














FIG 2 Role of biofilm determinants in experimental endocarditis virulence.
Aortic valve leaflets and vegetations from rabbits in which E. faecalis endocar-
ditis had been induced were harvested, homogenized, and plated to enumerate
bacteria at 4 days postinoculation. Each symbol represents the log,, valve
bacterial load for an individual animal. Thick horizontal bars show the arith-
metic mean of the log, ,-transformed values. For comparison, the arithmetic
mean log,, valve bacterial loads for the AebrA, AproB, and Aeep strains tested
in the same experimental endocarditis model in a previous study (13) are
shown at the far right (thin horizontal bars). OGIRF, n = 8; AopuBC, n = 6;
QargR, n = 5; QatlA, n = 3; QahrC, n = 6; QahrC+ahrC, n = 9; QahrC-
P23ahrCKL, n = 5; ArecN, n = 6; QsepF, n = 6; QpyrC, n = 5. ##, P < 0.05 by
one-way ANOVA followed by Bonferroni’s multiple comparison test.

near-wild-type levels at 24 h (data not shown). These results are
consistent with the biofilm formation phenotypes of three other
in-frame deletion strains, including Aeep, that were characterized
subsequent to the corresponding genes being identified in our
previous RIVET studies (13). At 6 h, biofilm formation for the
AopuBC and ArecN strains was equivalent to that of the wild type.
The Aeep strain, which was included in Fig. 1 for comparison, also
showed no early biofilm formation defects in the microtiter plate
biofilm assay (13).

Role of biofilm determinants in endocarditis virulence. We
next evaluated the seven strains for virulence in a rabbit model of
endocarditis, as measured by the bacterial load recovered from
harvested valve leaflets and vegetations that formed after 4 days of
infection (Fig. 2). Initial infections using 3 to 5 animals per strain
were carried out in order to determine whether any strains re-
tained wild-type virulence levels. Those lacking discernible de-
creases in valve bacterial loads after initial testing were not used in
additional infection experiments, and the data from the initial
tests are shown in Fig. 2. Strains that showed reduced bacterial
loads were tested in additional animals, as indicated in Fig. 2. The
mean valve bacterial loads of the QatlA and QpyrC strains were
slightly higher than that for OGIRF. The AopuBC, QargR, ArecN,
and (sepF strains had mean valve bacterial loads that were 1 to 2
log,, CFU lower than that for OGIRF. These values were not
found to be significantly different from those for OGIRF in a
statistical analysis. The QahrC mutant mean valve bacterial load
was significantly reduced compared to that of OGIRF. Interest-
ingly, three in-frame deletion mutants, the AebrA, AproB, and
Aeep strains, which we previously tested in the same model system
(13), showed a similar spread of mean valve bacterial loads (indi-
cated in Fig. 2). Valve bacterial loads for the QahrC and Aeep
strains were both reduced by more than 4 log,, CFU compared to
OGIRF (P < 0.05). Of the 10 total strains with mutations in bio-
film-associated genes evaluated between this study and our previ-
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ous work, the QahrC and Aeep strains both had altered in vitro
biofilm formation phenotypes (Fig. 1) (13) and were the most
highly attenuated in endocarditis. These results show that certain
enterococcal biofilm-associated genes are also important for vir-
ulence in a biofilm-associated infection.

As we previously demonstrated with the Aeep mutant strain
(13), expression of the ahrC ORF from an inducible promoter on
a plasmid enhanced the QahrC endocarditis virulence phenotype
(Fig. 2). The mean valve bacterial load of the complementation
strain was 1.6 log;, CFU lower than that of OG1RF. This may be
due in part to the lack of inducing agent required for maximal
continued expression of the ORF and the absence of antibiotic
selection required for plasmid maintenance in the host environ-
ment. Indeed, the complementation plasmid was only retained in
2.6% = 3.3% (mean * standard deviation [SD]) of cells by the
end of the 4-day infection. These data are consistent with a model
in which the functional role of AhrC in endocarditis occurs pri-
marily during the early stages of infection. In light of the instability
of the complementation plasmid, we generated a derivative of the
QahrC strain in which the ahrC ORF was integrated in the chro-
mosome in single copy and expressed under the control of the
constitutive lactococcal p,; promoter (33). When this strain was
tested in endocarditis (Fig. 2), we were surprised to find that the
strain was as attenuated as QahrC. Based on these results, we sus-
pect that temporal regulation of the wild-type ahrC locus is nec-
essary for virulence. Comparative analysis of ahrC expression
from the wild-type and p,; promoters is presented below.

