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Background: Marine recruits training at Parris Island experienced
an unexpectedly high rate of severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) infection, despite preventive measures
including a supervised, 2-week, pre-entry quarantine. We character-
ize SARS-CoV-2 transmission in this cohort.

Methods: Between May and November 2020, we monitored 2,469
unvaccinated, mostly male, Marine recruits prospectively during
basic training. If participants tested negative for SARS-CoV-2 by
quantitative polymerase chain reaction (qPCR) at the end of quar-
antine, they were transferred to the training site in segregated com-
panies and underwent biweekly testing for 6 weeks. We assessed the
effects of coronavirus disease 2019 (COVID-19) prevention mea-
sures on other respiratory infections with passive surveillance data,
performed phylogenetic analysis, and modeled transmission dynam-
ics and testing regimens.

Results: Preventive measures were associated with drastically lower
rates of other respiratory illnesses. However, among the trainees,
1,107 (44.8%) tested SARS-CoV-2-positive, with either mild or no

Numbers EPI_ISL_2894633 to 2894868 and EPI_ISL_5441341 to EPI_
ISL_5441705) and in a dedicated GitHub Repository (https://github.
com/parksw3/navy). Sequences obtained from staff members are avail-
able in GenBank as Accession Numbers MW940533 through MW940541.
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symptoms. Phylogenetic analysis of viral genomes from 580 par-
ticipants revealed that all cases but one were linked to five indepen-
dent introductions, each characterized by accumulation of mutations
across and within companies, and similar viral isolates in individu-
als from the same company. Variation in company transmission
rates (mean reproduction number R; 5.5 [95% confidence inter-
val [CI], 5.0, 6.1]) could be accounted for by multiple initial cases
within a company and superspreader events. Simulations indicate
that frequent rapid-report testing with case isolation may minimize
outbreaks.

Conclusions: Transmission of wild-type SARS-CoV-2 among
Marine recruits was approximately twice that seen in the commu-
nity. Insights from SARS-CoV-2 outbreak dynamics and mutations
spread in a remote, congregate setting may inform effective mitiga-
tion strategies.

Keywords:  Congregate  setting; Mathematical modeling;
Phylogenetic analysis; Severe acute respiratory syndrome coronavi-
rus 2; Superspreader events; Transmission dynamics; U.S. Military

(Epidemiology 2022;33: 797-807)

nitially reported in December 2019,' coronavirus disease
2019 (COVID-19) has rapidly emerged as a worldwide
pandemic associated with substantial morbidity and mortal-
ity. While asymptomatic COVID-19 infections have been
more highly represented among young people (for review,
see?), transmission of the virus by this group to the rest of
the population is an important factor in community spread.**
Severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2) infections have been associated with outbreaks in
many types of congregate settings, including assisted living
communities,>® churches,’ cruise ships,® prisons,'? and the
military.!""!® Limiting viral spread in such settings represents
a crucial public health challenge, and the implementation
of effective nonpharmaceutical interventions can contribute
to reducing SARS-CoV-2 transmission.'?° Marine recruits
going through basic training at Parris Island constitute a
homogeneous population of young and healthy individu-
als living together in a geographically isolated location and
operating under highly controlled public health practices. This
congregate setting provides a unique case study for investigat-
ing factors affecting virus transmission and the effectiveness
of mitigation measures.?°
Between May and November 2020, Letizia and his col-
leagues?' conducted the prospective, longitudinal COVID-19
Health Action Response for Marines (CHARM) study, which
followed new recruits upon arrival at a supervised 2-week
quarantine location, through the subsequent first 6 weeks of
their basic training at Marine Corps Recruit Depot Parris
Island (MCRDPI). Epidemiologic and phylogenetic study
during the supervised quarantine away from MCRDPI found
that 0.9% of recruits arrived with a positive SARS-CoV-2
quantitative polymerase chain reaction (QPCR) test and 1.9%
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later tested positive during quarantine.'* At the end of quar-
antine, recruits who tested negative for SARS-CoV-2 were
transferred to MCRDPI for basic training. During the 6 weeks
at MCRDPI, a high rate of new SARS-CoV-2 infections was
detected.?! This finding was astounding when considering
this unique, tightly controlled study setting, characterized by:
(i) a strict 2-week isolation of subjects before training, (ii)
highly structured activities, (iii) an absence of physical inter-
action between companies during training, and (iv) the addi-
tional implementation of nonpharmaceutical interventions at
MCRDPI to limit the spread of COVID-19. To explain the high
infection rate, we conducted a careful investigation of SARS-
CoV-2 infections among Marine recruits through biweekly
qPCR testing and phylogenetic analysis of viral genomes from
infected individuals. Similar to other reports,?>>* non-SARS-
CoV-2 respiratory infections declined significantly during
the study, thus strongly suggesting that the Marine recruits
complied with preventive measures. Additionally, these mea-
sures were given as orders and therefore were mandatory with
compliance strictly enforced. We reconstructed viral introduc-
tion events and transmission clusters, traced mutations that
occurred during local transmission as the virus spread within
and between companies, and modeled transmission dynamics
to guide improved control measures.

