S — I%(I‘(r)rf”%(ﬁ[ﬁncis
BiofINEY Biofouling

The Journal of Bioadhosion and Bicfilm Research

The Journal of Bioadhesion and Biofilm Research

e ISSN: 0892-7014 (Print) 1029-2454 (Online) Journal homepage: https://www.tandfonline.com/loi/gbif20

Microbiota in a cooling-lubrication circuit and
an option for controlling triethanolamine
biodegradation

Thomas Klammsteiner, Heribert Insam & Maraike Probst

To cite this article: Thomas Klammsteiner, Heribert Insam & Maraike Probst (2018) Microbiota
in a cooling-lubrication circuit and an option for controlling triethanolamine biodegradation,
Biofouling, 34:5, 519-531, DOI: 10.1080/08927014.2018.1468887

To link to this article: https://doi.org/10.1080/08927014.2018.1468887

8 © 2018 The Author(s). Published by Informa
UK Limited, trading as Taylor & Francis
Group

A
h View supplementary material (£

ﬁ Published online: 21 May 2018.

\]
[:1/ Submit your article to this journal &

||I| Article views: 1394

A
& View related articles &'

View Crossmark data &'

@ Citing articles: 1 View citing articles &

Full Terms & Conditions of access and use can be found at
https://www.tandfonline.com/action/journalinformation?journalCode=gbif20


https://www.tandfonline.com/action/journalInformation?journalCode=gbif20
https://www.tandfonline.com/loi/gbif20
https://www.tandfonline.com/action/showCitFormats?doi=10.1080/08927014.2018.1468887
https://doi.org/10.1080/08927014.2018.1468887
https://www.tandfonline.com/doi/suppl/10.1080/08927014.2018.1468887
https://www.tandfonline.com/doi/suppl/10.1080/08927014.2018.1468887
https://www.tandfonline.com/action/authorSubmission?journalCode=gbif20&show=instructions
https://www.tandfonline.com/action/authorSubmission?journalCode=gbif20&show=instructions
https://www.tandfonline.com/doi/mlt/10.1080/08927014.2018.1468887
https://www.tandfonline.com/doi/mlt/10.1080/08927014.2018.1468887
http://crossmark.crossref.org/dialog/?doi=10.1080/08927014.2018.1468887&domain=pdf&date_stamp=21 May 2018
http://crossmark.crossref.org/dialog/?doi=10.1080/08927014.2018.1468887&domain=pdf&date_stamp=21 May 2018
https://www.tandfonline.com/doi/citedby/10.1080/08927014.2018.1468887#tabModule
https://www.tandfonline.com/doi/citedby/10.1080/08927014.2018.1468887#tabModule

BIOFOULING, 2018
VOL. 34, NO. 5, 519-531
https://doi.org/10.1080/08927014.2018.1468887

Taylor & Francis
Taylor & Francis Group

& OPEN ACCESS

Microbiota in a cooling-lubrication circuit and an option for controlling
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ABSTRACT

Cooling and lubrication agents like triethanolamine (TEA) are essential for many purposesin industry.
Due to biodegradation, they need continuous replacement, and byproducts of degradation may be
toxic. This study investigates an industrial (1,200 m®) cooling-lubrication circuit (CLC) that has been in
operation for 20 years and is supposedly in an ecological equilibrium, thus offering a unique habitat.
Next-generation (lllumina Miseq 16S rRNA amplicon) sequencing was used to profile the CLC-based
microbiota and relate it to TEA and bicine dynamics at the sampling sites, influent, machine rooms,
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biofilms and effluent. Pseudomonas pseudoalcaligenes dominated the effluent and influent sites,
while Alcaligenes faecalis dominated biofilms, and both species were identified as the major TEA
degrading bacteria. It was shown that a 15 min heat treatment at 50°C was able to slow down the
growth of both species, a promising option to control TEA degradation at large scale.

Introduction

Triethanolamine (TEA; C.H,,NO,) is an alkanolamine
that is frequently used as a main chemical working com-
ponent in industrial manufacturing plants (Speranza et al.
2006). Its chemical properties makes it a popular cutting
and metal working fluid as well as corrosion inhibitor
(Weavers et al. 1997). Furthermore, it is used in indus-
trial, pharmaceutical and cosmetic products as emulsifier
and pH buffer (Sandin et al. 1990; Lessmann et al. 2009;
Libralato et al. 2010). Alkanolamines are highly suscep-
tible to biodegradation in various environments like soil
and fresh water. Therefore, bacterial deterioration of TEA
in water-soluble working fluids is a well-known prob-
lem (Prince et al. 1994; Eide-Haugmo et al. 2009). With
concentrations around 1% (w v'!), TEA represents the
major carbon and nitrogen source in many cooling liq-
uid circuits (CLC) of various production sites, leading to
selective enrichment and accumulation of TEA degrading
bacteria. Although biodegradability can be seen as advan-
tageous for the disposal after use (Buers et al. 1997), TEA
degraders need to be identified and studied in more detail
in order to control deterioration processes and bacterial
colonization during its industrial application. In particu-
lar, bicine (C;H,,NO,) is considered an undesired degra-
dation product that may accelerate equipment corrosion.

