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The cell wall is a defining organelle that differentiates fungi from its sister clades in the opisthokont superking-
dom. With a sensitive technique to align low-complexity protein sequences, we have identified 187 cell wall-related
proteins in Saccharomyces cerevisiae and determined the presence or absence of homologs in 17 other fungal
genomes. There were both conserved and lineage-specific cell wall proteins, and the degree of conservation was
strongly correlated with protein function. Some functional classes were poorly conserved and lineage specific:
adhesins, structural wall glycoprotein components, and unannotated open reading frames. These proteins are
primarily those that are constituents of the walls themselves. On the other hand, glycosyl hydrolases and trans-
ferases, proteases, lipases, proteins in the glycosyl phosphatidyl-inositol-protein synthesis pathway, and chaperones
were strongly conserved. Many of these proteins are also conserved in other eukaryotes and are associated with wall
synthesis in plants. This gene conservation, along with known similarities in wall architecture, implies that the basic
architecture of fungal walls is ancestral to the divergence of the ascomycetes and basidiomycetes. The contrasting
lineage specificity of wall resident proteins implies diversification. Therefore, fungal cell walls consist of rapidly
diversifying proteins that are assembled by the products of an ancestral and conserved set of genes.

This detailed phylogenetic study of homologs to fungal cell
wall proteins partially resolves the question of their origin. Cell
walls are defining organelles that differentiate fungi from their
sister clades in the opisthokonts, including the animals (6, 7,
51, 54). Although fungal cell walls consist of both carbohy-
drates and proteins, they are not homologous to cell walls in
other organisms, such as plants or bacteria. It is, therefore,
reasonable to ask whether fungal cell walls evolved indepen-
dently in multiple lineages or diverged from a common ances-
tral origin. At one extreme, all or most cell wall components
might be conserved in all fungal lineages, so that the same set
of orthologous macromolecules would constitute cell walls
across all existing fungal species. At the other extreme, few cell
wall components might be conserved in structure or function
during fungal evolution, so that fungal cell wall components
would have lineages that are highly species specific. Fungi
consist of the phyla Ascomycota, Basidiomycota (together
called Dikarya, or sometimes “higher fungi”), Glomeromycota,
Microsporidia, and two polyphyletic groups, zygomycetes and
chytridiomycetes (25). In general, fungi are walled in at least
part of the life cycle, and chitin is usually found as a wall
component, although it is sometimes minor.

General features of fungal cell walls. Fungal walls appear to
share a conserved basic design, although chemical and molec-
ular analyses have been rare, except in ascomycetes and basid-
iomycetes. The major polysaccharides are glucans, chitin or

chitosan (4, 8, 11, 24, 32, 44), and mannans (28, 32, 35, 52).
Glycosyl phosphatidyl inositol (GPI)-anchored proteins have
also been found whenever sought (12, 13, 58). The best-studied
fungal cell walls are from baker’s yeast, Saccharomyces cerevi-
siae (28, 35, 38), and the opportunistic pathogen Candida al-
bicans (12). These two share basic design with other ascomy-
cetes: �-linked fibrous polysaccharides cross-linked by
glycoproteins (28, 29, 47). The polysaccharides are assembled
into fibrils and cross-linked to the Ser-rich and Thr-rich glyco-
proteins through modified GPI-glycans at the C terminal
and/or by ester bonds (17, 28). Disulfide bonds between gly-
coproteins also contribute to cell wall integrity (15, 48). Many
S. cerevisiae wall components and assembly mechanisms have
been found in the walls of other fungi, and so S. cerevisiae
appears to be a valid general model (24, 29, 35, 38, 47). The
synthetic and secretion pathways that export fungal cell wall
components are similar to those of extracellular glycoproteins in
other eukaryotes (7, 27, 37, 42). The protein components of S.
cerevisiae cell walls are structurally and functionally heteroge-
neous but have several common sequence features that enable
their extracellular localization (27). These motifs include N-ter-
minal secretion signal sequences, N- and O-glycosylation motifs,
intermolecular disulfide bonding, and often hydrophobic C-ter-
minal GPI addition signals. As in other eukaryotes, membrane
translocation occurs in the endoplasmic reticulum (ER), and gly-
cosylation takes place in the ER and Golgi apparatus, as the
fungal cell wall components traverse the vesicular secretion path-
way (34, 35, 42).

