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Background:A critical window in infancy has been proposed, duringwhich themicrobiotamay affect subsequent
health. The longitudinal development of the oropharyngeal microbiota is under-studied and may be associated
with early-life wheeze. We aimed to investigate the temporal association of the development of the oropharyn-
geal microbiota with early-life wheeze.
Methods: A population-based birth cohort based in London, UK was followed for 24 months. We collected oro-
pharyngeal swabs at six time-points. Microbiota was determined using sequencing of the V3-V5 region of the
16S rRNA-encoding gene. Medical records were reviewed for the outcome of doctor diagnosed wheeze. We
used a time-varying model to investigate the temporal association between the development of microbiota
and doctor-diagnosed wheeze.
Findings: 159participants completed the study to 24months and for 98 therewas complete sequencingdata at all
timepoints and outcome data. Of these, 26 haddoctor-diagnosedwheeze.Weobserved significant increase in the
abundance ofNeisseria between 9 and 24months in childrenwho developedwheeze (p=0∙003), while in those
without wheezing there was a significant increment in the abundance of Granulicatella (p = 0∙012) between 9
and 12 months, and of Prevotella (p = 0∙018) after 18 months.
Interpretation: A temporal association between the respiratory commensalGranulicatella and also Prevotellawith
wheeze (negative), and between Neisseria and wheeze (positive) was identified in infants prior to one year of
age. This adds to evidence for the proposed role of the microbiota in the development of wheeze.
Fund: Research funding from the Winnicott Foundation, Meningitis Now and Micropathology Ltd.
© 2019 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

A number of studies have investigated the development of the
normal microbiota in the respiratory system [1] and at other sites
[2], postulating that there is a critical period in early life during
which the microbiota may have long-lasting effects on future health.
This is supported by findings from birth cohorts [3] and animal stud-
ies [4] demonstrating that early perturbations in the microbiota in-
crease the risk of subsequent disease, whereas perturbations later
on (as early as age one year in humans) do not appear to confer com-
parable risk.
).

. This is an open access article under
The presence of microbes throughout the respiratory tract, even in
sites previously considered as sterile, has been established with the
aid of next generation sequencing [5]. It has been proposed that micro-
biota of the lower airways and lungs are established by colonization
from the upper airways [6]. Studies in healthy subjects have shown
that lower airways are colonized (at least in part) by bacteria from the
oropharynx, dominated by members of the Firmicutes, Bacteroidetes,
and Proteobacteria phyla [7]. However, most studies to date have con-
centrated on the nasopharyngeal and oral microbiota, and compara-
tively fewer studies have investigated the role of oropharyngeal
microbiota.

In a culture-based study, Bisgaard et al demonstrated an increased
prevalence of Streptococcus pneumoniae,Moraxella catarrhalis and Hae-
mophilus influenzae in hypopharyngeal secretions in one-month-old in-
fants who subsequently developed persistent wheeze, or required
hospitalization forwheeze or asthma [8]. Using a non-culture approach,
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Research in context

Evidence before study

We used PubMed to interrogate theMEDLINE database, using the
search terms (“Respiratory system”) AND (“microbiome” OR “mi-
crobiota”) AND (“wheez*” OR “asthma”), with no language or
date restrictions, for papers published on or before 1 January
2019 using MESH terms where available. The search yielded
219 articles, several reports show differences in the respiratory
microbiota between children with asthma compared to healthy
controls. Two longitudinal studies specifically assessed the rela-
tionship between the early development of the microbiota in
healthy infants and subsequent wheeze. Teo et al, found an asso-
ciation between early asymptomatic nasopharyngeal Streptococ-
cus colonization and subsequent wheeze, supporting an early
culture study byBisgaard et al, relating asymptomatic colonization
with potential respiratory pathogens includingS.pneumoniaewith
subsequent wheeze. In the other, Ta et al, compared the early
nasal microbiota in children who went on to develop rhinitis and/
or wheeze to controls, finding that those infants who wheezed
had an increase inOxalobacteraceae andAerococcaceae and a re-
duction in Corynebacteriaceae and Staphylococcaceae.

Added value of this study

Ours is the first study to report the longitudinal oropharyngeal mi-
crobiota in infancy and its relation to wheeze. The study adds ev-
idence to the proposition that commensal bacteria may have a
beneficial role, protecting against the development of wheeze.

