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Abstract

Abroad range of fungi has been detected in molecular surveys of the oral mycobiome. However, knowledge is still lacking on interindividual
variability of these communities and the ecologic and clinical significance of oral fungal commensals. In this cross-sectional study, we use
internal transcribed spacer | amplicon sequencing to evaluate the salivary mycobiome in 59 subjects, 36 of whom were scheduled to
receive cancer chemotherapy. Analysis of the broad population structure of fungal communities in the whole cohort identified 2 well-
demarcated genus-level community types (mycotypes), with Candida and Malassezia as the main taxa driving cluster partitioning. The
Candida mycotype had lower diversity than the Malassezia mycotype and was positively correlated with cancer and steroid use in these
subjects, smoking, caries, utilizing a removable prosthesis, and plaque index. Mycotypes were also associated with metabolically distinct
bacteria indicative of divergent oral environments, with aciduric species enriched in the Candida mycotype and inflammophilic bacteria
increased in the Malassezia mycotype. Similar to their fungal counterparts, coexisting bacterial communities associated with the Candida
mycotype showed lower diversity than those associated with the Malassezia mycotype, suggesting that common environmental pressures
affected bacteria and fungi. Mycotypes were also seen in an independent cohort of 24 subjects, in which cultivation revealed Malassezia
as viable oral mycobiome members, although the low-abundance Malassezia sympodialis was the only Malassezia species recovered.
There was a high degree of concordance between the molecular detection and cultivability of Candida, while cultivation showed low
sensitivity for detection of the Malassezia mycotype. Overall, our work provides insights into the oral mycobiome landscape, revealing 2
community classes with apparently distinct ecologic constraints and specific associations with coexisting bacteria and clinical parameters.
The utility of mycotypes as biomarkers for oral diseases warrants further study.
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Enhanced understanding of the oral mycobiome could have
clinical implications. A common approach to evaluate microbi-
ome populations involves unsupervised classification meth-
ods, such as clustering, to find groups of individuals who share
communities of similar composition. Different bacteriome

Introduction

Fungi have been documented as oral inhabitants for many
decades, with cultivation reports showing high prevalence of
Candida, Rhodotorula, Cryptococcus, Penicillium, Aspergillus,
and Cladosporium (Young et al. 1951; Monteiro-da-Silva et al.
2014). Recent molecular surveys expanded the range of oral

fungi, with individual samples sometimes showing hundreds
of taxa (Ghannoum et al. 2010; Abusleme et al. 2018). Fungi
are ubiquitous in food and the environment; therefore, it is
unclear which of these taxa constitute functional oral mycobi-
ome components. Malassezia, a cultivable fungus, is detected
in high proportions in sequenced oral samples (Dupuy et al.
2014; Abusleme et al. 2018), but its role in the oral ecosystem
is unknown. Most research has focused on the role that species
from a single genus, Candida, play in disease states such as
oral thrush (candidiasis) or caries (Falsetta et al. 2014;
Abusleme et al. 2018; Xiao et al. 2018; Bertolini et al. 2019),
but a broader view of oral mycobiome communities in states of
symbiosis and dysbiosis is lacking. The ecologic factors that
shape the mycobiome and the role that commensal fungi, other
than Candida, play in oral ecosystem perturbations are still
unknown.
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community classes associated with certain host characteristics
have been reported in fecal, vaginal, and skin samples
(Arumugam et al. 2011; Wu et al. 2011; Ding and Schloss
2014; Zhou et al. 2014). Oral commensal bacterial populations
appear highly homogeneous (Zhou et al. 2014), but population
distributions of oral fungi have not been evaluated.

Accordingly, the current study evaluated the population
structure of salivary mycobiome communities in 59 subjects,
36 of whom were undergoing cancer chemotherapy. Using 3
unsupervised classification methods, we analyzed the community-
wide distribution of salivary fungi to explore stratification pat-
terns of ecologic or clinical significance. We uncovered 2
fungal community types and evaluated their relationships with
coexisting bacteria and host medical and oral health character-
istics. Community types were confirmed in an independent
cohort of 24 subjects in which we pursued the cultivability of
fungi driving mycobiome partitioning.