Molecular evolution and fungal cell walls. Fungal cell wall
evolution has not been systematically investigated by sequence
analysis, primarily because standard protein alignment tech-
niques have proved inadequate for many fungal cell wall pro-
teins. Alignment algorithms typically use scoring matrices
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based on amino acid composition of globular proteins (1), but
fungal cell wall proteins have a very different composition. In S.
cerevisiae wall proteins, amino acids S, T, A, V, G, and P are
present at higher percentages and K, L, N, D, and E are more
scarce (9, 64). This composition gives disproportionately large
scores to alignments of overrepresented residues, even when
they are in nonhomologous positions, a problem called “low-
complexity corruption” (50). We devised a technique to mini-
mize low-complexity corruption with scoring matrices adjusted
for the frequency of each amino acid in the query sequence (9,
64). Such query-specific matrices lower the score for matches
of residues common in the query sequence and so yield align-
ments free from random pairings of common residues (9, 64).

Query-specific matrices allow identification and alignment
of homologous sequences among fungal cell wall proteins (9).
We have compared S. cerevisiae cell wall proteins to open
reading frames (ORFs) in 17 other complete genomes and to
the NR database (36). This large collection of ORFs supports
the comparison of cell wall-related sequences in diverse fungal
species. Our results show that fungal walls are both conserved
in origin and diversified in composition.

MATERIALS AND METHODS

Identification of cell wall proteins and their paralogs in S. cerevisiae. We
identified a set of 103 S. cerevisiae cell wall proteins based on their annotation in
the S. cerevisiae gene ontology (GO) database (36). This set was the union of the
85 entries GO annotated as “cell wall” with the (overlapping) set of 74 proteins
in S. cerevisiae known or predicted to have a signal sequence and a GPI attach-
ment signal but no transmembrane domains (2, 13).

These 103 proteins were then used as queries in searches against the S.
cerevisiae genome sequence database (SGD). To avoid low-complexity corrup-
tion, all searches reported here used BLAST with the query-specific gtQ scoring
matrices (9). A gtQ matrix compensates for overrepresentation of any residue,
while it preserves the negative value of the entire matrix. Thus, it is much more
highly discriminating but does not sacrifice sensitivity. A transitive closure pro-
cedure was conducted with multiple rounds of searches against the S. cerevisiae
genome, until no new homologous ORFs were identified. In a given round, new
ORFs that participated in high-scoring pairs with e-values of �10�5 became the
query set for the next round, still against the same database. This process continued
until no additional proteins with e-values below the specified cutoff were obtained
(22, 62). This method identified a total of 171 proteins, including the original 103
queries as S. cerevisiae cell wall components or their paralogs. To these genes we
added 16 other sequences that are not annotated as cell wall in GO in SGD but are
known to be associated with wall synthesis and biogenesis (28, 29, 35). These 187
ORFs are listed in Table S1 of the supplemental material and are referred to in the
remainder of this paper as S. cerevisiae cell wall-related proteins.

Cell wall-related proteins from Yarrowia lipolytica. We needed an independent
set of queries that could be used to test the relationship of homology occurrence
and phylogenetic distance (see Fig. 4, below). Therefore, we identified a set of
putative cell wall-related proteins from the ascomycete Yarrowia lipolytica as
query sequences. Because annotation is sparse in species other than S. cerevisiae,
we used the ORFs predicted to have GPI anchors, which are common in cell wall
proteins in S. cerevisiae, C. albicans, and other fungi (61). Y. lipolytica putative
cell wall-related sequences were identified as follows: we used the GPI-SOM
server to find 237 proteins with predicted GPI signals and secretion signals (19).
Of these 237 proteins, the tmHmm prediction server (http://www.cbs.dtu.dk
/services/TMHMM/) identified 188 proteins without transmembrane domains.
The Fungal BIG-PI server (http://mendel.imp.ac.at/gpi/fungi_server.html) was
slightly more conservative and identified a subset of 149 (79%) as potential
GPI-anchored proteins (18). Like the S. cerevisiae cell wall proteins, 115 of the
Y. lipolytica proteins contained regions with high S and T content: �50 consec-
utive residues with �30% S and T.

