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Abstract  15 

Acquiring environmental information is vital for organisms as it informs about the location of 16 

resources, mating partners, and predators. The freshwater crustacean Daphnia detects predator 17 

specific chemical cues released by its predators and subsequently develops defensive 18 

morphological features that reduce the predation risk. The detection of such chemical 19 

information is generally processed via distinct chemoreceptors that are located on 20 

chemoreceptor cells. Lately an ancestral type of ionotropic receptors (IRs) has been identified 21 

in crustaceans. IRs and the putative co-receptors IR25a and IR93a are postulated to be involved 22 

in chemoreception However, functional roles have not been assessed. Here, using three 23 

Daphnia species as model, we report that the two co-receptors are expressed within the 24 
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chemosensory antennules and gene expression is increased with predator perception. 25 

Importantly, RNA interference mediated knock-down of the two IRs impedes species-specific 26 

defense expression in the three Daphnia species. Our results suggest that (albeit not testing the 27 

enigmatic receptor protein directly), the reduction of two associated proteins has impaired the 28 

functional aggregation of the postulated chemoreceptor complex. This in turn has hampered the 29 

perception of environmentally relevant chemical cues resulting in a substantial reduction of 30 

defensive morphological features.  31 

 32 

Introduction 33 

In aquatic systems trophic interactions greatly rely on chemical signaling. Chemical cues 34 

deliver information on presence of mating partners, location of food sources and even optimal 35 

breeding grounds (Pohnert, Steinke, and Tollrian 2007; Wisenden 2000; Hay 2009; Atema 36 

1988). Furthermore, chemical cues inform about the presence and activity of predators which 37 

in the prey can elicit defensive strategies (Tollrian and Harvell 1999). These defenses include 38 

shifts in life history parameters, alternative behavioral patterns (such as seeking refuge), or the 39 

expression of morphological defense structures imposing handling difficulties on predators. 40 

Until now, we have limited knowledge on the nature of the chemical cues (Weiss et al. 2018; 41 

Pijanowska et al. 2020; Yasumoto et al. 2005; Selander et al. 2015; Hahn et al. 2019). Even less 42 

is known about the chemoreceptive mechanisms involved in interspecific information transfer. 43 

The micro-crustacean Daphnia is an important component of freshwater food webs. The 44 

different Daphnia species display strong phenotypic plasticity against a range of predator-45 

specific chemical cues. These cost-benefit optimized defense strategies increase organism 46 

fitness (Weiss and Tollrian 2018). For example, fatty acids conjugated to a glutamine residue 47 

are released from the phantom midge larva Chaoborus, and induce neckteeth expression in D. 48 
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pulex (Krueger and Dodson, 1981; Tollrian, 1993; Weiss et al., 2016). Fish-specific bile salts 49 

(5-alpha-cyprinol) induce head- and tail-spine development in D. lumholtzi (Hahn & von Elert, 50 

2022). D. magna reacts to fish cues by diel vertical migration (Ringelberg 2010). Cues released 51 

by the tadpole shrimp Triops trigger D. magna to grow larger and bulkier (Rabus and Laforsch 52 

2011). Cues released from Triops initiate in D. barbata a conspicuous helmet formation and a 53 

change in body symmetry. In response to cues released by the heteropteran backswimmer 54 

Notonecta, D. barbarta expresses a helmet that differs in shape from that induced by Triops 55 

exposure (Herzog and Laforsch 2013). In D. longicephala, Notonecta-specific cues induce 56 

crests (Grant and Bayly, 1981; Weiss et al., 2015). This diversity of adaptive responses shows 57 

that Daphnia distinguish their predators based on the chemical composition of the signaling 58 

agents, and confirm the view that defense morphologies are species-specific responses to 59 

specifically impose handling problems for a selected predator. 60 

In order to detect these sometimes highly complex compounds at extremely low concentrations 61 

(in the range of nano- or even picograms (Hahn et al. 2019; Weiss et al. 2018)) Daphnia need 62 

a chemoreceptive sensory system with specific chemoreceptors. Putative chemoreceptor 63 

candidates belong to a group of ligand-gated ion channels (ionotropic receptors, IRs) that 64 

evolved from ionotropic glutamate receptors (iGluRs) (reviewed in Derby et al. 2016; Benton 65 

