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Core Messages

The recent sequencing of the genomes of dandruff-associated basidiomycetous  ›
yeasts, Malassezia globosa and Malassezia restricta, disclosed that the  
M. globosa genome is among the smallest for a free-living fungus. M. globosa 
produces a similar set of secreted hydrolases as the human pathogen Candida 
albicans. Although phylogenetically more closely related to the plant pathogen 
Ustilago maydis, M. globosa produces a different set of secreted hydrolases, 
which is a likely adaptation to the host niche and may be involved in 
pathogenicity. M. globosa is apparently missing several enzymes in fatty acid 
metabolism, including fatty acid synthase, D9 desaturase, and D2,3 enoyl CoA 
isomerase. The two former enzymes are apparently missing also in another skin 
microbe, Corynebacterium jeikeium. M. globosa has six lipase genes in each of 
two lipase families, which, compared with the lipases from a related fungus  
U. maydis, had undergone duplications since divergence from the Ustilago-
containing lineage. There is also evidence for duplication of other M. globosa 
genes for secreted enzymes such as aspartyl proteases, phospholipases C, and 
acid sphingomyelinases. The M. globosa genome encodes proteins similar to all 
Malassezia allergens, the coding sequences of which have been isolated, and genes 
associated with mating, although mating has not yet been observed in Malassezia.
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9.1  
 Introduction

Malassezia and their role in dandruff and seborrheic dermatitis (SD) are of particular inter-
est, as elucidation of pathogenetic mechanisms would instigate research into more effec-
tive treatments (Fig. 9.1).

Until recently, very little was known about the Malassezia genome. A recent report [1] 
on the genome sequences of M. globosa and M. restricta has brought new insights into the 
pathogenic capacity of these organisms. In this chapter, it is not our goal to repeat the 
results described in that paper and its 52-page supplementary material. Instead, we will 
provide additional perspective to the conclusions of that paper as well as some additional 
insights gleaned from the genome sequence.

Malassezia spp. are considered to have an essential role in dandruff and SD [2], although 
Koch’s postulates have not been satisfied. The role of the fungus is complicated in that it is 
present essentially on all human scalps and yet many people lack symptoms, which is not 
unusual in diseases where microorganisms play a role. Disease-implicated microorganisms 
are present on many people without causing symptoms. Such microorganisms include 
Staphylococcus aureus [3], Mycobacterium tuberculosis [4], dermatophytes [5], and C. albi
cans [6]. In all of these cases, there are host attributes that determine whether the 

a
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b

Fig. 9.1   Dandruff and Malassezia. (a) Scalp flaking known as dandruff. Note excessive flaking 
without overt irritation. Photo was taken with a Sony High-scope at 20× magnification. (b) Scanning 
electron micrograph of Malassezia globosa CBS strain 7966 after 14 days growth on LNA agar. 
Note the spiral structure in the cell wall (see also Chap. 2.3). (c) Malassezia restricta CBS strain 
7877 grown under the same conditions as (b)
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microorganism can cause disease. With dandruff, one host susceptibility component that has 
been described is sensitivity to oleic acid, which is a product of Malassezia lipase activity. 
Topically applied oleic acid can induce dandruff in dandruff-susceptible people only [7].

The role of Malassezia in dandruff and seborrheic dermatitis is supported by the effi-
cacy of a variety of antifungal agents (i.e., pyrithione zinc, selenium sulfide, ciclopirox 
olamine, climbazole, and ketoconazole) [8] with no other obvious related biological activ-
ity. Upon treatment, the fungi are largely removed, followed by alleviation of symptoms 
[9]. With termination of treatment, the fungal numbers increase, and the symptoms often 
return [9]. While a different fungus may possibly contribute to these symptoms, no such 
fungus has been reported from the scalp. There are multiple hypotheses for the molecular 
mechanisms by which Malassezia cause dandruff and SD. One possibility is that lipase-
mediated hydrolysis of sebum triglycerides leads to an excess of oleic acid that aggravates 
the scalp [10, 11]. Another possibility is that Malassezia produce tryptophan metabolites 
that are active on the aryl hydrocarbon receptor, thus producing inflammation [12]. An 
altered immune response has also been implicated (reviewed in Chap. 5).

