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ABSTRACT Numerous host and environmental factors contribute to persistent and
intermittent nasal Staphylococcus aureus carriage in humans. The effects of worsen-
ing glycemia on the odds of S. aureus intermittent and persistent nasal carriage was
established in two cohorts from an adult Mexican American population living in
Starr County, Texas. The anterior nares were sampled at two time points and the
presence of S. aureus determined by laboratory culture and spa-typing. Persistent
carriers were defined by the presence of S. aureus of the same spa-type at both time
points, intermittent carriers were S. aureus-positive for 1 of 2 swabs, and noncarriers
were negative for S. aureus at both time points. Diabetes status was obtained
through personal interview and physical examination that included a blood draw for
the determination of percent glycated hemoglobin A1c (%HbA1c), fasting plasma
glucose, and other blood chemistry values. Using logistic regression and general esti-
mating equations, the odds of persistent and intermittent nasal carriage compared
to noncarriers across the glycemic spectrum was determined controlling for covari-
ates. Increasing fasting plasma glucose and %HbA1c in the primary and replication
cohort, respectively, were significantly associated with increasing odds of S. aureus
intermittent, but not persistent nasal carriage. These data suggest that increasing
dysglycemia is a risk factor for intermittent S. aureus nasal carriage potentially plac-
ing those with poorly controlled diabetes at an increased risk of acquiring an S. aur-
eus infection.

IMPORTANCE Factors affecting nasal S. aureus colonization have been studied primar-
ily in the context of persistent carriage. In contrast, few studies have examined fac-
tors affecting intermittent nasal carriage with this pathogen. This study demonstrates
that the odds of intermittent but not persistent nasal carriage of S. aureus signifi-
cantly increases with worsening measures of dysglycemia. This is important in the
context of poorly controlled diabetes since the risk of becoming colonized with one
of the primary organisms associated with diabetic foot infections can lead to
increased morbidity and mortality.

KEYWORDS nasal carriage, Staphylococcus aureus, diabetes, dysglycemia, intermittent
carriage, persistent carraige, spa typing

S taphylococcus aureus is one of the most common residents of the human nasal
microbiome (1) and also an opportunistic pathogen of major concern (2). In both

the healthy and those with underlying health conditions, S. aureus infections can cause

Editor Christopher N. LaRock, Emory University
School of Medicine

Ad Hoc Peer Reviewer Anne-Sofie Furberg,
University Hospital of North Norway

Copyright © 2022 Essigmann et al. This is an
open-access article distributed under the terms
of the Creative Commons Attribution 4.0
International license.

Address correspondence to Eric L. Brown,
eric.l.brown@uth.tmc.edu.

The authors declare no conflict of interest.

Received 6 January 2022
Accepted 21 April 2022
Published 18 May 2022

May/June 2022 Volume 10 Issue 3 10.1128/spectrum.00009-22 1

RESEARCH ARTICLE

https://orcid.org/0000-0002-6081-858X
https://orcid.org/0000-0003-2659-6490
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1128/spectrum.00009-22
https://crossmark.crossref.org/dialog/?doi=10.1128/spectrum.00009-22&domain=pdf&date_stamp=2022-5-18


a range of illnesses, including skin and soft tissue infections, endocarditis, osteomyeli-
tis, meningitis, bacteremia, and pneumonia (2). Approximately 37% of the general pop-
ulation is asymptomatically colonized by S. aureus (3), although estimates vary widely
depending on the population, with carriers of the bacteria more likely than noncarriers
to suffer disease and experience recurrent infections (3–5). In the United States, S. aur-
eus colonization of those with diabetes has been estimated at around 32% (6) but
ranges widely between 17.5% and 56.6% worldwide (5, 7–14) suggesting that individu-
als with type 2 diabetes may be at increased risk of S. aureus colonization (5, 8, 9, 15).

The possibility of increased prevalence of S. aureus carriage in those with diabetes
is particularly important since diabetics are more prone to infection and have poorer
outcomes after treatment than those without dysglycemia (16–21). S. aureus is the
most commonly isolated pathogen from diabetic foot infections (22, 23) and the most
frequent infectious disease complication for individuals with diabetes, a reality compli-
cated by the fact that many infecting strains are highly virulent and harbor antibiotic
resistant genes (5, 21, 23–26). Soft-tissue infections, particularly those caused by antibi-
otic resistant S. aureus (MRSA), result in greater health care utilization, treatment fail-
ure, and increased health care costs for affected individuals with diabetes (27, 28).

Although exposure to S. aureus is common and different anatomic sites can be
colonized (e.g., skin, throat, groin, axilla, nose), nasal carriage is routinely used as a pri-
mary site to define carriage phenotypes since nasal decolonization of S. aureus is fol-
lowed by decolonization at other sites, suggesting that the nose is a key ‘seeding’
niche for this organism (29–31). S. aureus nasal carriage in humans is commonly di-
vided into three carrier phenotypes, persistent, intermittent, or noncarriers (3, 4, 29, 32,
33), corresponding to those that repeatedly, occasionally, or never carry culturable lev-
els of S. aureus in their nares. In the general population, approximately 80% of carriers
are intermittently colonized and 20% persistently so (3). Despite the increased risk of S.
aureus infection in persistent carriers compared to non and intermittent carriers (typi-
cally resulting from autoinoculation with their respective carriage strains), the severity
of these infections is generally less compared to disease presentation in intermittent
and noncarriers (29, 34, 35).

