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Abstract
Background: Daphnia (Brachiopoda, Cladocera) is a well-studied model organism providing unparalleled
opportunity to test epigenetic regulation of predator avoidance mechanisms in aquatic ecosystems. The
discovery of regulatory functions for microRNA molecules and recently described miRNA pro�les
of Daphnia make it an ideal system to probe for posttranslational regulatory mechanisms mediated by
kairomone released by predatory �sh. However, despite a number of studies that focused on mRNA
transcript level differences, no miRNA studies associated with kairomone exposure have been reported.  

Results: Exposing D. magna to �sh kairomone from birth to the �rst reproduction was found to result in
the differential expression of the four miRNAs tested: miR-7, miR-34, miR-317, and miR-375. Normalized
transcript levels for each miRNA were found to vary across the exposure period with no clear conserved
pattern of expression despite functional target analyses by GO, COG and KEGG indicating that predicted
miRNA target genes are likely involved in related biological activities. Analysis of six mRNA transcripts
(Hsp70, Hsp90, actin, AKT, GYS and IGFR), identi�ed in previous studies as kairomone-mediated genes
in Daphnia magna, were also carried out. Similar to that obtained for miRNAs, the mRNA transcript levels
showed varying degrees of temporal regulation across the exposure time course with the two heat shock
transcripts exhibiting elevated levels at early and late time points of kairomone exposure while the AKT,
GYS, and IGFR transcripts had an general decrease in expression during the �rst 96 hours.  

Conclusions: Differential mRNA expression data supports the premise of an ecological trade-off between
the cost of general biological processes and that of survival under long-term kairomone stress. Transcript
levels for the four miRNAs tested were found to vary across developmental time with kairomone exposure
which suggests that they may have a role in regulating morphological, behavioral or physiological
responses by altering target gene expression. These studies lay the foundation for future work aimed at
linking miRNAs and their target transcripts to changes in the signaling events that
govern Daphnia response to kairomone speci�c stress.

Background
The small planktonic crustacean, Daphnia, is a model organism often at the center of studies aimed at
characterizing the ecology of freshwater food webs. Because of this, there are a large number of datasets
available that provide both genomic and ecological information. Daphnia also have unique biological
attributes that contribute to their broad utility including exhibiting morphological, behavioral and
physiological alterations in response to chemical or physical cues released by different sources of biotic
and abiotic stressors including food availability, temperature, and predator presence (Reynolds 2011).
Detection of cues released by common predators such as �sh (i.e. kairomones) leads to a quick
behavioral alteration that takes place within a few hours of exposure. In Daphnia, this response is called
the diurnal vertical migration (DVM). As part of the DVM response, Daphnia move into the lower layer of a
lake during the day to avoid predation (Meester et al. 1999). Such predator avoidance strategy requires
the engagement of quick and effective multi-defense mechanisms against predation pressure, food
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limitation, low temperature, and darkness. Given the short timeframe required for these changes,
epigenetic modi�cations have been predicted to play a role as a regulatory mechanism (Harris et al.
2012). With their well characterized life cycle, ease of laboratory-based cultivation, clonal reproductive
capabilities, and the availability of whole genome sequence data and miRNA pro�les (Colbourne et al.
2011, Ünlü et al. 2015, Hearn et al. 2018, Coucheron et al. 2019), Daphnia are ideal candidate organisms
to probe for epigenetic regulatory mechanisms responsible for directing biological responses to changes
in environmental cues.

