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ABSTRACT Antibiotic tolerance is an underappreciated antibiotic escape strategy
that is associated with recurrent and relapsing infections, as well as acting as a pre-
cursor to resistance. Tolerance describes the ability of a bacterial population to sur-
vive transient exposure to an otherwise lethal concentration of antibiotic without ex-
hibiting an elevated MIC. It is detected in time-kill assays as a lower rate of killing
than a susceptible strain and can be quantified by the metric minimum duration for
killing (MDK). The molecular mechanisms behind tolerance are varied, but activation
of the stringent response (SR) via gene knockouts and/or chemical induction has
long been associated with tolerance. More recently, two Gram-positive clinical iso-
lates from persistent bacteremias were found to bear mutations in the SR controller,
Rel, that caused elevated levels of the alarmone (p)ppGpp. Here, we show that intro-
duction of either of these mutations into Staphylococcus aureus confers tolerance to
five different classes of antibiotic as a result of (p)ppGpp-mediated growth defects
(longer lag time and/or lower growth rate). The degree of tolerance is related to the
severity of the growth defect and ranges from a 1.5- to 3.1-fold increase in MDK.
Two classes of proposed SR inhibitor were unable to reverse or reduce this toler-
ance. Our findings reveal the significance of SR-activating mutations in terms of tol-
erance and clinical treatment failures. The panel of strains reported here provide a
clinically relevant model of tolerance for further investigation of its link to resistance
development, as well as potential validation of high-throughput tolerance screens.
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Antibiotic resistance is a well-known and largely well-understood strategy used by
many pathogenic bacteria to evade the action of antibiotics. It is a major contrib-

utor to the global burden of infectious diseases and has been identified as a public
health priority by the Centers for Disease Control and Prevention and the World Health
Organization (1, 2). However, resistance is not the only antibiotic escape strategy
employed by pathogens. Antibiotic resistance describes the inheritable ability of
bacteria to grow at high concentrations of an antibiotic for an indefinite period of time,
and it is readily detected as an elevated MIC (above the susceptible breakpoint, where
one exists). In contrast, antibiotic tolerance refers to the ability of a bacterial population
to survive transient exposure to a given bactericidal antibiotic, at a concentration that
would otherwise be lethal, without exhibiting an MIC above the susceptible breakpoint
(3, 4). Historically, tolerance was commonly referred to as “phenotypic” or “noninher-
ited” resistance (5, 6); however, we now know that there are both genotypic and
phenotypic forms of tolerance (7, 8). The extent of the clinical burden and the
contribution of tolerance to treatment failures is not explicitly known, in part because
tolerance is not detected by MIC determinations and other routine laboratory tests.
Nevertheless, tolerance is considered an important and underappreciated cause of
treatment failures that is alarmingly common among clinical isolates (3, 8–14). Further-
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more, there is now growing evidence to indicate that tolerance acts as a precursor to
the development and acquisition of bona fide resistance (15–17).

The gold-standard method for detecting tolerance is the time-kill assay, in which the
kinetics of antibiotic killing in broth are determined via viable counting. The minimum
duration for killing (MDK) has been proposed as a metric for detecting and quantifying
tolerance in time-kill data (3, 10). When a susceptible, nontolerant strain is exposed to
a bactericidal antibiotic, the population will die at a given rate and the MDK required
to kill, for example, 90% of the population can be calculated (MDK90). With a tolerant
strain, the entire bacterial population will die at a lower rate than the susceptible strain,
and the MDK90 will be extended. It is important to note that “tolerance” is a compar-
ative, rather than categorical, term; there are presently no established criteria for
defining tolerance, and its identification is dependent on a comparison of MDK values
between strains that exhibit the same MIC. Furthermore, tolerance should not be
confused with persistence; persistence is observed as a bimodal time-kill curve,
whereby the majority of the population dies at the same rate as a susceptible strain, but
a small persistent subpopulation emerges that dies at a slower rate. Therefore, in this
example, a persistent strain would exhibit the same MDK90 as the susceptible strain but
have an extended MDK99 (3, 18).

The molecular mechanisms behind tolerance are varied and poorly understood (8,
19), but the overarching theme appears to be slow growth and reduced metabolism (8,
20–24). Most clinically relevant antibiotics target active metabolic processes; therefore,
a slowing down of these processes often results in tolerance (20). Examples of geno-
typic tolerance are commonly observed in small-colony variants of Staphylococcus
aureus, such as defects in electron transport (25). The classic example of phenotypic
tolerance occurs in biofilms; biofilm cells exhibit low growth rates which, together with
a multitude of other factors, contribute to their recalcitrance toward antibiotics (26).
The slow growth exhibited by cells within biofilms can be due to a range of stresses,
including nutrient starvation which leads to induction of the stringent response (SR).
The SR is a universal bacterial stress response that is classically induced by amino acid
starvation (27). The presence of uncharged tRNAs at the ribosome is sensed by the SR
controller, known as Rel or RelA (28, 29), and the controller responds by synthesizing
the alarmones guanosine tetra- and pentaphosphate [collectively known as (p)ppGpp].
The ultimate effect of (p)ppGpp, through a variety of different mechanisms in different
bacteria, is the downregulation of most metabolic processes and a cessation of growth.
Although this is the classical description of the SR, we now know that (p)ppGpp is a
master regulator of almost all aspects of bacterial physiology and virulence and that
(p)ppGpp production can be promoted by many different stimuli (30–32). This central
role of (p)ppGpp and the SR in bacterial pathogenicity has led to a search for SR
inhibitors (28, 33).

