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24 Abstract: Pipe material is important for biofilm in drinking water distribution system. However, 

25 there is controversy in the literature that studies debating if pipe material shaped the 

26 composition and diversity of bacterial communities. To study the long-term influences of pipe 

27 material on biofilm, the matured biofilm on PVC-U, grey cast iron, asbestos cement (> 40 years’ 

28 old) was sampled, in triplicates for each material, from three areas of an unchlorinated drinking 

29 water distribution system in the Netherlands. The Illumina sequencing results showed that there 

30 were 773 OTUs detected (730 OTUs - 814 OTUs) within biofilm on the three pipe materials, 

31 which were all dominated by Proteobacteria (36.2 - 46.1%). Both the alpha and beta diversity 

32 results showed that the bacterial communities of biofilm formed on different pipe materials 

33 were highly similar. The neutral community model revealed that the assembly of biofilm 

34 communities is governed by environmental selection rather than neutral process. Among the 

35 142 shared OTUs between water and biofilm, there are 25 OTUs enriched (e.g. OTU7, assigned 

36 as Nitrospira spp.) which accounted for 62.6% of the sequences, while 16 OTUs disadvantaged 

37 (e.g. OTU14 and OTU40, assigned as Hyphomicrobiaceae) which accounted for 2.2% of the 

38 sequences. The harmonizing process, which means biofilm with significant differences driven 

39 by the pipe material developing towards biofilm with similar quantity and community over time, 

40 is proposed and discussed. Our finding offers valuable insights on the long-term biofilm 

41 development, which bridged the essential gap of the current conflicted debates regarding the 

42 influence of pipe material, highlighted the importance of long-term study, and pointed out the 

43 potentially masked harmonizing process during the biofilm development over years/decades.

44 Keywords: pipe material; biofilm communities; environmental selection; harmonizing effects; 

45 long-term influences
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46 1. Introduction 

47 Biofilm formed on the inner surface of drinking water distribution pipe is a complex mixture 

48 of microbes, organic and inorganic material accumulated with microbially-produced polymeric 

49 matrix (Flemming and Wingender 2010; Menaia and Mesquita 2004). Regardless the 

50 maintenance of disinfectant residuals or not, the formation of biofilm is unavoidable and 

51 unwanted in drinking water distribution systems (DWDSs) (Liuet al. 2020; Van der Kooij 1999; 

52 Van Der Wendeet al. 1989), because it is the reservoir for (opportunistic) pathogens 

53 (Wingender and Flemming 2011), may cause microbial corrosion (Beech and Sunner 2004), 

54 and continuously releasing microbes into bulk water (Chanet al. 2019), especially during the 

55 switching of supply water quality (Chenet al. 2020; Liuet al. 2017b). Therefore, biofilm has 

56 attracted increasingly research attention over the last decades. For example, studies have 

57 covered both pilot and full-scale distribution systems on the biofilm formation potential 

58 (Okabeet al. 2002; Van der Kooij 1999), the quantity and community of biofilm (Liuet al. 2017a; 

59 Liuet al. 2016a), the (opportunistic) pathogens in biofilm (Feazelet al. 2009; Septemberet al. 

60 2007; Wingender and Flemming 2011) and the key factors for the development and 

61 management of biofilms  (Doutereloet al. 2013; Hwanget al. 2012; Proctoret al. 2017; Sunet al. 

62 2014; Tsvetanova and Hoekstra 2009; Yuet al. 2010). 

63 Typically, the pipelines of DWDSs have a length of tens to several hundreds of kilometers, e.g. 

64 0.4 million kilometers in the Netherlands (Vreeburg and Boxall 2007), 1.1 million kilometers 

65 in China, while 20k kilometers water pipelines in the city of Beijing (Development 2022). As 

66 such, there is no doubt that the material of those distribution pipes contact with drinking water 

67 is important regarding its potential contribution to water quality deterioration and energy 

68 consumption (Brooet al. 2001). This is especially true when considering its significant 

69 influences on planktonic bacterial growth and biofilm formation (Van der Kooij and 

70 Veenendaal 2001; Wenet al. 2015). However, there is controversy in the literature regarding 
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71 how pipe material can affect microbial communities of biofilm with studies debating if pipe 

72 material shaped the composition and diversity of bacterial communities. Some researchers 

73 found significant differences in bacterial communities among biofilm formed on different pipe 

74 material (Kerret al. 1998; Proctoret al. 2016; Wanget al. 2014a; Yuet al. 2010), while others 

75 found similar bacterial communities among biofilm formed on different pipe material (Gomez-

76 Smithet al. 2015; Henneet al. 2012; Inkinenet al. 2014). Though valuable knowledge has been 

77 obtained, the critical differences in the scale (pilot vs. full scale), duration (days vs. years) and 

78 sampling strategies (flushing vs. swabbing) of reported studies make it impossible to have 

79 reasonable cross comparisons to draw a solid conclusion. 

80 Since the opportunities to sample biofilm from field distribution systems are limited, most of 

81 the reported studies used model distribution networks and removable coupons for short periods 

82 from days to months (Berryet al. 2006; Wanget al. 2014a; Wanget al. 2014b) or taken faucets 

83 and water meters as alternatives for sampling field DWDSs biofilm (Honget al. 2010; Liuet al. 

84 2012). The limitations of such studies have been clearly illustrated and well noted by long-term 

85 (3 years) studies with model system (Martinyet al. 2003), field studies of mature biofilm (> 20 

86 years) (Gomez-Smithet al. 2015; Henneet al. 2012), and the clear influences of hydraulic 

87 regimes (Doutereloet al. 2013). Whereas, the study period of 3 years is still too short comparing 

88 to the mature biofilm in field DWDSs. The field studies of mature biofilm in Germany focused 

89 mainly in a small distribution zone within the campus (7 out of the 8 samples), which attributed 

90 the similarity of biofilm on different pipe material to the fluence of adjacent biofilm 

91 communities (Henneet al. 2012). 

