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a b s t r a c t

Purpose: Manifestations of infection and the degree of influenza virus vary. We hypothesized that the
nose/throat microbiota modifies the duration of influenza symptoms and viral shedding. Exploring these
relationships may help identify additional methods for reducing influenza severity and transmission.
Methods: Using a household transmission study in Nicaragua, we identified secondary cases of influenza
virus infection, defined as contacts with detectable virus or a greater than 4-fold change in hemagglu-
tinin inhibition antibody titer. We characterized the nose/throat microbiota of secondary cases before
infection and explored whether the duration of symptoms and shedding differed by bacterial community
characteristics.
Results: Among 124 secondary cases of influenza, higher bacterial community diversity before infection
was associated with longer shedding duration (Shannon acceleration factor [AF]: 1.61, 95% confidence
interval [CI]: 1.24, 2.10) and earlier time to infection (Shannon AF: 0.72, 95% CI: 0.53, 0.97; Chao1 AF:
0.992, 95% CI: 0.986, 0.998). Neisseria and multiple other oligotypes were significantly associated with
symptom and shedding durations and time to infection.
Conclusions: The nose/throat microbiota before influenza virus infection was associated with influenza
symptoms and shedding durations. Further studies are needed to determine if the nose/throat micro-
biota is a viable target for reducing influenza symptoms and transmission.

© 2019 Elsevier Inc. All rights reserved.
Introduction

Clinical presentation of influenza virus infection can range from
mild to severe [1]. Among the estimated 90 million new cases of
influenza that occurred in young children in 2008, 20 million had
acute lower respiratory infections, 1 million had severe acute res-
piratory lower infections, and 28,000e111,500 cases resulted in
ogy, School of Public Health,
n Arbor, MI, 48109. Tel.: þ1
death [2]. Infectiousness, estimated by viral shedding, is not highly
correlated with symptoms: viral shedding can be detected in
asymptomatic cases but is often undetected in symptomatic cases
[3e6]. A meta-analysis of challenge studies estimated that young
adults shed for an average duration of 5 days after inoculation [3].
However, longer durations of shedding have been observed inmore
symptomatic cases [7] and in young children [4,8].

This heterogeneity in influenza illness and infectiousness has
been largely attributed to the host immune response, which im-
pacts pathogenicity and viral replication [9]. As the role of micro-
biota in stimulating host immunity has become evident [10e13],

mailto:gordonal@umich.edu
http://crossmark.crossref.org/dialog/?doi=10.1016/j.annepidem.2019.07.013&domain=pdf
www.sciencedirect.com/science/journal/10472797
https://doi.org/10.1016/j.annepidem.2019.07.013
https://doi.org/10.1016/j.annepidem.2019.07.013
https://doi.org/10.1016/j.annepidem.2019.07.013


K.H. Lee et al. / Annals of Epidemiology 37 (2019) 51e5652
there have been increasing numbers of studies demonstrating as-
sociations between the microbiome and risk and severity of in-
fectious diseases [14e16]. However, to our knowledge, no
epidemiologic study has examined whether the microbiota is
associated with symptoms or viral shedding during influenza virus
infection. Identifying these links would lay the groundwork for
developing symbiotic approaches to reduce influenza severity and
transmission. This study fills this gap using data from a household
transmission study in Nicaragua.

Materials and methods

Study population

This analysis uses data and samples collected by the Nicaraguan
Household Transmission Study conducted in Managua, Nicaragua,
between 2012 and 2014. Household index cases of influenza virus
infection were identified at a primary health care center using the
following ecriteria: 1) a positive QuickVue Influenza A þ B rapid
diagnostic test, 2) symptom onset of febrile acute respiratory illness
(FARI; fever or feverishness with a rhinorrhea, sore throat, and/or
cough) within the past 48 hours, 3) residing in a household with at
least one other member (household contact), and 4) no household
contacts with influenza symptoms in the two weeks before
symptom onset in the index case.

Index cases and household contacts were invited to participate
and monitored through up to 5 home visits, conducted at 2- to 3-
day intervals. Nasal and oropharyngeal swabs were collected and
combined at each visit. Blood samples were collected at enrollment
and 30e45 days later. A secondary case was defined as a household
contact with a positive real-time reverse transcription polymerase
chain reaction (RT-PCR) result or a greater than or equal to 4-fold
change in hemagglutination inhibition (HAI) antibody titers spe-
cific to the subtype/type identified in the index case.

A written informed consent or proxy consent was obtained for all
participants. Verbal assent was obtained from children aged 5 years or
older. The study was approved by the Institutional Review Boards at
the University of Michigan and the Nicaraguan Ministry of Health.

Laboratory assays

Influenza type/subtypeespecific RT-PCR was conducted on all
samples using validated Centers for Disease Control and Preven-
tion protocols [17]. Influenza type/subtypeespecific HAI titers
were measured using the validated World Health Organization
protocols [18].

