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Abstract

Despite the cariogenic role of Candida suggested from recent studies, oral Candida acquisition in children at high risk for early childhood
caries (ECC) and its association with cariogenic bacteria Streptococcus mutans remain unclear. Although ECC disproportionately afflicts
socioeconomically disadvantaged and racial-minority children, microbiological studies focusing on the underserved group are scarce.
Our prospective cohort study examined the oral colonization of Candida and S. mutans among 101 infants exclusively from a low-income
and racial-minority background in the first year of life. The Cox hazard proportional model was fitted to assess factors associated with
the time to event of the emergence of oral Candida and S. mutans. Oral Candida colonization started as early as | wk among 13% of
infants, increased to 40% by 2 mo, escalated to 48% by 6 mo, and remained the same level until 12 mo. S. mutans in saliva was detected
among 20% infants by 12 mo. The emergence of S. mutans by year | was 3.5 times higher (hazard ratio [HR], 3.5; confidence interval [CI],
I.1-11.3) in infants who had early colonization of oral Candida compared to those who were free of oral Candida (P = 0.04) and 3 times
higher (HR, 3.0; Cl, 1.3-6.9) among infants whose mother had more than 3 decayed teeth (P = 0.01), even after adjusting demographics,
feeding, mother’s education, and employment status. Infants’ salivary S. mutans abundance was positively correlated with infants’ Candida
albicans (P < 0.01) and Candida krusei levels (P < 0.05). Infants’ oral colonization of C. albicans was positively associated with mother’s
oral C. albicans carriage and education (P < 0.01) but negatively associated with mother’s employment status (P = 0.01). Future studies
are warranted to examine whether oral Candida modulates the oral bacterial community as a whole to become cariogenic during the
onset and progression of ECC, which could lead to developing novel ECC predictive and preventive strategies from a fungal perspective.

Keywords: yeasts, infant, dental caries, candidiasis, health equity, perinatal care

Introduction C. albicans and S. mutans promote biofilm development in

) ) ) ) vitro and in vivo (Gregoire et al. 2011; Metwalli et al. 2013;
Early childhood caries (ECC), the single most common chronic Falsetta et al. 2014; Koo and Bowen 2014; Sztajer et al. 2014,

childh()(.)d. disease, disproportiqnately .afﬂicting up to 7_2 1% of Hwang et al. 2015; Ellepola et al. 2019). Furthermore, the pres-
gnderp.rlv;leged pres.chool children in both developmg and ence of oral C. albicans of preschool children was associated
industrialized count.nes (Dye et al. 2015), §ubstant1a11y and with oral bacterial dysbiosis with an abundance of taxa with
agverselyl agf(e):(c);s cgg(icrep, fa;lﬂles, and pucll)léc h;alth Sy.SteIES greater virulence and more conducive for ECC (Xiao, Grier,
(Dye et al )- 1 a disease 1n1t1ate. y changes in t. ¢ et al. 2018). In addition, biological mothers of children with
oral environment from a state of homeostasis to dysbiosis, with severe-ECC (S-ECC) were also highly infected with oral
transmissible pathogens that are capable of forming virulent bio- C. albicans (Xiao et al. 2016). Most of the strains in the
films (plaques) on tooth surfaces (Caufield et al. 2005; Gomez
and Nelson 2017). Traditional microbial risk markers for ECC
include Streptococcus mutans and Lactobacillus species
(Caufield et al. 1993; Klein et al. 2004; Li et al. 2005; Kanasi 2Department of Forensic Medicine, North Sichuan Medical College,
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mother—child pairs were genetically identical, suggesting
maternal sources for C. albicans acquisition in the oral cavity
of children affected by the disease (Xiao et al. 2016).
Understanding the acquisition of cariogenic microbes is
important for the development of improved preventive strate-
gies for ECC. However, the major unanswered questions
related to C. albicans and ECC remain: 1) the acquisition of
C. albicans in the oral cavity of children at high risk for ECC
and 2) the colonization association between C. albicans and
S. mutans in the oral cavity. Moreover, although ECC dispro-
portionately afflicts socioeconomically disadvantaged and
racial-minority children, microbiological studies focusing on
the underserved group are scarce. To close the gap in knowl-
edge, we conducted a prospective birth cohort study to investi-
gate the colonization of Candida and S. mutans among
underserved US infants with high risk for ECC and its maternal
contribution. We define infants at high risk for ECC as those
from families with low income and racial-minority back-
ground. The overarching hypothesis was that early oral coloni-
zation of Candida in infants at high risk for ECC is associated
with the mother’s carriage of oral Candida and that the early
oral mucosal infection of Candida contributes to the early oral
colonization and enrichment of S. mutans in early life.

