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HIGHLIGHTS GRAPHICAL ABSTRACT

e The coaggregation mechanism lacks a
comprehensive understanding.

o Integrating physicochemical and imag- v.(';GREG4)7
ing analyses reveals coaggregation o 01
dynamics. /

e Unique surface properties dictate
D. acidovorans coaggregation.

e Advanced imaging confirms the key role
of pili-like adhesins in coaggregation.

e Known coaggregation aids in exploring

biofilm formation and biotech Integration of physicochemical analyses and high-
resolution imaging revealed for the coaggregating strain:

.._Delftia acidovorans ,+*

applications.
= Higher hydrophobicity and more negative surface charge
= Differences in carbohydrate and protein FTIR spectral
regions

= Adhesin-like pili
ARTICLE INFO ABSTRACT
Editor: Damia Barcel6 Bacterial coaggregation is a highly specific type of cell-cell interaction, well-documented among oral bacteria,

and involves specific characteristics of the cell surface of the coaggregating strains. However, the understanding

Keywords: of the mechanisms promoting coaggregation in aquatic systems remains limited. This gap is critical to address,
Cell-cell interaction given the broad implications of coaggregation for multispecies biofilm formation, water quality, the performance

Co-adhesion energy

of engineered systems, and diverse biotechnological applications. Therefore, this study aims to comprehensively
Cryo-electron tomography

Delftia acidovorans characterize the cell surface of the coaggregating strain Delftia acidovorans 005P, isolated from drinking water,
FTIR alongside a non-coaggregating strain, D. acidovorans 009P. By analyzing two strains of the same species, we aim
XDLVO theory to identify the factors contributing to the coaggregation ability of strain 005P. To achieve this, we employed a
combination of physicochemical characterization, Fourier-transform infrared spectroscopy (FTIR), and
advancing imaging techniques [transmission electron microscopy and cryo-electron tomography (cryo-ET)]. The
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coaggregating strain (005P) exhibited higher surface hydrophobicity, negative surface charge, and cell surface
and co-adhesion energies than the non-coaggregating strain (009P). The chemical characterization of bacterial
surfaces through FTIR revealed subtle differences, particularly in spectral regions linked to carbohydrates and
phosphodiesters/amide III of proteins (860-930 cm ™! and 1212-1240 cm™?, respectively). Cryo-ET highlighted
significant differences in pili structures between the strains, such as variations in length, frequency, and
arrangement. The pili in the 005P strain, identified as pili-like adhesins, serve as key mediators of coaggregation.
By integrating physicochemical analyses and high-resolution imaging techniques, this study conclusively links
the coaggregation ability of D. acidovorans 005P to its unique pili characteristics, emphasizing their crucial role
in microbial coaggregation in aquatic environments.

1. Introduction

In natural aquatic environments, bacterial cells are commonly found
in close association with wet surfaces and interfaces in the form of
biofilms (Romani et al., 2016), where interspecies interactions can shape
the development, structure and function of these communities (Burmglle
et al., 2014; Elias and Banin, 2012; Rendueles and Ghigo, 2012; Yang
et al., 2011). Such interactions may influence the growth and survival of
the biofilm community (Peters et al., 2012). Coaggregation, a highly
specific type of cell-cell interaction, has been suggested to be involved in
the development of multispecies biofilms (Rickard et al., 2003a). Studies
have indicated that coaggregation primarily occurs due to interactions
between specific adhesive proteins, known as adhesins, located on the
surface of bacterial cells (Niemann et al., 2004). These adhesins recog-
nize and bind to specific receptor molecules, which contain complex
sugars, on the surface of other bacterial cells (Katsikogianni et al., 2004).
However, while this adhesin-receptor mechanism is well-documented
for oral bacteria, knowledge in this field for aquatic bacteria is signifi-
cantly lagging (Afonso et al., 2021). Therefore, understanding the sur-
face properties of coaggregating strains from other environments than
oral cavities is on demand.

