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1 Introduction

Biophysical insights into sugar-dependent medium
acidification promoting Yfal protein-mediated
Escherichia coli self-aggregation, biofilm
formation and acid stress resistancey

® Fabienne Quiles, 2 ¢

9 Thierry Pédron,®
C

Yankel Chekli,? Stanislas Thiriet-Rupert,® Céline Caillet,
Héléne Le Cordier,” Emilie Deshayes,® Benjamin Bardiaux,
Marie Titecat,1® Laurent Debarbieux,® Jean-Marc Ghigo,? Grégory Francius,
Jéréme F. L. Duval 2 ° and Christophe Beloin @ *©

The ability of bacteria to interact with their environment is crucial to form aggregates and biofilms, and
develop a collective stress resistance behavior. Despite its environmental and medical importance, bac-
terial aggregation is poorly understood and mediated by few known adhesion structures. Here, we ident-
ified a new role for a surface-exposed Escherichia coli protein, YfalL, which can self-recognize and induce
bacterial autoaggregation. This process occurs only under acidic conditions generated during E. coli
growth in the presence of fermentable sugars. These findings were supported by electrokinetic and
atomic force spectroscopy measurements, which revealed changes in the electrostatic, hydrophobic, and
structural properties of Yfal-decorated cell surface upon sugar consumption. Furthermore, Yfal-
mediated autoaggregation promotes biofilm formation and enhances E. coli resistance to acid stress. The
prevalence and conservation of YfalL in environmental and clinical E. coli suggest strong evolutionary
selection for its function inside or outside the host. Overall, our results emphasize the importance of
environmental parameters such as low pH as physicochemical cues influencing bacterial adhesion and
aggregation, affecting E. coli and potentially other bacteria’s resistance to environmental stress.

adhesion to various surfaces and enable interactions leading
to the formation of aggregates.”

Bacterial colonization of environments and host tissues
depends on bacteria ability to adhere to surfaces and with-
stand disturbances. This adhesion is primarily facilitated by
cell surface appendages called adhesins," which promote cell
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Bacterial aggregation occurs in two ways: autoaggregation,
where identical adhesins on the same type of bacteria interact,>
and co-aggregation, where the interaction occurs between
different adhesins or surface structures expressed by geneti-
cally different bacteria.*® Bacterial aggregation is crucial for
forming multicellular communities and developing collective
functions in both environmental and pathogenic contexts.®’
For example, during starvation, soil-dwelling myxobacteria
form large aggregates called fruiting bodies to ensure their
survival.> ™ Similarly, opportunistic pathogens like Staphylococcus
aureus,"” Streptococcus pyogenes* and Pseudomonas aeruginosa**>
form aggregates during infections, which better protects them
against antibiotics compared to planktonic cells.'*"”

Escherichia coli, a Gram-negative bacterium with a diderm
envelope, can colonize diverse environments, including the
mammalian digestive tract, soil and water."® It possesses
various adhesins such as chaperone-usher fimbriae'® and
surface proteins secreted by the type V secretion system includ-
ing trimeric autotransporters, two-partner system adhesins
and autotransporters.”® Autotransporters (or ATs) are the largest
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group of type V secreted proteins and share specific structural
and functional features: an N-terminal signal sequence that
directs the protein to the general secretion system, a passenger
or alpha domain that provides protein function, and a
C-terminal translocator or p-barrel domain.”® On the other
hand, Chaperone-Usher fimbriae (or CU-fimbriae) are linear
heteropolymers composed of different subunits, including
pilins and a tip adhesin directly involved in bacterial
adhesion.'® While some adhesins like Type 1 fimbriae, Yad CU-
fimbriae or Ag43 autotransporter are well-studied,”*>® others
remain uncharacterized, and most of the corresponding encod-
ing genes are cryptic under laboratory conditions.>’>° Our lab-
oratory has shown that, when produced, most E. coli K12 ATs
and CU-fimbriae can promote adhesion and biofilm formation
on various abiotic surfaces,””?° though their specificities and
functions, and ability to promote bacteria-bacteria interactions
are not well understood yet.

Here, we investigated the homotypic and heterotypic inter-
action abilities of six ATs (Ag43, YpjA, YcgH, YdhQ, YcgV and
YfaL), one inverted AT (Yee]) and eight CU-fimbriae (Type 1
fimbriae, Yad, Ycb, Yfc, Yeg, Sfm, Yra and Ybg) in E. coli K12.
We found that YfaL, a highly conserved and prevalent AT
adhesin, promotes bacterial autoaggregation through homo-
typic interactions. We showed that an acidic environment,
acquired during cell growth in the presence of sugar, is a
necessary condition to induce YfaL post-transcriptional regu-
lation and YfaL-dependent autoaggregation, which, in turn,
enhances both biofilm formation and E. coli survival under
low pH conditions. Our findings emphasize the critical role of
environmental pH in modulating autoaggregation and bac-
terial resistance to environmental stress.

2 Results

2.1 YfaL mediates bacterial autoaggregation when grown in
the presence of arabinose

To investigate the interactions between the eight CU-fimbriae
and the seven type V secreted proteins encoded in the E. coli
K12 genome, which are mostly cryptic under laboratory growth
conditions,””*® we created two sets of isogenic strains. We
placed CU-fimbriae operons under the control of the constitu-
tive promoter APy (PcL),”” and the genes encoding the type V
secreted proteins under the control of the arabinose-inducible
pBAD promoter.>® Each strain was tagged with either blue
(CFP) or yellow (YFP) fluorescent reporters at the lambda
phage attachment site (ATT), and we deleted the ag43 gene to
prevent Ag43-dependent autoaggregation (the E. coli Aag43
mutant will therefore be referred to as our wild-type strain).
We monitored homotypic and heterotypic interactions by
mixing CFP and YFP strains in Miller’s Lysogeny Broth (LB).
Among all interaction assays conducted to detect aggrega-
tion, only Ag43 (our positive control) and YfaL - a highly con-
served AT adhesin - induced homotypic autoaggregation
(Fig. 1A and B). However, expression of yfaL under the consti-
tutive PcL promoter instead of the arabinose-inducible pBAD
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promoter did not lead to autoaggregation of the PcLyfaL
strain, unless arabinose was added to the growth medium
(Fig. 1C and D). This dependency on arabinose was confirmed
in a strain where yfaL expression occurred from the permissive
chromosomal MTT site (Fig. 1D). These findings indicated
that Yfal-mediated autoaggregation was arabinose-dependent
under the tested experimental conditions.

2.2 Sugar uptake induces medium acidification driving YfaL-
mediated cell autoaggregation

To further investigate Yfal-mediated arabinose-dependent
autoaggregation, we supplemented LB growth medium with
various simple carbohydrate sugars (fructose, mannose,
maltose, galactose, glycerol and glucose). E. coli PcLyfaL cul-
tures exhibited autoaggregation under all tested conditions
(Fig. 1E), indicating that YfalL-mediated aggregation is not
specific to arabinose and that sugar addition impacts YfaL
activity. E. coli sugar metabolism in the LB medium causes
medium acidification through mixed fermentation by-pro-
ducts.®® Accordingly, the pH of the culture dropped from 7
without added sugars to 4.5-5 with sugar supplements. Higher
sugar concentrations led to more acidic conditions and faster
YfaL-mediated autoaggregation (ESI Fig. S1t). Buffering of LB
medium to pH 7 with MOPS prevented Yfal-mediated aggrega-
tion, regardless of the presence of sugar (Fig. 2A and B).

To further explore the impact of medium acidification on
Yfal-mediated autoaggregation, we transferred stationary
phase E. coli PcLyfaL cultures grown in absence of sugar
directly into PBS adjusted to pH = 4, 5, 6 or 7. No aggregation
of PcLyfaL bacteria was observed (Fig. 2C), thereby suggesting
that gradual acidification is necessary for YfaL-mediated auto-
aggregation to occur. When PcLyfaL bacteria grown in the pres-
ence of sugar acidifying the medium were resuspended in PBS
at different pH values, aggregation occurred under all con-
ditions, with faster aggregation of cells resuspended at lower
pH (Fig. 2D). These findings indicated that medium acidifica-
tion following bacterial sugar metabolism is essential to
induce Yfal-dependent aggregation. Subsequently adjusting
pH to 7 necessarily increased cell surface charge and slowed
aggregation but did not prevent it entirely, which suggests that
aggregation is influenced by factors other than cell surface
charge reduction with decreasing pH.

