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The growth and virulence of bacteria depends upon a number of factors that
are secreted into the environment. These factors can diffuse away from the
producing cells, to be either lost or used by cells that do not produce
them (cheats). Mechanisms that act to reduce the loss of secreted factors
through diffusion are expected to be favoured. One such mechanism may
be the production of Fap fibrils, needle-like fibres on the cell surface
observed in P. aeruginosa, which can transiently bind several secreted metab-
olites produced by cells. We test whether Fap fibrils help retain a secreted
factor, the iron-scavenging molecule pyoverdine, and hence reduce the
potential for exploitation by non-producing, cheating cells. We found that:
(i) wild-type cells retain more iron-chelating metabolites than fibril non-
producers; (ii) purified Fap fibrils can prevent the loss of the iron-chelators
PQS (Pseudomonas quinolone signal) and pyoverdine; and (iii) pyoverdine
non-producers have higher fitness in competition with fibril non-producers
than with wild-type cells. Our results suggest that by limiting the loss of a
costly public good, Fap fibrils may play an important role in stabilizing
cooperative production of secreted factors.

1. Introduction

Bacteria often rely upon the secretion of extracellular public goods to survive
and thrive in an environment. These goods are metabolically costly to produce
but may be essential for effective communication between cells, scavenging of
iron and nutrients, protection from biotic and abiotic stresses and engaging in
antagonistic competition [1-4]. Production of these goods can also benefit
neighbouring cells. Thus, public goods producers can potentially be exploited
by non-producing ‘cheats’ that benefit from the available goods while paying
none of the metabolic costs of production [5-7]. Exploitation by cheats can
be detrimental to the population; significantly decreasing its density and sub-
sequently increasing its chances of collapse [5,8]. Cheats have been observed
to arise de novo under laboratory conditions, and putative social cheats have
been identified in a number of natural bacterial populations [9-14].

As well as exploitation by social cheats, cells may lose return on investment
in public good production simply through diffusion or advection of costly
goods away from the cell in turbulent environments [15-17]. These losses
can be minimized through a number of different mechanisms. Cells can
avoid exploitation by cheats by ensuring the benefits of public good production
accrue to relatives. This can be achieved at its simplest through clonal growth
but bacteria can also engage in conflict with, and kill, local unrelated cells
[18-20]. Forming a physical barrier can also prevent loss of public goods by
slowing diffusion and/or reducing fluid flow rate around the colony. For
example, thick layers of biofilm produced by Vibrio cholera can slow the
diffusion of digested chitin, preventing its use by protease-deficient mutants [21].

A recently described mechanism that may slow or prevent the loss of
secreted goods is the production of needle-like fibrils known collectively as
functional amyloids [22]. These fibrils are assembled on the cell surface and
are thought to be involved in surface attachment, providing structural rigidity
to the extracellular matrix and even aiding in the evasion of host immune
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responses [23-25]. Recently, it was demonstrated that func-
tional amyloids produced by Pseudomonas aeruginosa, Fap
fibrils, are capable of binding several hydrophobic metab-
olites secreted by the cell such as pyocyanin and the
signalling molecule PQS (Pseudomonas quinolone signal)
[26,27]. Binding of the metabolites is transient: raising the
possibility that serial association and dissociation with Fap
fibrils may allow secreted metabolites to be locally ‘bioavail-
able” while ensuring they are retained close to producing
cells. While the social consequences of metabolite binding
by Fap fibrils have yet to be described, if public goods produ-
cers are able to maintain preferential access to the costly
goods they secrete into the environment, this could have
important implications for cooperator—cheat dynamics in
bacterial populations [28].

We test whether Fap fibrils help cells retain secreted
metabolites involved in iron acquisition and if this can
influence cooperator—cheat dynamics. Using strains of Pseu-
domonas aeruginosa that differ in their ability to produce Fap
fibrils, we assess whether production of fibrils influences
growth and investment in the iron-scavenging molecule pyo-
verdine. We also isolate Fap fibrils from cells to determine
whether fibrils can bind, and prevent the loss by dilution,
of the dedicated siderophore pyoverdine and the signalling
molecule PQS, which is also a strong iron-chelator. We sub-
sequently test whether any iron-chelating metabolites
retained by Fap fibrils are functionally available to cells.
Finally, we determine whether producing Fap fibrils influ-
ences the ability of pyoverdine producers to resist invasion
by pyoverdine non-producing cheats in an iron-limited
environment.

