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Highlights

 

 Fungal  chitin  synthases  with  myosin-like  domain  (Chs-MMD)  are  virulence

determinants
 These enzymes play a critical role in the synthesis of chitin at the hypha tip.
 Rather than intrahyphal transport,  MMD may retain the enzyme in the apical

region.
 Chs-MMD play  a  role  in  the  ability  to  grow at  37º  C,  in  osmo- and H2O2-

tolerance.
 Lack of Chs-MMD changes host immune responses.
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Abstract

Chitin represents one of the most important components of the fungal cell wall. The

multiplicity of chitin synthase (Chs) enzymes found in filamentous fungi underlines the
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importance of  chitin  in these  organisms.  Among this  group of fungal  enzymes,  two

classes, V and VII, are armed with myosin motors, constituting the MMD-Chs (Myosin

Motor Domain – Chitin synthases) that are found in filamentous fungi and are absent in

most yeast species. These enzymes play a critical role in promoting the synthesis of

chitin at the hyphal tip, thus influencing fungal growth and the architecture of fungal

infection structures. Other processes in which these enzymes are important are in osmo-

and H2O2-tolerance, the ability to grow at 37º C and in conidiogenesis.  This review is

focussed on the classification, structure and function of these enzymes describing the

fundamental role of these enzymes in the ability of filamentous fungi to infect plants

and their possible involvement in infections of animals.  Moreover, data obtained with

deletant mutants of this family of proteins indicates that they have potential as targets

for novel antifungals.

Keywords:

Chitin synthase; Class V; Class VII; myosin-like domain; filamentous fungi

1. Introduction

Chitin is a linear β-1,4-linked homopolymer of N-acetylglucosamine and is a common

component of the walls and exoskeletons of fungi and invertebrates. This component

represents  only  1  to  2  %  of  the  cell  wall  dry  weight  of  cell  walls  of  yeast  like

Saccharomyces spp.  and is present primarily at  the mother-daughter septal  junctions

(Cid et al., 1995).  Chitin constitutes a much bigger fraction of the cell wall (10 to 20%

of the cell wall dry weight) of the filamentous fungi mycelia (Bartnicki-Garcia, 1968).

In these organisms,  chitin  is  distributed throughout  the  lateral  cell  wall  with higher

deposition at the hyphal tips and at septa (Munro and Gow, 2001; Klis, 1994). In most
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species of fungi chitin is critically important for cell wall rigidity (Ruiz-Herrera et al.,

2002) and mutants with very low chitin content or lacking specific chitin synthases can

be non-viable (Bulawa, 1993; Munro and Gow, 2001). 

Along with cellulose, chitin is one of very few linear molecules in nature. Chitin forms

extremely strong fibrous microfibrils that are “stronger, weight-for-weight, than bone or

steel” (Lenardon, 2010). Such rigidity is achieved because during synthesis, the nascent

chitin chain folds back on itself  to form anti-parallel chains,  which form intra-chain

hydrogen bonds that make the carbohydrate stiffer. Chitin is also covalently attached to

the  β-glucan component  of  the  cell  wall,  establishing a  highly  interlinked cell  wall

structure that is the common basis of the cell  wall  skeleton of most fungal species.

Chitin is essential  for polarized cell wall synthesis, maintenance of cell wall integrity

(Horiuchi  et  al.,  1999; Kong  et al.,  2012) and for the virulence properties of many

pathogenic fungi (Liu et al., 2004; Madrid et al., 2003; Weber et al., 2006; Kong et al.,

2012; Lee et al., 2012). 

The chitin polymer is synthesized by a set of integral membrane proteins termed chitin

synthases  (Chs)  that  obtain  their  substrate,  UDP-N-acetylglucosamine,  at  the

cytoplasmic  side  of  the  plasma  membrane  and  synthesize  linear  chains  of  β(1,4)-

GlcNAc, which are transported through the membrane to the external side, where they

fold and become cross-linked to other cell wall components (Abramczyk and Szaniszlo,

2009; Choquer et al., 2004; Riquelme, 2013). 

Chs are ancient enzymes whose catalytic activity has been conserved during evolution

(Ruiz-Herrera  et  al.,  2002).  All  Chs  are  transmembrane  proteins  with  the  catalytic

domain located on the cytoplasmic face. They are grouped into seven classes according

to protein sequence similarities  (Choquer  et al., 2004). These classes are  divided into

groups on the basis of their amino acid sequence. Classes I, II and III belong to Division
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1, while Division 2 contains the classes IV, V and VII. The class VI Chs enzymes are

unique members of the Division 3 (Choquer et al., 2004; Latgé, 2007; Martín-Udíroz et

al., 2004; Sánchez-León et al., 2011) (Fig. 1). 

Chs enzymes that fall in Division 1 share a common protein organization composed by

the catalytic domain surrounded by a hydrophilic N-terminus region and a hydrophobic

C-terminus region.  The catalytic  site  is  bordered,  on either  side,  by  transmembrane

regions, (Bowen et al., 1992; Ruiz-Herrera et al., 2002; Choquer et al., 2004). Whilst,

the Chs members of the Division 2 display a similar catalytic domain preceded by a

cytochrome  b5-like  domain  and the  central  protein  core  is  bound to  the  membrane

through multiple helices at the C-terminus. In this review we focus on class V and VII

enzymes that  hold a  DEK C-terminal  domain and an  N-terminal  myosin motor-like

domain (MMD) (Din et al., 1996; Zujiwara et al., 1997; Choquer et al., 2004). Several

sub-divisions of classes V and VII Chs have been proposed, based on sequence. We will

follow the classification suggested by Roncero and co-workers (2002) in which a Chs

that possess a MMD (MMD-Chs) is classified within class V or VII (Niño–Vega et al.,

2004; Roncero, 2002) according to their structural characteristics. The MMDs of class V

Chs (around 800 amino acids) are longer than those of the class VII Chs (around 600

amino acids). Moreover, the class VII MMD does not have the consensus motifs of

myosins, such as the P-loop, Switch I and Switch II (Takeshita et al., 2006; Cheney and

Mooseker, 1992) (Fig. 2). 

The Chs from Division 3 hold conserved catalytic sequences but do not display any of

the characteristics of the protein family encountered in the other Chs (Latgé,  2007).

Most  of  the  filamentous fungi  hold  10  or  more  Chs  isoenzymes spread among all

classes of two divisions. In contrast, yeasts like Saccharomyces cerevisiae and Candida
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albicans contain a reduced number of Chs isoenzymes that fall within classes I, II and

IV (Fig. 1) (Lenardon et al., 2010). 

