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Fungal pathogens depend on sophisticated gene expression programs for successful
infection. A crucial component is RNA regulation mediated by RNA-binding proteins
(RBPs). However, little is known about the spatiotemporal RNA control mechanisms
during fungal pathogenicity. Here, we discover that the RBP Khd4 defines a distinct
mRNA regulon to orchestrate membrane trafficking during pathogenic development
of Ustilago maydis. By establishing hyperTRIBE for fungal RBPs, we generated a com-
prehensive transcriptome-wide map of Khd4 interactions in vivo. We identify a defined
set of target mRNAs enriched for regulatory proteins involved, e.g., in GTPase sign-
aling. Khd4 controls the stability of target mRNAs via its cognate regulatory element
AUACCC present in their 3" untranslated regions. Studying individual examples reveals
a unique link between Khd4 and vacuole maturation. Thus, we uncover a distinct role
for an RNA stability factor defining a specific nRNA regulon for membrane trafficking
during pathogenicity.

GTPase | membrane trafficking | mRNA stability | polar growth | fungal pathogen

Fungal pathogens are ubiquitous and pose a serious threat to public health, agriculture,
and wildlife. Fungal infections are estimated to cause more than 1.5 million deaths per
year (1) and account for a 30% reduction in crop yield worldwide (2). A widespread
virulence strategy of these pathogens is their capacity for morphological plasticity, i.e., the
alternation between yeast and hyphal growth forms (3, 4). In particular, hyphae formation
is a criterion for successful host invasion in many pathogenic fungi (5). For example, the
human pathogen Candida albicans requires the morphological transition from yeast-like
to hyphal growth to invade host tissue and selectively escape the host immune system
(6, 7). In the plant pathogen Ustilago maydis, the switch from yeast to hyphal form is
tightly linked to mating and is essential for plant entry and infection (8).

The polarized growth of fungal hyphae is intimately associated with intracellular mem-
brane trafficking. Vesicle transport, for example, mediates the delivery of new plasma
membranes and cell wall material to growth poles and therefore determines the shape and
growth direction of hyphal cells (9). Equally important is the recycling of excess plasma
membrane components via endocytosis. Furthermore, the balance between endocytosis
and exocytosis forms the basis for dynamic hyphal growth (10). The transport of cargo
between different cellular compartments is robustly controlled by distinct regulatory pro-
teins. In particular, small GTPases such as Rab, Rho, Arf, and Arl, and their interaction
partners serve as master regulators of vesicle trafficking (11).

The link between membrane trafficking and infectious hyphal growth is well-studied in
the plant pathogen U. maydis causing corn smut disease (12). To maintain its morphology
and pathogenicity, this phytopathogen inordinately depends on endocytosis mediated by
the bidirectional shuttling of early endosomes (13). Besides their role in endocytosis, the
shuttling early endosomes also offer a transportation platform for organelles such as perox-
isomes as well as mRNAs and associated polysomes throughout the hyphal cells (12, 14).
For such a complex process to be coordinated, robust spatiotemporal control of the
associated proteins is essential. At the posttranscriptional level, it was found that the
RNA-binding protein (RBP) Rrm4 transports mRNAs of morphological regulators, such
as all four septin-encoding mRNAs, along fungal hyphae, determining the local translation
and the spatial distribution of the translation products (15, 16).

Previously, we discovered that a second RBP, Khd4, is crucial for morphogenesis and
pathogenesis in U. maydis. The loss of Khd4 resulted in cytokinesis defects in yeast-like
cells, aberrant morphology of hyphae, and impaired virulence (Fig. 14 and SI Appendix,
Fig. S14; 17). Khd4 is a multi-KH domain-containing RBE, with KH domains 3 and 4
being crucial for RNA binding. Based on binding studies in the heterologous yeast
three-hybrid assay, Khd4 recognizes the RNA motif AUACCC (A-Adenine, U-Uracil,

C-Cytosine), and its KH domains 3 and 4 are necessary and sufficient for binding. Mutations
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Fungal pathogens cause severe
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and RNA levels. However,
knowledge on RNA regulation in
fungal pathogens is currently
scarce. Here, we adopt a
powerful in vivo RNA labeling
technique for fungi. Thereby, we
uncover how a key RNA-binding
protein (RBP) orchestrates the
polar growth of infectious
hyphae by determining the exact
stability of mRNAs encoding
regulators of membrane
trafficking. Thus, we disclose a
different regulatory concept

for infection: a single RBP
determines the precise timing

of expression for numerous
regulatory proteins at the level of
mRNA stability. This opens up the
opportunity to use RBPs as novel
fungicide targets.
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Fig. 1. Khd4 is important for hyphal growth. Differential interference contrast (DIC, Top panels) and Calcofluor white staining (Bottom panels; CFW, 18) of (A)
wild-type (wt) and (B) khd44 hypha grown for 6, 9, and 12 hours post induction (h.p.i.). All strains are derivatives of AB33. Basal septa and growth directions are

marked by asterisks and arrows, respectively (scale bar: 10 um.).

in KH domains 3 and 4 severely impact the morphology and vir-
ulence of U. maydis, suggesting that the RNA binding potential of
Khd4 is responsible for its function (17). However, it is currently
unclear how Khd4 tunes the morphological transition and patho-
genic development. Here, we perform a transcriptome-wide iden-
tification of invivo target mRNAs in infectious hyphae. We
demonstrate that Khd4 regulates the expression of a distinct set of
regulatory proteins involved in membrane trafficking and reveal a
unique link to posttranscriptional control of vacuole biogenesis.

Results

Loss of Khd4 Causes Defects in Polar Growth of Infectious
Hyphae. To study the role of Khd4 during pathogenic development,
we focused on the formation of infectious hyphae. For this, we
conducted a time-course analysis to determine the appropriate
induction time needed for hyphae establishment. As the genetic
background, we used the laboratory strain AB33, which expresses
the heteromeric master transcription factor (bE/bW) for hyphal
formation under the control of the nitrate-inducible P,,,,; promoter.
By switching the nitrogen source, hyphal growth can be induced
synchronously in a highly reproducible manner (Fig. 14; 19).
The resulting hyphae grow unipolarly by tip expansion up to a
defined length of about 100 um. This maximal length is maintained
over time by the insertion of regularly spaced septa, generating
characteristic cytoplasm-free sections consisting of cell wall
remnants at the basal pole (Fig. 14; 16, 20). Wildtype hyphae
with basal septa were already evident at six hours post induction (6
h.p.i.; Fig. 14). In contrast, the deletion of #4d4 resulted in delayed
hyphal development (Fig. 1 A and B and S/ Appendix, Fig. S1 B-E).
Compared to wildtype hyphae, the #4d4A hyphae were shorter,
thicker, and aggregated at 6 h.p.i. (Fig. 1 A and B and SI Appendix,
Fig. S1 A and F). However, prolonging the induction time caused
a gradual recovery of hyphal length, reduced the diameter, and
increased the basal septa insertion in khd4A cells (Fig. 1B and
SI Appendix, Fig. S1 B-E). A longer period of hyphal induction also
diminished hyphal aggregation (S Appendix, Fig. S1F). Although
khd4A hyphae can attain comparable lengths to wildtype, it is
known that the virulence of khd4A strains is severely reduced,
highlighting the critical role of Khd4-mediated RNA regulation

also during later stages of pathogenic development (17). In essence,
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the loss of RBP Khd4 disturbs the morphological dynamics during
the formation of infectious hyphae. Based on these results, we
determined 9 h.p.i. as the optimal time point for further analysis.

