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Abstract

Putrescine plays a role in superficial scald development during the cold storage of pear fruit. However, the molecular
mechanism behind this phenomenon has not been un-fully clarified until recently. In this study, a conjoint analy-

sis of metabolites and gene expression profiles in the putrescine-metabolic pathway of P bretschneideri Rehd. fruit
followed by experimental validation revealed that PbrADCT, forming a homodimer in the chloroplast, was involved

in putrescine biosynthesis and thus fruit chilling resistance. Additionally, the substrate-binding residue Cys

546

in PbrADC1, whose activity was modified by H,0O,, played a crucial role in arginine decarboxylation into agmatine.
Through a combined analysis of the distribution of cis-acting elements in the PorADCT promoter as well as the expres-
sion profiles of related transcription factors (TFs), several TFs were identified as upstream regulators of PorADCT gene.
Further investigation revealed that the nuclear PbrWRKY62 could directly bind to the W-box elements in the PorADCT
promoter, activate its expression, enhance putrescine accumulation, and thus increase fruit chilling tolerance. In con-
clusion, our results suggest that the PbrWRKY62-PbrADC1 module is involved in the development of superficial scald
in P bretschneideri Rehd. fruit via regulating putrescine biosynthesis. Consequently, these findings could serve as valu-

able genetic resources for breeding scald-resistant pear fruit.
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Gene and accession numbers

Sequence data from this article can be found in the data-
base of the pear genome database (http://peargenome.
njau.edu.cn/) under the accession numbers: PbrADCI
(Pbr022368.1), and PbrWRKY62 (Pbr001424.1).

Introduction

Low-temperature storage, which is commonly applied to
prolong the storability of apple and pear fruit, could lead
to the development of superficial scald, demonstrating
as brown or black patches on the fruit epidermis (Giné-
Bordonaba et al. 2020; Qian et al. 2021). Superficial scald
is considered a chilling injury symptom (Watkins et al.
1995) and is believed to be associated with the disruption
of the cellular redox homeostasis (Qian et al. 2021). Chill-
ing exposure can impair the cytochrome pathway of elec-
tron transport, leading to the accumulation of superoxide
free radicals (O,"”) and hydrogen peroxide (H,0,) (Gong
et al. 2021; Hui et al. 2016). When these two compounds
interact, hydroxyl radicals (OH") are formed for the oxida-
tion of a-farnesene, ultimately resulting in the formation
of conjugated trienols (CTols) and 6-methyl-5-hepten-
2-one (MHO) (Gong et al. 2021; Hui et al. 2016). MHO
is the direct trigger of superficial scald (Hui et al. 2016).
During the cold storage of pear fruit, reactive oxygen spe-
cies (ROS) and CTols gradually accumulate, with a MHO
burst when superficial scald symptom occurs (Feng et al.
2018; Hui et al. 2016). Furthermore, the fumigation of
pear fruit with exogenous MHO has been shown to pro-
mote superficial scald development (Hui et al. 2016).

Over the past half-century, various physicochemi-
cal treatments have been explored to control the devel-
opment of superficial scald. These treatments include
1-MCP fumigation, diphenylamine (DPA) dipping, resver-
atrol immersion, modified atmosphere packaging (MAP),
and controlled atmosphere (CA) storage (Dias et al. 2020;
Feng et al. 2018; Li et al. 2016; Mditshwa et al. 2017; Poir-
ier et al. 2020; Qian et al. 2021). The effectiveness of these
postharvest handling practices in mitigating superficial
scald development may be attributed to their ability to
enhance ROS scavenging capacity in fruit, thereby inhibit-
ing the production of MHO (Feng et al. 2018; Hui et al.
2016; Qian et al. 2021). For instance, 1-MCP fumigation
could upregulate the activities of superoxide dismutase
(SOD) and catalase (CAT), reduce the production rate of
0,7, decrease CTols content, delay MHO burst, and con-
sequently suppress superficial scald development in pear
fruit (Feng et al. 2018; Hui et al. 2016).

As low-molecular-weight and aliphatic polycations,
polyamines participate in plant abiotic stress responses
via binding to anionic macromolecules, regulating
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transcription and translation, and modulating the anti-
oxidant system (Liu et al. 2015; Winter et al. 2015). The
most common polyamines in plants include putrescine,
spermidine, and spermine (Xiang et al. 2022). Chilling
exposure stimulates the accumulation of endogenous
polyamines in the epidermal tissue of pear fruit; moreo-
ver, the application of exogenous putrescine can serve to
mitigate superficial scald development (Calvo et al. 2018;
Li et al. 2021a). These results collectively suggest that
putrescine play a role in superficial scald development.
Further studies have illustrated that the putrescine-medi-
ated inhibition of superficial scald development in pear
fruit is associated with the maintenance of mitochondrial
number and morphological integrity, the improvement of
mitochondrial function, the suppression of the increase
or amplitude of mitochondrial membrane permeability
transition pore (MPTP) opening, and the reduction of
mitochondrial ROS accumulation (Li et al. 2021a).

In plants, putrescine is synthesized either through the
decarboxylation of ornithine by ornithine decarboxylase
(ODC) or through the arginine decarboxylase (ADC)
pathway, which involves three enzymes: ADC, agmatine
iminohydrolase (AIH), and N-carbamoylputrescine ami-
dase (NLP) (Fig. S1) (Kou et al. 2018). Upon formation,
putrescine can be further converted into spermidine and
spermine by spermidine synthase (SPDS) and spermine
synthase (SPMS) (Fig. S1) (Winter et al. 2015). Alterna-
tively, ornithine and arginine can be interconverted with
the assistance of ornithine transcarbamylase (OTC), argi-
nosuccinate synthase (ASS), arginosuccinate lyase (ASL),
nitric oxide synthase-like (NOS), and arginase (ARG)
(Fig. S1) (Winter et al. 2015).

With the rapid progress in sequencing technologies,
various plant genomes have been explored, thus facili-
tating the alternation of fruit traits by manipulating the
expression of a specific gene (Chagné et al. 2014; Dong
et al. 2020; Wu et al. 2013). Heterogenous overexpression
of an oat ADC promoted putrescine biosynthesis in rice
(Capell et al. 1998). Similarly, homogenous overexpres-
sion of SaADC1, whose mRNA level demonstrated a pos-
itive association with putrescine content during the cold
storage of the freezing-tolerant potato, would enhance
putrescine accumulation and, consequently, the freezing
tolerance of transgenic plant (Kou et al. 2018). In addition
to ADC, other genes in the putrescine-metabolic pathway
play roles in plant responses to abiotic stresses as well.
Knockout of Arabidopsis AtARGI/2 elevated putres-
cine level but suppressed ROS accumulation, enhancing
plant tolerance to water deficit, salt, and freezing stresses,
while the opposite phenomenon was observed in the
AtARGI/2-overexpressing lines (Shi et al. 2013).
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In plants, the transcription of structural genes is con-
trolled by transcript factors (TFs) through their inter-
action with the corresponding cis-acting elements in
the gene promoters (Chakravarthy et al. 2003; Liu et al.
2015; Wu et al. 2016). Common TF families, such as
WRKYs, MYBs, bZIPs, NACs, and CBFs, play a crucial
role in plant adaption to abiotic stresses (Liu et al. 2015;
Song et al. 2022). For example, CsCBF1 can bind to the
CsADC promoter and activate its expression, leading to
the elevated putrescine level and the enhanced chilling
resistance of Citrus sinensis (Song et al. 2022). Similarly,
FcWRKY70 has been explored to improve the drought
tolerance of Fortunella crassifolia via modulating FcADC
expression and then putrescine production (Gong et al.
2015). In contrast, the nuclear PtrNAC72 from Poncirus
trifoliata acts as a transcriptional repressor of PtADC,
compromising putrescine formation and, consequently,
plant drought tolerance (Wu et al. 2016). However, our
understanding on the alternation of polyamine metabo-
lism during superficial scald development in pear fruit as
well as the regulatory mechanism remains limited.

