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ABSTRACT Antimicrobial peptides (AMPs), including chemokines, are produced dur-
ing infections to kill pathogenic bacteria. To fill in gaps in knowledge about the sen-
sitivities of Streptococcus pneumoniae and related Streptococcus species to chemo-
kines and AMPs, we performed a systematic, quantitative study of inhibition by
chemokine CXCL10 and the AMPs LL-37 and nisin. In a standard Tris-glucose buffer
(TGS), all strains assayed lacked metabolic activity, as determined by resazurin
(alamarBlue) reduction, and were extremely sensitive to CXCL10 and AMPs (50% in-
hibitory concentration [IC50], �0.04 �M). In TGS, changes in sensitivities caused by
mutations were undetectable. In contrast, strains that retained reductive metabolic
activity in a different assay buffer (NPB [10 mM sodium phosphate {pH 7.4}, 1% {vol/
vol} brain heart infusion {BHI} broth]) were less sensitive to CXCL10 and AMPs than
in TGS. In NPB, mutants known to respond to AMPs, such as Δdlt mutants lacking
D-alanylation of teichoic acids, exhibited the expected increased sensitivity. S. pneu-
moniae serotype 2 strain D39 was much (�10-fold) less sensitive to CXCL10 killing in
NPB than serotype 4 strain TIGR4, and the sensitivity of TIGR4 was unaffected by
the absence of capsule. Candidate screening of strain D39 revealed that mutants
lacking Opp (ΔamiACDEF) oligopeptide permease were significantly more resistant
to CXCL10 than the wild-type strain. This increased resistance could indicate that
Opp is a target for CXCL10 binding or that it transports CXCL10 into cells. Finally,
ΔftsX or ΔftsE mutants of Bacillus subtilis or amino acid changes that interfere with
FtsX function in S. pneumoniae did not impart resistance to CXCL10, in contrast to
previous results for Bacillus anthracis, indicating that FtsX is not a general target for
CXCL10 binding.

IMPORTANCE S. pneumoniae (pneumococcus) is a human commensal bacterium
and major opportunistic respiratory pathogen that causes serious invasive diseases,
killing millions of people worldwide annually. Because of its increasing antibiotic re-
sistance, S. pneumoniae is now listed as a “superbug” for which new antibiotics are
urgently needed. This report fills in knowledge gaps and resolves inconsistencies in
the scientific literature about the sensitivity of S. pneumoniae and related Streptococ-
cus pathogens to chemokines and AMPs. It also reveals a new mechanism by which
S. pneumoniae can acquire resistance to chemokine CXCL10. This mechanism in-
volves the Opp (AmiACDEF) oligopeptide transporter, which plays additional pleio-
tropic roles in pneumococcal physiology, quorum sensing, and virulence. Taking the
results together, this work provides new information about the way chemokines kill
pneumococcal cells.

KEYWORDS chemokine antimicrobial activity, chemokine resistance mechanisms,
CXCL10 family chemokines, LL-37, nisin, FtsEX functions

Received 8 December 2017 Accepted 22
March 2018

Accepted manuscript posted online 26
March 2018

Citation Bruce KE, Rued BE, Tsui H-CT, Winkler
ME. 2018. The Opp (AmiACDEF) oligopeptide
transporter mediates resistance of serotype 2
Streptococcus pneumoniae D39 to killing by
chemokine CXCL10 and other antimicrobial
peptides. J Bacteriol 200:e00745-17. https://doi
.org/10.1128/JB.00745-17.

Editor Victor J. DiRita, Michigan State
University

Copyright © 2018 American Society for
Microbiology. All Rights Reserved.

Address correspondence to Ho-Ching Tiffany
Tsui, tttsui@indiana.edu, or Malcolm E. Winkler,
winklerm@indiana.edu.

MEETING PRESENTATION

crossm

June 2018 Volume 200 Issue 11 e00745-17 jb.asm.org 1Journal of Bacteriology

https://doi.org/10.1128/JB.00745-17
https://doi.org/10.1128/JB.00745-17
https://doi.org/10.1128/ASMCopyrightv2
mailto:tttsui@indiana.edu
mailto:winklerm@indiana.edu
http://crossmark.crossref.org/dialog/?doi=10.1128/JB.00745-17&domain=pdf&date_stamp=2018-3-26
http://jb.asm.org


Chemokines are small (7- to 12-kDa), cationic chemotactic cytokines that bind to cell
surface receptors on leukocytes, such as macrophages, neutrophils, and T lympho-

cytes, and that attract them to sites of host infection (reviewed in references 1 and 2).
Chemokines have highly conserved structures similar to those of members of the
defensin class of antimicrobial peptides (AMPs), consisting of a three-stranded beta-
sheet, a C-terminal alpha-helix that tends to be amphipathic, and two intramolecular
disulfide bonds (reviewed in references 3, 4, and 5). Many chemokines, including
CXCL10, form dimers and higher-order oligomers which may have functional implica-
tions (2–4, 6). Synergism with other chemokines through heterocomplex formation may
also be important for function (reviewed in reference 7).

CXCL9, CXCL10, and CXCL11 are inflammatory CXC family chemokines that interact
with the chemokine receptor CXCR3 (8, 9) and are produced by pharyngeal epithelial
cells in response to gamma interferon (IFN-�) and tumor necrosis factor alpha (TNF-�)
(10). Numerous studies show CXCL10 and CXCL9 to be highly induced in respiratory
cells by bacterial pathogens, including the major human respiratory pathogen Strep-
tococcus pneumoniae (11–14).

Besides their chemotactic function, many chemokines exhibit direct antimicrobial
activity against a broad range of bacteria (15, 16). Chemokines share many structural
and functional features with AMPs, a group of low-molecular-weight, cationic peptides
produced by host cells to kill invading bacteria (5, 17, 18). By electron microscopy
criteria, antimicrobial chemokines appear to induce lysis of the bacterial membrane (19,
20). Since bacterial membranes are highly anionic, the attraction of positively charged
chemokines to the anionic bacterial membrane is thought to mediate initial binding
(21, 22). Studies measuring membrane depolarization and nucleic acid staining in real
time show that some AMPs, such as the human cathelicidin LL-37, interact with the
membrane nonspecifically to cause cell lysis (23, 24). In addition, LL-37 has also been
shown to enter the cell and bind cytoplasmic targets, such as acyl carrier protein (25).
Other AMPs interact with specific components of the cell membrane or intracellular
targets (22). The lantibiotic nisin shows high affinity for the cell wall precursor external
lipid II, and this interaction is thought to facilitate insertion of nisin into the cell
membrane, leading to pore formation and lysis (26, 27). In addition, nisin and other
lantibiotics displace lipid II from its functional localization in Gram-positive bacteria,
thus blocking cell wall synthesis (28). While some chemokines and AMPs are constitu-
tively expressed at distinct sites in the host (16), many are induced upon bacterial
infection (11, 14, 29).

Due to the electrostatic interactions between cationic chemokines or AMPs and the
anionic bacterial cell membrane, antimicrobial activity of many chemokines or AMPs is
decreased or abolished at salt concentrations above 50 to 150 mM in in vitro assays (30,
31). An increase in the salt concentration in the airway surface liquid of the lower
respiratory tract in cystic fibrosis patients has been implicated in decreasing the
antimicrobial activity of AMPs, leading to bacterial infection (30, 32). In this respect,
sweat and mucosal secretions, such as saliva, are produced under conditions of low
ionic concentrations that would favor antimicrobial activities (16). Standard MIC assays
can be inapplicable for determining the antimicrobial activity of AMPs and chemokines
against some bacteria whose growth is impeded by low-salt conditions. One readout
format for AMP and chemokine killing is bacterial survival determined by analysis of
CFU counts, which can be performed in a variety of media or buffers. A commonly used
buffer for this assay is hypo-osmotic 10 mM Tris-HCl (pH 7.4) containing 5 mM glucose
(TGS; see Materials and Methods) (11, 31, 33). Another readout format for AMP or
chemokine killing is the fluorescence signal of indicator dyes, such as resazurin (ala-
marBlue), which provides a measurement of bacterial reductive metabolism (34–38).
This resazurin-based assay requires cells to be metabolically active in the incubation
buffer.

Bacterial pathogens employ numerous strategies to evade chemokine- and AMP-
mediated killing (39, 40). Gram-positive bacteria repel AMPs by increasing the positive
charge of the cell surface, most often through the addition of D-alanine or phospho-
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rylcholine to teichoic acids (41–43). It has also been suggested that the D-alanylation of
teichoic acids decreases the permeability of the cell wall, thus limiting access of
chemokines and AMPs to the bacterial cell membrane (44). Anionic exopolysaccharide
capsules, a virulence factor of many bacterial pathogens, can sensitize bacteria to AMPs,
possibly by masking protective positive-charge modifications (45, 46). However, some
pathogens actively shed their capsule upon interaction with AMPs, and the released
capsule fragments may bind AMPs, providing a sink imparting resistance to the
unencapsulated cells (47, 48). Cell surface proteases have also been shown to degrade
chemokines and AMPs (20, 40). Recently, ABC family transporters have been proposed
to provide AMP resistance, possibly by removing AMPs from the cell surface, where
membrane permeabilization can occur, and transporting them into the cytoplasm for
proteolytic degradation (49). Most, if not all, of these defense mechanisms are induced
when bacteria sense chemokine and AMP stress, often through the activity of bacterial
two-component systems (50–52).

Recent work has shown that a ΔftsX mutant exhibits resistance to chemokines
CXCL9 and CXCL10 in Bacillus anthracis (53, 54). FtsX is a conserved bacterial cell
division protein that is essential in some bacteria, including S. pneumoniae (55–58). FtsX
is an integral membrane protein with two extracellular loops (ECL1 and ECL2) that
dimerizes in phospholipid nanodiscs (59). In Escherichia coli and likely other bacteria,
FtsX plays a role in regulating penicillin-binding protein (PBP) activity in the divisome
(60). In S. pneumoniae and several other bacterial species, FtsX is a component of a
peptidoglycan (PG) hydrolase complex, along with cytoplasmic FtsE ATPase and an
extracellular peptidoglycan hydrolase, such as PcsB in S. pneumoniae (57, 61). In its role
as a subunit of PG hydrolases, the extracellular loops of FtsX interact with and regulate
the activity of PG hydrolases in PG remodeling (57, 61, 62). It has been proposed that
CXCL10 kills B. anthracis by interacting with FtsX, thereby misregulating PG hydrolysis,
which leads to cell lysis (53, 54, 63).

