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Selective deployment of virulence effectors correlates with host
specificity in a fungal plant pathogen
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Introduction

Plant disease disrupts food production in agricultural settings,
with recurrent outbreaks of endemic and emerging microbial
pathogens (Ristaino ez @/, 2021). Although plants can be deva-
stated by pathogens, they have a sophisticated immune system to  ber
protect themselves against the majority of microbial attacks
(Schulze-Lefert & Panstruga, 2011; Panstruga & Moscou, 2020).
Conversely, most fungal plant pathogens show host species speci-
ficity: specific parasitism on a limited range of host species to
which they are adapted. Successful fungal plant pathogens secrete
effector arsenals and deal effectively with the defense that plant
species mount against nonadapted microbial intruders to estab-
lish basic compatibility with their host (Heath, 1981; Niks &
Marcel, 2009; Dodds & Rathjen, 2010; Toruno et a4l., 2016).
Fungal genomes often encode suites of hundreds of diverse candi-
date effector genes that differ markedly among the pathogen spe-
cies (Thordal-Christensen et al, 2018). Despite considerable
efforts to characterize effector functions over the past decade,
only a small fraction of effectors have been characterized for their
contribution to fungal virulence, limiting our understanding of
how effectors shape the host species specificity of fungal plant

pathogens.
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Summary

¢ The hemibiotrophic fungal plant pathogen Colletotrichum orbiculare is predicted to secrete
hundreds of effector proteins when the pathogen infects cucurbit crops, such as cucumber
and melon, and tobacco (Nicotiana benthamiana), a distantly related Solanaceae species.
Here, we report the identification of sets of C. orbiculare effector genes that are differentially
required for fungal virulence to two phylogenetically distant host species.

e Through targeted gene knockout screening of C. orbiculare ‘core’ effector candidates
defined based on in planta gene expression, we identified: four host-specific virulence effec-
tors (named effector proteins for cucurbit infection, or EPCs) that are required for full viru-
lence of C. orbiculare to cucurbit hosts, but not to the Solanaceae host N. benthamiana; and
five host-nonspecific virulence effectors, which collectively contribute to fungal virulence to
both hosts.

¢ During host infection, only a small subset of genes, including the host-specific EPC effector
genes, showed preferential expression on one of the hosts, while gene expression profiles of
the majority of other genes, including the five host-nonspecific effector genes, were common
to both hosts.

o This work suggests that C. orbiculare adopts a host-specific effector deployment strategy,
in addition to general host-blind virulence mechanisms, for adaptation to cucurbit hosts.

The genus Colletotrichum (Sordariomycetes, Ascomycota)
comprises > 190 species, which include pathogens that associate
with a wide range of plant species including monocots and dicots
of economic importance (O’Connell er al, 2012; Jayawar-
dena, 2016). Like many other Colletotrichum species, the cucum-
Colletotrichum
hemibiotrophic lifestyle, with an initial symptomless biotrophic

anthracnose fungus orbiculare has a
phase followed by a necrotrophic phase associated with symp-
toms; these phases are accompanied by waves of stage-specific
gene expression (Miinch er 4, 2008; O’Connell er 4/, 2012;
Damm et al., 2013; Gan et al., 2013). The pathogen develops
specialized infection structures called appressoria that mediate
the direct penetration of host epidermal cells, followed by the
development of bulbous biotrophic hyphae within living host
cells and then, at a later stage, thinner necrotrophic hyphae that
kill host tissues (Perfect et al., 1999; Gan et al, 2013; Kubo &
Takano, 2013; Irieda et al., 2014).

Phylogenetically, C. orbiculare is closely related to pathogens
of several other herbaceous hosts belonging to the Asteraceae,
Fabaceae, and Malvaceae (Damm ez al., 2013). They show dis-
tinct host specificity at the host family level (Liu et al., 2007) and
constitute the C. orbiculare species complex (or the orbiculare
clade; Cannon et al, 2012; Damm et al, 2013), which is
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characterized by an expanded genome size relative to other Colle-
totrichum fungi from different phylogenetic groups (de Queiroz
et al., 2017; Gan et al., 2019). In addition to cucurbit hosts such
as cucumber, melon, watermelon, and wax gourd (Shivas
et al., 2016; Matsuo er al., 2022), C. orbiculare is reported to
infect a distantly related Solanaceae species, Nicotiana benthami-
ana (Takano et al.,, 2006), making it a unique pathosystem in
which to study the molecular basis of infection strategies toward
distantly related hosts.

Like other Colletotrichum fungi, C. orbiculare is predicted to
encode hundreds of effector-like small secreted proteins, which
are delivered to a biotrophic interface located at appressorial
penetration pores and around the primary invasion hyphae (Klee-
mann et al., 2012; Gan et al., 2013; Irieda ez al., 2014). Among
this large repertoire of predicted effector candidates in
C. orbiculare, only a few have been characterized. NIS1 (necrosis-
inducing secreted protein 1) is an effector protein that is widely
conserved among fungal pathogens and suppresses plant immu-
nity by interacting with host BAK1 (brassinosteroid insensitive 1-
associated kinase 1) and BIK1 (Botrytis-induced kinase 1)
receptor-like kinases (Irieda e al, 2019), besides being recog-
nized by N. benthamiana and inducing cell death (Yoshino
et al, 2012). Despite its PTI (pattern-triggered immunity)-
suppressing  ability =~ when  transiently  expressed  in
N. benthamiana, the NIS1 knockout (KO) mutant of
C. orbiculare was not affected in virulence (Yoshino ez /., 2012),
indicating that NIS1 is dispensable for host infection by
C. orbiculare, possibly due to functional complementation by
other effector protein(s). The NISI-induced cell death in
N. benthamiana is suppressed by an effector, CoODN3 (Yoshino
et al., 2012), whose calmodulin-binding ability is necessary for its
function (Isozumi et al, 2019). To date, CoMC69, a conserved
small secreted protein of unknown function, is the only example
of C. orbiculare effector-like proteins required for successful host
infection (Saitoh er al, 2012). Although these effectors were
identified through in planta expression screening in a model sys-
tem (for NIS1) or by homology to known effector proteins from
other fungi (for CoDN3 and CoMCG9), systematic functional
screening of the effector candidates for their contribution to fun-
gal virulence has not been performed, limiting our understanding
of the genetic and molecular basis of successful infection of
cucurbits and Solanaceae hosts by this pathogen.