Among the Malassezia species, M. restricta and M. globosa are the most commonly 
found on the scalp [13–16]. Genome-sequencing efforts have been focused on the M. glo
bosa type strain CBS 7966, as the tRFLP pattern of its rDNA region matches that of the  
M. globosa strain(s) most commonly found on human scalps (Gemmer and Dawson 
unpublished observations). A sevenfold (7×) sequence coverage of the M. globosa genome 
and a one-fold (1×) M. restricta type strain CBS 7877 genome sequence coverage were 
generated. In this chapter, we focus on the M. globosa genome, with some discussion on 
what was elucidated through the incomplete sequencing of the M. restricta genome.

9.2 
 Genome Size

At 8.9 Mb, the M. globosa genome is among the smallest for free-living fungi (Table 9.1).
The microsporidian, Encephalitozoon cuniculi, now classified as a fungus, contains a 

much smaller genome (2.9 Mb), but is incapable of growth outside animal cells [17]. 
Another obligate intracellular pathogen, Pneumocystis carinii, has a genome of only 
7.0 Mb, not including the telomeric ends and centromeres (the Pneumocystis genome proj-

Size (bp) 8.9 M

G + C content (%) 52

Protein-coding gene number 4,285

Percent coding 69

Percent genes with introns 27

Average gene length (bp) 1,484

Average coding length (bp) 1,447

tRNA genes 82

Table 9.1   Some properties of the 
M. globosa nuclear genome
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ect. http://pgp.cchmc.org). The free-living yeast Eremothecium (Ashbya) gossypii has a  
9.2-Mb genome [18], a size similar to that of the M. globosa genome. Other sequenced 
yeast and fungal genomes are larger, with the largest at 80 Mb [1]. While most character-
ized bacterial genomes are smaller, some are larger, such as the 13 Mb Sorangium cellulo
sum [19] genome and the 9.7 Mb genome of Rhodococcus RHA1 [20]. The relatively 
small size of the M. globosa genome can be attributed to the small number of protein-
coding genes (n = 4,285), the few introns (present in 27% of genes), and the few repetitive 
elements (comprising 0.78% of the genome). The number of M. globosa protein-coding 
genes is smaller than that of all other free-living fungi the genome of which has been 
sequenced. Among those bacteria the genome of which has been sequenced, most encode 
fewer genes than M. globosa. However, a larger number of proteins are encoded by some 
bacteria, such as Streptomyces coelicolor A3 (2) which encodes 7,825 proteins [21].

Small genomes are characteristic of organisms with specialized niches, with obligate 
intracellular parasites at the extreme. The genome size of M. globosa, relative to the 
genome size of its yeast and fungal relatives, suggests that M. globosa may have limited 
capacity to survive in diverse environments although this capacity is not as limited as in 
the intracellular microsporidia. The notion of a limited niche for M. globosa is consistent 
with the observation that Malassezia yeasts are found on the skin of warm-blooded ani-
mals but rarely in any other environment. This limited niche is reflected in the require-
ments for suitable culture media for growth in vitro (as described in Chap. 2.1).

9.3  
 Phylogenetic Relationship with Other Fungi

In a previous work using the sequence similarities of ribosomal RNA-encoding genes, 
Malassezia had been placed in a phylogenetic tree adjacent to plant pathogens such as 
Ustilago maydis [22, 23]. Further analysis, using a set of protein-coding genes [1], con-
firmed this placement. Most (75%) of the M. globosa genes show U. maydis genes as their 
best matches in the NCBI NR database (excluding the M. restricta sequences). Some of 
these plant pathogens, namely the smut fungi, have had a large impact through the ages on 
human food. Further study of these fungi should yield novel insights into the mechanisms 
by which these microorganisms interact with their hosts.

