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1 Abstract

2 Biofilm formation on membranes in activated sludge membrane bioreactors (MBR), commonly 

3 identified as biofouling, is a significant problem for MBR operations. A better understanding of 

4 microbial species involved in the biofilm formation is needed to develop anti-biofilm measures. A 

5 read-based and genome-resolved shotgun metagenomic approach was applied to characterize the 

6 composition and functional potential of the sludge and early stage biofilm microbial communities 

7 in an MBR process. Read-based analysis revealed that the prevalence of different phyla are 

8 relatively similar in both the sludge and biofilm samples, with Proteobacteria as the most 

9 dominant, followed by Chloroflexi, Bacteroidetes and Planctomycetes. However, the relative 

10 abundance of these phyla slightly varies between the sludge and biofilm. Phyla such as 

11 Actinobacteria, bacterial candidate phyla, Chlamydiae, Cyanobacteria/Melainabacteria and 

12 Firmicutes are 2 to 4 times more abundant in the biofilm than in the sludge. At the genus level, 

13 genera belonging to Proteobacteria (Legionella, Caulobacter, Sphingomonas, Acinetobacter and 

14 Rhizobium), Cyanobacteria (Hassallia), and Spirochaetes (Turneriella) are at least twice more 

15 abundant in the biofilm. These genera, especially those belonging to Phylum Proteobacteria, are 

16 known to play an important role in the formation of biofilms on surfaces. The Alpha diversity is 

17 found slightly higher in the biofilm, compared with sludge samples. Functional classification of 

18 reads through the SEED subsystem shows that functional classes such as those involved in the 

19 metabolism of various molecules are significantly different in the biofilm and sludge.

20 A phylogenomic analysis of the six extracted metagenome assembled genomes (MAGs) shows 

21 that three MAGs belong to Proteobacteria, and one MAG belong to each of Chloroflexi, 

22 Bacteroidetes and Planctomycetes. The relative abundance of the MAG belonging to 

23 Alphaproteobacteria is higher in the biofilm. A functional potential analysis of the MAGs reveals 
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24 their potential to metabolize carbon and nitrogen sources, as well as the prevalence of antibiotic 

25 resistance genes.

26

27 Key words: biofilms, membrane bioreactor, metagenomics, activated sludge, wastewater

28
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29 1. Introduction

30 Water scarcity, caused by climate change and the growth in population is a significant problem 

31 faced by mankind. Reusing treated wastewater is becoming increasingly important to relieve the 

32 pressure on already dwindling water sources. Membrane bioreactors (MBR) that couple the 

33 conventional activated sludge with membrane filtration, are widely used to treat municipal and 

34 industrial wastewater for reuse in a variety of applications. However, membrane biofouling 

35 remains  a  significant problem in MBR processes, as it lowers the productivity and increases 

36 operational costs (Wang et al., 2009).

37 Membrane biofouling in an MBR for treating wastewater is governed by complex physicochemical 

38 and biological processes. These include MBR operating conditions, composition of wastewater 

39 and membrane properties. Generally, biofouling involves conditioning of the surface of the 

40 membrane with organic substances (Lorite et al., 2011), and the attachment of pioneering bacterial 

41 species that form micro-colonies. These events facilitate the attachment of other microbes, i.e. 

42 secondary colonizers, and subsequently the formation of mature biofilms consisting of multiple 

43 microbial species (Nagaraj et al., 2017). Identifying key microbial species involved in the 

44 formation and sustenance of a biofilm allows us to design rational strategies to mitigate biofouling 

45 (Campbell et al., 1999). 

46 Recently, studies have been conducted to explore the microbial diversity of sludge and membrane 

47 biofilms, however, contradicting results were reported. Some studies suggest different microbial 

48 communities develop in the sludge compared to the biofilm on the membrane surface (Jinhua et 

49 al., 2006; Miura et al., 2007b), while others report similar community profiles, especially in the 

50 case of mature biofilms (Ziegler et al., 2016). The differences reported might be due to different 

51 operational parameters of the systems studied, and maybe also the age of the biofilm. There is 



4

52 therefore a need to investigate the microbial communities of the sludge and the biofilm at various 

53 stages of growth to get a better understanding of the development and maturation of these 

54 microbial community in the biofilm. 

55 Moreover, the above-mentioned studies used different techniques to investigate the composition 

56 of the microbial communities, (e.g. culture-based or 16S-rRNA gene-based analysis). Although 

57 these studies provide valuable information, they also have important limitations due to the 

58 techniques applied, e.g. cultivation and primer bias (Dang and Lovell, 2000). There is 

59 therefore a need for other techniques that can overcome these biases in order to truly get a better 

60 understanding of the composition of microbial communities of the activated sludge and the biofilm. 

61 Shotgun metagenomic sequencing provides an alternative to traditional techniques used to 

62 characterize microbial communities. This technique has an added advantage of yielding 

63 information about the functional potential of a microbial community. Shotgun metagenomics has 

64 been used to study the microbial communities of activated sludge processes treating different types 

65 of influent wastewater and at different geographical locations (Ibarbalz et al., 2016; Johnson et al., 

66 2015).  However, studies using such a technology to compare the composition and functional 

67 potential of microbial communities of activated sludge and biofilm are scarce. 

