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Abstract Parsimony network analysis of rDNA
sequences was used to delimit phylogenetic species
of yeasts in an objective, formal manner. Many strains
assigned to Candida apicola (Starmerella clade),
when compared to the type, fell outside the inclusion
limits proposed by Kurtzman and Robnett (1998)
based on a pair-wise comparison of the large subunit
rRNA gene D1/D2 domains. However, when these
sequences were analyzed jointly with ITS rDNA
sequences by parsimony network analysis, 28 of the 30
strains formed a cohesive set. Two strains, MUCL
45721 and CBS 4353, were excluded from the species,
but there was no evident justification to subdivide the
rest. A similar analysis of 81 isolates originally
assigned to Candida azyma (Wickerhamiella clade)
yielded dramatically different results, giving rise to six
independent networks corresponding to Candida
azyma sensu stricto (18 strains), Candida azymoides
(2 strains), a pair of isolates from Australian hibiscus
flowers, a single isolate from the same substrate, a
single isolate from Malaysian bertam palm nectar, and
57 isolates that are assigned to the new species
Candida parazyma (type = UWOPS 91-652.17 =
CBS 11563" = NRRL Y-48669"). The strains retained
in C. azyma sensu stricto differed from one another by
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up to four substitutions in their D1/D2 sequences, but
their polymorphism at the level of the ITS was
considerable and suggested a history of divergence
resulting from dispersal. Strains of C. parazyma fell
into seven variant haplotypes based on sequences of
the rDNA ITS and D1/D2 regions. The most abundant
haplotype occurred across the global range of the
species. Others were either endemic to Belize, Costa
Rica, Rarotonga, or Tennessee, suggestive of vicari-
ance, or occurred across remote localities, offering
partial support to the notion of rapid dispersal.

Keywords Candida apicola - Candida azyma -
Candida parazyma - Parsimony networks -
Phylogenetic species delineation

Introduction

DNA sequencing has become a central tool in yeast
systematics. The earliest and most widespread appli-
cation has been in yeast identification, an approach
which is now applied to a vast array of organisms,
including plants and animals, and referred to as
“DNA barcoding”. The use of sequences in yeast
identification is made possible through complete
databases of sequences for the large nuclear ribo-
somal RNA gene (D1/D2 domains), initially avail-
able due to the efforts of Kurtzman and Robnett
(1998) and Fell et al. (2000). The databases have
been subsequently updated by authors of novel
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species. D1/D2 sequences also serve to generate
provisional phylogenies that can be later refined by
the inclusion of well-selected sequences that repre-
sent many independent, orthologous genes.

Relevant to the present study, D1/D2 sequences
have been used extensively as a means of delimiting
species. Kurtzman and Robnett (1998) observed that
ascomycetous yeast strains that were considered
conspecific based on reproductive compatibility or
DNA/DNA reassociation rarely differed by more than
three substitutions and that strains known to represent
different species generally differed by six or more
substitutions. On that basis, the authors stated (our
italics): “it is predicted that strains showing greater
than 1% substitutions in the ca. 600-nucleotide D1/D2
domain are likely to be different species and that strains
with 0-3 nucleotide differences are either conspecific
or sister species.” It would appear, however, that the
prediction may have in some cases acquired a more
axiomatic spirit, as exemplified by a later account by
Kurtzman and Droby (2001, our italics): “Kurtzman
and Robnett (1998) demonstrated for ascomycetous
yeasts that strains differing by more than 1% substi-
tutions in the D1/D2 domain represent separate
species.” This notion has in many circles been
accepted as a stand-alone criterion upon which to
delimit species.

Whereas species delineated from DNA sequence
divergence may indeed, in the majority of cases, match
taxa defined on the basis of reproductive isolation, the
approach suffers from a number of unresolved prob-
lems. For example, the species studied by Kurtzman
and Robnett (1998) were often represented by very few
isolates and in most cases, a single isolate, precluding
an appraisal of the distribution of polymorphic sites
within species. Yet, polymorphisms do occur at the
level of barcode sequences. Kurtzman and Robnett
(1998) did report a divergence of five substitutions
between mating strains of a species (Metschnikowia
agaves), although only the sequence of the type was
deposited in GenBank. Later, Lachance et al. (2003)
observed that mating strains of Clavispora lusitaniae
that give rise to sporulating asci possess two divergent
families of D2 sequences. The variants differed by as
many as 32 substitutions, were found in strains of either
mating type, and were uncorrelated with the few
growth characteristics that are polymorphic. Most
importantly, a few strains possessed mixtures of both
D2 variants, confirming the existence of recombination
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among species members. At the other extreme, some
closely related but nonetheless reproductively isolated
species (Lachance 1993) may have fewer than three
substitutions, as in the case of Kluyveromyces marxi-
anus and Kluyveromyces lactis, with only two substi-
tutions. A similar difficulty was noted for
basidiomycetous yeasts by Fell et al. (2000), who
recommended that sequences of the internal tran-
scribed spacers and the 5.8S rRNA gene be considered
also in the separation of certain species.

The extent of divergence in barcoding sequences
has enormous potential to assist in the delineation of
species, particularly in yeasts with diplontic or
automictic sexual cycles, or no sex at all. However,
the significance of polymorphism in those sequences
has not been properly assessed. For example, six
species have been described, in the last decade, on the
basis that they differ from Metschnikowia pulcherrima
by the required number of DI1/D2 substitutions
(Kurtzman and Droby 2001; Molnar and Prillinger
2005; Suh et al. 2004a; Xue et al. 2006). These yeasts
are otherwise virtually indistinguishable from M. pul-
cherrima. All are diplontic and form ascospores from
chlamydospores without conjugation. When many
available sequences of M. pulcherrima relatives were
compared, as done to some extent by Molnar and
Prillinger (2005) or Sipiczki (2006), sharp disconti-
nuities were not so easily observed. The distinct status
of the six new species therefore remains debatable,
because it is not clear whether the variant sequences
should be treated as orthologs (same ancestry, differ-
ent species) or simply as alleles of a polymorphic
locus. At the other extreme, three recent studies
(Groenewald et al. 2008; Nguyen et al. 2009; Jacques
et al. 2009) focused on automictic yeasts that would,
based solely on Kurtzman and Robnett’s (1998)
criterion, be assigned to the single species Debary-
omyces hansenii. Using an eclectic palette of
approaches, the various authors assigned up to 170
strains to several distinct species.