9.4  
 Lipid and Amino Acid Metabolism

Malassezia globosa requires lipid for growth in culture [24], an observation explained by 
the lack of a fatty acid synthase gene within the genome [1]. Most other characterized 
Malassezia spp., including M. restricta, also require lipid supplementation for growth. 
Genome sequencing suggests that M. restricta too, lacks a fatty acid synthase gene, as 
fragments of such a large gene would have been detected even with the 1× sequence cover-
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age of that genome. Among free-living fungi with sequenced genomes, only these 
Malassezia species lack a fatty acid synthase gene. By contrast, fatty acid synthase genes 
are lacking in Entamoeba histolytica [25], Encephalitozoon cuniculi [17], and Coryne
bacterium jeikeium K411 [26].

In addition to its inability to synthesize fatty acids, M. globosa apparently lacks a D9 
desaturase (EC 1.14.19.2) gene, the product of which places a double bond into common 
fatty acids, such as oleic acid. A D9 desaturase gene was not detected in the M. restricta 
genome either [1]. As D9 fatty acids, such as oleic acid, are commonly found on human 
skin [27], it is likely that the human host is satisfying M. globosa needs for such unsatu-
rated fatty acids. In contrast, the genome of the close relative, U. maydis contains a D9 
desaturase gene (UM00955.1).

The M. globosa genome encodes the enzymes capable of degrading saturated fatty 
acids via b-oxidation. However, there is an intriguing limitation. With fatty acids con-
taining a cisdouble bond, this must be modified to a transdouble bond before oxidi-
zing that region of the fatty acid. Furthermore, if the double bond occurs at an 
odd-numbered carbon, then the double bond must be shifted to an even-numbered car-
bon. Both of these modifications must happen for b-oxidation of the common skin lipid, 
oleic acid. The Saccharomyces cerevisiae ECI1product, a D3,2-enoyl CoA isomerase 
(EC 5.3.3.8), catalyzes both reactions, and ECI1mutant S. cerevisiae strains are limited 
in growth on unsaturated fatty acids [28]. The M. globosa genome shows no indication 
of an ECI1-like gene, suggesting that M. globosa either (1) has limited capacity for 
b-oxidation of unsaturated fatty acids, (2) contains a D3,2 enoyl CoA isomerase that is 
different from ECI1 and not found by similarity searches, or (3) uses a different bio-
chemical pathway for unsaturated fatty acid oxidation. In addition, no evidence for 
an ECI1homolog was found in the M. restricta genome sequences. In contrast, a  
S. cerevisiae ECI1homolog (UM01599.1) was found in U. maydis. The most likely 
explanation is that, M. globosa and M. restricta have lost the ECI1 and D9 desaturase 
gene homologs since Malassezia spp. last shared a common ancestor with U. maydis, 
although further biochemical experiments and genomic analysis will be needed to test 
this hypothesis. In that respect, it would be interesting to know which of these lipid 
metabolic enzymes are encoded by M. pachydermatis, the one known Malassezia spe-
cies that, while lipophilic, does not require lipid for growth. Also, a comparison of the 
lipid metabolic capacity of Cor. jeikeium and M. globosa would be particularly interest-
ing, as both organisms live on skin, lack a fatty acid synthase gene, and depend on 
exogenous lipids for growth in the laboratory. However, unlike M. globosa, Cor. 
jeikeium is probably capable of complete oxidation of oleic acid. The D3,2 enoyl CoA 
isomerase, apparently missing from M. globosa, is likely part of a multi-enzyme com-
plex encoded by a homolog of E. coli fadB [26, 29].

Corynebacterium jeikeium may share with M. globosa a defect in oleic acid synthesis. 
There are two bacterial pathways for generation of the double bond in oleic acid. One is 
based on a D9 desaturase [30], and the second is based on 3-hydroxydecanoyl-ACP- 
dehydrogenase [31] that acts during fatty acid elongation. The latter process would not be 
expected in Co. jeikeium because of the absence of fatty acid synthesis in this organism. It 
is noteworthy that there was no evidence for a Cor. jeikeium homolog of a D9 desaturase 
gene, when the S. cerevisiae OLE1 or the Mycobacterium tuberculosis desA3 was used in 
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a similarity search [30], although a desA3 homolog in the genome of the nonlipophilic Cor. 
diptheriae was identified. In addition, no evidence was found for a Cor. jeikeium homolog 
of 3- hydroxydecanoyl-ACP dehydrogenases, as in E. coli fabA or fabZ.

