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Phytocytokine genes newly discovered in Malus domestica and
their regulation in response to Erwinia amylovora and
acibenzolar-S-methyl

Marie-Charlotte Guillou ® | Matthieu Gaucher | Emilie Vergne | Jean-Pierre Renou |
Marie-Noélle Brisset | Sébastien Aubourg

Institut Agro, Université Angers, INRAE,

IRHS, SFR QUASAV, Angers, France Abstract

Phytocytokines belong to a category of small secreted peptides with signaling func-
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challenging. The availability of a high-quality apple (Malus domestica) genome has

Present address enabled the exploration of five phytocytokine gene families, selected on the basis of
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. b epal their altered expression profiles in response to biotic stresses. These include phyto-
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Erwinia amylovora, the causal agent of fire blight in pome fruit trees, and in response
to a chemical elicitor (acibenzolar-S-methyl). Finally, gene family evolution and the

orthology relationships with Arabidopsis thaliana homologs were investigated.

Plain Language Summary

Orchards are suffering damages from the pathogenic bacterium Erwinia amylovora

responsible for fire blight. Phytocytokines, small peptides secreted by plant cells, play

Abbreviations: ASM, acibenzolar-S-methyl; CDS, coding sequence; CEP, C-terminally encoded peptide; CRP, cysteine-rich peptide; Ea, Erwinia
amylovora; IDA/IDL, inflorescence deficient in abscission/-like; PAMP, pathogen-associated molecular pattern; PIP, PAMP-induced secreted peptide; PSK,
phytosulfokine; PSY, plant peptide containing sulfated tyrosine; PTI, PAMP-triggered immunity; PTMP, post-translationally modified peptide; TAG,
tandemly arrayed gene cluster.
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1 | INTRODUCTION

In response to recurrent pathogen challenges, plants have
developed intricate systems characterized by sophisticated
perception and defense mechanisms. These plant defense
responses are driven by complex regulatory networks
involving numerous proteins and hormones, leading to
massive changes in gene expression (Buscaill & Rivas,
2014). Small peptides secreted by plant cells play a crucial
role in plant growth and development and are pivotal actors
in the regulation of stress tolerance (Gust et al., 2017;
Marmiroli & Maestri, 2014; Murphy et al., 2012). Func-
tional peptides are generated from prepropeptides through
several maturation steps and can be classified into two major
groups based on structural features (Matsubayashi, 2011;
Murphy et al., 2012): The first group comprises the small
post-translationally modified peptides (PTMPs) that usually
contain up to 20 amino acids (aa) and are characterized
by enzymatic post-translational modifications. The second
group includes the cysteine-rich peptides (CRPs), larger
peptides (ranging from 40 to 160 aa) characterized by the
presence of cysteine residues involved in disulfide bond
formation. Plasma membrane-localized receptors, such as
receptor-like kinases (RLKSs), that contain a variable number
of extracellular leucine-rich repeats, can perceive PTMPs
and, more rarely, CRPs (Tavormina et al., 2015). The trig-
gered underlying signaling pathways include, among others,
PAMPs (pathogen-associated molecular patterns)-triggered
immunity (PTI), the first line of inducible defense in an
infection context (Couto & Zipfel, 2016; De Smet et al.,
2009). These peptides with signaling functions are also
named peptidic hormones or phytocytokines by analogy with
animal cytokines (Gust et al., 2017).

Phytocytokines play diverse roles in plant immunity
through several families identified across various species
(Hou et al., 2021). Among PTMPs, phytosulfokines (PSKs)
are short five-aa peptides present in higher plants with
two sulfated tyrosine residues. They were initially identi-
fied as cell proliferation inducers (Matsubayashi & Sakagami,

a role in defense responses. Characterizing them is crucial for understanding how
plants respond to pathogen attacks. Our aim is to identify genes encoding phytocy-
tokines in Malus domestica potentially involved in defense mechanisms in response
to Erwinia infection. We measured gene activity and used bioinformatics methods to
detect apple genes similar to phytocytokines from other plants. We identified and
exhaustively annotated five phytocytokine families comprising 75 genes, with 30
showing deregulated activity by Erwinia. This work overcomes the limitations of
automatic annotation software, revealing the diversity, genomic organization, and
evolution of these gene families and suggests candidates for the selection of apple

trees more tolerant to pathogens and for the development of new biocontrol strategies.

