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ABSTRACT Pseudomonas aeruginosa is a bacterial pathogen that causes severe
chronic infections in immunocompromised individuals. This bacterium is highly
adaptable to its environments, which frequently select for traits that promote bac-
terial persistence. A clinically significant temporal adaptation is the formation of
surface- or cell-adhered bacterial biofilms that are associated with increased resis-
tance to immune and antibiotic clearance. Extensive research has shown that bacte-
rial flagellar motility promotes formation of such biofilms, whereupon the bacteria
subsequently become nonmotile. However, recent evidence shows that antibiotic-
tolerant nonattached bacterial aggregates, distinct from surface-adhered biofilms,
can form, and these have been reported in the context of lung infections, otitis me-
dia, nonhealing wounds, and soft tissue fillers. It is unclear whether the same bacte-
rial traits are required for aggregate formation as for biofilm formation. In this re-
port, using isogenic mutants, we demonstrate that P. aeruginosa aggregates in liquid
cultures are spontaneously formed independent of bacterial flagellar motility and in-
dependent of an exogenous scaffold. This contrasts with the role of the flagellum to
initiate surface-adhered biofilms. Similarly to surface-attached biofilms, these ag-
gregates exhibit increased antibiotic tolerance compared to planktonic cultures.
These findings provide key insights into the requirements for aggregate forma-
tion that contrast with those for biofilm formation and that may have relevance
for the persistence and dissemination of nonmotile bacteria found within chronic
clinical infections.

IMPORTANCE In this work, we have investigated the role of bacterial motility with
regard to antibiotic-tolerant bacterial aggregate formation. Previous work has con-
vincingly demonstrated that P. aeruginosa flagellar motility promotes the formation
of surface-adhered biofilms in many systems. In contrast, aggregate formation by P.
aeruginosa was observed for nonmotile but not for motile cells in the presence of
an exogenous scaffold. Here, we demonstrate that both wild-type P. aeruginosa and
mutants that genetically lack motility spontaneously form antibiotic-tolerant ag-
gregates in the absence of an exogenously added scaffold. Additionally, we also
demonstrate that wild-type (WT) and nonmotile P. aeruginosa bacteria can coaggre-
gate, shedding light on potential physiological interactions and heterogeneity of ag-
gregates.
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The Gram-negative bacterium Pseudomonas aeruginosa is one of the most common
causes of nosocomial infections and infections of immunocompromised individuals

(1). P. aeruginosa has been studied extensively for its ability to transition from a motile
to a nonmotile state and its biofilm mode of growth in chronic infections (2–6). These
shifts have been reported for the bacteria isolated from cystic fibrosis (CF) patients,
chronic wounds, urinary catheters, and mechanical ventilator tubing (3, 7). Notably,
these transitions within chronic infections are consistently linked to poor clinical
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outcomes, likely resulting from an inability to eradicate P. aeruginosa due to the high
tolerance of bacterial biofilms to clinical antibiotic treatments (7, 8).

The genetics and traits that underlie bacterial biofilm formation have largely been
identified through studies of the bacteria on exogenous surfaces and scaffolds, includ-
ing agar, plastic dishes, and epithelial cell monolayers (2, 3, 7). However, emerging
evidence shows that during infections and in natural environments, P. aeruginosa are
able to clump as multicellular aggregates (9–14). Importantly, in the lungs of CF
patients, P. aeruginosa persists in the form of aggregates in the mucus; ex vivo samples
from chronic infections mostly recovered nonattached aggregates rather than plank-
tonic bacteria (11, 13). Previous studies have also observed nonattached aggregates in
otitis media, nonhealing wounds, and soft tissue fillers (9, 10). These aggregates share
characteristics with surface-attached biofilms, such that they are also highly resilient to
both antimicrobial treatment and host immune responses (15–20). The aggregate
phenotype is not unique to P. aeruginosa and has been described for Achromobacter,
Borrelia spp., Mycobacterium abscessus, Staphylococcus aureus, Staphylococcus epidermi-
dis, and Vibrio cholerae in a multitude of in vitro and in vivo systems (21–26).