The study of coaggregation in aquatic systems is crucial due to its
wide range of implications for both natural ecosystems and engineered
water systems. In natural aquatic environments, coaggregation in-
fluences the formation and stability of biofilms, which are essential for
nutrient cycling, pollutant degradation, and maintaining ecological
balance (Katharios-Lanwermeyer et al., 2014). These biofilms provide
habitats for diverse microbial communities, supporting biodiversity and
ecosystem health (Rickard et al., 2003b). In engineered systems, such as
drinking water distribution systems (DWDS), coaggregation can nega-
tively impact system performance and water quality, as well as facilitate
the incorporation of pathogens into biofilms. Previous research has
demonstrated that Acinetobacter calcoaceticus can act as a bridging
bacterium, facilitating intergeneric coaggregation among DW bacteria
(Simoes et al., 2008). This ability to bridge different species enhances
the formation and stability of biofilms, complicating efforts to manage
biofouling and ensure the microbiological safety of DW. Moreover, the
presence of A. calcoaceticus in DWDS can lead to more robust biofilms,
which have higher resistance to standard disinfection methods, thus
compromising water safety (Simoes et al., 2010). Another study,
examining various bacterial strains isolated from a model laboratory
DWDS, revealed that biofilms with higher bacterial diversity were more
resistant to chlorine-based disinfection (Simoes et al., 2010). This
finding underscores the importance of understanding the specific in-
teractions and coaggregation behaviours among different bacterial
species to develop more effective strategies for biofilm control and water
treatment. Additionally, insights into coaggregation can enhance
biotechnological applications, such as the development of biofilms for
bioremediation of contaminated water bodies, and improving the
degradation of organic pollutants and heavy metals (Malik et al., 2003).
Therefore, studying coaggregation in aquatic systems is key to
advancing environmental sustainability, public health, and industrial
efficiency. In a recent study, Delftia acidovorans 005P, isolated from DW,
demonstrated its ability to coaggregate and provide metabolic

opportunities for other biofilm species, thereby creating a functional,
cooperative microbial community (Afonso et al., 2023). Similar to what
occurs in oral environments, the coaggregation ability of D. acidovorans
005P appears to be mediated by saccharides and/or proteins present on
the cell surface (Afonso et al.,, 2023). However, other cell surface
properties, including the presence of extracellular appendages, are
important and may provide a competitive advantage for a microor-
ganism where a multispecies community exists (Donlan, 2002). There-
fore, it is important to study and understand how the cell surface
properties of a coaggregating bacteria influence or determine coag-
gregation ability. So far, only a limited number of studies have been
published on the influence of physicochemical surface properties on
coaggregating bacteria, exclusively focused on the oral microbiome (Bos
et al., 1994; Handley et al., 1987; Jenkinson, 1992).

This study performed a physicochemical characterization of
D. acidovorans 005P surface to understand the mechanistic aspects
involved in coaggregation within DW strains. D. acidovorans 009P strain,
which lacks coaggregation ability, was studied for comparison. Addi-
tionally, transmission electron microscopy (TEM) and cryo-electron to-
mography (cryo-ET) were used to take a closer view of the bacterial
surface and its structures. TEM enables high-resolution imaging of thin
sections of biological specimens, allowing for detailed visualization of
cellular structures at the nanoscale (Malatesta, 2021). It utilizes a beam
of electrons transmitted through the specimen to create detailed images
with exceptional clarity (Malatesta, 2021). On the other hand, cryo-ET
takes imaging to the next level by allowing three-dimensional re-
constructions of frozen-hydrated specimens (Baumeister, 2022). This
technique is particularly valuable for studying dynamic cellular pro-
cesses and interactions in their native state (Dunstone and de Marco,
2017). The ability of Cryo-ET to capture detailed structural information
while preserving the native state of the specimen makes it an invaluable
tool for investigating complex biological phenomena in situ (Baumeister,
2022). This combination of physicochemical analysis and high-
resolution imaging techniques has a remarkable potential to reveal
new details about the molecular structures and mechanisms involved in
bacterial coaggregation in aquatic systems.

2. Methods
2.1. Bacterial cell growth and preparation

Two D. acidovorans strains isolated from DW and with different
coaggregation abilities (Afonso et al., 2023) were selected for the
characterization of the cell surface. The experimental setup is illustrated
in Fig. 1. Both strains are deposited in the publicly accessible culture
collection MUM (Micoteca da Universidade do Minho, Braga, Portugal)
with accession codes MUM 24.11 (D. acidovorans 005P) and MUM 24.12
(D. acidovorans 009P). Bacterial cells were grown overnight in R2A
broth [peptone 05 g L™! (Oxoid, UK), glucose 0.5 g L™} (Chem-Lab,
Belgium), magnesium sulfate heptahydrate 0.1 g L™ (Merck, Germany),
sodium pyruvate 0.3 g L™! (Merck, Germany), yeast extract 0.5 g L™?
(Merck, Germany), casein hydrolysate 0.5 g L! (Oxoid, UK), starch
soluble 0.5 g L1 (Sigma-Aldrich, Portugal) and di-potassium phosphate
trihydrate 0.4 g L' (Aplichem Panreac, USA)], at room temperature
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(23 °C + 2), under agitation (150 rpm). Then, cells were harvested by
centrifugation (10 min, 3100 xg), washed three times in saline solution
(NaCl 8.5 g L™1) and resuspended in ultrapure water at a concentration
of 1 x 108 CFU mL ..