2. Material and methods

(@) Media and bacterial strains

To culture from frozen, we used Kings Broth (KB) medium (20 g
Protease Peptone N°3 (BD Biosciences), 10 g glycerol, 1.5¢g
KoHPO,4.3H,O and 1.5 g MgSO,4.7H,0 per litre of dH,O) and
for growth in an iron-limited environment we used casamino
acid (CAA) medium (5g CAAs, 1.18 g K,HPO,3H,O and
0.25g MgSO4.7H,O per litre of dH,O) supplemented with
20 mM sodium bicarbonate and 100 pg ml ™" of the iron chelator
human apo-transferrin. We washed and diluted bacterial cultures
using M9 minimal salt media (6.8 g Na,HPO,, 3 g KH,PO,4, 05 g
NaCl and 10 g NH4Cl per litre of dH,0O). For purification of Fap
fibrils, we cultured strains in colony factor antigen (CFA)
medium (10 g hydrolysed casein, 50 mg MgSO,4 and 1.5 g yeast
extract per litre of dH,O). All reagents were purchased from
Sigma unless otherwise stated.

We used strains that differ in their ability to produce Fap
fibrils and the siderophore pyoverdine in our experiments
(table 1). The PAO1 strain produces wild-type levels of Fap fibrils
and pyoverdine. PAO1AFap is a mutant with the genes involved
in Fap fibril production, FapA-FapF, inactivated by allelic repla-
cement with a gentamicin resistance cassette [26]. We also use a
mutant that cannot produce the iron-scavenging siderophore
pyoverdine. PAO1ApvdD is a clean deletion mutant defective
for the pyoverdine synthetase gene pvdD [29]. For isolating
Fap fibrils, we use a PAOL1 strain harbouring a plasmid contain-
ing the Pseudomonas Fap operons under the control of an
isopropyl B-D-1-thiogalactopyranoside (IPTG) inducible lacUV5
promoter (PAO1 pFap). Prior to our experiments, we cultured
strains overnight for 15h at 37°C in 6 ml of KB media, at
200 rpm on an orbital shaker.

(b) Measuring growth and pyoverdine production

To determine whether producing Fap fibrils influenced the
growth of strains, or altered their investment in pyoverdine, we
cultured fibril producers and non-producers under iron-limited
conditions. We did not quantify the production of pyochelin,
the other siderophore produced by P. aeruginosa, as its
production is almost completely repressed in the stringently
iron-limited conditions used here [30]. We washed overnight cell
cultures in M9 media, standardized to an optical density (Asoo)
of 0.2 and diluted 100-fold before inoculating 200 ul of iron-
limited CAA media with 2 pl of diluted culture in a 96-well
plate. Cell density (absorbance at 600 nm) and pyoverdine pro-
duction (relative fluorescent units, using an excitation of 400 nm
and emission of 460 nm respectively) were measured every
30 min for 24 h using a SpectraMax i3x multi-mode platform
(Molecular Devices). We also calculated pyoverdine available
per cell at each time point (RFU4n0_460/As00) and the rate of
pyoverdine production per cell per minute ((RFUjgp0-460002) —
RFU00-460(1))/30min) / Agoo2)). Each treatment was replicated
six times per strain.

(c) Cells retention of iron-chelating metabolites

To determine whether Fap fibrils influence cells ability to retain
iron-chelating metabolites, we measured the iron-chelating
activity of fibril producers and non-producers after removing
unbound metabolites, using a CAS assay [31]. Overnight cell cul-
tures in M9 media were washed, standardized to an optical
density (Agpo) of 0.2 and diluted 100-fold before inoculating
6 ml of iron-limited CAA media with 60 pl of diluted culture.
We incubated vials statically for 48 h at 37°C before vortexing
and passing 2 ml of culture through a 0.22 um syringe filter.
Cells held on the membrane were washed to remove unbound
iron-chelating metabolites by passing 20 ml of M9 solution
through the syringe filter and re-suspended by passing 2 ml of
M9 solution through the opposite end of the filter. One hundred
microlitres of CAS solution [31] was added to 100 wl of re-
suspended cells in a 96-well plate before we incubated the
plate in darkness for 30 min. Iron-chelating molecules remove
iron from the CAS solution, changing the colour of the solution.
We quantified this change by measuring absorbance at Agzp. We
also measured the optical density of the re-suspended cells (Agqo)
and calculated the iron-chelating activity per cell (1 — Agz0/ Aeoo)-
Each treatment was replicated 22 times.

