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Abstract: Protein O-mannosyltransferases (Pmts) comprise a group of proteins that add mannoses to
substrate proteins at the endoplasmic reticulum. This post-translational modification is important for
the faithful transfer of nascent glycoproteins throughout the secretory pathway. Most fungi genomes
encode three O-mannosyltransferases, usually named Pmtl, Pmt2, and Pmt4. In pathogenic fungi,
Pmts, especially Pmt4, are key factors for virulence. Although the importance of Pmts for fungal
pathogenesis is well established in a wide range of pathogens, questions remain regarding certain
features of Pmts. For example, why does the single deletion of each pmt gene have an asymmetrical
check for impact on host colonization? Here, we analyse the origin of Pmts in fungi and review the most
updates important phenotypes associated with Pmt mutants in pathogenic fungi. Hence, we highlight the
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Glycosylation is a post-translational protein modification in which specific sugar
donor molecules are synthesized, added to specific amino acids in target proteins, and
processed during their transfer throughout the secretory pathway [1]. Unfaithful protein
glycosylation frequently hinders correct protein folding and stability and consequently
compromises protein function [2]. As glycoproteins are involved in many biological pro-
cesses [3], glycosylation is essential for early embryonic development [4,5]. Genetic defects
in the formation of glycoconjugates cause muscular, developmental, and neurological
disorders [6-8], generate abnormal inflammatory responses [9], and promote cancer cell
metastasis [10]. Hence, the study of the complexity, heterogeneity, and relevance of the
complete catalogue of glycoconjugates, called the glycome, is a well-established field of
biomedical research [4].

Glycosylation is broadly conserved in evolution and is present in the three domains:
Eukarya, Bacteria, and Archaea. However, the type of sugar attached and, most im-
portantly, the conformation of the sugar molecules is highly variable across kingdom
subdivisions [11-13]. Protein glycosylation in pathogenic fungi is particularly relevant due
to its connection with virulence; many virulence factors are likely to be glycoproteins [3,14].
For example, crucial elements for infection have been identified in the glycosylation path-
ways of the smut fungus Ustilago maydis [15-17], a maize pathogen. These key factors are
all conserved in other smut fungi but not in their hosts. This discovery has contributed to
the development of protein glycosylation studies as an emerging field in biotechnology.
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pathways, two major types of glycosylation can be defined in fungi: N-glycosylation and
O-mannosylation (Figure 1a). Both take place at the endoplasmic reticulum (ER) and Golgi
apparatus [18,19].

2.1. N-Glycosylation

In N-glycosylation, GIcNAcyMangGlcz—an oligosaccharide comprising two N-
acetylglucosamines (GlcNAc), nine mannoses (Man), and three glucoses (Glc)—is attached
to the site-chain nitrogen atom of an acceptor Asn residue in the sequence Asn-x-Ser/Thr,
where x can be any amino acid except proline [20-23]. Production of N-glycoproteins
occurs in three sequential stages: synthesis of a lipid-linked-oligosaccharide, transfer of
the oligosaccharide to the protein, and processing of the glycosidic structure. The first
stage of the N-glycosylation pathway occurs on both the cytosolic and lumenal sides of
the ER membrane. On the cytosolic side, a dolichol monophosphate (Dol-P) molecule
acts as a lipid carrier to link the oligosaccharide (GlcNAc;Mans) to the ER membrane.
GlcNAcyMans is then moved to the lumenal side of the ER by a flippase-like protein. Core
oligosaccharide synthesis finishes with the addition of four more mannoses and three
glucoses. The oligosaccharyltransferase complex enables the attachment of this sugar core
to Asn residues in the consensus sequence of nascent proteins. Finally, the sugar core
undergoes a sugar trimming process in which the three glucoses are sequentially removed
by glucosidases I and II (Figure 1a) [24-30].

2.2. O-Mannosylation and the Pmt Family

Protein O-glycosylation is characterized by the addition of oligosaccharides to an
OH group of Ser or Thr amino acids without known consensus sequence [31]. As in
N-glycosylation, O-glycosylation is conserved from bacteria to humans [18,20,32,33]. How-
ever, the structure of the oligosaccharide attached to the target protein varies [21].

