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The fungal genus Plectosphaerella comprises species and strains
with different lifestyles on plants, such as P. cucumerina, which has
served as model for the characterization of Arabidopsis thaliana
basal and nonhost resistance to necrotrophic fungi. We have se-
quenced, annotated, and compared the genomes and tran-
scriptomes of three Plectosphaerella strains with different
lifestyles on A. thaliana, namely, PcBMM, a natural pathogen of
wild-type plants (Col-0), Pc2127, a nonpathogenic strain on Col-0
but pathogenic on the immunocompromised cyp79B2 cyp79B3
mutant, and P0831, which was isolated from a natural population
of A. thaliana and is shown here to be nonpathogenic and to grow
epiphytically on Col-0 and cyp79B2 cyp79B3 plants. The genomes
of these Plectosphaerella strains are very similar and do not dif-
fer in the number of genes with pathogenesis-related functions,
with the exception of secreted carbohydrate-active enzymes
(CAZymes), which are up to five times more abundant in the
pathogenic strain PcBMM. Analysis of the fungal transcriptomes
in inoculated Col-0 and cyp79B2 cyp79B3 plants at initial coloni-
zation stages confirm the key role of secreted CAZymes in the
necrotrophic interaction, since PcBMM expresses more genes
encoding secreted CAZymes than Pc2127 and P0831. We also
show that P0831 epiphytic growth on A. thaliana involves the
transcription of specific repertoires of fungal genes, which might
be necessary for epiphytic growth adaptation. Overall, these
results suggest that in-planta expression of specific sets of fungal
genes at early stages of colonization determine the diverse life-
styles and pathogenicity of Plectosphaerella strains.

Keywords: Arabidopsis, CAZyme, epiphytic fungus, genome,
immunity, pathogenicity, necrotroph, Plectosphaerella

Plants are continuously encountering a diverse array of
microorganisms that differ in their ability to infect and cause
disease (Brader et al. 2017; Newton et al. 2010; Zeilinger et al.
2016). Microbial pathogens have genetic repertoires required
for the colonization of plant tissues and molecular tools to
overcome plant immune responses (Rai and Agarkar 2016).
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Nonpathogenic microorganisms may be able to survive on host
surfaces, growing epiphytically and establishing specific types
of interactions with their hosts (Leveau 2015; Lindow and
Brandl 2003; Vorholt 2012; Whipps et al. 2008). Little is known
about the genetic mechanisms underlying the epiphytic inter-
actions of fungi with plants and their differences with patho-
genic fungi, and similarly, our knowledge about the function of
plant immunity in these epiphytic interactions is scarce (Rastogi
et al. 2013; Vorholt 2012; Yao et al. 2019). However, fungal epi-
phytes represent a considerable fraction of the phyllosphere
microbiome that can greatly affect plant fitness, either positively
or negatively (Hongsanan et al. 2016; Vorholt 2012; Whipps et al.
2008). For example, it has been shown that fungal epiphytes can
protect plants against foliar pathogens, either as microbial antag-
onists (Zhou et al. 2017) or by priming plant resistance (Buxdorf
et al. 2013). On the other hand, epiphytic growth could be an
important phase in the interaction with the plant prior to infection
or could be used as a survival mechanism in the absence of
a suitable host (Vorholt 2012). Comparing pathogenic and non-
pathogenic plant-fungus interactions is an excellent strategy to
find molecular determinants of pathogenicity and virulence, as
shown by several recent studies (Baetsen-Young et al. 2020;
Hacquard et al. 2016; Plett and Martin 2018; Zeilinger et al. 2016).
Since the nature of nonpathogenic interactions is diverse, addi-
tional comparative studies are needed in other fungus-plant
interactions to better understand the genetic bases of non-
pathogenic lifestyles of fungi.

Fungal plant pathogens are classified as biotrophs, hemi-
biotrophs, and necrotrophs, each having different modes of in-
teraction with their host plants (Horbach et al. 2011). Biotrophic
pathogens are usually obligate parasites that do not kill host cells
and establish sophisticated interactions with the host that include
the secretion of effectors that manipulate the plant metabolism,
suppress the immune responses, and promote the trophic in-
teraction (Spanu and Panstruga 2017). Necrotrophic pathogens
rapidly cause substantial tissue damage, killing host cells by
a combination of mechanisms involving, among others, the ex-
pression of cell wall-degrading enzymes (CWDE:s) that hydrolyze
plant cell-wall polymers, the production of reactive oxygen spe-
cies (ROS) and the secretion of toxins (Wang et al. 2014). These
activities lead to cell wall and membrane disruption in the host
cells and to the release of nutrients, which favor extensive colo-
nization of a plant host by the fungus and tissue decomposition
(Zeilinger et al. 2016). Despite being less-studied than biotrophic
interactions, increasing evidence shows that the molecular mech-
anisms of plant and necrotrophic fungi interactions are complex
and involve fungal effectors (Wang et al. 2014).

The Ascomycete genus Plectosphaerella includes several spe-
cies commonly found in the rhizosphere and strains isolated from
very different hosts, mainly plants, but also from insects, crusta-
ceans, or nematodes (Giraldo and Crous 2019; Yu and Coosemans
1998). Pathogenic Plectosphaerella spp. have been widely
reported to cause fruit, root, and collar rot on several crops, be-
coming an emergent pathogen in recent decades (Carlucci et al.
2012; Dillard et al. 2005; Jimenez and Zitter 2005; Su et al. 2017;
Usami and Katagiri 2017; Vitale et al. 2007). However, Plectos-
phaerella species can also exhibit other lifestyles in plants, as
endophytes colonizing plant tissues without causing visible
symptoms (D’ Amico et al. 2008; Gotz et al. 2006) or as epiphytes
showing antagonistic effects against bacterial pathogens (Zhou
et al. 2017). Plectosphaerella strains have also been found in
natural populations of Arabidopsis thaliana, either in pathogenic
associations (Duran et al. 2018; Ton and Mauch-Mani 2004) or as
endophytes in asymptomatic plants (Garcia et al. 2013; Junker
et al. 2012; Thiergart et al. 2020).

The interaction between Arabidopsis and the species P.
cucumerina is a well-established pathosystem for the study of
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plant basal and nonhost resistance to necrotrophic fungi
(Ramos et al. 2013; Sanchez-Vallet et al. 2010). The analysis of
this pathosystem has contributed to the identification of novel
components of plant defense mechanisms. For example, it has
been found that the biosynthesis of tryptophan (Trp)-derived
metabolites (depleted in cyp79B2 cyp79B3, pen2, cyp81f2, and
cyp71A12 mutants) and their targeted delivery at pathogen
contact sites (impaired in pen3 mutant) are required for Ara-
bidopsis basal resistance to both pathogenic (e.g., PcBMM)
and nonpathogenic strains (e.g., Pc2127) of P. cucumerina
(Bednarek et al. 2009; Hernandez-Blanco et al. 2007; Lipka et al.
2005; Pastorczyk et al. 2020; Sanchez-Vallet et al. 2010; Stein
et al. 2006). Additional signaling pathways are also involved in
Arabidopsis resistance to the pathogenic strain PcBMM, like
those mediated by the defense hormones salicylic acid (SA),
jasmonate (JA), ethylene (ET), abscisic acid (ABA), and cy-
tokinin, by heterotrimeric G protein and ERECTA receptor
like kinase, or by signaling mechanisms triggered upon alteration
of plant cell-wall integrity (Bacete et al. 2020; Berrocal-Lobo
et al. 2002; Delgado-Cerezo et al. 2012; Hernandez-Blanco et al.
2007; Llorente et al. 2005, 2008; Sanchez-Vallet et al. 2012).
Also, immune responses triggered by microbe-associated mo-
lecular patterns (MAMPs) are required for Arabidopsis resis-
tance to P. cucumerina. The cell walls of spores and mycelium
of PcBMM contain several glycans, like chitin and 1,3-
B-glucans, that are perceived as MAMPs by plant pattern
recognition receptors (PRRs) like CERKI, triggering transcrip-
tional regulation of immune-related genes (Bacete et al. 2018;
Meélida et al. 2018). Accordingly, Arabidopsis cerkl mutant
is immunocompromised and shows enhanced susceptibility to
P. cucumerina and to other fungi and oomycetes (Mélida et al.
2018; Wan et al. 2008).

To characterize the genetic determinants of the interactions
between Plectosphaerella spp. and Arabidopsis, we have se-
quenced, annotated, and compared the genomes and tran-
scriptomes of three fungal strains with different lifestyles
(PcBMM, Pc2127, and P0831). PcBMM was isolated from
Arabidopsis and is an adapted necrotrophic pathogen in all
Arabidopsis genotypes tested, whereas the nonadapted Pc2127,
isolated from a different host, is unable to colonize Arabidopsis
wild-type plants (Col-0) but is pathogenic on immunocom-
promised double mutant cyp79B2 cyp79B3 plants (Bednarek et al.
2009; Sanchez-Vallet et al. 2010). Notably, we show here that
strain PO831, isolated from a leaf of an asymptomatic Arabidopsis
plant from a natural population in central Spain (Garcia et al.
2013), is nonpathogenic on Col-0 and cyp79B2 cyp79B3 plants
but is able to grow epiphytically on leaves of these genotypes.
Here, we describe the whole sequencing and characterization of
the genomes of these strains, showing that they have minor dif-
ferences in the number of genes encoding pathogenesis-related
functions. Our data point to secreted carbohydrate-active enzymes
(CAZymes) as one of the main pathogenicity determinants of
strain PCBMM. Our analyses also show that there are significant
differences in the number and predicted function of fungal genes
expressed in the interaction of the epiphytic PO831 strain with
Arabidopsis plants compared with those established by the
adapted and nonadapted strains.

