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Chitin, one of the most important carbohydrates of the fungal cell wall, is synthesized by chitin synthases
(CHS). Seven sequences encoding CHSs have been identified in the genome of Neurospora crassa. Previ-
ously, CHS-1, -3 and -6 were found at the Spitzenkdorper (Spk) core and developing septa. We investigated
the functional importance of each CHS in growth and development of N. crassa. The cellular distribution
of each CHS tagged with fluorescent proteins and the impact of corresponding gene deletions on vegeta-
tive growth and sexual development were compared. CHS-2, -4, -5 and -7 were also found at the core of
the Spk and in forming septa in vegetative hyphae. As the septum ring developed, CHS-2-GFP remained at
the growing edge of the septum until it localized around the septal pore. In addition, all CHSs were
located in cross-walls of conidiophores. A partial co-localization of CHS-1-m and CHS-5-GFP or CHS-2-
GFP occurred in the Spk and septa. Analyses of deletion mutants suggested that CHS-6 has a role primar-
ily in hyphal extension and ascospore formation, CHS-5 in aerial hyphae, conidia and ascospore forma-
tion, CHS-3 in perithecia development and CHS-7 in all of the aforementioned. We show that chs-7/
csmB fulfills a sexual function and chs-6/chsG fulfills a vegetative growth function in N. crassa but not
in Aspergillus nidulans, whereas vice versa chs-2/chsA fulfills a sexual function in A. nidulans but not in
N. crassa. This suggests that different classes of CHSs can fulfill distinct developmental functions in var-
ious fungi. Immunoprecipitation followed by mass spectrometry of CHS-1-GFP, CHS-4-GFP and CHS-5-
GFP identified distinct putative interacting proteins for each CHS. Collectively, our results suggest that
there are distinct populations of chitosomes, each carrying specific CHSs, with particular roles during dif-
ferent developmental stages.
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1. Introduction

The cell wall is a structure, which gives support and protection
to the fungal cell, and maintains osmotic pressure (Gooday, 1994).
The main structural components of the fungal cell wall are p-(1,3)-
glucan and chitin. Chitin is a linear homopolymer of B-(1-4)-linked
N-acetylglucosamine (Cid et al., 1995; Sentandreu et al., 1984). The
amount of chitin in the cell wall is variable, depending on the fun-
gal species and the developmental stage (Bartnicki-Garcia and
Reyes, 1968; Braun and Calderone, 1978; Wessels, 1986). In the
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cell wall of the budding yeast Saccharomyces cerevisiae, chitin con-
stitutes only about 1% of the total polysaccharide content, whereas
significantly higher chitin contents of up to 40% have been
described for filamentous fungi (Bartnicki-Garcia and Nickerson,
1962; Cassone, 1986; Hearn and Sietsma, 1994). Chitin synthesis
is catalyzed by enzymes of the family of chitin synthases (CHS)
(Glaser and Brown, 1957), which mediate the transfer of N-acetyl-
glucosamine to a growing chitin chain. CHSs are proteins with four
to seven transmembrane domains. The genomes of filamentous
fungi contain more than 10 CHS-encoding sequences, whereas
yeast genomes contain three to four CHS-encoding genes. Accord-
ing to their amino acid sequences, CHSs are classified into seven
classes (Choquer et al., 2004; Mandel et al., 2006; Riquelme and
Bartnicki-Garcia, 2008; Sheng et al., 2013), which are grouped in
three divisions (Riquelme and Bartnicki-Garcia, 2008). Division I
CHSs, which includes CHSs classes I, Il and III, are characterized
by having a hydrophobic C-terminus and a conserved catalytic
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subdomain surrounded by a hydrophilic N-terminus region; divi-
sion II contains CHSs classes IV, V and VII, which typically have a
catalytic domain preceded by a cytochrome b5-binding type
domain (pfam00173); and division III consists of class VI CHSs,
with no domain other than the pfam03142 shared by all CHSs
(Choquer et al, 2004; Riquelme and Bartnicki-Garcia, 2008;
Sheng et al., 2013).

The three classes of CHSs in S. cerevisiae have a specific role dur-
ing cell growth and development (Bulawa, 1992; Bulawa et al.,
1986; Silverman et al., 1988; Valdivieso et al., 1991). Chs3p (class
IV) has the most important role in chitin synthesis, since it synthe-
sizes around 90% of the chitin in the cell wall (Shaw et al., 1991;
Valdivieso et al., 1991). Single mutants for each CHS are viable in
S. cerevisiae, while double mutants for Chs1p (class 1) and Chs2p
(class II) are unviable (Bulawa et al., 1986; Cid et al., 1995). In
the dimorphic fungus Candida albicans four CHSs encoding
sequences have been described (Bulawa et al., 1995; Gow et al.,
1994). CaChs2 (class II) is involved in synthesizing chitin in the
hyphal form (Gow et al., 1994); CaChs1 (class I) participates in sep-
tum formation in both yeast and filamentous forms (Munro et al.,
2001), and CaChs3 (class IV) produces the majority of chitin in both
yeast and filamentous forms (Bulawa et al., 1995; Mio et al., 1996).
Finally, CaChs8 (class II) does not seem to have any important role
during growth in both yeast and hyphal forms (Munro et al., 2003).

In the filamentous fungi Aspergillus nidulans, Aspergillus fumiga-
tus, Ustilago maydis, Fusarium oxysporum, and Botrytis cinerea, dif-
ferent roles for each class of CHS have been described. In A.
nidulans and A. fumigatus, class I CHS mutants chsC and chsA,
respectively, displayed normal phenotype when compared to WT
strains (Motoyama et al., 1994; Rogg et al., 2011). However, in
other fungal species class I CHSs seem to have an important role.
For instance, in B. cinerea chs1 is involved in hyphal growth and
pathogenicity (Soulie et al., 2006; Wang et al., 2001). Class II CHSs
do not have an essential role in filamentous fungi. Mutations of
chsA in A. nidulans, chs2 in U. maydis, and chs-2"P in N. crassa did
not show any important phenotype (Din and Yarden, 1994;
Motoyama et al., 1997; Weber et al., 2006). Class III CHSs are
apparently quite important in A. nidulans, A. fumigatus and B. cine-
rea; each of the three species has two class IIl CHSs (Fukuda et al.,
2009; Mellado et al., 1996; Soulie et al., 2006). Deletion of chsG in
A. fumigatus caused a decrease in colony growth and chitin syn-
thase activity, whereas deletion of chsC did not have any evident
effect (Mellado et al., 1996). N. crassa chs-1"P mutants yielded
abnormally swollen and slow growing hyphae (Yarden and
Yanofsky, 1991), although a Achs-1 strain did not display any obvi-
ous defective phenotype (Sanchez-Leén et al., 2011). In B. cinerea
while Chs3a participated in virulence and growth, Chs3b, did not
have any role during both processes (Arbelet et al., 2010; Soulie
et al., 2006). Class IV CHSs are not crucial for growth or morphol-
ogy in A. nidulans (chsD) or N. crassa (chs-4"P) (Din et al., 1996;
Motoyama et al., 1996; Specht et al., 1996); whereas in U. maydis,
Chs5 and Chs7 have important roles for fungal morphogenesis
(Weber et al., 2006; Xoconostle-Cazares et al., 1997). CHSs classes
V and VII contain a N-terminal myosin motor-like domain (MMD),
which is essential for apical growth and morphogenesis in A. nidu-
lans (csmA and csmB), Colletrotrichum graminicola (ChsVb), Fusarium
verticilliodes (CHS5 and CHS7), A. fumigatus (chsE), and U. maydis
(Msc1) (Amnuaykanjanasin and Epstein, 2003, 2006; Larson et al.,
2011; Mellado et al., 2003; Takeshita et al., 2002, 2005, 2006;
Weber et al., 2006). The latest identified class VI CHSs have not
been investigated in great detail. N. crassa chs-6 knockout mutant
showed a drastic reduction in growth rate (Sanchez-Leén et al.,
2011). To identify the role of each CHS during the different devel-
opmental stages, we investigated the localization of each CHS
tagged with fluorescent proteins in N. crassa and the effects of cor-
responding gene deletions.

