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Abstract 23 

The quality of freshwater undoubtedly reflects the health of our surrounding 24 

environment, society, and economy, as these are supported by various freshwater 25 

ecosystems. Monitoring efforts have therefore been considered a vital means of 26 

ensuring the ecological health of freshwater environments. Nevertheless, most aquatic 27 

environmental monitoring strategies largely focus on bulk water sampling for analysis 28 

of physicochemical and key biological indicators, which for the most part do not 29 

consider pollution events that occur at any time between sampling events. Because 30 

benthic biofilms are ubiquitous in aquatic environments, pollution released during 31 

sporadic events may be absorbed by these biofilms, which can act as repositories of 32 

pollutants. The aim of this study was to assess whether benthic biofilm monitoring 33 

could provide an efficient way of properly characterizing the extent of pollution in 34 

aquatic environments. Here, bulk water and benthic biofilms were sampled from three 35 

Hong Kong streams having various pollution profiles, and subsequently compared via 36 

high-resolution microscopy, metagenomic analysis, and analytical chemistry. The 37 

results indicated that biofilms were, indeed, reservoirs of environmental pollutants, 38 

having different profiles compared with that of the corresponding bulk water samples. 39 

Moreover, the results also suggested that biofilms sampled in polluted areas were 40 

characterized by a higher species richness. While the analytical testing of benthic 41 

biofilms still needs further development, the integration of chemical-pollutant profiles 42 

and biofilm sequencing data in future studies may provide unique perspectives for 43 

understanding and identifying pollution-related biofilm biomarkers.  44 

 45 

Keywords: biofilm, LC-MS/MS, 16s rRNA sequencing, SEM 46 
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Capsule: Benthic biofilms can act as stable reservoirs of environmental pollutants, 47 

hence, future work is needed for identifying pollution-related freshwater biofilm 48 

biomarkers. 49 

 50 

1. Introduction 51 

The quality of freshwater is irrevocably linked to the health of our surrounding 52 

environment, society, and economy, as these are sustained by various freshwater 53 

ecosystems (i.e. wetlands, streams, aquifers) (Wang, et al., 2017). Maintaining these 54 

freshwater ecosystems, therefore, plays an important role in the preservation of 55 

valuable natural resources vital for all living organisms, human health, food 56 

production, and economic development (Bouwmeester, et al., 2015; Dudgeon, 2014). 57 

The level of biodiversity within an ecosystem is an important benchmark of 58 

ecological health, and as such, monitoring the health of these ecosystems requires the 59 

ability to construe and characterize ecological changes in an accurate manner using 60 

sensitive quantitative indicators (Smetanová, et al. , 2014).  61 

The monitoring of ecological health in aquatic ecosystems is conducted by means of 62 

indicators, with physicochemical and biological indicators being the most commonly 63 

used (Xie et al., 2016). In the same manner, water quality assessments of freshwater 64 

ecosystems are traditionally carried out through a series of physicochemical 65 

measurements, which include concentrations of dissolved oxygen, pH, organic 66 

carbon, suspended solids, temperature, salinity, and nutrients (nitrogen and 67 

phosphorus) (Hounslow, 2018). These measurements may also include monitoring 68 

pollutants such as heavy metals, insecticides, or herbicides. Despite the relative ease 69 

in acquiring freshwater physicochemical data, large spatial and temporal variability in 70 

sampling may lead to improper freshwater quality assessments due to insufficient 71 

water sampling numbers (Lear et al., 2012; de Paul Obade & Moore, 2018). 72 
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Moreover, the nature of these collected data is highly specific, thereby potentially 73 

leading to biased conclusions based on isolated subsets of water quality parameters 74 

chosen for the study in question (Lear et al., 2012). For these reasons, 75 

physicochemical water measurements are often accompanied using biological 76 

indicators, which provide a comprehensive ecosystem health assessment through the 77 

monitoring of interferences measured by the presence/absence, condition, and relative 78 

abundance and community structure of groups of targeted organisms (Parmar, 79 

Rawtani, & Agrawal, 2016).  80 

While macroorganisms, such as fish and macroinvertebrates, are commonly used 81 

biological indicators for assessing ecological changes in aquatic ecosystems (Ho & 82 

Dudgeon, 2016; Liao et al., 2018), monitoring these may in most cases present 83 

constraints with respect to ease of sampling, collection, and analyses, especially in 84 

cases where significant expertise in visual recognition of individual organisms is 85 

needed for taxon identification (Lear et al., 2012). 86 

The monitoring of microorganisms, such as coliforms, fecal coliforms, and 87 

Escherichia coli, is widely used for water quality assessment and has traditionally 88 

been the preferred standard for estimating the risk of exposure to other types of 89 

waterborne pathogens (Pachepsky et al., 2016). Unfortunately, some of the standards 90 

used do not necessarily reflect the ecological health of freshwater ecosystems. The 91 

occurrence of pathogens in freshwater sources can be sporadic and is contingent on 92 

situations characterized by the presence of animals in proximity to the water source, 93 

or of environmental factors such as heavy rainfall, where sewage runoff into water 94 

sources can dramatically increase the level of pathogens (Draper et al., 2016). While 95 

collected water samples are used to determine the level of coliforms and other 96 
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indicator microorganisms, they only represent a small fraction of the total 97 

microorganisms found embedded within biofilms. Among the different life forms 98 

found within freshwater ecosystems, the surfaces of submerged objects such as plant 99 

debris and rocks are usually teeming with microorganisms in the form of stream 100 

microbial biofilms, also recognized as periphyton (Flemming et al., 2016; Piggott et 101 