Methods

Subject Recruitment and Collection of
Demographic and Clinical Information

Cohort 1 was part of a larger study (Hong et al. 2019) and con-
sisted of subjects diagnosed with nonoral solid tumors who
were scheduled to receive chemotherapy and noncancer con-
trols. The current study included 59 of these subjects (36 can-
cer and 23 noncancer), who were selected per the availability
of complete demographic, clinical, internal transcribed spacer
1 (ITS-1), and 16S rRNA gene amplicon data from a baseline
visit (Hong et al. 2019).

Subjects were enrolled according to a protocol approved by
the Institutional Review Board at UConn Health (IE-11-
0371J-2). All participants provided written informed consent,
and the study complied with STROBE guidelines. Inclusion
and exclusion criteria were described by Hong et al. (2019) and
appear in the Appendix Methods. Medical information was
collected from questionnaires and medical charts. Subjects
received an oral evaluation, including assessment of periodon-
tal status via the Community Periodontal Index of Treatment
Needs (Ainamo et al. 1982), presence and type of prosthetic
restorations, presence of visible cavitated caries lesions accord-
ing to the World Health Organization (WHO) criteria, and oral
hygiene status per the plaque index (Silness and Loe 1964). An
additional cohort (cohort 2; Institutional Review Board proto-
col 14-162-2), including 12 subjects receiving chemotherapy
and 12 noncancer controls, was enrolled to evaluate the culti-
vability of Candida and Malassezia.

Salivary Microbiome Evaluation

Saliva was collected and DNA extracted and amplified as pre-
viously described (Hong et al. 2019). Samples from cohort 1
were evaluated by sequencing of the bacterial 16S rRNA gene
V1-V2 hypervariable region and the fungal ITS-1 region.
Only ITS-1 sequencing was performed for cohort 2. Sequences

are available in the National Center for Biotechnology
Information’s Sequence Read Archive (PRINA399163 and
PRINA593057).

Cultivation of Candida and Malassezia

Supplemented CHROMagar Malassezia was used for cultiva-
tion of Candida and Malassezia. Isolates were identified after
Sanger ITS-1 sequencing.

Statistical Analyses

Three approaches were employed to evaluate community
types: Dirichlet multinomial mixture (DMM) models, parti-
tioning around medoids (PAM), and unsupervised hierarchical
clustering. Linear discriminant analysis effect size (LEfSe;
Segata et al. 2011) was used to evaluate differentially abundant
taxa. Correlations were evaluated via Spearman rank tests and
stepwise logistic regression. Benjamini-Hochberg false discov-
ery rate was applied for multiple comparison adjustments.
Additional details appear in the Appendix Methods.

Results

Identification of 2 Discrete Fungal Community
Types (Mycotypes) in Saliva

Cohort 1 characteristics are summarized in the Table, and fun-
gal taxa detected are shown in Appendix Table 1. The existence
of different fungal community classes in the whole cohort was
explored through unsupervised methods. An analysis with
DMM models suggested that the data set contained 2 genus-
level clusters (Appendix Fig. 1). Visualization of these clusters
via nonmetric multidimensional scaling ordination showed 1
highly cohesive cluster and 1 with greater sample spread (Fig.
1A). Unsupervised hierarchical clustering revealed 2 clusters,
one more homogeneous than the other, and complete agree-
ment with DMM in assignment of samples to clusters (Fig.
1B). Evaluation of clusters with PAM indicated 2 main clus-
ters, although a small number of samples showed potential for
forming separate groups (Appendix Fig. 2). The silhouette
width, a measure of cluster cohesiveness and separation, was
0.57 for 1 PAM cluster and 0.64 for the second cluster, with an
average silhouette width of 0.60, which is considered a moder-
ately strong value (Wu et al. 2011; Koren et al. 2013). Overall,
these results indicated the existence in saliva of 2 distinct fun-
gal community types, which we refer to as mycotypes.