Over the course of chronic infections, P. aeruginosa undergoes adaptation and
selection of certain traits in response to the host environment (27–29). Besides selection
for biofilm mode of growth, loss of flagellar motility due to the absence or downregu-
lation of flagellar gene expression is frequently observed in chronic isolates (4, 30). We
have previously demonstrated that loss of flagellar swimming motility confers phago-
cytic resistance of bacteria to innate immune cells (31, 32). Relevant to P. aeruginosa
biofilms, under many experimental conditions, flagellum-mediated motility promotes
biofilm formation, and therefore surface-adhered biofilm formation is impaired in the
absence of flagellar motility (2, 5, 33). In contrast, recent findings suggest that nonmo-
tile P. aeruginosa cells can form aggregates within agar, while motile P. aeruginosa cells
do not (16). However, the relative abilities of wild-type (WT) and nonmotile P. aerugi-
nosa, as well as the contribution of the flagellum or flagellar motility, to the sponta-
neous formation of antibiotic-tolerant aggregates in the absence of an exogenously
added scaffold remains unknown.

In order to assess the necessity of flagellar motility for aggregate formation, we used
nonmotile mutants of two independent strains of P. aeruginosa and compared them to
their respective isogenic wild-type strains. Here, we show that, in contrast to surface-
attached biofilms, P. aeruginosa strains without flagella or flagellar motility can form
nonattached aggregates that share characteristics with biofilms, including increased
antibiotic tolerance. Importantly, aggregate formation did not require an exogenously
added scaffold, and both wild-type and nonmotile mutant bacteria were able to form
spontaneous, and even mixed, aggregates. This study expands our current understand-
ing of the ecology and evolution of biofilms in the environment and in chronic
infections and may provide insights into bacterial dispersal and persistence within an
infected organ.

RESULTS
P. aeruginosa (PAO1) flagella are dispensable for formation of nonattached

aggregates. Previous studies demonstrated that the bacterial flagellum and flagellar
motility promote, and in some cases are required for, establishment of surface-attached
biofilms (2, 33). However, in the absence of an added scaffold, it remains unknown
whether the flagellum has a functional role in the formation of nonattached aggre-
gates. To address this, we monitored bacterial aggregate formation in the presence or
absence of a flagellum, both qualitatively with the use of fluorescence microscopy and
quantitatively by fluorescence-activated cell sorting (FACS) analyses. For both assays,
we employed motile wild-type P. aeruginosa PAO1 and the isogenic flagellum-deficient
and nonmotile fliC mutant (fliC encodes the flagellin structural gene [34]). The bacteria
were grown in parallel in liquid cultures for 48 h (aggregate cultures) or subcultured
from overnight cultures (planktonic or single-cell cultures) as a control. Representative
images demonstrate that the nonmotile fliC mutant spontaneously formed nonat-
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tached aggregates that were visually comparable to those formed by the wild-type
strain (Fig. 1A); these aggregates were distinct, based on size, from planktonic bacterial
cultures of single bacterial cells. To validate and quantify the results obtained with
microscopy, we employed FACS analyses. FACS analyses quantitatively measured the
percentage of aggregated cells in the bacterial cultures, with nonaggregated plank-
tonic bacteria excluded by gating on forward and side scatters (FSC and SSC, respec-
tively). Using this methodology, we observed that both wild-type and nonmotile P.
aeruginosa cells formed aggregates that constituted �20 to 70% of the total bacterial
culture (Fig. 1B and C). Similar results were obtained following gating on green
fluorescent protein (GFP)-positive bacteria before excluding planktonic bacteria based
on the forward and side scatter plots (data not shown). Therefore, nonattached
aggregates spontaneously form independent of the presence of bacterial flagella.