92 In this study, to investigate the long-term influences of pipe material, planktonic bacteria and 

93 mature biofilms (> 40 years) were sampled from different pipe materials in three distribution 

94 areas supplied with same drinking water treatment plant, including PVC-U, asbestos cement 

95 (AC) and gray cast iron (GCI). Our finding offers valuable insights on the long-term influence 
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96 of pipe material on biofilm in drinking water distribution system, which brought forward the 

97 understanding of biofilm development, highlighted the importance of long-term study, and 

98 pointed out the potentially masked harmonizing process along the bacterial community 

99 succssion over years.

100 2. Material and Methods

101 2.1 Description of the drinking water supply system

102 At Katwijk treatment plant of Dunea, Den Haag, the Netherlands, the source water is 

103 transported for 30 km to a dune area of natural lakes for natural infiltration. After an average 

104 residence time of 2 months, the infiltrated water is extracted and post treated by softening, 

105 powdered activated carbon filtration, aeration, rapid sand filtration, and slow sand filtration 

106 before being pumped into the distribution system. Chlorination and usage of disinfectant 

107 residuals are avoided in the Netherlands. 

108 2.2 Sampling program

109 As illustrated in Figure 1, planktonic bacteria were sampled at treatment plant and three 

110 distribution sites (TP, L1, L2 and L3, n=4), while biofilm samples were taken from three 

111 distribution areas in triplicates (n=9). The pipe material in L1 is unplasticized polyvinyl chloride 

112 (PVC-U), in L2 is asbestos cement (AC), in L3 is gray cast iron (GCI), the pipe diameter in all 

113 three locations is 110 mm and the pipe age is 42 years, 58 years and 50 years respectively. For 

114 planktonic bacteria sampling, 500 mL water was collected at each sampling point. For biofilm 

115 sampling, three sections (length = 30 cm) were cut from each distribution point to sample the 

116 biofilm. Two sections were swabbed immediately after cutting the distribution pipes, with a 

117 swabbing area of approximately 10 cm2 at least 5 cm from a cut end to minimize the risk of 

118 biofilm disturbance or contamination from the chop saw. One section was sealed with pre-

119 disinfected caps and filled with 1L of DNA-free water (Millipore) to keep the inner surface wet 

120 during transport. All samples were stored at 0˚C and transported to the laboratory as quickly as 
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121 possible (< 4 hours). To detach the bacteria from the biofilm, the pipes were pre-treated by 

122 ultrasonication for three periods of two minutes each at 42KHz(Magic-Knezev and van der 

123 Kooij 2004). The obtained suspensions were used for further DNA extraction and sequencing.

124

125 Figure 1. Layout of the distribution area and sampling locations. L1, PVC-U pipe (1978, 42 

126 years old); L2, AC pipe (1962, 58 years old); L3, GCI pipe (1970, 50 years old).  

127 2.3 DNA extraction, illumina sequencing, and data processing 

128 The water samples and obtained suspensions biofilm samples were filtered through 0.2 μm 

129 polycarbonate membrane filters (Whatman, UK). DNA was recovered from filters or rayon 

130 swabs using the FastDNA Spin Kit for Soil (Q-Biogene/MP Biomedicals, Solon, OH, USA), 

131 following the manufacturer's instructions (Hwanget al. 2011; Tamakiet al. 2011). V3-V4 region 

132 was amplified with the bacterium-specific forward primer 341F (5’-

133 CCTACGGGNGGCWGCAG-3’) and the reverse primer 805R (5’-

134 GACTACHVGGGTATCTAATCC-3’)(Proctoret al. 2018). The sequencing was performed on 
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135 the Illumina Life Sciences GS FLX series genome sequencer (Roche, Switzerland). The 

136 obtained DNA sequences were deposited in the DDBJ sequence read archive (Accession 

137 Number: PRJNA648471).

138 The sequences generated from the Illumina Miseq analysis of the 16S rRNA gene amplicons 

139 were processed (i.e., filtered, clustered, and taxonomically assigned and aligned) using the 

140 Quantitative Insights Into Microbial Ecology (QIIME2, v2018.6) pipeline with the default 

141 settings (Bolyenet al. 2018; Caporasoet al. 2010). Raw sequences were first processed using 

142 DADA2 (Callahanet al. 2016), including quality filtering, denoising, paired-end sequence 

143 merging, and chimera filtering. DADA2 generated unique amplicon sequence variants that were 

144 equivalent to 100% similarity operational taxonomic units (OTUs) in the conventional practice. 

145 In this publication, we still use the term OTU for the purpose of simplicity (referred as Feature 

146 elsewhere). Taxonomy was assigned using q2-feature-classifier (Bokulichet al. 2018), 

147 customized for the primer set used in this study with Silva SSU database release 132 (Quastet 

148 al. 2012). Multiple sequence alignment and phylogenetic tree construction were performed 

149 using the QIIME 2 plugin q2-phylogeny. Alpha and beta diversity analyses were performed 

150 using the QIIME 2 plugin q2-diversity. 

151 Weighted and unweighted UniFrac distance matrices were constructed from the phylogenetic 

152 tree and used to conduct a principal coordinate analysis (PCoA) (Liuet al. 2014b). The dominant 

153 OTUs are defined as the OTUs with a defined cut-off of relative abundance (>1%) within each 

154 phase/pipe. The significance of beta diversity differences among different sample categories 

155 was determined by the PERMANOVA test in QIIME2. Differences were considered significant 

156 when the p-value was lower than 0.05 (p < 0.05). Venn diagrams exhibiting the similarity of 

157 the microbial populations among distinct sample categories were drawn with VennDiagram 

158 package in R (3.5.3). 

159 2.4 Neutral community model (NCM)
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160 To explore the contribution of neutral processes and environmental selection on community 

161 assembly of the filter communities, an evolved NCM following null hypothesis was performed 

162 (Morriset al. 2013). Specifically, the bulk water samples were considered to be the source 

163 community, whereas the biofilm samples were the local target communities. The empirically 

164 observed frequency of detection was expressed as the number of biofilm samples, in which a 

165 target OTU was detected over the total number of biofilm samples. In the implementation of 

166 this model, only shared OTUs between target and source communities were employed. 

167 Consequently, the expected frequency of detection in the target communities, which were 

168 present via dispersal and ecological drift, was calculated following a beta probability 

169 distribution (Sloanet al. 2006). The neutral model was constructed by 95% binomial confidence 

170 intervals based on the Wilson method with the Hmisc package in R (Morriset al. 2013). 

