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H I G H L I G H T S G R A P H I C A L  A B S T R A C T

• Study testing impact of three Daphnia 
species on wastewater bacterioplankton

• Exposure to Daphnia affects bacterial 
diversity and community composition.

• D. pulicaria displays strongest grazing 
pressure on fecal bacterial community.

• Microbial response to Daphnia is phylo
genetically conserved.
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A B S T R A C T

Understanding the dynamics of fecal bacterial communities is crucial for managing public health risks and 
protecting drinking water resources. While extensive research exists on how abiotic factors influence the survival 
of fecal microbial communities in water, less attention has been paid to the impact of predation by higher or
ganisms, such as the widely distributed grazer Daphnia. Nevertheless, Daphnia plays a significant role in regu
lating bacterial communities in natural aquatic ecosystems, and recent studies highlighted its potential as a 
biofilter in alternative tertiary wastewater treatment systems. In this study, we investigated the influence of three 
different Daphnia species on a wastewater bacterial community, including fecal indicator bacterium E. coli. Using 
a microcosm setup to simulate the discharge of untreated sewage into surface water, we conducted in-depth 
analysis of bacterial community dynamics through sequencing the 16S rRNA gene. Our results revealed signif
icant changes in microbial diversity and composition following exposure to Daphnia grazing, with variations 
observed among the three Daphnia species. D. pulicaria exerted the most pronounced impact on microbial di
versity, followed by D. middendorffiana and D. mendotae. A total of 90 taxa exhibited significantly reduced 
relative abundance in the presence of Daphnia, with Firmicutes phylum being the most affected. At genus level, 
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bacteria typically associated with wastewater (e.g., Zoogloea and Arcobacter) and gut microbiome constituents (e. 
g., Prevotella and Akkermansia) were notably affected by Daphnia exposure. The influence of Daphnia on bacterial 
community composition was most pronounced for D. pulicaria, while D. middendorffiana and D. mendotae pri
marily impacted community structure. Furthermore, we demonstrated that the microbial response to Daphnia 
exposure is phylogenetically conserved, potentially reflecting a grazing resistance or grazer feeding trait. Our 
findings shed new light on the role of Daphnia in controlling bacterial communities in polluted water bodies and 
underscore its potential as biofilter in wastewater treatment and reuse contexts.

1. Introduction

Grazing by zooplankton is a key mechanism for controlling the 
bacterioplankton, the phytoplankton and consequently, the entire biotic 
communities in freshwater resources (Jürgens, 1994; Sanders et al., 
1992). Early studies showed that the non-selective filter feeding strategy 
of many zooplankton species could result in the removal of microor
ganisms from the water column within a day during zooplankton density 
peaks (Haney, 1973; Sanders et al., 1994). Among zooplankton com
munities, Daphnia is recognized as an efficient grazer that can alter the 
structure of the entire food web by affecting the structure of phyto
plankton populations (Jürgens, 1994; Porter, 1973; Sarnelle and Knapp, 
2005; Sterner, 1989). Grazing could also indirectly disturb the microbial 
community by altering the availability of nutrients (Sterner, 1986). 
Species within the genus Daphnia are widely distributed and can be 
found in large permanent lakes as well as small, ephemeral ponds. 
Through non-selective filtering, Daphnia species can retain small 
(0.1–50 μm) biotic particles such as flagellates, ciliates, and bacteria 
through sieving (Jürgens, 1994; Peterson et al., 1978). Within that size 
range, food selectivity can be considered negligible, and Daphnia can 
exert a significant grazing pressure on all microbiological components 
and thereby affect bacterial community structure and composition 
(Berga et al., 2015; Degans et al., 2002; Jürgens and Jeppesen, 2000; 
Langenheder and Jürgens, 2001). Over the last decade, widespread use 
of high throughput sequencing power has enabled to decipher microbial 
community structures and dynamics in water and wastewater at un
precedented resolution (Garner et al., 2021) and a few studies have 
investigated Daphnia grazing on bacterial metacommunities using this 
approach (Berga et al., 2015; Birtel and Matthews, 2016).

Although this large body of studies unfolded the grazing impact of 
Daphnia on natural bacterioplankton communities from freshwater 
bodies, they did not necessarily address the role of grazing on 
allochthonous microorganisms such as those introduced into aquatic 
habitats through fecal pollution. Fecal microorganisms originate from 
diverse pollution sources such as untreated sewage discharges, agricul
tural runoff or direct fecal inputs from livestock and wildlife. Under
standing the population dynamics of fecal microorganisms is thus of key 
importance for the control and management of fecal pollution and 
associated risks for human and ecosystem health (Ferguson et al., 2003). 
This is especially relevant for fecal indicator bacteria (FIB) as they 
represent standard microbial parameters monitored within regulatory 
frameworks for safe drinking and recreational waters (WHO, 2022, 
2021). Compared to the role of abiotic factors such as UV or temperature 
(Blaustein et al., 2013; Espinosa et al., 2020; Hijnen et al., 2006) on the 
fate of fecal microorganisms in water, grazing by Daphnia (and meta
zooplankton in general) has received much less attention. Early feeding 
studies reported ingestion of the fecal indicator Escherichia coli by 
Daphnia (McMahon and Rigler, 1965). Daphnia was also shown to affect 
the fate of fecal indicators and pathogens under laboratory settings 
(Burnet et al., 2017; Ismail et al., 2019; Schallenberg et al., 2005). Yet, 
most studies investigating Daphnia grazing on fecal microorganisms 
have been performed with single (or limited) microbial species instead 
of mixed communities, often involving high spiking doses that are not 
representative of the expected removal rates under natural conditions 
(Burnet et al., 2017; Connelly et al., 2007; Hadas et al., 1983; Ismail 
et al., 2020; Schallenberg et al., 2005). Also, studies are usually limited 

