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ABSTRACT Enterococcus bacteria inhabit human and soil environments that show a
wide range of pH values. Strains include commensals as well as antibiotic-resistant patho-
gens. We investigated the adaptation to pH stress in E. faecalis OGIRF by conducting
experimental evolution under acidic (pH 4.8), neutral pH (pH 7.0), and basic (pH 9.0) condi-
tions. A serial planktonic culture was performed for 500 generations and in a high-pH bio-
film culture for 4 serial bead transfers. Nearly all of the mutations led to nonsynonomous
codons, indicating adaptive selection. All of the acid-adapted clones from the planktonic
culture showed a mutation in fusA (encoding elongation factor G). The acid-adapted fusA
mutants had a trade-off of decreased resistance to fusidic acid (fusidate). All of the base-
adapted clones from the planktonic cultures as well as some from the biofilm-adapted cul-
tures showed mutations that affected the Pst phosphate ABC transporter (pstA, pstB, pstB2,
pstC) and pyrR (pyrimidine biosynthesis regulator/uracil phosphoribosyltransferase). The
biofilm cultures produced small-size colonies on brain heart infusion agar. These variants
each contained a single mutation in pstB2, pstC, or pyrR. The pst and pyrR mutants out-
grew the ancestral strain at pH 9.2, with a trade-off of lower growth at pH 4.8. Additional
genes that had a mutation in multiple clones that evolved at high pH (but not at low pH)
include opp1BCDF (oligopeptide ABC transporter), ccpA (catabolite control protein A), and
ftsZ (septation protein). Overall, the experimental evolution of E. faecalis showed a strong
pH dependence, favoring the fusidate-sensitive elongation factor G modification at low pH
and the loss of phosphate transport genes at high pH.

IMPORTANCE E. faecalis bacteria are found in dental biofilms, where they experience
low pH as a result of fermentative metabolism. Thus, the effect of pH on antibiotic resist-
ance has clinical importance. The loss of fusidate resistance is notable for OG1RF strains
in which fusidate resistance is assumed to be a stable genetic marker. In endodontal
infections, enterococci can resist calcium hydroxide therapy that generates extremely
high pH values. In other environments, such as the soil and plant rhizosphere, entero-
cocci experience acidification that is associated with climate change. Thus, the pH modu-
lation of natural selection in enterococci is important for human health as well as for
understanding soil environments.

KEYWORDS Enterococcus, acid stress, antibiotic resistance, base stress, evolution,
fusidic acid, pH stress, phosphate transport, stress response

nterococcus faecalis are Gram-positive fermenter bacteria that are found in a wide
range of habitats, including dental biofilms and the gastrointestinal tract of
humans (1-4) as well as soil and plants (5). Pathogenic strains cause a variety of infec-
tions throughout the body, which are of special concern in hospitals due to the
acquired vancomycin resistance in certain strains and an intrinsic antibiotic resistance
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to numerous other antibiotics (6). Enterococcus species are known for their abilities to
tolerate a wide range of conditions such as salinity, temperature, and pH (6-9). Survival
at low pH is important for enteric infections, and survival at high pH is relevant to den-
tal biofilms that are treated with calcium hydroxide pastes (10, 11). Multidrug-resistant
enterococci are isolated from environmental sources, such as soil (12) and the digestive
microbiomes of farm animals, insects, and nematodes (13). At the same time, environ-
mental enterococci with wide-ranging stress resistance offer potential benefits, such as
tolerance of toxic metals (14) and probiotics (15).

Surprisingly, little is known about the genetics of enterococcal adaptation to acids
or bases. In E. faecium, acid shock leads to metabolomic changes, such as the elevated
production of dipeptides (16). Acid stress in Enterococcus has been studied as a part of
general stress responses (17-19). At high pH values, such as in the presence of the den-
tal application of calcium hydroxide, Enterococcus survival requires the maintenance of
the proton motive force (20). The cellular effects of high pH include changes in mor-
phology (21), metabolism, and protein synthesis (22, 23).

