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Abstract

Biotrophic plant pathogens secrete effector proteins to manipulate the host physiology.
Effectors suppress defenses and induce an environment favorable to disease development.
Sequence-based prediction of effector function is impeded by their rapid evolution rate. In
the maize pathogen Ustilago maydis, effector-coding genes frequently organize in clusters.
Here we describe the functional characterization of the pleiades, a cluster of ten effector
genes, by analyzing the micro- and macroscopic phenotype of the cluster deletion and
expressing these proteins in planta. Deletion of the pleiades leads to strongly impaired viru-
lence and accumulation of reactive oxygen species (ROS) in infected tissue. Eight of the
Pleiades suppress the production of ROS upon perception of pathogen associated molecu-
lar patterns (PAMPs). Although functionally redundant, the Pleiades target different host
components. The paralogs Taygetal and Merope1 suppress ROS production in either the
cytoplasm or nucleus, respectively. Merope1 targets and promotes the auto-ubiquitination
activity of RFI2, a conserved family of E3 ligases that regulates the production of PAMP-trig-
gered ROS burst in plants.

Author summary

The genomes of filamentous plant pathogens encode for hundreds of protein-coding
effector genes. These secreted proteins target different host components to modify its
physiology and promote disease. Effector coding genes usually evolve fast and lack largely
functional domains, making the prediction of their function a difficult task. In the maize
pathogen Ustilago maydis, effector coding genes usually cluster together in the genome.
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Within clusters, new genes are thought to emerge by duplication events followed by quick
selection. Here we study the functional relevance of one of these clusters. In the pleiades, 8
out of 10 genes function to suppress host defenses, irrespective of their sequence relation-
ship, which constitutes the first functional elucidation of an effector cluster in U. maydis.
Additionally, we detect the hallmarks of a neo-functionalization event for two paralogs
within the cluster of which one effector targets the host proteasomal degradation pathway
in the nucleus and the other acts in the plant cytoplasm or the plasmamembrane. Our
study shows the functional relevance of effector gene organization and highlights the
redundancy, yet mechanistic diversity, in effector functions.

Introduction

In order to interact with their host plants, pathogenic microbes evolved molecules known as
effectors. These secreted molecules (proteins, RNA and small metabolites) manipulate host
physiology and development to suppress immune responses and create an environment that
promotes the pathogen’s proliferation. Following secretion, effector can remain in the space
between the plant cells, the apoplast (apoplastic effectors) or translocate into the host cytosol
(symplastic effectors) [1,2]. As a result of their secreted nature, effectors are exposed to the
host immune system and can induce resistance responses following their recognition. Hence,
the evolution of effector coding genes is governed by two major processes, evasion of host rec-
ognition and functional optimization, both of which can result in gene lost/gain events, point
mutations, or alterations in gene expression [1].

A major problem in effector biology is how to assign function to genes encoding putative
effectors. Typically, the genomes of filamentous pathogens code for hundreds or even thou-
sands of effector candidates [1,3,4] yet, for any given pathogen, only a handful have been func-
tionally characterized. Predicting effector gene function from their sequence is hampered by
the fact that most of them lack conserved protein domains or homologs beyond closely related
species [5]. They are also difficult to study by reverse genetic approaches as many exhibit func-
tional redundancy. Large scale single knockout studies have identified only a few genes with a
measurable contribution to virulence [6,7]. This redundancy is believed to counteract recogni-
tion by the host immune system. If a single effector targets a given host pathway, losing this
effector to avoid host recognition will cause a fitness cost to the pathogen population. How-
ever, if multiple effectors target the same pathway, the population can quickly adapt by losing
the recognized effector without a fitness cost [1]. For example, many pathogens have multiple
LysM effectors that bind chitin in order to avoid host recognition or shield their cellwall from
degradation by chitinases [8-10].

Effector encoding genes tend to be enriched in discrete regions of the genome, which show
higher sequence diversity within the population in comparison to housekeeping genes. These
regions are usually found in sub-telomeric parts of the chromosomes, are enriched in transpo-
son sequences, have low gene density, and/or frequently show presence/absence polymor-
phisms. All of these features are believed to increase the variability of the effector repertoire in
a pathogen population [1].

Smut fungi are a class of pathogens that infect grasses and some dicotyledonous plants, pro-
ducing high amounts of spores in the floral tissues [11,12]. Ustilago maydis infects maize and
teosintes, inducing the production of galls in all aerial tissues as soon as 7 days post infection.
This feature, together with its genetic tractability, has established the U. maydis-maize patho-
system as a model to study biotrophic plant pathogen interactions. In U. maydis and other
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smuts, a large proportion of effector genes are organized in clusters. These clusters consist of
groups of 3 to 26 genes in which related genes are arranged in tandem, likely due to gene dupli-
cation events followed by strong natural selection [5,11,13]. Expression of clustered genes is
co-regulated; they are upregulated upon infection whereas flanking genes are not [11,14].
Clustered effectors are known to contribute to virulence, although with some degree of redun-
dancy. Individual deletion of seven of these clusters lead to reduced virulence or apathogenic
phenotypes [5,11]. However, besides establishing a general role in virulence, reverse genetic
studies have not been successful in establishing the function of effector gene clusters.

The plant immune system recognizes two major classes of pathogen-derived molecules,
pathogen/microbial associated molecular patterns (PAMPs/MAMPs) and effectors. PAMPs
are highly conserved, essential structural components of the pathogen and cannot be modified
without large fitness costs. These include bacterial flagellin, fungal chitin and B-glucans
[15,16]. The recognition of PAMPs is mediated by a large set of plasma membrane receptors
called pattern recognition receptors (PRRs). PAMP binding to PRRs leads to a series of defense
reactions that include the rapid production of ROS by membrane-anchored NADPH oxidases
(RBOH proteins), increase in cytosolic Ca®* levels, MAP kinase activation, and transcriptional
reprogramming. Together, these contribute to PAMP-triggered Immunity (PTI). Consequen-
tially, these signaling cascades are often manipulated by bacterial effectors in order to promote
virulence [17]. Likewise, the U. maydis effector Pepl inhibits the activity of host apoplastic per-
oxidases involved in the production of ROS [18,19].

The ubiquitin proteasome system controls multiple layers of the plant immune system,
including PAMP recognition and downstream signaling. Particularly, E3 ubiquitin ligases
(E3s) have been shown to regulate the activity and turnover of components involved in
immune signaling. In Arabidopsis thaliana, the three closely related E3s, PUB22, PUB23, and
PUB24 negatively regulate immunity by dampening PAMP recognition [20]. In contrast, the
“Arabidopsis TOXICOS EN LEVADURA” gene family encodes E3s which are induced by
PAMP treatment and contribute to pathogen resistance [21,22]. E3s are frequently targeted by
effectors. The P. infestans effector Avr3a stabilizes CMPG, an E3 whose degradation is neces-
sary for immune reactions [23]. Most strikingly, the Pseudomonas syringae effector AvrPtoB is
an E3. It mediates the ubiquitination of several PRRs, leading to their degradation and thereby
promoting virulence [24].

Here we present the functional characterization of the U. maydis Pleiades / cluster 10A, con-
taining 10 putatively secreted proteins. By expressing these proteins in the plant cell, we show
that 8 of the Pleiades inhibit PAMP-triggered immunity, irrespective of their sequence rela-
tionship, thereby identifying a PTI-suppressive function of the cluster. We show that neofunc-
tionalization followed gene duplication in the case of the two paralogs, Taygetal (Tayl) and
Meropel (Merl). Finally, we provide evidence that Mer1 targets and modifies the activity of
RFI2 homologs, a conserved family of RING E3s that are involved in early immune responses
and control of flowering time in plants. A. thaliana plants expressing Mer1 show decreased
immunity as well as early flowering.

Results

The pleiades, a cluster of effector genes, encodes for of secreted proteins
that contribute to virulence

The U. maydis pleiades cluster (Cluster 10A) encodes ten proteins which lack any sequence
similarity to known protein domains and lack cysteine residues (which are frequent in apo-
plastic effectors) beyond their predicted secretion signals. The cluster contains three gene fam-
ilies, A (UMAG_03745, UMAG_03746, UMAG_03747, UMAG_03750) B (UMAG_03748,
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UMAG_03749) and C (UMAG_03752, UMAG_037453), based on protein sequence similarity
(24% or more, S1 Table). Two genes (UMAG_03744 and UMAG_03751) encode for proteins
without homology to other proteins in the cluster (Fig 1A). While none of the pleiades show
paralogs outside of the cluster, orthologs of all three gene families are well conserved across the
sequenced smuts and display high synteny between U. maydis, Sporisorium reilianum,and S.
scitamineum, Thus, the gene cluster is conserved among these species (S2 Table).

The transcriptional analysis of the pleiades during the various life-stages of U. maydis
reveals that they are upregulated during the biotrophic phase [14]. Analysis of the Pleiades
with SignalP 5.0 [25] predicted the presence of secretion signals for all proteins with high con-
fidence, whereas the two immediately neighboring genes to the cluster (UMAG_03743 and
UMAG_03754) code for proteins without secretion signals (S3 Table). We verified the secre-
tion of two Pleiades by monitoring the localization of mCherry fusions of Tayl
(UMAG_03752) and Merl (UMAG_03753) expressed by U. maydis during biotrophic growth
in maize. Three to four days post infection (dpi), U. maydis expressing SP,,.,;-mCherry-Merl,
SPmeri-Mer1-mCherry-3xHAor SPy,y;-mCherry-Tayl showed localization of the mCherry sig-
nal in the edges and tips of the hyphae (Figs 1B and S1A and S1C). On the other hand, U. may-
dis expressing mCherry-Merl1 (without its predicted secretion signal) showed a diffuse
localization of the mCherry signal throughout the whole hyphae (Fig 1B). Plasmolysis of
infected maize leaves with mannitol, which expands the apoplastic space, showed that both
mCherry-effector fusions were freely diffusible in the apoplast (Figs 1B and S1A and S1C).
Western blot from infected maize tissue showed that these proteins were expressed as full
lengths (S1B Fig). We next used the U. maydis AB33 strain to express Merl and Tayl in axenic
culture. AB33 filaments in vitro in response to nitrate, mimicking to some degree developmen-
tal changes induced during host colonization [26]. Using the strong, constitutive otef promoter
we found that full length Mer1-3xHA and Tayl-3xHA accumulated in both, cell pellet and
culture supernatant fractions, whereas the non-secreted protein Actin was only detectable in
the cell pellet fraction (S1D Fig). When using the tayl promoter (which is ten times stronger
than the merl promoter [14], we could not detect the expression of these proteins in vitro
(S1D Fig). Taken together, these data show that Mer1 and Tay1 are soluble proteins secreted
by U. maydis into the biotrophic interphase upon host colonization.

Deletion of the whole pleiades cluster has been shown to impair virulence of U. maydis [11].
Therefore, we generated deletion strains in the solopathogenic SG200 U. maydis background to
dissect the specific virulence contribution of individual gene families within the pleiades. We
generated deletions of the entire gene cluster, individual gene families or all the genes in the
cluster except atll (formerly tenl, UMAG_03744), since the latter was previously reported to
contribute to virulence [27]. Deletion of the whole cluster had the strongest effect on virulence.
Plants infected with this strain showed mild disease symptoms like chlorosis and small galls
(Fig 1C). Simultaneous deletion of the gene families A, B, C together with ploI also showed a
considerable reduction in virulence, although not as strong as in the whole cluster deletion.
Finally, deletion of family C showed a mild defect in virulence, which could be complemented
ectopically by either tayI or merl. Deletion of family A or B alone did not show any measurable
effect on virulence (Fig 1C). Altogether, our experiments indicate that the pleiades contribute to
virulence additively and that at/I has the strongest impact, although there seems to be some
level of redundancy since deletion of family A and B alone did not impact virulence.

