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Abstract

:

Microorganism rebreeding and biofilm shedding enter the water body in the process of a drinking water distribution system (DWDS), which poses a threat to public health. Particles in water can gather pollutants as well as providing favorable growth conditions for bacteria. To date, there are a few studies which focus on the relationship between particles and biofilm formation. Therefore, the microbial diversity of biofilms in the different pipe materials and the effect on particle concentration on biofilm formation were investigated in this study. Experiments were carried out under a simulative DWDS (including iron (DI) and polyvinyl chloride (PVC) pipe). The results showed that the microbial diversity in biofilms followed this order: DI pipe > PVC pipe > DI pipe (upper). Moreover, the microbial biomass of biofilm and the fluorescence intensity of extracellular polymeric substances (EPS, produced by microorganisms) were the largest in the absence of particles. The amount of biofilm bacterial and the fluorescence intensity of EPS both showed first an increasing and then decreasing trend with particle concentration increasing. When particle concentration was relatively low, the absorption of particles and bacteria played a major role, however, with the increasing particle concentration, more stable particle–particle were formed and thus, EPS was easily extracted, resulting in the increase of fluorescence intensity of EPS.
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1. Introduction


Drinking water distribution system (DWDS) plays an important role in the drinking water industry, and the sanitary safety of water is directly related to human health. However, with the aging of drinking water supply networks, secondary water pollution poses a threat to public health. Several recent studies reported that the tap water from some drinking water distribution pipe networks did not meet the Chinese Drinking Water Standard (GB 5749-2006) [1,2,3,4,5,6,7].



Generally, the growth of microorganisms and the formation of biofilms are supported by DWDS when microorganisms contact the surface of the pipe wall [8]. Meanwhile, microorganisms would produce extracellular polymeric substances (EPS), which help these microorganisms embed in microbial communities [9]. However, biofilms contain a variety of pathogenic bacteria. In practice, pathogenic bacteria are released into the DWDS due to complicated and frequently changed operating conditions of DWDS. The fluctuation in hydraulic conditions could cause the detachment of biofilms from the pipe wall, greatly leading to lower water quality, causing taste and order issues as well as promoting the corrosion of pipes. The detached biofilm could also increase the concentration of particles and the number of bacteria in drinking water.



Particles not only can gather organic and inorganic pollutants, but also provide growth interfaces and nutrients for bacteria, enhancing bacteria’s resistance to disinfectants [10]. The color and turbidity of drinking water would also be increased by particles [11]. Xu et al. [7] found that small molecular weight natural organic matter (NOM) made up a large proportion of total NOM in drinking water samples, implying that the number of small-size particles is relatively large. However, small-size particles cannot be completely removed by drinking water treatment processes. Moreover, Li et al. [12] reported that the surface area of biological lateral wall (212%) was significantly higher than that of new lateral wall (4.37%) and smooth wall (0.196%), which indicated that biofilms increased notably both the roughness of the pipeline surface and the adsorption of fine suspended solid particles onto surfaces. Thus, less small particles bounced off the pipe’s surface, and colloidal particles could be easily adsorbed on the surface of pipes, promoting the formation of biofilms and inducing microbial contamination. Up to now, studies on particles in DWDS mainly focus on the relationship between particles and turbidity, and their adsorption performance of micropollutants [13,14]. However, there are few studies on the relationships among fine particles, biofilm formation, and EPS.



Therefore, the objectives in this paper are as follow: (1) to evaluate the microbial diversity of biofilms in the different pipe materials; (2) to investigate the impacts of particle concentration on the biofilm formation and the fluorescence intensity of EPS. and (3) to explore the impact of rotating speed on microbial biofilm formation and the fluorescence intensity of EPS.




2. Experimental


2.1. The Simulative System of DWDS


Figure 1 shows the simulation system of DWDS. This DWDS had two separate loops to test the effects of different pipe materials, which were made of ductile iron (DI) and polyvinyl chloride (PVC). The length and diameter of each loop were about 1.1 m and 90 mm, respectively. In order to better simulate the actual water consumption of the pipe network and consider the formation cycle of biofilm, this closed system ran for 12 h every day from June 2020 to September 2021. The water was from tap water in the laboratory, and the flow rate of each loop was 0.15 m3/h.