Based on data from surface-attached biofilms (5), motile bacteria likely become
nonmotile or sessile when transitioning to an aggregate state. However, it is unknown
whether flagella would still be present in the aggregate cultures. Therefore, we stained
P. aeruginosa flagella in planktonic and aggregate cultures with anti-FliC antibodies and
evaluated the relative shifts in fluorescence using FACS analyses. As expected, we
observed distinct staining for flagella in planktonic PAO1 WT compared to the negative
control, planktonic PAO1 fliC bacteria (Fig. 2A). Interestingly, a subset of the aggregated

FIG 1 Wild-type and nonmotile P. aeruginosa (PAO1) cells form aggregates. (A) P. aeruginosa bacteria were assayed
for the formation of bacterial aggregates. Representative images of planktonic (pl.) PAO1 WT GFP bacteria (left),
PAO1 WT GFP aggregate (agg.) bacterial culture (middle), and PAO1 fliC tdTomato agg. (right) culture. GFP-
expressing PAO1 WT and tdTomato-expressing PAO1 fliC are shown in green and red colors, respectively (�20
magnification). Bar, 10 �m. (B) Flow cytometry to assess and quantify bacterial aggregate formation compared to
planktonic cultures. Representative side-scatter area (SSC-A; y axis) and forward-scatter area (FSC-A; x axis) plots of
PAO1 WT GFP (pl. and agg.) and PAO1 fliC GFP (pl. and agg.), as indicated. The red boxes indicate gates for
planktonic bacteria. (C) Quantification of aggregate formation using the methodology shown in (B). The y axis,
percentage aggregates, represents the percentage of bacteria outside the gate set in panel B. Data, analyzed using
one-way analysis of variance (ANOVA) with Tukey’s post hoc analysis, are representative of at least four indepen-
dent biological experiments (n � 4). ***, P � 0.0005; **, P � 0.005, compared to planktonic bacterial cultures.

Aggregate Formation by P. aeruginosa Applied and Environmental Microbiology

July 2019 Volume 85 Issue 14 e00844-19 aem.asm.org 3

https://aem.asm.org


PAO1 WT bacteria still stained for the presence of flagella in contrast to the flagellum-
deficient PAO1 fliC strain (Fig. 2A). These data indicate that wild-type P. aeruginosa may
still have flagella present following aggregate formation.

Spontaneously formed P. aeruginosa aggregates are antibiotic tolerant. To
validate the increased antibiotic tolerance of the observed aggregates, we incubated
bacterial cultures in the presence or absence of the bactericidal aminoglycoside
antibiotic gentamicin and quantitatively assessed survival post treatment by counting
viable CFU. As expected, and as a positive control for antibiotic efficacy, we were unable
to recover live bacteria following the antibiotic treatment of planktonic PAO1 WT
cultures, suggesting that single bacterial cells were readily killed by gentamicin (Fig.
2B). In contrast, both wild-type and fliC PAO1 aggregates displayed increased tolerance
to killing by gentamicin compared to that of single cells (�1,000-fold) (Fig. 2B). We also
tested the tolerance of bacterial cultures to carbenicillin, a bactericidal antibiotic that
inhibits bacterial cell wall synthesis. The treatment of planktonic PAO1 WT cultures with
carbenicillin decreased bacterial viability by nearly 1,000-fold (Fig. 2C). However, car-
benicillin did not have a significant effect on the bacterial viability of either wild-type
or fliC PAO1 aggregates (Fig. 2C).

FIG 2 Wild-type and nonmotile P. aeruginosa (PAO1) cells form antibiotic-tolerant aggregates. (A) Flow cytometry of PAO1 WT and PAO1 fliC planktonic (pl.,
left) and aggregate (agg., right) bacteria stained with anti-FliC antibodies. PAO1 WT is represented in black and PAO1 fliC in gray. (B and C) Survival of P.
aeruginosa upon gentamicin (B) and carbenicillin (C) treatment, respectively. Cultures of planktonic and aggregate PAO1 WT and PAO1 fliC, as indicated, were
exposed to 80 �g/ml gentamicin or 2,500 �g/ml carbenicillin for 20 min, and CFU were enumerated. (D) Survival of PAO1 WT agg. bacteria upon 80 �g/ml
gentamicin treatment for 20 min, with or without prior physical disruption. Data, analyzed using one-way ANOVA with Tukey’s post hoc analysis, are
representative of at least three independent biological experiments (n � 6). ***, P � 0.0005; **, P � 0.005; ns, not significant compared to no antibiotic treatment.
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Next, we investigated whether the tolerance of aggregated bacteria to gentamicin
was due to protection conferred by the physiology of bacteria within the aggregates.
With the use of established methodology (35), the aggregates were physically dis-
rupted by forcing them through a 22-gauge needle several times prior to antibiotic
treatment. Interestingly, disruption of aggregated PAO1 WT bacteria did not substan-
tially increase susceptibility of bacteria to gentamicin (Fig. 2D), similar to previous
results that measured colistin tolerance following mechanical disruption of aggregates
(15). Thus, these findings collectively demonstrate that aggregates are formed by both
wild-type and flagellum-deficient P. aeruginosa, are antibiotic tolerant, and suggest that
aggregates share certain characteristics with surface-attached biofilms. Specifically,
they demonstrate that the aggregates are gentamicin and carbenicillin tolerant and
spontaneously form independent of flagellar surface expression and motility.