Since individuals identifying as Hispanic experience both a disproportionate burden
of type 2 diabetes (36, 37) and suffer from high rates of S. aureus infection, treatment
failure, and excessive health care costs, particularly due to MRSA-related infections (28,
38 to 41), there is a need to better characterize the role type 2 diabetes status may
have on an individual’s S. aureus carriage phenotype among Mexican Americans.
Situated on the Texas-Mexico border, Starr County, TX, is one of the poorest counties
in the United States and has a prevalence of type 2 diabetes that far exceeds national
averages (42). In the past 2 decades the prevalence of type 2 diabetes has increased
74% in Starr County (42).

The present study examined two populations in Starr County for whom S. aureus
carriage phenotypes and diabetes status were established: the primary population
consisted of unrelated individuals previously enrolled in various genome-wide associa-
tion studies (GWAS), and the second was a convenience sample enrolled as an S. aur-
eus carriage phenotype GWAS replication cohort subsequently used characterize
household S. aureus carriage profiles (43–45). The present study demonstrates that
increasing blood glucose values (percent glycated hemoglobin A1c [%HbA1c] and fast-
ing plasma glucose), measures of diabetes status, significantly increased the odds of
intermittent but not persistent nasal carriage of S. aureus, suggesting that poorly con-
trolled diabetes is a risk factor for intermittent colonization that may increase the risk
of infections with this organism. In addition, the impact of increasing degrees of dys-
glycemia as well as other inflammatory conditions, including body mass index and se-
rum cholesterol, on intermittent but not persistent S. aureus nasal carriage further
highlight differences between the determinants of intermittent and persistent nasal
carriage.
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RESULTS
Description of the study cohorts. There were 1,080 unrelated participants in the

primary study and 879 participants enrolled by household in the replication cohort
with S. aureus nasal carriage phenotype data (Table 1). Ninety-seven (11.04%) partici-
pants in the replication cohort were previous participants of the primary study and
were excluded from replication study analyses. Additionally, 15 persistent carriers in
the replication cohort were excluded due to incomplete spa-typing, resulting in 782
participants across 543 households included in the replication cohort analyses. Eight S.
aureus carriers defined as persistent carriers by laboratory cultures (i.e., two swabs, col-
lected 2 weeks apart were both presumptively positive for S. aureus) in the primary
and 10 in the replication study were reclassified as intermittent carriers following spa-
typing results that showed these carriers were carrying distinct strains of S. aureus at
each time point. Because the primary study was designed to recruit approximately
50% participants with type 2 diabetes while those enrolled in the replication study
consisted of a convenience sample of enrollees by household, participants of the pri-
mary study were older and had a higher prevalence of diabetes (49.35% [533/1,080]),
with prevalent or incident cases classified using %HbA1c, fasting plasma glucose, and
2-h post-load glucose measures or previous diagnosis. As glucose challenge was not
performed on those with a fasting plasma glucose above 160 mg/dL, 164 subjects with
type 2 diabetes were not assessed for 2-h post-load glucose; consequently, this vari-
able was not considered in any analyses. Primary cohort subjects had lower total serum
cholesterol levels, possibly as a consequence of greater use of lipid lowering medica-
tions (32.87% of the primary cohort). Data on the use of lipid lowering medications,
detailed information on the type of diabetes medication(s) used, if any, fasting plasma
glucose, fasting insulin, and body mass index (BMI) were not available in the replica-
tion study; however, proportions of traditional risk factors for S. aureus carriage (e.g.,
recent antibiotic use and frequency, recent skin infection, hospitalization of self or a
family member, smoking status, and number of children or total residents in the
household) by carriage status were comparable across both study populations. Both
cohorts were overwhelmingly female (71.11% and 71.99% in the primary and replica-
tion populations, respectively) and antibiotic use in both study cohorts was substantial,
with nearly 50% of participants in both cohorts (47.52% and 46.66% in the primary and
replication cohorts, respectively) reporting the use of at least one antibiotic in the past
12 months.

Distribution of the three carriage phenotypes were comparable in both populations
with 70.93% (766/1,080) and 66.62% (521/782) of participants classified as noncarriers,
13.06% (141/1,080) and 18.54% (145/782) as intermittent carriers, and 16.02% (173/
1,080) and 14.83% (116/782) as persistent carriers of S. aureus in the primary and repli-
cation study, respectively (Table 1). Continuous measures of glycemia, both %HbA1c
(P = 0.026 in the primary cohort; P = 0.002 in the replication cohort) and fasting plasma
glucose (P = 0.023 in the primary cohort; not available in the replication cohort), were
associated with S. aureus carriage status and so too was any use of diabetes medication
in the replication cohort (P = 0.05). In the primary study, use of the most common dia-
betes medications, metformin and sulfonylureas, was not associated with carriage phe-
notype while the use of dipeptidyl peptidase 4 (DPP4) inhibitors was, with a higher
proportion of intermittent carriers using this drug compared to persistent and noncar-
riers. A less granular perspective was available for diabetes medications in replication
cohort, but the use of any diabetes medication was borderline significant (P = 0.05)
with a higher proportion of intermittent carriers reporting the use of any diabetes
medications. In addition to measures of glycemia, fasting insulin, another measure of
glucose metabolism, was also significantly different across carriage phenotypes (P =
0.036) with the highest mean value occurring in intermittent carriers. Other features
that differed by carriage status in the primary study included BMI (P = 0.057) and anti-
biotic use in the past 30 days (P = 0.027), with increasing BMI and use of antibiotics
both more prevalent in intermittent carriers. BMI was not available in the replication
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cohort, however; in addition to %HbA1c, gender (P , 0.001), rounds of antibiotics
used in the past year (P = 0.042), and smoking status (P = 0.016) were all associated
with carriage phenotype, with persistent carriers more likely to be men and less fre-
quent users of antibiotics.