Methods
Study Population

The reported mother—infant dyads were obtained from an
ongoing parent cohort study (186 mother—infant dyads) that
examines the association between oral Candida and ECC onset
in children from birth to 2 y of age. The study protocol was
approved by the University of Rochester Research Subject
Review Board (#1248). Pregnant women and their infants
were recruited from patients visiting the University of
Rochester Highland Family Medicine (HFM) or Eastman
Institute for Oral Health (EIOH) Perinatal Dental Clinic. Both
clinics, HFM and EIOH, serve a large body of low-income
patients, with a range of 40% African Americans, 40% White,
and 20% others. This study followed the Strengthening the
Reporting of Observational Studies in Epidemiology (STROBE)
reporting guideline.

Eligibility

Included mothers were 18 y of age and older, pregnant with a
singleton fetus and in their third trimester (beyond 28 gesta-
tional weeks), and eligible for New York State—supported med-
ical insurance determined by income level (<138% federal
poverty line). Mothers were excluded if they had received oral
and/or systemic antifungal therapy within 90 d of the baseline
study visit or had severe systemic medical conditions (e.g.,
human immunodeficiency virus infection) that made them
prone to yeast infections. Infants included were those born to
the study mothers, except for those who met the following
exclusion criteria: 1) preterm (<37 wk of gestation), 2) with
low birth weight (<2,500 g), 3) with Down syndrome, 4) with

orofacial deformity (cleft lip, cleft palate, oral-pharyngeal
mass), or 5) received oral and/or systemic antifungal treatment
before the baseline study visit.

Oral Examination and Data/Sample Collection

Comprehensive oral examination and data/sample collection
occurred at 6 time points: prenatal (during mother’s third tri-
mester) for the mothers and 1 wk, 2 mo, 4 mo, 6 mo, and 12 mo
after delivery for the infants. A comprehensive oral examina-
tion (caries score, plaque index, and oral candidiasis) and oral
sample collection (saliva, plaque, and mucosal swab) were per-
formed by 1 of 3 calibrated dentists in a dedicated examination
room at the University of Rochester clinics, using standard
dental examination equipment, materials, and supplies, under
portable lighting, using methods detailed previously (Xiao et al.
2016, 2019) and in the Appendix. Inter- and intra-examiner
agreement for the evaluated criteria was calculated by « statis-
tics and exceeded 83% at the calibration.

The medical background data were collected through self-
reporting and confirmation using electronic medical records.
The data included 1) physician-diagnosed systemic diseases
(e.g., hypertension, diabetes mellitus, asthma, anxiety, depres-
sion, kidney disease, liver disease), 2) medications, and 3)
smoking status (yes/no) (for mothers). Data on demographic
and socioeconomic status, oral hygiene practice, and feeding
method were collected via questionnaires.

Primary Outcomes: S. mutans/Candida
Detection and Quantification

Oral samples (saliva/plaque/swab) were stored on ice after col-
lection and transferred to the lab located at the University of
Rochester Center for Oral Biology within 2 h for microbiologi-
cal assays. The methods used to identify and quantify Candida
spp. and S. mutans have been detailed previously (Xiao et al.
2016, 2019; Zeng et al. 2020) and in the Appendix.

