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ABSTRACT

Pseudomonas aeruginosa is a major cause of noso-
comial infections, particularly in immunocompro-
mised patients or in individuals with cystic fibrosis.
Genome sequences reveal that most P. aeruginosa
strains contain a significant nhumber of accessory
genes gathered in genomic islands. Those genes
are essential for P. aeruginosa to invade new eco-
logical niches with high levels of antibiotic usage,
like hospitals, or to survive during host infection
by providing pathogenicity determinants. P. aerug-
inosa pathogenicity island 1 (PAPI-1), one of the
largest genomic islands, encodes several putative
virulence factors, including toxins, biofilm genes and
antibiotic-resistance traits. The integrative and con-
jugative element (ICE) PAPI-1 is horizontally trans-
ferable by conjugation via a specialized GI-T4SS, but
the mechanism regulating this transfer is currently
unknown. Here, we show that this GI-T4SS conjuga-
tive machinery is directly induced by TprA, a regu-
lator encoded within PAPI-1. Our data indicate that
the nucleotide associated protein NdpA2 acts in syn-
ergy with TprA, removing a repressive mechanism
exerted by MvaT. In addition, using a transcriptomic
approach, we unravelled the regulon controlled by
Ndpa2/TprA and showed that they act as major reg-
ulators on the genes belonging to PAPI-1. Moreover,
TprA and NdpA2 trigger an atypical biofilm structure
and enhance ICE PAPI-1 transfer.

INTRODUCTION

Beyond the core genome of human pathogenic bacteria, in-
creasing data emanating from genome sequence projects il-

lustrate that closely related strains contain many additional
accessory genes that have been acquired through horizon-
tal gene transfer (HGT), leading to evolution through di-
versification and adaptation of microorganisms. These ac-
cessory genes can form syntenic blocks with specific gene
functions, such as metabolism, symbiosis, fitness, resistance
or pathogenicity, and can be identified by the presence
of signature features (1). Among them is an atypical nu-
cleotide composition relative to the rest of the genome, a
location within predicted sites of chromosomal integration
(att sites), and the presence of genes encoding conjugation
machineries or bacteriophages. The acquisition by HGT
of this accessory genome could dramatically change the
threat of a microorganism (2,3). For example, acquisition
of the OI-57 genomic island by Escherichia coli species al-
lows the microorganism to cause haemorrhagic colitis, lead-
ing to the development of the potentially fatal complication
haemolytic uremic syndrome (2).

Pseudomonas aeruginosa, a Gram-negative environmen-
tal bacterium responsible for opportunistic infections, has
become a major cause of nosocomial infections worldwide
(about 10% of all such infections in most European Union
hospitals) and a serious threat to public health (4). Previ-
ous studies comparing Pseudomonas aeruginosa genomes
showed that HGT plays an important role in its evolution
(5). Sequencing several strains (6-9) showed that in addi-
tion to a conserved core genome, variable accessory genes
are also found that are largely associated with genomic is-
lands. The PA14 strain, a highly virulent human isolate ca-
pable of infecting multiple hosts, possesses two pathogenic-
ity islands (PAPI-1 and PAPI-2), which are absent from the
PAOI reference genome. PAPI-1 and PAPI-2 contribute, in-
dividually and synergistically, to the increased virulence of
the PA14 strain in acute pneumonia and bacteraemia an-
imal models (10). The 108 kb pathogenicity island PAPI-
1 is the larger island and belongs to the integrative and
conjugative element (ICE) family. ICEs are mobile genetic
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elements classically found integrated in the host genome
that can be passively propagated during chromosomal repli-
cation or horizontally transferred to a recipient (11). PAPI-
1 contains 115 genes and is integrated into the host chro-
mosome at the artB site juxtaposed to tRNA-lys genes.
This ICE is a mosaic of modular genetic elements, contain-
ing several functional modules called cargo modules. Each
of these cargos embed genes involved in the same func-
tion; among them are pathogenicity-related genes, includ-
ing: the PA14_59710-59760 gene cluster, which is important
for mouse infection; a gene cluster related to biofilm synthe-
sis (CupD fimbriae); and the SRNA PesA involved in post-
transcriptional regulation of Pyocin S3 or the PvrS/PvrR,
which is a two-component system involved in biofilm syn-
thesis and antibiotic resistance (10,12-14). Most of the re-
maining PAPI-1 genes encode functions related to DNA
mobilization, conjugation, integration and partition activ-
ities (7). Thanks to these genes, PAPI-1 can be mobilized
from a PA14 donor strain to any recipient P. aeruginosa
strain lacking it, using conjugative machinery belonging
to the GI type IV secretion system (GI-T4SS) family (15—
19). At the genetic level, the conjugative pilus is encoded
by an operon called the pil2 operon, which contains 10
genes (pilL2-pilM?2) and presents two putative promoters
localized upstream of the pill.2 and pilS2 genes (15) (Fig-
ure 1A). Nevertheless, ICE PAPI-1 cannot be considered
a truly self-transmissible element. Indeed, PilS2, the ma-
jor subunit of the pilus, is synthesized as a precursor with a
14 amino acid leader peptide and needs the action of PilD
prepilin peptidase, encoded by the chromosome host, to
be matured (15). This PilS2 maturation dependency on a
host-encoded prepilin peptidase restricts PAPI-1 transmis-
sion only to donors that express a compatible prepilin pep-
tidase. PAPI-1 can be excised from its tRNA att site and a
copy can be transferred and integrated into the host chro-
mosome at any of the two tRNA-Lys of a recipient strain. A
remarkable feature of PAPI-1 transmission is the existence
of an exclusion mechanism that restricts the ICE transfer to
recipient cells devoid of PAPI-1. This exclusion mechanism
is based on the recognition of common polysaccharide anti-
gen (CPA) lipopolysaccharides of recipient cells by the con-
jugative pilus to initiate the ICE PAPI-1 transfer. Once inte-
grated, and to exclude acquisition of any additional copies
of PAPI-1, the receiver strain produces less CPA, blocking
the possibility of being recognized by the GI-T4SS pilus a
second time (19).

Expression of excision/integration and conjugation
genes is usually tightly regulated to maintain ICE genes as
quiescent as possible in the host (20). Indeed, constitutive
expression of these genes has been observed to be detrimen-
tal, especially for the host and the maintenance of the ICE.
For example, a constitutive activation of ICEc/c from Pseu-
domonas sp. strain B13 has been shown to cause a growth re-
duction, leading to the death of the cell host (21). More gen-
erally, it has been shown that, in some Gram-negative bac-
teria, constitutive expression of a mating pilus may increase
host susceptibility to phage infection (22). These deleterious
effects lead to a selective pressure against ICE gene activa-
tion to leave them as quiescent as possible. However, to per-
mit their transfer, ICE-encoded genes need to be induced,
and a large variety of signals has been described to be in-
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volved in this process. These signals are not universally con-
served, but there is some common theme, for example, the
SOS response, cell—cell signalling, the stationary phase or
antibiotic pressures (23). ICEs are self-transmissible and,
generally, the regulators controlling their transfer are en-
coded in the ICEs themselves (24,25). For example, the
transfer regulation of ICEMIsymR7 A, a large ICE usually
found in rhizobia, is controlled by a quorum sensing mech-
anism encoded on it (25). In some cases, host-encoded el-
ements also participate in the ICE transfer, such as in the
case of ICEs SXT-R391 and ICEBs!, whose transfer is in-
duced by the SOS response through RecA-dependent ac-
tivation (24,26,27). Our knowledge about PAPI-1 transfer
regulation is still limited regarding the environmental cues
and the regulatory elements involved in this process. Carter
and collaborators observed that in the stationary growth
phase, the expression of the two pil2 operon promoters is
increased, suggesting that PAPI-1 transfer could be regu-
lated by a stationary-phase regulator. A sequence analy-
sis of the two predicted promoters shows a putative Crp
binding site in the first putative promoter of the pilL.2 gene,
suggesting that the expression of the GI-T4SS machinery,
and therefore the conjugation, may be subject to regulation
by cyclic AMP (cAMP). Moreover, the regulation of these
two promoters has been suggested to not require any of the
PAPI-1-encoded regulators, because the expression of the
promoter follows the same regulatory profile in PA14 and
PAOI, which is devoid of PAPI-1 (15).