In Gram-negative bacteria, acid adaptation is associated with fitness tradeoffs, such
as the loss of antibiotic resistance. Escherichia coli K-12 experimental evolution at a low
pH (24, 25) or in the presence of benzoic acid (26, 27) leads to the loss of genes encoding
multidrug transporters that are powered by the proton-motive force. Therefore, it was of
interest to explore the pH stress adaptation and fitness tradeoffs in a Gram-positive
model organism.

We investigated the genetics of pH stress in the model organism Enterococcus faecalis
OGI1RF (2) by means of the experimental evolution of planktonic and biofilm cultures.
For comparison, in E. coli, experimental evolution in an acid or base yields mutations in
several stress response genes, such as amino-acid decarboxylases (24, 25, 28) and acid-
resistance regulators (29). In E. faecalis, pH stress is crucial for biofilm formation and
endodontic infections (20, 30). Experimental evolution by serial bead transfer is a
method used to investigate stress effects in biofilms. Bead-transfer experiments yield in-
formative genetic variants in other environmental bacteria, such as Pseudomonas and
Burkholderia species (31, 32). In Enterococcus species, experimental evolution has been
applied to studies of virulence and antimicrobial susceptibility (33, 34) but not to more
fundamental stress factors, such as pH.

We found that experimental evolution yields pH-adaptative mutations in several
genes, notably the encoding elongation factor G (fusA) at low pH andthe phosphate ABC
transporter (pstABC) at high pH. Mutations in fusA may confer resistance to fusidic acid
(35, 36), but the OGTRF background strain is assumed to have a stable fusidate-resist-
ance phenotype that is used for genetic selection. Thus, it is notable that in our experi-
ments, just a few hundred generations led to strains that lost fusidate resistance. The pts
loci are associated with virulence (37, 38). In our biofilm-evolved strains, base-selected
mutations in pstABC and in pyrR (pyrimidine biosynthesis regulator) led to small-colony
growth, a phenotype class that is associated with virulence in clinical strains (39, 40).

RESULTS

Experimental evolution of acid-adapted and base-adapted mutants. The experi-
mental evolution of E. faecalis OG1RF was conducted via microplate serial dilutions at
1:250, as described under Materials and Methods. Eight evolving populations were
maintained in brain heart infusion (BHI) that was buffered at three individual pH val-
ues: pH 4.8, pH 7.0, and pH 9.0. After 500 generations, one isolate from each popula-
tion was resequenced for comparison with the OG1RF reference (2), using the breseq
resequencing pipeline (41, 42).

The resequenced clones had a range of one to five mutations per clone. The muta-
tions predicted were nearly all point mutations or small deletions (Fig. 1). Only one dele-
tion encompassed more than one gene (genes encoding catechol 2,3 dioxygenase and a
multidrug ABC transporter in clone C06). Overall, the ratio of nonsynonymous to synony-
mous codon changes was extremely high, with only 1 silent mutation out of 48. The
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pH 4.8 pH 7.0 pH 9.0 Biofilm [Mutation|  Annotation | Gene(s) [ Function

Position I 06 CO 03 F10 CO5 CO 09 M2 Me | M8

109,326 X (=3 'R63H (CGT—CAT) RS00485 — [ArgR family transcriptional regulator

109,349 ﬁ X AT N55K (AAT—AAA) RS00485 — ArgR family regulator

157,299) A—G M16V (ATG—GTG) fusA — factor G

157,452) X X G—A AB7T (GCG—ACG) fusA — tion factor G

157,461 E‘ G—A ATOT (GCA—ACA) fusA — ion factor G

157.623) A—-G T124A (ACT—GCT) fusA — elongation factor G

157,638 X c-T P129S (CCT—TCT) fusA — elon%adlon factor G

158,374] c-T A374V (GCT—GTT) fusA — elongation factor G

212,086 -l c—A P151Q (CCA—CAA) RS02155 protein

669,400} Cc—-T M1711 (ATG—ATA) mvk — kinase

674,675 [y G119W (GGG—TGG) opp1B — ABC permease Opp1B

674,889) [y $190° (TCG—TAG) opp1B — ABC permease Opp1B

676,289 [ R341P (CGT—CCT) oppiC— ABC permease Opp1C

676,885} X [ D188Y (GAT_TAT) opp1D — ABC ATP-binding protein OppiD

677,878 X 29bp coding (497-505/957) opp1F — Sligopeptide ABC ATP-binding protein Opp1F