In addition to the contribution the SR makes to antibiotic tolerance in a biofilm (34),
induction of the SR also has a long association with tolerance in planktonic cultures
(28). Using chemical inducers of the SR (e.g., mupirocin, an isoleucyl-tRNA synthetase
inhibitor, or the serine analog serine hydroxamate) or overexpression of Rel/RelA,
activation of the SR in planktonic cultures of both Gram-positives and Gram-negatives
has been shown to confer tolerance to �-lactams, fluoroquinolones, and vancomycin
(28). Conversely, deletion of genes essential for activation of the SR abrogates the
tolerance phenotype. While these studies provide invaluable insight into the relation-
ship between the SR and tolerance, they do not accurately represent the clinical
situation. In 2010, the first clinical isolate bearing a SR-activating mutation in Rel was
reported from a case of persistent S. aureus bacteremia (35). In most bacteria, Rel is a
bifunctional enzyme that possesses a synthetase domain, which synthesizes (p)ppGpp,
and a hydrolase domain that degrades (p)ppGpp (when the stress/stimulus has been
removed) (32). Whole-genome sequencing of the clinical isolate revealed a Phe128Tyr
(F128Y) mutation within the predicted hydrolase domain of Rel that emerged during
therapy. Strains bearing this mutation had a reduced growth rate and elevated intra-
cellular (p)ppGpp concentration, consistent with partial activation of the SR (likely as a
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result of reduced hydrolase function; SR activation is considered only partial because
cell growth and division are still occurring). The mutation had no effect on resistance,
as determined by MIC, and any effect on tolerance was not appropriately assessed.
More recently, an isolate of Enterococcus faecium, again associated with a case of
persistent bacteremia, was found to bear a Leu152Phe (L152F) mutation in the pre-
dicted hydrolase domain of Rel (36). The mutation conferred an elevated (p)ppGpp
level and tolerance to vancomycin, linezolid, and daptomycin when cells were grown
in a biofilm.

Given the long-standing association between the SR and tolerance, as well as the
clinically relevant example of SR activation that the two reported Rel mutations provide,
we set out to conduct a comprehensive assessment of the potential effect of these
mutations on tolerance using S. aureus Newman as a model. Here, we show that both
mutations confer significant tolerance to five different classes of antibiotic in planktonic
culture, with MDK values that are extended by 1.5- to 3.1-fold compared to the wild
type. We also demonstrate that two classes of compounds that are thought to be SR
inhibitors are unable to reverse this tolerance phenotype. Our findings demonstrate
that activation of the SR via mutation of Rel is an important mechanism of antibiotic
tolerance among clinical isolates that impacts the efficacy of antibiotics with diverse
modes of action and likely contributes to treatment failures. The panel of S. aureus
strains we have generated here represent a clinically relevant model of SR activation
and tolerance that can be applied to the evaluation of future SR inhibitor candidates,
as well as the potential validation of high-throughput tolerance screens and the
emerging relationship between tolerance and resistance.

(This study was presented in part at ASM Microbe 2019, San Francisco, CA, USA.)

RESULTS
Location of clinical Rel mutations. The bifunctional Rel protein consists of an

N-terminal catalytic region, which houses the hydrolase and synthetase domains, and
a C-terminal regulatory region. The catalytic region of Rel from the reported clinical
isolate of E. faecium (locus tag BOW68_RS15490) shares 61% amino acid sequence
identity with Rel from S. aureus Newman; Leu152 is among the conserved residues (Fig.
1A). The X-ray crystal structure of the catalytic region of Rel from Streptococcus
dysgalactiae has been solved (37) and shows that the N-terminal hydrolase domain is
separated from the synthetase domain by a central three-helix bundle linker region.
Extensive mutagenesis of this central region has revealed that it is essential for
hydrolase function (37). By threading the S. aureus Newman Rel sequence onto the S.
dysgalactiae structure (Fig. 1B), we can see that both Phe128 and Leu152 are located in
this linker region; therefore, the reported mutations are proposed to partially activate
the SR by reducing the hydrolase activity of Rel (35, 36). Importantly, Phe128 and
Leu152 are completely conserved among all of the Rel sequence entries in GenBank for
S. aureus and E. faecium, respectively.