Degradation of working fluids like TEA causes addi-
tional expense due to the need for continuous replen-
ishment to ensure proper process performance. The
hydraulic retention time of a cooling liquid often adds up
to several months and its replacement is an environmental
and economic burden. A high retention time favors accu-
mulation of microorganisms, both in the cooling liquid as
well as in biofilms. Mechanical solutions like chain-driven
collectors or rakes able to remove solid particles, includ-
ing microbial aggregates and biofilms, are usually the sole
means of suppressing microbial growth. Due to the inef-
ficiency of such measures, biocides are applied, offsetting
the advantages of environmentally friendly lubricants
like TEA. To counteract the development of microbial
resistance, new biocides have to be implemented every
few months (Mattsby-Baltzer et al. 1989; Simodes et al.
2011). Still, biofilms may continue to become established
in pipes and basins, and microbial colonizers and degra-
dation products may continue to pose safety hazards for
workers exposed to the cooling liquid (Grant and Bott
2005; Lessmann et al. 2009). Biofilms, in addition, may
not only contribute to the corrosion of pipes, basins and
machinery, but also serve as a continuous source of TEA
degraders (Adapa et al. 2016).

Despite their low toxicity at neutral pH, alkanolamines
are known for their toxicity towards microorganisms
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under alkaline conditions, inhibiting microbial growth at
pH 9 (Sandin et al. 1990; Bakalova et al. 2014). Alkalinity
in production circles, however, can pose health risks for
workers and can negatively impact the equipment.

In this study, four sections within an industrial CLC
were analyzed (influent, effluent, biofilm and machines).
The aim was to investigate the microbial community com-
position in an industrial CLC both from planktonic and
biofilm sources and to examine possible ways of inhibiting
the growth of microorganisms capable of TEA degrada-
tion. It was hypothesized (1) that the microbiota at the
four different sampling points would deviate from each
other and (2) that TEA degradation could be inhibited by
a short-term thermal treatment within the circuit or (3)
by increasing the pH to 9.

Material and methods
Sampling

Within the CLC (total volume of 1,200 m?, various basins,
1,700 m piping; Figure 1) four sampling sites were chosen

INFLUENT

for their different exposure to the environment and by the
possible influence of structural site-specific characteris-
tics on the microbiota: (1) biofilm built up in flocculation
tanks above the water line and constantly humidified by
turbulence, (2) the effluent cooling liquid after passage
through the settling basins, (3) the cooling liquid taken
directly from machines and (4) the influent cooling lig-
uid heading from machines to flocculation tanks. The
sampling took place on Mondays and Fridays over the
course of three weeks in November 2015. The liquid sam-
ples (V =11each) were taken with a scooper, and biofilm
samples (30 g fresh weight) were scraped from the inner
walls of the precipitation tanks and placed in sterile glass
test tubes. Effluent, influent and biofilm samples were col-
lected on each of the six sampling days. Machine samples
were taken on Mondays after work-free weekends when
the main circuit was bypassed and the circuit liquid did
not run through the machines. The samples from three
machines were taken on the first Monday only, and sam-
ples from three machine rooms on the second and third
Monday (making up a total of nine machine samples).
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Figure 1. Sketch of the cooling liquid circuit. Sampling sites and major sections along the flow path of the cooling liquid (black = sampling

sites; gray = major influences on cooling liquid properties).



Physico-chemical parameters

Temperature, oxygen concentrations and pH were meas-
ured daily by online measurement probes installed on the
industrial site (for pH measurement: Orbisint CPS11D-
7BA21 Memosens by Endress+Hauser, Reinach BL,
Switzerland; for O, measurement: TriOxmatic® 700 1Q
by WTW, Weilheim, Germany; for temperature meas-
urement: EasyTemp™ TSM470-B1D11FC and TMP31-
A1XABBAE1AAA both by Endress+Hauser, Reinach
BL, Switzerland). TEA and bicine concentrations were
determined weekly by Thermo Scientific®, Dionex™ ICS-
1100 ion chromatograph using a Dionex™ Autosampler
AS-40 and a Shodex refraction index detector RI-71 using
internal standards of triethanolamine and bicine ranging
from 0 mg1~! to 500 mg1!. Data were processed with the
Dionex™ Chromaeleon Data System (all Thermo-Fischer
Scientific, Vienna, Austria).

DNA extraction

To gather the biomass for the DNA extraction, 400 ml
of the effluent samples and 200 ml of the influent and
machine samples were filtered via a vacuum filtration
system (Merck Millipore™, Merck, Darmstadt, Germany)
using UV-sterilized 0.2 um cellulose filters (GE Healthcare
Life Sciences Whatman™ RC 58 Membrane Filters, VWR,
Vienna, Austria). The filters with the filter cake were cut
into halves, and each was then placed in 1.5 ml microcen-
trifuge tubes and frozen until DNA extraction.

Prior to DNA extraction 900 pl of buffer (50 mM glu-
cose, 25 mM tris(hydroxymethyl)aminomethane (TRIS),
10 mM thylenediaminetetraacetic (EDTA), pH 8) (both
Merck, Darmstadt, Germany), and 150 pl of 0.5 M EDTA
(pH 8) (Applichem, Graz, Austria) were added to each
microcentrifuge tube containing half a filter. The tubes were
vortexed thoroughly to dissociate the pellet from the filter.
Finally, filters were rinsed with buffer to assure that all cells
were detached from the filter and the tube contents of two
half filters were pooled. For biofilm samples the same buffer
and EDTA solutions were used per tube containing 1 g of
biofilm material. DNA was extracted using the NucleoSpin®
Soil-Kit (Macherey-Nagel 2014/Rev. 04, Diiren, Germany)
following the user manual. For the extraction process, tubes
with the pooled contents of both filter halves of the liquid
samples and the tubes containing the biofilm samples were
centrifuged at 10,000 g for 10 min. The pellets were used
as starting material for the kit-protocol.

