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Abstract: Sialic acids in the structural matrix of biofilms developing in engineered water systems
constitute a potential target in the battle against biofouling. This report focuses specifically on
the presence of sialic acids as part of the extracellular polymeric substances (EPS) of biofilms
forming in cooling towers and the potential effect of nutrient starvation on sialic acid presence
and abundance. Two cooling water compositions were compared in parallel pilot-scale cooling
towers, one poor in nutrients and one enriched in nutrients. Fresh deposits from the two cooling
towers were collected after a five-week operation period. EPS extractions and analyses by Fourier
transform infrared spectroscopy (FTIR) and high-resolution mass spectrometry (MS), along with 16S
rRNA gene amplicon sequencing were performed. The results of MS analyses showed the presence
of pseudaminic/legionaminic acids (Pse/Leg) and 2-keto-3-deoxy-d-glycero-d-galacto-nononic acid
(KDN) in both biofilm EPS samples. FTIR measurements showed the characteristic vibration of
sialic acid-like compounds ν(C=O)OH in the nutrient poor sample exclusively. Our findings,
combined with other recent studies, suggest that bacterial sialic acids are common compounds in
environmental biofilms. Additionally, the conservation of sialic acid production pathways under
nutrient starvation highlights their importance as constituents of the EPS. Further in-depth studies
are necessary to understand the role of sialic acids in the structural cohesion and protection of
environmental biofilm layer.

Keywords: biofouling; industry; EPS; sialic acids; mass spectrometry; environmental biofilm; cleaning

1. Introduction

Biofilm formation is highly detrimental to the daily operation and lifetime of engineered water
processes, such as heat exchangers and membrane filtration systems. Commonly applied chemical
cleanings of fouled units do not manage to recover the initial efficiency of the systems. This is
often due to a lack of understanding of the extracellular polymeric substances (EPS) formed by the
microorganisms [1], eventually resulting in the use of non-adapted chemicals (e.g., surfactants or acid
and base cleaning products).

Biofilm formation is facilitated by the production of EPS, consisting of carbohydrates, proteins,
nucleic acids, and other biopolymers [1]. Carbohydrates produced by the microorganisms exhibit great
diversity. Within those carbohydrates, sialic acids, a subset of the nonulosonic acid family comprising
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more than 50 structurally distinct acidic carbohydrates, have been proposed to play an important role
in biofilm formation related to human bacterial infections [2]. For example, these nine-carbon acidic
sugars can act as growth and adhesion factors for some periodontal organisms, both for colonization
of host surfaces and interactions with other oral dwelling bacteria within a biofilm [3]. Since it was
widely believed that the ability of bacteria to biosynthesize sialic acids was predominantly found in
pathogenic and commensal species [4], little study has been performed on environmental biofilms.

Sialic acids have very recently been reported in water treatment systems as part of the EPS of
seawater-adapted granular sludge [5]. In addition, a newly established mass spectrometric approach
by Kleikamp et al. [6] revealed their wide-spread occurrence in non-pathogenic species. These recent
discoveries raise interesting questions regarding the occurrence of sialic acids in the biofouling layer
of engineered water systems. Investigation of sialic acids in samples from water processes, such as
cooling towers, would contribute to a better understanding of the biofilm composition and encourage
further in-depth studies on their functions as a component of the extracellular matrix.

Furthermore, sialic acids are present on the surface of all vertebrate cells where they terminate
glycan chains and are exposed to many interactions with the surrounding environment [7]. In granular
activated sludge, they were found both on bacterial surface-related structures and in the EPS of granular
activated sludge, i.e., they are located within the space between the cells and their environment [5].
In this respect, it is reasonable to assume that changes in the surrounding environment may also
have an impact on sialic acid production. Exploring the potential impact of environmental stresses
(e.g., nutrient starvation) on their diversity and abundance in environmental biofilms would provide
significant insights on their protective role and relevance in the matrix.

For this study, biofilm samples were collected at the end of a 5-week experiment from pilot-scale
cooling tower systems operated in parallel. The full experiment has been previously described by
Pinel et al. [8], investigating the efficiency of phosphate limitation as a biofouling control method
for cooling towers. In the present report, sialic acid identification and relative abundance were
assessed from the biofilms obtained from two cooling towers supplied with seawater reverse osmosis
permeate—the first without addition of nutrients (nutrient poor), primarily limited by phosphorus,
and the second with addition of nutrients (nutrient enriched). The objectives are to (i) evaluate the
presence of sialic acids in EPS of environmental biofilms and estimate the potential for sialic acid
production by the biofilm bacterial communities, (ii) investigate the impact of nutrient poor condition
on the presence and abundance of sialic acids, and (iii) explore the implications of the findings related
to engineered water processes prone to biofouling.

