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ABSTRACT Enterococci are gram-positive, gastrointestinal (GI) tract commensal bacteria
that have recently evolved into multidrug-resistant nosocomial pathogens. Enterococci
are intrinsically hardy, meaning that they can thrive in challenging environments and
outlast other commensal bacteria. Further adaptations enable enterococci to dominate
the GI tracts of hospitalized patients, and this domination precedes invasive infection
and facilitates transmission to other patients. A recent study by Boumasmoud et al. used
whole genome sequencing (WGS) to characterize 69 vancomycin-resistant Enterococcus
faecium (VREfm) isolates collected from a Swiss hospital. WGS uncovered a clone that
was repeatedly sampled from dozens of patients over multiple years. This persistent
clone accumulated mutations as well as a novel linear plasmid, which together likely
increased its persistence in the GI tracts of infected patients. This study is one of several
recent examples that highlight the genetic plasticity of VREfm as it adapts to the hospi-
talized gut and becomes a leading nosocomial pathogen.
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Enterococci are GI tract commensals of nearly all terrestrial animals, from insects to
humans (1, 2). In the antibiotic era, enterococci have emerged as prominent patho-

gens that cause antibiotic-resistant infections in vulnerable hosts. A prime example is
vancomycin-resistant Enterococcus faecium (VREfm), a hospital-associated pathogen
that readily colonizes the antibiotic-perturbed GI tract and also causes deadly systemic
infections. VREfm colonization and infection are facilitated by the fact that enterococci
are often the “last bacteria standing” after other members of the GI flora are removed
via broad-spectrum antibiotics and other treatments that deplete commensal flora,
such as alterations in enteral nutrition, gastric acid suppression, skin and oropharyn-
geal decontamination, as well as mucosal and skin barrier disruption (3). The ability of
VREfm to persist in the GI tract stems from the fact that enterococci are intrinsically
hardy, meaning that they can tolerate a variety of cellular stresses that other bacteria
cannot (1, 4). This persistence enables further adaptation through mutations and ac-
quisition of mobile elements, both of which allow VREfm to increase their abundance
in the GI tract and ultimately cause infection (Fig. 1) (5).

Whole genome sequencing (WGS) is a powerful tool for studying bacterial adaptation
and identifying outbreaks of drug-resistant pathogens. The study by Boumasmoud et al.
used WGS to sample VREfm at a single Swiss hospital over a 4-year period (6). Sequencing
of 69 VREfm colonizing and invasive isolates collected from 61 different patients uncov-
ered a persistent clone belonging to multilocus sequence type (ST) 203 that was sampled
31 times over 3 years and was responsible for an outbreak of VREfm infection. The authors
looked for single nucleotide polymorphisms (SNPs) that were shared among all outbreak
isolates but not other sampled ST203 isolates, and identified 6 nonsynonymous SNPs that
were unique to the outbreak isolates. Among the six mutated genes, at least two resided
in pathways that have previously been associated with bacterial survival in the face of
VREfm-directed antimicrobial therapy. The first mutated gene is the cardiolipin synthase
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(cls), which was found to encode an Ala20Asp mutation among the outbreak isolates.
Mutations in cls are known to arise in Enterococcus genomes following treatment with
daptomycin, one of the few available antibiotic options to treat vancomycin-resistant
enterococcal infections. Daptomycin disrupts the integrity of the bacterial cell membrane,
and mutations in cls alter phospholipid biosynthesis and decrease bacterial susceptibility
to this agent (7). Isolates in the outbreak clade harboring the Ala20Asp mutation in cls
were found to have increased daptomycin MICs compared to the ancestral strain.
Notably, two prior studies identified the same mutation in cls as likely selected following
daptomycin exposure (8, 9). While this clsmutation alone does not appear to confer overt
resistance to daptomycin, one of these earlier studies showed that cls mutations were
associated with increased daptomycin tolerance, as measured by minimum bactericidal
concentration (MBC) testing (9). Antibiotic tolerance is increasingly appreciated as a clini-
cally relevant phenotype that contributes to persistent and recurrent infections (10).
Convergent evolution of the same cls mutation in VREfm across three separate studies
strongly suggests that this particular mutation is important for bacterial tolerance during
daptomycin selection, regardless of whether the mutation confers true resistance or not.

