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Abstract

Freshwater ecosystems are characterised by the co-occurrence of stressors that simultaneously affect
the biota. Among these, flow intermittency and chemical pollution severely impair the diversity and
functioning of streambed bacterial communities. Using an artificial streams mesocosm facility, this
study examined how desiccation and pollution caused by emerging contaminants affect the
composition of stream biofilm bacterial communities, their metabolic profiles, and interactions with
their environment. Through integrative analysis of the composition of biofilm communities,
characterization of their metabolome and composition of the dissolved organic matter, we found strong
genotype-to-phenotype interconnections. The strongest correlation was found between the composition
and metabolism of the bacterial community, both of which were influenced by incubation time and
desiccation. Unexpectedly, no effect of the emerging contaminants was observed, which was due to
the low concentration of the emerging contaminants and the dominant impact of desiccation. However,
biofilm bacterial communities modified the chemical composition of their environment under the
effect of pollution. Considering the tentatively identified classes of metabolites, we hypothesised that
the biofilm response to desiccation was mainly intracellular while the response to chemical pollution
was extracellular. The present study demonstrates that metabolite and dissolved organic matter
profiling may be effectively integrated with compositional analysis of stream biofilm communities to

yield a more complete picture of changes in response to stressors.

Keywords: contaminants of emerging concern, streambed biofilms, desiccation, global change,

ecosystem services
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1. Introduction

Due to various natural and anthropogenic disturbances, surface waters are rarely found in their natural
state. Nowadays, freshwater ecosystems are exposed to a combination of both natural (e.g., high
temperatures, desiccation) and anthropogenic (e.g., pesticides, pharmaceutical compounds) stressors
that alter stream metabolism, its ecological function (Keller et al., 2014; Murray et al., 2010; Sabater et
al., 2016) and contribute to the “dark side” of the subsidies (Grgi¢ et al., 2023; Veseli et al., 2022). An
important component of freshwater ecosystems are streambed biofilms, which are complex microbial
systems that dynamically interact with the environment, exchanging and transforming organic and
inorganic compounds, and responding to both physical and chemical factors (Battin et al., 2016).
Biofilms thus actively contribute to biogeochemistry of rivers and are at the base of key ecological
functions of fluvial ecosystems (Battin et al., 2016). As part of freshwater ecosystems, biofilm
communities are often exposed to flow intermittency and the effects of pharmaceutical pollution
(Corcoll et al., 2015). There is evidence that flow interruption alters biofilm sensitivity to toxicants
(Courcoul et al., 2022; Proia et al., 2013). In addition, several authors have indicated that flow
intermittency modulates the effects of contaminants on streambed biofilm communities (Corcoll et al.,
2015; Courcoul et al., 2022; Romero et al., 2020; Serra-Compte et al., 2018). Notably, previously dried
biofilms showed a lower sensitivity to complex contaminants mixtures than undisturbed biofilms
(Corcoll et al., 2015; Courcoul et al., 2022). Such multi-stressor conditions, combining hydrological
discontinuities with the presence of contaminants may influence stream metabolism with a tendency to
heterotrophy (Calapez et al., 2020; Corcoll et al., 2015; Courcoul et al., 2022). In general, these studies
highlight the importance of considering the hydrological history of a biofilm community when

assessing its sensitivity to contaminants.

While some of the studies (Calapez et al., 2020; Corcoll et al., 2015; Courcoul et al., 2022) have

measured biofilm response using classical descriptors (e.g. chlorophyll a content etc.) the application

3
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of high-throughput sequencing of the 16S rRNA gene has led to a deeper understanding of how
environmental stressors and chemical pollutants affect community composition and diversity
(Gionchetta et al., 2020; Lu et al., 2019; Romero et al., 2020; Rosi-Marshall et al., 2013; Timoner et
al.,, 2014). For instance, droughts have been observed to enrich streambed biofilm bacterial
communities in taxa adapted to withstand desiccation (Pohlon et al., 2013; Timoner et al., 2014).
Regarding the effect of emerging contaminants (ECs), some authors have observed major alterations in
bacterial community composition in response to ECs (Rosi-Marshall et al., 2013), while others
reported minor effects (Lu et al., 2019). In the multiple stressors scenario, a recent study suggested that
the responses of biofilm bacterial communities are hardly predictable from the effects of an individual

stressor since they are modulated by interactions among stressors (Romero et al., 2020).