In this study, we characterized a chloroplast-located
PbrADC1 and its upstream regulator, PbrWRKY62,
from P bretschneideri Rehd. genome. We validated their
involvement in superficial scald development by regulating
putrescine biosynthesis. Furthermore, the substrate-bind-
ing residue (Cys®*®) of PbrADC1 and the impact of exog-
enous H,O, treatment on its activity were also explored.

Result
Identification of PbrADC1 as the candidate gene involved
in the development of superficial scald in pear
In order to assay the relationship between polyamine
metabolism and superficial scald development in pear
fruit, several experiments were carried out. As illustrated
in Fig. la-i/ii, a higher level of putrescine was observed
in the scalded ‘Yali’ fruit when compared with that in the
unscaled fruit, and its contents demonstrated a positive
association with superficial scald severities (Fig. 1b-i). In
a further study using ‘Dangshansuli’ fruit as the mate-
rial, superficial scald incidence and index increased dur-
ing cold storage, accompanied by the accumulation of
putrescine, arginine, ornithine, citrulline, NO, and fuma-
rate, but a decrease in spermidine (Fig. 1c). Additionally,
the application of exogenous putrescine inhibited super-
ficial scald development, and the effect was correlated
with concentration (Fig. 1d). These results suggested that
putrescine played a role in superficial scald development.
To explore the candidate genes responsible for the
alternation of putrescine metabolism during scald
development, we firstly identified the members in
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putrescine-metabolic pathway. As shown in Table S2,
19 putrescine-metabolism-related genes were char-
acterized from pear by the BLASTP searches of the P
bretschneideri Rehd. genome, while two ODC genes
were identified based on transcriptome annotation.
They were distributed on 10 chromosomes with uneven
non-random distributions (Fig. S2a and Table S2). The
physico-chemical characteristics of the correspond-
ing proteins were summarized in Table S2. Most (15)
of them originated from whole-genome duplication
(WGD)/segmental duplications (Table S3). Consist-
ent with this, highly conserved synteny was identified
in the regions containing these genes (Fig. S2b), with
Ka/Ks ratios of all paralogous genes<1.0 (Table S4).
Further analysis revealed that exon numbers in their
genomic sequences were diverse (Fig. S2c-ii), and a
total of 91 cis-acting regulatory elements were identi-
fied from their promoters (Fig. S2c-iii).

Except for PbrODC2, 20 putrescine-metabolism-
related genes were transcribed in “Yali’ fruit after 180-d
chilling storage (Fig. la-iii and Table S5). Notably, only
the expression level of PbrADCI was upregulated upon
superficial scald development (fold change>2.0 and
FDR<0.05, Fig. la-iii and Table S5), and it demon-
strated positive correlations with putrescine level and
superficial scald severity (Fig. 1b). Similar results were
observed during cold storage of ‘Dangshansuli’ fruit: out
of 21 transcribed members, the mRNA abundances of
PbrADCI, PbrAIHI, and PbrSPDS1 gradually increased,
and displayed extremely strong positive associations with
putrescine level and superficial scald incidence/index
(correlation coefficient>0.8; Fig. 1c and Table S6); on
the other hand, an opposite phenomenon was observed
for PbrNOS2 and PbrSPMSI (Fig. 1c and Table S6). RT-
qPCR assay validated the transcriptome result on the
expression pattern of PbrADCI during low-temperature
storage of ‘Dangshansuli’ fruit (Fig. 1c & S3a).

In combination with Liu et al. (2015) and Kou et al.
(2018)’s reports, PbrADCI might be involved in superfi-
cial scald development via regulating putrescine biosyn-
thesis and thus was selected for further analysis. Further
study found that the CDS sequences and the correspond-
ing protein sequences of PbrADCI in ‘Dangshansuli’ and
“Yali’ fruits were highly identical (Fig. S4a/b-i).

Functional validation of PbrADC1 involved in putrescine
biosynthesis and thus chilling resistance

As shown in Fig. 2a, PbrADCI1, without any signal pep-
tide and transmembrane domain (Fig. S5a/b-i), accumu-
lated in the chloroplasts of N. benthamiana leaves.
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in the heatmap, where red lines demonstrated extremely strong positive correlations, while green demonstrated extremely strong negative

associations

To validate the role of PbrADCI in putrescine bio-
synthesis, we first assay its function in pear fruit. When
compared with the control (empty vector), transient
over-expression of the PbrADCI gene in the epider-
mal tissue of the ripe ‘Dangshansuli’ fruit led to a higher
putrescine content (Fig. 2b-i). On the other hand, an
opposite result was observed for the PbrADCI-silenced
fruit, in which the putrescine level was lower than that in
the control (Fig. 2b-ii). A similar result was also observed
after transient overexpression of the PbrADCI1 gene in
‘Yali’ fruit (Fig. S6a).

To confirm the role of PbrADCI in chilling stress,
the PbrADCI-overexpressing tomato fruits with stable
inheritance were generated (Fig. S7a-i/b-i). As shown in
Fig. 2¢, a substantial increase in putrescine abundance

was observed in the epidermal tissue of transgenic fruits,
which was associated with a lower chilling injury index
when compared to that of control fruits.

In combination, these results suggested that PbrADC1
prompted fruit putrescine biosynthesis and thus chilling
resistance.

Evolution and characteristics of plant ADCs

In a further study, we assayed if ADC was conserved in
plant kingdom. As shown in Fig. S8a and Table S7, a total
of 47 ADCs, which originated in plant kingdom approxi-
mately 1160 million years ago (MYA), were identified
from 26 plants, exhibiting similar physico-chemical char-
acteristics (Fig. S8a and Table S7). Most possessed only
one exon (Fig. S8b-ii). Among six motifs identified from
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plant ADCs, three (Motif 1, 2 & 5) constituted the con-
served domain ‘Orn_Arg_deC_N’ (Fig. S8b-iii & c).

Notably, a self-interaction was observed for PbrADC1
based on the results of yeast two-hybrid (Y2H) and Bimo-
lecular fluorescence complementation (BiFC) assay (Fig. 3a).
After alignment of PbrADC1 with AtADCs & HpADC1
(Hanfrey et al. 2001), a substrate-binding residue, Cys>*®,
conserved in all 47 plant ADCs (Fig. S9), was identified in
PbrADC1 (Fig. 3b-i). Further investigations revealed that
mutation of the Cys®* residue almost completely inhib-
ited PbrADCI’s ability to convert arginine into agmatine
(Fig. 3b-ii). With the aid of pCysMod database (Li et al.
2021b), the Cys®, Cys*”®, Cys**, and Cys*® residues in
PbrADC1 were predicted to be modified by H,O, (Fig. 3c-i),
which subsequently altered the activity of PbrADC1 as evi-
denced by exogenous H,0, treatment (Fig. 3c-ii).

