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Abstract

Background Stem canker of Zanthoxylum bungeanum is a destructive forest disease, caused by Fusarium zanthoxyli,
poses a serious threat to the cultivation of Z. bungeanum. The lack of research on effector proteins in £. zanthoxyli

has severely limited our understanding of the molecular interactions between F. zanthoxyli and Z. bungeanum, result-
ing in insufficient effective control technologies for this disease.

Results In this study, a total of 137 effector proteins (FzEPs) were predicted and characterized based on whole
genome of £, zanthoxyli, with an average length of 215 amino acids, 8 cysteine residues, and a molecular weight

of 23.06 kD. Besides, the phylogenetic evolution, conserved motifs, domains and annotation information of all the 137
effectors were comprehensively demonstrated. Moreover, transcriptomic analysis indicated that 24 effector genes
were significantly upregulated in the early infection stages of £. zanthoxyli, which was confirmed by RT-qPCR. Fol-
lowing, the 24 effector DEGs were cloned and transiently over-expressed in the leaves of tobacco to evaluate their
effects on the plant’s innate immunity. It was found that effector proteins FzEP94 and FzEP 123 induced pronounced
programmed cell death (PCD), callose deposition, and reactive oxygen species (ROS) burst in tobacco leaves, whereas
FzEP83 and FzEP93 significantly suppressed PCD induced by INF1, accompanied by a less pronounced callose accu-
mulation and ROS burst.

Conclusions In this study, we systematically characterized and functionally analyzed the effector proteins of £
zanthoxyli, successfully identifying four effector proteins that can impact the innate immune response of plants. These
findings enhance our understanding of effector protein functions in £. zanthoxyli and offer valuable insights for future
research on molecular interactions between F. zanthoxyli and Z. bungeanum.

Keywords Effectors proteins, Fusarium zanthoxyli, Zanthoxylum bungeanum stem canker, Programmed cell death,
Plant’s innate immunity

Background

Effector proteins are invasion weapons for the success-
ful invasion and colonization of pathogens in host plants
and important players of plant-pathogen interaction [1,
2]. Therefore, the identification of these proteins, coupled
with an in-depth analysis of their regulatory mechanisms
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for disease resistance [3, 4]. In diverse plant disease sys-
tems, effector proteins can manipulate the occurrence
of plant diseases in different ways. Even different strains
of the same pathogen may secrete distinct effector pro-
teins due to variations in host species, colonization sites,
and developmental stages [5]. Currently, effector proteins
have been widely identified and studied in bacteria [6,
7], fungi [8, 9] and oomycetes [10, 11]. The TAL effector
proteins, which possess a conserved central region with
33-34 amino acid and are classified as type III secretion
effector proteins, have been extensively characterized in
Gram-negative bacteria [12]. RXLR effector proteins, the
largest and most extensively studied effector family of
oomycetes, are characterized by their N-terminal signal
peptide, RXLR and EER motifs, which are exclusive to
this effector family [13, 14]. However, most effector pro-
teins of phytopathogenic fungi, the key causative agent
and efficient plant killer for devastating plant epidemics
[15], lack conserved domains or homologs in different
species, which poses great challenges to their identifi-
cation [5, 16]. Only a few effectors have known consen-
sus sequences or domains, such as NLPs (necrosis and
ethylene-inducing peptide 1 (Nepl)-like proteins), LysM
domain-containing proteins [17]. Due to the high diver-
sity and limited similarity to other proteins of fungi effec-
tor proteins, the mechanisms of action and the roles in
infection of them have to be elucidated case by case and
remain still largely unknown. However, recent advances
in genomics and transcriptomics enable the initial iden-
tification of fungal effector proteins, utilizing traditional
genomic prediction methods based on their features
like small size, an N-terminus signal peptide, and a high
content of cysteine residues [3, 18, 19]. Moreover, effec-
tor proteins with key roles in fungi infection can be fur-
ther identified according to their marked upregulation in
expression during the early stages of pathogen invasion
[20]. At present, research on fungal effector proteins has
been extensively conducted within the system of crop
diseases such as rice blast [21], rice false smut [22], wheat
rust [23]. In contrast to the advanced stage of effector
proteins in crop diseases involving molecular breeding,
studies on effector proteins in forest diseases remain
limited and lack depth. Consequently, it is highly neces-
sary to initiate research on the effector proteins of forest
tree diseases, given that effector proteins have emerged
as a crucial resource for better understanding of effector
biology of pathosystems and resistance breeding of crop
plants.

Stem canker in Zanthoxylum bungeanum is a dev-
astating disease, seriously affecting the plantation and
industrial development and resulting in large economic
losses in field production of Z. bungeanum, which is a
traditional condiment and economically important tree
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species, widely distributed in dry, mountainous areas in
several provinces in northern China [24, 25]. As early as
the 1990s, stem canker of Z. bungeanum has attracted the
attention of relevant researchers. The primary causative
agent of the disease has been identified as Fusarium, with
Fusarium zanthoxyli and Fusarium continuum emerging
as two novel species responsible for the stem canker in
Z. bungeanum. Notably, F zanthoxyli has been identified
as the predominant pathogen causing stem canker in the
major production regions of Z. bungeanum across north-
ern China [26, 27]. Managing stem canker caused by F
zanthoxyli requires multiple approaches, among which
fungicide applications are the most common approach
currently used. However, the heavy reliance on fungicide
is costly, poses environmental challenges, and can lead to
the emergence of resistant populations [28]. Therefore,
control strategies through improving genetic resistance
are desirable. In modern resistance breeding, effectors
are emerging as tools to accelerate and improve the iden-
tification, functional characterization, and deployment of
resistance genes [29]. Such as the first wheat susceptibil-
ity gene TaPsIPK1, which is manipulated by Puccinia stri-
iformis f. sp. tritici (Pst) effector protein PsSpgl, and the
inactivation of TaPsIPK1 confers wheat broad-spectrum
resistance against Pst without impacting important agro-
nomic traits in two years of field tests [23]. Current
research into Z. bungeanum stem canker and E zanth-
oxyli encompasses various areas, including pathogen
identification [26], the isolation and screening of natural
antibacterial agents [30, 31], the sexual reproduction and
hybrid recombination of the pathogen [27], the mito-
chondrial genetic profiles of the pathogens [32], and the
host’s resistance mechanisms [24]. However, a compre-
hensive understanding regarding the identification and
functional roles of effectors in the pathogenic progres-
sion of E zanthoxyli is still lacking, which significantly
hinders our grasp of the molecular interactions between
E zanthoxyli and Z. bungeanum, resulting in insufficient
effective control technologies for this disease. The impor-
tant thing is that our lab has sequenced, assembled, and
annotated a high-quality genome of E zanthoxyli [33],
which can provide data support for the identification of
E zanthoxyli effector proteins. Therefore, it is highly fea-
sible and necessary to conduct systematica research on
the identification and functional analysis of E zanthoxyli
effector proteins.

Effector proteins are integral to plant—microbe inter-
actions, a field that has been extensively explored in
effectoromics research [34]. During this process, the
effector proteins secreted by pathogenic fungi modu-
late plant metabolism and immune responses to pro-
mote the colonization and infection [35]. Since the
inception of plant-pathogen interaction, a fierce and
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endless “arms race” has been played between patho-
gens and plants [36]. Initially, plant defenses are always
activated by recognizing the conserved molecules or
specific effector proteins produced by pathogens [37].
Pathogen-associated molecular patterns (PAMPs) are
conserved molecules which can be detected by pat-
tern recognition receptors (PRR) on the plant cell
surface and trigger the basal defense response known
as PAMP-triggered immunity (PTI) [38, 39]. The acti-
vation of PTI results in an array of cellular responses,
including the generation of reactive oxygen species
(ROS), cytosolic ion-flux changes, increase in cytosolic
calcium or mitogen-activated protein kinase cascade
activation, deposition of callose into cell walls at the site
of infection, and the production of numerous defense-
related molecules [40-42]. To suppress or evade plant
PTI responses, fungal pathogens secrete effector pro-
teins which can protect PAMPs from PRR recognition
or target immune kinases, thereby compromising PTI
and impairing PTI signaling to promote infection and
colonization of pathogenic fungi [43-45]. Therefore,
the identification of key pathogenic effector proteins
in pathogens and the elucidation of their mechanisms
for regulating host immune responses have become the
key to unravel the molecular interaction mechanisms
between pathogens and host plants. Therefore, identify-
ing the effector proteins in F zanthoxyli and elucidating
their functions is crucial for understanding the mecha-
nisms of microbe invasion and plant defenses, devis-
ing durable pathogen control strategies and improving
breeding for disease resistance [5].