2.2. Analytical Methods


In order to investigate biofilm formation of different pipe materials, polymerase chain reaction (PCR) amplification of V4–V5 region was performed using the forward primer 338F (5′-ACTCCTACGGGAGGCAGCAG-3′) and the reverse primer 806R (5′-GGACTACHVGGGTWTCTAAT-3′). The PCR mix ingredients included 5 μL of Q5 reaction buffer (5×), 5 μL of Q5 high-fidelity GC buffer (5×), 0.25 μL of Q5 high-fidelity DNA polymerase (5U/μL), 2 μL (2.5 mM) of dNTPs, 1 μL (10 μM) each of the forward and reverse primer, 2 μL of the DNA template, and 8.75 μL of ddH2O. The thermal cycling conditions were as follows: initial denaturation at 98 °C for 2 min, 25 cycles consisting of denaturation at 98 °C for 15 s, followed by annealing at 55 °C for 30 s with a final extension at 72 °C for 50 min. PCR amplicons were pooled from different replicates, and pair-end 2 × 300 bp sequencing was performed using the Illlumina MiSeq platform with MiSeq Reagent Kit v3 produced by Shanghai Personal Biotechnology Co., Ltd. (Shanghai, China).



The number of bacteria was counted by a flow cytometry (Backman Coulter, Quanta SC, USA). The green fluorescence signal collection channel was set as FL1 with a wavelength of 520 ± 20 nm, and the particle signal collection wavelength channel was set as SS. Biofilm samples should be treated with 2% EDTA-2Na solution as dispersant at 4 °C for 3 h, and 10 µL SYBR Green I was added to the samples and stained at room temperature of 18 °C for 45 min under dark conditions.



EPS solution was analyzed by a three-dimension excitation emission matrix (3D-EEM) fluorescence spectroscopy (Hitachi, F-4600). The parameters were set as follows: the excitation wavelength (Ex) was scanned from 200 nm to 500 nm with a 5 nm increment; the emission wavelength (Em) was scanned from 250 to 550 nm with a 5 nm increment, and the scanning speed was 2400 nm/min.




2.3. Experimental Procedures


In order to better simulate the real situation of user pipe network water flow, we will carry out three experiments, one is the water distribution system experiment, the temperature is 20 °C, the pH value is 7.5, and the flow rate is 0.15 m3/h. At the same time, the difference in the concentration of particulate matter in the pipe network will also have different effects on the formation of biofilms. Eight groups of different particulate matter concentrations were designed for experiments. In order to confirm that EPS can help microorganisms to embed in biofilms, we need to extract EPS from biofilms cultured at different concentrations of particulate matter. To simulate the effect of particles on the formation of biofilms at different flow rates in the pipe network, we did a rotation speed experiment to cultivate microorganisms at different rotation speeds to see the changes in their numbers.



In water distribution system experiments, the tap water was filled in the water tank, and the simulative DWDS continuously operated for 12 h. Biofilms of DI pipe, DI (upper), PVC pipe, and PVC pipe of real DWDS were collected at 12 h by biological sampler for PCR detection.



In the influencing experiment of particle concentration on microbial biofilm formation, first, the tap water was added to the crucible and heated to obtain the particle samples. About 5 g particle samples were obtained for subsequent preparation of R2A liquid medium. Second, the obtained particles were divided into 8 parts and added into R2A liquid medium respectively. The number of particles was measured by flow cytometry. Third, these 8 samples were autoclaved at 121 °C for 20 min; 1 mL of tap water was added to 8 mL of R2A liquid medium with different particle concentrations. The cultivation temperature was set at 37 °C and the culture time of biofilm was 24 h. Finally, a medium-speed filter paper (pore size 20–30 µm) was used to collect the bacteria in biofilms. These bacteria were stained and then counted by flow cytometry.



EPS was extracted by EDTA method [15]. The extraction steps were as follows: (1) the biofilm was cultured for 3 d according to the previous experimental methods; (2) 8 biofilm samples with different particle concentration were centrifuged at 4 °C and 6000 r/min for 15 min, then were redissolved by sterile saline and centrifuged twice; (3) 5 mL sterilized saline and 5 mL EDTA-2Na were added into each sample and stood for 3 h at 4 °C; (4) each sample was centrifuged at 4 °C and 13,000 r/min for 20 min; (5) EPS solution was obtained by filtering the supernatant through 0.22 µm membranes for EEM detection.