In this study, through in-depth in planta transcriptome analy-
sis of muldple C. orbiculare isolates, we identified 30
C. orbiculare ‘core’ effector candidates that are highly induced
and expressed during the early stages of cucumber host infec-
tion. Functional screening by targeted gene KO revealed four
unrelated secreted proteins of unknown function that are
required for full virulence to the Cucurbitaceae host, cucumber,
but not to the Solanaceae host, N. benthamiana. We designated
them as effector proteins for cucurbit infection (EPCs) 1-4.
The EPC KO mutants were attenuated in appressorium-
mediated epidermal cell invasion and biotrophic invasive hyphal
growth on cucumber, while no defect was detected for appres-
sorium development. Quadruple KO of the four EPCs resulted

in severe reduction or almost complete loss of virulence to
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cucurbit hosts but not to N. benthamiana, confirming the con-
tribution of EPCs to cucurbit host-specific virulence. Compara-
tive transcriptome analysis revealed higher expression of the
EPC genes on cucumber than on N. benthamiana, pardally
explaining the cucurbit host-specific requirement of EPCs for
fungal virulence. In addition, we identified five unrelated
secreted proteins whose simultaneous deletion resulted in viru-
lence reduction in both cucumber and N. benthamiana. These
five genes were highly expressed during infection on both
cucumber and N. benthamiana and represented the most highly
expressed secreted protein genes of C. orbiculare. Our findings
suggest that different sets of effector proteins are required and
employed for infection of distinct hosts by C. orbiculare via
transcriptional regulation, highlighting the host-specific infec-
tion strategy by this fungal plant pathogen through
transcription-based control of essential effector genes.

Materials and Methods

Fungal strains and transformation

Colletotrichum orbiculare Damm, P.F. Cannon & Crous isolates
used are listed in Supporting Information Table S1. For targeted
gene disruption, the A/ig4 strain of 104-T (Zhang ez al., 2021)
was used as the recipient. All fungal strains were maintained on
PDA plates at 24°C in the dark. Protoplasts of C. orbiculare were
prepared and transformed as described previously (Takano
et al., 2001). Hygromycin-resistant transformants were selected
on PDA plates containing hygromycin B (100 pgml™").
Bialaphos-resistant transformants were selected on plates (yeast
nitrogen base without amino acids (Difco; Becton, Dickinson &
Co., Sparks, MD, USA), 1.6gl™'; asparagine, 2.0gl™";
NH4NO;, 1.0gl™"; glucose, 10gl™'; pH to 6.0 with
Na,HPOy; agar 15 glfl) containing bialaphos (25 g ml ™).
Fungal transformants were confirmed by colony PCR with pri-
mers listed in Table S2. Details of the fungal transformants gen-
erated in this study are described in Table S3. Cre//oxP-mediated
selection marker removal was performed as described in Yamada
et al. (2023). Briefly, conidia formed on 3-d-old cultures on
PDA plates containing 2% xylose were spread on PDA plates
containing 0.1 pM FdU (2'-deoxy-5-fluorouridine) for negative
selection of the Cre//oxP cassette. Removal of the selection mar-
ker was confirmed by colony PCR and a sensitivity test on
antibiotic-containing plates.

RNA isolation and sequencing

The abaxial sides of 10-d-old cucumber (Cucumis sativus L.)
cotyledons were drop-inoculated with a conidial suspension
(1 x 10° conidiaml™") of C orbiculare. The inoculated plants
were incubated at 24°C and harvested at 24-, 48-, and/or 72-h
postinoculation (hpi). Abaxial epidermal strips were pecled,
immediately frozen in liquid nitrogen, and stored at —80°C.
Total RNA was extracted from the peeled strips using an Agilent
Plant RNA Isolation Mini Kit (Agilent Technologies, Santa
Clara, CA, USA). Three biological replicates were prepared for
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each time point. Stranded RNA-seq libraries were prepared using
a TruSeq Stranded mRNA LT Sample Prep Kit (Illumina, San
Diego, CA, USA) and subjected to single-end sequencing with
50 cycles on the HiSeq 2000/2500 platforms.

Gene prediction and functional annotation

Gene prediction and functional annotation were performed using
the FUNANNOTATE pipeline  (v.0.6.0;  https://github.com/
nextgenusfs/funannotate). The repeat elements in the published
C. orbiculare genome assembly (Gan er al., 2019) were masked
by REPEATMASKER (v.4.0.7; http://www.repeatmasker.org) using
a custom repeat library constructed using REPEATMODELER
(v.1.0.8; http://www.repeatmasker.org). RNA-seq reads of 104-T
from different tissues/conditions (Table S4) were assembled by
the genome-guided module in TRNITY (v.2.5.1; Grabherr
et al., 2011), and the predicted transcripts were then aligned to
the softmasked genome to construct Pasa (v.2.1.0; Haas
et al., 2003) gene models. In addition, gene models were con-
structed by the ab initio gene predictors AUGUSTUS (v.3.3; Stanke
et al., 2006) and GENEMARK-ET (v.4.48; Lomsadze et al., 2014)
with the BrakERI (v.1.10) pipeline (Hoff ez 4/, 2016). EVIDENCE-
MODELER (v.0.1.3; Haas ez al., 2008) then combined all 2é initio
gene model predictions, Pasa gene models, and protein evidence
from the UNIPROTKB/Swiss-PROT database to generate a final set
of protein-coding genes. The predicted genes were functionally
annotated based on BLASTP (v.2.9.0+; Altschul er al, 1997) or
HMMER (v.3.1b2; Eddy, 2011) searches of their protein sequences
against the MErors (Rawlings er al, 2018), Pram (Mistry
et al., 2021), bBCAN (Yin et al.,, 2012), EGGNOG (Huerta-Cepas
et al., 2016), and INTERPRO (Blum ez 2/, 2021) databases. Trans-
membrane and secreted proteins were annotated using PHOBIUS
(v.1.0.1; Kall ez al, 2004) and SIGNALP (v.4.1; Nielsen, 2017).
Default FUNANNOTATE parameters were used for all software
unless otherwise specified.

Transcriptome profiling

RNA-seq reads from different tissues/conditions (Table S4) were
mapped to the published C. orbiculare genome assembly (Gan
et al., 2019) using Hisat2 (Kim ez al, 2019). Read counts were
obtained using RSUBREAD (v.1.24.2; Liao er al., 2019), and tran-
scripts per million (TPM) values (Li & Dewey, 2011) were calcu-
lated. Differential expression analysis was performed in EDGER
(v.3.28.1; Robinson et al, 2010) with the glmTreat function
after TMM normalization (McCarthy & Smyth, 2009; Robinson
& Oshlack, 2010; McCarthy ez al., 2012). Hierarchical clustering
was performed with Ward’s method and the Euclidean distance
of the Z-scored TPM values and was represented as a heatmap
using CoMPLEXHEATMAP (v.2.2.0; Gu et al, 2016) in RsTuDIO
(v.1.2.5001).

