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ABSTRACT Streptococcus pyogenes (group A Streptococcus [GAS]) is a human patho-
gen responsible for a wide range of diseases. Asymptomatic carriage of GAS in the
human pharynx is commonplace and a potential reservoir for GAS transmission.
Early studies showed that GAS transmission correlated with high bacterial burdens
during the acute symptomatic phase of the disease. Human studies and the nonhu-
man primate model are generally impractical for investigation of the bacterial mech-
anisms contributing to GAS transmission and persistence. To address this gap, we
adapted an infant mouse model of pneumococcal colonization and transmission to
investigate factors that influence GAS transmission and persistence. The model reca-
pitulated the direct correlation between GAS burden and transmission during the
acute phase of infection observed in humans and nonhuman primates. Furthermore,
our results indicate that the ratio of colonized to uncolonized hosts influences the
rates of GAS transmission and persistence. We used the model to test the hypothe-
sis that capsule production influences GAS transmission and persistence in a strain-
dependent manner. We detected significant differences in rates of transmission and
persistence between capsule-positive (emm3) and capsule-negative (emm87) GAS
strains. Capsule was associated with higher levels of GAS shedding, independent of
the strain background. In contrast to the capsule-positive emm3 strain, restoring
capsule production in emm87 GAS did not increase transmissibility, and the absence
of capsule enhanced persistence only in the capsule-negative (emm87) strain back-
ground. These data suggest that strain background (capsule positive versus capsule
negative) influences the effect of capsule in GAS transmission and persistence and
that as-yet-undefined factors are required for the transmission of capsule-negative
emm types.
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Streptococcus pyogenes (group A Streptococcus [GAS]) is an exclusively human patho-
gen that primarily colonizes the epithelia of the throat and skin. Several clinically

important invasive GAS serotypes are responsible for an upsurge in diseases associated
with high mortality rates over the past 30 years (1). Efforts to reduce the incidence of
worldwide GAS-related disease via a vaccine that prevents GAS colonization and
transmission have thus far met with little success (2, 3). Therefore, it is critical to better
understand the mechanisms of GAS colonization, transmission, and persistence to
develop alternative strategies to mitigate the impact of GAS disease.

In addition to disease, GAS is commonly carried in the human throat in the absence
of symptoms. Asymptomatic colonization (asymptomatic carriage or carriage) is de-
fined as the presence of GAS in the throat in the absence of acute symptoms (4). In one
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of the only longitudinal GAS carriage studies in children, over a 4-year study period,
�50% of pediatric subjects were classified as carriers (5), indicating that asymptomatic
carriers are commonplace and a reservoir for potential GAS transmission. GAS is spread
primarily by direct person-to-person transmission, through the inhalation of respiratory
droplets, or through skin contact (6). In studies of patients with a high incidence of GAS
respiratory tract infection, Hamburger et al. showed that GAS transmission correlated
with high titers of streptococcal output (i.e., shedding) (7, 8). Furthermore, those studies
also indicated that shedding of streptococci by infected individuals occurs primarily in
the early stages of disease, when the bacterial burden is highest (7). Not all individuals
that were “strongly positive” for colonization with streptococci transmitted GAS (8),
suggesting that the relationship between carriage, disease, and transmission is complex
and likely dependent upon host and pathogen factors.

Substantial gaps in knowledge exist regarding the host and pathogen mechanisms
(e.g., GAS virulence factor expression, host inflammation, and superinfection) that
promote shedding from infected individuals and result in GAS transmission. Patient
studies to identify the immune responses that distinguish GAS carriage from pharyn-
gitis in children have been inconclusive (9). The diversity of circulating strains, the
complexity of individual adaptive immunity, and the need for sequential sampling to
accurately define infection (10) preclude large-scale studies to identify factors influenc-
ing GAS transmission from carriers. Therefore, animal models are needed to investigate
the mechanisms of GAS carriage and transmission.

Several animal models exist to investigate the mechanisms of GAS colonization and
disease (11–13), but few examine transmission (14, 15). The nonhuman primate model
accurately reproduces GAS pharyngitis (16) but is impractical for the study of trans-
mission and persistence. Recently, Zafar et al. used infant mice as a model of Strepto-
coccus pneumoniae nasal colonization and transmission (17) to show that pneumo-
coccal shedding correlates directly with transmission rates and is influenced by
colonization density. These results are reminiscent of the observations by Hamburger
et al., making it a promising model to dissect the mechanisms of GAS transmission. In
a follow-up study, Zafar et al. showed that the production of polysaccharide capsule
enhanced pneumococcal shedding and was required for the transmission of S. pneu-
moniae (18). In GAS, the nonimmunogenic hyaluronic acid (HA) capsule is associated
with enhanced resistance to immune clearance by phagocytic cells and increased
virulence (19–21). Acapsular mutants of capsule-positive strains have a diminished
capacity for throat colonization in murine and nonhuman primate models (11, 22). In
contrast, several studies have linked the absence of capsule to enhanced GAS adher-
ence and internalization into epithelial cells (23–25) as well as increased persistence
during asymptomatic carriage in humans and animal models (26–28). The recent
emergence of capsule-negative GAS emm types (e.g., emm4, emm22, emm28, emm87,
and emm89) (29–32) suggests that such strains have developed strategies for trans-
mission and persistence in an emm type-dependent manner in the absence of capsule.

In this study, we adapted the infant mouse model for the study of GAS transmission
and persistence to test the hypothesis that capsule production significantly influences
GAS transmission and persistence in a strain-dependent manner. We demonstrate that
our model recapitulates the association of bacterial burden with shedding and trans-
mission observed in humans and nonhuman primate models. Our data suggest that
capsule production (or a lack thereof) has driven the selection of contrasting infectious
strategies among GAS serotypes. Our experimentation establishes the infant mouse
model of intranasal colonization as a useful tool for studies examining mechanisms of
GAS transmission and carriage.