Implications for all the available evidence

There is a window during infancy in which the microbiota of each
niche in the upper respiratory tract matures. Strategies deployed
in early infancy to modulate the microbiota or emulate its down-
stream effects may prevent the development of wheeze.
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Teo et al. [9] have shown an increased risk of chronic wheeze by age
5 years in childrenwho had a higher abundance of Streptococcus species
in the nasopharyngeal microbiota at 7–9 weeks of age, but did not find
theother associations reported byBisgaard et al. [8] Recent analyses car-
ried out in the context of a randomizedplacebo-controlled trial of the ef-
fect of probiotic Lactobacillus reuteri, have shown that children
developing asthma by school age had altered oral microbiota with
lower diversity of salivary bacteria and a highly divergent bacterial com-
position at age 7 years [10]. Furthermore, the authors observed differ-
ences in early infancy, with increased abundance of Gemella
haemolysans in children developing allergies, and Lactobacillus gasseri
and L. crispatus in healthy children. The longitudinal development of
the nasal microbiota of infants with rhinitis and wheeze differed
from those of controls [11], with an increase in abundance of
Oxalobacteraceae and Aerococcaceae in children with wheeze and rhini-
tis. Conversely healthy infants had a higher abundance of
Staphylococcaceae and Corynebacteriaceae. It has also been shown that
microbiota in patients with asthma differs from that in healthy subjects
(with an increase in Moraxella sp., and a decrease in Prevotella spp.)
[5,12], or those with cystic fibrosis [13].

We propose that longitudinal changes in the respiratory microbiota
communities in infancy and early life are related to the development of
childhoodwheezing illness. To test our hypothesis, we used oropharyn-
geal samples collected at six timepoints over thefirst two years of life to
investigate the temporal association of the changes in respiratory tract
microbiota with the development of early-life wheeze.

2. Methods

2.1. Study design, setting and participants

The Development Of the Respiratory Microbiota in Infants and Chil-
dren (DORMICe) study was conceived to assess the development of the
upper respiratory tract (URT) microbiota over the first two years of life
and its relation to clinical outcomes. The study was approved by the Re-
search Ethics Committee (12/LO/1362); parents gave written informed
consent.

2.1.1. Setting
Participants were recruited at St Mary's Hospital, Imperial College

NHS Trust, London (a public university hospital). Pregnant women
were approached in the antenatal clinics for consideration of participa-
tion of their infant in the study from December 2012 to August 2013.
Healthy babies born ≥37 weeks gestation whose parents had sufficient
spoken English to maintain follow-up were included.

2.1.2. Recruitment
All healthy term (≥37 completed weeks of gestation) babies born at

St Mary's Hospital between January 2013 and October 2013 inclusive,
and whose parents/guardians had given consent, were eligible for the
study. Of 297 families who had initially assented to the study, 222 sub-
sequently provided awritten informed consent; 14were not eligible, 44
had decided against participating and 17 were lost to follow up.

2.1.3. Data and sample collection
An initial birth interview was undertaken using a researcher-

administered custom questionnaire which included details of demo-
graphics, pregnancy and initial feeding. Additionally, maternal and neo-
natal notes, prescription charts and, where used, anaesthetic charts
were reviewed for antibiotic use and labour and deliverydetails.We vis-
ited all participants at 6 weeks, 6, 9, 12, 18 and 24 months of age. At
home visits, the infant's posterior oropharyngeal wall was swabbed
with a double-headed nylon flocked swab (Copan diagnostics) (using
a tongue depressor to avoid contamination from surrounding struc-
tures) by the research fellow or research nurse, who was trained in
the technique. Oropharyngeal swabs were returned to the laboratory
at room temperature and frozen at -80 °C within 10 h of collection. An
interviewer-administered custom questionnaire was conducted at
each home visit. The interviewer was unaware of any microbiota find-
ings at the time of home visits and medical notes review.

2.2. Data sources and definition of outcomes

After the 2 years visit, medical notes were requested from the gen-
eral practitioner (GP). The completeness of the data obtained was
reviewed and where necessary the GP was contacted for further infor-
mation or the previous GP was contacted. We transcribed primary
care health care records, which include diagnoses, prescription of med-
ications (including antibiotics), records of Emergency Room or out-of-
hours visits, inpatient discharge letters and outpatient appointment let-
ters. If thesewere incomplete and not available from the GP, where pos-
sible these documentswere obtained from the source hospital. GP notes
were reviewed for all consultation details; antibiotic and other medica-
tion use, immunisations and wheeze diagnoses were recorded.

Doctor-diagnosed wheezewas defined from the medical records as a
recorded diagnosis of wheeze, auscultation-confirmed wheeze, or doc-
umentation by the physician of a history consistent with wheeze and
a prescription of bronchodilator.

Recurrent wheeze was defined as more than one episode of doctor-
diagnosed wheeze.
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Antibiotic usage was ascertained both according to parental report
and prescription data in the 4 weeks prior to the visit.

