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Abstract 

Streptococcus agalactiae is among the few pathogens that have not dev eloped r esistance to ß-lactam antibiotics despite decades of 
clinical use. The molecular basis of this long-lasting susceptibility has not been investigated, and it is not known whether specific 
mec hanisms constr ain the emergence of resistance . In this study, w e first r e port ß-lactam tolerance due to the inacti v ation of the c-di- 
AMP phosphodiester ase GdpP. Mec hanistically, toler ance de pends on anta gonistic r egulation by the r e pr essor BusR, which is acti v ated 

by c-di-AMP and negati v el y r egulates ß-lactam susce ptibility thr ough the BusAB osmol yte transporter and the AmaP/Asp23/GlsB cell 
env elope str ess complex. The BusR transcriptional response is synergistic with the simultaneous allosteric inhibition of potassium 

and osmolyte transporters by c-di-AMP, which indi viduall y contribute to low-level ß-lactam tolerance. Genome-wide transposon 

m uta genesis confirms the role of GdpP and highlights functional interactions between a lysozyme-like hydrolase, the KhpAB RNA 

chaperone and the protein S immunomodulator in the response of GBS to ß-lactam. Over all, w e demonstr ate that c-di-AMP acts 
as a turgor pr essur e rheostat, coordinating an inte gr ated response at the transcriptional and post-translational levels to cell wall 
weakening caused by ß-lactam activity, and reveal additional mechanisms that could foster resistance. 

Ke yw ords: nucleotide signaling; osmolytes; turgor pressure; cell wall; antibiotic; Streptococcus 
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Introduction 

Streptococcus agalactiae (Group B Streptococcus : GBS) is the leading 
cause of bacterial inv asiv e infection during the first 3 months of 
life (Global Burden of Disease Antimicrobial Resistance Collabora- 
tors 2022 , Gonçalves et al. 2022 ). Infection of the newborn mainly 
occurs v erticall y during parturition in case of colonization of the 
mother v a ginal tr act. Pr enatal scr eening and intr a partum antibi- 
otic pr ophylaxis (IAP) decr ease bacterial burden and risk of inva- 
sive infection during the first week of life (Paul et al. 2023 ). Beta- 
lactam antibiotics, especially penicillin G and amoxicillin, remain 

the first-line antibiotics for IAP and early neonatal infections. De- 
spite decades of selective pressure, no ß-lactam resistant GBS iso- 
lates have been identified to date. Similarly, the closely related op- 
portunistic pathogen Streptococcus pyogenes (Group A Streptococcus : 
GAS) r emains sensitiv e to ß-lactams despite their widespread use 
to treat common respiratory tract infections . T he scientific and 

clinical communities have long been puzzled by this fortunate 
situation (Horn et al. 1998 ). Ho w e v er, the r ecent isolation of non- 
Recei v ed 6 May 2024; revised 3 June 2024; accepted 11 June 2024 
© The Author(s) 2024. Published by Oxford Uni v ersity Pr ess on behalf of FEMS. This
Commons Attribution-NonCommercial License ( https://cr eati v ecommons.org/licen
r e pr oduction in any medium, provided the original work is properly cited. For com
usceptible clinical isolates suggests that the situation is evolving 
Seki et al. 2015 , Metcalf et al. 2017 ). The nonsusceptible isolates
av e incr eased minimal inhibitory concentr ations (MICs), whic h
emains below or close to the clinical susceptibility breakpoint.
he reduced susceptibility is due to mutations in the pbp2x gene
ncoding the main target to which penicillin G binds (Kimura et
l. 2015 , Chochua et al. 2022 ). Mutations in a penicillin-binding
r otein (PBP) ar e often a first step to w ar d r esistance, whic h r e-
uires additional mutations to compensate for their fitness cost.
or instance, isolation of nonsusceptible Streptococcus pneumoniae 
solates was r a pidl y follo w ed b y the emergence of ß-lactam re-
istance, a process facilitated by the pneumococcal competence 
ac hinery (Albarr acin Orio et al. 2011 , Gibson et al. 2022 , Nishi-
oto et al. 2022 ). 
In addition to PBP mutations and acquisition of nonsusceptible 

BP variants or ß-lactamases, additional mechanisms contribute 
o ß-lactam resistance in pathogenic species. Especially, muta- 
ions in the GdpP phosphodiesterase have been recently described 
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n S. pneumoniae and mec -negative Staphylococcus aureus clinical iso-
ates with low-le v el ß-lactam resistance (Argudin et al. 2018 , Ba
t al. 2019 , Giulieri et al. 2020 , Sommer et al. 2021 , Kobras et al.
023 ). The GdpP enzyme hydr ol yzes cyclic-di-AMP (cdA), a signal-
ng nucleotide acting as second messenger essential for growth
nder standard conditions . T he synthesis of cdA is closely linked
o the synthesis of the cell wall, which is essential for resisting tur-
or pr essur e and maintaining cell integrity (Corrigan et al. 2011 ,
assa et al. 2020 ). The essential enzyme GlmM, which synthesizes

n early cell wall metabolite, interacts with and inhibits the cdA
yclase DacA, while the corresponding genes are cotranscribed
rom a conserved operon (Zhu et al. 2016 , Tosi et al. 2019 , Gib-
ardt et al. 2020 ). Howe v er, cdA itself does not appear to directly
egulate cell wall synthesis . T he cdA mode-of-action primarily de-
ends on regulating transporters involved in the import of potas-
ium and zwitterionic osmolytes (e.g. trimethylglycine also called
etaine) necessary to maintain osmotic homeostasis (Stülke and
rüger 2020 ). In addition to dir ectl y modulating tr ansporter activi-

ies, cdA also regulates their expression by species-specific mech-
nisms involving either two-component systems (Moscoso et al.
015 , Gibhardt et al. 2019 ), transcriptional regulators (Devaux et
l. 2018 , Pham et al. 2018 , Oberkampf et al. 2022 ), or riboswitches
Nelson et al. 2013 , Gundlach et al. 2017 ). Osmotic homeostasis
s primarily achieved by osmolytes transporters but is also cou-
led to metabolic and physiological responses (Rojas and Huang
017 ). In some species, cdA signaling e volv es to r egulate the tri-
arboxylic acid cycle (Sureka et al. 2014 , Choi et al. 2017 ) and the
ener al str ess r esponse mediated by the Rel enzyme synthesizing
he alarmone (p)ppGppp (Peterson et al. 2020 , Krüger et al. 2021 ,
022 , Covaleda-Cortes et al. 2023 ). 

Mutations in cdA metabolic enzymes have been associated
ith ß-lactam susceptibility or resistance in se v er al species, in-

luding laboratory and clinical isolates, but the underlying mech-
nism remains unclear (Luo and Helmann 2012 , Rismondo et al.
015 , Whiteley et al. 2017 , Pham et al. 2021 , Nolan et al. 2022 ,
berkampf et al. 2022 ). In this study, we first investigated whether
dA has a conserved role in susceptibility to ß-lactams in the al-
ost univ ersall y susceptible GBS pathogen. Then, we c har acter-

zed the cdA signaling pathway and show that osmolyte trans-
orters individually contribute to ß-lactam susceptibility and that
heir coregulation by cdA, directly and at the transcriptional level
ia the BusR regulator, confers ß-lactam tolerance. A genome-
ide screen of ß-lactam decreased susceptibility confirms the role
f cdA signaling and identifies additional pathwa ys , including a
onserv ed RNA-binding pr otein with a pr edicted Hfq-like sRNA
 ha per one activity. This study r e v eals the molecular basis of cdA-
ependent ß-lactam tolerance and prompts an in-depth surveil-

ance and c har acterization of mec hanisms that can pr omote the
e v elopment of resistance in pathogens that are still susceptible
o this precious class of antibiotic. 

aterials and methods 

acterial strains and culture conditions 

he NEM316 (CC-23) and BM110 (CC-17) str ains ar e clinical iso-
ates of capsular serotype III with sequenced genomes available
nder the NCBI r efer ences RefSeq NC_004368 (Glaser et al. 2002 )
nd NZ_LT714196 (Da Cunha et al. 2014 ), r espectiv el y. Str ains
er e gr own in Todd-He witt supplemented with 1% yeast ex-

ract and buffered with 50 mM HEPES pH 7.3 (THY) incubated at
7 ◦C in static condition. Growth curves were done in 96-well mi-
roplates (clear, flat bottom, Thermo Scientific) with 150 μl of di-
uted ov ernight cultur e (1/500) b y w ell. Optical density (OD 600 ) w as
utomaticall y r ecorded e v ery 10 min with 1 min agitation b y c ycle
t 37 ◦C (TECAN Infinite). Doubling times are determined by fitting
onlinear r egr ession with a Malthusian gr owth model (Gr a phP ad
rism 10) in exponential phase ( R 

2 > 0.99). Chemically defined
edium is pr epar ed as described (De v aux et al. 2018 ) fr om a 2-

old stock solution without glutamine and potassium. Glutamine
2 mM) and indicated concentration of potassium and betaine are
dded extempor aneousl y, altogether with 2-fold melted BactoA-
ar solution. 

