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Skin microbiome before development of atopic
dermatitis: Early colonization with commensal
staphylococci at 2 months is associated with a
lower risk of atopic dermatitis at 1 year
Elizabeth A. Kennedy, BS,a Jennifer Connolly, MSc,b Jonathan O’B. Hourihane, DM,b Padraic G. Fallon, PhD,c,d

W. H. Irwin McLean, DSc, FRS,e Deirdre Murray, PhD,b Jay-Hyun Jo, PhD,a Julia A. Segre, PhD,f

Heidi H. Kong, MD, MHSc,a* and Alan D. Irvine, MD, DScc,d,g* Bethesda, Md, Cork and Dublin, Ireland, and Dundee,

United Kingdom
Background: Disease flares of established atopic dermatitis
(AD) are generally associated with a low-diversity skin
microbiota and Staphylococcus aureus dominance. The
temporal transition of the skin microbiome between early
infancy and the dysbiosis of established AD is unknown.
Methods: We randomly selected 50 children from theCorkBabies
After SCOPE: Evaluating the Longitudinal Impact Using
Neurological andNutritional Endpoints (BASELINE) longitudinal
birth cohort for microbiome sampling at 3 points in the first
6 months of life at 4 skin sites relevant to AD: the antecubital and
popliteal fossae, nasal tip, and cheek. We identified 10 infants with
AD and compared them with 10 randomly selected control infants
with no AD. We performed bacterial 16S ribosomal RNA
sequencing and analysis directly from clinical samples.
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Results: Bacterial community structures and diversity shifted
over time, suggesting that age strongly affects the skin
microbiome in infants. Unlike established AD, these patients
with infantile AD did not have noticeably dysbiotic communities
before or with disease and were not colonized by S aureus. In
comparing patients and control subjects, infants who had
affected skin at month 12 had statistically significant differences
in bacterial communities on the antecubital fossa at month 2
compared with infants who were unaffected at month 12. In
particular, commensal staphylococci were significantly less
abundant in infants affected at month 12, suggesting that this
genus might protect against the later development of AD.
Conclusions: This study suggests that 12-month-old infants with
ADwere not colonizedwith S aureus before having AD. Additional
studies are needed to confirm whether colonization with
commensal staphylococcimodulates skin immunity and attenuates
development of AD. (J Allergy Clin Immunol 2017;139:166-72.)

Key words: Staphylococcus aureus, atopic dermatitis, skin, micro-
biome, longitudinal birth cohort, 16S sequencing

Discuss this article on the JACI Journal Club blog: www.jaci-
online.blogspot.com.

Atopic dermatitis (AD) is a common inflammatory skin con-
dition that begins early in life. Patients with AD with established
disease experience frequent colonization and increased infections
with Staphylococcus aureus, as well as potentially life-
threatening eczema herpeticum with herpes simplex virus. The
hygiene hypothesis relates the development of atopic disorders
(AD, allergic rhinitis, and asthma) to reduced microbial exposure
at a young age.1 Epidemiologic studies examining the incidence
of asthma have linked exposure to farming environments to lower
rates of allergic disorders.2-4 However, the potential role of
microbe exposure in early childhood to the development of AD
and the subsequent atopic march toward the development of
allergic rhinitis and asthma remains to be elucidated.

There is significant interest in the potential effects of microbes
on the development of skin immunity, as well as disease.5-9

Recent work in mice has shown that cutaneous exposure to
commensal bacteria early in life can induce tolerance to these
microbes.6 Given these epidemiologic associations between envi-
ronmental exposure and development of atopic diseases, we
investigated the skin microbiome in a birth cohort. We analyzed
bacterial 16S rRNA gene sequences from swabs collected from
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TABLE I. Demographic data for study subjects

Healthy control Patients

J ALLERGY CLIN IMMUNOL

VOLUME 139, NUMBER 1

KENNEDY ET AL 167
Abbreviations used
subjects with AD
AD: A
topic dermatitis
Af: A
ntecubital fossa

Female/male sex 6/4 5/5
AMOVA: A
nalysis of molecular variance

Cesarean section/vaginal delivery 1/9 3/7
BASELINE: B

BF/FF/C 2/3/5 1/2/7
abies After SCOPE: Evaluating the Longitudinal

Impact Using Neurological and Nutritional Endpoints

Rural/urban 5/5 4/6
FLG: F
ilaggrin

Pet/no pet 5/5 3/7
Nt: N
asal tip

Emollient use (month 2), yes/no 2/8 6/4
OTU: O
perational taxonomic unit

Bathing frequency (month 2), 5/5 6/4
Pf: P
opliteal fossa

<_ weekly/> weekly

Antibiotic use (month 2), yes/no 1/9 1/9

Antibiotic use (6 mo), yes/no 5/5 3/7

TEWL

Day 2 9.668 6 0.776 9.749 6 0.618

Month 2 10.402 6 1.619 11.124 6 2.135

Month 6 11.412 6 2.149 10.08 6 1.342

BF, Breast-fed exclusively; C, combination feeding; FF, formula fed exclusively;
4 skin sites in infants in a birth cohort (Babies After SCOPE:
Evaluating the Longitudinal Impact Using Neurological and
Nutritional Endpoints [BASELINE]) at 3 different time points
to determine whether differences in the skin microbiome were
associated with AD development.
TEWL, transepidermal water loss.
METHODS

Study subjects
The Cork BASELINE Birth Cohort Study is the pediatric follow-on from

the Cork Centre for the Screening for Pregnancy Endpoints (SCOPE)

study.10,11 The Cork BASELINE Birth Cohort Study recruited within a white

Irish population in Cork, Ireland, from August 2009 to October 2011. These

women were subject to the inclusion criteria of the SCOPE study: low-risk

primigravidous mothers with singleton pregnancies who delivered at or near

term.Maternal consent was obtained at 20 weeks’ gestation and verified at de-

livery. Ethical approval for the Cork BASELINE Birth Cohort Study was

granted by the Clinical Research Ethics Committee of the Cork Teaching Hos-

pitals (ref ECM5 [9] 01/07/2008). TheBASELINE study is registeredwith the

US National Institutes of Health Clinical Trials Registry (http://www.clinical

trials.gov; ID: NCT01498965).