Results from the primary cohort. Univariable logistic regression was used to
assess the effect of primary study subject characteristics on the odds of intermittent
and persistent carriage, respectively, compared to noncarriage (Table 2). The odds of
intermittent but not persistent carriage were significantly associated with both meas-
ures of glycemia considered, with a one-unit increase in %HbA1c and a 10-unit
increase in fasting glucose associated with a respective 13% (odds ratio [OR]: 1.13; 95%
confidence interval [CI]: 1.03–1.24) and 4% (OR: 1.04; CI: 1.10–1.07) increase in the odds
of intermittent carriage compared to noncarriage. Although use of any diabetes medi-
cation (e.g., metformin, sulfonylureas, thiazolidinediones, DPP4 inhibitors, or insulin)
was associated with an increase in the odds of intermittent carriage, the only medica-
tion with a significant association was the use of DPP4 inhibitors; users of this drug
had nearly two times (OR: 1.87; CI: 1.09–3.22) the odds of intermittent carriage com-
pared to noncarriage. Persistent carriers were less likely to use DPP4 inhibitors than
noncarriers, but the effect was not statistically significant (OR: 0.70; CI: 0.35–1.39).
Other markers of chronic metabolic disease, including increasing fasting insulin (OR:
1.06; CI: 1.01–1.13), BMI (OR: 1.03; CI: 1.003–1.052), and total serum cholesterol (OR:
1.04; CI: 1.00–1.09) were also associated with intermittent, but not persistent carriage
in univariable analyses, although the association with cholesterol was only borderline
significant (P = 0.05). No other traditional S. aureus risk factors were associated with ei-
ther carriage phenotype in univariable analyses, excepting recent and frequent use of
antibiotics. Recent antibiotic use, defined as use in the past 30 days, was associated
with a statistically significant 78% increase in the odds (OR: 1.78; CI: 1.13–2.78) of inter-
mittent carriage, while increased frequency of antibiotic use in the past year was
associated with a decreased risk of persistent carriage for each additional round of
antibiotics used. The result reached statistical significance in those using three or more
rounds of antibiotics in the past 12 months, with a 51% reduction in odds (OR: 0.49; CI:
0.26–0.90) of persistent carriage in those participants.

All variables with Wald P-value less than 0.20 were included in multivariable model-
ing for both the intermittent and persistent carrier outcomes, with fasting glucose and
%HbA1c considered separately due to high collinearity between these two measures
of glycemia (spearman’s rho = 0.75, P , 0.001) (Table 2). When comparing persistent
carriers to noncarriers, number of rounds of antibiotic used in the past year, the only
variable significantly associated in univariable modeling, was also the only variable
that met criteria for inclusion in the final model. Interestingly, fasting glucose, but not
%HbA1c was selected for inclusion in the respective final intermittent carriage multi-
variable models, with %HbA1c excluded after adjustment for the use of DPP4 inhibi-
tors. The magnitude of the effect of fasting glucose on intermittent carriage (adjusted
OR [aOR]: 1.03; CI: 1.00–1.06) was largely unchanged from univariable modeling after
adjustment for the use of DPP4 inhibitors, BMI, total serum cholesterol, and antibiotic
use in the past 30 days. The effects of DPP4 inhibitors (aOR = 1.94; CI: 1.08–3.48), BMI
(aOR = 1.03; CI: 1.00–1.06), and antibiotic use in the past 30 days (aOR = 1.86; CI: 1.18–
2.94) on intermittent carriage was also largely unaffected by adjustment, while the
effect of cholesterol increased and attained significance (aOR: 1.06; CI: 1.01–1.11) in the
multivariable model. Interactions between all covariates included in the multivariable
intermittent carrier model were examined, but none were present.

While it was determined that all continuous predictors should be modeled linearly
in the final model, we chose to model and plot adjusted and unadjusted measures of
glycemia as splines to more fully appreciate the relationship between these variables
and carriage phenotypes. Figure 1A shows the odds of intermittent carriage compared
to noncarriage across the spectrum of fasting plasma glucose with fasting glucose of
126 mg/dL (the clinical cut-point for diabetes) as the referent value, adjusted for use of
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TABLE 2 Odds of intermittent and persistent carriage, respectively, compared to noncarriage in the primary cohort: univariable and
multivariable models

Characteristic

Intermittent carriage Persistent carriage

Univariable models Multivariable model Univariable models Multivariable model

Odds ratio (95% CI)
Agea 1.004 (0.87–-1.15) 0.94 (0.83–1.07)

Gender
Female REF REF
Male 0.95 (0.63–1.42) 1.33 (0.93–1.89)

Hemoglobin A1c (%) 1.13 (1.03–1.24)b 1.06 (0.97–1.17)
Normoglycemia (,5.7%) REF REF
Prediabetes (5.7#%,6.5) 1.06 (0.65–1.73) 1.20 (0.79–1.84)
Diabetes ($6.5%) 1.49 (0.99–2.24) 1.21 (0.83–1.77)

Fasting glucose (mg/dL)a 1.04 (1.01–1.07)c 1.03 (1.0002–1.06)b 1.003 (0.97–1.03)
Normoglycemia (,100 mg/dL) REF REF
Prediabetes (100#mg/dL, 126) 0.73 (0.45–1.18) 0.98 (0.65–1.46)
Diabetes ($126 mg/dL) 1.31 (0.86–1.99) 0.91 (0.61–1.35)

Fasting insulin (mlU/L)a 1.06 (1.01–1.13)b 1.00 (0.93–1.08)

Use of any diabetes medication
No REF REF
Yes 1.36 (0.95–1.96) 0.94 (0.67–1.33)

Use of metformin
No REF REF
Yes 1.16 (0.77–1.74) 1.07 (0.73–1.57)

Use of sulfonylureas
No REF REF
Yes 1.39 (0.90–2.16) 1.12 (0.73–1.72)

