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ABSTRACT The biotrophic fungus Ustilago maydis harbors a chitin deacetylase (CDA)
family of six active genes as well as one pseudogene which are differentially expressed
during colonization. This includes one secreted soluble CDA (Cda4) and five putatively
glycosylphosphatidylinositol (GPI)-anchored CDAs, of which Cda7 belongs to a new
class of fungal CDAs. Here, we provide a comprehensive functional study of the entire
family. While budding cells of U. maydis showed a discrete pattern of chitosan stain-
ing, biotrophic hyphae appeared surrounded by a chitosan layer. We purified all six
active CDAs and show their activity on different chitin substrates. Single as well as
multiple cda mutants were generated and revealed a virulence defect for mutants
lacking cda7. We implicated cda4 in production of the chitosan layer surrounding bio-
trophic hyphae and demonstrated that the loss of this layer does not reduce virulence.
By combining different cda mutations, we detected redundancy as well as specific
functions for certain CDAs. Specifically, certain combinations of mutations signifi-
cantly affected virulence concomitantly with reduced adherence, appressorium for-
mation, penetration, and activation of plant defenses. Attempts to inactivate all
seven cda genes simultaneously were unsuccessful, and induced depletion of cda2
in a background lacking the other six cda genes illustrated an essential role of chi-
tosan for cell wall integrity.

IMPORTANCE The basidiomycete Ustilago maydis causes smut disease in maize, caus-
ing substantial losses in world corn production. This nonobligate pathogen pene-
trates the plant cell wall with the help of appressoria and then establishes an exten-
sive biotrophic interaction, where the hyphae are tightly encased by the plant plasma
membrane. For successful invasion and development in plant tissue, recognition of
conserved fungal cell wall components such as chitin by the plant immune system
needs to be avoided or suppressed. One strategy to achieve this lies in the modifica-
tion of chitin to chitosan by chitin deacetylases (CDAs). U. maydis has seven cda
genes. This study reveals discrete as well as redundant contributions of these genes to
virulence as well as to cell wall integrity. Unexpectedly, the inactivation of all seven
genes is not tolerated, revealing an essential role of chitosan for viability.

KEYWORDS chitin deacetylase, Ustilago maydis, viability, virulence, Zea mays, chitin,
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When fungi infect plant hosts, conserved microbe-associated molecular patterns
(MAMPs) induce pattern-triggered immunity (PTI). One of the most efficient fun-

gal MAMPs is chitin, a polymer of b-1,4-linked N-acetylglucosamine (GlcNAc) that
forms rigid microfibrils and is an essential structural component of fungal cell walls. To
trigger PTI, chitin oligomers bind to LysM receptor-like kinases or receptor-like proteins
residing in the plant plasma membrane. Critical for receptor binding are the acetyl
groups in GlcNAc (1–4). Fungal plant pathogens have developed several strategies to
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avoid chitin recognition. These include shielding the chitin layer from attack by host
chitinases by cell wall modifications such as the production of a-1,3-glucan (5, 6) or by
fungal effectors which bind cell wall chitin (7–9). Another strategy relies on the produc-
tion of LysM domain effectors that bind apoplastic chitin oligosaccharides (10–13). A
less explored strategy involves the transformation of chitin to chitosan by chitin deace-
tylases (CDAs). Chitosan is a poor substrate for chitinases and does not activate chitin
receptors if fully deacetylated (2, 4, 14–17). CDAs (EC 3.5.1.41) are the enzymes that
remove the acetyl group from chitin and convert it to chitosans, polymers of b-1,4-glu-
cosamine and b-1,4-N-acetylglucosamine (18, 19). CDAs belong to the carbohydrate
esterase family 4 (CE4), whose members contain a prototypical NodB domain that
houses the catalytic core. The majority of fungal CDAs are attached to the fungal mem-
brane/cell wall via glycosylphosphatidylinositol (GPI) anchors, while other members
are secreted (20).

Chitosan has been shown to decorate invasive hyphae of rust fungi, where it is con-
sidered to protect hyphae from attack by plant chitinases (21). CDA genes in plant-
pathogenic fungi and fungi associated with plants usually exist in gene families (22–24),
which has slowed down comprehensive analyses. Members with a GPI anchor are likely
to act in concert with chitin synthases on nascent chitin chains. CDAs without a GPI
anchor such as PDA1 from the cotton pathogen Verticillium dahliae (VdPDA1) are
involved in deacetylating and inactivating elicitor-active chitin oligomers (14) or deacety-
lating surface-exposed chitin on fungal hyphae, like Pst_13661 from the wheat pathogen
Puccinia striiformis f. sp. tritici (25). Through this, chitin-triggered immunity is prevented
and virulence is promoted. In the rice pathogen Magnaporthe oryzae, chitosan was
detected in germ tubes and appressoria, and it was shown that three genes are responsi-
ble for this distribution. A triple mutant lacking these genes was severely attenuated in
adhesion and appressorium development on artificial surfaces but was unaffected in vir-
ulence (22, 23). As there are nine putative cda genes in M. oryzae, an involvement of the
other members in virulence is still an option. In the human pathogen Cryptococcus neo-
formans, chitosan is uniformly distributed in the cell wall. Mutants lacking all three cda
genes showed increased chitin staining, had cell separation and cell wall integrity
defects, and were completely avirulent in a mouse model (26). C. neoformans harbors a
fourth cda gene recently described as the first chitosan deacetylase (27). Collectively,
these studies reveal a plethora of functions conferred by chitosan and the responsible
CDAs but leave many questions unanswered, in particular, with respect to redundancy,
specificity, primary and secondary effects, localization of chitosan, and host immune
responses.

In this communication, we study CDAs in the plant-pathogenic basidiomycete
Ustilago maydis. This fungus causes corn smut, a disease associated with prominent tu-
mor development on all aboveground parts of the plant, leading to substantial crop
losses (28). U. maydis infects corn as filamentous dikaryon, which is generated after the
mating of two compatible yeast-like strains. On the leaf surface, dikaryotic filaments
develop unmelanized appressoria from which infectious hyphae emerge. U. maydis
establishes a biotrophic interaction, in which invasive hyphae become encased by the
host plasma membrane. At later stages after nuclear fusion, there is massive hyphal
proliferation culminating in the formation of diploid spores (29). Until now, surface-
associated proteins which could sequester chitin have not been identified in U. maydis.
To analyze how this pathogen avoids chitin-triggered immunity, we have investigated
the function of the seven putative CDAs in U. maydis during development and host
colonization.