RESULTS

Plectosphaerella strains display different lifestyles
in Arabidopsis leaves.

We collected asymptomatic Arabidopsis plants from natural
populations in central Spain and, by PCR, detected the genus
Plectosphaerella in up to 50 and 27% of their leaves and roots,
respectively (Supplementary Fig. S1). Plectosphaerella P0831
strain was isolated from the leaf of one of these asymptomatic



plants (Garcia et al. 2013). The growth and pathogenicity pat-
terns of strain PO831 on Arabidopsis Col-0 leaves were ana-
lyzed and compared with those of the well-characterized
PcBMM and Pc2127 strains, which are pathogenic and non-
pathogenic in Col-0 plants, respectively (Sanchez-Vallet et al.
2010; Ramos et al. 2013). P0831, like Pc2127, did not produce
any disease symptoms on Col-0 plants, whereas PcBMM
caused necrotic spots on leaves that spread and reached the
vascular system, as previously described (Fig. 1A) (Ramos
et al. 2013). By using fungal transformants of the three strains
constitutively expressing the green fluorescence protein (GFP)
(PcBMM-GFP and Pc2127-GFP [Ramos et al. 2013] and
P0831-GFP [generated in this work]), we found that PO831-
GFP spores germinated and formed a dense mycelium on Col-0
leaf surfaces that could be observed at 4 days postinoculation
(dpi), whereas Pc2127 spores germinated on Col-0 leaf surfaces
but did not form mycelia, as previously reported (Fig. 1B)
(Ramos et al. 2013). Of note, besides the epiphytic growth of
P0831-GFP, hyphae of PO831-GFP were observed in the in-
tercellular space at the mesophyll at 4 dpi (Supplementary Fig.
S2). Thus, we concluded that PO831 is not pathogenic on Col-0
leaves, being able to grow epiphytically and, occasionally,
endophytically on this accession. Since the pathogenic PcBMM
strain was also isolated from Arabidopsis plants and several
Plectosphaerella sp. strains have recently been identified in the
characterization of Arabidopsis fungal microbiomes (Duran
et al. 2018; Garcia et al. 2013; Junker et al. 2012; Thiergart
et al. 2020; Ton and Mauch-Mani 2004), we can conclude that
the genus Plectosphaerella can display different lifestyles on
natural populations of Arabidopsis.

We next tested the interaction of PO831 with the Arabidopsis
immunocompromised double mutant cyp79B2 cyp79B3 that is
depleted of all Trp-derived secondary metabolites required for
basal resistance (Bednarek et al. 2009; Sanchez-Vallet et al.
2010). Notably, we found that PO831 also grew epiphytically, in
this double mutant, without causing disease symptoms (Fig. 1A
and B). This contrasted with the previously described lifestyle of
the nonpathogenic strain Pc2127 that, like PcBMM, colonized and
caused disease symptoms in cyp79B2 cyp79B3 plants, as de-
termined by quantitative PCR (qPCR) of the fungal -tubulin gene
(Fig. 1A and C) (Sanchez-Vallet et al. 2010). The slight growth of
P0O831 in cyp79B2 cyp79B3 was further corroborated at different
days postinoculation by trypan blue (TB) staining of inoculated
leaves, which revealed that cyp79B2 cyp79B3 leaves showed a very
faint and localized TB staining, suggesting that necrosis was lim-
ited to a few plant cells. This contrasted with the intense TB stain,
indicative of plant cell death, caused by Pc2127 and PcBMM
strains (Supplementary Fig. S3). We also analyzed plant defense
responses by determining the production of plant ROS upon fungal
inoculation through diaminobenzidine (DAB) staining. We found
a weak DAB stain in cyp79B2 cyp79B3 leaves inoculated with
Pc2127 and P0O831, whereas no DAB staining was observed in
Col-0 plants inoculated with PO831 (Supplementary Fig. S3). On
the other hand, strong DAB stains were observed in Col-0 and
cyp79B2 cyp79B3 plants inoculated with PcBMM, which were
indicative of an intense immune response triggered by the pro-
gression of fungal growth on leaves (Supplementary Fig. S3).

We next determined whether Arabidopsis plants were able to
perceive the three Plectosphaerella strains and to activate im-
mune responses such as the transcriptional upregulation of the
RbohD gene, which encodes NADPH oxidase RBHOD in-
volved in ROS production and that has been described to be
upregulated by pathogen infection (e.g., PcBMM) or MAMP
treatment (Mélida et al. 2018; Morales et al. 2016). Arabidopsis
pRbohD::LUC lines (in Col-0 background) expressing the lu-
ciferase (LUC) gene under the control of RBOHD promoter
(pRbohD) were inoculated with the fungal strains, and we

followed, in vivo, transcriptional regulation of RbohD by de-
termining LUC bioluminescence. We found that bio-
luminescence at 3 dpi in PO831-inoculated plants was higher
than in Pc2127-inoculated plants but lower than the bio-
luminescence observed in plants inoculated with PcBMM
(Supplementary Fig. S4). Notably, LUC bioluminescence of
P0831 in Col-0 was also stronger than that caused by the en-
dophytic fungus Colletotrichum tofieldiae 0861 (Ct0861),
which was also isolated from a natural Arabidopsis population
in central Spain but is unable to grow on the leaf surface
(Garcia et al. 2013; Hiruma et al. 2016). These results indicated
that Col-0 plants harbor immune mechanisms for the percep-
tion of the three Plectosphaerella strains (e.g., PRRs recog-
nizing fungal MAMPs) and the transcriptional upregulation of
genes associated with pathogen-associated molecular pattern—
triggered immunity (PTI).

To further characterize the relevance of Arabidopsis defense
mechanisms in shaping Plectosphaerella lifestyle, we tested the
colonization of an Arabidopsis ein2 pad4 sid2 dde2 quadruple
mutant, defective in all three major phytohormone-dependent
defense signaling pathways (ET, SA, and JA) and the effector
triggered immunity (ETI) key regulator PAD4 (Mine et al. 2018).
Fungal biomass, determined by qPCR of the B-tubulin fungal
gene, in the ein2 pad4 sid2 dde2 mutant inoculated with either
Pc2127 or PO831 was similar to that of Col-0 plants, which did not
support fungal infection, whereas PCBMM growth in the mutant
was higher than in Col-0 plants (Fig. 1C) (Berrocal-Lobo et al.
2002; Lipka et al. 2005; Sanchez-Vallet et al. 2010). Overall, these
results confirm the central role of SA, ET, JA, and PAD4-mediated
signaling pathways and Trp-derived metabolites in Arabidopsis
basal resistance to the pathogenic PCBMM strain and corroborate
that Trp-derived basal resistance is sufficient to limit the growth
of the nonadapted Pc2127 strain (Sanchez-Vallet et al. 2010).
Since impairing SA, ET, JA, and PAD4 signaling pathways or
Trp-derived basal resistance does not affect PO831 lifestyle and
colonization of Arabidopsis plants, different immune mecha-
nisms may be acting to limit the growth and potential virulence
of PO831 epiphytic strain.

Genomic features and phylogenetic relationships
of Plectosphaerella strains.

High-molecular-weight genomic DNA was extracted from
mycelia of the three Plectosphaerella strains grown in minimal
media. This DNA was used for Illumina single-end (SE), paired-
end (PE), and PacBio read-sequencing analyses, which produced
sequences covering each fungal genome that were used for de
novo genome assembly (Table 1). Plectosphaerella genomes
sizes were estimated to be between 37.7 (PcBMM) and 35.9
(Pc2127) Mb (Table 1), which are comparable with the genome
sizes of other ascomycete fungi reported (Supplementary Table
S1). Gene models were predicted, using the Maker v2.31.10
(Cantarel et al. 2008) pipeline, that identified 11,323 (PcBMM),
11,007 (Pc2127) and 10,821 (P0831) genes in the fungal strains
(Table 1). Next, we determined the gene space coverage, using
BUSCO v3 (Simao et al. 2015), which indicated that 97.5 to
97.7% of the core conserved genes of the Sordariomycetes da-
tabase were in the assembled genomes (Table 1).