Use of thiazolidinediones
No REF
Yes 1.03 (0.45–2.36) insufficient data

Use of insulin
No REF
Yes 1.94 (0.85–4.44) insufficient data

Use of DPP4 inhibitors
No REF REF
Yes 1.87 (1.09–3.22)b 1.94 (1.08–3.48)b 0.70 (0.35–1.39)

BMI (kg/m2) 1.03 (1.003–1.052)b 1.03 (1.005–1.06)b 1.01 (0.99–1.04)

Total cholesterol (mg/dL)a 1.04 (1.00–1.09) 1.06 (1.01–1.11)b 1.03 (0.98–1.07)

Use of lipid lowering medications
No REF REF
Yes 1.16 (0.80–1.69) 0.91 (0.63–1.29)

Antibiotic use in the past 30 days
No use REF
Use 1.78 (1.13–2.78) 1.86 (1.18–2.94)c 0.91 (0.56–1.49)

Rounds of antibiotics used in the past 12 mo
0 rounds REF REF
1 round 1.18 (0.77–1.82) 0.90 (0.60–1.35) 0.90 (0.60–1.35)
2 rounds 0.92 (0.51–1.68) 0.74 (0.42–1.30) 0.74 (0.42–1.30)
3 or more rounds 0.80 (0.43–1.45) 0.49 (0.26 –0.90)b 0.49 (0.26–0.90)b

Smoking status
Never smoker REF REF
Former smoker 0.94 (0.57–1.53) 0.80 (0.50–1.28)
Current smoker 1.05 (0.63–1.74) 0.68 (0.41–1.16)

(Continued on next page)
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DPP4 inhibitors, BMI, total cholesterol, and use of an antibiotic in the past 30 days. As
in the model with linear fasting glucose (Table 2), there is a significant increase in the
odds of intermittent carriage with worsening glycemia. Interestingly, this model sug-
gests an increase in the odds of intermittent carriage for those with low values of
fasting plasma glucose, but this result is not statistically significant. For comparison
purposes, Fig. 1B models the same relationship for persistent carriers compared to
noncarriers with fasting glucose forced into the model along with the only significant
predictor of persistent carriage, rounds of antibiotics used in the past year, and depicts
the lack of association between persistent carriage across the spectrum of fasting glu-
cose. Fig. S1A and B shows the respective unadjusted plots, while Fig. S2 shows the
unadjusted (Fig. 2A and B) and adjusted (Fig. 2C and D) odds of persistent and inter-
mittent carriage, respectively, across the spectrum of %HbA1c.

Results from the replication cohort. As participants were enrolled by household,
general estimating equations (family: binomial; link: logit) with an exchangeable corre-
lation matrix were used to assess the effect of participant characteristics on odds of
intermittent and persistent carriage, respectively, compared to noncarriers in the repli-
cation cohort (Table 3). %HbA1c was the only measure of glycemia collected in this
cohort and limited information was available regarding the use of specific diabetes
medications (i.e., categories included: no use of diabetes medications, use of oral
agents, use of insulin, or use of both insulin and oral agents). BMI and fasting insulin
were also not available for analyses in the replication cohort. As in the primary cohort,
%HbA1c was significantly associated with intermittent (OR = 1.21; CI: 1.07–1.36) but
not persistent carriage (OR = 1.08; CI: 0.94–1.25). Use of any diabetes medication (i.e.,
use versus no use) increased the odds of intermittent carriage (OR = 1.49; CI: 0.95–2.34)
and decreased the odds of persistent carriage (OR = 0.73; CI: 0.40–1.34) but neither
effect was significant. Similar results were observed when comparing use of insulin
alone or in combination with oral diabetes medications or use of oral diabetes agents
alone or in combination with insulin. Other variables significantly associated with inter-
mittent carriage in this population included participant age and smoking status; a
10-unit increase in age was associated with a 15% reduction in the odds of intermittent
carriage (OR = 0.85; CI: 0.75–0.97) compared to noncarriers, and current smokers expe-
rienced over two times the odds of intermittent carriage compared to noncarriers

TABLE 2 (Continued)

Characteristic

Intermittent carriage Persistent carriage

Univariable models Multivariable model Univariable models Multivariable model

Odds ratio (95% CI)
Birthplace
USA REF REF
Mexico/Otherd 0.92 (0.64–1.33) 1.08 (0.77–1.51)

Skin infection in the past 6 mo
No REF REF
Yes 1.12 (0.51–2.44) 0.80 (0.35–1.81)

Hospitalized in the past 12 mo
No REF REF
Yes 1.14 (0.66–1.96) 0.84 (0.49–1.46)

Household member hospitalized in the past 12 mo
No REF REF
Yes 1.28 (0.73–2.24) 1.22 (0.72–2.06)

No. in the household 0.97 (0.87–1.09) 1.05 (0.95–1.16)
No. of children in the home 0.96 (0.84–1.10) 1.03 (0.91–1.16)
aOR interpreted as a 10-unit increase.
bP value, 0.05.
cP, 0.01.
d2 were born in a country other than the US or Mexico.
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(OR = 2.05; CI: 1.30–3.25). These three variables were selected for inclusion in the
multivariable intermittent carriage model and remained significant predictors of inter-
mittent carriage with the magnitude of the adjusted effect slightly increasing for each
predictor. While we did not have specific data regarding who in the replication cohort
used DPP4 inhibitors, a medication that attenuated the effect of %HbA1c in the pri-
mary cohort, when use of any oral agent, the best approximation of use of DPP4 inhibi-
tors available in this cohort, was forced into the multivariable model, the effect of %
HbA1c on the odds of intermittent carriage was attenuated slightly (aOR = 1.24; CI:
1.09–1.41) but remained highly significant, while the effect of oral medication use
remained non-significant (aOR = 1.44; CI: 0.80–2.59) (data not shown).

