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A B S T R A C T   

Exposure to pesticides can have detrimental effects on aquatic communities of non-target species. Populations 
can evolve tolerance to pesticides which may rescue them from extinction. However, the evolution of tolerance 
does not always occur and insights in the underlying mechanisms are scarce. One understudied mechanism to 
obtain pesticide tolerance in hosts are shifts toward pesticide-degrading bacteria in their microbiome. We carried 
out experimental evolution trials where replicated experimental populations of the water flea Daphnia magna 
were exposed to the pesticide chlorpyrifos or a solvent control, after which we performed acute toxicity assays to 
evaluate the evolution of chlorpyrifos tolerance. Additionally, we quantified changes in the microbiota com
munity composition of whole body and gut samples to assess which sample type best reflected the pesticide 
tolerance of the Daphnia host. As expected, chlorpyrifos-selected clones became more tolerant to chlorpyrifos as 
shown by the higher EC50 48 h (36% higher) compared with the control clones. This was associated with shifts in 
the microbiome composition whereby the abundance of known organophosphate-degrading bacterial genera 
increased on average ~4 times in the chlorpyrifos-selected clones. Moreover, the abundances of several genera, 
including the organophosphate-degrading bacteria Pseudomonas, Flavobacterium and Bacillus, were positively 
correlated with the EC50 48 h of the host populations. These shifts in bacterial genera were similar in magnitude in 
whole body and gut samples, yet the total abundance of organophosphate-degrading bacteria was ~6 times 
higher in the whole body samples, suggesting that the gut is not the only body part where pesticide degradation 
by the microbiome occurs. Our results indicate that the microbiome is an important mediator of the development 
of tolerance to pesticides in Daphnia.   

1. Introduction 

Exposure to pesticides can have detrimental effects on aquatic 
communities of non-target species, even at legally accepted concentra
tions (Stehle and Schulz, 2015). Populations can, however, evolve 
tolerance to pesticides which may rescue them from extinction. Evolu
tion of pesticide tolerance in non-target species has been shown, for 
example, against carbaryl in waterfleas (Jansen et al., 2011b) and 
against chlorpyrifos in amphibians (Cothran et al., 2013). Despite the 
importance of “evolutionary rescue” (Bell, 2017), it does not always 
occur and there is in general mixed evidence for genetic adaptation to 

environmental pollution in natural populations (Loria et al., 2019). 
Powerful ways to evaluate whether populations can evolve tolerance to 
stressors are experimental evolution trials, as these allow unambigu
ously linking of a manipulated stressor to an evolutionary response in 
replicated settings (Kawecki et al., 2012). To advance our understanding 
on when to expect evolution of tolerance to pollutants, combining 
experimental evolution with a study of potential underlying mecha
nisms may be especially insightful. 

Several mechanisms can underlie the evolution of pesticide tolerance 
in a species. Most attention went to two mechanisms directly encoded in 
the genes of the species under study. A first mechanism is the buildup of 
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target site tolerance caused by a mutation of the target site of the 
pesticide (e.g. acetylcholinesterase for organophosphates), resulting in 
no or a lower inhibition of the target enzyme by the pesticide (Stenersen, 
2004). A second mechanism is the buildup of metabolic tolerance caused 
by overexpression of detoxification genes (Stenersen, 2004). More 
recently, changes in the microbiome have been revealed as a very 
different mechanism to obtain pesticide tolerance in the host (Kikuchi 
et al., 2012). Yet, the latter mechanism is never considered in the context 
of experimental evolution of tolerance to pesticides. 

Evidence is accumulating that the microbiome can play an important 
role in determining the phenotype of its host and its tolerance to 
stressors (Lynch and Hsiao, 2019), including xenobiotics (Kikuchi et al., 
2012; Senderovich and Halpern, 2013; Ceja-Navarro et al., 2015). 
Exposure to xenobiotics such as pesticides may cause a shift in the 
bacterial community composition of the host whereby bacterial species 
able to degrade the xenobiotic increase in abundance, while sensitive 
bacterial species decrease in abundance and possibly even disappear 
(Russell et al., 2011). Degradation of xenobiotics by bacteria can occur 
via catabolism whereby the xenobiotic compound is used as source for 
essential elements such as for example carbon, nitrogen and phosphorus, 
and via co-metabolism whereby the toxic compound is biotransformed 
into less toxic metabolites but not used as energy source (Singh and 
Walker, 2006). Several bacteria are able to degrade pesticides (sum
marized in the reviews by Russell et al., 2011 and Kumar et al., 2018). 
For example, some key genera often associated with the degradation of 
pesticides are Pseudomonas and Flavobacterium (organophosphates), 
Rhizobium (carbamates), and Bacillus (pyrethroids). Shifts in the 
microbiome toward more pesticide-degrading bacteria may eventually 
provide pesticide tolerance of the host. For example, Chen et al. (2020) 
showed that inoculation of silk worms with Stenotrophomonas signifi
cantly increased their resistance to chlorpyrifos. 

