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SUMMARY

Open recirculating cooling systems have been vital elements in industry since the early 20
century. Their purpose is to release excess heat from processes through water evaporation so
that production can be carried out at optimal temperature. With the global development of
industrial activities such as manufacturing, electricity and chemical production, the demand
for cooling capacity keeps increasing. Biofouling is one of the main phenomena negatively
affecting the performance of wet cooling systems. This phenomenon leads to: (i) loss of heat
transfer efficiency, (ii) clogging, (iii) microbiologically influenced corrosion, and (iv) health
risk associated to the development of pathogens. Controlling bacterial growth in open
recirculating cooling systems is very challenging, and is generally performed via dosage of
disinfectants such as sodium hypochlorite. Due to biofouling and the increasing concerns
linked to chemical consumption and water discharge, attention has been given to investigate
more sustainable approaches to cooling systems operation. Knowledge on the bacterial
communities, disinfection impact and biofilm composition is however limited and a more in-
depth characterization of biofouling is required to effectively establish new control strategies.

The objectives of this thesis were to contribute to the available knowledge on biofouling in
cooling systems and to investigate sustainable and predictable alternative operations,
providing results of direct relevance to practice. Attention was given to the identification of
factors selecting the microbiome of cooling water subjected to conventional operation,
characterization of cooling tower biofilms without disinfection, and assessment of the impact
of temperature on biofilm composition. Then, alternative approaches to biofouling control
were tested at pilot-scale. Phosphorus depletion was investigated as a solution for limiting
biofilm growth and high pH was considered as a Legionella pneumophila control method.
These studies were performed with the use of recent analytical methods such as next
generation amplicon sequencing (NGS), quantitative polymerase chain reaction (QPCR), and
flow-cytometry, which allowed collection of valuable data and a better characterization of
biofouling.

In order to gain insight on bacterial growth in cooling systems, the first step was to explore
the bacterial changes happening along an operating industrial process. The study described
in Chapter 2 was performed over a period of 5 months on a full-scale cooling system (25 MW
cooling capacity) subjected to residual chlorine. The implementation of a mass balance based
equation combining several analysing techniques showed that (i) the input feed water
microbiome defined the cooling water bacterial community members, and (ii) the variations
in net decay of bacterial members caused by disinfection was the main factor shaping the
community structure. In addition to determine the impact of biocides on the selection of
cooling water bacteria, the study revealed that the established mass balance is a useful tool to
apply to characterization studies in general, as it can avoid misinterpretation of relative
abundance data. One bacterial order, Obscuribacterales, was showing growth despite the
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presence of residual chlorine in the system, suggesting a higher resistance to the disinfectant
than other community members.

Substantial knowledge has been acquired in the last decades on biofilm population and
extracellular polymeric substances (EPS). Still, many questions remain to be answered
regarding composition and adaptation to external conditions and stresses. In cooling towers,
a temperature gradient occurs at the surface of the heat-exchanger and in the bulk water.
The bacteria involved in biofilm development are subjected to this heat gradient, which can
affect their selection and the type of EPS they produce. A laboratory heat exchanger module
was developed in Chapter 3 for the assessment of temperature on biofilm composition. A
strong shift in bacterial composition occurred with the increase in bulk water temperature
from 20 °C to 27 °C. Biofilm grown at elevated temperature also displayed a protein to
polysaccharide ratio in EPS significantly higher than in the EPS of the reference biofilm
grown at 20 "C. These variations are of interest for future investigations, e.g. of cleaning
strategies, and should be compared to full-scale heat-exchanger biofilms. Biofilm
development also strongly depends on nutrients available for growth. The additional study
of Chapter 4 revealed the presence of sialic acids in EPS of biofilms collected from cooling
tower pilots, under depleted nutrient condition and enriched nutrient condition. The
presence of sialic acids, and specifically the conservation of production pathways under
nutrient limitation, suggest (i) an important role of these compounds in the structural
cohesion or protection of the biofilm layer, and (ii) their wide-spread occurrence in
environmental biofilms.

With the aim of reducing chemical consumption during operation, alternatives to
disinfection were investigated for the control of cooling system microbiology. Depletion of
phosphorus, a vital element for growth of microorganisms, was proposed as a preventive
method against biofilm formation (Chapter 4). The assumption was tested in pilot-scale
cooling towers operated with reverse osmosis permeate supplemented in nutrients. P-
limitation did not restrict biofilm growth and caused an even greater volume of organic
matter accumulation per unit of active biomass in the biofilm. Based on the results, it was
concluded that P removal alone will not be an adequate strategy for biofouling control in
cooling systems. Chapter 5 explored the effect of alkaline pH on L. pneumophila and other
pathogenic genera. This second pilot-scale study revealed that L. pneumophila growth was
effectively controlled at pH 9.6 with the use of demineralized water as feed water. Relative
abundance in potentially pathogenic genera strongly declined compared to conventional
operation with sodium hypochlorite dosage. Alkaline cooling system conditioning therefore
represents an attractive alternative to disinfection for the limitation of health risks associated
to L. pneumophila.

Based on these findings, recommendations for further investigations are provided in Chapter
6. Characterization of Obscuribacterales could shed light on survival of microorganisms to
chlorination. Assessment of potential contamination of the cooling water by wind-carried
particles, rain or mist in terms of airborne bacteria and nutrients would be useful in the
selection of water treatment. Biofilm formation and the inhibition of L. pneumophila growth
at high pH should be further explored and would highly contribute to current knowledge on
this pathogenic species. Results and associated messages of this PhD thesis show that it is
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possible to operate cooling systems without disinfection, with combination of adapted feed
water treatments and alkaline conditions so no health threat linked to pathogenic bacteria is
caused to the surrounding human population, and no significant biofouling occurs. In
general, this thesis provides guidance to cooling experts, and any owner of an open
recirculating cooling tower, in the selection of adapted feed water treatment and operational
conditions to avoid biofouling.
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SAMENVATTING

Open recirculerende koelsystemen zijn zeer belangrijke systemen in de industrie vanaf het
begin van de 205 eeuw. Hun doeleinde is om extra warmte van processen vrij te maken door
verdamping van water zodat productie op optimale temperatuur kan uitgevoerd worden. Met
de wereldwijde ontwikkeling van industriéle activiteiten zoals elektriciteit en chemicalién
productie, blijft de behoefte aan koeling capaciteit stijgen. Biofouling is één van de
belangrijkste verschijnselen die een negatieve invloed heeft op de werking van natte
koelsystemen. Dit verschijnsel leidt tot: (i) het verlies van warmteoverdrachtsefficiéntie, (ii)
verstopping, (iii) microbiéle corrosie, en (iv) gezondheidsrisico in verband met de groei van
ziekteverwekkers. De beperking van bacteriéle groei in een open recirculerend koelsysteem
is een uitdaging, en het is meestal uitgevoerd door het doseren van desinfectiemiddelen zoals
natriumhypochloriet. Tegenwoordig is er een toenemende zorg over het verbruik en afvoer
van chemicalién, daarom wordt er meer aandacht besteed aan het onderzoeken van een
duurzamere werking van koelsystemen. Kennis over de bacteriéle gemeenschappen, impact
van desinfectie en biofilmsamenstelling is echter beperkt en een meer diepgaande
karakterisering van biofouling is vereist om effectieve nieuwe controlestrategieén vast te
stellen.

De doelen van dit proefschrift waren om bij te dragen aan de actuele kennis over biofouling
in koelsystemen, en duurzame en voorspelbare alternatieve werkingen te onderzoeken, met
resultaten die direct relevant zijn voor de praktijk. Er is aandacht besteed aan de identificatie
van factoren die het microbioom selecteren in koelwater dat aan een conventionele werking
is onderworpen, karakterisering van biofilms van koeltorens zonder desinfectie en
beoordeling van het effect van temperatuur op de samenstelling van biofilms. Vervolgens
werden alternatieve benaderingen voor de beheersing van biofouling getest op pilotschaal.
Fosfordepletie werd onderzocht als een oplossing voor het beperken van de groei van biofilms
en een hoge pH werd beschouwd als methode om Legionella pneumophilate beheersen. Deze
studies werden uitgevoerd met behulp van recente analysemethoden zoals next generation
amplicon sequencing (NGS), quantitative polymerase chain reaction (qPCR), en
flowcytometrie, waardoor waardevolle gegevens konden worden verzameld en biofouling
beter kon worden gekarakteriseerd.

Om inzicht te krijgen in bacteriéle groei in koelsystemen, was de eerste stap het verkennen
van de bacteriéle veranderingen die plaatsvinden tijdens een industrieel proces. De in
Hoofdstuk 2 beschreven studie werd uitgevoerd over een periode van 5 maanden op een
industrieel koelsysteem (koelvermogen van 25 MW) dat werd blootgesteld aan residuaal
chloor. De implementatie van een op massabalans gebaseerde vergelijking die verschillende
analysetechnieken combineert, toonde aan dat (i) het microbioom van het invoer water de
samenstelling van de bacteriéle gemeenschap in het koelwater bepaalde, en (ii) de variaties
in netto afbraak van bacteriéle soorten veroorzaakt door desinfectie de belangrijkste factor
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was die de gemeenschapsstructuur vormgaf. Naast het bepalen van de impact van biociden
op de selectie van koelwaterbacterién, toonde de studie aan dat de opgestelde massabalans
een nuttig hulpmiddel is om toe te passen op karakteriseringsstudies in het algemeen, omdat
de verkeerde interpretatie van relatieve overvloedsgegevens voorkomen kan worden. Een
bacteriéle orde, Obscuribacterales, vertoonde groei ondanks de aanwezigheid van residuaal
chloor in het systeem, wat wijst op een hogere weerstand tegen het ontsmettingsmiddel dan
andere leden van de gemeenschap.

In de afgelopen decennia is substantiéle kennis opgedaan over biofilmpopulatie en
extracellulaire polymere stoffen. Maar veel vragen met betrekking tot samenstelling, en
aanpassing aan externe omstandigheden en spanningen zijn nog onbeantwoord. Bij
koeltorens treedt een temperatuurgradiént op aan het oppervlak van de warmtewisselaar en
in het bulkwater. De bacterién die betrokken zijn bij de ontwikkeling van de biofilms worden
onderworpen aan deze hitte gradiént, die hun selectie en het type geproduceerde EPS kan
beinvloeden. In Hoofdstuk 3 was een laboratorium warmtewisselaarmodule ontwikkeld om
het temperatuureffect op de biofilmsamenstelling te beoordelen. Bij de temperatuurstijging
(20 "Ctot 27 °C) trad een sterke verschuiving op in de bacteriesamenstelling. Biofilms die op
verhoogde temperatuur waren gegroeid vertoonde ook een proteine tot polysacharide
verhouding in EPS die hoger was dan in de EPS van de 20 °"C gegroeid referentiebiofilms.
Deze wvariaties zijn van belang voor toekomstige onderzoeken, bijvoorbeeld voor
reinigingsstrategieén, en moet worden vergeleken met biofilms uit warmtewisselaars op
industriéle schaal. De ontwikkeling van biofilms is ook sterk afhankelijk van de
voedingsstoffen die beschikbaar zijn voor groei. De aanvullende studie van Hoofdstuk 4
onthulde de aanwezigheid van siaalzuren in EPS van biofilms verzameld uit een pilotschaal
koeltoren, onder verarmde nutriéntenconditie en verrijkte nutriéntenconditie. De
aanwezigheid van siaalzuren, met name het behoud van de bijbehorende productieroutes
onder nutriéntenbeperking, suggereert (i) een belangrijke rol van deze verbindingen in de
structurele cohesie of bescherming van de biofilmlaag, en (ii) hun wijdverbreide voorkomen
in natuurlijke biofilms.

Alternatieven voor desinfectie zijn onderzocht voor de beheersing van de microbiologie van
het koelsystem. De uitputting van fosfor, een essentieel element voor de groei van
microorganismen, is aangedragen als een preventieve methode tegen biofilmvorming
(Hoofdstuk 4). De hypothese is getest in koeltorens op pilotschaal die worden bedreven met
permeaat van omgekeerde osmose aangevuld met nutriénten. P-uitputting beperkte de groei
van de biofilm niet en veroorzaakte een nog grotere ophoping van organische stof per eenheid
actieve biomassa in de biofilm. Op basis van de resultaten werd geconcludeerd dat
verwijdering van fosfor opzich zelf geen adequate strategie zal zijn voor het beheersen van
biofouling in koelsystemen. Hoofdstuk 5 onderzocht het effect van alkalische pH op L.
pneumophila en andere pathogene genera. Deze pilotschaal studie onthulde dat de groei van
L. pneumophila effectief werd beheerst bij pH 9.6 met het gebruik van gedemineraliseerd
water als voedingswater. De relatieve aanwezigheid van potentieel pathogene genera nam
sterk af in vergelijking met conventionele operatie met natriumhypochlorietdosering.
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Alkalische conditionering van het koelsysteem vormt daarom een aantrekkelijk alternatief
voor desinfectie om de gezondheidsrisico’s van L. pneumophila te beperken.

Op basis van deze bevindingen worden aanbevelingen voor verder onderzoek gegeven in
Hoofdstuk 6. Karakterisering van Obscuribacterales zou licht kunnen werpen op de
overleving van micro-organismen bij chloor dosering. Beoordeling van mogelijke vervuiling
van het koelwater door deeltjes in de lucht, regen of mist in termen van bacterién en
nutriénten zou nuttig zijn bij de keuze van een waterbehandeling strategie. Biofilmvorming
en de beperking van de groei van L. pneumophila bij hoge pH moeten verder worden
onderzocht en zouden in hoge mate bijdragen aan de huidige kennis over deze pathogene
species. De resultaten en de bijbehorende boodschappen van dit proefschrift laten zien dat
het mogelijk is om koelsystemen te bedienen zonder desinfectie, met een combinatie van
aangepaste voedingswaterbehandelingen en alkalische omstandigheden, zodat er geen
gezondheidsbedreiging door pathogene bacterién wordt veroorzaakt voor de omringende
menselijke bevolking, en geen significante biofouling. In het algemeen geeft dit proefschrift
richtlijnen voor experts van koelsystemen, en ook voor eigenaren van recirculerende
koeltorens, bij het selecteren van aangepaste invoerwater behandeling en operationele
toestanden om biofouling te voorkomen.
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CHAPTER 1 - INTRODUCTION

1.1. CONTEXT

The research presented in this thesis was instigated by a partnership between TU Delft and
Evides Industriewater early 2016, with the aim of gaining knowledge and operation of
cooling systems. Evides is one of the leading companies in the Dutch water sector with
activities ranging from drinking water and process water distribution to wastewater
management. The branch Industriewater is responsible for the collection and treatment of
various water sources such as fresh or brackish surface waters, groundwater or seawater, and
their distribution to industries from various sectors. A large part of this supplied water is used
by industrial customers as cooling water, necessary for the operation of their industrial sites.
In this context, Evides Industriewater chose to diversify its business activities in the cooling
water field, by creating a sustainable and economical balance between pre-treatment and
conditioning, in order to offer additional services to current and potential customers. The
research collaboration with TU Delft falls within this framework and plays an important role
by bringing added value to the already long-established cooling technology, through the
definition and filling of knowledge gaps as well as operational improvement.

1.2. 'WET COOLING SYSTEMS: AN ESSENTIAL TECHNOLOGY FACING CHALLENGES

1.2.1. General introduction to wet cooling systems

Industry accounts for about 40% of total freshwater abstraction in Europe, with existent
disparities between countries. In the Netherlands, the total annual withdrawal of surface
water and groundwater reached 8093 million m3 in 2018, with 71% used as cooling water in
the process industry and for the production of electricity (European Commission 2020) !. This
incredibly high water requirement illustrates the importance of a continuous and sufficient
supply of cooling water in an industrialised country’s economy. In this context, wet cooling
systems play an indispensable role by providing efficient cooling to industrial sites such as
refinery, chemical, petrochemical and powerplants, allowing a good, economic operation of
their production processes (Schulze et al. 2018).

Several types of wet cooling systems are being used (European Commission 2001). The once-
through technology draws large volumes of water to feed the heat exchangers, and directly
discharges it back to the water body at an elevated temperature. Open recirculating systems,
also called evaporative systems, recirculate the water and involve direct contact with ambient
air for cooling. Closed-loop technology recirculates water in a piping system, avoiding direct
contact between cooling water and air. Some hybrid systems combine characteristics of both
open and closed-loop cooling. A more recent type of wet cooling, adiabatic cooling systems,
operates similarly as closed-loop with addition of a pre-cooling step of the ambient air. The
choice of a cooling system is based on many parameters such as required cooling capacity,

1 Water abstraction corresponds to the amount of water withdrawn from a water body for further use, such as cooling.
This is not to be mistaken with water consumption, defined by the total amount of water withdrawn minus the total
amount of water discharged. In the case of wet cooling, a large fraction of abstracted water is directly returned to the
water body.
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water availability, space, climate, or environmental requirements, and can be determined
following available guidelines (European Commission 2001).

1.2.2. Open recirculating cooling system

Open recirculating cooling (Figure 1.1) is one of the most commonly used wet cooling
technology for the release of heat from industrial fluids and processes in the world due to its
high cooling efficiency. This technology takes advantage of the property of water to change
state when exposed to an input of heat energy.

Figure 1.1. (A) 122-meter-tall natural draft cooling tower (Tim Reckmann) and (B) 10-meter-tall induced
draft counterflow cooling tower (https://water.aecsi.us).

Contrarily to once-through cooling systems, built in great numbers before the 70s but causing
thermal pollution in the immediate environment, open recirculating cooling systems consist
in the recirculation of a water stream in a secondary circuit. Cooling water is pumped through
heat exchangers where heat is absorbed from primary processes, and is sprayed from the top
of a tower where part of the warm water evaporates in presence of an upward air flow.
Packing fill materials located in the tower allows optimal contact between the air and the
water, necessary for efficient cooling. To prevent droplets from exiting the system, drift
eliminators are often installed above the spray nozzles. The cooled water is then collected in
a basin at the bottom of the tower before to be pumped back to the heat exchangers. A
simplified diagram of a cooling tower operation is shown in Figure 1.2. The excess energy is
therefore released from the system through evaporation (Hill et al. 2013).

The most familiar and visible evaporative cooling towers are natural draft cooling towers
which consist in up to 200m-high concrete chimneys (Figure 1.1.A). These large systems are
easily spotted from afar and are mainly associated to power plants despite their frequent use
in other industries such as petroleum refineries and chemical factories. Their hyperbolic
structure allows the heated air to rise up, pulling cold air from the open base, which results
in a continuous air flow used as water coolant. They are often applied for high rejected heat
capacity, exceeding 200 MW.

A more recent type, induced draft cooling towers (Figure 1.1.B), makes use of a fan to induce
an air flow through the system (Figure 1.2). This design consumes more energy but allows
the construction of smaller structures, up to 20m-high, and a better control of the cooling
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CHAPTER 1 - INTRODUCTION

efficiency (Hill et al. 2013). Induced draft cooling towers are nowadays preferred in various
industrial activities, for rejected heat capacity up to 100 MW, and are also very common in
the urban environment, due to lower space requirement.

A wide range of materials are used in these systems. Heat exchanger tubes are often made of
stainless steel or copper-nickel alloys, sometimes even titanium for its corrosion-resistant
properties. The packing fill consists in thermoplastic polymers arranged in layers, while
reinforced concrete is often chosen for the main structure, cooling basin and circulating
water conduits (European Commission 2001). Flows and temperatures strongly vary
depending on the localisation and process requirements.

In this thesis, field studies were performed exclusively on counterflow draft cooling towers
used for industrial purposes. Other less common designs are described elsewhere (European
Commission 2001, Hill et al. 2013).
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Figure 1.2. Schematic diagram of a counterflow induced draft cooling tower, a common type of design of
open recirculating cooling systems.

1.2.3. Main challenges related to open recirculating cooling systems

The evaporation of water from cooling towers results in concentrating minerals and organic
matter in the recirculating water. Some quality parameters are indicated in Table 1.1.
Electrical conductivity is generally used as water quality indicator in full-scale systems and
is maintained within a certain range during cooling tower operation, rarely exceeding 4500
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pS/cm in freshwater-fed systems (Koeman-Stein et al. 2016). This key parameter is
particularly important as a too high value will increase the risk of scale formation, eventually
affecting the performance of the cooling system and resulting in higher operational costs
(Walker et al. 2012). On the other hand, a low conductivity implies a greater water
consumption. When the electrical conductivity threshold is reached, part of the concentrated
water gets discharged as blowdown water and is replaced by fresh make-up water to conserve
a constant water quality over time (Figure 1.2). Make-up water must comply to quality
constraints regarding electrical conductivity, chloride, phosphates and total organics (Groot
et al. 2015). The cycle of concentration (COC) is defined as the ratio of concentrations of
dissolved solids in the blowdown water to that in the make-up water, but is often
approximated by the ratio of electrical conductivities. COC vary between 3 and 5 in most
surface water-fed cooling systems (Lv et al. 2018), and it can reach much higher values when
high-quality make-up water is used. Cooling systems fed with seawater are operated with a
COC lower than 2 (Al-Bloushi et al. 2018).

The concentration of minerals and organic matter in the water and their deposition on the
surfaces cause several detrimental effects on the equipment and overall cooling system
operation. Corrosion strongly affects metallic parts, including heat exchangers, and causes
adverse effect such as water contamination by dissolved metals, obstruction, or even
mechanical failures (Campbell 1980). This phenomenon strongly depends on the chemical
composition of the water and the type of metals used. Some water parameters are well known
to aggravate corrosion, such as high chloride content and extreme pHs (Campbell 1980).
Another undesired consequence of an increased salt concentration is the formation of scale
resulting from an increase in water hardness. Calcium and magnesium carbonates, sulphates
or phosphates precipitate and form mineral films, promoted by factors such as high surface
temperature or alkaline pH (Ali et al. 2020). Accumulation of inorganic scale on heat
exchangers notably reduces heat transfer efficiency and can accelerate corrosion. Finally, the
increasing concentration of nutrients and organics in the cooling water, resulting from the
evaporation of water, favours multiplication of living organisms, eventually leading to
biofilm formation. Biofilm is defined as the accumulation of microorganisms and extracellular
materials on a surface. When biofilm formation or growth of planktonic microbial cells is
considered unacceptable and threatens the operational reliability of a process or the health
of surrounding human population, as it is the case in evaporative cooling systems, it is
referred to as biofouling (Vrouwenvelder et al. 2007). Biofouling results in clogging of
equipment parts, loss of heat transfer capacity, and can enhance corrosion when in contact
with metallic parts of the system (Melo and Bott 1997). It can also lead to the release of
pathogen via aerosol formation. A more detailed description of microbial growth factors and
associated risks is provided in a later section. Other types of fouling such as particulate and
organic fouling can also occur.

Corrosion, scaling and biofouling can take place individually, simultaneously and affect each
other. They have disastrous consequences on system operation and connected processes.
Extremely high operational cost — attributed to energy consumption increase, early renewal
of process parts and increased interruption of operation — is unavoidable in absence of
mitigation methods.
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Table 1.1. Composition of 7 different cooling waters from previously published studies: CT1 - (Paranjape
et al. 2020b), CT2 - (Pinel et al. 2020a), CT3 - (Farahani et al. 2016), CT4 - (Groot et al. 2015), CT5 - (Zhang
et al. 2008), CT6 - (Wang et al. 2006), and CT7 - (Kim et al. 2001).

Parameter Unit CT1 CT2 CT3 CT4 CT5 CTé6 CT7
Temp. °C 9-29 15-25 - 20-30 5-21 4-40 -
pH - 82-89 75-79 6.7-7.2 7.5-85 8.2-875 7.8-93 8.2
COD mg/L - - 181 - 3-4.8 0-10 -
TOC mg/L 6-41 34-56 - 40-60 - - -
EC puS/cm  600-1400 3000-3500 2928 3500-4500 1300-2000 1650-2100 2150
Turbidity NTU 1-58 1-13 73.6 - 5-23 - -
TSS mg/L <100 - - <15 7-22 5-80 -
Alkalinity mgcacos/L - 800-1300 1350 - 350-370 - 188
Chloride mg/L - 400-550 - 400-600 - - 404
Phosphate mg/L <3 6-9 - 5-15 1.1 - -

1.2.4. Conventional fouling mitigation strategy in industrial open recirculating
cooling systems

To prevent these detrimental phenomena, chemicals are dosed to the cooling water and key
water quality parameters are monitored. Conventional conditioning of cooling water systems
includes corrosion inhibitors, antiscalants, biocides and dispersants (Wagner et al. 2018).
Often used corrosion and scaling inhibitors in industry comprise polyphosphates,
phosphonates, silicates and copolymers. To limit biofouling and pathogen growth, cooling
systems make use of either oxidative or non-oxidative biocides. The first ones include
compounds such as sodium hypochlorite, chlorine dioxide, monochloramine or ozone. Active
chlorine, very strong oxidant, is the most frequently employed antimicrobial compound
(Groshart and Balk 2003). Non-oxidative biocides such as 2,2-Dibromo-3-
nitrilopropionamide (DBNPA) or quaternary ammonium compounds are less common.
Biocides are applied at either continuous, shock or intermittent dosing. In addition to
inhibitors, dosage of acid is applied to maintain the pH between 7 and 8 to allow appropriate
disinfection. A more exhaustive list of commonly used chemicals for biological growth
control is available elsewhere (Wagner et al. 2018).

Online monitoring parameters include pH, electrical conductivity, temperature and
oxidation-reduction potential (ORP). The latter is used as an indicator of the efficiency of
oxidative disinfection in cooling water and helps controlling the dosage of biocides. An ORP
between 550 and 650 mV is considered optimal for efficient disinfection without inducing
corrosion of the equipment. Monitoring and dosages are nowadays performed and adjusted
by automated control systems based on feedback loops. Additional offline analyses of the
water quality are frequently performed such as water hardness, as indication of scaling
potential, or adenosine triphosphate, to approximate the growth of active microorganisms.
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1.25. Need for more environmentally friendly and sustainable mitigation
strategies

The efforts implemented to optimize cooling system performance while reducing the dosage
of chemicals are motivated by significant downsides of the conventional conditioning.
Optimal operation of cooling towers relies on a fragile balance of dosed chemicals which
requires constant adjustment (Hill et al. 2013). Side-reactions are induced by the
physicochemical properties of the recirculating water lowering the efficacy of chemicals and
negatively affecting the system (Wagner et al. 2018). For instance, a high concentration of
organic compounds in feed water reduces the disinfection power of biocides, which react
with suspended matter to form unwanted halogenated by-products (Groshart and Balk 2003).
An increase in biocide dosage can contribute to corrosion of heat exchangers. The use of
phosphorus-based corrosion inhibitors contributes to an increase in nutrient content of the
water, enhancing microbial growth (Sweity et al. 2013). As a consequence, an imbalance in
conditioning triggered by e.g., a sudden change in make-up water quality or accumulation of
rain water, can affect the equipment and bacterial stability of the cooling water. Eventually,
these chemicals and their by-products are discharged in the cooling tower blowdown water,
either to the environment or to a nearby treatment plant. Ecological impacts were anticipated
by early cooling system researchers regarding the discharge of halogenated disinfection by-
products and other compounds of environmental concern (Bott 1998). It is reasonable to
assume that alternatives will need to be implemented in the near future to meet upcoming
stricter regulations’ requirements on blowdown water discharge and reduced freshwater
availability. Treatment technologies are being developed to allow reuse of cooling tower
blowdown water in industry with the aim of reducing freshwater footprint (Bisselink et al.
2016, Zhang et al. 2008). In this context, high concentrations of chemicals in the discharged
water greatly hamper desalination efficiency (Wagner et al. 2018) and necessitate additional
treatment steps.

1.3. MICROBIAL GROWTH IN OPEN RECIRCULATING COOLING SYSTEMS

1.3.1. Growth promoting factors and associated risks

The composition of make-up water plays a decisive role on the operational performance.
Evaporative cooling systems are also strongly affected by seasonal variations, sunlight and air
quality due to their open design. Wind and precipitation bring particles, pollens, insects and
airborne microorganisms, contributing to cooling water quality deterioration. Exposure to
sunlight promotes algal proliferation (Hauer 2010), sometimes visible in the packing fill of
the towers (Figure 1.3.A). Next to external influences, cooling systems create an optimal
environment for growth of microorganisms through the combination of favourable physical
and chemical factors (Di Pippo et al. 2018). In addition to the increase in organic matter and
nutrients caused by concentration of feed water compounds and inhibitors, cooling systems
operate at temperatures suitable for most mesophilic organisms. Typical cooling water
temperatures are within a range of 10 to 35 °C depending on external conditions, with a
temperature difference of 5 to 10 °C. Acid dosage maintains the pH close to neutrality and
significant volumes of air passing through the tower provides a continuous aeration. These
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properties, and a retention time of several days in the system, would promote rapid
proliferation of aerobic microorganisms without disinfection.

Among these microorganisms, a special attention is given to Legionella pneumophila, a
bacterial pathogen thriving in cooling water systems (Figure 1.3.B). Growth of pathogens,
especially L. pneumophila, is a public health concern as they can be carried by aerosols
sprayed from a cooling tower and spread illnesses over several kilometres. Contamination
occurs when aerosols get inhaled by the population in the vicinity of cooling towers (Paschke
et al. 2019). Inhalation of Legionella can lead to the development of Legionnaires’ disease, a
severe form of pneumonia with symptoms such as muscle aches, cough, strong headache and
tiredness, with a case fatality rate of 10-15% (Di Pippo et al. 2018). Pontiac fever, a milder
non-pneumonia illness causing muscle ache and fever, is another disease associated with this
pathogenic species. Biocide dosages are usually efficient in maintaining a low abundance of
L. pneumophila in cooling waters. However, outbreaks of Legionnaires’ disease associated to
biologically unstable evaporative cooling systems still occur (Bartram et al. 2007) and are
expected to increase with the rising number of cooling systems (Paschke et al. 2019).
Although L. pneumophila is the most frequently reported cooling tower pathogen, it is
noteworthy to mention that other waterborne pathogens can cause health-related issues
when spread to the surrounding areas. It is e.g. the case for Pseudomonas and non-
tuberculosis Mycobacteria, among which some species are responsible for pulmonary
infections and bronchiectasis (Pagnier et al. 2009, Pereira et al. 2018, Rossolini and
Mantengoli 2005, Torvinen et al. 2014).

Figure 1.3. (A) Algal growth in the cooling tower packing (https://amsainc.com). (B) Microscopic image of
Acanthamoeba polyphaga, protist host, infected by Legionella pneumophila (Molmeret et al. 2005). (C)
Biofouling in heat exchanger (K.A. Selby).

Adhesion of bacteria to the immerged surfaces of cooling systems consequently initiates the
formation of biofilms (Figure 1.3.C). This process is facilitated by large surface areas available
in the packing materials, piping system, heat exchangers, and basin (Di Pippo et al. 2018).
The surface-attached bacterial cells embed themselves within a self-produced matrix
composed of extracellular polymeric substances (EPS). The main components of EPS include
polysaccharides, proteins, nucleic acids and other biopolymers such as glycoproteins or
amyloids whose inter and intramolecular interactions form a complex 3D network (Seviour
et al. 2019). It provides mechanical stability, nutrient sorption, and protect the microbial
communities from environmental stresses such as predation and disinfectants. The structural
integrity and high density of organic compounds makes conventional chemical dosages
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inefficient against established biofilms. Main consequences of biofilm formation are the loss
of heat transfer efficiency, clogging and microbiologically influenced corrosion. In the latter,
microbes induce corrosion of metal surfaces either via direct or indirect mechanisms (Jia et
al. 2019). For instance, sulphate accumulation in cooling water can lead to growth of
sulphate-reducing bacteria. These bacteria are involved in the corrosion of metal equipment
used in cooling systems, through the secretion of a corrosive metabolite (Balamurugan et al.
2011, Rao et al. 2005). Other types such as iron-oxidising bacteria, iron-reducing bacteria or
acid-producing bacteria are also frequently involved in metal corrosion.

1.3.2. Recent insights on the microbiome of cooling systems

Despite being a well-established process for decades, open recirculating cooling systems have
only recently been the focus of several full-scale studies aiming at characterizing their
microbiomes (Di Gregorio et al. 2017, Llewellyn et al. 2017, Paranjape et al. 2020b, Pereira
etal. 2017, Tsao et al. 2019). This rising interest is principally motivated by the emergence of
new microbial techniques such as next generation amplicon sequencing for overall microbial
community characterization or quantitative polymerase chain reaction (qPCR) for the
quantification of targeted microbial groups or species, allowing collection of valuable data
that could not be gathered earlier. These studies explore populations of bacteria and protists,
factors influencing their selection, correlations between the presence of specific members
and their potential interactions, with often a closer look at pathogenic bacteria. The
difficulties faced in accessing the surfaces of an operating system often results in neglecting
the investigation of biofilm communities. Therefore, the majority of articles discusses
planktonic or sessile populations directly analysed from the water phase, with the exception
of a few studies (Di Gregorio et al. 2017, Hauer 2010, Wang et al. 2013). Three aspects are
discussed in the following sections: cooling water microbiome, biofilm microbiome and
microbial interactions with emphasis on L. pneumophila.

1.3.2.1. Water phase

Literature mainly focuses on cooling systems fed with freshwater, from sources varying
between surface water, ground water and drinking water. It has been observed that the
overall bacterial community closely resembles that of the make-up water, with core
microbiome belonging to the taxonomic phyla Actinobacteria, Bacteroidetes, Cyanobacteria,
Proteobacteria (mostly beta subdivision) and Verrucomicrobia. The same observation was
made for protists community members, with the regularly found supergroups Alveolata,
Amoeboza, Rhizaria and Excavata. Scientists reported that the composition of the
microbiome of cooling waters is primarily influenced by the microbiome from the feed water,
drawing this conclusion either by the presence or dominance of these recurrent groups (Tsao
et al. 2019) or by the convergence in cooling water communities located in the same
geographic area (Paranjape et al. 2020b). Looking at lower taxonomic ranks, results suggest
that the community structures are further shaped by conditions specific to each cooling
system (Tsao et al. 2019), linked to disinfection, operational parameters, materials, or external
conditions in the direct vicinity (precipitations, agricultural fields) affecting the water quality
(Gomez-Alvarez et al. 2012, Ji et al. 2015). This is supported by temporal variations non-
representative from common freshwater environments, which makes the predictions and
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studies of interactions highly challenging (Pereira et al. 2017). Evaporative cooling systems
fed with seawater are less used and have been less investigated. Their low COC implies a
short retention time which, assumedly, leads to a lower degree of differentiation from the
feed water than it is the case for freshwater-fed systems.

The recurrence of biofilm-forming or biofilm-associated taxa is another common reported
feature of cooling water community composition (Hauer 2010, Pereira et al. 2017, Tsao et al.
2019, Wang et al. 2013). Their presence and even dominance in some cooling waters are an
indicator of biofilm accumulation on the surfaces of the systems, being released into the water
phase (Figure 1.4) (Pereira et al. 2017).

1.3.2.2. Biofilms

The large majority of bacterial cells in engineered water systems are attached to surfaces,
with numbers reaching up to 4 logarithmic units higher than planktonic cells (Di Pippo et al.
2018). Despite recurrence of biofilm taxa in the water phase, water analyses give very limited
amount of information on biofilm composition and extent in cooling systems (Wang et al.
2013). Acidovorax sp. and members of the Sphingomonadaceae family such as Sphingomonas
sp. or Sphingopyxis sp., are believed to be pioneers in the initial phase of biofilm formation
due to their adaptation to a wide range of conditions, ability to produce surface-adhesion
proteins and increased resistance to chlorine (Balkwill et al. 2006, Di Gregorio et al. 2017,
Romani et al. 2019, Wang et al. 2013). Among regulation processes involved in the initiation
and maturation of biofilms, levels of intracellular second-messenger c-di-GMP and quorum
sensing are believed to be crucial (Di Pippo et al. 2018). C-di-GMP regulates bacterial
adhesion and dispersal by controlling the motile-sessile transition within bacterial cells. Cells
then use quorum sensing to communicate within the biofilm, with the secretion of signal
molecules affecting gene expression to induce different phenotypes, e.g. linked to EPS
production (Boyd and O'Toole 2012, Whiteley et al. 2017). In addition, abiotic factors
strongly affect the selection of communities populating biofilms. Sunlight plays a major role
with promotion of phototrophic organisms such as Cyanobacteria, diatoms and green algae
in areas of high exposure (Hauer 2010). Confocal microscopy imaging of cooling tower
biofilms revealed patchy and stratified arrangement of bacterial communities, associated with
phototrophic prokaryotes and eukaryotes, all embedded within an EPS matrix (Di Gregorio
et al. 2017). Bulk water temperatures, surface temperatures and surface material also affect
the selection of microbial populations, notably associated with MIC. Common species
populating an established biofilm belong mainly to Alpha and Betaproteobacteria,
Cyanobacteria, Actinobacteria and Bacteroidetes (Di Gregorio et al. 2017, Hauer 2010, Wang
et al. 2013). Biofilm therefore represent a favourable habitat providing the microbial
populations with ecological advantages compared to planktonic organisms (Di Gregorio et al.
2017) and allowing the establishment of synergistic microbial consortia (Seviour et al. 2019).
Protist species play an important role among these consortia with their involvement in the
spread of opportunistic pathogenic species (Flemming et al. 2016, Parry 2004). While biocide
dosages are, in most cooling systems, able to maintain low abundance of pathogenic genera,
some genera are still frequently identified. The most recurrent ones, Acinetobacter,
Aeromonas, Legionella, Mycobacterium, Pseudomonas and Sphingomonas, are either
associated to biofilm formation or to survival in protozoan hosts (Pereira et al. 2017, Thomas

10



CHAPTER 1 - INTRODUCTION

et al. 2010, Wingender and Flemming 2011). Biofilms therefore increase the survival and
persistence of pathogens by protecting its population from stress conditions and providing an
adapted environment to potential hosts.

0y
// & ( { ? .‘/
\\ o '\ \\ o | &% Bacterial
) el oenn ey
» ) . ) ~ dispersal
(e C { *( in drift
Ry N N
A T G P i
e T e S e e e e e O e e
nonomon ®
Cloggin,
gaing Warm water
\ Loss of heat
transfer
3 Clogging
Irradiance ) )
Microbial
\ / corrosion
\ / Cold water
Sourceocommunity - PROMUCDAS 9
- =) e !
== Sile e © © Biofim ® :
e dispersal ) \
o o - . & w Clogging
al and matur: - Microbial

corrosion

Figure 1.4. Proposed scheme for biofilm formation and associated disturbances in cooling tower systems.
Based on (Di Gregorio et al. 2017).