In the univariable model comparing persistent carriers to noncarriers, the number

FIG 1 Adjusted odds of intermittent (A) and persistent carriage (B) compared to noncarriers,
respectively, across the spectrum of fasting glucose (mg/dL) in the primary cohort. The odds of
intermittent carriage compared to noncarriage across the spectrum of fasting plasma glucose
modeled with three-knot restricted cubic splines (knots at 125, 171, 225 mg/dL), with a value of
126 mg/dL (the clinical cut-point for diabetes) as the referent value, adjusted for use of DPP4
inhibitors, BMI, total cholesterol, and use of an antibiotic in the past 30 days (A). For comparison
purposes, (B) models the same relationship for persistent carriers compared to noncarriers with
fasting glucose forced into the model, adjusting for rounds of antibiotics used in the past year.
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of rounds of antibiotics used in the past year was significantly associated with persis-
tent carriage as it was in the primary study cohort. In addition, gender and total choles-
terol were also associated with persistent carriage, with men having 2.37 times the
odds (OR = 2.37; CI: 1.57–3.57) of persistent carriage compared to women, and a 10-
unit increase in cholesterol associated with a 4% increase in the odds (OR = 1.04; CI:
1.01–1.08) of persistent carriage compared to noncarriers. In multivariable modeling,
use of three or more rounds of antibiotics in the past year (aOR = 0.26; CI: 0.10–0.66)
and gender (aOR = 2.23; CI: 1.46–3.41) both remained statistically significantly

FIG 2 Adjusted odds of intermittent (A) and persistent carriage (B) compared to noncarriers,
respectively, across the spectrum of percent glycated hemoglobin A1c (%HbA1c) in the replication
cohort. The odds of intermittent carriage compared to noncarriage across the spectrum of %HbA1c
modeled with three-knot restricted cubic splines (knots at 5%, 5.5%, 7.3%), with 5.5% as the referent
value and adjusted for use of age and smoking status (e.g., never, former, current) (A). For
comparison purposes, (B) models the same relationship for persistent carriers compared to
noncarriers with %HbA1c forced into the model and adjusted for rounds of antibiotics used in the
past year, total serum cholesterol, and gender.
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TABLE 3 Odds of intermittent and persistent carriage, respectively, compared to noncarriage in the replication cohort: univariable and
multivariable models

Characteristic

Intermittent carriage Persistent carriage

Univariable models Multivariable model Univariable models Multivariable model

Odds ratio (95% CI)
Aged 0.85 (0.75–0.97)a 0.81 (0.71–0.93)b 0.97 (0.85–1.11)

Gender
Female REF REF
Male 1.006 (0.67–1.52) 2.37 (1.57–3.57)c 2.23 (1.46–3.41)c

Hemoglobin A1c (%) 1.21 (1.07–1.36)c 1.28 (1.13–1.44)c 1.08 (0.94–1.25)
Normoglycemia (,5.7%) REF REF
Prediabetes (5.7#%,6.5) 0.85 (0.52–1.41) 0.94 (0.55–1.60)
Diabetes ($6.5%) 1.62 (1.02–2.59)a 1.07 (0.61–1.90)

Use of any diabetes medication
No REF REF
Yes 1.49 (0.95–2.34) 0.73 (0.40–1.34)

Use of insulin alone or in combination with an oral
diabetes agent

No REF
Yes 1.15 (0.48–2.75) Insufficient data

Use of oral diabetes agent alone or in combination
with insulin

No REF REF
Yes 1.43 (0.88–3.32) 0.90 (0.47–1.74)

Total cholesterol (mg/dL)d 1.02 (0.99–1.06) 1.04 (1.01–1.08)a 1.03 (0.99–1.07)

Antibiotic use in the past 30 days
No use REF REF
Use 0.99 (0.61–1.61) 0.67 (0.37–1.23)

Rounds of antibiotics used in the past 12 mo
0 rounds REF REF REF
1 round 0.81 (0.49–1.31) 0.88 (0.53–1.45) 0.87 (0.52–1.44)
2 rounds 0.77 (0.44–1.34) 0.56 (0.29–1.08) 0.58 (0.30–1.14)
3 or more rounds 0.72 (0.40–1.29) 0.24 (0.09–0.62)b 0.26 (0.10–0.66)b

Smoking status
Never smoker REF REF REF
Former smoker 1.10 (0.68–1.80) 1.22 (0.74–2.01)b 1.59 (0.97–2.61)
Current smoker 2.05 (1.30–3.25)b 2.07 (1.30–3.31) 1.64 (0.96–2.84)

Birthplace
USA REF REF
Mexico/Othere 0.82 (0.55–1.23) 1.03 (0.65–1.63)

Skin infection in the past 6 mo
No REF REF
Yes 1.12 (0.45–2.82) 1.09 (0.37–3.00)

Hospitalized in the past 12 mo
No REF REF
Yes 1.42 (0.74–2.74) 1.06 (0.48–2.35)

Household member hospitalized in the past 12 mo
No REF REF
Yes 1.20 (0.66–2.16) 0.72 (0.34–1.54)

No. in the household 1.04 (0.94–1.15) 0.98 (0.88–1.10)
No. of children in the home 1.003 (0.89–1.14) 0.98 (0.86–1.12)
aP value, 0.05.
bP, 0.01.
cP, 0.001.
dOR interpreted as a 10–unit increase.
e1 born in El Salvador and 2 born in Honduras.
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associated with persistent carriage, while the effect of total cholesterol was slightly
attenuated and lost significance (aOR = 1.03; CI: 0.99–1.07).

The presence of interactions between all variables were assessed in both multivari-
able models, but none were present. Sensitivity analyses, including the 15 laboratory-
presumptive persistent carriers removed from replication analyses due to incomplete
spa-typing did not materially change the magnitude or statistical significance of any
model results (data not presented).