We used a read mapping approach to compare Pc2127 and
P0831 with PcBMM, and we detected the presence of 179,658
single nucleotide polymorphisms (SNPs) (163,473 exclusive)
in Pc2127 and 812,707 SNPs (796,522 exclusive) in PO831. In
the case of Pc2127, 94% of the proteins had more than 90% of
the positions with reads in PcBMM and fewer than 0.2% of the
proteins had no reads, which may correspond to putative gene
deletions in Pc2127 with respect to PcBMM. P0831 had only
88% identity at the protein level with PcBMM, which con-
trasted with 98.6% identity found for Pc2127, suggesting that
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Fig. 1. Differential interactions of PcBMM, Pc2127, and PO831 with Arabidopsis wild-type plants (Col-0) and immune-deficient mutants. Three-week-old Col-
0 wild-type plants and ein2 pad4 sid2 dde2 and cyp79B2 cyp79B3 mutants were spray-inoculated with spore suspensions (4 x 10° spores per milliliter) of either
PcBMM, Pc2127, and P0831 strains or fungal transformants (PcBMM-GFP, Pc2127-GFP, and P0831-GFP) or with water (mock). A, Macroscopic disease
symptoms caused in the inoculated plants by PcBMM, Pc2127, and P0O831 strains at 7 days postinoculation (dpi). B, Confocal microscopy maximum
projections of PcBMM-GFP, Pc2127-GFP, and PO831-GFP spores and mycelium on leaves of wild-type plants (Col-0) and cyp79B2 cyp79B3 mutants at 4 dpi.
Scale bar = 50 um. C, Quantification of Plectosphaerella cucumerina B-tubulin DNA in inoculated plants at 3 dpi by quantitative PCR. Values are represented
as the average (+standard deviation) of the n-fold fungal DNA levels relative to plant ubiquitin (At-UBQ) gene. These experiments were repeated at least three
times with similar results.
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P0831 can be considered a different species than PcBMM,
while Pc2127 may represent a divergent strain of P. cucumer-
ina. Multilocus phylogenetic analysis of the TUB, EF1, and ITS
sequences grouped PcBMM and Pc2127 with other members of
P. cucumerina, whereas P0831 was located outside the clade
formed by P. cucumerina and P. plurivora, further confirming
that the PO831 isolate belongs to a different species (Supple-
mentary Fig. S5).

We used OrthoFinder (Emms and Kelly 2015) to cluster
protein-coding sequences into sets of homologous genes,
comparing Plectosphaerella genomes with those of 24 other
fungal species, and these data were used to reconstruct the
evolution of every single gene (Fig. 2A; Supplementary Table
S1). The phylogenomic analysis confirmed the taxonomic po-
sition of the genus Plectosphaerella within the family Plec-
tosphaerelaceae, together with the genus Verticillium, and its

proximity to other hemibiotrophic and endophytic species, such
as those of the genus Colletotrichum (order Glomerellales),
rather than to other necrotrophic fungi such as Botrytis spp. or
Sclerotinia spp. (Fig. 2A). The OrthoFinder tool clustered the
protein-coding sequences of the three Plectosphaerella isolates
in a core of 9,001 gene families that contained orthologs in the
three genomes (Fig. 2B), with an average number of 3.3 genes
per family (e.g., one ortholog per genome in most of the fam-
ilies). Only a few gene families were exclusive of PcBMM (3),
Pc2127 (3), and PO831 (2), accounting, respectively, for 27,
24, and 27 genes that encoded putative proteins of unknown
functions (Fig. 2B). Strain PO831 contained more genes without
family (487) assigned by OrthoFinder, followed by PcBMM
(412) and Pc2127 (176) (Table 1).

A phylome was reconstructed (stored in PhylomeDB
[Huerta-Cepas et al. 2014]) using the proteomes of the three

Table 1. Genome sequencing and assembly statistics of Plectosphaerella strains

Parameter PcBMM Pc2127 P0831
Illumina single-end coverage 26.3 27.6
Ilumina paired-end coverage 27.4 28.6 27.6
PacBio coverage 14.6
Assembly size 37.7 Mb 35.9 Mb 37.5 Mb
No. of contigs (>1 kb) 467 243 388
Largest contig 1.36 Mb 0.85 Mb 0.79 Mb
GC% 58.17 58.33 57.23
N50 length 338 kb 315 kb 191 kb
L50 36 41 56
N75 length 160 kb 158 kb 107 kb
L75 76 86 122
No. of ‘N’s in assembly per 100 kbp 1,054 113 1,910
No. of predicted gene models 11,323 11,007 10,821
Gene space coverage (BUSCO)* 94.0 to 97.7% 92.1 t0 97.7% 93.2t0 97.5%
No. of genes in orthogroups 10,911 10,831 10,333
No. of orthogroups 9,786 9,777 9,232
No. of unassigned genes” 411 (3.6%) 176 (1.6%) 488 (4.5%)
% The two numbers indicate fully present and partially present genes.
b Percentage of unassigned genes to orthogroups was calculated over total predicted genes.
A Mucor circinelloides
Pinformospora indica DSM 11827
T Aspergillus flavus
e 1080 Penicillium expansum ATCC 24692
096 " s Xylona heveae TC161
| Altemaria brassicicola
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B 066 e Neurospora crassa ORT4A
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PcBMM Pc2127 o6 Fusarium graminearum RR1
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Nectria haematococca
——  Verticilium dahliae v1.0
o047 o Verticilium alfalfae VaMs.102
069 Plectosphaerella cucumerina BMM
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—— Colletotrichum gloeosporioides GCA
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083
0.69 Colletotrichum higginsianum IMI 349063
06, Colletotrichum graminicola M1.001
e Colletotrichum incanum  Ci238704
Colletotrichum tofieldiae Ct0861

Fig. 2. Genomic relationships of PcBMM, Pc2127, and PO831 genomes with those of other fungi. A, Whole-genome phylogeny inferred by using the STAG
method (Emms and Kelly 2018) with Orthofinder algorithm (Emms and Kelly 2015) within each orthogroup of genes present in all 27 compared genomes. A
greedy consensus tree was achieved from all these individual estimates to get the final tree. B, Venn diagram distribution of the orthogroup genes generated by
comparison of the three Plectosphaerella strains using Orthofinder algorithm.
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Plectosphaerella strains and those of the 24 fungal species
listed in Supplementary Table S1. Analysis to identify acquired
genes in the genome of PcCBMM allowed us to identify 159
orphan genes in PcBMM, 23 gained genes in the first node
(shared by PcBMM and Pc2127), and 296 gained genes in the
second one (shared by the three strains). Losses were also ex-
plored, and we identified 533 genes lost by Pc2127, and 1,112
genes lost by PO831 (Supplementary Fig. S6). For all the ac-
quired genes, a BLASTp (Zhang et al. 2000) search against the
UniProt database was performed, finding 10 putative cases of
horizontal gene transfers corresponding to fungal genes that
had homology with bacterial proteins (Supplementary Table
S2). The percentage of identity between these pairs of homol-
ogous genes was very low (between 20 and 40%), suggesting
they are not due to a contamination. Moreover, to find whether
gained genes were enriched in any particular function, an en-
richment analysis with FatiGO (Al-Shahrour et al. 2004) was
performed for each of the referred nodes, but no enrichment
was found in any of those analyses.

Genes encoding putative secreted CAZYmes
are overrepresented among PcBMM pathogenicity
and virulence-related genes.

We looked for predicted functions (proteins) related to
pathogenesis in the three Plectosphaerella genomes by de-
termining CAZymes, secreted proteins (secretome), mem-
brane-associated transporters, and genes associated with
secondary metabolism (Table 2). The proportions of these
pathogenesis-related groups were practically identical among
the three genomes, indicating that the genomic structure linked
to known pathogenic mechanisms did not differ significantly
among the three Plectosphaerella strains. However, we found
within the secretome that the predicted secreted CAZymes were
up to five times more abundant in the pathogenic PcBMM strain
than in Pc2127 and P0831 (Table 2; Supplementary Table S3).
Around 75% of the predicted secreted CAZymes of PcBMM had
modules corresponding to CWDESs, such as carbohydrate esterases
(CE), glycoside hydrolases (GH), and polysaccharide lyases (PL),
that can potentially hydrolyze all the major plant cell-wall poly-
saccharides (e.g., pectin, hemicellulose, and cellulose [Supple-
mentary Table S3]). Remarkably, secreted carbohydrate-binding
modules (CBMs), which have functions related to adhesion to
carbohydrates, and secreted auxiliary enzymes with redox activi-
ties (AA) were also highly enriched in PcBMM in comparison
with Pc2127 and P0831. On the other hand, secreted glycosyl
transferases (GT), which participate in the formation of glycosidic
bonds, were similarly low-abundant in the three isolates (Sup-
plementary Table S3).

In addition to CAZymes, we identified candidate secreted ef-
fector proteins (CSEPs) and secreted proteases in the secretomes
of the three fungal strains (Table 2). CSEP was the most abundant

Table 2. Functional classification of pathogenesis related genes in the three
Plectosphaerella genomes studied

Number of predicted
genes

Annotated function PcBMM Pc2127 P0831

Carbohydrate-active enzymes (CAZymes) 782 782 768

Secretome 539 502 492
Secreted CAZymes 178 40 35
Candidate secreted effector proteins 253 221 217
Proteases 63 59 68

Secondary metabolism 87 79 82

Transport 1,032 1,015 1,114

Total number of predicted genes in each 11,323 11,007 10,821
genome
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secreted category in the three genomes, representing between 44
and 47% of the predicted genes in the secretome (Table 2). No
significant differences between the three isolates were found for
CSEPs or proteases. We identified 87, 79, and 82 genes related to
secondary metabolism pathways in the genomes of PcBMM,
Pc2127, and PO831, respectively (Table 2; Supplementary Fig.
S7). These pathways were represented by 15 core genes in each of
the three genomes, which is half the average number of core genes
found in other ascomycetes (Wang et al. 2015). PO831 contained
more genes encoding nonribosomal peptide synthase (NRPS)-like
genes and fewer genes encoding NRPSs and polyketide synthases
than PcBMM and Pc2127 (Supplementary Fig. S6), but most of
these genes had orthologous genes in the three genomes and only
one gene was exclusive for each genome. These results suggest
that the pathogenicity mechanisms of Plectosphaerella spp. in
Arabidopsis (e.g., P)CBMM strain) involve secreted CAZymes and
probably proteinaceous toxins rather than toxins derived from
secondary metabolites.