As non-coding transcripts, microRNAs have been implicated as regulators of gene expression changes
induced by a wide range of cellular conditions including aging, exposure to environmental agents, various
diseased states from diabetes to cancer, and host-parasite interactions (Hu et al. 2018; Price 2014; Judice
et al. 2016). Typically, these short ribonucleotide molecules work at the post-transcriptional level to target
cellular mRNA transcripts for translational inhibition or degradation through their assembly with the RNA-
induced silencing complex, or RISC (Carthew and Sontheimer 2009). Speci�cally, the miRNA-RISC
complex targets mRNA transcripts that exhibit some level of sequence complementary with the 22
nucleotide long miRNA. In Daphnia, interest in identifying the biological roles for miRNAs have increased
due to their connection to multiple stress-related cellular mechanisms. For example, Daphnia speci�c
stress responsive miRNAs associated with exposure to heavy metal (Chen et al. 2016), changing
nutritional conditions, (Hearn et al. 2018) and ageing (Hu et al. 2018) have recently been identi�ed. To
date, no miRNA studies linking abiotic stressors such as kairomone to changes in gene regulation have
been reported. However, changes in mRNA transcript levels for Daphnia in the presence of kairomone
have been studied using transcriptomics, microarray, and target gene approaches (Pijanowska and Kloc
2004; Pauwels et al. 2005; Jansen et al. 2013; Schwarzenberger et al. 2009; Miyakawa et al. 2010).

Results from these studies indicate a shift in energy use from reproduction to survival for adults in the
presence of kairomone. Speci�cally, genes involved in energy metabolism were found to be down-
regulated in adult Daphnia (Jansen et al. 2013), but not in juvenile stage individuals (Miyakawa et al.
2010). This is consistent with the �nding that only adult Daphnia show DVM behavior in the presence of
kairomone. Candidate gene approaches have identi�ed several genes involved in kairomone-induced
gene expression including heat shock protein (HSP) genes, which are widely known for their role of
defense against different types of stress, and actin and tubulin genes, which are involved in cytoskeleton-
based reorganization processes (Pijanowska and Kloc 2004; Pauwels et al. 2005). Focusing on candidate
genes involved in endocrine, morphogenic, or neural regulation, Miyakawa et al. (2010) identi�ed 21
transcripts that were upregulated in a kairomone-dependent manner in the �rst instar stage of juvenile D.
pulex and not during the prior embryonic stage of development. As defense characteristics are apparent
in later stages of instar development, upregulation during the �rst-instar stage is proposed to establish
the induction of this defense morphology.

Although there are a number of reports characterizing mRNA transcript level changes in response to
kairomone, to our knowledge there are no studies that have focused on miRNA pro�les for Daphnia under
these conditions. The goals of this study were therefore multifold. First, to use a quantitative PCR
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approach to measure the relative expression level of select mRNA transcripts previously shown to be
in�uenced in a kairomone-mediated manner. Second, to validate the expression of miRNAs previously
identi�ed by small RNA sequencing studies (Ünlü et al. 2015) and to characterize changes in these
miRNA transcript levels in response to kairomone exposure. Finally, to take a biocomputational approach
towards identifying potential mRNA targets for these miRNAs with the goal of predicting the functional
consequence alterations in these small regulatory RNAs may have on defense response across Daphnia
development. Overall, data from this small-scale analysis of D. magna miRNA transcripts will provide a
platform for additional efforts aimed at identifying a role for miRNAs in predator avoidance strategies.

Results
Life-history

As a strategy to avoid �sh predation, �eld acquired Daphnia clones exposed to �sh kairomone reproduce
at an earlier age and with a higher offspring number when compared to an unchallenged cohort (Stibor
1992; Tollrian 1995; Dodson and Havel 1998). However, reports differ as to whether a similar response
occurs with Daphnia maintained long term in a laboratory setting, such as those obtained from a
commercial source (Pijanowska 2004). In our hands, kairomone-exposed D. magna obtained from a
commercial vendor started producing eggs 24 h earlier than control groups with the age of �rst
reproduction for control and �sh kairomone-exposed individuals at 144 h and 120 h, respectively. At the
end of the experiment, the mean number of juveniles produced per female for control and kairomone-
exposed groups were 5.07 ± 1.42 and 9.82 ± 2.71, respectively. Therefore, similar to data obtained using
�eld obtained Daphnia, the kairomone-exposure Daphnia used in our experiments resulted in the
production of juveniles earlier and in signi�cantly more numbers than control groups (P<0.02, t test).