2.2. Surface contact angle measurements

Bacterial suspensions were filtered using a sterile cellulose nitrate
membrane filter, pore size 0.45 pm, 47 mm diameter (Sartorius, Thermo
Fisher, Portugal) to achieve a uniform layer of microorganisms. The
surface tension of bacteria was determined through the sessile drop
contact angle method. Contact angles were determined as described by
Simoes et al. (2007) at room temperature using three different liquids:
two polar (water and formamide) and one apolar (a-bromonaphtalene)
(Sigma, Portugal). Determination of contact angles (in degrees) was
performed automatically using a model OCA 15 Plus (DATAPHYSICS,
Germany) video-based optical contact angle measure instrument,
allowing image acquisition and data analysis. Contact angle measure-
ments (at least 25 determinations) were performed in three independent
experiments. The reference liquids' surface tension components were
obtained from the literature (Janczuk et al., 1993).

2.3. Surface hydrophobicity

The surface hydrophobicity was determined based on contact angle
data as proposed by van Oss et al. (1989). According to the extended
Young equation (Eq. (1)), the contact angles (¢) of a liquid (L) on a
surface are related to the total surface tension (y, mJ m~2), which can be
separated into two components: apolar (') and polar (y48), with y, =
"W + 2B and y4B = 2,/y*y—. Where y* and y~ are the electron-acceptor
and electron-donor parameters, respectively.

(1+cosO)y, = 2(\/7’2'” +Jrir + 7{7*)

@

Delftia acidovorans 005P
(coaggregating strain)

Overnight culture
25°C, 150 rpm, R2A
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The degree of hydrophobicity (AG;,;) was expressed as the free en-
ergy of interaction between two identical entities (i) when immersed in
water (w), as the sum of Liftshitz-van der Waals (LW) and Lewis acid-
base (AB) interaction free energies (Eq. (2)). The LW component in-
cludes London dispersion forces, Debye induction (dipole-induced
dipole) and Keesom orientation (dipole-dipole) interactions. AB in-
teractions include electron donor (y~) and electron acceptor (y*) con-
tributions, thus accounting for hydrogen bonding and p-electron
interactions too (Janczuk et al., 1993). Thermodynamically, for AG,; <
0 mJ m~2, the bacterial surface is considered hydrophobic, whereas the
bacterial surface is considered hydrophilic for AG;,; > 0 mJ m? (Borges
et al., 2012).

AGy; = AGy™ + AGy*® = — 275 @

where,
w _ LW
iw ( i _yng) and 1

=2(\/ri7i +rirw — Vit ).

2.4. Cell surface energy and co-adhesion energy

The cell surface energy (SE) of the bacterial cells was determined
based on the water contact angle results. The cell SE can affect the co-
adhesion energy of cells (AF.,_q4r), Which can be expressed as follows
(Bos et al., 1999):

— b M

where y® and y? are the interfacial energies of the bacterial cell-
bacterial cell interface and bacterial cell-liquid interface, respectively.

AF, co—adh (3)

Using Neumann's equation of state (Eq. (4)), AF.,_qq =™ can be
expressed as (Eq. (5)):
yml _ ymv + ylv ) /ymvylve*/? = )

Delftia acidovorans 009P
(non-coaggregating strain)

Contact angles Zeta potential
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Fig. 1. Experimental setup for characterizing the cell surface of D. acidovorans 005P (coaggregating) and D. acidovorans 009P (non-coaggregating). Created with BioR

ender.com.
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where 7" is the cell SE. y is the surface tension of the culture medium.
Because the culture medium is generally water-based, y can be regar-
ded as the surface tension of water (72.8 mJ m~2). The value of B was
experimentally determined to be 0.0001247 (mJ m~%)~2 (Neumann
et al., 2010).