As one of the important pathogens of Z.bungeanum
stem canker, E zanthoxyli has provided data support
for the large-scale screening of its effector proteins
with the completion of its whole genome sequencing.
In this study, a combination of bioinformatics analysis
software were used for the identification and functional
prediction of E zanthoxyli effector proteins (FzEPs).
Furthermore, to obtain a comprehensive expression
profile of FzEPs during infection, we conducted a whole
transcriptome analysis to identify the effector genes
upregulated in the early infection stages of F zanthox-
yli. And reverse transcription-quantitative polymerase
chain reaction (RT-qPCR) was carried out to validate
the conclusions drawn from the analysis of the tran-
scriptome. On this basis, we characterized the abil-
ity on the plant’s innate immunity of the up-regulated
FzEPs to induce cell death and suppress INFI-induced
cell death in N. benthamiana. The research results will
provide a theoretical basis for further exploring the key
pathogenic genes of F zanthoxyli and lay a foundation
for revealing the molecular mechanisms of interaction
between E zanthoxyli and Z.bungeanum.
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Results

Genome-wide characterization of F. zanthoxyli effector
proteins

An established bioinformatics pipeline was employed to
conduct a comprehensive genome-wide prediction of the
secretory proteins in E zanthoxyli, followed by the sub-
sequent identification of effector proteins (Fig. 1A). Out
of the 11,316 protein sequences encoded by the E zan-
thoxyli genome [33], 600 sequences were identified as
secretory proteins (Table S1), comprising 5.30% of the
E zanthoxyli genome, as they meet the characteristics
of classical secreted proteins, including signal peptides,
subcellular localization to extracellular secretory type,
no transmembrane domain, and no glycosyl phosphatidy
linositol anchors. Building upon this initial identification
of secretory proteins in F zanthoxyli, traditional methods
for identifying fungal effector proteins were then applied,
involving a consideration for amino acid lengths <400
and possessing at least four cysteine residues (Cys), which
were further filtered using EffectorP. Subsequent analysis
revealed that out of the initial pool of 213 proteins meet-
ing these criteria, 137 were identified as effector proteins
based on the prediction criteria outlined by EffectorP.
These effector proteins collectively accounted for 1.21%
of the E zanthoxyli genome and represented 22.83% of
the secreted protein pool in E zanthoxyli (Table S2). As
a result of this meticulous prediction procedure, these
selected 137 proteins have been provisionally designated
as candidate effector proteins of E zanthoxyli (FzZEPs).

To gain a comprehensive understanding of the char-
acteristics of FzEPs, this study provided an in-depth
analysis of sequence features, phylogenetic evolution,
conserved motifs, domains and annotation information.
Upon analyzing the amino acid sequences, FzEPs dis-
played shorter sequence lengths and Cys-rich character-
istics compared to secretory proteins, which were mostly
associated with the known properties of effector proteins
(Fig. 1B). Specifically, the sequence length of secretory
proteins in E zanthoxyli showed a wide range with the
number of amino acids from 69 to 498, and the num-
ber of cysteine residues from 0 to 9. In contrast, FZEPs
demonstrated sequence lengths shorter than secretory
proteins, with a length concentration in the range of 69
to 397 amino acids and an average length of 215 amino
acids. Additionally, the Cys number of FzEPs was con-
centrated in the range of 4 to 10, with an average of 8.
These findings were consistent with observed differ-
ences in molecular weights between secreted proteins
and effector proteins (Fig. 1C). The molecular weight of
E zanthoxyli secretory proteins ranged from 7.20 kD to
675.82 kD with an average weight of 47.18 kD, and 50%
of the secreted protein molecular weight was concen-
trated between 20.00 kD to 50.00 kD. On the contrary,
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Fig. 1 Prediction and characteristics of secretory proteins and effector proteins in F. zanthoxyli. A Pipeline for the bioinformatic prediction of £.
zanthoxyli effector proteins; B Analyses of sequence length and cysteine content respectively in the secretome and effector proteins; C Molecular

weight distribution of secretome and effector proteins

the molecular weight distribution of effector proteins was
concentrated, ranging from 7.20 kD to 43.96 kD, with an
average of 23.06 kD amino acids.

The phylogenetic evolution of FzEPs were further
examined by constructing an evolutionary tree of them
using the Neighbor-joining (NJ) method. All the 137
FzEPs were categorized into 13 clusters based on homol-
ogous protein sequence comparisons, suggesting that
similar functions are likely to be shared by FzEPs within
the same cluster (Fig. 2A). Additionally, conserved
domains were identified in the 137 FzEPs using NCBI-
CDD (Fig. 2B). In the phylogenetic tree, the sequences
located within the same branch exhibit similarities in
their motifs and domains (Fig. 2A). Among the analyzed
sequences, 51 exhibited conserved domains, accounting
for 37.23% of the total FzEPs (Fig. 2B, Table S3). Nota-
bly, structural domains associated with cell wall deg-
radation, such as pectate lyase and glycosyl hydrolase,
were frequently observed. Furthermore, both FzEP21
and FzEP67 were found to contain the cerato-platanin
domain, which is recognized as a potential virulence fac-
tor linked to plant pathogenesis or plant tissue necro-
sis induction. Meanwhile, FZEP54 and FzEP79 featured
the Lysin Motif (LysM) domain, known to inhibit plant

immune responses. Comparative analysis against the NR
database indicated that FZEP67 and FzEP79 are classi-
fied as hypothetical proteins, whereas FZEP54 remains
an uncharacterized protein with unknown functions
(Table S4). Besides, FZEP21 showed high homology with
SnodProtl precursor, which is part of the fungal-specific
small secreted protein family typically linked to plant-
toxic properties [46].

Moreover, the conserved motifs within the 137 FzEPs
were identified using MEME program, resulting in a total
of 10 conserved motifs (Fig. 2C, Fig. S1). Notably, motif 4
was consistently found at the N-terminal of all 137 FzEPs,
indicating its potential role as a component of the N-ter-
minal signaling peptide of FzEPs. Except for motif 4,
most FzEPs exhibited no other conserved motifs. Nota-
bly, seven effector proteins in Cluster I, including FZEP11,
FzEP24, FzEP29, FzEP31, FzEP35, FzZEP63, and FzZEP109,
contained motifs 1, 2, 3, and 7 corresponding to the
conserved domain of pectate lyase. Motif 10 was exclu-
sively found in FzEP45, FzEP47, and FzEP123 in Cluster
II with no conserved domains. Besides, common motifs
(motif 5 and motif 6) were observed in FzEP10, FzZEP88,
and FzEP110, which contained the glycosyl hydrolases
28 domain. Analysis of the gene structural features of



Jiao et al. BMIC Plant Biology

B

(2025) 25:298

A
00860 (F/EP24)  — -
[A01009 (F7EP29)  — s~
ADI399 (FZEP31) —
05515 (FZEP63) —
AQ1559 (FZEP3S)  — s —
A09S26 (FZEP109) —— s — S—
AD6S1S (FZEPT9) ——m———
-A00940 (FZEP27)
A01736 (FZEP39)

02892 (FZEPSS)
-A01761 (FZEP41) F

ATI239 (FZEP136) —— S —

109927 (FZEP124) =
u -A09968 (FZEP127)

T
it

Page 5 of 21

I

A09805 (FZEP122)
01751 (F2EP40)

A02280 (FZEP45)
AO9SKT (FZEP123)
A02576 (FZEP4T)
A09656 (FZEP111)
A03231 (FZEPST)
A02123 (FZEP42)
A06422 (FZEPT4)
-A086S1 (FZEP101) ——————
A02428 (FZEP4G)  ——
AL0901 (FZEP132)
00775 (FZEP120)
AL0033 (FZEP128) ————— ——
R ———

TTT

Conserved domain
. Pectate lyase

Fungal-type cellulose-binding domain
= Cell division protein DedD superfamily
B K-+-dependent Na+/Ca+ exchanger superfamily
- y ibility protein i
W Lysin Motif

RNase T2 euk
= Glycosyl
-

fungal CRHI

A09009 (FZEP104)

A10099 (FZEP129)
-A06574 (FZEPS3)
-A06709 (FZEPSS)

