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Abstract

The composition of tightly bound exopolymeric substances (EPS) obtained from biofilm and plan-
ktonic cell subpopulations of Stenotrophomonas maltophilia 5426 UKM was analyzed to study an
impact of mild steel presence in the cultivation medium. The overall protein production was found
to increase in the presence of a steel coupon. Some amino acids such as lysine, valine, iso-leucine,
tyrosine and phenylalanine were found to be secreted in higher amounts in the presence of mild
steel, while its absence leads to an increase of arginine, asparagine, serine, glutamine, proline,
glycine, cysteine, leucine, methionine production levels. Biofilm cells EPS contained more arginine,
glycine, cysteine, valine, methionine and leucine, comparing to EPS of planktonic cells. The chang-
es of tightly bound EPS aggregation around the cells induced in the presence of steel coupons were
revealed by transmission electron microscopy. The results suggested the transition of S. malto-
philia 5426 UKM cells from planktonic to biofilm lifestyle to be a complex process involving more
than a single step.
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1. Introduction

In industry susceptibility of metals to corrosion depends on a number of environmental factors. Microbial activ-
ity, although underestimated in the past, is now considered to be responsible for many cases of corrosion failures
with estimated economic losses up to $10 million per event [1]. The deterioration of metal due to microbial ac-
tivity is termed biocorrosion or microbially influenced corrosion (MIC). Owing to its economic and environ-
mental importance, MIC has been the subject of extensive studies for the past five decades and several models
have been proposed to explain mechanisms governing biocorrosion [2]. The growth of microbial biofilms affects
the chemistry of near-surface environment either directly, when a specific metabolic reaction or product of the
microbial metabolism acts as a reactant in electrochemical corrosion processes, or indirectly, when the biofilm
or its matrix modifies physico-chemical environment where these reactions take place [3]. The main types of
bacteria associated with metals in terrestrial and aquatic habitats are sulfate reducing bacteria, sulfur-oxidizing
bacteria, iron oxidizing/reducing bacteria, manganese-oxidizing bacteria, and bacteria secreting organic acids
and slime. However, microbial tendency to build complex consortia should be also taken into account [4]. Apart
from metabolic cooperation, interspecies interactions within biofilm between primary and secondary colonizers
are considered to be important, resulting in cell co-aggregation and, thus, stronger biofilm formation. These in-
teractions were well described for dental plague, as well as for bioleaching biofilms, and they are supposed to
exist in numerous natural environments [5] [6]. Thus, some bacteria may contribute to the corrosion processes
carried out by consortia without exhibiting much effect on metal substrata by supporting the growth of the key
players in MIC. A good example of bacterial cooperation within corrosion-relevant community is the relation
between the heterotrophic bacteria Stenotrophomonas maltophilia and bacteria of the sulfur cycle. These organ-
isms were found to coexist in biofilms formed on corroded metal surfaces, exhibiting synergistic effect while
making an impact on the colonized surface [7].

An integral part of any biofilm is its self-produced matrix. It consists of different kinds of biopolymers, in-
cluding proteins, polysaccharides, nucleic acids and lipids, known as extracellular polymeric substances (EPS)
[8]. EPS production facilitates biofilm formation and maturation enabling surface conditioning, cell adhesion,
cohesion within microcolonies and playing a protective role [9]. However, its contribution to MIC is still under
discussion. One of the properties of EPS, which draws attention of the investigators with regard to MIC, is its
capacity to bind metal ions [10]-[12]. Metal binding by EPS occurs due to the interactions between their func-
tional groups such as carboxyl, phosphoric, sulfhydryl, amine or hydroxyl groups and cations [13]. EPS nor-
mally act as polyanions under natural conditions by formation of salt bridges with carboxyl groups of acidic
polymers (polysaccharides containing uronic acids) or by forming weak electrostatic bonds with hydroxyl
groups on polymers containing neutral carbohydrates. In addition, there may also be cationic binding by posi-
tively charged polymers or coordination with hydroxyl groups. Although bacterial EPS have been shown to ex-
hibit selectivity in complexing metal ions, in most cases the type of macromolecules playing a key role in metal
binding has not been determined [14]. Some investigators claim that binding properties of EPS can determine its
contribution to MIC. Beech and colleagues compared EPS obtained from two strains of sulfate-reducing bacteria
(SRB) belonging to the same genus and demonstrated that EPS with higher ion-binding capacity was produced
by the more corrosive strain [4]. Later a mechanism was suggested involving Fe**-EPS complexes into electron
transfer to explain the observed corrosion acceleration in an oxygenated biofilm [2]. However, there are reports
on corrosion inhibiting effects of EPS. Chelating capacity of EPS was suggested to be involved in the complexa-
tion of medium compounds with subsequent formation of a protective film [15]. Mitigation strategies based on
antifouling and corrosion inhibiting properties of EPS produced by some bacterial species were discussed [16].