Esc heric hia coli str ains (T OP10, In vitrogen or XL1-blue , Strata-
ene) used for vector construction were grown in LB with ap-
r opriate concentr ations of antibiotics (ampicillin 100 μg/ml,
anam ycin 25 μg/ml, or erythrom ycin 150 μg/ml). For selection
nd pr opa gation of v ector in GBS, THY is supplemented with ery-
hromycin (10 μg/ml) or kanamycin (500 μg/ml). 

ntibiotic susceptibility tests 

IC in liquid is done following EUCAST guidelines in Mueller–
inton Fastidious culture media (MH-F, Becton Dickinson) media
sing custom AST Sensititre 96-well plates (ThermoScientific) and
8 h of incubation at 37 ◦C. Minimal Bactericidal Concentration
MBC) is done by numerating the number of viable bacteria by
olony-forming units after MIC determination. MIC on agar plates
s done with Etest strips (BioMerieux) on MH-F a gar uniforml y in-
culated with a standardized bacterial solution (5 × 10 8 CFU/ml)
ccording to EUCAST guidelines. 

Spotting assays are done on THY agar supplemented with the
ndicated concentration of antibiotic. Stocks solution of Penicillin
 (1 mg/ml) are aliquots and stored at −20 ◦C for single used and
HY plates containing penicillin are prepared and used the same
ay. Ov ernight cultur es ar e serial diluted (10-fold factor: 10 −1 to
0 −5 ) in PBS and 4 μl of each dilution is spotted at the surface of
HY plates with and without antibiotic. Incubation is at 37 ◦C in
erobic condition with 5% CO 2 . 

Time-killing by spotting assay. Cultures in early logarithmic
rowth phase (0.3 < OD 600 < 0.4) in THY are adjusted to 10 8

FU/ml and 0.9 ml are distributed in 96 deep-well plates. Ster-
le water or 10-fold concentrated penicillin are added (0.1 ml),
omogenized (MixMate, Eppendorf), and plates are incubated at
7 ◦C. At the indicated time, cultures in deep-well plates are ho-
ogenized (MixMate) and an aliquot (50 μl) is taken, serial diluted

n PBS (10 −1 to 10 −5 ) in a 96-well plate and spotted on THY with-
ut antibiotic. All steps are done with m ultic hannel pipettes to
niformize time of antibiotic exposure between samples. 

Time-killing by CFU quantification. Penicillin was added (time
) in 10 ml of adjusted cultures (10 8 CFU/ml) in early logarith-
ic growth phase in THY. Incubation was resumed at 37 ◦C and

liquots were taken at the indicated times. Serial dilutions in PBS
10-fold factor) were spread on THY without antibiotic to quantify
he number of viable bacteria at each time points. Survival is the
atio of CFU at time X against CFU at time O. 

TD-Test for antibiotic tolerance . T he original TD-test (Gefen et
l. 2017 ) was adapted for GBS as described for S. aureus (K otko va
t al. 2019 ). First, a disk-diffusion assay was performed on MH
edium uniformly inoculated with diluted GBS cultures and with

enicillin disks (0.1–10 μg). After overnight incubation at 37 ◦C in
% CO 2 atmosphere, penicillin disks are removed and carefully
eplaced by sterile disks containing glucose (10 μg). Tolerance is

anifested by bacterial r egr own into the initial inhibition zones
fter an additional incubation at 37 ◦C in 5% CO 2 atmosphere for
4 h. 
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Bacterial genetic and genome sequencing 

All the mutants used in this study, together with the summary 
of genome sequencing, are described in Supplementary Table 
S2 . Oligonucleotides and construction of vectors are detailed in 

Supplementary Table S4 . Deletion vectors were constructed by 
splicing-by-ov erla p PCR using high-fidelity pol ymer ase (Thermo 
Scientific Phusion Plus) and Gibson assembly into the pG1 ther- 
mosensitiv e shuttle v ector as described (De v aux et al. 2018 ). Final 
PCR products contain the desired mutations flanked by 500 bp 

of sequences homologous to the target loci and end with 25 bp 

of sequences complementary to the pG1 vector. After Gibson as- 
sembl y, v ectors ar e intr oduced in E. coli XL1 blue (Str ata gene) with 

erythromycin selection. Vector inserts are validated by Sanger se- 
quencing (Eurofins Genomics). 

Vectors are introduced in GBS by electr opor ation. Tr ansfor- 
mants are selected at 30 ◦C (pG1 permissive replication tempera- 
ture) with erythromycin. Integration of the vector by homologous 
recombination at the targeted loci is selected by streaking trans- 
formants on THY supplemented with erythromycin and incu- 
bated at 37 ◦C (nonpermissive temperature) and further isolation 

of single colonies in the same condition. Loss of the c hr omosoma- 
ll y integr ated v ector occurs thr ough subcultur es ( n = 3–5) in THY 

at 30 ◦C without antibiotic selective pressure. Single colonies were 
tested ( n = 24–48) for the loss of the vector (erythromycin suscep- 
tibility) and by discriminatory PCR (MyTaq HS—Bioline) with spe- 
cific oligonucleotides to select mutant over wild-type (WT) geno- 
types. 

Genomic DN A w ere purified follo wing manufacturer instruc- 
tion for Gr am-positiv e bacteria (DNeasy Blood and Tissue—
Qiagen) and sequenced (Illumina sequencing at Core facility or 
Eurofins Genomics). High quality reads in FASTQ were mapped 

a gainst the r efer ence genome (162-fold cov er a ge mean) and anal- 
ysed with Geneious Prime (2019.2.3–Biomatters Ltd). 

c-di-AMP quantification 

Cyclic-di-AMP concentration was determined by LC-MS/MS fol- 
lowing company’s instruction (Biolog LSI) and as pr e viousl y de- 
scribed for GBS (De v aux et al. 2018 ). Bacterial cultures in ex- 
ponential growth phase were pelleted, washed with PBS, re- 
suspended in 300 μl of nucleotide extraction buffer (acetoni- 
trile/methanol/water; 2/2/1), incubated 15 min on ice, heated 

10 min at 95 ◦C, and incubated for an additional 15 min on ice.
Cells wer e l ysed by mec hanical sharing with 0.1 μM beads (Pr e- 
cellys Evolution, Bertin) and clear lysates were recovered after 
centrifugation at 4 ◦C. Lysis was repeated two times on cell de- 
bris with 200 μl of extraction buffer each time. Clear lysates were 
pooled and incubated 16 h at −20 ◦C for pr otein pr ecipitation. Af- 
ter centrifugation (20 min, 4 ◦C), supernatants were recovered and 

the whole extract was evaporated to dryness (Eppendorf Concen- 
tr ator). Dry samples wer e sent to Biolog LSI for nucleotide quan- 
tification by LC-MS/MS. For sample normalization, total protein 

concentration was determined in the initial bacterial cultures. 

