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ABSTRACT 
Introduction:
Military trainees are at increased risk for infectious disease outbreaks because of the unique circumstances of the training 
environment (e.g., close proximity areas and physiologic/psychologic stress). Standard medical countermeasures in mil-
itary training settings include routine immunization (e.g., influenza and adenovirus) as well as chemoprophylaxis [e.g., 
benzathine penicillin G (Bicillin) for the prevention of group A streptococcal disease] for pathogens associated with 
outbreaks in these settings. In a population of U.S. Army Infantry trainees, we evaluated changes in the oral microbiome 
during a 14-week military training cycle.

Materials and Methods:
Trainees were enrolled in an observational cohort study in 2015–2016. In 2015, Bicillin was administered to trainees to 
ameliorate the risk of group A Streptococcus outbreaks, whereas in 2016, trainees did not receive a Bicillin inoculation. 
Oropharyngeal swabs were collected from participants at days 0, 7, 14, 28, 56, and 90 of training. Swabs were collected, 
flash frozen, and stored. DNA was extracted from swabs, and amplicon sequencing of the 16s rRNA gene was performed. 
Microbiome dynamics were evaluated using the QIIME 2 workflow along with DADA2, SINA with SILVA, and an 
additional processing in R.

Results:
We observed that microbiome samples from the baseline (day 0) visit were distinct from one another, whereas samples 
collected on day 14 exhibited significant microbiome convergence. Day 14 convergence was coincident with an increase 
in DNA sequences associated with Streptococcus, though there was not a significant difference between Streptococcus
abundance over time between 2015 and 2016 (P = .07), suggesting that Bicillin prophylaxis did not significantly impact 
overall Streptococcus abundance.

Conclusions:
The temporary convergence of microbiomes is coincident with a rise in communicable infections in this population. 
The dynamic response of microbiomes during initial military training supports similar observations in the literature 
of transient convergence of the human microbiome under cohabitation in the time frame including in this experiment. 
This population and the associated longitudinal studies allow for controlled studies of human microbiome under diverse 
conditions.
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INTRODUCTION
Advances in high-throughput sequencing and bioinformatics 
have greatly accelerated our insights into and understanding of 
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the human microbiome, where it is recognized that a tremen-
dous diversity of microbial communities—both within and 
between human hosts—exists.1 One such niche, the oral cav-
ity, is home to a distinct microbiota, and although several 
studies have characterized the bacterial composition of the 
oral cavity in healthy individuals,1–3 fewer have described 
changes in the composition of these communities as a result 
of cohabitation and/or antibiotic treatment.4,5

Military recruits are at increased risk for pharyngitis 
and transmission of acute Streptococcus pyogenes [oth-
erwise known as group A strep (GAS)],6 which could 
result in invasive disease. To ameliorate the risk of GAS 
outbreaks during training, intramuscular benzathine peni-
cillin G (Bicillin) is routinely administered to military 
recruits upon entry, a practice first initiated in the 1950s 
that continues today.7–9 In 2016, however, a decline in 
the production of Bicillin resulted in a nationwide short-
age of the drug (https://www.cdc.gov/std/funding/docs/STD-
PCHD-TA-Notes-11c-Benzathine-Penicillin-G.pdf), which 
in turn prompted the suspension of GAS chemoprophylaxis 
among incoming trainees at Fort Benning, GA,9 a major 
training installation for the U.S. Army.

From 2015 to 2016, we conducted a longitudinal, observa-
tional cohort study among U.S. Army Infantry trainees at Fort 
Benning, GA, to examine the natural history of Staphylococ-
cus aureus colonization and infection. A secondary objective 
of this study was to evaluate the longitudinal changes in host 
microbiome in a population of military trainees during the 
14-week training cycle [One Station Unit Training (OSUT)]. 
Because the study period spanned the periods of use of chemo-
prophylaxis with Bicillin (2015) and non-use (2016) at Fort 
Benning, we were then afforded an opportunity to evaluate 
the longitudinal impact of mass antibiotic administration on 
the oral microbiome in a unique setting, namely a cohort of 
close-quartered military trainees whose daily diet, activities, 
and environment were shared for an extended period of time. 
Herein, we report the results of our study.