The composition of mycotypes was then examined. As
shown in Figure 1B, 1 mycotype was characterized by high
Malassezia proportions (1.5% to 98%), while Candida was the
dominant taxon in the second mycotype (59% to 99%), sug-
gesting that these genera are the main drivers of mycotype par-
titioning. The Malassezia-enriched mycotype was more
diverse than Candida-enriched communities (Fig. 1C).
Consistent with these findings, LEfSe evaluation of taxa that
differed between mycotypes showed that Malassezia and
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Table. Demographic and Clinical Characteristics of Study Participants Included in Cohort |.

Variable Cancer (n = 36) Noncancer (n = 23) P Value
Age 57.64 £ 12.05 48.65 + 14.42 0.01712
Male 50.0 26.1 0.103*
White 91.7 100.0 0.274°
Current smoker® 16.7 10.5 0.700°
Proton pump inhibitor use 25.0 8.7 0.174°
Inhaler steroid use 83 0.0 0.274°
Steroid premedication 16.7 0.0 0.072°
Inhaler steroid or premedication 25 0.0 0.009°
No. of teeth 26 (0 to 32) [21 to 28] 28 (0 to 32) [27 to 28] 0.007¢
Prosthetic teeth or oral appliance 80.6 69.6 0.363°
No. of teeth replaced by prostheses 2 (0 to 32) [l to 5] 2 (0 to 28) [0 to 7] 0.6719
Removable prosthesis 1.1 8.7 >0.999°
Visible cavitated caries lesions 333 21.7 0.391°
No. of teeth with visible caries lesions 0(0toll)[0to I] 0(0to2)[0to0] 0.202¢
Plaque index 1.05 (0.0 to 2.5) 0.60 (0.1 to 1.3) 0.007¢
[0.6 to 1.5] [0.5 to 1.0]
At least | periodontal pocket >5.5mm 5.6 4.5 >0.999°
Salivary flow rate, mL/min 0.38 (0.05 to 1.46) 0.45 (0.07 to 0.95) 0.810¢
[0.29 to 0.54] [0.23 t0 0.59 ]
Peripheral absolute neutrophil count, x1,000/mm? (blood) 6.29 (2.23 to 18.41) 3.25 (1.87 to 5.35) <0.001¢
[3.56 to 11.99] [2.88 to 4.02]

Cancer diagnosis NA NA

Squamous cell carcinoma 44.4

Breast cancer 30.6

Adenocarcinoma 19.4

Other 5.6

Values are presented as follows: for normally distributed continuous variables, mean + SD; for nonnormally distributed continuous variables, median
(range) [interquartile range]. Statistical tests for continuous data were applied according to data distribution. For nominal variables, data are presented

as percentage of subjects positive. Bold indicates P < 0.05.
NA, not applicable.

?Independent sample t test.

®Fisher’s exact test.

“Smoking descriptive statistics for the noncancer group are based on n = 19, as there were 3 cases with missing smoking data.

9Mann-Whitney U test.

several other taxa were enriched in 1 cluster, while only
Candida was enriched in the second, less diverse mycotype
(Fig. 1D).

Distributions of Malassezia and Candida species were then
evaluated. Figure 1E shows that the most abundant Malassezia
species and the most discriminative between mycotypes were
Malassezia restricta and Malassezia globosa, while Candida
albicans was the most abundant and differentially enriched
species in the Candida mycotype (Fig. 1F). Mycotype cluster-
ing was due to differences in relative abundances of Candida
and Malassezia rather than in presence/absence. As seen in
Figure 1E and F, some Candida mycotype subjects had low
levels of Malassezia and vice versa.

Associations between Mycotypes and Host
Characteristics

Correlations of mycotypes with demographic, medical, and
oral health characteristics of subjects were then evaluated.
Although both mycotypes occurred in subjects with cancer and
controls, the Candida mycotype was more frequent in the can-
cer group (P =0.015; Fig. 2A). Variables that differed between