2.5. Zeta potential measurements

The zeta potential is an electrochemical property that describes the
bacterial surface charge and provides useful information about cell
surface characteristics (Halder et al., 2015). First, bacterial cells were
prepared as described before (Section 2.1). Then, the measurements of
the zeta potential ({) of bacterial cells were performed using a Zetasizer
PRO Blue electrophoretic light scattering spectrophotometer (Malvern
Instruments, UK). The electrophoretic mobility (i) at an applied voltage
of 150 V and a temperature of 22 °C, were then converted to zeta po-
tential using the Helmholtz von Smoluchowski relation (Eq. (6)), where
eg( corresponds to the dielectric permittivity and n to the viscosity of the
suspending solution (Bayoudh et al., 2009). The experiments were
performed in triplicate.

_ EEQ

=t 6
He ”C (6)

2.6. FTIR-ATR spectral acquisition

Fourier transform infrared (FTIR) spectra were acquired using a
PerkinElmer Spectrum BX FTIR spectrophotometer equipped with a
deuterated triglycine sulfate (DTGS) detector and a PIKE Technologies
Gladi attenuated total reflection (ATR) accessory from 4000 to 600 cm!
with a resolution of 4 cm™! and 16 scan co-additions. Briefly, bacterial
cells were grown on Mueller-Hinton agar for 16 h at 37 &+ 2 °C to avoid
spectral interferences due to the age of the colony. The colonies were
directly transferred from the agar plates to the ATR crystal and air-dried
to obtain a thin film. Three instrumental replicates and three biological
replicates were acquired and analysed for each strain, corresponding to
a minimum of nine spectra per strain (Sousa et al., 2013; Sousa et al.,
2014a, 2014Db). Spectra were pre-processed using methods previously
optimized for other bacterial species, to minimize variation related to
spectrum acquisition and maximize differences between spectra
(Rodrigues et al., 2020; Sousa et al., 2014a, 2014b).

2.7. Transmission electron microscopy

To unravel the cellular details of both D. acidovorans strains at higher
resolution, TEM was applied to visualize the ultrastructural features of
the bacterial strains (Malatesta, 2021). D. acidovorans suspensions were
prepared as referred to in Section 2.1. For ultrastructure analysis, sam-
ples were fixed with 2.5 % glutaraldehyde and 2 % paraformaldehyde in
0.1 M sodium cacodylate buffer (pH 7.4) solution for 2 days. After that,
cell suspensions were washed in 0.1 M sodium cacodylate buffer, and
embedded in Histogel™ (Thermo, HG-4000-012). Cell blocks were
washed with the same buffer and post-fixed by incubation for 2 h in 2 %
osmium tetroxide in 0.1 M sodium cacodylate buffer (pH 7.4) solution.
Then, cell blocks were washed using the same buffer and incubated with
1 % uranyl acetate overnight. After washing in 0.1 M sodium cacodylate
buffer, samples were dehydrated in a gradient series of ethanol solutions
(70 %, 80 %, 90 % and 100 % (v/v), for 10 min each) and embedded in
Epon (EMS). Ultrathin sections were cut at 50 nm and prepared on RMC
Ultramicrotome (PowerTome, USA) using a diamond knife and recov-
ered to 200 mesh copper grids, followed by a double contrast method
with 2 % uranyl acetate and saturated lead citrate solution. Visualization
was performed at 80 kV in a JEOL JEM 1400 microscope (Japan), and
digital images were acquired using a CCD digital camera Orious 1100 W
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(Tokyo, Japan). TEM was performed at the HEMS core facility at i3S,
University of Porto, Portugal.

For negative staining, samples were adsorbed to glow-discharged
carbon-coated collodion film on 400-mesh copper grids. Then, the
grids were washed with deionized water and stained with 1 % uranyl
acetate.

2.8. Cryo-electron tomography

To extend ultrastructure analysis further by enabling three-
dimensional reconstructions of bacterial structures in their native and
hydrated state, cryo-ET analysis was performed (Baumeister, 2022).
Briefly, BSA gold tracers (Aurion, Wageningen, NL) of 10 nm were added
to bacterial suspensions of D. acidovorans in phosphate buffer saline
(PBS) (ODggonm ~ 1). The mixtures were deposited onto cryo-electron
microscopy (cryo-EM) grids (Quantifoil R2/1, Cu 200, Ted Pella, Inc.,
Redding, CA, USA) and rapidly plunge-frozen in liquid ethane (Liu et al.,
2009). The frozen-hydrated specimens were visualized using a 300 kV
Titan Krios electron microscope (Thermo Fisher Scientific, Waltham,
MA, USA) equipped with a K3 summit direct detection camera and a
BioQuantum energy filter (Gatan, Pleasanton, CA, USA). Tilt series were
acquired at 19,500 x magnification, with the stage tilted from —48° to
+48° at 3° increments. Cryo-ET data alignment and reconstruction were
performed using MotionCor2 for frame alignment (Zheng et al., 2017),
and IMOD for gold tracer bead tracking and alignment (Kremer et al.,
1996). The tomograms were reconstructed via the simultaneous iterative
reconstruction technique (SIRT) (Cai et al., 2022). IMOD software was
utilized for visualizing the tomographic reconstructions (Kremer et al.,
1996).

