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ABSTRACT LiaFSR signaling plays a major role in mediating daptomycin (DAP) resist-
ance in enterococci, and the lack of a functional LiaFSR pathway leads to DAP hypersus-
ceptibility. Using in vitro experimental evolution, we evaluated how Enterococcus faecium
with a liaR response regulator gene deletion evolved DAP resistance. We found that
knocking out LiaFSR signaling significantly delayed the onset of resistance, but resist-
ance could emerge eventually through various alternate mechanisms that were influ-
enced by the environment.
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Daptomycin (DAP) is a cyclic lipopeptide antibiotic used to treat multidrug-resistant
Gram-positive infections (1–3). Changes in the LiaFSR signaling pathway contrib-

ute to resistance in both Enterococcus faecalis and Enterococcus faecium (4–10). The
occurrence of LiaFSR adaptive mutations across enterococci suggests that inhibi-
tion of LiaFSR signaling in conjunction with DAP may extend clinical DAP efficacy
by inducing hypersusceptibility to the antibiotic and delaying the evolution of
resistance, (9, 11, 12).

Previously, we determined that DAP-tolerant E. faecium isolates containing
LiaFSR-activating alleles can achieve high levels of DAP resistance via a range of
evolutionary trajectories (13). Because additional resistance mechanisms are acces-
sible to E. faecium, it was important to establish whether E. faecium lacking a func-
tional LiaFSR system would be able to rapidly adapt to DAP and thereby under-
mine the efficacy of any potential LiaFSR inhibitor. To address this concern, two
clinical E. faecium isolates, HOU503 and HOU515 (7), with deletions of the gene
encoding the LiaR response regulators (503FDliaR and 515FDliaR, respectively) (6)
were evolved to DAP resistance using flask-transfer and bioreactor-mediated ex-
perimental evolution (13). Initial DAP MICs in brain heart infusion (BHI) with sup-
plemented calcium (50mg/liter) were 0.25 and 0.5 mg/liter, respectively. HOU503
and the 503FDliaR derivative are vancomycin (VAN) resistant, with a VAN MIC of .256mg/
liter, whereas HOU515 and the derivative 515FDliaR are VAN susceptible.

Five independent populations were evolved via flask transfer, favoring planktonic
populations as cells that adhere to surfaces are less likely to be transferred each day.
Cells were grown in BHI containing 50mg/liter calcium, and 100-fold dilutions were
transferred daily to increasing DAP concentrations until populations were growing at
$8mg/liter DAP (Fig. 1). The 503FDliaR flask populations reached the MIC threshold
within 18 days and the 515FDliaR flask population in 20 days, compared to the 6 days
required for HOU503 (13) and HOU515 containing intact LiaFSR pathways.
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503FDliaR and 515FDliaR were also evolved to DAP resistance in singlicate
using a bioreactor, which selects for the formation of complex-structured com-
munities that are typically found in biofilms (5, 13, 14). Bioreactor experiments
maintain highly polymorphic populations; however, that polymorphism is also
highly replicable when the selection is moderate and the population sufficiently
large. Previously, replicate bioreactor populations evolved similar mutations,
although the frequency at which those mutations occurred varied (15–18). In
brief, 200-ml cultures were maintained at mid-log phase in a Sartorius Stedim
Biostat B Plus 1-liter vessel. Exhaust CO2 was measured by a Magellen Tandem
Pro gas analyzer to act as a proxy for culture growth rate, where rising CO2 levels
would trigger an influx of fresh medium to maintain a constant turbidity. Every 2
days, a sample of the adapting population was subjected externally to MIC test-
ing in tubes to identify the highest DAP concentration tolerated by the cells.
Using these external results, the bioreactor DAP concentration was adjusted.
Following this protocol, the 503FDliaR and 515FDliaR populations reached $8mg/liter
DAP within 23 and 25days, respectively, compared to the 8 to 10days required for
HOU503 (Fig. 1). Thus, when LiaFSR signaling was disrupted, the time to evolve DAP re-
sistance was more than doubled, regardless of environment.

To identify genetic changes associated with alternative resistance pathways in the ab-
sence of LiaFSR signaling, whole-genome sequencing was performed on two random iso-
lates from each of the final flask-transfer populations, the daily bioreactor metapopulations,
and phenotypically diverse bioreactor-derived endpoint isolates (13). Flask-transfer isolates
were selected randomly because flask populations tend to be less polymorphic than bio-
reactor populations or those from experiments that form long-term structured communities
and biofilms (Tables 1 and 2) (13, 19). Bioreactor-derived isolates were selected nonran-
domly to sample a range of MICs, and thus, the frequency of bioreactor endpoint genotypes
did not reflect the population frequency (Fig. 2 and Tables 3 and 4). Samples were
sequenced by Genewiz with 2� 150-bp reads on HiSeq. Endpoint isolates were sequenced
with a minimum coverage of 100-fold, whereas daily populations were sequenced with at
least 300-fold coverage. Illumina sequences were compared with the appropriate
closed ancestor genomes (503F_del_LiaR or 515FdelLiaR under BioProject no.
PRJNA544687 and PRJNA551139, respectively), using the Breseq genomic pipeline (20).

