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Novel Secreted Effectors Conserved Among Smut Fungi
Contribute to the Virulence of Ustilago maydis
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Fungal pathogens deploy a set of molecules (proteins, special-
ized metabolites, and sRNAs), so-called effectors, to aid the in-
fection process. In comparison to other plant pathogens, smut
fungi have small genomes and secretomes of 20 Mb and around
500 proteins, respectively. Previous comparative genomic stud-
ies have shown that many secreted effector proteins without
known domains, i.e., novel, are conserved only in the Ustilagi-
naceae family. By analyzing the secretomes of 11 species within
Ustilaginaceae, we identified 53 core homologous groups com-
monly present in this lineage. By collecting existing mutants
and generating additional ones, we gathered 44 Ustilago maydis
strains lacking single core effectors as well as 9 strains contain-
ing multiple deletions of core effector gene families. Pathogenic-
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ity assays revealed that 20 of these 53 mutant strains were af-
fected in virulence. Among the 33 mutants that had no obvious
phenotypic changes, 13 carried additional, sequence-divergent,
structurally similar paralogs. We report a virulence contribu-
tion of seven previously uncharacterized single core effectors
and of one effector family. Our results help to prioritize effec-
tors for understanding U. maydis virulence and provide genetic
resources for further characterization.

Keywords: biotrophy, comparative genomics, CRISPR-Cas9, novel
core effectors, smut fungi, Ustilago maydis, virulence

Biotrophic fungal plant pathogens cause significant losses in
agriculture (Fisher et al. 2020; Savary et al. 2019). They rely on
living plant tissue for colonization and establish intimate inter-
actions with their hosts. Understanding the molecular mecha-
nisms by which these pathogens cause disease is considered an
important first step toward disease management (Depotter and
Doehlemann 2020).

Smut fungi are a group of important biotrophic plant
pathogens with relatively small genomes of about 20 Mb
(Benevenuto et al. 2018; Zuo et al. 2019). The term “smut” refers
to the dark and powdery appearance of the fungal spores re-
leased from infected plants and does not constitute a taxonomic
term (Begerow et al. 2014). Most “true smut lineages” are grass
pathogens and belong to Tilletiales and the Ustilaginaceae fam-
ily (Begerow et al. 2014; Vanky 2013). Among members of the
Ustilaginaceae family, there are important crop plant pathogens,
and several of these have been used as model systems to study
the interaction of biotrophic fungi with host plants. Such ex-
amples include Ustilago maydis, Ustilago hordei, and Sporiso-
rium reilianum f. sp. zeae causing corn smut, covered smut in
barley, and maize head smut, respectively (Okmen et al. 2021;
Xia et al. 2020; Zuo et al. 2019). Other members like Sporiso-
rium reilianum f. sp. reilianum infecting sorghum, Ustilago trit-
ici causing loose smut of wheat, Ustilago esculenta infecting
Manchurian rice grass (Zizania latifolia), Ustilago bromivora in-
fecting Brachypodium distachion, and Sporisorium scitamineum
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causing sugarcane smut (Agrios 2005) have been mostly used
for comparative analyses (Benevenuto et al. 2018; Dutheil et al.
2016; Laurie et al. 2012; Lefebvre et al. 2013; Schuster et al.
2018; Schweizer et al. 2018; Sharma et al. 2014, 2015; Ye et al.
2017). Melanopsichium pennsylvanicum is an exception among
the Ustilaginaceae in its ability to infect dicot Persicaria species
(Begerow et al. 2000, 2006, 2014).

In recent years, secreted effectors have surfaced as virulence
determinants in biotrophic pathogens (Jaswal et al. 2020; Lo
Presti et al. 2015; Lorrain et al. 2019; Okmen and Doehlemann
2014; Wang et al. 2017). The study of effectors and how they
modulate plant processes has become an important line of re-
search. Effectors are commonly defined as molecules secreted
by the pathogen that aid in infection by suppressing plant defense
responses, protecting the pathogen from defense compounds,
modulating host physiology to the benefit of the pathogen, and
contributing to host specificity, among other roles (Borah et al.
2018; Liu et al. 2019; Rovenich et al. 2014; Uhse and Djamei
2018). Many studied effectors are proteins that lack known do-
mains, their expression is restricted to colonization, and their
individual contribution to virulence is typically small (Lo Presti
et al. 2015; Lorrain et al. 2019; Win et al. 2012). Effectors can
function outside the cell and/or be taken up by plant cells and
modulate plant processes in the cytoplasm or subcellular com-
partments (Khan et al. 2018; Lo Presti and Kahmann 2017;
Petre and Kamoun 2014; Wang et al. 2017). So far, most func-
tional analyses of secreted effector proteins of true smut fungi
have been performed in U. maydis, because this pathosystem
offers a highly developed toolbox for genome manipulation and
allows virulence assays to be conducted in seedlings in about
2 weeks (Lanver et al. 2017; Olicon-Hernandez et al. 2019). An
assessment of virulence in U. maydis is additionally facilitated by
the availability of a solopathogenic haploid strain (SG200) that
causes disease without a mating partner (Kédmper et al. 2006).

With the availability of the U. maydis genome sequence, the
secretome of 476 proteins was predicted, and their expression
was shown to be linked to discrete stages of colonization (Lanver
et al. 2018; Schuster et al. 2018). Of these putative effector pro-
teins, about 50% lack known domains, and we designate them as
novel (Schuster et al. 2018). So far, only five secreted U. maydis
effector proteins with known domains have been molecularly
characterized in detail: a chorismate mutase, a fungalysin met-
alloprotease, a 1,3-f-glucanase, a ribonuclease, and a PR-1 like
protein (Djamei et al. 2011; Han et al. 2019; Lin et al. 2023;
Okmen et al. 2018, 2022, 2023). About 20% of the novel effec-
tors reside in clusters in the genome. Deletion of such effector
gene clusters has helped uncover the link between novel effec-
tors and virulence (Kidmper et al. 2006; Navarrete et al. 2021;
Schirawski et al. 2010), and molecular studies on one of the clus-
ters revealed functional redundancy among its members (Bindics
et al. 2022). To date, virulence assays of single-deletion mutants
have helped uncover the differential contribution of more than
30 novel effectors to virulence (Schilling et al. 2014; Seitner
et al. 2018; Stirnberg and Djamei 2016; Uhse et al. 2018), and
the molecular functions of many of them have been elucidated
(Darinoetal. 2021; Fukadaetal. 2021; Hemetsberger et al. 2012;
Hoang et al. 2021; Huang et al. 2024; Khan et al. 2023; Ludwig
et al. 2021; Ma et al. 2018; Mueller et al. 2013; Navarrete et al.
2022; Redkar et al. 2015b; Tanaka et al. 2014, 2020; Weiland
et al. 2023; Zuo et al. 2023). Most of these effectors have been
described as targeting discrete host pathways, and findings high-
light the TOPLESS class of co-repressors as a hub for U. maydis
effector action (Khan et al. 2023). Remarkably, five of the novel
effectors were shown to form a protein complex together with
two fungal transmembrane proteins. This protein complex has
an essential virulence-promoting function likely associated with
effector delivery (Ludwig et al. 2021).