1.3.2.3. Microbial interactions and Legionella pneumophila

Abiotic factors and synergy between organisms play critical roles on the colonization of
evaporative cooling systems and on the pathogenicity of the water. Studies of interactions are
therefore of interest when investigating the occurrence of harmful organisms, especially L.
pneumophila. The use of linear discriminant tools applied to metagenomic analyses revealed
correlations between the presence of pathogens and other bacterial community members or
between pathogens and protists, providing valuable information on the environmental
conditions promoting their growth and suggesting beneficial or detrimental associations
between members (Koide et al. 2014, Paranjape et al. 2020a, Paranjape et al. 2020b). Indeed,
non-opportunistic bacteria are known to serve as food source for potential protozoan hosts
cells or as work force for the formation of an adapted habitat through the production of EPS,
indirectly promoting the growth of opportunistic bacterial pathogens. On the other hand,
some bacterial species are able to kill host cells through secretion of toxic compounds, as it
has been shown for Pseudomonas aeruginosa (Matz et al. 2008), or other adaptive
mechanisms acquired throughout bacterial evolution (Matz and Kjelleberg 2005). Different
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chlorine dosages and frequencies were shown to oppositely affect the abundance of
Pseudomonas and Legionella genera in waters from several cooling systems (Paranjape et al.
2020b). Continuous high residual chlorine (> 0.3 ppm) was efficient in limiting Legionella
sp., while intermittent dosages promoted its growth. The opposite trend was observed for
Pseudomonas sp. Differences in required contact time with the biocide or loss in alpha
diversity at high dosage reducing the diversity of host cells for Legionella are possible
explanations for these observed divergences (Llewellyn et al. 2017). Pseudomonas species
have also been shown to directly inhibit L. pneumophila by secreting diffusible compounds
(Corre et al. 2019). Direct and indirect interactions among bacteria and between bacteria and
protists are believed to be more diverse than currently identified, and are of importance when
considering the spread of opportunistic bacterial pathogen. L. pneumophila has been so far
associated with 14 types of protozoa, some belonging to Vermamoeba, Hartmanella,
Acanthamoeba or Naegleria genera (Wadowsky et al. 1988). The list remains non exhaustive
and this large spectrum of protozoan hosts makes the monitoring and control of the pathogen
very difficult, especially in multi-species biofilms as it is the case in cooling systems. More
information on L. pneumophila is provided in Chapter 5.

1.3.3. Emerging biofouling control strategies

As mechanical cleaning is hardly achievable in cooling towers and heat exchangers,
biofouling control methods rely mainly on the dosage of biocidal products. Biocides are
effective by direct contact with individual bacterial cells, but they have little action on
established biofilms as their penetration through the EPS is limited by a reaction-diffusion
phenomenon (Chen and Stewart 1996). Dispersants and emulsifiers are dosed in combination
to help disrupt the EPS matrix and expose the biofilm cells to the biocide (Cloete et al. 1998).
Hereafter is a non-exhaustive list of complementary and alternative solutions to (i) eliminate
grown biofilms with curative methods, or (ii) inhibit their growth with preventive methods
(Figure 1.5).

1.3.3.1. Curative methods

Chemical-based methods for biofilm removal include the development of greener, non-toxic
and non-bioaccumulating bio-dispersants such as polyglycosides. These products reduce the
impacts on the direct environment and biodegrade at a faster rate than conventional
chemicals while maintaining an acceptable biofilm removal percentage (Di Pippo et al. 2017).
Increasing knowledge on EPS chemical composition and structural network provides
guidance for the development of more efficient biofilm removal products (Seviour et al.
2019). Substantial progress related to the development of enzymatic agents is being made and
shows promising results through the cleavage of proteins and polysaccharides. While
targeting key components of the EPS matrix, the specificity of these cleaning enzymes is
however restricting their biofilm solubilization efficiency (Di Pippo et al. 2018, Kim et al.
2013). Intensive research on the topic is ongoing in order to find molecules able to effectively
and entirely dissolve the EPS matrix of complex multi-species biofilms.

Physical methods to mitigate biofouling have also been developed. Some conventional
techniques such as the recirculating sponge rubber balls or the brush and cage system for the
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cleaning of heat exchanger tubes are still applied (Bott 1998). Other techniques, using
magnetic fields or ultrasounds, have recently emerged and shown promising results as biofilm
disruptive strategies (Li et al. 2019). In general, the utilisation of nonchemical treatment
devices as sole method for biological control is often proven insufficient (Vidic et al. 2010)
and are mainly considered as complementary technologies to chemicals rather than
alternatives. Their use has the advantage of reducing the dosage of required chemicals and
improving biofilm removal.

1.3.3.2. Preventive methods

Techniques preventing the growth and adhesion of organisms in cooling systems are in
general preferred over curative methods. They can be pre-treatments, side-stream
treatments, alteration of surface composition, physical or chemical methods.

Pre-treatments are aiming at removing elements from the water that are necessary for
microbial growth. Methods are primarily focused on organic matter removal by chemical or
physical mechanisms, as carbon is generally the primary growth limiting compounds
(Nguyen et al. 2012). Commonly applied make-up water treatments include coagulation and
flocculation followed by sand filters or ultrafiltration (Pinel et al. 2020a). In some cases,
activated carbon can also be applied. While these techniques manage to remove a large
fraction of organics, the remaining organic matter which gets concentrated in the cooling
system can still cause biofouling. Therefore, other compounds have recently been the target
of biofouling prevention. Commercially available technologies are used to reduce phosphate
from the make-up water to low levels, and efforts are made towards the development of non-
phosphorous chemicals against scaling formation, to avoid the enhancement of microbial
growth by polyphosphate and phosphonate antiscalants. Softening of the water has shown to
affect bacterial adhesion and biofilm mechanical properties due to the cross-linking ability of
divalent cations (Hijnen et al. 2016, Korstgens et al. 2001). Biofilm inhibition by calcium
removal has however not been reported in cooling systems. Aside from pre-treatment, some
side-treatments are using biological processes to lower the concentration of nutrients. It is
the case with inline biofilters built as a side-stream of the recirculating water (Bott 1998,
Daamen et al. 2000).

Surface designs and compositions inspired by aquatic organisms led to the synthesis of thin
polymeric layers preventing protein adsorption and to the imitation of surface roughness and
wettability using lithography (Di Pippo et al. 2018). These surface designs can slow down the
build-up of biofilm in critical parts of the systems like heat exchangers, spray nozzles or
packing materials. Coatings with slow releasing rates of antimicrobial agents and amphiphilic
layers with hydrolytic enzymes have also been developed to prevent bioadhesion and biofilm
formation (Ciriminna et al. 2015).

Finally, physical approaches have shown promising results for the mitigation of microbial
growth in cooling water. Some examples are anti-algae ultrasonic treatments causing
disruption of cells by cavitation (Park et al. 2017), the use of ultraviolet light damaging cells’
DNA (Chang and Lin 2016), or hydrodynamic cavitation as a side-stream treatment (Gaines
et al. 2007).
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Figure 1.5. Overview of methods for biofouling control in cooling water systems involving preventive

measures focused on the water quality and surfaces, and curative measures focused on established biofilms.

The implementation of the above-mentioned techniques depends on several factors,
including the source water quality, design of the cooling tower, discharge requirements and
economic feasibility.

1.3.4. Main research gaps

Despite some valuable insights provided by the characterization of cooling water
microbiome, there is no clear methodology applied to quantify the spatial and temporal
changes in microbial communities. The use of 16S and 18S rRNA gene amplicon sequencing
alone can lead to a biased interpretation of relative abundances and difficulties to determine
factors driving the changes in microbial community structure and associated biological
processes and conversions.

The dosage of chlorine in cooling water systems can lead to selection of more resistant
bacterial species, either by direct or indirect factors. Pseudomonas have for example low
inactivation rate (1log) at free chlorine concentration of 0.5 ppm, common in cooling water.
Cysts of Acanthamoeba sp., host of L. pneumophila, can sustain concentrations of up to 5
ppm chlorine and protect the pathogen from disinfection. The identification and study of
pathogenic and non-pathogenic biocide resistant bacteria in cooling water systems have not
yet been thoroughly carried out (Luo et al. 2021) but are of importance to understand their
involvement in human health and biofouling.

An important knowledge gap remains in assessing the impact of external factors on cooling
water quality, such as rain water, particles and pollens or low air quality, and consequently
on biofouling. Large volumes of air are continuously passing through cooling towers and
coming in contact with the water (Milosavljevic and Heikkild 2001). For instance, a cooling
tower located nearby agricultural fields is likely to result in an increased nutrient content of
the water. Such phenomena might undermine the efficiency of pre-treatments and
necessitate to focus our efforts towards in-line mitigation methods, such as side-stream water
treatments or physical biofilm prevention technologies. The high air-water contact could also
cause contamination of the cooling water by an airborne microbiome. Investigation of these
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transfers is particularly important when considering the spread of pathogenic bacteria from
cooling towers to cooling towers in highly industrial or urban areas.

Development of side-stream nutrient removal methods should be promoted in the prevention
of biofouling. The brackish nature of recirculating water and presence of salt is a challenge
to overcome but this type of treatments have significant advantages on water quality. They
can indeed counteract water contamination by external conditions and could reach higher
efficiencies than pre-treatments by treating water with higher concentrations induced by
evaporation.

For established biofilms, development of efficient alternative chemicals depends first on an
accurate characterization of biofilms, with identification of the structural EPS compounds
and their interactions. A multidisciplinary approach is necessary to reach a full understanding
of its complex network. Variations in sessile communities within a same cooling water system
likely result in changes in EPS matrix in different parts of the process, as EPS composition
has been shown to reflect its microbial population (Flemming et al. 2007). Investigation of
these changes, between the cooling tower basin, packing material and heat exchanger units
would also be of interest.

1.3.5. Relevance of research at different scales

In this thesis, we studied systems at different scales, with high variations in cooling capacity:
(i) full-scale (25MW, 2600 m?3/h), (ii) pilot-scale (10-15kW, 1 and 1.2 m3/h), and (iii) lab-scale
(<100 W, 0.01 m%h).

Full-scale measurement campaigns are necessary for getting a clear picture of the
simultaneous processes involved in cooling system fouling and microbial dynamics, and
identify the critical points requiring investigation at smaller scale. The main restriction lies
within the fact that full-scale studies are performed on systems already undergoing a
continuous treatment procedure, due to the risks taken in the absence of it. There is a lack of
information on the interactions and overall fouling behaviours when no treatment is applied.
This absence of negative control makes challenging the development and assessment of
alternative biofouling mitigation methods. Laboratory-scale experiments are essential to
discriminate the effects of single factors and to bring answers to fundamental questions
emerging from current full-scale operation. Investigations and testing of alternative
operation, before implementation at full-scale, then require the use of pilot set-ups. Pilots
have the advantage of mimicking full-scale conditions by being subjected to external factors
as well as process-related parameters, not always considered at laboratory-scale. They provide
good prediction of the behaviour in full-scale and easier access to areas for sampling, with
reduced consequences in case of wrongly controlled microbiome or extensive corrosion and
scaling. When pilot-scale testing provides successful results, methods can be implemented at
full-scale.
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1.4. THESIS SCOPE AND OUTLINE

The research described in this thesis explores two aspects linked to microbial growth in
evaporative cooling systems (Figure 1.6). The first focuses on the characterization of factors
governing the microbial selection and biofilm composition, addressed in chapters 2, 3 and 4.
The second investigates new approaches for prevention of biofouling and L. pneumophila
growth, described in chapters 4 and 5.

Chapter 2 characterizes a full-scale cooling water system, from the water source to the
cooling water discharge, in terms of bacterial community members and their abundances.
This study introduces the use of a mass balance to evaluate the impact of continuous chlorine
disinfection on each bacterial group, allowing the assessment of disinfection’s efficiency and
the identification of less vulnerable organisms.

Chapter 3 describes the development of a laboratory-scale plate heat exchanger module with
the aim to systematically investigate the impact of surface and bulk temperatures on biofilm
composition i.e., matrix and active biomass.

Chapter 4 assesses phosphorus limitation as a biofouling prevention method. The impact of
nutrient availability on the extent of active biomass and EPS production was explored in a
pilot facility consisting in 3 parallel cooling systems. A closer look was given to the presence
of sialic acid in an additional study on the collected biofilms.

Chapter 5 investigates the potential of alkaline cooling system operation as an alternative to
disinfection for the control of L. pneumophila and associated protists. Experiments were
performed in a pilot-scale system to take the environmental conditions into account and
more accurately simulate full-scale processes.

Chapter 6 summarizes the main research findings, discusses the remaining knowledge gaps
and suggests directions for future research, from both fundamental and industrial point of

views.
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Figure 1.6. Structural overview of the thesis investigating different aspects of biofouling during laboratory-
scale, pilot-scale, and full-scale studies.
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CHAPTER 2

BACTERIAL COMMUNITY
DYNAMICS AND DISINFECTION
IMPACT IN COOLING WATER
SYSTEMS

This chapter has been published as: Pinel, I.S.M., Moed, D.H., Vrouwenvelder, J.S. and van
Loosdrecht, M.C.M. (2020) Bacterial community dynamics and disinfection impact in cooling
water systems. Water Research 172, 115505.

Supplementary figures and tables are available at the following link:
https://doi.org/10.1016/j.watres.2020.115505



CHAPTER 2 — BACTERIAL COMMUNITY DYNAMICS AND DISINFECTION IMPACT IN COOLING WATER SYSTEMS

ABSTRACT

Understanding the bacterial dynamics in cooling systems is imperative for the assessment of
disinfection efficiency and management of microbial risks linked to aerosol formation. The
objective of this study was to evaluate the impact of feed water on the cooling water bacterial
microbiome and investigate the survival ability of its members when exposed to continuous
chlorine disinfection. Water from an industrial cooling water system (2600 m3/h) was
collected over a 5-month period at 3 locations along the feed water line and 3 locations in
the cooling tower. Adenosine triphosphate (ATP) measurements suggested that the average
ATP-per-cell in the cooling tower evolved independently from the average ATP-per-cell in
the feed water. Flow cytometry and 16S rRNA gene amplicon sequencing were then
combined to quantify the bacterial dynamics in the whole system. A mass balance based
equation was established to determine net growth and net decay of the cooling tower
bacterial communities in order to evaluate the impact of continuous chlorination (0.35 to
0.41 mg Cl2/L residual chlorine). The results indicated that cooling system main community
members were determined by the input feed water microbiome and the bacterial community
structure was further shaped by varying decay rates of the microorganisms. Notably, the
order Obscuribacterales showed to be growing in the cooling tower in the presence of
residual chlorine up to 0.4 mg Cl2/L, with a recurrent net growth of 260 + 95 %, taking into
account the impact of the concentration factor. This conclusion was only possible thanks to
the systematic analysis described in this paper and generates discussion about the resistance
of Obscuribacterales to residual chlorine. The described mass balance approach provides a
high level of understanding on bacterial dynamics and should be considered for future
characterization studies of cooling systems in which accurate investigation of microbiome
changes is essential.
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2.1. INTRODUCTION

The use of open recirculating cooling systems is crucial to cool down full-scale industrial
processes. In the Netherlands alone, the number of evaporative cooling towers is estimated
to be around 4000 (RIVM 2018). Cooling water constitutes the highest water withdrawal in
several European countries and represent a major source for Legionnaires’ disease (European
Commission 2018, Llewellyn et al. 2017).

In order to avoid the proliferation of harmful species such as Legionella pneumophila and to
reduce the risk of biofilm formation and microbial corrosion in the system, the daily
operation of cooling towers usually includes continuous or shock dosage of biocide. The most
common biocide, chlorine, is often added as sodium hypochlorite (NaOCl) or chlorine
dioxide (ClOz2). Despite continuous chlorine dosage, prior research has shown that active
bacteria can still be present in cooling tower systems (Chien et al. 2013, Helmi et al. 2018)
and outbreaks keep occurring (ECDC 2019), bringing into question the efficacy of this
method in managing risks linked to Legionella. Chlorine efficiency can decline by a low-
quality feed water or side-reaction with organic compounds concentrating in the cooling
system (Hua et al. 2015). A few case studies have reported the identification of bacterial
communities and microbial interactions in chlorinated cooling towers (Di Gregorio et al.
2017, Paranjape et al. 2020b, Pereira et al. 2017, Tsao et al. 2019). Feed water has been
considered as a major factor affecting cooling water microbial communities based on results
from 18 cooling towers from 6 geographic locations and using local water sources (Paranjape
et al. 2020b). Another paper pointed out the recurrence of biofilm-forming taxa in cooling
tower basins (Tsao et al. 2019). However, most studies simply report the observed
communities without quantifying the contribution of the feed water microbiome or
evaluating the impact of biocides on decay or resistance of microorganisms in the cooling
water.

The complexity of open recirculating cooling systems makes the study of their microbiome
at laboratory-scale and the collection of representative results challenging (Chien et al. 2013).
Therefore, the available knowledge on the microbial dynamics in cooling towers is still
limited. Investigating the behaviour of the bacterial populations in long-term operated full-
scale systems is a necessary step in identifying the factors shaping the community
compositions and understanding how biocidal treatments impact the cooling system
microbial communities.

In this study we combined flow cytometry, adenosine triphosphate (ATP) and 16S rRNA
gene amplicon sequencing analyses of water samples from an industrial full-scale cooling
water system (2600 m3/h). Data collected from the feed line (3 locations) and from the cooling
tower (3 locations) over a 5-month period was used to: (i) characterize the microbiome along
the system, (ii) evaluate the impact of feed water on cooling water bacterial dynamics, (iii)
detect bacteria potentially resistant to continuous chlorine dosage. The approach provides
qualitative and quantitative information on the temporal and spatial bacterial changes in the
cooling water system and on the disinfection efficiency by chlorine dosage.
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2.2. MATERIALS AND METHODS

2.2.1. Full-scale system

The studied system is located in Zeeland, the south-west region of the Netherlands. As shown
in Figure 2.1, it consists in two main parts: the feed water line and the open recirculating
cooling system. The pre-treatment of the feed water is performed at the Braakman water
treatment plant of Evides Industriewater before being distributed to the induced draft cooling
tower situated on the site of an industrial gases company. The freshwater originates from two
main sources, Belgian polder water and surface water from the Biesbosch. Pre-treatment
involves the dosage of an iron-based coagulant, then use of bandfilter, microstrainer, rapid
sand filter for removal of suspended solids and dosage of sodium hypochlorite as a biocide.
The pipe distance of the distribution line connecting both sites is approximately 8 km. The
cooling tower has a capacity of 25 MW and is maintained at a concentration factor (i.e. ratio
between basin and feed water conductivities) of around 5 based on online conductivity
measurements. When the conductivity in the basin exceeds 3500 pS/cm, the discharge valve
opens and part of the concentrated water is replaced by new feed water. The system
recirculates on average 2600 m%h of cooling water and operates at a temperature difference
of 6 to 8 “C between the inlet and outlet of the heat exchanger line, location points D and E
respectively (Figure 2.1). The chemical dosages include mild steel and copper corrosion
inhibitors (containing respectively phosphoric acid and sodium tolyltriazole), CaCOs3 scale
inhibitor (phosphinosuccinic oligomer) and dispersant (high stress polymer). Online
monitoring of the water parameters is achieved by sensors located in the cooling tower and
allows adjustment of the dosages by an automatic controller. pH is stabilized at 7.5 with
sulfuric acid and oxidation-reduction potential (ORP) is maintained between 550 and 600
mV with sodium hypochlorite dosage.

Feed water line Cooling tower

E

<%> Heat
exchangers

Freshwater |::> Pre-treatment ——= Distribution

supply T pipe
Chiorine TChlorine

Figure 2.1. Simplified scheme of the cooling water system. Capital letters indicate the sampling locations:
pre-treatment inlet (A), pre-treatment outlet (B), cooling tower feed (C), cooling tower basin (D), cooling
tower heat-exchanger outlet (E) and cooling tower discharge (F). Cooling tower cold and warm waters are
represented by blue and red backgrounds.
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Sodium hypochlorite was therefore dosed at two locations in the entire studied system. The
first location was before distribution of the feed water to the cooling tower, before sampling
point B (Figure 2.1). The second location was in the basin of the cooling tower, point D. The
full-scale cooling tower was continuously operated under stable conditions since the last
cleaning, approximately 2 years before the sampling campaign. No biofilm growth was
visually observed in the cooling tower basin and packing material.

2.2.2. Water sampling

Water samples from 3 locations along the feed water line and 3 locations in the cooling system
were studied by monthly analyses over a period of 5 months. The labels A to F indicate the
sampling points (Figure 2.1): pre-treatment inlet (A), pre-treatment outlet (B), cooling tower
feed (C), cooling tower basin (D), cooling tower heat-exchanger outlet (E) and cooling tower
discharge (F). The samples were collected in 1 L sterile glass bottles containing a solution of
10 mM (1 % v/v) sodium thiosulfate for ATP, flow cytometry and microbial community
analysis to neutralize residual chlorine before transportation. ATP and flow cytometry
measurements for total and intact bacterial cell numbers were performed within 4 hours after
sampling. 400 mL of water was filtered through 0.22 pm pore size and 33 mm diameter sterile
PVDF syringe filter (Merck, Germany) and the filter membrane was frozen at -20 ° C for later
DNA extraction. Samples for trace metal analyses were collected in 15 mL metal-free
centrifuge tubes (VWR, USA), filtered through 0.45 pm pore size and 33 mm diameter sterile
PVDF syringe filters (Merck, Germany), diluted 10 times with ultrapure water and treated
with nitric acid (1 % v/v) prior to the ICP-MS analyses. All samples were kept on ice between
sampling and processing.

2.2.3. Water quality analyses

The following water quality parameters were measured (Table 2.1): pH (C6010, Consort,
Belgium), conductivity (C3010, Consort, Belgium), temperature (PT100 temperature sensor,
Testo BV, Nederland) and residual chlorine (Controller Dulcometer, Prominent, Germany
and Lovibond PC22/GB, Tintometer, Germany) at the dates of the sampling. Total organic
carbon (TOC) was analysed after filtration through 0.45 um pore size sterile PVDF syringe
filters (TOC analyser model TOC-L CSH, Shimadzu Corporation, Japan). The range of
ammonia concentration was reported by the feed water supplier. Nitrate, sulphate and
phosphate concentrations were measured by spectrophotometry (DR 3900, Hach, USA).

Table 2.1. Main water parameters along the cooling water system (Figure 2.1) over the 5-month period.
Square brackets [ ] indicate the range of values containing the data from all months. Abbreviation n.d.
indicates that the value was not determined at this specific location.

Parameter A B C D E F

pH [7.8-82] [7.9-84] [7.7-84] [7.678] [7577]  [7.5-7.8]
fp‘;?f;;ti"ity [600-750]  [600-750]  [600-750]  [3000-3500] [3000-3500] [3000-3500]
Temperature (‘C) [5.2-202] n.d. n.d. [15-20]  [20-25]  [15-20]
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Parameter A B C D E F
Residual chlorine

n.d. 0.32-0.42] [0.02-0.20] [0.35-0.41] n.d. n.d.
) i 10 1l )
TOC (mg/L) [4.1-11.5] [4.8-11.5] [4.8-11.1] [34.1-53.6] [35.7-55.4] [36.1-52.2]
Ammonia (mg/L) n.d. n.d. [0.005-0.05] n.d. n.d. n.d.
Nitrate (mg/L) [5.8-8.9] [6.2-8.9] [5.8-9.3] [32-40] [33-41] [33-43]

Sulphate (mg/L) [44-55] [44-54] [46-54] [672-769] [700-816] [697-805]
Phosphate (mg/L) <1.5 <15 <15 [6.0-8.1] [6.6-8.4] [6.9-8.7]

2.2.4. Experimental analyses
2.2.4.1. ATP measurements

ATP measurements were carried out to quantify the intracellular and extracellular ATP
concentration in the water samples. The intracellular ATP measurements were performed
according to the supplier’s instructions. 20 mL of water sample were filtered through a 0.22
pm sterile nylon syringe filter. 5 mL of lysis reagent were processed through the filter. 100
pL of the lysis solution containing ATP was mixed to 100 pL of reconstituted Water-Glo
reagent (Water-Glo Substrate mixed with Water-Glo Reconstitution Buffer). After 40 s
waiting time, light intensity was measured with 2 s integration time by a Glomax 20/20
luminometer (Promega Benelux BV, Netherlands). A provided ATP standard in lysis buffer
(1000 pg ATP/mL) was used to convert light units into ATP concentration. For extracellular
ATP measurements, 100 pL of the filtered water sample was mixed to 100 pL of reconstituted
Water-Glo reagent and analysed identically as intracellular ATP. A calibration curve was
initially obtained from successive dilutions of ATP standard in ultrapure water to convert
light units into ATP concentration. All samples were analysed in duplicate.

2.2.4.2. Flow cytometry measurements

All collected samples were diluted by a factor 10 in ultrapure water prior to the flow
cytometry analyses. The staining protocol and flow cytometry analyses were based on
previous papers (Hammes et al. 2008, Prest et al. 2013). Two staining solutions were prepared
from stock solutions of SYBR Green I (10000 x conc., Invitrogen, USA) and propidium iodide
(30 mM in DMSO, Invitrogen, USA). A working solution of 10 uL. SYBR Green I in 1 mL of
10 mM Tris buffer pH 8 (solution SG) was used to stain the bacterial cells. For the intact cells,
10 pL of SYBR Green I stock solution was mixed with 20 pL of propidium iodide stock
solution in 1 mL of 10 mM Tris buffer pH 8 (solution SGPI). 5 pL of SG for total cell count
(TCC), or SGPI for intact cell count (ICC) was added to 495 pL sample. The final
concentration of the stains in the samples were 1.96 pM for SYBR Green I and 6 pM for
propidium iodide. After stain addition, the samples were mixed for 3 s, incubated in the dark
at 37 °C for 10 min and mixed again. The measurements were performed with a BD Accuri
C6 flow cytometer (BD Biosciences, Belgium) equipped with a 50 mW laser emitting at a
fixed wavelength of 488 nm. Fluorescence intensity was collected at F11 = 533 + 30 nm, F13 >
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670 nm. Analyses were performed at a flow rate of 66 pL/min on 50 pL of sample volume
with a threshold value of 700 on FL1. Gating strategy and data collection were performed as
previously described (Prest et al. 2013) with a BD Accuri C6 software.

2.2.4.3. DNA extraction and 16S rRNA gene amplicon sequencing

After filtration of 400 mL of sample, the 0.22 pm pore size and 33 mm diameter membrane
filters were recovered from the syringe filter units (Merck, Germany) and were preserved at
-20 °C until processing. The genomic DNA was extracted using the DNeasy UltraClean
Microbial Kit (Qiagen, Netherlands). Extraction was done following company’s standard
protocol with addition of an alternative lysis step. This included a combination of 5 min of
heat (65 °C) followed by 5 min of bead-beating on the filters for cell disruption on a Mini-
Beadbeater-24 (Biospec, USA). The quality of the extracted DNA was evaluated by (i)
performing gel electrophoresis to control that the DNA was not degraded and that the
molecular weight was superior to 1 kb, and (ii) checking that the target size of 465 bp was
obtained after quantitative polymerase chain reaction (QPCR) amplification. Samples were
sent to Novogene Ltd. (Hongkong, China) for amplicon sequencing of the V3-4 region of the
16S-rRNA gene (position 341-806) on an Illumina paired-end platform. The raw sequences
were quality filtered, checked for chimera and operational taxonomic units (OTUs) were
generated based on 97 % similarities using the software Mothur. The alignment and
taxonomic classifications were performed using the SILVA database. DOI of the raw
sequencing data: 10.4121/uuid:4d56b031-ebba-4ec6-a0e0-f185031d1ebe. The abundances of
potentially pathogenic genera, obtained from the drinking water quality guidelines (WHO
2011), have been calculated and added in supplementary materials (Table S3).

2.2.4.4. Alpha and beta diversity analyses

Diversity analyses were performed on the OTUs generated after the sequencing and their
relative abundances in the samples. Alpha diversity indices Shannon and Chao were
calculated in Mothur and are available in supplementary materials (Table S2). Shared and
non-shared OTUs as well as the corresponding number of sequences were obtained from the
venn command in Mothur and Venn diagrams were constructed using the software Venn
Diagram Plotter. Beta diversity measurement of the samples was assessed with principal
coordinates analysis (PCoA) in Mothur using unweighted UniFrac distance matrix. Analysis
was performed with subsampling parameter of 30276 sequences, corresponding to the sample
with the lowest number of sequences. PCoA results provided the phylogenetic relatedness
between the bacterial communities retrieved from the different sampling locations and at
different sampling times.

2.2.4.5. ICP-MS analyses

Potassium (K39) was used to evaluate the water flows in the system as it is assumed that no
loss of the element would occur in evaporation or precipitation. Moreover, the chemicals
added to the cooling tower do not contain potassium. In one of the 5 months (November),
analysis of K39 was not available. The concentration of strontium (Sr88) was used as a
substitute element for the mass balance calculation for identical reasons as stated for
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potassium. Water samples were filtered with 0.45 um pore size and 33 mm diameter sterile
PVDF syringe filters (Merck, Germany), diluted 10 times with ultrapure water and treated
with nitric acid (1 % v/v) prior to the analyses. The element was analysed by inductively
coupled plasma mass spectrometry (ICP-MS PlasmaQuant, Analytik Jena, Germany). In the
analysis method, an Ar flow of 9.0 L/min was used for the plasma, with an auxiliary flow of
1.4 L/min and nebulizer flow of 1.1 L/min. The R/F was set to 1.3 kW. Measurements were
performed in no gas mode.

In the calculation described in section 2.2.5., the concentration factor was based on the ratio
of K39 (or Sr88) concentration in the cooling tower water by the concentration in the feed
water for each sampling date (Table 2.2).

Table 2.2. ICP-MS analyses from the feed and the cooling tower water for each month. The second values
(%) represent the standard deviation of three measurements of the same water sample. Potassium K39 (or
strontium Sr88 in November) was used to calculate the concentration factor in the cooling tower.

September October November December
Reference element K39 K39 Sr88 K39
Concentration in 8.98 + 0.05 658+0.02  0.204+0.001-Sr88- 8.6+0.2
feed water (mg/L)
Concentration in 50.4 + 0.6 435+04  0.94+0.01 -Sr88- 30.1+0.3
cooling water (mg/L)
Concentration factor C 5.6 + 0.1 6.6 +0.2 46+0.1 3.5+0.1

2.2.5. Mass balance based equation for assessment of net decay or growth of
taxonomic orders

Taking into account the addition of bacterial cells by the feed water and the concentration
factor estimated by the potassium (or strontium) measurements, and supposing that all cells
remain intact in the cooling tower, a theoretical concentration can be obtained for each
taxonomic order in the cooling water:

[Xlerh = [X]g * € = %Xg * TCCp * C (1D

with [X]cr/F: concentration of organism X in the cooling tower (theoretical) or in the feed;
C: concentration factor; %Xr: relative abundance of organism X in the feed; TCCr: total cell
count in the feed

An approximation of the real concentration can be determined separately:
[XIcr = %Xcr * TCCer (2)

with %Xcr: relative abundance of organism X in the cooling tower; TCCcr: total cell count in
the cooling tower

The ratio of both numbers calculated using equations (1) and (2) is used to determine growth
or decay of the bacterial order:
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~ Xer
R = Xerm ()

R >100 % : growth
R <100 % : decay

R =100 % : cell retention (no net decay nor growth)

2.3. RESULTS

Water samples were collected from 3 locations in the feed line (A, B and C) and 3 locations
in the cooling tower (D, E and F) (Figure 2.1) over a 5-month period. Cell counts, ATP and
next generation sequencing analysis was performed on all samples to investigate the spatial
and temporal changes in bacterial microbiome. A closer look was taken at the cooling tower
feed (C) and the cooling tower samples (D, E and F) to assess the impact of chlorine dosage
on the main bacterial communities composing the cooling tower water (Figure 2.1). The net
decay or net growth of specific orders of bacteria were estimated from a mass balance based
equation taking into account the concentration factor.

2.3.1. Water composition

Water parameters collected by online monitoring or with handheld measurement devices are
reported in Table 2.1. Despite some small variations in pH, conductivity and temperature in
the feed line, the cooling tower parameters were kept stable. The samples had a pH between
7.7 and 8.4 in the feed water line (A, B and C). In the cooling tower (D, E and F) the pH was
between 7.5 and 7.8 due to the dosage of sulphuric acid to limit scaling and improve sodium
hypochlorite disinfection efficiency (Figure 2.1). The conductivity in the feed line varied
between 600 and 750 pS/cm over time while the conductivity in the cooling tower was
maintained between 3000 and 3500 pS/cm. TOC concentrations reached between 34.1 and
55.4 mg/L in the cooling tower due to the concentration factor induced by the evaporation.
Residual chlorine concentrations were the highest in location B and D reaching up to 0.42
and 0.41 mg Cl2/L respectively due to the dosage of sodium hypochlorite at these locations.
Lower values in C indicate a decay in residual chlorine along the distribution system.
Chlorine concentrations in E and F were not quantified but were expected to contain similar
concentration of residual chlorine as D, as a result of the high water recirculation rate and
continuous dosage. Ammonia concentration was not analysed in the cooling tower but the
feed water supplier reported a low concentration in the incoming water, between 0.005 and
0.05 mg/L. Formation of monochloramine in the cooling water cannot be excluded but is
assumed to have minor impact on the residual chlorine concentration measured. The
temperature was highly variable in the feed water, gradually decreasing from 20.2 to 5.2 °C
during the sampling campaign from August to December 2017. On the contrary, the cooling
water temperature was kept between 15 and 25 °C due to the continuous water recirculation
through the heat exchangers.

The results from the ICP-MS analyses, with the corresponding concentration factor, are
shown in Table 2.2. The concentration factor varied between 3.5 + 0.1 and 6.6 + 0.2.
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2.3.2. Bacterial cell number and ATP measurements
2.3.2.1. Spatial changes in the system

Flow cytometry was applied to measure the total and intact cell counts and ATP
measurements were performed to quantify the bacterial intracellular and extracellular ATP
concentrations in the water samples. Figure 2.2 shows the results of the analyses performed
in September. The results from the other months revealed the same trends despite some
variations in absolute values. The corresponding figures for all monthly samples are available
in the supplementary materials (Figures S1 and S2).

Sodium hypochlorite was dosed at two locations in the system. The first location was before
distribution of the feed water to the cooling tower, before sampling point B (Figure 2.1). The
second location was in the basin of the cooling tower, point D. The intact cell counts and
intracellular ATP at the inlet of the feed line (A) were the highest from all samples, with [0.4-
1.5] x 108 cells/mL (Figure 2.2.a, Figures S1 and S2) and [80-700] pg ATP/mL respectively
(Figure 2.2.b, Figures S1 and S2). The intact cell counts then showed a strong decrease in the
concentration range between sampling points A and B, where the pre-treatment steps and
first NaOCl dosage were applied. The reduction varied between 79 and 98 % in intact cell
count depending on the sampling month. The intracellular ATP measurements indicated a
similar trend, with a decrease of 85 to 98 % between sampling points A and B.
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Figure 2.2. Intact and damaged cell counts (a) and ATP measurements (b) in September 2017. The letters
A to F correspond to the coded sampling locations shown in Figure 2.1. Results from the other months are
available in supplementary material (Figures S1 and S2). The error bars indicate the standard deviation on
duplicate measurements.

In August and September, an increase of [6-7] x 10* in intact cells per mL was measured along
the distribution pipe between points B and C. Higher feed water temperature in this period
of the year could have caused regrowth in the distribution line. The opposite trend was
observed in November and December, with a loss of intact cells and intracellular ATP.

No strong difference in the intact cell count and intracellular ATP was noticeable between
the feed water in point C and the cooling water in points D, E and F despite continuous
sodium hypochlorite dosage in the basin of the cooling tower. The chlorine dosage did not
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neutralize all cells but it helped to prevent further increase in cell concentration considering
the concentration factor (Table 2.2) and the water retention time in the system. The 3 samples
collected in the cooling tower (D, E and F) showed comparable results for each sampling date
although point E always exhibited a slightly higher microbial contents of [1-2] x 10* intact
cells/mL.

2.3.2.2. Evolution of ATP-per-cell in time

The ATP data and intact cell counts were used to identify the spatial and temporal evolution
in average ATP-per-cell value. The amount of intracellular ATP per intact cell count was
calculated for each sample and the average values for feed and cooling water samples were
plotted in Figure 2.3, together with the feed water temperature on each sampling day. The
feed water samples showed a strong decrease in ATP per cell between August and November
from 4.1 x 106 to 6.2 x 107 g ATP/cell and stabilised between November and December.
The feed water temperatures also decreased in this period from 20.2 to 5.2 °C. The amount
of ATP per intact cell inside the cooling tower was more stable over the observation period
(between 2.7 x 10 and 6.8 x 10'® g ATP/cell). The results suggest that (i) the average ATP-
per-cell in the cooling tower evolved independently from the average ATP-per-cell in the
feed water; (ii) the feed water is more affected by the changes in environmental conditions
than the cooling water.
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Figure 2.3. Ratio of intracellular ATP (iATP) per unit of intact cells (IC) as a measure of average ATP-per-
cell over the 5-month period. The black line indicates the variation of temperature in the feed water line
over time. The error bars of the data points for the feed and cooling water represent the standard deviation
on the 3 feed samples (A, B and C) and the 3 cooling water samples (D, E and F).

The divergence between the intracellular ATP per cell in the feed water and in the cooling
tower water could be explained by the better controlled conditions in the cooling tower or
by different bacterial communities populating the two sections of the system.