Microbiota characterization

Detailed methods used for microbiota characterization are dis-
cussed in Lee et al. [19]. Briefly, DNA was extracted from the first
and last nasal/oropharyngeal sample collected from all index cases
and household contacts. The V4 hypervariable region of the 16S
rRNA gene was amplified and sequenced on an Illumina MiSeq
System using a validated dual-indexing method [20]. Following
alignment and quality filtering in mothur v1.38.1 [21] and oligo-
typing to assign reads to taxonomic units [22], Dirichlet multino-
mial mixture models [23] were used to assign all nasal/
oropharyngeal samples to 5 bacterial community types (CTs)
(Fig. S1). Each CT represents a group of samples with similar taxa
compositions. We determined the number of CTs by estimating the
Laplace approximation of the negative log models and identifying
the point at which an increase in Dirichlet components resulted in
minor reductions in model fit (Fig. S2). Considerations were placed
on statistical power in downstream analyses. Taxonomy was
assigned using the Human Oral Microbiome Database v14.51 [24]
and blastn v2.2.23 [25].

Comparisons between CTs were conducted using all available
microbiota data from all index cases and household contacts
(n ¼ 1405 samples). b-diversity, representing within-group dissimi-
larity of samples, was estimated using Bray-Curtis dissimilarity and
Jaccard distance. a-diversity, representing within-sample commu-
nity diversity, was estimated using the Shannon diversity index and
Chao1 index. Shannon diversity accounts for both richness and
evenness of taxa, whereas Chao1 only accounts for richness.

Influenza shedding and symptom data

Household contacts with 1 or more positive RT-PCR results
during follow-up were defined as secondary cases with viral
shedding. Shedding duration was estimated as the time between
the first positive RT-PCR result and a negative RT-PCR result.

Study participants completed a daily symptom diary doc-
umenting the presence of the following symptoms: fever or
feverishness, rhinorrhea, sore throat, and cough. To reduce poten-
tial bias from symptoms unrelated to influenza virus infection, we
defined an influenza-associated illness period for each participant
using symptom onset and alleviation dates. Illness onset was
defined as the earliest date of any symptom. However, symptoms
were excluded if they were alleviated >1 day before onset of viral
shedding. Illness alleviation was defined as the date on which all
symptoms were alleviated. Any recurring symptoms were excluded
if the symptom recurred on 3 or after 3 days post viral shedding
cessation or if fever recurred on 3 or after 3 days post fever alle-
viation. The duration of each symptom was estimated within the
defined illness period. FARI was defined as the presence of fever
plus rhinorrhea, sore throat, and/or cough and influenza-like illness
was defined as fever plus sore throat and/or cough.

Statistical analysis

Accelerated failure time models using a generalized estimating
equation approach were used to examine the relationship between
bacterial community diversity and symptom duration, viral shed-
ding duration, the serial interval, and time to shedding onset. Time
to shedding onset was relative to symptom onset dates of index
cases. Survival time was parameterized as a Weibull distribution in
all models [26].

Models were repeated using CTs. We further explored whether
outcomes were associated with the relative abundance of the 15 oli-
gotypes that contributed to more than 50% of the difference between
CTs. We ran single-oligotype models using log10-transformed relative
abundance in consideration of the constant sum constraint [27] and
the Benjamin-Hochberg method to correct for multiple testing.

We adjusted for age and sex in models estimating viral shedding
and symptom. We adjusted for age, a smoker in the household, sex,
andhouseholdcrowding inmodelsestimating time to sheddingonset
and estimating the serial interval. All models were adjusted for clus-
teringbyhousehold. A summaryof ourmodels is available inTable S1.
All statistical analyses were conducted using R, version 3.4.2 [28].

Availability of data and materials

Raw sequence reads have been deposited in a NCBI Sequence
Read Archive repository (accession number PRJNA482032). Data
sets generated and analyzed during the current study are available
in an open-access Deep Blue Data repository (https://deepblue.lib.
umich.edu/data/concern/generic_works/sb3979224?locale¼en).
Certain individual participant data have been excluded because of
identifiability concerns.

https://deepblue.lib.umich.edu/data/concern/generic_works/sb3979224?locale=en
https://deepblue.lib.umich.edu/data/concern/generic_works/sb3979224?locale=en
https://deepblue.lib.umich.edu/data/concern/generic_works/sb3979224?locale=en


Fig. 1. Shannon diversity of bacterial community types based on the first and last nose/
throat samples of 144 index cases and 573 household contacts from 144 households,
Managua, Nicaragua, 2012e2014. Each violin plot contains a box plot with a kernel
density estimation on either side depicting the distribution of data.
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Results