As in the primary cohort, although the best model fit occurred when all continuous
variables in the multivariable models were modeled linearly (compared to modeling
with splines or a categorized version of the predictor), we chose to model, and plot the
adjusted and unadjusted %HbA1c as splines to better appreciate the relationship
between this variable and carriage phenotypes. Figure 2A depicts the odds of intermit-
tent carriage compared to noncarriage across the spectrum of %HbA1c with a value of
5.5% as the referent value, adjusting for age and smoking status. Modeling of the
splines shows a strongly linear significant increase in the odds of intermittent carriage
with increasing %HbA1c. For comparison purposes, Fig. 2B models the same relation-
ship for persistent carriers compared to noncarriers with %HbA1c forced into the
model containing gender, total cholesterol, and rounds of antibiotics used in the past
year. Fig. S3 shows the respective unadjusted plots of the odds of intermittent
(Fig. S3A) and persistent carriage (Fig. S3B), each compared to noncarriage, respec-
tively, with increasing %HbA1c.

DISCUSSION

While previous studies have intimated at a link between S. aureus nasal carriage
and diabetes status (5, 46–49), many of these studies were done in hospitalized or
long-term care residents and without differentiation between intermittent and persis-
tent carriers. The present study is the first to examine the odds of intermittent and per-
sistent carriage across the glycemic spectrum utilizing multiple measures of glycemic
status in two non-overlapping populations of non-hospitalized adults from the same
community.

Host, bacterial, environmental, and genetic factors each play a role in defining the
S. aureus nasal persistent, intermittent and noncarrier phenotypes (30, 44, 50–62); how-
ever, because persistent carriers differ in many ways from intermittent and noncarriers,
it has previously been suggested that carriage phenotypes be dichotomized into per-
sistent carriers versus all others (29). Specifically, analyses of antibody responses to S.
aureus virulence factors suggests that the humoral responses of persistent carriers is
distinct from those observed in non or intermittent carriers (29). There also appears to
be an intimate association between the S. aureus carriage strain and their human hosts;
for example, persistent carriage strains delay innate-immune activation compared to
noncarrier strains and persistent carriage has been linked to altered innate immune
responses, including decreased levels of b-defensin 3 (an antimicrobial peptide) and
recognition of VITA-PAMPs (pattern-associated molecular patterns [PAMPs] that serve
as microbial signatures of viability that activate the innate immune system) recognition
(44, 50, 52). VITA-PAMPs are a PAMP subset that signals microbial life to the innate
immune system such as bacterial mRNA, pyrophosphates, quorum sensing molecules,
bacterial second messengers, and isopyrenoids resulting in heightened innate immune
activation following recognition by cognate PRRs.

In addition, persistent carriers are more likely to be colonized with a single strain of
S. aureus at high concentrations (29), and if decolonized from the nose, persistent car-
riers are more likely to be recolonized by their original colonizing strain (29, 63).
Persistent carriers are also at a higher risk of infection, albeit with their own carriage
isolate; however, disease severity in such carriers is diminished compared to disease
presentation in non and intermittent carriers (64). For these reasons, intermittent car-
riers are often excluded from studies designed to undercover factors affecting S. aureus
nasal carriage (52, 58, 65, 66).
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Understanding risk factors for both persistent and intermittent carriage have impli-
cations not only for health and disease but also vaccine development particularly
among those with diabetes (67). Specifically, diabetic foot ulcers are more frequently
infected with S. aureus than with any other pathogen (22, 23) and understanding fac-
tors that may increase infection risk may inform efforts designed to mitigate the risk of
S. aureus infections in the population.

In contrast to prior studies designed to identify factors affecting S. aureus carriage,
data presented in this report demonstrates the impact of dysglycemia on intermittent
but not persistent carriage. More specifically, measures of poorly controlled glycemia,
i.e., increasing %HbA1c and fasting plasma glucose, significantly increases the odds of
intermittent carriage without significantly affecting that of persistent carriage. We
hypothesize that environmental changes in the host like poorly controlled blood sugar
levels do not have discernible effects on the unique interactions that exist between
persistent carriers and their respective strains. In contrast, increased blood glucose and
possibly, the concomitant increase surface airway glucose concentration in nasal pas-
sages (68–70), can result in accompanying changes to host immune responses and the
composition of the nasal microbiome that may explain the observed increased odds of
intermittent carriage in this population. Supporting this hypothesis were parallel obser-
vations between other measures of metabolic disease and factors associated with
increasing inflammation that correlated with intermittent but not persistent carriage,
i.e., increasing BMI and cholesterol in primary cohort and increasing age and current
smoking habits in the replication group. Additional support to the hypothesis that
environmental changes affect intermittent, but not persistent carriage is the observa-
tion that DPP4 inhibitors, a diabetes therapy with known immunomodulatory proper-
ties, but not any other medication for the treatment of diabetes not only altered the
significant association between increasing %HbA1c and risk for intermittent carriage in
the primary cohort but also is itself a risk factor for intermittent carriage (71–73).
Although metformin has been shown to increase risk of infection with S. aureus, its
effects in the context of persistent and intermittent carriage other than the present
report have not been explored (74, 75). It should be noted that the Garett et al. study
was conducted in vitro (metformin added to cell culture media) or in mice (metformin
delivered intraperitoneally) (74). This is a significant distinction since metformin not
delivered orally does not have the same glucose-lowering effects in humans, suggest-
ing the importance of drug delivery in the context of S. aureus carriage or infection
making it difficult to extrapolate metformin effects in murine and cell culture models
(76).