2.3 Sugar-dependent medium acidification increases YfaL
protein levels and induces changes in the YfaL conformation

Large E. coli surface adhesins, such as type 1 fimbriae or fla-
gella, can mask smaller structures such as Ag43 (10 nm for
Ag43, https://www.rcsb.org/structure/4KH3) and hinder Ag43-
mediated autoaggregation.>'*> We hypothesized that YfaL-
mediated autoaggregation in an acidified medium could occur
due to the reduced production of type 1 fimbriae, flagella or
curli. However, deleting the genes encoding these large adhe-
sins in a PcLyfaL strain did not result in aggregation without
sugar supplementation (ESI Fig. S27).

Alternatively, sugar-mediated acidification of the medium
could alter YfaL protein level and structure, favoring YfaL-

This journal is © The Royal Society of Chemistry 2024
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Fig. 1 YfaL can mediate E. coli autoaggregation through homotypic interactions in the presence of fermentable sugars. (A) Grid representing the
different interaction scenarios tested: the diagonal represents the homotypic interactions tested while squares outside that diagonal represent the
tested heterotypic interactions. (B) Epifluorescence microscopy of the pBADyfalL YFP strain grown in LB or LB + 0.4% arabinose, magnification
%x1000. (C) Macroscopic observation of aggregate formation by pBADyfalL and PcLyfal strains after 5 hours on the bench. (D) Aggregation curves of
bacterial cultures. Results are expressed as a percentage of the OD measured at the top of the tube at TO, the time at which cultures were homogen-
ized. A 100% OD measurement means the absence of aggregation, and a decrease in % OD indicates the formation of aggregates. Plotted data rep-
resent the mean + standard deviation of 3 biological replicates (n = 3) (each biological replicate is the mean of 2 technical replicates). (E) Picture of
aggregation tubes containing LB supplemented with different carbon sources after overnight culture. The tubes in the upper panel correspond to
the WT strain and tubes in the lower panel correspond to the strain PcLyfal which expresses yfal constitutively.
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Fig. 2 YfalL-mediated auto-aggregation is operative under acidic conditions. (A) Macroscopic observation of aggregate formation by the PcLyfal
strain grown in LB or LB-MOPS supplemented with 0.2% glucose (Glc) or 0.4% arabinose (Ara), after 5 hours on the bench. (B, C and D) Aggregation
curves of bacterial cultures. In (B), the aggregation was monitored in cultures grown in the presence or absence of MOPS and adjusted with their
corresponding spent growth medium. In (C) and (D), after growth the bacteria were resuspended in PBS medium adjusted to different pH values
instead of the spent growth medium. Results are expressed as a percentage of the OD measured at the top of the tube at TO, the time at which cul-
tures were homogenized. For each strain a measurement is taken at the exact same position in the tube over time. A 100% OD measurement corres-
ponds to the absence of aggregation, and a decrease in % OD indicates aggregate formation. Plotted data represent the mean + standard deviation
of 3 biological replicates (n = 3, each replicate is the mean of 2 technical replicates).

mediated autoaggregation. To test this hypothesis, we per-
formed denaturing protein gel electrophoresis followed by
immunodetection using antibodies against the passenger
domain of YfaL, as well as immunofluorescence to detect cell-
surface YfaL (Fig. 3). These analyses revealed that sugar and
the resulting pH reduction increased the amount of YfaL on
the cell surface (Fig. 3C and D). This effect was specific to
YfaL, as Ag43 level did not change upon sugar supplemen-
tation (ESI Fig. S31). Moreover, growth in the presence of
sugars led to an increase of cell size. Consistent with an
impaired Yfal-mediated aggregation when the medium was
buffered with MOPS (see Fig. 2A and B), immunodetection
showed much lower YfaL levels (Fig. 3E and F). This suggested
that medium acidification in the presence of sugars increases
the export of YfalL proteins to the bacterial surface. This
finding was unexpected since yfal was under the control of a
constitutive promoter. The higher YfaL protein levels observed
with sugar could result from the stabilization of yfalL mRNA
and/or post-translational modifications that stabilize the
protein. Quantitative RT-PCR (qRT-PCR) showed that the yfaL
mRNA levels were slightly higher with sugar supplementation
than those measured in the absence of sugar (Fig. 3G).
Additionally, yfalL mRNA levels in LB-MOPS were much lower
than in LB without sugar, indicating that medium buffering
negatively impacts yfal. mRNA levels regardless of the presence
of sugar. Finally, the addition of sugar to LB-MOPS restored

17570 | Nanoscale, 2024, 16,17567-17584

mRNA production at levels comparable to those measured in
LB without sugar (Fig. 3G). These results suggested that sugar-
dependent acidification stabilizes yfal mRNA, but sugar itself
contributes to yfal mRNA stabilization independently of pH.

In addition to increased YfalL protein levels, we also
observed changes in the apparent molecular weight of YfaL in
the presence of sugar, suggesting protein modifications.
Without sugar, we detected two bands using an anti-YfaL anti-
body in a strain constitutively expressing yfaL (PcLyfaL): a band
between 100 and 130 kDa, likely monomers, and a band at
about 250 kDa, likely dimers of the full-length protein. These
bands were absent in WT strain, confirming the cryptic state
of the yfaL gene under laboratory conditions (Fig. 3C). With
glucose or arabinose, we also detected at least three additional
bands between 130 and 250 kDa in the strain PcLyfaL, poten-
tially representing modified YfaL forms or dimers of YfaL pas-
senger domains (Fig. 3C).

Altogether, these results evidenced that medium acidifica-
tion with sugar leads to changes in the YfaL cell-surface quan-
tity and structure, thereby contributing to bacterial
autoaggregation.

2.4 Sugar-dependent acidification of the medium alters the
hydrophobic features of cells producing YfaL

Medium acidification upon E. coli metabolism of sugars could
favor bacterial autoaggregation by altering the hydrophilic/