A useful approach that contributes to understanding the interactions of microbial populations with their
environment is the analysis of the cellular phenotype (e.g, the complete set of proteins or metabolites
i.e. proteome and metabolome), (Lips et al., 2022; Raes and Bork, 2008). Community metabolomics,
for example, has been able to unravel complex biochemical changes in the periphyton during chronic
and acute exposure to diuron (Lips et al., 2022). In addition, it may elucidate the metabolic pathways
involved in the response to specific stress and may help propose specific stress biomarkers (Creusot et
al., 2022; Serra-Compte et al., 2018). While metabolomics provides an overview of cellular
metabolism, cell or system excretes (i.e., the exometabolome) offer the possibility to directly
characterize the molecular interaction between microbial communities and their environment. Both
phototrophic and heterotrophic compartments of the biofilm exude organic compounds into the
environment thus contributing to the pool of DOM (Battin et al., 2016). The biofilm microbiome is
also capable of metabolising a wide range of DOM compounds, suggesting a complex and
bidirectional relationship between DOM and microbial communities (Battin et al., 2016). Several

studies have reported relationships between the composition of dissolved organic matter (DOM) in the
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environment and bacterial activity (Fork et al., 2020; Kamjunke et al., 2019; Smith et al., 2018)
contributing to a mechanistic understanding of the role of microorganisms in the global carbon cycle.
The influence of stressors on interactions between microbes and DOM is poorly understood. Recent
research suggests that stressors may alter interactions between dissolved organic matter and the

microbial community (Romano et al., 2014; Wang et al., 2023).

Surprisingly, the application of “omics” approaches to study stressed aquatic streambed biofilms is
still undeveloped. To our knowledge, there are few studies that identify the metabolic response of
environmental biofilms to the impact of stressor(s) (Creusot et al., 2022; Serra-Compte et al., 2018) or
provide information on DOM-microbe interactions in response to stress (Wang et al., 2023). To fill
this gap, we conducted a mesocosm experiment aimed at improving our understanding of: I) how
desiccation and environmentally relevant EC pollution affect the composition and metabolome of
streambed biofilm bacterial communities, and I1) how bacterial communities and their metabolic by-
products interact with the DOM. Our case study was designed to expose streambed biofilms to a
desiccation event and to assess how biofilm bacterial communities recover from this stress under
polluted and non-polluted conditions. We hypothesised that the effects of stressors will be reflected in
the composition of biofilm bacterial communities (both the bulk (DNA-based) and active (RNA-
based) fractions), as well as metabolic and DOM profiles. W also speculated that desiccation will have

more acute effects compared to EC pollution.
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2. Materials and Methods

2.1. Experimental design

The experiment was performed in the indoor Experimental Streams Facility (ESF) at the Catalan
Institute for Water Research (Girona, Spain) using artificial streams. General ESF operating conditions
and aspects regarding biofilm colonisation are described in detail in our previous publication (Rozman
et al., 2018) as well as in studies that previously used ESF (Corcoll et al., 2015; Serra-Compte et al.,
2018). Overall, physical and chemical conditions in the artificial streams (water velocity, temperature,
and light cycles) emulated those of the Segre River (NE Iberian Peninsula) during late spring and
under low flow conditions. Experimental details are provided in the Supplementary Information (SI).
The overall experimental timeline is depicted in Fig. 1. After the colonisation phase (5 weeks), the
water flow was interrupted for 5 days to simulate a short dewatering period in the treatments of flow
intermittency. The water content in the biofilms exposed to the dry period decreased by up to 95% at
the end of the dry period, indicating that the stress was severe. Previous studies using a similar
reduced/blocked flow situation of 5 to 10 days duration have shown that the stress was sufficient to
induce structural and functional changes in biofilm communities comparable to those commonly found
in intermittent Mediterranean streams (Corcoll et al., 2015; Serra-Compte et al., 2018; Timoner et al.,
2012). Once flow was re-established, initial water and biofilm samples were taken: intermittent flow
initial samples (START-IF) and continuous flow initial samples (START-CF). After the collection of
the initial samples, the system underwent into the recovery phase, simulated under two scenarios: i) a
pristine stream and, ii) a stream polluted with ECs. Under both scenarios we assessed how biofilm
bacterial communities recover from the stress caused by flow intermittency under non-polluted and
polluted conditions (combined stressors). The recovery period lasted 14 days thus allowing the
evaluation of short-term recovery effects under non-polluted and polluted conditions. At the end of the