(d) Binding of iron-chelators to Fap fibrils

We wished to determine if Fap fibrils can bind iron-chelating
metabolites, and whether bound metabolites are functionally
available to cells. Isolated fibrils were exposed to the iron-
chelators PQS and pyoverdine and the iron-chelating activity of
the fibrils after repeated washing to remove unbound molecules
was quantified. We also assessed the ability of fibrils exposed to
iron-chelators to promote the growth of a pyoverdine deficient
mutant in iron-limited media.

(i) lsolation of Fap fibrils

We inoculated PAO1 pFAP, an inducible Fap fibril overprodu-
cing strain, into KB media and incubated overnight (37°C,
200 rpm) before inoculating 400 ml of CFA media with 4 ml of
the overnight culture in a 21 flask with 40 pgml™" of tetra-
cycline. Cultures were incubated at 37°C, 200 rpm to an optical
density (Agno) of approximately 0.5 before inducing expression
of Fap fibrils with 1 mM of IPTG and incubating for a further
8h. We harvested cells by centrifugation (28000g, 30 min,
20°C), resuspended cells in 30 ml of buffer (10 mM Tris-HCL,
pH 8.0) and homogenized manually before adding 10 ml of
enzyme mix (0.4mgml ' RNaseA, 04mgml ' DNase I,
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Table 1. Summarizing phenotypic differences between strains used in the
study.

strain Fap fibrils pyoverdine
PAO1 - + N T+
PAO1AFap - +
PAO1 pFap ‘ + B +
PAOTAPvdD + -

4mg ml ' lysozyme, 4 mM MgCl, and 0.4% Triton X-100). This
mix was homogenized by three cycles of freeze—thawing using a
—80°C freezer and a 37°C water bath, followed by a final incu-
bation of 2h at 37°C. We then added 5ml of 20% sodium
dodecyl sulfate (SDS), boiled the sample for 20 min and collected
insoluble material by centrifugation (28 000g, 30 min, 20°C). The
pellet was then resuspended in 27 ml buffer with 3 ml of 20%
SDS and boiled for 20 min before insoluble material was col-
lected by centrifugation. We repeated this step twice. To wash
away residual SDS, we resuspended the pellet in 25 ml of
buffer and centrifuged (28 000g, 30 min, 20°C), repeating this
step a further two times before re-suspending the pellet in 3 ml
of buffer after the final centrifugation.

To confirm the presence of amyloid structures in our purified
protein solution, we used a Thioflavin T fluorescence assay. We
suspended 0.5 mg ml ! of lysozyme and 0.5 mg ml ™' of purified
protein solution in 10 mM Tris-HCl (pH 8.0) and 40 pM Thiofla-
vin T. Negative controls consisted of 10 mM Tris-HCl (pH 8.0)
and lysozyme, a protein lacking any amyloid structures. Using
a Spectramax i3x, we recorded the emission spectra of the
samples from 470 to 600 nm after excitation at 450 nm.

(ii) Fap fibril retention of iron-chelating metabolites

We suspended purified Fap fibrils in 400 pl buffer (10 mM
HEPES, pH 7.4) to concentrations of 5 and 50 pgml™', and
included a control with no fibrils (0 pg ml~*). PQS or pyoverdine
were added to final concentrations of 200 uM and 100 pM
respectively and the mixtures were incubated overnight (22°C,
400 rpm). Each treatment was replicated six times. The mixtures
were centrifuged (5 min, 1000g), the supernatant discarded and
the retentate resuspended in 1ml of buffer and vortexed.
This step was repeated three times and following the final
centrifugation, retentate was resuspended in 400 pl of buffer.

To determine whether fibrils prevented the loss of PQS and
pyoverdine by dilution, we quantified the iron chelating activity
of the mixes after repeated washing. We added 100 wl of each
mixture to 100 pl of CAS solution in a 96-well plate, incubated
the plate in darkness for 30 min and measured absorbance at
630 nm.

