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Abstract: Combined use of light-emitting diodes (LED) ultraviolet (UV) and chlorination provides
alternative disinfection in drinking water, which could affect the biofilm formed subsequently.
Two sequential integrations (UV-Cl and Cl-UV) and one simultaneous combination (UV/Cl) were
adopted to investigate their impacts on biofilm formation. Natural organic matter after combined
processes was more accessible for microbes. This might explain the promoted growth of culturable
biofilm bacteria—biofilm bacteria stabilized at 104 CFU/mL without disinfection while increasing
continuously to 105 CFU/mL in 106 days after combined processes. Contrarily, the viable biofilm
bacteria were efficiently suppressed by combined processes, with the least bacteria observed in
UV/Cl. The culturable ciprofloxacin-resistant bacteria in biofilm was suppressed by combined
processes, with the survival reduced from 49.9% in the control to 27.7%, 16.0% and 10.8% in UV-Cl,
Cl-UV and UV/Cl, respectively. The survival of sulfamethoxazole/trimethoprim-resistant bacteria
was lower in UV/Cl (16.8%) than others (43.6–55.0%), consistent with the little sul1 and sul2 de-
tected in UV/Cl. Although combined processes reduced most detected antibiotic resistance genes
(i.e., blaTEM-1, tetA, sul1 and sul2), UV-Cl showed the potential to enrich tetA and sul2 in biofilm.
Overall, UV/Cl outperformed the sequential combinations in the control of viable bacteria and the
antibiotic resistance in the subsequently formed biofilm.

Keywords: LED UV; chlorination; combined process; biofilm; drinking water; antibiotic resistance

1. Introduction

In the drinking water distribution system (DWDS), more than 90% of the biomass is
found in biofilm, which would be a threat to the safety and aesthetics of drinking water:
affecting taste and odour of water, reducing hydraulic efficiency, harbouring pathogens
and promoting the propagation of antimicrobial resistance [1–4]. Controlling the biofilm
formation in DWDS is therefore an important task for public health.

Disinfection is the most adopted precaution which inactivates the existing planktonic
microorganisms to retard the growth of biofilm. Chlorination (Cl2) is widely used as
chlorine; it is an affordable chemical with persistent and broad biocidal effects such as
damage to DNA, proteins, lipids, and other cell components [5]. However, chlorine shows
a limited effect on chlorine-resistant microorganisms and may derive toxic by-products [6].
Ultraviolet (UV) is another practically affordable drinking water disinfection technology,
and it is free of by-products [7,8]. Light-emitting diodes (LED) UV is a competitive light
source for UV disinfection due to its safety, high efficiency, customised wavelength com-
bination and small size [9,10]. However, UV irradiation inactivates the bacteria mainly
via the dimerization of pyrimidine which could be repaired, and therefore lacks durative
inactivation [11].
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To overcome the drawbacks of a single process, the combined use of Cl2 and UV has
gained more attention in recent years. The simultaneous combination of UV and Cl2 (UV/Cl)
is an advanced oxidation process, where the yielded radicals were reported to enhance the
inactivation of fungi [12], pathogens [13] and antibiotic resistance genes (ARGs) [14]. Sequen-
tial combinations, UV followed by Cl2 (UV-Cl) or Cl2 followed by UV (Cl-UV), were also
more effective than the standalone process in ensuring biological safety in the water [14–19].
Although previous studies showed the benefits of combined UV and Cl2 on the removals
of waterborne microorganisms, only a few evaluated their impacts on the following biofilm
formation. Some studies showed that UV-Cl effectively controlled Escherichia coli and iron
recycling bacteria in biofilms compared to Cl2 alone [20,21]. Liu et al. [22] found that UV-Cl
was effective in inactivating waterborne opportunistic pathogens, while the opportunistic
pathogens in biofilms were tolerant to both UV-Cl and Cl2. Hence, the impacts of other
combinations on biofilm formation as well as their influences on other biofilm characteristics,
such as antibiotic resistance, need further investigation.