The water flea Daphnia plays an important role in aquatic food webs 
as food for fish and as grazer of phytoplankton, and is an important 
model organism in ecotoxicology (Miner et al., 2012). An increasing 
number of studies documented the importance of the microbiome for 
Daphnia fitness, and Daphnia is becoming a model organism for 
host-microbiome-environment interactions (Akbar et al., 2022). Daph
nids are colonized with bacteria throughout their entire body cavity and 
gut (Qi et al., 2009; Eckert and Pernthaler, 2014). These microbiota help 
the daphnids in food uptake and digestion (Brune and Dietrich, 2015; 
Chevalier et al., 2015), acquisition of essential nutrients (Nikoh et al., 
2011), resistance against infections (Kamada et al., 2013) and the 
breakdown of harmful compounds such as toxins of cyanobacteria 
(Macke et al., 2017). As a result, the survival and growth of Daphnia is 
affected by its microbiome community composition (Sison-Mangus 
et al., 2015; Callens et al., 2018; Motiei et al., 2020). Recent evidence is 
showing that the microbiome can play an important role in the tolerance 
of Daphnia to pollutants. For example, mercury-tolerant microbiota can 
ameliorate survival and fecundity of Daphnia exposed to mercury (Fong 
et al., 2019). More information on several issues is needed to further 
develop Daphnia as model organism for microbiome-based ecotoxico
logical research. One such issue is whether the gut microbiome rather 
than the whole body microbiome plays a role in toxicant tolerance. The 
gut microbiome is known to differ in composition from the whole body 
microbiome (Callens et al., 2016). Yet, it remains to be studied whether 
pesticide-degrading bacteria are more associated with the gut or not, 
hence which type of samples can best be studied to unravel the role of 
the microbiome in shaping pesticide tolerance. Another issue is whether 
the evolution of pesticide tolerance of Daphnia is associated with 
changes in the microbiome toward pesticide-degrading bacteria. 

The aim of current study was to study experimental evolution of 
pesticide tolerance in Daphnia and to determine whether this was 
associated with predictable changes in its microbiome. To that end, we 
carried out an experimental evolution trial where replicated experi
mental populations of Daphnia were exposed to the pesticide chlorpyr
ifos or a solvent control, after which we performed acute toxicity assays 

to assess the evolution of chlorpyrifos tolerance. This organophosphate 
pesticide, that functions through the inhibition of acetylcholinesterase, 
is among the most hazardous chemicals to aquatic organisms (Johnson 
et al., 2017). While recently banned in several countries, it is still widely 
used (Rahman et al., 2021). Additionally, we collected samples at the 
end of the experimental evolution trial to quantify changes in the 
microbiota community composition of the Daphnia. We compared 
microbiome samples of the whole body and the gut to assess which 
sample type best reflected the pesticide tolerance of the Daphnia host. 
We expected the chlorpyrifos-selected Daphnia populations to have 
evolved a higher tolerance to chlorpyrifos and the bacterial communities 
of these host populations to have (partially) shifted towards 
chlorpyrifos-degrading bacteria. 

2. Methods 

The overall research strategy was to perform an experimental evo
lution trial in aquaria and to subsequently test in separate assays for 
micro-evolution of chlorpyrifos tolerance. Additionally, at the end of the 
experimental evolution trial, we compared the microbiota community 
composition of the Daphnia between the two selection regimes. 

2.1. Source population and pre-experimental rearing 

D. magna collected in Langerodevijver (50◦49′41′′ N, 4◦38′21′′ E) in 
Flanders were used for the selection experiment. This shallow lake is 
situated in a natural area without agriculture, and is surrounded by 
dykes making it unlikely that the Daphnia clones have already developed 
tolerance to pesticides (Coors et al., 2009). Specifically for chlorpyrifos 
in Flanders, it was shown that D. magna populations show a higher 
tolerance when the percentage of conventional agriculture in the land
scape surrounding the pond increases (Almeida et al., 2021). Note that 
any (partial) tolerance in the study population (while unlikely) would 
make any findings of (further) evolution of tolerance conservative and 
would introduce no bias toward “false positive” effects. 

To prepare the experiment, we reared 180 clonal lineages (unique 
genotypes confirmed by microsatellite analyses, following Jansen et al., 
2011a) under standard conditions of light (14:10 L:D), temperature 
(20 ◦C) and food (0.2 × 108 cells of the algae Acutodesmus obliquus, 5 
days per week) for at least two generations. The offspring (second to fifth 
brood) of these mothers was used to inoculate the selection aquaria. 

2.2. Experimental evolution trial 

For the experimental evolution trials we applied two treatments for 
two weeks: exposure to two pulses of 0.35 µg/L chlorpyrifos (dissolved 
in 0.35 µL/L ethanol) or two pulses of 0.35 µL/L ethanol (solvent con
trol). To start the experiment we randomly composed three start pop
ulations, each consisting of a unique set of 60 clones from 
Langerodevijver. From each start population, we obtained six identical 
sets of the 60 clones through parthenogenetic reproduction; of which 
three sets were used for the pesticide-exposed selection treatment and 
three sets for the control treatment. This is a powerful approach as it 
allows genetically identical start populations to be used in both selection 
treatments (see Van Doorslaer et al., 2009). This resulted in a total of 18 
selection units (aquaria). 

We used 30 L aquaria filled with a mixture of 6 L filtered (mesh size 
125 µm) pond water originating from five natural ponds in Flanders 
where D. magna occurs (to obtain a diverse community of free living 
bacteria) and 9 L of dechlorinated tap water. One week before the 
inoculation of the D. magna juveniles, we added 15 mL of 1 × 108 cells/ 
mL of the alga Acutodesmus obliquus as food source. During the experi
ment, we weekly added 5 mL of 1 × 108 cells/mL of algae to keep the 
food level constant. In each aquarium we inoculated three individuals 
(maximum 5 days old; as in Jansen et al., 2011b) from each of the 60 
clones of a given start population (180 individuals per aquarium in 
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total). Two weeks after inoculating the aquaria with the daphnids, the 
chlorpyrifos exposure treatment started by giving the first pulse; one 
week later a second chlorpyrifos pulse was given. 