2.3. Assessment of microbiome

2.3.1. Bacterial DNA extraction and sequencing
DNA was extracted within 10 days of collection using the FastDNA

Spin kit for soil (MPBiomedicals). The final elution step was into Tris
(10 mM) low- ethylenediaminetetraacetic acid (0∙1 mM) buffer; other-
wise all steps were according to the manufacturer's protocol. An
amplicon library was created by polymerase chain reaction (PCR)-am-
plifying the V3-V5 region of the 16S rRNA gene using a primer pair
tagged with individually unique 12 base pair error correcting Golay
barcodes [14]. PCR was performed in quadruplicate as described previ-
ously [14] with 2 changes: an increased volume of template solution
wasused (2 μl, total reaction volume still 25 μl), and the reactionwas cy-
cled 35 times. Amplicons were pooled, purified, size selected, and then
pooled to an equimolar concentration and submitted for 454 pyrose-
quencing using the GS-FLX-Titanium (Roche) with the Roche Amplicon
Lib-L protocol. Negative and positive controls (samples repeated across
runs) were included to assess contamination and inter-run variability.

The amplicons were quality filtered and denoised using
denoise_wrapper.py (denoising software for multiple 454 runs) within
Quantitative Insights Into Microbial Ecology (QIIME) pipeline version
1∙9 [15]. Chimeras were removed using the usearch61 algorithm in
QIIME. Sequences were clustered to 97% similarity using uclust, using
the SILVA rRNA database (SSU_REF119) as reference [16]. Singletons
and amplicons present in only a single sample were removed. Sequenc-
ing data is available at the European Nucleotide Archive: PRJEB6349.

2.3.2. qPCR method
Quantification of bacterial 16S rRNA-encoding geneswas performed

by real-time PCR with TaqMan hydrolysis probes on a StepOne™ Real-
Time PCR System (Applied Biosystems). The primers used, targeting
the V3 and V4 regions of the 16S rRNA-encoding gene, were 5′ ACTC
CTACGGGAGGCAG 3′ (forward) and 5′ GACTACCAGGGTATCTAATCC 3′
(reverse), and the probe used was 5′-(FAM)-TGCCAGCAGCCGCGGT
AATAC-(BHQ-1)-3′ (where FAM is 6-carboxyfluorescein and BHQ1 is
Black Hole Quencher 1 [17]. After an initial denaturation for 10 min at
Fig. 1. Consort diagram showing the partici
95 °C, 40 cycles of amplification for 15 s at 95 °C, and 60 s at 60 °C
were performed. Final cooling was performed at 4 °C.

Quantification of 16S rRNA-encoding genes was achieved by com-
parison with standard curves for known 16S rRNA concentrations.
These were created by cloning amplified Pseudomonas aeruginosa
PAO1 16S rRNA gene into TOPO TA Cloning vector. Qiagen plasmid ex-
traction kitwas used to obtain plasmid DNA, gel purified, and quantified
using picogreen. Plasmid DNA was diluted to a working concentration
of 1E+09molecules/μl. Dilutions ranging from 1E+04 to 1E+08mole-
cules/μl were used on each qPCR plate to create standard curves.

2.3.3. Data analysis
Bacterial density was compared using the Friedmann test with a

post-hoc Nemenyi test to assess differences between time points. To
mitigate large differences in library sizes, rarefaction was used prior to
alpha diversity analysis and the cumulative sum scaling (CSS) normali-
zationwas applied to OTU rawcounts for all other analysis [18]. The var-
iability within bacterial communities (alpha diversity) was assessed
with the Shannon and Simpson indices obtained using phyloseq R pack-
age [19] and, consequently, were compared using Friedmann test with
post-hoc Nemenyi tests. The differences among bacterial communities
(beta diversity) were assessed by Bray-Curtis distance and plotted
using principal coordinates analyses (PCoA). The effect of time and dis-
ease state was tested using the adonis procedures implemented in the
vegan R package [20].

To ascertain the association between microbiota and clinical out-
comes, we used a recently developed method for longitudinal marker-
gene surveys based on smoothing splines [21], which uses longitudinal
profiling of the microbiota communities to explore the complex rela-
tionships between community dynamics and phenotypes of interest.
Specifically, this method detects time intervals for which bacteria are
differentially abundant. Given observations at multiple time points,
the difference in abundance across time is modelled as a function.
Then, using group membership permutations, a null distribution of
areas under the difference curve is estimated and used to detect time in-
tervals of differential abundance [22]. In the longitudinal differential
abundance analysis, to guarantee detection of relevant differences, we
considered time intervals to be of potential significance if the absolute
difference between two groups was above 0∙2 [21]. All models were
pant flow through the DORMICe study.



Table 1
Characteristics of the study population presented for participants with complete and in-
complete data for all time points.