756,900 X A—-G T253A (ACA—GCA) ftsZ — cell division protein FtsZ

756,942 G—A G267S (GGT—AGT) ftsZ — cell division protein FtsZ

906,59] c—T Q120" (CAG—TAG) ehpA — endocarditis biofilm pilus tip protein
1,007,216} X c—T S384F (TCT—TTT) walK — cell wall metabolism sensor His kinase
1,007,741 G—A R559Q (CGA—CAA) walK — cell wall metabolism sensor His kinase
1,041,849 c-T Q117" (CAA—TAA) RS05200 — helix-turn-helix domain-containing protein
1,042,664 c—A C388" (TGC—TGA) RS05200 — helix-turn-helix domain-containing protein
1,137,647 A—G Q367Q (CAA—CAG) RS05670 — [fiotillin family protein
1,200,146} c—T P32 (CCG—TCG) dhal — dihydroxyacetone kinase subunit L
1,213,195 A—C Q182P (CAG—CCG) RS06020 — [CBS domain-containing protein
1,213,721 X A171 bp coding(1071-1241/1320) RS06020 — [CBS domain-containing protein
1,213,821| (ATTTGC),, coding (1171/1320) RS06020 — [CBS domain-containing protein
1,301,608} AT D272V (GAT—GTT) 1poD — [RNA polymerase sigma factor
1494315 X A189bp coding (273-461/537) PyrR — byr transc. regulator/ U phosphoribosyltransferase
1,494 468} X A—C V103G (GTC—GGC) PyR — byr transc. regulator! U phosphoribosyltransferase
1,494,663 X +A coding (113/537) PyR — byr transc. regulator/ U phosphoribosyltransferase
1,514,647 A210bp coding (511-720/1002) copA — catabolite control protein A
1.514,742) X 196 bp coding (530-625/1002) copA — catabolite control protein A
1514751 2% bp coding (521-616/1002) ccpA — catabolite control protein A
1515,124) a81bp Coding (163-243/1002) ccpA — catabolite control protein A
1,526,361 X G—A Q222" (CAA—TAA) ptsB — phosphate ABC transp. ATP-binding protein
1,526,565 X G—A Q154" (CAA—TAA) ptsB — [phosphate ABC transp. ATP-binding protein
1,526,748 X G-A 095" (CAA—TAA) ptsB — phosphate ABC transp. ATP-binding protein
1,527,39} X G—A A150V (GCA—GTA) pstB2— phosphate ABC transp. ATP-binding protein
1,627,657| X G—A T63M (ACG—ATG) PpstB2 — phosphate ABC transp. ATP-binding protein
1,528,108 X c—G G213A (GGA—GCA) PStA — [phosphate ABC transp. permease
1,529,518) X 2bp coding (148/921) pStC — phosphate ABC transp. permease
1,548,299 X T—G Q23P (CAA—CCA) purN — i
1,811,611] X C—A G88W (GGG—TGG) RS08840 — ABC transporter ATP-binding protein
1,896,891 T—C intergenic (-93/+306) RS09205 — / — RS09210 |xanthine
2,060,079 X c—-T E284K (GAA—AAA) xdh — I xanthine
2,082,421 2999 bp [RS10080]-[RS10085]  |catechol 2,3-dioxygenase; multidrug ABC trans
2,114,057 c—T G18S (GGT—AGT) RS10245 — GtrA family protein
2,123,718 c-T R53C (CGC—TGC) RS10295 — GntR family transcriptional regulator
2,181,891 +A coding (74/1269) RS10530 — lexonuclease SbcCD subunit D
2,306,141 X c-T intergenic (-14/4376) RS11200 — /— RS11205 |MarR family regulator/YkuJ family protein
2,354,339 X 4bp—GAAA | _ intergenic (-96/+293) RS11435— /— tpx __|valine-tRNA ligase/thiol peroxidase
2,366,924 X T—A intergenic (-60/+32) rbsK — / — RS11500 ribokinase/substrate-binding protein
2,444,841 Mbp coding (269/1656) RS11840 peptide ABC transporter substrate-binding protein
2,572,279 X G—A 'A464V (GCA—GTA) my — ribonuclease Y
2.627.719) X Cc—A Li162F (TTG—TTT) moC — RNA polymerase subunit beta prime
2,630,992 T_C Y70C (TAT—TGT) poC — RNA polymerase subunit beta prime
2,633,037 G—A R649C (CGT—TGT) P08 — RNA polymerase subunit beta
2,633,525 | | c—T R4S6H (CGT—CAT) poB — [RNA polymerase subunit beta

