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fertilization rate, leading to unaltered resting egg pro-
duction. Exposure to SCCPs also affected the mRNA 
levels of the studied receptors in ways which could be 
linked to observed changes in mixis and fertilization 
rates.
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Introduction

The phylum Rotifera comprises over 2000 mainly 
freshwater species, with the most species-rich class 
being Monogononta (Segers, 2007). They are found 
all over the world, with high-population densities 
(1000  individuals/l is a common value) leading to 
them being classified as one of the three main zoo-
plankton groups in freshwater studies, along with 
cladocerans and copepods (Segers, 2008). As such, 
they are a vital component of aquatic ecosystems, as 
some species may feed on microalgae which are not 
efficiently grazed by larger organisms and their high 
reproduction and turnover rates allow for rapid nutri-
ent cycling which supports the higher levels of the 
food web (Ricci & Balsamo, 2000). The life cycle of 
most members of Monogononta is complex, alternat-
ing between phases of rapid parthenogenetic repro-
duction and slower sexual reproduction resulting in 
“resting eggs” which can stay dormant for years wait-
ing for appropriate conditions to develop (Wallace 
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et  al., 2015). Parthenogenetic, or amictic, reproduc-
tion is more prevalent than sexual reproduction in low 
population density situations (Serra & Snell, 2009).

Among Monogononta, members of the genus Bra-
chionus are particularly attractive for ecotoxicologi-
cal assays because of their rapid reproduction, ease 
of cultivation, and sensitivity to various toxicants and 
endocrine disruptors (Radix et  al., 2002). Numerous 
endpoints have been used in the laboratory for dec-
ades to evaluate the effects of diverse contaminants 
on rotifers including direct mortality, swimming 
speed, population growth rate, lifespan and rest-
ing egg production and hatching rates (Dahms et al., 
2011; Cruciani et al., 2016; Won et al., 2017). More 
recently, molecular biology techniques have allowed 
for the sequencing of rotifer genomes (Jeong et  al., 
2017; Kim et  al., 2018), which in turn enabled the 
study of the expression patterns of genes in response 
to various conditions (Park et  al., 2018; Joaquim-
Justo & Gismondi, 2021). Thus, combining well-
known endpoints regarding demographic parameters 
and population growth with molecular techniques 
may provide a sensitive and integrative tool to study 
the effects of sublethal doses of contaminants on this 
important component of planktonic communities.

Emerging pollutants are a concerning topic in 
this regard, as they are not commonly monitored in 
the environment and their effects on the wildlife may 
not be well understood (Geissen et al., 2015), as for 
example SCCPs. These industrial additives (plasticiz-
ers, flame retardants, high pressure fluid components) 
are aliphatic alkanes that were subjected to chlorina-
tion. Their chain length is between 10 and 13 carbons, 
and their molecular weight may be comprised of up 
to 70% of chlorine (Li et  al., 2017). Environmental 
concentrations up to 1.2 µg/l were measured in some 
European rivers (Nicholls et al., 2001; Castells et al., 
2004). Their low biodegradability and high octanol/
water partition coefficients allow SCCPs to accumu-
late in abiotic matrices (Chen et al., 2011) as well as 
wildlife such as fishes (Basconcillo et al., 2015) and 
amphipods (Li et  al., 2017). Furthermore, Ma et  al. 
(2014) observed that biomagnification occurred in the 
trophic interactions between zooplankton, crustacean 
and fish. Houde et  al. (2008) also detected trophic 
magnification in lake Michigan, while Sun et  al. 
(2017) reported a phenomenon of trophic dilution in 
a freshwater pond ecosystem instead, but zooplank-
ton were not incorporated in the latter analyses. Thus, 

in at least some ecosystems zooplankton have been 
shown to accumulate SCCPs which are then passed 
on higher up the food web, yet no studies have been 
conducted to our knowledge regarding the impact of 
these exposures on their physiology and reproduction.