Yeasts of ascomycetous affinity but for which a
sexual cycle has not been identified are usually
assigned to the genus Candida. A notable consequence
of Kurtzman and Robnett’s (1998) publication has
been the subsequent description of a phenomenal
number of putatively new Candida species, with very
little attention to potential polymorphisms in barcod-
ing sequences. We suggest that an analysis of multiple,
independent isolates is particularly important when



Antonie van Leeuwenhoek (2010) 97:155-170

157

dealing with asexual forms, for several reasons. First,
descriptions based on single isolates or isolates that
may not be genetically distinct preclude the observa-
tion of a sexual cycle in heterothallic haplonts.
Second, such descriptions overlook the fact that, like
most biological phenomena, the attributes of a species
are characterized by a norm and a range. Single
isolates have no range and consequently no norm. The
third reason is more complex and requires a more
detailed exposition.

The Darwinian model of common descent holds
that species are the result of tree-like divergence and
predicts that species, by loss of intermediate types,
should form discontinuous clusters in sequence diver-
gence space. As Darwin himself stated: “the only
distinction between species and well-marked varieties
is, that the latter are known, or believed, to be
connected at the present day by intermediate grada-
tions, whereas species were formerly thus connected.”
(Darwin 1859). Our task as systematists is therefore to
identify such discontinuities and use them as species
boundaries. One should not, however, confuse dis-
continuities that are artefacts of insufficient sampling
with those that arose as a consequence of the
speciation process. And although well sampled yeasts
sometimes do form discontinuous clades that conform
to Kurtzman and Robnett’s (1998) criterion (Suh et al.
2004b), this is not always the case. Barcoding
sequences such as D1/D2 and ITS have the potential
to assist systematists in delimiting phylogenetic spe-
cies in a non-arbitrary fashion. This requires a formal,
statistically-based means of sorting out isolates whose
sequences do not exhibit clear hierarchical patterns.

In phylogenetic trees derived from sequence data,
extant taxa are positioned at terminal nodes and the
internal nodes are meant to represent ancestral taxa
that no longer exist. Whether the extant taxa in a
particular clade should be assigned to a species
remains a matter to be adjudicated by a taxonomist.
Although there is a consensus that phylogenetically
defined species should be monophyletic, there is little
agreement as to the degree of inclusivity required
(Taylor et al. 2000). Parsimony networks, by contrast,
are grounded on the assumption that the sequences in
a network represent alleles of a locus within a single
species (Posada and Crandall 2001). The network is
expected to contain both derived and ancestral
sequences, and the most ancestral sequence is
normally the most abundant. Only sequences that

are deemed, based on coalescent theory, to represent
alleles in a conspecific population are accepted into
the network. Sequences interpreted as orthologs from
distinct species are treated as members of distinct
networks. In the light of these principles, Hart and
Sunday (2007) reviewed the application of parsimony
networks to the analysis of barcoding sequences in
species of a wide range of plants and animals, and
reached the conclusion that the method correctly
identifies members of a species in a majority of cases.
This paper examines parsimony network analysis as a
means of delineating asexual yeast species by unrav-
elling significant discontinuities in strains once
assigned to Candida apicola and Candida azyma.

C. apicola was until recently known from just a
handful of strains of diverse origins (Meyer et al.
1998). Examination by sequencing (Lachance, unpub-
lished) of some strains deposited by various authors as
C. apicola in the CBS showed that misidentification
based on growth tests had been frequent. Strains CBS
5710 and CBS 6366 were re-identified as Starmerel-
la bombicola and strain CBS 7444 was reassigned to
Candida sorbosivorans (M.A. Lachance, unpublished
data). The correct identification of strains CBS 4353
(AY574387) and CBS 8413 (AY574388), which differ
from the type of C. apicola by 13 and 5 substitutions
in D1/D2 sequences, respectively, was more problem-
atic, especially in the context of the isolation of several
new strains from tropical bees (Rosa et al. 2003). It is
possible that members of the Starmerella clade form
unusually long branches in phylogenetic trees con-
structed from rRNA gene sequences because of high
speciation rates, as suggested more generally by
Webster et al. (2003). However, the relationship
between sequence divergence and species density is
not simple (Wright et al. 2006) and a theoretical
framework linking the two in yeasts is lacking. In
consequence, a naive application of Kurtzman and
Robnett’s (1998) criterion to species delineation in
C. apicola could be misleading. We shall address the
question by evaluating the depth of sequence discon-
tinuities through parsimony network analysis.

C. azyma was until recently known (Meyer et al.
1998) mostly from a pair of isolates recovered from
lichen in South Africa. However, intensive isolations
from Convolulaceae flowers and associated insects
have yielded large numbers of strains that were
provisionally assigned to the species on the basis of
growth responses (Lachance et al. 2001). Rosa et al.
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(2006) described the close relative Candida azymoides
to accommodate four isolates from tropical fruit and
associated fly larvae, based on a divergence from the
type of C. azyma of seven substitutions in D1/D2
sequences. At the time, it was noted that strain ST19
(DQ400365, S. Jindamorakot, S. Limtong, T. Nakase)
differed from the type of C. azyma by four substitu-
tions. Further sequence analyses indicated that C. az-
yma may in fact be a cryptic complex of strains that in
some cases should be treated as members of separate
species. We now report on these analyses and their
interpretation by parsimony network analysis. We also
propose the new species Candida parazyma to
accommodate a large number of strains that exhibit
major sequence differences from C. azyma.

Methods

Strains were obtained through studies conducted in
this laboratory or from other collections, as specified
in Tables 1, 2, and 3. They were characterized by
standard growth tests (Yarrow 1998). Attempts to
induce ascus formation made use of several of the
usual media, including McClary’s acetate agar and 5%
malt agar. In addition, strains were mixed in pairs on
YCBAS (Yeast Carbon Base, Difco supplemented
with 0.01% ammonium sulphate) agar and GY (glu-
cose 1%, yeast extract 0.01%) agar to detect conju-
gation. The ITS-D1/D2 rDNA segment was amplified
directly from whole cells as specified by Marinoni and
Lachance (2004) and sequenced at the Robarts
Research Institute, London, Ontario. Sequences were
edited and aligned with the programs Chromas
(Technelysium Pty Ltd) and DNAMAN (Lynnon
Biosoft). Parsimony networks were constructed from
aligned sequences with the program TCS 1.21 (Clem-
ent et al. 2000). Importantly, gapped positions were
excluded from the analyses.