68 In this study, a shotgun metagenomic approach was used to compare the composition and 

69 functional potential of the sludge and biofilm microbial communities of a lab-scale MBR system 

70 with a submerged ultrafiltration (UF) membrane configuration. The MBR was operated for eight 

71 days, fed with primary treated wastewater obtained from a full-scale wastewater treatment plant. 

72 This allows any changes to the microbial community profile of the sludge and membrane biofilm 

73 formed during early-stage operation to be investigated. The shotgun sequencing approach allows 

74 extraction of the metagenome-assembled genomes (MAGs) from the most abundant bacterial 
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75 species in the sludge and biofilm samples. Extracted MAGs were annotated and their functional 

76 potentials investigated. 

77

78 2. Materials and methods

79 2.1 MBR setup and operation

80 Experiments were conducted using a lab-scale activated sludge membrane bioreactor (AS-MBR) 

81 for the treatment of municipal wastewater collected from King Abdullah University of Science 

82 and Technology’s wastewater treatment plant (WWTP). The details of reactor setup and operations 

83 are provided elsewhere (Luca Fortunato, 2018). Briefly, the lab-scale AS-MBR setup consisted of 

84 a 20 L feeding tank and a membrane bioreactor of 10.5 L. Primary treated wastewater from an 

85 equalization tank at the WWTP was collected every 2 days, transported and stored at 4 °C and 

86 used as influent. Composition of the wastewater included; chemical oxygen demand (COD) of 200 

87 ±30 mg/L, total suspended solids (TSS) of 70 ±30 mg/L, total dissolved solids (TDS) of 350 ±33 

88 mg/L, total nitrogen (TN) of 14.5 ±3.5 mg/L, a PO4 concentration of 5.0 ±0.2 mg/L and a pH of 

89 7.4 ±0.2. The feed was pumped into the AS-MBR reactor and operated for 8 days under a constant 

90 flux of 10 L/m2h. The membrane was an UF flat sheet membrane (MemSis, Turkey) with an area 

91 of 0.04 m2 and 20 KDa molecular weight cut-off (MWCO) submerged in the biological reactor. 

92 Activated sludge was collected from the WWTP to seed the reactor and acclimatized in the reactor 

93 for 21 days before starting the experiment. The mixed liquor suspended solids (MLSS) was set to 

94 4 g/L. Sludge retention time (SRT) was fixed at 70 days during the experiment by daily draining 

95 150 mL of mixed liquor from the bioreactor. The hydraulic retention time (HRT) of the AS-MBR 

96 system was set at 26 hours.

97 2.2 Sampling
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98 Sludge and biofilm samples (on 1 cm2 membrane pieces) were collected and immediately 

99 processed for DNA extraction. Membrane samples were vortexed in 1X TE buffer to separate the 

100 biomass from the membrane. For DNA extraction, a QIAamp® DNA mini kit (Qiagen, Germany) 

101 was used according to the DNA purification protocol for tissues. The extracted DNA quality was 

102 measured using NanoDrop (ThermoFisher scientific, USA). The 260/280 ratio of samples was 

103 between 1.8 and 2.0, while 260/230 was  2.0 which are required in order to proceed with library 

104 preparation.  The DNA concentration was quantified using the Qubit BR DNA assay kit 

105 (Invitrogen, USA).

106 2.3 Sequencing of DNA

107 Libraries were prepared using a TruSeq® Nano DNA LT kit for sequencing, following the 

108 manufacturer’s instructions (Illumina, USA). The prepared libraries were quantified and 

109 normalized to 10 nM, pooled and sequenced on a HiSeq 4000 (Illumina, USA) paired-end 

110 platform. 

111 2.4 Read- based analysis

112 Raw reads in FASTQ format were checked for their quality, where low-quality reads and adapter 

113 sequences were removed using Cutadapt (Martin, 2011). Reads with a quality score lower than 20, 

114 and shorter than 130 bp were removed. Quality-filtered paired-end reads were merged using 

115 Pandaseq (Masella et al., 2012). DIAMOND was used to align merged reads against NCBI’s non-

116 redundant protein database (July 12, 2018) using the BlastX tool (Buchfink et al., 2015). A default 

117 e-value cutoff of 0.001and a bit score greater than 50 was used. The file produced by DIAMOND 

118 was “meganized” and subsequently imported into MEGAN 6 to perform taxonomic and functional 

119 binning of the reads (Huson et al., 2007). For comparison, sample reads were normalized to those 

120 with lowest read count, and all the unassigned reads were discarded.
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121 MEGAN uses the Lowest Common Ancestor (LCA) algorithm for taxonomic binning of reads. 

122 The LCA uses NCBI taxonomy and places reads onto the node (taxa), which is at higher taxonomic 

123 level than for the species for which the read has significant alignment (Huson et al., 2016). 

124 Functional analysis of reads was performed using the SEED subsystem classification (Overbeek 

125 et al., 2014). MEGAN provides a hierarchical representation for both the taxonomy and SEED 

126 functional classes. Relative abundance of reads belonging to functional categories of SEED 

127 subsystem, for both sludge and biofilm samples, were obtained from MEGAN. The significant 

128 difference in the relative abundance of reads was calculated using Tukey’s Honest Significant 

129 Difference test; p-value less than 0.05 was considered significant.

130 MEGAN was used to calculate Alpha diversity measures, Shannon-weaver index and Simpson’s 

131 reciprocal index. To perform these analyses, all the taxonomic nodes (reads belonging to bacteria 

132 and archaea only) up to the genus level were included for calculations. In total 390 taxonomic 

133 nodes were included to calculate diversity indices.