Wild-type and nonmotile P. aeruginosa (PAK) cells form nonattached aggre-
gates. To determine whether the described findings are exclusive to P. aeruginosa
strain PAO1 or represent a widespread phenomenon applicable to other strains, we
evaluated aggregate formation by the swimming-competent wild-type PAK P. aerugi-
nosa strain and nonmotile isogenic mutants. Similar to the results observed for PAO1,
the WT and nonmotile mutants of the PAK strain, motAB motCD (have flagella but lack
motility) and fliC (lack both flagella and swimming motility), all formed aggregates, as
assessed by microscopy and FACS analyses (Fig. 3A and B). Moreover, the ability of
wild-type and isogenic nonmotile PAK bacteria to form aggregates is observed within
a variety of growth media (Fig. 3B). Interestingly, the ability to form aggregates was
unaffected by the lack of swimming motility, either through phenotypic loss of flagel-
lum (fliC) or loss of flagellar function (motAB motCD).

Previous research examining requirements of P. aeruginosa flagellum for biofilm
formation revealed that the flagellum itself and flagellum-mediated motility are re-
quired to initiate surface-attached biofilm formation in several in vitro models (5).
Therefore, as an important control for the differences between biofilms and aggregates,
we tested the ability of swimming competent wild-type and nonswimming P. aerugi-
nosa PAK strains to form biofilms on plastic 96-well round-bottom microtiter plates. The
biofilm data corroborated previous findings that PAK motAB motCD and PAK fliC were
impaired in biofilm formation compared to the wild-type strain in both LB and M63
media (Fig. 3C). These data demonstrate that mutants deficient for flagellar motility are
capable of antibiotic-tolerant aggregates, but not formation of surface-attached bio-
films. Moreover, formation of aggregates by nonmotile bacteria was recapitulated in
multiple strains (PAO1 and PAK), suggesting that this may be broadly applicable in P.
aeruginosa.

Wild-type and nonmotile P. aeruginosa can coaggregate. We extended our
studies to elucidate whether wild-type and nonmotile P. aeruginosa can form mixed
aggregates, as well as to evaluate the contributions from the different bacterial
populations within the coaggregates. In order to address these questions, bacterial
strains were mixed (1:1), followed by assessment of coaggregate formation 48 h later by
fluorescence microscopy. PAK WT red fluorescent protein (RFP) and PAK fliC GFP, PAK
WT GFP and PAK motAB motCD tandem dimer tomato (tdTomato), or PAK WT RFP and
PAK motAB motCD GFP (Fig. 4A, B, and C, respectively) formed mixed aggregates,
shown by GFP and RFP or tdTomato fluorescence within the same aggregates. This
demonstrates that P. aeruginosa wild-type and nonmotile bacteria can coaggregate.
These findings were validated in an independent strain, as mixed PAO1 WT GFP and
PAO1 fliC tdTomato bacteria also formed coaggregates (Fig. 5A). As controls, and
consistent with the aggregation of WT bacteria shown in Fig. 1 and 3, we showed that
PAK WT GFP and PAK WT RFP (Fig. 4D) or PAO1 WT GFP and PAO1 WT RFP (Fig. 5B)
wild-type bacteria also coaggregate. These results suggest that coaggregates can form
regardless of bacterial motility.

