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Entropically driven aggregation of bacteria by host
polymers promotes antibiotic tolerance in

Pseudomonas aeruginosa
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Bacteria causing chronic infections are generally observed living in cell
aggregates suspended in polymer-rich host secretions, and bacterial
phenotypes induced by aggregated growth may be key factors in
chronic infection pathogenesis. Bacterial aggregation is commonly
thought of as a consequence of biofilm formation; however the
mechanisms producing aggregation in vivo remain unclear. Here we
show that polymers that are abundant at chronic infection sites cause
bacteria to aggregate by the depletion aggregation mechanism,
which does not require biofilm formation functions. Depletion
aggregation is mediated by entropic forces between uncharged or
like-charged polymers and particles (e.g., bacteria). Our experiments
also indicate that depletion aggregation of bacteria induces marked
antibiotic tolerance that was dependent on the SOS response, a stress
response activated by genotoxic stress. These findings raise the
possibility that targeting conditions that promote depletion aggre-
gation or mechanisms of depletion-mediated tolerance could lead to
new therapeutic approaches to combat chronic bacterial infections.

biofilm | Pseudomonas aeruginosa | chronic infection |
antibiotic tolerance | depletion aggregation

hronic infections are extremely difficult to eradicate once

established. Recent work raises the possibility that treatment
failure may be caused primarily by the growth mode of bacteria
in vivo rather than by fixed antibiotic resistance caused by ge-
netic changes (1, 2). This idea is based largely on the fact that
chronic infections are treatment resistant even when ex vivo tests
indicate that the infecting bacteria are antibiotic sensitive (3-5).
Furthermore, bacteria at chronic infection sites are often found
in multicellular aggregates, and aggregated growth can markedly
increase bacterial antibiotic tolerance (6, 7). The opportunistic
pathogen Pseudomonas aeruginosa is a prime example. This or-
ganism is frequently observed in aggregates in wounds and in the
airways of people with cystic fibrosis (CF) (7, 8), and laboratory
models that produce aggregated growth markedly increase bac-
terial resistance to killing (9).

The laboratory systems most commonly used to model ag-
gregated bacterial growth generate surface-attached and matrix-
encased communities known as “biofilms.” Biofilm formation in
laboratory reactors is an active process that occurs when envi-
ronmental cues activate bacterial functions such as surface ad-
herence, motility, cell-to-cell communication, and extracellular
matrix synthesis (10-12). Biofilm-forming bacteria use these
functions to assemble themselves into complex multicellular
structures. Significant progress has been made in understanding
biofilm formation, and therapeutic strategies targeting biofilm
functions are currently being developed (13).

However, several observations raise the possibility that biofilm
formation functions may not be operative in some in vivo chronic
infection conditions. For example, clinical isolates of P. aeruginosa,
Staphylococcus aureus, and Stenotrophpmonas maltophilia cultured
from people with chronic CF infections are often impaired in
forming biofilms (6, 14-20). Furthermore, bacteria evolve geneti-
cally during CF and wound infections (3, 16, 21), and some genes
mediating biofilm formation are consistently inactivated during
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within-host evolution. Examples include genes mediating flagellar
motility, pili biosynthesis, and quorum sensing (11, 16, 22-25). Last,
surface-associated growth is a key stimulus for biofilm formation
(26), and most bacteria in wounds and CF airways are found sus-
pended in secretions rather than being surface-attached (27, 28).
Together, these findings raise the possibility that biofilm formation
may not mediate bacterial aggregation in some in vivo settings.

An alternative model to explain bacterial aggregation during
infection involves mechanisms mediated by the polymers and
macromolecules present at chronic infection sites. High con-
centrations of glycosaminoglycans, glycoproteins, collagen, and
other polymers are present in wounds (29). Likewise, CF airway
secretions contain abundant mucin (30), DNA (31), and F-actin
(32). Polymers can cause particles (e.g., bacteria) to aggregate by
two general mechanisms: bridging (33) and depletion aggrega-
tion (34) (see below). Notably, both processes are passive from
the standpoint of the bacteria, as bacterial activity is not re-
quired. This point is critical, because if these polymer-driven
mechanisms operated in vivo, targeting biofilm assembly func-
tions might not have therapeutic value.