Except for Jsil, all characterized U. maydis effectors are
present in several smut fungi (Darino et al. 2021; Fukada et al.
2021; Schuster et al. 2018; Tanaka et al. 2020; Weiland et al.
2023). Such effectors with homologs present across species have
been speculated to hold important and conserved virulence func-
tions in different host plants (Depotter and Doehlemann 2020).

Recent advances in structure prediction allowed effectors to be
grouped within and across fungal pathogens based on shared fold
similarity (Outram et al. 2022; Seong and Krasileva 2023; Yan
etal. 2023; Yu et al. 2024). In U. maydis, 69 effector fold groups
have been identified, with seemingly unrelated secreted proteins
clustering in genomic segments while having divergent expres-
sion patterns and rapid evolution of protein surfaces (Seong and
Krasileva 2023). Moreover, nearly half of the U. maydis secreted
proteins exist as structural singletons lacking stable folds, robust
structure models, or detectable structural similarity to other pro-
teins (Seong and Krasileva 2023). This suggests that while gene
duplication and structural conservation enable pathogens such
as U. maydis to expand their effector repertoires, functional stud-
ies remain critical for understanding the relative contribution of
effectors to virulence.

In this study, we have determined the virulence contribution
of all novel conserved effectors in U. maydis to identify new
effector candidates for molecular characterization. To this end,
we performed a comparative genomics analysis with secreted
proteins of 11 plant pathogenic Ustilaginaceae species and de-
fined 53 homologous groups of effectors conserved in all studied
species, which we term core. U. maydis has a single gene in 44
of these 53 groups and 2 to 9 paralogs in 9 groups that form
gene families. For the effectors already published, we acquired
the corresponding knockout mutants. For the uncharacterized
ones, we generated 31 single null mutants as well as 8 multi-
gene null mutants. In total, 44 U. maydis strains lacking single
effector candidates and 9 multigene knockout strains were tested
in parallel for virulence. We show that 20 core effector groups
contribute to virulence in the U. maydis—maize system.

Results

Fifty-three groups of novel effectors are core effectors in
smut fungi

To uncover conserved effector proteins in smut fungi, we used
the available proteomes of U. bromivora, U. hordei, U. maydis,
S. scitamineum, S. reilianum f. sp. reilianum, and S. reilianum f.
sp. zeae (Supplementary Table S1). To obtain high-quality data
from the dicot-infecting smut, we resequenced the genome of
M. pennsylvanicum, which we then included in the analysis
(Supplementary Table S1) First, we identified putative secreted
proteins by predicting the presence of the secretion signal pep-
tide and the absence of transmembrane domains and endoplas-
mic reticulum (ER) retention motif. This led to the identifica-
tion of 379 secreted proteins in M. pennsylvanicum, 414 in U.
bromivora, 396 in U. hordei, 471 in U. maydis, 469 in S. sci-
tamineum, 482 in S. reilianum f. sp. reilianum, and 470 in S.
reilianum f. sp. zeae (Fig. 1A; Supplementary Table S1). We
then curated 462 homologous groups by clustering the secreted
proteins with OrthoMCL (Enright et al. 2002; Supplementary
Table S2). Based on InterPro (Finn et al. 2017) domain pre-
dictions, each homologous group was classified into two cat-
egories: either with predicted functional domains or without
predicted functional domains (novel). Of the 462 homologous
groups, 214 belonged to the category with functional domains
and 248 were novel (Supplementary Table S2). Of all groups,
139 contained proteins from all 7 species and were therefore con-
sidered core groups (Fig. 1A; Supplementary Table S2). Of these
139 core groups, 86 groups contained effectors with known do-
mains, while the other 53 groups contained only novel proteins
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(Fig. 1A; Supplementary Table S2). U. maydis had a single gene
in 44 of these 53 novel core groups; for the remining 9 groups,
U. maydis had 2 to 9 paralogs forming gene families (Supple-
mentary Table S3). The largest of these families contains 9 of the
11 members of the previously described effector family 1 (Eff1)
(Khrunyk et al. 2010). Following this notation, we termed the
newly defined effector families Eff2 to Eff9 (Table 1). Finally,
the genomes of Ustilago trichophora (Zambanini et al. 2016),

Table 1. Novel core effector families of Ustilago maydis

Family name Genes in the family

Eff1? UMAG_01796, UMAG _11377, UMAG_02137,
UMAG_02138, UMAG_02139, UMAG_02140,
UMAG_03313, UMAG_03314, UMAG_02141

Eff2 UMAG_11415, UMAG_02535, UMAG_11416,
UMAG_02537, UMAG_02538
Eff3 UMAG_02229, UMAG_10076
Eff4 UMAG_03752, UMAG_03753
Eff5 UMAG_01297, UMAG_01298
Eff6 UMAG_00961, UMAG_02921
Eft7 UMAG_00792, UMAG_00793
Eff8 UMAG_05926, UMAG_05928
Eff9 UMAG_06440, UMAG_12316

4 The strain corresponds to the “nine-gene-deletion” mutant, where 9 out of
11 Eff1 family members were deleted.
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U. esculenta (Ye et al. 2017), U. tritici, and an U. hordei strain
infecting oats (Benevenuto et al. 2018) were used to validate
and confirm the existence of 53 core groups (see “Materials and
Methods” for details) (Fig. 1B; Supplementary Table S3).

Obtaining U. maydis mutants lacking novel core effectors

In previous studies, 14 of the 44 single novel core effectors
and 2 of the 9 gene families had been functionally analyzed by
respective gene deletions. These analyses had revealed that 13
of the 16 mutants showed reduced virulence compared with the
progenitor strain (Supplementary Table S4).