-A0ST31 (FZEP66)
-A01482 (FZEP32)
A0OIS0 (FZEP4)
-A07157 (FZEP89)
02255 (FZEP44)
AOIS72 (FZEP3T)

A08702 (FZEP102)

-A05110 (FZEP62)
-A06235 (FZEPT3)
-A01603 (FZEP38)

-A06547 (FZEP80)
A06510 (FZEPTS)

A0S702 (FZEP6S)
o153z (Fzeps

1532 ( )
1EA°°OZO (FZEP1)
-A06433 (FZEP76)

A05905 (FZEP6S)
PAM7EQ (FzEP61)

@
L Ao02s2 (rzepi0s)
-A03654 (FZEP60)
-A00652 (FZEP14)
ALL2S8 (FZEP13T)

-A05629 (FZEP64)
A0965T (FZEP112)
-A06456 (FZEP77)
-A09791 (FZEP120)
A00984 (FZEP)28

-A06668 (FZEPS4)
-A00036 (FZEP2)
A00155 (FZEP3)
-A08173 (FZEP94)
-A00190 (FZEPS) — ————
A08106 (FZEP93)
-A03344 (FZEPS8)
-A00837 (FZEP23)
-A02844 (FZEP54)
-A09770 (FZEP118)
-A02783 (FZEP49)
-A00653 (FZEP15)
-A02792 (FZEP50)

—

— —
-A02842 (FZEPS3) ——

— —

—

-A01519 (FZEP33)

-A0B208 (FZEP9S)

-A11175 (FZEP135)

-A00575 (FZEPS) oo
AO2218 (FZEP3) ——————
-A08289 (FZEP97) =

-A08521 (FZEP100)

-A00528 (FZEP7)

-A10237 (FzEP130)

-A00628 (FZEP13)

A08293 (FZEPOS)

A09757 (FZEP116)

-A09769 (FZEP117)

-A00609 (FZEP12)

-A09793 (FzEP121)

-AT1086 (FZEP133)
-A06141 (FZEP71)

R R

i

—— —
—————

-A01145 (FZEP30)

A06110 (FZEP70)

-A05807 (FZEP67) — I

AQ0T99 (FZEP21) ——

AO3504 (FZEPS9) —— e ——
AOS8SS (FZEP103) —

AOGT64 (F/EPS7)  — i —

-A08059 (FZEP92)

A9681 (FZEP113)

A09682 (FZEP114)
-A6776 (FZEPSS) ——
-A09641 (FZEP110) ———
ADOSS3 (FZEP10) ———

-A03003 (FZEPS6) ——
07455 (FZEP90) ———
-A09TS0 (FZEP115) ————
-A06063 (F7EPG9) ——
(FZEP6)
T roosso rreprsy ——mm
-A0270 (F7EP96) ——————
-A09325 (FZEP107)
(FzEP22)
-AO2838 (F7EPS2) ———————————
ATN74 (FZEP134) ————
r[EAozxu(mpsl) _—
29 (FZEP9T)
-A00892 (F7EP26) ————————————
-A00765 (FZEP19) —
-A06428 (FZEP7S)
-A10546 (FZEP131) ———
-A008S3 (FZEP25)
(FZEP125)
f 1 (FZEPS1)
(FZEP17)
AQ0S76 (FZEP9)
-A02775 (FZEP4S)  ——m——————

il

| ii|i||| II"i!“I!!i!!! “ ii| Iuliﬁli‘ll‘lui |I§II|!|iiII IHI Hi‘ |!!|||! I!IF E!I||| "i H!Iillll ||||lliii! ||||

transfer protein
M28 aeromonas (Vibrio) proteolytica aminopeptidase
B Tuberculosis necrotizing toxin
m PDIa endoplasmic reticulum protein 38
= Endoplasmic reticulum protein29
I Peptidases S8 PCSK9 ProteinaseK like
B Peptidase inhibitor 19
W Broad specificity phosphatase PhoE
BN PRK 14963 superfamily
mm Hydrophobin 2
B Glycosyl hydrolases 43 superfamily
B preumococcal surface protein PspC subgroup 2 superfamily
= Metalloproteases35 like superfamily
B Peptidase metalloproteases76 superfamily
. AAL3 lytic i lik
m PI-PLCc GDPD SF superfamily
W Zinc-dependent metalloprotease pappalysin like
B Glycosyl hydrolases 11
B Cutinase
. Amb all
W Aliernaria alternata allergen Alt A1 superfamily
N N-terminal double-psi beta-barrel fold domain of the expansin family
B Glycosyl hydrolases 43 LbAraf43-like
B Double-psi beta-barrel fold of RIpA, N-terminal domain of expansins superfamily
W COG4922 superfamily
W CyanoVirin-N Homology domains
B Cerato platanin superfamily
B Glycosyl hydrolases 114
B Glycosyl hydrolases 61
B Glycosylasparaginase
W Crystallin 3 superfamily
B Trypsin-like serine protease
I GLEYA
N PAN APPLE superfamily
B Oxalate oxidase (germin), cupin domain
= Water-solublecarbohydrate
Glycosyl hydrolases 28

Motif
Motif 2
Motif 7

- Motif |

B Motif 3

. Motif 4

. Motif 6
Motif 10

. Motif 9

. Motif 8

. Motif 5

Genetic structure
== CDS

Cluster G S0 10 130 200 250 300 330

Protein length/aa

B S0 100 150 200 230 300
Protein length/aa

10600

300
Gene length/bp

2000 2500 3000

Fig. 2 Comprehensive characteristics of 137 effector proteins of F. zanthozyli. A Phylogenetic tree of 137 effector proteins (FzEPs) obtained
according to NJ method; B Distribution of conserved domains in FzEPs. Different domains were depicted using various colored boxes; C
Distribution of conserved motifs in FzEPs. Different motifs were depicted using various colored boxes; D Gene structures of FzEPs. The green boxes
and black lines indicate introns and exons, respectively



Jiao et al. BMIC Plant Biology (2025) 25:298

the FzEPs, based on full-length gene sequences, revealed
variations in exon—intron distribution (Fig. 2D). The
exon—intron structures within the genes of the 137 FzEPs
exhibited variability in the number of introns and their
lengths. For instance, although some genes contained no
introns (e.g., in 33 FzEPs genes), others such as FzEP125
contained five introns. Furthermore, the intron lengths
varied widely with a range from the shortest length
of 12 bp observed in FzEP120 to the longest length of
1,133 bp in FzEP64. Overall, these findings provide val-
uable insights into the characteristics and differences
of FzEPs, offering clues for further research into their
functions.

Additionally, functional annotation of the 137 FzEPs
in the GO database revealed that 127 FzEPs could be
annotated with various GO terms, accounting for 93.43%
of the total (Fig. 3A, Table S5). Specifically, a total of 49
terms were identified related to biological processes, with
“metabolic process,” “cellular process,” and “multi-organ-
ism process” emerging as the most prominent categories,
indicating that FZEPs may play in various physiological
functions and interactions with host plants. A total of 44
terms were classified under molecular function, where
“catalytic activity” and “binding” were particularly high-
lighted as key contributors, indicating their potential
enzymatic roles and the importance of molecular inter-
actions in the context of pathogenicity. Furthermore, 34
terms associated with cellular components were identi-
fied, with “cell” and “cell part” being the most numerous.
This distribution reflects not only the localization but
also the structural significance of these proteins within
various cellular contexts, suggesting that FzEPs are inte-
gral to both cellular integrity and function within the
host environment.

However, in the KEGG database, only 24 out of the 137
FzEPs were functionally annotated, representing 17.52%
of the total (Fig. 3B, Table $6). Among the 24 annotated
KEGG pathways, “carbohydrate metabolism” within
the metabolism category stood out as the most abun-
dant pathway. Meanwhile, the number of FzEPs with
functional annotations in the PHI database was consid-
erably lower, with only 15 proteins annotated, represent-
ing a mere 10.95% of the total (Table S7). Among these
annotated FzEPs, three sequences were aligned with the
effector of Magnaporthe oryzae linked to the function
of “plant avirulence determinant’, suggesting potential
interactions associated with plant immunity responses.
Five FzEPs exhibited high homology with virulence-
reduced genes respectively identified in Penicillium
digitatum, E graminearum, Alternaria brassicicola, and
Trichoderma virens. Besides, seven FzEPs were aligned
with the pathogenicity-unaffected genes identifed in
other fungal species, such as E graminearum, F. solani, A.
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alternata, Metarhizium anisopliae, etc. The alignment of
FzEPS with sequences from other pathogens in the PHI
database provides valuable insights into their potential
evolutionary relationships and their roles in plant-patho-
gen interactions. The limited number of FZEPs with func-
tional annotations in both the KEGG and PHI databases
indicates that most of the FZEPs remain poorly charac-
terized in terms of their biological functions. This under-
scores a significant opportunity for further research to
explore and elucidate the roles these effector genes play
in various biological processes and interactions.