134 2.5 Genome-resolved analysis

135 Quality filtered reads from all the samples were combined and assembled, using meta-Spades that 

136 was developed specifically for metagenomic reads (Bankevich et al., 2012). Assembled contigs 

137 smaller than 1000 bp were removed from the assembly. To assess coverage, reads were mapped 

138 back to the contigs, using bowtie2 that produced SAM files (Langmead and Salzberg, 2012). The 

139 Sequence Alignment/Map (SAM) files were converted to a Binary Alignment/Map (BAM) format, 

140 using SAM tools (Li et al., 2009). Contigs were binned using COCOCT v 0.4.1 available on the 

141 anvi’o platform v3 (Alneberg et al., 2014). CONCOCT uses nucleotides composition and relative 

142 abundance of contigs across samples for binning into individual genomes. Individual bins (MAGs) 

143 were manually refined using anvi’o’s interactive graphical interface (Eren et al., 2015). This 
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144 interactive interface allows users to add or remove contigs from a bin (MAG), in real time. Contigs 

145 were removed from a MAG if the coverage, GC content and taxonomy were not consistent with 

146 other contigs in the bin. Completeness and contamination of MAGs were calculated using the 

147 presence/absence of a set of 139 bacterial single-copy core genes (BSGs) (Campbell et al., 2013).

148 Phylogenomic analysis of the extracted MAGs was performed as follows; the MAGs were first 

149 annotated using Prokka (Seemann, 2014), and the resulting amino- acid sequence file was blasted 

150 against the Kyoto Encyclopedia of Genes and Genomes (KEGG) database using GhoastKOALA 

151 (Kanehisa et al., 2016b). Taxonomy information produced by KEGG was used to identify and 

152 download reference genomes from the GenBank (Benson et al., 2013). The FASTA files of the 

153 reference genomes, and our MAGs, were processed via anvi’o phylogenomic workflow, and a 

154 contig database for each genome was created. The HMM profile of the Campbell et al (Campbell 

155 et al., 2013) collection was used to identify single-copy core genes in the extracted MAGs, and to 

156 create a FASTA file containing concatenated amino acid sequences of ribosomal proteins. The 

157 concatenated amino acid sequences were imported into MEGA7 for ClustalW- based alignment 

158 (Kumar et al., 2016). The phylogenetic tree was computed using the neighbor-joining statistical 

159 method.

160 2.6 Module Completion Ratio (MCR)

161 The completion ratios of KEGG modules in the extracted MAGs were calculated using MAPLE-

162 2.3.1, as described previously (Arai et al., 2018). MCR ratios between the different MAGs were 

163 compared using the MCR comparison option.

164 2.7 Data Availability
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165 The DNA sequence data generated and analyzed during the current study are available in NCBI 

166 Sequence Read Archive (SRA) (BioProject Accession = PRJNA516038) 

167 (https://www.ncbi.nlm.nih.gov/bioproject/?term=PRJNA516038). The sequences of MAGs were 

168 submitted to the DDBJ/ENA/GenBank. The Accession numbers of MAGs are given in Fig. 5.

169 2.8 Statistics

170 Tukey test for HSD was performed using RStudio v. 1.1.463. Multivariate analysis such as PCA-

171 biplot was performed in RStudio using packages FactoMineR(Le et al., 2008) and factoextra (R 

172 package version 1.0.5).

173

174 3. Results and discussion

175 3.1 Composition of the microbial community (Phylum and Class level)

176 Shotgun metagenomic sequencing generated 59Gb of data for all the four samples. After quality 

177 filtering of reads we were left with 44Gb of data. Total numbers of raw, quality-filtered and merged 

178 reads obtained for each sample are given in (Supp. Table 1). Approximately 96% of the reads, 

179 from all samples, were assigned to cellular organisms belonging to bacterial taxa (Supp.Table 1). 

180 Recently, we published the bacterial phyla and Proteobacterial classes detected in the same sludge 

181 and biofilm samples (Luca Fortunato, 2018). In that study, Kaiju was used to taxonomically 

182 classify the reads, which also uses the NCBI taxonomy. However, in the present study, DIAMOND 

183 was used for the protein sequence alignment. Even though different methodologies were used for 

184 the taxonomic characterization of microbial communities in the sludge and the biofilm, the 

185 distribution of bacterial phyla were found to be similar in both studies (Supp. Fig 1) (Luca 

186 Fortunato, 2018).

https://www.ncbi.nlm.nih.gov/bioproject/?term=PRJNA516038
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187 Proteobacteria were the most dominant phyla in both the sludge and the biofilm (Supp. Fig 1) 

188 (Luca Fortunato, 2018). These results are in agreement with previous studies that show 

189 Proteobacteria are the dominant bacterial phyla in the sludge and biofilms of wastewater treatment 

190 systems (Bedoya et al., 2019; Jo et al., 2016; Miura et al., 2007a). However, Proteobacteria were 

191 found to be more abundant in the biofilm (~46%) than in the sludge (~38%). The higher abundance 

192 of Proteobacteria in the biofilm substantiates previous reports that suggested that members of this 

193 Phyla are involved in initiating biofilms (Elifantz et al., 2013; Nagaraj et al., 2017). Chloroflexi 

194 were found to be the second most abundant Phylum in the sludge and biofilm, followed by 