Here we studied interactions between synthetic and host-
derived polymers and P. aeruginosa to test the hypothesis that
polymers present at infection sites cause bacterial aggrega-
tion independent of active biofilm formation functions. We also
investigated the mechanism producing aggregation and its
consequences for antibiotic tolerance, a critical factor in chronic
infection persistence.

Significance

Bacteria live in aggregates at sites of chronic infection, and
aggregated growth is thought to be important in producing
key infection phenotypes such as antibiotic tolerance. We
found that entropic forces generated by polymers abundant at
chronic infection sites can cause bacteria to aggregate by a
mechanism known as “depletion aggregation.” This aggrega-
tion mechanism does not require biofilm formation functions,
but it does cause bacteria to become much less susceptible to
killing by antibiotics. These findings indicate that aggregation
could be a default growth mode at infection sites. It might be
useful to target mechanisms of depletion-mediated antibiotic
tolerance for the treatment of chronic infections.
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Fig. 1. Schematic showing how the depletion mechanism aggregates bacte-
ria. In polymer-rich conditions, entropy is maximized when bacterial cells ag-
gregate. Dashed lines represent an exclusion volume around each cell, which is
proportional to the radius (molecular weight) of the polymer coils. (4) As two
cells approach one another, polymers spontaneously move out and away from
exclusion volumes (arrows). (B) When exclusion volumes overlap, the volume
available to the polymers increases, maximizing system entropy. The polymer
concentration between cells is essentially zero, and the difference in polymer
concentration across the cell generates an osmotic pressure that physically
holds aggregates together. (C) Phase diagrams can be used to identify de-
pletion aggregation. In the conceptual phase diagram shown here, bacteria
and polymers are mixed at different concentrations in cuvettes. Bacteria re-
main dispersed when bacterial numbers and/or polymer concentrations are
low (filled circles). When bacterial numbers and/or polymer concentrations are
sufficiently high, aggregation occurs, causing bacteria to sediment (open cir-
cles). The blue line indicates the phase boundary separating the dispersed and
aggregated phases. The negative slope of this line is indicative of depletion
aggregation; see text and refs. 34, 53, and 54 for more details.

Results

Host Polymers Aggregate Bacteria via the Depletion Mechanism. As
noted above, polymers can aggregate particles by two general
mechanisms: bridging (33) and depletion aggregation (34).

Bridging occurs when polymers adsorb simultaneously on more
than one particle, bringing them together. In contrast, depletion
aggregation operates in environments in which nonadsorbing
polymers and particles are present at high concentrations. In such
conditions, the polymers present in the area between adjacent
particles become constrained. Since polymers are generally more
numerous and dynamic than particles, this constraint reduces the
total entropy of the system (Fig. 1). However, spontaneous motion
will produce configurations in which particles become closely
aligned. Particle alignment is favored as it produces more space
for polymer movement and thereby maximizes the entropy of the
system. Furthermore, the resulting difference in polymer con-
centration across the particles establishes an unbalanced osmotic
force that holds particles together in aggregates (34).

Bridging and depletion aggregation can be distinguished by two
approaches. The first examines the relationship between the number
of particles present and the concentration of polymer needed to
produce aggregation. In bridging, more polymer is needed as par-
ticle concentration increases, because more bridging interactions are
required. Thus, a phase diagram showing the polymer and particle
concentrations at which particles transition from the dispersed to
aggregated phase (i.e., the phase transition) shows a positive slope.

In contrast, depletion aggregation is enhanced by polymer and
particle crowding. Thus, less polymer is needed to aggregate
higher concentrations of particles, and phase transitions will show
negative slopes (35). Fig. 1C shows a conceptual representation of
a phase diagram that indicates depletion aggregation.

The second approach is to examine the morphology of aggre-
gates. Depletion aggregation is driven by entropy gains realized
when the space available for polymer movement is maximized.
Thus, rod-shaped particles will align laterally to maximize space
and entropy gains in depletion aggregates. Bridging does not
generally produce lateral particle alignment, as polymers attach to
multiple particles based on the locations of binding sites. Thus,
bridging generally produces a less-ordered aggregate morphology.