Antimicrobial activity of some chemokines, including CXCL10, has been reported
previously for several Streptococcus species other than S. pneumoniae using different
assay conditions and readout formats (11, 31, 64–66). While the sensitivities of S.
pneumoniae serotype 4 strain TIGR4 to CXCL9 (11) and of S. pneumoniae serotype 19F
to CXCL14 (33) have been published, limited information is available about the sensi-
tivity to or mechanism of killing of different S. pneumoniae serotype strains by chemo-
kines, despite the upregulation of CXCL10-family chemokines during pneumococcal
infection (11, 33, 67). More has been reported about the antimicrobial effects of various
AMPs, including LL-37, nisin (52), �-defensin human neutrophil proteins 1 to 3 (HNP1
to -3) (45), and human �-defensins (68), against S. pneumoniae, again using different
assay formats.

In this paper, we report a quantitative comparison of the antimicrobial properties of
CXCL10 and other chemokines and AMPs against wild-type (WT) and mutant S. pneu-
moniae strains in media in which cells are metabolically static or active. To this end, we
evaluated different incubation buffers for production of metabolically active cells in
which the fluorescence signal in a resazurin-based assay was correlated with cell
viability by CFU counting. Optimal results were obtained in an assay buffer that
retained reductive metabolic activity (NPB) and that contained 10 mM sodium phos-
phate (pH 7.4) and 1% (vol/vol) brain heart infusion (BHI) broth. We focused on
chemokine CXCL10 because of its possible interaction with FtsX in B. anthracis to cause
cell lysis (53, 54, 63) and because of our interest in FtsX function in S. pneumoniae (57,
59, 61). Previously studied AMP LL-37 and bacteriocin nisin were included for compar-
ison.

Our results show that CXCL10 has direct antimicrobial activity against S. pneumoniae
and other Streptococcus species and that the sensitivity of S. pneumoniae to CXCL10
varies for cells in different media and metabolic conditions and between S. pneumoniae
serotypes. Several candidate mutants were surveyed for possible CXCL10 and AMP
resistance. We found that mutants deficient for the Opp (AmiACDEF [AmiA-F]) general
oligopeptide transporter showed increased resistance to CXCL10, whereas dlt mutants
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deficient for D-alanylation of teichoic acids were more sensitive to CXCL10. However,
the results obtained with deletion mutants of ftsX and ftsE in Bacillus subtilis and amino
acid changes that interfere with FtsX function in S. pneumoniae did not show resistance
to CXCL10, in contrast to ftsEX mutants of B. anthracis (53, 54). Together, these results
indicate that different Gram-positive species are susceptible to CXCL10 antimicrobial
activity via several distinct mechanisms.

RESULTS
S. pneumoniae metabolic activity varies in different media used for chemokine

and AMP assays. Many bacteria, including S. pneumoniae, mount a significant re-
sponse to AMP stress in growth medium, including transcriptional regulation of several
genes as well as dynamic capsule shedding (47, 52). Previous reports determined the
antimicrobial activity of CXC family chemokines against Streptococcus species sus-
pended in low-cation and low-salt buffered hypo-osmotic solutions, such as TGS (10
mM Tris-HCl, 5 mM glucose, pH 7.4), that minimize salt inhibition of chemokine and
AMP antimicrobial activity (30–32, 69). However, it was unclear whether S. pneumoniae
cells are metabolically active in assay buffers such as TGS. Therefore, we used a
resazurin (alamarBlue)-based fluorescence assay (34–38) to determine the metabolic
state of S. pneumoniae serotype 2 (strain D39) cells in TGS and in other buffered
solutions used previously to determine chemokine and AMP antimicrobial activity (see
Materials and Methods). In this assay, nonfluorescent resazurin enters bacterial cells and
is reduced to fluorescent resorufin by bacterial metabolites, such as NADPH (34). During
active metabolism, these molecules are continuously recycled to their reduced state
and produce more resorufin, generating increasing fluorescence signal over time (Fig.
1A). Starting with equal cell masses, the fluorescence signal at a given time point
provides a measurement of bacterial reductive metabolism (Fig. 1A), even in nonpro-
liferating cells (Fig. 1B). Additionally, killing of bacterial cells by chemokines or AMPs
can be monitored as a decrease in fluorescence in this assay.

Brain heart infusion (BHI) broth is a rich medium used routinely to grow S. pneu-
moniae in liquid culture and was included here as a positive control for both metabolic
activity and cell proliferation (Fig. 1A and B, respectively). NPB (10 mM sodium phos-
phate [pH 7.4] containing 1% [vol/vol] BHI broth) was used previously to investigate the
antibacterial activity of human �-defensin 3 (hBD-3) and LL-37 against nontypeable
Haemophilus influenzae (70). S. pneumoniae D39 cells in NPB in the resazurin-based
assay showed 78% of the metabolic activity seen with cells incubated in BHI broth over
4 h (Fig. 1A), even though there was no increase in cell mass over 6 h in NPB (as
measured by culture turbidity at an optical density of 620 nm [OD620]) (not shown) or
in cell proliferation over 2 h (assayed by CFU) (Fig. 1B). Dulbecco’s modified Eagle’s
medium (DMEM), a defined cell culture medium, supplemented with 10% (vol/vol) fetal
bovine serum (FBS), was used previously to demonstrate the antimicrobial activity of
CXCL9 and CXCL10 against Bacillus anthracis (53, 54), despite the relatively high (�160
mM) cation concentration in DMEM and the fact that serum decreases the antimicrobial
activity of some AMPs (71). S. pneumoniae D39 cells exhibited an �50% decrease in
reductive metabolic activity in DMEM–10% (vol/vol) FBS compared to BHI broth
(Fig. 1A). S. pneumoniae D39 cells resuspended in TGS or phosphate-buffered saline
(PBS) (pH 7.4) displayed 13% or �1% metabolic activity, respectively, compared to cells
incubated in BHI broth over 4 h, suggesting a minimally reductive, static metabolism
(Fig. 1A).

After 2 h of incubation, CFU assays indicated that the level of S. pneumoniae D39
cells in BHI broth increased �10-fold (Fig. 1B), while the cells in NPB and TGS were at
�87% and �55% of their initial CFU, respectively (Fig. 1B). CFU numbers were not
corrected for cell chaining, which would reduce the apparent CFU level per milliliter.
Live-dead staining assays performed using a LIVE/DEAD BacLight bacterial viability kit
(see Materials and Methods) showed that �75% of the cells were viable after dilution
in NPB and that a similar proportion of viable cells (64%) was present after 2 h of
incubation (data not shown), consistent with the CFU data. Together, these results
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indicate that the levels of S. pneumoniae D39 cellular reductive metabolism varied
widely under the assay conditions used in previous studies that were performed to
determine chemokine and AMP antimicrobial activity against a variety of bacteria. S.
pneumoniae reductive metabolism was minimal in assay buffers, such as TGS, and
remained robust in NPB, despite a lack of overt cell growth (Fig. 1). In this paper, S.
pneumoniae cells assayed in TGS or NPB are referred to as metabolically static or
metabolically active, respectively. As shown below, the metabolically static S. pneu-
moniae cells assayed in TGS were considerably more sensitive to chemokines and AMPs
than the metabolically active cells assayed in NPB.

Metabolically static S. pneumoniae cells in TGS are sensitive to CXCL10 family
chemokines at concentrations in the 0.03 to 0.06 �M range. Previous studies
demonstrated antimicrobial activity of the three CXCL10 family chemokines against
several Streptococcus species, including S. pneumoniae TIGR4 sensitivity to CXCL9, for
cells in TGS (11, 20, 31). We recapitulated these experiments for CXCL10 (Materials and
Methods). CXCL10 exhibited potent antimicrobial activity against S. pneumoniae in a
CFU assay, regardless of the serotype or the presence of capsule, with 50% inhibitory
concentrations (IC50s) ranging between 0.033 and 0.058 �M for encapsulated and

FIG 1 S. pneumoniae metabolic activity varies in different media used for chemokine and AMP assays. S.
pneumoniae D39 (IU1690) was grown in BHI broth until the early log phase (OD620 of 0.1 to 0.13) and then
washed and diluted in BHI broth, in 10 mM sodium phosphate (pH 7.4)–1% (vol/vol) BHI broth (NPB), in
DMEM–10% (vol/vol) FBS, in 10 mM Tris-HCl–5 mM glucose (pH 7.4) (TGS), or in PBS, all containing
resazurin (alamarBlue) dye (10% total volume). The increase of fluorescence signal with time was due to
the accumulation of fluorescent resorufin produced from the reduction of cell-permeative resazurin.
Fluorescence is used as an indication of bacterial reductive metabolism. (A) Plots of fluorescence signal
over time (AFU, arbitrary fluorescence units). Cells were incubated at 37°C in 5% CO2, and fluorescence
was measured periodically from h 0 to h 4. Each point represents the mean � standard error of the mean
(SEM) of results of two independent experiments, each with duplicate reactions. (B) CFU counts per
milliliter of S. pneumoniae D39 (IU1690) before or after incubation in BHI broth, TGS, or NPB. Bars
represent mean 106 CFU/ml � SEM (n � number of independent experiments). The statistical signifi-
cance of the results of comparisons between the 0-h and 2-h time points for each buffer was determined
using the Mann-Whitney U test. *, P � 0.05; ***, P � 0.001.
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unencapsulated variants of D39 (serotype 2) and TIGR4 (serotype 4) (Table 1, rows 1, 2,
4, and 5; see also Fig. S1 in the supplemental material). The level of killing of S.
pneumoniae D39 recorded for CXCL9 was similar to that seen with CXCL10 (Table 2,
rows 1 and 4), and these IC50s are comparable to the estimated IC50s for killing by
CXCL9 of S. pyogenes (0.06 �M) or S. pneumoniae TIGR4 (�0.03 �M) reported previously
(11, 31). The IC50 value for killing by CXCL14 of S. pneumoniae D39 was 0.08 �M, which
is �2-fold higher than that for CXCL9 or CXCL10 for S. pneumoniae D39 (Table 2, rows
1 and 5) but is �4-fold lower than the IC50 (�0.3 �M) reported for CXCL14 killing of an
S. pneumoniae serotype 19F isolate under the same conditions (33), demonstrating the
applicability of this assay to chemokines outside the CXCL10 family. Finally, in TGS,
CXCL10 exhibited similar levels of antimicrobial activity against S. pneumoniae D39, S.
pneumoniae TIGR4, Streptococcus mitis, Streptococcus sanguinis, and Streptococcus mu-
tans strains (Table 1, rows 1, 4, and 6 to 8), which contrasts with the lack of susceptibility
(MIC �23 �M) to CXCL10 reported for S. mitis, S. sanguinis, and S. mutans in radial-
diffusion assays (65, 66).