Based on these existing virulence data on core effector groups,
we hypothesized that the remaining groups of novel core U. may-
dis effectors defined in the scope of our study might also have
a strong contribution to virulence. We acquired the 16 exist-
ing SG200 deletion strains from the respective research groups
and verified the gene deletions with Southern blot analyses. We
then created single-deletion mutants of the remaining 30 sin-
gle core effectors either by gene replacement (Kimper 2004)
or CRISPR-Cas9 genome editing (Schuster et al. 2016) in the
SG200 background. For each of the remaining seven gene fam-
ilies, multigene mutants lacking all family members were gen-
erated by CRISPR-Cas9 genome editing. All newly generated
mutants were verified either by Southern blot analysis or by
sequencing the mutated site.
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Fig. 1. Composition and conservation of secreted proteins among plant pathogenic smut fungi. A, Groups of homologous proteins were built among the
secretomes of seven smut fungi using OrthoMCL. The homologous groups were categorized in groups with proteins harboring functional domains and groups
containing novel proteins. Among those groups containing proteins from all compared species (core groups), 53 belong to the category novel (dark green)
and 86 to the category functional domain (dark orange). Expansions of these groups in each species are depicted with light green for the novel proteins and
light orange for the proteins harboring functional domains. Groups where proteins from at least one species were missing are denominated accessory (yellow).
B, BLAST searches were performed for the core novel effectors in the genomes of four sequenced plant pathogenic smut fungi. Homologous regions from all
53 core novel effectors were found. In most cases, the homologs correspond to secreted proteins (dark green). In some cases, homologs were present but did
not belong to the secretome (bright green). In most of these cases, careful analysis of the alignment of the corresponding group led us to propose annotation
errors (Supplementary Table S13; Supplementary Fig. S2). In some other cases, homologous regions were found that lacked gene annotation. In these cases,
we propose missing annotation (Supplementary Table S13; Supplementary Fig. S2).
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Establishing the phenotypes of U. maydis mutants lacking
novel core effectors

As virulence of previously published core effectors was de-
termined in different laboratories, published virulence pheno-
types could not be directly compared. Variability in virulence
might be caused by differences in the susceptibility of the host
plant varieties used and other variable experimental settings like
glasshouse settings. Therefore, we decided to determine the vir-
ulence of the 53 core effector mutants in parallel under consis-
tent experimental conditions. Virulence was assessed via syringe
injection into 7-day-old maize seedlings of the variety ‘Early
Golden Bantam’ followed by scoring disease symptoms at 12
days postinfection (dpi) (Fig. 2). Virulence was compared with
that of the parental strain SG200. Of the 44 single-gene mutants
lacking novel core effectors, 19 showed reduced or abolished
virulence (Fig. 2; Supplementary Table S4). The complete loss of
virulence was seen for mutants lacking stp1, stp2, stp3 (Ludwig
et al. 2021), pepl (Doehlemann et al. 2009), and ccel/stp4
(Ludwig et al. 2021; Seitner et al. 2018; Fig. 2). The pit2 mutant
previously reported to only induce ligula swelling and small
tumors (Mueller et al. 2013) also displayed complete loss of
virulence in our assay (Fig. 2). A general reduction of disease
in all scored categories was observed after infection with mu-
tants lacking seel (Redkar et al. 2015b), rsp3 (Ma et al. 2018),
and apb73 (Stirnberg and Djamei 2016; Fig. 2). A reduction of
strong disease symptoms and an increase in plants without any
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symptoms was observed for the mutant lacking szal (Tanaka
etal. 2020; Fig. 2), while the mutant lacking UMAG _11062 only
showed a reduction of the most severe disease categories (Fig.
2). This analysis newly identified the contribution of novel core
effectors to virulence, namely, UMAG_00054, UMAG_00104,
UMAG_05780, UMAG_05932, UMAG_11062, UMAG_11362,
and UMAG _11205.

Of the nine gene family mutants, two displayed reduced vir-
ulence (Fig. 2; Supplementary Table S4). This includes the pre-
viously characterized eff] mutant lacking 9 of the 11 effI family
genes (Khrunyk et al. 2010) and the newly identified mutant eff9.
The eff9 mutant lacks both UMAG_06440 and UMAG_12316
and showed small but significant reduction in all virulence symp-
toms compared with SG200 (Fig. 2). The remaining seven mu-
tants lacking novel core effector gene families were comparable
in virulence to SG200 (Fig. 2).

The significant reduction in virulence of the 21 mutants could
have resulted from defects in vegetative growth and devel-
opment. To evaluate this possibility, we assessed growth and
filamentation of all 53 strains in comparison to SG200 (see “Ma-
terials and Methods”). A noticeable reduction in colony size
in comparison to SG200, indicative of a vegetative growth de-
fect, was not observed for any of the 21 mutant strains with
reduced virulence (Supplementary Fig. S1A and B). Reduced
filamentous growth, indicative of a developmental defect, was
observed in single mutants lacking see/ (Redkar et al. 2015b),

Gene family deletions

A00104

Reduction in
virulence

A04248

Fig. 2. Virulence phenotype of core novel effectors mutants in Ustilago maydis. A, Mutants of the 44 single novel core effectors and 9 novel core effector

families were generated in SG200. A indicates gene replacement, whereas “m

indicates inactivation using CRISPR-Cas9. Sixty 7-day-old maize seedlings

per strain were infected, and disease symptoms were scored at 12 days postinfection (dpi). Disease symptoms scores are given below the bar graph and were
quantified based on three biological replicates. The mean percentage of plants placed in a certain disease category is indicated. Strain names in black indicate
significant differences of disease symptoms between the respective strain and SG200 determined by a Kruskal-Wallis test followed by a Conover-Iman and an
adjusted P value (Benjamini-Hochberg) < 0.01. Among the deletion mutants, 20 strains presented a statistically significant reduction in disease symptoms in
planta, and 5 were not virulent. Statistical analysis can be found in Supplementary Table S15. B, Representative pictures of infected leaves at 12 dpi are shown.
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UMAG_00054, UMAG_05780, and UMAG_06223 (Schilling
et al. 2014; Supplementary Fig. S1C).