The MMD-Chs hybrids  are  not  exclusive  to  fungi.  They are also found in molusks

(Weiss  et  al.,  2006).  Other  myosin  hybrids  have  also  been  reported,  such  as  the

kinase/myosin hybrid present in  Drosophila (Mooseker and Foth, 2008). Filamentous

fungi and some dimorphic fungi tend to carry only one Chs from each of the classes V

and VII. Some exceptions are known, such as in the yeast  Yarrowia lipolytica with 7

CHS genes, three of which contain MMD, one class V and two class VII (Sheng et al.,

2013). In contrast,  Ustilago maydis  and  Cryptococcus neoformans carry two class V

Chs, one MMD-Chs and one other depleted of the MMD (Garcerá-Teruel et al., 2004;

Banks  et  al.,  2005).  Interestingly, C.  neoformans normally  grows  as  yeast  during

infection, saprophytic life, or under normal laboratory culture conditions (Zaragoza  et

al., 2009; Fu  et al., 2013). Since MMD-Chs are confined to filamentous fungi, it has

been suggested that they are of importance for hyphal growth (Rogg et al., 2012). It is

not obvious why dimorphic/polymorphic yeasts such as C. albicans have not acquired

or  evolved  MMD-Chs  or  whether  these  genes  were  lost  from  these  lineages.  The

importance of the Chs from class V in polarized growth has also been stressed since the

only Chs present in the reduced genomes of the parasitic Microsporidiomycota belongs

to this class (Muszkieta et al., 2014). 

In fungi, after their synthesis, the Chs are packaged into microvesicles with a diameter

of  approximately  60  nm,  called  chitosomes  (Leal-Morales  et  al.,  1988).  These

chitosomes bring the  Chs to  the  hyphal  tip  of  the  cell  membrane.  Recently,  it  was

demonstrated that all the seven Chs from Neurospora crassa were contained at the core

of the Spitzenkörper (Sánchez-León et al., 2011; Riquelme et al., 2007; Fajardo-Somera
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et al., 2015). Chitosomes then fuse with the cell membrane and the chitin synthases get

inserted into the interior side of the apical membrane (Riquelme, 2013).

The function  of  each Chs  class  differs  depending on the  fungi  and remains  poorly

characterised at  the biochemical  level in filamentous fungi  (Jiménez-Ortigosa  et  al.,

2012). To date, only the class V Chs of  Wangiella  (Exophiala)  dermatitidis  has been

isolated by immunoaffinity in an active and soluble form (Abramczyk and Szaniszlo,

2009).  Moreover,  the  phenotypes  of  the  mutants  resulting  from  the  deletion  of

orthologous genes in different fungal species are often very different, which hinders the

assessment of each Chs class to a specific function (Jiménez-Ortigosa et al., 2012). 

The fact that these MMD-Chs bind actin  in vitro (Takeshita  et al., 2005) and that the

polar localization of the MMD-Chs in Aspergillus nidulans, Wangiella dermatitidis and

U.  maydis  depends  on  F-actin  (Takeshita  et  al.,  2005;  Abramczyk  et  al.,  2009;

Treitschke et al., 2010), suggested that these enzymes could be transported on their own

along actin to the growth region, at the tip. The function of the motor domain of these

proteins  has  been  investigated  by  Steinberg’s  group,  using  the  maize  pathogen,  U.

maydis. These studies suggest that the MMDs are not required for cytoplasmic motility

of chitosomes in cells (Treitschke et al., 2010; Steinberg, 2011). Instead, the MMD of

class V Chs supports exocytosis, tethering the vesicle to the cortical actin beneath the

plasma  membrane,  increasing  its  residence  time,  thus  promoting  the  subsequent

exocytosis and not the retrograde movement back to the cytoplasm (Steinberg, 2011;

Schuster et al., 2012).

2. Molecular structure of hybrid MMD-Chs enzymes

Myosins  are  mechanoenzymes  that  convert  the  chemical  energy  released  by  ATP

hydrolysis  into  a  mechanical  force  and  for  that  reason  are  called  actin-dependent
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molecular motors (Kong et al., 2012). These myosins are found in eukaryotic cells and

their  heavy  chains  consist  of  a  distinct  head  (actin  binding,  ATPase  activity  and

generation of movement), a short neck (that interacts with myosin light chains), and tail

domains (that bind the motor). The myosin catalytic head domain contains actin- and

ATP-binding  sites. Myosins  are  categorized  in  several  classes  (Foth  et  al.,  2006;

Mooseker and Foth, 2008; Hartman and Spudich, 2012) and the myosin found in fungal

MMD-Chs  belongs  to  class  XVII  (Taheri-Talesh  et  al.,  2012)  which  is  typified  by

lacking IQ motifs and so disabled to bind calmodulin-like light chains (Odronitz and

Kollmar, 2007) and, in addition to the myosin motor and the chitin synthase domains,

contains two specific domains, a cytochrome b5-like heme/steroid binding domain and a

DEK C-terminal domain (Sebé-Pédros et al., 2014) (Fig. 2).  

No  ligands  are  currently  known  for  the  cytochrome  b5-like  heme/steroid  binding

domain, but this might serve as a binding site for lipids and does not seem to bind heme

or to be involved in redox reactions (Mifsud and Bateman, 2002). The function of the

DEK C-terminal domain also remains unknown (Sheng  et al., 2013). In multicellular

organisms, DEK is a chromatin associated protein able to modify the structure of DNA

and originally described as a proto-oncogene protein (Waldmann et al., 2004; Kappes et

al., 2004).

3. Regulation of MMD-Chs genes and protein expression

The fungal cell wall represents the most important structure protecting the cell from

deleterious extracellular stimuli and consequently a robust regulation of the enzymes

that code for the cell wall components have evolved that are sensitive to environmental

perturbations.  
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The class V and VII Chs genes are usually positioned in a head-to-head configuration

(Fig. 3). A head-to-head or bidirectional gene pair configuration is a genomic locus in

which two adjacent genes are divergently transcribed from opposite strands of DNA

(Trinklein et al., 2004). The region between two transcription start sites is designated as

a putative bidirectional promoter and tends to coordinately regulate the transcription of

the gene pair (Li et al., 2006). This organization is conserved among their orthologous

genes  in  most  of  the  filamentous  fungi  whose  genome  sequences  are  available

(Takeshita  et al., 2006; Kim  et al., 2009; Larson  et al., 2011). A common pattern of

transcriptional  regulation  of  both  genes was described in  A.  nidulans,  in  which the

levels of csmB and csmA transcripts respond in a broadly similar fashion to changes in

external osmolarities (Takeshita  et al.,  2006).  It  is worth noting that  W. dermatitidis

(Abramczyk  et  al.,  2009)  differs  to  this  pattern  and the  five  WdCHS  genes exhibit

different expression patterns in response to different stimuli  (Wang  et  al.,  2002). In

Fusarium oxysporum and  Aspergillus  oryzae, they are  under  independent  regulation

even though these genes have a head-to-head genetic organisation (Martín-Urdíroz  et

al., 2008).