This journal is © The Royal Society of Chemistry 2024
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Fig. 3 The presence of sugar and medium acidification modify YfaL migration properties, enhance the level of YfaL exposed at the E. coli surface as
well as the yfaL mRNA level. (A) Domain organization of YfaL. Molecular weight was estimated with Expasy.>* The diagram is not to scale. (B)
Structural model of Yfal predicted by alpha-fold (https://alphafold.ebi.ac.uk/entry/P45508 **3%). The p-domain and the passenger domain are in
blue and red, respectively. (C) Western blot of whole cell extracts from WT and PcLyfal strains, using a primary rabbit antibody directed against the
passenger domain of YfalL or mouse antibody against aRNAP and secondary antibodies HRP-linked anti-rabbit or anti-mouse, Glc = glucose, Ara =
arabinose. The YfalL full-length protein is indicated by an arrow. (D) Immunofluorescence of whole cells from WT and PclLyfal strains, using a
primary rabbit antibody directed against the passenger domain of YfaL and a secondary Alexa 488 conjugated anti-rabbit antibody, scale bar = 2 pm.
(E) Western blot of whole cell extracts from PcLyfal strain grown in LB or LB-MOPS supplemented with 0.2% glucose (Glc) or 0.4% arabinose (Ara),
using primary rabbit antibodies directed against the passenger domain of Yfal or primary mouse antibodies against alpha-RNAP, and secondary anti-
bodies HRP-linked anti-rabbit or anti-mouse, Glc = glucose, Ara = arabinose. The YfaL full-length protein is indicated by an arrow. (F)
Immunofluorescence on whole cells from PclLyfal strain grown in LB MOPS or LB MOPS ara, using primary rabbit antibodies directed against the
passenger domain of YfaL and secondary Alexa 488 conjugated anti-rabbit antibodies, scale bar = 2 pm. (G) gRT-PCR performed with yfal specific
primers. Six biological replicates (n = 6) of the PcLyfalL strain grown in LB, LB ara, LB MOPS and LB MOPS ara have been performed. Each biological
replicate is the mean of 3 technical replicates. *p < 0.05; **p < 0.005, non-parametric two-tailed Mann—Whitney test. Only significantly different
samples are indicated.
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hydrophobic surface properties of YfaL-expressing bacteria. To
investigate this, we used Chemical Force Microscopy (CFM) of
cells grown with or without sugar. AFM-tips were modified
with 1-dodecanethiol to create hydrophobic probes. We
measured the adhesion force between the probes and the bac-
terial surface by retracting the probes after contact. For WT
and PcLyfalL strains grown without sugar, the tip-to-cell retrac-
tion force-distance curves showed multiple rupture events over
distances up to 350 nm with values of the rupture (or
adhesion) forces of 0.1-0.4 nN, indicating the stretching or
unfolding of hydrophobic macromolecules on the cell surface
(Fig. 4A and C). For cells grown with sugar in acidified
medium, unlike the WT strain, the shape of the force-distance
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curves was dramatically modified only for the PcLyfaL strain,
with an increased number of rupture or adhesive events that
spanned over a longer rupture distance (up to 600 nm) and
with an increase in the magnitude of the adhesion force
(0.2-0.8 nN) (Fig. 4B and D). The analysis of multiple retrac-
tion force curves collected on several individual bacteria (at
least 10 per examined condition) confirmed these effects and
the increase of both the adhesive hydrophobic force and the
tip-to-cell rupture distance (or molecular cell surface stretch-
ing) only for PcLyfaL strain grown with sugar (Fig. 4E, F and
ESI Fig. S4, Table S3t). This increase in the PcLyfaL surface
hydrophobicity likely results from a larger exposure of YfaL
hydrophobic residues due to structural changes induced by
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Fig. 4 Presence of fructose increases the hydrophobicity and the unfolding of surface material of cells expressing yfaL. Representative retraction
force curves recorded from CFM experiments performed on E. coli WT and E. coli PcLyfal cultures grown in LB (A and C, respectively) or in LB sup-
plemented with 0.3% fructose (B and D, respectively). Force curves were measured using 1-dodecanthiol coated AFM-tip in PBS buffer with a retrac-
tion rate of 1 pm s~* and a dwell time of 100 ms. (E) CFM measurements of the hydrophobic adhesion force (nN) between the hydrophobic AFM
probe (coated by —CH3) and the E. coli WT or PcLyfal strains grown in LB or in LB supplemented with 0.3% fructose. Violin plots with box plot
overlay indicate the shift in median adhesion force (nN) for bacterial cells grown in LB (control) and LB with 0.3% fructose. (F) As in (E) but for the
rupture distance. The latter distance is defined as the distance at which the last rupture event is detected in the cell-to-tip force curve upon retrac-
tion of the tip from the cell surface. Reported hydrophobic forces and rupture distances were evaluated on each collected retraction curve (n
curves). *p < 0.05; **p < 0.005, ****p < 0.00005 non-parametric two-tailed Mann—Whitney test. Only significantly different samples are indicated.

17572 | Nanoscale, 2024, 16, 17567-17584 This journal is © The Royal Society of Chemistry 2024


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4nr01884b

Open Access Article. Published on 17 August 2024. Downloaded on 7/29/2025 7:17:45 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Nanoscale

sugar-mediated acidification. It also correlated with the higher
YfaL protein levels observed by immunoblotting and immuno-
fluorescence (Fig. 3C and D). The changes in YfaL stretching
properties detected by CFM could be due to the decrease of
polar interactions along the protein structure caused by pH
changes, increasing its stretchability. The violin plots displayed
in Fig. 4F clearly evidence bimodal distributions of rupture dis-
tances for both WT and PcLyfaL cells grown in the presence or
absence of sugar in the culture medium. Accordingly, this
bimodality of the distributions cannot be explained by, nor con-
nected with, the only structure properties of YfaL and its related
folding/unfolding features (ESI Fig. S47).

We also recorded infrared (IR) spectra of WT and PcLyfaL
strains grown overnight in LB with or without sugar (¢f ESI
Fig. S51 and the corresponding supplementary discussion). The
spectra of both strains grown in LB with sugar show acetate pro-
duction, consistent with medium acidification and the ability of
E. coli to ferment sugars into acetate/acetic acid.** For both
strains grown with sugar, the spectra also indicated higher
nucleic acid content compared to proteins, suggesting increased
metabolic activity in this medium. In the amide I and II regions
(1700-1500 cm ™), specific bands assigned to f-sheet secondary
structures of proteins** appeared only for the Pclyfal strain
grown with sugar. This increase in the number of p-sheets corre-
lates with the higher amount of YfaL on the surface of PcLyfaL
strain in the presence of sugar (Fig. 3D). Additionally, the
spectra showed lower production of extracellular polysacchar-
ides (EPS) in PcLyfaL with sugar, which may also enhance YfaL
exposure on the cell surface.

Taken together, CFM and IR experiments confirmed
that sugar-induced medium acidification increases the
YfaL presence on the cell surface. The CFM results also
revealed enhanced hydrophobic surface properties, which
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may contribute to cell-cell aggregation through YfaL self-
interactions.

2.5 Electrophoresis reveals marked changes in the
electrohydrodynamic properties of YfaL-producing bacteria
grown in sugar-dependent acidified medium

To further examine the effect of sugar-mediated acidification
on the physicochemical surface properties of yfalL-expressing
cells, we measured the electrophoretic mobility x*>*% of WT
and PcLyfaL grown overnight in the absence and presence of
sugar in 1 to 150 mM KNO; electrolyte (concentration denoted
as cxwo,) at pH 4.6. This pH corresponds to the pH measured
in stationary phase culture grown with sugar (Fig. 5A). The
effect of sugar-mediated acidification was further analyzed by
PlOtting the mOblhty difference (/"0.3% fructose — Hno fructose)/
Hno fructoses where H0.3% fructose and Hno fructose AI€ the cell mobi-
lities with and without sugar, respectively (Fig. 5B).

u was negative for both WT and PcLyfaL strains across all
ckno, values, which is consistent with the expected negative
charge of bacterial surfaces (Fig. 5A). The magnitude of u
decreases with increasing cxno, due to electrolyte ions screen-
ing the bacterial surface charge. As reported in previous
studies,**® u asymptotically approaches a non-zero plateau
value at high cxno,, indicating the penetration of electroosmo-
tic flow within the soft bacterial surface structure.**™*!

Electrophoretic properties of WT and PcLyfaL strains grown
without sugar are similar (Fig. 5A), indicating that YfaL contri-
bution to the electrophoretic properties of the PcLyfaL strain is
minimal under such conditions. However, unlike for the WT
strain, the addition of sugar severely reduces the dependence
of u on cxno, for the Pclyfal strain, decreasing u at cxno, <
30 mM and increasing it at cxno, > 30 mM (in absolute value)
(Fig. 5A). Fig. 5B confirms that these changes in PcLyfaL mobi-
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Fig. 5 The presence of sugar during PcLyfal strain growth leads to significant changes in both the electrostatic and electroosmotic flow-per-
meability properties of the cell surface. Dependence of the electrophoretic mobility, 4, of WT and PcLyfal on KNOs electrolyte concentration, ckno,
at pH 4.6 after growth in the presence or absence of 0.3% fructose (indicated). In (A), dotted lines are fits of electrophoretic data using Ohshima eqn
(1)-(4) valid at sufficiently large ckno, (see details in the Methods section). In (B), symbols represent relative changes in the electrophoretic mobility
of WT and PcLyfal grown in the presence of fructose as compared to the situation where fructose is absent from the growth medium. Dotted lines
in (B) are guides to the eye. Each data point in this figure corresponds to a triplicate measurement (n = 3).
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lity 4 in the presence of sugar are most pronounced at high
cxvo, (>20-30 mM), where bacterial surface electrostatics is
most efficiently screened, and that WT strain’s mobility in this
range of cxno, values is unaffected by the presence of sugar.
According to the theory for soft surface electrophoresis
(SSE),"**! these findings suggest that the presence of sugar
during the growth of the PcLyfaL strain significantly changes
the electrostatic and electroosmotic flow-permeability pro-
perties of the YfalL-decorated PcLyfal strain surface. This is
supported by evaluating the effective concentration of charged
groups on the cell surface (|po|/F, where p, is the negative
density of cell surface charges and F is the Faraday number)
and the electroosmotic flow penetration within the -cell
surface, reflected by the Brinkman length (1/4, see the
Methods section and eqn (1)-(4) therein) (ESI Table S47}). The
addition of sugar impacts |po|/F and 1/4, only for the PcLyfaL
strain, with an ~10 fold decrease of |p,| and ~4 fold increase
of 1/4¢. These changes indicate significant physicochemical
modifications to the YfaL-surface coating of the PcLyfaL strain
potentially involving a decrease in the number of dissociable
groups carried by a given YfaL, changes in their protonation/
deprotonation properties, variations in the total surface
amount of YfalL, and/or changes in the YfaL conformation.
Changes in the YfaL surface concentration and/or confor-
mation would affect the overall friction exerted by the cell
surface on the electroosmotic flow (a property that is sub-
sumed in the value of 1/4,), altering the YfaL surface layer
thickness and, in turn, the density p, of the charges this layer
carries.