We also determined whether iron-chelators retained by fibrils
were available for use by cells and could stimulate the growth of
a pyoverdine non-producer strain, PAO1ApvdD, in iron-limited
media. Overnight cultures of the pyoverdine non-producer
were washed in M9 media, standardized to an OD of 0.2 and
diluted 100-fold into 180 pl of iron-limited CAA media in a 96-
well plate. We then made up the volume in each well to 200 pl
with the different concentrations of fibrils (0, 5 or 50 pg ml™h
exposed to buffer, PQS or pyoverdine. Plates were incubated
statically at 37°C and we measured the optical density of cultures
(Agoo) at 0 h and 24 h respectively.

(e) Relative fitness of pyoverdine non-producers
To determine whether producing Fap fibrils influenced the abil-
ity of public goods producers to resist invasion by social cheats,

we competed fibril producers and fibril non-producers (both
pyoverdine producers) against the pyoverdine non-producer
PAO1APvdD under iron-limited conditions. After washing over-
night cultures in M9 media, standardizing optical density (Aego)
to 0.2 and diluting 100-fold, we mixed each combination of
producer and non-producer at a ratio of 10:1 (producers: non-
producers). Six millilitres of iron-limited CAA media was
inoculated with 60 pl of each mixture and incubated cultures
statically at 37°C for 24 h. Each treatment was replicated 20
times. We measured the frequency of pyoverdine producers
and non-producers before and after 24 h of incubation by plating
onto KB agar (12 g agar per litre of KB medium) and counting
the number of colonies of producers and non-producers. We cal-
culated the relative fitness of non-producers using the formula
w=(p2(1 — p1))/(p1(1 — p2)) where pl and p2 are the pro-
portion of pyoverdine non-producers in the population before
and after competition occurs respectively. A value of w > 1 indi-
cates that the non-producer has a higher fitness than the
pyoverdine producer and w < 1 indicates that the producer has
a higher fitness than the non-producer.

(f) Statistical analyses

We carried out all statistical analyses in the R statistical environ-
ment (v3.3.3, http://www.R-project.org). Except where stated,
we carried out standard analyses (f-test, linear models, etc.)
assuming normal errors. All analyses using linear mixed-effect
models (LMEM) included day as a random effect, to account
for the fact that replicates of the experiments were carried out
on different days.

3. Results

(a) Population growth and pyoverdine production

To determine whether the deletion of the Fap operon has con-
sequences for growth or alters investment in pyoverdine, we
measured growth and pyoverdine production of fibril produ-
cers and non-producers. After 24 h of growth in iron-limited
media, we found no significant difference in cell density (t =
0.519, d.f.=10, p=0.615), pyoverdine production
(t= —0.135, d.f. = 10, p = 0.895) and pyoverdine availability
per cell (t=—0.899, d.f. =10, p=0.389) (figure 1). These
results suggest that not producing fibrils does not significantly
alter fibril non-producers investment in pyoverdine
production nor detrimentally affect their growth in an
iron-limited environment.

(b) Retention of iron-chelating metabolites

After cells had been washed to remove unattached metab-
olites, we found that the iron-chelating activity,
standardized by cell density, of fibril producers was signifi-
cantly greater than that of non-producer cells (LMEM, t =
2.256, d.f. = 41, p = 0.0295) (figure 2). This suggests that pro-
ducing fibrils can promote retention of iron-chelating
secreted metabolites under conditions where otherwise they
would be removed.

We also isolated fibrils and determined whether they
could prevent the loss of the known iron-chelators, pyover-
dine and PQS, by dilution. A strong fluorescence emission,
with a maximum at approximately 490 nm when excited at
450 nm from our Thioflavin T assays confirmed the presence
of amyloid structures in our purified protein solution (elec-
tronic supplementary material, figure S1). We found that
isolated fibrils exposed to pyoverdine or PQS showed
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Figure 1. Growth and pyoverdine production of Fap fibril producers (black lines, grey envelope) and non-producers (grey lines, pink envelope) over 24 h in iron-
limited media. Mean and standard error envelope are plotted for each. (a) Growth of strains, measured by cell density at Agg. (b) Cumulative pyoverdine available,
measured by RFU,g0_460. () Pyoverdine available per cell, measured by RFUsqo_460/Ac00- (d) Rate of pyoverdine production, measured per cell per 30 min
(((RFUs00— 4600y — RFUa00—460(1))/30 min)/Agoo()- Cell density, available pyoverdine and pyoverdine available per cell were not significantly different between

fibril producers and non-producers.

increased iron-chelating activity relative to fibrils exposed to
buffer, as revealed by a significant interaction effect between
fibril concentration and pyoverdine (Fsz, =12.984, p=
0.00105) or PQS (F33, = 82.95, p=2.12 x 10~ %) (figure 3a).
Increasing concentrations of fibrils, without the addition of
pyoverdine or PQS, did not increase levels of iron-chelation
(F1,16 = 0.008, p = 0.931). This suggests that the increase in
iron-chelating activity is due to the retention of pyoverdine
and PQS by fibrils and not the fibrils themselves.