 

Relative mRNA expression  

Prior work varied in the predator derived-kairomone, clones of D. magna used, and exposure methodology.
To place our work in the context of current �ndings, we analyzed changes in the level of six mRNA
transcripts often targeted as reporters for stress-based kairomone exposure: Hsp70, Hsp90, and actin
(Pijanowska, 2004, Otte 2014), and the energy metabolism genes AKT, GYS and IGFR (Jansen et al. 2013
and Miyakawa et al. 2010) (Figure 1). A qPCR-based approach was carried out on RNA isolated from
individuals exposed to vertebrate kairomone for 24, 48, 96, and 144 hours. For data normalization,
glyceraldehyde 3-phosphate dehydrogenase (GAPDH) transcript levels were used as several reports have
indicated stability under similar experimental conditions (Schwarzenberger 2009, Miyakawa 2010).

Transcript levels for Hsp70 and Hsp90 relative to unexposed Daphnia at t(0), were found to increase ~3-
fold following 24 hours of exposure but returned to basal levels at the 48-h and 96-h time points (Figure
1). Interestingly, a second upregulation in relative transcript levels were recorded for both HSPs at 144
hours, a time point that followed the average age of the �rst reproduction for these organisms (120



Page 5/19

hours). This is in contrast to actin transcript levels which showed a minor decrease in the presence of �sh
kairomone at 24, 48 and 96 hours but a more substantial ~7-8 fold decline with 144 hours of exposure.
Our data also indicated a decrease in the mRNA transcript level for three insulin signaling pathway genes
(ATK, GYS, and IGFR) between 24 and 96 hours of kairomone exposure with a return to basal level at 144
hours exposure.

 

Relative miRNA expression

The identi�cation of miRNAs in D. magna is relatively recent (Ünlü et al., 2015) and only two reports have
aimed to identify changes in miRNA expression levels, one focusing on calorie restriction and ageing
(Hearn et al., 2018) and a second looking across life stages (Coucheron et al., 2019). To determine a
potential role for miRNAs in regulating gene expression in response to kairomone exposure, we took a
targeted approach, monitoring the transcript levels of four miRNAs: miR-7, miR-34, miR-317, and miR-375.
These miRNAs have each been proposed to function broadly during development by targeting cell cycle
progression, as well as regulating stress response, immune response, morphological development and
general metabolic pathways, respectively (Li et al., 2009, Isik et al., 2016, Jain et al. 2015).

By qPCR, all miRNAs were found to be differentially expressed in response to kairomone exposure (Figure
2). miR-375 and miR-317 shared a similar overall expression pro�le with signi�cantly higher miRNA levels
at 24-h and 144-h of exposures. In contrast, miR-7 levels were signi�cantly downregulated at the later
time points. miR-34 transcript levels exhibited the most variation with a ~2-fold increase at 24-h followed
by a general trend that suggested a decrease over all later time points.

 

mRNA - miRNA target prediction

To assess the potential functional roles for these miRNAs, a bioinformatics approach was utilized to
identify mRNA targets. As an annotated genome data for Daphnia magna is limited, putative mRNA
targets were identi�ed using 3’ UTR data available for Drosophila. To enhance con�dence in the
prediction, targets with 8- and 7-nucleotide complementarity were selected. Using this approach, a total of
183 putative targets were identi�ed for miR-7, 212 for miR-34, 201 for miR-317, and 287 for miR-375. A
detailed list of putative miRNA targets, their site type, and context scores are presented in Additional
Table 1. As mRNA targets for three of the four miRNAs were previously predicted in Drosophila (Stark et
al. 2003), we compared these targets with those identi�ed using D. magna miRNAs. For miR-7, miR-34,
and miR-317 we found overlapping matches for 47, 34, and 48 target genes, respectively (Stark et al.,
2003).

 

Functional classi�cation of mRNA target genes
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Potential target genes were classi�ed into different functional classes based on their GO, COG, and KEGG
annotation data. Outside of proteins with unknown function, COG analyses suggest that many of the
predicted target genes function in cellular signaling activities, transcription, and diverse translational
regulatory mechanisms including chaperone activity (Additional Figure 1). GO data supports the COG
analysis with miR-7, miR-317, and miR-375 targets mapping heavily to the nucleus, while miR-34 targets
are found in the plasma membrane in addition to having a nuclear enrichment (Additional Figure 2).
KEGG pathway distribution of predicted genes indicate a role in “Environmental information processing”
including signal transduction and signaling activities for selected miRNAs (Additional Figure 3). These
patterns of distribution suggest that these miRNAs have overlapping and speci�c roles in targeting genes
related to molecular signaling. However, the pathways targeted do differ with mir-34-5p predicted to map
to membrane related pathways while the other three miRNAs are predicted to control intracellular
signaling pathway components. 

