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Conventional methods of yeast identification are often time-consuming and difficult; however, recent studies
of sequence-based identification methods have shown promise. Additionally, little is known about the diversity
of yeasts identified from various animal species in veterinary diagnostic laboratories. Therefore, in this study,
we examined three methods of identification by using 109 yeast samples isolated during a 1-year period from
veterinary clinical samples. Comparison of the three methods—traditional substrate assimilation, fatty acid
profile analysis, and sequence-based analysis of the region spanning the D1 and D2 regions (D1/D2) of the
large ribosomal subunit—showed that sequence analysis provided the highest percent identification among the
three. Sequence analysis identified 87% of isolates to the species level, whereas substrate assimilation and fatty
acid profile analysis identified only 54% and 47%, respectively. Less-stringent criteria for identification
increased the percentage of isolates identified to 98% for sequence analysis, 62% for substrate assimilation, and
55% for fatty acid profile analysis. We also found that sequence analysis of the internal transcribed spacer 2
(ITS2) region provided further identification for 36% of yeast not identified to the species level by D1/D2
sequence analysis. Additionally, we identified a large variety of yeast from animal sources, with at least 30
different species among the isolates tested, and with the majority not belonging to the common Candida spp.,
such as C. albicans, C. glabrata, C. tropicalis, and the C. parapsilosis group. Thus, we determined that sequence
analysis of the D1/D2 region was the best method for identification of the variety of yeasts found in a veterinary
population.

In both veterinary and human diagnostic laboratories, cor-
rect identification of yeasts is important for the care of pa-
tients. Traditionally, yeast identification has been performed
using biochemical analysis, substrate assimilation methods,
morphological examination, or various combinations of the
three. To increase the ease of identification, commercial tests
that use these methods have been created, but despite the
convenience provided by these methods, identification of
yeasts by these conventional applications can still be time-
consuming and difficult. In addition, considerable variability in
the efficacy of these methods has been reported for identifica-
tion of clinically important yeast (11; also reviewed in refer-
ences 12, 32, 36, and 42), attributed primarily to the limitations
of the databases used for the comparison of clinical isolates, as
well as the subjectivity involved in the interpretation of results.
Recent studies have also examined the effectiveness of various
molecular identification methods for yeasts by the use of rRNA
genes, with the internal transcribed spacer 1 (ITS1) and ITS2
regions and the region spanning the D1 and D2 regions (D1/
D2) shown to be the most useful for species-level identification
of yeasts, as a result of the variability within these regions
(reviewed in references 14 and 32). In particular, sequence
analysis of these regions has shown great promise in the prac-
tice of clinical mycology, with several large-scale studies show-

ing these regions to differentiate clinical yeast isolates obtained
from humans to the species level (3, 4, 6, 13, 24, 26, 33).

In human medicine, the species of yeasts cultured from
patients is limited, with Candida albicans being the predomi-
nant species isolated (19, 30). In contrast, veterinary yeast
isolates can be cultured from a wide variety of animal species,
allowing for the possibility of more diversity among the isolates
identified. Though much work has been performed examining
phenotypic and genotypic methods of yeast identification from
veterinary sources, the majority of these studies have concen-
trated on a single species of either animal or yeast (2, 15, 16,
28, 29). To our knowledge, there has been only one large-scale
examination of multiple yeast and animal species to assess
yeast identification (5). That study used conventional pheno-
typic tests for identification of these organisms; no studies
examining sequence-based analyses have been performed.

Therefore, in this work, we examined the variety of yeasts
seen in a veterinary diagnostic laboratory during a 1-year time
period and determined the feasibility and effectiveness of iden-
tification by a traditional phenotypic method, a method ana-
lyzing fatty acid profiles, and a sequence-based molecular
method. We found that sequence analysis could provide iden-
tification to the genus and species level for a much higher
percentage of the isolates tested than could either of the phe-
notypic methods. We also found that there is great diversity in
the yeasts identified from veterinary sources, with at least 30
different species identified among the 109 isolates tested and
only 48% belonging to the more common Candida spp., such
as C. albicans, the C. parapsilosis group, C. glabrata, and C.
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tropicalis. Additionally, seven of the isolates were identified as
Arxula adeninivorans, and this more unusual isolate was found
only in horses and dolphins.

