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ABSTRACT A subpopulation of small-colony variants (SCVs) is a frequently observed
feature of Pseudomonas aeruginosa isolates obtained from colonized cystic fibrosis
lungs. Since most SCVs have until now been isolated from clinical samples, it
remains unclear how widespread the ability of P. aeruginosa strains to develop this
phenotype is and what the genetic mechanism(s) behind the emergence of SCVs are
according to the origin of the isolate. In the present work, we investigated the ability
of 22 P. aeruginosa isolates from various environmental origins to spontaneously
adopt an SCV-like smaller alternative morphotype distinguishable from that of the
ancestral parent strain under laboratory culture conditions. We found that all the P.
aeruginosa strains tested could adopt an SCV phenotype, regardless of their origin.
Whole-genome sequencing of SCVs obtained from clinical and environmental sour-
ces revealed single mutations exclusively in two distinct c-di-GMP signaling path-
ways, the Wsp and YfiBNR pathways. We conclude that the ability to switch to an
SCV phenotype is a conserved feature of P. aeruginosa and results from the acquisi-
tion of a stable genetic mutation, regardless of the origin of the strain.

IMPORTANCE P. ageruginosa is an opportunistic pathogen that thrives in many envi-
ronments. It poses a significant health concern, notably because this bacterium is
the most prevalent pathogen found in the lungs of people with cystic fibrosis. In
infected hosts, its persistence is considered related to the emergence of an alterna-
tive small-colony-variant (SCV) phenotype. By reporting the distribution of P. aerugi-
nosa SCVs in various nonclinical environments and the involvement of c-di-GMP in
SCV emergence from both clinical and environmental strains, this work contributes
to understanding a conserved adaptation mechanism used by P. aeruginosa to adapt
readily in all environments. Hindering this adaptation strategy could help control
persistent infection by P. aeruginosa.
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antibiotics and host defense effectors (8-10). P. aeruginosa typically persists in the
lungs of CF individuals as a biofilm (11, 12).

The emergence of a subpopulation of small-colony variants (SCVs) is a frequently
observed feature of P. aeruginosa isolates from CF lung biofilms (13, 14). SCVs are charac-
terized by circular opaque dwarf colonies with a diameter about 3 times smaller than that
of wild-type (WT) colonies (14-17). Shortly after their first report, we proposed that SCVs
were phenotypic variants (18). Several studies suggest that phenotypic switching could
be regulated by a reversible adaptation mechanism, phase variation (18, 19), traditionally
defined as a high-frequency on/off switch between phenotypes that operates in a herit-
able and reversible manner (20-22). Indeed, SCVs spontaneously revert to the WT-like
morphotype (15, 16, 18, 23). And yet, recent studies have reported stable genetic muta-
tions in P. geruginosa leading to the SCV phenotype in in vitro-grown biofilms and an
animal model of PA14 infection (14, 24, 25). The SCV phenotype is typically caused by
mutations in genes involved in the metabolism of the intracellular second messenger c-
di-GMP (14, 26). Among them, mutations in the Wsp (wrinkly spreader [WS]) pathway are
the most frequently reported (14, 24, 27). The Wsp pathway is a chemosensory system
resulting in activation of the diguanylate cyclase (DGC) WspR in response to surface sens-
ing, which regulates the c-di-GMP pool, along with other DGCs (synthesis of c-di-GMP)
and phosphodiesterases (PDEs; degradation of c-di-GMP) in P. aeruginosa (28-31).

c-di-GMP is largely involved in regulation of the phenotypic properties associated
with SCVs, through binding to specific receptors. For instance, while overproduction of
exopolysaccharides (EPS) (Pel and Psl) (14, 32) and a motility deficiency, notably flagellar,
have been described for SCVs (16, 18, 33), high c-di-GMP levels activate the expression
of the pel operon, leading to production of the EPS Pel, and repress flagellar motility
(34-36). P. aeruginosa SCVs exhibit several other specific properties, such as cell surface
hyperpiliation and adherence to abiotic surfaces (16, 18, 37). These properties promote
biofilm formation (38). Additionally, SCVs exhibit autoaggregative properties (16, 37).

It is striking that SCVs have mostly been isolated from infected hosts, essentially CF
individuals, or by extension from laboratory cultivation of strains sampled from
infected hosts (13). For instance, several studies have recovered SCVs from lung, spu-
tum, or deep throat swabs of CF individuals (12, 16, 17, 39). CF is not the only pathol-
ogy associated with the emergence of P. aeruginosa SCVs. These variants have also
been isolated from urine, fecal, endotracheal secretion, and pleural effusion samples
from patients suffering from meningioma, anoxic encephalopathy, hepatocellular car-
cinoma, lung carcinoma, or grave asphyxia neonatorum (40). In addition to having
been isolated from infected hosts, SCVs have also been generated under in vivo labora-
tory conditions. For instance, SCVs have been obtained in vivo from P. aeruginosa
strains during infections in burn wound porcine models and murine models (24, 41). In
the latter study, the authors clearly showed that SCVs that arose in the context of infec-
tion were due to stable genetic mutations in their genomes (24).

Intriguingly, 20 years ago, we reported one of the first identifications of P. aeruginosa
SCVs that quickly emerged when a soil isolate was grown on a non-aqueous-phase liquid,
hexadecane, as the sole substrate (18). The SCV morphotype of strain 57RP predominates
when biofilm growth conditions are preferable and displays features shared with clinical
SCVs: high adherence, efficient biofilm formation, hyperpiliation, and reduced motility
(18). To our knowledge, that study is the only one reporting SCVs for an environmental P.
aeruginosa isolate. However, the genetic cause leading to SCV emergence in the environ-
mental context remains elusive. SCVs generated in vitro from P. aeruginosa strains PAO1
and PA14 showed stable mutations, but these strains, although prototypical, are still of
clinical origin (25, 37).