FIG 1 Mutations in clones from experimental evolution. The clone cell shading indicates: pink, evolved at pH 4.8; violet, evolved at pH 7.0; blue, evolved at
pH 9.0; cyan, biofilm evolution at pH 9.0. The mutation cell shading indicates: pink, fusA mutations; blue, mutations in pstABC, pstB2, and pyrR.

high proportion of nonsynonymous changes indicates the occurrence of adaptive selec-
tion (43). Another sign of adaptive selection is that two-thirds of the mutant genes are
shared by at least two clones, despite the mutations being at different positions.

Acid-evolved fusA mutants are fusidate-sensitive at pH 7.0. In our acid-evolved
clones, the gene that showed the most mutations encodes elongation factor G (fusA), which
is an essential translation protein that is associated with virulence and biofilm formation (36,
44, 45). The ancestral strain OG1RF is resistant to fusidic acid and is associated with the fusA
mutation C316A (2). We found an additional missense mutation in fusA in every acid-evolved
clone as well as in four of our eight pH 7.0-evolved clones (Fig. 1). Six different missense
mutations occurred in different strains. No fusA mutations were found in populations that
evolved at high pH values. Two acid-evolved clones contained an additional mutation affect-
ing a gene of unknown function, namely, RS05200, which encodes a helix-turn-helix protein.
Another clone showed a missense mutation in xdh (xanthine dehydrogenase).

The mutant strains from the pH 4.8-evolved populations were tested for growth
advantages during culture at low pH. (Fig. 2). At all three pH levels (pH 4.8, pH 7.0, pH
9.2), the growth curves for the mutants were indistinguishable from those of the ances-
tral strain. For all strains, the steepest rise for log-phase growth occurred at the optimal
condition of pH 7.0 (panels B and E). Under the conditions tested, we saw no evidence
of directional selection at low pH.
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FIG 2 Acid-selected fusA mutants show no growth enhancement. E. faecalis clones were isolated after 500 generations of
planktonic evolution (described under Materials and Methods) at pH 4.8. Each clone containing a single mutation in fusA
was cultured for approximately 20 h at 37°C in BHI that was buffered at pH 4.8, at pH 7.0, or at pH 9.2. Then, 2 ulL were
inoculated into 200 uL at the same pH. Four representative curves are shown for each strain: FO3 (fusA), orange lines (A-C);

FO5 (fusA), red lines (D-F); OG1RF (ancestor), black lines for all panels.

Since all our acid-evolved clones and four of the eight clones that were evolved at pH
7.0 showed an additional point mutation in fusA, we tested all of the clones for fusidate re-
sistance, in comparison with the ancestor OG1RF (Fig. 3; Fig. S1). All clones containing a
fusA mutation had lower fusidate resistance than did OG1RF. These included four clones in
which the fusA mutation was the only change in the genome that was reported by the bre-
seq pipeline (clones FO3, FO5, F06, and CO1). In contrast, the clones lacking a fusA mutation
(FO8, F09, F10, C08) showed fusidate resistance that was indistinguishable from that of the
ancestor. Each of the six different fusA mutations incurred a single amino-acid substitution
at sites that were different from that of the OG1RF mutation (2). Thus, it appears that vari-
ous kinds of changes in FusA structure can reverse the OG1RF resistance phenotype.

The evolved strains were also tested for changes in sensitivity to other antibiotics:
rifampin, ampicillin, trimethoprim, erythromycin, gentamicin, norfloxacin, streptomycin,
nalidixic acid, tetracycline, and chloramphenicol. None of these antibiotics revealed any
difference in sensitivity between the evolved clones and the ancestral strain OG1RF.