Discussion
This work reports the impact kairomone exposure has on gene expression for select mRNA and miRNA
transcripts in Daphnia magna as determined by qPCR analysis. Target transcripts were selected based on
their predicted role in in�uencing various activities associated with predatory avoidance mechanisms
including regulating cellular stress response and energy metabolism. Results demonstrate changes to key
mRNA transcript expression levels with kairomone exposure that can be associated with reallocation of
metabolic resources over time. Changes to miRNA transcript levels, along with computation-based
predictions aimed at identifying potential mRNA targets, also support this interpretation.

As ATP-dependent chaperones involved in protein folding, heat shock proteins (HSPs) are required for the
maintenance of cellular homoeostasis following exposure to internal and/or external stress inducing
conditions (Sorensen et al. 2003; Kragel 2002; Haap and Köhler 2009). A number of prior reports have
linked HSP activities to the response of kairomone-exposed Daphnia. For example, Otte et al. (2014) and
Pijanowska and Kloc (2004) reported a signi�cant decrease in various HSP proteins (Hsp40, Hsp60,
Hsp70, Hsp75) in Daphnia exposed to kairomone from the period of birth to the �rst reproduction.
However, a study by Pauwels et al. (2005) found that levels of Hsp60 protein increased over the �rst 6
hours of exposure before returning to basal levels after 24 hours, although there were some clonal
differences in the degree of induction. In contrast, Effertz and Elert (2014) reported no change in Hsp10,
Hsp70, or Hsp90 transcript levels within the �rst 4 hours of exposure to kairomone. Our �ndings
demonstrate a parallel �uctuation in Hsp70 and Hsp90 transcript levels over the 144 hour kairomone
exposure time, with signi�cantly higher levels of each transcript at the earliest (24 h) and latest (144 h)
time points of testing.

This varying expression pattern for the HSPs may be a result of an ecological trade-off between the cost
of chaperone protein expression and the biological requirements of Daphnia for reproductive success
under stress conditions. As HSP protein expression is generally regarded as an energy demanding
process, continued expression under stress conditions may be unsustainable (Krebs and Feder 1997;
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Silderman and Tatar 2000). Therefore, the early elevation in HSPs may work to counteract the biological
consequences of exposure to the initial stressor. However, with continued exposure to stress, a reduction
in HSP expression may be favored to save resources for critical developmental and reproductive
processes in Daphnia. The return to elevated levels following reproduction may then represent another
reshu�ing of resource allocation to ensure survival.

Several reports have also linked actin to the defense mechanism of Daphnia species, although the impact
of kairomone on actin abundance is contradictory. Pijanowska and Kloc (2004) reported a decrease in
actin protein levels in D. magna exposed to vertebrate (�sh) or invertebrate (Chaoborus) predator
kairomone. This is in contrast to proteomic analyses carried out by Otte et al. (2014) that found an
increase in actin for D. magna exposed to the invertebrate Triops kairomone. At the transcript level, actin
mRNA expression levels have been reported to moderately differ based on the predator kairomone tested:
elevated with �sh kairomone but decreased in individuals exposed to Chaoborus kairomone
(Schwarzenberger et al. 2009). In contrast to the data acquired by Schwarzenberger et al. (2009), we
found a continued decrease in actin transcript levels over the 144 hour exposure time course. It is unclear
what may contribute to these opposing �ndings, although differences in qPCR data analysis were
identi�ed, most notably their use of three reference genes (GAPDH, SDH, and TBP) for target gene
normalization versus our analysis using only one (GAPDH). It is also possible that variability in
kairomone exposure times may be a contributing factor especially given our �ndings of only a minor
decrease in actin transcript levels up to 96 hours of kairomone exposure. In the future, analysis of actin
transcript levels for samples collected between 96- and 144 hours of exposure, which are likely to align
with Daphnia maturity, may help to clarify this issue.