Since most SCVs have until now been isolated from clinical samples, it remains
unclear how widespread the ability of P. aeruginosa strains to develop this phenotype is
and what the genetic mechanism(s) behind the emergence of SCVs are in regard to the
origin of the isolate: are they exploiting phase variation or selecting adaptive mutants?
Here, we investigated the ability of P. aeruginosa isolates from various environmental
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origins to spontaneously adopt, under laboratory culture conditions, an SCV-like smaller
colony morphotype readily distinguishable from that of their ancestral parent. We tested
22 P. aeruginosa strains from four different categories of environments: soil, food, hospi-
tal water systems, and clinical, and found that all the P. aeruginosa strains had the ability
to adopt the SCV phenotype, regardless of their origin. Whole-genome sequencing was
performed on SCVs from two strains isolated from distinct environments to investigate
the potential genetic causes responsible for the SCV phenotypes. We found that muta-
tions affecting c-di-GMP signaling pathways were responsible for SCV emergence in clini-
cal and environmental strains.

RESULTS

The ability to form SCV-like morphotype colonies is a conserved feature of
Pseudomonas aeruginosa. Culture conditions promoting biofilm formation select for
SCVs of P. aeruginosa (16, 18, 37). To broadly investigate the ability of P. aeruginosa to
adopt an SCV-like morphotype, we cultured 22 isolates from various origins in static
liquid medium for 65 h and then spread them onto tryptic soy 2% agar (TS-agar 2%)
plates to obtain isolated colonies. Six strains were from food samples (meat and fish
from markets), six from clinical samples (five from CF patients and the prototypic clini-
cal strain PA14 from a burn patient), five from petroleum oil-contaminated soil, and
five from hospital sinks (drain, splash area, and tap) (Table 1). To cover the variety of
temperatures relevant to these various habitats, the cultures were incubated in a range
of temperatures from 30 to 40°C. At the outset, none of the strains displayed an SCV
phenotype, but after 65 h of incubation, all isolates had diversified into a range of col-
ony morphotypes, including small colonies that appeared typical of SCVs (Fig. 1 shows
colonies of selected strains from each origin). Small colonies emerged in the cultures
incubated at all temperatures tested (data not shown).

Reported SCVs have average diameters two to four times smaller than those of WT
colonies. Colonies correspondingly smaller than those of the parental strains emerged
from all 22 strains (Table 1). This result strongly suggests that the ability to produce
variant colonies displaying an SCV-like morphotype is a conserved feature of P. aerugi-
nosa, regardless of the origin of the strains.

Isolated SCV-like morphotype colonies belong to two distinct clusters. By taking
a closer look at the SCV-like morphotypes that emerged, we observed that their sizes
(Table 1) and overall appearance (Fig. 1) differed. Some colonies were denser, with well-
defined round edges, and others were more translucent, with undefined edges (Fig. 1).
We then asked whether these different types of SCV-like morphotypes were indeed bona
fide SCVs and if a distinction could be made between them. We focused on five strains
from different origins (Table 1, strains indicated by boldface) and isolated the various
morphotypically distinct small colonies (small morphotypes [SMs]) produced by each fol-
lowing static incubation and plating. Besides their sizes, we looked at several phenotypes
typically associated with SCVs, including defective swimming motility, biofilm formation
and production of EPS, cell aggregation, and production of c-di-GMP. Because cell aggre-
gation induces the production of pyoverdine, the fluorescent siderophore of P. aerugi-
nosa, while loss of the EPS-coding genes pel and psl leads to inhibition of pyoverdine
production (42), we used the production of pyoverdine as an indirect measurement of
cell aggregation and EPS production. We compiled the phenotypical data for each dis-
tinct SM (Table S1) and performed a principal coordinate analysis (PCoA) based on colony
size, autoaggregation properties (pyoverdine production), ability to perform swimming
motility, timing of biofilm formation, and total biomass of biofilms. In the PCoA, all varia-
bles were considered equally so as to cluster SCVs in significant groups based on their
phenotypic profiles and better understand which SMs were close to each other and could
be part of the same clusters. We found that the various distinct SMs generated by the five
parental strains clustered in two separate groups (clusters 1 and clusters 2) (Fig. 2).
Members of both clusters for the SMs of soil strain 57RP, the sink hospital strain CL-511,
the food strain PB PFR11 C2, and the clinical strain FC-AMT0134-9 had phenotypical fea-
tures that distinguished them from their parental strains (Fig. 2). Cluster 2 of strain PA14
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TABLE 1 Colony diameters and prevalences of P. aeruginosa parental isolates and their static liquid culture-evolved small morphotypes

Source, strain? Morphotype® Avg colony diam (mm)© Reference Proportion of SM = SD (%)
Clinical
FC-AMT 0102-8 Parental isolate 1.57 76
SCV-like morphotypes 0.65 = 0.09 8.14 = 4.47
FC-AMT 0127-13 Parental isolate 2.24 76
SCV-like morphotypes 0.63 = 0.15 99.2 = 0.41
FC-AMT 0134-9 Parental isolate 421 76
SCV-like morphotypes 0.83 = 0.26 6.91 = 595
FC-AMT 0127-2 Parental isolate 2.19 76
SCV-like morphotypes 0.73 £0.18 19.3 = 8.66
FC-AMT 0166-22 Parental isolate 227 76
SCV-like morphotypes 0.74 = 0.22 6.41 = 3.36
ED14/PA14 Parental isolate 3.16 77
SCV-like morphotypes 1.24 £ 0.14 444 + 9,62
Food
ABO VB50 C1 Parental isolate 4.50 78
SCV-like morphotypes 0.63 = 0.39 6.44 + 4.06
BG VB5 C2 Parental isolate 4.53 78
SCV-like morphotypes 1.12 £0.17 18.7 £ 5.63
PB PFR11 C2 Parental isolate 2.96 78
SCV-like morphotypes 1.17 = 0.24 174 =7.98
ABO PF5 C1 Parental isolate 2.38 78
SCV-like morphotypes 0.84 = 0.23 5.63 = 0.20
BGVB11 C1 Parental isolate 2.28 78
SCV-like morphotypes 093 +=0.17 487 +1.87
ADJVB12 C1 Parental isolate 2.30 78
SCV-like morphotypes 0.91 £0.27 7.38 =3.22
Soil
19SJV Parental isolate 3.55 79
SCV-like morphotypes 1.01 £0.32 259 +10.6
34JR Parental isolate 7.20 79
SCV-like morphotypes 1.78 £ 1.08 451 +133
57RP Parental isolate 2.61 79
SCV-like morphotypes 1.07 = 0.24 18.7 = 8.79
18G Parental isolate 10.14 79
SCV-like morphotypes 1.76 £ 1.45 11.1 £7.69
PG201 Parental isolate 6.08 80
SCV-like morphotypes 1.64 = 0.86 204 =149
Hospital sink
CL-511 Parental isolate 7.97 81
SCV-like morphotypes 1.56 £ 0.45 50.5 +29.2
CL-542a Parental isolate 2.47 81
SCV-like morphotypes 0.95 = 0.22 20.1 =5.29
CL-534a Parental isolate 2.52 81
SCV-like morphotypes 0.72 £0.33 7.58 £2.29
CL-547b Parental isolate 332 81
SCV-like morphotypes 0.97 = 0.41 6.72 +0.73
PAO303 Parental isolate 3.63 82
SCV-like morphotypes 1.00 + 0.55 5.29 = 2.09