The promoter region of CSMA from A. nidulans includes a predicted DNA-binding site

consensus sequence, CTA(A/T)4 TAG, which is similar to the target sequence of the

protein kinase C-mediated MAP kinase pathway that responds to hypo-osmotic stress in

S. cerevisiae (Heinisch et al., 1999; Dodou and Treisman, 1997; Takeshita et al., 2002).

In addition, this promoter region also contains potentially functional promoter elements

that would confer the regulation of gene expression in response to stress: 1) STREs

(stress-response element),  2)  abaA response element (ARE) and 3) two HAP (Heme

Activator  Protein)  complex  binding  sites  (Takeshita  et  al.,  2002).  These  cis-acting

elements  are  also  found in  the  upstream regions  of  WdCHS5 from  W. dermatitidis,
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(Wang and Szaniszlo,  2000;  Liu  et  al.,  2004;  Liu  and Szaniszlo,  2007).  Yet,  in  A.

fumigatus,  Calcineurin-Dependent  Response  Elements  (CDRE),  promoter  sequences

that bind to the calcineurin pathway transcription factor Crz1p sequences (Spielvogel et

al., 2008), are present upstream of the coding region of the class V and VII Chs but also

of the Chs of the other classes (Fortwendel  et al., 2010). The intergenic region of the

genes coding for Chs from class V and VII of  Penicillium digitatum and  Penicillium

chrysogenum  contain  a  putative  binding sequence  (TTACTAA) for  the  transcription

factor Yap1p, which is involved in the defence response to oxidative stress (Gandía et

al., 2012). 

Post-transcriptional regulation of the gene encoding class V MMD-Chs also occurs in

A. nidulans (Takeshita et al., 2002). Three ORFs are present upstream of the ORF csmA

transcript. However, the precise role of each of these has yet to be elucidated (Vilela and

McCarthy, 2003).  Another regulatory mechanism was identified in CsmA and CsmB

from A. nidulans, in which a cleavage in a region localized between the myosin motor-

like domain and the Chs domain is likely to be responsible for removal of the protein

from the  respective  anchoring  regions  for  subsequent  degradation  (Takeshita  et  al.,

2002; Takeshita et al., 2006). Similarly, in W. dermatitidis, the WdChs5 is also cleaved

between the Chs and the MMD during purification procedures, even in the presence of

protease inhibitors (Abramczyk and Szaniszlo, 2009). This degradation does not occur

in vivo in  W. dermatitidis even after prolonged culture (Liu and Szaniszlo, 2007). In

Colletotrichum graminicola, cleavage of ChsA was also observed after the de novo cell

wall synthesis (Amnuaykanjanasin and Epstein, 2006). 

In parallel, the mechanisms behind the control of the localization and movement of cell

wall-synthesizing enzymes in the hyphae are likely to be another factor of MMD-Chs

regulation as explored below.
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4. Myosin motor domain structural function 

The mechanisms underlying the hyphal growth are still  a major challenge in fungal

biology.  The  hypothesis  more  accepted  is  that  the  polar  transportation  of  synthetic

enzyme-containing  vesicles  to  the  Spitzenkörper is  mediated  along  tracks  made  of

filamentous actin (F-actin) and microtubules in the cytoskeleton (Steinberg et al., 2007;

Schuster et al.,  2012). The Spitzenkörper is located in the cytoplasm of the extreme

apex of  the  hypha,  where  growth and morphogenesis  occur,  and contains  secretory

vesicles and microvesicles, that will fuse with the plasma membrane (Riquelme, 2013).

After  fusion,  chitin  synthases,  containing  several  transmembrane  domains  become

inserted in the cell membrane, and initiate synthesis of the cell wall (Munro and Gow,

2001).  Besides  the  importance  of  the  work  conducted  by  the  Nobel  Prize  awarded

Randy Schekman (e.g. Chuang and Schekman, 1996; Valdivia et al., 2003; Sanchatjate

and Schekman,  2006),  recent  research  investigating  vesicle  trafficking,  polarity  and

hyphal growth (Steinberg, 2011; Riquelme, 2013) has underlined the importance of this

process in fungal growth and physiology.

The MMD domain was first recognized in the  CSMA  (Chitin Synthase with Myosin

motor-like domain) gene of A. fumigatus (Fujiwara et al., 1997). In A. nidulans, it was

shown that  the  entire  coding region of  CSMA is  translated  as  a  single  polypeptide

containing both the MMD and the Chs domains (Takeshita et al., 2002). Until recently,

little was known about the role of this myosin domain, although some authors have

speculated about  its  involvement  in  the  delivery of  the  MMD-Chs-attached vesicles

along actin filaments to the apical growth region (Fujiwara et al., 1997; Horiuchi et al.

1999). In support of this, it was demonstrated that the MMD from A. nidulans CsmA

and CsmB, a class V Chs and a class VII Chs, respectively, bind F-actin and this binding
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activity was required for polar localization and Chs-MMD function (Horiuchi  et al.,

1999; Takeshita et al., 2005; Takeshita et al., 2006; Tsuizaki et al., 2009). These authors

also suggested that MMDs might function as anchors for CsmA and CsmB rather than a

motor for transportation to the plasma membrane (Takeshita  et al., 2005; Takeshita  et

al., 2006). Other work on class V Chs also provided evidence that the polar localization

of fungal-specific class XVII myosin in W. dermatitidis and U. maydis is dependent on

F-actin (Abramczyk et al., 2009; Treitschke et al., 2010). However, in A. nidulans and

U. maydis, this motor domain is not required for class V Chs motility (Treitschke et al.,

2010; Takeshita  et al., 2005). In fact, in  A. nidulans, the localization and function of

CsmA is dependent on the MMD actin-binding activity,  but not on its motor ability

(Takeshita et al., 2005). Furthermore, the myosin class XVII is unconventional and has

no motile activity (Woolner and Bement, 2009; Schuster et al., 2012). A recent study by

Schuster  and co-workers  has  demonstrated bi-directional  motility  of  class  V Chs in

U. maydis. Peripheral actin and myosin-5 mediated transportation of the class V MMD-

Chs-bound vesicles to the growth region and lateral cell wall. In parallel, the transport

of MMD-Chs-bound vesicles along microtubules is kinesin-1-dependent for anterograde

and dynein-dependent for retrograde mobility  (Schuster  et al., 2012; Steinberg, 2011;

Fig. 4). In U. maydis, the MMD function of the class V Chs is likely to support apical

and lateral secretion by tethering vesicles to the cortical actin on the site of exocytosis

(Schuster et al., 2012). This docking leads to an increased residence time near the cell

periphery, thus increasing the probability that vesicle fusion with the plasma membrane

will take place (Schuster et al., 2012; Steinberg, 2011).

