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ABSTRACT Streptococcus mitis/oralis is an important pathogen, causing life-threatening
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Our results indicate that CdsA is the major mediator of high-level DAP resistance in S.

mitis/oralis and suggest a novel mechanism of bacterial survival against attack by anti-

microbial peptides of both innate and exogenous origins.
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verall, among the viridans group streptococci, Streptococcus mitis/oralis is one of
the most important causes of serious community- and hospital-acquired infec-
tions, especially infective endocarditis (IE). In addition, this pathogen is particularly
relevant in neutropenic cancer patients, causing life-threatening bacteremias (1, 2). A
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major problem associated with S. mitis/oralis infections is the emergence of antimicro-
bial resistance. Indeed, S. mitis/oralis strains are frequently resistant in vitro to penicillin
(~20 to 40% of isolates) and cephalosporin antibiotics, including third-generation
agents such as ceftriaxone (~10 to 25% of isolates) (3-5), with occasional reports of
treatment failure (6). Moreover, the use of vancomycin in S. mitis/oralis infections is
limited by antibiotic tolerance to this agent (7). The restricted in vitro efficacy of
B-lactams and vancomycin has led to the consideration of other therapeutic options for
deep-seated S. mitis/oralis infections, such as newer cephalosporins (ceftaroline and
ceftobiprole) and glyco- and lipopeptides such as telavancin and daptomycin (DAP).
DAP, a lipopeptide antibiotic with potent in vitro activity against Gram-positive organ-
isms, including S. mitis/oralis, has been used in severe infections caused by isolates
exhibiting B-lactam resistance. However, S. mitis/oralis strains seem to be less suscep-
tible to DAP than are other streptococci, with MICs that are 2- to 10-fold higher than
those for other viridans group streptococci. In addition, S. mitis/oralis isolates have the
unique propensity to develop rapid and sustained high-level resistance to DAP in vivo
and in vitro, with MICs that are well above those observed for other DAP-resistant
(DAPT) Gram-positive organisms of clinical importance (8, 9).

Recent data suggest that the bactericidal activity of DAP depends on several
important interactions of the antibiotic with the cell membrane, interfering with both
fluid membrane microdomains and the preferential localization of the drug at the
division septum (10-12). DAP seems to target fluid phospholipids in the outer leaflet of
the cell membrane by a process that requires Ca2* and possibly phosphatidylglycerol
(PG), a major phospholipid constituent of bacterial membranes (12-14). PG and Ca2*
trigger the oligomerization of DAP in the outer leaflet of the membrane, after which the
DAP oligomer reaches the inner leaflet in a process that appears to be influenced by
the amount of cardiolipin (CL) (14, 15). Recent events have challenged the notion that
the principal mechanism of DAP action is the formation of pores in the cell membrane;
instead, it is thought that DAP binding and oligomerization result in the mislocalization
of important proteins (such as MurG and PIsX, involved in lipid Il synthesis and
phospholipid metabolism) that disrupt cell wall and membrane homeostasis, leading to
cell death (12). Of note, the mechanism of DAP action resembles those of many host
defense cationic antimicrobial peptides (CAMPs), which also target the cell membrane
(13).

Coresistance to DAP and CAMPs in Gram-positive cocci appears to be mediated by
two major mechanisms: (i) repulsion of the antimicrobial peptide from the cell surface,
thereby hindering the interaction of the antibiotic with the membrane target (13)
(Staphylococcus aureus and Enterococcus faecium), and (ii) diversion of the antibiotic
molecule away from the division septum (the principal target of DAP), in a process that
is associated with an important remodeling of cell membrane phospholipids. In par-
ticular, the relocalization of anionic phospholipid microdomains away from the septum
in Enterococcus faecalis is a prominent feature of the latter diversion mechanism (16).
Here, we describe a distinct and unique mechanism of coresistance to DAP and CAMPs
(seen both in vivo and in vitro) in the pathogen S. mitis/oralis. This novel strategy
involves mutations in cdsA, encoding a phosphatidate cytidylyl transferase that cata-
lyzes the synthesis of the phospholipid intermediate cytidine diphosphate (CDP)-
diacylglycerol, a precursor for the production of PG and CL. Genetic changes result in
an unusual phenotype that involves the complete loss of PG and CL from the cell
membrane and the selective hyperaccumulation of DAP essentially within a small
subpopulation of bacteria.

RESULTS

Generation of DAP* S. mitis/oralis strain 351. DAP" strains used in this study were
derived both in vitro and in vivo (Table 1). For in vitro derivations, we exposed a
DAP-susceptible (MIC = 0.5 wg/ml) human clinical bloodstream isolate, S. mitis/oralis
351, to increasing concentrations of DAP in vitro. After 10 days of serial DAP exposures
at 20 ug/ml, we were able to select a high-level and stable DAP' strain (S. mitis/oralis
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TABLE 1 Bacterial strains and plasmids?®