Additional measurements performed at pH 5.7 (ESI Fig. S6
and Table S41) show the same electrokinetic pattern as that
discussed at pH 4.6 (refer to the discussion below ESI
Fig. S6t1). However, at this higher pH, sugar in the growth
medium results in less pronounced changes of |py| and 1/4,
decreasing and increasing them by only a factor of ~2, respect-
ively. This aligns with Fig. 2, which indicates that medium
alcalinisation after growth in the presence of sugar decreases
only slightly the capability of PcLyfaL to autoaggregate.

In conclusion, electrokinetic experiments demonstrated sig-
nificant changes of the electrostatic and hydrodynamic pro-
perties (p, and 1/4,, respectively) of the PcLyfaL strain follow-
ing sugar-induced acidification of the growth medium.

2.6 YfaL mediated autoaggregation correlates with enhanced
biofilm formation and tolerance to low pH

The presence of bacterial aggregates can enhance biofilm for-
mation and increase tolerance to environmental stresses.>
Therefore, we assessed whether sugar-induced, YfaL-mediated
autoaggregation displayed such properties (Fig. 6A). As pre-
viously shown, the expression of yfal promoted biofilm for-
mation®® even without sugar, suggesting that YfaL may
enhance biofilm formation by increasing initial adhesion.
Moreover, whilst adding fructose during bacterial growth did
not affect the WT strain’s biofilm formation, it moderately but
significantly increased biofilm formation in the PcLyfaL strain
by 1.6 times compared to LB-without-fructose conditions.
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Fig. 6 YfaL-mediated autoaggregation correlates with increased
biofilm formation and resistance to acid medium conditions. (A) Boxplot
representing 96 well-plate crystal violet biofilm formation assay after
24 hours of growth of WT and PcLyfalL strains in LB and LB + 0.3% fruc-
tose. Mean of the data pertaining to WT in LB was adjusted to 100%. For
each strain and tested condition, 6 biological replicates (n = 6) have
been realized, each biological replicate is the mean of 2 technical repli-
cates. *p < 0.05; **p < 0.01, non-parametric two-tailed Mann—Whitney
test. Only significantly different samples are indicated. (B) Boxplot repre-
senting the CFU mL™* for WT and PcLyfal strains after incubation for 1 h
in media adjusted to pH 4.5 (pH value measured at the end of culture in
the presence of 0.3% fructose), 2, 1.5 and 1 (indicated in each panel).
Red-blue colors in (B) is the same as in (A). For each strain tested, 6 bio-
logical replicates (n = 6) (each replicate is the mean of 2 technical repli-
cates) have been performed. *p < 0.05; **p < 0.01; non-parametric two-
tailed Mann-Whitney test. Only significantly different samples are
indicated.

These results indicated that, in addition to Yfal’s inherent
ability to promote cell adhesion, YfaL-driven autoaggregation
correlates with a ca. 40% increase in biofilm formation
(Fig. 6A).

Given that YfaL-mediated autoaggregation occurs under
acidic conditions, we hypothesized that these aggregates could

This journal is © The Royal Society of Chemistry 2024
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be protected against prolonged acidic stress. To test this, we
compared the acid stress resistance of non-aggregated WT bac-
teria to that of aggregates formed by the PcLyfaL strain after
1 hour in media at pH 4.5, 2, 1.5 and 1. Both strains showed
similar survival at pH 4.5, 2 and 1.5, with the WT strain having
a slight advantage at pH 4.5 and 2. However, almost all WT
bacteria died at pH 1, whereas PcLyfaL aggregates survived
(Fig. 6B). This indicates that under extreme acid conditions
(pH = 1), YfaL-mediated aggregation correlates with significant
improvement in bacterial survival.

2.7 Invivo relevance of YfaL-mediated aggregate formation

During the colonization of the gastrointestinal tract, E. coli
must survive a wide range of pH conditions, including the
highly acidic environment of the stomach (pH=1-2), which
could promote YfaL-dependent aggregate formation. To test
the role of YfaL-dependent autoaggregation in the survival of
bacteria during stomach passage and subsequent gut coloniza-
tion, we compared the in vivo colonization capacities of
WTAyfaL and PcLyfaL strains. We used a conventional strepto-
mycin-treated mouse model for in vivo mono- and mixed-
culture competition experiments with WTAyfaL and PcLyfaL
streptomycin-resistant strains grown in LB with sugar. First, we
verified that both strains could colonize the gut of mice at
similar levels in mono-colonization experiments (ESI Fig. S7,f
WTAyfaL and PcLyfaL panels). We then conducted in vivo com-
petition experiments by colonizing mice with a 1:1 mix of
both strains. Analysis of the feces over 8 days showed that both
strains were present in similar concentrations (ESI Fig. S7,}
Mix1l and Mix2 panels), indicating equivalent colonization
capacities. This analysis demonstrated that under the tested
conditions, YfaL-mediated aggregation does not significantly
enhance the colonization capacity of E. coli K12.

2.8 YfaL is highly prevalent and conserved in the E. coli
species, mostly diverging in its alpha-domain

Given this apparent lack of impact of YfaL-mediated aggrega-
tion on the gut colonization capacity of E. coli K12, we investi-
gated its potential significance by assessing Yfal prevalence
and conservation within the E. coli genus.

First, we compared the prevalence of YfaL to that of 12
AIDA-I ATs (AatA, Ag43, EhaA, UpaB, UpaC, UpaE, UpaH, YcgV,
YdeK, YejO, YfaL and YpjA,*?) in 2053 E. coli genomes. Yfal
was the second most prevalent (88.6%, Fig. 7A and ESI
Table S5A, Bf) and was present in all phylogroups (Fig. 7B and
ESI Fig. S8, Table S5C¥), indicating its potentially conserved
function across different E. coli habitats.

To gain more insights into YfaL diversity, we analyzed the
yfaL DNA sequence in these 2053 E. coli genomes. We then
screened the corresponding protein sequences for mutations
relative to E. coli K12 MG1655 YfaL, noting the mutation fre-
quency of the alpha and beta-domains (Fig. 7C and ESI
Table S6AT). Overall, the alpha-domain is significantly more
variable than the beta-domain, especially in the phylogroups
B2, F and G, with the phylogroups A and B1 showing the oppo-
site trend (Fig. 7C and ESI Table S6BY). Additionally, the phy-
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logroup distribution along YfaL protein phylogeny mirrored
that of the E. coli species, suggesting that YfaL sequence evol-
ution follows the phylogroup evolution rather than being
driven by environmental factors or selection pressures on indi-
vidual strains (ESI Fig. S81). However, the higher mutation
accumulation in the alpha-domain for the phylogroups B2, C,
D, E, F, and G suggests a potential fine-tuning of the YfaL
function, possibly influencing YfaL-mediated aggregation.

3 Discussion

The E. coli core and accessory genome contains many genes
encoding fimbrial and afimbrial adhesins, allowing the bac-
teria to colonize diverse habitats.?”*>***3 However, these
genes often remain cryptic, and their functions are not well
understood. Besides contributing to non-specific surface
adhesion and biofilm formation, some adhesins may also
mediate specific bacteria-bacteria interactions and aggrega-
tion, leading to bacterial stress tolerance.” We tested 7 type V
secreted proteins and 8 CU-fimbriae for their ability to
mediate E. coli K12 aggregation through homotypic and het-
erotypic interactions. We found that, in addition to Ag43, a
well-known mediator of E. coli aggregation, another common
AT named YfaL, can also mediate autoaggregation, but only in
low pH environments induced by the use of sugars during cell
growth.