Statistical Analysis

Infants were grouped based on their oral Candida and
S. mutans status. The characteristics of the 2 groups (oral
Candida positive vs. oral Candida negative; S. mutans positive
vs. S. mutans negative) were compared using the ¢ test for con-
tinuous data and y? or Fisher’s exact tests for categorical data.
One-way analysis of variance (ANOVA) and Tukey’s test were
used to compare the Candida carriage between swab samples
taken from different mucosal sites. Spearman’s rank was used
to measure the correlation between variables, including infant’s
Candida spp. and S. mutans carriage, mother’s decayed teeth
number, mother’s C. albicans and S. mutans carriage, mother’s
education level, and infant night bottle-feeding frequency. To
analyze factors associated with oral Candida and S. mutans
colonization time to event, we used log-rank tests and fitted Cox
proportional hazards regression models, detailed in Appendix
2. All statistical tests were 2-sided with a significance level of
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Table I. Demographic, Socioeconomic, and Oral Characteristics of Mother—Infant Dyads.

Infant Streptococcus mutans Status

Infant Candida albicans Status

Overall Negative Positive Negative Positive
Categories (n=101) n=71),% (n=30), % P Value (n=62), % (n=39), % P Value
Male gender 49.5 52.1 46.7 0.67 51.60 46.2 0.68
Race
Black or African American 61.4 59.2 66.7 0.49 56.5 69.2 0.26
White 18.8 18.3 20.0 19.4 17.9
Non-Hispanic ethnicity 87.1 85.9 90.0 0.75 83.9 92.3 0.36
Vaginal birth route 79.2 81.7 733 0.42 79.0 79.5 1.00
Feeding (I wk)
Breastfeeding 337 363 26.7 0.52 37.1 28.2 0.05
Bottle feeding 29.7 26.8 36.7 21.0 43.6
Both 36.6 36.6 36.7 41.9 28.2
Feeding (2 wk)
Breastfeeding 248 28.2 16.7 0.36 30.6 154 0.0l
Bottle feeding 37.6 33.8 46.7 25.8 56.2
Both 37.6 38.0 36.7 43.5 28.2
Feeding (4 mo)
Breastfeeding 12.9 14.1 10.0 0.80 17.7 5.1 0.02
Bottle feeding 525 50.7 56.7 49.1 69.2
Both 347 352 333 40.3 25.6
Feeding (6 mo)
Breastfeeding 9.9 1.3 6.7 0.56 12.9 5.1 0.27
Bottle feeding 55.4 52.1 63.3 50.0 64.1
Both 347 36.6 30 37.1 30.8
Night bottle feeding (formula) (yes) 772 71.8 733 0.61 71.0 87.2 0.09
Solid food intake by 6 mo 30.7 29.6 333 0.81 29.0 333 0.67
Daycare (yes)
I mo 2.0 1.4 33 0.51 1.6 2.6 1.00
2mo 3.0 42 0.0 0.55 4.8 0.0 0.28
4mo 89 9.9 6.7 0.72 1.3 5.1 0.48
6mo 89 8.5 10.0 | 8.1 10.3 0.73
Siblings (yes) 67.3 66.2 70.0 0.80 64.5 71.8 0.25
Infant salivary Candida detection 67.3 57.7 90.0 0.002 NA NA NA
Infant salivary S. mutans detection 29.7 NA NA NA 9.1 30.7 0.002
Maternal factors (yes)
Employment 48.5 30.6 28.8 1.00 56.5 35.9 0.04
Emotional condition 347 28.8 314 0.82 339 359 0.83
Smoking 17.8 30.1 27.8 1.00 14.5 23.1 0.30
Diabetes 6.9 29.8 28.6 1.00 9.7 2.6 0.24
Hypertension 1.9 303 25.0 1.00 12.9 10.3 0.76
Asthma 12.9 31.8 15.4 0.33 14.5 10.3 0.76
Antibiotics or sulfa (within 90d 39 42 33 1.0 6.4 0 0.16
before the baseline) (yes)
Marital status (married) 17.8 16.9 20.0 0.78 22,6 10.3 0.18
Number of children
[ 327 338 30.0 0.80 355 28.2 0.25
2 28.7 26.8 333 323 23.1
>2 38.6 394 36.7 323 48.7
Education
Middle school 7.9 7.0 10.0 0.67 9.7 5.1 0.004
High school 52.5 50.7 56.7 43.5 66.7
Associate’s degree 16.8 19.7 10.0 12.9 23.1
> College 228 225 233 339 5.1
Salivary Candida (103 CFU/mL), 83+ 36.5 591271 248 £ 73.1 0.003 1.8+87 132+473 0.005
mean + SD
Salivary C. albicans
No 44.6 50.7 30.0 0.02 51.6 333 0.19
1—400 CFU/mL 24.8 26.8 20.0 22.6 28.2
>400 CFU/mL 30.7 225 50.0 25.8 385
Salivary S. mutans (10° CFU/mL), 94+ 139 92+ 142 108+ 1.8 0.68 8.8 143 100+ 13.6 0.90