Electr onic micr oscopy 

Bacteria wer e gr own in THY at 37 ◦C until early logarithmic growth 

phase, harvested by centrifugation, washed twice in PBS, and fixed 

by incubation in a solution of 4% paraformaldehyde and 1% glu- 
taraldehyde in 0.1 M phosphate buffer (pH 7.2) for 24 h. After two- 
step washing in PBS, bacteria were postfixed in 2% osmium tetrox- 
ide for 1 h and dehydrated in graded ethanol solutions. For scan- 
ning electron microscopy (SEM), samples were finally dried with 

hexamethyldisilazane, coated with platinum by sputtering, and 
bserved with a Zeiss Ultra Plus SEM (Microscopy Department,
niversity of Tours). For transmission electron microscopy (TEM),

amples were embedded in Epon resin and allo w ed to polymerize
or 48 h at 60 ◦C. Ultrathin sections of 90 nm were obtained, de-
osited on EM gold grids, and stained with 5% ur an yl acetate and
% lead citr ate, befor e observ ation using a JEOL JEM-1011 micr o-
cope (Microscopy De partment, Uni versity of Tours). 

NA sequencing and analysis 

NA purification, sequencing, and analysis were done as de- 
cribed (Mazzuoli et al. 2021 ). Total RN A w as purified from three
ndependent cultures done on different da ys . T he culture con-
itions are THY inoculated (1/50) with an overnight culture and

ncubated at 37 ◦C in static condition until exponential growth
hase (OD 600 = 0.5). Bacteria ar e harv ested by centrifugation (5
in, 4 ◦C) and washed with 1 ml cold PBS containing RNA stabi-

ization r ea gents (RNApr otect, Qia gen) befor e flash fr eezing and
tor a ge at −80 ◦C. Total RNA ar e extr acted after cell wall mechan-
cal lysis with 0.1 μm beads (Precellys Evolution, Bertin Technolo-
ies) in RNApr o r ea gent (MP Biomedicals), and purified by chlo-
 oform extr action and ethanol pr ecipitation. After r esuspension
n water (Invitr ogen), r esidual DNA is r emov ed (TURBO DNase,
mbion), RNA concentr ations ar e quantified with fluorescent dye

Qubit RNA HS, Invitrogen) and RNA qualities are validated by
lectr ophor esis (Agilent Bioanalyzer 2100). 

Depletion of rRNA (FastSelect Bacterial, Qia gen), libr aries con-
truction (TruSeq Stranded mRNA, illumine), and sequencing 
NextSeq 500, Illumina) were done following the manufacturers’ 
nstructions. Single-end strand-specific 75 bp reads were cleaned 

cutadapt v2.10) and mapped on the GBS genomes (Bowtie v2.5.1).
ene counts and differential expression were analysed using DE- 
eq2 (v1.30.1) in R (v4.0.5) (Love et al. 2014 ). Normalization, dis-
ersion, and statistical tests for differential expression were per- 
ormed with independent filtering. Raw P -v alues wer e adjusted for
ach comparison (Benjamini and Hochberg multiple tests) and ad- 
usted P -value lo w er than .05 were considered significant. 

ransposon mutagenesis 

 minimal mariner transposon was constructed by PCR with 

ligonucleotides containing the inv erted r epeat, modified to con-
ain MmeI restriction sites, used to amplify the kanamycin resis-
ant marker of the pTCV vector ( Supplementary Table S4 ). The
urified and digested PCR product was cloned between the EcoRI–
amHI restriction sites of the thermosensitive pG1 vector. A sec-
nd PCR was done to amplify the Himar9 hyper activ e tr ansposase
ncoding gene under the control of a gyrA constitutive promoter.
he PCR product was cloned between BamHI–PstI restriction sites 
o give the pG_TnK vector. 

The pG_TnK vector is introduced in GBS by electr opor ation with
rythromycin selection at 30 ◦C (permissive temperature of repli- 
ation for the v ector). Tr ansformants ar e isolated and cultured in
he same condition. After an ov ernight cultur e, a starting cultur e
s inoculated (1/25) in THY without antibiotic and incubated at
7 ◦C (nonpermissiv e temper atur e of replication for the vector) for
–4 h. Dilutions (5–10-fold) were spread on THY with kanamycin
500 μg/ml) and incubated at 37 ◦C. To control for vector loss and
stimate tr ansposition fr equenc y, dilutions w er e also spr ead on
HY at 30 ◦C and 37 ◦C (total CFU), and THY with erythromycin
t 30 ◦C (total CFU containing the vector) and 37 ◦C (c hr omoso-
al integration or mutation of the vector). From four biological

 eplicate, tr ansposition fr equenc y is betw een 1.5 × 10 −4 and 5.9
10 −5 with 88.1%–94.4% of kanamycin r esistant—erythr omycin 

https://academic.oup.com/microlife/article-lookup/doi/10.1093/femsml/uqae014#supplementary-data
https://academic.oup.com/microlife/article-lookup/doi/10.1093/femsml/uqae014#supplementary-data
https://academic.oup.com/microlife/article-lookup/doi/10.1093/femsml/uqae014#supplementary-data
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usceptible colonies corresponding to chromosomally integrated
nK and loss of the vector backbone. 

A total of 176 THY kanamycin plates inoculated from four in-
ependent starting cultures and with 5 × 10 2 –10 3 colonies after

ncubation at 37 ◦C were used to constitute the library collection.
acteria were gently recovered with 4 ml of THY by plate, pooled,
entrifuged (10 min, 4 ◦C), washed with THY, resuspend in 4 ×
5 ml gl ycer ol 20%, and stor ed at −80 ◦C by aliquots of 1.5 ml.
ingle tube were used for numeration on THY kanamycin at 37 ◦c
nd single colonies were picked to confirmed erythromycin sus-
eptibility ( n = 96; > 95% ery S ). Genomic DNA of isolated colony
ere purified from 7.5 ml of culture (DNeasy Blood and Tissue—
iagen) with an additional step of cell lysis with microbeads (Pre-
ellys Evolution). Genomic DNA are used as template for Sanger
equencing with a transposon specific primer (BAC protocol, Eu-
 ofins). Sequence r eads wer e ma pped a gainst the tr ansposon end
nd flanking sequences are then mapped against the GBS genome
o identify the tr ansposition integr ation site. For screening, THY
ere inoculated (1/100) with −80 ◦C library stocks and incubated
 h at 37 ◦C for r ecov ery befor e spr eading dilutions on fr eshl y pr e-
ared THY plates containing increasing concentration of peni-
illin. Plates are incubated at 37 ◦C in a 5% CO 2 incubator and
olonies were further isolated on THY before genomic DNA purifi-
ation and sequencing of tr ansposon–c hr omosome junction (Eu-
ofins). 

esults 

nactiv a tion of the c-di-AMP phosphodiesterase 

dpP confers ß-lactam tolerance 

e first investigated whether the second messenger cdA had a
onserv ed r ole in ß-lactam susceptibility in a species, which has
l ways r emained clinicall y susceptible. In GBS, cdA is synthesized
rom two ATP molecules by the cyclase DacA and hydr ol yzed into
ApA by the phosphodiesterase GdpP (Devaux et al. 2018 ). DacA,
nd thus cdA synthesis, is essential for growth unless the con-
entr ation of osmol ytes is tightl y limited in the gr owth medium or
ompensatory mutations allow growth in usual media. (Devaux et
l. 2018 ). To test the susceptibility to ß-lactams, we ther efor e used
 �gdpP mutant with a high cdA intr acellular concentr ation made
n the NEM316 WT str ain (De v aux et al. 2018 ). First, conv entional
ntibiotics susceptibility testing shows similar MICs for the �gdpP
utant and the WT control, whether by broth microdilution or by

radient tests using Etests (Fig. 1 A). 
In contrast, spotting assays reveal growth of the �gdpP mu-

ant on THY plates containing concentrations of penicillin G and
ephalexin that inhibit the WT strain (Fig. 1 B). Time-killing experi-
ents with high penicillin concentrations (MIC × 2 < 0.1–10 μg/ml
 MIC × 200) added to exponentially growing cultures before spot-

ing on THY plates without antibiotic show that the �gdpP mutant
s killed mor e slowl y than the WT strain (Fig. 1 C). Noteworthy, the
actericidal activity is initially inversely proportional to the drug
oncentration when exceeding four times the MIC, a phenomenon
nown as the “Eagle effect” and first described in the 1940s for
BS (Eagle and Musselman 1948 ), for the WT control only (Fig. 1 C).
ime-killing experiments using CFU counts confirmed the advan-
age of the �gdpP mutant, which exhibited a decreased killing rate
ompared to the WT strain (Fig. 1 D). Slow-killing kinetics and no
ifference between the �gdpP mutant and the WT strain were
bserved when stationary phase cultures were used (Fig. 1 D), in
 gr eement with the mode of action of ß-lactams requiring active
ell wall metabolism and division. Adaptation of the TD-test, a
odified disk-diffusion assay for antibiotic tolerance (Gefen et al.
017 , K otko va et al. 2019 ), further shows that the �gdpP mutant
an survive lethal concentration of penicillin (Fig. 1 E). 

