
1 
 

Maize AFP1 confers antifungal activity by inhibiting chitin deacetylases from a broad 1 

range of fungi 2 

Lay-Sun Ma1*, Wei-Lun Tsai1, Raviraj M. Kalunke1,2, Meng-Yun Xu1, Yu-Han Lin1, 3 

Florensia Ariani Damei1, and Hui-Chun Lee1 4 

1Institute of Plant and Microbial Biology, Academia Sinica, Taipei 11529, Taiwan. 5 

2Present address: Donald Danforth Plant Science Center, 975 N Warson Rd, Olivette, St 6 

Louis, MO 63132, USA 7 

 8 
 9 
 10 
 11 
 12 
 13 
 14 
 15 
 16 
 17 
 18 
 19 
 20 
 21 
Correspondence: 22 

Dr. Lay-Sun Ma 23 

Institute of Plant and Microbial Biology, Academia Sinica 24 

128 Sec. 2, Academia Rd, Nankang, Taipei  25 

11529 Taiwan.  26 

Email: laysunma@gate.sinica.edu.tw 27 

Tel: (+886) 02-2787-1145 28 

Fax: (+886) 02-2782-7954 29 

 30 

 31 

 32 

 33 

 34 

.CC-BY 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted November 19, 2021. ; https://doi.org/10.1101/2021.11.02.466889doi: bioRxiv preprint 

mailto:laysunma@gate.sinica.edu.tw
https://doi.org/10.1101/2021.11.02.466889
http://creativecommons.org/licenses/by/4.0/


2 
 

Abstract  35 

Adapted plant pathogenic fungi deacetylate chitin to chitosan to avoid host perception and 36 

disarm the chitin-triggered plant immunity. Whether plants have evolved factors to counteract 37 

this fungal evasion mechanism in the plant-pathogen interface remains obscure. Here, we 38 

decipher the underlying mechanism of maize cysteine-rich receptor-like secreted proteins 39 

(CRRSPs)- AFP1, which exhibits mannose-binding dependent antifungal activity. AFP1 40 

initials the action by binding to specific sites on the surface of yeast-like cells, filaments, and 41 

germinated spores of the biotrophic fungi Ustilago maydis. This could result in fungal cell 42 

growth and cell budding inhibition, delaying spore germination and subsequently reducing 43 

fungal viability in a mannose-binding dependence manner. The antifungal activity of AFP1 is 44 

conferred by its interaction with the PMT-dependent mannosylated chitin deacetylases (CDAs) 45 

and interfering with the conversion of chitin. Our finding that AFP1 targets CDAs from 46 

pathogenic fungi and nonpathogenic budding yeast suggests a potential application of the 47 

CRRSP in combating fungal diseases and reducing threats posed by the fungal kingdom. 48 
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Introduction  58 

Plants safeguard the apoplast environment by deploying cell-surface localized pattern 59 

recognition receptors (PRRs) to sense potential danger signals via recognition of pathogen-60 

associated molecular patterns (PAMP) or plant-derived damaged-associated molecular patterns 61 

(DAMP)1,2. This alerts the plant immune system and leads to the delivery of a mix of plant 62 

defense molecules to the apoplast to ward off pathogenic intruders3. Adapted pathogens are 63 

able to breach this defense barrier by shielding their cell surfaces, sequestering PAMPs, and 64 

modifying cell-surface glycans to avoid recognition and escape from the host attack at the 65 

initial steps of pathogenesis4. In return, plants evolve new weapons to counteract the fungal 66 

camouflage strategies.  67 

The biotrophic fungus Ustilago maydis causes smut disease in maize by inducing large 68 

tumors in which the fungal hyphae proliferate and form spores5. The complex interplay 69 

between U. maydis and maize at the interface is mainly governed by an arsenal of fungal 70 

effector proteins induced in consecutive waves after the fungus contacts and colonizes maize6. 71 

To date, a few functionally characterized effectors have been reported to act in the apoplasts to 72 

suppress plant immunity and to protect hyphae from the attack of plant defense molecules. U. 73 

maydis Fly1 prevents the release of chitin by destabilizing plant chitinases7, Rsp3 shields 74 

fungal hyphae to block the antifungal activity of maize AFP1 proteins8, and Pit2 and Pep1 75 

inhibit the activities of plant cysteine protease and peroxidases respectively9,10. U. maydis also 76 

possesses six active chitin deacetylases to convert chitin to chitosan to sustain fungal cell 77 

viability and evade recognition by chitin receptors and promote virulence11.  78 

Plant cysteine-rich receptor-like kinase (CRK) is one type of the transmembrane PRR 79 

proteins featured with domains of unknown function 26 (DUF26; stress-antifungal domain 80 

PF01657) which harbors a conserved cysteine motif (C-X8-C-X2-C) in their ectodomain12,13. 81 

CRKs have been implicated in plant defense, oxidative/salt stress and salicylic acid responses14-82 
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17. DUF26 domain has also been found in some plasmodesmata-localized proteins (PDLPs) 83 

and cysteine-rich receptor-like secreted proteins (CRRSPs)12,13. PDLPs have a configuration 84 

similar to CRKs but lack a kinase domain. They regulate plasmodesmata permeability and 85 

immunity and modulate callose deposition in plasmodesmata17,18. CRRSPs harbor one or two 86 

copies of the DUF26 domain and are secreted to the apoplast upon pathogen infection8,19. Two 87 

of the maize CRRSPs (AFP1 and AFP2), display mannose-binding-dependent antifungal 88 

activity and are significantly upregulated upon the perception of U. maydis8. AFP1/2-silenced 89 

plants are more susceptible to the infection by U. maydis and Colletotrichum graminicola8, 90 

suggesting that maize AFP1/2 are involved in plant defense against a broad range of fungal 91 

pathogens. So far, the antifungal activities of CRRSPs have been demonstrated for maize 92 

AFP18 and Ginkgo biloba Gnk220 but not for cotton CRR1 which was shown to stabilize plant 93 

chitinases 21. Despite the importance of the DUF26-containing proteins in regulating biotic and 94 

abiotic stress responses, their biological function in plant immunity is not clear, and the 95 

antifungal mechanism of the CRRSP has not yet been elucidated.  96 

In this work, we study maize AFP1 to provide mechanistic insights into the mode of action 97 

of plant CRRSP. The provided evidence supports that maize AFP1 proteins could inhibit fungal 98 

growth by interfering with the activity of chitin deacetylases which are essential for fungal 99 

development and virulence. Interfering with the alteration of a fungal cell wall important 100 

component highlights the potential use of CRRSPs as antifungal agents to act against a broad-101 

range of pathogenic and non-pathogenic fungi.   102 

 103 

Results 104 

AFP1 localizes on the growing tips and bud necks of yeast-like cells in Ustilago maydis 105 

AFP1 displays a mannose-binding dependent antifungal activity8. However, the underlying 106 

molecular mechanism has not yet been deciphered. To investigate the initial action mode of 107 
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AFP1, we examined the binding of AFP1 to U. maydis cells using immunolocalization. SG200 108 

budding cells incubated with purified wild-type AFP1-His and mannose-binding-deficient 109 

AFP1*-His proteins (contains S34A, R115A, E126A, N144A, Q227A, and E238A mutations 110 

in the two mannose-binding sites)8 were subjected to immunostaining using the anti-His 111 

antibody and AF488-conjugated secondary antibody without any permeabilization and fixation 112 

(Fig. 1A). The fluorescence of AFP1-His was detected throughout the cell body and showed 113 

some accumulation in speckles on the cell periphery. Predominant fluorescence accumulation 114 

was seen at cell division zones and in the growing tips of emerging buds (Fig.1A, central panel 115 

and enlarged panel on the right). Besides that, AFP1 fluorescence was also detected at growing 116 

tips and on the surface of SG200 filaments induced by hydroxy-fatty acids on a hydrophobic 117 

surface without any permeabilization (Fig. S1A). AFP1*-His fluorescence could neither be 118 

detected on yeast-like cells nor on filaments of SG200 (Fig. 1A and Fig. S1A), suggesting that 119 

the AFP1 binding is dependent on its mannose-binding ability.  120 

 121 

U. maydis CDAs display similar localization patterns as the maize AFP1 proteins  122 

The localization pattern of AFP1 in U. maydis cells is similar to that of U. maydis chitin 123 

synthases (CHS) and chitinases (CTS), and is also correlated with the sites in the cell wall 124 

where chitin and chitosan are accessible to antibodies in yeast-like cells11,22-24. This prompted 125 

us to examine if AFP1 target the fungal CHS or CTS proteins. To test this idea, we examined 126 

the interaction of AFP1 with either CHS or CTS using a yeast-two hybrid (Y2H) assay. 127 

However, we could not detect the interactions between AFP1 and CHS or CTS in the Y2H 128 

analysis (Fig. S2).  129 

 The conversion of chitin to chitosan is important for fungal development and is one of 130 

the fungal evading strategies to avoid recognition by host plants. Chitin deacetylases might co-131 

localize with CHS to access to nascent chitin substrates. We posit that AFP1 might target chitin 132 
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deacetylases (CDAs) to block the deacetylation of chitin. The U. maydis genome contains 133 

seven cda genes that encode six C-terminal GPI (glycosylphosphatidylinositol) anchored 134 

CDAs and one secreted CDA protein (Cda4). While cda6 is a pseudogene and not expressed11, 135 

all active cda genes were differentially expressed in the axenic culture of SG200 cells (Fig. S3). 136 

Since the deletion of all cda genes is lethal to U. maydis, we initially examined the AFP1-His 137 

localization in a cda sextuple deletion mutant (Δcda2-7) that lacks six out of the seven cda 138 

genes11. Surprisingly, instead of detecting a weak AFP1 accumulation, we observed a more 139 

intense AFP1-His fluorescence in the Δcda2-7 mutant comparing to the parental SG200 cells 140 