171 Theoretically, OTUs that fell between the confidence intervals were considered to be a result 

172 of neutral dynamics of stochastic births and deaths within the local communities and stochastic 

173 immigration from the source communities, according to the neutrality assumption. OTUs 

174 falling outside the upper or lower bound of the confidence interval were detected at 

175 disproportionately higher or less frequencies in the local communities than predicted by the 

176 neutral model, based on their relative abundance in the source communities, which are 

177 advantaged or disadvantaged by the local environment (Vignolaet al. 2018). 

This preprint research paper has not been peer reviewed. Electronic copy available at: https://ssrn.com/abstract=4690026

Pr
ep

rin
t n

ot
 p

ee
r r

ev
ie

w
ed



178 3. Results

179 In total, 333,660 sequences were generated from the 13 samples (4 water and 9 biofilm), which 

180 were assigned as 10431 OTUs. The rarefaction curves reached a plateau after 4,000 sequence 

181 reads were obtained, indicating that enough sample coverage was obtained in this study (Figure 

182 S1). 

183 3.1 Number of observed OTUs

184 Figure 2 shows the number of OTUs observed from water and biofilm samples. On average, 

185 1205 OTUs (n=4) were observed in water samples, which was much higher than that observed 

186 in biofilm samples (773 OTUs, on average, n=9). For the biofilm formed on different pipe 

187 material among the three locations, 814, 775 and 730 were observed for AC (L2), PVC-U (L1) 

188 and GCI (L3), respectively, in descending order.  The different observations between water and 

189 biofilm were statistically significant, while the differences among biofilms on different material 

190 were not significant. 

191

192 Figure 2. The number of observed OTUs in water samples from all locations (n=4) and biofilm 

193 sampled from pipes of different material (L1 – PVC, n=3; L2 – AC, n=3; L3 – GCI, n=3). 
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194 3.2 Bacterial community composition 

195 At phylum level, both water and biofilm samples were dominated by Proteobacteria, the relative 

196 abundance of which was higher in the biofilm (36.2 - 46.1%) than that in the water (15.5 - 

197 25.2%) (Figure S2). The community of water bacteria was dominated by, in descending order, 

198 OD1 (16.4 - 20.1%), OP3 (3.0 - 3.6%), Acidobacteria (1.9 - 2.3%), Planctomycetes (1.6 - 2.2%), 

199 Nitrospirae (0.9 - 2.8%), Chlamydiae (1.0 - 2.4%), Bacteroidetes (0.8 - 2.3%) and TM6 (0.5 - 

200 1.5%). For biofilm, the bacterial community was dominated by Planctomycetes (5.4 - 11.1%), 

201 Acidobacteria (3.2 - 6.3%), Actinobacteria (1.5 - 5.7%), Nitrospirae (2.2 - 4.4%), Chloroflexi 

202 (2.0 - 3.7%), OD1 (0.7 - 4.1%) and Gemmatimonadetes (0.9 - 3.0%). It is remarkably to 

203 observed that, at phylum level, there were minor differences among the biofilms on different 

204 pipe material of PVC-U, AC and GCI. 

205

206 Figure 3. Heatmap shows the dominant OTUs and their relative abundance in all samples. The 

207 complete list of their relative abundances and taxonomy information was shown in Figure S3. 

208 There were 19 core OTUs detected in the water and biofilm samples (Figure 3, Table S2). In 
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209 water, OTU10 (f_Hyphomicrobiaceae) and OTU16 (f_Hyphomicrobiaceae) were the most 

210 dominant OTUs (relative abundance, 0.5 - 2.7%; occupancy, 100%). The OTU16 was only 

211 detected in water, but not in the biofilms on any pipe materials. For biofilms across all locations 

212 and pipe materials, the core OTUs including OTU1, OTU2, OTU3, OTU4, OTU5, OTU6 and 

213 OTU8 that assigned to class of Gammaproteobacteria (relative abundance, 0.4 - 2.1%; 

214 occupancy, 100%), and OTU7 and OTU9 that assigned to Nirospira spp. (relative abundance, 

215 0.6 - 1.2%; occupancy, 100%). The OTU5, OTU6, OTU8 and OTU9 were detected only 

216 biofilms, but not in water. 

217 Comparing the dominant OTUs among biofilms formed on different materials, most of the 

218 dominant OTUs were shared by all pipe material (13/17 OTUs, Venn gram Figure S4). There 

219 were 2 OTUs (OTU10, OTU19) presented only in biofilm formed on AC pipe, but not detected 

220 in biofilms on the PVC-U and GCI pipes. Similar with the observation at phylum level, there 

221 was minor differences of dominant OTUs among the biofilms formed on PVC-U, AC and GCI 

222 pipes, indicating minor effects of pipe material on the biofilm formation. 

223 3.3 Bacterial community similarity 

224 PCoA plot based on UniFrac distance showed clearly the two clusters of water and biofilm 

225 (Figure 4, Table 1, p < 0.05). The bacterial communities of water samples showed clear distance 

226 with each other, suggesting clear variations of bulk water bacteria among the sampling locations. 

227 Moreover, it is especially clear that all biofilm samples clustered closely together, indicating 

228 the high reproducibility of the obtained results (the triplicate samples from each pipe material), 

229 and the little influences of pipe material on bacterial community of biofilm, which agrees with 

230 the observations on the above presented bacterial community composition. 

231 The beta diversity results of biofilm samples from different locations and different sampling 

232 strategies are represent in a PCoA plot (Figure S3). The bacterial communities of biofilm 

233 samples are still having little variations between different locations with very low variation 
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234 explanation in the PCoA plot which we can see the differences from the Venn gram (Figure S4) 

235 are OTU10, OTU13, OTU18 and OTU19. A comparison of biofilm samples collected by pipe 

236 specimen ultrasound and swabs indicate the variation for different sampling strategies in the 

237 same section (p < 0.01, PERMANOVA test by QIIME2). For the swab samples, the biofilm 

238 swap samples are clustered together in different locations showed the reproducibility of swap 

239 samples. 