As with class V MMD-Chs it has been proposed that the MMDs of the class VII Chs

also function as anchors (Takeshita et al., 2006). In A. nidulans, the homology between

the MMD from CsmA and CsmB is only 21%, whereas the Chs domains share 55%
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sequence identity (Takeshita  et al., 2006). These data suggest that these MMDs may

display different functions (Takeshita  et al., 2006).  This is underlined by observations

that the MMD from CsmA can replace the MMD in CsmB. However, reciprocally the

CsmA with MMD from CsmB does not suppress the defects of the ΔcsmA mutants

(Tsuizaki  et al.,  2013).  Furthermore,  the MMD of CsmB did not present ATPase or

motor activity, but promoted actin binding (Takeshita  et al., 2006). Nevertheless,  this

MMD is also essential for A. nidulans, and mutants with a CsmB lacking MMD exhibit

defects similar to those of the ΔcsmB mutant (Tsuizaki et al., 2009). 

5. Structural role of MMD-Chs 

Almost all mutants disrupted in MMD-Chs genes have morphological aberrations such

as balloon-like swellings that in some strains can be suppressed by osmotic stabilizers,

indicating that these swellings result from cell wall weakening and that Chs-MMD play

a major role in maintenance of hyphal wall integrity. Since these enzymes have also

been found in the apex of the hypha and in forming septa (Fajardo-Somera et al., 2015),

they are likely to be involved in polarized cell wall synthesis and septum formation.

Such mutants also have reduced number or abnormal conidia suggesting they are also

essential for conidiogenesis. Table 1 summarizes the common phenotypes of class V

Chs and class VII Chs deleted mutants.

In A. nidulans, ΔcsmA and ΔcsmB mutants display complex morphological alterations,

producing hyphal swellings, intrahyphal hyphae and few conidiophores (Horiuchi et al.,

1999; Takeshita et al., 2006; Specht et al.,  1996). Double deletants of csmA and csmB

appeared  to  be  lethal  (Takeshita  et  al.,  2006).  The  differences  observed  in  the

phenotypes of the  ΔcsmA and of the  ΔcsmB (Takeshita  et al.,  2006; Tsuizaki  et al.,

2013),  indicate that these proteins may have partially specific functions. Deletion of
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either csmA or csmB increased the expression levels of the orthologue (Takeshita et al.,

2006).

In A. fumigatus, the MMD-Chs enzymes CsmA and CsmB (Class V and class VII) are

also  essential  for  hyphal  growth  and  conidium formation.  Single  and  double  class

V/class VII Chs mutants sporulate poorly, producing fewer and abnormal conidiophores

with  enlarged  vesicles  with  fewer  phialides,  and  few  conidia  that  have  altered

pigmentation (Aufauvre-Brown et al., 1997; Jiménez-Ortigosa  et al., 2012; Muszkieta

et al., 2014). These deletant mutants also undergo intrahyphal growth, probably as a

mechanism of  septal  pore  closure  (Jiménez-Ortigosa  et  al.,  2012;  Muszkieta  et  al.,

2014).  Although  the  deletion  of  CSMA  and/or  CSMB  (class  V and  class  VII  Chs,

respectively) does not affect the overall mycelium chitin content, the re-organization of

the  cell  wall  polysaccharides  is  disturbed,  the  chitin  microfibrils  are  structurally

different and results in increased sensitivity to echinocandins (Jiménez-Ortigosa et al.,

2012; Muszkieta  et al., 2014). This suggests that these MMD-Chs are involved in the

salvage  mechanism that  reinforced cell  wall  chitin,  to  compensate  the  deficiency of

glucan  induced  by  echinocandins  (Fortwendel  et  al.,  2010;  Mouyna  et  al.,  2010).

However, recent work showed that the class III Chsg was the only chitin synthase with a

major role in recovery from caspofungin exposure (Walker  et al., 2015). On the other

hand, Alternaria infectoria relies on class V and class VII chitin synthases in the salvage

mechanism when the fungus is exposed to caspofungin and to nikkomycin Z (Fernandes

et  al.,  2014).  As  in  Fusarium  oxysporum,  Fusarium  verticillioides,  Magnaporthe

oryzae, or Gibberella zeae, the Chs class V and VII double mutants of A. fumigatus are

fully viable (Jiménez-Ortigosa et al., 2012). The chitin cell wall content in the double

ΔcsmA/csmB mutants  of  A.  fumigatus  is  similar  to  wild-type,  although  this  double

deletion does not stimulate compensatory expression of Chs from other families. CsmA

13

37

303

304

305

306

307

308

309

310

311

312

313

314

315

316

317

318

319

320

321

322

323

324

325

326

327

38
39



and CsmB do not overlap functions and do not compensate for each other (Jiménez-

Ortigosa et al., 2012). For example, the class V is involved in conidial chitin synthesis

in contrast to the class VII (Jiménez-Ortigosa et al., 2012). 

In  Neurospora crassa, the MMD-Chs enzymes play an important role during asexual

and sexual  reproduction.  ∆chs-V and  ∆chs-VII also  present  a  reduced  biomass  and

reduced branching (Fajardo-Somera et al., 2015). 

In A. oryzae, the Chs from class V, encoded by the csmA gene, is essential for cell-wall

formation  during  both  hyphal  growth  and conidiation,  and the  ΔcsmA  mutants  has

reduced colonial growth rate and conidiation (Müller et al., 2002).

From the eight  putative chitin synthases found in C. neoformans, only the Chs5 has a

putative  MMD, and  chs5 mutants  are  not  hyper  sensitive  to  37º  C or  to  cell  wall

stressors. Nevertheless, this enzyme seems to be involved in the feedback mechanism of

transcriptional regulation when other Chs are deleted (Banks et al., 2005). 

