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ABSTRACT: A biofilm has a significant effect on water treatment
processes. Currently, there is a lack of knowledge about the effect of
temperature on the biofilm structure in water treatment processes.
In this study, a gravity-driven membrane ultrafiltration system was
operated with river feedwater at two temperatures (“low”, 4 °C;
“high”, 25 °C) to explore the biofilm structure and transformation
mechanism. The results showed that the difference in dissolved
oxygen concentration might be one of the main factors regulating
the structural components of the biofilm. A denser biofilm
formation and reduced flux were observed at the lower temperature.
The linoleic acid metabolism was significantly inhibited at low
temperature, resulting in enhanced pyrimidine metabolism by Na+

accumulation. In addition, the biofilm at low temperature had a
higher proportion of the metabolites of lipids and lipid-like
molecules (11.25%), organic acids and derivatives (10.83%), nucleosides, nucleotides, and analogues (7.083%), and
organoheterocyclic compounds (6.66%). These small molecules secrete more polysaccharides having CO and OC−O
functional groups, which intensified the resistance of the biofilm. Furthermore, the upregulation pathway of pyrimidine metabolism
also increased the risk of urea accumulation at low temperature. Limnohabitans, Deinococcus, Diaphorobacter, Flavobacterium, and
Pseudomonas were identified as the principal microorganisms involved in this metabolic transformation.

KEYWORDS: membrane water treatment, microbial community composition, metabolic rate, metabolic pathways, biofilm structure,
microbial metabolites

■ INTRODUCTION

There is a general lack of knowledge currently with regard to
the ubiquitous environmental microbes, as these microbes have
evolved continuously to ensure their survival in response to the
surrounding environment. The formation of biofilms is
believed to be a common phenomenon for microorganisms
to survive and adapt to various adverse internal/external
environmental factors.1 Such factors include temperature
variations,1 antibiotics,2−4 and the development of aerobic
and anaerobic conditions.5 This behavior ensures that the
microbial communities can exist widely in natural and man-
made environments.6 Biofilms attach to, and develop on, the
surface of physical objects, and their structure involves
heterogeneous microbial communities, including algae, fungi,
bacteria, etc.6−8 Extracellular polymeric substances (EPSs) are
the major components of the biofouling layer during the
membrane filtration process and represent about 85% of the
volume and more than 70% of the dry mass.7,9 EPSs are
secreted mainly by microorganisms in the form of proteins,
polysaccharides, lipids, and nucleic acids in varying propor-
tions.7 Biofilm formation also represents a significant threat to

human health from a medical, food, and water quality point of
view,6,10 by protecting the survival of pathogens such as
Pseudomonas aeruginosa,11 Bacillus cereus,12 and Aeromonas
hydrophila.13 In addition to the health implications associated
with biofouling, biofilm formation also has detrimental and
destructive effects on physical surfaces and engineering
processes, the management of which has been estimated to
cost billions of dollars annually.14

Biofilm formation is also considered one of the critical issues
in the field of drinking water treatment all over the world.10,15

Drinking water treatment and distribution systems contain
biofilms in the water flow, on external surfaces of unit
processes, and on the internal surfaces of pipes.16 Among the
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treatment processes, biofilm generation is a major issue for
membrane-based technologies, which are playing an increas-
ingly important role in augmenting fresh water resources to
alleviate water shortages worldwide.17,18 Both low-pressure
(microfiltration (MF) and ultrafiltration (UF)) and high-
pressure (nanofiltration (NF) and reverse osmosis (RO))
membranes are equally affected by the problem of biofilm
development.19,20 As a consequence, additional energy (to
maintain flux) and chemical treatment (to remove the biofilm)
are needed by these membrane systems to control the biofilm
formation and maintain operation.21 Furthermore, excessive
chemical cleanings for biofilm removal may cause secondary
environmental pollution or increase sludge production.14