TABLE 1 IC50 values determined for CXCL10-treated cells in TGS using a CFU survival
assaya

Strain or speciesb IC50 (�M)c 95% CI (�M)d

S. pneumoniae
D39 0.039 0.034–0.045
D39 Δcps 0.058 —e

D39 ΔOPT 0.054 —
TIGR4 0.040 0.028–0.056
TIGR4 Δcps 0.033 0.009–0.126

S. mitis 0.062 0.046–0.084
S. sanguinis 0.057 —
S. mutans 0.055 0.034–0.088
aBacterial strains were cultured in BHI broth, resuspended in TGS buffer (10 mM Tris-HCl with 5 mM glucose,
pH 7.4), and assayed for the number of CFU after treatment with CXCL10 for 2 h as described in Materials
and Methods.

bStrain numbers and the ranges of CXCL10 concentrations used for the assays were as follows: for D39,
IU1690, 0.004 to 0.231 �M; for D39 Δcps, IU1945, 0.004 to 0.116 �M; for D39 ΔOPT (defined as ΔamiA-F
Δ[spd_1167-spd_1170] ΔaliA ΔaliB), IU11919, 0.004 to 0.116 �M; for TIGR4, IU11966, 0.004 to 0.116 �M; for
TIGR4 Δcps, IU12001, 0.004 to 0.116 �M; for S. mitis, IU11303, 0.004 to 0.116 �M; for S. sanguinis, IU11305,
0.007 to 0.231 �M; for S. mutans, IU11309, 0.007 to 0.463 �M.

cIC50 values were obtained from pooled data from at least two independent experiments and fitted to a
dose-response curve (log of inhibitor versus response-variable slope) using GraphPad Prism.

dData represent 95% confidence intervals of the IC50.
e—, 95% CI could not be calculated due to a high Hill slope value.

TABLE 2 IC50 values determined for chemokine-treated S. pneumoniae cells in TGS using
a CFU survival assaya

Chemokine

D39 D39 �cps

IC50 (�M)b 95% CI (�M)c IC50 (�M)b 95% CI (�M)c

CXCL10 (aa 1–77) 0.039 0.034–0.045 0.058 —
N-terminal CXCL10 (aa 1–54) 0.14 0.12–0.16 0.23 —
C-terminal CXCL10 (aa 55–77) 1.1 0.76–1.6 1.5 0.82–2.9
CXCL9 0.047 0.032–0.068 Nd
CXCL14 0.080 0.055–0.116 Nd
aD39 (IU1690) and D39 Δcps (IU1945) strains were cultured in BHI broth, resuspended in TGS buffer (10 mM
Tris-HCl with 5 mM glucose, pH 7.4), and assayed for the number of CFU after treatment with chemokines
for 2 h as described in Materials and Methods. The ranges of chemokine concentrations used for the assays
were as follows: for D39, 0.004 to 0.231 �M (CXCL10), 0.014 to 1.85 �M (N-terminal CXCL10) (aa 1 to 54),
0.058 to 18.5 �M (C-terminal CXCL10) (aa 55 to 77), 0.004 to 0.116 �M (CXCL9), and 0.007 to 0.231 �M
(CXCL14); for D39 Δcps, 0.004 to 0.116 �M (CXCL10), 0.014 to 0.98 �M (N-terminal CXCL10) (aa 1 to 54), and
0.116 to 3.7 �M (C-terminal CXCL10) (aa 55 to 77).

bIC50 values were obtained from pooled data from at least two independent experiments and fitted to a
dose-response curve (log of inhibitor versus response-variable slope) using GraphPad Prism.

cData represent 95% confidence intervals of the IC50 values. —, 95% CI data could not be calculated due to
a high Hill slope value.
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Metabolically active S. pneumoniae cells in NPB are significantly less sensitive
to CXCL10 and AMPs than S. pneumoniae cells in TGS. To compare levels of CXCL10
killing of S. pneumoniae strains under different buffer conditions, a CFU survival assay
was performed for bacteria treated with CXCL10 in NPB or TGS. S. pneumoniae D39 in
NPB was 50-fold to 100-fold less sensitive to CXCL10 than S. pneumoniae D39 in TGS,
with an IC50 of 1.9 �M compared to 0.016 �M (Fig. 2A; see also Table S2 [rows 1 and
2] in the supplemental material). The IC50 of 0.016 �M for S. pneumoniae D39 in TGS
(Fig. 2A; see also Table S2) differs somewhat from the value of 0.039 �M shown in
Tables 1 and 2 and Fig. S1 due to differences in the number of CFU added in each set
of experiments (see Materials and Methods). Nevertheless, it is clear that cells are killed
by CXCL10 at a higher concentration in NPB than in TGS. The antimicrobial activities of
human cathelicidin LL-37 and the lantibiotic nisin were also determined in a CFU assay
against S. pneumoniae D39 cells in TGS or NPB (Fig. 2B and C; see also Table S2, rows
1 to 3). S. pneumoniae D39 in NPB was 10-fold to 25-fold or 3-fold less sensitive to LL-37
or nisin, respectively, than S. pneumoniae D39 in TGS. Furthermore, metabolically active

FIG 2 S. pneumoniae D39 cells in NPB are significantly less sensitive to CXCL10 and AMPs than S.
pneumoniae cells in TGS. The sensitivity of S. pneumoniae D39 (IU1690) to CXCL10 (A), LL-37 (B), and nisin
(C) was determined using a CFU survival assay (closed symbols) under both the TGS conditions and the
NPB conditions described in Materials and Methods. In addition, S. pneumoniae D39 sensitivity to CXCL10,
LL-37, and nisin in NPB was determined using a fluorescence-based antimicrobial assay (open circles). “n”
indicates the number of independent experiments, each with duplicate reactions. Each data point
represents the mean � SEM (where not visible, error bars are smaller than the symbol). Dose-response
curves were fitted to pooled data in GraphPad Prism, using the “log of inhibitor versus response-variable
slope” function. See Table S2 for 95% CI values.
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S. pneumoniae D39 in NPB was less sensitive to CXCL10 than to LL-37 or nisin, whereas
in metabolically static S. pneumoniae D39 in TGS, the sensitivity trend was reversed (Fig.
2; see also Table S2).

Previous work has shown that the results obtained with a resazurin-based fluorescence
assay correlate well with those of a standard CFU assay under various bacterial and buffer
conditions and can be used to determine the antimicrobial activity of chemokines and
AMPs (34, 35, 53, 54). We performed parallel resazurin-based fluorescence assays and CFU
assays with CXCL10-, LL-37-, or nisin-treated S. pneumoniae D39 incubated in NPB. Fluo-
rescence assays of CXCL10 and nisin killing of S. pneumoniae D39 gave IC50s indistinguish-
able from those given by the CFU assays (Fig. 2A and C; see also Table S2, lines 2 and 3).
However, for LL-37, the IC50 was �2-fold lower for the CFU assay than for the fluorescence
assay (Fig. 2B), possibly due to an increase in metabolic activity at subinhibitory concen-
trations of LL-37 (50, 52, 72). This effect was reproducible in 6 of 6 independent experi-
ments, with the fluorescence readout increasing to �140% in samples containing 0.3 �M
LL-37 compared to the untreated control (Fig. 2B).

Benefits of this fluorescence assay include the ability to measure changes in
metabolic activity over time and the elimination of inconsistencies in CFU measure-
ments due to cell chaining. However, unencapsulated S. pneumoniae D39 Δcps strains
were not assayed in NPB, because, unexpectedly, only about 25% of the S. pneumoniae
D39 Δcps cells survived incubation in NPB, as indicated by decreased CFU levels after
incubation (Fig. S2A) and decreased fluorescence (Fig. S2B). In comparison, encapsu-
lated S. pneumoniae D39 does not actively increase in cell mass and number (Fig. 1B;
see also Fig. S2A) during incubation in NPB, but the cells continue to exhibit reductive
metabolism that reduces the indicator dye with time (Fig. 1A; see also Fig. S2B). While
the rates of reductive metabolism of untreated cells differed among the strains tested
(Fig. S3A and B), no strict correlation was obvious between endpoint fluorescence and
sensitivity to CXCL10 (Fig. S3C). While loss of capsule and/or the biosynthesis of capsule
profoundly affected the viability of serotype 2 S. pneumoniae D39 in NPB medium (Fig.
S2), it had little effect on the endpoint reductive metabolism of serotype 4 S. pneu-
moniae TIGR4 (Fig. S3A and C).