aStrains in boldface were selected for further phenotypic characterization.
bColonies were considered to be SCV-like morphotype when their diameter was at least half that of the parental isolate.

cAverage diameters of the small colonies.

contained only one isolated SM, but we believe that this is only the result of lower abun-
dance of this form when sampling was performed. These results indicate that two distinct
phenotypic types of SCV-like morphotypes emerged under our culture conditions.

SMs from cluster 1 are typical SCVs with a reversible state. SMs belonging to
cluster 1 of each strain shared some common features: reduced swimming motility
and/or promoted biofilm formation and/or enhanced autoaggregation properties
(pyoverdine production) compared with their parental strain (Table ST and Fig. S1 in
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FIG 1 Small colonies of Pseudomonas aeruginosa emerged in static cultures from strains isolated from various origins. Parental strains
were inoculated under static liquid conditions in TSB for 65 h and spread onto TS-agar 2% plates. Black arrowheads indicate smaller

colonies. White arrowheads indicate parent-like colonies. Scale bars represent 5 mm.

the supplemental material). These features are typical of SCVs described in the litera-
ture. Since these phenotypes are regulated by c-di-GMP, we assessed intracellular c-di-
GMP levels in selected SMs of clusters 1. As expected, higher c-di-GMP levels were
measured in cluster T SMs than in their parental counterparts, again indicating that
cluster 1 SMs were indeed typical SCVs (Fig. 3). In addition to the quantitative PCoA
data, we looked at the rugosity of SM colonies, a qualitative phenotype traditionally
associated with SCVs. While cluster 1 SM colonies displayed a very distinctive rugose
surface compared with their parental counterparts, the appearance of rugosity was
diverse among the strains (Fig. 4). In conclusion, phenotypic characterization con-
firmed that SMs belonging to cluster 1 were typical SCVs.

Finally, we observed the emergence of spontaneous reversion to a larger, parental-
like phenotype, a property typically associated with phase variation. As stated above,
on agar plates, reversion to the parental-like morphotype was observed after 48 h of
incubation at 30°C for SMs belonging to clusters 1 (Fig. 5). Reversion was revealed as
an outgrowth from the original colony, but sometimes only by a change in the appear-
ance of the colony surface, as seen for instance with isolate PB PFR11 C2 (Fig. 5). This
reversibility suggested that SCVs could arise from a phase variation process.

Cluster 1 SCVs harbor mutations in c-di-GMP pathways. To investigate whether
SCVs could arise from phase variation, we performed whole-genome sequencing of
strain PA14 and 57RP SCVs obtained from independent experiments of 65 h of static
cultivation of the parental strains. The genomes of the parental strains were used as
the references for the search for potential mutations in the SCVs' genomes. Mutations
were found in all SCVs (Table 2). Interestingly, they were exclusively detected in genes
involved in c-di-GMP metabolism. SCVs randomly selected from the first experiment
with the parental strain PA14 carried missense single-nucleotide polymorphism (SNP)
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FIG 2 Small colonies isolated from static cultures clustered in two separate groups

with a matrix composed of data obtained from the phenotypic analyses (swimming, biofilm formation,

according to their phenotypic features. PCoA analysis was performed

and pyoverdine production) for the parental strains

and distinct small colonies isolated from static cultures with a diameter at least two times smaller than that of the parental strains (Table S1). All variables
were considered equally to cluster colonies in significant groups based on their phenotypic profiles. Each point represents a small colony isolated from a
static culture and has a name code composed of SM, standing for small morphotype, and an arbitrary number attributed during the isolation of the
colonies. The identification of statistically distinctive clusters was performed using simprof tests and hclust.

mutations in the yfIN gene, while SCVs obtained from the second and third experiment
had mutations in the wsp cluster, specifically in the wspA and wspF genes (Table 2).
The mutations in the wsp cluster were SNPs resulting in a missense or stop codon
mutation, except for one variant that showed a single base deletion leading to a frame-
shift. SCVs obtained from 57RP carried mutations exclusively in the wspA gene; specifi-
cally, an in-frame 42-bp deletion (amino acids [aa] 285 to 298 [A285-298]) was present
in 12 sequenced SCVs out of 13 total (Table 2). The other sequenced 57RP SCV also car-
ried a mutation in wspA, but it was a missense SNP leading to the replacement of a
proline residue by a serine residue, potentially also resulting in modulation of WspA ac-
tivity (Table 2). These mutations in PA14 and 57RP SCV genomes were likely responsi-
ble for the increased c-di-GMP levels we measured (Fig. 3). These results indicated that
SCV emergence was largely due to mutations resulting in increased c-di-GMP levels.
On the other hand, transposon mutants of wspR or yfiN in PA14, resulting in the inacti-
vation of DGC WspR or YfiN, did not affect the rate of SCV emergence, suggesting that
this phenomenon was regulated by interchangeable DGCs (Fig. S2). And yet, the
genetic cause of the SCV phenotype remained elusive: did it always arise from stable
mutations or was it a consequence of reversible mutations, accounting for the rever-
sion described above?

