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• Environmental stressors can alter host-
microbiota relationship.

• Diet and antibiotics shaped Daphnia gut
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• Life history traits were correlated with
changes in bacterial abundance.
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understand host-microbiota
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The gut microbiota has a crucial role in host physiology and fitness. Host-microbiota relationships can be
disrupted by environmental stressors, which further affect host growth and survival. However, the link between
host performance and the gut microbiota composition shaped by increasing antibiotic pollution under different
food conditions is not clearly understood. In the present study, we used Daphnia magna as a model organism to
investigate the interactive effects of diets (Chlorellawith or withoutMicrocystis) and antibiotics on its life history
traits, gut microbiota alterations, and their relationship. The results showed that poor diet consumption by
D. magna at low and high antibiotic concentrations reduced reproduction and survival. Under good diet condi-
tions, the fitness was reduced only at a high antibiotic concentration. Under good diet conditions, high concen-
tration of antibiotics reduced the abundance of Comamonadaceae and increased the abundance of
Pseudomonadaceae, whereas under poor diet conditions, both low and high concentrations of antibiotics in-
creased the abundance of Pseudomonadaceae. Performances of life history traits were positively correlated
with an increased abundance of Comamonadaceae but were negatively correlated with increased
Pseudomonadaceae abundance. The results of this study revealed the interactive effects of diet and antibiotics
onD.magnafitness and correlations between bacterial abundance and life history traits, which has important im-
plications for understanding the effects of pollutants on host-microbiota interactions through changes in
phenotypes.

© 2019 Elsevier B.V. All rights reserved.
1. Introduction

The host microbiota is increasingly recognized as an integral part of
animals due to its cooperation with the host in many biological pro-
cesses. Recent advances in sequencing technology and other molecular
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techniques have revealed that the microbiota plays an essential role in
host fitness, adaptation and evolution (Foster et al., 2017; King et al.,
2013; Qi et al., 2009). The gut microbiota benefits its host in several
ways, such as promoting digestion, providing essential nutrients, detox-
ifyingharmful compounds, and competingwith pathogens (Blaser et al.,
2013; Koskella et al., 2017; Nicholson et al., 2012). The compositions of
the gutmicrobiota associatedwith hosts are central to the overall health
and performance of the host. Variations in gut microbiota influence
hosts on different scales, ranging from life history traits to adaptation
and ecological processes (Bang et al., 2018; Macke et al., 2017b).
These variations are multifarious and dependent on genetic and envi-
ronmental factors that influence host-microbiota interactions (Mitri
and Richard Foster, 2013; Sison-Mangus et al., 2018). It will be difficult
to investigate host genetic factors that shape gut microbiome without
understanding the effects of environmental stressors. To understand
these complex host-microbiomes interactions and how different
microbiomes carry out ecosystem functions in cooperation with their
hosts, we need simple model organisms for use in investigations.

Daphnia is a central food web component in freshwater habitats and
has been used as model organism for many toxicological and ecological
studies (Lyu et al., 2014; Lyu et al., 2013;Miner Brooks et al., 2012; Yang
et al., 2011). Recently, theDaphnia gutmicrobiota has been shown to in-
fluence its fitness and survival (Peerakietkhajorn et al., 2016;
Peerakietkhajorn et al., 2015; Sison-Mangus et al., 2015). In addition,
tolerance ofDaphnia to toxicMicrocystis is linkedwith its gutmicrobiota
(Macke et al., 2017a). The susceptibility of a Daphnia isolate susceptible
to toxic Microcystis was significantly reduced after being transplanted
with the gut microbiota from genotype of Daphnia exhibiting tolerance
toMicrocystis (Macke et al., 2017a). Moreover, Daphnia lacking gut bac-
terial communities are more sensitive to chemicals compared to Daph-
nia associated with bacteria (Manakul et al., 2017). In Daphnia,
increasing temperature (≥26 °C) in the absence of bacteria led to a re-
duction in hatching success and severe morphological abnormalities
compared to Daphnia grown with bacteria (Mushegian et al., 2016).
However, these beneficial effects can be affected by environmental fac-
tors due to the disruption of Daphnia-microbiota relationships (Deng
et al., 2016; Gorokhova et al., 2015).

Increases in specific environmental stressors in aquatic environ-
ments, such as toxic diets, antibiotics, and nanoparticles can disturb
the gut microbiome, i.e. loss of beneficial or increase of harmful mi-
crobes, a phenomenon typically termed as “dysbiosis” (Chen et al.,
2018; Cox et al., 2014; Jin et al., 2019; Langdon et al., 2016). The gutmi-
crobiota ofmicewas altered bymicroplastics and induced bile acidsme-
tabolism disorder (Jin et al., 2019). In addition, the gut microbiota of
collembolans is regulated by the diet and changes in microbiota are
linked to collembolan growth (Xiang et al., 2019). Among these envi-
ronmental factors, diet is an important determinant affecting Daphnia
growth, reproduction, and survival (Bovyn et al., 2018; Callens et al.,
2015; Xiang et al., 2019). Recent studies have shown that the beneficial
effects of a good diet in daphnids are increased by the gut microbiota
(Callens et al., 2015; Mushegian and Ebert, 2017). A poor diet is one
that either lacks essential nutrients necessary for the host or contains
toxins that the host is unable to metabolize (Demott and Müller-
Navarra, 2003). The gut microbiota assist hosts during these adverse
conditions. Recently, toxicMicrocystis had dominated many freshwater
bodies and can reduce Daphnia growth and survival due to its toxicity
and low nutritional value (Ger et al., 2016; Lyu et al., 2015; Yang et al.,
2011). Previous studies showed that some daphnids can tolerate
Microcystis toxicity through induced tolerance and maternal effects
(Akbar et al., 2017b; Lyu et al., 2019; Lyu et al., 2016a; Lyu et al.,
2016b), which are affected by environmental factors (Lyu et al., 2017)
and nutrients availability (Akbar et al., 2017a). Later, it was observed
that tolerance to Microcystis is due to gut microbiota (Macke et al.,
2017a). However, multiple stressors exist in natural environments,
and the presence of additional stressors can affect these beneficial ef-
fects by disruption of the gut microbiota. This disruption may be due
to direct negative effects on host physiology and/or indirect effects
from alteration of the gut microbiota (Evariste et al., 2019; Sun et al.,
2019). To better understand the mechanisms of host-microbiota inter-
actions, it is important to investigate the combined impact of environ-
mental factors. In this way, we can link changes in microbiota
composition with host fitness, which could promote understanding of
these interactions under multiple stressors.

As outbreaks of cyanobacterial blooms frequently occur and antibi-
otic contamination is increasing worldwide, most microbiome studies
have focused on the individual effects of diet regimes and antibiotics
in shaping and disruptingmicrobiota and its influence on host fecundity
and survival (Gorokhova et al., 2015; Mushegian and Ebert, 2017; Zhu
et al., 2018).Microcystis species are toxic to Daphnia, which can be alle-
viated by the gut microbiota, but this relationship can be disrupted by
antibiotics (Dalla Bona et al., 2015; Gorokhova et al., 2015). However,
to date, the interactive effects of diets and antibiotics on the relationship
between the gut microbiota and fitness of daphnids remain poorly un-
derstood. In this study, we hypothesized the following: (1) the com-
bined effects of diet and antibiotics shape gut microbiota of D. magna;
(2) poor diet and antibiotics negatively affect key life history traits of
D. magna; and (3) changes in the life history traits of D. magna are asso-
ciated with the composition of the gut microbiota shaped by diet and
antibiotics. To test these hypotheses, we exposed D. magna to different
combinations of diets and antibiotics and recorded the key life history
traits and the composition of the gut microbiota.

2. Materials and methods

2.1. Experimental organisms and cultivation

The freshwater crustacean Daphnia magna Straus, maintained in the
laboratory for over 20 years, was cultured in COMBO medium, which
was refreshed three times a week. D. magna were fed the green alga
Chlorella pyrenoidosa (1.5 mg C L−1) daily in 500-mL glass beakers con-
taining400mLofCOMBOmediumat25°Cand40μmolphotonsm−2 s−1

with a 14:10 h light:dark cycle.
C. pyrenoidosa and toxic Microcystis aeruginosa (PCC 7806) were

mass cultured separately in 1-L Erlenmeyer flasks axenically using BG-
11 medium under continuous aeration at 25 °C, with a light intensity
of 40 μmol photons m−2 s−1 using a fluorescent light and a light:dark
period of 14:10 h. The cultures were manually shaken three times
daily. The algae, with single or two-cell morphotypes, were harvested
at the exponential growth phase by centrifugation at 4500 rpm for
15 min and then stored at 4 °C.