(Fig. 1A). Since a significant increase in the expression of the cda1 gene was detected in the 141 

deletion mutants Δcda2-6 and Δcda2-5 (Yanina S. Rizzi, personal communication), the cda1 142 

gene expression might also be upregulated in Δcda2-7 to compensate for the loss of other cda 143 

genes. This prompts us to speculate that the remaining Cda1 could be a potential binding target 144 

of AFP1.  145 

 Since the localization of CDA proteins in U. maydis has not been reported, we next 146 

explored the immunolocalization of the two highly expressed Cda1 and Cda2 proteins in U. 147 

maydis cells. We generated an N-terminal HA-tagged Cda1 protein (HACda1). However, we 148 

failed to immunolocalize HACda1 proteins on the cell surface without permeabilization even 149 

though the protein was detected in cell extracts (Fig. S4), suggesting that the N-terminus of 150 

Cda1 protein might undergo processing before it becomes membrane-anchored. An HA-tag 151 

was then inserted at the amino acid 76 of Cda1 (HA76Cda1), and overexpressed in the cda 152 

quintuple mutant (Δcda1,3-6)11 and cda1 deletion mutant (Δcda1) to avoid the interference of 153 

endogenous Cda1 to compete with HA76Cda1 for the localization. In both backgrounds, 154 

HA76Cda1 fluorescence appeared in speckles at the growing tips and around the cell periphery 155 

of emerging cells but rarely accumulated in the cell periphery of mother cells (Fig. 1B and Fig. 156 

S1B). Occasionally, we also visualized the HA76Cda1 speckles on the cell division zones (Fig. 157 
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1B; Enlarged panels). In filaments of Δcda(1,3-6)-HA76Cda1 strain, the HA76Cda1 158 

fluorescence was also detected on the surface and growing tips of filamentous cells (Fig. S1B), 159 

which was similar to the localization of AFP1-His on filaments of SG200 and Δcda(1,3-6)-160 

HA76Cda1 (Fig. S1A and S1C). In comparison to the HA76Cda1 localization pattern, 161 

HA118Cda2 speckles mainly appeared in the cell periphery of the cda2 deletion mutant that 162 

overexpressed HA118Cda2 proteins (Δcda2-HA118Cda2) (Figure 1B). Additionally, few 163 

HA118Cda2 speckles appeared at the cell tips and cell division zones (Fig. 1B; Enlarged panels). 164 

Further localization analysis of the secreted Cda4 proteins expressed in Δcda(1,3-6)-Cda4HA 165 

strain also revealed that the Cda4HA proteins exclusively localized to the cell periphery (Fig. 166 

1B). These results show that the CDAs display similar localization patterns as the AFP1 in 167 

yeast-like cells and filaments of U. maydis cells. 168 

 169 

Maize AFP1 colocalizes and interacts with U. maydis Cda1 170 

We next examined the possible interaction between AFP1 and Cda1 by analyzing their co-171 

localization. Δcda(1,3-6)-HA76Cda1 cells were subject to immunostaining before being 172 

incubated with the fluorescent probe DyLight550-labeled AFP1-His proteins (AFP1-His550). 173 

We found that the fluorescence of HA76-Cda1 and AFP1-His550 overlapped at bud necks and in 174 

the growing tips of the cells (Fig. 2A). To examine the interaction between AFP1 and Cda1 in 175 

Δcda (1,3-6)-HA76Cda1 cells at suboptical resolutions, we measured acceptor photobleaching 176 

FRET (Fluorescence resonance energy transfer) efficiency25-27 by bleaching the acceptor -177 

AFP1-His550 to eliminate or reduce energy transfer from the donor HA76Cda1, and thereby 178 

yielding an increase in the donor fluorescence (Fig. 2B). The FRET efficiency of HA76Cda1 179 

after bleaching AFP1-His550 increased significantly with an average of 23%, compared to 4% 180 

in the negative control (WGA-AF488, wheat germ agglutinin conjugated to Alexa-Fluor 488 181 

that recognizes chitin). This result suggests that Cda1 could be an AFP1-interacting target in 182 
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the U. maydis.  183 

 184 

AFP1 targets more than one U. maydis chitin deacetylases and reduces CDA activity 185 

The interaction of AFP1 with Cda1 prompted us to investigate whether AFP1 also directly 186 

interacts with other U. maydis CDA proteins. Using yeast-two hybrid (Y2H) assay, we found 187 

that AFP1 interacted with Cda1, 3, 5, and 7 but not with Cda2 and Cda4 even though the 188 

proteins expressed at similar levels (Fig. 3A and Fig. S5A). When adding a competitive 189 

inhibitor 3-AT (3-amino-1, 2, 4-triazole) to increase the stringency of the selection, Cda1 and 190 

Cda7 were the only two targets left in the interaction and AFP1 displayed a stronger interaction 191 

with the Cda1 (Fig. S5B). Furthermore, the CDA domain of Cda1 was sufficient to mediate the 192 

interaction with AFP1 in the Y2H (Fig. S5C). 193 

 The AFP1-CDA interaction was further validated by immobilizing secreted C-terminal 194 

Strep-tagged Cda1, 2, 3, 5, and 7 deleting respective GPI-anchor proteins (CDA-Strep) on 195 

Strep-Tactin agarose beads and followed by incubation with purified AFP1 proteins. 196 

Unexpectedly, the wild-type AFP1-His proteins were pulled down by all CDA-Strep proteins 197 

but not by an unrelated protein control- 1204-Strep (UMAG01204, an U. maydis signal-peptide 198 

containing protein) and the buffer control (Fig. 3B). Notably, the Cda1-AFP1 interaction also 199 

required the mannose-binding ability of AFP1 as the Cda1-Strep could not pull down AFP1*-200 

His proteins (Fig. 3C). To analyze if AFP1 also interacts with the secreted Cda4 proteins 201 

lacking GPI anchor, secreted Cda4HA (C-terminal HA-tagged Cda4) or Cmu1HA (U. maydis 202 

secreted chorismate mutase)28 from culture supernatants of strains Δcda(1,3-6)-Cda4HA or 203 

SG200-Cmu1HA was collected and incubated with the immobilized AFP1-His proteins on Ni-204 

NTA agarose beads. AFP1-His proteins could pull down Cda4HA but not Cmu1HA proteins, 205 

and non-specific binding of Cda4HA proteins to the beads was also not detected (Fig. 3D). 206 

These results indicate that AFP1 could interact with all six U. maydis CDA proteins. Since the 207 
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CDA proteins share a conserved NodB homolog domain11,29, AFP1 likely recognizes the 208 

conserved structural fold of CDA proteins.  209 

 We next studied the impact of AFP1-CDA interaction on the chitin deacetylase activity 210 

by measuring the release of acetate. The Cda1 or Cda2-Strep proteins were immobilized on 211 

beads and incubated with either AFP1 proteins or buffer before adding the substrate GlcNAc5 212 

(A5). The released acetate was significantly reduced when the Cda1-Strep and Cda2-Strep 213 

proteins were incubated with AFP1-His, but not when incubated with AFP1*-His or buffer 214 

control (Fig. 3E). Altogether, the results suggest that AFP1 binds to the CDA proteins and acts 215 

to reduce the deacetylase activity of CDA in a mannose-binding-dependent manner.  216 

 217 

Cda1 and Cda2 but not Cda4 are the substrates of PMT4 218 

Considering AFP1-binding is the mannose-binding dependent, we reasoned that CDAs might 219 

be mannosylated. We thus analyzed the AFP1-binding in a mannosyltransferase deletion 220 

mutant of U. maydis, pmt4, which is defective in early infection-related development30. In the 221 

Δpmt4 strain, the prominent AFP1 fluorescence on the bud necks and scars almost diminished, 222 

whereas the intensity of speckles on the cell periphery became more evident (Fig. 4A and 4B). 223 

These results indicate that the CDAs localized at the cell division zone and the growing tips 224 

require the mannosylation activity of PMT4 and imply that the cell division localized Cda1 and 225 

Cda2 but not the cell-periphery localized Cda4 could be the targets of PMT4. 226 

 We overexpressed HA76Cda1, HA118Cda2, and Cda4HA in SG200 and 227 

the pmt4 deletion mutant strain and examined the migration patterns of the proteins in both 228 

backgrounds (Fig. 4C). Cda1 and Cda2 proteins displayed a smear and faster migration pattern 229 

when expressed in the pmt4 mutant compared to the wild-type SG200 background (Fig. 4C). 230 

In contrast, the migration patterns of the cell-periphery localized Cda4HA in SG200 and 231 

the pmt4 mutant background were similar. The result illustrates that Cda1 and Cda2 but not 232 
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Cda4 are the substrates of PMT4. Further immunolocalization analysis of HA76Cda1 and 233 

HA118Cda2 revealed no difference in the localization patterns of the CDA proteins expressed 234 

in wild-type SG200 and the pmt4 mutant (Fig. S6). Therefore, the deficiency in the PMT4-235 

dependent mannosylation does not alter the localization of Cda1 and Cda2 but reduces the 236 

AFP1-binding. The incomplete abrogate AFP1-binding to cells of the pmt mutant suggests that 237 

either AFP1 binds to the additional CDA targets that are not mannosylated by PMT4, e.g., Cda4. 238 

Or, the decrease in the Cda1/Cda2 mannosylation may significantly reduce but not abolish the 239 

interaction of Cda1/2 and AFP1. The result links the mannose-binding of AFP1 to 240 

mannosylated CDAs. 241 

 242 

AFP1 binds and blocks spore germination by inhibiting cell budding and growth of fungi 243 