Results
Candida apicola
Thirty strains at one time assigned to C. apicola were

considered. The parsimony network based on D1/D2
sequences (Fig. 1) excluded only strain CBS 4353 at
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the 95% connection limit. Nine strains differed by
three or fewer substitutions from the type (Fig. 1,
subset A) and thus fit Kurtzman and Robnett’s (1998)
criterion for conspecificity. Another six strains (Fig. 1,
subset B) differed from the type by at least five
substitutions, but they were connected to one or more
members of subset A by three of fewer substitutions.
The remaining strains in the network differed from the
type by six or fewer substitutions, except for strain
MUCL 45721, with 12 substitutions. The sequence for
strain UWOPS 01-663b2, identified as ancestral by
the program TCS, was found in only one strain, but its
putative ancestral nature is ostensibly linked to the fact
that it is connected by single steps to three other
sequences and multiple steps to two more.

Inclusion of ITS sequences (Fig. 2) caused no
major changes in overall topology. However, strain
MUCL 45721 was excluded from the network. Three
additional strains joined subset B to form subset C,
within which the ITS/5.8S region was invariant. Here,
the sequence considered ancestral did coincide with
the most abundant rDNA haplotype in the sample. In
both networks (Figs. 1, 2), three adjacent haplotypes
(subset D) had reticulate connections to the rest of the
network. Inspection of the sequence alignment
revealed that the haplotypes in subset D have in
common only two D1/D2 and five ITS substitutions
that differentiate them unambiguously from any
haplotype in the other subsets. The remaining varia-
tion consists of homoplastic polymorphic sites that do
not follow that pattern, resulting in two equally
parsimonious paths by which to connect subset D to
the rest.

Careful examination of the growth characteristics
(not shown) of the strains in the light of the sequence-
based analyses indicated that the little variation
observed in growth abilities was independent of the
sequence patterns, with three exceptions. Strain CBS
4353, which was excluded from both networks, failed
to grow at 30°C and was the only strain to exhibit
strong growth in the presence of 50% glucose. Strain
MUCL 45721, excluded from the network with com-
bined sequences, did not utilize sucrose or raffinose
and did not grow on YM agar in the presence of 6%
ethanol. Interestingly, strain CBS 8413, which can be
linked to the type through a chain of intermediates that
differ by no more than two substitutions in the D1/D2
region, also failed to grow at 30°C or in the presence of
6% ethanol. To place these results in perspective, all
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Table 1 Selected characteristics of strains of Candida apicola and relatives

Strain number

GenBank accession number(s)
or sequence identity

Source

CBS 1887
CBS 1888

CBS 2222

CBS 2650

CBS 2868T = NRRL Y-2481T
CBS 2869

CBS 4078

CBS 4353

CBS 8413

MUCL 45721/CRGF 96
UEMG 07-MCl1

UFMG Jat 35.1

UFMG Jat 128.2
UFMG MP448

UFMG Jat 515.1
UWOPS 01-108b2
UWOPS 01-125.4
UWOPS 01-131.1
UWOPS 01-132.1
UWOPS 01-133.1
UWOPS 01-135a2
UWOPS 01-135b3
UWOPS 01-135¢3
UWOPS 01-153b1
UWOPS 01-193.1
UWOPS 01-194.1
UWOPS 01-663b2
UWOPS 01-677b2
UWOPS 05-219.3
UWOPS 05-243.4

Identical to UFMG Jat 128.2
Identical to UFMG Jat 128.2
Identical to UFMG Jat 128.2
Identical to CBS 2868"
EU926482, U45703*

Identical to CBS 2868
EU926481

EU926486, AY574387
EU926483, AY574388
FM209493, FM209492
EU926479

Identical to UFMG Jat 128.2
EU926484, AY257054
EU926477

EU926478

EU926474, AY257052
Identical to UWOPS 01-193.1
Identical to UWOPS 01-193.1
EU926485, AY257055
Identical to UWOPS 01-132.1
Identical to UWOPS 01-132.1
EU926475, AY257053
Identical to UWOPS 01-135b3
Identical to UWOPS 01-108b2
EU926476, AY257051
Identical to UWOPS 01-193.1
EU926480

Identical to UWOPS 01-108b2
Identical to CBS 4078
Identical to CBS 4078

Fermenting cucumbers, USA

Fermenting cucumbers, USA

Sputum of patient with tuberculosis, Norway

Beehive mite biocontrol preparation, France

Gut of bee, Croatia

Gut of bee, Croatia

Grape must, Japan

Sugar, United Kingdom

Brine bath of cheese factory, The Netherlands
Commercial bee pollen, Cuba

Melipona sp., Brazil

Melipona quadrifasciata hive, Brazil

Melipona rufiventris, Brazil

Melipona rufiventris pollen, Brazil

Melipona rufiventris pollen, Brazil

Beetle (unidentified) in Ipomoea batatoides, Costa Rica
Conotelus sp. in Ipomoea batatas, Costa Rica

Trigona sp. in Bignoniaceae flower, Costa Rica
Trigona sp. in Bignoniaceae flower, Costa Rica

Trigona sp. in Bignoniaceae flower, Costa Rica
Trigona sp. in Bignoniaceae flower, Costa Rica

Wasp (unidentified) in Bignoniaceae flower, Costa Rica
Trigona sp. in Bignoniaceae flower, Costa Rica
Diabrotica sp. in Merremia tuberosa flower, Costa Rica
Trigona sp. in flower of unidentified tree, Costa Rica
Trigona sp. in flower of unidentified tree, Costa Rica
Merremia tuberosa flower, Costa Rica

Conotelus sp. in Merremia tuberosa, Costa Rica
Trigona sp. on flower bud of Eugeissona tristis, Malaysia
Trigona sp. on flower bud of Eugeissona tristis, Malaysia

Accession numbers for the ITS/5.8S rRNA gene region and the LSU rRNA D1/D2 domains are given separately or for the complete

segment, as appropriate

CBS Centraalbureau voor Schimmelcultures, The Netherlands; NRRL Agricultural Research Service Culture Collection, National
Center for Agricultural Utilization Research, Peoria, IL, USA; MUCL Mycothéque de I’Université catholique de Louvain, Belgium;
CRGF Coleccion de Recursos Genéticos Fungicos; UFMG culture collection of the Universidade Federal de Minas Gerais, Brazil;
UWOPS culture collection of the Department of Biology (formerly Plant Sciences), University of Western Ontario

# Kurtzman and Robnett (2003)

T Type strain

other strains utilized sucrose, raffinose, mannitol, and
glucitol consistently, but gave variable responses for
L-sorbose, D-ribose, glycerol, succinic acid, citric acid,
ethylamine, and growth in the presence of 10% NaCl.