Plasmid construction

To generate single-gene KO mutants, KO vectors were con-
structed by assembling ¢. 2-kb upstream and c¢. 2-kb downstream
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fragments of the target gene, a hygromycin or bialaphos resis-
tance gene cassette, and a vector backbone generated by digestion
of pCB1636 (Sweigard ez al., 1997) with Xhol and HindIIl via
In-Fusion cloning (TaKaRa Bio, Otsu, Japan). To generate mul-
tigene KO mutants, KO vectors were constructed by assembling
a fragment generated by PCR fusion of ¢ 2-kb upstream and
¢. 2-kb downstream fragments of the target gene and a Cre/loxP
cassette containing the hygromycin or bialaphos resistance gene
and a vector backbone generated by digestion of pCB1636 with
Xhol and Hindlll via In-Fusion cloning. To construct CRISPR/
Cas9 expression vectors targeting effector candidates, sense and
antisense oligonucleotides were annealed and ligated with
pChPtef026 (Yamada ez al, 2023) digested with Bsal. To con-
struct complementation vectors, a genomic fragment containing
c. 2-kb upstream, coding, and ¢. 1-kb downstream sequences, a
Cre/ loxP cassette containing the hygromycin resistance gene, and
a vector backbone generated by digestion of pCB1636 with Xhol
and HindIll were assembled via In-Fusion cloning. Genomic
fragments were PCR-amplified from genomic DNA of
C. orbiculare 104-T with primers listed in Table S2. The hygro-
mycin resistance gene PCR-amplified from
pCB1636 with primers Hyg F and Hyg R. The bialaphos resis-
tance gene cassette was PCR-amplified from pCB1636BAR with
primers Bar_F and Bar_R. The Cre//oxP cassette containing the
hygromycin or bialaphos resistance gene was PCR-amplified
from pCB1636 pks1 clox HPT-TK vector or pCB1636 pks1 clox
Bar-TK vector (Yamada ez al., 2023), respectively, with primers
clox_F and clox_R. Details of plasmid construction are described

in Table S5.

cassette  was

Virulence assays

Conidial suspensions (5 X 10° conidia ml™") collected from 7-d-
old PDA cultures were used for drop inoculation of detached
cotyledons from 10-d-old plants (cucumber cv Suyo or melon
(Cucumis melo 1.) cv Lennon) or leaves from 5 to 6-wk-old
N. benthamiana Domin plants. For assessment of virulence phe-
notype, the lesions developed were scored after incubation for 7 d
at 24°C. To allow paired comparisons to be made on the same
leaf, we inoculated one half of the leaf with the parental strain
(104-TAlig4) and the other half with a mutant strain of interest.
For each leaf, the area of the lesion formed was measured for each
of the strains using IMAGE] (https://imagej.nih.gov/ij/). Only
necrotic lesions, and not the yellowing areas, were measured. For
virulence assays on cucumber and melon, lesion area data from a
total of nine leaves from three independent experiments (three
leaves per experiment) were obtained. Lesion areas in the recipi-
ent strain and the mutant were measured and tested for a signifi-
cant difference in mean lesion area by paired #test. For virulence
assays on N. benthamiana, lesion area data from a total of three
leaves from three independent experiments (one leaf per experi-
ment) were obtained. Lesion areas from a total of 24 to 30 inocu-
lated spots were measured per strain and normalized by
subtracting the mean lesion area of the parental strain. The statis-
tical significance of the difference in the mean lesion area was
tested by Welch’s #test.
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Microscopic observation

Conidial suspensions (5 x 10° conidia ml™") were spotted onto
the abaxial sides of cotyledons of cucumber cv Suyo. The inocu-
lated plants were incubated at 24°C for 24, 48, 72, and 96 h.
The epidermal layers of cotyledons were then peeled away and
mounted in water under coverslips. Appressorium formation was
assessed at 24 hpi by scoring at least 100 conidia per replication.
Appressorium-mediated host penetration and invasive hyphal
growth were assessed at 72 and 96 hpi by scoring at least 150
appressorium-forming conidia per replication. The observed
invasive hyphae (IH) were classified into three categories based
on the length and degree of expansion within the host epidermal
cells: Class I, IH shorter than 10 pm; Class II, IH longer than
10 pum and restricted to within the first-invaded cell; Class ITI, TH
longer than 10 pum and extending to more than a single cell. Data
from a total of nine replicates from three independent experi-
ments (three replicates per experiment) were obtained.

Results

Expression profiling reveals in planta-induced ‘core’
secreted protein genes of C. orbiculare

To identify virulence effectors of C. orbiculare that are involved
in establishing biotrophic interaction with its host, we first under-
took gene expression profiling of C. orbiculare during the early
biotrophic stages of cucumber infection. Based on cytological
observation of the infection process of C. orbiculare strain 104-T
on cucumber, we obtained in planta RNA-seq data at 24-, 48-,
and 72-hpi of cucumber, which correspond to the (pre)penetra-
tion (24 hpi), early biotrophy (48 hpi), and established biotrophy
(72 hpi) stages, respectively (Fig. S1; Table S4). To ensure that
no in planta-expressed genes were missed, we then re-annotated
the 104-T reference genome (Gan er al, 2019) using the in
planta RNA-seq dataset from infected cucumber tissues obtained
in this study and an RNA-seq dataset obtained from vegetative
hyphae (VH), conidia (Con), and infected N. benthamiana tis-
sues at 24, 72, and 168 hpi (Gan ez al, 2019). As a result, we
obtained 13 287 protein-coding genes (Dataset S1) and used this
set for subsequent transcriptome analysis.

To identify effector candidates showing biotrophy-associated
expression, we looked for differentially expressed genes (DEGs)
between the i vitro (VH and Con) and in planta (24, 48, and
72 hpi of cucumber) conditions with three replicates using EDGER
(glmTreat test for |log,FC|>1; FDR<0.01; Fig. S2a,b). We
found 177 putative secreted protein (containing an N-terminal
signal peptide) genes that were both upregulated more than
eightfold in any #n planta conditions compared with the two
in vitro conditions and highly expressed (TPM > 100 at the high-
est expression condition), representing iz planta-induced highly
expressed effector candidates (Fig. S2¢). Hierarchical clustering
of these candidates based on Z-scored TPM values revealed six
major clusters (Fig. 1a). Cluster 2 genes showed specific induc-
tion at 72 hpi and were highly enriched with carbohydrate-active
enzyme (CAZyme) genes, while members of cluster 3 with

© 2023 The Authors
New Phytologist © 2023 New Phytologist Foundation

Research 158

specific induction at 24 hpi rarely had functional annotation
(Fig. 1¢), one of the characteristics of fungal plant pathogen effec-
tors (Kanja & Hammond-Kosack, 2020). Based on these obser-
vations, we decided to prioritize the effector candidates with high
expression at 24 hpi for functional characterization.

To further refine the list of effector candidates, we additionally
obtained RNA-seq data for another four C. orbiculare wild isolates at
24 hpi of cucumber (Tables S1, S4). We reasoned that if an effector
gene is important and necessary for virulence of C. orbiculare to
cucumber, it should be maintained and expressed in different isolates
of the species. By selecting genes that are commonly highly expressed
(TPM > 100) across five C. orbiculare isolates, we obtained a list of
30 effector candidates that constitute the i planta-induced ‘core’
secreted protein genes of C. orbiculare (Figs 1, 2a; Table S6).