Therefore, a good understanding of the effects of environ-
mental factors, such as temperature,22 pH,14 and dissolved
organic matter,23 is of considerable importance in the
management and control of biofilm formation. Among these,
temperature is a major factor influencing biofilm generation,
and in one study membrane fouling was greater at lower
temperatures and was subject to seasonal variations.24 The
water temperature has also been linked with water quality
parameters and the physicochemical properties of organic
matter.25 In addition, the temperature has a direct effect on
permeate water viscosity, which affects not only the membrane
flux but also the transmembrane pressure (TMP).26 At low
temperature, a significantly increased deposition of biopol-
ymers has been observed on the membrane surface, causing
severe membrane fouling due to the increased concentration of
extracellular polymeric substances (EPSs), soluble microbial
products (SMPs), polysaccharides, and proteins.22 However,
low temperatures also inhibit the metabolic rate and
production of metabolites of microorganisms under normal
conditions, which are responsible for maintaining cell viability
and thus prohibit cell reproduction.27 Previous studies have no
clear explanation for the greater deposition of EPSs and SMPs
on a membrane surface at low temperatures. One possibility is
that different microbes show different viscosities at different
temperatures, such as Staphylococcus aureus, which has better
adherence at 12 °C than at 30 °C, while the reverse behavior
was observed by E. coli.28 Another possibility is that many
community microorganisms not only metabolize via special
metabolic pathways, which are associated with nitrogen, sulfur,
and methane cycling pathways,29 but also grow and divide at
low temperatures.30 However, the effect of feed temperature
variation specifically on biofouling structural and microbial
metabolites, as well as on metabolic pathways in gravity-driven
membrane (GDM) installations, is still unknown.
Low-pressure GDM ultrafiltration (GDM-UF) has emerged

as an energy-saving membrane system in comparison with
conventional membrane filtration technology and is increas-
ingly being used for the production of drinking water in
developing countries.21 In addition, GDM has also provided
opportunities for research studies to explore the mechanisms of
biofilm formation and to ensure that the original appearance of
the biofilm is not damaged by high pressure. Therefore, GDM-
UF provides a model system for researching biofilms that is
more consistent with the original characteristics of the biofilm
formation. In this study, a detailed investigation of the
structural properties of membrane biofilms, and their
formation mechanisms, was performed at two different water
temperatures using a GDM-UF system. The specific objectives
of the study were to (1) evaluate the biofilm fouling layer
structure and character formed at different temperatures, (2)

identify changes in microbial communities and metabolic
pathways in the fouling layers using measurements of microbial
diversity and metabolomics, (3) determine the main bacterial
groups causing membrane biofouling at low temperature, and
(4) investigate the biofilm formation mechanism.

■ MATERIALS AND METHODS
Water Sources and Pretreatment. Samples of natural

surface water, taken from the River Qinghe, Haidian District,
Beijing, China (N, 116.354566; W, 40.032267), was used as
the feedwater for GDM-UF tests in this study. The initial total
organic carbon (TOC) content was 5.7 ± 0.75 mg/L. The
water samples were collected and transferred to the laboratory
in clean polyethylene (PE) buckets. On arrival at the
laboratory the samples were immediately filtered by a 0.45
μm membrane (Heshi, HHLM, China), and stored at 4 °C
before any further analysis.

Experimental Setup. The experimental setup used in this
study is shown in Figure S1 in the Supporting Information. For
the experimental tests at low temperature (LT, 4 °C) and high
temperature (HT, 25 °C), a peristaltic pump (LONGER,
L100-1S-1, China) was utilized to fill a constant-water-level
tank equipped with a water-level controller. The constant-
water-level tank was connected to a standard polypropylene
filter (50 mm, Jinmisheng, China) (number 10) having an
inner diameter of 30 mm using polyvinyl chloride tubing
(Shengguang, China). A vertical distance of 50 cm was
maintained between the water level of the constant-water-level
tank and the membrane surface for each filter, resulting in a
nominal transmembrane pressure of 50 mbar. The permeate
water of each module was collected in a glass bottle at 12 h
intervals to record the water flux. The whole device was placed
in an adjustable thermal incubator to ensure constant-
temperature conditions. The experimental runs for both LT
and HT were performed in different incubators at the same
time.
Polyvinylidene fluoride (PVDF) UF membranes (Yang-

sheng, China), with a nominal cutoff of 100 kDa, were used as
membrane filters. Prior to utilization, membranes were stored
in ethanol for 12 h and then immersed in deionized water for
24 h to remove the preserving agents and other impurities. The
deionized water was replaced every 2 h during this washing.
The flux of new membranes was determined by timing the
filtration of 1 L of deionized water under 50 mbar (50 cm
water head). In addition, the membrane filters were also
compressed by filtering DI water for 24 h before use.

Biofilm Filtration Model Analysis. A biofilm filtration
model analysis was carried out according to a previous
method,31 and details are given in the Supporting Information.

