using GSDS (http://
gsds.cbi.pku.edu.cn/chinese.php). b Distribution of the PAO genes on

peach chromosomes. The triangles indicate the transcription direction.
The chromosome numbers are indicated at the top of each bar

Fig. 6 Expression patterns of
peach PAO genes in various
organs. Error bars represent
standard deviations for four
replicates
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Inhibiting PAO-mediated PA catabolism delayed
peach fruit ripening

The function of PAO-mediated PA catabolism during peach
fruit ripening was explored by treating ‘Huangshuimi’ and
‘Okubo’ peach fruits at different days AFB with either Spd
(as a positive control) or the PAO inhibitor guazatine. When
fruit were treated with Spd or guazatine at S3 (68 dAFB), fruit
ripening of ‘Huangshuimi’ was delayed (Fig. 9a). Ethylene
production was significantly reduced after both Spd and
guazatine treatments compared to control at S3/S4 and S4,
except the ethylene content under 1 mM guazatine treatment
at S3/S4 stage exhibited no difference compared to control
(Fig. 9b). During normal ripening, the fruit firmness de-
creases, especially at S3 and S4. Spd and guazatine treatments
prevented this decrease from S3 to S4 (Fig. 9c). Spd and
guazatine treatments did not alter the content of soluble solids
compared to control (Fig. 9d). Most interestingly, Spd and
guazatine treatments did cause decreases in PpePAO1 tran-
script level and PAO activity (Fig. 9e, f), while guazatine
treatment increased the content of free PAs compared to con-
trol (Fig. 10).

To comparing the timing of PAO inhibitor treatment,
‘Huangshuimi’ peach fruit were treated with 5 mM guazatine
treatment at later stage of development, at S3/S4 (82 dAFB)

(Supplementary Data Fig. 1B). Later treatment with guazatine
produced a smaller effect on delaying fruit ripening compared

Fig. 7 Expression patterns of peach PAO genes during peach fruit
development and ripening. a The phenotype of developing fruit from
cv. Huangshuimi from S1 to S4 stage. b The expression patterns of

PpePAO1-4 during ‘Huangshuimi’ peach development and ripening
stage. Error bars represent standard deviations for four replicates

Fig. 8 Polyamine concentration in tobacco leaves transiently expressing
PpePAO1, PpePAO2, and PpePAO4. EV, empty vector. Error bars
represent standard deviations for four replicates. Asterisks indicate *P
<0.05, **P <0.01 (Student’s t test)
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to treatment at S3. Ethylene production was significantly de-
creased only on the first after guazatine treatment, and exhib-
ited no obvious difference between control and guazatine
t r ea tmen t f rom day 2 to day 7 af t e r t r ea tmen t
(Supplementary Data Fig. 1B). Later inhibitor treatment pro-
duced differences in fruit firmness only in days 3 and 5 after
treatment (Supplementary Data Fig. 1C). The soluble solids

content exhibited no obvious changes with later guazatine
treatment compare to control (Supplementary data Fig. 1D).

To further verify the effect of guazatine treatment on peach
fruit ripening, another peach cultivar, ‘Okubo,’ was treated
with 1 mM Spd or 5 mM guazatine at 120 dAFB and harvest-
ed at 150 dAFB (commercial harvest). Guazatine treatment
also inhibited ethylene production and firmness reduction in

Fig. 9 The phenotype (a), ethylene production (b), flesh firmness (c),
soluble solids content (d), and expression levels of PpePAO1 (e), and
PAO activity (f) of Huangshuimi peach fruit after treatment with 1 mM

Spd or 1 mM or 5 mM guazatine (Gu) treatment at 68 dAFB (after full
bloom). Error bars represent standard deviations for four replicates.
Asterisks indicate *P <0.05, **P <0.01, ***P <0.001 (Student’s t test)

Fig. 10 Content of free Put (a), Spd (b), and Spm (c under control and 5 mM guazatine treatment. Error bars represent standard deviations for four
replicates. Asterisks indicate *P <0.05, **P <0.01, ***P <0.001 (Student’s t test)
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this cultivar (Supplementary Data Fig. 2B and C). These data
suggested that peach fruit ripening was delayed by guazatine
treatment and the effect was dependent on growth stage.

To further investigate the molecular mechanism underlying
how PA catabolism can delay peach fruit ripening, the tran-
script levels of fruit ripening-related genes in ‘Huangshuimi’
peach were analyzed by qRT-PCR. Spd and guazatine

treatments decreased the transcript levels of ethylene biosyn-
thetic (PpACS and PpACO) and signaling genes (PpeETR1,
PpeETR2, and PpeERF2) during fruit ripening (Fig. 11(A–
E)). The transcript levels of the cell wall–related genes
PpePG and PpePMEI were also downregulated by Spd and
guazatine treatments (Fig. 11(F, G)). Spd and guazatine treat-
ments also decreased the mRNA levels of ABA, GA, and IAA