O-mannosylation is the most common type of O-glycosylation in fungi that is char-
acterized, in this division, by an oligosaccharide composed mainly of mannoses [34,35].
Protein O-mannosyltransferases (Pmts) mediate the transfer of mannoses from Dol-P-
activated mannose (Dol-P-Man) to target proteins in the ER (Figure 1a) [36]. The Pmt
protein family is widely conserved as its members are crucial for many biological functions.
In pathogenic fungi, Pmts are key to virulence due to their roles in maintaining cell wall
integrity and secretion of fungal effectors [14,16,37—-40]. In plant pathogenic fungi, the Pmt
family consists of three members: Pmt1, Pmt2, and Pmt4. Despite the relevance of Pmts to
fungal virulence, there are still open questions about their role in infection. For instance, the
fact that deleting each member produces a phenotype that differs in pathogenesis suggests
that Pmts have a range of substrates, most of which are still unidentified [14]. Significantly,
the conservation of the crucial role of Pmt4 in fungal plant pathogenesis [16,38,40,41],
together with the absence of Pmt4 orthologues in its hosts, makes Pmt4 an excellent can-
didate for targeting by antifungal drugs. Here, we summarize much of what is known
about the structure, evolution, and function of Pmt family members. We focus on their
connections to fungal pathogenesis and, in particular, their known role in U. maydis, one of
the model organisms in which the function of Pmts and their substrates have been explored
more widely.
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Figure 1. The Pmt protein family in the corn smut fungus Ustilago maydis. (a) Schematic of N-glycosylation and O-
mannosylation pathways at the endoplasmic reticulum (ER) in fungi. N-glycosylation (below); the oligosaccharide core
is assembled on the cytoplasmatic side of the ER, then translocated into the ER where four mannose and three glucose
residues are added to the structure. A circle amplifies the polysaccharide structure which is transferred to an Asn residue of
the polypeptide in the sequence Asn-X-Ser/Thr. O-mannosylation (above); protein O-mannosyltransferases (Pmts) add only
one mannose to the Ser/Thr residues of the target polypeptide. Nascent glycoproteins undergo a later modification at the
ER and Golgi apparatus. (b) Schematic structure of U. maydis Pmts (UmPmts). Pmtl (Umag_11220), Pmt2 (Umag_10749),
and Pmt4 (Umag_05433) conserve the three canonical Pmt domains: PMT (green), MIR (pink), and 4TMC (blue). The
domains were identified using the Pfam database. (c) Predicted topology of UmPmt family according to [42]. UmPmt
proteins harbour seven transmembrane alpha helices in the PMT domain (green), except Pmt1 which shows six helices.
The MIR harbours beta sheet structures oriented into the ER lumen. The 4TMC is composed of four transmembrane alpha
helices. PDB structures were obtained using Phyre and represented using PyMol. (d) Similarity comparison between
UmPmts. Alignments and percentages of identity were obtained using Clustal Omega.
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U. maydis is a biotrophic fungus that combines a nonpathogenic cell cycle, in which it
divides by budding asexually, with a pathogenic stage that starts with the fusion of two
sexually compatible strains [43]. Once cells fuse on the plant surface, plant physicochemical
signals trigger the formation of a filamentous pathogenic hyphae which accesses plant
tissues by developing the appressorium—a morphogenetic structure that mediates plant
penetration [44]. Inside the plant, the fungal hyphae expand in size and number, inducing
the formation of plant tumours containing U. maydis spores [45]. The role of Pmts in
U. maydis virulence has been explored in recent decades. While Pmt1 seems not to play
a relevant role in infection, Pmt2 is required for cell survival and Pmt4 is essential for
appressorium formation and penetration. Remarkably, several Pmt4 substrates were
identified as responsible for the virulence defects caused by mutation of pmt4 [14,16].

3. The Structure of Pmts

Pmts are multispanning ER membrane proteins that contain three domains. Two ER
transmembrane o-helix regions: the PMT (protein O-mannosyltransferases) and 4TMC
(4 transmembrane domains in the C-terminal region) domains are located at the N- and
C-termini, respectively. The third domain is the central MIR domain, so named because
it is common to mannosyltransferases, inositol triphosphate receptors, and ryanodine
receptors [46], and has a (3-trefoil fold [47,48]. The MIR domain, positioned at the ER
lumen, interacts directly with the substrates [49] and thus might confer target specificity to
Pmt proteins. These three domains, and their predicted 3D conformation, are conserved
in U. maydis Pmts (Figure 1b,c). The three domains have a high percentage of sequence
similarity in U. maydis Pmts, although the PMT domain is more similar between Pmts
than the MIR and 4TMC domains are (Figure 1d). Moreover, Pmt1 is characterized by a
longer C-terminal region harbouring a disordered domain that is conserved in the Pmt1
proteins from most fungi. The presence of this disordered domain differentiates Pmt1 from
the other Pmts. On the other hand, Pmtl in U. maydis contains only six TMs instead of
seven—the canonical number of these O-glycosyltransferases [47]—which could indicate a
slight divergence between Um Pmtl compared with other Pmt1.

