
Letter to the Editor
Respiratory syncytial virus and
rhinovirus severe bronchiolitis are
associated with distinct nasopha-
ryngeal microbiota
To the Editor:
Bronchiolitis is the leading cause of infant hospitalization in the

United States,1 and cohort studies suggest that up to 50% of these
hospitalized infants will develop childhood asthma.1 The 2 most
common viral etiologies of severe bronchiolitis (ie, bronchiolitis
requiring hospitalization) are respiratory syncytial virus (RSV)
and rhinovirus (RV).1 Although these 2 viruses have been the
focus of most previous cohorts examining the association
between bronchiolitis and asthma, RSV and RV infect
infants through a respiratory tract colonized with bacteria.2,3

Cross-sectional and prospective data suggest that the respiratory
microbiota may also play a role in the development of childhood
asthma.2 To date, no studies have examined the relationship
between the respiratory viruses, RSVand RV, and the respiratory
microbiota of infants hospitalized with bronchiolitis. This
knowledge gap has hindered the development of new conceptual
models regarding the bronchiolitis to asthma pathway in this very
high-risk population.

The 35thMulticenter Airway Research Collaboration (MARC-
35) is a 17-center, prospective cohort study of 1016 infants (age
<1 year) hospitalized with bronchiolitis whowe are following for
the development of recurrent wheezing and eventual asthma. For
3 consecutive years (2011-2014) from November to April,
researchers collected clinical data and used a standardized
protocol to collect nasopharyngeal aspirates (NPAs) within
24 hours of hospitalization.4 We tested these 1016 NPAs for 17
viruses using real- time PCR, as described previously,4 and
also performed deep sequencing of 16S rRNA gene variable
region 4 on the Illumina MiSeq platform (for a detailed
description of the cohort and testing, see this article’s Methods
section in the Online Repository at www.jacionline.org). We
analyzed potential viral-microbial associations using 3 virus
categories, RSV-only (ie, no coinfecting viruses), RSV/RV
coinfection, and RV-only (ie, no coinfecting viruses). We tested
the association between these 3 virus categories and the relative
abundance of the dominant phyla and genera using linear
regression and t tests. We examined potential confounding
variables using multiple regression; linear model assumptions
were examined by evaluating residuals (see this article’s
Methods section).

Of the 1016 enrolled infants, therewere 1005 (99%) with NPAs
that met the 16S rRNA gene sequence quality control
requirements for analysis. Of these 1005 NPAs, 978 (97%) had
virus detected, of which 740 (74%) were in 1 of the 3 viral
categories (580 RSV-only, 100 RSV/RV coinfection, or 60
RV-only) and comprised the analytic sample. At enrollment, the
median age of the 740 infants was 3 months (interquartile range,
2-5 months); 59% were males and 51% were either non-Hispanic
black or Hispanic. Table I presents the patient characteristics by
virus category.

Examining the nasopharyngeal microbiota within these 3 virus
categories demonstrated significant differences at the phylum and
genus taxonomic levels as shown in Fig 1, A and B. Infants with
RSV-only had a high abundance of Firmicutes and the genus
Streptococcus and a low abundance of Proteobacteria and the
genera Haemophilus and Moraxella (P < .001). In contrast,
infants with RV-only had the opposite pattern at both the phylum
(ie, low Firmicutes and high Proteobacteria) and genus levels (ie,
low Streptococcus and high Haemophilus and Moraxella;
P < .001). Interestingly, infants with RSV/RV coinfections had
intermediate abundances of these phyla and genera. These
viral-microbial findings remained highly significant after
controlling for clinical covariates: age, mode of birth, prematu-
rity, being fed mostly breast milk for the first 3 months of life,
previous breathing problems, antibiotic use, smoke exposure
(ever), daycare, month of hospitalization, and recent and lifetime
corticosteroid use (see Fig E1 in this article’s Online Repository at
www.jacionline.org).

After observing these significantly different viral-microbial
associations, we performed a replication analysis in 307 children
(94% age <1 year) from our well- characterized 30th Multicenter
Airway Research Collaboration (MARC-30) severe bronchiolitis
cohort from 2007 to 2010.4 Because these 307 MARC-30
children are part of an ongoing study on microbial predictors of
mechanical ventilation, the population differs slightly from the
MARC-35 population (for additional details comparing the 2
cohorts, see Table E1 in this article’s Online Repository at
www.jacionline.org). The NPAs from both studies, however,
were collected, processed, and tested using the same protocol.4

Despite population differences between these 2 severe
bronchiolitis cohorts, the viral-microbial associations for RSV
and RV found in MARC-35 were reproducible in MARC-30
(Fig 1, C and D).