Candida azyma

Eighty-one strains at one time assigned to Candida
azyma on the basis of growth tests were examined. As
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Table 2 Selected properties of strains of Candida azyma and related species

Strain number Identification D1/D2 GenBank Locality Source
divergence accession
from type number

CBS 68267 Candida azyma 0) EF536346  South Africa Lichen

UWOPS 95-764.4 Candida azyma 2 Queensland, Australia Ipomoea indica flower

UWOPS 98-119.5 Candida azyma 2 EF533997  Northern Territory, Hibiscus meraukensis flower
Australia

UWOPS 05-260.1 Candida azyma 2 EF533996  Cameron Highlands,  Ipomoea cairica nitidulid
Malaysia

UWOPS 05-264.3 Candida azyma 2 Cameron Highlands,  Ipomoea cairica Drosophila sp.
Malaysia

UWOPS 05-265.2 Candida azyma 2 Cameron Highlands, Ipomoea cairica nitidulid
Malaysia

UWOPS 05-270.2 Candida azyma 2 Cameron Highlands, Ipomoea indica nitidulid
Malaysia

UWOPS 05-271.2 Candida azyma 2 Cameron Highlands,  Ipomoea indica nitidulid
Malaysia

UWOPS 05-272.1 Candida azyma 2 Cameron Highlands,  Ipomoea indica nitidulid
Malaysia

UWOPS 05-261.1 Candida azyma 2 Cameron Highlands, Ipomoea cairica nitidulid
Malaysia

UWOPS 05-267.1 Candida azyma 2 EU203671 Cameron Highlands,  Ipomoea cairica nitidulid
Malaysia

UWOPS 04-111.2 Candida azyma 3 EF536347  Molokai, Hawai’i Clermontia sp. flower

UWOPS 04-157.5 Candida azyma 3 Maui, Hawai’i Clermontia arborescens flower

UWOPS 04-158.3 Candida azyma 3 Maui, Hawai’i Clermontia arborescens flower

UWOPS 95-693.4 Candida azyma 3 EF601042  Queensland, Australia Hibiscus heterophyllus flower

UWOPS 95-766.5 Candida azyma 3 Queensland, Australia Ipomoea indica flower

UWOPS 04-160.6 Candida azyma 3 Maui, Hawai’i Clermontia arborescens flower

ST-19* Candida azyma 3 Thailand Unknown

UFMG R287 Candida azymoides 7 DQ985171  Sergipe, Brazil Eugenia uniflora fruit

UFMG 05-201.2 Candida azymoides 7 Tocantins, Brazil Anastrepha mucronota larvae in

Peritassa campestris fruit

UWOPS 95-805.2 Candida sp. 9 EF601043  Australia Hibiscus heterophyllus flower

UWOPS 95-813.3 Candida sp. 9 Australia Hibiscus heterophyllus flower

UWOPS 95-863.2 Candida sp. 10 EF601041  Australia Hibiscus heterophyllus flower

UWOPS 03-446.4  Candida sp. 62 EU443389 Malaysia Eugeissona tristis nectar

UWOPS 91-652.17  Candida parazyma 70 EF601044  Hawaii Drosophila floricola in Ipomoea

CBS 115637
NRRL Y-48669"

indica flower

The number of substitutions separating the rRNA LSU gene D1/D2 domains from that of the type of C. azyma is given, along with the
accession number for the entire ITS-D1/D2 rDNA segment. Horizonatal lines separate strains that had identical sequences

T Type strain

* BIOTEC Culture Collection, National Center for Genetic Engineering and Biotechnology (BIOTEC), 113 Paholyothin Road,
Klong 1, Klong Luang, Pathumthani 12120, Thailand. See Table 1 for other abbreviations

indicated in Table 2, 17 strains diverged from the
type by three or fewer D1/D2 substitutions. The
maximum divergence between any two of these
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origins

strains was four substitutions, observed between two
Australian isolates and seven isolates of diverse
that differed from the

type by three
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Table 3 Selected characteristics of strains assigned to Candida parazyma. ITS-D1/D2 rDNA haplotypes (A-G) are given along
GenBank accession numbers of voucher deposits

UWOPS number rDNA Locality Insect/plant

91-652.17 A EF601044 Hawaii Island Drosophila floricola on Ipomoea indica
91-681.2 A Hawaii Island Ipomoea indica flower

91-697.2 A Hawaii Island Ipomoea indica flower

91-703.2 A Hawaii Island Conotelus mexicanus on Ipomoea indica
91-704.2 A Hawaii Island Ipomoea indica flower

91-711.2 A Hawaii Island Ipomoea indica flower

91-720.2 A Hawaii Island Ipomoea indica flower

91-727.2 A Hawaii Island Ipomoea pes-caprae flower

91-751.2 A Hawaii Island Drosophila floricola on Ipomoea indica
91-760.2 A Hawaii Island Drosophila floricola on Ipomoea indica
91-764.2 A Hawaii Island Drosophila floricola on Ipomoea indica
91-882.2 A Hawaii Island Ipomoea indica flower

91-894.2 A Hawaii Island Ipomoea pes-caprae flower

95-821.3 A Eastern Australia Ipomoea indica flower

95-964.2 A Eastern Australia Aethina concolor on Hibiscus splendens
95-1002.2 A Eastern Australia Ipomoea indica flower

95-1058.3 A Eastern Australia Aethina sp. on Ipomoea indica

99-333.1 A EF533998 Costa Rica Conotelus sp. on Ipomoea carnea
99-669.2 A Viti Levu Aethina concolor on Hibiscus sp.

99-694.2 A Mana Island Aethina concolor on Ipomoea tuboides
00-132.3 A Costa Rica Conotelus sp. on Merremia quinquefolia
00-135.3 A Costa Rica Conotelus sp. on Tabebuia rosea

00-313.3 A Maui Conotelus mexicanus on Pandorea jasminoides var. rosea
00-348.2 A Kauai Conotelus mexicanus on Thevetia peruviana
00-601a2 A Oahu Conotelus mexicanus on Bignoniaceae
00-629b1 A Oahu Drosophila sp. on Ipomoea indica
00-660.3 A Hawaii Island Conotelus mexicanus on Ipomoea indica
00-722al A Molokai Drosophila floricola on Ipomoea indica
00-739.2 A Molokai Aethina concolor on Ipomoea indica
04-370.3 A Hawaii Island Prosopeus subaeneus on Ipomoea indica
S99-201.1* A Tennessee Conotelus obscurus on Ipomoea pandurata
S99-204.1* A Tennessee Conotelus obscurus on Ipomoea pandurata
S599-205.3* A Tennessee Conotelus obscurus on Ipomoea pandurata
S599-212.2% A Tennessee Conotelus obscurus on Ipomoea pandurata
$99-213.1 B EU443390 Tennessee Conotelus obscurus on Ipomoea sp.
S599-215.1 B Tennessee Conotelus obscurus on Calystegia sepium
S$99-205.1* C Tennessee Conotelus obscurus on Ipomoea pandurata
00-150b2 C EU273475 Costa Rica Conotelus obscurus on Ipomoea batatas
95-403.1 C Brazil Conotelus sp. on Ipomoea sp.