2015; Robertson 2015; Joseph and Carlson 2015; Zufall and Munger 2016). IRs are conserved 66 

across Protostomia including e.g. chelicerates (Rytz, Croset, and Benton 2013), myriapods 67 

(Kenny et al. 2015) and crustaceans (Eyun et al. 2017; Kozma et al. 2018; Croset et al. 2010; 68 

Derby et al. 2016). Within this class of ligand-gated ion channels, IRs are classified as tuning 69 

IRs and co-receptor IRs. Tuning IRs are ligand-specific and crucial for receptor channel 70 

function (Benton et al. 2009; Croset et al. 2010; Rytz, Croset, and Benton 2013; Eyun et al. 71 

2017) and, given the diversity of potential ligands, presumably are highly diverse. Co-receptor 72 

IRs are co-expressed as heterotetramers associated with the tuning IRs, and are highly 73 

.CC-BY-NC-ND 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted February 11, 2022. ; https://doi.org/10.1101/2022.02.11.480022doi: bioRxiv preprint 

https://doi.org/10.1101/2022.02.11.480022
http://creativecommons.org/licenses/by-nc-nd/4.0/


 4 

conserved across taxa. Co-receptor IRs have been identified in various crustaceans (Hollins et 74 

al. 2003; Corey et al. 2013; Groh et al. 2014; Zbinden et al. 2017; Groh-Lunow et al. 2015; 75 

Eyun et al. 2017). In the spiny lobster Panulirus argus four co-receptor IRs have been identified 76 

in the transcriptome: IR8a, IR25a, IR76b, and IR93a. The IR25a has even been shown to be 77 

functionally involved in chemoreception in the salmon louse Lepeophtheirus salmonis. RNAi 78 

mediated knock down of IR25a changes the louse’ sensitivity to the salmon host (Núñez-Acuña 79 

et al. 2019).  80 

Genome data have revealed that Daphnia pulex has a comparatively high number of 81 

chemoreceptors among which are 58 receptors that share sequence homology to the gustatory 82 

receptor family of insects (Pẽnalva-Arana, Lynch, and Robertson 2009). About 150 iGluR-83 

derived IRs and three co-IRs, IR76b, IR93a and IR25a, have been identified in silico (Kozma, 84 

Ngo-Vu, Yan Wong, et al. 2020). However, the functional expression of these IRs and the co-85 

IRs in Daphnia has not been investigated, and it is unknown whether they are functionally 86 

involved in chemoreception. Such a functional involvement could be seen in tissue-specific 87 

expression. The organ involved in predator perception was previously identified as the 88 

aesthetascs of the antennules (Weiss, Leimann, and Tollrian 2015), so that these receptors are 89 

hypothesized to be predominantly expressed in sensory organs such as the antennules. Further, 90 

the time- and environment-dependent expression changes are unknown. The functional 91 

importance of the co-IRs renders them attractive targets for experimental manipulation. Here, 92 

we studied in three Daphnia species (D. longicephala, D. magna, D. lumholtzi) the expression 93 

of the two co-IR genes IR25a and IR93a, determined the expression changes upon exposure to 94 

chemical cues released from three predators (Notonecta spec., Triops spec., three-spined 95 

stickleback Gasterosteus aculeatus), and report that co-IR RNAi impairs the expression of 96 

species-specific defense morphologies.  97 

 98 

.CC-BY-NC-ND 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted February 11, 2022. ; https://doi.org/10.1101/2022.02.11.480022doi: bioRxiv preprint 

https://doi.org/10.1101/2022.02.11.480022
http://creativecommons.org/licenses/by-nc-nd/4.0/


 5 

Results 99 

Co-receptor IR expression levels in the antennules, body and swimming antennae 100 