In this work, we demonstrated for the first time that the
P, aeruginosa PA14 conjugative machinery is directly in-
duced by PA14_59060 (TprA), a PAPI-1-encoded transcrip-
tion factor. Our data also indicate that the nucleotide as-
sociated protein PA14_59050 (NdpA?2) acts in synergy with
TprA in this regulation process by releasing MvaT repres-
sion. Moreover, using a transcriptomic approach, we unrav-
elled the regulon controlled by TprA and we demonstrated
that TprA is a major regulator of ICE PAPI-1 genes, trig-
gering PAPI-1 transfer and biofilm formation.

MATERIALS AND METHODS
Bacterial strains and growth conditions

The strains and plasmids used in this study are listed in
Supplementary Tables S1 and S2, respectively. Strains were
grown at 37°C in lysogeny broth (LB) medium. Recombi-
nant plasmids were introduced into P. aeruginosa through
conjugative transfer, using pRK2013 (28). Transconjugants
were selected on Pseudomonas isolation agar (PIA, Difco
Laboratories) supplemented with appropriate antibiotics.
The following antibiotic concentrations were used: (i) for
Escherichia coli: 100 pg/ml ampicillin (Ap), 25 pg/ml gen-
tamicin (Gm), 25 pg/ml kanamycin (Km), 15 pg/ml tetra-
cycline (Tc) and 50 pg/ml streptomycin (Sm); (ii) for P
aeruginosa: 300 wg/ml carbenicillin (Cb), 50 pg/ml Gm,
200 pg/ml Tc and 2 mg/ml Sm.

Chromosomal transcriptional fusions

The DNA fragment containing the putative promoter re-
gion of the pil2 locus (521 bp) was amplified by polymerase
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Figure 1. Identification of the PA14_58990-PA14_59120 locus as a regulator of pil2 operon expression. (A) Localization of mariner transposon insertion
inside the PA14_58990-PA 1459120 locus. (B) Expression of the ppilL2—lacZ chromosomal fusion was monitored in the PA14, Tn29, Tnl14, Tnl15 and
Tnl18 strains after 7 h of growth in LB. Corresponding B-galactosidase activities are expressed in Miller units and correspond to mean values (with error
bars) obtained from three independent experiments. Wilcoxon-Mann—Whitney tests were performed, and N.S. and *** indicate to non-significant, and
P < 0.001, respectively. (C) Detection of PilS2 pilin production in whole-cell extracts from PA14, Tn29, Tn114, Tnl15 and T118 strains. TG1 E. coli and
P, aeruginosa PA14 strains bearing the p MM BpilS2 plasmid permitting the overexpression of the pilS2 gene were used, respectively, as a positive control
of a precursor and mature form of PilS2 protein. The number on the left indicates the sizes of the molecular mass standards (in kDa). Functions of the
genes are listed in Supplementary Table S4.



chain reaction (PCR), with the MiniCTX-ppill2-lacZ-
1/MiniCTX-ppill.2-lacZ-2  oligonucleotide pair (see
Supplementary Table S5). The resulting DNA fragment
was digested with HindIII and Pstl restriction enzymes
and inserted into the miniCTX-lacZ vector, generating
the miniCTX-ppill2-lacZ construct. This plasmid was
used to generate a chromosomal ppillL2-lacZ fusion in the
PA14 strain, as previously described. The FRT cassette-
excision step was performed as previously described (29),
resulting in the generation of the PAl4attB::ppill.2-lacZ
(PA14,12) strain. A similar procedure was used to
generate the PA14,,i124.pr4-s strain from the miniCTX-
PPIL2 A ypra-ps-lacZ plasmid. The latter was generated using
the mega-priming method and MiniCTX-ppill2 s p4-ps-
lacZ-1/MiniCTX-ppil L2 ppra-ps-lacZ-2  oligonucleotide
pairs on the miniCTX-ppilL2-lacZ construct, as previously
described (30).

B-Galactosidase activity monitoring

Strains carrying ppillL2-lacZ and ppillL2 s 4-ps-lacZ re-
porter fusions were grown at 37°C in LB medium with shak-
ing. Bacterial cells were collected by centrifugation at dif-
ferent growth times. The B-galactosidase activity was mea-
sured using the Miller method (31).

Gene inactivation by stop codon addition

Because many genes examined in this work belong to
operons or overlap other genes, we have adopted a gene
inactivation strategy in which we have inserted one or
two stop codons in the open reading frame (ORF) of the
targeted genes, at the chromosomal level, to avoid polar
effects on neighbouring genes. To generate the different
chromosomal substitutions, DNA fragments correspond-
ing to the upstream and downstream sequences (~500 bp)
of the target region where we want to add a stop codon
were amplified from PA14 genomic DNA using appropriate
oligonucleotide pairs (see Supplementary Table S5). The
upstream and downstream PCR products were cloned into
a BamHI linearized pKING101 suicide vector using the one-
step sequence and ligation-independent cloning (SLIC)
strategy (32), yielding pK-ndpA2pssiop, PK-tprd susiop,
pK-ihfa rssi0p,  PK-ThfB 032810pM33Si0p>s  PK-APS17810pGSSIOPS
PK-fistssiop,  PK-hupaa7siopassiops  PK-hupBirsioppssiops
pK'mvaTY7SropR8Stop and pK'mvaUF7StopR8Stop- To perform
PA14 chromosome editing, the resulting suicide plasmids
were introduced into the genomic DNA through conjuga-
tive transfer by a three-partner procedure using the E. coli
pRK2013 strain. To construct the MOAzprA strain where
the tprA ORF is interrupted by a stop codon, the suicide
plasmid PK-#prA 44,0, was introduced in the MO0 strain by a
three-partner mating. Substitution mutants were obtained
by a double selection: first on LB agar supplemented with
Irgasan (25 pg/ml) and Sm (2000 pg/ml) at 37°C, followed
by NaCl-free LB agar containing 6% sucrose at 20°C. Each
mutation was checked by sequencing (Eurofins Genomics).

Plasmid construction

Plasmids pBBR-ndpA2, pBBR-tprA, pBBR-ndpA2-tprA,
pBBR-mvaT, pMMBpilS2, pLIC-ndpA2, pLIC-mvaT and
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pLIC-tprA were constructed as follows. Briefly, DNA frag-
ments encompassing each ORF were amplified by PCR us-
ing the PA14 chromosome as a matrix with the appropriate
oligonucleotide pairs (see Supplementary Table S5). After
purification, the PCR products were inserted into their des-
tination vector using the SLIC strategy (32).

Transposon mutagenesis

The mini transposon vector pBT20, which was used for
mutagenesis, contains a ptac promoter that, according to
its orientation, can drive expression of downstream genes.
The transposition of the mini transposon is catalysed by
the Himar-1 mariner transposase. We spotted 50 wl of
overnight cultures of the donor strain containing pBT20 (.
coli Sm10) and the helper strain (E. coli 1047/pRK2013), in
triplicate, on dry LB agar plates, which were then incubated
at 37°C for 2 h, while the recipient PA14,,,;;» was incubated
at 42°C. We added 100 w1 of the recipient strain to each spot
and the plate was incubated at 37°C for 4 h. The duration of
tripartite mating was optimized to maximize the number of
trans-conjugants but to minimize the number of daughter
cells. The spots were scraped off and re-suspended in 1 ml
of LB medium. The resulting suspension was plated on LB
agar plates (300 pwl on a 135 mm plate) containing 25 wg/ml
Irgasan, 80 pg/ml X-gal, 20 puM FeSO,4 and 75 pg/1 Gm.
We obtained 1.5 x 10° colonies from 81 plates and screened
for blue colonies.

Transposon localization

The transposon insertion site was determined systemati-
cally for the mutants, which gave blue colonies; the wild-
type parental clone remaining white. A semi-random PCR
method was used, involving cell lysis at 95°C, initial am-
plification of the sequences adjacent to the transposon
insertion with a transposon-specific primer and an arbi-
trary primer (pBT20-1 and ARB1D-Aus primers, respec-
tively), followed by a second amplification with a nested
transposon-specific primer and a primer corresponding to
a non-random portion of the arbitrary primer used in
the first PCR (pBT20-2 and ARB2A-Aus primers, respec-
tively) (33). The PCR products were purified with the
Macherey-Nagel NucleoSpin® Gel and PCR Clean-up kit
and sequenced by Eurofins Genomics using the pBT20-2
transposon-specific primer.