On the other hand, the use of combined UV and Cl2 that primarily inactivates mi-
croorganisms will also affect the structure of natural organic matter (NOM) in water, which
has an influence on the subsequently formed biofilm as well. UV irradiation limitedly
affected the biodegradable dissolved organic carbon (BDOC) or assimilable organic car-
bon (AOC) in the solution [8,23]. However, Cl2 and UV/Cl are inconsistently reported
to reduce or increase the BDOC and AOC in waters [24,25], which depends on the water
matrix and the operational conditions. Moreover, disinfection by-products generated in the
combined processes differed from the standalone processes in terms of the diversity and
the quantity [26]. Disinfection by-products are potential promotors for the propagation
of antibiotic resistance [27,28]. The characteristics of NOM have a great impact on the
subsequent biofilm formation in addition to the waterborne microorganisms [29,30]. Hence,
it is important to explore the change of NOM during the combined UV and Cl2 regarding
its impact on the subsequent biofilm formation.

This study aims to assess the impacts of three combined LED UV and Cl2 processes
on the biofilm in DWDS. Two sequential combinations, UV-Cl and Cl-UV, and one simulta-
neous combination, UV/Cl, were adopted in a laboratory drinking water treatment system
as the disinfection. The collected surface water samples were evaluated for the change of
NOM characteristics in various treatment units before being fed into the biofilm reactor.
Biofilm reactors were continuously run for 106 days, where the biofilms in different reac-
tors were compared for the quantities of culturable bacteria, viable bacteria, extracellular
polymeric substances (EPSs), culturable antibiotic resistant bacteria (ARB), selected ARGs
and functional genes.

2. Materials and Methods

Water was sampled every two weeks from a local canal and underwent pre-treatment
of coagulation/flocculation, settling and sand filtration in our laboratory (Figure S1).
Samples were collected from the raw water mixing tank (Raw), effluents of the settling tank
(ST) and effluents of the sand filter (SF) for further analyses.

The LED UV lamp has 40 LED chips (Klaran, Green Island, NY, USA) with the max
yield at 265 nm (Figure S2). The average intensity of the LED UV lamp was measured by
the ferrioxalate actinometry method [31], and the applied UV fluence in each process was
controlled at 306 mJ/cm2. Chlorine was diluted from commercial sodium hypochlorite
solution (Sigma-Aldrich, Singapore), and its concentration was determined by an N, N-
diethyl-p-phenylenediamine colourimetric method using a colourimeter (DR890, Hach,
Loveland, CO, USA). In each process, chlorine was dosed at an initial concentration of
10 mg/L as Cl2 and quenched by sodium thiosulfate. The water collected in pre-treatment
or after disinfection was stored in the dark at 4 ◦C before further processing.

Four glass cylinders with microscopy slides glued to the acrylic lid were adopted as
biofilm reactors (Figure S3). Biofilm reactors were continuously fed with water without
disinfection (i.e., SF) and water treated with UV-Cl, Cl-UV and UV/Cl, respectively. The
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hydraulic retention time was controlled at around 55 h, within the maximum reported
water age (i.e., 72 h) in DWDS [32]. The solution inside the biofilm reactors was mixed
continuously by a magnetic stirrer at 100 rpm. The whole biofilm reactors were wrapped
with aluminium foil to mimic the dark condition in DWDS.

The changes of NOM in the pre-treatment and disinfection were monitored. Dissolved
organic carbon (DOC) was measured by the high-temperature combustion method via a
TOC analyser (TOC-L CPH, Shimazu, Kyoto, Japan). Total suspended solids (TSS) were
obtained by quantifying the mass of the particles sustained by glass fibre filters. The content
of chromophores was indicated by UV absorbance at 254 nm (UV254), which was mea-
sured by a UV-Vis spectrophotometer (DR6000, Hach, Loveland, CO, USA). A fluorescence
spectrometer (Cary Eclipse, Agilent, Santa Clara, CA, USA) was adopted to monitor the
change of fluorophores, where the obtained excitation–emission matrixes were further
analysed by parallel factor analysis (PARAFAC) as detailed in Text S1 [33–35]. An LC-OCD
analyser (Dr. Huber, Karlsruhe, Germany) was adopted to analyse the content of hydropho-
bic (HOC) and hydrophilic organic carbons of different molecular weights—biopolymers
(>>20,000 g/mol), humic substances (500–1000 g/mol), building blocks (300–500 g/mol),
lower molecular weight (LMW) neutrals and acids (<350 g/mol). To study the changes of
functional groups by combined processes, NOMs were extracted by solid-phase extraction
and freeze-dried before being analysed by Attenuated total reflectance–Fourier transform
infrared spectroscopy (ATR–FTIR, VERTEX 70, Bruker, Bremen, Germany).