Antimicrobial Agents and Chemotherapy

Strain or DAP MIC Reference
plasmid Relevant characteristic(s) (pg/ml) or source
Strains
S. mitis/oralis
351 Endocarditis isolate from a patient 0.5 8
351-D6-6 DAPr derivative obtained in vivo in a rabbit endocarditis model >256 8
351-D10 DAPr derivative produced by in vitro passage >256 This study
PS3473 S. mitis/oralis 351 AcdsA:cat >256 This study
PS3487 S. mitis/oralis cdsA-3" UTR:cat 0.5 This study
PS3488 S. mitis/oralis 351-D10 3’ cdsA:cat 0.5 This study
PS3489 S. mitis/oralis 351-D10 cdsAp,,,n-3" UTR:cat >256 This study
PS3490 S. mitis/oralis 351 cdsAp,,,n-3" UTR:cat >256 This study
E. coli TOP10 Host for cloning Invitrogen
Plasmids
pC326 E. coli vector with MCS::cat 29
pCdsA-KO pC326 with cat flanked by 3’ uppS and 5’ rseP (segments from the genomic regions This study
upstream and downstream of cdsA)
pCdsAcat pC326 with cat flanked by the 3’ half of cdsA and 5’ rseP This study
pCdsAp,,oncat pC326 with cat flanked by the 3" half of cdsAp,,,n and 5’ rseP This study

aDAP, daptomycin; MCS, multiple-cloning site; UTR, untranslated region. uppS and rseP are the ORFs immediately upstream and downstream of cdsA, respectively.

351-D10). Of note, high-level DAP" (MIC > 256 ug/ml) (note that we use the term
“daptomycin resistance” rather than “daptomycin nonsusceptibility” in this paper for
ease of presentation) was stably maintained in this strain after 5 days of growth in the
absence of DAP. For the in vivo derivation of DAP", we employed the rabbit IE model
(8), using S. mitis/oralis strain 351 as the infecting strain. High-level DAP" (MICs > 256
ng/ml) emerged in the cardiac vegetations of infected animals after only 48 h of
treatment with DAP at a human-equivalent dose mimicking 6 mg/kg of body weight
(strain 351-D6-6), as previously reported (8).

Genetic basis of DAP* in S. mitis/oralis. To identify the genetic basis for DAP", we
performed whole-genome sequencing of S. mitis/oralis strains 351, 351-D10, and
351-D6-6 (see Table 1 and also Table S2 in the supplemental material, respectively) (8).
In 351-D10, comparative analyses identified seven predicted open reading frames
(ORFs) containing single nucleotide polymorphisms (SNPs) (Table 2). Among the genes
identified, ORF sm357-26 was of high interest, since it encodes a predicted phos-
phatidate cytidylyltransferase (CdsA). This enzyme is a transmembrane protein responsi-
ble for the synthesis of CDP-diacylglycerol, using CTP and phosphatidic acid (PA) as the
substrates. CDP-diacylglycerol is the substrate for PgsA, the enzyme responsible for PG
synthesis. Subsequently, two molecules of PG are utilized for the synthesis of CL by
cardiolipin synthase (Fig. 1A). Like other CdsA homologues, CdsA of S. mitis/oralis is
predicted to be a membrane protein with nine transmembrane domains (Fig. 1B).
Modeling of S. mitis/oralis CdsA on the structure of CdsA of Thermotoga maritima
(TmCdsA) (17) suggests a similar topological organization, with cytosolic binding loops
(A loop and B loop) and the conserved SPXKXXEG and HGGXXDRXD motifs necessary
for binding CTP and phosphatidate (Fig. 1B and Fig. S1). Interestingly, the substitution

TABLE 2 Genetic changes associated with daptomycin resistance in S. mitis/oralis 351-D10

Predicted amino

ORF Gene acid substitution Predicted function

sm351-26 cdsA D222N Phosphatidate cytidylyltransferase

sm351-42 rpoB Fo88L DNA-directed RNA polymerase, b subunit
sm3571-129 fni L280V Isopentyl-diphosphate delta isomerase
sm351-251 R169stop Uncharacterized membrane protein
sm3571-669 pepT V401 N-terminal amino acid peptidase of tripeptides
sm351-1076 rbn P53H RNase BN

sm351-1167 clpX C251F ATP-dependent Clp protease

ATP-binding subunit ClpX
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FIG 1 Changes in CdsA cause daptomycin resistance in S. mitis/oralis. (A) Schematic representation of the
synthesis of major cell membrane phospholipids in bacteria. CdsA uses CTP and phosphatidic acid to
produce CDP-diacylglycerol, a precursor of the synthesis of phosphatidylglycerol (PG), cardiolipin (CL),
phosphatidylserine (PS), and phosphatidylethanolamine (PE). (B) CdsA of S. mitis/oralis 351 is predicted
to have nine transmembrane domains. The conserved CTP and phosphatidate substrate-binding loops
SPXKXXEG and HGGXXDRXD are shown, as is the location of the D222N substitution found in 351-D10
and the frameshift mutation (red star). (C) cdsA locus in S. mitis/oralis 351 and derivatives. The locations
of oligonucleotide annealing sites for PCR primers are shown above the loci.

found in 351-D10 CdsA was an Asp222—Asn substitution located in the eighth
predicted transmembrane helix. Asp222 of S. mitis/oralis CdsA aligned with Asp219 of
TmCdsA, which forms part of a cation-binding Asp-Asp dyad essential for enzymatic
activity (17) (Fig. S1). Similarly, the in vivo-derived DAP" S. mitis/oralis variant strain
351-D6-6 was found to have a 2-bp deletion after codon 91 in cdsA, leading to a
frameshift that disrupts the predicted enzyme (Fig. 1B). Collectively, our findings
strongly indicate that the mutations in cdsA found in DAP" S. mitis/oralis strains 351-D10
and 351-D6-6 would result in markedly reduced or abolished enzymatic activity.