recovery period final water and biofilm samples were collected: continuous flow - non EC pollution
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(END-CF_noP), continuous flow-EC pollution (END-CF_P), intermittent flow - non EC pollution
(END-IF_noP) and intermittent flow - EC pollution (END-IF_P), Fig. 1. Each treatment was
composed of three replicated artificial streams. EC pollution was simulated using a mixture of EU
watch list (EU 2015/495) substances: erythromycin, diclofenac, imidacloprid, venlafaxine and
sulfisoxazole (obtained from Sigma-Aldrich, Spain). The ECs mixture was freshly prepared and
administered after each water renewal. Exposure of ECs was at environmentally relevant nominal
concentrations of 10° g L™ for each compound. The decrease in concentrations of ECs was measured
in one of our previous studies (Rozman et al., 2018). This showed that all substances used decreased
by up to 10% of the measured initial concentrations after 4 days, with the exception of venlafaxine,

which showed a decrease of up to 40%.

2.2. Water and biofilm sampling

Biofilm samples from all treatments and their replications were collected to carry out the
characterization of biofilm bacterial communities and the analysis of the metabolome. To minimize the
effects of biofilm heterogeneity, samples from each channel were obtained by pooling at least six
randomly collected biofilm subsamples (0.5 ml each) along the channel streambed. For analysis of
DOM, 10 mL of water was collected from all treatments and replicate channels. Although the ESF was
operated with a combined scheme of open and recirculated water flow prior to collection of the DOM
samples, the water flow was recirculated for at least 24 hours for the start samples and 72 hours for the
final samples. Recirculation of the water flow was used to minimize the loss of DOM that would occur

with open flow. After collection, all samples were stored at —80 °C until further analysis.
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Fig. 1. Experimental design and sampling scheme used in the study.

Details on the extraction of RNA and DNA from biofilm samples, purification of resulting extracts and

downstream purification procedures are described in SI. DNA and cDNA extracts were subjected to

high-throughput multiplexed 16S rRNA gene sequencing with the Illumina MiSeq System (2x250 PE)

using primer pair 515f/806r (Caporaso et al., 2011) complemented with Illumina adapters and sample-

specific barcodes at the Research Technology Support Facility Michigan State University, USA

(Kozich et al., 2013). Details on the analysis of resulting sequence datasets performed in QIIME2

2018.8 (Bolyen et al., 2019) are described in SlI. The sequence dataset was deposited in the NCBI

Sequence Read Archive (SRA) database under accession number PRINA716966.
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2.4. Quantification of antibiotic resistance genes (ARGS).

The pharmaceutical mixture used as treatment included two antibiotics: sulfamethoxazole
(sulfonamide) and erythromycin (macrolide). We assessed the potential variation in the abundance of
genes conferring resistance to these antibiotic classes, namely genes sull and sul2 (sulfonamide
resistance) and ermB (macrolide resistance) in DNA (i.e., gene copies) and RNA extracts (i.e.,
transcript copies) obtained from biofilm bacterial communities exposed to treatments. Copy numbers
of the class 1 integron-integrase gene (intll) were also quantified as a proxy for anthropogenic
pollution and horizontal gene transfer (Gillings et al., 2015; Stalder et al., 2014) and copy numbers of
the 16S rRNA gene were quantified to normalize the concentration of all target genes. All gPCRs were
run using SYBR green detection chemistry on an MX3005 system (Agilent Technologies; Santa Clara,

CA, USA) as previously described (Subirats et al., 2018).

2.5. DOM and metabolite analysis

The biofilm samples were thawed on ice at 4 °C for 30-60 min, after which 0.5 ml of the biofilm
sample was resuspended in 0.8 ml of ice-cold methanol/water (50:50, v/v). The metabolites were
extracted on ice using an ultrasonic probe (Branson Digital sonicator, model 102C; 3 cycles of 120 s at
15 Hz of intensity). The samples were centrifuged at 14,000 x g for 10 min at 4 °C to pellet the protein
and remove solid particles. The supernatants were collected, evaporated to dryness under a gentle
nitrogen stream and reconstituted with 0.5 mL of methanol/water (50:50, v/v) before mass
spectrometric analysis. DOM was solid-phase extracted from 10 ml of 0.45 um PVDF membrane
filtered (Whatman, UK) water using 60 mL Oasis HLB cartridges (Waters Corporation, USA) as
described in (Previsic¢ et al., 2020). Extracts were evaporated to dryness under a gentle nitrogen stream
and reconstituted with 0.5 mL of methanol/water (50:50, v/v) before mass spectrometric analysis.