2. Material and methods
2.1. Strains and culture conditions

N. crassa single mutants Achs-1, Achs-2, Achs-3, Achs-4, Achs-5,
Achs-6, and Achs-7 were generated by the Neurospora genome
project and obtained from the Fungal Genetics Stock Center
(Table 1). All strains except Achs-1 and Achs-4, which contained
also a copy of the native gene, were confirmed to be homokaryons
with the corresponding chs gene deleted. Therefore, all the subse-
quent analyses were conducted on strains Achs-2, Achs-3, Achs-5,
Achs-6, and Achs-7. For growth, branching and septation analysis,
5 x 10* conidia for each corresponding strain were inoculated onto
Vogel’'s minimum medium agar plates (VMM; Vogel, 1956) and
incubated at 30 °C for 24 h. For aerial hyphae and conidiation anal-
yses, 5 x 10* conidia were inoculated into borosilicate tubes con-
taining 2 ml of VMM agar and incubated at 30 °C during 5 days.
For biomass experiments, 1 x 10 conidia were inoculated into test
tubes containing 5 ml of liquid VMM and incubated at 30 °C for
48 h at 200 rpm; mycelium was harvested, washed with distilled
water and dried for 16 h at 60 °C. For crosses, strains of each mat-
ing type were grown on synthetic crossing medium during 30 days
at 25 °C (Westergaard and Mitchell, 1947).

Transformed conidia were spread directly onto plates contain-
ing FGS medium [0.05% (w/v) Fructose, 0.05% (w/v) Glucose, 2%
(w/v) Sorbose] or mixed with Top-Agar (1x Vogel’s salts, 1 M sor-
bitol, 1% agar, 1x FGS) and spread onto plates containing FGS med-
ium supplemented with hygromycin (300 pg/ml; Roche). For
confocal microscopy, transformants of N. crassa expressing GFP
or mChFP were routinely grown on VMM overnight at 30 °C. For
imaging, the “inverted agar block method” was used as previously
described (Hickey et al., 2004). Strains used or generated in this
study are listed in Table 1.

The A. nidulans strain AGB551 (Bayram et al., 2012) was used for
the deletion of chs genes. Aspergillus strains were grown on mini-
mal medium [1% p-glucose, 1x AspA (70 mM NaNOs;, 7 mM KCl,
11.2mM KH,PO4, pH 5.5), 2mM MgSO, 1x trace elements
(76 UM ZnSO4, 178 uM H3BO3, 25uM MnCl,, 18 uM FeSOy,
7.1 uM CoCl,, 6.4 M CuSOy4, 6.2 pM Na;MoO,4, 174 uM EDTA)]
(Bennett and Lasure, 1991), supplemented with 100 uM pyridox-
ine-HCl, 10 mM uracil and 1 mM uridine at 37 °C. Solid media con-
sisted of 2% (w/v) agar. For selective medium 100ngml~!
pyrithiamine were added. Vegetative cultures were grown in liquid
submerged medium. Sexual development of WT and the mutant
strains was promoted on minimal media plates in darkness with
limited oxygen supply, for at least 6 days.

2.2. Molecular techniques

To fluorescently tag CHS proteins (chs-2, NCU05239; chs-4,
NCUQ09324; chs-5, NCU04352; chs-7, NCU04350), we constructed
strains in which the 3’ end of the ORF of the chs gene at its chromo-
somic location was fused to the gfp gene, using fusion PCR as
described previously (Riquelme et al., 2014). Primer pairs
P1-P2 and P3-P4 used are listed in Table S1. PCRs were performed
in a BioRad Thermal Cycler using Takara DNA polymerase (Takara
Inc.).

The deletion cassettes for chs genes of A. nidulans were con-
structed by fusion PCR as described (Szewczyk et al., 2006). There-
fore 5’'UTR and 3’UTR flanking regions of 1.5 kb size were amplified
from genomic DNA of the parental strain A. nidulans A4, using pri-
mer pairs KO-P1/KO-P2 and KO-P3/KO-P4 listed in Table S1. These
were fused to the resistance marker ptrA. The deletion of chsA,
csmB and chsG in A. nidulans was done by polyethylene glycol med-
iated protoplast fusion as described before (Bayram et al., 2008).
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Table 1

Strains used or generated in this study.
Strains Genotype Source
Neurospora crassa
N1 mat a FGSC#988
N150 mat A FGSC# 9013
SMRP24 mat A his-3~; Amus-51::bar* FGSC#9717
SMRP25 mat a; Amus-51::bar* FGSC#9718
N39 mat A; fl FGSC#4317
N40 mat a; fl FGSC#4347
SMRP55 mat A; Pccg-1::chs-1::sgfp::his-3* Sanchez-Ledn et al. (2011)
SMRP58 mat A; Achs-6::hph*; Amus-51 FGSC#13408
SMRP59 mat a; Achs-6::hph*; Amus-51 FGSC#13409
SMRP64 mat a; Achs-1::hph*; Amus-51° FGSC#14318
SMRP65 mat A; Achs-1::hph*; Amus-51° FGSC#14319
SMRP66 mat a; Achs-3::hph*; Amus-51 FGSC#14320
SMRP67 mat A; Achs-3::hph*; Amus-51 FGSC#14321
SMRP81 mat A; Pccg-1::sgfp::his-3*; Amus-51 Riquelme Lab
SMRP90 mat A; Pccg-1::chs-1::mchfp::his-3%; Amus-51 Verdin et al. (2009)
SMRP147 mat A; Achs-7::hph*; Amus-51 FGSC#21365
SMRP148 mat a; Achs-7::hph*; Amus-51 FGSC#21364
SMRP210 mat A; Achs-4::hph*; Amus-51° FGSC#18993
SMRP211 mat a; Achs-4::hph*; Amus-51° FGSC#18992
SMRP212 mat A; Achs-5::hph*; Amus-51 FGSC#21365
SMRP213 mat a; Achs-5::hph*; Amus-51 FGSC#21364
SMRP282 mat A; Achs-2::hph*; Amus-51 FGSC#22804
NRAF3d mat a; Achs-1::hph*; Achs-3::hph*; Amus-51 This study
NRAF2 mat a; Pchs-2::chs-2::gfp; Amus-51::bar* This study
NRAF2b mat a; Pchs-2::chs-2::gfp; Amus-51::bar*; Pccg-1::chs-1::mchfp::his-3* This study
NRAF4 mat a; Pchs-4::chs-4::gfp; Amus-51::bar* This study
NRAF5 mat a; Pchs-5::chs-5::gfp; Amus-51::bar* This study
NRAF5b mat a; Pchs-5::chs-5::gfp; Amus-51::bar*; Pccg-1::chs-1::mchfp::his-3* This study
NRAF7 mat a; Pchs-7::chs-7:sgfp; Amus-51::bar* This study

Aspergillus nidulans

AGB551 pyroA4, pyrG89, argB2, AnkuA::argB Bayram et al. (2012)
AGB955 pyroA4, pyrG89, argB2, AnkuA::argB, AchsA::ptrA This study
AGB956 pyroA4, pyrG89, argB2, AnkuA::argB, AchsG::ptrA This study
AGB957 pyroA4, pyrG89, argB2, AnkuA::argB, AcsmB::ptrA This study

@ Heterokaryon strain.