2.9. Statistical analysis

Contact angles and zeta potential data analysis were performed using
the statistical program SPSS version 27.0 (Statistical Package for the
Social Sciences, USA). Descriptive statistic was used to calculate the
mean and standard deviation (SD). The data was analysed using a paired
sample t-test, since the variables were normally distributed, and were
based on a confidence level > 95 % (P < 0.05 was considered statisti-
cally significant). OriginPro 2023 software (OriginLab, USA) was used to
acquire FTIR spectra and to perform principal component analysis (PCA
- for dimensionality reduction and enhanced data visualization).

3. Results and discussion

3.1. The coaggregating strain has a more hydrophobic and negatively
charged surface

D. acidovorans 005P and D. acidovorans 009P were characterized in
terms of physical and chemical cell surface properties. Both
D. acidovorans strains had a water contact angle lower than 65° and a
AGiy: > 0 mJ/m?, which means that both have hydrophilic surfaces
(Table 1). However, the hydrophobicity values were significantly
different (P < 0.05). Strain D. acidovorans 005P had the highest surface
hydrophobicity value (36.6 mJ m~2) while D. acidovorans 009P had the
lowest (29.0 mJ m~2). Other authors have already observed a large
variation in the degree of hydrophobicity between strains of the same
species (Min et al., 2006; Simoes et al., 2007; Teixeira et al., 2005; van
der Mei et al., 1998). The hydrophobicity of the bacterial cell surface can
be established by several factors such as outer membrane proteins and
lipids, S-layer proteins, various fimbriae or core oligosaccharides, lipo-
polysaccharides, and fimbrial adhesins (Higashi et al., 1998; Morath
et al., 2005; Sidhu and Olsen, 1997; Zahringer et al., 1995). These dif-
ferences have been previously observed for strains of D. acidovorans and
may be related to the different surface properties of the bacterial cell
wall, such as surface proteins (Simoes et al., 2007). In a previous study,
where the proteome of D. acidovorans 005P and 009P was characterized,
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Table 1
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LW B

Contact angles with water (6), formamide (6r) and a-bromonaphthalene (6p), surface tension parameters (y;", y,°, 7; and y; ), free energy of interaction (AGyy), cell
surface energy, co-adhesion energy and zeta potential of the D. acidovorans strains when immersed in water. Values are mean =+ standard deviation of three inde-

pendent experiments. *Statistically different values between strains.

D. acidovorans Contact angle (°) Surface tension parameters (mJ/m?) Hydrophobicity ~ SE Co- Zeta
strains (mJ/ adhesion potential
mz) energy (mV)
(mJ/m?)
Ow Or Os A 7B 7 vy AGy (mJ/m?) v AFgoadh ¢
005P 31.6 +3.4 394 44,4 £5.9 319+12 119+09 07+01 53.6+08 36.6+0.6* 125.7* —127.4* —46,8 +
+3.3 0,2
009P 15.9 £ 0.7 20,4 52.3 £4.5 29.1 £0.3 26.6 + 0.6 3.3+0.2 54.2 + 0.4 29.0 + 0.6* 118.7* —97.4* —44,6 +
+22 0,2*

differences were found in cell appendage proteins (Afonso et al., 2024).
These findings help to support the differences in cell surface hydro-
phobicity observed in this study. The results further suggest a potential
parallel with oral bacteria, indicating that proteins might play a role in
the coaggregation of bacteria derived from aquatic systems as well.
Handley et al. (Handley et al., 1987) showed that coaggregating oral
bacteria had higher hydrophobicity than the non-coaggregating ones.
Regarding the remaining physicochemical parameters, the apolar
component (y*%) values were 29.1 mJ m~2 for D. acidovorans 009P and
31.9 mJ m~2 for D. acidovorans 005P. The non-coaggregating strain,
D. acidovorans 009P, had the highest surface polar component (48 =
26.6 mJ m~2). The results further showed that both strains have a high
electron donor character (y~), with low electron acceptor ability (y).
These results are in line with previous reports, revealing the genus
Delftia with a high bacterial surface electron donor character (Simoes
et al., 2007; Yang et al., 2021).