The Pleiades suppress early defense responses

To investigate how the pleiades contribute to virulence, we analyzed early host defense
responses upon infection with U. maydis strain SG200 or its derivative SG200A4ple. One of the
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Fig 1. Pleiades, a cluster of secreted proteins contributes to the virulence of U. maydis. a. Schematic representation of
the cluster 10A/Pleiades on chromosome 10 of U. maydis. Paralogous genes are represented with the same color and
assigned to different families (A, B, C). Genes neighboring the cluster, which do not contain a predicted secretion signal,
are shown in white. b. Secretion of Mer1 during maize infection. Left: plants infected with a strain expressing mCherry-
Mer1 (without its secretion signal) show a diffuse mCherry signal, without accumulation in the periphery of the hyphae.
Center: plants infected with a U. maydis strain expressing SPye;1-mCherry-Merl show mCherry signal mainly at hyphal
tip and periphery. Right: plants infected with a strain expressing SPyre;ymCherry-Mer1 and plasmolyzed with mannitol
show accumulation of the mCherry signal in the hyphae as well as the apoplastic space. Arrowheads: plasma membranes
of plasmolyzed maize cells. Upper panels: mCherry fluorescence, lower panels: bright field-mCherry merge. Scale

bar = 10 pm. Pictures were taken 3-4 dpi. ¢. Disease symptom scoring of maize seedlings infected with U. maydis. SG200
(progenitor strain) or its derivative strains harboring complete or partial deletion of the pleiades cluster and their ectopic
complementations were infected in seven-day old seedlings, and disease symptoms were rated 12 dpi. Data represent
mean + SD from three independent experiments, n = total number of scored plants. Significant differences between
strains were analyzed by the Fisher’s exact test with Benjamini-Hochberg correction for multiple comparisons (*p<0.05,
** p<0.01, *** p<0.001, **** p<0.0001).

https://doi.org/10.1371/journal.ppat.1009641.9001

first signaling and defense responses that plants activate upon recognition of invading
microbes is the accumulation of ROS in the apoplastic space, which is usually suppressed by
effectors from virulent pathogens [15,16]. We assessed the production of ROS at the infection
sites by staining plants 36 hours post infection with diamino-benzidine (DAB), which forms a
brown precipitate in the presence of H,0, [28,29] and examined them by widefield and fluo-
rescence microscopy. Leaves infected with SG2004ple showed strong DAB precipitation that
accumulated around the invading hyphae, whereas SG200-infected leaves were hardly stained.
Hyphae appeared mostly transparent by widefield microscopy (Fig 2A). Hyphae that did not
show DAB precipitation could be stained by the chitin-binding WGA-Alexa Fluor 488 dye
(WGA-AF488), indicating that all examined areas were colonized by U. maydis (Fig 2A).

To complement H,0, visualization in the U. maydis-maize pathosystem and to test whether
the Pleiades have a direct impact on the early PTI response, we expressed each of the proteins
(without their predicted secretion signal) in N. benthamiana and tested their ability to suppress
PAMP-triggered ROS production. Plants expressing each of the pleiades were treated with the
PAMPs flg22 or chitin and ROS production was monitored overtime using a luminol-based
assay [30]. The ROS-burst response in plants expressing mCherry cloned in the same vector
used for effector expression was used as reference control. Strikingly, all Pleiades except Plol
were able to inhibit the PAMP-triggered ROS burst compared to the control (Figs 2B and S2).
Expression of Ste2 could not be detected in N. benthamiana (S2E Fig). Most proteins inhibited
the oxidative burst irrespective of the PAMP used, except Atll which was specific for flg22 and
Cell which was specific for chitin. Taken together, our results suggest that the Pleiades are
secreted into the biotrophic interphase and contribute to inhibition of PAMP-triggered ROS
burst during host colonization. The fact that the Pleiades inhibit PAMP-triggered ROS burst
when expressed in the cytosol of N. benthamiana suggests that they might be translocated
effectors and their molecular targets might be conserved across monocots and dicots.

The paralogs Tayl and Mer1 target different cellular compartments

Since Tayl and Mer1 had the strongest and most consistent effect on PAMP-triggered ROS
production in N. benthamiana (Figs 2B and S2C), we focus further experiments on these two
proteins.

We employed the recently developed foxtail mosaic virus (FoMV) vectors [31] to express
Tayl and Mer! in maize. The ROS-burst response in plants expressing GFP cloned in the
same vector was used as reference control. Expression of Tayl,g 395 and Merl,3.34; (without
their secretion signals) lead to a reduced ROS burst response compared to the GFP control
(Fig 3A). This data, together with our previous observation on maize plants infected with
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Fig 2. Pleiades contribute to the suppression of early defense responses. a. Accumulation of H,O, in infected leaves
visualized by diamino benzidine (DAB) staining. Left panels: U. maydis SG200 colonizes the host tissue without
showing strong DAB precipitation. Right panels: U. maydis SG200 Aple shows pronounced precipitation of DAB
around the hyphae upon colonization of the host. Upper panels: color pictures showing the brown DAB precipitate.
Lower panels: Phase contrast/Alexa Fluor 488 merge. WGA-Alexa Fluor 488 (which binds chitin) was used as a
counter stain to show the presence of hyphae not stained by DAB since the precipitate covers and mask chitin from
being bound by WGA. Samples were collected 36h post infection. Scale bar = 100 um. Color pictures and the
Fluorescent/Phase contrast pictures are taken with different cameras; therefore, the fields of the upper and lower panels
don’t overlay perfectly. b. PAMP-triggered ROS burst in N. benthamiana. Transient expression of pleiades (without
their predicted secretion signal) leads to reduction of the oxidative burst triggered by flg22 (left) or chitin (right).
Plants expressing mCherry were used as the reference control. Total photon counts over 40 (flg22) or 30 minutes
(chitin) are shown as box plots. Data is a pool of three (flg22) or four (chitin) independent experiments, n = 15 or 12
plants respectively. Significant differences between proteins were analyzed by ANOVA with Benjamini-Hochberg
correction for multiple comparisons (* p<0.05, ** p<0.01).

https://doi.org/10.1371/journal.ppat.1009641.9002

U. maydis Aple showing strong accumulation of H,0, around invading hyphae, suggest that
the Pleiades Tayl and Mer1 function to suppress PAMP-triggered ROS burst in the host plant.
To further characterize ROS-burst suppression by Tayl and Merl, we analyzed their sub-
cellular localization. We constructed mCherry fusions of Tayl and Mer] and expressed them
in maize epidermal cells by biolistic bombardment as well as in N. benthamiana, by Agrobac-
terium-mediated transformation. In both cases, GFP-nuclear localization signal (NLS) was
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Fig 3. Tayl and Mer1 are functional in maize and target different cell compartments. a. PAMP-triggered ROS
burst in maize. Transient expression of Tayl,g 395 and Mer1,; 34; in maize with the viral vector pPFoMV leads to
reduction of the oxidative burst triggered by flg22. b. Expression of mCherry- Tayl,g 305 and mCherry- Merl,;3 34; in
maize epidermal cells by biolistic bombardment. mCherry-Tay1,4 305 (left panels) localizes preferentially to the
cytoplasm whereas mCherry-Merl,3 34; (right panels) localizes to the cytoplasm and nucleus. GFP-NLS was co-
expressed as a nuclear marker. Scale bar = 50 pm. c. d. Sub-cellular localization affects the ROS burst inhibiting activity
of Tayl and Merl differentially. Plants expressing mCherry were used as reference control showing maximum ROS-
burst and plants expressing Myc-mCherry-Tayl,g 305 (c) or Myc-mCherry-Merl,; 341 (d) were used to monitor their
intrinsic ROS-burst inhibitory activity without miss localization. Curves show flg22-triggered ROS burst over 40
minutes. ¢. Removing Tay1 from the nucleus (NES-mCherry-Tayl,5 303 or Myr-mCherry-Tayl,g 39¢) does not affect
its inhibitory activity, whereas targeting Tay1 to the nucleus (NLS-mCherry-Tayl,g3 395) abolishes its inhibitory
activity. d. Removing Mer1 from the nucleus (NES-mCherry-Merl,3 34; or Myr-mCherry-Merl,3 34;) abolishes its
inhibitory activity, whereas targeting Mer1 to the nucleus (NLS- mCherry-Merl,3 34;) does not modify its inhibitory
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activity. Data, mean + SEM, is a pool of three independent experiments, n = 15. Only positive error bars are shown for

clarity.
https://doi.org/10.1371/journal.ppat.1009641.9003

co-transformed and used as a nuclear marker. Confocal microscopy showed that mCherry-
Tayl,g 308 localized primarily to the cytoplasm and almost no mCherry signal was detected in
the nucleus (Figs 3B and S3A). On the other hand, mCherry-Merl,3 34; was detected in the
nucleus as well as in the cytoplasm (Figs 3B and S3B). These results lead us to hypothesize that
these paralogs may target different cellular compartments to suppress ROS production. We
tested this hypothesis using a mis-localization approach. We fused Tayl and Mer1 to either
NLS-mCherry, NES-mCherry (nuclear export signal) or Myr-mCherry (myristoylation signal,
targeting proteins to the inner side of the plasma membrane) and expressed these fusion pro-
teins in N. benthamiana. Myc-mCherry fusions of Tayl,g 305 and Merl,; 34; were used as con-
trols since this tag is not expected to affect cellular localization. The localization of the
respective mis-localization constructs was visualized by confocal microscopy (S3A and S3B
Fig). Expression level and integrity of the fusion proteins were assessed by westernblot using
a-mCherry antibodies (S3C Fig). Plants were treated with flg22 and ROS production was
monitored over time as described before. Localizing each paralog to different cellular compart-
ments had opposite effects. Fusing Tayl,g 305 to NLS-mCherry abolished its inhibitory activity
on PAMP-triggered ROS-burst (Fig 3C) while fusing Tayl,s 393 NES-mCherry or Myr-
mCherry had no effect with respect with the Myc-mCherry-Tayl,g 395 control. In contrast,
Merl showed loss of ROS-burst inhibition activity upon forced cytoplasmic localization (NES-
mCherry and Myr-mCherry fusions). Fusing Mer1,3 34;to NLS-mCherry did not affect its
inhibitory activity (Fig 3D). Hence, by integrating the microscopy (in maize and N. benthami-
ana) with the ROS-inhibition data upon mis-localization, we propose that Tayl1 acts in the
host cytoplasm whereas Merl acts in the host nucleus.

Merl1 interacts with RFI2, a family of E3-Ligases

To identify host targets of Tayl and Mer1 we performed yeast two-hybrid (Y2H) screens
against a cDNA library from U. maydis-infected maize tissues. Whereas the screen with a bind-
ing domain fusion to Tayl (BD-Tayl,g 305) did not lead to the identification of any reproduc-
ible interactors, screening with BD-Mer1,3 34; led to the identification of 72 clones growing on
high stringency media [-leucine (-L), -tryptophan (-W),—histidine (-H),—alanine (-A)]. Of
these, 31 corresponded to proteins with homology to the A. thaliana RING domain, E3 red
and far red insensitive 2, RFI2 [32]. To independently verify this interaction, we cloned four of
the five predicted RFI2 homologs from maize; the two predicted homologs from A. thaliana
(we renamed the only characterized homolog AtRFI2A and its uncharacterized paralog RFI2B)
and the only predicted homolog from N. benthamiana into a prey vector and tested their inter-
action against BD-Mer1,3 341. All homologs showed interaction with BD-Merl,; 34;0n inter-
mediate stringency media (-L, -W, -H). Additionally, the homologs ZmRFI2A, ZmRFI2B,
ZmRFI2T, and NbRFI2 showed interaction on high stringency media (Fig 4A). ZmRFI2T is a
truncated variant, isolated from the cDNA library, which lacks the RING domain (S4A Fig).
We also tested whether Tay1 could interact with RFI2 homologs by directed Y2H assays.
BD-Tayl,5 395 Was also able to interact with some of the RFI2 homologs tested, although to a
much weaker extent compared to BD-Mer1,3 341 (Fig 4A).