In contrast to lipid metabolism, where M. globosa takes advantage of the host provision 
of fatty acid sources, M. globosa is apparently self reliant for amino acids. The M. globosa 
genome appears to encode all of the enzymes necessary for synthesis of all twenty canoni-
cal amino acids. It was expected that amino acids should be available to the yeast through 
the skin, because the stratum corneum contains amino acids as a result of proteolysis of 
filaggrin [32]. Besides the lipid metabolic pathways, Cor. jeikeium also resembles 
M.  globosa in its amino acid metabolic pathways, in that both organisms can apparently 
synthesize the twenty standard amino acids [26]. It would be interesting to know if the 
amino acid synthesis genes are transcriptionally active on the skin and whether there is a 
selective advantage for these microorganisms to synthesize amino acids.

9.5  
 Lipases

Lipases and phospholipase C may be used by Malassezia to generate fatty acids from 
sebum triglycerides, therefore compensating for the lack of fatty acid synthase. Beyond 
this nutritional role, lipases may contribute to dandruff symptoms (see above). A large 
number of gene copies are often interpreted as a sign that the corresponding proteins are of 
particular significance. Among enzymes encoded by the M. globosa genome, lipases and 
aspartyl proteases are represented by the highest gene copy number. The only character-
ized M. globosa lipase, the LIP1 product, hydrolyzes diglycerides and monoglycerides 
[10]. However, M. globosa cells contain a triglyceride-hydrolyzing activity, so other 
lipases must be active against triglycerides.

Malassezia globosa encodes twelve lipases that can be partitioned equally into either of 
two PFAM families and are depicted on a phylogenetic tree of lipases (Fig. 9.2). Our 
research group constructed the tree following a BLAST search in the NCBI NR database, 
using the amino acid sequence of each of these twelve lipases. Every lipase, that was one 
of the top fifteen matches to any of the M. globosa lipases, as well as any U. maydis and 
M. restricta lipases were included in the tree. Of course, many lipases were among the top 
matches to multiple M. globosa lipases. Although partial sequencing of the M. restricta 
genome [1] resulted in many gene fragments, it was, in four cases, possible to assemble 
sufficient lipase sequences to place these in the phylogenetic tree. However, some M. 
restricta lipases may be missing.

Among the lipases, one family is PFAM category Lipase 3 (PF01764). U. maydis 
encodes one lipase within this family, whereas M. globosa encodes six lipases in the fam-
ily. As described previously [1], the M. globosa genome contains clusters of genes for 
secreted enzymes. One such cluster contains four consecutive lipase genes (MGL_0797 
through MGL_0800), each potentially transcribed in the same direction. These lipases are 
more similar to each other than to any other protein. It is likely that this cluster arose from 
lipase gene duplication, after the separation of Malassezia and Ustilago from a common 
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Fig. 9.2  Phylogenetic tree of lipases. To construct the tree, the protein sequences of twelve M.  globosa 
lipases that belong to PFAM families LIP and Lipase_3 were searched against the NCBI NR data-
base. The top fifteen matches to any of the M. globosa lipases were combined and duplicates removed. 
Partial open reading frames of putative M. restricta lipases were also included. A multiple sequence 
alignment was generated using MAFFT [33] L-INS-I model. The tree was constructed using PHYML 
as described previously [1]. The numbers shown on the tree are bootstrap values derived from 100 
bootstrap datasets (only those that have a bootstrap value greater or equal than 50 were shown)
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ancestor. The second family is the PFAM category LIP (PF03583), with one division con-
taining well-characterized lipases from Candida albicans and one lipase from U. maydis. 
A second division contains lipases described from M. furfur [34] and M. pachydermatis 
[35], two lipases from Aspergillus, and six lipases from M. globosa. It is not clear if there 
is an Ustilago lipase that is homologous to the Malassezia lipases in this division. Three of 
these M. globosa lipases are encoded by a secreted enzyme gene cluster, with an aspartyl 
protease gene interspersed [1]. Unlike the case with the set of PFAM Lipase 3 lipase genes, 
the gene cluster of PFAM LIP members is not a set of most similar genes, making interpre-
tation of its history more speculative. Although members of the LIP family clearly belong 
to the same family, they are not very similar to each other, with a protein sequence identity 
of about 30–45%. The nucleotide sequence has no apparent similarity to each other, which 
may be the reason why Brunke and Hube [34] were not able to identify additional lipase 
genes when using a M. furfur lipase gene as a probe in a southern blot analysis with the 
genomic DNA from seven species of Malassezia, although two hybridizing M. pachyder
matis genome segments were detected. It is interesting that one M. globosa lipase, 
MGL_3507, appears to be about 110 amino acid residues longer at the C-terminus than the 
rest of the class. The extra coding sequence was confirmed by cDNA sequencing 
(DeAngelis and Dawson, unpublished observation). This extra region contains some low 
complexity amino acid sequence and is rich in serine, lysine and glycine. In the absence of 
experimental evidence and homology with other known protein sequences, we speculate 
that this region might be used to tether the lipase to cell wall.