We began studying polymer-induced aggregation of P. aeruginosa
(which carries a net negative charge) using two well-characterized
polymers: positively charged chitosan and neutral polyethylene
glycol (PEG, 10 kDa). While both polymers caused P. aeruginosa to
aggregate, PEG produced a negatively sloped phase transition and
laterally aligned aggregates characteristic of depletion aggregation
(Fig. 24). In contrast, chitosan produced a positively sloped phase
transition and disordered aggregates (Fig. 2B), indicating bridging
aggregation, as expected due to chitosan’s positive charge.
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Fig. 2. Diverse nonadsorbing polymers promote depletion aggregation of P. aeruginosa. (A-F, Left) Representative images were collected 30 min after
mixing P. aeruginosa and polymers. (Scale bars, 10 pm.) (Right) Phase diagrams were generated by mixing bacteria and polymers in cuvettes at the indicated
concentrations and visually scoring the cultures as either dispersed (filled circles) or aggregated (open circles) after 6 h. Dashed lines indicate phase
boundaries; a positively sloped phase boundary (red line) indicates bridging; a negatively sloped phase boundary (blue line) indicates depletion aggregation.
See Fig. 1C for a conceptual phase diagram. (G and H) Viable or dead P. aeruginosa were suspended in 30% (wt/vol) PEG 10k at 5 x 10° cfu/mL. Samples were
incubated 23 °C(G) or 37 °C (H). Aggregate diameter was measured by microscopy at the indicated times. Results are the mean + SD of three experiments, n =
50 aggregates for each experiment. ***P < 0.001, comparing 23 °C and 37 °C time points for both live and dead bacteria.
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To determine if host-derived polymers that are abundant at
infection sites could aggregate P. aeruginosa, we examined the
effect of mucin, DNA, F-actin, and hyaluronan. All these poly-
mers were highly effective in aggregating P. aeruginosa, and all
generated negatively sloped phase transitions and laterally
aligned aggregates (Fig. 2 C and D and SI Appendix, Fig. S1 A and
B). The negatively charged bacteria-derived polymers alginate and
filamentous Pf bacteriophage produced a similar effect (SI Ap-
pendix, Fig. S1 C and D). It is possible that the commercially
available polymers used in these experiments might exhibit different
properties from the polymers present in vivo. However, the general
capacity of all tested negatively charged polymers to aggregate
bacteria suggests that polymers abundant in chronic infection sites
are also likely to cause depletion aggregation of P. aeruginosa.

Host Polymers Enhance Aggregation in Combination. Infection sites
contain multiple polymers, and we hypothesized that their ag-
gregating effects would be enhanced in combination, as physical
(entropic) rather than specific biological mechanisms are re-
sponsible. To test this, we mixed mucin and DNA together at
varying concentrations that included levels present in CF airway
secretions and found that polymers in combination aggregated
bacteria at lower concentrations than when present alone (Fig.
2E). For example, used alone, 5% (wt/vol) of mucm or 1.0 mg/mL
of DNA was required to aggregate ~3.3 X 108 cfu/mL bacteria.
In combination, similar numbers of bacteria could be aggregated
by 1% (wt/vol) mucin and 0.5 mg/mL DNA. This finding indi-
cates that physiologically relevant polymer mixtures could act to
aggregate bacteria even if the concentration of individual poly-
mers was insufficient (Discussion).

To determine if disease-relevant polymer concentrations cause
aggregation of low numbers of bacteria that may be present early in
disease, we mixed decreasing numbers of bacterial cells with a CF-
relevant mixture of DNA (4 mg/mL), mucin [8% (wt/vol)], and F-
actin (2.5 mg/mL). We observed small laterally aligned aggregates at
bacterial concentrations as low as 10° cfu/mL (SI Appendix, Fig. S2).

Temperatures Encountered at Infection Sites Promote Depletion
Aggregation. Infection sites are generally warmer than the envi-
ronmental niches occupied by P. aeruginosa. Higher temperatures
should increase particle movement and thus the frequency at which
particles spontaneously align. This might promote depletion aggre-
gation, as chance alignments are a key step in aggregate formation
(Fig. 1) (36). To test this idea, we measured aggregate formation as a
function of temperature. Aggregates formed more quickly and de-
veloped larger sizes at 37 °C than at 23 °C (Fig. 2 G and H). Similar
results were observed using viable and dead bacteria, indicating that
active bacterial functions were not responsible for increased aggre-
gate formation at the higher temperature. These results suggest that
depletion aggregation of bacteria may be enhanced by the warmer
temperatures likely encountered at infection sites.