We found a higher abundance of IR25a and IR93a mRNA in the antennules compared to the 101 

rest of the body (fig. 1 A, tab. 1). IR25a is 3.54 log2-fold higher expressed in the antennules 102 

than in the swimming antennae, while IR93a is 1.64 log2-fold higher expressed in the 103 

antennules than in the swimming antennae (fig. 1 B, tab. 1). IR25a is 4.28 log2-fold higher 104 

expressed in the antennules than in the body, while IR93a is 2.12 log2-fold higher expressed in 105 

the antennules than in the body. Both receptors are low but significantly higher expressed in 106 

the swimming antennae in comparison to the body with 0.74 log2-fold for the IR25a and 0.9 107 

for the IR93a (fig. 1 C, tab. 1). 108 

 109 

 110 

Figure 1: Comparative co-receptor IR expression levels in different tissues of 111 
D. longicephala. A: Increased gene expression of IR25a and IR93a in the antennules compared 112 
to the body (log2(fold expression). Both genes are significantly higher expressed in the 113 
antennules than in the body. B: Comparative gene expression analysis of the IR25a and the 114 
IR93a log2(fold expression) in the antennules compared to the swimming antennae. Both genes 115 
are significantly more expressed in the antennules than in the swimming antennae. C: 116 
Comparative gene expression analysis of the IR25a and the IR93a log2(fold expression) in the 117 
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swimming antennae compared to the body. Genes are not significantly higher expressed in the 118 
swimming antennae in comparison to the body. Statistical results for one-sided T-tests are 119 
displayed in tab. 1. Bar heights depicts the mean, whiskers display ± standard deviation. 120 
 121 

Table 1: Comparative gene expression analysis of IR gene in different tissues in D. 122 
longicephala. T-test results of data displayed in figure 1. 123 

Tissue comparison gene Estimate T-value P-value N 
Antennules vs. body IR25a 4.28 13.8 <0.001 28 
Antennules vs. body IR93a 2.12 12.03 <0.001 28 
Antennules vs.  swimming antennae IR25a 3.54 11.43 <0.001 28 
Antennules vs.  swimming antennae IR93a 1.64 9.61 <0.001 28 
Swimming antennae vs. body IR25a 0.74 4.04 <0.001 28 
Swimming antennae vs. body IR93a 0.49 3.04 <0.01 28 

 124 
 125 

Time series of predator induced differential IR25a and IR93a gene expression  126 

We determined the IR25a and IR93a receptors’ expression levels in a time series after predator 127 

exposure and compared it to control animals. While gene expression patterns are low and lie 128 

around 0-log2-fold during the first 4 h, it significantly increases 6 hours after predator exposure 129 

reaching a maximum expression of 1.5 log2-fold in the IR25a and 1.21 log2-fold in the IR93a. 130 

Both receptors maintain an upregulated level until 24 h (fig. 2, tab. 2).  131 

 132 

 133 
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 134 
 135 
Figure 2: Time series of IR gene expression comparing gene expression levels of IR25a and 136 
IR93a in predator-exposed animals in comparison to control animals. IR25a gene expression is 137 
significantly up-regulated 6 h and 12 h and with a tendency at 24 h (p=0.07) post predator 138 
exposure. IR93a is significantly upregulated 6 h, 12 h and 24 h post predator exposure. 139 
Statistical results are displayed in table 2.  140 
 141 
Table 2: Differential gene expression statistical analysis results comparing control and predator 142 
exposed D. longicephala over the measured points in time, as displayed in figure 2. 143 
 144 

time gene Mean T-value P-value N 
0.5h IR25a 0.02 0.03 0.489 3 
0.5h IR93a -0.21 -0.42 0.643 3 
1h IR25a 0.13 0.54 0.310 5 
1h IR93a 0.09 0.34 0.376 5 
2h IR25a 0.32 1.09 0.14 14 
2h IR93a 0.17 0.81 0.21 14 
4h IR25a -0.21 -0.66 0.712 3 
4h IR93a 0.25 0.69 0.280 3 
6h IR25a 1.59 120.21 <0.001 3 
6h IR93a 1.21 10.98 0.004 3 
12h IR25a 1.19 5.93 0.014 3 
12h IR93a 0.94 2.99 0.048 3 
24h IR25a 0.77 2.31 0.073 3 
24h IR93a 0.62 3.45 0.037 3 

 145 
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 146 

RNAi dependent knock down of predator induced morphological defenses  147 

To study the effect of dsRNAi probes (i.e. eGFP dsIR25a, dsIR93a) we performed a full-148 

factorial analysis of the different treatment groups (fig. 3, tab. S1, S2). eGFP-probe injected 149 

D. longicephala show a significantly larger relative crests height upon predator exposure in 150 

comparison to animals of the control condition. D. longicephala injected with dsIR25a do not 151 

show significant differences in relative crest height between the control and the predator 152 

exposed animals but are significantly smaller in comparison to the eGFP-induced group. 153 

