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these small molecules. To investigate the presence and
diversity of BGCs involved in specialized metabolism
pathways, the fungal genomes were processed by per-
forming antiSMASH analyses. Plant biotrophs possess
a contracted array of nonribosomal peptide, polyke-
tide, and terpene biosynthetic gene clusters, imply-
ing that they have a weaker capacity to produce these
secondary metabolites than necrotrophs and hemibio-
trophs (Fig. 2), consistent with biotrophs being able to
keep their host alive and take nutrients from it, while
necrotrophs need to produce more diverse second-
ary metabolites to maintain generally broader host
ranges than biotrophs [34, 35]. Human pathogens,
H. capsulatum and ascomycete plant biotrophs have
lower numbers of NRPs (4 gene clusters), polyketides
(1 gene cluster), and terpenes (4 gene clusters), while
A. fumigatus has more than several times (8 NRPs,
10 polyketides, 6 terpenes) that of H. capsulatum
(Table S5), which is inconsistent with plant ascomy-
cete fungal pathogens. Although there was a discrep-
ancy in NRP numbers with Syme, et al. [36], both our
results and theirs reflected that NRPs were overrepre-
sented in P. teres compared to other ascomycete fun-
gal genomes. The antiSMASH analysis also revealed
that the ascomycete genome formed a larger comple-
ment of secondary metabolite gene clusters than the
basidiomycetes examined in this study even the strains
from basidiomycetes harbor larger genome (Fig. 2), the
results are similar to a previous report [17].
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Plant biotrophs contain distinctive secretomes

and effectomes

The predicted secretome and effectome varied in terms of
the number of proteins among 22 genomes. The number
of predicted secreted proteins ranged from 344 to 2015,
or 3.69-13.37% of their respective proteomes, while the
number of predicted effectors ranged from 48 to 618,
accounting for 0.52-3.87% of the proteome, respec-
tively (Table 1). We clustered 1902 orthologous families
for secreted proteins and 388 orthologous families for
effectors across all species using OrthoFinder. Biotrophs
were distinctively separated from the other groups in the
secretome and effector with principal coordinate analy-
sis (PCoA) (Fig. 3; ANOSIM: P= 0.001 and 0.01, respec-
tively), while hemibiotrophic and necrotrophic pathogens
apparently showed an aggregated distribution pattern
(Fig. 3; ANOSIM: P > 0.1), which indicated the genetic
diversity variations of effector and secreted proteins in
different lifestyles.

To further probe the possible mechanism that causes
the distribution pattern of effectors between biotrophs
and other organisms, we determined the biotroph-
specific and core candidate effector families. Some
biotroph-specific candidate effectors were found to
be species-specific and often lacked homologs (Table
S6). They were annotated to exhibit diverse func-
tions (Table S7). Although no common effectors were
detected among species, as illustrated by the flower
plot (Fig. 4 A), we defined 7 core effector families

A Secretome B Effectome
®Bg 3] oPg Llfest?'le
eGe oy ® Mip © Biotroph
1 ¢ o~ ® Hemibiotroph
=\° °\° 2] ® Human pathogen
7t =N O

2 oCi @ A Ps ? t,, = ©® Necrotroph
v 0] o ool =
= >Um ss© gt T 1
Q S Fge
b 3 FoBeuio
Q -17 o 01 - "Um _, WEL Vie an_q
A R p SS® @pc Ps® Vde  ®

Ge OAf Lm® Pt

-1
Mip »Bg  ®Hc
-2 ' oPg ' ' ' : 'OCf . '
2 -1 0 1 -2 -1 0 1
PC0A1(23.79%) PCo0A1(19.41%)

Fig. 3 PCoA plots of the secretome (A) and effectome (B) based on the weighted UniFrac distance metric. Af, Aspergillus fumigatus; Bc, Botrytis
cinerea; Bg, Blumeria graminis; Cf, Ceratocystis fimbriata; Cg, Colletotrichum gloeosporioides; Fg, Fusarium graminearum; Fo, Fusarium oxysporum; Gc,
Golovinomyces cichoracearum; Gt, Gaeumannomyces tritici; Hc, Histoplasma capsulatum; Lm, Leptosphaeria maculans; Mo, Magnaporthe oryzae; Pn,
Parastagonospora nodorum; Ps, Pyrenophora seminiperda; Pt, Pyrenophora teres; Ss, Sclerotinia sclerotiorum; Vd, Verticillium dahlia; Vi, Venturia inaequalis;
Zt, Zymoseptoria tritici; Pg, Puccinia graminis; Mlp, Melampsora larici-populina ; Um, Ustilago maydis
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Fig. 4 Flower plot (A) and Venn diagram (B) illustrating core and specific gene families of the effectome among each species or lifestyle. Flower
plots showing no overlapping effectors were detected between species. The number in the flower plot represents the total effector gene family of
each species. The number in the Venn diagram indicates the core or specific gene family of each lifestyle

from the overlapping sets among different lifestyles
(Fig. 4B). Of these, five effector families were anno-
tated as cutinase (OG0000001), endo-1,4-beta-xylanase
(OG0000005), FK506-binding protein (OG0000020),
cysteine-rich secretory protein (OGO0000037) and
endosomal P24B protein (OG0000039) (Fig. S1 and
Table S8). The domains they contained included cuti-
nase (PF01083.22), Glyco_hydro_11 (PF00457.17),
FKBP_C (PF00254.28), CAP (PF00188.26) and EMP24
GP25L (PF01105.24) (Table 2 and Fig. S2). One of the
remaining two core effector families contains proteins
with unknown function (DUF3455; OG0000043), while
the other (OG0000019) is excluded from our analysis
due to the lack of observed protein domains.

Table 2 Pfam domain annotations of core effector families

Establishment of the genome database of plant fungal
pathogens

To make our data easily available to the research com-
munity, we developed a genome database for plant fun-
gal pathogens and encourage researchers to use these
resources (http://lab.malab.cn/soft/PFPG). Currently,
online resources provide genomic and protein sequences
for our data only, but they could be integrated in the
future with additional genomic or transcriptomic data
from other plant fungal pathogens. The genome hub
we built offers a suite of bioinformatics tools to explore,
analyze, and interpret these data. For example, we set up
sequence search web services that allow users to search
their sequence of interest, perform BLAST similarity

Target name Sequence number

Domain accession

Descriptions

Cutinase 43 PF01083.22
Glyco_hydro_11 22 PFO0457.17
FKBP_C 14 PF00254.28
CAP 10 PF00188.26
EMP24_GP25L 10 PFO1105.24
DUF3455 9 PF11937.8
Homeobox_KN 2 PF05920.11
DUF2990 1 PF11693.8
Others 13

Cutinase (OG0000001)

Glycosyl hydrolases family 11 (OG0000005)

FKBP-type peptidyl-prolyl cis-trans isomerase (OG0000020)
Cysteine-rich secretory protein family (OG0000037)
emp24/gp25L/p24 family/GOLD (OG0000039)

Protein of unknown function (DUF3455) (OG0O000043)
Homeobox KN domain

Protein of unknown function (DUF2990)

No annotation information
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