DNase | Inhibits Mucin/DNA-Induced Depletion Aggregation. Mucin
and DNA are major components of airway sputum from CF
patients, and DNase I is used therapeutically to cleave sputum
DNA to enhance sputum clearance. We hypothesized that DNA
cleavage would also inhibit depletion aggregation as low mo-
lecular weight (LMW) polymers produce smaller entropy gains
when particles aggregate and generate lower aggregating forces
(35). The addition of DNase I abolished the aggregating effects
of DNA solutions and markedly reduced aggregation by DNA/
mucin mixtures (S Appendix, Fig. S1 H and I).

Depletion Aggregation Does Not Require Biofilm Functions. While
our findings that host-derived polymers promote the formation
of laterally aligned bacterial aggregates and negatively sloped
phase transitions implicate the depletion mechanism, it is pos-
sible that bacterial activity contributes somehow to aggregate
formation or maintenance. To test this, we mixed polymers with
biofilm-deficient strains of P. aeruginosa, including strains lack-
ing flagellar motility (AfliC) and exopolysaccharide production

10782 | www.pnas.org/cgi/doi/10.1073/pnas.1806005115

(ApelA/psIBCD/algD) (SI Appendix, Fig. S3) (10, 12). Host
polymers were as effective or more effective at producing de-
pletion aggregation in biofilm-deficient strains as in isogenic
wild-type bacteria (SI Appendix, Fig. S1 E and F). Similar results
were obtained using formalin- and UV-killed bacteria (Fig. 2F
and SI Appendix, Fig. S1J), indicating that aggregation caused by
the depletion mechanism can be completely driven by host
polymers and does not require bacterial activity.

Depletion Aggregation Promotes Antibiotic Tolerance. Laboratory
biofilms exhibit marked resistance to antibiotic killing, and this
phenotype has been attributed in part to tolerance mechanisms
induced by biofilm formation. To determine if depletion aggre-
gation produced antibiotic tolerance, we exposed P. aeruginosa to
two conditions that induced depletion aggregation: high molecular
weight (HMW) PEG [30% (wt/vol); 10 kDa] and a disease-
relevant mixture of mucin (8% wt/vol) and DNA (4 mg/mL).
Fifteen minutes later, we measured killing by ciprofloxacin and
tobramycin. Relative to dispersed bacteria in polymer-free con-
ditions, killing of polymer-induced aggregates was reduced by 10-
to 100-fold (Fig. 3 A and B and SI Appendix, Fig. S4 A and B).
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Fig. 3. Depletion aggregation promotes antibiotic tolerance in P. aeruginosa.
(A and B) P. aeruginosa grown in conditions that produced dispersed bacteria
[open symbols, no polymer or 30% (wt/vol) LMW PEG] or bacterial aggregates
[filled squares, 30% (wt/vol) HMW PEG] were exposed to ciprofloxacin (A) or
tobramycin (B) for 1 h, and viable bacteria were enumerated. Results are the
mean + SD of three experiments; *P < 0.05 relative to LMW PEG (dispersed)
cultures. (C and D) HMW PEG (C) or a mixture of mucin (4% wt/vol) and DNA
(2 mg/mL) (D) was used to induce depletion aggregation of biofilm-deficient
ApelAlpsIBCD/algD P. aeruginosa, and cultures were tested as above. Killing
is represented as the log,o reduction of viable cells recovered after antibiotic
treatment compared with untreated controls. Results are the mean + SD of
three experiments; *P < 0.05 relative to no polymer control. (E) Dispersed (no
polymer) and aggregated (HMW PEG) cultures of eight P. aeruginosa CF
clinical isolates were treated with 0.5 pg/mL ciprofloxacin for 1 h. Killing is
represented as the logqo reduction of viable cells recovered after antibiotic
treatment compared with untreated controls. In one case (#2) the clinical
isolate was inherently resistant to ciprofloxacin. Results are the mean + SD of
at least three experiments; *P < 0.05, **P < 0.01 relative to no polymer control.
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Bacteria were treated with the indicated antibiotic for 1 h. Killing is repre-
sented as the logo reduction of viable cells treated with antibiotics compared
with untreated controls. Results are the mean + SD of three experiments; *P <
0.05 relative to no polymer control. (B) Representative image showing the
fluorescent SOS reporter (recAy:gfp) 1 h after depletion aggregation was in-
duced by HMW PEG. (C) Proportion of SOS-induced bacteria was measured by
enumerating total and fluorescent cells. Results are the mean + SD of three
experiments with >300 cells per experiment; **P < 0.01.