A biofilm-deficient, nonmotile P. aeruginosa clinical isolate forms aggregates.
Our previous experiments have demonstrated that nonmotile mutants of defined
laboratory reference strains form aggregates but not surface-adhered biofilms. We
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hypothesized that nonmotile clinical isolates of P. aeruginosa would also form aggre-
gates. Motility assays identified that clinical isolate 1312, obtained from sputum, lacked
swimming motility, with swimming-competent PAO1 WT employed as a positive
control and PAO1 fliC as a negative control (Fig. 6A). Isolate 1312 was then evaluated
for the capability to form surface biofilms. In accordance with previous results, the
motile PAK WT strain formed biofilms while 1312, PAK fliC, and PAK motAB motCD were
deficient in biofilm formation (Fig. 6B). Finally, the aggregate-forming capacity of 1312
was quantitatively assessed with the use of flow cytometry. As seen with the reference
strains, 1312 readily formed aggregates (Fig. 6C and D). Therefore, these data derived
from a clinical isolate corroborate that nonswimming P. aeruginosa strains can form
aggregates even when they are unable to form surface-attached biofilms.

DISCUSSION

Several notable bacterial phenotypic changes are consistently observed during
chronic P. aeruginosa infections, including progressive loss of flagellar motility, mucoid
phenotype, and conversion from free swimming and planktonic to sessile and biofilm
modes of growth (27–29). Infectivity studies have demonstrated that P. aeruginosa

FIG 3 Wild-type and nonmotile P. aeruginosa (PAK) cells form aggregates, but nonmotile bacteria do not form surface-attached biofilms. (A) P. aeruginosa
bacteria (PAK strain) were assayed for the formation of bacterial aggregates. Representative images of PAK WT GFP and RFP planktonic (pl.) bacteria, PAK WT
GFP and RFP aggregate (agg.) bacteria, and PAK motAB motCD tdTomato agg. bacteria, as indicated. GFP-expressing bacteria are shown in green, while RFP-
and tdTomato-expressing bacteria are shown in red (�20 magnification). Bar, 10 �m. (B) Flow cytometry to assay relative PAK bacterial aggregate formation
compared to that of planktonic cultures in LB medium (left) or M63 medium (right). Quantification of aggregate formation is performed by the same
methodology as in Fig. 1. (C) PAK WT, motAB motCD, and fliC bacteria were assessed for their ability to form surface-adhered biofilms in the same media as
that in panel B. Images of representative wells are shown following staining with 0.1% crystal violet. Biofilm formation was quantified by the OD at 550 nm of
the biofilm-associated crystal violet. Data, analyzed using one-way ANOVA with Tukey’s post hoc analysis, are representative of at least three independent
biological experiments (n � 3). ***, P � 0.0005; **, P � 0.005, compared to planktonic bacterial cultures in panel B and compared to PAK WT biofilm formation
in panel C.
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require functional flagella to initially establish infection and colonize a host (36, 37).
Moreover, in vitro studies have also shown that loss of flagellar motility impedes surface
attachment and therefore biofilm formation (2, 33). The observed conversion to a
nonmotile biofilm during chronic infection likely contributes to bacterial persistence
through multiple mechanisms, such as production of protective exopolysaccharide and
enhanced resistance to antibiotics, phagocytic/immune clearance, and redox compo-
nents (3, 36). Most of the elucidated mechanisms have been well documented using
models of surface-attached bacterial biofilms; however, supported by recent literature,
the prevalence of surface-independent and nonattached aggregates in P. aeruginosa
infections is now being appreciated (7, 9–13).

Here, we report that antibiotic-tolerant aggregates form, in contrast to biofilms, in
both the presence and absence of flagellar motility. During in vivo bacterial adaptation,
conditions in chronic infections (e.g., CF airways) select against bacterial functions
considered essential for biofilm formation, including motility (36, 38–41). Related to
this, neutrophil elastase, which is secreted during inflammation, was shown to reduce
bacterial motility and repress expression of P. aeruginosa flagellin (16, 36). The selection
of bacteria resistant to phagocytosis may also explain the progressive recovery of
nonmotile bacterial isolates (32, 36). Importantly, P. aeruginosa isolates recovered from
chronically infected patients are frequently impaired for biofilm formation but were
able to form aggregates in agar gels (16). We also demonstrated a potential strategy by
which motile and nonmotile bacteria may contribute to the persistence of P. aeruginosa
in chronic infections.