Since spores are the likely propagules in which the infections occur in the field and the cda 244 

genes in U. maydis are upregulated and expressed during spore germination11, we hypothesized 245 

that AFP1 can bind U. maydis spores and inhibit its germination. To investigate this, we 246 

examined the AFP1 localization on germinated spores of U. maydis. Asynchronous germinated 247 

spores on agar were harvested and incubated with the AFP1 proteins before immunostaining. 248 

While background noises were found in cell debris and mucilage but not in promycelium of 249 

the AFP1*-His-treated spores (Fig. 5A), the AFP1-His fluorescence was seen at the bulged 250 

regions of spores which presumably are the sites of promycelium emergence (Fig. 5B) and the 251 

base of promycelium where it had protruded from spores (Fig. 5C-D). In addition, the 252 

fluorescence also appeared at the tips of promycelium (Fig. 5E-F) and the regions between two 253 

basidial cells (Fig. 5G-I). The results illustrate that AFP1 binds to germinating spores at distinct 254 

morphological stages during germination, as early as the promycelium first protrusion.  255 

 Owing to asynchronous spore germination and low germination rate in U. maydis31-34, 256 

quantitative inhibitory assays of AFP1 on spore germination is challenging. To dissect the 257 
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inhibitory activity of AFP1 on spore germination, we performed time-lapse live-cell imaging 258 

to monitor the germination process of individual spores in the presence or absence of 259 

DyLight550 labeled AFP1550-His proteins (Fig. 5J). In the absence of AFP1 proteins, most of 260 

the spores remained dormant and only a few promycelium emerged from spores, elongated, 261 

produced basidiospores, and then fell off. The germination process was slow down 5 hours 262 

later and was at a halt in 7 hours after nutrients depleted. The emergence and elongation of 263 

promycelium were detected between 20 minutes and 60 minutes, depending on the germination 264 

stages of spores (Fig. 5J and Fig. S7). Compared to germinated spores with no AFP1550 added, 265 

AFP1550-bound promycelium that showed stronger fluorescence signal was either completely 266 

stopped elongating (Fig. 5J; Upper panel) or the promycelium abandoned the AFP1550-bound 267 

basidial cells and produced a new basidial cell from another side to generate basidiospores and 268 

escaped the inhibitory effect of AFP1. However, this escaping process could delay germination 269 

by one to two hours (Fig. 5J; Lower panel). The results indicate that AFP1 binding could delay 270 

and block spore germination. 271 

 The inhibitory effect of AFP1 in yeast-like cells was also observed (Fig. 5K). Budding 272 

and growth of yeast-like cells were inhibited by the AFP1-His treatment but not by the AFP1*-273 

His treatment where cells continued growing and budding. Therefore, this result reinforces the 274 

antifungal activity of AFP1 towards U. maydis yeast-like cells.   275 

 276 

AFP1 targets pathogenic and non-pathogenic fungi by acting on conserved CDAs 277 

Having shown that AFP1 acts on the U. maydis CDAs to inhibit spore germination and cell 278 

growth, we next asked whether AFP1 also exerts inhibitory effects on other pathogenic and 279 

nonpathogenic fungi. We localized AFP1 proteins on budding yeast Saccharomyces 280 

cerevisiae (Sc) and the maize pathogen Colletotrichum graminicola (CgM2), which increases 281 

virulence in AFP1-silenced plants8. We visualized AFP1 fluorescence on the conidial cell poles 282 
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of CgM2, and the bud sites and the cell division zones of budding yeast, whereas AFP1*-His 283 

fluorescence was not detected in these regions (Fig. 6A). While yeast Sccda1 and cda2 genes 284 

are expressed and required for spore wall assembly35,36, six out of the seven cda genes were 285 

expressed in the CgM2 conidial cells (Fig. S3B). In the Y2H assay, AFP1 interacted with two 286 

of the most highly expressed CgM2 CDAs (GLRG7915 and GLRG386) and with a yeast 287 

ScCda2 (Fig. 6B and 6C). The binding of the AFP1 to budding yeast cells resulted in reduced 288 

cell viability, as evidenced by a significant decrease in the yeast cell numbers when treated with 289 

the AFP1-His proteins. The same reduction in cell viability was not observed in the AFP1*-290 

His-treated yeast cells and mock controls (Fig. 6D). This data is consistent with our previous 291 

finding that the AFP1 exhibits antifungal activity against the U. maydis8. These finding reveals 292 

that AFP1 has the ability to inhibit a wide range of fungi by acting on the conserved fungal 293 

CDA proteins. 294 

 295 

Discussion 296 

In this study, we demonstrate that AFP1 acts on fungal chitin deacetylases (CDAs) to interfere 297 

with the conversion of chitin to chitosan. Given the importance and multifaceted roles of CDAs 298 

in fungal cell growth across developmental stages and virulence11,37-40, AFP1’s action on the 299 

CDAs could be an effective strategy to stop fungal colonization by inhibiting fungal cell growth 300 

and spore germination, activating chitin-triggered plant immunity, and ultimately blocking the 301 

fungal invasion (Fig. 7). To our knowledge, this is the first report revealing the molecular 302 

mechanism of plant CRRSP proteins in plant-pathogen interactions. The maize CRRSP 303 

proteins AFP1 displays inhibitory activities against a wide range of fungi, and counteracts the 304 

strategy used by U. maydis to avoid recognition.   305 

 Mannose-binding defective mutant (AFP1*) proteins diminish the binding ability 306 

supports that mannose-binding is the prerequisite for the localization of AFP1 on the fungal 307 
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cell surface. Together with the subsequent finding of a remarkable reduction in AFP1-binding 308 

to the bud tips/necks in the Δpmt4 cells where the mannosylated Cda1 and Cda2 localize 309 

provide a direct link between mannose-binding property of AFP1 and mannosylated CDA 310 

proteins. We envisage that AFP1 could bind to the cell periphery-localized mannosylated CDAs, 311 

e.g., Cda4 and Cda2 and GPI-anchored mannosylated CDAs. But, how AFP1 proteins bypass 312 

the multilayers of cell walls to reach the GPI-anchored CDAs on the plasma membrane. We 313 

anticipated that the CDA-located sites, i.e. cell division, cell poles and hyphal tips are actively 314 

growing regions not well covered by cell-wall components, which might expose GPI-anchored 315 

CDA proteins and facilitate the access of AFP1 to the targets.   316 

 PMT forms a heterodimer or homodimer in Saccharomyces cerevisiae41. We consider 317 

that three PMTs in Ustilago maydis likely form a dimer complex to mannosylated their CDA 318 

substrates. The smear migration pattern of Cda1/Cda2 in the pmt4 mutant background could 319 

indicate the mannosylation of the proteins by other PMTs (Fig. 4C). PMT1 and PMT2 could 320 

also participate in the mannosylation of Cda1, Cda2, and Cda4. At present, we do not know in 321 

addition to Cda1 and Cda2 whether other CDAs could also occupy the bud tips/necks and are 322 

mannosylated by PMT4. We speculate that Cda7 could be another potential substrate of PMT4 323 

since PMT4 is essential for pathogenesis, and the single deletion of cda7 reduced fungal 324 

virulence 11. Although the Cda1/2 localization does not alter in the pmt4 mutant, we could not 325 

conclude that the mannosylation of CDA plays no role in the protein localization. A partial 326 

mannosylation in Cda1/2 reduces the interaction with AFP1 but may be sufficient to mediate 327 

the protein localization. Due to the essential role of PMT2 in fungal viability30, we could not 328 

delete all pmt genes to study the functionality of mannosylation in CDA localization and 329 

understand the PMT-CDA specificity. However, we provide the evidence to support that the 330 

mannose-binding of AFP1 and the PMT-dependent mannosylated CDAs are coupled (Fig. 3C 331 

and Fig. 4).  332 
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 In view of the AFP1 interaction with all CDAs in Ustilago maydis and other fungal 333 

CDAs but not chitinases (CTS) and chitin synthases (CHS) that are putative mannosylated 334 

proteins (as predicted by NetOGlyc Server, unpublished analysis), the mannose-binding 335 

property of AFP1 appears not to play a role in target selection. The CDA domain of Cda1 is 336 

sufficient in mediating the AFP1-Cda1 interaction suggesting that AFP1 likely recognizes the 337 

conserved distorted (β/α)8-barrel structure of NodB homologous domain-containing active 338 

catalytic sites of CDAs shared by the Carbohydrate Esterase family 4 (CE4) members. 339 

According to the phylogenetic analysis of CDAs in the CE4 family, bacterial CDAs and CODs 340 

(chitin oligosaccharide deacetylases) are clustered into a different clade and placed at a more 341 

related distance to the fungal CDAs42. Whether the AFP1 inhibitory could extend to bacterial 342 

species will be worth investigating. Based on the observation that AFP1 exhibited the strongest 343 

interaction with the Cda1 in the Y2H assay, we reason that AFP1 might have different affinities 344 

for each CDA target. The various degrees of mannosylation on CDAs might determine the 345 

AFP1-CDA interaction affinity. Alternatively, a specific mannosylation pattern by a different 346 

combination of PMT dimers may contribute to the interaction affinity. 347 

 Although the interaction of CDA proteins with any fungal membrane-associated 348 

proteins has not been reported elsewhere, the localization patterns of CHS23,43 and CDAs are 349 

similar in U. maydis yeast-like cells. It is tempting to hypothesize that CDAs interact with 350 

chitin synthases (CHS) to access de novo nascent chitin substrates and effectively convert them. 351 