RESULTS
Chitin and chitosan in the cell wall of U. maydis during development. All follow-

ing studies were done in U. maydis strain SG200, a solopathogenic haploid strain,
which can complete the life cycle without a mating partner (30). To detect chitin, fun-
gal cells were stained with wheat germ agglutinin conjugated either to Alexa Fluor 594
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(WGA-AF594) or to Alexa Fluor 488 (WGA-AF488). In SG200 cells grown in culture, chi-
tin was detected in the majority of cells at one pole, in cell division zones, and at grow-
ing tips of daughter cells (Fig. 1A to C, and shown schematically in Fig. 1D; see also
Fig. S1A in the supplemental material). As staining was not always detectable in these
locations (Fig. S1A), it is likely that the accessibility of chitin is developmentally regu-
lated. The staining patterns with WGA-AF488 and WGA-AF594 in budding cells were
comparable (Fig. S1B and C).

To stain chitin in biotrophic hyphae and to discriminate between filaments on the
leaf surface and inside leaf tissue, we first stained filaments on the leaf surface at
2 days postinfection (dpi) with calcofluor, which is unable to penetrate the leaf cuticle
(Fig. 1E). To visualize chitin in biotrophic hyphae, calcofluor-stained infected leaf tissue
was treated with macerozyme and cellulase to loosen the tissue and increase the
accessibility of hyphae to WGA-AF488. Filamentous cells on the leaf surface as well as
appressoria and filamentous cells in planta were uniformly stained by WGA-AF488
(Fig. 1E and F, and shown schematically in Fig. 1G). This chitin staining pattern was also
observed during later stages of biotrophic development (Fig. S1D). Since SG200 is
affected in proliferation during late stages of biotrophic development (F. Fukada, per-
sonal communication), chitin distribution was also visualized after infection with a mix-
ture of compatible haploid cells (Fig. S1E).

To specifically visualize chitosan, we used a chitosan affinity protein (CAP) fused to
superfolder green fluorescent protein (sfGFP) for staining, which relies on chitosan
binding of an inactive chitosanase (31). This stain was used successfully for detecting
chitosan in germinated hyphae and endophytic infection structures of the wheat stem
rust fungus (31). Chitosan was detected in the majority of cells at one tip, at the grow-
ing pole of emerging buds, and in the cell division zone (Fig. 1 and Fig. S1A).
Superimposition of the chitin and chitosan stains revealed that chitosan occurred in
patches flanking the chitin layer that covers the bud scars (Fig. 1C, and schematically
shown in Fig. 1D). In the division zone, chitin and chitosan occurred mostly in nonover-
lapping patches, with chitin accumulating at the neck and at the region closest to the
mother cell, most likely the primary septum, while the secondary septum in daughter
cells usually stained for chitosan (Fig. 1A to C, and shown schematically in Fig. 1D).

To visualize chitosan in hyphae after infection, we used again an initial staining
with calcofluor, followed by tissue permeabilization as described above for chitin stain-
ing, and then stained with CAP-mKATE2. Costaining with WGA-AF488 revealed that
hyphae and appressoria on the leaf surface stained only weakly for chitosan, but bio-
trophic hyphae at 2 dpi stained very strongly for chitosan all around the hyphae
(Fig. 1E and F, and schematically shown in Fig. 1G). As control for the specificity of
CAP-mKATE2 staining, CAP-mKATE2 was replaced by the fluorescent mKATE2 protein
lacking CAP; in this case, hyphae were not stained (Fig. 1E, bottom). The pattern of chi-
tosan staining remained essentially unchanged throughout the life cycle (Fig. S1D and
E), and chitosan was also detected in spores after FB1 � FB2 infections (Fig. S1E).

U. maydis harbors seven putative chitin deacetylases. An InterPro search for pro-
teins with a NodB homology domain (IPR002509) initially identified eight proteins in U.
maydis (see Fig. S2A and B). Of these, seven proteins display the five motifs characteris-
tic for the catalytic site of CDAs (32, 33) (Fig. S2A), and these were designated cda1 to
cda7. The remaining protein designated PuuE1 carries substitutions in the metal bind-
ing triad characteristic for PuuE allantoinases (34) (Fig. S2B) and was not analyzed here.
The amino acid identity between the seven putative CDAs is low and ranges from
15.9% to 46.6% (Fig. S2C). Cda7, with the lowest identity to the others, displays an
insert of 61 amino acids between motifs 3 and 4 (Fig. S2A). Such a loop region was also
detected in Cda1 and Cda8 of the silk worm Bombyx mori (Fig. S2A). Except for Cda4,
all putative U. maydis CDA proteins have a predicted GPI anchor at the C terminus (pre-
dicted with PredGPI) (Fig. 2A). SignalP predicted N-terminal signal peptides in Cda1, -2,
-3, -4, -5, and -7 but not in Cda6. A comparison with Cda6 orthologs from
Ustilaginaceae revealed that the corresponding genes were not predicted to contain
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FIG 1 Chitosan and chitin accessibility during different phases of development of U. maydis strain SG200. (A)
Budding cells were stained with CAP-sfGFP and WGA-AF594 (top) or with sfGFP and WGA-AF594 as control
(bottom). Cells were observed by fluorescence microscopy (left, chitin in red; middle, chitosan in green;
right, merge of bright field, chitin, and chitosan staining). Scale bars, 10mm. Representative pictures are from at
least three independent experiments. (B) Enlargements of the stippled boxes marked in panel A, except for the
rightmost picture showing the division zone of a budding cell where the daughter cell is almost mature. Scale
bars, 5mm. (C) Three-dimensional (3D) reconstruction of the bud scar region (left) as well as the division zone in
budding cell (right) stained with CAP-sfGFP and WGA-AF594 by confocal microscopy. The stippled zones in
the left panels are enlarged on the right and shown as top view in addition (far right). Scale bars, 5mm. (D)
Scheme showing the distribution of chitin (WGA-AF594, red; left), chitosan (CAP-sfGFP, green; middle), and
merged in budding cells with and without a bud. (E) Staining of hyphae during infection at 2 dpi: calcofluor
staining (blue) of hyphae on the surface of the plant leaves, WGA-AF488 staining of chitin (green), CAP-mKATE2
staining of chitosan (red), and merged with bright field are shown at the top. Staining in the bottom images was
as for the top except that CAP-mKATE2 was replaced with mKATE2 as a nonbinding control. White arrowheads
indicate appressoria. The samples were observed by confocal microscopy and all images are projections of
multiple z-stacks. Scale bars, 10mm. Representative pictures from at least three independent experiments are
shown. (F) Enlargements of the stippled boxes marked in panel E. White arrowheads indicate appressoria. Scale
bar, 10mm. (G) Scheme showing the staining of hyphae on the leaf surface with calcofluor (blue, top left),
distribution of chitin (WGA-AF488, green; bottom left), chitosan (CAP-mKATE2, red; top right), and merged
(bottom right).
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introns, and the predicted proteins contained signal peptides (Fig. S2D). When the
open reading frame (ORF) encoding the central part of Cda6 was extended manually
toward the 59 and 39 end without assuming introns, several stop codons were pre-
dicted, making it likely that cda6 is a pseudogene (Fig. S2E).

