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Summary

1 Summary

The opportunistic human pathogen Staphylococcus aureus can cause a wide range of
infections and is a growing threat to the healthcare systems due to the development of
antibiotic resistance. To survive and multiply under unfavourable conditions, S. aureus has
evolved strategies to sense and respond to various environmental stresses, such as nutrient
limitation or antibiotic-induced cell wall stress. The stringent response is a bacterial stress
response characterised by the synthesis of the alarmones (p)ppGpp, which enables bacterial
survival under nutrient starvation, antibiotic exposure or other external stresses by
transcriptional reprogramming and growth arrest. The functional consequences of the stringent
response in S. aureus have been studied in previous work under various conditions, including
transcriptionally or chemically induced amino acid limitation, and during infection in human
macrophages and animal models. In this thesis, the role of the stringent response in biofilm
formation and under nutrient limitation during the stationary growth phase was investigated.
Additionally, the influence of the stringent response and (p)ppGpp on antibiotic tolerance was
examined under these conditions. In the first part of this thesis, it was demonstrated that biofilm
formation during relaxed conditions is independent of the stringent response. However, under
nutrient-limited conditions or antibiotic exposure, (p)ppGpp synthesis by the small alarmone
synthetases RelP and RelQ was found to be necessary for biofilm formation and maintenance.
In addition, it was shown that an anti-biofilm peptide, originally proposed to inhibit (p)ppGpp
function, acts independent of (p)ppGpp but inhibits biofilm formation and synergistically
eradicates biofilms in combination with the antibiotic vancomycin. In the second part of this
thesis, it could be demonstrated that (p)ppGpp synthesis is required to avoid excessive GTP
accumulation during stationary growth phase. Maintaining GTP homeostasis ensures the
culturability of S. aureus under nutrient starvation by preserving the proton motive force (PMF)
and cell membrane architecture. (p)ppGpp-deficient S. aureus enters a division-incompetent,
dormant state characterized by low levels of ATP, reduced metabolic activity, and alterations
in membrane potential and architecture. It was demonstrated that control of GTP levels in
nucleotide-sensitive promoters leads to the downregulation of genes involved in the TCA cycle
and electron transport chain. To partially restore the culturability of the (p)ppGpp-deficient
mutant, the transcription of qoxABCD, a terminal oxidase of the respiratory chain, was
increased through mutation of the transcriptional start site. In addition, it was shown that the
loss of the PMF renders the stationary phase bacteria vulnerable to various classes of
antibiotics. These findings suggest that targeting the stringent response could be an effective
strategy to combat bacterial infections. In particular, by targeting the functional consequences
mediated by stringent response in S. aureus, e.g. by the application of biofilm, PMF or

(p)ppGpp inhibitors, clinical applications could also be found.
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2 Zusammenfassung

Der opportunistische Krankheitserreger Staphylococcus aureus kann ein breites Spektrum von
Infektionen verursachen und stellt aufgrund der Entwicklung von Antibiotikaresistenzen eine
wachsende Bedrohung fur die Gesundheitssysteme dar. Um unter ungunstigen Bedingungen
zu Uberleben und sich zu vermehren, hat S. aureus Strategien entwickelt, um verschiedene
negative Umwelteinflisse, wie z. B. Nahrstoffmangel oder durch Antibiotika ausgeldsten
Zellwandstress, zu erkennen und darauf zu reagieren. Die stringente Kontrolle ist eine
bakterielle Stressantwort, die durch die Synthese der Alarmone (p)ppGpp gekennzeichnet ist
und das bakterielle Uberleben bei Nahrstoffmangel, Antibiotikaexposition oder anderen
Umweltstressen durch transkriptionelle Umprogrammierung und Wachstumsstillstand
erm@glicht. Die funktionellen Konsequenzen der stringenten Kontrolle in S. aureus wurden in
vorangegangen Arbeiten unter verschiedenen Bedingungen untersucht, einschlief3lich
transkriptionell oder chemisch induzierter Aminosaure-Limitierung und wahrend der Infektion
in humanen Makrophagen und Tiermodellen. In dieser Arbeit wurde die Rolle der stringenten
Kontrolle bei der Biofilmbildung und unter Nahrstofflimitierung wahrend der stationaren
Wachstumsphase untersucht. AuRerdem wurde der Einfluss der stringenten Kontrolle und von
(p)ppGpp auf die Antibiotikatoleranz unter diesen Bedingungen untersucht. Im ersten Teil
dieser Arbeit wurde gezeigt, dass die Biofilmbildung unter nahrstoffreichen Bedingungen
unabhangig von der stringenten Kontrolle ist. Unter nahrstofflimitierten Bedingungen oder bei
Antibiotikaexposition wurde jedoch festgestellt, dass die (p)ppGpp-Synthese durch die kleinen
Alarmon-Synthetasen RelP und RelQ fur die Bildung und Aufrechterhaltung des Biofilms
notwendig ist. Darlber hinaus wurde gezeigt, dass ein Anti-Biofiim-Peptid, bei dem
ursprunglich eine Hemmung der (p)ppGpp-Funktion gezeigt wurde, unabhangig von (p)ppGpp
wirkt, aber dennoch die Biofilmbildung hemmt und in Kombination mit dem Antibiotikum
Vancomycin Biofilme synergistisch eradiziert. Im zweiten Teil dieser Arbeit konnte gezeigt
werden, dass die (p)ppGpp-Synthese erforderlich ist, um eine UbermaRige GTP-Akkumulation
wahrend der stationdaren Wachstumsphase zu verhindern. Die Aufrechterhaltung der GTP-
Homoostase gewahrleistet die Kultivierbarkeit von S. aureus unter Nahrstoffmangel, indem die
Protonenmotorische Kraft (PMF) und die Zellmembranstruktur erhalten bleiben. (p)ppGpp-
defizienter S. aureus tritt in einen teilungsunfahigen, dormanten Zustand ein, der durch
niedrige ATP-Konzentrationen, reduzierte Stoffwechselaktivitdt und Veranderungen des
Membranpotenzials und der Zellmembranstruktur gekennzeichnet ist. Es konnte gezeigt
werden, dass die Kontrolle des GTP-Spiegels in nukleotid-sensitiven Promotoren zur
Herunterregulierung von Genen fuhrt, die am TCA-Zyklus und an der Elektronentransportkette
beteiligt sind. Um die Kultivierbarkeit der (p)ppGpp-defizienten Mutante teilweise
wiederherzustellen, wurde die Transkription von qoxABCD, einer terminalen Oxidase der
7
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Atmungskette, durch Mutation der Transkriptionsstartstelle erhdht. Daruber hinaus wurde
gezeigt, dass der Verlust der PMF die Bakterien in der stationdren Phase die Toleranz
gegenlber verschiedener Antibiotikaklassen verringert. Diese Ergebnisse legen nahe, dass
die gezielte Beeinflussung der stringenten Kontrolle eine wirksame Strategie zur Bekdmpfung
bakterieller Infektionen sein koénnte. Insbesondere durch die gezielte Beeinflussung der
funktionellen Konsequenzen, die durch die stringente Kontrolle bei S. aureus vermittelt
werden, z. B. durch die Applikation von Biofilm-, PMF- oder (p)ppGpp-Inhibitoren, kdénnten
auch klinische Anwendungen gefunden werden.
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4 |ntroduction

Parts of this introduction have been published in the following articles. The submitted
manuscript has been uploaded to the preprint server bioRxiv and might differ from the final

published article. All articles can be accessed under the following links:

¢ “Role of (p)ppGpp in antibiotic resistance, tolerance, persistence and survival in
Firmicutes”, (review article), https://doi.org/10.1093/femsml/uqad009

e “Small alarmone synthetases RelP and RelQ of Staphylococcus aureus are involved
in biofilm formation and maintenance under cell wall stress conditions”, (research
article), https://doi.org/10.1101/2024.02.06.579068

e  “(p)ppGpp-mediated GTP homeostasis ensures the survival and antibiotic tolerance
of Staphylococcus aureus during starvation by preserving the proton motive force”,
(submitted manuscript), https://doi.org/10.3389/fmicb.2020.575882

4.1 Staphylococcus aureus and its clinical relevance

Staphylococcus aureus is a gram-positive, coccus-shaped bacterium that belongs to the
phylum Firmicutes. It is a commensal bacterium that asymptomatically colonizes the anterior
nares of the nose and skin of approximately 30% of healthy individuals worldwide [1]. However,
S. aureus is also an opportunistic pathogen that causes clinically significant infections,
including skin and soft-tissue infections, life-threatening bacteraemia, endocarditis, necrotising
sepsis, or device-related infections [2]. Nasal carriage of S. aureus has been identified as a

major risk factor for acquiring invasive infections [1].

Although methicillin-resistant S. aureus (MRSA) is still low in prevalence in Northern Europe,
the increasing resistance of S. aureus to various antibiotics worldwide complicates the
treatment of these infections [3]. Therefore, it is essential to restrict MRSA spreading and
prevent staphylococcal infections. To develop new antibiotics and alternative therapies in
addition to antibiotic treatment, it is necessary to gain a better understanding of the regulation
of virulence factors that contribute to the high pathogenicity of S. aureus, as well as the

regulation of metabolism during infection.

4.2 The stringent response

The stringent response or stringent control is a bacterial response to different forms of stress
including nutrient limitation and cell wall stress, and is characterised by the synthesis of the
messenger molecules pppGpp and ppGpp [4-13]. For the first time (p)ppGpp was discovered

in 1969 by Michael Cashel, where so-called magic spots could be observed by thin-layer

11



Introduction

chromatography from amino acid starved Escherichia coli. These magic spots were later
identified as pyrophosphorlyated GTP (pppGpp) or GDP (ppGpp) [14], collectively name
(p)ppGpp hereafter. One main feature of the stringent control is to keep macromolecular
synthesis tightly coupled to nutrient availability and growth rate. Accordingly, (p)ppGpp can

specifically block replication, translation and transcription [9, 10, 12].

The stringent response is typically defined as the rapid and dramatic accumulation of (p)ppGpp
in response to stress. However, even subtle fluctuations and steadily increasing basal
(p)PpGpp levels, such as during entry into stationary growth phase, can modulate cellular
processes and growth rate at (p)ppGpp concentrations that are far below the threshold

required to activate the stringent response.

4.2.1 Synthesis and degradation of (p)ppGpp in Firmicutes

(p)pGpp is synthesized by RelA-SpoT-homologs (RSH) which catalyse the transfer of
pyrophosphate originating from ATP to the 3° OH group of GTP, GDP or GMP. Long RSH
enzymes, characterised by an N-terminal enzymatic domain bearing distinct motifs for
(p)PpGpp synthetase or hydrolase activity and a C-terminal regulatory domain, are present in
nearly all bacteria and display both (p)ppGpp hydrolytic and biosynthetic activity [11, 15].
Firmicutes possess one long RSH enzyme, named Rel. Amino acid limitation through
accumulation of uncharged tRNAs is so far the only common condition that has been shown
to induce the (p)ppGpp synthetase activity of Rel [16, 17]. Rel can be allosterically activated
by (p)ppGpp [18] and its activity can be modulated by the second messenger c-di-AMP [19-
22]. In some Firmicutes, Rel directly interacts with the c-di-AMP-binding protein DarB thereby
linking potassium deprivation with stringent response [21, 23]. In Bacillus subtilis lipid
starvation [24], heat shock [25] or certain antibiotics [26] can also induce Rel dependent
(p)ppGpp synthesis by so far ill-defined mechanisms. However, for S. aureus amino acid

deprivation is the only known inducer for Rel dependent (p)ppGpp synthesis [16].

In addition to the long RSH Rel, Firmicutes possess one or two small alarmone synthetases
(SAS), SasA/RelP and SasB/RelQ. The (p)ppGpp synthesis by SAS enzymes is induced
through transcriptional activation of the encoding genes and/or posttranslational modifications.
For example, RelP and RelQ from S. aureus are part of the VraRS cell-wall stress regulon and
are induced after vancomycin treatment [27]. In B. subtilis phosphorylation of the response
regulator WalR controls the heterogeneous expression of RelP [28], while in Clostridioides
difficile relQ transcription is induced by sub-lethal concentrations of different antibiotics
(clindamycin, metronidazole, vancomycin and fidaxomicin) [29, 30]. Post-translational
activation or inhibition of SAS proteins is also important for function. RelQ from B. subtilis and

Enterococcus faecalis form tetramers [31, 32]. RelQ activity is strongly inhibited through the

12
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binding of single-stranded RNA (ssRNA). (p)ppGpp binding leads to disassociation of the
RelQ:RNA complex and activation of RelQ [32]. RelP activity is inhibited by both pppGpp and
ppGpp, activated by Zn?* and insensitive to inhibition by RNA [33, 34]. Instead, in S. aureus
RelQ seems to be insensitive to ssRNA, and RelP is not allosterically stimulated by the addition
of pppGpp, ppGpp or pGpp [35]. In this bacterium, RelQ is mainly held in an inactive state
when overexpressed [36]. Thus, the expression and activity of RelP and RelQ seem to differ
considerably between species, although these two proteins are highly homologous. Post-
translational regulatory mechanisms are likely important to fine-tune (p)ppGpp synthesis under

different growth conditions.

Rel is so far the only described enzyme to degrade (p)ppGpp in Firmicutes and thus important
to reset the system. Under non-inducing conditions, Rel is primarily in a hydrolase-
On/synthetase-Off conformation [37], while starved ribosomes are sufficient to inhibit the
hydrolytic activity [38]. The strong hydrolase activity of Rel from S. aureus makes the enzyme
essential for the detoxification of (p)ppGpp produced by RelP or RelQ [16]. In B. subtilis and
E. faecalis rel mutants are viable but severely impaired in growth due to (p)ppGpp
overproduction [39-41]. The hydrolase NahA of B. subtilis efficiently hydrolyses (p)ppGpp to
produce pGpp, thereby modulating alarmone composition and function [42]. These results
indicate the existence and physiological relevance of pGpp as a third alarmone, with functions

that can be distinct from those of (p)ppGpp.

The induction of the stringent response and the synthesis of (p)ppGpp in Firmicutes is

summarized in Fig. 1.

amino acid . harded N
i -0 UNcharge aureus
starvation r\’“ tRNA in A-site P cell wall
of ribosome stress
lipid starvation
& antibiotics .
(B. subtilis) B subtilis
GTP/GDP GEPA(TBEP
+PP,
° . B. subtilis /E. faecalis
® :. (p)ppGpp RelQ WNA _—
T G ol
B. sublilis  (DarB) /‘ (P)PPGpP w__ \RelQ)+rr (RelQ
@ active inactive
o
Rel Rel ®
(PIPPGPP Y
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Fig. 1 Activation of the stringent response and synthesis of (p)ppGpp in S. aureus and other Firmicutes.
Rel-dependent (p)ppGpp synthesis is induced during amino acid starvation (by sensing of stalled ribosomes by
Rel), or in B. subtilis also during lipid starvation, heat shock, and antibiotic stress. RelP and RelQ are activated

during cell wall stress by the two-component systems VraRS in S. aureus or WalKR in B. subtilis. RelQ is also
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activated via the (p)ppGpp-induced release of an inactivating ssRNA. The substrates for synthesis are GTP or GDP
and ATP, and the reaction is catalysed by the synthetase domain of Rel and SAS enzymes (RelP/RelQ). (p)ppGpp
degradation occurs solely by the hydrolase domain of Rel. (Figure created with Biorender.com and adapted from
[43]).

4.3 Targets and downstream effects of (p)ppGpp

In gram-positive pathogens, the stringent response plays an important role in virulence [44] as
well as antibiotic tolerance. The global transcriptional effects of (p)ppGpp have been examined
previously in several Firmicutes, such as B. subtilis [45], Streptococcus pneumoniae [46],
E. faecalis [47], Streptococcus mutans [48] and S. aureus [36, 49]. Many of the observed
downstream effects are mediated via specific binding of (p)ppGpp to target proteins resulting
in inhibition of replication (DnaG), ribosome function (RsgA, RbgA, Der, Era, HfIX, and ObgE),
secretion (Ffh and FtsY) and GTP synthesis (GuaB, HprT, Gmk, GdpP, Pde, PgpH and PurR)
[9, 10, 50]. Moreover, (p)ppGpp can control transcription via (p)ppGpp-specific riboswitches
[51]. The main effects of (p)ppGpp on bacterial physiology in Firmicutes are summarized in
Fig. 2.

(P)PPGPp
PRPP 1
. . L XY
o oo ® tippepr —i(GuaB) | —(PurR)
DNA replication \—" GTP IMP
(P)PPGpp synthesis |
[ RS XMP Guo
®CnaG (PppGRP — | |
se GMP +—G(Gua
(T4
/ \ (p)ppGpp—i 1
GDP( )TG
Transcription Translation | i [:)[i..pp
P

GT
/ @
&) \/ +1 rRNA @ —
g CodY regulon “Iio:h perons -

Fig. 2 Main effects of (p)ppGpp on bacterial physiology in S. aureus and other Firmicutes. Accumulation of
(p)ppGpp modulates then bacterial physiology by directly binding to a variety of enzymes or via lowering of the GTP
pools. (p)ppGpp regulates transcription indirectly by either de-repression of the transcriptional regulator CodY or by
modulating transcription from nucleotide-sensitive promoters. Increasing (p)ppGpp levels also inhibit several steps
in the GTP synthesis by direct binding and inhibition of enzymes involved in GTP synthesis. Furthermore, (p)ppGpp
inhibits DNA replication (elongation) and translation (ribosome assembly) by binding to proteins involved in those

processes. (Figure created with Biorender.com and adapted from [43]).
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4.3.1 Transcriptional regulation by (p)ppGpp

In contrast to proteobacteria e.g. E. coli where (p)ppGpp directly binds to RNA polymerase
and thereby regulates transcription, in Firmicutes (p)ppGpp does not interfere with RNA
polymerase activity [52]. In S. aureus and other Firmicutes (p)ppGpp regulates transcription
by controlling intracellular GTP levels [49, 53-55]. Upon (p)ppGpp synthesis, GTP levels drop
due to its use as a substrate for (p)ppGpp synthesis and direct inhibition of enzymes involved
in GTP synthesis. This reduction in cellular GTP levels allows the de-repression of genes under
the control of the transcriptional repressor CodY. CodY is a global regulator, known to repress
gene involved in amino acid synthesis and uptake but also virulence factors, when loaded with
branch-chained amino acids and GTP [56-58].

Furthermore, a decrease in the GTP levels leads to the repression of nucleotide-sensitive,
GTP-initiating promoters, e.g., those of rRNA genes [55, 59]. Some promoters are controlled
by the concentration of the transcription-initiating nucleotide due to the requirement of high
iINTP concentrations to stabilize the open complex formation in transcription initiation [60]. In
S. aureus, the concentration of intracellular GTP levels could be correlated to the activity of
rRNA promoters and linked to the GTP nucleotides in the initiation region of the promoters at
the position between +1 and +4 [55]. This indicates that not only the transcriptional initiation

but also the elongation requires high concentrations of the respective free nucleotides.

Beyond the indirect transcriptional regulation via the control of GTP levels, (p)ppGpp can also
directly control transcription as an allosteric effector of a transcription regulator. Recently, it
was shown that (p)ppGpp targets the transcriptional regulator PurR to downregulate purine
biosynthesis gene expression upon amino acid starvation [61]. Hereby, (p)ppGpp directly binds
to the effector pocket of transcriptional factor PurR to compete with phosphoribosyl
pyrophosphate (PRPP) to alter PurR binding to the promoter DNA and therefore ensures
downregulation of purine biosynthesis during nutrient downshift. PurR in turn regulates the
transcription of several virulence genes and metabolism and thus is a critical regulator of

staphylococcal pathogenesis [62].

4.3.2 (p)ppGpp-mediated regulation of GTP synthesis and homeostasis

In addition, (p)ppGpp has been implicated in regulation of GTP homeostasis by inhibiting
enzymes involved in GTP synthesis including the guanylate kinase Gmk, the IMP
dehydrogenase GuaB and the hypoxanthine-guanine phosphoribosyltransferase HrpT (Fig. 2)
[39, 54, 63] or by binding to the transcriptional regulator PurR [64].

Elevated cellular GTP levels in (p)ppGpp-deficient S. aureus and B. subtilis during nutritional
stress have been associated with cell death [24, 54, 65-67] making (p)ppGpp-mediated control

of GTP homeostasis crucial for viability.
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4.4 The role of (p)ppGpp in biofilm formation

Biofilms are sessile microbial communities attached to surfaces and embedded in an
extracellular matrix. Biofilm-forming staphylococci cause many device-related or chronic
infections [68-76]. Depending on the composition of the biofilm matrix, staphylococcal biofilms
are classified as ica-dependent or ica-independent [73]. Ica-dependent biofiims are
characterized by polysaccharide intercellular adhesin (PIA), also known as poly-N-acetyl
glucosamine (PNAG), which is synthesized by enzymes encoded by the icaADBC operon [77].
In ica-independent biofilms, proteins [72] and extracellular nucleic acids (eDNA) [70] are the
main matrix components. Biofilm formation is a three-step process that includes initial
attachment to the surface, biofilm maturation due to intercellular aggregation and bacterial cell
detachment. Initial attachment can happen to abiotic or biotic surfaces and is mostly driven by
hydrophobic or electrostatic interactions and/or by the interaction of specific surface molecules
[71]. When maturation starts and the biofilms grow by proliferation, a scaffolding extracellular
matrix is produced. In a second maturation stage, disruptive processes form channels in the
biofilm structure. These channels are important to guarantee nutrient supply in the deeper
biofilm layers [71]. Furthermore, the disruptive forces are important since they also cause the
detachment of cell clusters from a biofilm and therefore control biofilm expansion. Detachment
and biofilm disruption is mediated by the enzymatic degradation of matrix components by
proteases, nucleases or a group of small amphiphilic a-helical peptides, known as phenol-
soluble modulins (PSMs) [71].

For several bacterial species, it has been demonstrated that the activation of the stringent
response affects biofilm formation [78-91]. In S. aureus, the stringent response has been
implicated in biofilm formation since the treatment with stringent response inducing agents,
e. g mupirocin [92, 93] or serine hydroxamate [78], resulted in increased biofilm formation.
Moreover, the anti-biofilm peptides IDR-1018 and DJK-5 have been suggested to directly
interact with (p)ppGpp, preventing its signalling effects and, thus, biofilm formation [78, 94].

4.5 (p)ppGpp mediates growth control and survival in vitro

(p)ppGpp is a major regulator of growth rate control in E. coli [95, 96]. However, the effects of
(p)ppGpp on global protein synthesis and survival to starvation seem to be highly dependent
on the conditions (nitrogen- versus carbon-limitation) [97]. In S. aureus pppGpp® mutants are
still able to inhibit rRNA synthesis in the later growth phase [55]. This indicates that, at least in
S. aureus, (p)ppGpp independent mechanisms also account for growth rate control when
nutrients become limited. (p)ppGpp seems to have different roles depending on its abundance
in the cell [6]. The role of (p)ppGpp in bacterial survival under non-stressed conditions, when

the levels of (p)ppGpp below those required for induction of the stringent response, is less
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clear. It was proposed that basal levels of (p)ppGpp may have different effects than high level
bursts during stressful situations [6]. Several binding partners of (p)ppGpp have been
uncovered displaying dissociation constants from below one micromolar to more than one
millimolar concentrations. Nucleotide metabolism enzymes are among the first targets to be
affected by rising (p)ppGpp while more fundamental processes such as DNA replication are

among the last [9].

(p)PpGpp° strains in Firmicutes usually show no growth defect under non-stressed conditions
e.g., in rich medium [16, 54, 98]. However, (p)ppGpp° mutants have altered transcriptomes,
even under non-stressed conditions [39] and basal levels of (p)ppGpp seem to be important
to maintain GTP homeostasis in Firmicutes [99]. After shift to amino acid limiting conditions a
sudden raise of (p)ppGpp is necessary to protect the bacteria from death [16, 54, 65, 100]. In
B. subtilis it was shown that controlling GTP accumulation is required for survival during amino
acid starvation [65]. Manipulating the GTP levels in pppGpp° mutants provided evidence that
GTP regulates growth rate in a dose-dependent manner in B. subtilis. In the wildtype, (p)ppGpp
restricts the upper limit of GTP to ensure optimal growth and survival. Additionally, the inhibition
of fatty acid synthesis by cerulenin in B. subtilis was also found to be lethal only in the absence
of (p)ppGpp synthesis [13]. Adaptation to fatty acid starvation in wildtype bacteria requires the
activity of the Rel synthetase, although (p)ppGpp levels remain below detection limit. Thus,
(p)ppGpp mediated balancing of the GTP/ATP ratio is essential for bacterial survival at least
under fatty acid or amino acid starvation. Under such conditions the GTP/ATP ratio in pppGpp°
strains remains high and probably keeps the cell growing, which will eventually perturb

membrane function and lead to cell death [24].

In chemically defined medium the survival of the S. aureus (p)ppGpp° mutant is diminished in
the stationary phase which has also been linked to uncontrolled GTP accumulation [67]. In
stationary phase S. aureus acquires tolerance towards oxidative stress by maintenance of
redox and iron homeostasis which is mediated by (p)ppGpp [36, 101]. Consistently, in the
(P)pPGpp® mutant the antioxidant stress response genes were induced due to elevated
reactive oxygen species (ROS) levels in stationary phase [101]. (p)ppGpp synthesis by the
inducible synthetases resulted in the activation of ROS-inducing toxins and the simultaneous
expression of detoxifying systems to protect the producer. Thereby, (p)ppGpp prepares the
cells for survival to elevated ROS [36]. Thus, in S. aureus (p)ppGpp not only confers tolerance
to antibiotics but also to ROS [36, 101], although oxidative stress per se does not seem to

induce (p)ppGpp synthesis.
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4.5.1 Dormancy and the VBNC state

The stringent response has been implicated not only in response to environmental stresses,
such as amino acid and fatty acid starvation or antibiotics, but basal (p)ppGpp levels have
been postulated to modulate and fine-tune general metabolism during normal growth in the
absence of external stress factors [39, 52, 102]. However, these adaptations may result in
slower growth rates and metabolic rearrangements [39, 47, 65] that can be advantageous for
survival since reduced growth rates can promote entry into a dormant or quiescent state [103,
104].

The viable but non-culturable (VBNC) state is a unique survival strategy adopted by bacteria
in response to adverse environmental conditions. It describes a non-growing, deep dormant
state with reduced metabolic activity [105]. VBNC bacteria maintain membrane function and
integrity, carry out respiration and continue transcription and translation, but have lost
culturability in nutrient media which normally support their growth [106, 107]. In contrast, dead
cells have damaged membranes and are metabolically inactive. Another bacterial non-growing
state is dormancy. In contrast to VBNC bacterial cells, dormant bacteria do not display any
measurable metabolic activity, but are able to resuscitate under more favourable
environmental conditions [105, 106]. Although VBNC cells share many general characteristics
with viable and cultivatable cells, they exhibits physiological differences including altered
metabolism and gene expression as well as alterations in cell morphology, cell wall and
membrane including e.g. fatty acid composition or peptidoglycan cross-linking [106, 108].
VBNC cells of E. faecalis exhibit an increase in peptidoglycan-crosslinking [108], ultimately

altering cell membrane properties.

4.6 The role of (p)ppGpp in antibiotic tolerance

Antibiotic tolerance is an important contributor to antibiotic treatment failure, but it also acts as
a precursor of antibiotic resistance [109, 110]. As most antibiotics target active metabolic
processes, a decreased growth rate and reduced metabolic activity contribute to the
development of multidrug tolerance. (p)ppGpp leads to an immediate shut-down of replication

and translation [8, 50], therefore high (p)ppGpp levels likely contribute to antibiotic tolerance.

In S. aureus, relP and relQ expression are induced by cell wall stress with the cell wall active
antibiotics ampicillin and vancomycin [27]. The elevated (p)ppGpp levels in turn protect from
antibiotic killing, since a relPQ double mutant showed reduced survival rate upon treatment
with these antibiotics, but no difference in MIC between wild-type and relPQ mutants could be
observed [27]. Likewise, mutation of ileS encoding the isoleucyl-tRNA synthetase leads to Rel

dependent (p)ppGpp synthesis and again increased vancomycin tolerance [111]. Similar
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observations were reported for E. faecalis. In growth curve experiments with sub-inhibitory
concentrations of vancomycin enhanced tolerance was observed in a relA mutant strain that
exhibited higher (p)ppGpp levels due to missing hydrolase activity [98]. By contrast, a re/Q
mutant strain grew slower than its parental strain and was more rapidly killed in time-kill
experiments using 5x MIC of vancomyin. In B. subtilis chloramphenicol treatment resulted in

Rel dependent (p)ppGpp synthesis and thereby increased tolerance to vancomycin [26].

The impact of (p)ppGpp on tolerance towards other antibiotics is less clear. In E. faecalis a
(P)PPGpp° (rel, relQ) strain is more sensitive to killing by norfloxacin and ampicillin [39]. In
methicillin-sensitive S. aureus (MSSA) mutations of rel that likely lead to higher (p)ppGpp
accumulation and an overall stringent-response like transcription pattern have been linked to
ciprofloxacin tolerance [112]. However, Geiger et al. did not observe ciprofloxacin tolerance in
S. aureus mutants with defective (p)ppGpp synthetases [27]. During prolonged daptomycin
exposure, S. aureus acquired several mutations, one of which within rel/ (L61F). A de novo
generated strain carrying the sole mutation L61F in Rel was less susceptible to daptomycin in
time-kill assays [113]. Of note, it is not clear whether the mutation made the bacteria produce
more or less (p)ppGpp. Chemical inhibition of rel by the (p)ppGpp analog relacin or
transcriptional repression by antisense rel RNA reduced tolerance to clindamycin and
metronidazole [29]. Very recently, Yang et al. showed that B. subtilis and E. faecalis produce
(p)ppGpp in response to chloramphenicol treatment through rel, which protected the bacteria
from antibiotic killing [26]. The protective effect could be linked to the decreased intracellular
GTP pool. Elevated GTP levels in a (p)ppGpp° strain promoted the bactericidal effect of

chloramphenicol.

4.6.1 Biofilm-related antibiotic tolerance

Biofilms are normally more tolerant to high concentrations of antibiotics than planktonic
cultures. In gram-negative bacteria e.g. Pseudomonas aeruginosa, the stringent response was
shown to play a crucial role for the antibiotic tolerance of nutrient-limited and biofilm bacteria
[114]. In (p)ppGpp-deficient P. aeruginosa, the antibiotic tolerance was severely reduced
allowing enhanced efficacy of antibiotic treatment in an animal infection model [114]. The
widely used antimicrobial triclosan is a bacteriostatic inhibitor of fatty acid synthesis and was
shown to increase tolerance to bactericidal antibiotics in E. coli but also MRSA biofilms [115].
A persistent vancomycin-resistant Enterococcus faecium (VRE) isolate harbored a rel mutation
resulting in elevated (p)ppGpp levels [116]. The strain showed tolerance towards linezolid and
daptomycin when growing in biofilm but remained susceptible in MIC testing and during

planktonic growth.
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In summary, several studies indicate that elevated (p)ppGpp either through mutations of the
Rel hydrolase or via activation of synthetases can contribute to antibiotic tolerance without
necessarily conferring resistance. However, (p)ppGpp is likely not the only or even main trigger

for bacterial tolerance.
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5 Aim of this thesis

The stringent response is a conserved bacterial stress response that is characterised by the
synthesis of the alarmones (p)ppGpp by three synthetases, Rel, RelP and RelQ, present in
Staphylococcus aureus. Upon nutrient limitation or cell wall stress, the synthesis of (p)ppGpp
mediates physiological changes including a reduction in growth and metabolic activity as well
as transcriptional reprogramming. Additional, basal (p)ppGpp levels below those levels
required for stringent response induction have been implicated in maintenance of cell
physiology. The aim of this work was to elucidate the physiological adaptations that ensure
survival under adverse environmental conditions, as well as antibiotic tolerance, particularly in

biofilms and the stationary growth phase.