We also found 342, 264, and 387 genes, respectively, in
PcBMM, Pc2127, and P0831 without homology to genes in
other organisms. The proportion of these genes in the genome
was significantly larger in PO831 (P < 0.00001, Xz). In PcBMM,
one third of these genes (118) were isolate-exclusive, whereas
only 35 and 17 genes were isolate-exclusive in Pc2127 and
P0831, respectively.

Differential repertoires of fungal genes are expressed
during colonization of Col-0 and cyp79B2 cyp79B3 plants
by Plectosphaerella strains.

To identify Plectosphaerella genes determining the different
types of interactions with Arabidopsis (Fig. 1), we performed
genome-wide RNA-seq expression profiling. For that, we used
total RNA extracted from Col-0 and cyp79B2 cyp79B3 three-
week-old plants at 10 and 16 h postinoculation (hpi) with spores
4 x 10° spores per milliliter) of PcBMM, Pc2127, or PO831
strains or after water treatment (noninoculated). In parallel,
total RNA was also extracted from mycelia of the Plectos-
phaerella strains grown in vitro under minimal medium con-
ditions. RNA-seq of in-vitro samples generated 59,794,266,
4,809,246, and 7,343,450 mapped reads, which corresponded to
10,586, 10,282, and 10,272 expressed genes of the PcCBMM,
Pc2127, and P0O831 strains, respectively (Supplementary Table
S4). RNA-seq of in-planta samples generated from 36,324 to
189,858 fungal mapped reads (1 to 5% of the total sequenced
reads), which reflects the relatively low fungal RNA abundance
and the differences in growth ability of the strains in planta
(Supplementary Table S4). In Col-O inoculated plants, we
detected the expression of 7,687, 7,188 and 3,236 genes of
PcBMM, Pc2127, and P0O831, respectively, which means 73,
70, and 32% of the genes with detected expression (in vitro + in
planta RNA-seq analyses [Fig. 3A and B]). These results showed
dramatic differences for isolate PO831, which expressed in
planta less than half of the number of genes expressed by
PcBMM or Pc2127 (Fig. 3B).

We found specific clusters of genes from each fungal strain
that were either up-regulated at different timepoints (10 or 16
hpi) or in one of the plant genotypes (Col-0 or cyp7B2
cyp79B3) (Fig. 3A). The number of PcBMM and Pc2127 genes
expressed in cyp7B2 cyp79B3 plants increased at 16 hpi in
relation to 10 hpi, whereas it decreased in Col-0 inoculated with
Pc2127, as expected from the observed failure of this strain to
grow in Col-0 plants (Figs. 1 and 3B). In contrast, we observed
an increase in the number of fungal expressed genes in PO831
in Col-0 at 16 hpi in comparison with 10 hpi, further supporting
the idea that the nature of the interaction of PO831 with Col-0
plants differs from that of Pc2127 (Fig. 1B). Notably, about
50% of the PO831 upregulated genes were expressed exclusively



at 16 hpi (Supplementary Fig. S8A), while most of the upre-
gulated genes of PcBMM and Pc2127 were expressed at both
10 and 16 hpi. Similarly, most PcBMM and Pc2127 upregulated
genes were expressed in both Col-0 and cyp79B2 cyp79B3,
whereas only 50% of the in planta—expressed PO831 genes were
shared between both plant genotypes (Supplementary Fig.
S8B). These data indicate that gene expression in PO831 was
reprogrammed over time and depending on the immunity status
of the host. To confirm RNA-seq data, in-planta expression of
a representative subset of Plectosphaerella genes from some
clusters were validated by quantitative reverse transcription-
PCR (gqRT-PCR) in independent experiments at 10, 16, and 24
hpi (Fig. 3C).

We next analyzed the in planta expressed fungal genes
that could be related to pathogenicity, and we found that the
most represented category in the three strains was “membrane-
associated transporters,” followed by “secreted proteins,” and
“secondary metabolism pathways,” which was in accordance
with the relative abundance of these categories in the fungal
genomes (Supplementary Fig. SOA; Table 2). The percentage of in
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planta—expressed genes within each category was higher in
PcBMM and Pc2127 than in PO831 (28 to 36% of PcBMM values
[Supplementary Fig. S9A]), except for secondary metabolism
pathways genes, whose expression was reduced about 60% in
Pc2127 in comparison with PcBMM (Supplementary Fig. S9A).
Main differences among strains were found within the number of
genes of the secretome categories, particularly for the secreted
CAZymes expressed in planta, which were significantly higher in
PcBMM than in Pc2127 and PO831 (25 and 3% of PcBMM val-
ues, respectively) (Supplementary Fig. S9B). Among the top 10%
of genes with the highest level of expression in planta, those
encoding “secreted proteins,” particularly secreted CAZymes, and
“membrane associated transporters” were the most abundant in
PcBMM and Pc2127, while in PO831 the most represented category
of highest expressed genes was “membrane associated transporters,”
followed by “‘secreted proteins” (Supplementary Fig. S9C and D).
These data support the relevant role of the secreted CAZymes
in the pathogenicity of PcBMM and suggest that the survival
strategy of PO831 on the plant surface could be based on the ex-
pression of membrane-associated transporters and on a weakened
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Fig. 3. Differential expression of the transcriptomes of PcBMM, Pc2127, and PO831 in Arabidopsis inoculated plants. A, Heatmaps of gene expression showing
the fungal genes significantly upregulated (log,-fold change [FC] = 2, false discovery rate < 0.05) in Col-0 and cyp79B2 cyp79B3 inoculated plants at 10 and 16
h postinoculation (hpi) in relation to in-vitro growth. Overrepresented (white to dark red) and underrepresented transcripts (white to dark blue) are shown as
log,-FC relative to the expression of the genes in vitro. B, Number of in planta—expressed genes of PcBMM, Pc2127, and PO831 in the tested conditions (Col-
0 and cyp79B2 cyp79B3) and timepoints (10 and 16 hpi). C, Validation by quantitative reverse transcription-PCR of the expression of some selected genes of
PcBMM, Pc2127, and PO831 in Col-0 and cyp79B2 cyp79B3 plants at different timepoints (10 to 24 hpi). Values are the relative expression of selected genes to
fungal B-tubulin gene expression levels. Bars represent the average (+standard deviation) of two technical replicates.
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transcriptional activation of CAZyme genes. In general, minor dif-
ferences in the expression of genes of the most represented patho-
genicity categories were observed between Col-0 and cyp79b2
cyp79b3, with the exception of strain Pc2127, which expressed
more secretome-associated genes when it infected the mutant
(Supplementary Fig. S9B and C). This probably contributes to
the colonization of this mutant by Pc2127 and further supports
the relevance of these genes in fungal pathogenicity.

Arabidopsis transcriptional responses during colonization
by Plectosphaerella strains.

Differential expression of Arabidopsis genes in Col-0 and
cyp79B2 cyp79B3 plants upon inoculation (10 and 16 hpi) with
the three fungal strains was determined by comparing RNA-seq
data of these samples with those of noninoculated (mock)
plants (Supplementary Tables S5 and S6). The total number of
mapped RNA-seq reads and Arabidopsis-expressed genes
detected in Col-0 and cyp79B2 cyp79B3 plants inoculated with
each fungal strain was very similar, indicating that plant tran-
scriptional responses were comparable (Fig. 4; Supplementary
Table S5). We identified specific sets of differentially expressed
genes (DEGs) (false discovery rate [FDR] < 0.05; log,-fold
change [FC] > 1) that were either upregulated or downregulated
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Fig. 4. Differential expression of the transcriptomes of Col-0 and cyp79B2
cyp79B3 plants inoculated with Plectosphaerella strains. A, Heatmaps of
gene expression showing the plant genes significantly upregulated (log,-
fold change [FC] = 2, false discovery rate [FDR] < 0.05) in the Col-0 and
cyp79B2 cyp79B3 inoculated plants at 10 and 16 h postinoculation (hpi).
Overrepresented (white to dark red) and underrepresented transcripts (white
to dark blue) are shown as log,-fold changes relative to the gene expression
in mock-treated plants. B and C, Venn diagrams showing the number of
genes upregulated (log,-FC = 2, FDR < 0.05) in Col-0 (B) or cyp79B2
cyp79B3 (C) plants at 10 and 16 h postinoculation with PcBMM, Pc2127, or
P0831. The percentage of specific Arabidopsis genes upregulated by each
fungal strain in inoculated Col-0 and cyp79B2 cyp79B3 plants is indicated
between parentheses in the Venn diagram.
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in inoculated plants (Fig. 4A; Supplementary Table S6). Of
note, the number of DEGs in P0831-inoculated plants was
lower (from 35 to 48%) than in plants infected with PcBMM or
Pc2127 (Supplementary Table S6; Fig. 4B). The number of
DEGs also differed among plant genotypes, since it was larger
in cyp79B2 cyp79B3 than in Col-0 plants inoculated with any of
the three strains (increases of 15, 17, and 7% for PcBMM
Pc2127, and P0831, respectively) (Supplementary Table S6;
Fig. 4B). Moreover, the number of plant upregulated DEGs
increased over time in cyp79B2 cyp79B3 mutants inoculated
with any of the strains and in Col-0 plants inoculated with
PcBMM, whereas the number decreased in Col-0O plants in-
oculated with Pc2127 or P0831 (Supplementary Table S6;
Supplementary Fig. S10). The number of Arabidopsis down-
regulated DEGs also increased over time in plants inoculated
with PcBMM and Pc2127, especially in the cyp79B2 cyp79B3
mutant, whereas it remained stable in plants inoculated with
PO831 (Supplementary Table S6). Interestingly, profound
changes in the sets of DEGs (up- and downregulated) at 10 and
16 hpi were found, especially in plants inoculated with PO831,
in which only 15 and 10% of DEGs were shared between the
two timepoints tested in Col-0 and cyp79B2 cyp79B3 plants,
respectively (Fig. 4A; Supplementary Fig. S10).