2. Materials and Methods

2.1. Pilot Set-Up

The cooling tower pilot facility is located at the King Abdullah University of Science and
Technology (KAUST) in Saudi Arabia. The process and operating parameters have been previously
described [8,9]. Two parallel cooling towers were considered in this study. Seawater reverse osmosis
(SWRO) permeate produced by the nearby desalination plant [10] was used as feed water during the
5-week experiment. Cycles of concentration were maintained between 5 and 7, with cooling water
conductivities varying between 6 and 8 mS/cm, and pH between 8.0 and 8.3. The temperature of the
water in the cooling tower basins varied between 27 and 30 ◦C, depending on external climate factors.

Biofilms were developed under the following conditions: (i) poor in nutrients, i.e., SWRO permeate
without additional nutrients as feed water, and (ii) enriched in nutrients, i.e., SWRO permeate with
addition of 0.5:0.1:0.05 (C:N:P) mg/L and trace metals as feed water. Concentrations were chosen as
described in Pinel et al. [8]. The C, N, and P sources used in the enriched nutrient condition were as
follows: sodium acetate trihydrate (CH3COONa·3H2O), sodium nitrate (NaNO3), and monosodium
phosphate monohydrate (NaH2PO4·H2O), all purchased from Sigma Aldrich.
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2.2. Samples Collection

The collected deposits were the same as described in Pinel et al. [8]. Deposits were sampled from
the basin surface of the cooling towers after drainage of the two basins at the end of 5 consecutive
weeks of stable operation. Pieces measuring 4 cm × 4 cm were collected in 50 mL sterile Greiner tubes.
Locations of the samples were arbitrary selected but repeated identically in the cooling towers. Two of
the pieces from each investigated cooling tower—nutrient enriched or nutrient poor—were used for
the analyses described below.

2.3. Microscopic Pictures

Deposit samples from the cooling tower basins were frozen at −80 ◦C upon collection and
lyophilized at −50 ◦C and 0.05 mbar (Alpha 1–4 LDplus, Martin Christ, Osterode am Harz, Germany).
Microscopic pictures of the freeze-dried raw deposits were taken with a Zeiss AxioPlan 2 imaging
microscope (Carl Zeiss, Oberkochen, Germany). Samples were observed with normal light and all
images were obtained with a 400× total magnification.

2.4. EPS Extraction

Extraction of EPS was performed on the freeze-dried raw deposits. EPS was extracted at 80 ◦C in
alkaline conditions, following a method previously described [8], and lyophilized. The freeze-dried
EPS samples were kept in a dry environment before further analyses.

2.5. Fourier Transform Infrared Spectroscopy (FTIR)

The Fourier transform infra-red (FTIR) spectra of the freeze-dried raw deposits and extracted
EPS samples were performed on a FTIR Spectrophotometer (Perkin-Elmer, Shelton, CT, USA) at room
temperature, with a wavenumber range from 500 cm−1 to 4000 cm−1. Resolution of 4 cm−1 and
accumulation of 8 scans were applied on each sample.

2.6. High-Resolution Mass Spectrometry (MS)

Freeze-dried extracted EPS samples were analyzed for sialic acids using a recently established
untargeted high-resolution mass spectrometric approach, described by Kleikamp et al. [6]. Sialic acid
peaks from 2-keto-3-deoxy-d-glycero-d-galacto-nononic acid (KDN) and pseudaminic/legionaminic
acids (Pse/Leg) identified by mass and characteristic fragment ions were integrated using Thermo
Xcalibur Qualbrowser. Observed and theoretical masses, C-9 marker fragments and water loss peaks are
provided as Supplementary Information (Table S1). Analyses were performed in duplicates. A statistical
analysis was conducted on the sialic acid peak areas at 95% confidence level based on Z-scores.
Variations in abundances with p-values higher than 0.05 were considered statistically insignificant.