Similar results were obtained using the biofilm-deficient strain
ApelA/psIBCD/algD (Fig. 3 C and D).

We also studied depletion-induced antibiotic tolerance in
P. aeruginosa clinical isolates from people with CF that were either
capable or deficient in biofilm formation (16) (SI Appendix, Fig.
S3). Depletion aggregation promoted tolerance to ciprofloxacin in
all clinical isolates tested, regardless of their ability to form in vitro
biofilms (Fig. 3E). Collectively, these results indicate that biofilm
assembly functions are not required for the antibiotic tolerance of
P. aeruginosa aggregates formed by the depletion mechanism.

One explanation for the tolerance observed in the experiments
above was that polymers somehow inactivated the antibiotics. We
investigated this with three control experiments. First, we exploited
the fact that it is possible to make solutions with identical weight
per volume polymer concentrations that do (in the case of HMW
polymers) and do not (in the case of LMW polymers) produce
aggregation. This is possible because aggregation induced by short
and LMW polymers produces smaller net entropy gains than those
induced by identical concentrations of HMW polymers, so aggre-
gating forces are smaller (35). For example, 30% (wt/vol) LMW
PEG (2 kDa) did not cause P. aeruginosa aggregation until bacterial
concentrations exceeded >5 x 10'Y cfu/mL (SI Appendix, Fig. S1G),
whereas 30% (wt/vol) HMW PEG (10 kDa) caused aggregation of
5 x 107 cfu/mL P. aeruginosa (Fig. 24). Using these conditions, we
found that 30% (wt/vol) HMW PEG produced aggregation and
antibiotic tolerance (of 10°® cfu/mL bacteria), whereas an identical
(wt/vol) concentration of LMW PEG did not (Fig. 3 A and B).

Second, we changed the timing of drug addition, as an antibiotic
inactivation mechanism should be enhanced (or at least main-
tained) if polymers and antibiotics are mixed together before the
bacteria are added. However, antibiotic activity against dispersed
bacteria was not diminished by premixing drugs with aggregate-
inducing concentrations of mucin and DNA or HMW PEG (81
Appendix, Fig. S4 C and D). These experiments indicate that ag-
gregates must form before antibiotic exposure to develop toler-
ance, as bacteria remain susceptible if exposed to antibiotics and
polymers simultaneously. Third, we reduced bacterial density so
that aggregation did not occur in the presence of HMW PEG (Fig.
2A4). Nonaggregated bacteria in HMW PEG were equally sus-
ceptible to antibiotic killing as dispersed cells (SI Appendix, Fig.
S4E). Together, these findings indicate that antibiotic inactivation
is not responsible for polymer-induced antibiotic tolerance.

SOS Mediates Polymer-Induced Antibiotic Tolerance. Our finding
that polymer-induced aggregation produced tolerance to anti-
biotics that work by different mechanisms raised the possibility
that a general stress response could be involved. Induction of the
SOS response produces tolerance to several antibiotics (37, 38)
and is initiated when the RecA protein binds to damaged DNA.
This causes autoproteolytic cleavage of SOS transcriptional

Secor et al.

repressors and transcription of genes that mediate stress survival.
We disabled the SOS response by inactivating the rec4 gene and
found that while polymers aggregated ArecA P. aeruginosa in a
manner indistinguishable from wild type, aggregated ArecA P.
aeruginosa developed significantly lower tolerance to cipro-
floxacin and tobramycin (Fig. 44).