To determine whether tolerance is a result of GdpP enzymatic
ctivity, we substituted the conserv ed catal ytic r esidue D 419 (Rao
t al. 2010 , Corrigan et al. 2011 ) with an alanine by tar geted m u-
agenesis in the WT strain. The GdpP D419A catalytic-minus and
he �gdpP mutants have similar high intracellular cdA concentra-
ion and ß-lactam phenotype (Fig. 1 F). In addition, complementa-
ion of the �gdpP mutant with a vector containing a WT copy of
dpP (pTCV_ gdpP ) abolishes the phenotype of the �gdpP mutant
n penicillin-containing plates (Fig. 1 G). Ov er all, a high intr acel-
ular concentration of cdA confers ß-lactam tolerance, character-
zed by similar MICs but slow-killing kinetics (Brauner et al. 2016 ),
emonstrating that cdA is involved in the response of GBS to ß-

actams. 

dA catabolism impacts physiology, cell 
nv elope, and di vision 

ntibiotic tolerance is frequently dependent on the growth rate
nd/or metabolic activity of the tar get cell, especiall y for ß-
actams (Tuomanen et al. 1986 , Lee et al. 2018 , Lopatkin et al.
019 ). At first glance, the individual growth curves in rich medium
THY) show a fitness defect in the exponential phase for the �gdpP
 utant compar ed with the WT str ain, with a doubling time of

4.4 + / − 0.5 min and 27.2 + / − 1.1 min, r espectiv el y (Fig. 2 A).
o w e v er, pr eliminary micr oscopic observ ations r e v ealed signifi-
ant heterogeneity and major morphological defects in the �gdpP
utant. Closer examination by SEM and TEM show morphologi-

al defects affecting the ultr astructur es of the cell surface, both
embranous and parietal (Fig. 2 B). Instead of chains of dividing

occi, �gdpP cells are heterogenous , often s wollen, with rough sur-
ace, and septation defects. Cell envelopes are irregularly thick-
ned, cells ar e fr equentl y compartmentalized by m ultiple curv ed
e ptum-lik e structures, and inv a ginated membr anous structur es
r e also observ ed (Fig. 2 B and C). The WT morphology is r estor ed
n the �gdpP mutant with the complementing gdpP vector but not
ith the empty vector (Fig. 2 D). Overall, the absence of gdpP leads

o se v er e mor phological alter ations, with lar ge effects on cell en-
elope and division. 

he BusR transcriptional repressor antagonizes 

-lactam tolerance 

he morphology of the �gdpP cells suggests large-scale pertur-
ations involving, either dir ectl y or indir ectl y, cell wall synthesis.
o c har acterize the associated str ess r esponses, we anal yzed the
ranscriptome of the �gdpP mutant in exponential growth phase
t 37 ◦C in rich media. In total, 69 genes are significantly differ-
ntiall y expr essed (DEG : | log 2 FC | > 1 and P -adj < 10 −4 ), among
hich 28 are part of multicopy integrative genomic elements
nown as TnGBS (Guerillot et al. 2013 ) that we have excluded for
he rest of the analysis (Fig. 3 A and Supplementary Table S1A ). Of
he remaining DEG, 11 and 30 are up- and downr egulated, r espec-
iv el y. Except for two unc har acterized genes, fold changes and sig-
ificance are relatively minor (Fig. 3 A), and analysis of gene func-
ion does not provide a clear pattern ( Supplementary Table S1A ).
o gain confidence, we analyzed the transcriptome of a second
gdpP mutant made in a different WT background (strain BM110,
f the same capsular serotype III and belonging to the hypervir-
lent clonal complex CC-17; Da Cunha et al. 2014 ). Applying the
ame thresholds, 67 DEG were identified including 39 in pr opha ges
Fig. 3 A and Supplementary Table S1B ). Compar ativ e anal ysis

https://academic.oup.com/microlife/article-lookup/doi/10.1093/femsml/uqae014#supplementary-data
https://academic.oup.com/microlife/article-lookup/doi/10.1093/femsml/uqae014#supplementary-data
https://academic.oup.com/microlife/article-lookup/doi/10.1093/femsml/uqae014#supplementary-data
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Figure 1. Inactivation of the cyclic-di-AMP phosphodiesterase GdpP confers beta-lactam tolerance. (A) MIC of antibiotics: conventional tests in liquid 
(br oth micr odilution) and solid (gr adient Etest strips) in MH-F media with the WT str ain and the �gdpP c-di-AMP phosphodiester ase deletion m utant 
for penicillin G (PenG), amoxicillin (AMX), and the third-generation cephalosporin cefotaxime (CTX), and ceftriaxone (CRO). (B) Spotting assays of the 
WT strain and �gdpP mutant: overnight cultures were serially diluted (10 1 –10 −5 ) and spotted on the surface of THY agar supplemented with PenG or 
the first-generation cephalosporin cephalexin (CEX). Images were taken after 16–24 h incubation at 37 ◦C in aerobic condition with 5% CO 2 . (C) Dose 
and time-dependent killing of the WT strain and �gdpP mutant. High PenG concentrations (0.1–10 μg/ml) are added to exponential growing cultures of 
the WT strain and �gdpP mutant. Aliquots were taken at the indicate time, serial diluted, and spotted on THY without antibiotic. (D) Time-killing of 
exponential and stationary phase cultures of the WT strain and �gdpP mutant in presence of 10 μg/ml PenG. Aliquots were taken at the indicate time 
and dilution were plated on THY for colony-forming unit numeration. Data are from seven and six independent experiments for exponential and 
stationary time, r espectiv el y. Unpair ed t -test were used to compare the WT and the mutant at each time point ( ∗ P < .05; ∗∗∗∗ P < .0001). (E) Adaptation 
of the TD-test for GBS antibiotic tolerance. Diluted cultures of the WT strain and �gdpP mutant are spread on MH media and PenG disks (10 μg) were 
added. After a 24-h incubation, PenG disks were removed and replaced by glucose (Glc) disks (10 mg). Crossed white arrows highlight inhibition zones 
after 24 h, and crossed blue arrows highlight the decrease in the inhibition zone of the �gdpP mutant after an additional 24 h incubation with the Glc 
disk. (F) Penicillin tolerance depends on the GdpP phosphodiesterase activity. Left panel: quantification of intracellular c-di-AMP by LC-MS in the WT 

strain, the �gdpP mutant, and the catalytic inactivated GdpP D419A mutant. Data represent means and SD calculated from biological triplicate ( N = 3) 
and analyzed with unpaired t -test ( ∗ P < .05; ∗∗ P < .01). Right panel: spotting assays on PenG plate. (G) Genetic complementation of the �gdpP mutant. 
Spotting assay with the WT and the �gdpP mutant containing the empty (pTCV) or complementing (pTCV_ gdpP ) vectors. Kanamycin (K 500 ) is added to 
maintain the selective pressure for the vectors. 
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between the two bac kgr ounds r e v eals onl y 22 genes with a con- 
serv ed significant differ ential expr ession ( P -adj < 10 −4 ), among 
whic h onl y 10 with a conserv ed thr eshold abov e | log 2 FC | > 1 
(Fig. 3 B and Supplementary Table S1C and S1D ). Ov er all, tr anscrip- 
tomes suggest a strain-specific adaptation to the absence of gdpP ,
but do not allow to unambiguously identify a conserved response.