2.2. Experimental design

Tetracycline hydrochloride (Sigma Aldrich) is a broad spectrum an-
tibiotic against both gram-positive and gram-negative bacteria that in-
hibits bacterial protein synthesis by preventing the association of
aminoacyl-tRNA with the bacterial ribosome. A stock solution was first
made by dissolving tetracycline in 1 M NaOH to yield a 1 mg L−1 solu-
tion,whichwas thendiluted in sterile COMBOmedium to obtain the de-
sired concentrations.

Third-brood D. magnawere cultured in 200 mL of COMBO medium
in 250-mL beakers in triplicate (eight daphnids per beaker) and were
fed C. pyrenoidosa (1.5 mg C L−1). The incubation parameters (temper-
ature, light intensity, light-dark ratio) were the same as those used for
the algae culture conditions. On the 8th day, neonates produced by
mothers were used for further experiments, while the mothers were
used to analyze the gut microbiota, as neonates too small for analyses
of gut microbiota. The microbiota of these mothers were used as a sec-
ond control for comparisonswith the gut microbiota of control daphnid
treatments after two weeks. The microbiota of the bulk media was also
analyzed in triplicate. The neonates were transferred to fresh COMBO
media and grown for 24 h at 100% C. pyrenoidosa, as previous studies



3S. Akbar et al. / Science of the Total Environment 705 (2020) 135827
have shown that the gut microbiota in Daphnia neonates can be
established within 1–2 days (Macke et al., 2017a). After 24 h, neonates
were transferred to their respective treatments. Five D. magna were
transferred into each 150-mL sterile flask with 100 mL of COMBO
media (15 individuals per replicate per treatment). The neonates were
cultured under good diet (100% C. pyrenoidosa) or poor diet (80%
C. pyrenoidosa: 20% Microcystis) conditions with low (1 μg L−1) or
high (10 μg L−1) antibiotic concentrations. The control did not contain
antibiotics (0 μg L−1). In addition, ten D. magna were used for survival
analysis, as preliminary experiments showed a high mortality of
D. magna in the poor diet and antibiotics treatments after 15 days, and
not enough daphnids could be obtained for gut microbiota analysis if
experiments lasted for three weeks. Furthermore, because a previous
study showed differences in gut microbiota between live and dead
daphnids (Preiswerk et al., 2018), the use of dead daphnids for microbi-
ota analysis may not represent the actual symbionts. Life history traits
are common fitness indicators of Daphnia adaptation under adverse
conditions (Olijnyk andNelson, 2013). The time to first brood, the num-
ber of neonates produced at first brood, body length at maturation
(measured from the head to the base of the spine), and total number
of neonates produced were determined for two weeks. The survival of
D. magna (10 daphnids) under different diet and antibiotic concentra-
tion treatments was investigated for 21 days.

2.3. Bacterial composition analysis

After two weeks, D. magna cultured in different conditions were
placed in fresh sterile COMBOmedium for 24h, to remove food particles
and non-symbiotic bacteria from their guts. Subsequently, D. magna
were gently washed twice with sterile water to remove the external
bacterial communities and then dissected under microscope in a lami-
nar flow hood to isolate their guts. Microbial DNA was extracted using
an E.Z.N.A.® soil DNA kit (Omega Bio-tek, Norcross, GA, U.S.) according
to manufacturer's protocols (for more details see Supporting informa-
tion S1 (Materials andmethods)). Sequence data is deposited in the Se-
quence Read Database (SRA) and is available online under BioProject
PRJNA561047.

2.4. Statistical analysis

Life history parameters, such as the time to first brood, the number
of neonates produced at first brood, body length at maturation and
the total number of neonates were determined by two-way ANOVA
and presented as themeans and standard deviation. Statistical analyses
were performed using SigmaPlot v.14.0. Post hoc analysis between var-
ious treatments andmultiple comparisons were determined by Tukey's
HSD, with P value b 0.05 considered significant. The data were analyzed
for normality, and Levene's test was performed to assess the equality of
variance. Differences in survival rates between treatments were tested
with the Kaplan-Meier log-rank test, which estimates the probability
of an event that is death (SigmaPlot v.14.0).

Differences in the abundances of six dominant bacterial genera be-
tween different treatments that had three replicates were assessed by
analysis of variance (ANOVA) with post-hoc Scheffe test. Treatments
with P b 0.05 were considered significantly different. To avoid false dis-
covery rate (FDR) in significant results, an FDR adjusted P-values were
used. To observe the overall diversity of microbiota between different
treatments, nonmetric multidimensional scaling (NMDS) with Bray-
Curtis (Vegan 2.3-5) and weighted and unweighted UniFrac distances
were calculated using Phyloseq. The individual and interactive effects
of diet and antibiotics were determined using PERMANONA ANOSIM.
Treatments with P b 0.05 were considered significantly different.

Spearman's correlation analysis between two variables (bacterial
abundance in treatment and life history traits) was performed by bivar-
iate analysis in SigmaPlot v.14.0, where a slope that was significantly
different from zero (α = 0.05) indicated that the bacterial abundance
had a significant effect on a given life-history trait.

3. Results

3.1. Life history traits

Daphnia adopt different fitness strategies, with variables such as the
time to first brood, the number of neonates produced at first brood,
body length and total number of neonates varying for local adaptation
during limited resources and environmental stressors. The time to first
brood was reduced in D. magna grown in good and poor diet at a low
tetracycline concentration (1 μg L−1) compared to the high antibiotic
concentration (10 μg L−1) and no antibiotic treatments (two-way
ANOVA; P b 0.05; Fig. 1a).D.magna grown under good diet and high an-
tibiotic conditions produced fewer neonates at the first brood compared
to those treated without or with a low concentration of antibiotic (two-
way ANOVA; P b 0.05; Fig. 1c). Neonates produced at the first brood
were not significantly different (two-wayANOVA; P=0.87; Fig. 1c) be-
tween good diet with high antibiotic concentrations and poor diet with-
out antibiotics. Under good diet conditions, theD. magna body length at
maturation was reduced under high antibiotic concentrations com-
pared to that observed in D. magna treated without or with a low anti-
biotic concentration (two-way ANOVA; P b 0.05; Fig. 1b). In contrast,
under poor diet conditions,D. magna body length at maturationwas re-
duced both at the low and high antibiotic concentration treatments
compared to the treatment without antibiotics (two-way ANOVA;
P b 0.05; Fig. 1b). The total number of neonates produced by D. magna
was significantly reduced by the high antibiotic concentration treat-
ment under good diet conditions compared to that observed in
D. magna treated without or with a low antibiotic concentration (two-
wayANOVA; P b 0.05; Fig. 1d),whereas poor diet conditions in the pres-
ence of antibiotics produced the lowest number of D. magna neonates
(two-way ANOVA; P b 0.001; Fig. 1d).

3.2. Survival

Under good diet conditions, the survival of D. magna was signifi-
cantly reduced by antibiotics compared to conditions without antibi-
otics (log rank test, P b 0.035; Fig. 2a), but a significant difference in
survival was not observed between the low and high antibiotic concen-
tration treatments (log rank test, P = 0.063; Fig. 2a). Under poor diet
conditions, D. magna survival was reduced in all the treatments after
15 days, whereas the survival of D. magna grown in the high antibiotic
concentrationwas significantly reduced compared to the low andwith-
out antibiotics treatments (log rank test; P b 0.003; Fig. 2b). A significant
difference was not observed in the survival of D. magna grown under
poor diet conditions without antibiotics and treatedwith a low concen-
tration of antibiotic (log rank test; P = 0.574; Fig. 2b).

3.3. D. magna gut microbiota

The V3-V4 hypervariable regions of the bacteria 16S rRNA gene am-
plified with primers 338F (5′-ACTCCTACGGGAGGCAGCAG-3′) and
806R (5′-GGACTACHVGGGTWTCTAAT-3′) produced a total number of
2139 reads. After trimming the rawsequences, the optimized sequences
were clustered at 97% sequence identity, resulting in a total number of
186 operational taxonomic units (OTUs). The gut microbiota of
D. magna comprised of few dominant OTUs accounting for the majority
of the reads, with Proteobacteria (10.5–92%), Bacteroidetes (5–49%)
and Actinobacteria (0.8–9.2%) as the dominant phyla (Figs. S1, S2). At
the family level, Comamonadaceae and Pseudomonadaceae dominated
most of the treatments, followed by Sphingobacteriaceae. However, the
composition of these taxa varied among the different treatments
(Fig. 3). In the good diet treatments without antibiotics or a low antibi-
otic concentration, the D. magna microbiota was dominated by