Study population

A total of 144 index cases and 573 household contacts were
enrolled in the Nicaraguan Household Transmission Study during
2012e2014. Following sequencing of the V4 region of the 16S rRNA
of the first and last available nose/throat samples from all study
participants, including both index cases and household contacts,
Fig. 2. Relative abundance of 15 oligotypes that contributed to 50% of difference b
and assignment to oligotypes, we used an unsupervised clustering
technique to identify the 5 bacterial CTs (n ¼ 1405 samples)
(Figs. S1 and S2). CTs varied significantly in composition and
structure as tested using permutational multivariate analysis of
variance (beta diversity: Bray-Curtis dissimilarity, R2 ¼ 0.207,
P ¼ .001) and differed in alpha diversity (Shannon: Wilcoxon rank-
sum, P < .001, Fig. 1; Chao1: Wilcoxon rank-sum, P < .001, Fig. S3).
Most notably, CT 5 had the lowest alpha diversity. Clustering of
samples into CTs was largely explained by a few oligotypes, with
50% of the difference between the single-CT and five-CT models
attributed to 15 of the total 230 oligotypes. The relative abundance
of these oligotypes is depicted in Figure 2. The complete taxa
composition is available in Figure S4.

One hundred sixty secondary influenza virus infections were
identified over a less than of equal to 13-day follow-up period using
RT-PCR or a greater than or equal to 4-fold increase in HAI titer
specific to the influenza type/subtype of the household index case
30e45 days after enrollment. Thirty-two were positive only by RT-
PCR, 53 were positive only by HAI titer, and 62 were positive by
both methods. Thirty-six household contacts with a positive RT-
PCR result at the first home visit were excluded as nose/throat
samples were not available before infection. Analysis was con-
ducted on the remaining 124 secondary cases: 71 were positive for
influenza by RT-PCR (57%) and 92 (74%) were positive by HAI during
follow-up. Half of all secondary cases were adults (48%), and most
infections were symptomatic (61%). Thirty-six secondary cases
experienced FARI (29%), including 34 with influenza-like illness
etween community types. Each square represents 0.05% relative abundance.



Table 1
Characteristics of 124 secondary influenza cases from 70 households, Managua, Nicaragua, 2012e2014, by bacterial community type

Characteristics All (n ¼ 124*) Community type 1
(n ¼ 35)

Community type 2
(n ¼ 31)

Community type 3
(n ¼ 30)

Community type 4
(n ¼ 14)

Community type 5
(n ¼ 7)

No. (%) No. (%) No. (%) No. (%) No. (%) No. (%)

Influenza type/subtype (RT-PCR)
H1N1 12 (10) 2 (6) 3 (10) 2 (7) 4 (29) 0 (0)
H3N2 37 (30) 12 (34) 9 (29) 9 (30) 0 (0) 5 (71)
B 21 (17) 6 (17) 7 (23) 4 (13) 1 (7) 1 (14)
Co-infection 1 (1) 0 (0) 1 (3) 0 (0) 0 (0) 0 (0)
None 53 (43) 15 (43) 11 (35) 15 (50) 9 (64) 1 (14)

Influenza type/subtype (HAI)
H1N1 18 (15) 4 (11) 5 (16) 4 (13) 4 (29) 0 (0)
H3N2 48 (39) 13 (43) 8 (26) 15 (50) 6 (43) 1 (0)
B 26 (21) 6 (17) 8 (26) 7 (23) 3 (21) 1 (14)
Co-infection 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0)
None 23 (19) 7 (20) 7 (23) 4 (13) 1 (7) 2 (29)
Missing 9 (7) 3 (9) 3 (10) 0 (0) 0 (0) 3 (43)

Age (y)
0-5 19 (15) 5 (14) 6 (19) 1 (3) 0 (0) 5 (71)
6-17 45 (36) 16 (46) 10 (32) 13 (43) 4 (29) 1 (14)
�18 60 (48) 14 (40) 15 (48) 16 (53) 10 (71) 1 (14)

Female 80 (65) 20 (57) 23 (74) 19 (63) 10 (71) 4 (57)
Influenza vaccinationy 6 (5) 1 (3) 3 (10) 2 (7) 0 (0) 0 (0)
Smoker in household 59 (54) 16 (52) 14 (52) 17 (61) 6 (55) 4 (57)
Oseltamivir use 10 (8) 2 (6) 4 (13) 2 (7) 0 (0) 1 (14)
Symptoms
Fever/feverishness 44 (35) 11 (31) 12 (39) 8 (27) 7 (50) 3 (43)
Rhinorrhea 53 (43) 14 (40) 16 (52) 10 (33) 7 (50) 3 (43)
Sore throat 35 (28) 8 (23) 12 (39) 6 (20) 5 (36) 2 (29)
Cough 60 (48) 14 (40) 18 (58) 14 (47) 9 (64) 3 (43)

FARIz 36 (29) 7 (20) 11 (35) 6 (20) 6 (43) 3 (43)
ILIx 34 (27) 7 (20) 11 (35) 6 (20) 6 (43) 2 (29)

Secondary cases were defined as household contacts of index cases with a positive RT-PCR result for influenza or a greater than or equal to 4-fold change in HAI titer during
follow-up.
FARI ¼ febrile acute respiratory illness; HAI ¼ hemagglutination inhibition; ILI ¼ influenza-like illness; RT-PCR ¼ reverse transcription polymerase chain reaction.