To confirm the role of the cdsA mutations in DAP resistance, we generated a series
of gene replacements using a chloramphenicol resistance gene (cat) cassette. Our initial
approach employed allelic exchange to replace the entire cdsA gene with a cat cassette.
Although cdsA was previously described as an essential gene in Escherichia coli (18, 19),
we were successful in generating a cdsA-null mutant in S. mitis/oralis 351 (strain PS3473)
(Fig. 1C and Table 1). The deletion of cdsA caused a marked growth defect in the strain,
exhibiting a delay in the logarithmic phase in Todd-Hewitt broth (THB) (see Fig. S2 in
the supplemental material). Moreover, colonies of PS3473 were smaller than those of S.
mitis/oralis 351 and had a pitted appearance. Despite this growth defect, PS3473
exhibited stable high-level DAP resistance (MIC > 256 ug/ml), confirming that the loss
of cdsA is responsible for the DAP™ phenotype. We then attempted to complement the
above-described mutation in trans with wild-type cdsA, which proved unsuccessful
(data not shown). We therefore opted for an allelic replacement strategy in which cdsA
harboring a D-to-N mutation at position 222 (cdsAp,2-n) in S. mitis/oralis 351-D10 was
replaced by the wild-type cdsA allele from 351 (generating strain PS3488) and wild-type
cdsA in S. mitis/oralis 351 was replaced with the cdsAp,,,y allele (generating strain
PS3490) (Fig. 1C and Table 1). These allelic exchanges resulted in an increased DAP
susceptibility (DAP*) of PS3488 to wild-type levels (MIC of 0.5 wg/ml) and DAP resis-
tance in PS33490 (MIC > 256 pg/ml). These data confirmed that mutagenesis of cdsA
was sufficient to confer high-level DAP resistance.
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FIG 2 Major cell membrane phospholipids of S. mitis/oralis strains. Proportions of PG, CL, and PA in cell membranes of S.
mitis/oralis and derivatives were determined by 2D thin-layer chromatography. (A) Development of daptomycin resistance is
associated with the disappearance of PG and CL. The deletion of cdsA resulting in daptomycin resistance also recapitulates the
same phospholipid profile (PS3473). The reintroduction of the wild-type cdsA allele into 351-D10 (strain PS3488) reverses this
phenotype. (B) 2D thin-layer chromatography of S. mitis/oralis derivatives. Spots corresponding to PG and CL disappear in S.
mitis/oralis 351-D10 and 351-D6-6. Knockout of cdsA in 351 results in the same phenotype (PS3473). The introduction of a
wild-type cdsA allele in 351-D10 reverts the phenotype (strain PS3488). The introduction of a mutated cdsA allele into 351
recapitulates the DAP' phenotype and phospholipid abnormalities (strain PS3490). **, copurified glycolipid found in all S.
mitis/oralis strains and identified as digalactosyldiacylglycerol by mass spectrometry. (C) NAO staining of S. mitis/oralis to detect
anionic phospholipid microdomains. The development of daptomycin resistance is associated with no discernible
visualization of phospholipid microdomains. The deletion of cdsA also yields the same phenotype. The reintroduction of
the wild-type cdsA allele into daptomycin-resistant strain 351-D10 (strain PS3488) restores the visualization of anionic
phospholipid microdomains.

Mutations in cdsA result in major changes in cell membrane phospholipid
content and order. As noted above, the cell membrane phospholipid content plays a
major role in the mechanism of DAP action. We therefore compared the phospholipid
content of the DAP* parental S. mitis/oralis strain 351 with its DAP" derivatives 351-D10
and 351-D6-6. The development of DAPT was associated with a striking reduction in the
levels of both PG and CL in both mutants, to amounts that were below the level of
detection in two-dimensional (2D) thin-layer chromatography (TLC) assays. The lack of
PG and CL was associated with a proportional increase in the level of PA, the substrate
for CdsA activity (Fig. 2A and B), which was confirmed by electrospray ionization mass
spectrometry (data not shown).

We subsequently stained the cells with 10-N-nonyl acridine orange (NAO) to localize
cell membrane anionic phospholipid microdomains, which are thought to be formed
mainly with CL, although PG (the DAP target phospholipid) was also recently identified
(20). Of note, phospholipid microdomains play an important role in the diversion
mechanism of DAPr in E. faecalis (16). We were able to readily identify anionic phospho-
lipid microdomains in the membranes of S. mitis/oralis 351 cells (Fig. 2C). In contrast, we
did not detect any microdomains in the cell membranes of the DAP" derivatives of S.
mitis/oralis 351D-10 (Fig. 2C). Similarly, the deletion of cdsA (strain PS3473) also resulted
in a lack of visible anionic phospholipid microdomains. In turn, replacement of the
mutated cdsA allele with a wild-type copy in 351-D10 (strain PS3488) restored the
visualization of such microdomains (Fig. 2C). These data strongly indicate that the loss
of CdsA function abolishes the production of CL and PG, resulting in DAP".