Non-target analysis of the metabolome and DOM samples was performed with a high-resolution mass

9
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spectrometry system, LTQ-Orbitrap Velos™ coupled with the Aria TLX-1 HPLC system (Thermo
Fisher Scientific, USA). Instrument parameters and HPLC gradients are provided in Sl. Data
extraction, chromatographic deconvolution and final alignment were done using the MZmine program
(Katajamaa et al., 2006). The obtained data matrix was further corrected for features detected in blank
samples by removing features with an intensity ratio sample:blank < 20. In the next step we removed
all the features that were not present in at least two out of three replicates and the feature peak area
was calculated as mean peak area of all positive values. The final data matrix was power transformed
by cube root and centred. Details about the procedures and parameters regarding data extraction and
features identification are provided in SI. The metabolic and DOM datasets were visualized using Van
Krevelen diagrams i.e., by plotting the H/C ratio against the O/C ratio (as derived from the empirical
formulae) for every feature in the dataset. On the Van Krevelen map, features were classified
considering density areas for the following classes of metabolites: black carbon, condensed
hydrocarbon, lipids, terpenoids, flavonoids & polyketides, monosaccharides, and amino acids &
peptides, as suggested in (Brockman et al., 2018). An example of empirically derived density areas is
depicted in Supplementary Fig. S1. Please note that the limitation of Van Krevelen maps arises from
the fact that molecules with different structures can have similar or even identical molecular formulas,
thus producing an overlap of metabolite classes. Due to large number of features, Van Krevelen
diagrams were used to visualize just the metabolite/DOM composition of the most important variables
(i.e. the upper quartile) associated with a given principal component. Van Krevelen diagrams were
created in Wolfram Mathematica technical computing program (version 10, Wolfram Research, UK)

using an in-house developed script.

2.6. Data analysis and statistics. Exploratory methods were used to examine the relationships

between different treatments based on the values of the measured variables. Principal coordinate

10
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analysis (PCoA) was applied to the Bray Curtis distance matrix on Hellinger-transformed average of
amplicon sequence variants (ASV) abundance. Principal component analysis (PCA) was performed on
centred cube root transformed metabolite and DOM data. All exploratory analyses were done in
Primer 7 (Version 7.0.13, PRIMER-e, NZ). Similarity patterns between datasets (DNA and RNA
community, metabolome and DOM) were checked using the generalised Procrustes analysis (GPA).
Similarity between partial configurations was quantitatively defined by an RV coefficient which
represents square root of (1 - sum of squared differences between the two ordinations). Permutation
test was used to test of the significance of the Procrustes results. Procrustes analyses and permutation
tests were performed using procrustes and protest functions in the vegan R package while visualization

was performed using the GPA function in the FactoMineR R package.
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3. Results

3.1 Effect of treatments on the composition of biofilm bacterial communities

Bacterial communities in the bulk fraction (DNA libraries) were dominated by sequences affiliated to
the class Alphaproteobacteria (average relative abundance of 30.85%), Oxyphotobacteria (phylum
Cyanobacteria, 20.25% on average) and, to a lesser extent, Bacteroidia (phylum Bacteroidetes, 14.85%
on average) and Gammaproteobacteria (11.16% on average) (Suppl. Fig. S2A). Minor members of
these communities were assigned to the classes Bacilli (Firmicutes) and Planctomycetalia
(Planctomycetes). Although no significant differences in the richness (Chaol index) and diversity
(Shannon index) of bacterial communities were obtained between experimental treatments (p >0.5,
data not shown), an increase in the relative abundance of Alphaproteobacteria was observed in all
treatments in comparison to the beginning of the experiment (time =0) and a clear reduction in
cyanobacterial sequences was also measured for treatments not subjected to desiccation (Suppl. Fig.

S2A).

The composition of bacterial communities in RNA libraries (assumed as being the active fraction of
communities) was similar to that observed for the bulk fraction, being dominated by sequences
affiliated to Bacteroidetes, Oxyphotobacteria and Alphaproteobacteria (Suppl. Fig. S2B). However,
clear differences were measured for certain bacterial groups such as members of the class Bacilli
(average of 13.3% in the RNA fraction in comparison to 4.5% in the DNA fraction) and the class
Planctomycetalia (average of 5.45% and 3.47% in the RNA and the DNA fractions, respectively).
These variations, however, were not high enough to reach statistical significance in terms of richness

and diversity (data not shown).