Cluster 1 SCV emergence is due to stable mutations, and a second mutation is
responsible for reversions. Despite the presence of mutations in the SCVs, reversion
was still systematically observed on agar plates; this suggested that their emergence
could be regulated by a phase variation mechanism. For each strain tested, reversions
of SCVs were obtained directly within the colony by extending the incubation time of
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FIG 3 c-di-GMP production was altered for SMs from cluster 1 and 2 compared with their respective parental strains.
c-di-GMP production was measured with the fluorescence-based biosensor pCdrA:gfp© on washed O/N cultures. The
values are means =+ standard deviations (error bars) for selected transformed morphotypes belonging to each cluster.
The transformed morphotypes were SM2 and SM6 (cluster 1) and SM4 (cluster 2) for strain 57RP, SM4 and SM5
(cluster 1) for strain PA14, SM8 and SM9 (cluster 1) and SM10 (cluster 2) for strain CL-511, SM1 and SM2 (cluster 1)
and SM3 and SM6 (cluster 2) for strain PB PFRC11 2, and SM9 (cluster 1) and SM5 and SM7 (cluster 2) for strain FC-
AMTO0134-9. Three transformants of each SM were considered in the calculation of mean values and standard
deviations. Asterisks represent the statistical significance of the results calculated by ordinary one-way analysis of
variance (ANOVA). **** P = 0.0001; **, P = 0.01; ns, not significant. Data were normalized between strains based on
their parental strain. rfu, relative fluorescence units.

the plate (Fig. 5). However, the inoculation of SCVs under nonfavorable conditions,
e.g., cultivation with agitation, did not enable detection of the emergence of rever-
tants, regardless of the strain (data not shown). This result suggested that the muta-
tions that occurred in PA14 and 57RP SCVs were rather stable. To determine if the SCV
phenotype was due to a stable or a reversible genetic mutation, whole-genome
sequencing was performed on reversion outgrowths of SCV PA14 (SM2) and 57RP
(SM2) colonies (Fig. 5 and Table 2). In the PA14 SCV (SM2) outgrowth, a second SNP
mutation was detected downstream from the first mutation in the same gene, yfiN,
which resulted again in a missense codon. We supposed that this second mutation
counterbalanced the effect of the first mutation and was responsible for the switch
from SCV to another morphotype, probably by inactivating YfiN. In the 57RP SCV (SM2)
outgrowth, a second mutation was also detected. However, this mutation was in a dif-
ferent gene, wspR, located functionally downstream from the mutated WspA. Thus,
regardless of the origin of the strain, reversion was due to a second mutation, indicat-
ing that the SCV phenotype was due to the acquisition of a stable genetic mutation
and reversion was not the result of phase variation (Fig. 5 and Table 2).

SMs from cluster 2 display phenotypical heterogeneity. Unlike cluster 1 SMs,
SMs included in cluster 2 displayed interstrain diversity when considering the pheno-
types used for the PCoA (Table S1 and Fig. S1). For instance, among cluster 2 SMs, the
swimming motility was intermediate between those of the parental strain and cluster
1 SMs for strains 57RP and PB PFR11 C2 (Table S1 and Fig. S1A). However, for strains
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Parent strain Cluster 1 Cluster 2

PB PFR11 C2

FC-AMT0134-9

FIG 4 Appearance of colonies for the parental isolates and SMs from clusters 1 and clusters 2 on Congo red plates. The SM shown for each cluster
is representative of all the SMs included in one cluster since they had a similar appearance. Plates were observed with a binocular Stemi DV4
microscope (Zeiss), and photos were taken with a DMC-ZS60 camera (Panasonic Lumix) after 24 h of incubation at 30°C.
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CL-511 S
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Clinical strain
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Clinical strain
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FIG 5 Reversion occurred on solid medium for specific morphotypes after 48 h of incubation. Amounts of 10 wlL of cultures of parental strains or cluster-
representative morphotypes (SMs) were dropped onto 0.1% Congo red TS-agar 2% plates. Plates were observed with a binocular Stemi DV4 microscope
(Zeiss), and photos were taken with the camera DMC-ZS60 (Panasonic Lumix), after 24 h, 48 h, and 96 h of incubation at 30°C. Scale bars represent 5 mm.
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TABLE 2 Mutations identified in strain 57RP and PA14 SCVs and their revertants

Sequencing result compared to parental genome

SCv Revertant
Strain Exptno.? SCVno. Gene Mutation® Name Gene Mutation®
57RP 1 1 wspA  del 285-298  Revertant-SCVno.2 wspA del 285-298
2 wspA  del 285-298 wspR  Leu71ms
3 wspA  del 285-298
4 wspA  del 285-298
5 wspA  Pro479ms
2 6 wspA  del 285-298¢
7 del 285-298¢
8 del 285-298¢
3 9 wspA  del 285-298¢
1 del 285-298¢
12 del 285-298¢
4 13 wspA  del 285-298¢
14 del 285-298¢
15 del 285-298¢
PA14 1 1 yfiN  Cys166ms Revertant-SCVno.2 yfiN  Cys166ms
2 yfiN Cys166ms yiN  Asp304ms
3 yfiN Cys166ms
2 4 wspF  Val318fs
3 5 wspF GIn297ns

4 6 wspA  Alad422ms

aEach experiment was performed individually from a distinct inoculum of the parental strain.
bDeleted amino acid residues are indicated. del, deletion; ms, missense; fs, frameshift; ns, nonsense.
Deletion was detected by PCR and the whole genome was not sequenced.

CL-511 and FC-AMTO0134-9, the swimming motility was increased compared to those of
both cluster 1 SMs and the parental strains (Table S1 and Fig. S1A). In addition to the
PCoA data, c-di-GMP production in the cluster 2 SMs also varied depending on the pa-
rental strain: 57RP cluster 2 SMs showed higher levels of c-di-GMP than both the paren-
tal strain and cluster 1 SMs, but CL-511 cluster 2 SMs showed higher production of
c-di-GMP only compared to the parental strain (Fig. 3). Also, cluster 2 SMs from the
food strain PB PFR11 C2 showed similar levels of production of c-di-GMP and cluster 2
SMs from the clinical strain FC-AMT0134-9 even lower levels of production of c-di-GMP
compared to their parental strains (Fig. 3). Thus, c-di-GMP levels were not a consistent
driving feature for SMs belonging to cluster 2. The appearance of the colony surface of
cluster 2 SMs was also distinct on Congo red plates, once again depending on the pa-
rental strain. Colonies of SM3 and SM4 from 57RP displayed a rugose surface, but it
was less pronounced than for cluster 1 morphotypes (SM1, SM2, SM5, and SM6), in
agreement with their reduced autoaggregative properties (Fig. 4 and Fig. S1D). For the
other strains (PA14, PB PFR11 C2, CL-511, and FC-AMT0134-9), SMs from cluster 2 dis-
played a smoother surface on Congo red agar, closer to the appearance of the parental
strain (Fig. 4). While cluster 2 SMs showed rapid emergence to reproducible pheno-
types, reversion to a larger colonial morphotype akin to the WT after 96 h was only
observed for 57RP cluster 2 SMs and not for the other strains (Fig. 5). All together,
these results indicated that, apart from strain 57RP, SMs from cluster 2 did not exhibit
most of the typically described features of SCVs.