2.3.3. Taxonomic diversity and relative abundances

The changes in bacterial composition in the feed and cooling water was monitored by 16S
rRNA gene amplicon sequencing. The impact of the cooling tower conditions and the
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continuous chlorine dosage on the microbiome were evaluated. The relative abundances of
potentially pathogenic genera are available in the supplementary materials (Table S3). The
Legionella genus represented only 0.28 % of the total number of reads from all samples and
did not show an increase in relative abundance between the feed and the cooling system. The
bacterial community in the feed water was dominated by SAR clade (37 + 19 %) and
Frankiales (16 + 8 %) orders (Figure 2.4.a and Figures S3 to S5), from the phyla Proteobacteria
and Actinobacteriarespectively. Only the sample from October diverged by a strong increase
in Sphingomonadales after the pre-treatment steps (B) of 20 % (Figure S4). A less abundant
but recurrent bacterial order was Betaproteobacteriales (6 + 3 %). SAR_clade and Frankiales
abundances dramatically dropped in the cooling tower (2 + 2 %). The main taxonomic orders
common to all cooling tower samples (locations D, E and F) were Caulobacterales (28 + 12 %)
and Obscuribacterales (18 + 8 %), followed by Rhizobiales (6 + 2 %), Sphingomonadales (6 +
5 %), and Betaproteobacteriales (5 + 2 %). The venn diagrams shown on Figure 2.4.b and
Figures S3 to S5 indicate that the taxa shared between the feed water (C) and the basin of the
cooling tower (D) accounted for 85 to 94 % of the total sequences depending on the month.
In addition, the cooling tower shows less diversity than the feed water with a lower number
of taxa. Hence despite the strong switch observed in relative abundance of microorganisms,
the cooling tower main bacterial members were already present in the feed.
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Figure 2.4. Relative abundance of bacterial order in samples of the cooling water system in September 2017
(a) and Venn diagram of cooling tower feed water C and basin water D (b). Relative abundance was
generated for each OTU but displayed at the order taxonomic rank to improve visualization of the changes.
“Others” contains orders of less than 1% relative abundance. b indicates the shared OTUs between samples
C and D (Figure 2.1), respectively cooling tower feed water and basin water, and the percentage of total
sequences (bold) included in the shared OTUs. The data from the other months are available in
supplementary material (Figures S3, S4 and S5).
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When comparing all collected samples, only 0.2 % of the total number of OTUs (33 OTUs)
were shared between all locations over the 5 months. However, the 33 shared OTUs
accounted for 46 % of the total sequence reads. These common taxa representing a large
fraction of the total sequences constitutes the core microbiome of our system.

Principal coordinates analysis (Figure 2.5) shows the phylogenetic relatedness between
communities of all samples based on the generated OTUs, illustrating the changes in bacterial
community structures in time and at the different locations. The clusters represented with
plain and dotted circles reveal structural divergence between the feed and the cooling water
samples for each month. Greater distances are observable between the feed water and cooling
tower samples than between the 3 samples from each section. In addition, the feed water
samples clustered more closely than cooling water samples. The outlier observed in August
and corresponding to the basin sample (location D) shows strong similarities with the feed
water structure, suggesting that the feed water valve was open at the time of the sampling.
In the same figure, the monthly clusters formed by the feed water samples do not seem to
converge suggesting temporal variations in bacterial community structure in the water
source, upstream from the studied system. The chart with letters corresponding to each
location is available in supplementary materials (Figure S6).
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Figure 2.5. Principal coordinates analysis (PCoA) representing relatedness between bacterial communities
of the cooling water system based on phylogenetic tree. The plain circles and dotted circles reveal the
clusters respectively formed by the feed water samples (locations A, B and C) and by the cooling water
samples (location C, D and E).

To summarize, the sequencing results suggest that the cooling tower bacterial composition is

continuously determined by the feed water microbiome but is further shaped by the process
conditions.
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2.3.4. Growth and decay of bacterial orders in the cooling tower

The strong change in relative abundance of the main bacterial members between the feed
water and the cooling system may be due to differential growth or differential decay of the
feed water community members when accessing the basin of the cooling system. The
sequencing data refers to all intracellular DNA, both from viable and non-viable bacteria. To
estimate which community members show a net growth or decay, the relative abundances
were combined with the total cell counts in a mass balance based equation. A similar
approach has been implemented in the past with flocculent sludge and anaerobic digestion
systems (Mei et al. 2016, Saunders et al. 2015, Winkler et al. 2012). The taxonomic rank order
was chosen for visualization of the changes in microbiome and identify trends over the
sampling period, as no specific functionalities were investigated.

The results presented in Figure 2.6 show the growth and decay of taxonomic orders in relative
(Figure 2.6.a) and absolute numbers (Figure 2.6.b). The data indicates that the majority of the
bacterial groups are decaying with less than 10 % remaining cells (less than 2 % for the
Frankialesand SAR11 clade). Among the dominating organisms from the feed water and the
cooling water, only the taxonomic order Obscuribacterales showed considerable and
recurrent increase in the cooling tower microbiome (260 + 95 %) (Figure 2.6.a) corresponding
to an absolute increase of 10* to 10° cells/mL (Figure 2.6.b) depending on the month. The
strong increase in 2 main OTUs within the Obscuribacterales order were causing this rise.
Caulobacterales (48 + 30 %) showed a slower decay than Rhizobiales (9 + 3 %) and
Sphingomonadales (8 + 7 %). A further look at the most abundant OTUs of these main
taxonomic orders revealed that all main genera contributed to the decay of the orders.
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Figure 2.6. Changes in bacterial orders in the cooling water system, expressed in percentage (a) and absolute
numbers (b). a shows the percentage of total remaining cells for each main taxonomic orders in the cooling
tower compared to the input from the feed water. Values above 100% indicate growth. The error bars
represent the standard deviation from the monthly samples. b represents the absolute deviation to the
expected cell concentration for each month. Positive values indicate growth, negative values indicate
decay. The 4 more recurrent taxonomic orders from the cooling water samples are represented in graph b.
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Quantification of the changes in microbial structures suggest different decay rates and
adaptability of individual bacterial groups under continuous chlorine dosage in the
recirculating cooling water (from 0.35 to 0.41 mg Cl/L, Table 2.2). Only the
Obscuribacterales order was able to significantly increase in cell number in the cooling tower
despite the high residual chlorine content of the water. The absolute increase in cells, taking
into account the impact of the concentration factor, could only be determined by the use of
our mass balance based approach combining flow cytometry and sequencing data.

2.4. DISCUSSION

2.4.1. Commonly applied residual chlorine concentration does not allow complete
inactivation of cooling water bacteria

The use of surface water as feed water for cooling tower operation requires a powerful
biofouling inhibitor to avoid pathogen outbreaks and biofilm formation. The high
bactericidal efficiency and competitive cost of sodium hypochlorite makes it the most
common inhibitor in cooling processes (Frayne 1999). Chlorine dosage in the studied cooling
water system:

(1) reduced by up to 98 % the active bacterial biomass concentration in water when
dosed in the feed line (Figure 2.2), with a negligible impact on the relative
abundance of the microbial community members in the surface water feeding the
cooling tower (Figure 2.4.a and 2.5);

(ii) limited the bacterial growth in the cooling tower water caused by the increase in
nutrient content (Table 2.1) and retention time (Figure 2.2).

Continuous dosage of biocide prevented the growth of pathogenic bacteria, including
Legionella. However, it was not effective to entirely inactivate the bacterial cells in the water
even at residual chlorine concentrations up to 0.4 mg Cl/L. Resistance of some specific
organisms to relatively high residual chlorine concentration (0.6 mg Cl2/L) has been recently
described (Song et al. 2019, Sun et al. 2013) and previous studies on cooling tower reported
that a continuous free chlorine residual of 1 mg Cl2/L was optimal to achieve recommended
biological control criteria (10* CFU/mL) with NaOCl (Chien et al. 2013, Helmi et al. 2018).
However, concentrations higher than 0.5 mg Cl2/L is usually not a feasible option due to the
corrosiveness of the chemical, side-reaction with other inhibitors and formation of
disinfection by-products (Boulay and Edwards 2001, Hsieh et al. 2010, Padhi et al. 2019). The
high TOC concentration in the cooling tower, up to 55 mg/L, may have led to the reaction of
organic matter with the sodium hypochlorite dosed in the basin.

As an additional point, the quantification of intact cells at different locations in the cooling
system indicated a higher concentration of viable cells after the heat exchanger, suggesting
cell growth or release from biofilms in that section of the process. The sampling location is
therefore of importance for evaluating the microbiome of a cooling system. In the studied
cooling water, 16S results showed low abundance of potentially-pathogenic genus (Table S3).
However, the observation that the chlorine dosage does not completely prevent microbial
growth in the heat exchanger could be a concern for other cooling systems since the water
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from the outlet of the heat exchanger line is sprayed on top of the column. This is also the
point where pathogens might be spread in the surroundings. To reduce the risks of outbreak,
chlorine dosage could be performed right before the spray nozzles instead of inside the
cooling tower basin.

2.4.2. Main cooling tower bacterial members originated from the feed water
microbiome but the process conditions further influenced the bacterial
community structure

A substantial core microbiome was shared between all collected samples (46 % of the total
sequence reads was contained in 33 OTUs). The shared taxa between the feed water and the
cooling tower basin water on each month accounted for 85 to 94 % of the sequences (Figure
2.4.b) supporting the idea that the planktonic population present in the cooling tower
originated mainly from the feed water. The remaining fraction of microorganisms could have
originated from different sources such as the ambient air and particles, precipitations or
biofilm growth. Rain and cloud waters can contain up to 10°® bacterial cells/mL (Hu et al.
2018) and the air to water ratio can reach up to 1.5 m%L in a cooling tower (Keshtkar 2017),
potentially affecting the water community composition of these open recirculating systems.

Although the main cooling tower bacterial members originated from the feed water, a strong
switch in relative abundance of the microbial community members was observed including
a change of the dominant microorganisms (Figures 2.4.a and 2.5). Main taxonomic orders for
the feed water, LDI12 subclade of SAR 11 (Alphaproteobacteria) and Hgcl subclade of
Frankiales (Actinobacteria), are common groups described in freshwater reservoirs and
brackish waters (Henson et al. 2018, Llirds et al. 2014, Salcher et al. 2011) but not recurrent
in cooling towers. Cooling water bacterial communities, on the contrary, were dominated by
the recurrent orders Obscuribacterales (Melainabacteria) and  Caulobacterales
(Alphaproteobacteria) followed by Sphingomonadales and Rhizobiales
(Alphaproteobacteria). A decrease of Actinobacteria and rise of Proteobacteria have been
previously observed in cooling water (Paranjape et al. 2020b), corresponding to our findings
with the strong decline in Frankiales and suggesting a high sensitivity of these organisms to
the changes in environmental conditions.

This shift in relative abundance can be linked to several environmental factors, the main one
being continuous disinfection. Continuous chlorine dosage affects bacterial community
structure depending on the tolerance of the bacterial species to the biocide or their presence
in protective biofilms. Even though no deposit was visible in the cooling tower basin,
Caulobacterales, Sphingomonadales and Rhizobiales are bacterial orders frequently
encountered in biofilms (Farenhorst et al. 2017, Pang and Liu 2007) and post disinfection
samples (Gomez-Alvarez et al. 2012, Shaw et al. 2015) of drinking water distribution systems.
The observed Caulobacterales family Hyphomonadaceae is known as prosthecate bacteria
producing polysaccharide-based adhesin, called holdfast, allowing surface colonization
(Abraham and Rohde 2014, Dang and Lovell 2015, Nagaraj et al. 2017). Some Sphingomonas
species have also been linked to biofilm initiation through production of water-soluble
polysaccharides and surface-adhesion proteins (Bereschenko et al. 2011, Pollock and
Armentrout 1999) or have shown higher chlorine tolerance (Sun et al. 2013, Wang et al.
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2019), both leading to deteriorations of membrane processes (Bereschenko et al. 2010, de
Vries et al. 2019). To a lesser extent, chlorine-resistance properties of the Rhizobiales order
have been discussed in a drinking water distribution system (Wang et al. 2018). The biofilms
located on the inner surfaces of these systems constitutes the main reservoirs for bacterial
regrowth (Berry et al. 2006). A recent study also reported the presence of these community
members in cooling tower biofilms (Di Gregorio et al. 2017), suggesting that detached biofilm
fragments likely influence cooling water bacterial composition. Chlorine disinfection can
also explain the lower diversity in OTUs encountered in the cooling tower water compared
to the feed water (Figure 2.4.b and Figures S3 to S5).

To summarize, most cooling tower community members originated from the feed water
microbiome but the process conditions further influenced the bacterial community structure.

2.4.3. Cooling tower community structure is mainly shaped by differences in decay
rate of populations caused by residual chlorine

Since 16S rRNA gene amplicon sequencing does not differentiate between live, dormant and
damaged cells (Li et al. 2017), the association of relative abundance with total cell count can
help quantify the abundance of bacterial groups and identify growth or decay of specific
taxonomic orders. Combination of flow cytometry with 16S rRNA gene amplicon sequencing
has previously been investigated for drinking water monitoring (Prest et al. 2014) and showed
to be a promising method for quantification of bacterial communities in water systems. We
applied the same method in this study, combined with a mass balance, to assess the impact of
chlorine dosage on each bacterial order composing the cooling tower. To our knowledge, this
is the first paper that describes net growth and decay of cooling tower microorganisms.

Based on our results, all dominant feed and cooling water microorganisms showed strong net
decay with exception of the Obscuribacterales order. In the case of Caulobacterales,
Sphingomonadales and Rhizobiales, the high relative abundance in the cooling tower
resulted from a slower decay compared to the other microbial community members.
Importantly, the potentially-pathogenic bacterial group Legionella showed negligible
abundance in all samples (Table S3) and demonstrated decay in the studied cooling tower,
indicating that risks of outbreak were prevented. A control study without disinfection would
be able to confirm that chlorine is causing these microbial community changes but operation
of a full-scale cooling tower without biocide dosage is not feasible due to the threat of
pathogenic bacteria.

We can conclude from our study that the decay rate of the different bacterial orders is the
main factor shaping the cooling water microbiome, and not the growth of selected bacterial
groups. This finding implies that the feed water acts as a continuous inoculant, highly
impacting the cooling tower populations, when chlorine is used for disinfection. The
importance of the feed water composition has been observed by studying the similarities in
bacterial members between multiple cooling towers based on their geographic locations
(Paranjape et al. 2020b) but has never been thoroughly investigated.
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2.4.4. The bacterial group Obscuribacteralessucceeded in growing in the presence
of residual chlorine

As indicated previously, the only microorganism group showing a net growth in the cooling
system was the order Obscuribacterales. Obscuribacterales belong to the phylum
Melainabacteria, a recently discovered phylum closely related to the Cyanobacteria but
consisting of non-photosynthetic members (Bruno et al. 2018, Di Rienzi et al. 2013).
Although described as a strictly fermentative bacterial phylum, a newly identified species has
been shown to possess the ability for fermentation as well as aerobic and anaerobic respiration
with complete respiratory chain (Soo et al. 2014). To our knowledge, the order
Obscuribacterales has been rarely observed in other engineered water systems and never
described in biofilms. It has however been identified in cooling tower studies by (Pereira et
al. 2017) and (Paranjape et al. 2020b). In the latter, Obscuribacterales was present in 7 out of
18 evaporative cooling towers and represented a substantive portion of the total bacterial
community (between 10 and 30 % relative abundance) in 2 of them. Daily and continuous
disinfections were applied and residual chlorine concentrations of 0.32 and 0.27 mg Cl2/L
were reached in these 2 systems. Those results are in line with our finding and would suggest
that dominance of Obscuribacteralesis favoured by the presence of continuous high residual
dosage. However, the explanation for the chlorine resistance is so far unknown, due to the
lack of information available on the microorganisms and biocide’s mechanism. Chlorine
disinfection does not require specific target sites to exert a cytotoxic effect. Higher resistance
of cells to chlorine is believed to result from reduced cell membrane permeability, or
formation of a mucopolysaccharide outer layer (Bower and Daeschel 1999). Further
characterization would therefore be necessary to understand the metabolism and physiology
of the bacteria. In order to avoid chlorine-resistant organisms to develop, a complementary
disinfection method could be considered depending on the resistance mechanism, such as UV
or quaternary ammonium compounds (Phe et al. 2009, Sun et al. 2013, Rahmani et al. 2016).
In addition to cell resistance, the formation of cell aggregates can also provide protection
against external stress factors including biocides (Mir et al. 1997). Aggregates have not been
observed during the study but their presence should not be excluded.

2.4.5. The described mass balance approach allows better characterization of
cooling water bacterial changes

The use of a mass balance in combination with flow cytometry and sequencing data provided
a higher level of understanding of the bacterial dynamics. Full-scale studies often omit to
describe the feed water bacterial composition, which is essential information when discussing
bacterial changes in chlorinated cooling water systems. Ignoring the feed water microbiome
can lead to data misinterpretation, e.g. by assuming that all main cooling water taxa became
accustomed to the process conditions and disinfection. In this study we included the feed
water composition to identify the factors shaping the bacterial communities in the cooling
tower. The studied cooling tower did not show an increase of potentially pathogenic bacterial
groups (Table S3). However, the method would be able to detect an outbreak. Specifically, if
Legionella continuously shows net growth, this would indicate the necessity of implementing
alternative disinfection methods.
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In addition, approximation of the net growth or net decay of microorganisms is highly
valuable to detect chlorine resistant microorganisms. With this approach we could prove that
the increase in Obscuribacterales was not only relative to the other communities nor due to
the effect of concentration in the cooling tower, but resulted from the absolute growth of this
microorganism group in the system containing residual chlorine. Application of this method
to a large cooling tower dataset can identify recurrent and growing bacterial groups, and help
further optimisation and evaluation of disinfection technique.

Limitations are however present when quantifying absolute abundances based on genomic
analyses (Kleiner et al. 2017), specifically regarding the limited resolution (Poretsky et al.
2014) of the method and taxonomic profiling (Sczyrba et al. 2017). The real net growth and
net decay can therefore show some deviations from the calculated values. Improvements can
be made in the future by (i) taking into account copy numbers in the mass balance when the
organisms are better identified and (ii) sampling and analysing the cooling tower surface to
identify attached microbial communities and assess their potential impact on the microbial
changes in the water phase.

2.5. CONCLUSIONS

The microbiome characterization of a full-scale industrial cooling tower (2600 m?/h) - with
residual chlorine between 0.35 and 0.41 mg-Cl2/L and concentration factor between 3.5 and
6.6 - and comparison of bacterial community structures between the water feeding the
cooling tower and the cooling tower water led to the following conclusions:

o The bacterial community composition in the cooling tower is driven by the feed water
community composition. However, the structure of the bacterial community is governed
by differences in decay rate of the bacterial groups in presence of residual chlorine. The
characterization of feed water bacterial composition is therefore of great importance
when studying microbiome dynamics in cooling towers.

e The taxonomic order Obscuribacterales was able to grow in the cooling system despite
the presence of up to 0.41 mg-Clo/L residual chlorine, suggesting potential chlorine-
resistance ability of this bacterial group. This taxonomic order is not commonly found in
biofilms - as opposed to the other dominant organisms found in the cooling water - but
has been previously observed in cooling tower studies in presence of residual chlorine.

o The proposed approach based on mass balance combining flow cytometry and 16S rRNA
gene amplicon sequencing is a useful tool to determine net growth and decay of
microorganisms and to assess biocide impacts on cooling tower communities.

This study points out the importance of full-scale data for identification of organisms with
higher ability to survive disinfection. The establishment of a database from industrial scale
cooling towers would contribute to determine recurrence of specific organisms in these
processes. A better understanding of the biological processes and microbiome changes could
be used to predict and develop strategies to control pathogen outbreaks.
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CHAPTER 3 — ASSESSMENT OF THE IMPACT OF TEMPERATURE ON BIOFILM COMPOSITION

ABSTRACT

Temperature change over the length of heat exchangers might be an important factor
affecting biofouling. This research aimed at assessing the impact of temperature on biofilm
accumulation and composition with respect to bacterial community and EPS. Two identical
laboratory-scale plate heat exchanger modules were developed and tested. Tap water
supplemented with nutrients was fed to the two modules to enhance biofilm formation. One
“reference” module was kept at 20.0 + 1.4 °C and one “heated” module was operated with a
counter-flow hot water stream resulting in a bulk water gradient from 20 to 27 °C. Biofilms
were grown during 40 days, sampled, and characterized using 16S rRNA gene amplicon
sequencing, EPS extraction, FTIR, protein and polysaccharide quantifications. The
experiments were performed in consecutive triplicate. Monitoring of heat transfer resistance
in the heated module displayed a replicable biofilm growth profile. The module was shown
suitable to study the impact of temperature on biofouling formation. Biofilm analyses
revealed: (i) comparable amounts of biofilms and EPS yield in the reference and heated
modules, (ii) a significantly different protein to polysaccharide ratio in the EPS of the
reference (5.4 + 1.0 %) and heated modules (7.8 + 2.1 %), caused by a relatively lower
extracellular sugar production at elevated temperatures, and (iii) a strong shift in bacterial
community composition with increasing temperature. The outcomes of the study therefore
suggest that heat induces a change in biofilm bacterial community members and EPS
composition, which should be taken into consideration when investigating heat exchanger
biofouling and cleaning strategies. Research potential and optimization of the heat exchanger
modules are discussed.

42



CHAPTER 3 — ASSESSMENT OF THE IMPACT OF TEMPERATURE ON BIOFILM COMPOSITION

3.1. INTRODUCTION

Heat exchangers constitute a crucial equipment part of cooling systems, where it is used to
transfer the heat from a primary fluid to cold water (Hill et al. 2013). Biofilm formation in
heat exchangers can have strong negative impacts on process efficiency and is therefore
considered a problematic challenge faced in numerous industrial sites. The dependence of
industrial processes to heat exchangers makes the interruption of operation very difficult and,
in many cases, requires continuous operation for several years before cleaning or replacement
of parts can be performed (European Commission 2001). Despite the use of biocides and
dispersants, biofilms still develop over long periods of time and considerably reduce heat
transfer efficiency. Additionally, they can serve as a protective habitat for pathogenic bacteria
or bacteria involved in microbiologically influenced corrosion, causing irreversible damage
to the equipment (Balamurugan et al. 2011, Rao et al. 2005). These detrimental consequences
strongly affect the capital and operational costs of the heat exchange installations (Bott 1995,
Melo et al. 2012).

Early investigations on biofilm resistance to heat transfer revealed a thermal conductivity of
biofilm of 0.6 W/m.K (Characklis et al. 1981), comparable to water, which is not surprising
since water forms the major mass fraction of a biofilm (Cooksey 1992). Many studies have
used this key parameter for monitoring of biofilm growth and assessment of control methods
in heat exchanger experiments (Chang et al. 2017, Garcia et al. 2016, Janknecht and Melo
2003). Tian et al. (2012) used this approach to evaluate the impact of SiO2 particles inclusion
on biofilm structures and heat transfer resistance. It was also used by Chang et al. (2017) to
investigate the efficiency of thermal shock on biofilm growth inhibition.

A potential important aspect for biofilm growth is the presence of a temperature gradient
over the length of the heat exchanger affecting the bulk water temperature. Bacterial
communities composing the biofilm and producing extracellular polymeric substances (EPS)
necessary for the biofilm integrity are subjected to this temperature change and may adapt.
There is, however, limited literature available on the effect of a temperature gradient on
biofilm composition since most research studies were performed under isothermal conditions
(Ahmad et al. 2021, Farhat et al. 2016, Obana et al. 2020). Among the few studies considering
the impact of thermal gradient, Yang et al. (2013) have shown that co-current or counter-
current configurations of heat exchangers cause different fouling behaviours. Undoubtedly,
change in temperature exerts a strong influence on the extend and physical characteristics of
biofilms. Due to these observed changes, it is reasonable to assume that variations in the
bacterial communities and extracellular compounds also occur along heat exchangers.
Characterizing the variations in biofilm composition is of importance to identify or predict
which parts of heat exchangers are more detrimentally affected by the biofilm, and to
optimize cleaning methods accordingly.

Laboratory scale heat exchanger set-ups have been designed in the past (Abu-Zaid 2000, Ling
and Lund 1978, Xu et al. 2020) to predict the impact of operational variables on biofouling
rates for full-scale applications. These laboratory elements are, however, not suitable for
biofilm collection and composition analyses, often destructive. A compact plate heat
exchanger module, inspired from a well-established membrane fouling simulator

43

3




CHAPTER 3 — ASSESSMENT OF THE IMPACT OF TEMPERATURE ON BIOFILM COMPOSITION

(Vrouwenvelder et al. 2007), was therefore designed and built to enable the growth of
biofilms of significant thickness and characterization of its components. In this chapter, we
describe (i) the development of this new single-plate heat exchanger module for biofilm
laboratory investigations, (ii) its implementation to study the effect of temperature on the
bacterial community and EPS composition of biofilms, and (iii) the potential applications and
limitations of the module in biofilm characterization studies.

3.2. MATERIALS AND METHODS

3.2.1. Laboratory heat exchanger module

The heat exchanger modules were made of two identical polyvinyl chloride (PVC) elements,
fitting each other, and separated by a single metal plate (Figure 3.1). PVC connectors built in
each side of the channels allowed connections to tubing. Diffusers were included in the
geometry of the channels to provide a homogeneously distributed flow. O-rings were placed
on each side of the metal plate to tightly maintain the plate and separate the water from each
channel. Corrosion-resistant metal, Hastelloy C-22, was used for the metal plate. Lx W x H
dimensions were as follows: 189 x 34 x 8 mm? for the channels and 189 x 34 x 1 mm? for the
plate. Two identical modules were produced by STT Products BV and operated
simultaneously during our experiments. The technical drawing of the modules is provided in
the supplementary material (Figure S1).

Figure 3.1. Heat exchanger module observed from the top side (A), from the left side (B) and view of the
inside of the module with a rubber O-ring and metal plate (C).

3.2.2. Experimental design

In all experiments, one module was operated in single-pass flow without heating, denoted as
“reference module”, and a second module was operated in counter-flow with continuous
heating, denoted as “heated module”. The cold channel of each module was fed with tap
water at a temperature of 20.0 + 1.4 “C and a flow rate of 0.18 L/min. A nutrient solution
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composed of sodium acetate trihydrate (CH3COONa-3H20; for a ‘C’ source), sodium nitrate
(NaNOQOsg; for a ‘N’ source) and sodium phosphate monobasic monohydrate (NaH2POs-H2O; for
a ‘P’ source) was dosed to enhance biofilm growth. The concentrations in elements C, N and
P were maintained at 500, 100 and 50 pg/L respectively in the feed water, corresponding to a
mass ratio C:N:P of 100:20:10 (Siddiqui et al. 2017). The second channel of the heated module
only was operated with recirculating water at 50 °C at a flow rate of 1.8 L/min, without
nutrient dosage. The full laboratory set-up is illustrated in Figure 3.2. Biofilms were grown
over a period of 40 days. The experiments were performed in triplicate, denoted as “exp. 1, 2
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Figure 3.2. Schematic diagram of the heat exchanger set-up in operation.
3.2.3. Temperature monitoring

Platinum resistance thermometers of high-precision (CTP5000, WIKA, Germany) were
located inside the inlet and outlet tubing of the channels, with a 10-cm deep immersion.
Temperature probes were calibrated and showed 0.04 °C accuracy. All probes were
connected to a display unit (CTR2000, WIKA, Germany) and data were recorded online via
a data logging system on a local computer.

Heat transferred (Q) to the cold channel in module 2 was calculated with equation (1):
Q=m=xCp*dT (D)

m: mass flow rate of water (L/s)

Cp: heat capacity of water - 4184 J/(kg.K)

With d7= Tou-Tin

The overall heat transfer coefficient (U) was approximated with equation (2):

Q

= 2
v Ax LMTD @)
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A: area of the plate

LMTD: counter-current logarithmic mean temperature difference

. _ (Th.in_TC.out)_(Th.out_Tc.in)
Wlth LMTD o LN((Th.in_Tc.out)/(Th.out_Tc.in))

Urerwas calculated as average Uover a period of 1 day, without dosages of nutrients. Uex was
monitored during the experiment to approximated the resistance (X&) to heat transfer caused
by the biofilm:

R = ! ! 3)
Uexp Ure f
The approximated thickness (¢) of the biofilm was then obtained with equation (4):
t=R=x21 4)

with A: thermal conductivity of biofilms (0.6 W/m.K)
3.2.4. Biofilm collection

At the end of each experiment, both modules were carefully drained and disassembled to
recover the biofilms from the surface of the plates. 1 x 2 cm? areas were sampled from the
inlet and the outlet and preserved at -20 °C before DNA extraction and 16S rRNA gene
amplicon sequencing. The remaining biofilms were scraped from the plates, frozen at -80 °C
and lyophilized before EPS extraction.

3.2.5. DNA extraction and 16S rRNA gene amplicon sequencing

The genomic DNA was extracted using the DNeasy UltraClean Microbial Kit (Qiagen,
Netherlands). Extraction was done following company’s standard protocol with addition of
an alternative lysis step. This included a combination of 5 min of heat (65 °C) followed by 5
min of bead-beating on the filters for cell disruption on a Mini-Beadbeater-24 (Biospec, USA).
Samples were sent to Novogene Ltd. (Hongkong, China) for amplicon sequencing of the V3-
4 region of the 16S-rRNA gene (position 341-806) on an Illumina paired-end platform. The
raw data was processed with the software Mothur v.1.40.5. Raw sequences were quality
filtered, aligned, checked for chimera and operational taxonomic units (OTUs) were
generated based on 97% similarities after removal of singletons. The alignment and
taxonomic classifications were performed using the SILVA database. Beta diversity
measurement was assessed with principal coordinate analysis (PCoA) in Mothur v.1.40.5
using the thetaYC distance matrix. The spatial separations visualized in the PCoA are used to
compare similarities and dissimilarities between samples.

3.2.6. EPS extraction

The 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 (Felz et al. 2016, Pinel
et al. 2020b), and lyophilized. The freeze-dried EPS samples were kept in a dry environment
before further analyses.
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3.2.7. Fourier Transform Infrared Spectroscopy (FTIR)

FTIR spectra of the freeze-dried extracted EPS samples were carried out on a FTIR
Spectrophotometer (Perkin-Elmer, Shelton, CT, USA) at room temperature, with a
wavenumber range from 700 cm™! to 4000 cm™!. Resolution of 4 cm™! and accumulation of 8
scans were applied on each sample. FTIR spectra were baseline-corrected and a min-max
normalization was applied with respect to the amide I peaks (between 1700-1600 cm™) with
Matlab R2018b software.

3.2.8. Polysaccharide quantification

Polysaccharides were quantified following a method developed by (Dubois et al. 1956). In
short, the freeze-dried EPS extracts were diluted in a sodium hydroxide solution (0.01 M in
ultrapure water) to a final concentration of 1000 mg/L. For the standards, a sugar mixture of
1000 mg/L was prepared with equal amounts of fucose, rhamnose, galactose, glucose, xylose,
mannose and ribose. Sugars were selected due to their previous detection in bacterial EPS
(Felz et al. 2019). The sugar mixture was diluted to concentrations of 0, 10, 25, 50, 75, 100,
and 200 mg/L in order to establish the calibration curve. 200 pL of each sample or standards
were pipetted in a glass reaction tube, followed by 200 pL of 5% w/v phenol solution and
1000 pL of 95% sulphuric acid. Tubes were vortexed, left at room temperature for 20 min and
vortexed again before analyses. The absorbance of the samples and standards were measured
at 482 nm with a spectrophotometer (DR3900 Hach, USA).

3.2.9. Protein quantification

The freeze-dried EPS extracts were diluted in a sodium hydroxide solution (0.01 M in
ultrapure water) to a final concentration of 250 mg/L. Total protein concentrations were
determined with the BCA assay using the Protein Quantification Kit (Interchim, France).
The standards were prepared by dilution of a bovin serum albuvine (BSA) solution to
concentrations of 0, 5, 10, 50, 100, 200, 350, and 500 mg/L. Reagents were added to the
standards and samples according to manufacturer’s instruction in a 96-well plate. The plate
was shaken for 30 s and incubated in the dark at room temperature for 2 h before analysis.
Absorbance was measured at 562 nm by a plate reader (Infinite M200 PRO, Tecan,
Switzerland).

3.3. RESULTS

3.3.1. Operating parameters

The reference module was operated with the cold channel only, without heating. Inlet and
outlet measurements indicated negligible variation of the bulk water temperature over the
channel length (Table 3.1). The cold channel of the heated module was operated with the
same flow rate, feed source and nutrient dosage as the reference module throughout the
experiments.
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Table 3.1. Operational parameters monitored during the operation of the modules, with the interval (z)
representing the range of variations. Indicated values combine the data of all experiments.

Module Temperature hot Temperature cold Flow rate =~ Flowrate Heat loss (%)
channel (°C) channel (°C) hot channel cold channel
(L/h) (L/h)
Inlet Outlet Inlet Outlet
Reference r.t.* r.t.* 200+1.4 20.1+1.2 0 11.4 approx. 0
Heated 50.4+0.2 493+0.2 20.1+13 273+1.3 108 114 27 +3

*r.t.: room temperature

Water heated at 50 °C was recirculating in counter-flow through a second channel (Figure
3.2), along which a decrease of 1 “C was measured. The heated flow caused a heat transfer
through the metal plate, increasing the bulk water temperature of the cold channel from 20.1
+1.3 "Cto 27.3 + 1.3 "C between the inlet and outlet. When no biofilm was present in the
heated module, the calculated overall heat transfer coefficient reached 660 + 40 W/m?2."C,
which was used as the reference value for the later calculation of the biofilm heat resistance.
Biofilm growth caused a reduction of the temperature difference between inlet and outlet by
1.6 £ 0.2 “C in the cold channel of the heated module. Collection of temperature data along
the heated system allowed the monitoring of the biofilm thickness forming on the surface of
the metal plate.

3.3.2. Monitoring of biofilm growth in the heated module

Approximated biofilm thicknesses calculated from the temperature measurements of the
heated module are shown in Figure 3.3. Exp. 1 revealed disturbances due to intermittent air
bubbles entering the system causing fluctuations in temperature. This anomaly was fixed in
exp. 2 and exp. 3. Despite slight differences in profile, all experiments show a similar growth
curve with a final thickness between 200 and 250 pum after 40 days of operation.
Reproducibility of the study was achieved in terms of biofilm development in the heated heat
exchanger module.
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Figure 3.3. Approximated thickness of the biofilms monitored in the heated module over the duration of
exp. 1 (A), exp. 2 (B), and exp. 3 (C).
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3.3.3. Biofilm characterization
3.3.3.1.Bacterial community structure along the heat exchanger

Accumulated biofilms were collected from the inlet and outlet of each module to evaluate
the changes in bacterial communities along the heated and reference systems, and assess the
effect of a temperature gradient. Dissimilarities between the structure of bacterial
communities are illustrated in Figure 3.4. Although a deviation is visible for a set of data
points at coordinates (0.22, -0.64), corresponding to exp. 3, inlet and outlet of the reference
module showed high similarity in each experiment. On the contrary, inlet and outlet of the
heated module experienced a strong change in bacterial community structure in each
experiment, represented in Figure 3.4 by dashed arrows. Therefore, changes observed along
the metal plate in absence of heating were negligible compared to the changes that occurred
under heated condition. The temperature gradient along the metal plate thus resulted in a
change in biofilm composition in terms of bacterial community members and abundances in
the heated module.
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Figure 3.4. Principal coordinate analysis (PCoA) of biofilm bacterial community structures from the heated
and reference modules in the three experiments. The bigger the distance between data points, the stronger
the dissimilarity in community structures, based on the presence and abundance of operational taxonomic
units. Dashed arrows connect inlet and outlet of each module.

Interestingly, outlet biofilm samples of the heated module from the three experiments
converge to a similar structure. Taxonomic identification indicated a significant increase in
Cupriavidus respiraculi abundance, reaching 52, 79 and 58 % in the heated outlet biofilms of
exp. 1, 2 and 3 respectively (Figure S2). Results suggest the loss in diversity of main
community members at elevated temperatures, with the selection of Cupriavidus respiraculi.
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3.3.3.2.EPS amounts

The total biofilm from each metal plate was collected to obtain sufficient EPS for further
characterization. This allowed the comparison of the biofilm composition of the reference
module to the biofilm composition of the heated module but not the evaluation of changes
along the plates. The relative low amount of EPS per plate did not allow for sampling different
areas of the plate separately. The average freeze-dried deposit collected in the reference
module reached 10.8 + 3.0 mg with an extracted EPS yield of 52 + 2 %. These values were not
significantly different (p-values > 0.05) to the heated module, with 11.2 + 2.6 mg and 57 + 8
% of EPS yield. In conclusion, similar amounts of accumulated biofilm and EPS were found
in all systems.

3.3.3.3. EPS characterization

The FTIR spectra of the extracted EPS samples display the characteristic carbohydrate band
at 940-1200 cm™! (Boleij et al. 2019, Zhu et al. 2012) and protein band at 1500-1700 cm™! with
amide I and amide II corresponding peaks (Barth 2007). The comparison of spectra indicates
high similarity in molecular vibrations with a large overlapping fraction of the curves of the
extracted EPS from the heated and reference modules. Only the carbohydrate peak does not
overlap (* in Figure 3.5), with a striking divergence between both conditions. A lower
absorbance intensity is observed in the EPS grown under heated conditions, suggesting that
a relatively lower sugar content of the EPS was produced at elevated temperature.
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Figure 3.5. FTIR of the extracted EPS of the biofilm samples collected on the heated and reference modules.
The symbol * indicates the band associated to carbohydrates at 940-1200 cm™!, showing a strong divergence
between the heated and reference conditions.

The quantitative analyses of protein and polysaccharide contents in the extracted EPS
samples led to the results shown in Figure 3.6.A. The percentage of proteins remained quite
stable with variations between 48 and 54 % of the total EPS, while polysaccharides
constituted between 5 and 13 % of the total EPS. As observed with the FTIR analyses, the
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reference EPS seemed to contain a higher amount of polysaccharide than the EPS from the
heated module, especially in exp. 2 and 3. The ratio of proteins to polysaccharides was
therefore calculated for each module and the values from both tested conditions were
compared. Despite a partial overlap in standard deviations, the statistical analysis indicates a
significant difference (p-value < 0.05) between the conditions, with a higher PN/PS ratio in
the EPS extracted from the heated biofilm, 7.8 + 2.1 % compared to 5.4 + 1.0 % in the EPS
extracted from the reference biofilm (Figure 3.6.B).
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Figure 3.6. Composition of EPS in weight percentages of polysaccharides and proteins in the heated and
reference modules (A) and protein-to-polysaccharide (PN/PS) ratio under both conditions, averaged over
the triplicate experiments (B). The error bars indicate the standard deviations.