Evaluation of biofilm-associated endocarditis virulence fac-
tors in an experimental model of CAUTL. To test if ahrC and eep
are important for virulence in a nonendocarditis biofilm infection
model, we tested the two mutant strains in a recently established
mouse model of enterococcal CAUTI (12). Bacterial counts deter-
mined from the bladders, kidneys, and catheter implants of mice
after 24 h of infection are shown in Fig. 3. OG1RF was recovered at
~10° CFU from implants and bladders and ~10* CFU from the
kidneys. The CFU levels of the Aeep mutant recovered from blad-
ders were similar to those of OG1RF, while the levels recovered
from implant surfaces were more variable. The median Aeep CFU
counts from homogenized kidneys were 1 log lower than the
OGIRF kidney CFU counts, which was a statistically significant
difference; no bacteria were recovered for three animals in this
cohort. QahrC CFU counts were reduced by statistically signifi-
cant amounts in the bladder and kidneys and on the implants.
QahrC was particularly defective in colonizing the kidneys, as
CFU counts were above the limit of detection in only 5 of 14 mice
(36%). The outcome of the CAUTI experiments indicates that
ahrC, and to a lesser extent, eep, are also important for uroviru-
lence.

Microscopic characterization of early-time-point ahrC
biofilms. Since ahrC is an important contributor to the virulence
of two biofilm-associated infections, we used immunofluores-
cence microscopy to study the mutant strain’s biofilm defect in
detail. The maximum intensity projections of mean image stacks
obtained from biofilms of OG1RF and the QahrC strain grown for
6 h, which are shown in Fig. 4, demonstrate a significant defect in
QahrC strain biomass (Fig. 4A) compared to that of a matched
OGIRF sample (Fig. 4B). The mean biomass difference is approx-
imately 4-fold via quantitative COMSTAT2 analysis (data not
shown) (P = 0.001 by Student’s ¢ test). The QahrC defect was even
more visually pronounced when the microscopy data were viewed
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FIG 3 Enterococcal biofilm determinants important for endocarditis contribute to virulence in an experimental model of CAUTI. The graphs indicate the log;,
CFU recovered from retrieved catheter implants (A), homogenized bladders (B), and homogenized kidneys (C) of mice implanted with silicone catheter pieces
and subsequently infected with E. faecalis OGIRF (n = 12), the Aeep strain (EF2380; n = 15), or the QahrC strain (EF0983; n = 14) for 24 h. Each symbol
represents an individual animal, and only animals from which catheter implants were retrieved were included in the analysis. Horizontal bars represent the
median, and the dashed lines indicate the limits of detection. P values were determined with the Mann-Whitney U test: n.s., not significant (P > 0.05); *, P = 0.01;

**, P =0.0003; and ***, P < 0.0001.

as surface projections (Fig. 4C and D): in addition to the overall
biomass defect (Fig. 4C), 6-h QahrC strain biofilms failed to pro-
duce mature microcolonies compared to OGIRF biofilms
(Fig. 4D).

ahrC is maximally expressed during exponential phase. We
characterized expression of the ahrC locus during batch-phase
growth and in biofilms to investigate further the idea that this gene
is involved in early steps of biofilm formation and the pathogen-
esis of biofilm infections. In batch culture, the absolute copy num-
ber of ahrC transcripts was the highest between 3 and 5 h of
growth, which correlated with the exponential growth phase
(Fig. 5A). ahrC transcript copy numbers fell off sharply following
entry into the stationary phase, dropping by 1 log between the 5.3-
and 6.5-h time points. Notably, the expression profile of ahrC is
distinct from that of gelE (Fig. 5A), which encodes the secreted
protease gelatinase that is produced in postexponential phase as a
result of activation of the quorum-sensing fsr gene cluster (47).