In Y. lipolytica, the teleomorph of Candida lypolitica, Csm1 and Csm2 (class V and VII

Chs enzymes respectively) are involved in the maintenance of cell wall architecture and

integrity. The respective mutants were sensitive to cell wall stressors such as Calcofluor

White or Congo Red. The other class VII Chs (Csm3) may have overlapping functions

with other Chs (Sheng et al., 2013). Mutants of each of these three MMD-Chs enzymes

have cell walls with the same chitin content as wild type.

The  class  V  Chs  also  plays  a  role  in  hyphal  growth  and  asexual  sporulation  and

C. graminicola  CgΔchsV mutants  are  unable  to  form conidia  (Werner  et  al.,  2007).

Also, the class VII Chs is essential for cell wall synthesis of conidia and vegetative

hyphae and is localized in the growing tips and septa (Amnuaykanjanasin et al., 2003;

Amnuaykanjanasin  and  Epstein,  2003;  Amnuaykanjanasin  and  Epstein,  2006).
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Remarkably, the conidia from these mutants burst during germination in low osmotic

media (Epstein et al., 2001).

In G. zeae, anamorph F. graminearum, the classes V and VII Chs are involved in hyphal

growth  and  septum  formation.  On  the  other  hand,  the  conidium  production  from

ΔGzChs5,  ΔGzChs7 and ΔGzChs5/7  double  mutants  is  severely  reduced  and  these

mutants fail to produce perithecia (Kim et al., 2009).

6. Relevance of MMD-Chs for infection 

Overall,  more  information  is  available  about  the  role  of  MMD-Chs  enzymes  in

vegetative growth and sporulation than during infection (Table 2).  However,  several

reports suggest that the deletion of these enzymes either abolishes phytopathogenicity or

dramatically decreases the virulence of the fungus towards the host plant (Table 2). 

A number of morphogenetic transitions to form appressoria or lobed hyphopodia are

vital  for the  virulence life  styles of  plant  pathogens and these  processes  have  been

shown to frequently be dependent on the ability to synthesise chitin. The class V Chs

mutants C. graminicola ΔCgchsV, are able to form hyphopodia, enabling plant host cell

wall penetration but the infecting hyphae exhibit swellings and are not able to proceed

with plant colonization; in fact CgChsV proved to be essential for synthesis of rigid

appressorial  cell  walls  and  consequently,  for  appressorium-mediated  plant  infection

(Werner et al., 2007). This is also observed in  U. maydis, that causes smut disease on

maize and teosinte, where the classV Chs Mcs1 and Chs6 do not display a critical role

in  ex  planta  fungal  growth,  but  are  crucial  for  the  initial  steps  of  plant  infection.

Deleted  mutants  penetrate  plant  host  cells  but  then  lose  growth  polarity  and  form

globular  aggregates,  which  are  unable  to  invade  deeper  plant  layers  (Weber  et  al.,

2006). Moreover, deleted mutants in the Chs domain are quickly recognized and killed
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by the plant, whereas fungi with a deletion of the MMD domain although retaining the

ability  to  invade  the  host  tissue,  only  elicit  a  moderate  plant  defence  response

(Treitschke et al., 2010). UmChs6, a class V Chs, although lacking the MMD domain, is

also indispensable for virulence (Garcerá-Teruel et al., 2004). 

In M. oryzae, a hemibiotrophic fungal pathogen that causes rice blast, only the class V1

Chs  is  essential  for  pathogenesis,  and  Δchs6  mutants  are  non-pathogenic  because

appressoria formed by these mutants are defective in plant cell penetration (Kong et al.,

2012).   In  F. verticillioides, a pathogen of maize, Chs5 (class V Chs) and Chs7 (class

VII  Chs)  are  both  required  for  normal  hyphal  growth  and  for  maximal  disease.

However, the amount of fumonisin toxin (a major virulence factor of this fungus) is

affected  in  mutants  (Larson  et  al.,  2011),  questioning the  mechanism of  the  lower

pathogenicity. In the citrus postharvest pathogen, Penicillium digitatum, PdchsV (class

V) and PdchsVII (class VII) are among the genes more induced during infection but not

during axenic growth (Gandía et al., 2014). Strains with disruption of the class VII Chs

are viable but have a reduction in growth and conidia production. These mutants retain

the  ability  to  infect  citrus  fruit  but  with  lower  virulence  and  do  not  form  visible

mycelium and conidia on the fruit (Gandía et al., 2014).

In  contrast  to  the  studies  above  reported,  the  class  V  Chs  mutant  of  B.  cinerea

(ΔBcChs5) is not more virulent or impaired in cell growth, although this deletion results

in an increase of cell wall chitin of 31 % (Cui et al., 2009). On the other hand, BcChs6,

a  class  VII  Chs,  is  required  for  pathogenicity,  hyphal  growth  of  B.  cinerea and

sclerotium formation  (Cui  et  al.,  2013).  F. oxysporum is  a  multihost  pathogen  that

infects  plants  and  immunocompromised  humans.  The  class  V  Chs  mutants  of  F.

1 According to the classification adopted in this review and based on the motif present and size 
of the MMD, we consider the Chs6 from M. oryzae is a class V Chs and the Chs5, a class VII 
Chs. According to the classification adopted in this review and based on the motif present and 
size of the MMD, we consider the Chs6 from M. oryzae is a class V Chs and the Chs5, a class 
VII Chs.
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oxysporum (ΔchsV) fail to colonize the vascular system of tomato plants and to invade

wounded tomato fruit and these mutants probably due to its increased sensitivity toward

hydrogen peroxide (Madrid et al., 2003) However, mice injected with microconidia of

these mutants,  living and heat-killed conidia, died faster than mice infected with the

wild  type  strain,  either  in  immunosuppressed  and  in  immunocompetent  mice.  The

ΔchsV mutant killing mechanism was due to respiratory insufficiency because swollen

conidia lead to obstruction of the blood flow in the alveolar interstitial capillaries. On

the  other  hand,  conidium germination  was seen  in  several  organs  (Ortoneda  et  al.,

2004). Furthermore, in response to the deletion of one of the Chs-MMD, the expression

of the other Chs enzymes was not increased, indicating that there was no compensatory

transcriptional mechanisms (Martín-Urdíroz et al., 2008). ChsVb was expressed under

low and high osmotic conditions, whilst ChsV was expressed mainly in the absence of

osmotic  stabilizers  (Martín-Urdíroz  et  al.,  2008).  The cell  walls  from all  these  null

mutants have a thicker skeletal inner layer, suggesting a compensatory mechanism of

chitin and glucan is activated (Martín-Urdíroz et al., 2008). ChsV is likely to contribute

to the structural defence function of the cell wall by preventing the access of antifungal

plant  compounds (Madrid  et  al.,  2003).  The exact  mechanism by which MMD-Chs

influence the ability of a fungus to infect plants and to elicit an immune response still

needs  further  insights  but,  besides  the  importance  of  melanin  deposition  in  the

appressorium, at the penetration peg (Giraldo and Valent, 2013),  chitin, by affecting

signaling through plasmodesmata affects the spread of a systemic immune response in

plants (Faulkner et al., 2013). Given that in most of the phytopathogenic fungi MMD-

Chs are essential to infection and that these chitin synthases play an important role in

the deposition and organization of chitin at the fungal hyphal tip one can speculate that
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the immune response in plant cells may depend on the organization (and not on the

amount) of chitin at the appressorium/penetration peg.      