Moreover, these studies open new avenues to understanding bacterial dispersion as

FIG 4 Wild-type and nonmotile P. aeruginosa (PAK) form coaggregates. Fluorescence microscopy of mixed
fluorescently tagged PAK bacteria inoculated together and assessed for coaggregate formation 48 h post mixed
liquid inoculation. Representative images of mixed-strain aggregates composed of (A) PAK WT RFP and fliC GFP, (B)
PAK WT GFP and motAB motCD tdTomato, (C) PAK WT RFP and motAB motCD GFP, or (D) PAK WT GFP and RFP
bacteria, as indicated. GFP-expressing bacteria are shown in green, while RFP- and tdTomato-expressing bacteria
are shown in red (�20 magnification). GFP and RFP or tdTomato channels are represented individually in the top
and middle rows, respectively, while the combined channels are shown in the bottom row. Bar, 10 �m. (C and D,
bottom) Quantification of fluorescent bacteria (GFP or RFP) within aggregates, represented as the percentage of
total bacteria. Data were analyzed using an unpaired t test with Welch’s correction (n � 4). ***, P � 0.0005; ns, not
significant compared to GFP bacteria.
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aggregates. When bacteria disperse to seed new biofilms, either single motile cells or
aggregates of cells can be sloughed off from the established biofilms (3). Based on the
flagellar motility requirement to form surface-adhered biofilms, we would have hy-
pothesized that bacteria would have to become motile before seeding a new antibiotic-
tolerant biofilm. However, our data suggest that nonmotile bacteria in aggregates may
be dispersed without regaining motility and can even persist as nonattached aggre-
gates in infected organs, which can be tested in subsequent studies. Moreover, in
comparison to studies using agar scaffolds, both wild-type and nonmotile bacteria can
form and contribute to aggregates (16). These findings may integrate with a previous
proposal that, within an infection and if competition with planktonic bacteria is high,
preformed biofilm aggregates may have a fitness advantage for accessing nutrients and
would be less vulnerable to antibiotics and immune responses than detached single
cells (42). The aggregates would have a higher net fitness in that scenario, since cells
at the exterior of the aggregates would have better access to growth resources by
extending vertically above the surface (42).

Formation of surface-independent aggregates likely provides bacteria with a pro-
tected mode of colonization of new niches in a host environment (42). Previous studies
demonstrated that overexpression of biofilm matrix components (alginate, Pel, and Psl),
frequently expressed by clinical isolates, protect P. aeruginosa bacteria growing as
aggregates against antibiotics (17). P. aeruginosa exopolysaccharide Psl has been
proposed as a central mediator for the recruitment of planktonic cells around pre-
formed aggregates, since PAO1 Psl-deficient, but not Pel-deficient, bacteria exhibited
diminished aggregate formation in liquid cultures (18). In contrast, in viscous environ-
ments (with polymers, agar gels, or sputum media) that restrain bacterial motility,
bacteria are still able to form aggregates independent of the production of exopoly-
saccharides or surface adhesins (pili) (16, 43, 44). Interestingly, extracellular DNA (eDNA)
has been shown to maintain the cohesiveness of the aggregates, since treatment of
bacterial cultures with DNase markedly reduced aggregation in multiple experimental
models (15, 18, 43). Additionally, Staudinger et al. (16) demonstrated that host factors
associated with the CF lung environment promote bacterial aggregation, which in turn

FIG 5 P. aeruginosa (PAO1) cells form coaggregates independent of flagella. Fluorescence microscopy of the
indicated strains of PAO1 bacteria, inoculated together and assessed for coaggregate formation 48 h post mixed
liquid inoculation. Representative images of mixed-strain aggregates composed of (A) PAO1 WT GFP and fliC
tdTomato and (B) PAO1 WT GFP and WT RFP bacteria, as indicated. GFP-expressing bacteria are shown in green,
RFP- and tdTomato-expressing bacteria are shown in red (�20 magnification). GFP and RFP or tdTomato channels
are represented individually in the first and second columns, respectively, while the combined channels are shown
in the third column. Graphs in panels A and B show quantification of fluorescent bacteria (GFP, RFP, or tdTomato)
within aggregates, represented as the percentage of total bacteria. Bar, 10 �m. Data were analyzed using unpaired
t test with Welch’s correction (n � 3). ***, P � 0.0005; **, P � 0.005, compared to GFP bacteria.