Despite the r elativ el y low le v el of information pr ovided b y RN A- 
seq analysis, we and others have previously shown that the BusR 

tr anscriptional r egulator is allostericall y activ ated by cdA and 

dir ectl y r epr esses the busAB oper on encoding a betaine tr ans- 
orter (De v aux et al. 2018 , Pham et al. 2018 , Bandera et al. 2021 ,
berkampf et al. 2022 ). Consistentl y, busAB genes ar e among the
ost r epr essed in the �gdpP m utants but r eac h statistical signifi-

ance in the NEM316 bac kgr ound onl y (Fig. 3 B). This indicates that
he BusR r epr essor is activ e in the WT str ains and ov er activ ated by
he high cdA concentration in the �gdpP mutants . We , therefore
eleted busR in the WT strains and in their corresponding �gdpP
utants to test ß-lactam susceptibilities. Deletion of busR is as-

ociated with a fitness cost, especially in the �gdpP bac kgr ounds
 Supplementary Fig. S1 ), indicating that BusR must be tightly

https://academic.oup.com/microlife/article-lookup/doi/10.1093/femsml/uqae014#supplementary-data
https://academic.oup.com/microlife/article-lookup/doi/10.1093/femsml/uqae014#supplementary-data
https://academic.oup.com/microlife/article-lookup/doi/10.1093/femsml/uqae014#supplementary-data
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Figure 2. Cyclic-di-AMP phosphodiesterase deficiency leads to morphological and cell envelope defects. (A) Growth curves (upper panel) and doubling 
time in exponential phase (bottom panel) of the WT strain and �gdpP mutant in THY at 37 ◦C. Means and SD are calculated from biological replicates 
( N = 8) and analyzed using unpaired t -test ( ∗∗∗∗ P < .0001). (B) SEM and TEM of the WT strain and �gdpP mutant at similar scales . T he white and grey 
arrows highlight intracytoplasmic membrane structures and areas with cell envelopes of heterogeneous thickness, respectively. (C) Additional 
electr onic micr oscopy illustr ating the heter ogeneity and atypical ultr astructur e of �gdpP cells. (D) Repr esentativ e ima ges of the �gdpP m utant with 
the empty (pTCV) or complementing (pTCV_ gdpP ) vectors observed by SEM. 
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egulated and that its inactivation is antagonistic with a high cdA
oncentr ation. Inter estingl y, �busR m utants ar e mor e susceptible
o penicillin compared to their WT parental strains (Fig. 3 C). More-
ver, deletion of busR in the �gdpP mutants decreases the growth
dv anta ge of the parental �gdpP mutants on penicillin-containing
lates (Fig. 3 C). T he �gdpP phenotype is , thus dependent on the
r anscriptional r epr essor BusR, whic h is alr ead y acti ve in the WT
tr ain and negativ el y r egulates genes conferring ß-lactam suscep-
ibility. 

he BusR signaling pathway regulates ß-lactam 

usceptibility 

o c har acterize the BusR r egulon, we anal yzed the tr anscrip-
ome of the �busR mutants in the two WT bac kgr ounds (Fig. 3 A
nd B). In addition to busAB (FC = 23–64-fold, 10 −45 < P -adj <
0 −140 ), BusR negativ el y r egulates a se v en-genes oper on ther eafter
alled the amaP- operon (FC = 10–37-fold, 10 −35 < P -adj < 10 −78 )
djacent to, and translated in the same direction as, the busR
peron ( Supplementary Fig. S1 and Supplementary Table S1E ).
he se v en small pr oteins (65–194 amino acids) encoded in the
maP -oper on ar e pr edicted to form a membr ane-localized pr otein
omplex with redundant functional subunits (3 x Asp23-domain
roteins PF04226/PF03780/DUF322 including AmaP, 2 almost iden-
ical GlsB-like proteins PF04226, 1 x DUF2773, and 1 x CsbD-like
amily PF05532). In addition, one monocistronic gene ( pepY2 , FC =
3–16-fold, 10 −52 < P -adj < 10 −98 ) encoding a predicted transmem-
r ane pr otein containing tw o P epSY ectodomains (PF03413) is also
ighl y significantl y r epr essed by BusR (Fig. 3 B and Supplementary
able S1E ). 

The three genetic units ( busAB , amaP -operon, and pepY2 ) de-
ne the BusR r egulon, whic h is distinct fr om the indir ect tr an-
criptional perturbations observed in individual �busR transcrip-
omes (Fig. 3 B). Putative BusR binding sites are detected close
o amaP -operon and pepY2 transcriptional start sites suggest-
ng direct BusR-repression ( Supplementary Fig. S1 ), as previously
emonstrated for BusR on the busAB promoter (Bandera et al.
021 ). To test the role of the regulon in the susceptibility of the
busR mutant to ß-lactams, we deleted busB , the whole amaP -
peron, and pepY2 in the �busR mutant ( n.b. in the NEM316 WT
tr ain onl y). Deletion of busB and of the amaP -oper on r estor es
he growth of the parental �busR mutant on penicillin-containing
lates (Fig. 3 D). Ov er all, BusR negativ el y r egulates thr ee genetic
nits, including two that confer susceptibility to ß-lactams sus-
eptibility when BusR is inactive: the betaine transporter BusAB
nd an AmaP/Asp23/GlsB complex with a probable function in cell
nvelope homeostasis (Muller et al. 2014 , Tödter et al. 2017 , Bar-
os et al. 2019 ). In the context of a �gdpP mutant with a high level
f cdA, BusR is ov er activ ated and the r epr ession of the regulon
ontributes to the tolerance of the �gdpP mutant to ß-lactams. 

oint regulation of osmolyte transporter activity 

nd expression confers tolerance to ß-lactams 

he opposite but ad diti ve ß-lactam phenotypes of �gdpP and
busR m utants r e v eal a mec hanism based on cdA activ ation of

he BusR transcriptional repressor. Ho w ever, the cdA-signaling
etwork in GBS is a set of negativ e r egulations (Fig. 4 A), whic h
lso includes the direct inhibition of the potassium transporters
trAB and TrkAH and of the zwitterionic transporter subunit Op-
CA (De v aux et al. 2018 ). In ad dition, cdA lik ely inhibits the RCK_C
omain containing protein EriC, a chloride channel protein nec-
ssary to reestablish the ionic balance after osmolyte uptake (De-
aux et al. 2018 ). Lastly, binding of cdA to the small CBS domain
rotein CbpB abolishes the CbpB–Rel allosteric interaction lead-

ng to decreased (p)ppGpp synthase activity (Covaleda-Cortes et
l. 2023 ), which is a conserved mechanism of antibiotic tolerance
Corrigan et al. 2016 , Salzer and Wolz 2023 ). 

All the components of the signaling pathway are inhibited
y the high cdA concentration in the �gdpP mutant. To test

https://academic.oup.com/microlife/article-lookup/doi/10.1093/femsml/uqae014#supplementary-data
https://academic.oup.com/microlife/article-lookup/doi/10.1093/femsml/uqae014#supplementary-data
https://academic.oup.com/microlife/article-lookup/doi/10.1093/femsml/uqae014#supplementary-data
https://academic.oup.com/microlife/article-lookup/doi/10.1093/femsml/uqae014#supplementary-data
https://academic.oup.com/fem/article-lookup/doi/10.1093/fem/uqae14#supplementary-data
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Figure 3. ß-lactam tolerance depends on the c-di-AMP-activated BusR repressor. (A) Transcriptome analysis by RNA-seq of �gdpP and �busR mutants 
in two WT bac kgr ounds (NEM316 and BM110). Colored dots on volcano plots highlight significant differential expression ( P -adj < 10 −4 ) with fold 
changes | FC | > 2 (red dots) and | FC | < 2 (orange dots). (B) Comparative analysis of the �gdpP and �busR transcriptomes between the two WT 

bac kgr ounds. Red dots highlight conserved statistical significance ( P -adj < 10 −4 ) in the two strains, and black squares and white triangles highlight 
statistical significance in NEM316 only or BM110 only , respectively . (C) Tolerance of �gdpP to ß-lactam depends on the cdA-activated BusR repressor. 
Spotting assays (10 −1 –10 −5 serial dilution) of �gdpP , �busR , and the double �gdpP �busR mutants in the two WT backgrounds on THY supplemented 
with penicillin. (D) Susceptibility of �busR to ß-lactam depends on busB and amaP operon. Spotting assays with �busR , and the double �busR �pepY2 , 
�busR �amaP- operon, �busR �busB , and �busR �gdpP mutants in the NEM316 background. 
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their individual contribution, we used a collection of deletion 

and insertional mutants in the WT strain (n.b. NEM316). On 

penicillin-containing plates, the �busA , �opuCA:: TnE , and �trkA 

m utants gr ow on ß-lactam concentr ation higher than those in- 
hibiting the WT strain, without reaching the phenotype of the 
�gdpP mutant (Fig. 4 B). To test whether transporters have cu- 
m ulativ e effects, we generated additional single deletion mutants 
( �busA , �opu -operon) and double deletion mutants for the two 
zwitterionic transporters ( �busA �opu -op), two potassium trans- 
porters ( �ktrA �trkA ), and a pair of potassium-betaine trans- 
porters ( �trkA �busB ). 