To confirm the interaction between family C effectors and RFI2 homologs we performed
co-immunoprecipitation assays (Co-IPs). Since RING E3s are known to auto-ubiquitinate,
thus mediating their own degradation in vivo [33,34], we constructed stabilized versions
containing alanine substitutions in the Zn-coordinating residues of the RING domain
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Fig 4. Mer] interacts with members of the RFI2 family in the plant nucleus. a. Y2H assay showing interaction of
Mer1y;.34; and Taylg 305 with RFI2 homologs from maize, A. thaliana and N. benthamiana. Yeast strains were grown
on SD medium lacking indicated amino acids/nucleotides. Growth in media lacking leu (L) and trp (W) is used as
transformation control. Growth in media lacking leu (L), trp (W) and his (H) (intermediate selection) or leu (L), trp
(W), his (H) and ade (A) (high stringency selection) indicates protein interaction. b. RFI2 proteins co-
immunoprecipitate with Mer1,3 341 but not Tayl,g 39gin planta. Proteins were co-expressed in N. benthamiana by
Agrobacterium mediated transformation, total proteins were immunoprecipitated with oo Myc magnetic beads (IP:
Myc) and blotted with specific antibodies. 3xHA-ZmSRFI2A, 3xHA-AtSRFI2A and 3xHA-AtSRFI2B co-
immunoprecipitate with Myc- Merl,3 34; specifically. Protein loading is indicated by Ponceau staining in the input
fraction. (*) indicates the full-length proteins. c. mCherry-Merl,;_34; and GFP-ZmSRFI2A co-localize in the maize
nucleus. Proteins were transiently co-expressed in maize epidermal cells by biolistic bombardment. Scale bar = 50 pm.

https://doi.org/10.1371/journal.ppat.1009641.9004

(S4A and S4C Fig) which we named “stabilized RFI2” (SRFI2). 3xHA-ZmSRFI2A, 3xHA-
AtSRFI2A, or 3xHA-SAtRFI2B were co-expressed with Myc-Merl,3 341 or Myc-Tayl,g 305 in
N. benthamiana. Proteins were extracted and incubated with o-Myc magnetic beads. All three
RFI2 homologs tested were able to co-immunoprecipitate in the presence of Myc-Merl,3 341
but not in the presence of Myc-Tayl,g 305 or YFP-Myc (negative control, Fig 4B). Additionally,
HA-YFP was not co-precipitated in the presence of Myc-Merl,; 341 or Tayl,g 305 (Fig 4B).
These results show that the interaction between RFI2 homologs and Merl is specific.

Since we established earlier that Merl but not Tayl1 targets the host nucleus (Fig 3), we
tested whether RFI2 homologs localize to this cellular compartment. We co-bombarded fluo-
rescently labeled proteins into the maize epidermis and verified their localization by confocal
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microscopy. GFP-ZmSRFI2A and mCherry-Merl,; 34; co-localized in the nucleus and to a
lesser extent, in the cytosol (Fig 4C). Co-expression of GFP-ZmSRFI2A, GFP-AtSRFI2A,
GFP-AtSRFI2B or GFP-NbSRFI2B with mCherry-Mer1,3_34; in the epidermis of N. benthami-
ana showed similar results, although the nuclear localization of the E3s was more pronounced
in this system (S4D Fig). Consistent with the Co-IP results, co-expression of GFP-ZmSRFI2A,
GFP-AtSRFI2A, GFP-AtSRFI2B or GFP-NbSRFI2B with mCherry-Tayl,g 305 in N. benthami-
ana showed no co-localization (S4E Fig). Taken together, our results show that members of
the RFI2 E3 family interact specifically with Merl and that this interaction likely happens in
the nucleus, since Mer1 only inhibits the PAMP-triggered ROS burst in this compartment.
The interaction with maize, N. benthamiana, and A. thaliana homologs strongly supports for
Mer1 our earlier assumption, that the Pleiades’ targets are conserved across monocots and
dicots.

Mer1 modifies the ubiquitination activity of RFI2 homologs

In A. thaliana, RFI2A has been linked to seedling de-etiolation responses and photoperiodic
flowering. rfi2A plants show early flowering [32,35]. Additionally, the rice homolog APIPS,
has been linked to immunity [36]. To clarify the role of 7fi2 homologs in immunity we took
advantage of the genetic tractability of A. thaliana. We generated plants expressing Merl,; 34;
and compared them to the rfi2A, rfi2B, and rfi2A/rfi2B knockouts. A. thaliana plants express-
ing Myc-Merl,; 34; showed a reduced PAMP-triggered ROS burst compared to wild-type
(Col-0) plants (Fig 5A). This phenotype occurred even at low expression levels of Mer1, indi-
cating that the mechanism of ROS-burst suppression requires low effector amounts (S5C Fig).
The single knockouts (rfi2A and rfi2B) and the double knock out (1fi2A/rfi2B) plants also
showed a reduced ROS burst, similar to that of Myc-Mer1,3 34;plants, however the double
knock out did not show any further ROS burst reduction compared to the single knock outs
(Fig 5B). This data, together with evidence from the literature, indicate that RFI2 proteins are
necessary for PAMP-triggered ROS production and are likely targets of Merl.

Since expression of Merl,; 341 in planta mimicked the ROS burst phenotype of the rfi2
knockouts, we hypothesized that Mer1 has an inhibitory effect on the E3s. To test this hypothe-
sis, we produced and purified Myc-Merl,3 34;, MBP-HA-AtRFI2A and MBP-Strep-AtRFI2B
from E. coli and assayed the effect of Mer1 on the ubiquitination activity of the E3s in vitro.
Both E3s showed a moderate auto-ubiquitination activity, that was strongly enhanced by addi-
tion of Mer1 (Fig 5C). In the case of AtRFI2A, we could detect the higher molecular weight
auto-ubiquitination products of the E3 by western blot directly with a-HA and a-Ubiquitin
antibodies. In the case of AtRFI2B, we could only detect the ubiquitination products with the
o-Ubiquitin antibody. As negative controls, we performed reactions lacking either E1 or E3
enzymes, which showed no ubiquitination products.

As Merl promotes auto-ubiquitination of RFI2 homologs in vitro, we tested the effect of
Mer1 on the stability of recombinant AtRFI2A by a cell free degradation assay using native
protein extracts from A. thaliana. Incubation of recombinant MBP-HA-RFI2A with leaf
extracts from Col-0 did not lead to significant degradation over a period of 2 h. In contrast,
incubation of MBP-HA-RFI2A with extracts of Myc-Mer1,3 34, expressing plants lead to par-
tial degradation of the protein, which was detected 30 min after the start of the reaction, and
this effect was abolished in the presence of the proteasomal inhibitor MG132 (S6 Fig).

A. thaliana plants expressing Mer1,3 34; also showed an early flowering phenotype com-
pared to their Col-0 background when grown under long day conditions (S5A and S5B Fig).
In contrast, rfi2A and r£i2B plants did not flower early, while the rfi2A/rfi2B double knockout
flowered slightly late (S5 Fig).
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Fig 5. Mer]1 affects the activity of AtRFI2 homologs. a. PAMP-triggered ROS burst in A. thaliana. 355:Myc-Mer1,;.
341 lines show reduced oxidative burst upon flg22-treatment compared to their Col-0 background. b. Both rfi2
homologs of A. thaliana contribute to the flg22-triggered ROS burst response. Either single mutant or the double
mutant show reduced oxidative burst compared to their Col-0 background. Only positive error bars are shown for
clarity. All ROS burst measurements were done simultaneously, panels a and b are shown separately only for clarity.
Data, mean + SEM, is a pool of four independent experiment, n = 20. c. Merl promotes the auto-ubiquitination
activity AtRFI2 homologs in vitro. Proteins were affinity-purified from E. coli, used to perform ubiquitination
reactions and the results were assayed by blotting with specific antibodies. Addition of Mer1,3 34, promotes the
ubiquitination of AtRFI2A (left) or AtRFI2B (right). Reactions excluding E1 or E3s were used as negative controls.

https://doi.org/10.1371/journal.ppat.1009641.9005

Taken together, our results indicate that the effector Mer1 targets the RFI2 family of E3 ubi-
quitin ligases which contribute to PAMP-triggered ROS burst. Mer1 inhibits their activity by
promoting auto-ubiquitination, leading to higher proteasomal degradation of the E3s and
decreased PAMP-triggered ROS-burst. However, we do not discard the possibility that Mer1
has additional host targets.

Discussion

The analysis of the U. maydis genome revealed that a significant number of putative effector
genes, whose expression is induced upon host infection, are physically clustered in the genome
[11]. Similar to prokaryotic operons, gene clusters are commonly found in diverse fungi to co-
regulate functionally connected genes [37-39]. As no functional characterization of an U. may-
dis effector gene cluster has been reported, a common role for these clusters during biotrophy
was based on assumptions [11]. Here, by analyzing the phenotype of the pleiades mutant at a
microscopic level and expressing its encoded proteins in planta, we show that eight clustered
effectors share the ability to suppress PAMP-triggered immunity independent of their
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Fig 6. Working model on the mode of action of the Pleiades. Left side: Infection of maize by U. maydis triggers RBOH-
mediated production of Reactive Oxygen Species (ROS)in plant cells around invading hyphae. To counteract this early
defense response, U. maydis secretes the Pleiades, a heterogeneous group of effectors whose genes are clustered in the
genome. Paralogous genes are represented with the same color. Most Pleiades inhibit PAMP-triggered ROS-burst. Tay1 (red
oval), inhibits the production of ROS from the cytoplasm. Mer1 (simple red oval with black border), targets the host
nucleus, where it promotes auto-ubiquitination and degradation of RFI2s, a family of E3s that regulate the production of.
Right side: Hypothetical mode of action of RFI2s. In the absence of Mer1, RFI2s promote the degradation of negative
regulators of ROS production. Mer1 leads to the accumulation of the negative regulators and inhibition of ROS production.

https://doi.org/10.1371/journal.ppat.1009641.9006

sequence relationship. This finding raises the question of whether other clustered effectors also
share redundant functions. Moreover, we have increased our understanding of effector func-
tions in smut fungi, where only six effectors have been functionally characterized [19,40-44],
and only three are translocated and function within the host cytosol [40,42,43]. Our results
and a working model on how the pleiades affect the interaction between U. maydis and maize
are summarized in Fig 6.

Although we have not demonstrated translocation of the Pleiades into host cells directly,
our data supports that the Pleiades are symplastic effectors. First, none of the mature Pleiades
have cysteine residues, considered a hallmark of apoplastic effectors. Disulfide bond formation
occurs under the oxidative conditions of the apoplast, stabilizing protein structures [45,46].
Additionally, the fact that infected plants show higher H,0, levels around hyphae of the Aple
mutant than around those of the progenitor strain agrees with the suppression of PAMP-
triggered ROS-burst upon expression of the Pleiades in the plant cytosol. Moreover, we have
found that Mer1 promotes the auto-ubiquitination and de-stabilization of RFI2 homologs, a
conserved family of E3s that regulate ROS production. Since we have shown these E3 ligases to
be positive regulators of PTI, they likely act by promoting the degradation of negative regula-
tors of this process. The identification of RFI2 homologs as effector targets is consistent with
the concept that effectors tend to target hubs of the immune system [47,48]. The effector Avr-
Piz-t from Magnaporthe oryzae was shown to be translocated into rice cells, where it targets a
member of the RFI2 family, APIP6 [36]. The fact that two effectors from unrelated pathogens
target the same E3 homologs highlights its importance as an essential component for host
defense. In an independent study, it was shown by immunogold-labelling and electron micros-
copy that one of the Pleiades, Atl1/Tenl, is translocated into maize cells during infection by
U. maydis [27]. The same study further suggests that Atl1 interacts with the PP2C phosphatase
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ZmPP26. PP2C phosphatases have been shown to regulate immunity [17,49,50]. Thus, based
on our findings and previous studies, we postulate that the Pleiades are likely translocated
effectors that act in the host cytosol. The mechanisms that lead to translocation of fungal effec-
tors into host cells are still under debate, and for U. maydis remain completely unknown [51-
53]. The identification of a critical mass of experimentally validated translocated effectors will
help to elucidate commonalities that could be used for predicting their translocation into host
cells based on sequence features.