The involvement of the SOS response and our finding that
tolerance did not occur unless polymer-induced aggregation
preceded antibiotic addition (SI Appendix, Fig. S4 C and D) led
us to hypothesize that polymer exposure induced the SOS re-
sponse in the absence of antibiotics. To test this, we aggregated
P. aeruginosa carrying a recA transcriptional reporter (recAp:
GFP) by a 1-h exposure to HMW PEG and counted the number
of cells reporting SOS activation. The recA reporter was acti-
vated in 33% of cells that had been aggregated but in only 2% of
cells that were not aggregated (i.e., bacteria exposed to polymer-
free or LMW PEG solutions) (Fig. 4 B and C).

To determine if preinduction of the SOS response by a differ-
ent mechanism could produce antibiotic tolerance, we exposed
P. aeruginosa to a sublethal dose of the DNA-damaging agent
mitomycin C. As shown in SI Appendix, Fig. S54, mitomycin C
activated the fluorescent recA transcriptional reporter in wild-type
P. aeruginosa, indicating SOS activation. Pretreatment with mito-
mycin C also induced ciprofloxacin and tobramycin tolerance (S/
Appendix, Fig. S5 B and C), consistent with previous observations
in E. coli (39). However, pretreatment with mitomycin C did not
promote tolerance in ArecA P. aeruginosa (SI Appendix, Fig. S5 D
and E). Taken together, these findings suggest a mechanism
whereby polymer exposure induces the SOS response and SOS-
induced bacteria are protected from antibiotic-mediated killing.

Depletion Aggregation Induces Oxidative DNA Damage. We in-
vestigated the possibility that aggregation-inducing polymers
might activate SOS by producing oxidative DNA damage, as
bacterial aggregation occurring via biofilm formation is known to
produce endogenous oxidative stress (40). We measured the
abundance of the oxidative DNA lesion 8-oxoguanine (8-0xoG)
and found that P. aeruginosa that had been aggregated by HMW
PEG for 1 h contained higher levels of 8-oxoG than bacteria that
had not been aggregated (Fig. 54). In addition, inactivation of
recA, which is required for repair of some oxidative lesions,
markedly reduced the survival of P. aeruginosa subjected to
prolonged polymer aggregation (Fig. 5B). These findings suggest
that depletion aggregation-inducing polymers can activate the
SOS response, that SOS activation may occur as a consequence
of oxidative DNA damage, and that SOS activation is required
for bacterial survival in aggregates.

The LexA Regulon Mediates Antibiotic Tolerance. In P. aeruginosa,
the binding of RecA to damaged DNA causes the autoproteolysis
and inactivation of three SOS regulon repressors—LexA, PrtR,
and AlpR—and each controls a regulon with distinct character-
ized functions. The LexA regulon contains DNA-repair genes, the

ArecA P. aeruginosa
No polymer
(dispersed)

>

o

B Wild-type P. aeruginosa C
No polymer
1010, (dispersed) 1010

*x

o
=)
>
o
>

>
>

HMW PEG
(aggregated)

HMW PEG
(aggregated)

o

8-0x0G
(ng/ug total DNA
2

Bacterial counts
(CFU/ml)
>
Bacterial counts
(CFU/mI)
<)

o
R

o

1357 18
Time (h)

1357 18
Time (h)

No polymer HMW PEG
(dispersed) (aggregated)

Fig. 5. Depletion aggregation induces oxidative DNA damage. (A) 8-oxoG
DNA lesions were measured by ELISA before and 1 h after exposure to
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PNAS | October 16,2018 | vol. 115 | no.42 | 10783

MICROBIOLOGY


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1806005115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1806005115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1806005115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1806005115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1806005115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1806005115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1806005115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1806005115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1806005115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1806005115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1806005115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1806005115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1806005115/-/DCSupplemental

PrtR regulon contains antimicrobial R2 pyocin genes (41), and
the AlpR regulon has been reported to contain genes mediating
a bacterial programmed cell death mechanism (42). We used P.
aeruginosa harboring point mutations that produced proteolytic re-
sistance in each SOS transcriptional repressor [including LexA“%¢Y,
PrtRS'*A and AlpRS'>** (41)] to determine which SOS regulon(s)
mediated polymer-induced tolerance. In the absence of polymers,
the antibiotic sensitivity of all three SOS repressor mutants was
similar to wild type (Fig. 6 A and B), as previously reported (38).
Furthermore, HMW PEG-mediated depletion aggregation of the
PrtRS'2A and AlpRS'>** mutants induced a level of antibiotic tol-
erance similar to that in wild-type bacteria. However, depletion-
induced aggregates formed by the LexA“®*®Y mutant exhibited
10- to 100-fold less tolerance than wild type, implicating genes in
the LexA regulon in polymer-induced antibiotic tolerance.