Fig. 1. Effects of diet and antibiotic concentrations onD. magna life history parameters: time to first brood (a); body length at maturation (b); number of neonates produced at first brood
(c); total number of neonates (d); error bars are the standard deviation, and different letters represent significant differences between treatments (two-way ANOVA; P b 0.05).
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Comamonadaceae (70±10.8%) andwas not significantly different from
that of the mothers (one-way ANOVA; P b 0.05; Figs. 3, S3). The abun-
dance of Comamonadaceae was significantly decreased by 50 ± 4.5%
in the high antibiotic concentration treatment under good diet condi-
tions, with Pseudomonadaceae and Sphingobacteriaceae becoming
more abundant compared to D. magna cultured under good diet condi-
tions without antibiotics and treated with a low antibiotic concentra-
tion. The abundance of bacteria in D. magna fed a poor diet with
different antibiotics varied from that observed in D. magna from the
good diet treatment. ForD.magna under poor diet conditions, treatment
with a high antibiotic concentration reduced the abundance of
Comamonadaceae (28 ± 5.4%) and increased that of
Pseudomonadaceae (60 ± 6.2%), whereas in the low antibiotic concen-
tration treatment, the abundance of Comamonadaceae was not reduced
compared to the treatment without antibiotics, while that of
Pseudomonadaceae was increased by 23 ± 2.5% (Figs. 3, S3). Further-
more, the low and high antibiotic concentration treatments also
reduced the abundances of Sphingobacteriaceae and Sphingobacteriales
compared to the treatment without antibiotics (Figs. 3, S3).
3.4. Specific bacterial abundance

3.4.1. Ideonella
The genus Ideonella of the family Comamonadaceae was the most

dominant in all the treatments, although its proportion varied among
the different treatments (one-way ANOVA; P b 0.001; Table S1). The
abundance of Ideonella was 60 and 65% in D. magna treated with
1 μg L−1 of antibiotic under both good and poor diet conditions respec-
tively, and was significantly different from that observed in the other
treatments (one-way ANOVA; P b 0.001; Table S1). However, the abun-
dance of Ideonella significantly decreased under poor diet in the low or
high antibiotic concentration treatments compared to all other treat-
ments (one-way ANOVA; P b 0.001; Table S1).



Fig. 2. Survival (%) of D. magna under different diets: good diet (a), poor diet (b), and antibiotic concentrations for three weeks.

5S. Akbar et al. / Science of the Total Environment 705 (2020) 135827
3.4.2. Limnohabitans
Another dominant Comamonadaceae member present in the

D. magna gut microbiota was the genus Limnohabitans, the abundance
of which varied among the different treatments (one-way ANOVA;
Fig. 3. Relative abundance of theD. magna gut microbiota at the family level under different die
diet with a low antibiotic concentration, 1 μg L−1), GD10 (good diet with a high antibiotic co
antibiotic concentration, 1 μg L−1), PD10 (poor diet with a high antibiotic concentration, 10 μg
P b 0.001; Fig. 4; Table S1). Under poor diet conditions in the low or
high antibiotic concentrations, the abundance of Limnohabitanswas sig-
nificantly decreased compared to that observed under poor diet condi-
tions without antibiotics (one-way ANOVA; P b 0.035; Table S1).
ts and antibiotic concentration conditions. GD0 (good diet without antibiotics), GD1 (good
ncentration, 10 μg L−1), PD0 (poor diet without antibiotics), PD1 (poor diet with a low
L−1). Each value is an average of triplicate measurements.



Fig. 4. Percent proportion of Limnohabitans in the different treatments. P-values are given between different treatments (one-way ANOVA), and treatments with significant difference are
markedwith asterisk. GD0 (good diet without antibiotics), GD1 (good dietwith a low antibiotic concentration, 1 μg L−1), GD10 (good diet with a high antibiotic concentration, 10 μg L−1),
PD0 (poor diet without antibiotics), PD1 (poor diet with a low antibiotic concentration, 1 μg L−1), PD10 (poor diet with a high antibiotic concentration, 10 μg L−1).
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However, a significant differencewas not observed between treatments
under good diet conditions with or without antibiotics (one-way
ANOVA; P = 0.99; Table S1).
Fig. 5.Nonmetric multidimensional scaling (NMDS) with Bray-Curtis. GD0 (good diet without a
with a high antibiotic concentration, 10 μg L−1), PD0 (poor diet without antibiotics), PD1 (poor
concentration, 10 μg L−1).
3.4.3. Pseudomonas
Members of the genus Pseudomonas (Pseudomonas brenneri & un-

classified Pseudomonas sp.) were significantly abundant in the
ntibiotics), GD1 (good diet with a low antibiotic concentration, 1 μg L−1), GD10 (good diet
diet with a low antibiotic concentration, 1 μg L−1), PD10 (poor diet with a high antibiotic
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D. magna gut microbiota under poor diet conditions in the high antibi-
otic concentration treatment, followed by the poor diet and low antibi-
otic concentration treatment (one-way ANOVA; P b 0.0001; Table S1). A
significant difference in the abundance of Pseudomonas inD. magnawas
not observed between the low and high antibiotic concentration treat-
ments under good diet conditions (one-way ANOVA; P = 0.12; Ta-
ble S1), and between the good and poor diet conditions without
antibiotics (one-way ANOVA; P = 0.983; Table S1).

Other abundant genera included Pedobacter, Sphingobacteriales and
Rhizobium. In addition, some rare species detected in some treatments
included Rhodobacter, Rhodococus,Actinobacteria and Ensifer (for details,
see Supporting information (Results); Table S1).

3.5. NMDS analysis

The NMDS analysis for Bray-Curtis and weighted and unweighted
UniFrac distances between treatments showed that the D. magna gut
microbiota was different from that of the culture medium (Fig. 5). The
PERMANOVA results showed that there was no significant difference
in themicrobiota at the diet level (Fig. 5; Table 1). The interactive effects
of diet and antibiotics significantly altered the microbiota composition.
Specifically, the interactive effects of poor diet and antibiotics signifi-
cantly altered the microbiota composition more than good diet or anti-
biotics alone (Fig. 5; Table 1).

3.6. Correlation between bacteria and life history traits

Pearson's correlation analysis results showed that life history traits
were significantly correlated with the relative abundance at the family
level (Figs. 6, S4–6). The total number of neonates (R2 = 0.55;
P b 0.004; Table S2; Fig. 6c), body length at maturation (R2 = 0.493;
P b 0.001; Table S2; Fig. S6) and number of neonates produced at first
brood (R2 = 0.463; P b 0.001; Table S2; Fig. S5) were positively corre-
lated with the relative abundance of Comamonadaceae. In contrast,
the total number of neonates (R2 = 0.41; P b 0.0042; Fig. 6a; Table S2),
body length (R2 = 0.41; P b 0.004; Table S2; Fig. S6) and number of ne-
onates produced at first brood (R2 = 0.245; P b 0.036; Table S2; Fig. S5)
were negatively correlated with the abundance of Pseudomonadaceae.
The abundance of Sphingobacteriaceae did not have a significant corre-
lationwith any life history trait (R2= 0.04; P=0.41; Table S2; Fig. 6b),
and a negative correlation between the abundances of
Comamonadaceae and Pseudomonadaceae was observed (R2 = 0.51;
P b 0.008; Fig. 6d).

4. Discussion

In this study, the gut microbiota and the abundances of dominant
bacteria associated with D. magna reproductive output were examined
under good and poor diet conditions for the different antibiotic concen-
tration treatments. As we hypothesized, poor diet and the presence of
an antibiotic altered the gut microbiota and reduced growth and sur-
vival of D. magna, exhibiting synergistic interactions. The correlation
Table 1
PERMANOVA outcomes of the effects of diet and antibiotics (Ab) treatments individually
and their effects on Bray-Curtis, weighted and unweight UniFrac distances.

Factor df Bray-Curtis Weighted UniFrac Unweighted
UniFrac

R2 F P R2 F P R2 F P

Diet 1 0.8 1.83 0.1 0.24 2.48 0.094 0.445 3.2 0.1
Antibiotics 2 0.85 14.7 0.001 0.76 8.75 0.002 0.33 1.33 0.162
Diet × Ab 5 0.32 3.57 0.024 0.248 2.48 0.094 0.136 1.18 0.267
Good
diet × Ab

2 0.7 8.5 0.006 0.64 5.53 0.005 0.38 1.89 0.042

Poor
diet × Ab

2 0.90 30.2 0.003 0.90 27.1 0.005 0.34 1.56 0.065
analysis results showed that host life history traits, such as the number
of neonates produced at first brood, body size at maturation, and total
number of neonates were positively affected by the increased abun-
dance of Comamonadaceae but negatively correlated with an increased
abundance of Pseudomonadaceae. Ideonella and Limnohabitans were
the most abundant Comamonadaceae. A poor performance of
D. magna was due to the interactive effects of poor diet and antibiotics,
which was associated with a reduction in the abundance of
Limnohabitans and an increased abundance of Pseudomonas sp. Such re-
sults have an important implication for understanding Daphnia-
microbiota interactions during the consumption of Microcystis under
an additional stressor.