Next generation sequencing

DNA extracts from all samplings were prepared using
the Macherey-Nagel DNA extraction kit according to the
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manufacturer’s protocol and contained 26.8 + 11.4 ng pl ™!
of DNA. Sequencing of the samples was carried out at
Microsynth AG (Balgach, Switzerland) on the Illumina
MiSeq platform using the 2 x 250 base paired-end
approach according to the company’s standard protocol.
Briefly, the processing through Microsynth AG included
preparation of the Nextera XT library, demultiplexing,
removal of [llumina adaptors and locus specific primers
and stitching of the trimmed reads. The primers used were
515F (5'-GTGCCAGCMGCCGCGGTAA-3") and 806R
(5'-GGACTACHVGGGTWTCTAAT-3') (V4).

Cultivation and growth experiments

For quantifying and isolating bacteria, a cooling-lig-
uid-medium (CLM) was prepared by autoclaving and
subsequent filtering (0.2 um Whatman® RC 58 Cellulose
Membrane Filters; Merck, Darmstadt, Germany) of cool-
ing liquid. Autoclaving sterilized the cooling liquid and
inactivated the heat-labile biocide (methylisothiazoli-
none). Filtering removed precipitates and other coarse
solid particles. For isolation of TEA degraders, a synthetic
TEA growth medium was prepared (Knapp et al. 1996)
and adjusted to pH 7.0. Autoclaving did not modify the
chemical composition with respect to TEA and bicine,
as confirmed by ion chromatography. However, the heat
inactivated the thermo-labile biocide. To estimate the
number of colony forming units (CFU), the samples were
serially diluted, plated in triplicates on agar (15 g1~ CLM)
plates and incubated for a maximum time of 144 h.

From the plate-grown populations, 41 colonies were
randomly picked with sterile pipette tips for all sampling
sites except machines and transferred to fresh CLM and
TEA plates. For each site, 10 random colonies that mani-
fested growth on both CLM and TEA plates were picked
and transferred to fresh CLM master plates. The cultiva-
tion on TEA agar acted as verification for the ability of the
isolates to use TEA as sole carbon source. All plates were
incubated at 32°C, which compares to the mean temper-
ature in the circuit.

The inoculum for the growth tests was taken from well-
grown liquid cultures (OD,, of ~1.5). The biofilm isolates
were also grown in liquid culture. Growth experiments
in liquid culture were carried out in triplicates in 100 ml
conical flasks with 50 ml of CLM + 2 ml of inoculum at
32°C using a Multitron Standard incubator shaker (Infors
AG, Bottmingen-Basel, Switzerland; 120 rpm). Microbial
growth was quantified by optical density (OD,) at dif-
ferent time points using a spectrophotometer (Hitachi
U-2001 UV/Vis Spectrophotometer). During the expo-
nential stage, samples for TEA and bicine quantification
were taken and stored for a maximum of four days at 4°C
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until analysis. The sampling continued until the stationary
phase was reached.

Bacterial growth rates were calculated from the change
in OD,, h™" during the exponential growth phase as
follows:

log (OD1) — log(OD2)

= 2303
K (t2 — t1)

For the thermal inhibition experiment, the five isolates
showing the highest growth rates in suspended cultures
in TEA medium were selected (they were all from bio-
film samples) and temperature-treated for 5 and 15 min
at 50°C, as well as cultured at pH 9 (adjusted with 5 M
NaOH). Again, triplicates of 50 ml of CLM were inocu-
lated with 2 ml of preculture (OD,, at around 1.5) and
the growth conditions in the liquid culture were set as
explained above. Replicates where growth showed retarda-
tion were measured for 100 h. Reactions without any sign
of growth inhibition were terminated after 50 h.

Measurement of TEA and bicine concentrations

To depict the degradation of TEA and increase in bicine,
concentrations at the beginning of the growth experiments
as well as during and at the end of exponential growth
phase were measured using ion chromatography. Samples
were diluted in 0.088 M KH,PO, (pH 2.6) and measured
in triplicates. TEA and bicine solutions (0-500 mg 1)
served as standards (R*> = 0.9998). As the growth exper-
iments were conducted in three batches (each site sep-
arately), initial concentrations (min,) of both TEA and
bicine varied between cycles due to fluctuating TEA and
bicine concentrations in the circuit and therefore in the
prepared medium.