al., 2015). Such biofilms are made up of complex communities that include bacteria, 102 

archaea, fungi, and other microorganisms within a protective gelatinous matrix of 103 

extracellular polymeric substances (EPS) and have been shown to play a pivotal role 104 

in the functioning of aquatic ecosystems. These biofilms are key components of 105 

freshwater ecosystems, in which critical ecological processes such as carbon cycling 106 

and nutrient cycling occur (Guasch et al., 2016; Wu, Liu, & Rene, 2018). It is now 107 

evident that these biofilm communities are not static but are characterized by changes 108 

in community structure related to anthropogenic impacts across a wide range of time 109 

scales (Hutchins & Fu, 2017). The presence and abundance of specific organisms 110 

within these biofilm communities may, therefore, be used to assess potential 111 

cumulative responses to past environmental conditions, and hence should be 112 

considered as a compelling indicator to be used in conjunction with physicochemical 113 

monitoring techniques, as well as collected data including the presence, abundance, 114 

activity, and health of other taxa (Sabater, 2017). 115 

With the latest technological advances in molecular technologies now available, the 116 

possibility of linking the microbial diversity and pollutant content of biologically 117 

diverse biofilm communities with freshwater ecological health may help develop 118 

improved biological indicators for assessing freshwater quality and ecosystem fitness 119 

(Scott et al., 2019; Shen et al., 1991). It is now well established that in freshwater 120 

ecosystems, biofilm-associated bacterial biomass constitutes a valuable food source 121 
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for benthic consumers (Vaughn et al., 2018). In the event of environmental pollution 122 

brought about by human activities, significant changes will occur within biofilms’ 123 

structure, composition, and microbial community (Gerbersdorf et al., 2011). Hence, 124 

monitoring benthic biofilm communities’ fitness in freshwater environments, as a 125 

proxy for freshwater ecological health and pollution level, might help strengthen 126 

existing environmental impact assessment frameworks by providing a historical 127 

pollution profile of freshwater environments otherwise missed through separate 128 

individual water sampling methods. One recent investigation detailing the effects of 129 

surface water pollution showed that low pharmaceutical product concentrations could 130 

rapidly provoke a variety of functional shifts in stream bacterial communities, thereby 131 

affecting important ecosystem processes such as nutrient cycling (Pereda et al., 2019).  132 

It is therefore hypothesized that benthic biofilms might be a suitable candidate for 133 

monitoring water pollution and quality, as these biofilms are capable of absorbing and 134 

effectively recording chemical and biological pollution events otherwise missed or 135 

underestimated by conventional water sampling routines. Within this context, 136 

therefore, biofilm monitoring may potentially provide a useful biological indicator for 137 

assessing water quality within freshwater environments, by allowing an understanding 138 

of i) what microbial communities are present within sampled benthic biofilms, and ii ) 139 

the level or concentration of these absorbed pollutants contained within these 140 

biofilms.   141 

To test this hypothesis, benthic biofilms and corresponding bulk water samples were 142 

sampled from three freshwater stream-sites in Hong Kong and were qualitatively and 143 

quantitatively assessed using a series of microscopy, 16S rRNA metagenomics, and 144 

LC-MS/MS analyses.  145 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

7 

 

 146 

2. Materials and Methods  147 

2.1 Chemicals and reagents 148 

The chemicals used in this study were purchased from Sigma-Aldrich (St. Louis, 149 

USA), and all HPLC grade acetonitrile or methanol were supplied by International 150 

Laboratory USA and Anaoua Chemicals Supply (Cleveland, USA). The water utilized 151 

for analytical purposes was generated by a Millipore water purification system with a 152 

resistivity of 18.2 MΩ·cm at ambient temperature. The water was not stored for more 153 

than 24 hours to prevent microbial contamination and change in resistivity. A DNA 154 

extraction kit was purchased from ZYMO Research (CA, USA). 155 

 156 

2.2. Sampling sites  157 

The sampling sites selected for the sampling of rocks attached with benthic biofilms 158 

were streams at Sam Dip Tam (ST1), Ho Chung River (ST2), and Lung Fu Shan (ST3) 159 

situated in the New Territories, Kowloon, and Hong Kong Island areas, respectively, 160 

in Hong Kong. These sites were at the time of sampling heavily influenced by nearby 161 

domestic or construction activities. The temperature at the time of sampling was 162 

recorded being at a range 20℃-25℃. The hydrodynamic conditions at sampling stream 163 

sites were similar, in which six to nine submerged rocks of identical size were 164 

selected.  The water sampling routine consisted of collecting approximately 40 mL 165 

surface water using 50 mL Falcon® tubes (Thermo Fisher Scientific, USA), as well as 166 

corresponding rock samples presenting a visible benthic community, which were 167 
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placed in jars and kept submerged in freshwater. All the samples were transported to 168 

the laboratory immediately thereafter, for further processing.  169 

The water samples were processed for pollutant analyses, whereas the benthic biofilm 170 

samples were aliquoted for scanning electron microscopy, 16S metagenomic profiling, 171 

and pollutant analyses. Three separate sample collections were conducted, i.e. one 172 

each at ST1, ST2, and ST3, during the month of December 2017.  173 

 174 

2.3 Sample pre-treatment  175 

For pollutant analyses, the samples were promptly processed within the first 24 hours 176 

of sampling to prevent analyte degradation. Surface water was first acidified with 177 

formic acid to pH 3 then filtered with a 0.45 µm syringe filter (PALL Corporation, 178 