While the toxicity, carcinogenicity, and endocrine 
disrupting properties of SCCPs are increasingly well 
known in vertebrates such as rats, zebrafish, and 
humans (in-vitro assays) (Warnasuryia et  al., 2010; 
Liu et  al., 2016; Geng et  al., 2021; Sprengel et  al., 
2021), data on invertebrates are scarce, especially for 
sublethal effects. Currently, available data on inver-
tebrates include a predicted no-effect concentration 
(PNEC) value of 5.28  mg of SCCPs per kg of soil 
for terrestrial annelids, collembolans, and nematodes 
(Bezchlebová et al., 2007) and a 28 day no observed 
effect concentration (NOEC) for SCCP exposure 
for the crustacean Mysidopsis bahia (Molenock) of 
7.3 µg/l (Thompson & Madeley, 1983).

This work aims to determine the sublethal effects 
of SCCP exposure on populations of Brachionus 
calyciflorus (Pallas) at environmentally relevant con-
centrations, combining reproductive assays (targeting 
the intrinsic growth rate, mixis rate (Mr), fertilisation 
rate (Fr) and diapausing cyst production and viabil-
ity across two generations) and RT-qPCR molecular 
biology techniques to investigate the expression of 
hormonal receptors known to be present in this spe-
cies and related to sexual reproduction, i.e., retinoid-
X-receptor (rxr), retinoid-acid-receptor (rar) and 
membrane-associated progesterone receptor (mapr) 
(Joaquim-Justo & Gismondi, 2021). This work will 
not only allow to uncover potential SCCP effects at 
environmental concentrations, but also highlight pos-
sible mechanisms of action for these contaminants.

Materials and methods

Experimental conditions

The test animals were 3 h old neonate rotifers hatched 
from cysts of the Gainesville (Florida) strain of 
B. calyciflorus (Snell et  al., 1991). The cysts were 
hatched at 25  °C under continuous illumination for 
24 h. The medium used was EPA (US Environmen-
tal Protection Agency, 1985), prepared with ultrapure 
milliQ water.
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The algae Nannochloris atomus, Butcher (strain 
CCAP 251/6) was cultivated in Bold’s Basal Medium 
(Andersen, 2005) at 25  °C under continuous illu-
mination until the exponential growth phase before 
being isolated via centrifugation and re-suspended 
in EPA medium for rotifer feeding. In all assays, 
algal concentration in the exposure medium was 
3,000,000 cells/ml.

In all experiments, the initial algal concentra-
tions were verified by counting the algae in two ran-
domly chosen replicates using a Thoma cell counting 
chamber. Every 24  h, the algae concentration was 
checked in the same manner and adjusted by add-
ing an appropriate algal concentrate in an aliquot of 
SCCP enriched medium to maintain the initial SCCP 
concentration.

The exposures took place in the dark in an incuba-
tor programmed for an average temperature of 25 °C, 
with a daily fluctuating temperature (DFT) regimen 
of ± 2 °C associated with a 12/12 h day/night cycle.

The stock SCCP solution used in the assays was 
chloroparaffin C10-C13 63% chlorine (CAS no 
85535-84-8; lot no G986931CY) from Dr. Ehren-
storfer GmbH (Germany). All SCCP solutions were 
prepared in acetone before being diluted in the EPA 
medium (final acetone concentration = 0.01% in 
all treatments). As such, a solvent control of 0.01% 
acetone was carried out alongside a pure EPA con-
trol to detect possible acetone effects on the studied 
parameters. In all cases, no significant difference 
was detected between the two controls, so they were 
combined.

Demographic parameters

The assay was conducted using three SCCP concen-
trations (10, 100 or 1000 ng/l).

Six rotifer neonates were placed in 16 × 150 mm 
glass test tubes containing 12 ml of EPA medium and 
the number of non-ovigerous females, amictic, mic-
tic unfertilized and fertilized females were counted 
daily to determine the intrinsic growth rate, the mixis 
rate (Mr) and the fertilization rates (Fr) (see Cruciani 
et  al., 2016 for calculation details). Eight replicates 
were used per treatment. The medium was replaced 
at 48 h and observations stopped at 96 h; at the end 
of the experiment the number of cysts (both attached 
to females and laid) was also counted and used to 

calculate cyst production per female (total of females 
at 96 h).