In summary, despite similarity in amounts of accumulated EPS in the reference and heated
modules, EPS characterization reveals a small but significant change of protein to
polysaccharide ratio caused by a relatively lower extracellular sugar production at elevated
temperatures.

3.4. DISCUSSION

3.4.1. Impact of temperature on biofilm composition

The triplicate experiments performed with the newly designed modules led to reproducible
results regarding biofilm growth profile (Figure 3.3) and EPS characterization (Figures 3.5
and 3.6). Only the bacterial community structures showed a deviation in exp. 3 compared to
exp. 1 and 2 (Figure 3.4), likely caused by the effect of external factors affecting the tap water
planktonic community. Variation in external temperatures and overall water use in the
building could have affected the bacterial community structure (Ling et al. 2018, Prest et al.
2016a, Zlatanovi¢ et al. 2017) since the experiments were performed sequentially. Despite
this deviation, conclusions could be drawn from the results. They are further discussed below.

Experimental analyses of the biofilms grown in the reference and heated modules revealed
(1) variations in biofilm community structures caused by the temperature increase along the
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plate heat exchanger, (ii) comparable amounts of accumulated EPS, and (iii) a relatively lower
production of extracellular polysaccharides at elevated temperature by the biofilm members.

Abundant members of our study include bacterial groups frequently found in drinking water
(Figure S2), such as Piscinibacter genus (Vandermaesen et al. 2017), Aquabacterium genus
populating biofilm with optimal growth at 20 °C (Manz et al. 2015) or Variovorax genus (Lee
et al. 2010). Their high abundance was particularly marked in the reference biofilms, without
heating. Selection of the species Cupriavidus respiraculi occurred in the biofilm grown in the
heated module (Figure S2). Cupriavidus respiraculi is a gram-negative, obligate aerobe
bacterium which has been observed to grow at 28, 32 and 37 "C (Vandamme and Coenye
2004, Vaneechoutte et al. 2004). The species was isolated from patients with cystic fibrosis
suggesting that they are well adapted for growth at physiological temperatures. Dominance
of Cupriavidus over the drinking water biofilm groups with increasing temperature is an
indication that the temperature change faced in heat exchangers leads to biofilm bacterial
community compositions diverging from the feed water source communities. It is also
important to note that the processes of detachment and dispersion or reattachment of biofilm
fragments (Kaplan 2010), observed in mature biofilms, did not seem to have affected the
community structure of the heated biofilm in the 40-day studies.

These results reveal that the temperature gradient in heat exchangers causes the selection of
different biofilm bacterial groups along the system, and can therefore cause damages of
varying nature and magnitude along the process e.g. regarding the extent of biofouling or
microbial corrosion (Rao et al. 2009). The effect of heat gradient should therefore be taken
into account and samples should be collected along the system when characterizing biofilms
from heat exchangers.

Analyses showed that the amounts of biofilms and accumulated EPS were not significantly
different between the reference and the heated biofilms. It is surprising, since more severe
biofouling is usually observed at higher temperatures (Baek et al. 2011, Chamberland et al.
2019). Felz et al. (2016) has shown that EPS yield can be strongly affected by the method of
EPS extraction. However, the comparable protein content from both extracted EPS (Figure
3.6) does not suggest disparities in cell lysis by the alkaline extraction. Biofilm growth and
EPS production in the heated biofilm might be limited by the carbon supply or by the wide
temperature range along the plate and through the thickness of the biofilm. For a better
assessment, the exact temperatures at the surface of the plate and through the biofilm should
be monitored in future studies.

The quantitative measurements of proteins and sugars revealed a lower sugar content of
extracted EPS from the heated biofilms (Figure 3.6), which is in line with the lower band
intensity in the region 940-1200 cm™ observed in the FTIR analyses (Figure 3.5). The change
in temperature therefore induced variations in the produced extracellular compounds. These
changes in EPS composition along heated surfaces can affect the efficiency of biofilm removal
products such as enzymatic treatments. Studies at larger scale and after long periods of heat
exchanger operations are needed for comparison with our laboratory results. Sampling and
EPS analyses from a fouled full-scale heat exchanger surface with wide temperature gradient
would be of high interest to evaluate the extend of such variations and the implications from
an industrial point of view.
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3.4.2. Advantages and limitations of the heat exchanger laboratory module

The purpose of the developed lab-scale heat exchanger module is to reproducibly investigate
the impact of a continuous temperature gradient on biofilm formation, in terms of active
biomass and EPS amount and composition. It was therefore designed according to
characteristics required for carrying out the research study. Its laboratory-suited size makes
it easy to assemble and disassemble and allows a flexible use of the device in various locations.
The height of the channel was chosen so that it can sustain the growth of a thick biofilm
without causing a build-up in pressure or significant variation in fluid velocity which could
eventually affect the biofilm development e.g. through increase in shear rate (Casey et al.
2000, Paul et al. 2012). Stable conditions could thus be maintained during the operating
period. The material used for the metal plate (hastelloy C-22) was selected for its anti-
corrosion properties and to allow an optimal heat transfer from the hot to cold channel of the
module — hastelloy has a thermal conductivity of 11.1 W/m.K - while the external case was
made of PVC to limit heat loss. In addition, the plate can easily be replaced to test different
materials, which can broaden the spectrum of potential studies to (microbiologically
influenced) corrosion investigations.

There are, however, some limitations to the heat exchanger set-up. A further developed
version of the module should include online measurements of plate surface temperatures and
investigation of the temperature profile over the height of the biofilm. The temperature at
the surface of the plate is generally higher than the bulk temperature and is affected by the
boundary layer, which could be approximated by modelling of the system. Oxygen profile
probes would also provide information on the oxygen diffusion through the layer. Design
could be enhanced by using material able to handle higher temperatures than PVC can resist,
while maintaining an acceptable heat loss. For temperatures higher than 50 °C, it is
recommended to change material to thermoplastics with high heat deflection temperature
such as polyethersulfones (PES). Lastly, some loss of biofilm was observed during the drainage
of the cold channels leading to a small loss in biofilm materials. The handling of this step
could be improved in order to reach a full recovery of the grown biofilm.

3.4.3. Potential applications in future research

When operated over a sufficiently long period of time, the system can be used to perform
studies on biofilm properties and compositions that would not be possible with biofilms of a
few pm-thickness. The testing of a broader range of temperatures and the use of additional
chemical characterisation methods of EPS would build on the results compiled in this study.
In addition to the preliminary results described in this research, we also propose some study
lines of interest, which could be tested with the laboratory plate heat exchanger module.

Regarding the characterization of the microbiome, variations can be assessed along the
temperature gradient, as introduced in this study. Investigation of the bacterial community
changes could also be performed across the thickness of the biofilm (Almstrand et al. 2013),
by collecting layers of the biofilm formed between the metal plate and the bulk water. The
differences in main bacterial group, their physiology and interactions would provide a deeper
understanding of how the biofilm is able to cope with the significant changes in conditions,
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not only linked to the diffusion of nutrient and oxygen (Stewart 2003) but also the effect of
thermal dissipation.

The applied monitoring provides an approximated thickness, assuming a flat and
homogeneous structure of the biofilm over the plate surface. Flow profile, temperature and
nutrient load can, however, affect the growth and the distribution of the biofilm (Recupido
et al. 2020). In addition, it has been seen in pure-culture biofilm that temperature can cause
a regulation of EPS production inducing morphological changes of the biofilm (Obana et al.
2020). To evaluate this assumption accurately, the temperature monitoring should be
combined with measurement of the thickness. For more in-depth investigation of the
physical structure, in-situ imaging of the biofilm would provide valuable information on the
biofilm development and morphology (e.g. roughness) when subjected to a thermal gradient,
in a similar way as it was performed for different types of flow (Wagner et al. 2010).

Due to the adjustability of the module, the use of metal plate prone to corrosion such as
copper or carbon steel can be explored. Microbiologically influenced corrosion causes serious
damages in full-scale plants (Sharma 2014), and is very challenging to control due to the
combination of processes involved in the corrosion mechanisms (Little et al. 2020). The
module can for example be used for the testing of metals or innovative coatings, and
assessment of their ability to withstand microbial corrosion under different temperatures.

In short, the heat exchanger can be used for a multitude of research purposes. The fact that
thick biofilms can be grown in the module and collected in substantial amounts allow the use
of multiples biofilm analyses for in-depth characterization of its composition.

3.5. CONCLUSIONS

A laboratory-scale plate heat exchanger module for the assessment of the impact of
temperature gradient on biofilm composition was built, tested and applied to a preliminary
biofilm investigation.

The online monitoring and analyses showed that:

o the developed plate heat exchanger was able to monitor online biofilm growth by
measuring its resistance to heat transfer.

o the laboratory module is suitable for a large range of applications related to the effect of
a thermal field, such as bacterial community identification through the height of the
biofilm, composition and morphology of EPS at various temperatures, or investigations
of (microbiologically influenced) corrosion.

The uniqueness of the module lies in its suitability to sustain and monitor extensive biofilm
formation with negligible effect on flow properties, and to allow collection of sufficient
biofilm material to perform destructive analyses of composition. Some suggestions based on
the exploratory study were proposed for further improvement of the module.

Exploratory study on the effect of temperature gradient revealed:
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e comparable amounts of biofilm and accumulated EPS formed in the non-heated and
heated systems over the 40-day experiments.

o differences in proteins-to-polysaccharides ratio in EPS caused by the thermal field, with
a lower production of polysaccharides at elevated temperature.

o differences in biofilm bacterial groups resulting from the temperature change at the
surface of the plate.
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Figure S1. Technical drawings of the heat exchanger module showing the top/bottom view (top), the
longitudinal cross-section (middle) and the transverse cross-section (bottom).
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Figure S2. Relative abundances of bacterial genera in biofilm samples collected from the reference and
heated modules in exp. 1 (A), exp. 2 (B), and exp. 3 (C). Phyla and classes of Proteobacteria are indicated at
the right of the legend. Experiments were performed in triplicate.
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ABSTRACT

Phosphate limitation has been suggested as a preventive method against biofilms. P-limited
feed water was studied as a preventive strategy against biofouling in cooling systems. Three
pilot-scale open recirculating systems were operated in parallel for five weeks. Seawater
reverse osmosis (SWRO) permeate was fed to the cooling towers (i) without supplementation
(reference), (ii) with supplementation of biodegradable carbon (P-limited) and (iii) with
supplementation of all nutrients (non-P-limited). The P-limited water contained < 10 pg o-
PO4/L. Investigation of the basins and coupons showed that P-limited water (i) did not
prevent biofilm formation and (ii) resulted in a higher volume of organic matter per unit of
active biomass compared to the other conditions. Exposure to external conditions and cycle
of concentrations were likely factors that allowed a P concentration sufficient to cause
extensive biofouling despite being the limiting compound. In conclusion, phosphate
limitation in cooling water is not a suitable strategy for biofouling control in cooling systems.
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4.1. INTRODUCTION

Tackling biofouling is a major challenge in the operation of open recirculating cooling
systems. Biofilms forming on the inner surfaces of heat exchangers, pipes, and basin increase
heat transfer resistance and provide a protective environment for microbial communities
particularly involved in microbiologically influenced corrosion of metal surfaces or disease
outbreaks (Rao et al. 2009, Tiiretgen et al. 2007). The generated loss in cooling efficiency,
occasional pipe clogging and material deterioration lead to early replacement of process parts,
intense cleanings and increased chemical dosages, therefore resulting in high capital and
operating costs for the industry (Melo et al. 2010).

The standard biofouling control methods consist of dosage of biocides such as sodium
hypochlorite, chlorine dioxide or bromine in the cooling systems (Al-Bloushi et al. 2018,
Pinel et al. 2020a). Though these chemicals considerably slow down the build-up of biofilms
by deactivating planktonic bacterial cells, they cannot completely prevent biofilm formation
and have little curative action. Studies have shown that biocide efficiencies strongly depend
on transport limitations arising from reaction-diffusion phenomena within a biofilm (Chen
and Stewart 1996, De Beer et al. 1994, Xu et al. 1996). Extracellular polymeric substances
(EPS) are essential compounds that form the biofilm matrix and react with these chemicals,
limiting the deactivation of the embedded active cells (Xue et al. 2013). In addition, a high
concentration of oxidative biocides is known to induce corrosion of metal surfaces such as
plumbing parts and heat exchangers (Edwards and Dudi 2004).

Previous studies have suggested that the removal of essential nutrients can constitute a
preventive measure against biofilm formation in industrial processes such as membrane
filtration systems (Vrouwenvelder et al. 2010) and cooling towers (Meesters et al. 2003).
Organic carbon is generally the limiting compound for microbial growth in freshwater.
Removal of assimilable organic carbon (AOC) is often applied to inhibit the build-up of
biofilm (Daamen et al. 2000, Visvanathan et al. 2003). Different AOC thresholds have been
proposed to prevent issues linked to bacterial regrowth in unchlorinated systems: 50 pg/L,
similar to groundwater concentration (Bradford et al. 1994), 10 pg/L in drinking water
systems (van der Kooij et al. 1989) or even 1 pg/L against biofouling of spiral wound
membrane (Hijnen et al. 2009). Reducing AOC to such low levels is very challenging with
conventional techniques such as biological filtration or activated carbon adsorption (van der
Kooij et al. 1989, Nguyen et al. 2012). Importantly, microbial growth also depends on the
availability of phosphorus in water (Lehtola et al. 2002, Miettinen et al. 1997). Phosphate (P)-
limitation has been shown to control biofouling in reverse osmosis (RO) membrane systems
in the presence of high organic concentration (Kim et al. 2014, Vrouwenvelder et al. 2010)
suggesting P-removal as a suitable pre-treatment for industrial water processes. No literature
is, however, available on the effectiveness of P-limitation in controlling biofouling in cooling
water systems. A few studies have investigated the microbiome of biofilms from cooling
systems (Balamurugan et al. 2011, Di Gregorio et al. 2017, Tsao et al. 2019, Wang et al. 2013),
mainly focusing on MIC and impact of disinfection, but the effect of nutrient limitations and
sample location remains unexplored. In general, further investigation of the effect of nutrient
limitations in cooling water would be highly valuable to the industrial field as it guides the
selection of feed water, pre-treatment, and chemical dosage strategies.
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The choice of feed water used in cooling systems depends mostly on the water sources
available at the geographic locations. In Europe, most cooling towers are operated with
freshwater (e.g. ground or surface water), causing less damage to the process than seawater,
which is frequently used, for example, in the Middle-East (Al-Bloushi et al. 2018). In this
study, seawater reverse osmosis (SWRO) permeate was selected as a reference feed water for
three parallel pilot-scale cooling towers due to its ultra-low content of elements and nutrients
required for microbial growth: RO permeate water has one of the highest water qualities
achievable. The pilot set-up used in this study was located on an industrial site allowed to
work under field conditions in terms of operational parameters, process design, climate (e.g.
humidity, temperature, wind), air quality, and presence of particles. Contrary to a laboratory-
controlled experiment, a pilot study evaluates the efficacy of biofouling control strategies
with more representativeness. For five weeks the three pilot-scale cooling towers were
monitored and subjected to SWRO permeate supplemented with different nutrient dosages
to (i) investigate the impact of limiting nutrients (C and P) on biofilm formation, (ii) evaluate
the changes in biofilm composition throughout the system and (iii) assess the potential of
low-nutrient content feed water against biofouling in cooling systems.

4.2. MATERIALS AND METHODS

4.2.1. Pilot set-up
4.2.1.1.System operation

The pilot facility is located at the central utility plant of King Abdullah University of Science
and Technology (KAUST) in Saudi Arabia. It consists of three identical parallel counter flow
induced draft cooling systems. The systems are shown in Figure 4.1, and the detailed
information was described in a previous study (Al-Bloushi et al. 2017). Each cooling tower
unit has a total volume of 62 L, and a cooling capacity of 15 kW. SWRO permeate produced
at the desalination plant in KAUST (Belila et al. 2016) was used as feed water. The SWRO
permeate was carried through a 40 m long plastic pipe to a buffer tank of 7 m3. Three
connected pipelines at the bottom of the buffer tank allowed the distribution of feed water
to the three pilot cooling towers. Feed water valves were triggered when the water levels in
the basin dropped, resulting in average flows between 25 and 35 L/h depending on external
temperature and humidity. Continuous blowdown water flows were set at 5 L/h, and
maintained a cycle of concentration between 5 and 7. Temperature differences along the heat
exchangers were kept between 6 and 10 “C with a cold temperature between 27 and 30 °C
in the basin and a hot temperature between 32 and 37 °“C after the heat exchanger. The
operation of the pilot was controlled automatically with an online system monitoring the
following parameters: flow rate, temperature and pH. In addition, the pH and conductivity
of the collected water samples were measured manually using a pH meter (Cyberscan
pH6000, Eutech, USA) and a conductivity meter (ProfiLine Cond3310, WTW, Germany).
The pH values remained between 8.0 and 8.3, and conductivity values varied between 6 and
8 mS/cm in all cooling towers along the experiment. Cleaning of the systems was performed
prior to the experiment as follow: (i) recirculation of sodium hydroxide solution 0.1 M during
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for 2 h; (ii) flushing with SWRO permeate, (iii) recirculation of hydrochloric acid solution at
pH 2 for 2 h; (iv) flushing with SWRO permeate.
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Figure 4.1. Scheme of the pilot installation. SWRO permeate was used as source water. Acetate (C) was
dosed in the C-supplied cooling tower and nitrate, phosphate and acetate (N, P, C) were dosed in the
Nutrients-supplied cooling tower. In addition to the cooling tower samples, the water from locations 1 to
4 was collected for a water quality test.

4.2.1.2.Nutrient dosages

Nutrients were added to the cooling tower basins to avoid bacterial growth inside the feed
water pipelines. The following conditions were applied: (i) reference: without the addition
of nutrient; (ii) C-supplied: with a concentration of organic carbon of 500 pg/Lfeed water;
(iii) Nutrients-supplied: with concentrations of carbon, nitrogen and phosphorus (C, N, P) of
500, 100, and 50 pg/Lfeed water respectively and trace metals (composition described in Table
S1). The following sources were used for the C, N, P nutrients: sodium acetate trihydrate
(CHsCOONa-3H:20; for ‘C’ source), sodium nitrate (NaNQOs; for ‘N’ source) and sodium
phosphate monobasic monohydrate (NaH:POs+H20; for ‘P’ source); all purchased in
analytical grade from Sigma Aldrich. Tables 4.1 and S1 summarize the compositions and
dosing amounts of the nutrient solutions in each cooling tower unit. All the nutrient solutions
were adjusted to pH 11 with the addition of NaOH prior to dosage, and the solutions were
refreshed every two days to avoid bacterial growth in the nutrient solution containers.
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Table 4.1. Nutrient dosages applied in the cooling towers.

Dosage Reference P-limited Non-P-limited

Main elements - C G N, P

Compounds - Acetate Acetate, Nitrate, Phosphate
Concentration in feed ) 500 500, 100, 50

(hg/L)

Trace metals No No Yes (see Table S1)

4.2.2. Water quality analyses

Total phosphorus was analysed by inductively coupled plasma atomic emission spectroscopy
(ICP-OES, Varian 720-ES, USA). Standard curve was made with a phosphorus standard
solution. 10 mL of water samples and standard solutions (20-500 ppb) which were made using
a phosphorus standard solution (Inorganic Ventures, USA) were prepared by adding 1 % (v/v,
final concentration) nitric acid. Total phosphorus concentration was calculated based on the
standard curve. Orthophosphate concentration was measured with a low detection auto
analyser using a colorimetric based method (SEAL AutoAnalyser 3 HR, Seal Analytical, UK)
following the proposed protocol by Murphy and Riley (1962). Total organic carbon (TOC)
(Table 4.2) was analysed using a TOC analyser (TOC-L CSH, Shimadzu Corporation, Japan)
after filtration through 0.45 pm pore size sterile PVDF syringe filters. Chemical oxygen
demand (COD) was measured using a Hach TNT plus COD test kit and measured with a Hach
spectrophotometer (DR 3900, Hach, USA). Trace metal concentrations were analysed by
inductively coupled plasma mass spectrometry (ICP-MS) (Agilent 7500CX, Agilent, USA).

Table 4.2. Analyses of water parameters.

Parameter Unit Concentrations in feedwater before nutrient dosages
Total phosphorus png/L <20

Orthophosphate png/L <10

TOC png/L <0.3

COD ng/L <2

4.2.3. Bacterial growth potential
4.2.3.1.1dentification of limiting nutrient in cooling waters

The methodology applied for determining the limiting nutrient has been derived from Prest
et al. (2016b). Bacterial growth potential tests were performed in sterile containers.
Recirculating water samples from the three cooling towers were collected onsite and
immediately filtered through a 0.45 pm pore-size sterile nylon syringe filter (Sartorius,
Germany) to avoid predation by higher organisms such as protozoa. Each sample was split in
ten aliquots of 30 mL. The same nutrient compounds dosed in the cooling towers were added
to the aliquots as followed: no addition (‘Blank’), 1 mg-N + trace elements (‘N+M’), 1 mg-P
(‘P’),2mg-C(‘'C’), 2 mg-C + 1 mg-N + 1 mg-P + trace elements (‘All’). The test was performed
in duplicate (n=2). The aliquots were incubated at 37 °C in the dark with no shaking.
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Bacterial growth was monitored daily using a BD AccuriTM C6 flow cytometry (BD
Biosciences, USA) by staining with SYBR Green I (10,000 x; Invitrogen, USA). The final
concentration of SYBR Green I in the samples was 1.96 pM. The staining protocol and flow
cytometry analysis are described in literature (Hammes et al. 2008, Prest et al. 2013). The
incubation period lasted five days, after which the stationary phase was reached in all
aliquots. The net growth was calculated by subtracting the cell count on day 0 from the cell
count on day 5 for each growth test.

4.2.3.2.Growth potential of the feed water

The glass vessels used in this incubation test were soaked overnight in 0.2 M HCI solution,
rinsed with deionized water and placed in an oven at 450 °C for 4 h to remove AOC residues.
Samples of 100 mL from the sampling locations 1 to 4 shown in Figure 4.1 (1: SWRO
permeate, 2: buffer tank inlet, 3: buffer tank outlet, 4: cooling tower feed) were collected and
incubated in the dark at 37 °C for five days. Total cell numbers were monitored using a BD
AccuriTM C6 flow cytometry (BD Biosciences, USA). Staining protocol with SYBR Green I
(10000 x; Invitrogen, USA) and flow cytometry analyses were described in previous papers
(Hammes et al. 2008, Prest et al. 2013).

4.2.4. Collection of deposit samples

Deposits consisting of biofilm and sediment accumulation were collected from the
recirculation line and basin of each cooling tower unit (Figure 4.1) at the end of the
experiment after the water was drained from the system. Pieces of 4 cm x 4 cm of deposit
from each basin floor were collected for quantification of dry-ash, adenosine triphosphate
(ATP) and chlorophyll, EPS extractions, and 165/18S rRNA gene amplicon sequencing. To
sample each recirculation line, three stainless steel mesh coupons (Imotron, Belgium) were
inserted in a corrosion rack prior to the start of the experiment. The corrosion racks were
located after the heat exchangers, in the heated water stream of each CT. The coupons were
collected after the 5-week experiment to analyse the accumulated material in terms of wet
weight, ATP quantification and 165/18S rRNA gene amplicon sequencing.

4.2.5. Biofilm analytical methods
4.2.5.1.Dry-ash

The wet weight of fresh deposit samples was measured using a high precision analytical
balance. For the dry mass, basin deposit samples were spread over a disposable aluminium
foil cup to allow optimal contact with air. The samples were heated at 80 °C until no further
water loss was measured. Dried samples were then transferred to crucibles, and the ash-free
dry weight for the accumulated organic content was obtained after dry ashing at 500 °C for
4 h. The measurements were performed in triplicate.

4,2,5.2, ATP measurement

For each cooling system, one mesh coupon and one piece of fresh basin deposit (4 cm x 4 cm)
were collected in 50 mL sterile centrifuge tubes (Greiner) containing 30 mL of NaCl 0.85 %.
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The tubes were vortexed at maximal speed for 5 min and sonicated using an ultrasonic
homogenizer (Qsonica sonicators, USA) for 1 min with the following settings: output power
15 W and frequency 20 kHz. The homogenized solutions were subsequently filtered through
a 0.45 pm pore-size sterile filter (Sartorius, Germany). ATP measurements were performed
in duplicate with an ATP analyser (AdvanceTM, Celsis, USA) according to the manufacturer’s
protocols.

4.25.3.EPS extraction

Triplicate deposit samples from the cooling tower basins were frozen at -80 "C and
lyophilized (Alpha 1-4 LDplus, Martin Christ, Germany) prior to the extraction. EPS were
extracted at high temperature in alkaline conditions, following a method adapted from (Felz
et al. 2016). In brief, 0.5 g of freeze-dried samples were stirred in 50 mL of 0.1 mol/L. NaOH
at 80 °C for 30 min. The containers were placed in ice water for 3 min to stop the extraction.
Cooled mixtures were centrifuged at 3,300 x g at 4 °C for 30 min. The supernatants were
dialyzed overnight (SnakeSkin 3.5K MW, Thermo Fisher Scientific, USA), frozen at -80 °C
and lyophilized.

4.2.5.4.Quantification of phosphorus in EPS

For phosphorus quantification, 3 mg of lyophilized EPS were solubilized in 5 mL of ultrapure
water. Total phosphorus content was determined with a HACH spectrophotometer (DR3900,
Hach Lange, USA) using the Hach Lange LCK 349 cuvette test kit (Hach, USA).

4.2.5.5.Functional groups of EPS

The Fourier transform infra-red (FTIR) spectrum of the lyophilized EPS was performed on a
FTIR Spectrophotometer (Perkin-Elmer, USA) at room temperature, with a wavenumber
range from 500 cm™ to 4000 cm™. Resolution of 4 cm™ and accumulation of 8 scans were
applied on each sample.

4.2.5.6.Chlorophyll measurements

Quantification of chlorophyll a and b (chlorophyll a+b) was conducted following the
proposed protocol from Caesar et al. (2018). In brief, each basin biofilm sample was dried at
60 °C for 24 h before analysis. 1 g dry weight of sample was placed in a 15 mL screw-cap glass
vials, followed by a spatula tip of CaCO3 and 6 mL of dimethyl sulfoxide (DMSO) (Sigma
Aldrich). The vial was placed in a water bath at 65 °C for 90 min. After the first extraction
cycle, the supernatant was transferred to a new vial. Another 6 mL DMSO was added to the
initial vial containing the biofilm and a second extraction was performed at 65 °C for 90 min.
The supernatants from the first and second extractions were combined and centrifuged for
10 min at 3,000 x g. The absorbance was measured using a UV-vis spectrophotometer
(Lambda 45, Perkin-Elmer) at 648, 665, and 700 nm. The equations for the calculation of the
amount of chlorophyll a and b are described elsewhere (Caesar et al. 2018).

66



CHAPTER 4 — EFFECT OF PHOSPHATE AVAILABILITY ON BIOFILM FORMATION IN COOLING TOWERS

4.2.6. Microbial communities in water and deposit samples

2.4 L of cooling water samples were collected and filtered on 0.2 pm pore sized mixed
cellulose esters membrane (GSWP04700; Millipore, USA). Deposits from one mesh coupon
and from the basin floor of each cooling system were collected and frozen at -20 °C until
DNA extraction. Genomic DNA was extracted using a DNeasy PowerWater kit (Qiagen,
Germany) according to the manufacturer’s instruction. As an additional step, samples in the
lysis buffer were heated at 65 °C for 10 min. DNA concentration was quantified using a Qubit
dsDNA high sensitivity (HS) or Qubit broad range (BR) assay kit (Life Technologies, USA).
The extracted DNA was stored at -80 °C until further analysis. Eukaryotic communities were
analysed by DNASense ApS in Aalborg with 185 rRNA gene amplicon sequencing targeting
the eukaryotic variable region V4 (position 571-980). The following forward and reverse
tailed primers were used: [571F] 5’-GCCGCGGTAATTCCAGCTC-3’ and [980R] 5'-
CYTTCGYYCTTGATTRA-3'. Bacterial communities were analysed by DNASense ApS with
amplicon sequencing of the 16S rRNA gene targeting the variable region V4 (position 515-
806). The following forward and reverse tailed primers were used: [515F] 5’-
GTGYCAGCMGCCGCGGTAA-3 and [806R] 5-GGACTACNVGGGTWTCTAAT-3.
Samples were paired-end sequenced (2 x 300 bp) on an [llumina MiSeq instrument using the
MiSeq Reagent kit v3 (Illumina). > 10 % PhiX Control v3 Library was added as a spike-in to
overcome low nucleotide diversity. The reads were trimmed for quality, clustered and
operational taxonomic unit (OTU) were generated based on 97 % similarities using
USEARCH. Taxonomy was assigned using QIIME, with a confidence of 0.8, and the SILVA
database. Biological duplicates of the basin deposit and cooling water of each cooling tower
were analysed. The DOI of the raw sequencing data is indicated in supplementary materials.
The bacterial and eukaryotic communities are described in Figures 4.6, and in supplementary
Figures S5, S6 and Tables S2, S3. Principal component analyses (PCA) comparing bacterial
community structures and eukaryotic community structures were performed on the
generated OTUs and their abundance with the Bray-Curtis matrix using the software Mothur
v.1.40.5. PCA charts displayed in Figures 4.7 and S8 indicates high similarity in community
structures of samples clustering together.

4.3. RESULTS

4.3.1. Determination of the limiting nutrient in the cooling tower waters

Growth potential tests were used to identify the bacterial growth limiting compound in each
cooling system (Figure 4.2). A similar approach has been applied for determining the limiting
nutrients in drinking water distribution networks (Prest et al. 2016b). In the reference
cooling tower and cooling tower supplied with carbon (Figure 4.2.a and 4.2.b), higher net
bacterial growth occurred with the addition of phosphorus (P) to the water aliquots (5.9 + 0.4
x 10% cells/mL and 8.1 + 0.4 x 10° cells/mL respectively). In contrast, the addition of nitrogen
with trace metals (N+M) and carbon (C) did not promote bacterial growth. The growth of
microorganisms in the reference and the carbon supplied cooling towers was, therefore,
primarily limited by phosphorus. In the cooling tower enriched with all nutrients (Figure
4.2.c), the high initial concentration of C, N and P supplied with the feed water caused a
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significant net cell growth in the blank aliquots (5.7 + 0.7 x 10 cells/mL). Further addition of
N+M and P had a negligible impact on cell growth compared to the addition of C source (21.2
+ 1.8 x 106 cells/mL), indicating that organic carbon was the primary limiting compound.
Cooling towers were therefore operated with different limiting compounds, either carbon or
phosphorus. These differences could affect the selection and metabolism of the
microorganisms, and thereby the biofouling potential in the processes.

In the remaining part of the manuscript, the cooling tower (i) not supplied in nutrient is
denoted as ‘Reference’; (ii) supplied with only carbon is denoted as ‘P-limited’ and (iii)
enriched in all nutrients is denoted as ‘Non-P-limited’.
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Figure 4.2. Determination of the limiting nutrient in the three cooling tower systems supplied with (a) RO
permeate only, denoted as “Reference”; (b) RO permeate enriched in carbon source, denoted as “P-limited”;
and (c) RO permeate enriched in all nutrients, denoted as “Non P-limited”. Elements were added in cooling
water samples as follows: no addition (Blank), nitrogen + trace metals addition (N+M), phosphorus (P),
carbon (C), all nutrients (All). The error bars indicate the error on duplicate samples for each condition.
The red arrows indicate the limiting nutrient in the corresponding cooling tower: phosphorus in (a) and
(b), and carbon in (c).

4.3.2. Deposit formation in the cooling towers
4.3.2.1.Macroscopic description

Deposits were collected from the basin floor, and the mesh coupons were retrieved from the
recirculation line after five weeks of operation. The visual appearance of the accumulated
material in the basin (Figure 4.3) strongly varied between the three cooling systems. The
reference cooling system displayed limited growth, mostly accumulation of sediment forming
a sludge-like layer. In the P-limited cooling system, fed with carbon enriched feed water, an
extensive deposit layer of 3 to 5 mm thick was formed with high structural integrity,
homogeneously spread and covering the entire floor of the basin. Contrary to the others, the
P-limited layer could be removed from the surface as one piece when manually taken out.
The non-P-limited cooling system showed extensive and non-homogeneous deposit on the
bottom surface with visible growth of phototrophic organisms. Results from the dry-ashing
showed that the deposits from all basins contained between 40 and 60 mg/cm? of sediment,
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mainly silica from sand particles carried by the wind or sandstorms, and other inorganic
compounds.

Figure 4.3. Deposits in the basin of the reference (a), P-limited (b) and non-P-limited (c) cooling towers at
the end of the 5-week experiment.

The mesh coupons collected from the recirculation lines had a similar appearance, with
brown deposits suggesting a combination of biofilm and sediment (Figure S2). Accumulated
matter on the mesh coupons from the P-limited and non-P-limited cooling systems were
considerably higher than on the coupons from the reference system. Even so, the presence
of accumulated material in the reference system was unexpected since RO permeate was used
as feed water with no additional dosage.

Overall, the changes in nutrient dosages caused different morphologies and varied thickness
of biofilm layers in the cooling tower basins. The presence of sediments confirmed the high
sensitivity of cooling tower systems to the accumulation of materials introduced by the air
flow.

4.3.2.2. Compositions of basin biofilms

In the reference cooling tower, 3.22 + 0.69 mg/cm? of organic matter (Figure 4.4.a) had
accumulated on the basin floor. In the cooling tower operated with carbon enriched feed
water, P-limited, the amount of accumulated organic matter was 7.30 + 0.38 mg/cm? while
the nutrient containing feed water, non-P-limited, resulted in 6.14 + 1.49 mg/cm?
accumulation. P-limited and non-P-limited cooling towers showed significantly higher
organic matter accumulation than the reference (p-values < 0.01 based on Z-score values).
However, the difference between P-limited and non-P-limited was not significant (p-value
> 0.05). The larger standard deviation illustrates the uneven biofilm layer of the non-P-
limited cooling tower basin. ATP quantification indicated a very low active biomass
concentration in the reference and P-limited biofilms (< 10 ng/g organic matter) as compared
to the non-P-limited samples (2.6 + 0.1 x 10% ng/g organic matter) (Figure 4.4.b). The results
suggest that under phosphate limitation, microbial growth was indeed limited, but the
abundant accumulation of organic matter still occurred in the presence of AOC. The
percentage of extracted EPS in the different samples, however, were all very similar to values
ranging between 20 and 30 % (w/w) of the organic matter (Figure 4.4.c). A relatively higher
phosphorus content (Figure 4.4.d) was observed in the EPS of the non-P-limited cooling
tower (0.62 + 0.02 % compared to 0.37 + 0.06 % and 0.35 + 0.01 % in the reference and P-
limited).
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Figure 4.4. Amounts of organic matter (a), ATP concentrations (b), EPS concentrations (c) and phosphorus
contents in EPS (d) in the basin deposits.

Fourier transform infrared spectroscopy spectra (Figure S3) of the extracted EPS display the
characteristic carbohydrate band at 940-1200 cm! (Boleij et al. 2019, Zhu et al. 2012) and
protein band at 1500-1700 cm™! with amide I and amide II corresponding peaks (Barth 2007).
The ratio of the intensity of the protein band compared to the carbohydrate band is lower in
the reference and P-limited samples than in the non-P-limited sample, indicating a
preference for carbohydrate production rather than protein when phosphorus is limited. In
addition, chlorophyll a and b measurements (Figure S4) correlate with visual observation
with a considerably higher concentration in the non-P-limited conditions than in the
reference and P-limited ones (respectively 40, 3 and 19 pg/g basin deposit).

4.3.2.3.Compositions of deposit layers on the mesh coupons

Deposit mass and ATP were also quantified from the mesh coupons placed in the
recirculation pipe (Figure 4.5). The mesh coupon from the reference system reached only 28
+ 3 mg/cm? of accumulated material, significantly less than on the coupons from the P-limited
and non-P-limited systems (p-values < 0.0001), which had accumulated 50 + 5 mg/cm? and
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49 + 4 mg/cm? respectively. The mesh coupon deposit from the non-P-limited cooling system
contained a significantly higher active biomass concentration (43 ng ATP/g wet deposit) than
deposits from the reference and P-limited systems (5 and 2 ng ATP/g wet deposit).
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Figure 4.5. Deposit wet weights (a) and ATP concentrations (b) on the mesh coupons located in the
recirculation line, after the heat exchanger.

The results for biomass growth in the cooling tower basins and on the coupons in the
recirculation pipe are congruent, suggesting that biofouling occurs consistently along the
process, i.e. basin and recirculation pipe.

4.3.3. Dynamics of microbial community

Bacterial community and diversity analyses (Figures 4.6 and 4.7) provided more in-depth
details on the collected biomass and allowed to visualize changes depending on location in
the system and nutrient availability.

The bacterial community composition at the phylum level (Figure 4.6) showed similarity
based on the locations of the samples. Cyanobacteria had relatively high abundances in the
basin deposits (23, 36 and 43% of 16S rRNA gene reads in the reference, P-limited and non-
P-limited cooling towers respectively) due to the exposure to the sunlight during daytime.
They were in lower abundances in the water samples (4, 7 and 15 %) and negligible in the
mesh deposits located in the dark (< 2 %). Proteobacteria was clearly the main water sample
phylum with 66, 69 and 60% while Bacteroidetes, Planctomycetes and Proteobacteria were
more evenly represented in the mesh deposits.
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Figure 4.6. Relative abundance of bacterial communities at the phylum level in the cooling water and
deposit samples (in percentage of 16S rRNA gene reads). Abundance of Cyanobacteria constitutes the main
difference between basin and mesh biofilms, while cooling waters are dominated by the Proteobacteria
phylum. “Others” contains bacterial phyla of less than 1% abundance in all samples.