The chosen chlorpyrifos concentration was based on a pilot study 
where we observed approximately 50% mortality across two weeks in 
adult daphnids when being exposed to two pulses of 0.35 µg/L chlor
pyrifos (one pulse per week). The actual chlorpyrifos concentration 
present in each aquarium exposed to chlorpyrifos was measured using 
Ultra-performance liquid chromatography MS/MS with Triple Quadru
pole Mass Spectrometry at different time points. The initial concentra
tion directly after the first pulse was 0.30 ± 0.03 µg/L (mean ± SE, n = 9 
aquaria), one week later before giving the second pulse it was 0.11 ±
0.01 µg/L, immediately after the second pulse 0.38 ± 0.03 µg//L and 
one week later at the end of the selection experiment 0.14 ± 0.01 µg/L. 
One week after the second chlorpyrifos pulse, D. magna individuals were 
collected to start clonal lineages for the acute toxicity assays and to 
determine the microbiota community composition. 

2.3. Acute toxicity assays 

Per aquarium we collected five adult daphnids to start clonal line
ages, hence fifteen isolates per start population-by-selection treatment 
combination (total of 90 isolates). In one of the chlorpyrifos-exposed 
aquaria, there were no survivors at the end of the experiment. We 
therefore chose to collect more daphnids from the other replicate 
aquaria of the same start population of this treatment to still obtain 
fifteen isolates after selection for this start population. We tested all 90 
isolates with microsatellite markers to identify unique clones (as in 
Jansen et al., 2011a). This resulted in 64 unique clonal lineages, from 
which 34 clones originated from the control aquaria (twelve from the 
first, eleven from the second and eleven from the third start population) 
and 30 clones from the chlorpyrifos-selected aquaria (eight from the 
first, eleven from the second and eleven from the third start population). 
To minimize maternal effects, the 64 isolates were kept as individual 
cultures for at least two generations before their offspring was used in 
the acute toxicity assays. 

We carried out acute toxicity assays to determine the tolerance to 
chlorpyrifos of all 64 clonal lineages based on OECD (2004) guideline 
202 for an acute immobilization test in Daphnia. We exposed second to 
fifth clutch neonates (< 24 h old) to one of five chlorpyrifos concen
trations (ranging from 0.2 to 3.0 µg/L, spacing factor of 2.0 between the 
concentrations) or a water control. Before starting the assays, we tested 
the immobility of fifteen clones, randomly distributed among the start 
populations and selection treatments, in a solvent control with 3.0 µL/L 
ethanol, which corresponds with the maximum ethanol concentration 
the daphnids were exposed to in the highest chlorpyrifos test concen
tration. As there was no difference in immobility between the water 
control and the ethanol control, we decided not to use a solvent control 
in the actual assays. Note that the lowest NOEC of ethanol reported for 
aquatic invertebrates is > 10,000 times higher than the highest ethanol 
concentration used in current experiment (UNEP, 2004). Per clonal 
lineage, eight replicates were tested at each concentration (resulting in 
48 jars per clonal lineage). Given the size of the experiment (3072 jars in 
total), tests were set up over a period of two months. The order in which 
the clones were tested was randomized across aquaria and selection 
treatments. During the toxicity assays, five neonates were placed 
together in a 100 mL glass jar filled with 30 mL of the medium. Animals 
were kept at standard conditions (20 ◦C and 14:10 light:dark cycle) and 
not fed during the toxicity test. Note that this does not preclude a role for 
the gut microbiome in mediating pesticide tolerance as Daphnia keep on 
filtering water, hence taking up water and pesticides in the gut, in the 
absence of food (M. Van de Maele, pers. obs.; Ebert, 2005). After 48 h, all 
individuals were scored for immobility and the percentage of mortality 
was calculated by dividing the number of dead individuals by the total 
number of individuals in a jar, multiplied by 100. 

2.4. Determination of the microbiota community composition 

At the end of the experimental evolution trial, twenty mature 
Daphnia per aquarium were collected for the determination of the 
microbiota community composition (protocol based on Houwenhuyse 
et al., 2021). One set of 10 Daphnia was pooled and as whole bodies 
stored at − 80 ◦C to determine the whole body bacterial composition. In 
the second paired set of 10 Daphnia, the guts were immediately extracted 
under a stereomicroscope using sterilized dissecting needles, pooled and 
stored at − 80 ◦C. Given the extinction of one of the 
chlorpyrifos-exposed aquaria, we obtained nine paired sets of pooled 
Daphnia from the control aquaria and eight paired sets of pooled Daphnia 
from the chlorpyrifos-exposed aquaria. Hence, we obtained for the nine 
control and eight chlorpyrifos-exposed aquaria, each time one whole 
body microbiome sample and one gut microbiome sample. 

In a first step, microbial DNA was extracted using the NucleoSpin 
Tissue Kit (Machery Nagel) following the protocol provided by the 
manufacturer. To characterize the microbiome composition, we ampli
fied the V3-V4 hypervariable region (460 bp) of the bacterial 16 S rRNA 
using the 16S-IllumTS-F and 16S-IllumTS-R primers (Klindworth et al., 
2013). We conducted the PCRs using a Biometra TOne Thermocycler 
(Westburg) and quantified the DNA using the Quant-iTTM Picogreen kit 
(Thermo Fisher). The purified amplicons were merged and paired-end 
sequenced (2 × 250) using a MiSeq Reagent Kit v2 (600 cycle) on an 
Illumina MiSeq platform (KU Leuven Genomics Core, Leuven, Belgium). 

