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Abstract 

Amino acids are crucial in nitrogen cycling and to shape the metabolism of microorganisms. Among them, arginine is a versatile 
molecule a b le to sustain nitr ogen, carbon, and ev en ATP suppl y and to r egulate m ulticellular behaviors such as biofilm formation. 
Arginine modulates the intracellular levels of 3 ′ –5 ′ cyclic diguanylic acid (c-di-GMP), a second messenger that controls biofilm for- 
mation, maintenance and dispersion. In Pseudomonas putida , KT2440, a v ersatile micr oorganism with wide biotechnological applica- 
tions, modulation of c-di-GMP levels by arginine r equir es the transcriptional regulator ArgR, but the connections between arginine 
metabolism and c-di-GMP are not fully c har acterized. It has been recently demonstrated that arginine can be percei v ed by the op- 
portunistic human pathogen Pseudomonas aeruginosa through the transducer RmcA protein (Redox regulator of c-di-GMP), which can 

dir ectl y decr ease c-di-GMP lev els and possib l y affect biofilm ar c hitecture . A RmcA homolog is present in P. putida , but its function 

and inv olv ement in arginine perceiving or biofilm life cycle had not been studied. Here , w e pr esent a pr eliminar y c har acterization of 
the RmcA-dependent response to arginine in P. putida in modulating biofilm formation, c-di-GMP levels, and energy metabolism. This 
work contributes to further understanding the molecular mechanisms linking biofilm homeostasis and environmental adaptation. 

Ke yw ords: biofilm, c-di-GMP, arginine, meta bolic r e pr ogramming, n utrient 
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Introduction 

Bacteria are able to behave as multicellular organisms by forming 
or ganized, surface-associated comm unities called biofilms, c har- 
acterized by significant gene expression changes and metabolic 
r epr ogr amming r elativ e to planktonic cells to sustain the pro- 
duction of a pr otectiv e extr acellular pol ymeric matrix. Biofilms 
colonize a wide variety of surfaces including living tissue, in- 
ternal medical devices, pipelines or natural aquatic systems, 
food processing units, and other biotic and abiotic surfaces 
(Donlan 2002 ). Hence, understanding the molecular mecha- 
nisms controlling bacterial biofilms is crucial not only for 
human health but also in a gricultur al and envir onmental 
biotechnology. 

Among biofilm-forming bacteria, the plant-beneficial strain 

Pseudomonas putida KT2440 r epr esents one of the most interesting 
systems, its metabolism being highly versatile for several indus- 
trial and envir onmental a pplications (Nikel and de Lorenzo 2018 ).
These include plant growth promotion (Matilla et al. 2010 , Costa- 
Gutiérrez et al. 2020 ), industrial biomanufacturing and production 

of synthetic and natural products, and degradation of chemical 
pollutants (Nikel et al. 2016 , Weimer et al. 2020 ). Many of these 
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pplications exploit or are associated with the biofilm lifestyle 
Benedetti et al. 2016 ). 

Given the wide adaptability of P. putida and its potential as
 chassis for sustainable chemical bioproduction, its nitrogen 

etabolism has attracted the interest of researchers in the con-
ext of metabolic engineering (Schmidt et al. 2022 ); indeed, many
itrogen sources are relevant building blocks to produce chemi- 
als and the details of their metabolism can be used to favor abl y
ush the metabolic fluxes to w ar ds the desired product (Schmidt
t al. 2022 ). 

Among nitrogen sources, certain amino acids can influence 
iofilm de v elopment, and ther e is gr owing e vidence that they act
s environmental or metabolic signals to decide cell fate (Bernier
t al. 2011 ). Among them, l -ar ginine r epr esent a k e y metabolite,
ince it is at the cr ossr oads of many metabolic processes, support-
ng bacterial growth as carbon, nitrogen, and ATP source (Scrib-
ni Rossi et al. 2022 ); while l -arginine fermentation is r ele v ant to
he anaerobic ATP supply in Pseudomonas aeruginosa , its role is less
lear in P. putida , where overexpression of genes of the ADI path-
ay has been reported in response to solvent stress (Volkers et
l. 2015 ). Ho w e v er, since the same conditions cause reduced ex-
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ression of an arginine/ornithine antiporter, these results have
een inter pr eted as a mec hanism for ornithine accum ulation
nder str ess, r ather than for ener gy pr oduction (Volkers et al.
015 ). 

As a nitr ogen source, l -ar ginine sustains the metabolism of P.
utida via the ar ginine succin yltr ansfer ase (AST) and the arginine
ecarboxylase (ADC) pathwa ys . As a carbon source , l -arginine is
sed by P. putida via the arginine dehydrogenase (ADH) pathway
o fuel the Krebs cycle (Schmidt et al. 2022 ). It should be men-
ioned that the AST pathway, whic h r equir es succinate to yield
lutamate, is presumed to be less efficient under carbon-limiting
onditions. 