Characterization and confirmation of PbrWRKY62

as the upstream regulator of PbrADC1 gene

To explore the upstream regulator of PbrADCI, we ana-
lyzed the cis-acting elements in its promoter sequence,

using the PlantCARE database. As displayed in Fig. S10a-
b, two W-box elements, three MYB-binding sites, and four
G-box elements were identified from the PbrADCI pro-
moter. Subsequently, we assayed the expression profiles
of the related TFs. As shown in Fig. S10c-i/ii and Table S8
and S9, the expression levels of PbrWRKY9/10/12/62
and PbrMYB7/8/64/75/107/114 displayed extremely
strong correlations with PbrADCI mRNA abundance
during cold storage and development of ‘Dangshansuli’
fruit (absolute correlation coefficient > 0.8). Furthermore,
considering the alteration of their transcription levels
upon superficial scald development in “Yali’ fruit (fold
change >2.0 and FDR <0.05; Fig. S10c-iii and Table S10),
PbrWRKY10, PbrWRKY62, and PbrMYB107 were iden-
tified as the upstream regulators of the PbrADCI gene
(Table S11). Their potential binding sites in the PbrADC]I
promoter were identified with the aid of the PlantReg-
Map database (Tian et al. 2020) (Table S11). Due to its
stronger association with PbrADCI during the cold stor-
age of ‘Dangshansuli’ fruit than others (Fig. S10c-i), Pbr-
WRKY62, whose expression pattern was validated by



Zhang et al. Molecular Horticulture

(2024) 4:6

Page 6 of 17

SD-LTHA

o m

AD-

D ! ! PbrADC1

AD-
PbrADC1

AD

AD

BD-
PbrADC1

BD

BD-
PbrADC1

BD

PbrADCI-
YFPY

PbrADCI-

YFPe

YEPY

P

YEP

YFPe

PbrADCI-
YFPe

PbrADCI-

YFP

Chloroplast

YFPN

YFPe

Blight field  Merged

Potential cysteine modification site(s)
-

||

Disorder

Secondary structure

b i ii

E R

- -

e 1 ol Dt i

PR e

(B BN OEE Il U8 e | 1] L

Addition of H,0, on PbrADCI activity

C546A

1
I
Activity (100% of the initial)
H

Sample
Time (min)

Fig. 3 Characteristics of PborADC1. a PbrADC1 self-interaction determination. (a-i) Y2H assay. Transformants containing AD-T & BD-53, AD-T &
BD-Lam, AD & BD, AD & BD-PbrADC1, and AD-PbrADCT & BD were used as controls. (a-ii) BIFC assay. Transformants containing YFPN & YFPS, YFPN &
PbrADCI-YFPS, and YFP® & PbrADCI-YFPN were used as controls. b Identification and functional validation of the substrate-binding residue Cys>*
in PbrADCT. (b-i) Alignment of PbrADC1 with AtADCs and HpADC1 by Jalview Version 2. Information on AtADCs and HpADC1 was summarized
by Hanfrey et al. (2001). (b-ii) Functional validation of Cys>*®. Enzyme activities of the His-tagged recombinant PbrADC1 and PbrADC1.<>46A
proteins were analyzed based on the method of Song et al. (2010). ¢ Exogenous H,0O, treatment on PbrADC1 activity. (c-i) Identification

of the H,O,-modified Cys residues in PbrADC1. The H,0,-modified Cys residues in PorADC1 was predicted by pCysMod database (Li et al. 2021b).
(c-ii) Impact of exogenous H,O, treatment on PbrADCT activity. The residual activity was expressed as a percentage of the initial (0 min). Data
represented the mean value of three biological replicates, and different lowercase letters meant significance between samples (p <0.05)

RT-qPCR analysis (Fig. S3b), was selected for further
study. As shown in Fig. S4a/b-ii, the CDS sequences and
the corresponding protein sequences of PbrWRKY62 in
‘Dangshansuli’ and “Yali’ fruits were highly identical.
Co-transformation of pSAK277-PbrWRKY62 and
reporter (pGreen 0800-PbrADC1-LUC vector) resulted in
a 2.8-fold increment of the Firefly luciferase/renilla lucif-
erase (LUC/REN) ratio in N. benthamiana leaves (Fig. 4a).
Such increment was positively correlated with the num-
ber of W-box elements (Fig. 4a). However, such increment
disappeared after mutation of the two W-box elements
(TTGACC— TTTAGC; Fig. 4a). In the yeast one-hybrid
(Y1H) assay, yeast cells of positive control (pGADT7-p53
& p53-pAbAi), negative controls (PbrADClproS-pAbAi
& pGADT7 and PbrADClproS’-pAbAi & pGADT?),
and bait-prey (PbrADClpro®-pAbAi & pGADT7-Pbr-
WRKY62 and PbrADClproS’-pAbAi & pGADT7-Pbr-
WRKY62) grew normally in screening medium (Fig. 4b).
When AbA was added, the growth of negative control was
inhibited, without affecting on the others (Fig. 4b). Chro-
matin immunoprecipitation-quantitative PCR (ChIP-
qPCR) assay, using an anti-GFP antibody, revealed that

the fragments of PbrADCI promoter containing W-box
elements were enriched in the presence of PbrWRKY62
(Fig. 4c). In vitro electrophoretic mobility shift (EMSA)
assay demonstrated that the protein-DNA complexes
were observed when the recombinant His-PbrWRKY62
protein was incubated with labeled probes containing the
W-box elements. These complexes gradually diminished
with the increased amount of the unlabeled competitor
probes (Fig. 4d). Furthermore, the complexes disappeared
after the mutation of W-box elements (TTGACC—TTT
AGC; Fig. 4d). Additionally, no self-interaction was
observed for PbrWRKY62 based on the results of BiFC
assay (Fig. 4e).

Taken together, these findings indicated that Pbr WRKY62
could bind to the two W-box elements in the PbrADCI pro-
moter and then activate its transcription as a monomer.

Functional validation of PorWRKY62 involved in putrescine
biosynthesis and thus chilling resistance

As demonstrated in Fig. 5a, PbrWRKY62, without any
signal peptide and transmembrane domain (Fig. S5a/b-
ii), accumulated in the nucleus of N. benthamiana leaves.
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To explore the effect of PbrWRKY62 on putrescine
biosynthesis, we analyzed its function in pear fruits.
Transient over-expression of PbrWRKY62 in the epider-
mal tissue of the ripe ‘Dangshansuli’ fruit substantially

Collectively, these results revealed that PbrWRKY62, as
the upstream regulator of PbrADCI1, could enhance the
accumulation of putrescine, and thus increase fruit chill-
ing tolerance.

promoted PbrADCI transcription and thus putrescine

accumulation. A similar result was also observed after
transient overexpression of the PbrWRKY62 gene in ‘Yali’
fruit (Fig. S6b). In contrast, a opposite phenomenon was
observed in the PbrWRKY62-silenced ‘Dangshansuli’
fruit, where PbrADC1 mRNA abundance and putrescine
level were lower than those in the control fruit (Fig. 5b).
To further validate the role of PbrWRKY62 in the
low-temperature stress, the PbrWRKY62-overexpress-
ing tomato fruits were generated (Fig. S7a-ii/b-ii). As
illustrated in Fig. 5c, transgenic fruits with upregulated
putrescine levels showed increased resistance to chilling
stress, when compared with that in the control fruits, as

evidenced by a lower chilling injury index.

Discussion

Superficial scald, a physiological disorder that develops
during the cold storage and shelf life of apple and pear
fruit, is the result of oxidative damage (Giné-Bordonaba
et al. 2020; Qian et al. 2021). Recently, several physico-
chemical methods, which demonstrate the potential to
suppress ROS accumulation, have been applied to control
superficial scald development in fruit, including 1-MCP
fumigation, DPA dipping, resveratrol immersion, poly-
amines treatment, MAP, and CA storage (Calvo et al.
2018; Dias et al. 2020; Feng et al. 2018; Li et al. 2021a;
Li et al. 2016; Mditshwa et al. 2017; Poirier et al. 2020;
Qian et al. 2021). Consistent with the results of previous
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c Impact of overexpressing PbrWRKY62 gene in tomato on fruit putrescine biosynthesis and thus chilling resistance. (c-i) Visual quality change.
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reports (Calvo et al. 2018; Li et al. 2021a), putrescine,
whose abundance was positively associated with super-
ficial scald severity/incidence/index in ‘Yali’ and ‘Dang-
shansuli’ fruit (Fig. 1b-c), could mitigate superficial scald
development in pear (Fig. 1d).