* Includes secondary cases with undefined community types.
y Before enrollment and in same year as index case.
z Fever/feverishness with rhinorrhea, sore throat, or cough.
x Fever/feverishness with sore throat or cough.

Fig. 3. Accelerated failure time models examining relationship between a-diversity
and shedding duration, serial interval, and time to shedding onset among 124 sec-
ondary cases from 70 households, Managua, Nicaragua, 2012e2014. Models are not
specific to influenza type/subtype.
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(27%) (Table 1). Forty-one percent of households had more than 1
secondary case, suggesting clustering of secondary cases by
household. Compared with persons with secondary infections
without viral shedding (n ¼ 53), persons with secondary infections
with viral shedding (n ¼ 71) were younger (mean: 16.7 years vs.
25.2 years, t-test, P ¼ .001), more likely to be symptomatic (75% vs.
43% with 1 or more symptoms, c2 test, P < .001), and more likely to
have FARI (42% vs. 6%, c2 test, P < .001).

Bacterial community diversity before infection and symptom and
shedding durations

We explored whether a-diversity before influenza virus infec-
tion was associated with symptom and shedding durations. We
found no statistically significant associations between a-diversity
and symptom durations (Table S2). Shannon diversity was posi-
tively associated with shedding duration (acceleration factor [AF]:
1.61; 95% confidence interval [CI]: 1.24, 2.10) (Fig. 3; Table S3). The
mean predicted durations at the 25th and 75th quartiles of Shan-
non diversity (distribution among secondary cases) were 3.1 and
3.6 days, respectively.

Bacterial community diversity before infection and time to infection

We examined whether a-diversity was associated with time to
infection using two different proxy measures, serial interval
(defined as the time between onset of symptoms between an index
case and a secondary case) and time to shedding onset, after
adjusting for age, sex, a smoker in the household, household
crowding, and clustering by household. The serial interval was
negatively associated with Shannon diversity (AF: 0.72; 95% CI:
0.53, 0.97) and Chao1 (AF: 0.992; 95% CI: 0.986, 0.998). The mean
serial interval was 3.7 and 3.2 days at the 25th and 75th quartiles of
Shannon diversity, respectively, and 3.8 and 3.0 days at the 25th
and 75th quartiles of Chao1, respectively. Chao1 was associated
with earlier time to shedding onset (AF: 0.995; 95% CI: 0.990,
0.999). Mean serial interval was 5.8 and 5.3 days at the 25th and
75th quartiles of Chao1 index, respectively.



K.H. Lee et al. / Annals of Epidemiology 37 (2019) 51e56 55
Exploring CTs

We repeated our models using CTs as our primary exposure
variable. Owing to small sample sizes of certain CTs, we also
assessed whether our models were robust. We generated a boot-
strapped data set with 100 iterations of randomly reassigned CTs
and ran the viral shedding duration model for each iteration. The
most uncommon CT was statistically significant in 26% of iterations
suggesting an inflated type I error rate. All model results are
included in Appendix for exploratory purposes and should be
interpreted as such (Fig. S5).

The role of individual taxa

To explore the role of individual taxa, we examined whether the
relative abundance of 15 oligotypes were associated with the
duration of symptoms and viral shedding. We specifically focused
on the oligotypes that contributed most to the difference between
CTs (>50% of the difference) and used the Benjamin-Hochberg
method to correct for multiple testing.

Duration of fever was negatively associated with Veillonella
parvula/rogosae/atypica/denticariosi/dispar (AF: 0.66; 95% CI: 0.50,
0.86) (Table S4). Duration of runny nose was positively associated
with Neisseria (AF: 1.41; 95% CI: 1.25, 1.60) and Prevotella melani-
nogenica/scopos/sp./histicola/veroralis (AF: 2.01; 95% CI: 1.46, 2.75).
Duration of sore throat was positively associatedwith Prevotella sp./
veroralis/fusca/histicola/scopos/melaninogenica, Megasphaera micro-
nuciformis, and Prevotella salivae.

Shedding duration was positively associated with the abun-
dance of Fusobacterium (AF: 1.14; 95% CI: 7%, 22%), Neisseria (AF:
1.16; 95% CI: 1.06, 1.27), and Haemophilus (AF: 1.13; 95% CI: 1.04,
1.23). Shedding duration was negatively associated with the
abundance of Streptococcus vestibularis/salivarius/gordonii/sp. (AF:
0.61; 95% CI: 0.49, 0.77) and Streptococcus australis/parasanguinis II/
parasanguinis I/sp./oligofermentans/cristatus/sinensis/sanguinis/gor-
donii/lactarius/peroris/oralis (AF: 0.59; 95% CI: 0.39, 0.91). Fuso-
bacterium (AF: 0.89; 95% CI: 0.83, 0.95) and Neisseria (AF: 0.87; 95%
CI: 0.79, 0.95) were associated with a shorter serial interval.