Establishing HyperTRIBE for Fungal RBPs. Mutations in the RNA-
binding domains mimic the loss-of-function phenotype of khd4
deletion (17). Identifying mRNA targets of Khd4 is therefore
crucial to dissect its function. Hence, we adapted hyperTRIBE, a
technique well suited for the investigation of proteins with high
molecular weight or low expression that are difficult to purify
(21-23). HyperTRIBE exploits the RNA editing activity of
the catalytic domain of ADAR (Adenosine Deaminase Acting
on RNA) from Drosophila melanogaster carrying the mutation
E488Q to increase editing (24; designated Ada). We fused the
codon-optimized catalytic Ada domain with the green fluorescent
protein (enhanced version, designated Gfp, Clontech) to the C
terminus of the RBP of interest (Fig. 2 A and B). Expression of
the fusion protein is controlled by the arabinose-inducible P,
promoter that is repressed by glucose (Fig. 2 A and B; 19, 25). The
resulting construct was inserted ectopically at the ip° locus (26) in
the deletion mutant of the RBP of interest. To assess RBP—Ada—
Gfp functionality, we compared it to a control strain expressing
RBP-Gfp (Fig. 2B).

For a proof-of-principle study, we chose Rrm4, as its cognate
mRNA targets have been extensively investigated at the
transcriptome-wide level using iCLIP (individual-nucleotide
resolution UV Cross-Linking and ImmunoPrecipitation; 27). A
detailed description of the experimental setup is given in the
SI Appendix, Figs. S2-S4 and Text. In brief, the expression of
the Rrm4-Ada—Gfp protein by arabinose induction rescued the
rrm4A phenotype (SI Appendix, Fig. S2 A-F), indicating that
the fusion protein is functional. As a control for background
editing, we used the strain expressing Ada—Gfp protein with
N-terminal mKate2 fusion (a monomeric form of the red fluo-
rescent protein, designated Kat; 28) in the wildtype background
(control-Ada; Fig. 2B). Control-Ada was expressed at higher
levels than Rrm4-Ada—Gfp, localized uniformly throughout
hyphae and did not interfere with hyphal growth (57 Appendix,
Figs. S2D and S3 A-C). To avoid potential artifacts caused by
overexpression of RBPs, we did not attempt to express the RBP—
Ada—Gfp levels similar to control-Ada.
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Fig.2. HyperTRIBE identifies bona fide targets of Rrm4. (A) Schematics of the hyperTRIBE technique. The binding of the RBP-Ada-Gfp fusion protein to target mMRNA
results in the editing of adjacent adenosine (A) to inosine (I) which is converted to guanine (G; Top) (Ada—hyperactive version of Drosophila ADAR catalytic domain;
Gfp—green fluorescent protein; AA—poly(A) tail, 5 cap structure is depicted by a gray circle). (B) HyperTRIBE constructs with arabinose inducible P, promoter
(on), which is repressed by glucose (off). Fusion proteins of RBP, Ada, Gfp, and/or Kat (Kat—mKate2, red fluorescent protein; Tnos—transcription terminator).
(C) Overlap of reproducible editing events from Rrm4-Ada-Gfp (sea green) and control-Ada (gray). The number of reproducible editing events within each
category is stated inside. (D) Histogram displaying the distance of editing events to the nearest Rrm4 iCLIP binding sites (Left) or the nearest UAUG-containing
Rrm4 iCLIP binding sites (Right) in edited transcripts specific to Rrm4-Ada-Gfp (sea green) compared to control-Ada (gray).

We sequenced mRNAs of hyphae expressing the hyperTRIBE
constructs that were induced under promoter-on conditions (ara-
binose) for 6 hours. The A-to-G editing events in the sequencing
data were detected using the published hyperTRIBE pipeline (23).
Editing events were deemed reproducible when detected in two
independent experimental replicates (SI Appendix, Fig. S4A).
Notably, Rrm4-Ada—Gfp expression led to twice as many repro-
ducible editing sites as control-Ada (Fig. 2C and SI Appendix,
Fig. S4 A-D). In our system, the control-Ada construct harboring
only the catalytic domain of ADAR shows substantial background
activity. This is different from the initial reports on mammalian
and Drosophila hyper TRIBE systems but fits with observations for
the more recently established plant hyperTRIBE system (26, 29).
Importantly, the increased background activity of control-Ada
can be clearly separated from the editing events for the RBP of
interest (see below).

Comparing the hyperTRIBE data with Rrm4-bound transcripts
from iCLIP data showed significant overlap, whereby, ~84% of
the transcripts with unique Rrm4-Ada—Gfp editing sites had also
been detected as Rrm4-bound in the published iCLIP data,
demonstrating a higher enrichment compared to the control-Ada
(SI Appendix, Fig. S4 E-G).

Interestingly, compared to control-Ada editing sites, the majority
of editing sites on mRNAs unique to Rrm4-Ada—Gfp were predom-
inantly located near the actual Rrm4 binding sites [Fig. 2D; median
distance = 159 nucleotides (nt)]. Additionally, only the Rrm4—Ada—
Gfp editing sites demonstrated enrichment in proximity to the
UAUG-containing binding sites, a motif recognized by the third
RRM domain of Rrm4 (Fig. 2D; median distance = 252 nt). In
summary, we conclude that the specificity of Ada in hyperTRIBE
is largely determined by the attached RBP. Our pilot study has thus
laid the foundation for using hyperTRIBE for in vivo detection of
Khd4 target mRNAs.