Resting egg hatching rate

After the full 96 h duration of the demographic assays 
described in the previous section, the rotifers were 
placed in fresh medium for 48 additional hours to 
produce resting eggs which were then harvested and 
placed at 4 °C during 21 days before evaluation of the 
hatching rate. After the 21  day vernalisation period 
at 4  °C, 10 resting eggs per well were placed in a 
24-well plastic microplate, filled with 2 mL of fresh 
control EPA medium (no contaminant in each well) 
and four replicates for each of the five exposure con-
ditions described previously including controls were 
done. The plate was then placed under full illumina-
tion at 25 °C and checked twice a day for 5 days for 
any hatched rotifers, which were tallied then immedi-
ately removed from the well.

Transgenerational effects assay

A minimum of 150 resting eggs for each treatment of 
the demographic assay were made to hatch to start the 
transgenerational experiment. Of the neonate individ-
uals that hatched for each treatment, 48 were used (i.e. 
6 neonates in each of the 8 replicates per treatment). 
These replicates were prepared and cultivated in the 
same conditions and number of replicates as previ-
ously described (demographic parametres). However, 
instead of being re-exposed to SCCPs, all rotifers 
were exposed to a control EPA medium, to evaluate 
potential effects on their demographic characteristics 
induced from pre-hatching maternal exposure.

SCCP exposure for mRNA expression analysis

Using the same SCCP concentrations and incubator 
settings as described above (demographic parame-
tres), the specimens were exposed for either 6, 24, 48, 
72 or 96 h in test tubes containing 12 ml of medium 
with four replicates per exposure time and SCCP con-
centration. These were placed on a rotator running 
at a speed of 0.5  rotations/min. Each tube contained 
100  neonate rotifers, and algal concentrations in the 
medium were readjusted to 3,000,000 cells/ml every 
24 h as described in the section titled “Experimental 
Conditions”.
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At each time of exposure, rotifers were collected 
on a 20 µm mesh plankton net (one square of netting 
per test tube) and placed in cryo-tubes to be imme-
diately frozen at −  80  °C. Extraction of the total 
RNA of rotifers in each test tube took place using 
the Nucleospin RNA XS kit (Macherey–Nagel, Ger-
many). Concentration and absorbance ratios of the 
RNA samples were measured using a Nanovue Plus 
spectrophotometer (GE Healthcare) to check sample 
quality. The RevertAid RT Reverse Transcription Kit 
(Thermo Fisher) was then used to transcribe 110 ng 
of RNA from each sample into cDNA using random 
hexamers.

Primers for the studied genes were obtained based 
on sequences from Joaquim-Justo & Gismondi (2021) 
and based on their data, primer PCR efficiency was 
tested (Table 1) at a 150 nM concentration on 1 µg of 
a pooled mixture of cDNA from all samples, diluted 
1:2 to 1:128. No-template controls were also per-
formed for each primer pair to confirm the absence of 
contamination in the process.

RT-qPCR analyses were then performed on a final 
volume of 10  µl, composed of 10 × diluted cDNA 
solution, iTaq™ Universal Sybr© Green supermix 
(BioRad), 150 nM primer mix and ultrapure water.

The qRT-PCR program was: 95  °C denaturation 
for 15 min, followed by 44 cycles of 95 °C denatura-
tion lasting 15 s and 59 °C annealing and amplifica-
tion for 45 s. A melting curve was then generated for 
the PCR products (65–95 °C ramping at 0.5 °C incre-
ments lasting 5 s each) to verify the absence of non-
specific amplification.

The relative transcription level of the genes (fold-
change compared to control value) was then calcu-
lated according to Livak & Schmittgen (2001) while 
taking into account primer efficiency. The results 
were then normalised using the reference genes 
actin (act) and elongation factor 1-alpha (ef1).