In a phylogenetic tree of fungal CDAs (Fig. S2F), U. maydis Cda1, -2, -3, -5, and -6
belong to the “zygo/basidio-cluster.” Cda4 belongs to the “asco/basidio-cluster,” which
all lack a GPI anchor (Fig. S2F). Cda7 is the first fungal CDA found outside these two clus-
ters. However, homologous sequences exist in other fungi (Fig. S2F), establishing a new
cluster of fungal CDAs whose members have not yet been functionally characterized.

To determine when the cda genes are expressed, we relied on published transcrip-
tome sequencing (RNA-seq) data (29) (GEO database accession number GSE103876).
This analysis revealed that cda1 is highly expressed in axenic culture, cda2 is expressed
in axenic culture as well as during colonization, while cda3, cda4, and cda7 were all
induced during colonization (Fig. 2B and see Fig. S3A). cda5 levels remained low
throughout the life cycle, while transcripts of the presumed pseudogene cda6 were
negligible (Fig. 2B and Fig. S3A). In spores, cda5 and cda7 were expressed, while cda3
was induced during spore germination (Fig. S3B).

Enzymatic activity of the seven putative Cda proteins. To determine the enzy-
matic activity of the U. maydis CDA proteins, dicodon-optimized versions for all seven
genes were generated for expression in Escherichia coli in such a way that the pre-
dicted signal peptide at the N-terminus was removed and replaced by an N-terminal
thioredoxin domain followed by a sequence encoding a StrepII tag. At the C-terminus,
the sequence encoding the signal for the GPI anchor was removed and replaced with a
StrepII tag sequence. All seven U. maydis CDAs were successfully expressed (see
Fig. S4A). Proteins were purified from the soluble fraction through affinity chromatog-
raphy, quantified, and subsequently used for enzymatic analysis using pentaacetyl-chi-
topentaose (GlcNAc5 [A5]) as a substrate followed by ultrahigh-performance liquid
chromatography electrospray ionization mass spectrometry (UHPLC-ESI-MS) to analyze
the products. While Cda1, Cda2, Cda4, and Cda5 showed activity, we failed to detect
enzymatic activity for Cda3, Cda6, and Cda7 (not shown). As this could indicate that
the respective enzymes might need posttranslational modifications, we expressed the

FIG 2 The CDA gene family in U. maydis. (A) Schematic of the seven putative CDA proteins indicating
a predicted signal peptide (orange), a predicted GPI anchor (green), and the NodB homology domain
(blue). The numbers on the right refer to amino acids. Brackets indicate that cda6 is likely a
pseudogene, and the protein annotated in NCBI under accession number 23565582 might be incorrect.
(B) Expression pattern of cda genes during growth in axenic culture and at different time points (0.5, 1,
2, 4, 6, 8, and 12 days) during plant infection with FB1 � FB2. Data were retrieved from an RNA-seq
analysis (29). Error bars indicate 6 standard deviation (SD).
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cda3, cda6, and cda7 genes in U. maydis from the constitutive actin promoter. Western
blot analysis revealed that Cda3 and Cda7 were expressed, while Cda6 was not detected
(Fig. S4B). To enrich Cda3 and Cda7, culture supernatants were concentrated and tagged
proteins were subsequently affinity purified with Strep-Tag beads and visualized by silver
staining (Fig. S4C).

UHPLC-ESI-MS analysis of the enzymatic reaction products revealed that all six
enzymes, Cda1, -2, -4, and -5 purified from E. coli as well as Cda3 and -7 purified from
U. maydis, exhibited enzymatic activity with GlcNAc5 as the substrate, confirming their
identity as CDA enzymes (Table 1). Under the conditions used, Cda4 completely con-
verted the GlcNAc5 to the partially deacetylated chitosan pentamer GlcNAc3GlcN2
(A3D2) as the major reaction product, with traces of GlcNAc4GlcN1 (A4D1) and
GlcNAc2GlcN3 (A2D3) (Table 1 and Fig. S4D). Cda2 converted approximately two-thirds
of the substrate into the monodeacetylated product and one-third into the double-
deacetylated product, while Cda1, Cda3, and Cda5 mainly produced monodeacety-
lated pentamers (Table 1). Cda7 was less active, leading to a single deacetylation in
less than 10% of the substrate (Table 1). Like other fungal deacetylases (18, 20),
recombinant Cda1, -2, -3, -4, and -5 were also active on chitin tetramer and hexamer as
the substrates, while Cda7 was inactive on the tetramer but showed increased activity
on the hexamer (Table 1). None of the six active CDAs of U. maydis displayed chitinase
activity (Fig. S4E), while all showed CDA activity toward the polymeric soluble chitin
derivative glycol-chitin (Fig. S4F).

Phenotype of strains carrying single cda gene mutations. To study the function
of individual cda genes, we used CRISPR-Cas9 technology (35) to disrupt cda1, -2, -3, -4,
-5, and -6 in strain SG200. cda7 was deleted by conventional gene replacement tech-
nology (36). Initially, in order to minimize possible off-targets effects, at least three in-
dependently derived mutants were generated, compared for growth, colony morphol-
ogy, and filamentation on charcoal plates, and tested for virulence. Without exception,
mutant phenotypes for the same gene(s) were comparable, and consequently, one of
each of these mutants was chosen for subsequent analyses. When individual mutants
in the seven genes were compared, we did not observe significant differences in
growth and in colony morphology (see Fig. S5A and B and Fig. 3A). With respect to fila-
mentation on potato dextrose (PD)-charcoal plates, only the cda7 mutant showed con-
sistently weaker filamentation, and this phenotype was complemented by introducing
cda7 in single copy in the mutant strain (Fig. 3A). As cda3 is induced during spore ger-
mination, we tested whether spore viability and germination were affected in the cda3
mutant compared to that in SG200. While spore viability was low in general,

TABLE 1 Activity of U. maydis CDAs on tetraacetyl-chitotetraose, pentaacetyl-chitopentaose, or hexaacetyl-chitohexaose as the substrates

