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Abstract A non-genetic transgenerational inhibi-
tory effect on sexual reproduction has been demon-
strated in Brachionus plicatilis in relation to environ-
mental predictability. Indeed, clones of this species 
from more predictable environments do not respond 
to sex-inducing cues during several generations after 
leaving diapause. Notwithstanding, the molecular 
basis of this effect is still unknown. In this work, the 
expression level of genes related to the synthesis of 
sex hormones and to a potential epigenetic signalling 
mechanism were tracked along successive genera-
tions from diapausing eggs in clones of B. plicatilis 
populations inhabiting ponds with different level of 
environmental predictability. The selected genes were 
(1) the 17-β-dehydrogenase gene (edh), involved in 
the synthesis of 17-β-estradiol hormone in rotifers, 
and (2) the DNMT2 gene (meth), as a candidate 

epigenetic mechanism of control. According to 
expectations, results showed an increasing expression 
of edh across generations in clones from those the 
more predictable ponds. This finding provides a puta-
tive role of estradiol in the transgenerational effect. 
However, no differences were found in the meth gene 
neither across generations nor regarding the environ-
mental predictability. Despite this, we point out alter-
natives for future research on the inherited gene regu-
lation mechanism behind the transgenerational effect.

Keywords Transgenerational effect · Estradiol · 
DNA methylation · Rotifers · Environmental 
predictability

Introduction

Cyclically parthenogenetic rotifers switch between 
reproductive modes in a density-dependent manner 
over their life cycle. Typically, rotifer females start 
reproducing asexually until sexual reproduction is 
induced in response to a threshold concentration of 
an infochemical produced by the rotifers themselves 
and released into the environment (Gilbert, 1963; 
Carmona et  al., 1993; Stelzer & Snell, 2003, 2006; 
Snell et al., 2006). The result of sexual reproduction 
is the production of resistant diapausing eggs, which 
are crucial for the survival of temporary populations 
between growing seasons. Thus, rotifers produce dia-
pausing eggs prior to the arrival of adverse conditions 
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and subsequently recolonize the habitat from the 
hatching of these eggs when a new growing season 
begins, thus, restarting the typical life cycle in the 
water column. Nevertheless, an inhibition effect has 
been reported for some populations of different spe-
cies from genus Brachionus, Epiphanes, and Rhino-
glena whereby the sexual response to density is mark-
edly decreased or even absent for several generations 
after diapause (Gilbert, 1963, 2002, 2003; Schröder 
& Gilbert, 2004; Kamizono et al., 2017; Seudre et al., 
2019; Colinas et  al., 2023). This is a non-genetic 
transgenerational effect that manifests in delayed 
sexual reproduction, and it is proposed to be an adap-
tation that would allow rotifers to quickly colonize 
the habitat by promoting parthenogenetic growth 
(Schröder & Gilbert, 2004; Serra et al., 2005; Gilbert, 
2017). This effect may prevent genotypes hatching in 
a densely populated environment (i.e. demographi-
cally dominated by conspecific genotypes) from 
being induced to reproduce sexually before reaching a 
large enough population density (Gilbert, 2002, 2003, 
2017, 2020). Recently, the extent of this transgen-
erational effect was studied in relation to the degree 
of predictability in the pattern of variation of hydro-
period length across growing seasons in Brachionus 
plicatilis populations inhabiting a set of Mediter-
ranean ponds (Colinas et  al., 2023). Predictability 
in these ponds had been quantified by Franch-Gras 
et  al. (2017a) and defined as the rotifer’s ability to 
anticipate and adjust to future environmental condi-
tions. Recently, Colinas et al. (2023) have found that 
B. plicatilis clones from populations inhabiting pre-
dictable ponds are unresponsive to sex-inducing cues 
for several generations after leaving diapause. How-
ever, clones from unpredictable ponds respond from 
early generations, which could serve as an adaptive 
strategy to ensure the production of diapausing eggs 
against an unexpected ending of the growing season.

Despite the above, the molecular mechanisms 
underlying the transgenerational effect on sexual 
reproduction found in rotifers are unknown. Gilbert 
(2002, 2003, 2017) has proposed that it may occur 
through an endogenous control mechanism involv-
ing some sort of maternally provided cytoplasmatic 
agent. A factor, yet to be determined, would be pre-
sent in diapausing eggs inhibiting sexual reproduction 
in early generations, decreasing its concentration, and 
therefore, its effect across generations (Gilbert, 2002). 
It is worth mentioning that the concentration of this 

factor that would be transferred to the next genera-
tion would depend on the clutch size of each rotifer 
female, which could be a confounding factor.

Alternatively, the inhibition of sex in early genera-
tions after diapause could be mediated by any kind of 
transgenerational epigenetic inheritance mechanism 
(e.g. DNA methylation, histone modifications, or non-
coding RNAs; Jablonka & Raz, 2009). DNA meth-
ylation is considered a common epigenetic signal-
ling mechanism for the inhibition of gene expression 
(Bird & Wolffe, 1999; Bird, 2002) that may affect 
several generations (Angers et al., 2010) and that has 
been observed in many species (Adams, 1996; Field 
et  al., 2004). Moreover, it was reported that DNA 
methylation is involved in the expression control of 
genes related to hormones in organisms with com-
plex life cycles (e.g. the juvenile hormone in aphids; 
Walsh et al., 2010). DNA methylation is catalysed by 
a family of DNA methyltransferases (DNMTs) (Goll 
& Bestor, 2005). Of the three methyltransferases 
(DNMT1, DNMT2 and DNMT3) known in eukary-
otes (Colot & Rossignol, 1999; Goll & Bestor, 2005), 
DNMT1 is typically involved in the maintenance of 
DNA methylation and DNMT3 in establishing new 
methylation marks (Bestor, 2000; Jaenisch & Bird, 
2003; Goll & Bestor, 2005; Klose & Bird, 2006), 
whereas DNMT2 is involved in RNA methylation, 
specifically in tRNA (Goll et  al., 2006). Notwith-
standing, it has been recently reported that DNMT2 is 
also responsible of DNA methylation in some organ-
isms (e.g. Drosophila sp.; Deshmukh et  al. (2018)). 
To date, there is little information about methylation 
patterns in rotifers, but Kim et al. (2016) identified a 
single DNMT homologous to DNMT2 in Brachionus 
koreanus, and Franch-Gras et  al. (2018) have also 
annotated a DNMT2 in the genome of B. plicatilis. 
Moreover, differences in the expression level of the 
DNMT2 gene have been found between diapausing 
eggs of B. plicatilis populations evolved experimen-
tally under divergent regimes of environmental pre-
dictability (Tarazona et al., 2020). Thus, we hypoth-
esize that this methyltransferase newly discovered in 
rotifers could play a role in the maintenance of the 
silencing of genes related to sexual reproduction.