MATERIALS AND METHODS

Selection of yeasts and growth conditions. Yeasts used in this study were
obtained from the culture of clinical veterinary samples during the year 2007 by
the Animal Health Diagnostic Center of Cornell University. All isolates that
could be retrieved as pure cultures from frozen archived stocks were used,
constituting 91% of the total isolates from that year. Isolates were plated initially
onto Sabouraud dextrose agar, from which an isolated colony was subcultured
onto the same medium for 24 h at 28°C. Cultures were then harvested for use
with the identification methods described below.

Identification by nutrient assimilation. Yeasts were identified using API 20 C
AUX test strips (bioMérieux, Durham, NC) according to the recommendations
of the manufacturer. For this study, we considered an identification classified by
the manufacturer as acceptable or better to be a reliable identification. As a
positive control, all samples were tested in conjunction with Candida guilliermon-
dii ATCC 6260. This test produced a numerical profile that was then compared
to a database provided by the manufacturer (bioMérieux).

Fatty acid-based identification. Yeast isolates were harvested from the second
and third quadrants of agar medium to obtain organisms in the log phase of
growth. Fatty acid methyl esters were produced and then extracted using the
protocol recommended by the manufacturer (MIDI, Inc., Newark, DE). Fatty
acid analysis was performed using an Agilent Technologies 6890N gas chromato-
graph system. The Sherlock MIS YEAST28/YSTCLN software version 6.0 was
used for analysis. Samples were accompanied by the reference strain Candida
albicans ATCC 14053 as the positive control and a reagent blank as the negative
control. The system was calibrated using a calibration mix supplied by the
manufacturer (MIS no. 1200-A calibration standards kit; MIDI Inc.). This
method generated a similarity index (SI), with an SI of 1.000 indicating complete
identity. For this method, based on the manufacturer’s recommendations, an SI
of �0.500 with 0.100 separation from the next match was considered a good
identification, while an SI of �0.300 with 0.100 separation was considered ac-
ceptable.

Sequence-based identification. A small portion of a single yeast colony was
placed in 5 �l of Lyse-and-Go reagent (Pierce Protein Research Products,
Rockford, IL) and placed in the thermocycler, using the settings recommended
by the manufacturer for genomic DNA. Upon completion, 45 �l of a PCR master
mix containing 300 nM concentration of each primer was added to the Lyse-
and-Go reaction. For amplification of the D1/D2 region of the large ribosomal
subunit, primers NL1 and NL4 were used (20). For amplification of the ITS
region, primers ITS5 and ITS4 were used (44). Samples were then placed in the
thermocycler, using the following settings: 94°C for 2 min, then 30 cycles of 94°C
for 30 s, 52°C (NL1 and NL4) or 54°C (ITS5 and ITS4) for 45 s, and 72°C for 90 s,
with a final elongation step of 72°C for 10 min. PCRs were then visualized using
a 1% agarose gel. PCR products were prepared for sequencing by using
ExoSap-It (USB, Cleveland, OH), a product which removes remaining primers
and deoxynucleoside triphosphates (dNTPs) by using a combination of exonu-
clease I and shrimp alkaline phosphatase. Sequencing was then performed by the
Cornell University Sequencing Center by using primer Seq-NL1, ATCAATAA
GCGGAGGAAAAG, or ITS3 (44). This protocol was used for all yeasts in this
study, except for one isolate eventually identified as Candida lusitaniae. As a
result of previously reported polymorphisms in the D1/D2 region (22), Seq-NL1
did not provide a sequence long enough to be used for identification, so the NL4
reverse primer was used to sequence this isolate. Sequences were then uploaded
to the Ribosomal Database Project (RDP) Pipeline (8) for sequence editing and
quality analysis and were then downloaded and further edited manually if nec-
essary. Sequences were then compared to the nonredundant NCBI database by
using BLASTN, with the default settings used to find the most similar sequence,
and were sorted by the E score. To be considered a good identification to the
species level, the identification had to meet the following criteria: (i) sequence
identity of �99.0%; (ii) �1.0% separation from the next closest species; (iii)
�90.0% sequence coverage for the matching sequence; and (iv) matching se-
quence published in a peer-reviewed journal article or submitted by the ATCC.
For identification to the genus level, all of the above criteria were used, except
that a sequence identity of �97.0% was used and 1.0% separation from the next
species was not required. Identification criteria were based upon those proposed
by the Clinical and Laboratory Standards Institute (CLSI) for the identification
of microorganisms by DNA sequence analysis (7). The separation criterion was
increased to �1.0% from the �0.8% proposed by the CLSI, as comparisons are