Confirmation of partial SR activation. The staphylococcal F128Y and enterococcal
L152F mutations were introduced into S. aureus Newman by allelic exchange and
complemented by reintroduction of wild-type Rel (bearing a silent mutation that
eliminates a HindIII site). To confirm that both of these mutations confer partial SR
activation in S. aureus, the growth curves and intracellular ppGpp content of wild-type,
mutant, and complemented strains were compared in rich medium (Fig. 2). The F128Y
mutant exhibited a significant growth defect compared to the wild-type and comple-
mented strains, with a significantly longer lag time and doubling time (multiplicity-
adjusted P values of 0.0001 and �0.0001, respectively; Fig. 2B and C). The L152F
mutation did not affect lag time (P � 0.05) but did confer an increase in doubling time
(P � 0.0003). Both mutations conferred a statistically significantly elevated ppGpp
concentration in mid-log phase, similar to exposure of cells to serine hydroxamate (Fig.
2D). When compared to each other, the F128Y mutant exhibited a longer lag time than
the L152F mutant (P � 0.0016); the small differences in doubling time and ppGpp
concentration between the mutants were not significant (P � 0.05).
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Rel mutations confer multidrug tolerance. Having confirmed that both mutations
confer partial induction of the stringent response in S. aureus, we set out to determine
any effects on tolerance in time-kill assays with planktonic cultures. First, we deter-
mined the MICs of antibiotics from seven different classes against our panel of
wild-type, mutant and complemented strains (Table 1). As expected, no differences
were observed. Next, we exposed actively growing cultures to 4� the MIC of these
antibiotics (8� the MIC for trimethoprim-sulfamethoxazole) and performed viable
counts at intervals. Regular viable counts were made during the initial phase of killing
to facilitate the calculation of accurate MDK values; for drugs that were affected by
tolerance during the first 6 to 8 h, additional counts were made after 12 and 24 h to
assess the duration of the tolerance effect. SR activation has long been associated with
tolerance to inhibitors of peptidoglycan biosynthesis (38–41), and we observed that
both mutations conferred tolerance to flucloxacillin (a penicillin), vancomycin (a gly-
copeptide) and cefazolin (a cephalosporin; Fig. 3A to C) when compared to the
wild-type and complemented strains. Both mutants also exhibited tolerance to the DNA
synthesis inhibitor ciprofloxacin (Fig. 3D) and, interestingly, the membrane-damaging
agent daptomycin (Fig. 3E). Using the experimental data shown, MDK values were
interpolated for each strain-antibiotic pairing as a comparative measure of the degree
of tolerance (Table 2). We were able to accurately calculate the MDK90 for all strain-

FIG 1 Location of clinical Rel mutations. (A) Alignment of the N-terminal catalytic region of Rel from S. aureus Newman and E. faecium VRE001. Shading indicates
the degree of amino acid conservation (black � conserved, gray � conservative substitution, white � not conserved). Colored circles above residues indicate
sites that have been experimentally mutated in Rel from Streptococcus dysgalactiae and found to affect either hydrolase (blue) or synthetase (yellow) function.
Sites indicated by blue/gray circles are located outside the core hydrolase domain, but their mutation still impacts hydrolase function. The red and green circles
indicate the sites of the two clinical Rel mutations, F128 and L152, respectively. (B) Cartoon representation of the Rel catalytic region from S. dysgalactiae (PDB
code 1VJ7) with the S. aureus Rel sequence threaded onto it (using Phyre2). The different domains are colored blue (hydrolase), yellow (synthetase), and gray
(central three-helix bundle and linker regions). The sites of the clinical Rel mutations and catalytic residues (36) are shown as sticks and colored as in panel A.
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antibiotic pairings (see Materials and Methods for details), with the exception of
cefazolin. In the case of cefazolin, the rate of killing against the mutants was too slow
to calculate MDK90; therefore, MDK50 values were compared instead (Table 2). No
statistically significant differences in MDK values were detected between wild-type and
complemented strains for any antibiotic tested. For the antibiotics shown in Fig. 3A to
E, the F128Y mutation conferred a 2.0- to 3.1-fold increase in MDK compared to the wild
type, while the L152F mutation conferred a 1.5- to 2.3-fold increase. In general, there
was a trend toward the F128Y mutation conferring a greater degree of tolerance (i.e.,
longer MDK) than the L152F mutation; however, this difference in MDK between the
mutants was only significant for vancomycin (P � 0.0182) and ciprofloxacin (P �

0.0001). The tolerance phenotype of the F128Y mutant also lasted longer than that of
the L152F mutant when exposed to vancomycin and ciprofloxacin; in terms of percent
survival, the L152F mutant converged with its complemented strain and the wild type
at 6 h for ciprofloxacin and 12 h for vancomycin (P � 0.05), whereas the F128Y mutant
did not converge until 12 and 24 h, respectively. In the case of flucloxacillin, daptomy-
cin, and cefazolin, all strains had converged by 8, 12, and 24 h, respectively. Interest-
ingly, the RNA and folate synthesis inhibitors rifampin and trimethoprim-sulfa-
methoxazole, respectively, retained full bactericidal activity against both mutants, with
no change in MDK90 (Fig. 3F and G; Table 2).