Principal component analysis (Figure 4.7) displays the similarity in bacterial community
structures of samples based on the generated OTUs and their abundances. The principal
components PC1 and PC2 showed 29.3 and 19.5 % of the variation, respectively. In each
cooling system, the water, mesh and basin biofilm samples diverge from each other,
confirming that a bacterial selection occurs within the biofilms due to the local
environmental conditions (e.g. exposure to the sunlight, temperature), resulting in a distinct
microbiome from the water phase. Interestingly, the limitation in phosphate seems to have
caused an additional distinction. The plot shows clustering between the reference and non-
P-limited samples but divergence of the P-limited samples.
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Figure 4.7. Principal component analysis (PCA) comparing the bacterial community structure of the waters,
mesh biofilms and basin biofilms. The circles indicate that the P-limited cooling tower samples diverge
from the reference and non-P-limited cooling towers. Additionally, the three sampling locations diverge
from each other. Waters and basin biofilms were analysed in duplicate.
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P-limitation caused a switch in bacterial community structure while the enrichment in all
nutrients (C, N, and P) promoted bacterial growth but did not seem to strongly affect the
community structure when compared to the reference.

4.3.4. Deterioration in water quality along the feed water line

Due to the observation of biofilm accumulation in the reference system operated with SWRO
permeate, it was decided to investigate the stability of the feed water quality along the line
between RO installation and cooling tower. Measured water quality parameters — total
organic carbon (TOC), chemical oxygen demand (COD) and total phosphorus concentrations
— were all below the quantification limit (Table 4.2). A bacterial incubation test was
performed to determine the potential impact of the pipes and buffer tank on the feed water
quality before supply to the cooling towers.

Samples from the feed water line were collected at four locations according to the numbering
in Figure 4.1: SWRO permeate, buffer tank inlet, buffer tank outlet and cooling tower feed.
Each sample was incubated in the laboratory, and total bacterial cell count was monitored
over five incubation days. As shown in Figure 4.8, samples already displayed higher cell
counts on collection day (day 0) in the buffer tank outlet and in the cooling tower feed (61.9
+ 0.7 x 10% and 90.3 + 0.6 x 10? cells/mL) compared to the buffer tank inlet (3.2 + 0.1 x 103
cells/mL). The difference in total cell numbers between the inlet and outlet of the buffer tank
can be attributed to the retention time of around one day of the RO permeate in the tank.
After five days of incubation of the samples, higher cell count was reached in the last
sampling location, cooling tower feed (2.7 x 105 cell/mL).
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Figure 4.8. Cell count before (a) and after (b) incubation of water samples along the feed water pipe. Samples
were collected from (1) the SWRO permeate, (2) the buffer tank inlet, (3) the buffer tank outlet, and (4)
the cooling tower feed as shown in Figure 4.1. The daily total cell counts are shown in Figure S8.

These results indicate that the pipe and buffer tank of the feed water line contributed to cell
growth through organic carbon leaching from the surface materials to the water phase. Even
though the tank and pipes were extensively cleaned before the start of the experiments, the
high-quality SWRO permeate was highly deteriorated by the installation and surrounding
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environments (e.g. temperature, wind, sunlight). As a result, no conclusion can be drawn on
the efficiency of SWRO permeate as feed water for cooling systems due to quality
deterioration. Still, the study illustrates the difficulty of maintaining clean installations at an
industrial scale to avoid any contamination.

4.4. DISCUSSION

4.4.1. P-limitation restricts microorganism growth but not biofilm formation in
cooling tower systems

A goal of this study was to investigate the efficiency of phosphate limitation as a preventive
method for biofouling control in cooling systems. The applied short-term approach, based on
nutrient dosages in feed water, has been shown to be suitable for prediction of long-term
biofouling (Sanawar et al. 2017) and has been used to study membrane filtration systems
(Sanawar et al. 2018, Siddiqui et al. 2017). The pilot-scale experiment showed that: (i) active
biomass growth in the cooling system was strongly inhibited under P-limited condition
compared to conditions with additional phosphate supplied (Figures 4.4 and 4.5); (ii) the
overall accumulation of organic matter was similar when all nutrients were supplied or under
P-limited conditions with only organic carbon supplied (Figure 4.4); (iii) P-limitation caused
a shift in bacterial community structure (Figure 4.7) and seemed to promote the production
of carbohydrates over proteins in the extracellular matrix by microorganisms and to result in
a more homogeneous biofilm (Figure 4.3).

Phosphorus limitation of the cooling water affected microbial growth and composition of
EPS but was not efficient against biofouling in the presence of high AOC. The availability in
carbon was, therefore, the main factor determining the extent of biofilm growth.

The necessity of phosphorus for microbial growth has been extensively described in the
literature (He et al. 2018, Holtan et al. 1988, Smith and Prairie 2004). The molar ratio between
C:N:P in microbial biomass has been approximated to 100:20:1.7 (Tchobanoglous and Burton
1991). At low enough concentration, phosphorus can then become a limiting nutrient for cell
growth. According to mixed and pure culture studies, phosphate limitation has been shown
to cause selection of microbial communities (Keindnen et al. 2002, Samaddar et al. 2019) and
to induce changes in cell physiology - such as degradation of polyphosphate or exchange of
phosphorus-free membrane lipids - by affecting their metabolism (Romano et al. 2015).

There are, however, diverging opinions regarding the impact of low phosphorus on biofilm
formation. Some authors report a strongly inhibited biofilm formation under P-limited
conditions (Kim et al. 2014, Vrouwenvelder et al. 2010). Other authors indicate a higher EPS
production by cells resulting in low populated but extensive and homogeneous biofilm with
gel-like structure (Desmond et al. 2018, Fang et al. 2009, Hoa et al. 2003, Li et al. 2016). In
the studies that performed phosphate quantification, concentrations in the P-limited
conditions were reported below detection limit of the applied method, the lowest being 0.01
mg-P/L. It is, therefore, a possibility that the phosphate concentrations in the studies from
Vrouwenvelder et al. (2010) and Kim et al. (2014) were lower than in the studies where
abundant biofilms were produced although absolute values are lacking. Our results support
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previous observations that P-limitation inhibits cell growth but causes higher accumulated
organic matter per active biomass unit. In other words, reaching P-limited conditions is not
enough to avoid biofouling when there is still AOC in the system. Essentially complete
absence of phosphate would be needed for biofouling prevention, which is difficult to achieve
in open systems exposed to external conditions as it is the case with cooling towers.

Under P-limitation, the transition to a more carbohydrate-dominated EPS structure was
observed, compared to non-P-limited conditions (Figure S3). Native biofilm, i.e. during initial
and irreversible attachment, is likely based on a high fraction of proteins due to the essential
role of cell surface proteins in the attachment to the substrate, the motility and the surface
colonization (Fong and Yildiz 2015). Nonetheless, when P is the primarily limited compound,
a shift in carbon metabolism can occur during biofilm maturation, and polysaccharide
synthesis can be seen as an overflow metabolism induced by growth limitation (Hessen and
Anderson 2008, Russell and Cook 1995). Similar observations have been made in studies of
drinking water and wastewater bacterial biofilms (Fang et al. 2009, Hoa et al. 2003) and in
diatoms (Brembu et al. 2017). When cell division becomes hindered, the synthesis of proteins
and membrane lipids is strongly reduced as cells promote the production of extracellular
polysaccharides over the synthesis of cell components and energy production.

Regarding the yield of extracted EPS, one would expect a higher EPS content of the
accumulated organic matter in the P-limited sample compared to the non-P-limited sample
since active biomass was strongly inhibited. It is important to note that limitations remain on
the efficiency of the EPS extraction method. The choice was made to use an alkaline
extraction at high temperature to improve the solubilisation of the structural EPS matrix and
collect a substantial fraction of the extracellular polymers (Felz et al. 2016). However, such
extreme conditions can also cause loss of cell integrity and release of intracellular compounds
(Seviour et al. 2019) while not extracting the totality of the matrix components. The higher
phosphorus content in the non-P-limited extracted EPS might be caused by a higher
extracellular DNA concentration and also possible release of intracellular DNA occurring
with cell lysis. The presence of intracellular material and integrity of the cells with this EPS
extraction method should be further investigated.

4.4.2. Comparison of biofilm microbial composition along the cooling tower
system

Biofilms from full-scale cooling systems are generally collected from the wall of the cooling
tower basins, which is the most accessible location of the system and does not require
interruption of operation. Our pilot study is the first describing analyses of microbial
communities from different locations in the recirculation line of a non-disinfected cooling
system.

The results from basin and mesh biofilms for each of the tested conditions were congruent
regarding the extent of accumulated organic matter per active biomass (Figures 4.4 and 4.5).
Yet, these results showed: (i) divergence of bacterial communities compared to the water
sample (Figure 4.7), and (ii) variations in terms of phototrophic organisms’ content and
structure of the deposit (Figures 4.3 and S4).
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Previous investigations of full-scale water processes and distribution networks have shown
divergences of planktonic bacterial communities with sessile communities and pointed out a
higher richness in biofilm species (Di Gregorio et al. 2017, Keindnen et al. 2002, Wang et al.
2013). Changes are usually attributed to the attachment abilities of the microorganisms
during the colonization phase. Indeed, bacteria able to produce adhesion proteins and pili or
containing lipopolysaccharides on the outer layers would be favoured and initiate biofilm
formation (Conrad 2012, Hori and Matsumoto 2010, Walker et al. 2004). The planktonic
microorganisms therefore play the role of inoculant from which bacteria selectively attach
to the substratum. The attached bacterial community further evolves independently from the
water microbiome. The principal component analysis supports this assumption with the
biofilm community structures from two locations in the system - basin and recirculation line
after heat exchanger — deviating from the water community structure. As described in other
reports, the water community majorly constituted of Proteobacteria (Tsao et al. 2019, Wang
et al. 2013), while bacterial phyla were more evenly represented in biofilm communities. In
addition, the divergence between the community structures of the basin and mesh biofilms
for each condition suggests that the biofilm communities vary along the system and that
samples from the basin biofilm only are not representative of other locations e.g. heat
exchangers. The deviation is partially driven by the presence of phototrophic organisms
(Figures 4.6 and S4) in the basin following intense light exposure (Di Gregorio et al. 2017)
and can be amplified by additional factors such as the difference in temperature and
substratum (Hancock et al. 2011). The presence of phototrophs may worsen biofilm
development through fixation of CO:2 from the atmosphere contributing to the accumulation
of organic matter (Roeselers et al. 2008, Rossi and De Philippis 2015). Phototrophic mats have
been largely described as multilayer ecosystems (Guerrero et al. 2002, Roeselers et al. 2007,
Ward et al. 1998). Such structures were observed in the basins of the cooling towers,
especially under P-limited condition with a homogeneous surface layer and non-P-limited
condition with more disparate biofilm arrangement (Figure 4.3). These findings point out the
importance of sampling location when studying biofilm microbiome in a cooling system.

4.4.3. Implications of the study for industrial cooling tower systems

As described previously, phosphorus removal from the feed water could have an undesirable
effect and aggravate biofilm formation if the remaining concentration is not low enough. Its
limitation has been shown to induce a greater EPS production by the cells and to result in a
homogenous structural deposit, detrimental for full-scale processes. Total removal of
phosphorus from a water source is hardly achievable, and phosphorus-based corrosion
inhibitors would have to be replaced by phosphorus-free products for the protection of the
heat exchangers (Sandu et al. 2016, Wang Jun et al. 2016). The intensive contact between
water, ambient air and particles in the cooling tower as well as the evaporation are all factors
that can also raise the element concentration in the system (Katra et al. 2016, Mahowald et
al. 2008). Following the outcome of this study, removal of AOC seems to be a better approach
than phosphorus removal to delay the formation of biofilm.

A growth potential measurement of the feed water was carried out to evaluate the SWRO
permeate quality along the line. This approach has been previously applied to evaluate
biological stability of waters (Farhat et al. 2018a, Farhat et al. 2018b, Prest et al. 2016b).
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Results showed a leaching of nutrient along the pipes and reservoir, resulting in higher
bacterial cell growth (Figure 4.8) and therefore compromising the assessment of SWRO
permeate as cooling tower feed water. This study was exposed to some difficulties related to
the industrial scale of the set-up that are not usually considered during laboratory scale
experiments, that is to say the impact of the onsite distribution system and effect of external
conditions. A conclusion could not be made on the suitability of SWRO permeate as cooling
water, but advices and suggestions for future research can be drawn from the obtained results.
Our data illustrate the low feasibility of maintaining a sufficiently high feed water quality
against biofouling in industrial cooling systems. As cooling towers are long-established
systems, their used feed water lines impact the quality of the water. For use as feed water,
the RO installation should be located directly next to the cooling water system to have
negligible contact time with the pipe surfaces, or the feed water line should be replaced prior
to the change of water supply and made of non-leaching materials.

45. CONCLUSIONS

This pilot-scale study on the impact of nutrient availability on biofilm formation combined
with an efficiency assessment of seawater reverse osmosis permeate as feed water in open
recirculating cooling towers showed that:

e P-limitation restricts the growth of microorganisms but not biofilm formation in cooling
systems.

o this study underlines the significant risks of (i) water quality deterioration by the feed
water line and (ii) contamination from the environment of cooling water in open
recirculating cooling systems.

e higher C:P ratio affects the bacterial community structure and seems to promote the
production of carbohydrates over proteins.

e in each system, biofilms from the basin and coupons in the recirculation pipe diverge
from each other and from the water phase in terms of bacterial community structure. The
biofilm microbiome, therefore, develops independently from the planktonic microbiome
and adapts to local conditions.

These research outcomes provide a basis for understanding biofilm growth factors in open
recirculating cooling systems and contributes to the industrial field in the selection of feed
water type and pre-treatments. Evaluation of RO permeate as feed water to avoid biofouling
requires further investigation and may be addressed in future studies.
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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 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 5-week operation period. 16S rRNA gene amplicon sequencing, extracellular
polymeric substances (EPS) extractions and analyses by Fourier transform infrared
spectroscopy (FTIR) and high-resolution mass spectrometry (MS) 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 v(C=0)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.
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4.6. 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) matrix formed by the microorganisms (Seviour et al. 2019), 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 (Seviour et al. 2019). Carbohydrates produced
by the microorganisms exhibit great diversity. Within those carbohydrates, sialic acids, a
subset of the nonulosonic acid family comprising more than 50 structurally distinct acidic
carbohydrates, have been proposed to play an important role in biofilm formation related to
human bacterial infections (Trappetti et al. 2009). 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 (Stafford et al. 2012). Since it was widely believed that the ability of bacteria to
biosynthesize sialic acids was predominantly found in pathogenic and commensal species
(Angata and Varki 2002), 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 (de Graaff et al. 2019). In addition, a newly established
mass spectrometric approach by Kleikamp et al. (2020) 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 (Lewis et al. 2009). In granular activated sludge, they were found both on
bacterial surface-related structure and in the EPS of granular activated sludge, i.e. they are
located within the space between the cells and their environment (de Graaff et al. 2019). 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 in Chapter 4, 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 of the cooling towers supplied
with seawater reverse osmosis permeate - the first without addition of nutrients (nutrient
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poor), primarily limited by phosphorus, and the second with addition of nutrients (nutrient
enriched). The objectives were 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.

47. MATERIALS AND METHODS

47.1. 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
described in Chapter 4. Two of the parallel cooling towers were considered in this study. In
short, seawater reverse osmosis (SWRO) permeate produced by the nearby desalination plant
(Belila et al. 2016) 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 Chapter 4. The C, N and P sources used in the
enriched nutrient condition were as follows: sodium acetate trihydrate (CH3COONa-3H20),
sodium nitrate (NaNOs) and monosodium phosphate monohydrate (NaH2PO4H20), all
purchased from Sigma Aldrich.

4.7.2. Collection of samples

The collected deposits are the same as described in Chapter 4. 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 of 4 cm x 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 poor
or nutrient enriched - were used for the analyses described below.

4.7.3. 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, Germany).
Microscopic pictures of the freeze-dried raw deposits were taken with a Zeiss AxioPlan 2
imaging microscope (Carl Zeiss, Germany). Samples were observed with normal light and all
images were obtained with a 400x total magnification.
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4.7.4. EPS extraction

Extraction of EPS was performed on the freeze-dried raw deposits. EPS was extracted at 80
°C in alkaline conditions, following the method described in Chapter 4, and lyophilized. The
freeze-dried EPS samples were kept in a dry environment before further analyses.

4.7.5. 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, USA) at
room temperature, with a wavenumber range from 500 cm™ to 4000 cm™. Resolution of 4
cm! and accumulation of 8 scans were applied on each sample.

4.7.6. 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. (2020).
Sialic acid peaks from KDN and 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.

4.7.7. 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
PowerWater kit (Qiagen, Germany) according to the manufacturer’s instruction. DNA
concentration was quantified using a Qubit dsDNA high sensitivity (HS) or Qubit broad range
(BR) assay kit (Life Technologies, 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 x 300 bp) on an [llumina 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 RDP classifier (Wang et al.
2007) as implemented in the parallel assign_taxonomy_rdp.py script in QIIME (Knirel et al.
2003), with a confidence of 0.8 and the SILVA database. OTUs were generated based on a
subsampling parameter of 10000 sequences per sample. Extraction and analyses were
performed in duplicates. Alpha and beta diversity analyses are available in Supplementary
materials (Table S3 and Figure S1).

4.7.8. 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)
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and CMP-2-keto-3-deoxy-D-glycero-D-galacto-nononic ~ acid (KDN) synthetases
(Schoenhofen et al. 2009, Wang et al. 2008) 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,

4.8. RESULTS AND DISCUSSION

4.8.1. Sialic acids are present in environmental biofilms

Biofilms developed at the bottom of the cooling tower basins - under (i) nutrient poor and
(ii) nutrient enriched conditions. Figure 4.9 shows pictures of the biofilms before collection
(Al and B1) and microscopic images of the collected samples (A2 and B2). 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.

Figure 4.9. Biofilm deposit in the basins of the cooling tower fed with RO permeate poor in nutrients (Al)

and the cooling tower fed with RO permeate enriched in nutrients (B1) and associated microscopic pictures
(A2 and B2).

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. Relative abundances of the main families are
shown in Figure 4.10. Microscillaceae, Leptolyngbyaceae and an undefined Nostocales family
were the most represented groups 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 4.11. Sialic acids with the compositions consistent with
Pse/Leg, which are indistinguishable by mass spectrometry only, and KDN, or a related
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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 (Knirel et al. 2003). Their charged group allows both sialic acids to
engage in cross-linking, potentially protecting the biofilm matrix.
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Figure 4.10. 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.
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Figure 4.11. Observed mass spectrometric peak areas of sialic acids in nutrient enriched and nutrient poor
biofilm 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).

Sialyltransferases are key enzymes in the biosynthesis of sialic acid-containing
oligosaccharides and glycoconjugates (Boleij et al. 2020). They catalyse 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
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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 (Schoenhofen et al. 2009). The
reference sequence for KDN was obtained from Wang et al. (2008). 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 4.10). Significant matches (E-value < 10°) are shown in Table 4.3 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 4.3. Results of the BLAST analysis comparing the enzymes CMP-Pse, CMP-Leg and 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-%) are indicated by a
green background, no match or insignificant matches (E-value > 10-5) by a red background.

CMP-Pse @ CMP-Leg CMP-KDN

Family Genus
synthetase synthetase synthetase
Acetobacteraceae I N
Roseomonas
-
Burkholderiaceae
Hydrogenophaga I D
Candidimonas -+ 1
Aquabacterium I D
Limnobacter _ _ _
Noviherbaspirillum - r |
Ideonella - r |
Cyanobacteriaceae
Annamia HOs24 _ _ _
Cyclobacteriaceae
Marinoscillum 1
Ekhidna - rr |
Algoriphagus - r
Imperialibacter
1
Gemmataceae
Gemmata - r |
Gemmatimonadaceae
Leptolyngbyaceae
Leptolyngbya
Microscillaceae
Nitrosomonadaceae
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CMP-Pse @~ CMP-Leg CMP-KDN

Family Genus
synthetase synthetase synthetase
Nostocaceae I
Stigonema - 1 |
Nostoc - r |
Nostocales (undefined)
Oscillatoriaceae
Oscillatoria
Phycisphaeraceae
Pirellulaceae
Blastopirellula _ _ _
Bythopirellula
Reyranellaceae
Rhodanobacteraceae
Rhodobacteraceae
Rubinisphaeraceae
Planctomicrobium _ _ _
Saprospiraceae
Phaeodactylibacter
Solibacteraceae
Sphingomonadaceae
Porphyrobacter __ _
Sphingopyxis - r
Blastomonas - r |
Erythrobacter - 1r
Sphingobium - r |
Altererythrobacter - r |

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 (Boleij et al. 2020, Harduin-Lepers et al. 2005, Kleikamp et al. 2020, Lewis et al. 2009,
Wagstaff et al. 2018).

4.8.2. 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 (Lewis et al. 2009) and as constituent
of the EPS of granular sludge (de Graaff et al. 2019), 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
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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 4.11). 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. First of all, the acidic functional group and the ability of forming
ionic bond with multivalent cations such as Ca?* (Ganss et al. 1993), 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 (Badr et al. 2015, Boleij et al. 2020, Di Dato et
al. 2019, de Graaff et al. 2019). 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 (de Graaff et al. 2019). 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 (Di Dato et al. 2019).
Another example are cancer cells, which react to nutrient-deprived condition by using sialic
acids to maintain cell surface glycosylation, through complementary mechanisms (Badr et al.
2015).

The FTIR analysis shows a sharp peak around 1738 cm™! and a shoulder peak at 1730 cm™ in
the nutrient poor EPS spectrum, which are absent from the nutrient enriched EPS spectrum
(Figure 4.12). The shoulder peak at 1730 cm™ has been previously associated to the alpha-
keto aldonic acid structure in sialic acids (de Graaff et al. 2019). 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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Figure 4.12. FTIR of the extracted EPS of the biofilms. The arrow shows the peak at 1730 cm™! associated
with the v(C=0O)OH of sialic acids.
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To summarize, the change 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.

4.8.3. 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 (Kaur et al. 2020, Stiefel et al. 2016,
Xu et al. 2017). 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 (Saggu et al. 2019, Stiefel et al. 2016).
However, enzymatic treatments face limitations when used on environmental biofilms due
to a lack of substrate specific enzymes and heterogeneous mixture of extracellular molecules
(Nahar et al. 2018).

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 (Kim et al.
2013). 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 (Boleij
et al. 2020, de Graaff et al. 2019) 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 (Li et al. 2019, Hotrum et al. 2015), 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, potential combination of sialidases with established enzymatic agents and with
biofilm disrupting technologies needs to be further investigated as sialic acids might
constitute a key compound in biofilm stability.
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CHAPTER 5 — EFFICIENT COOLING TOWER OPERATION AT ALKALINE PH FOR THE CONTROL OF L. PNEUMOPHILA

ABSTRACT

Efficient control of pathogenic bacteria, specifically Legionella pneumophila, is one of the
main concerns when operating industrial cooling towers. Common practices to limit
proliferation involves use of disinfectants, leading to formation of disinfection by-product
and increase in water corrosiveness. A disinfectant-free Legionella control method would
make the industry more environmentally friendly. A pilot-scale cooling tower (1 m%h)
operated with demineralized water was used to investigate the potential of high-pH
conditioning as a disinfectant-free alternative for control of L. pneumophila and other
pathogens. One control experiment was performed under standard full-scale operation
involving sodium hypochlorite dosage. Thereafter 3 alkaline pHs of the cooling water were
tested: 9.0, 9.4 and 9.6. The tests lasted between 25 and 35 days. The cooling water from the
basins were analysed for total cell count by flow cytometry, L. pneumophila concentration
by plate count and occasional qPCR analyses targeting the mip-gene, bacterial and eukaryotic
community analyses with 16S and 18S rRNA gene amplicon sequencing, relative abundance
of eukaryotic to prokaryotic DNA by qPCR of the 16S and 18S rRNA gene. The L.
pneumophila analyses showed considerable growth at pH 9.0 and pH 9.4 but was maintained
below detection limit (< 100 CFU/L) at pH 9.6 without disinfection. Interestingly, the results
correlated with the overall abundance of protozoa in the water samples but not directly with
the relative abundance of specific reported protozoan hosts of Legionella. The pathogenicity
based on 16S rRNA gene amplicon sequencing of the cooling water DNA decreased with
increasing pH with a strong decline between pH 9.0 and pH 9.4, from 7.1 % to 1.6 % of
relative abundance of pathogenic genera respectively. A strong shift in microbiome was
observed between each tested pH and reproducibility of the experiment at pH 9.6 was
confirmed with a duplicate test lasting 80 days. High-pH conditioning > 9.6 is therefore
considered as an efficient disinfectant-free cooling tower operation for control of
pathogenicity, including L. pneumophila.
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5.1. INTRODUCTION

Evaporative cooling towers are prone to the growth of Legionella pneumophila, a bacterial
pathogen which induces a severe form of pneumonia, named Legionellosis, when inhaled
(Prussin IT et al. 2017, Ricketts et al. 2012). Together with other artificial water systems such
as shower plumbing, swimming pools or wastewater treatment plants, they represent
important sources of outbreaks due to the formation of aerosols spreading to the surrounding
environment (Bartram et al. 2007). Evaporative cooling towers are the most often confirmed
sources of Legionellosis outbreaks and can contaminate large numbers of people as their
aerosols can spread over several kilometres (Paschke et al. 2019). Number of cases of
Legionellosis in the European Union has increased over the last decade, causing at least 450
yearly death (Beauté et al. 2017), and is expected to worsen due to increasing number of
cooling towers and climate change (Paschke et al. 2019).

Current methods to control pathogen growth and ensure safety of people consists in
continuous or shock dosage of disinfectants, often oxidative, such as sodium hypochlorite,
chlorine dioxide, or bromine (Bartram et al. 2007). Despite the biocides, outbreaks of L.
pneumophila still occur due to an inappropriate balance in the complex chemical
conditioning and delayed response caused by sparse and indirect plate count monitoring
(Bentham 2000). In the Netherlands, L. pneumophila plate count is the standard monitoring
method, with a detection limit of 100 CFU/L. While the Drinking Water Act requires
response actions to be taken when the concentration exceeds 100 CFU/L, the Environmental
Protection Act that applies to evaporative cooling towers does not specify any threshold
(National Academies of Sciences 2020). The industrial areas can therefore implement their
own risk management plan, often using a 10* CFU/L threshold according to technical
guidelines (ESCMID 2017).

Growth of L. pneumophila in water systems has been linked to presence of protist organisms.
Past studies have shown that this pathogenic species performs intracellular replication within
the vacuoles of amoebas and ciliated protozoan cells, where it obtains required nutrients for
growth, and later evades the hosts via host cell lysis (Lau and Ashbolt 2009, Wadowsky et al.
1988). Protozoan species such as Vermamoeba, Acanthamoeba and Naegleria have been
reported to constitute reservoirs allowing proliferation of L. pneumophila in nutrient poor
waters, such as process water or drinking water (Wadowsky et al. 1988). In addition, this
interaction provides protection of the pathogen towards sudden changes in environmental
conditions and chlorine due the ability of the host to switch to a cyst form (Kilvington and
Price 1990).

Past research has been focusing on complementary or alternative methods to disinfection for
cooling tower operation by altering system conditions in order to prevent pathogen growth
and also prevent formation of disinfection by-products that are discharged in the
environment. As L. pneumophila grows at temperature between 20 and 45 °C, Kusnetsov et
al. (1997) showed that a recirculating water temperature below 20 °C allowed to maintain L.
pneumophila concentration below 1000 CFU/L. However, operating with a cooling water
temperature kept below 20 °C is unlikely in most industrial sites. Alternatively, application
of alkaline pH has been suggested in past studies (Brouse et al. 2017, States et al. 1987) and
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applied on some industrial sites but no thorough assessment of the effect of alkaline pH
conditioning on the overall cooling tower microbiome and pathogen presence has been
previously described. It has been reported from laboratory studies that L. pneumophila can
grow in a pH range of 5.5 to 9.2 (Wadowsky et al. 1988) but there is still a lack of literature
available above that range. In general, a strong knowledge gap remains on the survival ability
of L. pneumophila and other pathogens at alkaline pH, i.e. above 9.0.

In this pilot cooling tower study, demineralized water at elevated pH was used as cooling
water with the aim of controlling growth of L. pneumophila and other potential pathogens,
without involving use of disinfectants. More precisely, the goals of this investigation were to
(i) identify an optimal pH above which L. pneumophila growth is prevented, (ii) characterize
the changes in overall microbiome caused by the increase in alkalinity, with focus on
potential pathogenic genera, and (iii) discuss advantages and disadvantages of this approach
in term of industrial applicability. The use of a pilot-scale facility was preferred to a
laboratory-scale set-up as it allowed to accurately control operational parameters without
excluding the impact of environmental conditions linked to external temperatures,
precipitations and air quality, which are crucial factors in the microbiome dynamics.

5.2. MATERIALS AND METHODS

5.2.1. Cooling tower installation
5.2.1.1.Pilot description

One pilot-scale evaporative cooling system was built in a mobile container located in
Terneuzen, Netherlands, at the time of the study. Suspended materials were initially removed
from the inlet water by a candle filter. The packing fill of the cooling tower was composed of
HDPE pall rings. The system was operated with a basin volume of 1 m? and a recirculation
flow of 1 m3/h. An automatic valve allowed the refill of the basin. Heating was performed by
a secondary water loop warmed up by a water boiler and recirculating through 6 steel-based
heat exchangers mounted in series. Cooling efficiency was controlled by automatic
adjustment of the blower speed. The water temperatures were maintained at 25 °C in the cold
section of the cooling system and simultaneously at 35 °C in the hot section of the same
system. When maximal conductivity was reached, a valve triggered the discharge of
concentrated cooling water.

5.2.1.2.Online monitoring

pH (Orbisint CPS11D, Endress+Hauser, Switzerland), conductivity (Condumax CLS21D,
Endress+Hauser, Switzerland), temperatures (Thermophant T TTR31, Endress+Hauser,
Switzerland) and free chlorine concentration (Analyzer AMI Codes-II CC, Swan,
Switzerland) were monitored online.

5.2.1.3.Conditionings

Conditionings and corresponding physical parameters are described in Table 5.1. Conditions
were tested consecutively. The control condition (C) simulated the conventional full-scale
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operation of cooling tower, with a conductivity of 3500 pS/cm corresponding to a cycle of
concentration of 5 of the feed surface water. Dosage of antiscalant and corrosion inhibitors
were applied manually. Sulphuric acid for pH control at 7.5 and sodium hypochlorite for
disinfection (Brenntag, Switzerland) were added automatically. The conductivity was
maintained via discharge of concentrated cooling water and automatic refill with fresh
surface water. In all alkaline conditions (pH 9.0, pH 9.4, pH 9.6(a) and pH 9.6(b)), the high
purity of the demineralized feed water resulted in a negligible increase in conductivity. No
discharge was thus applied. In the first tested alkaline condition, pH 9.0 was reached naturally
and sodium silicate was dosed as corrosion inhibitor. In the other tested conditions, pH was
increased by manual addition of sodium hydroxide (Brenntag, Switzerland) to pH 9.4 or
sodium hydroxide combined to sodium bicarbonate (Brenntag, Switzerland) to pH 9.6. In pH
9.6(b), 120 g of sodium chloride (Esco, Germany) was added to the basin of 1 m? to approach
the composition of reverse osmosis permeate. The comparison of pH 9.6(a) and pH 9.6(b)
showed negligible impact of sodium chloride on the growth of L. pneumophila and overall
microbiology. pH 9.6(a) and pH 9.6(b) were therefore considered as duplicate tests in this
study. In general, conditions were tested for 25 to 35 days. pH 9.0 was prematurely stopped
after 21 days due to the high L. pneumophila cell count. pH 9.6(b) was operated for 80 days
as a long-term validation experiment.

Table 5.1. Description of the main operational parameters and chemical dosages for each of the tested
conditions.

Code Feed Final Final Days Chemicals Dosages
water  conductivity pH

Sodium tolyltriazole 40-60 % 2 mg/L
Phosphoric acid, dispersantand 90 mg/L

Control C Surface 3400-3600 75 27 phosphinosuccinic oligomer
water Polypropylene glycol 20-30 % 2 mg/L
Sulphuric acid topH7.5
Sodium hypochlorite 2  mg-Cl/L
pH9.0 280 - 300 9.0 21  Sodium silicate 60 mg-Si/L
Sodium hydroxide 280 mg/L
H 9.4 - .
PH? 10501200 9.42° 35 Film-forming corrosion inhibitor 1  g/L
] Sodium hydroxide 200 mg/L
pH9.6(a) Demin.  2700-2800 957 34  Sodium bicarbonate 2.8 g/L
water Film-forming corrosion inhibitor 1  g/L
Sodium hydroxide 200 mg/L
pH 9.6(b) 2450 - 2600 9.59 80 Sodium bicarbonate 2.8 g/L

Film-forming corrosion inhibitor 1  g/L
Sodium chloride 0.12 g/L

The cooling system was emptied and a subsequent two-step chemical cleaning was performed
between each experiment. The first cleaning step involved the recirculation of demineralized
water and sodium hypochlorite at a concentration of 30 ppm active chlorine for one hour,
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which was then discharged. The second cleaning step involved the recirculation of
demineralized water with sulfuric acid dosage to pH 2 for one hour. Chemical solutions were
flushed away with fresh demineralized water before the next experiment.

5.2.2. Experimental analyses
5.2.2.1.Sampling

Water samples from the cold channel of the recirculation line were collected in sterile glass
bottles and kept at 4 °C until analyses. Flow cytometry, plate count and quantitative
polymerase chain reaction (qPCR) measurements were performed within 24 hours from the
sampling time. For L. pneumophila quantification, Aqualab Zuid laboratory followed the
standard NEN-EN-ISO/IEC 17025:2017. For 16S and 18S rRNA sequencing analyses, 400 mL
of water was filtered through 0.22 pm pore size and 33 mm diameter sterile PVDF syringe
filters (Merck, Germany) and the filter membranes containing the biomass were kept at -20
°C for later DNA extraction. Biological duplicates were analysed at the end of each testing
period.

5.2.2.2.Total cell count

Samples were diluted by a factor 10 (control C) or 100 (pH 9.0, pH 9.4, pH 9.6(a) and pH
9.6(b)) with ultrapure water prior to the flow cytometry measurements. Preparation of the
stock solution of SYBR Green I and staining protocol are described elsewhere (Pinel et al.
2020a). Analyses were performed on a BD Accuri C6 flow cytometer (BD Biosciences,
Belgium) with a flow rate of 66 pL/min on 50 pL of sample. The fluorescence intensity was
collected at F11 =533 + 30 nm and F13 > 670 nm with a threshold of 700 on FL1. The applied
gating strategy was based on a previous paper (Prest et al. 2013).

5.2.2.3. Legionella pneumophila quantification

L. pneumophila was quantified by both indirect and direct methods with plate count and
qPCR. Water samples were analysed by Aqualab Zuid laboratory, Werkendam, Netherlands.

Legionella pneumophila plate count. Enumeration of colony-forming units of Legionella was
based on the protocol described in the standard ISO 11731:2017. In short, 1 mL of the water
samples was spread on GVPC (glycine vancomycin polymyxin cycloheximide) agar plates.
The plates were subsequently incubated at 36 °C. After 10 days of incubation, the plates were
examined for colonies matching the Legionella species colonies. L. pneumophila colonies
were then identified by MALDITOF MS (matrix-assisted laser desorption/ionization time-of-
flight mass spectrometry) analysis, according to the formerly developed method (Dilger et al.
2016) used at Aqualab Zuid. Measurements were performed every 3 days in average.

Quantitative PCR. qPCR quantification of the number of gene copies of L. pneumophila was
performed following the method described in NEN 6254:2012, targeting the mip gene
(macrophage infectivity potentiator surface protein). The forward primer LpneuF 5’-
CCGATGCCACATCATTAGC -3, reverse primer LpneuR 5'-
CCAATTGAGCGCCACTCATAG -3' and probe LpneuP 5'- 6-carboxyfluorescein
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[FAM]TGCCTTTAGCCATTGCTTCCG-BHQ] -3’ were used for the analysis. 7ag polymerase
was activated at 95°C for 3 min, and was followed by 43 cycles of denaturation at 95°C for 20
s and annealing/extension at 60°C for 60 s.

5.2.2.4.DNA extraction and sequencing

The membrane filters containing the biomass collected from the water samples were
recovered from the syringe filter units (Merck, Germany) for further processing. The
genomic DNA was extracted using the DNeasy UltraClean Microbial Kit (Qiagen,
Netherlands). The company’s standard method was followed during the extraction, with an
additional lysis step. The lysis step consisted of 5 min of heating at 65 °C and 5 min of bead-
beating on a Mini-Beadbeater-24 (Biospec, USA) for cell disruption of the collected biomass.
The quality of the extracted DNA was assessed by gel electrophoresis and size check (465 bp)
after qPCR amplification. Samples were sent to Novogene Ltd. (Hongkong, China) for
amplicon sequencing of the V4 region (position 528-706) of the 18S-rRNA gene and the V3-
4 region (position 341-806) of the 16S-rRNA gene on an Illumina paired-end platform. The
raw 18S-rRNA gene sequences were processed by Novogene Ltd. (Hongkong, China) using
QIIME software. Chimeric sequences were detected with UCHIME and removed.
Operational taxonomic units (OTUs) were generated using UPARSE. Potential protozoan
hosts for L. pneumophila were identified based on a previous study (Boamah et al. 2017). The
raw 16S5-TRNA gene sequences were processed with the software Mothur v.1.40.5 for quality
filtering, alignment, chimera check and taxonomic classification. Generation of OTUs were
performed based on 97 % similarities between the representative sequences after removal of
singletons. The alignment and taxonomic classifications were performed using the SILVA
database. Potentially pathogenic bacterial genera were identified based on the list available
in the drinking water quality guidelines (WHO 2011). The main representative OTU
sequences were compared to the RefSeq NCBI database using the Basic Local Alignment
Search Tool (BLAST) for species identification. Results from the duplicate samples are shown
in Figures S1, S2 and S3. The DOI of the raw sequencing data is available in supplementary
material.

5.2.2.5.Beta diversity analysis

Diversity analyses were performed on the bacterial OTUs generated after the 16S5-rRNA gene
amplicon sequencing and their relative abundances in the samples. Beta diversity
measurement was assessed with principal component analysis (PCA) in Mothur v.1.40.5 using
the thetaYC distance matrix. The spatial separations visualized in the PCA provide
information on the similarity between samples.