provided to the nearest whole percentage by BLAST. The coverage criterion of
90% was chosen as a conservative standard to ensure the quality of compared
sequences. NCBI and the Doctor Fungus website (http://www.doctorfungus.org)
were used to determine whether various yeast names were anamorphs, teleo-
morphs, or synonyms. Additionally, as different naming schemes exist for various
yeast species, we used the following rules to remain consistent among the three
identification methods: (i) isolates of C. albicans and Candida africana were
always called C. albicans; (ii) isolates of C. parapsilosis, Candida orthopsilosis, and
Candida metapsilosis were all called members of the C. parapsilosis group; and
(iii) all variants of Cryptococcus neoformans were called C. neoformans.

Creation of the phylogenetic tree. A representative sequence from each spe-
cies or isolate, in the cases where species-level identification was not reached,
was aligned using CLUSTAL W2 for multiple alignment with the default settings
(23) (http://www.ebi.ac.uk/Tools/clustalw2). The multiple-alignment file was then
used to create a neighbor-joining phylogram with CLUSTAL W2. The C. lus-
itaniae sequence was excluded from the tree, since the sequence was obtained
using the reverse primer and therefore would not align properly with the other
sequences.

RESULTS

Sequence analysis of the D1/D2 region provides better iden-
tification of veterinary yeast isolates than does either sub-
strate assimilation or fatty acid profile analysis. In this study,
yeast isolates were obtained from a variety of animals and
sources, with representatives from mammals, reptiles, amphib-
ians, and avians (Table 1). To determine the most effective
method of identification for yeasts in the veterinary clinical
laboratory, we used three methods of identification. We com-
pared two commercially available phenotypic methods—nutri-
ent assimilation using the API 20 C AUX test strip and fatty
acid profile analysis using the Sherlock microbial identification
system—to sequence analysis of the D1/D2 region of the large-
subunit rRNA gene. Interpretive criteria for each of these tests
are described in Materials and Methods. Using these methods
and interpretive criteria, we found that 54% of the isolates
tested using substrate assimilation, 47% using fatty acid profile
analysis, and 87% using D1/D2 sequence analysis could be
identified to the species level (Table 2). These results show that
sequence analysis provided the highest percent identification
to the species level of the three methods.

We next examined whether the use of less-stringent identi-
fication criteria would increase the percent identification for
any of the methods. For substrate assimilation, we considered
identification defined by the manufacturer as acceptable to
either genus or species level; for fatty acid analysis, we used an

TABLE 1. Animals included in study and most common yeast
species isolated from each animal group

Animal (n)
No. of

different yeast
species isolated

Most common yeast
species isolated

(% of total)

Avians (10) 7 Candida albicans (40)
Amphibians (1) 1 Debaryomyces nepalensis (100)

Mammals (84)
Bovines (8) 4 Candida glabrata (50)
Canines (10) 4 Candida albicans (70)
Dolphins (8) 3 Arxula adeninivorans (50)
Equines (42) 20 Candida parapsilosis group (14)
Felines (7) 3 Candida parapsilosis group (57)
Other (9) 6 Candida albicans (44)

Reptiles (14) 11 Candida tropicalis (21)
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SI of �0.300 with 0.100 separation; and for sequence analysis,
we expanded the criteria to include sequence identity of �97%
without the requirement of �1% separation if both the most
similar and the second-most similar sequence were of the same
genus. Using these less-stringent criteria, we found an increase
in the number of yeast isolates identified by both substrate
assimilation and fatty acid analysis, to 62% and 55% identifi-
cation, respectively (Table 2). However, for D1/D2 sequence
analysis, we found that we could identify almost all isolates to
the genus level by using this criteria, with only two isolates not
identified (Table 2). These results thus show that D1/D2 se-
quence analysis more frequently provides an identification of
veterinary yeast isolates to both the species and genus level.