Although both the primary and replication cohorts were from the same source pop-
ulation, it is important to note the primary cohort was designed to include of 50% indi-
viduals with diabetes. In contrast, the replication cohort was a household convenience
sample that resulted in the enrollment of younger participants with a lower prevalence
of diabetes (18.03% [141/782] with either blood values diagnostic for diabetes or
reporting a previous diagnosis of diabetes from a physician) and a lower proportion of
diabetes medication use; however, our finding of increased odds of intermittent car-
riage with increasing blood glucose values was consistent across both populations.

Study strengths include the ability to examine two distinct cohorts with differing
distributions of diabetes prevalence as well as substantial clinical and infection risk his-
tories from the same source population in Starr County, Texas for associations between
S. aureus nasal carriage and measures of glycemia. In addition, the availability of spa
typing data on respective isolates allowed us to better define persistent carriage by
the presence of S. aureus strains of the same spa type at two time points. This stricter
definition of persistent carriage allowed us to rule out intermittent carriers mislabeled
as persistent carriers colonized with distinct S. aureus isolates across time. Furthermore,
since swabs were first plated on mannitol salt plates, the swab further enriched for 48
h, and replated at each time point, a persistent carrier could have 2–4 spa-typed colo-
nies used to establish their carriage phenotype making it unlikely that these

Dysglycemia Affects Nasal S. aureus Colonization Microbiology Spectrum

May/June 2022 Volume 10 Issue 3 10.1128/spectrum.00009-22 13

https://journals.asm.org/journal/spectrum
https://doi.org/10.1128/spectrum.00009-22


participants’ carriage phenotype was misclassified. In addition, with 150 different spa
types (35 shared between the primary and replication cohorts; 58 and 57 unique spa
types in the primary and replication cohorts, respectively) it would be unlikely that the
2–4 isolates collected (across two time points for persistent carriers) would have been
the same by chance. Weaknesses include not having measurements of BMI or detailed
medication data for the replication cohort, particularly with respect to diabetes medi-
cations like DPP4 inhibitors. Use of this drug attenuated the effect of %HbA1c in the
primary cohort and was a significant predictor or intermittent carriage in that popula-
tion; however, it is likely its use would be less prevalent in the replication cohort since
the use of any diabetes medication was considerably less prevalent in this study group
and because the replication cohort was younger and less affected by diabetes and
DPP4 inhibitors are often a second-line therapy after other diabetes treatment failures
(77, 78).

These results suggest that intermittent nasal carriage of S. aureus is a distinct phe-
notype from that of both persistent and noncarriage, and that such carriers possess
their own unique constellation of risk factors contributing to this carriage phenotype.
While the relationship between persistent carriers and their colonizing S. aureus strains
appears to be less affected by the environment, persons with diabetes or clinical pro-
files associated with inflammation were more likely to intermittently carry S. aureus in
their nares and may be at increased risk for infection with this organism.

MATERIALS ANDMETHODS
Study populations and design. Starr County, Texas, one of 14 Texas counties on the U.S.-Mexico

border, has a median 2019 household income of $29,294 and is among the most impoverished counties
in the United States. with over one-third of the 64,633 residents, 96% of whom self-identify as Hispanic,
living below the federal poverty level (79). The prevalence of chronic disease, specifically type 2 diabetes
and obesity, exceeds U.S. averages (42) and the county ranks in the bottom 20% for primary health care
accessibility in Texas, with only 16 primary health care providers in 2019 (ranked 191 of 215 Texas coun-
ties surveyed) (80). In the past 2 decades, Starr County has experienced a 74% increase in the prevalence
of type 2 diabetes (42).

The data and the consenting procedures used for both the primary analysis and the replication
cohort were approved by the University of Texas Health Science Center Institutional Review Board (HSC-
SPH-06-0225) and written informed consent was obtained from all participants before enrollment.
Participants in the primary analyses were identified and enrolled in a larger parent study occurring in
Starr County, Texas from December 2010 through January 2014 as described previously (42). Briefly, par-
ticipating adults aged 21 years or older, approximately 50% of whom were prevalent or incident cases
of type 2 diabetes and 50% with no history or evidence of diabetes, were selected from a pool partici-
pating in a larger genome-wide association study (GWAS) (42). Subjects were recruited for a brief
interview with 15 close-ended questions regarding age, sex, household size, number of rooms in the
household, country of origin, anthropometric data, smoking status, history of antibiotic use, previous
hospitalizations, and history of skin infections.

A similar questionnaire was given to adult participants in the GWAS replication cohort, a subject
pool that was also used to study household S. aureus carriage profiles (45). Data were collected by con-
senting residents aged 18 years or older from sampled households in Starr County, Texas, between
February 2013 and October 2014. Any participants with enrollment in both studies were subsequently
removed from the replication cohort analyses.