Construction of strains with mariner transposon insertion

To generate the strains MO to M3 into which we in-
serted part of the mariner transposon at different loca-
tions within the PA14.59030-PA14_59120 locus of strain
PA14,,ir2, we proceeded as follows. First, the DNA frag-
ments corresponding to the upstream and downstream se-
quences (~500 bp) of the insertion region were ampli-
fied from the PA14 genomic DNA using the appropriate
oligonucleotide pairs (see Supplementary Table S5). Next,
the mariner fragment was amplified from Tnl15 genomic
DNA using the M-1/M-2 oligonucleotide pair. Finally, the
upstream, downstream and mariner PCR products were
cloned into a BamHI linearized pKNG101 suicide vector
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using the SLIC strategy, yielding pK-MO0, pK-M1, pK-M2
and pK-M3 pKNG101-based plasmids. To insert the trans-
poson in the chromosome, the resulting suicide plasmids
were introduced into the PA14,,,;; » strain by a three-partner
mating using pRK2013 E. coli strain. Transposon insertion
was achieved by a double selection: first on LB agar sup-
plemented with Irgasan (25 wg/ml) and Sm (2000 pg/ml)
at 37°C, followed by NaCl-free LB agar containing 6% su-
crose at 20°C. Each mutation was checked by sequencing
(Eurofins Genomics).

Quantitative real time polymerase chain reaction (QRT-PCR)

Three independent cultures of PA14 strains bearing
pBBR1MCS4, pBBR-ndpA2, pBBR-tpr4 or pBBR-ndpA2-
tprA plasmids were grown under agitation at 37°C and har-
vested after 7 h of growth. Total cellular RNA from a 5
ml culture was isolated using the PureYield RNA Midiprep
System (Promega), cleaned up and concentrated using the
RNeasy Micro Kit (Qiagen). The yield, purity and integrity
of RNA were further evaluated on Nanodrop (Nanodrop
Technologies) and Experion (Bio-Rad) devices. Further,
DNA contamination of prepared RNA was assessed us-
ing the Access RT-PCR system (Promega) and the oligonu-
cleotide pairs listed in Supplementary Table S5. Reverse
transcription was performed on 2 pg of RNA using the Su-
perScriptlll first strand synthesis system (Invitrogen). The
gRT-PCR cycling parameters were: 98°C for 2 min; 45 cy-
cles of 98°C for 5 s and 60°C for 10 s; and 10 min at 95°C.
To determine the amplification kinetics of each product, the
fluorescence derived from the incorporation of EvaGreen
into the double-stranded PCR products was measured at
the end of each cycle using SsoFast EvaGreen Supermix
(Bio-Rad). The Relative Expression Software Tool (REST)
was used to analyse the data (34) and the /6 gene was used
as reference for normalization.

Transcriptional profiling using microarrays

The experiment comparing MO and Tn38 transcrip-
tomes (M0/Tn38) and the experiment comparing M0 and
MOAprA transcriptomes (M0/MOAtprA) were carried out
independently twice for M0/Tn38 and three times for
MO/MOAtprA. Bacteria were grown in LB under agita-
tion at 37°C and were harvested during the beginning of
the stationary phase (7 h, ODgyy = 3.4) using centrifuga-
tion at 4°C. The samples were quickly processed to pre-
pare RNA using the PureYield RNA Midiprep System
(Promega), cleaned up and concentrated using the RNeasy
Micro Kit. The yield, purity and integrity of RNA were
checked by the Experion automated electrophoresis system
and the absence of DNA contamination was verified by
PCR. RNA samples (500 ng) were further processed for
double Cy3/CyS5 labelling using the ChipShot Direct La-
belling and Clean-Up System kits (Promega). Tn38 and
MOAprA samples were labelled with Cy3 and M0 samples
were labelled with Cy5. Briefly, 500 ng of RNA was first
hybridized with hexameric random primers. Then, dNTPs
(330 nM each) were added together with 1 mM of Cy3 or
Cy5 (Amersham) and 200 units of ChipShot reverse tran-
scriptase. The mixture was incubated for 2 h at 42°C and

the reaction was stopped by a 15 min incubation at 37°C
with RNAse. Unincorporated nucleotides were removed by
using the ChipShot Direct Labelling and Clean-Up System
(Promega). Dye incorporation rates were measured using a
Nanodrop®) ND-1000 spectrophotometer. Cy3- and Cy-5
labelled cDNA mixtures (300 ng) were hybridized for 17 h
at 65°C, according to Agilent protocols, on Multi-genome
P. aeruginosa (MGPA) DNA Chips.

Microarray analysis

Data were further treated with R (35) using the LIMMA
package from Bioconductor (36,37). Intra-array normal-
ization was performed using the local Lowess (Loess) re-
gression method with ‘Normexp’ background noise correc-
tion, whereas inter-array normalization was performed us-
ing a quantile method. Differentially expressed genes were
extracted using the LIMMA package, using linear regres-
sion (ImFit), Bayesian models (eBayes) and Benjamini—
Hochberg multiple-test correction (BH). We considered sig-
nificance in the different replicates for a P-value <0.05. Lists
of genes were further restricted, applying a log,fold-change
of 1.584 (~3-fold) induction or repression criterion. The mi-
croarray dataset is available in the NCBI GEO database un-
der access number GSE152140 (MO versus MOA#prA) and
GSEI152141 (MO versus Tn38).

Protein purification

pLIC-ndpA2, pLIC-mvaT and pLIC-tprA were trans-
formed into the E. coli BL21(DE3) strain. Bacteria were
grown at 37°C in LB to ODygyy ~0.8 and protein produc-
tion was induced by addition of 0.5 mM isopropyl-B-D-
thiogalactopyranoside (IPTG) for 16 h at 16°C and 160
rpm. Cell pellets were resuspended in 50 mM Tris—HCI (pH
8.0), 75 mM NaCl, | mM ethylenediaminetetraacetic acid
(EDTA) and 10 mM MgCl,, supplemented with 100 mg/ml
DNase I, 100 mg/ml lysozyme and EDTA-free protease
inhibitor (Roche). After 30 min at 4°C, resuspended cells
were broken using an Emulsiflex-C5 homogenizer (Avestin)
— four times at 1000 psi—and clarified by ultracentrifuga-
tion for 30 min at 20 000 g. Clear lysate was loaded onto 2
ml of Ni-NTA resin and then washed with 20 ml of a so-
lution containing 50 mM Tris—-HCI (pH 8.0), 75 mM NaCl
and 20 mM imidazole. Proteins were eluted with the same
buffer with 150 mM Imidazole as a final concentration. Af-
ter His-tag TeV cleavage, the proteins were concentrated
and washed in an Amicon 3 MWCO cut-off (Merck) with 15
ml Tris=HCI 50 mM (pH 8.0) and 75 mM NaCl. Based on
the Bradford method, the protein concentrations were 530,
1.4 and 2 pM for TprA, MvaT and NdpA2, respectively.

Transfer efficiency assay

The efficiency of ICE PAPI-1 transfer was evaluated as de-
scribed previously (16); the experiment was carried out in
triplicate. Both the PAPI-1 donor and PAO1Sm recipient
strains were grown at 37°C overnight. The antibiotics used
were 50 pwg/ml Gm for strains carrying PAPI-1 and 500
pg/ml Cb (required for plasmid maintenance) and 2 mg/ml
Sm for PAO1Sm. For plate mating, 50 wl of the donor strain



was dropped on an LB agar plate and incubated at 37°C for
2 h, followed by dropping 50 wl of recipient strains on top
of the donor strain. Recipients were incubated with shaking
at 42°C for 2 h before mating. After incubating the mating
mixture at 37°C for 8 h, it was scraped off and suspended in
1 ml of phosphate-buffered saline (PBS). Transconjugants
were selected on LB agar plates containing 50 wg/ml Gm
and 2 mg/ml Sm.

The number of recipients in the final mating mixtures
was determined by plate counting. The transfer efficiency
was calculated using the total number of transconjugants
divided by the total number of recipients in the final mating
mixture, as described by Carter et al. (15).