Antibiotic tolerance can also be achieved through induction of the stringent response,
a signaling cascade that globally alters transcriptional and translational profiles to down-
regulate metabolism and slow bacterial growth (11). Mutations in the (p)ppGpp synthe-
tase, Rel, as well as other effector proteins, are associated with antibiotic tolerance and
persistent bacterial infections (12). In the study by Boumasmoud et al., all outbreak iso-
lates encoded a Val678Ile mutation in FusA, which is also known as elongation factor
G (EF-G). EF-G catalyzes the GTP-dependent ribosomal translocation step during trans-
lation and is a binding partner of (p)ppGpp, which helps propagate the decreased
translational activity when the stringent response is activated (13). While it is uncer-
tain what the effects of this particular mutation in FusA might be, the authors
observed that the growth rates of outbreak isolates were significantly slower than
those of ancestral strains. A slow growth rate is one of the hallmark phenotypes of an

FIG 1 Model showing how VRE genetic plasticity may lead to intestinal domination and invasive infection. Brown curved lines indicate the mucosal surface
of the gastrointestinal (GI) tract, and light-yellow shading depicts the associated mucus layer. The right-most portion highlights inflammatory changes that
can occur at the GI mucosal surface in times of illness, which can lead to a breakdown of innate host defenses. Black horizontal arrows are labeled with
examples of external selective pressures, such as antibiotic exposure and altered enteral nutrition. Curved arrows highlight genetic adaptations that can
occur during selection to generate a population of enterococci (purple ovals) that resists eradication and outcompetes other enteric commensal bacteria
(depicted by multicolored shapes).
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activated stringent response, and it is believed that slow growth helps bacterial popu-
lations survive stress by slowing down metabolism. These results cause us to wonder
whether the outbreak clade-defining chromosomal mutation in FusA could induce or
modulate the stringent response and contribute to an antibiotic tolerance phenotype.
Mutations that cause activation of the stringent response have been previously
observed to evolve during persistent infection, including in VREfm (14, 15). Genetic
signatures of stringent response activation can be difficult to detect because there is
no single gene or causal mutation. Nonetheless, it is becoming increasingly clear that
activation of this pathway is a conserved mechanism enabling bacterial persistence in
harsh environments, such as the hospital environment or the GI tracts of hospitalized
patients. This persistence offers additional time and opportunities for bacteria to
adapt through mutation and mobile element acquisition.

The GI tract of the hospitalized patient differs significantly from the healthy human
gut and provides a vastly different metabolic environment for intestinal flora. Prior
genomic analyses of hospital-adapted enterococci have suggested that these patho-
gens have acquired genes that allow them to access and metabolize nutrients that
commensal enterococci cannot. One prominent example of this is the enrichment of
genes encoding phosphotransferase systems (PTSs) and other carbohydrate utilization
enzymes among hospital-adapted E. faecium (16, 17). In another study, a unique PTS
that allows for the utilization of amino sugars, which occur on epithelial cell surfaces
and mucin, was shown to enhance the ability of E. faecium to colonize the antibiotic-
perturbed GI tract (18). In the study by Boumasmoud et al., the outbreak isolates
acquired the ability to metabolize N-acetyl-galactosamine (GalNac), a component of in-
testinal mucin, due to an operon encoded on a novel linear plasmid. As noted by the
authors, this plasmid was similar to other recently described linear E. faecium plasmids
(19, 20). While the linear plasmid observed in this study was similar in genetic and top-
ological structure to those previously reported, the GalNac metabolism operon
observed here was not present in the other E. faecium linear plasmids. The authors
showed that the linear plasmid carrying the GalNAc metabolism operon gave VREfm
the ability to grow in the presence of GalNAc, and suggested that this plasmid might
have enabled VREfm to more efficiently colonize the GI tracts of hospitalized patients.

Where might this GalNAc operon have originated? To investigate this question, we
searched for the ;12.5 kb GalNAc operon sequence in the NCBI database using nucle-
otide BLAST and identified significant homology spanning the entire length of the op-
eron to two Enterococcus avium genomes. The two genomes were E. avium strain 352
(GenBank accession CP034169.1), which was isolated from a patient with cholelithiasis
in China in 2018, and E. avium strain FDAARGOS_184 (GenBank accession CP024590.1),
which was isolated from an abscess in a pediatric patient in the United States in 2015.
The operon in both E. avium genomes resided on the chromosome and lacked identifi-
able mobile element signatures in the flanking regions. Nonetheless, the sequence of
this GalNAc operon in the outbreak linear plasmid and the two E. avium genomes
shared over 99% nucleotide identity, strongly suggesting the possible origin of this op-
eron in the E. avium genome. Prior studies by Hashimoto et al. showed that linear E.
faecium plasmids could be readily transferred between different enterococcal species,
including E. faecium, E. faecalis, E. casseliflavus, and E. hirae (19, 20). Taken together,
these observations suggest that the GalNAc operon observed in this study might have
originated in E. avium, been transferred to a mobile element, such as a linear plasmid,
and then moved into E. faecium, where it was observed by the study authors.