Physicochemical Analyses of Biofilm. Total organic
carbon (TOC) concentrations of the biofilm, after being
dissolved, were determined as nonpurgeable organic carbon
(NPOC) using a TOC-VCPH instrument (Shimadzu, Japan).
Protein and polysaccharide concentrations were measured by
the phenol−sulfuric acid method32 and Bradford method,33

respectively. Excitation−emission matrix (EEM) fluorescence
measurements were detected by luminescence spectrometry
(F-4600, Hitachi, Japan). The excitation (Ex) and emission
(Em) wavelengths ranged from 200 to 450 nm and from 250
to 500 nm, with 5 nm increments for both scales, respectively.
The molecular weight distribution of samples was measured by
an HP-SEC system and detection program, with 10 mM
sodium acetate as the mobile phase (CG grade) at a flow rate
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of 1 mL/min. The detector temperature and wavelength were
set at 25 °C and 254 nm, respectively. The parameters for each
module of the device were as follows: a Model 1525 binary
pump, a Model 1500 column heater, a Model 2998 photodiode
array detector, a Model 2707 autosampler, an SEC column
(Phenomenex, BioSep 5 μm, SEC-s3000, 290 Å), and
SecurityGuard Cartridges (Phenomenex, KJ0-4282). Fourier
transform infrared spectrometry (FTIR) (PerkinElmer UATR
Two, USA) was used for the detection of the functional group
composition of the freeze-dried biofilm samples, and the
spectral wavenumbers ranged from 500 to 4000 cm−1 with 4
cm−1 resolution. Information about chemical bonding, to
reveal the relative elementary composition of the freeze-dried
biofilm, was provided by X-ray photoelectron spectroscopy
(XPS) (ESCALAB 250Xi, Thermo Scientic, America).34

Characterization of the Biofilm Structure. The
architectural features of biofilms were detected by scanning
electron microscopy (SEM), using a method adopted and
modified from that of Wang et al.35 The filter membranes
along with the biological depositions were freeze-dried
(SCIENTZ-10N, China) directly and then used for SEM
characterization (SU8020, HITACHI, Japan) at 3 kV after they
were coated with gold by sputtering (MC1000, HITACHI,
Japan) for 15 s. Confocal laser scanning microscopy (CLSM)
and image acquisition were utilized to further describe the
distribution of proteins, polysaccharides, and nucleic acids on
the membrane surface (detailed steps are given in the
Supporting Information).36 After staining, all samples were
visualized directly by confocal laser scanning microscopy
(CLSM; TCS SP 5, Leica, Germany). Atomic force
microscopy (AFM) imaging was carried out using a Bruker
Dimension Icon instrument (Bruker, Fastscan, USA) for both
used and unused membranes to acquire AFM information
about the membrane surfaces.
Microbial Diversity, Metabolomics, and Rate of

Utilization of Carbon Sources Analysis. A plate-coating
method was used for the statistical analysis of the number of
bacterial and fungal species.37 A Biolog EcoPlate analysis and a

DNA PCR program were used according to Dick et al.38 and
Zhang et al.,39 respectively. The details are given in the
Supporting Information.

Statistical Analysis. Biodiversity data were analyzed by
using the free online platform of Majorbio I-Sanger Cloud
Platform (www.i-sanger.com). Gene comparison was con-
ducted using the National Center for Biotechnology
Information (https://www.ncbi.nlm.nih.gov/), and graphics
were processed by Origin Pro (2018), Prism 7, and Mega-X
software. A statistical analysis was performed using IBM SPSS
statistics software (V.20 USA) and assessed by one-way
analyses of variance (ANOVA) and an independent t test, with
a level of statistical significance of p < 0.05. The significance
level for differences in this study was set at p < 0.05.

■ RESULTS AND DISCUSSION

Permeate Flux. The GDM-UF systems were operated as
described in the Supporting Information. During the first 4
days, a rapid flux decrease was observed for both HT and LT
GDM-UF systems, showing flux reductions of approximately
59.88% and 78.82% (Figure 1a), respectively. After that, the
flux decrease rate was stabilized in both systems. Profiles of the
cumulative flux showed that the pure water flux in both
systems was significantly higher than that of the cumulative
surface water flux (Figure 1b). Chiemchaisri and Yamamoto40

reported that a low temperature affected the permeate flux not
only by increasing the viscosity of the wastewater but also by
changing the biofilm resistance. Similarly, other studies have
also found that a marked flux reduction with time could be
attributed to the formation of a biofilm on the membrane
surface and membrane pore blocking.41 It was also noted that
backwashing of the fouled membrane reduced the hydraulic
resistance and recovered the water flux to 70−75% of its initial
level (Figure 1a,b). A difference in the biofilm resistance (Rb)
was also observed for the HT and LT GDM systems (Figure
1c), exhibiting an increased Rb value at low temperature. The
increased biofilm resistance was attributed to the enhanced
secretion of EPS, polysaccharides, and proteins at low

Figure 1. Variation with time of flux, biofilm resistance, and organic content: (a, b) flux and cumulative flux respectively; (c) biofilm resistance; (d)
protein content of the biofilm; (e) polysaccharide content of the biofilm; (f) TOC content of the biofilm. Each experiment was repeated three
times, and error bars represent the standard deviation (SD).