Clinical diagnosis of AD
All infants were assessed at birth and 2, 6, 12, and 24 months of age.

Assessment included parental questionnaires and physical examination.

Screening questions specific for AD were included in the questionnaires

administered at 2, 6, and 12months. ADwas diagnosed (at 6, 12, and 24months)

by experienced health care personnel using the UK Working Party Diagnostic

Criteria.12-14WhenADwaspresent, theSCORADclinical toolwas used toassess

severity.15,16 TheNottinghamEczema Severity Scorewas also used to assess AD

severity at 12months.17Demographic data and clinical details are shown inTable

I and Table E1 in this article’s Online Repository at www.jacionline.org.

Filaggrin genotyping
Cord blood samples were collected at birth and stored for analysis.

Filaggrin (FLG) genotyping was carried out on all study subjects with testing

for the 4 most common Irish/European mutations, as previously described.18

None of the subjects in this study were found to have FLG mutations.

Sampling for microbiome analysis
We randomly selected 50 infants from the birth cohort and obtained skin

swabs at day 2, month 2, and month 6. Skin samples and negative controls

were collected with premoistened swabs, as previously described.19 After all

infants had been assessed at 1 year, 10 infants with clinical AD at months 2, 6,

and/or 12 were selected for analysis as patients with AD. Healthy control sub-

jects were 10 infants without AD at any study time points selected at random.

Sample sites were selected based on the presentation of AD at different ages.

Cheeks are a site of AD predilection in infants, and the nasal tip (Nt) is typi-

cally spared. The antecubital fossa (Af) and popliteal fossa (Pf) are typical

sites of AD predilection in children and adolescents.
Sample processing/sequencing
16S rRNA V1-V3 sequencing was performed on swab samples, as

previously described.19 Swabs were incubated in Yeast Cell Lysis Solution

(MasterPure Kit, MPY80200; Epicentre, Madison, Wis) and Ready-Lyse So-

lution (R1802M, Epicentre) for 1 hour at 378C. Two 5-mm stainless steel

beads (Qiagen, Hilden, Germany) were added and processed in a TissueLyser

(Qiagen) for 2 minutes at 30 Hz. The solution was treated with MPC

Protein Precipitation Reagent (MasterPure Kit MPY80200, Epicentre) to

remove cellular debris. Subsequent steps were performed with the PureLink

Genomic DNA Kit (Invitrogen, Carlsbad, Calif). Barcoded primers

flanking V1 (27F, 59-AGAGTTTGATCCTGGCTCAG-39) and V3 (534R,

59-ATTACCGCGGCTGCTGG-39) were used for PCR. PCR products were

purified with the Agencourt AMPure XP Kit (A63880; Beckman Coulter,

Brea, Calif) and quantitated with the Quant-iT dsDNA High-Sensitivity Assay

Kit (Q33120, Invitrogen); equivalent amounts of these PCR products were

pooled, purified with a Qiagen MinElute column (28004, Qiagen) into 30 mL

of TE buffer (10 mM Tris$Cl, 1 mM EDTA, pH 8.0), and sequenced at

the National Institutes of Health Intramural Sequencing Center on a 454 GS

FLX (Roche, Mannheim, Germany) platform. Reagents and collection

procedure controls were tested and demonstrated no significant background

contamination.
Data analysis
Sequences were preprocessed with mothur version 1.35.1.20 Briefly, 454

flowgram data were trimmed and denoised, and chimera checking was

completed with the mothur implementation of UCHIME.21 Sequences were

classified by using the Ribosomal Database Project naive Bayesian classifier.22

Sequences classified as chloroplast or mitochondria were discarded. Site-

specific definition of operational taxonomic units (OTUs; groups of sequences

that share a specific level of similarity) and downstreamanalyseswas performed

in mothur. Within the samples from each time point or site, pairwise distances

were calculated, and OTUs were defined at 97% nucleotide similarity.

Within-sample (Shannon diversity) and between-sample (theta index) measure-

ments were performed based on these OTU definitions, with subsampling to

1000 sequences per sample.23Rarefaction curves level off by this value, suggest-

ing adequate sequencing coverage; any sampleswith fewer than 1000 sequences

after preprocessing were removed from analysis (see Fig E1 in this article’s

Online Repository at www.jacionline.org). Differentially abundant OTUs

were detected by using the metastats command in mothur.

The sequences classified to the Staphylococcus genus by using the RDP

naive Bayesian classifier were then placed on a phylogenetic reference tree

using ‘‘-keep-at-most 1000 max-pitches 1000.’’ Taxonomy was assigned by

using the guppy program in pplacer,24 with a likelihood cutoff set to 0.65,

as previously described.19
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Statistics
All data analysis was performed in R software; results are presented as

means 6 SEMs, unless otherwise indicated. Ninety-five percent CIs were

estimated. Post hoc tests (ie, pairwise comparisons in analysis of molecular

variance [AMOVA]) were adjusted by using Bonferroni correction. For detec-

tion of differentially abundant OTUs, Metastats results are filtered for OTUs

with a mean abundance of 0.05% or greater, and P values were calculated

by using a false discovery rate adjustment.
−0.8
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0.0

−1.0 −0.5 0.0 0.5

PC1 = 15.43%
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FIG 1. Site specificity of bacterial community composition. All samples at

day 2 were clustered by using principal coordinates analysis based on theta

similarity coefficients. At day 2, Af and Pf clustered together (P 5 1,

AMOVA), as did cheeks (Ch) and Nt (P 5 1), but each clustered distinctly

from the other site pair (P < .006). P values were adjusted with Bonferroni

correction (n 5 6).
RESULTS

Site-specific bacterial colonization patterns
Because different skin microenvironments and anatomic re-

gions harbor distinct microbial communities in adults and older
children,25,26 we initially compared the major bacterial taxa pre-
sent at the 4 sites on infants. Relative abundances of these bacte-
rial taxa showed differences between the 2 facial sites (cheeks and
Nt) and the extremity sites (Af and Pf, see Fig E2 in this article’s
Online Repository at www.jacionline.org). Calculation of differ-
entially abundant species between the site types confirmed that
Staphylococcus species were relativelymore abundant on extrem-
ity sites at all time points and Gemella species were relatively
more abundant on facial sites. Other taxa were only differentially
represented at some time points, with facial sites higher inPropio-
nibacterium species at day 2 and Streptococcus species at later
time points (see Table E2 in this article’s Online Repository at
www.jacionline.org).