Similarly, when injected with the dsIR93a-probe, relative crest height in predator exposed 154 

animals is not significantly different from the controls but still share similarities with the eGFP-155 

induced group. (fig. 3 A, tab. S1, S2). This result is supported by a significant down regulation 156 

of both genes in the IR injected specimens in comparison to the eGFP injected specimens (fig. 157 

3 B, tab. S3).  158 

eGFP-probe injected D. magna show significantly increased body width upon predator 159 

exposure in comparison to animals of the control condition. D. magna injected with dsIR25a 160 

do not show significant differences in body width between the control and the predator exposed 161 

group but are significantly smaller in comparison to the eGFP-induced group. Similarly, when 162 

injected with the dsIR93a-probe, body width is not significantly different from the controls in 163 

predator exposed animals but significantly smaller in comparison to the eGFP-induced group 164 

(fig. 3 C, tab. S1, S2). This result is supported by a significant down regulation of both genes 165 

in the IR injected specimens in comparison to the eGFP injected specimens (fig. 3 D, tab. S3). 166 

Both D. lumholtzi LA2 and TE clones show a significant predator dependent increase in relative 167 

head spine length when injected with the eGFP-probe. D. lumholtzi injected with dsIR25a do 168 

not show significant differences in relative head spine length between the control and the 169 

predator exposed animals but have significantly smaller head spines than the eGFP-induced 170 
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group. Similarly, when injected with the dsIR93a-probe, relative head spine length is not 171 

significantly different from the controls but significantly smaller when compared to the eGFP-172 

induced group (fig.3 E, G, F tab. S1, S2). This result is supported by a significant down 173 

regulation of both genes in the IR injected specimens in comparison to the eGFP injected 174 

specimens (fig. 3 B, tab. S3). 175 

We repeated this experiment with alternative RNAi probes and found the same effects in the 176 

morphology of the animals (fig. 4, tab S5, S6).  177 
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 178 
Figure 3: Morphological defense expression upon predator exposure after micro-injection 179 
with eGFP-, dsIR25a- or dsIR93a-probe. A: Normalized crest height of D. longicephala 180 
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exposed to Notonecta spec. after injection with eGFP-, dsIR25a- or dsIR93a-probe. Predator 181 
exposure after eGFP-probe injection have significantly larger crests compared to the control 182 
treatment. Individuals injected with dsIR25a- or dsIR93a-probe do not express increased crest 183 
heights compared to the controls. Predator exposed dsIR93a injected D. longicephala injected 184 
with express crests that reach the level of the eGFP predator exposed animals. B: log2(fold 185 
expression) of IR25a and IR93a after probe injection. IR25a is significantly downregulated 186 
upon probe injection (log2(fold expression) = -0.77, t=-2.053, P=0.03). IR93a is with -0.55-187 
log2fold significantly down regulated after probe injection, (t=-4.6, P=0.022). C: Body width 188 
of Triops spec exposed D. magna injected with eGFP-, dsIR25a- or dsIR93a-probe. Predator 189 
exposure after eGFP-probe injection induces defense significantly. Individuals injected with 190 
dsIR25a- or dsIR93a-probe do not express defensive features. D: log2(fold expression) of 191 
IR25a and IR93a after probe injection in D. magna. Both IRs are significantly downregulated 192 
upon injection with the respective probe (IR25a log2(fold expression) = -0.44, t=-2.4, P=0.037; 193 
IR93a: log2(fold expression) = -0.96, t=-2.79, P=0.025). E: Normalized head spine length of 194 
D. lumholtzi clone LA2 exposed to Gasterosteus aculeatus after injection with eGFP-, 195 
dsIR25a- or dsIR93a-probe. Predator exposure after eGFP-probe injection induces defenses 196 
significantly. Individuals injected with dsIR25a- or dsIR93a-probe do not express head spines. 197 
F: log2(fold expression) of IR25a and IR93a in D. lumholtzi LA2 after probe injection. IR25a 198 
is significantly downregulated (IR25a: log2(fold expression) = -0.35, t=-4.4, P=0.006), IR93a 199 
has a tendency to a downregulation after injection with the dsIR93a-probe (IR93a: log2(fold 200 
expression) = -0.35, t=-1.99, P=0.059). G: Normalized head spine length of D. lumholtzi clone 201 
TE exposed to Gasterosteus aculeatus after injection with eGFP-, dsIR25a- or dsIR93a-probe. 202 
Predator exposure after eGFP-probe injection induces significant defense expression. 203 
Individuals injected with dsIR25a- or dsIR93a-probe do not express defenses. In A, C, E, G 204 
significant differences are indicated by letters. Groups sharing the same letter are not 205 
significantly different (P>0.05). In B, D, E significant differences compared to the control are 206 
indicated by asterisks (*P≤0.05, ** P≤0.01 tab. S1, S2). 207 
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 208 
Figure 4: Morphological defense expression after injection with the eGFP or the alternative 209 
IR25a or IR93a dsRNA probes. A: In D. longicephala, normalized crest height is significantly 210 
increased upon predator exposure after eGFP probe injection. Animals injected with one of the 211 
target probes do not express crests. B: In D. magna, body width is significantly increased upon 212 
predator exposure after eGFP probe injection. Animals injected with one of the target probes 213 
do not express increased body width. C: In D. lumholtzi TE, normalized head spine length is 214 
significantly increased upon predator exposure after eGFP probe injection. Animals injected 215 
with one of the target probes do not express increased head spines. D: In D. lumholtzi LA2, 216 
normalized head spine length is significantly increased upon predator exposure after eGFP 217 
probe injection. Animals injected with one of the target probes do not express increased head 218 
spines. Statistical results are listed in tables S5, S6 219 
 220 