DISCUSSION

The ability to switch to the SCV phenotype is a conserved feature among P. aer-
uginosa strains, regardless of their origin. SCVs have mostly been reported in the
context of human infections, notably from CF individuals. A correlation between the
emergence of P. aeruginosa SCVs and infection persistence in animal models was
established, supporting the idea that the SCV phenotype confers a fitness advantage
under chronic infection conditions (43-45). The switch toward the SCV morphotype
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FIG 6 Schematic summary of SCV features compare to parental strain.

may represent an adaptation strategy for the hostile environment of the host by
increasing resistance to host immunity and antimicrobial treatments (44, 46). However,
the emergence of SCVs is not exclusively related to a clinical context. For instance, in
2001, Déziel et al. (18) reported the emergence of SCVs in laboratory cultures of a soil
P. aeruginosa isolate. However, since then, apart from laboratory-grown prototypical
strains P. aeruginosa PAO1 and PA14, both of clinical origin, no SCVs have been
reported from a nonclinical context. Therefore, the question of prevalence remained
open: is the ability to adopt an SCV phenotype mostly restricted to clinical isolates or
the clinical context, from chronic infections, or not?

Here, we investigated the distribution of an SCV-based adaptative strategy in P. aer-
uginosa strains by screening 22 strains from diverse origins. Selective conditions were
achieved by static cultivation, a culture condition that generates different microenvir-
onments, as seen by the formation of a pellicle biofilm at the air-liquid interface.
Plating of bacteria from static cultures of all 22 strains resulted in the formation of
small colonies with sizes similar to those of SCVs described in other studies (16, 18).
However, SCVs are not exclusively defined by the smaller size of their colonies. SCVs
are also often identified based on the rugosity of the colony formed on Congo red
agar plates, hence the alternate name RSCVs, for rugose small-colony variants (14, 24,
44). Nevertheless, rugosity is a subjective feature, and its description may vary accord-
ing to the observer and culture conditions. Indeed, we have observed that the rugosity
level varies between strains. This might be especially true for strains originating from
diverse environments, as in the present study. Thus, we decided to take advantage of
the various additional phenotypes described for SCVs to ascertain their identity (Fig. 6).
To this end, we focused on five strains representing diverse environmental origins.
Based on their phenotypic features, the small colonies obtained from each parental
strain were clustered into two distinct groups. Small colonies classified in clusters 1
shared several interstrain phenotypic features, including reversion visible after 48 h.
Based on known features, these small colonies can be defined as typical SCVs, validat-
ing that SCVs emerge from P. aeruginosa isolates from any origin. Thus, the ability to
switch to the SCV phenotype appears to be an intrinsic feature of the species.

SCVs have always been isolated from biofilm-promoting conditions or from environ-
ments where biofilms thrive (16, 40, 41). SCVs are especially prone to adherence and bio-
film formation (18, 37, 40). The attached mode of growth (biofilm) is a widespread
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lifestyle in all types of environments (47-49). Biofilms are protective barriers for their bac-
terial components, and they increase tolerance to antimicrobials compared to that of
free-living bacterial cells and enhance the ability to survive under extreme conditions,
such as desiccation (50-52). Thus, one can easily conceive that the switch to the SCV
phenotype confers a significant advantage for colonization of various ecological niches,
accounting for the apparently conserved rapid switching to the SCV phenotype.

The SCV phenotype results from rapidly acquired stable genetic mutations in
c-di-GMP systems. Intracellular c-di-GMP levels regulate all phenotypes associated
with SCVs, including EPS production, motility, adherence, etc. (34-36). It is obvious that
c-di-GMP thus plays a major role in the regulation of the SCV phenotype, but the role
of c-di-GMP remains elusive in the mechanism of emergence. Several studies have
reported that SCVs display mutations in genes involved in regulation of c-di-GMP lev-
els, particularly genes included in the YfiBNR and Wsp pathways (14, 24, 44). In the
SCVs that are frequently isolated from people with CF and are associated with persis-
tent infection, mutations in wsp have also been reported while studying the genetic
adaptation of P. aeruginosa to this specific environment (53, 54). These mutations lead
to the activation of DGC and subsequent increase in c-di-GMP levels, either due to
inactivation of the DGC repressor or constitutive activity of the chemosensory protein
at the top of the signal transduction pathway. However, none of these studies were
based on environmental strains, which is relevant since P. aeruginosa is naturally a sap-
rophyte. Thus, the involvement of c-di-GMP in the regulation and/or emergence of the
SCV phenotype from an environmental parental strain remains elusive. By sequencing
the whole genomes of cluster 1 SCVs obtained from the prototypical clinical strain P.
aeruginosa PA14 and the environmental strain P. aeruginosa 57RP, we wanted to deter-
mine if environmental strains can also switch to the SCV phenotype by using the same
mechanism as PA14. We detected stable acquired mutations in all the PA14 SCV
genomes we sequenced (14, 24). However, the previous reports reached their conclu-
sions on the stability of the mutation in PA14 SCV by using genetic complementation
and observing reversion to a parental-like morphotype (14, 24). Here, we present the
first in vitro study that reaches a conclusion on the stability of mutations based on the
whole-genome sequencing of revertants, highlighting a second spontaneous mutation
responsible for the observed switching of morphotypes. Interestingly, Malone et al. iso-
lated a clinical SCV with an acquired mutation from a CF patient and, 18 months later,
isolated a planktonic (parental) phenotype from the same patient containing both the
original mutation and a secondary loss-of-function mutation (32). Thus, phenotypic re-
version occurring in vitro or in vivo is due to a secondary mutation, regardless of the
origin of the strain. This indicates that the emergence of a secondary mutation and selec-
tion of revertants is not necessarily driven by the pressure of the infection-related clinical
environment but is rather an intrinsic feature of P. aeruginosa.