Only a few adhesins are known to mediate bacterial aggre-
gation in E. coli, most of them being type V secretion system
proteins, such as the self-associating autotransporter (SAAT)
group, which includes AIDA-I, TibA, EhaA and Ag43,2%**™*¢ or
trimeric autotransporters like EhaG/UpaG or UpaJ.*’*° This
limited number of known aggregation-mediating structures
might be due to the need for specific environmental con-
ditions to produce certain adhesins, and initiate or enhance
their activity. For example, Yad fimbriae better stabilize at
30 °C compared to 37 °C.”> Type 1 fimbriae expression
increases under oxygen-limited conditions®® and is completely
suppressed under anaerobic conditions.” Our study identified
that sugar-dependent medium acidification is the environ-
mental factor that reveals YfaL’s autoaggregation function.

We evidenced that both sugar and pH condition are crucial
in this autoaggregation process. Sugars increase cell size,
potentially expanding the biosurface area for interactions, and
stabilize YfaL. mRNA, independently of medium acidification.
pH affects the amount and the conformation/structure of the
protein. While Ag43,>**> AIDA*® and TibA** can induce auto-
aggregation at neutral pH, their optimal aggregation pH is
around 4, indicating that pH also influences their properties.**
However, the specific effects of pH on the aggregation of these
ATs were not determined.

We showed that medium acidification changes YfaL’s gel
migration pattern, with new bands possibly indicating
different protein conformations and/or modifications (phos-
phorylation, acetylation, glycosylation) likely responsible for
the observed YfaL-mediated aggregation. To support this
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Fig. 7 AIDA-I ATs prevalence in 2053 genomes of E. coli and sequence analysis of YfaL. (A) Prevalence of each AIDA-I ATs in the 2053 E. coli
genomes analyzed. Prevalence is expressed as the percentage of all genomes in which a given AT is identified. (B) Heatmap showing the prevalence
of each AIDA-I ATs in the same set of 2053 E. coli genomes detailed for each E. coli phylogroup. (C) Bar plot showing, for each phylogroup, the
mutation frequency of YfaL alpha- and beta-domain relative to the reference strain MG1655 and compared to each other using the Wilcoxon test.

hypothesis, mass spectrometry and further biophysical ana-
lyses on the purified passenger domain of YfaL are needed to
determine any structural and/or chemical modification trig-
gered by sugar-mediated acidification.

Probing physicochemical surface properties at the individ-
ual cell level (Chemical Force Microscopy — CFM) and at the
population scale (electrokinetics) showed that medium acidifi-
cation significantly changes the hydrophobic/hydrophilic
balance of the surface of the PcLyfaL strain. CFM results indi-
cated an increase in hydrophobicity, while electrokinetics
revealed a strong decrease in the cell surface charge/electro-
statics in the peripheral cell surface structure. This was
inferred from variations in cell flow-permeability properties
depending on the presence/absence of sugar in the growth
medium. Additionally, a larger surface amount of YfaL in the
PcLyfal strain grown in the presence of sugar suggests a

17576 | Nanoscale, 2024,16,17567-17584

thicker YfaL-surface coating and a higher tendency for electro-
osmotic flow to enter that coating, consistent with the increase
of the Brinkman length 1/1,. Infrared microscopy confirmed
these surface properties by showing enhanced detection of
B-sheet secondary structures. CFM further supported this
point with a measured increase in the overall rupture force
magnitude and the number of tip-to-cell rupture events when
sugar was present in the growth medium. Overall, these
surface property changes induced by acidification during
growth with fermentable sugars likely reduce the repulsive
cell-cell interaction energy barrier. This favors the recognition
of YfaL proteins of neighboring cells, enhancing attractive
interactions between hydrophobic cell surface YfaL com-
ponents. To fully decipher the molecular mechanisms driving
YfaL-mediated self-aggregation of PcLyfaL cells grown in the
presence of sugar, future work should analyse the specific

This journal is © The Royal Society of Chemistry 2024
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YfaL-YfaL protein interactions as a function of solution pH by
measuring the force curves between AFM probes functiona-
lized with purified YfaL passenger domain or anti-YfaL. mono-
clonal antibodies, and the PcLyfaL strain grown or not in the
presence of sugar.

According to AlphaFold predictions,”® the passenger
domain of YfaL folds into a f-helix structure, similar to Ag43,
with f-strands forming an extended, pseudo-repetitive helical
shape (Fig. 3B). The YfaL passenger domain surface is mainly
acidic, creating a highly electronegative surface at pH 7, unlike
the more balanced Ag43 passenger domain at the same pH
(ESI Fig. $91). AlphaFold models and PROPKA analysis®* show
that the pI of the YfaL passenger domain is 3.3, lower than
Ag43’s pl, which ranges from 4.8 to 5.3 based on available
X-ray structures (4KH3, 7KO9, 7KOB, and 7KOH). This differ-
ence largely explains the predicted free energy of folding, with
a minimum pH value of around 3.9 for YfaL. At pH 4.5, which
is the pH of the culture after growth in the presence of sugar,
YfaL’s passenger domain shows a more balanced electrostatic
surface potential, with a few electropositive patches. Despite
the limits of this estimation, it explains the effect of pH on
Yfal’s surface electrostatics at the molecular level and poss-
ibly its structural organization. Thus, the sugar/pH depen-
dent YfaL-mediated autoaggregation could be due to (i) a
more favorable surface electrostatics at low pH as compared
to neutral pH where negative surface charges prevent auto-
aggregation, (ii) an excess of negative charges at neutral pH,
causing partial unfolding of the passenger domain struc-
ture, or (iii) combination of both. By analogy with the oligo-
meric structures of Ag43°® and H. influenzae Hap adhesin,>®
whose passenger domains also fold as p-helices and auto-
associate via lateral interactions, the repulsive coulombic
interactions at pH 7 would prevent YfaL passenger domain
from folding into a structure compatible with auto-
association.

Throughout this study, we confirmed that YfaL promotes
biofilm formation, and that YfaL-mediated aggregation
increases E. coli biofilm formation and survival in an acidic
environment. These aggregates could protect E. coli against
other stresses, such as antibiotics, predation, chemical stresses
or the immune system, as seen for other bacterial
aggregates.>'®7°77%" purther studies are needed to determine
whether Yfal-mediated aggregates can withstand such stres-
ses. YfaL-mediated aggregation does not affect E. coli ability to
colonize the gastro-intestinal tracts of mice after passing
through acidic stomach. While we cannot exclude that YfaL-
mediated aggregation plays a role in the host under different
low pH conditions, such as during phagocytosis or in the pres-
ence of other chemical or biological stresses, one can envisage
that it also plays a role in the environment where E. coli could
face certain stressful episodes.

Our study reveals that YfaL is the second most prevalent
autotransporter in E. coli, supporting and expanding on find-
ings from previous reports on fewer strains or specific patho-
types of E. coli.*>®" YfaL shows high conservation (more than
80% identity), suggesting a strong selection pressure to main-
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tain this protein and highlighting its potential specific func-
tions and importance in E. coli physiology and behavior from
both environmental and host contexts. However, we also found
evidence that YfaL functions may have evolved, as indicated by
the significant polymorphism in its passenger domain. This
variability is particularly notable in the phylogroups B2, F and
G, associated with pathogenic strains,®>® where the passenger
domain mutation frequency is more than three times higher
than that of the p-domain. Conversely, the passenger domain
is more conserved than the B-domain in the phylogroups A
and B1, associated with commensal and generalist strains.
This pattern extends to other ATs, where the distribution of
AIDA-I ATs similarly clusters phylogroups by their pathogenic
potential, distinguishing them from more generalist strains.
Comparing YfaL with its orthologs, Upal in uropathogenic
E. coli or EhaC in entero-hemorrhagic E. coli, reveals functional
differences. Both Upal and YfaL promote biofilm formation,
whereas EhaC does not.*®*® Upal also exhibits self-aggregation
capabilities,* albeit weaker and slower compared to the rela-
tively rapid aggregation observed with YfaL. In contrast, EhaC
does not promote autoaggregation in the presence of sugar,
possibly due to experimental conditions limiting growth to an
insufficiently low pH.*® Despite Yfal’s high sequence identity
with EhaC (95.5%) and Upal (79.3%), these functional discre-
pancies likely stem from both genetic polymorphism and
differences in the experimental design aimed at studying
aggregation dynamics.