Khd4 Interacts with mRNAs Enriched for Its Binding Motif
AUACCC. Following the same experimental strategy (Fig. 2B
and SI Appendix, Fig. S5 A and B), we first verified that Khd4-
Ada—Gfp rescued the mutant £4d4A phenotype with respect to
hyphal morphology, length, and thickness (S7 Appendix, Fig. S5
C-E). In line with Rrm4-Ada—Gfp, the levels of Khd4—-Ada—Gfp
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were also lower compared to control-Ada (87 Appendix, Fig. S5
F and G). To assess the specificity of Khd4—-Ada-Gfp editing,
we designed a reporter mRNA, containing six tandem copies of
the previously identified Khd4 binding motif AUACCC (17) in
the 3" untranslated region (UTR) of the Kat coding sequence.
This synthetic mRNA was constitutively expressed using the P,
promoter (S] Appendix, Fig. S5H). We harvested hyphae (6 h.p.i.{
grown in the promoter-on condition and sequenced kat_(auaccc);
mRNA using transcript-specific primers (S/ Appendix, Materials
and Methods). Strikingly, we observed two reproducible A-to-G
editing events in the reporter mRNA only after the expression of
Khd4-Ada-Gfp (ST Appendix, Fig. S5H). Thus, the Khd4-Ada—
Gfp fusion protein is fully functional, and the Ada domain can edit
Khd4 mRNA targets with high specificity. Notably, this experiment
also demonstrated for the first time that the AUACCC motif indeed
serves as an in vivo Khd4 binding motif in U. maydis.

To detect Khd4 targets, reproducible editing events were identified
from two replicate experiments for Khd4-Ada—Gfp (Fig. 34 and
SI Appendix, Fig. S6 A and B). In contrast to Rrm4—Ada—Gfp, editing
events for Khd4—-Ada—Gfp were substantially lower; however, the
reproducibility was higher than for those obtained with Rrm4-Ada—
Gfp or control-Ada (8] Appendix, Figs. S4 C and D and S6 B-D).
Comparing reproducible editing events from Khd4—Ada—Gfp and
control-Ada showed that the majority of editing sites were unique
to either Khd4—-Ada—Gfp (n = 269) or the control-Ada (n = 1,021),
with 108 editing sites overlapping between both sets (n = 108;
Fig. 3B). Importantly, de novo motif enrichment analysis using
XSTREME identified only the motif AUACCC near Khd4-Ada—
Gfp editing sites as highly enriched (Fig. 3C). About 81% of the
transcripts with unique Khd4-Ada—Gfp editing events contained
the AUACCC motif (S Appendix, Fig. S7A). In contrast, the control
motifs, including the AGAUCU motif; a point-mutated version of
AUACCC that demonstrated no binding by Khd4 in the yeast
three-hybrid assay (17), the antisense motif GGGUAU, and the
scrambled sequence ACACUC were not significantly enriched com-
pared to the entire transcriptome (SI Appendix, Fig. S7A). Moreover,
neither of these motifs showed specific enrichment in transcripts
unique to the control-Ada (S Appendix, Figs. S6E and S7A). Thus,
Khd4-Ada—Gfp recognizes mRNAs via the AUACCC motif at the

transcriptome-wide level in vivo.
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Fig.3. HyperTRIBE identifies highly specific targets of Khd4. (A) HyperTRIBE data of Khd4 on selected target transcripts (ar/7, UMAG_10313; hok1, UMAG_11790;
vma21, UMAG_11418). Tracks showing RNA-seq read coverage (Top) followed by editing tracks of Khd4-Ada-Gfp and control-Ada (#1-replicate 1, #2-replicate 2).
The bottom track displays the position of the AUACCC motif. The gene model with the exon/intron structure below was extended by 300 nt on either side to
include 5" and 3’ UTRs (5" and 3’, respectively). (B) Overlap of reproducible editing sites from the Khd4-Ada-Gfp (blue) and control-Ada (gray). The overlapping
region is depicted in light blue color. The numbers of reproducible editing sites in each category are indicated. (C) De novo motif discovery analysis on sequences
carrying unique Khd4-Ada-Gfp editing sites. Scatter plot compares the relative enrichment ratio of enriched motifs (blue; relative to the background control)
with the percentage of each motif in the tested sequences. The enlarged region (indicated by dotted box) presents the sequence logo of motifs exhibiting both
high enrichment and overrepresentation in Khd4-Ada-Gfp-edited sequences. For motif enrichment, a 501-nt window centered on Khd4-Ada-Gfp editing sites
was used. (D) Histogram showing the distribution of editing sites from the nearest AUACCC (Left) or AGAUCU (Right; a point mutated version of AUACCC) motifs
in transcripts specific to Khd4-Ada-Gfp (blue) compared to control-Ada (gray). (). Schematic depiction of high-confident, Khd4-bound mRNA selection using
hyperTRIBE. High-confident target mRNAs are those that contain Khd4-Ada-Gfp-specific editing sites (blue; A-to-G editing) and at least one AUACCC motif (green).
(F) Stacked bar graph describing the percentage of AUACCC (green) or AGAUCU (gray) motifs per transcripts region (5" UTR, ORF and 3’ UTR) for Khd4-bound
mRNAs and all AUACCC-containing mRNAs. Statistical analysis was carried out using Fisher’s exact test.

Similar to Rrm4-Ada—Gfp, most of the Khd4—Ada—Gfp-specific
editing sites were found within 500 nt from the nearest AUACCC
motif (median distance = 120 nt) and progressively declined with
increasing distance (Fig. 3D). In contrast, the background editing
sites from control-Ada were not enriched toward the closest AUACCC
motif (median distance = 863 nt) nor did the control motifs
(AGAUCU, GGGUAU, and ACACUC) show any spatial enrich-
ment toward either type of editing sites (Fig. 3D and SI Appendix,
Fig. S7 B-D).

The transcripts overlapping between Khd4—Ada—Gfp and con-
trol-Ada were nonetheless significantly enriched for the AUACCC
motif (n = 60 mRNAs with 66 editing sites), indicating Khd4-
dependent editing, and were hence included as Khd4-Ada—Gfp

40f12 https://doi.org/10.1073/pnas.2301731120

targets in order to avoid false negatives (Fig. 3£ and SI Appendix,
Fig. S7A). Based on these results, we defined a high-confident set of
201 Khd4-bound mRNA targets that harbored Khd4-Ada-Gfp
editing sites (n = 296) and contained at least one AUACCC motif
(Fig. 3E). Transcripts carrying Khd4—Ada—Gfp-specific editing sites
but lacking the AUACCC motif (n = 74 mRNAs with 81 editing
sites) did not show enrichment for other motifs and were not inves-
tigated further (S] Appendix, Fig. S8 A-C).

Examining the positional distribution of the AUACCC motifs
in Khd4-bound mRNAs and other AUACCC-containing tran-
scripts revealed a predominant occurrence in the 5 and 3° UTRs
(Fig. 3F). The strong enrichment of AUACCC motifs in these

regions was even more apparent when compared to the control
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motif AGAUCU, which was almost exclusively found in the open
reading frames (ORFs), reflecting that ORFs are generally much
longer than UTRs in U. maydis (Fig. 3F). Within the 3’ UTR,
the AUACCC motifs preferentially occurred toward the beginning
(SI Appendix, Fig. S8D). Hence, our data suggest that AUACCC
motifs present in the 3’ UTR constitute the major binding sites
for Khd4 in the identified target mRNAs.