To link the reduced virulence observed in mutants lacking
UMAG_00054, UMAG_00104, UMAG_05780, UMAG_05932,
UMAG_11062, UMAG _11362, or UMAG_11205 with the dele-
tion of the respective gene, complementation strains were
created. A complementation strain was also generated for
UMAG_06223, which was previously implicated in virulence
and filamentous growth (Schilling et al. 2014). All comple-
mentation strains were made by reintegrating the respective
wild-type gene as a single copy into the ip locus of the cor-
responding single mutant strain. Subsequently, the restoration
of virulence and filamentation was tested. For six of the eight
strains, complementation was successful (Supplementary Fig.
S2). UMAG_00054 only partially complemented the deletion
phenotype (Supplementary Fig. S2). In constructs introduced in
the mutant for complementation, the wild-type gene is usually
cloned with an upstream sequence extending up to the neigh-
boring gene. However, for UMAG_00054, this upstream region
comprises only 328 base pairs. As previously reported previ-
ously for rosI (Tollot et al. 2016), we consider that this region
may not have included all upstream sequences necessary for full
expression of the reintroduced gene and complete complemen-
tation. In support, three independently generated UMAG_00054
mutants showed consistent reduction in virulence, entailing
UMAG _00054 in the disease phenotype. UMAG 06223 was un-
able to complement the virulence defect of the respective dele-
tion mutant (Schilling et al. 2014). As we only had a single
published mutant for UMAG_06223, we regenerated three inde-
pendent UMAG_06223 mutant strains and examined their vege-
tative growth and virulence phenotypes in an attempt to explain
the failure in complementation. All three mutants were indistin-
guishable from the parental strain SG200 (Supplementary Fig.
S3). This shows that the virulence defect seen in the original
UMAG_06223 mutant (Schilling et al. 2014; Fig. 2) is caused
by a spontaneous mutation not linked to the gene. Thus, 20 of
the 53 core effector groups defined here contribute to virulence.

Analyzing the expression patterns, sequence, and
structural properties of effectors that contribute to
virulence

To gain insights into the characteristics of the effectors that
contribute to virulence, we retrieved the expression profiles of
each effector during disease progression (Lanver et al. 2018). We
then compared the expression profiles of core effectors, non-core
effectors (i.e., accessory), and those core novel effectors with and
without virulence contribution. We found discrete differences
among the expression patterns of these groups. Core effectors
have higher mean expression in early stages in comparison to
accessory ones (Fig. 3A). Novel core effectors are expressed
more at 2, 4, and 6 dpi in comparison to the rest (Fig. 3B). In
addition, novel core effectors that contribute to virulence have
a higher mean expression at 1 and 2 dpi in comparison to those
novel core effectors that do not contribute to virulence (Fig. 3C).
Taking a closer look at the expression profiles of each novel core
effector, it is apparent that most of the effectors with a virulence
phenotype belong to the magenta module. The magenta module
is the one associated with establishment of biotrophy where co-
expressed genes are strongly induced from 0.5 to 2 dpi, and the
high expression levels are maintained until 12 dpi (Lanver et al.
2018; Fig. 3D).

The sequences of the effectors that contribute to virulence
vary in length and have no InterPro-predicted functional do-
mains beside regions predicted to be disordered, which adopt
many conformations or stay unfolded (Fig. 4A; Supplementary
Table S11). To gain insights into the structural properties of
these effectors, we modeled the structures of all U. maydis ef-
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fectors from the 53 homologous groups using ColabFold v.1.5.3
(Mirdita et al. 2022) that relies on AlphaFold v.2.3.2 (Jumper
et al. 2021). About 40% of the models showed predicted tem-
plate modeling (pTM) scores smaller than 0.5, indicating low
accuracy (Fig. 4; Supplementary Table S5). This could partially
be attributed to the presence of intrinsically disordered regions
in many effectors, as they do not adopt a single foldable con-
formation (Fig. 4A). We found no obvious structural similari-
ties among the effectors essential for virulence when the entire
structures were compared (Fig. 4B). However, well-folded re-
gions of Pepl and Stp3 displayed some domain-level structural
similarity, although the implication of this resemblance to their
functions is unknown. Among the effectors contributing to vir-
ulence, UMAG_05932 stands out, as it contains the Tin2-like
fold (Seong and Krasileva 2023; Fig. 4C).

Assessing the presence of homologs of core effectors
without any apparent contribution to virulence

Mutants in 33 effector groups showed no changes in viru-
lence in comparison to the parental strain (Fig. 2; Supplemen-
tary Table S4). An explanation for the lack of virulence for
these strains could be the presence of one or more sequence-
divergent or structural homologs with functional redundancy to
the deleted genes, which we might have missed in our sequence-
based searches. To assess this, we used Foldseek to search for
structural homologs of these proteins among the U. maydis pro-
teome and built corresponding clusters of structurally similar
proteins. When comparing the 33 effector groups with the struc-
tural clusters, we found the grouping to be identical in 20 cases,
most of them singletons (Supplementary Table S4).

For the remaining 13 groups, the structural clusters had at least
one additional member compared with our initial grouping. In
three cases (clusters 2, 7, and 16) members of distinct homolo-
gous groups were clustered based on their structural similarity
(Supplementary Table S4). Structural cluster 16 stands out, as it
comprises UMAG_05227 and UMAG_05604, which were sin-
gleton based on sequence-derived clustering but well superim-
posed based on structures (Fig. SA). If the additional structural
homologs provide functional redundancy, they could have func-
tionally substituted for the deleted genes and could have masked
virulence phenotypes. Simultaneous deletion of these homologs
will be needed in future to evaluate this possibility.

It is worth noting that some structural clusters contain effec-
tors that do and do not contribute to virulence. Structural cluster
number 2 includes seven members of the Eff1 family (Khrunyk
et al. 2010) along effectors that do not contribute to virulence.
Structural cluster number 5 connects both members of the Eff3
family (no contribution to virulence) with UMAG_05932 (con-
tribution to virulence) (Supplementary Table S4). Superimpo-
sition of the structure of UMAG_05932 with those of the Eff3
effectors support their similarity, assigning them to the previ-
ously identified Tin2-like SUSS eftector family (Fig. 5B; Seong
and Krasileva 2023). If this clustering based on predicted struc-
tures indicates functional redundancy, we could expect a stronger
virulence phenotype upon co-deletion of the respective genes.