In a previous report studying genetic evolution of PA14 upon infection in an animal
model, Gloag et al. found that all PA14 SCVs displayed driver mutations in the Wsp
pathway, mainly in wspA and a few in wspF (24). Wsp is a chemosensory pathway, acti-
vated by surface sensing from WspA and ultimately leading to the activation of the
diguanylate cyclase WspR, which catalyzes the synthesis of c-di-GMP. This activation
loop is regulated by the repressor WspF that acts to reset the system upon phosphoryl-
ation by WspE (28, 55). Here, PA14 SCVs from our standing culture conditions acquired
mutations in the wspA and wspF genes of the Wsp pathway, but also in yfiN. The dis-
tinct membrane-integral DGC YfiN belongs to the YfiBNR pathway. YfiN activity is
inversely controlled by the small periplasmic protein YfiR (repression) and the outer-
membrane protein YfiB (44, 56). While a previous study has reported the importance of
the yfiBNR operon in the emergence of SCVs in P. aeruginosa PAO1, our results confirm
the importance of yfiBNR for SCV emergence in PA14 as well (32, 44). The interest is
emphasized by the phylogenetic distance between strains PAO1 and PA14, which
belong to two distinct phylogenetic groups of P. aeruginosa strains (57). In PAO1, engi-
neered mutations of the gene encoding the DGC YfiN or its inhibitor YfiR led to an SCV
phenotype (32, 44). Importantly, unlike in these previous studies on PAOT, the yfiBNR
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mutation in the PA14 genome leading to an SCV phenotype arose spontaneously. To
date, naturally acquired mutation(s) in yfiN have been reported only for two clinical
SCVs isolated from CF patients (32). Like one of them, the mutation in PA14 was in the
transmembrane helix domain, upstream from the DGC active domain (32). Surprisingly,
this mutation resulted in an increased c-di-GMP level, maybe due to a distinct steric
hindrance following the replacement of a cysteine residue by a serine.

Apart from studies of P. aeruginosa PAO1 and PA14, sometimes considered labora-
tory strains rather than clinical strains, this is the first report studying the mechanism
of SCV phenotype emergence in P. aeruginosa environmental strains, such as 57RP. By
sequencing the genomes of several independently evolved 57RP SCVs, we found that
the same mutation occurred frequently in wspA. Interestingly, the exact same wspA
A285-298 deletion mutation was also the most common mutation detected in PA14
SCVs upon infection of a murine chronic model (24). Several studies have reported
mutations in this particular region (14, 58, 59), probably because this region may be
hypermutable (24). And yet, it is striking that the deletion was the same in SCVs from
PA14 and 57RP (24), especially since the SCV selection conditions were completely dif-
ferent. Since this deleted sequence is flanked by repeated inverted sequences, it could
be a mobile element (24). However, we were not able to find this sequence at any
other location in the parental-strain genomes, nor in revertant genomes, suggesting
that this may not be a reversible deletion. Furthermore, the deletion was stable, since
reversion was due to a second mutation in a downstream gene of the wsp operon. This
deletion was proposed to lead to constitutive signaling and autoinduction of the Wsp
pathway by alteration of methylation/demethylation of WspA, which would result in
an increase in c-di-GMP production (24). While this is the first report of a Wsp mutation
leading to SCV emergence in an environmental P. aeruginosa strain, it should be men-
tioned that a mutation in the Wsp pathway leading to an alternative phenotype was
previously found in Pseudomonas fluorescens strain PfO-1 (58, 60-62). Altogether, these
results indicate that c-di-GMP plays a central role in SCV emergence in P. aeruginosa, in
strains of both clinical and environmental origin. Interestingly, there are some striking
parallels between the evolutionary origins of the wrinkly spreader (WS) phenotype of
P. fluorescens and the SCV phenotype of P. aeruginosa, with both emerging during a
standing incubation culture associated with the formation of a pellicle at the air-liquid
interface. Indeed, P. fluorescens with the WS phenotype carries mutations in wsp and yfi
(called aws in P. fluorescens strain SBW25) operons (63, 64). However, while showing
some similarities in their respective genetic evolutive trajectories, the WS phenotype
emerging in P. fluorescens and the SCV phenotype emerging in P. aeruginosa have
clearly distinct features, such as the colony morphology (different sizes of the colony)
and the genetic basis of the phenotype (overproduction of cellulose in P. fluorescens
WS versus overexpression of pel and psl in P. aeruginosa SCV).

Interestingly, only one mutation was identified in the genomes of P. aeruginosa PA14
and 57RP SCVs. The sole other study that has also detected mutations having appeared
spontaneously in P. aeruginosa PA14 SCV reported secondary mutations in the SCV
genomes (24). Also, after a unique 65 h of incubation of the parental strain under static
culture conditions, SCVs from both P. aeruginosa PA14 and 57RP represented 44.4% and
18.7% of the total population, respectively. This indicates that, regardless of the strain’s
origin, mutations in c-di-GMP pathways are selected in vitro to adapt to specific condi-
tions and switch to the SCV phenotype (Fig. 6). Among all the c-di-GMP pathways known
in P. aeruginosa, Wsp and YfiBNR seem to be preferred pathways involved in SCV emer-
gence. However, although the increases in c-di-GMP resulting from alterations in Wsp
and YfiBNR pathways are responsible for SCV emergence, the opposite is not true.
Inactivation of the DGCs WspR and YfiN resulting in inability to produce c-di-GMP
through this pathway did not affect the rate of emergence of SCVs. Thus, the regulation
of SCV emergence through c-di-GMP mechanisms could be based on interchangeable
DGCs, ready to take over upon inactivity of one of the pathways. Interestingly, in P. fluo-
rescens SBW25, wsp mutations always arise first, then aws mutations (i.e, yfi in
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P. aeruginosa) arise in strains lacking a Wsp system. Mutation of one or both of the wsp
and yfi systems next leads to mutations in another c-di-GMP signaling system, mwsA (i.e.,
morA in P. aeruginosa) (63). However, while these results obtained in P. fluorescens open
the discussion regarding the redundance of DGCs in P. aeruginosa during regulation of
SCV emergence, the regulatory mechanisms might be distinct in the two species.
Supporting this hypothesis, spontaneous mutations in morA have not yet been reported
in P. aeruginosa SCVs.