4.1. D. magna core microbiota

The results of our study showed that D. magna has a unique gut mi-
crobiota dominated by Proteobacteria and Bacteroidetes. In agreement
with previous reports, themost dominant familywasComamonadaceae
(Freese and Schink, 2011; Kasalický et al., 2010; Qi et al., 2009). How-
ever, we observed that Ideonella was the most abundant
Comamonadaceae rather than Limnohabitans and Aeromonas, as was
described in previous studies (Freese and Schink, 2011;
Peerakietkhajorn et al., 2016). In addition, in our study, the
Limnohabitans species was different from previously identified
Limnohabitans species in Daphnia (Peerakietkhajorn et al., 2016), dem-
onstrating the generality of Daphnia-Limnohabitans symbiosis. The sec-
ond most abundant group at the family level was Pseudomonadaceae,
followed by Sphingobacteriaceae. Pseudomonas brenneri was detected
in D. magna, the abundance of which varied in the different treatments.
However, unclassified Pseudomonas sp. wasmore abundant inD.magna
under good diet conditions treated with high antibiotic concentrations
and under poor diet conditions treated with low and high antibiotic
concentrations, resulting in reduced reproduction and survival. This un-
classified strain may bemore harmful to daphnids compared to Pseudo-
monas brenneri. In addition to Ideonella, Limnohabitans and
Pseudomonas sp., other taxa detected in the gut of daphnids grown
under different diet and antibiotic conditions included Pedobacter,
Sphingobacteriales, Ensifer and Rhizobium. Moreover, other rare taxa,
such as Flectobacillus, Sphingomonas, Actinobacteria, Rhodococus,
Hydrogenophaga and Pelomonas were only present in some specific
treatments. Detangling the individual effects of symbionts on Daphnia
is difficult due to limitations in the ability to culture the associated mi-
crobes, and correlation studies of symbionts could further improve in-
vestigations of these interactions.

4.2. Interactive effects of diet and antibiotics on D. magna microbiota

Diet quality and quantity are two of the most important factors that
influence host-microbiota interactions. In a previous study, the positive
impacts of the gut microbiota were obvious for the good quality diet
compared to a poor nutritional diet (Callens et al., 2018), where
Scenedesmuswas used as a food source at concentrations. In the current
study, we used Chlorella mixed with Microcystis, which is more similar
to natural conditions, as Microcystis species are frequently present in
freshwater ecosystems and threaten daphnid growth and survival. In
previous studies, the positive effects of diet and the negative effects of
antibiotics on host gut microbiota have been studied separately
(Callens et al., 2018; Gorokhova et al., 2015; Mushegian and Ebert,
2017). Diet and antibiotics may increase competition and/or coopera-
tion between microbes. In natural environments, most of these interac-
tions are competitive, as can be observed by culturing microbes (Foster
et al., 2017). In contrast, microbial communities associated with hosts
are predicted to exhibit cooperative behavior, such as in the human
gut microbiota (Mitri and Richard Foster, 2013).

We observed that the interactive effects of diet and antibiotics
caused significant changes in bacterial communities, and variations in



Fig. 6. Scatterplot of the total number of neonates and bacterial group proportion (family level) fitted by linear regression model. Pseudomonadaceae was significantly negatively
correlated with the total number of neonates (a), while Sphingobacteriaceae has no significant correlation with the total number of neonates (b); Comamonadaceae abundance was
significantly positively correlated (c); the abundances of two important bacterial groups (Comamonadaceae and Pseudomonadaceae) were negatively correlated (d). R2 and P values
are shown in each figure.
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some specific bacterial strains affectedhost performance. Priorworkhas
shown that single bacterial species identified from whole microbiota
(Acetobacter or Lactobacillus), when inoculated into Drosophila, recover
development and metabolism defects (Newell and Douglas, 2014).
Daphnia grown under aseptic conditions exhibit reduced fecundity
and survival compared to those supplemented with Limnohabitans
and Aeromonas (Peerakietkhajorn et al., 2016; Sison-Mangus et al.,
2015). In the current study, Ideonella was the dominant genus in most
of the treatments. The abundance of Ideonellawas significantly reduced
by high antibiotic concentrations both at good and poor diet conditions.
However, theD.magnaperformancewasnot linkedwith the abundance
of Ideonella, as it was significantly reduced under poor diet without an-
tibiotics compared to poor diet with low antibiotics concentrations. In
contrast, Limnohabitans and Sphingobacterialeswere less abundant com-
pared to Ideonella but their reduction in daphnids grown under poor
diet conditions with both low and high antibiotic concentrations nega-
tively affected D. magna performance. This indicates that Limnohabitans
and Sphingobacteriales may protect daphnids from Microcystis toxicity.
Previous studies showed that planktonic bacteria can degrade algal or-
ganic matter and slowly utilize acetate, an important short chain fatty
acid that is essential for animal hosts (Pérez and Sommaruga, 2006;
Pester and Brune, 2007). Our study lacks controls for antibiotics effects
on the food, as antibiotics affected Microcystis and Chlorella nutritional
value and photosynthetic activity (Jin et al., 2012; Shang et al., 2015).
However, the lowest antibiotics concentrations used in previous studies
whichnegatively affectedMicrocystis andChlorellanutritional valuewas
higher than the high antibiotic concentration used in current study.
Therefore, we expect that the indirect effects of tetracycline might be
negligible. However, further studies are encouraged to decipher these
indirect effects. Many free living and cyanobacterial bloom-associated
bacteria have been demonstrated to degrade Microcystis and
microcystins (Bourne et al., 1996; Li et al., 2016; Saito et al., 2003), but
these interactions are not clearly understood in the Daphnia gut. Be-
cause Microcystis species lack essential nutrients, Limnohabitans and
Sphingobacteriales may provide these nutrients to Daphnia or degrade
Microcystis and microcystins, but the additional antibiotic stressor ei-
ther kills these species and/or negatively affects Daphnia physiology to
prevent symbiosis. Pseudomonas and Pedobacterwere detected inDaph-
nia gut but their abundance varied in different treatments. The abun-
dance of Pseudomonas and Pedobacter in different treatments showed
their opportunistic nature. For instance, Pedobacter was abundant in
good diet conditions both at low and high antibiotic concentrations
compared to no antibiotic treatment, whereas, under poor diet condi-
tions, it was only abundant in no antibiotic treatment. However, there
were no obvious negative effects of Pedobacter on D. magna perfor-
mance. Pseudomonas became abundant in daphnids consuming poor
diets at both low and high antibiotic concentrations compared to no an-
tibiotic treatment and was negatively linked with fitness. Similarly,
under good diet conditions, Pseudomonas became abundant under
high antibiotic concentration compared to low and no antibiotic treat-
ments and also negatively affected D. magna performance. Prior work
showed that Daphnia are dominated by opportunistic bacteria, includ-
ing Pseudomonas, before death (Preiswerk et al., 2018), a phenomenon
called the sit-and-wait (SAW) strategy, where opportunists wait and
proliferate during an inactive or weak immune stage of the host
(Lennon and Jones, 2011). However, it is unclear if Pseudomonas uses
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this strategy or is recruited by daphnids to cope with antibiotics, as
some Pseudomonas species are tetracycline resistant (Pang et al.,
2019). Similarly, the tetracycline resistance gene tet (A) was detected
in both rare and abundant species in the microbiome of Daphnia obtusa
when grazing on pelagic aquatic bacterial communities (Eckert et al.,
2016). However, the Pseudomonas species detected in this study was
different from those previously reported resistant species and needs
to be further investigated.

The gut microbiota transplantation from a Microcystis-resistant
Daphnia genotype to a sensitive one increases theMicrocystis tolerance
of the sensitive genotype (Macke et al., 2017a). Our results showed a
linkage between gut microbiota and life history traits, such as the total
number of neonates, which is considered to be a strong trait forDaphnia
success in stressful conditions. The abundance of Comamonadaceaewas
positively associated with the total number of neonates, whereas
Pseudomonadaceae abundance was negatively correlated. This linkage
can be further investigated if some specific trait, such as the time to
first brood, body length, and total number of neonates is transferrable
by microbiota or a specific bacterial species. The existence of a relation-
ship between a life history trait and the microbiota may also be helpful
in understanding small daphnid-microbiota interactions.