1996) and are now also known to be involved in the reg-
ulation of PTI (Amano et al., 2007; Sauter, 2015). The
PAMP-induced secreted peptide (PIP) family, with PIP1 and
PIP2 being well studied, amplifies plant immunity through
the RLK7 receptor (Hou et al., 2014). The plant peptide
containing sulfated tyrosine (PSY) family has been identi-
fied in diverse plant species, including Oryza sativa, Musa
acuminata, Solanum lycopersicum, and Triticum aestivum
(Pruitt et al., 2017). Among them, PSY1 has been shown
to suppress PTI responses, promoting Arabidopsis thaliana
resistance to Alternaria brassicicola but susceptibility to
Pseudomonas syringae pv. tomato and Fusarium oxysporum
(Mosher et al., 2013; Shen & Diener, 2013). Members of C-
terminally encoded peptide (CEP) and inflorescence deficient
in abscission/-like (IDA/IDL) families have known roles in
the regulation of plant lateral root growth and the abscission
of floral organs after pollination, respectively (Butenko et al.,
2003; Delay et al., 2013). However, recent studies also provide
evidence that CEPs and their receptors promote immunity in
an N status-dependent manner and that IDA peptides mod-
ulate plant immunity in tissues undergoing cell separation
(Lalun et al., 2023; RzemieniewsKki et al., 2022).

The sequence conservation of phytocytokines vary widely
across plant species, and their functional aspects are often
understudied. Some phytocytokines, including RALFs (rapid
alkalinization factor) and plant elicitor peptide, are widely
distributed among various plant species (Gust et al., 2017)
but others are exclusive to specific plant families, such as
systemin in Solanaceae (Pearce et al., 1991) or SERINE
RICH ENDOGENOUS PEPTIDES (SCOOPs) in Brassi-
caceae (Gully et al., 2019), or even to one species such
as Zipl in Zea mays and its wild ancestor (Depotter et al.,
2022). The sequence diversification of phytocytokines may
result from an ongoing evolutionary competition, wherein
plants must constantly adapt to changing environments by
selecting new versions of these signaling molecules (Furu-
mizu & Shinohara, 2024). Whether signaling peptides serve
comparable roles in dicots and monocots remains largely
unknown.
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So far in Malus domestica (apple), only CLAVATA3
(CLV3)/embryo surrounding region (CLE) and CEP phytocy-
tokines have been identified (Li et al., 2018; Yu et al., 2019;
Zhang et al., 2022). In the present work, we conducted a
genome-wide investigation to identify apple homologs of five
major PTMP families known for their signaling functions in
other species and especially in Arabidopsis: PSK, IDA/IDL,
PIP, PSY, and CEP (see Tavormina et al. [2015] for review).
The selection of these PTMP families was also motivated
by the transcriptional induction of some of their members
in response to the necrogenic bacteria Erwinia amylovora
(Ea), the causal agent of fire blight (for a review on the dis-
ease, see Vanneste [2000]) and therefore their possible role
in defense responses. We analyzed their chromosome loca-
tion, gene structures, and conserved motifs. In addition to the
study of their expression in Ea infected leaves, we investigated
their responses to the chemical elicitor acibenzolar-S-methyl
(ASM, also called BTH). This functional salicylate analog is
known to significantly modify fire blight susceptibility in con-
trolled conditions as well as in orchard, and to induce a large
reprogramming of apple gene expression (Aéimovi¢ et al.,
2015; Brisset et al., 2000; Dugé de Bernonville et al., 2014;
Warneys et al., 2018; Yuan et al., 2023). Lastly, we explored
the orthology relationship between Arabidopsis and Malus
phytocytokine genes, providing a basis for future research into
the functional roles of phytocytokines in apple immunity.

2 | MATERIALS AND METHODS

2.1 | Identification of phytocytokine families
in the apple genome

Starting from full-length precursor sequences of IDA, PIP,
PSK, PSY, and CEP families described in Arabidopsis
(Amano et al., 2007; Butenko et al., 2003; Hou et al., 2014,
Ohyama et al., 2008; Stiihrwohldt et al., 2021), hidden Markov
models (HMM) were defined after multiple alignment (MUS-
CLE v2.1, Madeira et al., 2022) with HMMbuild and applied
with HMMsearch (HMMER package v3.4; Eddy, 2011) to
screen the GDDHI13 vl1.1 proteome (Daccord et al., 2017,
https://iris.angers.inra.fr/gddh13/). In parallel, Arabidopsis
and Malus candidate proteins were used as queries for
TBLASTN searches against GDDH13 genome in an iterative
way as described in Van Canh and Aubourg (2024). All hits
obtained were manually checked to determine whether they
corresponded to new candidate genes (previously annotated
or not). Hits with insignificant similarities were discarded.
Subsequently, the candidate proteins from each family were
further screened based on criteria including protein length
(maximum 200), presence of an N-terminal signal peptide
(SignalP v6.0; Nielsen, 2017) necessary for secretion into
apoplast, and conservation of the C-terminal motif character-
istic of the respective phytocytokine family. Curated results

Core Ideas

* Five signaling peptide families in apple were
identified.

e Transcriptomic revealed their deregulation in
response to the causal agent of fire blight and a
chemical elicitor.