SCVs could also emerge from a phase variation mechanism, undetectable under
laboratory conditions. Phase variation is a common phenomenon among Gram-nega-
tive bacteria and is typical of bacteria thriving in heterogeneous ecological niches (21,
22, 65), notably P. aeruginosa (19). Unlike the acquisition of stable mutations, a phase
variation mechanism represents a significant advantage for rapid adaptation to sudden
changes in the environment (66, 67). Indeed, phase variation mechanisms lead to the
emergence of a heterogeneous population in which the most suitable phenotype will
multiply until the conditions fluctuate again and the selected phenotypes revert to
another phenotype.

Although SCVs are due to stable genetic mutations under our experimental condi-
tions, i.e., irreversible mutations, we cannot exclude the possibility that the adoption of
the SCV phenotype could also rise from a reversible phase variation-regulated mechanism
in natural habitats. Several reports support this hypothesis. First, phenotypes traditionally
related to SCVs (motility and aggregation) are often regulated by phase variation mecha-
nisms (21). In addition, reversible adaptation mechanisms are based on transitory DNA
rearrangements (gene conversion, genomic inversion, and DNA recombination) and lead
to variations in gene expression (20). Indeed, one recent study reports a large genomic
inversion in P. aeruginosa SCVs (68). Finally, reversion of SCVs has been observed several
times and could be due to phase variation instead of the emergence of a second muta-
tion, but no whole-genome sequencing has been performed to investigate this (15, 16,
18). However, SCV reversion occurred toward a phenotype likely different from the paren-
tal morphotype (16, 23), suggesting that regulation is not necessarily an on/off switch on
a particular locus and could be due to a secondary mutation in the genome.

Under our conditions, SCVs could have arisen from phase variation mechanisms,
which was undetectable under our conditions with our techniques. Two elements could
explain this limitation: (i) “reversible” SCVs were present but in undetectable quantities
until they could be observed after sampling and agar spreading, or (i) “reversible” SCVs
were present but reverted to another morphotype when the samples were spread on
agar plates. Indeed, various phenotypes were observed on agar plates after 65 h of
standing incubation and were likely to have emerged in the static liquid culture, but
they could also have emerged directly on the agar plate. To verify this hypothesis and
verify that SCVs can also arise from a reversible mechanism, it would be interesting to
follow the emergence of SCVs in the static culture using a detectable marker.

Small colonies are not necessarily SCVs or variants. During our experiments with
static cultures, we observed several small-colony morphotypes. Based on our PCoA
analysis, a proportion of them were clustered in two distinct groups (Fig. 2). Except for
strain 57RP, the SMs from cluster 2 did not display clear reversion after 48 h on solid
medium (data not shown). However, SMs from cluster 2 could still be able to revert
under conditions outside the ones tested in our study. Thus, we wonder if cluster 2
SMs should be identified as variants based on our criteria.

In contrast with SMs from cluster 1, SMs from cluster 2 showed interstrain heteroge-
neous features. We observed a great diversity of morphotypes on plates prepared from
our static cultures. Among them, large colonies also displayed features similar to those
of revertants (16). This observation indicates that reversion could have occurred in the
static liquid cultures, and intermediate forms could consequently be isolated. Maybe
several mechanisms were acting in parallel to induce the phenotypical diversity we
observed, thus promoting the selection of the best-adapted subpopulation.

The SCV phenotype has been linked to the persistence of P. aeruginosa in the con-
text of infections in a human host, notably because of its increased resistance against
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antimicrobials and host immunity. However, we have demonstrated here that strains
isolated from soil, food, and hospital environments can also readily adopt an SCV phe-
notype. This indicates that the ability of P. aeruginosa to form SCVs is a conserved fea-
ture of this species and that the emergence of SCVs is not exclusively related to the
pressure of the infection-related clinical environment. This is the first report of a high
prevalence of SCVs among P. aeruginosa strains regardless of the origin of the isolates.
The SCVs identified showed specific mutations in genes related to regulation of the in-
tracellular levels of c-di-GMP. The Wsp and YfiBNR systems were the primary pathways
used to increase c-di-GMP levels and switch to the SCV phenotype. The emergence of
SCVs in various habitats allows P. aeruginosa to rapidly adapt and persist under diverse
environmental conditions, accounting for its versatility and persistence. A deeper com-
prehension of the adaptation strategy used by P. aeruginosa could ultimately provide
innovative strategies for the eradication of this opportunistic pathogen of public
concern.

MATERIALS AND METHODS

Bacterial strains and growth conditions. Bacterial strains are listed in Table 1, and their specific ori-
gins are listed in Table S2. In this study, the term “parental strain” designates the original strain used to
evolve other morphotypes, including SCVs, in static cultures. Strains were grown in tryptic soy broth
(TSB; BD) at 37°C in a TC-7 roller drum (New Brunswick Scientific) at 240 rpm for the parental strains and
at 30°C in an Infors incubator (Multitron pro) at 180 rpm (angled tubes) for the isolated evolved morpho-
types. Static cultures were inoculated with the parental strain at an initial optical density at 600 nm
(ODgy) Of 0.05 and incubated at 30, 30.9, 32.2, 33.9, 36.3, 38, or 40°C for 65 h. Cultures were then spread
on tryptic soy 2% agar plates (TS-agar 2%; AlphaBiosciences), unless stated otherwise. Two percent agar
was utilized to limit the expansion of colonies and improve the isolation of the distinct morphotypes.

Bradford protein assay. Due to the highly aggregative properties of SCVs, OD,,, measurements
were not appropriate to evaluate the growth of some of the isolated evolved morphotypes. Instead, the
Bradford protein assay was used to quantify the concentration of total proteins in all our samples.
Pellets from 1-mL amounts of cultures were resuspended in 1 mL 0.1 N NaOH and incubated for 1 h at
70°C. The protein concentrations of samples were measured according to the manufacturer’s guidelines
for the Bradford reagent (Alfa Aesar).