RESULTS
Shedding and persistence of emm3 serotype GAS in infant CD-1 mice are

inoculum dependent. To establish the infant mouse model of GAS transmission and
carriage, we first determined a dose response to GAS infection of infant CD-1 mice and
assessed titers of shed streptococci. We initiated studies in the CD-1 mouse background
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given the extensive experimental data, including colonization (33, 34). A range of
inocula of the emm3 serotype MGAS10870 strain was administered intranasally to
4-day-old CD-1 pups, and shedding of GAS was monitored daily. The highest titers of
shed MGAS10870 across all inocula were detected in the 3 days after inoculation (Fig.
1a). Significantly higher median shedding titers were consistently detected from mice
inoculated with �107 CFU over this period (P � 0.01) (Fig. 1b). No shed GAS bacteria
were detected from mice inoculated with 102 CFU (Fig. 1a and b). Following this acute

FIG 1 Shedding and persistence of emm3 serotype GAS in infant CD-1 mice are inoculum dependent. (a
and b) Shedding titers (CFU) of MGAS10870 from inoculated infant mice in CD-1 litters were enumerated
daily over the period of days 1 to 9 postinoculation, and the median shed titers were detected
throughout this period (a) and during the acute shedding phase of infection (days 1 to 3 postinoculation)
(b). (c) Intranasal MGAS10870 tissue burden (left axis) and rate of persistence (right axis) in CD-1 litters
were assessed at day 11 postinoculation and quantified as streptococcal CFU per milligram of homog-
enized nasal tissue. The medians and ranges of detected titers (box-and-whisker plot) are shown to
indicate the median shedding titer and rate (a and b). The geometric mean GAS burdens (red lines) are
shown to indicate the mean colonization burden and persistence rate (green line) (c). Litters are indicated
by the inocula (CFU) administered, shown on the x axis. The limit of detection is indicated by the dotted
line (shedding titer, 1 CFU; colonization burden, 0.1 CFU/mg). Significance was determined by a
Mann-Whitney U test (**, P � 0.01).
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shedding phase of colonization, shed MGAS10870 bacteria were detected mostly from
infant mice administered the highest inocula (Fig. 1a).

The nasal tissues of inoculated infant mice were harvested at 2 weeks of age (day
11 postinoculation) to measure the persistence of GAS intranasal colonization. The
maximum rate of persistence (96%) was observed in litters inoculated with 106 CFU of
MGAS10870, in which a mean GAS burden of 102 CFU/mg of homogenized nasal tissue
was detected (Fig. 1c). The burden of MGAS10870 in colonized infant mice at day 11
postinoculation ranged predominantly between 10 and 103 CFU/mg of homogenized
nasal tissue. No morbidity resulted from inoculation with MGAS10870, and weight gain
in infant mice differed only from that of control litters inoculated with sterile
phosphate-buffered saline (PBS) in litters administered 108 CFU (see Fig. S1 in the
supplemental material). Persistent GAS colonization of nasal tissues in infant mice
consisted of a low burden (�102 CFU/mg) of colonizing streptococci, and an �50%
carriage rate was achieved with an inoculum of as few as 104 CFU (Fig. 1c). Thus, the
data demonstrate that GAS shedding and persistence in the infant mouse nasal cavity
are experimentally feasible and inoculum dependent.

Transmission of emm3 serotype GAS in infant CD-1 mice is associated with
high shedding titers and influenced by the index-to-contact ratio. To investigate
the relationships between inoculum size, GAS burden, and shedding titer and the
transmission of MGAS10870 across CD-1 littermates, we next examined differing ratios
of inoculated (index) to uninfected (contact) infant mice in experimental litters. Index
mice were administered GAS inocula (104, 106, and 107 CFU) shown to produce
detectable shedding and persistence (Fig. 1). GAS transmission was monitored by the
detection of both shedding titers (up to day 9 postinoculation) and the intranasal
burden of MAGS10870 harvested from contact mice (days 3 and 11).

The detected shedding titers and GAS burdens revealed that the rates of GAS
transmission differed between 1:1 and 1:2 index-to-contact ratio litters (Table 1; Fig. 2
and 3). The highest titers of shed MGAS10870 were detected from index mice in the
3 days immediately following inoculation (Fig. 2a to d). The numbers of shed strepto-
cocci were directly proportional to the inoculum administered to index mice (Fig. 2a
and b). The median shedding titer detected from index mice inoculated with 107 CFU
was significantly higher than those in the other inoculated mice during this acute
shedding phase (days 1 to 3; P � 0.05). Most shedding of GAS from contact mice was

TABLE 1 Summary of GAS transmission dynamics in infant mice

Strain Ratioa

Inoculum
(CFU)b

No. of
litters

No. of
index mice

No. of
contact mice % transmissionc

Transmission comparison(s)
(ratio-CFU)d

emm3 1:1 104 3 20 20 0
106 3 20 20 0
107 3 22 21 19.1 1:1-104, 106*

1:2 104 3 13 28 0
106 3 12 23 47.8 1:1-106***

1:2-104#
107 3 11 22 90.9 1:1-107#

1:2-106**

emm3ΔhasA 1:1 107 3 12 14 0 emm3, 1:1-107 (P � 0.07)
emm87 1:1 104 2 11 11 27.3 emm3, 1:1-104*

107 2 12 13 53.8 emm3, 1:1-107 (P � 0.13)
1:2 104 2 9 16 0

107 3 10 18 38.9 emm3, 1:2-107***

emm87(hasAemm3) 1:1 107 2 13 14 14.3 emm87, 1:1-107*
emm87(hasAemm3-ΔcovS) 1:1 107 3 18 18 5.6 emm87, 1:1-107**
emm87ΔcovS 1:1 107 2 13 14 0 emm87, 1:1-107**
aIndex-to-contact ratio of infant mice in litters.
bCFU administered to index mice.
cTransmission rate expressed as a percentage of contact mice with a detectable intranasal burden of the corresponding GAS strain.
dComparison of transmission rates using Fisher’s exact test (two tailed) (*, P � 0.05; **, P � 0.01; ***, P � 0.001; #, P � 0.0001).
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detected in litters that had been administered high inocula (�106 CFU) (Fig. 2e and f).
Inoculum-dependent differences in detected shedding titers were greatest at an index-
to-contact ratio of 1:2 (Fig. 2b, d, and f). Shed GAS bacteria were detected at a
significantly higher frequency and titer in the 1:2 index-to-contact ratio litters admin-
istered the highest inocula (�106 CFU) (Fig. 2b and d).