The first part of this thesis focuses on the role of the stringent response in biofilm formation in
S. aureus, as an influence of (p)ppGpp on biofilm formation had been demonstrated in other
bacterial species. Biofilms are primarily responsible for infections that are difficult to treat, such
as device-related infections, infections on body surfaces (such as skin and soft tissue, lungs,
bladder, or endocarditis), and chronic infections. | aimed to clarify the role of the small
alarmone synthase RelP and RelQ in biofilm formation and maintenance during antibiotic
treatment. Additionally, the effect of an anti-biofilm peptide, which was proposed to inhibit
(p)PpGpp action, and its synergistic effect with antibiotics on biofilm formation and eradication

were investigated.

The second part of this thesis investigates the molecular mechanisms behind (p)ppGpp-
mediated GTP homeostasis and its significance for the viability of S. aureus in nutrient-
restricted conditions, such as in stationary growth phase. (p)ppGpp-dependent restriction of
the intracellular GTP pool was shown to be crucial for the survival and culturability of starved
cells and antibiotic tolerance in other gram-positive bacteria. This thesis aimed to investigate
whether the maintenance of a balanced GTP pool during nutrient starvation is necessary for
the survival of S. aureus. At first, viability assays were applied to characterize the metabolic
state of the staved S. aureus cells. Furthermore, transcriptomic analysis was used to elucidate
the molecular mechanism that leads to reduced culturability in a (p)ppGpp-deficient S. aureus
mutant that displays highly elevated guanine nucleotide levels during starvation. The stringent
response is often associated with antibiotic tolerance. In particular, non-growing bacteria,
display a higher tolerance towards antibiotic treatment. Therefore, | investigated the
requirement of (p)ppGpp during stationary phase starvation for tolerance towards different

classes of antibiotics.
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6 Results

6.1 The role of (p)ppGpp in biofilm formation and antibiotic tolerance in

Staphylococcus aureus

The results presented here are part of the accepted research article “Small alarmone
synthetases RelP and RelQ of Staphylococcus aureus are involved in biofilm formation and
maintenance under cell wall stress conditions” which can accessed und the following doi:
https://doi.org/10.3389/fmicb.2020.575882.

6.1.1 (p)ppGpp synthetases show no significant effect on biofilm formation under non-

stress conditions

It was recently proposed that the stringent response facilitates biofilm formation in several
pathogens, including S. aureus [78]. However, the basal medium 2 (BM2) used in this study
allowed only for very limited S. aureus growth, resulting in a final ODsoo below 1 after overnight
growth. Therefore, we first analysed the impact of (p)ppGpp on biofilm formation using different
media. These media included tryptic soy broth (TSB) with the addition of 0.5% glucose and
3% NacCl, which is widely used for S. aureus biofilm analyses [117], and chemically defined
medium (CDM) [56], used to define the stringent response phenotype in S. aureus. To
distinguish between the Rel- and RelP/RelQ-mediated stringent response, we included a relsy,
mutant (mutation in the synthetase domain, leaving hydrolase activity unaltered), a relP, relQ
double mutant and a (p)ppGpp° mutant in which all three synthetases were non-functional in
the analysis. Independent of the (p)ppGpp synthetases, all strains showed the strongest biofilm
formation in CDM. Interestingly, in the prototypic biofilm medium TSB, biofilm formation was
lower than in CDM (Fig. 3A). However, there was no significant difference in biofilm formation
between the different strains in either medium. In BM2, a trend towards a slightly higher biofilm-
forming capacity in the wildtype compared to the mutant strains was observed. This suggests
that under these nutrient-limited conditions, the stringent response might be slightly activated.
Thus, under non-stressed conditions, (p)ppGpp synthetases have little to no influence on the

ability to form biofilms.
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Fig. 3 (p)ppGpp synthases affect biofilm formation under cell wall stress conditions. (A) Biofilm formation in
TSB (+3% NaCl, +0.5% glucose), BM2 and CDM after 24 h. (B) Biofilm formation under uninduced and vancomycin-
stress (subinhibitory vancomycin 0.78 pg/ml) conditions in CDM after 24 h. Three separate experiments were
performed with biological triplicates each. Error bars represent the standard deviation, statistical significance based
on ordinary one-way ANOVA (ns: not significant, ****: P < 0.0001). (C) Representative plate stained with crystal
violet. (D) CFU was determined from resolved biofilm and planktonic bacteria after 24 h of static incubation. (Figure
adapted from [118].)

6.1.2 RelP and RelQ regulate biofilm formation under cell wall stress

It was demonstrated that sub-inhibitory concentrations of vancomycin transcriptionally activate
relP and relQ [27]. Therefore, we speculated that the stringent response induced by
vancomycin may interfere with biofilm formation. The minimal inhibitory concentration (MIC)
(1 pg/ml) of vancomycin in planktonic grown bacteria did not differ between the analysed
strains. At a sub-inhibitory concentration of vancomycin (0.78 pg/ml), the relPQ double mutant
and the (p)ppGpp0 mutant exhibited significantly reduced biofilm formation compared to the
wildtype and the relsyn mutant (Fig. 3B - C). When treated with vancomycin, the wildtype
formed an almost uniform thick layer of biofilm. In contrast, the relPQ mutant and the
(p)PpGppO strain showed significantly decreased biofilm formation, with some cell aggregates
remaining after the washing procedure (Fig. 3B - C). The sub-inhibitory concentrations of

vancomycin did not impair the bacterial survival of the tested strains (Fig. 3D). Therefore,
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growth inhibition or bacterial killing did not cause the RelP- and RelQ-dependent changes in

biofilm formation.

6.1.3 RelP and RelQ synergistically affect biofilm formation

To determine the impact of each of the synthetases on biofilm formation under vancomycin-
induced conditions, we analysed single relP and relQ mutants. Both relP and relQ were found
to contribute to biofilm formation in the presence of vancomycin. They act synergistically, as
evidenced by the relPQ double mutant showing the lowest biofilm formation (Fig. 4). The relPQ
double mutant phenotype was complemented by integration of either relP or relQ into the
chromosome (Fig. 4). Thus, the induction of either relP or relQ by vancomycin is sufficient to

maintain S. aureus biofilm formation under cell wall stress conditions.
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Fig. 4 RelP and RelQ affect biofilm formation synergistically. Biofilm formation under vancomycin-induced cell
wall stress (0.78 pg/ml vancomycin) in CDM. Strains: HG001 wildtype, relP and relQ single mutants, re/PQ double
mutant and complemented strains. Three separate experiments were performed with biological triplicates each.
Error bars represent the standard deviation, statistical significance based on ordinary one-way ANOVA (ns: not
significant, *: P < 0.1, ***: P <0.0001). (Figure adapted from [118].)

6.1.4 The biofilm composition is not affected by the stringent response

The biofilm matrix consists of PIA, proteins or eDNA [73, 75]. We analysed which matrix
components were involved in the observed RelP/Q-dependent biofilm alterations under
vancomycin treatment. Preformed biofilms were treated with sodium periodate, proteinase K
or DNase to selectively degrade PIA, proteins or eDNA matrix components, respectively [119].
The biofilms formed by the wildtype or (p)ppGppO stain were almost completely degraded by

proteinase K and DNase treatment in the absence of vancomycin, whereas sodium periodate
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had no effect on the biofilm matrix (Fig. 5A - B). To confirm that vancomycin does not affect
the biofilm composition, we also analysed the matrix components after vancomycin treatment.
Once again, the biofilms consisted almost exclusively of proteins, and the biofilm matrix was
not degraded by eDNA or sodium periodate treatment. Under the applied conditions, HG001
forms Ica-independent biofilms, and the composition of the biofilm remains unaltered by the
stringent response.

A B
wmmm control === DNase proteinase K NalO4

WT (P)PPGPP°  (PIPPCPP?
4 = control vancomycm control vancomycm

: - 99e®
e

N
- Q Q
/
K
1 - ) 7\ N
proteinase K [ N X J.\
. . 4
o= ,
PIPPGPR®  (P)PPGPP° DNase :
control vancomycin control vancomycin \
L S 4

Fig. 5 Biofilm composition is not affected by (p)ppGpp. (A) Preformed biofilms of the wildtype and the isogenic

(p)ppGpp° strain were treated with DNase or proteinase K for 4 h at 37°C or with sodium periodate for 24 h at 4°C.
After treatment, the remaining biofilm was stained with crystal violet and quantified by ODgoo measurement. Three
separate experiments were performed, each with biological triplicates. Error bars represent the standard deviation.
(B) Representative plate with wildtype, relsyn, relPQ and the (p)ppGpp° strain stained with crystal violet. (Figure
adapted from [118].)

6.1.5 The stringent response induces biofilm formation independent of the global

regulators Agr and CodY

The quorum-sensing system Agr, particularly the target genes psm, [71] and the transcriptional
regulator CodY [120] have been identified as key controllers of biofilm structure and
detachment. The synthesis of (p)ppGpp results in the de-repression of the CodY regulon and
upregulation of Agr-dependent psm genes [49]. Therefore, we hypothesised that Agr and/or
CodY activity could interfere with the observed (p)ppGpp-dependent biofilm. However, the
mutation of agr or codY did not impact biofilm formation (Fig. 6). Thus, under our assay

conditions, biofilm formation occurs independently of the global regulators CodY and Agr.
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Fig. 6 Biofilm formation under stringent conditions is independent of CodY and Agr. Biofilm formation under
non-stressed and vancomycin-induced cell wall stress (0.78 pg/ml vancomycin) in CDM after 24 h. Three separate
experiments were performed, each with biological triplicates. Error bars represent the standard deviation, statistical
significance based on ordinary one-way ANOVA (ns: P > 0.05). (Figure adapted from [118].)

6.1.6 (p)ppGpp contributes to biofilm antibiotic tolerance

Biofilms are typically more tolerant to high concentrations of antibiotics than planktonic
cultures. We hypothesized that the stringent response contributes to biofilm antibiotic tolerance
in S. aureus. To test this hypothesis, we compared biofilm antibiotic tolerance between the
wildtype and the isogenic (p)ppGpp° mutant. Preformed biofilms were exposed to increasing
concentrations of vancomycin for 16 hours. At the MIC (1 ug/ml for planktonic grown bacteria),
vancomycin did not cause biofilm dispersal. However, when concentrations were 10- and 100-
fold higher than the MIC, the biofilm produced by the (p)ppGpp° strain was significantly
reduced, while the biofilm produced by the wildtype was more resistant to vancomycin
treatment (Fig. 7A - B). Therefore, (p)ppGpp synthesis contributes to biofilm-related antibiotic

tolerance.
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Fig. 7 (p)ppGpp contributes to biofilm related antibiotic tolerance. (A) Preformed biofilms (8 h) were exposed
to increasing concentrations of vancomycin for 16 h. Three separate experiments were performed, each with
biological triplicates. Error bars represent the standard deviation, statistical significance is based on ordinary one-
way ANOVA (ns: not significant, **: P <0.01). (B) Representative plate stained with crystal violet. (Figure adapted
from [118].)

6.1.7 The anti-biofilm peptide DJK-5 exerts its effects independent of (p)ppGpp

Recently, two peptides, IDR-1018 [78] and DJK-5 [94], were proposed to prevent biofilm
formation by specifically targeting intracellular (p)ppGpp. If correct, these peptides are
expected to inhibit biofilm formation under stringent conditions in the wildtype but not in the
pppGpp° background. We confirmed that DJK-5 interferes with biofilm formation in S. aureus
(Fig. 8A - B). However, biofilm formation by the wildtype and pppGpp®° strains was equally
affected by DJK-5, without vancomycin treatment, indicating that the effect was independent
of (p)ppGpp. The combination of a sub-inhibitory concentration of vancomycin and DJK-5
resulted in the complete inhibition of biofilm formation in the pppGpp? strain. This can be
explained by bacterial killing of the pppGpp? strain through the synergistic action of vancomycin
and DJK-5 (Fig. 8C). Thus, it is evident that (p)ppGpp synthesis in the wildtype provides
protection against cell death. These results contradict the proposal made by de la Fuente-
Nunez et al. [78, 94] that the biofilm-inhibiting activity of DJK-5 is achieved through (p)ppGpp

inhibition.
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Fig. 8 DJK-5 interferes with biofilm formation under relaxed and stringent conditions. (A) Biofilms grown with
or without vancomycin (0.78 pg/ml) and/or the anti-biofilm peptide DJK-5 (5 pg/ml) in CDM for 24 h. (B)
Representative plate stained with crystal violet. (C) CFU of planktonic and biofilm bacteria determined in parallel
after static growth for 24 h. Three separate experiments were performed with biological triplicates each. Error bars
represent the standard deviation, statistical significance based on ordinary one-way ANOVA (ns: not significant, *:
P <0.1, ™ P <0.0001). (Figure adapted and modified from [118].)

6.2 The role of (p)ppGpp-mediated GTP homeostasis during starvation for

survival and antibiotic tolerance of Staphylococcus aureus

The results presented here are part of the manuscript “(p)ppGpp-mediated GTP homeostasis
ensures the survival and antibiotic tolerance of Staphylococcus aureus during starvation by
preserving the proton motive force” submitted to Communications Biology. The manuscript has
been uploaded to the preprint server bioRxiv and can be accessed under the following doi:
https://doi.org/10.1101/2024.02.06.579068. The manuscript might differ from the final
published article.
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6.2.1 (p)ppGpp contributes to culturability in the stationary phase

To study the requirement of (p)ppGpp synthesis for stationary phase survival, we monitored
the growth and culturability of S. aureus wildtype strain HG001 and its isogenic (p)ppGpp°
mutant in chemically defined medium (CDM) for 24 h. The (p)ppGpp°® mutant is unable to
synthesize (p)ppGpp due to mutations in all three (p)ppGpp synthetases (full deletion of rel,
synthetase mutations in relP and relQ) [121]. There was no significant difference in growth
measured by optical density (ODsgo) between the two strains (Fig. 9A). However, after entry
into the stationary phase, the culturability of the (p)ppGpp® mutant quickly started to decrease
until an approximately one log reduction in CFU/ml was observed after 24 h compared to that

of wildtype (Fig. 9B & Fig. 10A).
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Fig. 9 Culturability of the (p)ppGpp°® mutant decreases during the stationary growth phase. (A) S. aureus
HGO001 wildtype (WT) and the isogenic (p)ppGpp° strain were cultured in CDM [56] and growth was monitored by
optical density ODggo and (B) CFU/mI determination. Data are shown as mean = SD (n=3 biological replicates). (C)
USA300 JE2 and SH1000 and their isogenic (p)ppGpp° mutants were grown in CDM for 24h and culturability was
determined by CFU/ml enumeration normalized to ODggo. Data are shown as mean + SD (n=3 biological replicates).
Statistical significance was determined by two-tailed unpaired t-tests performed on logo transformed data (**p-
value <0.01, *p-value <0.05). (D) Strains were grown for 24h in CDM and culturability was determined by CFU/m

enumeration normalized to ODggo. Data shown are mean + SD (n=3 biological replicates). Statistical significance
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was determined by one-way analysis of variance (ANOVA) with a Sidak’s post-test on logo transformed data (****p-
value <0.0001, ***p-value <0.001, **p-value <0.01, ns >0.05).

Reduced culturability of the (p)ppGpp°® mutant was also observed in the background of the
USA300 JE2 or SH1000 strains (the SigB-positive derivative and phage-cured derivative of
HGO001, respectively) (Fig. 9C). We next induced Rel-dependent (p)ppGpp synthesis in
exponentially growing bacteria with a sub-inhibitory concentration of mupirocin, a tRNA
synthetase inhibitor. These conditions mimicked amino acid starvation and resulted in
significantly reduced culturability of the (p)ppGpp® mutant (Fig. 10B). Furthermore, we
monitored expression levels of the known stringent response-activated genes psma and rsaD
[36, 122] during the mid- and late stationary phases (17 h and 24 h) in wildtype and (p)ppGpp°.
We observed a stringent response-like expression pattern for psma and strong de-repression
of rsaD in wildtype, indicating elevated (p)ppGpp levels (Fig. 10C). As expected, in the
(P)PPGpp® mutant, expression of stringent response genes was not induced, but rsaD
expression was strongly downregulated, suggesting elevated intracellular GTP levels (Fig.
10C). Individual complementation of (p)ppGpp° with rels, relP or relQ (Fig. 9D) confirmed that
Rel and RelQ contribute to basal (p)ppGpp levels to ensure survival during the stationary
phase. Thus, (p)ppGpp is essential for bacterial culturability in the stationary phase as well as

under induced stress conditions in exponentially growing bacteria.
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Fig. 10 Decreasing cultuarbility of (p)ppGpp°® cells during stationary phase and stringent response

induction. (A) Culturability of HG001 wildtype (WT) and (p)ppGpp® mutant was evaluated during different growth
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stages by CFU/ml enumeration normalized to ODeggo. Data shown are mean of £ SD (n=3 biological replicates).
Statistical significance was determined by a two-way analysis of variance (ANOVA) with Sidak’s post-test performed
on logo transformed data (**p-value <0.01, ns >0.05). (B) Bacteria grown to exponential growth phase were treated
with sub-inhibitory concentrations of mupirocin (0,125 pg/ml) and culturability was determined by CFU/mlI
enumeration normalized to ODggo. Data shown are mean of £ SD (n=3 biological replicates). (C) Bacterial cells were
harvested during different growth phases and total RNA was isolated. psma and rsaD transcript levels were
determined by RT-qPCR and normalized to gyrB expression by AACt method. Data are shown as mean + SD (n=3
biological replicates). Statistical significance was determined by two-way analysis of variance (ANOVA) with Sidak’s
post-test (***p-value <0.001, **p-value <0.01, *p-value <0.05, ns >0.05).

6.2.2 (p)ppGpp-dependent GTP homeostasis is essential for stationary phase
culturability independent of CodY

(p)ppGpp has been shown to play an important role in controlling GTP homeostasis [54, 55].
Therefore, we assessed the viability of different mutants in which GTP metabolism was
disrupted after growth to the late stationary phase. The pleiotropic repressor CodY, when
loaded with GTP, inhibits expression of several biosynthesis-related gene clusters and
virulence genes. CodY target genes are de-repressed under stringent conditions when
(p)PpGpp is synthesized and consequently intracellular GTP levels drop [27]. We therefore
hypothesized that the decreased survival of the (p)ppGpp°® mutant might be ascribed to
diminished expression of CodY target genes. However, deletion of codY did not increase the
culturability of the (p)ppGpp® mutant (Fig. 11B). PurR is a repressor of the purine operon [62,
123], and in B. subtilis, it is allosterically activated via (p)ppGpp [64] (Fig. 11A). Thus, deletion
of purR in the (p)ppGpp°® mutant will likely lead to increased GTP levels. This mutant was even
less culturable in the stationary phase, indicating that elevated GTP levels are detrimental to
bacterial culturability (Fig. 11B). Accordingly, lowering the GTP pool should promote bacterial
survival. Indeed, deletion of the GTP synthesis operon guaBA rescued the defect in the
(P)PPGpp°® mutant (Fig. 11B). We next manipulated levels of GTP via supplementation with
guanine, which feeds into the salvage pathway of GTP synthesis (Fig. 11A). This resulted in a
dose-dependent decrease in the culturability of the (p)ppGpp°® mutant (Fig. 11C).
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Fig. 11 (p)ppGpp is essential for GTP homeostasis during stationary phase starvation. (A) The purine
biosynthesis pathway is regulated by PurR repression and by (p)ppGpp repressing the biosynthetic enzymes GuaB,
HrpT and Gmk. (B) Strains were grown in CDM for 24h and survival was determined by CFU/ml enumeration
normalized to ODggo. Data shown are mean + SD (n=3). Statistical significance was determined by one-way analysis
of variance (ANOVA) with a Tukey’s post-test on log1o transformed data (****p-value <0.0001, ***p-value <0.001,
ns >0.05). (C) HG001 wildtype (WT) and (p)ppGpp® were grown in CDM with varying concentrations of guanine for
24h and culturability was determined by CFU/mI enumeration normalized to ODggo. Data shown are mean + SD
(n=3). Statistical significance was determined by two-way way analysis of variance (ANOVA) with a Sidak post-test
(****p-value <0.0001, ns >0.05). (D) Relative nucleotide levels were determined from late stationary phase cells by
LC-MS/MS and normalized to ODego. Data shown are mean + SD (n=4). Statistical significance was determined by
two-way analysis of variance (ANOVA) with a Tukey’s post-test (****p-value <0.0001, ***p-value <0.001, **p-value
<0.01, ns >0.05).

We used LC-MS/MS analysis to confirm the anticipated nucleotide levels in the (p)ppGpp° and
AguaAB mutants. As expected, levels of all guanine nucleotides (GMP, GDP and GTP) were
significantly elevated in the (p)ppGpp® mutant in the late stationary phase (Fig. 11D). Lower
levels were observed in wildtype, likely due to (p)ppGpp-dependent inhibition of biosynthetic
enzymes, including GuaB (Fig. 11A). Consistently, deletion of guaBA also decreased guanine
pools in (p)ppGpp? (Fig. 11D). Levels of ATP decreased in (p)ppGpp° independent of deletion
of guaBA (Fig. 12A & Fig. 11E), but levels of the other nucleotides differed only slightly between
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the strains (Fig. 12A-C). These results confirm a clear correlation between elevated guanine

nucleotide levels during stationary phase starvation and decreased culturability.
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Fig. 12 Determination of nucleotide levels in late stationary phase cells. (A) Metabolites were extracted and
nucleotides were measured and quantified via LC-MS/MS from cells grown to late stationary growth phase (24h).
Shown are relative nucleotide levels as determined by comparing (p)ppGpp® vs. WT and (p)ppGpp° AguaBA vs.
AguaBA. (B) The GTP/ATP ratio and (C) the NADH/NAD" ratio were calculated from the relative nucleotide levels.
Data shown are mean of + SD (n=4 biological replicates). Statistical significance was determined by one-way
analysis of variance (ANOVA) with Tukey’s post-test (****p-value <0.0001, *p-value <0.05, ns >0.05).

6.2.3 (p)ppGpp-deficient cells enter a division-incompetent but viable state during

starvation

To further investigate the cause and mechanism of the decreased culturability of the (p)ppGpp°
mutant, we used different viability assays based on membrane integrity or metabolic activity.
Despite the large decrease in CFUs during the stationary phase (Fig. 9B & Fig. 10A), only a
small percentage of (p)ppGpp°® mutant cells were stained with the membrane-impermeable
dye propidium iodide, and there was no significant difference between wildtype and the
(p)PpGpp® mutant (Fig. 13A). Analysis of the metabolic activity of late stationary phase cells by
RedoxSensor™ Green staining, which monitors bacterial reductase activity, revealed slightly
reduced metabolic activity in the (p)ppGpp°® mutant (Fig. 13B). However, the decrease in
metabolic activity was less than expected from the difference in CFU counts between wildtype
and (p)ppGpp° during the late stationary phase (only approximately 10% culturable (p)ppGpp°

mutant). Resazurin conversion (Fig. 13C), an indicator of cellular redox potential, also revealed
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slightly decreased respiratory activity in the (p)ppGpp° mutant compared to wildtype and the
guaBA-negative strain. To further confirm the alterations in the redox state of the mutant cells,
we directly measured the NADH/NAD" ratio (Fig. 13D) and ATP level (Fig. 13E). Both
parameters were significantly decreased in the (p)ppGpp® mutant. The effect was less
prominent in the guaBA mutant background, indicating that the change in redox state is mainly

a consequence of changes in the GTP pool.

The discrepancy between the decreased CFU counts and low propidium iodide staining,
together with the decreased metabolic activity in the late stationary phase, suggest that the
(p)PpGpp° cells did not immediately lose viability. It is more likely that the cells entered a
dormant state, slowing their metabolic activity and halting cell division, resulting in the

observed large decrease in CFU.
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Fig. 13 The (p)ppGpp° mutant maintains membrane integrity but displays decreased metabolic activity.
Strains were grown to late stationary phase (24h) in CDM. (A) Representative fluorescence microscopy images of
propidium iodide (Pl)-stained HG001 wildtype (WT) and (p)ppGpp® are shown. The percentage of propidium iodide
stained cells was measured by flow cytometry. For dead control bacteria were permeabilized with 70% EtOH. Data
shown are mean + SD (n=3 biological replicates, n=1 for dead control). Statistical significance was determined by
one-way analysis of variance (ANOVA) with Tukey’s post-test (ns >0.05). Scale bar: 10 ym (B) Bacteria were
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stained with RedoxSensor™ Green reagent and analysed by flow cytometry to monitor metabolic activity. Data
shown are mean of RSG fluorescence + SD (n=3 biological replicates, n=1 for CCCP control). Statistical significance
was determined by one-way analysis of variance (ANOVA) with Tukey’s post-test (**p-value <0.01). (C) Redox
potential was accessed by resazurin conversion over time in HG001 wildtype, (p)ppGpp®, AguaBA and (p)ppGpp°
AguaBA. Data shown are mean + SD (n=3 biological replicates). Statistical significance was determined by one-
way analysis of variance (ANOVA) with Tukey’s post-test (*p-value <0.05, ns >0.05). (D) NADH/NAD* ratio and (E)
relative ATP levels were determined. Data shown are mean of + SD (n=3 biological replicates). Statistical
significance was determined by one-way analysis of variance (ANOVA) with Tukey’s post-test (****p-value <0.0001,
***p-value <0.001, **p-value <0.01, ns >0.05).

6.2.4 The division-incompetent state of (p)ppGpp?° cells is not the result of increased

translation during the stationary phase

(p)PpGpp is known to efficiently inhibit protein synthesis [12, 124] and thereby may prevent
accumulation of protein aggregates [125]. We measured protein synthesis at different time
points during growth by incorporating the puromycin analogue O-propargyl-puromycin (OPP)
into newly synthesized proteins. As expected, in the (p)ppGpp® mutant, translation was
significantly greater in the late exponential and early stationary growth phases (7 h and 9 h)
(Fig. 14A). However, in the late stationary growth phase (24 h), complete shutdown of protein
synthesis was observed, indicating that this occurred independently of (p)ppGpp. Delayed or
absent translation inhibition can lead to formation of protein aggregates [125]. However, only
a slight increase in protein aggregates was observed in the (p)ppGpp° mutant, as assessed
by densitometric quantification of Coomassie-stained protein aggregates isolated from
wildtype and (p)ppGpp® late stationary phase cultures (Fig. 15A & B).
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Fig. 14 Increased translation of (p)ppGpp° does not contribute to entrance into dormant state. (A) Protein
synthesis was monitored at different timepoints during growth in wildtype (WT) and (p)ppGpp° cells by labelling with
the puromycin analogue OPP and subsequent flow cytometry analysis. Data shown are mean of + SD (n=3
biological replicates). Statistical significance was determined by two-way analysis of variance (ANOVA) with Sidak’s
post-test (****p-value <0.0001, ***p-value <0.001, ns >0.05). (B) Wildtype and (p)ppGpp° cells grown to transition

phase were treated with 100x MIC chloramphenicol (+ CAM), and protein synthesis by OPP incorporation and (C)
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culturability were assessed by CFU/ml enumeration. Data shown are mean of + SD (n=3 biological replicates).
Statistical significance was determined by two-way analysis of variance (ANOVA) with Sidak’s post-test (on logio
transformed data for (C), ***p-value <0.001, ns >0.05).

To further analyse whether increased translation in (p)ppGpp® might contribute to entry into a
division-incompetent state, we inhibited translation with 100x the MIC of the bacteriostatic
antibiotic chloramphenicol. Chloramphenicol treatment almost completely inhibited protein
synthesis in both wildtype and (p)ppGpp° cells (Fig. 14B). However, chloramphenicol-induced
inhibition of translation did not increase the culturability of (p)ppGpp®° cells (Fig. 14C).
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Fig. 15 Quantification of protein aggregates. (A) Protein aggregates were isolated from wildtype and (p)ppGpp°
cells grown to late stationary phase and anaylsed by SDS-PAGE and Coomassie staining. For each strain, protein
aggregates were isolated from three individual biological replicates (n=3). (B) Protein aggregates were quantified
by densiometric analysis. Data shown are mean of + SD (n=6 biological replicates from two individual experiments).
Statistical significance was determined by a two-tailed, unpaired t-test (**p-value <0.01).

Thus, translation inhibition appears to be delayed in the (p)ppGpp°® mutant, leading to slightly
increased protein aggregation during the stationary phase. However, this delay in translation
inhibition does not seem to be the cause of the non-culturable state of (p)ppGpp° cells during

stationary phase starvation.

6.2.5 Division-incompetent cell state of (p)ppGpp?° cells is not the result of oxidative

stress during the stationary phase

In S. aureus, (p)ppGpp was shown to contribute to tolerance to oxidative stress [101],
suggesting that elevated oxidative stress is a potential cause of the “dormant” state of the
(p)PpGpp® mutant. To test this hypothesis, we analysed culturability under anaerobic and
oxygen-limited, static (biofilm) conditions. Under these conditions, the culturability of the
(p)PpGpp® mutant was not compromised (Fig. 16A). However, treatment of aerobically grown
cultures with the ROS scavenger N-acetyl cysteine (NAC) did not have any impact on
culturability in the late stationary phase (Fig. 16B). Furthermore, no notable difference in

endogenous ROS formation was detected between wildtype and the (p)ppGpp°® mutant during
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the stationary growth phase (Fig. 16C). Thus, (p)ppGpp-deficient cells were impaired only in
culturability under aerobic conditions. However, this phenotype could not be linked to elevated
ROS levels. Thus, we investigated the contributions of metabolic cues such as aerobic

respiration and proton motive force (PMF).
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Fig. 16 Oxidative stress in (p)ppGpp° does not contribute to entrance into dormant state. (A) HG001 wildtype
(WT) and (p)ppGpp° strain were grown under aerobic, anaerobic or oxygen-limited, static (biofilm) conditions for
24h and culturability was accessed by CFU/ml enumeration. Data shown are mean £ SD (n=3 biological replicates).
Statistical significance was determined by two-way analysis of variance (ANOVA) with Sidak’s post-test on logo
transformed data (***p-value <0.001, ns >0.05). (B) Wildtype and (p)ppGpp?® cells were treated with 12.5 mM N-
acetylcysteine (+ NAC) during transition to stationary phase (7.5h) and CFU/mI counts normalized to OD600 were
determined before and after treatment. Data shown are mean of + SD (n=3 biological replicates). Statistical
significance was determined by two-way analysis of variance (ANOVA) with Sidak’s post-test (****p-value <0.0001,
* <0.05). (C) Monitoring of culturability, as determined by CFU/ml enumeration, and intracellular ROS levels, as
measured by using the DCFH2-DA dye, which is oxidized to DCF by ROS, from early to late stationary phase. Data
are shown as mean = SD (n=3 biological replicates). Statistical significance was determined by two-way analysis
of variance (ANOVA) with Sidak’s post-test (****p-value <0.0001, ns >0.05).