In the influencing experiment of rotating speed, a different number of particles were added into R2A liquid medium. Four samples with no particles and four samples with particles were autoclaved at 121 °C for 20 min, and then 1 mL of tap water was added to 8 mL of R2A liquid medium. The cultivation temperature was set at 37 °C and the rotating speed was set as 0, 50, 80, and 120 rpm. After 24 h, a medium-speed filter paper (pore size 20–30 µm) was used to collect the bacteria in biofilms, and these bacteria were stained and then counted by flow cytometry. Under the same experimental conditions, four samples (containing particles) with different rotating speed were cultured for 3 d. Then, each EPS was extracted for EEM detection.



The above groups of experiments were done the same twice: one time, the sample tap water is from the PVC pipe, and the other time, the sample water is from the UI pipe.





3. Results and Discussion


3.1. Microbial Composition of Biofilms in Different Pipe Materials


At present, ductile iron pipes are commonly used in DWDS due to their high mechanical strength, impact resistance, and convenient installation. However, the biggest disadvantage of metal pipes is the occurrence of electrochemical corrosion, leading to uneven pipe walls and benefiting the adhesion of bacteria. Thereby, plastic pipes (e.g., polyvinyl chloride pipes) are increasingly being used. Generally, different pipe materials affected the development of biofilms. Meanwhile, the hydraulic conditions of the upper and bottom of the pipes are also obviously different when operation condition of pipes changes (e.g., leakage), resulting in different living environment of the biofilms. Hence, the microbial communities of DI pipe, PVC pipe, DI pipe (upper), and PVC pipe of real DWDS were investigated.



Table 1 shows microbial diversity index in different pipe materials. The community uniformity was reflected by Simpson/Shannon index. The microbial diversity in biofilms followed this order: DI pipe > PVC pipe > DI pipe (upper). Due to the rough surface of DI pipe, it can provide more suitable conditions for biofilm formation [16,17]. Moreover, previous studies verified that the bacterial quantity of DI pipe was higher than plastic pipe [18,19,20,21], which was consistent with this result. The microbial diversity of PVC pipe was slightly higher than real PVC pipe in DWDS, which may have attributed to circulating water in simulative DWDS and thus, more microbial bacteria which grew. In addition, microbial diversity of DI pipe (bottom) was significantly higher than DI pipe (upper). On the one hand, the effect of water flow on the biofilms at upper pipe is greater when the operation condition changes. On the other hand, the separation of biofilms of upper pipe from water would lead to the exposure and endogenous respiration of microorganisms, affecting their reproduction.



Figure 2a shows relative abundance of different bacteria in different pipe materials at the phylum level. As seen in Figure 2a, the dominant bacteria in all samples were Firmicutes (38.5–67.6%), Proteobacteria (26.7–58.0%), Bacteroidetes (2.3–3.4%), and Actinobacteria (0.7–1.9%). Lautenschlager et al. reported that the Proteobacteria was the most dominant group in biofilms, and its relative abundance was around 34–70%. Revetta et al. discovered that Proteobacteria, Actinomycetes, and Bacteroidetes accounted for 90% of the taxa in the biofilm community in DWDS. Generally, the relative abundance of bacteria relates to many factors such as pipe materials and different sampling points. The bacterial community structures were compared at the genus level in Figure 2b. It was observed that Bacillus (25.0–44.3%) was the most abundant bacteria in four samples. Some bacteria (e.g., Pseudomonas and Lactococcus) can stick to the pipe wall, and they are conducive to ensuring the smooth interspecific hydrogen transfer and providing nutrient matrix for biofilm formation [22]. In addition, previous study confirmed that plastic pipes could release total organic matter into water, benefiting microbial growth [18]. That was why Bacillus (40%), Pseudomonas (17.1%), and Lactococcus (14.8%) of PVC pipe were higher than that of DI pipe (Bacillus (29.2%), Pseudomonas (11.4%), and Lactococcus (9.9%)).