4 Conclusions

In conclusion, our study demonstrates that among the numer-
ous adhesins encoded in the E. coli K12 genome, only two —
Ag43 and YfaL - are capable of self-recognition and mediation
of homotypic bacterial autoaggregation. Furthermore, we found
that YfaL, the second most widespread AT in E. coli, facilitates
bacterial aggregation specifically under low pH conditions fol-
lowing growth in a medium supplemented with fermentable
sugar. These findings underscore how environmental con-
ditions can profoundly influence adhesin properties, enabling
bacteria to swiftly adapt to varying environments.

5 Methods

5.1 Bacterial strains and growth conditions

Bacterial strains and plasmids used in this study are listed in
ESI Table S1.1 Bacteria were grown in Miller’s Lysogeny Broth
(LB) (Corning) supplemented with kanamycin (50 pug mL™"),
streptomycin (100 pg mL "), ampicillin (100 ug mL™") or chlor-
amphenicol (25 pg mL™") when needed. When specified, cul-
tures were also supplemented with sugar, glucose (0.2% final
volume), arabinose (0.4%), fructose (0.3%), mannose (0.2%),
maltose (0.2%), galactose (0.2%) or glycerol (0.2%). Liquid cul-
tures were incubated at 37 °C with 180 rpm shaking. Solid cul-
tures were performed on LB with 15% agar supplemented with
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the appropriate antibiotics. Bacteria were streaked on LB agar
from glycerol stock prior to liquid cultures. Chemicals and
media were purchased from Sigma-Aldrich.

All experiments and genetic construction were done in
E. coli K12 MG1655 (F~, A™, rph-1) obtained from the E. coli
genetic stock center CGSC#6300.

5.2 Strain construction

Insertion of the CFP and YFP cassettes as well as yfaL deletion
were done by P1vir phage transduction from the existing strain
in the laboratory collection or from the Keio collection.®*
Insertions of the cassettes carrying the resistance genes for
deletion or insertion of different promoters were done as
follows: first, the recipient strain was transformed with the
PKOBEGA plasmid, coding for the A-Red operon under the
control of the pBAD arabinose inducible promoter. After the
induction of the A-Red genes, electro-competent cells were pre-
pared from this strain. In parallel, the cassettes carrying the re-
sistance genes for deletion and the cassettes coding for the
different promoters were amplified by PCR (PCR master mix,
Thermo Scientific, F548) using long floating primers at each
end 40 bp of homology with the insertion region. The CmPcL,
KmPcL and resistance genes cassettes were amplified from
existing strains in the laboratory collection. The PCR products
were then dialyzed on a 0.025 pm porosity filter and electropo-
rated into the recipient pKOBEGA strain. After electroporation,
the bacteria were spread on LB plates + the appropriate anti-
biotic and incubated overnight at 37 °C. Once the mutants
obtained were verified by PCR, the pKOBEGA plasmid was
removed by plating at 42 °C and the constructs were trans-
duced using P1vir into a clean genetic background. The strains
were then verified one more time by Sanger sequencing.
Primers used in this study are described in ESI Table S2.}

5.3 Adhesin interaction assay

Bacteria expressing different CU-fimbriae and type V secreted
proteins were grown as described above until ODgoo = 0.8.
From these pre-cultures, new overnight cultures were then
launched, with the strains expressing adhesins, whose inter-
action was to be tested, at a 1:1 ratio. For each interaction
test, one strain carried the CFP tag and the other strain carried
the YFP tag in order to differentiate homotypic and heterotypic
interactions. After overnight cultures, the tubes were left for
aggregation during 5 hours at room temperature. Aliquots
were taken from the bottom of the tubes, spotted on a
microscopy glass slide (Superfrost Plus, Thermo Fisher
Scientific) and covered with a coverslip prior to observation
with an epifluorescence microscope at x1000 magnification.

5.4 Aggregation curves

Cultures were grown as described above, and 1 mL aliquots
were diluted to an ODgg = 3 in spent growth medium (i.e. LB
or LB + sugar) allowing us to maintain the generated acidic
conditions while avoiding further bacterial growth during the
aggregation process. Once diluted, all tubes were vortexed and
an aliquot of 50 pL was removed 1 cm below the top of the
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culture, and diluted with 50 pL of LB prior to ODgo, measure-
ment. The bacteria were then left to aggregate at room temp-
erature for 6 hours, while repeating the measurement of ODggo
1 cm below the top of the culture every hour.

5.5 Western blot

Aliquots of 1 mL at ODggo = 2 from overnight cultures were
centrifuged (6000 rpm for 10 min), resuspended in 100 pL of
Laemmli buffer 1x (Bio-Rad #1610747), and boiled for 10 min
at 95 °C. 10 pL of these raw cell extracts were separated by
SDS-PAGE using TGX 4-15% gradient precast gels (Bio-Rad).
Then, the proteins were transferred onto a 0.2 pm nitrocellu-
lose membrane using Trans-Blot Turbo Transfer System (Bio-
Rad). The membranes were washed with PBS containing
0.05% tween (Tween20 Sigma) (PBST) and blocked with PBST
supplemented with 5% skimmed milk powder at room temp-
erature for 1 hour. The membranes were then washed in PBST
twice, before incubation with the primary antibodies that were
either rabbit anti-alphaYfaL (a gift from Prof M. Schembri),
rabbit anti-alphaAg43 or mouse anti-RNAPalpha (BioLegend
#663104) diluted 1/5000 in PBST supplemented with 1%
skimmed milk powder for 1 hour at room temperature. The
membranes were blocked again with PBST milk for 1 hour at
room temperature and washed twice in PBST before incu-
bation with secondary antibodies that were either goat anti-
rabbit HRP-linked (Abcam, ab6013) or goat anti-mouse HRP-
linked (Invitrogen G21040) diluted 1/7500 in PBST for 1 hour
at room temperature. The membranes were then washed 4
times in PBST for 15 min. The membranes were then revealed
using an ECL kit (GE Healthcare) and the iBright™ CL1500
system (Thermo Fisher).

5.6 Immunofluorescence

Glass slides containing 12 wells (MP Biomedicals™) were suc-
cessively washed with water, 70% EtOH and 100% EtOH and
then quickly flamed. Each well was treated with poly-L-lysine
(Sigma P8920) for 2 min, washed 3 times with PBS and left to
dry.

Aliquots of 1 mL at ODggo = 1 from overnight cultures were
centrifuged (6000 rpm, 10 min) and washed twice with 1 mL of
PBS. 50 pL of the different samples were then placed in the
wells and left for 5 min at room temperature. Bacteria were
then fixed with a solution of 4% paraformaldehyde (PFA)
(Sigma P6148) for 10 min at room temperature. The wells were
then washed 3 times with PBS, coated with 50 mM NH,CI (in
PBS) for 3 min at room temperature before being washed
again 3 times with PBS. Each well was then saturated with a
solution of PBS containing 0.5% BSA (Sigma A7888) for 15 min
at room temperature. The excess of BSA was removed, and the
wells were covered with primary antibody anti-alphaYfaL
diluted at 1/500 in 0.5% PBS-BSA for 45 min. The wells were
then washed 3 times with PBS, before incubation with a solu-
tion of secondary antibody anti-rabbit-Alexa488 diluted at 1/
300 (Invitrogen Molecular Probe) mixed with DAPI diluted at
1/100 (Invitrogen Molecular Probe D1306) for 45 min at RT.
The wells were then washed 3 times with PBS and once with
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1 mL of water and left to dry. Finally, Dako fluorescent mount-
ing medium (Dako S3023) was added on top of each well
before adding the coverslip and the slides were left for 30 min
at room temperature to solidify before observation with an epi-
fluorescence microscope (EVOS M7000, Invitrogen).