To evaluate the biological roles of Khd4-bound mRNAs, we
performed gene ontology (GO) enrichment analysis using the
R package gProfiler2 (Ensembl annotation; 30). We observed a
significant overrepresentation of processes related to small
GTPase-mediated signal transduction processes, such as Ras and
Rho protein signaling and GTPase regulator activity (S Appendix,
Figs. S8 and S9A4). The Khd4-bound mRNAs associated with
these GO terms encode well-studied membrane-trafficking reg-
ulators such as the small GTPase Arll that participates in the
trans-Golgi network and secretion, the Ras GTPase activating
protein Sarl, and the Rho guanine nucleotide exchange factor
(GEF) Rom2 that functions in actin cytoskeleton regulation
(ST Appendix, Fig. S9A; 31-34). In addition, by manually ana-
lyzing the Khd4-bound mRNAs for encoded functions and
subcellular localization, we found that a distinct subset of target
mRNAs was involved in the endomembrane system such as
endoplasmic reticulum, Golgi apparatus, and vacuoles, with the
most carrying the AUACCC motif in their 3" UTR (87 Appendix,
Fig. S9B). Hence, Khd4 might be involved in the posttranscrip-
tional control of membrane-trafficking regulators. Khd4 appears
to coordinate the regulation of these functionally related mRNAs
into an mRNA regulon, which enables robust and dynamic con-
trol over membrane trafficking. In summary, we find that Khd4-
Ada-Gfp interacts specifically with a distinct set of target
mRNAs in vivo via the AUACCC binding motif, preferentially
in the 3’ UTR. Intriguingly, the identified target mRNAs fre-
quently encode regulatory proteins involved in membrane

trafficking.

Loss of Khd4 Increases the Abundance of mRNAs with AUACCC
Motif in Their 3’ UTR. Our previous microarray analysis in yeast cells
showed that the AUACCC motif was enriched in the 3' UTR of the
transcripts that exhibited an increase in mRNA abundance in the
absence of Khd4 (17). This suggests an impact on mRNA stability.
Since our hyperTRIBE data showed that Khd4 binds only a subset of
AUACCC-containing mRNAs in hyphae, we tested for a differential
mRNA abundance between wildtype and #4d4A hyphae using RNA
sequencing (RNA-seq; khd4A hyphae vs. wrhyphae; 9 h.p.i. see Fig. 1
A and B and SI Appendix, Fig. S1 B-F).

Differential expression analysis revealed that about one-fifth
of all transcripts showed significant changes in mRNA abundance
following khd4 deletion (1,273 out of 6,765 protein-coding
genes; >1.5 fold change; P < 0.05; Benjamini—-Hochberg correc-
tion, >10 average normalized reads), most of which had increased
mRNA levels (Fig. 44). Loss of £hd4 caused a significant increase
in the expression levels of Khd4-bound mRNA targets compared
to all transcripts, confirming that the hyperTRIBE-identified
targets are indeed regulated by Khd4. Of note, this trend could
not be observed when analyzing all AUACCC-containing mRNAs
(Fig. 4 B and C), underlining that the knowledge of binding
motifs alone is not sufficient to dissect the regulatory function of
Khd4.

Interestingly, for the Khd4-bound mRNA targets as well as for
all AUACCC-containing mRNAs with increased mRNA levels in
khd4A hyphae, the AUACCC motif was primarily enriched in their
3" UTR. (S Appendix, Fig. S10A). This indicates that AUACCC
located in the 3" UTR affects mRNA stability. Essentially, these
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results strengthen our hypothesis that the interaction of Khd4 with
the 3" UTR AUACCC determines mRNA stability.

AUACCC in the 3’ UTR Functions as a Khd4-Dependent mRNA
Stability Element. To test whether Khd4 binding causes increased
mRNA turnover, we applied our Kat reporter system to quantify
the regulatory potential of AUACCC motifs in the 3" UTR. We
inserted either six tandem repeats of AUACCC or an endogenous
sequence of equal length carrying a single AUACCC motif
from the 3" UTR of spa2 mRNA (UMAG_04468), encoding a
polarisome protein, into the 3’ UTR of the k2t ORF (Materials
and methods; 35, 36). The spa2 3" UTR with mutated binding
motif, AGAUCU, and the Kat construct without any motifs
served as controls (Fig. 4D). All constructs were generated in the
strain expressing arabinose-inducible Khd4-Gfp as mentioned
before. The expression of the reporter constructs was controlled
by the constitutively active P, promoter to exclude differences in
mRNA amounts due to transcriptional regulation.

Measuring the fluorescence intensity of Kat under the promoter-on
condition revealed that the presence of a single AUACCC binding
modif in the 3" UTR was sufficient to significantly reduce the amount
of kat reporter mRNA. Concurrently, turning off the Khd4 expres-
sion rescued the Kat fluorescence level (Fig. 4E and ST Appendix,
Fig. S10 B and (), validating that the regulatory potential of the
AUACCC motif is dependent on Khd4. Indeed, quantifying the
reporter transcript level manifested the same expression pattern,
implying that the decrease in mKate2 fluorescence is caused at the
mRNA level by Khd4 binding to the 3’ UTR (Fig. 4F). At both
protein and mRNA levels, the presence of sixk AUACCC repeats in
the 3’ UTR caused a stronger reduction, indicating a dose-dependent
response. This effect was lost when mutating the binding site (Fig. 4
E and Fand ST Appendix, Fig. S10 B and C). Thus, the AUACCC
motif in the 3" UTR functions as a cis-regulatory mRNA instability
element in a Khd4-dependent manner.

Khd4 Tightly Regulates the Expression of Distinct Targets
Involved in Membrane Trafficking. In addition to rapid clearance,
intrinsically unstable mRNAs reach steady-state levels faster
than stable mRNAs after transcriptional induction. Therefore,
regulatory proteins are often encoded by such unstable mRNAs
permitting faster response time (see below, 37). Since Khd4 targets
encode regulatory proteins involved in membrane trafficking, we
wondered whether the Khd4-mediated mRNA instability controls
the amount of protein produced during hyphal morphogenesis.
Such mRNA targets should be expressed upon hyphal induction
and carry the regulatory element AUACCC in their 3" UTR for
increased turnover.