We validated these findings with biodiversity calculations,
examining samples from each time point. We analyzed how
similar the bacterial community structures were between the
samples using the theta similarity index, which accounts for both
the presence and proportion of bacterial species.23 A theta index
value of 1 indicates that the 2 bacterial communities have iden-
tical structures; a value of 0 indicates maximal dissimilarity. In
principal coordinates analyses based on these theta values, sam-
ples that are more similar to each other cluster more closely
together. At each time point, the facial site samples clustered
together (P > .05, AMOVA) but are distinctly separate from the
extremity site samples (P < .006). The extremity sites clustered
together at day 2 and month 2 but had different centroids at month
6 (P <_.006, Fig 1 and see Fig E3 in this article’s Online Repository
at www.jacionline.org).
Changes in bacterial colonization over time
Skinmicrobiomes differ between children and adults; however,

studies with longitudinal skin sampling in infants are infre-
quent.27,28 Alterations in skin bacterial abundances at different
sampling time points were apparent in our cohort (see Fig E4 in
this article’s Online Repository at www.jacionline.org). For
each skin site, the bacterial community structures showed striking
shifts based on the sampling time point (Fig 2, A and B, and see
Fig E5 in this article’s Online Repository at www.jacionline.
org). At both extremity sites, the samples clustered separately be-
tween day 2 and month 6 (P 5 .024 for Af and P 5 .003 for Pf,
AMOVA). For both facial sites, day 2 and month 6 samples clus-
tered significantly (P <.003 for each), as did those betweenmonth
2 and month 6 (P < .003 at the cheeks and P 5 .06 at Nt).

To examine interpersonal variation, we calculated the mean
similarity between samples at a single site and time point. For
both facial sites, bacterial communities between subjects were
most similar at month 6, converging to a more common bacterial
population across subjects. Extremity sites did not present this
same pattern; instead, the most similar bacterial community
structures were observed at month 2 (Fig 2, C).

We analyzed the bacterial diversity of all samples by using the
Shannon diversity index (a higher value signifies more taxonomic
groups, a more even distribution of these groups, or both). At each
time point, diversity was similar between Af, cheeks, and Nt
(P > .05, Wilcoxon rank sum test; Fig 3 and see Table E3 in this
article’s Online Repository at www.jacionline.org). Pf had a sub-
stantially altered pattern, significantly different from the other
sites at all time points, except Af at day 2. At the facial sites, bac-
terial diversity increased significantly over the time studied
(P < .001 for each site between day 2 and month 6, Wilcoxon
rank sum test; see Table E3). Combined with the increasingly
similar bacterial community structures on the face, this suggests
that over time, the microbial population converges and stabilizes
at facial sites. Samples from the Af also significantly increased in
diversity between the time points (P 5 .033).
Colonization of Af with commensal staphylococci at

month 2 is associated with decreased incidence of

AD at 1 year
To identify any bacterial differences associated with AD in this

cohort, we compared infants with AD at any time within the first
year of life versus control subjects for each site and sampling
time. At all time points, the bacterial community structures of
infants with AD at any time within the first year of life did not
cluster separately from control infants, and no significant
differences in Shannon diversity were identified between the
groups. Because the patients had clinical disease presenting at
different time points (see Table E1), we also compared samples
based on whether the subjects presented with disease at each
time point. Overall, there was almost no distinction between

http://www.jacionline.org
http://www.jacionline.org
http://www.jacionline.org
http://www.jacionline.org
http://www.jacionline.org
http://www.jacionline.org
http://www.jacionline.org


FIG 2. Skin microbial communities in infants undergo site-specific shifts in composition with age. A, Af

samples clustered by using principal coordinates analysis based on theta similarity coefficients. By using

AMOVA, samples clustered distinctly between day 2 and month 6 (P 5 .024) but not significantly between

month 2 andmonth 6 (P5 .12) or between day 2 andmonth 2 (P5 .21). B, Cheek samples clustered by using

principal coordinates analysis based on theta similarity coefficients. By using AMOVA, samples clustered

significantly between day 2 and month 6 (P < .003) and between month 2 and month 6 (P < .003) but not

between day 2 and month 2 (P5 .102). C,Mean theta similarity coefficients of comparisons within samples

of each time point. Higher theta values signify greater similarity. *P < .05 and ***P < .001, Wilcoxon rank

sum test. Post hoc P values were adjusted with the Bonferroni correction (n 5 3). Ch, Cheeks; PC, principal
component.
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FIG 3. Changes in bacterial biodiversity with age. Mean Shannon diversity,

calculated based on the richness and evenness of taxa within the

community, at each time point is shown. *P < .05, **P < .01, and

***P < .001. Ch, Cheeks; PC, principal component.
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affected and unaffected samples in within- or between-sample di-
versity, either before or at the time point when the patients were
affected (see Tables E3 and E4 in this article’s Online Repository
at www.jacionline.org).

Interestingly, the month 2 Af samples demonstrated statisti-
cally significant clustering grouped by those infants who went on
to be affected at month 12 in this study (P 5 .003, AMOVA).
OTU-based analysis suggested that a single OTU was differen-
tially abundant between the groups; this OTU was classified as
Staphylococcus (Fig 4, A). When considering all sequences clas-
sified to the Staphylococcus genus, the relative abundances were
significantly different between the 2 groups, with subjects who
went on to be affected colonized by significantly less staphylo-
cocci (mean, 0.065; 95% CI, 0.035-0.094) compared with those
who went on to be unaffected (mean, 0.495; 95% CI, 0.458-
0.531; P < .003, Wilcoxon rank sum test; Fig 4, B).