After sequencing the genome of all mutants ( Supplementary 
Table S2A ), we identified two issues. First, we unexpectedly iden- 
tified two different NEM316 WT profiles, differing by 14 and 

8 SNPs (five in common) compared to the reference sequence 
( Supplementary Table S2B ). The 14 SNPs profile was alr eady r e- 
ported (Mazzuoli et al. 2021 ) and the eight SNPs profile corre- 
sponds to the oldest mutants generated in the laboratory [ �gdpP 
(De v aux et al. 2018 ) and �opuCA:: TnE (Firon et al. 2013 )]. Although 

the �gdpP phenotypes are complemented (Figs 1 and 2 ) and out 
f cautious, we constructed a ne w m utant ( �gdpP -2) in the 14
NPs profile and validated the absence of any secondary mutation
 Supplementary Table S2A ). Second, the pepY2 mutants have sec-
ndary mutations in glsB or lysM genes, which we cannot exclude
s compensatory mutations ( Supplementary Table S2C ). Conse- 
uentl y, the noninvolv ement of pepY2 in ß-lactam susceptibility

s not conclusive at this stage. 
Focusing on potassium and zwitterionic tr ansporters, par al- 

el phenotypic analysis reveals three degrees of penicillin sus- 
e ptibility. First, inacti vation of the BusAB or OpuCA zwitterionic
ransporters confers a slight advantage in the presence of peni-
illin (Fig. 4 C). The phenotype is similar between single deletion
utants and is not ad diti ve (Fig. 4 C). Second, inactivation of the

otassium importer TrkA leads to a stronger phenotype closer to
gdpP mutants . T hird, inactivation of either the BusAB or KtrA

ransporter in the �trkA mutant further increases the growth ad-
 anta ge of the �trkA single mutant to a level even slightly superior
o the �gdpP mutant (Fig. 4 C). These results show that the �gdpP
-lactam tolerance is potentiated by the simultaneous inactiva- 

ion of potassium and zwitterion importers. Notably, the stronger 

https://academic.oup.com/microlife/article-lookup/doi/10.1093/femsml/uqae014#supplementary-data
https://academic.oup.com/microlife/article-lookup/doi/10.1093/femsml/uqae014#supplementary-data
https://academic.oup.com/microlife/article-lookup/doi/10.1093/femsml/uqae014#supplementary-data
https://academic.oup.com/microlife/article-lookup/doi/10.1093/femsml/uqae014#supplementary-data
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F igure 4. Coor dinated regulation of osmolyte transporters confers ß-lactam tolerance. (A) Diagram of the c-di-AMP (cdA)-signaling network in GBS. 
The cdA-binding domain (RCK_C or CBS) of each effector is indicated on the connecting lines, with arrows indicating activation and final bars 
indicating r epr ession or inhibition. The dotted line denotes pr edicted cdA binding to the RCK_C domain of EriC that has not been demonstr ated 
experimentally. (B) Individual effectors contribute to ß-lactam susceptibility. Spotting assays (10 −1 –10 −5 serial dilution) of a collection of deletion ( �) or 
insertion (:: TnE) mutants for each individual cdA effector on ß-lactam-containing plates. (C) Additive effect of cdA effectors on penicillin 
susceptibility. Spotting assays of single and double deletion mutants on plates containing increasing concentrations of penicillin, in increments of 
2.5 ng/ml. An independent �gdpP -2 mutant was included for validation. 
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henotype is associated with the inhibition of potassium uptake,
hich is the first cellular response in case of hyperosmotic stress.
he contribution of the second cellular response, the uptake of
witterion to compensate the deleterious effects of potassium,
s dependent on the BusR regulator and is dampened by trans-
orters redundancy. Altogether, this reflects the dynamics of os-
ol yte exc hanges coor dinated b y cdA thr ough dir ect inhibition

KtrA, TrkA, and OpuCA) and transcriptional repression ( busAB
hrough BusR activation). 

dA primes cells against penicillin-induced 

smotic shock 

e next sought to test the effect of potassium and zwitterions on
he �gdpP ß-lactam phenotype. Inter estingl y, we observ ed a “mir-
or” phenotype on synthetic minimal media containing only trace
mount of potassium (Fig. 5 A). As expected, the WT strain grows
n minimal media and is inhibited by the addition of penicillin. At
he opposite, the �gdpP mutant is unable to grow unless penicillin
s added (Fig. 5 A). The addition of betaine (5 mM) circumvents the
eed for penicillin and r estor es �gdpP gr owth, while the addition
f potassium (0.1, 0.5, or 5 mM) has a marginal effect, and the
wo osmolytes do not influence the growth of the mutant in the
resence of penicillin (Fig. 5 A). Altogether, this suggests that the
dA-inhibition of high affinity osmolyte transporters inhibits the
rowth of the �gdpP mutant and that penicillin weakens the cell
 all allo wing osmolyte uptake. 
The �gdpP mutants have been previously demonstrated to be

usceptible to hyperosmotic stress in GBS and other species due to
he inhibition of osmol yte tr ansporters r equir ed to r e-establishes
he tur gor pr essur e (Muller et al. 2014 , Tödter et al. 2017 , Bar-
os et al. 2019 ). To test whether cell wall rigidity contributes to
he �gdpP osmo-susceptibility, we added subinhibitory concentra-
ions of penicillin to high osmolarity growth medium. Strikingly,
ell wall fluidization by subinhibitory concentrations restores the
rowth of the �gdpP mutant in hyperosmotic condition (Fig. 5 B).
v er all, this suggests that the �gdpP mutant is in a physiological
tate corresponding to hyperosmotic stress under normal growth
onditions (Fig. 5 C). The �gdpP mutant is unable to cope with stan-
ard hyperosmotic stress, but its reduced turgor pressure confers
n adv anta ge when c hallenged with the bactericidal activity of
enicillin (Fig. 5 C). 

onv ergent m utations impact ß-lactam 

usceptibility 

atabolism of cdA is the first mechanism involved in ß-lactams
oler ance r eported in GBS. To extend the anal ysis, we scr eened
 pool of 1.2 × 10 5 random insertional mutants under con-
itions that allo w ed gro wth of the �gdpP mutant but not the
T strain ( Supplementary Fig. S2 ). Bacterial viability of the in-

ertional mutant collection decreased by a 100-fold factor on
lates containing 30 ng/ml penicillin, with further 10-fold reduc-
ion in viability per 5 ng/ml drug increment ( Supplementary Fig.
2 ). As control, we first sequenced the transposon-chromosome
unction in 240 colonies isolated on THY without antibiotic,
onfirming that integration of the transposon is randomly dis-
ributed along the c hr omosome (Fig. 6 A and Supplementary Table
3A ). After selection for ß-lactam tolerance, sequencing of the
r ansposon–c hr omosome junctions in 191 colonies isolated from