Although viral-bacterial interaction in respiratory illness has
been noted for approximately 100 years, a clear understanding of
the directionality of viral-bacterial interactions is lacking.5 In
other words, do viral infections increase certain bacterial
populations within a community and/or do microbial community
populations create environments suitable for specific viruses? In a
prospective study of 308 school-age children, Kloepfer et al6

demonstrated that RV infection preceded the increased odds of
detection of Streptococcus andMoraxella by 1 week.6 In contrast,
Gulraiz et al7 demonstrated in human bronchial epithelial cells
that nontypeableHaemophilus influenza increased the generation
of RV infectious particles and also enhanced the inflammatory
response to RSV.

In addition to reproducing the present viral-microbial
associations in 2 different severe bronchiolitis cohorts, the
composition of our nasopharyngeal samples at hospitalization
matched the composition of the nasopharyngeal microbiota in
234 infants with outpatient respiratory infections.8 Taken
together, these data suggest that both viruses and bacteria may
contribute to the acute symptoms of bronchiolitis and its
long-term respiratory consequences (eg, asthma).1-3,5,8 Although
much remains to be learned about viral-bacterial interactions (eg,
interaction types and dynamics), we plan to examine in
MARC-35 the relation of respiratory virus infections, the
nasopharyngeal microbiota, and other factors to the subsequent
development of recurrent wheezing and asthma.

Our analysis has potential limitations. First, these are
viral-bacterial profiles at the time of a severe illness and,
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TABLE I. Demographic characteristics, medical history, and clinical presentation of infants hospitalized for bronchiolitis by virus

(N 5 740)

Characteristic*

RSV-only

(n 5 580)

RSV/RV coinfection

(n 5 100)

RV-only

(n 5 60) P value

Median age at enrollment (mo) (IQR) 3 (1-5) 3 (2-5) 4 (1-7) .03

Age at enrollment (mo) .02

<2 210 (36) 27 (27) 19 (32)

2-5.9 268 (46) 53 (53) 21 (35)

6-11.9 102 (18) 20 (20) 20 (33)

Male sex 331 (57) 66 (66) 41 (68) .08

Race/ethnicity .41

Non-Hispanic white 267 (46) 41 (41) 19 (32)

Non-Hispanic black 126 (22) 24 (24) 18 (30)

Hispanic 162 (28) 30 (30) 21 (35)

Other 25 (4) 5 (5) 2 (3)

Insurance .13

Public 322 (56) 66 (66) 40 (68)

Private 247 (43) 32 (32) 19 (32)

None 10 (2) 2 (2) 0 (0)

Parental history of asthma 190 (33) 44 (44) 22 (37) .08

Maternal smoking during pregnancy 84 (15) 12 (12) 11 (18) .56

Antibiotic use during pregnancy 148 (26) 24 (24) 22 (39) .09

Mode of birth .31

Vaginal birth 359 (63) 70 (71) 38 (63)

C-section 214 (37) 29 (29) 22 (37)

Gestational age (wk) .04
<_37 104 (18) 26 (26) 17 (28)

>37 476 (82) 74 (74) 43 (72)

Birth weight (kg) .08
<_1.3 1 (0.2) 0 (0) 0 (0)

1.4-2.2 32 (6) 7 (7) 8 (13)

2.3-3.1 183 (32) 40 (40) 23 (38)
>_3.2 359 (62) 53 (53) 29 (48)

ICU or special care at birth 88 (15) 18 (18) 15 (25) .13

Mostly breast milk for first 3 mo .66

No 259 (45) 48 (48) 31 (52)

Yes 248 (43) 37 (37) 21 (35)
Unknown 73 (13) 15 (15) 8 (13)

Mostly breast milk from 3 to 6 mo .38

No 357 (62) 63 (63) 43 (72)

Yes 150 (26) 22 (22) 9 (15)

Unknown 73 (13) 15 (15) 8 (13)

Previous breathing problems� before index hospitalization 76 (13) 21 (21) 21 (35) <.001
Ever previously hospitalized overnight 74 (13) 12 (12) 16 (27) .01

Child history of eczema 77 (13) 11 (11) 11 (18) .41

Child history of antibiotic use before index hospitalization 153 (26) 27 (27) 19 (32) .68

Ever had smoke exposure 93 (16) 9 (9) 7 (12) .15

Ever attended daycare 103 (18) 34 (34) 8 (13) <.001
Number of other children at home .44

0 123 (21) 16 (16) 12 (20)

1 232 (40) 34 (34) 26 (43)