Regardless of the inherited mechanism of gene 
regulation behind the transgenerational effect, one 
likely pathway over the control of sexual reproduc-
tion initiation in rotifers is through the synthesis of 
sex steroid hormones (oestrogens, androgens, and 
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progestins). Experimental studies have shown that 
exposure to these hormones increases sexual repro-
duction in rotifers (Gallardo et al., 1997, 1999, 2000a, 
b; Radix et  al., 2002; Snell & DesRosiers, 2008). 
Interestingly, the exposure to 17-β-estradiol hormone 
produces an increase in the proportion of sexual 
reproduction in B. plicatilis (Gallardo et  al., 1997), 
and the knockdown of the gene coding for the enzyme 
17-β-dehydrogenase 12 (17-hydroxysteriod dehy-
drogenase 12), which is involved in the conversion 
of estrone in 17-β-estradiol, decreases sexual repro-
duction in Brachionus manjavacas (Snell, 2011). 
In this contribution, the expression level of genes 
related to the synthesis of sex hormones in rotifers 
and a potential epigenetic signalling mechanism were 
tracked along successive generations by quantifying 
mRNA from clones of B. plicatilis populations that 
originally inhabited ponds with different levels of 
environmental predictability. The genes were (i) the 
17-β-dehydrogenase gene (hereafter, edh), involved 
in the synthesis of 17-β-estradiol hormone in rotifers, 
and (ii) the DNMT2 gene (hereafter, meth), as a can-
didate epigenetic mechanism of control. Our expecta-
tion is that the expression level of edh will increase 
along with generations in clones from the populations 
inhabiting the more predictable ponds, whereas it will 
remain constant in those clones from unpredictable 
ponds in agreement with previous results describ-
ing the transgenerational effect on the proportion of 
sexual reproduction in B. plicatilis (Colinas et  al., 
2023). Assuming that meth is a methylation mainte-
nance gene for silencing the expression of other genes 
related to sexual reproduction, we hypothesize that its 
expression level will remain low in clones from popu-
lations inhabiting unpredictable ponds and that it will 
decrease its expression level across generations in the 
clones from the populations inhabiting the more pre-
dictable ponds.

Material and methods

Experimental design

The study of transcriptional changes across gen-
erations of edh and meth was performed on RNA 
samples obtained as part of a previous experiment 
described in Colinas et  al. (2023), in which the 
transgenerational effect on the proportion of sexual 
reproduction in B. plicatilis populations was assessed. 
Briefly, in this experiment, populations inhabiting 
four saline ponds in Eastern Spain, which comprise 
a gradient spanning from low to highly predictable 
lengths of the growing season (Franch-Gras et  al., 
2017a) were tested (see Table  1 and Colinas et  al., 
2023, for further details). The environmental predict-
ability for these B. plicatilis populations had been 
quantified by Franch-Gras et  al. (2017a) from satel-
lite data gathered over a 27 year period (1984–2011) 
using Collwell’s (1974) index based on the presence 
or absence of water as state variable. This index con-
siders the perception of environmental fluctuation by 
B. plicatilis individuals according to the biological 
information available for the studied ponds (details 
in Franch-Gras et al., 2017a). Several parental clonal 
lines (hereafter referred to as P-clones) were estab-
lished by hatching diapausing eggs isolated from the 
sediment of each pond. Three laboratory multiclonal 
populations (functioning as replicates) were generated 
per wild population by placing together five females 
from each of 10 P-clones. Diapausing eggs from 
these multiclonal populations of approximately the 
same age and produced under controlled conditions 
were harvested and stored in saline solution (60 g  l−1 
Instant  Ocean® Synthetic Sea Salts, Aquarium Sys-
tems) and in the dark at 4 °C for at least one month to 
ensure the completion of the obligate period of dor-
mancy before experimental use (Hagiwara & Hino, 

Table 1  Studied natural populations and features of the ponds where they inhabit: area  (m2), salinity (g/l), degree of environmental 
predictability, and hydroperiod length (adapted from Franch-Gras et al., 2017b)

Natural populations Acronym Pond area  (m2) Salinity (g/l) Estimated growing-season 
length predictability

Hydroperiod (fraction 
of the year flooded)

Atalaya de los Ojicos ATA 47,000 17.53–54 0.75 0.93
Hoya Turnera HTU 130 1.84–3.06 0.70 0.07
Hoya Yerba HYB 1060 2.84–16.5 0.34 0.23
Hoya Chica HYC 32,000 10.79 0.12 0.51
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1989; Martínez-Ruiz & García-Roger, 2015). Experi-
mental clones (hereafter referred to as F-clones) were 
haphazardly selected after hatching diapausing eggs 
obtained from the three replicates of each multiclonal 
population. Once 6–8 neonates per population had 
hatched, they were individually cultivated in 15  ml 
of saline water at 12  g   l−1 with the microalgae Tet-
raselmis suecica as food source at 250,000 cells  ml−1 
(ca. 33 mg C  l−1). These females constituted the F0 
generation of the F-clones. The first three daughters 
(F1) from each F0 female were individually trans-
ferred to new Petri dishes and cultured under the 
same conditions as the F0 females to establish three 
(replicate) lineages per clone. For each lineage within 
a clone, up to a maximum of nine (F9) subsequent 
generations were followed by repeatedly initiating 
cultures with the first daughter from the preceding 
generation (Fig. 1). The second daughters from the F1 
to F9 generations, and the first daughter of F10, were 
used to perform a bioassay where the proportion of 
sexual females generated among the offspring of an 
initial female in response to density was estimated, 
so that data on the transgenerational effect on sex 
response are available (Colinas et al., 2023). The third 
daughters from F1, F3, F7, and F9 generations (thus, 
F2, F4, F8, and F10) served to obtain RNA samples 
under sex-inducing conditions like those in the bio-
assays and to estimate gene expression in the present 
research. For this purpose, neonate females were 
individually isolated in plastic Petri dishes (60  mm 
diameter) containing 7  mL of fresh culture medium 
(Fig.  1). The initial concentration of T. suecica in 
the culture medium was 500 000 cells   ml−1. Neo-
nate females were allowed to grow and proliferate 
for 4 days, which is time enough for a high popula-
tion density to be reached in cultures and for sexual 
reproduction to take place. Then, the cultures were 
filtered through 46.8 µm Millipore Nylon filters and 
washed with 12 g  l−1 saline water to remove microal-
gal cells while retaining rotifers. Rotifers retained in 
the filters were fixed in liquid nitrogen and stored in 
Eppendorf tubes at – 80 °C until RNA extraction. A 
total of 360 cultures (4 wild populations × 6–8 clones/
population × 3 lineages/clone × 4 generations) were 
processed in this way. Due to logistical reasons, the 
procedure was not carried out simultaneously in all 
the populations, but several experimental blocks were 
established, to which the diapausing eggs from the 
four populations were randomly assigned.

RNA extraction and qPCR

Total RNA was extracted from the 360 samples by 
resuspending and homogenizing the material retained 
in the filters in 400  μl of TRI  Reagent® (Zymo 
Research). After that, RNA was purified using Direct-
zol™-96 RNA (Zymo Research). RNA samples were 
retrotranscribed to cDNA using SuperScript™ III 
Reverse Transcriptase (Invitrogen) and poli dT prim-
ers. The cDNA was stored at –  20  °C until expres-
sion quantification analysis. RNA concentration and 
purity of RNA, measured as the ratio of absorbance 
at 260  nm and 280  nm (A260/280), were evaluated 
spectrophotometrically using a NanoDrop (Thermo 
Scientific). Samples with a concentration lower than 
10  ng  μl−1 and A260/280 lower than 1.8 were dis-
carded for expression quantification analyses. Primers 
for qPCR for the two genes of interest, edh and meth, 
were designed in exon/exon junction in order to avoid 
genomic DNA contamination. The sequences for 
these genes were obtained from the annotated B. pli-
catilis reference genome (NCBI: GCA_003710015.1; 
Franch-Gras et  al., 2018) and blasted against NCBI 
database to search transcript reads (e.g. expressed 
sequence tags, transcriptomes shotgun assembly, 
and mRNA) to find the exon/intron boundaries. As 
no splicing information could be retrieved for refer-
ence genes previously used in rotifers, we analysed 
the stable and constitutive expression from available 
transcriptomic data (Tarazona et  al., 2020) follow-
ing Machado et  al. (2020) in order to find putative 
housekeeping genes. The gene coding for the basic 
transcription factor 3 (btf3), which has been used as 
reference gene in other organisms (Bu et  al., 2016), 
presented a high and homogenous expression level 
across different conditions and different splicing sites 
suitable for designing primers in exon/exon junctions 
and so was chosen as a reference for copy number 
standardization. Primers for edh, meth, and btf3 were 
designed in Primer3Plus software with special set-
tings for qPCR assays (Table 2). Specificity optimal 
amplification conditions of the primers were assessed 
through PCR using cDNA and genomic DNA, 
and amplicons were visualized by electrophoresis 
in agarose gels (30  min at 70  V, 2% agarose in SB 
buffer). Genomic DNA of the algae T. suecica was 
also assayed. In addition, PCR products were puri-
fied  (QIAquick® PCR Purification Kit), quantified 
(Qubit™ 1X dsDNA HS Assay Kit), and sequenced 
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by Sanger’s sequencing in BMR Genomics (Padova, 
Italy).