groups (Table) and could explain this difference were then
examined. Age and recent history of chemotherapy were not
correlated with mycotypes. However, as seen in Figure 2B,
receiving steroid premedication (administered to certain sub-
jects with cancer 1 to 5d prior to sampling) and having higher
peripheral neutrophil counts as a consequence of steroid intake
(Mishler and Emerson 1977) were positively correlated with
the Candida mycotype. Other variables that possibly explained
the higher Candida mycotype frequency in subjects with can-
cer were inhaler steroid use and plaque index, which showed
higher values in subjects with cancer (Table), and were posi-
tively correlated with the Candida mycotype (Fig. 2B). In a
partial correlation analysis, the association of cancer and
mycotypes became nonsignificant (P = 0.098) after controlling
for steroid intake (via any route) but remained significant when
adjusting for the plaque index (P = 0.049), suggesting that ste-
roid use was the main factor explaining the higher prevalence
of the Candida mycotype in cancer subjects. Variables that did
not differ between cancer and noncancer groups but were asso-
ciated with mycotypes included smoking, utilizing a remov-
able prosthesis, and number of teeth with visible caries lesions,
which showed a positive correlation with the Candida
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Figure I. Characterization of salivary mycotypes in 59 subjects (cohort I). (A) Nonmetric multidimensional scaling plot based on theta, . distances.
Samples were colored according to Dirichlet multinomial mixture models analysis, which indicated that the data contained 2 clusters. (B) Unsupervised
hierarchical clustering analysis also revealed 2 main clusters, as indicated in the dendrogram on the left side. The cluster to which each sample was
assigned after Dirichlet multinomial mixture models analysis is indicated by the column bar. Genus-level relative abundances are shown in the heat
map. (C) Differences in alpha diversity of the Candida and Malassezia mycotypes. Values are presented as median, interquartile range, and range.

*P < 0.001 as determined by a Mann-Whitney rank test. (D) Linear discriminant analysis effect size evaluation of differences in relative abundances

of fungal genera between mycotypes. Relative abundances of species of (E) Malassezia and (F) Candida according to mycotypes. Individual data points,

median, and interquartile ranges are shown. **P < 0.00| and **P < 0.0001

mycotype, while number of teeth was negatively correlated
(Fig. 2B). A stepwise logistic regression model was then con-
structed incorporating cancer, steroids (via any route), number
of teeth, plaque index, removable prosthesis, caries, and smok-
ing as predictors and mycotype as outcome. Only steroid and
plaque index were retained in the model, with steroid showing
an odds ratio of 10.23 (95% CI, 0.98 to 106.28) and borderline
significance (P = 0.05) and with plaque index showing an odds
ratio of 6.23 (95% CI, 1.15 to 33.65) and P = 0.033 (Appendix
Fig. 3). The prediction accuracy of this model for the Candida
mycotype was 78.9%.

Correlations of Salivary Candida and Malassezia
Proportions with Host Characteristics

We next evaluated correlations of Malassezia and Candida
individual proportions and clinical characteristics. Candida was
higher in subjects with cancer (Appendix Fig. 4) and positively
correlated with steroids, smoking, removable prosthesis, pres-
ence of caries, number of teeth with caries lesions, and plaque
index (Fig. 2C). At a species level, C. albicans positively

as determined by Mann-Whitney rank tests.

correlated with steroids, smoking, removable prosthesis, and
proton pump inhibitor use. Confirming their exclusive relation-
ship, Malassezia, including M. restricta and M. globosa indi-
vidual proportions, negatively correlated with the same
variables. Malassezia proportions were also positively corre-
lated with the presence of at least 1 periodontal pocket >5.5 mm,
although this finding should be interpreted with caution as only
3 individuals had this clinical characteristic.

Bacterial Communities Coexisting
with Mycotypes

DMM analysis indicated that salivary bacterial communities
contained 2 weakly separated clusters (Appendix Fig. 1, Fig.
3A). PAM analysis showed a low silhouette width (0.13 for &k =
2), confirming the homogeneity of salivary bacterial communi-
ties (Appendix Fig. 5). However, if bacterial communities asso-
ciated with each mycotype were contrasted, communities
associated with the Malassezia mycotype were more diverse
than those associated with the Candida mycotype (Fig. 3B).
These results paralleled the fungal diversity differences seen
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Figure 2. Association of mycotypes with host characteristics. (A) Prevalence of mycotypes according to cancer status. Bars show percentage of
subjects in which the specific mycotype was detected. Differences evaluated via chi-square. (B) Correlogram depicts correlations (Spearman) between
mycotypes (0, Malassezia; |, Candida) and host parameters. Only those host variables that showed a significant correlation with mycotypes after
multiple-test adjustment are shown. Colors indicate correlation coefficients. *P < 0.01 and **P < 0.001. Inh. Steroid, use of corticosteroids as an

inhaler or nasal spray; PNC, peripheral neutrophil counts; Premed. Steroi

d, patients who received intravenous corticosteroids days prior to sampling.

