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ABSTRACT Streptococcus pneumoniae (pneumococcus) causes multiple infectious
diseases. The pneumococcal competence system facilitates genetic transformation,
spreads antibiotic resistance, and contributes to virulence. DNA-processing protein A
(DprA) regulates the exit of pneumococcus from the competent state. Previously, we
have shown that DprA is important in both bacteremia and pneumonia infections.
Here, we examined the mechanisms of virulence attenuation in a ΔdprA mutant.
Compared to the parental wild-type D39, the ΔdprA mutant enters the competent
state when exposed to lower concentrations of the competence-stimulating peptide
CSP1. The ΔdprA mutant overexpresses ComM, which delays cell separation after di-
vision. Additionally, the ΔdprA mutant overexpresses allolytic factors LytA, CbpD, and
CibAB and is more susceptible to detergent-triggered lysis. Disabling of the competent-
state-specific induction of ComM and allolytic factors compensated for the virulence
loss in the ΔdprA mutant, suggesting that overexpression of these factors contrib-
utes to virulence attenuation. Finally, the ΔdprA mutant fails to downregulate the
expression of multiple competence-regulated genes, leading to the excessive energy
consumption. Collectively, these results indicate that an inability to properly exit the
competent state disrupts multiple cellular processes that cause virulence attenuation
in the ΔdprA mutant.
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Streptococcus pneumoniae (pneumococcus) is a respiratory tract commensal that
causes otitis media, community-acquired pneumonia, pneumonia-derived sepsis,

and multiorgan dysfunction, meningitis, and other diseases. The pneumococcal com-
petence system for genetic transformation contributes to the dissemination of antibi-
otic resistance and its high genomic plasticity (1–3). Under appropriate in vitro condi-
tions, pneumococci have the ability to enter the competent state spontaneously. The
competence-stimulating peptide (CSP), encoded by the comC gene, is exported by the
ABC transporter ComAB and serves as a signal that activates competence regulon (4–8).
Previously, it was thought that when the secreted CSP reaches a threshold concentra-
tion in a quorum-sensing (QS) manner, it will bind and activate the cognate receptor
ComD, leading to the phosphorylation of the response regulator ComE to drive the
whole pneumococcal population into the competent state. However, a recent study
suggests that in some pneumococcal strains, including the virulent serotype 2 strain
D39, CSP is not diffused but instead is retained by its cognate receptor ComD and
activates the competence of neighboring pneumococcus by cell-cell contact (9). Acti-
vated ComD-ComE (10, 11) induces the expression of approximately 24 “early” genes,
including comAB, comCDE, and comX (12). ComX is an alternate sigma factor (13–15)
that activates expression of approximately 80 “late” genes, of which 16 genes are
directly involved in DNA uptake and recombination. Among the factors encoded by the
“late” genes which are dispensable for genetic transformation are LytA, CbpD, and
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CibAB, which mediate the release of DNA from neighboring pneumococcus through a
process called allolytic fratricide (16–20). Especially, CbpD, LytA, and CibAB target
noncompetent cells which do not express the competence-induced allolysis immunity
proteins ComM (21) and CibC (18). Finally, the regulation of competence-activated
“delayed” genes, most of which are involved in stress response or metabolism, is still
not well characterized.

The competence system can be artificially induced by providing CSP to the pneu-
mococcal culture. The competent state peaks at 15 min postexposure, after which it
declines rapidly, and competent pneumococci become resistant to a second CSP
challenge (12). Recently, it was discovered that DNA-processing protein A (DprA),
encoded by one of the ComX-regulated “late” genes, is responsible for competence
shutoff (22–24) by dissociating and inactivating the phosphorylated ComE dimers (22).
DprA remained highly expressed for an extended period of time, accounting for the
resistance to a new wave of induction by fresh CSP.

Intriguingly, we have found that a ΔdprA mutant is attenuated in mouse models of
acute pneumonia and bacteremia (25). We chose to focus our investigation on the link
between DprA and the competence state because the difference in virulence between
dprA� and ΔdprA mutant strains was no longer evident in a ΔcomB background (e.g.,
ΔcomB versus ΔdprA ΔcomB), suggesting that the loss of competence function ac-
counted for virulence attenuation in the ΔdprA mutant (25). High levels of DprA ensure
the fitness of pneumococcal transformation by mediating competence shutoff (24) as
well as by protecting the incoming single-stranded DNA (ssDNA) from being degraded
by DNase (26). However, ssDNA protection by DprA may not be important for virulence
because deletion of other key genes in DNA recombination, including coiA and ssbB, did
not alter pneumococcal virulence (25). Rather, virulence attenuation in the ΔdprA
mutant is likely caused by the inability of pneumococcus to exit the competent state.
In this study, we examined the underlying mechanisms that contribute to virulence
attenuation in the ΔdprA mutant.

RESULTS
DprA deletion negatively affects pneumococcal virulence and causes an

exponential-phase-growth delay under CSP-induced competence. Compared to its
parental wild-type (WT) strain D39, the ΔdprA mutant exhibited normal growth in
Todd-Hewitt broth (THB) supplemented with 0.5% yeast extracts (THY) (Fig. 1A). When
the competence system was activated by 100 ng ml�1 CSP1, ΔdprA cells showed a
growth delay in the exponential phase, similar to that seen in previously published
studies albeit not as severe (22, 23). Competence induction decreased ΔdprA CFU, but
interestingly, also reduced WT CFU (Fig. 1B). Similar results were observed with 10 ng
ml�1 CSP1 (see Fig. S1A and B in the supplemental material). The mechanism of
pneumococcal CFU reduction was further examined as described in another section
(see Fig. 4). To verify the aforementioned results, we examined the growth patterns of
the CP1250 strain during competence induction. CP1250 is a nonencapsulated hyper-
competent strain derived from the Rx strain, which itself is a nonencapsulated deriv-
ative of D39 (9, 10, 27). We first attempted to use THY medium, but interestingly,
CP1250 could easily enter the competent state spontaneously without the provision of
exogenous CSP1 (see Fig. S3 in the supplemental material). To overcome this problem,
we compared the growth of CP1250 and its ΔdprA derivative in the competence-
optimized casein-tryptone (CAT) medium supplemented with CSP1 as previously de-
scribed (22–24). We did not observe a significant growth delay in the CP1250-derived
ΔdprA mutant (see Fig. S4A and B in the supplemental material).