The expression levels of the three genes of inter-
est were quantified by qPCR using the CFX Con-
nect Real-Time PCR thermocycler (Bio-Rad). The 

absolute quantification of each gene was carried out 
and the level of expression of the edh and meth genes 
(cDNA copy µl−1) was normalized to the btf3 cDNA 
copy µl−1 as previously described (Cucuzza et  al., 
2017). In detail, each qPCR analysis was performed 

Fig. 1  Schematic diagram showing the experimental design performed for each B. plicatilis clone. RNA samples were obtained for 
6–8 clones of each of the four studied populations as a part of a previous study carried out by Colinas et al. (2023)
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in a volume of 20 µl containing 2 µl of sample cDNA, 
0.1  µl of each primer at 100  µM (and 10  µl of 2× 
SsoAdvanced Universal SYBR Green Supermix 
(Bio-Rad). qPCR-cycling conditions are indicated 
in Table 2. Melt curve analysis was carried out from 
60 to 95 °C with increments of 0.5 °C/5 s. All qPCR 
products were tested by electrophoresis (30  min at 
80  V, 2% agarose gel in TBE buffer) to verify the 
size of the amplicons. The standard calibration curve 
for each gene was prepared following the approach 
published in Di Cesare et  al. (2013). Briefly, PCR 
products, from the cDNA of each gene, were puri-
fied using a commercial kit (QIAquick PCR Purifica-
tion Kit, Qiagen) and quantified as described above 
(expressed as ng µl−1). Then, the purified amplicons 
were tenfold diluted in order to prepare the standard 
curve. In each qPCR assay, six standards (each one in 
duplicate), samples, and four No Template Controls 
(NTC) were included. The presence of PCR inhibi-
tors in the samples was tested by the dilution method 
following Di Cesare et  al. (2013), and no inhibition 
was observed. The reaction efficiency and R2 for 
the assays were 93.82% ± 5.72% and 0.992 ± 0.007 
(mean value of the three genes ± standard devia-
tion), respectively. The ng  µl−1 values obtained for 
both standards and samples were converted in gene 
copy µl−1 as described in Di Cesare et  al. (2013): 
since 1  bp is equal to 1.095 ×  10–12  ng, thus, know-
ing the concentration expressed in ng  µl−1 and the 
size (bp) of each amplicon (shown in Table  2), the 
number of gene copy µl−1 was calculated. Accord-
ing to Bustin et al. (2009), the limits of quantification 
per each gene were 1700 copy μl−1 for btf3, 109 copy 
μl−1 for edh, and 158 copy μl−1 for meth. When the 
number of copies for a given sample was below the 
limit of quantification, the sample was considered 
as unquantifiable (Bustin et  al., 2009) and removed 

from latter statistical analyses. The expression level 
of edh and meth was estimated in 76 and 47 samples, 
respectively.

Data analysis

The number of copies of edh and meth were normal-
ized by the copy number of btf3, then transformed 
logarithmically and analysed by means of General-
ized Linear Mixed Models (GLMMs). Gaussian dis-
tribution of errors and identity link function were 
used (Crawley, 2013). The formulation of GLMMs 
were identical for both genes and included genera-
tion order and predictability degree of the origin 
locations, as well as their interactions, as fixed-
effect explanatory variables. F-clones were treated 
as levels of a random-effect factor. The significance 
of effects was individually tested through Likeli-
hood Ratio Tests (LRTs) between the full GLMM 
and reduced GLMMs obtained after single term 
deletions using a threshold for α equal to 0.05. Non-
significant terms were removed from the GLMMs 
to facilitate interpretation of effects. The validity of 
the resulting simplified GLMMs was tested using an 
approach based on the Akaike Information Crite-
rion (AIC, Akaike, 1973). For the sake of better vis-
ualization in figures, generation order was conveni-
ently grouped into early (F2 and F4) and late (F8 
and F10) generations. This grouping did not affect 
data interpretation (for each gene, a GLMM con-
sidering this factor instead of generation order did 
not differ statistically from the GLMM described 
above, with negligible differences in AIC between 
models). Finally, by taking advantage of the data 
by Colinas et  al. (2023), the relationship between 
the proportion of sexual reproduction (measured 
as the number of females in the offspring that are 

Table 2  Primer pairs used in the qPCR assays to detect transgenerational gene expression and qPCR-cycling conditions

Target gene Primer name Primer sequence (5′–3′) Product size 
(bp)

Annealing tem-
perature (°C)

No. of cycles

btf3 Btf3F CGG CAG TCC AGA ATA CAG AAGA 105 62 32
Btf3R GTC TTG GAA CAC CTT TAC CGC 

edh EdhF TCA CAA TTT ACA GGG CTG GTTG 108 64 35
EdhR GCT TTT CGA ATG GCT TTG GC

meth MethF CCC GGA GAA ATT ATT GCT GCTG 107 66 35
MethR TTG ATG CCT TCA ATT GTC TTT TGT 
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sexual relative to the total number of ovigerous 
females) and the copy number of edh relative to 
btf3 was studied for the same group of populations 
and clones using Pearson’s correlation analysis. All 
analyses were performed using R 4.1.0 statistical 
software (R Core Team, 2021). GLMMs and LRTs 
were run using the “lme4” package (Bates et  al., 
2015) and correlation was performed using the cor.
test function from the “stats” package.

Results

Results showed decreasing expression levels of edh 
with increasing environmental predictability of the 
origin ponds of the clones and populations stud-
ied (Fig.  2A), this effect was statistically signifi-
cant (Table  3). Interestingly, results also showed an 
increase in the expression level of edh when compar-
ing early and late generations in the populations of 

Fig. 2  Comparison of the expression level of A the edh 
gene and B the meth gene between two groups of generations 
(“early”: F2 and F4; “late”: F8 and F10) in populations of B. 
plicatilis from four ponds (HYC, HYB, HTU and ATA). Envi-

ronmental predictability is coded using a colour gradient from 
darkest red (more unpredictable ponds) to darkest blue (more 
predictable ponds)
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the most predictable ponds (Fig. 2A), the interaction 
effect between generation order and predictability was 
significant too (Table 3). Congruently, the coefficient 
for the interaction term was positive and significantly 
different from 0 (β = 0.4, t = 2.022, P < 0.02). No dif-
ferences between early and late generations in expres-
sion level of edh were found in the populations from 
the most unpredictable ponds. The expression level of 
meth was much lower than that of edh (Fig. 2B) and 
none of the effects tested by GLMM were significant 

(Table 3). No differences were found in the transgen-
erational variation of gene expression of the clones 
within each population for either edh (LRT χ2 = 1.929, 
df = 2, P = 0.381) or meth (LRT χ2 = 3.420, df = 2, 
P = 0.181). The relationship between the expression 
level of edh and the proportion of sexual reproduc-
tion measured in several clones from the populations 
studied) was positive and significant (Fig. 3; r = 0.62, 
P = 0.019).  