Discussion

Studying the mechanisms pathogens use to cause disease has
proven to be a powerful strategy to understand plant immunity
and generate solutions for agriculture. Effector proteins are the
key pathogen molecules that promote disease progression. To
boost the identification of promising effector proteins for func-
tional characterization, we pursued the hypothesis that conserved
secreted proteins without known domains might be critical to
pathogen virulence, forming a functional group. To do so, we
defined homologous groups of novel secreted proteins from 11
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pathogenic species in the Ustilaginaceae family. This compar-
ative genomics approach allowed the identification of 53 core
effector candidate groups. To test whether these proteins have
arole in virulence, we obtained or generated U. maydis mutant
strains by knocking out a single gene or the whole gene family
of the core groups. We then quantified the severity of the disease
caused by each mutant strain in maize seedling infections and
compared it with the one caused by the parental strain.

Of the 53 mutant strains, 20 showed reduced virulence com-
pared with the control. Among these, 18 were single mutants,
and 2 were gene family mutants. Among the group of effectors
that contribute to virulence, those reported to participate in the
formation of a cell surface-exposed effector complex (Ludwig
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etal. 2021) are the only ones (except for pitl) for which deletion
completely abolishes virulence. This might reflect the fact that
these proteins likely have an early structural function as com-
plex building blocks besides having a potential effector function
as described for Pepl, for instance, which also acts as a perox-
idase inhibitor (Doehlemann et al. 2009). When the structures
of these proteins were modeled, no distinctive structural mo-
tives or obvious similarities were found (Fig. 4B). This suggests
that the building blocks of the effector complex are heteroge-
neous in structure. In our study, the pit2 mutant also showed no
virulence symptoms, while weak symptoms were observed in
another study (Doehlemann et al. 2011). This difference could
be caused by the plant variety used for the infections or by dif-
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Fig. 4. Sequence and structural properties of novel effectors contributing to virulence. A, Schematics of the sequence features of the effectors contributing to
virulence. Amino acid sequences of effectors are drawn to scale. B and C, Best structures predicted by AlphaFold for selected Ustilago maydis effectors that
contribute to virulence with their predicted template modeling (pTM) scores ranging from 0 (worst) to 1 (best). Models are colored using a rainbow scheme
based on their predicted local distance difference test (p)LDDT) scores, which range from 0 (worst) to 100 (best). B, Effectors that are essential for virulence.
The boxes highlight the similar region between Stp3 and Pepl. C, Effectors contributing to virulence. The box highlights the Tin2-like effector fold (Seong

and Krasileva 2023).
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ferences in the glasshouse settings. pit2 mutants are able to pro-
liferate comparably to SG200 in the infected tissue up to 2 dpi
(Doehlemann et al. 2011), while mutants lacking members of
the surface complex (Stp complex) do not proliferate and be-
come growth-arrested earlier in the epidermal layer (Ludwig
et al. 2021). Therefore, Pit2 is clearly less essential for viru-
lence than the seven proteins forming the Stp complex. Among
the 20 strains with a virulence phenotype, 13 had been previ-
ously reported in various studies published between 2010 and
2021 (Supplementary Table S4). Here we followed the hypoth-
esis that conserved secreted proteins without known domains
present a rich source of effectors contributing to virulence. In
fact, in this work only, we report seven new interesting bona fide
effector candidates for functional characterization.

To assess whether the common presence of bona fide effec-
tors across smut species translates to functional conservation,
additional assays are needed. To date, cross-complementation
analyses have been done for eight of the previously character-
ized novel core effectors. Cross-species complementation assays
for pepl, stpl, and stp4 showed that these are functionally con-
served (Seitner et al. 2018; Sharma et al. 2019), suggesting that
the protein complex formed by these seven effectors may be
functional in other smuts (Ludwig et al. 2021). Similarly, the
virulence phenotype of the stal deletion mutant in U. maydis
could be complemented by introducing orthologs from four smut
species (Tanaka et al. 2020), and the U. maydis rsp3 deletion mu-
tant could be complemented by the S. reilianum f. sp. zeae rsp3
ortholog (Ma et al. 2018). In contrast, the U. hordei ortholog
of seel did not complement the U. maydis seel deletion strain
(Redkar et al. 2015a), and the pir2 orthologs from U. hordei,
S. reilianum f. sp. zeae, and M. pennsylvanicum did not com-
plement the U. maydis pit2 deletion strain (Misas Villamil et al.
2019). Furthermore, the S. reilianum f. sp. zeae tin2 ortholog
not only did not complement the U. maydis tin2 deletion strain
but was shown to have a distinct function in maize (Tanaka
et al. 2019). An intermediate behavior was observed for apB73,
as the apB73 deletion strain in U. maydis could be comple-
mented by introducing the ortholog from S. reilianum f. sp.
zeae but not those from U. bromivora or M. pennsylvanicum
(Stirnberg and Djamei 2016). These results indicate that belong-
ing to the core group of effectors is no guarantee of functional
conservation.

AlphaFold 2 could not accurately predict the structures of
many effectors contributing to virulence (Fig. 4C; Supplemen-
tary Table S5). Yet our results were consistent with the postu-
lation of the previous study that pathogen effectors could have
originated from ancient nonpathogenic ancestors and evolved
divergently for novel functions (Seong and Krasileva 2023).
Furthermore, structural similarity searches with Foldseek identi-
fied significant matches for UMAG_05780 and UMAG_11362
in Moesziomyces antarcticus and Pseudozyma hubeiensis, re-
spectively (Fig. 4C; Supplementary Table S5). These species

UMAG_05227
UMAG_05604

belong to Ustilaginomycetes and are not known to be plant
pathogenic but present secretome overlap with pathogenic smut
fungi (Schuster et al. 2018). The conservation of these proteins
between pathogenic and nonpathogenic species potentially im-
plies that some U. maydis proteins have acquired pathogenic
functions along evolutionary time.

To date, nine non-core, novel effectors have been identified
as potential virulence factors through multiple studies, and only
a single gene in this group was reported to have no actual con-
tribution to virulence (Darino et al. 2021; Schilling et al. 2014;
Schurack et al. 2021; Zuo et al. 2021, 2023). As mutants with-
out virulence phenotypes are unlikely to be published, this high
incidence of mutants with a virulence phenotype might be mis-
leading, because we currently lack a systematic deletion study
of novel, non-core effectors. Therefore, we cannot currently as-
sess whether our focus on novel core effectors has particularly
increased the chances of detecting effectors with a virulence
contribution. Nevertheless, we did successfully find effectors
that contribute to virulence among core novel secreted proteins,
following our hypothesis about them.