Insulin-signaling pathways play an important regulatory role in controlling critical energy functions such
as glucose and lipid metabolism as well as developmental processes including body size,
morphogenesis, and allometry in many animal species (Badisco et al. 2013). To this end, we analyzed the
expression of three genes related to insulin-signaling: the insulin-like growth factor receptor, IGFR, the
intracellular signaling serine/threonine kinase, AKT, and the glycogen synthase enzyme, GYS. All three
transcripts exhibited an overall decrease in expression during the �rst 48- to 96 hours. Since these
experiments were carried out under nutrient replete conditions, it is reasonable to conclude that the
reduction in ATK, IGFR, and GYS mRNA transcript levels are likely a result of kairomone exposure.
Therefore, these �ndings suggest a shift in energy usage away from development and towards biological
activities required to initiate and maintain predator avoidance strategy such as DVM behavior. As a DVM
response requires survival under the unfavorable conditions such as those found in the hypolimnetic
layer of a lake, this response is likely to impart a high-energy demand to maintain homeostasis. It should
be noted however, that Miyakawa et al. (2010) and Rozenberg et al. (2015) both reported an upregulation
of insulin-signaling pathway genes in an early juvenile stage of D. pulex development in the presence of
kairomone. These seemingly contradictory �ndings may be explained by an absence of a DVM response
for juvenile daphnids as their small size likely protects them from visual predatory �sh. Therefore, the
differences in expression pro�le for insulin signaling genes between juvenile and adult stages may
indicate a shift in energy usage away from growth and towards DVM activities.
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With the identi�cation of miRNAs as post-transcriptional regulators of cellular mRNA levels, they have the
potential to quickly and e�ciently mediate changes to biological pathways often making them the focus
of studies investigating developmental events in Daphnia. For example, Hearn et al. (2018) took an RNA
sequencing approach to characterize changes in miRNA levels across generational time. Although they
report no differences in miRNA levels, they did identify 39 previously unidenti�ed miRNAs. Looking at
distinct developmental stages (juvenile, subadult, and adult), Coucheron et al. (2019) identi�ed 66
miRNAs that were present across all developmental time points, with individual transcripts varying in their
patterns of abundance. In this report, the relative levels of four miRNAs were analyzed by qPCR in
Daphnia exposed to kairomone for a period from birth to the �rst reproduction time of maturity. All four
miRNA transcripts were found to be impacted by kairomone exposure, and with broad grouping, could be
placed into two categories: those that had elevated levels (miR-375 and miR-317) and those that had
lower than basal levels of transcript (miR-7 and miR-34). Although changes in transcript levels for these
miRNAs may be viewed as moderate, statistically signi�cant changes were identi�ed. It is also important
to note that a single miRNA transcript loaded into RISC can in�uence the stability/translation of multiple
mRNA targets which would result in an ampli�cation of any moderate changes in miRNA levels. An
additional consideration is the fact that fold changes were determined by comparison to unexposed
individuals at t0. The relative miRNA levels are therefore likely a re�ection of the combined impact of
kairomone exposure and developmental programming. This conclusion is supported by the recent RNA
sequencing results from Coucheron et al. (2019) showing that miRNA transcript abundance varies across
developmental stages in D. magna. Speci�cally, they report that transcript levels for miR-375 increased as
development progressed (juvenile to subadult to adult), while transcript levels for miR-317, miR-34, and
miR-7 were least abundant in adult Daphnia and highest in the prior subadult stage (Coucheron et al.,
2019). Interpreting our �ndings within this context suggests that kairomone exposure has a suppressive
effect on the miRNAs analyzed, with its largest suppressive effect on 48-h and 96-h exposed individuals.