Base-evolved populations had mutations in phosphate transport (pst) and me-
tabolism (pyr). The base-evolved clones had the largest numbers of mutations, overall
(Fig. 1). All but one of the eight strains from the pH 9.0 evolution showed a mutation
in a gene involving phosphate metabolism: pstB, pstB2 (both encoding a phosphate
ATP-binding protein of an ABC transporter [46, 471), and pyrR (encoding a bifunctional
pyrimidine transcriptional regulator/uracil phosphoribosyltransferase [48-50]). A ma-
jority of these mutations were frameshift or nonsense codons that would knock out
the gene. Each strain showed one mutation in one of these three genes. Several base-
evolved clones had additional mutations. Four clones had deletions affecting ccpA (catab-
olite control protein A), and four clones had deletions in various subunits of oppBCDF (an
oligopeptide ABC transporter). Two clones had missense mutations in an ArgR-family
transporter, and another two clones had mutations in the septation protein FtsZ.

Several genes were mutated in populations that evolved at pH 7.0 and at pH 9.0. These
included opp1BCDR, ccpA, walK (cell wall metabolism sensor histidine kinase), rpoB, and
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FIG 3 Evolved clones with fusA mutations lose resistance to fusidic acid. For each clone, eight replicate cultures
were compared with replicates of the ancestor OG1RF. All were cultured with 400 wg/mL fusidic acid in BHI that
was buffered at pH 7.0 at 37°C. (A-C) Clones evolved at pH 4.8 (red lines) show lower growth than does strain
OGI1RF (black lines). Endpoint growth was compared at 22 h by using two-tailed unpaired t tests (P < 0.01). (D-
F) Clones evolved at pH 7.0 (purple lines) show growth rates that are indistinguishable from that of strain OG1RF
(black lines).

rpoC (RNA polymerase subunits beta and beta prime). The only gene mutated solely in
two pH 7.0-evolved clones was rny (RNase Y).

Biofilm evolution via bead transfer yields small-colony clones. The evolution
experiment was modified to favor genetic variants that adhere to a bead forming a biofilm
(31, 32). Cultures underwent four bead transfers over 6 days, generating approximately 25
to 50 doublings. The final populations were plated on BHI and inspected for variant pheno-
types. No phenotypes were observed after evolution in acid (pH 4.8) or at pH 7.0, but the
pH 9.0-evolved populations showed two colony-size morphs, one of which was small and
one of which was large. Three small-colony clones that retained the phenotype upon recul-
turing were found: strains M02, M06, and M08 (Fig. 4). The relative sizes of their colonies,
compared to those of the ancestor, OG1RF were approximately M02, 60%; M06, 30%; M08,
60%. The genomes of these clones were sequenced, and each revealed a single mutation
(Fig. 1). The mutations affected the genes pstB2 (M02), pstC (M06), and pyrR (M08).

OG1RF MO8 (pyrR)

MO2 (pstB2) MO6 (pstC)
FIG 4 Small-colony phenotype of biofilm-evolved isolates. Each biofilm-evolved strain of E. faecalis
OG1RF was streaked on BHI and cultured for approximately 20 h at 25°C and then for approximately
4 h at 37°C.
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FIG 5 High pH-selected biofilm mutants show increased growth at high pH values and decreased growth at low pH
values. The E. faecalis strains M02, M06, and M08 were isolated as small colonies from the bead-transfer biofilm
evolution of E. faecalis OGI1RF at pH 9.0 (described under Materials and Methods). Each clone was cultured for
approximately 20 h at 37°C in BHI that was buffered at pH 4.8, at pH 7.0, or at pH 9.2. Then, 2 uL were inoculated
into 200 uL of BHI that was buffered at the same pH. Four representative curves are shown for each strain: M02
(pstB2), cyan lines (A-C); M06 (pstC), blue lines (D-F); M08 (pyrR), violet lines (G-I); OG1RF (ancestor), black lines for all

panels. Culture growth was compared at time 6 h by using two-tailed unpaired t tests (P < 0.05).