Sensitivity analysis

To investigate whether the criteria used to define illness periods
affected our results, we reran our a-diversity models with three
sets of modified criteria: 1) illness period does not exclude symp-
toms if fever recurs on 3 or after 3 days post fever alleviation; 2)
illness period only considers influenza-like symptoms; and 3) all
symptoms during follow-up contribute to illness period. Most
model estimates remained the same or had minor differences that
did not affect our overall conclusions (Table S5). The exception was
in our serial interval models using criteria set 2 and 3, in which
associations were no longer statistically significant. The direction of
association did not change for Shannon diversity models, but the
strength of the association was attenuated. For Chao1 models, the
association shifted toward the null.

Discussion

We explored whether the nose/throat microbiota before influ-
enza virus infection influenced the duration of symptoms, viral
shedding, and time to infection among secondary influenza cases
identified by RT-PCR or a greater than or equal to 4-fold increase in
HAI titers. Community diversity before influenza virus infection
was associated with viral shedding duration. Secondary cases with
less diverse bacterial communities had a longer period of viral
shedding and signs of infection were observed earlier.
Several oligotypes were associated with symptoms and shed-
ding. Among them, a Neisseria oligotype was of particular interest
as it was associated with multiple outcomes including earlier signs
of infection (by serial interval and viral shedding), longer durations
of symptoms, and longer viral shedding. There is little information
regarding biological interactions between Neisseria and influenza.
However, there is some evidence that the outer membrane vesicles
of Neisseria can act as a mucosal adjuvant. Findings from intranasal
influenza vaccine study demonstrated substantial increases in both
IgG and IgA antibodies when inactivated Neisseria meningitidis was
added as an adjuvant to the vaccine [29].

Our findings are consistent with results of murine experiments
demonstrating a relationship between the gut microbiome and
influenza symptoms and viral shedding. Mice treated with antibi-
otics before inoculation with influenza virus expressed enhanced
disease severity and increased risk of death [13]. Among mice with
microbiomes disrupted by antibiotics, macrophages expressed
defective responses to type I and type II interferons (IFNs) [13] and
exhibited defective T-cell and B-cell responses linked to reduced
priming of inflammasome-dependent cytokines [11]. These im-
pairments resulted in higher viral replication [11,13]. However,
these studies did not characterize the microbiota using an untar-
geted 16S rRNA taxonomic screen, making it difficult to connect our
epidemiologic findings with specific biological mechanisms.

Replication and exploration of the mechanisms underlying our
results are needed to evaluate whether our observations are causal.
A particular limitation of our study is we were unable to determine
if the characteristics of nose/throat microbiota are risk factors or
risk markers, that is, whether host factors leading to differences in
clinical outcomes of influenza also lead to the observed nose/throat
microbiota. Larger studies that oversample young children and
assess immune response and animal models are needed to clarify
the relationship. Moreover, a more comprehensive assessment of
the microbiota (metagenomics and metabolomics) would enable
evaluation of other microbiota characteristics beyond a-diversity
and selected taxa.

Our study has several strengths. As a case-ascertained study, we
were able to characterize the nose/throat microbiota of secondary
cases a few days before infection. By using both RT-PCR and HAI, we
were able to improve our detection of secondary cases. Finally, daily
symptom diaries and regular RT-PCR testing over follow-up allowed
us to estimate time-to-event outcomes related to influenza symp-
toms and viral shedding. However, there are also several potential
limitations. Any criteria used to define an influenza-associated
illness period are subject to misclassification. However, sensitivity
analysis indicates our criteria did not meaningfully affect our results.
Finally, our study does not consider the infectiousness of index cases
in time to infection estimates and we were inadequately powered to
examine influenza subtypeespecific relationships.

Conclusions

In conclusion, our study identified associations between the
duration of influenza symptoms, viral shedding, and the nose/
throat bacterial microbiota before influenza infection. By extension,
the microbiota may influence influenza transmission, which likely
is dependent on both the duration and level of viral shedding and
the presence of symptoms. Current methods for reducing influenza
transmission and disease severity involve reducing exposure to the
virus, vaccination, and antiviral treatment. However, complemen-
tary strategies should be explored to reduce the 3e5 million cases
of severe illness [30] and 400,000 deaths [31] estimated to occur
each year. The microbiome may provide opportunities for reducing
this burden. Randomized controlled studies have shown drastic
reductions in respiratory tract infections among newborns given
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synbiotics, which are estimated to cost around $1 per person for
1 week of treatment [14,15]. Future studies should investigate
causal pathways between the microbiome and respiratory in-
fections and evaluate the impact of synbiotics in different
populations.
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Appendix
Table S1
Summary of accelerated failure time models used to investigate the relationship between the nose/throat microbiota and various symptom and viral shedding outcomes

Model Community diversity Age Sex Smoker in household Crowding

Symptom duration Yes Yes Yes No No
Shedding duration Yes Yes Yes No No
Serial interval Yes Yes Yes Yes Yes
Time to shedding onset Yes Yes Yes Yes Yes

Models were additionally controlled for clustering by household and were not specific to influenza type/subtype. Community diversity, age, sex, smoker in household, and
crowding are independent variables included in the model. Models were rerun using community types and log10-transformed relative abundance of 15 oligotypes that
contributed to 50% of difference between community types.