Four unrelated secreted proteins are specifically required
for full virulence to a cucurbit host, cucumber but not to a
Solanaceae host, N. benthamiana

To assess the contribution of the effector candidates to fungal
virulence, we generated targeted gene KO mutants of individual
candidates. To facilitate the targeted gene KO through homolo-
gous recombination, we deployed a Ligase4 KO mutant of 104-T
(Alig4) (Zhang et al., 2021) as a recipient strain that is reduced in
the ability of nonhomologous end joining, with the aid of a tar-
geted double-strand break induced by the Cas9 nuclease (Yamada
et al., 2023). As a result, we successfully generated KO mutants
for 27 of the 30 effector candidates (Fig. 2; Table S6).

To quantify the virulence effect of these KO mutants, we
inoculated cucumber cotyledons with KO mutants and measured
the lesion size formed by infection. To allow paired comparisons
to be made on the same leaf, we inoculated one half of the cotyle-
don with the parental strain (A/ig4 mutant) and the other half
with a KO mutant (Fig. S3). Initially, we arbitrarily picked one
KO mutant from each of the effector candidates and measured
the virulence effect (Fig. 2b); we observed a significant (paired
ttest; £<0.05) reduction of lesion size in the KO mutant for
four effector candidates, namely g 04238, g 04157, g 10510,
and g 11868 (Fig. 2b). The virulence reduction was consistent in
two independent KO mutants, and the KO mutant phenotypes
were complemented by the introduction of genomic fragments
containing the respective genes (Fig. 2c,d), indicating that the
four genes are virulence factors of C. orbiculare and required for
full virulence to cucumber.

In addition to cucurbit hosts, C. orbiculare isolate 104-T is
reported to infect the Solanaceac species N. benthamiana
(Takano et al., 2006). Since the interaction between C. orbiculare
and N. benthamiana is not yet well characterized, we first checked
whether C.  orbiculare isolates are generally virulent to
N. benthamiana. All the tested C. orbiculare isolates (n = 5) were
virulent on N. benthamiana (Fig. S4), demonstrating that the
infection of V. benthamiana by C. orbiculare is not specific to the
isolate 104-T. Next, we monitored and compared the disease
development by C. orbiculare on cucurbit hosts, cucumber and
melon, and N. benthamiana. The timing of lesion formation and
development on N. benthamiana was similar to that on cucurbit
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Fig. 1 Transcription profiles of 177 in planta-induced and highly expressed
effector candidates in Colletotrichum orbiculare isolate 104-T. (a) Heat-
map showing the expression patterns (Z-score of expression values) and
(b) expression levels (tags per million, TPM) of the effector candidates in
different conditions. (c) Gene function and category annotations. For the
left four columns, genes with functional annotation in the respective cate-
gory are indicated by red (proteases), blue (CAZymes), green (PFAM
domains), and purple (InterPro domains) colored tiles. The rightmost col-
umn shows 30 effector candidates that represent the in planta-induced
‘core’ secreted protein genes of C. orbiculare and were subjected to tar-
geted gene KO experiments. Four EPCs, the Top5 highest expression
genes, and the other effector candidates are indicated in blue, red, and
black, respectively. VH, vegetative hyphae; Con, conidia; Cs24h, Cs48h,
Cs72h, 24, 48, 72 h after inoculation of cucumber, respectively.
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hosts (Fig. S5). Third, we performed microscopic observations of
the infection process of C. orbiculare on N. benthamiana. This
revealed that C. orbiculare develops bulbous invasion hyphae
(characteristic of biotrophic hyphae) from appressoria formed on
N. benthamiana with a similar timing as on cucumber (Figs S1,
S6). These data indicate that C. orbiculare has the ability to infect
N. benthamiana in a similar way as it infects cucurbit hosts.

To see whether the four genes identified above are also required
for full virulence to a host species from a different family, we
inoculated N. benthamiana with the effector KO mutants and
measured the virulence effect. In contrast to the results on cucum-
ber, no significant virulence reduction was detected for any of the
four effector candidates on N. benthamiana (Fig. 2e,f), suggesting
that the four effector candidates are required for full virulence on
the Cucurbitaceae host cucumber but not on the Solanaceae host
N. benthamiana. We therefore named these candidates effector
proteins for cucurbit infection (EPCs) 1-4.

The four EPCs’ sequences were unrelated (Figs S7-S10) and
had no Pram or INTERPROSCAN hits (Fig. 1). EPCI (g_04238),
encoding a secreted protein of 195 amino acids (aa), showed pat-
chy distribution among fungal plant pathogens, with homologs
in C. orbiculare and its closely related Colletotrichum species
belonging to the C. orbiculare species complex (COSC; Damm
et al., 2013), some forma speciales of Fusarium oxysporum, and
distantly related Dothideomycetes fungi, Pyrenophora spp.
(Fig. S7). EPCI homologs appear to have expanded specifically
in the lineage of COSC, with three copies in C. orbiculare and
two to four copies in other COSC species (Fig. S7b). Among the
three homologs in C. orbiculare, only EPCI showed active tran-
scription, and the other two homologs were barely expressed in
any of the conditions tested (Fig. S7c). Despite the diversification
of protein sequences among the EPCI homologs, six cysteine
residues were highly conserved (Fig. S7d). EPC2 (g_10510),
encoding a secreted protein of 330 aa, was detected in several Co/-
letotrichum species, but not outside this genus, suggesting that it
is a Colletotrichum-specific protein (Fig. S8). EPC2 homologs in
the COSC lineage were distinguished from those of other Co/lezo-
trichum species by indels in the middle part of the protein
(Fig. S8b). EPC4 (g_04157), encoding a secreted glycine-rich
(47.5%) protein of 514 aa, was specifically present in Colletotri-
chum species belonging to the COSC, implying that EPC4 is a
lineage-specific protein unique to the COSC (Fig. S9).