Interestingly, Pmts act by forming dimers [50,51]. In particular, in budding yeast, Pmt1
interacts with Pmt2, and Pmt4 is able to interact with itself [50]. However, the fact that the
loss of Pmtl and Pmt2 has a different impact on cell cycle progression—as observed in a
wide variety of species (Table 1) including U. maydis [16]—suggests that Pmt1 and Pmt2
might be active as monomers, interact with each other, or even with Pmt4, as observed in
Aspergillus nidulans Pmts [52].
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Table 1. Summary of the main phenotypes associated with the loss of Pmts in pathogenic fungi. V, viable; L, lethal; NT, not tested; A, severely affected; NA, not severely affected.

Fungus Viability Cellular and Hyphal Growth Virulence

Apmtl Apmt2 Apmt4 Apmtl/4 Apmtl Apmi2 Apmt4 Apmtl/4 Apmtil Apmt2 Apmt4 Apmtl/4
NA

<

Ustilago maydis [16]
Aspergillus fumigatus [53]
Aspergillus nidulans [54]
Cryptococcus neoformans [55]
Magnaporthe oryzae [38,56]
Beauveria bassiana [57,58]
Botrytis cinerea [59]
Candida albicans [60]
Fusarium oxysporum [41]
Penicillium digitatum [61]
Metarhizium acridum [40]

214 <<l <|<|< <<=
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4. Evolution of the Pmt Protein Family
4.1. Bacterial and Eukaryotic Contributions to the Origin and Diversification of Pmts
in Opisthokonts

The closest homologous proteins to the Pmt protein family in pathogenic fungi are
the eukaryotic Pmtl, Pmt2, and Pmt4; the prokaryotic mannosyltransferases that lack the
MIR domain; and the isolated MIR domain found in distant eukaryotes (Figure 2a,b). In
prokaryotes, archaea do not contain Pmts, and bacteria have Pmts with well-conserved
PMT and 4TMC domains but without the crucial MIR domain (Figure 2a). In fact, O-
mannosylation was commonly considered to be specific to eukaryotes but since then has
been shown to be present in prokaryotes [13]. In particular, O-mannosylation seems to be
well conserved across actinomycetes, as Corynebacterium glutamicum [62], Mycobacterium
tuberculosis [63], and Streptomyces coelicolor [64] contain putative PMT-domain-containing
transferases showing structural similarity to eukaryotic protein mannosyltransferases
but without the MIR domain. The roles of these proteins in glycosylation have been
experimentally validated: deletion in C. glutamicum causes a complete loss of glycosylation
of the secreted proteins [62]; in S. coelicolor, these proteins are necessary for glycosylation
of the phosphate-binding protein PstS [64]; and M. tuberculosis shows a strong attenuation
of pathogenicity under deletion of these ancestral mannosyltransferases [63].

The monophyletic behaviour of Pmt sequences in phylogenetic reconstructions
(Figure 2a) suggests that eukaryotic Pmt had a single origin and diversified by gene
duplication. Orthologues of Pmt2 and Pmt4 are found in metazoa, fungi, and early-
branching opisthokonts such as Monosiga brevicollis, Capsaspora owczarzaki, and Fonticula alba
(Figure 2a,b and Figure S1), suggesting that their origin might precede the diversification
of opisthokonts. By contrast, Pmt1 is found specifically in fungi, where it is well-conserved.
We found other Pmtl-like sequences in F. alba and C. owczarzaki that branch basally to
the whole eukaryotic Pmt family and have a divergent MIR domain (Figure 2a). These
sequences provoked instability in different phylogenetic reconstructions (Figures S1 and
S2); therefore, we suspect that the locations of both sequences represent well-known
phylogenetic long-branch attraction artefacts which makes it difficult to infer the actual
ancestrality of these sequences. Therefore, we conclude that, in contrast to Pmt2 and Pmt4
originating early in opisthokonts, Pmtl originated later in the common ancestor of fungi.
On the other hand, single MIR domains are found in diverse eukaryotes (opisthokonts,
archaeplastida, and protists) forming a very distinct monophyletic group (Figure 2a), which
suggests that the origin of MIR was established earlier in eukaryotic evolution, in contrast
to Pmt proteins. Given the heterogeneity of the sequences and the low support at basal
nodes in Figure 2a, it is difficult to infer a realistic order of appearance of these proteins
from this reconstruction.