‘We identified two cores of 1,301 and 1,516 DEGs in Col-0 and
cyp79B2 cyp79B3 plants, respectively, which were shared upon
inoculation with the three fungal strains (Fig. 4A, B, and C;
Supplementary Fig. S10). However, we also found specific clus-
ters of DEGs upon infection progression, depending on the plant
genotype and fungal strain, that represented from 29% of total
DEGs in Col-0 inoculated with PcBMM to 12% in cyp79B2
cyp79B3 infected with Pc2127 (Fig. 4A, B, and C; Supplementary
Fig. S10; Supplementary Table S6). The similarities between the
transcriptional responses of plants inoculated with PcBMM and
P0831 were lower (59% of shared DEGs) than those between
PcBMM and Pc2127 (over 74% of shared genes [Fig. 4B and C;
Supplementary Fig. S10]). Together, these data indicate that the
transcriptional responses of Arabidopsis genotypes upon in-
oculation with each fungal strain differ significantly and that
P0831 elicits in planta a weaker transcriptional response (lower
number of DEGs) than the other two strains.

The putative functions of Arabidopsis DEGs in inoculated
plants was analyzed by determining gene ontology (GO) term
enrichment. DEGs in the Col-0-PcBMM interaction were
enriched in 117 GO terms that were mainly related to
“defense,” “‘signaling,” and “response to stress” functions
(Supplementary Table S7; Supplementary Fig. S11A). A very
similar pattern was found for DEGs in Col-0-Pc2127 and
cyp79B2  cyp79B3-PcBMM or cyp79B2 cyp79B3-Pc2127
interactions, although with fewer GO terms enriched (about 70
in the three cases [Supplementary Table S7; Supplementary
Fig. S11A and B ]). Hence, a strong plant defense response is
observed in these interactions independently of the final fungal
outcome (e.g., disease progression or fungal growth inhibition).
In cyp79B2 cyp79B3 plants, a remarkable enrichment in GO
terms related to aging was also observed, which could reflect
the activation of molecular mechanisms related to cell death
associated to fungal-induced necrosis. A very different GO
enrichment pattern was observed among the upregulated DEGs
in the Col-0-PO831 interaction, with only eight GO terms,
mainly related to metabolic processes such as “biosynthesis of
secondary metabolites and toxins” that could be related to de-
fense functions (Supplementary Table S7; Supplementary Fig.
S11A). Similar GO term enrichment analyses were performed
with downregulated DEGs, but the number of significant GO
terms identified was very low, 14 and nine GO terms in the
cyp79B2 cyp79B3 interactions with PCBMM and Pc2127, re-
spectively, three GO termss in the Col-0-PcBMM interaction,



and two in either Col-0 or cyp79B2 cyp79B3 P0831-inoculated
plants (Supplementary Table S7).

The analyses of the number of DEGs and GO term enrichment
indicated that the response of Col-0 plants to PO831 was signifi-
cantly different from those to PcBMM and Pc2127 and, also,
suggest that genes related to canonical immune and disease re-
sistance response are either not induced or weakly expressed in
plants inoculated with PO831. To further validate this hypothesis,
we performed independent experiments in inoculated Col-0 and
cyp79B2 cyp79B3 plants to determine, by qRT-PCR, the expres-
sion of marker genes of different defense pathways (e.g., PRI
(SA), PDF1.2 (ET +JA), NCED3 (ABA), and PAD3, FRKI, and
CYPS8IF2, which are PTI-associated genes). As shown in Sup-
plementary Figure S12, the expression of the majority of these
genes matched RNA-seq data and was strongly upregulated (up to
1,000-fold) in Col-0 and cyp79B2 cyp79B3 plants upon in-
oculation with PcBMM and Pc2127. In contrast, these defense and
immunity marker genes were, in accordance with GO term en-
richment analyses (Supplementary Fig. S1A), either not induced
or were slightly up-regulated in PO831-inoculated plants (up to 10-
fold [Fig. S12]). These results further suggest that the immune
responses of plants inoculated with the epiphytic strain are weakly
induced or attenuated by the fungus.

DISCUSSION

Plant-fungus interactions are diverse and largely dependent
on the genetic determinants of fungus and host and on the
environmental conditions (Brader et al. 2017; Rai and Agarkar
2016; Zeilinger et al. 2016). Comparing closely related fungal
species with different abilities to cause disease in different
hosts can provide novel cues about the specific genetic deter-
minants of pathogenesis (Hacquard et al. 2016; Seidl et al.
2015; Wang et al. 2020; Xu et al. 2014). In this work, we have
compared the initial colonization steps of three strains of the
genus Plectosphaerella on wild-type and immunocompromised
Arabidopsis genotypes, and we have sequenced and annotated
the genomes and studied the transcriptional responses of these
fungi upon plant colonization. The comparative analysis of the
pathogenic PcBMM strain and the two nonpathogenic strains
P0831 and Pc2127 revealed that, beyond the expected re-
markable differences between pathogenic and nonpathogenic
interactions, nonpathogenic interactions are also highly distinct
between them (Malcom et al. 2013; Selosse et al. 2018).

Among nonpathogenic interactions, we can distinguish endo-
phytic and epiphytic fungal lifestyles (Arnold 2007; Hardoim et al.
2015; Yao et al. 2019). Fungal endophytes are a highly diverse
group that naturally colonize internal plant tissues without causing
disease symptoms for at least part of their life cycle (Hardoim et al.
2015) and have received considerable attention in recent years due
to their potential benefits to plants (Brader et al. 2017; Fesel and
Zuccharo 2016; Lugtenberg et al. 2016; Plett and Martin 2018).
Endophytes share infection mechanisms with plant pathogens
and can be potentially pathogenic in immunocompromised
plants, such as the cyp79B2 cyp79B3 mutant (Hiruma et al.
2016). In contrast, the number of epiphytic fungal interactions
characterized so far at the genomic and transcriptomic levels is
scarce (Takashima et al. 2019; Wang et al. 2017; Xu et al. 2016).
Fungal epiphytes are organisms growing on the leaf surface
(Hongsanan et al. 2016), including pathogens and endophytes that
can transiently colonize and be found on that habitat (Newton et al.
2010; Schulz and Boyle 2005). The leaf surface is a harsh envi-
ronment, subject to abrupt temperature and humidity changes,
scarcity of nutrients, and competitive forces in the diverse pop-
ulation of inhabiting microorganisms (Leveau 2015; Lindow and
Brandl 2003). Host defenses are acting at the leaf surface, shaping
the composition of epiphytic populations (Arnold 2007; Whipps