Conidia of N. crassa strain FGSC#9718 (Amus-51, mat A) were
transformed with DNA fragments obtained from fusion PCR
(Riquelme et al., 2014), by electroporation on a BioRad Gene Pulser
(25 uF capacitance, 1.5kV voltage, and 600 ohms resistance).
hygromycin (300 pg/ml) resistant heterokaryon transformants
(CHS-2-GFP, CHS-4-GFP, CHS-5-GFP and CHS-7-GFP) showing fluo-
rescence were selected (TRAF2, TRAF4, TRAF5 and TRAF7, respec-
tively) and subsequently crossed with WT strain N150 to obtain
homokaryon strains NRAF2, NRAF4, NRAF5 and NRAF7 (Table 1).

Correct integration in the selected NRAF strains was verified by
PCR as described previously (Fajardo-Somera et al., 2013). Myce-
lium for genomic DNA extraction was grown at 28 °C for 7 days
on liquid VMM without shaking or light, filtered, submerged in
liquid nitrogen and lyophilized. DNA was extracted with the DNA-
easy Plant extraction kit (Qiagen). PCR was performed in a TI00™
Thermal cycler (BioRad) using DreamTaq DNA polymerase
(Thermo Scientific) according to the manufacturer’s instructions
to amplify the knockout cassette and the ORF from genomic DNA
of the corresponding strain. Custom designed primer pairs (Inte-
grated DNA Technologies, Inc.) are listed in Table S1. Genomic
DNA extracted from N. crassa strains FGSC#9718 and FGSC#988
were used as controls.

2.3. Neurospora genetic methods

Sexual crosses to generate chs double mutants were set up for
Achs-1; Achs-3, Achs-1; Achs-6, Achs-3; Achs-6, Achs-1; Achs-3,
Achs-5; Achs-6, Achs-5; Achs-7, and Achs-6; Achs-7. Perithecia
and ascospores were observed for Achs-1; Achs-3, Achs-5; Achs-6
and, Achs-5; Achs-7. The progeny (ascospores) was collected and

activated by heat shock at 60 °C for 1 h. One hundred hygromycin
resistant colonies were selected from each fertile cross. Double
deletions were corroborated by PCR. Insertion of the corresponding
knockout cassette was corroborated using primer pair hphSM-F/
chs-P4R. Only one viable double mutant strain could be recovered
for Achs-1; Achs-3. Absence of ORFs was tested with the corre-
sponding primer pairs P1/P2 for chs-2, chs-4, chs-5, and chs-7 gene
(Fig. Suppl. S1) and with primer pairs pMR9-pMR10 and pMR11-
PMRI12 (Table S1) for chs-3 and chs-6 genes, respectively.

2.4. Microscopy and image processing

Cell morphology was analyzed on an inverted microscope (Zeiss
Axiovert 200) coupled to a high-resolution digital camera (Zeiss
Axiocam HRc). Hyphae were observed by bright field optics. A
100x (PH3) Plan Neofluar oil-immersion objective (numerical
aperture [NA], 1.3) was used for image acquisition, and the images
were captured with AxioVision LE software (version 4.5; Carl
Zeiss).

Cells expressing GFP or mChFP tagged CHS, or stained with fluo-
rescent dyes, were imaged using an inverted Zeiss Laser Scanning
Confocal Microscope (LSM-510, Carl Zeiss, Géttingen, Germany)
and an Olympus FluoView™ FV1000 inverted Confocal Microscope
(Olympus, Japan), both fitted with an argon ion laser with a GFP fil-
ter set 488 nm excitation, 505-550 nm emission and He/Ne1 laser
with a RFP filter set 543 nm excitation, 560 nm emission. An oil
immersion objective 100x (PH3), plan neofluar (NA, 1.3) was used
for LSM-510. For FV1000, an oil immersion objective 60x, (NA,
1.42) was used. Fluorescence and either phase-contrast or Differ-
ential Interference Contrast (DIC), were combined to obtain a
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simultaneous view of the fluorescently labeled proteins and the
entire cell. 3D-Projections in Y and X axes of septa were performed
using 50 z-stacks. Septa were quantified and distances between the
tip and the closest septum, and from this septum to the second
septum were measured. Confocal images were captured using
LSM-510 software (version 3.2; Carl Zeiss) or Olympus Fluo View
software (version 4.0a), and analyzed with LSM 510 Image Exam-
iner (version 3.2), or Olympus FV10-ASW (Version 04.00.02.09).
Some of the time series were converted into animation movies
using the same software.

2.5. Fluorescent dyes

Solophenyl flavine 7GFE, a dye that binds to cell wall polysac-
charides (Hoch et al., 2005), was used to stain the cell wall in living
cells. A 10-fold dilution from 0.1% (w/v) stock solution in water
was used as working solution. FM4-64 was used as a marker of
the Spk at a final concentration of 10 uM in VMM.

2.6. Chitin content assay

Chitin content in single and double mutants was determined by
the Morgan-Elson method (Morgan and Elson, 1934). VMM cul-
tures were grown at 30 °C for 20 h, harvested by filtration, and
lyophilized. Five milligrams (by triplicate for each sample) of dried
mycelia were ground in a mortar and placed in 1.7 ml tubes with
1 ml of 6 N HCl, incubated at 100 °C for 20 h in a water bath, and
dried in a thermoblock (100 °C, 5h) inside an extraction hood.
The dried material was resuspended in 1 ml of water and insoluble
material was pelleted by centrifugation at 16,000g for 15 min.
Supernatant was transferred to a 1.7 ml tube. A 100 pl aliquot of
each sample supernatant was mixed with 100 pl of 1.5 M Na,CO3
in 4% (w/v) acetylacetone in 0.5 ml tubes. N-acetylglucosamine
standards were prepared from a 10 mg/ml stock solution in water
in a similar manner. For control 100 pl of H,0 were used. Reactions
were incubated at 100 °C for 20 min, cooled to room temperature
and transferred to 1.7 ml tubes. Seven hundred microliters of 95%
ethanol were added to both, samples and standards, followed by
addition of 100 ul of Elrich solution (0.175M 4-(Dimethyl-
amino)benzaldehyde, 12 M hydrochloric acid and 100% Ethanol).
This mixture was incubated for 1 h at room temperature. Absor-
bance readings were taken at 520 nm using a Spectrophotometer
(6505 UV/Vis Spectrophotometer, Jenway).

2.7. Co-immunoprecipitation assays

Putative proteins interacting with CHSs were recovered using
GFP-TRAP® beads. N. crassa strains expressing CHS-1-GFP, CHS-4-
GFP, CHS-5-GFP, and as control cytosolic GFP (SMRP55, NRAF4,
NRAF5 and SMR81; 1 x 10° conidia/ml) were grown in liquid
VMM at 30 °C and 200 rpm.

After 20 h incubation mycelia were harvested and washed with
0.96% NaCl, 1% DMSO, 100 mM PMSF. Then mycelia were ground in
liquid nitrogen and crude extracts were prepared by adding 5 ml
lysis buffer (33 mM phosphate buffer pH 8.2 and 0.3% Triton-
100X; containing protease inhibitors (1.5 mM DTT, Roche® Prote-
ase inhibitors, 1.5 mM Benzamine, 1 mM PMSF) to 5 ml ground
mycelium and vigorous vortexing. The homogenates were centri-
fuged twice at 4500 rpm for 29 min at 4 °C. Subsequently the
supernatants were incubated with 30 pl agarose beads (GFP-Trap
A gta-20; Chromotek) on a rotating platform for 2 h at 4 °C. The
agarose beads were centrifuged at 2500 rpm at 4 °C for 2 min
and supernatants were discarded. The beads were washed twice
with lysis-buffer and repeated centrifugation at 2500 rpm at 4 °C
for 2 min. Finally the beads were resuspended in 50 pu 3 x loading

dye and boiled at 95 °C for 10 min. 30 pl of the sample were sepa-
rated on a SDS-gel, which was stained with Coomassie blue.