METHODS

Study Design and Participants

Participants enrolled in CHARM 2 weeks before basic
training, within 48 hours of arrival at an isolated super-
vised quarantine location where they were tested by qPCR
for SARS-CoV-2 on enrollment and on day 7 (see eAppen-
dix; http://links.lww.com/EDE/B957). All recruits received
a Marine Corps-mandated SARS-CoV-2 test at the end of
quarantine. Recruits testing negative were transferred to basic
training at MCRDPL.

Upon arrival at MCRDPI, recruits were assigned to a com-
pany of 400500 (either male or female) individuals. Multiple
companies overlapped in time but did not interact. Study par-
ticipants were retested by qPCR at the end of weeks 2, 4, and 6.

This study was approved by the Naval Medical Research
Center (NMRC) institutional review board (IRB), in compli-
ance with all applicable U.S. federal regulations governing the
protection of human subjects. All participants provided writ-
ten informed consent.

Procedures

The rates of other respiratory diseases (obtained through
passive surveillance specifically at MCRDPI) were acquired
from Military Public Health Disease and Injury Surveillance
records? from 1 January 2017, to 31 December 2020 (eAp-
pendix; http://links.lww.com/EDE/B957).

Mid-turbinate nasal swab specimens were tested by
gPCR for SARS-CoV-2 within 48 hours of collection by
Lab24 (Boca Raton, FL) and the Naval Infectious Diseases

© 2022 The Author(s). Published by Wolters Kluwer Health, Inc.
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Diagnostic Laboratory (Naval Medical Research Center,
Silver Spring, MD), as detailed in the eAppendix; http://links.
lww.com/EDE/B957. For SARS-CoV-2 genome recovery,
RNA was isolated from viral transport media samples, reverse
transcribed, qPCR amplified, sequenced, and analyzed to
identify consensus genomes from each sample. Median join-
ing haplotype networks were built using PopART version 1.7
(http://popart.otago.ac.nz)*>?’ (eAppendix; http://links.Iww.
com/EDE/B957).

We modeled point prevalence data collected at 2-week
intervals during the 6-week basic training period that fol-
lowed the supervised 2-week quarantine by extending the
Susceptible-Exposed-Infectious-Recovered (SEIR) model,
including an additional post-infection (P) compartment before
recovery, during which a person has detectable viral load but
can no longer transmit. A similar model was previously used to
infer the spread of SARS-CoV-2 from point prevalence data.?®
Model parameters, including the basic reproduction number
R, and the mean duration of each infection stage, were esti-
mated by fitting the deterministic model to prevalence time
series for each company using Hamiltonian Monte Carlo in
Stan.?’ Further details on the modeling are in the eAppendix;
http://links.Iww.com/EDE/B957.

Statistical Analysis

We analyzed the rates of infection of other non-SARS-
CoV-2 infections or illnesses before and after institution of
preventive measures in 2020, and during these periods in pre-
vious years, by two-sample 7 tests, and compared the change
in 2020 to that in the previous years combined using analysis
of variance (ANOVA). For the comparison of symptoms in the
presence and absence of the viral mutation S3883A, we used
median and interquartile range (IQR) to summarize the data.

RESULTS

Cohort Characteristics and SARS-CoV-2
Infection During Basic Training

A total of 3,249 Marine recruits volunteered for enroll-
ment in CHARM at the beginning of a supervised 2-week
quarantine in either Charleston, SC (11 May 2020 to 15
July 2020) or Atlanta, GA (10 August 2020, to 7 September
2020).2! Of these, 28 tested qPCR positive for SARS-CoV-2
at the time of enrollment and another 45 during quarantine
(Figure 1). A total of 707 were lost to follow-up. From 25 May
2020, to 5 November 2020, the remaining 2,469 participants
who had been qPCR negative throughout the quarantine pro-
ceeded to MCRDPI and were tested for SARS-CoV-2 after 2,
4, and 6 weeks of basic training.