6.2.6 Membrane function and architecture are impaired in (p)ppGpp° cells

Changes in membrane potential can impact cell vitality by perturbing ATP synthesis and ion
transport. We measured membrane potential by staining with the carbocyanine dye DiOC2(3).
During the exponential growth phase, there was no difference in membrane potential between

wildtype, (p)ppGpp® and guaBA-negative cells (Fig. 17A). However, during the late stationary
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phase, the membrane potential of the (p)ppGpp® mutant was notably lower than that of
wildtype. In contrast, there was no significant difference in the level of the guaBA-negative
strain, indicating that high levels of GTP disturb the membrane potential. The PMF is
composed of the electrical potential AW and the transmembrane proton gradient ApH. The
intracellular pH was similar between wildtype and the (p)ppGpp® mutant (Fig. 17B), indicating
that membrane potential AY mainly reduced in cells with high GTP levels. Analysis of the
membrane and cell wall architecture by co-staining with the dye FM4-64X and the BODIPY-
vancomycin conjugate revealed irregular staining of the (p)ppGpp° cell membrane during
starvation in the stationary phase, which was not observed in wildtype cells (Fig. 17C). In
contrast, no abnormalities were detected in the cell wall of (p)ppGpp° cells during stationary
phase starvation compared to wildtype cells (Fig. 17C). These irregularities in the cell
membrane of the (p)ppGpp° strain, together with increased membrane fluidity, as measured
by DPH fluorescence polarization (Fig. 17D), are indicative of membrane patches with

increased fluidity, also known as regions of increased fluidity (RIFs).

Taken together, the results show that in the stationary phase, high levels of GTP, as found in
the (p)ppGpp® mutant, led to decreased membrane potential, changes in cell membrane
architecture and increased membrane fluidity. Thus, the decreased culturability of the

(P)PPGpp°® mutant is likely due to loss of membrane potential.
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Fig. 17 Membrane function and architecture is altered in the (p)ppGpp° mutant. (A) Membrane potential was

measured during mid-exponential and late stationary phase by staining with the carbocyanine dye DiOCx(3). Data
shown are mean of + SD (n=3 biological replicates). Statistical significance was determined by two-way analysis of
variance (ANOVA) with Sidak’s post-test (****p-value <0.0001, ns >0.05) (B) Intracellular pH was determined by
pHRodo Green AM staining of late-stationary phase bacteria. Data shown are mean + SD (n=3 biological replicates).
Statistical significance was determined by a two-tailed, unpaired t-test (ns > 0.05). (C) Representative microscopic
images of FM4-64X (cell membrane) and BODIPY-vancomycin conjugate (cell wall) double-stained S. aureus from
late stationary phase (24h). Scale bar: 10 ym (D) Membrane fluidity was measured by DPH fluorescence
polarization in late stationary phase (24h). Data shown are mean + SD (n=6 biological replicates). Statistical

significance was determined by a two-tailed, unpaired t-test (****p-value <0.0001).

6.2.7 Impact of a lack of (p)ppGpp biosynthesis and GTP imbalance on the

transcriptome during stationary phase starvation

To better understand how changes in GTP levels might alter membrane potential, we analysed
changes in gene expression in wildtype (GTP low), (p)ppGpp® mutant (GTP high) and AguaBA
mutant (GTP low) cells after 24 h of growth (Supplementary Tables S1 und S2). Genes with at
least a log2-fold change of 2 1 and < -1 and a p value < 0.001 were defined as differentially
regulated. In total, 235 and 288 genes were significantly upregulated or downregulated,
respectively, in the (p)ppGpp° mutant compared to wildtype. Such (p)ppGpp-dependent and

GTP-independent differences were much less prominent in the AguaBA background (only 50
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and 65 genes up- or downregulated, respectively). To assess (p)ppGpp-independent and
GTP-dependent changes in gene expression, the (p)ppGpp°® AguaBA mutant was compared
to the (p)ppGpp° mutant. In total 514 and 628 genes were found to be significantly up- or
downregulated, demonstrating that under our experimental conditions, the majority of
transcriptomic changes are mediated by differences in GTP levels, as opposed to being direct

effects of (p)ppGpp.

Many of the previously identified stringent response genes identified after challenge with amino
acid limitation [49] or transcriptional induction of pppGpp synthetases [36] were differentially
regulated during stationary phase starvation (see Fig. S4 and S1C). Most CodY target genes
were downregulated in the (p)ppGpp® mutant [e.g., rsaD (-185.8-fold), the cap operon (-5,2-
fold for capA) and aur (-65,7-fold)]. However, genes involved in amino acid synthesis and
transport, such as brnQ2 (-6.1-fold), g/tBD (-14.8-fold and -12.2-fold), dapABDL (-12.5-fold for
dapA), the opp-SBABCDEF operon (-20.1-fold for opp-3B) and ilvD (-7.2-fold), were also
downregulated. Furthermore, several genes of the SigB regulon were downregulated in
(p)PPGpp®. For instance, krtA, which encodes a potassium transporter, was downregulated
2.1-fold. Similarly, clpL, which is involved in protein metabolism, was downregulated 6.1-fold.
The mnh operon, which is hypothesized to encode a redox-energized complex involved in PMF
maintenance [126], was also downregulated 5.1-fold. Furthermore, groEL (2.4-fold) and groES
(4.9-fold), which are part of the CtsR/HrcA regulon, were found to be upregulated, indicative
of proteotoxic stress. Both protein complexes were upregulated during proteotoxic stress,
which leads to protein misfolding and aggregation [127]. These findings are consistent with the
slightly elevated protein aggregates detected in the (p)ppGpp° mutant during stationary phase
starvation (Fig. 15). Interestingly, phage-encoded genes were upregulated under GTP-high
conditions, indicating that phages @11, @12 and ¢13 are induced in (p)ppGpp® during the
stationary phase. These observations are in agreement with previous studies that found the

®Sa3 phage to be downregulated under guanine-limited conditions [128].
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seq data are available in Data S1 and S2 in the supplementary material.

Notably, the transcriptome further revealed strong downregulation of TCA cycle (citB-3.1-fold,
sucA-2.3-fold and sucB-2.6-fold) and aerobic respiration (qoxABCD -7.6-fold for qoxA, ctaA -
3.4-fold and ATP synthase e.g. atpD -2,3-fold) genes (Fig. 18), which was GTP dependent, as
both the TCA cycle and respiration were mostly unaffected in the guaBA negative background
(Fig. 18). Downregulation of the TCA cycle and respiration may account for the reduced
membrane potential observed during stationary phase starvation in the (p)ppGpp° mutant (Fig.

17A).
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6.2.8 The sensitivity of qoxABCD expression to GTP determines the activity of the

electron transport chain and PMF

Since the transcriptome analysis of the (p)ppGpp® mutant revealed not only downregulation of
the TCA cycle but also strongly decreased expression of the terminal oxidase gene qoxABCD,
a component of the electron transport chain (ETC), we hypothesized that these transcriptional

changes lead to decreased PMF.

We verified the RNA-seq data by RT—-gPCR and confirmed decreased qoxA expression in
(p)PPGpp® but increased expression in the guaBA-negative strain compared to wildtype (Fig.
19B). Expression of rRNA is controlled by the concentration of the transcription-initiating
nucleotide (iINTP) within the promoter [53]. Analysis of potential transcriptional start sites
upstream of qoxABCD predict an ATP as the transcription-initiating nucleotide (based on data
from [129]) (Fig. 18). Thus, we mutated the TSS+1 to a GTP in wildtype and (p)ppGpp® (named
WT PqoxABCDmut and (p)ppGpp° PqoxABCDmyt) (Fig. 19A). This mutated TSS+1 increased
qoxA expression in the late stationary phase in (p)ppGpp?, indicating that this promoter is
nucleotide sensitive (Fig. 19B). Alteration of the iATP to iGTP also resulted in slightly greater
CFU counts than those of (p)ppGpp° (Fig. 19C). However, culturability was still lower compared

to wildtype, showing that additional factors are likely to contribute to entry into dormancy.

To further demonstrate the importance of the PMF for stationary phase survival, we treated
wildtype and (p)ppGpp® cultures with sub-inhibitory concentrations of valinomycin during the
late stationary phase and evaluated survival after 24 h. Valinomycin is an ionophore that
disrupts membrane potential by selectively translocating potassium ions across the
membrane. Upon valinomycin treatment, wildtype and (p)ppGpp° showed similar reductions in
CFU counts compared to untreated cultures (Fig. 19D). Thus, disruption of membrane potential

indeed compromises culturability and survival.

Together, these findings illustrate the significance of preserving PMF, particularly AW,

throughout stationary phase starvation to sustain culturability.
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Fig. 19 Decrease in ETC activity contributes to entrance into dormant state and decreased antibiotic
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unpaired t-tests (***p-value <0.001, *p-value <0.05, ns >0.05). (C) Culturability during late stationary phase (24h)
was determined by CFU enumeration and normalized to OD600. Data shown are mean of + SD (n=6 biological
replicates from two individual experiments). Statistical significance was determined by a one-way analysis of
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biological replicates). Statistical significance was determined by a two-way analysis of variance (ANOVA) with
Sidak’s post-test (****p-value <0.0001, ns >0.05).
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6.2.9 Preservation of PMF during starvation is crucial for antibiotic tolerance

It has been demonstrated that maintenance of PMF is essential for the survival of starvation-
induced tolerant bacteria [130, 131]. We sought to determine whether the decreased
membrane potential in the (p)ppGpp°® mutant would also result in a reduction of starvation-
induced antibiotic tolerance. Therefore, we cultured wildtype and (p)ppGpp°® cells to
exponential or stationary growth phase and exposed them to either 100x MIC oxacillin or
ciprofloxacin. No significant difference in antibiotic survival between wildtype and (p)ppGpp°
cells was observed when treated during exponential growth (Fig. 19E). However, wildtype cells
were barely killed by the antibiotics during the stationary phase, confirming the higher antibiotic
tolerance of non-growing bacteria [132]. Instead, both antibiotics efficiently decreased the

survival of the (p)ppGpp°® mutant during the stationary phase (Fig. 19F).
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7 Discussion

The discussion presented here is part of the accepted research article “Small alarmone
synthetases RelP and RelQ of Staphylococcus aureus are involved in biofilm formation and
maintenance under cell wall stress conditions” and the submitted manuscript “(p)ppGpp-
mediated GTP homeostasis ensures the survival and antibiotic tolerance of Staphylococcus
aureus during starvation by preserving the proton motive force”. The manuscript has been
uploaded to the preprint server bioRxiv and might differ from the final published article. The
accepted research article and the submitted manuscript can be accessed under the following

links:

e https://doi.org/10.1101/2024.02.06.579068
¢ https://doi.org/10.3389/fmicb.2020.575882

7.1 The role of (p)ppGpp in biofilm formation and antibiotic tolerance in

Staphylococcus aureus

The small alarmone synthetases RelP and RelQ maintain the biofilm-forming capacity of
S. aureus when exposed to sub-inhibitory concentrations of vancomycin. Both enzymes are
part of the cell wall stress regulon and are transcriptionally induced by vancomycin [27]. They
act synergistically, and the relPQ double mutant can be complemented via the chromosomal
integration of either relP or relQ. Thus, the (p)ppGpp synthesis expected to occur upon
vancomycin treatment supports biofilm growth, whereas without (p)ppGpp, no biofilms are
formed in the presence of vancomycin. How (p)ppGpp promotes biofilm formation remains to

be elucidated.

(p)ppGpp synthesis results in an immediate decrease in intracellular GTP, leading to the de-
repression of the CodY regulon [16]. CodY, when loaded with GTP and/or branched-chain
amino acids, represses many metabolism-related genes, the Agr system and ica gene
expression [56, 133]. The impact of CodY on biofilm formation is probably multifactorial and
strain dependent [120, 134]. codY mutants have also been reported to aggregate, which may
be linked with the interaction of PIA and eDNA on the bacterial surface [135]. However, the
involvement of CodY regulation in the observed biofilm maintenance can be excluded, as
biofilm formation was not affected in a codY-negative background. Furthermore, the study
excluded the Agr quorum-sensing system and, thus PSMs (which are strongly dependent on
Agr activity), as mediators of the biofilm phenotype. Thus, the main mechanism for biofilm
formation under vancomycin stress remains unclear. (p)ppGpp dependent DNA-release by

any of the lytic processes (e.g. autolysins, phages) likely contribute to biofilm formation.
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Recently, ita study demonstrated that mupirocin, a potent inducer of Rel-dependent (p)ppGpp
synthesis, leads to increased biofilm formation [92]. Similar to our results, the mupirocin-
induced biofilm forms independent of PIA and PSMs and is largely composed of eDNA. Thus,
it is likely that the observed biofilm-inducing phenotype induced by mupirocin is similar to the
vancomycin-dependent biofilm observed in our study. Jin et al. [136] found that mupirocin
upregulates cidA, encoding a holin-like protein, and that a cidA mutant shows reduced eDNA
release. Thus, one may speculate that under our assay conditions, the (p)ppGpp-mediated

activation of cidA may also contribute to (p)ppGpp-promoted biofilm formation.

7.1.1 (p)ppGpp is required for biofilm-related antibiotic tolerance

The sub-inhibitory concentration of vancomycin applied in our standard biofilm assay did not
affect bacterial viability, and the MIC in planktonically grown strains did not differ between the
analysed strains. When vancomycin was added to preformed biofilms, the biofilms were
protected even at up to a concentration 100-fold higher than the MIC. It has been proposed
that antibiotic tolerance and persister formation share common characteristics such as a slow-
or non-growing phenotype [137]. Here, we showed that biofilm tolerance is at least partly
(p)pPGpp dependent since biofilms of the pppGpp? strain were significantly better resolved in
the presence of high vancomycin concentrations. This seems to contrast with recent results
indicating that (p)ppGpp is not involved in persister formation in S. aureus [138]. However, the
persister assays were performed under relaxed conditions, and thus, the role of (p)ppGpp
might have been missed. Nevertheless, (p)ppGpp synthesis was previously shown to
contribute to antibiotic tolerance in S. aureus [27, 139] and other pathogens [140, 141]. Nguyen
et al. [140] suggested that in Pseudomonas aeruginosa, the stringent response contributes to
antimicrobial tolerance in biofilms by reducing oxidative stress. We recently showed that
(p)ppGpp in S. aureus activates ROS-detoxifying systems [36], which might contribute to

protection against vancomycin.

Due to the role of (p)ppGpp in biofilm formation and antibiotic tolerance, the (p)ppGpp
synthesis pathway is thought to be a promising antimicrobial target. Anti-biofilm peptides have
been reported to exert their activity via their ability to reduce (p)ppGpp levels in live bacterial
cells [78, 94]. A direct mechanism of action involving the binding of (p)ppGpp and promotion
of its intracellular degradation was suggested [94]. We confirmed the biofilm-dissolving effect
of DJK-5. However, this was not due to the proposed interaction of the peptides with (p)ppGpp
because an even stronger inhibitory effect of DJK-5 was observed in the (p)ppGpp° mutant.
Interestingly, treatment with DJK-5 and a sub-inhibitory vancomycin concentration resulted in
significantly higher bacterial killing activity and biofilm inhibition in the (p)ppGpp® mutant than
the wildtype. Thus, (p)ppGpp protects against bactericidal DJK-5 activity. These findings are
in good agreement with a recent re-analysis of the proposed antibiofilm peptide IDR-1018 in
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E. coli and P. aeruginosa [142]. Genetic disruption of the relA and spoT genes responsible for
(p)PpGpp synthesis moderately sensitizes E. coli to IDR-1018, rather than protecting the
bacterium[142]. While the IDR-1018 and DJK-5 peptides are potent antimicrobials, they do not
specifically disrupt biofilms via direct and specific interaction with the intracellular messenger
nucleotide (p)ppGpp. Their alternative mode of action remains to be elucidated. In conclusion,
in S. aureus, (p)ppGpp supports biofilm formation under cell wall stress conditions and

increases tolerance against vancomycin and the anti-biofilm peptide DJK-5.

7.2 The role of (p)ppGpp-mediated GTP homeostasis during starvation for

survival and antibiotic tolerance of Staphylococcus aureus

In the second part of this thesis, | could show that bacterial culturability in the stationary phase
is dependent on (p)ppGpp-driven GTP depletion. While (p)ppGpp is not required for growth
and survial during nutrient-rich conditions in the exponential growth phase, we initially
observed a decrease in survival in the stationary phase of an S. aureus HG001 (p)ppGpp?°
mutant, as determined by CFU counts. As previous studies in B. subtilis and S. aureus have
shown [54, 65, 66], guanine nucleotide levels were significantly elevated during nutrient
starvation. The mechanism that leads to cell death induced by GTP dysregulation is not yet
fully understood. Therefore, this study focused on characterizing the mechanisms that lead to
cell death. Instead, we found that the S. aureus (p)ppGpp° mutant enters a dormancy state
with strongly reduced culturability and metabolism rather than experiencing cell death. While
the permeability of the cell membrane was unaffected, we observed decreased membrane
potential and alterations in the cell membrane architecture of the (p)ppGpp® strain.
Uncontrolled, high levels of GTP in the (p)ppGpp® mutant decrease membrane potential, at
least in part, via transcriptional downregulation of nucleotide-sensitive genes of the TCA cycle
and the respiratory chain. Maintenance of respiratory chain activity by (p)ppGpp/low GTP
levels is also responsible for the tolerance of stationary phase cells to bactericidal antibiotics.
By increasing the activity of the electron transport chain (increased expression of complex IV
(qoxABCD) by mutating the TSS+1), we were able to partially restore the culturability of the

(p)PPGpp® mutant under nutritional stress.

In summary, (p)ppGpp is essential for maintaining GTP homeostasis under nutritional stress
and thereby preserve electron transport chain activity and PMF to ensure culturability of
S. aureus. (Fig. 20).
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Fig. 20 (p)ppGpp-dependent regulation of GTP homeostasis enables maintenance of culturability. During
stationary phase starvation, (p)ppGpp synthesis contributes to regulation of intracellular GTP levels and thereby
maintains membrane potential and ensures culturability and survival during antibiotic treatment. In a (p)ppGpp-
deficient mutant, GTP homeostasis is disturbed leading to decreased expression of the TCA cycle and electron
transport chain (ETC) genes including the terminal oxidase qoxABCD. This in turn leads to a decreased membrane
potential, which causes entrance into a division-incompetent but viable (VBNC) state, accompanied by reduced
antibiotic tolerance.

7.3 The (p)ppGpp-dependent GTP homeostasis determines long-term

bacterial culturability

The defect in culturability of the (p)ppGpp°® mutant is clearly linked to an uncontrolled increase
in GTP levels upon entry into the stationary phase. Culturability correlated inversely with
changes in the GTP level induced by deletion of purR or guaAB or by guanine feeding.
Mutation of guaAB rescued the defect in the (p)ppGpp° mutant. A high guanine concentration
did not interfere with the survival of wildtype, indicating that (p)ppGpp can also control GTP
levels provided by the salvage pathway. Direct (p)ppGpp-dependent alterations in translation
or replication machinery [12, 64] are likely to also be less prominent in a guaAB-negative
background. Thus, we conclude that the level of GTP homeostasis is the main determinant of

bacterial culturability in stationary phase cells.
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Control of guanine metabolism by (p)ppGpp is conserved in several Firmicutes species, such
as B. subtilis, [54], E. faecalis [39] and S. aureus [55]. Recently, reduced long-term survival of
the S. aureus USA300 (p)ppGpp°® mutant [66] was linked to disrupted GTP homeostasis since
suppressor mutants with alterations in gmk were selected during long-term culture. In B.
subtilis, low GTP levels reduce the growth rate but promote survival during amino acid
starvation [54, 65] and cell viability during fatty acid starvation [24]. Elevated GTP levels in a
(p)PpGpp® mutant of B. subtilis promoted the bactericidal effect of otherwise bacteriostatic
antibiotics [26].

7.4 Disturbance of the GTP homeostasis during nutrient stress leads to
induction of a VBNC state

Previously, it was proposed that (p)ppGpp deletion in B. subtilis results in “death-by-GTP” and
that this cell death might be due to unrestricted translation [54]. However, in S. aureus,
uncontrolled translation could not be linked to diminished bacterial survival since translation
inhibitors did not restore culturability of the (p)ppGpp® mutant. Furthermore, our results do not
support the hypothesis that high GTP levels trigger a classical “cell death” programme. The
(p)PPGpp°® mutant of S. aureus was nonculturable but negative for propidium iodide uptake
and maintained basal metabolic activity and transcription, albeit with significantly reduced ATP
levels. This is indicative of the previously defined state of VBNC (viable but nonculturable) or
a deep dormant-like state [143]. It was proposed that ATP depletion is involved mainly in
formation of VBNC state cells [125, 144], in which intracellular energy (ATP) is the main factor
maintaining the culturability of bacteria on solid media. In some gram-negative bacteria,
(p)ppGpp was shown to prevent VBNC state formation in response to certain stress conditions
[145, 146]. In (p)ppGpp° mutants of B. subtilis, fatty acid starvation leads to membrane rupture
and, consequently, cell death [24]. The authors proposed a model whereby during fatty acid
starvation, a (p)ppGpp-dependent decrease in GTP levels halts growth, preventing collapse of
membrane potential and loss of membrane integrity. However, nonculturable B. subtilis
(p)PPGpp°® mutants died, as indicated by propidium iodide staining [24, 26]. Thus, there might

be maijor differences between GTP-dependent cell death pathways in S. aureus and B. subtilis.

7.5 How do elevated GTP levels lead to VBNC state formation?

The RNAseq analysis revealed that TCA cycle genes and genes coding for major components

of the electron transport chain, including the terminal oxidase (qoxABCD) and the FoF1 ATP

synthase, were significantly downregulated in the (p)ppGpp° mutant during the stationary

phase. Accordingly, ATP levels, the NADH/NAD® ratio and membrane potential were

decreased in the (p)ppGpp® mutant. In Firmicutes, (p)ppGpp-dependent transcriptional

changes are regulated mainly by the GTP-dependent transcriptional repressor CodY [27] or
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by the availability of the NTP substrate for transcription initiation [53, 55, 147]. We could
exclude any influence of CodY on induction of the VBNC state. We mutated the predicted
initiation of NTP transcription in the promoter region of qoxABCD, the most prominently
downregulated component of the electron transport chain. By using this approach, we were
able to restore wildtype levels of goxA expression in the (p)ppGpp°® mutant. Furthermore, the
culturability of the (p)ppGpp® mutant was partially restored by this single nucleotide exchange.
Expression of other genes involved in respiration and generation of membrane potential was
downregulated in the (p)ppGpp° mutant, which were also initiated with iATP; these genes may

further contribute to the observed phenotype.

7.6 PMF maintenance during starvation is crucial for antibiotic tolerance

| could show that a (p)ppGpp°® mutant grown to the stationary phase lost antibiotic tolerance to
the B-lactam oxacillin and the fluoroquinolone antibiotic ciprofloxacin. Non-growing wildtype
bacteria are tolerant to these antibiotics, as shown previously [132]. However, Conlon et al.
did not find evidence that (p)ppGpp is involved in antibiotic persistence or tolerance. The
authors proposed that ATP depletion is important for the observed tolerance of stationary
phase cells [132]. This seems to contrast our findings that (p)ppGpp-dependent maintenance
of low GTP/high ATP levels protected the cells. This discrepancy might be explained by the
experimental design. The growth medium used by Conlon et al. [132] likely does not induce a
stringent response and/or might contain low amounts of guanine. Thus, under these
conditions, the intracellular GTP pool might not be elevated in the (p)ppGpp°® mutant. In
agreement with our results, previous studies have shown that PMF is essential for starvation-
induced tolerance in both gram-negative and gram-positive bacteria, including S. aureus [130,
131, 148]. Wan et. al propose a model in which maintaining a basic PMF level upon
encountering starvation is required to fuel efflux activities of B-lactam antibiotics and establish
a tolerance phenotype. However, no effect of (p)ppGpp deficiency on antibiotic tolerance could
be observed during exponential growth phase confirming previous results for antibiotic
tolerance towards ciprofloxacin from our group [27]. Further, GTP depletion was shown to be
a key metabolic effector of antibiotic persistence in B. subtilis [149] supporting our theory that
actually elevated GTP levels might negatively affect tolerance to antibiotics. Hence, these
findings support the idea of applying PMF inhibitors to combat antibiotic-tolerant bacteria,

including S. aureus [150, 151].
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8 Conclusion and future perspectives

This work investigated the role of (p)ppGpp synthesis and the stringent response during the
biofilm and non-growing lifestyles of S. aureus, as well as their importance for antibiotic

tolerance under these conditions.

The synthesis of (p)ppGpp in S. aureus is crucial for biofilm formation and biofilm-mediated
antibiotic tolerance, particularly under cell wall stress conditions. Although the biofilm-
dispersing peptide DJK-5 did not show a (p)ppGpp-inhibiting effect, it exhibited strong activity
in eradicating biofilm and inhibiting biofilm formation in an in vitro biofilm assay. In addition, the
combination of the anti-biofilm peptide and vancomycin demonstrated bactericidal activity
against S. aureus biofilms, making it a promising therapeutic approach for combating biofilm-

related persistent infections.

Furthermore, it could be demonstrated that (p)ppGpp-mediated GTP homeostasis is crucial
for survival and culturability during nutrient starvation. By transcriptional regulation of vital
metabolic pathways (TCA cycle and oxidative phosphorylation), (p)ppGpp is required to
maintain protonmotive force and cell membrane function of S. aureus to ensure culturability
under adverse environmental conditions. Furthermore, it has been demonstrated that
preserving PMF during a non-growing state is crucial for the development of starvation-induced
antibiotic tolerance. These results represent a significant advancement in comprehending the
molecular foundation of bacterial tolerance to bactericidal antibiotics during metabolic
shutdown in the human pathogen S. aureus. Therefore, disrupting bacterial PMF could be an

effective strategy for eradicating antibiotic-tolerant bacteria.
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Small Alarmone Synthetases RelP
and RelQ of Staphylococcus aureus
Are Involved in Biofilm Formation
and Maintenance Under Cell Wall
Stress Conditions
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The stringent response is characterized by the synthesis of the alarmone (plppGpp. The
phencotypic consequences resulting from (plppGpp accumulation vary among species,
and for several pathogenic bacteria, it has been shown that the activation of the stringent
response strongly affects biofilm formation and maintenance. In Staphylococous auraus,
(PIPeGpp can be synthesized by the Rel&SpoT homolog Rel upon amino acid
deprivation or by the two small alarmone synthetases RelP and Rell under cell wall
stress. We found that relP and reiQ increase biofilm formation under cell wall stress
conditions induced by a subinhibitory vancomycin concentration. However, the effect of
(PIPeGPp on biofilm formation is independent of the requlators CodY and Agr. Biofilms
formed by the strain HGOO1 or its (plppGpp-defective mutants are mainly composed
of extracellular DMA and proteins. Furthermore, the induction of the RelPCQ-mediated
stringent response contributes to bioflm-related artibiotic tolerance. The proposed
(PIppGpp-inhibiting peptide DUK-5 shows bactericidal and biofilm-inhibitory activity.
However, a non-(plppGpp-producing strain is even more vulnerable to DJK-5. This
strongly argues against the assumption that DJK-5 acts via (plppGpe inhibition. In
summary, FelP and Relll play a major role in biofilm formation and maintenance under
cell wall strezs conditions.

Keywords: stringent response, (plppGpp, biofilm, Staphylococcus awreus, cell wall stress

INTRODUCTION

Biofilms are sessile microbial communities attached to surfaces and embedded in an extracellular
matrix. Biofilm-forming staphylococci cause many device-related or chronic infections (Fong
et al., 2006; O'Gara, 2007; Speziale et al., 2014; Mccarthy et al., 2015 Paharik and Horswill, 2018;
Figneiredo et al., 2017; Moormeier and Bayles 2017; Arciola et al., 2015; Otto, 2018). Depending
on the composition of the biofilm matrix, staphylococcal biofilms are classified as ica-dependent
or ica-independent (0'Gara, 2007). fea-dependent biofilms are characterized by polysaccharide
intercellular adhesin (PLA) also known as poly-W-acetyl glucosamine (PNAG), which is synthesized
by enzymes encoded by the icaADBC operon (Gotz, 2002). In icg-independent biofilms, proteins
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(Speziale et al., 2014) and extracellular nucleic acids {eDNA)
(Moormeier and Bayles, 2017) are the main matrix components.
Biofilm formation is a three-step process that includes initial
attachment to the surface, biofilm maturation due to intercellular
apgpregation and bacterial cell detachment. Detachment is
mediated by the enzymatic degradation of matrix components
by proteases, nucleases or a group of small amphiphilic
ci-helical peptides, known as phenol-seluble modulins (PSks)
{Otto, 2018).

The nature and extent of biofilms are highly wvariable
between different strains and growth conditions. Mounting
evidence suggests that subinhibitory antibiotic concentrations
can promaote biofilm formation (Rachid et al., 2000; Kaplan etal.,
2012; Lin et al, 2018; Ranieri et al, 2018; Jin et al, 2020) by
inducing eDMNA release and thus shifting the composition of the
biofilm matrix toward a higher eDNA content (Brunskill and
Bayles, 1996; Mlynek et al,, 2016; Schilcher et al., 2016). Multiple
regulatory mechanisms are involved in the molecular switch
from a planktonic to a biofilm lifestyle, such as transcriptional
regulation via SarA, SaeRS, CodY or the quorum-sensing
system Agr (Kong et al, 2006, Boles and Horswill, 2008;
Beenken et al, 2010; Stenz et al, 2011; Cue et al, 2012;
Mrak et al, 2012; Abdelhady et al, 2014; Atwood et al, 2015;
Paharik and Horswill, 2016).

For several bacterial species, it has been demonstrated that the
activation of the stringent response also affects biofilm formation
(Balzer and Mclean, 2002; Taylor et al., 2002; Lemos et al,
2004; Aberg et al., 2006; Chavez De Paz et al., 2012; He et al,
2012; Sugisaki et al., 2013; De La Fuente-Nunez et al, 2014;
Agriel et al, 2016; Xu et al.,, 2016; Diaz-Salazar et al,, 2017; Liu
et al, 2017; Colomer-Winter et al, 2018, 2019). The stringent
response is characterized by the synthesis of guanosine-tetra-
phosphate (ppGpp) and guanosine-penta-phosphate (pppGpp).
collectively referred to as (pippGpp. The accumulation of
(plppGpp affects gene expression, protein translation, enzyme
activation and replication (Wu and Xie, 2009; Liu et al., 2015;
Steinchen and Bange, 2016; Bennison et al, 2019). In many
pathogenic bacteria, (p)ppGpp determines virulence or antibiotic
tolerance/persistence (Dalebroux et al., 2010; Hawryliuk et al,
2015; Harms et al., 2016; Wood and Song, 2020). Staphylococcus
aureus harbors three genes encoding (p)ppGpp synthetases, Rel,
RelF, and RelQ (Wolz et al., 2010). The (pippGpp synthetase
activity of the bifunctional Rel enzyme can be induced by tRNA-
synthetase inhibitors such as mupirocin or serine-hydroxamate
or by amino acid deprivation (Geiger et al., 2010). Rel usually
shows strong hydrolase activity, which is essential to detoxify
(pippGpp produced by RelP or RelQ) (Gratani et al, 2018). RelP
and Rel() only contain a synthase domain {Geiger et al,, 2014) and
are part of the VraRS cell wall stress regulon (Kuroda etal, 2003),
Thus, they are transcriptionally induced (e.g., after vancomycin
treatment) and contribute to tolerance toward cell wall-active
antibiotics such as ampicillin or vancomycin ( Geiger et al,, 2014).

There is some evidence that the stringent response might
trigger biofilm formation in 5 aureus based on the observation
that treatment with mupirocin (Sritharadol et al., 2018; Jin et al.,
2020) or serine hydroxamate (De La Fuente-Nunez et al,, 2014)
results in increased biofilm formation. Moreover, the anti-biofilm

peptides IDR-101% and DJK-5 have been suggested to directly
interact with (p)ppGpp, preventing its signaling effects and, thus,
biofilm formation (De La Fuente-Munez et al., 2014, 2015).