The surface charge of both D. acidovorans strains was analysed in
terms of zeta potential (Table 1). As a rule, most bacteria have a net
negative surface charge that is balanced by oppositely charged coun-
terions present in the surrounding medium (Halder et al., 2015). Here,
the zeta potential values were —46.8 mV and —44.6 mV for
D. acidovorans 005P and D. acidovorans 009P, respectively. A more
negative zeta potential was observed for the coaggregating strain
D. acidovorans 005P (P < 0.01). For the genus Delftia, values between
—20 and —40 mV of zeta potential have already been observed (Yang
et al., 2021). This range is related to the species tested and to the ionic
strength of the solution in which the test was carried out. Thus, it can be
considered that the values presented in this study are in line with those
previously described (Yang et al., 2021). These differences in surface
charges between both strains can be explained by the higher polar
component ascribed to D. acidovorans 009P (Oh et al., 2018). Further-
more, any difference in cell surfaces that a priori would be similar (i.e.,
same species), would lead to changes in the surface charge. For example,
Tariq et al. (2012) observed that mutant strains of Enterococcus faecalis
with under or overexpression of Ebp pili structural genes differed in zeta
potential values. The difference observed between the zeta potential
values of the two D. acidovorans strains might indicate differences in
their cell surface profiles.

While physical analyses provide valuable insights into bacterial
surface properties, they are limited in their ability to offer detailed
molecular-level information (Kimkes and Heinemann, 2020). Therefore,
incorporating chemical analyses like FTIR (Section 3.3) can provide a
more nuanced understanding, mitigating the potential limitations of
thermodynamic theories in characterizing bacterial surface interactions.

3.2. Higher co-adhesion energy can be a determinant of cell aggregation

The relationship between AF,, o4, and cell SE (y*) was analysed,
proving a higher SE value for D. acidovorans 005P (SE = 125.7 mJ m™~2)
than for D. acidovorans 009P (SE = 118.7 mJ m~2) (P < 0.05). The in-
crease of SE provides more negative co-adhesion energy and indicates an

increase in cell-cell interaction. It means that, when the cell has a high
SE, the co-adhesion energy between the cells is high, which can thus
increase cell aggregation. Co-adhesion energy is expected to serve as an
indicator of bacterial coaggregation since both phenomena are closely
related. Co-adhesion predominantly involves the interaction between
suspended cells and those already adhered to the substrate, while ag-
gregation occurs between cells in suspension or between bacterial cells
in suspension and specific bacterial counterparts (i.e. bridging bacteria)
that colonize a biofilm (Afonso et al., 2021; Katharios-Lanwermeyer
et al., 2014; Kolenbrander et al., 2006; Rickard et al., 1999).

Previous studies have suggested that bacterial coaggregation con-
tributes to the development of biofilms by two routes (Bos et al., 1994;
Busscher et al., 1995): i) single cells in suspension adhere specifically to
genetically distinct cells in the developing biofilm; or, ii) previously
formed coaggregates in suspension adhere to the developing biofilm. In
both cases, bacterial cells in suspension specifically adhere to biofilm
cells by co-adhesion (Rickard et al., 2003a). Therefore, we propose that
by determining the co-adhesion energy for various coaggregating
strains, we will be able to define a value from which the ability to
coaggregate exists. Co-adhesion of oral bacteria was previously studied
using a quantitative method, and a difference in co-adhesion behaviour
between coaggregating and non-coaggregating strains was also observed
(Bos et al., 1994). However, to our knowledge, this is the first study that
resorts to the use of a thermodynamic theory to assess the co-adhesion
energy between bacterial cells. Zhang et al. (2020) have already
applied this theory to assess co-adhesion between microalgae cells.
Nevertheless, we do not believe that the results can be compared since
the composition of the cell walls of bacteria and microalgae are
different.