5.7 RNA extraction and qRT-PCR

150 pL samples from overnight cultures, in LB, LB ara, LB
MOPS and LB MOPS ara were washed with 2 volumes of RNA
protect (Qiagen) and left for 5 min at room temperature before
centrifugation at 5000g. The pellets were kept at —80 °C during
the preparation of all biological replicates. Total RNA was
extracted from the pellets using FastRNA Pro™ BLUE KIT (MP
Biomedicals) following provider’s instructions and treated
with DNase (Thermo Fischer Scientific, AM1907) for 60 min to
remove any DNA contamination. For each condition, 6 biologi-
cal replicates were performed, and quality and concentration
were checked using a Nano Drop instrument.

Reverse transcription was performed using the Roche AMV
cDNA first strand synthesis kit (Sigma) following the supplier
protocol. Briefly, 550 ng of RNA of each sample were mixed
with 4 pL MgCl, 25 mM, 2 pL 10x reaction buffer, 1 pL 3’
primer 20 pM, 2 pL dNTP mix at 10 mM each, 0.8 uL AMV
reverse transcriptase and 1 pL RNase inhibitor 50 U pL™", and
water (qsp 20 pL). The mix was then successively incubated for
10 min at 25 °C, 60 min at 42 °C and 5 min at 99 °C to inacti-
vate the enzyme. cDNAs were then mixed with SYBR green
PCR master mix (Life Technologies) following the provider’s
instructions, and with the yfalL qPCR primers. The mix was
then distributed in a 384-well plate in technical triplicates for
each biological replicate. The qPCR was performed with the
QuantStudio 6 Flex real-time PCR machine (Thermo Fischer
Scientific) and absolute quantification of yfal mRNA was
obtained using the standard-curve quantification method.

5.8 Infrared spectroscopy

Infrared spectra in total attenuated reflection mode (IR-ATR)
were recorded between 4000 and 800 cm™" on a Bruker Tensor
27 spectrometer equipped with a KBr beam splitter and
a DTGS detector, driven by the OPUS 7.8 software. The resolu-
tion of the single beam spectra was 4 cm™'. A nine-
reflection diamond ATR accessory (DurasamplIR™, SensIR
Technologies, incidence angle: 45°) was used for spectra acqui-
sition. The number of bidirectional double-sided interfero-
gram scans was 200, which corresponds to a 2 min accumu-
lation. All interferograms were Fourier processed using the
Mertz phase correction mode and a Blackman-Harris three-
term apodization function. No ATR correction was performed.
Measurements were performed at 21 + 1 °C in an air-con-
ditioned room. A volume of the suspension was centrifuged at
8000 rpm for 5 min and the supernatant was used to remove
the spectral background. 50 pL of the bacterial suspension in
their culture media was put on the ATR crystal, a cap was laid
on the sample to prevent water evaporation. Water vapor sub-
traction was performed when necessary. One spectrum every
15 minutes was recorded for 4 hours.
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5.9 Chemical force microscopy

CFM measurements were performed in Force Mapping mode
using a MFP3D-BIO (Asylum Research Technology, Atomic
Force F&E GmbH, Mannheim, Germany) at room temperature
in PBS buffer. The experiment was conducted using 1-dodeca-
nethiol coated gold AFM-tips (NPG-10, Bruker France SAS,
Palaiseau, France) with a spring constant of ca. 0.12 nN nm™".
For each sample, 3 force maps were recorded on a 5 x 5 pm?
surface containing at least one bacterium for 32 x 32 measure-
ments (1024 force curves). The hold time was fixed at 100 ms
and the retraction rate at 1 um s ' for a piezo drive of
1000 nm. Bacterial suspensions were previously immobilized
onto PEI-coated glass substrates for which hydrophobic forces
of about 1.03 + 0.21 nN were recorded. Retraction curves were
analyzed to determine the number of adhesive events and the
amplitude of the corresponding force peak, as well as the
rupture or separation distances at which the last adhesive
event occurred upon retraction of the AFM probe from the cell
surface. Statistical analyses were performed on the number of
detected peaks on each retraction curve after excluding all
curves recorded onto the PEI-coated substrates.

5.10 Electrophoretic mobility

Electrophoretic mobility experiments were performed along
the lines detailed elsewhere.*>3® Briefly, measurements con-
sisted in monitoring the migration of the selected bacterial
strains (¢f. details below) in a quartz rectangular capillary
under the action of an applied DC electric field. The ensuing
trajectories of the bacteria were recorded by Electrophoresis
Light Scattering at a 90° detection angle, and electrophoretic
velocities were subsequently computed from cell trajectories
imaged over time. Electrophoretic mobilities, denoted as g,
were then evaluated from the ratio between electrophoretic
velocity and magnitude of the electric field applied between the
electrodes immersed in the aqueous medium where bacteria
were suspended (here 800 V m™"). The preparation of medium
assays for electrophoretic measurements proceeded as follows.
After overnight growth in the presence or absence of fructose,
the pH of bacterial suspensions was measured, bacteria were
then washed twice by centrifugation (4500g for 5 min) and
resuspended in 10 mM KNO; electrolyte before adjustment of
ODgoonm to 0.2. The corresponding bacterial suspensions were
then diluted 10 times in 1 mM to 150 mM KNOj; electrolyte
solution batches to get a final bacterial concentration
ODgpo nm Of 0.02 in the quartz electrophoresis measurement
cell. Using a Zetaphoremeter IV (CAD Instruments), electro-
phoretic mobility measurements were subsequently performed
in aforementioned KNO; media at natural pH (5.7) and at pH
4.6 (value corresponding to the final pH of suspension of cells
after growth with fructose), at room temperature and in tripli-
cate for each KNO; concentration tested. For electrophoretic
measurements at pH 4.6, rinsing and dilution of cell suspen-
sion in the KNO; electrolyte were carried out with 10 mM and
1 M KNOj; solutions, and ultrapure water previously adjusted
to pH 4.6 by the addition of 0.1 M HNO; aliquots. All salts
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used for sample preparation and measurements were pur-
chased from Sigma Aldrich with 99% purity. The measure-
ments were performed on the WT and PcLyfaL strains grown
(i) without fructose and in the presence of 0.2% fructose at pH
5.7, and (ii) without fructose and in the presence of 0.3% fruc-
tose at pH 4.6.

The measured dependence of the electrophoretic mobility
on the KNO; electrolyte concentration for a given bacterial
strain was quantitatively interpreted on the basis of well-estab-
lished soft surface electrophoresis (SSE) theory.*>*' This
theory goes beyond the conventional zeta-potential and slip-
ping plane concepts, shown to be inappropriate for bacteria
featuring soft structures permeable to ions from the electrolyte
solution and to electroosmotic flow developed under electro-
phoresis conditions.’®*" Instead, it explicitly integrates (i) the
way cell surface electrostatics is mediated by the density of 3D-
distributed cell structural charges, and (ii) the finite pene-
tration of the electroosmotic flow (developed under electro-
phoresis conditions) within the peripheral cell structure, with
both (i) and (ii) affecting cell electrophoretic mobility (¢f. e.g.
reviews in*® and in®®). According to this theory, at sufficiently
high electrolyte concentrations (typically above 10 mM-50 mM
depending on the bacteria)*’ where Donnan electrostatics is
established in the electrokinetically active peripheral cell
surface layer, the electrophoretic mobility x of bacterial cells
can be approximated by the following expression:**

,0_0 EWD/Km +WD//10 (1)

r= N 1/km+1/2

N
where p, (in C m™) is the net volume density of structural
charges carried by the bacterial surface, k, (in m™) is the reci-
procal Debye layer thickness operative in the electrokinetically
active cell surface layer, and 1, (in m™") is the softness para-
meter. The quantity 1/1, corresponds to the characteristic
penetration length of the electroosmotic flow within the soft
permeable cell surface structure. The magnitude of 1/4, inti-
mately depends on the nature of the charged cell structure
exposed to the electrolyte solution. In particular, 1/4, (as well
as p,) differs according to the nature, conformational state
and/or molecular compacity of the surface components of the
bacteria, as previously evidenced for e.g. fibrillated and non-
fibrillated oral streptococcal bacterial strains,’® for bacteria
exhibiting or not peripheral hydrated carbohydrate layer,®” and
for E. coli strains featuring surface Ag43 adhesins, type-1 fim-
briae or type-F pili.*® In eqn (1), y° corresponds to the surface
potential, ie. the potential at the position marking the
location of the outer boundary of the cell surface layer, and y”
is the Donnan potential, i.e. the electrostatic potential reached
within the bulk of that layer. The parameters ", y° and «, all
depend on the space charge density p, and I according to:

RT . _i/p

> = e () 2
4 FSln 2Fl)’ ()
o RT FyP

=y® - —tanh(—— 3
y =y~ —tanh{ ), 3)
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D 1/2
Km = K{COSh (IZ; ) } , (4)

where R is the gas constant, T is the absolute temperature, F is
the Faraday number and I is the solution ionic strength fixed
in our experiments by KNO; electrolyte concentration ¢kno,- Po
and 1/1y were determined from the measured variation of u
with changing KNO; concentrations using the standard
Levenberg-Marquardt procedure for fitting cell electrophoretic
mobility data to eqn (1)-(4).