2.8. Liquid chromatography/tandem mass spectrometry (LC/MS/MS)
protein identification

Coomassie stained proteins from the SDS-gel were cut into
small pieces and an in-gel digestion with Sequencing Grade Mod-
ified Trypsin (Promega) was performed. After extraction of the
peptides from the SDS-gel, they were separated by liquid chroma-
tography with a RSLCnano Ultimate 3000 system. Mass identifica-
tion of the peptides was done with an Orbitrap Velos Pro mass
spectrometer. The raw LC/MS/MS data was analyzed with Max-
Quant quantitative proteomics software in conjunction with Per-
seus software for statistical analysis of omics data (Cox and
Mann, 2008). Proteins were considered as putative interaction
partners for the CHSs if they met the following criteria: They were
not present in the negative control (cytosolic GFP expressing
SMRP55) and they were identified with at least 2 peptides and
MS/MS-counts.

3. Results
3.1. N. crassa has one representative of each CHS class

Seven CHS encoding genes have been identified in the genome
of N. crassa (Borkovich et al., 2004; Riquelme and Bartnicki-
Garcia, 2008). The chromosomal location of the seven chs genes
in the genome was analyzed. chs-2 and chs-6 are located in chro-
mosome IV. Both genes have the same transcription orientation,
and their translational start points are separated by 118 kb. chs-5
and chs-7 are located nearby in chromosome IV. Their arrangement
in the genome shows opposite transcription orientation, and their
translational start points are separated by 10 kb. chs-1 and chs-3
are located in chromosome V, they have an opposite transcription
orientation, and their translational start points are separated by
162 kb. The chs-4 is the only chs located in chromosome I (Fig. Sup-
pl. S2A). The predicted protein sequences for each CHS were also
analyzed. The phylogenetic tree of CHSs generated with MEGA4
(Fig. Suppl. S2B), clearly shows that CHS-1, CHS-2 and CHS-3,
which belong to Division I, are grouped in one separate cluster
(bootstrap value of 100). CHS-4, CHS-5 and CHS-7 representing
Division II, are grouped in another separate cluster; CHS-5 and
CHS-7 both with an N-terminal myosin motor domain (MMD),
(bootstrap value of 98). Furthermore, CHS-6 did not group with
any of the other CHS (Fig. Suppl. S2B). The conserved QRRRW sig-
nature motif was found in all CHS sequences (Fig. 1); also a charac-
teristic catalytic domain pfam03142, which is representative of the
family of glycosyl hydrolases GH18, was shared. CHS classes I, II
and III, belong to division 1 containing an additional pfam08407
domain, which is a sub-catalytic domain. CHS class I show also
an unknown function domain at the amino terminus and CHS clas-
ses Il and III present a pfam01644 domain. Division 2 contains CHS
classes 1V, V and VII that have a cytochrome b5-binding type
domain. Only CHS classes V and VII present an N-terminal MMD
domain and a C-terminal domain of chromatin-associated protein
DEK. There are some differences in MMD between CHS classes V
and VII; in CHS class V, the MMD contains three conserved ATP-
binding motifs (P-loop, Switch I, and Switch II) thought to be
essential for ATPase and motor activities, while CHS class VII have
a shorter MMD with only one ATP-binding motif. CHS class VI is
the only CHS with an N-terminal peptide signal. In all seven CHS
classes, six to seven transmembrane domains are found (Fig. 1).
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Fig. 1. Schematic representation of the seven CHS protein sequences predicted in N. crassa. Highlighted motifs were identified at NCBI's conserved domain database (CDD);
predicted signal peptide cleavage sites were identified with Signal P (4.0), and predicted transmembrane domains were identified with TMHMM (2.0), both proteomic tools in

ExPASy.
3.2. All CHSs are found at the core of the Spk and in forming septa

Previous studies have described the localization of CHS-1, -3
and -6 in N. crassa (Riquelme et al., 2007; Sanchez-Le6n et al.,
2011). These three CHSs were located at the core of the Spk and
at forming septa. In this work we have examined the localization
of the remaining CHSs in N. crassa. CHS-2, -4, -5, and -7 were
tagged with GFP and expressed at their native loci driven by their
own promoter. As for CHS-1, -3, and -6, CHS-2, -4, -5 and -7 were
found at the core of the Spk (Fig. 2A-H). In addition, in subapical
regions, small spots were observed (Fig. 2A, C, E and G). However,
different fluorescent Spk core diameters were observed for each
CHS. When co-localized with FM4-64, CHS-2-GFP seemed to
occupy a smaller area at the Spk than the rest of the CHSs
(Fig. 2B, D, F, and H). To discern between different CHSs, strains
co-expressing CHS-1-mChFP and either CHS-5-GFP or CHS-2-GFP
were analyzed. These strains were selected because CHS-5 and
CHS-2 showed a different pattern of localization than the other
CHSs. CHS-5-GFP occupied a larger area (diameter 1.01 £ 0.06 um
SE; n=10) than CHS-2-GFP (diameter 0.89 + 0.07 um SE; n=10
(Fig. 3A, C, D, and F). In subapical regions, small vesicles corre-
sponding to CHS-5-GFP and CHS-1-mChFP, or CHS-2-GFP and
CHS-1-mChFP did not show co-localization (Fig. 3B and E
arrowheads).

During septum formation, fluorescence of GFP tagged CHS-4, -5
and -7 accumulated all around the septum similar to what was
previously reported for CHS-1, -3 and -6 (Fig. 4B-D; Riquelme
et al.,, 2007; Sanchez-Ledn et al., 2011). After septum synthesis
had been completed (a process lasting 5-10 min). CHS-2-GFP
showed a distinct localization pattern at septa. CHS-2-GFP, unlike
the other CHS, accumulated first at the lateral membrane during
the initial steps of septum formation and progressively advanced
centripetally as the septum ring expanded inwards, until localizing
exclusively at the periphery of the central pore (Fig. 4A and E).
CHS-4-GFP fluorescence, although found all around the septum,
was especially intense at the region close to the of the pore rim

(Fig. 4B arrowheads). At septa, co-localization of CHS-1 and CHS-
2 was observed only at the rim of the septal pore (Fig. 4F). In 2D,
CHS-1 and CHS-5 seemed to fully co-localize at septa (Fig. 4G).
However, in 3D, a stronger accumulation of CHS-5-GFP around
the edge of the septal pore was observed, when compared to
CHS-1-mChFP, which was located along all the septum membrane
(Suppl. Movie 1). In addition, we analyzed CHSs localization during
conidia forming at conidiophores. CHS-4, -5 and -7 were localized
in interconidial septa in both young and mature conidiophores
(Fig. Suppl. S3). CHS-2-GFP went undetected during conidial for-
mation (data not shown).

3.3. CHS-6 and CHS-7 are important for apical growth and hyphal
morphology

To investigate whether all CHSs participate in vegetative
growth, colony growth of chs deletion mutants was measured.
Within the single mutants, Achs-6 was the strain with the lowest
growth rate, followed by Achs-7 and the double mutant Achs-1;
Achs-3 (Table 2; Fig. 5A). In addition the Achs-6 mutant also
showed highly compact mycelium in comparison to the other
mutants (Fig. 5A). The rest of the CHSs deletion mutants did not
seem to be affected.