USA) before short-term storage at -80℃.  179 

Rock samples were firstly transferred to glass beakers containing fresh Milli-Q water 180 

then sonicated for 7 minutes at 28 kHz frequency (Kan-Pacific, Hong Kong). 181 

Following sonication, the rocks were scraped and then discarded, and the remaining 182 

resuspended benthic biofilm constituents were then collected following filtration 183 

using 0.45 µm membranes. These fouled membranes were used for either pollutant 184 

analyses or 16S metagenomics as further described in section 2.5. 185 

 186 

2.4 Pollutant extraction and analyses using LC- QTOF-MS/MS 187 

Contrarily to the previously collected and pre-treated acidified freshwater samples 188 

described above, the biofilm samples required further treatment for pollutant 189 

extraction for qualitative and quantitative analyses. Following biomass collection as 190 
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described in section 2.3, the biomass was resuspended in 30 mL Milli-Q water by 191 

scraping the retentate side of the membrane. To facilitate cell wall damage of the cells 192 

embedded within the biofilm, osmotic stress conditions were induced by adding 193 

sodium chloride to the resuspended biomass to a final concentration of 1 M. The 194 

samples were vortexed at maximum speed for four hours in a cold room (4℃), 195 

followed by rotation with a speed of 45 r/min, after which the supernatants were 196 

transferred to new tubes by centrifugation.  197 

Pollutants from the samples originating from bulk freshwater and biofilm treatments 198 

were acquired by solid phase extraction (SPE) (HLB, Waters, USA) using methanol 199 

as the eluting organic solvent, following the manufacturer’s protocols. The samples 200 

were then concentrated with a rotavapor (BÜCHI, Switzerland) and reconstituted 201 

with 200 µL pure HPLC grade acetonitrile. Before analyses, all samples were filtered 202 

with a 0.45 µm syringe filter and stored at -80℃ (Núñez et al., 2017). 203 

For surface water and biofilm analyses, direct injection of surface water was 204 

conducted with a SCIEX X500R QTOF MS/MS (AB SCIEX, USA), which was 205 

connected to an ExoionLCTM HPLC (Shimadzu, Japan) coupled with a C18 reversed-206 

phase column (Atlantis® T3 C18, 100 Å, 3 µm, 2.1 mm × 100 mm, Waters). The 207 

mobile phases were run with 0.1% formic acid and 100% acetonitrile, respectively, 208 

from 5% to 95% gradient in one hour to improve separation performance (Andrés-209 

Costa, Andreu, & Picó, 2017).  210 

For qualitative non-targeted screening, several parameters were used to improve the 211 

confidence of analyte identification. The detailed instrumental settings used for 212 

qualitative non-targeted analyses were as follows: injection volume was 5 µL for each 213 

sample, flow rate was 0.30 mL/min, temperature of autosampler was 4℃, and column 214 
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temperature was 30℃. Before analyses, the two pumps and the autosamplers were 215 

purged manually. For MS, both modes were surveyed with the information-dependent 216 

acquisition (IDA) mode. The detailed conditions were as follows: spray voltage was 217 

5500 V; temperature was 500℃; pressure was 45 psi for both gas 1 and 2; curtain gas 218 

was 30; collision-activated dissociation (CAD) gas was 7; nitrogen gas was the 219 

nebulizer, curtain, and collision gas. For time-of-flight mass spectrometry (TOF MS) 220 

scanning, the mass range was set at 100-1000 Da; de-clustering potential was 80 V; 221 

collision energy was 10 V; for MS/MS scanning, mass range was 50-1000 Da; de-222 

clustering potential was 80 V; collision energy was 35 V with capillary 223 

electrophoreses (CE) spread at 15. In the negative mode, the spray voltage was set at -224 

5000 V. 225 

Pre-calibration was conducted prior to running the samples, thereby ensuring that any 226 

errors fell within the default requirements. A second calibration was also required 227 

when running the experimental samples to help monitor the stability of the instrument 228 

in terms of signal intensity value readings. The acquired data can be viewed and 229 

processed by the Explore® and Analytics® software packages, respectively, and can 230 

also be accessed in online libraries such as METLIN (Zhu et al., 2013), HMDB 231 

(Wishart et al., 2007) and MassBank (Horai et al., 2010).  232 

The quantitative analyses mainly focused on quantifying the level of selected 233 

pollutants concentrated in the benthic biofilms and corresponding bulk water samples. 234 

Diethyltoluamide (DEET), fenoxycarb, strychnine, and dipyridamole were selected 235 

based on their stability and commercial availability compared with other pollutant 236 

chemicals. As for most quantitative analyses in LC-MS/MS, method validation was 237 

necessary. 238 
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When choosing the spiked concentration, we firstly checked the response and selected 239 

compound area in the samples and used these to determine the stock solutions as well 240 

as the working solutions. The best results were obtained with concentrations of 1 241 

µg/mL, 5 µg/mL, 10 µg/mL, 50 µg/mL, and 100 µg/mL; however, when ng/mL 242 

concentrations were prepared and examined by QTOF MS/MS, the responses were 243 

relatively low, so only the selected concentrations listed above were used.   244 

In the determination of matrix effects in environmental samples, especially freshwater 245 

samples, it is usually difficult to find matrix-matched matrices. In this study, we 246 

utilized water from our laboratory-engineered freshwater system, in which a miniature 247 

system is designed to mimic the natural environment of Hong Kong. The water 248 

quality was checked by LC-MS/MS, and no emerging pollutants were detected within 249 

the detection limit.  250 

The laboratory method validation applied in this study included tests of linearity, 251 

recovery, repeatability, intra-laboratory reproducibility, limit of detection (LOD), 252 

limit of quantitation (LOQ), and matrix effects, as previously described in other 253 

studies with some modifications (Fraselle, Derop et al., 2007; Huerta et al., 2016). 254 