mean + SD

(continued)
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Table I. (continued)

Infant Streptococcus mutans Status Infant Candida albicans Status
Overall Negative Positive Negative Positive
Categories (n=101) (n=71),% (n=30), % P Value (n=62), % (n=39), % P Value
Salivary S. mutans
<10°CFU/mL 22.8 22.5 23.3 1.00 29.0 12.8 0.06
>10°CFU/mL 77.2 77.5 76.7 71.0 87.2
Plaque S. mutans
<108 CFU/mL 59.4 64.8 46.7 0.12 67.7 46.2 0.03
>10¢ CFU/mL 40.6 35.29 533 323 53.8
Decayed teeth number, mean = SD 33+42 29+39 6.0+55 0.01 24+28 40+£5.0 0.01
Decayed teeth
<3 66.3 732 50.0 0.02 64.2 61.5 0.42
>3 337 26.8 50.0 30.6 385
CFU, colony-forming units; NA, not applicable.
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Figure I. Oral Candida species and Streptococcus mutans emergence in early infancy. (A) Saliva detection of Candida species and Streptococcus mutans
detection from birth to 12mo. (B) Detection of Candida species at different sites of the infant’s oral cavity. (C) Salivary carriage of Candida species
and S. mutans in infants. A horizontal line marked above Candida species indicating 400 colony-forming units (CFU)/mL is drawn in the plot, which is an
oral candidiasis criterion based on the salivary Candida CFU established by Epstein et al. (1980). A horizontal line marked above S. mutans indicating
1.0x 10°CFU/mL is drawn in the plot, which indicates a threshold of high risk for dental caries. (D) Carriage of Candida species at different sites of the
infant’s oral cavity from oral swab samples. (E) Candida species diversity in salivary samples. (F) Site-specific detection stability of oral Candida. The
detection stability is defined as that infants who had positive Candida remain positive until 12mo. Ca, Candida albicans; Ck, Candida krusei; Cg, Candida
glabrata.
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5%. SAS (SAS Institute) was used for all statistical analyses.
Sample size justification is detailed in Appendix 2.

Results

A total of 101 mother—infant dyads were included in the study,
with 61% Black or African American, 18.8% White, and 19.9%
other or mixed races. Overall, 83 and 75 infants were retained
by 6 and 12 mo, separately. The demographic, socioeconomic,
and feeding characteristics and oral conditions of infants and
their mothers are shown in Table 1. No statistical differences
were detected between the C. albicans and S. mutans detection
status groups in terms of infant’s gender, race, ethnicity, and
birth route (P > 0.05). Infants with bottle feeding in the first
4 mo had a higher detection rate of C. albicans compared to
those breastfed or fed with both methods (P < 0.05). Infants
whose mothers had more decayed teeth, higher plaque index,
and more C. albicans carriage had a higher detection of
S. mutans by 12 mo (P < 0.05).