To identify hyphal-specific genes, we sequenced mRNAs from
yeast cells and compared them with our hyphal transcriptome
(9 h.p.i.). This analysis detected more than 3,500 genes with dif-
ferential mRNA abundance as a response to hyphae formation
(Fig. 54). Studying the Khd4-bound mRNAs identified by hyper-
TRIBE revealed that 61% of them showed a significant differential
mRNA abundance during morphogenesis (122 out of 201 tran-
scripts), with most exhibiting increased mRNA amounts in
hyphae compared to yeast cells, suggesting a hyphal-specific tran-
scriptional induction (77 out of 122 transcripts, 63%; Fig. 5 B
and C). Interestingly, 52% of these hyphal-specific targets also
showed increased mRNA abundance in the absence of khd4 (40
out of 77 transcripts), with half containing the AUACCC motif
in their 3" UTR (25 out of 40 transcripts, 63%). In contrast, the
minor fraction of hyphal-specific targets with decreased levels after
khd4 deletion showed enrichment of the motif in the 5’ UTR (17
out of 37 transcripts, 46%), suggesting a role of Khd4 in
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Fig.4. khd4 deletion increases the abundance of transcripts with 3" UTR AUACCC. (A) Difference in mRNA abundance (khd4A hyphae vs. wt hyphae; wt-wildtype)
in hyphal cells following khd4 deletion. Shown is the log,-transformed fold change plotted against the log;-transformed mean normalized RNA-seq read counts.
Blue dots represent values of transcripts with a significant change in their mRNA abundance (>1.5-fold change, P < 0.05, Benjamini-Hochberg correction, >10
average normalized reads), and gray dots represent remaining transcripts. Numbers inside the plots indicate genes with significantly increased or decreased
mMRNA abundance. (B) Stacked bar graph of the percentage of genes with differential MRNA abundance in hyphal cells after khd4 deletion for Khd4-bound
mMRNAs, all mRNAs with AUACCC motif, all mRNAs with AGAUCU motif, and all expressed mRNAs in hyphae (>10 average normalized reads). The dark and light
blue bars represent the percentage of transcripts that are significantly increased and decreased in their mRNA abundance, respectively (>1.5-fold change,
P <0.05, Benjamini-Hochberg correction). The percentage of remaining transcripts is depicted by a gray bar. Statistical analysis of the percentage of transcripts
with increased expression levels was performed using Fischer's exact test. The number of transcripts in each set is represented at the Top. (C) Box plot of
changes in MRNA expression (log,-transformed fold change, khd44 hyphae vs. wt hyphae) for Khd4-bound mRNAs (red), all mRNAs with AUACCC motif (salmon),
mRNAs with AGAUCU motifs (dark gray), and all expressed mRNAs (light gray) in hyphal cells. Statistical significance between the mean mRNA expression level
(log,-transformed fold change) was calculated using the Student’s t test. The number of transcripts in each set is given at the Bottom. (D) Schematics of reporter
constructs for testing the binding effect of Khd4 on the 3’ UTR AUACCC. The constitutively active P, promoter mediates the expression of the Kat fluorescent
reporter in the genetic background of arabinose-inducible Khd4-Gfp. Reporter constructs carrying no binding motif (Top), the AUACCC binding motif (center),
or the AGAUCU binding motif (Bottom) in their 3’ UTR are depicted chronologically. Tnos—transcription terminator. *—mutated nucleotides. (E) Shown are the
relative fluorescence level of Kat proteins in on (dark gray; Khd4-induced) compared to off (light gray; Khd4-repressed) conditions in strains expressing kat mMRNA
tethered to different 3" UTR regions (n = 3 independent experiments; error bars: SEM; auaccc, or agaucu,—3’ UTR consisting of six repeats of the respective
motifs; kat_spa2 (auaccc)—36 nt-long endogenous 3’ UTR sequence of spa2 gene that contains a single AUACCC motif; kat_spa2 (agaucu)—36 nt-long endogenous
3’ UTR sequence of spa2 gene with mutated AUACCC motif). (F) The relative kat transcript level in on conditions (dark gray) compared to the transcript levels
under off conditions (light gray), measured via RT-qPCR. Statistical significance between on and off conditions in £ and Fwas calculated using multiple unpaired
Student’s t tests. (n = 3 independent experiments; error bars: SEM).

translation (S7 Appendix, Fig. S11A). Nevertheless, we noted that
most of the Khd4-bound mRNA targets responded to khd4 dele-
tion with increased mRNA levels and harbored the AUACCC
motif in their 3" UTR (Fig. 5C).

To validate whether Khd4 determines the steady-state levels of
the encoded proteins of its target mRNAs in vivo, we selected the
target transcripts ar/l, hokl, and wma2l, encoding proteins
functioning in small GTPase signaling, early endosome transport,
and vacuolar biogenesis, respectively (UMAG_10313 and
UMAG_11418 exhibit high-sequence identity with the respective
Arll and Vma21 orthologs of other fungi; S7 Appendix, Fig. S11
Band Q). In pathogenic fungi, the highly conserved Arf GTPase
Arl1 participates in hyphal growth and virulence by regulating the
endosomal trans-Golgi network and secretion (31, 38, 39). Hok1
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regulates the bidirectional movement of early endosomes by
recruiting motor proteins Kin3 and split dynein Dyn1/2 during
long-distance transport (40). Vma21 is required for the precise
assembly of the multisubunit V-ATPase complex in the vacuole
of the budding yeast Saccharomyces cerevisiae (41). The three
mRNAs encoding Arll, Hokl, and Vma21 harbored 3 UTR
AUACCC motifs and showed increased expression levels during
hyphal growth. Interestingly, loss of Khd4 enhanced this increase
even further (Fig. 5C and SI Appendix, Fig. S11D).

We ectopically expressed the target transcripts using the consti-
tutively active P, promoter in the background of the arabinose-
inducible Khd4—Gfp strain. To detect the abundance of the encoded
proteins and their subcellular localization, the ORFs of the target
transcripts were tagged with Kat, followed by the insertion of the
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Fig. 5. Khd4 regulates subcellular protein levels of membrane-trafficking regulators. (A) MA plot showing the differential mMRNA abundance in wt cells upon
hyphal induction (wt: hyphae vs. yeast). Shown is the log,-transformed fold change plotted against the log;-transformed mean normalized read counts. Blue
dots represent values of transcripts with a significant change in their mRNA abundance (>1.5-fold change, P < 0.05, Benjamini-Hochberg correction, >10 average
normalized reads), and gray dots represent remaining transcripts. Numbers inside the plot indicate upregulated and downregulated genes. Silhouette images
of elongated hyphae and dividing yeast are shown. (B) Overlap (light red) between the differentially expressed genes (DEGs) in wildtype cells (gray) following
the switch from yeast to hyphae (wt: hyphae vs. yeast; >1.5-fold difference, P < 0.05, Benjamini-Hochberg correction, >10 average normalized reads; gray) and
Khd4-bound mRNAs (red). (C) Scatterplot comparing mRNA expression levels (log,-transformed fold change) of the overlapping high-confident Khd4-bound
mRNAs from B in wildtype cells (wt: hyphae vs. yeast), and hyphal cells following khd4 deletion (khd44 hyphae vs. wt hyphae). Transcripts with a 3" UTR AUACCC
motif are indicated by green dots. The numbers in black and green within each quadrant indicate the total number of target transcripts and the count of targets
with 3" UTR AUACCC, respectively. We manually included vma217 in our analysis since it showed a significant increase in mRNA abundance when khd4 is absent,
despite a marginal increase in expression during hyphal growth. In addition, 02267,00036 are shortened IDs representing UMAG_02267 and UMAG_00036,
respectively. (D) Fluorescent micrographs in false color (black/blue—low intensity, red/white—high intensity) of hyphae (6 h.p.i.) constitutively expressing target
genes (arl1—left, hok1—center, vma21—right) under Khd4-repressed off (Top) and Khd4-induced on (Bottom) conditions. Arrowheads and arrow marks indicate
the corresponding target protein’s location (Hok1 on early endosomes; Vma21 in the perinuclear region) and the growth direction, respectively (scale bar: 10 um.).