Table S3
Accelerated failure time models estimating the association between alpha diversity and shedding and time to infection among 124 secondary cases from 70 households,
Managua, Nicaragua, 2012e2014

Model Shedding duration Serial interval Time to shedding onset

Acceleration factor (95% confidence interval)

Shannon diversity 1.61 (1.24, 2.10) 0.72 (0.53, 0.97) 0.85 (0.68, 1.07)
<5 y 1.04 (0.64, 1.69) 0.72 (0.49, 1.05) 0.87 (0.62, 1.21)
6e17 y 0.95 (0.66, 1.37) 1.09 (0.76, 1.56) 0.98 (0.72, 1.31)
Female 1.06 (0.77, 1.47) 1.02 (0.73, 1.42) 0.92 (0.73, 1.15)
Smoker in household d 0.95 (0.65, 1.47) 0.86 (0.62, 1.19)
Household crowding d 0.93 (0.63, 1.38) 1.04 (0.77, 1.40)

Chao1 index 1.01 (0.999, 1.01) 0.99 (0.99, 0.998) 0.99 (0.99, 0.999)
<5 y 1.08 (0.60, 1.96) 0.66 (0.45, 0.95) 0.75 (0.51, 1.11)
6e17 y 0.98 (0.67, 1.43) 1.05 (0.74, 1.48) 0.91 (0.68, 1.21)
Female 1.09 (0.78, 1.52) 1.02 (0.73, 1.43) 0.89 (0.71, 1.12)
Smoker in household d 0.95 (0.65, 1.47) 0.86 (0.64, 1.17)
Household crowding d 0.93 (0.63, 1.38) 1.10 (0.80, 1.50)

Table S2
Accelerated failure time models estimating association between alpha diversity and
symptom duration among 124 secondary cases from 70 households, Managua,
Nicaragua, 2012e2014

Outcome Shannon diversity Chao1 index

Acceleration factor (95% confidence interval)

Duration of fever 0.80 (0.31, 2.07) 1.00 (0.99, 1.01)
Duration of runny nose 1.87 (0.67, 5.24) 1.01 (0.996, 1.03)
Duration of sore throat 1.01 (0.55, 1.85) 1.00 (0.99, 1.01)
Duration of cough 1.39 (0.56, 3.49) 1.00 (0.99, 1.02)



Table S4
Single-oligotype models using log10-transformed relative abundance of 15 oligotypes that contributed to 50% of difference between community types among 124 secondary
cases from 70 households, Managua, Nicaragua, 2012e2014

Oligotype Fever duration Runny nose duration

AF (95% CI) q-value* AF (95% CI) q-value*

Veillonella 1 1.20 (0.82, 1.75) 0.409 1.27 (0.89, 1.81) 0.564
Streptococcus 1 1.34 (0.83, 2.17) 0.409 0.98 (0.49, 1.95) 0.945
Fusobacterium 0.89 (0.64, 1.23) 0.772 1.30 (1.09, 1.55) 0.020
Streptococcus 2 1.04 (0.51, 2.09) 0.912 0.40 (0.16, 1.03) 0.214
Prevotella 1 1.05 (0.89, 1.25) 0.730 0.97 (0.82, 1.15) 0.945
Gemella 0.64 (0.42, 0.99) 0.200 0.97 (0.47, 2.00) 0.945
Neisseria 0.85 (0.65, 1.11) 0.730 1.41 (1.25, 1.60) <0.001
Haemophilus 0.64 (0.42, 0.98) 0.285 1.09 (0.42, 2.87) 0.945
Prevotella 2 1.12 (0.96, 1.31) 0.409 1.08 (0.83, 1.39) 0.874
Prevotella 3 1.23 (1.03, 1.48) 0.200 1.31 (0.92, 1.40) 0.625
Prevotella 4 1.10 (0.71, 1.70) 0.772 2.01 (1.46, 2.75) <0.001
Streptococcus 3 1.22 (0.74, 2.01) 0.648 1.36 (0.46, 4.00) 0.874
Megasphaera 1.02 (0.91, 1.14) 0.772 1.06 (0.95, 1.18) 0.718
Prevotella 5 1.09 (0.91, 1.31) 0.648 1.01 (0.80, 1.28) 0.945
Veillonella 2 0.66 (0.50, 0.86) 0.030 0.88 (0.63, 1.25) 0.874