Participants were primarily young adults (2,108
[85.4%)] were 18-20 years old) and predominantly male
(2,250 [91.1%]; eTable 1; http://links.lww.com/EDE/B957).
Altogether, 1,107 (44.8%) participants tested SARS-CoV-2
gPCR positive, for an overall incidence rate of 15.5 per
1,000 person—days. There was no difference in the incidence

© 2022 The Author(s). Published by Wolters Kluwer Health, Inc.

rate (rate ratio = 0.95; 95% confidence interval [CI] = 0.80,
1.17) of SARS-CoV-2 between males and females (15.5 vs.
16.0 per 1,000 person—days, respectively). Most infections
were asymptomatic, with only 250 (22.6%) reporting symp-
toms 2 weeks preceding the initial qPCR positive test, and an
additional 174 (15.7%) reporting symptoms the following 2
weeks. We assessed symptoms at each follow-up encounter by
questionnaire in a group setting by company. No participants
sought healthcare at that time.

Effects of Public Health Measures on Non-
SARS-CoV-2 Respiratory Infections

In response to the COVID-19 pandemic, before the
beginning of CHARM, military public health officials insti-
tuted nonpharmaceutical preventive measures at MCRDPI.
These measures were in addition to the supervised quaran-
tine and negative qPCR test before transfer to MCRDPI, and
included masking of recruits and staff except during long runs,
increased spacing during formations, head-to-toe sleeping
arrangements, increased hand hygiene and surface cleaning,
controlled movement of recruits, and reduced company size.
Additionally, travel to and from the base was limited, visi-
tors were no longer allowed on base, and base amenities were
closed or had limited access.

We evaluated the impact of the public health measures
on non-SARS-CoV-2 acute respiratory infections (ARIs) and
pneumonia among all Marine recruits at MCRDPI using long-
term passive surveillance data. New ARI cases decreased from
47.0 to 3.6 per 1,000 recruits per week following implementa-
tion of SARS-CoV-2 mitigation measures, whereas they ranged
from 18 to 27 per 1,000 recruits per week in the previous 3 years
(Figure 2). Likewise, new pneumonia cases were less than 2 per
1,000 recruits per week during the May—November CHARM
period versus 6.9 to 9.7 in the previous 3 years. Conversely, new
COVID-19 cases, detected by active surveillance qPCR testing
of CHARM participants, rose to 205.8 per 1,000 study partici-
pants per week by mid-July 2020, despite the implementation
of mitigation measures in the preceding months. Comparison
of the incidence of ARI (change of difference, —28.9 [-35.3 to
—22.5; P <0.001]) and pneumonia (change of difference, —9.5
[-11.8 to —7.1; P <0.001]; Figure 2; eTable 2; http://links.lww.
com/EDE/B957) in the months after introduction of preventive
measures in 2020 versus the same periods in the 3 previous
years demonstrated a substantial decline.

Genetic Characteristics and Transmission of
SARS-CoV-2 During Training

To characterize the transmission of SARS-CoV-2
among Marine recruits during basic training, we sequenced
the viral genomes from 597 specimens collected from 580
participants who had tested positive by qPCR, had high viral
load, and were representative of multiple companies at dif-
ferent time points. The selection of those 580 individuals out
of the 1,107 who tested SARS-CoV-2-positive was skewed
towards low Ct values (higher virus levels), making recovery
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3249 Marines recruits were enrolled and tested
by gPCR for SARS-CoV-2

Baseline

- 28 Tested SARS-CoV-2 qPCR positive
at enrollment

3221 Followed-up for 2 week quarantine and
tested weekly by qPCR for SARS-CoV-2

Supervised
quarantine at an
outside location

Y

45 Tested SARS-CoV-2 gPCR positive
64 Lost to follow-up

3112 Initiated training at Parris Island, SC and
tested biweekly for 6 weeks by gPCR for

SARS-CoV-2

(8]

n
[=) NS
£E > 643 Lost to follow-up
5 S
T
o
s .2
2 E v ] v
- 9; 5 Never had conclusive 1357 Tested SARS-CoV-2 1107 Tested SARS-CoV-2
"E. ; SARS-CoV-2 gPCR results qPCR negative gPCR positive
w E Y