3.3. FTIR revealed differences in specific regions of proteins and
carbohydrates

Various theoretical and thermodynamic theories have been used
over the years to describe bacterial adhesion, mainly to solid surfaces
(Bos et al., 1999; Janczuk et al., 1993; Neumann et al., 2010; van Oss
et al., 1989). However, these theories ignore important biological fac-
tors such as the heterogeneity of the bacterial surface (Ojeda et al.,
2008). FTIR spectroscopy has emerged as a more complete bacterial cell
surface characterization technique, which is fundamental to under-
standing the interactions between cells and the environment, and for
elucidating the mechanisms involved in bacterial transport, aggregation
and biofilm formation (Eboigbodin et al., 2007; Ojeda et al., 2008). The
FTIR-ATR spectra of D. acidovorans 005P and 009P are shown in Fig. 2.
The FTIR-ATR spectra exhibited the typical infrared absorption bands of
intact bacterial spectra: fingerprint region (900-600 cm™'), poly-
saccharides (1185-900 cm 1), mixed region of phospholipids/DNA/
RNA (1500-1185 cm ™), proteins/amides I and II (1700-1500 cm™!)
and lipids (3000-2800 em™) (Maquelin et al., 2002; Naumann et al.,
1991; Sousa et al., 2014a, 2014b). For multivariate analysis, PCA
revealed three groups clustered separately, corresponding to the three
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Fig. 2. Delftia acidovorans 005P (A, B) and 009P (C, D) FTIR-ATR spectra of three instrumental replicates and three biological replicates. Spectra (B) and (D) show in
greater detail the region between 800 and 1000 cm ™! where small differences in bands corresponding to proteins and saccharides/carbohydrates were observed.

biological replicas. A high correlation between strains for each replicate
was observed, where principal component 1 (PC1) and PC2 explained
87.9 % and 8.7 % of the variance, respectively (Fig. 3). Although the
differences observed between the strains were not more significant than
the differences observed between replicates of the same strain (Fig. 3),
differences were encountered in bands corresponding to proteins and
saccharides/carbohydrates (Fig. 2C and D).

The comparison between the spectra revealed differences in the
860-930 cm ! and 1212-1240 cm™! spectral regions, suggesting dif-
ferences in chemical compounds related to carbohydrates and phos-
phodiesters/amide III of proteins, respectively (Meyers, 2006). Studies
with a marine strain of Pseudomonas characterized the region 860-930
cm ™! as indicating the presence of sulfate ester - a sulfated carbohydrate
(Tandavanitj and Okutani, 1989; Worawattanamateekul and Okutani,
1992). In fact, in marine environments, carbohydrate-carbohydrate in-
teractions mediated by sulfate esters are involved in the aggregation of
marine sponge cells (Spillmann et al., 1995; Vilanova et al., 2009, 2016).
On the other hand, the role of sulfated carbohydrate-binding protein
from Lactobacillus reuteri was demonstrated in bacterial adhesion to
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Fig. 3. Principal component analysis of D. acidovorans 005P (black) and 009P

(red) established by analysis of average from 3 replicas of FTIR-ATR spectra.
The ellipses represent 95 % confidence for both strains.

mucosal surfaces of the gastrointestinal tract of mammals (Nishiyama
et al., 2013). Regarding the 1212-1240 cm ™! spectral region, a band at
1240 cm™! is a marker of proteins and polypeptides with p-conformation
(Maiti et al., 2004). In bacteria, the p-sheet conformation is usually
found in amyloid structures (Van Gerven et al., 2015). Fusobacterium
nucleatum, a known oral coaggregating bacteria, secretes an adhesin
(FadA) with amyloid properties (Meng et al., 2021). It is unclear
whether the FadA adhesin is involved in the F. nucleatum coaggregation
mechanism. However, in a study evaluating the interaction between
Porphyromonas gingivalis and F. nucleatum in the context of periodontitis,
the authors highlighted the fundamental role of the FadA adhesin. The
downregulation of FadA expression, attributed to proteases within
P. gingivalis, highlighted the importance of specific adhesins, particularly
FadA, in modulating bacterial coaggregation in oral environments
(Zhang et al., 2022). Although previous proteomics studies have not
identified this specific adhesin in any of the D. acidovorans strains
(Afonso et al., 2024), other similar proteins should not be discarded.

3.4. Cryo-ET reveals the presence of adhesin-like pili in the coaggregating
strain

TEM revealed through negative staining that both strains have
flagella (Fig. 4A and B). The ultrastructure analysis of sectioned samples
showed the different layers of the cell envelope (Fig. 4C and D).
Furthermore, there was a loss of cell appendages, namely flagella, and a
deformation of the cell morphology during sample preparation, a known
limitation of the technique (Ivanchenko et al., 2021). On the other hand,
cryo-ET is a more preservative technique which minimizes artefacts
associated with dehydration and chemical fixation and enhances the
resolution of small features (Lucic et al., 2013). Moreover, cryo-ET en-
ables capturing multiple tilted images around a single axis to reconstruct
a detailed 3D representation of the specimen, allowing for more
comprehensive and accurate visualization of small structures, such as
adhesions (Baumeister, 2022; Dunstone and de Marco, 2017).