240

241 Figure 4. PCoA plot generated using unweighted UniFrac distance matrix showing the 

242 microbial community distribution of different sample categories.

243 Table 1. Influences of Pipe Material tested by Two-Way ANOSIM

Group 1 Group 2 p value

BF WA 0.04

L2 0.39L1

L1 L3 0.10
Tests

L2 L3 0.10
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244 3.4 Effects of neutral processes on biofilm microbial community assembly 

245 Between the 4694 OTUs and 5879 OTUs detected in water (over three weeks’ time) and biofilm 

246 samples (> 40 years old), there were only 142 shared OTUs that accounted for 2.4% of number 

247 of observed OTUs and 13.2% of the total sequences in the biofilms. To further explore the 

248 microbial community assembly within biofilm, those 142 shared OTUs were used to calculate 

249 the probability of detecting the OTUs in the biofilm due to the neutral processes, e.g. dispersal 

250 and ecological drift (Table 2, Figure 5). Though the number of neutral process droved OTUs 

251 accounted for 71.1% of the number of shared OTUs, they accounted for just 35.2% of the shared 

252 sequences. The 28.9% of the number of shared OTUs that were environmental selected 

253 accounted for 62.6% of the shared sequences, including OTU3, OTU4, OTU7, OTU10, and 

254 OTU11 which had a relative abundance >1% and occupancy of 100%. Moreover, the goodness-

255 of-fit (R2) value is 0.02 (where ≤ 0 is no fit and 1 is perfect fit), further confirmed that taking 

256 the water microbes as meta community, the assembly of biofilm bacterial community is 

257 governed by environmental selection rather than neutral processes.

258 Table 2. Spearman rank correlation coefficient

OTUs Sequences Relative Abundance

Water 4694 73527 11.5% (unique)

Biofilm 5879 260133 86.8% (unique)

Share 142 34248 13.2% (biofilm)

Neutral 101 12069 4.6% (biofilm) 35.2% (share)

Enriched 25 21443 8.3% (biofilm) 62.6% (share)

Disadvantaged 16 736 0.3% (biofilm) 2.2% (share)
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259

260 Figure 5. Neutral community model for the combined biofilm samples (n=9). The solid line is 

261 the model prediction and dashed lines represent 95% confidence intervals. Green points 

262 represent the OTUs for which the observed frequency is greater than the model prediction 

263 (enriched), and red points represent the OTUs for which the observed frequency is less than 

264 the prediction (disadvantaged), based on their mean relative abundance in the influent 

265 communities. 
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266 4. Discussion

267 Different from the traditionally used pilot/simulated systems and/or young biofilm sampling, 

268 this study investigated matured biofilm on full scale drinking water distribution pipes of 

269 different material (i.e. PVC-U, AC and GCI) that installed in different areas supplied by the 

270 same water treatment plant. The long-term affects were discussed regarding the influences of 

271 pipe material on biofilm formation in drinking water pipes, espeically the possible harmonizing 

272 effects on the bacterial community assembly. 

273 4.1 Microbiome assembly in drinking water biofilm revealed by NCM model 

274 The NCM model results based on the shared OTUs between water and biofilm suggested that 

275 the assembly of biofilm bacterial community is governed by environmental selection, while 

276 water microbes is meta community served as seed bank, which proved the hypothesis proposed 

277 by Henne et al. (2012). More specifically, the enriched community member OTU7, assigned as 

278 Nitrospira spp., has been widely reported  to be able to thrive in drinking water biofilm 

279 (Henneet al. 2012; Liuet al. 2014a; Martinyet al. 2003). While the disadvantaged community 

280 members, such as OTU14 and OTU40 that assigned to the family of Hyphomicrobiaceae, were 

281 found to thrive in phosphorus limited environment and form filamentous biofilm in drinking 

282 water biofilters (Keithley and Kirisits 2019). They are disadvantaged because the Dutch 

283 drinking water supply system are carbon limited, with the pursuit of chlorine free drinking water 

284 supply and extremely low AOC (<10μg C/L) (Smeetset al. 2009).

285 However, it should be mentioned that the number of shared OTUs between water and biofilm 

286 (142 OTUs) was low in the present study, which is because of the low number of water samples. 

287 The biofilm has developed over four decades under the historical water microbiology conditions. 

288 Since historical water samples were not available, higher temporal resolution could not be 

289 achieved for this study. Moreover, there were significant variations among bacterial 

290 communities in bulk water samples, which might be caused by the stagnations and contributions 
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291 from plumbing systems (Jiet al. 2015; Lautenschlageret al. 2010; Linget al. 2018). Since the 

292 shared members between water and biofilm are picked for NCM analysis, the model results 

293 would not be influenced. For future research, the combination of dynamic water and biofilm 

294 paired sampling at certain frequency for long-term would offer more valuable insights 

295 microbiome assembly over time. Especially, feeding the high resolution data set to NCM model 

296 will be able to uncover essential mechanism for biofilm formation and its controlling strategies 

297 (Linget al. 2018; Vignolaet al. 2018). 

298 4.2 Influence of pipe material on biofilm formation 

299 As revealed by the compostion (Figure 3) and diversity of bacterial communities (Figure 4), 

300 though there are slight differences regarding certain members and their presence and abundance, 

301 the > 40 years’ old matured biofilm communities formed on different pipe material of PVC-U, 

302 AC and GCI were highly similar, suggesting the minor influences of pipe material on the 

303 bacterial communities of biofilm. There has been, somehow, a consensus that pipe material is 

304 important for both quantity and community of biofilm (Berryet al. 2006; Liuet al. 2016b; 

305 Proctoret al. 2016). The observed little influences of pipe material in the present study were 

306 different from the commonly found strong inlfuences of pipe mateiral on both composition and 

307 diversity of biofilm bacterial community in water supply pipes, such as plumbing system (28 

308 days’ old biofilm) (Rogerset al. 1994), shower hoses (8 months’ old biofilm)  (Proctoret al. 

309 2016),  and modeled and field distribution systems (1 month -42 weeks’ old bioflm) (Kerret al. 

310 1998; Niquetteet al. 2000; Yuet al. 2010), all of which targeted on young biofilm less than 1 

311 year’s old. 