195 Bacteroidetes and Planctomycetes (Supp. Fig 1). Chloroflexi and Bacteroidetes are involved in the 

196 degradation of polymers and complex organic substances, resulting in simpler organic molecules 

197 that are more readily used by other microbes (Zhang et al., 2017). Chloroflexi were observed to be 

198 more abundant in the sludge (20.5%) than in the biofilm (13.1%). Chloroflexi are filamentous 

199 bacteria, and various species of this phylum have been detected in several wastewater treatment 

200 plants (Miura et al., 2007a). It was suggested that filaments of these bacteria might adhere to and 

201 penetrate between membranes and foulants (Jo et al., 2016). The higher abundance of Chloroflexi 

202 in the sludge and the biofilm detected in this study supports this hypothesis. The other bacterial 

203 phyla, such as Actinobacteria, Acidobacteria, Chlorobi, Firmicutes and Nitrospirae, which are 

204 commonly detected in wastewater treatment plants were also found (Supp. Fig. 1). Overall, the 

205 distribution and relative abundance of bacterial phyla found in this study were similar to previous 

206 reports in the literature, albeit with some differences (Miura et al., 2007a; Wang et al., 2012). 

207 The greatest difference in the relative abundance of bacterial phyla between the sludge and the 

208 biofilm was observed for Chlamydiae, Cyanobacteria, bacterial candidate phyla, Actinobacteria 

209 and Firmicutes. All of these phyla were at least two times higher in the biofilm than in the sludge 
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210 (Supp. Fig. 1). Besides these differences, the distribution of bacterial phyla in the sludge and the 

211 biofilm were found to be similar, which was expected, as microbes in the sludge act as inoculum 

212 for the formation of the biofilm on the membrane. Furthermore, it has been speculated that 

213 microbial communities of sludge flocs and membrane biofilms are similar, as they originate from, 

214 and are seeded by, microbial aggregates in the wastewater (Laspidou and Rittmann, 2002; Sheng 

215 et al., 2010). 

216 Since Proteobacteria were the most dominant bacterial Phylum found in the sludge and the 

217 biofilm, the relative abundance of Proteobacterial classes was therefore investigated (Supp. Table 

218 2). In the sludge samples, Betaproteobacteria were the most dominant (~50%), however, in the 

219 biofilm samples, Gammaproteobacteria and Alphaproteobacteria were found to be the dominant 

220 Proteobacterial classes, followed by and Betaproteobacteria (Supp. Table 2). These results support 

221 findings from previous studies suggesting that these bacteria are involved in the early colonization 

222 of surfaces (Elifantz et al., 2013; Nagaraj et al., 2017). Another study investigating a 55 day-old 

223 biofilm in MBR, showed that Betaproteobacteria were dominant in biofilm samples, followed by 

224 Gammaproteobacteria (Miura et al., 2007b). These findings suggest that, as biofilms mature, 

225 Betaproteobacteria gradually replace other bacteria, and are thus characteristic of stable and 

226 mature biofilms (Nagaraj et al., 2017).

227

228 3.2 Composition of the microbial community (genus level)

229 The relative abundance of different genera in the sludge and biofilm was also investigated. A 

230 heatmap analysis shows that duplicate sludge and biofilm samples are clustered more closely 

231 together (Fig. 1). Similar to PCoA analysis, the dendrogram presented above the heatmap, shows 

232 that the composition of sludge samples was more uniform, as sludge samples clustered more 
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233 closely than the biofilm samples (Fig. 1). Most of the genera were present at a relative abundance 

234 of approximately 1% or less. Some genera such as Thauera, Nitrospira and Legionella and 

235 Hassallia were present at more than 10% of relative abundance (Hassallia only for one replicate). 

236 The greatest increase was observed in the biofilm for Hassallia and Legionella, which were 11.6 

237 and 13.7 times higher respectively (Fig. 1). Acinetobacter, Caulobacter, Fluviicola, Hassallia, 

238 Legionella, Rhizobium, Sphingomonas and Turneriella were at least twice more abundant in the 

239 biofilm than in the sludge. However, Thauera, Nitrospira and Legionella and Hassallia were the 

240 key bacterial genera responsible for dissimilarity between sludge and biofilm samples as shown 

241 by PCA-biplot analysis (Supp. Fig. 2)

242  Caulobacter, along with glycosphingolipid-producing bacteria such as Rhizobium and 

243 Sphingomonas are known as primary colonizers of membrane surfaces (Nagaraj et al., 2017). The 

244 sticky extracellular polysaccharides (EPS) produced by these bacteria help in membrane 

245 attachment and protect these bacteria from adverse environmental conditions (Nagaraj et al., 

246 2017). Genus Hassallia belong to Cyanobateria, and their significance in membrane biofilm is 

247 unknown. Legionella is an important waterborne pathogen that can colonize and persist in biofilms 

248 in a variety of man-made water systems (Abu Khweek and Amer, 2018), however, information 

249 regarding the role of Legionella in biofilms on membranes used in MBR is scarce. Our results 

250 suggest that Legionella can colonize and populate membrane surfaces and may have important 

251 implications for the spread of legionellosis. 

