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EttA is likely non-essential in Staphylococcus
aureus persistence, fitness or resistance to
antibiotics
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Abstract

Background: Tolerance to antibiotics and persistence are associated with antibiotic treatment failures, chronic-
relapsing infections, and emerging antibiotic resistance in various bacteria, including Staphylococcus aureus.
Mechanisms of persistence are largely unknown, yet have been linked to physiology under low-ATP conditions and
the metabolic-inactive state. EttA is an ATP-binding cassette protein, linked in Eschrechia coli to ribosomal
hibernation and fitness in stationary growth phase, yet its role in S. aureus physiology is unknown.

Results: Using whole genome sequencing (WGS) of serial clinical isolates, we identified an EttA-negative S. aureus
mutant (ettAstop), and its isogenic wild-type counterpart. We used these two isogenic clones to investigate the role
of ettA in S. aureus physiology in starvation and antibiotic stress, and test its role in persistence and antibiotic
tolerance. ettAstop and its WT counterpart were similar in their antibiotic resistance profiles to multiple antibiotics.
Population dynamics of ettAstop and the WT were similar in low-nutrient setting, with similar recovery from
stationary growth phase or starvation. Supra-bacteriocidal concentration of cefazolin had the same killing effect on
ettAstop and WT populations, with no difference in persister formation.

Conclusions: Lack of ettA does not affect S. aureus antibiotic resistance, beta-lactam tolerance, resilience to
starvation or fitness following starvation. We conclude the role of ettA in S. aureus physiology is limited or
redundant with another, unidentified gene. WGS of serial clinical isolates may enable investigation of other single
genes involved in S. aureus virulence, and specifically persister cell formation.
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Background
Staphylococcus aureus is a major human pathogen, re-
sponsible for a variety of acute, as well as chronic and
relapsing infections such as osteomyelitis and endocardi-
tis and is notorious for its ability to form biofilm on im-
planted devices. Persisters are dormant phenotypic
variants of bacterial cells that are tolerant to killing by
antibiotics, and are associated with chronic infections

and antibiotic treatment failures [1]. It has been recently
reported that emergence of persister S. aureus bacteria
in a patient receiving seemingly adequate treatment, pre-
cedes and facilitates the emergence of true resistant bac-
teria [2]. While mechanisms of persistence appear to be
heterogeneous and mostly poorly characterized, it ap-
pears that many of them involve translation mechanisms
and slowing or inhibiting RNA translation into proteins
[3, 4]. Specifically in S. aureus, persistence has been
linked to lower ATP levels and stationary growth phase
[5]. Elucidating the genetic basis of persistence and regu-
lation of protein synthesis under antibiotic or metabolic
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stress is of importance in developing strategies to com-
bat emerging antibiotic resistance, and for developing
novel therapeutics for chronic infections.
Energy-dependent translational throttle protein (EttA)

is an ATP-binding cassette family (ABC-F) protein. Un-
like other ABC-F proteins in gram positive bacteria,
known to mediates resistance to ribosome-active antibi-
otics [6], EttA does not confer antibiotic resistance, but
functions as a translation factor to limit ribosomal activ-
ity in response to low ATP levels [6–8]. In Eschrechia
coli, expression of EttA increases in stationary phase
allowing a hibernation state of low ribosomal translation,
until ATP levels are restored [9, 10]. No resistance
phenotype was found in a targeted deletion mutant in E.
coli, yet a functional EttA was important for rapid emer-
gence from stationary phase [9]. The role of EttA in S.
aureus physiology has not been elucidated. Considering
the role of EttA in mediating hibernation state in E. coli,
we hypothesized EttA may have a similar role in S. aur-
eus. Furthermore, considering the link between persist-
ence in S. aureus and stationary growth phase dynamics,
[5] we hypothesized that EttA in S. aureus may be in-
volved in antibiotic tolerance, resistance to nutrient de-
pletion, and emergence from stationary growth phase.
We tested these hypotheses using an ettA-negative S.
aureus clinical mutant, comparing it to its isogenic ettA
wild-type strain.