The relative levels of expression of ahrC and gelE were the same
in biofilm cells [average + SD, (8.3 * 2.7) X 10® CFU/ml] and
planktonic cells (2.5 X 10* 8.6 X 10”7 CFU/ml) harvested from
the same wells after 6 h of growth (Fig. 5B). Consistent with the
data in Fig. 5A showing a decline in ahrC transcript levels over
time, ahrC transcripts could not be detected in either planktonic
[(6.8 = 4.5) X 10® CFU/ml] and biofilm [(6.0 * 2.2) X 10® CFU/ml]
cells after 22 h of growth. In contrast, gelE transcripts were detected in
planktonic and biofilm cells at 22 h.

Using a polyclonal antiserum raised against recombinant his-
tidine-tagged AhrC, a strong immunoreactive protein band of the
expected size was detected in exponential- and stationary-phase
OGIRF whole-cell lysates, but not in exponential- or stationary-
phase QahrC cell lysates (Fig. 5C). The amount of AhrC in sta-
tionary-phase OG1RF preparations was calculated by densitome-
try to be reduced approximately 25% relative to that in
exponential-phase cells. AhrC was highly overexpressed in
QahrC-p,5ahrCKI exponential- and stationary-phase cells com-
pared to OGIRE cells (Fig. 5C), suggesting that the p,; promoter is
much stronger than the native ahrC promoter under the condi-
tions we analyzed.

DISCUSSION

Initial and irreversible attachment of bacteria to surfaces, followed
by biomass accumulation, are the imperative first steps in the pro-
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gression of biofilm formation (48). In endocarditis, blood-borne
bacteria attach to host-derived collagen, fibrin, platelets, and oc-
casionally red or white blood cells, to form vegetations at sites of
damaged cardiac endothelium. Similarly, in CAUTI, bacteria in
the urogenital tract interact with host proteins that adhere to the
surfaces of urinary catheters. E. faecalis has many well-studied
surface adhesins that likely facilitate the initial binding phases of
heart valve vegetation formation or urinary catheter colonization,
but other genes must be involved to coordinate the additional
processes, such as extracellular matrix formation, immune eva-
sion, and cell-to-cell communication, that lead to biomass accu-
mulation and the subsequent proliferation of an established bio-
film in vivo. It has been reported that E. faecalis endocarditis
isolates make more biofilm biomass than nonendocarditis isolates
in in vitro assays (27), but no strong linkages have been found
between biofilm formation and the presence of various virulence
factors in endocarditis and other clinical isolates (26, 49). Con-
versely, it has remained largely undefined to this point whether
enterococcal biofilm genetic determinants correlate with viru-
lence functions.

A major goal of this study was to determine whether gene func-
tion in biofilm formation is predictive of a function in endocardi-
tis virulence. Since bacterial attachment to damaged heart valves is
a critical step in the onset of infection, the majority of the seven
strains we tested had transposon insertions in genes that affected
24-h biofilm formation in an assay that evaluates attachment (20).
Although all of the transposon insertion mutants exhibited re-
duced early biofilm formation relative to OG1RF (Fig. 1), only the
strain with a transposon disruption in the ahrC gene, encoding a
transcriptional regulator, was highly attenuated in the endocardi-
tis model (Fig. 2). AhrC was recently reported to regulate viru-
lence gene expression in the human pathogen Streptococcus pneu-
moniae (45), but it was not tested for a direct role in virulence. The
data presented here represent the first description of AhrC serving
as a virulence factor in any bacterial pathogen.