S. pneumoniae D39 �amiA-F (oligopeptide permease) mutants show resistance
to CXCL10 in NPB. An ABC transporter system designated Sap (sensitivity to antimi-
crobial peptides) in nontypeable H. influenzae has been shown to provide AMP resis-
tance by importing AMPs, such as LL-37, for degradation in the cytoplasm, while sap
mutants show increased sensitivity to AMPs (49, 70, 73). Since the sap operon has
homology to the well-characterized oligopeptide import ABC transport system Opp
(73), we investigated whether disruption of similar transport systems affected the
sensitivity of S. pneumoniae to CXCL10. We constructed a deletion mutant of the
operon encoding Opp in S. pneumoniae (AmiACDEF) (74–77) (ΔamiA-F, IU11759), a
deletion mutant of another operon encoding Opp-like system spd_1167 to spd_1170
(Δ[spd_1167-spd_1170], IU11778), and deletion mutants of aliA (ΔaliA, IU11848) and aliB
(ΔaliB, IU11850), encoding two additional oligopeptide substrate-binding proteins of
the AmiA-F uptake system (74). Additionally, a deletion mutant of amiD, corresponding
to one of two required transmembrane permeases in the amiA-F operon, was con-
structed (ΔamiD, IU14488), along with a merodiploid strain complementing ΔamiD by
the presence of a wild-type copy of amiD� expressed ectopically at the bgaA locus
under the control of the constitutive ftsA promoter (ΔamiD ΔbgaA::PftsA-amiD�,
IU14510). Finally, a quadruple mutant (designated “ΔOPT”; IU11919) containing dele-
tions of amiA-F, spd_1167-spd_1170, aliA, and aliB was constructed.

ΔamiA-F and ΔamiD mutants were more resistant to CXCL10 than the amiA-F�

parent S. pneumoniae D39 strain. In a dose-response experiment, the ΔamiA-F mutant
exhibited increased resistance to CXCL10 in NPB, with an IC50 of 1.4 �M (95% confi-
dence interval [CI], 1.1 to 1.8) compared to 0.87 �M (95% CI, 0.8 to 0.96) for S.
pneumoniae D39 (Fig. 3A). In additional experiments performed with single doses of 3
�M CXCL10 (Fig. 3B) or 6 �M CXCL10 (Fig. S4B), the ΔamiA-F mutant displayed �3-fold-
or 5-fold-increased fluorescence, respectively, relative to S. pneumoniae D39. The single
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gene deletion ΔamiD mutant displayed �6-fold-increased fluorescence relative to S.
pneumoniae D39 in testing performed with 3 �M CXCL10 (Fig. 3B), whereas a ΔamiD
strain complemented by ectopic amiD� showed CXCL10 sensitivity indistinguishable
from that seen with S. pneumoniae D39 (Fig. 3B). A mutant containing a nonpolar
deletion of ΔamiA-F (IU13780) also demonstrated a �4-fold increase in fluorescence
signal compared to the amiA-F� parent, ruling out the possibility of polar effects in the
ΔamiA-F mutant (Fig. S4A). Similarly to experiments performed with S. pneumoniae D39
(Fig. 2A), an experiment measuring killing of the S. pneumoniae ΔamiA-F mutant with
6 �M CXCL10 using CFU and fluorescence analyses in parallel showed agreement
between the assays (Fig. S4C). Notably, the CXCL10 resistance of these ABC transporter
mutants is dependent upon incubation in NPB buffer, as a ΔOPT mutant with deletions
of amiA-F, spd_1167-spd_1170, aliA, and aliB showed CXCL10 resistance relative to the
S. pneumoniae D39 OPT� parent in NPB (Fig. 3 and 4, left) but not in TGS (Table 1, line
3). We conclude from these multiple data sets that S. pneumoniae ΔamiA-F and ΔamiD
mutant strains exhibit increased resistance to CXCL10 relative to S. pneumoniae D39
and that this resistance is correlated with metabolic activity in NPB.

FIG 3 S. pneumoniae D39 ΔamiA-F, ΔamiD, and ΔOPT mutants show resistance to CXCL10 in NPB relative
to the wild-type strain, and complementation of the ΔamiD mutant by an ectopic amiD� strain restores
CXCL10 sensitivity to wild-type levels. The sensitivity to CXCL10 in NPB was determined using a
fluorescence-based antimicrobial assay (described in Materials and Methods). (A) S. pneumoniae D39
(IU1690), ΔamiA-F (ΔamiAF) (IU11759), and ΔOPT (IU11919). (B) The strains described above as well as the
ΔamiD mutant (IU14488) and the ΔamiD �bgaA::PftsA-amiD� mutant (IU14510) were treated with 3 �M
CXCL10. Each data point or bar represents the mean � SEM (where not visible, error bars are smaller than
the symbol). “n” indicates the number of biologically independent replicates, each with duplicate
reactions. For the titration experiments described for panel A, dose-response curves were fitted to pooled
data in GraphPad Prism, using the “log of inhibitor versus response-variable slope” function. For the
complementation experiments described for panel B, statistical significance relative to S. pneumoniae
D39 was determined using the Mann-Whitney U test. **, P � 0.01; ***, P � 0.001; ns, not significant.

Pneumococcal Sensitivity to Chemokines and AMPs Journal of Bacteriology

June 2018 Volume 200 Issue 11 e00745-17 jb.asm.org 9

http://jb.asm.org


In contrast to the increased CXCL10 resistance of the ΔamiA-F mutants relative to
wild-type S. pneumoniae D39, single mutants with deletions of ΔaliA, ΔaliB, and
Δ[spd_1167-spd_1170] showed fluorescence values similar to the values seen with the
wild-type strain at a high concentration of CXCL10 (6 �M) (Fig. S4B). Additionally, in two
independent sets of experiments using 3 or 6 �M CXCL10 (Fig. 3; see also Fig. S4B), the
ΔOPT mutant exhibited fluorescence values similar to those exhibited by the ΔamiA-F
mutant (�4-fold to 5-fold increase relative to S. pneumoniae D39). Taken together,
these data suggest that inactivation of the AmiA-F oligopeptide transporter is the main
factor involved in the increased CXCL10 resistance relative to S. pneumoniae D39 at 3
or 6 �M CXCL10. However, titration experiments showed that the ΔOPT mutant may be
more resistant to CXCL10 than the ΔamiA-F mutant at intermediate concentrations,
particularly at 1.5 �M, where the ΔOPT mutant showed almost no decrease in fluores-
cence relative to untreated cells (Fig. 3A). These data suggest that the cumulative ΔaliA,
ΔaliB, and/or Δ[spd_1167-spd_1170] mutations may have contributed to the increased
CXCL10 resistance of the ΔOPT mutant relative to the ΔamiA-F mutant at intermediate
CXCL10 concentrations.

We observed variability in the absolute fluorescence values of CXCL10-treated cells
between the sets of experiments, likely due to differences between batches of com-
mercially available CXCL10. For example, the IC50s for S. pneumoniae D39 were 1.7 and
0.87 �M for CXCL10 from 2 different batches (Fig. 2A and 3A), while the IC50s for the
ΔamiA-F mutant were �6 and 1.4 �M, respectively (Fig. 3A; see also Fig. S3C and S4B
and C). Within each batch, the variability of fluorescence values is low, leading to
relatively small standard error values (Fig. 2A and 3A). This variability of different lots of
commercial CXCL10 limits comparisons of absolute IC50 and fluorescence values among
sets of experiments. However, the mutants with a deletion in the amiA-F operon (the
ΔamiA-F, ΔamiD, and ΔOPT mutants) consistently demonstrated �3-fold- to 5-fold-
increased fluorescence relative to S. pneumoniae D39 after CXCL10 treatment.

Previous work in B. anthracis established that the N-terminal domain of CXCL10
(N-CXCL10; amino acids [aa] 1 to 54) showed reduced antimicrobial activity against
wild-type B. anthracis and no antimicrobial activity against B. anthracis mutants lacking
an active FtsEX complex (54). We tested whether N-CXCL10 retained antimicrobial
activity against an oligopeptide transporter mutant of S. pneumoniae. The IC50 of S.
pneumoniae D39 treated with N-CXCL10 in NPB was estimated to be �7 �M (Fig. 4);
therefore, N-CXCL10 was �4-fold less effective than full-length CXCL10 at killing S.

FIG 4 S. pneumoniae D39 ΔOPT does not show increased resistance to N-terminal CXCL10 relative to S.
pneumoniae D39, and N-terminal CXCL10 exhibits decreased antimicrobial activity compared to full-
length CXCL10 for S. pneumoniae D39. A fluorescence-based antimicrobial assay was performed with
full-length CXCL10 (left 4 bars) or N-terminal CXCL10 (aa 1 to 54) (right 6 bars) with S. pneumoniae D39
(IU1690) or S. pneumoniae ΔOPT (IU11919) in NPB. Each bar represents the mean � SEM of results of 3
independent experiments (unless otherwise noted). The statistical significance of the results of compar-
isons between strains at the same concentration was determined using the Mann-Whitney U test (except
for 3 �M CXCL10, where n � 2). Asterisks denote difference between strains at the same concentration.
**, P � 0.01; ns, not significant.
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pneumoniae D39 (IC50 of 1.7 �M) (Table 3). Notably, the S. pneumoniae D39 ΔOPT
mutant did not show increased resistance to N-CXCL10 at 3 or 6 �M compared to the
S. pneumoniae D39 parent (Fig. 4). Similarly, N-CXCL10 was �3-fold to 4-fold less
effective than full-length CXCL10 at killing encapsulated and unencapsulated S. pneu-
moniae D39 cells in TGS (Table 2, rows 1 and 2).

S. pneumoniae D39 �amiA-F mutants are more resistant to nisin in NPB
whereas �dltA mutants are more sensitive to CXCL10, LL-37, and nisin than the
D39 parent. ΔamiA-F and ΔOPT mutants showed slightly higher sensitivity to LL-37 in
NPB than the S. pneumoniae D39 strain (Table 3, rows 1 to 3; see also Fig. S5A), whereas
those mutants were more resistant to nisin (Table 3, rows 1 to 3; see also Fig. S5C). In
contrast, a mutant of the dlt operon (ΔdltA, IU12470) which lacks the ability to add
D-alanine residues to teichoic acids (41, 42, 78) showed �3.5-fold-lower IC50s than S.
pneumoniae D39 after CXCL10 or LL-37 treatment (Fig. 5A; see also Fig. S5A) (Table 3,
rows 1 and 4) but was only slightly more sensitive to nisin (Table 3, rows 1 and 4; see
also Fig. S5C). Taken together, these results extend to CXCL10 the previous conclusion
that dlt operon mutants of S. pneumoniae and other Streptococcus species are more
sensitive than their parent strains to AMPs such as LL-37 and nisin (41, 78).