Existing SR inhibitors are unable to reverse the tolerance phenotype of a Rel
mutant. Our time-kill data clearly show that clinical mutations in Rel that partially
activate the SR confer significant tolerance to antibiotics with diverse mechanisms of
action. Efforts are ongoing to design and/or discover inhibitors of the SR (28, 42, 43),
and an important test of potential inhibitors would be their ability to resensitize

FIG 2 Confirmation of partial stringent response activation in S. aureus by clinical Rel mutations. (A) Growth curves of
wild-type Newman, mutant, and complemented strains in TSB. (B and C) Lag times (B) and doubling times (C) derived from
the growth curves in panel A. (D) Intracellular ppGpp concentrations shown relative to the wild type. A sample of wild-type
cells were exposed to serine hydroxamate (SHX) as a positive control of stringent response induction. In all panels, data
shown are the means of three replicates; in panels B to D, bars represent the means of the individual data points shown.
In all panels, error bars, where visible, represent the standard deviations (SD). Letters above bars indicate statistically
significant differences between means, as determined by one-way analysis of variance (ANOVA) with Tukey’s multiple-
comparison test. comp, complemented.

TABLE 1 Broth microdilution MIC values for S. aureus Newman strains

Antibiotic (cellular target) MIC (�g/ml)a

Cefazolin (cell wall synthesis) 0.5
Ciprofloxacin (DNA synthesis) 0.5
Trimethoprim-sulfamethoxazole (folate synthesis) 0.5/9.5b

Daptomycin (cytoplasmic membrane) 1
Flucloxacillin (cell wall synthesis) 0.125
Rifampin (RNA synthesis) 0.032
Vancomycin (cell wall synthesis) 2
aMIC values were identical between wild-type, mutant, and complemented strains. Therefore, only a single
value is shown.

bTrimethoprim-sulfamethoxazole MICs are shown as the concentration of trimethoprim/concentration of
sulfamethoxazole (1:19 ratio).
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tolerant bacteria to conventional antibiotics. To date, a small number of inhibitors have
been reported which are proposed to inhibit SR activation via different mechanisms
(28). Relacin is a rationally designed inhibitor of Rel synthetase activity that has been
shown to inhibit (p)ppGpp synthesis by Rel in vitro and affect the growth profile of
Bacillus subtilis (44). However, relacin exhibits a relatively low affinity for Rel, and

FIG 3 Clinical Rel mutations confer tolerance to antibiotics with diverse modes of action. Wild-type Newman, mutant, and complemented strains were exposed
to flucloxacillin (A), vancomycin (B), cefazolin (C), ciprofloxacin (D), daptomycin (E), rifampin (F), and trimethoprim-sulfamethoxazole (G) at 4� the MIC (8�
the MIC for trimethoprim-sulfamethoxazole), and viable counts were determined at intervals. Data shown are the means of three replicates; error bars, where
visible, represent the SD. Dashed gray lines indicate the approximate minimum duration for killing (MDK) 90% of the population (50% in panel C) for each strain.
MDK values interpolated from the data shown are given in Table 2. Raw data in log10 CFU/ml are shown in Fig. S1 in the supplemental material.

TABLE 2 Minimum duration for killing values for S. aureus Newman strains

Strain

MDK90 � SD (h)a

FLC VAN CFZb CIP DAP RIF SXT

Wild type 2.9 � 0.2 2.4 � 0.1 1.8 � 0.1 0.6 � 0.1 0.9 � 0.1 2.2 � 0.4 7.2 � 0.7
F128Y 5.8 � 0.3 (�0.0001) 6.1 � 1.0 (�0.0001) 5.6 � 1.7 (0.0013) 1.5 � 0.1 (�0.0001) 2.4 � 0.5 (0.0001) 2.3 � 0.3 (ns) 7.1 � 2.6 (ns)
F128Y comp 2.8 � 0.3 (ns) 2.6 � 0.1 (ns) 2.0 � 0.3 (ns) 0.6 � 0.1 (ns) 1.3 � 0.1 (ns) 2.3 � 0.1 (ns) 7.1 � 0.5 (ns)
L152F 4.7 � 0.8 (0.0015) 4.6 � 0.3 (0.0017) 4.1 � 0.5 (0.0329) 0.9 � 0.1 (0.0005) 2.6 � 0.1 (�0.0001) 2.3 � 0.3 (ns) 6.1 � 0.8 (ns)
L152F comp 2.6 � 0.1 (ns) 2.3 � 0.1 (ns) 1.7 � 0.3 (ns) 0.6 � 0.1 (ns) 1.2 � 0.2 (ns) 2.7 � 0.4 (ns) 7.4 � 1.5 (ns)
aMDK, minimum duration for killing. Values were determined from the triplicate data shown in Fig. 3 Abbreviations: Flucloxacillin (FLC), vancomycin (VAN), cefazolin
(CFZ), ciprofloxacin (CIP), daptomycin (DAP), rifampin (RIF), trimethoprim-sulfamethoxazole (SXT), complemented (comp). Numbers in parentheses are multiplicity-
adjusted P values determined by one-way ANOVA with Tukey’s multiple-comparison posttest. ns, P � 0.05.