Overall, the study by Boumasmoud et al. highlights the benefits of using WGS in
conjunction with hospital epidemiology to detect bacterial clones causing outbreaks
among hospitalized patients. Additionally, WGS is a useful tool for identifying ways
that enterococci adapt to the antibiotic-perturbed GI tract. In this case, adaptations
that enhanced antibiotic tolerance, contributed to persistent infection, and conferred
the ability to metabolize new food sources likely caused the success of this particular
clone. While enterococci are intrinsically hardy, this study shows how VREfm
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continually adapt to persist in the hospitalized GI tract, where they can remain poised
to cause systemic disease.

REFERENCES
1. Lebreton F, Manson AL, Saavedra JT, Straub TJ, Earl AM, Gilmore MS.

2017. Tracing the enterococci from Paleozoic origins to the hospital. Cell
169:849–861.e13. https://doi.org/10.1016/j.cell.2017.04.027.

2. Van Tyne D, Gilmore MS. 2014. Friend turned foe: evolution of enterococ-
cal virulence and antibiotic resistance. Annu Rev Microbiol 68:337–356.
https://doi.org/10.1146/annurev-micro-091213-113003.

3. Kitsios GD, Morowitz MJ, Dickson RP, Huffnagle GB, McVerry BJ, Morris A.
2017. Dysbiosis in the intensive care unit: microbiome science coming to
the bedside. J Crit Care 38:84–91. https://doi.org/10.1016/j.jcrc.2016.09.029.

4. Gaca AO, Lemos JA. 2019. Adaptation to adversity: the intermingling of
stress tolerance and pathogenesis in enterococci. Microbiol Mol Biol Rev
83:e00008-19. https://doi.org/10.1128/MMBR.00008-19.

5. Gaca AO, Gilmore MS. 2016. Killing of VRE Enterococcus faecalis by com-
mensal strains: evidence for evolution and accumulation of mobile ele-
ments in the absence of competition. Gut Microbes 7:90–96. https://doi
.org/10.1080/19490976.2015.1127482.

6. Boumasmoud M, Dengler Haunreiter V, Schweizer TA, Meyer L,
Chakrakodi B, Schreiber PW, Seidl K, Kühnert D, Kouyos RD, Zinkernagel
AS. 2022. Genomic surveillance of vancomycin-resistant Enterococcus fae-
cium reveals spread of a linear plasmid conferring a nutrient utilization
advantage. mBio 13:e03771-21. https://doi.org/10.1128/mbio.03771-21.

7. Miller WR, Bayer AS, Arias CA. 2016. Mechanism of action and resistance to
daptomycin in Staphylococcus aureus and enterococci. Cold Spring Harb
Perspect Med 6:a026997. https://doi.org/10.1101/cshperspect.a026997.

8. Wang G, Yu F, Lin H, Murugesan K, Huang W, Hoss AG, Dhand A, Lee LY,
Zhuge J, Yin C, Montecalvo M, Dimitrova N, Fallon JT. 2018. Evolution and
mutations predisposing to daptomycin resistance in vancomycin-resist-
ant Enterococcus faecium ST736 strains. PLoS One 13:e0209785. https://
doi.org/10.1371/journal.pone.0209785.

9. Chilambi GS, Nordstrom HR, Evans DR, Ferrolino JA, Hayden RT, Marón
GM, Vo AN, Gilmore MS, Wolf J, Rosch JW, Van Tyne D. 2020. Evolution of
vancomycin-resistant Enterococcus faecium during colonization and infec-
tion in immunocompromised pediatric patients. Proc Natl Acad Sci U S A
117:11703–11714. https://doi.org/10.1073/pnas.1917130117.

10. Dewachter L, Fauvart M, Michiels J. 2019. Bacterial heterogeneity and antibi-
otic survival: understanding and combatting persistence and heteroresist-
ance. Mol Cell 76:255–267. https://doi.org/10.1016/j.molcel.2019.09.028.

11. Irving SE, Choudhury NR, Corrigan RM. 2021. The stringent response and
physiological roles of (pp)pGpp in bacteria. Nat Rev Microbiol 19:
256–271. https://doi.org/10.1038/s41579-020-00470-y.

12. Hobbs JK, Boraston AB. 2019. (p)ppgpp and the stringent response: an
emerging threat to antibiotic therapy. ACS Infect Dis 5:1505–1517.
https://doi.org/10.1021/acsinfecdis.9b00204.