After Illumina sequencing, the QIIME2 pipeline v2020.6 (Bolyen 
et al., 2019) was used to process the raw sequence data. First, the 
paired-end demultiplexed sequence reads were imported and their ASCII 
Phred33 quality control scores were checked. A total of 1215,043 reads, 
with an average of 35,737 reads per sample (min. = 129 and max. =
112,957 reads) was obtained. Using the denoise function of DADA2 
within QIIME2, both forward and reverse reads were trimmed for 14 bp 
and truncated at 240 bp. Furthermore, the paired-end sequences were 
filtered, denoised and dereplicated, chimeras were filtered and an 
amplicon sequence variants (ASVs) table was created using this denoise 
function. After quality control, on average ~83% of the data per sample 
remained. A total of 1455 ASVs across all samples was obtained with an 
average length of 426.46 bp (s.e.= 17.94). Taxonomy was assigned to 
the ASVs using the Silva 138 SSU Ref NR 99 database (Quast et al., 2013) 
and a naive Bayesian classifier. This classifier contained the extracted 
sequences of the V3-V4 region using the function qiime feature-classifier 
extract-reads with parameters forward primer (16S-IllumTS: 
CCTACGGGNGGCWGCAG), reverse primer (16S-IllumTS: GAC
TACHVGGGTATCTAATCC) and truncation length (460 bp). Finally, a 
phylogenetic tree was generated using the function qiime phylogeny 
align-to-tree-mafft-fasttree. 

The R package Decontam (version: 1.12.0; Davis et al., 2018) was 
used to look for contaminating DNA features but none were present. 
Cleaning and filtering of the dataset was performed in R (see details in 
Appendix A). Samples were rarefied to an equal sampling depth of the 
sample with the fewest reads (i.e. 13,797) using the “rarefy_even_depth” 
function of the phyloseq package (version: 1.36.0; see details in Ap
pendix B). 

2.5. Statistical analyses 

Mortality in the acute toxicity assays was analyzed in Statistica using 
a general linear model (GLM) with selection treatment of the experi
mental evolution trial and pesticide test concentration of the acute 
toxicity assay, and their interaction as independent variables. Start 
population and clone nested in the interaction between start population 
and selection treatment were included as random factors (as in Van 
Doorslaer et al., 2009). The significant interaction between selection 
treatment and pesticide concentration was further explored using linear 
contrasts, whereby we compared the mortality in a given pesticide 
concentration with the water control. We corrected for multiple testing 
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using the false discovery rate (FDR) procedure. Additionally, we per
formed a Mann-Whitney U test to test for an effect of the selection 
treatment on the EC50 48 h values. Therefore, we ran per aquarium a 
generalized linear model with a binomial error distribution and logit 
link function to determine the dose-response relationship. In 14 aquaria, 
overdispersion was observed and therefore we used a quasibinomial 
error distribution to account for this. The EC50 48 h value was estimated 
as -β0/β1 with β0 the intercept and β1 the slope of the fitted dose-response 
curve (Coors et al., 2009). 

The microbiome of the Daphnia collected in the aquaria at the end of 
the selection experiment was analysed at the ASV level. To investigate 
differences in α-diversity, the Shannon index and Faith’s Phylogenetic 
Diversity were calculated with the “estimate_richness” function of the 
phyloseq package (version: 1.36.0; McMurdie and Holmes, 2013) in R 
(version: 4.1.0). Afterwards, a general linear mixed model (GLMER) was 
performed with selection treatment, sample type (whole body sample vs 
gut sample) and their interaction as independent variables using the 
packages lme4 (version: 1.1–27.1; Bates et al., 2015), car (version: 
3.0–11; Fox and Weisberg, 2011) and afex (version: 1.0–1; Singmann 
et al., 2016). Aquarium nested in selection treatment was included as a 
random factor. For the β-diversity, a permutation MANOVA was per
formed with selection treatment, sample type and their interaction as 
independent variables using Bray-Curtis and Weighted UniFrac distance 
metrics. PERMANOVAs were run with 10,000 permutations with a set 
seed of 10,000 (allowing reproducibility) using the “adonis2′′ function 
of the vegan package in R (version: 2.5–7; Oksanen et al., 2020). β-di
versity metrics were plotted with non-metric multidimensional scaling 
(NMDS) using the “ordinate” function of the phyloseq package (Bray-
Curtis: k = 3 with stress = 0.13) and the ggplot2 package (version: 3.3.5; 
Wickham, 2016) in R. 

To identify bacterial genera that differed between the control and 
chlorpyrifos-selected samples, ASVs were grouped, whereby we only 
included those taxa that represented at least 0.1% of the reads (Hou
wenhuyse et al., 2021). We observed a significant interaction between 
the selection treatment and the sample type for the β-diversity in the 
PERMANOVA (see results), indicating different responses in microbial 
community composition to the selection treatment in gut and whole 
body samples. Therefore, we performed Mann-Whitney U tests to 
compare the abundance between the control and chlorpyrifos-selected 
samples with selection treatment as grouping factor (following Chen 
et al., 2020), separately for the whole body samples and the gut samples. 
Additionally, we performed Mann-Whitney U tests to compare the 
abundance between the whole body and gut samples with sample type 
as grouping factor, separately for the control and chlorpyrifos-selected 
samples. All Mann-Whitney U tests were performed in Statistica with 
FDR correction for multiple testing. Given that only 12.6% of the ASVs 
could be identified at the species level and xenobiotic degrading ca
pacities are often shared between species of the same genus and often 
only known at the genus level (see for example review by Kumar et al., 
2018), we will present the results at the genus level. 