Composition of EPS depends on many factors and may change depending on conditions. Regarding the im-
portance of its interactions with metal ions during the biofilm formation by corrosion-related microorganisms,
alteration of EPS production by sulfate reducing bacteria in presence of mild steel surface has been investigated.
Chromatography tools applied proved to be efficient in revealing changes of the monosaccharide composition
[17]. However, considering the growing recognition of the importance of proteinaceous compounds for the
biofilm formation, amino acid composition changes were chosen as the focus of the study. S. maltophilia 5786
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UKM was selected as a strain commonly associated with corrosive sulfur-oxidizing bacteria, which may con-
tribute to the general corrosiveness of the consortia by massive EPS production stabilizing the structure of
biofilm and binding metal ions [18].

The investigations on the role of non-corrosive members of corrosion-relevant consortia undertaken in this
study are suggested to be a new approach able to deliver deeper understanding of the processes of MIC.

2. Material and Methods
2.1. Microorganisms and Cultivation

Stenotrophomonas maltophilia strain 5786 UKM (Ukrainian Collection of Microorganisms) was cultivated on
DSM 36 medium ((NH,),SO, 0.10 g, K;HPO, 4.00 g, KH,PO, 4.00 g, MgSO, x 7H,0 0.10 g, CaCl, 0.10 g,
FeCl; x 6H,0 0.02 g, MnSO,4 x H,0 0.02 g, Na,S,05; x 5 H,0 10.00 g, distilled water 1000.00 mL) with addi-
tion of 2% (58.4 mM) maltose sterilized separately. Inoculum was introduced into 40 ml of medium with initial
pH 7.2 to the cell number of 1 x 10° cells/ml. Bacteria were grown at the temperature of 28°C under agitation to
provide aeration (140 rpm). Cell number was determined after 2, 4, 7 and 11 days of cultivation. Cell amounts
were determined using a counting chamber with a phase-contrast microscope (MT 4000, MELJI Tech, Japan) at
400x magnification. Preliminary evaluation of total extracellular protein production by planktonic cells was
performed in EPS samples obtained as described below using BSA as standard [19]. Spectrophotometry was
performed using NanoDrop 1000 (Thermo Fisher Scientific, USA).

2.2. Metal and Glass Specimen Preparation

For biofilm formation experiments mild steel coupons and glass slides were used. Coupons of mild steel
S235J2G3 with the size 20 x 40 x 1 mm were treated as described, with 0.6 M HCI used for pickling prior to
inoculation [20]. Glass slides (10 x 40 x 1 mm) were degreased with sodium dodecyl sulfate, washed with de-
ionized water and autoclaved at 121°C under 1.5 bar [18].

2.3. Microscopy Analyses

Transmission electron microscopy (TEM) was applied to visualize planktonic cells and their capsules. Samples
were prepared by the modified floating drop method [21].

After 2, 4, 7 and 11 days of cultivation 50 pL of culture were taken and the drop was placed on Parafilm®
sheets. Formvar® coated copper grid was put on the drop. Cells were allowed to adhere for 10 min; afterwards
the grids were air-dried. Samples were observed using a TEM (Jeol 1400, Japan) at an accelerating voltage of 80
kV. For each sample 20 images were acquired.

Confocal laser scanning microscopy (CLSM) was used to visualize the cells and the biofilm on the mild steel
and glass surfaces. The coupons and slides were retrieved from the culture medium and rinsed with the medium
in order to prevent the attachment of planktonic cells. Nucleic acids of biofilm cells were stained with 0.01%
w/v DAPI (Sigma) containing 2% v/v formaldehyde for 10 min. Staining was performed avoiding direct sun-
light. Afterwards the samples were rinsed with particle-free water, air-dried and after applying an antifading
agent CitiFluorTM AF2, observed using a laser scanning module (LSM 510 Carl Zeiss, Jena) coupled to an in-
verted Axiovert 100 MBP microscope (Zeiss). For each sample 20 images were acquired. All images were ob-
tained with the plan-apochromatic 100 x 0.79 oil DIC objective. The microscope was operated with the software
LSM 510 Release 3.2 (Carl Zeiss, Jena) [22].