* Phylogeny and transcriptomic profiling were used
to explore orthology relationships between apple
and Arabidopsis.

are available in a specific track of GDDH13 JBrowse (https://
iris.angers.inra.fr/gddh13/). The schematic representation of
MdPSK, MdIDA, MdPIP, MdPSY, and MdCEP chromosomal
positioning was drawn using MG2C (Chao et al., 2021).

2.2 | Sequence feature analyses

The conserved protein domain of MdPSK, MdIDA, MdPIP,
MdPSY, and MdCEP proteins were investigated by multiple
alignment analysis (MUSCLE v2.1). The signal peptides were
predicted using the SignalP v6.0 software and the conserved
motifs were detected using HMMsearch (HMMER package
v3.4; Eddy, 2011) with cut-off value of le-3 and manual
check of results. The motifs LOGO were displayed by WebL-
ogo (v2.8.2; Crooks et al., 2004) using amino acid Clustal
color code. The physical and chemical properties of each pep-
tide were analyzed with ProtParam tool from Expasy (v3.0;
Duvaud et al., 2021).

2.3 | Phylogenetic analyses

The phylogenetic analyses were performed with the protein
sequences of MdPSK, MdIDA, MdPIP, MdPSY, and MdCEP
and their homologous sequences from Arabidopsis. Full-
length protein sequences were aligned by MUSCLE v2.1
(Madeira et al., 2022) using standard parameters. The phylo-
genetic trees were generated via the neighbor-joining method
with bootstrap values calculated from 1000 replicates with
ClustalX (v2.0) and edited with ITol software (v6.9).

2.4 | Transcriptomic analyses

24.1 | Biological material

The experiments were carried out on young trees of MM 106
and Evereste chosen for their difference in Ea resistance
(Durel et al., 2009; Venisse et al., 2002), and both grafted
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onto MM 106 rootstock, or on apple seedlings from open-
pollinated cv. Golden Delicious collected at the experimental
unit of INRAE Angers (France), and chosen for their over-
all susceptibility to fire blight (Chavonet et al., 2022; Dugé
de Bernonville et al., 2014). Plants were grown in individ-
ual pots (0.23 L for seedlings and 1 L for grafted plants,
Soparco) under greenhouse conditions (natural photoperiod
supplemented with artificial light if needed, 17°C night and
20-23°C day) for 3—4 weeks before use.

Grafted plants were inoculated by Ea or mock through
vacuum-infiltration as described in Dugé de Bernonville et al.
(2012). The virulent CFBP1430 strain of Ea was grown at
26°C for 12 h on solid King’s B medium (King et al., 1954)
prior to each experiment, and bacterial suspensions were pre-
pared at 107 CFU/mL in sterile water containing 0.01% of
Silwet to improve infiltration efficacy. Three youngest fully
expanded leaves (one leaf per plant from three different plants
per modality of infiltration —Ea or mock) were collected
at 6 and 24 hpi, then pooled, and immediately frozen in
liquid nitrogen and stored at —80°C until subsequent RNA
extraction. Three independent experiments were performed as
biological replicates.

Apple seedlings were treated with Bion S0WG (50% ASM,
0.2 mg a.i./L of water) or water, applied to runoff on the whole
plants using an Aeryo-1.4 spray gun (Deltalyo). Five youngest
fully expanded leaves (one leaf per plant from five differ-
ent plants per modality of treatment—ASM or water) were
collected at 3 days post-treatment, then pooled, and immedi-
ately frozen in liquid nitrogen and stored at —80°C until RNA
extraction. Three independent experiments were performed as
biological replicates.

2.4.2 | RNA extraction and reverse
transcription

Total RNA was isolated using the Nucleospin RNA Plant Kit
(Macherey-Nagel) with the extraction buffer supplemented
with 2% PVP-40. RNA integrity was confirmed using the
RNA 6000 nano kit and a Bioanalyzer (Agilent). The cDNA
synthesis was carried out using the M-MLV (Moloney Murine
Leukemia Virus Reverse Transcriptase) reverse transcrip-
tase (Promega) and the absence of DNA was checked by
PCR using EF-a primers flanking an intron, as described in
Gilliland et al. (1990).