EPC3 (g_11868) encodes a secreted protein of 223 aa and
shows homology to F. oxysporum SIX6 effector proteins
(Fig. S10). Like £PC1, multiple copies of EPC3 homologs were
present in COSC, comprising three distinct clades (Fig. S10b).
Among the three copies present in C. orbiculare, EPC3 and
g 04482 showed similar expression patterns (Fig. S10c) and were
included in our candidate effector list (Table S6), while the other
homolog (g_09475) was barely expressed in any of the conditions
tested (Fig. S10c). Despite g 04482 being highly expressed in
planta, its KO did not result in virulence reduction (Fig. 2b).
Furthermore, double KO mutants of EPC3 and g 04482 did not
show any virulence reduction compared with the EPC3 single-
gene KO mutant (Fig. S10d,¢), indicating functional diversifica-
tion among the members of the expanded effector family.
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EPCs contribute additively to host invasion, in planta
biotrophic growth, and virulence to cucurbits

Single-gene KO of each EPC gene resulted in a reduction, but not
a complete loss, of virulence to cucumber (Fig. 2¢,d). We then
asked what would happen if we knocked out multiple EPC genes
simultaneously. To check the collective contribution of four EPCs
on fungal virulence, we generated multigene KO mutants of EPC
genes using the self-excision Cre//oxP system that we recently
established for C. orbiculare (Yamada er al., 2023; Fig. S11). Dou-
ble KO mutants of EPCI and EPC2 (AEPCI AEPC2) showed a
greater reduction of virulence (Fig. 3a,b) compared with the
respective single KO mutants (Fig. 2¢,d), suggesting an additive
contribution of the two EPCs to cucumber infection. Further
virulence reduction was observed for triple (AEPCI AEPC2
AEPC3) and quadruple (AEPCI AEPC2 AEPC3 AEPC4) KO
mutants (Fig. 3a—d). The observed reduction in lesion formation
was correlated with a reduction of fungal biomass, and thus a
reduced level of plant colonization (Fig. S12). In addition to
cucumber, virulence reduction of the EPC KO mutants was
observed in melon, another cucurbit host of C. orbiculare
(Fig. 3c,d). Surprisingly, despite the severe or almost complete
loss of virulence to the two cucurbit hosts (Fig. 3a,c), we observed
no reduction of virulence to N. benthamiana even in the quadru-
ple KO mutant (Fig. 3e,f). Again, this strongly suggests that EPCs
are host-specific virulence factors of C. orbiculare that are required
specifically for cucurbit host infection.

To understand which stages of infection are affected in EPC
KO mutants, we examined the infection-related behavior of EPC
single and multiple KO mutants following inoculation of cucum-
ber cotyledons. Although the KO mutants showed normal
appressorium formation (Fig. S13) and retained their ability to
penetrate inert cellophane membranes (Fig. S14), the frequency
of appressorium-mediated host invasion (invasion ratio) was
lower in KO mutants compared with the parental strain, except
for the AEPC4 strain, which showed an invasion ratio similar to
the parental strain at 3-d postinoculation (dpi; Fig. 4a). Consis-
tent with the additive effect on fungal virulence, the invasion
ratio at 4 dpi was lower in multigene KO mutants than in the
respective single-gene KO mutants (Fig. 4a). However, even in
the quadruple KO mutant, host invasion was not completely
abolished and occurred in 15-20% of the appressoria (Fig. 4a),
suggesting that other effectors contribute to the host invasion
stage.

Next, to estimate the effect of EPC KO on biotrophic growth
of invasive hyphae (IH), for each observed IH we scored the
length and degree of expansion within host epidermal cells and
classified them into three categories (classes I-11I; Fig. 4c). In the
EPCI, EPC2, and EPC3 single-gene KO mutants, the ratio of
short TH (class 1) slightly increased, and long and extending IH
(class III) decreased (Fig. 4c). The EPC4 KO mutant was unique
in that the ratio of longer TH classes (II and III) was dramatically
reduced and ¢. 85% of the TH remained short (class I) even at
4dpi (Fig. 4b). In EPC double (AEPCI AEPC2) and triple
(AEPCI AEPC2 AEPC3) KO mutants, the ratio of longer IH
classes (I and III) gradually decreased, and in the quadruple KO

© 2023 The Authors
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(AEPCI AEPC2 AEPC3 AEPC4) mutant, we rarely observed
longer TH (Fig. 4b) even at 4 dpi. These results suggest that EPCs
additively contribute to both host invasion and subsequent intra-
cellular biotrophic growth with different magnitudes of effect.

Gene expression patterns of EPCs correlate with their
different contributions to virulence in cucurbits and
N. benthamiana

We next asked why EPCs were specifically required for full viru-
lence to cucurbit hosts but not to N. benthamiana. As an initial
step to address this question, we compared the gene expression
levels of the four EPCs using RNA-seq data from 24 hpi of
cucumber and N. benthamiana (Table S4; Gan et al., 2019).
Although EPCs were among the top 100 highest expression genes
on cucumber, they were not as highly expressed or ranked on
N. benthamiana (Fig. 5a). In particular, the gene expression levels
of EPCI and EPC3 were over 20-fold lower on N. benthamiana
than on cucumber. To validate the cucumber-specific induction
of EPC genes observed in the RNA-seq data at 24 hpi, we per-
formed RT-qPCR analysis at 16, 24, and 32 hpi of cucumber,
melon, and N. benthamiana. This revealed a highly specific
induction of three of the EPC genes (EPCI, EPC3, and EPC4)
on cucurbit hosts across three time points, and less so for EPC2
(Fig. 5b), confirming the observation from the RNA-seq data. In
contrast to the £PC genes, the overall transcriptome profiles were
similar between the two host species and only a small number of
DEGs (241 genes; ¢. 1.8% of the whole gene sets) were detected
(Fig. S15; Tables S7, S8). These DEGs with preferential expres-
sion on one of the host species were enriched for putative secreted
protein genes compared with whole gene sets (Fisher’s exact test;
P=6.5e-07). In addition, 10 of the 30 C. orbiculare core effector
candidates defined in this study were included in the cucumber-
specific DEG set (Table S7), suggesting that C. orbiculare
employs host-specific transcriptional control of effector-like genes

such as EPCI and EPC3.

Most highly expressed ‘host-blind" secreted protein genes
contribute to virulence in both cucumber and
N. benthamiana

Based on the observation that the EPCI genes showed a host
(cucurbit)-specific virulence effect with host-preferential gene
expression, we hypothesized that effector candidates with ‘host-
blind’ gene expression may include virulence factors for infection
of both cucurbits and N. benthamiana. To test this hypothesis, we
picked five effector candidate genes (hereafter, the “Top5’ genes),
which represented the most highly expressed secreted protein
genes both on cucumber and on N. benthamiana (Figs 1, 5;
Table S6). Since we did not observe virulence reduction in single-
gene KO mutants of the Top5 genes (Fig. 2b), we decided to gen-
erate multigene KO mutants to evaluate the potential virulence
contribution of the Top5 genes (Fig. S16). Although virulence
reduction was not observed in double (Ag_13573 Ag_01222), tri-
ple (Ag_13573 Ag 01222 Ag 01264), and quadruple (Ag_13573
Ag 01222 Ag 01264 Ag 09665 KO mutants, we observed a
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significant reduction of virulence in the quintuple (Ag 13573
Ag 01222 Ag 01264 Ag 09665 Ag_04549) KO mutant, where
all the Top5 genes were deleted (Fig. 6). Reintroduction of
£ 04549 into the quintuple KO mutant complemented the viru-
lence phenotype on cucumber (Fig. S17). Consistent with the
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host-blind transcript abundance on both hosts, and in contrast to