Beyond fuel metabolism, l -arginine is involved in the produc-
ion of p y over dine, and ther efor e, in ada ptation to o xidati v e str ess
f P. putida (Barrientos-Moreno et al. 2019 ). Not surprisingly, it
s also a modulator of biofilm and c-di GMP le v els in P. putida
Barrientos-Moreno et al. 2020 ), as reported for other microorgan-
sms (Mills et al. 2015 , Kumar et al. 2018 , Paiardini et al. 2018 ).
 summary of the metabolic pathways regulating arginine levels
nd their link to c-di-GMP is depicted in Figure S1 ( Supporting In
ormation ). 

In many bacteria, c-di-GMP functions as a second messen-
er with a k e y role in the transition between the motile plank-
onic phenotype and the sedentary biofilm lifestyle in response
o envir onmental stim uli. Envir onmental cues contr ol the in-
r acellular le v els of c-di-GMP by tuning the expression or the
ctivity of the enzymes responsible for its turnover. Biosyn-
hesis of this second messenger is performed by diguany-
ate cyclases (DCG) containing the conserved domain GGDEF,
hile the degradation into the pGpG linear deri vati ve is due

o phosphodiesterases (PDE) containing EAL or HD-GYP do-
ain, the latter yielding GMP as final product (Römling et

l. 2013 ). High c-di-GMP le v els gener all y favor bacterial adhe-
ion to surfaces and the establishment of biofilms, whereas
ow le v els lead to biofilm dispersal and the switc h to a motile
ifestyle. 

In Pseudomonas species, two classes of l -arginine sensors linked
o biofilm signalling have been identified so far: ArgR and RmcA.
he transcriptional regulator ArgR is a cytosolic repressor of argi-
ine biosynthesis genes and acts as a positiv e r egulator of ar gi-
ine transport, thus altering c-di-GMP levels in P. putida through
he control of cellular arginine (Barrientos-Moreno et al. 2022 ).
n the other hand, RmcA is a sensor of periplasmic le v els of

his amino acid in P. aeruginosa (Paiardini et al. 2018 ). RmcA is a
 ultidomain membr ane PDE containing a periplasmic Venus Fly

r a p (VFT) sensory domain recognizing l -arginine; a transmem-
rane helix (TM) links this periplasmic sensory portion to four
AS domains and the catalytic superdomain bearing the GGDEF-
AL tandem motif (Mantoni et al. 2018 , Paiardini et al. 2018 ). In
. aeruginosa biofilm, this protein also controls colony morpho-
enesis (wrinkling) in response to the availability and the redox
tate of phenazines, redo x-acti ve compounds able to shuttle elec-
rons in the extracellular environment; the hypothesis is that
he protein should perceive the intracellular reducing po w er via
 redo x-sensiti ve mechanism far to be elucidated (Okegbe et al.
017 ). 

In this w ork, w e have identified and performed a prelimi-
ary c har acterization of the rmcA homolog in P. putida KT2440.
iochemical and genetic data indicate that RmcA plays a role

n biofilm control in this strain under certain environmental
onditions, thus expanding the connections between arginine
etabolism and c-di-GMP turnover. 
aterials and methods 

acterial strains, plasmids, and growth 

onditions 

seudomonas putida KT2440 is a plasmid-free deri vati ve of P. putida
t-2, which was isolated from a vegetable or char d in J apan and
hose genome is completely sequenced (Regenhardt et al. 2002 ).
nless otherwise indicated, cultures w ere gro wn at 30 ◦C ( P. putida )
r 37 ◦C ( Esc heric hia coli ) under orbital shaking at 200 rpm in LB
r M9 minimal medium (Sambrook et al. 1989 ) with 20 mM glu-
ose as carbon source. When a ppr opriate, antibiotics wer e added
t the following concentrations ( μg ml −1 ): gentamycin (Gm), 50;
anamycin (Km), 25; and streptomycin (Sm), 100. 

The �rmcA null mutant deriv ativ e of P. putida KT2440 was
enerated by homologous recombination, following a strategy
imilar to that pr e viousl y r eported (Barrientos-Mor eno et al.
020 ). Briefly, fr a gments corr esponding to the upstream and
ownstr eam r egions of the rmcA open r eading fr ame (PP_0386)
 ere amplified b y ov erla pping PCR using Phusion high-fidelity
NA pol ymer ase (Thermo Fisher Scientific) and oligonucleotides
MC A1 (5 ′ -CC A TCT AGA TTCGC ACCTGGGCGACT-3 ′ ), RMC A2