2 127 (22) 25 (25) 12 (20)
>_3 98 (17) 25 (25) 10 (17)

Month of enrollment <.001
January 189 (33) 33 (33) 10 (17)

February 155 (27) 17 (17) 9 (15)

March 62 (11) 12 (12) 14 (23)
April 23 (4) 4 (4) 12 (20)

November 43 (7) 13 (13) 5 (8)

December 108 (19) 21 (21) 10 (17)

Weight at presentation (kg), median (IQR) 5.7 (4.6-7.2) 6.1 (4.7-7.6) 6.8 (4.7-8.5) .11

Respiratory rate per minute at presentation, median (IQR) 48 (40-60) 52 (40-60) 45 (40-58) .21

(Continued)

J ALLERGY CLIN IMMUNOL

nnn 2016

2 LETTER TO THE EDITOR



TABLE I. (Continued)

Characteristic*

RSV-only

(n 5 580)

RSV/RV coinfection

(n 5 100)

RV-only

(n 5 60) P value

Initial oxygen saturation at presentation .90

<90% 52 (9) 8 (8) 6 (10)

90% to 93.9% 93 (17) 13 (13) 8 (14)
>_94% 417 (74) 76 (78) 44 (76)

Received antibiotics during prehospitalization visit 103 (18) 14 (14) 9 (15) .59

Received corticosteroids (systemic or inhaled) during prehospitalization visit 36 (6) 7 (7) 9 (15) .06

Mechanical ventilation during hospitalization (CPAP and/or intubation) 33 (6) 2 (2) 3 (5) .30

CPAP, Continuous positive airway pressure ventilation; ICU, intensive care unit; IQR, interquartile range.

*Data were expressed as n (%) unless otherwise indicated.

�A breathing problem is parent reported and defined as a child having cough that wakes him or her at night and/or causes emesis, or when the child has wheezing or shortness of

breath without cough.

FIG 1. Association of RSV and RV with nasopharyngeal microbiota at phylum and genus levels in 2 severe

bronchiolitis cohorts. A and B, Phylum- and genus-level microbiota composition, respectively, for the

MARC-35 cohort. Viral infection states of RSV-only, RSV/RV coinfection, and RV-only are shown. Compared

with RV-only, RSV-only–infected infants had significantly higher levels of Firmicutes and lower levels of

Proteobacteria; for RV, this trend is reversed; the RSV/RV coinfection state is intermediate. C andD, Analysis

shown in A and B replicated in the MARC-30 cohort and shows concordant viral-microbial patterns of

association. P values in these analyses are based on 1-way ANOVA and corresponding t tests of microbiota

relative composition. Wilcoxon tests produced consistent results.
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therefore, may not be reproducible in healthy infants. Second, RV
has many subtypes and may be either a bystander virus or a
pathogen,9 but the observed RV-Proteobacteria profile suggests
that in infants hospitalized with bronchiolitis, RV is not simply
a bystander.

We observed in 2 prospective multicenter cohorts of US infants
hospitalized with bronchiolitis that RSV and RV are associated
with distinct nasopharyngeal taxa. Further understanding the
relation of these viral-microbial profiles to acute bronchiolitis
symptoms and future asthma risk may help generate new
conceptual models for both respiratory infections and for the
bronchiolitis to asthma pathway.

We thankGinger A.Metcalf, DonnaM.Muzny, and RichardA. Gibbs in the

Human Genome Sequencing Center at Baylor College of Medicine for their

assistance in performing the sequencing for this project. We also thank the

participatingmedical centers for the collection of patient samples and ongoing

dedication to bronchiolitis research.
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METHODS

Study design
We performed a 17-center prospective cohort study of hospitalized infants

(age <1 year) with an attending physician’s diagnosis of bronchiolitis.

Research teams at each center used a standardized protocol to enroll these

hospitalized infants for 3 consecutive bronchiolitis seasons from November 1

to April 30 (2011-2014). This study was MARC-35. MARC is a program of

the Emergency Medicine Network (www.emnet-usa.org). The overall

objective of MARC-35 is to examine the relationship between severe

bronchiolitis (ie, bronchiolitis requiring hospitalization) and recurrent

wheezing of childhood and eventual asthma.

Inclusion criteria were as follows: (1) age less than 1 year; (2) admitted to

hospital with attending physician diagnosis of bronchiolitis defined by the

Academy of Pediatrics: acute respiratory illness with some combination of

rhinitis, cough, tachypnea, wheezing, crackles, and retractionsE1; (3) expect to

have stable address, phone number, e-mail, and primary care provider for next

year; and (4) ability of the parent/guardian to give informed consent.