Discussion

Many studies have shown the inhibition of sexual 
reproduction across the early generations following 
diapause in rotifers (Hino & Hirano, 1977; Gilbert, 
2002, 2003; Schröder & Gilbert, 2004; Kamizono 
et al., 2017; Seudre et al., 2019). In a recent experi-
ment in B. plicatilis, the contribution of environ-
mental predictability to this transgenerational effect 
has been demonstrated and its importance in the 
adaptation of rotifers to fluctuating environments 
highlighted (Colinas et  al., 2023). Nevertheless, 

Table 3  Effect of generation order, habitat predictability and 
their interaction on the logarithmic copy number in the four 
studied populations of rotifer Brachionus plicatilis for edh and 
meth genes

Effect df edh meth

F P F P

Generation 1 2.460 0.117 3.42 0.064
Predictability 1 7.100 0.008 0.011 0.916
Genera-

tion × predict-
ability

1 4.203 0.040 1.003 0.317

Fig. 3  Relationship between the proportion of sexual repro-
duction (data from Colinas et al., 2023) and edh copy number 
from the same set of B. plicatilis clones from each studied pop-
ulation. Environmental predictability is coded using a colour 
gradient from darkest red (rotifer populations inhabiting more 

unpredictable ponds, HYB and HYC) to darkest blue (roti-
fer populations inhabiting more predictable ponds, ATA and 
HTU). Trend line represents the linear regression fitted to the 
data
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little was known about the underlying molecular 
mechanisms. Therefore, the main aim of the present 
research was addressing the expression profile of 
two genes that could be involved in the non-genetic 
inheritance of this transgenerational effect. In line 
with initial expectations, the results showed a sig-
nificant increase in expression level of edh across 
generations in the clones coming from rotifer popu-
lations inhabiting predictable environments, whereas 
no differences between early and late generations 
were observed in the clones coming from popula-
tions inhabiting unpredictable ponds. Since edh 
encodes for 17-β-dehydrogenase 12 enzyme, which 
is required to catalyse the interconversion of estro-
genic hormones estrone and 17-β-estradiol (Mind-
nich et al., 2004; Moeller & Adamski, 2009), the low 
expression of the gene would be expected to result in 
a reduced level of estradiol. Sex steroids are involved 
in reproductive processes in aquatic invertebrates 
(Khöler et al., 2007; Lafont & Mathieu, 2007; Migl-
ioli et  al., 2021) and there is experimental evidence 
supporting that estradiol signalling may be an impor-
tant mechanism regulating rotifer reproduction in dif-
ferent ways (Snell, 2011; Jones et  al., 2017). First, 
genes encoding for key enzymes required in steroid 
biosynthesis, including 17-β-dehydrogenase 12 have 
been identified (Snell, 2011) in B. plicatilis transcrip-
tomes (Suga et  al., 2007; Denekamp et  al., 2009). 
Second, the selective silencing of edh gene expres-
sion decreased sexual reproduction in B. manjavacas 
(Snell, 2011). Third, genes encoding for estrogen-like 
receptors have been reported in several Brachionus 
species including B. plicatilis (Kim et al., 2017) and 
a ligand-activated estrogen-like receptor was shown 
to bind 17-β-estradiol and regulate reproduction in 
B. manjavacas (Jones et al., 2017). Fourth, exposure 
to estradiol caused a twofold increase in the propor-
tion of sexual reproduction in B. plicatilis (Gallardo 
et al., 1997). Despite endocrine-like bioregulation in 
rotifers needs to be more clearly elucidated, the pre-
sumed regulation of the production of sexual females 
by estradiol will be in accordance with our finding 
that the proportion of sexual reproduction measured 
by Colinas et al. (2023) is significantly and positively 
correlated with edh expression level quantified in the 
present research for the same set of clones. Moreover, 
the involvement of 17-β-estradiol provides a puta-
tive estrogenic-mediated pathway for the transgen-
erational effect observed in B. plicatilis inhabiting 

predictable ponds (Colinas et  al., 2023). Low levels 
of 17-β-dehydrogenase 12 expression, and therefore 
of 17-β-estradiol, could lead to the low proportions 
of sexual reproduction in response to sex-inducing 
signals found in the first generations after diapaus-
ing egg hatching. Accordingly, the expression levels 
of edh were higher in populations from unpredictable 
ponds than in those from predictable ones coinciding 
with the direct relation between the level of environ-
mental unpredictability and the investment in sexual 
reproduction reported in previous studies (Franch-
Gras et  al., 2017b, 2019; Tarazona et  al., 2017). A 
comment regarding our estimate of the degree of 
environmental unpredictability in the ponds from 
which the studied populations originate is pertinent 
here. Predictability was estimated on the across-year 
variation in the length of the hydroperiod of each of 
the studied pond, which was used as a proxy for the 
length of the growing season for B. plicatilis Franch-
Gras et al. 2017a, b; Colinas et al., 2023). Of course, 
other environmental factors could vary in a roughly 
predictable fashion and affect the actual length of the 
growing season. Among these factors, one may cite 
extremes of environmental conditions (e.g. salin-
ity), food availability, or the presence of antagonists 
such as competitors or predators, whose timing in the 
growing season should be reliably anticipated and 
matched by the transgenerational effect.

Once established how the changes in the expres-
sion level of edh might be related to the transgen-
erational inhibition of sexual reproduction in B. 
plicatilis, the question remains about the epigenetic 
control mechanisms of gene expression behind the 
transgenerational effect. In this contribution we 
proposed that DNA methylation could play a role, 
since it is an epigenetic mechanism typically linked 
to gene silencing, whose effects can extend over a 
considerable number of generations. Thus, we have 
focused on a homologue of DNMT2 methyltrans-
ferase found in rotifers (Kim et  al., 2016; Franch-
Gras et al., 2018), here named meth, whose expres-
sion could be related to the transgenerational effect 
by being involved in housekeeping DNA meth-
ylation. However, we did not find changes in the 
expression level of meth across generations, since 
its expression was similar between early and late 
generations after diapause. In fact, the expression 
level of meth was generally low, both in rotifer pop-
ulations from unpredictable and predictable ponds. 
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Nonetheless, an exploration of gene expression data 
in B. plicatilis diapausing eggs produced under 
divergent selective environments regarding predict-
ability in the length of the growing season (predict-
able vs unpredictable; Tarazona et  al., 2020) has 
shown a higher expression of meth in diapausing 
eggs from predictable environments (F = 63.134, 
df = 1, P = 0.016). This suggests the possibility that 
there are differences in the starting methylation 
level between rotifer stem females from predictable 
and unpredictable environments and that perhaps a 
passive demethylation process allows reversing the 
silencing of genes related to sexual reproduction as 
generations pass. Of course, this is a matter for fur-
ther investigation as we cannot rule out the possibil-
ity that other epigenetic mechanisms—e.g. histones 
or small RNAs—could be involved in the expres-
sion control of particular genes in rotifers (e.g. Lee 
et al., 2020).

