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The study of microorganism interactions is important for understanding the organization and
functioning of microbial consortia. Additionally, the interaction between yeast and bacteria is of
interest in the field of health and nutrition area for the development of probiotics. To investigate
these microbial interactions at the cellular and molecular levels, a simple, reliable, and quantitative
method is proposed. We demonstrated that flow cytometry enables the measurement of interactions
at a single-cell level by detecting and counting yeast cells with bound fluorescent bacteria. Imaging
flow cytometry revealed that the number of bacteria attached to yeast followed a Gaussian
distribution whose maximum reached 14 bacterial cells using a clinical Escherichia coli strain E22 and
the laboratory yeast strain BY4741. We found that the dynamics of adhesion resemble a Langmuir
adsorption model, albeit it is a rapid and almost irreversible process. This adhesion is dependent on
the mannose-specific type 1 fimbriae, as E. coli mutants lacking these appendages no longer adhere
to yeast. However, this type 1 fimbriae-dependent adhesion could involve additional yeast cell wall
factors, since the interaction between bacteria and yeast mutants with altered mannan content
remained comparable to that of wild-type yeast. In summary, flow cytometry is an appropriate
method for studying bacteria-yeast adhesion, as well as for the high-throughput screening of
candidate molecules likely to promote or counteract this interaction.
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A number of studies have highlighted the beneficial effects of adding whole yeasts or yeast cell walls to animal
feed in terms of health and growth performance'™, leading to the development of probiotics and paraprobiot-
ics process as mean to provide protective effects to the ingesting host®. These protective effects provided by
probiotic (viable organisms) or paraprobiotic (non-viable micro-organisms or fractions thereof) according to
FAO definition (FAO/WHO, 2001; https://www.fao.org/3/a0512e/a0512e.pdf) are suggested to be mostly due
to components of the cell wall products that act as anti-adhesive agents preventing attachment of bacteria to
the surface of intestinal mucosal®’. This suggestion is based on the finding that bacterial adhesion to intestinal
mucosa is achieved by glycoproteins abundantly present in the membrane of these host cells carrying N-linked
mannose structures that bind to bacterial mannose-specific type 1 fimbriae®-1. As yeast cell wall are enriched
with proteins highly decorated with mannosyl sugars that represents about 40% of the cell wall mass'!*?, these
components can act as antagonist to mannosyl sugars of the host glycoproteins'*!>. However, bacteria adhesion
to intestinal cells can also occur by other means, such as by afimbrial autotransporter (AT) adhesins that are
present among Enterobacteriaceae family of the Escherichia genus'S, or the outer membrane protein Tia encoded
by the locus tia and produced by some enterotoxigenic E. coli (ETEC)". In addition, other yet unknown factors
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in addition to mannans could have a role in interaction of bacteria to yeast cells as suggested by work of Ganner
et al.'®!? and Tiago et al.?** showing no correlation between cell wall mannan content and bacterial adhesion.
Opverall, the mechanism of bacteria-yeast interaction and the nature of the molecular components involved in
this interaction are still largely unknown.

To study the adhesion of bacteria to yeast cells and to characterize the effects of probiotics and paraprobiotics®!
to prevent bacteria attachment to intestinal cells, a simple and reliable method is essential. This method must
be quantitative, capable of being used to high throughput screening of compounds likely to affect this adhesion,
and above all, this method must be able of measuring the adhesion of bacteria with yeast on a single cell level in
order to overcome the problems of aggregation that can happen with both bacterial and yeast cells. This analysis
on a single cell scale should also make it possible to understand the molecular mechanisms of this interaction.
To date, the different methods that have been set up to measure bacteria-yeast interaction do not fulfill these
requirements. This is notably the case for the agglutination method originally developed by Mirelman et al.?2.
In this method, bacterial cells are incubated with yeast cells for a certain period of time, which is followed by
visual examination under the microscope. Results obtained can be highly subjective and operator dependent,
and bacteria trapped into yeast aggregates are hardly distinct from those that adhere to yeast cells. Also, the
sedimentation method which is based on counting bacterial cells that did not sediment with yeast cells during
co-incubation is poorly reliable because of many false positive data due to bacteria that are just entrapped in cell
aggregates’®?. Likewise for the filtration method, which enables a direct counting of bacteria bound to yeast cells
but cannot distinguish between true binding and entrapment. A microplate assay initially developed by Becker
et al.** and optimized by Ganner et al.'® used the optical density measurement as a growth parameter for bacteria
bound to yeast cell wall products retained in microtiter plate wells. The principle is based on an inverse relation-
ship between initial cell densities and the resumption of growth: the higher the number of adherent cells, the
shorter the time taken for bacterial growth to resume, likely because of the effect of local concentration of cells.
This method, albeit simple to set up and more reliable than those previously described, presents same artifacts
of false positive interaction as those previous ones. Other methods like direct visualization of interaction using
scanning electronic microscopy>'** or parallel-plate flow chamber that could get around some of the limitations
described above were set up®, but they have also serious restrictions including the duration of sample prepara-
tion, experimental set-up and measurement. Therefore, these methods are not suitable as a screening tool for
investigating effectors and parameters involved in the interaction.