Out of the 53 groups identified, 33 deletion mutants did not
show a virulence phenotype under the tested conditions. For
13 of these genes, further analysis revealed the presence of
structural homologs, which might have functional redundancy.
Evaluating this possibility will require generation of multigene
knockouts and additional phenotyping. For the remaining 20 of
these 33, we could not identify other structurally similar effectors
within U. maydis and were unable to link the lack of a virulence
defect with functional overlap between evolutionarily related
proteins. The lack of phenotype could be attributed to our phe-
notyping method. We have tested virulence via disease severity
quantification using macroscopic symptoms of seedling infec-
tions in greenhouse conditions. This excludes effects on older
plants, symptoms in male and female flowers, and the micro-
biome, among others (Depotter et al. 2021). Moreover, deletion
mutants were generated in the solopathogenic strain SG200, in
which the contribution of effectors to spore formation cannot
be reliably assessed (Fukada et al. 2021). Another possibility
is the presence of evolutionarily unrelated effectors that may
have functionally converged. Our strategy to identify and target
homologous groups would miss such effectors. Despite these
potential shortcomings, our focus on core effectors has awarded
us with a high number of mutants affected in virulence and with
new bona fide effectors for functional characterization.

Materials and Methods

Strains and growth conditions

The Escherichia coli strain Top10 (Life Technologies) was
used for cloning purposes. U. maydis strains used in this
study are listed in Supplementary Table S5. They are derived
from the solopathogenic strain SG200 (Kdmper et al. 2000).

B

UMAG_10076
UMAG_05932

Fig. 5. Novel core effectors displaying similar structures could show functional redundancy. Best structures predicted by AlphaFold for selected Ustilago maydis
effectors were superimposed in PyMOL. A, Structural cluster 16 contains two sequence-unrelated effectors. B, Structural cluster 5 contains U. maydis proteins
displaying the Tin2-like fold, including members of the Eff3 family (no virulence contribution) and UMAG_05932, an effector contributing to virulence.
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U. maydis strains were grown in liquid YEPSL (0.4% yeast ex-
tract, 0.4% peptone, 2% sucrose) at 28°C on a rotary shaker
at 200 rpm. Colony morphology was assessed by propagating
the strains to an ODgg of 1.0 in YEPSL and spotting 2.5 ul on
PD plates (BD-Difco potato dextrose medium, 2% agar). PD
plates were incubated for 48 h at 28°C, and colony morphol-
ogy was assessed relative to SG200. Growth was assessed by
streaking out strains on PD plates and comparing the size of
single colonies of the mutant relative to SG200 after 48 h at
28°C. To assess filamentation, U. maydis strains were grown
to an ODgyp of 1.0 in YEPSL, and 2.5 ul was spotted on PD
charcoal (PD supplemented with 1% activated charcoal). Plates
were sealed with Parafilm and incubated for 48 h at room
temperature.

Strain constructions and verification

Deletion strains provided by other groups are listed in Sup-
plementary Table S6. The deletion events in these strains were
confirmed via Southern blot analysis. Deletion strains generated
in this study and the gene modification strategy used are listed in
Supplementary Table S6. Deletion strains were either generated
by gene replacement via double homologous recombination fol-
lowing the previously described PCR-based method (Kidmper
2004) or CRISPR-Cas9-mediated gene disruption of single or
multiple genes (Schuster et al. 2016, 2018). For the scarless
deletion of clustered genes, CRISPR-Cas9 was used in conjunc-
tion with donor DNA. To this end, single guide RNAs (sgRNAs)
targeting one of the clustered genes were designed using the
online tool E-CRISP (Heigwer et al. 2014). The best hit was
chosen regardless of its position in the gene. Oligonucleotides
encoding sgRNA templates were cloned in Acc65I-linearized
pMS73 (Schuster et al. 2018) via Gibson assembly (Gibson et al.
2010). Donor DNAs ranging from 40 to 100 bp in length and
comprising the up- and downstream flanking sequences of the
gene cluster to be deleted were synthetized as oligonucleotides
(Eurofins). CRISPR plasmids (no more than 0.5 ug) and donor
DNAs (1 pg) were co-transformed in U. maydis, as described
before (Schulz et al. 1990). Precise editing was confirmed by
PCR and Southern blot analysis.

For complementation of U. maydis deletion mutants, genes in-
cluding native promoter and terminator sequences were cloned
in the integrative p123 plasmid (Aichinger et al. 2003) contain-
ing an ip allele that confers carboxin resistance (Keon et al.
1991). The p123-derived plasmids were linearized as indicated
in Supplementary Table S2 before transformation in U. may-
dis. Linearized constructs were integrated single copies into the
genomes of effector mutant strains carrying a carboxin sensi-
tive ip allele via homologous recombination (Loubradou et al.
2001). The complementation strains were verified by Southern
blot analysis.

Resequencing of M. pennsylvanicum strain Mp4, genome
assembly, and annotation

As the genome sequence of M. pennsylvanicum Mp4 derived
by Illumina sequencing (Sharma et al. 2014) did not allow de-
tecting all essential effectors (Ludwig et al. 2021), we improved
the genome quality by resequencing M. pennsylvanicum Mp4
by single-molecule real-time sequencing (SMRT). DNA was
isolated using a phenol-based protocol (Hoffman and Winston
1987). A single large insert library (15 to 20 kb) was constructed
at the Max Planck Genome Centre in Cologne and sequenced
in one cell using P5-C3 chemistry on the PacBio RS II (Pacific
Biosciences) sequencing platform. This yielded 212,236 reads
with an average length of 11,464 bp, corresponding to an average
121.8-fold coverage.