Discussion 221 

Our results provide a first view on the combinatorial expression patterns of these previously in 222 

silico identified chemo-co-receptors in Daphnia.  223 

 224 

Co-receptor IR expression levels in the antennules 225 
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A chemosensory function of the Daphnia antennules has already been demonstrated through 226 

mechanical impairment of the antennules (Weiss, Leimann, and Tollrian 2015). However, the 227 

chemoreceptors expressed by the antennules remained undetermined. We here report a higher 228 

abundance of IR25a and IR93a mRNA in the antennules compared to the rest of the body. In 229 

the swimming antennae, we observe a somewhat higher (~0.5 log2-fold) level of both co-230 

receptor IRs in comparison to the body. Based on these results, we also expect to find more 231 

receptor protein molecules in the antennules than in swimming antennae and even less in the 232 

body.  233 

Comparing the degree of the expression levels of both receptors, the IR25a seems to be more 234 

abundant in the antennules than the IR93a. In the swimming antennae both receptors seem 235 

equally expressed. This further supports the idea that the antennules serve as a functional unit 236 

of chemoreception. In different crustacean taxa, a high RNA expression level of the IR25a 237 

coincides with the location of the IR25a protein on the lateral flagella (bearing the aesthetascs) 238 

that mediate chemoreception (Tadesse et al. 2011; Stepanyan et al. 2004; Kozma, Ngo-Vu, 239 

Rump, et al. 2020; Kozma et al. 2018; Kozma, Ngo-Vu, Yan Wong, et al. 2020; Corey et al. 240 

2013; Groh-Lunow et al. 2015; Zbinden et al. 2017; Hollins et al. 2003). This implies that also 241 

in the onchyuran Daphnia the IR25a and IR93a proteins are localized on the antennules and 242 

potentially engage in the perception of chemical cues. To further support our observations, 243 

antibody staining directed against IR25a and IR93a would be necessary. Unfortunately, the only 244 

antibody that is currently available (product #EKY005, Kerafast USA), is directed against the 245 

IR25a in lobster and gave unreliable staining patterns and Western Blot validation failed; a 246 

similar effect was observed in salmon lice (Komisarczuk, Grotmol, and Nilsen 2017). 247 

While we now have strong evidence that both co-IR proteins are located on the antennules, we 248 

still know little about their specific localization in the body and the swimming antennae. In case 249 

there are peripheral receptors expressed, these could either also be of chemosensory type, or 250 
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they could be thermo-sensitive as has been demonstrated when the IR25a or IR93a are co-251 

expressed with e.g. the IR21a in Drosophila (Ni 2021). These receptor classifications will be 252 

tasks for future investigations. 253 

As chemoreceptors are often subject to an increased turnover rate when being stimulated with 254 

their ligands (Koerte et al. 2018), we investigated the effect of predatory chemical cues on 255 

differential gene expression in a time dependent manner.  256 

 257 

Time dependent gene expression patterns of IR25a and IR93a 258 

We compared expression levels in the antennules of predator exposed to control 259 