bCefazolin did not achieve 90% killing against the mutants in the course of the experiment. Therefore, the MDK values shown are MDK50.
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millimolar concentrations are required in order to observe effects. The cationic peptides
1018 and DJK-5 have also been proposed to inhibit or reverse SR activation, by binding
to ppGpp and signaling its degradation by the cell (45, 46). Both peptides exhibit the
ability to sensitize bacterial biofilms to eradication by conventional antibiotics (46, 47);
however, their specific mode of action with regard to the SR has been questioned
(42, 48).

Given the clinically relevant example of SR activation that our S. aureus mutants
represent, we set out to test the ability of these putative SR inhibitors to reverse the
tolerance phenotype of our most “activated” and tolerant mutant, F128Y. In order to
determine the appropriate concentration of inhibitor to use in time-kill assays, we
monitored the growth of wild-type Newman and the F128Y mutant in the presence of
a wide range of inhibitor concentrations (10- to 20-fold) in a 96-well plate; we
anticipated that, while concentrations approaching the MIC would inhibit growth,
lower concentrations may reverse SR activation and actually counteract the growth
defect of our F128Y mutant. No reversal of the growth phenotype was observed with
the F128Y mutant in the presence of low inhibitor concentrations, and the growth of
both the mutant and wild type was increasingly inhibited by the highest concentrations
(with identical/similar MICs; Fig. S2). As previously reported (49), DJK-5 was considerably
more potent than 1018; therefore, 1018 was not tested further. For time-kill assays,
concentrations of relacin and DJK-5 were chosen that inhibited growth of the F128Y
mutant by approximately 20 to 30% (a value that ensured the inhibitor was present at
a high enough concentration to potentially elicit an effect, while not adversely affecting
the survival of the mutant), and inhibitors were added 90 min prior to the addition of
antibiotic (in order to allow the inhibitor to potentially modulate the intracellular
ppGpp concentration before cells were challenged). In all time-kill experiments, wild-
type Newman was exposed to antibiotics in the presence/absence of inhibitor in
parallel with the F128Y mutant, in order to assess any nonspecific effects of the
inhibitor and provide a comparative benchmark of nontolerance. Incubation of wild-
type Newman and the F128Y mutant with 1 mM relacin had no effect on the killing
kinetics of ciprofloxacin (Fig. 4A) or the associated MDK values (see Table S1 in the
supplemental material). When the concentration of relacin was increased to 2 mM and
cefazolin was tested, there was again no statistically significant change in MDK in the
presence of inhibitor for either strain. Some small but statistically significant changes in
cell survival were observed at individual time points (Fig. 4B); however, while the
inhibitor appeared to have a sensitizing effect on the mutant at 4 h (78% � 6% survival
with relacin versus 102% � 2% without; � the SD), it had a protective effect at 8 h
(25% � 3% versus 12% � 2% without). Unexpectedly, DJK-5 at 5 �g/ml had a largely
protective effect against killing by ciprofloxacin (Fig. 4C, Table S1). The MDK90 and

FIG 4 Existing stringent response inhibitors are unable to reverse the tolerance exhibited by a stringent response-activated strain. Wild-type Newman and the
F128Y mutant were exposed to either 4� the MIC ciprofloxacin or cefazolin in the presence of different stringent response inhibitors: relacin (1 mM) and
ciprofloxacin (A), relacin (2 mM) and cefazolin (B), and DJK-5 (5 �g/ml) and ciprofloxacin (C). Data shown are the means of three replicates; error bars, where
visible, represent the SD. Asterisks indicate statistically significant differences between means as determined by an unpaired t test (* and **, P � 0.05 and P �
0.01, respectively; ns, not significant [P � 0.05]). In panel A, no statistically significant differences between with/without inhibitor were detected for either strain
at any time point. Dashed gray lines indicate the approximate minimum duration for killing (MDK) 90% of the population (50% in panel B) for each strain. MDK
values interpolated from the data shown are given in Table S1 in the supplemental material. Raw data in log10 CFU/ml are shown in Fig. S3.
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MDK99 were both statistically significantly extended for the mutant in the presence of
DJK-5 and, in accordance with this, cell survival was higher in the presence of the
inhibitor at 4 and 6 h. For wild-type Newman, there was also a protective effect
conferred by DJK-5 at 4 h, but the difference in cell survival at 6 h was not significant
(nor was the increase in MDK). A checkerboard assay with DJK-5 and ciprofloxacin did
not identify any antagonism between the two agents (fractional inhibitory concentra-
tion of 2).