METHODS

Study Participants

In 2015, all incoming trainees received 1.2 million units of 
intramuscular Bicillin for prevention of GAS infection dur-
ing training. Injections were administered during medical 
in-processing within 24 hours of arrival at Fort Benning. In 
2016, because of a nationwide shortage of Bicillin, all GAS 
chemoprophylaxis strategies at Fort Benning were suspended, 
and none of the trainees entering OSUT that year received 
either Bicillin or azithromycin for GAS chemoprophylaxis.9

Sample Collection

We conducted a longitudinal, observational study among U.S. 
Army Infantry trainees at Fort Benning, GA, from Septem-
ber 2015 through December 2016.10 All trainees designated 
as entering previously identified training units were briefed 

on the study’s scientific rationale, voluntary nature of partic-
ipation, and expected schedule of visits. Those who agreed 
to participate in the study provided written informed consent. 
Participants were asked to complete a total of five study vis-
its at which specimens and data would be collected: Day 0 
(i.e., the day of enrollment within 24 hours of their arrival 
at OSUT) and on days 14, 28, 56, and 90 of infantry train-
ing. At each of these visits, microbiome specimens were 
collected from oropharyngeal sites using BD BBL Culture 
Swabs (Becton Dickinson, Sparks, MD). Culture swabs were 
gently rotated three times in a circular fashion along the sur-
face of the oropharynx while avoiding the tongue. Specimens 
were placed immediately onto dry ice and subsequently stored 
in −80 ∘C freezers until time of processing. This study was 
approved by the Uniformed Services University Institutional 
Review Board (IDCRP-090).

DNA Extraction, Amplification, and Sequencing

Total genomic DNA was extracted from 407 swabs at Omega 
Biosciences, with 196 of these samples from 43 of the 2015 
participants and 211 of these samples from 48 of the 2016 
participants. Samples were chosen with the intent of maxi-
mizing the number of total data points while still balancing 
samples between the 2 years and accounting for trainees who 
did not have all five time points. DNA concentration was 
quantified using PicoGreen, and samples with >2 ng/μL were 
processed for amplicon sequencing. After DNA extraction, 
the V1–V3 region of the 16S rRNA gene was amplified from 
each sample using the KAPA HiFi kit for the 16S rRNA gene 
(29). Libraries were evaluated using TapeStation and then 
sequenced on an Illumina MiSeq using paired end 2x300, tar-
geting 50K reads per sample. A total of 22.8 m reads were 
generated across all samples, with a minimum read depth of 
673, a median and mean of 56K, and a maximum of 116.5K 
reads per sample with no significant differences between the 
2015 and 2016 sample depths.

Sequence Processing

Quality control and microbiome analysis were conducted 
via the QIIME 2 next-generation microbiome bioinformat-
ics platform (release 2018.11).11 Further quality control and 
sequence clustering were conducted via the QIIME 2 DADA2 
implementation.12 Before clustering, at a minimum, the left-
most 10 nucleotides of every read were trimmed to reduce the 
number of low-quality bases. Additionally, the median qual-
ity score was calculated for every read position, and reads 
were trimmed where the median quality score for the sequenc-
ing run fell below 20 for three consecutive bases. Paired-end 
reads were joined, and clustering was conducted using the 
default DADA2 parameters in QIIME 2, notably, using a max-
imum expected error rate of two nucleotides per read for each 
sequence cluster. After this processing, six samples, all from 
different 2016 participants (two from day 14, three from day 
28, and one from day 90) were left with fewer than 1,000 reads 
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and were removed from the analysis. Of the remaining 401 
samples used for analysis (196 for the 43 individuals compris-
ing the 2015 cohort and 205 for the 48 individuals comprising 
the 2016 cohort), the highest read count after quality control 
(QC) and read-joining was 40K, whereas the lowest was 4K. 
The DADA2 clustering resulted in amplicon sequence vari-
ants (ASVs), which are similar to operational taxonomic units 
but are characterized by their discrete nucleotide differences 
rather than by their taxonomic classifications. An advantage of 
ASVs is that they more easily enable sub-species and strain-
level analysis than operational taxonomic units since they are 
defined by their nucleotide sequence differences. Each of the 
unique ASVs generated was subsequently classified using the 
SINA classifier with the SILVA SSU Ref NR 99 reference 
database (release 132).13,14 A total of 7,423 unique ASVs 
were identified across the samples with 6,442 of these ASVs 
classified to the genus level and spread across 268 unique
genera.