To explore the molecular mechanism responsible for
such phenomenon, we firstly characterized 21 genes
in the putrescine-metabolic pathway, with the aid of P
bretschneideri Rehd. genome database (Wu et al. 2013)
and the transcriptome annotation (Table S2). Subse-
quently, through a conjoin analysis of metabolites and
gene expression profiles during superficial scald devel-
opment of ‘Dangshansuli’ and “Yali’ fruits (Fig. 1a-c and
Tables S5 and S6), PbrADCI, located in the chloroplast
as homodimer (Figs. 2a & 3a), was experimentally vali-
dated as a key player in fruit putrescine biosynthesis and
thus chilling resistance (Fig. 2b-c & S6a). The substrate-
binding residue Cys>*® in PbrADC1 was explored to play
a critical role in arginine decarboxylation (Fig. 3b). Con-
sistent with these results, AtADC1 and AtADC2, the
homologues of PbrADCI1 from Arabidopsis, could form a

hetero-and homodimer, and participate in plant adaption
to abiotic environments via regulating putrescine biosyn-
thesis (Maruri-Lopez and Jiménez-Bremont 2017; Urano
et al. 2004). Additionally, mutation of the substrate-
binding residue (Cys®**) in AtADC1 almost abolished
its activity (Hanfrey et al. 2001). ADC from oat (Capell
et al. 1998) and SaADCI from potato (Kou et al. 2018)
displayed similar functions.

Numerous posttranslational H,O, modifications have
been discovered within proteomes, creating a com-
plex landscape of protein diversity and function (Huang
et al. 2019; Waszczak et al. 2014). The cysteinyl thiol in
the catalytic residue Cys* of AtDHAR2 could be sulfe-
nylation (SOH) by H,0,, thereby suppressing its activity
(Waszczak et al. 2014). Notably, exogenous H,O, treat-
ment inhibited PbrADC1 activity (Fig. 3c-ii). Considering
the pCysMod result (Fig. 3c-i), this phenomenon might
be due to the S-sulfinylation or S-sulfenylation of several
Cys residues in PbrADCI, including Cys®, Cys®”?, Cys>®,
and Cys®*. Cys-SOH could act as a regulatory switch
in several oxidative stress signal transduction pathways
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(Waszczak et al. 2014). Given that H,0, accumulated
during the cold storage of pear fruit (Gao et al. 2015; Yu
et al. 2011), our result suggested that PbrADC1 might be
involved in superficial scald development as a regulatory
switch.

Until recently, a couple of TFs have been character-
ized as upstream regulators of ADC genes via binding to
the corresponding cis-acting elements (Gong et al. 2015;
Song et al. 2022; Wu et al. 2016). After analyzing the
distribution of cis-acting elements in the PbrADCI pro-
moter and the expression profiles of the corresponding
TFs followed by experimental validation, PbrWRKY62
was characterized and experimentally validated as the
direct positive transcriptional regulator of the PbrADCI
gene, enhancing fruit putrescine level and thus chilling
tolerance (Figs. 4 and 5, S6b & S10 and Tables S8-S11).
Similar roles were reported for CsCBF1 from Citrus sin-
ensis (Song et al. 2022) and FcWRKY?70 from FE crassifolia
(Gong et al. 2015), while, PtrNAC?72 in Poncirus trifoliata
exhibited a reverse role (Wu et al. 2016).

Overall, our results suggest that the PbrWRKY62-
PbrADC1 module enhances fruit chilling tolerance via
regulating putrescine biosynthesis. Therefore, they could
serve as the candidates for breeding superficial scald-
resistant pear fruit. Figure 6 illustrates the schematic
model: PbrWRKY62, located in the nucleus, interacts
with two W-box elements in the PbrADCI promoter as
a monomer, activating the expression of PbrADCI. After

Page 9 of 17

translation in the ribosome, PbrADCI is transported into
the chloroplast, where it converts arginine to agmatine,
increasing putrescine level and thereby enhancing the
chilling resistance of fruit.

Conclusion

In this study, we experimentally validated that PbrADCI,
located in the chloroplast as a homodimer, played a
key role in superficial scald development via regulating
putrescine biosynthesis. The substrate-binding residue
Cys®* in PbrADCI1, whose activity could be suppressed
by H,O,, was found to be crucial for arginine decarboxy-
lation. Additionally, the nuclear PbrWRKY62 could act
as the direct upstream regulator of PbrADCI, enhanc-
ing putrescine accumulation and thus improving chilling
tolerance in fruit. Taken together, our results suggest that
PbrWRKY62-PbrADC1 module is involved in superficial
scald development in pear fruit via regulating putrescine
biosynthesis.

Materials and methods

Plant material

Experiment |

Uniform and defect-free P. bretschneideri Rehd. cv. ‘Yali’
fruits, harvested from homogeneous trees in an orchard
in Xinji City, Hebei Province on September 14, 2016,
were stored at -0.5 ‘C for 180 days before a 7-day shelf life

CELL WALL

< HZN/\/\/NHZ
2 € /q I_ Putrescine t
-

N-carbamoyl-putrescine

Fig. 6 Schematic model of PbrWRKY62 and its downstream target gene PbrADCT elevating fruit putrescine level and thus chilling tolerance.
PbrWRKY62, located in the nucleus, could interact with two W-box elements in PbrADCT promoter as monomer and then activate its expression.
After translation in the ribosome, PbrADC1 was then transported into the chloroplast, where it converted arginine to agmatine, elevating putrescine

level and thus chilling resistance of fruit
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at 20 ‘C. Fruits with and without superficial scald were
sampled for further analysis.

Experiment Il

P bretschneideri Rehd. cv. ‘Dangshansuli’ fruits, har-
vested from homogeneous trees in an orchard in Pucheng
County, Shaanxi Province on September 25, 2016, were
stored at 0.5 ‘C for 180 days. Fruits were sampled every
60 days, followed by a 7-d shelf life at 25 C.

Experiment Il

‘“Yali’ fruits, harvested from homogeneous trees in an
orchard in Xinji City, Hebei Province on September 14,
2017, were stored at -0.5 °C for 180 days before a 7-d
shelf life at 20 °C. Fruit with different superficial scald
severities (Hui et al. 2016) were sampled for further
analysis.

Experiment IV

‘Yali’ fruits, harvested from homogeneous trees in an
orchard in Gaoyou City, Jiangsu Province on September
10, 2018, were randomly divided into three groups for
different treatments before storage at -0.5 ‘C: 0.0 (H,O,
control), 2.0-, and 5.0-mM putrescine immersion for
15 min. Fruits were sampled on day 210, followed by a
7-d shelf life at 20 °C.

In this study, ‘Dangshansuli’ and ‘Yali’ fruits were pre-
served in cold storage and on shelves at different tem-
peratures to simulate their environment during the
marketing period in Shannxi and Hebei provinces. Con-
sidering the result of Hui et al. (2016), superficial scald
symptom, which might not be visible during chilling
storage, appeared or aggravated during shelf life at ambi-
ent temperature. Therefore, in this study, we stored the
fruit at a low temperature followed by a 7-d shelf life to
facilitate superficial scald development. There were three
biological replicates for each treatment. For sampling, the
epidermal tissue from five fruit per replicate was quickly
removed with a brass cork borer, mixed, and then stored
at -80 C for further assays.

Superficial scald incidence and index analysis
Based on the superficial scald area in the epidermal
tissue, superficial scald severities were assigned as fol-
lows: Severity 0: no superficial scald; Severity 1: super-
ficial scald area<25%; Severity 2: 25% <superficial
scald area < 50%; Severity 3: superficial scald area >50%
(Hui et al. 2016). Superficial scald incidence and sever-
ity were calculated using the following formulas (He
et al. 2022; Qian et al. 2021):

Superficial scald incidence = Number of scalded fruit
/ Total number of fruit x 100%
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Superficial scald index=} (Number of fruitXx sever-
ity) / (Total number of fruitx 3).