Here, we aimed to investigate the role of the stringent response
mediated by the two small alarmone synthetases RelP and Rel() in
biofilm formation. Under cell wall stress conditions induced by a
subinhibitory vancomycin concentration, both RelP and Rel() are
crucial for biofilm development. Moreover, (plppGpp synthesis
prevents biofilm eradication by vancomycin. {p)ppGpp-mediated
biofilm formation was shown to be independent of the major
stringent response mediator CodY and the main biofilm
regulator Agr. The anti-biofilm peptide DJK-5 could prevent
bicfilm formation of wild type and (p)ppGpp-defective mutants.
However, the (plppGpp" strain is even more vulnerable to
DJK-5. Thus, DEJ-5 does not act on biofilm formation via
i pippGpp inhibition.

EXPERIMENTAL PROCEDURES

Bacterial Strains and Growth Conditions
The strains and plasmids used in this study are listed in
Supplementary Table 51. For overnight cultures, the
strains were grown with appropriate antibiotics (10 pg/ml
erythromycin, 100 pg/ml spectinomycin) at 37°C  and
200 rpm. For biofilm analyses, the following media were
used: chemically defined medium (CDW; Pohl et al, 2009,
tryptic soy broth (TSB, Oxoid) with 3% NaCl and 0.5%
glucose, and BM2 glucose [0.4% (wiv) plucose, &2 mM
potassium  phosphate buffer, pH 7.0, 7 mM (NHy);50,,
2 mM MgS0,, 10 mb FeS0,, 0.5% casamino acids]
(De La Fuente-Munez etal., 2014).

Strain Construction

For relP complementation, the pCG&33 plasmid was constructed.
The complete relP operon with its native promoter was amplified
by PCR using the primers pCG833gibfor and pCGa33gibrev
and cloned via Gibson assembly into the BamHI-digested
integration wvector pCG3. The oligonucleotides used in
these procedures are listed in Supplementary Table S2.
Due to showing toxicity in E. coli, the plasmid was directly
transformed into S awrews Cyl316 by electroporation. The
integration of the plasmid into the penome was wverified by
PCR using the scvl, sovl2l, pCG3intfor and pCG3intrev
oligonucleotides  followed by sequencing. The integrated
plasmid was ftransduced into the target strains using
{111 phage.

For relQ complementation, the pCG216 plasmid was
constructed. rel() with its native promoter was amplified by PCR
with the primers anI—I.relQl-:muPl-for and BamHrelQkomp-rev
and ligated with the BamHI-digested pCG3 vector backbone.
The plasmid was verified by PCR with relQdigfor and relCQdigrev.
The plasmid was transformed into Cyl316 and verified by PCR
using the primers relQfor and relQrev for integration of the
plasmid. The integrated plasmid was then transduced via phage
111 in the target strains.
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codY and agr mutations were transduced into the (p)ppGpp
strain using the lysates of RN4220-21 (Pohl et al, 2009) and
RN6911 (Kornblum et al., 1990}, respectively.

Colony-Forming Unit (CFU) and Minimal
Inhibitory Concentration (MIC)
Determination

For CEFU measurements, bicflm-grown bacteria (24 h, 37°C)
were resuspended by thorough pipetting. The bacterial
suspension (biofilm resolved and planktonic) was serially
diluted in phosphate-buffered saline (PBS), and 10 pl aliquots
were spotted onto TSA plates for CFU determination. The MIC
was determined by serial microdilution and E-tests.

Biofilm Assay

For the static biofilm assay, 1| ml medium was inoculated in
a 24-well polystyrene cell culture plate (Greiner) to obtain an
O D of 0L05, After 24 h of static incubation at 37°C, the wells
were washed twice with 1 ml phosphate-buffered saline (PBS,
pH 7.4, Gibco). The biofilm was dried at 40°C for 30 min. For
biofilm staining, 200 pl of crystal violet (80 pgfml in distilled
water) was added to the wells, followed by incubation at RT for
5 min. The wells were then washed twice with | ml distilled
water and dried at 40°C for 30 min Biofilm quantification
was performed by Agy determination (microplate reader, Tecan
Infinite 200 and Tecan Spark). To account for the different
distributions of biofilms within a single well, measurements
were performed 100 times within one well, and the average
was calculated. If required, a sub-inhibitory concentration of
vancomycin (0.78 pg/ml) or 5 pgfml of the anti-biofilm peptide
DJE-5 (De La Fuente-Munez et al, 2015) were added. To
test the biofilm eradication capacity, preformed biofilms (37°C,
& h) were incubated for an additional 16 h in the presence of
vancomycin at concentrations ranging from 1 to 100 pg/ml
Biofilm staining and CFU determination were performed as
described above.

Biofilm Composition
Biofilms were washed twice with PBS and treated with 1 mg/ml
proteinase K (AppliChem, 37°C, 4 h), 0.1 mg/ml DNase (Sigma-
Aldrich, 37°C, 4 h) or with 40 mM sodium periodate (NalOy)
(24 h.4"C). The biofilms were then washed twice with PBS, dried
and stained as described above.

RESULTS

(P)ppGpp Synthetases Show no

Significant Effect on Biofilm Formation
Under Non-stress Conditions

Recently, it was proposed that the stringent response facilitates
biofilm formation in several pathogens, including 5. aurens (De
La Fuente-Munez et al, 2014). However, basal medium 2 (BM2)

used in this study allowed hardly any 5. gureuws growth, resulting
in a final ODgy below 1 after overnight growth. Therefore,
we first analyzed the impact of (p)ppGpp on biofilm formation

using different media. These media included tryptic soy broth
(TSB) with the addition of 0.5% glucose and 3% NaCl, which is
widely used for 5. aurens biofilm analyses (Lade et al,, 2019}, and
CDM (Pohl et al, 2009}, used to define the stringent response
phenotype in 5. gurews. For discrimination between the Rel-
and RelP/Rel-mediated stringent response, a relg,, mutant
imutation in the synthetase domain, leaving hydrolase activity
unaltered), a relP, reiQ) double mutant and a (p)ppGpp® mutant in
which all three synthetases were non-functional were included in
the analysis. Independent of the (pippGpp synthetases, all strains
showed the strongest biofilm formation in CDM. Interestingly, in
the prototypic biofilm medivm TSE, biofilm formation was lower
than in CDM {Figure 1A). However, no significant difference
in biofilm formation was observed between the different strains
in either medium. In BM2, a trend toward a slightly higher
biofilm-forming capacity in the wild type compared to the mutant
strains was observed, indicating that under these nutrient-limited
conditions, the stringent response might be slightly activated.
Thus, (pippGpp synthetases have no or little influence on the
biofilm formation ability under non-stressed conditions.

RelP and RelQ Regulate Biofilm

Formation Under Cell Wall Stress

Subinhibitory concentrations of vancomycin were shown to
transcriptionally activate relP and relQ) (Geiger et al., 2014). We
thus speculated that the vancomycin-induced stringent response
may interfere with biofilm formation. The minimal inhibitory
concentration {MIC) (1 pg/ml) of vancomycin in planktonically
grown bacteria did not differ between the analyzed strains.
At a subinhibitory concentration of vancomycin (0.78 pg/mlj,
the relPQ) double mutant and the (p)ppGpp” mutant showed
significantly reduced bicfilm formation compared to the wild
type and the relyy, mutant (Figures 1B,C). Under vancomycin
treatment, the wild type formed an almost uniform thick layer
of biofilm. In contrast, the relPQ mutant and the (p)ppGpp”
strain showed significantly decreased biofilm formation, with
some cell agpregates remaining after the washing procedure
i Figures 1B,C). The bacterial survival of the tested strains was
not impaired by the subinhibitory concentrations of vancomycin
(Figure 1I¥). Thus, the RelP- and/or RelQ-dependent changes
in biofilm formation were not due to growth inhibition or
bacterial killing,

RelP and RelQ Synergistically Affect

Biofilm Formation

To determine which of the synthetases impacts biofilm formation
under vancomycin conditions, single relP and rel() mutants were
analyzed. Both relP and rel) contributed to biofilm formation
in the presence of vancomycin. They act synergistically, since
the relP) double mutant showed the lowest biofilm formation
(Figure 2). The relPQ double mutant phenotype could be
complemented by the integration of either relP or relQ) into
the chromosome (Figure 2). Thus, the vancomycin-dependent
induction of either relP or rel(} is sufficient to sustain 5. aureus
biofilm formation under cell wall stress conditions.

Frontiers in Microbiology | wwes frontiersin.org

September 2020 | Volume 11 | Article 575882



Appendix

Salzer =t al. IFippGipp and s Role in Biofilm Formation of 5. swrews
A B
-
2.5 4= A
ey
2.0 =— s s
3 —
1.5 .
§ g,
= B
10—
1=
0.5
0,0 = =
) o
& g d:- £ 0o, Q?qq ES M&*g}q@ € et o @-_JF ﬂéﬁq
4
@”% S
TSB EM2 COM cantral VARGETYEIn
C D
contral VENCOMYCn ‘Iﬂg—_ | = 1 | .
1 s
WT . »
| ¥+ 7
o &  conirol
ref, E .
= g - ®  vancomycin
relPQ |
{PippGpp® 108 T T
WT (PlepGpp”
FIGURE 1 | ipjppGop symbases effect bicfim formation under cell wal strees conditions. (A) Biofim formation in TEE (+3% MaQl, +0.5% glcoss), BMZ and SOM
after 24 h. [B) Bicflm formation under unirduced and vancomydin-siress [ubinhibitory vancomzin 0.78 pa'ml) conditions in COM after 24 h. Three separate
expariments wars perfarmed with biologica riplicates each. Emor bars mpresent the standard devistion, statistical significance bassd on ordinany one-way ANCVA
{res: nat significant, = P« 0.000), [C) Repesesntative plats stained withi crystal viclet. (D) CFU was determined from rescheed bicfilm and plarkbanic bactsnia after
24 h of static incubstion.

The Biofilm Composition Is Not Affected

by the Stringent Response

The biofilm matrix is composed of PLA, proteins or eDMNA
(O'Gara, 2007; Paharik and Horswill, 2016). We analyzed which
matrix components were involved in the observed RelP/(-
dependent bicfilm alterations under vancomycin treatment.
Preformed biofilms were treated with sodium periodate,
proteinase K or DMase to selectively degrade PIA, proteins
or eDMNA matrix components, respectively (Seidl et al., 2008).
Without vancomycin, the biofilms formed by the wild type or
(p)ppGpp” stain were almost completely degraded by proteinase
K and DMase treatment, whereas sodium periodate had no
effect on the biofilm matrix (Figures 3A,B). To ensure that
vancomycin does not impact the biofilm composition, we
additionally examined the matrix components after vancomycin
treatment. Again, the biofilms consisted almost exclusively of
proteins, and eDNA and sodium periodate treatment did not
degrade the biofilm matrix. Thus, under the conditions applied

here, HGOO1 forms ica-independent biofilms, and the biofilm
composition is not altered by the stringent response.

The Stringent Response Induces Biofilm

Formation Independent of Agr and CodY
The quorum-sensing system Agr (especially the target penes
psma) (Otto, 2018) and the transcriptional regulator CodY
i(Stenzetal, 2011) have been identified as key controllers of
biofilm structure and detachment. (p)ppGpp synthesis results in
the derepression of the CodY regulon and upregulation of Agr-
dependent psm penes (Geiger etal., 2012). Thus, we hypothesized
that Agr and/or CodY activity could interfere with the observed
i pippGpp-dependent biofilm. However, the mutation of agr or
cod ¥ did not impact biofilm formation (Figure 4). Thus, under
our assay conditions, biofilm formation ocours independent of
Cod¥ or Agr. Strain specific effects of Agr (Yarwood et al,
2004) or Cod¥ (Stenz et al., 2011) on biofilm formation were
described previously.
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(P)pPGpp Contributes to Biofilm

Antibiotic Tolerance
Biofilms are normally more tolerant to high concentrations of
antibiotics than planktonic cultures. We hypothesized that the

stringent response contributes to biofilm antibiotic tolerance in
5 aureus. Therefore, biofilm antibiotic tolerance was compared
between the wild type and the isogenic (plppGpp” mutant.
Preformed biofilms were exposed to increasing concentrations
of vancomycin for 16 h. At the MIC (1 pg/ml for planktonically
grown bacteria), vancomycin did not result in biofilm dispersal.
However, at concentrations 10- and 100-fold higher than
the MIC, the biofilm produced by the (pippGpp° strain
was significantly reduced, whereas the biofilm produced by
the wild type was more resistant to vancomycin treatment
i Figures 5A4,B). Thus, (pippGpp contributes to biofilm-related
antibictic tolerance.

The Anti-Biofilm Peptide DJK-5 Exerts

Its Effects Independent of (p)ppGpp

Recently, the peptides IDR-1018 (De La Fuente-Munez et al,
2014) and DJK-5 (De La Fuente-Munez et al, 2015) were
proposed to prevent biofilms due to the specific targeting of
intracellular (pippGpp. If correct, the peptides are expected
to inhibit biofilm formation under stringent conditions in the
wild type but not in the pppGpp" background. We confirmed
that DJE-5 interferes with biofilm formation in S aureus
iFigures 6A,B). However, without vancomycin treatment,
biofilm formation by the wild type and pppGpp" strains
was equally affected by DJE-5, indicating that the effect was
independent of (p)ppGpp. The combination of a subinhibitory
vancomycin concentration and DJE-5 resulted in the complete
inhibition of biofilm formation in the pppGpp” strain. This can
be explained by bacterial killing of the pppGpp” strain through
the synergistic action of vancomycin and DJE-5 (Figure &6C).
Thus, (pippGpp synthesis in the wild type obviously protects the
strain from the action of DJK-5 These findings are in contrast
to the assumption that the bicfilm-inhibiting activity of DJK-
5 is emerted via (p)ppGpp inhibition, as proposed by De La
Fuente-Nunez et al. (2014, 2015).
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DISCUSSION

Here, we show that the small alarmone synthetases RelP and
RelQ) maintain the biofilm-forming capacity of 5. aurens when
exposed to subinhibitory concentrations of vancomycin. Both
enzymes are part of the cell wall stress regulon and are
transcriptionally induced by vancomycin (Geiger et al, 2014).
They act synergistically, and the relPQ double mutant can
be complemented via the chromosomal integration of either
relP or relc). Thus, the (plppGpp synthesis expected to occur

upon vancomycin treatment supports biofilm growth, whereas
without (plppGpp. no biofilms are formed in the presence
of vancomycin. How (pippGpp promotes biofilm formation
remains to be elucidated. (p)ppGpp results in an mmediate
decrease in intracellular GTP and derepression of the CodY
regulon (Geiger et al, 20100, When CodY is loaded with
GTP andfor branched-chain amino acids, it represses many
metabolism-related genes, the Agr system and ica gene expression
i Majerczyk et al., 2008; Pohl et al., 2009). The impact of Cod¥ on
bicflm formation is probably multifactorial and strain dependent
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(Stenz et al, 2011; Atwood et al, 2015). codY mutants have
also been reported to apgregate, which can be linked with the
interaction of PIA and eDNA on the bacterial surface (Mhmek
et al., 2020). However, we can exclude the involvement of Cod¥

regulation in the observed biofilm maintenance, since biofilm
formation was not altered in a codY -negative background.
Additionally, the Agr quornm-sensing system and, thus PSMs
{which are strongly dependent on Agr activity), were excluded as
mediators of the bicfilm phenotype. Thus, the main mechanism
for biofilm formation under vancomycin stress remains to be
elucidated. (p)ppGpp dependent DN A-release by any of the lytic
processes (e, autolysins, phages) likely contributes to biofilm
formation. Recently, it was shown that mupirocin, a strong
inducer of Rel-dependent (plppGpp synthesis, causes increased
biofilm formation (Jin et al, 20200, Similar to our results, the
mupirocin-induced biofilm forms independent of PIA and PSMs
and is langely composed of eDNA. Thus it is likely that the
observed biofilm-inducing phenotype induced by mupirecin is
similar to the vancomycin-dependent biofilm observed in our
study. Jin et al (2020) found that mupirocin upregulates cidA,
encoding a holin-like protein, and that a cid4 mutant shows
reduced eDINA release. Thus, one may speculate that under our
assay conditions, the {p)ppGpp-mediated activation of cidA may
also contribute to (pippGpp-promoted biofilm formation.

The subinhibitory concentration of vancomycin applied in
our standard biofilm assay did not affect bacterial wiability,
and the MIC in planktonically grown strains did not ditfer
between the analyzed strains. When vancomycin was added
to preformed biofilms, the biofilms were protected even at
up to a concentration 100-fold higher than the MIC. It has
been proposed that antibiotic tolerance and persister formation
share common characteristics such as a slow- or non-growing
phenotype (Waters et al., 2016). Here, we showed that biofilm
tolerance is at least partly (pippGpp dependent, since biofilms
of the pppGpp” strain were significantly better resolved in the
presence of high vancomycin concentrations. This seems to
contrast with recent results indicating that (p)ppGpp is not
involved in persister formation in 5. gureus (Conlon et al., 201&).
However, the persister assays were performed under relaxed
conditions, and thus, the role of (p)ppGpp might have been
missed. Nevertheless, (plppGpp synthesis was previously shown
to contribute to antibiotic tolerance in 8. awrens (Geiger et al,
2014; Bryson et al, 2020) and other pathogens (Mguyen et al,
2011; Bernier et al., 2013). Mguyen et al. (2011) supgested that
in Pseudomonas aeruginosa, the stringent response contributes
to antimicrobial tolerance in biofilms by reducing oxidative
stress. We recently showed that (p)ppGpp in S qureus activates
ROS-detoxifying systems (Horvatek et al., 2020), which might
contribute to protection against vancomycin.

Due to the role of (p)ppGpp in biofilm formation and
antibiotic tolerance, the (plppGpp synthesis pathway is thounght
to be a promising antimicrobial target. Anti-biofilm peptides
have been reported to emert their activity via their ability to
reduce (pippGpp levels in live bacterial cells (De La Fuente-
Munez et al, 2014,2015). A direct mechanism of action involving
the binding of (pippGpp and promotion of its intracellular
degradation was suggested (Die La Fuente-Munez et al., 2015). We
confirmed the biofilm-dissolving effect of DJE-5. However, this
was clearly not due to the proposed interaction of the peptides
with (p)ppGpp because an even stronger inhibitory effect of DJK-
5 was observed in the (p)ppGpp” mutant. Interestingly, treatment
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with DJE-5 and a subinhibitory vancomycin concentration
resulted in significantly higher bacterial killing activity and
biofilm inhibition in the (p)ppGpp® mutant than the wild type.
Thus, (plppGpp protects against bactericidal DJE-S activity.
These findings are in good agreement with a recent re-analysis
of the proposed antibiofilm peptide IDR-1018 in E. coli and
P. gerugimosa (Andresen et al, 2016). Genetic disruption of
the reld and spoT genes responsible for (plppGpp synthesis
moderately sensitizes E. coli to IDE-1018, rather than protecting
the bacterinm (Andresen et al., 2016). While the IDR-1018 and
DJK-5 peptides are potent antimicrobials, they do not specifically
disrupt bicfilms via a direct and specific interaction with the
intracellular messenger nucleotide (pippGpp. Their alternative
mode of action remains to be elucidated.

CONCLUSION

In conclusion, in & aureus, (plppGpp supports biofilm formation
under cell wall stress conditions and increases tolerance against
vancomycin and the anti-biofilm peptide DIK-5.
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Abstract

The stringent response is characterized by the syrthesis of the messenger

malecules pppGpp, ppGpp or pGpp (here collectively designated (ppipGpp). The pheno-
typic consequences resulting from (pp)pGpp accumulation vary among species and can be
mediated by different underlying mechanisms. Most genome-wide analyses have been per-
formed under stress conditions, which often mask the immediate effects of (pp)pGpp-medi-
ated regulatory circuits. In Staphylococcus aureus, (ppipGpp can be synthesized viathe
RelA-SpaT-homalog, Rels,, upon amino acid limitation orvia one of the two small (ppipGpp
synthetases RelP or Rell upon cellwall stress. We used RMNA-Seq to compare the global
effects in response to induction of the synthetase of rel-Syn (coding for the enzymatic region
of Relg,,) or mlQwithout the need to apply additional stress conditions. Induction of rel-Syn
resulted in changes in the nucleotide pool similar to induction of the stringent response via
the tRMNA syrthetase inhibitor mupirocin: a reduction in the GTP poaol, an increase in the
ATP pool and synthesis of pppGpp, ppGpp and pGpp. Induction of all three enzymes
resulted in similar changes in the transcriptome. However, Rell was less active than
Rel-Syn and RelP, indicating strong restriction of its (pp)pGpp-synthesis activity in vivo.
(ppIpGpp induction resulted in the downregulation of many genes invalved in protein and
BNADMA metabolism. Many of the (pp)pGpp upregulated genes are part of the GTP sensi-
tive CodY regulon and thus likely regulated through lowering of the GTP poal. New CodY
independert transcriptional changes were detected including genes involved in the 303
response, iron storage (e.g. find, dps), oxidative stress response (e.g., perf, katd, sodd)
and the psma1—4 and psmi31-2 operons coding for cytotaxic, phenal soluble modulins
(PSMs). Analyses of the find, dpsand pam genes in different regulatory mutants revealed
that their (pp)pGpp-dependent regulation can occur independent of the regulators PerR,
Fur, Sarf or CodY. Moreover, psmexpression is uncoupled from expression of the quorum
sensing systern Agr, the main known psm activator. The expression of central genes of the
oxidative stress response protects the bacteria from anticipated ROS stress derived from

PLOS Genatics | hitps:/doi.org’10.137 Viournal. pqen. 1009282 Decamber 30, 2020

1/22




Appendix

PLOS GEMETICS

(ppipGppinS. aursus

analysis, decision to publish, or preparation of the
manuseript.

Competing imerests: The authors have declared
that no compsting interests extst

PSMs or exogenous sources. Thus, we identified a new link between the stringent response
and axidative stress in S. aweus that is likely crucial for survival upan phagocytosis.

Author summary

Most bacteria make use of the second messenger (pp)pGpp to reprogram bacterial metab-
olism under nutrient-limiting conditions. In the human pathogen Staphylococcus aureus,
(pplpGpp plays an important role in virulence, phagosomal escape and antibiotic toler-
ance. Here, we analyzed the immediate consequences of (pplpGpp synthesis upon tran-
scriptional induction of the (pplpGpp-producing enzymes Rel, RelP or RelQ. (pplpGpp
synthesis provokes immediate changes in the nucleotide pool and severely impacts the
expression of hundreds of genes. A main consequence of (pp)pGpp synthesis in 5. aureus
is the induction of ROS-inducing toxic phenol soluble modulins (PS5 Ms) and simulta-
neous expression of the detoxifying system to protect the producer. This mechanism is
likely of special advantage for the pathogen after phagocytosis,

Introduction

The stringent response is characterized by the synthesis of the alarmones pGpp, ppGpp

and pppGpp, here collectively named (pplpGpp. (pplpGpp interferes with many cellular pro-
cesses, including transcription, replication and translation [1,2,3,4,5,6,7.8,9,10]. Depending on
the species, the stringent response is crucial for diverse biological processes, including differen-
tiation, biofilm formation, antibiotic tolerance, production of secondary metabolites or viru-
lence [8,11]. It is now clear that there are fundamental differences between the stringent
response initially characterized in Eschericia coli and the stringent response in Firmicutes
[7,9]. Differences have been observed in the enzymes involved in the synthesis and degrada-
tion of the messengers and in the downstream effects of (pp)pGpp.

(pplpGpp is synthesized by RelA-SpoT-homologs (RSHs) by transferring pyrophosphate
originating from ATP to the 3" OH group of GTP, GDP or GMP. Long BSH enzymes are pres-
ent in nearly all bacteria and show a conserved molecular architecture composed of a C-termi-
nal sensory region and an N-terminal enzymatic region with distinct (pp) pGpp hydrolase and
synthetase domains [12]. Firmicutes, such as Staphylecoccus aurens, possess one long RSH
enzyme, Relg,, and in addition two small alarmone synthetases (SAS), RelP and Rel(). Amino
acid limitation is the only condition known to induce a Rels,,-mediated stringent response
phenotype [13]. Under non-inducing conditions, Rels;, is primarily in a hydrolase-On/syn-
thetase-Off conformation even when the C-terminal sensory region is deleted [ 14]. The strong
hydrolase activity of Rels,, makes the enzyme essential for the detoxification of (pp)pGpp pro-
duced by RelP or Rel() [13].

RelP and Rel() are part of the VraRS cell-wall stress regulon [15] and are thus transcription-
ally induced, e.g., after vancomycin treatment [ 18], Thereby, they contribute to tolerance
towards cell -wall active antibiotics such as ampicillin or vancomycin, Recently, structural and
mechanistic characterization revealed that Rel() from Bacillus subtilis and Enterococcus faecalis
form tetramers [ 17,18]. Rel(} activity is strongly inhibited through the binding of single-
stranded BN A, pppGpp binding leads to disassociation of the Rel(Q:RNA complex and its acti-
vation [18]. In contrast, RelP activity is inhibited by both pppGpp and ppGpp, activated by
Zn”" and insensitive to inhibition by RMNA [19,20]. Por the 5 aurews enzymes it could be

PLOS Genatics | iitpsy/doi.org’10.137 1ourmal. pgen. 1009282 Decambear 30, 2020 2/22




Appendix

PLOS GEMETICS

(ppipGppinS. aursus

shown that Rel(), but not RelP are allosterically stimulated by the addition of pppGpp, ppGpp
or pGpp [21]. Thus, although highly homoelogous, RelP and Rel() seem to have different func-
tions within the cell. One can assume that different post-translational regulatory mechanisms
are in play to fine-tune (pp)pGpp synthesis under different growth conditions,

In 5 aurews, the stringent response plays important roles in virulence [ 13], phagosomal
escape [22] and antibiotic tolerance [B,16,23,24 3526 27]. The enzymes Hpr'T and Gmk
involved in GTP synthesis, putative T Pases (RsgA, RbgA, Era, HAX, and ObgE) and DNA pri-
mase were identified as (pp)pGpp target proteins [23,28]. (pplpGpp binding inhibits enzyme
activities, resulting in lowering of the GTP pool and inhibition of the translation apparatus and
replication. OF note, in contrast to E coli, (pplpGpp from Firmicutes does not interfere with
EMA polymerase activity [10]. Instead, in these organisms, (pppGpp regulates transcription via
an indirect mechanism that strongly relies on the lowering of the intracellular GTP pool

22.28,29,30]. A decrease in the GTP level leads to the repression of mucdeotide-sensitive, GTP-
initiating promoters, e.g., those of rRNA genes [30,31]. Low GTP levels also affect the Cod reg-
ulon. The transcription factor CodY, when loaded with GTP and branched -chain amino acids,
acts mainly as a repressor of many genes involved in amino acid synthesis and virulence
[3233]. The global transcriptional effects of { pp)pGpp have been examined previously in several
Firmicutes, such as B, subfilis [34], Streptococcus prewmoniae [35], Enterococcus faecalis [36],
Streptococcus mutans [37] and 5. aurens [22]. These studies were based on the comparison of
the wild-type and rel mutant strains under conditions mimicking amino acid starvation. OF
note, these stress conditions are accompanied by profound physiological changes, which are
only partially mediated by (pplpGpp. For instance, amino acid limitation leads to the stabiliza-
tion of many transcripts independent of (pplpGpp [13]. Thus, from these analyses, it is difficult
to draw firm conclusions on the primary transcriptional changes imposed by (pplpGpp synthe-
sis. Recently, one study tried to circumvent this drawback by transcriptional induction of
(pppGpp sythetase in E. coli and gained major new insights [ 38].

Here, we aimed to compare the Rel-, Rel()- and RelP-mediated effects on nucleotide pools,
transcription and functional consequences without imposing nutrient starvation or stress,
Therefore, the Rel synthetase (Rel-Syn, N-Terminal region of Rel with mutated hydrolase),
RelP and Rel() were expressed from an anhydrotetracycline (ATc)-inducible promoter in a
(pplpGpp” strain in which the enzymatic domains of all three synthetases were mutated.
Through BNA-Seq analyses, we identified new (pplpGpp-regulated genes, many of which are
involved in the oxidative stress response, iron storage and the synthesis of phenol-soluble
modulins (PSMs). Thus, (pplpGpp synthesis contributes not only to PSM -derived ROS pro-
duction but also to protection from these toxic molecules,

Results

Changes in the nucleotide pools after transcriptional induction of rel-Syn
and rel)

We first compared the stringent response imposed by mupirocin (isolencyl-tRNA synthase
inhibitor [ 39]) with the genetic induction of (pplpGpp synthetases. To analyse Rel dependent
i ppipGpp synthesis without stress, we cloned the N-terminal region of Rel with inactivated
hydrolase domain [ 14] designated as Rel-5yn. Rel-Spn or rel() were expressed usingan ATc-
inducible expression system in a (pp)pGpp” strain background. Strain (pp)pGpp” is unable to
synthesize (pp) pGpp due to mutations inall three (pplpGpp synthetases (full deletion of rel,
synthetase mutations in relP and rel() [14] ). Strains were grown to an early exponential growth
phase and gene expression was induced by ATc for 30 min. Sub-inhibitory concentration of
ATc resulted in similar induction of rel-Syn or relQ, (7.0 and 6,7 log, fold increase compared
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Fig 1. Changes in the nucleotide pool after mupirocin treatment or transcriptional induction of rel-Synor ref0), Strain HG00 and derivatives were
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and decrease ATP concordant with previous results [30]. In summary, Rel-mediated (pp)pGpp
synthesis imposed by mupirocin or genetic rel-spn induction resulted in similar changes of the
nucleotide pool characterised by reduction of guanine nucleotides and accumulation of ade-
nine nucleotides. After induction of rel(), similar changes in the nucleotide pools were detect-
able. Howewver, the effect of rel() induction on the nuclectide pools was significantly lower

than that of rel-syn induction or mupirocin treatment. Thus, rel-spa induction probably mir-
rors stress conditions (e.g. upon mupirocin treatment), whereas rel) expression more likely
reflect basal low level (pppGpp synthesis,

Impact of (pp)pGpp synthesis on the transcriptome

We next analysed the impact of (pp )pGpp synthesis after induction of rel-sin or relQ on mRENA
abundance, RNA-Seq data revealed that 1074 genes or sSRNAs were significantly affected by
either Rel-Syn (total: 478 up, 551 down) or Rel() (total: 155 up, 97 down) with a large overlap in
genes affected by Rel-Synand RelQ) (Fig 24 and 51 Data). However, consistent with the nudleo-
tide measurements (Fig 1), the effect of rel() induction was less prominent (51 Table). We com-
pared the RNA-Seq data with previous microarray analyses obtained after stringent response
imposed by transferring bacteria to amino acid limiting conditions {-Lew, -Val) [22]. Most of
the previously identified stringent response genes were confirmed by the RNA-Seq analysis (Fig
2A). Of note, in the present analysis, only genes with atleast three-fold differences and a signifi-
cance level of p < 0,001 were included in the analysis shown in Fig 2 and 52 Data. Despite the
higher stringency in the analysis, the present analysis revealed far more (pplpGpp-regulated
genes, Genes were classified into functional categories using the SEED annotation (hitp://
pubseedtheseed org), (pp)pGpp induction resulted in the downregulation of many genes
involved in protein synthesis (e.g ribosomal proteins RplA-T) and BNA/DNA (e.g. purine bio-
synthesis, gyrase) metabolism consistent with previous results that the stringent response
mainly leads to the shutdown of translation and replication [22] (Fig 2B). Many of the penes
upregulated by Rel-5yn and Rel(} are part of the CodY regulon (51 Data) and thus likely regu-
lated by lowering of the GTP pool. The sRNA, Rsaly was recently described to be directly
repressed by CodY [40]. Concordantly, rsal) was found strongly up-regulated upon rel-Synand
rel() induction (8.5 and 6.0log, fold change, respectively) and used as read-out for a prototypic
CodY target is subsequent experiments. Als5 was identified as RsaD repressed target gene [40]
and as expected downregulated upon rel-5en expression. Thus, the genetic approach proved to
gain reliable, physiologically relevant results as validated by comparison with previous studies
on (pplpGpp mediated transcriptional changes. W e further focused on so far unknown genes/
phenotypes which were induced during stringent conditions. Therefore, we concentrated on
genes that were strongly affected by rel-syninduction (Fig 2C and 51 Data) but not known to be
under the control of CodY. Interestingly, many of these genes were assigned to iron acquisi-
tion/metabolism (upregulation of genes involved in iron storage; downregulation of genes
involved in siderophore biosynthesis and iron transport), stress response (dps, sodA, katA ahpC,
uspAl/2 asp23, ptpA, and msrA2), and virulence (upregulation of psmsal; downregulation of
agr]. Phage-encoded genes were also upregulated, indicating phage-inducing conditions. This is
inline with the upregulation of recA and lexA. Por further analysis, we selected find, dps, agr
and psmo as read-out for (pp)pGpp-mediated CodY independent activities,

Comparison of the mupirocin-induced stringent response and induction of
rel-Syn

We compared the expression of the selected genes after induction of the stringent response via
mupirocin and after rel-Syn induction by Northern blot analysis (Fig 3A) and gRT-PCR (Fig 3B).
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We verified the upregulation of finA, dps, psm and the sSENA rsaD under both conditions.
Mupirocin also resulted in finA and dps activation in the (pp)pGpp strain indicating additional

{ pplpGpp-inde pendent effects of mupirocin on the expression of these genes. { pplpGpp-medi-
ated activation of psm expression is clearly not correlated to agr expression. Agr is the main acti-
vator required for psms expression [41]. Notably, the expression of the agr operon was even lower
upon (pplpGpp synthesis (51 Data and Fig 34 and 3B), indicating that (pplpGpp induces psem
expression independent of Agr. Induction of rel-5w in wild type background resulted in minor
changes in gene expression compared to induction in the (pp)pGpp” strain (52 Fig). This empha-
sizes the strong hydrolase activity of Rel as present in the wild type leading to rapid hydrolysis of
(ppipGpp [14].