Environmental Science & Technology pubs.acs.org/est Article

https://doi.org/10.1021/acs.est.2c01243
Environ. Sci. Technol. 2022, 56, 8908−8919

8910

https://pubs.acs.org/doi/suppl/10.1021/acs.est.2c01243/suppl_file/es2c01243_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.2c01243/suppl_file/es2c01243_si_001.pdf
http://www.i-sanger.com
https://www.ncbi.nlm.nih.gov/
https://pubs.acs.org/doi/suppl/10.1021/acs.est.2c01243/suppl_file/es2c01243_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.est.2c01243?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.2c01243?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.2c01243?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.2c01243?fig=fig1&ref=pdf
pubs.acs.org/est?ref=pdf
https://doi.org/10.1021/acs.est.2c01243?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


temperature, ultimately resulting in a rapid flux decrease.22,42,43

An increased content of polysaccharides was observed on 14th
and 21st days at low temperature (Figure 1e); however, the
protein concentration was not significantly different for both
HT and LT systems (Figure 1d). The overall TOC of the
biofilm at low temperature was found to be greater in
comparison to that of the biofilm at high temperature (p < 0.05
Figure 1f), indicating the presence of a higher content of
particulate organic matter in the biofilm at low temperature.
Farhat et al.44 reported that high-temperature conditions
caused increased degradation activity in biofilms, and there-
fore, the large macromolecules and particulates were converted

into small macromolecules, particulates, and dissolved
organics, which were carried away with in the permeate.

Surface Morphology of the Biofilms. An increase in
biofilm resistance is the main factor causing a flux decrease.
Therefore, an examination of the surface morphology of
biofilms was conducted to explain the reasons for the increased
hydraulic resistance at a lower temperature. The biofilm
formation was found to be highly compacted at a low
temperature but extremely porous at a higher temperature
(Figure 2). Valladares Linares et al.45 also reported that a
dense biofilm structure reduced the volume between
neighboring EPS molecules, resulting in a decreased hydraulic

Figure 2. Biofilm morphology and composition. Cross-section characterization of biofilm by scanning electron microscopy (SEM, a−f). Biofilm
cross sections on the 7th, 14th, and 21st filtration days at 4 °C (a−c) and 25 °C (d−f) ,respectively. Images of biofilm surface roughness from
atomic force microscopy (AFM, g−l). Biofilm surface roughness on the 7th, 14th, and 21st filtration days at 4 °C (g−i) and 25 °C (j−l),
respectively. Images of biofilm composition on the membrane surface from confocal laser scanning microscopy (CLSM, from m−r). Color code:
green, protein; red, polysaccharide; blue, nucleic acid. Biofilm samples on the 7th, 14th, and 21st filtration days at 4 °C (m−o), and 25 °C (p−r),
respectively.
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flow and increased biofilm resistance. The dense structure at
low temperatures might be due to the decreased metabolic rate
of microorganisms and enzymatic activity.46 The metabolic
rate of the microorganisms at high temperature was found to
be 3 times that at low temperature (Figure 4g,h). In addition,
the increased EPS matrix viscosity at lower temperature was
also found to be in agreement with previous studies.47 In
contrast, the porous structure of the biofilm at high
temperature provides a convenient, low-resistance path for
water to pass through the membrane. Some parts of the UF
membrane were also found to be in direct contact with the
liquid (Figure 2d−f), which was attributed to the vigorous
metabolism of the microorganisms at high temperature (Figure
4g,h). Similar to the SEM observations, AFM images also
confirmed the dense biofilm formation at low temperature
(Figure 2g−l). Moreover, a significantly higher (p < 0.05)
biofilm roughness was observed on the 7th, 14th, and 21st
filtration days at the higher temperature, in comparison to the
lower temperature. The dense biofilm formation was actually
due to the accumulation of organic matter (Figure 1f) and
small numbers of microbes (Figure S3). However, the presence
of algae was still noticed in biofilms at high temperature, as

indicated by CLSM (Figure 2p−r) and SEM (Figure S2). The
large size of algae might be the reason for the biofilm
roughness at high temperature. In addition, CLSM images also
confirmed the higher content of polysaccharide (red marks) in
biofilms at low temperature in comparison to that at high
temperature (Figure 2p−r), indicating that it is one of the
main reasons for the increased biofilm resistance.43