5 ′ -CTGGC AGTC AAAGGTC AGCGGCTTC AAGGAC ATGGC AGC-3 ′ ), 
MCA3 (5 ′ -GCTGA CCTTTGA CTGCCA GGATGGCA CA GGTGCGAAA
C-3 ′ ), and RMCA4 (5 ′ -CCA TCT A GA GGCTTGA GGCA GTTGGCTC-
 

′ ). The final PCR product was cloned into pCR2.1-TOPO and
equenced to ensure the absence of undesired point mutations
enerated during amplification. The fragment was then cloned
nto the suicide vector pKNG101 (Kaniga et al. 1991 ) and the
esulting plasmid was introduced into E. coli CC118 λpir , to be
hen mobilized to P. putida KT2440 by triparental conjugation,
ith HB101 harboring pRK600 as a helper str ain. Cointegr ates
ere selected on M9 minimal medium with 15 mM citrate as

he carbon source (to counterselect the E. coli strains), supplied
ith stre ptom ycin. Clones were then grown on LB agar with 14%

ucrose to select double homologous recombination events . T he
btained null mutant was checked by PCR and further sequencing
f the corresponding chromosomal region. 

In parallel, a 4.6 kb fragment containing the rmcA gene and up-
tr eam r egion w as amplified b y PCR with oligonucleotides RMCA1
nd RMCA4, digested with XbaI and cloned into pBBR1-MCS5 (Ko-
 ac h et al. 1995 ). The resulting plasmid (pNM0386), was intro-
uced in KT2440 and its �rmcA deri vati ve by electroporation, us-

ng a pr e viousl y described method (Enderle and Farwell 1998 ). 

ioreporter-based c-di-GMP quantification assays
he bioreporter plasmid pCdrA:: gfp C (Rybtke et al. 2012 ) was used
o indir ectl y quantify c-di-GMP le v els based on fluor escence . T his
lasmid harbors a fusion of the c-di-GMP-r esponsiv e pr omoter
 cdrA to gfp . The plasmid was introduced in P. putida strains by
lectr opor ation. Ov ernight cultur es of the str ains harboring the
ior eporter, gr own in M9 minimal medium with 15 mM citrate as
arbon sour ce, w er e inoculated in fr esh medium to a final OD 600

f 0.02 and distributed into 96-well black microplates (Greiner).
her e indicated, l -ar ginine (Sigma-Aldric h) was added at a final

oncentration of 10 mM. Growth (OD 660 ) and fluorescence (exci-
ation at 485 nm and emission at 515 nm) wer e monitor ed e v ery
0 min using a Varioskan Lux microplate reader at 30 ◦C. A shaking
ulse of 10 seconds was done befor e eac h measur ement. Data ar e

ndicated as gfp counts, which correspond to fluorescence values
orrected by culture growth, and are the averages and standard
e viations fr om thr ee experiments with at least thr ee r eplicas per
train. 

https://academic.oup.com/femsle/article-lookup/doi/10.1093/femsle/fnad077#supplementary-data
https://academic.oup.com/femsle/article-lookup/doi/10.1093/femsle/fnad077#supplementary-data
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Biofilm assays 

Biofilm formation was analyzed as previously described (O’Toole 
and Kolter 1998 ) in pol ystyr ene 48-well microtiter plates. Briefly,
ov ernight cultur es wer e diluted to an OD 660 of 0.02 in fr esh 

medium, distributed (150 μl per well), and incubated at 30 ◦C in 

static conditions. At the indicated times, liquid was tr ansferr ed to 
a new plate and planktonic growth was measured (OD 660 ). Biofilm 

plates w ere w ashed twice with distilled water and stained with 

crystal violet (0.4% v/v) for 15 min. After dye solubilization with 

glacial acetic acid (30% v/v), the biomass attached to the surface 
was quantified by measuring absorbance at 595 nm using a Tecan 

Sunrise TM micr oplate r eader. Experiments wer e done in duplicate 
with four replicas per strain. 

Protein expression and purification 

The VFT 

pp portion of P. putida RmcA (amino acid residues 21–
265) was obtained fr om pET28b-RmcA-HisTa g synthetic construct 
(Genescript) by PCR deletion (Hansson et al. 2008 ) using Q5 High- 
Fidelity DNA Pol ymer ase (Biolabs). The pr otein was ov er expr essed 

in E. coli BL21 (DE3). Bacterial culture was grown at 37 ◦C in Luria–
Bertani (LB) (Sambrook et al. 1989 ) liquid medium supplemented 

with 30 μg ml −1 kanamycin (Sigma), at 180 rpm; at OD 600 ∼ 0.8,
pr otein expr ession was induced with 0.1 mM IPTG (isopropyl β-D- 
thiogalactoside; Sigma) and then the temper atur e was r educed to 
16 ◦C for 20 hours. Cells wer e harv ested by centrifugation (40’ at 
12 000 rpm) and bacterial pellets were suspended in lysis buffer 
(50 mM HEPES pH 8, 300 mM NaCl, and 1 mM PMSF) and lysed 