Candida and S. Mutans Colonization
in Underserved Infants

The oral colonization of Candida spp. and S. mutans from birth
to 12 mo among the study infants is demonstrated in Figure 1A
(saliva) and Appendix Figure 2 (plaque at 12 mo). Oral
Candida colonization started as early as 1 wk among 13% of
infants. The detection of salivary Candida continued to
increase, reached 40% by 2 mo, remained stable until 4 mo,
and further escalated to 48% by 6 mo and remained the same
level until 12 mo. Among the Candida spp., C. albicans and
Candida krusei were the most commonly detected strains, fol-
lowed by Candida glabrata. S. mutans in saliva was detected
among 7% of the infants by 6 mo, among whom the majority
of 6-mo-old infants did not have erupted teeth. By 12 mo,
S. mutans was detected in saliva among 20% of the infants and
in plaque among 25% of the infants (Appendix Fig. 2).

No differences in abundance of Candida spp. and S. mutans
were detected from birth to 12 mo, except the carriage of
C. glabrata at 2 mo and 4 mo (P < 0.05) (Fig. 1B). Significantly,
although only a limited number of infants were diagnosed with
oral candidiasis upon clinical examination, more than 80% of
the infants could be diagnosed as having oral candidiasis based
on the laboratory standard established by Epstein et al. (1980)
using the salivary Candida colony-forming unit (CFU).

Among the infants who had positive Candida detection, we
further assessed the detection and carriage levels across the
mucosal sites, with results shown in Figure 1C. No detection
difference was found for C. albicans across the oral cavity sites
(32%—35%), including tonsil, tongue, palate, inner lip, and
cheek mucosa. Tongue (31%) was the most prevalent site for
C. krusei detection, followed by tonsil (28%), palate (24%),
inner lips (23%), and check mucosa (21%). No quantitative
differences were found between mucosal sites in the oral cavity
in terms of Candida abundance in swab samples (P > 0.05)
(Fig. 1D). The abundance of Candida at each site remained
stable over time (Appendix Fig. 3).

Infant Sm CFU

Mother education r=0.26* Mother Ca CFU
.22 \

=0 1=0.28""

Figure 2. Correlation between mother’s oral health and infant’s
Candida and Streptococcus mutans carriage. Spearman’s rank correlation
analysis among 101 infants (0—12mo) indicates that infant’s S. mutans
carriage was positively associated with infant’s Candida albicans and
Candida krusei levels, as well as mother’s C. albicans level. Infant C.
albicans level was positively associated with more frequent night bottle
feeding and higher maternal C. albicans level. Ca, Candida albicans;

CFU, colony-forming unit; Ck, Candida krusei; Sm, Streptococcus mutans.
*Correlation is significant at the 0.05 level (2-tailed). **Correlation is
significant at the 0.01 level (2-tailed). ***Correlation is significant at the
<0.001 level (2-tailed).

We further assessed the diversity and detection stability of
oral Candida in infants. Interestingly, most infants in early life
carried only 1 type of Candida spp. at an early age (82% at 1
wk to 75% at 4 mo); more older infants (12 mo) tended to carry
more than 1 type of Candida (43%) (Fig. 1E). We define detec-
tion stability as that infants who had positive Candida remain
positive until 12 mo (Fig. 1F). Seventy-four percent of the
infants who had salivary C. albicans and C. krusei remained
positive until 12 mo. The detection stability of C. albicans
from palate sites was 62%, whereas the detection stability of
other sites ranged from 43% to 50%.

Candida Maternal Relatedness

We compared the detection of Candida spp. between mothers
and infants (Appendix Fig. 1). The subset that included both
positive mothers and infants continued to increase from 9% at
1 wk to 38% at 6 mo and remained stable at 41% from 6 mo to
12 mo. Strikingly, 74% to 76% of the mothers and infants who
were positive for Candida detection shared the same type of
Candida species at 6 and 12 mo.