Results
Isolation of an EttA-negative S. aureus mutant and its
isogenic wild-type strain
We used S. aureus strains isolated from serial blood cul-
tures during a continuous S. aureus bacteremia. Blood
cultures obtained on four sequential days grew S. aureus,
despite early beta-lactam and glycopeptide-based anti-
microbial therapy confirmed to be microbiologically ap-
propriate, and removal of the catheter. Whole genome
sequencing (WGS) was performed on four isolates, each
from a different day of bacteremia, and sequences were
aligned searching for genetic variations. Analysis re-
vealed the strains to be of the same clone, given scant
genetic variations if any. All strains were negative for
SCCmec. Specifically, the strain isolated on day 1 of
bacteremia was found to have a single nucleotide change
(C= > T at position 490) in the gene ettA, causing a pre-
mature stop codon (TAA) after 163 of 628 amino acids
in total. The point mutation was verified using PCR and
Sanger sequencing. No other mutations were found in
this clone, ettAstop, as compared to the other WT S. aur-
eus clones isolated from this patient. By comparing the
WT clinical S. aureus isolate to its EttA-depleted mutant
(ettAstop), we could examine the role of ettA in S. aureus
antibiotic resistance, persistence, response to nutrient
depletion and emergence from stationary phase.

Lack of EttA does not affect susceptibility to antibiotics
We determined the minimal inhibitory concentration
(MIC) to several commonly used anti-staphylococcal an-
tibiotics in the ettAstop mutant and its WT S. aureus
counterpart, by broth dilution assay, using both Luria
broth (LB) and Mueller-Hinton (MH) media. Given the
possible role of ABC Family proteins in conferring re-
sistance to ribosomal-active antibiotics [8], we tested
MICs of both strains to 50s- and 30s-binding antibiotics,
as well as to other classes of antibiotics, including beta-
lactams. We found no difference in the MIC values for
cefazolin, gentamicin, azithromycin, vancomycin, or cip-
rofloxacin. Linezolid and erythromycin had a single (1:2)
dilution differences in LB and MH accordingly (Table 1).

ettAstop and WT S. aureus have similar population
dynamics following starvation
Considering the possible role of ettA in ATP-depleted
conditions [9], we sought to compare the resilience of
WT S. aureus and ettAstop to nutrient depletion or cell-
starvation. We used two starvation models. In the first
model, each strain was grown in LB to an OD600 of 1
(stationary phase), then diluted 1:100 into nutrient-
depleted media (PBS), and left at 37 °C. Bacterial survival
was determined by CFU count. Survival of the WT S.
aureus and ettAstop was similar (non-significant paired t-
test, t = 1.934, df = 4, p-value 0.1252) (Fig. 1a). In the sec-
ond model, we compared the survival of WT S. aureus
and ettAstop mutant in a nutrient-limited environment.
Each strain was grown in LB to stationary phase, left in
the same broth, and plated for CFU count at timely in-
tervals. CFU counts of both strains were identical in the
first 48 h, with a non-significant advantage of ettAstop

after 168 h (non-significant paired t-test, t = 1.267 df = 3,
p- value = 0.2945) (Fig. 1b).

Lack of EttA does not affect antibiotic killing dynamics
To examine if a functional EttA affect the ability of S.
aureus to form antibiotic persister cells, we evaluated in-
vitro persister formation in response to cefazolin, as a
representative cell-wall active drug. Strains were grown
to exponential phase (OD600 0.2). Cefazolin was then
added to each broth to reach supra-bactericidal concen-
trations (16XMIC). Broths were plated for CFU at timely
intervals. A representative experiment is shown in Fig. 2.
Killing dynamics of WT S. aureus and ettAstop were simi-
lar; paired t-test noted non-significant difference be-
tween strains (p = 0.38).