To investigate relationships between the abundance of certain bac
teria and the level of chlorpyrifos tolerance, we performed in Statistica 
Spearman correlation analyses at the aquarium level between the rela
tive abundance of a given genus (both at the whole body and at the gut 
level) and the EC50 48 h. We only included genera that represented at 
least 0.1% of the reads and used an FDR correction for multiple testing. 

3. Results 

3.1. Mortality during the acute toxicity assays 

There was a significant Selection treatment x Pesticide concentration 
interaction (F5, 2951 = 26.49; p < 0.001), indicating that the selection 
treatment affected the tolerance to chlorpyrifos. Clones originating from 
control aquaria showed mortality at the three highest test concentra
tions (0.8 µg/L: 9%, 1.5 µg/L: 38%; 3.0 µg/L 73%; contrasts with water 

control: all p < 0.001). Clones originating from chlorpyrifos-exposed 
selected aquaria, on the other hand, were only affected at the two 
highest concentrations (1.5 µg/L: 16%, 3.0 µg/L: 53%; contrasts with 
water control: both p < 0.001) and the mortality was lower in com
parison with the sensitive clones (contrast analyses at both concentra
tions: p < 0.001) (Fig. 1A). The EC50 48 h was 36% higher in chlorpyrifos- 
selected clones than in control clones (Z = − 2.54; df = 17; p = 0.011) 
(Fig. 1B). 

3.2. Patterns in the Daphnia microbiome 

The bacterial α-diversity of the Daphnia microbiome was higher in 
the whole body than in the gut samples, but only significantly so for the 
Shannon index (main effect Sample type: χ1 = 135.59; p < 0.001) 
(Fig. 2A-B). It was also higher in the chlorpyrifos-selected samples, both 
for the Shannon index (χ1 = 5.01; p = 0.025) and the Faith’s phyloge
netic diversity (χ1 = 6.32; p = 0.012). Sample type and selection treat
ment did not interact with each other for the α-diversity (both p > 0.54) 
(Fig. 2A-B). 

The bacterial communities differed between gut and body samples 
both based on the Bray-Curtis (F1, 30 = 35.09; p < 0.001) and weighted 
UniFrac distance metrics (F1, 30 = 65.46; p < 0.001) (Fig. 2C-D). Both 
metrics also showed differences in bacterial communities between 
control and chlorpyrifos-selected samples (Bray-Curtis: F1, 30 = 3.91; 
p = 0.022; weighted UniFrac distance metrics: F1, 30 = 5.59; p = 0.015). 
Moreover, for both indices there was a trend for a Sample type x 

Fig. 1. (A) D. magna mortality after 48 h as a function of the selection treat
ment and chlorpyrifos test concentration in the acute toxicity assay, and (B) 
EC50 48 h as a function of the selection treatment. Given are means ± 1 SE. 
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Selection treatment interaction (Bray-Curtis: F1, 30 = 2.59; p = 0.063; 
weighted UniFrac distance metrics: F1, 30 = 3.13; p = 0.063) suggesting 
a different response to the pesticide between the gut and whole body 
bacterial communities (Fig. 2C-D). A detailed comparison of the most 
common genera in the gut and body samples in the Daphnia originating 
from the control aquaria and from the chlorpyrifos-selected aquaria is 
given in Appendix C. 

When comparing the microbiome samples of Daphnia originating 
from control aquaria and chlorpyrifos-selected aquaria, ten genera 
showed a different abundance, of which four were shared between gut 
and whole body samples (Fig. 3). Both in the gut and in the whole body 
samples, there was in the chlorpyrifos-selected Daphnia a higher abun
dance of Bacillus (gut: × 79.7, p = 0.040; whole body: × 43.1, 
p = 0.017), Aquabacterium (gut: × 6.7, p = 0.0096; whole body: × 2.9, 

p = 0.022), and Flavobacterium (gut: × 2.6, p = 0.033; whole body: ×
2.7, p = 0.020), while Pseudomonas was even only detected in 
chlorpyrifos-selected samples (gut: p = 0.0041; whole body: 
p = 0.0052). Additionally, in the chlorpyrifos-selected gut samples, a 
higher abundance of Polynucleobacter (× 38.0, p = 0.0072) and 
GKS98_freshwater_group (× 6.9, p = 0.042) was detected compared to 
the control samples. Similarly, in the chlorpyrifos-selected whole body 
samples, a higher abundance of Pedobacter (× 7.0, p = 0.014), Luteoli
bacter (× 5.0, p = 0.023), Limnohabitans (× 1.7, p = 0.037) and Cavicella 
(× 2.6, p = 0.044) was detected. 

Fig. 2. Patterns in the diversity of the bacterial communities of D. magna gut and whole body samples as a function of the chlorpyrifos selection treatment. (A) 
Shannon and (B) Faith’s Phylogenetic indices of alpha diversity (means ± 1 SE). (C-D) NMDS plots visualizing the patterns in the diversity (means with 95% CI) 
based on (C) the Bray-Curtis dissimilarity and (D) weighted UniFrac distance metrics. 
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3.3. Correlations between abundance of bacterial genera and Daphnia 
pesticide tolerance 

When looking at the gut microbiome, the abundance of five bacterial 
genera was positively correlated with the EC50 48 h of the Daphnia: 
Pseudomonas (r = 0.66; p = 0.015), GKS98_freshwater group (r = 0.66; 
N = 17 aquaria; p = 0.030), Polynucleobacter (r = 0.53; p = 0.041), 
Aquabacterium (r = 0.54; p = 0.045) and Flavobacterium (r = 0.56; 
p = 0.048). For the whole body microbiome, three bacterial genera were 
positively correlated with the EC50 48 h: Flavobacterium (r = 0.80; 
p = 0.0018), Pseudomonas (r = 0.75; p = 0.0031) and Bacillus (r = 0.54; 
p = 0.048). In addition, there was also a negative correlation between 
the EC50 48 h and the abundance in the whole body samples of Ideonella 
(r = − 0.59; p = 0.045). 