24.3 | RNA-Seq analyses

Libraries preparation and sequencing were performed using
the Illumina NovaSeq 6000 S4 PE100 reads technology
(Génome Québec). From 21.5 to 60 million read pairs were
generated per sample. Reads were mapped using Salmon

software (v1.10.2; Patro et al., 2017) onto the reference tran-
scriptional units from GDDHI13 v1.1 improved with newly
identified phytocytokine genes (see above). The mapping
rates were between 77.5% and 84%. The original sequencing
datasets have been deposited in the Gene Expression Omnibus
(GEO) with the accession numbers GSE262535 (apple/Ea)
and GSE262538 (apple/ASM). Differentially expressed genes
(DEGs) were defined with DESeq2, including a Benjamini—
Hochberg procedure to control the false discovery rate
through the AnaDiff v4.3 pipeline (Pelletier, 2022). The cri-
teria for identifying DEGs were as followed: log2 fold change
[logFCl > 0.5 and p-value/BH < 0.05. Results are means of the
three independent experiments (one biological replicate per
experiment/modality/timepoint). For the comparisons with
Arabidopsis, we used available RNA-seq data extracted from
Genevestigator (Zimmermann et al., 2005) obtained from
Arabidopsis leaves challenged with Botrytis cinerea, Phy-
tophthora cinnamomi, P. syringae pv. Maculicola, and F1g22
elicitor (GEO/SRA references are GSE66290, SRP253869,
ERS1023182 and GSE63603 respectively).

2.4.4 | Reverse transcription quantitative
real-time PCR (RT-qPCR) analyses

The primers used for quantitative real-time PCR measure-
ments are listed in Table S1. PCR preparation and calculation
of relative changes in gene expression (log2 ratios) were per-
formed as described in Gaucher, Heintz et al. (2022). Results
are means of the three independent experiments (one biolog-
ical replicate per experiment/modality/timepoint) and three
technical replicates were run for each biological replicate.
Significant differences between inoculated or treated versus
respective controls were determined by using the nonpara-
metric rank-based statistical tests Wilcoxon—-Mann—Whitney
(p =0.05).

3 | RESULTS

3.1 | Identification and annotation of five
phytocytokines families in apple: MdPSK,
MdIDA, MdPIP, MdPSY, and MdCEP

Genome-wide similarity search in the apple GDDH13 v1.1
genome using the known Arabidopsis PSK, IDA/IDL, PIP,
PSY, and CEP proteins allowed the identification of a total of
75 genes: 12 MdPSK, 13 MdIDA/IDL, 13 MdPIP, 18 MdPSY,
and 19 MdCEP, leading to the establishment of a comprehen-
sive structural annotation for these five gene families in apple
(Figure 1, Table 1, and Table S2).

Only 37 PTMP genes out of 75 were detected by automatic
annotation within the apple genome, with large differences
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MdACEP family proteins. The SignalP scores for the presence of signal peptide (gray boxes) and motif location corresponding to putative mature

secreted peptides (green, red, purple, yellow, and blue boxes) are shown with respective e-values from HMMsearch. The asterisks correspond to

motifs with e-values above the cut-off but considered as true positive after manual checking. Pseudogenes, lacking coherent coding sequences, are

not presented here. IDA, inflorescence deficient in abscission; CEP, C-terminally encoded peptide; PIP, PAMP-induced secreted peptide; PSK,

phytosulfokine; PSY, plant peptide containing sulfated tyrosine.
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TABLE 1

The Plant Genome
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Remarks

Molecular weight (kDa)

Motif number Isoelectric point

Protein length (aa)

Exon number

Gene ID

Gene name

9.53
nd

6.65
nd

88
nd
92

MD02G1169350

MdACEPI0

nd

MDO08G1106270

MdACEPI11*

9.75
18.23
10.48
11.54
10.62
11.35

9.59

nd

10.3

MDO06G1011550

MdACEP12*
MdACEPI13

5.37
5.27
6.26
5.09
8.2

7.13

nd

174

MD02G1169400

open

98
107
101

MD08G1106250

MdACEPI14

MD11G1264950
MD15G1086940

MD15G1281750

MdACEP15
MdACEPI16
MdACEP17
MdACEP18
MdACEP19
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103

88
nd

MD15G1281800

Pseudogene

nd

nd

MD16G1079450

Note: Genes for which ID ends in a multiple of 10 (and not 100) are not present in the automatic GDDH13 v1.1 genome annotation and have been identified as part of this work. The asterisks correspond to MdCEP genes previously

described by Yu et al. (2019) with former names kept.

between gene families. In the worst cases, only two out of 13
MdAIDA/IDL genes and three out of 13 PIP genes were detected
in the last annotation (v1.1). These results illustrate the
necessity of the curation work and the genome-wide search
independently of gene prediction software. The new genes
have been added to the GDDH13 annotation (with new gene
ID inserted in the official nomenclature) and the intron—exon
structures of coding sequence (CDS) are available in Table S2.
This fine annotation also allowed the identification of genes
for which CDS may have been interrupted by frameshifts, stop
codon, and/or deletion. We cannot exclude that these pseu-
dogenes in GDDH13 (Table 1) could be functional in other
genotypes.