Base-evolved clones with pst and pyr mutations showed evidence of directional
selection. We sought evidence for directional selection by observing the batch growth
profiles for clones from populations that evolved at pH 4.8, pH 7.0, and pH 9.0. Each
clone was cultured overnight in the three different pH-buffered media for physiologi-
cal adaptation to each condition. The strongest evidence for directional selection was
observed for the pH 9.0-evolved strains containing a mutation in one of the phos-
phate-related genes. Fig. 5 shows the growth curves for the biofilm pH 9.0-evolved
strains that each contained one mutation that was detected by breseq in pstB2 (M02),
pstC (M06), and pyrR (M08). In each case, the log-phase growth (during approximately
0 to 7 h) was significantly lower at pH 4.8 for the mutant replicates than for the repli-
cate curves of the ancestral strain OG1RF, and it was higher than that of the ancestor
at pH 9.2 (significance was tested at 6 h, P < 0.05). No consistent selection effect was
observed at pH 7.0. These observations are consistent with selection for a high pH-
adaptive mutation following prolonged serial culture at a high pH value with a direc-
tional trade-off loss of growth rate at low pH values.
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Similar evidence of base-adaptive selection was demonstrated for seven of the
eight mutant clones that were obtained from high-pH planktonic evolution (Fig. S2).
Only clone C10 showed a substantial decrease in growth. Of the eight base-evolved
clones, all but clone C12 showed a mutation in pst or pyrR as well as mutations in other
genes. All eight clones showed a small-colony phenotype on BHI media.

The mutations in phosphate transport that were favored at high pH may lead to a
dependence on phosphate concentration. However, the amendment of the culture
media with 10 mM or 50 mM phosphate did not significantly affect the growth curves
of the evolved strains or of the ancestral strain, either at pH 4.8 or at pH 9.2.

DISCUSSION

The adaptability of Enterococcus bacteria to environmental stresses, such as acidic
or basic conditions, is essential for the human microbiome as well as for soil and plant-
associated communities (9, 17-22, 30, 51). However, few studies employ the approach
of experimental evolution to examine stress factors under long-term adaptation. Most
serial-culture studies of Enterococcus sp. focus on virulence or antibiotic resistance,
rather than on environmental factors (34, 52).

We show that the experimental evolution of E. faecalis leads to distinct pH-dependent
patterns of mutations (Fig. 1). In most cases, genes or operons with variants in multiple
clones (which are the most likely to result from adaptation), are affected at only one end
of the pH range; that is, under acidic or basic conditions, but not under both. This finding
is important, as most studies of Enterococcus adaptation do not account for pH.

Each of the eight acid-adapted clones had one nonsynonymous codon replacement
affecting elongation factor G. Five clones from different populations had alanine replaced
by threonine, and the other clones had one of three different substitutions. Four of the
eight populations evolving at pH 7.0 had a nonsynonymous substitution in fusA, but no
fusA variants appeared at high pH. A possible explanation for this could be that a decrease
in cell pH destabilizes the elongation factor G protein and that the mutations restore pro-
tein function. Although directional selection for acid adaptation was not shown under the
conditions that were tested, the high frequency of fusA missense mutations argues for the
occurrence of selection. Similarly, acid-dependent evolution in E. coli leads to mutations in
amino-acid decarboxylases that are known to help pH regulation, although phenotypes
have not been detected (25). The E. faecalis strain OG1RF is an important model organism
for Enterococcus genetic analysis. Thus, our finding of the instability of the fusidate resist-
ance phenotype should be noted.

The fusA mutations did show an important trade-off, namely, the loss of resistance
to fusidic acid. This finding implies that E. faecalis growth at low pH, such as in dental
biofilms and in the intestine (17, 51), could select against some forms of antibiotic re-
sistance. Previously, acid (pH 5.5) increased the fusidate sensitivity of the clinical iso-
lates of methicillin-resistant Staphylococcus aureus (53, 54). Fusidic acid resistance
might incur a molecular trade-off with acid tolerance. For example, in E. coli, elongation
factor G is stable between pH 7.5 and pH 9.0, but it is increasingly unstable at lower pH
levels (55, 56). The low pH level may alter the protonation state of amino acid residues
in the protein and thereby cause it to become unstable. The mutations we observe in
the fusA gene could allow it to have a greater stability at lower pH levels, but at the
expense of greater susceptibility to fusidic acid.