4. Discussion 

4.1. Experimental evolution of Daphnia chlorpyrifos tolerance 

As expected, D. magna clones collected from aquaria exposed to 

chlorpyrifos during the experimental evolution trials were more tolerant 
to chlorpyrifos in terms of survival. This higher chlorpyrifos tolerance 
was demonstrated both by a higher “lowest observed effect concentra
tion” (LOEC) (1.5 µg/L vs 0.8 µg/L) and a higher EC50 48 h (3.0 µg/L vs 
2.2 µg/L) in the chlorpyrifos-selected clones in comparison with the 
control clones. This matches other experimental evolution trials 
showing an increased pesticide tolerance to chlorpyrifos (Ejaz et al., 
2017) and other pesticides, for example carbaryl (Jansen et al., 2011b). 
These example studies used a longer exposure duration (Ejaz et al., 
2017: nine generations; Jansen et al., 2011b: 54 days) and/or higher 
exposure concentration (Jansen et al., 2011b: 4 times the EC50 48 h) in 
comparison to the current study where the daphnids were only exposed 
for two pulses spread over two weeks to the EC50 48 h of the adults 
(0.35 µg/L), which is a realistic exposure scenario in water bodies close 
to agricultural land (Stehle and Schulz, 2015). Current design therefore 
illustrates that under such realistic conditions, rapid evolution of 
pesticide tolerance may occur. 

Two non-exclusive mechanisms may have contributed to the rapid 
evolution of tolerance. First, clonal sorting may have occurred whereby 
clones were sorted that were part of the standing genetic variation of the 

Fig. 3. Relative abundance of the bacterial genera in D. magna gut and whole body samples as a function of the chlorpyrifos selection treatment.  
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natural population. Standing genetic variation was recently shown to 
cause the rapid evolution of tolerance to pesticides in the Colorado 
potato beetle (Pelissie et al., 2022). Several pathways that were present 
in these ‘sorted’ clones can explain the increased chlorpyrifos tolerance. 
One possibility is that these clones showed target site tolerance (Sten
ersen, 2004) caused by a mutation of acetylcholinesterase, resulting in 
no or a lower inhibition of this enzyme by chlorpyrifos as shown in 
mosquitoes tolerant to chlorpyrifos (Duron et al., 2006). Also, metabolic 
tolerance may have played a role (Stenersen, 2004) caused by over
expression of detoxification genes, such as carboxylesterases, phospho
triesterases and other esterases, as shown in organophosphate-resistant 
mosquitoes (Labbé et al., 2009). Note that new mutations that conveyed 
tolerance are unlikely to have occurred during the short experimental 
evolution trials. Second, our data suggest that also the microbiota may 
have contributed to the tolerance of Daphnia against this pesticide (see 
below). 

4.2. Impact of chlorpyrifos on the microbiome communities 

The microbiome was more diverse in the chlorpyrifos-selected 
samples compared to the control samples as indicated by the patterns 
in the α-diversity. A similar observation was done in wasps after expo
sure to the herbicide atrazine (Wang et al., 2020). A possible explanation 
is that the chlorpyrifos molecules served as an extra carbon-rich food 
source, thereby attracting additional bacteria and resulting in a higher 
diversity (see also Akbar et al., 2014). However, also the opposite has 
been observed (e.g. in response to exposure to the organophosphate 
fenitrothion in mosquitoes (Dada et al., 2018)) whereby the microbiome 
community became dominated by the few bacterial taxa able to use this 
compound as food source, thereby apparently outcompeting the other 
taxa. 

As indicated by the analyses of β-diversity, the microbial community 
between the two selection regimes differed and this was the case in both 
sample types. This matches our expectations as xenobiotics are expected 
to lead to changes in the microbiota composition with a shift towards 
xenobiotic-tolerant bacteria, as shown for example for metals (Lapanje 
et al., 2010; Senderovich and Halpern, 2013; Fong et al., 2019), anti
biotics (Gorokhova et al., 2015; Akbar et al., 2020) and pesticides 
(reviewed in Chiu et al., 2020) including organophosphates (Chen et al., 
2020). These bacteria are thought to possess enzymes that are able to 
transform or degrade the xenobiotic, thereby providing access to addi
tional nutrients to the bacteria, which as a result can increase in 

abundance (Russell et al., 2011). Note that many ASVs could not be 
identified at the genus level, yet this does not affect the patterns in α- and 
β-diversity as our analyses use ASV-specific labels. 