Briefly, key parameters having stable values were recorded during MS instrument 255 

calibration and before running experimental samples. Experimental samples were 256 

spiked with internal standards and run in triplicate on three separate weeks. LOD and 257 

LOQ were calculated as the concentrations giving a signal to noise ratio of 3 and 10, 258 

respectively. Recoveries were acquired by following the same procedure of SPE, 259 

rotary evaporation, and reconstitution described in detail in section 2.4. Matrix effects 260 

were evaluated at the spiked concentration of 5 µg/mL. 261 

 262 
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2.5 Biofilm DNA extraction, sequencing, and analyses 263 

Fouled membranes bearing benthic biofilms were first scraped off to collect the dense 264 

biomass into 50 mL Falcon® tubes. The remaining biomass on the filters was 265 

recovered through a final sonication step, by submerging the fouled membranes in 266 

glass test tubes containing sterile ultrapure water. The pooled biofilm biomass sample 267 

was then processed for genomic DNA (gDNA) extraction. Here, a Quick-DNATM 268 

Fecal / Soil Microbe Miniprep Kit (ZYMO, CA, USA) was applied, following the 269 

extraction instructions recommended by the kit manufacturers.  270 

A Bio-drop spectrophotometer was used to assess the yield and quality of the gDNA 271 

products prior to further processing (Table S1, supplementary materials). All DNA 272 

samples were sent to BGI (Shenzhen, China) for amplicon V3-V4 sequencing and 273 

analyses. An amplicon library with fusion primers (16S V3-V4) was first constructed, 274 

with dual index and adapters for PCR. After sequencing using a MiSeq PE300, the 275 

raw data were filtered to eliminate the adapter pollution and low-quality data to obtain 276 

clean reads. The paired-end reads with overlap were merged using FAST (Fast Length 277 

Adjustment of Short Reads, v1.2.11) and the generated tags were clustered to 278 

operational taxonomic units (OTUs) at 97% sequence similarity using USEARCH 279 

(v7.0.1090). Taxonomic ranks were assigned to OTU-representative sequences using 280 

the Ribosomal Database Project (RDP) Name Bayesian Classifier v.2.2, and rank 281 

curves were drawn by R-software (v3.1.1). Finally, features such as alpha diversity 282 

and beta diversity were analyzed based on the OTUs and taxonomic ranks. A 283 

descriptive bioinformatics analyses pipeline is presented in Figure S1 in the 284 

supplementary material section.  285 

 286 
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2.6 Scanning electron microscopy analyses of benthic biofilms 287 

Rocks were collected and stored at -80℃ before analyses. Small pieces were obtained 288 

using a hammer. The rocks were washed with saline buffer before fixation in 10% 289 

neutral buffered formalin for 24 hours at 4℃. The rocks were dehydrated in an 290 

increasing series of ethanol concentrations (30%, 50%, 70%, 90%) for 15 min each 291 

with 2 changes of solvent and 100% ethanol for 20 min with 3 changes of solvent. 292 

The rocks were then dried in a Critical Point Dryer (Baltec CPD 030, Leica, Germany) 293 

using liquid carbon dioxide as translational fluid. SEM images were acquired with a 294 

Hitachi S-3400N scanning electron microscope (Hitachi, Japan). 295 

 296 

2.7 Statistical analyses 297 

For 16s rDNA sequencing analyses, alpha diversity indices including number of 298 

species observed, Shannon index, Chao index, abundance-based coverage estimate 299 

(ACE), and Simpson index were analyzed by Mothur (v1.31.2) (Schloss et al., 2009). 300 

These indices were used to provide different parametric and non-parametric diversity 301 

estimates. For species annotation and community structures, out-representative 302 

sequences were taxonomically classified using the RDP Classifier trained with the 303 

Greengenes database, and the confidence value was 0.8. The Wilcoxon rank-sum test 304 

was used for two-group comparison, while the Kruskal-Wallis test was used for multi-305 

group comparison. All statistical analyses were performed with R software (version 306 

3.1.1). 307 

 308 

3. Results 309 
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3.3 LC-QTOF-MS/MS analyses 310 

To test the validity of biofilms as viable indicators of environmental health, both 311 

freshwater and corresponding biofilms sampled in three different areas in Hong Kong 312 

were surveyed for non-targeted and targeted pollution analyses using LC-QTOF-313 

MS/MS.  314 

 315 

3.3.1 Untargeted analyses of pollutants in both freshwater and corresponding 316 

biofilm samples 317 

The non-targeted analyses revealed that most features could not be matched to 318 

existing libraries. Note that the parameters in the non-targeted analyses were based on 319 

library match confidence. Only when checking the MS/MS spectra of matched 320 

annotations could similarities be observed. The final annotation results presented 28 321 

chemicals, most of which were identified as pharmaceutical compounds, as listed in 322 

Table 1. Positive mode ionization appeared to have a better performance in library 323 

matching, while the parent ion information provided by the negative mode resulted in 324 

much fewer matched results in this study. 325 

Differences were found between the non-targeted analytical profiles in freshwater 326 

samples and their corresponding biofilms at the collecting point. Specifically, the 327 

results unveiled the presence of pollutants in the sampled biofilms that were not 328 

identified in the corresponding bulk water samples, which was especially the case for 329 

the Lung Fu Shan samples (ST3, ST3B). It is always necessary to cross-validate the 330 

matching of the results; thus, the standards were also analyzed by the same method. 331 