Electrophoretic mobility shift assay (EMSA)

The target promoter regions were amplified from the
genome of P aeruginosa PA14 by PCR using the appro-
priate oligonucleotide pairs (see Supplementary Table S5)
containing fluorescent dCTP-cy5 to allow DNA visualiza-
tion. The subsequently labelled DNA (150 nM) was incu-
bated at room temperature in a Tris—NaCl buffer (Tris 50
mM, pH 8 + NaCl 75 mM) with poly(dI-dC)epoly(dI-dC)
(10 pM) and the indicated concentration of purified TprA,
NdpA2 or MvaT proteins in a final volume of 13ul. After 30
min, 2 pl of loading dye (50% glycerol + 0.1% Bromophe-
nol blue are added, then reactions are directly loaded in na-
tive gel (6% acrylamide/bis-acrylamide 37.5:1, Tris-Borate-
EDTA 1X). Gels are run for 1 h at constant 45 mA. Direct
DNA band visualization was performed on a Typhoon™
FLA 9500 biomolecular imager (GE Healthcare) with laser
excitation at 650 nm and emission detection at 670 nm.

SDS-PAGE and western blot

Mature PilS2 pilin expression was followed by 16.5%
sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) with cathode and anode buffers containing
0.1 M Tris—HCI, 0.1 M Tricine and 0.1% SDS at pH 8.25
and 0.2 M Tris—HCI at pH 8.9, respectively. Bacterial cells
were grown to an ODggg of 0.5, induced for at least 3 h with
1 mM IPTG and collected at 0.025 ODg equivalent units
per plin loading buffer. The samples were boiled for 10 min
and the proteins were separated by electrophoresis before
blotting onto nitrocellulose membranes. PilS2 was immun-
odetected using a PilS2 rabbit polyclonal antibody at a dilu-
tion of 1:150 and detected with peroxidase-conjugated goat
anti-rabbit immunoglobulin G at a dilution of 1:5000 in
Tris-buffered saline containing 10% non-fat milk and 0.1%
Tween-20.

Confocal biofilm analysis

Time-lapse biofilm formation was performed in flow cham-
bers as previously described (38); each experiment was re-
peated two times. Briefly, the PA14Ggp strains tagged with
green fluorescent protein (GFP) were transformed with
pBBR1IMCS4 (empty vector) or pPBBR-ndpA2_tprA (over-
expressing ndpA2 and tprA genes). Bacteria were grown
in M63 medium supplemented with 1 mM MgCl,, 0.5%
casamino acids and 0.2% glucose at 30°C in flow cham-
bers with individual channels (dimensions of 1 x 4 x 40
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mm?). Observation was performed after 2 and 3 days with
an Olympus FV-1000 microscope equipped with detectors
and a filter set for monitoring GFP. The average biofilm
thickness and biomass were calculated using Fiji (39). For
PAl4grp + pPBBRIMCS4, 17 (day 2) and 23 (day 3) images
have been analysed. For PAl4ggp + pPBBR-ndpA2_tprA, 38
(day 2) and 55 (day 3) images have been analysed.

RESULTS
Identification of regulators controlling ppilL2 expression

To investigate the regulation of pil2 operon expression (see
Figure 1A), we monitored the expression of the ppill.2-lacZ
fusion inserted in the PA14 strain in classical liquid condi-
tions in rich (LB and tryptic soy broth [TSB]) and minimal
medium (M9, M13 and M63). There was no significant -
galactosidase activity of the ppill.2-lacZ chromosomal fu-
sion under the culture conditions tested (data not shown),
suggesting that ppill.2 expression is probably tightly reg-
ulated. We therefore investigated the regulatory genes po-
tentially involved in ppilL.2 expression. We used the lack of
detectable ppil L2 expression after 24 h of growth on X-gal
plates (no clear ‘blue’ colony on LB plates despite the pres-
ence of X-gal substrate) to carry out transposon mutagene-
sis using a mariner transposon. This transposon encodes a
Gm resistance gene and a strong out-facing ptac promoter,
permitting the induction of downstream genes (40). The
transposon mutagenesis was performed in the PA14,,;;>
strain on LB plates containing X-gal substrate to screen
for blue clones. We obtained two independent libraries of
50 000 and 150 000 clones on LB medium, corresponding
to a theoretic transposition efficiency of one insertion for
every 130 and 43 bp, respectively. Out of the 200 000 total
clones, 122 were found to be blue on plates and subjected to
additional measurement of ppilL2 expression in liquid con-
ditions. Among these 122 clones only 30 showed, in liquid
culture, ppil L2 expression 2-fold higher than the wild-type.
These 30 clones were then subjected to transposon map-
ping; 19 out of the 30 clones corresponded to a transpo-
son insertion directly upstream of the ppill.2-lacZ fusion
that led to its overexpression, among which was the Tn38
strain (see Supplementary Figure S1 and Table S3). Among
the 11 other clones, transposons were mapped four times
within ICE PAPI-1 in a particular DNA region ~18.3 kb
upstream of the pil2 operon (see Figure 1A) in the strains
named Tn29, Tnl14, Tnl15 and Tn118. Expression of the
ppilL2-lacZ fusion was monitored in these strains after 8 h
of growth and compared to the PA14,,;;» parental strain.
For these four transposon mutants, the level of expression of
the ppilL2-lacZ fusion was significantly increased compared
to the parental PA14 strain (see Figure 1B). This change was
accompanied by the detection of a mature form of the PilS2
protein, the pilin involved in the GI-T4SS machinery (15),
which was undetectable in the PA 14 strain (see Figure 1C).

These results suggest that some genes present in this
DNA region are controlling ppilL2 expression. Because
Tn29, Tnl14, Tnl15 and Tnl18 strains show the same
phenotypes and based on the transposon position in these
strains and the orientation of the prac promoter, we hy-
pothesized that the fusion activation is due to the overex-
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pression of any gene downstream of the PA14_59030 gene,
including the PA14.59050 to PA14.59120 genes. The pu-
tative gene functions encoded by the PA14_59000-59120
operons are listed in Supplementary Table S4. The first
two genes downstream of the PAI4.59030 gene, that is,
PA14_59050 and PA14_59060, are strong candidates for this
regulation because they respectively encode a homologue of
the nucleoid-associated protein YejK family and an Arc-like
DNA binding domain protein with a Ribbon—Helix—Helix
(RHH) domain. For reasons discussed below, we have as-
signed PA14_59050 the name ndpa2 and PA14_59060 the
name tprA.

ndpA?2 and tprA genes control, in synergy, ppilL2 expression

To locate more precisely the genes involved in pil2 ex-
pression, we first made an allelic replacement to intro-
duce a DNA fragment corresponding to the inserted part
of the mariner transposon at different locations within
the PA14_59030-PA14_59120 locus of the PA14,,;;> strain
(strains MO to M3, see Figure 2A). The insertion of this
DNA fragment inside a gene disrupts its function and,
thanks to the ptac promoter, permits the overexpression of
downstream genes. The insertion of the transposon DNA
into strain MO corresponds to a re-construction of the
Tn115 strain. Because strain M0 has the same ppill.2-lacZ
expression as Tnl15 (Figure 2B), it confirms the involve-
ment of the PA14_59030-PA14_59120 locus in the regula-
tion of ppilL.2 and rules out the possibility that secondary
mutations (or other genetic events) in strain Tnl15 are re-
sponsible for the activation of ppillL.2-lacZ fusion.

Then, we evaluated the impact of these insertions on
the ppillL.2-lacZ reporter fusion (Figure 2B). The insertion
of the transposon DNA in strain M1 (which disrupts the
ndpA2 gene and overexpresses the tprA-PA14_59120 genes)
led to a 7.4-fold induction of the transcriptional fusion.
However, the induction of the ppillL.2-lacZ fusion observed
in strain M1 was 2.5 times lower than in strain MO, sug-
gesting that the interruption of ndpA2 modulates the ex-
pression of ppill.2-lacZ. More interestingly, in strain M2,
where the transposon insertion occurs just after the initi-
ation codon of the #prA gene, the ppill.2-lacZ fusion was
not activated (Figure 2B). A similar result was observed in
strain M3, where the transposon DNA was inserted into the
PA14_59070 gene. Taken together, these results suggest that
ndpA2 and tprA genes play a role in the control of the pro-
moter of the pil2 operon.