Our results attempted to shed light on the 
molecular mechanisms implied in the non-genetic 
transgenerational effect of inhibition of sexual 
reproduction in B. plicatilis. We have documented 
a possible role of the 17-β-estradiol hormone medi-
ated by the expression of edh encoding for the 
17-β-hydroxysteriod dehydrogenase 12 in B. plica-
tilis. The increase of edh expression across genera-
tions in populations from predictable environments 
correlates with a high investment in sexual repro-
duction in late generations in these environments, 
as found in other studies. This means that at the 
molecular level we can track the timing of sexual 
reproduction and the investment in it by quantify-
ing 17-β-estradiol levels or the increase in edh 
gene expression. Despite the above, it remains to 
be found a mechanism that explains the transgen-
erational effect. Our results do not support the con-
jecture about a housekeeping methylation for the 
silencing of genes related to sexual reproduction, 
including edh. Whether the mechanism behind the 
transgenerational effect inhibiting sexual reproduc-
tion in the early generation after diapause is a spon-
taneous demethylation process—compatible with 
our finding of differences in the levels of methyl-
transferase activity in diapause embryos produced 
in divergent regimes of environmental predictabil-
ity—or whether it is mediated by histones, micro-
RNAs, or by other cytoplasmatic factors that affect 

gene expression yet to be determined, will be the 
subject of future research.

Acknowledgements We thank David Martínez-Torres and 
Pilar Ruiz for their advice during RNA extractions.

Author contributions Conceptualization: EMG-R and 
MJC; developing methodology: NC and JM-P. Conducting 
the research: all authors. Formal analysis: NC and EMG-R; 
visualization: NC, EMG-R, JM-P and MJC. Project adminis-
tration: EMG-R. First-draft elaboration: NC. Writing: MG-R, 
JM-P, MJC and NC; review and editing: all the authors. Fund-
ing acquisition: MJC. All authors read and approved the final 
manuscript.

Funding Open Access funding provided thanks to the 
CRUE-CSIC agreement with Springer Nature. This research 
was supported by Grant CGL2015-65422-P funded by 
MCINN/AEI/https:// doi. org/ 10. 13039/ 50110 00110 33 and 
ERDF “A way of making Europe”, and Grant BES-2016-
078448 funded by MCINN/AEI/https:// doi. org/ 10. 13039/ 
50110 00110 33 and FSE “Investing in your future”.

Data availability The authors confirm that the data support-
ing the findings of this research are available within the article 
and/or its supplementary materials.

Declarations 

Competing interests The authors declare that the research 
was conducted in the absence of any commercial relationship 
that could be interpreted as a potential conflict of interest.

Open Access This article is licensed under a Creative Com-
mons Attribution 4.0 International License, which permits 
use, sharing, adaptation, distribution and reproduction in any 
medium or format, as long as you give appropriate credit to the 
original author(s) and the source, provide a link to the Crea-
tive Commons licence, and indicate if changes were made. The 
images or other third party material in this article are included 
in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not 
included in the article’s Creative Commons licence and your 
intended use is not permitted by statutory regulation or exceeds 
the permitted use, you will need to obtain permission directly 
from the copyright holder. To view a copy of this licence, visit 
http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

References

Adams, R. L. P., 1996. DNA methylation. In Bittar, E. E. (ed), 
Principles of Medical Biology, Vol. 5. JAI Press, New 
York: 33–66.

Akaike, H., 1973. Maximum likelihood identification of Gauss-
ian autoregressive moving average models. Biometrika 
60: 255–265.

https://doi.org/10.13039/501100011033
https://doi.org/10.13039/501100011033
https://doi.org/10.13039/501100011033
http://creativecommons.org/licenses/by/4.0/


2871Hydrobiologia (2024) 851:2861–2873 

1 3
Vol.: (0123456789)

Angers, B., E. Castonguay & R. Massicotte, 2010. Environ-
mentally induced phenotypes and DNA methylation: 
how to deal with unpredictable conditions until the next 
generation and after. Molecular Ecology 19: 1283–1295. 
https:// doi. org/ 10. 1111/j. 1365- 294X. 2010. 04580.x.

Bates, D., M. Mächler, B. Bolker & S. Walker, 2015. Fitting 
linear mixed-effects models using lme4. Journal of Statis-
tical Software 67: 1–48. https:// doi. org/ 10. 18637/ jss. v067. 
i01.

Bestor, T. H., 2000. The DNA methyltransferases of mammals. 
Human Molecular Genetics 9: 2395–2402. https:// doi. org/ 
10. 1093/ hmg/9. 16. 2395.

Bird, A., 2002. DNA methylation patterns and epigenetic 
memory. Genes Development 16: 6–21. https:// doi. org/ 10. 
1101/ gad. 947102.

Bird, A. P. & A. P. Wolffe, 1999. Methylation-induced repres-
sion—belts, braces and chromatin. Cell 99: 451–454. 
https:// doi. org/ 10. 1016/ S0092- 8674(00) 81532-9.

Bu, J., J. Zhao & M. Liu, 2016. Expression stabilities of can-
didate reference genes for RT-qPCR in Chinese jujube 
(Ziziphus jujuba Mill.) under a variety of conditions. 
PLoS ONE 11: e0154212. https:// doi. org/ 10. 1371/ journ al. 
pone. 01542 12.

Bustin, S. A., V. Benes, J. A. Garson, J. Hellemans, J. Hug-
gett, M. Kubista, R. Mueller, T. Nolan, M. W. Pfaffl, G. 
L. Shipley, J. Vandesompele & C. T. Wittwer, 2009. The 
MIQE guidelines: minimum information for publica-
tion of quantitative real-time PCR experiments. Clinical 
Chemistry 55: 611–622. https:// doi. org/ 10. 1373/ CLINC 
HEM. 2008. 112797.

Carmona, M. J., M. Serra & M. R. Miracle, 1993. Relation-
ships between mixis in Brachionus plicatilis and precon-
ditioning of culture medium by crowding. Hydrobiologia 
255: 145–152. https:// doi. org/ 10. 1007/ BF000 25832.

Colinas, N., M. J. Carmona, M. Serra & E. M. García-Roger, 
2023. Transgenerational effect on sexual reproduction in 
rotifer populations in relation to the environmental pre-
dictability of their habitats. Freshwater Biology 68: 1041–
1054. https:// doi. org/ 10. 1111/ fwb. 14084.

Collwell, R. K., 1974. Predictability, constancy and contin-
gency of periodic phenomena. Ecology 55: 1148–1153. 
https:// doi. org/ 10. 2307/ 19403 66.

Colot, V. & J. L. Rossignol, 1999. Eukaryotic DNA methyla-
tion as an evolutionary device. BioEssays 21: 402–411. 
https:// doi. org/ 10. 1002/ (SICI) 1521- 1878(199905) 21:5% 
3c402:: AID- BIES7% 3e3.0. CO;2-B.

Crawley, M. J., 2013. The R Book, Wiley, Chichester:
Cucuzza, L. S., B. Biolatti, S. Divari, P. Pregel, F. E. Scagli-

one, A. Sereno & F. T. Cannizzo, 2017. Development and 
application of a screening method of absolute quantitative 
PCR to detect the abuse of sex steroid hormone adminis-
tration in male bovines. Journal of Agricultural and Food 
Chemistry. 65: 4866–4874. https:// doi. org/ 10. 1021/ acs. 
jafc. 7b008 52.

Denekamp, N. Y., M. A. S. Thorne, M. S. Clark, M. Kube, R. 
Reinhardt & E. Lubzens, 2009. Discovering genes asso-
ciated with dormancy in the monogonont rotifer Brachio-
nus plicatilis. BMC Genomics 10: 108. https:// doi. org/ 10. 
1186/ 1471- 2164- 10- 108.