Sore throat durationy Cough duration

Veillonella 1 0.95 (0.51, 1.79) 0.990 0.81 (0.47, 1.40) 0.759
Streptococcus 1 1.00 (0.58, 1.73) 0.990 0.69 (0.39, 1.22) 0.621
Fusobacterium 1.23 (0.96, 1.57) 0.291 1.33 (1.02, 1.72) 0.255
Streptococcus 2 1.30 (0.63, 2.70) 0.894 0.63 (0.28, 1.40) 0.621
Prevotella 1 0.99 (0.55, 1.78) 0.990 0.84 (0.64, 1.09) 0.621
Gemella 1.12 (0.62, 2.01) 0.976 0.85 (0.51, 1.42) 0.782
Neisseria 0.85 (0.60, 1.20) 0.774 1.37 (1.03, 1.82) 0.292
Haemophilus 1.52 (0.88, 2.65) 0.340 1.27 (0.78, 2.06) 0.694
Prevotella 2 1.17 (0.98, 1.39) 0.291 0.92 (0.73, 1.14) 0.759
Prevotella 3 1.27 (1.13, 1.42) <0.001 1.06 (0.84, 1.33) 0.782
Prevotella 4 1.22 (0.60, 2.49) 0.963 1.42 (0.88, 2.29) 0.621
Streptococcus 3 1.11 (0.64, 1.92) 0.976 0.79 (0.35, 1.78) 0.782
Megasphaera 1.14 (1.04, 1.24) 0.020 0.98 (0.86, 1.13) 0.844
Prevotella 5 1.22 (1.07, 1.39) 0.015 0.97 (0.79, 1.19) 0.844
Veillonella 2 1.02 (0.72, 1.44) 0.990 0.83 (0.62, 1.12) 0.621

Oligotype Shedding duration Serial interval Time to shedding onset

AF (95% CI) q-value* AF (95% CI) q-value* AF (95% CI) q-value*

Veillonella 1 0.83 (0.67, 1.02) 0.171 1.31 (0.98, 1.74) 0.255 1.16 (0.89, 1.50) 0.528
Streptococcus 1 0.61 (0.49, 0.77) <0.001 1.02 (0.74, 1.40) 0.920 0.88 (0.70, 1.12) 0.528
Fusobacterium 1.14 (1.06, 1.23) 0.002 0.89 (0.83, 0.95) 0.015 0.97 (0.93, 1.02) 0.528
Streptococcus 2 1.25 (0.85, 1.84) 0.353 1.07 (0.79, 1.44) 0.773 0.94 (0.61, 1.46) 0.845
Prevotella 1 0.86 (0.69, 1.07) 0.286 0.97 (0.79, 1.20) 0.840 0.97 (0.90, 1.04) 0.528
Gemella 1.16 (0.87, 1.55) 0.399 1.31 (0.91, 1.89) 0.362 1.23 (0.88, 1.71) 0.528
Neisseria 1.16 (1.06, 1.27) 0.009 0.87 (0.79, 0.95) 0.015 0.97 (0.90, 1.04) 0.598
Haemophilus 1.13 (1.04, 1.23) 0.023 0.93 (0.68, 1.26) 0.773 1.01 (0.96, 1.07) 0.772
Prevotella 2 1.05 (0.94, 1.17) 0.430 0.92 (0.83, 1.01) 0.255 0.93 (0.87, 1.00) 0.360
Prevotella 3 1.04 (0.90, 1.21) 0.570 1.07 (0.92, 1.25) 0.554 0.98 (0.91, 1.05) 0.693
Prevotella 4 1.21 (0.97, 1.52) 0.171 0.81 (0.63, 1.03) 0.384 0.90 (0.79, 1.03) 0.528
Streptococcus 3 0.59 (0.39, 0.91) 0.049 0.88 (0.66, 1.19) 0.255 0.84 (0.62, 1.13) 0.528
Megasphaera 0.97 (0.88, 1.06) 0.553 1.07 (0.96, 1.18) 0.409 0.99 (0.92, 1.07) 0.872
Prevotella 5 1.10 (0.99, 1.24) 0.171 0.94 (0.72, 1.22) 0.773 0.94 (0.89, 1.00) 0.360
Veillonella 2 1.10 (0.95, 1.27) 0.294 0.86 (0.66, 1.12) 0.435 0.97 (0.88, 1.06) 0.680

Oligotype Full taxonomic classification

Veillonella 1 Veillonella dispar/atypica/parvula/rogosae
Streptococcus 1 Streptococcus vestibularis/salivarius/gordonii/sp.
Fusobacterium Fusobacterium periodonticum/nucleatum subsp. animalis/sp./nucleatum subsp. Vincentii/nucleatum subsp.