The role  of  the  class  V has  also  shown to  be  essential  for virulence of  the  animal

pathogen W. dermatitidis. Class V Chs, WdChs5, is required for the sustained growth of

W. dermatitidis at 37°C and is consequently critical for its virulence in mammals (Liu et

al.,  2004).  Mouse survival  models of acute infection showed that  Δwdchs5 mutants

were less virulent than wild type (Liu  et al., 2004). In W. dermatitidis,  WdChs5p at

37°C  helps  in  the  maintenance  of  the  integrity  of  the  hyphal  tips,  but  does  not

participate in septation (Abramczyk et al., 2009). 

Interestingly, the class V mutants from A. fumigatus  are virulent, causing pulmonary

infection in immunosupressed mice. In fact, the mutants invade the lung tissue and also

have a  swollen phenotype (Aufauvre-Brown  et  al.,  1997).  The surface of wild type

A. fumigatus  conidia is characterised by a mosaic network of hydrophobic nanofibrils,

called  rodlets,  that  are  composed  of  hydrophobins,  that  mask  the  recognition  of

immunogenic fungal cell wall components by innate immune cells (Aimanianda et al.,

2009). The deletion of CSMA gene leads to the disappearance of these layers from the

surface  in  mutant  conidia  and  is  associated  with  potentiated  activation  of  human

dendritic cells (Alsteens et al., 2013; Jiménez-Ortigosa et al., 2012). This might explain

why the class V mutants from A. fumigatus are more virulent (Aufauvre-Brown et al.,

1997). In the ∆csmB and ∆csmA/∆csmB mutants the conidial surface exhibits poorly

organized rodlet layers with substantial amounts of exposed mannan and chitin that can

engage with pattern recognition receptors of host myeloid cells (Alsteens et al., 2013). 

 

7. Conclusions
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Apical growth and chitin synthesis is essential for filamentous fungi to be able to invade

and  colonize  plant  and/or  animal  tissues  (Wessels,  1993).  Therefore,  functional

characterization of Chs enzymes is essential not only for the understanding of fungal

pathogenicity but also for the identification of novel fungicide targets for agriculture

and medicine, since they are absent in animal hosts (Munro and Gow, 1995).  Specific

inhibitors of fungal  Chs such as the polyoxins have been designed and are structural

homologues of the Chs substrate, UDP-N- acetylglucosamine (Gow and Selitrennikoff,

1984; Muller et al., 1981), but the full potential of chitin as an antifungal target have yet

to be realised. 

In most of phytopathogenic fungi the deletion of at least one of the class V or for Chs

VII  genes  have  morphological  growth  defects  and  reduced  virulence.  The  reduced

virulence of pathogenic fungi  with deleted Chs-MMD genes cannot be attributed to

reduced chitin synthesis because in most of these mutants the overall cell wall content is

similar to the wild type but rather to the alteration on the chitin microfibrils structure.

MMD-Chs deletion is also associated with increased susceptibility to hydrogen peroxide

suggesting that these enzymes may be involved directly or indirectly in resistance to

host defences mechanisms, possibly due to a decrease in cell wall structural integrity

and permeability. In some cases fungi become more virulent in the absence of these

MMD-Chs. This might be due to changes in fungal surface structure that leads to higher

exposure of inner cell wall layers such as β-glucan that may trigger an immunogenic

host response (Alsteens et al., 2013), or because chitin arrangement at the penetration at

the hyphal tip is essential to tissue invasion and host immune response (Faulkner et al.,

2013).  Because  these  enzymes  seem  important  for  fitness  and  virulence  of  fungal

pathogens they can be regarded as  excellent targets for the design of isotype-specific

antifungal drugs. 
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Figure captions

Fig. 1. Categorization of Chs enzymes and distribution among yeast and filamentous

fungi. 

Fig. 2. Chitin synthases class V and class VII diagram representing the domains. Chs –

chitin synthase domain; MMD – myosin motor domain; Cyt-b5 – cytochrome b5-like

heme/steroid domain; DEK_C – DEK C-terminal domain.

Fig. 3. General domain structures of the class V and VII chitin synthases in filamentous

fungi  and directions  and chromosomal  positions  of  the  corresponding open  reading

frames. Chs, chitin synthase domain; Cyt-b5, cytochrome b5-like heme/steroid binding

domain; MMD, myosin motor domain; DEK_C, DEK C-terminal domain.

Fig. 4. Transport of class V MMD-Chs-bound vesicles to the growth region and lateral

cell wall, in U. maydis (Schuster et al., 2012; Steinberg, 2011; Riquelme, 2013). After

fusing with the plasma membrane, the enzymes located in the vesicles membrane are

inserted in the plasma membrane and participate in the synthesis of the fungal cell wall

(Steinberg, 2011). 
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Table 1 – General morphological alterations and dysfunctions that occur in class V and class Chs deletion mutants.