2.4. EPS Extraction

After 2, 4, 7 and 11 days of S. maltophilia 5786 UKM cultivation culture medium was centrifuged at 7000 rpm
for 10 min and cell pellets were resuspended in 20 mL of PBS buffer (2 mM NasPO,;, 4 mM NaH,PO,4, 9 mM
NaCl, 1 mM KCI; pH 7). Then the equivalent volume of cation exchange resin (DOWEX™ Marathon C, Sigma)
previously treated with PBS buffer for 1 h was added and extraction was performed for 4 h at 4°C with stirring
at 100 rpm. Afterwards the aqueous phase was filtered through a glass filter funnel (Simax) and the filter was
washed with 10 mL of PBS buffer to obtain EPS extract trapped within DOWEX™ beads. This EPS containing
extract was centrifuged at 6000 rpm for 5 min, filtered through a 0.2 pm pore size membrane filter and dialyzed
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overnight against ddH,O using a 3.5 kDa cutoff membrane tube (Sigma).

In order to obtain EPS from biofilm cells these were detached by ultrasound treatment of coupons in 14.5 mM
NaCl solution by a non-destructive regime (22 kHz) as described [20].

The resulting cell suspension was treated as described for the planktonic cells. EPS extraction was performed
in triplicates. All samples were freeze-dried and then dissolved in deionized water. EPS samples were used for
the protein determination and amino acid composition analyses.

2.5. Amino Acid Composition Analyses

For amino acid composition analyses EPS were resuspended in 2 mL of deionized water. Proteolysis and ion
exchange chromatography (IEC) were performed with an Amino Acid Analyzer T, Czech Republic, as de-
scribed [23].

3. Results

Growth of S. maltophilia 5786 UKM in the presence of a mild steel coupon was monitored by cell counting
during the cultivation period of 11 days. Additionally, protein accumulation in EPS was measured.

The results suggest that a mild steel coupon introduction had little effect on the growth curve of S. maltophilia
5786 UKM culture (Figure 1). The culture reached the maximal cell number at the 7" day of cultivation inde-
pendently of the presence of steel. The coupon-free culture reached the cell number of 2.5 x 10° cellsmL™,
which was insignificantly lower than in the presence of mild steel (3.1 x 10% cellsmL™). The presence of mild
steel caused an increase in extracellular protein production. The highest total extracellular protein concentration,
around 1.7 pg-mL™, was found in EPS isolated from 7 days old S. maltophilia 5786 UKM culture grown in the
presence of a mild steel coupon (Figure 1).

Considering possible morphology changes of the planktonic cells of S. maltophilia 5786 UKM, in presence of
mild steel microscopic observation was undertaken on each step of cultivation. Morphological alteration of the
structure of planktonic cell capsule on the 7" day of cultivation under the influence of carbon steel presence was
visualized by TEM (Figure 2). The thickness of a capsule was shown to increase in average to 0.3 um compar-
ing to the conditions without steel.

CLSM observations of the cells of S. maltophilia 5786 UKM performed after 2, 4, 7 and 11 days cultivation
allowed tracking the process of biofilm formation (Figure 3). Although the cell attachment was observed on
both glass and mild steel surfaces, the number of cells adhered to the glass surface remained comparatively low.
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Figure 1. Growth of Stenotrophomonas maltophilia 5426 UKM and its
production of the extracellular proteins in the presence of mild steel
monitored during 11 days. Error bars represent standard deviation.
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Figure 2. TEM micrographs of Stenotrophomonas maltophilia 5426
UKM planktonic cells on the 7 day of cultivation. (A) Bacteria
grown in presence of mild steel coupon; (B) Bacteria grown in steel-
free medium. Changes in the capsule thickness are visualized.

2d 4d 7d 11d
Figure 3. CLSM micrographs of Stenotrophomonas maltophilia 5426
UKM sessile populations on the glass slide (A) and mild steel cou-

pon (B). The attachment was observed on the 2, 4, 7 and 11 d of cul-
tivation. Bar corresponds to 10 pum.

Biofilms on the mild steel surface seemed to develop dynamically with microcolonies being clearly distin-
guishable already after 2 days of growth. By the end of the experiment a well-developed multilayer biofilm was
formed on the mild steel surface, suggesting that this is a favorable lifestyle for S. maltophilia 5786 UKM.

The amino acid composition of EPS produced by biofilms and planktonic cells of S. maltophilia 5786 UKM
after 2, 4, 7 and 11 days of cultivation was shown to differ qualitatively. IEC revealed the presence of 17 amino
acids with the concentrations changing depending on the growth mode, a mild steel coupon presence or the age
of the culture subjected to EPS extraction. In all samples glutamic acid was predominant.