Sequencing of isolates

Bacterial isolates were identified by 16S Sanger sequenc-
ing from pure culture DNA extracts. A cell pellet from
1 ml of culture was used as starting material for DNA
extraction as described above. Amplification was con-
ducted in volumes of 25 ul each, consisting of 1 ul of
DNA-extract, 50 uM dNTP each, 50 pM each primer
(8f:  5-AGAGTTTGATCCTGGCTCAG-3', 1492r:
5-TACGGYTACCTTGTTACGACTT-3"), 25 uM MgCl,
10 pg of BSA, 1-fold reaction buffer and 0.625 U MyTaq
polymerase following the PCR protocol of Loy et al. (2002).
PCR products were purified using the Sigma Aldrich®
GenElute™ PCR Clean-Up kit to remove primer residues,
unused dNTPs and enzymes. DNA was quantified using
a NanoDrop™ 2000c spectrophotometer (Thermo Fisher
Scientific Inc., Waltham, USA). Sequencing was carried

out by Eurofins Genomics using the primers used for
amplification (8f and 1492r).

Bioinformatics

Sequencing data were analyzed in mothur v.1.37.4 (Schloss
etal. 2009) following the MiSeq SOP (Kozich et al. 2013).
PCR and sequencing errors were reduced by filtering
sequence reads for length, ambiguity and homopolymor-
phism. Chimeric sequences were removed using uchime
algorithm integrated in mothur (Edgar etal. 2011). For the
alignment, the SILVA bacteria database (www.arb-silva.
de)(Yilmaz et al. 2014) served as reference and RDP v14
reference files were used for the taxonomic classification
(cutoft = 60). Prior to clustering of the sequences at 97%
similarity level, reads belonging to the unspecific lineages
of chloroplasts, mitochondria, unknown sequences and
Eukaryota were removed. Rare operational taxonomic
units (OTUs) with a total abundance of two reads were
removed. Groups were subsampled according to the
smallest sample size. Calculation of Venn diagrams was
used to assess numbers of shared and unique OTUs in
samples.

Multiple sequence alignment of sequenced isolates
was conducted in R (v.3.3.1) (R Development Core Team
2008) using the msa package (Bodenhofer et al. 2015) and
ClustalW algorithm (Thompson et al. 1994). Assignment
of sequencing results to the nucleotide collection database
was carried out through nucleotide BLAST® search.

Statistical analysis

Non-metrical multidimensional scaling (NMDS) was
used to compress the multidimensional character of the
OTU table resulting from bioinformatic analysis into
two dimensions. Ordination was calculated on relative
abundance data in R v.3.3.1 (R Development Core Team
2008) using metaMDS function of the vegan package
(Oksanen et al. 2016). Linear discriminant analysis of
effect size (LEfSe was executed in mothur v.1.37.4 as
integrated function; Segata et al. 2011) was performed on
OTU relative abundance data to assess distances between
sampling sites and highlight taxa that are accountable
for differences in community composition of examined
sites. Taxonomic units and phylogenetic groups with
LDA > 2 and a p-value < 0.05 were considered significant.
Graphics were designed in R using ggplot2 (Wickham
2009). To assess significant changes in OTU abundances
over time and between sites, analysis of molecular vari-
ance (AMOVA) was performed in mothur v.1.37.4 with
OTU data grouped by sampling-week and sampling-site,
respectively. Differences were significant in a 95% con-
fidence interval. To analyze the dissimilarity matrix and



illustrate minimum, mean and maximum dissimilarity,
disana (dissimilarity analysis) was conducted in R using
the labdsv package (Roberts 2016). Correlations between
variables were calculated as Pearson’s r or Spearman’s rho
correlation coefficient.

Results and discussion

The investigated CLC which has been in continuous
operation since 1998 represents a particular industrial
ecosystem which supposedly is in an equilibrium. The
uniqueness of the study is that such system, and various
subsections thereof, has never been analyzed by an NGS
approach targeting the microbiota despite obvious effects
of its colonization on production performance, such as
TEA degradation. On the basis of isolates identified as
TEA degraders, the final goal was to find a solution for
slowing down the degradation of TEA. The first aim was
to estimate bacterial numbers in the CLC of the industrial
manufacturing plant at different sites. CLM plates biofilm
(8.0 x 10° to 2.0 x 10° CFU ml™") and influent samples
(3.1 x10°to 1.34 x 10° CFU ml ') showed the highest cell
count, whereas low numbers were observed in the effluent
(between 5.7 x 10* and 1.6 x 10° CFU ml™!) and machine
derived samples (no growth) (Figure 2A). The same pat-
tern, with slightly lower counts, was found on TEA agar
which is more selective for TEA degraders than CLM.
During the four days of CLM and TEA plate incubation,
the plates were checked daily. Upon visual examination,
bacterial growth was observed on CLM agar before colo-
nies on TEA agar reached a detectable size. Consequently,
growth was not only faster on CLM plates, but colonies
were also larger compared to the TEA agar. Colony mor-
phology showed little diversity and was mostly limited to
round pale yellow colonies on CLM agar and small white
colonies on TEA agar. CFU numbers in influent samples
were on average 80% higher than in effluent samples indi-
cating the considerable efficiency of the sedimentation
basin. To assure proper functioning of the CLC, temper-
ature, pH, O, and concentrations of biocide, TEA and
bicine in the CLC were continuously monitored by plant
operators. Since the physico-chemical parameters of the
cooling liquid were expected to be balanced throughout
the larger part of the circuit, probes for monitoring were
located only in the settling basin. This provides better
accessibility and facilitates handling but neglects possible
site-specific fluctuations. Major differences between sites
occur mostly with regards to O, concentration caused by
microbial oxygen consumption and lack of O, input in
closed piping systems. Generally, however, O, fluctuations
in the circuit can be inferred from the monitoring in the
settling basins (Figure 3).
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The pH remained stable at 8.06 + 0.04 and had no
measurable effect on bacterial growth. Biocide levels
averaged at 337 + 29 mg 1"! and were not correlated to
microbial growth and oxygen concentrations. Oxygen
concentrations ranging between 5.15 and 2.40 mg O, 1"
mostly decreased during the week and recovered over
the weekend (Figure 3). The CFU was negatively asso-
ciated with the oxygen concentration (mean