Characteristics Complete
data
(N = 98)

Incomplete
data
(N = 106)a

p-Value

Gender Male 48 (49%) 49 (46%) 0∙779
Ethnicity Asian

British
6 (6%) 14 (13%) 0∙011

Black
British

4 (4%) 16 (15%)

Mixed 25 (26%) 16 (15%)
Other 10 (10%) 13 (12%)
White 53 (54%) 47 (44%)

Season of birth Spring 32 (33%) 38 (36%) 0∙502
Summer 34 (35%) 38 (36%)
Autumn 4 (4%) 8 (8%)
Winter 28 (29%) 22 (21%)

Gestation (days) 282∙5
[273∙2;
289∙0]

283∙0
[277∙0;
288∙0]

0∙849

Birth weight (gr.) 3500 [3130;
3810]

3535 [3140;
3805]

0∙739

Family history atopy Yes 27 (28%) 22 (21%) 0∙325
Mode of delivery Vaginal

birth
67 (68%) 82 (77%) 0∙159

Neonatal antibiotics Yes 9 (9%) 8 (8%) 0∙801
Intrapartum antibiotics Yes 14 (14%) 11 (11%) 0∙404
Smoking at home Yes 27 (28%) 25 (24%) 0∙525
Furry pet at home Yes 12 (12%) 15 (14%) 0∙837
Respiratory symptoms a week
either side of visit

6 weeks 18 (19%) 20 (19%) 1∙000
6 months 33 (34%) 26 (31%) 0∙752
9 months 41 (42%) 27 (34%) 0∙282
12 months 36 (37%) 23 (32%) 0∙625
18 months 52 (53%) 29 (43%) 0∙200
24 months 32 (33%) 21 (34%) 0∙863

Wheeze a week either side of
visit

6 weeks 0 (0%) 1 (1%) 1∙000
6 months 3 (3%) 0 (0%) 0∙253
9 months 3 (3%) 0 (0%) 0.253
12 months 1 (1%) 0 (0%) 1∙000
18 months 1 (1%) 0 (0%) 1∙000
24 months 1 (1%) 0 (0%) 1∙000

Fever a week either side of
visit

6 weeks 4 (4%) 2 (2%) 0∙430
6 months 11 (11%) 9 (11%) 1∙000
9 months 15 (15%) 5 (6%) 0∙093
12 months 10 (10%) 7 (10%) 1∙000
18 months 9 (9%) 8 (12%) 0∙608
24 months 13 (13%) 6 (10%) 0∙620

Antibiotics in the 4 weeks
prior to visit

6 weeks 8 (8%) 3 (3%) 0∙123
6 months 3 (3%) 4 (5%) 0∙705
9 months 11 (11%) 6 (8%) 0∙452
12 months 11 (11%) 4 (6%) 0∙277
18 months 8 (8%) 4 (6%) 0∙763
24 months 7 (7%) 4 (7%) 1∙000

a Sample size changes according to visit attendance. The reference denominator is N
= 106, which is referred to the participants who entered the study by attending visit at
6 weeks. For the time-varying characteristics, denominators are N6w = 106, N6m = 84,
N9 = 80, N12 = 71, N18 = 67, N24 = 61. Wheeze a week either side of visit is by parental
report in this table only (due to the incomplete data with some participants missing GP
notes).
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adjusted for ethnicity, family history of atopy (fixed), presence of fever
and the use of antibiotics in the 4 weeks prior to visit (time-varying)
(for further details refer to the online supplement). To filter out noise,
Operational Taxonomic Units (OTUs) (cluster of reads with ≥97% simi-
larity of the 16S rRNA gene) found to be present less than three times
in at least 20% of samples over time were removed from the analysis
[22]. Analyses were implemented using the R package metagenomeSeq
[23] using the fitTimeseries function.

3. Results

3.1. Characteristics of the study population

Participant flow is shown in Fig. 1; 768 prospective parents were
approached, of whom 297 (39%) assented for their baby to participate
once born. Children were born between January and October 2013;
204/297 (69%) parents consented to follow-up and completed at least
one home visit, and 159/204 (78%) completed the 24-months visit. Chil-
dren for whom sequencing and outcome data were not available for all
time points were excluded (n = 61). There were no significant differ-
ences in demographic characteristics and outcomes between children
included and excluded from this analysis, except for ethnicity (Table 1).

Of 98 children with complete data, 25 were not prescribed antibi-
otics by age 2 years, 48 received 1–2 courses, 21 had 3–4 courses, and
4were prescribed ≥5 courses. Doctor-diagnosedwheezewas confirmed
in 26 children (median age of onset [interquartile range] 299 days
[230–567]), of whom 11 had recurrent wheezing. Table 2 shows demo-
graphic characteristics and environmental exposures among children
with and without doctor-diagnosed wheeze. Wheeze was significantly
more common among children with a family history of atopy, those
who had fever in the 4 weeks prior to the 9-month visit, and those
who received antibiotics in the 4 weeks prior to the 12-month visit
(Table 3).

3.2. Bacterial diversity and density

We obtained 1,559,882 sequencing reads from 588 swabs from 98
children, with a mean number of 2653 reads per sample. Fig. 2 shows
the bacterial density by time point, represented by the quantity of 16S
DNA recovered by qPCR. The bacterial density increased significantly
in the first 9 months (p b 0∙001), and then remained unchanged
thereafter.