High pH effects on Enterococcus species are important for dental microbiomes
because these bacteria can resist endodontic therapies involving the application of
high-pH pastes, such as calcium hydroxide (20, 30). The basis of high-pH resistance is
poorly understood, as several genes are upregulated at high pH values (21, 22). One of
these genes, encoding the key septation protein FtsZ, had an amino-acid substitution
in two of our high-pH clones (Fig. 1).

We show evidence for the directional selection of variants that knock out a compo-
nent of the PstABC phosphate uptake system, which occurs in most cases via frame-
shifting deletion or nonsense substitution (Fig. 1). Each pst mutation that we found
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was associated with higher growth at high pH but lower growth at low pH (Fig. 5). The
pstC mutant (strain M06) showed the smallest colonies (Fig. 4). This would make sense
if pstC knocks out the entire phosphate uptake, whereas mutations in the pstB or pstB2
redundant genes only partly cut phosphate uptake.

The growth rate change of pst and pyrR mutations led to visibly smaller colonies on
BHI media. Although no change in antibiotic resistance was found under our condi-
tions, in clinical studies, small-colony variants are associated with drug resistance and
increased virulence (39, 40, 57). Mutations in pst genes are associated with clinical viru-
lence (38) and altered antibiotic resistance (47). In soil and plant root communities,
phosphate release is maximized at a pH below 7.0 (58, 59), and it has been proposed
to contribute to bacterial pH regulation (60). In this model, phosphate release is inhib-
ited at low pH and activated at high pH. Blocking phosphate uptake at high pH could
enhance alkali-induced phosphate release.

The effect of pyrR loss and its relationship to phosphate is unclear. One possible con-
nection to phosphate transport is the uracil phosphoribosyltransferase activity of this reg-
ulator (49). This enzyme reaction releases pyrophosphate and has a high optimum pH.
Thus, it could be that the deletion of pyrR decreases phosphate release at high pH. In
pathogenic staphylococci, pyrR is associated with biofilm formation and virulence (50, 61).

Additional mutated genes in the high-pH evolved population include two metabolic
loci: the oligotransport operon oppBCD and the catabolite reculator cppA. Changes in
these genes could enhance metabolism under the lowered energy condition of high pH,
where the transmembrane pH difference is inverted and the proton potential consists
solely of a charge difference (62). Overall, our study shows how E. faecalis exposure to an
acid or a base can lead to evolutionary shifts with potential importance for host adaptation.

MATERIALS AND METHODS

Bacterial strains and culture media. All strains of E. faecalis are derivatives of the E. faecalis OG1RF
(2) that was kindly provided by Barbara Murray. All evolving populations originated from the same over-
night culture that was made from a single isolated colony. A portion of the original overnight culture
was frozen for use as the ancestor in all future experiments.

For the evolution experiments, the strains were cultured in a pH-buffered brain heart infusion medium
under BSL-2 conditions at 25°C. For growth curves, incubation was at 37°C. Buffers for experimental evolu-
tion included 100 mM homopiperazine-1,4-bis(2-ethanesulfonic acid) (HOMOPIPES, pK, = 4.55) and
100 mM N-cyclohexyl-3-aminopropanesulfonic acid (CAPS, pK, = 10.4). For some of the phenotype testing
at pH 7.0, the buffer that was included in the growth medium was piperazine-N,N’-bis(2-ethanesulfonic
acid) (PIPES, pKa = 6.8). The pH was adjusted by using KOH. The fusidic acid was from Millipore-Sigma.
Some colony isolations were performed on tryptic soy agar (TSA). The bacterial cultures were regularly
checked for contamination via microscopy.

Experimental evolution of planktonic cells. The serial culture was performed via dilution into
deep well microplates daily or after two days (every sixth dilution). Eight serial cultures were maintained
at each pH: pH 4.8, pH 7.0, and pH 9.0. For each dilution, 4 uL of the previous culture was transferred
into 1,000 wlL (1:250) of fresh medium. All media consisted of brain heart infusion media buffered with
0.1 M (each) CAPS HOMOPIPES that was adjusted with KOH to the appropriate pH. Two days of growth
was assumed to yield approximately eight generations (doublings). All of the evolving populations were
propagated to at least 500 generations. From every sixth dilution, 200 L was combined with 100 uL of
50% glycerol and transferred to a deep well plate for storage at —80°C.