In this report, we show that the conventional and image flow cytometry is an appropriate tool to directly
and quantitatively investigate the adhesion of bacteria to yeast cells. After establishing the standard procedure
for accurate and quantitative measurement of adhesion of bacteria to yeast cells, we validated our method by
testing the E. coli mutants lacking type 1 fimbriae (or type 1 pili) as well as yeast mutants with altered content
of the mannoproteins in the cell wall.

Results

Flow cytometry as a reliable method for investigate bacteria-yeast adhesion

A mix of bacteria and yeast incubated for 1 h at 37 °C in PBS buffer placed under the microscope revealed a
physical contact between these two microorganisms, whether this image was taken in bright field or imaged
after excitation at 490 nm to collect green fluorescence emitted by the bacterial cells expressing the green fluo-
rescent Dendra2 protein (Fig. 1A). While some bacteria appeared to adhere to yeast cell, others were probably
trapped in the aggregates formed by several yeast cells. Therefore, to be quantitative and free from artifacts, a flow
cytometry-based method capable of quantifying the cell-to-cell interaction was developed. The two microorgan-
isms independently analyzed appear in two distinct populations based on morphology and fluorescence charac-
teristics. Indeed, the size and morphology of bacteria and yeast are very different, which enables to distinguish
them on forward scatter (FSC) versus side scatter (SSC)-area using classical gating strategies (Fig. 1B,C upper
panel). Analysis of yeast cells alone led to a peak of low fluorescence intensity with median values of 200-300
A.U.,, corresponding to the natural fluorescence of yeast cells (autofluorescence), while the recording of E. coli
cells expressing the green fluorescent protein Dendra2 led to a single peak of higher fluorescence intensity with
median values in the range of 300,000-400,000 A.U. (Fig. 1B,C lower panel). After incubation of a mix of yeast
cells (approx. 108 cells) with green fluorescent E. coli cells (approx. 10° cells) for 90 min at 37 °C followed by a
quick wash with PBS buffer, the suspension was analyzed by flow cytometry. A high fluorescence intensity was
recorded at the gating events of yeast population, indicating the presence of bacterial cells attached to yeast cells.
Accordingly, two distinct peaks were resolved within the yeast population; a first one that counted for the auto-
fluorescence of yeast cells and a second peak that corresponded to bacteria attached to yeast singlets (Fig. 1D).
However, to quantify these interactions, only single yeast cells (singlets) with similar cell size and granularity
based on the FSC-A (area) and FSC-H (height) plot had to be retained (Fig. S1). The cell counts of the “fluores-
cent” yeast population was thus taken to calculate an adhesion index (A;) that corresponded to the number of
singlets yeast that have at least one bacterium bound to the total number of yeast singlets.

To ensure that A, reflected true binding of bacteria to yeast cells, we performed several washes before measur-
ing fluorescence by flow cytometry. A; decreased by less than 10% after two successive washes and then remained
stable over the next washes (see Fig. S2 in suppl. data). In addition, we investigated the effect of incubation time
on the yeast-bacteria interaction and found that A; value plateaued already after 10 min of co-incubation (see
Fig. §2) and the value did not change with longer incubation times. Using imaging flow cytometry, the bacteria-
to-yeast interaction was clearly visualized (Fig. 2A), allowing the quantification of the number of bacteria bound
per yeast cell. This number of bound bacteria followed a Gaussian distribution, with a median value of 6 bacteria
and a maximum of 14 (Fig. 2B), when the co-incubation was carried out with large excess of bacteria (> 5 x 10°)
over yeast cells (10%), giving rise to A;>80%. When the number of bacteria was in the range of that of yeast cell
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Figure 1. Flow cytometry measurements of bacteria—yeast adhesion. (A) Microscopy bright field and
fluorescence images of incubation mixture of the E. coli E22 (10° cells/ml) expressing the green fluorescent
protein Dendra2 with 10® BY4741 yeast cells/ml in PBS buffer. (B, C) Representative flow cytometry dot plots
SSC-Area vs FSC-Area and corresponding fluorescence intensity histograms of E. coli E22 cells expressing the
green fluorescent protein Dendra-2 (B) and S. cerevisiae BY4741 strain (C). In (D) is shown the flow cytometry
dot plot SSC-Area vs FSC-Area of the mix yeast and bacteria and fluorescence intensity histogram of the yeast