corresponding endogenous 3’ UTR (87 Appendix, Fig. S11E).
Indeed, as seen in our RNA-seq analysis, the absence of Khd4
resulted in an increased amount of encoded protein in all three cases
(Fig. 5D and SI Appendix, Fig. S11 Fand G). These results reinforce
that Khd4 regulates the expression of these target mRNAs at the
level of mRNA stability. Despite the same constitutively active pro-
moter and insertion at the same ectopic locus, each target mRNA
exhibited a different protein expression level under promoter-on and
-off conditions (Fig. 5D and S7 Appendix, Fig. S11G), suggesting the
presence of an additional layer of regulation at the posttranscriptional
or posttranslational level.

Based on these results, we hypothesize that Khd4 destabilizes
mRNAs encoding regulatory proteins and thereby functions as a
key variable for achieving faster steady-state levels of these transcripts
during hyphal development (Fig. 5C). Using a single-compartment
model, we simulated the impact of mRNA stability on gene expres-
sion (37, 42). Our analysis confirmed that unstable mRNAs attain
faster steady-state levels, enabling quick response times. Thus, intrin-
sically unstable mRNA is indispensable for rapid on-off kinetics for
faster cellular responses (S7 Appendix, Fig. S12A4).

Building upon these findings, we used the mathematical model
to investigate the dynamics of 7061 mRNA, a Khd4 target encod-
ing a kinase regulator in the presence and absence of Khd4. Using
the measured mob 1 expression levels (SI Appendix, Fig. S12B) and
an estimated mRNA half-life (t;,,) of 8 min (as determined in
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S. cerevisiae; 43), we simulated mob1 induction kinetics during
hyphal induction (S/ Appendix, Fig. S12C). Accordingly, the loss
of Khd4 resulted in the stabilization of 7061 mRNA to a half-life
of t;/, = 22 min, which was sufficient to explain the elevated initial
and new steady-state levels, without changing the synthesis rate.
Furthermore, this stabilization caused a significant delay in mob1
induction kinetics, reaching the new steady state only after 2 h of
morphogenesis. While termination of mo0b1 synthesis rapidly
cleared the mRNA in wildtype cells, stabilized 061 took con-
siderably longer to return to its original steady-state levels
(SI Appendix, Fig. S12C).

Thus, our model showcases that the absence of Khd4 causes the
stabilization of 72061 mRNA, resulting in delayed induction kinet-
ics and an overshooting of absolute expression levels. These aspects
will likely have adverse effects since regulatory proteins should not
accumulate excessively in the cell. We, therefore, propose that the
continuous availability of Khd4 during hyphal morphogenesis
(confirmed at the mRNA, protein, or subcellular localization level;
SI Appendix, Fig. S12 D-H) is crucial to ensure the rapid response
kinetics of its target mRNAs.

Loss of Khd4 Causes Dysregulation of Membrane-Trafficking
Factors in khd4A Cells. As Khd4 plays a vital role in controlling
the precise expression levels of membrane-trafficking regulators,
we wondered if loss of Khd4 would cause compensatory effects

https://doi.org/10.1073/pnas.2301731120 7 of 12


http://www.pnas.org/lookup/doi/10.1073/pnas.2301731120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2301731120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2301731120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2301731120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2301731120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2301731120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2301731120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2301731120#supplementary-materials

Downloaded from https://www.pnas.org by UNIVERSITAETS DUESSEL DORF MEDIZINISCHE ABTEILUNG on November 6, 2023 from |P address 134.99.70.226.

through altered gene expression. Akin to the wildtype cells, we
determined the hyphal-specific transcripts in khd4A cells by
evaluating our RNA-seq data of khd4A hyphae and yeast cells (9
h.p.i.; khd4A: hyphae vs. yeast; see Materials and methods) and
detected ~3,500 genes with differential mRNA abundance in
response to hyphae formation in the £4d4A cells (Fig. 64; >1.5-
fold change, P < 0.05, Benjamini—-Hochberg correction, >10
average normalized reads). Comparing genes with differential
mRNA abundance revealed that the majority were regulated
similarly in both wildtype and £hd4A cells, suggesting that the
hyphal growth program itself is not abolished in the absence of
Khd4 (Pearson correlation coefficient R = 0.86, P < 2.26e-16;
Fig. 68 and SI Appendix, Fig. S13A). However, we identified about
2,000 genes exhibiting exclusive regulation in either wildtype or
khd4A cells (Fig. 6B; 818 or 927 genes specifically regulated in
the wildtype or £hd4A cells, respectively).

To distinguish the effect of £hd4 deletion in hyphal cells, we
performed a GO term analysis on upregulated genes that are
specific either to wildtype or khd4A cells (n = 349, upregulated
exclusively in wildtype cells; n = 437, upregulated exclusively

in khd4A cells; Fig. 6 B and C and SI Appendix, Fig. S13B).
Interestingly, in contrast to the wildtype cells, the genes upreg-
ulated exclusively in £hd4A cells were mainly enriched for func-
tional categories associated with the endomembrane system
such as endoplasmic reticulum, Golgi vesicle transport, cyto-
plasmic vesicles, and cellular macromolecule localization. We
also found enriched terms related to ER-Golgi metabolisms
such as glycosylation, carbohydrate, and phospholipid meta-
bolic processes (44; Fig. 6C and SI Appendix, Fig. S13B), indi-
cating that in comparison to wildtype cells, the genes encoding
membrane-trafficking components are dysregulated during
hyphal growth in the £hd4A cells. Thus, loss of Khd4 causes
specific alterations in the amounts of mRNAs encoding
membrane-trafficking components, supporting the notion that
Khd4 is an important regulatory protein to orchestrate mem-
brane trafficking during hyphal growth.