D. longicephala. Six hours post predator exposure we detect a significant upregulation of both 260 

IRs. Together with the subsequent continuous upregulation of both receptors, this probably 261 

marks the onset of an increased receptor turn-over rate which is due to ligand-receptor binding 262 

activity (Koerte et al. 2018). It is important to mention that this does not depict the point in time 263 

for the onset of predator perception. This must lie earlier, if not even instantaneous, as increased 264 

cell proliferation patterns have been reported already two hours post predator exposure (Graeve 265 

et al. under revision). Ecologically, predator detection resulting in the fast onset of the 266 

mechanisms engaged in defense expression is critical. The longer the time lag between predator 267 

perception and the onset of such mechanisms, the longer it takes for the defenses to serve as an 268 

effective protection (Clark and Harvell 1992; Jeschke, Laforsch, and Tollrian 2008; Hoverman 269 

and Relyea 2007; Gabriel et al. 2005). 270 

In Drosophila such a ligand-dependent up-regulation in the IRs’ mRNA expression levels has 271 

not been reported (Koerte et al. 2018) and we therefore speculate differences in the receptors’ 272 

relevance for detecting chemical agents in these two taxa. Drosophila possesses a highly 273 

divergent group of ORs whose mRNA expression levels change in response to ligands, but 274 

these ORs are absent in Daphnia. Together with the findings reported by Kozma et al. 2020, 275 
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we hypothesized, that chemoreception in Daphnia is a central function of the IRs. To support 276 

this idea, we tested the functional involvement of these co-IRs using RNAi. 277 

 278 

Functional analysis of IR25a and IR93a 279 

All results were reproducible with the alternative probes, targeting a different gene region. 280 

Together with qPCR results, we detect a successful knock-down of our target genes in all 281 

species. Injection of the eGFP control probe does not affect defense expression in any of the 282 

tested species. However, when injected with the IR25a probe, the three Daphnia species lose 283 

their ability to react to predators. All measured parameters are not significantly different from 284 

the control animals but significantly different from the predator exposed animals, so that 285 

defenses are not at all expressed. When injected with the IR93a probe defenses in D. magna 286 

and the two D. lumholtzi clones, are again not at all expressed. Only, in D. longicephala 287 

defenses are significantly reduced but do not reach the control level, indicating a smaller 288 

involvement of the IR93a in the perception of Notonecta specific signaling cues.  289 

This shows that both IRs are functionally involved in the perception of the here involved 290 

predator specific chemical cues. Our observations could be explained by two scenarios 1.) The 291 

IR25a and the IR93a assemble and function as one chemoreceptor unit. However, as this 292 

receptor combination was shown to function as a cool sensor and detected in the periphery of 293 

the chemosensory organs in Drosophila, we anticipate it to be unlikely to have chemosensory 294 

abilities in Daphnia (Knecht et al. 2016). 2.). Each of the two IRs function as chemo-co-295 

receptors and assemble with respective tuning receptors to form functional chemoreceptor units. 296 

This also explains why the chemosensory capacities i.e. in detecting and reacting to this range 297 

of chemosensory signals are hampered, as the knock-down of both IRs impairs receptor 298 

assembly and trafficking. Even though the chemical composition of the Triops and the 299 

Notonecta specific signaling cues have not been elucidated, we are highly confident that they 300 
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are different in their nature, due to their phylogenetic distance and the distinct responses they 301 

induce in the different prey species (reviewed in Weiss & Tollrian 2018). Further, bile salts are 302 

specific to vertebrates and most likely not present in any invertebrate taxon (Hahn et al. 2020). 303 

Together with the fact, that even the experimentally necessary environmental transfer induced 304 

the differential expression of both receptors further supports their co-receptor function. 305 