Deshmukh, S., V. K. C. Ponnaluri, N. Dai, S. Pradhan & D. 
Deobagkar, 2018. Levels of DNA cytosine methylation in 

the Drosophila genome. PeerJ 6: e5119. https:// doi. org/ 
10. 7717/ peerj. 5119.

Di Cesare, A., G. M. Luna, C. Vignaroli, S. Pasquaroli, S. 
Tota, P. Paroncini & F. Biavasco, 2013. Aquaculture can 
promote the presence and spread of antibiotic-resistant 
enterococci in marine sediments. PLoS ONE 8: e62838. 
https:// doi. org/ 10. 1371/ journ al. pone. 00628 38.

Field, L. M., F. Lyko, M. Mandrioli & G. Prantera, 2004. DNA 
methylation in insects. Insect Molecular Biology 13: 109–
115. https:// doi. org/ 10. 1111/j. 0962- 1075. 2004. 00470.x.

Franch-Gras, L., E. M. García-Roger, B. Franch, M. J. Car-
mona & M. Serra, 2017a. Quantifying unpredictability: a 
multiple-model approach based on satellite imagery data 
from Mediterranean ponds. PLoS ONE 12: e0187958. 
https:// doi. org/ 10. 1371/ journ al. pone. 01879 58.

Franch-Gras, L., E. M. García-Roger, M. Serra & M. J. Car-
mona, 2017b. Adaptation in response to environmental 
unpredictability. Proceedings of the Royal Society B: 
Biological Sciences 284: 20170427. https:// doi. org/ 10. 
1098/ rspb. 2017. 0427.

Franch-Gras, L., C. Hahn, E. M. García-Roger, M. J. Car-
mona, M. Serra & A. Gómez, 2018. Genomic signa-
tures of local adaptation to the degree of environmental 
predictability in rotifers. Scientific Reports 8: 16051. 
https:// doi. org/ 10. 1038/ s41598- 018- 34188-y.

Franch-Gras, L., E. Tarazona, E. M. García-Roger, M. J. 
Carmona, A. Gómez & M. Serra, 2019. Rotifer adap-
tation to the unpredictability of the growing season. 
Hydrobiologia 844: 257–273. https:// doi. org/ 10. 1007/ 
s10750- 019- 3886-y.

Gallardo, W. G., A. Hagiwara, Y. Tomita, K. Soyano & T. 
W. Snell, 1997. Effect of some vertebrate and inverte-
brate hormones on the population growth, mictic female 
production, and body size of the marine rotifer Brachio-
nus plicatilis Müller. In Hagiwara, A., T. W. Snell, E. 
Lubzens & C. S. Tamaru (eds), Live Food in Aquacul-
ture Developments in Hydrobiology, Vol. 124. Springer, 
Dordrecht. https:// doi. org/ 10. 1007/ 978- 94- 017- 2097-7_ 
17.

Gallardo, W. G., A. Hagiwara, Y. Tomita & T. W. Snell, 1999. 
Effect of growth hormone and γ-aminobutyric acid on 
Brachionus plicatilis (Rotifera) reproduction at low food 
or high ammonia levels. Journal of Experimental Marine 
Biology and Ecology 240: 179–191. https:// doi. org/ 10. 
1016/ S0022- 0981(99) 00055-6.

Gallardo, W. G., A. Hagiwara, K. Hara, K. Soyano & T. W. 
Snell, 2000a. GABA, 5-HT and amino acids in the rotifers 
Brachionus plicatilis and Brachionus rotundiformis. Com-
parative Biochemistry and Physiology Part A: Molecular 
& Integrative Physiology 127: 301–307. https:// doi. org/ 
10. 1016/ s1095- 6433(00) 00266-x.

Gallardo, W. G., A. Hagiwara & T. W. Snell, 2000b. Effect of 
juvenile hormone and serotonin (5-HT) on mixis induc-
tion of the rotifer Brachionus plicatilis Muller. Journal of 
Experimental Marine Biology and Ecology 252: 97–107. 
https:// doi. org/ 10. 1016/ S0022- 0981(00) 00240-9.

Gilbert, J. J., 1963. Mictic-female production in the rotifer Bra-
chionus calyciflorus. Journal of Experimental Zoology 
153: 113–123. https:// doi. org/ 10. 1002/ JEZ. 14015 30204.

Gilbert, J. J., 2002. Endogenous regulation of environmentally 
induced sexuality in a rotifer: a multigenerational parental 

https://doi.org/10.1111/j.1365-294X.2010.04580.x
https://doi.org/10.18637/jss.v067.i01
https://doi.org/10.18637/jss.v067.i01
https://doi.org/10.1093/hmg/9.16.2395
https://doi.org/10.1093/hmg/9.16.2395
https://doi.org/10.1101/gad.947102
https://doi.org/10.1101/gad.947102
https://doi.org/10.1016/S0092-8674(00)81532-9
https://doi.org/10.1371/journal.pone.0154212
https://doi.org/10.1371/journal.pone.0154212
https://doi.org/10.1373/CLINCHEM.2008.112797
https://doi.org/10.1373/CLINCHEM.2008.112797
https://doi.org/10.1007/BF00025832
https://doi.org/10.1111/fwb.14084
https://doi.org/10.2307/1940366
https://doi.org/10.1002/(SICI)1521-1878(199905)21:5%3c402::AID-BIES7%3e3.0.CO;2-B
https://doi.org/10.1002/(SICI)1521-1878(199905)21:5%3c402::AID-BIES7%3e3.0.CO;2-B
https://doi.org/10.1021/acs.jafc.7b00852
https://doi.org/10.1021/acs.jafc.7b00852
https://doi.org/10.1186/1471-2164-10-108
https://doi.org/10.1186/1471-2164-10-108
https://doi.org/10.7717/peerj.5119
https://doi.org/10.7717/peerj.5119
https://doi.org/10.1371/journal.pone.0062838
https://doi.org/10.1111/j.0962-1075.2004.00470.x
https://doi.org/10.1371/journal.pone.0187958
https://doi.org/10.1098/rspb.2017.0427
https://doi.org/10.1098/rspb.2017.0427
https://doi.org/10.1038/s41598-018-34188-y
https://doi.org/10.1007/s10750-019-3886-y
https://doi.org/10.1007/s10750-019-3886-y
https://doi.org/10.1007/978-94-017-2097-7_17
https://doi.org/10.1007/978-94-017-2097-7_17
https://doi.org/10.1016/S0022-0981(99)00055-6
https://doi.org/10.1016/S0022-0981(99)00055-6
https://doi.org/10.1016/s1095-6433(00)00266-x
https://doi.org/10.1016/s1095-6433(00)00266-x
https://doi.org/10.1016/S0022-0981(00)00240-9
https://doi.org/10.1002/JEZ.1401530204


2872 Hydrobiologia (2024) 851:2861–2873

1 3
Vol:. (1234567890)

effect induced by fertilisation. Freshwater Biology 47: 
1633–1641. https:// doi. org/ 10. 1046/j. 1365- 2427. 2002. 
00900.x.

Gilbert, J. J., 2003. Environmental and endogenous control of 
sexuality in a rotifer life cycle: developmental and popu-
lation biology. Evolution and Development 5: 19–24. 
https:// doi. org/ 10. 1046/j. 1525- 142X. 2003. 03004.x.

Gilbert, J. J., 2017. Non-genetic polymorphisms in rotifers: 
environmental and endogenous controls, development, 
and features for predictable or unpredictable environ-
ments. Biological Reviews 92: 964–992. https:// doi. org/ 
10. 1111/ brv. 12264.