Genome comparisons. The genomes were retrieved from their respective da-
tabases (see Table S2 in the supplemental material). The 187 S. cerevisiae cell
wall-related ORFs were used as initial queries in BLAST-gtQ searches for se-
quence similarity in 17 other fungal genomes (listed in Table S2). The 188
GPI-anchored proteins from Y. lipolytica were also used as a query set in ho-

mology searches of the other fungal genomes, but the results were not analyzed
in detail because many of the ORFs have minimal annotations or ones based only
on similarity to S. cerevisiae sequences.

Species tree. The power of any phylogenetic analysis depends on a comparison
to a reliable phylogenetic tree for the sampled organisms. Therefore, a tree was
generated based on a comparison of amino acid sequences in all orthologous
ORFs in all 18 fungal genomes (31). A species tree was produced from a
neighbor joining of the amino acid identity distance matrix (31).

Degree of conservation. Presence/absence of an ORF on an internal node of
the tree was inferred from maximum parsimony, with a postorder tree traversal
algorithm (20). The degree of conservation of an ORF (see Fig. 3 and 5, below;
see also Table S1 in the supplemental material) was determined as the propor-
tion of the total length of branches on which this ORF is present over the total
tree branch length. The branches where an ORF is present are counted only if
the ORF is present on both the parent and the child nodes.

RESULTS

Phylogenetics of fungal proteomes. A species tree was gen-
erated based on the average amino acid identity of all or-
thologs between all pairs of genomes. Such widespread com-
parisons are more reliable than trees based on 18s RNA or on
other limited sequence comparisons (5, 25). Figure 1 shows the
resultant neighbor-joining tree, which was congruent to other
phylogenetic analyses of the fungi (25). S. cerevisiae, Saccha-
romyces paradoxus, Saccharomyces bayanus, Saccharomyces
kudriavzevii, and Saccharomyces bayanus form a closely related
group and represent Saccharomyces sensu stricto (39). The
clade Saccharomyces sensu lato includes also Candida glabrata,
Saccharomyces castelli, Kluyveromyces lactis, and Saccharomy-
ces kluyveri. More distant ascomycetes and the basidiomycetes
were clearly resolved, and the microsporidian Encephalitozoon
cuniculi served as an outgroup.

The amino acid distance tree in Fig. 1 shows that major
fungal lineages have accumulated extensive sequence differ-
ences. These differences imply that the lineages split long ago,
with early divergence of the basidiomycetes from the ascomy-
cetes and of the filamentous ascomycetes Aspergillus fumigatus
and Neurospora crassa from the yeasts. The basidiomycetes
Ustilago maydis and Cryptococcus neoformans are themselves as
divergent as the budding yeast S. cerevisiae and the fission yeast
Schizosaccharomyces pombe (�48% amino acid differences).

FIG. 1. Neighbor-joining phylogenetic tree based on amino acid
substitution rates for all orthologs in 18 fungal genomes.
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The functions of S. cerevisiae cell wall-related proteins and
their paralogs. We identified a set of 187 cell wall-related
proteins as those annotated in the SGD GPI-anchored pro-
teins and their paralogs identified in transitive closure (9). For
the 187 cell wall-related proteins, GO annotations report that
108 (63%) are localized either to the cell wall (86 proteins) or
to similar cell wall-associated spaces, such as periplasmic (3
proteins) and extracellular (13 proteins). A large set (46 ORFs,
27%) has unknown location or no annotation. Only about 10%
of the proteins are reported with intracellular localization,
including paralogs of chaperones and glycolytic enzymes.
Those two classes of proteins are primarily cytoplasmic, but
some proteins in each class are also proposed to be localized in
cell walls in S. cerevisiae and in C. albicans on the bases of
analyses of isolated walls and/or immunoassays on intact cells
(14, 30, 40, 41, 46).