As previously shown by us and others, the ΔdprA mutant is attenuated in mouse
models of infection (25, 28). When competed against the WT, the ΔdprA mutant was
less competitive in bacteremia, acute-pneumonia infections, and nasopharyngeal col-
onization (Fig. 1C). Additionally, compared with the WT, the ΔdprA mutant was found
to be attenuated in single-bacteremia (Fig. 1D) but not in acute-pneumonia (Fig. 1E)
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infections. These results indicate that DprA confers competitive advantages during host
infection and colonization by pneumococcus.

DprA does not cause additional allolytic cell death under CSP1-induced com-
petence in vitro. As discussed above, competent pneumococci are capable of releasing
allolytic proteins CbpD, LytA, and CibAB, which target noncompetent cells that do not
express allolysis immunity proteins ComM (21) and CibC (18). Deletion of three major
allolytic genes lytA, lytC, and cbpD greatly reduces pneumococcal allolysis (19, 20, 25,
29). We investigated whether the exponential-phase-growth defect (Fig. 1A) and
decreased CFU (Fig. 1B) in competent-state ΔdprA cells were caused by excessive
allolysis of the noncompetent cells. In the presence of an allolysis inhibitor (2% choline
chloride [ChCl]) (30), CSP1-treated ΔdprA cells still grew slower during the exponential
phase than unexposed ΔdprA cells (Fig. 2A). Consistent with the ChCl inhibition results,
ΔdprA ΔcbpD ΔlytA cells still exhibited a growth delay upon competence induction by
CSP1 (Fig. 2B). These results suggest that in the CSP1-induced competent state in vitro,
the exponential-phase-growth delay in the ΔdprA mutant is independent of allolytic
killing of noncompetent cells.

Previously, It was reported that in the capsule-deficient hypercompetent strain Rx,
a derivative of D39, up to 20% of pneumococcal cells underwent allolysis when

FIG 1 The ΔdprA mutant displays a growth delay in the exponential phase during CSP1 exposure and is attenuated
in virulence. (A) The ΔdprA mutant showed a growth delay after competence induction. Pneumococcal growth was
assayed in Todd-Hewitt broth supplemented with 0.5% yeast extract (THY) at 37°C in 5% CO2. CSP1 (100 ng ml�1)
was added at an OD595 of �0.1. (B) Both the D39 WT and ΔdprA strains showed reduced CFU upon CSP1 induction.
CFU were measured by serial-dilution plating on THY agar in parallel to the growth studies at the designated time
points shown in panel A. Two-tailed unpaired Student t tests were used to determine the significance of CFU
differences (P � 0.05). (C) The ΔdprA mutant is attenuated in the mouse models of competitive bacteremia and
acute-pneumonia infection and in nasopharyngeal colonization. For bacteremia, CD-1 mice (n � 5) were intraperi-
toneally inoculated with a 1:1 ratio (1 � 104 CFU per strain) of the WT and ΔdprA strains. Bacteria in spleens were
enumerated at 24 h postinfection. For acute pneumonia, CD-1 mice (n � 5) were intranasally inoculated with a 1:1
ratio (1 � 106 CFU per strain) of the WT and ΔdprA strains. Bacteria in lungs were enumerated at 48 h postinfection.
For nasopharyngeal colonization, CD-1 mice (n � 5) were intranasally inoculated with a 1:1 ratio (1 � 106 CFU per
strain) of the WT and ΔdprA strains. Bacteria in nasal washes were enumerated at 48 h postinoculation. (D) The
ΔdprA mutant is attenuated in a mouse model of single-bacteremia infection. CD-1 mice (n � 8) were intraperi-
toneally inoculated with 1 � 104 CFU of the WT or ΔdprA strain. The bacterial burden in spleens was enumerated
at 24 h postinfection. The two-tailed unpaired Student t test indicates a significant difference (P � 0.0117). (E) The
ΔdprA mutant is not attenuated in a mouse model of single acute-pneumonia infection. CD-1 mice (n � 10) were
intranasally infected with 1 � 106 CFU of the WT or ΔdprA strain. The bacterial burden in lungs was enumerated
at 48 h postinfection. The two-tailed unpaired Student t test indicates no significant difference (ns) (P � 0.4985).
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exposed to 250 ng ml�1 CSP1 in the casein-tryptone (CAT) medium (16). We adopted
a similar strategy by transcriptionally fusing the lacZ gene to the promoter of the
constitutively expressed rplL gene. Pneumococcal cells which undergo allolysis will
release �-galactosidase into the culture supernatants, which could be examined by a
colorimetric assay (16). Across three different growth stages in THY medium, there was
a slight increase of �-galactosidase in the supernatant of CSP1-induced cultures for
both the WT and ΔdprA strains (Fig. 2C). However, the ΔdprA mutant did not show
higher lysis than the WT, suggesting that both strains did not experience the high levels
of CSP1-mediated cell lysis observed in the Rx strain (16). Both D39 and CP1250 were
also tested in CAT medium, and no significant cell lysis was found (Fig. S4C). By
live/dead fluorescence staining, we confirmed that CSP1 did not trigger significant
differences in death between the ΔdprA and WT strains (Fig. 2D; see Fig. S2A in the
supplemental material).

Most recently, it was shown that ΔdprA cells undergo frequent cell lysis after 110
min of incubation with CSP1 (24) in C�Y medium (31, 32), which is optimized for
competence development. However, we observed no difference in cell lysis of the WT

FIG 2 Allolysis does not contribute to exponential-phase-growth delay in the ΔdprA mutant during competence induction in vitro. (A)
Inhibition of allolysis does not relieve growth delay in the ΔdprA mutant during CSP1-induced competence. Growth curves of the ΔdprA
mutant in Todd-Hewitt broth supplemented with 0.5% yeast extract (THY) in the presence or absence of the allolysis inhibitor 2% choline
chloride (ChCl) are shown. CSP1 (100 ng ml�1) was added to the bacterial cultures at an OD595 of �0.1. (B) Double deletion of the major
allolytic genes lytA and cbpD does not relieve the growth delay in the ΔdprA mutant during competence. CSP1 (100 ng ml�1) was added
to the ΔlytA ΔcbpD mutant cultured in THY at an OD595 of �0.1. (C) The ΔdprA mutant does not exhibit increased cell lysis after
competence induction. CSP1 (100 ng ml�1) was added to WT (D39) and ΔdprA strains constitutively expressing a lacZ gene reporter, and
�-galactosidase activities in supernatants and lysates were measured. (D) The ΔdprA mutant does not exhibit increased cell death after
competence induction. CSP1 (100 ng ml�1) was added to the bacterial cultures at an OD595 of �0.1. After 1 h of incubation at 37°C, cells
were washed and stained with live/dead staining reagents. Percentages of dead and live pneumococcal cells were quantified under a
fluorescence microscope. Bacteria in 10 representative fields (n � 300 bacteria per field) were counted.
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and ΔdprA strains after 1 h (data not shown) and 3 h (Fig. S2B) of CSP1 induction in C�Y
medium.