To examine if the Spk had been disturbed in hyphae of the
mutant strains, FM4-64 was used to stain the Spk. Hyphae of
Achs-6, Achs-7 and Achs-1; Achs-3 strains displayed the smallest
Spk diameters (Table 2). The rest of chs deletion mutants showed
a Spk diameter equivalent to that of the control strains (FGSC#988
and FGSC#9718; 1.9 £0.2 um and 1.7 £ 0.1 pm SE, respectively).

3.4. CHS-3, CHS-5 and CHS-7 have an important role during asexual
and sexual reproduction

Formation of aerial hyphae leads to the formation of conidio-
phores, the structures that give rise to conidia (asexual spores).
To determine which CHSs have an important role during this
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Fig. 2. CHS-2, CHS-4, CHS-5 and CHS-7 localize at the core of Spk. (A, C, E and G) At the apex CHS-2, -4, -5 and -7 tagged with GFP were localized at the core of the Spk, stained
with FM4-64. Bar = 10 um. (B, D, F and H) Magnification of the apical region in (A, C, E and G), respectively, showing co-localization (in yellow) of CHS with the core region of
the FM4-64 stained Spk. Bar = 2.5 pum. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

CHS-1-mChFP

CHS-5-GFP|E

CHS-1-mChFP|

Fig. 3. CHS-1-mChFP partially colocalizes with CHS-2-GFP and CHS-5-GFP at the Spk and septa. (A) Colocalization of CHS-1-mChFP and CHS-2-GFP, and (D) CHS-1-mChFP and
CHS-5-GFP at the Spk core. Bars = 10 um. (B-C and E-F) Magnification of the subapical and apical regions of hypha in (A and D), respectively. Bars =5 and 2.5 pm.

process, aerial hyphae formation and conidia counts were analyzed
in each chs mutant strain. Single mutant strains Achs-7, Achs-5 and
double mutant strain Achs-1; Achs-3 presented a reduced number
of aerial hyphae (Fig. 6; Table 2). Similar results were obtained for
conidia production, which were reduced in Achs-5, Achs-7, and

more drastically in double mutant Achs-1; Achs-3 (Table 2). Coni-
dia and aerial hyphae production were not affected in the single
mutants Achs-2, Achs-3 and Achs-6.

In N. crassa a compatible sexual mating leads to the formation of
perithecia, bottle-like structures containing the asci, which in turn
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Fig. 4. CHS-2, CHS-4, CHS-5 and CHS-7 localize at developing septa. (A-D) LSCM time series showing the progressive accumulation of CHS-2, -4, -5, and -7 tagged with GFP at
developing septa stained with FM4-64. Bar = 5 pm. Time in min:sec. (E) 3D projection of 100 z-stacks showing CHS-2-GFP localized around the septal pore, whereas FM4-64
stained all the septal membrane including the edge of the pore. Bar = 20 um. (G and H) Time series showing localization of CHS-1-mChFP; CHS-2-GFP, and CHS-1-mChFP;
CHS-5-GFP during septum formation. Bars = 5 pm. Time in min:sec.

Table 2
Characterization of chsA mutants.
Strains Radial Growth Hyphal Spk Aerial Conidiation Perithecia ~ Ascospores  Chitin Biomass (mg)° Branching
growth rate (pm/ diameter  diameter hyphae (conidia x 107/ formation released content (#branches/
(cm)? min) (pm) (pm) ml) after (ng/5 mg) 500 pm)
30 days
FGSC#988 23+03 336+04 85+0.1 19z%0.2 +++ 6.4+0.3 v — 0.59 +0.03 0.02 £0.0004 3+0.19
FGSC#9718 28+03 35604 10£03 1.7+0.1 ++ 7.7 £0.04 I I 0.58 +0.02 0.02 £0.0008 4+0.25
Achs-2 25+03 35104 76+12 14103 4+ 56+0.2 - - 0.45+0.01 0.02+0.002 4+0.26
Achs-3 248+0.02 3.42+0.17 96601 14+03 +++ 5.7+0.1 X X 0.60 +0.01 0.018 +0.001 5+0.31
Achs-5 245+0.03 3.66+029 7.04+0.2 13+025 + 1305 I X 0.43+0.009 0.014+0.0001 2+0.18
Achs-6 0.63+0.01 0.87+0.11 845+0.7 1.120.09 +++ 51+0 I X 0.34+0.002 0.013+0.0004 6+0.3
Achs-7 1.37+0.01 193+05 444+0.1 0.9+0.2 + 0.8+0.5 X X 0.30 £0.002 0.015+0.0009 2+0.19
Achs-1; 1.23+£0.03 14702 4.14:04 1.1+0.2 + 0.5+0.01 - - 0.35+0.03 0.015+0.0006 2+0.19
Achs-3
n = 3 for growth, spk, branching, conidiation, aerial hyphae, chitin content, biomass, perithecia; +SE 96%; X = not present; ¢~ = present; +++ = normal; + = affected; —— = not

done; only one mating type available for these strains; Bold represent the most affected.

@ After 24 h incubation.
b After 48 h incubation.

contain the 8 sexual haploid ascospores. With the aim to investi-
gate the role of each chs during sexual reproduction, we examined
perithecia and ascospore formation in the mutant strains. Homo-
zygotic crosses were set up for all chs single mutant strains. As con-
trols, parental and WT strains were used. All crosses were
performed in triplicate. After 30 days of incubation, control strains
produced perithecia, and ascospores were released into the Petri
dish lid (Fig. 7B and C). In contrast, Achs-3 mat a x Achs-3 mat A,
and Achs-7 mat a x Achs-7 mat A crosses did not produce any peri-
thecia (Fig. 7A). Crosses between Achs-5 mat a x Achs-5 mat A, and
Achs-6 mat a x Achs-6 mat A, resulted in just a few immature peri-
thecia, but no ascospores were released (Fig. 7A-C).

3.5. Different classes of CHS can fulfill developmental functions in
fruiting body formation in different fungi

We analyzed whether these developmental functions are con-
served in other fungi. We created deletion mutants for the corre-
sponding N. crassa chs genes (chs-2, chs-6 and chs-7) in A.
nidulans (chsA, chsG and csmB, respectively), which were confirmed
by Southern hybridization (Fig. S4). N. crassa chs-7 is required for
regular growth as well as for sexual fruiting body formation. In
contrast to the N. crassa Achs-7 mutant strains, A. nidulans AcsmB
mutants showed normal growth but presented a slight decrease
in conidiospore formation (Fig. 8A). Furthermore, they were able
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C

Fig. 5. Colony and hyphal morphology of N. crassa Achs mutant strains. (A) Colony growth of the mutant strains and two reference strains (FGSC # 988 and #9718) after 24 h
of growth. (B) Overlay of phase-contrast and FM4-64. (C) Hyphal and Spk morphology of the mutant strains stained with FM4-64. Bars = 20 pm.
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Fig. 6. Formation of aerial hyphae in N. crassa Achs mutant strains. N. crassa Achs-5, Achs-7 and Achs-1; Achs-3 showed a drastic reduction in aerial hyphae formation, in

comparison with a N. crassa WT strain (FGSC#988) or the parental strain (FGSC#9718).

to complete the sexual cycle resulting in fruiting bodies (cleisto-
thecia) with mature ascospores as the corresponding WT
(Fig. 8B). Chs-6 is involved in vegetative growth in N. crassa. The
corresponding Achs-6 mutant strain displayed slow colony growth
and apical hyperbranching (Figs. 5A and 9). Deletion of the chs-6
homologue in A. nidulans chsG did not result in any phenotype dur-
ing colony growth or sexual development (Fig. 8A and B).