Identification of key FzEPs in the initial infection process

of F. zanthoxyli

Analyzing the transcriptional expression of effector
proteins during the early stages of pathogen infection
is crucial for understanding pathogenic mechanisms
and developing targeted strategies for disease manage-
ment. Therefore, initial infection experiments of E zan-
thoxyli in Z. bungeanum stems were conducted. The
results indicated a 100% infection incidence for the E
zanthoxyli treatment, confirming the successful artificial
inoculation (Fig. 4A). At two days post-inoculation (dpi),
Z. bungeanum stems exhibited no visible symptoms of
stem canker; however, as the infection progressed, symp-
toms became increasingly apparent. By 4 dpi, elliptical
light brown spots had emerged, and by 6 dpi, the stems
exhibited browning, softening of the epidermis, and a
distinct sour odor (Fig. 4A), suggesting the onset of tis-
sue rot. This progression not only highlights the efficacy
of the inoculation method but also establishes a founda-
tion for further analysis of FZEP gene expression during
these critical early stages of infection. Given the sub-
stantial number of genes involved, employing compara-
tive transcriptome analysis is promising for identifying
and screening key genes linked to pathogenicity. Since
effector proteins are frequently significantly upregulated
during these early stages, we carried out a comparative
transcriptome analysis of F zanthoxyli at 0, 2, 4, and 6 dpi
to capture this dynamic process effectively.

During the transcriptome sequencing process, a total
of 12 libraries were constructed, resulting in approxi-
mately 6.79~9.59 Gb clean reads, with a fuzzy bases
(N) ratio less than 0.03%, a Q20 value greater than 97%,
and a Q30 value greater than 93% (Table S8). These
stringent quality control measures ensured high-quality
data for robust analysis and reliable insights into FzEPs
expression dynamics during early infection stages. Prin-
cipal component analysis (PCA) plays a crucial role
in comparative transcriptome analysis by elucidat-
ing sample variability and uncovering patterns in gene
expression across different treatment conditions, which
aids in identifying significant transcriptional changes.
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Therefore,variability in expression values across sam- grouped, indicating excellent biological reproducibility
ples was first examined using PCA based on the tran-  for each treatment group. The samples collected at differ-
scriptome data. As presented in Fig. 4B, the replicated ent days post-inoculation were widely separated in PCA
samples belonging to the same treatment were closely analysis, indicating distinct transcriptomic profiles of F
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zanthoxyli at different infection stages. Numerous DEGs
were detected in E zanthoxyli at 2, 4, and 6 dpi compared
to 0 dpi (Fig. 4C, Fig. S2). Specifically, a total of 5,963
DEGs were observed for the comparison between 0 dpi
vs 2 dpi, 6,041 DEGs for the comparison between 0 dpi
vs 4 dpi, and 5,571 DEGs for the comparison between 0
dpi vs 6 dpi. However, in the subsequent infection stages
after contacting with Z. bungeanum stems, the number
of DEGs in E zanthoxyli diminished compared to these
earlier comparisons. Notably, in the comparison of 4
dpi vs 6 dpi, the number of DEGs was at its lowest with
only 142 identified. These findings indicate that the early
infection stage, during which E zanthoxyli interacts with
its host plant, involves substantial transcriptional repro-
gramming, highlighting this period as crucial for investi-
gating pathogen-host interactions.

During the early stages of interaction between patho-
gens and host plants, the expression of effector genes
undergoes changes. Effector genes upregulated in the
early stages of pathogen infection often play crucial roles
in the colonization and establishment of the pathogen.

Therefore, assessing the expression levels of effector
genes during the early stages of pathogen invasion is of
paramount importance. In this study, we identified 137
FzEPs from the whole genome of E zanrhoxyli. Since
conducting RT-qPCR analysis for each effector gene at
different time points during the early infection stage of
E zanrthoxyli would be time-consuming and costly, tran-
scriptome technology enables rapid and cost-effective
identification of DEGs from a large number of genes.
Consequently, based on transcriptome data, this study
analyzed the expression patterns of these 137 FzEPs. A
hierarchical clustering heatmap analysis of 137 FzEPs
genes was carried out using their PFKM values (Fig. 5A,
Table S9). The analysis revealed that numerous FzEPs
genes were upregulated in E zanthoxyli at 2, 4, and 6 dpi
compared to 0 dpi. Specifically, a total of 36 DEGs were
detected for the comparison of 0 dpi vs 2 dpi, 27 DEGs
for the comparison of 0 dpi vs 4 dpi, and 36 DEGs for
the comparison of 0 dpi vs 6 dpi (Fig. 5B). Through Venn
diagram analysis, a total of 41 genes were significantly
upregulated in E zanthoxyli after its contacting with Z.
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bungeanum stems, with 24 genes being common across
all three time points (Fig. 5C). This finding suggests that
these 24 upregulated genes of FzEPs following infection
by E zanthoxyli may contribute to its recognition with
host plants, infection and colonization. A hierarchical
clustering heatmap analysis of the 24 FzEPs was further
performed, resulting in the grouping of these genes into
four clusters based on their expression patterns (Fig. 5D-
E). The FzEPs genes in Cluster 1 were found to be highly
upregulated at both 4 dpi and 6 dpi, with lower expres-
sion levels at 2 dpi. Conversely, the FZEPs genes in Clus-
ter 2 exhibited significant upregulation specifically at
6 dpi, while showing reduced levels at both 2 and 4 dpi.
In contrast, the FZEPs genes in Cluster 3 displayed high
upregulation at 2 dpi but less so at subsequent time
points, i.e., 4 dpi and 6 dpi. Lastly, Cluster 4 consisted of
genes that were notably upregulated at both 2 dpi and
4 dpi, though their expression was diminished at 6 dpi.
These clusters reflect distinct temporal regulation of the
FzEPs during the initial stages of infection by E zanth-
oxyli, highlighting how the expression of effector genes
varies at different time points in response to host inter-
action. Consequently, the 24 upregulated FzEPs across all
the three different infection stages were identified as key
effector proteins for the initial infection of E zanthoxyli
in Z. bungeanum stems.

Validating the expression patterns of key FzEPs

during the early infection process of F. zanthoxyli

Despite valuable insights gained from transcriptome
data analysis, validation of target gene expression using
RT-qPCR is essential to confirm the accuracy of the find-
ings, as computational methods may introduce biases.
Additionally, RT-qPCR provides more sensitive and pre-
cise quantification of gene expression, particularly for
low-abundance transcripts. To ensure the accuracy and
reproducibility of the transcriptome analysis in this study,
RT-qPCR was performed on the upregulated DEGs of
FzEPs. Out of the 24 FzEPs DEGs identified as the key
effector protein in the initial infection of E zanthoxyli,
10 FzEPs were selected for validation, including genes
from different expression Clusters. Their relative expres-
sion levels were measured at 0, 2, 4, and 6 dpi using the
RT-qPCR method. As presented in Fig. 6, the expression
levels of all 10 selected FzEPs DEGs were analyzed and
compared by both RT-qPCR and RNA-seq. The consist-
ent expression patterns observed for the 10 FzEPs ana-
lyzed using RT-qPCR demonstrated the reliability and
reproducibility of the transcriptome data in this study.
This validation signifies that the conclusions drawn from
the transcriptome analysis, identifying these 24 FzEPs as
key effector proteins during the early infection stages of
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E zanthoxyli, are credible and hold important value for
subsequent research.