Genetic evidence that allolysis contributes to �dprA attenuation in vivo. The
inability of the ΔdprA mutant to turn off the competent state is expected to cause
unwanted overexpression of allolytic factors. We tested the hypothesis that elevated
levels of CbpD and LytA are held intracellularly and that perturbation of pneumococcal
cell membrane by detergents (e.g., sodium dodecyl sulfate [SDS] and deoxycholate
[DOC]) would release these allolytic factors to enhance pneumococcal lysis. Both ΔlytA
and ΔcbpD cells were resistant to SDS, indicating that both allolytic factors were
responsible for SDS-mediated cell lysis (Fig. 3A). Importantly, the ΔdprA mutant lysed
more rapidly than the WT when treated with 0.5% SDS (Fig. 3A) and DOC (Fig. 3B). The
difference in the kinetics of detergent-mediated lysis between the WT and ΔdprA strains
were more pronounced in the presence of CSP1 (Fig. 3A and B).

DOC is a bile salt that not only is capable of disrupting the cell membrane but also
directly activates LytA and causes rapid pneumococcal lysis (33). Both WT and ΔcbpD

FIG 3 CbpD- and CibAB-mediated allolysis contributes to ΔdprA attenuation in vivo. (A and B) CSP1-induced ΔdprA
bacteria are more susceptible to SDS- and deoxycholate (DOC)-mediated lysis. Competence was induced in the D39
WT and ΔdprA strains by adding CSP1 (100 ng ml�1) at an OD595 of 0.1. When both cultures reached an OD595 of
0.5, SDS (0.05%) (A) or DOC (0.05%) (B) was added. Cell lysis was monitored temporally using a spectrophotometer.
Noninduced and CSP1-induced ΔlytA and ΔcbpD strains were used as controls. (C) Deletion of allolytic genes cbpD
and lytA ameliorates virulence attenuation of the ΔdprA mutant in a single-bacteremia infection. CD-1 mice (n � 12)
were intraperitoneally infected with 1 � 104 CFU of the ΔcbpD ΔlytA or ΔdprA ΔcbpD ΔlytA mutant. Mouse spleens
were harvested at 24 h postinfection for bacterial enumeration. The two-tailed unpaired Student t test indicates a
significant difference (P � 0.0480). (D) Deletion of the cbpD and lytA genes ameliorates virulence attenuation of the
ΔdprA mutant in a competitive bacteremia infection. CD-1 mice (n � 6) were infected with a 1:1 ratio (1 � 104 CFU)
of the indicated strains. Mouse spleens were harvested at 24 h postinfection for bacterial enumeration. The
two-tailed unpaired Student t test indicates a significant difference (P � 0.0226). (E) Deletion of the ComX binding
site (combox) on the promoters of cbpD and cibAB ameliorates virulence attenuation of the ΔdprA mutant in a
competitive acute-pneumonia infection. CD-1 mice (n � 5 to 13) were intranasally infected with a 1:1 ratio (1 � 106

CFU) of the indicated strains. Mouse lungs were harvested at 48 h postinfection for bacterial enumeration. The
two-tailed unpaired Student t test indicates a significant difference between the indicated groups (P � 0.05).
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cells were lysed by DOC, while the ΔlytA mutant was resistant to DOC, indicating that
LytA was responsible for DOC-mediated cell lysis (Fig. 3A and B). The ΔcbpD mutant
lysed much faster than the WT, suggesting that it might have structural deficiencies in
the cell wall that rendered it more sensitive to DOC-LytA-mediated lysis (Fig. 3B).
Increased susceptibility to SDS and DOC was correlated with elevated expression of
LytA (see Fig. S5A and B in the supplemental material) and CbpD (see Fig. S6A and B
in the supplemental material), respectively, in competent ΔdprA cells.

We further investigated whether overexpression of allolytic factors contributed to
the virulence attenuation in the ΔdprA mutant. In a mouse model of single-bacteremia
infection, the difference in virulence between dprA� (ΔcbpD ΔlytA) and ΔdprA mutant
(ΔdprA ΔcbpD ΔlytA) bacteria was abolished (Fig. 3C). Similarly, in the competitive
bacteremia infection between ΔcbpD ΔlytA and ΔdprA ΔcbpD ΔlytA bacteria, the
competitive index (CI) increased to 0.78, compared to 0.06 for infection between the
ΔdprA mutant and the WT (Fig. 3D). These results suggest that deletion of the dprA
gene in the allolysis-deficient ΔcbpD ΔlytA strain did not confer additional virulence
attenuation (Fig. 3C and D) compared to deletion of the dprA gene in the WT
background (Fig. 1C and D), supporting the idea that virulence attenuation in the ΔdprA
mutant is dependent on CbpD- and LytA-mediated allolysis in vivo.

The in vivo virulence-associated genetic studies (Fig. 3C and D), which indicate that
excessive allolysis causes attenuation in the ΔdprA mutant, are inconsistent with the in
vitro �-galactosidase release and live/dead assays (Fig. 2C and D). Therefore, a more
detailed examination of the role of allolysis in virulence attenuation of the ΔdprA
mutant was needed. CbpD is a murein hydrolase which targets the cell division zone of
pneumococcus (20). The expression of the cbpD gene is very low during normal growth
but is greatly elevated in the competent state (17). CbpD is directly involved in allolysis
in liquid medium, whereas the competence-induced two-peptide bacteriocin CibAB is
important for allolysis on agar plates (18). Because the expression levels of CbpD and
CibAB during in vivo infection are unknown, we exploited a more direct approach by
deleting the ComX binding site (combox) in the promoters of both the cbpD and cibAB
genes to derive the ΔPcomX cbpD and ΔPcomX cibAB strains, respectively. We did not
generate a ΔPcomX lytA mutant because the basal constitutive expression of the lytA
gene is high, and CSP1 induction increased the protein levels only temporarily and
moderately (Fig. S3B) (20). Additionally, lytA is the fourth gene downstream of its comX
binding site, with at least two additional promoters that modulate its basal expression
(34).