to a single grazer species, Daphnia magna often being the model organ
ism because of its robustness and ease of manipulation (e.g., Freese and 
Martin-Creuzburg, 2013; Ismail et al., 2019). With global change ex
pected to increase fecal pollution of freshwater resources (Jalliffier- 
Verne et al., 2017), there is a pressing need to better understand the role 
of higher organisms such as Daphnia in controlling fecal pollution in 
natural aquatic systems.

In the present study, we tested three different Daphnia species to 
assess their capacity to impact a wastewater bacterial community 
including the FIB E. coli. Through sequencing of the 16S rRNA gene, we 
conducted an in-depth investigation of the fate of the bacterial com
munity upon exposure to Daphnia using a microcosm setup by 
mimicking a discharge of untreated sewage into surface water. We hy
pothesized that Daphnia plays a major role in disturbing the microbial 
community through reducing taxa of fecal origin. On the one hand, 
Daphnia could decrease the species richness through grazing (Berga 
et al., 2015). In that case, community structure would tend to be 
composed of more grazing-resistant populations (Jürgens and Gude, 
1994). On the other hand, Daphnia could also alter the community 
composition by changing the dissolved organic matter (DOM) - microbes 
associations (Lampert, 1978; Tanentzap et al., 2019). In such case, 
Daphnia would promote the release of particulate and DOM (De Corte 
et al., 2023) and potentially increase the bacterial richness (Hu et al., 
2022). By manipulating the presence and absence of the different 
Daphnia species, we first tested whether or not Daphnia species have 
similar impact on bacterial population densities (especially on E. coli) 
and structure. We finally dissected the microbial community distur
bance by comparing if the microbial response to Daphnia presence is a 
phylogenetically conserved trait, i.e. if closely related species share 
similar grazer response. The present study provides novel insights on the 
impact of Daphnia grazing on microbial communities in fecally 
contaminated water and its findings have implications for inactivation 
models predicting bacterial decay in natural and engineered aquatic 
systems.

2. Material and methods

2.1. Daphnia cultures

Cultures of Daphnia pulicaria, Daphnia mendotae and Daphnia mid
dendorffiana were maintained in the Laboratory for Experimental Ecol
ogy and Evolution (LE3) of McGill University. These species were chosen 
based on 1) their capacity to rapidly yield large populations under the 
given culture conditions, 2) their acclimation to the sewage-based water 
matrices used in grazing experiments. A preliminary exposure of several 
Daphnia species (maintained in the same lab under the same conditions) 
to a diluted wastewater matrix led to the selection of the three Daphnia 
species. Daphnia cultures were maintained under standardized condi
tions in a climate room at (18 ◦C ± ◦C with a 12:12 light:dark photo
period and kept separately in a 10 L-container with ~500 individuals. 
The artificial FLAMES medium used (Celis-Salgado et al., 2008) mimics 
a soft water body. The animals were fed twice a week with a mixture of 
Ankistrodesmus sp., Scenedesmus sp., and Pseudokirchneriella sp.
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2.2. Microcosm preparation and experimental set-up

Before the start of the experiment, we conducted a preliminary 48- 
hour incubation of Daphnia species in sewage microcosms at ambient 
temperature. As our goal was to simulate a fecal contamination event 
(sewage spiked into river water), a microcosm setup helps reducing the 
impact of other biotic/abiotic factors present in a real wastewater 
treatment process. As such, we were not able extend the experiment 
longer than 48 h as the microbial community is changing very quickly in 
such setups. We therefore conducted two independent grazing experi
ments (A and B) in microcosms at ambient temperature for 48 h. For 
microcosm preparation, surface water (20-L) and a primary effluent (5- 
L) were collected on Oct 7 and Oct 14, 2017, from a wastewater treat
ment plant in the Greater Montreal Area, Quebec, Canada. Upon return 
to the laboratory within 2 h, primary effluent and surface water were 
immediately mixed in a large container to a final proportion of 1:10 
before being dispatched into 2-L glass beaker microcosms containing 
1.6 L of the mixed water matrix. Triplicate Daphnia microcosms were 
seeded with 50 parthenogenetic females of similar body sizes of the 
respective species (D. pulicaria, D. mendotae, or D. middendorffiana) 
while excluding juveniles. Control microcosms (n = 4 and n = 3 during 
experiments 1 and 2, respectively) were added to assess the fate of mi
crobial communities in the absence of Daphnia. For both experiments, 
microcosms were maintained under standard laboratory conditions at 
20 ◦C and 14:10 light:dark photoperiod. At the end of the 48-h incu
bation period, 10 to 36 Daphnia individuals were harvested and pre
served in 4 % formaldehyde for body size measurement (Supplementary 
Fig. 1). During experiment B, an exceptionally high mortality rate was 
observed (unknown explanation) across the 48-h incubation period for 
one of the three D. mendotae microcosms. The latter could therefore not 
be used for subsequent analyses.