3.2. Impact of Particle Concentration on Microbial Biofilm Formation


Figure 3 shows the impact of particle concentration on microbial biofilm formation. As seen, the microbial biomass of biofilm was the largest (1.4 × 107 cells/mL) in the absence of particles, indicating that bacteria were prone to bond and that they generate aggregates, thus forming biofilm. The amount of biofilm bacterial was relatively low in the presence of particles, and it tended to increase first and then decrease with the increase of particle concentration. When particle concentration was 45 × 103/mL, the total amount of biofilm bacteria was the lowest (0.2 × 107 cells/mL). Generally, the biofilms were formed by the homoaggregation of bacteria and heteroaggregation between bacteria and particles. The surface of particles could provide more attachment sites for microorganisms to adhere. Moreover, the particles and bacteria of biofilm were difficult to separate even by EDTA-2Na dispersant, resulting in lower numbers of microorganisms in the biofilm with the increase of particles. However, when the heteroaggregates reached saturation at relatively high particle concentration, the binding among bacteria increased, leading to the decrease and then increase of microbial counting in the biofilm [14,23].




3.3. Impact of Particle Concentration on the Fluorescence Intensity of EPS


Fluorescence spectroscopy is an advanced analytical technique for dissolved organic matter characterization. In order to know the relationship between particle concentration and the fluorescence intensity of EPS, EPS solutions with different particle concentration were analyzed by 3D-EEM. Generally, the EEM spectra is divided into six regions, including tyrosine/tryptophan proteins I region (Ex: 220~240 nm/Em: 280~360 nm), tyrosine/tryptophan proteins II region (Ex: 240~290 nm/Em: 280~360 nm), polysaccharide III region (Ex: 300~330 nm/Em: 360~390 nm), fulvic acid-like IV region (Ex: 220~240 nm/Em: 410~450 nm), polyaromatic cyclic humic acid-like V region (Ex: 260~290 nm/Em: 420~460 nm), and polycarboxylic humic acid-like VI region (Ex: 330~370 nm/Em: 420~460 nm) [24,25].



Figure 4 shows the impact of particle concentration on the fluorescence intensity of EPS. The fluorescence signals of EPS were mainly distributed in region II, III, V, and VI. The fluorescence intensity of region II (tyrosine/tryptophan proteins) was significantly higher than that of the other three regions. As seen, the fluorescence intensity of EPS was the highest when the medium contained no particles. The homoaggregation of bacteria mainly occurred in the absence of particles, and the addition of EDTA-2Na could easily separate EPS and bacteria. However, the fluorescence intensity of EPS showed a decrease first and then an increase with the increase of particle concentration, indicating that the amount of unextracted EPS firstly increased and then decreased. At low particle concentration, the absorption of particles and bacteria played a major role. The particles could change properties of EPS and make the adhesion between particles and bacteria more stable so that EPS was difficult to separate from the particle–bacteria interface. Moreover, previous studies reported that EPS carried a negative surface charge while particles were positively charged due to ionization of anionic functional groups such as carboxyl and phosphate groups [14,23]. With the increase of particle concentration, more and more stable particle–particle was formed and EPS was easier to be extracted, thus, the fluorescence intensity of EPS increased. This result was consistent with previous study [26,27].




3.4. Impact of Rotating Speed on Microbial Biofilm Formation and the Fluorescence Intensity of EPS


Figure 5 shows the impact of rotating speed on microbial biofilm formation and the fluorescence intensity of EPS. The microbial biomass of biofilm with no particles was larger than that of with particles, which was consistent with the above results. With the increase of rotating speed, the microbial biomass of biofilm showed first a decrease and then an increase. When the rotating speed was 50 rpm, the microbial biomass of biofilm with no particle was at least (0.31 × 107 cells/mL), while the microbial biomass of biofilm with particle was at least (0.20 × 107 cells/mL), as the rotating speed was 80 rpm. The aggregation by bacteria was unstable and the aggregates could be easily separated under high rotating speed. However, when the rotating speed exceeded a certain value, it could cause more intense Brownian motion and particle collision, bringing more nutrients to the microbial community and promoting the growth of bacteria and biofilm formation [28,29].