Statistical treatment

All statistical tests were conducted using XLStat 
2021.2.2 (Addinsoft). Normality and homosce-
dasticity of datasets were verified using the Sha-
piro–Wilk and Bartlett tests, respectively. When 
these two criteria were met, significant differences 
between groups were determined using Student’s 
T-test (demographic parameters, hatching rates and 
intrinsic growth rate) or ANOVA test followed by 
Fisher’s post-hoc test (P < 0.05) for mRNA values.

For all studied parameters, results obtained from 
negative and solvent controls were first compared 
for significant differences (P < 0.05), in order to test 
the solvent effect. If no differences were found, the 
data of the two control conditions were pooled and 
the contaminated conditions were compared to this 
control pool. If significant differences were meas-
ured between both controls, then the contaminated 
conditions were compared to the solvent control 
only.

Table 1   Function, full-name, abbreviation, full nucleotide sequence with number of nucleotids and PCR efficiency of all the primers 
used in the present study

Function Gene Primer Sequence (5′-3′) Efficiency (%)

Endocrine signalling Retinoid-acid receptor rar F, rar R CAA ACA ACA AGC TCT TCA CTG CC (23), 
GCT TCT TTT GAC ATT CCA ACA GCG (24)

95.4

Membrane-associated 
progesterone recep-
tor

mapr F, mapr R GAT GGT GTT AAG TCA GAT GGA CG (23), 
GAG ACG GTT TCA AAT CGC TGA G (22)

96.6

Retinoid-X receptor rxr F, rxr R CTG CAG CTG CCG CTA TAA ATG (21), ACC 
CTC ACA ACT ATG CAC ACC (21)

102.5

Reference genes Actin act F, act R CGA AGC CCC AAT GAA TCC AAA AG (23), 
GTT CGA CCG GAG GCA TAT AAA G (22)

103.9

Elongation factor 1-a ef1 F, ef1 R AGC CGA AAG AGA ACG TGG TAT (21), CGG 
CTT GTG ATG TAC CAG TG (20)

99.8
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Results

Demographic parameters

The growth of rotifer populations exposed to environ-
mentally relevant SCCP concentrations was assessed 
for 96  h with relevant demographic data being col-
lected at 24 h intervals (Table 2).

The intrinsic growth rate (r) was approximately 
1.2 d−1 in all treatments and decreased over time until 
at 96 h it reached approximately 0.9 d−1. There were 
no significant differences between any treatments 
for this parameter. Mixis started in the population at 
48 h, except for the SCCP 1000 ng/l treatment where 
no mictic females were observed. At 72 h, the process 
was underway in all treatments and the mixis rates 
(Mr) in SCCP 10  ng/l and 100 ng/l populations were 
significantly higher (P < 0.01 and P < 0.001, respec-
tively) to controls. Finally, 96 h after the start of the 
assay, all Mr converged on values between 56.2 and 
63.0% that were not statistically different from the 
control value.

Fertilised females began to appear after 72 h, with 
significantly lower (P < 0.05) fertilization rates (Fr) 
observed for the SCCP 100 ng/l and 1000 ng/l expo-
sures than in controls (6.3% and 4.0%, respectively, 
compared to 18.2% in control). Similarly, to Mr, all 
Fr converged to values without statistical differences 
with controls by 96  h (between 37.8% and 46.6%). 
Finally, diapausing cyst production was found to be 
similar in all conditions, with values between 0.2 and 
0.3 cysts per female.

Diapausing cyst hatching rate

As described in the above section, rotifer cysts 
obtained from the different SCCP exposures were 
collected in order to test the hatching success in 
control conditions (Fig.  1). All hatching rates were 
observed to be between 27.5 and 33.8%, with no sig-
nificant differences between the initial SCCP treat-
ments and control conditions. In cysts from controls, 
97.1% of hatchings occurred within 24 h, while this 
value was 83.3% in those collected from the SCCP 
10 ng/L treatment. The remaining cysts had hatched 
by the 48 h mark. For the remaining SCCP 100 ng/L 
and 1000  ng/L treatment cysts, 100% of those that 
hatched did so within 24  h. No additional cysts 
hatched between 48 and 72 h in any condition. Ta
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Transgenerational demographic assay