Analysis of Biofilm Components. Several distinct and
characteristic sharp stretching frequencies of different chemical
groups were evident for all of the samples, as shown in Figure
3. The FTIR spectra incorporate the main sharp stretching
frequencies that relate to the biological activities involved, and
the corresponding functional groups are shown in Table S2.48

The main characteristic bands were actually the functional
groups existing in proteins and polysaccharides, as was
confirmed previously.49 Particularly, the peaks at 1040 cm−1

(CO), 1550 cm−1 (C−N and N−H), and 1645 cm−1 (C
O and C−N) represented proteins and polysaccharides (Table
S2), respectively. However, the peaks at 1040, 1550, and 1645
cm−1 of the low-temperature biofilm were found to be higher
than those of the high-temperature biofilm (Figure 3b) and
also increased as a function of time at low temperature. These

Figure 3. Functional group composition of biofilm. (a, b) Fourier transform infrared (FTIR) spectra of biofilm. High-resolution (c, f) C 1s, (d, g)
O 1s, and (e, h) N 1s X-ray photoelectron (XPS) spectra of biofilm at 4 and 25 °C.
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results are consistent with the protein and polysaccharide
results shown earlier in Figure 1d,e and with the increased
biofilm resistance and rapid flux decrease.42,43 In addition, the
FTIR results also illustrate the presence of enhanced
hydrophilic functional groups, especially the high-polarity
functional groups50 acylamino (1641 cm−1) and carboxyl
(1040 cm−1) in the biofilm at low temperature (Figure 3a,b).
The higher hydrophilic composition is more favorable for
bacterial aggregation,50 resulting in the dense biofilm
formation at low temperature.
The chemical composition of the biofilm on the membrane

surface at both temperatures was also analyzed by XPS, as
presented in Figure 3c−h and Table S1. The C peaks were
decomposed into four different bands and located at binding
energies of 284.8, 286.3, 288.0, and 289.0 eV, respectively.
These were as follows: C having a bond with C or H (C−
(C,H)) was attributed to lipids and amino acid side chains at a
binding energy of 284.8 eV; C bonded with O or N (C−(O,
N)) represents ether, alcohol, amine, or amide at a binding
energy of 286.3 eV; C and O making two single bonds or one
double bond (i.e., CO or O−C−O) were attributed to
amide, carbonyl, carboxylate, ester, acetal, and hemiacetal at
288.0 eV; the peak at 289.0 eV showing the functional groups
of OC−OH and O−C−OR was mainly regarded as carboxyl
or ester groups.51 The O peaks were attributed to bond
energies at 532.7 and 531.4 eV. The OC bond at a binding
energy of 532.7 eV belongs to hydroxide (C−OH), acetal, and
hemiacetal (C−O−C); however, the OC bond at a binding
energy of 531.4 eV represents a carboxylic acid, carboxylate,
ester, carbonyl, and amide.52 The N peaks were also attributed
to the two bond energies at 400.12 and 402.10 eV. The N−C

bond inan amide or amine and N−H bonds in ammonia or
protonated amines were detected at binding energies of 400.12
and 402.10 eV, respectively.52 The amounts of high-polarity
hydrophilic functional groups CO (10.29%) and OC−O
(16.77%) in the biofilm (27.06%) at low temperature were
greater than those in the biofilm (23.06%) at high temperature
(Table S1). These observations are consistent with the results
of the FTIR analysis, once again strongly confirming the
presence of highly hydrophilic content in the biofilm formed at
low temperature, which not only promoted the bacterial
aggregation50 but also increased the biofilm cake layer
resistance.

Microbial Diversity and Metabolic Rate. In general,
there will be significant differences in microbial diversity as a
consequence of variations in environmental factors, such as
pH, temperature, dissolved ion concentration, and so on.17 In
this study, it was hypothesized that the GDM-UF systems
operating at two different temperatures would exhibit
considerable differences in microbial diversity. This was
confirmed by the results of high-throughput sequencing of
biofilm microorganisms from the GDM-UF systems at the two
temperatures (Figure 4). The microbial diversity of samples
taken on the 7th, 14th, and 21st days was found to be highly
consistent in each respective temperature-based GDM-UF
system; however, significant differences (p < 0.05) in microbial
diversity were also observed between both systems (Figure 4f).
The operational taxonomic units (OTUs) of raw water (QH)
and two biofilms (LT and HT) were 593, 313, and 988,
respectively (Figure 4a). Low temperature not only decreased
the microbial diversity when the raw water passed the GDM-
UF at 4 °C but also, at the same time, reduced the microbial