The distribution of molecular function for these 187 proteins
(as annotated by the SGD) includes several major classes (Fig.
2). Sixty-one proteins (33%) have no known molecular func-
tion; 33 (18%) are glycosyl transferases, hydrolases, or trans-
glycosylases (collectively called “carbohydrate-active enzymes”
in the CAZY database [http://www.cazy.org], but abbreviated
as “glycosylases” in subsequent discussions) (10); 16 (9%) are
involved in unfolded protein binding (called “chaperones,”
subsequently); 13 (7%) are structural constituents of the cell
wall; and 8 (4%) have protease activity. The GO annotation for
the biological process most often associated with the 187 S.
cerevisiae cell wall-related proteins was “cell wall organization
and biogenesis.” Forty-eight proteins, including chaperones
and glycosylases, were annotated this way.

Occurrence of cell wall protein homologs in fungi. To study
the conservation of cell wall proteins across the fungi, the 187
S. cerevisiae cell wall-related proteins were used as queries in
BLAST-gtQ searches against 17 other fungal genomes. Se-
quences that aligned with e-values of �10�10 were counted as
homologs. A homology was designated as an orthology only if
the members of the high-scoring pair were reciprocal best hits
and at least 30% of the aligned amino acids were identities
across at least 70% of the length of the shorter member of the
pair (31).

Figure 3 illustrates the occurrence of homologs and or-
thologs in two functional classes of cell wall proteins. Among

the adhesins and invasins shown at the top in Fig. 3, those
participating in mating were conserved within the closely re-
lated Saccharomyces sensu stricto species. For the FLO family
of mannose-binding flocculins and invasins, homologs were
also found in Saccharomyces sensu lato species and Debaryo-
myces hansenii, but not in the more distant yeasts or the fila-
mentous ascomycetes. In contrast, the glycosylases at the bot-
tom of the figure show a different conservation pattern. For
many members of this large functional class, there were ho-
mologs in each of the ascomycete and basidiomycete genomes.
Thus, these two functional classes of genes show different pat-
terns of sequence conservation. Table S1 in the supplemental
material lists the 187 S. cerevisiae cell wall-related proteins.

The occurrence pattern for most genes followed the ex-
pected general pattern: there were homologs in the species
most closely related to S. cerevisiae, and the probability of
recognizable homology decreased as phylogenetic distance in-
creased. Figure 4 illustrates this trend; it shows decreasing
homolog identification with increasing phylogenetic distance.
To confirm that this trend was not specific to S. cerevisiae and
its cell wall-related proteins, we carried out a similar search
and analysis for homologs of 188 potential GPI-anchored wall
proteins from Y. lipolytica (a set of similar size). Most of the
other species were similarly distant and had homologs to about
35% of the Y. lipolytica proteins. The corresponding points in
Fig. 4 cluster near the occurrence-distance curve for S. cerevi-
siae, except for the Y. lipolytica/E. cuniculi comparison, which
identified homologs to only 10 of the Y. lipolytica proteins.

Degree of conservation is related to molecular function. The
origins of cell walls can be understood in terms of the roles of
the conserved and nonconserved cell wall ORFs. For each
function of the 187 ORFs in the S. cerevisiae wall (Fig. 2), we
determined the degree of conservation, as detailed in Materi-
als and Methods. The different functional classes differed sig-
nificantly in their degrees of conservation (Fig. 5). Several
functional classes were poorly conserved, with degree of con-
servation values below 0.4 (on the right in Fig. 5). These pro-
tein classes included a small set of Fe transport-related
proteins, the uncharacterized ORFs, cell wall structural com-
ponents, and adhesins. The uncharacterized ORFs include
many with known location in the cell wall but no known phe-
notype in gene deletions (see Table S1 in the supplemental
material). Thus, these uncharacterized ORFs may encode pro-
teins without unique or essential molecular activities or those
replaceable with other gene products (17, 61). In contrast,
components of the GPI synthesis pathway, lipases, proteases,
metabolic enzymes, glycosylases, and chaperones were strongly
conserved and were present in most tested fungi. In summary,
a general observation is that the biosynthetic capability for cell
walls is well conserved but noncatalytic wall components, in-
cluding the adhesins, and structural and putative structural
proteins are not.