Gilbert, J. J., 2020. Variation in the life cycle of monogonont 
rotifers: commitment to sex and emergence from dia-
pause. Freshwater Biology 65: 786–810. https:// doi. org/ 
10. 1111/ fwb. 13440.

Goll, M. G. & T. H. Bestor, 2005. Eukaryotic cytosine meth-
yltransferases. Annual Review of Biochemistry 74: 
481–514. https:// doi. org/ 10. 1146/ annur ev. bioch em. 74. 
010904. 153721.

Goll, M. G., F. Kirpekar, K. A. Maggert, J. A. Yoder, C. L. 
Hsieh, X. Zhang, K. G. Golic, S. E. Jacobsen & T. H. 
Bestor, 2006. Methylation of tRNAAsp by the DNA 
methyltransferase homolog Dnmt2. Science 311: 395–
398. https:// doi. org/ 10. 1126/ scien ce. 11209 76.

Hagiwara, A. & A. Hino, 1989. Effect of incubation and 
preservation on resting egg hatching and mixis in the 
derived clones of the rotifer Brachionus plicatilis. Hyd-
robiologia 186: 415–421. https:// doi. org/ 10. 1007/ BF000 
48940.

Hino, A. & R. Hirano, 1977. Ecological studies of the mecha-
nism of bisexual reproduction in the rotifer Brachionus 
plicatilis-II. Effects of cumulative parthenogenetic gen-
eration on the frequency of bisexual reproduction. Nippon 
Suisan Gakkaishi 43: 1147–1155. https:// doi. org/ 10. 2331/ 
suisan. 43. 1147.

Jablonka, E. & G. Raz, 2009. Transgenerational epigenetic 
inheritance: prevalence, mechanisms, and implications for 
the study of heredity and evolution. Quarterly Review of 
Biology 84: 131–176. https:// doi. org/ 10. 1086/ 598822.

Jaenisch, R. & A. Bird, 2003. Epigenetic regulation of gene 
expression: how the genome integrates intrinsic and envi-
ronmental signals. Nature Genetics 33: 245–254. https:// 
doi. org/ 10. 1038/ ng1089.

Jones, B. L., C. Walker, B. Azizi, L. Tolbert, L. D. Williams & 
T. W. Snell, 2017. Conservation of estrogen receptor func-
tion in invertebrate reproduction. BMC Evolutionary Biol-
ogy 17: 65. https:// doi. org/ 10. 1186/ s12862- 017- 0909-z.

Kamizono, S., E. O. Ogello, Y. Sakakura & A. Hagiwara, 
2017. Effect of starvation and accumulation of genera-
tions on mixis induction in offspring of the monogon-
ont rotifer Brachionus manjavacas hatched from resting 
eggs. Hydrobiologia 796: 93–97. https:// doi. org/ 10. 1007/ 
s10750- 016- 3078-y.

Kim, B. M., L. Mirbahai, A. Mally, J. K. Chipman, J. S. Rhee 
& J. S. Lee, 2016. Correlation between the DNA meth-
yltransferase (Dnmt) gene family and genome-wide 
5-methylcytosine (5mC) in rotifer, copepod, and fish. 
Genes and Genomics 38: 13–23. https:// doi. org/ 10. 1007/ 
s13258- 015- 0333-y.

Kim, D. H., H. S. Kim, D. S. Hwang, H. J. Kim, A. Hagiwara, 
J. S. Lee & C. B. Jeong, 2017. Genome-wide identifica-
tion of nuclear receptor (NR) genes and the evolutionary 
significance of the NR1O subfamily in the monogonont 
rotifer Brachionus spp. General and Comparative Endo-
crinology 252: 219–225. https:// doi. org/ 10. 1016/j. ygcen. 
2017. 06. 030.

Klose, R. J. & A. P. Bird, 2006. Genomic DNA methylation: 
the mark and its mediators. Trends in Biochemical Sci-
ences 31: 89–97. https:// doi. org/ 10. 1016/j. tibs. 2005. 12. 
008.

Köhler, H. R., W. Kloas, M. Schirling, I. Lutz, A. L. Reye, J. S. 
Langen, R. Triebskorn, R. Nagel & G. Schönfelder, 2007. 
Sex steroid receptor evolution and signalling in aquatic 
invertebrates. Ecotoxicology 16: 131–143. https:// doi. org/ 
10. 1007/ s10646- 006- 0111-3.

Lafont, R. & M. Mathieu, 2007. Steroids in aquatic inverte-
brates. Ecotoxicology 16: 109–130. https:// doi. org/ 10. 
1007/ s10646- 006- 0113-1.

Lee, Y. H., M.-S. Kim, H. Jeong, A. Hagiwara & J.-S. Lee, 
2020. Genome-wide identification and transcriptional 
modulation of histone variants and modification related 
genes in the low pH-exposed marine rotifer Brachionus 
koreanus. Comparative Biochemistry and Physiology, Part 
D: Genomics and Proteomics 36: 100748–50. https:// doi. 
org/ 10. 1016/j. cbd. 2020. 100748.

Machado, F. B., K. C. Moharana, F. Almeida-Silva, R. K. 
Gazara, F. Pedrosa-Silva, F. S. Coelho, C. Grativol & T. 
M. Venancio, 2020. Systematic analysis of 1298 RNA-
Seq samples and construction of a comprehensive soybean 
(Glycine max) expression atlas. The Plant Journal 103: 
1894–1909. https:// doi. org/ 10. 1111/ tpj. 14850.

Martínez-Ruiz, C. & E. M. García-Roger, 2015. Being first 
increases the probability of long diapause in rotifer rest-
ing eggs. Hydrobiologia 745: 111–121. https:// doi. org/ 10. 
1007/ S10750- 014- 2098-8.

Miglioli, A., L. Canesi, I. D. L. Gomes, M. Schubert & R. 
Dumollard, 2021. Nuclear receptors and development of 
marine invertebrates. Genes 12: 83. https:// doi. org/ 10. 
3390/ genes 12010 083.

Mindnich, R., G. Möller & J. Adamski, 2004. The role of 17 
beta-hydroxysteroid dehydrogenases. Molecular and Cel-
lular Endocrinology 218: 7–20. https:// doi. org/ 10. 1016/j. 
mce. 2003. 12. 006.

Moeller, G. & J. Adamski, 2009. Integrated view on 17beta-
hydroxysteroid dehydrogenases. Molecular and Cellular 
Endocrinology 301: 7–19. https:// doi. org/ 10. 1016/j. mce. 
2008. 10. 040.

R Core Team, 2021. R: A Language and Environment for Sta-
tistical Computing. R Foundation for Statistical Comput-
ing, Vienna. www.r- proje ct. org.

Radix, P., G. Severin, K. W. Schramm & A. Kettrup, 2002. 
Reproduction disturbances of Brachionus calyciflorus 
(rotifer) for the screening of environmental endocrine dis-
rupters. Chemosphere 47: 1097–1101. https:// doi. org/ 10. 
1016/ s0045- 6535(01) 00335-6.