Effects of 24 key FzEPs on the innate immunity responses
of plant and their sequence analysis

It has been widely reported that some effector proteins
from various plant pathogens can induce PCD or inhibit
PCD triggered by PAMPs. Investigating the effects of
effector proteins on plant cell survival and death is cru-
cial for unraveling the intricate mechanisms underlying
plant-pathogen interactions and enhancing our under-
standing of plant immunity. This analysis can provide
critical insights into the tactics employed by effector
proteins to manipulate host cellular responses, illumi-
nating the strategies pathogens use to circumvent plant
defenses. Consequently, conducting such experiments is
crucial for comprehending the roles of effector proteins
in these interactions. Agrobacterium-mediated infiltra-
tion of tobacco (N. benthamiana) has been extensively
utilized to identify effector proteins capable of induc-
ing PCD or inhibiting PCD triggered by PAMP across a
range of plant pathogens [36, 47]. In light of our previ-
ous findings that identified 24 FzEPs as key effector pro-
teins during the early infection stages of E zanthoxyli,
further exploration into their functions during the early
interactions between E zanthoxyli and Z. bungeanum
was pursued by examining their potential to induce PCD
or suppress INFl-induced PCD. The 24 FzEPs genes
were successfully cloned into vector pMD19T (Fig. S3),
followed by the successful construction of plant expres-
sion vectors for FzEPs (PGR106-FzEPs) (Fig. S4-S5),
subsequently transformed into A. tumefaciens (Fig. S6).
Transient over-expression experiments in N. benthami-
ana revealed that two FzEPs, FZEP83 and FzEP93, sig-
nificantly suppressed INFl-induced PCD (Fig. 7A-B),
whereas two other FzEPs, i.e., FZEP94 and FzZEP123, were
capable of triggering obvious cell death similar to INF1-
triggered PCD (Fig. 7C-D). The remaining twenty FzEPs
exhibited no discernible impact on inducing cell death or
suppressing INF1-induced PCD (Fig. S7). These findings
provide deeper insights into the distinct activities exhib-
ited by various FzEPs, contributing significantly to our
understanding of their specific roles during early patho-
gen-host interactions.

The activation of PCD plays a vital role in initiat-
ing plant innate immunity, particularly in response to
pathogen invasion. To understand the dynamics of plant
defense mechanisms and their effectiveness against
pathogens, it is essential to assess key indicators associ-
ated with PCD, such as the production of reactive oxygen
species (ROS) and callose deposition [48]. To elucidate
the role of FzEPs in regulating plant immune responses,
we evaluated the levels of ROS and callose deposition
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in N. benthamiana following the transient overexpres-
sion of INFI, FzEPs, or their co-expression. The inten-
sity of ROS was examined using DAB staining, with a
pronounced brown precipitate indicating high levels of
ROS production. Our results demonstrated that INF1, a
known PAMP, induced obvious brown precipitates, sig-
nifying a significant increase in ROS (Fig. 7E-H). How-
ever, co-expression of FzEP83/INF1 or FzEP93/INF1
substantially reduced the brown precipitates (Fig. 7E-F),
indicating that these proteins can inhibit ROS production
triggered by PAMP. Conversely, FzZEP94 and FzEP123
resulted in evident brown precipitates similar to those
caused by INF1 alone (Fig. 7G-H). Additionally, we
evaluated callose deposition using aniline blue staining;

greater fluorescence intensity indicated increased cal-
lose accumulation. Notably, leaf regions infiltrated with
INF1 exhibited strong fluorescence intensity (F ig. 71I-
L). However, co-expression of FZEP83/INF1 or FzZEP93/
INF1 reduced the fluorescence intensity compared to
that of INF1 alone (Fig. 7M-N), while co-expression of
FzEP94/INF1 or FzEP123/INF1 showed no significant
effects on fluorescence intensity (Fig. 70-P). Our con-
trols using the PGR106 empty vector revealed no callose
deposition as no fluorescence signals were observed in
those leaf regions only infiltrated with PGR106 (Fig. 7Q-
T), further affirming the reliability of our experimen-
tal methods. Among the other 20 FzEPs tested, none
demonstrated effects on ROS and callose deposition or
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inhibited responses triggered by INF1 (Fig. S7). Through
correlating programmed cell death with ROS and callose
deposition levels, our approach enhances the credibility
in assessing the impact of FzEPs on pivotal responses
within plant innate immunity. Collectively, these findings
suggest that effector proteins FZEP83 and FzEP93 inhibit
PCD, ROS production, and callose deposition triggered
by INF1, indicating of their role in suppressing PAMP-
triggered immunity; whereas effector proteins FzEP94
and FZEP123 can induce PCD, as well as ROS and cal-
lose deposition, suggesting they may function as elicitors
modulating plant innate immunity.

Homologous comparison and protein structures of four
FzEPs impacting plant innnate immunity

Based on the comprehensive analyses of the effects of 24
key FzEPs identified in the early infection of E zanthoxyli
on plant innate immune responses, it was observed that
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four specific FzEPs, namely FzEP83, FzEP93, FzEP94,
and FzEP123, influenced immune responses. To further
understand these essential FZEPs, a BLAST analysis was
initially conducted in NCBI, and a neighbor-joining phy-
logenetic tree was constructed to compare these target
proteins with query proteins (Fig. 8A). The homology
analysis of the protein sequences in NCBI revealed that
most of their homologous proteins are uncharacterized
with unknown functions but commonly found in Fusar-
ium species. Notably, one homologous protein of FZEP83
was annotated as a fungal hydrophobin, and one homol-
ogous protein of FZEP94 as a glycoprotein. This foun-
dational discovery paves the way for a more thorough
exploration of the functional roles of these four FzEPs
and may unveil novel mechanisms associated with these
uncharacterized effector proteins. It has the potential to
shed light on new pathogenic mechanisms employed by
Fusarium species and enrich our understanding of the

B I
B}N@

FzEP83

N-ter

N-ter

FzEP123

FzEP94 Neter

Fusarium oxysporum f. sp. radicis-lycopersici 26381 (hypothetical protein) EXL41752.1

n 2 ElCys Emhclix \:| B-sheet E SP

1 Disulfide bridge

Cys 145 Cys 149 Cys 172 Cys 177 Cys 198 Cys 203

FErss ‘ S |:| |:|

| ]

1 16 [=)

Gcl

\AUY
TAS  ASQCLQAC
Cys 30 Cy

99

Al cLC LSL

37 Cys 61 Cys 80

w

PAT

WV 249

TAAVI

FzEP%4

30 Cys
= [ []]
[ e —

QCRYAFNVI

= ) C—> D) :>
VKEAQCK  TFDIVRS GlleSO!’::\)QQx\;\\‘ gv}\;wsw AAVQAY

FEVQDFSANC VNCVALVQ

Cys42 Cys49
—

Cys 65 Cys90

w—) — [0

WTVQSLNRVC CTWNEKIN ~ TACKYVV ASK GGPAKC FTITSNWS FTTVSIVS 1IY SYT DKQL

149
QKY AA

T
50

0 25 75 100 125

T
150

175

T
200

T
25

3
T T
250 275

Fig. 8 Phylogenetic tree and three-dimensional structure of FzEP83, FzEP93, FzEP94 and FzEP123. A Phylogenetic tree of FzEP83, FzEP93, FzZEP94
and FzEP123 obtained according to NJ method; B Ribbon model. Secondary structure elements are highlighted in colors with purple, yellow

for a-helices, 3-strands, respectively; C Distribution of protein sequence stru

cture



Jiao et al. BMIC Plant Biology (2025) 25:298

pathogenic mechanisms employed by these hemibio-
trophic fungal pathogens. Additionally, the 3D and pro-
tein structures of these four FZEPs were generated using
SWISS-MODEL or Iterative Threading Assembly Refine-
ment (I-TASSER), aiding in the exploration of their func-
tional mechanisms [49]. It was observed that the protein
sequence of FzEP83, FzEP93, FzEP94, and FzEP123
respectively contained 99, 259, 145, and 149 amino
acids (Fig. 8B-C). FzZEP83 possessed nine Cys residues
which form four intramolecular disulfide bonds (Cys31-
Cys79, Cys40-Cys70, Cys41-Cys53, and Cys80-Cys91),
along with four B-strands and a short a-helix formed by
the Ala63-Ala72 segment. On the other hand, FzZEP93
contained 16 Cys forming 5 disulfide bonds (Cys27-
Cys89, Cys50-Cys68, Cys54-Cys70, Cys93-Cys103 and
Cys117-Cys121), along with 2 a-helices and 5 B-strands
resulting in one PB-sheet structure.(Fig. 8B-C). Besides,
both FzEP94 and FzEP123 contained four Cys residues
forming two disulfide bonds (Cys30-Cys37 and Cys61-
Cy80 for FzZEP94; Cyst42-Cyst49 and Cyst65-Cyst90 for
FzEP123) with ten p-strands resulting in two antiparallel
[-sheets. Additionally, there were one a-helix present in
FzEP94 (Asn118-Asp120) and two a-helices in FZEP123
(Ala80-Ly82 and Aspl28-Leul3l). These findings not
only contribute to a more comprehensive understanding
of the functional mechanisms of these important FZEP
proteins but also lay the foundation for elucidating their
roles in plant-fungal interactions.