population (as indicated by the arrow).
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Figure 2. Imaging flow cytometry of yeast—bacteria interaction. (A) Image analysis of representative samples
of bacteria retained to yeast cells as acquired on the ImageStreamX Mark II. (B) The number of bacteria attached
per yeast cell using a ratio bacteria: yeast of 50 (5x 10%: 10® yeast cells) was quantified on about 1000 of single

yeast cells.

(10® and A; ~ 10%), this value dropped to maximum of 5 bacteria per yeast cell with the median at 1 bacterium
(data not shown).

To illustrate how the aggregation state of yeast, can lead to difference in percentage of singlets and inac-
curate conclusions on bacterial adhesion, we used gasIA mutant, known to form strong cell-cell aggregates
representing > 50% of the total population®. Assuming same amount of yeast cells based of ODjq,, We found
that the A; of E. coli E22 strain with gas1A mutant was 3-times higher than with isogenic wild type (BY4741)
cells. However, after sonication of the gasIA culture to destroy as much as possible the aggregates, and by this
way increase the number of single yeast cells in the mixture, the A; value became comparable to that of the wild

type (Fig. S3 in suppl Data).
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Dynamic aspects of bacteria -yeast adhesion and influence of environmental parameters

The flow cytometry-based method allowed to determine the dynamic of adhesion of bacteria to yeast by measur-
ing A, as a function of the number of bacteria that was co-incubated with a fixed number of yeast cells. As shown
in Fig. 3, the plot obtained for two different bacteria strains, namely the laboratory E. coli K12 BW25113 and
the clinical isolate E. coli E22 followed a hyperbolic curve that resembled a Langmuir adsorption model (inset
a of Fig. 3). By plotting the inverse of A; versus the inverse of bacterial cells concentration, a regression line was
drawn from which an adhesion constant a that corresponded to the slope of these lines, could be calculated
according to Eq. (3) described in Materials & Methods. This o value was 2.0-fold lower for clinical strain E22 than
for laboratory strain BW25113 (1.22x 107° cells™ ml for E22 and 2.55x 107 cell™ ml for BW25113), indicating
that E22 strain exhibited an apparent affinity to yeast higher than that of BW25113.

As emphasized elsewhere?, it is not because the adhesion displays a Langmuir-like curve that this phe-
nomenon agrees with a Langmuir adsorption isotherm, for which adsorption/desorption must be a reversible
process. To know whether the adhesion of bacteria cells to yeast cells is dynamically reversible, we performed
a competition between fluorescent and non-fluorescent bacteria. After the E. coli cells were co-incubated for
90 min with yeast cells, the mix was challenged with a tenfold excess of non-fluorescent E. coli cells and further
incubated for 90 min before fluorescence measurement. Results of this experiment showed that the percentage of
adhesion only decreased by 10% (Fig. 4). Same results were obtained even when the pre-incubation of fluorescent
bacteria with yeast cells was carried out for shorter time (ie 10 min, data not shown). These results indicate that
the adhesion of bacteria is fast, almost irreversible and hence may involve strong linkages between the two cells.
Additionally, we found that pH, temperature and ionic strength had no significant effect on the adhesion of this
E. coli E22 strain on the BY4741 yeast strain (see Fig. S4 in suppl. data).