Hence, the close relationship between bacterial mannosyltransferase and Pmt proteins,
together with the fact that the MIR domain is found on its own in eukaryotes (Figure 2a,b),
suggests that the ancestor of opisthokonts gained the mannosyltransferase (PMT-4TMC)
by lateral gene transfer (LGT) from bacteria. Mannosyltransferases without MIR domain
(PMT-4TMC) were also found in other eukaryotes, for instance, in the red algae Galdieria
sulphuraria. However, given the discrete distribution of these proteins in eukaryotes,
we reckon that these cases represent independent LGT origins from bacteria. Once the
opisthokont ancestor gained by LGT the PMT-4TMC from bacteria, the eukaryotic MIR
domain was inserted. Later, this first ancestral eukaryotic PMT-MIR-4TMC would
have duplicated in the ancestor of opisthokonts, leading to Pmt2 and Pmt4, forming a
well-conserved protein family, despite some punctual losses as in Caenorhabditis elegans
(Figure 2b).

4.2. The Origin of Fungi-Specific Pmt1 Might Be Pmt4

We further explored the possible origin of Pmt1 from a previously established ancestral
form, Pmt2 or Pmt4. We investigated the relationships between the three Pmts from
different species (Homo sapiens, Drosophila melanogaster, S. cerevisiae, and U. maydis) through
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the domains that compose them (Figure 3a). The phylogenetic distances between the whole
protein and the single domains show that Pmtl1 is more closely related to the fungal Pmt4
than to Pmt2. In addition, phylogenetic reconstruction of the whole Pmt protein with
extended taxonomic sampling shows that Pmt1 and Pmt4 are slightly more similar to each
other than to Pmt2 (phylogenetic tree in Figure 3b). These results suggest that Pmt4 might
be the origin of Pmt1 in fungi.
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homologs to Pmt proteins. This phylogeny represents the general features of the closest homologs
to Pmt and is not for inferring the order of appearance of these protein families. Stars indicate
early-branching opisthokonts. The tree was artificially rooted at the split of Pmt with and without
MIR domains. An extended version of this reconstruction is provided in Figure S1. (b) Distribution
of different Pmt proteins was identified in the phylogenetic reconstructions. The taxonomic tree was
obtained from NCBI taxonomy tools (https://www.ncbi.nlm.nih.gov/taxonomy, accessed on 21
April 2021).
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5. Variability in the Number of Pmt Family Members
5.1. The Pmt Family in Animals Consists of Two Members

Two O-mannosyltransferases, usually named POMT1 and POMT2 (protein O-
mannosyltransferase 1 and 2), form the Pmt family in animals. The biological relevance
of the POMTs has been experimentally validated in some animal species. For instance, in
D. melanogaster, POMT1 and POMT?2 are required for maintaining the integrity of larval
muscles [65,66] and normal axonal connections of sensory neurons [67], while in humans,
mutations in POMTI and POMT?2 lead to Walker—-Warburg syndrome [68-70]. There-
fore, the presence of the two members of the Pmt family is the most common situation
in opisthokonts and indicates that two Pmts are enough to efficiently carry out faithful
protein O-mannosylation in these types of eukaryotic cells.