To delete the combox without causing polarity effects, we used the Sweet Janus
cassette (SJC) to generate scarless mutants (35), with some modifications (see the
supplemental material). Successful construction of ΔPcomX cbpD or ΔPcomX cibAB mu-
tants was verified by PCR and DNA sequencing (see Fig. S7A in the supplemental
material). The expression of cbpD in the ΔPcomX cbpD strain was examined by tran-
scriptionally fusing to a firefly luciferase reporter, and no cbpD expression was detected
under CSP1 stimulation (data not shown). CbpD protein levels were also examined by
attaching a 3�FLAG tag to the C terminus of the cbpD gene product in the ΔPcomX cbpD
strain, and no CbpD protein was detected during competence induction with CSP1 (Fig.
S7B and C). Importantly, in an acute-pneumonia model of competitive infection be-
tween the ΔdprA ΔPcomX cbpD and ΔPcomX cbpD strains, the CI was 1.1, compared to 0.1
in mice infected by a combination of the ΔdprA and WT strains (Fig. 3E). Similarly, a CI
of 1.4 was obtained during competitive infection between the ΔdprA ΔPcomX cibAB and
ΔPcomX cibAB strains (Fig. 3E). Collectively, these results suggest that dysregulation of
competence-induced allolysis mediated by CbpD and CibAB contributes to the viru-
lence attenuation in the ΔdprA mutant.

Because competence-induced ΔdprA cells lysed faster when exposed to SDS and
DOC, we used transmission electron microscopy (TEM) to examine whether cell walls of
CSP1-exposed ΔdprA bacteria were compromised. No discernible cell wall defects were
found (see Fig. S8 in the supplemental material).
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Competence-induced CFU reduction in the �dprA mutant is caused by cell
division delay mediated by ComM. Because competence induction caused
exponential-phase-growth delay in the ΔdprA mutant, the reduction of CFU was not
unexpected. However, the CFU reduction in competent WT culture was surprising (Fig.
1; see Fig. S1 in the supplemental material). One plausible explanation for CFU
reduction was the increase in chain length of WT cells in liquid culture, which could
reduce the CFU but not dramatically affect measurement of optical density at 595 nm
(OD595). We attempted to identify the gene(s) responsible for the CFU reduction. Under
in vitro experimental conditions, allolysis was not required for CFU reduction (Fig. 4A).
The “late” competence genes did not appear to play a role, because the ΔcomX1
ΔcomX2 mutant still showed significant CFU reduction upon exposure to CSP1. Also, we
ruled out a contribution from oxidative stress, as deletion of the spxB gene, encoding
pyruvate kinase for H2O2 production, still led to CFU reduction. Significantly, CFU
reduction was abolished in the ΔcomCDE mutant exposed to CSP1 (Fig. 4A).

Based on the aforementioned results, overexpression of an “early” gene was likely
the cause of the CFU reduction. Recently, it was found that in the competent state,
overexpression of the fratricide immunity protein gene comM delayed cell division (36,
37). A ΔcomM strain was created by replacing the gene with an erythromycin resistance
gene and was confirmed with PCR and sequencing (see Fig. S9 in the supplemental
material). The growth rate of the ΔcomM strain was similar to that of the WT (see Fig.

FIG 4 CSP1-mediated CFU reduction and virulence attenuation are partially caused by ComM. (A) CSP1-mediated CFU reduction is caused
by “early” genes in the competence regulon. Competence was induced in designated mutant cultures by CSP1 (100 ng ml�1) at an OD595

of �0.1. After 1.5 h of incubation at 37°C, CFU were measured by serial-dilution plating. Two-tailed unpaired Student t tests were used
to determine the significance of CFU differences (P � 0.05). (B) Growth rates of the ΔcomM and ΔdprA ΔcomM strains during exposure to
CSP1. Pneumococcal growth was compared in Todd-Hewitt broth supplied with 0.5% yeast extract at 37°C. CSP1 (100 ng ml�1) was added
at an OD595 of �0.1. (C) CFU reduction is attenuated in both the ΔcomM and ΔdprA ΔcomM strains during exposure to CSP1. CFU were
determined by serial-dilution plating in parallel to the growth studies at designated time points as described in panel B. Two-tailed
unpaired Student t tests were used to determine the significance of CFU differences (P � 0.05). (D) ComM contributes virulence reduction
in the ΔdprA mutant. CD-1 mice were intranasally infected with a 1:1 ratio (1 � 106 CFU per strain) of the indicated strains. Mouse lungs
were harvested at 48 h postinfection for bacterial enumeration. The two-tailed unpaired Student t test indicates significant differences
between the indicated groups (P � 0.05).
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S10A in the supplemental material) in the presence or absence of CSP1, but the CFU
reduction caused by CSP1 treatment was eliminated (Fig. S10B). The transformation
rate of the ΔcomM strain was reduced (Fig. S10C).

Next, we compared the growth rate and CFU reduction in the ΔdprA ΔcomM strain
in the presence or absence of CSP1. The exponential-phase-growth delay was still
present (Fig. 4B), but the CFU reduction was eliminated (Fig. 4C). By using a firefly
luciferase reporter and 3�FLAG tag, the ΔdprA mutant was found to express higher
levels of the comM gene (see Fig. S11 in the supplemental material) as well as ComM
protein (see Fig. S12 in the supplemental material) for a prolonged time period. An
unexpected observation was that the WT-comM-3�FLAG strain showed basal expres-
sion of ComM-3�FLAG even without CSP1 treatment (Fig. S12), which contradicts a
previous report (36) and our transcriptional data (Fig. S11), indicating that the degra-
dation of ComM may be impaired. Furthermore, both the WT-comM-3�FLAG and
ΔdprA-comM-3�FLAG strains suffered severe growth arrest after competence induction
as shown by decreasing amounts of total proteins in the loading controls (Fig. S12) and
stalled or decreased OD595 cell density (Fig. 5A and G), although the severity was much
more pronounced in the latter.