We also investigated the relative state of cell membrane order (fluidity versus
rigidity), since this property has been shown to have a profound impact on the ability
of CAMPs (such as calcium-DAP and host defense peptides [HDPs]) to interact with
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FIG 3 Mechanism of DAP resistance in S. mitis/oralis 351. (A) Fluorescence intensity normalized to the protein ratio using
BDP-DAP binding to S. mitis/oralis. The development of DAP resistance is associated with a significant increase in drug binding
in DAP" strains 351-D6-6 and 351-D10. The increased binding can be replicated by the deletion of cdsA in wild-type strain 351
(strain PS3473). Restoration of the wild-type cdsA allele in 351-D10 (strain PS3488) reverses the phenotype. **, P < 0.0001; *,
P < 0.005. rfu, relative fluorescence units. (B) BDP-DAP binding was evaluated by fluorescence microscopy. The images within
each panel show bacterial cells captured by fluorescence and phase-contrast microscopy. Hyperaccumulation of BDP-DAP in
a few cells is evident in DAP" strains 351-D10 and 351-D6-6. The phenotype can be reproduced by the deletion of cdsA in 351.
Restoration of the wild-type cdsA allele in 351-D10 (strain PS3488) reverses the phenotype.

target membranes. Previous studies have shown that for cell membrane-targeting
cationic peptides, there is an optimal degree of membrane order for maximal interac-
tion (21, 22). In addition, most DAP" S. aureus strains and some DAP" enterococcal
strains show signature alterations in cell membrane order (21, 23). By using polarization
spectrofluorimetry to compare parental S. mitis/oralis strain 351 to DAP" strain 351-D10,
the development of DAP" was associated with a significant increase in membrane
fluidity (see Table S3 in the supplemental material).

CdsA-mediated DAPT results in selective hyperconcentration of the antibiotic.
We next sought to investigate whether the cdsA-mediated changes in S. mitis/oralis
resulted from mechanisms of DAP" found previously in other Gram-positive bacteria
(repulsion versus diversion). Both DAP* strains had significant increases in the overall
binding of Bodipy FL-labeled DAP (BDP-DAP) compared with the parental strain (Fig.
3A), indicating that the mechanism of resistance did not involve DAP repulsion from the
bacterial surface. We then investigated the distribution of BDP-DAP binding by high-
resolution fluorescence microscopy. As expected, the parental DAP-susceptible S.
mitis/oralis strain 351 had uniform BDP-DAP binding to most cells (Fig. 3B), as was
described previously for other species (10, 16). In contrast, in the DAP" derivatives
351-D6-6 and 351-D10, only a few selected cells within a given chain bound large
amounts of BDP-DAP, with the majority of cells lacking evidence of any BDP-DAP
binding (Fig. 3B). This pattern of antibiotic binding was also seen in the cdsA deletion
variant PS3473. The introduction of the wild-type cdsA allele to 351-D10 reverted
BDP-DAP binding by the resulting transformant PS3488 to the uniform-distribution
phenotype seen with the wild-type strain (Fig. 3B). Thus, our findings indicate that in
contrast to what has been reported for other species, DAP" variants of S. mitis/oralis
neither repel nor divert the antibiotic from the target sites. Instead, changes in CdsA
result in a novel phenomenon that involves selective DAP hyperconcentration within a
small subpopulation of cells, in conjunction with a loss of uptake by the larger
population of bacteria.

Impact of DAP hyperaccumulation on DAP* S. mitis/oralis upon cell viability. We
subsequently assessed the effects of the above-mentioned selective DAP binding on
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FIG 4 Viability (propidium iodide) and BDP-DAP staining of S. mitis/oralis cells. (A) BDP-DAP (green),
propidium iodide (red), and overlay (orange) staining to assess for cell membrane permeabilization (as
a surrogate of bacterial cell death). Unstained cells represent “survivors,” in which the antibiotic does not
bind and permeabilization by PI does not occur. The proportion of unstained cells is markedly increases
in DAP" strain 351-D10 and in S. mitis/oralis 351 carrying the cdsA deletion (strain P3473). Restoration of
the wild-type cdsA allele in 351-D10 (strain PS3488) reverses the phenotype. Bar, 1 um. (B) Proportion of
cells stained with BDP-DAP (green), propidium iodide (red), both (orange), or none (black) in 100 cells
chosen randomly in a field. The proportion of survivors was markedly increased from 0% for 351 to up
to 50% for all daptomycin-resistant derivatives. However, a lack of membrane viability occurs in similar
proportions in cells that take up the antibiotic versus those that do not hyperconcentrate BDP-DAP.

cell viability, using dual staining with BDP-DAP plus propidium iodide (PI) (Fig. 4). Since
DAP alters cell membrane integrity, leading to the eventual death of bacteria, nonviable
bacteria with disrupted membranes can be identified by their intracellular uptake of PI
(24). We analyzed the proportion of cells that bound BDP-DAP alone, Pl alone, both
fluorophores, or neither dye for strains 351, 351-D10, and other isogenic variants.
Parental strain 351 exhibited uniform binding (100% of cells) with BDP-DAP (green
fluorescence), which was accompanied by a concomitant uptake of PI (orange fluores-
cence) by about 50% of the total population (Fig. 4A). This pattern of fluorescence in
S. mitis/oralis 351 suggests that membrane damage is occurring in a significant pro-
portion of the population upon DAP binding and that these cells are not viable. In
contrast, 351-D10 showed a pattern with a mixed population of cells that bound either
BDP-DAP or PI, with little overlap of the two populations (i.e., with only ~13% being
dually labeled). Moreover, the proportion of cells with no staining with either fluoro-
phore was markedly increased in 351-D10 (~ 50%) compared with that for 351 (0%)
(Fig. 4B). The deletion of cdsA in 351 (PS3473) resulted in a phenotype that was almost
identical to that of 351-D10, with ~60% of cells having no dye uptake and relatively few
dually labeled bacteria. The replacement of cdsA in 351-D10 (PS3488) with the wild-
type cdsA allele increased the proportion of dual staining to levels comparable to those
seen with parental strain 351 (Fig. 4B). Collectively, these results indicate that the
mutagenesis of cdsA results in a novel DAPT phenotype, characterized by the selective
binding of DAP in a small subpopulation of DAPT cells, coupled with a larger population
of viable survivor cells that do not bind DAP.