Cell wall-related proteins occur across the eukaryotes.
Comparisons of the S. cerevisiae cell wall-related proteins
against the GenBank NR database identified homologs in 137
ascomycetes species other than the genomes used in the initial
fungal comparisons. Homologs were also found in 30 basidio-
mycete species, 7 zygomycete species, and 2 chytridiomycetes
species. The GPI biosynthetic enzymes, metabolic enzymes,
and chaperones were most likely to have homologs (Fig. 6).

FIG. 2. Cellular function groups of S. cerevisiae cell wall-related
proteins. The size of each sector is proportional to the number of
ORFs in that group. CW, cell wall.
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Searches from the 187 S. cerevisiae cell wall-related proteins
in the NCBI nonredundant protein database identified similar
sequences in organisms outside of the fungi as well (Fig. 6).
Forty of the 187 proteins had homologs in other kingdoms.
These 40 ORFs were in the functional groups most conserved
in the fungi, including glycosylases, GPI synthetic proteins,
aspartyl proteases, a group of related proteins important for
plant pathogenesis, and two cytoplasmic groups with known or
suspected cell wall involvement: chaperones and metabolic

enzymes (14, 30, 40, 41, 46). Because these kinds of genes are
present in many eukaryote kingdoms, they are likely to be
ancestral to all eukaryotes, including fungi.

DISCUSSION

What are the origins of fungal cell walls? The cell surface is
at the front line of species adaptation. While the cell wall needs
to maintain a basic functionality like other organelles, it is

FIG. 3. Presence of homologs and orthologs for two functional groups of wall-related genes in 17 fungi. The query sequences were S. cerevisiae
cell wall-related proteins in the adhesin and glycosylase functional groups. The presence of one or more homologs with e of �10�10 is shown as
a gray square, and the presence of an ortholog is shown as a black square (31). On the right is the total conservation score for each gene, with the
group mean conservation score at the bottom of the group. Cellular locations and abbreviations are as follows: CW, cell wall; PM, plasma
membrane; ER, endoplasmic reticulum; UN, unknown. The column labeled GPI anchor shows those proteins predicted to have GPI anchors.
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expected to evolve more quickly because it is directly exposed
to biotic and abiotic selective forces. Cell surface structures are
a defining feature of some of the deepest evolutionary lineages,
including bacteria, archea, fungi, plants, and animals. Indeed,
innovations in cell surface structures may be responsible for
the success and persistence of major evolutionary lineages (5).
One way to test for a causal relation between the evolution of
the cell wall and the cell as a whole is to study the evolutionary
conservation of cell wall macromolecular components. For ex-
ample, a key evolutionary innovation in a lineage should be
conserved and shared by all descendants, without repeated
gain and loss.

Cavalier-Smith has argued that fungal cell walls are derived
from ancestral chitinous walls of desiccation-resistant cysts in
many protist clades (7, 8). Certainly, chitinous cysts and spores
are present in other eukaryote kingdoms, including Amoebo-
zoa (such as Entamoeba [11]), Chromalveolata (Phytophthora
[43, 44]), and Excavata (Giardia [57]). In addition, S. cerevisiae
walls share extracellular disulfide cross-links and GPI-an-
chored cell adhesion molecules with Amoebozoa, perhaps the
earliest-diverged eukaryotes (Fig. 6) (7, 26, 55, 59, 63). Cava-
lier-Smith’s hypothesis motivated our use of genomics to iden-
tify genes that are key to wall biogenesis and structure and to
test which are conserved and which are subject to adaptive
selection.

The deep roots for the ascomycete-basidiomycete split show
large amino acid distances among all homologs in the fungi
(25) (Fig. 1). This observation implies that cell wall genes could
also have diverged broadly. Therefore, the identification of
homologs in some cell wall proteins among distantly related
organisms implies greater-than-average sequence conserva-
tion. In other words, anciently diverged fungal clades should
retain sequence similarity only in the most conserved of the
ancestral cell wall genes. The sequence comparisons summa-
rized in this study demonstrate precisely that.