S. pneumoniae TIGR4 and S. pneumoniae TIGR4 �cps are more sensitive to
CXCL10, LL-37, and nisin than S. pneumoniae D39. We directly compared the
sensitivities of serotype 2 S. pneumoniae D39 and serotype 4 S. pneumoniae TIGR4 to
inhibition by CXCL10, LL-37, and nisin. S. pneumoniae D39 and S. pneumoniae TIGR4
produce different extracellular polysaccharide capsules, and their genomes differ by as
much as 10% (79, 80). Encapsulated and unencapsulated variants of S. pneumoniae
TIGR4 were considerably more sensitive than S. pneumoniae D39 to CXCL10, LL-37, and
nisin in NPB (Fig. 5B; see also Fig. S5B and D) (Table 3, rows 1, 5, and 6). For CXCL10,
the IC50s were �10-fold lower for S. pneumoniae TIGR4 than for S. pneumoniae D39,
which contrasts with the similar low IC50s of S. pneumoniae TIGR4 and S. pneumoniae
D39 in TGS (Fig. 5B; see also Fig. S1) (Table 1, rows 1, 2, 4 and 5). After LL-37 or nisin

TABLE 3 Relative fold change and IC50 values determined for CXCL10-treated, LL-37-treated, or nisin-treated Streptococcus cells with a
fluorescence-based antimicrobial assay in NPB buffera

Strain

CXCL10 LL-37b Nisinc

Fold changed IC50/95% CI (�M)e Fold changed IC50/95% CI (�M)e Fold changed IC50/95% CI (�M)e

S. pneumoniae
D39 	1f,g 1.7/1.1–2.7f 	1 1.6/1.5–1.7 	1 0.80/0.71–0.90
D39 ΔamiA-F 1.6g See Fig. 3Ag 0.69 1.1/1.0–1.2 2.3 1.8/1.6–2.1
D39 ΔOPT 3.4g See Fig. 3Ag 0.81 1.3/1.2–1.4 2.0 1.6/1.2–2.0
D39 ΔdltA 0.28f 0.47/0.43–0.50f 0.29 0.46/0.38–0.54 0.70 0.56/0.40–0.77
TIGR4 0.08f 0.14/0.12–0.16f 0.21 0.33/0.13–0.84 0.19 0.15/0.07–0.31
TIGR4 Δcps 0.10f 0.17/0.16–0.18f 0.29 0.46/0.07–2.8 0.23 0.18/0.16–0.20

S. mitis See Fig. S6Ah 1.3i 2.1/1.7–2.8i Ndk

S. sanguinis See Fig. S6Ah 0.36i 0.57/0.56–0.59i Nd
S. mutans See Fig. S6Ah �3.1i �5i,j Nd
aIC50 and 95% CI values for S. pneumoniae D39 in response to treatment with CXCL10, LL-37, and nisin were determined with a fluorescence-based antimicrobial assay
in NPB buffer as described in Materials and Methods. The strains used were S. pneumoniae D39 (IU1690), S. pneumoniae D39 ΔamiA-F (IU11759), S. pneumoniae D39
ΔOPT (IU11919, ΔOPT 	 ΔamiA-F Δ[spd_1167-spd_1170] ΔaliA ΔaliB), S. pneumoniae D39 ΔdltA (IU12470), S. pneumoniae TIGR4 (IU11966), S. pneumoniae TIGR4 Δcps
(IU12001), S. mitis (IU11303), S. sanguinis (IU11305), and S. mutans (IU11309).

bUnless otherwise noted, the inhibition curves from which fold change, IC50, and 95% CI values were obtained are shown in Fig. S5A and B.
cUnless otherwise noted, the inhibition curves from which fold change, IC50, and 95% CI values were obtained are shown in Fig. S5C and D.
dFold change values were determined by dividing the IC50 for the mutant by the IC50 for S. pneumoniae D39.
eIC50 values were obtained from pooled data from at least two independent experiments and fitted to a dose-response curve (log of inhibitor versus response-variable
slope) using GraphPad Prism. 95% CI data represent the 95% confidence interval of the IC50.

fThe inhibition curves from which fold change, IC50, and 95% CI values were obtained are shown in Fig. 5A and B.
gA separate set of experiments was performed to obtain inhibition curves for the ΔamiA-F and ΔOPT mutants (see Fig. 3A for curves, IC50 values, and 95% CIs). While
variability in the absolute IC50 values is seen between batches of commercially available CXCL10, the relative levels of resistance of the ΔamiA-F and ΔOPT mutants
to S. pneumoniae D39 remained consistent, so fold change values relative to S. pneumoniae D39 are included in this table.

hFull titration curves were not completed, but single-point assays for 0.2 and 1 �M CXCL10 are shown in Fig. S6A.
iInhibition curves from which fold change, IC50, and 95% CI values were obtained are shown in Fig. S6B.
jThe 95% confidence interval could not be calculated due to the approximate nature of the IC50 value.
kNd, not determined.
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treatment, S. pneumoniae TIGR4 IC50s were 3-fold to 5-fold lower than those calculated
for S. pneumoniae D39 (Table 3, rows 1, 5, and 6; see also Fig. S5B and D). Notably, the
dose-response curves of encapsulated and unencapsulated S. pneumoniae TIGR4 strains
for LL-37 in NPB are abnormally shaped, resulting in wide 95% confidence intervals
(Table 3, lines 5 and 6; see also Fig. S5B).

These differences in sensitivity to CXCL10, LL-37, and nisin suggest enhanced killing
of S. pneumoniae TIGR4 by AMPs or, conversely, enhanced resistance mechanisms of S.
pneumoniae D39. Additionally, unencapsulated S. pneumoniae D39 cells lost viability in
NPB, while unencapsulated S. pneumoniae TIGR4 cells maintained viability (Fig. S2 and
S3A). Whether these responses can be attributed simply to capsule chemical differences
between the two S. pneumoniae serotype strains or to other mechanisms, such as
differences in capsule shedding (81), remains to be determined. Comparisons of the
CXCL10 sensitivities of S. pneumoniae D39 and TIGR4 with those of S. mitis, S. mutans,
and S. sanguinis did not reveal a correlation with reductive metabolic activity in NPB
(Fig. S6A and S3C, top). S. mitis and S. mutans exhibited the greatest metabolic activity
in NPB but showed sensitivity to CXCL10 similar to that seen with S. pneumoniae D39
(Fig. S6A and S3C, top). For LL-37, S. mutans was the most resistant species, S.
pneumoniae D39 and S. mitis showed intermediate resistance, and S. pneumoniae TIGR4
and S. sanguinis were the most sensitive (Fig. S6B). These differences among Strepto-
coccus species again likely reflect multiple mechanisms of killing, resistance, or both.

FIG 5 S. pneumoniae D39 ΔdltA mutant and S. pneumoniae TIGR4 strains show greater CXCL10 sensitivity
in NPB than S. pneumoniae D39. The sensitivity to CXCL10 in NPB was determined using a fluorescence-
based antimicrobial assay, as described in Materials and Methods. (A) S. pneumoniae D39 (IU1690; data
from Fig. 2A) and S. pneumoniae D39 ΔdltA (IU12470). (B) S. pneumoniae D39 (IU1690; data from Fig. 2A),
S. pneumoniae TIGR4 (IU11966), and S. pneumoniae TIGR4 Δcps (IU12001). “n” indicates the number of
independent experiments, each with duplicate reactions. Each data point represents the mean � SEM
(where not visible, error bars are smaller than the symbol). Dose-response curves were fitted to pooled
data in GraphPad Prism, using the “log of inhibitor versus response-variable slope” function. See Table
3 for 95% CI values.
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�ftsX and �ftsE mutants of B. subtilis and S. pneumoniae ftsX mutants show the
same sensitivity to CXCL10 or N-CXCL10 as the ftsX� ftsE� parents. Previous work
showed that ΔftsX and nonfunctional ftsE mutants of B. anthracis are 2-fold- to 3-fold
more resistant to CXCL10 than the wild-type strain and were completely resistant
to N-CXCL10 at the highest concentration tested (2.8 �M), suggesting an FtsEX-
dependent mode of killing mediated by N-CXCL10, while the C-terminal �-helix of
CXCL10 may kill B. anthracis independently of FtsEX (53, 54). Because ftsX and ftsE are
essential in S. pneumoniae (57), we first tested whether ΔftsX (markerless) and ΔftsE
mutations of another Bacillus species, B. subtilis, imparted resistance to CXCL10 killing.
In contrast to B. anthracis, B. subtilis ΔftsX and ΔftsE mutants showed sensitivity to
CXCL10 or N-CXCL10 similar to that seen with the ftsX� ftsE� parent in TGS or NPB (Fig.
6; see also Fig. S7A to C and Table S3). Previous studies of B. anthracis assayed for
CXCL10 killing in DMEM–10% (vol/vol) FBS (see Materials and Methods). In that
medium, CXCL10 showed no antimicrobial activity against the wild-type parent or
the ΔftsX or ΔftsE mutant strains of B. subtilis or against wild-type S. pneumoniae D39
at the highest concentrations tested (5.8 and 11.6 �M) (Fig. S7D and E and S8A). The
lantibiotic nisin did show antibacterial activity against S. pneumoniae in DMEM–10%
(vol/vol) FBS, but its estimated IC50 was �20-fold higher than in NPB (Fig. S8A and Table
S2). Additionally, CXCL10 did not kill S. pneumoniae when assayed at 3.5 �M in DMEM
without serum (Fig. S8B). Taken together, these results demonstrate that CXCL10
binding to FtsX or disruption of FtsEX function is not involved in the mechanism by
which CXCL10 kills B. subtilis.