Sequence analysis of the ITS2 region of yeast isolates. As we
found that the identity of 13% of the yeast isolates could not be
determined to the species level by sequence analysis of the
D1/D2 region, we next examined whether sequence analysis
using the ITS2 region would be useful for further identification
of these isolates. We used a subset of the isolates described in
this study, with 90 yeast isolates being selected, including the
14 isolates not previously identified to the species level by
sequencing of the D1/D2 region. The entire ITS region was
amplified, and the ITS2 region was sequenced. Using the same
criteria for identification as those previously described for
D1/D2 analysis, we found that sequence analysis of the ITS2
region could identify 79% of the 90 yeast isolates analyzed to
the species level and 90% to the genus level (Table 2). We also
found that sequence analysis of the ITS2 region could further
identify 5 of the 14 yeast isolates not previously identified by
D1/D2 analysis to the species level. Upon comparison, we
found that the two methods showed agreement on the identi-
fication of isolates 91% of the time. In addition, the 9% that
did not agree consisted of only two species; Geotrichum silvi-
cola and Debaryomyces nepalensis isolates identified by analysis
of the D1/D2 region were identified, respectively, as Galacto-
myces geotrichum and Debaryomyces hansenii by analysis of the
ITS2 region. For the Geotrichum isolates, one explanation for
the disagreement may be that, at the time of analysis, there
were no ITS2 sequences available for Geotrichum silvicola,
suggesting that the D1/D2 identification may be the correct

one. For the Debaryomyces isolates, the disagreement in iden-
tification may occur because these species are very closely
related, and previous work has shown that it is difficult to
differentiate between the two with either the D1/D2 or the ITS
region (27).

Comparison of yeast identifications derived from each
method tested. Although each of the three test methods exam-
ined provided acceptable species identification to differing de-
grees, the species named in each case sometimes differed, and
thus the validity of the methods remained uncertain. To fur-
ther examine these identification methods, we next compared
the identifications determined by each. We first examined the
concordance among the tests. We found that 53 isolates (49%)
were named acceptably to the species level by both the sub-
strate assimilation method and sequencing of the D1/D2 re-
gion, and among these, 49 (85%) were identified as the same
species. The concordance among other test combinations was
not as great. Forty-five isolates (41%) were named by both
fatty acid analysis and sequencing, with 27 (60%) named in
common, and 31 (28%) were identified by both fatty acid
analysis and substrate assimilation, with 22 (71%) in common.
The concordance also varied considerably based upon the spe-
cies. For example, the 53 isolates named identically using sub-
strate assimilation and DNA sequencing included 14 C. albi-
cans, 12 C. parapsilosis, and 10 C. glabrata isolates, together
comprising 68% of the total. Conversely, the group of 42 iso-
lates named using sequencing but not by substrate assimilation
consisted of 22 different species, with Arxula adeninivorans
being most highly represented, with eight isolates (19%).
These results thus suggest that more-common species, such as
those of the genus Candida, can be more readily identified by
all methods, but that rarer species provide discordant identi-
fications. To determine which among these discordant identi-
fications was likely to be correct, we next used the sequence
analysis of the ITS region as an independent means of identi-
fication. We first examined 38 isolates that had been named to
the species level by sequencing of the D1/D2 region, but not by
the substrate assimilation method. We found that 28 (74%)
were identically named by the two sequencing methods.
Among the remaining, three (8%) were identified as the same
species but failed to reach the level of confidence required in
this study, while four (11%) showed ambiguity between the
closely related species Debaryomyces hansenii and Debaryomy-
ces nepalensis. Conversely, we had found that seven isolates
could be acceptably named using substrate assimilation, but
not by D1/D2 region sequencing. The identification of none of
these seven, however, was supported by sequencing of the ITS
region. These results thus show that in instances of discordant
identification, sequencing of the D1/D2 region provided a
more reliable method to identify the species of yeasts encoun-
tered in this study.