5.2. The Addition of a Third Pmt in Fungi

In fungi, the Pmt family is commonly composed of three members. Ascomycota,
basidiomycota, chytridiomycota, zoopagomycota, and the other main fungal divisions
harbour three Pmt gene sequences (Figure 4a,b). Our search showed that the addition of an
extra member in the Pmt family is specific to fungi, as early-branching opisthokonts and
animals harbour only two Pmts in their genomes (Figure 2a,b). In some ascomycetes, the
Pmt family has more members, likely due to genome duplication events. In the budding
yeast S. cerevisiae, for example, the Pmt family consists of seven members, Pmt1-7 [71,72].
As the role of the Pmt family was first analysed in this model organism, Pmts that were later
identified and characterized in other fungal models adopted the same naming convention:
U. maydis Pmts are named Pmtl, Pmt2, and Pmt4, as they are the closest orthologues
to S. cerevisine Pmtl, Pmt2, and Pmt4, respectively [16]. The presence of more than
three members in the Pmt family has also been observed in other model fungi such as
the human pathogen Candida albicans and Pichia pastoris (also known as Komagataella
pastoris, Figure 2b), in which five Pmts have been characterized [60,73]. However, this is not
always the case in ascomycota: only three Pmts have been identified in Schizosaccharomyces
pombe [74]. Despite the fact that S. cerevisiae, C. albicans, and P. pastoris contain more
than three Pmts, these proteins can be grouped into three subfamilies—Pmt1, Pmt2, and
Pmt4—since there is functional redundancy between members of each subfamily [36].

Hence, the addition of a third or more Pmts in fungi might be favoured by the
importance of O-mannosylation for their lifestyle, which requires the secretion of a high
number of proteins, most of which are glycoproteins. Our analysis of representative species
from the main fungi clades confirmed the presence of three Pmt proteins across fungi
divisions (Figure 4a). In smut fungi, which have three Pmts, pathogenic development
requires the secretion and activity of many virulence factors, which might be safeguarded
by extra O-mannosyltransferases.
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Figure 4. The Pmt family is commonly composed of three members in fungi. (a) Most fungal clades harbour three Pmts.
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The taxonomic tree was obtained using the NCBI taxonomy browser. The number of Pmts in each group was obtained

using BlastP. (b) The species selected in (a) are represented in a phylogenetic tree. The blue bar represents an evolutionary

distance of 0.1. Blue circles at nodes indicate bootstrap higher than 90. (c) Conservation of Pmt4 across plant pathogenic

fungi. Pmt4 is conserved in ascomycota and basidiomycota clades. The grey bar represents an evolutionary distance of

0.1. Blue circles at nodes indicate bootstrap higher than 90. Fusarium fujikuroi Pmtl was used as an outgroup protein. The

alignments were obtained using MAFFT v7 and 100 bootstrap replicates with the “bootstrap (valid for NJ)” option. The

phylogenetic trees were generated using Archaeopteryx.js and edited in iTOL.

6. The Role of Pmts in Fungal Pathogenesis: Pmt4 as the Key Protein Factor
in Virulence

Although full deletion of the Pmt family leads to lethality in fungi, loss of Pmt1, Pmt2,
or Pmt4 has different consequences. For example, in most fungi, Pmt2 is essential for
viability, whereas Pmtl and Pmt4 are dispensable for cell growth. The high sequence simi-
larity between the Pmts suggests that crucial changes in amino acids might be responsible
for substrate specificity and thus the phenotypes associated with pmt1, pmt2, and pmt4
mutants. Next, we summarize the main phenotypes of each Pmt in pathogenic fungi and
speculate about the possible proteins that could be linked to the phenotypes associated
with each mutation.

6.1. Pmt1, the Most Dispensable of the Pmts

Our comparison of Pmts shows that Pmtl is the extra Pmt family member in fungal
divisions. In most fungi in which the Pmt family has been characterized, pmt1 mutants
do not show major virulence defects; although the absence of Pmtl1 leads to some growth
defects in model organisms such as Botrytis cinerea, Fusarium oxysporum, C. albicans, and
Magnaporthe oryzae, mutant cells do not show important virulence defects, except for a
defect in plant penetration observed in B. cinerea Apmt1 cells [38,41,59,60] (Table 1). Similar
results were found in A. nidulans: although some defects in growth were observed in
pmtl mutants, the penetrance of these defects is lower compared with that of other pmt
mutants and no major defects in virulence were observed [54]. In the case of the smut
fungus U. maydis, loss of Pmtl has no significant impact on pathogenic development,
because Apmt1 cells are able to colonize the host and induce tumours in maize [16]. By
contrast, severe defects in virulence associated with the loss of Pmtl have been reported in
Cryptococcus neoformans [75] and Beauveria bassiana [57], although the penetrance of these
defects is always less than those of pmt2 and pmt4 mutations. In B. bassiana, the C-terminal
Pmtl MIR domain is dispensable for virulence [58].

This evidence collectively suggests that Pmt1 is the family member least relevant to
cell cycle progression and virulence. This is probably because in the absence of Pmt1, Pmt2
and Pmt4 are sufficient to perform O-mannosylation of most glycoproteins, similarly to
how POMT1 and POMT2 do in animals.