Cysts from the treatments of the assay described in 
the “demographic parametres” section were collected 
and used to hatch a new generation of individuals 
(F1) whose parents (F0) had been exposed to control 
or SCCP treatments. These were placed in similar 
conditions to the demographic assay and their param-
eters were recorded during 96  h (Table  3) at 24  h 
intervals. No significant statistical differences were 
observed at any point between F1 generation popula-
tions descended from SCCP treatments or their con-
trols. Mixis, fertilization and cyst-production values 
were lower than in the F0 populations, but this was 
generalized in all treatments and thus not caused by 
parental SCCP exposure. Notably, cyst production 
was observed to be between 0 and 6 cysts per repli-
cate, with average values lower than 1 in all condi-
tions but SCCP 1000 ng/L.

Endocrine receptor mRNA assay

Populations of rotifers were exposed to SCCP treat-
ments for durations between 6 and 96 h before RNA 
extraction and analysis of expression levels for three 
genes associated with the endocrine system: rxr, rar 
and mapr. These levels are expressed as a fold-change 
value compared to control (Fig. 2).

The effects of SCCP treatment on mRNA lev-
els of these endocrine receptors changed depending 
on exposure time, with most significant alterations 
compared to control in the very short term (6 h) and 
chronic (72  h) exposures. The short 24  h treatment 
resulted in one significant divergence from controls, 

with rxr increasing in the SCCP 100 ng/L treatment 
while the medium, 48 h, and longest, 96 h, exposure 
times induced no significant changes from controls. 
Retinoid-x-receptor is the most affected gene by 
SCCP treatments over time, with 5 of the SCCP treat-
ments out of 15 (3 treatments at 5 exposure times) 
having significantly different mRNA levels from con-
trols, followed by rar (2/15) and mapr (1/15).

All genes were affected at least once in the SCCP 
10 ng/L treatments, with rar also increasing once in 
an SCCP 100  ng/L exposure and rxr being signifi-
cantly higher than controls in 2 of the SCCP 10 ng/L 
treatments, 2 SCCP 100 ng/L treatments and 1 SCCP 
1000 ng/L exposure.

The two retinoid receptors rxr and rar were both 
significantly affected by SCCP treatments at the same 
time at 6 and 72 h (but, unlike rxr, rar decreased at 
6 h), while rxr increased once alone at 24 h and mapr 
was significantly increased compared to controls 
once, along with rxr and rar, at 72 h.

Discussion

The present study aimed to evaluate whether SCCPs 
affected B. calyciflorus at the individual or population 
levels. These more sensitive chronic exposure tests 
allow to determine contaminant effects at low, envi-
ronmentally relevant, concentrations.

Demographic parameters

The assessment of demographic parameters in experi-
mental rotifer populations is a common method of 

Fig. 1   Graphs of the 
cumulative hatching rates of 
B. calyciflorus diapausing 
cysts after 24 and 48 h (in 
percents) for each parental 
SCCP treatment. No statisti-
cally significant differences 
were observed between 
treatments (p > 0.05)
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evaluating whether certain contaminants or environ-
mental conditions have the potential to negatively 
impact a species, via direct toxicity (mortality) or by 
altering population dynamics. Furthermore, assays 
involving the sexual reproduction stages of rotifers 
are some of the most sensitive available for this group 
of animals (Snell & Carmona, 1994).