Phenotypic tests. Overnight (O/N) cultures of parental strains and their isolated morphotypes were
grown at 30°C in an Infors incubator (Multitron pro) at 180 rpm in angled tubes. Since biofilm formation
occurred in cultures, they were transferred to clean tubes to perform experiments or Bradford protein
quantifications. Statistical analyses were achieved using ordinary one-way analysis of variance (ANOVA).
Each phenotypic test was performed in technical triplicates.

Morphology on Congo red plates. A 1% Congo red solution in water (Fisher Scientific) was added to
TS-agar 2% to a final concentration of 0.1%. Amounts of 10 uL of culture were spotted on the plates.
Plates were incubated at 30°C and observed after 24 h, 48 h, and 96 h. Plates were observed with a binocu-
lar Stemi DV4 microscope (Zeiss), and photos were taken with a DMC-ZS60 camera (Panasonic Lumix).

Swimming motility tests. Swim plates (20 mM NH,Cl, 12 mM Na,HPO,, 22 mM KH,PO,, 8.6 mM
NaCl, 0.5% Casamino Acids [CAA], 0.3% Bacto-Agar [BD], supplemented with 1 mM MgSO,, T mM CaCl,,
and 11 mM dextrose) were prepared and dried for 15 min under the airflow of a biosafety cabinet. A vol-
ume of 2.5 uL of culture was inoculated into the agar. Plates were incubated for 20 h at 30°C. Swimming
ability was assessed by measuring the area (mm?) of the turbid circular zone using Imagel. All experi-
ments were performed in triplicates.

Biofilm formation. Microtiter (96-well) plates containing 1/10 TSB supplemented with 0.5% CAA were
inoculated from a transferred O/N culture in order to obtain a starting concentration of 70 mM proteins.
Each sample was inoculated into five different wells. The plates were incubated at 30°C without agitation.
After 6 and 24 h, the plates were rinsed thoroughly with distilled water, and 200 uL of a 1% crystal violet
solution was added to each well. After 15 min of incubation at room temperature, the plates were rinsed
thoroughly with distilled water and the dye was solubilized in 300 uL of 30% acetic acid. The absorbance
was measured at 595 nm with a microplate reader (Cytation 3; Biotek). Initiation of biofilm formation was
calculated as the percentage of biofilm formed after 6 h of incubation compared with the total biofilm
formed after 24 h of incubation. The total biomass of the biofilm was calculated as the amount of biofilm
formed after 24 h, measured by crystal violet absorbance at 595 nm after 24 h of incubation.

Pyoverdine production. Overproduction of pyoverdine was previously noted as a feature of strain
57RP SCVs (18). We confirmed that an SCV from PA14 expressed high levels of fluorescence at the wave-
length of pyoverdine emission, which likely accounts for its cell aggregation and EPS overproduction.
An SCV isolated from a PA14 pvdD mutant (69), which was no longer able to produce pyoverdine,
showed lower fluorescence levels, similar to those of parental colonies, confirming that (i) pyoverdine
production was responsible for the fluorescence detected and (ii) the measured fluorescence was corre-
lated with SCV aggregation properties (Fig. S3). To measure pyoverdine production, wells of black 96-
well plates (Greiner) were filled with 200 uL of culture. Fluorescence was measured at wavelengths of
390 nm/530 nm (excitation/emission) using a multimode microplate reader (Cytation 3; Biotek).
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c-di-GMP quantification. The intracellular levels of c-di-GMP were assessed with the fluorescence-

based biosensor pCdrA:gfp® (70, 71), acquired as Addgene plasmid no. 111614 (http://n2t.net/addgene:
111614; Research Resource Identifier [RRID] Addgene_111614). Purified plasmids were transformed by
electroporation into evolved morphotypes obtained from static cultures (72). Transformants were selected
on TS-agar 2% supplemented with 100 wg/mL gentamicin. Three clones for each transformed morphotype
were cultured in TSB supplemented with 100 wg/mL gentamicin. Cultures were washed twice in fresh TSB
to get rid of a potential nonspecific fluorescence due to fluorescent pigments released by bacteria, as pyo-
verdine. Fluorescence was measured using a Cytation 3 microplate reader (BioTek) at 490 nm/515 nm
(excitation/emission) in black 96-well plates (Greiner). The nontransformed strain was used as a control.
Fluorescence from the control was subtracted from the fluorescence signal for the transformed strains.

PCoA analysis. Colonies identified as SMs compared with their parental isolate (see Results) were
used to perform a principal coordinate analysis (PCoA). Statistical analyses were performed using
RStudio software version 1.3.1093 (73), and normalized data are shown in Table S1. A Euclidean distance
matrix was used to generate clustering of the bacterial isolates according to their phenotypical profiles.
A similarity profile analysis (simprof) was performed to determine the number of significant clusters pro-
duced using hclust with the assumption of no a priori groups. Significant clusters were considered when
at least two evolved morphotypes constituted them.

Sequencing and analysis. To analyze SCV genomes and compare them with the corresponding pa-

rental strain genomes, genomic DNA was extracted from 200 uL of O/N culture of colony variants in TSB
using the EasyPure genomic DNA kit (Transgen Biotech) according to the manufacturer’s protocol.
Clonal DNA was sequenced on the Illumina NextSeq 2000 at the Microbial Genome Sequencing center
(MiGS); 2 x 151-bp paired-end reads were trimmed and quality filtered using fastp version 0.23.2 (74).
Filtered reads were assembled using Skesa through Shovill version 1.1.0 and annotated using prokka
version 1.14.6 to be used as reference sequences (75). The reads were then used for variant calling using
snippy version 4.6.0 (https://github.com/tseemann/snippy) with the default settings.

The presence of a 42-bp deletion in wspA for additional 57RP colony variants was confirmed by ampli-

fying a 200-bp PCR fragment with primers F-CGGAGACTTCGCTCATGGT and R-AGAGCTCAAGGGCCTGGT.
The detection of amplified products was performed using 2% agarose gel electrophoresis.

SUPPLEMENTAL MATERIAL
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