CodY-independent activation of gene expression upon rel-Syn induction

i pplpGpp synthesis leads to the lowering of the GTP pool and subsequently to de-repression

of CodY target genes. Indeed, many of the genes that were upregulated in response to rel-Syn
induction belong to the CodY regulon (51 Data). However, the selected marker genes are not
supposed to be regulated via CodY. For further validation we induced rel-5vn in a codY nega-
tive (pplpGpp” strain (Fig 3). The CodY target rsaD) was confirmed to be de-repressed in the

cod ¥ negative background [40]. However, other selected genes showed similar expression
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patterns in cod Y-positive and codY-negative backgrounds (Fig 3A and 3B). Thus, (pplpGpp
impacts the expression of these genes independent of CodY.

Induction of rel-Syn, rel() and relPin S. aureus USA300

To confirm that the observed gene expression pattern is not restricted to strain HGOO1 and

not due to potential second site mutations in the (pp)pGpp strain we repeated key experi-
ments in strain USA300. Therefore a (pp) pGpp” strain was constructed by sequential mutation
of rell, velQ)and rel rel-Syn, rel() and rellP were induced from the ATc inducible expression
vectors as described. The transcriptional changes imposed by rel-Spn induction recapitulated
the findings of rel-5yn induction in strain HGOOL (Fig 4). We also verified that induction of
rel() only slightly effects marker gene expression (Fig 4). However, induction of relPwas highly
effective, resulting in an expression pattern comparable to induction of rel-5yn. The strong
effectof relPinduction could be due to the fact that in contrast to relP it does not

require ppplpp activation [20]

Rel-Syn induction influences the oxidative stress response and virulence
independent of PerR, Fur or SarA

Some of the prominent {pplpGpp-activated genes are known to be under the control of other
global regulators, such as Perl, Fur and SarA [42]. We speculated that (pplpGpp dependent
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gene expression may somehow be mediated via these global regulators, Therefore, we analysed
rel-Syn induction in per, firr and sard mutants (Figs 5A and 534).

The (pplpGpp controlled genes find, dps, ahpC, kafA and perR (51 Data ) are likely con-
trolled via binding of Perl to a conserved PerR-binding motif (based on the public databases
RegPrecise [43] and Aureowiki [44]). As expected, finA and dps were both upregulated in the
perR mutants, Inducing rel-Syr in perR/(pp)pGpp" strain showed further increase in find, sup-
porting that (pppGpp acts in addition and independent of Perl. For dps, the perR mutation
also resulted in high expression, which was slightly decreased by (pplpGpp. PerR deletion
resulted in a slight decrease in psm expression, which was compensated by rel-spn induction.
Thus, (pplpGpp also affects gene expression ina per-negative background.

We found that many of the genes affected by Rel-Syn are indicative of iron overload condi-
tions (e.g. upregulation of find and dps (Fig 2D). We induced rel-Syn in a fur/(pp)pGpp” back-
ground under low and high iron conditions (Figs 5B and 53). Independent of the availability
ofiron, finA, dps and psm were upregulated and agr was downregulated after rel-Syn induction
in the fir-ne gative background indicating that (pplpGpp regulation is not determined by iron
availability or fur regulation.

SarA was shown to activate transcription of the agr operon [45,46] and proposed to be
involved in oxidative stress sensing via a single Cys9 residue [47, 48, 49]. sard was found to be
significantly upregulated by Rel-5yn (51 Data). finA and dpsexpression was not influenced by
sarA mutation (Figs 5C and 53). agrand psm expression was downregulated in the sard
mutant, consistent with the proposed activation of the agr system by SarA [45]. Induction of
rel-sin in the sard mutant again showed the typical induction of finA, dps and repression of
agr. Interestingly, psm expression remained hardly detectable in the SarA mutant In the sard
mutant the very low Agr activity is likely not sufficient to allow for psm expression. Taken
together, the results do not support the hypothesis that any of the candidate regulators func-
tion as a central hub for the observed (pplpGpp dependent gene alterations,
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(pp)pGpp is involved in oxidative stress resistance

Recently, it was shown that P5SMs lead to the production of reactive oxygen species (ROS) [50].
One might speculate that under stringent conditions PSM-mediated ROS production triggers
the expression of the oxidative stress genes. In this case, induction of rel-Syn should not result
inthe induction of these genes under anaerobic conditions, where ROS cannot be produced.
However, rel-5pn induction resulted in the same transcriptional pattern regardless of whether
bacteria were grown with or without oxygen (Fig 6A). We also analysed whether ROS would
result in activation of the stringent response. However, HoO, treatment did not affect transcrip-
tion of stringent response genes such as futd, dps, psmoor rps! (55 Fig), Thus, (pplpGpp-medi-
ated gene alterations of the selected marker genes are nota consequence of ROS formation.

These data indicate that (pp lpGpp simultaneously activates ROS- producing PSMs as well
as ROS defence systems to prepare cells to withstand oxidative stress. To verify this hypothesis,
we challenged wild type and mutant strains deficient in (pp)pGpp synthesis with H; (. The
(pp)pGpp" strain was indeed more sensitive to oxidative stress. The minimal inhibitor concen-
tration (MIC) of HyO; to inhibit growth of the wild type was 6.4 mM and 3.2 mM for the
(pp)pGpp" strain. Moreover, the (pp)pGpp" strain was more efficiently killed after 1 h or 2h
incubation with H,0, (54 Fig). Under the assay conditions, the basal (pplpGpp might be
derived from any of the (pplpGpp synthetases. We analyzed a relPC) mutant and a rel-Syn
mutant in which the synthetase domain of Rel was mutated. Both strains showed an intermit-
tent phenotype in which the MIC varied between 3.2 and 6.4 mM when biological replicates
were analyzed. To follow up on these ambiguities, we monitored growth after addition of
H0, (Fig 6C) There was high variation in the lag time between biological replicates. Repli-
cates of the relQ) or rel-Syn mutant showed a delayed lag phase, and some of the replicates
could not grow. In cases where no growth was detectable the cultures were sterile as dete-
mined by colony counting, The delay of the lag phase was more prominent for the relPQ
mutant than for the rel-Syn mutant, Nevertheless, none of the (pplpGpp” replicates could
resume growth, and this result was consistent with the reproducible lowered MIC of this
strain, indicating that (pp)pGpp indeed protects against oxidative stress,
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We next speculated that under Hy0; conditions may induce stringent response in wild type
bacteria. However, treatment of bacteria with H» O even at MIC concentrations did not
induce stringent marker genes (55 Fig). This indicates that the basal level of ( pp)pGpp pro-
duced in wild type bacteria is sufficient to confer resistance,

Discussion

W e chose a genetic approach to define the early transcriptional response upon (pplpGpp syn-
thesis without the need to apply additional stress conditions. As expected from previous stud-
ies, [22,51] (pp)pGpp synthesis resulted in severe downregulation of the translational
machinery and de-repression of CodY target genes. Many additional (pp) pGpp-regulated
genes that are presumably important for the survival of 5. aureuws during starvation conditions
were identified. Regulation of these genes might occur indirectly through other so far ill-
defined regulatory circuits or via changes in the nucleotide pool. Here, we focused mainly on
genes that were found to be activated upon (pp JpGpp synthesis in a CodY-independent man-
ner, particulary psm, finA and dps. The (pplpGpp-dependent activation of these genes can
also occur in strains missing the prototypic proteinaceous transcriptional regulators Perlt, Fur, or
SarA. These regulators are well known to be involved in the regulation of the selected genes. How-
ever, they need tobe activated through oxidative stress andfor iron [42]. The RNAseq data
revealed that transcription of the repressor perR is also upregulated upon (pplpGpp synthesis indi-
cating a feedback regulation to dampen the response. In summary, (pplpGpp functions as a
complementary, immediate message, allowing cells to react to adverse conditions such as amino
acid starvation or cell wall stress. Under these conditions, upcoming oxidative stress seems to be
anticipated, and (pp )pGpp prepares the cells for survival, e.g. ROS challenges (Fig 7). Indeed, a
(pplpGpp” strain is more sensitive to H:0y Both Rel and RelP/Rel) contribute to the protective
effect

(pp)pGpp leads to psm activation

e of the most prominent effects of (pp)pGpp synthesis is the upregulation of psmo and
psmf, confirming previous results [22,52]. PSMs are a family of amphipathic, alpha-helical
peptides that have multiple roles in staphylococcal pathogenesis and contribute to a large
extent to the pathogenic success of virulent staphylococci [53,54]. (pplpGpp-dependent psm
expression within neutrophils was shown to be crucial for survival afier phagocytosis [22].
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However, P5Ms also interact with the membrane of the producer, promaote the release of mem-
brane vesicles from the cytoplasmic membrane via an increase in membrane fluidity [55,56],
reduce persister formation [57,58] and are involved in self-toxicity via ROS formation [50].
Interestingly, (pplpGpp-dependent psm activation was not correlated with the activation of
the quorum sensing Agr system, the main regulator required for psm expression [41]. Agr was
even repressed under (pplpGpp-inducing conditions. Previously, analysis of a clinical isolate
overproducing (pplpGpp adso indicated that (pplpGpp leads to agr inhibition [ 24]. Thus,

i pplpGpp-mediated psen activation is clearly uncoupled from agrexpression. Recently, the
sRNA Tegdl (5131) [59] and the transcriptional regulator MgrA [60], Rsp [61] or Rbf [62]
were found o interfere with psm expression. However, itis unlikely that they mediate the

[ pplpGpp regulatory effect because transcription of these regulators was unaltered based on
our KNA-Seq analysis (51 Data). Thus, the molecular mechanism by which (pplpGpp leads to
psmactivation has to be elucidated. It is likely that the accompanying changes in the ATP/GTP
ratios are crucial for this activation pattern. psm promoters might be sensitive to the concen-
tration of the initiating nucleoside triphosphate (iINTP). The +1 position (eg., G or A) of sensi-
tive genes dictates whether transcriptional initiation/elongation requires high GTP or ATP
levels, respectively [29]. Various sequence combinations determine whether a promoter is sen-
sitive to iINTP [63]. Such sequence motifs are hard to predict within psm promoters. However,
both the psma and psmff operons start with an A atthe +1 position [41], which might explain
the higher expression due to the increased ATP levels following (plppGpp synthesis,

(pp)pGpp and oxidative stress response

Genes whose expression is indicative of iron overload conditions were also highly affected by
(pplpGpp. We recently, could confirm that the (pplpGpp” strain of strain USA300 has elevated
free iron levels contributing to oxidative stress and increased ROS production [64]. A similar
effect was reported for Vibrio cholera [65]. Here, the expression of the iron transporter FbhpA
was repressed via (pp)pGpp, resulting in a reduction of intracellular free iron required for the
RO S-generating Fenton reaction. This contributed to reducing antibiotic-induced oxidative
stress and thus tolerance, and this is also true for S aureus [64]. In addition to interfering with
iron metabolism, other genes involved in oxidative stress were activated by (pplpGpp. A link
between the stringent response and oxidative stress response has been observed in different
organisms, although the underlying mechanisms and outcome might be highly diverse,

i pplpGpp-dependent upregulation of superoxide dismutase (SODY) was described in B, suis [66]
and P. geruginesa [67]. SO0 was shown to be the key factor responsible for (pplpGpp-mediated
multideug tolerance in P, aeruginosa [67]. Moreover, (pplpGpp-deficient strains are often found
to be more sensitive to oxidative stress [68,69,70]. However, in E. faccalis, a (pp)pGpp” strain
grew faster and to a higher growth vield than its parent in the presence of Ho0y; [T1].

Here, we show that the stringent response in 5. qureus leads to the activation of BOS-induc-
ing toxing and simultaneous expression of the detoxifying system to protect the producer. This
is likely a special advantage for the pathogen once it encounters neutrophils and elevated ROS.
i pplpGpp-dependent P5SM synthesis is required to escape from within cells after phagocytosis
[22,72]. The upregulation of the oxygen stress programme will help protect the cell from
endogenous as well as exogenous ROS,

Comparison of Rel-Syn, RelQQ and RelP activity

We compared the in vive activity of Rel-Syn, Rel() and RelP. RelP showed similar effect on
gene expression as Rel-Syn, whereas Rel() was far less active (Fig 4. Thus, under our growth
conditions Rel () activity seems to be restricted in vivo. Comparison of RelP and RelQ) from
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other organisms revealed that Rel() is inhibited through RNA binding and auto-activated by
(pplpGpp [19,20]. We analyzed Rel() activity in an (pp)pGpp background under non-stress
conditions where Rel() activity is likely restricted via RNA binding and/or the missing basal

i ppipGpp provided by other synthetases. The conditions that would relieve this restriction
remain to be determined. A recent biochemical analysis of purified RelP and Rel() from &,
aurens confirmed that Rel(), but not RelP, was all osterically-stimulated by the addition

of pppGpp. ppGpp or pGpp [21]. Moreover, in vitro both enzymes were shown to efficiently
synthesize pGpp in addition to pppGpp and ppGpp. In our fs vivo anal ysis we could detect con-
siderable quantities of pGpp derived from Rel activity (Fig 1). However, in vitro Rel seems to
preferentially synthesize pppGpp [21]. One may speculate that pGpp detected in vive mightbe
enzymatically derived from NuDiX hydrolase, NahA, an enzyme thatin B subtilis efficiently
produces pGpp by hydrolyzing (plppGpp [73]. In this organism, pGpp potently regulates the
purine biosynthesis pathway but in contrast to (p)ppGpp does not interact with the GTPases, It
was proposed that the different nucleotides may fulfill different roles through fine-tuning in sig-
nal transduction. Moreover, the different levels of (pplpGpp in the cell may also dictate different
outcomes. There is now growing evidence that basal level of {pplpGpp (often below detection
limit} are involved to maintain balanced growth whereas high levels are indicative for stress
conditions resulting in severe reprogramming of the cell and growth arrest [74,75]. In this con-
text, the induction of rel-Syn likely mirrors stress conditions, whereas rel() induction with low
detectable { pp)pGpp synthesis more resembles the proposed basal level, From the RMNA-Seq
analysis we found no clear quantitative difference between both conditions. However, many of
the genes affected by Rel() could be assigned to the CodY regulon. This illustrates the high sen-
sitivity of CodY towards subtle changes of the GTP pool imposed by (pplpGpp synthesis.

Different (pp)pGpp mode of actions result in similar outcome

Recently, genome-wide direct effects on transcription from ppGpp binding to its two sites
on RN A polymerase were assessed in E. coli [38]. Similar to our approach, ppGpp was pro-
duced without concurrent starvation by conditional expression of a Rel A variantlacking
its autoinhibitory domain. The Rel variant was induced for 5-10 min in strains with or
without the two binding sites for ppGpp on ENAP. It could be shown that transcriptional
changes are in large part due to ppGpp-RNAP interference. However, (pplpGpp does not
bind to RNAP in Firmicutes. We anticipated that for full stringent response in 5. aureus
significant changes of the nucleotide pool have to occur and that transcriptional changes
are not directly linked to (pplpGpp in this organism. Therefore, we analysed transcrip-
tional changes after 30 min of rel-Syn induction to allow the adjustment of the nucleotide
pool. We assume that many transcriptional changes are caused by the observed changes in
the nucleotide pool. Alternatively, at least some of them might be linked to secondary
effects such as inhibition of growth or translation. In the future, time course experiments
and concurrent proteome analyses will help to further clarify this issue. Nevertheless,
despite major difference in the experimental set-up and the different underlying regulatory
mechanisms between E coliand 5 aureus both approaches revealed a surprisingly

similar outcome: First, in both organism the genetic approaches revealed many more
(pplpGpp-regulated genes in comparison to traditional analyses applying concurrent star-
vation. Second, observed (pplpGpp-mediated transcriptional changes are highly similar: i)
large number of genes related to nucleotide, protein, and RN A metabolism, translation,
and DNA synthesis are negatively regulated by ppGpp; ii) amino acid biosynthesis genes
are highly upregulated and iii.) genes for the responses to DNA damage, general stress and
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oxidants responded to ppGpp in both organisms. Thus, stringent response has evalved in
different organisms to fulfil similar functions by use of highly different mechanisms.

Materials and methods
Strains and growth conditions

Strains and plasmids are listed in 51 Table Por strains carrying a resistance gene a concentra-
tion of 10 pg/ml chloramphenicol, 10 pg/'ml eryvthromycin or 100 pg/ml ampicillin was used
only for overnight cultures, 5. aurens strains were grown overnight in chemical defined
medium (CDM) [32], diluted to an optical density (O Dgq) of 0,05 and grown until the early
exponential phase OD g = 0.3 with shaking (220 rpm, 37°C). Gene expression in strains carry-
ing a plasmid with an ATc-inducible promoter was induced at OD g = 0.3 with 0.1 pg/ml
ATc for 30 min. We chose 30 min induction to allow adjustment of the anticipated changes of
the nucleotide pool. For anaerobic growth the strains were diluted to an ODg = 0,05 inhun-
gate tubes {Chemglass), completely filled with CDM. ATc was applied using a syringe at 0D 4,
= 0. 3. Por O measurements and RNA isolation, aliquots were drawn with a syringe,

Generation of (pp)pGpp" mutant in USA300JE2

For the USA300 (pplpGpp” mutant {USA300-229-230-263), lysates were prepared from

KM 4220 strains containing the mutagenesis vectors pCG229, pCG230 and pCG263, respec-
tively {51 Table). After plasmid transduction of USA300 JE2, mutagenesis was performed as
previously described [76]. To avoid toxic accumulation of (ppJpGpp the genes were mutated
in the order relP, relQ and finally rel. Mutations were verified by PCR using oligonucleotides
listed in 52 Table,

Generation of perR, fur, sarA and psma/f (pp) pGpp" mutants in HG001

D11 lysates were generated from transposon mutants NESES (perR), NE9 (fur) and NE1193

( sard) from the NABSA transposon library [ 77] to transduce 5 qurews straing HGOO1 and
(pplpGpp”. psmaor psmf mutations were transduced wsing @11 ysates from previously described
mutants [22]. All ransductants were verified by PCE using oliponuckotides listed in 52 Table,

RN A isolation, Northern Blot analysis and qRT-PCR analysis

RMA isolation and Northern blot analysis were performed as described previously [78]. Briefly,
bacteria were pelleted and resuspended in 1 ml TR1zol (Thermo Fisher Scientific) and lysed
using zirconia/silica beads (0. 1mm diameter) and a high speed homogenizer, RINA was isolated
following the recommended procedure by TRIzol manufacturer. For RNA-Seq analysis RNA
from the aqueous phase was further purified following the RNA-isolation protocol by Amp Tech
ExpressArt BNA ready. Transcripts on the Northern blot were detected by dioxigenin-labeled
probes, which were generated by a DNA -labelling PCR-Kit { Roche Life Science). Relative quanti-
fication of finA, dps, agrA, a-type psms, rsal) and rps! transcripts by gRT-PCR was performed
using the Quantstudio3 (Applied Biosystems) and the QuantiFast SYBR Green RT-PCR Kit (Qia-
gen). Briefly, 5 pgof total RINA were DNase-treated and diluted 1:10 for g RT-PCR. Relative quan-
tities of transcripts were calculated by a standard curve for each gene generated wing 6-fold serial
dilution of HGOOL wild type RNA. Primers for gRT-PCR are listed inS2 Table,

Int vivo nucleotide extraction

Nucleotides were isolated based on published protocol [79]. Briefly, strains were grown in
CDM overnight, diluted to an OD g, = 0.05 and grown in CDM until an 0Dy = 0.3, Strains
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were split and treated with or without 0.1 pg/ml ATc for 30 min at 37°C and 220 rpm shaking,
100 m] bacterial cultures were harvested and transferred into 50 ml centrifuge tubes half filled
with ice and centrifuged (5 min, 5000 x g 4°C). Pellets were immediately frozen in liquid
nitrogen and stored at -80°C until usage. Samples were thawed on ice and resuspended in 2M
formic acid and incubated for 30 min. Resuspended bacteria were lysed by high speed homog-
enizer using zirconia/silicia beads (0.1 mm diameter) and kept on ice for 30 min. The agueous
phase was collected and mixed with 3 ml 50 mM NHOAc (pH 4.5}, loaded on columns
{OAS1S Wax cartridge 3xcc) and centrifuged (5000 x g, 5min, 4°C). Columns were pre-treated
first with pure 3 ml methanol and then with 3 ml 50 mM NHOAc (pH 4.5). Samples were
washed first with 3 ml 50 mM NH.OAc (pH 4.5) followed by a washing step with 3 m] metha-
nol. Elution was performed with 1 ml of 20% methanol, 10% NHOH. Eluted nucleotides were
flash frozen in liguid nitrogen and lyophilized overnight Lyophilized nuclectides were resus-
pended in 100 pl ddH, O and analyzed via HPLC-MS, pppGpp and ppGpp standard molecule
were purchased Jena Biosciences. pGpp was synthesized starting from conveniently protected
guanosine and employing both phosphoramidite and phosphotriester methods (51 Methods),

In vivo and in vitro analysis of (pp)pGpp via HPLC-MS

Nucleotide quantification was performed as described [ 14]. Briefly, nucleotides were analyzed
using ESI-TOF (miceQ-TOF 11, Bruker) mass spectrometer connected to an UltiMate 3000
High-Performance Liguid Chromatography (HPLC). 5 ul of standards or samples were
injected onto SEQuant Z1C-pHILIC column (Merck, PEEK 150 x 2.1 mm, 5 pm). M5 analysis
was performed in negative-ion mode over the mass range from 200 to 1,000 m/z. M5 calibra-
tion was done by using a sodium formate solution as the tune mix, Nucleotide standards of
AMP (346.0552 m/z), ATP (426.0215 m/z), GTP (521.9828 m/z), pGpp (521.9828m/z), ppGpp
(601.9491 m/z) and ppplpp (6819155 m/z) were diluted 10 times 1:1 from 1 mM until a con-
centration of 1.95 pM and analyzed by HPLC-MS as previously described [14]. Extracted ion
chromatogram (EIC) spectra of all standards were presented in Data Analysis (Bruker) and the
area under the curve (AUC) of the respective E1Cs was calculated in GraphPad Prism 5 (base-
line was set to 150). The obtained AUC values of the diluted standards were used to generate a
calibration curve. For absolute nucleotide quantification, the AUC of the samples was plugged
into the AUC values of the calibration curve and the concentration of the respective nucleo-
tides in the samples was determined. Nucleotide identification was verified by matching the
retention times and mJz values of detected peaks in the samples to the measured nucleotide
standards. To separate pGpp from GTP (56 Fig) we wsed an expectation-maximization (EM),
The relative amount of the first chemical component in the mixture is calculated as
I = Ejtﬂq:‘_ik. The second component was expressed as [; = 1-1).

The obtained concentrations of the adenosine nucleotides ATP, ADP and AMP ineach
sample were used to calculate the adenylate energy charge as described [B0].

H,0; killing assay

Strains were grown over night in CDM, diluted in fresh CDM to an 0D = 0.1 and growth fol-
lowed for 24 hours with different H, 0, concentrations in a microplate reader (Infinite M200,
Tecan). Hy(y, killing was determined by incubation of bacteria grown from an overnight cul-
ture to O Dg, = 0.3 followed by incubation with 80 mM H0, for 1 or 2 h. M1C determination
was performed according to European Committee on Antimicrobial Susceptibility Testing
{EUCAST) guidelines using CDM medium (atleast three biological replicates for each strain).
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RN A-Seq analysis

Strains were grown in triplicates to O Dge = 0.3, splitinto treated (ATc, 0.1 pg/ml} and
untreated control and grown for 30 min, 37°C. Purified RNA was sent to Vertis Biotechnologie
AG Freiburg for RNA Sequencing based on umina Next Seq 500 system. RNA was examined
by a capillary electrophoresis on a Shimadzu MultiNA microchip followed by eRNA depletion
using Ribo-Zero eRNA removel Kit from [umina, RNA was converted to cDNA by fragment-
ing KN A samples by ultrasound and ligating an oligonucleotide adapter to the ¥end of the
RMA. Using M-MLV reverse transcriptase first strand cDMN A was created using 3" adapter as
primer. The 5'Mumina TruSeq sequencing adapter was ligated to the 3'end of the purified

{ Agencourt AMPure XP kit) cDNA and PCR was performed. Samples were pooled in equimo-
lar amounts and fractionated in a size range of 200-500 bp using a preparative agarose gel and
Mumina sequencing was performed using 75 bp reads. RN A-5Seq analysis was performed using
CLC Genomic Workbench (Qiagen). Reads were rimmed (TrueSeq-Antinsense Primer
AGATCGGAAGAGCACACGTCTGAACTCCAGTCA) and mapped to the reference genome
of HGOO0L (NZ_CP018205.1). Differential gene expression was performed comparing Rel-Syn
or Rel() versus the (pp)pGpp” mutant. Venn diagrams were performed comparing Rel-5yn vs.
control and Rel() vs. control. Genes with at least 3-fold difference and a p-value 0,001 were
defined as differentially regulated compared to the untreated control. Annotation of genes are
according to recent “Awreowiki” annotation of strain 8325 (http:/faureowikimed.uni
greifswald de Main_Page) [44]. OF the previously identified RNA segments [B1] those anno-
tated as indep, s-indep, and indep-NT were regarded as potential regulatory RNAs (sRNAs)
and included in the analysis,

Supporting information

51 Fig. ATc treatment of strains containing empty vector pCG248, Strain HGOO1 and deriv-
atives were grown to 0D, = 0.3 and treated for 30 min with or withowt 0.1 pgfml ATc

{ mutant strains with inducible rel-Syn, rel() or empty vector). For Northern blot analysis, RNA
was hybridized with digoxigenin-labelled probes specific for sedA, finA, dps, per, agrA or psm.,
The 165 rRNA detected in ethidium bromide-stained gels is indicated as a loading control.
(TIF}

52 Fig. Ref-Syn induction in HGOO1 WT. Gene expression following rel-5pn induction in
HGOO01 wild type. HGOO1 was grown o OD g = 0.3 and treated for 30 min without or with
0.1 pg/ml ATc. Transcript were quantified by gRT-PCR on equal amount of total RNA. Statis-
tical significance was determined by two-tailed Student’s T-test, *p < 0.05, **p < 0.01,

“4p < 0001 and ****p < 0.0001

(TIF)

53 Fig. Ref-Syn induction in fur, per and sar mutants gRT-PCR results accompanying Fig
5. Quantification of mENA by gRT-PCR based on three biological replicates. Statistical signifi-
cance was determined by two-tailed Student s T-test, *p = 0,05, **p < 0.01,*** p < 0,001 and
2 p < 0.0001L.

(TIF)

54 Fig. H.0,; kill curves. Strains were grown to ODg, = 0.3 and then treated with 80mM
Ha(h for 1 or 2 he

(TIF)

55 Fig. H,(, does not induce stringent response in 5. aurens, Strains were geown to 0D g
= 0.3 and treated with mupirocin or Ha 05 for 30 min. RNA was hybridized with digoxigenin-
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labelled probes specific for find, dps, psm, agrd or rpsl. The 165 rRNA detected in ethidium
bromide-stained gels is indicated as a loading control in the bottom lane,
(TIF)

56 Fig. Elution profile of GTP versus pGpp analyzed using ESI-TOF (mice(3-TOF 11, Bru-
ker) mass spectrometer connected to an UltiMate 3000 high- performance liguid chroma-
tography analyzed using ESI-T'OF (nnnQ-TOF II, Bruker) mass spectrometer connected
to an NNNMate 3000 high- performance liquid chromatography,

(TIF)

51 Table. Strains and plasmids.

(DOCX)

52 Table. Oligonucleotides.

(DOCK)

51 Methods. Synthesis of guanosine 3"-0-diphosphate 5°-O-phosphate pGpp.

[ DOCX)

51 Data. Expression profile of all genes significantly affected upon induction of rel-Syn or

ref() Role categories and regulons,
(XLSX)

52 Data. Expression profile of all genes upon induction of rel-Syn or ref(Q,
(XLSX)
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Abstract

The stringent responze and ita signalling nucleotides, pppGpp and ppSpp. have boen the subject of intensa research since the dis-
covery of (p)ppGpp in 1969, Recent studies have revealed that the dovmstream events that follow (pjppGpp accumulation vary among
gpecies. Consaquently, the stringent response as initially characterized in Escherichia coli 1largely differs from the response in Firmi-
cutes (Bacillota), wherein synthesis and degradation of the messengers (p)ppSpp are orchestrated by the bifunctional Rel enzyme
with synthetase and hydrolase activity and the two synthetases SasA/RelP and Sask/Fell. Here we will summarize recent studies
supporting the role of (p)ppGpp in the development of antibictic resiatance and tolerance as well as survival under adverae emviron-
mental conditions in Firmicutes. e will also discuss the impact of elevated (p)ppGpp levels on the development of persister cells and
the establishment of persistent infections. (p)ppGpp levels are usually tightly controlled to allow optimal growth under non-stressed
conditionsa. the cnsat of certain ‘stringent conditions’ the sudden increase in (p)ppGpp levals limits growth while exerting pro-
tective effects. In Firmicutes, the (pjppGpp-mediated restriction of GTF accurmulation is one major mechanism of protection and

survival under atresses auch as antibiotic exposura.