et al. 2008). Therefore, epiphytes must have adaptations that allow
their growth on the leaf surface and must interact with the host
(Vorholt 2012; Wang et al. 2017; Xu et al. 2016). Here, we have
sequenced, annotated, and characterized the transcriptomic re-
sponse of the epiphytic strain PO831 in its interaction with Ara-
bidopsis wild type (Col-0) and a cyp79B2 cyp79B3 mutant.
Notably, we have found that strain PO831 is able to colonize Col-0
wild-type plants and also the immune-defective dde2 ein2 pad4
sid2 and cyp79B2 cyp79B3 mutants, without causing disease (Fig.
1). This contrasts with the observed phenotypes of PcBMM, which
was more virulent in these immunocompromised mutants than
in Col-0 plants, and of Pc2127, which, as previously described,
was pathogenic on cyp79B2 cyp79B3 plants but not on Col-0
(Sanchez-Vallet et al. 2010). Thus, our data reveal a novel lifestyle
(epiphytic) of Plectosphaerella spp. on Arabidopsis plants that had
not been previously studied. Since P0831 was isolated from
a natural population of Arabidopsis (Garcia et al. 2013) and fungi
of genus Plectosphaerella are consistently associated with Ara-
bidopsis in nature (Thiergart et al. 2020), we can conclude that the
P0831-Arabidopsis interaction described here occurs in nature.
Several studies on the interaction of P. cucumerina with
Arabidopsis have largely contributed to a precise understanding
of plant basal immunity against fungal necrotrophs (Bednarek
et al. 2009; Hernandez-Blanco et al. 2007; Lipka et al. 2005;
Pastorczyk et al. 2020; Sanchez-Vallet et al. 2010; Stein et al.
2006). These studies found dramatic differences between
strains in their ability to overcome plant defenses and to cause
disease, but the genetic determinants of pathogenesis of these
fungi had not been characterized so far. The genomic and
transcriptomic analyses of the different strains of genus Plec-
tosphaerella described here place this genus very close to
Verticillium and Collectotrichum species and not phylogeneti-
cally related to other fungal genera like Botrytis or Sclerotinia
that contain strains with necrotrophic lifestyles in different
plant species, including Arabidopsis (Dickman and Mitra 1992;
Ge and Barbetti 2019; Windram et al. 2012). We have found
that the pathogenicity determinants in genus Plectosphaerella
include mainly CWDE (including secreted CAZYmes) and
proteinaceus toxins and effectors rather than secondary
metabolites (Table 1; Supplementary Fig. S9), which contrasts
with Botrytis or Sclerotinia species that used these metabolites
as pathogenicity determinants (Amselem et al. 2011). These
results suggest that the necrotrophic lifestyle of plant patho-
genic fungi has been evolutionarily achieved through different
genetic mechanisms. Our results also indicate that genetic
differences among strains are more related to their taxonomic
position than with their pathogenic ability, since we identified
very few exclusive genes in each Plectosphaerella genome.
We have found a remarkable relationship between the num-
ber of secreted CAZymes in the Plectosphaerella strains and
their pathogenicity on wild-type plants (Table 2; Supplemen-
tary Table S3; Supplementary Fig. S9), pointing to this group of
enzymes as one of the main determinants of pathogenicity in
Plectosphaerella spp. By contrast, the rest of the well-described
pathogenicity determinants seem to be very well-conserved in
the three fungal strains and similarly expressed in colonized
plants (Table 2). CAZymes, which comprise several classes of
proteins with different catalytic activities on carbohydrates
(Lombard et al. 2014), are often classified as CWDEs, since
they process or hydrolyze plant polysaccharides to either fa-
cilitate infection, gain access to nutrients, or both (Kameshwar
et al. 2019; Zhao et al. 2013). For example, pathogens of dicots
often contain more pectinases than fungi-infecting monocots,
as dicots contain more pectins in their cell walls than monocots
(Zhao et al. 2013). CAZymes have been previously identified as
important pathogenicity or virulence factors of necrotrophic
fungi (Chang et al. 2016; Douaiher et al. 2007; Kikot, et al.
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2009; Lyu et al. 2015). Biotrophic fungi tend to have fewer
CAZymes than necrotrophic and hemibiotrophic fungi, which
is consistent with their lifestyles (Lyu et al. 2015; Zhao et al.
2013). While nutrient acquisition of necrotrophic and hemi-
biotrophic fungi is based on killing the host cell at the last stage
of infection, biotrophic fungi absorb nutrients from living cells
(Laluk and Mengiste 2010; Oliver and Ipcho 2004). The
genomes of the three Plectosphaerella strains studied here
harbor similar numbers of CAZymes (Table 2), also in line with
those found in other necrotrophic and hemibiotrophic phyto-
pathogenic fungi of dicots (Gazis et al. 2016; Knapp et al. 2018;
Wang et al. 2020; Xu et al. 2014). However, the numbers of GT,
CE, GH, and PL CAZymes in Plectosphaerella genomes are
higher than in other phytopathogenic fungi, except for some
Colletotrichum and Fusarium species (Hacquard et al. 2016).
For example, CEs are up to three times more abundant in
Plectospaherella genomes than in other phytopathogenic fungi
(Table 2). CEs catalyze the de-O or de-N-acylation of esters or
amides and other substituted saccharides in which sugars play
the role of alcohol and amine (Biely 2012). Acetylation of
glycosyl residues of polysaccharides prevents hydrolysis of
their glycosidic linkages by the corresponding GH, protecting
plant cell walls against invading microorganisms. For instance,
Arabidopsis eskl or rwa/pmr mutants show alterations in
enzymes related to plant cell-wall polysaccharide acetylation
and differential disease resistance responses to pathogens, in-
cluding PcBMM (Escudero et al. 2017; Pawar et al. 2016; Yuan
et al. 2013). Conversely, acetyl groups became targets of mi-
crobial CE that evolved to overcome the complexity of the plant
cell walls and that cooperate with GH in plant polysaccharide
degradation. Of note, plants overexpressing fungal esterases
and acetylases show differential immune responses and dis-
ease-resistance phenotypes (Pawar et al. 2016).

In addition to the catalytic modules, around 7% of the
CAZymes of genus Plectosphaerella also contain CBMs, which
are the most common noncatalytic modules associated with
enzymes active in cell-wall hydrolysis (Lombard et al. 2014).
Among these CBMs are LysM-bearing proteins (CBMS50 family)
that have been described to function in scavenging chitin and
other B-glucan fungal oligomers that are perceived as MAMPs
by the plant immune system, thus preventing the recognition of
the fungus by plant PRRs (Bolton et al. 2008; de Jonge and
Thomma 2009). The number of CBM domains found in the three
Plectosphaerella strains were not different, but the number of
secreted proteins with these modules were seven and 18 times
higher in PcBMM than in Pc2127 and P0831, respectively
(Supplementary Table S3), probably explaining the ability of
PcBMM to overcome plant immune responses.

Fungal secretomes play crucial roles during plant colonization
by necrotrophic, hemibiotrophic, or biotrophic fungi and oomy-
cetes (Kamoun 2009; Kim et al. 2016; Lyu et al. 2015; Stergio-
poulos and de Wit 2009). The function of secreted proteins in
necrotrophic fungi with a broad host range is poorly understood
(Guyon et al. 2014). Secretome analysis of the necrotrophic fun-
gus Sclerotinia sclerotiorum revealed large numbers of predicted
effector candidates in the genome and the crucial role of non-
CWDE secreted proteins during infection (Lyu et al. 2016). Here,
we show that there are no significant differences between the
number of small secreted proteins encoded by the genomes of the
three Plectosphaerella strains. This contrasts with the differences
observed in the number of genes encoding predicted secreted
CAZymes (Table 2), which is much higher in PcBMM (Table 2).
Moreover, these secreted CAZymes are expressed during the
colonization process in higher numbers in pathogenic PcCBMM
than in the nonpathogenic strains (Supplementary Fig. S9).
Therefore, we can conclude that secreted CAZymes are determi-
nants of PCBMM pathogenicity.
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RNA-seq analysis showed dramatic differences in fungal and
plant gene expression at early stages of the interactions studied
that not fully correlated with the ability of the different strains
to grow and cause disease in the plant. The P0831 strain
expressed in planta half of the genes expressed by PcCBMM or
Pc2127 (Fig. 3). The number of in planta—expressed genes of
PcBMM or P0831 was in line with results obtained in in-
oculated plants with pathogenic and nonpathogenic strains of
other fungi, such as Colletotrichum or Fusarium species
(Baetsen-Young et al. 2020; Hacquard et al. 2016). However, in
the case of Pc2127, the number of expressed genes was closer
to the pathogenic interaction caused by PcBMM, suggesting an
aggressive behavior of this strain at short timepoints. Pc2127,
however, does not thrive at later timepoints (Fig. 3), and the
number of its expressed genes decreased at 16 hpi in Col-0 in-
oculated plants, which contrasted with the stable or increased
number of expressed genes of PcBMM or P0O831 over time.
These profound differences in gene expression dynamics be-
tween Pc2127 and P0831 strains in Col-0 Arabidopsis indicate
the different nature of their interactions with Arabidopsis be-
sides being both nonpathogenic.

Pc2127 was highly virulent on immunocompromised
cyp79B2 cyp79B3 plants but did not cause disease on dde?2 ein2
pad4 sid2 mutants (Fig. 1), indicating that Trp-derived
metabolites rather than ET, SA, and JA and ETI pathways are
required for basal resistance to nonadapted Plectosphaerella
fungi, as previously described (Bednarek et al. 2009; Sanchez-
Vallet et al. 2010). PO831 was able to grow on plant surfaces
both of wild type and immunocompromised Arabidopsis
mutants without causing disease symptoms (Fig. 1; Supple-
mentary Figs. S2 and S3). These results suggest that alternative
plant defense mechanisms might prevent plant infection by
P0831. However, our results also showed a weaker upregulation
of canonical plant immune responses upon P0831 epiphytic
growth when compared with the other two strains (Supple-
mentary Figs. S11 and S12). This weak immune response does
not seem to be related to a defective perception of P0831, since
in-vivo analyses at 3 dpi with pRbohD::LUC plants demon-
strate that these plants are able to perceive this fungus and to
activate transcriptional responses (Supplementary Fig. S4).
These results suggest that the epiphytic PO831 strain might
inhibit activation of the plant immune system at early stages of
colonization through specific mechanisms that will require
further characterization. The transcriptional response of PO831
upon interaction with Arabidopsis was distinct from those of
PcBMM and Pc2127, and it changed considerably over time
and depending on the immunity status of the host (Fig. 3;
Supplementary Fig. S8). Strikingly, the transcriptional response
of PO831 seemed more related to transport than with pathoge-
nicity (Supplementary Fig. S9). In summary, we have shown
here the diversity of interactions that Plectosphaerella fungal
strains can establish with plants (Arabidopsis) and have char-
acterized a novel type of epiphytic interaction. The character-
ization of Plectosphaerella genomes and transcriptome has also
revealed that the expression of specific sets of fungal genes in
planta determines the diverse lifestyles and pathogenicity of the
Plectosphaerella strains studied.