Demirdjian et al. Applied and Environmental Microbiology

July 2019 Volume 85 Issue 14 e00844-19 aem.asm.org 8

https://aem.asm.org


contributes to reduced killing by neutrophils and the host defense oxidants, H2O2 and
HOCl (15, 16). Aggregation may also be associated with recurrent inflammation in
chronic P. aeruginosa infections, as well as with protection from antimicrobial products
(17, 18, 35, 42).

Therefore, aggregates display many of the same phenotypes as surface-attached
biofilms, such as increased antibiotic tolerance and resilience toward immune re-
sponses. We also demonstrated that wild-type and nonmotile P. aeruginosa bacteria
can coaggregate, shedding light on potential physiological interactions and heteroge-
neity of aggregates. These findings reveal the impact of bacterial phenotypic changes
in chronic infections and could potentially extend to other bacteria. For instance,
Escherichia coli, Staphylococcus aureus, and multispecies aggregates (E. coli and P.
aeruginosa) have been shown to produce aggregates in liquid batch cultures (18, 45).

In this report, we provided novel insights into the requirements for aggregate
formation by elucidating that aggregates can form independent of flagellar motility,
unlike surface-attached biofilms. These three-dimensional aggregates spontaneously
formed in liquid cultures, were composed of variable sizes, and were tolerant to the
antibiotics gentamicin and carbenicillin. This study may provide insights into the
dispersal and persistence of nonmotile P. aeruginosa within chronic clinical infections.

FIG 6 Formation of aggregates by a nonmotile P. aeruginosa clinical isolate. (A) PAO1 WT, PAO1 fliC, and clinical isolate 1312 of P. aeruginosa, as indicated, were
assayed for swimming motility in LB media containing 0.3% agar. (B) P. aeruginosa clinical isolate 1312 was assessed for its ability to form surface-adhered
biofilms, with PAK WT and PAK fliC bacteria used as positive and negative controls, respectively. Staining with 0.1% crystal violet was used to view and
quantitate biofilm formation. (C) Flow cytometry was used to quantify isolate 1312 bacterial aggregate formation compared to that of planktonic cultures, based
on scatter. The boxes delineate the gate for planktonic bacteria. (D) Quantification of aggregate formation by isolate 1312, performed by the same methodology
as that in Fig. 1. Data for panel B were analyzed using one-way ANOVA with Tukey’s post hoc analysis, while data for panel D were analyzed using an unpaired
t test with Welch’s correction. All data are representative of at least three independent biological experiments (n � 3). ***, P � 0.0005; *, P � 0.05, compared
to PAK WT in panel B and pl. 1312 in panel D.
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MATERIALS AND METHODS
Bacteria. P. aeruginosa strains on the PAO1 background and the P. aeruginosa clinical isolate from

sputum (1312) were kindly provided by G. O’Toole and D. Hogan (Dartmouth Medical School, Hanover,
NH), while PAK strains were provided by B. Kazmierczak (Yale University, New Haven, CT). The clinical
isolate was obtained with informed consent. Bacterial strains expressing green fluorescent protein (GFP),
red fluorescent protein (RFP), and tandem dimer tomato (tdTomato) were generated by transformation
as previously described (31). For planktonic liquid bacterial cultures, bacteria were cultured overnight in
a shaking incubator at 37°C and subsequently subcultured to log phase for 2 h in fresh LB. For aggregate
liquid bacterial cultures, bacteria were cultured for 48 h in a shaking incubator at 37°C in LB (unless
indicated otherwise) before further analyses. Alternatively, where indicated, bacteria were cultured in
M63 medium, which in all cases was supplemented with 1 mM MgSO4 and arginine. For microscopy
experiments with mixed aggregates, bacteria were cultured overnight in a shaking incubator at 37°C, and
liquid cultures were subsequently mixed in a 1:1 ratio in fresh LB after normalizing optical density (OD)
read at 600 nm (OD600). Coaggregate formation was assessed 48 h post mixed liquid inoculation.