Keywords: (pjppGpp, stringent response, persistence, antibiotic tolerance, antibiotic resistance, stress survival

Introduction

The stringent responss or stringant control is 3 bacterial response
to different forms of stress and is characterized by the synthe-
iz of the messenger molecules ppp&pp and ppSpp (hersafter re-
ferred to as (PIppGpE). (FOr recent raviews, see Zhu et al. 2015,
Das and Bhadra 2020, Fernandez-Coll and Cashel 2020, Pacios et
al. 2020, sinha et al. 2020, Steinchen ot al. 2020, Andarson et al.
2021, Bange etal 2021, Irving etal. 2021, Fulschen et al. 2021). One
main feature of the stringant control is to keep macramoelecular
synthesis dghtly coupled to nutrient availability and growth rate.
Accordingly, (PIppGpp can specifically block replication, transla-
tor, and transcription (Steinchen et al. 2020, Anderson et al. 2021,
Irving et al. 2021). However, the downstream events that follow
[DPpSPP accumulaban may vary among species and resultin dis-
tnct phenotypic cutcomes. There are rmajor differences betwaen
the stringent response initially characterized in Escherichia coli and
the response in Firmicutes. Differences can be seen not only in
the pheanotypic consequences of (FPpGPp accumuladon but also
in tha main players invalved in the synthesis and degradation of
the messengers. The role of (p)ppGpp in bacterial survival, antibi-
atic resistance, and tolerance as well as persister cell formation
has mostly bean analysed in Protecbacteria. Here we will discuss
whether and to what axtent this holds true for Firmicutas.

Wwe will emplay the recent consansus definiions to discrim-
inate between antibiotc resistance, tolerance, and persistence
(Balabtan et al. 2019). Antbiotic resistance is characterized by 3
higher minimal inhibitory concentration (MIC) due to the genetic
camiage of 2 resistance factor. Antibiotic-resistant bacteria not

only survive otherwise lethal doses of antibiotics but can also
replicate in the presence of antbictics.

In contrast, antbiotic tolerance describes the ability to survive
transient exposure to lethal concentrations of antbiotics with-
out exhibiting an elevated MIC. Further, antibiotic-tolarant cells
not only survive antbiotic treatment but can ragrow aftar the ra-
roval of the antibiotc. Antibiotic tolerance canbe detected by the
overall slower killing of the whole population in time-kill assays
and can be quantified by the metric minirmum duration for killing
(MDE) or by the TDtest, & modified dizk-diffusion assay that en-
ables the semi-quantitative evaluation of tolerance level [Gefen ot
al. 2017, Kotkova et al. 2015),

The term antibiotic persistence describes a subpopulation of
bacterial persister cells thatsurvives intensive bactericidal antbi-
otic freatment without being antibiotc rasistant, whereas the ma-
jority of the initial population is antibiotic susceptible and there-
fore rapidly killed. This phenomenon is characterized by a bipha-
sickilling curve and therefore antdbiotic tolerance and persistence
can be distinguished in a time-kill assay (Braunsr et al. 201&). Bac-
terial persister calls are phenotypic variants that enter a dormant
or slow-growing state and become ransiently antbiotic-tolerant
(Lewis 2007, Balaban et al. 2019). Hereof the term “persistentinfec-
ticns’ needs to be distinguished, meaning difficult-to-treat infec-
ticns that are not cleared by the host immune system. Parsistent
pathogens are difficult to eradicate with standard antimicrobial
therapy as they deploy many repulatory strategies 2.g. the sinin-
gant response, to compensate unfavourable host envircnrmental
conditions.
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(p)ppGpp making, breaking, and function in
Firmicutes

(P)ppGpp making

(PIpCpp is synthesized by RelA-SpoT-homologs (RSH), which
catalyse the transfer of pyrophosphate originating from ATP to
the 3" OH group of GTF, GDFE, or GME Long BEH enzyTnes, charac-
terized by an M-tarminal enzymatic domain bearing distinct mo-
tifs for (p)ppGpp synthetase or hydrolase actvity and a <-terminal
repulatory domain, are present in nearly all bacteria and display
both [p)ppGpp hydrolytic and biosynthatic activity (Atkinson at
al. 2011, Bange ot al. 2021). Firmicutes possess one long BSH en-
zyme, Rel. Amino acid limitation through the accumulation of un-
charged tRMAS is sofar the only commeon condition that has been
showm to induce the (plppGpp synithetase activity of Rel (Gaiger
et al. 2010, Fausch et al. 2020). Rel can be allosterically activated
by ([PippSpp (Roghanian et al. 2021), and its actvity can be mod-
ulated by the second messenger c-di-AMP (Corrigan et al. 2015,
Peterson et al. 2020, Kriger et al. 2021, Heidemann et al. 2022). In
some Firmicutes, kel directly interacts with the c-di-AMP-binding
protein Dark, thereby linking potassium deprivation with a strin-
gent response (Kriger et al 2021, Ainelo et al 2023). In Bacilius
subtilis, lipid starvation (Fulschen et al. 2017), heat shock (Schafer
etal 2020, or certain antibiotdcs (Yang et al. 2022) can also induce
Rel-dependent (pIppGpp synthesis by so far ill-defined mecha-
nisrms.

In addition to the long REH Rel, Firmicutes possess ana or two
amall alarmone gynthetases (2AZ), SasA/RelF and sazB/Reld. The
(P/PPGEP synthesis by SAS enzymes is induced through transcrip-
tional activation of the encoding genes and/or post-translational
mmcdifications. For example, RelF and RelQ from Staphylococous au-
reus are part of the VraRs cell-wall stress regulon and are induced
after vancamycin treatment (Geiger et al. 2014). In B. subtilis, phaos-
phorylaton of the response regulator Walk controls the hetaroge-
nequs exprassion of RelP (Libby et al 201%), while in Clostridioides
difficile, sl transcription is induced by sublethal concentrations
of different antbiotics |clindamycin, metronidazele, vancomycin,
and fidaxomicing (Fokhral et al. 2020, Poudel et zl. 2023). Fost-
translational activatioryinhibition of SAS proteins is also impot-
tantfor function. Reld from B subtilis and Enterococcus faecalis form
tetramers (Steinchen et al. 2015, Beljantzeva et al. 2017). Reld ac-
tivity is strongly inhibited through the binding of single-stranded
RIA (22EMA). (PIppGPP binding leads to disassociation of the Reld;
RMA cornplex and activation of el (Beljantseva atal 2017). RelP
activity is inhibited by both ppp&pp and ppGpp, activated by Zns+,
and insensitive to inhibiticn by RMA (Manav et al. 2018, Steinchen
et al. 2018). Whereas in 5. aureus, RelQ sesms to be insensitve to
ssRMA, and RelF i3 not allosterically sdrnulated by the addition
of ppPSpp, PPGPE. oF PEPP (Yang et al. 201%). In this bactarium,
Feld is mainly held in an inactve state when overaxpressed (Hot-
vatak et al. 20200 Thus, the expression and activity of RelF and
Reld) seem to differ considerably betweaen species, although these
twro proteins are highly homologous. Fost-translational regulatory
mechanisms are likely important to fine-tune (pppepp synthesis
under different growth conditions.

(p)ppGpp breaking

Rel is 8o far the only described enzyme to degrade (p)ppCpp
in Firmicutez and thus important to reset the systam. Un-
der non-inducing conditicns, Rel is primarily in a hydrolase-
on/synthetase-off conformation (Gratani et al. 2018), while
starvad ribosomes are sufficient to inhibit the hydrolytic actvity

(Tekada etal. 2021). The strong hydrolase activity of Rel fram 5. au-
renis Inakes the enzyme essential for the detoxification of (p)ppGpp
produced by RelF or RelQ (Geiger et al. 2010). In B. subtilis and E. fae-
calis, rel utants are viable but severely impaired in growth due
to (p)ppepp overproducton (Srivatsan et al. 2008, Gacaetal 2013,
Ababneh and Hermman 2015). The hydrolase taha of B subtilis effi-
ciently tyrdrolyses (FIppGEP to produce pGpp, thereby modulating
alarmone composition and functon (yang etal. 2020). The results
indicate the existence and physiclogical relevance of pGpp a& 2
third alarmone, with functions that can be distinct from those of

[PIFPSEP.

Targets of (p)ppGpp

In gram-positve pathogens, the stringent response plays impaor-
tant noles in virnulence (for reviews, see Kundra et al. 2020 and
antibiotic tolerance (discussed below). The global transcriptional
effects of (p)pp&pp have bean examined previously in several Fir-
micutes, such as B. subtilis (EyTnann et al. 2002), Streptoocis phet-
momiae (Kazrmierczak et al. 2005, E. fozcalis {Gaca et al. 2012), Smep-
tococcus mutans (Mascimento et al. 2008), and 5. aursus [Geiger et
al. 2012, Horvatek et al. 2020). Many of the cbearved downstream
effects are mediated via specific binding of (p)pp&pp to target pro-
teins resulting in inhibiticn of replication [Cnas), dbosome func-
tion (Rsga, Rbga, Der, Era, HIX, and CbgE), secretion (Ffh and
Ft=), and GTF synthesis (Guag, HprT, Gmk, GApE Pde, PgpH, and
FurR) (for reviews, see Steinchen et al. 2020, Ander=on et 2], 2021,
Fegarra et al. 2023). Mareover, [p)ppSEP can control transcription
via (pippGpp-specfic riboswitches (Sherlock et al. 2018).

f note, in contrast to E. coli, (plppGPp in Firmicutes does not
interfers with RMA polymerase actvity (Haurylink et al 201s).
Instead, in thesa bacteria, (p)pp&pp regulates transcription in-
directly by strongly lowaring the intracellular GTP pool (EKrasmy
et al. 2008, Geiger et al. 2012, Kral ot al. 2012, Kastle <t al
2015). A decreasze in the STP levels lzads to the repression of
nucleotide-sensitive, GTR-inidating promaters, e.g. those of TRMNA
genes (Erasmy and Course 2004, Kastle et al. 2018). Low GTF lav-
els also affect the CodyY regulon in mest Firmicutes. The tran-
scription factor Cody, when loaded with GTF and branched-chain
amino acids, acts mainly as a repressor of many genes involved in
armino acid synthesis and vinilence (Pohl at al. 2005, Majarczyk ot
al. 2010, Geiger and Wolz 2014). However, GTF iz not a co-factor for
CodY in streptococd (Zhu et al. 2019). Recantly, itwas showm that
(0)PPEPP also targets the transcriptional repulator Furk, which
adds a further mechanism how the alarmaonse can modulate tran-
scription (Anderson et al. 2021). The mechanism of actvaton of
the stringent response and the main effect of (p)ppGpp on bacte-
rial physiology in Firmicutes are summarized in Fig. 1.

(P)PpGpP and antibiotic resistance

(PippGpp and -lactam resistance in MRSA

Antbiotic resistance represents a growing threat to global health,
and the climical burden of infections caused by antimicrobial-
resistant pathogens is immense. Hereby, methicillin-resistant 3.
aureus (MESA) is of particular concem. In the last few years, sev-
eral groups have cbserved connectons between methicillin re-
sistance in 5. qureus and the stingent response (Table 1) Methi-
cillin resistance is conferred by the presence of the meca/mecc
gene that encodes the penicillin-binding protein FEF2A, 8 pept-
doglycan transpeptidase with extramely low affinity for methi-
cillin and other g-lactam antibictcs (Hartman and Tomasz 1384).
KMupirocin inhibits the bacterial iscleucyl tRMA synthetase and, a3
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Figure 1. Activation of the stringent responze, synthesiz of (PjppGpp, and main effects of (pippGpE on bacterial phy=iology in Firmicutes,
Rel-dependsnt (plppGpp synithesis is induced during aminc zcid starvation {by sensing of stalled ribceomes by Bel), but in B. subtiliz also during lipid
starvation, heat shock, and antibiotic stress. BelF and Rel] are activated during cell wall stress by the bao-component systems VraRs in 5. aurgus or
WalkR in B. subtilis. Rel(] is alsc activated via the (plppGpp-induced releaze of an inactivating ssRMA. The substrates for synthesis are GTF or GOP and
ATF, and the reaction is catalyzed by the synthetase domain of Rel and SAS enzymes (RelF/Ral). (pIppGrp degradation coours solely by the hydrolaze

domzin of Bel. Accumulztion of (p)ppGpp modulates then bacterial physiology by dirs

ctly binding to 3 varisty of enzymes or via loerering of the GTP

pocls, Low intracellular levsls of GTP and BCAA relieve the repression of the transcriptional regulater Cod™. In additicn, GTF deplstion =presses the
trarscrption of genss, g, tRNA operons, requiring GTF a& their indtating nucleatide. Created with BioRender.com.

such, induces Rel-dependent (pjppGpp synthesis. Mupirocin treat-
ment of MESA strain M315 in combination with the Ag-lactam an-
thiotic axacillin increases the expression of mecA, pbpE, and phpD
and confars rasistance towards oxacillin (Aedo and Tomasz 2016).
Further, induction of the stringent response convertad an initially
heterogeneous population with only a small subset of bactarial
cells extremely resistant o g-lactame into a2 homogensous and
highly resistant population (Eim et al. 2013, Aado and Tomasz
Z01&). Mwrangl et 3l used mutant selection and whaole gpenome
sequencing to identify two peint mutations in rel that conferrad
high-level resistance [Mwangi et al. 2013). Both mutatons im-
paired the hydrolaze activity of Rel and thus increased (p)ppCcpp
levals. The mutant phenaotype could be pardally rescued by addi-
tonal loss-of-functon mutations within relQ. These data indicate
that (pippGpp produced by either Rel or RelQ can result in en-
hanced oxacillin registance. In strain MN215 rel] deletion alone did
not affect the level of g-lactam resistance (Matsuo et al. 2013).
However, overexpressicn of relg did result in an elevated MIC
for cwacillin. In Streptococcus preumenine, inhibition of (pIppSpp

synthesis as well as other interactions in purine metabolism lead
to reduced g-lactam and glycopeptide sensitivity manifested by

increased relative growth (Lashchiner et al. 2022). In SUnImAry, an

impact of (p)ppGpp on cxacillin resiztance is supported by several
studies.

(pippGpp-defective bacteria show decreased MIC
for diverse antibiotics

(FIppCpp alsoinfluences the sensitvity of bacteria to other antbi-
otics (Table 1). & (F)ppGPP® (commen nomenclatare for a strainin
which all synthetasas are mutated) strain of E. faecalis showed en-
hanced sensitvity not only towards the cell-wall targeting antbi-
otic vancomycin (Abranches et al. 2005), but also to the bacteri-
cidal drugs norfloxacin, ampicillin, and chloramphenicol (Gaca f
al. 2013). 5. aureus and 5. preumoniag gl mutants wera shown to dis-
play a significantly higher susceptbility towards mupirocin than
the parental strains (Kazmisrczak et al. 2005, Geiger et al. 2010).
It is assumed that upregulation of genes involved in isoleucine
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biosymthesis in the wildtype but not in the mutants increases the
intracellular levels of iscleucine, which antageonizes mupirocin
and thersby enhances the MIC (Seigar et al. 2017,

In B. subtilis, (p)ppopp-mediated signalling was shown to en-
hance the expression of the ABCF ATFPase VmlE—a resistance
factor conferring resistance to the translation inhibitors pleu-
romutling, linecsamide, and type A streptogramin—during chal-
lenge with VmniR-cognate antibiotics (Takada et al. 2022). Signif-
icant inhibition of translation is the key to VmlR inducton. Ac-
cordingly, wmlR mainly functons during the statonary phase,
when mutrients are zcarce, and bacteria accumulate ([pippSpp.
(P/PPGPP accumulation reduces translation initation by binding
of (PIppGPE to the initaton factor 2 (IFZ) and associated GTPases
(Corrigan et al. 201&, Diez et al. 2020). Thus, genetic disruption of
vmiF. or the (pjppGpp synithesis pathway causad sensitivity to the
pleuromutlin tiamulin, lincosamides such as the natural prod-
uct lincomycin, as well as the more potent semi-synthetic an-
tibictic clindamyein, the recently developed fully synthetic ibox-
amycin, and the type A streptogramin virginiamycin M1 (Takada
et al. 2023). Moreover, specific binding of molecularly imprinted
nanoparticles (MIP-MF) to (p)ppepp led to 3 significantincrease in
antibiotic efficiency rates (kanamycin, oxytetracycline) both in E
colf and 5. aureus (Chen et al. 2022).

(PIppGpp is needed to prevent the bactericidal
effect of antibiotics

Mat only is the MIC of 3 varety of antbiotics lower for (p)pp&pp-
defective bacteria, but there have also been several studies show-
ing that antibiotcs that exhibit bacterjostatic actvity in wild-
type cells become bactericidal in (p)ppGpp-deficient cells (Table 1)
(Eazmierczak et al. 200%, Geiper et al 2010, Gaca et al. 2013,
Fulschen et al. 2017, yang et al. 2023). For example, rang et al.
not only observed a decreased MIC for the bactericstatic antbi-
atics chloramphenicol and tetracycline but also the bactericidal
activity of these anthiotics in (pjppGpp-defective B. subtlis [rang
etal 2022), similar to what was observed for cerulenin treatment
(Pulechen et al. 2017).

#ltogether, increased antibiotic resistance towards several an-
tibiotics was cbearved to correlate with high (pIPPGpp CONCEn-
trations. (pippGpp-mediated resistance might be conferred by up-
repulation of resistance ganes, e.p. mecA (Aede and Tomasz 201E),
slow growth, e.g via inhibition of translatdon (Cerrigan et al. 2018),
and/or (p)ppSpp related changes in the nuclectde pool. The lat-
ter iz supported by the observation that purine availability and
metabolism, which are unbalanced in (p)pp&pp-defective 5. au-
reus, can control antbiotc susceptibility towards oxacillin (Molan
et al. 2022). Further studies are needed to clarify which of these
putative machanisms is respansible for the antibiotc resistance
abzerved in the different cases.

(p)ppGpp and antibiotic tolerance

Antibictc tolerance is an important contributor to antibiotic
treatrnent failure, but it also acts as a precursor to antbiotic re-
sistance [Levin-Reisman et al. 2013, Windels et al. 2013). As most
antbiotics target active metabolic processes, a decreased growth
rate and reduced metabeolic activity contribute to the develop-
ment of multidrog tolerance. (P)ppGPR leads to an immediate
shut-down of replication and translation (for reviews, see sinha
et al. 2020, Zegarra et al. 2023), and high (p)ppSpp levels likely
contribute to antbiotic tolerance. This assumption is supported
by the following studies (Table 1).

Contribution of small alarmone synthetases
(SAS) to antibiotic tolerance

In 5. aureus, relP, and reld expression is specifically induced af-
ter treatment with the cell-wall actve antbiotics ampicillin and
vancomycin (Geiger et al. 2014). The elevated (p)ppSpp levels in
turn protect from antibiotdc killing, since a relPq double mutant
showed a reduced survival rate upon treatment with these an-
tibiotics, but no difference in MIC betwean wild-type and relpg
mutants could be observed (Geiger at al. 2014). Likewise, muta-
ticn of iks, encoding the isolsucyl-tRMA symithetase, leads to Rel-
dependant {p)ppGpp synthesis and again increasad vancomycin
tolerance (Singh et al. 2017). similar cheervations wera reported
for E. faecalis. In growth curve expariments with sub-inhibitory
concentrations of vancormycin, enhanced tolerance was observed
in a rglA mutant strain that exhibited higher (B ppGpp levels due
to missing hydrolase activity (abranches at al. 2009). By contrast,
a relq mutant strain grew slower than its parental strain and was
more rapidly killed in fime-kill experiments using a 5x MIC of van-
comyin. In B. subtilis, chloramphenicol treatrment resulted in Rel-
dependent (p)ppSpR synthesis and thereby increased tolerance to
vancomycin (rang et al. 2022).

The impact of [p)ppSpp on tolerance towards other antibi-
ofics i3 less clear In E foecalis, 3 (p)ppepp” (rel, reld) strain is
more sensitve to killing by norfloxacin and ampicillin (Gam et
al. 2212). In methicillin-sensitive 5. aureus (M354), mutations of
rel that likely lead to higher (p)ppSpp accumulation and an over-
all stringent-responsse-like transcription pattern have besn linked
to ciproflowacin tolerance (Matsuo et al. 2015). However, Geiger et
al. did not cbearve ciprofloxacin tolerance in 5. qureus muutants
with defective (p)ppCpp synthetases (Geiger et 3l 2014). During
prolonged daptomycin axposure, 2. aureus acquired several mu-
tations, one of which was within rel (L&1F). A de nove-generated
strain carrying the scle mutation LE1F in Rel was less susceph-
ble to daptomycin in dme-kill assays (Berti at al. 2013). Of note,
it is not clear whathar the mutation made the bacteria produce
more of 1less (p)ppopp. Chemical inhibition of ral by the (p|ppGER
analog relacin or transcriptional repression by antisense rel RHA
reduced tolerance to clindamycin and metronidazole (Fokhrel et
al, 20200, Very recently, rang of al. showed that B, subtilis and E foe-
calis produce (p)ppGPE in response to chloramphenicol treatment
through rel, which protected the bacteria from antibiotdc killing
(rang et al. 2022). The protectve effect could be linkead to the de-
creased intracellular GTP pool. Elevated GTP levels in a (Bippopp”
strain promaoted the bactericidal effect of chloramphenicol. The
widely used antmicrabial triclosan is a bactericstatic inhibitor of
fatty acid synthesis and has been shown to increase tolerance to
bactericidal antibictics in E. coli and MESA (Westfall et al. 2015).
Very recently, it has been ehown that triclosan treatment induces
antibiotic tolerance to ciprofloxacin and vancomycin via the strin-
gent response in 3. qurews planktonic cultures and biofilms (Walsh
et al. 2023).

Biofilm-related antibiotic tolerance

Biofilms are normally more tolerant to high concentrations of an-
tibiotcs than planktonic cultures. In 3. aursws, we could show that
vancomycin-induced relFQ expression contributes to biofilm for-
mation and biofilm-related antibictic tolerance. Thus, RelP and
Ral play a2 major role in biofilm formation and maintenance
under cell wall stress conditions (Salzer et 2l 2020). A persis-
tent vancomycin-resistant Enterococcus faecium (VEE) isolate har-
boured a rel mutation, resultingin elevated (p)ppGpp levels (Honza
et al. 2017). The strain showed tolerance towards linezelid and
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daptorycin when growing in biofilm but remained susceptible in
MIC testing and during planktonic growth.

In summary, sevaral studies indicate that elevated (p)pRSEER
gither through mutations of the Rel hydrolase or via actvation of
synthetazes, can contribute to antibiotic tolerance without nac-
esearily conferring resistance. Howevar, (pippGpp is likaly not the
anly or even the main trigger for bacterial tolerance.

(P)PPGpp and formation of persister cells

The melecular mechanisms underlying persister cell formaticon
ara highly debated, and the role of (p)ppGpp in thiz process re-
mains unclear (Balaban et al 2013, Kaldalu et al. 2016, Kaldalu et
al. 2020, Pacios et al. 2020, Song and Wood 2020, Fernandez-Garncia
gt al. 2022, Verstraste et al. 202Z). Fersister cells are thought to be
‘dormant’ subpopulations that can eitharbe carried over from the
staticnary phase (Type I) or formed by stochastic switching dur
ing exponential growth (Type [I) (Balaban 2011). The current stan-
dard method for persister identification at the population levelis a
biphasic killing curve. In many studies claiming to analyse persis-
ters such a two-phase kill curve is not demoenstrated, hamperng
the interpratation of many findings. The term ‘triggersd persis-
rance’ indicates a faorm of perzistence that is induced oy pardou-
lar signals. Fersistence seems to be an evalvable frait, indicating
the existence of active mechanisms that form and maintain the
persister phenotype fwilmaerts et al. 2013, Verstraste af al. 2022).
However, it was also assumed that persistence arises as a resultaf
stress and errors (FASH hypothesis-Persistence as stuff happens)
rather than 'stochastically’ as a form of "bet hedging” (Levin et al.
2014, Fernandez-Garcia et al 2022).

(P)ppGpp heterogeneity on the single cell level

Mavertheless, genetic factors can impact persistence lewals.
[PIPPGPP and toxin/antitosdn systemns were discussed as major
triggars for dormancy/persistence, at least in Froteobacteria (Ko-
rch et al. 2003, Amato at al. 2013, Helaine et al. 2014, Chowd-
hury at al. 2016, Svenningsen et al. 2019, Fontes and Groisman
2020, Urbaniec et al, 2022, Varstraete ot al. 2023). However, the
low frequency combined with the transient nature of persister
cells makes them wvery challenging to study. Some models as-
sume that stochastic (pppSpp synithesis in 3 very small num-
ber of cells leads to persistence. 3o far, ithas not been possible to
measure the levels of (p)ppSpp in single calls, and such assump-
dons are based on the stochastic expression of soingently regu-
lated marker genes. However, most of the marker genas are also
highly regulated independently of [p)ppSpp. The first paper de-
scribing such stochastc (p)ppSpp-dependent regulaton in E. coli
has been retracted (Maisonneuve at 3l 2018), and the assumption
has been challenged by several groups (Ramiseftty et al. 2016, Liu
atal 2017, Goormaghtigh et al. 201%). Internalization of Salmonelia
by macrophages induces phenotypic hetarogeneity, leading to the
formation of non-replicating persistars, which could serve as a
reservoir for relapsing infection. Deleton of relA and spoT resultad
in decreased persister numbers, supporting that (pIppGPp con-
tributes to persistence under these specific conditions. However,
in many species, (PIppGPp mutants are often severaly impaired in
many processes and often gain compensatory mutatons. Thus,
these studias ware questicned for their ability to conclusively de-
tarmine the irmvolvement of (pIPpGpPp in persister cell formation
(Ealdalu et al. 2020, Pontes and Groistnan 2024).

It was also proposed that inactivaton of ribosomes via
[DppSpp-dependent dimerization i3 a general mechanism lead-
ing to persistence (Seng and Wood 2020, Fernandez-Garcia et al.
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20272). In E. coli, (p)ppGpp sdmulates the expression of hibernation
factors to dimerizae 705 ribosomes into 1003 ribosomes (Song and
Wood 2020). Ribosome dimerization protects rbosomal proteins
and rEMA from degradation while allowing rapid recaovery from
stress upon dimer dissociation. For E coli, it was shown that such
resuscitation from the dormant state is heteropeneous, and per-
sistence decreases in the absance of (pIppGpE Howsever, (FIPpGER
did not affect the resuscitation of single-cell persisters (Chowd-
hury et al. 2016, Kim et al. 2018).

Is there evidence for a role of (p)ppGpp in
persister formation in Firmicutes?

In 5. aureus, persister formation following ciprofloxacin or gen-
tamycin exposure does not require (pppspp since a (pIppGpp°
mutant shows a similar rate of persister formation (Conlon et
al. z01&). Hibernation is contrelled by one leng hibemation-
promotng factor (HFF) homoelegue and two translaton factars.
For resuscitation, 1005 ribosomes are split synergistically by the
action of ribosame-recycling factor (REF), GTFase elongation fac-
tor G (EF-3), and HIfX (Gohara and “rap 2018). Expression of hfp and
the recycling factor nflX is independent of (p)ppGpp (Horvatek et
al. z020). However, HAX was shown to bind (pippGpp (Corrigan et
al. 201&). Furthermore, disassambly of the 1005 ribosome strictly
requires STF hydrolysis (Easu and Yap 2017, Basu et al. 2020).
Thusz, the changing nuclectide pools upon stringent response are
likely to impact 1005 disassembly on the protein level and thus
may contribute to rapid growth resumption. In B subtilis, induc-
ticn of a (p)ppGEp synthetase-encoding gene in 2 pppGpp© strain
resulted in 100 & rbosome formation [Tagami et al. 2013), further
indicating that also in Firmicutes, (pippGpp is imvolved in hiber-
nation and/or disassembly of 100 5 ribosomes. Howevar, whether
such processes are stochastic and thus involved in persistent for-
mation remains unclear.

In E. subtiliz, there is evidence for stochastic (pippCpp synthe-
sig. Cultures experiencing mutrient limitation contain distinct sub-
popualations of cells exhibiting either camparatively high or low
protein synthesis actvity. This heterogeneity i= determined by
(FIpGpp levels (Libby et al. 2015, Diez et al. 2020, Diez ot al. 2023).
zasA encoding the small synthetase SasA/RelF axhibits high lev-
els of extrinsic noise in expression. Rare cells with unusually high
levels of sasA expression display increased antibiotic tolerance.
sasA expression depends on the transcription factor Walk, which
is in turn regulated via multisite phosphoryladon by the Ser/Thr
kinase-phesphatase pair FrkC/PrpC and the histidine kinasa walk
of the WalkR two-componant systam (Libby et al. 201%). Further-
more, the absence of any of the (plppGpp synithases results in the
lozz of bimodality. Rels and SasB/Rel]) activities are necazzary to
generate the subpopulation of cells exhibiting low protein syn-
thesis. Interestingly, SasA/RelP generates the subpopulation with
high protein synthesis (Diez et al. 2022). This complex interaction
is likely due to allosteric regulation of Sase/Reld by the SasaA/RelF
product pGpp and the Rela product pppGpp.

It wae also shown that in B. subtilis, a drop in GTF pools due
to induction of the stringent response induces persister forma-
tion, and &TF was implicated as the major metabolic effector
of (pippGpp-mediated persistence (Fung et al. 2020). Altogether,
this complex interaction indicates that (p)ppGpp expression is in-
dead hetarogeneaus in B subtilis and might thus contribute to the
persistar phenotypa. Whether similar regulation eocurs in other
Firmicutes is lase clear since, albeit highly homeologous, the SAS
enzymes can show major differsnces with regard to gene -
prassion and allosteric regulation (yang et al. 201%). For exam-
ple, in 5. qureus, relP and rell are under the contrel of the VraRs
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two-component system (Geigar et 2l. 2014), whersas in B subtilis,
at least relF is controlled by the WalkR systern (Libby et al. 2019).
In 5. aureus and E. fagcalis, (pIppSEP contributes to antibictic tol-
erance (Abranches at al. 2003, Gaca et al. 2012, Geiger et al. 2014).
wWhether this indicates a role for (pippGpp in triggerad persistence
is less clear since clear biphasic kill curves were not provided in
the above-mentoned studies.

(p)ppGpp and survival in persistent
infections

Whereas the role of (p)ppGpp in persister cell formation is sdll
controversial, there iz avidence that (pjppGpp contributes to es-
tablish long- term (persistent) infections in diverse host niches. Of
note, the term “persistentinfection’ has tobe clearly distinguished
fram 'andhiotic persistence’ described above. Fersistant infecton
is generally usad to describe infections in the host that are not
cleared by the host immune system, whereas antibiotic parsis-
tence describes a bacterial populaton that is refractory to antbi-
otic treatments (Brauner et al 201, Balaban et al. 201%). There
are several studies indicating that elevated basal (pjppCEp levals
and/or induction of the stringent responise i vive contribute to
the development of persistent infections.

Increased (p)ppGpp synthesis promotes
persistent infections

In E. faecalis, it has bean observed that during prolonged blood-
stream infection in an immunecomnprormized host, rela missense
mmuutations arise that constitutively activate the stringent re-
sponse. Thess mutations were assodated with a fitmess tradeoff
but also increased antibiotc tolerance in vive and delayed erad-
ication in an immunocormnpromized host (Honsa et al. 2017). Mo
changs in MIC for several antibiotics, including these that had
bean administered to the infectad patient was cbserved.

Likewise, after 5. aureus persistent infection a strain with higher
(PIPpCER levels due to mutations of rel (F1287Y) was isclatad (Gao
et al. 2010). Elevated (pippopp levels increased resistance to g-
lactam antbiotics and provided a significant fitnezs advantage
in presence of bactericidal antbiotics as 2 result of (pipp&pp-
mediated reduced growth (longsr lag time and/or lover growth
rate) (Bryson et al. Z0Z0, Deventer ot al. Z022). MOTEOVEr, SVEn
strains from persistent bacteremia without mutation within rel,
relP, or relq ware shown to display significantly higher (plppGER
levels compared to MREA isolates from resolving bacteremia (Li et
31.2020). The persistent strains also showed high exprezsion of the
virulence peptides phencl-soluble moduling (FEmMs), higher paly-
morphonucleate (PMM) lysis and survival, and endothelial cell ad-
herence, which ware linked to the elevated (p)ppSpp levels. The
molecular basis for the uprepulation of (p)ppepp in these strains
rarmnaing unknowT.