Malassezia restricta has been reported to lack lipase activity in culture [10, 13]. 
However, the incomplete M. restricta genome sequence indicates the presence of at least 
two lipases in each of the LIP and the lipase 3 families, one of which was found among 
M. restricta secreted and cell wall-associated proteins [1]. The difficulty in detecting 
M. restricta lipase activity may be due to a combination of factors including culture opti-
mization for lipase production and the choice of the appropriate lipase assay.

9.6  
 Aspartyl Proteases

Malassezia globosa encodes seventeen aspartyl protein genes, an uncommonly large 
number [1] (Fig. 9.3). Proteases could hydrolyze host proteins to supply nutrients, 
degrade host tissues, modify host cells to facilitate adhesion, or alter the immune 
response.

A phylogenetic tree of aspartyl proteases was created, using the methodology described 
for lipases; the only difference being that we have included in the tree, the top ten matches 
for each of the M. globosa aspartyl proteases. In one case, neighboring genes encoded 
aspartyl proteases with the highest similarity (MGL 3330 and 3331). In other cases, two 
M. globosa protease genes, despite being highly similar to each other, were not adjacent in 
the genome. As was the case with lipase genes, this pattern suggests gene duplication 
events more recent than the split from the common ancestor shared with Ustilago.
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Fig. 9.3  Phylogenetic tree of aspartyl proteases. The tree was constructed using the same method as 
described in Fig. 9.2 except that only the top ten hits from the NCBI NR databases were included
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9.7  
 Phospholipase C

We constructed a phylogenetic tree based on the twenty proteins that best matched each of 
the M. globosa phospholipases C. One branch of a tree contains only Malassezia genes, 
with six from M. globosa and five from M. restricta. The closest relatives are a set of asco-
mycete phospholipases, with a more distant set of bacterial phospholipases.

There are no basidiomycete phospholipases related closely enough to be shown (Fig. 9.4). 
Three of the M. globosa phospholipase genes are found adjacent to each other, and these 
three are each other’s closest relatives within M. globosa. Each of these phospholipases has 
for its most similar protein a M. restricta phospholipase C. Our M. restricta genome 
sequence was not sufficiently complete to know if these genes are adjacent in the genome.

9.8  
 Acid Sphingomyelinases

A phylogenetic tree (not shown) indicates that one branch contains three adjacent M. glo
bosa acid sphingomyelinase genes (MGL_1573, 1574, and 1575), as well as a fourth acid 
sphingomyelinase gene (MGL_568) and three M. restricta genes (MRE asm1, asm2, and 
asm3). Most similar to these Malassezia acid sphingomyelinase genes is a U. maydis gene, 
XP_758084.1. This suggests that the Malassezia lineage has undergone acid sphingomy-
elinase gene duplications since sharing a common ancestor with the Ustilago lineage.