CDA

Activity (%) on substrate:a

Tetraacetyl-chitotetraose Pentaacetyl-chitopentaose Hexaacetyl-chitohexaose

Substrate Product Substrate Product Substrate Product

A4 A3D1 A2D2 A1D3 A5 A4D1 A3D2 A2D3 A1D4 A6 A5D1 A4D2 A3D3 A2D4 A1D5
Substrate 1006 0 NDb ND ND 1006 0 ND ND ND ND 1006 0 ND ND ND ND ND
ClCdac,d ND ND 456 5 556 5 ND ND ND 286 2 726 2 ND ND 36 5 96 8 826 8 76 11
UmCda1d 906 1 106 1 ND ND 556 4 396 4 66 0 ND ND 406 1 306 1 266 2 36 0 ND ND
UmCda2d 526 2 486 2 ND ND 66 1 606 1 346 1 ND ND 26 1 116 0 766 1 126 0 ND ND
UmCda3e 886 1 126 1 ND ND 576 6 336 3 106 9 ND ND 206 2 356 4 386 1 76 6 ND ND
UmCda4d ND 786 1 226 1 ND ND 76 0 886 0 56 1 ND ND 36 2 146 0 736 2 106 0 ND
UmCda5d 886 0 126 0 ND ND 566 4 426 3 16 3 ND ND 116 1 566 2 336 1 ND ND ND
UmCda7e 1006 0 ND ND ND 936 0 76 0 ND ND ND 856 1 156 1 ND ND ND ND
aMean value6 SD (n = 3 independent enzymatic reactions). Substrates are as follows: A4, tetraacetyl-chitotetraose; A5, pentaacetyl-chitopentaose; A6, hexaacetyl-
chitohexaose.

bND, not detectable.
cColletotrichum lindemuthianum CDA, purified from E. coli used as positive control.
dRecombinant protein purified from E. coli.
eProtein purified from U. maydis culture supernatant.
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presumably because SG200 is a mononuclear haploid strain, significant differences in
spore viability (0.08% 6 0.05% for SG200 and 0.83% 6 0.79% for the cda3 mutant) and
cell morphology during spore germination (Fig. S5C) were not detected. Budding cells
of the cda2 mutant showed a significant reduction in length, while the other single
mutants were not significantly altered in cell morphology (Fig. S5D). Mutant sensitivity
toward stressors was largely unaffected, except that the cda2 mutant appeared more
susceptible to cell wall stressors (Fig. S5A). The chitin and chitosan staining patterns of
cda1, -3, -5, -6, and -7 mutants in culture were comparable to that of SG200 (Fig. 3B
and C). In cda2 and cda4 mutants, chitosan staining of budding cells was decreased
and chitin staining of the cell body was increased (Fig. 3B and C). In biotrophic hyphae
of cda4 mutants, chitosan staining was strongly reduced, and cda2 mutants also
showed somewhat reduced chitosan accumulation; the staining patterns of hyphae of
the other mutants were comparable to that of SG200 (Fig. 4A and B and Fig. S5E).
Virulence was only reduced in the cda7 mutant, and this defect could be fully comple-
mented (Fig. 4C and D).

To elucidate at which stage of development the cda7 mutant is affected, we deter-
mined appressorium formation as well as penetration efficiency. While appressorium
formation was not altered relative to that for SG200, penetration was significantly
reduced in the cda7 mutant and was restored in the complemented strain (Fig. S5F).

FIG 3 Colony morphology and chitin and chitosan staining of strains lacking single cda genes. (A) Cultures of the
indicated U. maydis strains were spotted onto PD-agar for growth as budding cells (top) and on PD-charcoal for
growth as cells producing aerial filaments (bottom). Pictures were taken after 2 days of incubation (top) and 1 day of
incubation (bottom). Representative pictures from three independent experiments are shown. (B) Budding cells in
exponential phase were stained with WGA-AF594 to detect chitin (red; top) or CAP-sfGFP to detect chitosan (green;
middle); at the bottom, channels are merged with the bright-field channel. Scale bars, 10mm. Representative pictures
from three experiments are shown. (C) Enlargements of the stippled boxes marked in panel B. Scale bars, 10mm.
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When cells that expressed the appressorial marker but failed to penetrate were
assayed for defense responses, no significant differences between the cda7 mutant,
SG200, and complementation strain were detected (Fig. S5F). A compilation of all sin-
gle mutant phenotypes is given in Fig. S6.

Phenotype of mutants lacking up to six cda genes. Next, we considered func-
tional redundancy between the CDAs and decided to inactivate several cda genes

FIG 4 Chitin and chitosan staining of biotrophic hyphae and virulence of single cda mutant strains. (A) Staining of
hyphae during colonization at 2 dpi. Hyphae of the indicated strains on the surface of the plant leaf are stained with
calcofluor (blue; top), chitin is visualized by WGA-AF488 staining (green; second row), and chitosan with CAP-mKATE2
staining (red; third row). In the bottom row, channels are merged with the bright-field channel. Samples were observed
by confocal microscopy, and all images are projections of multiples z-stacks. Scale bars, 10mm. Representative pictures
from three independent experiments are shown. (B) Enlargements of the stippled boxes marked in panel A. Scale bars,
10mm. (C) Virulence assay for the strains shown in panel A as well as the complementation strain for Dcda7, SG200
Dcda7-cda7. Disease symptoms were scored at 12dpi according to severity using the color code at the bottom. Three
independent experiments were performed, and average values are expressed as a percentage of the total number of
infected plants (n), which is given at the top of each column. Significant differences (Games-Howell test) in virulence
compared with SG200 are indicated. ***, P , 0.001. (D) Macroscopic symptoms of plant leaves infected with the
indicated strains at 12dpi.
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simultaneously based on expression profiles (Fig. 2B). When cda1 and cda2, the genes
most highly expressed in culture, were simultaneously inactivated, sensitivity to the
cell wall stressor calcofluor and the cell diameter increased relative to that in the cda2
mutant, and cells became shorter (see Fig. S7A and B). With respect to chitin and chito-
san staining, the double mutant was comparable to the cda2 mutant (Fig. 5A and B). In
a cda3,4 mutant, where the genes most highly expressed during colonization were
coinactivated, the chitin and chitosan staining were comparable to that for the cda4
mutant (Fig. 5A and B). However, in the triple cda2,3,4 mutant, where the three most
highly expressed genes during colonization were inactivated, filamentation was
affected, stress sensitivity was altered, and chitosan levels were decreased further,
while chitin levels were increased relative to that in the double mutant (Fig. 5A to C