Type 1 fimbriae are essential for adhesion of bacteria to yeast cells
To test the sensitivity and reliability of our method, we measured adhesion of various E. coli strains from labora-
tory and clinical collections to the laboratory yeast BY4741. We compared the adhesion index between all bac-
teria tested using the same number of bacterial cells (~ 10° cells) that were co-incubated with a fixed amount of
BY4741 strain (10® cells), followed by two quick washing. Results in Fig. 5 showed that the clinical isolate E. coli
E22 strain presented the highest adhesion index (A; ~ 93%) followed by another clinical isolate SP15 (A; ~ 82%)
and then by the two laboratory K12-derivative strains BW25113 and DH5a, whose A; was 25% lower than that
of E22 strain (at P<0.001). In contrast, BL21 and ccdB strains that belong to E. coli B. group as well as the clinical
isolate M1/5 exhibited very poor adhesion (A; < 5%). This study highlighted the occurrence of at least three cat-
egories of bacteria distinguished by their adhesion capacity to yeast cells, namely high adherence as exemplified
for E22 and SP15; moderate adherence for DH5a and BW25113 and weak to nil adherence for BL21, ccdB and
M1/5 (high adherence was significantly distinct from moderate at p <0.05 and moderate from weak at p<0.01).
The absence of interaction of E. coli BL21 with yeast led us to question the role of type 1 fimbriae in this
interaction, given that BL21 is deficient in the production of these extracellular structures?®?. This potential
role is further supported by previous data showing that interaction to yeast cells was impaired in E. coli mutants
defective in type 1 fimbriae®*-32. To confirm with our method that these structures are implicated in adhesion
of bacteria to yeast cells, E. coli BW251123 defective in fimA, encoding the rod-forming major subunit of type I
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Figure 3. Adhesion of bacteria to yeast as a function of the concentration of bacteria. Dose-dependency of E.
coli E22 (blue) or BW25113 (brown) cells concentration on adhesion to a fixed amount (108 cells/ml) BY4741
cells from three independent experiments carried out in PBS at pH 7 and 37 °C. Insert shows the plot 1/A; vs 1/
bact that enables to estimate the value o for these two bacteria interacting with.
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Figure 4. The adhesion of E. coli to yeast is an almost irreversible process. Adhesion index of bacteria-yeast
before (A) and after the addition of an excess of non-fluorescent E. coli (B). Co-incubation of 10® BY4741 yeast
cells and 5% 10° E. coli E22 cells/ml expressing fluorescent Dendra2 protein was carried out at 37 °C for 90 min,
followed by two washing steps. Then, the mix was split, and part was further washed with 5x 10" cells/ml of
non-fluorescent E22 cells during 30 min prior to record fluorescence. *p <0.05.
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Figure 5. Adhesion to yeast of different strains of E. coli. Adhesion capacity of different fluorescent E. coli
strains was measured after the co-incubation of 10? cells of E. coli strains carrying pet23-IHF-Dendra2 plasmid
with 108 BY4741 cells. Genotype and origin of the E. coli strains are given in Table 1. Kruskal-Wallis ANOVA
with Dunn post-test compared to reference E. coli BW25113 (BW). *p <0.05., **, p<0.01; NS: not significant
compared to BW25113 strain.

fimbriae* and in fimH encoding the mannose-binding specific adhesin located at the tip of the fimbriae* were
co-incubated with yeast BY4741 and adhesion index (A;) was compared to the reference E. coli BW25113 strain.
As shown in Fig. 6, A; was drastically decreased to less than 5% upon deletion of fimA or fimH genes, supporting
a critical role of type 1 fimbriae in the active adhesion of bacteria to yeast. The remaining attachment of E coli cells
defective in type 1 fimbriae was most likely due to non-specific binding since it could be completely eliminated
by an additional 30 min of incubation with the PBS, a condition that was unable to remove the even low amount
of E. coli BW25113 strain bound to S. cerevisiae BY4741 (see Fig. S5 in suppl. data).

Yeast cell wall mannoproteins and other factors contribute to the bacteria adhesion

Yeast cell wall is composed of B-glucans, mannans and chitin at proportion of roughly 55:40:5%>%. To investigate
the potential implication of these polysaccharides in adhesion, we performed a competition assay in which
fluorescent E. coli E22 strain was incubated with monosaccharides representing these polysaccharides prior
to co-incubation with yeast cells. As shown in Fig. 7A, the adhesion of bacteria to yeast cells was reduced by
90% when 1.0 M of D-mannose or methyl-D-mannose was used in the pre-incubation step, whereas glucose
or methyl-glucose that represent -glucans or N-acetylglucosamine for chitin had no effect. Dose dependent
effects of D-mannose and methyl-D-mannose were further tested, showing that methyl-mannose was slightly
more potent than mannose to antagonize the adhesion of bacteria to yeast (Fig. 7B). In contrast, adhesion was
only partially antagonized when these mannosyl-sugars were added after bacteria and yeast were incubated.
This antagonistic effect was at most 30% even in the presence of 1.0 M of methyl mannose (Fig. S6, suppl data),
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Figure 6. Type 1 fimbriae are essential for adhesion of bacteria to yeast. (A) Representative flow cytometer
plots of interacted 5x 108 cells of fluorescent E. coli BW25113 or fimA and fimH mutants with 10% of BY4741
yeast cells (B) Adhesion index calculated from the results of the three independent interaction experiments. The
symbol ** shows significance difference at p <0.001 compared to wild type BW25113 strain.
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Figure 7. Effects of various sugars on the adhesion of bacteria to yeast. (A) 2 x 108 fluorescent E. coli E22
preincubated with 1.0 M sugars (GlcNAc, N-acetyl-glucosamine; Man, Mannose; MeMan, Methyl-Mannose;
Glc, Glucose; MeGlc, Methyl-Glucose) or with PBS (control) for 30 min before co-incubation with 10 yeast
BY4741 cell. (B) 2 x 10® fluorescent E. coli E22 preincubated with increasing concentration of methyl-mannose
(Me-Man) or mannose (Man) or with PBS to yeast BY4741 (10® cells). The data are the mean of 3 independent
biological replicates. **, P<0.01, and *, P<0.05.
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and reducing by tenfold the amount of bacteria that were mixed with yeast followed by a washing with 1.0 M
mannose solution has almost the same effect (data not shown).