Using heterologous plant systems to study effector function introduces the problem that
host-specific factors might be missed. On the other hand, effectors that target highly conserved
pathways can be identified. Bearing this in mind, most members of the Pleiades likely target
conserved components of the PAMP-triggered immunity in plants, which we have demon-
strated for Merl. On the other hand, Plo1 which did not suppress ROS-burst in N. benthami-
ana, might target a maize specific protein or pathway. Alternatively, it might have not been
functional upon expression in in N. benthamiana or may simply have a different function.
Nevertheless, the Pleiades could be used as tools to identify and dissect conserved elements of
the plant immune system.

Our work provides a prime example of functional redundancy by demonstrating that eight
clustered effectors collectively inhibit PAMP-triggered ROS-burst, where the pathogen relies
on a battery of tools to ensure that critical defense responses are efficiently suppressed during
host colonization. This redundancy might allow subpopulations of U. maydis to lose some of
the pleiades in order to avoid recognition by particular host genotypes, while still maintaining
the ability to suppress PAMP-triggered ROS burst [1]. Alternatively, there might be some sub-
specialization amongst the Pleiades. Indeed, some of the Pleiades show a certain degree of spe-
cialization. Cell and Atll inhibit ROS burst only when triggered by chitin or flg22, respec-
tively. In the case of Atll, the fact that a fungal effector specifically inhibits flg22 dependent
immunity might indicate that it targets BAK1-dependent pathways, which is necessary for the
perception of many PAMPs, including flg22 but not chitin [54-56]. Further support for func-
tional specialization of the pleiades comes from analysis of their expression pattern, which var-
ies considerably regarding in their timing and tissue specificity [57].

Considering that in smut fungi effectors frequently emerge by gene duplication followed by
rapid diversification [5,13], it is likely that a similar evolutionary history favored the appear-
ance of new functional variants within the pleiades. For the paralogs Tayl and Merl, which are
encoded by adjacent genes in the cluster and share 31% identity at the aminoacid level, our
mis-localization studies showed that they suppress ROS production in different sub-cellular
compartments (cytoplasm or nucleus). Although Tayl was able to bind to some RFI2 homo-
logs in Y2H assays, we could not verify this interaction by Co-IP nor did Tay1 co-localize with
the E3s in planta, Therefore, RFI2 homologs seem to be targets of Mer1 specifically. Further-
more, tayl is widespread across smuts whereas mer] is restricted to the closely related U. may-
dis, S. reilianum, and S. scitamineum, where tayl and merl are neighboring genes (S2 Table).
Thus, tayl and merl show the characteristics of a neofunctionalization event.

Finally, we showed that Mer] targets RFI2 homologs to promote early flowering in addition
to suppress immunity. Although atrfi2A has been shown to negatively regulate flowering time
in the A. thaliana accession Ws-0 [32] neither Atrfi2A, Atrfi2B, nor the Atrfi2A/Atrfi2B double
mutant showed an early flowering phenotype in the Col-0 accession. However, these two
accessions are notoriously different regarding their flowering behavior [58], which might indi-
cate the presence of additional factor(s) that need to be inactivated in Col-0 in order to express
the early flowering phenotype. Nonetheless, an effector that dampens immunity while simulta-
neously promoting flowering would be a great advantage for smuts, which usually sporulate
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only in the host floral tissues. This is in line with the concept that effectors frequently target
regulatory nodes to shift the balance from immunity to growth and development [2].

In conclusion, we have shown that the Pleiades, a heterogeneous group of proteins, whose
genes cluster in the genome of U. maydis, share the ability to suppress PAMP triggered immu-
nity. Considering the evidence provided, that the Pleiades act through different mechanisms
makes them valuable starting points to identify conserved and possibly novel players of
PAMP-triggered immunity in plants.

Materials and methods
Gene accession numbers

atlasl: UMAG_03744, maial: UMAG_03745, celaenol: UMAG_03746, alcyonel:
UMAG_03747, steropel: UMAG_03748, sterope2: UMAG_03749, electral: UMAG_03750,
pleionel: UMAG_03751, taygetal: UMAG_03752, meropel: UMAG_03753, Zmrfi2A:
Zm00001d037596, Zmrfi2B: Zm00001d009837, Zmrfi2T: Zm00001d040789, Zmrfi2E:
Zm00001d052697, Atrfi2A: at2g47700, Atrfi2B: at3g05545, Nbrfi2:
Niben101Scf00369g11013.1.

Plasmids, cloning procedures and generation of U. maydis strains

All plasmids were generated by standard molecular procedures [59]. E. coli Mach1 (Thermo
Fisher Scientific, Waltham, MS, USA) was used for all DNA manipulations. Plasmids used for
expression of effector proteins in N. benthamiana (Fig 2B) were generated by Gateway Cloning
[60]. For transient virus-mediated overexpression, PV101 [61] was used to generate pFoMV:
p19-P2A-mCherry-P2A-Myc-effector and pFoMV:p19-P2A-mCherry-P2A-gfp-myc using
NotI-Xbal cloning sites (p19: silencing suppressor, P2A: viral ribosome skipping motif). All
other plasmids were generated by the GreenGate system [62]. We generated two GreenGate
destination vectors. pECGG, based on a pET backbone, was used for expression of proteins in
E. coli. pADGG, based on a pGAD backbone, was used as prey vector for yeast two-hybrid
assays.

U. maydis knock out strains were generated by homologous recombination with PCR-
derived constructs [63]. For complementations and protein expression, strains were generated
by insertion of p123 derivatives into the ip locus [64]. Transformants were verified by southern
blot and/or PCR. All plasmids and strains used in this study can be found in S1 File.

Maize infection assays

U. maydis SG200 and its derivatives were used to infect seven-day-old maize seedlings (Early
Golden Bantam, Old Seeds, Madison, WI, USA). Syringe-inoculation and symptom scoring
(12 dpi) were performed according to [11]. Maize was grown in a temperature-controlled
glasshouse (14h light/10h dark, 28°C/20°C). Filamentous growth of U. maydis was tested by
spotting in potato dextrose agar containing 1% activated charcoal. Experiments were repeated
three times.

Transient expression in maize by biolistic bombardment

Biolistic bombardment was performed according to [40]. Briefly, 1.6um gold particles were
coated with plasmid DNA encoding the indicated constructs under the CaMV35S promoter.
Seven-day old maize leaves cv B73 were bombarded using a PDS-1000/HeTM instrument
(BioRad) at 900 p.s.i. in a 27 Hg vacuum. Fluorescence was observed by confocal microscopy
18-24 h after transformation. Experiments were repeated three times.
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Confocal microscopy

Confocal microscopy was performed with a Zeiss LSM 700 confocal microscope. GFP was
excited at 488 nm using an argon laser. Fluorescence emission was collected between 500-540
nm. mCherry was excited at 561nm and emission was collected between 578-648 nm. Images
were processed with ZEN blue 2.3 lite. For visualization of secreted proteins in infected maize,
plants were harvested 3—4 dpi and analyzed as described above. Experiments were repeated
three times.

Protein secretion in vitro

Secreted proteins from fungal cultures were detected as in [40]. U. maydis was grown in CM
medium to an O.D.gponm of 0.6-0.8, centrifuged, resuspended in AM medium and incubated
for 6 h to induce filamentation. Cultures were centrifuged; supernatant proteins were precipi-
tated with 10% trichloroacetic acid and 0.02% sodium deoxycholate and resuspended in 100
mM Tris pH 8. Cell pellet proteins were extracted by adding SDS loading buffer, a spatula tip
of glass beads and vortexing for 10 m. Extracts from cell pellets and culture supernatants were
subjected to immunoblotting using o-HA (Sigma-Aldrich, St. Louis, MO, USA) for detection
of effector proteins and o.-Actin antibodies (Invitrogen, Waltham, MA, USA) for lysis control.
Experiments were repeated three times.

DAB-WGA staining in infected maize tissue

H,O0, production in infected maize tissues was detected using diamino-benzidine (DAB)
(Sigma-Aldrich, St. Louis, MO, USA). Plants were harvested 36h post infection. The 3" Jeaf
was cut with a scalpel and the bottom part was dipped in DAB solution (1mg/ml, pH 3.8) in
the dark at room temperature for 16h. Leaves where de-stained by several washes with etha-
nol/chloroform (4:1) until chlorophyll was no longer visible. Samples were washed with PBS
and chitin was stained with wheatgerm agglutinin coupled to AlexaFluor488 (WGA-AF488
[Invitrogen] 10ug/ml, Tween20 0.02% in PBS) by applying vacuum three times. Visualization
of samples was performed by direct observation with a widefield microscope equipped with
Apotome2 (Axio Imager.Z2 sCMOS camera, Axiocamcolour camera and Apotome2). DAB
was visualized with a color camera or by Phase contrast. Chitin, was visualized by Apotome2
structured illumination with a 480/40nm excitation filter and 525/50nm emission filters.
Images were processed with ZEN blue 2.3 lite. Experiments were repeated at least three times.

Yeast transformation and two-hybrid assays

All yeast protocols were done according to the Yeast Protocols Handbook (Clontech, Moun-
tainview, CA) with minor modifications. Strain AH109 was transformed with bait vectors
(pGBKT7 and derivatives) and strain Y187 was transformed with prey vectors (pAD, pADGG
and derivatives) by the LiAc/PEG method. Transformants were verified for the presence of the
corresponding plasmid by PCR. For spotting assays, growth of diploids in intermediate or
high stringency media 4 days post-inoculation indicated positive interactions. Experiments
were repeated two times.

Plant growth conditions, A. thaliana lines and flowering time experiments

N. benthamiana and A. thaliana were grown in controlled short-day conditions (8h light/16h
dark, 21°C) in “Einheitserde classic” as substrate (https://www.einheitserde.de/produkte/
produktlinien/). The lines used here were created by crossing of Atrfi2B (SALK_089110C) and
Atrfi2A (SAIL_1222_B08) and screening for wildtype, single and double knockouts from the
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F2 populations (S1 File). Merl plants were created by floral dipping using the following con-
struct: 355:Myc-Merl,3 34; (S1 File). For flowering time experiments plants were stratified 3
days at 4°C in the dark and grown in long day conditions (16 h light/8 h dark, 21°C/16°C).
Cool white fluorescent lamps were used as light source (64-99 ymol m > sec™'). Flowering
time was determined as total number of rosette and cauline leaves when the stem reached 1
cm. Experiments were repeated three times.

ROS burst assays in Nicotiana benthamiana and A. thaliana

5-6-week-old A. thaliana, 4-5-week-old N. benthamiana plants were used for the assay. N.
benthamiana was infiltrated with A. tumefaciens and incubated for 48h. Leaf disks (4mm)
were floated in water o.n. Water was removed, and elicitors were added. flg22 elicitation solu-
tion was: Horseradish peroxidase (HRP 10 ug/ml, Sigma-Aldrich cat# P6782), L-012 (34ug/ml
Fujifilm WAKO cat# 120-04891) and flg22 (100nM) in H,O. Chitin elicitation solution was
prepared as follows: 50mg of chitin (Sigma-Aldrich cat# C9752) were ground with mortar and
pestle in 5 ml of H,O for 5 min, transferred to a falcon tube, microwaved for 40 s, sonicated
for 5 min, centrifuged at 1800 g for 5 min, supernatant was transferred to a new tube, vortexed
for 15 min and stored at 4°C. Before use, the suspension was diluted 1:1 in H,O and supple-
mented with HRP and luminol (34 pg/ml Sigma-Aldrich cat# 123072). ROS production was
monitored by luminescence over 30-40 minutes in a microplate reader (Synergy H1, BioTek).
At least three plants per construct/genotype were used in each experiment. Experiments were
performed at least three times.