6.2. Pmt2 and Its Essential Role for Cell Viability

In most fungal pathogens in which the Pmt family has been characterized, pmt2
is an essential gene for viability [16,53,57,60,75]. Some exceptions are B. cinerea, A.
nidulans, Penicillium digitatum, and M. oryzae, where Apmt2 cells show severe growth
defects [54,56,59,61] (Table 1). The relevance of Pmt2 for viability is also conserved in
important nonpathogenic models such as S. pombe and P. pastoris [73,74]. There are several
possible explanations for the lethality of Apmt2 cells: (i) most O-mannosylated proteins
might be glycosylated by Pmt2; (ii) O-mannosylated proteins that are crucial for cell
cycle progression could be Pmt2-specific target proteins; and (iii) Pmt2 might physically
interact with other proteins essential for viability. This last possibility would explain why,
if Pmtl and Pmt2 form a heterodimer, the loss of pmt1 does not affect viability, but the
loss of pmt2 does. Alternatively, dimer formation between Pmt2 and Pmt4, as observed in
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A. nidulans [52], or a Pmt2 monomer, or homodimer, similar to the homodimerization of
Pmt4 [50], could efficiently control the O-mannosylation process in Apmt1 cells.

6.3. Pmt4, the Key Pmt Protein in Virulence

Among the three fungal Pmt proteins, Pmt4 is the most interesting from the point of
view of virulence. Although it is not essential for viability in most of the fungal models in
which its role has been explored, Pmt4 is crucial for pathogenic development [16,38,40,41].
Pmt4 might thus be the Pmt protein that O-mannosylates more virulence-related glycopro-
teins than the other Pmts do. In this context, it has been observed in Fusarium oxysporum
and Trichoderma reesei that Pmt4 specifically O-mannosylates membrane proteins [39,41]
and soluble proteins in the secretory pathways, particularly, GPI-anchored proteins. By
contrast, Pmt2 is more related to substrates implicated in cell wall synthesis [41]. Con-
sistent with this idea, loss of Pmt4 does not lead to severe defects in cell wall integrity,
although some of these phenotypes have been linked to failures in cell wall integrity under
stress conditions, e.g., in C. neoformans [55] (Table 1). However, pmt4 mutants are mainly
characterized by a drastic reduction in their virulence capability.

In plant pathogens, Pmt4 is crucial for appressorium penetration. This phenotype
has been described for U. maydis, M. oryzae, and Metarhizium acridum [16,38,40] (Table 1).
The mechanisms of appressorium penetration differ in M. oryzae and U. maydis: M. oryzae
penetration is facilitated by the generation of high turgor pressure, whereas U. maydis
uses the appressorium to mark the penetration point, where the controlled secretion of
hydrolytic enzymes degrades the plant cuticle [76]. This difference suggests that Pmt4
substrates required for appressorium penetration might be conserved among species.

In addition to its role in appressorium penetration, Pmt4 is important in other pro-
cesses associated with virulence. For example, Apmt4 cells in M. oryzae, M. acridum, F. oxys-
porum, and A. fumigatus show defects in cell wall integrity, in polarized hyphae growth,
and in mycelial development [38,40,41,53]. Moreover, Pmt4 has roles after penetration
during U. maydis and M. oryzae hyphal expansion inside plant tissues, which points to this
Pmt being required to suppress plant defence responses [14,76,77].

These observations indicate that Pmt4 is the Pmt family member with the most specific
role in virulence in a wide range of fungal plant pathogens. Its moderate role during cell
cycle progression makes Pmt4 an attractive protein for understanding the mechanisms
behind fungal virulence and for identifying the main secreted proteins that are important
for their pathogenic development. Due to its conservation in pathogenic fungi (Figure 4b),
its absence in its hosts, its specific role in virulence, and its crucial role in the formation of
the appressorium—a critical stage at which the progression of plant infection and the loss
of crops can be arrested—Pmt4 is a suitable target for the development of more specific
antifungal treatments.