The intranasal burden of MGAS10870 measured in randomly selected contact and
index mice at day 3 postinoculation revealed a low GAS transmission rate in litters
inoculated at a 1:1 index-to-contact ratio, despite a detectable GAS burden in all but
two selected index mice (Table 1; Fig. 3a). The MGAS10870 burden in litters inoculated
at a 1:2 index-to-contact ratio further indicated that the GAS transmission rate was
directly proportional to the inoculum administered to index littermates (Table 1; Fig.
3b). Additionally, shedding titers detected at day 3 postinoculation corresponded with
bacterial burdens (Fig. 2b and d; Fig. 3b). The MGAS10870 burden across index mice
ranged from 1 to 103 CFU/mg of homogenized nasal tissue, and inoculum-dependent
differences in burdens were more evident in the 1:2 index-to-contact ratio litters,

FIG 2 Shedding of emm3 serotype GAS in infant CD-1 mice is inoculum dependent and influenced by the
index-to-contact ratio. (a and b) Shedding titers of MGAS10870 from index mice in CD-1 litters inoculated at 1:1
(a) and 1:2 (b) index-to-contact ratios were detected during the acute shedding phase (days 1 to 3 postinoculation).
(c and d) Shedding titers (CFU) of MGAS10870 from index mice in CD-1 litters inoculated at 1:1 (c) and 1:2 (d)
index-to-contact ratios were detected throughout the monitoring period (days 1 to 9 postinoculation). (e and f)
Shedding titers of MGAS10870 from contact mice in the same such litters were likewise assessed. The median shed
titers, detected daily, are shown. Litters are indicated by the inocula (CFU) administered in the key adjacent to the
graphs, and days postinoculation are enumerated on the x axis. The limit of detection is indicated by a dotted line
(shedding titer, 1 CFU). Statistically significant differences in median shed titers were determined between inocula
(black) and between index-to-contact ratios (red) by a Mann-Whitney U test (*, P � 0.05; **, P � 0.01; ***, P � 0.001;
#, P � 0.0001).
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suggesting that the proportion of intranasally infected subjects in a litter influences
GAS transmission.

The detection of GAS shed from infant CD-1 mice on days 3 to 9 postinoculation
(Fig. 2c to f) and of the intranasal GAS burden at day 11 postinoculation (Fig. 3c and d)
demonstrated GAS transmission and persistence in infant mice. In litters inoculated at
a 1:1 index-to-contact ratio, GAS transmission and persistence were observed exclu-
sively in litters with index mice administered 107 CFU (Fig. 2c and e; Fig. 3a and c; Table
1). The burden of MGAS10870 detected in contact mice from litters with a 1:2 index-
to-contact ratio further confirmed that the rate of GAS transmission was directly
proportional to the administered inoculum (Fig. 3d; Table 1). The rate of persistence
and the intranasal burden of GAS in index mice were also proportional to the inoculum
size, with no MGAS10870 being detected in infant mice inoculated with 104 CFU (Fig.
3c and d). Additional mouse backgrounds (e.g., C57BL/6 and FVB/NJ) evaluated for GAS
strain transmission replicated the inoculum dependence observed in CD-1 mice (Fig.
S2). However, C57BL/6 and FVB/NJ infant mice did not demonstrate the dynamic range
of shedding and transmission observed with CD-1 mice and therefore were not utilized
for further studies.

Altogether, these results show that in the infant mouse model, streptococcal
shedding is most apparent in the early acute phase of intranasal colonization. The data
indicate that the rate of GAS transmission is influenced by the amount (i.e., shedding
titer) and duration of streptococcal output. Persistent shedding resulting in
MGAS10870 transmission was associated with higher inocula in index mice (e.g., 106 to
107 CFU) and a lower index-to-contact ratio (i.e., 1:2). The latter result suggests that the
proportion of intranasally colonized subjects in a litter affects the transmission and
persistence rates of MGAS10870 in CD-1 infant mice.

FIG 3 Transmission of emm3 serotype GAS in infant CD-1 mice is influenced by the index-to-contact ratio. (a and
b) Intranasal MGAS10870 tissue burdens in randomly selected contact and index mice in 1:1 (a) and 1:2 (b)
index-to-contact ratio CD-1 litters were assessed at day 3 postinoculation and quantified as streptococcal CFU per
milligram of homogenized nasal tissue. (c and d) Intranasal GAS tissue burdens from contact and index mice in
litters inoculated at 1:1 (c) and 1:2 (d) index-to-contact ratios were likewise assessed at day 11 postinoculation. The
geometric mean GAS burdens (red lines) are shown to indicate the mean colonization rate and burden. Litters are
indicated by the inocula (CFU) administered, shown on the x axis. The limit of detection is indicated by a dotted
line (colonization burden, 0.1 CFU/mg). Statistically significant differences in colonization burdens were determined
by a Mann-Whitney U test (*, P � 0.05; **, P � 0.01).
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Restoration of capsule in an acapsular emm87 strain decreases adherence to
human epithelial cells and enhances the ability to grow in human blood. Having
established transmission and persistence in the infant mouse intranasal colonization
model, we next sought to test the hypothesis that the presence of capsule significantly
alters the transmissibility of GAS in a strain-dependent manner. The rationale for our
hypothesis is based on multiple lines of evidence that GAS capsule may influence
transmission and persistence. The elimination of capsule in capsule-positive strains
reduces the ability to colonize in nonhuman primate models of pharyngeal infection
(11, 35), suggesting a requirement for acute infection. Conversely, GAS strains cultured
from human carriers frequently lack capsule (36–38) secondary to mutations in essential
genes (hasAB) (28), indicating a selective advantage for persistence in the absence of
capsule. Moreover, GAS epidemiological studies show an increase in capsule-negative
GAS emm types (emm4, emm22, emm28, emm87, and emm89) (29, 31). We previously
showed rapid, fatal, intrafamilial transmission of an emm87 GAS strain but were unable
to assess if the absence of capsule contributed to transmission (39). In addition, the
same emm87 GAS clone contained a frameshift mutation in covS, a mutation which in
capsule-positive strain backgrounds significantly reduces adherence and transmission
while enhancing capsule production (14, 40, 41). Thus, to test our hypothesis, we
compared the rates of transmission and persistence of a representative emm87 GAS
strain (TSPY55) with those of the capsule-positive emm3 strain MGAS10870 as well as
isogenic capsule mutants in both serotype backgrounds (Table 2).