Given the specific association between S aureus and AD flares,
we classified the Staphylococcus sequences to the species level; in
these samples the most prevalent species were Staphylococcus
epidermidis and Staphylococcus cohnii (Fig 4, C). In contrast
to older patients with AD or patients with more severe AD,29

essentially no S aureus sequences were present in the samples
in our cohort, even at the sites and times that patients were
affected (see Figs E6 and E7 in this article’s Online Repository
at www.jacionline.org). There were no statistically significant
differences within individual Staphylococcus species levels in
the month 2 Af samples between the later-affected and later-
unaffected samples.

Birth method and feeding method have little effect

on skin microbiota
Differences have previously been reported between the skin

microbiota of infants born by means of cesarean section versus
vaginal birth.28 We investigated whether birth method was asso-
ciated with differences in the skin microbiota in our cohort. There
was no clustering of samples at any site or time point based on
birth method, except Af samples at day 2 (see Fig E8, A and B,
in this article’s Online Repository at www.jacionline.org). Shan-
non diversity was similar between the 2 birth methods as well (see
Fig E8, C). Feeding method has been associated with differences
in the intestinal microbiome composition of infants.30,31 Howev-
er, feeding method (breast, formula, or combination) and sex did
not affect skin bacterial colonization patterns in this cohort (see
Tables E3 and E4).

http://www.jacionline.org
http://www.jacionline.org
http://www.jacionline.org


FIG 4. Afmicrobial community differences predate AD presentation. A,Month 2 Af samples were examined

by using principal coordinates analysis of the theta similarity coefficient. Samples were clustered by those

that went on to be affected at month 12 and those that were unaffected at month 12 (P 5 .003, AMOVA). B,

Relative abundance of major taxa. Subjects who went on to be affected at month 12 had significantly lower

proportions of Staphylococcus species than those who went on to be unaffected (P 5 .008, Wilcoxon rank

sum test). C, Relative abundance of staphylococcal species. S aureus was essentially absent in these com-

munities. PC, Principal component.
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DISCUSSION
Although infections with S aureus and herpes simplex virus can

complicate the course of established AD, the role of microbes in
the cause, genesis, and pathogenesis of AD remains unclear.
Recent murine studies have shown that cutaneous microbes can
influence the development of skin immunity and disease.5,6,9

Determining whether cutaneous microbes play a role in the initi-
ation of AD could provide an opportunity to reduce the develop-
ment of atopic disorders. To investigate the skin microbiome in
infants before the development of AD, we used 16S rRNA gene
sequencing of skin samples from a birth cohort and determined
that shifts occur in the skin microbiome over the first 6 months
of life, with site-specific bacterial communities changing in
composition and diversity over time. We also identified a differ-
ence in staphylococcal colonization at a site of AD predilection
that predates the presentation of disease, with patients who went
on to be affected at a later date colonized by fewer Staphylococcus
species. Birth method and feeding method did not appear to affect
skin bacterial communities at the sites and time points studied in
this cohort, but other studies are needed to confirm these findings.

Prior studies of human skin have shown that skin microbial
communities are site specific.32,33 Although there is heterogene-
ity of bacterial communities across the skin surface, specific
skin sites in different subjects often share common patterns of
bacterial composition. This biogeography of the skin microbiome
has been observed in older children and adults.26,34 In previous in-
fant skin microbiome studies, site-specific differences were not
evident in the first 3 months of life because infants were studied
at a single time point immediately after delivery or were sampled
at a single time point and analyzed in age cohorts of 1 to 3, 4 to 6,
and 6 to 12 months.27,28 The present study differed by sampling
the same cohort of infants over a 6-month interval (day 2, month
2, and month 6) and observed site-specific differences as early as
the second day of life, a time point not previously investigated.
The bacterial diversity of 1 skin site, the Pf, shifted at time points
differentially from the 3 other sites studied. Because this specific
skin site has not been examined in a cohort this young, the results
might be related to a unique aspect of infant skin physiology,
exposure, or both or specific to this cohort. Interestingly, the
body site differences in bacterial communities also reflect
observed site differences in immune cell density and composition
from human skin.35-38 Investigating site-specific differences in
host-microbial interactions can enhance our understanding of
the predilection of certain skin regions for dermatologic diseases.

In addition to the biogeography of the skin microbiome, skin
bacterial communities can shift significantly during different
periods of the lifecycle, such as puberty.26 The physiology of in-
fant skin changes over the first year of life, with alterations in stra-
tum corneum hydration, skin pH, and sebum production.39 In this
study the shifts in skin bacterial communities in the first months of
lifewere the inverse of skinmicrobiome alterations that have been
observed later in childhood. The increasing Shannon diversity
observed in the first year of life in this infant cohort supports pre-
vious work that showed increased evenness or similar numbers in
each taxa in bacterial communities from 3 skin sites in a cross-
sectional study.27 During puberty, significant shifts in skin bacte-
rial communities likely reflect the changes in skin physiology and
systemic hormones.26 Changes in the skin microbiome observed
in these infants potentially reflect the influences of waning
maternal hormones, as well as the continued development of in-
fant skin. For example, lipophilic Propionibacterium species
are relatively abundant on the facial sites at neonatal day 2 but
decrease substantially at later time points. This corresponds to
the high sebaceous activity triggered by maternal hormones in
the first days of life, which wane significantly in the weeks after
birth.40 These findings lead to additional questions, including
whether neonatal skin disorders, such as cephalic pustulosis
(also known as neonatal acne), attributed to maternal hormones
potentially might also be affected by alterations in skin bacteria.