FIG 5 Chitin and chitosan staining and colony morphology of strains lacking multiple cda genes. (A) Budding cells in
exponential phase of the indicated strains were stained with WGA-AF594 to detect chitin (red; top) and with CAP-
sfGFP to detect chitosan (green; middle); at the bottom, channels are merged with the bright-field channel. Scale bars,
10mm. Representative pictures from two or more experiments are shown. (B) Enlargements of the stippled boxes
marked in panel A. Scale bars, 10mm. (C) Cultures of the indicated U. maydis strains were spotted onto PD-agar for
growth as budding cells (top) and on PD-charcoal for growth as cells producing aerial filaments (bottom). Pictures
were taken after 2 days of incubation (top) and 1 day of incubation (bottom). (D) Pedigree of strains containing
multiple inactivated cda genes.
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and Fig. S7A). SG200 cda3,4em served as the parent for the inactivation of additional
cda genes (Fig. 5D). Neither a quadruple mutant lacking cda3,4,5,6 nor a quintuple mu-
tant lacking cda1,3,4,5,6 showed morphological alterations, but both showed slightly
increased staining for chitin (Fig. 5 and Fig. S7A to C). However, when cda2 was inacti-
vated in combination with cda3,4,5,6, the formation of aerial hyphae was severely
affected (Fig. 5C and Fig. S7D), the mutant showed higher sensitivity to cell wall stress
and displayed higher resistance to H2O2, and the colony diameter was decreased
(Fig. S7A and C), suggesting a slight growth defect. In addition, the cda2,3,4,5,6 mutant
displayed a cell separation defect, an increase in cell diameter, a strong reduction of
cell length, and strongly increased chitin staining without an additional reduction in
chitosan staining compared to that in the cda3,4,5,6 mutant (Fig. 5A and B and
Fig. S7B). When cda7 was additionally deleted in the quintuple mutant, the phenotypes
were intensified, and most prominently, the cell diameter increased further and cells
appeared rounder (Fig. 5A and B and Fig. S7A to D). Reduced aerial hypha formation
was also seen in the cda1,3,4,5,6,7 mutant, but in this case, the filamentation defect
was less severe than what was seen in the cda2,3,4,5,6 mutant (Fig. 5C). Attempts to
inactivate cda1 and cda2 simultaneously in a cda3,4,5,6 mutant or to inactivate cda1 in
the strain lacking cda2,3,4,5,6,7 or cda2 in the strain lacking cda1,3,4,5,6,7 were unsuc-
cessful. In the latter two cases, we obtained deletion mutants lacking between 3 and
60 nucleotides (Fig. S7E), but we failed to obtain frameshift mutations.

With respect to virulence, neither the cda1,2, the cda3,4, nor the cda3,4,5,6 mutant
was significantly altered (Fig. 6A). The cda2,3,4 mutant, which was severely affected in
aerial hypha formation on PD-charcoal plates, was unexpectedly only slightly affected
in virulence (Fig. 6A). The strain in which cda2,3,4,5,6 were inactivated showed a strong
reduction in virulence which became more severe when cda7 was also inactivated
(Fig. 6A). Compared to that for SG200, the cda2,3,4,5,6 mutant showed reduced adher-
ence to the leaf surface and reduced appressorium formation as well as reduced pene-
tration efficiency (Fig. S7F and G). Compared to that for the cda3,4,5,6 mutant, which is
not affected in virulence, the cda1,3,4,5,6 mutant showed reduced virulence, which
became more severe when cda7 was additionally deleted (Fig. 6A). All multiple mutants
which were strongly reduced in virulence (Fig. 6A) showed significantly less chitosan stain-
ing in biotrophic hyphae at 2dpi (Fig. 6B and C). However, strains lacking cda3,4 or lacking
cda3,4,5,6 which were not impaired in virulence also showed reduced chitosan staining,
though slightly less severe than in the strains with reduced virulence. The strains with
strong virulence defects (SG200 cda2,3,4,5,6em and SG200 cda2,3,4,5,6emD7) showed signifi-
cant reductions in fungal biomass already at 2dpi, while SG200 cda1,3,4,5,6emD7 was
reduced in biomass starting at 6 dpi; in infections with SG200 Dcda7, biomass reduction
became apparent only after 8 dpi (Fig. S7H).

To elucidate the basis for the strong virulence reduction of SG200 cda2,3,4,5,6em, we
quantified cellular defense responses. While there were no significant differences
between the mutant and SG200 with respect to calcofluor staining underneath appres-
soria, aniline blue staining for callose deposition revealed a significantly higher per-
centage of mutant appressoria which elicited callose deposition (Fig. S7G and I). To as-
certain whether chitinase sensitivity and virulence are linked, we treated mutant
filaments with chitinase in the presence of sorbitol as an osmotic stabilizer. While we
observed slightly increased protoplastation in the single cda7 mutant compared to that
in SG200, the cda1,3,4,5,6,7 mutant showed much stronger protoplastation; cda2,3,4,5,6
and cda2,3,4,5,6,7 mutants did not show this (Fig. S7J). A compilation of phenotypes
detected in multiple cdamutants is given in Fig. S6.

Phenotype of mutants lacking seven cda genes. To investigate whether our fail-
ure to generate a strain in which all seven cda genes are inactivated is due to lethality,
we used strain SG200 cda1,3,4,5,6emD7 to conditionally inactivate cda2 by fusing the
gene in locus to the crg1 promoter (37). This promoter is active in arabinose-containing
medium and is off in glucose-containing medium. On an arabinose-containing com-
plete medium (CM) plate, SG200 cda1,3,4,5,6emD7,Pcrg:cda2 showed normal growth
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(Fig. 7A), but on a glucose-containing CM plate, growth was strongly impaired
(Fig. 7A). When the minute colonies which developed after 4 days of incubation were
restreaked on a glucose-containing CM plate, we observed colonies heterogeneous in
size (see Fig. S8A), presumably due to an accumulation of suppressor mutations.

To study in detail what impairs growth, SG200 cda1,3,4,5,6emD7,Pcrg:cda2 was shifted
to glucose-containing liquid CM and cell fate was followed microscopically. The same
strain grown in arabinose-containing CM served as a control. Already 2 h after the shift,

FIG 6 Virulence and chitin and chitosan staining of biotrophic hyphae of multiple cda gene mutants. (A) Virulence
assay for the indicated strains. Symptoms were scored at 12 dpi according to severity using the color code on the
right. Three independent experiments were performed, and average values are expressed as a percentage of the total
number of infected plants (n), which is given at the top of each column. Significant differences (Games-Howell test) in
virulence compared with SG200 are indicated. **, P , 0.005; ***, P , 0.001. (B) Staining of hyphae of the indicated
mutants during colonization at 2 dpi. Hyphae on the surface of the plant leaf are stained with calcofluor (blue; top),
chitin is visualized by WGA-AF488 staining (green; second row), and chitosan with CAP-mKATE2 staining (red; third
row). In the bottom row, all channels are merged with the bright-field channel. Samples were observed by confocal
microscopy, and all images are projections of multiple z-stacks. Scale bars, 10mm. Representative pictures from at least
two independent experiments are shown. (C) Enlargements of the stippled boxes marked in panel B. Scale bars,
10mm.
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the diameter of cells grown in glucose-containing medium increased, and cells showed
stronger segmentation and often displayed bipolar growth (Fig. 7B). These phenotypes
were enhanced at 4 h. After 8 h, the majority of cells had started to round up. After
24 h, rounded cells increased in diameter, often appeared in clusters, and some burst
(Fig. 7B and Fig. S8B), illustrating that the depletion of cda2 in the absence of the other
CDAs is lethal. The same strain grown in arabinose-containing medium and the paren-
tal strain grown in glucose-containing medium did not show any of these alterations
(Fig. 7B and Fig. S8C). DAPI (49,6-diamidino-2-phenylindole) staining revealed that
enlarged cells frequently contained several nuclei (Fig. 7C), while cells of the parental
strain contained only a single nucleus (Fig. S8D).