Taking DEET as an example, Figure S2 (supplementary materials) shows the MS/MS 332 

spectra of the DEET standard in the data-independent acquisition mode SWATH 333 
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(sequential window acquisition of all theoretical spectra), in which the m/z value of 334 

the parent ion is 192.1399, and the adducts of the [M+H]+ ion with distinct daughter 335 

ions have m/z values of 119.0495, 91.0545, 72.0451, and 65.0388. The differences 336 

indicate neutral loss during the fragmentation process. In IDA mode of the sample 337 

analyses (Figure S3, supplementary materials), both MS1 and MS2 spectra were 338 

extracted. The MS2 spectra had similar daughter ions to MS1, which indicated the 339 

library match was of high confidence. 340 

 341 

3.3.2 Concentration determination and method validation 342 

Linearity was obtained by plotting the peak area of five working solutions, and a 343 

regression model was used to quantify the data. In the quantitative study using the 344 

LC-MS/MS instruments, the priority was set to triple quadrupole model, which 345 

enabled the selection of multiple reaction monitoring (MRM). The resolution of 346 

QTOF was improved by forfeiting the quantitation capacity. Specifically, the mass 347 

detector is easily affected by temperature shifts, resulting in a systematic quantitative 348 

error. Therefore, R square with a value higher than 0.98 was accepted in this study 349 

(Table 2). 350 

In terms of recoveries (Table S3), the overall results were acceptable but with some 351 

exceptions, for example DEET had lower recoveries at high concentration while 352 

strychnine had poor recovery at low concentration. The minimum LOD and the 353 

maximum LOQ were 0.04 µg/mL and 1.96 µg/mL, respectively. Matrix effects were 354 

obvious in all four chemicals, especially for dipyridamole at -93%, fenoxycarb at -355 

62%, and strychnine at 69% (positive values indicate ion enhancement, while 356 

negative values represent ion suppression). Four samples had relatively acceptable 357 
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reproducibility and repeatability (Table 3), but dipyridamole and strychnine had 358 

higher deviation. 359 

After calculating the concentration of pollutant compounds in all samples (Table 4), 360 

the biofilms were generally shown to have higher concentrations of pollutants by one 361 

order of magnitude compared with the corresponding bulk freshwater samples at that 362 

time. In general, the EPS concentrations in the biofilm samples were much higher 363 

than in bulk water in general, except for dipyridamole.  364 

 365 

3.4 Sequencing analyses 366 

The microbial community structures were analyzed to compare the microbial profiles 367 

of benthic biofilms sampled from different freshwater sites through 16S 368 

metagenomics.  369 

The alpha diversity data revealed that ST3 had the highest species diversity and 370 

richness, with 3248 observed species compared with 2129 and 1897 observed species 371 

in samples ST2 and ST1, respectively. Among the three sampled benthic biofilms, the 372 

highest alpha diversity was observed in sample ST3, with a Shannon index of 6.4 373 

compared with 4.5 and 4.03 in samples ST1 and ST2, respectively (Table S2, 374 

supplementary materials).  375 

To assess the extent of unique or shared OTUs between sampled benthic biofilms, a 376 

beta-diversity analysis was performed as depicted in Figure 1. Biofilms from Lung Fu 377 

Shan (ST3) had the largest beta-diversity with 1367 unique OTUs, or 42% of its total 378 

OTUs, compared with 363 OTUs and 219 OTUs at Sam Dip Tam (ST1) and Ho 379 
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Chung Rivers (ST2), respectively (Figure 1). Interestingly, the sampled benthic 380 

communities shared 967 common OTUs between ST3, ST2, and ST1.  381 

Further relative abundance heat map analyses (Figure 2) revealed the presence of two 382 

taxonomic clusters based on abundance levels in all tested biofilms. Proteobacteria, 383 

Cyanobacteria, Actinobacteria, Acidobacteria, and Bacteroidetes were the major 384 

phyla in all biofilm samples. Of the 42 identified phyla, 14 were clustered as the most 385 

abundant, and 28 as the least abundant, and included Chlamydiae, Fusobacteria, 386 

Spirochaetes, Fibrobacteres, and Caldiserica. Horizontal clustering of the tested 387 

samples presented ST2 and ST1 as one cluster group differentiated from ST3, which 388 

displayed a unique abundance profile. More specifically, ST3 was characterized by a 389 

much higher abundance of identified taxa compared with ST2 and ST1, including 390 

Actinobacteria, Chloroflexi, Planctomycetes, and Verrucomicrobia.  391 

Taxonomic composition distribution analyses (Figure 3) showed that Cyanobacteria 392 

was the most abundant phylum in Ho Chung River (ST2) and Sam Dip Tam (ST1) at 393 

75.01% and 52.01%, respectively, but was found to be the least abundant in the Lung 394 

Fu Shan river (ST3) at 10.05%. In contrast, Proteobacteria was the most abundant in 395 

ST3 at 47.67%, compared with 26.79% and 13.96% in ST1 and ST2. In a like manner, 396 

Actinobacteria was most abundant in ST3 at 10.12% compared with the ST1 and ST2 397 

biofilms, which had abundance values of 2.56% and 1.84%, respectively. In more 398 

detail, a huge decrease in cyanobacterial abundance was observed in the Lung Fu 399 

Shan (ST3) samples, but a clear rise in Proteobacteria (Figure S4, supplementary 400 

materials). 401 

We also used Random Forest to analyze which marker microorganisms played the 402 

most critical roles in the response to EPS. The results are shown as the value of mean 403 
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decrease in accuracy, which indicates the importance of each phylum-level 404 

microorganism (Figure 4). These analyses contrasted with the OTU-based abundance 405 

analyses, by showing that Chlorobi was the feature that most strongly impacted the 406 

freshwater biofilm system, followed by Nitrospirae, Bacteroidetes, and Chlamydiae. 407 