To get further insight on the potential role of cell wall structure in adhesion of bacteria to yeast cells, yeast
mutants that are known to have significant alteration in the content of their cell wall polysaccharides were used.
Reduction of mannans content in cell wall resulting from the deletion of MNNI encoding an alpha-1,2-manno-
syltransferase’” or OCHI whose protein is required for polymannose outer chain elongation of N-linked oligo-
saccharides of glycoproteins® was accompanied by a not significant decrease in adhesion index as compared to
wild type cells (-4.9% and —4.7%, for mnnl and ochl mutant, respectively) (Fig. 8). Same results were obtained
with a mutant deleted for FKS3 which codes for one of the two p-1,3-glucan synthase required for spore wall
assembly and which is not reported to alter mannans content®. However, a statistically significant increase of
adhesion was obtained for the mutant defective in KRE6 (+15.2%, p = 0.008) which is involved in the biosynthesis
of B (1->6)-D-glucan and whose deletion was found to reduce proportion of B-glucan as compared to mannan
content in the yeast cell wall***’. A trend (+6.7%, p = 0.02) towards increased adhesion was also observed for a
mutant defective in KNR4, a gene involved in the regulation of cell wall assembly and integrity*!. Other mutants
of the mannan synthesis pathway were tested but did not show any difference from the BY4741 reference strain
(data not shown). Overall, these results suggest that it is not simply the presence and quantity of mannans that
is important for binding, but also the distribution and/or accessibility of these mannose residues within the
polysaccharide structure of the cell wall.

Discussion

The growing interest in the use of probiotics and prebiotics that are mainly formulated from whole yeast and/
or from their components for animal and human welfare, notably in the scope of preventing bacterial infec-
tions, requires, among other things, a reliable and quantitative method to characterize at the molecular level the
interaction of bacteria with these pro-or prebiotics. Here, we report that the flow cytometry perfectly meets this
requirement, and compared to previously developed techniques, this method presented the following advantages.
Firstly, it enables the analysis of the interaction at the single cell level (yeast singlets) since bacterial and yeast cells
can be easily distinguished based on their size and granularity. As a corollary, this method avoids false positive
data caused by entrapment of bacteria cells within cell aggregates. In addition, bacteria cells that adhere to yeast
cells could be visualized when flow cytometry is coupled to imagery. Another advantage is that this method can
be easily adapted to a high-throughput format for screening multiple bacteria-yeast interaction parameters.
A slight but not insurmountable drawback of this method is that the bacteria need to be made fluorescent to
visualize and quantify the interaction with yeast cells.