Based on an extensive literature search for bacteria known to 
degrade organophosphates, 43 genera containing organophosphate- 
degrading species and/or strains were identified (Appendix D). 
Twenty out of these genera were present in the Daphnia of current study. 
Note that given more research on xenobiotic degrading enzymes and 
genes in bacteria is needed, as well as profound testing of more bacteria 
for their degradation capacities (Kumar et al., 2018), it is possible that 
more genera than those identified in current study are able to degrade 
organophosphates. We compared the abundance of these 20 genera 
between samples from control and chlorpyrifos-selected aquaria (sum
marized in Table 1). The bacterial degradation of chlorpyrifos (and other 
pesticides) can occur through two pathways. A first possibility is 
catabolism whereby the bacteria utilize the chlorpyrifos molecule as 
source of carbon and phosphorus, as is for example the case for 
Enterobacter (Singh et al., 2003a). A second possibility is co-metabolism 
whereby the chlorpyrifos molecule is biotransformed, but not used as 
energy source or as a constitutive element by the bacteria. For example, 
Flavobacterium (Mallick et al., 1999), Pseudomonas (Serdar et al., 1982) 
and Micrococcus (Guha et al., 1997) are bacteria that can transform 
chlorpyrifos by hydrolysis to produce dethylthiophosphoric acid (DETP) 
and 3,5,6-trichloro-2-pyridinol (TCP). The bacterium-induced hydroly
sis of the organophosphorus compounds occurs via bacterial enzymes 
including organophosphorus hydrolase and phosphotriesterase (both 
present in Pseudomonas, Singh and Walker, 2006), organophosphorus 
acid anhydrolase (present in Alteromonas, Singh and Walker, 2006) and 
phosphonatase (present in Bacillus, Singh and Walker, 2006). Little is 
known about the further degradation of DETP and TCP, but research has 
shown that DETP can be used as carbon and phosphorous source by 
Enterobacter (Singh et al., 2003a) and as sulfur source by Pseudomonas 
(Cook et al., 1980), and that TCP can be mineralized by Pseudomonas by 
reductive dechlorination (Feng et al., 1998). 

The abundance of the 20 known organophosphate-degrading bac
terial genera detected in current study was approximately four times 
higher in the chlorpyrifos-selected samples compared to the control 
samples, both in the gut and in the whole body samples (Table 1). 
Several of the organophosphate-degrading bacteria were only detected 
in the chlorpyrifos-selected samples: Acinetobacter (whole body), Azo
spirillum (gut), Bacillus (whole body), Caulobacter (gut), Chryr
eobacterium, Lactobacillus, Mycobacterium (gut), Pseudomonas, 

Table 1 
Overview of the 20 known organophosphate-degrading bacteria found in the microbiome of D. magna in current study.  

Genus Relative abundance 
control gut (%) 

Relative abundance 
chlorpyrifos-selected gut (%) 

Relative abundance 
control body (%) 

Relative abundance 
chlorpyrifos-selected body (%) 

Reference for organophosphate 
degrading capacity 

Acinetobacter  0.0048  0.026  0  0.062 Chanika et al. (2011) 
Azospirillum  0  0.0031  0.0024  0.0010 Foster et al. (2004) 
Bacillus  0.00081  0.064  0.016  0.69 Li et al. (2008) 
Brevundimonas  0.00081  0.020  0.0081  0.062 Li et al. (2008) 
Caulobacter  0  0.022  0.0032  0.14 Singh et al. (2003b) 
Chryseobacterium  0  0.0041  0  0.0062 Ramya et al. (2016) 
Corynebacterium  0.0032  0  0.033  0.052 Kim et al. (2009) 
Enterobacter  0  0  0.00081  0.0021 Awad et al. (2011) 
Exiguobacterium  0.00081  0.0052  0.0032  0.0010 Lopez et al. (2005) 
Flavobacterium  0.30  0.78  1.73  4.71 Brown (1980) 
Lactobacillus  0  0.0072  0  0.010 Zhang et al. (2014) 
Mcyobacterium  0  0.0020  0  0 Seo et al. (2007) 
Paracoccus  0.0024  0.010  0.0024  0.0010 Xu et al. (2008) 
Pseudomonas  0  0.096  0  0.80 Dumas et al. (1989) 
Rhodococcus  0  0.0040  0  0 Phugare et al. (2012) 
Rhizobium  0.0064  0.016  0.028  0.76 Kim et al. (2009) 
Sphingomonas  0.0097  0.033  0.014  0.0041 Li et al. (2008) 
Staphylococcus  0.0024  0.0052  0.0089  0.16 Baishya and Sharma (2014) 
Stenotrophomonas  0.0024  0  0.00081  0 Li et al. (2008) 
Vibrio  0  0.0021  0.0032  0 Agarry et al. (2013) 
TOTAL %  0.34  1.13  1.85  7.46   

L. Janssens et al.                                                                                                                                                                                                                                



Ecotoxicology and Environmental Safety 240 (2022) 113697

8

Rhodococcus (gut) and Vibrio (gut). Others, such as Bacillus, Brevudimo
nas, Flavobacterium, Rhizobium and Staphylococcus, showed a much 
higher abundance (up to more than ten times higher) in chlorpyrifos- 
selected samples. Moreover, for Pseudomonas and Flavobacterium, we 
could demonstrate a positive correlation between the abundance of 
these bacteria and the EC50 48 h, indicating they indeed contribute to 
chlorpyrifos tolerance in D. magna. We cannot exclude the possibility 
that some bacterial species of these known ‘organophosphate-degrading 
bacterial genera’ do not have this function. These bacterial species 
would then, however, not contribute to the here reported patterns, 
making these patterns conservative. In addition, we note that many 
ASVs could not be identified at the genus level, therefore we may have 
missed organophosphate-degrading bacterial genera. 

Also other studies demonstrated an increase in pesticide-degrading 
bacteria in the microbiome after exposure to pesticides. Wang et al. 
(2020) showed that exposure to the herbicide atrazine resulted in an 
increased abundance of the atrazine-degrading bacteria Pseudomonas 
and Serratia in wasps. Almeida et al. (2017) showed in 
chlorpyrifos-resistant fruit flies a higher abundance of Enterococcus, 
Delftia, Leclercia and Microbacterium, genera which were not only able to 
grow on chlorpyrifos-containing medium, but were also able to biode
grade the toxicant. Similarly, Dada et al. (2018) showed in mosquitoes 
resistant to another organophosphate (fenitrothion) a higher abundance 
of 21 bacterial genera including four genera which also showed a higher 
abundance in the chlorpyrifos-selected samples in current study (Bacil
lus, Pseudomonas, Staphylococcus and Vibrio). The study by Chen et al. 
(2020) went one step further by performing mono-inoculation studies in 
silkworms and demonstrated that inoculation with Stenotrophomonas 
decreased the chlorpyrifos-induced mortality of the host. 