7. What Pmt4 Substrates Might Justify the Virulence Defects Observed in pmt4
Mutants in U. maydis?

An in silico screening of 6787 proteins in U. maydis identified 64 proteins harbouring
two of the most relevant features of Pmt4 substrates: at least one transmembrane domain
and a longer region of 40 amino acids in which the proportion of Ser or Thr is greater than
40% [14,78]. Interestingly, in this search, we identified the signalling mucin Msb2 as a
putative substrate of Pmt4. Msb2 is required for appressorium formation in U. maydis and
M. oryzae, likely because of its important role in detecting the plant signals required for
triggering appressoria development [79-81]. The fact that the Ser/Thr-rich region of Msb2
is required for Msb2 function in U. maydis and the epistatic relationships between msb2 and
pmt4 suggest that the appressorium defects associated with the loss of Pmt4 might be a
consequence of defective O-mannosylation of the signalling mucin receptor.

In addition to showing defects in appressorium formation, Apmt4 cells are unable to
break the plant cuticle. In these cases, penetrance of this phenotype is even higher than
the penetrance of the defects in appressorium formation; although some pmt4 mutant
hyphae can develop into an appressorium, they totally lose their ability to penetrate the
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plant cuticle [16]. The target(s) that might explain appressoria penetration defects are
not yet known. By contrast, the role of Pmt4 inside the plant might be explained by the
O-mannosylation of a range of important substrates; for instance, Pitl, Cmul, and Afgl
are possible Pmt4 substrates required for full pathogenic development [81-83] and are
conserved in pathogenic fungi (Figure 5). Recently, it was demonstrated that the protein
disulfide isomerase Pdil shows altered electromobility in pmt4 mutants [37]. Pdil, located
at the ER, assists glycoproteins in folding and disulfide bond formation. A large number
of Pmt4 and Pdil substrates might support the role of Pmt4 in fungal proliferation inside
plant tissues.
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Figure 5. Schematic representation and conservation of Pmt4 putative targets across fungi. The percent identity of the

protein was obtained using BlastP and is plotted to the right of each protein. Organisms used to study the conservation of
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Pmt4 putative targets were: Ustilago hordei, Sporisorium relianum, Melanopsichium pennsylvanicum, and Testicularia cyperi (smut
fungi); Melampsora larici-populina, Microbotryum lychnidis-dioicae, and Puccinia graminis (basydiomycota); and Pyricularia oryzae,
Fusarium oxysporum, and Blumeria graminis (ascomycota). Ustilago maydis sequence was used as template. Schematic structure
of the proteins was obtained from InterPro. (a) Msb2 (UMAG_00480) presents a signal peptide and a transmembrane region
with a cytoplasmatic and a noncytoplasmatic side. This protein and its structure are conserved in the smut fungi U. hordei
(CCF54229.1), S. relianum (SJX60528.1), and T. cyperi (PWZ02537.1). (b) Pdil (protein disulfure isomerase, UMAG_10156)
presents a signal peptide, two thioredoxin domains, and HDEL/HEEL ER localization sites. This protein and its structure
are conserved in the smut fungi M. pennsylvanicum (CDI55397.1), U. hordei (CCF48050.1), S. relianum (CBQ71186.1), and
T. cyperi (PWY98840.1). It is also conserved in the basidiomycota fungi M. larici-populina (XP_007411270.1), M. lychnidis-
dioicae (KDE03239.1), and P. graminis (KAA1097218.1) and in the ascomycota fungi P. oryzae (XP_003710672.1), F. oxysporum
(EGUB89226.1), and B.graminis (KAA1097218.1). (c) Afgl (alpha-L-arabinofuranosidase I precursor, UMAG_01829) presents a
signal peptide (SP) (except T. Cyperi and M. larici-populina) and an alpha-L-arabinofuranosidase domain. This protein and its
structure are conserved in the smut fungi S. relianum (SJX61927.1), U. hordei (CCF53267.1), M. pennsylvanicum (CDI52700.1),
and T. cyperi (PWY98448.1). It is also conserved in the basydiomycota fungus M. larici-populina (XP_007407432.1) and
in P. oryzae (XP_003712124.1) and F. oxysporum (RKL11611.1). (d) Cmul (chorismate mutase I, UMAG_05731) presents a
signal peptide, and a chorismate mutase domain. This protein and its structure are conserved in the smut fungi S. relianum
(SJX65239.1), U. hordei (CCF49464.1), M. pennsylvanicum (CDI51551.1), and T. cyperi (PWZ01961.1). (e) Pitl (UMAG_01374) is
conserved in smut fungi and presents five transmembrane helices in U. maydis and S. relianum (SJX61460.1), six in U. hordei
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(CCF54347.1) and T. cyperi (PWZ03382.1), and three in M. pennsylvanicum (CDI52271.1).