Prior to assessing transmission and persistence, we first confirmed predicted phe-
notypes of parental and capsule mutants in emm3 and emm87 backgrounds. Both of
the parental emm3 and emm87 strains utilized (MGAS10870 and TSPY55, respectively)
carry a wild-type functional covRS allele. All identified emm87 strains harbor a frameshift
mutation in the hasA gene that renders them incapable of producing capsule (29). We
restored capsule production to the TSPY55 strain by replacing the native emm87-
hasABC promoter region with that of MGAS10870, generating the emm87(hasAemm3)
strain (Table 2). The amount of capsule produced by the emm87(hasAemm3) strain was
significantly lower than that of MGAS10870 (P � 0.001) (Fig. 4a). The deletion of covS by
in-frame allelic replacement in emm87(hasAemm3) resulted in significantly more capsule
production than in both its isogenic parent and MGAS10870 (P � 0.01) (Fig. 4a). For
comparisons in the mouse model, we generated a capsule-negative isogenic mutant of
MGAS10870 dubbed emm3�hasA.

The GAS capsule has previously been shown to interfere with adherence to epithe-
lial cells (23) and enhances GAS resistance to killing by phagocytic immune cells (20,
21). We first examined adherence to cultured primary human tonsillar epithelial cells
(HTEpiC) of capsule-negative emm3 and capsule-positive emm87 mutants relative to
their isogenic parent strains to confirm that the restoration of capsule reduces adher-
ence to human epithelia and vice versa. Both the capsule-positive emm87(hasAemm3)
and emm87(hasAemm3-�covS) strains demonstrated decreased adherence to HTEpiC
relative to the acapsular emm87 parent (Fig. 4b). The emm87ΔcovS mutant also exhibited
less adherence to HTEpiC and was similar to emm87(hasAemm3). The emm3�hasA strain

TABLE 2 GAS strains used in this study

Strain emm type Description Referencea

MGAS10870 3 Invasive strain isolated in 2002 in Ontario, Canadab 51
emm3�hasA 3 Allelic replacement of hasA (SpyM3_1851) with spectinomycin resistance (aad9) This study
TSPY55 87 Pharyngitis strain isolated in 2013 in Houston, TXb 29
emm87(hasAemm3) 87 Allelic replacement of the native hasA promoter and N-terminal region of hasA

(SpyM3_1851) with the equivalent region in the emm3 strain genome
This study

emm87�covS 87 Allelic replacement of covS (SpyM3_0245) with kanamycin resistance (aph) This study
emm87(hasAemm3-�covS) 87 Allelic replacement of covS (SpyM3_0245) with kanamycin resistance (aph) in

the emm87(hasAemm3) strain
This study

aMutant strains generated for this study are described in the supplemental material.
bHarbors the wild-type covRS allele.

Capsule Effect on Transmission and Persistence of GAS Infection and Immunity

April 2020 Volume 88 Issue 4 e00709-19 iai.asm.org 7

https://iai.asm.org


displayed increased adherence to HTEpiC compared to its capsule-positive isogenic
parent and showed the highest rate of adherence in the assay (Fig. 4b). We next used
the Lancefield bactericidal assay in whole human blood (42) to confirm that the loss of
capsule in the emm3 background reduces resistance to immune clearance and that the
production of capsule in the emm87 background enhances resistance. The rate of

FIG 4 Production of hyaluronic acid capsule reduces GAS adherence to human tonsillar epithelial cells
and enhances GAS survival in whole human blood. Hyaluronic acid capsule content (a), adherence to
human tonsillar epithelial cells (HTEpiC) (b), and survival in whole human blood (c) were measured
in capsule-negative (emm3�hasA and emm87�covS) and capsule-positive [emm87(hasAemm3) and
emm87(hasAemm3-�covS)] strains and their respective isogenic parent (emm87 and emm3) strains. The
mean hyaluronic acid content was normalized to CFU counts of analyzed GAS cultures and was measured
from two biological replicates performed in quadruplicate. Failure to detect capsule is indicated (ND, not
detected). The mean percentages of HTEpiC adherence and standard errors of the means (SEM) are
shown, calculated from two biological replicates measured in quadruplicate. Adherent emm87(hasAemm3-
�covS) bacteria were not detected in several replicates. The mean multiplication factors of GAS in whole
human blood and SEM are shown, calculated from biological replicates in blood from 3 donors,
performed in quadruplicate. Significance was determined by a t test (**, P � 0.01; ***, P � 0.001; #,
P � 0.0001).
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survival of the emm3�hasA strain was 50-fold lower than that of the encapsulated strain
MGAS10870 (P � 0.01) (Fig. 4c). The restoration of capsule production increased the
survival of the emm87 strain (TSPY55) only 3-fold, and the multiplication factor of the
emm87(hasAemm3) strain was similar to that of the emm87ΔcovS strain (Fig. 4c). Further-
more, the emm87(hasAemm3-�covS) strain showed only a 7-fold increase in the multi-
plication factor relative to TSPY55, despite producing more capsule than MGAS10870
(Fig. 4a). Thus, the data confirm the predicted effects on adherence and resistance to
immune clearance, including subtle but significant emm type-dependent differences.

An acapsular emm87 GAS strain exhibits shedding titers and rates of trans-
mission and persistence distinct from those of an encapsulated emm3 strain in
CD-1 infant mice. The restoration of capsule in the normally capsule-negative emm87
background predictably led to an increased ability to grow in human blood and
decreased adherence to epithelial cells. Thus, we next sought to test the effects of
capsule and strain background (capsular versus acapsular) on transmission and persis-
tence using the infant mouse model. To begin, persistence and transmission rates of
the capsule-negative emm87 strain TSPY55 were assessed in mouse litters inoculated at
both 1:1 and 1:2 index-to-contact ratios with 104 and 107 CFU for a baseline comparison
with the capsule-positive strain MGAS10870 (Fig. 5). The median titer of TSPY55
detected from mice during the acute shedding period in litters inoculated with 107 CFU
was significantly lower than that detected from litters given MGAS10870 (P � 0.05) (Fig.
5a and b). Likewise, shedding titers of TSPY55 were consistently lower than those of
MGAS10870 throughout the monitoring period (Fig. S3a and b). Shedding titers of
TSPY55 were directly proportional to the inoculum administered to the litters at an
index-to-contact ratio of 1:2 (P � 0.001) (Fig. 5b). No shed GAS bacteria were detected
from infant mice after the early acute phase in litters inoculated with 104 CFU of TSPY55
(data not shown).