Diversity Analysis and Statistics

Diversity analyses were performed using raw ASV counts 
for the 401 samples which passed QC (196 samples from 43 
individuals for the 2015 cohort and 205 from 48 individu-
als for the 2016 cohort). β-diversity was measured using a 
weighted UniFrac metric across all samples and visualized 
using principal coordinate analysis (PCoA). Significance of 
clustering from PCoA was determined via a permutational 
multivariate analysis of variance (PERMANOVA) compar-
ing patients within 2015 and 2016 as well as time points 
within each year (P-value < .05). For comparison of genera 
across year, raw ASV counts were normalized using percent 
abundance and aggregated to the genus level. Genera <0.5% 
abundance across all samples were aggregated as were ASVs 
not classified to the genus level.

RESULTS

Study Design and Sample Numbers

From 2015 to 2016, we conducted an observational, longitudi-
nal cohort study among males undergoing U.S. Army Infantry 
training at Fort Benning, GA. As a part of this study, oropha-
ryngeal swabs were collected from each participant on days 
0, 7, 14, 28, 56, and 90. Further, in 2015, all recruits received 
intramuscular Bicillin, whereas in 2016, a nationwide short-
age resulted in a lack of Bicillin for recruits. Microbiome 
swabs were obtained and processed from 43 individuals in 
2015 and 48 in 2016.

Base Microbiome Composition Differs Between 
Years and Changes Over Time Throughout OSUT

Microbiome data was labeled based on cohort year (196 sam-
ples from 43 individuals for the 2015 cohort and 205 from 
48 individuals for the 2016 cohort) and showed significant 
differences between years (P < .001, PERMANOVA). Within 
years, sampling day was tested as a categorical variable. In 

TABLE I. PERMANOVA Demonstrating All Time Points Within 
2015 Except Day 14 Versus Day 56 Are Significantly Different

2015 microbiome 𝛃-diversity significance

Day Day Sample size Pseudo-F P-value q-value

Day 0 Day 14 71 3.60740388 0.004 0.005
Day 0 Day 28 86 12.2634169 0.001 0.0016667
Day 0 Day 56 85 8.75342044 0.001 0.0016667
Day 0 Day 90 83 6.31929605 0.001 0.0016667
Day 14 Day 28 71 6.25814952 0.001 0.0016667
Day 14 Day 56 70 1.25901953 0.242 0.242
Day 14 Day 90 68 2.25123087 0.047 0.0522222
Day 28 Day 56 85 8.04246254 0.001 0.0016667
Day 28 Day 90 83 8.39147083 0.001 0.0016667
Day 56 Day 90 82 4.93174039 0.002 0.0028571

TABLE II. PERMANOVA Demonstrating Days 14 Versus 56, 14 
Versus 90, and 56 Versus 90 Are Not Significantly Different in 2016