Once the evolved populations reached approximately 500 generations, each well was streaked on
an individual plate of brain heart infusion agar (BHI) and cultured for 48 h. Two clones were chosen from
each well population and were used to create individual overnight cultures in BCH. 2 L of the first set
of overnight solutions were used to inoculate 1 mL of fresh BCH overnight. A portion of each clone was
converted to a freezer stock, and a portion was extracted for genomic DNA.

Experimental evolution of biofilms. Biofilm evolution was performed via serial bead transfer, based
on the methods devised by Cooper and colleagues (31, 32). Four replicate populations of E. faecalis
OG1RF were grown at 25°C in the presence of 7 mm white polystyrene beads that were suspended in
2 mL of BHI buffered with CAPS and HOMOPIPES, adjusted to the appropriate pH. The low-pH culture
was performed at pH 4.8, the neutral pH culture was performed at 7.0, and the high-pH culture was per-
formed at pH 9.0. Populations were selected for reversible surface attachment via the transfer of the
white bead to a new test tube, where cells must adhere to a new black bead in order to persist. Each
population with the beads was incubated for 48 h. This process was repeated by alternating the addition
of white and black beads for a total of four serial dilutions. White and black beads were alternated to dis-
tinguish the previous biofilm from the newer colonized one.

At the end of the dilution series, each bead was placed in T mL BHI medium to wash off most of the
planktonic cells and was then placed in 1 mL fresh BHI again and vortexed for 1 min. The vortexed
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suspension was then plated on BHI agar plates and incubated for 48 h. The plates were then observed
for novel colony morphologies.
Growth curves. From streaked TSA or BHI plates of approximately 500-generation evolution isolates,
single colonies were picked for overnight culture in BCH buffered at the same pH as the subsequent
microplate (pH 4.8, pH 7.0, or pH 9.2). 2 uL of an overnight culture of E. faecalis were transferred into sterile
96-well microplates with 200 L (1:100) of BCH or other media with 100 mM HOMOPIPES and 100 mM
CAPS, adjusted to the appropriate pH. The growth curves were performed on a SpectraMax microplate
reader (Molecular Devices) at ODy,,, with OD reads being taken every 15 min for 22 h. The comparison of
batch growth was performed by using two-tailed unpaired t tests at standard intervals, postinoculation.
DNA sequence analysis. For the planktonic evolution cultures, DNA was extracted from one
selected approximately 500-generation isolate of each well (24 isolates) as well as from the OG1RF(B) an-
cestral strain (2 isolates). The 24 sequenced clones were designated BFO1-14 and C01-12. For the biofilm
evolution at pH 9.0, the final biofilm bead suspensions were streaked on BHI agar. After 48 h, one large
colony and one small colony variant (SCV) were isolated from each plate and were separately streaked
on new BHI plates. The isolates were plated on BHI two more times to ensure the persistence of the
growth phenotype. Three large-colony isolates (M1, M5, M7) and three small-colony isolates (M2, M6,
M8) were selected for DNA preparation and sequencing.
Genomic DNA was extracted using a MasterPure Gram Positive DNA Purification Kit. The purity and
the concentrations of DNA were determined using a NanoDrop 2000 spectrophotometer (Thermo Fisher
Scientific). DNA was sequenced by Admera Health (South Plainfield, NJ). Library preparation was per-
formed using a NexteraXT Library Kit (lllumina, CA, USA). Sequencing was performed using an Illlumina
NovaSeq (Illumina, CA, USA) with a read length of 150 bp for 40 million paired-end reads.

Mutations were called from the DNA sequences by alignment to the E. faecalis OG1RF reference sequence
with the NCBI accession number NC_017316.1, using the breseq version 0.36.1 resequencing pipeline (41, 42).
The resulting genomic data had approximately 300-fold coverage. Our lab stock of OG1RF, which was the
ancestor for all of the evolution experiments, showed two differences from the reference that appeared in all
of our evolved clones: the insertion of A at genome position 260,670, which caused a frameshift in gene
RS01405 (acyl-ACP thioesterase) and a T deletion at position 2,108,103 within an intergenic region.

Data availability. All of the sequence data are deposited at NCBI, SRA PRINA933188.
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