Taxonomy of the 40 filtered OTUs (presentmore than three times in
at least 20% of samples over time) is shown in Table E1. Fig. 3 shows
their relative abundance at each time point. We observed a change in
the composition of the oropharyngeal microbiota over the first 2 years
of life (Fig. 3). The oropharyngeal microbiota was consistently charac-
terized by high prevalence of the genus Streptococcus. Both alpha diver-
sity measures show an increasing trend over 2 years (Fig. 4). Significant
differences in alpha diversity were found throughout the entire period
and were particularly striking when comparing 6-weeks samples with
all others (Table E2). Considering Bray–Curtis dissimilarities, PCoA anal-
ysis (Fig. 5A&B) shows a difference in the beta diversity between
6 weeks and the other time point samples, highlighting the progression
of the microbiota composition during the first 2 years of life
(PERMANOVA analysis; p-value b 0∙001).

3.3. Oropharyngeal microbiota in children with and without doctor-
confirmed wheeze

Fig. 6 shows the relative abundances of the 40 filtered OTUs among
children with and without doctor-confirmed wheeze. There was a sim-
ilar progression over 24 months in terms of the OTUs present, although
we noted an increase in the level of Neisseria at age 18 months among
children who wheezed. Considering Bray–Curtis dissimilarities, no
differences in microbiota composition were found between wheezers
and non-wheezers (PERMANOVA analysis, p = 0∙690, Fig. 5C&D).

Results of the longitudinal differential abundance analysis are pre-
sented in Table 4. After adjusting for possible confounders (ethnicity,
family history of atopy, presence of fever and the use of antibiotics in
the 4 weeks prior to visit) and after Bonferroni correction for multiple
testing, three OTUs from the genera Neisseria, Prevotella and
Granulicatella were found to be differentially abundant between chil-
dren with and without doctor-diagnosed wheeze. There was a signifi-
cant and substantial increase in the abundance of a Neisseria OTU over
time in children with wheeze (p = 0∙003), while in those without we
observed a significant increment in the abundance of a Granulicatella
OTU (p = 0∙012) and of a Prevotella OTU (p = 0∙018). These three
OTUs were equally abundant among wheezers and non-wheezers at



Table 3
Antibiotic usage according to parental report and prescription data in the 4 weeks prior to
the visit.

Antibiotic variablea Visit Wheezers
N = 26

Non-wheezers
N = 72

p-values

Antibiotics in the 4 weeks prior
to visit

6 weeks 1 (4%) 7 (10%) 0∙677
6 months 1 (4%) 2 (3%) 1∙000
9 months 5 (19%) 6 (8%) 0∙154
12 months 8 (31%) 3 (4%) 0∙001
18 months 1 (4%) 7 (10%) 0∙677
24 months 1 (4%) 6 (8%) 0∙671

Combined antibiotics within a
month medical and parental
report

6 weeks 1 (4%) 7 (10%) 0∙677
6 months 1 (4%) 2 (3%) 1∙000
9 months 7 (27%) 6 (8%) 0∙037
12 months 8 (31%) 3 (4%) 0∙001
18 months 1 (4%) 7 (10%) 0∙677
24 months 3 (12%) 6 (8%) 0∙696

Antibiotics prescription within
month of visit

6 weeks 1 (4%) 7 (10%) 0∙677
6 months 1 (4%) 1 (1%) 1∙000
9 months 7 (27%) 3 (4%) 0∙003
12 months 7 (27%) 1 (1%) b0∙001
18 months 1 (4%) 3 (4%) 1∙000
24 months 2 (8%) 4 (6%) 0∙654

The combined variable represents the antibiotic usage according to both parental report
and prescription data. Fisher's Exactwas used to assess differences in proportions. Bold in-
dicates p value b 0.05.

a There are three different variables for antibiotic use each with its own merits. The
variable antibiotics in the 4 weeks prior to visit is according to parental report. This vari-
able will thus not include situations where the GP has prescribed antibiotics but these
are not subsequently given. For example, the case of a delayed script for an upper respira-
tory tract infection in case of persistence of symptoms. It will include antibiotics given by
other providers for example dentists, or out of hour services whichmay not have been in-
cluded in the GP notes or antibiotics given abroad. The antibiotics prescription within a
month of visit was derived from prescriptions within the GP notes. The combined antibi-
otics within a month includes both the courses reported by the parent and those from the
GP notes and is the most comprehensive account of antibiotic use.

Table 2
Characteristics of the study population presented for wheezers and non-wheezers.