by sonication on ice as follows: 3’’ pulse , 9’’ pause , for total 5 min- 
utes of pulse, amplitude 65%, 1 cm probe (Sonics and Materials, Vi- 
bracell sonicator). Cell lysates were centrifuged 40’ at 12 000 rpm 

and the protein was purified by affinity c hr omatogr a phy using 
a HisTr a p column (GE Healthcar e) loaded with Ni 2 + and equili- 
brated with Buffer A (50 mM HEPES pH 8.5, 300 mM NaCl). Elution 

was done by increasing the imidazole concentration, and the pro- 
tein eluted at 100 mM imidazole. Fractions containing pure pro- 
tein wer e anal yzed thr ough SDS-pa ge, collected, and the buffer 
was exchanged to remove imidazole by PD-10 desalting columns 
(GE Healthcar e). Purified pr otein was loaded on an FPLC column 

(Superdex 200 26/600, GE Healthcare), eluted with buffer A us- 
ing FPLC a ppar atus (Akta system), quantified by absorbance spec- 
trum (VFT 

pp ε 280 = 1.576 mg ml −1 ), and flash frozen in liquid ni- 
trogen for storage at −20 ◦C. 

Seahorse XF analyzer respiratory assay 

Cellular oxygen consumption rate (OCR) was measured by the 
extracellular flux analyzer XFe96 (Seahorse Bioscience, Houston, 
TX, USA) in the MOSBRI EU Infr astructur e—HypACB facility at 
Sa pienza Univ ersity. The sensor cartridge for XFe Anal yzer (her e- 
inafter Seahorse), bearing 96 one-per-well oxygen probes, was hy- 
drated at 30 ◦C a day before the experiment, according to the man- 
ufacturer’s instructions (Agilent, USA); the hydrated sensors car- 
tridge will serve as a lid for the 96-wells cell plate, to cover the cell 
monolayer and to create the microchamber where the oxygen lev- 
els are measured during the experiment. 

A single colony was used to inoculate 10 ml of M9 ∗ growth 

medium (M9 ∗ stands for M9 plus 1 mM MgSO 4 and 0.1 mM CaCl 2 ),
supplemented with 0.5 mM FeCl 2 and 5 mM glucose; cells were 
gr own ov ernight at 30 ◦C, 180 r pm. The cultur e was then inocu- 
lated (final OD 600 = 0.05) into 40 ml of M9 ∗ plus 5 mM glucose 
and allo w ed to gro w at 30 ◦C, 180 rpm until an OD 600 = 0.2 was 
r eac hed. The cultur es wer e then diluted 1:10 (or 1:20) with ster- 
ile water and 90 μl seeded in each well of the 96-wells Seahorse 
ell culture plate precoated with poly- l -lysine hydrobromide (PLL)
P6282 Sigma Aldrich). Plates were centrifuged 10’ at 4000 rpm to
llow bacteria to adhere to the surface. After centrifugation, 90 μl
f 2 × M9 ∗ was added in each well (to r eac h a 1 × medium in
80 μl of total volume). The concentration of cells used in the ex-
eriment was further verified by crystal violet assay, by looking at
he OD 600 after solubilization of the dye; the OD 600 of the stained
eeded bacteria was found to be linearly dependent on the OD 600 

f the corresponding liquid growth. 
Seahorse cartridge bears four small extra loading ports for each

ell (4 × 96 ports) where it is possible to load a solution such as
rug or nutrient or stressor; the experimental set up allows the
ddition of such solution(s) at certain time during the measure- 
ent. In this case, one port has been loaded with glucose or argi-

ine or M9 ∗ as control and, when indicated with a cartoon syringe
n the dedicated figur es, eac h cell well was automatically supple-

ented with the corresponding nutrient. In detail, the nutrient 
upplementation during Seahorse measurements was performed 

y loading 20 μl of 10 × solution (50 mM glucose or100 mM argi-
ine dissolved in M9, pH adjusted to 7) into port A of the Seahorse
artridge. 

Eac h sample/tr eatment was anal yzed in up to se v en wells per
xperiment and at least two independent experiments were car- 
ied out; M9 ∗ controls were included into at least tw o w ells per
xperiment. Data points r epr esents the av er a ge of the r eplicates
n a r epr esentativ e experiment ± SD. 