252 Bacteria genera such as Nitrospira, Thauera and Zoogloea, were respectively 5.8, 8 and 12.8- 

253 times higher in the sludge than in the biofilm (Fig. 1). These are typical genera detected in activated 

254 sludge processes (Wang et al., 2012), where these bacteria are involved in the degradation of 

255 organic and inorganic compounds commonly detected in wastewater. For example, Nitrospira are 
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256 involved in the nitrification process, and Thauera are responsible for the degradation of aromatic 

257 compounds in wastewater (Daims et al., 2015; Zhang et al., 2017). Members of genus Zoogloea 

258 are considered to be responsible for the formation of flocs in activated sludge, and therefore 

259 improve the water purification process (Rossellomora et al., 1995).

260

261 3.3 Biofilm community is more diverse than in suspended sludge

262 Alpha diversity measures such as the Shannon-Weaver’s and Simpsons’s reciprocal index, were 

263 calculated based on taxonomy. Results show that the biofilm microbial diversity was slightly 

264 higher than the sludge community. The average Shannon-Weaver index for the biofilm was 5.1 

265 (±0.03) and 4.8 (±0.01) for the sludge. Similarly, the average Simpson’s reciprocal index 

266 calculated for the biofilm was 10.4 (±0.12) and 9.9 (±0.03) for the sludge. Although these 

267 differences are small, they show that the alpha diversity of the biofilm is greater than the diversity 

268 in the sludge. These results are consistent with a recent study performed on five full-scale MBRs 

269 that showed that the microbial diversity of an early stage biofilm (5 hrs) was slightly higher than 

270 that of an activated sludge (Matar et al., 2017). Based on these results, it appears that biofilm 

271 communities formed during the early stages of operation undergoes changes leading to a higher 

272 microbial diversity. 

273

274 3.4 Biofilm and sludge communities cluster separately in ordination plots

275 A principal coordinate analysis was performed to investigate the similarity/dissimilarity of the 

276 biofilm and sludge microbial communities. These results show that the duplicate sludge samples 

277 had similar values along the 1st axis of PCoA and the same was found for the duplicate biofilm 
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278 samples (Fig. 2). However, there were small differences between the duplicates along the 2nd axis 

279 of PCoA. Such differences were greater in the biofilm than in the sludge samples (Fig. 2), 

280 suggesting that the composition of the sludge microbial community is more homogenous than the 

281 biofilm one. These results further support the dendrogram in Fig. 1 that shows that duplicate sludge 

282 samples are more similar compared to duplicate biofilm samples (Fig.1 and 2). A possible reason 

283 for this may be the aeration in the MBR tank, which leads to a continuous mixing of the sludge 

284 inside the reactor and hence a more uniform composition of the microbial community. However, 

285 the bacteria that adhere to the membrane surface in the MBR experience slightly different 

286 environmental conditions such as suction pressure and nutrient availability. This might lead to 

287 differences in the composition of the community at various localized areas of the membrane 

288 surface. Similar results were reported in a recent study comparing the microbial diversities 

289 between the biofilm and activated sludge in ten different MBRs (Jo et al., 2016). 

290 Results found in this study suggest that an eight-days old biofilm microbial community is not 

291 merely the concentration of microbes on the membrane caused by the convective forces generated 

292 during filtration. Differences in the biofilm and sludge microbial community observed are most 

293 probably the result of different micro-environments experienced by the microbes. In this scenario, 

294 only microbes that can thrive in the biofilm are retained and enriched on the membranes. Findings 

295 in this study are consistent with previous reports that showed that the biofilm microbial diversity 

296 was different from that in the sludge community (Jo et al., 2016; Miura et al., 2007a).

297

298 3.5 Genes involved in the production/metabolism of carbohydrates, proteins, amino-acids, 

299 and cofactors, vitamins are the most abundant 
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300 Reads from sludge and biofilm samples were functionally classified, using a SEED subsystem 

301 approach, where genes are classified based on their functional roles. The classified genes that are 

302 part of a related metabolic pathway are grouped into “subsystems”. The level 1 SEED subsystems 

303 detected in this study were found similar to those described in previous studies conducted on 

304 WWTP (Tian et al., 2015; Ye et al., 2012). We performed Tukey’s honest significance test to 

305 confirm the statistically significant difference in the abundance of reads belonging to SEED 

306 subsystems. These analyses showed that reads annotated to SEED subsystems for carbohydrates, 

307 and amino acid and derivates were significantly higher in the sludge. However, SEED subsystems 

308 such as cofactors, vitamins, prosthetic groups, pigments and RNA metabolism were found 

309 significantly abundant in biofilm samples compared to sludge. Differences in other SEED 

310 subsystems were observed, such as those related to metabolism of DNA and fatty acid and lipids 

311 (Fig. 3). However, the distribution of the various functional classes in the sludge and the biofilm 

312 was very similar. Overall, results show that genes related to the metabolism of carbohydrates, 

313 proteins, amino acids and fatty acids were highly abundant in both the sludge and the biofilm (Fig. 