The apple PSK family contains 12 genes encoding pre-
cursors ending with the 100% conserved YIYTQ motif
(Figure 1A) corresponding to the functional peptide in which
tyrosine residues are expected to be sulfated (Matsubayashi,
2011). These genes have been named MdPSK1 to MdPSK12,
the last one being a pseudogene. The protein precursors are
87 aa long on average, with a mean isoelectric point of 5.44,
indicating that these proteins are mainly composed of acidic
aa (Table 1).

We identified in apple 13 single exon genes belonging to
the IDA family. They encode proteins containing one or two
IDA motifs. Ten genes encode precursors with well predicted
N-terminal secretion signal (named MdIDAI to MdIDA10),
but surprisingly, three tandemly arrayed genes encode longer
proteins without the secretion signal despite the presence of
canonical IDA motifs (Figure 1B). These genes have been
considered IDA-like and named MdIDLI to MdIDL3. We
have checked the absence of alternative translation starting
site in frame that could lead to shorter or longer proteins car-
rying a secretion signal. Protein lengths range from 81 to 188
aa and the average isoelectric point around 9.66 suggests that
the proteins are highly basic.

The apple PIP family comprises 13 single exon genes
encoding proteins containing N-terminal secretion signal fol-
lowed by one to seven PIP motifs (Figure 1C). These genes
have been named MdPIPI to MdPIP13. Note that MdPIP],
with a CDS disrupted by a frameshift, is a pseudogene in
GDDH13. This family contains more diverse proteins either
mainly acidic or mainly basic, with molecular weights ranging
from 8.76 to 20.05 kDa.

The apple PSY family contains 18 homologous genes
(MdPSY1 to MdPSY18) encoding proteins with one PSY motif
in C-terminal end (Figure 1D). This canonical motif starts
with the ubiquitous DY (aspartic acid—Tyrosine [Asp-Tyr])
dipeptide in which the tyrosine residue should be sulfated in
the mature peptide (Tost et al., 2021). Protein lengths averaged
around 80 aa, either acidic or basic.

After curation, our screening of the apple genome identi-
fied 19 genes belonging to the CEP family (Figure 1E). They
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Chromosomal organization of the five phytocytokine families (GDDH13 genome). MdCEP3 and MdCEP4 genes located on

unmapped contigs (Chr00) are not represented here. The pseudogenes with coding sequence (CDS) disrupted by stop codon, frameshift, and/or

deletion are tagged by asterisks.

have been named MdCEPI to MdCEP19. Unlike previous
families, genes have not been named according to their phys-
ical chromosomal locations (Table 1). Indeed, this MdCEP
nomenclature takes into account a previous work (Yu et al.,
2019), which had identified nine out of the 19 MdCEP genes
resulting from our annotation (see Section 4 for details).
MACEP genes encode proteins containing one to three CEP
motifs, three of them (MdCEP5, MdCEPI11, and MdCEP19)
being pseudogenes in GDDH13. The family harbors more het-
erogeneous proteins, with size varying from 81 to 174 acidic
as well as basic aa.

The chromosomal location of the phytocytokine gene fami-
lies (Figure 2) indicates that half of the 75 genes are organized
in small tandemly arrayed gene clusters (TAGs), ranging from
two to five genes. For instance, MdPSY and MdCEP genes
were found in clusters of four genes, while we found a clus-
ter of five MdIDA. Only the MdPSK family has all its genes
dispersed across the genome.

3.2 | Expression analysis of peptide genes in
leaves in response to Ea and ASM

To decipher the transcriptional pattern of the genes belonging
to the five phytocytokine families, we performed RNA-seq
analyses of Ea-infected leaves from Evereste (resistant) and
MM106 (susceptible) genotypes (Durel et al., 2009) and in
ASM-treated leaves from Golden Delicious seedlings (sus-
ceptible to fire blight and responsive to ASM; Dugé de

Bernonville et al., 2014). Differential expression analyses
were performed by comparing infected or treated samples
with respective controls (Figure 3).

The high level of induction of a gene encoding a polyphe-
nol oxidase (MdPPO16) indicates the success of the infection
in both the susceptible and resistant genotypes, as early as
6 hours post inoculation (hpi), in accordance with Gaucher,
Righetti et al. (2022). Observation of confluent necrosis in
the Ea-infiltrated areas at 24 hpi confirmed also the infection
success, in accordance with Venisse et al. (2002). Simi-
larly, the strong induction of a gene encoding an agglutinin
(MdAGG10) in ASM-treated leaves demonstrates that the
seedlings had effectively detected the treatment and were
responding strongly 3 days after, in accordance with Chavonet
et al. (2022).