To test whether dysfunction of FtsX imparts CXCL10 resistance in S. pneumoniae, we
assayed ftsX mutants of S. pneumoniae D39, where FtsX is an essential protein (57, 61).
The large extracellular loop (ECL1) of S. pneumoniae FtsX interacts with the PcsB PG
hydrolase (B. E. Rued, unpublished result) (62), whereas the small extracellular loop
(ECL2) plays a role in activation of PcsB PG hydrolase activity (57, 61). ftsX(W183L)
changes an amino acid at the base of the distal stem of ECL1, leading to suppression
of temperature-sensitive mutations in the coiled-coil region of PcsB (61). ftsX(N269T)
changes an amino acid in ECL2 required for PcsB activation (61, 82). The ftsX(W183L)
and ftsX(N269T) mutants showed reduced growth rates compared to the S. pneumoniae
D39 ftsX� parent, and both mutants formed morphologically defective cells that were
enlarged, blocky, and sometimes oddly shaped, indicative of loss of FtsEX::PcsB func-
tion (Fig. 7A and B). However, in NPB, the ftsX mutants showed levels of sensitivity to
CXCL10 or LL-37 similar to those shown by the ftsX� parent (Fig. 7C). The ftsX(W183L)

FIG 6 B. subtilis ΔftsX or ΔftsE mutants show no difference in CXCL10 sensitivity from that shown by the
B. subtilis ftsX� ftsE� parent strain. Sensitivities of ΔftsX (IU12981) and ΔftsE::Tn10 spec (IU12166) mutants
to CXCL10 relative to the B. subtilis ftsX� ftsE� parent (IU12153) were determined using a fluorescence-
based antimicrobial assay in NPB buffer (described in Materials and Methods). Each point represents the
mean � SEM of results of 4 independent experiments. Dose-response curves and IC50s were obtained
from duplicate wells from all independent experiments and fitted to a dose-response curve (log of
inhibitor versus response-variable slope) using GraphPad Prism. See Table S3 for 95% CI values.
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and ftsX(N269T) mutants and several other ftsX point mutants also showed sensitivity
to N-CXCL10 similar to that shown by the ftsX� parent in TGS (Table S4). However,
unlike the results seen with CXCL10 and LL-37, the ftsX(N269T) mutant was notably
resistant to nisin compared to the other two strains in NPB (Fig. 7C). We conclude that
misregulation of FtsEX::PcsB does not impart CXCL10 resistance to S. pneumoniae D39.

DISCUSSION

In this paper, we present a report of a systematic, quantitative study of the inhibition
of S. pneumoniae serotype strains and several other pathogenic Streptococcus species,
including S. mitis, S. mutans, and S. sanguinis, by the chemokine CXCL10 and two major
AMPs. This study was undertaken to fill knowledge gaps and resolve inconsistencies in
the literature about the sensitivity of S. pneumoniae and other Streptococcus species to

FIG 7 S. pneumoniae ftsX mutants show growth and morphology defects indicative of loss of FtsEX function but show no difference in resistance to CXCL10
or LL-37 relative to the ftsX� parent. (A) Growth in BHI broth of WT S. pneumoniae D39 (IU1690), the ftsX� Pc-[kan-rpsL�] parent (IU10748), the ftsX (W183L)
Pc-[kan-rpsL�] (IU9008) mutant, and the ftsX (N269T) Pc-[kan-rpsL�] (IU9004) mutant. Calculations of three independent growth curves were performed with
similar results, and a representative curve is shown (log plot at the top; linear plot below). (B) Montage of representative phase-contrast images of strains grown
to mid-log phase in BHI broth. Scale bars � 1 �m. (C) Sensitivity of the parent (IU10748), ftsX (W183L) (IU9008), and ftsX (N269T) (IU9004) strains to CXCL10
(top), LL-37 (middle), and nisin (bottom) was determined using a fluorescence-based antimicrobial assay in NPB buffer (described in Materials and Methods).
Each bar represents the mean � SEM of results of 2 independent experiments, each with duplicate reactions.
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chemokines and AMPs and to test hypotheses about possible resistance mechanisms.
One general conclusion is that different incubation media used to assay AMP sensitivity
give vastly different results (Fig. 2). In this study, we determined that the low-salt
incubation buffer NPB (10 mM sodium phosphate [pH 7.4] with 1% [vol/vol] BHI broth)
is compatible with a resazurin (alamarBlue) fluorescence-based assay to determine the
chemokine and AMP sensitivity of isogenic S. pneumoniae WT and mutant strains. This
fluorescence-based assay was validated by its tight correlation with results from CFU
assays.

S. pneumoniae and other Streptococcus species tested for chemokine sensitivity
showed high levels of killing (IC50 � 0.03 to 0.06 �M) in commonly used TGS buffer (10
mM Tris-HCl [pH 7.4] and 5 mM glucose), in which S. pneumoniae cells are metabolically
static. In comparison, S. pneumoniae cells assayed for killing in NPB were generally less
sensitive to the chemokines and AMPs tested and were metabolically active for
resazurin reduction, even though the cell numbers, cell masses, and percentages of
viable cells remained similar after 2 h of incubation. There is no evidence to suggest
that CXCL10 and AMPs would be appreciably less stable or available in NPB than TGS
in the time frame of these assays. This alternative explanation is further countered by
our results showing that certain S. pneumoniae D39 mutations impart resistance or
increased sensitivity to CXCL10 in NPB that is not detected in TGS (Fig. 3) (Table 1). The
lower CXCL10, LL-37, and nisin sensitivity of metabolically active compared to meta-
bolically static wild-type S. pneumoniae D39 cells is consistent with induction of
metabolic or stress responses that regulate the survival of S. pneumoniae D39 in assays
and, conceivably, within the human lower respiratory tract (Fig. 8A).

Previous studies demonstrated that resistance to AMPs and chemokines is imparted
to bacteria through a variety of mechanisms, including degradation by external pro-
teases, repulsion through cell surface charge modifications, and transport by Opp-like
ABC transporters for cytoplasmic degradation (39, 40, 41, 49). Additionally, interactions
with specific bacterial proteins, such as FtsEX and lipid II, may increase the antimicrobial
activity of some AMPs and chemokines against certain bacterial species (28, 53, 54). On
the basis of that previous work, we tested candidate mutations in S. pneumoniae D39
for resistance or sensitivity to CXCL10, LL-37, and nisin. Mutants lacking external serine
proteases (ΔhtrA or ΔprtA) did not demonstrate changes in sensitivity to CXCL10, LL-37,
or nisin relative to S. pneumoniae D39 (data not shown). For a control, we performed
tests and confirmed that Δdlt operon mutants, which are unable to add positively
charged D-alanine residues to teichoic acids and thus result in an overall reduction in
cell surface charge, increase the relative levels of sensitivity of D39 S. pneumoniae to
CXCL10, LL-37, and nisin (Fig. 5A; see also Fig. S5A and C in the supplemental material).
However, a cardiolipin synthase (Δcls) mutant, which lacks the doubly negatively
charged phospholipid cardiolipin in its cell membrane, did not show changes in
CXCL10, LL-37, or nisin sensitivity relative to S. pneumoniae D39 (IC50 of the Δcls mutant
for CXCL10; see Fig. S3C, top).

We were unable to generalize the CXCL10 resistance of ftsX and ftsE mutants reported
in B. anthracis (53, 54) to B. subtilis or S. pneumoniae. As in B. anthracis (53), ftsX and ftsE
are not essential in B. subtilis (56, 83); however, unlike in B. anthracis, ΔftsX or ΔftsE
mutants of B. subtilis showed the same sensitivity to CXCL10 as their parent strain in
NPB or TGS (Fig. 6; see also Fig. S7). Unlike in the two Bacillus species, ftsX and ftsE are
essential in S. pneumoniae (57, 61). Yet ftsX point mutations that compromise FtsX
function in cell division and/or PG remodeling showed the same sensitivity to CXCL10
as the wild-type parent S. pneumoniae D39 strain (Fig. 7C). The lack of killing of
wild-type and mutant B. subtilis and S. pneumoniae in DMEM–10% (vol/vol) FBS,
coupled with the lack of antimicrobial assays of B. anthracis in either NPB or TGS, makes
direct comparisons between our results and the previous work in B. anthracis difficult.
However, a transposon screen performed in E. coli for analysis of CXCL10 resistance did
not yield ftsE or ftsX mutants, and transcriptomic analysis of S. pneumoniae challenged
with LL-37, nisin, or bacitracin did not show changes in expression of ftsE or ftsX (52, 84).
We conclude that FtsX targeting by CXCL10 does not occur in all bacterial species and
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may, in fact, be confined to B. anthracis. One interesting observation from these assays
was that the S. pneumoniae D39 ftsX(N269T) mutant, which alters ECL2 in FtsX, was
more resistant to nisin than the parent ftsX� strain. This result suggests a possible link
between certain FtsX functions and the availability of external lipid II or the suscepti-
bility of the membrane to nisin.

Mutants lacking the general AmiA-F oligopeptide permease (ΔamiA-F and ΔOPT)
showed increased resistance to CXCL10 and nisin relative to the S. pneumoniae D39
parent (Fig. 3; see also Fig. S5C). In contrast, mutants of oligopeptide substrate-binding
proteins (ΔaliA and ΔaliB) or of another putative peptide uptake system (Δ[spd_1167-
spd_1170]) did not show altered sensitivity to CXCL10, LL-37, or nisin compared to S.
pneumoniae D39 (Fig. S4B). There are precedents for peptide transport systems binding
to cationic peptides, transporting oligopeptides similar in length to AMPs and chemo-
kines, imparting resistance to AMPs, and having pleiotropic effects on physiology (70,
75, 85, 86). E. coli OppA, which is a homologue of the S. pneumoniae AmiA substrate-
binding protein, preferentially binds small, positively charged peptides (86). The Opp
oligopeptide permease system in Lactococcus lactis, which is a homologue of S.
pneumoniae AmiA-F, binds and transports peptides up to 35 amino acids long, with