Cross-resistance between DAP and CAMPs. Our previous studies (21-23, 25) indi-
cated that the development of DAPT in S. aureus and enterococci was associated with
concomitant cross-resistance to other cationic peptides, including several of human
polymorphonuclear cell origin. This property would potentially give DAP" isolates
additional survival advantages once in the bloodstream, by providing resistance to the
antibiotic as well as evasion of the innate immune system. Thus, we compared S.
mitis/oralis 351 and 351-D10 for relative susceptibilities to two distinct, granule-stored
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polymorphonuclear peptides, LL-37 and hNP-1. Interestingly, S. mitis/oralis 351-D10
exhibited a significant increase in survival against hNP-1 compared to 351 (~3.3-fold
and 4.8-fold when exposed to 80 and 40 wg/ml DAP, respectively; P < 0.05) (see Table
S4 in the supplemental material). A similar trend was noted for LL-37, although these
differences did not reach statistical significance.

DISCUSSION

Our findings indicate that DAP" in S. mitis/oralis is mediated by a mechanism that
involves a loss of function of CdsA, a major enzyme in the synthesis of cell membrane
phospholipids. To the best of our knowledge, CdsA has not been previously implicated
in resistance to DAP or other CAMPs. CdsA encodes a critical enzyme for the synthesis
of CDP-diacylglycerol, an essential precursor of both PG and CL. Using the crystal
structure of CdsA from T. maritima (17) as a template, we determined that the
substitution found in 351-D10 CdsA replaces Asp222, a residue that is predicted to be
part of a dyad coordinating a Mg?*-K* heterodimetal center that serves as a cofactor
for the enzyme. The cdsA frameshift found in 351-D6-6 results in a truncated peptide
that lacks the residues necessary to form the heterodimetal center, rendering the
enzyme nonfunctional. Additionally, the frameshift does not appear to affect the
downstream gene (rseP) (Fig. 1C) since it does not affect its ribosomal binding sites or
the predicted start codon. Our results support these predictions, since we did not
detect either PG or CL in the cell membranes of DAP" derivatives of S. mitis/oralis 351.
In addition, we were unable to identify anionic phospholipid microdomains in the cell
membranes of resistant strains, which are thought to be formed mainly by CL (and
perhaps PG) (20). Although it is possible that our assays were not sensitive enough to
detect minute amounts of these phospholipids, the striking difference in membrane
content compared with that of parental DAPs S. mitis/oralis strain 351 strongly indicates
that the cdsA mutations markedly decreased the predicted function of CdsA. The loss
of function of CdsA results in a major effect on the phospholipid content of the cell
membrane, with a disappearance of PG (and CL) in DAPr strains, the main cell mem-
brane target of DAP. A reduction of the PG content in cell membranes was previously
associated with DAP' in other Gram-positive organisms such as Bacillus subtilis, S.
aureus, and enterococci (26-28). However, no single biosynthetic gene (i.e., cdsA) was
previously shown to have such a large impact on membrane composition, underscor-
ing the unprecedented and complete disappearance of two key downstream mem-
brane phospholipids that we observed. We postulate that the absence of PG would
preclude DAP oligomerization in the cell membrane, preventing subsequent antibiotic-
mediated killing.

In the absence of PG and CL, it is likely that DAP" S. mitis/oralis strains use other
phospholipids to maintain a functional cell membrane, although such a replacement
appears to compromise cell fitness. Thus, our results clearly indicate that changes in
CdsA were sufficient to confer DAPT at the expense of a decrease in fitness in terms of
cell growth kinetics. In addition, these cdsA mutants are also modestly less fit in
experimental |E (29). Overall, these data suggest that the observed cdsA mutation has
a deleterious effect on cell physiology and is likely the result of antibiotic pressure.
Since other changes were found in the genomes of the DAP" derivatives (Table 1; see
also Fig. S2 in the supplemental material), it is likely that the affected genes compen-
sate for the major fitness cost brought about by mutations in cdsA. Interestingly, it has
been shown that E. coli cells lacking PG can grow almost normally in rich medium if the
major outer membrane lipoprotein is deficient (30), indicating that PG and CL are
nonessential for either cell viability or basic metabolic activities. Moreover, vancomycin-
susceptible E. coli strains that carry mutations in the synthesis of lipopolysaccharide
revert to vancomycin resistance when loss-of-function mutations in cdsA occur, result-
ing in the accumulation of PA, although the mechanisms for this change in suscepti-
bility are not clear (31). Since cdsA was mutated in two independently derived DAP"
isolates of S. mitis/oralis selected under different conditions in our study, we can
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conclude that cdsA is also not an essential gene in this organism and thus could have
a major role in the development of CAMP resistance in S. mitis/oralis.