Lack of EttA does not impair S. aureus fitness in nutrient-
depleted environments
It was previously shown that in E. coli, ettA deletion
caused decreased fitness, manifesting as slower recovery
from stationary phase [9]. In order to examine the effect
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Table 1 The ettAstop mutant and its WT counterpart had similar antibiotic-resistance profiles to various antibiotics, including
ribosomal-active drugs. MIC was determined by broth dilution, in two different growth media. LB – Luria Broth, MH – Mueller
Hinton media

Fig. 1 WT S. aureus and ettAstop are similarly resilient to nutrient starvation in two starvation models. a – Bacteria were grown to stationary phase
then diluted 1:100 prior to starvation in PBS. PBS Broth was plated in triplicates for CFU counts at timely intervals as shown. b – Bacteria were
grown to stationary phase in LB. LB broth was plated in triplicates for CFU at timely intervals to determine survival. Points on graphs represent
mean values of CFU/ml at each time points. Paired t-test was performed to demonstrate differences between strains, and was found non-
significant (p value shown)
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of ettA on fitness in S. aureus, we evaluated growth-
recovery dynamics in two nutrient-depletion models. In
the first model, WT and the ettAstop strains were inocu-
lated into LB, grown to OD600 1, then continuously grown
in the same media for an additional 144 h. In the second
model, strains were grown to exponential phase, and then
diluted into nutrient-free media (PBS) for additional 72 h.
Following nutrient-depletion, bacteria in both models
were diluted into pre-warmed fresh LB, and immediately
allowed to re-grow in sextuplets using a 96 well plate.
Growth dynamics were recorded by a microplate reader
(Spectramax i3), using serial OD600 measurements every
20min, for 48 h. In both models, time to recovery (expo-
nential growth phase), peak concentration (OD600 at sta-
tionary phase) and time to reaching stationary phase were
similar in WT S. aureus and ettAstop (Fig. 3).

Discussion
Persister bacteria pose clinical challenges including re-
lapsing chronic infections, and antibiotic treatment fail-
ures. The formation of persisters facilitates the
emergence of true resistant bacteria [2]. The elucidation
of the molecular events leading to persister formation
may help us counter these events. S. aureus is a com-
mon, highly virulent human and animal pathogen, caus-
ing severe protracted sub-chronic and chronic
infections. Genetic manipulation of S. aureus is challen-
ging due to a strong restriction barrier. Despite recent
advancements in genetic manipulation [11], transform-
ation and gene-deletion in S. aureus remain relatively
complex, requiring specialized plasmids. These difficul-
ties make the investigation of the role of specific S. aur-
eus genes challenging, contributing to a knowledge gap

Fig. 2 WT S. aureus and ettAstop demonstrate similar beta-lactam–induced killing dynamics. Cefazolin 16XMIC was added to WT and ettAstop S.
aureus cultures grown to OD600 of 0.2. Broths (sextuplets) were plated for CFU counts at timely intervals. Graph shows mean and SEM for each
time point. Paired t-test noted non-significant difference between strains (p = 0.38). Similar results were noted in repeated experiments

Fig. 3 WT S. aureus and ettAstop have similar growth-recovery dynamics. a - Strains were grown to stationary phase in LB for over 144 h, diluted
to 106 CFU/ml and immediately regrown in LB. b- Strains were grown in a nutrient depleted environment (PBS) for 72 h. Strains were then
diluted to 103 CFU/ml and regrown in LB. In both experiments OD600 was measured in sextuplets every 20 min using a microplate reader. Graphic
data points show mean and SEM for each measurement
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in the field. EttA belongs to the ABC protein family,
associated with resistance to ribosomal-active antibi-
otics [6, 8]. In E. coli, ettA is involved in ribosome hi-
bernation, cell fitness and emergence from stationary
phase [8–10], possibly linking it to persistent qual-
ities. In S. aureus, transposon-mutant library analyses
have shown ettA to be a non-essential gene [12, 13].
In a study published in 2014, the transcriptome of S.
aureus was examined under various conditions, in-
cluding antibiotic challenge in several different media
[14]. We examined the expression of ettA in this
study, but found no consistent changes that would
point to a specific role.
Here we encountered an opportunity to characterize