Biofilm was washed off by sonicating one microscope slide in 15 mL sterile deionised
water. The culturable bacteria number was quantified by heterogeneous plate counting
(HPC) using R2A agar plates (Sigma-Aldrich, Singapore) and incubated at 28 ◦C for
7 days. The EPS of biofilms from four reactors were quantified by bicinchoninic acid
protein assay (Sigma-Aldrich, Singapore) and phenol-sulfuric acid method for protein and
polysaccharides, respectively. A confocal laser scanning microscope (CLSM, Stellaris8,
Leica, Wetzlar, Germany) was adopted to on-site characterise the biofilm structure. SYTO
9 and propidium iodide were used to stain nucleic acids in all cells and dead cells with
damaged membranes, respectively (LIVE/DEAD kit, Thermo Fisher, Waltham, MA, USA).
The CLSM data were further analysed by Imaris 9.9.0 and Image J.

The antibiotic resistance of biofilm was tested via quantification of culturable antibiotic
resistance bacteria (ARB) and ARGs. For the ARB test, ampicillin (Amp), ciprofloxacin
(Cip), tetracycline (Tet) and sulfamethoxazole/trimethoprim (SXT) mixture were spiked
into R2A agar at 32 mg/L, 1 mg/L, 16 mg/L and 4/76 mg/L, respectively. The survival rate
was adopted to indicate the resistance of bacteria and calculated via the following equation:

Survival = (Bacteria No. on antibiotics amended plate)/(Bacteria No. on pure plate).

In addition, the DNA of biofilm samples were extracted by SPINeasy DNA kit for
soil (MP biomedicals, Irvine, CA, USA) and analysed by a real-time PCR (QuantStudio 1,
Applied Biosystems, Waltham, MA, USA). The details of primers and real-time PCR settings
are listed in Table S1 and Text S2 [36–39]. The amounts of ARGs were relatively quantified
by the 2−∆∆Ct method [40], where 16s rRNA was adopted as the internal control gene and
SF was used as the control group (Text S3).

3. Results and Discussion
3.1. Degradation of Organics

As seen in Figure 1, although UV254 and DOC of organics varied in a wide range in the
raw water, they could be effectively reduced to 0.027 ± 0.003 cm−1 and 2.59 ± 0.67 mg/L,
respectively, after the settling tank. Sand filtration showed limited removal of the dissolved
organics while it lowered the total suspended solids to <1 mg/L (TSS, Figure S4). After
sand filtration, three combined processes, UV-Cl, Cl-UV and UV/Cl, further decreased
the average concentration of UV254 by 11%, 17% and 33%, respectively. However, DOC
was not further reduced by the combined processes. The effective reduction of UV254 by
UV/Cl could be attributed to the radicals, where reactive chlorine species were efficient in
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destroying aromaticity but little contributed to the mineralization [41]. The slight increase
of DOC values after combined processes might be due to the interference from chlorine
during DOC measurement [42]. The calculated specific UV absorbance at 254 nm (SUVA254)
values of SF, UV-Cl, Cl-UV and UV/Cl were low (<2 L/mg·m), being 0.89, 0.61, 0.64 and
0.46 L/mg·m, respectively. It suggests that the majority of NOMs were hydrophilic [36].
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Figure 1. Changes of UV254 (a) and DOC (b) in raw water (Raw), treated effluents from settling tank
(ST), sand filtration (SF), UV-Cl, Cl-UV and UV/Cl.