DISCUSSION

Antibiotic tolerance is a greatly underappreciated contributor to treatment failures,
in part because the time-kill assays required to detect it are laborious and time-
consuming. Furthermore, careful comparative and statistical analysis of time-kill data
and calculated MDK values may be required to detect low-level (i.e., subtle) tolerance.
We have shown here that both of the reported clinical Rel mutations confer significant
tolerance to five different classes of bactericidal antibiotic in S. aureus. The observed
tolerance to peptidoglycan biosynthesis inhibitors and ciprofloxacin exhibited by our S.
aureus mutants is consistent with previous studies that used amino acid deprivation or
a chemical inducer to activate the SR (28). The detected tolerance to daptomycin is
somewhat surprising given that its cellular target (the cytoplasmic membrane [50]) is
not an active metabolic process. However, we have previously observed daptomycin
tolerance in S. aureus treated with mupirocin (51), and Berti et al. (52) reported a Rel
L61F mutation in an in vitro-selected daptomycin-tolerant mutant. SR-mediated dap-
tomycin tolerance is also consistent with the more recent suggestion that the insertion
of daptomycin into the cytoplasmic membrane interferes with membrane-bound cell
wall lipid synthesis processes (53). Of the seven classes of bactericidal antibiotic tested,
only rifampin and trimethoprim-sulfamethoxazole were unaffected in their activity by
the partial SR activation in our mutants. The ability of rifampin to retain full bactericidal
activity against slow-growing, SR-activated cells is consistent with its demonstrated
activity against staphylococcal biofilms (54). In the case of trimethoprim-sulfa-
methoxazole, its reported effectiveness against S. aureus biofilms is limited (55), and
there appears to be no information on its efficacy against slow-growing bacteria. As
such, its unexpected activity against SR-activated cells requires further investigation.

The antibiotics used in this study represent the major classes of bactericidal agents
used in the treatment of S. aureus infections (56). Therefore, our evaluation of the
efficacy of these antibiotics against cells exhibiting SR-mediated tolerance could act as
a starting point for further assessment of antibiotic efficacies against cells exhibiting
other forms of tolerance, as well as prescribing practices in cases where tolerance is
detected/suspected. The original case of S. aureus bacteremia caused by the F128Y-
bearing isolate was treated with combinations of vancomycin, rifampin, ciprofloxacin,
and linezolid (with trimethoprim-sulfamethoxazole for long-term suppressive treat-
ment) (35). It is not known at what point during the course of the infection the Rel
mutation arose; however, according to the tolerance phenotype of our F128Y mutant
in broth culture, the efficacy of the vancomycin and ciprofloxacin treatment given may
have been affected. Resistance to ciprofloxacin and rifampin, reduced susceptibility to
linezolid, and vancomycin-intermediate resistance also developed during therapy.
Again, it is not known definitively whether these resistances/reduced susceptibilities
developed subsequent to the Rel mutation, but the tolerance phenotype demonstrated
here and the known links between the SR, tolerance, and resistance acquisition/
development (15–17, 28) suggest that the Rel mutation could have contributed to their
emergence.

The classical description of SR activation culminates in complete cessation of
growth, which allows bacteria to “wait out” the nutrient deprivation or stress (27). In the
case of our mutants, the SR has only been partially activated, as evidenced by their
ability to still grow, albeit at a slower rate. As well as a lower growth rate, the F128Y
mutant also exhibits an extended lag time. These effects on growth likely represent a
selective trade-off for the bacterium, as recently proposed by Fridman et al. (23). In the

Bryson et al. Antimicrobial Agents and Chemotherapy

March 2020 Volume 64 Issue 3 e02103-19 aac.asm.org 8

https://aac.asm.org


presence of antibiotics, a lower growth rate and/or extended lag time confers tolerance
to antibiotic killing, which is a selective advantage; however, in the absence of
antibiotics the growth defects represent a fitness cost. Interestingly, a comparison of
the data presented for our two tolerant mutants indicates that the more extreme
growth defects exhibited by the F128Y mutant are compensated for by greater
tolerance (i.e., longer MDKs). Whether the greater trade-off between tolerance and
growth accepted by the F128Y mutant would provide a selective advantage over the
L152F mutant in an in vivo infection (and treatment) model remains to be tested. The
overall impact of longer MDK values in terms of drug dosing regimens and treatment
outcomes also requires in vivo exploration.