If this hypothesis holds true, AFP1 targeting on the CDAs might also have an additional 352 

negative impact on the interaction between CDAs and CHS, therefore blocking the CDA access 353 

to chitin. In the future, it would be interesting to investigate the biological roles of 354 

mannosylation on the biophysical properties of CDAs in terms of protein distribution, enzyme 355 

activity, and interaction with fungal cell wall proteins.  356 

 Our maize AFP1 study provides molecular insights into the understanding of the 357 
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antifungal mechanisms of plant CRRSP proteins. The finding that AFP1 targets conserved 358 

fungal CDAs and displays antagonistic effects against several fungi tested makes its high 359 

potential to be developed into an antifungal agent in controlling fungal diseases to reduce 360 

threats posed by the fungal kingdom.     361 

 362 

Methods 363 

Strain construction and growth conditions. The haploid solopathogenic Ustilago maydis 364 

SG200 strain was used as a reference strain in this study44,45. Strains used and generated in this 365 

study are listed in Supplementary Table 1. Plasmid construction using either Gibson Assembly 366 

or standard cloning methods as described in Supplementary Table 2. Primers used in each 367 

generated plasmid are listed in Supplementary Table 3. A PCR-based approach was used to 368 

generate mutants46. For gene integration into the ip locus or mig2-6 locus, plasmids containing 369 

a carboxin resistant ip allele (ipR)47 or a mig2-6 allele were linearized with the restriction 370 

enzymes SspI or AgeI or EcoN1 and subsequently inserted via homologous recombination. 371 

Transformation of U. maydis and genomic DNA isolation were performed as described. 372 

Positive U. maydis transformants were verified by Southern blot analysis. 373 

 U. maydis strains were grown at 28 °C in a liquid YEPSL medium (0.4% yeast extract, 374 

0.4% peptone, and 2% sucrose) and on potato dextrose agar (PDA; 2.4% potato dextrose broth 375 

and 2% agar). Yeast cells were grown on YPD agar (BD Difco, USA) at 28 °C and C. 376 

graminicola CgM2 was grown on oatmeal agar (BD Difco, USA) with continuous exposure to 377 

daylight at room temperature.  378 

 379 

Gene expression analysis. SG200 cell pellet was collected after cell grown in liquid YESPL 380 

medium reached an OD600 of 0.6. C. graminicola (CgM2) conidial cells were harvested from 381 

oatmeal agar plates. The cell pellet was washed with sterilized water and frozen in liquid 382 
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nitrogen. Total RNA extracted using TRIzol (Invitrogen) was subject to DNase-treatment 383 

(Promega; Cat#M6101) according to the manufacturer’s recommendation. The cDNA 384 

preparation and quantitated RT-PCR analysis were performed as described previously 8. The 385 

expression of U. maydis ppi (peptidyl-prolyl isomerase) was used for normalization. To analyze 386 

CgM2 cda gene expression using semiquantitative RT-PCR, the actin gene expression was used 387 

for normalization. PCR amplification was programmed as follows: 95°C for 25 sec, 60°C for 388 

25 sec, and 72°C for 45 sec. After 33 cycles for cda amplification and 28 cycles for actin, PCR 389 

reactions were further incubated at 72°C for 3 min and then chilled at 10°C. Gel images were 390 

acquired using the Molecular Imager Gel Doc XR+ system (Bio-RAD) and densitometric 391 

analysis was performed using ImageJ48. 392 

 393 

Immunolocalization of AFP1 and CDA. The purification of AFP1 proteins from Nicotiana 394 

benthamiana was performed as described 8. To visualize the localization of AFP1-His on yeast-395 

like cells, a final volume of 200 µl of 1x PBS buffer (pH 7.2) containing 4 µg AFP1-His 396 

proteins and 1 OD of cells (pre-washed with MES buffer) was incubated for 4 hours at 28 ℃. 397 

To visualize AFP1-His localization on germinated spores of FB1xFB2, spores were collected 398 

from infected maize leaves and allowed to germinate on PD agar containing 150 μg/ml 399 

ampicillin and 35 μg/ml chloramphenicol at 28°C as described34. Germinated spores on PD 400 

agar were removed, washed, and incubated with 20 µg AFP1-His proteins in a final volume of 401 

200 µl for 4 hours at 28 ℃. The cells/spores were washed with PBS buffer before being 402 

subjected to the immunostaining using the primary anti-His antibody and Alexa Fluor 488 403 

(AF488)-conjugated secondary antibody as described8.   404 

To visualize the localization of HA-tagged CDA proteins, yeast-like cells were pre-washed 405 

before being subjected to immunostaining using primary anti-HA antibody and Alexa Fluor 406 

488 (AF488)-conjugated secondary antibody8 in 10mM MES buffer (pH5.5). To visualize the 407 
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protein localization on filaments of U. maydis, cells were induced using hydroxyl fatty acid on 408 

parafilm as described8 and followed by either an initiated incubation with AFP1-His proteins 409 

as described above or directly subjected to immunostaining. AF488 fluorescence was excited 410 

at 488 nm and subsequently detected at 500-540 nm using Axio Observer fluorescence 411 

microscope equipped with Axiocam 702 Monochrome camera (ZEISS, Germany). Images 412 

were processed using ZEN 3.2 imaging software (ZEISS).  413 

 414 

Co-localization and Acceptor photobleaching. The fluorescence-labeled AFP1-His proteins 415 

were prepared according to the manufacturer's instruction of the DyLight 550 Antibody 416 

Labeling kit (Thermo Fisher; Cat#84530). One OD600 of cells washed with MES buffer was 417 

subjected to immunostaining using the primary anti-HA antibody and AF488-conjugated 418 

secondary antibody or wheat germ agglutinin conjugated antibody (WGA-A488; Molecular 419 

Probes, Karlsruhe, Germany) to localize CDA proteins or chitin respectively. The 420 

immunostained cells or WGA-488 stained cells were washed with MES buffer, followed by 421 

adding 4 µg of DyLight 550 labeled AFP1-His proteins (AFP1550) to a final volume of 200 µl, 422 

and then continued the incubation at room temperature for 4 hours. The AFP1550-treated cells 423 

were washed and visualized using epi-fluorescence microscopy. 424 

 Acceptor photobleaching measurements were performed using a confocal microscope 425 

(ZEISS LSM880). The donor (AF488) channel was excited at 488 nm and detected through a 426 

500-540 nm emission filter. The acceptor (DyLight 550) channel was excited at 561 nm and 427 

detected through a 580-630 nm emission filter. The images in the donor and acceptor channels 428 

were acquired before and following acceptor fluorescent bleaching. Regions of interest (ROI) 429 

that overlap with the donor-acceptor fluorescence were selected for photo-destruction by 430 

applying 100% laser power at a wavelength of 561 nm for 120 iterations. Evaluation of images 431 

was analyzed using the ZEN 3.0 software. The FRET efficiency was calculated according EFRET 432 
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= (IDonor(post)- IDonor(pre))/IDonor(post) where IDonor(pre) and IDonor(post) are the donor fluorescence 433 

intensities prior to and following photo-destruction of the acceptor.  434 

 435 

Live cell time lapse imaging. Spores germinated on PD agar were harvested, incubated with 436 

0.1 µg/µl AFP1-His550 proteins in 1x PBS buffer for 4 hours, and mixed with agar to a final 437 

concentration of 2% which containing 2% PD medium before being spotted on a chambered 438 

coverslip (Ibidi, Catalog #: 80827). Image series were acquired using Olympus DeltaVision 439 

Core microscope system with a 63x water immersion objective. Frame time was set at 10 min 440 

and a total of 42 frames were acquired. For monitoring AFP1 inhibitory on yeast-like cells, 441 

SG200 cells (OD600 = 0.002) were incubated with AFP1-His proteins for 4 hours at room 442 

temperature before being spotted on a chambered coverslip to acquire images. Frame time was 443 

set at 5 min and a total of 85 frames was acquired in a 7-hour duration.  444 

 445 

CDA activity assay. Cells expressing secreted CDA-Strep proteins were cultured in YEPSL 446 

liquid medium until OD600 reached 0.6.  A total 75 ml culture supernatant was concentrated and 447 

exchanged with buffer W using 10 kD cutoff centrifugal filters (Sartorius, Germany).  A 50 µl 448 

of Strep-Tactin®XT agarose beads were added to the concentrated sample in a final volume of 449 

1 ml containing 1x protease inhibitor cocktail and incubated overnight at 4 ℃. The beads were 450 

washed with 50 mM TEA (Triethanolamine) buffer (pH 8) and aliquoted evenly into three tubes 451 

before 10 µg of AFP1-His, AFP1*-His, or TEA buffer was added to a final volume of 350 µl. 452 

The incubation was carried out at room temperature for 4 hours and followed by adding 453 

GlcNAc5 (A5; Megazyme Cat# O-CHI5) to a final concentration of 0.625 mg/ml and continued 454 

the incubation at 37 ℃ for 16 hours. The reaction mixture was centrifuged. The release of 455 

acetate in the supernatant was measured by following the manufacturer’s instruction of the 456 

Acetic Acid Test Kit (R Biopharm Inc. Cat#10148261035).  457 
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 458 

Pull down assay.  Cells expressing secreted Strep-tag Cda proteins were grown to OD600 of 459 

0.6 at 28 oC. The 50 ml culture supernatant containing Strep-tagged CDA proteins was 460 

concentrated to 1 ml and exchanged to buffer W (100 mM Tris/HCl, 150 mM NaCl, 1 mM 461 

EDTA, pH 8) using 10 kD cutoff centrifugal filters (Sartorius, Germany) before being 462 

incubated with 25 µl of Strep-Tactin®XT agarose beads (IBA Lifesciences, Germany) 463 

overnight at 4 oC in presence of protease inhibitor cocktail (Roche, Switzerland). The beads 464 

were washed with buffer W, and incubated with 0.1 µg AFP1-His proteins in a final volume of 465 