A dose-dependent study of bacteria-yeast interaction revealed a hyperbolic curve that has the appearance
of a Langmuir isotherm shape. However, as clearly stated by Latour?” regarding protein adsorption, four basic
conditions must be respected to satisfy the Langmuir isotherm model, and one of them is that the adsorption
process is dynamically reversible, allowing to calculate equilibrium constant (Keq) and thermodynamic value
of the adsorption. However, we found that the interaction of bacteria with yeast cells is rapid and almost non-
reversible, as once fluorescent bacteria have been attached to yeast cells, they cannot be removed neither by sub-
jecting them to a large excess of non-fluorescent bacteria, nor under agitation in PBS solution for 24 h at 37 °C.
Nevertheless, this kinetic representation allows us to determine a relevant parameter which we have called "o”
and that corresponded to the slope of the regression line obtained by plotting 1/A; vs 1/bacteria. This a value can
be used as a criterion for distinguishing between candidate bacterial strains or species resulting from large-scale
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Figure 8. Yeast mutants with altered mannans content in the cell wall had limited effect on the adhesion of
E. coli. WT corresponded to BY4741 and all the other strains are mutants of this strain deleted for a gene that
belong to the cell wall synthesis. Adhesion was measured after the co-incubation of 5x 108 cells of E. coli E22
strain carrying pet23-IHF-Dendra2 with 108 yeast cells. The bars are the mean + SD and individual results of 6
independent biological experiments are reported. *p <0.05., **, p<0.01.
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screening for interaction with yeast, bearing in mind also that this value may also depend on the yeast species
used for the interaction studies. By coupling flow cytometry to imaging, we were able to measure the number of
bacteria attached per yeast and found a maximum of 14 per yeast cell at saturating condition of adhesion. This
number of bacteria adhering to the yeast is much lower than what could theoretically be calculated on the basis
that the surface of a yeast cell, which is an ovoid object about 5 pum long and 3 pm wide* is around 45 pm? and
that of the bacteria which can be assimilated to a rectangular rod of 2 um long and 0.5 um diameter® is 1 um?.
Thus, the maximum would be of the order of 45 bacteria per yeast cell. Additionally, the o value and the number
of bacteria adhering to yeast are very likely dependent on bacteria and yeast strains or species.

Although it was already suspected a role of type 1 fimbriae in the interaction of bacteria with yeast as assessed
by the agglutination test, showing that the formation of yeast aggregates induced by incubation with bacteria was
reduced with bacteria lacking type 1 fimbriae®*32*, we here clearly showed that the attachment of bacteria to
yeast is fully dependent on the presence of these proteinaceous appendages. Therefore, these results recall those
obtained for the adhesion of bacteria to mammalian cells, for which type 1 fimbriae play a determining role®.
In addition, it was demonstrated that the adhesion of bacteria to mammalian cells is mediated by a catch-bond
mechanism of FimH*, i.e., bonds that become stronger under application of force such as shear stress exerted by
the flow of liquids (e.g. urine, saliva, mucus). This catch-bond mode to the mannosyl sugars of the glycoproteins
present in the membrane of epithelial cells has been explained by conformational states and ligand properties
of FimH resulting from its two-domains architecture, namely the N-terminal domain containing the mannose-
binding pocket and the C-terminal pilin domain***’. Hence, shear stress or tensile force induces an allosteric
switch to a high affinity and strong binding conformation of FimH. It is reported that under these conditions,
the attachment of bacteria is permanent or long lived**®. Whether a similar mechanism of adhesion of bacteria
to yeast exists remains to be investigated, but the conditions that were set in our work for the interaction between
bacteria and yeast cells are very likely in favor of a similar process since pre-incubation was always carried out
under shaking, thus under shear-stress conditions.

As type 1 fimbriae were found essential in the interaction of bacteria with yeast cells, and considering that
these fimbriae are characterized by a specific mannose-binding pocket at their tips encoded by fimH, one could
deduce that the interaction of bacteria to yeast cells involve mannosyl-sugars that are very abundant at the cell
surface of the yeast wall'>. The finding that pre-incubation with mannose or methyl-mannose prevented the
attachment of bacteria to yeast supported this suggestion. In addition, this FimH-dependent binding could also
agree with an avidity phenomenon due to the multivalency of the binding sites (mannosyl-residues) at the yeast
cell surface. However, other data in this work suggested that this type 1-fimbriae dependent binding of bacteria
to yeast implicated additional factors than the very dense mannosyl units present at the yeast cell surface. Firstly,
addition of excess of non-fluorescent bacteria barely competed with previously bound fluorescent bacteria to
yeast. Secondly, addition of a 1.0 M concentration mannose solution only caused a partial drop of bacteria bound
to yeast. Thirdly, bacteria adhesion to yeast mutants with altered mannans content were not significantly different
as compared to the isogenic wild type strain. Although using the questioned co-sedimentation method, Tiago
et al.? also found no clear correlation between cell wall mannan content and adhesion of E. coli or Salmonella
to yeast cell wall. Ganner et al.’®, using an indirect growth-based assay came to the same conclusion using yeast
cell wall with different composition in mannans and p-glucans. Altogether, these results indicate that factors, in
addition to mannosyl sugars of the yeast cell wall may participate to the interaction with bacterial cells. This may
include the 3D architecture of yeast cell wall, which is the result of complex covalent and non-covalent linkages
between B-glucans, chitin and mannoproteins'"'2, Yeast cell wall structure is very different from the cell surface
of epithelial cells, which essentially contains mannosylated proteins. In addition, the yeast cell wall is porous for
macromolecules of several kDa*. Consequently, type 1 fimbriae could penetrate quite deeply as the wall thick-
ness is of the order of 120-150 nm*’ and thus may anchor bacteria to the yeast wall. Electron microscopy and
AFM studies are methods that could be used to address this question.