MATERIALS AND METHODS

Detection of Plectosphaerella sp. from natural
A. thaliana populations.

Asymptomatic A. thaliana leaves and roots were collected
from natural populations in central Spain, Menasalbas (MEN)
and Las Rozas, that have been described previously (Garcia
et al. 2013). Total DNA was extracted from the samples using
the FastDNA SPIN Kit for Soil (MP Biomedicals) and 10 ng of



DNA template was used for real time PCR amplification using
the specific primer pair that targets the Plectosphaerella -
tubulin gene, 5'-CAAGTATGTTCCCCGAGCCGT-3’ and 5'-
GGTCCCTTCGGTCAGCTCTTC-3' (Sanchez-Rodriguez et al.
2009), and the FS Universal SYBR Green Master Rox (Roche)
as described (Delgado-Cerezo et al. 2012).

Biological material and growth conditions.

A. thaliana genotypes used in this study were accession Co-
lumbia-0 (Col-0) and the mutants (in Col-0 background) cyp79B2
cyp79B3 (Zhao et al. 2002), dde2 ein2 pad4 sid2 (Tsuda et al.
2009), and the pRBOHD::LUC line (in Col-0 background
[Morales et al. 2016]). Plants were grown on a 3:1 soil-vermiculite
mixture under a 10-h day and 14-h night cycle, 24°C day and 22°C
night temperatures, 65% relative humidity, and light intensity of
120 mE m > s~'. PcBMM isolate was provided by B. Mauch-Mani
(University of Neuchéael, Switzerland [Tierens et al. 2001, Ton and
Mauch-Mani 2004]), and Pc2127 was obtained from the Deutsche
Sammlung von Mikroorganismen und Zelkulturen GmbH
(DSMZ) Collection (Braunschweig, Germany). PO831 strain was
isolated from an asymptomatic Arabidopsis leaf from the wild
MEN population in central Spain (Garcia et al. 2013). Spores from
these fungi were obtained as reported by Ramos et al. (2013).
PO831-GFP transformant was obtained and selected following
previously reported methodology used to obtain PcBMM-GFP
and Pc2127-GFP transformants (Ramos et al. 2013).

Arabidopsis inoculation and detection
of Plectosphaerella isolates.

Inoculation of Arabidopsis leaves was performed by spraying 3-
week-old soil-grown plants with a spore suspension (4 X 10°
spores per milliliter) of the fungus as described (Llorente et al.
2005). At least 12 plants per genotype were inoculated and
a minimum of three independent experiments were performed. For
fungal DNA quantification, DNA from infected plants was
extracted as described by Llorente et al. (2005) and fungal DNA
was determined by qPCR using the FS Universal SYBR Green
Master Rox (Roche), oligonucleotides for the Plectosphaerella
B-tubulin gene, and the Arabidopsis UBIQUITIN21 (At5G25760,
UBQ21) gene, and by calculating the change in the cycle threshold
(ACt) values, as reported previously (Delgado-Cerezo et al. 2012).
The relative ratio was determined from the expression 274"
(Rieu and Powers 2009). The qPCR results are the means
(standard deviation [SD]) of two technical replicates.

Confocal images were acquired on a TCS SP2 AOBS spec-
tral confocal laser scanning microscope (Leica Microsystems)
as described (Ramos et al. 2013). GFP fluorescence (green) was
captured by excitation at 488 nm and emission in the range 490
to 520 nm, and chlorophyll autofluorescence (red) was captured
with an excitation of 543 nm and the emission was collected in
the range 600 to 720 nm. The dimensional xyz confocal stacks
and orthogonal projections across selected xz and yz planes
were obtained using Leica Confocal Software LCS Lite version
2.61 build 1538 (Leica Microsystems).

Lactophenol-TB staining of plant leaves was performed as de-
scribed by Koch and Slusarenko (1990) and detection of H,O, by
3.3'-DAB (Sigma) staining was performed as described by Torres
et al. (2002). For in vivo quantification of Rboh-promoter driven
LUC activity, pRBOHD::LUC Col-0 plants were sprayed with
a 0.5 mM solution of D-luciferin (Melford) and luminescence
produced was measured using a NightOWL LB 983 in-vivo im-
aging system (Berthold) as described by Morales et al. (2016).

Genome sequencing and assembly
of Plectosphaerella strains.

Library construction, quality control, and DNA Illumina Hiseq
sequencing (PE 125 bp and SE 50 bp) were performed at the

Centre for Genomic Regulation (CRG) (Barcelona, Spain) in an
Ilumina HiSeq2500, and PacBio sequencing was performed at
Wageningen University and Research (Wageningen, The Nether-
lands), using 1 pug of fungal genomic DNA. For fungal DNA
extraction, cultures were grown at 28°C as described previously
(Ramos et al. 2007). For PcBMM genome assembly, a hybrid
strategy was used combining [llumina and PacBio data. SE and
PacBio reads were first assembled using Velvet 1.2.10 (Zerbino
and Birney 2008) and were further used for scaffolding of [llumina
PE read assemblies from SPAdes assembler version 3.11.0
(Bankevich et al. 2012). The established SPAdes pipeline was used
in careful mode providing Illumina and PacBio assemblies as
untrusted contigs for scaffolding only and kmer scan using 21, 31,
41, 51, 61, 71, and 81. For Pc2127 and P0831, assemblies were
constructed only from Illumina data using a combination of Velvet
1.2.10 (Zerbino and Birney 2008) and SPAdes version 3.11.0
(Bankevich et al. 2012). To identify and remove potential con-
taminating sequences, assemblies were aligned to the genomes of
A. thaliana and Homo sapiens using MUMmer v. 3.0 (Kurtz et al.
2004) with default parameters settings. Contigs that aligned with
more than 50% of their sequence or at least 85% sequence identity
to any of the selected genomes were removed from the assemblies.
Finally, assembly quality was assessed on the basis of L50/75 and
N50/75 values, percentage of error-free bases estimated with quast
5.0.1 (Gurevich et al. 2013), and gene space coverage estimated
with BUSCO v3 (Simio et al. 2015). The Whole-Genome Shot-
gun projects have been deposited in the DDBJ/ENA/GenBank
database under accessions JACAFV000000000 (Plectosphaerella
sp. strain PO831 Biosample SAMN14235337 TaxID: 40657),
JACAFWO000000000 (P. cucumerina Pc2127 Biosample
SAMN14233823 and Pc2127 TaxID: 40658), SAMN14233823
and Pc2127 TaxID: 40658), and JACAFX000000000 (P. cucu-
merina PcBMM Biosample SAMN 14233534 TaxID: 40658), and
BioProject number PRINA609142. The versions described by this
paper are versions JACAFV010000000, JACAFW010000000, and
JACAFX010000000.

Gene annotation of Plectosphaerella strains.

The prediction of PCBMM, Pc2127, and PO831 gene models was
performed using the Maker v2.31.10 pipeline (Cantarel et al. 2008)
that integrates different ab initio gene prediction tools together with
evidence from expressed sequence tag and protein alignments. In
a first step for each genome, the pipeline was run using Augustus
(Stanke et al. 2006) (with species model Fusarium graminearum)
and GeneMark-ES (Hoff et al. 2016) for ab initio gene prediction
together with transcript and protein alignment evidence. The resulting
gene models from this first run were used as training set for a third ab
initio prediction tool, SNAP (Korf 2004), and, subsequently, the an-
notation pipeline was rerun, this time including all three ab initio
prediction tools together with the transcript and protein alignment
evidence to yield the final gene models. The alignment evidence was
created from BLAST and Exonerate (Zaharia et al. 2011) alignments
of both protein and transcript sequences of each respective fungus
obtained from corresponding RNA-seq data via a transcriptome de
novo assembly. For this purpose, we extracted RNA-seq reads that
did not align to the host plant genome from in-planta samples and
combined these with the reads from in-vitro samples of the respective
fungus. The combined RNA-seq reads were used as input for Trinity
(Bryant et al. 2017), with default parameter, to assemble transcripts
and extract peptide sequences of the best-scoring open reading
frames. General functional annotations for the predicted gene models
were obtained using Blast2GO (Conesa et al. 2005) with the local
National Center for Biotechnology Information (NCBI) Non-
redundant database downloaded (version: June 12, 2018).

Read mapping and variant calling.
Read mapping and variant calling was performed using the
PcBMM assembly as reference. Before aligning the reads
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against the reference assembly, they were trimmed at the first
base with a PHRED quality below 10 and pairs with one or both
reads <31 bases after trimming were filtered out. Then, Pc2127
and P0831 reads were aligned against PcBMM assembly using
BWA-MEM algorithm of BWA v0.7.13 (Li 2013) and were
sorted with SAMtools v0.1.18 (Li et al. 2009). GATK v3.5
(McKenna et al. 2010) was used to call SNPs, and they were
filtered according to GATK documentation (QD < 2.0; MQ <
40; FS > 60.0; haplotype score > 13.0; MQRankSum < —12.5;
ReadPosRankSum < —8.0).