4.3. Gut microbiota and D. magna life history traits

Despite variations in the composition of microbiota at the species
level in the different treatments, life history traits were positively corre-
lated with the abundance of Comamonadaceae and negatively corre-
lated with that of Pseudomonadaceae. Under good and poor diet
conditions, eitherwith no antibiotics or in the high antibiotic treatment,
the time to first brood of D. magna was delayed compared to that ob-
served under the poor and good diet conditions in the low antibiotic
concentration. One possible reason for this result is that the high abun-
dance of the genus Ideonella compared to that observed in the other
treatments. The abundance of Ideonella was even higher in D. magna
grown under good diet conditions without antibiotics. Similarly, the
time to first reproduction decreased due to the interactive effects of a
cocktail of antibiotics and food quality compared to that observed in
daphnids grown without antibiotics (Zalewski et al., 2011). The time
to first brood represents an early preparatory stage that is crucial for
Daphnia growth and survival later on.Daphnia either prolong or shorten
the time to first brood based on the nature of the stressful conditions
(Ger et al., 2016). The physiology of the time to first brood remains
poorly understood but is still an important trait used for assessingDaph-
nia fitness (Macke et al., 2017b). The lag phase of bacteria has been ex-
tensively studied and is an important factor for bacterial adaptation to
new environment but is still poorly understood (Rolfe et al., 2012).
How the bacterial lag phase and the time to first brood of Daphnia are
interconnected, and may be an important issue to explore to assess
Daphnia-microbiota interactions.

Daphnia performance in terms of large body size, the number of ne-
onates produced at first brood, and the total number of neonates pro-
duced was linked with the abundance of specific bacterial groups in
different treatments. Total neonate production is an important trait for
reproductive output and organismal survival. In the current study, the
relationship between the total number of neonates was strongly corre-
lated with the abundance of Comamonadaceae and negatively corre-
lated with that of Pseudomonadaceae. The body size of apo-symbiotic
D. magna was shown to be increased after being inoculated with
Aeromonas sp. (Sison-Mangus et al., 2015). In addition, an acute antibi-
otic concentration was shown to reduce daphnid gut microbiota abun-
dance along with reductions in growth and body size (Gorokhova
et al., 2015). Daphnia gut microbial communities exposed to the high
antibiotic concentration were dominated by Polynucleobacter sp.,
Xanthobacteriaceae sp., and Hansschlegelia sp., which can increase
body size when inoculated into Daphnia. In contrast, Daphnia treated
with the low antibiotic concentration and without antibiotics were
small and colonized by Neisseriaceae sp. Moreover, the OTUs richness
of host associated microbiota shows positive correlations with normal-
ized body size (Callens et al., 2018). In contrast, the body size of
D. magna in our study was reduced in response to the high antibiotic
concentration. Moreover, the microbiota in large-sized daphnids were
dominated by Comamonadaceae, whereas Pseudomonadaceae was
abundant in small-sized daphnids. The antibiotics used and bacterial
communities identified in this study were different from those in a pre-
vious study (Callens et al., 2018). Variations in the identified bacterial
communitiesmay be due to the resistance potential of bacteria to differ-
ent types of antibiotics, variations in Daphnia genotypes and their resis-
tance to antibiotics. It is unclear whether a large body size is due to the
abundance of Comamonadaceae and/or nutrients produced by
Comamonadaceae or any other bacteria, as previous studies showed ni-
tric oxide produced by bacteria increased longevity in Caenorhabditis
elegans (Gusarov et al., 2013; Macke et al., 2017b).

Due to the high mortality rate observed after 15 days in our experi-
ment, we could not correlate Daphnia survival and bacterial abundance,
as not enoughDaphnia survived after 21 days to evaluate the gutmicro-
biota. However, the results showed trade-offs between reproductive
output and survival in some treatments. Trade-offs between growth, re-
production, and survival with respect to changes in life history traits
represent survival strategies used under adverse conditions (Olijnyk
and Nelson, 2013). Our results showed that under good diet conditions,
the performance of Daphnia under a low antibiotic concentration and
without antibiotics was not significantly different with respect to life
history traits except the time to first brood, and Daphnia treated with
a low antibiotic concentration reproduced earlier. However, the survival
of these daphnids was reduced compared to those fed a good diet with-
out antibiotics (Figs. 1, 2a). We speculated that there is trade-off be-
tween early reproduction and survival. Another possible explanation
is that a low antibiotic concentration reduces the abundance of
Pseudomonadaceae and increased the proportion of Sphingobacteriales
compared to D. magna provided a good diet without antibiotics. A pre-
vious study showed that doubling the abundance of Commensalibacter
species increases the life span of butterfly Speyeria mormonia by
0.5 days, while Rhodococcus species abundance decreased by 0.7 days
(Ravenscraft et al., 2019). A low antibiotic concentration may also be
detrimental in the long term and requires further study to determine
the possible effects and their correlations.

In summary, the results of this study demonstrated that the compo-
sition of the gut microbiota of D. magnawas significantly shaped by the
interactive effects of diet and antibiotics. Antibiotics can exert strong ef-
fects on the Daphnia gut microbiota under poor diet conditions, as ob-
served by the reduction in the abundance of Comamonadaceae and
the increased abundance of Pseudomonadaceae. Moreover, analysis of
microbial community revealed that under good diet conditions without
antibiotic and low antibiotic concentration, members of the gut micro-
biota were clearly distinguishable from that of high antibiotics concen-
tration. Life history traits, such as the total number of neonates, body
size at maturation, and neonates produced at the first brood were pos-
itively correlated with the increased abundance of Comamonadaceae
and negatively correlated with a high abundance of
Pseudomonadaceae. Under good diet conditions, only the high antibi-
otic concentration treatment reduced the reproductive output of
D. magna, while survival was reduced by treatment with both low and
high antibiotic concentrations compared to the no antibiotic treatment.
Linking life history traits and changes in microbiota may enable us to
better predict host-microbiota interactions under multiple stressors
and requires further analysis to better understand these relationships.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influ-
ence the work reported in this paper.



10 S. Akbar et al. / Science of the Total Environment 705 (2020) 135827
Acknowledgements

This study was supported by the National Natural Science Founda-
tion of China (31730105 and 31800385), “333 High Level Talent Pro-
ject” in Jiangsu Province (BRA2018064), and the “China Postdoctoral
Science Foundation” (2018M632331).

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2019.135827.

References

Akbar, S., Du, J., Jia, Y., Tian, X., 2017a. The importance of calcium in improving resistance
of Daphnia to Microcystis. PLoS One 12, e0175881.

Akbar, S., Du, J., Lin, H., Kong, X., Sun, S., Tian, X., 2017b. Understanding interactive induc-
ible defenses of Daphnia and its phytoplankton prey. Harmful Algae 66, 47–56.

Bang, C., Dagan, T., Deines, P., Dubilier, N., Duschl, W.J., Fraune, S., et al., 2018.
Metaorganisms in extreme environments: do microbes play a role in organismal ad-
aptation? Zoology 127, 1–19.

Blaser, M., Bork, P., Fraser, C., Knight, R., Wang, J., 2013. The microbiome explored: recent
insights and future challenges. Nat. Rev. Microbiol. 11, 213–217.

Bourne, D.G., Jones, G.J., Blakeley, R.L., Jones, A., Negri, A.P., Riddles, P., 1996. Enzymatic
pathway for the bacterial degradation of the cyanobacterial cyclic peptide toxin
microcystin LR. Appl. Environ. Microbiol. 62, 4086–4094.

Bovyn, R.A., McCauley, E., LaMontagne, J.M., 2018. Offspring size–number tradeoffs and
food quality feedbacks impact population dynamics in a Daphnia–algae system.
Oikos 127, 1152–1162.

Callens, M., Macke, E., Muylaert, K., Bossier, P., Lievens, B., Waud, M., et al., 2015. Food
availability affects the strength of mutualistic host–microbiota interactions in Daph-
nia magna. ISME J 10, 911–920.

Callens, M., Watanabe, H., Kato, Y., Miura, J., Decaestecker, E., 2018. Microbiota inoculum
composition affects holobiont assembly and host growth in Daphnia. Microbiome 6,
56.

Chen, L., Lam, J.C.W., Hu, C., Tsui, M.M.P., Wang, Q., Giesy, J.P., et al., 2018.
Perfluorobutanesulfonate exposure causes durable and transgenerational dysbiosis
of gut microbiota in marine Medaka. Environ. Sci. Technol. Lett. 5, 731–738.

Cox, Laura M., Yamanishi, S., Sohn, J., Alekseyenko, Alexander V., Leung, Jacqueline M.,
Cho, I., et al., 2014. Altering the intestinal microbiota during a critical developmental
window has lasting metabolic consequences. Cell 158, 705–721.

Dalla Bona, M., Zounková, R., Merlanti, R., Blaha, L., De Liguoro, M., 2015. Effects of
enrofloxacin, ciprofloxacin, and trimethoprim on two generations of Daphnia
magna. Ecotoxicol. Environ. Saf. 113, 152–158.

Demott, W., Müller-Navarra, D., 2003. The importance of highly unsaturated fatty acids in
zooplankton nutrition: evidence from experiments with Daphnia, a cyanobacterium
and lipid emulsions. Freshw. Biol. 38, 649–664.