The predicted metabolic function analyses (Figure S5) highlighted membrane 408 

transport, amino acid metabolism, and carbohydrate metabolism in all three samples, 409 

with slight abundance variations. Compared with the other tested samples, the Lung 410 

Fu Shan (ST3) biofilm samples had the lowest and highest abundance in energy 411 

metabolism and carbohydrate metabolism, respectively. Moreover, of the total of 22 412 

metabolic features identified in ST3, 18 of these were clustered as least abundant. 413 

Based on these analyses, we also analyzed key features based on the Random Forest 414 

score (Figure S5, supplementary materials). The results showed that energy 415 

metabolism was the first feature in EPS response, followed by amino acids and 416 

membrane transport, as visually displayed in Figure S6. 417 

 418 

3.5 Scanning electron microscopy analyses 419 

The rock biofilms displayed heterogeneous structures at all three sampling sites 420 

(Figure 5). It is clear that diatoms are prevalent in all three aquatic environments and 421 

have a variety of shapes. The biofilms were mostly covered by the diatoms. In the 422 

ST1 rocks, various layered bacterial shapes were observed, which indicated cross-423 

linked bacterial communities. In the ST2 and ST3 rocks, EPS could be observed, but 424 

the bacterial communities were different from those of the ST1 rocks. These images 425 

generally demonstrate the presence of a mixture of species on the environmental 426 
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biofilms and suggest potentially significant structural differences in response to 427 

chemical pollutants at a single time point.  428 

 429 

4. Discussion 430 

In our study, three individual sampling sites were selected in different parts of Hong 431 

Kong. The Hong Kong government has been monitoring the river quality since the 432 

last century, and detailed data can be obtained from the official website: 433 

http://wqrc.epd.gov.hk/en/water-quality/river-1.aspx, in which longitudinal analyses 434 

of water quality are presented based on traditional physiochemical and coliform 435 

indicators. Based on these data, the water quality in Sam Dip Tam (ST1) and Ho 436 

Chung River (ST2) was rated as excellent or good, while the Lung Fu Shan (ST3) 437 

water quality was unclassified. All sampling sites were not in the vicinity of industrial 438 

factories. Based on the identified pollutant profiles in both water and biofilm samples 439 

(Table 1), the presence of emerging pollutants may be linked to human activities, as 440 

most of the EPS in the non-targeted analyses were prescription drugs and personal 441 

care products. Previous studies have placed significant emphasis on the toxicity of 442 

these compounds, more specifically with regards to their short- and long-term 443 

environmental and health impacts, usually concluding with low risk evaluations based 444 

on low collected concentrations (ng/L) (Tsaboula et al., 2016). However, prescription 445 

drugs, especially antibiotics, should be of significant concern regardless of 446 

concentration levels, as they can potentially accelerate the spread of antibiotic 447 

resistance genes in freshwater environments (Marti et al., 2014). In our study, 448 

antibiotics such as monensin were identified in both bulk water and corresponding 449 

biofilm samples from the ST3 stream (Table 1), highlighting the importance of 450 

conducting targeted antibiotic-based analyses for assessing the likelihood and severity 451 
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of the interaction between these antibiotics and their surrounding environments 452 

(Baquero, et al., 2008; Kaeseberg et al., 2018; Devarajan et al., 2015). The main 453 

drawback in monitoring emerging pollutants from environmental samples, such as 454 

biofilms, is the lack of standardized sampling and processing protocols. The technical 455 

aspects of pollutant analyses also have their limitations. In our study, HLB columns 456 

were utilized during the SPE extraction step for the qualitative analyses of emerging 457 

pollutants; however, these columns may not be suited for alkaline or acidic 458 

compounds (Andrade-Eiroa et al., 2016). Similarly, the C18 column used for HPLC is 459 

also only suitable for hydrophilic compounds (Cruz et al., 1997). These technical 460 

limitations may restrict our understanding of the degree of pollution based on 461 

identifiable contaminant profiles. Quantifying the concentrations of these detected 462 

pollutants from samples also presents challenges when constructing libraries that are 463 

not fully annotated. Using freely accessible libraries such as Metlin and MassBank 464 

also has drawbacks, as the collision energy (CE) values may differ from one library to 465 

another. Different CE values can result in totally different fragmentations, which can 466 

be an obstacle for manual interpretation (Richardson, 2009). In terms of these 467 

limitations, several improvements can be proposed based on the above discussion. In 468 

the extraction process, other SPE columns such as WCX and MAX could be 469 

investigated. Although hydrophilic interaction chromatography (HILIC) HPLC 470 

columns are ideal for separating hydrophilic compounds, it is highly recommended 471 

that laboratory-specific databases are constructed using LC-MS/MS, despite being a 472 

time-intensive task.   473 

The association between bacterial communities and water pollution has been 474 

extensively studied (Dobor et al., 2012; Logue et al., 2016), to the extent that attempts 475 

have been made to use microbial biofilms as markers to trace the origins of pollution 476 
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(Gillings et al., 2015; Vierheilig et al., 2015). In our study, 16s rRNA sequencing 477 

analyses were utilized to annotate bacterial species in different sampling sites, with 478 

varying water pollution profiles. The results revealed widely varying microbial 479 

composition profiles among the studied samples, with biofilms from ST3 having the 480 

highest diversity and content of identifiable environmental pollutants. It has been 481 

argued that stream biofilm structure and composition are mostly impacted by physical 482 

conditions, such as pH, temperature, and light (Battin et al., 2016). In our study, the 483 

physicochemical properties of stream water were therefore considered, by monitoring 484 

parameters such as water temperature and pH prior to sampling. Although no obvious 485 

differences were observed between the sampling sites, other water parameters such as 486 

shear conditions or water velocity would also need to be compared in future studies. 487 