2016 microbiome 𝛃-diversity significance

Day Day Sample size Pseudo-F P-value q-value

Day 0 Day 14 89 7.31672375 0.001 0.0025
Day 0 Day 28 86 12.0390167 0.001 0.0025
Day 0 Day 56 85 14.019431 0.001 0.0025
Day 0 Day 90 83 10.0948933 0.001 0.0025
Day 14 Day 28 83 2.63684685 0.028 0.04
Day 14 Day 56 82 2.02877693 0.068 0.085
Day 14 Day 90 80 0.9036784 0.437 0.437
Day 28 Day 56 79 2.95981882 0.007 0.0116667
Day 28 Day 90 77 3.49839051 0.004 0.008
Day 56 Day 90 76 1.40603628 0.209 0.2322222

2015, all but two pairs were significantly different (q < 0.05) 
(Table I), whereas in 2016, all but three were significantly dif-
ferent (Table II), indicating dynamic microbiomes throughout 
the training period. 

Streptococcus ASVs Are More Abundant on Day 28 
in Both 2015 Cohort and 2016 Cohort

The most abundant genus in the oral cavity for both the 2015 
cohort and the 2016 cohort was Streptococcus with 225 ASVs 
at the genus level (Fig. 1B). Though species-level classifica-
tion was not able to be achieved, at the ASV level, a single 
ASV of Streptococcus dominated the genus (Fig. 1C and D). 
This ASV was most prevalent in both the 2015 cohort and the 
2016 cohort. Further, in the 2015 cohort, this ASV showed a 
peak in abundance at day 28, which generally coincides with 
the incidence of acute respiratory infection in military training 
populations.9 Overall, a significant difference in total Strepto-
coccus abundance (all Streptococcus ASVs) between the 2015 
cohort and the 2016 cohort was not observed (Fig. 1A).

Recruits Have Diverse Microbiome Trajectories

To investigate the trajectory of individual microbiomes, data 
from the PCoA were extracted for visualization (Fig. 2). Some 
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FIGURE 1. Streptococcus ASVs dominate the oral cavity microbiome. (A) There was not a significant difference between Streptococcus abundance over 
time between the 2015 cohort and the 2016 cohort (P = .07). (B) Comparison of the average percent abundance of ASVs agglomerated at the genus level 
between 2015 and 2016 illustrates that Streptococcus is the dominant genera across both years for all time points. (C) 2015 cohort Streptococcus change in 
abundance over time by ASV and (D) 2016 cohort Streptococcus change in abundance over time by ASV show that both years’ cohort oral microbiomes 
are dominated by the same two Streptococcus ASVs. The most abundant Streptococcus ASV is the top line for both years in red, whereas the second most 
abundant Streptococcus ASV is the next highest line for both years in light blue. All other Streptococcus ASVs are below and in black. 

individuals showed little change in microbiome as indicated 
by a tight cluster of points, although others showed dis-
tinct changes throughout the training period. Participants who 
exhibit a wider, more linear spread have more changes in 
their microbiome over time than participants who have tightly 
grouped points.

DISCUSSION
Prophylactic measures to prevent infectious disease outbreaks 
in congregate military populations are important public health 
tools; however, they also impose significant health care, finan-
cial, and operational impacts. Understanding the effect of 
mass antibiotic administration on microbiome dynamics and 
the relationship of the microbiome to disease prevalence can 
potentially provide insights into alternative methods to help 
maintain a healthy population. Cohabitation has been shown 
to result in convergence of individual microbiomes,15 and 
further, it has been demonstrated that the built environment 
changes with human habitation.16,17 Similarly, it is well estab-
lished that close quarters can result in increased transmission 
of infectious disease.18 Thus, taken altogether, it is valuable 
to understand the effects of prolonged close-proximity on the 

human microbiome with regard to pathogenic organisms as 
well as to non-pathogenic organisms. Although it is easy to 
assume that close quarters will inevitably lead to pathogen 
exchange between cohabitants, understanding the full spec-
trum of bacteria exchanged between cohabitants, and the time 
frame and trajectory of this exchange could lead to more 
efficient and effective use of disease prophylactics.