500 µl binding buffer (100 mM Tris/HCl, 0.3 M NaCl, 1 mM EDTA, 0.05% NP-40, 1x protease 466 

inhibitor cocktail, pH 8) at 4 oC for 2 hours, and then washed with binding buffer.  The bound 467 

proteins were removed by boiling in sample buffer and subjected to immunoblotting analysis 468 

using mouse monoclonal anti-6xHis (Yao-Hong Biotech. Inc., TW) and Strep-tagII (IBA 469 

Lifesciences, Germany) primary antibodies and the goat anti-mouse IgG-HRP-conjugated 470 

secondary antibody (Thermo Scientific, USA). For the interaction of Cda4-AFP1, 0.2 µg of 471 

AFP1-His proteins was incubated with 20 µl Ni-NTA agarose beads (Qiagen, Germany) in 472 

buffer (25 mM Tris-Cl, 0.15 M NaCl, 10 mM Imidazole, pH 7.5) for 1 hour at 4 oC. The beads 473 

were washed with the same buffer, incubated with the concentrated culture supernatant 474 

containing Cda4HA in buffer (25 mM Tris-Cl, 0.3 M NaCl, 0.1% NP-40, 10 mM Imidazole, 475 

pH 7.5) at 4 oC for 2 hours. The beads were washed and boiled in a sample buffer to remove 476 

the bound proteins for the immunoblotting analysis using mouse monoclonal anti-HA and anti-477 

6xHis antibodies (Yao-Hong Biotech. Inc., TW).   478 

 479 

Yeast two-hybrid assay. Yeast two-hybrid assays were performed as described49. Yeast 480 

(AH109) transformants containing the desired plasmids were screened on a selective dropout 481 

(SD) medium lacking tryptophan (W) and leucine (L) (Clontech). Protein interactions were 482 
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assessed on SD selection medium lacking LW, histidine (H), and Adenine (A) or lacking LWH 483 

and containing 3-amino-1, 2, 4-triazole (3-AT) after three to five days incubation at 28 °C. To 484 

detect the expression of proteins in yeast transformants, one OD600 of yeast cells was lysed in 485 

a buffer containing 1% β-mercaptoethanol and 0.25 M NaOH. The supernatant fraction was 486 

TCA-precipitated and then centrifuged. The protein pellet was dissolved in HU-buffer (100 487 

mM Tris-Cl pH 6.8, 8 M urea, 5% SDS, 0.1 mM EDTA, and 0.1% bromophenol blue) and 488 

analyzed by immunoblotting.  489 

 490 

Yeast growth inhibition assay. For the yeast growth inhibition assay, a 100 µl final volume 491 

of a reaction containing yeast cells BY4742 (OD600 =0.001) and 20 µg AFP1 proteins were 492 

incubated at 28°C for 4 hours in 10mM MES buffer (pH5.5). The cells were serial-diluted, 493 

spread on YPD plates (3 plates per each dilution), and incubated at 28°C for two days until 494 

colonies appeared. Colony numbers were then manually counted.  495 

 496 
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Fig. 1. AFP1 and U. maydis CDAs display similar localization patterns. (A) Yeast-like cells of 
indicated strains were incubated with either AFP1-His or AFP1*-His (defects in mannose-
binding) proteins and followed by immunostaining with an anti-His antibody and an AF488-
conjugated secondary antibody. Bars, 20 μm. (B) Cells expressing HA-tagged CDA proteins 
under constitutive promoter otef in indicated deletion strains were subjected to 
immunostaining using anti-HA antibody and an AF488-conjugated secondary antibody to 
localize CDA proteins. White arrows indicate cells enlarged in right panels. Bars, 20 μm. 
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Fig. 2. The co-localization of Cda1 and AFP1. Cells of Δcda(1,3-6)-HA76cda1 strain were 
immunostained to localize HA76cda1 (A, B) or stained with WGA-AF488 to locate chitin 
(B) before incubation with DyLight 550 labeled AFP1-His proteins (AFP1550) and 
visualized the fluorescence by confocal microscopy. (B) FRET efficiency was calculated 
using the indicated equation. Number of spots from three biological replicates used in the 
analysis as indicated above column. Values represent mean ± standard deviation. 
Representative images of cells showing fluorescence of AFP1550 and HA76Cda1/WGA-
AF488 were taken and measured before and after the photobleaching of acceptor 
AFP1550 (middle panel). Cell images with overlapped fluorescence of HA76Cda1 or WGA-
AF488 and AFP1550 and the signal intensity in overlapping regions are shown (right 
panel). 
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Fig. 3. AFP1 acts on CDA proteins to interfere chitin deacetylase activity.  (A) Yeast two-
hybrid assay to detect interaction of AFP1 and CDA proteins. Yeast cells with indicated 
plasmids were grown on SD/-Leu/-Trp (LW) and SD/-Leu/-Trp/-His/-Ade (LWHA) plates 
for 3 days. Self-interaction of chorismate mutase (Cmu1) was served as the positive 
control and AD-AFP1/BD as negative control. Similar results were observed in at least 
two independent experiments. (B-C) In vitro pull down assay of CDA-Strep and AFP1 
proteins. Indicated C-terminal Strep-tagged CDA or 1204 (U. maydis secreted proteins; 
unrelated protein control) proteins were immobilized on Strep-Tactin agarose beads and 
served as baits to pull down AFP1-His or AFP1*-His proteins. (D) AFP1-His proteins were 
immobilized on Ni-NTA agarose beads and incubated with C-terminal HA-tagged Cda4 
and Cmu1 (negative control). (E) Enzyme activity of Cda1 and Cda2 in presence of 
AFP1-His and AFP1*-His. Cda1-Strep and Cda2-Strep proteins immobilized on Strep-
Tactin agarose beads were treated with or without AFP1 proteins before incubated with 
GlcNAc5 (A5) substrates. Data given represent the mean ± SD values of the results from 
three independent experiments. Immunoblots showing similar amount of proteins in each 
reaction and could be detected after incubation (lower panel). Asterisks indicate 
significant differences of CDA activity in respective reaction compared with buffer control 
(-) determined by a two-tailed Student’s t-test. P values are shown. 
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Fig. 4. Pmt4 mannosylates Cda1 and Cda2. (A) Yeast-like cells of indicated strains were 
incubated with AFP1-His and followed by immunostaining with an anti-His antibody and an 
AF488-conjugated secondary antibody. Bars, 20 μm. Arrows indicate the bud neck/cell pole 
localization of AFP1. (B) Total number of cells (n) from three biological replicates in 
experiment a as indicated at above each column was analyzed. The percentage of cells with 
AFP1 binding at bud necks/cell poles was calculated. Values represent mean ± sd of three 
biological replicates. Arrows indicate AFP1 fluorescence on cell pole /bud neck of cells of 
Δpmt4 strain. (C) PMT4 mannosylates Cda1 and Cda2. HA76Cda1 and HA118Cda2 were 
overexpressed in either SG200 or Δpmt4 strains. The total protein extracts collected from the 
cell pellet of indicated strain were treated with (+) or without (-) deglycosylation enzyme mix 
(NEB Cat# P6039) according to the manufacturer’s protocol, and the glycosylation pattern of 
CDA proteins were analyzed by immunoblotting using anti-HA antibody. (D) 
Immunolocalization of HA76Cda and HA118Cda2 overexpressed in indicated strains. Bars, 20 
μm. 
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Fig. 5. AFP1 inhibits spore germination, cell budding and the growth of budding cells. U. 
maydis FB1x FB2 germinated spores and SG200 yeast-like cells were treated with AFP1-
His and AFP1*-His proteins in agar or liquid medium containing 2% nutrients. Bars,10 
μm. (A-I) AFP1-treated germinated spores were immunostained with an anti-His antibody 
and an AF488-conjugated secondary antibody to visualize AFP1 fluorescence. j, Images 
of germinated spores with or without AFP1550 added were acquired at indicated time 
points. Yellow arrows in two Z-stack images indicate AFP1550-His binding sites on the 
germinated spore. (K) Images of AFP1-treated SG200 yeast-like cells were acquired at 
indicated time points. White arrows track the growth of cells over time in medium with 
AFP1-His or AFP1*-His proteins added. 
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Fig. 6. AFP1 acts on CDA of pathogenic and non-pathogenic fungi to affect cell survival. 
(A) C. graminicola and S. cerevisiae cells were treated with AFP1-His and AFP1*-His 
proteins, and followed by immunostaining. Bars:10 μm. (B-C) Yeast two-hybrid assays to 
detect interaction of AFP1 and CDA proteins of C. graminicola (B) or S. cerevisiae (C). 
Yeast transformants containing indicated plasmids were grown on SD/-Leu/-Trp (LW) for 
growth control and on a SD/-Leu/-Trp/-His/-Ade (LWHA) or LWH plates containing 10 mM 
of 3AT (3-amino-1,2,4-triazole) to assess protein interaction. Self-interaction of 
chorismate mutase (Cmu1) was served as positive control, and AD-AFP1/BD and 
AD/BD-CDA were used as negative controls. Similar results were observed in two 
independent experiments. Sc: S. cerevisiae. (D) S. cerevisiae cells incubated with AFP1-
His, AFP1*-His and mock (buffer) for 4 hours, serial diluted, and plated on YPAD agars. 
Colony forming units (CFUs) of yeast cells plating on agar plates were quantified. Values 
represent mean ± sd of three biological replicates. ***p < 0.001 indicates significant 
differences compared to the CFUs in mock determined by a two-tailed Student’s t-test.
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Fig.7. Antifungal action mode of AFP1. Upon pathogen invasion, plants deliver 
AFP1 proteins to the apoplast to stop the fungal colonization. It interferes with 
conserved fungal CDA proteins by blocking the conversion of chitin to chitosan, 
which is necessary for fungal cell development and virulence11. By acting on fungal 
CDAs, AFP1 could prevent spore germination, stop cell budding, and inhibit fungal 
growth, ultimately leading to fungal cell death and stopping the fungal invasion.
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A