Figure 4. Analysis of bacterial diversity based on high-throughput sequencing technology. (a) Venn, (b) Shannon, (c) Simpson, (d) Ace, and (e)
Chao analyses at the OTU level. Each experiment was repeated three times. (f) Spearman’s correlation heat map based on population abundance at
the phylum level. Carbon source utilization testing of biofilm bacteria was determined with a BIOLOG plate. The ordinate represents 31 single-
carbon sources, and the abscissa represents culture time. The utilization of the carbon source increases with the color transformation from yellow to
purple. Bacteria from the 4 and 25 °C biofilms were cultured at (g) 4 °C and (h) 25 °C, respectively. LT and HT represent 4 and 25 °C,
respectively. Error bars represent the standard deviation (SD).
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richness and evenness in the GDM-UF system (Figure 4b−e).
An abundance clustering analysis (Figure 4f and Figure S5)
showed that the whole microbiome was clearly divided into
two parts at the phylum and order levels. One part of the
microbiome was unaffected by the temperature, and its
abundance remained dominant (insensitive group: IG), and
the main group consisted of Proteobacteria, Bacteroidota,
Verrucomicrobiota, Actinobacteriota, and Patescibacteria. The
other part of the microbiome was found to be significantly
affected by temperature (sensitive group: SG), which mainly
included Deinococcota, Chloroflexi, Firmicutes, Myxococcota,
Spirochaetota, Acidobateriota, Planctomycetota, Desulfobac-
terota, Cyanobacteria, and Bdellovibrionota. The difference in
the microbial SG in the two temperature-based GDM-UF
systems might be due to the different dissolved oxygen (DO)
level, as has been reported previously.53 The DO concen-
trations at 4 and 25 °C were 13.40 ± 0.16 and 8.3 ± 0.05 mg/
L (Figure S2), respectively. The stability of the microbial IG
was attributed to the richness (Figure 5b,c) and stress
resistance of microorganisms at the genus level (LT,
Limnohabitans, Deinocococcus, Diaphorobacter, and Pseudomo-
nas; HT, Rhodobacter) (Figure 7c). Additionally, the difference
in microbial metabolites was also due to the diverse microbial
compositions at the different temperatures.30 However, the
DO level might be the main cause of different microbial
communities at different temperatures in the biofilm of the
GDM-UF systems, causing an increased adhesion ability of the
biofilm at low temperature.54

BIOLOG plates were used to identify the microorganism
population metabolic rate and utilization ratio of the six carbon
sources (including monosaccharides, amino acids, esters,
alcohol, amines and carboxylic acids).55 The types of available
carbon sources and utilization rates of microbial carbon
sources at low temperature were found to be considerably
lower than those at high temperature (Figure 4g,h), indicating
an inhibition of the metabolic rate of microorganisms in the

low-temperature GDM-UF system. Normally, low temper-
atures stabilize the nucleic acid secondary structure, reduce
membrane fluidity and the structural flexibility of the proteins,
and consequently inhibit the microbial metabolism.30 How-
ever, monosaccharides, esters, and carboxylic acids can be used
by microorganisms at low temperature (Figure 4g), which are
closely related to alanine, aspartate, glutamate metabolism,
amino sugar, and nucleotide sugar metabolism (https://www.
kegg.html). Mackelprang, Burkert, Haw, Mahendrarajah,
Conaway, Douglas, and Waldrop30 also showed that the
cysteine and methionine metabolic pathways became more
abundant in ancient permafrost and have increased capacity for
the degradation of aromatic hydrocarbons. Similar metabolic
pathways have been shown by microorganisms to be a main
source of energy at low temperature, resulting in increased
polysaccharide secretions.

Microbial Metabolic Pathways. A nontargeted metab-
olomics strategy was applied in this study for the identification
of microbial metabolites. The typical base peak chromatograms
(BPCs) showed that the metabolic profiles of the LT and HT
groups were significantly different in both ESI+ and ESI−

modes (Figure S6). A Pearson correlation analysis of a clear
cluster in terms of pooled quality control (QC) indicated that
the reproducibility of all samples was reliable (Figure S7a, r2 >
0.99). Furthermore, the PCA plot (Figure S7c) of QC samples
(R2X, 0.77) also illustrated that the sample analysis sequence
was significantly stable and repeatable. A partial least-squares
regression discriminant analysis (PLS-DA) was applied for the
classification of LT and HT, and this showed that the LT and
HT were clearly separate (Figure S7b). A two-component
calculation revealed that the cumulative R2X, R2Y, and Q2 were
0.768, 0.999, and 0.996, respectively, and overfitting was not
observed as a result of permutation.
Preliminary statistics of the differences in metabolites are

given in the Supporting Information. For the LT, in
comparison to the HT, the total amounts of downregulated