To detect putative deletions, a mpileup file of each strain
(Pc2127 and P0831) was generated with SAMtools v0.1.18 (Li
et al. 2009) and was compared with the reference gff file. A
base was considered to be present in the strain if it was covered by
at least one read. The percentage of total coverage for a region was
calculated through the ratio between the number of positions with
reads and the total size of the respective region. To obtain the
identity between each strain and the reference genome, a BLASTp
(Zhang et al. 2000) between the strain proteome and the reference
and vice versa was performed. Only results in which both
BLASTD best hits were the same were considered for further
analysis. Then, the identity of each strain was determined with
trimAl v1.4.revl5 (Capella-Gutierrez et al. 2009).

Phylogeny of different species
in the genus Plectosphaerella.

Phylogeny was obtained with the maximum likelihood
method and Tamura-Nei model (Tamura and Nei 1993) on
a multilocus alignment (TUB, EF1, and ITS). One or more initial
trees for the heuristic search were obtained automatically by ap-
plying neighbor-joining and BioNJ algorithms to a matrix of
pairwise distances estimated using the maximum composite
likelihood (MCL) approach and then selecting the topology with
superior log likelihood value. The tree was drawn to scale, with
branch lengths measured in the number of substitutions per site.
This analysis involved 28 nucleotide sequences and there were
atotal of 1,004 positions in the final dataset. Evolutionary analyses
were conducted in MEGA X (Kumar et al. 2018).

MCL analysis and whole-genome phylogeny.

Gene families and clusters of orthologous genes were infer-
red, using OrthoFinder (Emms and Kelly 2015) v2.2.7, with
standard parameters, using Diamond (Buchfink et al. 2015) as
a sequence aligner for protein and translated DNA searches.
Whole-genome phylogeny was inferred by using the STAG
method (Emms and Kelly 2018) with Orthofinder algorithm
within each orthogroup of genes present in all the 27 compared
genomes (Supplementary Table S1). A greedy consensus tree was
achieved from all these individual estimates to get the final tree.

Phylome reconstruction and gene gain and loss analysis.
The Plectosphaerella phylome was reconstructed with Phy-
lomeDB (Huerta-Cepas et al. 2014). For each Plectosphaerella
protein, a Smith-Waterman search was performed against the
proteome database containing data on the 24 species used in
this work (Supplementary Table S1), as well as of the three
Plectosphaerella strains. To obtain a set of proteins with
significant similarity, an e-value threshold of <le-05 was
established. Moreover, only sequences that aligned with
a continuous region longer than 50% of the query sequence
were chosen for the detection of homologs. At maximum, 150
sequences per gene were taken for further analysis. MUSCLE
v3.8.31 (Edgar 2004), MAFFT v6.814b (Katoh et al. 2002), and
DIALIGN-TX (Subramanian et al. 2008) were used to align, in
forward and reverse directions, the homologous protein
sequences. M-COFFEE (T-Coffee v8.80) (Wallace et al. 2006)
was used to combine the six resulting alignments. The final
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alignment was trimmed with trimAl v1.3 (consistency cutoff
of 0.1667 and a gap score cutoff of 0.1) (Capella-Gutierrez
et al. 2009). Phylogenetic trees were reconstructed through
a neighbor-joining approach as implemented in BioNJ (Gascuel
1997). Eight different models (JTT, WAG, MtREV, VT, LG,
Blosum62, CpREV, and DCMut) were used to compute the
likelihood of this topology, allowing branch-length optimiza-
tion, as in PhyML v3.0 (Guindon et al. 2010). Their likelihood was
compared in accordance with the AIC criterion, and the two evo-
lutionary models best fitting the data were selected to derive
maximum likelihood trees. A discrete gamma-distribution model
with four rate categories plus invariant positions was used in all
cases, with parameters estimated from the data. Gene gain and loss
analysis in the Plectosphaerella branch was performed based on
the phylome results. For each gene from the starting genome,
orthologs were mapped using a species overlap algorithm. Then the
emergence of each gene was located at the common ancestor of all
its orthologs. Losses were inferred by going from the node where
the gene was gained to the tips and locating nodes where all species
had lost the gene. GO term enrichment was calculated using an in-
house adaptation of FatiGo (Al-Shahrour et al. 2004). Enrichment
was searched between genes gained and lost in the nodes pertaining
to the emergence and diversification of Plectosphaerella species.

Annotation of specific gene categories.

To predict the repertoire of CAZYmes encoded by the three
strains, the corresponding genomes were scanned using the
CAZYmes analysis toolkit (Park et al. 2010). The secretomes were
determined using the SECRETOOL pipeline (Cortazar et al. 2014)
run on the proteome of each strain. CSEPs were defined as ex-
tracellular secreted proteins with no significant BLAST similarity
(e-value < 1e-03). To identify genes encoding secreted proteases,
sequences of predicted extracellular secreted proteins were sub-
jected to MEROPS Batch BLAST analysis (Rawlings et al. 2016).
Putative membrane transporter genes were identified and classified
through BLAST searches against the Transporter Collection (TC)
database (Saier et al. 2014). Genes with a sequence identity of at
least 30% to their best hit in the database (e-value < 1e-03) were
extracted. These genes were subsequently assigned to the TC
family of their best TC database hit. Secondary metabolism was
predicted using the antiSMASH fungal version web server
(Medema et al. 2011).

RNA-seq and gene expression analyses.

Library construction, quality control, and RNA Illumina
Hiseq 50-bp SE sequencing were performed at the CRG in an
Iumina HiSeq2500 using 1 pg of total RNA. To make sure the
sequenced reads were of sufficiently high quality, an initial
quality check was performed using the FastQC suite (Andrews
2010). All statistical analyses of plant and fungal gene ex-
pression were performed using Tophat and the Cufflinks
pipeline (Trapnell et al. 2012), where the RNA-seq reads were
mapped to the assembled and annotated genomes of either
PcBMM, Pc2127, or PO831 and in parallel to the annotated
genome of the host plant A. thaliana (ARAPORT). Differential
gene expression in Col-0 and cyp79B2 cyp79B3 plants in-
oculated with PcBMM, Pc2127, and PO831 was fitted for each
analysis using FPKM (fragments per kilobase per million
reads) values. Heatmaps of gene expression profiles were
generated with the Morpheus analysis package. Gene expres-
sion data of fungal and plant genes are shown in Supple-
mentary Tables S8 and S9. The raw RNA-seq data in this
study are deposited in the NCBI Sequence Read Archive
(SRA), BioProject number PRINA614936 and BioSamples
SAMN14444085 to SAMN14444096, SAMN14444149,
SAMN14444167, and SAMN14444168, with SRA accessions
SRR11668188 to SRR11668202.



The cytoscape plugin Cluego + Cluepedia (Bindea et al.
2009) was used to construct GO term enrichment networks and
to visualize functionally grouped terms among significantly
regulated genes (FDR <0.05; log,-FC 2> 1) in Arabidopsis in-
oculated plants compared with mock-inoculated plants. Sig-
nificant (P < 0.05) enrichments were determined using the
hypergeometric test and were manually classified as defense,
signaling, response to stress, metabolic process, transcription
and translation, multiorganism process, or aging (Supplemen-
tary Table S7).

Gene expression validation.

RNA extractions from Plectosphaerella- or mock-inoculated
plants were done as described by Llorente et al. (2005). Real-
time qRT-PCR analyses were done as described previously
(Delgado-Cerezo et al. 2012), using the FS Universal SYBR
Green Master Rox (Roche). The qRT-PCR results are the means
(+SD) of two technical replicates. Oligonucleotides used for
cDNA amplification were designed with Primer Express (ver-
sion 2.0; Applied Biosystems) and are shown in Supplementary
Table S10 (Jorda et al. 2016; Sanchez-Rodriguez et al. 2009).
For fungal genes, relative expression was calculated related to
the P-tubulin expression. For Arabidopsis genes, ubiquitin
(AT5G25760) expression was used to normalize the transcript
level in each sample of the genes analyzed. The relative ratio
was then determined from the expression 272C (Rjeu and
Powers 2009), using the mock-inoculated plants as calibrators.
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antiSMASH fungal version web server:
https://fungismash.secondarymetabolites.org/#!/start

ARAPORT Arabidopsis Information Portal: https://www.araport.org

Augustus gene prediction program: http://bioinf.uni-greifswald.de/augustus

Blast2GO: https://www.blast2go.com

BUSCO v3: https://busco.ezlab.org

Cytoscape Cluego: http://apps.cytoscape.org/apps/cluego

Diamond: https://github.com/bbuchfink/diamond

Exonerate software: https://www.ebi.ac.uk/about/vertebrate-genomics/
software/exonerate

FastQC suite: https://www.bioinformatics.babraham.ac.uk/projects/fastqc

GeneMark-ES: http://exon.gatech.edu/GeneMark

MEROPS database: https://www.ebi.ac.uk/merops/submit_searches.shtml

Morpheus software: https://software.broadinstitute.org/morpheus

MUMmer v. 3.0: http://mummer.sourceforge.net

OrthoFinder: http://www.stevekellylab.com/software/orthofinder

SNAP prediction tool: http://snap.cs.berkeley.edu

SECRETOOL pipeline:
http://genomics.cicbiogune.es/SECRETOOL/Secretool.php

Cufflinks pipeline: http://cole-trapnell-lab.github.io/cuftlinks/

Transporter Collection database: http://www.tcdb.org

Trinity de novo assembly: https:/github.com/trinityrnaseq/trinityrnaseq/wiki
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