A previous study in mice reported that having antigen-specific
tolerance to commensals depends on early colonization, suggest-
ing that there is a ‘‘critical window’’ for inducing regulatory
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T cells, which prevent a later inflammatory response to these
bacteria.6 Scharschmidt et al6 showed that application of a
commensal species of Staphylococcus on neonatal skin induced
these immunomodulatory effects. The relatively low abundance
of pathogenic staphylococcal species on theAf of 2-month-old in-
fants who later had AD at 12 months of age is intriguing in the
context of this prior work in mice. Whether cutaneous exposure
to commensal staphylococci during early infancy can have a
similar effect remains unknown, and further investigation is
needed to understand whether this might influence the develop-
ment of AD. The absence of S aureus in AD lesions of this cohort
was somewhat surprising, given that this species is associated
with AD.29,41-43 A culture-based analysis of infant skin demon-
strated S aureus colonization in approximately 21% ofAD lesions
among infants in their first year of life.44 The differences might be
related to inherent differences in the study populations and/or the
severity of sampled skin lesions between the study groups.

Differences in birth method have been studied in relation to the
incidence of atopy and the neonatal skin microbiome.28,45 An
earlier study showed skin microbiome differences based on birth
method in neonates sampled a few minutes after delivery. The
small sample size and rare number of cesarean deliveries in the
current study potentially contribute to the lack of statistically sig-
nificant differences between the skin microbiota of infants born
vaginally or bymeans of cesarean section at the earliest time point
in this study, day 2 of life. Although this study analyzed different
sites over a longer timeframe than the previous work, a larger
study would be needed to address this question. Birth method
might determine skin colonization very early in life; however,
environmental exposures and skin physiology might predominate
in shaping bacterial communities after this initial delivery. The
skin barrier and FLG mutations are additional aspects of skin
physiology that have been studied in relation to atopy. Although
approximately 10% of subjects in BASELINE publications and
the Irish population have FLG mutations, the current cohort had
fewer FLG mutations than expected because of sampling effects.
Because a large proportion of patients with AD do not carry FLG-
null alleles, the results in the current cohort avoid the potential ef-
fects of FLG mutations and remain relevant to AD. With interest
in the potential immunologic effects of neonatal exposures to skin
microbes,6,46 characterizing the early skin microbiome in neo-
nates with and without FLG mutations and the timeframe for
possible development of immune tolerance would be of signifi-
cant clinical importance.

There are increasing efforts to understand the potential relation-
ship between the skin microbial landscape and the development of
skin immunity and human disease. Early studies of the skin
microbiome will identify possible associations between specific
microbes and human health and disease, but extensive further
research will be required to unravel the pathophysiology and key
mechanisms involved. Longitudinal sampling of the same subjects
as internal controls and the initiation of sampling soon after birth
were features of this study that improve the ability to identify
distinct microbial patterns that could provide insight into the skin
microbial milieu before the development of skin disease. As a
result, we were able to define the site specificity and longitudinal
shifts of the skin microbiome in the first 6 months of life, as well as
the difference in relative abundances of commensal staphylococci
before the development of AD. Additional investigations are
needed to test whether site-specific differences in skin microbes
influence the development of AD.
We thank Sean Conlan and Weng-Ian Ng for their underlying efforts, the

NISC Comparative Sequencing Program for sequencing, and Mark C. Udey

for discussions. This work used the computational resources of the National

Institutes of Health HPC Biowulf cluster (http://hpc.nih.gov).

Clinical implications: S aureus colonization was absent in in-
fants with AD. Colonization by commensal staphylococcal spe-
cies might protect against eczema.
REFERENCES

1. Strachan DP. Hay fever, hygiene, and household size. BMJ 1989;299:1259-60.

2. Braun-Fahrlander C, Gassner M, Grize L, Neu U, Sennhauser FH, Varonier HS,

et al. Prevalence of hay fever and allergic sensitization in farmer’s children and

their peers living in the same rural community. SCARPOL team. Swiss Study

on Childhood Allergy and Respiratory Symptoms with Respect to Air Pollution.

Clin Exp Allergy 1999;29:28-34.

3. Riedler J, Braun-Fahrlander C, Eder W, Schreuer M, Waser M, Maisch S, et al.

Exposure to farming in early life and development of asthma and allergy: a

cross-sectional survey. Lancet 2001;358:1129-33.

4. Riedler J, Eder W, Oberfeld G, Schreuer M. Austrian children living on a farm

have less hay fever, asthma and allergic sensitization. Clin Exp Allergy 2000;30:

194-200.

5. Naik S, Bouladoux N, Wilhelm C, Molloy MJ, Salcedo R, Kastenmuller W, et al.

Compartmentalized control of skin immunity by resident commensals. Science

2012;337:1115-9.

6. Scharschmidt TC, Vasquez KS, Truong HA, Gearty SV, Pauli ML, Nosbaum A,

et al. A wave of regulatory T cells into neonatal skin mediates tolerance to

commensal microbes. Immunity 2015;43:1011-21.

7. Jiang X, Clark RA, Liu L, Wagers AJ, Fuhlbrigge RC, Kupper TS. Skin infection

generates non-migratory memory CD81 T(RM) cells providing global skin immu-

nity. Nature 2012;483:227-31.

8. Sanford JA, Gallo RL. Functions of the skin microbiota in health and disease.

Semin Immunol 2013;25:370-7.

9. Kobayashi T, Glatz M, Horiuchi K, Kawasaki H, Akiyama H, Kaplan DH, et al.

Dysbiosis and Staphylococcus aureus colonization drives inflammation in atopic

dermatitis. Immunity 2015;42:756-66.

10. Welcome to the BASELINE study. 2008. Available at: http://www.baselinestudy.

net/. Accessed June 2016.

11. SCOPE Consortium and MedSciNet AB. 2004. Available at: http://www.

scopestudy.net/. Accessed June 2016.

12. Williams HC, Burney PG, Hay RJ, Archer CB, Shipley MJ, Hunter JJ, et al. The

U.K. Working Party’s Diagnostic Criteria for Atopic Dermatitis. I. Derivation of a

minimum set of discriminators for atopic dermatitis. Br J Dermatol 1994;131:

383-96.