Figure 5. Metabolic features of the metabolomics. (a) LDA scores (log 10) of all the significantly different metabolic functions by LEfSe. The
colors of each type correspond to the different groups with a class of metabolites. The red and blue bars represents the increase and decrease of
metabolites, respectively. (b) Quantity ratio of identified differential metabolites by various chemical classifications. (c) Volcano plot of the 241
named metabolites profiled. Forty metabolites exhibited significant differential abundance (p < 0.05, absolute fold change >1.5 or <0.67) when the
LT biofilm was compared with the HT biofilm. Mann−Whitney U tests were utilized to calculate the statistical significance, and p values were
corrected using the Benjamini−Hochberg procedure. Differentially abundant metabolites of different categories were individually color coded. (d)
Pathway-based analysis of metabolic changes upon comparing primary LT with HT. The differential abundance score captures the average and
gross changes for all metabolites in a pathway. A score of 1 indicates that all measured metabolites in the pathway increase, and −1 indicates that all
measured metabolites in a pathway decrease.
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substances were found to be significantly greater than those of
upregulated substances (Figure 5c). Lipids and lipid-like
molecules were the most common variety of downregulated
substances (Figure 5a). A KEGG-pathway-based analysis
utilizing metabolites illustrated a differential abundance
between the LT and HT biofilms. Differential abundance
scores were calculated by capturing the tendency for
metabolites in a pathway to be increased/decreased relative
to HT samples. Among 32 different metabolic (VIP > 1, p <
0.05) pathways with at least 5 captured metabolites in this
testing, 19 were up and 13 were down (Table S5). The most
significant positive and negative metabolic pathways were
pyrimidine metabolism and linoleic acid metabolism (Figure
5d), respectively.
Mackelprang, Burkert, Haw, Mahendrarajah, Conaway,

Douglas, and Waldrop30 reported that the DO concentration
significantly increased the adhesion abilities of biofilm at low
temperature, but the possible mechanism was not further
elaborated. In this study, a metabolomics difference analysis
indicated that the linoleic acid metabolism was substantially
inhibited at low temperature (Figure 5d). Conversely, previous
studies have also shown that a low DO (Figure S8) can
promote linoleic acid metabolism,56 which was controlled by
cytochrome P450s, including CYP1A2, CYP2C2, CYP2C8,
CYP2C9, CYP2C19, CYP2J2, CYP2J3, CYP2J5, CYP2J9,
CYP2E1, and CYP3A4.57 However, the concentration of DO
in low-temperature water was considerably greater than that in
high-temperature water (Figure 6). Hence, the linoleic acid
metabolism was downregulated at low temperature (Figures 5d

and 6), including downregulated metabolites of lecithin,
linoleic acid, all-cis-(6,9,12)-linoleic acid, and 13(S)-HODE.
This decrease in metabolites of linoleic acid metabolism may
cause a reduction in epoxyeicosatrienoic acids (EETs)
content.58 The reduced physiological concentration of EETs
further decreased the cytokine-induced endothelial cell
adhesion molecule expression, by a mechanism involving
inhibition of transcription factor NF-κB and IκB kinase and
overexpression of CYP2J2.59 Increased proteins and poly-
saccharides in the biofilm were regulated by CYP2J2 at low
temperature (Figure 1d,e). In addition, the aldehyde group
(COH) of EETs was transferred to carboxyl (COOH) by
lipoxygenase and cytochrome P450 (CYP).60 Therefore, a high
DO not only inhibits the expression of CYP but also leads to
the enhanced accumulation of COH groups at low temper-
ature (Table S1), resulting in an increased viscosity of the
biofilm. Meanwhile, the soluble epoxide hydrolase (sEH)
converts EETs to dihydroxyeicosatrienoic acids f-
(DHETs),56,61 which can uptake Ca2+ 62 and inhibit the
consumption of the rat myocardial Na+ channel.63 However,
the decreased EETs content at low temperature further
reduced the intracellular Na+ by transporting an L-type
amino acid (y+ LATl), which is a translocator of Na+ and L-
arginine (AA+).56 The accumulation of Na+ in the cell
demonstrated the content of cationic amino acids (AA+), as
required for the coordination of Na+ in the translocator y+

LATl,64,65 and was found to increase significantly (p < 0.05) at
low temperature (Figure 6). This stabilizes the osmotic
pressure of Na+ between the inside and outside of the cell.