Interesting is that the knock-down of the IR93a in D. longicephala only reduces but not prevents 306 

defense expression. This indicates that the perception of the cues associated with the Notonecta 307 

kairomone are predominantly perceived via IR25a receptor functioning and to a less extent via 308 

the IR93a. Future studies will aim to identify the concrete tuning IR(s) that assemble with the 309 

here identified co-IRs mediating chemoreception of natural substances in the environment. This 310 

also lays the fundamental basis for understanding how Daphnia is able to react to changes in 311 

the chemical environment and adapt through phenotypic plasticity. With respect to sensory 312 

ecology, knowing the involved receptors may also guide to disentangling chemical signaling 313 

agents, whose chemical identification is often the search for the needle in the haystack. By this 314 

we will be able to better understand organism-by-environment interactions and how this can 315 

have an ecosystem-wide effect. 316 

 317 

Material and Methods 318 

Daphnia cultures 319 

Daphnia longicephala clone LP1 (Lara-Pond, Australia) and D. lumholtzi clones LA2 320 

(Louisiana, USA; kindly provided by Ramcharan) and TE (Fairfield Reservoir, Texas, USA; 321 

kindly provided by Sterner) were cultured in artificial Daphnia medium (ADaM (Klüttgen et 322 

al. 1994)) in 1 L beakers (Weck®, Germany) containing 20 - 25 age-synchronized individuals. 323 

D. magna clone FT44-2 (Rockpool 44, Tvärminne, Finland, kindly provided by D. Ebert) was 324 
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cultured in charcoal-filtered tap water (to cohere with the culture conditions of Triops) in 1 L 325 

beakers containing 10 to 15 age-synchronized individuals. Animals were kept under constant 326 

day:night conditions (16 h:8 h) at 20 ± 1°C and fed ad libitum with the algae Acutodesmus 327 

obliquus. The beakers were cleaned every 48 hours to remove exuviae, debris and excess algae. 328 

Half of the medium was exchanged weekly. 329 

 330 

Predator cultures 331 

Backswimmers (Notonecta spec.) were collected from the ponds of the Ruhr-University 332 

Botanical Garden. Animals were maintained in 1 L beakers (WECK®, Germany) filled with 333 

charcoal-filtered tap water under standardized conditions (20 ± 1°C with 16 h:8 h light:dark 334 

cycle). They were fed ad libitum with Daphnia spec.. Triops spec. were raised from sand 335 

containing the eggs. Animals were kept in 1 L plastic tanks filled with one part charcoal-filtered 336 

tap water and one part pre-desalted water under standardized conditions (20 ± 1°C with 16 h:8 h 337 

light:dark cycle). Triops spec. were fed daily with fish flakes (Futter Granulat, MultiFit) (flakes 338 

were crushed for freshly hatched animals) and after reaching a body length of ~0.5 cm were fed 339 

additionally with Daphnia spec.. 340 

Three-spined sticklebacks (Gasterosteus aculeatus) (Zoo Zajac, Duisburg, Germany) were 341 

cultured in ADaM in a 60 L glass tank at a constant temperature of 20 ± 1°C with 16 h:8 h 342 

light:dark cycle. Fish were fed ad libitum every 24 h with living Daphnia spec. and frosted 343 

Chironomus larvae (Amtra, Germany). All animals were kept under conditions complying with 344 

care and welfare. 345 

 346 

RNAi-probe design and synthesis 347 

RNAi-probes were designed against transcriptomic data of D. longicephala and D. lumholtzi, 348 

and the online deposited D. magna genome data 349 
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(https://metazoa.ensembl.org/Daphnia_magna/Info/Index). Probes were cloned in-house 350 

following the requirements and strategy published by (Knorr et al., 2013; Posnien et al., 2009, 351 

, fig. 5). For reverse transcription of a ~500 bp probe, we designed primers in Primer3 (tab. 3): 352 

Length: 19 – 22 bp; Max Self Complementary: 5; Max 3’ Self Complementary: 1; Max Pair 353 

End Complementary: 1. The desired annealing temperature was set to 60 °C. BLAST homology 354 

search was performed for the whole probe sequence with settings optimized for ´somewhat 355 

similar sequences` (blastn) to exclude off-targets.  356 

 357 

Figure 5: Probe design. Extract of the IR25a (A) consensus and IR93a (B) obtained from the 358 
sequences of D. longicephala, D. magna and D. lumholtzi. Displayed are the positions of the 359 
qPCR primers (black arrow), the primers for our custom designed RNAi probe (grey arrow) 360 
and the respective probe sequence (grey line) and the universal RNAi probe sequence (dotted 361 
line).  362 