4.3. Comparison between gut and whole body microbiomes 

As expected, the microbial diversity was higher in the whole body 
compared to the gut samples and this regardless of the pesticide expo
sure. There was also a clear difference in community composition be
tween the whole body and the gut microbiome samples. Also, when only 
looking at the organophosphate-degrading bacteria, there was a clear 
distinction between the gut and body samples with in the absence of the 
pesticide the gut being inhabited by 11 organophosphate-degrading 
bacteria (corresponding with 0.34% of the total bacterial community) 
in comparison with 14 genera in the whole body (corresponding with 
1.13% of the total bacterial community). In the absence of the pesticide, 
Limnohabitans made up approximately 27% of the bacterial community 
in the whole body samples, while this genus represented only 1% of the 
bacterial community in the gut. Callens et al. (2016) also showed a much 
higher abundance of Limnohabitans in the microbiome of whole body 
samples compared to the gut samples of D. magna. In addition, Callens 
et al. (2016) demonstrated a higher abundance of Chlorochromatium, 
Hydrogenophaga and Flavobacterium in the whole body samples 
compared to the gut samples. The two latter genera were also more 
abundant in the whole body samples in current study, suggesting these 
genera mainly occur outside the gut. Eckert and Pernthaler (2014) 
demonstrated high abundances of bacteria including Limnohabitans to be 
responsible for the uptake of dissolved organic carbon on the filter 
combs of daphnids, illustrating that bacteria can be functionally asso
ciated with several body parts of Daphnia. 

Despite the differences between the sample types in microbial 
composition in the Daphnia not exposed to the pesticide, both sample 
types showed an increase in the abundance of organophosphate- 
degrading bacteria when exposed to the pesticide. Indeed, both in the 
whole body and in the gut samples the abundance of Bacillus (on average 
60 times higher) and Flavobacterium (on average 2.5 times higher) 
strongly increased and Pseudomonas even only was present in the 
chlorpyrifos-selected samples. Moreover, when comparing the presence 
of organophosphate-degrading bacteria in general (Table 1), both sam
ple types showed a similar response, with an approximately four times 

higher abundance of these bacteria in the chlorpyrifos-selected samples. 
Most of these organophosphate-degrading bacteria were shared between 
the gut and whole body (e.g. Bacillus, Flavobacterium, Pseudomonas, 
Rhizobium), while some were unique for the gut (Rhodococcus, Myco
bacterium) or whole body (Enterobacter) (Table 1). Overall, these 
congruent patterns in both sample types can be easily explained because 
the guts were also included in the whole body samples. Despite the 
similar response to the pesticide between gut and body samples, the total 
abundance of organophosphate-degrading bacteria was approximately 
six times higher in the whole body samples, suggesting that the gut is not 
the only body part where pesticide degradation by the microbiome oc
curs. Other body parts where bacteria degrade pesticides could be the 
filter combs where the water with dissolved pesticide molecules pas
sages to enter the body (as shown for example for the uptake of dissolved 
organic carbon (Eckert and Pernthaler, 2014)) and the egg sack where 
these bacteria could play a role in preventing pesticide residues being 
carried over to the eggs. Given that in both sample types a similar in
crease in organophosphate-degrading bacteria in the 
chlorpyrifos-selected samples was observed, both are relevant to be used 
in microbiome studies linking pesticide tolerance to bacterial commu
nities. The use of whole body samples might, however, be more powerful 
given (i) the higher number of ASVs that could be identified at the genus 
level (on average 84% in the whole body versus 28% in the gut) and (ii) 
the higher relative abundance of pesticide-degrading bacteria in the 
whole body microbiome compared to the gut microbiome (approxi
mately six times higher). 

4.4. Conclusions and future perspectives 

Using experimental evolution where we exposed D. magna to two 
realistic chlorpyrifos pulses over two weeks, we obtained daphnid 
populations tolerant to the pesticide. This was associated with shifts in 
the microbiome composition with an increase of chlorpyrifos-degrading 
bacteria such as Pseudomonas, Flavobacterium and Bacillus. Our results 
thereby suggest a role for the microbiome in the evolution of pesticide 
tolerance of the Daphnia as further supported by the correlations be
tween the abundance of certain bacterial genera and the EC 50 48 h. Yet, 
follow-up experiments are needed to demonstrate the causal role of 
these bacteria in shaping the evolution of Daphnia tolerance. An inter
esting approach would be to carry out a reciprocal microbiome trans
plant experiment whereby control and pesticide-selected Daphnia clones 
are inoculated with the microbiome of control or pesticide-selected 
clones and the effects on chlorpyrifos tolerance evaluated (cfr Macke 
et al., 2017 for tolerance to toxic cyanobacteria). Additional interesting 
avenues for future research are to monitor the microbiome in 
organophosphate-tolerant Daphnia if they are contained in pesticide-free 
water for long time, and to directly compare the microbiomes of Daphnia 
collected at sites with contrasting organophosphate contamination. Our 
study adds to the emerging insight that besides target site tolerance and 
metabolic tolerance, that are directly encoded in the host’s genome, also 
the microbiome may be an important driver of tolerance to pollutants. 
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