Based upon the performance of this test, we adopted sequence
analysis as the reference method and compared the identifica-
tions determined by the other methods to the sequencing results
by using isolates that had been identified to the species level by
D1/D2 sequencing. For this analysis, we used yeasts for which we
had identified at least two isolates for any given species, a total of
82 isolates. We found that substrate assimilation identified only
52% of the isolates to the species level correctly. Of the members
of the genus Candida identified in this study, the most common of

TABLE 2. Percent identification of yeast isolates
by all methods tested

Method

% Identification to:

Species levela Genus level or
lower stringencyb

Substrate assimilation 54 62
Fatty acid profile analysis 47 55
D1/D2 sequence analysis 87 98
ITS2 sequence analysis 79 90

a Identification was considered reliable using the following criteria: for sub-
strate assimilation, identification classified by the manufacturer as acceptable or
greater to species level; for fatty acid profile analysis, SI of �0.500 with 0.100
separation between species; and for sequence analysis, �99% sequence identity
with �1% separation between species.

b Identification was considered reliable using the following criteria: for sub-
strate assimilation, identification classified by the manufacturer as acceptable or
greater to species or genus level; for fatty acid profile analysis, SI of �0.300 with
0.100 separation between species; and for sequence analysis, �97% sequence
identity without the requirement for 1% separation if the two most similar
sequences were of the same genus.
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the genera, it identified correctly to the species level 14 of the 18
Candida albicans isolates, 12 of 13 Candida parapsilosis group
isolates, 10 of 12 Candida glabrata isolates, 3 of 9 Candida tropi-
calis isolates, and 2 of 2 Cryptococcus neoformans isolates (Fig. 1).
For Trichosporon asahii and Pichia guilliermondii, we found that
nutrient assimilation could identify one of two isolates correctly
for each species. All of the remaining 24 isolates identified by
sequencing failed to be identified correctly by the nutrient assim-
ilation method. These species ranged in prevalence from eight
isolates (10%) for Arxula adeninivorans to two isolates each of
Candida thermophila, Pichia mexicana, and Pichia rhodanensis
species (Fig. 1). In comparison to DNA sequencing, fatty acid
profile analysis identified 33% of the isolates correctly to the
species level (Fig. 1). Only one species, Candida catenulata, was
correctly identified in all cases, with both of the two isolates being
identified (Fig. 1). However, for all other species, none was cor-
rectly identified more than 50% of the time. More specifically,
correct identifications were obtained for 9 of 18 Candida albicans
isolates, 6 of 13 Candida parapsilosis group isolates, 5 of 12 Can-
dida glabrata isolates, 4 of 9 Candida tropicalis isolates, and 1 of 2
Pichia guilliermondii isolates (Fig. 1). The rest of the isolates, 26 of
82, were not identified correctly. These results thus suggest that
although phenotypic methods may provide a species identifica-
tion, such identifications may frequently be incorrect, as we found
that 48% of those defined by nutrient assimilation and 67% by
fatty acid analysis failed to agree with those determined by se-
quencing.

Diversity of yeasts in a veterinary population. In this study,
we also sought to examine the diversity of yeasts observed in a
veterinary diagnostic laboratory setting. Using the results from
both the D1/D2 and ITS2 sequence analyses, we identified 30
different species of yeasts among 109 isolates, which may un-

derestimate the total, as it does not include the nine isolates
that could not be identified to the species level. These results
thus show that there is great variety in the yeasts identified
from veterinary sources. In contrast to yeasts identified in
human hospitals, only 17% of isolates were identified as Can-
dida albicans. Additionally, less than 50% of the total belonged
to the species Candida albicans, Candida tropicalis, and Can-
dida glabrata and the Candida parapsilosis group. However,
one point to note is that 39% of the yeasts were isolated from
horses, and C. albicans was not isolated from any sample ob-
tained from a horse in this study. In contrast, C. albicans was
the predominant species identified in avians, canines, and
other mammals (Table 1). Additionally, one yeast species that
comprised 7% of the total yeast isolates was Arxula adenini-
vorans. Interestingly, it was isolated only from horses and dol-
phins, and for dolphins, it was the predominant species iden-
tified (Table 1).