To evaluate the contribution of the ndpA2 and tprA genes
on the ppill.2-lacZ fusion, each gene was cloned into the
replicative vector pPBBR1MCS4 (see Materials and meth-
ods) and introduced in the PA14,,;;, strain to monitor
the impact of their overexpression on the expression of the
ppilL2-lacZ fusion. As shown in Figure 2C, tpr4 overex-
pression induced the fusion 5.3-fold, while ndpA2 overex-
pression had no significant impact (1.3-fold induction). In-
terestingly the induction of the fusion triggered by 7pr4
overexpression was lower than in strain MO, suggesting
that a second factor could be involved in the regulatory
mechanism. Because the inactivation of ndpa2 in M1 re-
duces the expression of ppill.2-lacZ (Figure 2B), we cloned
ndpA2 and tprA genes together in pPBBR1IMCS4 (pBBR-

ndpA2 _tprA). This construct was introduced by mating in
strain PA14,,;;> to monitor the ppill2-lacZ fusion ex-
pression (Figure 2C). Interestingly, the co-expression of
ndpA2 and tprA induced the expression of the ppill.2-
lacZ fusion higher than tprA4 alone or strain M0 (74-fold
induction).

Taken together, these results show that the 7pr4 induces
the ppil L2 promoter, with an enhanced action when ndpA2
is co-expressed. To confirm the exclusive contribution of
ndpA2 and tprA genes on the ppilL.2 promoter, the ppill.2-
lacZ fusion was introduced into P. aeruginosa PAOI strain
lacking PAPI-1 and PAPI-2. Then, the PAOI,,;;, strain
was transformed with pPBBR1MCS4, pBBR-ndp A2, pBBR-
tprA or pPBBR-ndpA2_tprA and the ppillL2-lacZ fusion was
monitored after 8 h of growth in LB. As shown in Supple-
mentary Figure S2, the ppilL2-lacZ followed the same ex-
pression profile as in PA14, confirming that, besides ndp A2
and tprA, no other PA14-specific genes are involved in the
ppilL2 promoter regulation.

TprA directly binds the promoter of the pil2 operon

We investigated whether the pil2 operon regulation in-
volves the direct binding of TprA to the ppilL2 promoter.
The DNA region encompassing the ppill.2 promoter (Fig-
ure 3A) was amplified to generate a 520 bp DNA frag-
ment and TprA protein was purified for EMSA. Retarded
DNA /protein complexes were observed for TprA amounts
higher than 550 nM (see Figure 3B). As a negative control,
a 500 bp DNA fragment encompassing the promoter re-
gion of the cupDI locus belonging to the PAPI-1 genomic
island was amplified and tested for its ability to bind TprA.
The cupDI promoter (pcupD1) was chosen because its ex-
pression is not controlled by TprA (see below). As show in
Figure 3B, TprA was unable to bind the pcup D1 promoter
region, whereas it directly controlled the expression of the
pilL2 gene.

To localize the TprA binding site, the DNA region en-
compassing the ppilL2 promoter was divided into five parts,
each approximately 100 bp, named R1 to R5 (see Fig-
ure 3A). These five regions were obtained hybridizing for-
ward CyS-labelled single strand DNA (ssDNA) and re-
verse ssSDNA (see Supplementary Table S5) and subjected
to EMSA with 0 and 1 puM TprA. As show in Supplemen-
tary Figure S3, this protein only bound to the R3 region.
To identify the TprA binding site more precisely, this R3 re-
gion was subdivided into four parts of 33 bp named R3.1
to R3.4 (Figure 3A). Each part was assayed for its capac-
ity to interact with TprA by EMSA. TprA only bound to
the R3.2 sub-region (Figure 3B). This R3.2 sub-region was
called the TprA binding site (zprA-BS). To confirm the role
of this sub-region in the regulation of the ppilL2 promoter,
we constructed a chromosomal ppill.2-lacZ reporter fusion
with the tprA-BS region deleted (ppillL.2 s pr4-ps-lacZ) and
inserted it into the PA14 strain (PA14,,i12 A pra-ps-lacZ). We
then compared expression of this fusion to the ppillL.2-lacZ
fusion when we co-overexpressed ndpA2 and tprA genes
(pBBR-ndpA2_tprA, Figure 3C). tprA-BS deletion abol-
ished ppilL2 promoter activation by the NdpA2-TprA cou-
ple. This result confirms the crucial role of this region in pil2
operon regulation.
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MvaT directly silences the ppilL2 promoter

We previously demonstrated in this study that NdpA2 en-
hances the action of TprA. Bioinformatic predictions sug-
gest that NdpA2 could be an anti-histone-like nucleoid
structuring (H-NS) protein due to its similarity with the
anti-H-NS NdpA (PA14_14220). Thus, we performed di-
rected mutagenesis analyses to identify which H-NS pro-
tein(s) NdpA2 could counteract.

The P, aeruginosa PA14 genome contains eight major H-
NS proteins: I[HFa, IHFB, Dps, Fis, HUa, HUB, MvaT
and MvaU (41-43). We therefore inactivated each of the
PA14 H-NS proteins and monitored their impact on the
ppillL2-lacZ reporter fusion. (Figure 4A). Only mvaT gene
inactivation induced the ppillL2-lacZ reporter. This indi-
cates that among the tested H-NS-like proteins, only MvaT
represses ppilL2 expression.

To confirm that no other H-NS protein is involved in
ppilL2 promoter repression, we overexpressed the tprA gene
in each of the H-NS mutants. As shown in Supplementary
Figure S4, when tprA is overexpressed the ppilL2-lacZ fu-
sion showed a strong expression in the PA14,,;;> AmvaT
strain (~2100 Miller units). In the other strains, the over-
expression of 7prA only induced the fusion at a level similar
to the PA14,,;;, strain (~680 Miller units). This suggests
that MvaT is the only HN-S protein involved in the regula-
tion of ppilL2 and it acts as a repressor on it.

To further characterize the role of MvaT in pil2
regulation, we overexpressed ndpA2 or tprA in the
PA14,,ir>AmvaT strain and compared ppilL2-lacZ ac-
tivations to those in PA14,,;;» (Figure 4B). In the
PA14,,i1> AmvaT strain, ndpA2 overexpression alone did
not induce the fusion. However, tprA overexpression
strongly induced this fusion at a comparable level to the
PA14,,i1> strain overexpressing ndpA2 and tprA (pBBR-
ndpA2_tprA). This latter result suggests that the absence of
MvaT allows TprA to induce ppilL2-lacZ fusion expression
at its observed maximal level without the requirement of
NdpA2.

To better characterize how MvaT and NdpA2 influence
the expression of ppill.2, we used EMSA to test the ability
of MvaT and NdpA2 to bind the ppilL2 promoter. MvaT
and NdpA2 were purified and then incubated at different
concentrations with the 500 bp DNA region encompassing
the ppilL2 promoter (Figure 5A). Retarded DNA /protein
complexes were observed for MvaT >750 nM (Figure 5A,
left panel) whereas no DNA /protein complexes were ob-
served for NdpA2 (Figure 5A, right panel). Because in the
PA14,,i12 AmvaT strain tprA overexpression is enough to
trigger the ppill.2-lacZ fusion at a comparable level to the
PA14,,> strain overexpressing ndpA2 and tpr4 (pBBR-
ndpA2_tprA), we hypothesized that NdpA2 may prevents
or drives out MvaT binding. To test this hypothesis, we in-
cubated the DNA region encompassing the 500 bp ppill.2
promoter region with different concentrations of MvaT and
a NdpA2 concentration of 500 nM (Figure 5B, left panel).
Surprisingly, NdpA2 addition did not prevent or drive out
MvaT binding; on the contrary, it increased the affinity
of MvaT affinity for the ppilL2 promoter. Indeed, when
NdpA2 was added at 500 nM in the reaction, MvaT could
bind to the ppilL2 promoter region at a concentration at
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250 nM, a concentration three-times lower than when no
NdpA2 is added. To confirm that NdpA2 increases the
affinity of MvaT for the ppill.2 promoter, we incubated this
promoter with a fixed concentration of 500 nM MvaT and
different concentrations of NdpA2 (Figure 5B, right panel).
In this experience, if we did not observe any DNA-binding
of NdpA2 without MvaT addition, a gel shift is observed
when a concentration >250 nM of NdpA2 is added to the
reaction.