Metabolite measurement

Polyamines, including putrescine, spermine, and sper-
midine, were extracted from epidermal tissue and
analyzed using an RIGOL L-3000 high-performance
liquid chromatography (HPLC) system (Rigol, Beijing,
China), equipped with a Rigol C18 reversed-phase
column and an RF-20A detector (Marcé et al. 1995).
In brief, 0.1 g tissue was homogenized with 1.0 mL of
5% HCIO,, ultrasonicated for 30 min, and then centri-
fuged at 10,000x g for 10 min. Subsequently, 60 puL of
2 M NaOH, 60 pL of saturated NaHCO,, and 200 pL of
10 g L™! dansyl chloride were added, respectively, to the
supernatant, followed by incubation in 50 C hot water
for 40 min. After cooling to 4 ‘C, 100 pL of ammonia
was added to the sample. It was then placed at 25 C for
30 min, settled to a volume of 1.0 mL with methanol,
and filtered through a 0.22 ym membrane before poly-
amine determination by the HPLC system.

Amino acids, including arginine, ornithine, and cit-
rulline, were extracted and analyzed following the
protocol of Sdnchez-Machado et al. (2003), with some
modifications. In brief, 0.2 g tissue was homogenized
with 1.0 mL of ultrapure water. After incubation over-
night and then filtration through a 0.22 ym mem-
brane, amino acids were derivatized and assayed using
an HPLC (Rigol L3000-system, Rigol, Beijing, China)
equipped with a Sepax Bio-C18 reversed-phase column
and a UV detector.

Fumarate in the epidermal tissue was extracted with
ultrapure water. After centrifugation, the supernatant
was filtered through a 0.22 um membrane before anal-
ysis by an HPLC (Rigol L3000-system, Rigol, Beijing,
China) equipped with a Sepax Bio-C18 reversed-phase
column and a UV detector. NO was extracted and meas-
ured following the protocol of the NO assay kit (NO-
1-G, Suzhou Comin Biotechnology Co., Ltd., China).

Transcriptome and RT-qPCR analysis

Transcriptome assay was conducted following the pro-
tocol described by Li et al. (2019b). Total RNA was
extracted from the epidermal tissue of P. bretschneideri
Rehd. fruit using the RNAprep pure Plant Kit (Tiangen,
Beijing, China). Subsequently, an aliquot of total RNA
was treated with DNase (Takara, Dalian, China) to
remove DNA before checking RNA integrity, concen-
tration and purity via NanoDrop 2000 (Thermo, CA,
USA) and the Agilent Bioanalyzer 2100 system (Agilent,
CA, USA). Next, 5.0 ug RNA was used to construct
a complementary DNA (cDNA) library, which was
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subsequently sequenced using the BGISEQ-500 plat-
form (BGI, Shenzhen, China). After removing adapter
sequences and low-quality reads, the clean reads were
aligned to the P bretschneideri Rehd. Genome data-
base (Wu et al. 2013), using the HISAT and Bowtie2
tools (Li et al. 2019a). Gene expression was quantified
as Fragments Per Kilobase Million (FPKM), and differ-
entially expressed genes (DEGs) were identified with
the NOISeq software based on the following criteria:
fold change >2.0 and FDR<0.05 (Li et al. 2019a). For
the transcriptome assay of gene expression profiles in
the epidermal tissue of ‘Dangshansuli’ fruit, there were
three biological replicates, which were sampled after
0-/60-/120-/180-d low-temperature storage, followed
by a 7-d shelf life. For the transcriptome assay of gene
expression profiles in the epidermis of (un)scalded
“Yali’ fruit, there were two biological replicates. For the
transcriptome assay of gene expression profiles in the
cortex of the developing ‘Dangshansuli’ fruit, there was
one biological replicate at six stages: fruit-setting stage
(15 days after full blooming (15 DAFB)), physiologi-
cal fruit dropping stage (34 DAFB), a month after fruit
enlargement stage (81 DAFB), pre-mature stage (110
DAFB), mature stage (145 DAFB), and fruit senescence
stage (160 DAFB).

For the RT-qPCR assay, gene-specific primers were
designed using Primer 5.0 software (Table S1). Total
RNA was isolated using Trizol Reagents (Invitrogen,
USA) and treated with RNase-free DNase (Qiagen,
USA). After analyzing RNA integrity, concentration,
and purity, first-strand ¢cDNA synthesis was carried
out using TransScript® One-Step gDNA Removal and
cDNA Synthesis SuperMix (TRANSGEN, China).
Finally, RT-qPCR assays were performed using the
SYBR® PrimeScript’™ RT-PCR Kit (Perfect Real Time;
Takara) in a 10-pL reaction volume, which included
5.0 pL of LightCycler 480 SYBR GREEN I Master, 1.0
uL of 10 umol L™! forward and reverse primers, 1.0 uL
of 100 ng pL. ™! cDNA, and 3.0 uL of RNase-free water
(Wang et al. 2018). The Pyrus tubulin (PbrTub) gene
served as the internal reference gene, and the relative
gene expression level was calculated using the 2724¢T
method (Wang et al. 2018).

Alignment of PbrADC1 and PbrWRKY62 coding sequences

(CDSs) and protein sequences from different pear cultivars

The CDSs of PbrADC1 and PbrWRKY62 genes were
amplified from ‘Dangshansuli’ and ‘Yali’ fruits using the
method described by Ma et al. (2020). The corresponding
protein sequences were deduced from their CDSs, using
the Translate database (https://web.expasy.org/trans
late/). Sequence alignment was performed by Jalview
Version 2 (Waterhouse et al. 2009).
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Subcellular localization assay

For the subcellular localization of PbrADCI1 and Pbr-
WRKY62, their CDSs encoding mature proteins were
amplified from ‘Dangshansuli’ fruit (Table S1), and then
inserted into the pBI221 vector which was fused with a
GFP tag. The recombinant plasmid was subsequently
introduced into N. benthamiana leaves following the pro-
tocol of Lin et al. (2022).

The fluorescence signal was detected using a confocal
microscope (LSM510 Meta, Zeiss, Germany). GFP fluores-
cence was observed with an excitation wavelength of 488 nm
and an emission wavelength of 495-550 nm, while chloroplast
autofluorescence was observed under an excitation wave-
length of 488 nm and emission wavelength of 664—696 nm
(Chabregas et al. 2003). 4,6-diamidino-2-phenylindole (DAPI)
was used as a nuclear marker (Kapuscinski 1995).

Determination of PbrADC1 and PbrADC1*3%" (substitution
of Cys®®* residue in PbrADC1 with Ala®?) activity in vitro
The CDS of PbrADC1 was amplified from ‘Dangshansuli’
fruit (Table S1), and then inserted into the pCold-TF plas-
mid. Subsequently, the recombinant plasmid was intro-
duced into E. coli BL21 (DE3) to express the His-tagged
fusion protein (Ma et al. 2020). After purification through
a Ni-NTA His Bind resin column (Sangon, Shanghai,
China), the recombinant His-PbrADC1 protein was col-
lected for further analysis (Ma et al. 2020). To introduce the
C584A point mutation into the PbrADCI CDS, the pCold-
TE:PbrADC1 plasmid was used as a template, and the
mutation was achieved by overlapping PCR with the muta-
genic primers (Table S1) (Do et al. 2016). After confirma-
tion of the mutation by DNA sequencing, the constructed
plasmids were then transformed into E. coli BL21 (DE3)
for protein expression and purified based on the protocol
used for PbrADC1 (Ma et al. 2020). In vitro PbrADCI and
PbrADC1%* activity were determined spectrophotomet-
rically by monitoring agmatine formation (Song et al. 2010).

The impact of exogenous H,O, supplementation on
PbrADC1 activity was assessed using methods from pre-
vious reports (Navarre et al. 2000; Verniquet et al. 1991).
The His-tagged recombinant PbrADC1 protein was
incubated with 100 uM H,O, for 0, 2, 5, 10, 15, 20, and
30 min. After removing the excess H,O, with the Micro
Bio-Spin P-6 gel column (BioRad), the residual activity
was assayed by monitoring agmatine formation (Song
et al. 2010); and the result was expressed as a percentage
of the initial (0 min).