314 3). Wastewater contains higher concentrations of biological products, such as carbohydrates, 

315 amino acids, and proteins, so the genes involved in the metabolism of these molecules are abundant 

316 in microbes (Ibarbalz et al., 2016).  Moreover, these molecules play an important role in the 

317 physiology of microbes. For example, carbohydrates play an important role in the formation of 

318 sludge flocs and biofilms (McSwain et al., 2005). It has been suggested that a high number of 

319 genes involved in the production of macromolecules detected in wastewater water bacteria may be 

320 the result of a high selective pressure on these microbes to form flocs and biofilms that are required 

321 for retaining biomass in the system (Albertsen et al., 2012). Carbohydrates also serve as an 

322 important source of carbon and energy for microorganisms, and many environmental bacteria carry 
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323 enzymes capable of degrading a large number of diverse carbohydrates (El Kaoutari et al., 2013; 

324 Gunsalus et al., 1955). Similarly, proteins also play an important role in the flocculation of sludge 

325 granules and found to be the dominant fraction of EPS in the sludge (Guo et al., 2016). Although 

326 statistically significant differences were observed in the relative abundance of functional 

327 categories in the sludge and biofilm samples, visually there were no major differences (Fig. 3). It 

328 is possible that these small differences will become more pronounced as the biofilm matures. It is 

329 noted that the above analysis only reveals the presence of genes, however, a metatranscriptomic 

330 analysis of the sludge and the biofilm would reveal the genes that are functionally important and 

331 differentially expressed. Identifying the functions that play key roles in sustaining the biofilm 

332 microbial community on the membrane may provide suitable targets for rational anti-biofilm and 

333 biofouling mitigation strategies in MBR systems. 

334

335 3.6 Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways related to carbon and 

336 nitrogen metabolism are important for sludge and biofilm communities

337 It has been suggested that the accuracy of the annotation is reduced when short reads are used and 

338 that read-based annotations provide only a general view of data (Ibarbalz et al., 2016). To address 

339 this concern, reads were assembled into contigs that were binned to generate individual genomes 

340 called “MAGs”. In total 40 MAGs were obtained by co-assembly of sludge and biofilm samples 

341 (Supp. Table 3). For further analysis, we selected MAGs with less than 5% redundancy 

342 (contamination) and more than 95% completion. Only 8 MAGs were found to meet this inclusion 

343 criterion. Their various features and characteristics are presented in Table 1.

344  The extracted MAGs were annotated using  the Kyoto Encyclopedia of Genes and Genomes 

345 (KEGG) database as reference (Kanehisa et al., 2016a). The functional potential of the extracted 



17

346 MAGs was evaluated, using a metabolic and physiological potential evaluator (MAPLE), and 

347 represented as a module completion ratio (MCR) of KEGG modules. KEGG modules are manually 

348 defined functional units based on KEGG pathways. Modules with q values (false-discovery rate) 

349 less than 0.5, at the individual taxonomic rank level, were considered functional. In total, we 

350 observed 100, 28, 46, 11, 66 and 44 functional modules (q < 0.5) for MBR_BPTB, MBR_CLF, 

351 MBR_BCT, MBR_PLN, MBR_GPTB, MBR_APTB, respectively (Fig. 4). The 

352 Betaproteobacterial MAG (MBR_BPTB) showed higher prevalence of pathways modules 

353 involved in carbohydrate metabolism. Entner-Doudoroff pathway module (M00008) and pentose 

354 phosphate pathway, non-oxidative phase, module (M00007) were exclusively detected in 

355 MBR_BPTB. Overall, all the MAGs showed higher prevalence of pathway modules involved in 

356 metabolism of carbohydrates and fatty acids (Fig. 4, Supp. Table 4). These functions are important 

357 in a sludge environment in which cells are continuously lysing, releasing organic molecules that 

358 can be used by the surrounding microbes as an energy and carbon source. The higher abundance 

359 of genes related to degradation of organic molecules was also suggested by the read-based analysis 

360 through the SEED subsystem (Fig. 3). Interestingly, most of the extracted MAGs did not contain 

361 KEGG modules involved in nitrogen metabolism (Fig. 4). However, one Betaproteobacterial 

362 MAG (MBR_BPTB) contained KEGG modules (M00529 and M00530) related to nitrate 

363 reduction (Fig. 4). The Planctomycetal MAG (MBR_PLN) contained module (M00804), with 

364 33.3% completion ratio, which is involved in the complete nitrification of ammonia to nitrate 

365 defined as comammox (Supp. Table 4). However, the working probability of this module was low 

366 (q = 1). Planctomycetes have been detected in diverse environments, and studies are beginning to 

367 highlight their pivotal role in nitrogen metabolism (Delmont et al., 2018; Rehman et al., 2019). In 

368 this study,  the nitrifying genes were found to be relatively less abundant, which is consistent with 
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369 a previous study of nitrifying genes in the activated sludge microbial community (Yu and Zhang, 

370 2012). The same study, however, showed that nitrifying bacteria have a high expression activity 

371 of nitrifying genes, which efficiently reduced the concentration of ammonia. 

372 The extracted MAGs also carry genes that confer resistance to commonly used antibiotics, such as 

373 aminoglycosides, beta-lactams and fluoroquinolones (Fig. 4). It is not surprising, as municipal 

374 wastewater contains antibiotics that can exert selective pressure on sludge microbes to develop 

375 resistance. Furthermore, studies have shown that WWTPs are a major source of antibiotic 

376 resistance in environment (Pazda et al., 2019).

377  Interestingly, MBR_APTB, abundant in biofilm communities, contains a module for the transport 

378 of adhesin proteins required for the formation of biofilms (Hinsa et al., 2003). The production of 

379 adhesin proteins might be the reason for a higher abundance of MBR_APTB in the biofilm. A 

380 complete list of all the modules, their module IDs and the MCR is given in the Supplementary 

381 Table 4.

382 3.7 Extracted MAGs belong to diverse phyla of bacteria

383 A phylogenomic analysis of the MAGs showed that three MAGs belonged to Proteobacteria (one 

384 each to Alpha, Beta and Gammaproteobacteria) (Fig. 5). One MAG belonged to Planctomycetes, 

385 one to Chloroflexi and one to Bacteroidetes. Two MAGs belonged to bacterial candidate phyla. 