9.9  
 Allergens

Multiple Malassezia proteins have been implicated as allergens contributing to atopic eczema 
[36]. Many of the putative allergens are produced in culture by M. globosa, as five (homologs 
of Mala s 1, f 2, s 6, s 8, s 9) were detected among secreted and cell wall-associated proteins 
[1]. Several cDNAs have been isolated that encode Malassezia proteins that react with human 
IgE [37–43]. Andersson et al. [44] used PCR to search for nine of the allergen gene homologs 
among seven Malassezia species, including M. globosa. Using M. globosa genomic DNA, 
they found PCR products matching Mala s 1, f 4, s 5, s 6, s 7, s 8, and s 9, but not Mala f 2 
and f 3. With M. globosa mRNA, they only found the Mala s 6 PCR product.

Based on genome sequence, M. globosa encodes proteins similar to all of the putative 
Malassezia allergens. However, there is no simple one-to-one relationship among all of 
these potential allergens (Table 9.2). For example, Mala s 7 shows a weak match to two M. 
globosa proteins, MGL_0968 and MGL_2673. A single protein from M. globosa, 
MGL_4042, shows similarity to three previously described allergens, Mala f 2, f 3 and s 5, 
with the highest similarity to Mala f 2 (Table 9.2).
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Fig. 9.4   Phylogenetic tree of phospholipases C. The tree was constructed using the same method as 
described in Fig. 9.2 except that only the top twenty hits from the NCBI NR databases were 
included
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These three allergens were known to be similar [38] and thought to encode a peroxire-
doxin. Similar genes are found in many other fungal species, including U. maydis, 
Coprinopsis cinerea, Yarrowia lipolytica, Paracoccidioides brasiliensis, Laccaria bicolor, 
Aspergillus terreus, and Ajellomyces capsulatus. The absence of the Mala f 2 and f 3 prod-
ucts in the PCR reactions of Andersson et al. [44] may be explained by the lack of a good 
match to MGL_4042 by the primers used for PCR.

There is some controversy over the presence of a Mala s 1 homolog in Malassezia other 
than M. sympodialis. Andersson et al. [44] found this homolog in four Malassezia species, 
including M. globosa 7966, whereas Gaitanis et al. [45] did not find a Mal s 1 homolog in 
several Malassezia species, including M. globosa 7966. The two groups collaborated on a 
letter [46] suggesting that choice of primers may have contributed to the discrepancy and 
that the Mala s 1 homologs may not closely match each other. Our alignment of Mala s 1 
with its M. globosa homolog, MGL_1303, indicates that the two genes share about 70% 
identity in amino acid sequence. However, the nucleotide sequences are not highly con-
served, and less than 1/5 of the nucleotide sequence can be aligned. We were not able to find 
a convincing match using the two sets of primers used by Gaitanis et al. [45] and Andersson 
et al. [44]. The lack of a good match to the PCR primers likely explains the difficulty in 
obtaining a PCR product for Mala s 1 in M. globosa. It is interesting that the M. globosa 
MGL_1303 gene (Mala s 1 homolog) and the MGL_1304 gene (Mala s 8 homolog) are 
located near each other in the chromosome, separated by only 605 base pairs.

In summary, genomic and proteomic analysis indicates that M. globosa encodes pro-
teins similar to the allergens that have been identified in M. furfur and M. sympodialis. 

Accession No. Best matched  
M. globosa gene

Name Blast bit-score In M. globosa 
EST sequence 
database

AB011804 MGL_4042 Mala f 2 288 –

AB011805 MGL_4042 Mala f 3 199 –

AF084828 MGL_2703 Mala f 4 517 X

X96486 MGL_1303 Mala s 1 497 X

AJ011955 MGL_4042 Mala s 5 211 –

AJ011956 MGL_3612 Mala s 6 297 –

AJ011957 MGL_0968 Mala s 7 48.1 –

AJ011958 MGL_1304 Mala s 8 250 –

AJ011959 MGL_2179 Mala s 9 342 X

AJ428052 MGL_0201 Mala s 10 1,328 X

AJ548421 MGL_3190 Mala s 11 269 X

AJ871960 MGL_0750 Mala s 12 802 X

AJ937746 MGL_1781 Mala s 13 192 –

Table 9.2   Match of M. globosa proteins to Malassezia allergens described in the literature