In a flask environment, two 503FDliaR and all five 515FDliaR flask populations con-
tained mutations in yvcRS (Tables 1 and 2), the multicomponent system that senses
bacitracin and was previously shown to provide DAP resistance in flask-transfer isolates
of E. faecium HOU503 (13). In HOU503, yvcRS mutations were correlated with an
increase in dltABCD transcripts, an increase in cell surface charge, and a reduction in
DAP binding, consistent with the repulsion-based resistance mechanism (13). Here, we

FIG 1 Deleting liaR delayed the emergence of DAP resistance. 503FDliaR and 515FDliaR were
adapted to DAP resistance via flask transfer (FT) (five populations each) or bioreactor (BR) (one
population each). Horizontal red line indicates clinical DAP susceptibility cutoff. Each replicate FT
population was transferred to identical DAP concentrations. HOU503 data are replotted from Prater
et al. (13).
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again found that mutations in yvcRS occurred, even in the absence of an intact LiaFSR
system.

To determine whether cells lacking liaR and containing yvcRS variants resulted in a
similar resistance mechanism, dltA transcripts were measured and cell surface qualities
quantified. dltA transcripts were compared with the housekeeping gene glucose-1-de-
hydrogenase 4 (gdhIV) and were quantified using the 2-DDCt method. Experiments were
performed in biological and technical triplicate with the gdhIV forward primer
(AAGCAGTCTCTGTACAAGCAG) and reverse primer (AGGCTAAGTTCATGGGTTGG) (13). To
determine DAP binding patterns, cells were grown to optical density at 600 nm
(OD600) 0.5 and then incubated with 32mg/ml boron-dipyrromethene (BDP):DAP at
37°C with shaking in the dark for 20 min followed by a HEPES wash (7, 10, 13,
21–24). To determine cell surface charge, cells were grown to OD600 0.5 and washed

TABLE 1 503FDliaR flask-transfer endpoint isolate genotypes

TABLE 2 515FDliaR flask-transfer endpoint isolate genotypes

LiaR-Independent Daptomycin Resistance in E. faecium Antimicrobial Agents and Chemotherapy

April 2021 Volume 65 Issue 4 e01317-20 aac.asm.org 3

https://aac.asm.org


FIG 2 LiaR-independent bioreactor mutation frequencies over time. Mutations that reached a minimum of 10% frequency on 2 consecutive days are
included. 1Multiple mutations were present within that gene, the summation of which is represented here. * indicates mutation resulted in a stop codon.
(a) 503FDliaR. (b) 515FDliaR. Importantly, mutations unrelated to DAP resistance can accumulate within a population by “hitchhiking” with a bona fide
adaptive mutation, such as uxuAV196M with divIVAI92F, as seen in panel a.
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three times in HEPES (20mM, pH 7.0), normalized to OD600 0.1, and incubated with
10mg/ml poly-L-lysine conjugated to fluorescein isothiocyanate (PLL:FITC) at room
temperature for 10 min with shaking followed by a HEPES wash (13, 25). To deter-
mine anionic phospholipid distributions, cells were grown to 0.2 and then incu-

TABLE 3 503FDliaR bioreactor-derived endpoint isolate genotypes

TABLE 4 515FDliaR bioreactor-derived endpoint isolate genotypes
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FIG 3 Flask-transfer isolates with mutations in yvcRS repelled DAP. (a) qPCR of dltA transcripts for 503FDliaR isolates using gdhIV as reference. All changes
were statistically significant (P , 0.05, Mann-Whitney U test). (b) qPCR of dltA transcripts for 515FDliaR isolates using gdhIV as reference. Circles, biological

(Continued on next page)
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bated with 500 nM 10-N-nonyl acridine orange (NAO) at 37°C with shaking in the
dark for 3 h followed by three washes with 0.9% saline (9, 10, 13, 26). For all micros-
copy experiments, cells were resuspended in VectaShield, immobilized onto poly-L-
lysine-coated coverslips, imaged on a Keyence BZ-Z710, performed in duplicate on
separate days, and quantified using ImageJ.