Characteristics Wheeze
(Nw = 26)

Non-wheeze
(Nnw = 72)

p-Value

Gender Male 16 (62%) 32 (44%) 0∙172
Ethnicity Asian

British
1 (4%) 5 (7%) 0∙935

Black
British

1 (4%) 3 (4%)

Mixed 8 (31%) 17 (24%)
Other 2 (8%) 8 (11%)
White 14 (54%) 39 (54%)

Season of birth Spring 9 (35%) 23 (32%) 0∙404
Summer 7 (27%) 27 (38%)
Autumn 0 (0%) 4 (6%)
Winter 10 (38%) 18 (25%)

Gestation (days) 278∙5
[272;289∙0]

283∙5
[274∙0;290∙0]

0∙346

Birth weight (gr.) 3520
[3152;3718]

3460
[3135;3815]

0∙812

Number of months breastfed 6∙5 [2∙0; 9∙5] 6∙0 [3∙0;
10∙7]

0∙938

Family history atopy Yes 12 (46%) 15 (21%) 0∙020
Mode of delivery Vaginal

birth
17 (65%) 50 (69%) 0∙806

Neonatal antibiotics Yes 0 (0%) 9 (13%) 0∙107
Intrapartum antibiotics Yes 1 (4%) 13 (18%) 0∙104
Smoking at home Yes 7 (27%) 20 (28%) 1∙000
Furry pet at home Yes 2 (8%) 10 (14%) 0∙507
Respiratory symptoms a week
either side of visit

6 weeks 6 (23%) 12 (17%) 0∙558
6 months 11 (42%) 22 (31%) 0∙335
9 months 14 (54%) 27 (38%) 0∙169
12 months 11 (42%) 25 (35%) 0∙489
18 months 11 (42%) 41 (57%) 0∙253
24 months 9 (35%) 23 (32%) 0∙811

Fever a week either side of
visit

6 weeks 1 (4%) 3 (4%) 1∙000
6 months 4 (15%) 7 (10%) 0∙475
9 months 8 (31%) 7 (10%) 0∙022
12 months 2 (8%) 8 (11%) 1∙000
18 months 1 (4%) 8 (11%) 0∙438
24 months 4 (15%) 9 (13%) 0∙740

Square brackets indicate interquartile range around themedian. Fisher's Exact andMann-
Whitney test where appropriate. Bold indicates p value b 0.05.
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6 weeks of age; the Neisseria OTU became differentially abundant over
the period between 9 and 24months, with an increasing trend through-
out the entire period, while the estimated difference function for the
Granulicatella OTU showed that this genus was differentially abundant
between 9 and 12months, and the Prevotella OTU became differentially
abundant after the 18th month (Fig. 7). Significant changes in both
Neisseria and GranulicatellaOTUswere detected in the period preceding
the median age of onset of wheeze (299 days).

To evaluate the robustness of the resultswith respect to the outcome
definition, we perfomed a sensitivity analysis comparing longitudinal
profiles of microbiota of children with recurrent wheezing (two or
more occurrences of doctor diagnosed wheeze) and those who had
never wheezed. After Bonferroni correction, three OTUs had signifi-
cantly lower abundance among recurrent wheezers: a Granulicatella
OTU and two Prevotella OTUs (Table 5). The shift in the Granulicatella
OTU abundance appeared to last a longer period than for the wheeze
group as a whole, being detected from 9 months and lasting until
24 months. The OTUs of the Prevotella genus were detected at a later
time-point; OTU76 was differentially abundant from 12 to 24 months,
and OTU43 from 12 months to 24 months. While changes in the
Granulicatella OTU were significant shortly before the median age of
onset of wheeze, the other two OTUs became differentially abundant
after the median age of onset (Fig. E1).

4. Discussion

Our data suggest that there is a time window which opens before
age one year in which colonization of the oropharynx with Neisseria is
positively, and with Granulicatella species negatively, associated with
doctor-diagnosed wheezing by age two years. Although we cannot
infer causality, we note that some of the identified shifts in OTUs oc-
curred prior to the development of wheeze, whilst other shifts occurred
following this event.

To the best of our knowledge, our study is the first detailed longitu-
dinal evaluation of the oropharyngeal microbiota during early life in an
unselected sample of healthy infants from the community, and its rela-
tionshipwithwheeze. These results suggest that changes in the oropha-
ryngeal microbiota development may modulate wheeze development
and might inform the design of preventive treatments.

There are limitations to our study. Through our filtering procedure,
some potentially important OTUs may have been excluded. However,
the filtering process was necessary to moderate the effect of measure-
ment errors and noise. Another limitation arises from the relatively
small sample size, thus the study may have been underpowered to de-
tect all associations of the oropharyngeal microbiota with wheeze. We
acknowledge that some of the negative findings may be secondary to
low statistical power of the study. In addition, for our analysis we re-
quired sequencing data for every timepoint with the outcome data,
and 98/159 (62%) of the participants completing the study had this
available, and 159/220 (72%) of those whom initially consented com-
pleted the study. There is thus a possibility of selection bias as a result
of this loss to follow up.Whilst therewereminimal differences between
baseline characteristics of those included in the analysis compared to
those either without sufficient data or who did not complete follow
up, sample sizes were small and there may not have been sufficient sta-
tistical power to detect differences. Further external validations are
needed to ascertain generalizability of our findings.