Pearson’s r across
=-0.31), which suggests an elevated microbial

;aapil\e/f{;upcsluring workdays compared to work-free days,
probably due to nutrient or substrate input from the pro-
duction, or a disruption of established microbial aggre-
gates. This is underlined by a higher bacterial count at the
end of the week (Figure 2A). In contrast to the other sites,
where no growth was observed on Monday samples, CFU
numbers in biofilm were similar for Monday and Friday
samples (7.5 x 10 £ 5.2 x 10° and 1.5 x 10° + 0.53 x 109,
respectively).

A strong negative correlation (r = -0.97) between
TEA (7.85-6.57 mg 17!) and bicine concentration (1.16-
1.76 mg 1™!) was found. In the CLC, bicine concentra-
tions were monitored to serve as a proxy for cooling liquid
decay and bacterial contamination since plant operators
observed a correlation between bacterial abundance and
bicine concentration. Several mechanisms for bicine for-
mation have been proposed before, mainly in connection
with gas treatment (Fytianos et al. 2016). Oxidation of
TEA or the influence of heat on methyldiethanolamine or
diethanolamine can accelerate bicine formation (Lawson
et al. 2003). In the CLC, bicine concentrations showed a
delayed rise compared to decreases in TEA. The pathways
of microbial TEA degradation under anaerobic conditions
were already published (Frings et al. 1994; Knapp et al.
1996; Speranza et al. 2006), but no information on bac-
terial bicine production from TEA is available in the lit-
erature. If bicine was solely produced by TEA oxidation,
a positive correlation would be expected between O, and
bicine concentrations. However, this correlation was weak
and not significant, indicating other sources of bicine pro-
duction than TEA oxidation. Based on the above-men-
tioned observations in earlier work and on the data from
the present study, a connection between bacterial bicine
production and TEA degradation is likely.

Bacterial abundance and community composition

A detailed insight into the community composition
at different sampling sites was provided by Illumina
Miseq sequencing. A total number of 1.4 x 10° subsam-
pled and processed 16S targeted reads was generated
(1.6 x 10° + 4.5 x 10* reads per sample) which were clus-
tered into 1,477 OTUs, of which 471 could not be found
across all sampling sites. Rarefaction curves nearly reached
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Figure 2. Bacterial abundance and community composition. (A) Colony forming units on CLM and TEA agar of the effluent, influent and
biofilm samples. Results from machine samples are not shown, since no growth was observed. (B) Overview of community composition
on class level in four sampled sites with discrimination between weekdays. Friday and Monday samples were pooled for each site, as
there was no community shift in the course of the three-week sampling period. Groups accounting for <1% are grouped in Other.

(BF = biofilm Fridays, BM = biofilm Mondays, EF = effluent Fridays, EM = effluent Mondays, IF =

influent Fridays, IM = influent Mondays,

MM = machines Mondays). (C) Non-metric multidimensional scaling using OTUs and sites. (D) Excerpt of results from linear discriminant
analysis of effect size (LEfSe) based on OTU data and representing significantly overrepresented genera with highest LDAs at each sample

location.

saturation, indicating that sequencing depth was sufficient
for a representative picture of the bacterial community.
Dissimilarity analysis (Disana) exhibited a high average
dissimilarity (Bray—Curtis measure) of 0.3 between most
samples.

The number of observed OTUs (1,020) was highest in
machine samples, which is in line with the hypothesis that
the production process supplements the circuit with nutri-
ents. The lowest richness was observed in effluent, with
a total of 796 OTUs, probably due to elimination in the
settling basin. The highest number of shared OTUs was
found for machine and influent samples, which is coherent
with the course of the cooling liquid circuit (Figure 1).

Gammaprotebacteria appeared as the most dom-
inant class (>23% in each sample) in all samples, with
Pseudomonas being the most prevalent representative of
this group (Figure 2B). Obligate anaerobic clostridia also
accounted for a considerable fraction of sequences in all
samples, including the biofilm. Biofilms are known to
become anaerobic within a few millimeters and pipes in
the circuit are up to 1,700 m in length, during which no
O, input occurs. Oxygen is depleted by the high numbers
of aerobic species, which in turn can facilitate propaga-
tion of anaerobic microbes in the passageways of the cir-
cuit that are not exposed to air. The degradation of TEA
is a known capability of several anaerobic organisms,
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including members of the class Clostridia (Frings et al.
1994; Speranza et al. 2006), which also increased in abun-
dance in biofilm samples (Figure 2B). In machine samples
clostridial abundances were twice as high (>12%) as in
other sites (< 6%). Their known capacity to exploit TEA
via anaerobic degradation using ethanolamine ammonia
lyases (Frings et al. 1994) suggests an active clostridial
contribution to TEA degradation in industrial CLCs.
In this study, specific microbial activities have not been
taken into consideration. As an estimate, the ratio of
intra-/extra-cellular DNA might be used (Nagler et al.
2018), as DNA is considered to be a major component of
the extracellular polymeric substances (EPS) in biofilms
(Flemming and Wingender 2010). This information might
strengthen the allocation of main TEA degradation to the
biofilms in the CLC and should be considered in future
experiments.