As observed in HOU503, isolates lacking liaR and containing yvcRS mutations
showed evidence of an electrostatic repulsion mechanism to confer DAP resistance
(Fig. 3). Of note, without allelic replacements, the most parsimonious arguments
between genotype and phenotype are shown here, where multiple isolates carry-
ing similar mutations were assessed. In many cases, an additional variant was pres-
ent within cardiolipin synthase (cls), which has also been identified in many evolu-
tionary trajectories associated with DAP resistance in both redistribution and
repulsion-based contexts (5, 13, 27). In DliaR flask-transfer isolates containing
yvcRS mutations, dltA transcripts were significantly elevated compared with the
housekeeping gene gdhIV and bound significantly less BDP:DAP than the ancestor
without the DAP-redistribution phenotype that is associated with DAP resistance
in E. faecalis R712 (Fig. 3a to c). To determine whether this reduction in BDP:DAP
binding may be the result of increases in cell surface charge, isolates were incu-
bated with PLL:FITC as described above. All flask-transfer (FT) isolates containing
yvcRS mutations bound less PLL:FITC than the ancestors (except 515FDliaR FT1-2),
suggesting an increase in cell surface charge (Fig. 3e; see also Fig. S1 in the supple-
mental material). Incubation with NAO revealed no evidence of lipid redistribution
(see Fig. S2 in the supplemental material) (9, 10, 26).

Although this sampling does not provide a quantitative survey of all mutations
derived from flask adaptation, the evolution of yvcRS mutations across different pop-
ulations and ancestral genomes suggests their importance in contributing to DAP
resistance independent of a functional LiaFSR system. Previously, a yvcR mutation
was also identified in a DAP-resistant flask-transfer isolate of E. faecalis lacking
liaR (12). Importantly, 503FDliaR FT1-1 (yvcSA647P, clsA20D) possessed similar muta-
tions to HOU503 FT5 (yvcSS23I, clsR218Q) (13), yet the timeline to resistance differed
markedly. So, yvcRS mutations allowed HOU503 to readily achieve high levels of DAP resist-
ance (13); however, when liaR was deleted, the same level of resistance was not observed for
an additional 2 weeks.

In a bioreactor environment with complex biofilms, both 503FDliaR and
515FDliaR evolved resistance through a multitude of mutations that resulted in
various resistant phenotypes (Tables 3 and 4, Fig. 2; see also Fig. S3 to S8 in the
supplemental material). Interestingly, the adaptive mutations differed between
503FDliaR and 515FDliaR. In 503FDliaR bioreactor-evolved isolates, we observed
mutations affecting a wide range of mechanistic systems, including cell division
(divIVA) (Fig. S3), cell wall synthesis (murAA) (Fig. S4 and S5), and lipid metabo-
lism (cls). In several instances, VAN sensitivity was restored (see Text S1 and Table
S1 in the supplemental material). Conversely, 515FDliaR almost exclusively evolved
one of two mutations in cystathionine gamma-synthase (metB), both of which
resulted in an extension of the open reading frame into the downstream gene cys-
tathionine beta-lyase (metC). Each lineage resulted in differing phenotypes (Text
S1, Fig. S6 to S8). Interestingly, both 503FDliaR and 515FDliaR evolved mutations
downstream of a plasmid-encoded repA. Mutations downstream of repA were not
observed in a 515FDliaR no-drug control, and the significance of these changes
remains under investigation (Text S1). Importantly, although multiple trajectories

FIG 3 Legend (Continued)
replicates; bars, means. (c) Isolates were incubated with 32mg/ml BDP-DAP. Scale bars, 1mm. E. faecalis R712 acts as a control showing the DAP
redistribution phenotype. (d) Quantification of BDP:DAP. (e) Quantification of PLL:FITC; images found in Fig. S1 in the supplemental material. Isolate names
in orange are 503FDliaR isolates, and names in purple are 515FDliaR isolates. *, Significance compared to the ancestor (P , 0.05) using Mann-Whitney U
test with post hoc Holm-Bonferroni adjustment. Experiment performed in duplicate on separate days. Quantification using ImageJ.
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and phenotypes existed in the biofilm-heavy environment, the timeline to resistance
was still significantly delayed when liaR was not present.

In summary, deleting liaR from the E. faecium genome greatly delayed the
onset of DAP resistance. The evolved resistance mechanisms varied greatly
depending on environment and ancestral genome, suggesting that activation of
LiaFSR is the dominant pathway to resistance in E. faecium. This delay in the emer-
gence of resistance supports the development of a LiaFSR inhibitor to be used
with DAP and potentially other cell membrane active compounds.

Statistical significance was defined as P , 0.05 using the Mann-Whitney test with
post hoc Holm-Bonferroni adjustment unless otherwise stated.

Data availability. All sequences are deposited under BioProject no. PRJNA549910,
PRJNA551139, and PRJNA551146.
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