Candida and S. mutans Abundance
Correlation in Infants

We examined the correlation between infants’ Candida and S.
mutans carriage and their correlation to the mothers’ Candida
and S. mutans carriage, mother’s oral condition, mothers’ edu-
cational level, and infant night bottle-feeding frequency (see
Fig. 2). Infant’s C. albicans carriage level was positively
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interval [CI], 1.1-11.3) in infants who had

Months

A1 S. mutans oral colonization A2 8. mutans oral colonization ' early colonization of oral Candida com-
1.0 i i R 10 S — caved oetn pared to those who were free of oral Candida
5 08 detection 598 e (P =0.04) and 3 times higher (HR, 3.0; CI,
% 06 - 506 1.3-6.9) among infants whose mother had
E 04 § & more than 3 decayed teeth (P = 0.01), even
e 02 after adjusting demographics, feeding, mother’s
T 5 T 0 12 education, and employment status (Table 2).
Months Months
81 i afidsans ol coionlzstion W Baliioansoriicolonizdion Factors Associated with Candida
" Mother's oral 10 Jusms, Colonization Time to Event

508 TR 08 M - Y The plots of factors that affect C. albicans
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§ z: § E: cated in Figure 3B. The Cox regression
0:0 0:0 results (Table 2) revealed that infants whose
0 2 4 6 8 10 12 0 2 4 6 10 12 mothers had oral C. albicans were 2.2 (1.1,
. Months 4.6) times more susceptible to C. albicans
B3  C. albicans oral colonization oral colonization (P = 0.03). Infants’ C. albi-
10 Mothers education cans oral colonization time to event was also
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E 06 i Higy achonl mothers (high school vs. > college: HR, 8.6;
g 04 jeom o CL 2.0-37.5, P < 0.01; associate’s degree vs.
S o2 > college: HR, 7.9; CI, 1.7-37.8, P < 0.01)
00 and negatively associated with mothers’

employment status (yes/no; HR, 0.4; CI, 0.2—
0.8, P=0.01). We did not identify factors that

Figure 3. Oral Streptococcus mutans and Candida colonization event time probability
estimation. (Al) Infants’ S. mutans colonization survival estimation between infants with
and without oral Candida detection prior to S. mutans colonization. (A2) Infants’ S. mutans

were statistically significantly associated
with oral C. krusei colonization in infants
(Table 2).

colonization survival estimation between infants’ mother who has <3 decayed teeth or >3

decayed teeth. All variants are significantly associated with S. mutans colonization (P < 0.05).
(B) Factors that are associated with infants’ oral Candida colonization: mother’s oral C. albicans

Discussion

carriage (B 1), mother’s employment status (B2), and mother’s education status (B3). All

variants are significantly associated with infant’s oral C. albicans colonization (P < 0.05).

associated mother’s C. albicans carriage (P < 0.001), infant’s
S. mutans carriage (P < 0.01), mother’s S. mutans carriage (P <
0.05), and more frequent night bottle feeding (P < 0.01). Infant
C. albicans carriage was negatively associated with mother’s
higher education (P < 0.01). Furthermore, infant S. mutans car-
riage was positively associated with mother’s C. albicans car-
riage (P < 0.001), infant C. krusei carriage (P < 0.01), and
mother’s decayed teeth number (P < 0.01), in addition to
infant’s C. albicans level.

Factors Associated with S. mutans
Colonization Time to Event

From the log-rank tests, we identified several variables that
were significantly associated with increased risk for infant’s S.
mutans colonization by 12 mo. We plotted the survival curve to
visualize their impact (Fig. 3A). Early colonization of oral
Candida was associated with S. mutans colonization and car-
riage by age 1 (Fig. 3A1). The emergence of S. mutans by year
1 was 3.5 times higher (hazard ratio [HR], 3.5; confidence

Despite that previous cross-sectional and
case-control studies have revealed that chil-
dren with oral C. albicans had higher odds
of experiencing ECC than children without C. albicans (Xiao,
Huang, et al. 2018), prospective cohort studies were lacking to
strengthen the evidence supporting the association between
oral C. albicans and ECC. Our study revealed a novel finding
that early colonization of oral Candida is associated with S.
mutans colonization among underserved US infants in the first
year of life. We demonstrated the sequential order of how the
oral colonization of Candida affects S. mutans early emer-
gence in infants’ oral cavity; the emergence of S. mutans was
3.5 times higher in infants who had early colonization of oral
Candida than those who were free of oral Candida.
Furthermore, we also revealed a quantitative correlation
between infants’ S. mutans carriage and their oral C. albicans
and C. krusei carriage.