The fact that an U. maydis strain with all seven cda genes inactivated is nonviable
allowed us to test functionality of the presumed pseudogene cda6. To this end, the
native cda6 gene, including the upstream and downstream regions extending up to
the neighboring genes, was introduced in SG200 cda1,3,4,5,6emD7,Pcrg:cda2 in two
copies. However, viability of the strain was not restored after growth on glucose-con-
taining medium (Fig. 7A). We also inserted the gene orthologous to cda6 from
Sporisorium scitamineum (Sscda6) under the control of the cda2 promoter in the ip locus
of SG200 cda1,3,4,5,6emD7,Pcrg:cda2. When SG200 cda1,3,4,5,6emD7,Pcrg:cda2,Pcda2:Sscda6

FIG 7 Viability of U. maydis strains lacking all cda genes. (A) Growth of strains indicated on top was assessed on CM-
arabinose (left) and on CM-glucose (right). Plates were incubated for 4 days at 28°C. (B) Morphological changes in cell
shape after the depletion of cda2 in SG200 cda1,3,4,5,6emD7,Pcrg:cda2. Indicated strains were initially grown in liquid
CM containing 1% arabinose and, after adjusting the OD600 to 0.2, shifted to liquid CM containing 1% arabinose as
control (left) or to liquid CM containing 1% glucose, where cda2 is successively depleted (right). The cultures were
observed microscopically at 2, 4, 8, and 24 h postshift. White arrows show bipolar growth. (C) DAPI staining of SG200
cda1,3,4,5,6emD7,Pcrg:cda2, after 24 h of shift to liquid CM containing 1% arabinose as a control or liquid CM containing
1% glucose. Consecutive pictures were taken in one stack, and maximal projections are shown. DAPI and bright-field
(BF) pictures are shown. On the right, enlarged pictures of the stippled areas are displayed.
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was analyzed in glucose-containing CM, partial growth complementation was observed
(Fig. 7A and Fig. S8E). This illustrates that cda6 from S. scitamineum must be active and
can at least partially rescue the lethality of the strain in which all seven cda genes are
inactivated.

DISCUSSION

In this study, we have functionally analyzed the full set of CDAs in a fungal plant
pathogen. The U. maydis cda gene family consists of six genes encoding active
enzymes and one pseudogene. All of these enzymes exhibited activity on the soluble
polymeric substrate glycol-chitin and on soluble chitin oligomers, showing increasing
activity with increasing oligomer size, as typically seen with most fungal CDAs (20).

Cda7 is the first member of a new group of fungal CDAs not recognized before.
Homologous genes to cda7 can be found in the genomes of other smut fungi and in
rust fungi but also in ectomycorrhizal fungi and in mushroom-forming fungi such as
Agaricus bisporus. Of the single mutants, only the strain lacking cda7 exhibited reduced
virulence; thus, it will be interesting to investigate the role of this new CDA family in
the other basidiomycetes. cda7 mutants display an early defect during penetration
which is not fully consistent with biomass determinations, where we see a late defect
in biomass accumulation in the mutant. We speculate that the expected small differen-
ces in early biomass caused by fewer successfully penetrating cells may not be detecta-
ble by quantitative PCR (qPCR). Whether cda7 has a second function late during patho-
genic development needs to be assessed in compatible mutants, because SG200 has
defects in late proliferation (F. Fukada, personal communication). A possible involve-
ment of cda3 during spore germination, when the gene is induced, should also be
reanalyzed with compatible haploid cda3 mutant strains, because SG200 is strongly
impaired in spore formation (F. Fukada, personal communication) and spore germina-
tion, as shown here.

Until now, the full set of cda genes has been deleted in Schizosaccharomyces pombe
(38), Saccharomyces cerevisiae (39, 40), C. neoformans (41), and Aspergillus fumigatus
(42). In all of these species, the mutants were viable and showed defects only under
stress conditions. Our finding that, in U. maydis, at least one CDA is essential for fungal
viability has not been observed previously in any fungus.

Of the U. maydis CDAs, Cda4 shows the highest enzymatic activity, the strongest
induction after colonization, and resides in the cluster of fungal CDAs to which also
VdPDA1 from V. dahliae and Pst_13661 from P. striiformis belong, which all lack a GPI
anchor and strongly contribute to virulence (14, 25). To our surprise, we were unable
to detect a virulence defect in cda4 mutants in which the continuous layer of chitosan
surrounding biotrophic hyphae was strongly reduced. For this reason, we consider that
protection from chitinases could be provided by effector proteins, which may either
bind to hyphae or downregulate the synthesis of chitinases. This is supported by the
observation that U. maydis induces several plant chitinases before fungal penetration,
but the expression of these genes ceases upon plant colonization (43). Interestingly,
several of these chitinase genes are again transcriptionally upregulated late in infection
(29), suggesting a possible protective role of chitosan at later time points. The finding that
we observe increased chitinase sensitivity in the multiple mutant lacking cda1,3,4,5,6,7,
which also has a defect in late biomass accumulation, lends supports to such a scenario.

We observed virulence defects in the mutants lacking cda2,3,4, cda2,3,4,5,6, and
cda2,3,4,5,6,7. These three mutants have defects already during filamentation on char-
coal plates and show a strong chitin accumulation in budding cells. As an increased
chitin content might enhance the rigidity of the cell wall due to crystallization of chitin
fibrils, chitosan could provide for an increased flexibility of the cell wall (44), which
might be beneficial for the morphological transition from budding cells to hyphae. We
consider it unlikely that the reduced aerial hypha formation is the primary virulence
defect, because the cda2,3,4 mutant is almost as defective in aerial hypha production
as the cda2,3,4,5,6 mutant but shows only a moderate virulence defect. While the
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cda2,3,4,5,6 mutant switched to filamentous growth on the leaf surface, these hyphae
appeared shorter than wild-type hyphae and displayed reduced adherence. In addi-
tion, they showed defects in appressorium formation and penetration efficiency, and
the mutant induced more callose deposition and showed a reduction in fungal bio-
mass compared to that of SG200. This makes it likely that the deacetylation of chitin is
important during different stages of biotrophic development.