Prevalence of cell wall-related sequences in fungi. The evo-
lutionary distance between two fungal species is correlated
with the divergence of their cell wall proteins (Fig. 4). The
Saccharomyces sensu stricto species have homologs for at least
166 of the 187 S. cerevisiae cell wall-related ORFs, with an
amino acid identity of at least 86%. The number of conserved
wall genes decreases in more distant fungal clades. Saccharo-
myces sensu lato yeasts have homologs for at least 70% of the
S. cerevisiae cell wall-related proteins; filamentous ascomycetes
had fewer. Among the homologs not found in filamentous
ascomycetes were genes encoding extracellular proteins, in-
cluding cell wall structural proteins, adhesins, and extracellular
members of the GO classification “cell wall organization and
biosynthesis.” Also not conserved between yeast and filamen-
tous ascomycetes were many of the proteins involved in the cell
wall stress response pathway.

The two basidiomycete genomes in our study had homologs
for 68 of the S. cerevisiae putative cell wall proteins (36%). The
intracellular components were mostly conserved, except for the
cell wall stress response pathway components. Among the cell
wall-localized proteins, all but six of the glycosylases were
conserved, as were lipases and proteases. Twelve GPI-an-
chored proteins from S. cerevisiae had basidiomycete ho-
mologs. The large number of homologs to the Y. lipolytica GPI
proteins supports this concept of conservation of GPI-an-
chored proteins, as previously noted in genomic analyses of
several fungi (12, 13, 29). Thus, basidiomycetes share with S.
cerevisiae intracellular and extracellular activities that are crit-
ical for biosynthesis and assembly of fungal cell walls.

In the search of the nonredundant NCBI database, almost
every major fungal phylum contained homologs of some S.

FIG. 4. Relationship between homolog identification and phyloge-
netic distance. For each tested genome, the fraction of query se-
quences that had a homolog was plotted against the phylogenetic
distance derived from Fig. 1. The query protein sets were all S. cerevi-
siae cell wall-related proteins (F) or Y. lipolytica GPI-anchored pro-
teins (E). The top, left-most point (‚) corresponds to the searches of
S. cerevisiae queries against the S. cerevisiae genome and to searches of
the Y. lipolytica queries against the Y. lipolytica genome.

FIG. 5. Degrees of conservation for 13 functional groups of cell
wall proteins. The width of each bar is proportional to the number of
ORFs in that group. The degree of conservation was calculated as
described in Materials and Methods.
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cerevisiae cell wall proteins (Fig. 6). (The single exception,
Glomeromycota, is probably due to the small number of se-
quences in GenBank.) Thus, homologs of some of the S. cer-
evisiae cell wall-related proteins are likely to be present
throughout the fungi.

Differences in divergence of functional classes of cell wall-
related proteins. A major finding of this analysis is that that the
degree of conservation among cell wall proteins is strongly
correlated with the cellular roles of those proteins (Fig. 5).
Many of the proteins that reside in S. cerevisiae cell walls have
diverged to the extent that homologs were not recognized in
organisms outside of the Saccharomyces sensu lato group. The
least-conserved include the three Fit iron transport proteins
and the largest class, homologs of unannotated S. cerevisiae cell
wall ORFs. Homologs of unannotated sequences were often
found only in the sensu stricto group (Fig. 5; see also Table S1
in the supplemental material). These poorly conserved pro-
teins probably have important (45) but noncatalytic roles in
walls.

Among the adhesins, most have homologs in the Saccharo-
myces sensu lato group but not in more-distant ascomycetes
(Fig. 3; see also Table S1 in the supplemental material). There
is anecdotal evidence that adhesins are poorly conserved, be-
cause they are subject to sexual isolation and to diversifying
selection for adaptation to different environments (16, 33, 56).
The structural cell wall proteins (in the CWP, TIR, PAU, and
DAN families) are also poorly conserved. This observation may
reflect the idea that this class is rich in proteins with very-low-
complexity compositions. Within each sequence, only short
segments are under selective pressure to retain sequence: the
secretion and GPI signals and the relatively short glycosylation
and transglycosylation sites (9, 16, 28). The majority of each
sequence has low complexity and would have evolved faster
than other parts of the genome (49).

Two protein classes show intermediate levels of conserva-
tion: the cell wall stress response pathways and cell wall bio-
genesis pathways. Their intermediate mean conservation
scores result from their composition, a mixture of poorly con-
served and highly conserved proteins. In general, those pro-
teins resident in the walls are poorly conserved. Within these
two classes, the plasma membrane and intracellular proteins
are a mixture of conserved and nonconserved sequences (see
Table S1 in the supplemental material).