Given the high oxygen consumption over the time, only the
xygen le v els ar e r eported, since the extr a polated OCR was not
onstant during the measurement; in this timeframe, when a mi-
r oc hamber is created above cells to k ee p the oxygen values, oxy-
en le v el tr ansientl y dr ops into hypoxic r ange thus affecting the
inearity of the kinetics over the time. 

sothermal titr a tion calorimetry assays 

sothermal titration calorimetry (ITC) experiments were carried 

ut using an iTC200 microcalorimeter (MicroCal). VFT 

pp was 
itrated with an arginine solution as follows: 1.5 μl aliquots of
mino acid solution (0.6 mM, pH 8.5, in the same buffer of pro-
ein solution) injected into a 32 μM VFT 

pp solution (300 mM NaCl,
0 mM Tris-HCl pH 8.5), with a time interval of 180 seconds be-
ween injections. ITC data were analyzed by integrating the heat
xc hange for eac h addition and normalized for the amount of in-
ected protein; the heat exchange due to the dilution of the amino
cid solution into the ITC buffer was subtracted, as normalized
 alue, to the titr ation data. The heat of binding (H), stoichiome-
ry (n), and dissociation constant (KD) were then calculated from
lots of the heat e volv ed per mole of ligand injected versus the
olar ratio of ligand to protein using the Malvern software pro-

ided by the vendor (single binding site equation). Data are the
eans and standard deviations of at least three experiments. 

esults 

dentification and characteristics of RmcA of P. 
utida 

he protein sequence of RmcA of P. aeruginosa (RefSeq Id:
P_003113216.1), was used to identify the orthologous protein in 

. putida , using BLAST (Altschul et al. 1990 ) and RefSeq as database
ource. A sequence 66% identical to RmcA of P. aeruginosa was re-
rie v ed (WP_010951734.1, encoded in locus PP_0386). As shown in
igure S2 ( Supporting Information ), the high sequence conserva-
ion and the identity of the k e y residues (Paiardini et al. 2005 )

https://academic.oup.com/femsle/article-lookup/doi/10.1093/femsle/fnad077#supplementary-data
https://academic.oup.com/femsle/article-lookup/doi/10.1093/femsle/fnad077#supplementary-data
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Figure 1. Domain organization of the full-length RmcA 

pp , at the top of the panel, and the construct used for this study, including the VFT domain 
(cVFT 

pp ). 
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r e viousl y identified in RmcA of P. aeruginosa and necessary for
atalysis (Mantoni et al. 2018 ) indicate that WP_010951734.1 is
ona fide the RmcA protein from P. putida (hereafter, RmcA 

pp ). Do-
ain composition analysis and modeling using PyMod 3 (Janson

nd Paiardini 2021 ) demonstrated the presence of a signal peptide
residues 1–20), a periplasmic VFT domain (Paiardini et al. 2018 )
omprised by residues 21–265 in RmcA 

pp , followed by a TM helix
residues 267–286), a linker (residues 287–308), and a cytoplasmic
 egion (r esidues 309–1248) composed of four PAS domains, and a
GDEF-EAL module (Fig. 1 ). 

mcA influences biofilm formation and c-di-GMP 

evels in response to arginine 

 rmcA null mutant was constructed as described in the sec-
ion “Materials and methods”. No growth differences were ob-
erved between the wild type and the �rmcA mutant in the me-
ia tested ( Figure S3 , Supporting Information ). To analyze the in
ivo influence of RmcA on cellular c-di-GMP contents, the biosen-
or plasmid pCdrA- gfp C was introduced in KT2440 and its �rmcA
eri vati ve. Cultures were inoculated in 96-well plates in liquid M9
ith 15 mM citrate and with or without 10 mM arginine supple-
entation, and turbidity and fluorescence were monitored every

0 min in a Varioskan Lux plate as indicated in the section “Ma-
erials and methods”. As reported previously (Ramos-González et
l. 2016 ), KT2440 has physiologically low c-di-GMP levels, showing
 large increase in response to arginine supplementation, lead-
ng to higher fluorescence as measured by the biosensor (Fig. 2 A).
his increase was enhanced in the �rmcA m utant, whic h other-
ise shows similar fluorescence as the wild type strain in the ab-

ence of arginine, suggesting that in P. putida RmcA functions as an
r ginine-r esponsiv e PDE, as its P. aeruginosa counterpart. Further
vidence was obtained by cloning rmcA in the multicopy vector
BBR1-MCS2. The resulting plasmid, pNM0386, was introduced in
he wild type and the �rmcA mutant harboring pCdrA- gfp C , and
uorescence was assayed as abo ve , with the same strain harbor-

ng the empty vector as control. As shown in Fig. 2 (B), the pres-
nce of rmcA in m ulticopy causes an ov er all r eduction of c-di-
MP le v els and the complete loss of the arginine-dependent in-
rease . T he same effect was observed in P. putida KT2440 harbor-
ng pNM0386 (not shown). It should be noted that under these
onditions, the strains harbouring the two plasmids (pCdrA- gfp C 

nd either pBBR1-MCS2 or pNM0386) sho w ed as slight reduction
n their growth with respect to those harboring pCdrA- gfp C alone
 Figure S3 , Supporting Information ). 