386 These MAGs were included, even though their completion ratio was less than 75%, because of 

387 their importance in wastewater treatment. The higher prevalence of proteobacterial MAGs 

388 detected in this study is in agreement with the read-based analysis that showed that Proteobacteria 

389 were dominant bacteria in both the sludge and biofilm communities (Supp. Figure 1). The 

390 Betaproteobacterial MAG (MBR_BPTB) was not detected in the biofilm, but it was found 

391 abundant in the sludge (Table 1). Betaproteobacteria, such as the Azoarcus-Thauera cluster, are 
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392 known to degrade aromatic compounds and therefore play an important role in the microbial 

393 ecology of the sludge (Rabus et al., 2002). This implies that the metabolism of aromatic 

394 compounds occurs primarily in the sludge. The relative abundance of Gammaproteobacterial 

395 MAG (MBR_GPTB) was found to be slightly higher in the sludge than in the biofilm. However, 

396 Alphaproteobacterial MAG (MBR_APTB) was more abundant in the biofilm than in the sludge 

397 (Table 1). Similar observations were made in previous studies, in which Alphaproteobacteria were 

398 found to be more abundant in the biofilm, and slightly more than Gammaproteobacteria (Elifantz 

399 et al., 2013). Alphaproteobacteria and Gammaproteobacteria  are generally considered to be the 

400 primary colonizers of biofilms formed on membranes, and Betaproteobacteria the secondary 

401 colonizer (Nagaraj et al., 2017). Results from this study support this assumption as they show that 

402 Alphaproteobacteria were enriched in the eight-days old biofilm. Members of this group of 

403 bacteria can strongly attach to the surfaces through their ability to produce strong adhesion 

404 molecules (Tsang et al., 2006). The bacteria candidate phyla MAGs (MBR_CSP_1, 2) were found 

405 to be slightly higher in the biofilm than in the sludge (Table 1), and they are phylogenetically 

406 closely related to Saccharimonas aalborgensis (Fig. 5). In a previous study, the genome of these 

407 bacteria was extracted thorough metagenomic sequencing of activated sludge (Albertsen et al., 

408 2013). It was suggested that these bacteria carry genes involved in the production of type IV pili 

409 that play a role in adhesion to surfaces. The slightly higher relative abundance of these bacteria in 

410 the biofilm (Table 1) and their ability to grow in microaerophilic conditions (Albertsen et al., 2013) 

411 suggests that these bacteria are important members of biofilms that form in activated sludge 

412 reactors. 

413

414 4. Conclusions
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415 In this study, a shotgun metagenomic sequencing was applied to study the composition and 

416 functional potential of activated sludge and an eight-days old membrane biofilm harvested from a 

417 lab-scale membrane bioreactor (MBR) treating domestic wastewater. Our analyses showed that 

418 primary colonizers that produce sticky glycosphingolipids and bacteria that possess adhesin 

419 proteins and pili were abundant in biofilm. This is not surprising as such appendages would allow 

420 these bacteria to attach and enrich on the surfaces.

421  Assuming that the abundance of reads/genes reflects the functional activity, it appears that the 

422 sludge and biofilm microbial community has a preference to degrade specific kind of 

423 macromolecules- for example, carbohydrates and lipids in case of sludge and nucleic acids in case 

424 of the biofilm community. However, a metatranscriptomic or metaproteomic analysis of the sludge 

425 and biofilm would allow a better understanding of the functions performed by these communities.

426 Overall the results show that the microbial community of the biofilm resembles that of the sludge, 

427 both taxonomically and functionally. This is understandable as the biofilm community originates 

428 from the sludge community. However, localized conditions in the biofilm select for microbes that 

429 are more suitable for the maintenance and development of the biofilm. We believe that the 

430 functional characterization of membrane biofilms, at different levels of maturity, may provide 

431 valuable information about the biological processes that are critical to the sustenance of the 

432 biofilms. Such information can be applied develop rational approaches and better strategies for 

433 biofilm control and biofouling mitigation which is a major challenge in MBR operations. For 

434 example, quorum-quenching bacteria have been used as anti-biofilm agents in pilot-scale MBRs 

435 treating real municipal wastewater and other systems (Lee et al., 2016; Rehman and Leiknes, 

436 2018). A better knowledge of quorum sensing enzymes prevalent in MBRs would allow us to 
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437 choose quorum quenching bacteria and enzymes that can degrade specific type of AHLs important 

438 in biofilm formation in MBRs.
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451

452 Fig. 1. Heat map showing the relative abundance of bacteria genera. Heatmap of relative 

453 abundance of genera in duplicate biofilm (B1, B2) and sludge (S1, S2) samples is given. A color 

454 key shows relative abundance (percentage) is given in upper left corner. Dendrogram 

455 representing the clustering of sludge and biofilm samples is shown on top of heatmap. A 

456 multicolor panel next to heatmap shows the Phyla to which the genera belong. Green arrows on 
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457 left shows the genera with relative abundance of more than 10%, while black arrows show the 

458 genera with two-fold higher abundance in the biofilm compared to the sludge.