312 On the other hand, there were studies found similar quantity and community of matured biofilm 

313 fomred on different pipe materials in an office building in Finland (copper vs. PEX, > 1 year’s 

314 old months’ old biofilm) (Inkinenet al. 2014) and in a distribution main pipe in Germany (steel, 

315 copper, PVC, > 20 years’ old biofilm) (Henneet al. 2012), both of the study illustrated the 
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316 potential importance of vicinity of the biofilm over the support material. Placing different 

317 coupon materials in the same reactors, Aggarwal et al. (2018) also found that coupon material 

318 did not have a signficant impact on biomass levels or composition of the biofilm 

319 communities(Aggarwalet al. 2018). By comparing their results with similar study that using 

320 separate reactors for each coupon material (Buseet al. 2014), the authors argued that isolating 

321 different material to study their impacts on biofilm could not mimic full-scale systems 

322 containing a varity of materials (Aggarwalet al. 2018), which have neglected the mutual 

323 influence of biofilms by exchange of bacteria via mitigation and/or diffusion (Henneet al. 2012; 

324 McDougaldet al. 2012). 

325 However, in the present study, the biofilm on three pipe materials were taken from different 

326 supply areas that are >10 km away from each other. Our finding was complied with an earlier 

327 observation in the full scale chloraminated drinking water distribution system of Saint Paul, 

328 Minn, USA, which observed surprisingly similar biofilm communities regardless the age, 

329 location and pipe material (unlined cast iron vs. cement-lined cast iron, > 53 years’ old biofilm) 

330 (Gomez-Smithet al. 2015). It is remarkably interesting to notice that the two studies both 

331 observed similar bacterial communites on different pipe materials from different locations 

332 (spatially distanced), though the the present studied Dutch system was completely different 

333 from the system in Saint Paul, espeically considering the disinfection strategies (unchlorinated 

334 vs. chloraminated). The key common factor is that both studies investigated matured 

335 biofilms >40 years’ old. It is rational to hypothesize that years-long (decades-long) 

336 acclimatization harmonized the initial signicant differences induced by pipe material. The 

337 hypothesis could be proved by the previous observation of less pronounced differences 

338 regarding the quantity and community of biofilms formed on four out of six materials after 8 

339 months (Proctoret al. 2016), which might possibly be explained by the diminished nutrient 
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340 leaching from the pipe and afterwards the biofilm formation governed by the microbes and 

341 nutrients’ matrix in the supply water. 

342 4.3 Practical implications

343 For enssuring the biosafety, considerable attention and efforts have been invested to understand 

344 the formation of biofilm and its managing strategis in drinking water distribution network over 

345 decades. Pipe material has been considered as one of the key factors, which possibly governing 

346 the potential of biofilm formation and its community assembly (Van der Kooij and Veenendaal 

347 2001). However, until now, the critical questions of how and how long the pipe material is 

348 influencing the biofilm development remains unanswered. Currently, the available pipe 

349 material test for evaluating its potential to promote microbial growth varied from 2 weeks to 16 

350 weeks (Wenet al. 2015). While, as mentioned above, the simulated studies on pipe material’s 

351 influence on biofilm communities were conducted for periods varied from days to years. Such 

352 big variations regarding the scale of study time might be the reason for the conflicted 

353 observations and conclusions across the literatures, as well as the reported differences between 

354 simulated reactors and the full-scale systems that operated for decades (Aggarwalet al. 2018). 

355 Therefore, choices of study time are masking the mechanism of pipe material’s influence on 

356 biofilm development and its community succssion. 

357 As showed in the present study of unchlorinated Dutch system ( > 40 years’ old biofilm), in the 

358 chlorinated German system ( > 20 years’ old biofilm) (Henneet al. 2012) and the chlormainated 

359 system ( > 53 years’ old biofilm) (Gomez-Smithet al. 2015), the biofilm was harmonized 

360 regardless the pipe material and other environmental circumustances in each full scale 

361 distribution system, as long as the different pipe material is supplied with same drinking water. 

362 Once the harmonized stable microbial ecology established, there would be potential risks 

363 associated with transition effects when the supply water quality subjected to changes, which 
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364 may lead to destabilization of biofilm matrix and suddenly release of opportunistic pathogens 

365 (Chanet al. 2019; Chenet al. 2020; Liuet al. 2017b). 

366 In addition, from both scientific and practical perspectives, an essential question to be answered 

367 is how long the harmonizing process may take before a quantity and community stablized 

368 biofilm could be established. Martiny et al. (2003) suggested that the bioilm formation may 

369 take 200-300 days to reach stationary density and ~500 days to establish stable population on 

370 stainless steel. Proctor et al. (2016) observed less pronouced differences after 8 months than in 

371 the early months among the biofilms formed on 4/6 of the tested flexible polymeric pipe 

372 materials, suggesting the harmonizing time for different material would be different. To 

373 determine the time threshold, the long-term efficacy of pipe material and other essential 

374 drinking water biofilm related questions, long-term (years-long) study of biofilm formation 

375 dynamics with the latest developed high throughput quantification and sequencing techniques, 

376 high resolution water-biofilm paried sampling and microbial ecology model is recommended 

377 for the future research. 

378 5. Conclusions  

379  As showed by the number of observed OTUs, the bacterial community was more diverse 

380 in bulk water than that of the biofilms. 

381  The mature biofilm bacterial communities on PVC-U, AC and GCI pipes are highly 

382 similar regarding the alpha and beta diversity, indicating minor influence of pipe 

383 material on biofilm.

384  As revealed by NCM model, the assembly of biofilm communities is governed by 

385 environmental selection rather than neutral process. Members of Nitrospira spp. were 

386 enriched, while members belong to the family of Hyphomicrobiaceae were 

387 disadvantaged. 
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388  The long-term effects and harmonizing process of pipe material’s influences on biofilm 

389 needs to be explored further. 

390 Acknowledgements:

391 The authors would like to acknowledge the support from the National Key R&D program of 

392 China (2018YFE0204100), National Natural Science Foundation of China (No. 52022103) and 

393 National Natural Science Foundation of China for International Cooperation and Exchange (No. 

394 51820105011). 