Discussion

Effectors secreted by filamentous phytopathogens during
host colonization play a central role in determining the
outcome of plant-pathogen interactions. As key virulence
proteins, effectors are collectively indispensable for dis-
ease development [4, 12]. Identifying and characterizing
the function of effector proteins will improve our under-
standing of their role in disease formation and influence
our future strategies to combat pathogen infections [4].
Understanding these effector repertoires is a key part of
developing new strategies for resistance breeding and
devising new plant disease control strategies [50]. How-
ever, effector prediction in fungi based on sequence
homology has been challenging due to a lack of unify-
ing sequence features such as RXLR conserved sequence
motifs in N-terminal region of oomycete effectors [51,
52]. Therefore, a common pipeline has been developed
to identify candidate secreted effector proteins of phy-
topathogenic fungi, based on key hallmarks of fungal
effectors, including the presence of a signal peptide for
extracellular secretion, the absence of transmembrane
domains, a small size ranging from 300 to 450 amino
acids, and a high cysteine content [19, 53]. In addition,
with the sequencing and annotation of fungal pathogen
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genomes and transcriptome, the discovery and identi-
fication of these proteins has greatly expanded [12, 52].
For example, a total of 190 effectors were identified in the
genome of E graminearum (PH-1), the pathogen respon-
sible for wheat scab, based on the presence of N-terminal
signal peptide sequences, a size of <200 amino acids, and
a cysteine content of >2% in the proteins [54]. Addition-
ally, 188 effector proteins were identified in the genome
of Ceratocystis fimbriata, the pathogen of sweetpotato
black rot, based on the presence of signal peptides, the
absence of transmembrane helices and glycosyl phos-
phatidyl inositol (GPI) anchors, a size of<400 amino
acids, and established effector criteria [55]. In our study,
137 effector proteins of F zanthoxyli were identified
based on the genome of E zanthoxyli (GCA_025919635,
43.39 Mb) [33], which account for 1.21% of the F zanth-
oxyli genome (Table S2), selected according to the pres-
ence of signal peptides, the absence of transmembrane
helices and glycosylphosphatidylinositol (GPI) anchors,
a size 0of <400 amino acids, a minimum of four cysteine
residues, and established effector criteria by EffectorP.
The variation in the number of effector proteins among
different pathogens may be attributed to several factors,
including the genome size of each species, the differing
criteria used for identifying effector proteins, and the
evolutionary pressures that drive the rapid diversifica-
tion of effector activities to evade recognition by the host
plant immune system.

Protein domains are fundamental components of pro-
tein structure and function and also the smallest units of
evolution [56]. The strategies to explore possible func-
tions involved the identification of protein domains. At
present, effector proteins have been intensively studied in
plant pathogenic bacteria and oomycta, among which the
effector proteins of bacteria are mainly concentrated in
type III secreted effectors, such as the AvrBs3/PthA fam-
ily and YopJ/AvrRxv family [57, 58]. Cytoplasmic oomy-
cete effectors are characterized by the presence of the
RXLR-(D)EER and LXLFLAK motifs in their N-terminal
region [13]. However, most effector proteins of fungi lack
conserved domains or homologs, and only a few effectors
contain known motifs or domains, such as NLPs (necro-
sis and ethylene-inducing peptide 1 (Nep1)-like proteins),
LysM domain-containing proteins or protease inhibitors
[17]. In this study, there are a total of 51 sequences have
conserved domains, representing a modest 37.23% of 137
effector proteins in E zanthoxyli (Fig. 2B; Table S2). The
most enriched domains in the effectors are mainly related
to glycoside hydrolase and peptidases synthesis, among
which glycoside hydrolase belongs to typical CAZymes,
and peptidase has been reported to play important roles
in host—pathogen interactions and act as virulence factors
[59]. In addition, the Cerato-platanin domain and Lysin
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Motif (LysM) domain are also identified in F zanthoxyli
effectors. Cerato-platanin has been shown to be a viru-
lence factor and an inducer of plant defense responses,
which can lead to plant pathogenesis or induce plant tis-
sue necrosis [60]. For instance, a cerato-platanin-like pro-
tein HaCPL2 from Heterobasidion annosum can induce
cell death in Nicotiana tabacum and Pinus sylvestris [61].
Chitin-binding LysM effectors secreted by many fungal
pathogens have been shown to protect fungal hyphae
from degradation by host chitinases [62]. The LysM effec-
tor protein from the rice blast fungus Magnaporthe ory-
zae can bind to chitin and suppress chitin-induced plant
immune responses, including generation of reactive
oxygen species and plant defense gene expression [17].
Although the functional domain of the effector proteins
in E zanthoxyli have been systematically predicted and
analyzed, their functions in F zanthoxyli’s pathogenicity
warrant further in-depth investigation.

The genome of plant disease pathogen always pos-
ses a large number of effector proteins and some of
them involved in fungal pathogenicity will be switched
on and show specifically up-regulated expression dur-
ing host infection [63]. To identify effector proteins of
E zanthoxyli with a high potential for involvement in
pathogenicity, comparative transcriptome was applied
to unveil the FzZEPs DEGs that exhibited significant
upregulation during the early stages of E zanthoxyli
infection. A total of 24 effector proteins of F zanth-
oxyli were up-regulated (Fig. 5C-D). Among them, 6
DEGs included domains encoding Cerato-platanin,
glycoside hydrolases, tuberculosis necrotizing toxin
(TNT) and Hydrophobins (Fig. 2B). As mentioned in
the previous research, most of cerato-platanin fam-
ily proteins act as elicitors that induce hypersensitive
responses in plants and glycoside hydrolases belong-
ing to typical CAZymes play crucial roles in degrad-
ing the complex network of polysaccharides present in
the plant cell wall [59, 60]. However the effectors with
those conserved domain were not shown to regulate
immunity or induce necrosis in experiments of Agro-
bacterium-mediated infiltration of tobacco. Notably,
FzEP83, the effector potentially encoding the synthesis
of fungal hydrophobin, has been shown to suppresses
INF1-triggered cell death (Fig. 7A). Hydrophobins are
small secreted fungal proteins possibly involved in
several processes such as formation of fungal aerial
structures, attachment to hydrophobic surfaces, inter-
action with the environment and protection against
the host defense system [64]. For example, the hydro-
phobin gene (FgHyd2, FgHyd3, and FgHyd4) deletions
in the head blight fungus Fusarium graminearum
have an impact on virulence, and this is attributed to
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reduced attachment of fungal cells to the hydrophobic
plant surface [65]. The hydrophobin-encoding gene
MPG1 of the rice blast fungus Magnaporthe grisea is
highly expressed during the initial stages of host plant
infection and targeted deletion of the gene results in a
mutant strain that is reduced in virulence, conidiation,
and appressorium formation [66]. Although the func-
tional domain of the effector proteins in E zanthoxyli
have been systematically predicted and analyzed, their
functions in F zanthoxyli’s pathogenicity warrant fur-
ther in-depth investigation.