Transient protein expression and ROS burst assays in maize

Protein expression in maize was achieved using plasmids derived from the FOMV infectious
clone described earlier (61). Plasmids were bombarded in 6-7 day-old B73 whole-seedlings
and plants were returned to the growth chamber. Nine days post-bombardment, samples were
taken and mCherry fluorescence was monitored as an indication of viral spread. Leaf disks
from areas with positive mCherry signal were floated o.n. in water and ROS was measured as
above. Experiments were repeated twice.

Protein production in N. benthamiana and Co-immunoprecipitation

For in vivo Co-IP assays, A. tumefaciens GV3101 (pSoup) carrying the expression constructs
were grown o.n. in LB supplemented with the appropriate antibiotics at 28°C, centrifuged and
resuspended in ARM bulffer (Agrobacterium resuspension medium, 10 mM MES-NaOH pH
5.6, 10mM MgCl,, 150 uM Acetosyringone) to an ODgggnm Of 0.2 and incubated for 3h at RT.
Cultures carrying the appropriate constructs were then mixed 1:1 and infiltrated in N.
benthamiana with needless syringe. Plants were incubated for 60 h, frozen in liquid N, and
total proteins were extracted from 450 mg of tissue in 2 ml IP buffer: HEPES 50 mM pH?7.5,
NaCl 100 mM, Glycerol 10%, EDTA 1 mM, Triton X-100 0.1%, PMSF 1 mM and 1 protease
inhibitor tablet/50 ml (Roche cOmplete EDTA free cat# 05056489001). Extracts were cleared
by centrifugation 10min at 20000g three times. Proteins were immunoprecipitated by adding
30 ul of o-c-Myc magnetic beads (WMACS Anti-c-myc MiltenyiBiotec, cat# 130-091-284) and
incubated for 2 h at 4°C with rotation. Samples were washed 4 times with 300 ul IP buffer,
eluted by adding 50 pl of 2x SDS loading buffer at 95°C. 10-15 ul of extracts were analyzed by
by Western blot with a-c-Myc (Sigma-Aldrich, St. Louis, MO, USA) or a-HA (Sigma-Aldrich,
St. Louis, MO, USA) antibodies. Experiments were repeated two times.

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1009641 June 24, 2021 17/24


https://doi.org/10.1371/journal.ppat.1009641

PLOS PATHOGENS

The Pleiades effectors from Ustilago maydis

Protein production in E. coli, ubiquitination assays and cell free
degradation assays

Recombinant protein production was done as follows: His-AtUBA1 and His-AtUBCS8 were
produced in E. coli strain BL21 AI (ThermoFisher). All cultures were grown in LB Ampicillin
at 37°C to an ODgponm 0f 1, cold shocked on ice for 20 m and protein production was induced
by adding L-Arabinose (0.2%), or L-Arabinose plus ethanol (1.5%) for UBAL. Cultures were
further incubated for 5h at 22°C and pelleted. All remaining proteins (were produced in E. coli
BL21 pLys. Cultures were grown in LB Spectinomycin at 37°C to an OD600nm of 0.6 and pro-
tein production was induced by adding IPTG (0.5 mM). Cultures were further incubated 3h at
37°Cor o.n. or at 22°C (His-Myc-Merl,; 34;) and cell pellets were frozen at -80°C. The version
of Merl used here was codon optimized for E. coli.

Ubiquitination reactions were done in 45 pl as follows: Tris pH 7.5 50 mM, MgCl, 5mM,
KCl 25 mM, ZnCl, 50 uM, DTT 0.25 mM, ATP 5 mM, Ubiquitin 3 pg (Sigma-Aldrich, cat#
U6253), AtUBAI 100 ng, AtUBCS8 250 ng, AtRFI2A 250 ng, AtRFI2B 250 ng, Mer1 250 ng.
Reactions were incubated at 30°C for 2 h and stopped by adding 15 ul of 4X SDS loading buffer
and incubated at 95°C for 5 min. Analysis of the reactions was done by western blotting with
StrepTactin-HRP Conjugate (Bio Rad, cat # 1610380), a-c-Myc (Sigma-Aldrich, St. Louis,
MO, USA), a-HA (Sigma-Aldrich, St. Louis, MO, USA) and o-Ubiquitin (P4D1, Abcam cat#
ab139101) antibodies. Experiments were repeated three times.

Cell-Free degradation assay was performed according to [65]. Briefly, leaves from 5-week-
old A. thaliana (Col-0 and Mer123-341) were ground to a fine powder in liquid N,. Proteins
were extracted in 25 mM Tris-HCl pH 7.5, 10 mM NaCl, 10 mMgCl,. Extracts were cleared by
centrifuging two times for 10 min at 14000g and 4°C. Protein concentration was determined
by the Amido-Black assay and all extracts were adjusted to the same concentration with extrac-
tion buffer. Reactions were performed in 200yl and contained 50-100 ng of recombinant His-
MBP-HA-AtRFI2A, 10 mM ATP and 50 pM MG132 or DMSO. ATP and DMSO were added
30 min prior to the start of the reaction. Reactions were incubated at 30°C for 2 h and samples
were taken at the indicated intervals. Recombinant protein abundance was determined by
western blot with o-HA antibodies (Sigma-Aldrich, St. Louis, MO, USA).

Statistical analyses

Maize infection assays were analyzed by the Fisher exact test in R, as described by [66]. All
other statistical analyses were performed with GraphPad Prism 8.0. Data from ROS bursts and
cell-free degradation assays was analyzed by ANOVA with Benjamini-Hochberg correction
for false discovery rate. Flowering time data was analyzed by ANOVA, Tukeys. Statistical sig-
nificance was evaluated at the level of p<0.05.

Supporting information

S1 Fig. Secretion of Tayl and Merl. a. Secretion of Mer] during maize infection. Left: Plants
infected with the U. maydis strain SG200AC carrying the construct Pyy;:SPyjer;-Merl-m-
Cherry-3xHA in the ip locus show accumulation of the mCherry signal at the hyphal edges
and tips. Right: plants infected with the same strain and plasmolyzed with 1 M mannitol show
accumulation of the mCherry signal in the hyphae as well as the apoplastic space. Arrowheads:
plasma membranes of plasmolyzed maize cells. Upper panels: mCherry fluorescence, lower
panels: bright field-mCherry merge. Scale bar = 10 pm. Pictures were taken 4 dpi. b. The
expression and integrity of Piy1:SPrqy1-Tayl-mCherry-3xHA and Pyy1:SPyjer1-Merl-m-
Cherry-3xHA during maize infection was monitored by western blot with a-HA antibodies.
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Secreted mCherry-3xHA is included for size reference. Tissue was collected 4dpi. c. Secretion
of Tayl during maize infection. Left: Plants infected with the U. maydis strain SG200AC carry-
ing the construct Py,y;:SPr.y;-mCherry-Tayl in the ip locus show accumulation of the
mCherry signal at the hyphal edges, tips and cell-to-cell crosses. Right: plants infected with the
same strain and plasmolyzed with 1 M mannitol show accumulation of the mCherry signal in
the hyphae as well as the apoplastic space. Arrowheads: plasma membranes of plasmolyzed
maize cells. Upper panels: mCherry fluorescence, lower panels: bright field-mCherry merge.
Scale bar = 10 um. Pictures were taken 3-4 dpi. d. Secretion of Tayl and Mer1 in axenic cul-
ture. Constructs harboring SPr,y Tayl-3xHA or SPy;,;Mer1-3xHA were expressed in the
strain AB33 under the tayl or otef promoter. Total proteins were extracted from the pellet and
secreted proteins were precipitated from the culture supernatant. The extracts were subjected
to western blot with oo HA or o Actin antibodies. Tayl-3xHA and Mer1-3xHA could be
detected in the pellet and supernatant fractions only when the expression was driven by the
strong synthetic otef promoter. Actin could only be detected in the pellet fraction. e. Filamen-
tation of U. maydis strains used in Fig 1C. Strains were spotted on PD-charcoal plates and pic-
tures were taken 24h after. All strains retain the ability to filament, a prerequisite for infection.
(TTF)

S2 Fig. PAMP-triggered ROS burst curves. PAMP-triggered ROS burst curves correspond-
ing to Fig 2B. Left: flg22, right: chitin. a. Curves corresponding to proteins from family A. b.
Curves corresponding to proteins from family B. c. Curves corresponding to proteins from
family C. d. Curves corresponding to Atll and Plel. Data is mean + SEM, n = 15 (flg22) or 12
(chitin). Only the upper error bar is shown for clarity. All the measurements were done simul-
taneously; curves were split according to protein family only for clarity. e. The expression and
integrity of the Pleiades was monitored in N. benthamiana by western blot with o.-P2A anti-
bodies. mCherry was included as reference. Notice that Ste2 was not detected.

(TIF)

S3 Fig. Localization of Tayl and Merl mCherry fusions in N. benthamiana. GFP-NLS was
co-expressed as a nuclear marker. a. Myc-mCherry-Tayl g 303, NES-mCherry-Tayl,g 395 and
Myr-mCherry-Tayl g 395 localize largely outside of the nucleus, whereas NLS-mCherry-
Tayl,g 308 localizes to the nucleus and cytoplasm. b. Myc-mCherry-Merl,;_34; localizes to the
nucleus and cytoplasm, NLS-mCherry-Mer1,;_34; localizes to nucleus, whereas NES-
mCherry-Merl,;_34; and Myr-mCherry-Merl 3 34; localize to the cytoplasm. All scale

bars = 50 pm. c. The expression of Tayl and Merl mCherry fusions used in a and b was moni-
tored by western blot with o-mCherry antibodies. o0 Actin western blot was used as loading
control.

(TIF)

S4 Fig. RF12 is a family of E3 ubiquitin ligases whose localization is enriched in the
nucleus. a. Protein alignment of the N-terminus of RFI2 family members shown in Fig 4A.
The residues in red background mark the RING domain. Within the RING domain, Zn-coor-
dinating residues 3, 4 and 5 are marked in black background. b. Maximum likelihood, un-
rooted phylogenetic tree of the RFI2 homologs shown in a. Branch length represents genetic
distance according to Kimura 2-parameter. c. Mutations of the Zn-coordinating residues stabi-
lizes RF12s. o-HA western blot showing the expression of WT, single or triple alanine substitu-
tions of the residues shaded in black in part a. For each protein, the most stable mutant is
marked with “S”. YFP-3xHA is shown for comparative reasons. o. Actin western blot was

used as loading control. c. d. Co-localization of Merl and Tayl with different members of the
RFI2 family in the epidermis of N. benthamiana. mCherry-Merl,; 34; co-localizes with
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GFP-ZmSRFI2A, GFP-AtSRFI2A, GFP-AtSRFI2B and GFP-NbSRFI2 at the plant nucleus (d),
whereas mCherry-Tay1 5 393 does not (e). Scale bar = 50 pm.
(TIF)

S5 Fig. Flowering Phenotype of A. thaliana expressing Merl. a. Flowering of Col-0 and two
independent Myc-Mer1,; 34, lines 29 days after planting. Plants were grown in long day condi-
tions (16h 1/8h d). Scale bar = 6 cm. b. Quantification of flowering time, assessed as number of
leaves at flowering day, is shown as box plots. 35S:Myc-Mer1,3 34; plants show early flowering
whereas the rfi2A, 1fi2B and rfi2A/rfi2Bknockouts in the Col-0 background do not. One repre-
sentative experiment is shown, n = 30 plants. Significant differences between lines were ana-
lyzed by ANOVA, Tukeys (* p<0.05, ** p<0.01). c. Expression of Merl,; 34, in A. thaliana.
Expression was assessed by western blot with o-Myc antibodies, o- Actin was used as loading

Wk

control. “*” unspecific band.