The two chromosomal in-frame deletion strains, which had
deletions in RIVET-identified genes (25) that were adjacent to
either of the ArgR family transcriptional regulators identified as
biofilm determinants in the transposon screen (20), were not im-
paired in biofilm formation or endocarditis virulence (Fig. 1
and 2, respectively). These data do not support our hypothesis
that the combined results of the transposon and RIVET screens
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FIG 4 QahrC biofilms display a profound biomass defect in early biofilms. OG1RF and QahrC biofilms were grown on Aclar fluoropolymer coupons for 6 h.
Biofilms were stained with an Alexa Fluor 594-wheat germ agglutinin conjugate and imaged as described in Materials and Methods. Simple maximum intensity
projections of mean image stacks are shown for the QahrC strain (A) and a matched OG1RF sample (B). Biomass stack surface projections of the QahrC strain
(C) and OGIREF (D) provide a modicum of depth information to the two-dimensional images. Scale bars, 20 pm.

reveal transcriptional regulatory networks. The genes deleted
in these strains may have functions in infection or biofilm for-
mation that are redundant with other genetic determinants,
such that their phenotypes are masked in the assays used here.
This precise type of effect has been reported with streptococcal
adhesins (50, 51).

In combination with our previous work (13), we found that
only 2 of the 10 biofilm-associated genes screened in the endocar-
ditis model had significant roles in virulence. Five of the mutants
tested between the two studies demonstrated an intermediate phe-
notype marked by valve bacterial loads that were nonsignificantly
reduced by 1 to 2 log;, CFU relative to OGIRF (Fig. 2). The re-
maining three mutants had the same phenotype as OGIREF. It is
noteworthy that the atlA disruption mutant displayed a wild-type
virulence phenotype in endocarditis, which adds to previously
published evidence that the major autolysin is not specifically rel-
evant in virulence (12, 24), despite the availability of detailed
knowledge about its mechanism in in vitro biofilm formation
(Fig. 6) (20, 23, 41). From these results, we conclude that there is
nota strong association between biofilm formation ability in static
attachment assays and endocarditis virulence. Our group recently
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reported that the processes of E. faecalis adherence and biofilm
formation on ex vivo porcine cardiac valves proceed faster than on
cellulose membranes (52). The interactions between bacteria and
the host milieu that occur during in vivo biofilm formation are
substantially more complex than the processes that result in bio-
film formation in standard laboratory assays, such as the microti-
ter plate biofilm assay. The fact that the majority of the mutant
strains tested in our combined studies exhibited either significant
attenuation (n = 2) or had mean valve bacterial loads that were 1
to 2 log,, CFU lower than those of the wild type (n = 5) strongly
indicates that the genetic basis of virulence in the endocarditis
model is multifactorial. Some genes, such as ahrC and eep, are
major contributors to the infection process, while a plethora of
others serve more modest, and possibly functionally redundant,
roles that act together to maximize the full virulence potential of E.
faecalis. The absence of any mutants that were wholly unable to
colonize and persist at the heart valve for the duration of a 4-day
infection further supports the hypothesis that full endocarditis
virulence results from the combined functions of multiple genetic
determinants. Although it is impossible to predict how many
genes contribute to endocarditis virulence, the E. faecalis strain
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Error bars represent standard deviations (SD). (B) Gene expression in biofilms. OGIRF planktonic and biofilm cells grown in plastic dishes in TSB_g., were
harvested for quantitation and RNA extraction after growth for 6 or 22 h. Values are the means = SD of n = 5 to 6 biological replicates collected on 2 separate
days. Relative expression of ahrC and gelE was calculated by dividing the copies of detected transcript per pl of cDNA by the corresponding CFU/ml count from
the harvested biofilm cells. b.d., below detectable limit of the qPCR assay. (C) Protein expression in early exponential and stationary phases. Whole-cell lysates
of exponential (E)- or stationary (S)-phase cells were separated by SDS-PAGE, transferred to nitrocellulose, and probed with anti-AhrC polyclonal antisera.
His-tagged AhrC is approximately 18 kDa. The upper band is a cross-reactive protein of unknown identity that was used as a loading control in densitometry
measurements, which revealed that the relative amount of AhrC detected in stationary-phase OGIRF lysates was 25% less than the amount detected in
exponential-phase lysates. Due to the strong overexpression of AhrC in the QahrC-p,;ahrCKI strain (labeled “QahrC-KI” on the figure for clarity), a shorter
exposure of the same blot is shown in the bottom image. The top image was adjusted for brightness and contrast after densitometry in order to make the loading
control bands visible for publication.