Considering that the highest amount of total protein was found in EPS of 7 days old culture, a special atten-
tion was paid to the amino acid composition of the respective EPS sample (Figure 4). Production of the pro-
teinacous EPS by the planktonic cells clearly depended on the introduction of mild steel coupon into the culture
medium (Figure 1). When the coupon was present, lysine, valine, isoleucine, tyrosine, phenylalanine were
found enhanced, while the increased amount of arginine, glutamine, proline, glycine, cysteine was found in EPS
obtained from the metal-free culture.

EPS from the biofilm cells also exhibited a number of peculiarities. Arginine, glycine, cysteine, valine, me-
thionine, leucine content increased comparing to the EPS produced by planktonic cells in the presence of mild
steel.

4. Discussion

In spite of the growing interest of research biocorrosion still remains a hard-to-predict phenomenon affecting oil
and gas fields, constructing industries etc. One of the main complications to face when dealing with biocorro-
sion is a strong dependence of bacterial activity on the unsteady environmental factors such as humidity, pH,
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Figure 4. Amino acid composition of tightly bound EPS of planktonic cells in steel-free medium (A), planktonic cells in
presence of the mild steel (B), biofilm cells (C) as studied by IEC.

aeration, presence of certain compounds or availability of nutrients or essential microelements. Obviously, such
an important factor as a presence of growth substratum may have a strong impact on the physiological status of a
microbial population. EPS production, specifically, has been shown to be adaptable depending on the surface
available for colonization [17] [24]. Current investigation was aimed to find out how the availability of the mild
steel surface may influence growth and activity of S. maltophila 5786 UKM, commonly associated with corro-
sion relevant sulfur-oxidizing bacteria [18].

Growth monitoring of S. maltophila 5786 UKM showed that no significant change was induced by mild steel
coupon introduction into medium. Microscopy studies showed that biofilm was developing on both glass and
mild steel surfaces. Attachment to glass previously reported for S. maltophila as well as the possibility to colo-
nize other inert surfaces is believed to be a result of the cell positive surface charge, not so wide-spread among
the other Gram-negative bacteria. It helps bacteria to overcome repulsive electrostatic forces preventing bacte-
rial adhesion to the negatively charged surfaces [25]. However, CLSM observation showed clearly that mild
steel surface was colonized more intensively, in spite of the positive charge which it should have acquired be-
cause of the oxidation processes occurring under aerobic conditions. This fact coincides with the idea of bacte-
rial adhesion being a very complex process.

Among the theories attempting to predict cell adhesive behavior, the most comprehensive one is the extended
DLVO theory, considering a number of interactions such as van der Waals, Coulomb, electrostatic, hydropho-
bic/hydrophilic and osmotic ones. However, it still fails to explain some cases of bacterial adhesion [26]. The
main reason for actual adhesion process deviations from models is a variety of structures associated with the cell
surface which mediate its interaction with the substratum. Tightly bound EPS as one of the most interesting mi-
crobial factors of cell-surface interaction was in the focus of the present study. These compounds draw attention
because their production is known to be influenced by environmental conditions, and this kind of environmen-
tally induced flexibility together with the ability to remain in close proximity to a cell make tightly bound EPS
an important determinant of the bacterial adhesive properties [27]. TEM observations provide a good evidence
of conditions-related EPS production changes, revealed by a thickness increase of the EPS capsula. Considering
that polysaccharides often play a leading role in EPS, and having in mind the negative charge of the most of
them, a suggestion can be made that in case of S. maltophila 5786 UKM increased EPS production in the pres-
ence of mild steel might be induced in order to facilitate adhesion and further efficient biofilm formation on the
positively charged surface of the coupon. An increase in the protein production observed after the introduction
of the steel coupons the medium might be also related to involvement of the proteinaceous fraction of EPS in the
adhesion processes. However, this suggestion should be verified by additional experiments. Application of IEC
for the studies of the proteinacous part of tightly bound EPS isolated from S. maltophila 5786 UKM helped to
reveal significant differences between amino acid profiles obtained from planktonic cells in the presence or ab-
sence of a mild steel coupon, as well as between the profiles of planktonic cells grown with coupon and biofilm
formed on this coupon. Noteworthy, peptides and proteins of EPS are known to be important for many aspects
of the biofilm development, from the formation of the conditioning layer over EPS anchored enzymes to cohe-
sion of cells within microcolonies and surface-associated migration [28]. Differences in amino acid ratios are
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not the only changes in EPS composition induced by the switch to the biofilm growth mode. A similar effect
was described earlier for monosaccharide and fatty acid profiles of S. maltophilia EPS [18]. The combination of
these data gives an idea of the importance of the substratum presence for the metabolism regulation of this bac-
terium.
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