We next addressed whether another CHS is required for sexual
development of A. nidulans. N. crassa Achs-2 did not exhibit any
phenotype, whereas the corresponding A. nidulans gene chsA/chs-

2 had been described to be involved in asexual development
(Culp et al., 2000). We deleted chsA and the resulting strain showed
normal colony growth combined with a reduced production of
conidia, which lacked the characteristic green pigment of A. nidu-
lans and also displayed a red color when the plates were observed
from the bottom that indicates an altered secondary metabolism
for this mutant (Fig. 8A). In contrast to the N. crassa Achs-2 strain,
which displayed normal sexual fruiting bodies, the A. nidulans
AchsA mutant was impaired in fruiting body formation, and pro-
duced only “nests” or arrested pre-cleistothecia (Fig. 8B).
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Achs-5xAchs-5

Fig. 7. Sexual development in N. crassa Achs mutant strains. (A) Homozygous
crosses showing perithecia formation (arrowheads) only for Achs-5 x Achs-5 and
Achs-6 x Achs-6. Note the lack of perithecia for Achs-3 x Achs-3 and for Achs-
7 x Achs-7. (B) Magnification in stereoscope (10x) of perithecia resulting from
fertile crosses. (C) Magnification in stereoscope (90x ). Bars = 0.5 and 1 mm.

3.6. CHS-6 has an important role in branching and septation

In filamentous fungi, both branching and septum formation are
cell wall expansion processes that require chitin synthesis. In order
to investigate which chs is involved in these processes, we exam-
ined branching and septum formation in each chs deletion mutant.
In Achs-3 mutant strain a slightly higher number of branches (5
branches/500 pm; n = 20) was observed than in the control strains
(3-4 branches; n = 20; Fig. 9; Table 2). In Achs-6 an apical hyper-
branching phenotype (6 branches/500 um; n=20) was observed
(Fig. 9; Table 2). In contrast, Achs-5, Achs-7 and the double mutant
Achs-1; Achs-3 presented fewer number of branches (2 branches/
500 pm; n = 20) than the control strains (Fig. 9; Table 2).

None of the mutants displayed significant differences, in terms
of number and position of septa in comparison to the WT control
strains (FGSC#9718 and FGSC#988; Table 3; Fig. 10). However,
the distance between the tip and the first septum was shorter in

the Achs-6 strain (220 pum; n=20) than in control strains (263-
278 um; n = 20). Furthermore, the Achs-6 strain also showed a
shorter distance between the first and second septum (72 pm,
n =20), compared to control strains (FGSC#9718 and FGSC#988;
122-110 pm, n = 20 respectively).

3.7. Achs-6 and Achs-7 mutants displayed less chitin content

The chitin content of the cell wall was analyzed in each Achs
mutant, to investigate whether the absence of a specific chs gene
alters cell wall composition. Mutant strains Achs-6, Achs-7, and
double mutant Achs-1; Achs-3 presented lower N-acetylglucosa-
mine concentration (0.34, 0.30, 0.35 pg/ml, respectively) than the
WT control strains (0.59, 0.58 pg/ml; Table 2). Mycelium biomass
(dry weight) was reduced in those strains with reduced chitin con-
tent (Achs-6, 0.013 mg; Achs-7, 0.014 mg, FGSC#988, 0.022 mg;
FGSC#9718, 0.024 mg) as well as in Achs-3 and Achs-5 strains
(0.018 mg and 0.014 mg respectively) with no apparent reduction
in chitin content or growth rate, but less production of aerial
hyphae and conidia (Table 2).

3.8. Putative proteins are involved in the traffic and regulation of CHS
in N. crassa

Interacting proteins of CHSs were identified to obtain further
insights in the distinct cellular functions of CHSs. Immunoprecipi-
tations of GFP-tagged versions of CHS-1, CHS-4 or CHS-5 were per-
formed and analyzed with LC/MS/MS. We considered proteins as
putative interaction partners if they were at least identified with
two peptides and were not present in the control strain, which
expressed cytosolic GFP. We choose CHS-1 and CHS-5 because they
are exclusive from filamentous fungi. Moreover, CHS-5 contains a
myosin motor domain, and CHS-4 was selected because it is the
homologue of Chs3p in S. cerevisiae, which is the most important
CHS, responsible for synthesizing up to 90% of the cellular chitin
(Shaw et al., 1991). A summary of the results is given in Fig. 11
and Tables S2-54.

In total we could identify 37 putative interacting proteins for
CHS-1, 21 for CHS-4 and 23 for CHS-5. Surprisingly, none of the
CHSs co-precipitated with another CHS, although they share the
same localization inside the hyphae. Among the identified proteins
we found six shared proteins, which were present together with all
three CHSs. Among these we found YPT-1, which is a small GTP-
binding protein with a proposed function in protein transport.
YPT-1 might be involved in the trafficking of all CHSs. Another pro-
tein with predicted vesicular transport, NCU02263 (SEC-14) was
identified as interacting protein for CHS-1 as well as for CHS-4. It
might also co-purify with CHS-5, where it was only partially sup-
ported because we found only one peptide, which is below our
threshold for CHS-5 interacting proteins. We identified several
positive candidate proteins, which are involved in cell redox
homeostasis, like CAT-1 and GCY-1. Especially for CHS-1 we could
identify four more proteins with oxidoreductase activity. For CHS-
4 and CHS-5 we could identify the serine protease p2 (NCU00673)
as a putative interacting protein. Other regulatory proteins we
could identify as interaction partners for CHS-4 were a serine/thre-
onine phosphatase PP1 (NCU00043) and a protease inhibitor
(NCU06524).

4. Discussion

The genomes of filamentous fungi contain more than ten CHS
encoding sequences, which are classified in seven classes, in turn
grouped in three divisions (Choquer et al., 2004; Mandel et al,,
2006; Pacheco-Arjona and Ramirez-Prado, 2014; Riquelme and
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Fig. 8. Asexual and sexual development of Aspergillus nidulans Achs mutants. (A) Asexual development of A. nidulans AchsA, AcsmB and AchsG. Conidia (5 x 10®) were point
inoculated on a MM agarose plate and grown for 3 days at 37 °C. Top: pictures taken from above the agar plates to show colony growth and conidiation; center row:
magnification of the top view at 8.4x. Bottom: pictures taken from below the agar plates to show secreted metabolites into the medium. Note the red color for AchsA,
characteristic for altered secondary metabolism. (B) Sexual development of the Aspergillus Achs mutant strains. Conidia (10%) were equally plated on a MM agarose plate and
incubated with limited oxygen supply in darkness. Shown are sexual fruiting bodies (cleistothecia) under binocular with magnifications of 8.4x and 60x.