the role of ettA in S. aureus using ettAstop, a mutant
lacking a functional EttA protein due to a nonsense
mutation at the first third of the gene. Surprisingly,
we found that ettAstop was not different from its WT
clone in bacterial growth, resilience to starvation and
antibiotic resistance and persistence. It is possible that
a distinct phenotype of this mutant would be evident
under specific physiologic conditions. However, given
the similarities shown above, we evaluate the role
ettA plays in staphylococcal pathogenesis to be lim-
ited. It remains to be determined whether ettA is dis-
pensable in S. aureus ribosome physiology, or that its
functions are shared or overlapped by another gene,
making ettA redundant. Although we cannot deter-
mine which is the correct possibility, our report con-
cerns specifically the role of ettA [protein WP_
000525111.1, gene 00729 in Staphylococcus aureus
subsp. aureus NCTC 8325 (nucleotides 712,364–714,
247, positive strand)] and for this we believe the evi-
dence provided here are unequivocal.
Our study also demonstrates that as WGS technol-

ogy becomes less expensive and more accessible, valu-
able information can be discovered by judicial
sequencing and analysis of clinically-obtained strains.
Genetic examination of S. aureus strains isolated in
prolonged bacteremias, reactivation of chronic infec-
tions or antibiotic failures may specifically elucidate
persistence mechanisms.

Conclusions
We have examined and shown the role of the ettA
gene in staphylococcal physiology, and possibly viru-
lence. Our results suggest this role is likely limited, in
terms of persistence, antibiotic resistance and fitness.
Our study also exemplifies the rich possibilities in
staphylococcal virulence and physiology research that
can be achieved via systematic whole genome sequen-
cing of clinical isolates, especially of out-of-the ordin-
ary clinical scenarios.

Methods
Growth and MIC determination
bacteria were grown in LB media. MIC was determined
by inoculation of 103 bacterial colony forming units into
10ml of LB or Mueller-Hinton (MH) media, with serial
dilutions of the tested antibiotic. The MIC was deter-
mined as the concentration with no apparent growth 12
h after a control tube with no antibiotics became turbid.

Isolation of the ettAstop mutant
a single colony from blood-agar plates used in the clin-
ical microbiology lab, from four consecutive days of
bacteremia, were picked and grown in LB. genomic
DNA was extracted and sent for whole-genome sequen-
cing (WGS) on an illumina platform. After establishing
one of the clones was mutated in the ettA gene, other
clones from the same day were examined, and found to
be of WT genotype. We therefore concluded the mutant
clone was a unique mutation, not representing the whole
population. For confirmation, PCR of the presumed mu-
tated area was performed, using primers 250 bp up- and
down-stream of the mutation (5′–ACTTCTCTTT-
CAGCGCGCATTTCAA–3′; and 5′– GATGCAGTAT
TAAGTTCTGATAC–3′). The PCR product was sent
for Sanger sequencing, and the mutation was confirmed.

Antibiotic killing curves
Bacteria were grown overnight in LB, re-diluted into
fresh LB to an OD600 of 0.01, and allowed to grow to an
O.D600 of 0.2 (total volume of 10 ml). This was done to
insure all bacteria are in exponential phase. At this
point, bacteria were plated for CFU determination (T =
0), and cefazolin was added to a concentration 16 times
that of the MIC. Bacteria were plated in triplicates at
timely intervals during the first 24 h to determine killing
dynamics, and again at 24 and 48 h to determine the
number of persister bacteria.

Whole genome sequencing of clinical strains
Library preparation, sequencing, and mapping of se-
quence data and variant calling were performed by the
Genome Research Core (GRC) at the University of Illi-
nois at Chicago (UIC). Coverage was approximately 98%
of the genome, with X250 coverage (~1Gb of data total
per genome).
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