(C) Correlations (Spearman) between relative abundances of Candida and Malassezia (genus-level totals and individual species abundances) and host

characteristics. Only taxa that showed significant correlations are depicte
nonsignificant correlations (after multiple-comparison adjustment). As a r

d. Colors indicate correlation coefficients, and diagonal crossed lines indicate
eference, correlations of the salivary abundances of the caries-associated

bacterium Streptococcus mutans and the periodontitis-associated bacterium Porphyromonas gingivalis are included. PD, periodontal probing depth.

between mycotypes (Fig. 1C), suggesting that a common envi-
ronmental pressure affected bacteria and fungi. LEfSe showed
that, indeed, metabolically distinct bacteria were differentially
enriched in mycotypes, with aciduric bacterial species, such as
Lactobacillus  salivarius, Lactobacillus ultunensis, and
Propionibacterium acidifaciens, enriched in subjects harboring
the Candida mycotype, while for the Malassezia mycotype,
subjects had higher proportions of anaerobic species of

Fusobacterium, Porphyromonas, Prevotella, Treponema, and
Leptotrichia, among others. These results were confirmed in a
correlation analysis (Fig. 3D), which showed that Candida pro-
portions positively correlated with bacteria known to have high
acid tolerance, such as lactobacilli and Veillonella spp., while
Malassezia proportions positively correlated with bacterial anaer-
obes typically associated with gingival inflammation, that rely on
amino acid catabolism and prefer more basic environmental pH
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Figure 3. Bacterial communities associated with mycotypes. (A) Clusters contained in the species-level bacterial community data. Graph is a nonmetric
multidimensional scaling ordination plot based on theta,. distances with samples colored according to Dirichlet multinomial mixture models analysis. (B)
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(e.g., Porphyromonas spp., Fusobacterium spp., Treponema
lecithinolyticum, Selenomonas sputigena, and Leptotrichia sha-
hii, among others). Altogether, our data show that although sali-
vary bacterial communities do not contain discrete clusters,
specific bacterial species with distinct metabolic requirements
are enriched in each mycotype.

Cultivability of Mycotypes

The observed mycotypes and their cultivability were evaluated
in a second cohort (cohort 2; Appendix Table 2). All but 1 sub-
ject in cohort 2 yielded ITS-1 amplicons. Mycobiome analysis
showed 2 clusters with distinct levels of Candida and
Malassezia (Fig. 4A). Similar to cohort 1, C. albicans, M.
restricta, and M. globosa were the most abundant species
(Appendix Table 3). Molecular mycotypes did not differ in fre-
quency between control and cancer groups (chi-square, P =
0.795; Fig. 4A). However, as observed in cohort 1, the Candida
mycotype positively correlated with number of teeth with vis-
ible caries lesions (= 0.556, P = 0.006).

Although Malassezia have been observed in oral samples
by molecular methods (Dupuy et al. 2014; Abusleme et al.
2018), to our knowledge, oral Malassezia have not been culti-
vated. Therefore, the cultivability of Malassezia, as compared
with that of Candida, was evaluated with a microbiological
medium that allows growth of both genera. Figure 4B shows
Malassezia and Candida load in subjects harboring each

mycotype. Candida was principally cultivated from the
Candida mycotype group, while 3 individuals—2 classified in
the Malassezia mycotype group and 1 undetermined due to a
negative polymerase chain reaction result—yielded Malassezia
colonies. Figure 4C demonstrates concordance between the
molecular Candida mycotype classification and cultivability
of Candida (sensitivity, 1; specificity, 0.82). However, cultiva-
tion did not allow detection of subjects harboring the
Malassezia mycotype (sensitivity, 0.14; specificity, 1).