Fungus Mutant Balloon-
like

structures

Swollen hyphal
tips

Intrahyphal
occurence

Changes in
conidiation

Higher
susceptibility to
antifungals or

cell wall and cell
membrane

stressors than
WT

MMD-Chs
localization 

Abnormalities
in septa

formation or
distribution

Alteration in chitin
contents 

Aspergillus
fumigatus

Class V
∆csmA

 
(Aufauvre-
Brown et 
al., 1997; 
Muszkieta 
et al., 
2014)

 (Muszkieta et 
al., 2014)

 
(Jiménez-
Ortigosa et 
al., 2012 
Muszkieta 
et al., 
2014)

Reduced 
(Aufauvre-
Brown et 
al., 1997; 
Muszkieta 
et al., 
2014)

 
(Echinocandins)
 (Jiménez-
Ortigosa et al., 
2012; Muszkieta 
et al., 2014)

= WT2

3  (Jiménez-
Ortigosa et al., 
2012; Muszkieta et 
al., 2014)

Class VII
∆csmB

 
(Muszkiet
a et al., 
2014)

 (Muszkieta et 
al., 2014)

 
(Jiménez-
Ortigosa et 
al., 2012; 
Muszkieta 
et al., 
2014)

Reduced 
(Jiménez-
Ortigosa et
al., 2012; 
Muszkieta 
et al., 
2014)

= WT2,3 
3  (Jiménez-
Ortigosa et al., 
2012; Muszkieta et 
al., 2014)

∆csmA/∆csm
B

 
(Jiménez-
Ortigosa et 
al., 2012)

Reduced 
(Jiménez-
Ortigosa et
al., 2012)

= WT2,3 (Jiménez-
Ortigosa et al., 
2012)

Aspergillus
nidulans

Class V
∆csmA

 (Specht 
et al., 
1996)

5 (Specht et al., 
1996)

 (Horiuchi
et al., 
1999)

Reduced 
(Horiuchi 
et al., 
1999); 
Swell and 
lyse5 
(Specht et 
al., 1996)

Hyphal apex 
and septa 
(Takeshita et 
al., 2005)

Structurally 
abnormal and
at irregular 
interval  
(Horiuchi et 
al., 1999)

2 (Specht et al., 
1996)

Class VII
∆csmB

 
(Takeshita 
et al., 
2006)

5 (Takeshita et al.,
2006)

 
(Takeshita 
et al., 
2006)

Reduced 
(Horiuchi 
et al., 
1999);

Hyphal apex 
and septa 
(Takeshita et 
al., 2006)

∆csmA/∆csm
B

Lethal (Takeshita et al., 2006)

Aspergillus Class V  (Müller  (Müller et al.,  (Müller Reduced  (CFW) (Müller 2 (Müller et al., 



oryzae
∆csmA et al., 

2002)
2002) et al., 

2002)
(Müller et 
al., 2002)

et al., 2002) 2002)

Botrytis
cinerea

Class V 
∆BcchsV

No 
reduced 
(Cui et al., 
2009)

 (CFW). Slighly 
more tolerant to 
SDS and osmosis
regulators (Cui 
et al., 2009)

2 (Cui et al., 2009)

Class VII 
∆BcchsV

Reduced 
(Morcx et 
al., 2012)

 (CFW, CR, 
BCIP, SDS) (Cui 
et al., 2013)

 (Morcx et 
al., 2012)

2 (Cui et al., 
2013)

Colletotrichu
m graminicola

Class V 
∆CgChsV

 
(Werner 
et al., 
2007)

Class VII T30
(∆ChsA)


1 

(Amnuaykanjanasin
and Epstein, 2003)

Burst 1 
(Epstein et 
al., 2001)

Hyphal apex 
(Amnuaykanja
nasin and 
Epstein, 2006)

3 
(Amnuaykanjanasin
and Epstein, 2003)

Cryptococcus
neoformans

Class V 
∆Chs5

= WT (CR, SDS, 
caffeine) (Banks 
et al., 2005)

 (Banks et al., 
2005)

Class V w/o 
MMD
Chs4∆

= WT (CR, SDS, 
caffeine) (Banks 
et al., 2005)

 (Banks et al., 
2005)

Fusarium
oxysporum

Class V
∆chsV

 (Madrid
et al., 
2003)

Not 
observed 
(Martín-
Urdíroz et 
al., 2008)

Lemon-like
shaped 
conidia 
(Madrid et 
al., 2003)

 (plant 
defence: 
phytoanticipin, 
α-tomatine) 
(Madrid et al., 
2003)
(CFW, CR, 
BCIP). Not higher
sensitivity to SDS
(Martín-Urdíroz 
et al., 2008)

Not observed 
(Martín-
Urdíroz et al., 
2008)

2 (Madrid et al., 
2003)

Class VII
∆chsVb

 
(Martín-
Urdíroz et 
al., 2008)

 (Martín-
Urdíroz et 
al., 2008)

Lemon-like
shaped 
conidia 
(Martín-
Urdíroz et 
al., 2008)

 (CFW, CR, 
BCIP). Not higher
sensitivity to SDS
(Martín-Urdíroz 
et al., 2008)

 (Martín-
Urdíroz et al., 
2008)



∆chsV /
∆chsVb

 
(Martín-
Urdíroz et 
al., 2008)

 (Martín-
Urdíroz et 
al., 2008)

Lemon-like
shaped 
conidia 
(Martín-
Urdíroz et 
al., 2008)

(CFW, CR, 
BCIP). Not higher
sensitivity to SDS
(Martín-Urdíroz 
et al., 2008)

 (Martín-
Urdíroz et al., 
2008)

Fusarium
verticillioides

Class V
∆CHS5

 (Larson 
et al., 
2011)

 (CFW, CR). No 
more sensitivity 
to NZ (Larson et 
al., 2011)

2 (Larson et al., 
2011)

Class VII
∆CHS7

 (Larson 
et al., 
2011)

 (CFW, CR). No 
more sensitivity 
to NZ (Larson et 
al., 2011)

2 (Larson et al.,  
2011)

∆CHS5 /
∆CHS7

 (Larson 
et al., 
2011)

 (CFW, CR). No 
more sensitivity 
to NZ (Larson et 
al., 2011)

2 (Larson et al.,  
2011)

Gibberella
zeae

Class V 
∆GzChs5 

 (Kim et 
al., 2009)

 (Kim et al., 2009)  (Kim et 
al., 2009)

Do not 
produce 
paricethia  
(Kim et al., 
2009)

Woronin 
bodies (Kim 
et al., 2009)

Class VII  
∆GzChs7

 (Kim et 
al., 2009)

 (Kim et al., 2009)  (Kim et 
al., 2009)

 Do not 
produce 
paricethia 
(Kim et al., 
2009)

Woronin 
bodies (Kim 
et al., 2009)

∆GzChs5/7  (Kim et 
al., 2009)

Do not 
produce 
paricethia  
(Kim et al., 
2009)

Magnaporthe
oryzae

Class V
∆chs6

 (Kong 
et al., 
2012)

 (Kong et al., 
2012)

Reduced 
(Kong et 
al., 2012)

(CFW, CR, NZ) 
(Kong et al., 
2012)

2,3 (Kong et al., 
2012)

Class VII
∆chs5

Not 
observed 
(Kong et 
al., 2012)