In addition to obvious phylogenetic differences in
bacterial communities among sites (Figure 2B), smaller
scale compositional differences can also be seen from the
distances between polygons in Figure 2C (NMDS). The
overlapping areas represent related community struc-
tures between sites, while site-specific circuit features
account for differences between communities. The area
of depicted polygons is defined by group heterogeneity.
In line with richness on the sites, the heterogeneity within
a group was largest in biofilm and smallest in influent
samples. Underlining a stable bacterial community and

representative sampling, communities from the same
site were similar, irrespective of sampling time (AMOVA
p = 0.22, Figure 2C). However, there were significant dif-
ferences in bacterial community composition among the
sites (p = 0.003). Biofilm samples differed from effluent
(p=0.026) and influent samples (p = 0.035) and machine
samples differed from influent samples (p = 0.016). No
significant differences between influent-effluent and bio-
film-machines were detected (p = 0.080 and p = 0.057,
respectively). Despite the sedimentation in the settling
basin, effluent and influent samples were similar in their
community composition, which suggests that the settling
process is not selective. The difference between biofilm
and influent-effluent samples indicates that the biofilm
microbiota is not solely a sedimentation of the liquid CLC
system but offered and created conditions for a specific
community composition, as has been shown for other
habitats (Toyofuku et al. 2015; Liu et al. 2009). The fact
that biofilm is not constantly submerged in cooling liquid
and therefore not in steady contact with the circuit flow
might have supported the development of a different com-
munity composition (Figure 2C).

From LefSe analysis (Segata et al. 2011; Figure 2D), 53
OTUs were found significantly overrepresented at a cer-
tain site, with most of them belonging to Beta- (13 OTUs),
Gamma- (10 OTUs) and Alphaproteobacteria (7 OTUs).
Clostridia, which were abundant in all samples, only
accounted for 5 OTUs characteristic for a specific site. In
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Table 1. Identification of randomly selected isolates from the four sampling sites.

Source Isolated organism Identity Accession no. Source Isolated organism Ident. Accession no.
Effluent 1 P. pseudoalcaligenes 99% LK391695 Biofilm 6 P. pseudoalcaligenes 99% LK391695
Effluent 2 P. pseudoalcaligenes 99% LK391695 Biofilm 7 P. pseudoalcaligenes 100% LK391695
Effluent 3 P. pseudoalcaligenes 99% LK391695 Biofilm 8 A. faecalis 100% KF641853
Effluent 4 P. pseudoalcaligenes 100% LK391695 Biofilm 9 P. pseudoalcaligenes 99% LK391695
Effluent 5 P. pseudoalcaligenes 99% LK391695 Biofilm 10 P. pseudoalcaligenes 99% KP763820
Effluent 6 P. pseudoalcaligenes 99% LK391695 Influent 1 P. pseudoalcaligenes 99% LK391695
Effluent 7 P. pseudoalcaligenes 100% LK391695 Influent 2 P. pseudoalcaligenes 99% LK391695
Effluent 8 P. pseudoalcaligenes 100% LK391695 Influent 3 P. pseudoalcaligenes 99% LK391695
Effluent 9 P. pseudoalcaligenes 99% LK391695 Influent 4 P. pseudoalcaligenes 99% LK391695
Effluent 10 P. pseudoalcaligenes 100% LK391695 Influent 5 P. pseudoalcaligenes 99% LK391695
Biofilm 1 A. faecalis 100% KF383272 Influent 6 P. pseudoalcaligenes 99% LK391695
Biofilm 2 A. faecalis 99% KF383272 Influent 7 P. pseudoalcaligenes 100% LK391695
Biofilm 3 A. faecalis 99% HQ202537 Influent 8 P. pseudoalcaligenes 100% LK391695
Biofilm 4 A. faecalis 99% KF712271 Influent 9 P. pseudoalcaligenes 99% LK391695
Biofilm 5 A. faecalis 99% KF641843 Influent 10 P. pseudoalcaligenes 100% LK391695

the biofilm, OTUs classified as Pseudomonas sp., Arcobacter
sp., Desulfovibrio sp., Azoarcus sp. and Acaligenes sp. were
found to be significantly overrepresented and may there-
fore be regarded as characteristic members of the biofilm
microbiota. All of them are known for biofilm formation
and can be found in contaminated watery environments
(Teixeira and Oliveira 2002; Benedek et al. 2016; Auguet et
al. 2017; Jia et al. 2018). While Pseudomonas was the most
abundant genus in all sites, specific Pseudomonas OTUs
appeared to be distinctive for influent (linear discriminant
analysis score, LDA 5.3) and biofilm samples (LDA 4.3 and
2.5). From an overall of 19 Pseudomonas OTUs, two were
found in all biofilm samples; one of the two OTUs was also
characteristic for the influent. One Pseudomonas OTU was
only found in the biofilm samples (Figure 1), and one was
found both in biofilm and influent, while 17 were spread
over all sites. The long-term survival of Pseudomonas sp.
under oxygen-depleted conditions without transitioning
in a dormant state using extracellular electron shuttles
for fermentation may have contributed to its dissemina-
tion (Glasser et al. 2014). These findings suggest that the
sought-after aerobic TEA degraders are representatives of
these Pseudomonas OTUs.