Schröder, T. & J. J. Gilbert, 2004. Transgenerational plasticity 
for sexual reproduction and diapause in the life cycle of 
monogonont rotifers: intraclonal, intraspecific and inter-
specific variation in the response to crowding. Functional 

https://doi.org/10.1046/j.1365-2427.2002.00900.x
https://doi.org/10.1046/j.1365-2427.2002.00900.x
https://doi.org/10.1046/j.1525-142X.2003.03004.x
https://doi.org/10.1111/brv.12264
https://doi.org/10.1111/brv.12264
https://doi.org/10.1111/fwb.13440
https://doi.org/10.1111/fwb.13440
https://doi.org/10.1146/annurev.biochem.74.010904.153721
https://doi.org/10.1146/annurev.biochem.74.010904.153721
https://doi.org/10.1126/science.1120976
https://doi.org/10.1007/BF00048940
https://doi.org/10.1007/BF00048940
https://doi.org/10.2331/suisan.43.1147
https://doi.org/10.2331/suisan.43.1147
https://doi.org/10.1086/598822
https://doi.org/10.1038/ng1089
https://doi.org/10.1038/ng1089
https://doi.org/10.1186/s12862-017-0909-z
https://doi.org/10.1007/s10750-016-3078-y
https://doi.org/10.1007/s10750-016-3078-y
https://doi.org/10.1007/s13258-015-0333-y
https://doi.org/10.1007/s13258-015-0333-y
https://doi.org/10.1016/j.ygcen.2017.06.030
https://doi.org/10.1016/j.ygcen.2017.06.030
https://doi.org/10.1016/j.tibs.2005.12.008
https://doi.org/10.1016/j.tibs.2005.12.008
https://doi.org/10.1007/s10646-006-0111-3
https://doi.org/10.1007/s10646-006-0111-3
https://doi.org/10.1007/s10646-006-0113-1
https://doi.org/10.1007/s10646-006-0113-1
https://doi.org/10.1016/j.cbd.2020.100748
https://doi.org/10.1016/j.cbd.2020.100748
https://doi.org/10.1111/tpj.14850
https://doi.org/10.1007/S10750-014-2098-8
https://doi.org/10.1007/S10750-014-2098-8
https://doi.org/10.3390/genes12010083
https://doi.org/10.3390/genes12010083
https://doi.org/10.1016/j.mce.2003.12.006
https://doi.org/10.1016/j.mce.2003.12.006
https://doi.org/10.1016/j.mce.2008.10.040
https://doi.org/10.1016/j.mce.2008.10.040
http://www.r-project.org
https://doi.org/10.1016/s0045-6535(01)00335-6
https://doi.org/10.1016/s0045-6535(01)00335-6


2873Hydrobiologia (2024) 851:2861–2873 

1 3
Vol.: (0123456789)

Ecology 18: 458–466. https:// doi. org/ 10. 1111/j. 0269- 
8463. 2004. 00854.x.

Serra, M., T. W. Snell & J. J. Gilbert, 2005. Delayed mixis in 
rotifers: an adaptive response to the effects of density-
dependent sex on population growth. Journal of Plank-
ton Research 27: 37–45. https:// doi. org/ 10. 1093/ plankt/ 
fbh148.

Seudre, O., E. Vanhoenacker, S. Mauger, J. Coudret & D. Roze, 
2019. Genetic variability and transgenerational regulation 
of investment in sex in the monogonont rotifer Brachionus 
plicatilis. Journal of Evolutionary Biology 33: 112–120. 
https:// doi. org/ 10. 1111/ jeb. 13554.

Snell, T. W., 2011. A review of the molecular mechanisms of 
monogonont rotifer reproduction. Hydrobiologia 662: 
89–97. https:// doi. org/ 10. 1007/ s10750- 010- 0483-5.

Snell, T. W. & N. J. D. DesRosiers, 2008. Effect of progester-
one on sexual reproduction of Brachionus manjavacas 
(Rotifera). Journal of Experimental Marine Biology and 
Ecology 363: 104–109. https:// doi. org/ 10. 1016/j. jembe. 
2008. 06. 031.

Snell, T. W., J. Kubanek, W. Carter, A. B. Payne, J. Kim, M. 
K. Hicks & C. P. Stelzer, 2006. A protein signal triggers 
sexual reproduction in Brachionus plicatilis (Rotifera). 
Marine Biology 149: 763–773. https:// doi. org/ 10. 1007/ 
s00227- 006- 0251-2.

Stelzer, C. P. & T. W. Snell, 2003. Induction of sexual repro-
duction in Brachionus plicatilis (Monogononta, Rotifera) 
by a density-dependent chemical cue. Limnology and 
Oceanography 48: 939–943. https:// doi. org/ 10. 4319/ lo. 
2003. 48.2. 0939.

Stelzer, C. P. & T. W. Snell, 2006. Specificity of the crowd-
ing response in the Brachionus plicatilis species complex. 
Limnology and Oceanography 51: 125–130. https:// doi. 
org/ 10. 4319/ lo. 2006. 51.1. 0125.

Suga, K., D. Mark Welch, Y. Tanaka, Y. Sakakura & A. Hagi-
wara, 2007. Analysis of expressed sequence tags of the 
cyclically parthenogenetic rotifer Brachionus plicatilis. 
PLoS ONE 2: e671. https:// doi. org/ 10. 1371/ journ al. pone. 
00006 71.

Tarazona, E., E. M. García-Roger & M. J. Carmona, 2017. 
Experimental evolution of bet hedging in rotifer diapause 
traits as a response to environmental unpredictability. 
Oikos 126: 1162–1172. https:// doi. org/ 10. 1111/ oik. 04186.

Tarazona, E., J. I. Lucas-Lledó, M. J. Carmona & E. M. 
García-Roger, 2020. Gene expression in diapausing rotifer 
eggs in response to divergent environmental predictability 
regimes. Scientific Reports 10: 21366. https:// doi. org/ 10. 
1038/ s41598- 020- 77727-2.

Walsh, T. K., J. A. Brisson, H. M. Robertson, K. Gordon, S. 
Jaubert-Possamai, D. Tagu & O. R. Edwards, 2010. A 
functional DNA methylation system in the pea aphid, 
Acyrthosiphon pisum. Insect Molecular Biology 19: 215–
228. https:// doi. org/ 10. 1111/j. 1365- 2583. 2009. 00974.x.

Publisher’s Note Springer Nature remains neutral with regard 
to jurisdictional claims in published maps and institutional 
affiliations.

https://doi.org/10.1111/j.0269-8463.2004.00854.x
https://doi.org/10.1111/j.0269-8463.2004.00854.x
https://doi.org/10.1093/plankt/fbh148
https://doi.org/10.1093/plankt/fbh148
https://doi.org/10.1111/jeb.13554
https://doi.org/10.1007/s10750-010-0483-5
https://doi.org/10.1016/j.jembe.2008.06.031
https://doi.org/10.1016/j.jembe.2008.06.031
https://doi.org/10.1007/s00227-006-0251-2
https://doi.org/10.1007/s00227-006-0251-2
https://doi.org/10.4319/lo.2003.48.2.0939
https://doi.org/10.4319/lo.2003.48.2.0939
https://doi.org/10.4319/lo.2006.51.1.0125
https://doi.org/10.4319/lo.2006.51.1.0125
https://doi.org/10.1371/journal.pone.0000671
https://doi.org/10.1371/journal.pone.0000671
https://doi.org/10.1111/oik.04186
https://doi.org/10.1038/s41598-020-77727-2
https://doi.org/10.1038/s41598-020-77727-2
https://doi.org/10.1111/j.1365-2583.2009.00974.x

	Transgenerational expression profiles of a sex related and an epigenetic control gene in the rotifer Brachionus plicatilis in relation to environmental predictability
	Abstract 
	Introduction
	Material and methods
	Experimental design
	RNA extraction and qPCR
	Data analysis

	Results
	Discussion
	Acknowledgements 
	References