There are other potential confounderswhichwe have not accounted
for, including viral infection. There are known interactions between the
upper respiratory tract microbiota and respiratory viruses [24], (includ-
ing early RSV infection which is also associated with later wheeze)
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which may have confounded our analysis. Whilst reviewing GP records
wemade note of anyhospital admissions and among the 98 participants
studied, two had been admitted with bronchiolitis.

Using microbial marker genes such as the 16S rRNA gene have
their limitations particularly when attempting to discriminate be-
tween species [25]. We cannot comment further on the role of indi-
vidual species, and this is particularly an issue within the
Streptococcus genus, limiting the comparison of our findings to previ-
ous culture-based studies [8].

We endeavoured to visit children when they were well, but 36.5%
had symptoms of a mild respiratory illness, 3.8% had wheezed and
10.6% had fever within the week preceding or following the visit. We
adjusted analyses for the presence of recent fever. We have included a
health professional's interpretation of report of wheezewith a prescrip-
tion of bronchodilator for wheeze – this may have led to an over-
diagnosis of wheeze compared to solely including where the notes in-
cluded auscultation of wheeze. However, some of the medical notes
were brief and did not include details of auscultation thus we may
have missed cases if we had not used this definition.

Lastly, we presentwheeze data to age two years, after whichwheez-
ing patterns continue to develop [26]. Therefore, further follow-up will
be necessary to draw more definitive conclusions. Assessment of aller-
gic sensitization and lung function, which we did not conduct, would
be useful at follow-up.

Our study has several strengths; we have used a community-based
unselected cohort, which increases its relevance to the general popula-
tion.We have meticulously collected clinical data from primary care re-
cords, so that our definition of wheeze is not reliant on parental report
which has its limitations [27], but was determined by a health profes-
sional. We collected detailed data on potential confounders. We
endeavoured to comprehensively explore antibiotic use, which is wide-
spread in young children and may introduce potentially major bias, at
least temporarily perturbing the microbial community structure [28],
and have adjusted our analyses for the recent use of antibiotics.
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Fig. 6. Composition of themicrobiota from6weeks to 24months of age stratified bywheeze status. Relative abundances from the raw data for the 40most abundant OTUs (aggregated by
genus) at each time point in wheezers and non-wheezers. Figure obtained using the R package phyloseq [19].
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We have used a non-culture method to identify the majority of the
microbiota, avoiding the bias introduced by culture. In recognition of
the importance of the development of the microbiota over time, we
have used a recently developed method of analysis to take a longitudi-
nal view of the data.

In our study, the respiratory microbiota through the first two years
of life was dominated by Streptococci, which is consistent with previous
studies [29,30]. We observed an increase in diversity of the oropharyn-
geal microbiota with increasing age, with a changing pattern of OTUs,
and a fairly smooth temporal change over time. In contrast to the naso-
pharyngeal microbiota [31], the oropharyngeal microbiota appears less
varied and is dominated by a single genus. This topography of the mi-
crobiota may affect the relationship between themicrobiota at different
niches and preschool wheezing.

An association betweenwheeze, asthmaand the residentmicrobiota
has been suggested by epidemiological studies showing a reduction in
the incidence of these conditions in childrenwhoare exposed to a richer
environmental microbiota through growing up on a farm, and/or by
their mothers working in stables when pregnant [32]. These studies
were followed by an increasing body of evidence for an association be-
tween the composition of the early respiratory tract microbiota and
subsequent respiratory health, including its relation to wheeze [9,11],
asthma [10], bronchiolitis [33], pneumonia [33], and upper respiratory
Table 4
Results of longitudinal differential abundance analysis in early-life wheeze.

Differential abundance analysis: Children with doctor-confirmed wheeze (n = 26) vs. no

Genus Interval start Interval end

OTU42: Granulicatella 9 months 12 months
OTU43: Prevotella 18 months 24 months
OTU68: Neisseria 9 months 24 months

Time intervals are considered of interest if the absolute difference between two groups is above
shift. OTUs are considered differentially abundant if their adjusted p-values b 0∙05.
tract infections [31,34]. Using longitudinal analyses, we questioned
whether a change over time in specific species were associated with
doctor-diagnosed wheeze. We have found a positive temporal associa-
tion between the presence of a Neisseria OTU and doctor-diagnosed
wheeze, and this difference was observed from age 9months. Although
we cannot ascertain the causal relation of changes in themicrobiota and
wheeze development, we have shown that the differential abundance
of the OTUs started in the period preceding the median age of onset.
Conversely, a Granulicatella OTU was negatively associated with
wheeze. We have found a negative association between recurrent
wheeze and two Prevotella OTUs and a Granulicatella OTU, albeit with
small numbers of recurrent wheezers.