Bartnicki-Garcia, 2008; Sheng et al., 2013). N. crassa, as Magnap-
horte grisea, Fusarium oxisporum and Wangiella dermatitis, has one
representative for each CHS class (Kong et al., 2012; Riquelme
and Bartnicki-Garcia, 2008); while A. nidulans (class III; chsB and
chsF), A. fumigatus (class III; chsC and chsG), F. verticillioides (class
IIl; FvCHS3a and FvCHS3b) and U. maydis (class I; Umchs3 and
Umchs4; class IV Umchs5 and Umchs7), contain eight chs genes
(Larson et al., 2011; Mellado et al., 2003; Munro and Gow, 2001;
Weber et al., 2006). In addition B. cinerea has seven genes for CHSs.
However, it has two representatives for class Il (chs3a and chs3b)
and no representative for class V (Choquer et al., 2004). In different
ascomycetes species, class V and VII are located nearby within the
same chromosome, in opposite direction of the transcription start
point (Kong et al., 2012; Mandel et al., 2006; Martin-Urdiroz et al.,
2008; Takeshita et al., 2006), similar to what we found in N. crassa
for chs-5 and chs-7. However, the evolutionary history that can be
inferred from the arrangement of these genes in the genome so far
has not been associated with a specific CHS role or localization. It
has been speculated that deletion of a CHS gene can perturb the
chromatin structure of the corresponding promoter region, and
influence the expression of another nearby CHS gene (Takeshita
et al., 2006). Recently, a large-scale phylogenetic study of CHS in

54 fungal genomes has identified a correlation between distribu-
tion patterns of chs genes and fungal taxa (Pacheco-Arjona and
Ramirez-Prado, 2014). This study further identified, within the
genus Aspergillus, that the chs genes (centered on class IV) might
be part of putative cell wall metabolism gene clusters (Pacheco-
Arjona and Ramirez-Prado, 2014). In N. crassa, we found that
CHS-4 (class IV) is very close on chromosome I to a putative chitin
synthase activator (csa-1). In S. cerevisiae, a direct interaction
between Chs3p and its activator Chs4p has been shown by two-
hybrid analysis (DeMarini et al., 1997). A specific domain in Chs3p,
named MIRC3-4 (Maximum Interacting Region of Chs3p with
Chs4p), interacts with Chs4p. This domain was also identified in
N. crassa CHS-4 (Park et al., 2002). Therefore it would make sense
to predict that CHS-4 needs an activator for its function. To identify
putative interacting partners of N. crassa CHSs with a potential role
in their traffic and activation, we immunoprecipitated the proteins
that interact with CHS-1-GFP, CHS-4-GFP, and CHS-5-GFP. Several
distinct proteins putatively involved in CHS activity regulation or
in biogenesis and traffic of CHS vesicular carriers to their target
sites, were identified for each type of CHS, suggesting different bio-
genesis routes and regulatory mechanisms for the proposed differ-
ent types of chitosomes. S. cerevisiae Chs3p besides activation,
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Fig. 9. Branching in N. crassa Achs mutant strains. Edge of colonies observed with a stereoscope (left 7x and right 90x magnification). Bars = 2 mm and 100 pum.

Table 3
Analysis of septation in Achs mutant strains.

Strains Number of septa® Distance from Distance between
tip to 1st 1st and 2nd
septum (pm) septum (pm)

FGSC#9718 3+0.2 263 122

FGSC#988 2+0.17 278 110

Achs-2 3+04 278 133

Achs-3 3+0.5 240 94

Achs-5 3+0.2 269 105

Achs-6 4+04 220 72

Achs-7 3+0.7 260 114

Achs-1; Achs-3 3+08 250 95

Bold represents the most affected.
¢ Septa in the first 500 um from tip. +SE-96%.

requires the participation of different groups of auxiliary proteins
that guarantee its correct spatial and temporal location
(DeMarini et al, 1997; Sanchatjate and Schekman, 2006;
Trautwein et al., 2006; Trilla et al., 1999; Wang et al., 2006). Trans-
port of Chs3p to the PM requires an exomer-dependent pathway in
S. cerevisiae (Bulawa, 1993; DeMarini et al., 1997; Grabinska et al.,
2007). Prior to arrival to the PM, Chs3p interacts with the chaper-
one Chs7p to exit the ER and with the exomer complex (Chs5p, and
the CHAPs Chs6p, Bchlp, Bch2p and Bud7p) to exit Golgi
(Sanchatjate and Schekman, 2006; Santos and Snyder, 1997,
Trautwein et al., 2006; Trilla et al., 1999; Ziman et al., 1998). Chs4p
not only activates Chs3p but also mediates its location in the PM of
the mother cell at the site of formation of the chitin ring before
budding. There, it interacts with Bni4p, which in turn associates

with septins (DeMarini et al., 1997; Kozubowski et al., 2003;
Sanz et al., 2004). More recent studies identified the existence of
an exomer-independent pathway that transports Chs3p to and
from early endosomes to maintain an intracellular reservoir
(Starr et al., 2012). This pathway is determined by adaptor pro-
teins-dependent signals present at the N-terminus of Chs3p. No
homologues of the proteins belonging to the yeast Chs3p exo-
mer-dependent or independent pathways were identified in the
immunoprecipitated proteins obtained for N. crassa CHS-1-GFP,
CHS-4-GFP and CHS-5-GFP. However, this may be due to transient
or weak interactions between CHS-4 and the putative interacting
proteins.

CHS-2, -4, -5, and -7 had a similar subcellular localization at the
Spk core during vegetative growth in N. crassa to the previously
described localization for CHS-1, -3, and -6 (Riquelme et al,,
2007; Sanchez-Le6n et al.,, 2011). The localization of CHSs at the
apical region indicates synthesis of new cell wall at the tip, consis-
tent with previous reports, where monomers of N-acetylglucosa-
mine, the substrate for CHSs, were found in high concentrations
at the apical region (Bartnicki-Garcia and Lippman, 1969). Studies
in other fungi such as A. nidulans and U. maydis have also shown
localization of CHSs at hyphal apical regions (Takeshita et al.,
2005; Weber et al., 2006). All CHSs were found, both at the Spk
and at developing septa. In contrast, in U. maydis only four of the
eight CHSs (CHS5 and CHS7, class IV; CHS6 and Mcs1, class V) were
located in the apical region, while the remaining CHSs were located
exclusively at septation sites, in both yeast and filamentous forms
(Weber et al., 2006). In N. crassa, each CHS occupied different
regions within the Spk core. CHS-5 and CHS-1 showed partial colo-
calization in the Spk. CHS-2 and CHS-7 occupied a smaller area
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Fig. 10. Septation in N. crassa Achs mutant strains. (A and B) 3D projection of 50 z-stacks in longitudinal (X) and transversal (Y) views of septa stained with Solophenyl flavine
7GFE 500 in the Achs mutant strains. (C) Reconstruction in 2D of the first 500 um of hyphae of Achs mutant strains, stained with Solophenyl flavine 7GFE 500. Bars = 5 and

10 um. Arrowheads indicate first septum from the tip in hyphae.

than CHS-1. In previous studies a partial colocalization of CHS-3,
CHS-1 and CHS-6 had been also observed in the center of the Spk
(Sanchez-Leon et al., 2011). Similarly, the distribution of CHSs at
septa varied for the different classes of CHSs. CHS-2 was the only
CHS that accumulated at the edge of the septal pore, with a similar
distribution than the contractile actomyosin ring, which remains
associated with the advancing edge of the septum during septum
development (Delgado-Alvarez et al., 2014). In S. cerevisiae Chs2p
has an important stabilization role during the establishment of
the contractile ring in cell separation (VerPlank and Li, 2005). How-
ever, N. crassa Achs2 was not impeded in septum formation. More-
over, CHS-4 was distributed all around the septum accumulated
more intensely around the septal pore, and the remaining CHSs
showed a normal distribution around septum. These differences
provide additional proof that the different CHSs are transported
in different populations of chitosomes, as previously described
for CHSs classes 1, IIl and VI (Fig. 12A) (Riquelme et al., 2007,
Sanchez-Leén et al., 2011).