Even with use of sequence analysis of the D1/D2 region and
the ITS2 region, there were still two isolates that could not be
identified to the genus level by using the criteria implemented
in this study. The first (Unknown 1) was isolated from a horse
and had 96% sequence identity to Candida peoriaensis, and the
second (Unknown 2) was isolated from a reptile and had 83%
sequence identity to Candida ghanaensis. These percentages of
identity were both based upon D1/D2 sequence analysis; in
both cases, the percentages of identity for the ITS2 region were
lower and to different organisms. These results suggest in both
cases that these two isolates may represent uncharacterized
species, showing that this method can be used to identify new
and unusual yeast isolates. To better understand how these
yeasts were related, we examined the phylogeny of represen-
tative species or isolates (in the cases where species identifi-

FIG. 1. Comparison of identifications provided by substrate assimilation and fatty acid profile analysis to D1/D2 sequencing results. The x axis
and y axis show the percentage of isolates for each species that substrate assimilation and fatty acid profile analysis identified concordantly with
the D1/D2 sequencing results, respectively. The size of the bubbles is proportional to the number of yeast isolates for each species, and the numbers
inside the bubbles or next to the bubbles give the exact number. Only isolates with a good identification to the species level by D1/D2 sequence
analysis and where n is �2 were included in this comparison for a total of 82 isolates.
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cation was not made) identified in this study by using se-
quences derived from the D1/D2 region. As seen in Fig. 2,
Unknown 1 falls into a group that contains various Ogataea
spp., Pichia spp., and Candida spp.; interestingly all of the
isolates in this particular grouping, including Unknown 1, came
from equine sources. Unknown 2 falls in a group with Geotri-
chum silvicola, but the length of the branch indicates a distant
relationship, consistent with the low percentage of identity to
any known D1/D2 sequence (Fig. 2). These results therefore
provide a phylogenetic framework that may be useful to the
clinician when an exact identification is not possible.

DISCUSSION

In this study, we examined the usefulness of sequence anal-
ysis in comparison to more traditional phenotypic methods for

identification of veterinary yeast isolates and found that se-
quence analysis provided more effective identification of the
yeast isolates than did either of the phenotypic methods tested.
Substrate assimilation identified only 54% of the isolates to the
species level and 62% to the genus level. These results are not
completely surprising since there are reports in the literature
of 59.6% to 99.3% identification for the API 20 C (11, 36, 42).
For fatty acid profile analysis, we could identify 47% of the
isolates to the species level and 55% by using lower stringency
for identification. These results are lower than previously re-
ported; however, depending on the growth conditions, previ-
ous studies showed species-level identification of 49% to 71%
(9, 17, 18). Thus, our results for the phenotypic methods were
slightly lower than previously reported, but this may be a result
of the diversity of veterinary yeast isolates. Significant to note
is that the percentages of identification described above rep-
resent all of those considered to be acceptable to the species
level by each method; they do not take into account whether
the identification was correct. Upon comparison of these meth-
ods to the isolates that had good identifications to the species
level by sequence analysis, we found that only 52% and 33% of
the identifications made by substrate assimilation and fatty
acid profile analysis, respectively, were consistent with the
identification obtained using sequence analysis. These results
thus suggest that veterinary isolate identifications by the use of
these methods may frequently be incorrect.

Though sequence analysis of either the D1/D2 region or the
ITS2 region provided higher percent identification than those
provided by either of the phenotypic methods, there were still
limitations with each of these methods. Sequence analysis of
the D1/D2 and ITS2 regions provided identifications of only
87% and 79% of the isolates to the species level, respectively.
The percentages of identification for both the D1/D2 region
and ITS regions are lower than previous reports for human
clinical isolates (6, 13, 24, 26, 33, 34). However, this may be
attributed to the variety of yeasts isolated from animal sources,
as well the number of uncommon isolates found in a veterinary
population. For example, in this work we found that Candida
albicans accounted for only 17% of the isolates and that other
common Candida spp., such as Candida tropicalis, Candida
glabrata, and the Candida parapsilosis group, accounted for
only 31%. Thus, the majority of yeasts isolated from veterinary
sources do not belong to the species most commonly isolated
from human sources (30, 39). In fact, one yeast that comprised
7% of the total yeast isolates was Arxula adeninivorans, also
known as Blastobotrys adeninivorans (21). It has previously
been characterized as an anamorphic, nonpathogenic, halotol-
erant, and dimorphic yeast isolated from environmental
sources such as soil, maize silage, and wood hydrolysates and
has been studied to determine its usefulness in biotechnolog-
ical applications (reviewed in reference 43). As mentioned
above, it is not thought to be a pathogen, though recently a
case of Blastobotrys proliferans was reported as the causative
agent of peritonitis in a human (35). However, currently the
clinical significance of these isolates is not known, but the
ability to identify them may allow for future understanding of
their relevance to veterinary medicine.