(TIF)

S6 Fig. Merl destabilizes AtRFI2A. a. Cell free degradation assay in A. thaliana.
MBP-HA-AtRFI2A was purified from E. coli, incubated in Col-0 or 35S:Myc-Mer1,3 34, crude
extracts and its stability was monitored over time by western blot with a-HA antibodies. (*)
indicates the full-length protein. Ponceau staining was used as loading control. MG132 was
used to assess proteasomal activity on the stability of the recombinant protein. b. Protein quan-
tification over time. Data, mean + SEM, is a pool of four independent experiments. Significant
differences were analyzed by Two way- ANOVA with Benjamini-Hochberg correction for
multiple comparisons (* p<0.05).

(TIF)

S§1 Table. Homology within each of the Pleiades families in U. maydis.
(DOCX)

$2 Table. Conservation of the Pleiades proteins across different smut species.
(DOCX)

$3 Table. Prediction of signal peptides across the U. maydis Pleiades.
(DOCX)

S1 File. List of plasmids, strains and plant lines used in this study.
(XLSX)

Acknowledgments

We thank the GMI/IMBA/IMP core facilities for excellent technical support, especially,
BioOptics and Molecular Biology Services and Mathias Madalinski for peptide synthesis. We
thank Rothamsted Research Limited and Dr. Kostya Kanyuka kindly providing the vector
PV101 for virus-based protein expression in maize. We thank Dr. J. Matthew Watson for
proofreading and valuable feedback on the manuscript. We thank Martin A. Darino for tech-
nical assistance.

Author Contributions
Conceptualization: Fernando Navarrete, Armin Djamei.
Funding acquisition: Armin Djamei.

Investigation: Fernando Navarrete, Nenad Grujic, Alexandra Stirnberg, Indira Saado, David
Aleksza, Hazem Adi, André Alcantara, Mamoona Khan.

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1009641 June 24, 2021 20/24


http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1009641.s005
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1009641.s006
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1009641.s007
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1009641.s008
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1009641.s009
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1009641.s010
https://doi.org/10.1371/journal.ppat.1009641

PLOS PATHOGENS

The Pleiades effectors from Ustilago maydis

Methodology: Fernando Navarrete, Marco Trujillo, Armin Djamei.

Project administration: Fernando Navarrete, Armin Djamei.

Resources: Fernando Navarrete, Nenad Grujic, Alexandra Stirnberg, Indira Saado, Michelle

Gallei, Hazem Adj, Janos Bindics, Marco Trujillo, Armin Djamei.

Writing - original draft: Fernando Navarrete.

Writing - review & editing: Fernando Navarrete, Armin Djamei.

References

1.

10.

11.

12

13.

Séanchez-Vallet A, Fouché S, Fudal |, Hartmann FE, Soyer JL, Tellier A, et al. The Genome Biology of
Effector Gene Evolution in Filamentous Plant Pathogens. Annu Rev Phytopathol. 2018; 56:21-40.
https://doi.org/10.1146/annurev-phyto-080516-035303 PMID: 29768136

Uhse S, Djamei A. Effectors of plant-colonizing fungi and beyond. PLoS Pathog. 2018; 14(6):
€1006992. Epub 2018/06/08. https://doi.org/10.1371/journal.ppat. 1006992 PMID: 29879221; PubMed
Central PMCID: PMC5991648.

Lo PrestiL, Lanver D, Schweizer G, Tanaka S, Liang L, Tollot M, et al. Fungal Effectors and Plant Sus-
ceptibility. Annual Review of Plant Biology, Vol 66. 2015; 66:513—45. https://doi.org/10.1146/annurev-
arplant-043014-114623 WOS:000353711400021. PMID: 25923844

Duplessis S, Cuomo CA, Lin YC, Aerts A, Tisserant E, Veneault-Fourrey C, et al. Obligate biotrophy
features unraveled by the genomic analysis of rust fungi. Proc Natl Acad Sci U S A. 2011; 108
(22):9166—71. https://doi.org/10.1073/pnas.1019315108 PMID: 21536894; PubMed Central PMCID:
PMC3107277.

Schirawski J, Mannhaupt G, Munch K, Brefort T, Schipper K, Doehlemann G, et al. Pathogenicity Deter-
minants in Smut Fungi Revealed by Genome Comparison. Science. 2010; 330(6010):1546-8. https:/
doi.org/10.1126/science.1195330 WOS:000285153500067. PMID: 21148393

Hiromasa Saitoh SF, Chikako Mitsuoka, Akiko Ito, Akiko Hirabuchi, Kyoko lkeda, Hiroki Irieda, et al.
Large-Scale Gene Disruption in Magnaporthe oryzae Identifies MC69, a Secreted Protein Required for
Infection by Monocot and Dicot Fungal Pathogens. Plos Pathog. 2012; 8(5):e1002711. https://doi.org/
10.1371/journal.ppat.1002711 PMID: 22589729

Uhse S, Pflug FG, Stirnberg A, Ehrlinger K, von Haeseler A, Djamei A. In vivo insertion pool sequencing
identifies virulence factors in a complex fungal-host interaction. Plos Biol. 2018; 16(4):e2005129. Epub
2018/04/24. https://doi.org/10.1371/journal.pbio.2005129 PMID: 29684023; PubMed Central PMCID:
PMC5912717.

de Jonge R, van Esse HP, Kombrink A, Shinya T, Desaki Y, Bours R, et al. Conserved Fungal LysM
Effector Ecp6 Prevents Chitin-Triggered Immunity in Plants. Science. 2010; 329(5994):953-5. https://
doi.org/10.1126/science.1190859 WOS:000281084800037. PMID: 20724636

Rosalind Marshall AK, Juliet Motteram, Elisa Loza-Reyes, John Lucas, Hammond-Kosack Kim E., Bart
P.H.J. Thomma, and Jason J. Rudd. Analysis of Two in Planta Expressed LysM Effector Homologs
from the Fungus Mycosphaerella graminicola Reveals Novel Functional Properties and Varying Contri-
butions to Virulence on Wheat. Plant Physiol. 2011; 156:756—69. https://doi.org/10.1104/pp.111.
176347 PMID: 21467214

Leonardus M.I. Koharudin ARV, Barbara Montanini, Michael J. Kershaw, Nicholas J. Talbot, Simone
Ottonello, and Angela M. Gronenborn. Structure-function analysis of a CVNH-LysM lectin expressed
during plant infection by the rice blast fungus Magnaporthe oryzae. Structure. 2011 19(5):662-74.
https://doi.org/10.1016/j.str.2011.03.004 PMID: 21565701

Kémper J, Kahmann R, Bolker M, Ma LJ, Brefort T, Saville BJ, et al. Insights from the genome of the bio-
trophic fungal plant pathogen Ustilago maydis. Nature. 2006; 444(7115):97—101. https://doi.org/10.
1038/nature05248 WOS:000241701500053. PMID: 17080091

Sharma R, Mishra B, Runge F, Thines M. Gene Loss Rather Than Gene Gain Is Associated with a Host
Jump from Monocots to Dicots in the Smut Fungus Melanopsichium pennsylvanicum. Genome Biol
Evol. 2014; 6(8):2034—49. https://doi.org/10.1093/gbe/evu148 WOS:000342976600011. PMID:
25062916

Dutheil JY, Mannhaupt G, Schweizer G, Sieber CMK, Munsterkotter M, Guldener U, et al. A Tale of
Genome Compartmentalization: The Evolution of Virulence Clusters in Smut Fungi. Genome Biol Evol.
2016; 8(3):681—704. https://doi.org/10.1093/gbe/evw026 WOS:000373839200018. PMID: 26872771

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1009641 June 24, 2021 21/24


https://doi.org/10.1146/annurev-phyto-080516-035303
http://www.ncbi.nlm.nih.gov/pubmed/29768136
https://doi.org/10.1371/journal.ppat.1006992
http://www.ncbi.nlm.nih.gov/pubmed/29879221
https://doi.org/10.1146/annurev-arplant-043014-114623
https://doi.org/10.1146/annurev-arplant-043014-114623
http://www.ncbi.nlm.nih.gov/pubmed/25923844
https://doi.org/10.1073/pnas.1019315108
http://www.ncbi.nlm.nih.gov/pubmed/21536894
https://doi.org/10.1126/science.1195330
https://doi.org/10.1126/science.1195330
http://www.ncbi.nlm.nih.gov/pubmed/21148393
https://doi.org/10.1371/journal.ppat.1002711
https://doi.org/10.1371/journal.ppat.1002711
http://www.ncbi.nlm.nih.gov/pubmed/22589729
https://doi.org/10.1371/journal.pbio.2005129
http://www.ncbi.nlm.nih.gov/pubmed/29684023
https://doi.org/10.1126/science.1190859
https://doi.org/10.1126/science.1190859
http://www.ncbi.nlm.nih.gov/pubmed/20724636
https://doi.org/10.1104/pp.111.176347
https://doi.org/10.1104/pp.111.176347
http://www.ncbi.nlm.nih.gov/pubmed/21467214
https://doi.org/10.1016/j.str.2011.03.004
http://www.ncbi.nlm.nih.gov/pubmed/21565701
https://doi.org/10.1038/nature05248
https://doi.org/10.1038/nature05248
http://www.ncbi.nlm.nih.gov/pubmed/17080091
https://doi.org/10.1093/gbe/evu148
http://www.ncbi.nlm.nih.gov/pubmed/25062916
https://doi.org/10.1093/gbe/evw026
http://www.ncbi.nlm.nih.gov/pubmed/26872771
https://doi.org/10.1371/journal.ppat.1009641

PLOS PATHOGENS

The Pleiades effectors from Ustilago maydis

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

Lanver D, Muller AN, Happel P, Schweizer G, Haas FB, Franitza M, et al. The Biotrophic Development
of Ustilago maydis Studied by RNA-Seq Analysis. Plant Cell. 2018; 30(2):300-23. https://doi.org/10.
1105/tpc.17.00764 PubMed Central PMCID: PMC5868686. PMID: 29371439

Dangl JL, Jones JDG. The plantimmune system. Nature. 2006; 444(7117):323-9. https://doi.org/10.
1038/nature05286 WOS:000242018300039. PMID: 17108957

Dodds PN, Rathjen JP. Plant immunity: towards an integrated view of plant—pathogen interactions.
Nature Reviews Genetics. 2010; 11:539—48. https://doi.org/10.1038/nrg2812 PMID: 20585331

Couto D, Zipfel C. Regulation of pattern recognition receptor signalling in plants. Nature Reviews Immu-
nology 2016; 16(9):537-52. hitps://doi.org/10.1038/nri.2016.77 PMID: 27477127

Doehlemann G, van der Linde K, Amann D, Schwammbach D, Hof A, Mohanty A, et al. Pep1, a
Secreted Effector Protein of Ustilago maydis, Is Required for Successful Invasion of Plant Cells. Plos
Pathog. 2009; 5(2). ARTN e1000290 https://doi.org/10.1371/journal.ppat.1000290
WOS:000263928000034. PMID: 19197359

Hemetsberger C, Herrberger C, Zechmann B, Hillmer M, Doehlemann G. The Ustilago maydis Effector
Pep1 Suppresses Plant Immunity by Inhibition of Host Peroxidase Activity. Plos Pathog. 2012; 8(5).
ARTN e1002684 https://doi.org/10.1371/journal.ppat. 1002684 WOS:000305322900018. PMID:
22589719