Mutagenesis of cdsA also produced a novel and striking phenotype, featuring high
levels of selective DAP binding to a small subpopulation of surviving DAP' bacteria. The
mechanism(s) by which the loss of CdsA activity results in this unique pattern of
distribution of DAP is unknown, as is its impact on viability. As discussed above, the
absence of PG would remove the natural target of DAP and would explain the lack of
antibiotic binding to the majority of the population, resulting in cell survival. However,
we observed a somewhat different phenomenon in DAP" strains, where about 25% of
cells avidly bound DAP. One plausible explanation for the observed pattern of DAP
binding is that selective DAP-hyperaccumulating cells may have reverted their cdsA
mutation to the wild type and reconstituted the production of PG. This would theo-
retically, in turn, enhance selective DAP binding and protect the rest of the population.
In this scenario, one would expect that this selected population of DAP-hyperaccumulating
cells would perish, in an example of altruistic “suicide” that has been shown to occur
in several Gram-positive organisms, especially within biofilms (32, 33). However, data
from our microscopy studies do not support such a mechanism. Indeed, the ~45% of
cells that avidly bound DAP appeared to remain viable, as indicated by a lack of PI
uptake. On the other hand, about 30% of cells that did not bind DAP were stained by
Pl, suggesting nonviability (Fig. 4B). Of note, there is clearly a large subpopulation of
cells of the DAPr strains (but not of DAPs isolates) that accumulate neither DAP nor PI
and represent “protected survivor cells.” Overall, these intriguing data suggest that S.
mitis/oralis cells within a given subpopulation are able to individually adjust their CdsA
activity to accomplish one of two goals: (i) loss-of-function mutations, resulting in the
prevention of DAP accumulation in the majority of the DAP" populations, or (ii),
potentially, gains in function to enhance cell-specific DAP hyperaccumulation in a
minority of cells, in a novel form of altruism. The precise mechanism(s) linking the loss
of CdsA activity with the selective binding of DAP remains to be defined and is the
object of our ongoing research efforts. This will likely require single-cell genomics
analyses.

From a clinical perspective, the increasing rates of resistance to B-lactams in
streptococci and the ability of these organisms to develop tolerance to vancomycin
suggest that DAP may be considered an alternative agent to treat deep-seated infec-
tions in the future. Our data provide compelling in vivo and in vitro evidence that the
use of DAP monotherapy in these severe infections may be associated with the rapid
development of resistance, possibly leading to therapeutic failures. Optimizing the use
of DAP in these circumstances is the objective of our ongoing research efforts.

MATERIALS AND METHODS

Bacterial isolates and growth conditions. Plasmids, bacterial strains, and mutant constructs used
in this study and their respective MICs are shown in Table 1. For the DAP in vitro passage study, parental
strain 351 was cultured overnight in brain heart infusion (BHI) broth. An initial inoculum at an optical
density at 600 nm (ODg,) of 1 (~108 CFU/mI) was exposed to 20 ug/ml of DAP in BHI broth (plus 50
rg/ml CaCl,). Surviving colonies after each 24-h exposure to DAP were then collected and passaged for
10 consecutive days; after passage each day, surviving colonies were stored at —80°C. The MICs of the
parental strain and each of the DAP-passaged strains were determined by a standard Etest. To investigate
the stability of any DAP" isolates that appeared during the 10-day passage period, the postpassage DAP"
strains were again grown and passaged daily in antibiotic-free BHI broth for 5 days. The DAP MICs of
these antibiotic-free postpassage isolates were retested by an Etest. In vivo-passaged DAP' S. mitis/oralis
strain 351-D6-6 was selected by using a rabbit endocarditis model as described previously (8). This strain
was isolated from the cardiac vegetations of animals receiving 6 mg/kg of DAP once daily after 48 h of
therapy (8).

For all genetic manipulations, S. mitis/oralis strains were grown in THB (Becton, Dickinson and Co.) or
on sheep blood agar (Hardy Diagnostics) at 37°C in a 5% CO, environment. When indicated, antibiotics
were added to the growth medium at the following concentrations: erythromycin at 50 pg/ml, chlor-
amphenicol at 5 pg/ml, and DAP at 32 pg/ml. E. coli strain TOP10 was grown in Luria-Bertani (LB) broth
or on LB agar containing chloramphenicol (15 wg/ml) or erythromycin (15 wg/ml) when appropriate.
Determination of DAP MICs was carried out by a standard Etest on cation-adjusted Mueller-Hinton agar
according to the manufacturer’'s recommendations after incubation at 37°C for 24 h, as described
previously (16).
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Bodipy-DAP uptake and cell viability staining with Pl. BDP-DAP (Merck Co, Lexington, MA) is a
fluorescent derivative of DAP that retains antimicrobial activity. We used BDP-DAP (at 4 and 64 ug/ml)
to assess the interaction of DAP with our S. mitis/oralis strain set, as described previously (16, 25, 34). In
assays with Pl (24), staining with BDP-DAP was first performed by using a BDP-DAP concentration of 64
ng/ml. After the removal of excess unbound BDP-DAP, cells were washed twice in LB broth. Pl (30 nM)
was then added, and cells were then incubated at 37°C for 15 min. Cells were washed once with
morpholinepropanesulfonic acid (MOPS) buffer (pH 7.2) and then immobilized on a coverslip pretreated
with poly-L-lysine (Sigma-Aldrich). Bacterial cells were viewed with an Olympus IX71 fluorescence
microscope equipped with PlanApo N 100X objective. Fluorescence was observed by using standard
fluorescein isothiocyanate (FITC) (excitation at 490 nm and emission at 528 nm for BDP-DAP) and
tetramethylrhodamine isothiocyanate (TRITC) (excitation at 541 nm and emission at 617 nm for PI) filter
sets. Data acquisition was performed by using SlideBook 5.0 software. Protein extraction from each cell
preparation was performed according to previously described methods in order to standardize our
quantitative fluorescence analyses (16, 34). Protein concentrations were estimated by using the bicin-
choninic acid (BCA) protein assay kit (Thermo Scientific) according to the manufacturer’s instructions. A
minimum of two independent experiments was performed for each strain on different days. Statistical
analyses of fluorescence intensity were done by performing Student’s unpaired t test, comparing DAP"
to DAPs parental strains.