Moreover, other aspects such as biofilm growth stage could not be established from 488 

our biofilm samples, which could have potentially contributed to variations in 489 

microbial community profiles between samples. Future studies should therefore 490 

consider longitudinal investigations, allowing comparison of biofilms from different 491 

sites based on their microbial profile.  492 

 At the phylum level, Acidobacteria and Armatimonadetes are the two main classes 493 

found in our samples. Acidobacteria are commonly found in soil and water, and 494 

studies have shown that they have important ecological roles (Eichorst, Breznak, & 495 

Schmidt, 2007). Moreover, they actively respond to environmental pollution (Sun, 496 

Dafforn, Johnston, & Brown, 2013). Armatimonadetes were firstly identified in 497 

aquatic environments, and studies have linked them with heavy metal pollution (van 498 

Straalen et al., 2014). Two Actinobacteria, BHI80-139 and AD3, had significantly 499 

higher abundance in ST3. However, the abundance of taxa does not always provide 500 

any insight into which bacteria play core roles in the system, whereas the Random 501 
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Forest scores indicated that some of the least abundant species could affect the whole 502 

biofilm system through their response to EPS. However, little research has been 503 

conducted on these low-abundance bacteria, such as Chlorobi, as they always show a 504 

negative relationship with EPS abundance, while Cyanobacteria has the opposite 505 

trend (Figure S7). Two hypotheses can be generated, namely, that these bacteria 506 

actively respond to the existence of EPS, or that they help to maintain the stability of 507 

the biofilm system; more studies are needed to resolve this. In addition to sequencing, 508 

the bacterial communities in this study could be observed to a limited extent by SEM. 509 

However, the use of SEM may be restricted by the different ages of the biofilms. In 510 

any case, it is necessary to conduct a longitudinal study. 511 

Based on our data, there could exist a relationship between the quality of freshwater 512 

ecosystems and the corresponding biofilms. Specifically, the biofilms possess more 513 

diversity in highly polluted areas, as can be summarized from the 16s rRNA results 514 

and the qualitative and quantitative profiling analyses of individual pollutants. Further 515 

analyses based on sequencing data revealed key features in the microbial communities, 516 

such as the presence of Chlorobi. These methods could be combined to uncover 517 

biological markers relating to freshwater quality.  518 

 519 

5. Conclusions and Future Perspectives  520 

The pollutant profile in a dynamic and ever-changing bulk water system, such as a 521 

stream, could possibly misrepresent and underestimate the true level and diversity of 522 

pollutants, through dilution effects and the passage of time since pollution events. 523 

Here, we have shown that benthic biofilms may reflect both the current and past 524 

pollutant profile of a freshwater environment, by comparing and analyzing both 525 
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biofilms and their corresponding bulk water. Although further developments are 526 

needed in the analytical testing of benthic biofilms, the integration of chemical-527 

pollutant profiles and sequencing data may enable a monitoring tool based on the use 528 

of freshwater microbial communities as an ideal proxy for freshwater environmental 529 

health. Further studies in this context, especially with regards to unravelling the 530 

fundamental responses of biofilm microbial communities to exposure to key 531 

environmental pollutants, should see the development of enhanced targeted biofilm 532 

indicators, most specifically towards biofilm biomarkers.   533 
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 678 

 679 

Table 1 MS/MS spectra library match chemical profiles: B at the end of ST means biofilms. The shade  680 

columns indicate further quantitative study chemicals. Y means chemicals detected in the sample 681 

 682 

 683 

 684 

Compound Formula Found at Mass CAS# Mode ST1 ST2 ST3 ST1B ST2B ST3B 

Pharmaceuticals       

Acecarbromal C9H15BrN2O3 279.1593 77-66-7 + YYYY YYYY  YYYY YYYY YYYY 

Procyclidine C19H29NO 288.2907 77-37-2 + YYYY YYYY   YYYY YYYY 

Ziprasidone C21H21CIN4OS 413.2666 146939-27-7 + YYYY YYYY  YYYY YYYY YYYY 

Dipyridamole C24H40N8O4 505.2641 58-32-2 + YYYY  YYYY YYYY YYYY YYYY 

Dilazep C31H44N2O10 604.2996  +      YYYY      YYYY 

Helvolic acid C33H44O8 569.2953 29400-42-8 + YYYY  YYYY YYYY YYYY YYYY 

Gamithromycin C40H76N2O12 777.0376 145435-72-9 +      YYYY      YYYY 

Monensin C36H62O11 670.4292 17090-79-8 +      YYYY      YYYY 

Oxymetazoline C16H24N2O 260.1889 1491-59-4 +            YYYY    

Phenyltoloxamine C17H21NO 255.1623 92-12-6 +         YYYY 

Tolycaine C15H22N2O3 279.1720 3686-58-6 +    YYYY   

Thymopentin C30H49N9O9 680.5152 69558-55-0 +  YYYY     

Fumigaclavine A C18H22N2O2 297.1534  - YYYY YYYY  YYYY YYYY YYYY 

Vardenafil C23H32N6O4S 488.6030 224785-90-4 +                  YYYY 

Pesticides       

DEET C12H17NO 192.1394 134-62-3 + YYYY YYYY  YYYY YYYY  

Etofenprox C25H28O3 376.2038 80844-07-1 +                  YYYY 

Hydramethylnon C25H24F6N4 494.1905 67485-29-4 +         YYYY   Y Y Y Y  

Fenoxycarb C17H19NO4 302.2704 72490-01-8 +    YYYY YYYY  

Strychine C21H22N2O2 335.1482 57-24-9 + YYYY YYYY   YYYY YYYY 

Dodine C15H33N3O2 228.2694 2439-10-3 + YYYY   YYYY   

Industrial ingredients       

Dibutyl phthalate                       C16H22O4                            278.1518                84-74-2      YYYY 