https://academic.oup.com/microlife/article-lookup/doi/10.1093/femsml/uqae014#supplementary-data
https://academic.oup.com/microlife/article-lookup/doi/10.1093/femsml/uqae014#supplementary-data
https://academic.oup.com/microlife/article-lookup/doi/10.1093/femsml/uqae014#supplementary-data
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Figure 5. C-di-AMP balances osmotic and ß-lactam susceptibilities. (A) Penicillin alleviates �gdpP osmolyte requirements on minimal media. Spotting 
assays of the WT strain and �gdpP mutant on synthetic media supplemented with penicillin, potassium, and betaine at the indicated concentration. 
(B) Subinhibitory ß-lactam concentrations counteract �gdpP osmo-susceptibility. Spotting assays of the WT strain and �gdpP mutant under 
hyperosmotic condition (THY supplemented with sucrose) with and without penicillin. (C) Osmotic regulation by cdA and adaptation to osmotic 
imbalances. Left panel: the cellular turgor pressure is mainly regulated through osmolytes exchanges to respond to change in osmolarity. The import 
of osmolytes is necessary to counteract cellular dehydration due to increased osmolarity and is inhibited by cdA. Right panel: the high cdA 

concentration in the �gdpP mutant results in a hyperosmotic stress physiology in a standard en vironment. T he advantage against the bactericidal 
activity of ß-lactam is at the cost of sensitivity to hyper osmotic condition. Fluidification of the cell wall with ß-lactam subinhibitory concentration 
allows osmolyte exchange and re-establishes a WT-like turgor pressure. 
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the 35 and 40 ng/ml screening plates shows a highly biased 

insertion of the transposon at specific loci (Fig. 6 A), with 69% 

(132/191) of the insertions into 5 genes at 29 independent c hr omo- 
somal positions ( Supplementary Fig. S2 and Supplementary Table 
S3 ). 

We selected 16 mutants with insertions in 12 genes, based on 

the number of independent insertions and on functional annota- 
tion. We also added one mutant with an insertion of the trans- 
poson into gdpP . All isolated transposon mutants grew at concen- 
trations of penicillin that inhibited the WT strain (Fig. 6 B) and, as 
expected, the gdpP :: TnK and �gdpP m utants hav e a similar phe- 
notype. Remarkably, 12 insertional mutants grow on penicillin- 
containing plates at concentration that inhibits the gdpP mutants 
(Fig. 6 B). All mutants have similar ß-lactams MIC, within a 2-fold 

factor of the WT MIC (Fig. 6 C). The MBC after 16 h of contact 
with ß-lactams are similar to the MIC for all mutants, giving an 

MBC/MIC ratio close to 1 (Fig. 6 C), far from the threshold defining 
clinical antibiotic tolerance (MBC/MIC ≥ 32). 

Genome sequencing of the 16 selected insertional mutants 
confirmed the tr ansposon integr ation sites and r e v eals a conv er- 
gent pattern of mutations in four genes: gh25 , khpB (also called 

jag ) —khpA, and ess (Fig. 6 B). In addition to the mutation due to 
tr ansposon integr ation, eac h m utant has betw een tw o and five 
secondary mutations ( Supplementary Fig. S3 and Supplementary 
Table S3D ). The gh25 gene is the most fr equentl y inactiv ated gene 
in the initial screen (63/191 = 33% of the insertions, at six indepen- 
dent position) and is also inactivated by secondary mutations in 6 
of the other 15 mutants selected for individual screening (Fig. 6 B 
nd Supplementary Fig. S3 ). The gh25 gene encodes for a secreted
ell-wall lytic enzyme with a predicted lysozyme activity (GH25,
l ycosyl hydr olase famil y 25, PF01183). This enzyme is a candidate
or being the main peptidogl ycan hydr olase r equir ed for the bac-
ericidal activity of ß-lactams in GBS (Cho et al. 2014 , Wang et al.
022a ). 

Three independent transposon insertions occur in the two sub- 
nits of the small RNA c ha per one KhpAB, with loss-of-function
econdary mutations in khpB also present in two additional TnK
utants (Fig. 6 B and Supplementary Table S3D ). KhpAB homo-

ogues have been recently associated with ß-lactam sensitivity 
nd/or cell wall synthesis in se v er al Firmicutes (Zheng et al. 2017 ,
lejniczak et al. 2022 , Michaux et al. 2023 ), suggesting a con-
erved cellular function based on small RNA regulation. Indepen- 
ent mutations in the ess gene, encoding the protein S initially
escribed as necessary for immune evasion, suggest a cell wall re-

ated function depending on the LysM peptidoglycan-binding do- 
ain of the protein (Wierzbicki et al. 2019 , Campeau et al. 2021 ).
otably, combination of mutations between gh25 , khpAB , and ess
r e fr equentl y observ ed (Fig. 6 B and Supplementary Fig. S3 ). This
uggests that a first mutation in one of the four genes promotes
he selection of mutations in the other genes, leading to ad diti ve
henotypes between functionally interacting pathwa ys . Finally,
ther mutations in a transporter ( bmp2 : stand-alone ABC solute
ransporter) and metabolic ( codY ) genes also lead to increase tol-
r ance on plates. Ov er all, the GBS r esponse to ß-lactams involv ed
onserved and specific genes, including a core of four overlooked 

enes encoding cell-wall related functions. 

https://academic.oup.com/microlife/article-lookup/doi/10.1093/femsml/uqae014#supplementary-data
https://academic.oup.com/microlife/article-lookup/doi/10.1093/femsml/uqae014#supplementary-data
https://academic.oup.com/microlife/article-lookup/doi/10.1093/femsml/uqae014#supplementary-data
https://academic.oup.com/microlife/article-lookup/doi/10.1093/femsml/uqae014#supplementary-data
https://academic.oup.com/microlife/article-lookup/doi/10.1093/femsml/uqae014#supplementary-data
https://academic.oup.com/fem/article-lookup/doi/10.1093/fem/uqae14#supplementary-data
https://academic.oup.com/microlife/article-lookup/doi/10.1093/femsml/uqae014#supplementary-data
https://academic.oup.com/microlife/article-lookup/doi/10.1093/femsml/uqae014#supplementary-data
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Figure 6. Genome-wide screening for ß-lactam tolerance in GBS. (A) Distribution of transposon insertions on the GBS chromosome. Vertical bars 
r epr esent identical transposon insertions along the 2.1-Mb genome in randomly isolated colonies on THY ( N = 240, upper blue bars) or THY 

supplemented with 35–40 ng/ml PenG ( N = 191, lower red bars). Gene names are specified for mutants selected for secondary screening. The numbers 
in br ac k ets indicated the total n umber of transposon insertions follo w ed b y the n umber of inde pendent integr ation sites. Gene IDs and pr edicted 
functions are shown for the four genes showing a conv er gent m utation pattern. (B) Spotting assay with isolated insertional m utants (TnK) on plates 
with increasing PenG concentration. Genes inactivated by transposon insertion are indicated on the right, with independent insertion in the same 
gene indicated by letters (a and b), and whether the insertion is in the promoter (5’) or in nonmonocistronic transcripts (-op). Convergent secondary 
mutations identified after genome sequencing are indicated after the dotted lines. Deletion ( �) and insertional (Tnk::) gdpP mutants are highlighted in 
red. (C) MIC and MBC for ß-lactams. MIC are determined in liquid (MH-F media) by serial dilution for penicillin G (PenG) amoxicillin (AMX), cefotaxime 
(CTX), and ceftriaxone (CRO). MBC are determined by numeration of viable bacteria after 16 h of contact with the antibiotic in MH-F. Data are mean 
and SD of two independent experiments ( N = 2). 
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iscussion 

he cyclic-di-AMP signaling nucleotide is an essential regulator of
acterial physiology (Stülke and Krüger 2020 ) and has emerged as
 k e y determinant of low-le v el ß-lactam r esistance in pathogenic
pecies (Argudin et al. 2018 , Ba et al. 2019 , Giulieri et al. 2020 , Som-
er et al. 2021 , Kobras et al. 2023 ). This study shows that cdA

s a conserv ed r egulator of ß-lactam antibiotic response in a his-
oricall y clinicall y sensitiv e species. Mec hanistic anal ysis of the
dA signaling network r e v eals an integr ated pathway dedicated
o the maintenance of osmotic homeostasis in which individual
ffectors contributes to the ov er all r esponse. Our model can be
 pplied genericall y but needs to consider the unique c har acteris-
ics of each species. 