The accession number is the nucleotide sequence accession number. The bit-score is using the 
translated amino acid sequence of the allergens against the proteome of M. globosa. The match of 
Mala s 7 has a very low bit-score and only matches partially, but it is the best match to Mala s 7 in 
the NCBI nr database other than Mala s 7 itself
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Zargari et al. [47] have used Western blots to show that human IgE recognizes many pro-
teins from M. globosa, and recognition of only some of these proteins is inhibited by 
competition with M. sympodialis protein. This implies that M. globosa produces many 
IgE-reactive epitopes that are not produced by M. sympodialis. Therefore, there may still 
be other M. globosa proteins that react with IgE and have not yet been characterized. More 
research is required to understand the role of these potential allergens in human disease.

9.10  
 Tryptophan Metabolites

In addition to the secreted enzymes that are likely to interact with the host, Malassezia also 
produce small molecules that may interact with the host. Malassezia are reported to pro-
duce tryptophan metabolites with a role in SD [12] and pityriasis versiolor [48]. Zuther 
et al. [48] used U. maydis as a model organism and demonstrated that this plant pathogen 
produced a similar set of tryptophan metabolites as does M. furfur. This analysis led to the 
discovery of two genes with a role in pigment production. The tryptophan aminotrans-
ferase Tam1p catalyzes the formation of indole pyruvate, which reacts to form pigments. 
We observed that M. globosa encodes a TAM1 homolog, MGL_2601. Zuther et al. [48] also 
found that mutations in the sulphite reductase gene, SIR1, led to defective pigment produc-
tion, M. globosa contains a SIR1 homolog, MGL_0080.

9.11  
 Mating

The M. globosa genome contains a mating locus, with pheromone receptor and bW and bE 
homeodomain genes, with some similarity to other basidiomycete mating-type loci [49]. 
This suggests that M. globosa may be capable of undergoing a sexual cycle. There are 
precedents for genome analysis providing the first indications of sexuality among fungi. 
With C. albicans, the discovery of mating- type genes was followed by the discovery of 
mating [50]. Aspergillus oryzae and A. fumigatus were thought to be asexual until the 
genome sequence indicated the presence of many genes associated with mating [51]. 
Perhaps, the existence of mating genes within the M. globosa genome will prompt the 
discovery of mating in these fungi. Mating can be important in the spread of virulence 
traits [52] and may be important in the distribution of pathogenic strains of Malassezia.

9.12  
 Adaptation to Animal Skin

As pointed out by Xu et al. [1], M. globosa and C. albicans are capable of living on animal 
skin and secrete a similar set of enzymes; lipases, aspartyl proteases, phospholipases, and 



266 J. Xu et al.

acid sphingomyelinases. In contrast, U. maydis, more closely related phylogenetically to 
M. globosa, secretes a different set of enzymes, including many glycosyl hydrolases. We 
propose that the sets of secreted enzymes by M. globosa and C. albicans represent an 
adaptation to life on animal skin. In this chapter, we have extended the previous observa-
tions by generating phylogenetic trees of the lipases, aspartyl proteases, phospholipases C, 
and acid sphingomyelinases, providing for the first time, evidence that Malassezia secreted 
enzyme genes have undergone duplications since sharing a common ancestor with 
Ustilago. As additional genomes of related organisms become available, it will be interest-
ing to analyze the apparent losses and duplications of genes for secreted enzymes.

9.13  
 Conclusion

The M. globosa genome reveals duplications of genes for secreted enzymes, including 
lipases, aspartyl proteases, phospholipases C, and acid sphingomyelinases. These duplica-
tions likely arose after the divergence of Malassezia from its ancestors, shared with the 
plant pathogen Ustilago. These enzymes are also encoded by multiple genes in C. albi
cans, a human opportunistic pathogen found on skin, and it is therefore likely that these 
multicopy genes are a result of adaptation to animal skin.

Analysis of the M. globosa and M. restricta genomes discloses multiple pathways with 
potential roles in the pathogenesis of dandruff and seborrheic dermatitis, providing new 
intervention targets for the development of novel, more effective treatments.
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