Collectively, in 5. aureus a5 well as in E. foecalis an increase in
(PIPPSER levels has been linked to more chronic persistent infec-
tions. The mutations might have been selected due to their im-
mune evasion propartes or their higher antbiotic tolerance phe-

notype.

(p)ppGpp growth control and survival in
vitro

(PIPPSEP is a major regulator of growth-rate control in E. coli
(Potrykus et al. 2011, Ahn-Horst et al. 2022). Howevar, the effacts
of (PlppGpE on global protein synthesis and survival to starvation

seern to be highly depandent on the conditions (M- vs C-limitation)
(Iyer et al. 2018). In 5. aursus, pppGpp® mutants are stll able toin-
hibit rRMA synthesis in the later growth phase (Kastle et al. 2015).
Thiz indicates that, at least in 5. qureus, (p)ppSpp-independent
mechanisms also account far growth-rate control when nutrients
become limited. {pjppCpp seems to have different roles depand-
ing on its abundance in the cell (Fermmandez-Coll and Cashel 2020).
The role of (p)ppSppin bacteral survival under non-stressed con-
ditions, i.e. when the levels of (p|ppGPp are low, is less clear I was
proposed that basal levals of (p)ppCepp may have different effects
than high lewvel bursts during stressful situations (Fernandez-Call
and Cashel 2020). Sevaral binding parners of (p)ppGEE have bean
unceoverad, displaying dissociation constants from below one mi-
cramaolar to rmore than one millimalar. Mucleotide metabolism en-
Eymes are amaong the first targets to be affected by rising (FIppSEE.
while more fundamental processes such as DMA replication are
among the last (Steinchen et al. 2020). (pippSpp? strains in Fir-
micutes usually show no growth defect under non-stressed con-
ditions, eg. in rich medium (Abranches et al. 2005, Geigar et al.
2010, Eriel et 2l. 2012), However, (plppGpp” mutants have altered
ranscriptomes, even under non-stressed conditdons (Taca et al
2013). and basal levels of (p)ppGpp seem ta ba important to main-
tzin GTF homeostasis in Firmicutas but not in Froteobacteria (An-
dersan at al. 2019). After shift to amine acid limiting conditons a
suddan raise of (p)ppSppis necessary to protect the bacteria from
death (eiger et al. 2010, Kriel et al. 2012, Bittner et al. 2014, Kriel
et al. 2014). [n B. subdiis, it was shown that controlling GTF ac-
curnulation iz required for surnvival during amino acid starvation
{Bittner et al 2014). Manipulating the GTF levals in pppspp” mu-
tants provided evidence that GTF regulates growth rate in 3 dose-
dependent manmner in B. subtlis. In the wildtype, (p)ppSpp restricts
the upper limit of GTP to ensure optimal growth and survival.

Inhibiticn of fatty acid synthesis by cerulenin in E. subtilis was
aleo found to be lethal only in the absence of (pjppGpp synthesis
(Fulschen et al. 2021). Adaptation to fatty acid starvation in wild-
fypa bacteria requires the acdvity of the Rel synthetase, althaugh
(DIPPSPp levels remnain below detection limit. Thus, (pPippGrEp-
mediated balancing of the GTF/ATF ratio iz essantial for bacterial
survival at least under certain conditicns (fatty acid or amino add
starvation). Under such conditions, the GTP/ATF ratio in pppGpp”
strains remnains high and probably keeps the coll growing, which
will eventually perturt mambrane functon and lead to cell death.

In certain media, the survival of the 5. aureus (p)ppGpp” mutant
is diminished in the stationary phase, which has also been linked
to uncontrolled GTR accumulation (our unpublished data). In the
stationary phase, 5. aureus acquires tolerance towards oxidative
stress by maintenance of redox and iron homeostasis, which is
mediated by (plppGpp (Fritech et al. 3020, Horvatek et al. 2020).
Censistenty, in the (pjppGpp® mutant, the anticoddant stress re-
sponise penat wars induced dus to elevated ROS levels in the sta-
ticnary phase (Fritsch et al. 20Z0). (p)ppSpp synthesis by the in-
ducible synthetases resulted in the actvation of ROS-inducing
towing and the simultanecus expression of detoxifying systarms
to protect the producer. Thereby, (pippGpp prepares the cells for
survival to elevated ROS (Horvatek et 2. 2020). Thus, in 5. aureus,
(DIPPSPp not anly confers tolerance to antibiotics but also to KOS
(Fritschet al, 2020, Horvatek et al. 2020), although oxidatve stross
per s does not seemn to induce (p)ppGEp synthesis.

Conclusion and outlook

& tight control of (p)ppGpp level is crucial for bacterial growth
and survival. This balance is achieved ty the activity of three

ey ey ey pepeo|UMO

) OIS dno MU ap e

)
o

£ZOF Jaguiancp |7 uo Jasn ualiuigen | 1eepsiaann A £7E0/ 04600 PERn WSS R L D L A



Appendix

[OppGpp synthetases (Rel, Relf, and Reld) and the strong hydro-
lase activity of Rel. Rel and RelQ-dependent (p)ppCpp synthesis is
usually restricted and activated under certain conditions, includ-
ing amino acid limitation and allesteric actdivaton via (p)ppSpp.
Under 'stringent conditions’, (pIppGpp contributes to actve adap-
tation to stressful conditions mainly via up-regulation of certain
genes, 2. amino acd synthesis genes, oxidative stress response
genes, and virulence genes. (p)ppGpp acts mainly as an inhibitory
mmialecule (Andserscn et al 2021). High (P)ppGPp levels resultin se-
vera growth arrest, which is neverthelass beneficial for the bacte-
ria to survive under cartain conditicns, e.g. antibiotic stress in vitro
and during persistent infecticns in vive. However, (FIPpGEp aver
production comes with a fimess disadvantage. Thus, (PIppGpp 1ev-
2]z are usually controlled to allow optimal growth under neon-
stressed conditions (basal level) but also to protect from sud-
den insults (stringent conditions). In Firmicutes, the {pippGpp-
mediated restricton of GTF accumulation is at least cne, if not
the cnly, mechanism for protection. How unceontrolled TP levels
in pppGpp” strains lead to cell death remains to be elucidated.

In recent years, there has also been growing evidence that the
nature of the alarmone (PPPGEP. PRPGEE. of PGRE) influences the
stringent phenotype. The affinity of these molecules towards dif-
ferent tarpets can differ considerably (Steinchen ot al. 2020, An-
dersomn et al. 2021). While ppGpp and pppGpp are wall-establishad
alarmarnes, it has long been reported that bacteria can also pro-
duce other nucleotide derivatives, such as pGpp and (p)ppARP
(anderson et al. 2021). The function of pGpp remains elusive since
its occurrence and potental actvity ware cnly recently appraci-
ated in Firmicutes {Saca et al. 2015, Horvatek et al. 2020, Yang et
al. 2020). pSpp can be directly produced by certain (p)ppGEPp syn-
thetases using GMP and ATF as substrates or, alternatively, by en-
ZyTnatic comversion from (pippGpep by the Mudix hydrolase Maha.

In surnmary, (PIPpGPP is an important melecule that contrals
bacterial survival and virulence. Of note, there might be major
differances also betwesn the differsnt Firmicute species with re-
spactto (PIppCpE acdvation pathways as well 25 Jown-stream ef-
fects, ep. GTF dysrepulation. Howevar, comparative studies have
30 far been rare, and species-specific properties remain to be fur-
ther elucidated. It seems likely that the machineries to synthesize
and sense (pippSpp have evolved in the different species to opti-
mnize adaptation to the unique envircnmental nichas.

Common to all species is that high (p)ppCpp levels are growth
lirniting and thereby contributing to antibiotic tolerance. To what
axtent (p)ppSpp synthesis facilitates persister formation is still
questionable. It was arguad that the [EppSpp signalling pathway
could be 3 prime targat to simultanacusly combat bactarial viro-
lence and resistance. Although clinical validation of (p)ppGppas a
new target for antmicrobials is 511l missing, several approaches
towards this end have been devised that show promise (for re-
views, sea Pulschen etal 2021).
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Abstract

Upon nutrient limitation bacteria enter a viable nongrowing state and become antibiotic
tolerant. Whether and how the messenger molecule (p)ppGpp contributes to transition in this
state is debated. Here we show for Staphylococcus aureus that (p)ppGpp-dependent
restriction of the GTP pool is essential for culturability of starved cells and for antibiotic
tolerance. Elevated GTP levels in a starving (p)ppGpp-deficient mutant lead to a division-
incompetent, dormant state characterized by low levels of ATP, reduced metabolic activity and
alterations in membrane potential. GTP level control of nucleotide-sensitive promoters results
in transcriptional downregulation of genes of the TCA cycle and electron transport chain.
Increasing transcription of goxABCD, a terminal oxidase of the respiratory chain, through
mutation of the transcriptional start site partially restored the culturability of the (p)ppGpp-
deficient mutant. Furthermore, we show that the loss of proton motive force (PMF) renders the
bacteria susceptible to antibiotics, supporting the idea of applying (p)ppGpp or PMF inhibitors

to combat antibiotic tolerant bacteria.
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Introduction

Bacteria need to switch between rapid growth under favourable conditions and a nongrowing
but stress-tolerant state under limiting conditions. In pathogenic bacteria, such a nongrowing
state is often associated with persistent infections and antibiotic tolerance 3. Nongrowing
bacteria continue to synthesize macromolecules, have a basal metabolism * and are prepared
to resume growth. Recent studies have demonstrated that the messenger molecule (p)ppGpp
is central to coordinating optimal resource allocation under nutrient-limited conditions °. For
Escherichia coli, (p)ppGpp was postulated to act as the major regulator of growth rate control
6,7. Even subtle fluctuations in levels of (p)ppGpp or basal levels that might be below the
detection limit, such as during entry into the stationary growth phase, can modulate cellular
processes and growth rate 8. (p)ppGpp specifically interferes with replication, translation, and
transcription °. In proteobacteria, (p)ppGpp directly binds to RNA polymerase to regulate
transcription. In Firmicutes, however, (p)ppGpp does not interfere with RNA polymerase
activity °. In these organisms, (p)ppGpp regulate transcription mainly by controlling
intracellular GTP levels "%, GTP homeostasis is controlled by specific inhibitors of enzymes
involved in GTP synthesis, including the guanylate kinase Gmk, the IMP dehydrogenase
GuaB, the hypoxanthine-guanine phosphoribosyltransferase HrpT, and the transcriptional
regulator PurR '°. Thus, (p)ppGpp synthesis correlates inversely with the GTP pool. A
decrease in GTP levels during the stringent response may affect transcription via the GTP-
sensitive transcriptional regulator CodY '® or through regulation of initiation nucleotide (iNTP)-

sensitive promoters 111417,

The role of (p)ppGpp in stationary phase survival and bacterial tolerance in Staphylococcus
aureus is controversial '82°_In this human pathogen and other Firmicutes species, synthesis
and degradation of the messenger (p)ppGpp are orchestrated by the bifunctional Rel enzyme
with synthetase and hydrolase activity and by the two synthetases SasA/RelP and SasB/RelQ
915 Induction of the stringent response via amino acid limitation (Rel) or cell wall stress (RelPQ)
contributes to pathogenicity and antibiotic tolerance '22°. However, the role of basal levels of
(p)ppGpp in bacterial survival under nonstressed conditions is less clear. Here, we show that
under nutrient stress, (p)ppGpp is essential for maintaining GTP homeostasis and thereby
preserving electron transport chain activity and the proton motive force (PMF), which ensures

culturability and antibiotic tolerance.
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Results
(P)PpGpp contributes to culturability in the stationary phase

To study the requirement of (p)ppGpp synthesis for stationary phase survival, we monitored
the growth and culturability (determined by CFU/mI enumeration) of S. aureus wildtype strain
HGO001 and its isogenic (p)ppGpp°® mutant in chemically defined medium (CDM) for 24 h.
(p)PpGpp°® is unable to synthesize (p)ppGpp due to mutations in all three (p)ppGpp
synthetases (full deletion of rel, synthetase mutations in re/lP and relQ) ?'. There was no
significant difference in growth measured by optical density (ODsoo) between the two strains
(Fig. 1A). However, after entry into the stationary phase, the culturability of the (p)ppGpp°
mutant quickly started to decrease until an approximately one log reduction in CFU/ml was
observed after 24 h compared to that of wildtype (Figs. 1B & S1A). Reduced culturability of the
(p)pPGpp® mutant was also observed in the background of the USA300 JE2 or SH1000 strains
(the SigB-positive derivative and phage-cured derivative of HG001, respectively) (Fig. 1C). We
next induced Rel-dependent (p)ppGpp synthesis in exponentially growing bacteria with a
subinhibitory concentration of mupirocin, a tRNA synthetase inhibitor. These conditions
mimicked amino acid starvation and resulted in significantly reduced culturability of the
(P)PPGpp°® mutant (Fig. S1B). Furthermore, we monitored expression levels of the known
stringent response-activated genes psma and rsaD ?22® during the mid- and late stationary
phases (17 h and 24 h) in wildtype and (p)ppGpp°. We observed a stringent response-like
expression pattern for psma and strong derepression of rsaD in wildtype, indicating elevated
(p)PPGpp levels (Fig. S1C). As expected, in the (p)ppGpp° mutant, expression of stringent
response genes was not induced, but rsaD expression was strongly downregulated,
suggesting elevated intracellular GTP levels (Fig. S1C). Individual complementation of
(p)PPGpp® with rels,s, relP or relQ (Fig. 1D) confirmed that Rel and RelQ contribute to basal
(p)ppGpp levels to ensure survival during the stationary phase. Thus, (p)ppGpp is essential
for bacterial culturability in the stationary phase as well as under induced stress conditions in

exponentially growing bacteria.

(P)PpGpp-dependent GTP homeostasis is essential for stationary phase culturability

independent of CodY

(p)PpGpp has been shown to play an important role in controlling GTP homeostasis 134,
Therefore, we assessed the viability of different mutants in which GTP metabolism was
disrupted after growth to the late stationary phase. The pleiotropic repressor CodY, when
loaded with GTP, inhibits expression of several biosynthesis-related gene clusters and
virulence genes. CodY target genes are derepressed under stringent conditions in a

(p)PpGpp/lowGTP-dependent manner 2°. We therefore hypothesized that the decreased
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survival of the (p)ppGpp° mutant might be ascribed to diminished expression of CodY target
genes. However, deletion of codY did not increase the culturability of the (p)ppGpp°® mutant
(Fig. 2B). PurR is a repressor of the purine operon 242 and in B. subtilis, it is allosterically
activated via (p)ppGpp '° (Fig. 2A). Thus, deletion of purR in the (p)ppGpp°® mutant will likely
lead to increased GTP levels. This mutant was even less culturable in the stationary phase,
indicating that elevated GTP levels are detrimental to bacterial culturability (Fig. 2B).
Accordingly, lowering the GTP pool should promote bacterial survival. Indeed, deletion of the
GTP synthesis operon guaBA rescued the defect in the (p)ppGpp° mutant (Fig. 2B). We next
manipulated levels of GTP via supplementation with guanine, which feeds into the salvage
pathway of GTP synthesis (Fig. 2A). This resulted in a dose-dependent decrease in the
culturability of the (p)ppGpp° mutant (Fig. 2C).

We used LC-MS/MS analysis to confirm the anticipated nucleotide levels in the (p)ppGpp0
and AguaAB mutants. As expected, levels of all guanine nucleotides (GMP, GDP and GTP)
were significantly elevated in the (p)ppGpp® mutant in the late stationary phase (Fig. 2D).
Lower levels were observed in wildtype, likely due to (p)ppGpp-dependent inhibition of
biosynthetic enzymes, including GuaB (Fig. 2A). Consistently, deletion of guaBA also
decreased guanine pools in (p)ppGpp° (Fig. 2D). Levels of ATP decreased in (p)ppGpp0
independent of deletion of guaBA (Fig. S2A & 3E), but levels of the other nucleotides differed
only slightly between the strains (Fig. S2A-C). These results confirm a clear correlation
between elevated guanine nucleotide levels during stationary phase starvation and decreased

culturability.
(P)pPpGpp-deficient cells enter a division-incompetent but viable state during starvation

To further investigate the cause and mechanism of the decreased culturability of the (p)ppGpp°
mutant, we used different viability assays based on membrane integrity or metabolic activity.
Despite the large decrease in CFUs during the stationary phase (Fig. 1B & S1A), only a small
percentage of (p)ppGpp® mutant cells were stained with the membrane-impermeable dye
propidium iodide, and there was no significant difference between wildtype and the (p)ppGpp°
mutant (Fig. 3A). Analysis of the metabolic activity of late stationary phase cells by
RedoxSensor™ Green staining, which monitors bacterial reductase activity, revealed slightly
reduced metabolic activity in the (p)ppGpp® mutant (Fig. 3B). However, the decrease in
metabolic activity was less than expected from the difference in CFU counts between wildtype
and (p)ppGpp° during the late stationary phase (only approximately 10% culturable (p)ppGpp0
mutant). Resazurin conversion (Fig. 3C), an indicator of cellular redox potential, also revealed
decreased respiratory activity in the (p)ppGpp° mutant compared to wildtype and the guaBA-

negative strain. To further confirm the alterations in the redox state of the mutant cells, we
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directly measured the NADH/NAD" ratio (Fig. 3D) and ATP level (Fig. 3E). Both parameters
were significantly decreased in the (p)ppGpp® mutant. The effect was less prominent in the
guaBA mutant background, indicating that the change in redox state is mainly a consequence

of changes in the GTP pool.

The discrepancy between the decreased CFU counts and low propidium iodide staining,
together with the decreased metabolic activity in the late stationary phase, suggest that the
(p)PpGpp° cells did not immediately lose viability. It is more likely that the cells entered a
dormant state, slowing their metabolic activity and halting cell division, resulting in the

observed large decrease in CFU.

The division-incompetent state of (p)ppGpp° cells is not the result of increased

translation during the stationary phase

(P)PPGpp is known to efficiently inhibit protein synthesis %2 and thereby may prevent
accumulation of protein aggregates ?’. We measured protein synthesis at different time points
during growth by incorporating the puromycin analogue O-propargyl-puromycin (OPP) into
newly synthesized proteins. As expected, in the (p)ppGpp°® mutant, translation was significantly
greater in the late exponential and early stationary growth phases (7 h and 9 h) (Fig. 4A).
However, in the late stationary growth phase (24 h), complete shutdown of protein synthesis
was observed, indicating that this occurred independently of (p)ppGpp. Delayed or absent
translation inhibition can lead to formation of protein aggregates %’. However, only a slight
increase in protein aggregates was observed in the (p)ppGpp°® mutant, as assessed by
densitometric quantification of Coomassie-stained protein aggregates isolated from wildtype

and (p)ppGpp? late stationary phase cultures (Fig. S3A&B).

To further analyse whether increased translation in (p)ppGpp° might contribute to entry into a
division-incompetent state, we inhibited translation with 100x the MIC of the bacteriostatic
antibiotic chloramphenicol. Chloramphenicol treatment almost completely inhibited protein
synthesis in both wildtype and (p)ppGpp° cells (Fig. 4B). However, chloramphenicol-induced
inhibition of translation did not increase the culturability of (p)ppGpp° cells (Fig. 4C).

Thus, translation inhibition appears to be delayed in the (p)ppGpp0 mutant, leading to slightly
increased protein aggregation during the stationary phase. However, this delay in translation
inhibition does not seem to be the cause of the nonculturable state of (p)ppGpp?° cells during

stationary-phase starvation.

Division-incompetent cell state of (p)ppGpp° cells is not the result of oxidative stress

during the stationary phase
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In S. aureus, (p)ppGpp was shown to contribute to tolerance to oxidative stress 28, suggesting
that elevated oxidative stress is a potential cause of the “dormant” state of (p)ppGpp°. To test
this hypothesis, we analysed culturability under anaerobic and oxygen-limited, static (biofilm)
conditions. Under these conditions, the culturability of the (p)ppGpp® mutant was not
compromised (Fig. 5A). However, treatment of aerobically grown cultures with the ROS
scavenger N-acetyl cysteine (NAC) did not have any impact on culturability in the late
stationary phase (Fig. 5B). Furthermore, no notable difference in endogenous ROS formation
was detected between wildtype and the (p)ppGpp° mutant during the stationary growth phase
(Fig. 5C). Thus, (p)ppGpp-deficient cells were impaired only in culturability under aerobic
conditions. However, this phenotype could not be linked to elevated ROS levels. Thus, we
investigated the contributions of metabolic cues such as aerobic respiration and proton motive
force (PMF).

Membrane function and architecture are impaired in (p)ppGpp° cells

Changes in membrane potential can impact cell vitality by perturbing ATP synthesis and ion
transport. We measured membrane potential by staining with the carbocyanine dye DiOC2(3).
During the exponential growth phase, there was no difference in membrane potential between
wildtype, (p)ppGpp® and guaBA-negative cells (Fig. 6A). However, during the late stationary
phase, the membrane potential of the (p)ppGpp® mutant was notably lower than that of
wildtype. In contrast, there was no significant difference in the level of the guaBA-negative
strain, indicating that high levels of GTP disturb the membrane potential. The PMF is
composed of the electrical potential AW and the transmembrane proton gradient ApH. The
intracellular pH was similar between wildtype and the (p)ppGpp°® mutant (Fig. 6B), indicating
that membrane potential AW mainly reduced in cells with high GTP levels. Analysis of the
membrane and cell wall architecture by co-staining with the dye FM4-64X and the BODIPY-
vancomycin conjugate revealed irregular staining of the (p)ppGpp° cell membrane during
starvation in the stationary phase, which was not observed in wildtype cells (Fig. 6C). In
contrast, no abnormalities were detected in the cell wall of (p)ppGpp° cells during stationary
phase starvation compared to wildtype cells (Fig. 6C). These irregularities in the cell membrane
of the (p)ppGpp° strain, together with increased membrane fluidity, as measured by DPH
fluorescence polarization (Fig. 6D), are indicative of membrane patches with increased fluidity,

also known as regions of increased fluidity (RIFs).

Taken together, the results show that in the stationary phase, high levels of GTP, as found in
the (p)ppGpp° mutant, led to decreased membrane potential, changes in cell membrane
architecture and increased membrane fluidity. Thus, the decreased culturability of the

(p)PpGpp® mutant is likely due to loss of membrane potential.
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Impact of a lack of (p)ppGpp biosynthesis and GTP imbalance on the transcriptome

during stationary phase starvation

To better understand how changes in GTP levels might alter membrane potential, we analysed
changes in gene expression in wildtype (GTP low), (p)ppGpp® mutant (GTP high) and AguaAB
mutant (GTP low) cells after 24 h of growth (Supplementary Tables S1 und S2). Genes with at
least a log2-fold change of = 1 and < -1 and a p value < 0.001 were defined as differentially
regulated. In total, 235 and 288 genes were significantly upregulated or downregulated,
respectively, in the (p)ppGpp° mutant compared to wildtype. Such (p)ppGpp-dependent and
GTP-independent differences were much less prominent in the guaBA background (only 50
and 65 genes up- or downregulated, respectively). To assess (p)ppGpp-independent and
GTP-dependent changes in gene expression, the (p)ppGpp° AguaBA mutant was compared
to the (p)ppGpp° mutant, and 514 and 628 genes were found to be significantly up- or
downregulated, demonstrating that under our experimental conditions, the majority of
transcriptomic changes are mediated by differences in GTP levels, as opposed to being direct

effects of (p)ppGpp.

Many of the previously identified stringent response genes identified after challenge with amino
acid limitation '? or transcriptional induction of (p)ppGpp synthetases 22> were differentially
regulated during stationary phase starvation (see Fig. S4 and S1C). Most CodY target genes
were downregulated in the (p)ppGpp° mutant [e.g., rsaD (-185.8-fold), the cap operon (-5,2-
fold for capA) and aur (-65,7-fold)]. Likewise, genes involved in amino acid synthesis and
transport, such as brnQ2 (-6.1-fold), gltBD (-14.8-fold and -12.2-fold), dapABDL (-12.5-fold for
dapA), the opp-BABCDEF operon (-20.1-fold for opp-3B) and ilvD (-7.2-fold), were also
downregulated. Furthermore, several genes of the SigB regulon were downregulated in
(p)pPGpp®. For instance, krtA, which encodes a potassium transporter, was downregulated
2.1-fold. Similarly, clpL, which is involved in protein metabolism, was downregulated 6.1-fold.
The mnh operon, which is hypothesized to encode a redox-energized complex involved in PMF
maintenance °, was also downregulated 5.1-fold. Furthermore, groEL (2.4-fold) and groES
(4.9-fold), which are part of the CtsR/HrcA regulon, were found to be upregulated, indicative
of proteotoxic stress. Both protein complexes were upregulated during proteotoxic stress,
which leads to protein misfolding and aggregation 3°. These findings are consistent with the
slightly elevated protein aggregates detected in the (p)ppGpp° mutant during stationary phase
starvation (Fig. S4F). Interestingly, phage-encoded genes were upregulated under GTP-high
conditions, indicating that phages @11, ¢12 and ¢13 are induced in (p)ppGpp® during the
stationary phase. These observations are in agreement with previous studies that found the
®Sa3 phage to be downregulated under guanine-limited conditions 3'. Notably, the

transcriptome further revealed strong downregulation of TCA cycle (citB -3.1-fold, sucA -2.3-
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fold and sucB -2.6-fold) and aerobic respiration (qoxABCD -7.6-fold for qoxA, ctaA -3.4-fold
and ATP synthase e.g. atpD -2,3-fold) genes (Fig. 7), which was GTP dependent, as both the
TCA cycle and respiration were mostly unaffected in the guaBA negative background (Fig. 7).
Downregulation of the TCA cycle and respiration may account for the reduced membrane

potential observed during stationary phase starvation in the (p)ppGpp°® mutant (Fig. 6A).

The sensitivity of goxABCD expression to GTP determines the activity of the electron

transport chain and PMF

Since the transcriptome analysis of the (p)ppGpp® mutant revealed not only downregulation of
the TCA cycle but also strongly decreased expression of the terminal oxidase gene qoxABCD,
a component of the electron transport chain (ETC), we hypothesized that these transcriptional

changes lead to decreased PMF.

We verified the RNAseq data by RT-gPCR and confirmed decreased qoxA expression in
(P)PPGpp® but increased expression in the guaBA-negative strain compared to wildtype (Fig.
8B). Expression of rRNA is controlled by the concentration of the transcription-initiating
nucleotide (iNTP) within the promoter . Analysis of potential transcriptional start sites
upstream of qoxABCD predict an ATP as the transcription-initiating nucleotide (based on data
from 32) (Fig. 7). Thus, we mutated the TSS+1 to a GTP in wildtype and (p)ppGpp° (named WT
PqoxABCDnmyt and (p)ppGpp° PqoxABCDmu) (Fig. 8A). This mutated TSS+1 increased goxA
expression in the late stationary phase in (p)ppGpp?, indicating that this promoter is nucleotide
sensitive (Fig. 8B). Alteration of the iATP to iGTP also resulted in greater CFU counts than
those of (p)ppGpp° (Fig. 8C). However, culturability was still lower compared to wildtype,

showing that additional factors are likely to contribute to entry into dormancy.

To further demonstrate the importance of the PMF for stationary phase survival, we treated
wildtype and (p)ppGpp° cultures with subinhibitory concentrations of valinomycin during the
late stationary phase and evaluated survival after 24 h. Valinomycin is an ionophore that
disrupts membrane potential by selectively translocating potassium ions across the
membrane. Upon valinomycin treatment, wildtype and (p)ppGpp° showed similar reductions in
CFU counts compared to untreated cultures (Fig. 8D). Thus, disruption of membrane potential

indeed compromises culturability and survival.

Together, these findings illustrate the significance of preserving PMF, particularly AW,

throughout stationary phase starvation to sustain culturability.

Preservation of PMF during starvation is crucial for antibiotic tolerance
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It has been demonstrated that maintenance of PMF is essential for the survival of starvation-
induced tolerant bacteria 334, We sought to determine whether the decreased membrane
potential in the (p)ppGpp® mutant would also result in a reduction of starvation-induced
antibiotic tolerance. Therefore, we cultured wildtype and (p)ppGpp° cells to exponential or
stationary growth phase and exposed them to either 100x MIC oxacillin or ciprofloxacin. No
significant difference in antibiotic survival between wildtype and (p)ppGpp® cells was observed
when treated during exponential growth (Fig. 8E). However, wildtype cells were barely killed
by the antibiotics during the stationary phase, confirming the higher antibiotic tolerance of non-
growing bacteria 3. However, both antibiotics efficiently decreased the survival of the

(p)PpGpp° mutant during the stationary phase (Fig. 8F).
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Discussion

Here, we show that bacterial culturability in the stationary phase is dependent on (p)ppGpp-
driven GTP depletion. Uncontrolled, high levels of GTP in the (p)ppGpp°® mutant decrease
membrane potential, at least in part, via transcriptional downregulation of nucleotide-sensitive
genes of the TCA cycle and the respiratory chain. Maintenance of respiratory chain activity by
(p)ppGpp/low GTP is also responsible for the tolerance of stationary phase cells to bactericidal
antibiotics (Fig. 9).

(P)PpGpp-dependent GTP homeostasis determines long-term bacterial culturability

The defect in culturability of the (p)ppGpp® mutant is clearly linked to an uncontrolled increase
in GTP levels upon entry into the stationary phase. Culturability correlated inversely with
changes in the GTP level induced by deletion of purR or guaAB or by guanine feeding.
Mutation of guaAB rescued the defect in the (p)ppGpp°® mutant. A high guanine concentration
did not interfere with the survival of wildtype, indicating that (p)ppGpp can also control GTP
levels provided by the salvage pathway. Direct (p)ppGpp-dependent alterations in translation
or replication machinery °' are likely to also be less prominent in a guaAB-negative
background. Thus, we conclude that the level of GTP homeostasis is the main determinant of

bacterial culturability in stationary phase cells.

Control of guanine metabolism by (p)ppGpp is conserved in several Firmicutes species, such
as B. subtilis®, E. faecalis *° and S. aureus '*. Recently, reduced long-term survival of the S.
aureus USA300 (p)ppGpp° mutant ® was linked to disrupted GTP homeostasis since
suppressor mutants with alterations in gmk were selected during long-term culture. In B.
subtilis, low GTP levels reduce the growth rate but promote survival during amino acid
starvation 3¢ and cell viability during fatty acid starvation *’. Elevated GTP levels in a
(P)PPGpp°® mutant of B. subtilis promoted the bactericidal effect of otherwise bacteriostatic

antibiotics 38.

Disturbance of GTP homeostasis during nutrient stress leads to induction of a VBNC

state

Previously, it was proposed that (p)ppGpp deletion in B. subtilis results in “death-by-GTP” and
that this cell death might be due to unrestricted translation '3. However, in S. aureus,
uncontrolled translation could not be linked to diminished bacterial survival since translation
inhibitors did not restore culturability of the (p)ppGpp® mutant. Furthermore, our results do not
support the hypothesis that high GTP levels trigger a classical “cell death” program. The

(p)PpGpp® mutant of S. aureus was nonculturable but negative for propidium iodide uptake
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and maintained basal metabolic activity and transcription, albeit with significantly reduced ATP
levels. This is indicative of the previously defined state of VBNC (viable but nonculturable) or
a deep dormant-like state *°. It was proposed that ATP depletion is involved mainly in formation
of VBNCs 2749, in which intracellular energy (ATP) is the main factor maintaining the
culturability of bacteria on solid media. In some gram-negative bacteria, (p)ppGpp was shown
to prevent VBNC state formation in response to certain stress conditions #'*2. In (p)ppGpp°
mutants of B. subtilis, fatty acid starvation leads to membrane rupture and, consequently, cell
death ¥. The authors proposed a model whereby during fatty acid starvation, a (p)ppGpp-
dependent decrease in GTP levels halts growth, preventing collapse of membrane potential
and loss of membrane integrity. However, nonculturable (p)ppGpp® B. subtilis mutants died,
as indicated by propidium iodide staining %3, Thus, there might be major differences between

GTP-dependent cell death pathways in S. aureus and B. subtilis.
How do elevated GTP levels lead to VBNC-state formation?