TSPY55 was detected in the nasal tissues of several contact mice at both index-to-
contact ratios by day 3 postinoculation (Fig. 5c and d; Table 1), notwithstanding that no
GAS bacteria shed from these mice were detected at that time (Fig. S3b). The TSPY55
burden in index mice from 1:1 index-to-contact ratio litters was similar to the GAS
burden detected in mice inoculated with MGAS10870 (Fig. 5c). However, the median
titers of shed TSPY55 and MGAS10870 detected from index mice at the time when nasal
tissues were harvested were clearly different (day 3) (Fig. S3a). Although the intranasal
burdens of MGAS10870 and TSPY55 differed in index mice of 1:2 index-to-contact ratio
litters, no significant differences were detected in colonization rates (P � 0.05 by
Fisher’s exact test) (Fig. 5d).

In direct contrast to MGAS10870, the TSPY55 strain was detected at day 11 in the
nasal tissues of contact mice in 1:1 index-to-contact ratio litters administered 104 CFU
(Fig. 5e; Table 1). TSPY55 also exhibited a higher transmission rate in 1:1 index-to-
contact ratio litters administered 107 CFU, albeit the difference detected was not
statistically significant (P � 0.13) (Table 1). TSPY55 persisted in more index mice in 1:1
index-to-contact ratio litters than MGAS10870. The capsule-negative emm87 strain,
which exhibited significantly lower shedding titers than the emm3 strain at similar
inocula, thus persisted and transmitted at a higher frequency at a 1:1 index-to-contact
ratio (Fig. 5; Table 1). Conversely, TSPY55 exhibited decreased transmission and per-
sistence rates in 1:2 index-to-contact ratio litters compared to MGAS10870 (Table 1)
despite similar GAS tissue burdens being detected in colonized mice between strains
(Fig. 5f). Inoculation with the capsule-positive emm3 strain at a lower index-to-contact
ratio (1:2) yielded higher levels of streptococcal shedding and increased persistence
and transmission rates, along with the mean GAS burden (Fig. 2; Fig. 3; Table 1). Thus,
the index-to-contact ratio differentially affected TSPY55 and MGAS10870 transmission
and persistence rates in infant mice.

Production of hyaluronic acid capsule enhances streptococcal shedding of
emm87 and emm3 GAS strains but influences transmission and persistence in a
strain-dependent manner. Inasmuch as all examined emm87 GAS strains lack capsule
through an identical mechanism (frameshift mutation in hasA) (29, 43), it is possible
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that emm87 strains (and perhaps all capsule-negative strains with a similar evolutionary
history) have evolved specific mechanisms to aid in transmission and persistence and
that restoration of capsule may directly interfere with such mechanisms. Thus, we
hypothesized that restoration of capsule in the emm87 strain background would
interfere with transmission and persistence but remain distinct from the emm3 strain,
a strain background that has evolved in the presence of capsule. To test this hypothesis,
we examined transmission and persistence rates of parental and isogenic capsule
mutants (Table 2) in mouse litters inoculated at a 1:1 index-to-contact ratio with 107

CFU (Fig. 6). The shedding titers of the emm3�hasA strain detected from all infant mice
during the acute shedding phase were significantly lower than those of MGAS10870
(P � 0.001) (Fig. 6a and b). Conversely, the shedding titers of the emm87(hasAemm3) and

FIG 5 An acapsular emm87 strain exhibits shedding titers, intranasal persistence, and transmission rates distinct from those of an encapsulated emm3
strain in CD-1 infant mice. (a and b) Shedding titers of TSPY55 (emm87) from index and contact mice in CD-1 litters inoculated at 1:1 (a) and 1:2 (b)
index-to-contact ratios were detected and compared to those detected for MGAS10870 (emm3) in the acute shedding phase (days 1 to 3
postinoculation). The medians and ranges of detected titers are shown to indicate the median shedding titer and rate. (c and d) Intranasal TSPY55
(emm87) GAS tissue burdens in contact and index mice in 1:1 (c) and 1:2 (d) index-to-contact ratio CD-1 litters were assessed at day 3 postinoculation,
quantified as streptococcal CFU per milligram of homogenized nasal tissue, and compared to the measured MGAS10870 burden (emm3). (e and f)
Intranasal GAS tissue burdens from contact and index mice in litters inoculated at 1:1 (e) and 1:2 (f) index-to-contact ratios were likewise assessed at
day 11 postinoculation. The emm3 strain shedding titer and intranasal burden data shown in Fig. 3 are included again here for ease of comparison.
The geometric mean intranasal GAS burdens (red lines) are shown to indicate the mean colonization rate and burden. Litters are shown by the strain
and inocula (CFU) administered, shown on the x axis. The limit of detection is indicated by a dotted line (shedding titer, 1 CFU; colonization burden,
0.1 CFU/mg). Statistically significant differences were determined by a Mann-Whitney U test (*, P � 0.05; **, P � 0.01; ***, P � 0.001; #, P � 0.0001).
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emm87(hasAemm3-ΔcovS) strains detected from index mice were higher than those of
their capsule-negative parent strains throughout the monitoring period (Fig. 6a; Fig.
S3c). The median shedding titer of the emm87(hasAemm3-ΔcovS) strain during the acute
shedding phase was similar to that of the capsule-positive emm3 strain (Fig. 6a). No
shed streptococci were detected beyond the acute shedding phase from mice inocu-
lated with the emm3�hasA strain (Fig. S3d). These results indicate that the presence of