2.7. DNA Extraction and 16S rRNA Gene Amplicon Sequencing

The raw deposit samples from the basin surface were frozen at −20 ◦C upon collection and until
DNA extraction. The genomic DNA of 0.5 g of sample was extracted using the DNeasy Power Water kit
(Qiagen, Germany) according to the manufacturer’s instructions. DNA concentration was quantified
using a Qubit dsDNA high sensitivity (HS) or Qubit broad range (BR) assay kit (Life Technologies,
Carlsbad CA, USA). The extracted DNA was stored at −80 ◦C until further analysis. The DNA extracts
were sent to DNASense ApS (Aalborg, Denmark) for amplicon sequencing of the 16S rRNA gene
targeting the variable region V4 (position 515–806). Samples were paired-end sequenced (2 × 300 bp) on
an Illumina MiSeq instrument. The reads were trimmed for quality, clustered and OTU abundances were
generated based on 97% similarities using USEARCH. Taxonomy was assigned using the Ribosomal
Database Project (RDP) classifier [11] as implemented in the parallel_assign_taxonomy_rdp.py script
in QIIME [12], with a confidence of 0.8 and the SILVA database. OTUs were generated based on a
subsampling parameter of 10,000 sequences per sample. Extraction and analyses were performed in
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duplicates. Alpha and beta diversity analyses are available as Supplementary Information (Table S3
and Figure S1).

2.8. Basic Local Alignment Search Tool (BLAST)

The Basic Local Alignment Search Tool (BLAST) was accessed on the NCBI website. Reference
protein sequences of CMP-pseudaminic acid (Pse), CMP-legionaminic acid (Leg), and CMP-2-keto-
3-deoxy-d-glycero-d-galacto-nononic acid (KDN) synthetases [13,14] were blasted against the available
NCBI databases sequences of the main bacterial groups, families or genera, present in the biofilms.
The compared sequences were considered having a significant match when the E-value was inferior to 10−15.

3. Results and Discussion

3.1. Sialic Acids Are Present in Environmental Biofilms

Biofilms formed at the bottom of the cooling tower basins—under (i) nutrient poor and (ii) nutrient
enriched conditions. Figure 1 shows pictures of the biofilms before collection (A and B) and microscopic
images of the collected samples (C and D). Both biofilm samples contained a complex ecosystem within
the matrix, including both algae and bacteria. Visual observations revealed a less extensive biofilm
formed under nutrient poor conditions with lower algae growth than in the nutrient enriched biofilm.
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Figure 1. Biofilm deposit in the basins of the cooling tower fed with reverse osmosis (RO) permeate poor
in nutrients (A) and the cooling tower fed with RO permeate enriched in nutrients (B) and associated
microscopic pictures (C,D) respectively.

The 16S rRNA gene amplicon sequencing analyses revealed large fractions of Proteobacteria:
32 and 19%, Cyanobacteria: 25 and 57%, and Planctomycetes: 21 and 7% in the nutrient poor and
nutrient enriched biofilms respectively. The relative abundances of the main families are shown
in Figure 2. Microscillaceae, Leptolyngbyaceae and an undefined Nostocales family were the most
represented groups in both samples.
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Figure 2. Relative abundance of the main bacterial families in the biofilm samples grown under
nutrient poor and nutrient enriched conditions with corresponding phyla and class of Proteobacteria.
“Others” contains bacterial families of less than 1% abundance in both samples.

Due to the presence of a large fraction of inorganic particles (e.g., sand) accumulated in
the biofilm, EPS was extracted to eliminate the inorganic background and most intracellular
compounds. The presence of sialic acids and their relative abundance in the extracted biofilm
EPS samples are displayed in Figure 3. Sialic acids with the compositions consistent with Pse/Leg,
which are indistinguishable by mass spectrometry only, and KDN, or a related desamino form of a
molecule consistent with the neuraminic acid composition, were present in both biofilm EPS samples.
KDN was reported to be part of glycoconjugates, including glycolipids, glycoproteins, and capsular
polysaccharides, at the terminate position of the glycan chain. Pse/Leg have been mainly found as
constituents of heteropolysaccharides, as internal carbohydrate [15]. Their charged group allows both
sialic acids to engage in cross-linking, potentially protecting the biofilm matrix.
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Figure 3. Observed mass spectrometric peak areas of sialic acids in nutrient enriched and nutrient
poor biofilm extracellular polymeric substances (EPS). The error bars represent the minimum and
maximum values. Abundances of both sialic acids were not significantly different between the samples
(p-values > 0.05).
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Sialyltransferases are key enzymes in the biosynthesis of sialic acid-containing oligosaccharides and
glycoconjugates [16]. They catalyze the transfer reaction of a sialic acid residue to the glycoconjugates.
Presence of these compounds in the extracellular matrix indicates that some bacterial members of the
biofilms are able to produce the transferases. Reference protein sequences of the transferases were
compared to the most abundant bacterial groups in the biofilms in order to approximately evaluate
the potential of sialic acid production by the bacterial community. Since Campylobacter jejuni has
characterized pathways for biosynthesis of sialic acids (e.g., Leg and Pse), sialyltransferases in these
pathways were used as reference protein sequences [13]. The reference sequence for KDN was obtained
from Wang et al. [14]. A BLAST analysis was then performed to compare the reference sequences of
the enzymes CMP-Pse, CMP-Leg, and CMP-KDN synthetases with the NCBI database sequences of
the identified bacterial groups (Figure 2). Significant matches (E-value < 10−15) are shown in Table 1
for the main families and corresponding genera identified in the biofilm samples. A large part of the
genera present in both biofilm samples includes species that possess the genes responsible for the
sialic acid residue transfer to the glycoconjugates, suggesting that sialic acids can be produced by
these microorganisms.