A de novo assembly was done using the program HGAP2
with the BLASR aligner version 1 from SMRT analysis. The
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minimum seed length was 6,000 bp, maximum divergence was
set to 30%, and minimum anchor size was 12 bp. Polishing the
assembly was done using only unambiguously mapped PacBio
reads. Primary structural annotation was achieved by applying
three de novo prediction programs: (i) Fgenesh (Salamov and
Solovyev 2000) with different matrices (trained on Aspergillus
nidulans, Neurospora crassa, and a mixed matrix based on
different species); (ii) GeneMark-ES (Ter-Hovhannisyan et al.
2008); and (iii) AUGUSTUS (Stanke et al. 2006). In addi-
tion, the protein sequences of U. maydis (Kédmper et al. 20006),
U. bromivora (Rabe et al. 2016), and S. reilianum (Schirawski
etal. 2010) were mapped on the scaffolds using Exonerate (Slater
and Birney 2005). Resulting gene call models were checked for
complete mappings. Incomplete mappings were additionally in-
spected by using multi t-coffee alignments to the orthologous
protein sequences of the species mentioned above to improve the
correction process of the gene structure in M. pennsylvanicum.
All gene structures and evidence were displayed in GBrowse
(Donlin 2007), allowing manual validation and correction of
all coding sequences. The final annotation set comprises 6,868
protein-coding genes. In addition, 286 tRNA-encoding genes
were predicted using tRNAscan-SE (Lowe and Eddy 1997).
The protein-coding genes were analyzed and functionally anno-
tated using the Pedant system (Walter et al. 2009). The genome
sequence and annotation were submitted to the European Nu-
cleotide Archive, ENA at http://www.ebi.ac.uk/ena/data/view/
OAPG01000001-OAPG01000063. This new version of the pro-
teome contained 728 proteins that were not annotated in the
previous version of the genome by Sharma et al. (2014), among
which 57 are predicted to be secreted. Conversely, our annotation
lacks 212 proteins that were annotated by Sharma et al. (2014),
but none of them is predicted to be secreted (Supplementary
Table S7).

Prediction of secreted proteins

Sources of proteome data for the seven smut species inves-
tigated in this study are listed in Supplementary Table S1. The
proteins of the seven species were filtered with a customized
Python script for sequences starting with an N-terminal methio-
nine to ensure that prediction of secretion is only performed
with complete protein sequences (https://github.com/gschwei/
EDB/blob/main/Data/getCleanProtSequences.py). In this way,
8 proteins in U. bromivora, 26 in U. hordei, 30 in U. may-
dis, 36 in S. scitamineum, 20 in S. reilianum f. sp. zeae, and
20 in S. reilianum f. sp. reilianum were excluded from fur-
ther analyses. The remaining protein sequences were used to
predict secretion using SignalP 4.1 with the default Conser-
vative mode (Petersen et al. 2011). Next, transmembrane do-
mains were predicted with version TMHMM 2.0c (Krogh et al.
2001) and Phobius (Kall et al. 2004). Phobius predictions were
run with the corresponding online tool (http://phobius.sbc.su.
se/index.html) using the options Normal Prediction and out-
put format Short on July 11, 2017. Finally, C-terminal reten-
tion motifs for localization to the ER were predicted with the
online tool of PS Scans (http://www.hpa-bioinfotools.org.uk/
cgi-bin/ps_scan/ps_scanCGI.pl; accessed July 11,2017). We se-
lected the standard PROSITE pattern “PS00014-ER_TARGET”
to identify ER retention signals. This PROSITE pattern con-
siders the consensus sequence [KRHQSA]J-[DENQ]-E-L as
an ER-retention motif. Proteins were considered to be se-
creted if (i) SignalP identified a signal peptide, (ii) neither
TMHMM nor Phobius predicted a transmembrane domain
downstream of the inferred signal peptide cleavage site, and
(iii) no ER retention motif could be found. Scripts related to
this analysis can be found under: https://github.com/gschwei/
EDB.
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Building groups of homologous proteins

The secretome of all seven species was used to infer groups
of homologous proteins using OrthoMCL (Enright et al. 2002).
The result of an all-against-all blastp search (Altschul et al. 1990)
was used to obtain alignment scores, and these values were used
as pairwise distance measures between sequences for the in-
put to OrthoMCL, which was run in the Label Mode. In this
mode, the clustering of proteins depends on setting the inflation
value, which determines the composition of resulting groups.
To identify an inflation value suitable for our analysis, two cri-
teria had to be met. The value had to be small enough to allow
the grouping of previously described effector gene families in
U. maydis, and it had to be high enough to avoid the inclusion of
unrelated sequences. The effector gene families used as readout
comprised the Eff] family (Khrunyk et al. 2010), the “brown,”
“green,” and Tinl gene families of the effector gene cluster 19A
(Brefort et al. 2014), the Migl and Mig2 gene families (Basse
et al. 2002; Schirawski et al. 2010), and a previously defined
family of endoglucanases (Lanver et al. 2014; Supplemen-
tary Table S8). We tested a range of inflation values from 1.0
to 1.6, and found that an inflation value of 1.5455 allowed
the correct detection of most reference families without addi-
tional paralogs, except UMAG_02135 and UMAG_02136, the
most distant members of the Eff] family (Khrunyk et al. 2010;
Supplementary Table S9). When using this value for build-
ing groups of homologs, we obtained 398 groups of homolo-
gous protein sequences predicted to be secreted (Supplementary
Table S10). Scripts related to this analysis can be found under:
https://github.com/gschwei/EDB.

Prediction of protein domains

InterProScan (v.5.25-64.0) combining 16 prediction software
programs (Finn et al. 2017) was employed in stand-alone mode
on Linux to infer domains in all predicted secreted proteins
(Supplementary Table S11). All domain predictions present in
the groups of homologs were manually screened and sorted
either as “functional domain” or “not a functional domain”
(Supplementary Table S12). Based on this classification, homol-
ogous groups were sorted into three categories: all members with
functional domains, all members without functional domains,
and a mix of members with and without functional domains.
The members in each mixed homologous group were aligned
using PRANK v.100802 with default settings (Loytynoja and
Goldman 2008). Each alignment was manually investigated, and
each mixed homologous group was resorted into either the cat-
egory “all proteins with functional domain” or the category “all
proteins without functional domain.” In some cases, the align-
ment revealed that groups contained sequences incorrectly clas-
sified as homologous. In these cases, the groups were manually
curated following alignment information and subsequently split
into subgroups.

Modifications introduced after manual curation and their jus-
tifications are summarized in Supplementary Table S13 and
Supplementary Fig. S4. After this manual curation, the num-
ber of groups increased from 398 to 462, among which 214 be-
long to the category “with functional domain” and 248 groups
are classified as “without functional domain” (Supplementary
Table S2). We then mined this curated dataset for groups of
homologous proteins containing sequences from all species
studied (core sequences). Of the 462 groups, 140 are core
groups (86 with functional domain and 53 without functional
domains) (Supplementary Table S2). One example of manual
curation is Group_150 containing the novel effector Ccel/Stp4
(UMAG_12197) (Ludwig et al. 2021; Seitner et al. 2018). Ho-
mologs of Ccel/Stp4 were found in all species but not in M.
pennsylvanicum (Supplementary Table S7). The blastp searches
of Stp4 against the newly annotated resequenced M. pennsylvan-

icum genome detected MEPE_02537 in a region that is syntenic
between U. maydis and M. pennsylvanicum and encodes a pro-
tein with 54% identity to U. maydis Ccel/Stp4. We identified a
D-score of 0.486 for MEPE_02537 with SignalP, which is below
the D-score threshold of 0.5 used for predicting secretion. How-
ever, given the experimental evidence for Ccel/Stp4 secretion
(Ludwig et al. 2021; Seitner et al. 2018), we manually included
MEPE_02537 as a homolog of UmStp4 in our data set. The set
of novel core effectors is now considered to comprise 53 groups
(Fig. 1; Supplementary Table S2). Scripts related to this analysis
can be found under: https://github.com/gschwei/EDB.