Exclusion criteria were as follows: (1) enrolled into the present study

during an earlier bronchiolitis admission; (2) parents who do not agree to the

collection of all biologic specimens (ie, NPA, nasal swab, blood) or who do not

agree to the possible future use of specimens; (3) consented more than

24 hours after admission to ward or intensive care unit; (4) patient transferred

to participating hospital more than 24 hours after the original time of

admission; (5) already meets the primary end point of the overall study (ie,

current treatment is second oral steroid course in 6 months, or fourth episode

of wheezing in past year); or (6) known heart-lung disease, immunodeficiency,

immunosuppression, or gestational age of less than 32 weeks.

All patients were treated at the discretion of the treating physician in the

hospital and after discharge. The intensive participant retention procedures

and follow-up are not discussed herein because they are not relevant to the

present analysis. All consent and data forms were translated into Spanish. The

institutional review board at each of the 17 participating hospitals approved

the study.

Data collection
Investigators conducted a structured interview that assessed patients’

demographic characteristics; medical, environmental, nutritional, and family

history; and details of the acute illness. Mothers, fathers, or, in special

circumstances (eg, adoption), a guardian completed a pregnancy and birth

questionnaire. Emergency department and hospital chart reviews provided

further details about the acute illness. All data were reviewed at the EMNet

Coordinating Center, and site investigators were queried about missing data

and discrepancies identified by manual data checks.

NPA collection
NPAswere collected by site teams using the same standardized protocol we

used in a previous cohort study, MARC-30.E2 All the sites used the same

collection equipment (eg, sample traps and suction catheters from Medline

Industries, Mundelein, Ill) and collected the samples within 24 hours of

hospitalization. The NPA sample was added to transport medium,

immediately placed on ice, and then stored at 2808C. Frozen samples were

shipped overnight on dry ice to Dr Piedra’s laboratory at Baylor College of

Medicine, where they were stored again at 2808C.

PCR assay
All PCR assays were conducted as singleplex or duplex 2-step real-time

PCR. Real-time RT-PCR was used for the detection of respiratory viruses,

which included RSV types A and B, human rhinovirus, parainfluenza virus

types 1, 2, and 3, influenza virus types A and B, 2009 novel H1N1, human

metapneumovirus, coronaviruses NL-65, HKU1,OC43 and 229E, adenovirus,

human bocavirus type 1, and enterovirus. These tests are routinely conducted

in Dr Piedra’s laboratory, and details of the primers and probes have been

described.E3-E5

16S rRNA gene sequencing and compositional

analysis
16S rRNA gene sequencing methods were adapted from the methods

developed for the National Institutes of Health-Human Microbiome

Project.E6,E7 Briefly, bacterial genomic DNA was extracted using MO BIO

PowerSoil DNA Isolation Kit (Mo Bio Laboratories; Carlsbad, Calif).

The 16S rDNA V4 region was amplified by PCR and sequenced in the

MiSeq platform (Illumina; San Diego, Calif) using the 23 250 bp paired-end

protocol, yielding pair-end reads that overlap almost completely. The primers

used for amplification contain adapters for MiSeq sequencing and single-end

barcodes, allowing pooling and direct sequencing of PCR products.E8,E9

The 16S rRNA gene pipeline data incorporates phylogenetic and

alignment-based approaches to maximize data resolution. The read pairs

were demultiplexed on the basis of uniquemolecular barcodes, and reads were

merged using USEARCH v7.0.1090,E10 allowing 0 mismatches and a

minimum overlap of 50 bases. Merged reads were trimmed at first base with

Q5. In addition, a quality filter was applied to the resulting merged reads

and reads containing above 0.05 expected errors were discarded.

The Alkek Center for Metagenomics and Microbiome Research pipeline

for 16S analysis leverages custom analytic packages and pipelines developed

at the Center for Metagenomics and Microbiome Research to provide

summary statistics and quality control measurements for each sequencing

run, as well as multirun reports and data-merging capabilities for validating

built-in controls and characterizing microbial communities across large

numbers of samples or sample groups. Rarefaction curves of bacterial

operational taxonomic units (OTUs) were constructed using sequence data

for each sample to ensure coverage of the bacterial diversity present. Samples

with suboptimal amounts of sequencings reads (<80% of the taxa are

represented) were resequenced to ensure that most bacterial taxa were

encompassed in our analyses.