Gene function validation in vivo

Transient overexpression of genes in pear

PbrADC1 and PbrWRKY62 OREFs, after amplifica-
tion from ‘Dangshansuli’ fruit, were inserted into the
pCAMBIA1300 vector with a GFP tag (Table S1). These
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constructs were then transformed into A. tumefaciens
strain GV3101, respectively, and incubated at 28 °C
until ODgg, reached 1.0. After resuspending the bacte-
rial strain in the infiltration buffer (10 mmol L™ MgCl,,
10 mmol L™! MES, and 150 umol L™! acetosyringone), 5
pL of the solution was slowly and vertically injected into
each point in the epidermal tissue of the ripe ‘Dangshan-
suli’ and “Yali’ fruits using a needleless syringe (Jiang et al.
2019; Li et al. 2012; Ma et al. 2020). After 3-d storage in
the dark at 25 °C, the epidermis from each injection site
was sampled. Fruits infiltrated with an empty vector were
used as controls. There were three biological replicates
per treatment, with eight fruit per biological replicate.

Transient silencing of genes in pear

Approximately 200-bp fragments of PbrADCI and Pbr-
WRKY62 ORFs were amplified from the ‘Dangshansuli’
fruit and then inserted into the pTRV2 vector (Table S1).
The recombinant plasmid and pTRV1 were transformed
into A. tumefaciens strain GV3101, respectively. After-
ward, the bacterial resuspensions containing recombi-
nant pTRV2 and pTRV1 were mixed in a 1:1 ratio before
the slow and vertical injection into the epidermal tissue
of the ripe ‘Dangshansuli’ fruit, using a needleless syringe
(Jiang et al. 2019; Li et al. 2012; Zhang et al. 2019). After
3-d of storage in the dark at 25 °C, the epidermis from
each injection site was sampled. Fruits co-injected with
the empty pTRV2 vector and pTRV1 were used as a con-
trol. There were three biological replicates per treatment,
with eight fruit per biological replicate.

Transformation of tomato
After the construction of PbrADCI1/PbrWRKY62-overex-
pressing vectors as mentioned above, the transformation
of S. lycopersicum cv. MicroTom was carried out based
on the method of Cheng et al. (2018), using leaf disk
or epicotyl as an explant. Positive transgenic lines were
screened by kanamycin (100 mg L) selection and then
confirmed at the DNA level by PCR and RNA level by
RT-qPCR. All plants were grown in a greenhouse (25 C
light for 18 h /18 °C dark for 6 h, 60% relative humidity).
One typical chilling symptom of tomato fruit is uneven
ripening, which manifests as abnormal color develop-
ment (Liu et al. 2020). To assess gene function in chill-
ing stress, tomato fruits from the wild-type (control) and
homozygous lines (T2 generation) were harvested at 35
DAFB and then stored at 4 °C for 10 days followed by a
7-d shelf life at 20 °C. The chilling injury index of tomato
fruit was calculated based on the level of uneven ripen-
ing (a five-point scale based on the ripening stage for
each criterion: 0=red, 1=orange, 2=yellow, 3=Dbreaker,
4 =green) (Liu et al. 2020).
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DNA and protein interaction

Dual-luciferase reporter assay

PbrWRKY62 ORF was introduced into the pSAK277 vec-
tor, while different fragments of the PbrADCI promoter,
containing various numbers of the W-box elements
(PbrADClpro and PbrADCIpro™¥/2%) or the mutated
elements (TTGACC — TTTAGC, PbrADClpro™), were
inserted into the pGreen 0800-LUC vector to create vari-
ous reporters (Table S1). Subsequently, a mixture of A.
tumefaciens containing pSAK277-PbrWRKY62 and each
reporter was infiltrated into N. benthamiana leaves (Liu
et al. 2022). Transformants containing the empty pSAK277
vector and each reporter were used as controls. LUC and
REN activities were determined using a dual-luciferase
reporter assay system (Promega, Madison, W1, USA).

Y1H assay

PbrWRKY62 CDS was amplified and inserted into the
prey vector pGADT7 (AD), while approximately 200-
bp fragments of the PbrADCI promoter, each contain-
ing a W-box element, were inserted into the bait vector
pADbAI (Table S1). The Y1H assay was conducted using
the Matchmaker Gold Yeast One-Hybrid Library Screen-
ing System (Weidi, Shanghai, China) (Liu et al. 2019).
SD/-Ura medium, supplemented with various AbA
concentrations, was used to check the self-activation of
PbrADClpro’"S2-pAbAi and then select the appropriate
ADA concentration.

ChiP-gPCR

ChIP-qPCR assay following the method of Li et al. (2022),
with some modifications. The pCAMBIA1300-Pbr-
WRKY62-GFP plasmid, constructed as mentioned above
(transient overexpression of genes in pear), was trans-
formed into calli induced from fruitlets of P communis
cv. ‘Clapp’s Favorite’ pear (Ni et al. 2021). Calli overex-
pressing the empty vector were used as a negative con-
trol. Subsequently, PbrWRKY62-overexpressing calli and
the negative control were used for cross-linking DNA
and protein with 1% (v/v) formaldehyde. After homog-
enization and cell lysis, chromatin was obtained and then
sonicated to obtain soluble sheared chromatin with an
average DNA length of 200-500 bp. One part of the solu-
ble sheared chromatin was used for input DNA, and the
other for immunoprecipitation using an anti-GFP anti-
body (Li et al. 2018). The enrichment of PbrADCI pro-
moter fragments was evaluated by qPCR (Table S1).

EMSA assay

The His-tagged PbrWRKY62 protein was obtained based
on the method as described by Ma et al. (2020). 33-bp
FAM luciferase-labeled DNA probes, containing either
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the wild-type or mutated W-box elements, as well as
the unlabeled competitor probes, were synthesized with
the assistance of Genewiz, Inc. (Suzhou, China). EMSA
binding reactions were performed conducted following
the manufacturer’s instructions (LightShift EMSA Kit;
Thermo Scientific) (Zhu et al. 2021).

Protein self-interaction

Y2H assay

PbrADCI CDS was cloned into pGADT7 (AD) and
pGBKT?7 (BD) vectors (Table S1). Afterwards, these con-
structs were co-transformed into the S. cerevisiae strain
AH109, and then dripped on the synthetic dropout nutri-
ent media SD/-Leu/-Trp (SD-LT) and SD/-Leu/-Trp/-
His/-Ade (SD-LTHA) (Ma et al. 2020). Transformants
containing AD-T & BD-53, AD-T & BD-Lam, AD & BD,
AD & BD-PbrADCI, and AD-PbrADCI & BD were used
as controls.

BiFC analysis

The CDSs encoding the mature proteins of PhbrADCI and
PbrWRKY62 were amplified from ‘Dangshansuli’ fruit
(Table S1), and inserted into 35S-pSPYNE-YFPN (YFPN)
and 35S-pSPYCE-YFPC (YFPC). These recombinant con-
structs were introduced into the A. tumefaciens strain
GV3101, and then infiltrated into N. benthamiana leaves.
YFP fluorescence signal was detected using a confocal
laser scanning microscope (LSM510 Meta, Zeiss, Ger-
many) (Ma et al. 2020). Transformants containing YFPN
& YFPC, YFPN & PbrADCI/PbrWRKY62-YFPC, YFP &
PbrADC1/PbrWRKY62-YFPN were used as controls.

In silico analysis

The protein sequences of the putrescine-metabolism-
related genes in Arabidopsis genome were obtained from
The Arabidopsis Information Resource (TAIR) database
(http://www.arabidopsis.org/) (there is no ODC gene
in its genome) (Table S2). These sequences were used
as queries to perform BLASTP searches against the P
bretschneideri Rehd. genome database (http://pearg
enome.njau.edu.cn/) (Wu et al. 2013). Subsequently, all
candidate genes were then submitted to Pfam (http://
pfam-legacy.xfam.org/) and SMART (http://smart.embl-
heidelberg.de/) databases for verification of the presence
of conserved domains (Zhang et al. 2021). Similar meth-
ods were employed to identify ADC genes from other
plants using the Phytozome database (http://www.phyto
zome.net) (Goodstein et al. 2012).