In most Fusarium-host interaction systems, Fusar-
ium species exhibit a hemibiotrophic lifestyle. E zan-
thoxyli has a hemibiotrophic lifestyle with two distinct
colonization phases: a short biotrophic phase and a
ramifying necrotrophic phase [33]. The effectors in
plant pathogens can modulate plant immunity, sup-
press defense responses during the biotrophic phase, in
line with this, expression of Avr genes typically peaks at
these early time points. But at later phases, other necro-
trophic effectors are induced and come to dominate the
interaction to induce cell death to promote infection
and disease spread during the necrotrophic phase [29,
36]. It is worth noting that our results strongly support
this view. In this study, we cloned 24 putative effectors
from the effector repertoire identified by bioinformat-
ics analysis of the E zanthoxyli genome and transcrip-
tome. We found that 2 putative effectors (FZEP83 and
FzEP93) suppresse INF1-triggered cell death by inhibit-
ing the burst of ROS and callose accumulation, 2 puta-
tive effectors (FzZEP94 and FzEP123) can induce cell
death and the burst of ROS and callose accumulation
in N. benthamiana (Fig. 7). Among them, FzZEP83 and
FzEP93 were significantly up-regulated significantly
upregulated at 2 dpi following the contact of E zanth-
oxyli with Z. bungeanum stems (Fig. 5D). At this time,
Z. bungeanum branches showed no symptoms of stem
canker (Fig. 4A). These results indicated FzEP83 and
FzEP93 may be related to the colonization of patho-
gen and evasion of plant recognition and defense at the
early stages of the biotrophic phase. On the contrary,
FzEP94 and FzEP123 were significantly up-regulated at
6 dpi (Fig. 5D). This process involved the accumulation
of ROS and callose (Fig. 7), which leads to the collapse
of large region of the stem of Z. bungeanum (Fig. 4A),
indicating that the two effectors perhaps helping to
promote a switch to necrotrophic infection and induce
host cell death so that the pathogen has access to extra
nutrients which are used for growth. Therefore, further
investigation of the pathogenic functions and mecha-
nisms of FzEP83, FzEP93, FzEP94 and FzEP123 may
provide insights into the interactions of E zanhtoxyli
and Z. bungeanum.
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Conclusion

In this study, a total 137 effector proteins were pre-
dicted and characterized based on the whole genome
of E zanthoxyli through a comprehensive bioinformatic
analysis. Following, the gene expression patterns of F
zanthoxyl effector proteins (FzEPs) in its initial infection
process were comprehensively analyzed by transcriptom-
ics and RT-qPCR. And we identified 24 common FzEPs
DEGs up-regualted after the inoculation of E zanthoxyli
at three different initial infection stages.The functions
of these 24 FzEPs in the process of plant programmed
cell death (PCD) were demonstrated, which were also
complemented by histological analysis. We eventually
obtained four FzEPs, namely FzEP83, FzZEP93, FzEP9%4,
and FzEP123. Among these, FZEP83 and FZEP93 may play
essential roles during the biotrophic stage of E zanthox-
yli, while FZEP94 and FzEP123 are closely associated with
the necrotrophic stages of the pathogen. These findings
provide an invaluable gene resource for future investiga-
tions into the mechanisms underlying interactions with
Z. bungeanum, and will lay a foundation for the cultiva-
tion of stem canker resistant materials of Z. bungeanum.

Methods

Fungal strain

Fusarium zanthoxyli (Fz), the pathogen of Z. bungeanum
stem canker, was identified and preserved in our lab (For-
estry Pathology Laboratory, Forestry College, Northwest
A&F University) [26, 33]. E zanthoxyli stored at —80 °C
in paraffin wax was inoculated on PDA medium and cul-
tured at 25 °C for 7 days, which was repeated twice to
revive the pathogen. Subsequently, it was used to inocu-
late the branches of Z. bungeanum.

Plant material and growth conditions

The cultivar of Z. bungeanum highly susceptible to F. zan-
thoxyli, Fengxian Dahongpao (FD) [24], was used in this
study. Two-year-old seedlings of FD were graciously pro-
vided by a prickly ash orchard (the Research Center for
Engineering and Technology of Zanthoxylum, National
Forestry Administration, located in Fengxian County,
Shaanxi Province, China, 33°59'N, 106°39'E). These
seedlings were cultivated in an environmentally con-
trolled greenhouse at Northwest A&F University (Yan-
gling, China) under a temperature of 25+ 2 °C, a relative
humidity of 75%, and a photoperiod of 12 h light/12 h
dark with a light intensity of 2000 Lx.

Genome-wide prediction and characterization of effector
proteins of F. zanthoxyli

The secretome and effector proteins prediction of E
zanthoxyli was obtained from the sequenced genome.
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The Whole-Genome Shotgun project for E zanthoxyli
has been deposited at GenBank under the accession
GCA_025919635 [33]. The method used in this study for
the prediction of the F zanthoxyli secretome and effec-
tors was modified from previous studies [20, 67, 68]. Sig-
nalP 6.0 (http://www.cbs.dtu.dk/services/SignalP/) was
used to predict the signal peptides of all E zanthoxyli
genome 11,316 sequences. The protein sequences with
signal peptides were used as inputs for WoLF PSORT
(https://www.genscript.com/wolf-psort.html) to analyse
the Subcellular localization. TargetP 2.0 (http://www.
cbs.dtu.dk/services/TargetP/) were then used to remove
proteins targeted to mitochondria. All protein sequences
remaining after this step were checked by Deep
TMHMM  (https://dtu.biolib.com/DeepTMHMM) to
identify proteins with transmembrane domains. Finally,
big-PI Predictor (https://mendel.imp.ac.at/gpi/fungi_
server.html.) was used to remove proteins with glycosyl
phosphatidy linositol anchors. The secreted proteins in F
zanthoxyli can be obtained by the above prediction meth-
ods. Based on the effector prediction methods employed
previously for other plant pathogens and the charac-
teristics of known effectors of plant pathogenic fungi,
less than 400 amino acids in length and rich in cysteine
residues (>4), a bioinformatics pipeline was adopted to
filtrate the E zanthoxyli candidate effector protein [20].
Finally, based on the above results, EffectorP 3.0 (https://
effectorp.csiro.au/), a predictive tool for effectors of plant
pathogenic fungi and oomycetes, was used to predict
candidate effector protein of F zanthoxyli (FZEPs).

The sequence length, molecular weight and cysteine
content of FZEPs were compared with those of the total
secretion using Origin 2021. In addition, further analy-
sis of the identified FzEPs included the determina-
tion of amino acid number, protein molecular weights
(MW), isoelectric points (PI), instability index, aliphatic
index, and grand average of hydropathicity, which was
performed using the Protparam tools on ExPASy (https://
web.expasy.org/protparam/).

Phylogenetic analysis based on the identified FzEPs
was performed using the neighbor-joining method using
the following parameters: p-distance, 80% cut off of par-
tial deletion, and 1,000 bootstrap repeats. To predict the
function of FzEPs, the conserved domain search was
performed using NCBI’s Conserved Domain Database
(CDD) [69] and using TBtools to visualize the forecast
results [70]. To identify conserved motifs in effectors of F
zanthoxyli, MEME (https://meme-suite.org/meme/tools/
meme) was used to detect motifs within all FZEPs pro-
tein sequences. All FZEPs sequence were annotated in the
following databases: GO (gene ontology), KEGG (Kyoto
encyclopedia of genes and genomes) and PHI (Pathogen
Host Interactions).
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Identification of key FzEPs in the initial infection stages

of F. zanthoxyli using transcriptome technology

The mycelia of F zanthoxyli were respectively collected
from the inoculated Z. bungeanum stems on different
days post-inoculation (dpi) and subjected to transcrip-
tome sequencing. The inoculation of E zanthoxyli was
carried out according to the method in our previous
report [24]. Two-year-old seedlings of Z. bungeanum
(cultivar: FD) were taken as the inoculated plants. There
were four inoculation sites on each stem with an inter-
val distance of 10 cm between each pair of inoculation
sites. A total of 15 stems were applied in this experi-
ment. All inoculated plants were cultured in a green-
house at Northwest A&F University under the conditions
described above.

Transcriptome analyses of E zanthoxyli mycelia at 0,
2, 4, and 6 days post-inoculation (dpi) on Z. bungeanum
stems were carried out. The mycelia of E zanthoxyli col-
lected from a 10-day-old colony grown on PDA were
taken as control and marked as 0 dpi. The mycelia on the
E zanthoxyli plugs inoculated on Z. bungeanum stems
were respectively collected at 2, 4, and 6 dpi, and taken
as three different treatments. Each treatment contained
three biological replicates, and each replicate consisted
of mixed samples from at least four plugs. All collected
mycelia samples were immediately frozen in liquid nitro-
gen and stored at — 80 °C as the materials for subsequent
transcriptome sequencing.

Total RNA of mycelia was isolated using the TRI-
zol reagent (Invitrogen, Carlsbad, CA, USA). Illumina
RNA-Seq was performed by Metware Biotechnology
Co. Ltd. (Wuhan, China). The RNA quality was detected
by a NanoPhotometer spectrophotometer (IMPLEN,
CA, USA), Qubit 2.0 Fluorometer (Life Technologies,
CA, USA), and Agilent Bioanalyzer 2100 system (Agi-
lent Technologies, CA, USA). The poly(A) mRNA was
enriched by magnetic beads with oligo (dT). The mRNA
was randomly fragmented, and first-strand cDNA was
synthesized using the M-MulV reverse transcriptase
system. The RNA strand was then degraded by RNase H,
and second-strand cDNA was synthesized using DNA
polymerase. The double-stranded cDNAs were ligated
to sequencing adapters and the cDNAs (~200 bp) were
screened using AMPure XP beads. After amplifica-
tion and purification, cDNA libraries were obtained and
sequenced using the Illumina HiSeqTM 2000 system.