To determine if the influence of RmcA on c-di-GMP translates
nto altered biofilm dynamics, KT2440 and �rmcA strains harbor-
ng the empty vector, and the complemented �rmcA m utant, wer e
noculated in multiwell plates in M9 with citrate and 10 mM argi-
ine. Biofilm formation was e v aluated by staining with crystal
iolet and measuring absorbance after solubilization of the dye,
s indicated in the section “Materials and methods”. Results are
hown in Fig. 2 (C). Although no noticeable effect was observed in
he �rmcA strain harboring the empty vector under these condi-
ions, when the gene was present in multicopy in pNM0386, a sig-
ificant reduction in attached biomass could be observed, indicat-

ng that ov er pr oduction of the pr otein hampers biofilm formation
n P. putida . 

he periplasmic domain of RmcA binds to 

rginine 

aken together, these data confirm that RmcA responds to argi-
ine, in line with the arginine-dependent effect found in the P.
eruginosa counterpart (Paiardini et al. 2018 ). According to the
ioinformatic predictions summarized to Fig. 1 , the periplasmic
ortion of RmcA consists of a periplasmic binding protein (PBP)
omain known to recognize nutrients in the periplasmic space

Felder et al. 1999 ). This domain is organized with a VFT fold,
hose bilobate shape allows to transmit the signal by lobes clo-

ure upon nutrient binding (Felder et al. 1999 ). The correspond-
ng RmcA portion (r esidues 21–265, her einafter VFT 

pp ) was iso-
ated and purified ( Figure S4 , Supporting Information ). To ver-
fy the arginine binding, ITC assays were done, as previously re-
orted for the P. aeruginosa counter part. Micr ocalorimetric titr a-
ions experiments indicated that this domain binds arginine with
 K D = 7.1 ± 2.2 μM, being both entr opicall y and enthalpically fa-
ored (Fig. 3 A). These data confirm that the arginine-dependent
iological effect of RmcA likely involves the binding of this amino
cid through its VFT motif in the periplasmic space, which in turn
ransmits the signal via the TM portion to the cytoplasmic effec-
or. 

mcA alters the metabolic reprogramming in 

esponse to arginine 

he effect of arginine as carbon source on the ener gy pr ofile was
 v aluated using the Seahorse instrument, which allows measur-
ng the oxygen le v els and e v entuall y the OCR in a r eal-time fash-
on. Wildtype P. putida and �rmcA mutant strains were tested for
heir ability to respond to glucose or arginine as carbon sources
y tuning their r espir atory activity. As r eported in Fig. 3 (B), the
ffect of glucose or arginine supplementation is comparable in
ustaining the energy metabolism. On the other hand, the oxy-
en le v els of the �rmcA strain is sensitive to the carbon source
rovided during the measurement (represented as a syringe car-
oon in the figur e) (Fig. 3 C). Ar ginine suppl y sustains to a lo w er
xtent the energy metabolism as compared to the effect of glu-
ose as carbon source. To confirm that the different effect of the
w o carbon sour ces w as due to the RmcA deletion, we tested the
 espir atory activity of the complemented strain �rmcA pNM0386;
s reported in Figure S5A ( Supporting Information ), respiration
nder arginine supplementation superposes with that measured
ith glucose, while the �rmcA mutant harboring the empty vector

 Figure S5B , Supporting Information ) was less sensitive to arginine
s compared to glucose . Nevertheless , it should be mentioned that
he presence of the plasmid caused an ov er all slo wing do wn of

https://academic.oup.com/femsle/article-lookup/doi/10.1093/femsle/fnad077#supplementary-data
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https://academic.oup.com/femsle/article-lookup/doi/10.1093/femsle/fnad077#supplementary-data
https://academic.oup.com/femsle/article-lookup/doi/10.1093/femsle/fnad077#supplementary-data
https://academic.oup.com/femsle/article-lookup/doi/10.1093/femsle/fnad077#supplementary-data
https://academic.oup.com/femsle/article-lookup/doi/10.1093/femsle/fnad077#supplementary-data
https://academic.oup.com/femsle/article-lookup/doi/10.1093/femsle/fnad077#supplementary-data
https://academic.oup.com/femsle/article-lookup/doi/10.1093/femsle/fnad077#supplementary-data
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Figure 2. Influence of RmcA on c-di-GMP le v els (A) and (B) and biofilm formation (C) of P. putida . Strains harboring pCdrA:: gfp C were inoculated in 
microtiter plates containing M9 + citrate with or without 10 mM arginine. (A) KT2440 (blue lines) and �rmcA (red lines); (B) Complemented �rmcA 