FIG 6 Production of hyaluronic acid capsule enhances shedding of emm87 and emm3 GAS strains but
influences transmission and persistence in a strain-dependent manner. (a and b) Shedding titers of
capsule-negative (emm3�hasA and emm87�covS) and capsule-positive [emm87(hasAemm3) and
emm87(hasAemm3-�covS)] mutant GAS strains from index (a) and contact (b) mice in CD-1 litters
inoculated at a 1:1 index-to-contact ratio with 107 CFU were detected and compared to shedding titers
detected for the TSPY55 (emm87) and MGAS10870 (emm3) isogenic parent strains during the acute
shedding phase (days 1 to 3 postinoculation). The medians and ranges of detected titers are shown to
indicate the median shedding titer and rate. Litters are indicated by the strain administered, shown on
the x axis. (c and d) Intranasal GAS tissue burdens of capsule-negative and capsule-positive mutant
strains in index (c) and contact (d) mice in CD-1 litters were assessed at day 3 postinoculation, quantified
as streptococcal CFU per milligram of homogenized nasal tissue, and compared to the burdens measured
in emm3 and emm87 strains. (e and f) The intranasal GAS tissue burdens from index (e) and contact (f)
mice were likewise assessed at day 11 postinoculation. The geometric mean intranasal GAS burdens (red
lines) are shown to indicate the mean colonization rate and burden. The shedding titer and intranasal
burden data for the parent emm3 strain shown in Fig. 3 and the parent emm87 strain shown in Fig. 5 are
included again here for ease of comparison. The limit of detection is indicated by a dotted line (shedding
titer, 1 CFU; colonization burden, 0.1 CFU/mg). Significance was determined by a Mann-Whitney U test
(*, P � 0.05; **, P � 0.01; ***, P � 0.001; #, P � 0.0001).
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capsule enhances GAS shedding in the course of intranasal colonization of CD-1 infant
mice.

The nasal tissue burden of GAS detected in index mice selected at day 3 postinoc-
ulation indicates that the production of capsule did not alter the intranasal colonization
rates of emm87 and emm3 strains (Fig. 6c). Paradoxically, the nasal tissue burdens at
day 3 in randomly selected contact mice indicate that both the emm3�hasA and
emm87(hasAemm3-ΔcovS) strains failed to transmit during the acute shedding phase
(Fig. 6d). This observation was consistent with the low shedding titers of the emm3�hasA

strain in index mice but was surprising in the case of the emm87(hasAemm3-ΔcovS) strain
given that restoring capsule production in the emm87 background enhanced GAS
shedding from index mice (Fig. 6a; Fig. S3c). The transmission rate during the acute
shedding phase of the emm87(hasAemm3) strain was similar to that of its isogenic
parent.

Examination of nasal tissues at day 11 revealed the absence of emm3�hasA strepto-
cocci (Fig. 6e and f) and that the loss of capsule failed to enhance emm3 transmission
and persistence (Table 1). In contrast, compared to the emm3 strain, the acapsular
emm87 strain showed significantly high CFU at day 11 in contact mice (P � 0.001) (Fig.
6f), indicating an increased ability to transmit and persist. Capsule-positive emm87
isogenic mutant strains persisted in fewer index mice than their isogenic parent
(Fig. 6e). The lack of emm87(hasAemm3) and emm87(hasAemm3-ΔcovS) streptococci in
nasal tissues of contact mice at day 11 postinoculation shows that the restoration of
capsule production significantly reduced the transmission of emm87 GAS (P � 0.05)
(Table 1; Fig. 6f). Overall, the transmission and persistence data demonstrate that the
presence of capsule differentially affects persistence and transmission in a strain-
dependent (i.e., capsule-positive versus capsule-negative) manner.

Inactivation of CovRS was shown previously to reduce the shedding and transmis-
sion of emm75 (capsule-positive background) GAS in FVB/NJ adult mice (14). We
previously showed rapid, fatal, intrafamilial transmission of an emm87 GAS strain
containing a frameshift mutation in covS (39) but were unable to assess if the absence
of capsule or the above-mentioned mutation contributed to transmission. To directly
address the transmission of emm87 GAS in the absence of CovRS, we assessed the
transmission and persistence phenotypes in the emm87 strain in the presence
(hasAemm3-ΔcovS) and absence (emm87�covS) of capsule (Table 2). Interestingly, shed-
ding titers of the emm87�covS strain were similar to those detected from index mice
inoculated with the emm87(hasAemm3) strain despite differences in capsule production
(Fig. 4a; Fig. 6a; Fig. S3c). At day 3 postinoculation, the emm87�covS strain colonized
index mice at the same rate and at a similar intranasal burden as its isogenic parent (Fig.
6c). The emm87�covS strain failed to transmit to contact mice during the acute shedding
phase, similar to the emm87(hasAemm3-ΔcovS) strain (Fig. 6d), despite the enhanced
shedding detected from index mice, which was similar to titers shed from mice
administered the emm87(hasAemm3) strain. The emm87�covS strain was not detected in
the nasal tissues of contact mice at day 11 postinoculation either, and only one index
mouse had any detectable streptococci (Table 1; Fig. 6e and f). Thus, independent of
capsule production, the loss of covS reduced GAS transmission in the infant mouse
model. However, in contrast to the observations of Alam et al. (14), the loss of covS
increased persistent shedding of capsule-negative emm87 GAS although not to the
extent observed in mice inoculated with the capsule-positive emm87(hasAemm3-ΔcovS)
strain.

DISCUSSION

Decades of research into the mechanisms of GAS disease have enhanced our
understanding of GAS pathogenesis and interactions with the human host. However,
despite early investigations of GAS transmission dynamics in humans (7, 8) few studies
have directly explored bacterial mechanisms directly contributing to the transmission
of GAS, in part due to the lack of feasible models for transmission. Here, we adapted a
mouse model designed to investigate transmission in the pneumococcus and con-

Vega et al. Infection and Immunity

April 2020 Volume 88 Issue 4 e00709-19 iai.asm.org 12

https://iai.asm.org


firmed the hypothesis that capsule production significantly alters the transmission and
persistence of GAS in a strain-dependent manner. The model, in addition to being
feasible for most investigators, displayed features consistent with the biology of GAS in
humans, including peak shedding during the acute phase of infection (8, 14), a direct
correlation between GAS burden and shedding, and detection of colonization extend-
ing beyond the acute phase of infection (i.e., persistence). In contrast to previous GAS
transmission and persistence models (14), the infant mouse model is amenable to a
broader range of GAS inocula for experimentation, in that 104 CFU resulted in mea-
surable colonization, transmission, and persistence of GAS among littermates. Using
lower inocula than in previous models, our infant mouse model is potentially well
suited for comparative studies of emm type-specific biology within a host.