As seen, the fluorescence intensity of EPS firstly decreased and then increased with the increase of rotating speed. Higher rotating speeds could intensify the collision between particles and bacteria, leading to enhanced adhesion to the tube wall and formation of stable biofilms [26,27]. Thereby, the amount of unextracted EPS increased. However, the detachment of biofilms could accelerate when the rotating speed increased. As the collision between bacteria and particles, and the impact of water flow on biofilm reached the dynamic equilibrium, significant aggregation of biofilms was observed. Therefore, it was indicated that the hydraulic conditions could affect the formation or succession of biofilm in DWDS.





4. Conclusions


The aim of this study demonstrated the microbial diversity of biofilms in the different pipe materials, the impact of particle concentration on the biofilm formation and the fluorescence intensity of EPS, and the impact of rotating speed on microbial biofilm formation and the fluorescence intensity of EPS. The microbial diversity in biofilms followed this order: DI pipe > PVC pipe > DI pipe (upper). DI pipe could provide more suitable conditions for biofilm formation and its bacterial quantity was higher than PVC pipe. With the increase of particle concentration, the amount of biofilm bacterial and the fluorescence intensity of EPS both showed first an increasing and then decreasing trend. The absorption of particles and bacteria played a major role at low particle concentration, while as particle concentration increased, more stable particle–particle were formed and EPS was easier to be extracted, leading to the increase of fluorescence intensity of EPS. In addition, the aggregates of bacteria could be easily separated under high rotating speed. However, high rotating speed could also promote Brownian motion and particle collision, benefiting the growth of bacteria and biofilm formation. Since the secondary pollution of biofilms in pipelines is a problem that we urgently need to solve, if we research the turbidity indicators in the pipeline network water, it will be relatively macro and difficult to analyze, so the impact of particulates in the pipeline network on the formation of biofilms is studied. The experimental results show that the impact of its particulate matter on biological production is: as the particulate matter increases, the number of organisms decreases. This was the opposite of our expectations. Therefore, it provides information on how to reduce the number of biofilms in the pipe network.



Therefore, combined with the current research status at home and abroad, and the conclusion of this paper, follow-up research can be carried out from the following aspects.



(1). The microbial diversity of the biofilm in the pipeline network is complex, and the operating conditions of the water supply pipeline network are complex, so there are many factors affecting the microbial diversity. However, the pipe material is particularly important. The plastic pipe has a smooth surface to reduce adhesion, but it also releases some substances to promote the increase of biofilm. There are still a large number of cast iron pipes in China’s current pipe network, and the research on cast iron pipes and the development of new pipe materials should be strengthened in the application of specific old cities.



(2). Particulate matter has an important effect on stabilizing biofilm biomass, and particulate matter–bacterial aggregates are more difficult to destroy than bacteria–bacterial aggregates. The mechanism of particulate matter and EPS still needs to be studied, so biofilm research should pay more attention to the mechanism of particulate matter and EPS as well as the role of particulate matter in the structure of biofilm.



(3). Strengthen the study of microbial EPS functional gene expression, and the relationship between biofilm, extracellular polymer, and particulate matter. In the follow-up research, it should be discussed in depth from the surface theory.
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Figure 1. The simulative system of DWDS (F—flowmeter, P—pump, S01—ductile iron pipe, S02—polyvinyl chloride pipe, T—water tank, Y—outlet, Z—stopcock valve). 
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Figure 2. Relative abundance of different bacteria in different pipe materials: (a) At the phylum level; (b) At the genus level (n = 3). 
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Figure 3. Impact of particle concentration on microbial biofilm formation. 
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Figure 4. Impact of particle concentration on the fluorescence intensity of EPS. 
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Figure 5. Impact of rotating speed on microbial biofilm formation and the fluorescence intensity of EPS. 
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Table 1. Microbial diversity (Simpson/Shannon) index in different pipe materials.
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	Samples
	Simpson
	Shannon





	DI pipe
	0.0746
	2.97



	PVC pipe
	0.0931
	2.82



	DI pipe (upper)
	0.1190
	2.59



	PVC pipe of real DWDS
	0.1043
	2.76
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