Taken together, these results show that MvaT H-NS si-
lences the ppilL.2 promoter by directly binding it and this
binding reduces the capacity of TprA to induce ppill.2 ex-
pression. NdpA2 counters the repressive action of MvaT
by increasing its affinity for DNA, which probably has the
effect of modifying the local DNA supercoiling (see Discus-
sion).

TprA is major activator of ICE PAPI-1 genes

To further characterize the impact of the TprA regulator
on the PA14 genome, we carried out transcriptomic ex-
periments using MGPA arrays (38). RNA was extracted
from MO, Tn38 and MOAprA strains after 7 h grown in
LB at 37°C. We compared the transcriptomic profile of
the MO strain with the transcriptomic profile of the Tn38
(MO0/Tn38) or MOAprA strains, in which the #pr4 gene is
inactivated by insertion of a stop codon just after its start
codon (M0/MOA#prA). In the M0/Tn38 experiment, we
compared the RNA expression profile to the MO strain,
in which the ndpA2-PA14_59120 locus is induced by the
mariner transposon to the Tn38 control strain, where this
same transposon is inserted just before the transcriptional
fusion ppill.2-lacZ on the core genome. Applying selective
criteria, we found 74 differentially expressed genes (Sup-
plementary Figure S5). To determine which of them were
under TprA control, we compared the RNA expression
profile of strain MO to strain M0A#pr4A (M0O/MOAzprA).
Here, we found 71 differentially expressed genes (see Sup-
plementary Figure S6). To focus on genes belonging to the
TprA regulon, genes similarly expressed in these two sets
of experiments were selected, and 50 genes were identified
as being positively induced by TprA (Figure 6). All those
genes were organized in 21 transcriptional units; one no-
ticeable observation is that 47 of these genes belong to the
PAPI-1 genomic island and 27 of them have been previ-
ously described to be essential for PAPI transfer (7). In-
terestingly, we found the genes belonging to the pil2 lo-
cus, validating our approach, but also genes encoding con-
jugation associated proteins and genes described to be in-
volved in DNA mobilization, integration and partition ac-
tivities (see Figure 6). The remaining genes are mainly of un-
known function, but several have been described as impor-
tant for virulence in a mouse thermal injury model, such as
PAI14.59870, PA14_59490 or PA14.59150 (7,13,14). These
results indicate that TprA is a main regulator of PAPI-1
transfer but could also be involved in the P. aeruginosa PA14
pathogenicity.

Our transcriptome results also showed that three genes
outside of PAPI-1 and distributed into two different loci
are regulated by TprA. These loci are an ABC trans-
porter permease (PA14-33540) and a putative reverse tran-
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Figure 5. MvaT binds the ppilL2 promoter and NdpA?2 increases its affinity for DNA. (A) EMSA was performed with purified MvaT (left panel) or
NdpA2 (right panel) proteins, at concentrations ranging from 0 to 2000 nM, and the 500 bp ppilL2 promoter. (B) In the left panel, EMSA was performed
with the 500 bp ppilL2 promoter region, 500 nM of NdpA2 and different concentrations of MvaT ranging from 0 to 2000 nM. In the right panel, EMSA
was performed with the 500 bp ppi/L2 promoter region, 500 nM of MvaT and different concentrations of NdpA2 ranging from 0 to 2000 nM. Retarded

nucleoprotein complexes are identified by

scriptase (PA14-07480) in an operon with a tRNA-Met
(PA14.07470). The PAI14.07480 gene was most strongly
regulated by TprA, with a 95-fold change (log2 fold-
change ~ 7).

Validation of differentially expressed transcriptional units

The transcriptional units found to be differentially regu-
lated in transcriptomic experiments were further analysed
by qRT-PCR to determine whether their regulation also re-
quires the synergic action of NdpA2 and TprA. Total RNA
from PA14 + pBBRIMCS4 and from PA14 harbouring
pBBR-ndpA2, pBBR-tpr4 or pBBR-ndpA2_tprA plasmids
were extracted, reverse transcribed into cDNA and the
expression of the 21 transcriptional units were assessed
by qRT-PCR (Figure 7). The obtained results confirmed
that 18 of 21 are controlled by the synergic action NdpA?2
and TprA. However, they displayed different dependency
on these regulators. Thirteen were exclusively induced
when both regulators are co-expressed (PA14-07480,
PA14.59130, PA14.59190, PAI14.59380, PAI14_59400,
PA14.59410, PAI4.59430, PAI4.59470, PAI4_59480,
PA14.59640, PA14-59820, PA14_59860 and PAI14_59980;,
see Figure 7). The other units were less dependent on these
regulators’ synergic action and could be slightly induced by
TprA alone. However, their expression was always higher

B (bound); free DNA is indicated by F

(free).

when both regulators are co-produced. These results also
showed that PA14.33560, PA14_59000 and cupDI genes
are not controlled by NdpA2 and TprA, suggesting that
these three genes belong to the 5% false positive generated
by our transcriptomic analysis pipeline.

To determine which of the 21 promoters are di-
rectly controlled by TprA, we conducted EMSA exper-
iments between these promoters and TprA (see Sup-
plementary Figure S7). We observed that TprA directly
controlled 13 of the 21 promoters, including the pil2
operon, PAI4.59380 gene and the PAI4_59640-59700,
PA14_59860-59960, PA14_59980-60020 operons involved
in PAPI-1 transfer and PA14_59520-59530 involved in PA 14
pathogenicity (see Supplementary Figure S7) (7,15).

Taken together, these results confirm that TprA, with the
synergic action of NdpA2, is a main regulator of PAPI-1
transcriptional units, exerting a direct and positive control
on 13 of them and an indirect induction on 5 of them.

NdpA2/TprA dependent phenotypes

Our transcriptomic data revealed that NdpA2 and TprA
not only control the expression and biosynthesis of GI-
T4SS, but also the expression of essential genes for PAPI
transfer, suggesting that the couple NdpA2/TprA could be
the main regulator of the PAPI-1 transfer. To validate this



10968 Nucleic Acids Research, 2021, Vol. 49, No. 19

Corresponding MO vs Tn38 MO vs MOAtprA

Gene ID G Function (k tati
promoter log2 fold-change log2 fold-change ene ene name Function (lnown or putative)
I 2.59 PA14_07470 tRNA-Met
p07480 7.16 PA14_07480 Reverse transcriptase
p33560 2.41 2.12 PA14_33540 ABC transporter permease
p59000 2.34 X PA14_59060 tprA  Transcription factor from RHH-family, TprA

*
Y PA14_59070 *
2.22 PA14_59100 *
*
*

p59130 5.46 3.45 PA14_59130
J 4.73 3.25 PA14_59140

2.21 PA14_59150
p59180 2.90 PA14_59180
p59190 2.12 PA14_59190
ppil2 R N Y S P14 59240 * pill2
| 2.50 | 2.50 PA14_59250 * pilN2
2.78 PA14_59270 * pil02
3.01 PA14_59280 * pilP2
1.84 3.41 PA14_59290 * pilQ2
1.95 2.95 PA14_59310 * pilR2
R TI E W P14 59320 * pils2
EWZ 3.28 PA14_59340 * pilT2
2.48 3.41 PA14_59350 * pilV2
2.00 PA14_59360 * pilM2
p59380 5.70 PA14_59380 *
p59390 PA14_59390
p59400 PA14_59400
p59410 PA14_59410
p59430 5.67 PA14_59430
p59440 | 3.0 | 350  [IAPEELIEL
p59470 | 433 | 5.2  [ISEREE
p59480 | 6.52 | 5.74 PA14_59480
PA14_59490
7.10 PA14_59500
4. I F R P 14_59510
p59520 T I  I P- 1459520
l [ 4.31 4.02 |Pa14_s9530
p59640 74 4.04 PA14_59640
2.10 PA14_59650 *
2.75 PA14_59660 *
2.57 PA14_59690 *
2.87 IEN-" I P214_59700 *
pecupD1 3.60 PA14_59710 cupD1
p59820 3.00 PA14_59820
Pp59860 1.82 2.14 PA14_59860
2.73 2.70 PA14_59870
N7 N W - 14 59880 *
3.33 PA14_59890 *
2.90 PA14_59900 *
2.62 PA14_59910 *
3.07 PA14_59930 *
p59980 i 2.85 PA14_60000 *
[ 339 | 3.52  [PEGULR