2.3. Sample processing

Microbial community composition as well as E. coli and total sus
pended solids (TSS) concentrations were assessed in control microcosms 
at the beginning of the experiment (i.e., after preparing the microcosms, 
at T0). Samples were then collected from each microcosm (control and 
Daphnia treatments) after 24 h (T24) and 48 h (T48) for E. coli and TSS 
measurements. At the end of the experiment (T48), samples were also 
processed for microbial community analysis. Enumeration of E. coli was 
conducted using the membrane filtration method (MI agar) according to 
USEPA method 1604 (US Environmental Protection Agency, 2002). One 
hundred milliliters (100 mL) of raw or diluted sample were filtered 
through a sterile 47-mm, 0.45 μm pore size cellulose ester membrane 
filter (Millipore) and placed on a 5-mL plate of MI agar (BD Biosciences) 
containing 5 μg/mL cefsulodine (Sigma Aldrich). Plates were incubated 
at 35 ◦C for up to 24 h. Identified E. coli colonies were counted, and 
concentrations were expressed in colony-forming units (CFU) per 100 
mL (CFU.100 mL− 1). TSS were measured at the start of the experiment 
(T0) and at the end of the experiment (T48) in each microcosm by 
Standard Method 2540D (APHA, 2017).

2.4. Removal rate calculation

The decay rate (k) was calculated using the equation Ln(Ct/C0) =
− kt, where C0 and Ct are the concentrations in culturable E. coli (CFU. 
mL− 1) at T0 and T48, respectively and t is the incubation time (days).

2.5. Molecular analyses

2.5.1. DNA extraction
Samples (100 mL) were filtered through a sterile 47-mm, 0.45 μm 

pore size cellulose ester membrane filter (Millipore) and stored into a 
sterile microcentrifuge tube at − 20 ◦C until further processing. DNA 
extraction was performed using the FastDNA® SPIN kit (MP 

Biomedicals). Filter samples were homogenized with Lysis matrix A on a 
FastPrep® instrument at a speed of 6.0 m*s− 1 for 40 s during 2 suc
cessive cycles and were cooled down on ice for 5 min between cycles to 
avoid overheating. Lysates were centrifuged, and DNA was purified on 
SPIN Filter columns according to the instructions of the manufacturer 
and stored at − 20 ◦C.

2.5.2. 16S library preparation and Next Generation Sequencing (NGS)
The V4 region of the 16S rRNA gene was amplified using the uni

versal primers 515F: 5'- GTG CCA GCM GCC GCG GTA A -3' and 786R: 5'- 
GGA CTA CHV GGG TWT CTA AT -3' (Preheim et al. 2013). Each DNA 
extract was PCR amplified in triplicate. We follow the Illumina Inc. 
protocol ‘16S Metagenomic Sequencing Library Preparation’ with small 
modifications to prepare the sequencing-ready libraries. First step PCR 
reactions were conducted in 25 μL volumes, which contained 10 mM 
deoxynucleotides, 5 μM of each primer, and 0.5 U Phusion polymerase 
(Thermo Scientific Phusion High Fidelity DNA Polymerase). The tem
plate DNA was amplified using primers that were appended with over
hang adapter nucleotide sequence; MiSeq llumina Forward overhanger: 
5’ TCG TCG GCA GCG TCA GAT GTG TAT AAG AGA CAG 3′ and MiSeq 
Illumina Reverse overhanfsuppger: 5’ GTC TCG TGG GCT CGG AGA TGT 
GTA TAA GAG ACA G 3′. The thermal cycle profile included an initial 30 
s activation step at 98 ◦C followed by 22 cycles of 20 s denaturation at 
98 ◦C, 35 s annealing at 54 ◦C and 30 s elongation at 72 ◦C. Amplification 
success was verified on 1 % agarose gels. All PCR amplicons were 
cleaned using AMPure beads following the manufacturer instructions 
(Beckman Coulter Life Sciences Inc.). In the second step PCR, unique 
dual indices and Illumina sequencing adapters were attached to each 
library using the Nextera® Index Kit. The thermal cycle profile for the 
second PCR included an initial 3-min activation step at 95 ◦C followed 
by 8 cycles of 30 s denaturation at 95 ◦C, 30 s annealing at 55 ◦C and 30 s 
elongation at 72 ◦C. A final cleaning step was carried out for all libraries 
using the AMPure beads. Libraries were then quantified using the Bio
analyzer system ®Agilent Technologies, normalized and pooled. All li
braries were sequenced by Genome Quebec using the pair-end 250 bp 
Illumina MiSeq technology.

2.5.3. Sequences analysis
All sequences with <30 quality score and/or with <150 bp were 

excluded using Fastx. We removed primers and adapters using Cutadapt 
(Martin, 2011) and then used DADA2 (R package version 1.14.1 
(Callahan et al., 2016), a workflow for recovering single-nucleotide 
resolved Amplicon Sequence Variants (ASVs). Forward and reverse 
read pairs were trimmed and filtered, dereplicated, chimera-checked, 
and merged using standard parameters (Supplementary Table 1). To 
reduce non-specific priming, we removed non-target-length sequences, 
and we assigned the taxonomy against the Silva v132 via the assign
Taxonomy DADA2 R function. To estimate the accuracy of the DADA2 
pipeline, we used BLASTn to evaluate how many sequences from the 
mock community ATCC® MSA-1002 were recovered. The 20 genomes of 
the mock community were downloaded from NCBI and their corre
sponding 16S sequences were extracted using barrnap (version 0.9; 
https://github.com/tseemann/barrnap). To remove false positive ASV 
and reduce the impact of samples with low sequencing depth, ASVs 
observed <10 times and samples with <10,000 sequences were removed 
(Supplementary Table 2, Supplementary Figs. 2-3).