In the following, we will discuss whether there is redundancy with respect to some
of the functions affected by the different CDA proteins. To simplify this, we refer to
Fig. S6 in the supplemental material. The proteins responsible for the accumulation of
chitosan in budding cells are mainly Cda2 and Cda4. Related to this, cda2 and cda4 sin-
gle mutants display an increased amount of chitin in the entire cell body, which
increases even more when both genes are inactivated and when cda3 and cda5 are
also inactivated. This additive phenotype likely reflects redundancy between these
four CDAs, and this is specific; for example, we did not observe an additional increase
when cda7 was coinactivated. With respect to cell shape, mutants only expressing
cda1 or cda2 are informative because the mutant expressing cda1 is altered in cell
shape, has a wider diameter, is shorter in length, and shows a cell separation defect,
while the mutant still harboring the cda2 gene appears unaffected in cell shape. This
indicates that cda2 is required for cell shape maintenance while cda1 is not. Budding
cell viability can be supported by Cda1 and Cda2; we cannot comment on whether the
other cda genes could carry out this function, because respective strains expressing
only cda3, cda4, cda5, or cda7 have not been generated. However, based on our find-
ing that we were unable to inactivate cda2 and cda1 simultaneously in a mutant har-
boring cda7, we would like to argue that the essential function cannot be carried out
by Cda7. With respect to filamentation, there is a slight reduction in single cda7
mutants, while this phenotype is strongly intensified when cda2,3,4,5,6 are coinacti-
vated. This is in line with observing a strong filamentation defect already in the
cda2,3,4 mutant. It is also apparent that the presence of cda2 alone supports filamenta-
tion, which recovers to wild-type levels when cda7 is also present. This shows on the
one hand redundancy, but also specificity. Regarding the chitosan layer in biotrophic
hyphae, Cda4 is mainly responsible. With respect to virulence, the cda7 mutant shows
a virulence defect that is obviously not fully complemented by the other cda genes.
When the cda7 gene is coinactivated with cda2,3,4,5,6 or cda1,3,4,5,6, the virulence
defect increased either due to redundancy or because the different Cda proteins affect
different steps of biotrophic development. The finding that we also observe a virulence
phenotype in a cda2,3,4,5,6 mutant which expresses cda7 might support this. These
examples show that the CDAs in U. maydis have specific as well as redundant functions
either alone or in certain combinations. To substantiate this in the future, one would
need to construct strains which express only single cda genes under the control of the
same promoter to make sure that comparable levels of protein are synthesized. The
ideal chassis strain for this would be the strain in which six cda genes are inactivated
and the seventh cda gene product can be depleted. Such genetic analyses should then
ideally be complemented with a more detailed biochemical study of all active enzymes
with respect to their specific substrates, pattern of deacetylation in vitro and during
colonization, and how this affects host responses.

MATERIALS ANDMETHODS
Strains and growth conditions. The Escherichia coli strains DH5a (Bethesda Research Laboratories),

Rosetta 2 (DE3) (Merck KGaA), and BL21(DE3) (Merck KGaA) were used for cloning purposes. E. coli strains
were grown in double yeast-tryptone (dYT) medium except for BL21(DE3), which was grown in Luria
Bertani medium (LB). U. maydis strains were grown at 28°C in complete liquid medium (CM) containing
either 1% glucose (45) or 1% arabinose as a carbon source, liquid yeast extract-peptone-sucrose light
(YEPSL), potato dextrose (PD) agar, or on CM agar. Media and buffers are described in Text S1 in the sup-
plemental material. Growth, filamentation, and stress assays were performed as described previously
(46) (see Text S1).

To deplete cda2, SG200 cda1,3,4,5,6emD7Pcrg:cda2 was grown in CM containing arabinose, and cells
were harvested by centrifugation, washed with H2O, and suspended in CM with arabinose or glucose to
a final optical density at 600 nm (OD600) of 0.2. Growth was followed by microscopy. The same procedure
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was applied to assay complementation of viability by introducing cda6 from U. maydis (SG200
cda1,3,4,5,6emD7Pcrg:cda2,Pcda6:cda6) and cda6 from S. scitamineum placed under the control of the U.
maydis cda2 promoter (SG200 cda1,3,4,5,6emD7Pcrg:cda2,Pcda2:Sscda6). To test viability, the same strains
were also streaked out on CM agar containing glucose or arabinose. Single colonies from the CM agar-glu-
cose plates were restreaked for single colonies on the same medium to observe the colony phenotype.

Plasmid and strain construction. PCRs were performed using the Phusion high-fidelity DNA poly-
merase (New England Biolabs). Templates were either SG200 genomic DNA, indicated plasmid DNAs, or
double-stranded DNA fragments. Restriction enzymes were all supplied by New England Biolabs.
Ligations were performed using a Gibson assembly kit (New England Biolabs). U. maydis underwent pro-
toplast-mediated transformation (47). To generate U. maydis mutants and in-locus promoter replace-
ments, the established CRISPR-Cas9 multiplex system was used (35). Gene replacement using a PCR-
based approach (36) was used for cda7. Gene and promoter replacements and integrations into the ip
locus (48) were verified by Southern blotting, and Cas9-induced point mutations were verified by
sequencing. All U. maydis strains used in this study are listed in Table S1A. Plasmids and how they were
generated is described in Table S1B. Oligonucleotides used for cloning are listed in Table S1C. All target
sequences for the guide RNA constructs were designed using the E-CRISP tool (www.e-crisp.org) (49); dou-
ble-stranded DNAs encoding the single guide RNAs (sgRNAs) for CRISPR-Cas9 are listed in Table S1D.

CAP-sfGFP, CAP-mKATE2, sfGFP, and mKATE2 purification. To obtain probes for chitosan detec-
tion, CAP-sfGFP and CAP-mKATE2 as well as the controls sfGFP and mKATE2 were heterologously
expressed in E. coli Rosetta 2 (DE) according to reference 31, except for breaking cells by French press
and protein quantification, according to M. M. Bradford (50).