5.2.2.6.Abundance of prokaryotes and eukaryotes

qPCR was performed to determine the absolute abundance of prokaryotes and eukaryotes by
quantifying the number of copies of the 16S and 18S genes respectively. The 16S DNA
standards were commercially obtained. A product template for the 18S DNA was initially
created by PCR to be used as standard. The template was based on the DNA extracted from
the alkaline test pH 9.6(b). The DreamTaq Green PCR Master Mix (ThermoScientific, USA)
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was combined to the forward primer EuklF 5’- ACC-TGG-TTG-ATC-CTG-CCA-GT -3’,
reverse primer Euk563R 5’- ACC-AGA-CTT-GCC-CTC-C -3’ and pH 9.6(b) DNA extract
according to manufacturer’s specifications. PCR was performed with the following settings:
30 cycles of 30 s at 95 °C, 40 s at 55 °C and 40 s at 72 °C. The size of the amplified DNA
fragments was assessed by agarose gel electrophoresis. Amplified DNA was purified following
the Monarch DNA Gel Extraction Kit (BioLabs, UK). A final DNA concentration of 10.7 ng/L
was measured with a Qubit fluorometer (Invitrogen, USA).

Serial dilution from 103 ng DNA/uL to 10® ng DNA/uL were used to generate the standard
curves. qPCR reaction mix were composed of 0.2 pL of each primer at a concentration of 50
uM, 10 pL of IQTM SYBR® Green Supermix (Bio-Rad, USA), 7.6 pL of nuclease-free water
(Sigma-Aldrich, UK) and 2 pL of the extracted DNA from the cooling water samples. The
primer sequences, thermal profiles and qPCR efficiencies are described in Table S1.

5.3. RESULTS

5.3.1. Total cell counts

Total bacterial cell concentration in the cooling water was measured by flow cytometry
throughout the testing periods. Figure 5.1 shows the cell number reached at the end of each
experiment, averaged over the last 5 days. The control C, subjected to chlorine disinfection,
had the lowest bacterial cell number with 6.6 (= 1.5) x 107 cells/L. Chlorine disinfection
applied in the control experiment was efficient in maintaining a low cell count. The alkaline
conditions, without biocide dosage, reached 3.2 (+ 0.5) x 10° cells/L at pH 9.0, 1.7 (+ 0.1) x
109 cells/L at pH 9.4, 1.4 (+ 0.4) x 10'° cells/L and 5.2 (+ 0.4) x 10° cells/L at pH 9.6 (a) and (b)
respectively.
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Figure 5.1. Bacterial cell counts reached in the cooling waters at the end of the experiments (Table 5.1) and
concentrations of Legionella pneumophila in cell forming units over the 5 last days of each experiment.
The control experiment C and alkaline conditioning at pH 9.6 had a L. pneumophila concentration below
detection limit (100 CFU/L).
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5.3.2. Impact of increasing pH on Legionella pneumophila growth

The L. pneumophila plate count results for the 5 pilot tests are also shown in Figure 5.1. The
control test (C) performed under the conventional full-scale operating conditions, at pH 7.5
with sodium hypochlorite dosage, maintained a L. pneumophila concentration below the
detection limit of 100 CFU/L during the entire 27 days of operation. Tests at pH 9.0 and pH
9.4 exceeded the tolerated limit of 10® CFU/L set on the industrial site, with 3.0 (+ 1.4) x 10°
and 3.8 (+ 1.0) x 10% CFU/L respectively at the end of the experiments. gPCR measurements
confirmed the presence of L. pneumophila with values reaching up to 4.4 x 10° and 950 gene
copies/L at pH 9.0 and pH 9.4 respectively. Demineralized water at pH 9.0 seems to constitute
a suitable environment for the growth of L. pneumophila in cooling towers. The ability of
the pathogen to also grow at pH 9.4 was unexpected and therefore indicates that pH 9.4 is
not alkaline enough to prevent proliferation. The duplicates at pH 9.6 both maintained L.
pneumophila at very low or undetectable levels during the duration of the experiments, i.e.
34 and 80 days respectively. pH 9.6(a) reached 200 CFU/L on day 19 and 100 CFU/L on day
21 while pH 9.6(b) reached 100 CFU/L on days 14 and 35. In the other plate count analyses
(87 %), the concentration was below quantification limit (<100 CFU/L) while all gPCR
measurements were below quantification (<375 gene copies/L). The results demonstrate that
a pH of or above 9.6 constitutes an efficient conditioning for the control of L. pneumophila
in open recirculating cooling tower, alternatively to biocide dosage.

5.3.3. Relative abundance of 18S (eukaryotic) to 16S (prokaryotic) gene copies

The absolute quantification of the 18S and 16S gene copies by qPCR allowed an estimation
of the proportion of eukaryotic DNA to prokaryotic DNA in the samples. The ratio of 18S to
16S gene copies is displayed in Figure 5.2. All samples contained a substantially lower amount
of eukaryotic gene copies compared to prokaryotic gene copies, between 1 log and 3 log
fewer. Control C at pH 7.5 and tests at pH 9.4 and pH 9.6 (a) and (b) display a ratio of 18S:16S
gene copies of 1.7 (+ 0.3) x 103, 0.9 (+ 0.2) x 103, 1.4 (+ 0.5) x 103 and 3.5 (+ 2.2) x 103

respectively.
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Figure 5.2. Ratio of the number of gene copies of 18S to 16S in the cooling water samples illustrating a
higher relative abundance of eukaryotic DNA to prokaryotic DNA at pH 9.0 compared to the other tested
conditions.
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At pH 9.0, however, the ratio strongly diverges from the other samples with 5.7 (+ 3.5) x 10
2 indicating a relatively higher concentration of eukaryotic DNA per prokaryotic DNA with
more than 1 log difference when compared to the other tested conditions. The greater relative
fraction of eukaryotic DNA at pH 9.0 may suggest a higher availability of potential hosts for
L. pneumophila to multiply intracellularly.

5.3.4. Presence of potential protozoan hosts of Legionella pneumophila

Identification of the eukaryotic community members was performed with 18S rRNA gene
sequencing of the DNA extracted from the cooling water samples to assess the presence of
potential hosts. Figure 5.3.A shows the relative abundances of the main eukaryotic kingdoms.
Protista and Chromista kingdoms accounted for the majority of the reads in the control C
and at pH 9.0 and pH 9.4 with 43 (+ 10) %, 62 (+ 5) % and 58 (+ 8) % respectively. The
duplicate tests at pH 9.6 show only 2 (+ 1) and 3 (+ 1) % of Protista and Chromista abundances,
with dominance of the kingdom Fungi. The combination of the results from Figures 5.2 and
5.3.A therefore suggests a limited availability of hosts for L. pneumophila at pH 9.6 due to
the low occurrence of protists. The composition and structure of the protist communities
diverged strongly (Figure 5.3.B) between the tested conditions. The test at pH 9.0, with the
highest L. pneumophila concentration and eukaryotic to prokaryotic DNA ratio, was largely
dominated by the genera Spumella from the phylum Ochrophyta and Vorticella from the
phylum Ciliophora. These genera were also identified in the other tested conditions in lower

abundances.
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Figure 5.3. Relative abundances of eukaryotic kingdoms (A) and composition of the kingdoms Protista and
Chromista at the genus taxonomic level (B) in the cooling water samples analysed with 18S rRNA gene
amplicon sequencing. The category “Others” accounts for the operational taxonomic units of relative
abundance lower than 2 %. The symbol * indicates the order taxonomic level when the genus was not

identified. Duplicate data are shown in supplementary material (Figures S1 and S2).
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The duplicate tests at pH 9.6 show high similarity with each other regarding the protist
community structures, dominated by Spumella, Phytophthora and Halophytophthora.
Halophytophthora is a reclassified genus previously assigned to Phytophthora, but
regrouping marine species (Cooke et al. 2000). As the only difference in the operation of the
duplicate tests was the dosage of NaCl, the higher salt concentration in pH 9.6(b) likely
justifies the increase in relative abundance of Halophytophthora.

The protist organisms present in the water samples were then compared to experimentally
defined hosts and potential hosts of L. pneumophila (Boamah et al. 2017). Their presence
among the protist community of each test can be visualized in Table 5.2. The control
condition showed a negligible abundance of known hosts representing only 0.1 % of the total
eukaryotic reads. A similarly low number was obtained at pH 9.0 with 0.2 % despite the high
concentration of L. pneumophilk measured, suggesting the presence of non-identified
Legionellahosts. The two commonly found L. pneumophila hosts Echinamoeba exudans and
Vermamoeba vermiformisadded up to 59 % of the protist community and 33 % of the whole
eukaryotic community at pH 9.4. They also constituted an important fraction of the protists
at pH 9.6, 5 % and 6 % respectively, but representing only 0.1 % and 0.2 % of the eukaryotic
communities due to the low abundance of protists at this pH.

Table 5.2. Relative abundances of potential protozoan hosts in the water samples based on the 18S rRNA
gene amplicon sequencing results.

Potential hosts (% of protist reads) C pH 9.0 pH94 pH9.6(a) pH9.6(b)
Acanthamoeba _unidentified * 0.01% - - - -
Echinamoeba exudans * 0.14% 0.23% 44.93% 1.73% 1.20%
Vermamoeba vermiformis * 0.15% 0.17% 13.81% 3.29% 5.20%
Aspidisca_unidentified 0.02% - - 0.02% 0.02%
Colpoda_unidentified - 0.01% 0.02% 0.15% 0.26%
Euglypha rotunda - 0.01% 0.01% 0.04% 0.01%
% of total protist reads 0.3% 0.4% 58.8% 5.2% 6.7%
% of total eukaryotic reads 0.1% 0.2% 32.8% 0.1% 0.2%

* experimentally defined host

5.3.5. Presence of potentially pathogenic bacteria under different alkaline pH

The abundance of potentially pathogenic bacterial genera, based on the drinking water
quality guideline (WHO 2011), are listed in Figure 5.4. The control C at pH 7.5 and test at
pH 9.0 show a greatly higher total relative abundance of potential pathogens (7.1 + 0.9 % and
5.7 + 0.3 % of the total reads) compared to the tests at pH 9.4 and pH 9.6 (1.6 + 0.1 %, 1.3 +
0.1 % and 0.2 + 0.1 %). Pseudomonas and Enterobacter are the most abundant in the control
test, representing 4.2 + 0.1 % and 1.8 + 0.3 % respectively, while Bulkhoderia and Legionella
are dominant at pH 9.0, with 1.5 + 0.6 % and 1.4 + 0.1 %, with also considerable abundance
of Enterobacter (1.3 + 0.8 %). The increase from pH 9.0 to pH 9.4 therefore considerably
reduced the potential pathogenicity of the cooling water based on the results from the 16S
rRNA gene amplicon sequencing.
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C pH9.0 pH9.4 pH9.6(a) pH9.6(b) %
1 1 1 1 1
Acinetobacter 4  0.00 0.01 0.00 0.00 0.00
Aeromonas -{  0.00 0.01 0.00 0.00 0.00
g Burkholderia 4  0.72 1.45 0.65 0.40 0.12
c
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Vibrio{  0.00 0.00 0.00 0.00 0.00 0.0
Total % 7.1 5.7 1.6 13 0.2

Figure 5.4. Heatmap of the potentially pathogenic genera obtained from 16S rRNA gene amplicon
sequencing of the cooling water DNA samples. The concentration is expressed in % of the bacterial relative
abundance.

5.3.6. Overall bacterial community analyses

Figure 5.5 shows the relative abundance of the main bacterial genera in the cooling water
samples. Variations in microbial community structure can be observed between the different
tests with a switch in the main bacterial members. At the phylum level, the main difference
originated from the promotion of Bacteroidetes at alkaline pH. While it accounted for 3 + 1
% of the relative abundance in control C, it reached 38 + 6 % and 62 + 1 % at pH 9.6. The
remaining abundance was mainly represented by A/pha and Gammaproteobacteria. At the
genus level, Sphingobium was dominating in the control C at 44 + 8 % but was present in
negligible abundance at alkaline pH with less than 0.5 %. pH 9.0 and pH 9.4 show a more
distributed relative abundance among genera, with the main members being
Sediminibacterium at pH 9.0 (22 + 4 %) and Sphingopyxis and Flavobacterium at pH 9.4 (28
+ 6 % and 16 + 6 % respectively). The duplicates at pH 9.6, however, display similarity in
main community members. The genus Mongoliitalea from the family Cyclobacteriaceae
dominated both cooling waters with 35 + 5 % and 60 + 1 % although (a) contained also large
abundances of Phenylobacterium (21 + 6 %) and Alithoeflea (13 + 3 %) genera. The blast of
the OTU representative sequence corresponding to the Mongoliitalea genus resulted in 99.56
% similarity in identity with the species Mongoliitalea lutea, a facultative alkaliphilic and
halotolerant bacterial species collected from haloalkaline lakes. The other 26 main OTUs
whose genera are displayed in Figure 5.5 were also compared to the database. Among those,
the representative sequences of the members labelled with the symbol * showed over 99 %
similarity with sequences of known alkaliphilic or alkalitolerant species i.e. with optimum
pH > 9.0 or optimum pH < 9.0 but able to grow at higher values. The sum of the relative
abundances of these OTUs was calculated for each experimental test. While confirmed
alkalitolerant organisms accounted for only 9 % of the relative abundance of the main
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members in control C, their abundance increased with increasing pH: 28 % at pH 9.0, 56 %
at pH 9.4, 69 % and 78 % at pH 9.6 for (a) and (b) respectively. As expected, the higher
fraction of identified alkaliphilic bacteria at pH 9.4 and 9.6 implies that neutrophilic bacteria
were outcompeted.
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Figure 5.5. Composition of the bacterial communities at the genus taxonomic level obtained from 16S rRNA
amplicon sequencing of the cooling water DNA samples. The category “Others” accounts for the
operational taxonomic units of relative abundance lower than 2 %. The symbol * indicates alkalitolerant
and alkaliphilic microorganisms i.e. whose representative sequence corresponds - with more than 99 %
similarity in identity - to a species able to grow at pH above 9. Duplicate data are shown in supplementary
material (Figure S3).

The principal component analysis in Figure 5.6 represents the similarities between samples
taking into account the members of the communities and their relative abundances. The
bacterial communities at alkaline pH all diverge from the control C at pH 7.5. Among the
tested conditions, samples from pH 9.6(a) and pH 9.6(b) form a close cluster on the chart
validating the reproducibility of the result for the conditioning at pH 9.6.
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Figure 5.6. Principal component analysis (PCA) of bacterial community structures of the cooling water
samples based on operational taxonomic units. The bigger the distance between data points, the stronger
the dissimilarity in community structures. Duplicate samples are shown for each condition.

5.4. DISCUSSION

5.4.1. Cooling tower operation at pH > 9.6 efficiently prevents growth of
Legionella pneumophila

Previous research based on a survey of 40 cooling towers operated in a pH ranging from 6.9
to 9.1 reported higher L. pneumophila densities at pH between 8.4 and 9.1 (Yamamoto et al.
1992). An earlier laboratory-controlled pH batch experiment on cooling water samples
showed, however, a better correlation of the pathogen growth with neutral pH values (States
et al. 1987). These disparities in results point out the significant impact of operational
conditions, water sources and surrounding environment on the growth of L. pneumophilain
full-scale cooling systems. According to the available literature, L. pneumophila has been
shown to grow at pH up to 9.2 but was not able to multiply from pH 10 (Brouse et al. 2017,
Ohno et al. 2003, Wadowsky et al. 1988). An important lack of information remained about
the survival of the pathogen within the pH range from 9.2 to 10. Our study explored this gap
and revealed that L. pneumophila can survive and grow at pH 9.4 although at a much lower
concentration than at pH 9.0. Most importantly, L. pneumophila was unable to grow at pH
9.6.

Multiplication of Legionellain engineered water systems requires presence of host protozoan
cells (Lau and Ashbolt 2009, Wadowsky et al. 1988). The amount and nature of nutrients in
cooling water is generally too limited for L. pneumophila multiplication as a free-living
organism since it requires a complex medium to grow, including compounds like amino acids
as carbon and energy source (Sauer et al. 2005, Tesh and Miller 1981, Tesh et al. 1983) or
fatty acids (Fonseca and Swanson 2014). The intracellular components of some amoebas such
as Acanthamoeba, Vermamoeba and Naegleria sp. (Jjemba et al. 2015, Lau and Ashbolt 2009,
Molofsky and Swanson 2004) and ciliated protozoa (Caicedo et al. 2018, Fields et al. 1984)
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therefore constitute an appropriate reservoir for the growth of the pathogen. When
encountering extreme conditions such as chlorine disinfection, protozoa go through a
mechanism of encystment to protect themselves from the hostile environment (Kilvington
and Price 1990). Contrarily to their vegetative trophozoite form, cysts of protozoa are in a
dormant state and do not proliferate but their reinforced cell wall constitutes a strong
protection for the intracellular pathogens.

Our study reflects a positive correlation between the abundance in protozoa (Figure 5.2 and
5.3.A) and L. pneumophila counts (Figure 5.1), as was also reported in the cooling tower
survey by Yamamoto et al. (1992). The dominance of protozoa at pH 9.0 and 9.4 and the
higher eukaryotic to prokaryotic DNA ratio at pH 9.0 suggest the presence of unicellular
trophozoite reservoirs to sustain the observed L. pneumophila growth in these two tested
conditions. In the duplicate test runs at pH 9.6, a poor abundance of protists was observed
concomitant with a good control of L. pneumophila growth. The relative abundance of
potential hosts (Figure 5.3.B) in our samples - based on a suggested list derived from
laboratory experiments and environmental analyses (Boamah et al. 2017) — did, however, not
show a clear correlation. At pH 9.0, the L. pneumophila counts were substantial but
previously reported hosts were present only in minor abundance contrarily to pH 9.4 (Table
5.2). Spumella (flagellate) and Vorticella (ciliate), the main genera at pH 9.0, have not been
reported as hosts but the limited knowledge available on the specificity of L. pneumophila
for intracellular replication (Guerrieri et al. 2005) as well as the non-exhaustive list of
cultivated natural hosts cannot exclude their involvement. In the experiments at pH 9.6, the
fraction of the protist abundance of reported hosts (5.2 and 6.6 %) represented a negligible
fraction of the total abundance of eukaryotes. In fact, the eukaryotic communities were
mainly represented by fungi. Our study revealed a substantial impact of the pH increase from
9.4 to 9.6 on the limitation of protists and a direct correlation with the inhibition of L.
pneumophila growth.

5.4.2. Increased pH leads to a strong bacterial community shift with lower
pathogenicity

A strong shift in bacterial community was observed between the control experiment at pH
7.5 with chlorine disinfection and each of the tested alkaline pH conditions with no
disinfection. Proteobacteria dominated the control C with Sphingobium sp., a recurrent
organism in drinking water and cooling systems subjected to chlorination due to their
oligotrophic nature and ability to grow in biofilm mode (Paranjape et al. 2020b, Shaw et al.
2015, Vaz-Moreira et al. 2011). Pseudomonasis also a common genus encountered in cooling
systems under disinfection (Paranjape et al. 2020b). Bacterial community composition and
relatively low total cell count in the control experiment therefore reproduced the
environment of a full-scale system under standard operation. Regarding alkaline conditions,
the abundance of Bacteroidetes was previously shown to positively correlate with increasing
pH (Ganzert et al. 2014, Lauber et al. 2009) as it is the case in our study. Mongoliitalea Lutea
(Cyclobacteriaceae, Bacteroidete) is a facultative alkaliphile able to develop at pH between
6.5 and 12.0 with an optimum at pH 9.0 (Yang et al. 2012). However, it was in our study only
present in negligible abundance at pH 9.4 while it was the dominant bacterium at pH 9.6.
Our data suggests that the pH increase from 7.5 (C) to 9.6 gradually limited the growth of
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neutrophiles and promoted alkalitolerant and alkaliphilic species such as Mongoliitalea
Lutea. Driving pH away from neutral value requires bacteria to adjust their proton motive
force to maintain a cytoplasmic pH in the neutral range (Krulwich et al. 2011). In too alkaline
conditions, the proton concentration in the surrounding water is not sufficient and causes
the cell to decay while alkaliphile organisms rely on alternative membrane processes such as
additional antiporters and coupled membrane transporters using sodium motive force (Padan
et al. 2005). Most pathogenic bacteria show optimum growth at physiological pH which
allows them to infect and proliferate within the body (Kim and Ndegwa 2018) but will decay
when facing extreme conditions. The decrease in relative abundance of potentially
pathogenic bacteria that we observed correlated with this assumption, with a strong decline
from 7.1 % to 1.6 % between pH 7.5 and pH 9.4. Limitations remain regarding the use of
amplicon sequencing for the assessment of pathogenicity, related to the limited resolution of
the technique, the varying gene copy number per organism, and the lack of data available on
pathogenic microorganisms. To accurately assess the levels of pathogens, alternative methods
should be applied such as qPCR analyses of the known species which will provide absolute
concentrations for the comparison of tested conditions. Yet, the observed loss of overall
potential pathogenicity of the water at elevated pH, based on abundance of genera, suggests
an extra advantage of alkaline cooling tower conditioning.

5.4.3. Implications for industry

In the presented study, the pilot cooling tower was operated at different alkaline pHs and
demineralized water was selected as feed water. The suggested conditioning does not require
use of disinfectant and maintains a simpler chemistry compared to standard practice, with
the use of less chemicals while controlling the pathogenicity of the water. It also anticipates
a potential increase in regulations which could be expected in the coming years regarding
the discharge of disinfection by-products to the environment.

The use of demineralized water or reverse osmosis permeate has several advantages. The very
low content in minerals prevents scaling formation on the surface of the cooling unit thus no
dosage of antiscalant — often contributing to a higher nutrient content of the water - is
required. The limited concentration in organic compounds considerably restricts the
formation of biofilm and therefore the proliferation of protozoa and associated bacteria. Last
but not least, the high water quality allows to operate the cooling tower with almost zero
discharge, thus maintaining a stable cooling water chemistry which ensue limited dosage of
base (NaOH) for alkaline pH control. However, important parts of the process i.e. pumps,
spray nozzles and heat exchangers will be prone to corrosion due to the nature of the water.
Corrosion is a major drawback shortening the lifetime of the exchangers, leading to system
deficiencies and providing space for microbial communities to grow. This phenomenon needs
to be tackled with alternative material choices or addition of inhibitors effective at high pH
and not contributing to the nutrient and mineral content of the water.

For cooling towers already operating with other water sources such as surface water or
ground water, the switch to high feed water quality is not always possible. Economic
feasibility needs to be assessed for each specific case, considering that reverse osmosis
permeate or demineralized water can cost between 0.5 and 1 euros higher per m? than surface
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water. If the original water source is kept, removal of divalent ions (calcium, magnesium)
from the feed water is necessary to lower the hardness and switch to alkaline pH without a
substantial increase in scaling potential (Hensley 1985, Matson and Harris 1979).
Corrosiveness is also a major challenge with softened water, especially due to the high
chloride concentration, and needs to be addressed to avoid deterioration of the heat
exchangers. Finally, attention should to be paid to the pre-existence of biofilm in the system
and a deep cleaning would be required to avoid contamination when converting to alkaline
conditioning.

5.4.4. Recommendations for further research

Past studies suggested that the infection of protozoa by Legionella mainly occurs in biofilms
(Abdel-Nour et al. 2013, Murga et al. 2001) which provides a more stable environment to
multiply e.g. on the wall of the cooling tower basins or packing fill surface. Although a
biofilm is not expected to have formed in significant amount during the experimental periods
and with the high water quality used, this phenomena can contribute to L. pneumophila
proliferation. Further research investigating biofilm development and composition in terms
of bacterial and eukaryotic communities at alkaline pH would help understand the biological
interactions, the biofouling potential and potential for Legionella to develop inside an
alkaline biofilm.

Overall, the operation of cooling towers at pH equal or above 9.6 without disinfectant dosage
represents an attractive alternative to the conventional practices. The comparison of these
results to the microbiome of full-scale cooling towers operating at high pH on the long-term
is important to validate the industrial applicability.

5.5. CONCLUSIONS

The investigation of alkaline conditioning in a pilot-scale cooling tower (1 m3h) - operated
with demineralized water as feed water and without addition of disinfectant - for the control
of Legionella pneumophila and other potentially pathogenic genera showed that:

e Growth of L. pneumophila was prevented in the cooling tower maintaining a pH > 9.6
without biocide dosage. L. pneumophila was, however, still able to grow at pH up to 9.4.

e The overall suspected pathogenicity of the cooling water microbial community declined
with increasing alkalinity. Divergence of the alkaline operating pH from physiological
pH and dominance of the bacterial community by alkaliphilic microorganisms suggests a
reduced biological health threat to the operators and surrounding population when in
contact with aerosols.

e Operating at pH > 9.6 is a more sustainable and simpler cooling tower conditioning than
dosing disinfection chemicals. It anticipates potential future regulations, further
restricting discharge of disinfection by-products. Nonetheless, this alternative pathogen
control method requires attention in regard to scaling and corrosion potential and choice
of materials.
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CHAPTER 6 — CONCLUSIONS AND OUTLOOK

This thesis aimed at providing a better understanding of biofouling in evaporative cooling
systems and investigated different directions for the prevention and mitigation of microbial
growth, with a focus on Legionella pneumophila, and biofilm development. The findings
presented in the research chapters contribute to the current knowledge in the field of cooling
and were used to suggest an alternative approach to conventional operation. They also lead
to new questions, opening the way to further investigations. Both are summarized in this
section.

6.1. GENERAL CONCLUSIONS

The characterization of factors involved in the microbial growth and biofilm composition in
open recirculating cooling systems showed the following:

e A mass balance approach combining flow cytometry and 16S rRNA gene amplicon
sequencing was established and allowed the assessment of bacterial community changes
between feed water and cooling water (Chapter 2).

o Application of the above-mentioned method to a cooling system operated with
continuous chlorine dosage indicated that the difference in decay rate of bacterial
members was the main factor for bacterial group selection in cooling water (Chapter 2).

o The temperature change along heat exchanger affects the biofilm, in terms of bacterial
community structure and composition of extracellular polymeric substances (EPSs)
(Chapter 3).

¢ Biofilm microbiome develops independently from planktonic microbiome and adapts to
local conditions in the cooling system (Chapter 3 and 4).

o The presence of sialic acids in the extracellular matrix of biofilms collected from cooling
systems suggests an essential role of these compounds in structural cohesion or biofilm
protection (Chapter 4-additional).

Investigation of approaches for microbial growth control in pilot evaporative cooling systems
revealed that:

e Cooling system operation at pH 9.6 efficiently prevented L. pneumophila growth and
reduced the overall pathogenicity of the water compared to more neutral pH (Chapter 5).

e Phosphorus limitation in the cooling water restricted the growth of microorganisms in
the biofilm but did not limit biofilm formation (Chapter 4).

e A well-maintained feedwater line is of critical importance when using extensively treated
feed water, to avoid water quality deterioration (Chapter 4).

In addition, a high importance was given to onsite investigations and experiments in this
project in order to collect results representative of large-scale cooling systems. Open
recirculating cooling systems have a complexity that is difficult to represent at laboratory
scale. Pilot set-ups have the advantage to be open to the outside environment and subjected
to varying conditions which can also affect biofouling, such as precipitation, air quality or
presence of particles. Applied research at pilot-scale should be promoted, as it is a valuable
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step in the development of alternative conditionings with efficient assessment of potential
industrial application.

6.2. FURTHER RESEARCH LINES AND RECOMMENDATIONS

The findings described in this thesis represent a solid basis for future investigations and
implementation of new operational strategies. Some recommendations are summarized
below.

The mass balance approach for quantification of bacterial changes established in Chapter 2
should be applied to future studies of cooling water microbiome. Results would provide
valuable information on selection of bacterial groups and avoid misinterpretation of data sets
based on relative abundances. If the mass balance method indicates growth of specific
bacterial groups associated to pathogens, risks of outbreak can be anticipated and early
mitigation actions can be implemented. In addition, application of this mass balance to a large
number of cooling towers can help identify redundant organisms surviving chlorinated
environment. These organisms are of interest in the study of chlorine resistance.

The bacterial order Obscuribacterales was the only bacterial group consistently showing net
increase in our full-scale cooling tower study (Chapter 2) operated with continuous residual
chlorine. This group has been observed in other full-scale cooling towers subjected to
oxidative disinfection (Paranjape et al. 2020b, Pereira et al. 2017). Lower taxonomic ranks
were not identified, but investigation of the species corresponding to the obtained
representative sequences could lead to identification of chlorine resistant organisms. Their
characterization and the study of their morphological and physiological features, e.g. related
to membrane permeability or presence of an outer layer, would provide insight on their
survival ability in such a harsh environment.

Nutrient availability, location in the system and temperature were shown to affect biofilm
composition (Chapters 3 and 4). While the applied analysing techniques provided valuable
insights on the communities and EPS compositions in cooling systems, they only allowed for
partial characterization of biofilm layers. Efforts are made to better identify the components
of EPS matrix and their functions (Boleij et al. 2019, Seviour et al. 2019). In general, a better
understanding of the chemical composition of the EPS matrix can help in the development
of efficient biofilm removal techniques.

Chapter 4 showed heavy pollution of the cooling systems by sand particles carried by the
wind and accumulating in the cooling tower basins as well as on the surfaces. Chapter 2
revealed that 21 % of the taxa shared between feed water and chlorinated cooling water of
the studied cooling tower accounted for 92 % of the total sequences (average values). It is
reasonable to assume that a part of the remaining sequences identified in the cooling water -
and represented by a large number of OTUs - result from inoculation of the water with
airborne bacteria. Both studies expose the strong influence of weather conditions, particles
or air contaminants on the quality of cooling water. Development of methods for the
assessment of these factors, mainly in term of microbial composition and nutrient contents,
would help characterizing the extent of these impacts on cooling water quality. For systems
prone to contamination from the environment, the focus should be oriented towards the
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implementation of treatments incorporated in the recirculation line of the cooling towers.
There have been some previous studies on the removal of nutrients by internal treatment of
the cooling water, for example via sand filter used as side stream biofilter (Bott 1998, Daamen
et al. 2000). Some technologies are commercialized. The challenges faced by internal
treatment units, or side-stream units are mainly related to the cooling water chemistry e.g.
salt content or presence of dispersant.

Chapter 5 introduced an alternative method for the control of L. pneumophila by applying
alkaline conditions in the cooling water circuit. The water analyses recorded colony forming
units of the pathogenic species at pH 9.4 which exceeded the limit defined by the plant, while
at pH 9.6 the concentrations remained very low or below detection. Although L.
pneumophila seemed to be well controlled by the alkaline conditions, it is unclear if this is
due to negative impact of alkaline conditions on its protozoan hosts or a direct negative
impact on the organism itself. Since the use of alkaline conditions to prevent the growth and
spread of pathogenic bacteria from cooling towers is a very attractive mode of operation, the
response of L. pneumophila and infected hosts to an increase in alkalinity is worth exploring.
Following the previous point, biofilm formation in long-term operated cooling system, with
the water quality and operational parameters suggested in Chapter 5, should also be
investigated.

In Europe, the gold standard method for L. pneumophila monitoring remains plate counting,
using a selective medium (ESCMID 2017, European Commission 2001). This culture-based
technique is indirect and requires at least 7 days of incubation. As an alternative, qPCR
analyses do not require incubation and provide a result within hours. The use of this direct
method would be particularly valuable in the detection of a source of legionellosis outbreak
and in the monitoring of cooling water stability, allowing fast implementation of control
measures when necessary (European Commission 2015). Yearly L. pneumophila analyses are
declared sufficient by the guidelines applying to industrial cooling towers (Oesterholt 2013).
However, in an unstable system, growth of the pathogen can occur within days (Chapter 5)
and represent a health risk to the surrounding area if not detected and managed fast enough.
A higher frequency of monitoring, e.g. monthly, is advised so that mitigation measures can
be taken rapidly, and would be facilitated by qPCR. The lack of correlation between qPCR
and standard plate count is however a bottleneck, and leads to difficulties in interpretation
of qPCR results with regard to health risk (Whiley and Taylor 2016). As all available
guidelines express ranges of concentration in colony forming units, not in genome units,
gqPCR results cannot be used for compliance assessment at the moment (ESCMID 2017).
Efforts should be put in standardizing qPCR protocols for routine monitoring of L.
pneumophila with defining ranges of acceptable levels. In general, the cooling water sector
would highly benefit from the establishment of a direct detection method in legislations.

As indicated in Chapter 5, no threshold for the level of L. pneumophilain open recirculating
cooling towers is stated in the Dutch Environmental protection act (VROM 2007). The lack
of strict regulations surrounding the management of L. pneumophila in open recirculating
cooling towers lies in the fact that the maximum acceptable concentration of the pathogen
in cooling water, with regard to human health, is not known and varies for each case
(European Commission 2001). Clear cause and effect relationship between cooling water and
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outbreak of Legionellosis is hard to establish, in contrast to other water facilities where direct
contact occurs with the population such as drinking water systems or swimming pools
(ESCMID 2017). The development of tools for risk assessments of L. pneumophila from
cooling tower would be valuable to understand the impact of contaminated aerosol on
surrounding population and to determine more accurately maximum acceptable
concentrations for open cooling systems.

6.3. PROPOSED APPROACH FOR BIOFOULING CONTROL IN COOLING SYSTEMS

The management of cooling systems is mainly performed with extensive dosage of
disinfectants (Chapter 1) with the goal to maintain a very low level of microorganisms in the
water phase, specifically pathogens, and to restrict the formation of biofilms. Dosage of
disinfectant is indeed necessary in cooling systems with conventional operation due to the
often low feed water quality and to the optimal environment the operating parameters create
for microbial growth. However, microbial control doesn’t necessarily require extensive
disinfection when the water quality and operating conditions are optimised. Based on
literature and on our research findings, another approach is proposed that combines
alternative treatments and adjusted operational conditions.

L. pneumophila is a very adaptable and resilient pathogenic species. It has been repeatedly
detected in cooling water, wastewater and also in oligotrophic environments, such as
drinking water distribution systems (Paranjape et al. 2020b, Wadowsky et al. 1988). Pre-
treatment efforts are therefore not considered sufficient to ensure the prevention of L.
pneumophila growth in cooling systems in absence of disinfection. The CFU levels indicated
in guidelines can be rapidly reached if no additional measures are taken (Oesterholt 2013),
eventually leading to a risk of Legionellosis outbreak. Chapter 5 considered pH as a parameter
of interest to tackle pathogenic bacterial groups. A pH value of 9.6 or higher was determined
to be unsuitable for the development of L. pneumophila specifically, and reduced the relative
abundance of potential pathogenic groups. Operation of industrial cooling systems at pH
above 9.6 hence represents a viable alternative to disinfection in the prevention of risks
linked to bacterial pathogens.

With regard to inhibition of biofilm formation, effective pre-treatments for nutrient removal
are necessary when no disinfectants are dosed in the system. Since organic matter is often
abundant in natural water sources in contrast to other compounds (Zularisam et al. 2006),
depletion of other nutrients has been investigated. However, we have shown in Chapter 4
that phosphorus depletion promoted EPS production by the cells and therefore enhanced
biofouling, despite being the limiting nutrient for cell growth. Due to the open design of
cooling towers, nitrogen removal is not a reasonable option as nitrogen from the air can be
the nitrogen source. The removal of multivalent cations such as calcium has shown to affect
bacterial adhesion and biofilm mechanical properties (Hijnen et al. 2016, van der Waal and
van der Sluis 2012, Korstgens et al. 2001), but reaching low enough concentrations to observe
biofilm inhibition in cooling water is practically unrealistic. For industrial implementation
of an alternative conditioning, and in view of the current treatment technologies as well as
characteristics of cooling systems, removal of organic matter still constitutes the preferred
target to effectively slow down the build-up of biofilms and reduce planktonic growth.
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High quality water with low organic carbon content, combined with alkaline operation of
the cooling system, represent a reliable and implementable solution against biofouling
without necessitating continuous disinfection nor modification of the system’s design. As
stated in Chapter 5 and developed in the following paragraph, the use of feed water such as
reverse osmosis (RO) permeate or demineralized water is recommended since it already
contains negligible amount of nutrients needed for the microbial community populating the
cooling system. The cooling system can then be operated at high cycles of concentration (>
20). However, this type of feed water is rarely directly available on industrial sites, or its use
might not be economically favourable.

6.4. CONSIDERATIONS FOR FULL-SCALE INTEGRATION

Economic feasibility of the implementation of the aforementioned approach for cooling
tower operation and long-term benefits should be assessed for each industrial case
specifically. Several factors need to be taken into account such as water quality available,
location, and cooling tower size.

When RO permeate water quality can be supplied onsite directly, the cost for the
consumption of water necessary for the operation of the cooling system needs to be evaluated.
In the case that such water quality is not available, membrane treatment steps can be
implemented in the feed water line requiring capital investment and operational expenses
varying according to the source water and required water flow. Nevertheless, the use of
extensively treated feed water has significant advantages leading to reduction in cooling
system operational costs, lower health risk associated to pathogens and anticipation of future
regulations, e.g. linked to the formation of disinfection by-products. While conventional
cooling towers operate with a blowdown flow rate of around 20 % of the feed water flow
rate, the alternative strategy can operate with negligible discharge (1-2%). Associated
blowdown treatment costs or onsite treatments for the reuse of the blowdown water on the
industrial site will therefore not be necessary with the alkaline conditioning. Regarding the
use of chemicals, conventional treatment includes continuous dosages of antiscalants
(phosphorus-based compounds and copolymers), corrosion inhibitors, disinfectant and
dispersant to compensate for their degradation in the system and partial loss in the
blowdown. With high quality water, dosages of antiscalants, disinfectant and dispersant are
not required. Bases are dosed to reach the optimal pH, mainly at the start of operation due to
the near absence of blowdown water, and to compensate for CO2 absorption. Corrosion
inhibitor is still necessary, mostly to counteract the effect of chloride ions, and should be
effective at elevated pHs. These lower chemical requirements eventually lead to a simpler
and more stable operation of cooling systems.

114









REFERENCES

Abdel-Nour, M., Duncan, C., Low, D.E. and Guyard, C.J. (2013) Biofilms: the stronghold of Legionella
pneumophila. International Journal of Molecular Sciences 14(11), 21660-21675.