B

Fig. S1. Immunostaining of AFP1 and Cda1 in U. maydis cells. (A) Filaments of SG200 
induced by hydroxyl fatty acids on hydrophobic surface were treated with AFP1-His 
and AFP1*-His proteins, and followed by immunostaining with an anti-His antibody and 
an AF488-conjugated secondary antibody. Bars, 20 μm. (B) Yeast-like cells and 
filaments of Δcda(1,3-6):HA76Cda1 strain which constitutively expressed HA76Cda1 
proteins under promoter otef in Δcda(1,3-6) deletion mutant were subject to 
immunostaining using an anti-HA antibody and an AF488-conjugated secondary 
antibody. (C) Filaments of Δcda(1,3-6):HA76Cda1 strain treated with AFP1-His proteins 
before subjected to immunostaining using an anti-His antibody and an AF488-
conjugated secondary antibody. Bars, 20 μm. Arrow heads indicate AFP1-His or 
HA76Cda1 fluorescence on hyphal tips.

C
Δcda(1,3-6):HA76Cda1

AF488                                                    
 

Merged

   Yeast-like cells            Filaments                                                    Filaments

Δcda(1,3-6):HA76Cda1 
+ AFP1-His

AF488                                                    
 

DIC

AFP1*-His

AF488                                                    
 

Merged

AFP1-His

SG200 filaments

.CC-BY 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted November 19, 2021. ; https://doi.org/10.1101/2021.11.02.466889doi: bioRxiv preprint 

https://doi.org/10.1101/2021.11.02.466889
http://creativecommons.org/licenses/by/4.0/


Fig. S2. Yeast-two hybrid analysis of AFP1- CHS (chitin synthases) and AFP1-CTS 
(chitinase) interactions. Yeast two-hybrid assay to detect interaction of AFP1 and 
CHS/CTS proteins. Yeast cells containing the indicated plasmids were grown on SD/-
Leu/-Trp (LW) and SD/-Leu/-Trp/-His/-Ade (LWHA) plates for 2-3 days. Self-interaction of 
chorismate mutase (Cmu1) was served as the positive control and AD-AFP1/BD and BD-
AFP1/AD and BD/CHS as negative controls. Similar results were observed in at least two 
independent experiments. 
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Fig. S3. cda gene expression of U. maydis and C. graminicola. (A) Total RNA was extracted 
from SG200 cells grown in YEPSL liquid medium and subjected to quantitative RT-PCR. 
Expression levels of U. maydis cda gene were normalized relative to the constitutively 
expressed peptidyl-prolyl isomerase (ppi). Three biological replicates were analyzed. Values 
represent mean ± sd. Right panel showed the schematic drawings of CDA proteins with 
indicated signal peptides (grey boxes) and predicted GPI anchors (black boxes). a. a., amino 
acids. (B) Total RNA was extracted from C. graminicola conidial cells grown on agar plates and 
subjected to semi-quantitative RT-PCR. Values were obtained by quantified intensities of PCR 
bands in the right panel using ImageJ software, and were normalized relative to the 
constitutively expressed actin gene. Data represent mean ± sd of the three biological replicates 
shown in right panel. 
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Fig. S4.  Immunoblot analysis of HA-tagged CDA protein expression. HA-tagged CDA proteins 
were expressed under constitutive promoter otef in the indicated deletion mutants. The 
indicated strains grown in YEPSL liquid medium to OD600 of 0.6-0.7 were harvested and 
adjusted to OD600 of 20. Proteins from cell pellets were prepared and subjected to immunoblot 
analysis using anti-HA or anti tubulin antibodies as indicated. 
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Fig. S5. Yeast-two hybrid analysis of AFP1-CDA interaction. (A) Immunoblot analysis of 
CDA and AFP1 protein expression in yeast transformants. Yeast cells containing 
indicated plasmids were grown in YPD liquid medium until OD600 of 0.7-0.8. One OD of 
cell pellet was collected, lysed, and TCA precipitated and analyzed by immunoblots using 
indicated antibodies. Two independent clones were selected for analysis. (B, C) Y2H 
assay to detect interaction of AFP1 with (B) CDA proteins and (C) CDA domain of Cda1 
protein. Yeast cells with indicated plasmids were grown on SD-LW and SD-LWHA or SD-
LWH containing 1mM of 3AT plates for 3 days. Self-interaction of chorismate mutase 
(Cmu1) was served as the positive control. Similar results were observed in at least two 
independent experiments. 
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SG200

pmt4

HA76Cda1                                                HA118Cda2

Fig. S6. Immunolocalization of HA76Cda and HA118Cda2. Cells expressing HA-tagged CDA 
proteins under constitutive promoter otef in indicated strains were subjected to 
immunostaining using anti-HA antibody and an AF488-conjugated secondary antibody to 
localize CDA proteins. Bars, 20 μm. (Right) Wild-type SG200 cells subjected to 
immunostaining using anti-HA antibody and AF488-conjugated secondary antibody was 
served as negative control. 
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t=0                         1h                            2h                            3h                         4h                          7 hr

Germinated 
spores 

Fig. S7. Spore germination in absence of AFP1 proteins. U. maydis FB1x FB2 
germinated spores in agar containing 2% PD medium. Bars,10 μm. Images of 
germinated spores without AFP1 proteins added were acquired at indicated time 
points. White arrows track emergence of promycelium over incubation time.
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Supplementary Table 1: Strains used in this study 
Strain Genotype Resistance* References 
SG200 a1 mfa2 bW2 bE1, ble; P 1 
SG200∆pmt4 a1 mfa2 bW2 bE1, ble; umag05433(pmt4)::cbx P, C 2 
SG200∆cda2,3,4,5,6em,Δ7  a1 mfa2 bW2 bE1, ble; cda2Δ121 - 134; cda3Δ21 - 28; 

cda4Δ146 - 155; cda5 Δ101 -113; cda6 Δ74 - 83; 
umag02381(cda7)::hyg 

P, HY 3 

SG200∆cda1,3,4,5,6 em a1 mfa2 bW2 bE1, ble; cda1Δ121-127; cda3Δ21-28; 
cda4Δ146-155; cda5Δ101-113; cda6Δ74-83  

P 3 
SG200_Potef -cmu1HA a1 mfa2 bW2 bE1, ble; ipr[Potef-cmu1-HA]ips  P, C 4 
SG200∆cda1 a1 mfa2 bW2 bE1, ble; umag00638(cda1)::hyg P, HY This work 

SG200∆cda2 a1 mfa2 bW2 bE1, ble; umag01143(cda2)::hyg P, HY This work 
SG200∆cda1_Potef-HA76cda1 a1 mfa2 bW2 bE1, ble; cda1::hyg; ipR[Potef-HA76cda1]ipS P, HY, C This work 
SG200∆cda2_ Potef-HA118cda2 a1 mfa2 bW2 bE1, ble; cda2::hyg; ipR[Potef-HA118cda2]ipS P, HY, C This work 
SG200∆cda1,3,4,5,6em   
Potef -HAcda1 

a1 mfa2 bW2 bE1, ble; cda1Δ121-127; cda3Δ21-28; 
cda4Δ146-155; cda5Δ101-113; cda6Δ74-83;  
ipR[Potef -HAcda1]ipS; 

P, C This work 

SG200∆cda1,3,4,5,6 em   
Potef -HA76cda1 

a1 mfa2 bW2 bE1, ble; cda1Δ121-127; cda3Δ21-28; 
cda4Δ146-155; cda5Δ101-113; cda6Δ74-83;  
ipR[Potef -HA76cda1]ipS; 

P, C This work 

SG200∆cda1,3,4,5,6em    
Pact-cda1-Strep(ΔGPI) 

a1 mfa2 bW2 bE1, ble; cda1Δ121-127; cda3Δ21-28; 
cda4Δ146-155; cda5Δ101-113; cda6Δ74-83; 
ipR[Pact-cda1-Strep(ΔGPI)]ipS; 

P, C This work 

SG200∆cda 2,3,4,5,6 em,Δ7  
Pact-cda2-Strep(ΔGPI) 

a1 mfa2 bW2 bE1, ble; cda2Δ121-134; cda3Δ21-28; 
cda4Δ146-155; cda5 Δ101-113; cda6 Δ74-83; cda7::hyg; 
ipR[Pact-cda2-Strep(ΔGPI)]ipS; 

P, HY, C This work 

SG200∆cda1,3,4,5,6 em   
Pact-cda3-Strep(ΔGPI) 

a1 mfa2 bW2 bE1, ble; cda1Δ121-127; cda3Δ21-28; 
cda4Δ146-155; cda5Δ101-113; cda6Δ74-83; 
ipR[Pact-cda3-Strep(ΔGPI)]ipS; 

P, C This work 

SG20∆cda1,3,4,5,6 em   
Potef -cda5-Strep(ΔGPI) 

a1 mfa2 bW2 bE1, ble; cda1Δ121-127; cda3Δ21-28; 
cda4Δ146-155; cda5Δ101-113; cda6Δ74-83; 
ipR[Potef-cda5-Strep(ΔGPI)]ipS; 