Ordination of samples from both bulk (DNA-based) and active (RNA-based) bacterial communities
using PCoA suggested that both incubation time and treatment explained most of the variance in

community composition (~64%, Fig. 2). Particularly, the first PCoA axis (~46.4% of total variance)
12
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separated the initial from the final samples despite the applied treatment. The second PCoA axis

(~17.6% of the variance) separates samples exposed to drought from those that were not regardless of

their exposure to pharmaceutical compounds.

3.2 Abundance of antibiotic resistance genes and transcripts across treatments

No differences were observed when comparing the relative abundance of gene intl1l and its transcripts

within the bacterial community (Suppl. Fig. S3). Regarding ARGs, the quantification of gene and

transcript copies of ermB was below the detection limit of the assay (56 copies/uL) for all samples.

Similarly, the quantification of sul2 transcripts was below the limit of detection of the assay (75

copies/uL). Overall, the relative concentration of the intll and sull transcripts were approximately

three orders of magnitude lower than those of their corresponding genes, suggesting their low level of

expression under the experimental conditions assayed. Similar to the results for gene intll, no

differences in the relative concentrations of genes sull and sul2 as well as sull transcripts were

observed in any of the treatments.

Start-IF

PCo 2 (17%)

a) Start-CF

End-IF_noP
End-IF_P

End-CF_noP
®End-crp

-40 PCo 1 (47%)

20 End-IF_P
Start-1F

End-IF_noP

9

~

~

Q End-CF_P ®

End-CF_noP
Start-CF
b) -20
40 -40 40

PCo1 (48%)

Fig. 2. PCoA ordination of a) bulk (DNA-based), and b) active (RNA-based) biofilm bacterial

communities revealed differences in their structure over incubation time and changes due to

desiccation.
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3.3 Effect of treatments on the biofilm bacterial community metabolome

The bacterial community metabolome was shaped by both incubation time and environmental factors

(Fig. 3a). Greater variability in metabolite profiles was observed in response to incubation time (PC1)

than to desiccation (PC2), explaining 71% and 12% of the experimental variance, respectively.

Metabolite features associated with variability along PC1 were mainly classified as lipids, terpenoids

and polyketides on the Van Krevelen map (Fig. 3b). Activity in the lipid and terpenoid region on the

Van Krevelen diagram was also related to segregation on the PC2 axis (i.e., the separation between

treatments with permanent and intermittent flow, Fig. 3c). In addition, the separation between

treatments regarding the flow conditions was associated with distinct activity in the region of

molecules that are aliphatic in structure and moderately depleted of oxygen, i.e. corresponding to the

intersection between lipid and amino acids/peptides classes.
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Fig. 3. Primary PC separation of a) metabolome and d) DOM experimental samples reflects incubation

time discrimination of the samples. In metabolome samples, the second principal axis showed effective

separation between treatments with permanent and intermittent flow, while within DOM samples, it
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revealed separation between polluted and non-polluted samples collected at the end of the experiment.
The most relevant metabolite (b and ¢) and DOM (e and f) features associated with a given PC are

plotted on the Van Krevelen map. Associations are represented in a yellow-red gradient.

3.4. DOM profiles

The main driver of variation in the DOM samples was incubation time (45% of variance), suggesting a
strong temporal constraint and clear distinction between samples collected at the start and the end of
the experiment (Fig. 3d). Changes related to incubation time were reflected in polyketide, lipids and
amino acids regions on the Van Krevelen map (Fig. 3e). The comparison of Van Krevelen diagrams
for DOM and metabolome uncovered the appearance of compounds related to black carbon and
condensed aromatics (Fig. 3e). The other distinct region of increased activity was the intersection
between lipids, amino acids/peptides and polysaccharide classes. The second driver of variation within
the DOM samples was pollution (22% of variance). It is important to stress that molecular features (if
detected) related to added ECs and their possible degradation products were omitted from the analysis,
thus excluding their potential influence on the DOM profile. A major region of the metabolites
associated with variability between polluted and non-polluted treatments was the lipid-amino

acid/peptide-polysaccharide region (Fig. 3f).