Deng, H., McShan, D., Zhang, Y., Sinha, S.S., Arslan, Z., Ray, P.C., et al., 2016. Mechanistic
study of the synergistic antibacterial activity of combined silver nanoparticles and
common antibiotics. Environ. Sci. Technol. 50, 8840–8848.

Eckert, E.M., Di Cesare, A., Stenzel, B., Fontaneto, D., Corno, G., 2016. Daphnia as a refuge
for an antibiotic resistance gene in an experimental freshwater community. Sci.
Total Environ. 571, 77–81.

Evariste, L., Barret, M., Mottier, A., Mouchet, F., Gauthier, L., Pinelli, E., 2019. Gut microbi-
ota of aquatic organisms: a key endpoint for ecotoxicological studies. Environ. Pollut.
248, 989–999.

Foster, K.R., Schluter, J., Coyte, K.Z., Rakoff-Nahoum, S., 2017. The evolution of the host
microbiome as an ecosystem on a leash. Nature 548, 43–51.

Freese, H.M., Schink, B., 2011. Composition and stability of the microbial community in-
side the digestive tract of the aquatic crustacean Daphnia magna. Microb. Ecol. 62,
882–894.

Ger, K.A., Urrutia-Cordero, P., Frost, P.C., Hansson, L.-A., Sarnelle, O., Wilson, A.E., et al.,
2016. The interaction between cyanobacteria and zooplankton in a more eutrophic
world. Harmful Algae 54, 128–144.

Gorokhova, E., Rivetti, C., Furuhagen, S., Edlund, A., Ek, K., Breitholtz, M., 2015. Bacteria-
mediated fffects of antibiotics on Daphnia nutrition. Environ. Sci. Technol. 49,
5779–5787.

Gusarov, I., Gautier, L., Smolentseva, O., Shamovsky, I., Eremina, S., Mironov, A., et al.,
2013. Bacterial nitric oxide extends the lifespan of C. elegans. Cell 152, 818–830.

Jin, Z.P., Luo, K., Zhang, S., Zheng, Q., Yang, H., 2012. Bioaccumulation and catabolism of
prometryne in green algae. Chemosphere 87, 278–284.

Jin, Y., Lu, L., Tu, W., Luo, T., Fu, Z., 2019. Impacts of polystyrene microplastic on the gut
barrier, microbiota and metabolism of mice. Sci. Total Environ. 649, 308–317.

Kasalický, V., Jezbera, J., Simek, K., Hahn, M.W., 2010. Limnohabitans planktonicus sp. nov.
and Limnohabitans parvus sp. nov., planktonic betaproteobacteria isolated from a
freshwater reservoir, and emended description of the genus Limnohabitans. Int.
J. Syst. Evol. Microbiol. 60, 2710–2714.

King, K.C., Auld, S.K.J.R., Wilson, P.J., James, J., Little, T.J., 2013. The bacterial parasite
Pasteuria ramosa is not killed if it fails to infect: implications for coevolution. Ecol.
Evol. 3, 197–203.

Koskella, B., Hall, L.J., Metcalf, C.J.E., 2017. The microbiome beyond the horizon of ecolog-
ical and evolutionary theory. Nat. Ecol. Evol. 1, 1606–1615.
Langdon, A., Crook, N., Dantas, G., 2016. The effects of antibiotics on the microbiome
throughout development and alternative approaches for therapeutic modulation. Ge-
nome Med 8, 39.

Lennon, J.T., Jones, S.E., 2011. Microbial seed banks: the ecological and evolutionary impli-
cations of dormancy. Nat. Rev. Microbiol. 9, 119–1130.

Li, H., Ai, H., Kang, L., Sun, X., He, Q., 2016. Simultaneous Microcystis algicidal and
microcystin degrading capability by a single Acinetobacter bacterial strain. Environ.
Sci. Technol. 50, 11903–11911.

Lyu, K., Zhu, X., Wang, Q., Chen, Y., Yang, Z., 2013. Copper/zinc superoxide dismutase from
the cladoceran Daphnia magna: molecular cloning and expression in response to dif-
ferent acute environmental stressors. Environ. Sci. Technol. 47, 8887–8893.

Lyu, K., Zhu, X., Chen, R., Chen, Y., Yang, Z., 2014. Molecular cloning of manganese super-
oxide dismutase gene in the cladoceran Daphnia magna: effects of microcystin, ni-
trite, and cadmium on gene expression profiles. Aquat. Toxicol. 148, 55–64.

Lyu, K., Zhang, L., Zhu, X., Cui, G., Wilson, A.E., Yang, Z., 2015. Arginine kinase in the cladoc-
eran Daphnia magna: cDNA sequencing and expression is associated with resistance
to toxic Microcystis. Aquat. Toxicol. 160, 13–21.

Lyu, K., Guan, H., Wu, C., Wang, X., Wilson, A.E., Yang, Z., 2016a. Maternal consumption of
non-toxicMicrocystis by Daphnia magna induces tolerance to toxic Microcystis in off-
spring. Freshw. Biol. 61, 219–228.

Lyu, K., Meng, Q., Zhu, X., Dai, D., Zhang, L., Huang, Y., et al., 2016b. Changes in iTRAQ-
based proteomic profiling of the cladoceran Daphnia magna exposed to
microcystin-producing and microcystin-free Microcystis aeruginosa. Environ. Sci.
Technol. 50, 4798–4807.

Lyu, K., Zhang, L., Gu, L., Zhu, X., Wilson, A.E., Yang, Z., 2017. Cladoceran offspring toler-
ance to toxic Microcystis is promoted by maternal warming. Environ. Pollut. 227,
451–459.

Lyu, K., Gu, L., Wang, H., Zhu, X., Zhang, L., Sun, Y., et al., 2019. Transcriptomic analysis dis-
sects the mechanistic insight into the Daphnia clonal variation in tolerance to toxic
Microcystis. Limnol. Oceanogr. 64, 272–283.

Macke, E., Callens, M., De Meester, L., Decaestecker, E., 2017a. Host-genotype dependent
gut microbiota drives zooplankton tolerance to toxic cyanobacteria. Nat. Commun.
8, 1608.

Macke, E., Tasiemski, A., Massol, F., Callens, M., Decaestecker, E., 2017b. Life history and
eco-evolutionary dynamics in light of the gut microbiota. Oikos 126, 508–531.

Manakul, P., Peerakietkhajorn, S., Matsuura, T., Kato, Y., Watanabe, H., 2017. Effects of
symbiotic bacteria on chemical sensitivity of Daphnia magna. Mar. Environ. Res.
128, 70–75.

Miner Brooks, E., De Meester, L., Pfrender Michael, E., Lampert, W., Hairston Nelson, G.,
2012. Linking genes to communities and ecosystems: Daphnia as an ecogenomic
model. Proc. R. Soc. 279, 1873–1882.

Mitri, S., Richard Foster, K., 2013. The genotypic view of social interactions in microbial
communities. Annu. Rev. Genet. 47, 247–273.

Mushegian, A.A., Ebert, D., 2017. Presence of microbiota reverses the relative performance
of Daphnia on two experimental diets. Zoology 125, 29–31.

Mushegian, A.A., Burcklen, E., Schär, T.M.M., Ebert, D., 2016. Temperature-dependent ben-
efits of bacterial exposure in embryonic development of Daphnia magna resting eggs.
The J. Exp. Biol. 219, 897–904.

Newell, P.D., Douglas, A.E., 2014. Interspecies interactions determine the impact of the gut
microbiota on nutrient allocation in Drosophila melanogaster. Appl. Environ.
Microbiol. 80, 788–796.

Nicholson, J.K., Holmes, E., Kinross, J., Burcelin, R., Gibson, G., Jia, W., et al., 2012. Host-gut
microbiota metabolic interactions. Science 336, 1262–1267.

Olijnyk, A.M., Nelson, W.A., 2013. Positive phenotypic correlations among life-history
traits remain in the absence of differential resource ingestion. Funct. Ecol. 27,
165–172.

Pang, Z., Raudonis, R., Glick, B.R., Lin, T.-J., Cheng, Z., 2019. Antibiotic resistance in Pseudo-
monas aeruginosa: mechanisms and alternative therapeutic strategies. Biotechnol.
Adv. 37, 177–192.

Peerakietkhajorn, S., Tsukada, K., Kato, Y., Matsuura, T., Watanabe, H., 2015. Symbiotic
bacteria contribute to increasing the population size of a freshwater crustacean,
Daphnia magna. Environ. Microbiol. Rep. 7, 364–372.

Peerakietkhajorn, S., Kato, Y., Kasalický, V., Matsuura, T., Watanabe, H., 2016.
Betaproteobacteria Limnohabitans strains increase fecundity in the crustacean Daph-
nia magna: symbiotic relationship between major bacterioplankton and zooplankton
in freshwater ecosystem. Environ. Microbiol. 18, 2366–2374.