Heterologous expression of CDA proteins. E. coli BL21(DE3) cells heterologous expressing E. coli
dicodon-optimized U. maydis chitin deacetylases (http://dicodon-optimization.appspot.com/) were
grown in 500ml LB supplemented for autoinduction with media M, medium 5052, and 100mg ml21

ampicillin at 26°C and 120 rpm for 48 h (51). Cells were harvested, resuspended in 15ml fast protein liq-
uid chromatography (FPLC) washing buffer, and stored at 220°C. Cells were thawed on ice and incu-
bated with 100 U of Benzonase nuclease (Merck KGaA) resuspended in 2 M MgCl2 and 2ml of high-salt
buffer for 10min. Cells were lysed by sonication using Branson Digital Sonifier model 250-D (Branson).
Sonicated cells were centrifuged (40min, 40,000� g, 4°C), and proteins in the supernatant were visual-
ized by SDS-PAGE and Western blotting using horseradish peroxidase (HRP)-conjugated Strep-Tactin
and the chemiluminescent substrate luminol (IBA). Recombinant enzymes were recovered from the su-
pernatant using Strep-Tactin affinity chromatography (Strep-Tactin XT; IBA) using the ÄKTA pure system
(GE Healthcare Europe GmbH) and eluted from the column using FLPC washing buffer containing
50mM biotin. Affinity-purified proteins were rebuffered in 20mM triethanolamine (TEA; pH 8.0) and
stored at 4°C. Proteins were quantified according to M. M. Bradford (50).

SG200 strains expressing cda3 or cda7 from the constitutive actin promoter (SG200 Pactcda3-
StrepTag, SG200 Pactcda7-StrepTag) were grown overnight in YEPSL and used as inoculum for 1 liter CM
containing glucose adjusted to an OD600 of 0.2. At an OD600 of 1.4 at 28°C, cells were pelleted, and the
supernatants were filtered with Millipore Express membrane, pore size 0.22mm (Merck KGaA). The
supernatants were concentrated using Amicon columns (Merck KGaA, cutoff of 30 kDa). Proteins were
purified using Strep-Tactin affinity chromatography (Strep-Tactin Sepharose; IBA), rebuffered in 20mM
TEA (pH 8.0), and quantified according to M. M. Bradford (50).

CDA activity assay and LC-MS analysis. Enzyme activity assays were carried out by incubating 1
mM purified protein with 250 mM pentaacetyl-chitopentaose substrate (A5) (Megazyme) in 50mM TEA
(pH 7.0) at 37°C for 20 h. The enzymatic reaction was stopped using equal parts of 1% formic acid.
Colletotrichum lindemuthianum CDA (ClCDA) recombinantly produced in E. coli was used as a positive
control (32). The resulting products were analyzed through UHPLC-ESI-MS (52) with some modifications
(Text S1). Data were processed using Data Analysis v4.1 software (Bruker Daltonics GmbH). Chitosan
oligomers were quantified via their peak areas.

Plant infections. Strains were grown in YEPSL medium to an OD600 of 0.8 to 1.2. Cells were har-
vested via centrifugation and resuspended in H2O to a final OD600 of 1.0. The suspension was syringe
inoculated into 7-day-old Zea mays seedlings variety Early Golden Bantam (Urban Farmer). At least three
independent infection experiments were carried out, and disease symptoms were evaluated according
to established disease rating criteria (30). To statistically assess strain differences in virulence, virulence
scores shown in color in the figures were converted to numbers according to reference 53, from 0 (indi-
cating no symptoms) to 8 (indicating dead plants). Differences between virulence scores were assessed
by a Kruskal-Wallis rank sum test followed by a Games-Howell post hoc test.

Sample preparation and microscopic analyses. To detect chitin and chitosan in budding cells,
strains were grown in YEPSL to an OD600 of 1.00. Cells were centrifuged and resuspended in FLPC wash-
ing buffer containing 3% bovine serum albumin (BSA). After 30min, cells were centrifuged and resus-
pended in the same solution containing WGA (AF488 or AF594) at 10mg ml21 and CAP (sfGFP/mKATE2)
at 50mg ml21. As a control, cells were stained with WGA (AF488 or AF594) at 10mg ml21 and sfGFP or
mKATE2 at 50mg ml21. Samples were incubated for 1 h at room temperature in the dark with shaking at
120 rpm, followed by three washes with FLPC buffer and observation by microscopy. For microscopy,
cells were spotted onto a 2% agar pad on a microscopy slide.

To detect chitin and chitosan in hyphae of infected plant tissue, 2-cm segments from the third and
fourth leaf were excised from a region 1 cm below the injection holes at 2 to 12 days postinfection (dpi)
and incubated for 20min in 10mg ml21 calcofluor white to stain hyphae on the leaf surface. Samples
were washed three times with distilled water, cut in thin cross sections with a razor blade, and treated
with digestion solution for 90min at room temperature, followed by three washing steps with
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phosphate-buffered saline (PBS). Staining with WGA-AF488 and CAP-mKATE2 was according to the pro-
cedure applied for budding cells using staining with mKATE2 as control. Samples were analyzed by con-
focal microscopy.

Nuclei in budding cells of SG200, SG200 cda1,3,4,5,6emD7, and SG200 cda1,3,4,5,6emD7Pcrg:cda2 after
24 h of growth in liquid CM containing arabinose or glucose were visualized by 49,6-diamidino-2-phenyl-
indole (DAPI) staining. Cells were fixed with 4% formaldehyde in PBS after 1 h of incubation and resus-
pended in 20mg ml21 DAPI in PBS containing 0.1% Triton X-100. After 1 h of incubation, cells were
washed three times with PBS and observed by fluorescence microscopy.

Microscopy. Confocal microscopy was performed using a Leica TCS-SP8 confocal microscope (Leica
Microsystems). mKATE2 was exited at 588 nm and detected at 618 to 653nm. GFP was excited at 488nm
and detected at 498 to 524 nm. Calcofluor white was excited at 405nm and detected at 429 to 499 nm.
AF488 was excited at 488 nm and detected at 506 to 535 nm. AF594 was excited at 590 nm and detected
at 602 to 640 nm. mCherry was excited at 561 nm and detected at 597 to 635 nm. Aniline blue was excited
at 405nm and detected at 630 to 655 nm. The Leica Application Suite Advanced Fluorescence software
was used for image processing. If not indicated otherwise, images are horizontal projections of z-stacks.

Epifluorescence microscopy was performed with a Zeiss Axioplan 2 imaging microscope (Carl Zeiss
AG) equipped with a CoolSNAP-HQ charge-coupled-device camera (Photometrics) and controlled by the
imaging software MetaMorph (Universal Imaging). GFP was observed using GFP filters (ET470/40BP,
ET495LP, and ET525/50BP) (Semrock). AF594 was observed using rhodamine filters (HC562/40BP,
HC593LP, and HC624/40BP) (Semrock). DAPI staining was detected using the DAPI filter sets (HC375/
11BP, HC409BS, and HC447/60BP) (Semrock). Image processing was performed with ImageJ (https://
imagej.nih.gov/ij/).

Data availability. Genes and encoding protein sequences are available at NCBI or MaizeSequence.
org (http://www.maizesequence.org) under the accession numbers described in Table S1E. Gene expres-
sion data were retrieved from RNA-seq data (29) (GEO database accession number GSE103876).
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