The change of fluorescence EEM was in accordance with the change of UV254, where
the intensity of total fluorescence was continuously decreased in Raw, ST, SF and com-
bined processes (Figure 2a). Amongst combined processes, UV/Cl was the most effec-
tive one to reduce fluorophores. PARAFAC analysis of fluorescence EEM derived five
components—C1 to C5 refers to terrestrial humic-like, protein-like, humic-like, fulvic acid-
like and tryptophan-like compounds, respectively (Figure S5, Table S2) [27,43–48]. As
shown in Figure 2b,c, C3, C4 and C5 in raw water samples were reduced by coagula-
tion/flocculation, while C1 was increased. After that, the relative contents of C1-C5 were
maintained at similar levels in each unit except UV/Cl, where C1 and C3 were reduced with
increased C4 and C5. The effective reduction of humic acid-like compounds (C1 and C3)
in UV/Cl could be attributed to the generated radicals [49]. The increased fulvic acid-like
compounds (C4) might be transformed from the reduction of the relatively large humic
acid-like compounds. The tryptophan-like compounds (C5) in this study were similar to
the reported one, which was strongly correlated with the biodegradability [50]. Hence,
the increased C5 after UV/Cl implies the improved biodegradability. C2 are identified
as synthetic organics compounds or anthropogenic compounds [51], which are relatively
recalcitrant and changed slightly in the current study.

Molecular weight shifts of organics are shown in Figure 3. The relatively large
molecules (biopolymer, humic substances and building blocks) were effectively removed
and transformed into LMW molecules in the pre-treatment processes (Figure 3a). Com-
pared to those of SF, HOC and LMW neutrals were increased after combined processes,
and LMW neutrals were most abundant after UV-Cl, followed by UV/Cl (Figure 3b,c).
The increased HOC could be attributed to the hydrophobic halogenated products formed
from the reaction between NOM and chlorine [52]. Higher LMW compounds after com-
bined processes imply that there were more abundant small organic molecules. Those
small molecules were transformed from the larger molecules due to the breakdown by the
combined processes [53].
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According to the results of ATR–FTIR (Figure S5, Text S4), the treatment by the com-
bined processes did not make a significant change on the functional groups of NOM, except
for the band at 1050 cm−1. The increased intensities of bands at 1050 cm−1 after com-
bined processes were associated with the increased C-O stretching, implying the possible
formation of carbohydrates, alcohols and aliphatic ethers in combined processes [36,37].

Overall, the reduction of organics mainly occurred in pre-treatment units, while the
combined processes could further alter the organics to be more accessible for microbial
degradation. Specifically, the aromaticity of NOM could be reduced by the combined
processes, as seen in the reduced UV254 values (Figure 1a) and fluorescence intensities
(Figure 2a). More LMW compounds were generated after combined processes, which might
be some simple carbohydrates, alcohols or aliphatic ethers (Figure S5). Humic acid-like
compounds were effectively reduced by UV/Cl, whereas fulvic acid-like compounds and
proteins were increased. Organics with smaller molecular weight and higher hydrophilicity
are more biodegradable compared to aromatic compounds [30]. Hence, the organics after
the combined processes showed a higher affinity for the growth of microbes.

3.2. Biofilm Formation and Antibiotic Resistance Control

In the first trial of biofilm running, the solutions without disinfection and disinfected
by combined processes of UV and Cl2 were fed into the reactors. The culturable bacteria
in the SF solution was 2.13 × 105 (±5.46 × 104) CFU/mL. Combined processes effectively
inactivated the bacteria to below the detection limit (i.e., 300 CFU/mL), resulting in much
lower levels of bacteria in the reactor solutions (Figure 4a). As seen in Figure 4b, the biofilm
growths in reactors fed with the disinfected solution were inhibited until 21 days—when
5% seeding bacteria was added to disinfected reactors. With the seeds, the bacteria numbers
in solution dramatically increased, and so did the numbers of biofilm bacteria in UV-Cl
and Cl-UV (Figure 4b). The numbers of biofilm bacteria in UV-Cl and Cl-UV reached
similar levels to those in SF (103–104 CFU/mL) within two weeks after seeding. The biofilm
growth in UV/Cl was delayed compared to those in UV-Cl and Cl-UV, suggesting a less
favourable environment in UV/Cl for biofilm growth. The results confirm that disinfection
could inhibit the growth of biofilm effectively via the inactivation of bacteria. However, 5%
seeding of bacteria resulted in similar levels of biofilm bacteria in the reactors, suggesting
that insufficient disinfection is not better than no disinfection regarding biofilm control in a
long-term perspective.
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bacteria seed up to 21 days.