NAO staining. Visualization of cell membrane anionic phospholipid-rich microdomains was per-
formed by using the fluorescent dye NAO as described previously (16, 35). Fluorescence imaging and
phase-contrast imaging were performed on an Olympus IX71 microscope with a PlanApo N 100X
objective. At least three independent sets of experiments were done for each strain on different days.

Cell membrane phospholipid content and fluidity. Lipid extractions from S. mitis/oralis strains
were carried out as described previously (21, 22, 36). Briefly, S. mitis/oralis strains were grown in BHI broth
for 18 h (to late stationary phase). The major S. mitis/oralis phospholipids were separated by 2D TLC (Silica
60 F254 HPTLC plates; Merck) (26). Individual phospholipids segregated from 2D TLC plates were
demonstrated by digestion at 180°C for 3 h with 0.3 ml 70% perchloric acid and quantified spectropho-
tometrically at an ODg,, as reported previously (26). The data included results from a minimum of three
independent experiments performed on separate days. The identification and confirmation of all spots
on the TLC plate were carried out by exposure to iodine vapors, spraying with CuSO, (100 mg/ml)
containing 8% (vol/vol) phosphoric acid, and heating at 180°C (37). We employed mass spectrometry to
confirm the TLC spot identifications of all phospholipid species (see below). Fluidity assays were carried
out as described previously (26), using the fluorescent probe 1,6-diphenyl-1,3,5-hexatriene (DPH). The
protocol for DPH incorporation into target cell membranes, measurement of fluorescence polarization,
and calculation of the fluorescence polarization index were described previously (38). There is an inverse
relationship between polarization index values and membrane fluidity (22, 38). The mean (* standard
deviation [SD]) polarization index values were obtained from a minimum of 3 to 5 independent
experiments on separate days. Unpaired Student’s t test was employed to compare constructs. A P value
of <0.05 was considered statistically significant.

Electrospray ionization mass spectrometry. The lipid extracts described above were redissolved in
chloroform-methanol-300 mM aqueous ammonium acetate (AA) (250 ul; 300/665/35, vol/vol/vol),
injected onto a silica-based reversed-phase high-performance liquid chromatography (HPLC) column
(Kinetex XB-C,g, 1.7 wm, 100 by 2.1 mm; Phenomenex) equilibrated in solvent A (methanol-chloroform
[90/10, vol/vol] containing 5 mM AA), and eluted with increasing concentrations of solvent B (chloroform-
water [500/0.2, vol/vol] containing 5 mM AA with 0 min of 0% solvent B/200 ml/min, 3 min of 0% solvent
B/200 ml/min, 3 min of 0.1% solvent B/100 ml/min, 20.5 min of 100% solvent B/100 ml/min, 23 min of
100% solvent B/100 ml/min, 24 min of 0% solvent B/200 ml/min, and 30 min of 0% solvent B/200
ml/min). The effluent from the column was directed to an electrospray ion source (Agilent Jet Stream)
(gas temperature of 300°C, gas flow of 6 liters/min, nebulizer pressure of 45 Ib/in?, sheath gas temper-
ature of 50°C, sheath gas flow rate of 10 liters/min, capillary voltage of 4,500 V, and nozzle voltage of
2,000 V) connected to a triple-quadrupole mass spectrometer (Agilent 6460) for the collection of mass
spectra, fragment ion mass spectra of preselected parents, and neutral-loss spectra. When operating in
the negative-ion mode, 0.1% (vol/vol) triethylamine was substituted for AA in solvents A and B, and a
polymeric reverse-phase column (PLRP-S; Agilent) (300A, 5 um, and 150 by 2 mm) was used. For each
mode of operation, data were collected by using previously optimized conditions (instrumental param-
eters of fragmentor, collision energy, and collision accelerator voltage) determined by using authentic
standards introduced by flow injection (50 wl/min) in a mixture of solvents A and B (50/50, vol/vol). Data
were collected with software supplied by the instrument manufacturer (Agilent Mass Hunter version
B.05.00).

CAMP assays of hNP-1 and LL-37 susceptibilities. To examine for potential DAP-CAMP coresis-
tance, we employed two prototypic CAMPs that are contained in distinct human neutrophil granules,
hNP-1 and LL-37. A bactericidal susceptibility assay was performed with 20% BHI broth plus 10 mM
potassium phosphate buffer (PPB) by a 2-h time-kill method, as reported previously (23). Stationary-
phase bacterial cells in a final inoculum ~10°% CFU/ml were utilized. The hNP-1 and LL-37 concentrations
used in this assay were 40 and 80 ug/ml and 5 and 10 ng/ml, respectively. These peptide concentrations
were selected after extensive screening based on (i) sublethality, with <50% reductions in counts of the
351 parental (DAPs) strain, and (ii) encompassing peptide concentrations utilized in previous investiga-
tions of hNP-1 and LL-37 interactions with S. aureus (23). The data are represented as mean (£SD)
percentages of surviving CFU per milliliter compared to non-CAMP-exposed cells. There are no estab-
lished “breakpoints” for the HDPs, so data were statistically compared by unpaired Student'’s t test, with
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a P value of <0.05 being considered significant. A minimum of three independent runs were performed
on different days.