polymorphum/naviforme/nucleatum subsp. nucleatum
Streptococcus 2 Streptococcus sp./dentisani/mitis/oralis/infantis/tigurinus/lactarius/peroris/pneumoniae
Prevotella 1 Prevotella histicola/sp./veroralis/scopos/fusca/melaninogenica
Gemella Gemella haemolysans/sanguinis/morbillorum/bergeri
Neisseria Neisseria subflava/flavescens/flava/sicca/pharynges/mucosa/polysaccharea/weaver/meningitidis/lactamica
Haemophilus Haemophilus parainfluenzae/parahaemolyticuss/paraphrohaemolyticus/sputorum/sp./haemolyticus/influenzae
Prevotella 2 Prevotella sp./veroralis/histicola/fusca/scopos
Prevotella 3 Prevotella sp./veroralis/fusca/histicola/scopos/melaninogenica
Prevotella 4 Prevotella melaninogenica/scopos/sp./histicola/veroralis
Streptococcus 3 Streptococcus australis/parasanguinis II/parasanguinis I/sp./oligofermentans/cristatus/sinensis/sanguinis/gordonii/lactarius/peroris/oralis
Megasphaera Megasphaera micronuciformis
Prevotella 5 Prevotella salivae
Veillonella 2 Veillonella parvula/rogosae/atypica/denticariosi/dispar

Benjamin-Hochberg method to correct for multiple testing.
* Corrected for multiple testing using the Benjamin-Hochberg method.
y Children 0e5 years of age were removed from the sore throat model as they cannot reliably report the symptom.
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Table S5
Sensitivity analysis using alternative definitions of illness period

Model Original definition Alternative 1 Alternative 2 Alternative 3

Acceleration factor (95% confidence interval)

Shannon diversity
Fever 0.80 (0.31, 2.07) 0.59 (0.20, 1.76) 0.82 (0.32, 2.12) 0.52 (0.18, 1.52)
Runny nose 1.87 (0.67, 5.24) 1.87 (0.67, 5.24) 1.35 (0.64, 2.83) 1.44 (0.67, 3.09)
Sore throat 1.01 (0.55, 1.85) 1.01 (0.55, 1.85) 1.01 (0.55, 1.85) 1.00 (0.55, 1.83)
Cough 1.39 (0.56, 3.49) 1.39 (0.56, 3.49) 1.24 (0.52, 3.04) 1.30 (0.52, 3.27)
Serial interval 0.72 (0.53, 0.97) 0.72 (0.53, 0.97) 0.88 (0.67, 1.16) 0.92 (0.71, 1.21)

Chao1 index
Fever 1.00 (0.99, 1.01) 0.99 (0.98, 1.01) 0.99 (0.99, 1.01) 0.99 (0.98, 1.01)
Runny nose 1.01 (0.996, 1.03) 1.01 (0.99, 1.03) 1.01 (0.996, 1.02) 1.01 (0.996, 1.02)
Sore throat 1.00 (0.99, 1.01) 1.00 (0.99, 1.01) 1.00 (0.99, 1.01) 1.01 (0.99, 1.02)
Cough 1.00 (0.99, 1.02) 1.00 (0.99, 1.02) 1.00 (0.99, 1.02) 1.00 (0.99, 1.01)
Serial interval 0.99 (0.99, 0.998) 0.99 (0.99, 0.998) 1.00 (0.99, 1.002) 1.00 (0.99, 1.01)

Alternative 1: The influenza-associated illness period does not exclude symptoms if fever recurs on 3 or after 3 days post fever alleviation. Alternative 2: The influenza-
associated illness period only considers symptoms of influenza-like illness. Alternative 3: All symptoms of acute respiratory illness during follow-up contribute to the
influenza-associated illness period.

Fig. S1. Principal coordinates analysis of nose/throat samples assigned to community types. 1405 nose/throat samples from 717 study participants residing in 144 households in
Managua, Nicaragua, 2012e2014. Based on Bray-Curtis dissimilarity.
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Fig. S2. Model fit of negative log models by number of Dirichlet components using the
first and last samples of all study participants (n ¼ 1405 samples). We determined the
number of community types by estimating the Laplace approximation of the negative
log models and identifying the point at which an increase in Dirichlet components
resulted in minor reductions in model fit. Considerations were placed on statistical
power in downstream analyses.

Fig. S3. Chao1 by community types based on the first and last nose/throat samples of
717 study participants from 144 households, Managua, Nicaragua, 2012e2014. Each
violin plot contains a box plot with a kernel density estimation on each side depicting
the distribution of data.
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Fig. S4. Relative abundance of oligotypes by community type. Based on the first and last nose/throat samples of 717 study participants from 144 households, Managua, Nicaragua,
2012e2014. Each square represents 0.05% relative abundance.
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Fig. S5. Accelerated failure time models assessing impact of community types on outcomes of interest among 124 secondary cases from 70 households, Managua, Nicaragua,
2012e2014. Models are not specific to influenza type/subtype. Children 0e5 years of age were removed from the sore throat model as young children are not able to reliably report
sore throat.
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