FIG 8 Summary of S. pneumoniae responses to chemokines and antimicrobial peptides. (A) Metabolically
active S. pneumoniae cells are able to mount a stress response to chemokines or AMPs, whereas
metabolically inactive cells are not. This results in up to 100-fold-greater sensitivity to chemokines and
AMPs. (B) Three possible mechanisms for resistance of S. pneumoniae ΔamiA-F mutants to killing by
CXCL10 or nisin. For simplicity, only CXCL10 is shown. (i) Facilitated-insertion model, where the AmiA-F
transporter initially binds to CXCL10 and initiates its insertion into the cell membrane. (ii) Direct-uptake
model, where AmiA-F directly transports CXCL10 into the cytoplasm, where CXCL10 is toxic to S.
pneumoniae cells. (iii) Indirect-effect model, where the normal pleiotropic function of AmiA-F leads to a
physiological state that makes cells susceptible to killing by CXCL10. For models 1 to 3, greatly reduced
binding and/or uptake of truncated N-CXCL10 could account for the reduced killing of wild-type S.
pneumoniae D39 and the marginal resistance of ΔOPT mutants observed. dlt operon-mediated
D-alanylation of teichoic acids imparts resistance of S. pneumoniae D39 to CXCL10 and AMPs through
charge repulsion or increased density of the cell wall, such that Δdlt operon mutants have increased
sensitivity to CXCL10 and AMP killing. In addition, serotype 4 S. pneumoniae TIGR4 is intrinsically
�10-fold more sensitive to CXCL10 killing than serotype 2 S. pneumoniae D39 in metabolically active
cells. See the text for additional details.
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little selectivity for amino acid side chain composition (75). An analog of hBD-3 interacts
directly with SapA, the substrate-binding protein of the Sap uptake system in nontype-
able H. influenzae (70), and LL-37 and hBD-3 are imported by the Sap system for
degradation in the cytoplasm (49). Mutations in S. pneumoniae Opp (AmiA-F) cause
numerous pleiotropic effects, including reduced amino acid and oligopeptide uptake,
altered cell adherence to human epithelial cells, decreased competence, reduced
quorum sensing and colonization, and reduced virulence in animal models of infection
(76, 87–93). Moreover, expression of amiA-F is upregulated when S. pneumoniae cells
bind to human lung epithelial cells (92). Since cytoplasmic amino acid pools activate
global regulatory proteins to change gene expression, uptake of oligopeptides by
AmiA-F has been proposed to play a major role in how S. pneumoniae cells sense and
respond to their nutrient environment (85). Last, a previous study showed that the
AmiA-F transporter has pleiotropic effects on phospholipid composition (94). Treat-
ment of wild-type S. pneumoniae with the drug aminopterin leads to an increased
amount of negatively charged cardiolipin in the cell membrane, whereas the phospho-
lipid composition remains unchanged in amiA mutants after aminopterin treatment
(94). The increased CXCL10 resistance of ΔamiA-F mutants may be due at least in part
to these pleiotropic effects, as discussed below.

The mechanism explaining how the absence of the AmiA-F transporter imparts
CXCL10 and nisin resistance to S. pneumoniae D39 remains to be determined. On the
basis of aspects of mechanisms proposed for killing by other AMPs (22), three general
models for resistance can be postulated (Fig. 8B). In the first, facilitated-insertion model,
the AmiA-F transporter initially binds to CXCL10 or nisin and initiates its insertion into
the cell membrane, where complexes of CXCL10 or nisin are formed that disrupt the
membrane. This model is a variation of a current mechanism for nisin killing where lipid
II serves as an initiator of membrane insertion (26, 27). In the second, direct-uptake
model, AmiA-F transports CXCL10 or nisin into the cytoplasm, where CXCL10 or nisin
is toxic to S. pneumoniae cells. In the third, indirect-effect model, the normal pleiotropic
function of AmiA-F leads to a physiological state that makes cells susceptible to killing
by CXCL10 or nisin. For each model, reduced binding and/or uptake of truncated
N-CXCL10 could account for the observed reduced killing of wild-type S. pneumoniae
D39 by N-CXCL10 and the marginal resistance of the ΔOPT mutant to the fragment. A
corollary of this interpretation is that the C-terminal �-helix of CXCL10 is required for
strong binding of intact chemokine CXCL10 to AmiA-F.

MATERIALS AND METHODS
Strains of S. pneumoniae and other Streptococcus species and growth conditions. The strains

used are described in Table S1 in the supplemental material. S. pneumoniae strains were derived from the
following: IU1690, an encapsulated serotype 2 D39 strain (95); IU1945 (D39 Δcps); IU1781 (D39 rpsL1); or
IU11966, an encapsulated serotype 4 TIGR4 strain (96). S. mitis, S. sanguinis, and S. mutans strains were
acquired from the ATCC. Strains with antibiotic resistance cassettes were constructed as described
previously (97–99) using overlapping fusion PCR to synthesize linear DNA amplicons. Error-prone
amplicons were generated as described in reference 61. Amplicons were transformed into S. pneumoniae
D39 cells induced with competence-stimulating peptide 1 (CSP-1) as described previously (99) or with
CSP-2 (Anaspec; catalog no. AS-63877) for TIGR4 cells. Transformation of TIGR4 strains was carried out
similarly to the method used for the D39 strains, except for the following: 100 ng of DNA was
transformed into 200 �l of recipient cells at an OD620 of �0.05 in 900 �l of transformation mix containing
90% (vol/vol) BHI broth, 10% (vol/vol) heat-inactivated horse serum, 0.18% (wt/vol) glucose, and 500 ng
CSP-2. Strains with markerless alleles were constructed using intermediates containing the Janus cassette
(Pc-[kan-rpsL�]) (100). Oligonucleotide primers used to synthesize amplicons are described in Table S1.
Streptococcus species were grown on Trypticase soy agar II plates containing 5% (vol/vol) defibrinated
sheep blood (TSAII-BA; catalog no. 221239/221261, Becton-Dickinson BBL) at 37°C in 5% CO2. Antibiotic
selection on plates used concentrations as described previously (98, 99). PCR and DNA sequencing of
relevant chromosomal regions were completed to confirm the constructed strains.

Streptococcus species were grown planktonically in Becton-Dickinson Bacto brain heart infusion (BHI)
broth (catalog no. 237500) at 37°C in 5% CO2 without shaking. Growth was measured by monitoring the
OD620 as described previously (99). In all experiments, Streptococcus cells were taken from glycerol stocks
stored at 
80°C, serially diluted in BHI broth, and incubated 12 to 16 h at 37°C in 5% CO2 under static
conditions (overnight cultures).

Chemokines, antimicrobial peptides, and media used. During stock preparation and antimicrobial
assays, all chemokine and antimicrobial peptide (AMP) stocks were prepared with and stored in protein
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LoBind tubes (catalog no. 022431081, Eppendorf), and all mixing of chemokines and AMPs was done with
gentle pipetting. CXCL10 (recombinant human IP-10; catalog no. 300-12, Peprotech) was diluted to 57.8
�M (500 �g/ml) in H2O with 0.015% (wt/vol) human serum albumin (HSA; catalog no. A3782-500MG,
Sigma), divided into aliquots, and stored at 
80°C until use. CXCL9 (recombinant human MIG; catalog no.
300-26, Peprotech) and CXCL14 (recombinant human BRAK; catalog no. 300-50, Peprotech) were diluted
to 85.5 and 106.4 �M, respectively (1 mg/ml), in H2O with 0.03% (wt/vol) HSA, divided into aliquots, and
stored at 
80°C until use. The N-terminal (aa 1 to 54) and C-terminal (aa 55 to 77) domains of CXCL10
were synthesized (Fisher), diluted to 92.5 �M in H2O with 0.006% (wt/vol) HSA, divided into aliquots, and
stored at 
80°C until use. LL-37 was synthesized and generously provided by Cheng Kao (IUB) as
described previously (101), diluted to 100 �M in H2O with 0.015% (wt/vol) HSA, divided into aliquots, and
stored at 
80°C until use. Nisin (catalog no. N5764-1G, Sigma) was diluted to 298 �M (1 mg/ml) in H2O
with 0.015% (wt/vol) HSA fresh for each use. The media or buffers used for assays were TGS (10 mM
Tris-HCl, 5 mM glucose, pH 7.4), NPB (10 mM sodium phosphate [pH 7.4], 1% [vol/vol] BHI broth), and
DMEM � 10% (vol/vol) FBS (high-glucose DMEM, catalog no. 11-965-092, Fisher; FBS, catalog no.
SH30910, HyClone; PBS, catalog no. BP2944-100, Fisher).

Resazurin-based fluorescence assay to measure bacterial reductive metabolism. Overnight
cultures of Streptococcus strains were diluted to an OD620 of �0.003 in 6 ml fresh BHI broth and grown
at 37°C in 5% CO2 without shaking until an OD620 of �0.1 to 0.13 was reached. Cells (3 ml divided into
two 1.5-ml tubes) were centrifuged for 5 min at 21.1K � g at room temperature. To evaluate the
fluorescence signals obtained in each buffer in the absence of compound addition, S. pneumoniae D39
was resuspended by vortex mixing in 2 ml of one of the following solutions: BHI broth, NPB, DMEM–10%
(vol/vol) FBS, TGS, or PBS. Cells were centrifuged again, and the pellet was resuspended in 3 ml fresh
buffer. Cells were diluted to an OD620 of �0.05 in 4 ml of buffer (1 � 107 CFU/ml [estimated]). Cells (150
�l) were further diluted to 1 ml (6 � 104 CFU/40 �l [estimated]). All reactions were performed in
duplicate in a black, flat-bottom 96-well plate with a nonbinding surface (catalog no. 3993, Corning). Cells
(40 �l) were added to wells containing 10 �l buffer with 0.003% (wt/vol) HSA. At time zero, 5 �l resazurin
dye (alamarBlue; catalog no. BUF012A, Bio-Rad) was added and reaction volumes were gently mixed by
pipetting. For each buffer condition, blank wells containing 40 �l buffer, 10 �l buffer with 0.003%
(wt/vol) HSA, and 5 �l dye were also prepared. Reaction mixtures were incubated at 37°C in 5% CO2

without shaking, and fluorescence was monitored periodically for 4 h on a Biotek Synergy H1 plate
reader. For each buffer condition, raw fluorescence values were subtracted from values obtained from
blank wells to give subtracted blank values. Subtracted blank values were then averaged and normalized
to the mean value determined for cells in BHI broth at 4 h, which was defined as 100%. Additionally, time
plots of fluorescence signal were calculated to display the average subtracted blank values (expressed in
arbitrary fluorescence units [AFU]) as a function of time. The plate reader specifications were as follows:
detection, fluorescence; read type, endpoint; excitation wavelength, 530 nm; emission wavelength, 590
nm; optics position, top; gain, 50; read height, 7.00 mm.