We also determined whether pyoverdine or PQS
molecules retained by fibrils could be used by pyoverdine
non-producers in an iron-limited environment. We found
that fibrils exposed to pyoverdine increased the growth of a
pyoverdine non-producer strain, PAO1ApvdD, relative to
fibrils exposed to buffer, demonstrated by a significant inter-
action effect between fibril concentration and pyoverdine
(F33, = 5043, p=4.68 x 10~®) (figure 3b). Fibrils alone did
not increase the growth of cells (Fy1,=1.281, p=0274),
suggesting that the growth of the pyoverdine non-producer
was promoted by the increasing availability of the sidero-
phore pyoverdine in the iron-limited environment. We
found that fibrils exposed to PQS actually repressed the
growth of the pyoverdine non-producer relative to fibrils
exposed to buffer (F33, = —4.983, p=0.032) (figure 3b).
This effect is likely due to the fact that PQS is an iron-chelator
but not a dedicated siderophore. Thus, it will bind iron but if
cells lack a means of recovering the iron from PQS (by using,
for example, a dedicated siderophore such as pyoverdine)
it only serves to further iron-limit the surrounding
environment.

(c) Competition assays

To determine whether producing fibrils can influence the out-
come of cooperator—cheat competitive
competed fibril producers and non-producers with a pyover-
dine non-producing strain (PAO1APvdD). We found that in

mixed cultures, pyoverdine non-producers increase in fre-

dynamics, we

quency when in competition with both fibril producers
(w=567, t=764, df.=5 p=3.041x10"* and non-
producers (w=8.76, t=839, df.=5 p=1959 x 10 %
(figure 4). However, pyoverdine non-producer relative fitness
is significantly greater in competition with Fap fibril non-
producers than with fibril producers (t=2.789, d.f. =10,
p = 0.0192). These results suggest that producing fibrils can
limit the invasion of a pyoverdine non-producer into a
population of pyoverdine producers.

4. Discussion

Bacterial cells rely upon the secretion of extracellular public
goods to acquire resources from the environment. However,
cells fail to benefit from these goods if they are lost to the
environment through diffusion or are used by social cheats.
We present evidence that Fap fibril production in P. aerugi-
nosa limits the loss of secreted public goods involved in
iron acquisition, and that this can impact upon competition
between public goods producers and cheats over iron.
Fibril-producing cells show improved retention of iron-
chelating metabolites (figure 2) and isolated Fap fibrils bind
both PQS and pyoverdine (figure 3), supporting a role for
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Figure 2. Retention of iron-chelating metabolites by fibril producers and
non-producers. Iron chelating activity was quantified using a CAS assay
and standardized by cell density (iron-chelating activity per cell ((1 —
As30)/Ae00)). Boxplots give the median value, boxes show the interquartile
range and whiskers extend to the largest or smallest value respectively.
Iron-chelating activity of fibril producers was significantly greater than that
of non-producers.

Fap fibrils in retaining these costly public goods. Secreted
public goods such as pyoverdine are often exploited by
social cheats: subsequently, cells employ mechanisms that
constrain the ability of cheats to benefit from products they
produce. We show that fibril production limits the extent to
which public goods cheats invade a population of coopera-
tors (figure 4), suggesting that retention of secreted goods
by Fap fibrils also has consequences for cooperator—cheat
competitive dynamics.