Pérez, M.T., Sommaruga, R., 2006. Differential effect of algal- and soil-derived dissolved
organic matter on alpine lake bacterial community composition and activity. Limnol.
Oceanogr. 51, 2527–2537.

Pester, M., Brune, A., 2007. Hydrogen is the central free intermediate during lignocellulose
degradation by termite gut symbionts. ISME J 1, 551–565.

Preiswerk, D., Walser, J.-C., Ebert, D., 2018. Temporal dynamics of microbiota before and
after host death. ISME J 12, 2076–2085.

Qi, W., Nong, G., Preston, J.F., Ben-Ami, F., Ebert, D., 2009. Comparative metagenomics of
Daphnia symbionts. BMC Genomics 10, 172.

Ravenscraft, A., Kish, N., Peay, K., Boggs, C., 2019. No evidence that gut microbiota impose
a net cost on their butterfly host. Mol. Ecol. 28, 2100–2117.

Rolfe, M.D., Rice, C.J., Lucchini, S., Pin, C., Thompson, A., Cameron, A.D.S., et al., 2012. Lag
phase is a distinct growth phase that prepares bacteria for exponential growth and
involves transient metal accumulation. J. Bacteriol. 194, 686–701.

Saito, T., Okano, K., Park, H.-D., Itayama, T., Inamori, Y., Neilan, B.A., et al., 2003. Detection
and sequencing of the microcystin LR-degrading gene, mlrA, from new bacteria iso-
lated from Japanese lakes. FEMS Microbiol. Lett. 229, 271–276.

Shang, A.H., Ye, J., Chen, D.H., Lu, X.X., Lu, H.D., Liu, C.N., et al., 2015. Physiological effects of
tetracycline antibiotic pollutants on non-target aquatic Microcystis aeruginosa.
J. Environ. Sci. Health B 50, 809–818.

https://doi.org/10.1016/j.scitotenv.2019.135827
https://doi.org/10.1016/j.scitotenv.2019.135827
http://refhub.elsevier.com/S0048-9697(19)35822-X/rf0005
http://refhub.elsevier.com/S0048-9697(19)35822-X/rf0005
http://refhub.elsevier.com/S0048-9697(19)35822-X/rf0010
http://refhub.elsevier.com/S0048-9697(19)35822-X/rf0010
http://refhub.elsevier.com/S0048-9697(19)35822-X/rf0015
http://refhub.elsevier.com/S0048-9697(19)35822-X/rf0015
http://refhub.elsevier.com/S0048-9697(19)35822-X/rf0020
http://refhub.elsevier.com/S0048-9697(19)35822-X/rf0020
http://refhub.elsevier.com/S0048-9697(19)35822-X/rf0025
http://refhub.elsevier.com/S0048-9697(19)35822-X/rf0025
http://refhub.elsevier.com/S0048-9697(19)35822-X/rf0025
http://refhub.elsevier.com/S0048-9697(19)35822-X/rf0030
http://refhub.elsevier.com/S0048-9697(19)35822-X/rf0030
http://refhub.elsevier.com/S0048-9697(19)35822-X/rf0030
http://refhub.elsevier.com/S0048-9697(19)35822-X/rf0035
http://refhub.elsevier.com/S0048-9697(19)35822-X/rf0035
http://refhub.elsevier.com/S0048-9697(19)35822-X/rf0035
http://refhub.elsevier.com/S0048-9697(19)35822-X/rf0040
http://refhub.elsevier.com/S0048-9697(19)35822-X/rf0040
http://refhub.elsevier.com/S0048-9697(19)35822-X/rf0040
http://refhub.elsevier.com/S0048-9697(19)35822-X/rf0045
http://refhub.elsevier.com/S0048-9697(19)35822-X/rf0045
http://refhub.elsevier.com/S0048-9697(19)35822-X/rf0050
http://refhub.elsevier.com/S0048-9697(19)35822-X/rf0050
http://refhub.elsevier.com/S0048-9697(19)35822-X/rf0055
http://refhub.elsevier.com/S0048-9697(19)35822-X/rf0055
http://refhub.elsevier.com/S0048-9697(19)35822-X/rf0055
http://refhub.elsevier.com/S0048-9697(19)35822-X/rf0060
http://refhub.elsevier.com/S0048-9697(19)35822-X/rf0060
http://refhub.elsevier.com/S0048-9697(19)35822-X/rf0060
http://refhub.elsevier.com/S0048-9697(19)35822-X/rf0065
http://refhub.elsevier.com/S0048-9697(19)35822-X/rf0065
http://refhub.elsevier.com/S0048-9697(19)35822-X/rf0065
http://refhub.elsevier.com/S0048-9697(19)35822-X/rf0070
http://refhub.elsevier.com/S0048-9697(19)35822-X/rf0070
http://refhub.elsevier.com/S0048-9697(19)35822-X/rf0070
http://refhub.elsevier.com/S0048-9697(19)35822-X/rf0075
http://refhub.elsevier.com/S0048-9697(19)35822-X/rf0075
http://refhub.elsevier.com/S0048-9697(19)35822-X/rf0075
http://refhub.elsevier.com/S0048-9697(19)35822-X/rf0080
http://refhub.elsevier.com/S0048-9697(19)35822-X/rf0080
http://refhub.elsevier.com/S0048-9697(19)35822-X/rf0085
http://refhub.elsevier.com/S0048-9697(19)35822-X/rf0085
http://refhub.elsevier.com/S0048-9697(19)35822-X/rf0085
http://refhub.elsevier.com/S0048-9697(19)35822-X/rf0090
http://refhub.elsevier.com/S0048-9697(19)35822-X/rf0090
http://refhub.elsevier.com/S0048-9697(19)35822-X/rf0095
http://refhub.elsevier.com/S0048-9697(19)35822-X/rf0095
http://refhub.elsevier.com/S0048-9697(19)35822-X/rf0095
http://refhub.elsevier.com/S0048-9697(19)35822-X/rf0100
http://refhub.elsevier.com/S0048-9697(19)35822-X/rf0105
http://refhub.elsevier.com/S0048-9697(19)35822-X/rf0105
http://refhub.elsevier.com/S0048-9697(19)35822-X/rf0110
http://refhub.elsevier.com/S0048-9697(19)35822-X/rf0110
http://refhub.elsevier.com/S0048-9697(19)35822-X/rf0115
http://refhub.elsevier.com/S0048-9697(19)35822-X/rf0115
http://refhub.elsevier.com/S0048-9697(19)35822-X/rf0115
http://refhub.elsevier.com/S0048-9697(19)35822-X/rf0115
http://refhub.elsevier.com/S0048-9697(19)35822-X/rf0120
http://refhub.elsevier.com/S0048-9697(19)35822-X/rf0120
http://refhub.elsevier.com/S0048-9697(19)35822-X/rf0120
http://refhub.elsevier.com/S0048-9697(19)35822-X/rf0125
http://refhub.elsevier.com/S0048-9697(19)35822-X/rf0125
http://refhub.elsevier.com/S0048-9697(19)35822-X/rf0130
http://refhub.elsevier.com/S0048-9697(19)35822-X/rf0130
http://refhub.elsevier.com/S0048-9697(19)35822-X/rf0130
http://refhub.elsevier.com/S0048-9697(19)35822-X/rf0135
http://refhub.elsevier.com/S0048-9697(19)35822-X/rf0135
http://refhub.elsevier.com/S0048-9697(19)35822-X/rf0140
http://refhub.elsevier.com/S0048-9697(19)35822-X/rf0140
http://refhub.elsevier.com/S0048-9697(19)35822-X/rf0140
http://refhub.elsevier.com/S0048-9697(19)35822-X/rf0145
http://refhub.elsevier.com/S0048-9697(19)35822-X/rf0145
http://refhub.elsevier.com/S0048-9697(19)35822-X/rf0145
http://refhub.elsevier.com/S0048-9697(19)35822-X/rf0150
http://refhub.elsevier.com/S0048-9697(19)35822-X/rf0150
http://refhub.elsevier.com/S0048-9697(19)35822-X/rf0150
http://refhub.elsevier.com/S0048-9697(19)35822-X/rf0155
http://refhub.elsevier.com/S0048-9697(19)35822-X/rf0155
http://refhub.elsevier.com/S0048-9697(19)35822-X/rf0155
http://refhub.elsevier.com/S0048-9697(19)35822-X/rf0160
http://refhub.elsevier.com/S0048-9697(19)35822-X/rf0160
http://refhub.elsevier.com/S0048-9697(19)35822-X/rf0160
http://refhub.elsevier.com/S0048-9697(19)35822-X/rf0165
http://refhub.elsevier.com/S0048-9697(19)35822-X/rf0165
http://refhub.elsevier.com/S0048-9697(19)35822-X/rf0165
http://refhub.elsevier.com/S0048-9697(19)35822-X/rf0165
http://refhub.elsevier.com/S0048-9697(19)35822-X/rf0170
http://refhub.elsevier.com/S0048-9697(19)35822-X/rf0170
http://refhub.elsevier.com/S0048-9697(19)35822-X/rf0170
http://refhub.elsevier.com/S0048-9697(19)35822-X/rf0175
http://refhub.elsevier.com/S0048-9697(19)35822-X/rf0175
http://refhub.elsevier.com/S0048-9697(19)35822-X/rf0175
http://refhub.elsevier.com/S0048-9697(19)35822-X/rf0180
http://refhub.elsevier.com/S0048-9697(19)35822-X/rf0180
http://refhub.elsevier.com/S0048-9697(19)35822-X/rf0180
http://refhub.elsevier.com/S0048-9697(19)35822-X/rf0185
http://refhub.elsevier.com/S0048-9697(19)35822-X/rf0185
http://refhub.elsevier.com/S0048-9697(19)35822-X/rf0190
http://refhub.elsevier.com/S0048-9697(19)35822-X/rf0190
http://refhub.elsevier.com/S0048-9697(19)35822-X/rf0190
http://refhub.elsevier.com/S0048-9697(19)35822-X/rf0195
http://refhub.elsevier.com/S0048-9697(19)35822-X/rf0195
http://refhub.elsevier.com/S0048-9697(19)35822-X/rf0200
http://refhub.elsevier.com/S0048-9697(19)35822-X/rf0200
http://refhub.elsevier.com/S0048-9697(19)35822-X/rf0205
http://refhub.elsevier.com/S0048-9697(19)35822-X/rf0205
http://refhub.elsevier.com/S0048-9697(19)35822-X/rf0210
http://refhub.elsevier.com/S0048-9697(19)35822-X/rf0210
http://refhub.elsevier.com/S0048-9697(19)35822-X/rf0210
http://refhub.elsevier.com/S0048-9697(19)35822-X/rf0215
http://refhub.elsevier.com/S0048-9697(19)35822-X/rf0215
http://refhub.elsevier.com/S0048-9697(19)35822-X/rf0215
http://refhub.elsevier.com/S0048-9697(19)35822-X/rf0220
http://refhub.elsevier.com/S0048-9697(19)35822-X/rf0220
http://refhub.elsevier.com/S0048-9697(19)35822-X/rf0225
http://refhub.elsevier.com/S0048-9697(19)35822-X/rf0225
http://refhub.elsevier.com/S0048-9697(19)35822-X/rf0225
http://refhub.elsevier.com/S0048-9697(19)35822-X/rf0230
http://refhub.elsevier.com/S0048-9697(19)35822-X/rf0230
http://refhub.elsevier.com/S0048-9697(19)35822-X/rf0230
http://refhub.elsevier.com/S0048-9697(19)35822-X/rf0235
http://refhub.elsevier.com/S0048-9697(19)35822-X/rf0235
http://refhub.elsevier.com/S0048-9697(19)35822-X/rf0235
http://refhub.elsevier.com/S0048-9697(19)35822-X/rf0240
http://refhub.elsevier.com/S0048-9697(19)35822-X/rf0240
http://refhub.elsevier.com/S0048-9697(19)35822-X/rf0240
http://refhub.elsevier.com/S0048-9697(19)35822-X/rf0245
http://refhub.elsevier.com/S0048-9697(19)35822-X/rf0245
http://refhub.elsevier.com/S0048-9697(19)35822-X/rf0245
http://refhub.elsevier.com/S0048-9697(19)35822-X/rf0250
http://refhub.elsevier.com/S0048-9697(19)35822-X/rf0250
http://refhub.elsevier.com/S0048-9697(19)35822-X/rf0255
http://refhub.elsevier.com/S0048-9697(19)35822-X/rf0255
http://refhub.elsevier.com/S0048-9697(19)35822-X/rf0260
http://refhub.elsevier.com/S0048-9697(19)35822-X/rf0260
http://refhub.elsevier.com/S0048-9697(19)35822-X/rf0265
http://refhub.elsevier.com/S0048-9697(19)35822-X/rf0265
http://refhub.elsevier.com/S0048-9697(19)35822-X/rf0270
http://refhub.elsevier.com/S0048-9697(19)35822-X/rf0270
http://refhub.elsevier.com/S0048-9697(19)35822-X/rf0270
http://refhub.elsevier.com/S0048-9697(19)35822-X/rf0275
http://refhub.elsevier.com/S0048-9697(19)35822-X/rf0275
http://refhub.elsevier.com/S0048-9697(19)35822-X/rf0275
http://refhub.elsevier.com/S0048-9697(19)35822-X/rf0280
http://refhub.elsevier.com/S0048-9697(19)35822-X/rf0280
http://refhub.elsevier.com/S0048-9697(19)35822-X/rf0280