Color legend for log2 fold-change :

0 >7
EEEEET

ParB-1like partitionning protein

Unknown

TIGRO3761 family integrating conjugative element protein
DUF3158 family protein

Single stranded DNA binding protein

Topoisomerase I-family protein

Unknown

Type IVb pilus lipoprotein, pill2

Type IVb pilus secretin, pilN2

Type IVb pilus lipoprotein, pil02

Type IVb pilus periplasmic protein, pilP2

Type IVb pilus ATPase, pilQ2

Type IVb pilus ATPase, pilR2

Type IVb pilus main prepilin, PilS2

Type IVb pilus ATPase, PilT2

Type IVb pilus minor pilin, PilV2

Type IVb pilus inner membrane protein, PilM2
Pyrolysyl-tRNA synthetase

Unknown

DUF3577 domain-containing protein

Unknown

Unknown

Unknown

Unknown

DUF3275 family protein

Unknown

Unknown

Unknown

Unknown

Class I SAM-dependent methyltransferase

Methyl-accepting chemotaxis protein

TIGRO3759 family integrating conjugative element protein
Lytic transglycosylase

Type IV conjugative transfer system coupling VirD4-like protein
TIGRO3747 family integrating conjugative element membrane protein
Fmbriae protein, CupD1

TIGRO3747 family integrating conjugative element membrane protein
Type III effector Hop protein, RAQPRD family ICE protein
TIGRO3758 family integrating conjugative element protein
TIGRO3745 family integrating conjugative element membrane protein
TIGRO3750 family conjugal transfer protein

TIGRO3746 family integrating conjugative element protein
TIGRO3749 family integrating conjugative element protein
TIGRO3751 family conjugal transfer lipoprotein
Integrating conjugative element protein

Unknown

Figure 6. Genes differentially regulated by ndpA2 and tprA overexpression (MO strain) versus non-overexpressing strain (Tn38 strain) or versus the strain
with inactivated 7prA gene (MOAprA strain). The colour chart, at the bottom of the figure, illustrates the expression level of each gene based on an average
of two experiments (see Materials and Methods). Red indicates the induced genes in MO0 according to the colour chart. The log2fold-change in mRNA
levels (M0/Tn38; column 2) or (M0/MOAprA; column 3) are indicated for each gene by the white number in the boxes. Genes are identified by their
unique ID (Gene ID) and by their gene name. Genes are listed in chromosomal order to illustrate the transcriptional units. The transcription direction is
indicated by an arrow. Genes in bold are located within ICE PAPI-1 and essential genes for PAPI-1 transfer (11,12) are indicated by an *. The function of

the genes, known (underlined) or putative, are provided in column 6.

hypothesis, we performed a transfer assay on PA14 strains
overexpressing ndpA2, tprA or both genes. As shown in Ta-
ble 1, ndpA2 gene overexpression did not significantly in-
duced ICE PAPI-1 transfer, whereas tprA gene overexpres-
sion induces it 8.7 fold (compared to the control strain
PA14 + pBBRIMCS4 or PA14). Interestingly, when both
regulators are overexpressed, ICE PAPI-1 transfer was in-

creased more than 1 x 10* times, confirming the role of
NdpA2 and TprA in ICE PAPI-1 transfer. To strengthen
our results, we also examined the impact of ndpA2 or tprA
inactivation in the MO strain on PAPI-1 transfer. As shown
in Table 1, ndpA2 inactivation reduced the ICE transfer
by 40-fold whereas tprA inactivation reduced it more than
1100-fold.
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Figure 7. Validation of differentially expressed genes by TprA and NdpA2. qRT-PCR were performed in triplicate (see Materials and Methods) on
the first gene of each transcription unit detected as being differentially expressed by our microarray experiments (see Figure 6). The identifies are 1:
PA14 + pPBBR1IMCS4, 2: PA14 + pBBR-ndpA2, 3:PA14 + pBBR-tprd, 4: PA14 + pBBR-ndpA2_tprA. The Y-axis represents the relative fold change be-
tween PA14 + pBBRIMCS4 and the other strains. Data were analysed using REST software in which significant differences are determined by an ANOVA
using approximate tests (34). *, ** *** and NS indicate P < 0.05, P < 0.01 and P < 0.001 and a non-significant difference, respectively.

Previous studies have shown that the acquisition of PAPI-
1 by P. aeruginosa promotes biofilm formation (14). To de-
termine the impact of the NdpA2/TprA couple on biofilm
formation, we monitored its formation in flow cell using
confocal microscopy (Figure 8).

To visualize the bacteria inside the biofilm, the PA14ggp
strain expressing the green fluorescent protein was trans-
formed with the empty vector (pBBR1MCS4) or the pBBR-
ndpA2_tprA plasmid (Figure 8). After 2 days of develop-

ment, the biofilm formed by PA14ggp with the empty vector
or the pBBR-ndpA2_tprA plasmid was a monolayer; how-
ever, the biomass of the strain with the pBBR-ndpA2_tprA
was 8.3 times greater than the one with the empty vec-
tor (Figure 8, Day 2). After 3 days, the PA14ggp overex-
pressing ndpA2 and tprA displayed a biofilm phenotype, al-
lowing cells to form mushrooms with a prominent three-
dimensional expansion (average thickness of 36 wm). At
the same time scale, the PA14gpp strain carrying the empty
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Table 1. Impact of ndpA2 and tprA expression on ICE PAPI-1 transfer

Transfer efficiency (number of

Donor strain transconjugants/recipient)

PA14 9.6 x 1078 £0.75 x 1078
MO 59 %1073 +0.24 x 1073
MOAndpa2 1.4 %1070 +£0.26 x 1076
MOAprA 5.1 x 1078 +0.44 x 1078
PA14 + pBBRIMCS4 9.9 x 1078 £1.23 x 1078

1.2x 1077 £0.96 x 1077
8.6 x 1077 +1.04 x 1077
14 x 1074 £0.53 x 104

PA14 + pBBR-ndpA2
PA14 + pBBR-1pr4
PA14 + pBBR-ndpA2 tpr4

vector (pBBR1MCS4) formed only a multi-layered cell car-
pet with a tightness of 4 wm in average on the glass sub-
strate. Moreover, on day 3, the biomass of PAl4gpp with
the pBBR-ndpA2_tprA was 5.5 times greater than the one
with the empty vector (Figure 8, Day 3).

Taken together, these results show that Ndpa2/TprA ac-
tivation triggers PAPI-1 transfer, which is associated with a
biofilm formation phenotype.

DISCUSSION

HGT has been recognized as one of the main contribu-
tors to bacterial evolution and diversification. Through a
one-step acquisition of genetic materials, bacteria gain new
functions, enabling them to colonize various environments.
P aeruginosa is well known for its plastic genome com-
posed of core genes and a variable number of horizontally
acquired genes. ICE PAPI-1 is one of the largest and the
main pathogenicity genomic islands in P aeruginosa. Its
transfer, through a conjugative pilus encoded by the pil2
operon, is tightly regulated to maintain its quiescence dur-
ing growth. Carter and colleagues showed that the expres-
sion of ppilL2 (pil2 main promoter) increases in the station-
ary growth phase and suggested that ICE PAPI-1 transfer
could be regulated by a stationary-phase regulator belong-
ing to the core genome (15).