All fungi recovered by cultivation are shown in Figure 4D
and Appendix Table 4. Only 1 species of Malassezia, M. sym-
podialis, was recovered on agar. Colonies of Pichia, Exophiala,
Rhodotorula, Cryptococcus, and Clavispora were also
observed. Colony morphologies of these fungi on CHROMagar
Malassezia are shown in Appendix Figure 6.

Confirming the association of Candida and caries, Candida
cultivable load showed a strong positive correlation with num-
ber of teeth with caries (» = 0.616, P = 0.001; Fig. 4E) and
caries presence (r = 0.458, P = 0.024). At the species level,
C. albicans and Candida parapsilosis cultivable load posi-
tively correlated with number of teeth with caries (r = 0.446,
P=0.029; r=0.431, P=0.035).

Discussion

Despite considerable intersubject variability in the human
microbiome composition, different community types have been
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Figure 4. Cultivability of Candida and Malassezia in relation to mycotypes. A second cohort of 24 subjects was enrolled, and their salivary
mycobiomes were characterized by ITS-1 (internal transcribed spacer |) sequencing and cultivation. (A) Unsupervised hierarchical clusters and heat
map show genus-level relative abundances of salivary fungi. Notice 2 clusters with Malassezia and Candida as the main distinctive taxa. (B) Total fungal,
Candida, and Malassezia salivary cultivable load according to molecular mycotype classification. (C) Ability of cultivation to detect molecular mycotypes.
(D) Heat map shows loads of fungi detected via cultivation in relation to cancer and mycotype groupings. (E) Correlation (Spearman) between number
of teeth with visible cavitated caries lesions and salivary cultivable load of Candida.

described (Arumugam et al. 2011; Gajer et al. 2012; Zhou et al.
2014). Compositional analyses of fecal communities have
revealed 3 community types, known as enterotypes (Arumugam
et al. 2011), although others have questioned the status of
enterotypes as discrete clusters (Koren et al. 2013; Knights
et al. 2014). The oral mycotypes found in this study represent
clusters with a degree of separation much higher than that of
enterotypes. By comparison, the silhouette width for entero-
types has been reported at ~0.2 (Zhou et al. 2014; Costea et al.
2018), while that for salivary mycotypes was 0.6. Moreover, dif-
ferent partitioning methods agreed in the optimal number of clusters

and sample assignment, and an independently enrolled cohort
sequenced with a slightly different approach (different primers
and sequencing platform) showed similar fungal distribution
patterns. Our data strongly suggest the existence of 2 discrete
salivary fungal communities. Due to the high dominance of
Candida, the Candida mycotype was more cohesive and less
diverse than the Malassezia mycotype. When the LEfSe alpha
value (Fig. 1D) was relaxed to 0.1, only 1 other taxon,
Saccharomyces, appeared enriched in the Candida mycotype.
In contrast, the Malassezia mycotype was more diverse, show-
ing Malassezia as the dominant community member but
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accompanied by other co-occurring fungi (Fig. 1B, D). Analysis
of a larger and more diverse population of subjects could reveal
whether this binary partitioning and the specific community
structures are maintained. The temporal stability of mycotypes
within subjects also warrants further investigation.