2.6. Statistical analyses

2.6.1. Removal of E. coli and total suspended solids
For statistical analyses, the calculated E. coli and TSS removal rates 

from both experiments were pooled (n = 6). ANOVA 1 with Dunnett's 
test was used to identify significant (p < 0.05) differences between 
Daphnia groups and the control group, and Tukey's HSD test was used to 
identify significant differences between individual Daphnia groups.
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2.6.2. Diversity analysis
To evaluate the impact of Daphnia species presence on bacterial 

community, we first estimated Shannon diversity with DivNet; which 
accounts for sampling variation (DivNet R package version 0.3.6) (Willis 
and Martin, 2022). As Shannon index considers both richness and 
evenness, we also calculated Faith's phylogenetic diversity (PD) using 
MetagMisc R package (https://github.com/vmikk/metagMisc, v.0.04). 
PD is a phylogenetic measure of richness based on the sum of branch 
lengths. However, since this index is sensitive to sequencing depth, we 
rarefied the dataset with the phyloseq R function rarefy_even_depth. 
Rarefaction is generally associated with a loss of data, we therefore 
evaluated Shannon diversity (Microbiome R package, http://microbiom 
e.github.com/microbiome, v.1.20.0) with the rarefied table to compare 
with DivNet result and observed similar trend.

To compare the microbial composition among samples, we calculate 
the Bray-Curtis dissimilarity using DivNet. We used the phyloseq R 
package version 1.42.0 (McMurdie and Holmes, 2013) to calculate the 
square root of three metrics: Jensen-Shannon divergence (JSD), 
Weighted, and Unweighted UniFrac (Fuglede and Topsoe, 2004; Loz
upone et al., 2007). The UniFrac beta-diversity indexes uses phyloge
netic information, however weighted UniFrac also considers species 
abundance information. As for alpha diversity measures, we used rare
fied table for beta-diversity measure sensitive to sequencing depth 
(McMurdie and Holmes, 2014). We finally performed a principal co
ordinates analysis (PCoA) (Gower, 1966) to evaluate if the microbial 
composition from different grazing conditions (different Daphnia spe
cies) were dissimilar to our controls (i.e., absence of Daphnia).

2.6.3. Differential analysis
To estimate how Daphnia could alter the microbial community (e.g., 

grazing effect) we used the Multivariable Association Discovery in 
Population-scale Meta-omics Studies approach (Maaslin2 R package, 
version 1.11.0 (Mallick et al., 2021)). We used Maaslin2 R package to 
identify taxa - at genus level - that significantly decreased in abundance 
in presence of different Daphnia species. “Replicate” variable was 
included as random effect parameter. Parameters were chosen based on 
Nearing et al., (2022) where they compared different approaches for 
differential analysis. P-values were adjusted using Benjamini-Hochberg 
procedure and we only conserved taxa with adjusted p-value (q-value) 
< 0.05.

2.6.4. Phylogenetic analysis to explore phylogenetic signals
We first built a phylogenetic tree using ips R package (https://gith 

ub.com/heibl/ips, v.0.0.11) and RAxML GTRGAMMAIX model) 
(Stamatakis, 2014) using all ASV sequences previously aligned with the 
R package Decipher (v.2.2.26) (Wright, 2015). We used the ggtree R 
package (v3.6.2) (Yu et al., 2017) to visualize the tree with metadata 
extracted from Maaslin2 analysis at ASV level. In this approach, data 
from the two independent experiments A and B were pooled and 
Daphnia species were grouped to evaluate; with higher statistical power; 
if closely related taxa have similar response intensity to Daphnia pres
ence. We first calculated the absolute value of the difference between 
log2FoldChange score for each pair of ASV (with a significant change in 
abundance based on Maaslin2 result). We then analyzed the relationship 
between this difference and the phylogenetic distance. If closely related 
ASV showed similar response to the presence of Daphnia (i.e., based on 
Maaslin2 results), we expected to observe a positive correlation between 
the phylogenetic distance and the difference of log2FoldChange. To 
validate this analysis, we also use the phylosignal R package (Keck et al., 
2016), https://github.com/fkeck/phylosignal, v.1.3). Phylosignal will 
use a collection of tools to explore the phylogenetic signal, i.e., if closely 
related species will display similar trait (here microbial community's 
response to Daphnia presence).

The nature of the microbial response to Daphnia could also be eval
uated as a categorical variable: positive (the taxa is more abundant in 
presence of Daphnia) or negative (the taxa is less abundant). We 

therefore analyze this categorical trait using D statistic (Fritz and Purvis, 
2010) from the caper R package (https://github.com/cran/caper, 
v1.0.1). The function phylo.d was used with the default parameter and 
1000 permutations. This function calculates the p-values to test whether 
D is significantly different from one P(D > 1) and different from 0 P(D =
0). If D = 1, it indicates a random distribution, if D = 0, the trait is 
clustered under Brownian motion model.