Abraham, W.-R. and Rohde, M. (2014) The Family Hyphomonadaceae. The Prokaryotes:
Alphaproteobacteria and Betaproteobacteria, 283-299.

Abu-Zaid, M. (2000) A fouling evaluation system for industrial heat transfer equipment subject to fouling.
International Communications in Heat and Mass Transfer 27(6), 815-824.

Ahmad, J.I., Dignum, M., Liu, G., Medema, G. and van der Hoek, ].P. (2021) Changes in biofilm composition
and microbial water quality in drinking water distribution systems by temperature increase induced
through thermal energy recovery. Environmental Research 194, 110648.

Al-Bloushi, M., Saththasivam, ]., Jeong, S., Amy, GL., Leiknes, T. (2017) Effect of organic on chemical
oxidation for biofouling control in pilot-scale seawater cooling towers. Journal of Water Process
Engineering 20:1-7.

Al-Bloushi, M., Saththasivam, J., Al-Sayeghc, S., Jeong, S., Ng, K.C., Amy, G.L. and Leiknes, T. (2018)
Performance assessment of oxidants as a biocide for biofouling control in industrial seawater cooling
towers. Journal of Industrial and Engineering Chemistry 59, 127-133.

Ali, M., Ul-Hamid, A., Alhems, L.M. and Saeed, A. (2020) Review of common failures in heat exchangers
— Part I: Mechanical and elevated temperature failures. Engineering Failure Analysis 109, 104396.

Almstrand, R., Daims, H., Persson, F., Sérensson, F. and Hermansson, M. (2013) New Methods for Analysis
of Spatial Distribution and Coaggregation of Microbial Populations in Complex Biofilms. Applied and
Environmental Microbiology 79(19), 5978-5987.

Angata, T., Varki, A. (2002) Chemical diversity in the sialic acids and related alpha-keto acids: An
evolutionary perspective. Chemical Reviews 102, 439-469.

Badr, H.A., AlSadek, D.M., Mathew, M.P., Li, C.-Z., Djansugurova, L.B., Yarema, K.J., Ahmed, H. (2015)
Nutrient-deprived cancer cells preferentially use sialic acid to maintain cell surface glycosylation.
Biomaterials 70, 23-36.

Baek, Y., Yu, J., Kim, S.-H,, Lee, S. and Yoon, J. (2011) Effect of surface properties of reverse osmosis
membranes on biofouling occurrence under filtration conditions. Journal of Membrane Science 382(1),
91-99.

Balamurugan, P., Hiren Joshi, M. and Rao, T.S. (2011) Microbial fouling community analysis of the cooling
water system of a nuclear test reactor with emphasis on sulphate reducing bacteria. Biofouling 27(9), 967-
978.

Balkwill, D.L., Fredrickson, J.K. and Romine, M.F. (2006) The prokaryotes, pp. 605-629, Springer, New
York, NY.

Barth, A. (2007) Infrared spectroscopy of proteins. Biochimica et Biophysica Acta (BBA) - Bioenergetics
1767(9), 1073-1101.

Bartram, J., Chartier, Y., Lee, ].V., Pond, K. and Surman-Lee, S. (2007) Legionella and the prevention of
legionellosis. World Health Organization.

Beauté, ]J. and The European Legionnaires' Disease Surveillance (2017) Legionnaires' disease in Europe,
2011 to 2015. Euro surveillance: European communicable disease bulletin 22(27), 30566.

Belila, A., El-Chakhtoura, J., Otaibi, N., Muyzer, G., Gonzalez-Gil, G., Saikaly, P.E., van Loosdrecht,
M.C.M., Vrouwenvelder, J.S. (2016) Bacterial community structure and variation in a full-scale seawater
desalination plant for drinking water production. Water Research 94:62-72.

Bentham, R.H. (2000) Routine Sampling and the Control of Legionella spp. in Cooling Tower Water
Systems. Current Microbiology 41(4), 271-275.

Bereschenko, L.A., Prummel, H., Euverink, G.J.W., Stams, A.J.M. and van Loosdrecht, M.C.M. (2011)

117



Effect of conventional chemical treatment on the microbial population in a biofouling layer of reverse
osmosis systems. Water Research 45(2), 405-416.

Bereschenko, L.A., Stams, A.].M., Euverink, G.J.W. and van Loosdrecht, M.C.M. (2010) Biofilm Formation
on Reverse Osmosis Membranes Is Initiated and Dominated by Sphingomonas spp. Applied and
Environmental Microbiology 76(8), 2623.

Berry, D., Xi, C. and Raskin, L. (2006) Microbial ecology of drinking water distribution systems. Current
Opinion in Biotechnology 17(3), 297-302.

Bisselink, R., de Schepper, W., Trampé, J., van den Broek, W, Pinel, I, Krutko, A. and Groot, N. (2016)
Mild desalination demo pilot: New normalization approach to effectively evaluate electrodialysis reversal
technology. Water Resources and Industry 14, 18-25.

Boamah, D.K., Zhou, G., Ensminger, A.W., O'Connor, T.J.J. (2017) From many hosts, one accidental
pathogen: the diverse protozoan hosts of Legionella. Frontiers in Cellular and Infection Microbiology 7,
477.

Boleij, M., Seviour, T., Wong, L.L., van Loosdrecht, M.C.M. and Lin, Y. (2019) Solubilization and
characterization of extracellular proteins from anammox granular sludge. Water Research 164, 114952.
Boleij, M., Kleikamp, H., Pabst, M., Neu, T.R., van Loosdrecht, M.C.M,, Lin, Y. (2020) Decorating the
anammox house: Sialic acids and sulfated glycosaminoglycans in the extracellular polymeric substances

of anammox granular sludge. Environmental Science & Technology 54, 5218-5226.

Boulay, N. and Edwards, M. (2001) Role of temperature, chlorine, and organic matter in copper corrosion
by-product release in soft water. Water Research 35(3), 683-690.

Bott, T.R. and Pinheiro, M.M.V.P.S. (1977) Biological fouling - velocity and temperature effects. Canadian
Journal of Chemical Engineering 55: 473-474

Bott, T.R. (1995) Fouling of heat exchangers, Elsevier.

Bott, T.R. (1998) Techniques for reducing the amount of biocide necessary to counteract the effects of
biofilm growth in cooling water systems. Applied thermal engineering 18(11), 1059-1066.

Bower, C.K. and Daeschel, M.A. (1999) Resistance responses of microorganisms in food environments.
International Journal of Food Microbiology 50(1), 33-44.

Boyd, C.D. and O'Toole, G.A. (2012) Second messenger regulation of biofilm formation: breakthroughs in
understanding c-di-GMP effector systems. Annual review of cell and developmental biology 28, 439-462.

Bradford, S.M., Palmer, C.J., and Olson B.H.J. (1994) Assimilable organic carbon concentrations in
Southern California surface and groundwater. Water Research 28(2), 427-435.

Brembu T, Miihlroth A, Alipanah L, Bones AM. 2017. The effects of phosphorus limitation on carbon
metabolism in diatoms. Philosophical Transactions of the Royal Society B: Biological Sciences
372(1728):20160406.

Brouse, L., Brouse, R. and Brouse, D. (2017) Natural Pathogen Control Chemistry to Replace Toxic
Treatment of Microbes and Biofilm in Cooling Towers. Pathogens 6(2).

Bruno, A., Sandionigi, A., Bernasconi, M., Panio, A., Labra, M. and Casiraghi, M. (2018) Changes in the
drinking water microbiome: effects of water treatments along the flow of two drinking water treatment
plants in a urbanized area, Milan (Italy). Frontiers in microbiology 9, 2557.

Caesar, J., Tamm, A., Ruckteschler, N., Leifke, A.L., Weber, B., (2018) Revisiting chlorophyll extraction
methods in biological soil crusts—methodology for determination of chlorophyll a and chlorophyll a+ b as
compared to previous methods. Biogeosciences 15(5):1415.

Caicedo, C., Rosenwinkel, K.H. and Nogueira, R. (2018) Temperature-driven growth of Legionella in lab-
scale activated sludge systems and interaction with protozoa. International Journal of Hygiene and
Environmental Health 221(2), 315-322.

Campbell, H.S. (1980) The effect of chemical composition of water on corrosion problems in plant. Anti-
Corrosion Methods and Materials.

Caporaso, J.G., Bittinger, K., Bushman, F.D., DeSantis, T.Z., Andersen, G.L., Knight, R. (2010) PyNAST: a
flexible tool for aligning sequences to a template alignment. Bioinformatics. 26:266-7.

Casey, E., Glennon, B. and Hamer, G. (2000) Biofilm development in a membrane-aerated biofilm reactor:
Effect of flow velocity on performance. Biotechnology Bioengineering 67(4), 476-486.

118



Chamberland, J., Messier, T., Dugat-Bony, E., Lessard, M.-H., Labrie, S., Doyen, A. and Pouliot, Y. (2019)
Influence of feed temperature to biofouling of ultrafiltration membrane during skim milk processing.
International Dairy Journal 93, 99-105.

Chang, T.-B. and Lin, T.-M. (2016) Water and energy conservation for a counterflow cooling tower using
UV light disinfection and variable speed fan. Proceedings of the Institution of Mechanical Engineers, Part
E: Journal of Process Mechanical Engineering 230(3), 235-243.

Chang, S., Chen, J. and Shi, L. (2017) Using thermal shock to inhibit biofilm formation in the treated sewage
source heat pump systems. Applied Sciences 7(4), 343.

Characklis, W.G., Nevimons, M. and Picologlou, B. (1981) Influence of fouling biofilms on heat transfer.
Heat transfer engineering 3(1), 23-37.

Chen, X. and Stewart, P.S. (1996) Chlorine penetration into artificial biofilm is limited by a reaction-
diffusion interaction. Environmental science & technology 30(6), 2078-2083.

Chien, S.H., Dzombak, D.A. and Vidic, R.D. (2013) Comprehensive Evaluation of Biological Growth
Control by Chlorine-Based Biocides in Power Plant Cooling Systems Using Tertiary Effluent.
Environmental Engineering Science 30(6), 324-332.

Ciriminna, R., Bright, F.V. and Pagliaro, M. (2015) Ecofriendly antifouling marine coatings. ACS
Sustainable Chemical Engineering 3, 4, 559-565.

Cloete, T.E., Jacobs, L. and Brozel, V.S. (1998) The chemical control of biofouling in industrial water
systems. Biodegradation 9(1), 23-37.

Conrad, J.C., (2012) Physics of bacterial near-surface motility using flagella and type IV pili: implications
for biofilm formation. Research in Microbiology 163(9):619-629.

Cooke, D.E.L., Drenth, A., Duncan, ].M., Wagels, G. and Brasier, C.M. (2000) A Molecular Phylogeny of
Phytophthora and Related Oomycetes. Fungal Genetics and Biology 30(1), 17-32.

Cooksey, K. (1992) Biofilms—science and technology. pp. 137-147, Springer.

Corre, M.-H., Delafont, V., Legrand, A., Berjeaud, J.-M. and Verdon, J. (2019) Exploiting the Richness of
Environmental Waterborne Bacterial Species to Find Natural Legionella pneumophila Competitors.
Frontiers in Microbiology 9(3360).

Daamen, E.J., Wouters, ].W. and Savelkoul, J.T.G. (2000) Side stream biofiltration for improved biofouling
control in cooling water systems. Water Science and Technology 41(4-5), 445-451.

Dang, H. and Lovell, C.R. (2015) Microbial Surface Colonization and Biofilm Development in Marine
Environments. Microbiology and molecular biology reviews 80(1), 91-138.

de Beer, D., Srinivasan, R., Stewart, P.S., (1994) Direct measurement of chlorine penetration into biofilms
during disinfection. Applied and Environmental Microbiology 60(12):4339-4344.

de Graaff, D.R,, Felz, S., Neu, T.R., Pronk, M., van Loosdrecht, M.C.M., Lin, Y. (2019) Sialic acids in the
extracellular polymeric substances of seawater-adapted aerobic granular sludge. Water Research 155,
343-351.

de Vries, H., Beyer, F., Jarzembowska, M., Lipiniska, J., Brink, P., Zwijnenburg, A., Timmers, P., Stams, A.
and Plugge, C. (2019) Isolation and characterization of Sphingomonadaceae from fouled membranes. npj
Biofilms and Microbiomes 5, 6.

Desmond, P., Best, ].P., Morgenroth, E., Derlon, N. (2018) Linking composition of extracellular polymeric
substances (EPS) to the physical structure and hydraulic resistance of membrane biofilms. Water
Research 132:211-221.

Di Dato, V., Di Costanzo, F., Barbarinaldi, R., Perna, A., Ianora, A., Romano, G. (2019) Unveiling the
presence of biosynthetic pathways for bioactive compounds in the thalassiosira rotula transcriptome.
Scientific Reports 9, 9893.

Di Gregorio, L., Tandoi, V., Congestri, R., Rossetti, S. and Di Pippo, F. (2017) Unravelling the core
microbiome of biofilms in cooling tower systems. Biofouling 33(10), 793-806.

Di Pippo, F., de Tora, F., Di Gregorio, L., Buccolini, M., Capocecera, R., Rossetti, S. and Tandoi, V. (2017)
Green bio-dispersant removal efficacy estimation for controlling biofilms in cooling towers. Annals of
Microbiology 67(11), 779-784.

119



Di Pippo, F., Di Gregorio, L., Congestri, R., Tandoi, V. and Rossetti, S. (2018) Biofilm growth and control
in cooling water industrial systems. FEMS Microbiology Ecology 94(5).

Di Rienzi, S.C., Sharon, I., Wrighton, K.C., Koren, O., Hug, L.A., Thomas, B.C., Goodrich, J.K., Bell, ].T.,
Spector, T.D. and Banfield, J.F. (2013) The human gut and groundwater harbor non-photosynthetic
bacteria belonging to a new candidate phylum sibling to Cyanobacteria. Elife 2, e01102.

Dilger, T., Melzl, H. and Gessner, A. (2016) Rapid and reliable identification of waterborne Legionella
species by MALDI-TOF mass spectrometry. Journal of Microbiological Methods 127, 154-159.

Dubois, M., Gilles, K.A., Hamilton, J.K., Rebers, P.t. and Smith, F. (1956) Colorimetric method for
determination of sugars and related substances. Analytical chemistry 28(3), 350-356.

ECDC (2019) Legionnaires’ disease. https://ecdc.europa.eu/en/legionnaires-disease.

Edwards, M., Dudi A., (2004) Role of chlorine and chloramine in corrosion of lead-bearing plumbing
materials. American Water Works Association. 96(10):69-81.

ESCMID (2017) European Technical Guidelines for the Prevention, Control and Investigation, of Infections
Caused by Legionella Species. European Centre for Disease Prevention and Control (ECDC).

European Commission (2001) Reference Document on the Application of Best Available Techniques to
Industrial Cooling Systems.

European Commission (2015) Review of methods for the rapid identification of pathogens in water samples.

European Commission (2018) Water abstracted by sector of use.
https://ec.europa.eu/eurostat/web/products-datasets/-/ten00006

European Commission (2020) Eurostat, https://ec.europa.eu/eurostat/data/database.

Fang, W., Hu, J.Y., Ong, S.L. (2009) Influence of phosphorus on biofilm formation in model drinking water
distribution systems. Journal of Applied Microbiology 106(4):1328-1335.

Farahani, M.H., Borghei, S.M. and Vatanpour, V. (2016) Recovery of cooling tower blowdown water for
reuse: The investigation of different types of pretreatment prior nanofiltration and reverse osmosis.
Journal of Water Process Engineering 10, 188-199.

Farenhorst, A., Li, R., Jahan, M., Tun, H.M., Mj, R., Amarakoon, I., Kumar, A. and Khafipour, E. (2017)
Bacteria in drinking water sources of a First Nation reserve in Canada. Science of The Total Environment
575, 813-819.

Farhat, N.M., Vrouwenvelder, J.S., Van Loosdrecht, M.C.M., Bucs, S.S. and Staal, M. (2016) Effect of water
temperature on biofouling development in reverse osmosis membrane systems. Water Research 103, 149-
159.

Farhat, N., Hammes, F., Prest, E., Vrouwenvelder, J. (2018a) A uniform bacterial growth potential assay for
different water types. Water Research 142:227-235.

Farhat, N.M., Loubineaud, E., Prest, E.L.E.C., El-Chakhtoura, ]., Salles, C., Bucs, S.S., Trampé, J., Van den
Broek, W.B.P., Van Agtmaal, J.M.C., Van Loosdrecht, M.C.M. et al. (2018b) Application of
monochloramine for wastewater reuse: Effect on biostability during transport and biofouling in RO
membranes. Journal of Membrane Science 551:243-253.

Felz, S., Al-Zuhairy, S., Aarstad, O.A., van Loosdrecht, M.C. and Lin, Y.M. (2016) Extraction of structural
extracellular polymeric substances from aerobic granular sludge. Journal of Visualized Experiments 115,
e54534.

Felz, S., Vermeulen, P., van Loosdrecht, M.C. and Lin, Y.M. (2019) Chemical characterization methods for
the analysis of structural extracellular polymeric substances (EPS). Water Research 157, 201-208.

Fields, B.S., Shotts, E.B., Jr., Feeley, ].C., Gorman, G.W. and Martin, W.T. (1984) Proliferation of Legionella
pneumophila as an intracellular parasite of the ciliated protozoan Tetrahymena pyriformis. Applied and
Environmental Microbiology 47(3), 467-471.

Fong, ].N.C,, Yildiz, F.H. (2015) Biofilm Matrix Proteins. Microbiology Spectrum 3(2):10.1128.

Fonseca, M.V. and Swanson, M.S. (2014) Nutrient salvaging and metabolism by the intracellular pathogen
Legionella pneumophila. Frontiers in Cellular and Infection Microbiology 4, 12-12.

Flemming, H.-C., Neu, T.R. and Wozniak, D.J. (2007) The EPS matrix: the “house of biofilm cells”. Journal
of bacteriology 189(22), 7945-7947.

120



Flemming, H.-C., Wingender, J., Szewzyk, U, Steinberg, P., Rice, S.A. and Kjelleberg, S. (2016) Biofilms:
an emergent form of bacterial life. Nature Reviews Microbiology 14(9), 563.

Frayne, C. (1999) Cooling water treatment: Principles and practice, Chemical Publishing Company New
York.

Gaines, W.A,, Kim, B., Drews, A., Bailey, C. and Loch, T. (2007) Controlling Cooling Water Quality by
Hydrodynamic Cavitation. Proceedings of the Water Environment Federation 113, 538-545.

Ganss, B., Hoffmann, W. (1993) Calcium binding to sialic acids and its effect on the conformation of
ependymins. Journal of Biochemistry 217, 275-280.
Ganzert, L., Bajerski, F. and Wagner, D. (2014) Bacterial community composition and diversity of five
different permafrost-affected soils of Northeast Greenland. FEMS Microbiology Ecology 89(2), 426-441.
Garcia, S., Trueba, A., Vega, L.M. and Madariaga, E. (2016) Impact of the surface roughness of AISI 316L
stainless steel on biofilm adhesion in a seawater-cooled tubular heat exchanger-condenser. Biofouling
32(10), 1185-1193.

Gomez-Alvarez, V., Revetta, R.P. and Santo Domingo, ].W. (2012) Metagenomic analyses of drinking water
receiving different disinfection treatments. Applied and Environmental Microbiology 78(17), 6095-6102.

Groot, C.K,, van den Broek, W.B.P., Loewenberg, J., Koeman-Stein, N., Heidekamp, M. and de Schepper,
W. (2015) Mild desalination of various raw water streams. Water Science and Technology 72(3), 371-376.

Guerrero, R., Piqueras, M., Berlanga, M. (2002) Microbial mats and the search for minimal ecosystems.
International Microbiology 5(4):177-188.

Guerrieri, E., Marchesi, I., Bondi, M. and Messi, P. (2005) Water ecology of Legionella and protozoan:
Environmental and public health perspectives. Biotechnology annual review 11, 355-380.

Groshart, C. and Balk, F. (2003) Harmonisation of Environmental Emission Scenarios for biocides used as
preservatives for liquid cooling systems (product type 11). European commission - Royal Haskoning.

Hammes, F., Berney, M., Wang, Y., Vital, M., Koster, O. and Egli, T. (2008) Flow-cytometric total bacterial
cell counts as a descriptive microbiological parameter for drinking water treatment processes. Water
Research 42(1), 269-277.

Hauer, T. (2010) Phototrophic biofilms on the interior walls of concrete Iterson-type cooling towers.
Journal of applied phycology 22(6), 733-736.

Hancock, V., Witsg, I.L., Klemm, P. (2011) Biofilm formation as a function of adhesin, growth medium,
substratum and strain type. International Journal of Medical Microbiology 301(7):570-576.

Harduin-Lepers, A., Mollicone, R., Delannoy, P., Oriol, R. (2005) The animal sialyltransferases and
sialyltransferase-related genes: A phylogenetic approach. Glycobiology 15, 805-817.

He, J., Wang, W, Shi, R., Zhang, W, Yang, X., Shi, W, Cui, F. (2018) High speed water purification and
efficient phosphate rejection by active nanofibrous membrane for microbial contamination and regrowth
control. Chemical Engineering Journal 337:428-435.

Helmi, K., David, F., Di Martino, P., Jaffrezic, M.-P. and Ingrand, V. (2018) Assessment of flow cytometry
for microbial water quality monitoring in cooling tower water and oxidizing biocide treatment efficiency.
Journal of Microbiological Methods 152, 201-209.

Hensley, ]J.C. (1985) Cooling tower fundamentals, Marley Cooling Tower Company.

Henson, M.W., Lanclos, V.C., Faircloth, B.C. and Thrash, J.C. (2018) Cultivation and genomics of the first
freshwater SAR11 (LD12) isolate. The ISME Journal 12(7), 1846-1860.

Hessen, D.O., Anderson, T.R. (2008) Excess Carbon in Aquatic Organisms and Ecosystems: Physiological,
Ecological, and Evolutionary Implications. Limnology and Oceanography. 53(4):1685-1696.

Hijnen, W.A.M., Biraud, D., Cornelissen, E.R., Kooij, D. (2009) Threshold concentration of easily
assimilable organic carbon in feedwater for biofouling of spiral-wound membranes. Environmental
Science and Technology. 43 13, 4890-4895.

Hijnen, W.A.M., Schultz, F., Harmsen, D.J.H., Brouwer-Hanzens, A.H., van der Wielen, P.W.].]. and
Cornelissen, E.R. (2016) Calcium removal by softening of water affects biofilm formation on PVC, glass
and membrane surfaces. Water Supply 16(4), 888-895.

121



Hill, G.B., Pring, E. and Osborn, P.D. (2013) Cooling towers: principles and practice, Butterworth-
Heinemann.

Hoa, P., Nair, L., Visvanathan, C. (2003) The effect of nutrients on extracellular polymeric substance
production and its influence on sludge properties. Water SA 29(4):437-442.

Holtan, H., Kamp-Nielsen, L., Stuanes, A.O. (1988) Phosphorus in soil, water and sediment: an overview.
Hydrobiologia 170(1):19-34.

Hori, K., Matsumoto, S. (2010) Bacterial adhesion: From mechanism to control. Biochemical Engineering
Journal 48(3):424-434.

Hotrum, N.E., de Jong, P., Akkerman, J.C., Fox, M.B. (2015) Pilot scale ultrasound enabled plate heat
exchanger—its design and potential to prevent biofouling. Journal of Food Engineering 153, 81-88.

Hsieh, M.-K., Dzombak, D.A. and Vidic, R.D. (2010) Effect of Tolyltriazole on the Corrosion Protection of
Copper against Ammonia and Disinfectants in Cooling Systems. Industrial & Engineering Chemistry
Research 49(16), 7313-7322.

Hu, W., Niu, H., Murata, K., Wu, Z., Hu, M., Kojima, T. and Zhang, D. (2018) Bacteria in atmospheric
waters: Detection, characteristics and implications. Atmospheric Environment 179, 201-221.

Hua, P., Vasyukova, E. and Uhl, W. (2015) A variable reaction rate model for chlorine decay in drinking
water due to the reaction with dissolved organic matter. Water Research 75, 109-122.

Janknecht, P. and Melo, L.F. (2003) Online Biofilm Monitoring. Reviews in Environmental Science and
Biotechnology 2(2), 269-283.

Ji, P., Parks, J., Edwards, M.A. and Pruden, A. (2015) Impact of water chemistry, pipe material and
stagnation on the building plumbing microbiome. PloS one 10(10), e0141087.

Jia, R., Unsal, T., Xu, D., Lekbach, Y. and Gu, T. (2019) Microbiologically influenced corrosion and current
mitigation strategies: A state of the art review. International Biodeterioration & Biodegradation 137, 42-
58.

Jjemba, P.K., Johnson, W., Bukhari, Z. and LeChevallier, M.W. (2015) Occurrence and Control of
Legionella in Recycled Water Systems. Pathogens 4(3), 470-502.

Kaplan, J.B. (2010) Biofilm dispersal: mechanisms, clinical implications, and potential therapeutic uses.
Journal of dental research 89(3), 205-218.

Katra, I., Gross, A., Swet, N., Tanner, S., Krasnov, H., Angert, A. (2016) Substantial dust loss of bioavailable
phosphorus from agricultural soils. Scientific reports 6(1):1-7.

Kaur, A,, Rishi, V., Soni, S.K., Rishi, P. (2020) A novel multi-enzyme preparation produced from aspergillus
niger using biodegradable waste: A possible option to combat heterogeneous biofilms. AMB Express 10,
36.

Keindnen, M.M., Korhonen, L.K., Lehtola, M.]., Miettinen, I.T., Martikainen, P.]., Vartiainen, T., Suutari,
M.H. (2002) The Microbial Community Structure of Drinking Water Biofilms Can Be Affected by
Phosphorus Availability. Applied and Environmental Microbiology 68(1):434-439.

Keshtkar, M.M. (2017) Performance analysis of a counter flow wet cooling tower and selection of optimum
operative condition by MCDM-TOPSIS method. Applied Thermal Engineering 114, 776-784.

Kilvington, S. and Price, J. (1990) Survival of Legionella pneumophila within cysts of Acanthamoeba
polyphaga following chlorine exposure. Journal of Applied Bacteriology 68(5), 519-525.

Kim, W.T., Cho, Y.I. and Bai, C. (2001) Effect of electronic anti-fouling treatment on fouling mitigation
with circulating cooling-tower water. International Communications in Heat and Mass Transfer 28(5),
671-680.

Kim, L.H., Kim, S.-J., Kim, C.-M., Shin, M.S., Kook, S., Kim, I.S. (2013) Effects of enzymatic treatment on
the reduction of extracellular polymeric substances (eps) from biofouled membranes. Desalination and
Water Treatment 51, 6355-6361.

Kim, C.-M., Kim, S.-J., Kim, L.H., Shin, M.S., Yu, H.-W, Kim, L.S. (2014) Effects of phosphate limitation in
feed water on biofouling in forward osmosis (FO) process. Desalination 349:51-59.

Kim, C. and Ndegwa, E. (2018) Influence of pH and temperature on growth characteristics of leading
foodborne pathogens in a laboratory medium and select food beverages. Austin Food Sciences.

122



Kleikamp, H.B.C,, Lin, Y.M., McMillan, D.G.G., Geelhoed, ].S., Naus-Wiezer, S.N.H., van Baarlen, P., Saha,
C., Louwen, R., Sorokin, D.Y., van Loosdrecht, M.C.M., et al. (2020) Tackling the chemical diversity of
microbial nonulosonic acids — a universal large-scale survey approach. Chemical Science 11, 3074-3080.

Kleiner, M., Thorson, E., Sharp, C.E., Dong, X., Liu, D., Li, C. and Strous, M. (2017) Assessing species
biomass contributions in microbial communities via metaproteomics. Nature Communications 8(1), 1558.

Knirel, Y.A., Shashkov, A.S., Tsvetkov, Y.E., Jansson, P.E., Zahringer, U. (2003) 5,7-diamino-3,5,7,9-
tetradeoxynon-2-ulosonic acids in bacterial glycopolymers: Chemistry and biochemistry. Advances in
Carbohydrate Chemistry and Biochemistry 58, 371-417.

Koeman-Stein, N.E., Creusen, R.J.M., Zijlstra, M., Groot, C.K. and van den Broek, W.B.P. (2016) Membrane
distillation of industrial cooling tower blowdown water. Water Resources and Industry 14, 11-17.

Koide, M., Higa, F., Tateyama, M., Cash, H.L., Hokama, A. and Fujita, J. (2014) Role of Brevundimonas
vesicularis in supporting the growth of Legionella in nutrient-poor environments. The new
microbiologica 37(1), 33-39. Lee, J., Lee, C.S., Hugunin, K.M., Maute, C.J. and Dysko, R.C. (2010) Bacteria
from drinking water supply and their fate in gastrointestinal tracts of germ-free mice: A phylogenetic
comparison study. Water Research 44(17), 5050-5058.

Korstgens, V., Flemming, H.-C., Wingender, J. and Borchard, W. (2001) Influence of calcium ions on the
mechanical properties of a model biofilm of mucoid Pseudomonas aeruginosa. Water Science and
Technology 43(6), 49-57.

Krulwich, T.A., Sachs, G. and Padan, E. (2011) Molecular aspects of bacterial pH sensing and homeostasis.
Nature reviews. Microbiology 9(5), 330-343.

Kusnetsov, .M., Tulkki, A.I,, Ahonen, H.E. and Martikainen, P.]J. (1997) Efficacy of three prevention
strategies against legionella in cooling water systems. Journal of Applied Microbiology 82(6), 763-768.

Lau, H.Y. and Ashbolt, N.J. (2009) The role of biofilms and protozoa in Legionella pathogenesis:
implications for drinking water. Journal of Applied Microbiology 107(2), 368-378.

Lauber, C.L., Hamady, M., Knight, R., Fierer, N. (2009) Pyrosequencing-based assessment of soil pH as a
predictor of soil bacterial community structure at the continental scale. Applied Environmental
Microbiology 75(15), 5111-5120.

Lehtola, M.]., Miettinen, I.T., Martikainen, P.]. (2002) Biofilm formation in drinking water affected by low
concentrations of phosphorus. Canadian Journal of Microbiology 48(6):494-499.

Lewis, A.L., Desa, N., Hansen, E.E., Knirel, Y.A., Gordon, ].I., Gagneux, P., Nizet, V., Varki, A. (2009)
Innovations in host and microbial sialic acid biosynthesis revealed by phylogenomic prediction of
nonulosonic acid structure. Proceedings of the National Academy of Sciences 106, 13552.

Li, S., Wang, C, Qin, H., Li, Y., Zheng, ]., Peng, C,, Li, D. (2016) Influence of phosphorus availability on
the community structure and physiology of cultured biofilms. Journal of Environmental Sciences 42:19-
31.

Li, R., Tun, H,, Jahan, M., Zhang, Z., Kumar, A., Fernando, D., Farenhorst, A. and Khafipour, E. (2017)
Comparison of DNA-, PMA-, and RNA-based 16S rRNA Illumina sequencing for detection of live bacteria
in water. Scientific Reports 7, 5752.

Li, J., Nickel, R., Wu, J., Lin, F., van Lierop, J. and Liu, S. (2019) A new tool to attack biofilms: driving
magnetic iron-oxide nanoparticles to disrupt the matrix. Nanoscale 11(14), 6905-6915.

Ling, A.C. and Lund, D.B. (1978) Apparatus for studying fouling of heated surfaces by biological fluids.
Journal of Food Science 43(2), 390-403.

Ling, F., Whitaker, R., LeChevallier, M.W. and Liu, W.-T. (2018) Drinking water microbiome assembly
induced by water stagnation. The ISME journal 12(6), 1520-1531.

Little, B.J., Hinks, J. and Blackwood, D.J. (2020) Microbially influenced corrosion: Towards an
interdisciplinary perspective on mechanisms. International Biodeterioration & Biodegradation 154,
105062.

Llewellyn, A.C., Lucas, C.E., Roberts, S.E., Brown, E.-W., Nayak, B.S., Raphael, B.H. and Winchell, ].M.
(2017) Distribution of Legionella and bacterial community composition among regionally diverse US
cooling towers. PloS one 12(12), e0189937.

Llirés, M., Inceoglu, O., Garcia-Armisen, T., Anzil, A., Leporcq, B., Pigneur, L.-M., Viroux, L.,

123



Darchambeau, F., Descy, J.-P. and Servais, P. (2014) Bacterial community composition in three freshwater
reservoirs of different alkalinity and trophic status. PloS one 9(12), e116145-e116145.

Luo, L.-W., Wu, Y.-H,, Yu, T., Wang, Y.-H., Chen, G.-Q., Tong, X., Bai, Y., Xu, C., Wang, H.-B., Ikuno, N.
and Hu, H.-Y. (2021) Evaluating method and potential risks of chlorine-resistant bacteria (CRB): A
review. Water Research 188, 116474.

Lv, Z,, Cai, J., Sun, W. and Wang, L. (2018) Analysis and optimization of open circulating cooling water
system. Water 10(11), 1592.

Mahowald, N., Jickells, T.D., Baker, A.R., Artaxo, P., Benitez-Nelson, C.R., Bergametti, G., Bond, T.C,,
Chen, Y., Cohen, D.D., Herut, B. (2008) Global distribution of atmospheric phosphorus sources,
concentrations and deposition rates, and anthropogenic impacts. Global Biogeochemical Cycles 22(4).

Manz, W., Kalmbach, S. and Szewzyk, U. (2015) Incertae Sedis I. Aquabacterium. Bergey's Manual of
Systematics of Archaea and Bacteria, 1-6.

Matson, ].V. and Harris, T.G. (1979) Zero Discharge of Cooling Water by Sidestream Softening. Water
Pollution Control Federation 51(11), 2602-2614.

Matz, C. and Kjelleberg, S. (2005) Off the hook — how bacteria survive protozoan grazing. Trends in
Microbiology 13(7), 302-307.

Matz, C., Moreno, A.M., Alhede, M., Manefield, M., Hauser, A.R., Givskov, M. and Kjelleberg, S. (2008)
Pseudomonas aeruginosa uses type III secretion system to kill biofilm-associated amoebae. The ISME
journal 2(8), 843-852.

Meesters, K., Van Groenestijn, J., Gerritse, J. (2003) Biofouling reduction in recirculating cooling systems
through biofiltration of process water. Water research 37(3):525-532.

Mei, R., Narihiro, T., Nobu, M.K., Kuroda, K. and Liu, W.-T. (2016) Evaluating digestion efficiency in full-
scale anaerobic digesters by identifying active microbial populations through the lens of microbial
activity. Scientific reports 6, 34090-34090.

Melo, L.F. and Bott, T.R. (1997) Biofouling in water systems. Experimental Thermal and Fluid Science
14(4), 375-381.

Melo, L., Flemming, H.].T., and Francis Group, A.F. (2010) Mechanistic aspects of heat exchanger and
membrane biofouling and prevention. The Science and Technology of Industrial Water Treatment.

Melo, L., Bott, T., Fletcher, M. and Capdeville, B. (2012) Biofilms-science and technology. Springer Science
& Business Media.

Miettinen, I.T., Vartiainen, T., Martikainen, P.J. (1997) Phosphorus and bacterial growth in drinking water.
Applied and Environmental Microbiology 63(8):3242-3245.

Milosavljevic, N. and Heikkild, P. (2001) A comprehensive approach to cooling tower design. Applied
thermal engineering 21(9), 899-915.

Mir, J., Morato, J. and Ribas, F. (1997) Resistance to chlorine of freshwater bacterial strains. Journal of
Applied Microbiology 82(1), 7-18.

Molmeret, M., Horn, M., Wagner, M., Santic, M. and Kwaik, Y.A. (2005) Amoebae as training grounds for
intracellular bacterial pathogens. Applied and Environmental Microbiology 71(1), 20-28.

Molofsky, A.B. and Swanson, M.S. (2004) Differentiate to thrive: lessons from the Legionella pneumophila
life cycle. Molecular Microbiology 53(1), 29-40.

Murga, R., Forster, T.S., Brown, E., Pruckler, ].M., Fields, B.S. and Donlan, R.M. (2001) Role of biofilms in
the survival of Legionella pneumophila in a model potable-water system. Microbiology 147(11), 3121-
3126.

Murphy, J., Riley, J.P. (1962) A modified single solution method for the determination of phosphate in
natural waters. Analytica chimica acta 27:31-36.

Nagaraj, V., Skillman, L., Ho, G., Li, D. and Gofton, A. (2017) Characterisation and comparison of bacterial

communities on reverse osmosis membranes of a full-scale desalination plant by bacterial 16S rRNA gene
metabarcoding. npj Biofilms and Microbiomes 3(1), 13.

124



Nahar, S., Mizan, M.F.R., Ha, A.J.-w., Ha, S.-D. (2018) Advances and future prospects of enzyme-based
biofilm prevention approaches in the food industry. Comprehensive Reviews in Food Science and Food
Safety 17, 1484-1502.

National Academies of Sciences, Engineering, and Medicine (2020). Management of Legionella in water
systems. National Academies Press.

Nguyen, T., Roddick, F.A. and Fan, L. (2012) Biofouling of water treatment membranes: a review of the
underlying causes, monitoring techniques and control measures. Membranes 2(4), 804-840.

Obana, N., Nakamura, K. and Nomura, N. (2020) Temperature-regulated heterogeneous extracellular
matrix gene expression defines biofilm morphology in Clostridium perfringens. npj Biofilms and
Microbiomes 6(1), 29.

Oesterholt, F. (2013) Arbo-Informatieblad 32.

Ohno, A., Kato, N., Yamada, K. and Yamaguchi, K. (2003) Factors Influencing Survival of Legionella
pneumophila Serotype 1 in Hot Spring Water and Tap Water. Applied and Environmental Microbiology
69(5), 2540.

Padan, E., Bibi, E., Ito, M. and Krulwich, T.A. (2005) Alkaline pH homeostasis in bacteria: new insights.
Biochimica et Biophysica Acta — Biomembranes 1717(2), 67-88.

Padhi, R.K., Subramanian, S. and Satpathy, K.K. (2019) Formation, distribution, and speciation of DBPs
(THMs, HAAs, C1O2-, and C103-) during treatment of different source water with chlorine and chlorine
dioxide. Chemosphere 218, 540-550.