Generation of antiserum against P. aeruginosa flagella. Polyclonal antiserum against flagella from
the pilA PA14 strain of P. aeruginosa was elicited in a rabbit using flagella isolated from an SDS-PAGE gel.
Flagella were sheared from bacteria by vortexing in phosphate-buffered saline (PBS) buffer and precip-
itated using 0.1 volume each of 5 M NaCl and 30% (wt/vol) polyethylene glycol (PEG); molecular weight
[MW], �8,000) on ice for at least 90 min. Flagella were collected by centrifugation, run on a 12%
SDS-PAGE gel, and stained with Gel Code Blue (Thermo Scientific), and the FliC flagellin protein at 51 kDa
was excised. Covance (NJ, USA) performed the rabbit immunizations and sera acquisition.

FACS analyses for bacterial flagella. Equal numbers of planktonic or aggregate PAO1 WT and fliC
P. aeruginosa bacteria (as determined by OD600) were filtered through 80-�m filters. Bacteria were
blocked with 4% goat normal serum in PBS � 2% fetal bovine serum (FBS) for 15 min on ice, followed
by incubation with the anti-FliC polyclonal antisera described above (1:250 to 1:500) for 20 min on ice.
After washing, the bacteria were incubated with fluorescein isothiocyanate (FITC)-labeled goat anti-
rabbit IgG secondary antibody (Pharmingen) for 20 min on ice (1:100). The stained bacteria were
analyzed by flow cytometry (FACS analyses) for the acquisition of fluorescence as an indication of
presence of flagella on bacteria.

Antibiotic susceptibility assays. Planktonic and aggregate bacterial cultures (as indicated in Fig. 2)
were exposed to 80 �g/ml gentamicin or 2,500 �g/ml carbenicillin for 20 min in a 37°C water bath,
followed by mechanical disruption by vortexing (15) before plating on LB agar plates. After overnight
incubation at 37°C, CFU were counted to quantitate bacterial survival following antibiotic treatment
compared to untreated bacteria. Where indicated, the aggregates were physically disrupted by forcing
them through a 22-gauge needle several times prior to antibiotic treatment (35).

Microscopy. GFP-expressing (green) and RFP- or tdTomato-expressing (red) PAO1 and PAK bacterial
strains were visualized using fluorescence microscopy. Microscopy was performed on an inverted Zeiss
Axiovert 200 microscope with a 20� objective. White scale bars representing 10 �m were added on all
images. For microscopy experiments with mixed aggregates, quantification of fluorescent bacteria was
performed using ImageJ/Fiji software. The bacteria in each fluorescence channel are graphed as
percentage of total bacteria.

FACS-based bacterial aggregate quantification. Planktonic and aggregate PAO1 and PAK P.
aeruginosa cultures (as indicated) were filtered through 80-�m filters before performing FACS analyses.
Gating was based on the planktonic PAO1 or PAK WT GFP bacterial cultures, which mostly contained
single or nonaggregated bacteria (confirmed by fluorescence microscopy).

Bacterial swimming motility. The phenotypic assay for swimming motility was performed as
previously described in 0.3% LB agar plates (31). Images were collected at 48-h postinoculation to
monitor the formation of bacterial halos to assess the relative swimming motilities of the bacterial strains.

Biofilm formation assays. Biofilm formation assays were performed using 96-well round-bottom
microtiter plates (CoStar 2797) as previously described, utilizing M63 medium supplemented with 1 mM
MgSO4 and arginine (46, 47) or LB media, as indicated. Following incubation inside a humidified chamber
at 37°C for 18 h, the supernatants were removed, and the wells were stained with 0.1% (wt/vol) crystal
violet solution and rinsed with distilled water. This assay was conducted three times for each strain, and
the representative images are shown. For quantification, biofilms were dissolved in 30% acetic acid in
water and a spectrophotometer was used to read absorbance at 550 nm.

Statistical analyses. Means plus or minus standard deviations (SD) derived from multiple indepen-
dent experiments, with technical replicates, are shown for each graph. Sample sizes for each experiment
are noted in the figure legends. As indicated, unpaired Student’s t tests with Welch’s correction or
one-way analysis of variance (ANOVA) with Tukey’s post hoc analyses were performed using Prism 7.02
to determine statistical significance of the data. Statistical significance is represented in figures by
asterisks.
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