3. Results

3.1. Impact of Daphnia on the removal of E. coli and total suspended 
solids

Daphnia had a significant impact on the removal of particles from the 
water including the fecal indicator bacterium (FIB) E. coli (Fig. 1). The 
removal of E. coli by Daphnia was significant (p < 0.05) for D. pulicaria, 
D. middendorffiana and D. mendotae compared to control microcosms 
when combining both experiments. When considering experiments 
separately, the three species exerted a significant (p < 0.05) grazing 
pressure on E. coli and particles compared to controls during experiment 
A, but during experiment B, removal rates of E. coli in presence of 
D. mendotae did not exceed those observed in control microcosms.

3.2. Impact of Daphnia on microbial community diversity and 
composition

3.2.1. Experimental system
To assess how the different Daphnia species might disturb the 

composition of the microbial community, we first evaluated the DADA2 
pipeline using a mock community and recovered 100 % of the ASVs that 
exactly matched the reference genomes of the expected mock commu
nity members. Phyloseq (R package version 1.30.0, (McMurdie and 
Holmes, 2013)) was then used to analyze the ASVs sequences. A total of 
7488 ASVs were obtained from the 8,609,119 sequences processed 
through DADA2, ranging from 15 to 866,080 reads per sample, with a 
median of 242,046 reads per sample. Prior to the analysis, four samples 
with <10,000 sequences were removed from the ASV (Supplementary 
Fig. 2). Three experimental samples (T481B, T01B, Dmid1A) with 
<10,000 reads and 3 negative controls were removed. All the analysis 
were therefore performed on 13 samples for experiment A and 14 
samples for experiment B (Supplementary File: metadata_file.csv).

The similarity of the microbial community between the independent 
experiments A and B was then estimated under initial conditions (T0) 
and after 48 h (T48) incubation in control (absence of Daphnia) micro
cosms. Samples from the same experiment tended to cluster at phylum 
level, whereas microbial community abundances at T0 differed signifi
cantly between both experiments (Supplementary Figs. 4–5). For 
example, Cyanobacteria and Actinobacteriota phyla were comparatively 
more abundant in experiment A, while Fusobacteriota and Proteobac
teria were more abundant in experiment B (Supplementary Fig. 6). 
Differences in the initial microbial composition of samples between 
experiment A and B could arise from short-term changes of raw sewage 
microbial composition (Guo et al., 2019). Microbial community 
composition further changed over time (Supplementary Fig. 7). For 
example, Campylobacterota and Firmicutes phyla were comparatively 
less abundant after 48 h, whereas Proteobacteria relative abundance 
increased over time. Global trends over 48 h were similar between both 
experiments though, with either an increase or a decrease in abundance 
of some phyla (Supplementary Fig. 7).

3.2.2. Daphnia impact on microbial diversity
Microbial diversity changed significantly after 48 h exposure to 

Daphnia grazing, but it differed among species. In the presence of 
D. pulicaria, microbial diversity decreased significantly in all samples at 
T48 (experiments A and B) (regression model, p < 0.001, Supplementary 
Table 3). The same trend was observed in the presence of 
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D. middendorffiana, but in experiment B only (Fig. 2, Supplementary 
Table 3), which could be associated with the fact that initial microbial 
composition differed between both experiments (Supplementary Fig. 4). 
In contrast, D. mendotae did not significantly impact microbial diversity 
during both experiments compared to controls (Fig. 2). As Shannon di
versity combines species richness and evenness, we further calculated 
the phylogenetic diversity (PD) with rarefied data as this metric is sen
sitive to sequencing depth. When compared to controls, we observed an 
increase of PD for D. mendotae and D. middendorffiana in experiment A, 
and an increase only for D. mendotae in experiment B (Supplementary 
Fig. 8). D. pulicaria showed slightly lower PD values than for the control 
in both experiments. We therefore concluded that the Shannon diversity 
decreased was essentially linked to evenness decrease.

To compare the impact of different Daphnia species on microbial 
communities, we performed a pairwise analysis using Bray-Curtis dis
tance (Fig. 3). Microbial communities were more similar in the presence 
of Daphnia than in its absence (controls) in experiment A. This obser
vation was confirmed with other beta-diversity measures considering 
species abundance (i.e., JSD and weighted UniFrac) (Supplementary 
Figs. 9–10). In experiment B, D. pulicaria and D. middendorffiana dis
played the most similar community compared to all different pairs. 
However, Unweighted UniFrac measures, which only considers the 
presence or absence of taxa, showed that microbial composition was 
relatively similar between two controls, D. pulicaria and 
D. middendorffiana in experiment B (Supplementary Fig. 10). Similarly, 
D. pulicaria microcosms displayed a different microbial community 
compared to other Daphnia microcosms and controls, especially when 
bacterial species abundance was considered. We can therefore conclude 
that microbial relative abundance was mainly affected in the presence of 
D. pulicaria. On the other hand, microbial changes observed in presence 
of D. mendotae were mostly driven by changes in community 
composition.