The cryo-ET reconstruction allowed us to visualize the cellular
morphology of both strains and their structures (Fig. 4E and F). Similar
to TEM analysis, both strains showed flagella (Fig. 4E and F). Pili fila-
ments were also observed, and the length of the filaments was different
between strains (Figs. 5 and 6). In the coaggregating strain (005P), these
filaments were shorter than in the non-coaggregating strain (009P) and
almost imperceptible, possibly attributable to adhesin-like pili (Fig. 6
and Movie 1). In a study on Pseudomonas aeruginosa cell-cell in-
teractions, filaments like those observed here were revealed by cryo-ET,
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Negative staining (TEM)

Fig. 4. Cell overview of D. acidovorans by three different approaches: TEM negative staining (A and B) ultrastructure analysis (C and D), and cryo-ET (E and F).
Flagella were observed in both strains, but differences in morphology and cell envelope were not evident between the coaggregating (A, C and E) and non-

coaggregating (B, D, F) strains.

and the authors confirmed them to be CdrA adhesins (Melia et al., 2021).
In another study, the authors highlighted the critical role of pili length in
the coaggregation of the oral colonizer Actinomyces oris (Chang et al.,
2019). Using a srtA-deficient mutant, the authors observed that genetic
disruption of srtA resulted in excessively long pili catalyzed by the pilus-
specific sortase SrtC2, which interrupted interspecies interactions and
coaggregation. By restoring SrtA, the length of the pili progressively
shortened, reestablishing coaggregation (Chang et al., 2019). Another
difference between coaggregating and non-coaggregating D. acidovorans
is in the frequency and arrangement of pili along the cell surface. While
in D. acidovorans 009P pili appear practically evenly distributed over the
entire cell surface, in D. acidovorans 005P they are less frequent (~3 per
cell) and tend to appear in the closest location to other cells (Fig. 6).
These filaments are exclusive to the coaggregating strain and correspond
to the filaments identified as adhesins in coaggregating cells (Chang
etal., 2019). Put together, these observations strongly suggest that these
filaments are a major determining factor of coaggregation in

D. acidovorans.
4. Conclusion

Our investigation into the surface physicochemical properties of two
D. acidovorans strains revealed significant differences that clarify the
mechanisms underlying coaggregation. Variations in hydrophobicity
and cell surface charge were observed, indicating changes in protein
expression likely related to cellular appendages. FTIR spectroscopy
confirmed these findings by showing distinct differences in the protein
and carbohydrate regions on the bacterial cell surface. Furthermore, the
observed differences in pili between strains markedly affect their
coaggregation ability. Cryo-ET revealed pili-like adhesins on the surface
of the coaggregating 005P strain, predominantly appearing in areas near
other cells, implying their expression is triggered by cell-cell contact or
proximity. In contrast, the non-coaggregating strain displayed long pili
distributed across the entire cell surface. Additionally, our novel
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Fig. 5. Long pili (white dashed boxes) were revealed on the non-coaggregating D. acidovorans 009P strain by cryo-EM (big panel) and cryo-ET (red arrowheads). The
white arrows indicate the outer membrane (OM), peptidoglycan layer (PG) and inner membrane (IM).

Fig. 6. Ultrastructure from the 3-D reconstruction of D. acidovorans 005P (coaggregating strain) shows short adhesin-like pili in the cellular interface. Cryo-EM grid
montage (A) and the tomogram slice (B) show two nearby cells. (C) is an enlarged view of the boxed region in (B), being the adhesins highlighted with red ar-
rowheads. (D) shows adhesin-type pili at the interface of the two cells as seen in (C). The white arrows indicate the outer membrane (OM), peptidoglycan layer (PG)

and inner membrane (IM).

examination of co-adhesion energy provided insights into bacterial
coaggregation potential, suggesting a correlation between surface en-
ergy and cell-cell interaction.

In summary, our study underscores the critical importance of com-
prehending the physicochemical properties and ultrastructural charac-
teristics of the cell surface in understanding bacterial coaggregation
mechanisms. Subtle differences between strains dictate their ability to
coaggregate, highlighting the need for further research into the genetic
basis of these phenotypic variations. These findings have important
implications for both microbial ecology and water treatment, as un-
derstanding these interactions can enhance the development of targeted
microbial consortia for biofilm engineering, optimize water treatment
processes, and improve bioremediation efforts.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2024.174872.
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