To determine whether competence-regulated proteins were involved in the CSP1-
induced growth arrest of the WT-comM-3�FLAG and ΔdprA-comM-3�FLAG strains, we
deleted the comCDE and comX1 comX2 genes in the WT-comM-3�FLAG strains (Fig. 5B
and C). Growth arrest mediated by CSP1 was eliminated in the ΔcomCDE-comM-
3�FLAG strain and largely abolished in the ΔcomX1ΔcomX2-comM-3�FLAG strain,
suggesting that one or more ComX-regulated “late” competence genes might play a
role in the growth arrest. We deleted the ComX-regulated lytA, cbpD, and cibAB genes
individually in the WT-comM-3�FLAG background and found that deletion of cbpD,
and to a lesser extent lytA, largely rescued the growth arrest (Fig. 5D to F). When we
deleted lytA, cbpD, and cibAB in the ΔdprA-comM-3�FLAG strain, again deletion of
cbpD, and to a lesser extent lytA, largely rescued the growth arrest (Fig. 5I to K). Because
these strains (Fig. 5I to K) were constructed with a different dprA knockout strategy
(replacement by an erythromycin resistance gene rather than by a kanamycin resis-
tance gene in Fig. 5G and other dprA knockout strains), we verified that the new ΔdprA
(Ermr) comM-3�FLAG strain had a similar stalled growth that lasted �1.5 h (Fig. 5H).
These results indicate that competence-specific induction of CbpD and LytA is likely the
cause of competence-mediated growth arrest in the comM-3�FLAG strain.

Next, we determined whether the inability to shut off ComM expression accounted
for the virulence attenuation in the ΔdprA mutant. In a mouse model of competitive
acute pneumonia between the ΔcomM and ΔdprA ΔcomM strains, a CI of 0.39 was
achieved (Fig. 4D), which is higher than the CI value of 0.1 in the competition between
the ΔdprA and WT strains (Fig. 4D), indicating that the absence of ComM improved the
competitiveness of the ΔdprA mutant. These results suggest that overexpression of
ComM protein partially mediates CFU reduction in vitro and contributes to the virulence
attenuation of the ΔdprA mutant. In contrast, the ΔcomM strain was as competitive
against the WT (Fig. 4D), suggesting that ComM does not play an important role in
pneumococcal virulence.

We also compared the cellular morphology of the ΔdprA mutant to that of the WT
in the presence and absence or CSP1 by TEM. The morphology of the untreated ΔdprA
mutant was similar to that of the WT with or without CSP1 treatment (compare Fig. 6A
and B to Fig. 6C). In contrast, in the competent state, the ΔdprA mutant exhibited
partially synthesized septa while cells were still at the previous round of division
compared to the WT (compare Fig. 6B to Fig. 6D). The cellular morphology of compe-
tent ΔdprA cells is similar to that of the previously reported ComM overexpression strain
(36). Collectively, these results suggest that overexpression of ComM in the ΔdprA
mutant leads to growth delay and virulence attenuation.

The �dprA mutant is more responsive than the WT to competence induction at
low concentrations of CSP1. As we have shown above, CFU reduction was observed in
both the WT and ΔdprA strains when exposed to CSP1 at concentrations of 10 ng ml�1 (Fig.
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FIG 5 Deletion of cbpD ameliorates the competence-induced growth arrest in comM-3�FLAG strains. (A to K) Pneumococcal strains were cultured in THY
medium and treated with CSP1 (100 ng ml�1) at time zero, and bacterial growth was monitored for 4 h. Fusion of a 3�FLAG tag to the C terminus of the comM
gene product caused growth arrest of both the WT and ΔdprA strains after competence induction by CSP1. The ΔdprA strain had a more severe growth arrest
which lasted for more than 1.5 h. This growth arrest is competence dependent and is caused largely by the expression of the competence late genes encoding
CbpD and LytA, as shown by the alleviation of growth arrest in the ΔcomX1ΔcomX2-comM-3�FLAG, ΔcbpD-comM-3�FLAG, and ΔlytA-comM-3�FLAG strains.
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S1) or 100 ng ml�1 (Fig. 1B). These concentrations are relatively low compared to those
commonly used for competence studies in vitro (16, 19). The physiologically relevant
concentrations of CSP1 for genetic transformation have not been firmly established. We
examined the lower limits of CSP concentrations needed to confer CFU reduction (see Fig.
S13 in the supplemental material). Both the WT and ΔdprA strains were susceptible to CFU
reduction by CSP1 at concentrations of 100 ng ml�1 to 0.5 ng ml�1. However, at 0.25 ng
ml�1, the ΔdprA mutant was still susceptible to CSP1, while the WT showed no response
(Fig. S13A). These experiments were performed by adding concentrated CSP1 stock solu-
tion to culture. At lower final concentrations below 1 ng ml�1, it is not feasible to reduce
the pipetting volume of CSP1 solution. Therefore, we increased the volume of freshly
aliquoted culture (from 10 ml to 80 ml) to achieve a lower final concentration while
maintaining the pipetting volume at 10 �l (Fig. S13A).

To verify the results in Fig. S13A, we adopted a different approach. At final
concentrations of CSP1 lower than 1 ng ml�1, the CSP1 stock solution was diluted from
1 ng �l�1 to 0.125 ng �l�1 (Fig. S13B) while maintaining the culture volume at 10 ml
and the CSP1 stock volume at 10 �l. Interestingly, in this experimental setting, the CFU
reduction by CSP1 in the ΔdprA mutant observed at 0.25 ng ml�1 (Fig. S13A) was
abolished (Fig. S13B). Although both approaches achieve the same CSP1 final concen-

FIG 6 The ΔdprA mutant exhibits cell division delay during CSP1-induced competence. (A to D)
Transmission electron microscopy images show the cellular morphologies of the WT and ΔdprA strains
in the presence or absence of 100 ng ml�1 CSP1 for 60 min. Arrows point to partially synthesized septa
in dividing pneumococcal cells. Scale bars, 0.5 �m.
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tration of 0.25 ng ml�1, the main difference between them is the concentration of CSP1
stock used (1 ng �l�1 versus 0.25 ng �l�1). Since both experiments were performed by
adding a relatively small volume of CSP1 to large-volume cultures and then mixing by
swirling, there was subset of cells that were exposed to the initial higher concentration
of CSP1 stock before mixture. When the subset of ΔdprA cells were exposed to the
higher-concentration CSP1 stock (1 ng �l�1 compared to 0.25 ng �l�1), they were more
likely to synthesize and secrete more CSP1 into the medium to increase the CSP1
concentration from 0.25 ng ml�1 to achieve the threshold concentration required to
induce competence in the whole population. In contrast, when WT bacteria were
exposed to higher CSP1 (1 ng �l�1), they could not enter competence (Fig. S13A),
suggesting that ΔdprA bacteria were more easily induced to enter competence. Addi-
tionally, the different results from the two approaches suggest that both the “local” and
“final” CSP1 concentrations could affect the outcome of competence induction. This
may be important because during in vivo infection, pneumococcus cells may be
restrained by different barriers and therefore be highly heterogeneous. When a subset
of ΔdprA cells enters the competence state, they may be able to spread competence
more easily than the WT.