S599-206.1* C Tennessee Conotelus obscurus on Ipomoea pandurata
09-101.1 D Belize Conotelus sp. on Ipomoea sp. 1

00-154.2 D Costa Rica Conotelus sp. on Merremia tuberosa
01-113al D EF601045 Costa Rica Nitidulidae on Bignoniaceae

99-724.2 E EF601046 Rarotonga Aethina concolor on Ipomoea carnea
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Table 3 continued

Insect/plant

UWOPS number rDNA Locality
09-102a2 F Belize
09-107a3 F Belize
09-107d2 F Belize
09-110.4 F GQ411401 Belize
09-113.3 F Belize
09-114.1 F Belize
09-115.6 F Belize
09-116.3 F Belize
09-104a2 F Belize
09-105.2 F Belize
09-106.3 F Belize
09-112.4 F Belize
09-117.3 G GQ411402 Belize

Conotelus sp.
Conotelus sp.
Conotelus sp.
Conotelus sp.
Conotelus sp.
Conotelus sp.
Conotelus sp.
Conotelus sp.
Conotelus sp.
Conotelus sp.
Conotelus sp.
Conotelus sp.

Conotelus sp.

on Ipomoea sp.
on Ipomoea sp.
on Ipomoea sp.
on Ipomoea sp.
on Ipomoea sp.
on Ipomoea sp.
on Ipomoea sp.
on Ipomoea sp.
on Ipomoea sp.
on Ipomoea sp.
on Ipomoea sp.
on Ipomoea sp.

on Ipomoea sp.

NN N NN NN DN NN DN -

Horizontal lines separate strains with identical sequences

* Number in the yeast culture collection of the Department of Biology, Syracuse University (SUB)

CBS 8413

CBS 1887
CBS 1888
CBS 2222
Jat 128.2
Jat 35.1

Fig. 1 Parsimony network analysis of the LSU rRNA gene
D1/D2 domains of strains of C. apicola and relatives. Each
connecting line represents one substitution and each small
circle represents a missing intermediate sequence. A rectangle
identifies the sequence identified as ancestral by the analysis.
The shaded area A shows a subset of strains that differ from

substitutions (Table 2). However, when the ITS
region was taken into account as well (Fig. 3),
considerably more divergence was observed. The
added divergence was not hierarchical but sequential.
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05-219.3
05-243.4
CBS 4078

01-135b3
01-135¢3

the type by three or fewer substitutions. Area B shows strains
that are connected to subset A by three or fewer substitutions.
The significance of area D is explained in the text. The dashed
line shows that strain CBS 4353 was excluded from the
network

The analysis further confirmed the discontinuities
elicited in Table 2 by assigning the remaining
isolates to five separate sets outside the C. azyma
network. The sets include two singletons, a pair of
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Fig. 2 Parsimony network
analysis of the ITS-D1/D2
rDNA haplotypes of strains
of C. apicola and relatives.
Each connecting line
represents one substitution
and each small circle
represents a missing
intermediate sequence. A
rectangle identifies the
haplotype identified as
ancestral by the analysis.
Shaded areas A and B
correspond to those in

Fig. 1. Shaded area C D
shows a subset of strains
that have identical ITS/5.8S
rRNA haplotypes. The
significance of shaded area
D is explained in the text.
The dashed line shows that
strains CBS 4353 and
MUCL 45721 were
excluded from the main
network

01-125.4
01-131.1
01-193.1
01-194.1

01-108b2
01-153b1
01-677b2

01-135b3
01-135¢3

isolates, the recognized species Candida azymoides
(of which four isolates are known), and the 43
isolates now reassigned to Candida parazyma sp.
nov. Note that a parsimony analysis of D1/D2
sequences only (not shown) yielded the same network
memberships.

Most strains in the C. azyma complex utilize
sucrose, the common a-glucosides, L-sorbose, xylitol,
mannitol, glucitol, succinic acid, and 2-keto-b-glu-
conic acid, grow at 30°C or higher, and can obtain
nitrogen from ethylamine, lysine, and cadaverine, but
not nitrate or nitrite. All are strongly resistant to
cycloheximide and able to hydrolyze Tween 80, and
none is fermentative. Variation occurs primarily in
the utilization of galactose, D-xylose, L-arabinose,
ethanol, glycerol, ribitol, galactitol, and citric acid,
hydrolysis of gelatin or casein, and growth in the
presence of 10% NaCl or 50% glucose. The variation
is generally uncorrelated with affinities elicited by
sequence analyses, with the following exceptions.
Strains UWOPS 95-805.2 and UWOPS 95-813.3 do
not utilize galactose. Strain UWOPS 03-446.4 exhib-
its a weak utilization of a-glucosides, no growth on
glycerol or in the presence of 10% NaCl, but can
grow in the presence of 10 mg L™' CTAB or 6%
ethanol. C. azymoides consistently exhibits strong
growth on citric acid, which is normally negative in

01-132.1
01-133.1
01-135a2

CBS 1887

cBs 1888 | NCBS 8413
CBS 2222
Jat 128.2

Jat 35.1 B

CBS 2650
CBS 28687
CBS 2869

05-219.3
05-243.4
CBS 4078

MP448

other strains. The seven strains that differ from the
type by three substitutions in the D1/D2 region
(shaded area in Fig. 3) utilize 1-propanol weakly,
whereas other strains do not assimilate that carbon
source. In all remaining cases, the variation in growth
responses exhibits no correlation whatsoever with the
relationships depicted in Fig. 3.

Candida parazyma Lachance sp. nov
Phylogenetic placement

The phylogram in Fig. 4 shows that C. parazyma lies
in a basal position with respect to C. azyma, C. az-
ymoides, and other closely related species as delin-
eated in Fig. 3. The exception was Candida sp.
03-446.4, which formed a clade with the three species
selected to serve as outgroup.