The population used in this study allows for group- and 
individual-based data on the host microbiome, in the context 
of living in close proximity with others. Further, these indi-
viduals are subject to controlled living conditions, including 
similar diet, exercise, and activity regimes. This represents an 
ideal and relatively homogenous population for the study of 
cohabitation and transmission dynamics in the microbiome. 
An important limitation of note is that although study enroll-
ment exceeded 80% of the entire platoon, it was not 100% in 
either year group. Additionally, some data points were miss-
ing either because of swabs not being collected or failing to 
pass sequencing quality control. However, the statistical anal-
yses used were not limited by missing data since both the 
2015 and 2016 cohorts still had a large, comparable num-
ber of high-quality samples left for analysis (196 and 205 
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FIGURE 2. Trajectory of microbiome β-diversity changes over time and differs between participants. β-diversity was determined using weighted UniFrac 
to compare across time points for an individual. Each plot is of one individual trainee, with the first 43 of these being trainees from the 2015 cohort and the 
latter 48 of these being trainees from the 2016 cohort. 

from 43 and 48 individuals, respectively). That said, if sam-
ples were obtained from a greater number of individuals for 
both years, this might have enabled significant differentiation 
in some aspects of Streptococcus abundance between the
2 years.

In this study, we observed that Streptococcus was the pri-
mary genus represented in the oropharynx microbiome.2 We 
observed that colonization of Streptococcus ASVs persisted in 
spite of Bicillin prophylaxis, as shown previously.19 In fact, 
Streptococcus abundance over time did not significantly dif-
fer between the 2015 cohort and the 2016 cohort (P = .07). 
However, we were not able to obtain strain-level classifica-
tion for these ASVs, a limitation which prevented us from 
determining any effect the Bicillin administration might have 
had on particular Streptococcus species or strains. However, 
the same two ASVs were dominant across both the 2015 
cohort and the 2016 cohort, suggesting that the Bicillin did 
not have a significant effect on the most abundant Strepto-
coccus strains. Thus, other interventions such as azithromycin 
prophylaxis may be beneficial20 for reduction of Streptococ-
cus in OSUT populations. Between the 2015 cohort and the 
2016 cohort, we observed significantly different microbiome 
communities; however, the study design did not allow us to 
determine whether any part of the difference was a direct 
result of Bicillin administration versus general year-to-year 
variation. However, these results are consistent with other 
studies, demonstrating that antibiotic treatments affect diverse 
host microbiome systems on the whole.4,21–23

A primary result of this study is the observation that the 
oropharynx microbiome changes throughout the 14 weeks of 

OSUT. In both the 2015 cohort and the 2016 cohort, the 
majority of pairwise comparisons of sampling days were 
significantly different, indicating a continuously changing 
microbiome throughout training. Although the cause of this 
change is unknown, cohabitation,15 changes to diet,24 changes 
in environment,25 and changes in activity levels26 may all con-
tribute to microbiome dynamics in this population. Additional 
analyses of this population could help resolve cohabitation 
versus other factors. Although the research presented in this 
manuscript analyzed samples at the company level (all mem-
bers of the 2015 cohort were in the same company of 200 
recruits, whereas all members of the 2016 cohort were in the 
same company of 200 recruits), the analysis could be further 
conducted at the platoon level (each company is composed 
of four platoons of 50 recruits each). As the different pla-
toons have different schedules, any differences between the 
microbiomes of platoons could help further resolve possible 
contributing factors.

Together, this work highlights the unique access to con-
trolled populations as a tool to study microbiome dynamics. 
We observed a variation in the 2015 cohort and the 2016 
cohort oropharynx microbiomes of OSUT recruits, as well 
as a dynamic change from entry into training through com-
pletion. Further work on regional incoming microbiomes 
as well as host and environmental factors that contribute 
to microbiome stability and convergence can be investi-
gated with this population. This work, and future stud-
ies of this population, can inform microbiome management 
strategies to maintain recruit health and reduce transmitted
infections.
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