Aggregation Induces SulA-Dependent Growth Arrest. The LexA
regulon includes SulA, a rapid and potent inhibitor of cell di-
vision. The speed at which depletion-mediated antibiotic toler-
ance develops (15 min) (Fig. 3 4 and B) and the known
association between growth and antibiotic susceptibility led us to
hypothesize that sul4-dependent growth arrest contributed to
depletion-mediated tolerance. To test this, we measured the
growth rates and antibiotic susceptibility of wild-type and AsulA
P. aeruginosa after aggregation by HMW PEG. As shown in Fig.
7 A and B, HMW PEG markedly reduced the growth of wild-
type but not Asuld P. aeruginosa. Furthermore, inactivation of
sulA eliminated polymer-induced tolerance to ciprofloxacin but
not to tobramycin (Fig. 7C). These findings indicate that de-
pletion aggregation causes growth arrest mediated by the SOS
response and sul4 and that this arrest is critical to recovery from
ciprofloxacin toxicity. One mechanism that could explain the
ciprofloxacin sensitivity of the sul4 mutant is that inhibited cell
division maintains multiple chromosomes within cells, which
could enable recombinational repair of ciprofloxacin-induced
DNA damage (43).

Discussion

The persistence and treatment resistance of bacteria causing
chronic infections are thought to be consequences, in large part, of
phenotypes induced by conditions at infection sites. A leading
model postulates that in vivo environmental cues activate biofilm-
formation functions that cause bacteria to self-assemble into
complex multicellular biofilm communities (44). Our findings raise
an alternative possibility, as we found that host polymers abundant
at chronic infection sites cause P. aeruginosa to aggregate by the
depletion mechanism, which does not require biofilm assembly
functions or even bacterial viability. Importantly, depletion aggre-
gation markedly and rapidly increases the antibiotic tolerance of
bacteria via mechanisms mediated by the LexA SOS regulon.
Because it is a consequence of physical forces, depletion ag-
gregation will operate if the concentrations of bacteria and
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Fig. 6. The LexA regulon mediates depletion-mediated antibiotic tolerance. (A
and B) Wild-type P. aeruginosa and the indicated SOS repressor autoproteolytic-
resistant mutants were exposed to conditions that produced dispersed bacteria
(no polymer) or bacterial aggregates (HMW PEG) for 1 h and then were treated
with ciprofloxacin (A) or tobramycin (B) for an additional hour. Killing is rep-
resented as the log,o reduction of viable cells treated with antibiotics compared
with untreated controls. Results are the mean + SD of three experiments; *P <
0.05 compared with aggregated wild-type P. aeruginosa.
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Fig. 7. Depletion aggregation promotes sulA-mediated growth arrest. (A
and B) Growth of wild-type (A) and AsulA (B) P. aeruginosa was measured in
dispersed (no polymer, open symbols) or aggregated (HMW PEG, filled
symbols) conditions. Results are the mean + SD of triplicate experiments. (C)
After 1 h in the dispersed or aggregated state, antibiotic susceptibility was
measured. Killing is represented as the logy, reduction of viable cells treated
with antibiotics compared with untreated controls. Results are the mean +
SD of three experiments; *P < 0.05, **P < 0.01 relative to growth medium.

polymers are sufficient. We tested concentrations of DNA, mu-
cin, F-actin, and bacteria found in CF airways with established
infections and found these sufficient to produce aggregation ex
vivo. If depletion aggregation maintained bacteria in established
infections in an aggregated state, biofilm formation functions
could become superfluous. This could explain why biofilm de-
ficiency frequently evolves in CF and wound isolates.