Standard description

On YM agar after 3 days at 25°C, the cells are ovoid to
ellipsoidal (2-3 x 2—4 um). Budding is multilateral.
A ring is formed in fermentation medium. Colonies
are white, convex or umbonate, smooth, often with
concentric circles. In Dalmau plates after 2 weeks on
cornmeal agar, neither pseudohyphae nor true hyphae
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Australia

95-805.2
95-863.2 95-813.3

Australia

Malaysia

03-446.4

Fig. 3 Parsimony network analysis of the ITS-D1/D2 rDNA
haplotypes of strains of C. azyma and relatives. Each
connecting line represents one substitution and each small
circle represents a missing intermediate sequence. The shaded

05-260.1
05-264.3
05-265.2
05-270.2
05-271.2
05-272.1

Malaysia

04-111.2

Hawaii 04-157.5

04-158.3

Australia 95-693.4
Hawaii 95-766.5
. 04-160.6
Thailand ST-19
Candida
Brazil .
azymoides

Candida parazyma sp. nov.
N =57

area shows strains that differ from the type by three
substitutions in the D1/D2 region and assimilate 1-propanol
weakly. The dashed line shows the exclusion of five sets of
strains from the main network

g;%}l : griﬁli?fg f;lsn_%g] / 0.05 ) 825 C. parazyma G 09-117.3/ GQ411402
D2 rDNA sequences of C. parazyma F 09-110.4 / GQ411401
selected strains showing the &7 C.parazyma A 91-652.17/ EF601044
phylogenetic placement of C. parazyma B $99-213.1 / EU443390
C. parazyma. The scale bar C. parazyma C 00-150b2 / EU273475
shows the degree of 100
sequence divergence (Knuo). I C. parazyma D 01-113a1/ EF601045
Bootstrap values of 50% or 100 C. parazyma E 99-724.2 /| EF601046
greater are shown; they 50 Candida sp. 95-805.2 / EF601043
were determined from 1,000 —|__ Candida sp. 95-863.2 / EF601041
iterations C. azymoides UFMG R287 / DQ985171
C. azyma 98-119.5/ EF533997
% C. azyma CBS6826" / EF536346
96 C. azyma 95-693.4 / EF601042
] 97| [L ¢. azyma 04-111.2/ EF536347
C. azyma 05-267.1 / EU203671
97! C. azyma 05-260.1 / EF533996
100 Wickerhamiella australiensis 05-260.2 / EF536348
oL C. drosophilae 91-716.3 / EU443387
% C. vanderwaltii CBS_5524 / EU443388
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are formed. Asci have not been observed in pure or
mixed cultures on common sporulation media. Glu-
cose is not fermented. Glucose, sucrose, galactose
(sometimes slow), trehalose, maltose, melezitose,
o-methyl-p-glucoside (variable), L-sorbose, p-xylose
(slow), ethanol (slow), glycerol (variable), xylitol,
mannitol (slow), p-glucitol, succinic acid, and 2-keto-
D-gluconate are assimilated. No growth occurs on
inulin, raffinose, melibiose, lactose, soluble starch,
cellobiose, salicin, L-rhamnose, L-arabinose (some-
times slow), p-arabinose, D-ribose, methanol, 1-pro-
panol, 2-propanol, 1-butanol, erythritol, ribitol
(sometimes weak), galactitol (sometimes weak),
myo-inositol, lactic acid, citric acid, gluconic acid,
glucosamine, N-acetyl-glucosamine, acetone, ethyl
acetate, or hexadecane. Assimilation of nitrogen
compounds: positive for lysine, ethylamine-HCI and
cadaverine, and negative for nitrate and nitrite.
Growth in vitamin-free medium is negative. Growth
in amino-acid-free medium is positive. The maximum
growth temperature is 34-36°C. Growth on YM agar
with 5% sodium chloride is positive, and at 10%
sodium chloride is variable. Growth in the presence of
50% glucose is variable. Growth in the presence of
1,000 mg L™" cycloheximide growth is positive.
Starch-like compounds are not produced. The Diazo-
nium Blue B reaction is negative. The habitat is
flowers and associated insects in warmer climates
worldwide. The type strain of Candida parazyma is
strain UWOPS 91-652.17 isolated from Drosophila
floricola collected in a flower of Ipomoea indica in
Kipuka Puaulu, Island of Hawaii. It has been deposited
in the collection of the Yeast Division of the Centra-
albureau voor Schimmelcultures, Utrecht, the Neth-
erlands, as strain CBS 11563 (NRRL Y-48669").

Etymology: the epithet parazyma (pa.ra.zy’ma)
N.L. nom. f. sing. n., from the Greek mopa (para)
meaning near and the epithet azyma, referring to the
similarity and relatedness of the new species to
Candida azyma.

Latin diagnosis

In agaro YM post dies tres cellulae singulae aut binae,
ovoidae (2-3 x 24 um). In medio liquid annulus
formatur. Cultura convexa, glabra et candida. In agaro
farinae Zea mays post dies 14 mycelium nec pseudo-
mycelium non formantur. Glucosum non fermentatur.
Glucosum, sucrosum, galactosum (aliquando lente),

trehalosum, maltosum, melezitosum, o-methyl-p-
glucosidum (variabile), L-sorbosum, D-xylosum
(lente),ethanolum (lente), glycerolum (variabile), xyl-
itolum, mannitolum (lente), glucitolum, acidum suc-
cinicum et 2-keto-gluconatum assimilantur, at non
inulinum, raffinosum, melibiosum, lactosum, amylum
solubile, cellobiosum, salicinum, L-rhamnosum,
L-arabinosum (aliquando lente), p-arabinosum, D-ti-
bosum, methanolum, 1-propanolum, 2-propanolum,
I-butanolum, erythritolum, ribitolum, galactitolum
(aliquando exigue), meso-inositolum, acidum lacti-
cum, acidum citricum, acidum gluconicum, glucosa-
minum, N-acetyl-p-glucosaminum,acetonum, ethyl
acetas, nec hexadecanum. Ethylaminum, lysinum et
cadaverinum assimilantur at non natrium nitricum nec
natrium nitrosum. Ad crescentiam vitamina externa
necessaria sunt. Augmentum in 34-36°C. Habitat
flores et insectis junctis. Typus UWOPS 91-652.17
Drosophila floricola e flore Ipomoea indica in Hawaii
isolatus est. In collectione zymotica Centraalbureau
voor Schimmelcultures, Trajectum ad Rhenum, sub
no. CBS 11563" depositus est.

As indicated in Table 3, Candida parazyma has
been isolated in most localities where floricolous
nitidulid beetles and other insects have been sampled,
worldwide, but not at higher latitudes. The ITS and
D1/D2 rDNA sequences comprised seven haplotypes
represented by the letters A to G, in order of their
discovery (Table 3 and Figs. 4, 5). Haplotype B is
unique in that it entails a substitution in the D1/D2
region. All other rDNA polymorphisms are confined
to the internal transcribed spacers. The maximum
amount of divergence was observed between the
Central American haplotypes D and G, which differ
by five substitutions in total. The distribution of
rDNA haplotypes had no bearing on the growth
characteristics of C. parazyma, which is less exten-
sive than that of the C. azyma complex as a whole.