13. Williams HC, Burney PG, Pembroke AC, Hay RJ. The U.K. Working Party’s Diag-

nostic Criteria for Atopic Dermatitis. III. Independent hospital validation. Br J Der-

matol 1994;131:406-16.

14. Williams HC, Burney PG, Strachan D, Hay RJ. The U.K. Working Party’s Diag-

nostic Criteria for Atopic Dermatitis. II. Observer variation of clinical diagnosis

and signs of atopic dermatitis. Br J Dermatol 1994;131:397-405.

15. Severity scoring of atopic dermatitis: the SCORAD index. Consensus Report of the

European Task Force on Atopic Dermatitis. Dermatology 1993;186:23-31.

16. Kunz B, Oranje AP, Labreze L, Stalder JF, Ring J, Taieb A. Clinical validation and

guidelines for the SCORAD index: consensus report of the European Task Force on

Atopic Dermatitis. Dermatology 1997;195:10-9.

17. Emerson RM, Charman CR, Williams HC. The Nottingham Eczema Severity

Score: preliminary refinement of the Rajka and Langeland grading. Br J Dermatol

2000;142:288-97.

18. Sandilands A, Terron-Kwiatkowski A, Hull PR, O’Regan GM, Clayton TH, Wat-

son RM, et al. Comprehensive analysis of the gene encoding filaggrin uncovers

prevalent and rare mutations in ichthyosis vulgaris and atopic eczema. Nat Genet

2007;39:650-4.

19. Oh J, Freeman AF, Park M, Sokolic R, Candotti F, Holland SM, et al, NISC

Comparative Sequencing Program. The altered landscape of the human skin micro-

biome in patients with primary immunodeficiencies. Genome Res 2013;23:

2103-14.

20. Schloss PD, Westcott SL, Ryabin T, Hall JR, Hartmann M, Hollister EB, et al.

Introducing mothur: open-source, platform-independent, community-supported

software for describing and comparing microbial communities. Appl Environ Mi-

crobiol 2009;75:7537-41.

21. Edgar RC, Haas BJ, Clemente JC, Quince C, Knight R. UCHIME improves sensi-

tivity and speed of chimera detection. Bioinformatics 2011;27:2194-200.

http://hpc.nih.gov
http://refhub.elsevier.com/S0091-6749(16)30893-4/sref1
http://refhub.elsevier.com/S0091-6749(16)30893-4/sref2
http://refhub.elsevier.com/S0091-6749(16)30893-4/sref2
http://refhub.elsevier.com/S0091-6749(16)30893-4/sref2
http://refhub.elsevier.com/S0091-6749(16)30893-4/sref2
http://refhub.elsevier.com/S0091-6749(16)30893-4/sref2
http://refhub.elsevier.com/S0091-6749(16)30893-4/sref3
http://refhub.elsevier.com/S0091-6749(16)30893-4/sref3
http://refhub.elsevier.com/S0091-6749(16)30893-4/sref3
http://refhub.elsevier.com/S0091-6749(16)30893-4/sref4
http://refhub.elsevier.com/S0091-6749(16)30893-4/sref4
http://refhub.elsevier.com/S0091-6749(16)30893-4/sref4
http://refhub.elsevier.com/S0091-6749(16)30893-4/sref5
http://refhub.elsevier.com/S0091-6749(16)30893-4/sref5
http://refhub.elsevier.com/S0091-6749(16)30893-4/sref5
http://refhub.elsevier.com/S0091-6749(16)30893-4/sref6
http://refhub.elsevier.com/S0091-6749(16)30893-4/sref6
http://refhub.elsevier.com/S0091-6749(16)30893-4/sref6
http://refhub.elsevier.com/S0091-6749(16)30893-4/sref7
http://refhub.elsevier.com/S0091-6749(16)30893-4/sref7
http://refhub.elsevier.com/S0091-6749(16)30893-4/sref7
http://refhub.elsevier.com/S0091-6749(16)30893-4/sref7
http://refhub.elsevier.com/S0091-6749(16)30893-4/sref8
http://refhub.elsevier.com/S0091-6749(16)30893-4/sref8
http://refhub.elsevier.com/S0091-6749(16)30893-4/sref9
http://refhub.elsevier.com/S0091-6749(16)30893-4/sref9
http://refhub.elsevier.com/S0091-6749(16)30893-4/sref9
http://www.baselinestudy.net/
http://www.baselinestudy.net/
http://www.scopestudy.net/
http://www.scopestudy.net/
http://refhub.elsevier.com/S0091-6749(16)30893-4/sref12
http://refhub.elsevier.com/S0091-6749(16)30893-4/sref12
http://refhub.elsevier.com/S0091-6749(16)30893-4/sref12
http://refhub.elsevier.com/S0091-6749(16)30893-4/sref12
http://refhub.elsevier.com/S0091-6749(16)30893-4/sref13
http://refhub.elsevier.com/S0091-6749(16)30893-4/sref13
http://refhub.elsevier.com/S0091-6749(16)30893-4/sref13
http://refhub.elsevier.com/S0091-6749(16)30893-4/sref14
http://refhub.elsevier.com/S0091-6749(16)30893-4/sref14
http://refhub.elsevier.com/S0091-6749(16)30893-4/sref14
http://refhub.elsevier.com/S0091-6749(16)30893-4/sref15
http://refhub.elsevier.com/S0091-6749(16)30893-4/sref15
http://refhub.elsevier.com/S0091-6749(16)30893-4/sref16
http://refhub.elsevier.com/S0091-6749(16)30893-4/sref16
http://refhub.elsevier.com/S0091-6749(16)30893-4/sref16
http://refhub.elsevier.com/S0091-6749(16)30893-4/sref17
http://refhub.elsevier.com/S0091-6749(16)30893-4/sref17
http://refhub.elsevier.com/S0091-6749(16)30893-4/sref17
http://refhub.elsevier.com/S0091-6749(16)30893-4/sref18
http://refhub.elsevier.com/S0091-6749(16)30893-4/sref18
http://refhub.elsevier.com/S0091-6749(16)30893-4/sref18
http://refhub.elsevier.com/S0091-6749(16)30893-4/sref18
http://refhub.elsevier.com/S0091-6749(16)30893-4/sref19
http://refhub.elsevier.com/S0091-6749(16)30893-4/sref19
http://refhub.elsevier.com/S0091-6749(16)30893-4/sref19
http://refhub.elsevier.com/S0091-6749(16)30893-4/sref19
http://refhub.elsevier.com/S0091-6749(16)30893-4/sref20
http://refhub.elsevier.com/S0091-6749(16)30893-4/sref20
http://refhub.elsevier.com/S0091-6749(16)30893-4/sref20
http://refhub.elsevier.com/S0091-6749(16)30893-4/sref20
http://refhub.elsevier.com/S0091-6749(16)30893-4/sref21
http://refhub.elsevier.com/S0091-6749(16)30893-4/sref21