SARS-CoV-2 genome
sequences were recovered
from at least one sample
collected from 580 recruits

FIGURE 1. CHARM study flow diagram. Marine Corps recruits arrived for a supervised quarantine following a 2-week home
quarantine. Those who enrolled in the CHARM study were tested by qPCR for SARS-CoV-2 upon arrival and then weekly dur-
ing a 2-week supervised quarantine. Participants who tested positive were excluded from the study. Participants who had three
negative qPCR tests (at quarantine days 0, 7, and 14) proceeded to basic training at MCRDPI where qPCR follow-up testing was
performed every 2 weeks for the first 6 weeks of their basic training. Nearly complete viral genomes were recovered from 597

samples from 580 recruits who tested positive for SARS-CoV-2.

of full length virus sequence feasible. Phylogenetic analysis
using a global background with a focus on South Carolina
revealed that 596 of these isolates belonged to one of five
independent monophyletic transmission clusters, numbered
1 through 5 in order of their first detection (Figure 3A). For
each participant with repeated sampling, the sequences of
the different timepoints matched the first timepoint, and thus
were collapsed and represented by the earliest isolate in the
phylogenetic inferences. Cluster 1 was first detected on 26
May and shared ancestry with contemporaneous US isolates.
Cluster 2 shared ancestry with 4 other sequences originating
from South Carolina, suggesting possible local community

800 | www.epidem.com

introduction. Sequences reported from South Carolina were
positioned basal to cluster 2, with collection dates between
4 June 2020, and 7 July 2020. One of these sequences was
identical to the early cases in cluster 2 and was collected one
day before the earliest detected case in MCRDPI on 24 June.
Cluster 3 matched the viral genome from participants who
had tested positive during the supervised quarantine,'* sug-
gesting that the virus had spread from the quarantine site
to MCRDPI. A single isolate that did not cluster with any
of the outbreak clusters fell within other contemporaneous
US isolates. In all clusters, mutations accumulated follow-
ing each introduction, as the virus was transmitted from

© 2022 The Author(s). Published by Wolters Kluwer Health, Inc.
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FIGURE 2. Impact of COVID-19 preventive measures on incidence of other respiratory illnesses and SARS-CoV-2. Historical inci-
dences for acute respiratory infections (Top) and pneumonia (Middle) from 2017 to 2019 compared with 2020 following the
implementation of the public health infection control measures in 2020 as described (arrows). Shown are 3-week moving averages
of new cases per 1,000 persons per week. (Bottom) New SARS-CoV-2 cases per 1,000 study participants per week detected dur-
ing CHARM. Gray box denotes the 2020 CHARM study period. (i) Implementation of Centers for Disease Control and Prevention
(CDC) guidelines on increased hand hygiene and social distancing; established isolation barracks for confirmed cases; no travel
for official duty and personal travel limited to local area; quarantine for those returning from high-risk areas; no visitors to base.
(ii)y Mandatory wearing of cloth masks at all times except on long-distance runs; changes in select group training to limit contact
among recruits; base amenities including fitness center and pool closed; limited access to grocery store and commercial venues.
(iii) Implementation of mandatory Marine-supervised 2-week quarantine for all new recruits before entry into basic training. (iv)
Resumed base access for retirees and family members, but not visitors; resumed group training including long-distance runs. (v)
Resumed official and personal travel outside of local area.

company to company over time, leading to subclusters with
shared mutational profiles (Figure 3B and C; eTable 3; http://
links.lww.com/EDE/B957). We also analyzed nine SARS-
CoV-2 sequences (available in GenBank) obtained via public
health surveillance from staff members who tested positive at
MCRDPI on June 18. All nine staff infections overlapped in

© 2022 The Author(s). Published by Wolters Kluwer Health, Inc.

time with the first cluster outbreak at MCRDPI and belonged
to subcluster 1A.