13. Rojas AM, Ehrenberg M, Andersson SG, Kurland CG. 1984. ppGpp inhibi-
tion of elongation factors Tu, G and Ts during polypeptide synthesis. Mol
Gen Genet 197:36–45. https://doi.org/10.1007/BF00327920.

14. Honsa ES, Cooper VS, Mhaissen MN, Frank M, Shaker J, Iverson A, Rubnitz
J, Hayden RT, Lee RE, Rock CO, Tuomanen EI, Wolf J, Rosch JW. 2017. RelA
mutant Enterococcus faecium with multiantibiotic tolerance arising in an
immunocompromised host. mBio 8:e02124-16. https://doi.org/10.1128/
mBio.02124-16.

15. Pacios O, Blasco L, Bleriot I, Fernandez-Garcia L, Ambroa A, López M, Bou
G, Cantón R, Garcia-Contreras R, Wood TK, Tomás M. 2020. (p)ppgpp and
its role in bacterial persistence: new challenges. Antimicrob Agents Che-
mother 64:e01283-20. https://doi.org/10.1128/AAC.01283-20.

16. Deutscher J, Francke C, Postma PW. 2006. How phosphotransferase sys-
tem-related protein phosphorylation regulates carbohydrate metabolism
in bacteria. Microbiol Mol Biol Rev 70:939–1031. https://doi.org/10.1128/
MMBR.00024-06.

17. Lebreton F, van Schaik W, McGuire AM, Godfrey P, Griggs A, Mazumdar V,
Corander J, Cheng L, Saif S, Young S, Zeng Q, Wortman J, Birren B,
Willems RJL, Earl AM, Gilmore MS. 2013. Emergence of epidemic multi-
drug-resistant Enterococcus faecium from animal and commensal strains.
mBio 4:e00534-13. https://doi.org/10.1128/mBio.00534-13.

18. Zhang X, Top J, de Been M, Bierschenk D, Rogers M, Leendertse M,
Bonten MJM, van der Poll T, Willems RJL, van Schaik W. 2013. Identifica-
tion of a genetic determinant in clinical Enterococcus faecium strains that
contributes to intestinal colonization during antibiotic treatment. J Infect
Dis 207:1780–1786. https://doi.org/10.1093/infdis/jit076.

19. Hashimoto Y, Kita I, Suzuki M, Hirakawa H, Ohtaki H, Tomita H. 2020. First
report of the local spread of vancomycin-resistant enterococci ascribed to
the interspecies transmission of a vanA gene cluster-carrying linear plasmid.
mSphere 5:e00102-20. https://doi.org/10.1128/mSphere.00102-20.

20. Hashimoto Y, Taniguchi M, Uesaka K, Nomura T, Hirakawa H, Tanimoto K,
Tamai K, Ruan G, Zheng B, Tomita H. 2019. Novel multidrug-resistant
enterococcal mobile linear plasmid pELF1 encoding vanA and vanM gene
clusters from a Japanese vancomycin-resistant enterococci isolate. Front
Microbiol 10:2568. https://doi.org/10.3389/fmicb.2019.02568.

Commentary mBio

July/August 2022 Volume 13 Issue 4 10.1128/mbio.00670-22 4

https://doi.org/10.1016/j.cell.2017.04.027
https://doi.org/10.1146/annurev-micro-091213-113003
https://doi.org/10.1016/j.jcrc.2016.09.029
https://doi.org/10.1128/MMBR.00008-19
https://doi.org/10.1080/19490976.2015.1127482
https://doi.org/10.1080/19490976.2015.1127482
https://doi.org/10.1128/mbio.03771-21
https://doi.org/10.1101/cshperspect.a026997
https://doi.org/10.1371/journal.pone.0209785
https://doi.org/10.1371/journal.pone.0209785
https://doi.org/10.1073/pnas.1917130117
https://doi.org/10.1016/j.molcel.2019.09.028
https://doi.org/10.1038/s41579-020-00470-y
https://doi.org/10.1021/acsinfecdis.9b00204
https://doi.org/10.1007/BF00327920
https://doi.org/10.1128/mBio.02124-16
https://doi.org/10.1128/mBio.02124-16
https://doi.org/10.1128/AAC.01283-20
https://doi.org/10.1128/MMBR.00024-06
https://doi.org/10.1128/MMBR.00024-06
https://doi.org/10.1128/mBio.00534-13
https://doi.org/10.1093/infdis/jit076
https://doi.org/10.1128/mSphere.00102-20
https://doi.org/10.3389/fmicb.2019.02568
https://journals.asm.org/journal/mbio
https://doi.org/10.1128/mbio.00670-22

	REFERENCES