J ALLERGY CLIN IMMUNOL

JANUARY 2017

172 KENNEDY ET AL
22. Wang Q, Garrity GM, Tiedje JM, Cole JR. Naive Bayesian classifier for rapid

assignment of rRNA sequences into the new bacterial taxonomy. Appl Environ Mi-

crobiol 2007;73:5261-7.

23. Yue JC, Clayton MK. A similarity measure based on species proportions. Commun

Stat Theory Methods 2005;34:2123-31.

24. Matsen FA, Kodner RB, Armbrust EV. pplacer: linear time maximum-likelihood

and Bayesian phylogenetic placement of sequences onto a fixed reference tree.

BMC Bioinformatics 2010;11:538.

25. Grice EA, Kong HH, Conlan S, Deming CB, Davis J, Young AC, et al, NISC

Comparative Sequencing Program. Topographical and temporal diversity of the hu-

man skin microbiome. Science 2009;324:1190-2.

26. Oh J, Conlan S, Polley EC, Segre JA, Kong HH. Shifts in human skin and nares

microbiota of healthy children and adults. Genome Med 2012;4:77.

27. Capone KA, Dowd SE, Stamatas GN, Nikolovski J. Diversity of the human skin

microbiome early in life. J Invest Dermatol 2011;131:2026-32.

28. Dominguez-Bello MG, Costello EK, Contreras M, Magris M, Hidalgo G, Fierer N,

et al. Delivery mode shapes the acquisition and structure of the initial microbiota

across multiple body habitats in newborns. Proc Natl Acad Sci U S A 2010;107:

11971-5.

29. Kong HH, Oh J, Deming C, Conlan S, Grice EA, Beatson MA, et al. Temporal

shifts in the skin microbiome associated with disease flares and treatment in chil-

dren with atopic dermatitis. Genome Res 2012;22:850-9.

30. Madan JC, Hoen AG, Lundgren SN, Farzan SF, Cottingham KL, Morrison HG,

et al. Association of cesarean delivery and formula supplementation with the intes-

tinal microbiome of 6-week-old infants. JAMA Pediatr 2016;170:212-9.

31. JakobssonHE, Abrahamsson TR, JenmalmMC,Harris K, Quince C, Jernberg C, et al.

Decreased gut microbiota diversity, delayed Bacteroidetes colonisation and reduced

Th1 responses in infants delivered by caesarean section. Gut 2014;63:559-66.

32. Costello EK, Lauber CL, Hamady M, Fierer N, Gordon JI, Knight R. Bacterial

community variation in human body habitats across space and time. Science

2009;326:1694-7.

33. Grice EA, KongHH, Conlan S, Deming CB, Davis J, Young AC, et al. Topographical

and temporal diversity of the human skin microbiome. Science 2009;324:1190-2.
34. Oh J, Byrd AL, Deming C, Conlan S, Kong HH, Segre JA, et al, NISC Comparative

Sequencing Program. Biogeography and individuality shape function in the human

skin metagenome. Nature 2014;514:59-64.

35. Omine Y, Hinata N, Yamamoto M, Kasahara M, Matsunaga S, Murakami G, et al.

Regional differences in the density of Langerhans cells, CD8-positive T lympho-

cytes and CD68-positive macrophages: a preliminary study using elderly donated

cadavers. Anat Cell Biol 2015;48:177-87.

36. Weber A, Knop J, Maurer M. Pattern analysis of human cutaneous mast cell pop-

ulations by total body surface mapping. Br J Dermatol 2003;148:224-8.

37. Grimbaldeston MA, Simpson A, Finlay-Jones JJ, Hart PH. The effect of ultraviolet

radiation exposure on the prevalence of mast cells in human skin. Br J Dermatol

2003;148:300-6.

38. Thomas JA, Biggerstaff M, Sloane JP, Easton DF. Immunological and histochemi-

cal analysis of regional variations of epidermal Langerhans cells in normal human

skin. Histochem J 1984;16:507-19.

39. Fluhr JW, Darlenski R, Taieb A, Hachem JP, Baudouin C, Msika P, et al. Functional

skin adaptation in infancy—almost complete but not fully competent. Exp Derma-

tol 2010;19:483-92.

40. Agache P, Blanc D, Barrand C, Laurent R. Sebum levels during the first year of life.

Br J Dermatol 1980;103:643-9.

41. Leyden JJ, Marples RR, Kligman AM. Staphylococcus aureus in the lesions of

atopic dermatitis. Br J Dermatol 1974;90:525-30.

42. Leung DY, Guttman-Yassky E. Deciphering the complexities of atopic dermatitis:

shifting paradigms in treatment approaches. J Allergy Clin Immunol 2014;134:

769-79.

43. Bieber T. Atopic dermatitis. N Engl J Med 2008;358:1483-94.

44. Skov L, Halkjaer LB, Agner T, Frimodt-Moller N, Jarlov JO, Bisgaard H. Neonatal

colonization with Staphylococcus aureus is not associated with development of

atopic dermatitis. Br J Dermatol 2009;160:1286-91.

45. Bager P, Wohlfahrt J, Westergaard T. Caesarean delivery and risk of atopy and

allergic disease: meta-analyses. Clin Exp Allergy 2008;38:634-42.