To further examine the proposed model of ΔdprA versus WT response to low
concentrations of CSP1, we used a firefly luciferase reporter strain to map the expres-
sion profile of the “late” gene ssbB, which encodes single-stranded DNA binding protein
B, at the CSP1 concentrations and under the experimental conditions described in Fig.
S13A. Higher concentrations of CSP1 consistently induced longer and higher expression
of the ssbB gene in the ΔdprA mutant than in the WT (Fig. S13C and D). The WT was not
responsive to 0.5 ng ml�1 of CSP1 and did not express detectable ssbB (Fig. S13C,
arrow). In contrast, even though the ΔdprA mutant exposed to 0.5 ng ml�1 of CSP1 was
not able to induce ssbB immediately, once initiated at 40 min postexposure, the
induction peaked at 70 min and continued to 120 min postexposure (Fig. S13C and D).
Collectively, these results suggest that the concentration of CSP1 in the initial ΔdprA
culture was inadequate to boost ssbB expression until additional CSP1 was synthesized
by the cells. Additionally, the ΔdprA mutant appears to be more responsive than the WT
to low levels of CSP1 that drive the self-amplifying loop for additional synthesis of the
competence peptide that resulted in the ComM-mediated CFU reduction (Fig. 4).

Inability to turn off the competence system leads to excessive energy con-
sumption in the �dprA mutant. As discussed above, DprA is required to shut off the
competent state and the expression of �100 “early” and “late” competence genes (22,
23). We have shown that the ΔdprA mutant overexpresses the “early” gene comM, as
well as ComX-regulated “late” genes, including lytA, cbpD, and cibAB. Higher expression
levels of these competence genes in the ΔdprA mutant are likely to cause unwanted
cellular stress and excessive energy consumption. We transcriptionally fused the bac-
terial bioluminescent luxABCDE genes (38) to ssbB and used the reporter as a surrogate
to measure excessive energy consumption in the ΔdprA mutant. The light production
catalyzed by luciferase encoded by luxA and luxB involves the oxidization of long-chain
fatty aldehyde by oxygen. In order to maintain continuous light output, a key substrate,
fatty aldehyde, must be regenerated by a fatty acid reductase complex encoded by
luxCDE. Fatty acid reduction consumes ATP (39). When “late” competence genes,
including ssbB, are overexpressed by the reporter strain, excessive energy is consumed
by the bioluminescent reaction instead of being used for cell growth. In the absence of
competence induction, both the WT ssbB-luxABCDE and ΔdprA ssbB-luxABCDE strains
did not emit light, and they exhibited similar growth rates (Fig. 7A and C). In contrast,
CSP1 induced a more prolonged and heightened expression of ssbB-luxABCDE in the
ΔdprA mutant than in the WT, resulting in a significantly lower growth rate (Fig. 7B and
D). To further validate the aforementioned results, we also constructed a constitutively
expressed rplL-luxABCDE reporter. After competence induction, the WT rplL-luxABCDE
and ΔdprA rplL-luxABCDE strains both produced less light, which is attributable to
reduced ATP availability and/or reduced transcription and translation of luxABCDE (see
Fig. S14 in the supplemental material). The reduction in light output was more severe
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in the ΔdprA rplL-luxABCDE mutant, indicating the negative effect imposed by compe-
tence induction on the normal cellular activities.

DISCUSSION

The role of DprA in competence shutoff was recently reported (22, 23). Independently,
during a comprehensive genetic deletion screen of “late” genes regulated by ComX, we
have shown that DprA is important for host infection, and this process is competence
dependent (25). However, the mechanism of virulence attenuation in the ΔdprA mutant
was preliminarily attributed to slight exponential-phase-growth delay in vitro, but this was
not mechanistically interrogated. In this study, we found that the ΔdprA mutant is more
sensitive to induction by lower concentrations of CSP1 and enters a prolonged competent
state, leading to deleterious overexpression of allolytic factors LytA, CbpD, and CibAB, as
well as the fratricide immunity protein ComM. Removal of the competent-state-specific
expression of allolytic factors and ComM rescued the virulence loss, suggesting dysregu-
lation of these proteins to virulence attenuation in the ΔdprA mutant. Additionally, over-
expression of �100 competence genes drives excessive energy consumption, leading to
competitive disadvantages in the ΔdprA mutant.

Contrary to the previously reported severe growth arrest and allolysis in ΔdprA
mutants derived from the noncapsulated, hypercompetent strains Rx, R800, and
CP1250 (22, 23), we found that competent-state ΔdprA derived from the encapsulated
WT strain D39 showed only a slight growth delay during the exponential phase, with
no evidence of increased allolysis. Similarly, we did not find that CP1250 exhibited
severe growth arrest and increased cell lysis, suggesting that these phenotypes might
be caused by specific culture conditions and/or experimental handlings that we were
not able to reproduce.

It has been reported that high levels of intracellular DprA ensure the fitness of genetic
transformants by a complete competence shutdown, which also prevents severe growth
delay and lysis (24). Our previous in vivo studies have shown that ComX, DprA, LytA, CbpD,
and CibAB are competence state-specific virulence factors that are important for bactere-

FIG 7 Overexpression of the “late” competence gene ssbB leads to excessive energy consumption and growth delay in the
ΔdprA mutant during competence induction. Energy expenditure was tracked indirectly by transcriptionally fusing the
bacterial bioluminescent reporter luxABCDE genes to the promoter of the “late” competence gene ssbB. CSP1 (100 ng ml�1)
was added at an OD590 of �0.05 (180 min). The expression of ssbB-luxABCDE in the WT ssbB-luxABCDE (A and B) and ΔdprA
ssbB-luxABCDE (C, D) strains was compared.
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mia and acute-pneumonia infections in mice (25). However, our current study suggests that
excessive expression of allolytic factors, as happens in the ΔdprA mutant, actually conveys
a competitive disadvantage during host infection. The exact mechanisms by which LytA,
CbpD, and CibAB contribute to virulence inside the host environment and their regulation
by the competence system require further investigation.