395

396

This preprint research paper has not been peer reviewed. Electronic copy available at: https://ssrn.com/abstract=4690026

Pr
ep

rin
t n

ot
 p

ee
r r

ev
ie

w
ed



397 References

398 Aggarwal, S.; Gomez-Smith, C.K.; Jeon, Y.; LaPara, T.M.; Waak, M.B.; Hozalski, R.M. 
399 Effects of Chloramine and Coupon Material on Biofilm Abundance and Community 
400 Composition in Bench-Scale Simulated Water Distribution Systems and Comparison 
401 with Full-Scale Water Mains. ENVIRONMENTAL SCIENCE & TECHNOLOGY 
402 2018;52:13077-13088
403 Beech, I.B.; Sunner, J. Biocorrosion: towards understanding interactions between biofilms and 
404 metals. Current opinion in Biotechnology 2004;15:181-186
405 Berry, D.; Xi, C.; Raskin, L. Microbial ecology of drinking water distribution systems. Current 
406 Opinion in Biotechnology 2006;17:297-302
407 Bokulich, N.A.; Kaehler, B.D.; Rideout, J.R.; Dillon, M.; Bolyen, E.; Knight, R.; Huttley, G.A.; 
408 Caporaso, J.G. Optimizing taxonomic classification of marker-gene amplicon 
409 sequences with QIIME 2’s q2-feature-classifier plugin. Microbiome 2018;6:90
410 Bolyen, E.; Rideout, J.R.; Dillon, M.R.; Bokulich, N.A.; Abnet, C.; Al-Ghalith, G.A.; 
411 Alexander, H.; Alm, E.J.; Arumugam, M.; Asnicar, F. QIIME 2: Reproducible, 
412 interactive, scalable, and extensible microbiome data science. PeerJ Preprints; 2018
413 Broo, A.E.; Berghult, B.; Hedberg, T. Pipe material selection in drinking water systems-A 
414 conference summary. Water Science and Technology: Water Supply 2001;1:117-125
415 Buse, H.Y.; Lu, J.; Lu, X.; Mou, X.; Ashbolt, N.J. Microbial diversities (16S and 18S rRNA 
416 gene pyrosequencing) and environmental pathogens within drinking water biofilms 
417 grown on the common premise plumbing materials unplasticized polyvinylchloride and 
418 copper. FEMS Microbiology Ecology 2014;88:280-295
419 Callahan, B.J.; McMurdie, P.J.; Rosen, M.J.; Han, A.W.; Johnson, A.J.A.; Holmes, S.P. 
420 DADA2: high-resolution sample inference from Illumina amplicon data. Nature 
421 methods 2016;13:581
422 Caporaso, J.G.; Kuczynski, J.; Stombaugh, J.; Bittinger, K.; Bushman, F.D.; Costello, E.K.; 
423 Fierer, N.; Pẽa, A.G.; Goodrich, J.K.; Gordon, J.I.; Huttley, G.A.; Kelley, S.T.; Knights, 
424 D.; Koenig, J.E.; Ley, R.E.; Lozupone, C.A.; McDonald, D.; Muegge, B.D.; Pirrung, 
425 M.; Reeder, J.; Sevinsky, J.R.; Turnbaugh, P.J.; Walters, W.A.; Widmann, J.; 
426 Yatsunenko, T.; Zaneveld, J.; Knight, R. QIIME allows analysis of high-throughput 
427 community sequencing data. Nature Methods 2010;7:335-336
428 Chan, S.; Pullerits, K.; Keucken, A.; Persson, K.M.; Paul, C.J.; Rådström, P. Bacterial release 
429 from pipe biofilm in a full-scale drinking water distribution system. NPJ biofilms and 
430 microbiomes 2019;5:9
431 Chen, L.; Ling, F.; Bakker, G.; Liu, W.-T.; Medema, G.; van der Meer, W.; Liu, G. Assessing 
432 the transition effects in a drinking water distribution system caused by changing supply 
433 water quality: an indirect approach by characterizing suspended solids. Water Research 
434 2020;168:115159
435 Development, M.o.H.a.U.-R. Statistical Bulletin on Urban and Rural Construction. 2022
436 Douterelo, I.; Sharpe, R.; Boxall, J. Influence of hydraulic regimes on bacterial community 
437 structure and composition in an experimental drinking water distribution system. Water 
438 research 2013;47:503-516
439 Feazel, L.M.; Baumgartner, L.K.; Peterson, K.L.; Frank, D.N.; Harris, J.K.; Pace, N.R. 
440 Opportunistic pathogens enriched in showerhead biofilms. Proceedings of the National 
441 Academy of Sciences of the United States of America 2009;106:16393-16398
442 Flemming, H.-C.; Wingender, J. The biofilm matrix. Nature Reviews Microbiology 
443 2010;8:623-633
444 Gomez-Smith, C.K.; LaPara, T.M.; Hozalski, R.M. Sulfate Reducing Bacteria and 
445 Mycobacteria Dominate the Biofilm Communities in a Chloraminated Drinking Water 

This preprint research paper has not been peer reviewed. Electronic copy available at: https://ssrn.com/abstract=4690026