The high abundance of aerobic bacteria in the efflu-
ent may be explained by the oxygen input from the
upstream flocculation and aeration process in the circuit.
Subsequently, while heading to the machines, O, in the
cooling liquid is exhausted and anaerobicity increased.
Anaerobic bacteria, among them clostridia, were detected
in all sections of the circuit, probably due to carryover
and their ability to form endospores. The flow rate is
not consistent throughout the system; therefore, due to
homogeneous dispersion, spores could accumulate in
dead zones of the circuit. The ability of rapid reactivation
from dormancy may allow for site-specific activities as
soon as anaerobic conditions are given (Sinai et al. 2015).

Machine samples were defined by the presence of
strictly anaerobic Acetobacterium (LDA 4.1), a member
of the class Clostridia, and Clostridium sensu stricto, which

supports the differences in bacterial community compo-
sition, especially the increase in anaerobic species (Figure
2B). Oxygen input in the machine area during the week-
ends is negligible, thus providing beneficial conditions
for anaerobic bacteria which might also support biofilm
formation. Further analyses involving biofilm formation
rates and degradation tests under anaerobic or microaer-
ophilic conditions will be necessary to evaluate the con-
tribution of specific anaerobic community members like
Acetobacterium sp. and Clostridium sp. to TEA degrada-
tion. Typical for the poorly colonized effluent samples
was the aerobic Stenotrophomonas (LDA 3.2), which, like
Pseudomonas, is a member of the Gammaproteobacteria.

Growth experiments without treatment

The connection between TEA degradation and bicine
production was investigated in growth experiments
with 30 bacterial isolates able to grow on TEA as sole
carbon source. All sequenced isolates showed affiliation
to two highly abundant genera which were distinctive
for biofilm samples (Figure 2D). All isolates originating
from effluent and influent samples were identified as
Pseudomonas pseudoalcaligenes (identity > 99%) while
six out of 10 biofilm isolates were found to be Alcaligenes
faecalis (identity > 99%), with the other four being P
pseudoalcaligenes (Table 1). Pseudomonas spp., especially
P, pseudoalcaligenes, are widespread in industrial working
fluids (Mattsby-Baltzer I et al. 1989; Sandin et al. 1990).
A. faecalis is ubiquitously found in water and soil (Bizet
and Bizet 1997), but has not previously been found in
cooling circuits.

Growth rates were calculated from OD,, change dur-
ing the exponential phase. Isolates from effluent samples
showed fastest mean exponential growth with a specific
growth rate of y = 0.25 £ 0.04 AOD h™! followed by biofilm
(4 =0.20 £ 0.02 AOD h™') and influent (¢ = 0.15 £ 0.03
AOD h™). Biofilm isolates were the fastest to reach the
exponential phase after ~8 h (Figure 4A). Effluent and



influent isolates showed comparable growth dynamics,
with exponential growth starting at ~12 h after incuba-
tion. This is not surprising since both originate from the
same cooling-lubricating stream, but before and after the
sedimentation basin. However, isolates from the effluent
were the fastest to reach the stationary phase.

All isolates rapidly degraded TEA (Figure 4B). As all
isolates from influent and effluent samples were identified
as P. pseudoalcaligenes, the observed similarities in met-
abolic rates may be attributed to physiological similarity
of these isolates and their close phylogenetic relation-
ship. For isolates from biofilm samples, mean degrada-
tion of TEA was calculated for P. pseudoalcaligenes and
A. faecalis. Highest degradation of TEA was observed
for A. faecalis with 1,807 + 510 mg "' and for P. pseu-
doalcaligenes with 1,616 + 754 mg1™! over 13 h until the
stationary growth phase. In contrast to other isolates the
majority of TEA was already degraded before entering the
exponential growth phase at ~min, . As a consequence,
degradation rates during exponential growth were lower
(-3.7 £22.7 mg h™' and 20.9 + 36.5 mg h™! for A. faeca-
lis and P. pseudoalcaligenes, respectively). Measurements
started at the beginning of the lag phase and were not
measured in short intervals, which can explain the low
resolution of the initial degradation progress. For isolates
from effluent, degradation started more slowly and led to a
mean decrease of 856 + 175 mg 1! during the 18 h incuba-
tion period, with degradation rates of 48.5 + 18.2 mg h™!
during exponential growth. Isolates from influent sam-
ples exhibited the highest mean degradation rates during
log phase (79.6 + 40.7 mg h™'), with an overall degrada-
tion of 1,413 + 161 mg I over a time-span of 16 h. After
an initial degradation of TEA, the slight increase in the
TEA concentration found towards the end of exponential
growth in some samples may be attributed to the high
variance found among samples. Moreover, some isolates
seem to be capable of bicine degradation. This relationship
between TEA degradation and bicine production is best
illustrated in effluent samples. In this case a trend change
was visible in the latter stage of the exponential phase.
Except for degradation rates, there were no other differ-
ences among Pseudomonas isolates. The highest mean
increase in bicine in the sampled timeframe was observed
in effluent isolates with 780 + 307 mg 1™}, followed by
influent with 218 + 415 mg 1. The mean concentration
change in biofilm cultures was calculated to be negative
(-140 + 688 mg 1! for A. faecalis and -423 + 732 mg 1!
for P. pseudoalcaligenes), since some isolates showed a
strong decrease in bicine concentration in contrast to the
remaining cultures.