Table 1. Results of The Basic Local Alignment Search Tool (BLAST) analysis comparing the enzymes
CMP-pseudaminic acid (CMP-Pse), CMP-legionaminic acid (CMP-Leg), and CMP-2-keto-3-deoxy-
d-glycero-d-galacto-nononic acid (CMP-KDN) synthetases to the available NCBI database sequences of
the bacterial groups in the biofilms (identified by 16S rRNA gene amplicon sequencing). The main
families (>1%) and identified genera in these families, all present in both biofilm samples, were blasted.
Significant matches (E-value < 10−15) are indicated by a green background, no match or insignificant
matches (E-value > 10−15) by a red background.

Family Genus CMP-Pse
Synthetase

CMP-Leg
Synthetase

CMP-KDN
Synthetase

Acetobacteraceae
Roseomonas

Blastocatellaceae
Burkholderiaceae

Hydrogenophaga
Candidimonas
Aquabacterium

Limnobacter
Noviherbaspirillum

Ideonella
Azohydromonas

Cyanobacteriaceae
Annamia HOs24

Geminocystis
Cyclobacteriaceae

Marinoscillum
Ekhidna

Algoriphagus
Imperialibacter

Desulfarculaceae
Gemmataceae

Gemmata
Fimbriiglobus

Gemmatimonadaceae
Gemmatimonas

Leptolyngbyaceae
Leptolyngbya

Microscillaceae
Nitrosomonadaceae
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Table 1. Cont.

Family Genus CMP-Pse
Synthetase

CMP-Leg
Synthetase

CMP-KDN
Synthetase

Nostocaceae
Stigonema

Nostoc
Chlorogloeopsis

Nostocales
(undefined)

Microseira wollei
Oscillatoriaceae

Oscillatoria
Phycisphaeraceae

Pirellulaceae
Blastopirellula
Bythopirellula

Reyranellaceae
Rhodanobacteraceae

Aquimonas
Rhodobacteraceae

Rhodobacter
Rubinisphaeraceae

Planctomicrobium
SH-PL14

Saprospiraceae
Phaeodactylibacter

Solibacteraceae
Sphingomonadaceae

Porphyrobacter
Sphingopyxis
Blastomonas
Erythrobacter
Sphingobium

Altererythrobacter
Sphingomonas

In short, the mass spectrometric measurements showed that diverse sialic acids were produced
in the two environmental biofilms collected from the cooling towers. Results of the BLAST analysis,
combined to observations from earlier studies, indicate that a wide range of microorganisms have the
ability to produce these compounds. This confirms that sialic acid-containing glycoconjugates are
more widely found in environmental biofilms than previously thought [6,7,16–18].