In this study, we showed that a high expression of the pil2
operon is related to a marked increase in PAPI-1 transfer. In
accordance with their function or homology, PA14_59050
has been renamed NdpA?2 due to its strong similarity (97%
identity) with another nucleoid-associated protein of PA14:
NdpA (PA14.14220) and PA14.59060 has been renamed
TprA for (Transfer of PAPI-1 regulator A). TprA is a regu-
lator belonging to the very large family of RHH transcrip-
tion factors. This family comprise many regulators that play
important roles in plasmid transfer by conjugation, includ-
ing TraY, TprM (Plasmid F), TrwA (Plasmid R388), NikA
(Plamsid R64), TraK (Plasmid Rp4) and MobC (Plasmid
RSF1010) (48-52). While the RHH regulators are well de-
scribed to play a role in plasmid transfer, to our knowledge,
TprA is the first RHH regulator identified to be involved in
an ICE transfer. This observation reinforces the idea devel-
oped by Carter and collaborators that the ancestor of ICE
PAPI-1 is a plasmid, likely the pKLC102 plasmid (15).

Moreover, we demonstrated that the regulation of the pil2
operon involves a regulator encoded on the core genome
and two regulators encoded within the ICE. In this reg-
ulatory mechanism MvaT, an H-NS encoded within the

core genome, represses the PAPI-1 conjugative pilus biosyn-
thesis, and this repression can be released by NdpA2, a
nucleotide-associated protein encoded within ICE PAPI-1
that modifies the binding of MvaT on the conjugative pilus
ppil L2 promoter. MvaT is one of the most abundant DNA-
binding proteins of P. aeruginosa. As a nucleoid-associated
protein, it plays a role in the physical organization of chro-
mosomal DNA and it is a prominent global regulator of
gene expression (44). The mechanism by which MvaT per-
forms its functions is based on its interaction with DNA.
It has been shown that MvaT can form both dimers and
higher-order oligomers (45,46). MvaT can bridge double-
stranded DNA molecule to form hairpin structures, or
when MvaT increases its DNA affinity or concentration,
it can polymerize along the double-stranded DNA caus-
ing DNA stiffening. This DNA stiffening structure is a for-
mation of a rigid MvaT protein filament along the DNA
that reorganizes the DNA supercoiling in its vicinity (45). In
many organisms, these two binding modes can be switched
by adjusting the magnesium concentration (over a physio-
logical range) as well as the pH and temperature (47). How-
ever, MvaT nucleoprotein filaments have been reported to
be insensitive to changes in salt osmolarity, pH and temper-
ature, and are thus distinct from those formed by H-NS pro-
teins in other organisms (45). Here, we demonstrated that
MvaT can bind the ppillL.2 promoter and that its affinity
for DNA is increased in the presence of NpdA2. A plau-
sible regulatory mechanism could be proposed in which,
when ndpA2 and tprA are not expressed, MvaT binds to the
ppil L2 promoter and represses its expression. When ndp A2
and tprA expression is induced, in response to an unknown
signal, NdpA2 increases the affinity of MvaT for DNA
and promotes a switch between MvaT dimers and higher-
order oligomers. This switch triggers a local DNA reorga-
nization that allows TprA to bind to the promoter. In this
mechanism, TprA is the key regulator because its deletion
abolishes the expression of the ppilL2 promoter, whereas
NdpA2 and MvaT only tune its expression. NdpA2 and
TprA are the two major contributors coded by PAPI-1 on
the ppill.2 regulation because their overexpression in the
PAOIL strain, which lacks PAPI-1 and PAPI-2, presents the
same regulatory profile. Nevertheless, the ppill.2 expression
level is lower in the PAOI strain than in the PA14 strain,
suggesting that other regulatory phenomena could be
involved.

With our transcriptomic approach, we showed that TprA
is also a main regulator of PAPI-1-encoded genes. Indeed,
TprA controls the expression of several PAPI-1 transcrip-
tional units. Among them, we found many genes associated
with DNA transfer. Our results revealed that TprA con-
trols three genes localized outside of PAPI-1. Among them,
PA14_07480 encodes a putative reverse transcriptase and is
the top ranked differentially expressed gene when #prA is
overexpressed. Of note, its role in the context of ICE PAPI-
1 transfer or P. aeruginosa PA14 pathogenicity is still un-
known. Using qRT-PCR, we showed that most of the genes
controlled by TprA are fully induced when NdpA?2 is also
co-expressed. The NdpA2 requirement for maximal induc-
tion of these PAPI-1 genes by TprA suggests that these
genes could also be repressed by MvaT. Thus, MvaT ap-
pears to be a global repressor of PAPI-1 encoded genes
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Figure 8. ndpA2 and tprA overexpression induce biofilm formation. (A) Biofilm formation of PA14Ggrp + pPBBR1MCS4 and PAl4Grp + pBBR-ndpa2_tprA
strains monitored at days 2 and 3. Stacked confocal scanning laser microscopy images of biofilms and corresponding extracted z images and their respective
xy and xz planes are presented. (B) Biofilm biomass of PA14Grp + pPBBRIMCS4 and PA14Gpp + pBBR-ndpa2_tprA strains monitored at days 2 and 3.
The biomass, expressed in wm?/um?, corresponds to the mean values obtained from two independent experiments. Wilcoxon—Mann-Whitney tests were
performed and * and *** indicate P < 0.05 and P < 0.001, respectively. The experiment was repeated twice, independently, and the images presented
correspond to the typical results observed in both experiments.
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and, perhaps participates in a phenomenon known as xeno-
geneic silencing (also called exosilencing), whose objective is
to minimize the negative impact of genes acquired by HGT
on bacterial fitness (53,54). Indeed, although HGT plays a
major role in microbial evolution, foreign sequences could
have a positive or negative impact on bacterial fitness (53).
To minimize the negative impacts, bacteria can repress the
transcription of these foreign genes through H-NS proteins
which are important repressors of transcription in Gram-
negative bacteria. For example, a constitutive expression of
the genes encoded by the ICE ICEclc from Pseudomonas
sp. strain B13 has been shown to cause a growth reduction
leading to the death of the cell host (21). This deleterious im-
pact on bacterial survival explains the observed thin regula-
tion of ICEcl/c transfer and reinforces the need for an organ-
ism to exosilence genes carried by exogenous DNA, because
they can be poisoned gifts. To assess whether PAPI-1 acti-
vation also leads to massive cell hosts death, we compared
the survival rate of M0 to MOA#prA in stationary phase.
We observed a slight 2.6-fold reduction in MO survival (data
not shown). This result is very different from what was ob-
served for ICEc/c activation, which leads to massive popu-
lation death with a loss of two orders of magnitude in via-
bility (21). Thus, in the case of P. aeruginosa, activation of
ICE PAPI-1 does not appear to be a significant threat to
its survival. Nevertheless, this point needs to be addressed
more fully in future studies.

Another interesting feature resulting from TprA/NdpA2
activation is the formation of a specific biofilm by PA14.
Indeed, this biofilm presents an atypical gene signa-
ture. P aeruginosa has around 24 systems involved in
biofilm construction in its genome, including fimbriae,
pilus, exopolysaccharide, flagella and adhesin (55). Our
results demonstrated that among these 24 systems, the
TprA/NdpA2 pathway only induces the Pil2 system and in
this way differs greatly compared to classical biofilm induc-
tion by other signalling pathways (i.e. the GacS/GacA path-
way, the PprB/PprA pathway or the AmrZ transcription
factor). Using transmission electron microscopy, Carter
and collaborators showed that the Pil2 pilus form long, thin,
and bundled pili and have a twisted appearance all around
the cell surface. Thus, we suggest that the atypical biofilm
formed by the TprA/NdpA2 activation has the purpose of
permitting cell-cell contact during conjugation and the for-
mation of mating pairs to facilitate ICE PAPI-1 transfer.

In this work, we have unraveled the molecular regula-
tory pathway controlling PAPI-1 transfer in P. aeruginosa,
with a tripartite relationship between TprA, NdpA2 and
MvaT. TprA belongs to the RHH protein family; these
kinds of proteins share the same fold, but their activation
mechanisms are diverse. Some are activated by small com-
pounds, for example, in E. coli, NikR is activated by bind-
ing Ni** ions and MetJ is activated by an interaction with
S-adenosylmethionine (56). Other RHH proteins are acti-
vated by protein—protein interactions, such as FitA of Neis-
seria gonorrhoeae, which forms a complex with FitB to bind
DNA (57). In the case of TprA, the signal activation the sys-
tem is still unknown, and its identification may lead in the
future to the development of new strategies to limit P, aerug-
inosa virulence or the spread of ICE PAPI-1 in P, aeruginosa
populations.
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