Mycotype associations with host characteristics were
explored to better understand ecologic and host constraints
determining mycotypes. Our cohorts included subjects under-
going cancer chemotherapy, since we have an ongoing interest
in predisposing factors leading to oral complications of cancer
treatment (Diaz et al. 2019; Hong et al. 2019). In cohort 1, the
Candida mycotype was more prevalent in subjects with cancer
and correlated with their intake of corticosteroids, which have
been associated with oral Candida colonization (Pereira Tdos
et al. 2014). Several lines of evidence also pointed to the oral
environment as a selective constrain for mycotypes. The rela-
tionship of plaque index, the only variable retained after logis-
tic regression, and mycotypes may result from coadhesive
interactions between Candida and dental plaque bacteria,
which may facilitate the retention of the fungus, while Candida
promotes greater bacterial biomass accumulation (Gregoire
et al. 2011; Xu et al. 2017). It should be noted, however, that
the number of covariates included in the logistic regression
model was large given the sample size and some of the vari-
ables included showed collinearity. Therefore, a larger study is
needed to validate the independent relationships between oral
characteristics and mycotypes. Apart from dental plaque lev-
els, caries also showed a relationship with mycotypes. Candida
prefers glucose or lactate as carbon sources and has been
shown to thrive in carbohydrate-rich polymicrobial communi-
ties (Chiew 1989; Ene et al. 2012; Koopman et al. 2015).
Moreover, in agreement with our findings, levels of Candida
and saccharolytic acidogenic bacteria have been shown to cor-
relate (Kraneveld et al. 2012). Therefore, it appears that the
Candida mycotype is associated with aciduric oral conditions.
In contrast, Malassezia spp. are incapable of carbohydrate fer-
mentation and depend on lipids (Senczek et al. 1999; Wu et al.
2015). Saliva, gingival crevicular fluid, and the host diet could
represent lipid sources for Malassezia, which possess a diverse
array of secretory lipases (Larsson et al. 1996; Wu et al. 2015).
Moreover, the Malassezia mycotype was associated with bac-
teria that rely on amino acid fermentation and prefer slightly
basic conditions for growth, again suggesting oral pH as a
mycotype determinant.

The described mycotypes may have diagnostic utility. We
recently reported a multivariate model able to predict oral can-
didiasis during chemotherapy (Diaz et al. 2019). Since Candida
and Malassezia salivary proportions were significant predic-
tors in the reported model, mycotypes could represent another
discriminatory parameter. Mycotypes may be useful as screen-
ing tools for tooth-associated diseases, but further research is
needed. Due to the site specificity of caries, the use of saliva as
a diagnostic tool has been questioned (Mira 2018). However,
our data show a correlation between salivary proportions of S.
mutans and caries. The salivary Candida mycotype, Candida
proportions, and cultivable Candida load positively correlated

with caries. Additional research is required to assess the utility
of mycotypes as caries biomarkers, in particular with more
sensitive tools to document initial disease stages. The relation-
ship of Malassezia and periodontitis needs further study in a
larger cohort. It would also be important to discern whether
Candida and Malassezia serve only as diagnostic indicators or
if they participate in dysbiotic events at diseased sites.

We investigated whether Malassezia are viable oral myco-
biome members. Using a lipid-containing medium, we culti-
vated M. sympodialis, a species present at <1% abundance
according to ITS-1 sequencing in subjects that yielded colo-
nies. The abundant M. restricta and M. globosa were not
recovered, although skin derived—type strains of these species
grew under the cultivation conditions used. This suggests that
Malassezia are viable oral mycobiome components, but the
cultivation requirements of oral M. restricta and M. globosa
need additional study. Since the most abundant Malassezia
species present were not recovered, it was not possible to esti-
mate the total fungal load. Total fungi present in mycotypes
may differ, but more work is needed to develop appropriate
methods to measure load. We decided against employing uni-
versal ITS primers and quantitative polymerase chain reaction
to estimate load, since the high inter- and intraspecies variabil-
ity in the copy number of the rRNA gene cluster region among
fungi is likely to bias load estimates (Rustchenko et al. 1993;
Diaz et al. 2017; Lofgren et al. 2019). Such copy number vari-
ability could also bias relative abundance estimates, but unfor-
tunately, a database does not yet exist that has information on
the number of rRNA gene cluster copies in the genomes of oral
mycobiome components and that could be used to normalize
abundance estimates. A critical appraisal of which ITS-1 reads
represent metabolically active fungi is also needed. For
instance, Boletus are edible mushrooms. Saccharomyces, cer-
tain Aspergillus, Fusarium, and Phoma are associated with
food. Alternaria and Cladosporium may represent inhaled
spores from indoor environments. It is likely that only yeasts,
such as Candida, Pichia, Clavispora, Malassezia, and
Rhodotorula, are functional, metabolically active mycobiome
components.

In summary, our work revealed 2 salivary fungal commu-
nity types associated with specific host characteristics and
metabolically distinct bacteria. Since mycotypes appear to be
associated with distinct ecologic conditions, which in turn are
related to specific oral diseases (Marsh 1994), the mycotype
classification could represent a biomarker and warrants further
evaluation in the context of salivary diagnostics.
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