Of the isolates that could not be identified to the species
level by using sequencing of the D1/D2 region, the lack of
adequate separation between the two most similar species in

FIG. 2. Phylogenetic tree of yeast isolates. A neighbor-joining phy-
logram of representative D1/D2 sequences was created using the
Clustal W2 multiple alignment tool.
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the database was the most frequent cause. This may occur with
closely related species, and previous reports suggest that the
differentiation of closely related species may require sequence
analysis of the ITS region (10, 38). However, in our study, we
found that sequencing the ITS2 region provided identification
of only 36% of the isolates not previously identified to the
species level by D1/D2. Additionally, for the majority of iso-
lates that could not be identified to the species level by se-
quencing of the ITS2 region, the inability to identify the or-
ganism could be attributed to low sequence identity to the
sequences present in the NCBI database that met the criteria
described in Materials and Methods. Therefore, in contrast to
the D1/D2 region, where the difficulty in identification was a
result of a lack of adequate separation between the two most
similar species, the difficulty with identification using the ITS2
region was a result of a lack of available ITS2 sequences in the
database for some of the species isolated in this study. Thus,
based on the current database available, the best identification
method for veterinary isolates is sequence analysis of the
D1/D2 region of the large ribosomal subunit.

Another complication of sequence analysis is that the NCBI
database is constantly growing and is not highly curated and, as
such, includes sequences that may not be well supported. Ad-
ditionally, naming conventions for yeasts are constantly chang-
ing. In addition to the confusion caused by certain yeasts hav-
ing both anamorphic and teleomorphic names, there are also
many yeasts that have synonymous names. Furthermore, with
the advent of molecular phylogenetic analysis, there have been
several new species suggested as subdivisions of traditional
species. For example, a recent study has suggested that the
species Candida africana may be a separate species from C.
albicans (41), but there is still uncertainty about this distinction
(1, 37). Similarly, recent work has shown that Candida parap-
silosis groups II and III are actually separate species, Candida
orthopsilosis and Candida metapsilosis, respectively (40), and
that Cryptococcus neoformans has been described to have vari-
ants (25). These changes in naming conventions present sig-
nificant obstacles to the correct identification of yeast isolates
in the clinical setting. As all of the methods tested here rely
upon comparisons to databases for proper identification, the
maintenance of those databases to accurately reflect the cur-
rently accepted nomenclature is essential. Therefore, as the
limitations involved in all methods, including sequencing, are a
result of database maintenance, one way to address this issue
may be to create databases of sequences derived from the
NCBI collection within individual laboratories. By creating an
in-house database, a laboratory might control the quality of the
sequences and use the sequences of isolates most commonly
seen in the particular laboratory setting. In this case, sequences
from this study could be used to create a database specific for
yeasts commonly isolated from veterinary sources.

One consideration for the implementation of sequence anal-
ysis in the clinical laboratory is cost-effectiveness. Examination
of the three methods described in this work showed that con-
sumables cost $12 for substrate assimilation using the API 20
C AUX kit, $3 for fatty acid profile analysis, and $5 to $6 for
sequence analysis. However, other important cost consider-
ations include a large capital investment in the gas chromato-
graph system for fatty acid profile analysis and, for sequence
analysis, access to a reliable sequencing center that can provide

the service at a reasonable cost. Additional considerations for
all three methods include the turnaround time for each test.
Using fatty acid analysis and sequence analysis, a turnaround
time of 1 to 2 days is possible, whereas use of substrate assim-
ilation requires 4 to 5 days. Therefore, individual laboratories
must take into account the volume of testing, the need for
expedience, and the availability of equipment or sequencing
services for their individual labs to determine the best identi-
fication option. However, based on the results presented here
and our analysis of costs, we found that sequence analysis of
the D1/D2 region of the large ribosomal subunit was the most
accurate and cost-efficient method of yeast identification for
this veterinary diagnostic laboratory.
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