Pr
ep

rin
t n

ot
 p

ee
r r

ev
ie

w
ed



446 Distribution System. ENVIRONMENTAL SCIENCE & TECHNOLOGY 
447 2015;49:8432-8440
448 Henne, K.; Kahlisch, L.; Brettar, I.; Höfle, M.G. Analysis of structure and composition of 
449 bacterial core communities in mature drinking water biofilms and bulk water of a 
450 citywide network in Germany. Applied and Environmental Microbiology 
451 2012;78:3530-3538
452 Hong, P.Y.; Hwang, C.; Ling, F.; Andersen, G.L.; LeChevallier, M.W.; Liu, W.T. 
453 Pyrosequencing analysis of bacterial biofilm communities in water meters of a drinking 
454 water distribution system. Applied and Environmental Microbiology 2010;76:5631-
455 5635
456 Hwang, C.; Ling, F.; Andersen, G.L.; Lechevallier, M.W.; Liu, W.T. Evaluation of methods for 
457 the extraction of DNA from drinking water distribution system biofilms. Microbes and 
458 Environments 2011;27:9-18
459 Hwang, C.; Ling, F.; Andersen, G.L.; LeChevallier, M.W.; Liu, W.T. Microbial community 
460 dynamics of an urban drinking water distribution system subjected to phases of 
461 chloramination and chlorination treatments. Applied and Environmental Microbiology 
462 2012;78:7856-7865
463 Inkinen, J.; Kaunisto, T.; Pursiainen, A.; Miettinen, I.T.; Kusnetsov, J.; Riihinen, K.; Keinänen-
464 Toivola, M.M. Drinking water quality and formation of biofilms in an office building 
465 during its first year of operation, a full scale study. Water research 2014;49:83-91
466 Ji, P.; Parks, J.; Edwards, M.A.; Pruden, A. Impact of water chemistry, pipe material and 
467 stagnation on the building plumbing microbiome. PloS one 2015;10:e0141087
468 Keithley, S.E.; Kirisits, M.J. Enzyme-Identified Phosphorus Limitation Linked to More Rapid 
469 Headloss Accumulation in Drinking Water Biofilters. Environmental Science & 
470 Technology 2019;53:2027-2035
471 Kerr, C.J.; Osborn, K.S.; Robson, G.D.; Handley, P.S. The relationship between pipe material 
472 and biofilm formation in a laboratory model system. Journal of Applied Microbiology 
473 1998;85:29S-38S
474 Lautenschlager, K.; Boon, N.; Wang, Y.; Egli, T.; Hammes, F. Overnight stagnation of drinking 
475 water in household taps induces microbial growth and changes in community 
476 composition. Water Research 2010;44:4868-4877
477 Ling, F.; Whitaker, R.; LeChevallier, M.W.; Liu, W.-T. Drinking water microbiome assembly 
478 induced by water stagnation. The ISME journal 2018;12:1520-1531
479 Liu, G.; Bakker, G.; Li, S.; Vreeburg, J.; Verberk, J.; Medema, G.; Liu, W.; Van Dijk, J. 
480 Pyrosequencing reveals bacterial communities in unchlorinated drinking water 
481 distribution system: an integral study of bulk water, suspended solids, loose deposits, 
482 and pipe wall biofilm. Environmental science & technology 2014a;48:5467-5476
483 Liu, G.; Bakker, G.L.; Li, S.; Vreeburg, J.H.G.; Verberk, J.Q.J.C.; Medema, G.J.; Liu, W.T.; 
484 Van Dijk, J.C. Pyrosequencing Reveals Bacterial Communities in Unchlorinated 
485 Drinking Water Distribution System: An Integral Study of Bulk Water, Suspended 
486 Solids, Loose Deposits, and Pipe Wall Biofilm. Environmental Science & Technology 
487 2014b;48:5467-5476
488 Liu, G.; Tao, Y.; Zhang, Y.; Lut, M.; Knibbe, W.-J.; van der Wielen, P.; Liu, W.; Medema, G.; 
489 van der Meer, W. Hotspots for selected metal elements and microbes accumulation and 
490 the corresponding water quality deterioration potential in an unchlorinated drinking 
491 water distribution system. WATER RESEARCH 2017a;124:435-445
492 Liu, G.; Zhang, Y.; Knibbe, W.-J.; Feng, C.; Liu, W.; Medema, G.; van der Meer, W. Potential 
493 impacts of changing supply-water quality on drinking water distribution: A review. 
494 Water Research 2017b;116:135-148
495 Liu, G.; Zhang, Y.; Liu, X.; Hammes, F.; Liu, W.-T.; Medema, G.; Wessels, P.; van der Meer, 

This preprint research paper has not been peer reviewed. Electronic copy available at: https://ssrn.com/abstract=4690026

Pr
ep

rin
t n

ot
 p

ee
r r

ev
ie

w
ed



496 W. 360-Degree Distribution of Biofilm Quantity and Community in an Operational 
497 Unchlorinated Drinking Water Distribution Pipe. Environmental Science & Technology 
498 2020;54:5619-5628
499 Liu, J.; Ren, H.; Ye, X.; Wang, W.; Liu, Y.; Lou, L.; Cheng, D.; He, X.; Zhou, X.; Qiu, S. 
500 Bacterial community radial-spatial distribution in biofilms along pipe wall in 
501 chlorinated drinking water distribution system of East China. Applied Microbiology and 
502 Biotechnology 2016a:1-11
503 Liu, R.; Yu, Z.; Guo, H.; Liu, M.; Zhang, H.; Yang, M. Pyrosequencing analysis of eukaryotic 
504 and bacterial communities in faucet biofilms. Science of the Total Environment 
505 2012;435:124-131
506 Liu, S.; Gunawan, C.; Barraud, N.; Rice, S.A.; Harry, E.J.; Amal, R. Understanding, Monitoring, 
507 and Controlling Biofilm Growth in Drinking Water Distribution Systems. 
508 Environmental Science & Technology 2016b;50:8954-8976
509 Magic-Knezev, A.; van der Kooij, D. Optimisation and significance of ATP analysis for 
510 measuring active biomass in granular activated carbon filters used in water treatment. 
511 WATER RESEARCH 2004;38:3971-3979
512 Martiny, A.C.; Jørgensen, T.M.; Albrechtsen, H.J.; Arvin, E.; Molin, S. Long-Term Succession 
513 of Structure and Diversity of a Biofilm Formed in a Model Drinking Water Distribution 
514 System. Applied and Environmental Microbiology 2003;69:6899-6907
515 McDougald, D.; Rice, S.A.; Barraud, N.; Steinberg, P.D.; Kjelleberg, S. Should we stay or 
516 should we go: mechanisms and ecological consequences for biofilm dispersal. Nature 
517 Reviews Microbiology 2012;10:39-50
518 Menaia, J.; Mesquita, E. Drinking water pipe biofilm: Present knowledge, concepts and 
519 significance. 2004
520 Morris, A.; Beck, J.M.; Schloss, P.D.; Campbell, T.B.; Crothers, K.; Curtis, J.L.; Flores, S.C.; 
521 Fontenot, A.P.; Ghedin, E.; Huang, L.; Jablonski, K.; Kleerup, E.; Lynch, S.V.; 
522 Sodergren, E.; Twigg, H.; Young, V.B.; Bassis, C.M.; Venkataraman, A.; Schmidt, 
523 T.M.; Weinstock, G.M.; Lung, H.I.V.M.P. Comparison of the respiratory microbiome 
524 in healthy nonsmokers and smokers. Am J Respir Crit Care Med 2013;187:1067-1075
525 Niquette, P.; Servais, P.; Savoir, R. Impacts of pipe materials on densities of fixed bacterial 
526 biomass in a drinking water distribution system. Water Research 2000;34:1952-1956
527 Okabe, S.; Kokazi, T.; Watanabe, Y. Biofilm formation potentials in drinking waters treated by 
528 different advanced treatment processes. 2002
529 Proctor, C.R.; Dai, D.; Edwards, M.A.; Pruden, A. Interactive effects of temperature, organic 
530 carbon, and pipe material on microbiota composition and Legionella pneumophila in 
531 hot water plumbing systems. Microbiome 2017;5:130
532 Proctor, C.R.; Gächter, M.; Kötzsch, S.; Rölli, F.; Sigrist, R.; Walser, J.-C.; Hammes, F. 
533 Biofilms in shower hoses – choice of pipe material influences bacterial growth and 
534 communities. Environmental Science: Water Research & Technology 2016;2:670-682
535 Proctor, C.R.; Reimann, M.; Vriens, B.; Hammes, F. Biofilms in shower hoses. WATER 
536 RESEARCH 2018;131:274-286
537 Quast, C.; Pruesse, E.; Yilmaz, P.; Gerken, J.; Schweer, T.; Yarza, P.; Peplies, J.; Glöckner, 
538 F.O. The SILVA ribosomal RNA gene database project: improved data processing and 
539 web-based tools. Nucleic acids research 2012;41:D590-D596
540 Rogers, J.; Dowsett, A.B.; Dennis, P.J.; Lee, J.V.; Keevil, C.W. Influence of Plumbing 
541 Materials on Biofilm Formation and Growth of <em>Legionella pneumophila</em> in 
542 Potable Water Systems.  1994;60:1842-1851
543 September, S.M.; Els, F.A.; Venter, S.N.; Brözel, V.S. Prevalence of bacterial pathogens in 
544 biofilms of drinking water distribution systems. Journal of Water and Health 
545 2007;5:219-227