The rate of bicine formation during log phase was com-
parable in the effluent (27.6 + 27.6 mgh™') and the biofilm
(33.0 £ 49.4 mg h™! for A. faecalis and 11.2 + 19.8 mg h™!
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for P. pseudoalcaligenes). Rates of bicine formation in
influent isolates, however, were approximately twice as
high, at 55.2 + 25.8 mg h™'. When the results from the
growth and degradation records were linked, isolates
deriving from influent were fastest to degrade TEA and
increase bicine concentration during exponential growth.
Biofilm isolates, however, exhibited the highest capacity
regarding overall TEA degradation.

Growth experiments with alkaline and heat
treatment

Growth experiments under modified conditions were
conducted in CLM to investigate easy-to-install solutions
for retarded bacterial degradation of TEA in the indus-
trial CLC. Three isolates of A. faecalis and two isolates of
P. pseudoalcaligenes with fast growth were selected from
the biofilm isolates and grown under pH 9 and after initial
exposure to 50°C for 5 and 15 min, respectively. Exposure
to 50°C for 15 min postponed the onset of exponential
growth (Figure 5A) by 25 to 48 h. The mean specific
growth rate in both the temperature treatment groups
was similar with g = 0.13 + 0.05 AOD h™! for a 5 min
exposure time and ¢ = 0.12 + 0.005 AOD h™! for a 15 min
exposure time..

In contrast to the microtoxic pH effect described in
Bakalova et al. (2014), the application of a higher pH in the
medium led to faster growth and higher specific growth
rate (4 = 0.21 + 0.01 AOD h™') compared to the control
(4 =0.16 £ 0.04 AOD h™*). Probably, the elevated pH had
no inhibiting potential because the selected isolates of
Alcaligenes sp. and Pseudomonas sp. were tolerant to high
pH and adapted to TEA (Thangam and Rajkumar 2000;
Luque-Almagro et al. 2005).

Measurements of TEA and bicine concentrations
were only performed for the control and the pH 9 treated
group, as the thermal treatment only postponed microbial
growth but did not change the exponential growth rates.
At the higher pH of 9 compared to the usual pH of 8 in the
industrial cooling-lubricating circuit, TEA degradation
rates were elevated with a simultaneous strong increase in
bicine concentration (Figure 5B). Mean degradation rates
were calculated from all five isolates, as no large deviation
was observed (variations of <5% for species-segregated
means compared to the overall means). In cultures with
elevated pH, TEA degradation rates during exponential
growth were 105 + 25 mg h™!, which is nearly twice as high
as in the controls (54.1 = 5.8 mg h™'). Similarly, the bicine
increase under pH 9 amounted to 91.6 £ 20.9 mg h™! while
the controls showed an increase of 43.4 + 4.0 mg h™! during
log phase. In the observed 17 h timeframe, a mean overall
TEA degradation rate of 1,481 + 140 mg1~! was observed
in the pH 9 group, while it was only 954 + 58 mg1™" in the
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control. In line with TEA degradation, the bicine increase
in cultures with elevated pH was nearly twice as high
(1,219 £ 70 mg1™") than in the controls (695 + 70 mg1™).

This study suggests that the implementation of a heat-
ing step represents a potential way to delay growth and
therefore reduce TEA degradation in industrial cooling
liquid circuits. A rise in the temperature of the medium
to 50°C for 15 min was sufficient to delay the transition
from lag to exponential phase for up to 45 h.

Since only selected isolates from biofilm samples were
used for the growth experiments this finding would need
to be confirmed under more realistic conditions similar to
those in the real CLC. Further improving the experimental
procedure, the biofilm isolates should be grown in a bio-
film-based system like a flow cell, and additional biofilm
control strategies like enzymes, phages, and antimicrobial
molecules from competing species (Simdes et al. 2010)
should be considered.

In conclusion, in order to control the growth of TEA
degraders in cooling liquid circuit of industrial plants,
the bacterial community at different sites was identified
and TEA degraders were isolated and further analyzed.
The genera Pseudomonas and Clostridium accounted for
the highest abundance at all sampling sites. The sites con-
tained different microbial communities, although all parts
of the cooling circuit were interconnected and continu-
ously in contact with the cooling liquid. These differences
can be attributed to structural differences in the circuit,
such as the degree of oxygen concentration, contact to
production processes, the intensity of the cooling liquid
contact as well as exposure to purification measures like
flocculation tanks and sedimentation basins. The latter
was shown to have a considerable impact on bacterial
abundances and reduced microbial load in subsequent
sections of the cooling circuit by up to 80%. Isolates
capable of TEA degradation were identified as P. pseu-
doalcaligenes and A. faecalis. The growth experiments
showed a considerable potential for the modification
of process conditions to offset microbial degradation of
TEA. Although the present results hint towards a signif-
icant contribution of biofilms to TEA degradation, it will
be necessary to estimate microbial biomass and activity
in biofilms and the suspension throughout the CLC and
to assess process rates not only in the liquid culture but
also in biofilms.
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