Our observations show that asexual reproduc-
tion in B. calyciflorus is not impacted by SCCPs 
up to a concentration of 1  µg/l (asexual reproduc-
tive NOEC > 1 µg/l). However, this study shows that 
sexual reproduction in this species is modified during 
part of their life cycle by exposure to SCCPs. Indeed, 
the Mr of rotifers exposed to low concentrations of 
SCCPs (10 and 100  ng/l) were significantly higher 
than those of the control condition after 72 h. Moreo-
ver, Fr were significantly lower in SCCP-treated indi-
viduals (100 and 1000 ng/l). Increased mixis has been 
observed in rotifers exposed to organophosphorous 
pesticides (Ke et al., 2009) as well to fenitrothion (Lv 
et al., 2010), perfluorooctane sulfonate (PFOS) and to 
perfluorooctanoic acid (PFOA) (Zhang et  al., 2013, 
2014). These latter two molecules have similarities 
with SCCPs, as they are linear aliphatic alkanes with 
a high degree of halogenation. However, an increased 
Mr results in more sexual individuals and, normally, 
in a higher production of cysts, but we did not observe 
such an increase in cyst production, likely because the 
Fr in SCCP-treated individuals (100 and 1000  ng/l) 
were reduced. It is possible that an increased number 
of sexual individuals combined with a lower overall 
rate of fertilisation in the population cancelled each 
other out. Known molecules that decrease specifically 
the Fr of brachionid rotifers include nonylphenol, tes-
tosterone and flutamide, which are molecules known 
to have endocrine disrupting effects on vertebrates 
(Preston et al., 2000).

Notably, these significant disruptions of sexual 
reproduction parameters disappear after 96  h. Thus, 
the dynamic appears to be that mixis reaches its peak 
value earlier in SCCP-treated populations, then stag-
nates or slightly decreases. Meanwhile, the mixis 
rate in the control population continues to steadily 
increase over time, until no more statistical differ-
ences are observed with the SCCP treatments. But 
concurrently to this, Fr is lower in the contaminated 
treatments and only catches up to controls at 96  h. 
In any case, this leads to there being no signifi-
cant differences in diapausing cyst production after Ta
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Fig. 2   Graphs of relative 
mRNA fold-change values 
compared to controls for 
each SCCP treatment and 
studied gene. Significant 
differences with controls 
(p < 0.05) are marked with 
an asterisk (*)
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96  h, even if 100 and 1000  ng/L SCCP treatments 
all presented lower average Fr. Furthermore, there 
is no statistically significant effect of F0 generation 
exposed to SCCP on cyst viability or the life history 
traits of the F1 generation according to the present 
data. It may be notable that no cysts from the SCCP 
100 and 1000 ng/L treatments hatched past the 24 h 
mark in the hatching assay, but the small number of 
cysts that did so in the control compared to the total 
means the overall impact is non-significant. Based on 
our results, showing the lack of significant effects of 
SCCPs past 72 h and the absence of impacts on cyst 
production and viability, the data indicate that current 
environmental SCCP levels are not a threat to the sur-
vival of B. calyciflorus populations in the wild.

Endocrine receptor transcriptional effect

It has been shown that mRNA levels of the endo-
crine receptors rxr, rar and mapr change significantly 
when B. calyciflorus is exposed to contaminants that 
affect reproduction (Joaquim-Justo & Gismondi, 
2021). Consequently, as the previous assays showed 
that SCCPs significantly affect demographic parame-
tres of this species, the expression levels of the genes 
were measured under SCCP exposure conditions, for 
a duration up to 96  h that matches the duration of 
the demographic assay. In this way, the changes in 
expression can be matched to changes in the demo-
graphic assays.

Results indicated that there were two major stages 
where the gene’s mRNA reacted significantly to 
SCCP treatment: 6 and 72  h. The gene in rotifers 
whose mRNA levels were most often affected by 
SCCP treatment was rxr, a receptor which is able 
to form dimers with a broad range of other cellular 
receptors in order to activate or suppress various tran-
scription cascades. Besides being able to homodi-
merize, it can also form heterodimers with one of the 
other receptors studied here, the rar (Kubickova et al., 
2021). This latter union takes place in a hormone-
receptor context and is the main form under which rar 
is active (Germain et al., 2006). Exposure to SCCPs 
caused rxr fold-change to significantly increase at 6, 
24 and 72 h.