Among the differentially expressed PTMP genes, 26 were
selected for RT-qPCR validation. Their differential expres-
sion profiles corresponded between the two methods in 82%
of the tested comparisons and besides. Similar profiles were
observed for an additional 11.5%, with however a lack of sta-
tistical significance in one of the two methods (Figure S1).
These RT-qPCR results allowed us to interpret the RNA-seq
data with complete confidence.

Overall, Ea infection and ASM treatment resulted in the
upregulation of MdPIP family members, the downregulation
of MdPSY members, and both up- or downregulation of
MdPSK, MdIDA/IDL, and MdCEP members (Figure 3).
The majority of the genes of the MdPIP family (8/13)
displayed notable induction levels as early as 6 hpi by Ea,
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FIGURE 3 Expression analysis of MdPSK, MdIDA, MdPIP,
MdPSY, and MdCEP genes families in apple leaves in response to Ea
(Erwinia amylovora) or ASM (acibenzolar-S-methyl). Heatmap of
RNA-seq data representing log?2 ratios (llogFCI> 0.5 and p-value/BH <
0.05) of the expression between Ea- and mock-infiltrated plants (at 6
and 24 hours post inoculation [hpi]) or between ASM- and water
(w)-treated plants at 3 days post treatment (dpt). Data were obtained
from three biological replicates per modality in three independent

(Continues)

FIGURE 3 (Continued)

experiments (n = 3). MdPPO16 and MdAGG10 are markers of
Ea-infection and ASM-treatment respectively. GD, golden delicious
seedlings.

irrespective of the genotype (except MdPIP6, only induced
in MM106 at 24 hpi). Half of them were also induced by
ASM. In contrast, MdPSY genes were mostly downreg-
ulated in response to Ea (7/18), particularly at 24 hpi in
both genotypes with the exception of MdPSY9 induced in
both genotypes from 6 hpi (Figure 3). MdPSYI3 was the
only gene whose expression was specifically modulated
(induced) by ASM. Some MdPSK genes were either induced
(MdPSKS5, 10 and 11) or repressed (MdPSK2 and 6) by Ea
in both genotypes depending on the time point, and two
others showed differential modulation between genotypes
(MdPSK9, either induced or repressed and MdPSK3 only
repressed in Evereste at 24 hpi). The two genes (MdPSK5
and MdPSK10) induced by Ea in both genotypes were also
induced by ASM, which also led to the specific induction
of MdPSK1 (Figure 3). The expression of most genes of the
MdIDA/IDL and MdCEP families was not impacted by the
biotic stress or ASM, except MdIDA4, MdIDAS, MdIDA10,
MACEP3, and MdCEP6, which expressions were induced
by Ea in both genotypes (globally from 6 hpi) or by ASM
for a few of them (MdIDAI0 and MdCEP3) and MdCEP15
specifically induced by Ea in Evereste at 24 hpi (Figure 3).
Additionally, the RNA-seq data revealed the induction of
other genes encoding small secreted peptides of the CRP
type (RALFs MD04G1018100 and MDO04G1201100,
defensins MD08G1027500 and MD15G1119700,
thionin MDI15G1417600, thaumatin MD04G1064400,
CAPEs MD05G1109100, MDO05G1108800, and snakin
MD17G1039200) known to be involved in plant stress
signaling or for their microbiocide activity (Goyal & Mattoo,
2014).

3.3 | Orthology relationships between
phytocytokines from Malus domestica and
Arabidopsis thaliana

To evaluate the evolutionary relationships among the MdPSK,
MdIDA, MdPIP, MdPSY, and MdCEP proteins, phyloge-
netic analyses were performed between the Arabidopsis and
Malus homologs (Figure 4A-E). Arabidopsis peptide precur-
sor sequences of the five families of interest have been mined
from TAIR10/Araportl1 annotations and literature (Amano
et al., 2007; Butenko et al., 2003; Hou et al., 2014; Ohyama
et al., 2008; Stithrwohldt et al., 2021). For a full screen-
ing of the Arabidopsis genome, we used these sequences to
search for possible unannotated homologs. This enabled us to
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FIGURE 4

Phylogenetic relationships between Malus and Arabidopsis PSK (phytosulfokine; A), IDA/IDL (inflorescence deficient in

abscission/-like; B), PIP (PAMP-induced secreted peptide; C), PSY (plant peptide containing sulfated tyrosine; D), and CEP (C-terminally encoded
peptide; E) proteins. The phylogenetic trees were built using the neighbor-joining method with 1000 bootstrap replicates. Bootstrap values of nodes

are indicated as circles of different sizes referring to percent intervals from 70% to 100%. Colored squares summarize differential gene expression

analyses: red, green, and black squares for induced, repressed, and nonsignificantly differentially expressed genes, respectively. Gray squares mean

that no data are available for these genes. Malus RNA-seq data are generated in this work and Arabidopsis RNA-seq data are extracted from