PEG-7/8/9/10/11/12mer  + YYYY YYYY YYYY YYYY YYYY YYYY 

Toxin       

Sambucinol C15H22O4 265.1479 90044-33-0 - YYYY YYYY  YYYY YYYY YYYY 
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 685 

Table 2 Linearity of standards 686 

 Linear regression curve R square 

DEET y = 3.46684e6 x + 4.30092e6  0.98023 

Dipyridamole y = 5.08285e6 x + 4.29770e7 0.99147 

Fenoxycarb y = 4.09234e4 x + 2.05930e5 0.98837 

Strychnine y = 1.02018e6 x + 2.79777e7  0.99809 

 687 

 688 

 689 

 690 

Table 3 Reproductivity and repeatability of standards in matrix-match matrices, data was shown by 691 

mean ± RSD (relative standard deviation) of five different spiked concentrations 692 

 Reproducibility Repeatability 

 1µg/mL 5µg/mL 10µg/mL 50µg/mL 100µg/mL 1µg/mL 5µg/mL 10µg/mL 50µg/mL 100µg/mL 

DEET 4.73e6±1.57 3.15e7±1.38 5.30e7±1.47 1.47e8±4.59 3.38e8±0.33 6.18e6±7.52 2.22e7±7.81 3.48e7±8.52 1.10e8±7.38 1.56e8±0.66 

Dipyridamole 3.24e7±6.93 1.08e8±7.22 1.38e8±7.14 1.78e8±6.73 2.34e8±6.41 2.05e7±13.83 4.62e7±14.35 5.08e7±13.95 9.81e7±1.37 1.16e8±12.52 

Fenoxycarb 1.94e5±0.74 6.04e5±0.52 8.79e5±0.23 2.29e6±1.00 3.30e6±0.30 5.74e4±10.10 1.82e5±11.10 1.94e5±10.70 3.38e5±7.03 1.07e6±7.32 

Strychnine 5.60e7±0.33 1.69e8±3.24 1.96e8±1.48 3.12e8±1.47 4.48e8±1.30 5.37e7±10.80 1.24e8±9.13 1.77e8±8.36 2.66e8±8.13 5.84e8±12.50 

 693 

 694 

 695 

 696 

 697 

Table 4 Concentration calculation in samples, NA-not available in detection 698 

 Pollutant Concentration (µg/L) in 

freshwater samples 

Pollutant concentration (µg/L*) in benthic 

biofilm samples 

 ST1 ST2 ST3 STB1 STB2 STB3 

DEET 97.7 266 NA 258 246 NA 

Dipyridamole 133 NA 1020 409 452 1080 

Fenoxycarb NA NA NA 1530 1820 NA 

Strychnine 187 349 NA 1310 780 NA 

*here the biofilms were disrupted, and pollutants were dissolved in the aqueous 699 

 700 
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Captions to Figures and Tables  701 

Figure 1: A Venn diagram displaying the degree of overlap of bacterial OTUs among 702 

biofilm samples collected from Sam Dip Tam (ST1), Ho Chung (ST2), and Lung Fu 703 

Shan (ST3). The numbers of shared and unique OTUs between biofilms samples are 704 

shown. A significantly greater (P < 0.001) number of unique OTUs was found in the 705 

biofilm sample from Lung Fu Shan (ST3) river, previously characterized as the most 706 

polluted of all three tested sites.  707 

 708 

Figure 2: Log-scaled percentage heat map of taxonomic assignments at phylum level 709 

for biofilm samples collected from Sam Dip Tam (ST1), Ho Chung (ST2), and Lung 710 

Fu Shan (ST3) rivers.  711 

 712 

Figure 3: Taxonomic assignments at phylum level for biofilm samples collected from 713 

Sam Dip Tam (ST1), Ho Chung (ST2), and Lung Fu Shan (ST3) rivers. 714 

 715 

Figure 4: Marker organism shift based on Random Forest score in three samples. 716 

Mean decrease in accuracy value indicates the importance of each feature.  717 

 718 

Figure 5: SEM observation of rocks from the three sampling sites, from left to right: 719 

Sam Dip Tam (ST1), Ho Chung River (ST2), and Lung Fu Shan (ST3). Scale bar: 10 720 

µm. 721 

 722 

Table 1: MS/MS spectra library match chemical profiles: B at the end of ST means 723 

biofilms. The shade  724 
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columns indicate further quantitative study chemicals. Y means chemicals detected in 725 

the sample 726 

 727 

Table 2: Linearity of standards 728 

 729 

Table 3: Reproductivity and repeatability of standards in matrix-match matrices, data 730 

was shown by mean ± RSD (relative standard deviation) of five different spiked 731 

concentrations 732 

 733 

Table 4: Concentration calculation in samples, NA-not available in detection 734 

 735 

 736 
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Highlights 

1. Direct environmental sampling was investigated from different areas in this study. 

2. Chemical profiling was obtained by surveying LC-QTOF-MS/MS with library matching. 

3. Metagenomic analysis was performed to elucidate detailed taxonomy information.  

4. Biofilm analysis as potential ideal proxy for monitoring freshwater environments health. 

5. Future work needed for identifying pollution-related freshwater biofilm biomarkers. 

. 
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