11S. Akbar et al. / Science of the Total Environment 705 (2020) 135827
Sison-Mangus, M.P., Mushegian, A.A., Ebert, D., 2015. Water fleas require microbiota for
survival, growth and reproduction. ISME J 9, 59–67.

Sison-Mangus, M.P., Metzger, C.M.J.A., Ebert, D., 2018. Host genotype-specific microbiota
do not influence the susceptibility of D. magna to a bacterial pathogen. Sci. Rep. 8,
9407.

Sun, F.,Wang, Y., Wang, C., Zhang, L., Tu, K., Zheng, Z., 2019. Insights into the intestinal mi-
crobiota of several aquatic organisms and association with the surrounding environ-
ment. Aquaculture 507, 196–202.

Xiang, Q., Zhu, D., Chen, Q.-L., Delgado-Baquerizo, M., Su, J.-Q., Qiao, M., et al., 2019. Effects
of diet on gut microbiota of soil collembolans. Sci. Total Environ. 676, 197–205.
Yang, Z., Xiang, F., Minter, E.J.A., Lü, K., Chen, Y., Montagnes, D.J.S., 2011. The interactive
effects of microcystin and nitrite on life-history parameters of the cladoceranDaphnia
obtusa. J. Hazard. Mater. 190, 113–118.

Zalewski, A., Wagner, N.D., Frost, P.C., 2011. Antibiotics affect the growth responses of
Daphnia magna to poor food quality. Aquat. Ecol. 45, 493–504.

Zhu, D., An, X.-L., Chen, Q.-L., Yang, X.-R., Christie, P., Ke, X., et al., 2018. Antibiotics disturb
the microbiome and increase the incidence of resistance genes in the gut of a com-
mon soil collembolan. Environ. Sci. Technol. 52, 3081–3090.

http://refhub.elsevier.com/S0048-9697(19)35822-X/rf0285
http://refhub.elsevier.com/S0048-9697(19)35822-X/rf0285
http://refhub.elsevier.com/S0048-9697(19)35822-X/rf0290
http://refhub.elsevier.com/S0048-9697(19)35822-X/rf0290
http://refhub.elsevier.com/S0048-9697(19)35822-X/rf0290
http://refhub.elsevier.com/S0048-9697(19)35822-X/rf0295
http://refhub.elsevier.com/S0048-9697(19)35822-X/rf0295
http://refhub.elsevier.com/S0048-9697(19)35822-X/rf0295
http://refhub.elsevier.com/S0048-9697(19)35822-X/rf0300
http://refhub.elsevier.com/S0048-9697(19)35822-X/rf0300
http://refhub.elsevier.com/S0048-9697(19)35822-X/rf0305
http://refhub.elsevier.com/S0048-9697(19)35822-X/rf0305
http://refhub.elsevier.com/S0048-9697(19)35822-X/rf0305
http://refhub.elsevier.com/S0048-9697(19)35822-X/rf0310
http://refhub.elsevier.com/S0048-9697(19)35822-X/rf0310
http://refhub.elsevier.com/S0048-9697(19)35822-X/rf0315
http://refhub.elsevier.com/S0048-9697(19)35822-X/rf0315
http://refhub.elsevier.com/S0048-9697(19)35822-X/rf0315

	Changes in the life history traits of Daphnia magna are associated with the gut microbiota composition shaped by diet and a...
	1. Introduction
	2. Materials and methods
	2.1. Experimental organisms and cultivation
	2.2. Experimental design
	2.3. Bacterial composition analysis
	2.4. Statistical analysis

	3. Results
	3.1. Life history traits
	3.2. Survival
	3.3. D. magna gut microbiota
	3.4. Specific bacterial abundance
	3.4.1. Ideonella
	3.4.2. Limnohabitans
	3.4.3. Pseudomonas

	3.5. NMDS analysis
	3.6. Correlation between bacteria and life history traits

	4. Discussion
	4.1. D. magna core microbiota
	4.2. Interactive effects of diet and antibiotics on D. magna microbiota
	4.3. Gut microbiota and D. magna life history traits

	Declaration of competing interest
	Acknowledgements
	Appendix A. Supplementary data
	References