Discussion

Parsimony networks in systematics

Much of the forthcoming discussion hinges on the
interpretation of patterns identified by parsimony
network analysis and for this reason, it is fitting to

review briefly the underlying theory and properties of
the method. Clement et al. (2000), in the description
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Fig. 5 Parsimony network analyses of the ITS-D1/D2 rDNA haplotypes of strains of C. parazyma. Each connecting line represents

one substitution and the small circle represents a missing intermediate sequence

of the computer program TCS, pointed out that
phylogenetic trees are inappropriate models of the
genealogy of alleles within a species. Posada and
Crandall (2001) developed the idea further: phyloge-
netic trees are based on the assumption that specia-
tion causes ancestral sequences to be replaced by new
sequences through lineage sorting and phyletic
divergence. Thus, the internal nodes of a tree
represent the hypothetical positions of ancestral
sequences that no longer exist. By contrast, coales-
cent theory posits that within a population, the most
ancestral allele should tend to be the most abundant,
provided that the different alleles are selectively
neutral. The relationships between alleles within a
species are tokogenetic (parent-offspring kinship)
rather than phylogenetic (sibling or cousin kinship).
Inter-allele relationships are not hierarchical and
instead follow patterns of stepwise accumulation of
mutations. Moreover, most tree construction methods
inadequately deal with sequences or haplotypes that
have arisen by recombination or homoplasy. Parsi-
mony networks depict such events in the form of
reticulation or loops. The networks are hypothetical
reconstructions of the most parsimonious path con-
necting alleles via intermediates that differ each by a
single substitution. Importantly, membership in a
network is based on the probability that DNA
sequences share parsimonious relationships, in other
words, that they can be connected by single steps.

@ Springer

The connection limit is the probability that the steps
depicted in a network correspond to single, and not
multiple, substitutions. Sequences that do not pass
that test are excluded from the network. Parsimony
network analysis also attempts to identify one allele
or haplotype as the most likely to be ancestral. This is
done independently of allele frequencies, although
one expects the allele identified as ancestral from
coalescent theory to be the most abundant. A more
complete discussion of the relevant mathematics has
been offered by Templeton et al. (1992).

Given that parsimony networks are meant to
identify tokogenetic relationships, it is reasonable to
expect sequences that represent homologous alleles
within a species to join the same parsimony network
and those that represent orthologues (from different
species) to be assigned to distinct networks. This is in
fact what was observed by Hart and Sunday (2007) in
a meta-analysis of hundreds of reports where
parsimony network analyses have been applied to
barcoding sequences determined for members of
well-defined species of animals and plants. Separate
biological species tend to form distinct networks at
the 95% parsimony connection limit. Less well
defined cases were often accountable to hybridiza-
tion. The authors concluded that the formation of
parsimony networks from barcoding sequences con-
stitutes an objective means of circumscribing phylo-
genetic species.
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C. apicola is a polymorphic, cosmopolitan,
asexual species

Based on the strictest application of Kurtzman and
Robnett’s (1998) criterion, one would retain in
C. apicola only those strains that differ by no more
than three substitutions from the type in the D1/D2
domains. These are represented by set A in Fig. 1.
Assignment of the strains of set B would be
problematic. Based on the approach used in many
recently published descriptions of yeast species,
where sampling is sometimes poor and even occa-
sionally limited to a single strain, it is not inconceiv-
able that the 30 strains included in the present study
could be assigned to as many as seven separate
species. The parsimony network generated from
D1/D2 sequences suggests on the contrary that all
strains but CBS 4353 could be viewed as member of
a cohesive evolutionary unit, although the inclusion
of strain MUCL 45721 might appear dubious.
Although internal transcribed spacers are a poor
source of phylogenetic signal, the ITS region has
been useful in discriminating between members of
distinct biological species that have nearly identical
D1/D2 regions (e.g., Lachance et al. 2005). Indeed,
inclusion of ITS sequences in a barcode system was
seen as desirable by Fell et al. (2000) for basidiomy-
cetous species and the ITS is currently favored as
candidate to serve as official barcoding sequence for
fungi (Seifert 2009). Inclusion of ITS sequences in
the parsimony network analysis (Fig. 2) reinforced
the notion that most strains should be treated as
members of a single evolutionary population but
caused strain MUCL 45721 to be excluded at the
95% limit. The dependence of these observations on
adequate sampling further suggests that the descrip-
tion of new species to accommodate strains
CBS 4353 and MUCL 45721 should await the isola-
tion of a sufficient number of additional strains.
Addition of ITS sequences to the analysis resulted
in the designation of a different strain’s haplotype as
ancestral (Figs. 1, 2). This is manifestly due to the
fact that in the first instance, the D1/D2 sequence of
strain UWOPS 01-663b2 could be connected to three
others each by a single step, whereas in the combined
analysis the haplotype shared by five strains was the
only with multiple connections that included at least
one single-step connection. Whether this should or
should not be taken to mean that the ITS and D1/D2

regions have different ancestral sequences should be
appraised in the light of the relatively high polymor-
phism to sample size ratio of the C. apicola isolates.
This is in sharp contrast to what was found for C.
parazyma (Fig. 5), where the ancestral status of
haplotype A is firmly grounded and represented by a
clear majority of isolates.

Our attempts to observe inter-strain matings have
been arduous and exhaustive, leading us to reaffirm
the conclusion that C. apicola is an asexual species.
The reticulation observed in the networks presented
in Figs. 1 and 2 is unlikely to be the result of
recombination, given that the polymorphic sites
responsible for reticulation are dispersed within
contiguous sequences that span just over a thousand
nucleotides. They must therefore be attributed to
homoplasy, which further reinforces the notion that
an arbitrary number of substitutions cannot be applied
broadly to delineate species across a broad taxonomic
range. Membership in a parsimony network of
sequences spanning the ITS-D1/D2 rDNA region
would seem to be a suitable surrogate for mating
compatibility in the delineation of asexual yeasts, in
view of its stronger theoretical foundation compared
to DNA/DNA reassociation or a specified number of
substitutions.