Similar features with higher prevalence of Neisseria in wheezing
infants compared to non-wheezers have previously been demon-
strated in a cross-sectional study in 10-month old infants in
Ecuador [35]. However, there were also differences to our study,
with Prevotella being associated with wheeze in this case-control
study. Veillonella was observed more frequently in controls. Other
cross-sectional studies have associated the phylum Proteobacteria
with airway disease [5], and have shown a difference in the nasal mi-
crobiota in terms of both alpha and beta diversity and the abundance
of a Moraxella OTU [12]. School-age asthmatic children had a higher
abundance ofMoraxella, but only if they had not grown up on a farm,
wheeze (n = 72)

Differential area p-value Adjusted p-value

(−) 1∙118 0∙004 0∙012
(−) 1∙147 0∙006 0∙018
(+) 5∙993 0∙001 0∙003

0∙2. The sign of the difference area provides information on the direction of the abundance
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whereas in farm children the sameMoraxellaOTUwas not associated
with asthma, suggesting the farm environment had a modifying ef-
fect [12]. In this study, the authors found an association at school
age between the nasal microbiota and asthma but no such associa-
tion between the microbiota of the throat and asthma. It may be
that association between the microbiota and clinical phenotype are
different prior to disease onset than in already established disease,
and there may be different associations with disease, with themicro-
biota of the young infant where themicrobiota is still developing and
that of the established microbiota. The site of swabbing and
therefore the niche sampled in the study by Depner et al, was also
different to our study – they swabbed the soft palate and tonsils,
whereas we took swabs from the oropharynx.

Granulicatella is a well-recognised commensal of the upper respi-
ratory tract. Its presence in the microbiota has been negatively asso-
ciated with the presence of Streptococcus pneumoniae, Haemophilus
influenzae andMoraxella catarrhalis, an association modulated by an-
tibiotic use [28]. In the same study, Granulicatella, Rothia, Gemella,
Actinomyces and Veillonella were correlated taxa which as a group
were less likely to be associated with S. pneumoniae carriage. Our



Table 5
Sensitivity analysis for outcome definition.

Differential abundance analysis: Children with recurrent wheeze (n = 11) versus no wheeze (n = 72).

Genus Interval start Interval end Differential area p-value Adjusted p-value

OTU42: Granulicatella 9 months 24 months (−)4∙999 0∙001 0∙004
OTU43: Prevotella 18 months 24 months (−)2∙637 0∙007 0∙028
OTU68: Neisseria 12 months 24 months (+)3∙581 0∙015 0∙060
OTU76: Prevotella 12 months 24 months (−)2∙090 0∙005 0∙020

Time intervals are considered of interest if the absolute difference between two groups is above 0∙2. The sign of the difference area provides information on the direction of the abundance
shift. OTUs are considered differentially abundant if their adjusted p-values b 0∙05. Bold indicates p value b 0.05.
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finding of a negative association of Granulicatella with wheeze may
reflect underlying beneficial polymicrobial interactions which are
protective against the development of wheeze. Interestingly, a re-
cent family-based cross-sectional study found a higher abundance
of Granulicatella in the sputum of the non-asthmatic sibling com-
pared to their asthmatic sibling [36]. Rosas-Salazar et al. [37],
followed a cohort of infants who had had RSV infection and moni-
tored for subsequent development of wheeze. They found an in-
crease in detection and abundance of Lactobacillus in the
nasopharynx at the time of RSV infection in those who did not de-
velop wheeze compared to those who did. Whilst their cohort had
different characteristics (all had had RSV infection, the definition of
wheeze was reliant on parental report alone, and the analysis was
at one timepoint point only), the results lead to a similar hypothesis
of a potential benefit of commensal bacteria protecting against
wheeze development.

We did not find the association between early Streptococcus and
wheeze seen by others, which may be due to methodological differ-
ences; Bisgaard et al. [8], used a culture method to detect
S. pneumoniae, and Teo et al. [9], dichotomised the Streptococcus load
in early nasopharynx samples analysed using next generation sequenc-
ing. In addition to variation by anatomical region sampled, results from
next generation sequencing studies can also vary by sequencing plat-
form used (e.g. Illumina used by Teo et al. [9], versus Roche 454 platform
which we used), and the region of 16S rRNA sequenced (V4 versus V3-
V5 respectively).

We observed changes in the microbiota occurring later in infancy
than we had anticipated based on previous evidence. It is unclear
whether the changes in microbiota described in our study are a result
of a disordered or conversely beneficial ecosystem, andwhether themi-
crobiota have had a role in the airway and immune system develop-
ment resulting in or protecting from wheeze.

In conclusion, we identified a window in the development of the
oropharyngeal microbiota between 9 and 24 months of age where, for
most of the OTUs, shifts in abundance occurred. The abundance of
OTUs from the genera Neisseria and Granulicatellawas different accord-
ing to whether the infant was diagnosed withwheeze. Future work will
test whether this relationship holds for asthma at school age.
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