No substitutions in the five transmission clusters
involved loci mutated in known SARS-CoV-2 variants of
concern. During CHARM, six subcluster-defining nonsyn-
onymous mutations occurred after cluster introduction to

www.epidem.com | 801
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FIGURE 3. Phylogenetic analysis and identification of transmission clusters. A, Time-calibrated maximum likelihood phylogenetic
tree of the SARS-CoV-2 isolates from this study placed on a South Carolina-focused global background of sequenced isolates
from GISAID. The five monophyletic clusters are indicated by color and numbered in chronological order of the first isolate of
each. Each marker indicates the viral isolate from one participant B, Median joining network of SARS-CoV-2 isolates. Each node
corresponds to isolates with a shared genetic profile, with the size of the node indicating the number of isolates with that profile.
Edges indicate mutations separating isolates, with the number of separating mutations specified by the number of tick marks on
the corresponding edge. The approximate month of subcluster identification in each company is indicated. Subclusters are color-
coded, as indicated on the key. The companies in which the clusters were found are designated as c1 through c20. C, Violin plots
showing the emergence of each transmission cluster and subcluster over time. Sequences from staff cases are included in cluster
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MCRDPI, only one of which, S3883A, was present in more
than a single subcluster (eTable 3; http://links.lww.com/EDE/
B957). This mutation, which was found in the 1B subclus-
ter and persisted in the later emerging 1C and 1D subclus-
ters (eFigure 1A; http://links.lww.com/EDE/B957), is in the
region encoding one of the accessory subunits (nsp7 S24A)
of the RNA-dependent RNA polymerase (RdRp). S3883 is
conserved among closely related sarbecoviruses, although
alanine substitutions were found among a broader align-
ment of evolutionarily diverse orthocoronaviruses (eFigures
2 and 3; http://links.lww.com/EDE/B957). Although study
participants were either asymptomatic or had mild disease,
the presence of the S3883A mutation was associated with
fewer symptoms. Because relatively few participants were
women, we compared symptoms in the presence and absence
of this mutation for all participants (eFigure 4; http://links.
lww.com/EDE/B957) and for males only (eFigure 1B; http://
links.lww.com/EDE/B957), with similar results (see eTable
4; http://links.lww.com/EDE/B957 for the summary data).
Querying the GISAID database (https://www.gisaid.org/)
on 8 July 2021, indicated that S3883A was reported in only
34 out of the 2,270,310 deposited SARS-CoV-2 sequences.
Isolates with this mutation have been identified in Europe
and North America (the regions with the majority of avail-
able sequences), with only seven reported in 2020. They
are scattered among different genetic lineages, suggesting
independent emergence of this mutation in different genetic
backgrounds. No differences in transmission rates among the
different isolates from the MCRDPI clusters were observed.
Given the localization of S3883A in an RdRp subunit, we
investigated whether this mutation affected viral replication.
We investigated the replication of three viral isolates from
subclusters 1B and 1C (A3883 variant) and two isolates from
subcluster 1A (S3883) in cultured cells using qPCR quan-
tification of SARS-CoV-2 E gene expression. All five viral
isolates showed similar expression of the E gene, both in
the commonly used Vero E6 cell line and in primary nor-
mal human epithelial (NHBE) cells (eFigure 5; http://links.
lww.com/EDE/B957). These results suggest that the S3883A
mutation does not alter viral replication efficiency.

Mathematical Modeling of SARS-CoV-2
Transmission Dynamics Within Recruit
Companies

Next, we sought to better understand SARS-CoV-2
spread in the recruit setting and guide the implementation
of more effective mitigation strategies. We explored trans-
mission dynamics within companies using a deterministic
model accounting for the temporal dynamics of viral infection
(Figure 4A, eAppendix; http:/links.lww.com/EDE/B957).
The model underestimation of peak prevalence in some cases
(e.g., companies 1, 12, 13, 15) may be due to stochasticity
in real outbreaks; namely, if a large proportion of the com-
pany became infected at the same time (due to superspreading

© 2022 The Author(s). Published by Wolters Kluwer Health, Inc.

events), a deterministic model that assumes continuous
changes in infection rates will poorly describe a large number
of simultaneous infections. We were unable to fit our model to
company 3 because no cases were detected.

We found considerable variation in basic reproduc-
tion number R, estimates (from 1.1 (95% CI = 0.6, 1.8) in
company 18 to 11.0 (95% CI = 7.7, 15.7) in company 16;
Figure 4B), reflecting the variation in outbreak dynamics
(Figure 4A). Since our model neglects the role of stochas-
ticity, high R estimates might emerge by chance as a result
of superspreading events. Nonetheless, compared with the
median R, of 2.79 reported for wild-type SARS-CoV-2,%" we
estimate a high mean R (5.5; 95% CI = 5.0-6.1), indicating
rapid SARS-CoV-2 spread within companies. Other transmis-
sion dynamics parameters are provided in eFigures 6—8; http://
links.lww.com/EDE/B957.