What feature of Pmt4 might confer the ability to specifically O-mannosylate these
substrates but not be O-mannosylated by Pmt1? We hypothesized that a Pmt4-specific
sequence might control specificity for substrates. To test this idea, we aligned the MIR
domains of all Pmts and POMTs and identified the amino acid sequence LRYDDGRVS
as conserved in the Pmt4s (POMT1s) but absent in Pmtls and Pmt2s (Figure 3b). This
part of the MIR domain, or any other Pmt4 region that differs slightly from the two other
Pmts, might be implicated in Pmt4-specific recognition and therefore the glycosylation of
different targets. This could explain the different phenotypes associated with the loss of
Pmtl, Pmt2, or Pmt4. We are currently aiming to decipher the basis of this preferential
glycosylation.

8. Conclusions

In this work, we summarize the main features of the structure, evolution, and function
of the O-mannosyltransferases in fungi. In addressing important questions about the
essential role of Pmts in pathogenic fungi, our evolutionary analyses suggest that Pmt2
and Pmt4 originated early in the evolution of opisthokonts, while Pmt1 originated later
in the ancestor of fungi. Pmt1 is thus the fungi-specific member of the Pmt protein family
and is the most dispensable for pathogenesis. Pmt4 is the family member with a more
relevant role in virulence; in the smut fungus in particular, it is essential for appressorium
formation, penetration, and hyphae extension inside plant tissues. The role of Pmt4 in
appressorium formation might be controlled by O-mannosylation of Msb2, and in plant
colonization the loss of Pmt4 might impact, directly or indirectly, normal activity of the
protein disulfide isomerase Pdil. By contrast, no Pmt4 substrates that could explain the
penetration defects in pmt4 mutants have been identified.

The conservation of Pmt4 in plant pathogenic fungi makes this protein, and the Pmt
protein family in general, an attractive prospect for understanding the mechanisms behind
plant-fungus pathosystems.

9. Methods

Protein search was carried out through Phmmer [84] against a local data set of selected
eukaryotes (see the taxonomic tree of Figure 2a) using an e-value threshold of 10°. We
additionally performed a Phmmer search against an extensive local prokaryotic dataset
(~8000 proteomes) with an e-value of 107°. Prokaryotic sequences were reduced by a
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nonredundant threshold of 75% using CD-HIT [85]. Single MIR domains were re-searched
using a home-made MIR protein model, built with Hmmbuild [84], using the sequence of
the initial search (Figure 1 and Figure S1).

We combined all the sequences retrieved from the protein search and aligned them
using Mafft-linsi [86], trimmed positions with more than 90% of gaps using trimAL [87],
excluded redundant sequences up to 80% using Belvu, and removed spurious sequences
by visual inspection. This dataset was used to perform the phylogeny of Figure 2a. To infer
the phylogenetic profile of Figure 2b, an alternative phylogeny was carried out without a
redundancy threshold and without including bacterial sequences (Figure S2).

We additionally performed a phylogenetic analysis of eukaryotic Pmt only (Figure 3b).
The sequences were retrieved from the previous reconstruction using the same sequence
alignment protocol. In this reconstruction, sequences from Monosiga brevicollis and Fonticula
alba, suspected to provoke long-branch attraction, were excluded.

All phylogenetic trees were constructed using IQ-TREE [88] obtaining branch supports
with ultrafast bootstrap (1000 replicates; [89]) and applying the automatic model selection
calculated by ModelFinder and following the BIC criterion [90]. Trees were visualized
and annotated using iTOL [91]. Functional domain annotation was carried out through
the Pfam database [92] and transmembrane domains through the TMHMM server (http:
//www.cbs.dtu.dk/services/ TMHMM/, accessed 21 April 2021).

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/jof7050328 /s1; Figure S1 (extended version of Figure 2a): Phylogeny and domain architecture
of the closest homologs to Pmt proteins. The tree was artificially rooted at the split of Pmt with and
without MIR domains. Question marks indicate unstable sequences in phylogenetic reconstructions.
Figure S2: Phylogeny, domain architecture, and intrinsically structural disordered regions of eukary-
otic Pmt proteins with no redundancy threshold. Question marks indicate unstable sequences in
phylogenetic reconstructions. Sequences from Quercus suber and Carpinus fangiana likely represent
genome contamination and such sequences were excluded from the analyses.
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