Loss of Khd4 Causes Defects in Vacuole Formation and
Localization. To evaluate the impact of khd4 deletion on
membrane trafficking in more detail, we examined the endocytic
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Loss of Khd4 causes dysregulation of membrane trafficking. (A) MA plot showing the differential mMRNA abundance in khd44 cells (khd4A: hyphae vs.

yeast) following hyphae formation. Log,-transformed fold change values of genes are plotted against the log;,-transformed mean normalized read counts.
Blue dots represent transcripts with a significant change in their mRNA abundance (>1.5-fold change, P < 0.05, Benjamini-Hochberg correction, >10 average
normalized reads), and gray dots represent remaining transcripts. Numbers inside the plots indicate the upregulated and downregulated genes. Silhouette
images of elongated hyphae and dividing yeast cells are shown on Top. (B). Alluvial plot showing the distribution of upregulated (up; dark blue), downregulated
(down; light blue), and nonregulated (none; gray) genes in wt and khd4A cells following the switch from yeast to hyphae. The labeled regions represent genes
that are exclusively upregulated (n =349 in wt, n = 437 in khd44) or downregulated (n = 469 in wt, n = 490 in khd44) in either wt or khd4A cells. Importantly, these
genes were regulated exclusively in wt or khd44 cells but not in the corresponding regions of the other set. Two slender blue lines depict differentially expressed
genes exhibiting opposite regulation between wt and khd44 cells. The central flow in the middle of the alluvial plot depicts the gene transition between different
categories. The width of the flow accurately represents the number of genes undergoing this transition. (C) GO terms that are significantly (P < 0.05, multiple-
testing correction with g: SCS algorithm) overrepresented in genes upregulated exclusively in khd4A cells after hyphal induction (orange; >1.5-fold change,
P < 0.05, Benjamini-Hochberg corrections, >10 average normalized reads). The reference GO term sizes are given below.
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pathway leading to vacuole biogenesis in hyphal cells. As a control
for defective membrane trafficking, we used cells lacking Did2,
an ESCRT-III regulator involved in endosome maturation and
identity (endosomal sorting complex required for transport; 45).
Studying the endocytic pathway with FM4-64 uptake assays
revealed that loss of Khd4 heavily delayed endocytosis. In time-
resolved microscopy of wildtype hyphae, FM4-64 first stained
the plasma membrane followed by bidirectionally shuttling
endosomes and finally the vacuoles. After 25 min of staining,
most of the FM4-64 signals in the wildtype hyphal cells were
static (49%), while about 13% of the signals were found on
processively moving early endosomes (SI Appendix, Fig. S13 C
and D). By contrast, the loss of Khd4 caused a reduction in both
static (36%) and processive signals (4%) and a significant increase
(60%) in diffusively moving signals (SI Appendix, Fig. S13 C
and D). A similar defect was observed for cells lacking Did2,
leading to a deficiency in vacuolar protein sorting. Also, both
khd4A and did2A cells showed a strong reduction in the intensity
and distance between static signals throughout the hyphae
(SI Appendix, Fig. S13 Cand D).

To analyze vacuole morphology more closely, we stained vac-
uoles with CMAC (7-amino-4-chloromethylcoumarin; 46). In
general, vacuoles were evenly distributed in wildtype hyphae
(Fig. 7 A and B). However, in khd4A and did2A hyphae, the
vacuoles were smaller, less defined, and found scattered through-
out the hyphal cells (Fig. 7 A and B). Interestingly, in about 80%
of khd4A hyphae, the vacuoles were positioned aberrantly toward
the cell cortex, neatly outlining the hyphal cells (Fig. 7 Cand D),
whereas less than 10% of the wildtype cells and ~40% of the
did2A cells contained cortically positioned vacuoles (Fig. 7 Cand
D). In summary, loss of Khd4 results in defective vacuole forma-
tion that correlates with aberrant polar growth of infectious

hyphae and discloses a unique link between RNA biology and
vacuole formation.

Discussion

The morphogenesis of fungal pathogens is intensively regulated
at the level of transcription. Key transcription factors, for example,
the heteromeric master regulator bE/bW in U. maydis and Efgl
in C. albicans, control the dimorphic switch from yeast to hyphae
as part of the underlying pathogenic program (47, 48). The precise
expression output is, however, determined at the level of RNA
regulation. Yet, little is known about how transcriptional and
posttranscriptional mechanisms cooperate during pathogenic
development. Here, we report that in U. maydis, the RBP Khd4
is a vital regulator of the polar growth of infectious hyphae.
Mapping the RNA binding of Khd4 uncovers a distinct set of
target mRNAs encoding regulatory proteins involved in mem-
brane trafficking. We find that Khd4 is required to maintain the
accurate levels of these target mRNAs by regulating their mRNA
stability, thereby functioning at the core of the hyphal gene expres-
sion program.

A key technical advance of our study is the successful appli-
cation of the RNA editing-based hyperTRIBE method (23) to
identify direct mRNA targets of RBPs in infectious hyphae of
U. maydis. To this end, we conduct a pilot study with the
well-known RBP Rrm4 and a detailed analysis of Khd4. In both
cases, unique target transcripts are identified, with editing sites
consistently enriched near the RBP binding sites. This feature
serves as a critical quality criterion for the obtained dataset, ena-
bling the discovery of unknown binding motifs for other RBPs
in the future. In the case of Khd4, de novo motif discovery
analysis successfully recovers the AUACCC binding motif as a
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Fig. 7. Loss of Khd4 severely affects vacuole formation and localization. (A) False colored maximum projections of z-stacks acquired from hyphal cells (AB33
derivatives; 10 h.p.i.) stained with the vacuolar stain CMAC (Top). The line graphs below depicts the fluorescent intensity profile of the respective hyphal cells.
a.u.—arbitrary units (scale bar: 10 um.). (B) Bar graph depicting the percentage of vacuole distribution (normal—light gray, disrupted—dark gray) in hyphal cells
from AB33 derivatives (>25 hyphal cells per strain; n = 3, gray dots represent the mean value of independent experiments; error bars: SEM; unpaired Student's t
test). (C) Inverted micrographs of hyphal cells (10 h.p.i.) stained with CMAC dye to visualize the vacuole. (Scale bar: 5 um.) (D) Percentage of hyphal cells containing
aberrant cortical localizing vacuoles. The mean values from n = 3 independent experiments are shown as gray dots (>25 hyphal cells were analyzed; error bar:
SEM; unpaired Student's t test). Quantification in B and D involved manual assessment through visual inspection.
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top candidate, which is found in over 80% of the edited tran-
scripts. This implies that, despite the increased background edit-
ing observed in our control experiments, specific hyper TRIBE
editing is guided by the tested RBP in the fungal system.
Importantly, using this in vivo binding information rather than
relying only on motif content enables the identification of
Khd4-regulated RNA networks (see below).