One of the interacting proteins identified for all three CHSs was
the Rab GTPase YPT-1, a molecular switch that regulates different
steps of the secretory pathway, including traffic of vesicles (Du and
Novick, 2001; Jedd et al., 1997; Sacher et al., 2001; Suvorova et al.,
2002). Recent studies in N. crassa have shown YPT-1 at the core of
Spk, co-localizing with the CHS containing microvesicles (Sanchez-
Ledn et al., 2014), which suggests a role for YPT-1 as a regulator of
chitosomes that reach the Spk. For CHS-1 and CHS-4, SEC-14, a
homolog of Sec14p, a phosphatidyl inositol transfer protein essen-
tial for vesicle budding from the Golgi and for regulation of

endosome trafficking in S. cerevisiae (Curwin et al., 2009; Sha
et al., 1998), was identified. Previous studies in N. crassa showing
brefeldin A-independent arrival of CHS-1, CHS-3 and CHS-6 to
the Spk core suggested a non-conventional secretory route for
CHSs (Riquelme et al., 2007; Sanchez-Le6n et al., 2011). Additional
studies are needed to further characterize the role of SEC-14 in the
vesicular transport of CHS-1 and CHS-4 and to analyze whether it
participates in exocytic or endosomal traffic of these CHSs. In C.
albicans Chs3p needs to be phosphorylated for its proper localiza-
tion and function, although no kinase responsible for such regula-
tion has yet been identified (Lenardon et al., 2010). Similarly, the
phosphorylated state of Chs2p in S. cerevisiae affects its temporal
and spatial localization (Chin et al., 2012; Teh et al, 2009;
VerPlank and Li, 2005; Zhang et al., 2006). Cyclin-dependent kinase
Cdk1p can directly phosphorylate Chs2p. Phosphorylated Chs2p is
retained in the ER until the cell comes out of mitosis (Teh et al.,
2009; VerPlank and Li, 2005; Zhang et al., 2006), when Chs2p is
subsequently dephosphorylated by phosphatase Cdc14p (Chin
et al., 2012). In N. crassa, the phosphatase PP1 (NCU00043), with
a potential role in dephosphorylation of CHS-4 and another protein
of potentially great interest, the serine protease p2, were identified
in co-immunoprecipitations of CHS-4 and CHS-5. It was previously
described that CHSs are zymogen proteins, which need to be acti-
vated proteolytically (Cabib and Farkas, 1971; Duran and Cabib,
1978; Leal-Morales et al., 1988; McMurrough and Bartnicki-
Garcia, 1971; Ruiz-Herrera et al., 1975). Previous studies in N.
crassa have shown that the total activity of CHSs requires trypsin
as proteolytic activator (Arroyo-Begovich and Ruiz-Herrera,
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Fig. 11. Putative interacting proteins for CHS-1, CHS-4 and CHS-5 identified via LC-MS/MS. Given are the identified proteins for one particular CHS and the appearance of the
proteins in identifications for the other two CHSs. Proteins which were present for all CHSs are marked in green while unique proteins for a particular CHS are marked in red.
Additional information about all identified proteins is given in Tables S2-S4. (For interpretation of the references to color in this figure legend, the reader is referred to the

web version of this article.)

1979). Our results suggest that the serine-type endopeptidase
activity of the serine protease p2 could be involved in the activa-
tion of at least two classes of CHSs, class IV and V. The protease
inhibitor identified in co-immunoprecipitations of CHS-4, could
have a role inhibiting serine protease p2 during traffic of CHS-4
and until reaching its final destination at the cell sites to start mak-
ing chitin. However, it is necessary to investigate whether these
proteins are really able to activate and regulate the activity of a
given CHS, such as CHS-4. Other proteins identified as positive can-
didates, participate during cell redox homeostasis, such as CAT-1

and GCY-1. These results suggest a crosstalk between a highly bal-
anced intracellular redox level, which has important functions in
cellular polarity as well as sexual development, and CHSs (Scott
and Eaton, 2008).

The characterization of the Achs mutant strains revealed spe-
cific functions for CHS classes I, II, VI, V, and VII in N. crassa during
different developmental stages. N. crassa Achs-2 (class 1I) showed
no affected phenotype during any of the developmental stages
studied, as previously reported for a N. crassa chs-2%" mutant
(Din and Yarden, 1994). Similar results were found for U. maydis,
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Fig. 12. Proposed model for CHSs role during developmental stages in N. crassa. (A) CHSs localization showed different patterns during apical growth and developing septa.
Previous work on CHSs in N. crassa showed a partial colocalization of CHS-3, CHS-6 and CHS-1 in the Spk. In this model we show how the rest of the chitin synthases partially
colocalize in the Spk and also during the formation of the septum. (B) Overview of the participation during vegetative growth, sexual and asexual development. CHS-6 and
CHS-7 showed a major participation during vegetative growth. During sexual and asexual development CHS-7 also showed to be involved during these stages besides of CHS-

5 (asexual development) and CHS-3 (sexual development).

where Achs2 did not present any disrupted phenotype and was not
affected in growth or plant infection (Weber et al., 2006). In yeast
however, CHS class II has an important role. Chs2p is involved in
the synthesis of the primary septum during late mitosis, a prere-
quisite for the separation of the daughter from the mother (Shaw
et al,, 1991). On the other hand, N. crassa Achs-3 (class I) did not
show any abnormalities during vegetative growth, as previously
described (Sanchez-Leon et al., 2011). However, during sexual
development, no formation of perithecia was observed 30 days
post-inoculation, suggesting that CHS class I is involved in the
development of sexual structures. A. nidulans and A. fumigatus class
I mutants AchsC and AchsA respectively, displayed a normal phe-
notype compared to the WT strains (Motoyama et al.,, 1994;
Munro and Gow, 2001). However, in other fungal species, class |
CHSs seem to have an important role. For example, in B. cinerea
chs1 is involved in hyphal growth and pathogenicity (Soulie
et al., 2006; Wang et al., 2001). N. crassa chs-1%" (class III) mutant
showed an abnormal phenotype with abnormal swelling hyphae
and slow growth (Yarden and Yanofsky, 1991). In contrast,
N. crassa Achs-1 mutant (FGSC#14318) exhibited no apparent
phenotype (Sanchez-Le6n et al., 2011). In this study we have con-
firmed that the N. crassa Achs-1 mutant previously analyzed did
indeed contain a copy of the chs-1 gene, in addition to the deletion
cassette, indicating that the strain was in a heterokaryon condition.
Therefore, it remains to be verified whether chs-1 might have a
primary role during vegetative growth of hyphae as suggested by
the analysis of the chs-1%" mutant (Yarden and Yanofsky, 1991).
N. crassa Achs-6 mutant showed a slower growth rate than the rest
of the mutants and apical hyper branching, indicating it plays a
major role in apical growth. It has been previously described that
apical branching is accompanied by a drastic reduction in the elon-
gation rate of the hyphae (Riquelme and Bartnicki-Garcia, 2004).
This would explain the reduction of growth rate in the mutant
Achs-6. There are very few reports about CHS class VI. In M. grisea
it has been reported that chs-7 (class VI) has a role in the formation
of specialized infection structures (appressoria), suggesting their
involvement in the invasion of host (Kong et al., 2012). CHS classes
V and VII, which contain an amino terminal MMD, appear to be
important in several fungal species. They are essential for apical
growth and morphogenesis in A. nidulans (CsmA and CsmB),
C. graminicola (ChsVb), F. verticilliodes (CHS5 and CHS7), A. fumigatus
(ChsE) and U. maydis (Msc1) (Amnuaykanjanasin and Epstein, 2003,
2006; Larson et al., 2011; Mellado et al., 2003; Weber et al., 2006). In

N. crassa Achs-5 and Achs-7 mutants showed a reduction in aerial
hyphae formation, a decrease in conidia production, reduced chitin
content, reduced biomass and less branches. Our results indicated
also an important role for chs-7 during formation of sexual struc-
tures (Fig. 12B). Considering the results obtained for N. crassa and
for other filamentous fungi, it could be concluded that CHSs belong-
ing to the same class, while having a high degree of homology, may
not necessarily have a conserved function in different fungal species.
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