Our r esults pr ovide e vidence that r egulation of cell turgor is
he main mechanism underlying cdA-related cell wall phenotypes
Commic hau et al. 2017 , Commic hau and Stülk e 2018 ). Inacti va-
ion of GdpP leads to resistance or tolerance to ß-lactam antibi-
tics and, at the opposite, absence of cdA synthesis is associated
ith increased susceptibility (Commichau et al. 2017 , Commichau
nd Stülk e 2018 ). Inacti vation of potassium uptak e systems coun-
er acts the incr eased susceptibility of Lactococcus lactis m utant
nable to synthesize cdA, in a gr eement with a model linking
-lactam susceptibility with impaired osmotic regulation (Pham
t al. 2021 ). Ne v ertheless, the inactiv ation of cdA-metabolizing
nzymes results in pleiotropic phenotypes, including variations
n gr owth r ate, tr anscriptomic perturbations, and mor phology,
hich complicates interspecies comparisons. For instance, inacti-

ation of GdpP (called Pde1) in S. pneumoniae is not associated with
tness defect and cell size are reduced in acapsulated strains only

Kobr as et al. 2023 ), wher eas electr onic micr oscop y sho ws aber-
ant cell envelope ultrastructure in S. aureus (Corrigan et al. 2015 ,
ommer et al. 2021 ). Phenotypic variability needs to be linked to
he evolution of the cdA signaling network. While the regulation
f osmotic homeostasis is conserved, the precise molecular mech-
nisms have evolved, even in closely related species (Wang et al.
022b , Schwedt et al. 2023 , Turner et al. 2023 , Wright and Bai 2023 ).
his is pr obabl y the consequence of an ancient and essential reg-
latory mechanism that has had time to adapt to the specific en-
ironment and physiology of each species. 

The core of the system is the coordinated regulation of os-
ol ytes tr ansporters at the tr anscriptional and post-tr anslational

e v els. In GBS, ß-lactam tolerance of the gdpP mutant is reca-
itulated by the simultaneous inactivation of cdA-regulated os-
ol ytes tr ansporters, either r epr essed by BusR (BusAB) or by al-

osteric inhibition (KtrA, TrkA, and OpuC A). T he activity of ß-
actams weakens the cell wall, causing an osmotic imbalance. Re-
alancing involves exchanges of osmolytes in an ordered flow of
otassium and zwitternionic molecules. Functional redundancy
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ensures that the system remains functional in a variable en- 
vir onment, considering factors suc h as extr acellular osmol yte 
concentr ation and physico-c hemical c har acteristics (Stautz et al.
2021 ). Cda acts as a rheostat on these r edundant tr ansporters and 

the high concentration in the gdpP mutant locks osmolytes ex- 
changes . T he resulting reduction in turgor pressure has an impact 
on cell gr owth, pr obabl y thr ough partial plasmolysis, as suggested 

by electr onic micr oscopy. The adv anta ge a gainst the l ytic activity 
of ß-lactams comes at a cost of a decreased ability to adapt to hy- 
per osmotic envir onment. It is likel y that the individual contribu- 
tion of the tr ansporters v aries fr om one species to another (Wang 
et al. 2022b , Turner et al. 2023 ), depending on their physiological 
and en vironmental lifestyle , but that their simultaneous inhibi- 
tion conserv ativ el y r egulates ß-lactam toler ance or r esistance. 

A major difference between species is the cdA-dependent tran- 
scription mechanisms. In GBS, L. lactis , and Clostridioides difficile ,
the k e y tr anscriptional r egulator is the BusR r epr essor (Romeo 
et al. 2003 , De v aux et al. 2018 , Bander a et al. 2021 , Pham et al.
2021 , Oberkampf et al. 2022 ). In addition to the conserved regu- 
lation of the busAB transporter genes, the BusR regulon includes 
the amaP -operon and the pepY2 gene. Homologues of AmaP and 

related Asp23 proteins in S. aureus and Bacillus subtilis are involved 

in envelope homeostasis, either acting at the le v el of the cell wall 
or cell membranes (Muller et al. 2014 , Tödter et al. 2017 , Barros 
et al. 2019 ). Additionall y, the membr ane spanning PepY2 pr otein 

containing tw o P epSY ectodomains, originall y pr edicted to inhibit 
extr acellular pr oteases or gl ycosylases (Yeats et al. 2004 ), has ho- 
mologues (TseB and CopB) r ecentl y c har acterized as part of the 
elongasome complex regulating PBP activity (Delisle et al. 2021 ,
Lenoir et al. 2023 ). It is, thus likely that BusR integrates osmoreg- 
ulation with envelope homeostasis. Turgor pressure exerts me- 
chanical forces on cell en velopes , affecting cell growth, membrane 
tension, and cell wall remodeling (Rojas and Huang 2017 ). Mem- 
brane polarization and flow of cell-wall metabolite intermediates 
acr oss membr anes ar e critical for adjusting cellular activity to the 
osmolarity of the environment (Rojas et al. 2017 ). Further studies 
are necessary to define in which pathway AmaP/Asp23/GlsB and 

P epY2 are inv olved, without excluding a direct function in cell wall 
remodeling. Determining the dynamics of the response is also 
necessary . Especially , the amaP operon mediated ß-lactam suscep- 
tibility when BusR is inactivated but does not have a significant 
effect when WT cells ar e c hallenged with ß-lactams . T his should 

be contextualized with the most significant effect observed upon 

potassium transporter inactivation, suggesting that BusR tran- 
scriptional regulation is a secondary response that restores a new 

equilibrium in turgor pressure. 
Inactivation of gdpP has been proposed to be a first step in 

the evolution toward high-le v el ß-lactam resistance (Kobras et al.
2023 ). From an ethical point of view, the selection of ß-lactam- 
resistant GBS is prohibited by the scientific community, as is the 
introduction of a ß-lactamase gene, to prevent any risk of dissem- 
ination. In this study, we have first tested av ailable m utants (De- 
vaux et al. 2018 ) and extended the analysis to a random collection 

of insertional m utants, similarl y gener ated in other labor atories 
(Hooven et al. 2016 , Dammann et al. 2021 ) and as r ecentl y done in 

S. pyogenes (Zhu et al. 2022 ). Compr ehensiv e scr eening by Tn-seq 

in S. pyogenes r e v eals the function of the ClpX c ha per one and CcpA 

metabolic regulator in reduced ß-lactam susceptibility (Zhu et al.
2022 ). Our screen with individual mutants positively selected in 

similar conditions identified three main proteins or protein com- 
plex whose functions are cell-wall related but unc har acterized to 
date: the lysozyme-like GH25 hydrolase, the immunomodulatory 
Protein S with a peptidoglycan binding domain (Wierzbicki et al.
019 , Campeau et al. 2021 ), and the small RNA c ha per one KhpAB,
hic h r egulates ß-lactam susceptibility in se v er al species (Zheng

t al. 2017 , Olejniczak et al. 2022 , Michaux et al. 2023 ). Patterns of
econdary mutations in the insertional transposon mutants sug- 
est functional links between the three, either as ad diti ve or com-
ensatory mechanisms. Deciphering these functions will improve 
ur understanding of cell wall synthesis and regulation and could
rovide clues as to the specificity of GBS, particularly the absence
f any reported clinical resistance to date. Indeed, the most toler-
nt mutants identified in this study are unlikely to become fixed
n natural populations due to their pleiotropic effects, including
n virulence (Zheng et al. 2017 , Wierzbicki et al. 2019 , Campeau
t al. 2021 , Olejniczak et al. 2022 ). On the other hand, we cannot
xclude at this stage the possibility of ada ptiv e mec hanisms sim-
lar to those observed to compensate for gdpP or pbp mutations in
linical isolates of related pathogens (Albarracin Orio et al. 2011 ,
ibson et al. 2022 , Kobras et al. 2023 ). 
Ov er all, c har acterization of the cdA-signaling network in GBS

hows that ß-lactam tolerance is due to its function in coordi-
ating osmotic pr essur e, a model that could be applied to related
athogens. In addition to cdA metabolism as a conserved mecha-
ism of ß-lactams tolerance or reduced susceptibility, we inves- 
igated the distinctive features of GBS and identified cell wall-
 elated mec hanisms independent of PBP mutations that could
ave the way for resistance. 
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echnologies in the writing process 
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f the published article. 
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