P, C This work 

SG200∆cda2,3,4,5,6 em,Δ7   
Potef -cda7-Strep(ΔGPI) 

a1 mfa2 bW2 bE1, ble; cda2Δ121-134; cda3Δ21-28; 
cda4Δ146-155; cda5 Δ101-113; cda6 Δ74-83;cda7:: hyg; 
ipR[Potef-cda7-Strep(ΔGPI)]ipS; 

P, HY, C This work 

SG200∆cda1,3,4,5,6em 
Pcda4-cda4HA 

a1 mfa2 bW2 bE1, ble; cda1Δ121-127; cda3Δ21-28; 
cda4Δ146-155; cda5Δ101-113; cda6Δ74-83; 
ipR[Pcda4-cda4HA]ipS; 

P, C This work  

SG200∆pmt4 
Potef -HA76cda1(mig2-6 locus) 

a1 mfa2 bW2 bE1, ble; um05433::cbx; [Potef - 
HA76cda1]mig2-6; 

P, C, G This work 

SG200∆pmt4 
Potef-HA118cda2 

a1 mfa2 bW2 bE1, ble; um05433::cbx; [Potef - 
HA118cda2]mig2-6; 

P, C, G This work 

SG200∆pmt4 
Potef-cda4HA 

a1 mfa2 bW2 bE1, ble; um05433::cbx; [Potef - 
cda4HA]mig2-6; 

P, C, G This work 

SG200 
Potef -HA76cda1 

a1 mfa2 bW2 bE1, ble; ipR[Potef- HA76cda1] ipS; P, C This work 

SG200 
Potef-HA118cda2 

a1 mfa2 bW2 bE1, ble; ipR[Potef- HA118cda2] ipS; P, C This work 

SG200 
Potef-cda4HA 

a1 mfa2 bW2 bE1, ble; ipR[Potef- cda4HA] ipS; P, C This work 

* Phleomycin (P), Hygromycin (HY), Carboxin (C), Geneticin (G) 
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Supplementary Table 2: Plasmids used in this study 

Plasmids Description Reference 
p123 Plasmid containing the gfp gene controlled by constitutive promoter otef, nos 

terminator, the U. maydis carboxin resistant ip allele (ipR), and ampicillin resistance 
gene. This plasmid served as backbone to insert gene of interest ectopically into the 
U. maydis ip locus. 

5 

pHwtFRT Plasmid containing the hygromycin resistance cassette (HygR). 6 
pJET-cda1KO The left and right borders of cda1 gene were amplified from SG200 gDNA using the 

primer pairs #608/609 and #610/611. The hygromycin resistance cassette was 
obtained from SfiI digestion of pHwtFRT. The three DNA fragments were merged 
with the EcoRV digested pJET plasmid via Gibson assembly. 

This study 

pJET-cda2KO The left and right borders of cda2 gene were amplified from SG200 gDNA using the 
primer pairs #612/613 and #614/615. The hygromycin resistance cassette was 
obtained from SfiI digestion of pHwtFRT. The three DNA fragments were merged 
with the EcoRV digested pJET plasmid via Gibson assembly. 

This study 

Pact-mcherry p123-derived plasmid containing the mcherry gene under the control of the actin 
promoter (UMAG_11232).  

7 
Potef-vp1HA p123-derived plasmid used in constitutively expressing secreted Vp1HA in U. maydis 8 
Potef-CAP-strep A PCR fragment amplified using the primer pairs #102/65 from SG200 gDNA was 

digested with XmaI/XbaI and ligated into with the XmaI/XbaI digested Pact-
cda2strep (ΔGPI). 

This study 

Pact-cda1-strep (ΔGPI) 
 

Two PCR fragments amplified using the primer pairs #409/410 from SG200 gDNA 
and #76/411 from p123 plasmid, were merged with the NcoI/EcoRV digested Pact-
mcherry via Gibson assembly.  

This study 

Pact-cda2-strep (ΔGPI) A XmaI/XbaI digested PCR fragment containing cda2 gene amplified using the 
primer pairs #453/454 from SG200 gDNA and a XbaI/EcoRV digested fragment 
containing strepII from Pact-cda1strep (ΔGPI) were ligated with XmaI/EcoRV 
digested Pact-mcherry vector.  

This study 

Pact-cda3-strep (ΔGPI) A XmaI/XbaI digested PCR fragment amplified from SG200 gDNA with the primer 
pairs #455/456 was ligated with the XmaI/XbaI digested Pact-cda2strep (ΔGPI) 
plasmid. 

This study 

Potef-cda5-strep (ΔGPI) A XmaI/XbaI digested PCR fragment amplified from SG200 gDNA using primer 
pair #436/473 and a XbaI/EcoRV digested fragment from Pact-cda2strep (ΔGPI) 
were ligated with the XmaI/EcoRV digested p123 plasmid. 

This study 

Potef-cda7-strep (ΔGPI) A XmaI/XbaI digested PCR fragment amplified from SG200 gDNA using primer 
pair #438/457 was ligated into the XmaI/XbaI digested Potef-cda5strep (ΔGPI) 
plasmid. 

This study 

Pcda4-cda4HA A KpnI/XbaI digested PCR fragment containing the native promoter and ORF of 
cda4 gene amplified from SG200 gDNA using primer pair #1/2 was ligated into the 
KpnI/XbaI digested Potef-vp1HA backbone. 

This study 

Potef-HAcda1 Two PCR fragments amplified using the primer pairs #358/370 and #368/369 from 
SG200 gDNA, were merged with the BamHI/NotI digested p123 vector via Gibson 
assembly. 

This study 

Potef-HA76cda1 Two fragments of cda1 amplified using the primer pairs #358/391 and #368/369 
from SG200 gDNA, were merged with BamHI/NotI digested p123 vector via Gibson 
assembly. 

This study 

Potef-HA118cda2 Two fragments of cda2 amplified using the primer pairs #453/5 and #3/4 from 
SG200 gDNA were digested with XmaI/NgoMIV and NgoMIV/NotI respectively 
and ligated into the XmaI/NotI digested p123 vector. 

This study 

Yeast two-hybrid constructs 

pGADT7 Yeast expression vector that is designed to express a protein of interest fused to a 
GAL4 activation domain 

Clontech 

pGBKT7 Yeast expression vector that is designed to express a protein of interest fused to a 
GAL4 DNA binding domain  

Clontech 

pAD-cmu1/pBD_cmu1 A NdeI/EcoRI digested PCR fragment amplified from SG200 gDNA using primer 
pair #354/355 was ligated into the NdeI/EcoRI digested pGADT7 and pGBKT7 
vectors.   

This study 

pAD-AFP1/BD-AFP1 A NdeI/BamHI digested-PCR fragment amplified from maize cDNA using primer 
pair #288/289 was ligated into the NdeI/BamHI digested pGADT7 and pGBKT7 
vectors.   

This study 

pBD-cda1 A NdeI/EcoRI digested-PCR fragment amplified from SG200 gDNA using primer 
pair #352/356 was ligated into the NdeI/EcoRI digested pGBKT7 vector. 

This study 

pBD-cda2 A NdeI/BamHI digested-PCR fragment amplified from SG200 gDNA using primer 
pair #374/375 was ligated into the NdeI/BamHI digested pGBKT7 vector. 

This study 

pBD-cda3 A NdeI/BamHI digested-PCR fragment amplified from SG200 gDNA using primer 
pair #376/377 was ligated into the NdeI/BamHI digested pGBKT7 vector. 

This study 
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pBD-cda4 A NdeI/EcoRI digested-PCR fragment amplified from SG200 gDNA using primer 
pair #378/379 was ligated into the NdeI/EcoRI digested pGBKT7 vector. 

This study 

pBD-cda5 A NdeI/BamHI digested-PCR fragment amplified from SG200 gDNA using primer 
pair #380/381 was ligated into the NdeI/BamHI digested pGBKT7 vector. 

This study 

pBD-cda7 A NdeI/EcoRI digested-PCR fragment amplified from SG200 gDNA using primer 
pair #401/402 was ligated into the NdeI/EcoRI digested pGBKT7 vector. 

This study 

pBD-cts1 A NdeI/BamHI digested-PCR fragment amplified from SG200 gDNA using primer 
pair #290/291 was ligated into the NdeI/BamHI digested pGBKT7 vector. 

This study 

pBD-cts2 A NdeI/BamHI digested-PCR fragment amplified from SG200 gDNA using primer 
pair #292/293 was ligated into the NdeI/BamHI digested pGBKT7 vector. 

This study 

pBD-cts3 A NdeI/BamHI digested-PCR fragment amplified from SG200 gDNA using primer 
pair #294/295 was ligated into the NdeI/BamHI digested pGBKT7 vector. 

This study 

pBD-cts4 A SfiI/XmaI digested-PCR fragment amplified from SG200 gDNA using primer pair 
#296/297 was ligated into the SfiI/XmaI digested pGBKT7 vector. 

This study 

pBD-Sccda1  A NcoI/NotI digested-PCR fragment amplified from AH109 cDNA using primer pair 
#474/475 was ligated into the NcoI/NotI digested pGBKT7 vector. 

This study 

pBD-Sccda2 A NcoI/NotI digested-PCR fragment amplified from AH109 cDNA using primer pair 
#476/477 was ligated into the NcoI/NotI digested pGBKT7 vector. 

This study 

pBD-Cg386  A NdeI/EcoRI digested-PCR fragment amplified from C. graminicola CgM2 cDNA 
using primer pair #488/489 was ligated into the NdeI/EcoRI digested pGBKT7 
vector. 

This study 

pBD-Cg7915 Two PCR fragments amplified from C. graminicola CgM2 cDNA using the primer 
pairs #490/559 and #560/491 were combined and performed the overlap extension 
PCR. The overlap extension PCR fragment was digested with NdeI and EcoRI, and 
ligated into the NdeI/EcoRI digested pGBKT7 vector. 