Physiol-biochemical parameters were calculated using
the ProtParam tool (https://web.expasy.org/protparam/)
(Zhang et al. 2021). The timescale tree was generated
via TIMETREE (http://www.timetree.org/) (Kumar et al.
2017); and phylogenetic trees were constructed using the
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MEGA?7.0 software with the maximum likelihood (ML)
method and bootstrap analysis with 1000 replicates (Ma
et al. 2020). Gene structures were visualized via the Gene
Structure Display Server (http://gsds.cbi.pku.edu.cn/)
(Hu et al. 2015), while cis-acting elements and motifs
were identified using the PlantCARE (http://bioinforma
tics.psb.ugent.be/webtools/  plantcare/html/) (Lescot
et al. 2002) and MEME Suite (https://meme-suite.org/
meme/index.html) (Bailey et al. 2015) databases, respec-
tively. Signal peptides were predicted using the SignalP
5.0 database (https://services.healthtech.dtu.dk/servi
ces/SignalP-6.0/) (Teufel et al. 2022), and transmem-
brane helices were characterized using the DeepTM-
HMM database (https://dtu.biolib.com/DeepTMHMM)
(Hallgren et al. 2022). The binding sites of transcription
factors (TFs) in the PbrADCI promoter were identified
using the PlantRegMap database (http://plantregmap.
gao-lab.org/) (Tian et al. 2020). Cysteine (Cys) modifica-
tion sites and types were predicted using the pCysMod
database (http://pcysmod.omicsbio.info/webserver.php)
(Li et al. 2021D).

Gene chromosomal locations were determined based
on genome annotation and visualized using Circos (Krzy-
winski et al. 2009). The syntenic relationships among
genes were analyzed using a method similar to that used
for PGDD, and duplicated genes were categorized into
the following types: WGD/segmental, tandem, singleton,
proximal, and dispersed (Zhang et al. 2019). The Ka and
Ks substitution rates of syntenic gene pairs were anno-
tated using MCScanX downstream analysis tools; and
the KaKs Calculator 2.0 was used to determine Ka and Ks
with the Nei-Gojobori (NG) method (Zhang et al. 2019).

Statistical analysis

The data presented in this study represent the mean
values of three biological replicates, except for the tran-
scriptome assay for both the (un)scalded ‘Yali’ fruit (two
replicates) and the developing ‘Dangshansuli’ fruit (one
replicate). Data analysis was performed using SAS ver-
sion 9.3 (SAS Institute, Cary, NC), specifically utilizing
analysis of variance (PROC ANOVA) with multi-com-
parison correction. Mean separation was determined
through pairwise comparison using Duncan’s multiple
range test at the 0.05 significance level. Pearson corre-
lation coefficients between attributes were calculated
using R software, with extremely strong correlations fall-
ing within the range of 0.8-1.0 and strong correlations
within the range of 0.6-0.8 (Long et al. 2014).
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ADC Arginine decarboxylase
AlH Agmatine iminohydrolase
ARG Arginase
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ASL Arginosuccinate lyase

ASS Arginosuccinate synthase

BiFC Bimolecular fluorescence complementation
CA Controlled atmosphere

CAT Catalase

CDSs Coding sequences

ChIP-gPCR  Chromatin immunoprecipitation -quantitative gPCR
CTols Conjugated trienols

Cys Cystein

DAFB Days after full blooming

DAPI 4'6-Diamidino-2-phenylindole

DEGs Differentially expressed genes

DPA Diphenylamine

EMSA Electrophoretic mobility shift

FPKM Fragments Per Kilobase Million

H,0, Hydrogen peroxide

HPLC High-performance liquid chromatography
LuC Firefly luciferase

MAP Modified atmosphere packaging

MHO 6-Methyl-5-hepten-2-one

ML Maximum likelihood

MPTP Membrane permeability transition pore
NG Nei-Gojobori

NLP N-carbamoylputrescine amidase

NOS Nitric oxide synthase-like

0,” Superoxide free radicals

OoDC Ornithine decarboxylase

OE Overexpressing

OH Hydroxyl radical

oTC Ornithine transcarbamylase

REN Renilla luciferase

ROS Reactive oxygen species

SOD Superoxide dismutase

SOH Sulfenylation

SPDS Spermidine synthase

SPMS Spermine synthase

TFs Transcription factors

WGD Whole genome duplication

Y1H Yeast one-hybrid assay

Y2H Yeast two-hybrid
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Additional file 1: Fig. S1. Putrescine metabolic pathway in plants (Kou
et al. 2018; Winter et al. 2015). Putrescine in plant could be synthesized
either from the decarboxylation of ornithine by ornithine decarboxylase
(ODQ) or from arginine decarboxylase (ADC) pathway, which is consisted
of three enzymes: ADC, agmatine iminohydrolase (AlH), and N-carbamoy!-
putrescine amidase (NLP) (Kou et al. 2018). Upon formation, putrescine
could be converted into spermidine and spermine by spermidine
synthase (SPDS) and spermine synthase (SPMS) (Winter et al. 2015). On
the other hand, ornithine and arginine could be interconverted with the
aid of ornithine transcarbamylase (OTC), arginosuccinate synthase (ASS),
arginosuccinate lyase (ASL), nitric oxide synthase-like (NOS), and arginase
(ARG) (Winter et al. 2015).

Additional file 2: Fig. S2. Information on 21 putrescine-metabolism-
related genes in the P, bretschneideri Rehd. genome. (a) Gene localizations.
Chromosome numbers were indicated on the inner side, and different
colors represented different chromosomes. Additionally, genes that
underwent WGD/segmental duplications were connected with red lines.
(b) Syntenic relationship of the WGD/segmental duplicated gene pairs.
Chromosome/scaffold segments were indicated by grey horizontal lines,
and the broad lines with green/blue color represented genes and its
transcriptional orientations. Target genes were marked in red color. WGD/
segmental duplication gene pairs were connected with bands. (c) Gene
structures and the distribution of cis-acting elements. (c-i) Phylogenetic
tree. (c-ii) Gene structures. Yellow boxes represent the exons, blue boxes

represent the UTRs, while black lines represent the introns. (c-ii) The
distribution of cis-acting elements. Boxes with distinct colors represent the
different cis-acting elements. 21 putrescine-metabolism-related genes in
pear genome were summarized in Table S2.

Additional file 3: Fig. S3. RT-qPCR validation of the expression patterns
of PbrADCT (a) and PbriWRKY62 (b).'Dangshansuli’ fruit were sampled every
60-d storage at 0.5 C followed by a 7-d shelf life at 25 °C. Data represented
the mean value of three biological replicates. The expression abundances
of PbrADCT and PbriWRKY62 genes in the O-d fruit were set as 1.0.

Additional file 4: Fig. S4. Alignment of CDS sequences and the corre-
sponding protein sequences of PorADCT and PbriWRKY62 in'Dangshansuli’
and 'Yali'fruits. (@) CDS sequences of PbrADCT (a-i) and PbrWRKY62 (a-ii)
genes. (b) Protein sequences of PbrADCT (b-i) and PbrWRKY62 (b-ii).

Additional file 5: Fig. S5. Transmembrane helix and signal peptide assay
of PbrADC1 and PbrWRKY62. (a) Transmembrane helix in PbrADC1 (a-i)
and PbrWRKY62 (a-ii). (b) Signal peptide in PbrADC1 (b-i) and PbrWRKY62
(b-ii).

Additional file 6: Fig. S6. Impact of transient genetic transformation of
the ripe 'Yali'fruit on putrescine abundance. (a) Transient overexpression
of PbrADCT gene. (b) Transient overexpression of PbriWRKY62 gene. The
ripe 'Yali' fruit transformed with the empty vector was used as a control.
The expression abundance of PbrADCT or PbriWRKY62 in the control fruit
was set as 1.0 for RT-qPCR assay. Data represented the mean value of three
biological replicates, and different lowercase letters meant significance
between samples (p < 0.05).