3.5. Relationship between obtained datasets

The similar performance of different datasets (e.g., bulk and active community, metabolome, DOM)
suggested the existence of a certain relationship between them. GPA confirmed a consistent pattern of
similarity between datasets (Fig. 4 and Suppl. Table S1). Inter-omic GPA suggested that the
relationship was strongest for the triad DNA-RNA-metabolome (RV coefficients > 0.9 and Monte

Carlo p values < 0.05, Fig. 4). On the other hand, the DOM dataset showed weaker correlations (RV
15



312

313

314

315

316
317
318

319

coefficients ~ 0.6) and non-significant differences (Monte Carlo p > 0.05) with all other datasets (Fig.

4),

04

1

03

END-IF_P i~
i
|
.\\
END-IF_noP |

T

02

01

Om2

-01
|

1 END-CF_noP

-03
I

START-IF_noP \’ -

. START-CF_noP

DOM

- Metabolome|
— DNA
—=  RNA

T T
04 -02

t
00

Om1

T
02

04

T
06

Fig. 4. a) GPA showing the proximity between distributions of the experimental samples obtained by

bulk (DNA) and active (RNA) community fractions as well as metabolome and DOM datasets. Shorter

lines indicate higher congruency between datasets

16



320

321

322

323

324

325

326

327

328

329

330

331

332

333

334

335

336

337

338

339

340

341

342

343

4. Discussion

The composition of bulk and active fractions of biofilm bacterial communities were similar to those
inhabiting both experimental (Subirats et al., 2018) and natural streams (Battin et al., 2016; Timoner et
al., 2014). The lack of structural responsiveness of communities to different experimental treatments
was unexpected assuming the role of streambed biofilms as biosensors to gauge alterations in water
quality caused by chemical pollutants (Proia et al., 2013; Sabater et al., 2007). However, analysis at
lower taxonomic resolution showed that samples from bulk and active bacterial communities
responded to both incubation time and desiccation. Equivalently, incubation time had a predominant
influence on the community metabolome and DOM profiles. All metabolite classes of community
metabolome linked to the observed temporal dynamic i.e., incubation time (mainly lipids, terpenoids
and polyketides, Fig. 3b) and may link to essential processes related to cell growth and biofilm
formation. Both lipids and terpenoids have a key role in cell-wall biosynthesis, membrane function,
and energy storage (De Carvalho and Caramujo, 2018; Tholl, 2006) while polyketides are correlated
with biofilm formation (Pang et al., 2012). While it is intuitive that incubation time is reflected in the
community metabolome, we should stress that DOM is produced, consumed, and altered by microbial
activities, and it is expected that related changes should be reflected in the DOM. Although incubation
time is equally reflected in the DOM and metabolome samples, we observed differences in the
molecular classes involved. The comparison of Van Krevelen diagrams for DOM and metabolome
spotted the appearance of compounds related to black carbon and condensed aromatics (Fig. 3e). Both
types of compounds are refractory organic products of incomplete combustion characteristic of
freshwater natural organic matter (Antony et al., 2017; Coppola et al., 2018), which were probably
introduced in our experimental system through the sediment substrate used for biofilm colonization.
The activity observed in this region was likely related to the microbial degradation of dissolved black

carbon and condensed aromatics, as microorganisms are capable of overturning the DOM pool by
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transforming these compounds (Antony et al., 2017; Hockaday et al., 2006). The other distinct region
of increased activity was the intersection between lipids, amino acids/peptides and polysaccharide
classes. We speculate that this region probably reflects the direct contribution of biofilm exudates,
which include extracellular metabolites/enzymes, waste products, signal molecules or components of
the nutrient pool exchanged between bacterial cells in the biofilm (Smith et al., 2019). Our results may
therefore relate to normal biofilm growth and maturation and the associated excretion of a diverse

array of compounds.