3.2.3. Daphnia impact on microbial community composition
Daphnia species differently impacted the microbial community 

composition in sewage-impacted freshwater microcosms. Limnohabitans 
was the most abundant genus in both control and Daphnia microcosms. 
In the presence of D. pulicaria and D. middendorffiana, the abundance of 
Firmicutes tended to decrease (Fig. 3, Suppl. Table 4). Flavobacterium 
had a higher relative abundance in samples with D. middendorffiana and 
D. pulicaria but only in experiment B. For experiment A, hgcI_clade was 

more abundant in presence of Daphnia (Suppl. Table 4, Fig. 4).
To evaluate the overall effect of Daphnia presence on the microbial 

community, we performed a differential analysis to compare controls 
and Daphnia treatments. To reduce potential noise due to the low 
number of replicates in each category, we analyzed microbial commu
nity changes at genus level while accounting for inter-replicate vari
ability. For each experiment, we first identified taxa that were 
significantly more or less prevalent when exposed to Daphnia (Supple
mentary Fig. 11). Taxa abundance varied more in experiment A 
compared to experiment B (104 and 22 significant changes in abun
dance, respectively). Fewer taxa were negatively impacted in experi
ment A, among them the order Burkholderiales which is very most 
abundant in the Daphnia microbiome (Freese and Schink, 2011). Across 
the two experiments, we found a total of 90 taxa with a significantly 
lower relative abundance in presence of Daphnia (Supplementary 
Table 5). Firmicutes phylum was the most negatively impacted one (39 
taxa with negative log2fold change). At the genus level, several bacteria 
generally found in wastewater (e.g., Zoogloea and Arcobacter) and in the 
intestinal tract such as Faecalibacterium and Lachnospiraceae (e.g., UCG- 
010) were affected by exposure to Daphnia. Taxa associated to the gut 
microbiome such as Prevotella and Akkermansia were also impacted. To a 
lesser extent, 36 taxa were significantly more abundant in presence of 
Daphnia. The Proteobacteria and Actinobacteriota phyla were generally 
more abundant in Daphnia microcosms (17 and 9 taxa with positive 
log2fold change, respectively). This corroborates previous studies that 
found these phyla in Daphnia microbiomes (Qi et al., 2009). Changes in 
community composition varied with Daphnia species, indicating that the 
impact on microbial communities depends on the species to which they 
are exposed (Supplementary Fig. 8). Significant results were found only 
for D. middendorffiana and D. mendotae (Q < 0.05 with BH p-value 
correction), whereas no significant taxa were impacted by D. pulicaria 
using Maaslin2 approach (Supplementary Table 6). Microbial commu
nity was most impacted by D. middendorffiana, especially in experiment 
A, where taxa that belong to Firmicutes were less abundant compared to 
other phyla (48 % of negatively impacted taxa belonged to Firmicutes). 
Several taxa belonging to the gut microbiome (e.g., Intestinibacter, 
Odoribacter) and to sewage (e.g., Macromonas) were also found.

3.2.4. The nature, but not the intensity of the microbial community response 
to Daphnia presence is phylogenetically conserved

Differential abundance analysis was performed for each sample after 

Fig. 1. Impact of three Daphnia species on the removal rate (average ± standard deviation, n = 6) of a) E. coli and b) TSS after 48 h incubation in a mixture of lake 
water and primary effluent Data from the two independent experiments A and B were pooled for higher statistical power. *significant (p < 0.05) differences between 
control and Daphnia groups, #significant differences between individual Daphnia groups. TSS, total suspended solids.
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exposure to Daphnia (at T48) to evaluate the impact of the different 
Daphnia species on the microbial community at ASV level. We then 
evaluated if the response in terms of abundance changes (i.e., log2
FoldChange) was a phylogenetic trait as already observed in a previous 
study (Birtel and Matthews, 2016). We first visualized the phylogenetic 
tree of the ASV that were significantly impacted and their associated 
traits (Fig. 5).

No significant relationship between phylogenetic distance and the 
value of the co-response to the presence of Daphnia was observed (see 
Methods, Supplementary Fig. 12). Moreover, the phylosignal analysis 
confirmed this result using different measures (e.g., Moran's I, Abou
heif's Cmean, Pagel's lambda and Blomberg's K, (Keck et al., 2016)) with 
similar score and p-values between Daphnia microbial response and a 
random variable (Supplementary Table 7, Supplementary Fig. 13). This 
result showed that the intensity of the response (microbial response to 
the presence of Daphnia as a continuous trait) is not due to their 
phylogenetic relationships. We finally tested if the nature of the 
response (positive = increase in taxa, negative = decrease in taxa upon 
exposure to Daphnia) could be associated with phylogeny. Calculation of 
the D metric from the caper R package (D = 0.140, P(D > 1) < 0.05, P(D 
= 0) = 0.154) showed that the nature of the response was more 
phylogenetically clustered than expected by chance. Overall, this result 
showed that bacteria might share similar traits associated with Daphnia 
presence (potentially grazing resistance) and that the nature of the 
signal but not the intensity is phylogenetically conserved.