Trujillo M, Ichimura K, Casais C, Shirasu K. Negative regulation of PAMP-triggered immunity by an E3
ubiquitin ligase triplet in Arabidopsis. Curr Biol. 2008; 18:1396—401. https://doi.org/10.1016/j.cub.2008.
07.085 PMID: 18771922

Ramonell K, Berrocal-Lobo M, Koh S, Wan J, Edwards H, Stacey G, et al. Loss-of-function mutations in
chitin responsive genes show increased susceptibility to the powdery mildew pathogen Erysiphe cichor-
acearum. Plant Physiol. 2005; 138(2):1027-36. https://doi.org/10.1104/pp.105.060947 PMID:
15923325

Martinez-Garcia M. G-PC, Guzman P. Gene isolation in Arabidopsis thaliana by conditional overex-
pression of cDNAs toxic to Saccharomyces cerevisiae: identification of a novel early response zinc-fin-
ger gene. Molecular & general genetics. 1996; 16(5):587-96. https://doi.org/10.1007/BF02172405
PMID: 8914520

Bos JIB, Armstrong MR, Gilroy EM, Boevink PC, Hein |, Taylor RM, et al. Phytophthora infestans effec-
tor AVRB3a is essential for virulence and manipulates plant immunity by stabilizing host E3 ligase
CMPGH1. P Natl Acad Sci USA. 2010; 107(21):9909-14. https://doi.org/10.1073/pnas.0914408107
WOS:000278054700077. PMID: 20457921

Tracy R. Rosebrock LZ, Jennifer J. Brady, Robert B. Abramovitch, Fangming Xiao & Gregory B. Martin.
A bacterial E3 ubiquitin ligase targets a host protein kinase to disrupt plant immunity. Nature. 2007;
448:370-4. https://doi.org/10.1038/nature05966 PMID: 17637671

Almagro Armenteros JJ, Tsirigos KD, Senderby CK, Petersen TN, Winther O, Brunak S, et al. SignalP
5.0 improves signal peptide predictions using deep neural networks. Nat Biotechnol. 2019; 37:420-3.
https://doi.org/10.1038/s41587-019-0036-z PMID: 30778233

Brachmann A, Weinzierl G, Kdmper J, Kahmann R. Identification of genes in the bW/bE regulatory cas-
cade in Ustilago maydis. Mol Microbiol. 2001; 42(4):1047-63. https://doi.org/10.1046/j.1365-2958.
2001.02699.x PMID: 11737646

Philipp E. Functional characterization of the Ustilago maydis effector protein Ten1. Dissertation. 2017.
https://doi.org/10.17192/z2017.0707.

Hans Thordal-Christensen ZZ, Yangdou Wei David, Collinge B. Subcellular localization of H202 in
plants. H202 accumulation in papillae and hypersensitive response during the barley-powdery mildew
interaction. The Plant Journal. 1997; 11(6):1187-94.

Yong-Hua Liu CEOaY-LR. A simple, rapid, and reliable protocol to localize hydrogen peroxide in large
plant organs by DAB-mediated tissue printing. Front Plant Sci. 2014; 5:745. https://doi.org/10.3389/fpls.
2014.00745 PMID: 25566310

Simon R. Lloyd H-jS, Martin Trick, Cyril Zipfel, and Christopher J. Ridout. Methods to Study PAMP-Trig-
gered Immunity in Brassica Species. Mol Plant Microbe In. 2014; 27(3):286-95.

Bouton C, King RC, Chen H, Azhakanandam K, Bieri S, Hammond-Kosack KE, et al. Foxtail mosaic
virus: A Viral Vector for Protein Expression in Cereals. Plant Physiol. 2018; 177(4):1352—67. https://doi.
org/10.1104/pp.17.01679 PMID: 29880705

Ni MCaM. RFI2, a RING-domain zinc finger protein, negatively regulatesCONSTANSexpression and
photoperiodic flowering. The Plant Journal. 2006; 46:823-33. https://doi.org/10.1111/j.1365-313X.
2006.02740.x PMID: 16709197

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1009641 June 24, 2021 22/24


https://doi.org/10.1105/tpc.17.00764
https://doi.org/10.1105/tpc.17.00764
http://www.ncbi.nlm.nih.gov/pubmed/29371439
https://doi.org/10.1038/nature05286
https://doi.org/10.1038/nature05286
http://www.ncbi.nlm.nih.gov/pubmed/17108957
https://doi.org/10.1038/nrg2812
http://www.ncbi.nlm.nih.gov/pubmed/20585331
https://doi.org/10.1038/nri.2016.77
http://www.ncbi.nlm.nih.gov/pubmed/27477127
https://doi.org/10.1371/journal.ppat.1000290
http://www.ncbi.nlm.nih.gov/pubmed/19197359
https://doi.org/10.1371/journal.ppat.1002684
http://www.ncbi.nlm.nih.gov/pubmed/22589719
https://doi.org/10.1016/j.cub.2008.07.085
https://doi.org/10.1016/j.cub.2008.07.085
http://www.ncbi.nlm.nih.gov/pubmed/18771922
https://doi.org/10.1104/pp.105.060947
http://www.ncbi.nlm.nih.gov/pubmed/15923325
https://doi.org/10.1007/BF02172405
http://www.ncbi.nlm.nih.gov/pubmed/8914520
https://doi.org/10.1073/pnas.0914408107
http://www.ncbi.nlm.nih.gov/pubmed/20457921
https://doi.org/10.1038/nature05966
http://www.ncbi.nlm.nih.gov/pubmed/17637671
https://doi.org/10.1038/s41587-019-0036-z
http://www.ncbi.nlm.nih.gov/pubmed/30778233
https://doi.org/10.1046/j.1365-2958.2001.02699.x
https://doi.org/10.1046/j.1365-2958.2001.02699.x
http://www.ncbi.nlm.nih.gov/pubmed/11737646
https://doi.org/10.17192/z2017.0707
https://doi.org/10.3389/fpls.2014.00745
https://doi.org/10.3389/fpls.2014.00745
http://www.ncbi.nlm.nih.gov/pubmed/25566310
https://doi.org/10.1104/pp.17.01679
https://doi.org/10.1104/pp.17.01679
http://www.ncbi.nlm.nih.gov/pubmed/29880705
https://doi.org/10.1111/j.1365-313X.2006.02740.x
https://doi.org/10.1111/j.1365-313X.2006.02740.x
http://www.ncbi.nlm.nih.gov/pubmed/16709197
https://doi.org/10.1371/journal.ppat.1009641

PLOS PATHOGENS

The Pleiades effectors from Ustilago maydis

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44.

45.

46.

47.

48.

49.

50.

Sophia L. Stone HH, 2 Andrew Troy, Jill Herschleb,3 Edward Kraft, and Judy Callis. Functional analysis
of the RING-type ubiquitin ligase family of Arabidopsis. Plant Physiol. 2005; 137(1):13-30. https://doi.
org/10.1104/pp.104.052423 PMID: 15644464

Duque SDCSMMAA. XBAT35, a Novel Arabidopsis RING E3 Ligase Exhibiting Dual Targeting of Its
Splice Isoforms, Is Involved in Ethylene-Mediated Regulation of Apical Hook Curvature. Molecular
Plant. 2012; 5(6):1295-309. https://doi.org/10.1093/mp/sss048 PMID: 22628544

Ni MCaM. RED AND FAR-RED INSENSITIVE 2, a RING-Domain Zinc Finger Protein, Mediates Phyto-
chrome-Controlled Seedling Deetiolation Responses. Plant Physiol. 2006; 140:457—65. https://doi.org/
10.1104/pp.105.073163 PMID: 16384903

Park C, Chen S, Shirsekar G, Zhou B, Hyun Khang C, Songkumarn P, et al. The Magnaporthe oryzae
Effector AvrPiz-t Targets the RING E3 Ubiquitin Ligase APIP6 to Suppress Pathogen-Associated
Molecular Pattern—Triggered Immunity in Rice. Plant Cell. 2012; 24:4748-62. https://doi.org/10.1105/
tpc.112.105429 PMID: 23204406

Hohn NPKaTM. Metabolic Pathway Gene Clustersin Filamentous Fungi. Fungal Genet Biol. 1997;
21:17-29.

Antonis Rokas JHWaALL. The birth, evolution and death of metabolic gene clusters in fungi. Nat Rev
Microbiol. 2018; 16:731-44 https://doi.org/10.1038/s41579-018-0075-3 PMID: 30194403

Barbara J. Howlett Al, Joseph Heitman. Fungal Pathogenesis: Gene Clusters Unveiled as Secrets
within the Ustilago maydis Code. Curr Biol. 2007; 17(3):R87—-R90. https://doi.org/10.1016/j.cub.2006.
11.047 PMID: 17276906

Djamei A, Schipper K, Rabe F, Ghosh A, Vincon V, Kahnt J, et al. Metabolic priming by a secreted fun-
gal effector. Nature. 2011; 478(7369):395—+. https://doi.org/10.1038/nature10454
WOS:000296021100048. PMID: 21976020

Mueller AN, Ziemann S, Treitschke S, Assmann D, Doehlemann G. Compatibility in the Ustilago may-
dis-Maize Interaction Requires Inhibition of Host Cysteine Proteases by the Fungal Effector Pit2. Plos
Pathog. 2013; 9(2). ARTN e1003177 https://doi.org/10.1371/journal.ppat.1003177
WOS:000315648900027 PMID: 23459172

Tanaka S, Brefort T, Neidig N, Djamei A, Kahnt J, Vermerris W, et al. A secreted Ustilago maydis effec-
tor promotes virulence by targeting anthocyanin biosynthesis in maize. Elife. 2014; 3. ARTN e01355
https://doi.org/10.7554/eLife.01355 WOS:000331145800001. PMID: 24473076

Redkar A, Hoser R, Schilling L, Zechmann B, Krzymowska M, Walbot V, et al. A Secreted Effector Pro-
tein of Ustilago maydis Guides Maize Leaf Cells to Form Tumors. Plant Cell. 2015; 27(4):1332-51.
https://doi.org/10.1105/tpc.114.131086 WOS:000354822800029. PMID: 25888589

Lay-Sun Ma LW, Christine Trippel, Artemio Mendoza-Mendoza, Steffen Ullmann, Marino Moretti, Alex-
ander Carsten, Jérg Kahnt, Stefanie Reissmann, Bernd Zechmann, Gert Bange & Regine Kahmann.
The Ustilago maydis repetitive effector Rsp3 blocks the antifungal activity of mannose-binding maize
proteins. Nat Commun. 2018; 9:711. https://doi.org/10.1038/s41467-018-03109-y PMID: 29459775

WIN AC-G J., BELHAJ K., SAUNDERS D.G.O., YOSHIDA K., DONG S., SCHORNACK S., ZIPFEL C.,
ROBATZEK S., HOGENHOUT S.A., AND KAMOUN 8. Effector biology of plant-associated organisms:
concepts and perspectives. Cold Spring Harbor Symposia on Quantitative Biology. 2012; 77:235—47.
https://doi.org/10.1101/sgb.2012.77.015933 PMID: 23223409

Lanver D, Tollot M, Schweizer G, Lo Presti L, Reissmann S, Ma LS, et al. Ustilago maydis effectors and
theirimpact on virulence. Nat Rev Microbiol. 2017; 15(7):409-21. https://doi.org/10.1038/nrmicro.2017.
33 WOS:000403159700008. PMID: 28479603

Mukhtar MS, Anne-Ruxandra Carvunis, Matija Dreze, Petra Epple, Jens Steinbrenner, Jonathan
Moore, Murat Tasan, Mary Galli, Tong Hao, Marc T. Nishimura, et al. Independently Evolved Virulence
Effectors Converge onto Hubs in a Plant Immune System Network. Science. 2011; 333(6042):596—
601. https://doi.org/10.1126/science.1203659 PMID: 21798943