It is now clear that clinical mutations in Rel confer multidrug tolerance and that this
tolerance likely contributes to persistent/relapsing infections by undermining the
effectiveness of existing antibiotic therapies. As such, our findings provide further
impetus to the search for SR inhibitors. A reasonable expectation, and clinical advan-
tage, of a good SR inhibitor would be the ability to reverse the tolerance exhibited by
SR-activated strains, thereby restoring their full susceptibility to conventional antibiot-
ics. Unfortunately, under the conditions tested, relacin, 1018, and DJK-5 failed to reverse
the growth defect and/or tolerance phenotype exhibited by our F128Y mutant (in fact,
DJK-5 had a slight protective effect). There was also no difference in peptide sensitivity
between the wild type and mutant, even though the mutant contains significantly
more ppGpp (the proposed target of these peptides). Therefore, the molecular mech-
anism of these inhibitors remains unclear. New SR inhibitors are under investigation
(28), including a promising Rel inhibitor that enhances the killing of nutrient-starved
Mycobacterium tuberculosis by isoniazid (43). Our panel of tolerant and nontolerant
strains provides an invaluable, clinically relevant system for evaluating the effectiveness
of these new SR inhibitors. Furthermore, while time-kill assays are the gold standard for
assessing tolerance, a number of higher-throughput tolerance screens are in develop-
ment (10, 57, 58). Given the comparative nature of tolerance, these screens will require
extensive optimization and testing if they are to identify tolerance in clinical isolates
(where no directly related “wild-type” strain is available for comparison). Similar to MIC
breakpoints, MDK ranges that indicate tolerance and nontolerance, for each antibiotic
and in relation to the MIC, will also be required. We believe that our panel of tolerant
and nontolerant strains represent a potentially useful benchmark for the validation of
such screens and criteria.

MATERIALS AND METHODS
Bioinformatics. The amino acid sequence of the catalytic domain of Rel from S. aureus Newman

(residues 1 to 385, GenBank accession number WP_001058583) was threaded onto the X-ray crystal
structure of the catalytic domain of Rel from S. dysgalactiae (PDB code 1VJ7) using the one-to-one
threading function in Phyre2 (59). The modeled structure was visualized using MacPyMOL (60). To assess
the conservation of Phe128 and Leu152, searches for “GTP pyrophosphokinase” for both S. aureus and
E. faecium were performed in GenBank with a custom length setting of 300 to 1,000 residues (in order
to exclude RelP and RelQ entries). The resultant 8,628 S. aureus entries and 294 E. faecium entries were
submitted to ElimDupes (https://www.hiv.lanl.gov/content/sequence/elimdupesv2/elimdupes.html) to
remove identical sequences, and the unique sequences were aligned and visualized using Geneious 6.1.8
(http://www.geneious.com).

Reagents and antibiotics. X-Gal (5-bromo-4-chloro-3-indolyl-�-D-galactopyranoside) and chloram-
phenicol were purchased from Bio Basic, Inc. (Markham, Ontario, Canada). Daptomycin was obtained
from Selleckchem (Houston, TX). Peptides 1018 and DJK-5 were a gift from Bob Hancock, University of
British Columbia. Relacin and PyDPA were gifts from Eylon Yavin, Hebrew University of Jerusalem, and
Jong-In Hong, Seoul National University, respectively. The ppGpp standard was purchased from TriLink
Biotechnologies (San Diego, CA). All other antibiotics and reagents, unless otherwise stated, were from
MilliporeSigma (Burlington, MA).

Bacterial strains and growth conditions. S. aureus Newman was a gift from Michael Murphy,
University of British Columbia. Escherichia coli Stellar (TaKaRa Bio USA, Mountain View, CA) was used for
all cloning, while E. coli IM08B (61) was used to prepare methylated plasmid for transformation into S.
aureus. S. aureus strains were routinely cultured in tryptic soy broth/tryptic soy agar (TSB/TSA) at 37°C and
stored long-term at �80°C with 8% (vol/vol) glycerol.