Regarding the pattern of rar’s mRNA levels sig-
nificantly diminishing at six hours, before increas-
ing later in the treatment at 72 h, this was shown to 
occur in another study with pesticides known to affect 

sexual reproduction in rotifers (Gismondi et al. 2019). 
The third studied gene, mapr, was not highly sensitive 
to SCCP exposure as it only increased significantly 
once, with a less than twofold change from controls. 
This may, however, still have played a role in the 
reproduction dynamics of B. calyciflorus, as exposure 
to progesterone, this receptor’s putative ligand, leads 
to decreased fertilisation and diapausing cyst produc-
tion in this species (Yang & Snell, 2010).

The early (6  h) significant fluctuations in recep-
tor gene mRNA are unlikely to have had an impact 
on sexual reproduction dynamics given that, at this 
stage in the assay, there are few individuals and mixis 
has not yet been initiated. The greatest amount of sig-
nificant variations occurs at 72 h (increase in all three 
studied genes), which is also the time where the most 
demographic parametres were observed to be differ-
ent between control and SCCP treatments (increased 
Mr and lowered Fr).

As it has been shown that the mRNA levels of 
these receptors vary significantly when exposed to 
contaminants that also affect sexual reproduction 
(Joaquim-Justo & Gismondi, 2021), and that rxr in 
particular is known to be activated by small organic 
ligands which are lipophilic, making it susceptible 
to disruption by organic contaminants (Dawson & 
Xia, 2012), it is possible that this receptor (alone 
or in combination with rar) is reacting with SCCP 
congeners present in the solution. Reproduction in 
brachionid rotifers is known to be sensitive to endo-
crine disruptors such as vertebrate and arthropod-
derived hormones, as well as pesticides. Exposure 
to these molecules resulted in significant effects 
on mixis and fertilisation (Snell, 2011; Joaquim-
Justo & Gismondi, 2021). However, only the tran-
scriptional effects on these receptors are currently 
known, as well as how they correlate with repro-
ductive parametres, and not the exact mechanisms 
through which they interact with rotifer physiology 
and whether they affect reproduction directly. Cur-
rent genomics research is helping to elucidate the 
question by identifying the endocrine receptors of 
brachionid rotifer species (Kim et  al., 2017, 2022) 
but is still ongoing, as the function and putative 
receptors of these ligands have not yet been conclu-
sively demonstrated. Still, the fact that the present 
genes react significantly to contaminants which are 
known to affect rotifer reproduction, could point to 
a link between these genes and sexual reproduction 
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in this species. Alternatively, SCCP exposure may 
exert sub-lethal toxicity on B. calyciflorus, leading 
to altered fitness and behaviour in such a way that 
reproduction is altered, for example by targeting the 
germarium of females (Gismondi et  al., 2019) or 
male sperm production.

Conclusion

This work evaluated whether the widespread organic 
contaminant SCCPs had toxic effects on the bra-
chionid rotifer B. calyciflorus. To this end, we con-
ducted demographic parameter assays and compared 
the results to the mRNA expression levels of key 
genes putatively associated with endocrine receptors 
and sexual reproduction in the species. Our results 
show that environmentally relevant concentrations 
of SCCPs (in the ng/l range) are able to significantly 
affect the life history parameters of B. calyciflorus 
which concern sexual reproduction (mixis and fertili-
sation) during a limited period of time. These effects 
seem to disappear at 96  h and do not carry over to 
diapausing cyst production or the development of 
the following generation. Significant effects were 
measured regarding the expression of the mRNA of 
endocrine receptor genes rxr, rar and mapr, suggest-
ing disruption of these receptors could play a role in 
the alterations of life history parameters that were 
observed in the demographic assays.

Overall, while our results show that very low 
SCCP concentrations affect certain stages of B. cal-
yciflorus sexual reproduction, no effects were found 
that would indicate that current environmental lev-
els present a risk to the long-term development and 
continuation of B. calyciflorus populations in the 
wild. This work opens up the possibility that SCCPs 
may interact with endocrine receptors not only of 
vertebrates but also of invertebrates. Considering 
the large diversity of phyla present in this category, 
more focused investigations should be conducted on 
ecologically important groups to elucidate possible 
impacts and mechanisms of action from exposure in 
the environment.
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