The importance of DprA in maintaining homeostatic levels of ComM appears to be
crucial for rapid recovery of pneumococcus from the stress imposed by the competent
state. ComM induction temporarily pauses cell division, as indicated by reduced CFU in
the competent state (Fig. 4), until DNA recombination is completed (37). Overexpres-
sion and the extended presence of ComM lead to morphological changes in pneumo-
coccal cells (36). Our data show that ΔdprA cells overexpress ComM and display delayed
cell division and separation, which likely contributed to growth delay during the
exponential phase (Fig. 6; see Fig. S11 and S12 in the supplemental material). These
results are consistent with the notion that DprA tightly regulates ComM levels to
prevent prolonged cell division arrest while genomic DNA is replicating.

ComM is expressed at very low basal levels and can be degraded by membrane
proteases (21, 36). Previously, it was reported that insertion-duplication into the C terminus
of the comM gene product in the R800 strain caused a CbpD-dependent severe cell lysis,
and therefore, ComM was considered an immunity protein (21). We adopted a similar
strategy by using a pEVP3-derived plasmid to attach a 3�FLAG tag to the C terminus of the
comM gene product via insertion-duplication. We found that the 3�FLAG-tagged ComM
could be detected in noncompetent cells, and CSP1 treatment increased ComM expression,
resulting in stalled growth and lysis. These phenotypes are more severe in the ΔdprA
mutant but are rescued by CbpD and LytA deficiency. Our data suggest that 3�FLAG
tagging at the C terminus of the comM gene product interfered with membrane protease-
mediated degradation and therefore led to prolonged stability and accumulation and
pneumococcal lysis. Therefore, it is possible that Havarstein et al. generated a ComM-
stabilized strain by disrupting the C terminus of ComM (21), similar to our ComM-3�FLAG
strain. Interestingly, when we replaced the comM gene with an antibiotic marker, the
ΔcomM mutant did not exhibit significant cell lysis. Our ΔcomM results are in agreement
with the phenotypes of another previously published ΔcomM mutant, which did not show
significant cell death after competence induction (37). Collectively, these results suggest
that ComM is not the immunity protein against CbpD. Rather, it is the increased stability of
3�FLAG-tagged ComM and the C terminus insertion-duplication reported by Havarstein et
al. (21) that cause pneumococcal lysis. The exact effect of 3�FLAG tagging on ComM
function requires further investigation.

Because the deleterious effect of excessive ComM on cell growth can be mitigated
by the loss of CbpD and LytA, it is likely that ComM is not an immunity protein but
rather is a contributor to CbpD- and LytA-mediated fratricide. However, because
pneumococcus has high basal expression of LytA but CbpD expression is competence
dependent, CbpD is the likely contributor to competence-triggered cell lysis in the
ComM-3�FLAG strain. Additionally, ComM expression causes cell separation delay
which is manifested as CFU reduction. However, delay in cell separation is independent
of any “late” competence genes, suggesting that this particular physiological function
of ComM is not dependent on CbpD. Further investigations are needed to unveil the
interactions between ComM and CbpD.

The finding that the ΔdprA mutant is more responsive to low concentrations of CSP1
is interesting. The majority of competence studies in pneumococcus, including those
involving ΔdprA in both hypercompetent Rx and R800 strains, were performed using
high concentration of CSP1 (�100 ng ml�1) (22, 23), which may not be not physiolog-
ically meaningful. Recently a non-QS-based model of competence induction has been
proposed (9, 40) and challenged (41). In this model, competent cells of certain pneu-
mococcus strains, including D39, retain CSP on their ComD receptors, and the compe-
tence signal is propagated by transferring the receptor-bound CSP to ComD receptors
on the recipient cells via direct cell-cell contact. This model proposes that CSP peptides
are secreted and freely diffusible in a traditionally described QS manner (9). Our studies
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show that, regardless of the models, once competence is induced in a small subpop-
ulation of pneumococcus, the ΔdprA mutant is likely to express more CSP1 and
therefore is more likely to spread competence to the whole population (see Fig. S13 in
the supplemental material). For example, the ΔdprA ssbB-luc strain exposed to 0.5 ng
ml�1 CSP1 (Fig. S13D) eventually caught up with the pace of competence induction,
and the lag time most likely suggested a period of “CSP1 accumulation in the medium”
or “cell-cell contact signal propagation.” Future studies will examine the differences in
competence induction between the ΔdprA mutant and D39 in vivo. Unlike the near
homogeneity in the test tubes, pneumococcus encounters different niches and physical
barriers inside mouse lungs and other host tissues.

In summary, detailed characterization indicates that dysregulated expression of
allolytic factors, excessive energy consumption as a result of an inability to shut off the
transcription of �100 competence genes, and deleterious effects associated with
ComM-mediated cell division delay and death contribute to competence-specific
virulence attenuation in the ΔdprA mutant. Increased understanding of the DprA-
regulated competence-specific virulence mechanism may lead to better understanding
of pneumococcal pathogenesis and disease control.

MATERIALS AND METHODS
Chemicals. Unless stated otherwise, chemicals were purchased from Sigma-Aldrich.
Bacterial strains and growth conditions. S. pneumoniae D39 and derivatives (see Table S1 in the

supplemental material) were cultured overnight on Todd-Hewitt broth (THB) (Thermo Fisher Scientific) agar
plates containing 5% defibrinated sheep blood at 37°C with 5% CO2. Single colonies were picked and cultured
in fresh THY liquid medium to a desirable density. CAT (23) and C�Y (32) media were also used in designated
in vitro experiments. Antibiotics were used at the following concentrations: kanamycin for Janus cassette,
200 �g ml�1; kanamycin for Sweet Janus cassette, 500 �g ml�1; streptomycin, 100 �g ml�1; and chloram-
phenicol, 4 �g ml�1. For sucrose selection, 10% sucrose was added to THB agar plates.