This preprint research paper has not been peer reviewed. Electronic copy available at: https://ssrn.com/abstract=4690026

Pr
ep

rin
t n

ot
 p

ee
r r

ev
ie

w
ed



546 Sloan, W.T.; Lunn, M.; Woodcock, S.; Head, I.M.; Nee, S.; Curtis, T.P. Quantifying the roles 
547 of immigration and chance in shaping prokaryote community structure. Environ 
548 Microbiol 2006;8:732-740
549 Smeets, P.; Medema, G.; Van Dijk, J. The Dutch secret: how to provide safe drinking water 
550 without chlorine in the Netherlands. Drinking Water Engineering and Science 2009;2:1
551 Sun, H.; Shi, B.; Bai, Y.; Wang, D. Bacterial community of biofilms developed under different 
552 water supply conditions in a distribution system. Science of the Total Environment 
553 2014;472:99-107
554 Tamaki, H.; Wright, C.L.; Li, X.; Lin, Q.; Hwang, C.; Wang, S.; Thimmapuram, J.; Kamagata, 
555 Y.; Liu, W.T. Analysis of 16S rRNA amplicon sequencing options on the roche/454 
556 next-generation titanium sequencing platform. PLoS ONE 2011;6
557 Tsvetanova, Z.G.; Hoekstra, E.J. A study on assessment of biomass production potential of pipe 
558 materials in contact with drinking water. Water Science and Technology 2009;9:423-
559 428
560 Van der Kooij, D. Potential for biofilm development in drinking water distribution systems. 
561 Journal of Applied Microbiology Symposium Supplement 1999;85:39S-44S
562 Van der Kooij, D.; Veenendaal, H.R. Biomass production potential of materials in contact with 
563 drinking water: Method and practical importance. Water science and technology: water 
564 supply 2001;1:39-45
565 Van Der Wende, E.; Characklis, W.G.; Smith, D.B. Biofilms and bacterial drinking water 
566 quality. Water Research 1989;23:1313-1322
567 Vignola, M.; Werner, D.; Wade, M.J.; Meynet, P.; Davenport, R.J. Medium shapes the 
568 microbial community of water filters with implications for effluent quality. Water 
569 Research 2018;129:499-508
570 Vreeburg, J.H.G.; Boxall, D.J.B. Discolouration in potable water distribution systems: A review. 
571 Water Research 2007;41:519-529
572 Wang, H.; Masters, S.; Edwards, M.A.; Falkinham, J.O.; Pruden, A. Effect of Disinfectant, 
573 Water Age, and Pipe Materials on Bacterial and Eukaryotic Community Structure in 
574 Drinking Water Biofilm. Environmental science & technology 2014a;48:1426–1435
575 Wang, H.; Proctor, C.R.; Edwards, M.A.; Pryor, M.; Santo Domingo, J.W.; Ryu, H.; Camper, 
576 A.K.; Olson, A.; Pruden, A. Microbial community response to chlorine conversion in a 
577 chloraminated drinking water distribution system. Environmental science & technology 
578 2014b;48:10624-10633
579 Wen, G.; Kötzsch, S.; Vital, M.; Egli, T.; Ma, J. BioMig A Method to Evaluate the Potential 
580 Release of Compounds from and the Formation of Biofilms on Polymeric Materials in 
581 Contact with Drinking Water. Environmental science & technology 2015;49:11659-
582 11669
583 Wingender, J.; Flemming, H.C. Biofilms in drinking water and their role as reservoir for 
584 pathogens. International Journal of Hygiene and Environmental Health 2011;214:417-
585 423
586 Yu, J.; Kim, D.; Lee, T. Microbial diversity in biofilms on water distribution pipes of different 
587 materials. 2010
588

This preprint research paper has not been peer reviewed. Electronic copy available at: https://ssrn.com/abstract=4690026

Pr
ep

rin
t n

ot
 p

ee
r r

ev
ie

w
ed