strain harboring pNM0385 (green lines) and �rmcA with the empty vector (purple lines). Fluorescence and turbidity were recorded every 30 minutes 
for 36 hours using a Varioskan Lux fluorimeter. Data (gfp counts) correspond to fluorescence values normalized by growth (OD 660 ) and are averages 
and standard deviations of one re presentati ve experiment using three experimental replicates per condition. Line color intensity indicates 
presence/absence of the amino acid. (C) Biofilm formation by KT2440 (blue bars) and its �rmcA deri vati ve (red bars), harboring the empty vector 
(pBBR), and the complemented �rmcA strain harboring pNM0386 (green bars), during growth in 96-well pol ystyr ene plates in static conditions. At the 
indicated times, planktonic growth was measured (OD 660 ) and adhered biomass was quantified after crystal violet staining (A 595 ). Data correspond to 
av er a ges and standard deviations of two independent experiments with six replicates per timepoint. Statistically significant differences between 
KT2440 and the mutant with RmcA in multicopy are indicated ( ∗; Student’s t- test, P ≤ .05). 
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Figure 3. Arginine sensing by RmcA 

pp . (A) Binding of l -arginine to the purified VFT fragment of RmcA, assayed by ITC. A VFT solution (32 μM) was 
titrated with l -arginine (600 μM in the ligand syringe) at 25 ◦C in 20 mM Tris pH 8.5, 150 mM NaCl. The left-hand panel shows the heat exchange in 
time; in the right-hand panel the normalized enthalpy exchange (black squares, reported as Kcal/Mol of injectant) has been reported as a function of 
the molar ratio between the injectant and the macromolecule. Data were fitted with the single binding site equation with the Origin software, as 
provided by the vendor (continuous line), yielding the following parameters: n = 0.59 ± 0.04; K D = 7.1 ± 2.2 μM; �H = −23.3 ± 0.9 kJ/mol; and −T �S = 

−6.2 ± 1.8 kJ mol −1 . (B) and (C) Effect of glucose or arginine supplementation as carbon source on the respiratory activity of P. putida KT2440 (B) or 
�rmcA mutant (C). Glucose supplemented growth were seeded and washed with the sole M9 ∗ medium in a Seahorse cell culture plate . T he oxygen 
le v els ar e r eported, measur ed e v ery 3 min utes alternated to 3 min utes of mixing (to pr omote gas exc hange and r estor e initial oxygen le v els). Dashed 
line and syringe cartoon indicates the time where injection of glucose or arginine was done in each well by the instrument (dark and light gray 
symbols, r espectiv el y). The syringe cartoon highlights that the two metabolites were added during the experiments and not present ab initio in the 
medium. Figures show re presentati ve experiments; data points are the averages and standard deviation of five replicates in each experiment. A zoom 

of a r epr esentativ e kinetics is boxed in panel (B). 
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r espir ation in both the mutant and wild type strains ( Figure S5C ,
Supporting Information ). This effect could be due to the metabolic 
burden of maintaining a multicopy plasmid or to the antibiotic re- 
sistance, which has been previously reported to influence central 
metabolism (Zhang et al. 2019 , Zhou et al 2022 , Pan et al. 2023 ). 

To further confirm the arginine-dependent role of RmcA, 
�RmcA cultur es wer e seeded at different densities and the oxygen 

le v els wer e measur ed: the effect of the carbon source is widened 

at low cell density wher e ar ginine does not push oxygen consump- 
tion into hypoxic range ( Figure S6 , Supporting Information ). 

Ther efor e, the loss of rmcA affects the oxygen consumption of 
P. putida growing in arginine as compared to glucose, contrary to 
what has been reported in the wild type KT2440 strain. Based on 

the pr e viousl y published data, indicating that the ADH pathway 
utilizes l -arginine as carbon source (Schmidt et al. 2022 ), it is pos- 
sible that the arginine-dependent effect of RmcA deficiency is re- 
lated to an altered tuning of this metabolic pathway. 

Discussion 

Pseudomonas putida has a remarkable flexibility to thrive in chal- 
lenging environments thanks to its versatile metabolism and 

its ability to cope with differ ent str essors (Udaondo et al. 2016 ,
Weimer et al. 2020 ). This versatility makes it suitable for many 
biotec hnological and bior emediation a pplications, including a 
growing number of biofilm-based approaches, given the adapt- 
ability and robustness of these formations (Espeso et al. 2018 ). The 
capability to fine-tune biofilm formation and stability is, ther efor e,
k e y to de v elop lar ge-scale biofilm-based w orkflo ws . T his in turn 

r equir es a deeper knowledge of the environmental and metabolic 
adaptations of sessile populations, and their responses to differ- 
ent nitrogen, carbon and energy sources. 