To conclude, due to its simplicity and reliability, the flow cytometry-based method can be easily adapted for
high throughput screening of natural components that can either promote or antagonize adhesion of bacterial
to yeast. In addition, this method eventually coupled with imagery could be very useful to pinpoint cellular
function implicated in interaction of bacteria and yeast by screening the collection of Keio mutants of E. coli*®
and reciprocally the yeast KO collection®.

Methods

Strains and culture conditions

The yeast BY4741 strain (MATa his3A1 leu2A0 met15A0 ura3A0) as the reference strain and cell wall mutants
kre6A, fks3A, gas1A, knr4A, mnnlA and ochlA derived from this strain background as described in®! were
obtained from the Yeast Knockout (YKO) collection of Euroscarf (http://www.euroscarf.de/). Yeast strains were
cultivated in YPD (2% glucose, 2% Bactopeptone and 1% yeast extract) liquid medium at 30 °C overnight. The
list of bacteria strains used in this work with their genotype and origin are provide in Table 1. They were all
transformed with the pet3-IHF-Dendra2 plasmid in which the T7 promoter present in the original plasmid
(Dagkesamanskaya et al.**) was replaced by the strong constitutive IHF promoter from E.coli. Culture of bacterial
strains were carried out overnight at 37 °C in LB medium with 100 mg/L of ampicillin.

Conditions of co-incubation of bacteria with yeast cells and effects of environmental
parameters

After cultivation, cells were harvested by centrifugation, washed once with PBS buffer and resuspended in 1 mL
of PBS prior the co-incubation. Bacteria cell number was performed by flow cytometer as they are fluorescent
whereas yeast cell number were quantified based on the relationship of 1 unit ODg, corresponds to 1.4 x 10’
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Strain Phylogenetic group | Genotype Reference or source
BW25113 A AaraBADAH33 ArhaBADLD?78 rph-1 A(araB-D)567 A(rhaD-B)568 AlacZ4787(::rrnB-3) hsdR514 rph-1 0

BWAfimA A AaraBADAH33 ArhaBADLD78 rph-1 A(araB-D)567 A(rhaD-B)568 AlacZ4787(::rrnB-3) hsdR514 rph-1 AfimA | *°

BWAfimH A AaraBADAH33 ArhaBADLD?78 rph-1 A(araB-D)567 A(rhaD-B)568 AlacZ4787(::rrnB-3) hsdR514 rph-1 AfimH | *°

BL21(DE3) A FompT hsdSB (rB-, mB-) gal dem (DE3) New England BioLabs
DH5a A F~ 980lacZAM15 A(lacZYA-argF)U169 recAl endAl hsdR17(r", my*) phoA supE44 \"thi-1 gyrA96 relAl New England BioLabs
ccdB Survival™ | A fn’;rjt\ci’l?,l'ﬁ)((r}n;zjgfﬁl\z/[s-mchC) 980lacZAM15 AlacX74 recAl araA139 A(ara-leu)7697 galU galK rpsL(Str®) Invitrogen™

E22 Bl REPEC 0103:K-H2, rhamnose-negative strain 53

SP15 B2 not known o4

M1/5 B2 Not known 5

Table 1. List of strains with genotype and reference used in this work.

cells/ml. For the cell wall mutants in general and in particular gas1A, known to show strong cell-cell aggregation,
a 10 s. sonication in PBS buffer was performed before mixing with fluorescent E. coli. Unless otherwise stated,
the co-incubation experiments were carried out by mixing of 1 ml of 10 yeast cells with 0.5 ml of 2 x 10° E. coli
cells in PBS. Mixture was incubated with agitation in 2 mL Eppendorf tube at 37 °C for 90 min. This mix was
then spun down for 5 s using low speed centrifuge (1000g at room temperature) to allow yeast cells to sediment
while most of the free E. coli cells remained in the supernatant. After removal of the supernatant, the pellet was
re-suspended in 1 mL of PBS, centrifuged (1000g at room temperature) and this operation was repeated once
more time before flow cytometry analysis.