16S rRNA gene sequences were clustered into OTUs at a similarity cutoff

value of 97% using the UPARSE algorithm.E11 OTUs were mapped to an

optimized version of the SILVA DatabaseE11,E12 containing only the 16S v4

region to determine taxonomies. Abundances were recovered by mapping

the demultiplexed reads to the UPARSE OTUs. A custom script constructed

a rarefied OTU table from the output files generated in the previous 2 steps

for downstream analyses of alpha-diversity, beta-diversity,E13,E14 and

phylogenetic trends.

Statistical methods
Initial analysis and visualization of nasopharyngeal microbiota were

conducted in R,E15 using the phyloseq packageE16 to import sample data

and calculate alpha- and beta-diversity metrics. Further statistical analysis

was continued in R, version 3.01, and Stata 14 (StataCorp). Analyses were

performed using base packages and custom scripts. The analyses used the

rarefaction proportion of reads for each OTU as the input data.

We used 1-way ANOVA to analyze the association between the virus

(independent variable) and the relative abundance of taxa within the

nasopharyngeal microbiota (dependent variable) at all levels of the taxonomic

tree (ie, phylum to genus). T tests were used to analyze the difference of the

means between RSV and RV for each taxonomic level (ie, mean relative

abundance of taxa for RSV minus the mean relative abundance of taxa for

RV). The ANOVA estimate of within-group error variance, together with sam-

ple size, was used to scale the mean differences to determine the T statistics.

The underlying statistical assumptions used in ANOVA were checked.

First, we found that statistical independence exists between samples, but not

between microbiota groups within an individual sample. Second, we

examined normality using QQ plots to visualize the residuals. Third, using

the arcsin square root transformation of the frequency data, we found that the

P values and directionality of our findingswere not affected by transformation.

For reasons of transparency and simplicity, we have presented the

untransformed data in the article. To assure ourselves that normality

assumptions did not play a major role in our conclusions, we also performed

nonparametric analyses using Wilcoxon rank sum tests; these nonparametric

analyses had results consistent to those of the ANOVA.
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Analyses presented are at the phylum and genus levels. For the genus-level

analyses, we analyzed only the dominant genera within the phyla. For the

Proteobacteria phylum, the microbiota was dominated byHaemophilus (55%)

and Moraxella (37%). For the Firmicutes phylum, the microbiota was

dominated by Streptococcus (84%) alone with the next highest taxa being

Staphylococcus (6%).

In addition to hypothesis testing using ANOVA and nonparametric

analyses, we performed exploratory analyses including bivariate scatter plots

as well as multifactorial boxplots using the R method ggplot2 version 1.01.

These approaches were used to examine the relationships between microbiota

and clinical variables and to visualize relationships to guard against potential

confounding. To further confirm our virus-microbiota findings, we used linear

regression to examine the possibility that the findings were driven by

confounding associations with other clinical variables (see Fig E1).
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FIG E1. Sensitivity analyses for confounding between RSV-only and

RV-only severe bronchiolitis and the relative composition of the

nasopharyngeal microbiota in children hospitalized with bronchiolitis.

Each bar graph depicts the P value for the partial F statistic for RSV-only

and RV-only infection after controlling for the covariates of interest. In

each 2-way linear model, the exposures are the virus and the covariate of

interest; the outcome in each model is the difference in the relative

composition of Proteobacteria and Firmicutes. The bar plot demonstrates

that the significant virus-microbiota association does not diminish with

any of the covariates tested. Therefore, the association between virus and

nasopharyngeal microbiota is not confounded by the tested covariates.
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TABLE E1. Comparison of children hospitalized for bronchiolitis

enrolled in the 2 severe bronchiolitis studies

Characteristic*

MARC-35

(n 5 1005)

MARC-30

(n 5 307) P value

Age at enrollment (mo),

median (IQR)

3.2 (1.6-5.9) 2.1 (1.2-5.0) <.001

Male sex 603 (60) 181 (59) .74

Race/ethnicity .19

Non-Hispanic white 428 (43) 118 (39)

Non-Hispanic black 233 (23) 62 (20)

Hispanic 306 (30) 112 (37)

Other 38 (4) 13 (4)

Insurance type <.001
Public 600 (60) 189 (62)

Private 386 (38) 97 (32)

None 17 (2) 17 (6)

Parent history of asthma 341 (34) 106 (35) .70

Maternal prenatal smoking 144 (15) 51 (17) .38

Prematurity (<_37 wk) 183 (18) 101 (33) <.001
History of eczema 146 (15) 39 (13) .49

Daycare attendance 230 (23) 46 (15) .003

Other children in home 799 (80) 252 (82) .32

Mechanical ventilation during

hospitalization (CPAP

and/or intubation)

54 (5) 152 (50) <.001

IQR, Interquartile range.

*Data were expressed as n (%) unless otherwise indicated.
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