46. Nagao K, Segre JA. ‘‘Bringing up baby’’ to tolerate germs. Immunity 2015;43:

842-4.

http://refhub.elsevier.com/S0091-6749(16)30893-4/sref22
http://refhub.elsevier.com/S0091-6749(16)30893-4/sref22
http://refhub.elsevier.com/S0091-6749(16)30893-4/sref22
http://refhub.elsevier.com/S0091-6749(16)30893-4/sref23
http://refhub.elsevier.com/S0091-6749(16)30893-4/sref23
http://refhub.elsevier.com/S0091-6749(16)30893-4/sref24
http://refhub.elsevier.com/S0091-6749(16)30893-4/sref24
http://refhub.elsevier.com/S0091-6749(16)30893-4/sref24
http://refhub.elsevier.com/S0091-6749(16)30893-4/sref25
http://refhub.elsevier.com/S0091-6749(16)30893-4/sref25
http://refhub.elsevier.com/S0091-6749(16)30893-4/sref25
http://refhub.elsevier.com/S0091-6749(16)30893-4/sref26
http://refhub.elsevier.com/S0091-6749(16)30893-4/sref26
http://refhub.elsevier.com/S0091-6749(16)30893-4/sref27
http://refhub.elsevier.com/S0091-6749(16)30893-4/sref27
http://refhub.elsevier.com/S0091-6749(16)30893-4/sref28
http://refhub.elsevier.com/S0091-6749(16)30893-4/sref28
http://refhub.elsevier.com/S0091-6749(16)30893-4/sref28
http://refhub.elsevier.com/S0091-6749(16)30893-4/sref28
http://refhub.elsevier.com/S0091-6749(16)30893-4/sref29
http://refhub.elsevier.com/S0091-6749(16)30893-4/sref29
http://refhub.elsevier.com/S0091-6749(16)30893-4/sref29
http://refhub.elsevier.com/S0091-6749(16)30893-4/sref30
http://refhub.elsevier.com/S0091-6749(16)30893-4/sref30
http://refhub.elsevier.com/S0091-6749(16)30893-4/sref30
http://refhub.elsevier.com/S0091-6749(16)30893-4/sref31
http://refhub.elsevier.com/S0091-6749(16)30893-4/sref31
http://refhub.elsevier.com/S0091-6749(16)30893-4/sref31
http://refhub.elsevier.com/S0091-6749(16)30893-4/sref32
http://refhub.elsevier.com/S0091-6749(16)30893-4/sref32
http://refhub.elsevier.com/S0091-6749(16)30893-4/sref32
http://refhub.elsevier.com/S0091-6749(16)30893-4/sref33
http://refhub.elsevier.com/S0091-6749(16)30893-4/sref33
http://refhub.elsevier.com/S0091-6749(16)30893-4/sref34
http://refhub.elsevier.com/S0091-6749(16)30893-4/sref34
http://refhub.elsevier.com/S0091-6749(16)30893-4/sref34
http://refhub.elsevier.com/S0091-6749(16)30893-4/sref35
http://refhub.elsevier.com/S0091-6749(16)30893-4/sref35
http://refhub.elsevier.com/S0091-6749(16)30893-4/sref35
http://refhub.elsevier.com/S0091-6749(16)30893-4/sref35
http://refhub.elsevier.com/S0091-6749(16)30893-4/sref36
http://refhub.elsevier.com/S0091-6749(16)30893-4/sref36
http://refhub.elsevier.com/S0091-6749(16)30893-4/sref37
http://refhub.elsevier.com/S0091-6749(16)30893-4/sref37
http://refhub.elsevier.com/S0091-6749(16)30893-4/sref37
http://refhub.elsevier.com/S0091-6749(16)30893-4/sref38
http://refhub.elsevier.com/S0091-6749(16)30893-4/sref38
http://refhub.elsevier.com/S0091-6749(16)30893-4/sref38
http://refhub.elsevier.com/S0091-6749(16)30893-4/sref39
http://refhub.elsevier.com/S0091-6749(16)30893-4/sref39
http://refhub.elsevier.com/S0091-6749(16)30893-4/sref39
http://refhub.elsevier.com/S0091-6749(16)30893-4/sref40
http://refhub.elsevier.com/S0091-6749(16)30893-4/sref40
http://refhub.elsevier.com/S0091-6749(16)30893-4/sref41
http://refhub.elsevier.com/S0091-6749(16)30893-4/sref41
http://refhub.elsevier.com/S0091-6749(16)30893-4/sref42
http://refhub.elsevier.com/S0091-6749(16)30893-4/sref42
http://refhub.elsevier.com/S0091-6749(16)30893-4/sref42
http://refhub.elsevier.com/S0091-6749(16)30893-4/sref43
http://refhub.elsevier.com/S0091-6749(16)30893-4/sref44
http://refhub.elsevier.com/S0091-6749(16)30893-4/sref44
http://refhub.elsevier.com/S0091-6749(16)30893-4/sref44
http://refhub.elsevier.com/S0091-6749(16)30893-4/sref45
http://refhub.elsevier.com/S0091-6749(16)30893-4/sref45
http://refhub.elsevier.com/S0091-6749(16)30893-4/sref46
http://refhub.elsevier.com/S0091-6749(16)30893-4/sref46
http://refhub.elsevier.com/S0091-6749(16)30893-4/sref46
http://refhub.elsevier.com/S0091-6749(16)30893-4/sref46

	Skin microbiome before development of atopic dermatitis: Early colonization with commensal staphylococci at 2 months is ass ...
	Methods
	Study subjects
	Clinical diagnosis of AD
	Filaggrin genotyping
	Sampling for microbiome analysis
	Sample processing/sequencing
	Data analysis
	Statistics

	Results
	Site-specific bacterial colonization patterns
	Changes in bacterial colonization over time
	Colonization of Af with commensal staphylococci at month 2 is associated with decreased incidence of AD at 1 year
	Birth method and feeding method have little effect on skin microbiota

	Discussion
	References