In both studies, measures of plasma glucose were determined using a YSI 2300 STAT Plus Glucose &
Lactate Analyzer (YSI Life Sciences, Yellow Springs, OH) in duplicate. Participants with a fasting plasma
glucose greater than 160 mg/dL were not subjected to glucose challenge; consequently, measures of
2-h post-load glucose were not available for many participants and this measure was not considered in
any analyses in the present study. %HbA1c and total serum cholesterol was measured using a Siemens
DCA Vantage Analyzer point of care device (Malvern, PA). Standard clinical cut points were used for cate-
gorization of measures of glycemia (81). Body weight was measured on a Tanita Total Body Composition
Analyzer (TBF-400, Arlington Heights, Illinois) with individuals in street clothing and no shoes. Height
was obtained using a wall-mounted stadiometer. Body mass index (BMI) was calculated by dividing
weight in kilograms by the square of height in meters. Antibiotic use data was collected by asking partic-
ipants to recall the number of antibiotic courses taken in the past 12 months as well as the month and
year of their most recent course of antibiotics. To determine the number of days since use, all partici-
pants were assumed to have taken their antibiotics on the first of the month. In the primary cohort, use
of diabetes medication was collected by asking participants which medications, if any, they used, with
response options, including: no use of any diabetes medication or use of metformin, sulfonylureas, thia-
zolidinediones, dipeptidyl peptidase 4 (DPP4) inhibitors, or insulin, respectively. In the replication study
participants had the option to respond to a similar question with response options: no use of any diabe-
tes mediation, use of insulin, oral medications, or both insulin and oral medications.
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Nasal swab sample collection. For both the primary and replication studies, nasal swab samples were
collected immediately superior the anterior nares using a dry, unmoistened sterile BBL CultureSwabs Liquid
Stuart Swabs (BD Biosciences, Franklin Lakes, NJ). Swabs were inserted into each participant’s nostrils approxi-
mately 1 in. from the edge of the anterior nares placing the swab in proximity with the inferior and middle
concha and rolled several times. In both the primary and replication cohorts, a second nasal swab was
obtained 11 to 17 days later and a follow-up interview collected as described (44, 82–84).

Bar-coded specimen tubes of nasal swab samples were stored at 4°C for no more than 3 days and
shipped at 4°C to the University of Texas Health Science Center at the Houston School of Public Health. Upon
arrival, swabs were streaked onto Mannitol Salt Agar (MSA) (Remel Inc., Lenexa, KS), a selective and differen-
tial media for isolating S. aureus, and incubated at 37°C for 48 h (85). Following primary plating, each swab
was placed in tryptic soy broth (Remel Inc., Lenexa, KS), vortexed for 10 s to ensure any bacteria on the swab
were released into the sterile media, incubated at 37°C for 48 h, and subsequently replated onto MSA.
Presumptive S. aureus colonies growing on primary or secondary MSA plates were incubated at 37°C for 24 h
on blood agar (tryptic soy agar (Remel Inc., Lenexa, KS) containing 5% defibrinated sheep’s blood (Quad Five,
Ryegate, MT)) to assess hemolysis and coagulase activity (BactiStaph Latex 450, Remel Inc., Lenexa, KS).
Gram-positive and coagulase-positive colonies were classified as S. aureus and stored at 280°C in freezing
media (15% glycerol, 85% tryptic soy broth) to await DNA extraction.

DNA extraction and spa typing. Frozen stocks of S. aureus nasal isolates were replated onto manni-
tol salt agar plates and incubated for 24h at 37°C. A single colony was introduced in 10.0 mL of tryptic
soy broth and allowed to grow overnight at 37°C. DNA was extracted from 1.0 mL of enriched broth
using the DNeasy blood and tissue kit (Qiagen, Valencia, CA) per the manufacturer’s instructions.
Extracted DNA was stored at 280°C until samples were shipped on dry ice to the University of
Mississippi Medical Center to undergo spa genotyping. Spa genotyping and clonal complex determina-
tion was performed for all samples as described previously (45).

S. aureus nasal carriage determination. S. aureus nasal carriage phenotypes (persistent, intermit-
tent, or noncarriage) were established by analyzing two nasal swabs collected 11–17 days apart using a
modified ‘two-culture rule’ as described by our group previously (44, 82–84). The ‘two-culture rule’ as
developed by Nouwen et al. (33) is a validated means of distinguishing between intermittent and persis-
tent S. aureus colonization and has been employed in numerous populations (12, 57, 82, 86–90). Using
this rule, persistent carriers are defined as those with culturable S. aureus from nasal swabs at both time
points, intermittent carriers are those with a positive S. aureus culture from only one swab, and noncar-
riers are those for whom S. aureus could not be cultured from either swab as described previously (33,
44, 45, 83–85). Additionally, those with S. aureus detectable at both time points were defined as persis-
tent carriers only if they were colonized with the same strain at both time points.

Statistical analyses. x2 and ANOVA were used to compare carriage phenotypes across baseline
characteristics for categorical and continuous variables, respectively. Univariate logistic regression was
used to assess the association between baseline characteristics and intermittent and persistent carriage
status, respectively, with noncarriers as the reference group in the primary study population. To account
for the correlation inherent in the household sampling design used in the replication study, general esti-
mating equations (family: binomial; link: logit) with exchangeable correlation matrix were used for all
replication cohort models. Multivariable models were built using purposeful variable selection: univari-
able associations with a Wald P-value , 0.20 were entered in the multivariable model and covariates
with Wald P-value of , 0.10 in the multivariable model were retained in the final model. Covariates con-
sidered included age, gender, birth country, diabetes medication use, recent or frequent antibiotic use,
body mass index (not available in the replication study), fasting insulin (not available in the replication
study), total serum cholesterol, smoking status, personal or family history of hospitalizations, personal
history of skin infections, number of total household members, and number of children living in the
household.

Correlations between predictors were determined using Pearson’s x2 and Spearman’s rho correla-
tion coefficient for categorical and continuous predictors, respectively, and the linearity assumption was
assessed using restricted cubic splines (via likelihood ratio tests comparing the model containing splines
against the nested linear model) and Akaike and Bayesian Information Criterions (AIC and BIC, respec-
tively) in the primary study models and using Quasilikelihood under the Independence model Criterion
(QIC/QICu) in the replication population models. The presence of interactions between all predictors
included in final multivariable models were assessed using Wald P-values. To better observe the trajec-
tory of the effect of diabetes measures on persistent and intermittent carriage, 3-knot restricted cubic
splines were used, interpreted, and plotted using the ‘xblc’ postestimation command (91) in Stata 16
(Statacorp, College Station, Tx). A two-sided P-value ,0.05 was considered statistically significant in all
models. All analyses were performed in Stata 16.

Data availability. Data available upon request.
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