Genevestigator/GEO (see the Results section for descriptions). A square is colored in red or green if the gene is differently expressed in at least one

point of the time course analyzed with each pathogen/elicitor. For Malus, the asterisks specify the results obtained by reverse transcription

quantitative real-time PCR (RT-qPCR) in the few situations where they diverge from the RNA-seq data, using the same color code as for squares.

identify a new undescribed PSK gene (AT2G22942, named
ArPSK7) encoding a protein with two YIYTQ motifs and two
PSY genes (AT3G49270 named AtPSYI10 and AT3G49307
named ArPSYI1). These sequences were added to the pre-
viously published Arabidopsis members of PSK, IDA, PIP,
PSY, and CLE families for building phylogenetic trees with
Malus homologs.

In order to identify orthologs between Malus and Arabidop-
sis, the homologous relationships between peptide precursors
of the two species were also compared based on gene expres-
sion profile under biotic stress conditions (expressologs, Das
et al., 2016). We used available RNA-seq data obtained from
Arabidopsis leaves challenged with oomycete, fungus, gram-

negative bacteria, and Flg22 elicitor (Figure 4). In some
interesting situations, sequence similarities and transcrip-
tional behaviors converge in the clustering of Malus and
Arabidopsis genes, identifying them as candidate orthologs.
For instance, in the CEP family, the three MdCEP6, four and
three genes, induced upon Ea infection and ASM application,
were clustered with AtCEP 14, the only Arabidopsis CEP gene
induced in presence of B. cinerea, P. cinnamomi, P. syringae,
and flg22 (Figure 4E). A similar observation was made in the
PIP family where MdPIP8, MdPIP7, MdPIP12, and MdPIP2
are clustered with AfPIP2 and AtPIP3, all of them sig-
nificantly induced by the tested pathogens (Figure 4C). In
PSK family, three genes repressed after biotic stresses are
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gathered in a same monophyletic group with AzPSK3 while
other groups of MdPSK showed induced expression profiles
for which no orthologs were found in Arabidopsis in response
to biotic stresses (Figure 4A).

4 | DISCUSSION

This work presents a comprehensive characterization and
an accurate nomenclature of five phytocytokine gene fam-
ilies in apple, namely, MdPSK, MdIDA, MdPIP, MdPSY,
and MdCEP, and provides the basis for determining their
functional roles in apple defense against biotic stresses.

Our bioinformatics pipeline has led to the identification
of 12 MdPSK, 13 MdIDA/IDL, 13 MdPIP, 18 MdPSY, and
19 MdCEP, whereas the Arabidopsis genome contains seven
AtPSK, nine AtIDA/IDL, 11 AtPIP, 11 AtPSY, and 15 AtCEP
genes. Out of these 75 phytocytokine genes, 38 were not
detected in the apple genome annotation (v1.1). Indeed, due
to their short size, low conservation level and quite spe-
cific condition of expression (leading to overall low transcript
coverage), genes encoding PTMPs are known to be poorly
detected by regular gene prediction tools (Takahashi et al.,
2019). The MdPSK and MdPSY proteins all featured one
C-terminal PSK and PSY motif, comprising five and 17
aa, respectively. Conversely, MdIDA/MdIDL, MdPIP, and
MACEP proteins exhibited IDA, PIP, and CEP conserved
motif with a canonical size of 14-15 residues. Some of the
MdPIP and MdCEP genes encode precursors with dupli-
cated motifs and therefore seem to be able to produce several
distinct peptides during their maturation process. The most
striking situation concerns MdPIP2, which contains seven
repeated motifs. A few similar cases have been previously
described in Arabidopsis in the PIP, SCOOP, and CEP phyto-
cytokine families with two to five repeats (Delay et al., 2013;
Guillou et al., 2022; Vie et al., 2015).