3.2. Nutrient Availability Did Not Significantly Influence the Production of Sialic Acids in the Environmental Biofilms

Due to the exposure of sialic acid molecules to the surrounding environment, both as terminal
position of the glycan chain on vertebrate cell surfaces [7] and as constituent of the EPS of granular
sludge [5], it was assumed that changes in the direct environment would impact sialic acid production.
The influence of nutrient availability—nutrient poor and nutrient enriched conditions in this
study—was, however, not reflected by the MS results of the biofilm EPS extracts. Two different
types of sialic acids, Pse/Leg and KDN (methylated), were detected in both the nutrient poor and
nutrient enriched biofilm samples (Figure 3). Their abundances were not significantly different between
the samples (p-values > 0.05 based on Z-scores). The fact that sialic acid production is maintained
under nutrient starvation suggests that these carbohydrates do not only contribute to biofilm formation
but might also have value under stress conditions to maintain protection and structure of the biofilm.
Firstly, the acidic functional group and the ability of forming ionic bond with multivalent cations,
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such as Ca2+ [19], suggest the involvement of the molecules in complex network and contribution
to the structural integrity of the overall biofilm. Secondly, sialic acids are not only produced and
used by microorganisms to colonize host surfaces, but are also produced and released in the EPS
to protect the biofilm and microbiome from environmental stresses [5,17,20,21]. A recent study on
granular sludge has shown that sialic acids, due to their terminal position and large size with nine
carbons, were able to protect the granules from enzymatic degradation [5]. Other systems have
shown similar behavior, such as the CMP-sialic acid transporter which is upregulated in diatoms
under silica-limited conditions. This transporter transfers CMP-sialic acid from the cytosol into
Golgi vesicles where glycosyltransferases are activated and produce sialylated glycolipids that can
act as defensive molecules. Therefore, this upregulation indicates that diatom cells are coping with
starvation by accumulating defensive molecules [20]. Another example are cancer cells, which react
to nutrient-deprived conditions by using sialic acids to maintain cell surface glycosylation, through
complementary mechanisms [21].

The FTIR analysis shows a sharp peak around 1738 cm−1 and a shoulder peak at 1730 cm−1 in the
nutrient poor EPS spectrum, which are absent from the nutrient enriched EPS spectrum (Figure 4).
The shoulder peak at 1730 cm−1 has been previously associated to the alpha-keto aldonic acid structure
in sialic acids [5]. The presence of this peak in the FTIR analysis of the nutrient poor EPS might indicate
additional production of other ulosonic acid variants (e.g., 7 or 8 carbon sugars) at larger quantities
potentially induced by nutrient starvation, or increased exposure of the observed nine-carbon sugars.
Correlation between FTIR and MS analyses needs to be further investigated.
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To summarize, changes in nutrient availability did not affect the types and abundances of sialic
acids produced by the bacterial community. The conservation of energetically costly production
pathways of sialic acids under nutrient starvation highlights their importance as a constituent of EPS
and raises questions on their function in environmental biofilms.

3.3. Relevance to Industrial Processes and Future Considerations

Removal of biofilms in industrial processes and from medical devices, specially grown over a
long period of time, is very challenging with conventional chemical cleaning methods (e.g., surfactant
and chlorine dosages or acid and base cleanings). Thanks to increasing awareness of the role of EPS on
biofilm integrity and efforts in understanding its composition, alternative biofilm removal methods
are being developed [22–24]. The use of enzymes able to cleave the sugar chains and proteins of the
extracellular matrix have shown promising results in the medical field for solubilizing the biofilm and
preventing the spread of infections [24,25]. However, enzymatic treatments face limitations when used
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on environmental biofilms due to a lack of substrate specific enzymes and heterogeneous mixture of
extracellular molecules [26].

A study on the efficiency of acylase I and proteinase K on removal of biofilms from reverse
osmosis membranes revealed that the enzymes were ineffective on some fractions of the EPS and
should be used with additional EPS degrading agents to improve cleaning [27]. Their analyses showed
that the treatments removed humic-like substances but did not affect protein-like molecules. This is
likely caused by the presence of functional groups protecting the macromolecules from degradation.
In this context, sialic acids might be protecting the matrix from such enzymatic agents, as it is suggested
in recent research [5,17] and supported by our preliminary results. Cleavage of the molecule would
weaken the matrix and provide exposure of the glycoproteins to enzymatic hydrolysis. Additionally,
the combination with emerging physical biofilm disruptive strategies, such as magnetic fields or
ultrasounds [28,29], could significantly improve the efficiency of the cleaning. The partial breakups and
detachments of the biofilm would eventually allow a better penetration of biofilm degrading agents.

Hence, the potential combination of sialidases with established enzymatic agents, and biofilm
disrupting technologies, needs to be further investigated as sialic acids might constitute a key compound
in biofilm stability.
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for Pse/Leg and KDN, including their characteristic C-9 marker fragments and water-loss peak masses; Table S2.
Processing data of the raw sequences of the 16S rRNA gene amplicon sequencing indicating the raw reads,
reads after low quality read removal (trimmed), after merging of forward and reverse reads (merged) and reads
mapped to OTUs (mapped), Table S3: Alpha diversity analyses on the 16S rRNA gene amplicon sequencing data.
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