Fig. 11 Expression analysis by qRT-PCR of ripening-related genes in S3
to S4 peach fruit under 1 mM Spd or 5 mM guazatine treatment. (A–E)
Transcript levels of ethylene biosynthetic and signaling genes during
peach fruit ripening. (F, G) Transcript levels of cell wall–related genes
during peach fruit ripening. (H) Transcript level of ABA biosynthetic

gene PpeNCED during peach fruit ripening. (I) Transcript level of GA
biosynthetic gene PpeGA2OX during peach fruit ripening. (J–L)
Transcript level of IAA signaling genes during peach fruit ripening.
(M–O) Transcript levels of NAC transcription factors during peach fruit
ripening. The relative expression value was set to 1 for control at S3 stage

10    Page 12 of 15 Tree Genetics & Genomes (2021) 17: 10



biosynthetic and signaling genes, such as PpeNCED,
PpeGA2OX, PpeAux/IAA, PpePIN1, and PpeGH3, compared
to the control levels (Fig. 11(H–L)). Furthermore, the expres-
sion levels of the previously reported NAC gene (PpeNAC72)
as well as PpeNAC1 and PpeNAC4 (genes homologous with
SlNAC1 and SlNAC4 in tomato) were also decreased after
guazatine treatment. These results suggested that PA catabo-
lism functions in peach fruit ripening by affecting the expres-
sion levels of fruit ripening-related genes.

Discussion

Higher concentrations of PAs have been detected at the early
stages of fruit development, followed by a gradual decrease as
fruit mature. Similar phenomena have been reported in both
non-climacteric and climacteric fruits, such as peach, apple,
grape, and orange (Liu and Moriguchi 2007; Agudelo-
Romero et al. 2013). Here, our results also showed that the
concentrations of both free and conjugated PAs significantly
decreased during peach ripening, in accordance with previous
reports (Torrigiani et al. 2012). The decrease in free and con-
jugated PAs likely reflects the balance of PA in the plant cells;
however, we are not sure whether the decrease of free PA was
associated with conjugated PA. RNA-seq analysis showed
that the expression levels of most PA synthesis–related genes
were dramatically increased or unchanged, while some PA
catabolism–related genes were markedly upregulated. These
results suggested that the reduction of PA accumulation was
probably associated with increased PA catabolism, especially
PAO-mediated PA oxidation, which was consistent with a
previous report in grape (Agudelo-Romero et al. 2013).

Therefore, the PAO genes in the peach genome were iden-
tified, and their temporal and spatial expression patterns were
analyzed. Four putative PAO genes (PpePAO1-PpePAO4)
were identified in the peach genome, and these genes exhib-
ited tissue-specific expression. Most of the PpePAOs were
more highly expressed in old leaves, indicating that PA oxi-
dation and breakdown may be greater in old leaves. In the
flower, PpePAO1 and PpePAO3 were most highly expressed
in the stamen, while PpePAO2 and PpePAO4weremost high-
ly expressed in pistil and petal, respectively. It has been re-
ported that Spd-derived H2O2 signals Ca

2+ influx and regu-
lates pollen tube growth (Wu et al. 2010).

In order to further investigate the functions of the PpePAOs
in PA catabolism, PpePAO1, PpePAO2, and PpePAO4 were
transient expressed in tobacco leaves, and the concentration of
free PAs was detected in transgenic lines. PpePAO3 was not
tested because it exhibited the similar expression pattern with
PpePAO2 during fruit development and ripening suggesting
they probably play approximate functions during these pro-
cess. Our results showed that PpePAO1 and PpePAO4 were
probably involved in the terminal catabolism of Spd and Spm,

while PpePAO2 was involved in the back-conversion of Spm
to Spd. These data suggested PpePAO1 was probably in-
volved in pollen tube growth.

In addition, many studies suggest that PA catabolism is
involved in hormone and biotic stress responses (Alcazar
et al. 2010). Here, PpePAO4 is reported to be significantly
induced by ABA treatment, suggesting that this gene is in-
volved in ABA response. In addition, most of the PpePAOs
were induced by cold stress, indicating that PA oxidation
probably takes part in cold stress response. In contrast, most
of the PpePAOs were downregulated by heat, salt, and oxida-
tive stress treatments, suggesting that PA oxidation exhibited
different roles during different stress responses.

The transcript level of PpePAO1was significantly upregulat-
ed during peach fruit development and ripening, indicating that
PA catabolism was increased during these processes. However,
the function of PA catabolism in peach fruit ripening remains
largely unknown. After treatment with the PAO inhibitor
guazatine, the expression level of PpePAO1 and PAO activity
was markedly decreased, while the content of free PAs was
much higher than control. These data suggested that PAO-
mediated PA catabolism probably leads to the decrease of PA
content during peach fruit ripening. In addition, peach fruit rip-
ening and softening was delayed and ethylene production was
significantly reduced after guazatine treatment. Furthermore, the
expression levels of ethylene, ABA, GA, and IAA biosynthetic,
signaling genes, and cell wall–related genes as well as some
NAC genes were decreased after guazatine treatment. These
results suggested that PA catabolism functions in peach fruit
ripening by affecting the expression of genes related to hormone
biosynthesis and signaling, and cell wall breakdown, as well as
NAC genes. Our study provided strong evidence showing that
PAO-mediated PA catabolism plays important roles in peach
fruit ripening. However, the specific roles of PpePAOs, espe-
cially PpePAO1, in peach fruit ripening needs to be further
investigated.
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