3.2.5. Daphnia pulicaria has an impact on fecal microorganisms
Based on Shannon diversity analysis, microbial communities 

exposed to D. pulicaria differed most from the controls, implying that the 
grazing impact on the microbial community was likely stronger than for 

the two other Daphnia species (Figs. 1–3). However, phylogenetic di
versity analysis showed similar phylogenetic richness between 
D. pulicaria and control microcosms. Moreover, as mentioned above, no 
significant changes at genus level were found when using a conservative 
cut-off for q-value, allowing 5 % of false positive. As D. pulicaria dis
played the strongest grazing pressure, we evaluated the conservative
ness of the differential analysis. Using Maaslin2 default parameter (i.e., 
Q cut-off to 25 %), a majority (~73 %) of the impacted taxa had a lower 
abundance and 48 % belonged to Firmicutes in Experiment A. Lower 
abundances of potential pathogens such as Klebsiella, Raoultella and 
Yersinia (Supplementary Table 8, Supplementary Fig. 14) were also 
observed. D. pulicaria was also the only species that significantly and 
negatively impacted the genus Escherichia (Supplementary Table 9, P =
0.03, Q = 0.16). For culture-based E. coli, D. pulicaria was also associated 
with comparatively higher removal rates (Fig. 1). As such, among the 
three tested species, D. pulicaria appeared to have the strongest impact of 
the fecal bacteria community.

4. Discussion

Overall, our results confirmed that Daphnia presence could drive the 
community structure as previously observed (Berga et al., 2015; Birtel 
and Matthews, 2016; Degans et al., 2002; Jürgens and Jeppesen, 2000) 
and that Daphnia species have different impacts on the microbial com
munities (Brendelberger, 1991; Peterson et al., 1978). Compared to 
previous studies, we show here that such trends are also observed for 
wastewater-associated bacterial communities. We find that alpha di
versity is differently impacted by the presence of the three Daphnia 
species, with D. pulicaria showing the strongest Shannon diversity 
decrease (Fig. 2). D. pulicaria and D. middendorffiana showed similar 

Fig. 2. Shannon diversity estimates in absence (control) and presence of Daphnia after 48 h incubation (T48) during experiment A (left) and B (right). Error bars 
represent a 95 % confidence interval for the true mean Shannon diversity in each group.
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impact on microbial diversity and overall similar microbial composition, 
especially in Experiment B (Fig. 2–3, Supplementary Figs. 8–9)., Daphnia 
presence had a stronger impact on evenness than species richness. It is 
not clear though if grazing is the main mechanism involved in this 
observation. Daphnia presence could also impact the cross-feeding in
teractions leading to microbial community disturbance (Attayde and 
Hansson, 1999; Elser and Urabe, 1999). In addition, the bacterial com
munities carried by Daphnia (Tang et al., 2010) may also interact with 
wastewater microbiomes in the microcosms and impact their diversity 
and/or composition. On the other hand, the introduction of such 
Daphnia-associated microbiomes could explain the fact that D. mendotae 
samples displayed a different community composition and a higher 
phylogenetic richness. The differential analysis confirmed this trend and 
showed that in presence of D. mendotae, a large majority of significant 
changes were an increase in taxa abundance, especially from the order of 
Chitinophagales. Whether or not this observation could arise from a 
different composition of D. mendotae compared to the other species 
needs to be tested though. Daphnia microbiota is relatively simple and 
contains an aerobic bacterial community of rather low diversity mainly 
composed of ß-proteobacteria (e.g. Limnohabitans sp.), with also 
ϒ-proteobacteria (e.g. Pseudomonas sp.) and Bacteroidetes (Cooper and 
Cressler, 2020). Future sequencing of Daphnia microbiota could there
fore shed additional light on microbial community dynamics when 
exposed to the grazer.

In the presence of Daphnia, Firmicutes was the phylum most nega
tively impacted, with several genera prevalent in wastewater or in the 
intestinal tract. Most of the changes were observed in experiment A in 
presence of D. middendorffiana. Using a similar approach, we did not find 
- at genus level - any significant changes in presence of D. pulicaria. 
When we used Masslin2 defaults parameters to explore the potential 
taxa impacted by D. pulicaria, we found a large majority (73 %) of taxa 

with reduced abundance mainly among Firmicutes. Several potential 
pathogens or emergent pathogens (e.g., Escherichia, Raoultella, Coma
monas) were also found to have a lower relative abundance. Despite 
these results that confirmed our experimental observations with E. coli, 
we acknowledge that differential analysis might suffer from the low 
sample size that would impact the statistical power of such approach.

Our results showed that the intensity of microbial response to 
Daphnia presence was not a phylogenetic signal. However, the nature of 
the response (i.e. decrease or increase) was significantly associated with 
their phylogenetic relationships. This result could highlight that grazing 
resistance or Daphnia feeding strategy is a conserved trait in wastewater 
bacterial community. Seiler et al. (2017) showed that neither the mi
crobial community present in a biofilm nor the plankton phenotype was 
grazing resistant to its specialized predator, but that the observed 
community changes mostly reflected the predator feeding trait.

Bacterivory by Daphnia is a driver of bacterioplankton abundance 
and composition in freshwater resources (Degans et al., 2002; Jürgens 
and Jeppesen, 2000; Langenheder and Jürgens, 2001) but Daphnia 
feeding could also impact the fate of fecal microorganisms including 
E. coli in natural aquatic systems and be valorized in biologically-based 
tertiary treatment of wastewater (Pous et al., 2021; Serra et al., 2022). 
Yet virtually nothing is known about the impact of Daphnia grazing on 
the composition and relative abundance of bacterioplankton in fresh
water impacted by fecal pollution. The information we provide here 
therefore expands our knowledge on the interactions between Daphnia 
and bacteria in water, with a focus on wastewater-associated commu
nities, and it has implications for inactivation models predicting bacte
rial decay in natural and engineered aquatic systems.