The elimination of capsule in capsule-positive strains reduces the ability to persist in
nonhuman primate models of pharyngeal infection (11), a phenotype that the emm3
strain background recapitulated in our infant mouse model. Despite the apparent
requirement of capsule for virulence, epidemiological studies show an increase in
capsule-negative GAS emm types (emm4, emm22, emm28, emm87, and emm89) (29, 31).
Previous investigations of the mechanisms driving the epidemiological success of
capsule-negative emm types pointed to enhanced expression of cytotoxins such as nga
and slo (44, 45). Zhu et al. proposed that emm89 strains traded capsule for cytotoxin
production as a virulence mechanism that has contributed to capsule-negative sero-
type emergence (45). Experimentation in our infant mouse model suggests that
enhanced transmissibility and persistence may also contribute to the emergence of
capsule-negative strains, as at lower inocula, an emm87 strain transmitted and persisted
at higher rates than the capsule-positive emm3 strain. Our data further indicate that
restoring capsule production in a GAS strain that has evolved devoid of capsule
(emm87), despite expected phenotypic changes in in vitro epithelial adherence and ex
vivo immune resistance, reduced the transmission and persistence rates in the face of
increased shedding. The presence of capsule may interfere with molecular mechanisms
of the capsule-negative emm87 strain adapted to transmit and persist in a host in the
absence of capsule. Recent work by Turner et al. indicates that emm87 strains, like the
capsule-negative emm89 strain, also carry a highly active nga-ifs-slo promoter (43).
Whether enhanced cytotoxin production in the emm87 background (or other capsule-
negative emm types) is a molecular mechanism underlying the enhanced transmission
and persistence of the capsule-negative serotype can be further investigated using our
model.

Our data indicate that covS inactivation in the capsule-negative emm87 background
reduced transmission and persistence in the infant mouse and reduced adherence
to epithelia yet increased resistance to immune clearance. Investigation of covS-
dependent virulence phenotypes of the capsule-negative emm4 serotype determined
that covS inactivation altered the emm4 transcriptome in a manner distinct from that
observed in capsule-positive strains (46). Consequently, the emm4 cell surface exhibited
increased levels of M protein, fibronectin-binding proteins, and pili, which enhanced
emm4 virulence in a bacteremia model but reduced virulence in a subcutaneous
infection model. The altered surface protein expression resulting from covS inactivation
likely perturbed the interaction of emm4 GAS with host tissues. Thus, it is possible that
covS inactivation altered the expression patterns of secreted and surface-localized
proteins in emm87, resulting in the observed changes in adherence to epithelia, growth
in blood, transmission, and persistence. However, further investigation is needed to
determine the full effect of CovS inactivation in the emm87 background.

In our model, the ratio of colonized to uncolonized hosts affected the rates of
transmission and persistence in a strain-dependent manner. Contrary to expectation,
the transmission of encapsulated emm3 GAS was favored by a lower density (i.e., 1:2
index-to-contact ratio) of colonized individuals. However, infected host density is not
the sole determinant of GAS transmission. Strain-specific differences in capsule pro-
duction and shedding titers were major contributors to the levels of GAS exposure and
transmission. In addition, combined with recently published literature on the role of
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host inflammatory immune responses in pneumococcal transmission dynamics (47),
our data suggest the involvement of host immune responses in the transmission
dynamics of GAS. The combination of the type and number of infectious GAS organ-
isms and the resultant host inflammatory response are likely to influence the suscep-
tibility of infant mice to GAS transmission. Thus, it is possible that high-density
exposure (1:1 index-to-contact ratio) to emm3 GAS induced a stronger host inflamma-
tory response, leading to more rapid clearance and reduced detectable GAS transmis-
sion and persistence. In contrast to the emm3 strain, transmission of the capsule-
negative emm87 GAS strain benefited from a higher density of colonized hosts, which
is likely the result of lower shedding titers and a less robust inflammatory response,
allowing the emm87 strain to transmit through its enhanced ability to adhere and
persist. Future studies are needed to assess the role of host inflammation in the infant
mouse model of GAS transmission.

Our data suggest that titers of GAS shed and transmission rates differ between
serotypes despite similar bacterial burdens. A combination of the strain-specific GAS
shedding titer and the proportion of shedding hosts affects the level of exposure to
GAS that results in the effective transmission and persistence of a strain. We propose
a model, based on our data, in which capsule production has driven the selection of
contrasting infectious strategies among GAS strains, which we define as “dynamic”
versus “sedentary” transmission (Fig. 7). Dynamic transmitters (e.g., the emm3 strain)
have evolved to induce high shedding titers and tolerate inflammation through
abundant capsule production. Thus, they readily transmit to naive hosts in a short
period of time rather than persisting in the nasopharynx of the colonized host. Our

FIG 7 “Dynamic” versus “sedentary” transmission strategies of GAS strains differing in capsule production. Dynamic capsule-positive GAS
strains (red) have evolved to transmit in large numbers to naive hosts in a short period of time (B) rather than persisting in the
nasopharynx of the colonized host (C). Sedentary capsule-negative GAS strains (blue) transmit at lower titers over a longer period of time
(B) and are more likely to persist in contact hosts (C). Differences in GAS transmission burdens observed at a low density of infected
individuals (e.g., 1:2) (top right) and a high density of infected individuals (e.g., 1:1) (bottom right) are shown. Each transmission strategy
involves contrasting phenotypes of enhanced (green arrows) or reduced (orange arrows) resistance to immune clearance, adherence to
epithelia, shedding titers, and colonization persistence.
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infant mouse model indicated that dynamic transmission is enhanced by low index-
to-contact ratios, at which capsule-positive GAS potentially can develop a higher
transmission rate through the increased probability of encounters between infected
and uninfected subjects (Fig. 7). In contrast, sedentary GAS strains (e.g., the emm87
strain) have adapted to adhere rather than be shed from colonized host tissue, evolving
alternative strategies (e.g., toxin production or expression of cell surface proteins) to
subvert host immunity in the absence of capsule (30, 31, 45, 46). Such strains would be
more likely to persist in colonized hosts, transmitting over longer periods of time and
at a lower rate (Fig. 7). Sedentary transmission is more likely to result in and benefit
from higher index-to-contact ratios (e.g., a 1:1 ratio in our studies) due to increased
persistence and the dependence on more frequent encounters with infected individ-
uals to increase transmission. In the pneumococcus, an acute inflammatory immune
response in nasal tissues is required for robust shedding from colonized infant mice
(47), and others have shown that GAS capsule (hyaluronan fragments) may positively or
negatively influence inflammatory responses (48, 49). Pneumococci and GAS colonize
different niches in the human upper respiratory tract and express distinct virulence
factors to resist host immunity, potentially contributing to distinct differences in
transmission dynamics. Thus, additional studies are needed to examine the role of the
host inflammatory response following infection and its influence on GAS transmission
and persistence. The infant mouse model will facilitate such studies and enhance our
understanding of host and pathogen mechanisms critical for the emergence and
spread of bacterial pathogens.