Construction of gene replacement mutants. To generate kanamycin-resistant pneumococcal
strains (Table S1), the kanamycin resistance gene was cloned from the Janus cassette. Flanking sequences
from target genes were amplified by PCR by using the Q5 high-fidelity DNA polymerase (New England
Biolabs) and spliced with the kanamycin resistance gene using the NEBuilder HiFi DNA assembly master
mix (New England Biolabs). Spliced genes were used as templates for PCR amplification. PCR products
were purified with a gel purification kit (ZYMO Research), and used to transform recipient pneumococcal
strains. For chloramphenicol resistance, the target gene to be deleted was PCR amplified and cloned into
plasmid pEVP3 (see Table S2 in the supplemental material), and the resultant plasmid was used to
transform the recipient strains. To generate scarless mutants, the Sweet Janus cassette was used as
described in detail in the supplemental material. To construct reporter plasmids (Table S2), we performed
gene assembly using the NEBuilder HiFi DNA assembly master mix. Detail procedures for mutant and
plasmid constructions are provided in the supplemental material.

Ethics statement. Animal studies were performed in strict accordance with the U.S. National
Research Council’s Guide for the Care and Use of Laboratory Animals and the U.S. Public Health Service’s
Policy on Humane Care and Use of Laboratory Animals. The protocol was approved by the Institutional
Animal Care and Use Committee (IACUC) at the University of Illinois at Urbana-Champaign (UIUC).

Mouse models. Six-week-old male and female CD-1 mice (Charles River, Boston, MA) were housed
in positively ventilated microisolator cages with automatic recirculating water located in a room with
laminar, high-efficiency particle accumulation-filtered air. The animals received autoclaved food, water,
and bedding and were acclimated for 5 to 7 days before infection. Briefly, for the acute-pneumonia
model, mice were anesthetized by exposing them to inhaled isoflurane by placing them in a vaporizer
with a scavenger system, followed by intranasal inoculation with 106 CFU of pneumococcal cells in 50 �l
saline. After 48 h, mice were euthanized, and the bacterial burden in the homogenized lungs was
enumerated by serial-dilution plating. For the bacteremia model, isoflurane-anesthetized CD-1 mice were
intraperitoneally inoculated with 104 CFU pneumococcal cells in 100 �l saline. Bacterial burdens in the
spleens were enumerated at 24 h after infection.

For nasopharyngeal colonization, unanesthetized CD-1 mice were intranasally inoculated with 106

CFU pneumococcal cells in 20 �l saline. After 48 h, mice were euthanized, and nasal cavities were
dissected and homogenized. The bacterial burden was enumerated after serial-dilution plating on THB
agar. Because both male and female mice responded similarly in all three mouse models of infection,
data were collated and presented together.

In vivo competitions were performed as previously described (41). Briefly, CD-1 mice were inoculated
with a pneumococcal suspension containing a 1:1 mixture of the parental strain and its derivative, using
the concentration of each strain described above for the single infections. At designated times, mouse
lungs or spleens were harvested, homogenized, and serially diluted onto THB agar plates with and
without antibiotics. The CI was defined as the output ratio of derivative to parental bacteria divided by
the input ratio of derivative to parental bacteria. A CI value of 0.7 or lower was defined as attenuated (41).
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�-Galactosidase assays. Pneumococcus strains constitutively expressing lacZ reporter gene were
grown to the indicated OD595 and treated with 100 ng ml�1 CSP1 for 30 min. �-Galactosidase assays were
performed with culture supernatant and whole culture lysates as previously reported (23).

Live/dead staining. Pneumococcal strains were grown to an OD595 of 0.1 and treated with CSP1 at
100 ng ml�1 for 1 h or 3 h. Bacteria were gently washed with sterile saline at 4,000 � g for 3 min and
stained with the LIVE/DEAD BacLight bacterial viability kit (Thermo Fisher Scientific). Stained bacteria
were examined using a fluorescence microscope. The number of live and dead bacteria (n � 300 per
field) were counted in 10 representative fields.

TEM. Pneumococcal strains were grown to an OD595 of 0.1 and treated with CSP1 (100 ng ml�1) for
1 h. Bacteria were gently washed with saline, pelleted by centrifugation at 4,000 � g for 3 min, and fixed
using Karnovsky’s fixative. Fixed bacteria were washed with the Sorensen’s phosphate buffer and
incubated in osmium tetroxide, followed by a wash in sterile water. Bacteria were then dehydrated in
ethanol followed by acetonitrile and then immersed sequentially in 1:1 epoxy-acetonitrile, 3:1 epoxy-
acetonitrile, and 100% epoxy and finally embedded in Lx112 resin (LADD Research Industries). The pellet
was then hardened in a microcentrifuge tube at 80°C overnight, removed, and reembedded on an epoxy
stub. Embedded bacteria were sectioned to 90-nm thickness by using a diamond blade on a Reichert
ultramicrotome and stained with uranyl acetate and lead citrate. Images were captured by using a
Hitachi H600 transmission electron microscope (TEM) at 75 kV using plate film at the UIUC Material
Research Laboratory.

Western blot analysis. Pneumococcal culture (1 ml) was centrifuged at 4,000 � g for 3 min at 4°C.
Pneumococcal reporter strains harboring lytA-FLX3 and cbpD-FLX3 were lysed by Bullet Blender (Next
Advance). Pneumococcal strains expressing 3�FLAG-tagged ComM were lysed with 0.1% Triton X-100
and 0.01% SDS. Ten microliters of total cell lysates was separated by 10% SDS-PAGE, transferred onto
nitrocellulose membranes, subjected to Western blot analysis by probing with primary antibody against
FLAG tag (Agilent number 200474, 1:1000 dilution), and visualized with a secondary goat anti-rat
IgG– horseradish peroxidase (HRP) (Cell Signaling Technology number 7077, 1:2,000 dilution) by using
the ECL substrate (Bio-Rad number 170-5060). Relative abundances of proteins were quantified by
densitometry using the ImageJ software (NIH).

In vitro luciferase assays. Pneumococcal strains harboring bacterial luxABCDE or firefly luciferase
(luc) were cultured in a 96-well plate at 37°C in a Wallac Victor 2 Multilabel Counter (PerkinElmer).
D-Luciferin potassium (GoldBio) was added to cultures of luc-bearing strains to a final concentration of
0.65 mM. Pneumococcal growth (OD495) and reporter gene expression (luminescence) were measured
automatically. CSP1 was added to induce competence to a final concentration of 100 ng ml�1.

Statistical analyses. Quantitative data were expressed as the mean 	 standard deviation. Statistical
significance was determined using the GraphPad Prism statistical software package. A significant
difference was considered to be indicated by a P value of �0.05.

SUPPLEMENTAL MATERIAL
Supplemental material for this article may be found at https://doi.org/10.1128/IAI

.00349-19.
SUPPLEMENTAL FILE 1, PDF file, 1.6 MB.
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