Not observed 
(Kong et al., 2012)

Not 
reduced 
(Kong et 
al., 2012)

Slightly more 
resistant to 
CFW,CR and NZ 
(Kong et al., 
2012)

Slight 2,3 (Kong et 
al., 2012)



∆chs5/∆chs6  (Kong 
et al., 
2012)

 (Kong et al., 
2012)

Reduced 
(Kong et 
al., 2012)

(CFW, CR, NZ) 
(Kong et al., 
2012)

Neurospora
crassa

∆chs-5 Reduced 
(Fajardo-
Somera et 
al., 2015)

Hyphal apex 
and septa and
at 
interconidial 
septa 
(Fajardo-
Somera et al., 
2015)

Slight 2 (Fajardo-
Somera et al., 
2015)

∆chs-7 2 (Fajardo-
Somera et al., 
2015)

Penicillium
digitatum

Class VII 
∆PdchsVII

 (Gandía
et al., 
2014)

Reduced 
(Gandía et 
al., 2014)

(CR, CFW, SDS 
and antifungals 
as TBZ and IMZ 
but it antifungal 
peptides) 
(Gandía et al., 
2014)

2 (Gandía et al., 
2014)

Ustilago
maydis

Class V w/o 
MMD ∆chs6

Hyphal apex  
(Weber et al., 
2006)

2 (Garcerá-Teruel 
et al., 2004)

Class V with 
MMD ∆mcs1

Not 
observed 4 
(Weber et 
al., 2006)

Not observed 
(Weber et al., 
2006)

Not 
observed 
(Weber et 
al., 2006)

Hyphal apex  
(Weber et al., 
2006)

Slightly x2 (Weber 
et al., 2006)

∆mcs1 ∆chs6 Yeast 
more 
swollen 
(Weber et 
al., 2006)

Not observed 
(Weber et al., 
2006)

Not 
observed 
(Weber et 
al., 2006)

Yarrowia
lipolytica

Class V ∆csm1 (CFW, CR) 
(Sheng et al., 
2013)

Not observed 
(Sheng et al., 
2013)

= WT2 (Sheng et al.,
2013)

Class VII 
∆csm2

(CFW, CR) 
(Sheng et al., 
2013)

= WT2 (Sheng et al.,
2013)

Class VII 
∆csm3

= WT2 (Sheng et al.,
2013)

Wangiella
dermatitis

Class V 
∆wdchs5

Yeast with 
irregular 
shape (Liu 
et al., 



2004)
1 in media with low osmotic pressure

2 in mycelia

3 in conidia

4 ∆mcs1 without morphological alterations during growh ex vivo but during infection, lost of growth polarity and formation of aggregates of spherical cells

5 at subapical location

CFW: calcofluor white; CR: congo red; SDS: sodium dodecyl sulfate; BCIP: 5-bromo-4-chloro-3-indolylphosphate; NZ: Nikkomycin Z; ampB: amphotericin B; TBZ: thiabendazole; IMZ: imazalil  



Table 2 – MMD- Chs role in infection.

Fungus Virulence (plant
and animal host)

Penetration of the
host cell and tissue

invasion

Sensitivity to
H2O2 

Growth at
37ºC

Aspergillus 
fumigatus

ChsV mutants are 
virulent in mice and
form swollen hypha 
in the lungs 
(Aufauvre-Brown et 
al.,, 1997)

Botrytis cinerea ΔBcchs5 are equally
virulent (Cui et al., 
2009); the class VII 
Chs is essential to 
virulence (Cui et al.,
2013)

Colletotrichum 
graminicola

∆CgChsV is non 
pathogenic (Werner
et al., 2007)

Penetration of the plant
cell; hyphal swelling 
prevents infection 
progression (Werner et 
al.,2007)

∆CgChsV 
similar 
sensitivity to 
WT (Werner et
al., 2007)

Cryptococcus 
neoformans

chs5∆ 
retain 
ability to 
grow at 
37ºC 
(Banks et 
al., 2005)

Fusarium 
oxysporum

∆chsV, ∆chsVb and 
double ∆chsV 
∆chsVb  are non-
pathogenic for 
plants; ∆chsV 
mutants cause 
higher mortality in 
mice (Ortoneda et 
al., 2004; Martín-
Urdiroz et al., 2008)

Mutants penetrate but 
fail to colonize tomato 
plant and invade 
tomato fruits (Ortoneda
et al., 2004; Martín-
Urdiroz et al., 2008). 
∆chsVb macerate the 
fruit tissue (Martín-
Urdíroz et al., 2008).

Higher 
sensitivity to 
H2O2 (Madrid 
et al., 2003)

Fusarium 
verticillioides

∆CHS5, ∆CHS7, 
∆CHS5/∆CHS7 have
lower infection rate 
(Larson et al., 2008)

∆CHS5, 
∆CHS7, 
∆CHS5/∆CHS7
mutants are 
more sensitive
to H2O2 
(Larson et al., 
2011)

Gibberella zeae ∆GzCHS5 and 
∆GzCHS7  are 
avirulent (Kim et 
al., 2009)

Magnaporthe 
oryzae

chs6 mutant (class 
V) non-pathogenic 
to plants. chs5 
mutant (class VII) 
pathogenic(Kong et
al., 2012)

chs6 mutant and chs5 
chs6 double mutant fail
to penetrate the plant 
(Kong et al., 2012)

chs5 and chs6
mutants less 
sensitive

chs5 chs6 
double 
mutants more 
sensitive 
(Kong et al., 
2012)

Penicillium 
digitatum

PdchsVII mutants 
havelower virulence
(Gandía et al., 
2014)

Ability to infect citrus 
fruit without formation 
of mycelia and conidia 
in the fruit (Gandía et 
al., 2014).

PdchsVII 
mutants more 
sensitive to 
H2O2 (Gardia 
et al., 2014)

Ustilago maydis ∆chs6 and ∆mcs1 ∆mcs1  penetrate the ∆mcs1  similar



lose virulence 
(Garcerá-Teruel et 
al., 2004;  Weber et
al., 2006)

plant epidermic cells 
but then loses growth 
polarity and  swelling 
prevents invasion 
(Weber et al., 2006). 
Chs domain is 
determinant to evade 
plant detection and 
defence mechanisms 
(Treitschke et al., 2010)

sensitivity to 
WT (Weber et 
al., 2006)

Wangiella 
dermatitis

Lower virulence in 
mice (Liu et al., 
2004)

No growth 
at 37ºC (Liu
et al., 
2004)
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