Here , we ha ve presented the initial characterization of RmcA 

in P. putida , a single component system pr e viousl y found to con- 
trol biofilm morphology in response to environmental cues in 

P. aeruginosa . We show that this transducer can modulate c-di- 
GMP le v els and energy metabolism in response to arginine in P.
putida , adding a new level of complexity to the intricate connec- 
tions between this amino acid and the regulatory network associ- 
ated to c-di-GMP (Ramos-González et al. 2016 , Barrientos-Moreno 
et al. 2020 , 2022 ). RmcA in P. aeruginosa degrades c-di-GMP in re- 
sponse to arginine and reducing po w er (Okegbe et al. 2017 , Pa- 
iardini et al. 2018 ), the latter being particularl y r ele v ant in the 
deeper layers of biofilm, where electron acceptors are limiting. In 

this context, RmcA controls biofilm morphology to increase the 
surface/volume ratio, and therefore, to buffer the possible elec- 
tron imbalance due to limited electrons’ acceptors availability (Jo 
et al. 2022 ). The hypothesis is that this transducer acts as rheostat 
rather than an ON/OFF switch (Mantoni et al. 2018 ). 

The link between RmcA and nutrients in P. aeruginosa has been 

corr obor ated by m ultiple e vidence linking this transducer to nu- 
trient homeostasis and starvation. RmcA exerts a negative influ- 
ence on expression of the type III secretion system (T3SS) genes,
an effect that takes place via dir ect inter action of RmcA with CbrB 

(Kong et al. 2022 ); CbrB, as a two components partner, is involved 

in the maintenance of the carbon–nitrogen balance, particularly 
for growth on carbon sources that are energetically poorly fa- 
vorable (Abdou et al. 2011 ). Interestingly, RmcA was found to be 
r ele v ant in the maintenance of biofilm when exposed to carbon- 
limited conditions; the corresponding mutant forms early biofilms 
similar to those of the wild type strain, but fails to sustain them at 
later stages, and shows a susceptibility to nutrient limitation, as 
ound in the stringent response mutant ( �relA �spoT ) (Katharios-
anw ermey er et al. 2021 ). 

In this w ork, w e have shown that this protein modulates the
esponse of P. putida to arginine in terms of c-di-GMP levels, thus
onfirming that this transducer is devoted to finely (or locally)
uning this second messenger to r eada pt the energy metabolism.
n particular, we have shown that P. putida RmcA can control the
 espir atory r ate in r esponse to ar ginine suppl y, thus widening the
ole of c-di-GMP as regulator of the central metabolism. 

Contrary to P. aeruginosa, the metabolism of P. putida KT2440
s strictl y aer obic (Udaondo et al. 2016 , Demling et al. 2021 ), al-
hough it can withstand short-term o xygen de pri v ation; ther efor e,
he control of RmcA by reducing po w er in this cell bac kgr ound is
ot predictable and more studies must be done. 

RmcA is not the sole arginine sensor able to control c-di-GMP
e v els in P. putida . It was found that the transcriptional regulator
r gR can dir ectl y perceiv e intr acellular ar ginine le v els and r eg-
late the import, biosynthesis and ov er all cellular steady state
f this metabolite; mor eov er, it participates in r egulating the r es-
iratory activity upon arginine supplementation and modulat- 

ng c-di-GMP le v els (Barrientos-Mor eno et al. 2022 , Scribani-Rossi
t al. 2023 ). Ther efor e, ar ginine is a metabolite perceived as a
ool in the cytoplasm and as surrounding environmental cue for
ontrolling P. putida biofilm ( Figure S1 , Supporting Information ).
lthough we have not detected significant changes in terms of
iofilm formation the �rmcA mutant compared to the wild type
nder the conditions tested, ov er expr ession of the protein does
ave a significant impact on biofilm development, as shown in
ig. 2 . The fact that P. aeruginosa RmcA is involved in handling
tarvation during biofilm maintenance (Katharios-Lanw ermey er 
t al. 2021 ) and works as a hub for pr otein–pr otein inter action
ith other c-di-GMP-related proteins (Yao et al. 2023 ) corrobo- 

ates the idea that the arginine sensing carried out by this protein
nel y tunes c-di-GMP r ather than sustaining an all-or-nothing c-
i-GMP variation. T he en vironmental conditions in which RmcA-
ependent signaling has a r ele v ant impact on P. putida popula-
ions, its precise role at different stages of biofim development
nd under different nutrient regimes, and the connection with 

ther regulatory elements, are aspects that still require further 
nalysis. In this respect, it would be interesting to characterize the
mcA-mediated arginine response in genetic backgrounds defec- 
ive in specific arginine-related pathways (biosynthesis, transport,
r catabolism), to gain mechanistic insights into the nutrient- 
ased control of biofilm development and stability in P. putida . 
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