Strongly conserved proteins. In contrast, the strongly con-
served functional classes are key biosynthetic and processing
enzymes that must be useful in wall biosynthesis and assembly.
These include the glycosylases, GPI synthetic enzymes, pro-
teases, and lipases. These proteins include many orthologs that
may function in homologous roles in wall biogenesis across the
fungi. Among the most highly conserved are three sets of
partially redundant glycosylases: the Chs chitin synthases, the
Gas transglycosidases, and the Fks �-1,3-glucan synthases.
Other highly conserved components were peptidases, phos-
phatases, lipases, and enzymes of the N-acetylglucosamine syn-
thesis pathway (see Table S1 in the supplemental material).

It is not surprising that chaperone sequences and triose
phosphate dehydrogenases (in the metabolic enzyme class) are
strongly conserved, because these are genes whose sequences
are highly conserved across the biome (3, 21, 60). Their pri-
mary locations are intracellular. Although their role as cell wall

FIG. 6. Occurrence of wall characters and homologs of S. cerevisiae
cell wall-related ORFs in other kingdoms and domains. (Top) Conserved
characters in walls are shown by gray shading where known to occur. Note
that an absence of shading is not definitive, because it may represent a
lack of data. ECM, extracellular matrix. (Bottom) Each S. cerevisiae cell
wall-related ORF was the query sequence for a BLAST-gtQ search
through the NR database. Homologs (gray squares) were characterized by
kingdom and domain. Black squares indicate ORFs present in each of the 18
fungal genomes searched and in all fungal phyla except Glomeromycota.
There was a single bacterial CHS2 homolog, and its uniqueness and e-value,
�10�18, implies that it is derived from horizontal gene transfer. A horizontal
line sets off the two classes of proteins that are primarily intracellular.
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proteins is less well known and somewhat controversial, it is
well documented in two ascomycetous yeasts, S. cerevisiae and
C. albicans (14, 30, 40, 41, 46). Given their controversial or
auxiliary role in cell walls and their dual roles as wall resident
and key metabolic activities, these classes could be excluded
from our analysis (“chaperones” and “metabolism” in Fig. 4
and 6). That exclusion would in fact strengthen our key obser-
vation, that wall biosynthetic genes generally have conserved
sequences and wall resident proteins do not.

Modes of sequence divergence in cell wall components. In
contrast to the homology of cell wall biosynthetic pathways, the
actual composition of cell walls is lineage specific. This dichot-
omy is similar to the distinction in genomics between con-
served “housekeeping” genes and a faster-evolving set of “ac-
cessory” genes (23). Two evolutionary mechanisms could give
rise to such diversity and lineage specificity in the “accessory-
like” genes: either rapid sequence divergence or frequent loss
and substitution of the proteins. In the first evolutionary sce-
nario, a homologous core set of cell wall proteins exists, but
they are conserved only in protein structure and function, not
in sequence. For instance, the greatest mean amino acid dis-
tance between genomes of Saccharomyces sensu stricto species
is 16% (Fig. 1). The S. cerevisiae wall proteins generally have
homologs within the sensu stricto group, and so the sequences
conserved in this clade must have been conserved within the
timescale corresponding to this difference. Rapid evolution
would make homology unrecognizable in more distant groups.
This result is consistent with the observation that many of these
sequences are rich in low-complexity sequences, which are
evolutionarily less constrained (49). In such a case, proteins
resident in fungal cell walls may have a single origin but have
diverged among different fungal lineages, through either neu-
tral or adaptive divergence.

In the second evolutionary scenario, fungal cell wall archi-
tecture is conserved as a whole, with frequent additions and
deletions of specific macromolecular components during lin-
eage diversification. In this case, fungal cell walls are more
analogous to a cell organelle that has evolved independently
among lineages with few underlying homologous components.
Functional features of fungal cell walls have been maintained
by natural selection, similar to the multiple emergences of fins
among different vertebrate groups. These fins show functional
homology and anatomic convergence despite their multiple
origins. Possible fungal examples might be the relocalization of
novel proteins to the wall following acquisition of secretion
signals and GPI anchor sequences or the internal repeats that
include Gln residues to be esterified to wall glucans (17). Ei-
ther of these additions could happen by recombination or by
insertion of foreign DNA (53, 56).