EPC KO mutants, virulence reduction was observed in both

cucumber and N. benthamiana (Fig. 6), suggesting that the Top5
genes encode virulence factors, probably with functional redun-

dancy or relatively small individual contributions to virulence, that
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Fig. 2 Targeted gene KO of in planta-induced core secreted protein genes of Colletotrichum orbiculare. (a) Heatmap showing the gene expression levels
(log10TPM values) of 30 effector candidates in five C. orbiculare isolates at 24-h postinoculation (hpi) of cucumber. Genes (on x-axis) are arranged in des-
cending order based on the mean TPM values from five isolates. Names of the top 5 highest expression (Top5) genes are in red. (b) Plot showing the viru-
lence effect (paired difference of lesion size) for KO mutants of the effector candidates in (a). For each mutant, data from nine biological replicates (nine
cucumber cotyledons) from three independent experiments (three replicates from each experiment) were obtained and are represented as dots. Black hori-
zontal bars indicate paired mean difference of lesion size between an effector KO mutant (mut) and its parent strain (104-TAlig4, P), and the associated
error bars indicate the 95% confidence interval of the paired mean difference. Names of genes whose KO mutant showed a statistically significant

(P <0.05; paired t-test, n = 9) reduction of lesion size are in blue in (a). (c) Lesion formation by EPC KO mutants and their complementing strains on cucum-
ber cotyledons. The left half of each leaf was inoculated with the parental strain for KO and the right half with test strains. Representative pictures were
taken at 7-d postinoculation (dpi). (d) Plots showing the paired difference of lesion size for KO mutants and complementing strains compared with the par-
ental strain. Data for KO mutant strains AEPCT#1, AEPC2#1, AEPC3#1, and AEPC4#2 are the same as plotted in (b). Statistical significance in the differ-
ence of the means was tested with the paired t-test. (e) Lesion formation by EPC KO mutants on Nicotiana benthamiana leaves. The left half of each leaf
was inoculated with the parental strain for KO and the right half with KO mutant strains. Representative pictures were taken at 7 dpi. (f) Plots showing the
lesion size of the parental strain and KO mutants from paired infection assays as in (e). For each leaf, lesion size data were normalized by mean lesion size
of the parental strain. Lesion size data from 8 to 10 drop inoculation sites were collected for each fungal genotype per leaf. Data from 24 to 30 drop inocu-
lation sites from three independent experiments (8—10 drop inoculation sites from one leaf per experiment) were collected. Thick horizontal bars in black
indicate the mean. Center lines show the medians; box limits indicate the 25" and 75 percentiles; whiskers extend to 1.5 times the interquartile range
from the 25" and 75 percentiles. Statistical significance in the difference of the means was tested with Welch's t-test. **, P<0.01; ***, P<0.001; ns, not

significant (P> 0.05).

are necessary for general fungal virulence. The reduced virulence
was attributed to the reduced level of host invasion (Fig. S18) and
was not due to a reduced level of invasive hyphal growth
(Fig. S18) or to developmental defects (Figs S19, S20).

Among the Top5 genes, only g 04549 had Pram/INTERPRO
hits  (PF11327/IPR021476:  egh16-like
Fig. S21); it is a homolog of the appressorium-specific protein
GAS1 of the rice blast fungus (Xue ez al., 2002). This protein is
widely conserved among ascomycete and basidiomycete fungi
(Valette et al., 2021) and is required for host penetration in plant
and insect pathogens (Huang ez 2/, 2019). The other four of the
Top5 genes encoded proteins of unknown function (Table S6),
which are distributed in COSC (g_09965 and g 13573;
Figs §22, §23), in Sordariomycetes plant pathogens (g_01264;

virulence  factor;

Fig. S24), or among diverse plant pathogenic ascomycete fungi
(g_01222; Fig. S25). The observation that g 04549 KO in the
quadruple KO background, but not in the parental strain,
resulted in reduced fungal virulence suggests functional redun-
dancy among, or additive effects of different virulence functions
by, a highly conserved fungal virulence factor (g_04549) and
other previously uncharacterized protein(s) encoded by the Top5
genes, revealing novel fungal virulence factor(s) that were not
identified without the multigene KO approach.

Discussion

In this study, we report KO-based functional screening of 27 can-
didate effector genes of C. orbiculare. These genes encode pre-
dicted secreted proteins that are conserved among five
independent isolates of C. orbiculare (Fig. 2a) and showed in
planta-specific expression at levels that are highest during the
early stages of infection (Fig. 1). We have identified four pre-
sumptive secreted proteins (EPC1-4) of C. orbiculare that are
specifically required for infection of Cucurbitaceae hosts but not
of the Solanaceae host N. benthamiana. Single-gene KO for the
four EPC genes resulted in reduced lesion formation on cucum-
ber but not on N. benthamiana (Fig. 2¢c,d). Consistent with the
specific gene expression during host invasion and early biotrophic

© 2023 The Authors
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stages of infection (Figs 1, S1), the £PC KO mutants showed
reductions in successful host invasion and biotrophic growth
inside the host cells of cucumber cotyledons, while the formation
of the infection structure for host invasion (the appressorium)
was unaffected (Figs 4, S13, S14). Multigene KO of all four
EPCGs resulted in the severe reduction or almost complete loss of
lesion formation on cucumber and melon, but no detectable viru-
lence defect on N. benthamiana (Fig. 3). Taking these observa-
tions together, we regard the EPC proteins identified here as
‘host-specific’ virulence effectors of C. orbiculare for cucurbit
infection; that is, our findings provide direct evidence that viru-
lence effectors contribute to the host species specificity of fungal
pathogens. Consistent with this, recent studies in phytopatho-
genic F. oxysporum reveal, through horizontal chromosome trans-
fer experiments, that conditionally dispensable chromosomes
harboring several SZX effector genes are responsible for differences
in host range (Li ez al., 2020; Ayukawa et al., 2021).