5.11 Modeling of the YfaL structure

AlphaFold models for full-length YfaL and Ag43 were gener-
ated with a local implementation of ColabFold®® using “ptm”
parameters,”> 12 recycling, pIDDT score for scoring and model
relaxation with OpenMM.>* Electrostatic surface potential for
the passenger domains (YfaL; g3 and Ag43, ¢s54) Were gener-
ated with ABPS/PDB2PQR,* using PROPKA’® for pK, predic-
tion at various pH values.

5.12 Biofilm formation in 96-well plates

Bacteria were grown overnight as described above in LB.
Cultures were diluted to an ODggo = 0.05 in 100 pL LB and LB
+ 0.3% fructose and inoculated in technical duplicates in poly-
vinyl chloride (PVC) round bottom 96-well plates (Corning).
External wells were filled with 200 pL of water to prevent evap-
oration. Plates were then incubated at 37 °C for 24 hours. After
24 hours, one plate was resuspended to measure the OD600
using a Tecan Infinite-M200-Pro spectrophotometer. In the
other plate, bacteria were fixed using Bouin solution for
15 min and non-attached bacteria were washed away by flick-
ing, wells were then washed with water twice. Biofilms were
then stained with 125 pL of crystal violet 1% (V5265; Sigma-
Aldrich) for 15 min. Crystal violet was then removed by flicking
and biofilms were washed twice with water. Biofilms were then
air dried and resuspended using a solution of acetone : ethanol
1:4 mix, and OD at 575 nm was measured using a Tecan
Infinite-M200-Pro spectrophotometer.

5.13 pH survival assay

Bacteria were grown overnight as described above, in LB +
0.3% fructose. 1 mL aliquots were then adjusted to an ODggg =
3 using spent media, and left to aggregate on the bench for
5 hours. pH value in each tube was then measured using a pH
meter (FiveEasy Plus, METTLER TOLEDO), and adjusted to
different values (2, 1.5 and 1) using a 30% HCI solution. HCI
was added directly on top of the culture, while constantly
monitoring the pH, and mixed carefully to avoid breaking of
the aggregates. Tubes containing bacteria in an adjusted-pH
medium were then left on the bench for 1 hour. After treat-
ment, bacteria centrifuged at 6000 rpm were washed twice in
LB and vigorously vortexed to break the aggregates. Serial
dilutions from 10~" to 107 were then performed and distribu-
ted on LB agar. Plates were incubated overnight (14-16 hours)
at 37 °C before colony forming unit (CFU) counting. Results
were plotted and statistical analyses were carried out using R
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software (version 4.0.2) implemented in Rstudio (version
1.3.1093) using both ggpubr’* and ggplot2’* packages.

5.14 Invivo colonization experiments

Ethics statement. Specific-pathogen-free female BALB/cByj
mice (seven weeks old) from Charles River Laboratories (Saint-
Germain-sur-UArbresle, France) were housed in an animal
facility in accordance with Institut Pasteur guidelines and
European recommendations. Food and drinking water were
provided ad libitum. The animal facility was accredited by the
French Ministry of Agriculture to perform experiments on live
rodents (accreditation number A75-15 01, issued on 20™
October 2027, and number A75-15 02 issued on 20" October
2027) in compliance with French and European regulations on
the care and protection of laboratory animals (EC Directive
2010/63, French Law 2013-118, issued on 1% February 2013.
All experiments were approved by the Ethic Committee
#89 and registered under the reference APAFIS#26874-
2020081309052574 v1). We used 12 mice for this study.

Intestinal colonization of mice. Streptomycin sulfate (5 g
L") was added to the drinking water of mice starting four days
before bacterial administration and was renewed weekly. For
each condition used in an isolated separator, groups of 3 mice
received 200 pL of WT and/or PcLyfal strains (2 x 10’ CFU pre-
pared from an overnight culture in LB + 0.3% fructose at
37 °C) by oral gavage. For the mixed culture, 100 pL of each
strain were mixed at a 1:1 ratio in LB + 0.3% fructose prior to
gavage, and this combination was done in duplicate (2 x
3 mice, Mix 1 and Mix 2). The feces were collected before and
6 hours, 1, 2, 3, 6, 7 and 8 days after the gavage. The abun-
dance of each strain in the feces was measured by flow cytome-
try thanks to the GFP and Mars tag carried by the PcLyfaL and
WT strains, respectively. Results were plotted and statistical
analyses were done using R software (version 4.0.2)
implemented in Rstudio (version 1.3.1093) using both ggpubr’*
and ggplot2”” packages.

5.15 Bioinformatics analysis

Identification of AIDA-I ATs in E. coli genomes. The protein
sequences of 13 AIDA-I ATs from E. coli K12 MG1655 (YfaL
(Uniprot ID: P45508), UpaC (Uniprot ID: W9ABU3), Ag43
(Uniprot ID: P39180), YejO (Uniprot ID: P33924), YcgV
(Uniprot ID: P76017), YdeK (Uniprot ID: P32051), EhaA
(Uniprot ID: AOA3U6DUM1), UpaB (Uniprot ID: AOAODSWOFS),
YpjA (Uniprot ID: P52143), UpaH (Uniprot ID: J3Y690), UpaE
(Uniprot ID: AAN81345.1), and AatA (Uniprot ID: D7GKB9))
were used as query for tBLASTn searches (blast+ version
2.2.317%) against a custom database composed of
2053 genomes of E. coli (ESI Table S7,} https://zenodo.org/
records/12725345) having a predicted proteome in NCBI
(January 2019). The BLAST outputs were then filtered to keep
only hits with at least 60% identity and 60% coverage. Because
the p-barrel is common to all AIDA-I ATs and is quite con-
served between these gene families, the resulting list of blast
hits was checked to avoid overlap, that is a candidate gene that
would be identified by BLAST as being part of multiple AIDA-I
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ATs gene families because of this conserved p-barrel sequence.
Finally, in order to keep only full sequences, the candidate
sequences were checked for appropriate START and STOP
codons as well as the absence of a STOP gain within the CDS
that would result in a too short and likely unfunctional
protein.

The phylogroup associated with each genome was predicted
using ClermonTyping tool.”

Analysis of YfaL protein sequences. All 1819 identified YfaL
complete sequences were aligned using mafft version 7.4077°
with the G-INS-i option and the resulting alighment was
screened to identify mutations relative to our reference
sequence from E. coli K12, strain MG1655. The mutation fre-
quency was calculated for both the alpha-domain and beta-
domain and compared to each other using the Wilcoxon test.
This analysis was performed for the whole dataset as well as
for each phylogroup separately.

The YfaL complete sequence multiple alignment was
trimmed using trimal v1.4.17° and used to build a Maximum
Likelihood phylogenetic tree with PhyML version 3.177 with
100 bootstraps. The best fit model for the tree reconstruction
was inferred using ProtTest version 2.4.”° The phylogenetic
tree was then visualized and edited using iTOL v4.”°

5.16 Statistics and reproducibility

Data are presented as the mean + standard deviation (SD) or
tstandard error of the mean (SEM) or with individual data
points from at least three independent biological experiments.
Statistical analyses were performed using Prism 9.5.0
(GraphPad Software Inc.) and correspond to unpaired two-
tailed non-parametric Mann-Whitney test between two groups.
p-Values <0.05 were defined as the level of statistical significance.
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