Additional file 7: Fig. S7. Identification of positive transgenic tomato
lines at the DNA and RNA levels. (a) PCR assay of the PbrADCT-overexpress-
ing lines (a-i) and PbrWRKY62-overexpressing lines (a-ii) at DNA level. (b)
Expression profiles of PbrADCT (b-i) and PbrWRKY62 (b-ii) genes in tomato
fruits. Tomato fruit at 35 DAFB were harvested and then exposed to 4 “C
for 10 d followed by 20 °C storage for 7 d. Data represented the mean
value of three biological replicates, and different lowercase letters meant
significance between samples (p < 0.05).

Additional file 8: Fig. S8. Evolution and characteristics of 47 plant ADCs.
(a) Timescale tree of 26 plants drawn by TIMETREE. (b) Gene structures
and conserved motifs of 47 plant ADCs. (b-i) Phylogenetic tree. (b-ii) Gene
structures. Yellow boxes represent the exons, blue boxes indicate the UTRs,
while black lines represent the introns. (b-iii) Conserved motifs. Boxes with
distinct colors represent the different motifs. () Detailed information on
the conserved motifs in plant ADCs. Six conserved motifs were character-
ized from 47 plant ADCs. Motif 1, 2 & 5 composed the conserved domain
‘Orn_Arg_deC_N; while Motif 3 & 4 composed the domain‘d7odca2’ 47
plant ADCs, which were identified from 26 plants, were summarized in
Table S7.

Additional file 9: Fig. S9. Alignment of plant ADCs by Jalview Version 2.

47 plant ADCs, which were identified from 26 plants, were summarized in
Table S7.The substrate-binding residues were highlighted in the red box.
Just part of the result was demonstrated.

Additional file 10: Fig. S10. Characterization of transcript factors (TFs)
possibly regulating the expression of PbrADCI. (a) Schematic model of
the distribution of cis-acting elements in the PbrADCT promoter. Red,
green, and blue ellipses represent the W-box elements, G-box elements,
and MYB-binding sites, respectively. (b) Detailed information of cis-acting
elements in PbrADCT promoter. The conserved nucleotide acids were
highlighted in red. (c) Expression profiles of TFs and their correlations with
PbrADCT mRNA abundance. (c-i) During the cold storage of ‘Dangshansuli’
fruit.'Dangshansuli’fruit were sampled every 60-d storage at 0.5 “C fol-
lowed by a 7-d shelf life at 25 °C. Data, adapted from transcriptome assay,
represented the mean values of three biological replicates. (c-ii) During
‘Dangshansuli’fruit development.'Dangshansuli’ fruit were sampled at six
developmental stages, including fruit-setting stage (15 DAFB), physiologi-
cal fruit dropping stage (34 DAFB), a month after fruit enlargement stage
(81 DAFB), pre-mature stage (110 DAFB), mature stage (145 DAFB), and
fruit senescence stage (160 DAFB). Data, adapted from transcriptome
assay of the previous study (Zhang et al. 2021), represented the mean
value of one biological replicate. (c-iii) Upon superficial scald development
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in"Yali'fruit. "Yali' fruits, with and without superficial scald, were sampled
after-0.5 °C for 180 d followed by a 7-d shelf life at 20 ‘C.Data, adapted
from transcriptome assay, represented the mean values of two biologi-
cal replicates.PorWRKYs, PbrbZIPs, and PbrMYBs genes were characterized
from the P, bretschneideri Rehd. genome (Cao et al. 2016; Huang et al.
2015; Ma et al. 2021). Color scale represents normalized log2-transformed
(FPKM + 1), where red indicates a high level, blue represents a low level,
and white indicates a medium level. Absolute correlation coefficients
between PbrADCT and TFs > 0.8 were visualized in the heatmap, where
red lines demonstrated extremely strong positive correlations, while green
demonstrated extremely strong negative associations.

Additional file 11: Table S1. Primers used in this study.

Additional file 12: Table S2. Physico-chemical characteristics of 21
putrescine-metabolism-related genes in the Arabidopsis and P, bretsch-
neideri Rehd. genome. The putrescine-metabolism-related genes were
characterized from pear by the BLASTP of P. bretschneideri Rehd. genome
(Wu et al. 2016) and transcriptome annotation.

Additional file 13: Table S3. Duplication types of the putrescine-metab-
olism-related genes in P, bretschneideri Rehd. genome.

Additional file 14: Table S4. Ka/Ks ratios of paralogous genes in the P
bretschneideri Rehd. genome.

Additional file 15: Table S5. Expression profiles (FPKMs) of the
putrescine-metabolism-related genes upon superficial scald development
in"Yali'fruit. "Yali' fruits, with and without superficial scald, were sampled
after-0.5 °C for 180 d followed by a 7-d shelf life at 20 °C. Data, adapted
from transcriptome assay, represented the mean values of two biological
replicates.

Additional file 16: Table S6. Expression profiles (FPKMs) of the putres-
cine-metabolism-related genes during the cold storage of ‘Dangshansuli’
fruit.'Dangshansuli’fruit were sampled every 60-d storage at 0.5 °C fol-
lowed by a 7-d shelf life at 25 °C. Data, adapted from transcriptome assay,
represented the mean values of three biological replicates.

Additional file 17: Table S7. Physico-chemical characteristics of 47 plant
ADCs. 47 ADCs genes were characterized from 26 plants by the BLASTP of
their genome (Goodstein et al. 2012).

Additional file 18: Table S8. Expression profiles (FPKMs) of PoriWRKYs,
PbrbZIPs, and PbrMYBs during cold storage of ‘Dangshansuli'fruit.'Dang-
shansuli’fruit were sampled every 60-d storage at 0.5 C followed by a 7-d
shelf life at 25 “C. PbrWRKYs, PbrbZIPs, and PbrMYBs genes were character-
ized from the P. bretschneideri Rehd. genome (Cao et al. 2016; Huang et al.
2015; Ma et al. 2021). Data, adapted from transcriptome assay, represented
the mean values of three biological replicates.

Additional file 19: Table S9. Expression profiles (FPKMs) of PbrADCT,
PbrWRKYs, PbrbZIPs, and PbrMYBs during ‘Dangshansuli’ fruit development.
‘Dangshansuli’fruit were sampled at six developmental stages, includ-

ing fruit-setting stage (15 DAFB), physiological fruit dropping stage (34
DAFB), a month after fruit enlargement stage (81 DAFB), pre-mature stage
(110 DAFB), mature stage (145 DAFB), and fruit senescence stage (160
DAFB). Data, which was adapted from transcriptome assay of the previous
study (Zhang et al. 2021), represented the mean value of one biological
replicate.

Additional file 20: Table S10. Expression profiles (FPKMs) of Pbri/RKYs,
PbrbZIPs, and PbrMYBs upon superficial scald development in ‘Yali' fruit.
"Yali'fruits, with and without superficial scald, were sampled after -0.5
°C for 180 d followed by a 7-d shelf life at 20 “C. PbrWRKYs, PbrbZIPs, and
PbrMYBs genes were characterized from P, bretschneideri Rehd. genome
(Cao et al. 2016; Huang et al. 2015; Ma et al. 2021). Data, adapted from
transcriptome assay, represented the mean values of two biological
replicates.

Additional file 21: Table S11. Possible binding sites of PorWRKY 10, 62
and PbrMYB107 in the PbrADCT promoter. Information on the W-box
elements, G-box elements, and MYB-binding sites in PbrADCT promoter
was summarized in Fig. S10a-b. The possible binding sites of PbriWRKY 10,
62 and PorMYB107 in PbrADCT promoter were identified, with the aid of
PlantRegMap database (Tian et al. 2020).
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