MATERIALS AND METHODS
Bacterial strains and culture conditions. The strains used in this study are listed in Table 2. GAS

strains were grown in Todd-Hewitt broth containing 0.2% (wt/vol) yeast extract (THY broth; Difco
Laboratories), on THY agar, on Trypticase soy agar containing 5% sheep blood agar (SBA; Becton,
Dickinson), or on Strep Selective II agar (SSIIA; Remel), as indicated. For all in vitro assays, cultures were
grown overnight in THY broth at 37°C with 5% CO2 and used to inoculate fresh, prewarmed THY broth
for growth to the culture density required. For allelic replacement in mutant strains containing antibiotic
resistance cassettes, growth media were supplemented with the corresponding antibiotic (kanamycin or
spectinomycin at 150 �g/ml).

GAS colonization, shedding, and transmission in infant mice. GAS intranasal colonization of
infant mice and monitoring of GAS persistence and transmission were modeled after the protocol
reported previously by Zafar et al. (17), with modifications, and approved by the UT-Health Animal
Welfare Committee (AWC). Six- to eight-week-old male and female CD-1 IGS mice (strain code 022;
Charles River Laboratories) were bred and maintained in the Center for Laboratory Animal Medicine and
Care (CLAMC) facility at UT. The pups were delivered in the CLAMC facility and maintained with their dam
for the course of the experiment. Index pups were identified by toe clipping 24 h prior to inoculation.
Four-day-old pups were inoculated intranasally without anesthesia with the indicated GAS inocula
suspended in 2 �l of sterile PBS. Specifically, the bacterial suspension was placed on the nares with a
pipette tip, and the pup was allowed to inhale the inoculum, at which point the pup was returned to its
dam. Pups were monitored throughout the course of the experiments (i.e., weight and signs of illness)
and appeared healthy and gained weight at a rate similar to that of uninfected animals.

To quantify shedding titers of GAS, the nasal secretions of experimental pups were cultured by gently
dabbing the pup snout (20 dabs/mouse) onto SSIIA. The sample was then evenly spread across the agar
using a sterile inoculation loop and incubated overnight at 37°C with 5% CO2. SSIIA contains colistin and
oxolinic acid according to the manufacturer’s specifications to minimize the growth of contaminants.
Beta-hemolytic colonies identified on SSIIA were confirmed to be GAS using a Prolex streptococcal
grouping latex kit (catalog number PL.030; Pro-Lab Diagnostics). The limit of detection of shedding titers
was 1 CFU/20 dabs. To quantify the nasal GAS burden, at the age of 7 or 14 days (day 3 or 11
postinoculation), infant mice were euthanized by CO2 asphyxiation followed by cervical dislocation. The
nasal cavity was then dissected as described previously (14), weighed, and homogenized in 3 ml of sterile
PBS using a TH-01 tissue homogenizer (soft-tissue Omni Tip; Omni International). Tenfold serial dilutions
of nasal tissue homogenates were plated onto SSIIA and incubated as indicated above. The limit of
detection for nasal GAS burdens was 0.1 CFU/mg of homogenized tissue. Aside from distinguishing
between index and contact pups, pups were not individually identified during both dabbing of the nares
and nasal tissue harvesting at day 3 postinoculation to maintain randomization in sampling.

Generation of capsule mutants. The plasmids and primers used in this study are listed in Table S1
in the supplemental material. Experimental details are provided in the supplemental material. Briefly,
capsule production was restored in the emm87 background (TSPY55) by the in-frame replacement of the
first 783 nucleotides of the hasA (SpyM3_1851) coding sequence and its native promoter with the
homologous sequence of MGAS10870. Capsule production was abrogated in the emm3 background
using a previously described (28, 50) procedure for the allelic in-frame replacement of the hasA gene with
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a spectinomycin resistance cassette (aad9). The same approach was used for the in-frame replacement
of the covS gene (SpyM3_0245) with a kanamycin resistance cassette (aph) in the TSPY55 and
emm87(hasAemm3) strains. Mutants were confirmed using targeted sequencing, and whole-genome
sequencing confirmed the lack of spurious mutations.

Capsule assay. Capsular hyaluronic acid (HA) levels in tested GAS strains were measured using an
HA quantitative test kit (catalog number 029-001; Corgenix) according to the manufacturer’s specifica-
tions. Samples used to quantify hyaluronic acid were obtained from a 10-ml late-exponential-phase broth
culture (THY broth at an optical density at 600 nm [OD600] of 0.6 to 0.8) as previously described (23).
Culture serial dilutions were plated onto SBA to quantify CFU for normalization.

Cultured human tonsil epithelial cell adherence assays. Assays of adherence to cultured human
epithelial cells were carried out as previously described (28), with modifications. Briefly, approximately
1 � 106 CFU of GAS (multiplicity of infection of �10) grown to mid-exponential phase (THY broth at an
OD600 of 0.4) was added to 4 technical replicate wells previously seeded with human tonsil epithelial cells
(HTEpiC) cultured according to the supplier’s specifications (catalog number 2560; ScienCell Research
Laboratories) and incubated for 1 h at 37°C with 5% CO2. Percent adherence was calculated by dividing
the number of CFU recovered on SBA by the number of CFU in the original inoculum.

Survival in human blood. Experiments assessing the ability of GAS to grow in human blood were
conducted under a human subject protocol approved by the UT-Health Committee for the Protection of
Human Subjects (CPHS). Experiments were carried out as described previously by Lancefield (42). Blood
samples from three healthy, nonimmune, adult donors (2 female and 1 male) were used as biological
replicates, and assays were performed in quadruplicate (technical replicates).

SUPPLEMENTAL MATERIAL
Supplemental material is available online only.
SUPPLEMENTAL FILE 1, PDF file, 0.5 MB.
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