To further assess the impact of organics changed during disinfection on the biofilm
growth, another trial of biofilm running was conducted, where 5% bacteria seed was added
at the beginning (Figure 5). The numbers of solution bacteria were maintained in the range
of 104–106 CFU/mL, with small differences amongst reactors (Figure 5a). Biofilm in each
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reactor grew similarly fast in the first 10 days. After that, biofilm bacteria in SF stabilized at
around 104 CFU/mL, while the numbers of biofilm bacteria in UV-Cl, Cl-UV and UV/Cl
were increased continuously to reach 105 CFU/mL. The inconsistency of culturable bacteria
in solution and biofilm was observed before, where not only the number of bacteria but
also their antibiotic resistance was different [54]. The varied biofilm bacteria numbers in
the bioreactors indicate that water treated by combined processes was more favourable for
the culturable biofilm bacteria to grow, which could be attributed to the more available
biodegradable organics after the combined processes.
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However, bacteria culturable by R2A medium count for <3% of the total bacteria [55,56].
Viable but non-culturable (VBNC) bacteria pose potential risks since they could display
pathogenicity and resuscitate under appropriate conditions [17]. Therefore, biofilm bacteria
were stained and in situ observed under CLSM (Figure 6). The quantity of biofilm bacteria
observed on CLSM (Figure 6a) showed contrary results to the culturable bacteria results
(Figure 5a), where the highest intensity was observed in SF, followed by Cl-UV, UV-Cl, and
least bacteria were seen in UV/Cl. Compared to the bacteria in SF, considerate amounts of
bacteria observed in UV-Cl, Cl-UV and UV/Cl were damaged or dead (Figure 6b,c). The
CLSM results suggest that disinfection by combined processes could suppress the viable
bacteria in biofilm, and UV/Cl is the most effective one. The contents of proteins in the
biofilm EPS were similar amongst reactors, which were lower than the contents of EPS
polysaccharides (Figure S7).

The antimicrobial resistance in the biofilm was further examined. The survival rates
of biofilm bacteria to Amp, Cip, Tet and SXT were presented to indicate the content of
culturable ARB (Figure 7a). Biofilm bacteria from all reactors showed high survival rates
in the presence of Amp (55.5–87.6%), implying the presence of abundant Amp-resistant
bacteria. On the contrary, biofilm bacteria were not resistant to Tet in all reactors (<10%).
Biofilm bacteria in the control reactor showed high resistance to Cip (49.9%), and the
resistance was decreased in reactors fed with disinfected solution, with survival rates of
27.7%, 16.0% and 10.8% in UV-Cl, Cl-UV and UV/Cl reactors, respectively. The resistance
to SXT was dramatically reduced in biofilm bacteria in UV/Cl (16.8%) compared to those in
other reactors (43.6–55.0%). These results indicate that disinfection by combined processes
could help reduce the contents of Cip-resistant ARB in the biofilm, and UV/Cl could further
reduce the SXT-resistant ARB.
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Four out of seven target genes were detected in biofilm samples and relatively quanti-
fied (Figure 7b), while the functional genes (intl1, intl2) and other ARGs (i.e., oqxB, mexB,
adeA, qnrS) were below detection limits in all reactors. Generally, the contents of ARGs in
the biofilm could be reduced by the combined processes with the majority of calculated
2−∆∆Ct < 1. However, the contents of tetA and sul2 in the biofilm were increased after UV-Cl,
implying a potential risk of enriching ARGs. Some results of ARGs could explain the ob-
served culturable ARB (Figure 7a): the content of tetA in UV-Cl was much higher compared
to that of SF, which is consistent with the higher Tet-resistance of biofilm bacteria in UV-Cl
(6.3%) than those in other reactors (<2.5%). The sulfamethoxazole resistance genes, sul1 and
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sul2, were nearly non-existing in the UV/Cl reactor compared to those in SF, explaining
its low biofilm bacteria resistance toward SXT (Figure 7a). UV/Cl is reported to more effi-
ciently reduce sul1 gene compared to standalone UV or Cl2 for waterborne bacteria, which
might result in the lower sul1 genes in the biofilm fed with UV/Cl treated water in the
current study [57]. However, the high content of sul2 did not lead to an increased culturable
SXT-resistance ARB in UV-Cl and ARGs with 2−∆∆Ct < 1 did not help reduce the culturable
ARB compared to SF, which might indicate the existence of antibiotic resistance in VBNC
bacteria. The ARGs carried by VBNC bacteria were reported to retain a certain level of
plasmid gene transfer efficiency [58] and equip bacteria with resistance to antibiotics [27].
The effectiveness of UV/Cl has been reported in the water regarding the inactivation of
culturable bacteria, VBNC and pathogens as well as the removals of ARGs and mobile
genetic elements [59]. Nonetheless, ARGs could not be completely eliminated from the
water, coherent with our detected antibiotic resistance in the subsequently formed biofilm.
Our results of ARB and ARGs on biofilm reveal that combined processes help reduce the
antibiotic resistance in the subsequently formed biofilm, where UV/Cl outperforms the
other two combinations regarding the simultaneous control of ARB and ARGs.