DNA extraction and whole-genome sequencing. Genomic DNA from all strains was isolated by
using a modified cetyltrimethylammonium bromide (CTAB) extraction method. A total of 50 ml of
cultures was grown overnight in THB at 37°C. Bacteria were collected by centrifugation and resuspended
in Tris-EDTA (TE) containing 100 U of mutanolysin and incubated at 37°C for 2 h. Cells were lysed in 0.5%
sarcosyl followed by sequential treatment with RNase (30 U) and proteinase K (400 ng) and CTAB-NaCl
extraction. DNA was precipitated in isopropanol and washed with 70% (vol/vol) ethanol. The precipitated
DNA was further purified by using a PureLink Genome DNA minikit (Invitrogen) according to the
manufacturer’s instructions. PacBio library construction, sequencing, and annotation were performed by
using standard methods (39, 40). Genome assemblies were generated by using Celera Assembler v8.2.
(http://wgs-assembler.sourceforge.net/) and HGAP3 (PacBio). Gene annotation was performed by using
the IGS microbial annotation pipeline (39). SNPs and short indels were identified by using the assembled
contigs through an 1GS-developed NUCmer-based pipeline called Skirret. The resulting SNPs were
annotated by using SnpEff (40). All mutations identified by whole-genome sequencing were confirmed
by PCR and Sanger sequencing.

Mutant construction and genetic manipulations. To generate a cdsA deletion mutant of strain 351,
a gene replacement cassette was constructed by cloning the chromosomal regions flanking cdsA
upstream and downstream of the chloramphenicol (cat) gene in pC326 (41). The resulting plasmid,
pCdsA-KO, was introduced into S. mitis/oralis 351 by natural transformation, as previously described (42).
For the construction of cdsA gene replacement strains, we replaced the cdsAp,,, gene of strain 351-D10
with the wild-type (“susceptible”) allele from 351. A cdsA-cat transcriptional fusion cassette was first
constructed by amplifying a 684-bp fragment encompassing the 3" half of cdsA together with 7 bp of the
adjacent intergenic region with primer pair cdsA-F and cdsA-R (see Table S1 in the supplemental
material), using S. mitis/oralis 351 genomic DNA as the template (Fig. 1C). The amplified DNA was
digested with Xhol and Clal and cloned upstream of the cat gene in pC326. A 504-bp downstream
fragment was generated as described above for constructing pCdsA-KO and cloned downstream of the
cat cassette. The resulting plasmid, pCdsAcat, was introduced into S. mitis/oralis 351-D10 by natural
transformation, followed by plating onto blood agar containing chloramphenicol. PCR amplification and
DNA sequencing of the resulting colonies confirmed that the cdsA,,,n gene had been replaced by cdsA,
with cat being inserted into the adjacent intergenic region. A similar strategy was used to replace cdsA
in strain 351 with cdsAp,,,y from strain 351-D10. In brief, a 500-bp segment from uppS (located upstream
of cdsA in strain 351) was amplified by using primers uppS-F and uppS-R and then digested with Xhol
and Clal. A 504-bp segment encompassing the 5’ end of rseP (located downstream of cdsA) and the
intergenic region between cdsA and rseP was amplified with primers rseP-F and rseP-R and then digested
with EcoRIl and Notl (Fig. 1C). These upstream and downstream fragments were cloned sequentially into
the corresponding sites of pC326. Plasmid pCdsA-KO was introduced into S. mitis/oralis 351 by trans-
formation. S. mitis/oralis 351 cultures grown overnight were diluted 100-fold in fresh THB supplemented
with 20% heat-inactivated horse serum and 1 mg/ml of the plasmid. Transformation mixtures were
incubated for 4 h at 37°C and then plated onto blood agar containing 5 ug/ml of chloramphenicol.
Genomic DNA was isolated from chloramphenicol-resistant clones, and the replacement of cdsA with cat
was confirmed by PCR amplification and sequencing. The replacement of cdsA in strain 351 with
€dsAp,,on from 351-D10 was performed by amplifying the upstream 3’ half of cdsAp,,,y (encompassing
the D222N mutation) in S. mitis/oralis 351-D10 by using primers cdsA-F and cdsA-R (Table S1). The
resulting fragment, together with the above-mentioned 504-bp fragment, was cloned into pC326. The
resulting plasmid (pCdsA,,,ycat) was introduced into S. mitis/oralis 351 by natural transformation and
plated onto blood agar containing chloramphenicol and DAP. Genomic DNA was isolated from resistant
clones. Subsequently, PCR amplification and DNA sequencing were used to confirm that the nucleotide
change (leading to the D222N substitution) had occurred in cdsA.

Accession number(s). The genome of S. mitis/oralis 351 has been deposited in the NCBI database
(BioProject accession number PRINA358614).

SUPPLEMENTAL MATERIAL
Supplemental material for this article may be found at https://doi.org/10.1128/
AAC.02435-16.

TEXT S1, PDF file, 0.2 MB.
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ADDENDUM IN PROOF
Strain S. mitis 351 was identified as an S. mitis strain based on standard biotyping
and 16S rRNA sequencing. Shortly after this paper was accepted for publication,
however, we discovered that this strain is more likely to be a member of the closely
related species S. oralis, based on average nucleotide identity analysis of the whole
genome sequence. The strain has therefore been renamed S. mitis/oralis 351 and is so
listed in GenBank.
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