Raw reads were first analyzed by FastQC for quality
control. The reads containing adapters, sequences with
more than 10% unknown nucleotides (N), and an aver-
age quality score less than Q20 were primarily removed
from raw dataset. All subsequent analyses were based on
the high-quality clean data. All 12 libraries (0, 2, 4, and 6
dpi, three replicates for each treatment) were combined
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into one pool. Then, the clean reads were mapped to the
current genome of F zanthoxyli Fz001 in this research as
the reference genome using HISAT with default param-
eters. Use feature Counts to calculate the gene align-
ment, and then calculate the FPKM of each gene based
on the gene length, which can quantify the expression of
newly assembled transcripts. DESeq2 was used to ana-
lyze the differential expression between the two groups,
and the P value was corrected using the Benjamini &
Hochberg method to obtain False Discovery Rate (FDR).
The corrected P value and |log2foldchange| are used as
the threshold for significant difference expression. The
screening criteria for differential genes were |log2Fold
Change|>=1, and FDR<0.05.

To evaluate the gene expression profiles of FZEPs, the
differentially expressed genes (DEGs) of FzEPs were
identified based on the transcriptome data. The expres-
sion levels of these DEGs of FzEPs were visualized as a
heat map using Chiplot (https://www.chiplot.online/)
and TBtools. All up-regulated DEGs edcoding FzEPs
at 2, 4, and 6 dpi compared to 0 dpi were identified and
regarded as key FzEPs involved in the initial infection of
E zanthoxyli.

RT-qPCR analyses of the key FzEPs in the initial infection
stages of F. zanthoxyli

The expression patterns of key effector genes poten-
tially involved in the initial infection of F zanthoxyli in
Z. bungeanum stems were additionally examined via
reverse transcription-quantitative polymerase chain
reaction (RT-qPCR). The samples of F zanthoxyli uti-
lized for RT-qPCR analyses were identical to those used
for transcriptome analysis. Specifically, mycelia from E
zanthoxyli infecting the stems of Z. bungeanum at 0, 2,
4, and 6 dpi were collected for analysis. The sequences of
selected FZEPs DEGs for RT-qPCR were obtained from
sequenced genome of F zanthoxyli, and their primers for
RT-qPCR were designed by Primer Premier 5 software
(Table S10). The RNAiso Plus (Takara, Dalian, China)
was used to extract total RNA, and reverse transcription
was carried out using the PrimeScript RT reagent Kit
(Perfect Real Time) (Takara, Dalian, China) to synthesize
complementary DNA (cDNA). RT-qPCR was performed
on a STEP ONEPLUS real-time PCR detection system
(LIFE TECHNOLOGIES, Singapore) using a TB Green
Premix Ex TaqTM II kit (Takara, Dalian, China). All
protocols were carried out according to the manufactur-
ers’ instructions. The total volume for RT-qPCR was 25
pL with the following procedure: one cycle at 95 °C for
2 min, 40 cycles at 95 °C for 10 s and 60 °C for 30 s. Three
technical replicates were designed for each reaction.
Melting curve analyses of amplification products were
conducted at the end of the PCR reaction with a melting
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cycle of denaturation at 95 °C for 15 s, annealing at 60 °C
for 1 min, denaturation at 95 °C for 15 s. The relative
quantitative method of 2722t was employed to calculate
the expression levels of target genes, taking Actin gene of
E zanthoxyli as an internal standard. The data for gene
expression are presented as the mean + SD and were ana-
lyzed to detect significant differences by IBM SPSS Sta-
tistics 26. The expression patterns of key effector genes
involved in the initial infection of E zanthoxyli, as ana-
lyzed by RT-qPCR, were compared with those obtained
from transcriptomic analyses.

Plant expression vector construction

To generate constructs for transient expression in
N. benthamiana, we amplified the key effector genes
involved in the initial infection of E zanthoxyli from
its ¢cDNA library. The amplification was performed
using high-fidelity PrimeSTAR® Max DNA Polymer-
ase (Takara, Dalian, China), with Clal and Sall restric-
tion sites incorporated into the primers. The resulting
PCR products cloned into TA cloning special vector
pMD19. Then the recombinant plasmids were digested
with the appropriate restriction enzymes to obtain the
target gene segment and ligated into the vector pGR106.
Alternatively, FZEPs can be ligated into PGR106 vector
by homologous recombination with In-Fusion® Snap
Assembly Master Mix (Takara, Dalian, China). After that,
the constructed expression vector PGR106-FzEPs was
transformed into Agrobacterium for infecting N. bentha-
miana. The Agrobacterium strain GV3101, containing
the plant expression vector PGR106-INFI, was kindly
provided by Professor Lili Huang (State Key Labora-
tory of Crop Stress Biology for Arid Areas and College of
Plant Protection, Northwest A&F University). Primers
used for PCR are listed in Supplementary Table S11. All
plasmids were confirmed by sequencing.

Agrobacterium tumefaciens infiltration assays in N.
benthamiana

To investigate whether the key effector genes involved
in the initial infection of E zanthoxyli can induce pro-
grammed cell death (PCD) or suppress INFl-induced
PCD in N. benthamiana, agro-infiltration assays were
conducted using a procedure previously described, with
minor modifications [68, 71]. For transient expression,
A. tumefaciens strain GV3101 carrying an expression
plasmid was grown in LB medium containing kanamy-
cin (50 pg/mL) and rifampin (25 pg/mL) for 24 h. Cells
were collected by centrifugation at 6000 rpm for 5 min
and then resuspended in infiltration medium to an
ODy,,=0.8~1.0. Quiescence in darkness at 25°C for
3 h. After that, A.tumefaciens cells carrying the FzEPs
genes (pGR106-FzEPs) were infiltrated through a little
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nick with a syringe to the upper leaves of 2-month-old
N. benthamiana plants. A. tumefaciens cells carrying the
INF1 (pGR106-INF1) were infiltrated into the same site
15 h later. As negative control, plants were infiltrated
with A. tumefaciens carrying an empty PGR106 vector.
A. tumefaciens cells carrying the INFI were infiltrated as
a positive control. Cell death symptoms were evaluated
and photographed 3 ~ 4 days post infiltration.

Histochemical staining

The callose accumulation and reactive oxygen species
(ROS) burst are typical plant immune responses. Ampli-
fied immune responses typically induce disease resistance
and the accumulation of defense molecules that plants
utilize to defend themselves against pathogen invasion
[72]. Therefore, chemical staining with 3,3’-diaminoben-
zidine tetrahydrochloride (DAB) and aniline blue were
conducted to examine the accumulation of hydrogen per-
oxide (H,0,) and callose in N. benthamiana infiltrated
with FzEPs, respectively. For DAB staining, the leaves of
tobacco were incubated into the DAB solution (1 mg/
mlL) in the dark overnight and then decolorated by boil-
ing in 95% ethanol [73]. The discolored leaves were pho-
tographed floating in the water. For aniline blue staining,
tobacco leaves were put into boiling 95% ethanol to clear
chlorophyll, and then staining was performed overnight
in dark at room temperature with staining buffer with
0.01% aniline blue in 150 mM K,HPO, (pH 9.5). Callose
deposits were observed with an optical microscope under
ultraviolet lamp.

Phylogenetic and three dimensional structural analysis

of functional FzEPs

The phylogenetic evolution and three-dimensional (3D)
structures of the key FzEPs participating the regulation
of plant innate immunity were further analyzed to gain
insights into their potential functions. The BLAST anal-
yses were performed in NCBI, and a phylogenetic tree
was constructed to compare the objective FzEPs pro-
teins with the query proteins using the neighbor-joining
method using the following parameters: p-distance, 80%
cutoff of partial deletion, and 1000 bootstrap repeats.
Models of 3D were constructed with the Swiss Modeling
Server (http://www.expasy.ch/swiss-model/). The First
Approach Mode was chosen and the template was speci-
fied as the structure of FzZEPs [74]. Alternatively, we also
can use I-TASSER (https://zhanggroup.org/I-TASSER/)
to predict the possible three-dimensional structure of the
FzEPs [75], and visualized by VMD [76].
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