EPCs encode unrelated secreted proteins of unknown function
that differ considerably in size: EPC1, 195 aa; EPC2, 330 aa;
EPC3, 223 aa; and EPC4, 514 aa. All four EPC proteins have
homologs in other members of the C. orbiculare species complex
(COSC) that have different host specificities (Figs S7-S10). This
raises the possibility that EPCs confer virulence against not only
cucurbits but also other plants. Sequence similarity searches
revealed that three EPCs (EPC1, EPC2, and EPC4) are novel
fungal virulence proteins with no resemblance to previously
reported virulence factors (Table S6), while EPC3 is an ortholog
of SIX6 effector proteins of the soil-borne fungal plant pathogen
F. oxysporum. In cucurbit-infecting pathotypes such as
F. oxysporum f. sp. radicis-cucumerinum and f. sp. niveum, the
SIX6 gene is reportedly involved in virulence on cucurbit hosts
(Niu ez al., 2016; van Dam ez al., 2017), suggesting that SIX6 is
an important virulence factor of fungal plant pathogens for
cucurbit infection, irrespective of the infection strategy employed
(root infection vs aboveground infection). In addition, SIX6 in
F. oxysporum f. sp. lycopersici is required for full virulence to
tomato (Gawehns ez al., 2014), suggesting a virulence function
for SIX6 on both Cucurbitaceae and Solanaceae hosts.
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Fig. 3 Multigene KO mutants of EPCs are severely affected in virulence to cucumber but not to Nicotiana benthamiana. (a, c) Lesion formation by EPC
multigene KO mutants on cucumber (a) and melon (c) cotyledons. The left half of the leaf was inoculated with the parental strain for KO (104-TAlig4, P)
and the right half with test strains. Representative pictures taken at 7-d postinoculation (dpi) are shown. (b, d) Plots showing the virulence effect (paired dif-
ference of lesion size) for KO mutants compared with 104-TAlig4 (P) on cucumber (b) and melon (d). For each mutant, data from nine biological replicates
(nine cucumber cotyledons) from three independent experiments (three replicates from each experiment) were obtained and represented as dots. Thick hor-
izontal bars in black indicate paired mean difference of lesion size between respective KO mutant (mut) and 104-TAlig4 (P). Error bars indicate the 95%
confidence interval of the paired mean difference. On each plant species, statistical significance in the difference of the mean among the genotypes was
tested with Welch's t-test with Holm's multiple correction. (e) Lesion formation by EPC multigene KO mutants on N. benthamiana leaves. The left half of
the leaf was inoculated with the parental strain for KO (104-TAlig4, P) and the right half with KO mutant strains. Representative pictures taken at 7 dpi are
shown. (f) Boxplots showing the lesion size of 104-TAlig4 (P) and KO mutants from paired infection assay as in (e). For each leaf, lesion size data were nor-
malized by mean lesion size of the parental strain. Lesion size data from 8 to 10 drop inoculation sites were collected for each fungal genotype per leaf. Data
from 24 to 30 drop inoculation sites from three independent experiments (8-10 drop inoculation sites from one leaf per experiment) were collected. Center
lines show the medians; box limits indicate the 25% and 75" percentiles; whiskers extend to 1.5 times the interquartile range from the 25" and 75" percen-
tiles. Statistical significance in the difference of the mean was tested with Welch's t-test. *, P <0.05; **, P<0.01; ns, not significant (P> 0.05).

Nevertheless, EPC3, a SIX6 ortholog in C. orbiculare, contribu-  (Fig. 5); therefore, C. orbiculare appears to depend on and deploy
ted specifically to cucurbit host infection but not to  EPC3 only during the infection of cucurbit hosts.

N. benthamiana infection (Fig. 2). The apparent discrepancy In addition to host-specific virulence factors (the EPC genes),
may be explained by cucumber host-specific expression of EPC3  our work revealed a set of secreted protein genes (the Top5 genes)
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Fig.4 EPC KO mutants are compromised in host penetration and invasive hyphal growth. (a) Boxplot showing the appressoria-mediated invasion (host
penetration) ratio of 104-TAlig4 (P) and EPC KO mutants. Invasion ratio data were obtained at 3- and 4-d postinoculation (dpi) of cucumber cotyledons.
For each mutant, data from nine biological replicates (nine cucumber cotyledons) from three independent experiments (three replicates from each experi-
ment) were obtained. For each replicate, at least 150 appressoria were scored. Thick horizontal bars in black indicate the mean. Center lines show the med-
ians; box limits indicate the 25 and 75'" percentiles; whiskers extend to 1.5 times the interquartile range from the 25" and 75™ percentiles. For each time
point, different letters within the plot indicate significant difference (P < 0.05; Tukey HSD test) among the genotypes. (b) Boxplot showing the proportion
of invasive hyphae (IH) at different stages of in planta growth. Observed IH were classified into three categories based on the length and degree of expan-
sion within the host epidermal cells as shown in (c). Data were taken at 3 and 4 dpi of cucumber cotyledons. Thick horizontal bars in black indicate the
mean. Center lines show the medians; box limits indicate the 25" and 75™ percentiles; whiskers extend to 1.5 times the interquartile range from the 25%
and 75" percentiles. For each time point, different letters within the plot indicate significant difference (P < 0.05; Tukey HSD test) among the genotypes.
(c) Micrographs showing different stages (class I-11) of invasive growth. Black and white arrowheads indicate appressoria and IH, respectively. Bars, 10 um.
Class I, IH shorter than 10 pm; class II, IH longer than 10 um and contained within the cell on which penetration occurred; class I, IH longer than 10 um

and extending to more than a single cell.

that collectively contributed to fungal virulence in a host-
nonspecific manner (Fig. 6). The Top5 genes were all highly
expressed on both hosts, in contrast to EPC genes showing host-
specific expression patterns (Fig. 6). A contribution of the Top5
genes to virulence was apparent only when all five genes were
deleted by multigene KO (Fig. 6); the single-gene KOs yielded
no virulence phenotype (Fig. 2b). This indicates either that the
Top5 genes are functionally redundant or that each makes too
small a contribution to virulence to be detected in our assay con-
dition — or both. Given that candidate effectors often give no
virulence phenotype upon single-gene KO (Fig. 2b; Saitoh
et al, 2012; Lanver er al, 2017), the multigene KO strategy
applied here should be a useful tool to reveal sets of functionally
redundant or weak virulence effectors, which can then be sub-
jected to detailed functional characterization. Testing the

© 2023 The Authors
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combination of the Ag 04549 mutation and single or multiple
KO mutations of the other Top5 genes (g 13573, g 01222,
g 01264, and g 09665) will allow us to identify the combination
of the KO mutations sufficient to give the reduced virulence phe-
notype.