BLAST search of core effectors in other smuts

To account for potential homologs of core effectors in four
published plant-infecting smut fungi genomes (U. trichophora,
U. esculenta, U. triciti, and U. hordei [Uhorl]), we retrieved
secretome data for these species as described earlier. Sources
of proteome data for these species are listed in Supplementary
Table S1. Homologous genes of novel core effectors were iden-
tified by blastp searches with protein sequences of U. maydis
novel core effectors as the query, and the secretomes of the four
additional species as the database. The blastp hits were found for
31 of the 53 groups of core effectors. We reasoned that missing
blastp hits could result from false-negative prediction of secre-
tion. Therefore, we repeated the blastp search with U. maydis
novel core effectors against the entire proteomes of the four
species. This new blastp search retrieved 14 hits outside the pre-
dicted secretomes. Alignments and manual inspection were then
performed to define whether the group remained core or not.
For the remaining eight cases where no blastp hit was found,
tblastn searches were performed, and the results were manually
inspected to decide whether the group remained core. We could
find homologs of all 53 U. maydis novel core effectors in U.
trichophora, U. esculenta, U. triciti, and the strain Uhorl. De-
tails of the manual inspection are summarized in Supplementary
Table S14 and Supplementary Figure S5, and the core effectors
in 11 smut fungi are listed in Supplementary Table S3. We did
not include the proteome of Thecaphora thlaspeos (Courville
et al. 2019) in this study, because it belongs to the more distant
family Glomosporiaceae (Begerow et al. 2014).

Virulence assays

Virulence of the strains was assessed by infecting maize
seedlings. Strains were grown in YEPSL medium to an opti-
cal density ODggy of 0.8 to 1.0. The cells were harvested via
centrifugation (1,700 x g, 5 min, room temperature) and re-
suspended in H,O to a final ODgq of 1.0. The suspension was
syringe-inoculated into 7-day-old ‘Early Golden Bantam’ (Ur-
ban Farmer) Zea mays seedlings grown in a glasshouse as de-
scribed previously (Kdmper et al. 2006). Disease symptoms were
evaluated according to reported disease rating criteria (Kdmper
et al. 2006).

For the mutants we generated in this study, initial virulence as-
says were made with at least two independently generated strains
per mutant and SG200 as the control. If virulence phenotypes
were dissimilar between mutant strains (because of mutagenic
events during the protoplasting step), and one or more were unal-
tered in virulence, one of these mutants was selected for further
investigation. If all mutants were affected in virulence, one was
chosen for complementation.

Once available, all mutants were assayed in parallel using one
strain of each core effector mutant and the SG200 control. The
number of infected plants used in this assay was predetermined
by a sample size estimation performed with the pwr library
v.1.2.2 (Champely 2020) in R (v.3.5.1; R Core Team 2018) with
the following parameters: d = 0.80, sig.level = 0.01, power =
0.9. The desired effect size was determined based on previous
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infections made with deletion mutants giving either a strong vir-
ulence defect like scp2 mutants (Krombach et al. 2018) or a weak
virulence defect like crnul mutants (Djamei et al. 2011).

To detect significant differences, we increased by 15% the
sample size obtained (n = 50) given that virulence test are non-
parametric tests. In practice, 20 plants were infected in parallel
with each mutant strain, and the experiment was independently
repeated twice. Differences in virulence scores were assessed
with a Kruskal-Wallis test (Kruskal and Wallis 1952) followed
by a Conover-Iman post hoc test (Conover and Iman 1979) for
pairwise comparisons, using the conover.test package v.1.1.5.
False discovery rate (FDR) was used as correction for multiple
testing (Benjamini and Hochberg 1995) and calculated with the
conover.test function (using the parameter method =“bh”). Dif-
ferences in virulence with an FDR < 0.01 were considered as
significant. Statistical analysis can be found in Supplementary
Table S15.

Structure prediction

We predicted the structures of 73 putative effectors in the 53
homologous groups. The protein sequences without signal pep-
tide were submitted to ColabFold v.1.5.3 (Mirdita et al. 2022)
that relies on AlphaFold v.2.3.2 (Jumper et al. 2021). The pTM
model was used to generate five models with sequences collected
from the standard databases (msa_mode: mmseqs2_uniref_env)
and available experimentally determined structures as templates
(template_mode: pdb100). The best model was selected based
on pLDDT scores and further relaxed with amber. The structure
of UMAG_06112 was downloaded from the AlphaFold protein
structure database (Varadi et al. 2022). This protein was known
to be well predicted by AlphaFold 2, but ColabFold failed to
model it.

Structural similarity searches

To identify structural matches outside the smut pathogens
included in this study, the best-predicted structure for each
protein was submitted to the Foldseek web server to search
against the AlphaFold database clustered at 50% sequence iden-
tity (AF50) (van Kempen et al. 2024). We reported the best
hit that did not originate from Ustilago, Melanopsichium, and
Sporisorium (Supplementary Table S4). To identify structural
matches within the U. maydis proteome, we downloaded the pre-
existing 6,347 structural models from the AlphaFold database,
using the taxonomical identifier (237631). From each of the
models we downloaded and modeled, low-confidence N- and
C-terminal regions were removed based on pLDDT < 40. If
the average pLDDT score of the remaining positions exceeded
60, and the remaining protein was equal to or longer than 50
amino acids, the model was included for structural cluster-
ing. The selection criterion chosen was lower than the standard
(pLDDT > 70) to identify any potential matches that AlphaFold
2 may not model well. All models were clustered with Foldseek
v.1cb3a80d9566820bc223bdf4d34d30d85ffbc4f4 (easy-cluster
-$7.6-c0.7).
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