So far, our results revealed a significant inter-omic structure, indicating that the composition of
bacterial communities (both active and bulk fractions) is consistent with endogenous and exogenous
metabolites. However, we found that desiccation shaped the biofilm metabolome and the composition
of biofilm bacterial communities, while EC pollution did not affect biofilm recovery. On the other
hand, EC pollution shaped the chemical composition of the flowing water, while desiccation did not
induce any observable variation in DOM composition. Although the results support our initial
hypothesis that the stressor effects will be reflected in different “-omics” datasets, the question
regarding why EC pollution-induced stress was observable in the DOM but not in the metabolome
dataset remains. Subsequently, we attempted to explain the nature of these observations. The
molecular mechanisms behind maintaining cytoplasmic hydration may explain why the metabolome
samples showed variability associated with desiccation, in contrast to DOM samples. To overcome
osmotic stress, bacteria can either acquire or synthesize osmoprotectants (Meadows and Wargo, 2015;
Wood et al., 2001). Osmoprotectants are usually electrolytes (e.g., K*) or, more often, carboxylic acid
derivatives, amino acids and their derivatives. Distinct activity at the intersection between lipid and
amino acids/peptides region (Fig. 3c) corresponded to profiles of carboxylic acid derivatives such as
carnitine, acetylcarnitine and azelaic acid. Carnitine and acetylcarnitine are used by bacteria as
osmoprotectants and/or osmolytes (Meadows and Wargo, 2015) while azelaic acid has been attributed

to desiccation stress (Serra-Compte et al., 2018). Changes in amino acid/peptide levels as a result of
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desiccation could be related to their role as osmoprotectants (Kol et al., 2010). In our experiment, the
desiccation event lasted for 5 days, during which biofilm (as a whole) tried to maintain its overall
physiological status, preserving both cellular viability and hydration. Due to the duration of the stress
event, however, cells probably triggered stress-response mechanisms that contributed to the observed
differences between metabolome samples. Upon rehydration and osmotic downshock, some
osmoprotectants were rapidly released into their environment, most likely contributing to the
desiccation “signature” in DOM. However, we were unable to detect this response since the time
frame of these releases is likely much faster (<60 s according to (Wood et al., 2001)) than the
resolution of our measurement. On the other hand, the majority of osmoprotectants are usually fully
retained by the cells (Wood et al., 2001), thus probably contributing to a desiccation signature of

biofilm cells.

Metabolome samples did not exhibit differences depending on exposure to contaminants due to
relatively low concentrations of ECs, which neither significantly altered the composition of bulk and
active fractions of biofilm bacterial communities nor caused any up- or down-regulation in ARG
expression. This result agrees with a previous study where streambed bacterial communities were
subjected to a combined regime of nutrients and emerging contaminants (Subirats et al., 2018), and
where significant differences in ARG abundance were only measured for communities exposed to both
chemical pollutants and high nutrient concentrations. A recent study found that similar concentrations
of antibiotics administered to an aquatic microbial community did not impact gene expression related
to replication, transcription, translation, and cell growth (Lu et al., 2019). This implies that the
concentrations of ECs used in our experiment were too low to significantly impact the short-term
recovery of streambed microbiota and their metabolome, making desiccation a more severe stressor
than chemical pollution. This is also consistent with previous studies reporting desiccation as the
dominant factor when both desiccation and pharmaceuticals acted as stressors (Serra-Compte et al.,

2018). Given our incomplete understanding of biofilm exudates, the issue of why DOM samples
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reflect EC pollution cannot be fully resolved. We can only point out that our results are consistent with
the recent hypothesis that bacteria excrete certain compounds under EC stress (Lu et al., 2019). This
hypothesis is supported by the fact that many bacteria secrete extracellular enzymes to degrade
complex polysaccharides and proteins (Smith et al., 2019), suggesting that biofilm response to EC
pollution is mainly extracellular. It is also worth mentioning that despite the fact that some processes
linked to pollution may be noticed at the metabolome level (Booth et al., 2011; Previsic¢ et al., 2020),

their biomarkers probably remained hidden under the acute effects caused by desiccation.

In conclusion, our results demonstrate a dynamic interaction between microbial biofilm and its
environment. Incubation time and desiccation stress defined the biofilm community and its
metabolome. In contrast, biofilm recovery under EC pollution at environmentally relevant
concentrations affected neither the biofilm microbial community nor its metabolome. However, the
microbial biofilm under the impact of EC pollution changed the chemical composition of DOM, while
no evidence of desiccation stress was found. Metabolome profiling suggests that the intracellular
response to desiccation may be related to mechanisms associated with oxidative stress and
maintenance of cytoplasmic hydration. On the other hand, the composition of DOM suggests that the
bacterial community may excrete certain compounds in response to EC stress. This study suggests
that, for fluvial biofilm, many genotype-to-phenotype relationships exist which is a first step towards
gaining mechanistic insights into how organisms respond to stress. In a next step, we aim to elucidate
the key functional capabilities of the major taxa to understand the complex network of interactions at
different molecular levels that contribute to community functioning and the composition of

biologically produced DOM.
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