Examination of the source data in Table 1 shows
that strains from Costa Rica exhibited the largest
degree of haplotype diversity (n = 5), with represen-
tatives in subsets A, C, and D (Fig. 2). Not enough is
known on the phylogenetic systematics of the bees
from which most yeast strains originated to speculate
on possible species-specific associations, but it may
be safe to infer that the very large bee diversity of
Costa Rica accounts for the diversity of C. apicola in
the bees of that region. The sampling effort in Brazil
is comparable in intensity (Rosa et al. 2006) and this
surely bears on the finding of three distinct haplo-
types (in subsets A and B) in Brazilian bees.
Although the available data do not allow one to
conclude much on the population structuring of
C. apicola, it is safe to state that the species as a
whole has a global distribution.

The morphospecies C. azyma is part of a complex
of at least six, mostly cryptic species

Identification based on growth properties initially
would have led to the assignment of the 81 strains
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considered here to C. azyma. Small differences in
growth responses prompted the examination of some
strains by rDNA sequencing and confirmed the
distinct status of strains now assigned to C. azymo-
ides, of strains UWOPS 95-805.2 and UWOPS 95-
813.3, and of strain UWOPS 03-446.4. Strain
UWO 95-863.2 as well as those included in C. para-
zyma, however, were not properly distinguishable
from C. azyma by growth characteristics and would
require identification by sequence analysis. Species
assignment of the strains retained in the C. azyma
parsimony network (Fig. 3) purely on the basis of
number of substitutions would be problematic,
depending of what strains are available. For example,
strains UWOPS 95-764.4 and UWOPS 95-766.5,
recovered from morning glory flowers at the same
Australian collection site, differ by 23 substitutions in
their combined rDNA haplotypes. Taken in isolation,
this information could have led some authors to
describe them as separate species, even though the
analysis presented here argues that they are part of
the C. azyma continuum. Furthermore, two testable
predictions can be made: first, that intensified sam-
pling will yield C. azyma isolates with rDNA haplo-
types that are intermediate between those of known
strains, and second, that additional sampling is
unlikely to yield haplotypes that are linear interme-
diates between those of the six distinct networks in
Fig. 3. These predictions arise from the expectation
that allele genealogies within a species proceed by
small successive steps along a continuum from which
isolates of a species are sampled, whereas species
genealogies proceed principally in a tree-like fashion
by divergence from ancestors that are no longer
accessible. Increased sampling is therefore likely to
fill in missing intermediates within a species, but not
between species. Pursuant to this, three of the
putatively new species elicited by this study are
represented by only one or two isolates and therefore
remain to be properly sampled prior to proposing
formal descriptions.

Contrasting biogeographies in the C. azyma
species complex

The biogeography of the C. azyma species complex
would seem to be a mixture of endemism (C. azy-
moides) and broad dispersal. Member species appear
to be mostly confined to tropical and subtropical
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regions, with no confirmed reports of isolations at
latitudes exceeding 40°N. Of particular interest is the
mostly Australasian distribution of C. azyma sensu
stricto (with the exception of the type, from South
Africa). It is hoped that focused sampling combined
with sequence-based identification over larger por-
tions of the old world will clarify the intriguing
pattern presented in Fig. 3.

C. azyma was once reported to be the most
widespread species to be isolated globally from
floricolous insects (Lachance et al. 2001). As it were,
the majority of isolates, which had been identified
from growth characteristics, are now known instead
to be representatives of the cryptic relative C. para-
zyma. Very few other ascomycetous yeast species
have been isolated from an ecosystem found across
such a broad geographic range and so it is of interest
to see if the distribution of genetic variants within the
species follows biogeographic rules. Fenchel and
Finlay (2004) proposed that microorganisms, by
virtue of their small size, disperse so rapidly that
they do not follow biogeographically meaningful
distributions as do larger organisms. In response to
criticisms that morphological identification of micro-
organisms does not allow such generalizations to be
drawn, Finlay et al. (2006) characterized free-living
protozoa by sequencing and concluded that the
distribution of genetic variants is dictated by local
niche characteristics and not by historical or spatial
factors. Greig (2007) pointed out that yeasts are
probably not free-living because of their complex
interactions with vector insects and suggested that
Saccharomyces species probably do have a biogeog-
raphy, a prediction that seems to have received strong
support recently from phylogenomic studies (Liti
et al. 2009). So far, yeasts found in association with
floricolous insects have followed strong biogeo-
graphic patterns, be it at the supraspecific (Lachance
et al. 2001, 2005) or the infraspecific (Lachance et al.
2008; Wardlaw et al. 2009) levels. The analysis
depicted in Fig. 5 can be explained in part by a
vicariance model, whereby strains with the broadly
dominant haplotype A have dispersed globally
followed by the local generation of genetic variants.
As is often the case, the highest degree of polymor-
phism was observed in Central America with the
identification of most of the haplotypes in Belize and
Costa Rica. However, partial support for the ubiquity
model arises from the observation of the combined
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haplotype C in such remote localities as Brazil, Costa
Rica, and Tennessee.

Asexuality in C. parazyma

As was the case for C. apicola, our efforts to observe
sexual interaction in the entire C. azyma complex
have been extensive and unsuccessful. It should be
noted that at least one precedent exists in the broader
Wickerhamiella clade for sexuality to be very cryptic
(Lachance et al. 2000). All known species in the
teleomorphic genus have a haplontic sexual cycle,
four of the five are heterothallic, and the Ilast
discovered species, Wickerhamiella lipophila, was
first described as a Candida species because of
fastidious and unpredictable mating and sporulation
habits. A preliminary study comparing the pattern
reported here for ribosomal sequences with alleles of
a polymorphic marker with homology with Essential
Nuclear Protein 1 and imidazole glycerol phosphate
synthase genes of Yarrowia lipolytica (A.E. Smith
and M.A. Lachance, unpublished), suggests that the
two loci may have experienced considerable recom-
bination and consequently that the species may have
a hitherto cryptic sexual cycle.

Concluding remarks on parsimony networks

Parsimony network analysis provides a statistical,
theory-laden approach to the delineation of phyloge-
netic yeast species from barcode sequence data. The
method aims at distinguishing, within sequence
space, variation that can be regarded as polymor-
phism (within species) from differences that are the
consequence of speciation. We have found it useful in
determining which strains should be retained in
C. apicola or C. azyma in spite of sequence poly-
morphism. The approach is not meant to replace or
even to augment species delineation based on repro-
ductive isolation when such information is available,
nor is it meant to invalidate simpler interpretations of
sequence divergence when clear continuities exist, as
in the case of C. parazyma. A future reinterpretation
of the polymorphisms present in C. apicola in the
light of new information may very well favour a
subdivision of the species. Importantly, we hope that
this study will contribute to a better appreciation for
the importance of sufficient taxon sampling in the
exploration of yeast biodiversity.
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