This study 

pAD-chs5 A SfiI/BamHI digested-PCR fragment amplified from SG200 using primer pair 
#323/324 was ligated into the SfiI/BamHI digested pGADT7 vector. 

This study 

pAD-chs6 A SfiI/XmaI digested-PCR fragment amplified from SG200 using primer pair 
#325/326 was ligated into the SfiI/XmaI digested pGADT7 vector. 

This study 

pAD-chs7 A NdeI/SacI digested-PCR fragment amplified from SG200 using primer pair 
#327/328 was ligated into the NdeI/SacI digested pGADT7 vector. 

This study 
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Supplementary Table 3: Oligonucleotides used in this study 

Oligonucleotides for plasmid construction 

Name Sequence (5’ to 3’) 
#1  CTCGGTACCATCGCGGTTGTCGTCGTACT 
#2  GGTCTAGAGTTAGCCGCTCCAGGAGC 
#3  CCTGCCGGCTACCCCTACGACGTGCCCGACTATGCCACCGACATGACCAACGTCTG 
#4  TAAGCGGCCGCTCAGAGCAAGAGAGCAAAAGCG 
#5  TAGCCGGCAGGGTAGACGGTG 
#65 ATATCTAGAGTTGGGCGAGACGTTCTC 
#76  CCTTTGAGTGAGCTGATACC 
#102 CCCCCGGGATGAAAGTCACATCTGTGATCG 
#288  CTGCATATGGCGGACTCCATCGGCAGCTAC 
#289  GACGGATCCTTAAGGACGCACGACGATCTTG 
#290  GCTCATATGTTTGGACGTCTTAAGCACAGG 
#291 GATGGATCCTACTTGAGGCCGTTCTTG 
#292  GCTCATATGGTGCCTCACGAGCAGAGC 
#293  GATGGATCCTAGCTCAATCCGGCAGCGTC 
#294  GCTCATATGGCGCTGAACAATGATGGATC 
#295  GTGGAATTCCTAGGAAGAGATAGCACCTG 
#296  TATGGCCATGGAGGCCCTTTGGCCTCACCCAACCAC 
#297  CCACCCGGGCTAATGCATGTTGCACATGCC 
#323 TATGGCCATGGAGGCCAATCCTTTCGAATCTCTTCC 
#324 GATGGATCCTCAGTCAAAGCTTGGAGGAG 
#325 TATGGCCATGGAGGCCTCGACCAAAGACGCCCACG 
#326 TTACCCGGGTCAGGCTTGTGCGCCACCGGAC 
#327 GCTCATATGCCCGCAGTTGAGCGCAAC 
#328 CTCGAGCTCAACTGAATCGATCATGATAG 
#352  GCTCATATGGGCGACTTCACCGTCAAGATCC 
#354 GCTCATATGGCTGTATCTGGCAAGTCG 
#355 GTGGAATTCTTAGGTGCACTTGTTGGCGTGG 
#356  GTGGAATTCTCAAAGCAGAGTTGCCAC 
#358  CACAGACAACATCATCCACGGGATCCATGCTGCGTTTGCTACTTC 
#368  TACCCATACGACGTACC 
#369  CGATCTGCAGCCGGGCGGCCGCTCAAAGCAGAGTTGCCAC 
#370 TCTGGTACGTCGTATGGGTAAGCAAGAGCGCTGCCAGCTA 
#374  GCTCATATGGCTGGACGCCACGAGCGAGGCCTTGT 
#375 GATGGATCCTCAGAGCAAGAGAGCAAAAGCG 
#376  GCTCATATGAACATCGGCCGTGGCGTAC 
#377  GATGGATCCTCAGGCGAGCATGGCGATGG 
#378  GCTCATATGTCCCCCACTACAATGAGCAC 
#379  GTGGAATTCTCAGTTAGCCGCTCCAGGAG 
#380  GCTCATATGAGTCCCGACTTTGAGAAGCG 
#381  GATGGATCCTTAGACGAGAAGACCGAAGAAG 
#391  AGCGTAATCTGGTACGTCGTATGGGTAGCTGCCGCCTTGATTGAG 
#401  GCTCATATGCATGGTGGCGACCTTCTC 
#402  TGGAATTCTTAGATAAAGACCATCATAGCACCG 
#409  AAAACCTAGTTCACAGTCATCCCATGCTGCGTTTGCTACTTC 
#410  TTTTTCAAACTGCGGATGTGACCATCTAGAGCTGGTGGCGATGCCCTGTTTG 
#411  TGGTCACATCCGCAGTTTGAAAAATAGAGCGGCCGCCCGGCTGCA 
#436  TTTTCAAACTGCGGATGTGACCATCTAGAGGTGCCAGCACCCCCAGTC 
#438 TTTTTCAAACTGCGGATGTGACCATCTAGAGCTGCCGAACGTCCTGTAG 
#453  CATCCCGGGATGCGTCTCTCCGTCTCCG 
#454  ACCATCTAGAACTCGACTGACTCTTG 
#455 CATCCCGGGATGAAGCTTTCCTCGACAGC 
#456  CCATCTAGACTTATCTGCGGACTG 
#457  CATCCCGGGATGAAGTCTACCACGGTATTCTCG 
#473  CATCCCGGGATGGTCAAAATCACTTTTGC 
#474  TGGCCATGGAATCAAATGGGAGTACCGCATTGATGGG 
#475  TATGCGGCCGCCTAGTCGTAGCGTTCGATG 
#476  TGGCCATGGCCGAAGCTAATAGGGAAGATTTAAAG 
#477  GCCGCGGCCGCTTAGGACAAGAATTCTTTTATG 
#488  GCTCATATGGGCCCGGTCACCCGCCGTCAAAG 
#489  GGGAATTCTTAGGACTTGTACCAGTTCTC 
#490 CGCCATATGACTCCTTTCCGCCGCCAAAC 
#491 GCCGAATTCTCAGGCACAGGTACCGAAAAG 
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#559 CGGTGTTTTGGTGAACATCGTGGGCCAGAGCGATG 
#560 TCTGGCCCACGATGTTCACCAAAACACCGCCGAGT 
#608 GCTCGAGTTTTTCAGCAAGATAATATTGCACGAGTATATTTTCGAGAGG 
#609 AGAATAGGAACTTCTGGCCATCTAGGCCGTCGGAAAAAAAGCGATCTCTC 
#610 AGTATAGGAACTTCTGGCCTGAGTGGCCACTTAGCATTGCCAACTGCATTC 
#611 AGGAGATCTTCTAGAAAGATAATATTGCAGATGTTGATTCTTTGAGG 
#612 GCTCGAGTTTTTCAGCAAGATAATATTCTTGGTTTGCCTCAGATGTTC 
#613 AGAATAGGAACTTCTGGCCATCTAGGCCGATATGAAAAGTCGATGAGGG 
#614 AGTATAGGAACTTCTGGCCTGAGTGGCCGCTTCACCATACGGCTCAGC 
#615 AGGAGATCTTCTAGAAAGATAATATTGCAGCGCAACTCGCACCATAC 
Oligonucleotides for RT-PCR 
ppi-F ACATCGTCAAGGCTATCG   
ppi-R AAAGAACACCGGACTTGG 
cda1F (UMAG_00638) CGAGTACAAGTGCTACTACC 
cda1R AGGCCGAAGGTAGCAGGAAC 
cda2F (UMAG_01143) ACCAGAACGCGTGGTTCATC 
cda2R CGACAGCCAAAGCGCCAAAG 
cda3F (UMAG_11922) CCACGGGTACCAACACCAAC 
cda3R ATGGCCGAGAGCAAGACGAC 
cda4F (UMAG_01788) CAACCACGAGACCGTCCAAG 
cda4R CTGCAGGTCCAGGTGGAATC 
cda5F (UMAG_02019) TTCCCGCCGCTGCTCAAATG 
cda5R TTGGTGGAAGTGAGCTGATG 
cda6F (UMAG_05792) TGGCTCTGGGAACCGTCAAG 
cda6R TACCCATCACGGTGGCAACAG 
cda7F (UMAG_02381) ACTTGTGCGTTTGACGACTC 
cda7R ACACGGTCCAGCCAATCAAG 
GLRG_07915_F TCTGGCCCACGATGTTCAC 
GLRG_07915_R TAGGAGTAGCGGTGCTAGTG 
GLRG_11148_F CAATTGCTGCTCTCACAGGTC 
GLRG_11148_R TAGAAGCCGAGCCGGATGTAG 
GLRG_11238_F TGCTGTTCCAGTGCGGGATGGTG 
GLRG_11238_R AGCCTTGGCATTGTACGCCTTG 
GLRG_11241_F TCGTCAAACGAGCCGAGTG 
GLRG_11241_R GGTGGTAATTATTGAGCCATAAG 
GLRG_09099_F CGAGCAGTACTTGAGGAAC 
GLRG_09099_R GTATGGGAAGTGGGATCTC 
GLRG_00386_F CGTCACCGACCTCACTAAC 
GLRG_00386_R ATCTTCTGCACGAGGGAGATG 
GLRG_03854_F GGCTTCGTACACTGACGACTTG 
GLRG_03854_R GCCGAGGATGTTGCGAATAGCC 
GLRG_02208_F TTGCTGCTCCTCGTACGGATG 
GLRG_02208_R CCGGCAACAGCAGTCGACAAACAG 
Actin F (GLRG_05255) GTGGCAGCACTCTGTACAAG 
Actin R (GLRG_05255) GCCGTATTCCTCGTACTCAG 
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