WeBling R, Petra Epple, Stefan Altmann, Yijian He, Li Yang, Stefan R. Henz, Nathan McDonald, Kristin
Wiley, Kai Christian Bader, Christine GlaBer, et al. Convergent targeting of a common host protein-net-
work by pathogen effectors from three kingdoms of life. Cell Host Microbe. 2014; 16(3):364—75. https://
doi.org/10.1016/j.chom.2014.08.004 PMID: 25211078

Alois Schweighofer VK, Elisabeth Scheikl, Markus Teige, Robert Doczi, Heribert Hirt, Manfred Schwan-
ninger, Merijn Kant, Robert Schuurink, Felix Mauch, Antony Buchala, Francesca Cardinale, Irute Mes-
kiene. The PP2C-Type Phosphatase AP2C1, Which Negatively Regulates MPK4 and MPK8,
Modulates Innate Immunity, Jasmonic Acid, and Ethylene Levels in Arabidopsis. The Plant Cell. 2007;
19:2213-24. https://doi.org/10.1105/tpc.106.049585 PMID: 17630279

Chang-Jin Park YP, Xuewei Chen, Christopher Dardick, DeLing Ruan, Rebecca Bart, Patrick E Canlas,
Pamela C Ronald. Rice XB15, a Protein Phosphatase 2C, Negatively Regulates Cell Death and XA21-

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1009641 June 24, 2021 23/24


https://doi.org/10.1104/pp.104.052423
https://doi.org/10.1104/pp.104.052423
http://www.ncbi.nlm.nih.gov/pubmed/15644464
https://doi.org/10.1093/mp/sss048
http://www.ncbi.nlm.nih.gov/pubmed/22628544
https://doi.org/10.1104/pp.105.073163
https://doi.org/10.1104/pp.105.073163
http://www.ncbi.nlm.nih.gov/pubmed/16384903
https://doi.org/10.1105/tpc.112.105429
https://doi.org/10.1105/tpc.112.105429
http://www.ncbi.nlm.nih.gov/pubmed/23204406
https://doi.org/10.1038/s41579-018-0075-3
http://www.ncbi.nlm.nih.gov/pubmed/30194403
https://doi.org/10.1016/j.cub.2006.11.047
https://doi.org/10.1016/j.cub.2006.11.047
http://www.ncbi.nlm.nih.gov/pubmed/17276906
https://doi.org/10.1038/nature10454
http://www.ncbi.nlm.nih.gov/pubmed/21976020
https://doi.org/10.1371/journal.ppat.1003177
http://www.ncbi.nlm.nih.gov/pubmed/23459172
https://doi.org/10.7554/eLife.01355
http://www.ncbi.nlm.nih.gov/pubmed/24473076
https://doi.org/10.1105/tpc.114.131086
http://www.ncbi.nlm.nih.gov/pubmed/25888589
https://doi.org/10.1038/s41467-018-03109-y
http://www.ncbi.nlm.nih.gov/pubmed/29459775
https://doi.org/10.1101/sqb.2012.77.015933
http://www.ncbi.nlm.nih.gov/pubmed/23223409
https://doi.org/10.1038/nrmicro.2017.33
https://doi.org/10.1038/nrmicro.2017.33
http://www.ncbi.nlm.nih.gov/pubmed/28479603
https://doi.org/10.1126/science.1203659
http://www.ncbi.nlm.nih.gov/pubmed/21798943
https://doi.org/10.1016/j.chom.2014.08.004
https://doi.org/10.1016/j.chom.2014.08.004
http://www.ncbi.nlm.nih.gov/pubmed/25211078
https://doi.org/10.1105/tpc.106.049585
http://www.ncbi.nlm.nih.gov/pubmed/17630279
https://doi.org/10.1371/journal.ppat.1009641

PLOS PATHOGENS

The Pleiades effectors from Ustilago maydis

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

Mediated Innate Immunity. Plos Biol. 2008; 6(11):e282. https://doi.org/10.1371/journal.pbio.0060231
PMID: 18817453

Stephan Wawra AD, Isabell Albert, Thorsten Nirnberger, Regine Kahmann, and Pieter van West. In
vitro translocation experiments with RxLR-reporter fusion proteins of Avrib from Phytophthora sojae
and AVR3a from Phytophthora infestans fail to demonstrate specific autonomous uptake in plant and
animal cells. Mol Plant Microbe In. 2013; 5:528-36. https://doi.org/10.1094/MPMI-08-12-0200-R PMID:
23547905

Cécile Ribot SC, Iméne Abidi, Véronique Chalvon, Caroline Bournaud, Julie Vallet, Marc-Henri Lebrun,
Jean-Benoit Morel, Thomas Kroj. The Magnaporthe oryzae effector AVR1-CO39 is translocated into
rice cells independently of a fungal-derived machinery. The Plant Journal. 2013; 74:1-12. https://doi.
org/10.1111/tpj.12099 PMID: 23279638

Tanaka S, Djamei A, Lo Presti L, Schipper K, Winterberg S, Amati S, et al. Experimental approaches to
investigate effector translocation into host cells in the Ustilago maydis/maize pathosystem. Eur J Cell
Biol. 2015; 94(7-9):349-58. https://doi.org/10.1016/j.ejcb.2015.06.007 WOS:000361642700009.
PMID: 26118724

Antje Heese DRH, Selena Gimenez-Ibanez, Alexandra M. E. Jones, Kai He, Jia Li, Julian |. Schroeder,
Scott C. Peck, and John P. Rathjen. The receptor-like kinase SERK3/BAK1 is a central regulator of
innate immunity in plants. Proc Natl Acad Sci U S A. 2007; 104(29):12217-22. https://doi.org/10.1073/
pnas.0705306104 PMID: 17626179

Yangrong Cao YL, Kiwamu Tanaka, Cuong T Nguyen, Robert P Jedrzejczak, Andrzej Joachimiak,
Gary Stacey. The kinase LYKS5 is a major chitin receptor in Arabidopsis and forms a chitin-induced com-
plex with related kinase CERK1. Elife. 2014; 3:e03766. https://doi.org/10.7554/eLife.03766 PMID:
25340959

Smakowska-Luzan E, Mott GA, Parys K, Stegmann M, Howton TC, Layeghifard M, et al. An extracellu-
lar network of Arabidopsis leucine-rich repeat receptor kinases. Nature. 2018; 553:342-6. https://doi.
org/10.1038/nature25184 PMID: 29320478

Skibbe DS DG, Fernandes, Walbot V. Maize tumors caused by Ustilago maydis require organ-specific
genes in host and pathogen. Science. 2010; 328(5974):89-92. https://doi.org/10.1126/science.
1185775 PMID: 20360107

FilippoPassardi J, Luisa Valério, Sonia Guimil, Claude Penel, Christophe Dunand. Morphological and
physiological traits of three major Arabidopsis thaliana accessions. J Plant Physiol. 2007; 164(8):980—
92. https://doi.org/10.1016/}.jplph.2006.06.008 PMID: 16904792

Sambrook J, Russell DW, Sambrook J. The condensed protocols from Molecular cloning: a laboratory
manual. Cold Spring Harbor, N.Y.: Cold Spring Harbor Laboratory Press; 2006. v, 800 p. p.

Katzen F. Gateway(®) recombinational cloning: a biological operating system. Expert Opinion on drug
discovery. 2007; 2(4):571-89. https://doi.org/10.1517/17460441.2.4.571 PMID: 23484762

Bouton C, King RC, Chen H, Azhakanandam K, Bieri S, Hammond-Kosack KE, et al. Foxtail mosaic
virus: A Viral Vector for Protein Expression in Cereals. Plant Physiol. 2018; 177(4):1352—-67. Epub
2018/06/09. https://doi.org/10.1104/pp.17.01679 PMID: 29880705; PubMed Central PMCID:
PMC6084670.

Lampropoulos A, Sutikovic Z, Wenzl C, Maegele |, Lohmann JU, Forner J. GreenGate—A Novel, Ver-
satile, and Efficient Cloning System for Plant Transgenesis. Plos One. 2013; 8(12):e83043. https://doi.
org/10.1371/journal.pone.0083043 PMID: 24376629

Kamper J. A PCR-based system for highly efficient generation of gene replacement mutants in Ustilago
maydis. Molecular Genetics and Genomics. 2004; 271(1):103-10. https://doi.org/10.1007/s00438-003-
0962-8 PMID: 14673645

Loubradou G, Brachmann A, Feldbrugge M, Kahmann R. A homologue of the transcriptional repressor
Ssn6p antagonizes cAMP signalling in Ustilago maydis. Mol Microbiol. 2001; 40(3):719-30. https://doi.
org/10.1046/j.1365-2958.2001.02424.x PMID: 11359577.

Wang F, Zhu D, Huang X, Li S, Gong Y, Yao Q, et al. Biochemical insights on degradation of Arabidop-
sis DELLA proteins gained from a cell-free assay system. Plant Cell. 2009; 21(8):2378-90. Epub 2009/
09/01. https://doi.org/10.1105/tpc.108.065433 PMID: 19717618; PubMed Central PMCID:
PMC2751948.

Stirnberg A, Djamei A. Characterization of ApB73, a virulence factor important for colonization of Zea
mays by the smut Ustilago maydis. Molecular Plant Pathology. 2016; 17(9):1467—79. https://doi.org/10.
1111/mpp.12442 WOS:000389134900013. PMID: 27279632

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1009641 June 24, 2021 24/24


https://doi.org/10.1371/journal.pbio.0060231
http://www.ncbi.nlm.nih.gov/pubmed/18817453
https://doi.org/10.1094/MPMI-08-12-0200-R
http://www.ncbi.nlm.nih.gov/pubmed/23547905
https://doi.org/10.1111/tpj.12099
https://doi.org/10.1111/tpj.12099
http://www.ncbi.nlm.nih.gov/pubmed/23279638
https://doi.org/10.1016/j.ejcb.2015.06.007
http://www.ncbi.nlm.nih.gov/pubmed/26118724
https://doi.org/10.1073/pnas.0705306104
https://doi.org/10.1073/pnas.0705306104
http://www.ncbi.nlm.nih.gov/pubmed/17626179
https://doi.org/10.7554/eLife.03766
http://www.ncbi.nlm.nih.gov/pubmed/25340959
https://doi.org/10.1038/nature25184
https://doi.org/10.1038/nature25184
http://www.ncbi.nlm.nih.gov/pubmed/29320478
https://doi.org/10.1126/science.1185775
https://doi.org/10.1126/science.1185775
http://www.ncbi.nlm.nih.gov/pubmed/20360107
https://doi.org/10.1016/j.jplph.2006.06.008
http://www.ncbi.nlm.nih.gov/pubmed/16904792
https://doi.org/10.1517/17460441.2.4.571
http://www.ncbi.nlm.nih.gov/pubmed/23484762
https://doi.org/10.1104/pp.17.01679
http://www.ncbi.nlm.nih.gov/pubmed/29880705
https://doi.org/10.1371/journal.pone.0083043
https://doi.org/10.1371/journal.pone.0083043
http://www.ncbi.nlm.nih.gov/pubmed/24376629
https://doi.org/10.1007/s00438-003-0962-8
https://doi.org/10.1007/s00438-003-0962-8
http://www.ncbi.nlm.nih.gov/pubmed/14673645
https://doi.org/10.1046/j.1365-2958.2001.02424.x
https://doi.org/10.1046/j.1365-2958.2001.02424.x
http://www.ncbi.nlm.nih.gov/pubmed/11359577
https://doi.org/10.1105/tpc.108.065433
http://www.ncbi.nlm.nih.gov/pubmed/19717618
https://doi.org/10.1111/mpp.12442
https://doi.org/10.1111/mpp.12442
http://www.ncbi.nlm.nih.gov/pubmed/27279632
https://doi.org/10.1371/journal.ppat.1009641