After washing to strip away unbound metabolites from
the environment surrounding cells, fibril producers showed
improved retention of iron-chelating metabolites (figure 2),
and purified fibrils appear to bind both pyoverdine and
PQS, preventing their loss by dilution (figure 3a). This sup-
ports a role for fibrils in retaining costly iron chelating
metabolites. Transient binding of PQS by fibrils occurs due
to the hydrophobic nature of both: potentially explaining
the strong iron chelating activity of fibrils exposed to PQS
despite repeated washing (figure 3a) [27]. Pyoverdine, as a
larger amphiphilic molecule, is not expected to bind strongly
through hydrophobic interactions [32]. However, it may pos-
sess hydrophobic domains that allow a more limited binding
to fibrils [33]. Why is binding, and subsequently limited dif-
fusion, of secreted metabolites likely of importance to cells?
The majority of cells will experience conditions in their natu-
ral environments that remove costly secreted metabolites by
diffusion or convection, limiting their utility to producing
cells [21,34]. Limiting diffusion of secreted metabolites may
allow cells to invest in less of a costly, recyclable public good
if it is not constantly being lost to the environment [35]. It
may also increase the range of conditions under which produ-
cing extracellular metabolites is a viable strategy: for example,
limiting diffusion of quorum sensing molecules may expand
the range of conditions under which QS controlled behaviours
are inducible [16,36].
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Figure 3. Retention of iron-chelating metabolites by Fap fibrils. (a) Iron-
chelating activity, measured as (1 — Agso), of 0, 5 and 50 wg ml™" of
untreated purified Fap fibrils (white) or purified Fap fibrils treated with
PQS (cyan) or pyoverdine (green). Iron-chelating activity increases with
increasing fibril concentration for both pyoverdine and PQS treatments. (b)
Growth, measured as Aspoan) — Asooony Of @ pyoverdine non-producer
(PAOTApvdD) in iron-limited media supplemented with 0, 5 and
50 g ml ™" of untreated purified Fap fibrils or purified Fap fibrils treated
with PQS (cyan) or pyoverdine (green). Growth of a pyoverdine non-producer
increases with increasing concentrations of fibrils treated with pyoverdine and
decreases with increasing concentrations of fibrils treated with PQS.

How does the presence or absence of Fap fibrils influence
competition over iron? Our results show that pyoverdine
non-producers do significantly better in competition with
fibril non-producers than with fibril producers (figure 4).
One possible reason for this is that failure to produce fibrils
alters investment in pyoverdine production. This is important
because non-producers gain a competitive advantage only
when a cooperator is paying the cost of producing a public
good [37]. Thus, if cells that do not produce fibrils increase
per cell pyoverdine production, or increase the duration of
pyoverdine production, this may increase the competitive
advantage to non-producers. However, we see no significant
difference in per cell production of pyoverdine between fibril
producers and non-producers (figure 1), suggesting that
altered investment in pyoverdine does not explain the success
of pyoverdine non-producers in the population.

As fibrils appear to prevent the loss of pyoverdine by
dilution (figure 3a), it may be that during competition with
social cheats, fibril producers can limit or slow the diffusion
of pyoverdine away from producing cells. This would have
the effect of partially privatizing pyoverdine: ensuring the
benefits of pyoverdine production accrue to producing cells
and proximate cooperators, and limiting the competitive
advantage of non-producers [38,39]. Another, non-mutually
exclusive explanation, is that fibrils can help trap iron close
to cells by binding PQS. Our results show that PQS is
bound by fibrils but fails to stimulate the growth of a pyover-
dine non-producing mutant in an iron-limited environment
(figure 3a,b), PQS, while a strong iron chelator, is not a dedi-
cated siderophore as it cannot transfer iron across cell
membranes. Thus it has been suggested that PQS may act
as an iron trap, binding iron close to cells and making it
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Figure 4. Relative fitness (RF) of a pyoverdine non-producer (PAOTAPvdD) in
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non-producer significantly increase in frequency over 24 h in competition
with both fibril producers and non-producers, but pyoverdine non-producer
relative fitness is significantly higher when competed against fibril non-
producers than against fibril producers.

easier for dedicated siderophores such as pyoverdine to shut-
tle iron into cells [40]. Previous studies have demonstrated
that diffusion of secreted public goods can be limited,
through maintaining cell—cell contacts or simply by environ-
mental viscosity [15,18]. Our results suggest that binding of
secreted metabolites by Fap fibrils may also limit the diffu-
sion of secreted metabolites and consequently play a role in
shaping cooperator—cheat dynamics.

Is the production of functional amyloids an adaptation to
reduce or prevent exploitation by social cheats? We have
demonstrated the ability of Fap fibrils to partially-privatize
secreted metabolites but functional amyloids also play
important roles in surface adhesion and biofilm formation
and structure in Pseudomonads and many other bacterial
species [23-25]. This suggests that functional amyloids may
primarily play a role in surface attachment and biofilm
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