INY3000 has four mapped Tn916 insertions in its genome and is
avirulent in endocarditis (53-55).

Regardless of the low correlation between in vitro biofilm for-
mation and virulence, this work resulted in the identification of
two virulence factors that are important contributors in two ani-
mal models of biofilm-associated infection (Fig. 6). The eep and
ahrC genes encode proteins that have dramatically different cellu-
lar functions. The in vitro biofilm phenotypes of the Aeep and
QahrC strains display significantly different phenotypes: under in
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vitro conditions, the Aeep strain makes strong biofilms with an
aberration in cell and matrix distribution (13, 56), while the data
we report here indicate that the (QahrC mutant is defective in early
attachment (Fig. 1) and biomass accumulation (Fig. 4). Despite
this, disruption of either locus resulted in similar attenuated phe-
notypes in the rabbit endocarditis model (Fig. 2) (13). When as-
sayed in a mouse model of CAUTI (Fig. 3), we found that QahrC
performed far worse in all variables tested than Aeep did, although
Aeep was impaired in kidney colonization relative to OGIRF. A
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FIG 6 The biofilm genes ahrC and eep, but not atlA, are also virulence factors in biofilm-associated infections. The steps at which AhrC, AtlA, and Eep contribute
to the process of biofilm formation are indicated (left). The center column illustrates the characterized biofilm phenotypes following disruption of the respective
genes, while the right column summarizes the biofilm-associated infection models (mouse CAUTI or rabbit endocarditis) in which the respective genes
contribute to virulence. The four other genes tested in this study were omitted from this figure because the biofilm phenotypes of strains lacking those genes have
not been characterized in detail. Despite differences in protein function and roles in biofilm formation, AhrC and Eep are both virulence factors of biofilm-
associated infections. The sizes of the mice in the image are scaled to reflect the severity of the attenuation phenotype measured for either ahrC or eep. Further
experimentation is required to determine if the reason why the ahrC gene is a larger contributor than eep to CAUTI virulence is because of its role in the early
biofilm stage of attachment. In contrast to AhrC and Eep, AtlA is important for microcolony formation during in vitro biofilm formation but makes no apparent

contribution to E. faecalis virulence.

major difference between these two models is the presence of a
foreign body in the CAUTI model, while the endocarditis model
involves biofilm formation on a native host surface. The results
from the infection models confirm that the pathogenesis of bio-
film-associated infections differs from model to model. Given that
only the QahrC strain has an in vitro attachment defect, it may be
that the mechanism of attachment employed during in vitro bio-
film formation is also relevant to CAUTI pathogenesis, while
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other mechanisms are at play in endocarditis. Overall, these ex-
periments demonstrate that two major enterococcal endocarditis
virulence factors may be more generally classified as virulence
factors of biofilm-associated infections.

Since building a biofilm is a multistep process, the genes that
are involved may act at one or more of the many steps along the
progression of biofilm establishment and maturation (Fig. 6).
This work demonstrates that disabling a strain such that it can no
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longer proceed through these steps may or may not correlate with
adverse effects in establishing a biofilm-related infection. For ex-
ample, loss of AtlA impairs microcolony formation but does not
reduce virulence in biofilm-mediated infections (Fig. 2 and 6)
(12), while deletion of Eep imparts abnormal microcolony cell
and matrix distribution and strongly suppresses vegetation for-
mation during endocarditis and kidney colonization following
CAUTI (Fig. 2, 3,and 6) (13). In the case of ahrC, Fig. 4 shows that
QahrC biofilms lagged behind OGIRF in the accumulation of
stainable biomass after only 6 h of development, which is consis-
tent with the early biofilm attachment defect in the microtiter
plate assay shown in Fig. 1. Expression of ahrC was highest in
planktonic cells during exponential growth of OGIRF (Fig. 5).
Likewise, in the endocarditis complementation experiments using
the nisin-inducible plasmid, ahrC expression was likely at its max-
imum in the inoculum since nisin was not present following in-
jection of the bacteria into the rabbits. Thus, the data we present
here collectively suggest that ahrC is important in the early stages
of E. faecalis biofilm formation and endocarditis development
(Fig. 6). This contrasts with expression of the gene encoding the
extracellular protease GelE (Fig. 5), which is controlled by the
quorum-sensing fsr locus (47). GelE functions at later stages in
endocarditis by contributing to immune evasion and vegetation
embolization (57).