The prediction of multiple secreted peptides in apple might
have resulted from the whole genome duplication event that
occurred approximately 27 million years ago (Lallemand
et al., 2023). This is supported by the many instances of
homology found between several pairs of Malus genes. In
addition, local intragenic and intergenic duplication events
may have occurred. For instance, combined to the chromo-
somal distribution, the analysis revealed that several TAG
clusters were observed for MdPSK, MdIDA, MdPIP, MdPSY,
and MdCEP genes suggesting local duplication events across
the chromosomes. Their phylogenetic relationships suggest
that some of these duplications were recent, as supported by
the 100% sequence identity between MdCEP3 and MdCEP4
in nucleic acid sequences. Among the TAG cluster on chromo-
some 12, MdIDL proteins do not feature signal peptide. This
loss could have occurred recently in the history of the family,
then followed by two local duplications on the genome-wide

scale leading to the occurrence of the three MdIDL genes.
MdPIP2 and MdPIP12 were not located on the same chromo-
some but their sequence featured seven and five PIP motifs,
respectively, and they are closely related by phylogenetic anal-
ysis, suggesting first intragenic duplications followed by a
distant duplication event. Interestingly, these repeated PIP
motifs are separated by a quite conserved spacer of seven
residues that could be involved in the proteolytic cleavage
of the precursors to release the distinct mature peptides. The
numerous duplicated genes and the ability to generate sev-
eral peptides from one single precursor raise the question of
redundancy and diversity of biological functions among these
multigenic families.

The CEP gene family plays crucial roles in a wide range
of cellular processes involved in growth and development
and in response to abiotic stresses (Ogilvie et al., 2014). To
date, numerous gene members of the CEP family have pre-
viously been identified across various plant genomes such as
the 22 CEPs identified in Glycine max (Sin et al., 2022), 24 in
Solanum lycopersicum (Liu et al., 2022), 15 in Oryza sativa
(Aggarwal et al., 2020), and 21 in Nicotiana tabacum (Pan
et al., 2024). In apple, two previous publications focused on
the CEP family but were based on a first draft version of a
heterozygous M. domestica genome (Velasco et al., 2010).
Li et al. (2018) had predicted 27 CEP genes, but 19 of them
are clearly false positives and encode other proteins (notably
kinesins and PIP precursors). Another bioinformatics work
describes 12 MdCEP genes (Yu et al., 2019). Their annota-
tions and our results converge for nine genes and we have
therefore taken into account their name in the nomenclature
of the family that we propose (Table 1). The three false posi-
tives correspond to a group of genes encoding PIP precursors
and can be explained by probable common origin (Vie et al.,
2015). Our approach enabled us to discriminate between these
two families and identified a total of 19 MdCEP genes (see
specific consensus motifs in Figure 1).

Our RNA-seq analysis revealed a similar up- or down-
regulation of most of the PTMP genes between a resistant
and a susceptible genotype challenged with Ea. These sim-
ilar modulations, recorded in the five PTMP families, were
significant as early as 6 hpi for many members (particu-
larly for PIP genes that were all upregulated), suggesting an
early signaling role in the Ea/apple interaction irrespective
of the outcome of the interaction (compatible vs. incompat-
ible). This could indicate that downstream events are not
involved in resistance of Evereste to Ea, or that effective
downstream defenses are lacking in the susceptible genotype.
In Golden Delicious seedlings, ASM only triggered upregu-
lation of PTMP genes. Several members of the five PTMP
families were concerned, albeit in smaller numbers than those
triggered by Ea, and were common to the latter, with the
exception of MdPSK1 and MdPSY13. Interestingly, none of
the two genes specifically induced by Ea in the resistant
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genotype (MdPSK9 and MdCEP15) were induced by ASM in
Golden Delicious seedlings but these results remain to be con-
firmed with comparable biological samples. Moreover, none
of the PTMP genes described in this study colocalize with the
strong Ea resistance quantitative trait locus (QTL) from Ever-
este, located on chromosome 12. Candidate genes under this
QTL would rather be nucleotidebinding site and leucine-rich
repeat protein or serine/threonine kinase genes (Parravicini
et al., 2011). These results could suggest different resistance
mechanisms between the Evereste resistance and the induced
resistance in Golden Delicious. However, the role of these
PTMP in apple immunity remains to be investigated.

The comparative analysis of phytocytokine gene expres-
sion profiles in apple and Arabidopsis under biotic stresses
conditions provides further support for the orthologous rela-
tionships between the two species. Two monophyletic clusters
in PIP and CEP families were particularly interesting as com-
bining the two species with similar overexpression following
various biotic stresses. Therefore, these consistent transcrip-
tion profiles might suggest that these gene clusters have
similar biological functions in both species. Knowing their
role in plant immunity (Delay et al., 2013; Hou et al., 2014),
it would be interesting to decipher their biological function
and signaling pathway triggered in apple in response to biotic
stresses.

This study describes five major families of phytocytokines
in apple and establish a reference nomenclature. It provides a
starting point to further explore their role in apple, particularly
in plant’s resistance against infections. It would be worthwhile
to study whether the peptide/receptor pairs are conserved
across species as well as to decipher the biological meaning of
these multigenic families and their complex proteolytic pro-
cesses. These phytocytokines open new avenues for potential
applications in fruit trees toward improved resistance against
biotic stresses, or development of new biocontrol methods.
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