Whether the cause is a rapid sequence divergence or fre-
quent loss and substitution, it appears beyond dispute that
fungal cell wall components evolve faster than do core meta-
bolic protein sequences (Fig. 5). Fast evolution in a large
number of cell wall-related ORFs may be driven by adaptive
divergence. Unlike other cell organelles, cell walls in fungi are
in contact with the external environment, play a direct role in
cell adaptation, and must have evolved as highly specialized
and dynamic structures for colonization, host immune system
evasion, signal transduction, transport, and structural mainte-
nance. Fungi have continuously put these structures to the test

through natural selection, and the selection continues. Cell
wall proteins that are harmful or neutral to the cell can be
mutated or removed from the genome. As a result, the organ-
ism loses a maladaptive factor and gains efficiency in its growth
and replication rates. Given that natural selection favors im-
proved fitness and that the organism can gain two benefits
from a single such event, the likelihood of selection for such
mutations and deletions increases.

Conservation of cell wall biogenesis. Several classes of fun-
gal cell wall-related proteins are common to eukaryotes: gly-
cosylases, proteases, proteins needed for GPI synthesis, and
the poorly characterized Pry proteins, as well as chaperones.
The presence of these classes throughout the fungi and in
several eukaryote kingdoms (Fig. 6) implies that they are an-
cestral. These genes represent a conserved set of metabolic
activities that were coordinated in the formation of cell walls.
Many of the conserved glycosylases have plant homologs with
annotations that show roles in plant cell wall biogenesis. These
proteins include glucosidases Dse4, Spr1, and Exg1, mannosi-
dases involved in glycoprotein biogenesis (Mns1 and Mnl1),
and the Fks �-1,3-glucan synthase subunits. The roles in plant
wall biogenesis include synthesis and processing of callose (�-
1,3-glucan), cellulose, and glycoproteins.

The enzymes of chitin metabolism are extremely highly
conserved. Two enzymes in the biosynthetic pathway for N-
acetylglucosamine (Gfa1 and YMR84w) are conserved in as-
comycetes and basidiomycetes, as are chitin deacetylases
(Cda1 and Cda2) (see Table S1 in the supplemental material).
Fungal chitin synthases (Chs) are homologous to those in other
fungi, metazoa, amoebozoa, and chromalveolata (Fig. 6). This
high degree of conservation is consistent with an ancestral and
continuing role of chitin in cell walls of many eukaryotes (4, 7,
43, 44, 55, 57).

Given the conservation of wall biosynthetic sequences, the
broad distribution of specific wall glycoconjugates, and the
similarity in roles of plant and fungal glycosylases, it is reason-
able to infer that a common ancestor to fungi and other eu-
karyotes was an organism with an extensive carbohydrate
chemistry repertoire. The commonalities identified here sug-
gest that each eukaryotic lineage has conserved the mechanism
to generate diverse extracellular structures but has altered the
products of the mechanism in their ancestor to form cell walls
(in plants) or some other extracellular matrices (in metazo-
ans). This conserved mechanism uses GPI synthesis and pro-
cessing enzymes, carbohydrate-processing enzymes, and chap-
erones to enable the localization and proper folding of the
proteins (3, 21, 40, 41).

In summary, genes that encode the proteins that make up
fungal cell walls have evolved so fast that their homology is
often not recognized, even within the Saccharomyces sensu lato
group. This rapid divergence appears to be driven by the great
diversity of strong selective pressures on cell interactions, in-
cluding mating, colony and biofilm formation, pathogenesis,
and immune escape. On the other hand, there is a conserved
core of sequences that are involved in wall biogenesis through-
out the fungi and in other eukaryote kingdoms. The conserved
metabolic capabilities in Fig. 6 are apparently ancestral. Their
conservation implies that the ability to organize a wall may
predate the divergence of the plants from the opisthokonts,
including the fungi.
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