Conclusions
Among the six mRNAs transcript analyzed in the present study, Hsp70, Hsp90 and actin have been
commonly targeted to assess kairomone mediated stress regulation in Daphnia. Our results support the
conclusion that HSPs may be temporally regulated in the context of an ecological trade-off between the
associated cost of general biological processes and the bene�t of survival under long-term stress
conditions. Differential expression results for three energy metabolism-related genes, ATK, IGFR, and GYS,
may indicate additional ecological trade-offs with regards to energy requirements and survival in long
term kairomone stress. Interestingly, the downregulation of ATK, IGFR and GYS genes at 24 hours
exposure was followed by a decrease in HSP expression at 48 hours. As HSP activity would impose a
high-energy demand required for the maintenance of cellular homoeostasis, it is tempting to speculate
that these chaperones may be co-regulated with that of select energy metabolism genes at a post-
transcriptional level.
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The qPCR approach to monitor the transcript level of four miRNAs, miR-7, miR-34, miR-317, and miR-375,
identi�ed a potential role for these regulatory RNAs in kairomone mediated predator avoidance in
Daphnia. Although not directly tested in this study, when changes in miRNA abundance across
developmental stages are considered (Coucheron et al., 2019), the accumulated data appears to suggest
that kairomone exposure may suppress miRNA transcript expression. It is tempting to speculate that this
may contribute to an altered mRNA target transcript abundance that could result in the earlier
development of Daphnia that is seen with predator kairomone exposure. In addition to characterizing
changes in miRNAs transcript levels, this study also con�rmed endogenous expression of these miRNAs,
including miR-375, a microRNA that was identi�ed in our prior work (Ünlü et al. 2015) but was absent
from the study of Hearn et al. (2018). Recent work has also indicated the presence of miR-375 transcripts
in Daphnia (Coucheron et al., 2019). A signi�cant number of the predicted mRNA targets we found to
overlap between miRNAs from Drosophila and D. magna (Stark et al., 2003). The functional classes for
the predicted mRNA targets as determined by GO, COG and KEGG analyses suggest that target genes are
primarily involved in signal transduction or cellular communication related activities with miRNAs having
overlapping yet speci�c contributions towards response regulation. In general, cellular signaling plays a
critical role in homeostasis to reorganize biochemical responses with the goal of adapting cellular
activities to new environmental conditions (Hotamisligil and Davis 2016). Speci�cally, both heat shock
proteins (Nollen and Morimoto 2002) and proteins involved in insulin signaling (Hardie 2012) are
in�uenced by multiple signaling pathways to control proliferation and development under different
environmental stress conditions. Future work focusing on potential regulatory roles for miRNAs in
modulating the signaling cascades identi�ed in this work may be an informative way to uncover
molecular responses of Daphnia to kairomone speci�c environmental stress mechanisms.

Methods

Experimental organisms
A single clone of Daphnia magna provided by Carolina culture collection (USA), was reared in the
laboratory at 23 ºC and in 18/6 h light dark photocycle conditions in 2 L of Aachener Daphnien Medium
(ADaM) (Klüttgen et al. 1984) containing CaCl2*2H2O, 0.27 g/L; NaHCO3, 0.056 g/L; SeO2, 0.007 mg/L;
sea salt, 0.33 g/L in deionized water at a density of 20 individuals per liter. The Daphnia used in these
experiments were derived from a clone maintained in a laboratory setting for at least two years. Cultures
were fed daily by 2 mg Cpart/L of Scenedesmus obliquus (SAG-276-3a) green algae. ADaM medium was
enriched by bubble aeration for several days before use and culture medium was renewed twice a week.
The third clutch juveniles between 0 to 24 h old were used for all experiments.

Experimental design
To obtain �sh kairomone conditioned water, 3 cichlid �sh 6 cm in length were starved for 24 hours before
the experiment, then held for 24 hours in 4 L of aerated and �ltered ADaM medium. The resulting �sh
water was diluted 4 times with new ADaM medium to achieve a kairomone concentration of 3 �sh in 16 L
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and �ltered (0.45 µm) before use as kairomone-enriched medium (De Meester and Cousyn 1997). Control
treatments contained only aerated and �ltered (0.45 µm) ADaM medium. Sixty individuals of new born D.
magna neonates were exposed in a 2 L glass container to kairomone-enriched ADaM medium or only
ADaM medium from birth until maturity. All treatments were run in triplicate. Neonates were fed with 2 mg
Cpart/L per liter of S. obliquus and the medium changed daily. The age of the �rst maturation was
determined at the day when the �rst clutch was visible for all individuals. The reproduction rate of
experimental groups was determined by the number of the �rst clutch of neonates at the end of the
experiment.