Flow cytometry and imaging flow cytometry analyses
All samples were measured on a BD Accuri™ C6 Plus flow cytometer (BD Bioscience) equipped with a laser excit-
ing at a wavelength of 488 nm. Before each experiment, the calibration of the flow cytometer was assessed with
calibration beads (BDTM CS&T RUO Beads; BD Biosciences). Acquisition parameters were set at a flow rate of
14 yl/min and 10 pm core size with a threshold at 10,000 on SSC-Height signal. A first gate was applied to select
the population corresponding to yeast cells which was based on the dot plot of the forward scatter channel (FSC-
Area) versus side scatter channel (SSC-Area) that excluded free bacteria. In addition, based on the FSC-Area vs
FSC-Height dot plot, single yeast (singlets) cells with similar cell size and granularity were selected by applying
a second gate (Fig. S1). The Dendra2 green fluorescence emissions of the bacteria were analyzed with the FL1
channel (533/30 nm). Finally, the adhesion index (A;) was computed as the amount of yeast singlets with bound
green, fluorescent bacteria (FL1 channel) divided by the total number of yeast singlets x 100. Data acquisition
was set at 100,000 events per sample and after applying the two gates at least 70,000 events of single yeast cells
were analyzed per sample. Data were analyzed with Flow]Jo v10 software (BD Bioscience) and same gates were
applied to all the data, to ensure that it included the entire population especially in the case of morphological
variations between strains. No variations in cell population between yeast strains used in this study were seen,
except for the strain gasiA.

Imaging flow cytometry of mix of bacteria (5% 10° cell/ml) and yeast (10® cell/ml) initially preincubated for
90 min at 37 °C was acquired on the ImageStreamX Mark II (Amnis-EMD Millipore). Yeasts were selected on
the basis of their size on dot plot Area and Aspect ratio on the brightfield. For each experiment, 1000 yeast per
sample were acquired (ensuring a sufficient number of events remaining for statistically robust analysis) at 60X
magnification. Image analysis was completed using image-based algorithms in the ImageStream Data Exploration
and Analysis Software (IDEAS_6.2.64.0, EMD Millipore). The number of fluorescent bacteria puncta per yeast
was assessed with the feature “Spot Counting” A mask based on GFP staining was employed (SpotCount_Peak
[MO02, Ch02, Bright, 18.95]_4) to visualize bacteria. The same mask and feature were automatically applied for
each condition.

Microscopy analysis

Qualitative interaction between yeast and fluorescent bacteria was evaluated under optical microscope using a
Leica DM4000B microscope with Leica EL6000 light source at wavelength of 490 nm for excitation and 530 nm
for emission. Pictures were taken using a LEICA DFC300FX camera.

Langmuir isotherm model
Isotherm data were obtained by co-incubation experiments performed with BY4741 strain at a fixed concentra-
tion (1 x 10® cells/mL) and various initial concentration of bacteria strains E22 and BW25113 (from 5 x 10° to
10! cells/mL). After incubation for 1.5h at 37 °C in PBS pH7, suspensions were washed as described above and
analyzed by flow cytometry.

The adhesion of bacteria B to yeast Y can be written as

B+ Y < BY,

Giving the following equation:
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BY BY a[Bact]
= X —m—
ads adsmax 1+ a[Bact] (1)

with BY,4, (cells. mL™) is the amount of bacteria that bind to yeast and is obtained by the fluorescence measure-
ment of bacteria. BY, 4., is the max of adhesion of bacteria to yeast cells, [Bact] is the initial concentration of
bacteria added to a fixed concentration of yeast cells and a is a “constant” value that specific to the bacteria strain

and that approximate its dsorption capacity. It is expressed as number of cells per mL. In this study, the BY, 4, is
assimilated to A; and therefore, the equation of bacteria—yeast interaction can be rewritten as

A — A o a[Bact]
i = Aimax 1 + a[Bact] (2)
1 1 1 + 1 3

_ — x
A Ajmax X a [Bact] Aimax 3
The sl L 4
eslopeo = ——

P a X Ajmax )

and thus a ~ 1/a since Ai,,, =100 for all bacteria
Experimental data were fitted by Eq. (4) and the correlation coeflicient (r?) was used to measure the best
fitting of the isotherm to the experimental data.

Statistical analysis

All assays were carried out at least 3 times with n independent biological samples (n being specified in each
figure). Statistical analysis was performed using OriginPro (version 9.7.0.185) using nonparametric test
Kruskal-Wallis ANOVA with Dunn post-hoc analysis. Significant values were denoted by asterisks on the fig-
ures as **: P<0.01, and *: P<0.05. NS, not significant.

Data availability
Data is provided within the manuscript or supplementary information files.
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