Our finding that physiologically relevant polymer mixtures can
also aggregate low concentrations of bacteria raises the possi-
bility that depletion aggregation could operate in nascent in-
fections. However, this is more speculative because in vivo
concentrations of bacteria and polymers are difficult to measure
early in infection. One scenario is that replication of organisms
that initiate infection produces sufficiently high local bacterial
densities in areas that contain sufficient host polymer concen-
trations. If this occurred, depletion aggregation could reduce the
susceptibility of bacteria to killing, enabling the organisms to
gain a foothold. However, it is also possible that the polymer and
bacterial concentrations needed for depletion aggregation are
not present until disease is more advanced.

Our finding that antibiotic tolerance caused by polymer ex-
posure is a consequence of the SOS response, which may be
induced by oxidative DNA damage, is reminiscent of other work
linking in vivo stress conditions to infection pathogenesis. For
example, starvation stress responses have been shown to protect
E. coli and P. aeruginosa from antibiotic killing (45). Acid stress
responses have been shown to have similar effects for Salmonella
(46) and Listeria species (47). Thus, some host responses may
induce physiological changes in bacteria that produce cross-
protection against antibiotic killing and thereby enhance rather
than counter infection persistence. It would be interesting to
investigate the normal (nonpathogenic) microbiota to determine
if polymers present at healthy mucosal surfaces such as the
mouth, intestine, and vagina cause depletion aggregation, induce
bacterial stress responses, and increase antimicrobial tolerance.

Our study had several limitations. First, we used commercially
available host polymers that are not identical to polymers present
at chronic infection sites. For example, the porcine gastric mucin
and salmon sperm DNA we used might aggregate bacteria differ-
ently from the analogous human polymers. However, we think this
unlikely, as the depletion mechanism does not require any specific
biological activity. Instead, it is driven by the space-occupying
characteristics of the polymers and their concentrations. Second,
we used laboratory strains of P. aeruginosa, a small number of
clinical isolates (n = 8), and bacterial cells with identical (rod)
shapes. It is possible that other clinical isolates or bacterial species
could produce different results. Furthermore, as cell shape is
known to affect the spatial organization of cells in a biofilm (48), it
would be interesting to study how the depletion mechanism affects
interactions between bacterial species with different shapes.

Third, we do not yet know how depletion aggregation induces
oxidative stress in P. aeruginosa. One possibility is that osmotic
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pressure generated by the polymers (Fig. 1) induces bacterial
envelope stress. Envelope stress may generate endogenous oxi-
dants by causing the release of iron from membrane proteins, thus
promoting Fenton reactions (49). Another possibility involves
oxygen limitation, which readily occurs within aggregates (50). To
maintain redox balance under oxygen-limiting conditions, P. aer-
uginosa produces phenazines as alternate electron acceptors, and
nonspecific electron transfer from phenazines to intracellular iron
(or other molecules) could result in oxidative stress (51). Last, it is
possible that depletion aggregation reduces the expression of
antioxidant defense mechanisms, as observed in P. aeruginosa
biofilms (52). Our observation that depletion aggregation in-
creases 8-0x0G DNA lesions is consistent with all these ideas, as
these lesions are primarily caused by hydroxyl radicals, which can
be produced by a variety of endogenous oxidative stresses (49).
Finally, future work will be needed to determine if the de-
pletion mechanism causes bacterial aggregation in chronic ani-
mal or human infections. If it does, current ideas about how
to target bacteria causing chronic infection may need to be
reconsidered. If host conditions cause bacterial aggregation as a
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default growth mode at chronic infection sites, targeting biofilm
assembly functions might not be therapeutically useful. Instead,
it may be more fruitful to devise strategies to block the physio-
logic responses that cause depletion aggregation-mediated anti-
biotic tolerance or to alter the host environment in a manner that
decreases aggregating forces generated by host polymers.

Methods

Detailed methods are found in SI Appendix. Unless indicated, bacteria were
grown in lysogeny broth (LB). Phase diagrams were constructed as described
(34). Bacterial viability was measured by enumerating cfus after serial di-
lution. Levels of 8-oxoG were quantified using the OxiSelect Oxidative DNA
Damage ELISA kit (Cell Biolabs) following the manufacturer’s instructions.
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