Further improvements could be made to the proposed experimental 
setup to push investigations at a next level. First, the present laboratory- 
based grazing experiments with Daphnia should be expanded to a 

Fig. 3. Pairwise comparison of Bray-Curtis distance. As Bray-Curtis difference distance tends to 0, bacterial community between a pair tends to be similar. Error bars 
represent a 95 % confidence interval.
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Fig. 4. Microbial composition at Phylum and Genus level of microcosms in absence (control) and presence of different Daphnia species after 48 h (T48) of incubation 
during experiments A and B. Only most abundant taxa (average abundance >0.01) were selected.

Fig. 5. Annotated phylogenetic tree highlighting microbial community response to Daphnia species. (a) Phylogenetic tree of impacted ASV where the different colors 
represent the taxonomical Class. (b) Barplot of the corresponding log2FoldChange score for each ASV present in the phylogenetic tree.

N. Tromas et al.                                                                                                                                                                                                                                 Science of the Total Environment 962 (2025) 178364 

8 



mesocosm setup to confirm the present findings on biological in
teractions in more natural conditions. The duration of the experiment 
could also be increased, and possible trophic cascading effects assessed 
(Jürgens, 1994). This would help appraise the biological relevance of 
the removal of E. coli and TSS by Daphnia. Also, additional Daphnia 
species commonly found in aquatic ecosystems, such as D. galeta, 
D. pulex or D. longispina could be tested. During preliminary microcosm 
trials, a pre-selection of the Daphnia species that best coped with the 
sewage mixture was done among 10 species available at the Laboratory 
for Experimental Ecology and Evolution (McGill University). Several of 
them were not retained because of their poor survival in the microcosms. 
Although D. magna cultures were not readily available at the time of our 
study, it would have been interesting to test this model species as well as 
it may have exceeded the grazing impact of D. pulicaria given its large 
filtration rates (Porter, 1973). In this sense, the Cladoceran Diaph
anosoma brachyurum (Brendelberger, 1991) could also be an interesting 
candidate species to be tested. Considering that the mean filter mesh size 
increases with body length, neonates, and juveniles (which were 
excluded in our experimental setup) could have generated even higher 
E. coli removal rates than those observed in our study, as they retain 
small particles more efficiently (Brendelberger and Geller, 1985). Also, 
despite careful selection of egg-free Daphnia individuals of similar body 
sizes, adults may have varied in age, which in turn could result in 
different grazing behaviors. Finally, although barcoding provides a 
wealth of information on the impact of Daphnia on bacterial community 
diversity and relative abundances compared to earlier analytical 
methods, it is not known if these bacteria are still culturable or if they 
are injured/stressed and occur in a viable but non-culturable state upon 
exposure to Daphnia. This would be especially interesting for pathogenic 
species. Early studies suggested indeed that some lake bacteria could 
survive Daphnia gut passage (King et al., 1991). Our study shows that, at 
least for E. coli, both its cultivability and genomic signal were affected by 
D. pulicaria. In future, it could be interesting to further investigate the 
potential of Daphnia to reduce the concentrations of antibiotic-resistant 
bacteria (ARB) and genes (ARGs) on freshwater ecosystems, as recently 
reported by (Choi and Kim, 2021).

Aquatic resources pollution by fecal microorganisms is a growing 
concern worldwide and Daphnia can be found in virtually all natural 
aquatic resources. Yet, metazooplankton grazing on fecal bacteria is still 
poorly understood. This study therefore brings novelty by addressing the 
impact of multiple Daphnia species on fecal bacteria communities, 
including the regulatory FIB E. coli.

5. Conclusions

In this study, we provide new insights on the interaction between 
Daphnia and bacterial communities with a focus on wastewater-related 
ones. 

- We validated our hypothesis confirming the role of Daphnia in 
removing fecal bacteria from water in a microcosm setup. Microbial 
diversity and community composition changed significantly after 
exposure to Daphnia grazing, but differences were observed among 
grazer species.

- Exposure to D. pulicaria had the strongest effect on microbial di
versity, followed by D. middendorffiana and D. mendotae. For 
D. pulicaria, this was mainly driven by its impact on microbial rela
tive abundance as it displayed the strongest grazing pressure on the 
fecal bacterial community including E. coli and other wastewater- 
and gut-related taxa.

- In contrast, D. mendotae mostly affected community composition.
- We finally demonstrated that the microbial response to Daphnia 

exposure is phylogenetically conserved and could reflect a grazing 
resistance or grazer feeding trait. This however needs to be further 
tested.

- The present findings contribute to our understanding on the value of 
Daphnia as a biofilter for mitigating fecal pollution in aquatic 
habitats.

Further studies should consider expanding these investigations to 
other grazers and assess their potential impact on the fate of antibiotic 
resistant bacteria and fecal pathogens. Also, Daphnia populations 
composed of adults, but also neonates and juveniles could better reflect 
natural conditions under which the Cladoceran can affect wastewater- 
related microbial communities.

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.scitotenv.2024.178364.
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