The concept of investigating the colonization of microor-
ganisms from 2 different kingdoms (yeast and bacteria) in the
context of ECC is clinically novel. Several pathways are spec-
ulated to link the presence of C. albicans and the emergence of
S. mutans in underserved children who are at high risk for
S-ECC. First, C. albicans can interact with S. mutans via EPSs
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Table 2. Cox Regression Models for Salivary Streptococcus mutans, Candida albicans, and Candida krusei Emergence in the First Year of Life.

Cox Regression Models

Hazard Ratio (95% ClI)

S. mutans emergence time to event (n = 101)

Infant sex (female/male) 0.9 (0.4-2.1)
Infant race
White/other 1.4 (0.4-4.0)
Black/other 1.6 (0.4-7.3)
Feeding method (bottle and breast feeding) by 6 mo
Breastfeeding/both 0.7 (0.1-4.7)
Bottle feeding/both 1.3 (0.5-3.4)
Night bottle feeding with formula by 6 mo (yes/no) 0.7 (0.2-1.9)
Daycare attendance by 6 mo (yes/no) 2.4 (0.6-9.3)
Solid food intake by 6 mo (yes/no) 1.0 (0.4-2.5)
Teeth eruption by last visit or S. mutans detection (yes/no) 1.0 (0.7-1.4)
Candida status by last visit or S. mutans detection (yes/no)? 35 (1.1-11.3)
Mother employment (yes/no) 1.0 (0.4-2.3)
Mother education
Middle school/college or higher 4.0 (1.0-23.4)
High school/college and higher 1.2 (0.4-3.3)
Associate’s degree/college or higher 0.6 (0.1-2.5)
Mother decayed teeth (>3/<3)° 3.0 (1.3-6.9)
C. albicans and C. krusei emergence time to event (n = 101)
C. albicans C. krusei
Infant sex (female/male) 0.7 (0.3-1.4) 0.6 (0.3-1.3)
Infant race
White/other 2.3 (0.8-6.3) 0.8 (0.3-1.8)
Black/other 1.7 (0.5-5.8) 0.7 (0.2-2.0)
Feeding method (bottle and breast feeding) by 6 mo
Breastfeeding/both 1.0 (0.1-6.7) 0.2 (0.0-1.5)
Bottle feeding/both 0.9 (0.4-1.9) 0.9 (0.4-1.9)
Night bottle feeding with formula by 6 mo (yes/no) 2.5 (0.7-8.8) 1.4 (0.5-4.0)
Mother employment (yes/no)® 0.4 (0.2-0.8) 0.6 (0.3-1.2)
Mother education
Middle school/college or higher 3.4 (0.5-26.1) 0.5 (0.1-2.8)
High school/college and higher® 8.6 (2.0-37.5) 1.1 (0.5-2.6)
Associate’s degree/college or higher® 7.9 (1.7-37.8) 1.0 (0.4-2.8)
Mother’s oral C. albicans carriage (yes/no)? 2.2 (1.1-4.6) 1.5 (0.8-3.1)
Delivery method (cesarean-section/vaginal) 0.9 (0.4-1.9) 0.9 (0.4-2.0)
Infant siblings (yes/no) 1.6 (0.8-3.3) 1.0 (0.5-2.0)

2Significant at the 0.05 level.
bSignificant at the 0.01 level.

produced by glucosyltransferase exoenzymes when dietary
sucrose is available. This EPS-mediated interaction promoted
both C. albicans and S. mutans accumulation to saliva-coated
hydroxyapatite discs (Gregoire et al. 2011; Falsetta et al. 2014).
Second, C. albicans is an early oral cavity colonizer, and its
oral colonization could start a few days after birth (Xiao et al.
2020). Although S. mutans is traditionally considered to only
establish their colonization on solid surfaces, such as the tooth
surfaces (Duchin and van Houte 1978), our recent clinical
studies demonstrated a strong correlation between these 2
microorganisms in saliva, independent of tooth surfaces (Xiao
et al. 2016; Xiao, Grier, et al. 2018). Thus, we speculate that
early oral mucosal infection of C. albicans could promote the
oral colonization of S. mutans before tooth eruption through
adhesive interaction between these 2 organisms in conditions
conducive of ECC (e.g., high sugar intake) and subsequently

increase the salivary load at an early age of the host. To further
test the hypothesis that C. albicans and S. mutans bind to each
other through enzyme-synthesized EPSs in vivo, future studies
are needed to examine the C. albicans—S. mutans binding in
saliva using advanced imaging techniques.