Total RNA extraction and reverse transcription
Randomly selected individuals were collected for gene expression analyses at the beginning (t0 – 75
individual) and after 24 (t24 – 19 individuals), 48 (t48 – 19 individuals), 96 (t96 – 10 individuals), and 144
(t144 – 7 individuals) hours of exposure. For the t0 sampling, all of the neonates were pooled in a 5 L
glass container and 75 individuals were randomly collected with a wide mouth pipet, immediately
plunged in liquid nitrogen for the euthanasia, and stored at -80 ºC until RNA extraction. t0 samples were
used for the initial time sampling for both kairomone and control groups. Total RNA was extracted using
the Trizol® extraction method (Invitrogen, USA) according to the manufacturer’s protocol. After sample
homogenization in 1 mL of Trizol, total RNA was precipitated with the addition of 0.5 ml of 100%
isopropyl alcohol with subsequent RNA phase separation from chloroform at 12000xg centrifugation for
20 min. After a DNase treatment (TURBO™ Ambion Life Technologies, USA), RNA quality and integrity
were checked spectrophotometrically and by electrophoresis through a 1.5% agarose gel following
formamide denaturation. 2 µg of polyA tailed mRNA was reverse transcribed using ReverseAid First
Strand cDNA Synthesis Kit (Thermo Scienti�c, USA) with an oligo (dT)18 primer. For cDNA synthesis of
miRNAs, 500 ng of total RNA, including miRNAs and small RNAs, was polyadenylated and subsequently
reverse transcribed with universal RT primer using NCode miRNA First-Strand cDNA Synthesis Kit
(Invitrogen, USA) according to manufacturer’s instruction. Speci�c forward primers were designed for
each miRNA based on the whole sequence of miRNAs, and reverse primers were provided by NCode
miRNA cDNA Kit based on universal RT primer.

Quantitative real time PCR (qPCR)
Six mRNA (actin, HSP-70, HSP-90, ATK, IGFR, and GYS) and four miRNAs (mir-7, mir-34, mir-317, mir-375)
were used in qPCR analyses. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and the small
nucleolar RNA (snoRNA), U51, were used as normalized control transcripts for mRNA and miRNA,
respectively. qPCR analyses were carried out on the BioRad CFX96 C1000 Touch Systems. Each reaction
contained 10 or 5 ng template cDNA, 500 nM or 300 nM of each primer, and 5 µl of iTaq universal SYBR
Green Supermix (BioRad) in a �nal volume of 10 µl for mRNA and miRNA respectively. Reactions was
conducted in triplicate, including negative controls, and all biological replicates were repeated twice.
Cycling parameters for both mRNAs and miRNAs were 95 ºC for 30 sec followed by 40 cycles of 90 ºC for
5 sec and 30 sec at 55 ºC for mRNAs, 58.5 ºC for mir34, and 53 ºC for all remaining miRNAs. Melt curves



Page 11/19

carried out at the end of the ampli�cation cycle con�rmed the absence of nonspeci�c ampli�cation and
primer dimers. A seven-point standard curve of a ten-fold dilution series was included in each run and
used to calculate ampli�cation e�ciency for each primer set. Primer sequences for mRNAs, and the
reference transcripts were selected using Primer3Plus software (Andreas et al. 2007) and are given in
Table 1. Primer speci�city was con�rmed using BLASTn against the D. magna genome.

To identify the sequence of D. magna U51, U51 sequences from related model species were selected for
nucleotide BLAST search against a small RNA database of Daphnia magna (unpublished data). The
BLAST hit with 100% identity was used to generate a primer set for qPCR. Fold-change differences
between exposure times of kairomone were calculated based on expression of t0 of initial time point
using ∆∆Ct (cycle threshold) method and normalized to expression of reference transcripts. Only data
with ampli�cation e�ciencies between 89% and 99% were used for analysis. The BioRad CFX96 C1000
Touch Systems software automatically set the baseline and threshold settings used for Ct analysis.
Statistical signi�cance of differential expression of target genes was determined using One way ANOVA
Tukey HST test.