Figure 6. Metabolic network of the significantly changed metabolites. The normalized contents are shown under the chemical name. All pf the p
values were calculated using a Student t test. *, p < 0.05; **, p < 0.01; ***, p < 0.001. Metabolites that are not significantly correlated with each
other are shown using a solid line frame. Names of the significantly correlated metabolic pathways are shown with dashed line frames, where yellow
and blue indicate the increase and decrease of metabolism at low temperature (LT) relative to high temperature (HT), respectively. Abbreviations:
L-arginine, AA+; neutral amino acids (L-glutamine), AA0; arachidonic acid monoepoxides, EETs; L-type amino acid transporter, y+LATl; 13(S)-
Hydroperoxy-9Z,11E-octadecadienoic acid; 13(S)-HPODE, 13(S)-hydroxyoctadecadienoic acid; 13(S)-HODE. Error bars represent the standard
deviation (SD). The box plots display the six-number summary of a set of data: the minimum, first quartile, median, third quartile, maximum, and
outliers.
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Moreover, the increased content of urocanic acid (related to
histidine metabolism), deoxycytidine, uracil, 2′-deoxyuridine,
and thymidine and thymine (related to pyrimidine metabo-
lism) can be utilized as the precursor of L-arginine (KEGG,
http://www.genome.jp/kegg/, and Figure 6). L-Arginine is
also converted into urea through the urea cycle, raising
questions about the safety of drinking water treating processes
at low temperature.
Correlation of Differential Metabolites with Bacterial

Diversity. CA correlation of different metabolites with
bacterial diversity indicated that the Dependentiae phylum
was significantly correlated with metabolic substances that are
mainly related to the linoleic acid metabolism (Figure 7a).
However, the Spirochaetota and Acidobacteriota phyla were
found to be significantly correlated with metabolic substances
of pyrimidine metabolism (Figure 7a). A Spearman correlation
heat map analysis showed that the Deinococcus, Diaphorobacter,
Emticicia, Flavobacterium, Limnohabitans, Luteolibacter, Methyl-
otenera, and Pseudomonas were positively correlated with the
key upregulated metabolites and that Hyphomonas, Runella,
TM7a, norank_f_A4b, unclassif ied_f_Comamonadaceae, and
unclassif ied_f_Devosiaceae were negatively correlated with key
upregulated metabolites (Figure 7b). Among them, Limnoha-
bitans, Deinococcus, Diaphorobacter, Flavobacterium, and
Pseudomonas were the dominant bacteria under LT conditions

(Figure 7c), resulting in enhanced pyrimidine metabolism and
restrained linoleic acid metabolism (Figure 7b). All of these
dominant bacteria are facultative anaerobic bacteria, as has
been reported previously.66−70 Specifically, the Pseudomonas
yield in the generated biofilm can be stimulated by adjusting
the oxygen concentration and ensure that biofilms have an
anaerobic environment for Pseudomonas.71 Nitrate can be used
as an electron acceptor for Pseudomonas in an anaerobic
environment.69 Therefore, a high oxygen content in water at
low temperature may be an important reason for the
microorganisms to secrete an increased amount of extracellular
polymers.
In this study, the effect of temperature on the extent and

mechanisms of biofilm formation and membrane fouling was
investigated using a bench-scale GDM-UF facility and samples
of surface water. Experiments showed that low temperature (4
°C) and high DO content significantly affected the metabolic
rate and community structure of the membrane biofilm by
altering the pyrimidine metabolism (UP) and linoleic acid
metabolism (DOWN) rate of the microorganisms. In addition,
an increased polysaccharide content was observed as a result of
the changing metabolites at low temperature, which further
enhanced the viscosity and resistance of the biofilm by
increasing the functional groups CO and OC−O on the
side chains of polysaccharides. Moreover, Limnohabitans,

Figure 7. (a) Metabolic correlation networks of the different metabolites and related bacteria based on phylum. The orange dots represents the
groups, of bacteria and green dots represent metabolin. The red and blue lines indicate positive and negative correlations, respectively. The node
area is positively correlated with the species abundance/detection index value. (b) Spearman correlation heat map between metabolic bacteria on
genus. All of the p values were calculated using a Student t test. *, p < 0.05; **, p < 0.01. The blue and red circles indicate positive and negative
correlations, respectively. (c) TOP 30 proportion of dominant bacteria bar. QH represents raw water; LT and HT represent 4 and 25 °C,
respectively.
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Deinococcus, Diaphorobacter, Flavobacterium, and Pseudomonas
were found to be the key bacterial species involved in
metabolic transformations. These phenomena are believed to
be important factors responsible for the direct increase in
resistance of membrane biofilms at low temperature.
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