Moreover, our results enhanced our understanding of oral
Candida colonization and its maternal influence among under-
served US children in early infancy. C. albicans is by far the
most commonly detected fungal organism on human mucosal
surfaces (Sharma et al. 2018). To date, few prospective cohort
studies had investigated the oral colonization of Candida spp.
after birth during the predentate stage. The oral Candida detec-
tion among the socioeconomically deprived infants in our
study is slightly higher than other reports in which a 44%
detection was found among 36 healthy children (6—18 mo) liv-
ing in Iowa City (Kleinegger et al. 1996), and an 11% to 15%
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detection was revealed among 100 healthy Swedish children
during the first year of life (Stecksen-Blicks et al. 2015).

Oral carriage of Candida can be affected by multiple fac-
tors, such as age, diet, population demographic and socioeco-
nomic characteristics, gender, and host immunosuppression
and medication use (Kleinegger et al. 1996). Interestingly, the
Cox model fitted in our study did not reveal significant contri-
butions from the factors mentioned above to infant Candida
colonization. Instead, mothers’ influence, including mothers’
oral C. albicans carriage, education, and employment status,
were the sole contributing factors, highlighting the impor-
tance of maternal oral health care and socioeconomic status in
maintaining infants free of oral yeast. Maternal vulvovaginal
candidiasis is a major risk factor for Candida colonization and
infection of the infant (Zisova et al. 2016). Twenty-two per-
cent of the infants born to mothers who were clinically suspi-
cious for vaginal candidiasis had positive detection of Candida
in the oral mucosa and feces; isolates of the newborns were
100% identical to those of the mothers’ vaginal secretion.

The strength of the study is being the first study, to our
knowledge, to evaluate the oral Candida and cariogenic
S. mutans colonization among racially and socioeconomically
disadvantaged infants. Conversely, the following limitations
should be considered, which include 1) due to the demographic-
socioeconomic characteristics of the study infants, the study
results cannot be generalized to other populations and those
residing outside of upstate New York. 2) We focused on the colo-
nization association between Candida and S. mutans, however,
whether C. albicans modulates the oral bacterial community as
a whole to become cariogenic during the onset/progression of
ECC remains to be elucidated. Our parent study is monitoring a
larger infant cohort for a longer period of time, from birth to 2 'y
of age, which will elucidate the association between oral
Candida and ECC onset and identify other orally colonized bac-
teria and yeast populations other than S. mutans and C. albicans.
The microbiome (bacterial and fungal) analyses are conducted
in parallel to examine whether the presence of C. albicans mod-
ulates the establishment of oral bacteriome in early infancy.

Conclusions

Our study revealed a novel finding that early colonization of
oral Candida predicted S. mutans emergence in early infancy
among underserved US infants, even after adjusting common
confounders, including demographics, tooth eruption and
infant feeding, and so on. Maternal factors (Candida carriage,
education, employment, and decayed teeth) significantly
affected the colonization and carriage of Candida and
S. mutans in infants, highlighting the importance of maternal
oral health condition and socioeconomic status in maintaining
infants free of oral pathogens.

Despite the emerging evidence of C. albicans’ association
with ECC, it remains unclear whether Candida detection can
serve as a reliable microbial risk factor or an intervention target
for ECC development. Future prospective studies that monitor
the children from birth to ECC onset and assess the effect of
antifungal intervention among children with high caries risk

are urgently needed. These studies could lead to developing
novel caries-predictive and caries-preventive strategies from a
fungal perspective.
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