To test the hypothesis that superspreading events alone
could account for the variation in R, estimates, we simulated
20 outbreaks using a stochastic model with R, = 5.5 and
low overdispersion parameter (k = 0.1), and fitted the afore-
mentioned deterministic model. Using this model fitting, we
matched the observed variance of R estimates (Figure 4C),
suggesting that variation in R, estimates is likely driven by
deterministic approximation of a stochastic process rather
than by real differences in R. Similarly, model fits to simu-
lated outbreaks matched the dynamics observed in actual out-
breaks (eFigure 9; http://links.lww.com/EDE/B957).

Despite consistent variance estimates, fits to simu-
lated outbreaks gave lower mean R, than actual outbreaks
(Figure 4D). This may be due to frequent fade-out events from
stochasticity. We examined whether introducing a greater
number of infections at the beginning of an epidemic may
result in a better match. When quantifying the probability of
no positive cases across three biweekly periods (Figure 4E),
we found that initially having a single infected (exposed) indi-
vidual results in substantially more frequent fade-out events
than observed. This supports the hypothesis that company-to-
company spread occurred via staff, i.e., by initial infection of
multiple company members simultaneously.

The stochastic model matched the distribution of cumu-
lative proportion of infections among companies, further
supporting our hypothesis about the role of stochasticity in
real outbreaks (eFigure 10; http://links.lww.com/EDE/B957).
We found that R = 4.5 and k = 0.75 best described the data,
despite an uncertainty in k estimates. While these estimates
suggest a slightly lower R than found by fitting deterministic
models and a higher k than previously reported,’' we find that
a wide range of overdispersion parameter k is consistent with
the data. While it is difficult to assess whether transmission
patterns in this cohort were substantially less dispersed than
previously reported, we are still able to rule out high values
of k (>2). Our analysis supports the notion that superspread-
ing events were likely drivers of the outbreak dynamics within
companies.
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Finally, we used stochastic simulations to evaluate the
effects of additional control measures in this high transmission
setting, namely varying test sensitivity, test rapidity, and mean
generation interval (i.e., time between infection and transmis-
sion).? In particular, we simulate 50,000 infector—infectee pairs
and vary the timing of transmission and the duration of latent
period for each pair. We then ask what proportion of transmis-
sion can be prevented with frequent testing—for example,
pairs with shorter latent periods and faster transmission are
less likely to be caught by testing (see eAppendix; http://links.
Iww.com/EDE/B957). We found that frequent testing and rapid
isolation alone can sufficiently reduce transmission to bring R .
below 1 even when R, is as high as 5.5 (Figure 5). Generation
interval plays a critical role in determining effectiveness of the
testing strategy because faster transmission implies that fewer
tests will be administered before transmission. Nonetheless,
even when test sensitivity is as low as 0.5, we estimate that
75% of transmissions could be prevented by daily testing and
immediate isolation of positive cases.
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DISCUSSION

The longitudinal CHARM study, in which serial test-
ing was performed prospectively before infection, provides a
unique window into epidemiology and cluster evolution in an
isolated population that was almost entirely free of active or
previous infection. Over 90% of participants tested negative
for SARS-CoV-2 antibodies upon arrival at the supervised
quarantine.?! The decreased incidence of non-SARS-CoV-2
ARI following implementation of COVID-19 mitigation
strategies is consonant with the reported reduction in respi-
ratory illness in military settings following similar control
measures.>>** Still, nearly half of participants became SARS-
CoV-2-positive within 6 weeks, providing insight into the
virus outbreak dynamics.

Our R estimate is about double that observed in com-
munity settings for wild-type infection.’®3> SARS-CoV-2
variants at MCRDPI predate and lack the mutations seen in
recent highly transmissible variants of concern. Thus, the
increased transmissibility cannot be attributed to the virus

© 2022 The Author(s). Published by Wolters Kluwer Health, Inc.
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strains’ characteristics and is presumably related to the envi-
ronmental setting. Close-quartered living conditions for
military trainees increase the risk of respiratory infections.
The high transmission rate of SARS-CoV-2 despite masking
and social distancing indicates a disproportionate capacity
to transmit during recruit training. High reproductive rates
have been reported in other congregate settings, with high
rates of asymptomatic infection.®!%1337 One factor likely
contributing to the high R is the prevalence of asymptomatic
SARS-CoV-2 infections in young people, which confounds
identification and isolation.’