Allelic exchange. Approximately 500-bp fragments flanking the site of mutation in rel (GenBank
accession number NWMN_RS08620) were amplified from Newman genomic DNA using the mutagenic
primers listed in Table S2 in the supplemental material and joined together by overlap extension PCR
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(62). Inserts were cloned into the temperature-sensitive staphylococcal vector pIMAY-Z (61) between the
EcoRI and NotI sites by In-Fusion cloning (TaKaRa Bio USA), transformed into E. coli Stellar, and selected
on LB plates containing 10 �g/ml chloramphenicol and 50 �g/ml X-Gal at 37°C. After construct
confirmation by bidirectional sequencing (Sequetech, Mountain View, CA), pIMAY-Z constructs were
transformed into E. coli IM08B (61), cultured at 37°C in 25 ml of LB broth containing chloramphenicol and
purified. Electrocompetent S. aureus were prepared and electroporated with IM08B-derived constructs
(�1 �g) as previously described (63), with the exception that 2-mm cuvettes were used (1.8 kV, 600 	,
10 �F). Recovered cells were plated on TSA containing chloramphenicol and 100 �g/ml X-Gal and then
incubated at 28°C for 2 days. Integration was achieved by growing transformants in TSB containing
chloramphenicol at 40°C overnight, before plating on TSA containing chloramphenicol and X-Gal at 40°C.
Blue colonies were screened for successful integration by colony PCR (cPCR) using the primers IM151 and
IM152 as previously described (63). Successful integrants were grown overnight at 28°C in TSB with no
selection to encourage excision, then plated on TSA containing X-Gal. cPCR using the primers Rel frag seq
fwd and rev, which bind just outside the cloned rel fragment, was performed on white colonies
confirmed to be chloramphenicol sensitive. The presence of the intended mutation, and no others, was
confirmed by bidirectional sequencing. Complementation was achieved by reintroducing the wild-type
copy of rel (except with a HindIII site silently removed) into the mutant strains using the methods
described above.

Growth curve analysis. Growth curves for wild-type, mutant, and complemented strains were
determined in 5 ml of TSB in 16-mm test tubes in a shaking water bath at 37°C. Overnight cultures (10
�l) derived from different colonies were used to inoculate triplicate tubes, and absorbances at 600 nm
(A600) were read periodically in a test tube spectrophotometer. Lag and doubling times were calculated
using the program GrowthRates (64). All statistical analyses were performed in GraphPad Prism 6.07. For
growth curves in the presence of inhibitors, 100-�l cultures were set up in 96-well plates and sealed with
Breathe-Easy sealing membrane. Cationic peptides were prepared and diluted in 0.01% (vol/vol) acetic
acid and 0.2% (wt/vol) bovine serum albumin as previously described (65). Inoculated plates were
simultaneously incubated at 37°C and read for A600 in a SpectraMax M5 plate reader (Molecular Devices,
San Jose, CA), with shaking and reads every 10 min.

ppGpp quantification. ppGpp levels in wild-type, mutant, and complemented Newman strains were
quantified essentially as described by Ancona et al. (66). Briefly, each strain was grown in triplicate in
20 ml of TSB to an A600 of �0.6, pelleted, and resuspended in 0.25 ml of methanol. Additional wild-type
cultures were exposed to serine hydroxamate at 2.3 mg/ml for 1 h as a positive control of stringent
response induction. Cells were lysed by vortexing, the cell debris was pelleted, and the supernatants
were diluted to 20% methanol with dH2O. Diluted supernatants were lyophilized and resuspended in
1 mM HEPES (pH 7.4). ppGpp was detected using 20 �M PyDPA (67) in a black 384-well plate with
excitation at 344 nm and emission at 470 nm. Blanked fluorescence values were converted to ppGpp
concentration using a standard curve of purified ppGpp.

MIC and FIC determinations. MIC determinations were performed using the broth microdilution
method of the Clinical and Laboratory Standards Institute (CLSI) (68) in Mueller-Hinton broth (MHB),
cation-adjusted MHB (CA-MHB; for trimethoprim-sulfamethoxazole), or MHB supplemented with 50
�g/ml Ca2
 (MHB-Ca2
; for daptomycin). The fractional inhibitory concentration (FIC) for DJK-5 and
ciprofloxacin was determined via checkerboard assay in MHB as previously described (69).

Time-kill assays. Time-kill assays were performed in triplicate at 37°C in a shaking water bath in
MHB, CA-MHB, or MHB-Ca2
, as appropriate, according to CLSI guidelines (70). Viable counts were
determined, in duplicate, on TSA following dilution in phosphate-buffered saline. The limit of detection
following drug dilution was 300 CFU/ml. All antibiotics were tested at 4� the MIC, with the exception of
trimethoprim-sulfamethoxazole which was tested at 8� the MIC. Viable counts were performed imme-
diately after the addition of antibiotic, and at 1- to 12-h intervals as indicated on plots. Starting inocula
at the point of antibiotic addition were in the range of 5 � 105 to 2 � 106 CFU/ml, with the exception of
ciprofloxacin (1 � 107 CFU/ml). Stringent response inhibitors, when included, were added approximately
90 min prior to the addition of antibiotic. All data shown on a single plot (with the exception of the 12-
and 24 h data) were collected as part of the same experiment to account for any variation in antibiotic
stock concentration. MDK values were calculated from triplicate time-kill data using the linear regression
and interpolation functions in GraphPad Prism 6.07; only data in the linear range of the MDK were used
in the calculation (a minimum of three data points) and all R2 values were �0.9.

SUPPLEMENTAL MATERIAL
Supplemental material is available online only.
SUPPLEMENTAL FILE 1, PDF file, 1 MB.
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