4. Conclusions

This study investigated the influences of UV-Cl, Cl-UV and UV/Cl as disinfection on
the subsequent formation of biofilm. Three combined processes effectively inactivated the
culturable bacteria, and further altered the characteristics of NOM after the pre-treatment
process (i.e., coagulation/flocculation, settling and sand filtration). After the combined
processes, NOM consisted of more available small molecules and less aromaticity, implying
an increased biodegradability. It may enhance the growth of culturable bacteria in the
biofilm, where the culturable biofilm bacteria in the reactors fed with disinfected solutions
reached 105 CFU/mL in 106 days, higher than that in the control reactor without disinfec-
tion (104 CFU/mL). However, the viable biofilm bacteria observed by CLSM were fewer
after the combined process, especially after UV/Cl. Combined processes suppressed the
culturable Cip-resistant ARB in biofilm, with the survival rates reduced from 49.9% in the
control reactor to 27.7%, 16.0% and 10.8% in UV-Cl, Cl-UV and UV/Cl, respectively. The
survival rate of SXT-resistant biofilm ARB in UV/Cl (16.8%) was lowest compared to that
in other reactors (43.6–55.0%), consistent with the little sul1 and sul2 detected in UV/Cl.
Although combined processes reduced the contents of most detected ARGs (i.e., blaTEM-1,
tetA, sul1 and sul2), UV-Cl showed the potential to enrich tetA and sul2 in the subsequently
formed biofilm. This study showed that UV/Cl would be alternative disinfection in drink-
ing water treatment to help control the viable biofilm bacteria and the antibiotic resistance
in the biofilm.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/w14223643/s1, Figure S1: Illustration of pre-treatment processes;
Figure S2: Schematic diagram of LED-UV lamp from top view (a) and side view (b); Figure S3:
Schematic diagram of biofilm reactor; Figure S4: Removal of total suspended solids (TSS) in pre-
treatment processes; Figure S5: Identified EEM-PARAFAC components in water samples (C1-C5)
and their spectral loadings; Figure S6: FTIR spectrum of organics after sand filtration (SF), UV-Cl,
Cl-UV and UV/Cl; Figure S7: Polysaccharide and protein in extracellular polymeric substances
of biofilm; Table S1: Details of primers used in this study; Table S2: PARAFAC components from
5-component model; Text S1: Parallel factor (PARAFAC) analysis of fluorescence excitation-emission
matrix; Text S2: Detection of target genes by real-time PCR; Text S3: Detection and quantification of
target ARGs; Text S4: Analysis of ATR–FTIR results.
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