Our RNAseq analysis revealed that TCA cycle genes and genes coding for major components
of the electron transport chain, including the terminal oxidase (qoxABCD) and the FOF1 ATP
synthase, were significantly downregulated in the (p)ppGpp°® mutant during the stationary
phase. Accordingly, ATP levels (Fig. 3E), the NADH/NAD™ ratio and membrane potential (Fig.
6A) were decreased in the (p)ppGpp® mutant. In Firmicutes, (p)ppGpp-dependent
transcriptional changes are regulated mainly by the GTP-dependent transcriptional repressor
CodY 2° or by the availability of the NTP substrate for transcription initiation "'443. We could
exclude any influence of CodY (Fig. 2B) on induction of the VBNC state. We mutated the
predicted initiation of NTP transcription in the promoter region of qoxABCD, the most
prominently downregulated component of the electron transport chain. By using this approach,
we were able to restore wildtype levels of goxA expression in the (p)ppGpp® mutant (Fig. 8B).
Furthermore, the culturability of the (p)ppGpp® mutant was partially restored by this single
nucleotide exchange. Expression of other genes involved in respiration and generation of
membrane potential was downregulated in the (p)ppGpp° mutant, which was also initiated with

IATP (Fig. 7); these genes may further contribute to the observed phenotype.
PMF maintenance during starvation is crucial for antibiotic tolerance

We showed that a (p)ppGpp° mutant grown to the stationary phase lost antibiotic tolerance to
the B-lactam oxacillin and the fluoroquinolone antibiotic ciprofloxacin. Nongrowing wildtype
bacteria are tolerant to these antibiotics, as shown previously *. However, Conlon et al. did not
find evidence that (p)ppGpp is involved in antibiotic persistence or tolerance. The authors
proposed that ATP depletion is important for the observed tolerance of stationary phase cells

3. This seems to contrast our findings that (p)ppGpp-dependent maintenance of low GTP/high
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ATP levels protected the cells. This discrepancy might be explained by the experimental
design. The growth medium used by Conlon et al. ® likely does not induce a stringent response
and/or might contain low amounts of guanine. Thus, under these conditions, the intracellular
GTP pool might not be elevated in the (p)ppGpp°® mutant. In agreement with our results,
previous studies have shown that PMF is essential for starvation-induced tolerance in both
gram-negative and gram-positive bacteria, including S. aureus 3*3*44_ Hence, these findings
support the idea of applying PMF inhibitors to combat antibiotic-tolerant bacteria, including S.

aureus *°.

118



Appendix

Materials and Methods
Growth conditions and CFU determination

The strains and plasmids used in this study are listed in the Supplementary Information, Table
S1 and S2. If not indicated elsewhere, S. aureus strains were grown in LB-Miller, tryptic soy
broth (TSB) or chemically defined medium (CDM) 47 at 37 °C and 200 rpm.

For CFU experiments, bacteria from an overnight culture grown in LB-Miller were diluted to an
initial optical density at 600 nm (OD600) of 0.05 in fresh medium without antibiotics and grown
with shaking (200 rpm) at 37 °C to the desired growth phase. LB-Miller medium was used
overnight culture since the (p)ppGpp® mutant in this medium showed no defect in survival. For
oxygen-limited growth (biofilm conditions), bacteria were inoculated into 1 ml of fresh medium
in a 24-well plate and statically grown at 37 °C. For anaerobic growth conditions, 14 ml of fresh
medium was inoculated into glass tubes, which were closed with a rubber stopper to minimize
the oxygen supply and subsequently grown at 37 °C and 200 rpm. For certain CFU
experiments, 400 pug/ml chloramphenicol (100x MIC of HG001 wildtype and (p)ppGpp0), 12.5
mM N-acetylcysteine or 20 uyM valinomycin was added at the indicated timepoints during
growth. For CFU/ml determination, a 10-fold dilution series was prepared in phosphate-
buffered saline (PBS), 10 pl of each dilution was spotted onto TSB agar, and CFU counts were
determined after 16—18 h of incubation at 37 °C.

Generation of S. aureus mutant strains

Generation of SH1000 (p)ppGpp° — The mutagenesis strategy described by Geiger et al. was
used for generation of the SH1000 (p)ppGpp° mutant (SH1000-229-230-263) %. Lysates were
prepared from RN4220 strains containing the mutagenesis vectors pCG229, pCG230 and
pCG263. After plasmid transduction, mutagenesis was performed as previously described “2.
The mutations were verified by PCR and sequencing using the oligonucleotides listed in Table
S3.

Transduction of purR mutants — ®11 lysates were generated from the transposon mutant
NE1237 (purR) of the NARSA transposon library 49 to transduce S. aureus HG001 wildtype
and (p)ppGppO0 cells. The mutations were verified via PCR using the oligonucleotides listed in
Table S3.

Mutagenesis strategy for WT-PqoxABCDnu: and (p)ppGpp0-PqoxABCDpm.: — The plasmid

pCG919mut was constructed for base substitution at the position +1 of the transcriptional start

site of the PqoxABCD promoter. The complete promoter region with approximately 1000 bp of

the left and right flanking regions was amplified in two PCRs using the primers pCG919gibfor
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and pCG919-2mutfor and pCG919-2mutrev and pCG919gibrev. The PCR products were
subsequently cloned and inserted into the Bam HI-digested pIMAY-Z vector via Gibson cloning
and transformed into E. coli IMO8B. After verification of the base substitution (A > G) by
sequencing, the plasmid was transformed into S. aureus HG001 wildtype and (p)ppGpp° cells
by electroporation. The mutation was introduced into the genome by pIMAY mutagenesis 0%

and verified by sequencing. All oligonucleotides used are listed in Supplementary Table S3.
RNA isolation, qRT-PCR and RNAseq

RNA isolation and qRT-PCR were performed as described previously 22. Briefly, bacteria
were pelleted, resuspended in 1 ml of TRIzol (Thermo Fisher Scientific) and lysed using
zirconia/silica beads (0.1 mm diameter) and a high-speed homogenizer. RNA was isolated

following the procedure recommended by the TRIzol manufacturer.

Relative quantification of psma, rsaD, rpsL and qoxA transcripts by gqRT-PCR was performed
with QuantiFast SYBR Green RT-PCR Kit (Qiagen) using the Quantstudio3 system (Applied
Biosystems). Briefly, 5 pg of total RNA was DNase-treated and diluted 1:10 for gqRT-PCR.
Relative expression of transcripts was calculated with the AACT method and normalized to
gyrB gene expression. The sequences of the oligonucleotides used for qRT—PCR are listed in
Table S3.

For RNA-seq analysis, RNA isolated from the aqueous phase was further purified with an Amp
Tech ExpressArt RNA Reading Kit. For each sample, a total of 100 ng of RNA was subjected
to rRNA depletion, followed by cDNA library construction via llluminaTM Stranded Total RNA
Prep Ligation with a Ribo Zero Plus Kit according to the manufacturer’s instructions. Libraries
were sequenced as single reads (100 bp read length) using the NextSeq platform (lllumina)
and NextSeq 500 Mid Output Kit v2.5. The sequences were demultiplexed with bcl2fastq
(v2.19.0.316), quality checked with fastq (v0.20.1) and visualized with MultiQC (v1.7). Analysis
of the RNAseq results was performed using CLC Genomic Workbench 23.0.1 (Qiagen). Reads
were mapped to the reference genome of HG001 (NZ CP018205.1). Differential gene
expression was performed comparing (p)ppGpp° vs. wildtype, (p)ppGpp° AguaBA vs. AguaBA
(GTP independent) and (p)ppGpp° vs. (p)ppGpp° AguaBA ((p)ppGpp independent). Genes
with at least log2 fold change of >1 or <-1 and a p-value <0.001 were defined as differentially
regulated. Annotation of genes was performed according to the recent “Aureowiki” annotation

of strain 8325 (http://aureowiki.med.unigreifswald.de/Main_Page) 52.

Metabolite extraction and LC—MS/MS quantification
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For metabolite extraction, 3 ml of bacterial culture was harvested by vacuum filtration, washed
twice with 0.6% NaCl solution, transferred directly into 5 ml of quenching solution
(acetonitrile:methanol:water, 40%:40%:20%, (v/v/v)) and shock frozen in liquid nitrogen.
Afterwards, 1 ml of the cell suspension was lysed using zirconia/silica beads (0.1 mm diameter)
and a high-speed homogenizer. The lysate was centrifuged at -9 °C at 20 000 x g for 15
minutes, and the clear supernatant was stored at -80 °C for LC-MS/MS analysis. Relative
concentrations of the nucleotides in the cell extracts were measured via isotope ratio LC—
MS/MS as described previously 3. For evaluation, the 12C/13C ratios were normalized to the

ODG600 of the bacterial culture, and the relative abundances of each metabolite are shown.
LIVE/DEAD and viability staining using microscopy and flow cytometry

Bacterial cultures were concentrated 10-fold and washed in 0.85% NacCl prior to staining for
bacterial viability, as recommended by the manufacturer (Live/Dead BacLightTM Bacterial
Viability Kit). All cultures were further diluted 5- to 10-fold to an ODeqo of 0.2-0.4 before staining
with the Syto 9 and propidium iodide dye mixture (1:1 dye ratio). Fluorescence microscopy
was performed with a Leica DM5500B fluorescence microscope using the following filter sets
(excitation and emission filters): Syto 9: BP470 40-nm and BP525 50-nm; propidium iodide:
BP535 50-nm and BP610 75-nm. Images were captured using a Leica DFC360FX
monochrome camera with the following exposure times: 40 ms for Syto 9, 150 ms for propidium
iodide and 6 ms for phase contrast channels. Images were viewed with in-built Leica ASF
software. Alternatively, the percentage of propidium iodide-stained cells was analysed via flow

cytometry using a FACSCalibur flow cytometer (Becton Dickinson).
RedoxSensor Green assay

To monitor bacterial reductase activity as an indicator of electron transport chain function, cells
from the stationary phase were stained with RedoxSensor™ Green reagent (BacLight™
RedoxSensor™ Green Vitality Kit) and analysed by flow cytometry according to the

manufacturer’s instructions.
AlamarBlue measurement

To measure cell viability via resazurin conversion, a stationary phase culture was tenfold
diluted in PBS and mixed according to the manufacturer’'s instructions with alamarBlue ™
reagent at a 1:10 ratio. After incubating at 37 °C, resofurin fluorescence (excitation: 540 nm,
emission: 600 nm) was measured every 5 min. The increase in resofurin fluorescence over

time was analysed via simple linear regression in GraphPad Prism 10.

ATP and NADH/NAD" ratio determination
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ATP levels and the NADH/NAD" ratio were determined using the BacTiter-Glo™ Microbial cell
Viability assay or the NAD/NADH-Glo™ assay (Promega) following the manufacturer's
instructions. Luminescence was measured in a white 96-well plate using the Tecan Spark

luminescence module.
Click-it OPP protein synthesis labelling

Protein synthesis was quantified with a Click-it™ Plus OPP Alexa Fluor™ 488 protein synthesis
labelling kit according to the manufacturer’s instructions. Briefly, growing bacterial cells were
incubated with 20 yM O-propargyl puromycin (OPP) for 30 min. Afterwards, the cells were
harvested by centrifugation, fixed with formaldehyde and permeabilized with 70% ethanol (v:v)
and lysostaphin. Then, OPP was conjugated to Alexa Fluor™ 488 using click chemistry
according to the manufacturer’s protocol. The stained cells were analysed using flow cytometry
(Beckton Dickinson FACS Calibur).

Detection and quantification of protein aggregation

Protein aggregates within cells were isolated according to a described protocol 5%, Briefly,
protein aggregates were isolated from 5 ml of culture. First, bacterial cells were harvested by
centrifugation and washed twice with PBS. Then, the cells were resuspended in buffer A
(50 mM Tris, 150 mM NaCl, pH 8) and lysed using zirconia/silica beads (0.1 mm diameter) and
a high-speed homogenizer at 6 m/s three times for 30 seconds each. The crude extract was
centrifuged at 18 000 x g for 30 minutes, after which the pellet was washed twice with buffer
A containing 0.5% Triton X-100. The protein aggregates were then solubilized in rehydration
buffer (7 M urea, 2 M thiourea, 4% (wt/vol) CHAPS, 100 mM DDT) and loaded on a 12% SDS-
PAGE gel. Afterwards, the SDS-PAGE mixture was stained with InstantBlue™ Coomassie
blue-based staining solution (expedeon). Protein aggregates were densitometrically quantified

from Coomassie blue-stained gels using the GelAnalyzer plugin of ImagedJ software.
ROS measurement

Endogenous ROS levels were measured using 2',7'-dichlorodihydrofluorescein diacetate
(DCFH2-DA) dye based on a previous protocol 56. DCFH2-DA is deacetylated by alkaline
hydrolysis to generate DCFH2, which is oxidized by ROS to the fluorescent dye 2',7'-
dichlorofluorescein (DCF). Briefly, S. aureus HG001 wildtype and (p)ppGpp° cells were
cultivated in CDM for the indicated durations and harvested at an OD600 equivalent of 3 x 108
cells by centrifugation. The cell pellets were incubated with DCFH2 for 40 min as previously

described [75]. Relative DCF fluorescence was measured using a plate reader (Tecan Spark),
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with an excitation wavelength of 480 nm with a bandwidth of 20 nm and an emission

wavelength of 530 nm with a bandwidth of 20 nm.
Membrane potential measurement

Membrane potential was measured using a BacLight Membrane Potential Kit (Thermo Fisher).
Cells were grown in CDM to the desired growth phase. The optical density was then adjusted
to an OD600 of 0.3 in PBS. DiOC»(3) was added to a final concentration of 30 yM, and the
bacteria were incubated at 37 °C and gently agitated for 30 min. For plate reader
measurements, 200 yl of stained cells was transferred to a Greiner Sensoplate (96-well, black,
clear bottom). Using a Tecan Spark plate reader, red and green fluorescence was detected
(excitation 488 nm, emission 535 nm and 600 nm), and the red:green fluorescence ratio was
calculated. For flow cytometry, stained bacteria were pelleted by centrifugation, resuspended
at 1x107 cells/ml in PBS and analysed using a BD FACSCalibur FL-1H and FL-3H.

Intracellular pH determination

For intracellular pH determination, the fluorogenic probe pHRodo™ Green AM was used. S.
aureus bacterial cells were grown to the stationary phase, and 0.6 ODU of the bacterial culture
was harvested and washed with PBS. The cells were resuspended in 100 ul of pHRodo ™
Green AM staining solution (final concentration of 10 uM) and incubated at 37 °C for 30 min.
Afterwards, the cells were washed in 300 pl of PBS. Fluorescence was detected in a 96-well
Sensoplate (Greiner) using a Tecan Spark plate reader (excitation: 500 nm, emission: 545 nm)
or by flow cytometry using a BD FACS Calibur. For calibration of pHRodo Green AM, the

“Intracellular pH Calibration Kit” was used according to the manufacturer’s instructions.
Cell membrane and cell wall costaining

Formaldehyde-fixed S. aureus cells were stained with the fixable cell membrane dye FM4-64X
(final concentration: 4 pg/ml) and the cell wall dye Bodipy™ Vancomycin-FL conjugate (final
concentration: 1 pg/ml) for 10 min on ice. Fluorescence microscopy was performed using a
Leica DM5500B fluorescence microscope and the following filter sets (excitation and emission
filters): Bodipy™ Vancomycin-FL conjugate: 40-nm BP470 and 50-nm BP525; and FM4-64X:
50-nm BP535 and 75-nm BP610.

Membrane fluidity measurement

Membrane fluidity was determined via DPH fluorescence polarization. Briefly, one ODU of
bacterial cells was harvested by centrifugation, resuspended in prewarmed PBS containing 20

MM DPH (1,6-diphenyl-hexa-1,3,5-triene) and incubated at 37 °C for 15 min. Fluorescence
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polarization was measured with a BMG CLARIOStar plate reader in a 96-well Sensoplate
(Greiner) (excitation: 360 nm-20 nm, emission: 450 nm-10 nm, dichroic filter: LP 410) at 37 °C.

Antibiotic tolerance assay

To assess the antibiotic tolerance of S. aureus HG001 wildtype and (p)ppGpp° cells, either
mid-exponential bacteria or late stationary phase bacteria were treated with 100 pug/ml oxacillin
(100x MIC of HG001 wildtype and (p)ppGpp®) or 50 ug/mi ciprofloxacin (100x MIC of HG001
wildtype and (p)ppGpp®). Minimal inhibitory concentrations (MICs) were determined
beforehand by the broth microdilution method or E-Test strips in accordance with EUCAST
guidelines . At the indicated time points, CFU counts were performed (as described under

“CFU determination” and survival was calculated by comparison to to (tireated/to).
Statistical analysis

Data were analysed using GraphPad Prism 10 or R. Relevant information regarding statistical
tests was added to each figure caption where appropriate. For ANOVA, assumptions of
homoscedasticity and normality of the residuals were checked visually by comparing the fitted
values with the residuals and comparing the predicted values with the actual residuals. Post
hoc tests (posttests) were performed to conduct and correct for multiple comparisons. All tests
for which this test was applied were two-tailed. A significance level cut-off of alpha = 0.05 was

used. For visual purposes, asterisks denote significance levels as defined in figure captions.
Data Availability

All data are available from the GEO database under the accession number GSE254567

(https://www.ncbi.nim.nih.gov/geo/query/acc.cgi?acc=GSE254567).
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Fig. 1 Culturability of the (p)ppGpp°’ mutant decreases during the stationary growth

phase.

(A) S. aureus HG001 wildtype (WT) and the isogenic (p)ppGpp° strain were cultured in CDM
[56] and growth was monitored by optical density ODesgo and (B) CFU/ml determination. Data
are shown as mean = SD (n=3 biological replicates). (C) USA300 JE2 and SH1000 and their
isogenic (p)ppGpp°® mutants were grown in CDM for 24h and culturability was determined by
CFU/ml enumeration normalized to ODsgo. Data are shown as mean + SD (n=3 biological
replicates). Statistical significance was determined by two-tailed unpaired t-tests performed on
log1o transformed data (**p-value <0.01, *p-value <0.05). (D) Strains were grown for 24h in
CDM and culturability was determined by CFU/ml enumeration normalized to ODeg. Data
shown are mean + SD (n=3 biological replicates). Statistical significance was determined by
one-way analysis of variance (ANOVA) with a Sidak’s post-test on log1o transformed data

(****p-value <0.0001, ***p-value <0.001, **p-value <0.01, ns >0.05).
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Fig. 2 (p)ppGpp is essential for GTP homeostasis during stationary phase starvation.

(A) The purine biosynthesis pathway is regulated by PurR repression and by (p)ppGpp
repressing the biosynthetic enzymes GuaB, HrpT and Gmk. (B) Strains were grown in CDM
for 24h and survival was determined by CFU/ml enumeration normalized to ODeggo. Data shown
are mean = SD (n=3). Statistical significance was determined by one-way analysis of variance
(ANOVA) with a Tukey’s post-test on log1o transformed data (****p-value <0.0001, ***p-value
<0.001, ns >0.05). (C) HG001 wildtype (WT) and (p)ppGpp° were grown in CDM with varying
concentrations of guanine for 24h and culturability was determined by CFU/ml enumeration
normalized to ODsgo. Data shown are mean + SD (n=3). Statistical significance was determined
by two-way way analysis of variance (ANOVA) with a Sidak post-test (****p-value <0.0001, ns
>0.05). (D) Relative nucleotide levels were determined from late stationary phase cells by LC-
MS/MS and normalized to ODego. Data shown are mean + SD (n=4). Statistical significance
was determined by two-way analysis of variance (ANOVA) with a Tukey’s post-test (****p-value
<0.0001, ***p-value <0.001, **p-value <0.01, ns >0.05).
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Fig. 3 The (p)ppGpp°’ mutant maintains membrane integrity but displays decreased

metabolic activity

Strains were grown to late stationary phase (24h) in CDM. (A) Representative fluorescence
microscopy images of propidium iodide (Pl)-stained HG001 wildtype (WT) and (p)ppGpp® are
shown. The percentage of propidium iodide stained cells was measured by flow cytometry. For
dead control bacteria were permeabilized with 70% EtOH. Data shown are mean + SD (n=3
biological replicates, n=1 for dead control). Statistical significance was determined by one-way
analysis of variance (ANOVA) with Tukey’s post-test (ns >0.05). Scale bar: 10um (B) Bacteria
were stained with RedoxSensor™ Green reagent and analysed by flow cytometry to monitor
metabolic activity. Data shown are mean of RSG fluorescence + SD (n=3 biological replicates,
n=1 for CCCP control). Statistical significance was determined by one-way analysis of variance
(ANOVA) with Tukey’s post-test (**p-value <0.01). (C) Redox potential was accessed by
resazurin conversion over time in HG001 wildtype, (p)ppGpp® AguaBA and (p)ppGpp°
AguaBA. Data shown are mean + SD (n=3 biological replicates). Statistical significance was
determined by one-way analysis of variance (ANOVA) with Tukey’s post-test (*p-value <0.05,
ns >0.05). (D) NADH/NAD" ratio and (E) relative ATP levels were determined. Data shown are
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mean of + SD (n=3 biological replicates). Statistical significance was determined by one-way
analysis of variance (ANOVA) with Tukey’s post-test (****p-value <0.0001, ***p-value <0.001,
**p-value <0.01, ns >0.05).
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Fig. 4 Increased translation of (p)ppGpp° does not contribute to entrance into dormant
state

(A) Protein synthesis was monitored at different timepoints during growth in wildtype (WT) and
(P)PPGpp° cells by labelling with the puromycin analogue OPP and subsequent flow cytometry
analysis. Data shown are mean of £ SD (n=3 biological replicates). Statistical significance was
determined by two-way analysis of variance (ANOVA) with Sidak’s post-test (****p-value
<0.0001, ***p-value <0.001, ns >0.05). (B) Wildtype and (p)ppGpp° cells grown to transition
phase were treated with 100x MIC chloramphenicol (+ CAM), and protein synthesis by OPP
incorporation and (C) culturability were assessed by CFU/ml enumeration. Data shown are
mean of £ SD (n=3 biological replicates). Statistical significance was determined by two-way

analysis of variance (ANOVA) with Sidak’s post-test (on log1o transformed data for (C), ***p-
value <0.001, ns >0.05).
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Fig. 5 Oxidative stress in (p)ppGpp° does not contribute to entrance into dormant state

(A) HG001 wildtype (WT) and (p)ppGpp° strain were grown under aerobic, anaerobic or
oxygen-limited, static (biofilm) conditions for 24h and culturability was accessed by CFU/mI
enumeration. Data shown are mean £ SD (n=3 biological replicates). Statistical significance
was determined by two-way analysis of variance (ANOVA) with Sidak’s post-test on logo
transformed data (***p-value <0.001, ns >0.05). (B) Wildtype and (p)ppGpp? cells were treated
with 12.5 mM N-acetylcysteine (+ NAC) during transition to stationary phase (7.5h) and CFU/ml
counts normalized to ODeoo Were determined before and after treatment. Data shown are mean
of £ SD (n=3 biological replicates). Statistical significance was determined by two-way analysis
of variance (ANOVA) with Sidak’s post-test (****p-value <0.0001, * <0.05). (C) Monitoring of
culturability, as determined by CFU/ml enumeration, and intracellular ROS levels, as measured
by using the DCFH2-DA dye, which is oxidized to DCF by ROS, from early to late stationary
phase. Data are shown as mean £ SD (n=3 biological replicates). Statistical significance was
determined by two-way analysis of variance (ANOVA) with Sidak’s post-test (****p-value
<0.0001, ns >0.05).
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Fig. 6 Membrane function and architecture is altered in the (p)ppGpp° mutant

(A) Membrane potential was measured during mid-exponential and late stationary phase by
staining with the carbocyanine dye DiOC»(3). Data shown are mean of £ SD (n=3 biological
replicates). Statistical significance was determined by two-way analysis of variance (ANOVA)
with Sidak’s post-test (****p-value <0.0001, ns >0.05) (B) Intracellular pH was determined by
pHRodo Green AM staining of late-stationary phase bacteria. Data shown are mean + SD (n=3
biological replicates). Statistical significance was determined by a two-tailed, unpaired t-test
(ns > 0.05). (C) Representative microscopic images of FM4-64X (cell membrane) and
BODIPY-vancomycin conjugate (cell wall) double-stained S. aureus from late stationary phase
(24h). Scale bar: 10um (D) Membrane fluidity was measured by DPH fluorescence polarization
in late stationary phase (24h). Data shown are mean = SD (n=6 biological replicates).

Statistical significance was determined by a two-tailed, unpaired t-test (****p-value <0.0001).
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Fig. 7 Transcriptomic changes in TCA cycle and respiration in dormant (p)ppGpp° cells.

Heatmaps displaying the RNA-seq fold change of selected genes involved in the TCA cycle
and electron transport chain, and related to respiration (SEED annotation). Log fold changes
in relative transcript abundances are colour-coded with red and blue, indicating up- and
downregulation, respectively. “GTP-independent” compares the expression levels of
(P)pPGpp°® AguaBA vs. AguaBA, while “(p)ppGpp-independent” compares the expression
levels of (p)ppGpp° vs. (p)ppGpp° AguaBA. The predicted TSS position between nucleotide
+1 and +4 is depicted, while the TSS +1 is indicated in red colour. The RNA-seq data shown
are from three individual biological replicates (n=3). Full RNA-seq data are available in Data

S1 and S2 in the supplementary material.
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Fig. 8 Decrease in ETC activity contributes to entrance into dormant state and

decreased antibiotic tolerance

(A) goxABCD gene operon with promoter region. The predicted initiation nucleotide (TSS +1)
IATP was mutated to iGTP. (B) Bacterial cells were harvested during the late stationary growth
phase and total RNA was isolated. qoxA transcript levels were determined by RT-qPCR and
normalized to gyrB expression by AACt method. Data are shown as mean x SD (n=3 biological
replicates). Statistical significance was determined by two-tailed unpaired t-tests (***p-value
<0.001, *p-value <0.05, ns >0.05). (C) Culturability during late stationary phase (24h) was
determined by CFU enumeration and normalized to ODsgo. Data shown are mean of £ SD (n=6
biological replicates from two individual experiments). Statistical significance was determined
by a one-way analysis of variance (ANOVA) with Tukey’s post-test (*p-value <0.05). (D)
Wildtype (WT) and (p)ppGpp° cells were treated with a sub-inhibitory concentration of
valinomycin (20 uyM) during the late stationary growth phase (24h) and viability was assessed

by CFU enumeration after 24h of treatment. Survival was calculated in comparison to
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untreated samples. Data shown are mean of £+ SD (n=3 biological replicates). Statistical
significance was determined by a two-way analysis of variance (ANOVA) with Sidék’s post-
test (ns >0.05, based). (E) Mid-exponential phase or stationary phase (F) cells were treated
with 100x MIC ciprofloxacin (+ CIP) or oxacillin (+ OXA) and survival was calculated after 3h
(E) or 24h (F) of treatment in comparison to untreated cells. Data shown are mean of + SD
(n=3 biological replicates). Statistical significance was determined by a two-way analysis of
variance (ANOVA) with Sidak’s post-test (****p-value <0.0001, ns >0.05).
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Fig. 9 (p)ppGpp-dependent regulation of GTP homeostasis enables maintenance of

culturability.

During stationary phase starvation, (p)ppGpp synthesis contributes to regulation of intracellular
GTP levels and thereby maintains membrane potential and ensures culturability and survival
during antibiotic treatment. In a (p)ppGpp-deficient mutant, GTP homeostasis is disturbed
leading to decreased expression of the TCA cycle and electron transport chain (ETC) genes
including the terminal oxidase qoxABCD. This in turn leads to a decreased membrane potential
which causes entrance into a division-incompetent but viable (VBNC) state, accompanied by

reduced antibiotic tolerance.
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Fig. S1 Decreasing cultuarbility of (p)ppGpp° cells during stationary phase and stringent

response induction

(A) Culturability of HG001 wildtype (WT) and (p)ppGpp° mutant was evaluated during different
growth stages by CFU/ml enumeration normalized to ODeggo. Data shown are mean of + SD
(n=3 biological replicates). Statistical significance was determined by a two-way analysis of
variance (ANOVA) with Sidak’s post-test performed on logio transformed data (**p-value
<0.01, ns >0.05). (B) Bacteria grown to exponential growth phase were treated with sub-
inhibitory concentrations of mupirocin (0,125 pg/ml) and culturability was determined by
CFU/ml enumeration normalized to ODggo. Data shown are mean of + SD (n=3 biological
replicates). (C) Bacterial cells were harvested during different growth phases and total RNA
was isolated. psma and rsaD transcript levels were determined by RT-gPCR and normalized
to gyrB expression by AACt method. Data are shown as mean = SD (n=3 biological replicates).
Statistical significance was determined by two-way analysis of variance (ANOVA) with Sidak’s

post-test (***p-value <0.001, **p-value <0.01, *p-value <0.05, ns >0.05).
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Fig. S2 Determination of nucleotide levels in late stationary phase cells.

(A) Metabolites were extracted and nucleotides were measured and quantified via LC-MS/MS
from cells grown to late stationary growth phase (24h). Shwon are relative nucleotide levels as
determined by comparing (p)ppGpp° vs. WT and (p)ppGpp°® AguaBA vs. AguaBA. (B) The
GTP/ATP ratio and (C) the NADH/NAD® ratio were calculated from the relative nucleotide
levels. Data shown are mean of £+ SD (n=4 biological replicates). Statistical significance was
determined by one-way analysis of variance (ANOVA) with Tukey’s post-test (****p-value
<0.0001, *p-value <0.05, ns >0.05).
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Fig. S3 Quantification of protein aggreagates.

(A) Protein aggregates were isolated from wildtype and (p)ppGpp° cells grown to late stationary
phase and anaylsed by SDS-PAGE and Coomassie staining. For each strain, protein
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aggregates were isolated from three individual biological replicates (n=3). (B) Protein
aggregates were quantified by densiometric analysis. Data shown are mean of + SD (n=6
biological replicates from two individual experiments). Statistical significance was determined
by a two-tailed, unpaired t-test (**p-value <0.01).
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Fig. S4 RNA-seq analysis of stringent response genes

Heatmaps displaying the RNA-seq fold change of selected stringent response regulated
genes. Logs fold changes in relative transcript abundances are colour-coded with red and blue,
indicating up- and downregulation, respectively. “GTP-independent” compares the expression
levels of (p)ppGpp° AguaBA vs. AguaBA, while “(p)ppGpp-independent” compares the
expression levels of (p)ppGpp° vs. (p)ppGpp°® AguaBA. The RNA-seq data shown are from
three individual biological replicates (n=3). Full RNA-seq data are available in Table S1 and

S2 in the supplementary material.
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Fig. S5 Antibiotic tolerance in exponential and stationary phase.

(A) Stationary phase (m) or mid-exponential phase (e) bacteria were treated with 100x MIC
ciprofloxacin (A) or oxacillin (B) and survival was calculated in comparison to untreated cells
at different time points after treatment. Data shown are mean of + SD (n=3 biological

replicates).
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