The host-blind effector, g 04549, has homology to Magna-
porthe oryzae GAS1 and had roles in successful host invasion
(Fig. S18). Consistent with our observations, Xue er a/. (2002)
showed M. oryzae GASI deletion mutants were likewise deficient
in host penetration. However, despite containing a signal peptide,
GFP tagging analysis showed the GAS1-GFP protein was clearly
present in the cytoplasm of appressoria (Xue ez al., 2002). More-
over, GASI homologs were highly expressed in Colletotrichum hig-
ginsianum appressoria formed in vitro (Kleemann er al, 2008),
suggesting that they are developmentally regulated during
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Fig.5 Gene expression profiles of EPCs and the Top5 genes on different host plants. (a) Plot of gene expression values of 5000 genes ranked by gene
expression level in RNA-seq data of Colletotrichum orbiculare 104-T at 24-h postinoculation (hpi) of cucumber cotyledons (upper panel) and Nicotiana
benthamiana leaves (lower panel). Genes are arranged in descending order on the x-axes. For each gene, expression level in tags per million (TPM) value
calculated from the RNA-seq data is plotted on the y-axes. The Top5 genes are indicated by red circles, and the four EPC genes by blue triangles. Genes in
bold are significantly downregulated (FDR <0.01 in glmTreat test for [log,FC|> 1) on N. benthamiana compared with on cucumber. (b) Time-course quan-
tification of EPC gene expression on cucurbit hosts and N. benthamiana by RT-qPCR. Inoculated leaves were sampled at 16, 24, and 32 hpi of cucumber,
melon, and N. benthamiana and subjected to RT-qPCR with primers for internal control (C. orbiculare Actin1 gene; 5'-CTCGTTATCGACAATGGTTC-3’
and 5’-GAGTCCTTCTGACCCATACC-3') and target genes (Supporting Information Table S2). Gene expression levels relative to the internal control are
shown. Mean values from six replicates from two independent experiments (three replicates per experiment per condition) are shown as bars. Error bars

indicate the 95% confidence interval of the mean.

appressorium morphogenesis and not plant-induced. GAS1
homologs may not be classical secreted effector proteins for host
manipulation, but rather play roles in appressorium function,
although a recent report has suggested that MoMas3 of M. oryzae,
a homolog of GAS1, is an apoplastic effector (Gong ez al., 2022).
Comparative transcriptome analysis of C. orbiculare during
cucumber and N. benthamiana infection revealed that the overall
transcriptional profile is similar in both hosts and that only a small
fracdon (1.8%) of genes are differentially expressed (Fig. S15).
Those DEGs with preferential expression on one of the hosts were
significantly enriched in effector candidates, including the host-
specific virulence effectors EPCI and EPC3 (Fig. 5). Although we
did not detect enrichment of specific functional categories in
DEGs with preferential expression on cucumber (Table S7), those
with preferential expression on N. benthamiana were enriched (11/
96, P = 5.4e-03) with carbohydrate-active enzymes (CAZymes;
Table S8). Similar host-specific gene expression patterns have been
reported in some rust fungi that infect two distantly related alter-
nate hosts during their lifecycle (Duplessis ¢z al, 2021). For exam-
ple, comparative transcriptome analysis of the heteroecious rust
fungus Melampsora larici-populina revealed the preferential expres-
sion of a small subset of secreted proteins in one of the hosts, while
the majority of genes maintained similar expression (Lorrain
et al., 2018). Fungal plant pathogens may therefore have strategies
that deploy host-specific effectors to establish basic compatibility

New Phytologist (2023) 238: 1578-1592
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with specific host families, in addition to conserved general viru-
lence factors that are deployed in a host-blind manner.

Our work revealed that C. orbiculare isolates are generally viru-
lent to N. benthamiana (Fig. S4a) and infect the Solanaceae spe-
cies in a similar way as they do on Cucurbitaceae hosts (Figs S1,
S5, S6). In addition, an isolate of Colletotrichum trifolii, another
member of the COSC, showed a similar virulence phenotype on
N. benthamiana (Fig. S4b). Shen et al. (2001) reported that a
Malva isolate (Colletotrichum tebeestii identified by Damm
et al., 2013), belonging to the COSC, infects multiple species of
the genus Nicotiana, including N. benthamiana. These observa-
tions suggest that multiple members of the COSC can infect
Nicotiana species, at least under laboratory conditions. Although
members of the genus Nicotiana have not been described pre-
viously as natural hosts for the COSC, N. benthamiana may have
coexisted with C. orbiculare in Australia, where N. benthamiana
is originated from and C. orbiculare has also been isolated from
(Shivas et al., 2016), and had some interactions in nature.

The present study has uncovered the contributions of host-
specific and host-nonspecific virulence effectors to cucurbit host
infection by C. orbiculare. Colletotrichum orbiculare deploys and
depends on general virulence effectors (the Top5 genes) for infec-
tion of distantly related hosts of Cucurbitaceae and Solanaceae. In
addition to these, four host-specific effectors (EPCs) are required
specifically for cucurbit infection. Thus, two classes of effectors,
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Fig. 6 Multigene KO of the Top5 genes. (a) Lesion formation of the multigene KO mutants on cucumber cotyledons. The left half of the leaf was
inoculated with the parental strain for KO (104-TAlig4, P) and the right half with test strains. Representative pictures taken at 7-d postinoculation (dpi) are
shown. (b) Plot showing the virulence effect (paired difference of lesion size) for KO mutants compared with 104-TAlig4 (P). For each mutant, data from
nine biological replicates (nine cucumber cotyledons) from three independent experiments (three replicates from each experiment) were obtained and
represented as dots. Thick horizontal bars in black indicate paired mean difference of lesion size between respective effector KO mutant (mut) and 104-
TAlig4 (P). Error bars indicate the 95% confidence interval of the paired mean difference. Statistical significance in the difference of the mean was tested
with the paired t-test. (c) Lesion formation of the multigene KO mutants on Nicotiana benthamiana leaves. The left half of the leaf was inoculated with the
parental strain for KO (104-TAlig4, P) and the right half with KO mutant strains. Representative pictures taken at 7 dpi are shown. (d) Boxplots showing
the lesion size of 104-TAlig4 (P) and KO mutants from paired infection assay as in (c). For each leaf, lesion size data were normalized by mean lesion size of
the parental strain. Lesion size data from 8 to 10 drop inoculation sites were collected for each fungal genotype per leaf. Data from 24 to 30 drop inocula-
tion sites from three independent experiments (8-10 drop inoculation sites from one leaf per experiment) were collected. Thick horizontal bars in black indi-
cate the mean. Center lines show the medians; box limits indicate the 25" and 75" percentiles; whiskers extend to 1.5 times the interquartile range from
the 25" and 75" percentiles. Statistical significance in the difference of the mean was tested with Welch's t-test. *, P<0.05; ns, not significant (P> 0.05).

general and host-specific effectors, are involved in host-specific infec-
tion by C. orbiculare, raising the concept that host species specificity
(or basic compatibility for host species) of fungal pathogens depends
on host-specific effector deployment that builds on the foundation
of general host-blind virulence mechanisms. Although other factors
may underlie the successful infection of different hosts, there was a
trend that effectors specifically required for infection of cucurbits are
preferentially expressed on cucurbit hosts, and those that are
required on both hosts have similar expression patterns. How
C. orbiculare on cucumber specifically expresses a small subset of
genes, including EPC genes, to establish successful infection remains
unclear. Genetic dissection of the host-specific transcriptional con-
trol mechanism as well as functional analyses of the EPC effectors
will allow us to deepen our understanding of how phytopathogenic
fungi have evolved to adapt to their particular host species.
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Fig. S3 Schematic representation of the experimental design for
quantification of virulence effect on cucumber.
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