RBPs determine RNA regulation such as localization, translation,
and stability by interaction with their cognate cis-regulatory elements.
We discover that Khd4 functions at the level of mRNA stability by
controlling the abundance of target mRNAs when the regulatory
motif AUACCC is present in their 3’ UTR. Khd4 thereby regulates
the spatiotemporal gene expression in hyphal cells by mediating
mRNA turnover. In other systems, several RBPs are thought to medi-
ate mRNA decay by directly recruiting the Ccr4—Not deadenylation
complex. For instance, in D. melanogaster, the RBP Bicaudal-C inter-
acts with the NOT3/5 subunit of the Ccrd—Not complex via its KH
domain (49, 50). We hypothesize that Khd4 recruits the evolution-
arily conserved Ccr4—Not complex for mRNA-specific poly(A) tail
shortening (51, 52). Studies on the roles of such ¢is and #rans-acting
factors in fungal pathogens are currently scarce. However, similar
functions are known from the mammalian RBPs TTP and CELF]1,
which cause rapid mRNA turnover by binding to the AU-rich and
GU-rich mRNA decay elements in the 3" UTR of mRNAs, respec-
tively (53, 54).

Interestingly, we observe that targets of the mRNA stability
factor Khd4 encode numerous regulatory proteins such as
GTPases. Consistently, regulatory proteins such as cytokines and
transcriptional factors are commonly encoded by unstable mRNAs
in other systems (55, 56). This permits the transient expression of
these proteins, which otherwise would cause undesirable side
effects from prolonged exposure. Furthermore, unstable mRNAs
facilitate the rapid attainment of steady-state levels following tran-
scriptional induction (87 Appendix, Fig. S124; 37, 42, 57, 58).
Consistently, we observe that Khd4-bound mRNAs are transcrip-
tionally induced during the transition from yeast to hyphal cells,
suggesting that mRNA destabilization is crucial for the precise
expression of regulatory proteins during hyphal morphogenesis.
Consequently, the loss of Khd4 changes the underlying regulatory
dynamics, reflected in hyphae with a delayed polar growth pro-
gram (SI Appendix, Fig. S12 A-C).

Our findings implicate Khd4 as a regulator of membrane traf-
ficking. By binding to AUACCC motifs in the 3" UTR, Khd4
destabilizes a distinct subset of mRNAs encoding membrane-
trafficking regulators, dictating their exact subcellular protein lev-
els. This coordinated regulation is consistent with the concept that
RBPs coregulate functionally related mRNAs, also referred to as
mRNA regulons (59). Thus, we hypothesize that Khd4 defines a
specific mRNA regulon for the coordinated regulation of mem-
brane trafficking. Consistently, in the absence of khd4, the dynamic
control of membrane trafficking is disturbed, as evidenced by
aberrant vacuole biogenesis in fungal hyphae. It is already known
that fungal RBPs such as Ssd1 (60-62), Puf4 (63), She3 (64), and
Rrm4 (12, 16) play vital roles in the morphology and virulence of
fungal pathogens. However, the concept of a defined mRNA reg-
ulon for coordinating a specific biological process is predominantly
described in higher eukaryotes. For example, by recognizing 3’
UTR AU-rich elements and stem-loop structures, RBPs such as
TTP and Roquin promote the degradation of mRNA regulons
that encode inflammatory regulators, such as cytokines, modulat-
ing immune responses (55, 65).

Our study unveils a unique link between RNA regulation and
vacuole maturation. Correct vacuole biogenesis plays an instrumental
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role in the virulence of fungal pathogens (66-69). Notably,
appressoria-like infection structures in phytopathogens are strongly
related to the development of vacuole-dependent basal septa (20), a
process that is severely disturbed in 4hd4A hyphae. Therefore,
Khd4-mediated control of the membrane-trafficking mRNA regulon
might also impact early infection processes such as plant entry.

Strikingly, the Khd4-bound mRNAs are enriched for regu-
latory proteins involved in small GTPase signaling. Small
GTPases participate in a wide range of biological processes
(11,70, 71). For example, Arl1, an Arf-like small GTPase, reg-
ulates secretion in C. albicans (31). The small GTPases Racl
and Cdc42 control the morphology and pathogenicity of U.
maydis (72). Our findings reveal that Khd4 is essential for the
exact levels of Arl1 in hyphal cells. While most studies on small
GTPase regulation focus on the GTP hydrolysis cycle and post-
translational modifications (73, 74), our study discloses a regu-
lation at the level of the mRNA amounts. Khd4 also determines
the precise subcellular levels of mRNAs encoding other endo-
membrane regulators, such as Hokl and Vma21, which act in
endosomal motor function (40) and V-ATPase assembly in the
vacuole, respectively (75). Thus, RNA regulation appears to play
a major role in the membrane-trafficking pathway during infec-
tious hyphal growth.

In essence, we find that the RBP Khd4 functions as a key
mRNA stability factor orchestrating membrane trafficking dur-
ing pathogenic development. Identifying direct target mRNAs
has been highly rewarding in resolving the underlying RNA
regulation and disclosing new links to cell biological processes
such as vacuole maturation. Our study thereby demonstrates
the importance of RBPs during fungal pathogenicity and will
serve as a blueprint to study the role of RBPs in other fungal/
host pathosystems. Noteworthily, hyperTRIBE is very well
suited to identify target mRNAs when the pathogen is in inti-
mate contact with the host. This will be central to developing
our understanding of the role of RNA biology in fungal viru-
lence and creating new avenues of research into antifungal ther-
apeutic strategies.

Materials and Methods

All strains and plasmids were generated following standard methods and incuba-
tion procedures (76).The mRNA targets of RBPs were identified using HyperTRIBE.
De novo motif discovery analysis was conducted using the XSTREME tool from
the MEME suite. Differential gene expression analysis comparing RNA-seq data
was performed using DESeq2. The GO term enrichment analysis was carried
out using the R package gProfiler2 and visualized with the Cytoscape plugin,
EnrichmentMap (77, 78). Relative fluorescence levels were measured using the
Infinite M200 plate reader (Tecan Group Ltd., Ménnedorf, Switzerland). RT-gPCR
analysis was performed using the exp(-AC,) method in Stratagene Mx3000P
(Agilent Technologies). Western blotting analysis, microscopy, and image pro-
cessing were performed as described previously (79). For detailed methods, see
Sl Appendix, Materials and Methods.

Data, Materials, and Software Availability. All sequencing data are available
inthe NCBI Gene Expression Omnibus under the SuperSeries accession number
GSE224487 and are accessible to the public (80).
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