459

460 Fig. 2. Principal coordination analysis of microbial communities. The clustering of duplicate 

461 biofilms (B1, B2) and sludge (S1, S2) are analyzed by PCoA. B1 and B2 have similar PC1 

462 values, and duplicate S1 and S2 have similar PC1 values. However, S1 and S2 clustered more 

463 closely compared to B1 and B2 along the second axis, PC2.

464 Fig. 3. Relative abundance of SEED subsystems (level 1) in the sludge and the biofilm. Each bar 

465 represents the average (two samples) relative abundance of SEED subsystems detected in the 

466 sludge and the biofilm. The error bar represents the standard deviation. Asterisks show the 

467 significant difference between sludge and biofilm as determined by Tukey’s HSD, p-value < 

468 0.05 was considered significant.

469 Fig. 4. Functional potential analysis of MAGs. The comparison of module completion ratios 

470 (MCR) for selected KEGG pathway modules between eight extracted MAGs is shown. The 

471 functional classes, pathways, and their module IDs are given. Heatmap of MCR is shown 

472 (blue=0 MCR, yellow =50 MCR, and red = 100 MCR). All the modules with MCR 50 or higher 

473 have Q-value < 0.5. 
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474 Fig. 5. The phylogenomic tree was inferred by using maximum likelihood method. The 

475 consensus tree inferred from 500 bootstrap replicates is shown. Branches with bootstrap values 

476 less than 50% are collapsed. The values at the nodes show the percentage of replicates in which 

477 the associated taxa clustered together. The tree is drawn to scale, with branch lengths measured 

478 in the number of substitutions per site. The analysis involved 24 amino acid sequences. All 

479 positions containing gaps and missing data were eliminated. There were total of 1162 positions 

480 in the final dataset. Evolutionary analysis was conducted in MEGA7. The MAGs extracted in 

481 this study are highlighted in red color. The accession number of all the genomes/MAGs are given 

482 in small brackets.

483 Table 1. Table showing the characteristics of MAGs that met inclusion criteria and were 

484 functionally annotated.

485 Supp. Fig. 1. Relative abundance of bacterial phyla in sludge and biofilm samples. The stacked 

486 bar chart shows the relative abundance of phyla in sludge (S1 and S2) and biofilm (B1 and B2) 

487 samples.

488 Supp. Fig. 2. The PCA-biplot of relative abundances at Genera level. The angles between 

489 samples represent their difference, with the scattered Genera points quantifying their contribution 

490 to the overall variation. The sharp angles between samples from the same groups, together with 

491 the almost-right angles between samples from different groups indicate that the two groups are 

492 different at community structure level via multivariate analysis. The key Genera that contributed 

493 to their differences are identified and highlighted as those far from the origin. 
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494 Supp. Table 1. Statistics of reads: number of raw, quality filtered, and merged reads. Number of 

495 reads assigned to cellular organisms, bacteria and SEED subsystems are also provided. Cellular 

496 organisms include bacteria, archaea and eukaryotes.

497

498 Supp. Table 2. Relative abundance of Proteobacterial classes in duplicate sludge (S1 and S2) and 

499 biofilm (B1 and B2) samples.

500

501 Supp. Table 3. Characteristics of all the extracted MAGs. The eight MAGs that were further 

502 analyzed in this study are given in bold letters.

503

504 Supp. Table 4. Excel table showing the KEGG pathways classified under different functional 

505 classes. Module IDs of modules corresponding to KEGG pathways, their completion ratio, and 

506 Q-values are given for MAGs investigated in this study.

507

508
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672

673
674

Bin_ID Bin_name
Relative 

abundance 
(S1, S2)

Relative 
abundance 

(B1, B2)
Length Con

tigs N50 GC 
content

Completion 
(%)

Redundancy 
(%)

Bin3_1 MBR_BPTB 0.57, 0.43 0, 0 3.87E+06 294 2.13E+04 67.27 97.84 3.60
Bin6 MBR_CLF 0.46, 0.48 0.04, 0.03 4.95E+06 80 1.34E+05 53.69 96.40 0.00
Bin7_1 MBR_BCT 0.44, 0.39 0.08, 0.09 3.87E+06 56 1.31E+05 39.44 97.12 0.72
Bin8 MBR_PLN 0.37, 0.4 0.15, 0.09 4.12E+06 18 5.24E+05 70.93 97.12 2.88
Bin4_1 MBR_GPTB 0.3, 0.25 0.23, 0.21 3.47E+06 197 3.29E+04 61.83 97.12 0.72
Bin10_2 MBR_CSP1 0.23, 0.24 0.29, 0.24 1.28E+06 35 5.39E+04 51.69 70.50 7.91
Bin10_3 MBR_CSP2 0.24, 0.22 0.28, 0.26 1.09E+06 14 1.52E+05 50.43 73.38 3.60
Bin14_1 MBR_APTB 0.2, 0.18 0.31, 0.32 1.95E+06 37 1.14E+05 48.51 97.12 0.00
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675  Membrane biofouling is a considerable problem in wastewater treatment processes

676  Microbial community of the sludge and eight days old biofilm was investigated

677  Proteobacteria and Bacterial candidate phyla are abundant in biofilm

678  Functional potential of microorganism differs in sludge and biofilm

679  Adhesin protein pathway was only detected in genome abundant in biofilm

680
681
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