It is unclear at this point what the specific role of AhrC is in the
virulence of E. faecalis biofilm infections and whether this role is
directly related to its role in in vitro biofilm formation. In other
Gram-positive species, ArgR and AhrC regulate gene expression
in response to arginine (45, 58). The E. faecalis AhrC and ArgR
proteins may have related functions in biofilm formation since
transposon insertions in either gene resulted in the smallest
amount of attachment among the strains tested in early biofilms
(Fig. 1). In preliminary experiments (data not shown), the addi-
tion of arginine to growth medium did not rescue the biofilm-
defective phenotypes of either transposon strain, so it remains
undetermined whether these genes function in response to argi-
nine, as is seen in other species. Based on their disparate pheno-
types in endocarditis virulence, it is clear these two transcription
factors have different regulons within the context of the host en-
vironment. Experiments to characterize the E. faecalis AhrC regu-
lon are needed, as they will provide insight into the regulatory
pathways that function downstream of AhrC in E. faecalis endo-
carditis and in vitro biofilm formation.

The complementation strain that constitutively expresses ahrC
from the chromosome restored the transposon insertion-medi-
ated biofilm defect (Fig. 1), but unexpectedly failed to comple-
ment the endocarditis defect (Fig. 2). While it is possible that
integration of the p,;ahrC construct into the chromosome be-
tween genes EF1117 and EF1116 disrupted a regulatory element or
noncoding RNA that is specific for in vivo growth, the presence of
an endogenous stem-loop transcriptional terminator upstream of
the p,;ahrC integration site renders this scenario unlikely (32).
We hypothesize that regulated expression of ahrC is critical for its
function in virulence and that gross overproduction of AhrC in
the chromosomal knock-in strain (Fig. 5) disrupted the ability of
E. faecalis to establish infection at the heart valve surface. This
would be the case if AhrC caused repression of genes that mediate
later stages of endocarditis. The reason why overproduction of
AhrC did not affect biofilm formation may be due to limitations of
the microtiter plate biofilm assay being unable to segregate the
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steps of biofilm formation beyond initial attachment and biomass
generation. Alternatively, it is possible that high constitutive ex-
pression could result in promiscuous binding of the transcription
factor to alternate promoters, resulting in incorrect expression of
genes that affect infection-related functions irrelevant to in vitro
biofilm formation. Further studies are needed to determine how
ahrC expression is controlled. While our data (Fig. 5) confirm
previously published results that the ahrC locus is not positively
regulated by fsr (59), the possibility that transcription of ahrC is
downregulated following fsr activation cannot be ruled out.

In conclusion, this study indicates that two of the biofilm de-
terminants identified from transposon and RIVET genetic screens
are virulence factors contributing to two distinct models of bio-
film-mediated infection. The lack of a major role in endocarditis
virulence for most of the biofilm genes tested here strongly sug-
gests that the genetic requirements for in vitro biofilm formation
and endocarditis do not significantly overlap. Both eep and ahrC
are conserved in Staphylococcus aureus, thus making them attrac-
tive targets for the development of new vaccines or antimicrobial
agents. Determination of the function of these enterococcal bio-
film infection-associated virulence factors in biofilm formation
and the establishment of disease is a source of ongoing study, as is
testing the S. aureus homologs for functions in biofilm formation
and infection. Overall, this research will improve our understand-
ing of the mechanisms used by E. faecalis to colonize and form
biofilms on surfaces inside a host.
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