Paul, E., Ochoa, ]J.C., Pechaud, Y., Liu, Y. and Liné, A. (2012) Effect of shear stress and growth conditions
on detachment and physical properties of biofilms. Water Research 46(17), 5499-5508.

Pagnier, I., Merchat, M., Raoult, D. and La Scola, B. (2009) Emerging Mycobacteria spp. in cooling towers.
Emerging infectious diseases 15(1), 121-122.

Pang, C.M. and Liu, W.-T. (2007) Community Structure Analysis of Reverse Osmosis Membrane Biofilms
and the Significance of Rhizobiales Bacteria in Biofouling. Environmental science & technology 41(13),
4728-4734.

Paranjape, K., Bédard, E, Shetty, D., Hu, M., Choon, F.C.P., Prévost, M. and Faucher, S.P. (2020a)
Unravelling the importance of the eukaryotic and bacterial communities and their relationship with
Legionella spp. ecology in cooling towers: a complex network. Microbiome 8(1), 157.

Paranjape, K., Bédard, E, Whyte, L.G., Ronholm, J., Prévost, M. and Faucher, S.P. (2020b) Presence of
Legionella spp. in cooling towers: the role of microbial diversity, Pseudomonas, and continuous chlorine
application. Water Research 169, 115252.

Park, J., Church, J., Son, Y., Kim, K.-T. and Lee, W.H. (2017) Recent advances in ultrasonic treatment:
Challenges and field applications for controlling harmful algal blooms (HABs). Ultrasonics Sonochemistry
38, 326-334.

Parry, J.D. (2004) Protozoan grazing of freshwater biofilms. Advances in applied microbiology 54, 167-196.

Paschke, A., Schaible, U.E. and Hein, W. (2019) Legionella transmission through cooling towers: towards
better control and research of a neglected pathogen. The Lancet Respiratory Medicine 7(5), 378-380.

Pereira, R.P., Peplies, ]., Hofle, M.G. and Brettar, I. (2017) Bacterial community dynamics in a cooling
tower with emphasis on pathogenic bacteria and Legionella species using universal and genus-specific
deep sequencing. Water Research 122:363-376.

Pereira, R.P.A., Peplies, J., Mushi, D., Brettar, I. and Hofle, M.G. (2018) Pseudomonas-Specific NGS Assay
Provides Insight Into Abundance and Dynamics of Pseudomonas Species Including P. aeruginosa in a
Cooling Tower. Frontiers in Microbiology 9, 1958-1958.

Phe, M.H., Hajj Chehade, M., Guilloteau, H., Merlin, C. and Block, J.C. (2009) Assessment of Damage to
Nucleic Acids and Repair Machinery in Salmonella typhimurium Exposed to Chlorine. International
journal of microbiology 2009, 201868-201868.

Pinel, I.S.M., Moed, D.H., Vrouwenvelder, J.S. and van Loosdrecht, M.C.M. (2020a) Bacterial community
dynamics and disinfection impact in cooling water systems. Water Research 172, 115505.

125



Pinel, I.S.M., Kim, L.H., Proenca Borges, V.R., Farhat, N.M., Witkamp, G.-J., van Loosdrecht, M.C.M. and
Vrouwenvelder, ].S. (2020b) Effect of phosphate availability on biofilm formation in cooling towers.
Biofouling 36(7), 800-815.

Pollock, T. and Armentrout, R. (1999) Planktonic/sessile dimorphism of polysaccharide-encapsulated
sphingomonads. Journal of Industrial Microbiology and Biotechnology 23(4-5), 436-441.

Poretsky, R., Rodriguez-R, L.M., Luo, C., Tsementzi, D. and Konstantinidis, K.T. (2014) Strengths and
Limitations of 16S rRNA Gene Amplicon Sequencing in Revealing Temporal Microbial Community
Dynamics. PloS one 9(4), e93827.

Prest, E.I., Hammes, F., Kotzsch, S., van Loosdrecht, M.C. and Vrouwenvelder, ].S. (2013) Monitoring
microbiological changes in drinking water systems using a fast and reproducible flow cytometric method.
Water Research 47(19), 7131-7142.

Prest, E.I, El-Chakhtoura, J., Hammes, F., Saikaly, P.E., van Loosdrecht, M.C.M. and Vrouwenvelder, ].S.
(2014) Combining flow cytometry and 16S rRNA gene pyrosequencing: A promising approach for
drinking water monitoring and characterization. Water Research 63, 179-189.

Prest, E.I., Weissbrodt, D.G., Hammes, F., van Loosdrecht, M.C.M. and Vrouwenvelder, ].S. (2016a) Long-
Term Bacterial Dynamics in a Full-Scale Drinking Water Distribution System. PloS one 11(10), e0164445.

Prest, E.I., Hammes, F., Kotzsch, S., van Loosdrecht, M.C.M., Vrouwenvelder, J.S. (2016b) A systematic
approach for the assessment of bacterial growth-controlling factors linked to biological stability of
drinking water in distribution systems. Water Science and Technology: Water Supply 16(4):865-880.

Prussin II, A.J., Schwake, D.O., Marr, L.C. (2017) Ten questions concerning the aerosolization and
transmission of Legionella in the built environment. Journal of Building and Environment 123, 684-695.

Rahmani, K., Jadidian, R. and Haghtalab, S. (2016) Evaluation of inhibitors and biocides on the corrosion,
scaling and biofouling control of carbon steel and copper—nickel alloys in a power plant cooling water
system. Desalination 393, 174-185.

Rao, T.S., Kora, A.]J., Anupkumar, B., Narasimhan, S.V. and Feser, R. (2005) Pitting corrosion of titanium
by a freshwater strain of sulphate reducing bacteria (Desulfovibrio vulgaris). Corrosion Science 47(5),
1071-1084.

Rao, T.S., Kora, A.J., Chandramohan, P., Panigrahi, B.S. and Narasimhan, S.V. (2009) Biofouling and
microbial corrosion problem in the thermo-fluid heat exchanger and cooling water system of a nuclear
test reactor. Biofouling 25(7), 581-591.

Recupido, F., Toscano, G., Tate, R., Petala, M., Caserta, S., Karapantsios, T.D. and Guido, S. (2020) The role
of flow in bacterial biofilm morphology and wetting properties. Colloids and Surfaces B: Biointerfaces
192, 111047.

Ricketts, K.D., Joseph, C.A., Lee, ].V. and Wilkinson, P. (2012) Wet cooling systems as a source of sporadic
Legionnaires' disease: a geographical analysis of data for England and Wales, 1996-2006. Journal of
epidemiology and community health 66(7), 618-623.

RIVM (2018) Natte koeltorens. https://www.atlasleefomgeving.nl/nattekoeltorens.

Roeselers, G., van Loosdrecht, M.C.M., Muyzer, G. (2008) Phototrophic biofilms and their potential
applications. Journal of applied phycology 20(3):227-235.

Roeselers, G., Norris, T.B., Castenholz, R.W., Rysgaard, S., Glud, R.N., Kithl, M., Muyzer, G. (2007)
Diversity of phototrophic bacteria in microbial mats from Arctic hot springs (Greenland). Environmental
Microbiology 9(1):26-38.

Romani, M., Carrion, C., Fernandez, F., Intertaglia, L., Pecqueur, D., Lebaron, P. and Lami, R. (2019) High
bacterial diversity in pioneer biofilms colonizing ceramic roof tiles. International Biodeterioration &
Biodegradation 144, 104745.

Romano, S., Schulz-Vogt, H.N., Gonzdlez, ]. M., Bondarev, V. (2015) Phosphate Limitation Induces Drastic
Physiological Changes, Virulence-Related Gene Expression, and Secondary Metabolite Production in
Pseudovibrio sp. Strain FO-BEG1. Applied Environmental Microbiology 81(10):3518-3528.

Rossi, F., De Philippis, R. (2015) Role of cyanobacterial exopolysaccharides in phototrophic biofilms and in
complex microbial mats. Life (Basel) 5(2):1218-1238.

126



Rossolini, G. and Mantengoli, E. (2005) Treatment and control of severe infections caused by multiresistant
Pseudomonas aeruginosa. Clinical Microbiology and infection 11, 17-32.

Russell, J.B., Cook, G.M. (1995) Energetics of bacterial growth: balance of anabolic and catabolic reactions.
Microbiology Reviews 59(1):48-62.

Saggu, S.K., Jha, G., Mishra, P.C (2019). Enzymatic degradation of biofilm by metalloprotease from
microbacterium sp. SKS10. Frontiers in Bioengineering and Biotechnology 7.

Salcher, M.M., Pernthaler, J. and Posch, T. (2011) Seasonal bloom dynamics and ecophysiology of the
freshwater sister clade of SAR11 bacteria ‘that rule the waves’ (LD12). The ISME Journal 5, 1242.

Samaddar, S., Chatterjee, P., Truu, J., Anandham, R., Kim, S., Sa, T. (2019) Long-term phosphorus limitation
changes the bacterial community structure and functioning in paddy soils. Applied Soil Ecology 134:111-
115.

Sanawar, H., Pinel, 1., Farhat, N., Bucs, S.S., Zlopasa, J., Kruithof, ]., Witkamp, G., van Loosdrecht, M.C.M.,
Vrouwenvelder, J.S. (2018) Enhanced biofilm solubilization by urea in reverse osmosis membrane
systems. Water research X 1:100004.

Sanawar, H., Siddiqui, A., Bucs, S.S., Farhat, N., van Loosdrecht, M.C.M., Kruithof, J., Vrouwenvelder, J.
(2017) Applicability of short-term accelerated biofouling studies to predict long-term biofouling in
reverse osmosis membrane systems. Desalination and Water Treatment 97:72-78.

Sandu, C., Fulmer, D., Nguyen, K., Guo, K., Felipe, B. (2016) Non-phosphorus corrosion inhibitor optimizes
cooling tower uptime for environmental compliance. Hydrocarbon Processing.

Sauer, J.-D., Bachman, M.A. and Swanson, M.S. (2005) The phagosomal transporter A couples threonine
acquisition to differentiation and replication of Legionella pneumophila in macrophages. Proceedings of
the National Academy of Sciences of the United States of America 102(28), 9924-9929.

Saunders, A.M., Albertsen, M., Vollertsen, J. and Nielsen, P.H. (2015) The activated sludge ecosystem
contains a core community of abundant organisms. The ISME Journal 10, 11.

Schoenhofen, I.C., Vinogradov, E., Whitfield, D.M., Brisson, J.-R., Logan, S.M. (2009) The cmp-
legionaminic acid pathway in campylobacter: Biosynthesis involving novel gdp-linked precursors.
Glycobiology 19, 715-725.

Schulze, C., Raabe, B., Herrmann, C. and Thiede, S. (2018) Environmental Impacts of Cooling Tower
Operations — The Influence of Regional Conditions on Energy and Water Demands. Procedia CIRP 69,
277-282.

Sczyrba, A., Hofmann, P., Belmann, P., Koslicki, D., Janssen, S., Droge, ]., Gregor, L., [...] (2017) Critical
Assessment of Metagenome Interpretation—a benchmark of metagenomics software. Nature Methods
14(11), 1063-1071.

Seviour, T., Derlon, N., Dueholm, M.S., Flemming, H.-C., Girbal-Neuhauser, E., Horn, H., Kjelleberg, S.,
van Loosdrecht, M.C.M., Lotti, T., Malpei, M.F., Nerenberg, R., Neu, T.R., Paul, E,, Yu, H. and Lin, Y.
(2019) Extracellular polymeric substances of biofilms: Suffering from an identity crisis. Water Research
151, 1-7.

Sharma, P. (2014) Microbiological-Influenced Corrosion Failure of a Heat Exchanger Tube of a Fertilizer
Plant. Journal of Failure Analysis and Prevention 14(3), 314-317.

Shaw, J.L.A., Monis, P., Weyrich, L.S., Sawade, E., Drikas, M. and Cooper, A.]J. (2015) Using Amplicon
Sequencing To Characterize and Monitor Bacterial Diversity in Drinking Water Distribution Systems.
Applied and Environmental Microbiology 81(18), 6463-6473.

Siddiqui, A., Pinel, L., Prest, E., Bucs, S., van Loosdrecht, M., Kruithof, J. and Vrouwenvelder, ].S. (2017)
Application of DBNPA dosage for biofouling control in spiral wound membrane systems. Desalination
and Water Treatment 68, 12-22.

Smith, E.M., Prairie, Y.T. (2004) Bacterial metabolism and growth efficiency in lakes: The importance of
phosphorus availability. Limnology and Oceanography 49(1):137-147

Song, Y., Mao, G., Gao, G., Bartlam, M. and Wang, Y. (2019) Resistance and resilience of representative
low nucleic acid-content bacteria to free chlorine exposure. Journal of Hazardous Materials 365, 270-279.

Soo, R.M., Skennerton, C.T., Sekiguchi, Y., Imelfort, M., Paech, S.J., Dennis, P.G., Steen, J.A., Parks, D.H.,
Tyson, G.W. and Hugenholtz, P. (2014) An Expanded Genomic Representation of the Phylum

127



Cyanobacteria. Genome Biology and Evolution 6(5), 1031-1045.

Stafford, G., Roy, S., Honma, K., Sharma, A. (2012) Sialic acid, periodontal pathogens and tannerella
forsythia: Stick around and enjoy the feast! Molecular Oral Microbiology 27, 11-22.

States, S.J., Conley, L.F., Towner, S.G., Wolford, R.S., Stephenson, T.E., McNamara, A.M., Wadowsky, R.M.
and Yee, R.B. (1987) An alkaline approach to treating cooling towers for control of Legionella
pneumophila. Applied and Environmental Microbiology 53(8), 1775-1779.

Sun, W, Liu, W., Cui, L., Zhang, M. and Wang, B. (2013) Characterization and identification of a chlorine-
resistant bacterium, Sphingomonas TS001, from a model drinking water distribution system. Science of
The Total Environment 458-460, 169-175.

Stewart, P.S. (2003) Diffusion in biofilms. Journal of bacteriology 185(5), 1485-1491.

Stiefel, P., Mauerhofer, S., Schneider, J., Maniura-Weber, K., Rosenberg, U., Ren, Q. (2016) Enzymes
enhance biofilm removal efficiency of cleaners. Antimicrobial Agents and Chemotherapy 60, 3647-3652.

Sweity, A., Oren, Y., Ronen, Z. and Herzberg, M. (2013) The influence of antiscalants on biofouling of RO
membranes in seawater desalination. Water Research 47(10), 3389-3398.

Tchobanoglous, G., Burton, F.L. (1991) Wastewater engineering treatment, disposal and reuse. McGraw-
Hill, Inc.

Tesh, M.]. and Miller, R.D. (1981) Amino acid requirements for Legionella pneumophila growth. Journal
of clinical microbiology 13(5), 865-869.

Tesh, M.]J., Morse, S.A. and Miller, R.D. (1983) Intermediary metabolism in Legionella pneumophila:
utilization of amino acids and other compounds as energy sources. Journal of bacteriology 154(3), 1104-
1109.

Thomas, V., McDonnell, G., Denyer, S.P. and Maillard, J.-Y. (2010) Free-living amoebae and their
intracellular pathogenic microorganisms: risks for water quality. FEMS Microbiology Reviews 34(3), 231-
259.

Tian, L., Chen, X.D., Yang, Q.P., Chen, J.C., Li, Q. and Shi, L. (2012) Effect of silica dioxide particles on the
evolution of biofouling by Bacillus subtilis in plate heat exchangers relevant to a heat pump system used
with treated sewage. Chemical Engineering Journal 188, 47-56.

Torvinen, E., Suomalainen, S., Paulin, L. and Kusnetsov, J. (2014) Mycobacteria in Finnish cooling tower
waters. Apmis 122(4), 353-358.

Trappetti, C., Kadioglu, A., Carter, M., Hayre, J., Iannelli, F., Pozzi, G., Andrew, P.W., Oggioni, M.R. (2009)
Sialic acid: A preventable signal for pneumococcal biofilm formation, colonization, and invasion of the
host. Journal of Infectious Diseases 199, 1497-1505.

Tsao, H.-F., Scheikl, U., Herbold, C., Indra, A., Walochnik, J. and Horn, M. (2019) The cooling tower water
microbiota: Seasonal dynamics and co-occurrence of bacterial and protist phylotypes. Water Research
159, 464-479.

Tiretgen, I., Cotuk, A. (2007) Monitoring of biofilm-associated Legionella pneumophila on different
substrata in model cooling tower system. Environmental Monitoring and Assessment 125(1-3):271-279.
van der Kooij, D., Hijnen, W.A.M., Kruithof, ].C. (1989) The Effects of Ozonation, Biological Filtration and
Distribution on the Concentration of Easily Assimilable Organic Carbon (AOC) in Drinking Water.

Ozone: Science & Engineering 11(3):297-311.

van der Waal, S.V. and van der Sluis, L.W.M. (2012) Potential of calcium to scaffold an endodontic biofilm,
thus protecting the micro-organisms from disinfection. Medical Hypotheses 79(1), 1-4.

Vandamme, P. and Coenye, T. (2004) Taxonomy of the genus Cupriavidus: a tale of lost and found.
International Journal of Systematic and Evolutionary Microbiology 54, 2285-2289.

Vandermaesen, J., Lievens, B. and Springael, D. (2017) Isolation and identification of culturable bacteria,
capable of heterotrophic growth, from rapid sand filters of drinking water treatment plants. Research in
Microbiology 168(6), 594-607.

Vaneechoutte, M., Kdmpfer, P., De Baere, T, Falsen, E. and Verschraegen, G. (2004) Wautersia gen. nov.,
a novel genus accommodating the phylogenetic lineage including Ralstonia eutropha and related species,
and proposal of Ralstonia [Pseudomonas] syzygii (Roberts et al. 1990) comb. nov. International Journal
of Systematic and Evolutionary Microbiology 54(2), 317-327.

128



Vaz-Moreira 1., Nunes O.C., Manaia C.M. (2011) Diversity and Antibiotic Resistance Patterns of
Sphingomonadaceae Isolates from Drinking Water. Applied and Environmental Microbiology 2011 5697-
5706.

Vidic, R.D., Duda, S.M. and Stout, J.E. (2010) Biological Control in Cooling Water Systems Using Non-
Chemical Treatment Devices.

Visvanathan, C., Boonthanon, N., Sathasivan, A., Jegatheesan, V. (2003) Pretreatment of seawater for
biodegradable organic content removal using membrane bioreactor. Desalination 153(1):133-140.

VROM, Ministerie van Volkshuisvesting, Ruimtelijke Ordening en Milieu. (2007) Activiteitenregeling
milieubeheer, artikel 3.16a en 3.16b.

Vrouwenvelder, ].S., Bakker, S.M., Wessels, L.P. and van Paassen, ].A.M. (2007) The Membrane Fouling
Simulator as a new tool for biofouling control of spiral-wound membranes. Desalination 204(1), 170-174.

Vrouwenvelder, J.S., Beyer, F., Dahmani, K., Hasan, N., Galjaard, G., Kruithof, ]J.C., Van Loosdrecht,
M.C.M. (2010) Phosphate limitation to control biofouling. Water Research 44(11):3454-3466.

Wadowsky, R., Butler, L., Cook, M., Verma, S., Paul, M., Fields, B., Keleti, G., Sykora, J. and Yee, R. (1988)
Growth-supporting activity for Legionella pneumophila in tap water cultures and implication of
hartmannellid amoebae as growth factors. Applied and Environmental Microbiology 54(11), 2677-2682.

Wagner, M., Taherzadeh, D., Haisch, C. and Horn, H. (2010) Investigation of the mesoscale structure and
volumetric features of biofilms using optical coherence tomography. Biotechnology and Bioengineering
107(5), 844-853.

Wagner, T.V,, Parsons, J.R., Rijnaarts, H.H.M., de Voogt, P. and Langenhoff, A.A.M. (2018) A review on
the removal of conditioning chemicals from cooling tower water in constructed wetlands. Critical
Reviews in Environmental Science and Technology 48(19-21), 1094-1125.

Wagstaff, B.A., Rejzek, M., Field, R.A. (2018) Identification of a kdn biosynthesis pathway in the
haptophyte prymnesium parvum suggests widespread sialic acid biosynthesis among microalgae. Journal
of Biological Chemistry 293, 16277-16290.

Walker, S.L., Redman, J.A., Elimelech, M. (2004) Role of Cell Surface Lipopolysaccharides in Escherichia
coli K12 Adhesion and Transport. Langmuir 20(18):7736-7746.

Walker, M.E., Safari, I., Theregowda, R.B., Hsieh, M.-K., Abbasian, J., Arastoopour, H., Dzombak, D.A. and
Miller, D.C. (2012) Economic impact of condenser fouling in existing thermoelectric power plants.
Energy 44(1), 429-437.

Wang, Z., Fan, Z., Xie, L. and Wang, S. (2006) Study of integrated membrane systems for the treatment of
wastewater from cooling towers. Desalination 191(1), 117-124.

Wang, Q., Garrity, G.M., Tiedje, ].M., & Cole, J. R. (2007) Naive Bayesian classifier for rapid assignment of
rRNA sequences into the new bacterial taxonomy. Applied and Environmental Microbiology 73(16),
5261-5267.

Wang, L., Lu, Z., Allen, K.N., Mariano, P.S., Dunaway-Mariano, D. (2008) Human symbiont bacteroides
thetaiotaomicron synthesizes 2-keto-3-deoxy-d-glycero-d- galacto-nononic acid (kdn). Chemical Biology
15, 893-897.

Wang, J., Liu, M., Xiao, H., Wu, W., Xie, M., Sun, M., Zhu, C. and Li, P. (2013) Bacterial community
structure in cooling water and biofilm in an industrial recirculating cooling water system. Water Science
and Technology 68(4), 940-947.

Wang, J., Wang, D., Hou, D. (2016) Hydroxyl carboxylate based non-phosphorus corrosion inhibition
process for reclaimed water pipeline and downstream recirculating cooling water system. Journal of
Environmental Sciences 39:13-21.

Wang, F., Li, W, Li, Y., Zhang, ]., Chen, J., Zhang, W. and Wu, X. (2018) Molecular analysis of bacterial
community in the tap water with different water ages of a drinking water distribution system. Frontiers
of environmental science & engineering 12(3), 6.

Wang, Y.-H., Wu, Y.-H., Tong, X., Yu, T., Peng, L., Bai, Y., Zhao, X.-H., Huo, Z.-Y., Ikuno, N. and Hu, H.-
Y. (2019) Chlorine disinfection significantly aggravated the biofouling of reverse osmosis membrane used
for municipal wastewater reclamation. Water Research 154, 246-257.

129



Ward, D.M.,, Ferris, M.]., Nold, S.C., Bateson, M.M. (1998) A natural view of microbial biodiversity within
hot spring cyanobacterial mat communities. Microbiology and molecular biology reviews 62(4):1353-
1370.

Whiley, H. and Taylor, M. (2016) Legionella detection by culture and qPCR: Comparing apples and
oranges. Critical Reviews in Microbiology 42(1), 65-74.

Whiteley, M., Diggle, S.P. and Greenberg, E.P. (2017) Progress in and promise of bacterial quorum
sensing research. Nature 551(7680), 313-320.

WHO World Health Organization Press (2011) Guidelines for Drinking-water Quality (fourth ed.).

Wingender, J. and Flemming, H.-C. (2011) Biofilms in drinking water and their role as reservoir for
pathogens. International Journal of Hygiene and Environmental Health 214(6), 417-423.

Xu, X., Stewart, P.S., Chen, X. (1996) Transport limitation of chlorine disinfection of Pseudomonas
aeruginosa entrapped in alginate beads. Biotechnology and Bioengineering 49(1):93-100.

Xu, D, Jia, R, Li, Y., Gu, T. (2017) Advances in the treatment of problematic industrial biofilms. World
Journal of Microbiology and Biotechnology 33, 97.

Xu, Z., Wang, J., Xia, L. and Zhang, Y. (2020) A biofouling thermal resistance model with a growth term
of surface biofilm on heat transfer surface. International Journal of Thermal Sciences 106699.

Xue, Z., Hessler, C.M., Panmanee, W., Hassett, D.]., Seo, Y. (2013) Pseudomonas aeruginosa inactivation
mechanism is affected by capsular extracellular polymeric substances reactivity with chlorine and
monochloramine. FEMS Microbiology Ecology 83(1):101-111.

Yamamoto, H., Sugiura, M., Kusunoki, S., Ezaki, T., Ikedo, M., Yabuuchi, E. (1992) Factors stimulating
propagation of legionellae in cooling tower water. Applied and Environmental Microbiology 58(4), 1394-
1397.

Yang, C.X., Liu, Y.P., Bao, Q.H., Feng, F.Y., Liu, H.R., Zhang, X.]. and Zhao, Y.L. (2012) Mongoliitalea lutea
gen. nov., sp. nov., an alkaliphilic, halotolerant bacterium isolated from a haloalkaline lake. International
Journal of Systematic and Evolutionary Microbiology 62:647-53.

Yang, Q., Wilson, D.I., Chen, X. and Shi, L. (2013) Experimental investigation of interactions between the
temperature field and biofouling in a synthetic treated sewage stream. Biofouling 29(5), 513-523.

Winkler, M.K.H., Kleerebezem, R., Khunjar, W.O., de Bruin, B. and van Loosdrecht, M.C.M. (2012)
Evaluating the solid retention time of bacteria in flocculent and granular sludge. Water Research 46(16),
4973-4980.

Zhang,]., Zeng, H., Ye, C., Chen, L. and Yan, X. (2008) Pilot test of UF pretreatment prior to RO for cooling
tower blowdown reuse of power plant. Desalination 222(1-3), 9-16.

Zhu, L., Qi, H.-y., Lv, M.-1,, Kong, Y., Yu, Y.-w. and Xu, X.-y. (2012) Component analysis of extracellular
polymeric substances (EPS) during aerobic sludge granulation using FTIR and 3D-EEM technologies.
Bioresource Technology 124, 455-459.

Zlatanovié, L., van der Hoek, J.P. and Vreeburg, ].H.G. (2017) An experimental study on the influence of
water stagnation and temperature change on water quality in a full-scale domestic drinking water system.
Water Research 123, 761-772.

Zularisam, A.W., Ismail, A.F. and Salim, R. (2006) Behaviours of natural organic matter in membrane
filtration for surface water treatment — a review. Desalination 194(1), 211-231.

130









ACKNOWLEDGEMENTS

This PhD has been a time of great scientific learning, professional growth and introspection.
And although there have been moments of doubt and stagnation, it has been an extremely
rewarding journey. To a great extent, this is thanks to the people who were part of it.

First of all, I would like to thank my promotors for their supervision throughout these 4 years.
Mark, your inputs in my project were always incredibly useful. You provided me with
directions but also gave me the freedom to perform research my own way, helping me
become an independent researcher. I am thankful to have been able to perform this PhD in
your group and to benefit from your deep scientific knowledge over the years. Hans, thank
you for having given me the opportunity to join your team during my MSc end-project in
the first place, and then to consider me for this PhD position. Without you, none of it would
have happened and it would have been such a shame. Your positivity and excitement for
science have been a source of motivation in many occasions, and your attention to details has
greatly contributed to this thesis. On Evides side, I am particularly grateful for your guidance,
David, especially during the first year when the lines of research were still to be defined. You
put this project into its industrial context and were always present when I needed a hand.
Together with Jan Willem you have followed the progress of this PhD and provided me with
useful advices and directions along the way.

Yuemei, Geert-Jan, Cristian and Martin, your expertises have been of great support in the
research done in several sections of this thesis. Besides, I really enjoyed our little chats. Thank
you for being always accessible when I had a question or needed an advice, and for being so
enthusiastic about science!

David and Sergio, dear colleagues, it’s been a pleasure to share the office with you... David,
aka “Fast & Furious”, I will miss so much sitting next to you, discussing graphs and figures,
and listening to the tunes you hum. You have an exceptional quality, among many others:
the one of bringing people together. Through it, you brought vitality and joy to life at work.
Sergio, the one with the 1000 stories, I enjoy so much your anecdotes and our (not always
insightful) talks. They make me laugh even in the bad and stressful days, and you can trust
that I will always be your most enthusiastic listener. You often say “sharing is caring”, so
thank you for caring so much! As you both know, this first sentence was an understatement;
you are of course great as colleagues, always happy to discuss science and help with any
concerns, but you are much more than that. We’ve magically overcome each other’s
stubbornness and language misunderstandings, which turned into great memories, and it
makes me extremely happy to think that we can always count on each other! Florence, thank
you for being such a caring friend and, when time allows it, yoga/tennis partner. The
moments we share are precious to me. You always approach situations with calm and
wisdom, and for that I value your advices and opinions a lot. Alexandra, Flo, Mariana and

133



Marta, you are just great! The time we spend together is a bliss and I always look forward to
it. Danny, thank you for your presence in the good and the less good moments over the past
years, and for having been so supportive and helpful. With all of you, and Daniel, Fabio,
Georg, Maria-Paola, we have had really good moments, at work and also around our many
BBQs and brunches.

As PhD candidate, office mates are often the first people with who we share frustrations,
excitements and achievements. Aina, I liked a lot sharing the office with you, and I also had
a great time during your visits to Delft and during our trip to Greece! It would have been nice
to have you around a bit longer, and travelling in corona time was difficult, but I hope to
meet up again very shortly. Emma and Monica, you made me realize that we all face similar
ups and downs through the PhD life and helped me get through some of these phases. Thank
you for the great times in Delft and, Emma, for your invitation to Crete, your home island.
Laura, Eveline and Zita, thanks for all the nice conversations and coffee breaks!

This research would have been difficult to carry out without the help of BT technicians Dirk,
Zita, Marcel, Ben, Stef, Song and Rob. Your expertise on set-ups and laboratory equipment,
and your troubleshooting skills are precious! Again, sorry for having flooded the lab a couple
of times... I also want to thank Marinka, Yohan and the MSD staff for ensuring that
everything ran smoothly in the labs.

Of course, thank you to my students: Gabriele, Ema and Renata. I am grateful for your
considerable contribution to this thesis. Supervising you was a great experience and I hope
to have passed some of my interests for research to you. Wish you the best for the future!

Morez, | have enjoyed our coffee breaks a lot and always found it easy to talk with you about
all matters. We’ve seen each other progress, from that first pizza-poster night to the thesis
submission, and I am glad to have you as a friend. Chris, Hugo, Jules, Marissa, Simon and
Stefan, thank you for all the good times and many nice lunches, coffees and biertjes. Hugo,
thanks for the sialic acid analyses. Chris, your corrections of Dutch translations for my
summary and cover letters was extremely useful! And thank you Jure, for the help with some
analytical methods and in-depth explanations. Also, thanks to the sportive team, Francesc,
Maxim, Sam, Timmy and Winnifred, always enthusiastic for any outdoor activities. You
bring a lot of energy to the group! To you and to all the other (ex-)EBT members: Ahmed,
Ali, David W, Dmitrii, Diana, Felipe, Gerben, Jelmer, Leonor, Maaike, Mario, Michel,
Michele, Miranda, Nina, Philipp, Robbert, Rodoula, Roel, Ruben, Sirous, Suellen, Udo,
Viktor, Zejia. You contributed to the great atmosphere in the research group over the years
and made it a unique place!

Arthur, Nicolo and Marijn, it was really nice to catch up around a cup of coffee, et aussi de
parler francais de temps en temps pour maintenir le niveau! Thanks, Pilar, for the nice movie
nights. Eva, I enjoy our occasional meet-ups, they are always a lot of fun. And thank you for
your help with collecting some data for my projects!

To the COOLing team, Paul, David, Wyona, Lisa; there have been quite some technical and
(very slight) nervous breakdowns, but remembering the maintenance and testing times

134



brings back only good memories. Being on the field with you taught me a lot. Paul, thank
you for your significant help with data collection and I had a really good time discussing the
cooling topic with you.

I would like to thank the water desalination group in KAUST. Most particularly Lan Hee,
Nadia, Vitor, Luisa, Huma and Paul, for your warm welcome and for sharing your expertise
on biofouling in water systems. It was an intense experience, which ended in a successful
collaboration. Also, thanks to the environmental microbiology group of Eawag for their
training on bacterial monitoring, and to Emmanuelle for giving me some useful advices at
the beginning of my PhD.

Dudu, Juju et Maxine, ce sont toujours de super moments passés avec vous, que ce soit en
visite ou en visio. C’est chaque fois avec impatience que j’attends nos prochaines retrouvailles.
Et aux autres copains de I'école d’ingé, le groupe fermé puis bioexpansé... : Nico, Gigi, Nat,
Mat, Doudou, Audrey, Guigui, Vincent et Thomas. Vivement les prochaines longues
discussions a essayer de refaire le monde, qui nous tiennent debout tard le soir et nous
donnent de quoi réfléchir.

Marie, avec toi je peux parler de tout et rien, et c’est une chose précieuse. Bien que nos vies
aient beaucoup changé depuis les années lycée, notre amitié reste la méme et compte
énormément pour moi. Avec Greg, Charlotte et Thibaud, super contente que vous ayez eu un
petit apercu de la vie aux Pays-Bas. Je pense souvent a vous, et a Marie Car, John et Mélo, et
) . A ) 2

j'ai hate que I'on se retrouvent a nouveau tous ensemble.

Andrés, you have been my piece of sky and my rock for this past year. With you, life is full
of beautiful emotions. I look forward to sharing more of these amazing moments we spend
together.

Maman, Papa, et Sonia merci pour votre soutien inconditionnel depuis toujours. Je ne serais
pas arrivée jusqu’ici sans vous, vos conseils dans les moments de doutes et votre aide tout au
long du chemin. Votre présence est irremplagable, et sachez que je serai aussi toujours la pour
vous.

135



136



CURRICULUM VITAE

Ingrid Pinel was born on the 18% of February 1993 and grew
up in Normandie, France. She always had an affinity for
scientific disciplines and therefore decided to start her studies
in chemistry in 2010. In 2012, after obtaining a 2-year
diploma of general chemistry at the Université de Rouen, she
moved to the south of France to follow an MSc degree at the
Ecole Nationale Supérieure de Chimie de Montpellier. She
graduated in 2016 with specialization in environmental
chemistry.

Between 2014 and 2015, she took a gap year of internships to

explore different sectors and professions. During this year, a
6-month placement on the optimization of reversal electrodialysis for the reuse of industrial
wastewater triggered her interest for the water field. She then performed her MSc end-
project at the Technische Universiteit Delft on reverse osmosis membranes for drinking
water production. The project was aiming at assessing efficiency of chemicals (DBNPA and
urea) against the build-up of biofilms. This is where she got introduced to the mysteries of
microbiology.

Late 2016, the opportunity to perform a PhD together with TU Delft and Evides
Industriewater B.V. on cooling water system optimization arose. The goals of the project
focused on increasing the understanding of cooling system microbiology and the factors
influencing it, and exploring disinfectant-free strategies for the control of biofilms and
pathogens.

After her PhD, she started working as an R&D engineer at Lenntech B.V. on the treatment
of wastewater streams and recovery of substances of interest.

List of publications

Pinel, I.S.M., Hankinson, P.M., Moed, D.H., Wyseure, L.]., Vrouwenvelder, ].S. and van
Loosdrecht, M.C.M. (2021) Efficient cooling tower operation at alkaline pH for the control
of Legionella pneumophila and other pathogenic genera. Water Research, 117047.

Pinel, 1.S.M., Kleikamp, H.B.C., Pabst, M., Vrouwenvelder, ].S., van Loosdrecht, M.C.M. and
Lin, Y. (2020) Sialic Acids: An Important Family of Carbohydrates Overlooked in
Environmental Biofilms. Applied Sciences 10(21).

137



Pinel, I.S.M,, Kim, L.H., Proenca Borges, V.R., Farhat, N.M., Witkamp, G.-J., van Loosdrecht,
M.C.M. and Vrouwenvelder, ].S. (2020) Effect of phosphate availability on biofilm formation
in cooling towers. Biofouling 36(7), 800-815.

Pinel, I.S.M., Moed, D.H., Vrouwenvelder, ].S. and van Loosdrecht, M.C.M. (2020) Bacterial
community dynamics and disinfection impact in cooling water systems. Water Research 172,
115505.

Sanawar, H., Pinel, 1., Farhat, N., Bucs, S.S., Zlopasa, J., Kruithof, J., Witkamp, G., van
Loosdrecht, M.C.M., Vrouwenvelder, ].S. (2018) Enhanced biofilm solubilization by urea in
reverse osmosis membrane systems. Water research X 1:100004.

Siddiqui, A., Pinel, L., Prest, E., Bucs, S., van Loosdrecht, M., Kruithof, ]. and Vrouwenvelder,
J.S. (2017) Application of DBNPA dosage for biofouling control in spiral wound membrane
systems. Desalination and Water Treatment 68, 12-22.

Bisselink, R., de Schepper, W., Trampé, ., van den Broek, W, Pinel, L., Krutko, A. and Groot,
N. (2016) Mild desalination demo pilot: New normalization approach to effectively evaluate
electrodialysis reversal technology. Water Resources and Industry 14, 18-25.

Conference contributions

Disinfection & Disinfection By-Products Conference, Beijing, China. (2018) Impact of
chlorine disinfection on the microbial communities of a full-scale cooling water systems. Oral/
presentation.

Vakantiecursus Delft, Netherlands. (2018) Evolution of microbial communities in a cooling
water system. Oral presentation.

Young Water Professionals Conference, Ghent, Belgium. (2017) Biofouling characterization
and control in wet cooling systems. Poster presentation.

Heat Exchanger Fouling & Cleaning Conference, Madrid, Spain. (2017) Biofouling
characterization in wet cooling towers and impact on heat exchangers. Poster presentation.

138



	Contents
	Summary
	Samenvatting
	Chapter 1
	Introduction

	Chapter 2
	Bacterial community dynamics and disinfection impact in cooling water systems

	Chapter 3
	Assessment of the impact of temperature on biofilm composition with a laboratory heat exchanger module

	Chapter 4
	Effect of phosphate availability on biofilm formation in cooling towers

	Chapter 4 - Additional
	Sialic acids: an important family of carbohydrates overlooked in environmental biofilms

	Chapter 5
	Efficient cooling tower operation at alkaline pH for the control of Legionella pneumophila and other pathogenic genera

	Chapter 6
	Conclusions and Outlook

	References
	Acknowledgements
	Curriculum Vitae