No staff was shared between the quarantine site and
MCRDPI. We speculate that cluster 3, which was first identi-
fied during quarantine, may have been introduced by a recruit
who, despite being infected, tested qPCR negative just before
transferring to basic training. This illustrates the challenge of
complete containment through quarantine, and the importance
of implementing quarantine procedures including isolation

© 2022 The Author(s). Published by Wolters Kluwer Health, Inc.

of infected individuals and administration of multiple tests
over a quarantine period. Otherwise, low-level transmission
during quarantine may lead to an early infection at the time
of qPCR testing, increasing the likelihood of a false nega-
tive.’® Phylogenetics and modeling suggest that other clusters
may have been introduced by contact with staff. Besides the
infection of nine staff members by subcluster 1A, additional
observations implicating staff in the virus spread include:
limited direct contact between members of different compa-
nies; simultaneous rapid spread of subclusters into multiple
companies; mathematical modeling suggesting that multiple
company members were often infected at the onset of detec-
tion within a company. Although we sequenced samples from
52% of participants, specimen Ct levels and limitations of
our sequencing throughput precluded sequencing a greater
percentage participant samples. However, the emergence of
a mutation associated with decreased symptom reporting dur-
ing the study illustrates the rapidity with which SARS-CoV-2
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can evolve. Our work provides a high-resolution map of trans-
mission and the spread of mutations among young, healthy
participants, which could contribute to understanding viral
transmission in other densely populated settings.

False-negative qPCR results or missed infections
between biweekly sampling times might have biased our esti-
mates of transmission, and loss-to-follow-up (21% of partici-
pants). Factors that may have contributed to loss-to-follow-up
include participants dropping out to focus on training, leaving
the Marines, or being removed from the base for medical or
administrative reasons. Despite these limitations, the magnitude
of R, superspreading scale, and pattern of mutation spread are
likely to be robust estimates. Given the data, there was little
insight into how disease severity might modulate transmission
dynamics. Separating the independent impact of specific non-
pharmaceutical interventions was difficult, as they were imple-
mented cumulatively, and ascertaining their potential effect on
curbing SARS-CoV-2 transmission. After rapidly spreading
through individual companies, the first three cluster strains
were no longer detected within a few months. Thus, besides the
value of company isolation, additional measures such as reduc-
ing contact among staff and monitoring their infection status
might further suppress company-to-company transmission.

Our analysis of the effect of serial testing on prevent-
ing transmission relies on several simplifying assumptions.
While our generation-interval framework implicitly accounts
for variation in the timing of infectiousness, we do not account
for the possibility that the duration of infectiousness may be
correlated with the test sensitivity. For example, individuals
with shorter infectious periods may have be less likely to test
positive due to low viral load and faster viral decay. In addi-
tion, our analysis assumes that all individuals participate in
the testing plan at a fixed interval—in practice, some indi-
viduals may be less compliant with the testing schedule than
others. Therefore, while our analysis is likely to overestimate
the effectiveness of frequent testing, it can still help prevent
transmission, especially when they are coupled with other
intervention measures.

Detection bias also limits our ability to draw an infer-
ence regarding causation from the role of nonpharmaceutical
interventions on the decrease in other respiratory illnesses due
to: (i) changes in health seeking behavior and provider testing
patterns in 2020 and (ii) the likelihood of a partial immunity
against other respiratory illnesses and their lower transmission
rate compared with SARS-CoV-2. However, such a striking
reduction in rates from 2020 as compared with the three previ-
ous years is likely related to the implementation of those miti-
gation efforts and is largely supported by other studies.?> 24

Understanding the drivers of efficient propagation and
increased transmissibility of new SARS-CoV-2 variants is
increasingly important for defining ways to control transmis-
sion in general and in congregate settings. Our results sup-
port the hypothesis that, besides the mitigation measures
implemented, rapid and frequent testing followed by quickly
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isolating positive cases can effectively control SARS-CoV-2
spread despite the high transmission rate in this setting. Thus,
despite the concerns raised about the lower sensitivity of some
rapid SARS-CoV-2 tests,* low-cost rapid readout tests that
compromise sensitivity could play an important role in aug-
menting public health measures to suppress SARS-CoV-2
transmission.
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