CFU survival assay. S. pneumoniae D39 cells were cultured and prepared as described above to
obtain a culture at an OD620 of �0.05 in 4 ml of the appropriate buffer. In assays performed with TGS,
20 to 45 �l of cells was further diluted to a final volume of 900 �l (0.9 � 104 to 2 � 104 CFU/40 �l
[estimated]; approximately 2 to 4 � 105 CFU/ml) (31, 33). In assays performed with NPB, 150 �l of cells
was further diluted to 1 ml (6 � 104 CFU/40 �l [estimated]; approximately 1.2 � 106 CFU/ml) (similarly
to the method described in reference 35). For the assays whose results are presented in Fig. 1B, Fig. 2,
and Table S2 comparing different buffer conditions, 150 �l of cells was further diluted to 1 ml (6 � 104

CFU/40 �l [estimated]) under all conditions. Assays performed with S. pneumoniae in DMEM (see Fig. S8B
in the supplemental material) used cells at an OD620 of �0.05 (4.5 � 105 CFU/40 �l [estimated]) (similarly
to the method described in reference 54).

In antimicrobial assays, chemokines and AMPs were contained in 1.5-ml protein LoBind tubes and all
mixing of chemokines and AMPs was done with gentle pipetting. Reactions were performed in duplicate
in either 1.5-ml protein LoBind tubes or a black, flat-bottom 96-well plate with a nonbinding surface. Cells
(40 �l) were added with gentle mixing to reaction mixtures containing 10 �l chemokine or AMP stock
at 5� the final concentration in assay buffer with 0.003% (wt/vol) HSA. For untreated samples, 40 �l of
cells was added with gentle mixing to 10 �l of assay buffer with 0.003% (wt/vol) HSA. After incubation
at 37°C in 5% CO2 without shaking for 2 h, cells were serially diluted 10-fold in PBS. Assays performed
with S. pneumoniae in DMEM (Fig. S8) used 5.8 h of incubation (similarly to the method described in
reference 54). Cells were plated by mixing the appropriate dilution with 3 ml molten soft agar incubated
at 50°C (the soft agar consisted of 0.7% [wt/vol] Bacto agar and 0.8% [wt/vol] Difco nutrient broth;
catalog no. 234000, Becton-Dickinson) and pouring the mixture onto a TSAII-BA plate. CFU counts were
performed after 24 h of incubation at 37°C in 5% CO2. For each strain, survival is expressed relative to
that of the untreated control, which was defined as 100% survival. An additional untreated control was
plated without incubation to assess the effect of the incubation on cell survival.

Fluorescence-based antimicrobial assay. Overnight cultures of Streptococcus strains were grown in
BHI broth, centrifuged to remove BHI broth, and diluted to an OD620 of �0.05 (1 � 107 CFU/ml
[estimated]) in the appropriate buffer as described for the CFU survival assay. In the assays performed
with NPB, 150 �l cells was further diluted to 1 ml (6 � 104 CFU/40 �l [estimated]; approximately 1.2 �
106 CFU/ml, as used in a previous fluorescence-based antimicrobial assay performed with S. pneumoniae
[35]). Assays performed with S. pneumoniae in DMEM � 10% (vol/vol) FBS (Fig. S8) used cells at an OD620

of �0.05 (4.5 � 105 CFU/40 �l [estimated]) (similarly to the method described in reference 54).
Reaction mixtures were prepared in a black 96-well plate and incubated as described for the CFU

survival assay. Duplicate blank wells containing 40 �l buffer and 10 �l buffer with 0.003% (wt/vol) HSA
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were also prepared. After the 2 h of incubation, 5 �l of resazurin dye was added to each reaction mixture.
Cells were incubated for an additional 2.5 h, and fluorescence was monitored approximately every 30
min as described above. Assays performed with S. pneumoniae in DMEM without FBS (Fig. S8B), resazurin
dye was added after 3.8 h of incubation, and then fluorescence was read after an additional 2 h of
incubation, similarly to the method described in reference 54. Raw fluorescence values were subtracted
from values obtained from blank wells to give subtracted blank values. Subtracted blank values were
then averaged and normalized to the mean value determined for an untreated control for each strain,
which was defined as 100%. Time plots of fluorescence signal were calculated to display the average
subtracted blank values (in arbitrary fluorescence units [AFU]) as a function of time.

B. subtilis strains, growth assays, and antimicrobial assays. B. subtilis strains were derived from
the ancestral B. subtilis NCIB3610 strain (102). B. subtilis strains were grown planktonically in lysogeny
broth (LB) containing 10 g/liter Bacto tryptone (catalog no. 211705, Becton-Dickinson), 5 g/liter Bacto
yeast extract (catalog no. 212750, Becton-Dickinson), and 5 g/liter NaCl (catalog no. SX0420-3, EMD) at
37°C with shaking, with 100 �g/ml spectinomycin or 5 �g/ml kanamycin, if needed. B. subtilis strains
were grown on plates with LB containing 15 g/liter Bacto agar (catalog no. 214010, Becton-Dickinson) at
37°C. In all experiments, B. subtilis strains were taken from glycerol stocks stored at 
80°C, inoculated
into 5 ml of LB with appropriate antibiotics, and incubated for 12 to 16 h at 37°C with shaking (overnight
cultures).

For antimicrobial assays of B. subtilis strains, overnight cultures were diluted to an OD620 of �0.01 in 5 ml
fresh LB with appropriate antibiotics and grown at 37°C without CO2 and with shaking until an OD620 of �0.5
was reached. Cells were washed and resuspended in 3 ml of the appropriate assay buffer (TGS, NPB, or
DMEM–10% [vol/vol] FBS) as described for the Streptococcus species. The OD620 was determined, and cells
were diluted to an OD620 of �0.2 (2 � 107 CFU/ml for B. subtilis [estimated]) in 4 ml.

In both CFU survival and fluorescence-based antimicrobial assays performed using NPB, 200 �l cells
was further diluted to 900 �l (1.8 � 105 CFU/40 �l [estimated]). In CFU survival assays and fluorescence-
based antimicrobial assays performed using DMEM–10% (vol/vol) FBS, 37.5 �l cells was further diluted
to 1 ml (3 � 104 CFU/40 �l [estimated]) (similarly to experiments performed previously with B. anthracis
[19, 53]). For assays performed using both NPB and DMEM–10% (vol/vol) FBS, reaction mixtures were set
up in a 96-well plate as described above for the Streptococcus species. After 2 h (for assays performed
with NPB) or 3.4 h (for assays performed using DMEM–10% [vol/vol] FBS) of incubation in 37°C in 5% CO2

without shaking, 5 �l resazurin was added to each well. Reaction mixtures were incubated at 37°C in 5%
CO2 without shaking, and fluorescence was monitored periodically for either 4 h (NPB assays) or 1.8 h
(DMEM–10% [vol/vol] FBS assays) as described above. After the final fluorescence reading, cells were
serially diluted 10� in PBS and spread on LB agar plates. Duplicate untreated samples were plated before
incubation as well. CFU counts were performed after 24 h of incubation at 37°C without CO2. CFU and
fluorescence data were analyzed as described above.

For CFU survival assays performed using TGS, cells were diluted to 1.8 � 105 CFU/40 �l and reaction
mixtures were set up in 1.5-ml protein LoBind tubes, as described above. Reaction mixtures were
incubated for 2 h at 37°C without CO2 and with shaking (220 rpm; tubes had lids closed), and then cells
were serially diluted 10� in PBS and spread on LB agar plates. Duplicate untreated samples were plated
before incubation as well. CFU counts were performed after 24 h of incubation at 37°C without CO2 and
analyzed as described above.

Quellung assay. The presence or absence of capsule was determined for selected strains during the
antimicrobial assay. The S. pneumoniae D39 strains assayed for the presence of capsule included the
following: S. pneumoniae D39 (IU1690), D39 rpsL1 (IU1781), D39 ΔdltA (IU12470), and D39 rpsL1 ΔamiA-F
(IU13780). The S. pneumoniae D39 strains assayed for absence of capsule included the following: D39
Δcps (IU1945) and D39 rpsL1 cps2E (ΔA) (IU3309). TIGR4 (IU11966) and TIGR4 Δcps (IU12001) strains were
assayed for the presence and absence of type 4 capsule, respectively. When overnight cultures diluted
in BHI broth reached an OD620 of �0.1, 1 �l of culture was mixed with 1 �l of type 2 (for D39 strains)
or type 4 (for TIGR4 strains) antisera (Statens Serum Institut) and was viewed with phase-contrast
microscopy after 5 min (see below). Swollen cells with visible capsule indicated a positive result (capsule
present). Strains D39 (IU1690) and D39 Δcps (IU1945) were used as positive and negative controls,
respectively.

Phase-contrast microscopy. Cell morphology was examined using phase-contrast images as de-
scribed in reference 103. Briefly, 500 �l of cells growing in BHI broth at an OD620 of �0.1 to 0.2 was
centrifuged at 21,100 � g for 3 min at room temperature. A 450-�l volume of the supernatant was
removed, the pellet was resuspended in the remaining 50 �l by vortex mixing, and 1.5 �l was placed
onto a slide with a glass coverslip.

Live-dead staining of S. pneumoniae D39 cells in different assay buffers. Live-dead staining was
performed as previously described (61), using a LIVE/DEAD BacLight bacterial viability kit (catalog no.
L7007; Molecular Probes). Briefly, cultures of S. pneumoniae D39 were grown in BHI broth, washed, and
resuspended in 3 ml BHI broth, NPB, or TGS as described above for the resazurin-based fluorescence
assay. Cells were diluted to an OD620 of �0.05 in the appropriate buffer, and then a 2-ml volume was
centrifuged for 4 min at 21,100 � g at room temperature. Supernatant was removed, and cell pellets
were resuspended in 20 �l buffer. A 1.5-�l volume of a 1:1 (vol/vol) mixture of Syto-9 and propidium
iodide was added, and cells were incubated in the dark at room temperature for 10 min. Cells were
visualized with fluorescence microscopy as described previously (61). Averages of 1,600 cells were
counted for each buffer condition from 2 biologically independent replicates.
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Statistical analysis. Dose-response curves were fitted to data using the log (inhibitor) versus
response-variable slope function in GraphPad Prism, with no constraints. IC50s and 95% confidence
intervals of the IC50 were calculated using this function.
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