Table 1: The primer names, forward and reverse primer sequences, accession numbers for mRNAs,
miRNAs and reference genes.
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Primer Name Forward and reverse primers (5’
to 3’)

Accession Number Reference

Actin F:
CCACACTGTCCCCATTTATGAA
R: CGCGACCAGCCAAATCC

GenBank: AJ292554.1 Heckmann
et al. 2006

HSP-70 F: AACTGTGGGAGGAGTCATGA
R: GAAGCCGTGGAGAAGATCTG

Dapma6txEVm003916t1
Gene Bank:
GDIP01003724.1

This work

HSP-90 F: CTCACCGAAGCTGTTGATGA
R: TTCAACTCCCTCCTTGGCTA

Dapma6txEVm002351t28
GenBank:
GDIP01183915.1

This work

AKT-interacting
protein

F: TTCCCCAGACTGACATTCCT
R: CGATCGGGTCTCCATGTAAC

Dapma7bEVm028184t1 This work

Glycogen synthase
(GYS)

F: AGAATGTGGCCGCGATAATT
R: GCCAAACATGTGAGTGCATC

Dapma7bEVm023673t1 This work

Insulin growth
factor receptor
(IGFR)

F: TGGGCATCTTGAAACAACGA
R: CACGAGGTAGACTGCAACTC

Dapma7bEVm009863t1 This work

GAPDH F: GGCAAGCTAGTTGTCAATGG
R: TATTCAGCTCCAGCAGTTCC

GenBank: AJ292555.1 Heckmann
et al. 2006

dma-miR-7 F:
TGGAAGACTAGTGATTTTGTTGT

Not available Ünlü et al.
2015

dma-miR-317 F:
GAACACAGCTGGTGGTATCTCA

Not available Ünlü et al.
2015

dma-miR-34 F:
TGGCAGTGTGGTTAGCTGGTTG

Not available Ünlü et al.
2015

dma-miR-375 F:
TTTGTTCGTTCGGCTCGCGTTA

Not available Ünlü et al.
2015

snRNA - U51 F: ATCAAATCACCATCTTTCGGC Not available Ünlü et al.
2015

miRNA target prediction and functional annotation
As chromosomal mapping and miRNA target prediction platforms are not yet available for D. magna,
prediction of miRNA and their potential target mRNAs were determined using the homology of D. magna
mRNAs with that of sequences obtained from the Drosophila RNA seq database in Fly Base
(http://�ybase.org). Prediction of putative miRNAs for D. magna genes were selected based on
Drosophila genes showing high homology with the 6 mRNAs examined from D. magna using TargetScan
7.2 (http://www.targetscan.org/�y_72/) (Agarwal et al. 2018) and PicTar (https://pictar.mdc-berlin.de)
(Grün et al. 2005). From these, four predicted miRNAs were selected for further analysis as they were also
present in the Daphnia miRNAs identi�ed by Ünlü et al. 2015.
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Functional roles for putative miRNA targets were determined by analyzing functional annotation data for
each target gene. In order to cluster target genes using their GO, COG and KEGG annotation information,
the Entrez gene IDs were retrieved using BioMart data mining tool (Durinck et al. 2009). Online Uniprot
Retrieve/ID mapping tool was used for interconversion of Entrez gene ID, COG and KEGG accessions
(UniProt Consortium, 2018). GO annotation data was obtained by screening GO database for given
uniport IDs for each target genes. Data processing and analysis were carried out using custom Perl codes
(Ünlü et al., 2015).

Abbreviations
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Figures
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Figure 1

Relative gene expression differences with kairomone exposure as determine by qRT-PCR for select mRNA
transcripts in D. magna. Data represents the mean ± SEM (n=6). Statistical signi�cance was determined
using One way ANOVA Tukey HST test; * p<0.05, ** p<0.01.
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Figure 2

Relative gene expression differences with kairomone exposure as determine by qRT-PCR for select miRNA
transcripts in D. magna. Data represents the mean ± SEM (n=6). Statistical signi�cance was determined
using One way ANOVA Tukey HST test; * p<0.05, ** p<0.01.
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