 363 

 364 

 365 
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Tab. 3: List of primers used to synthesize RNAi probes from cDNA and qPCR 366 

Gene 
Name Primer Name Sequence (5' – 3') Explanation 

IR25a 
with T7 

promotor 
overhang 

DLo_IR25a_RNAi_T7_fwd TAATACGACTCACTATAGGATACAAGGTCCAGTACGCGC IR25a primer 
with T7 

Promotor region 
(bold) to amplify 
IR25a from D. 
longicephala 

cDNA 

DLo_IR25a_RNAi_T7_rev2_2 TAATACGACTCACTATAGGGTCGCCTACACAAACAAGCCA 

IR93a 
with T7 

promotor 
overhang 

DLo_IR93a_RNAi_T7_fwd3 TAATACGACTCACTATAGGGTCCGCCAACGAGTCATCAAT IR93a primer 
with T7 

Promotor region 
(bold) to amplify 
IR93a from D. 
longicephala 

cDNA 

DLo_IR93a_RNAi_T7_rev3 TAATACGACTCACTATAGGGGCGACCTGCAGTTATGGAAC 

qPCR 
primer for 

IR25a  

universal_IR25a_qPCR_fwd GGACGTTTAATTGCTGCCACTT 
qPCR IR25a 

universal_IR25a_qPCR_rev AGTTGACAAATCGTCCAGTGAGT 

qPCR 
primer for 

IR93a 
 

universal_IR93a_qPCR_fwd TTAGGTCAACGAGAAATGCCGA 
qPCR IR93a 

universal_IR93a_qPCR_rev TGGTGTAGGTCGGAAATGTCAG 

Tatabox 
binding 
protein 

Dlo_tbp_fwd_1 ACC TTG CCG GAA TAG TTG TG D. longicephala 
reference gene 

Dlo_tbp_rev_1 GAA TGC TGA AAC CAG GGC TA 
Carboxyl-
terminal 

PDZ 
ligand of 
neuronal 

nitric 
oxide 

 

Dlongi_CAPON_fdw2 TTGCAGTTGATTGGCGAGGACA 

D. longicephala 
reference gene 

Dlongi_CAPON_rev2  ATGAAGAGTGGGCAGACTGGGA 

Tatabox 
binding 
protein 

Dm_Tbp_fwd GCAGGGAAGTTTAGTTTCTGG D. magna 
reference gene Dm_Tbp_rev TGGTATGCACAGGAGCAAAG 

Tatabox 
binding 
protein 

Dlum_tbp_fwd_1  ACCAGCAGATTTTGCCTCAC  D. lumholtzi 
reference gene 

Dlum_tbp_rev_1   GAGGTGTGAATCCCGGTAAA 

 367 
For subsequent in vitro transcription with T7 polymerase, T7 promotors were added via PCR 368 

using GoTaq Master Mix (Promega) on D. longicephala cDNA. The obtained amplicon was 369 

used for TA-cloning into a pCRII vector (TOPO TA Cloning kit, Invitrogen) and transformed 370 

into TOP 10 E. coli (Invitrogen). After Midi-prep (Nucleo Bonda Xtra Column Filter kit, 371 

Machery & Nagel) samples were Sanger-sequenced for validation. In vitro transcription was 372 

conducted using the HiScribe T7 High Yield RNA Synthesis kit (New England Biolabs). 373 

Finally, double-stranded RNA-probes (dsRNAi-probes) were cleaned using the Monarch RNA 374 

clean-up kit (New England Biolabs, Germany).  375 
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As a negative control, we purchased an eGFP-probe as Daphnia do not have this sequence 376 

encoded in the genome (Eupheria Biotech, Dresden, Germany; Sigma Product ID: EHUEGFP). 377 

We validated our findings using probes that lie in a different region of the IR25a and IR93a 378 

gene. In the case of the IR93a this alternative probe targets a region that does not overlap with 379 

our initial probe. The IR25a sequence did not permit such an alternative non-overlapping probe, 380 

and therefore, we generated a probe that overlaps with the other probe by 426 bp. These control 381 

probes were also purchased from Eupheria Biotech (Dresden, Germany). All RNAi-probes 382 

were diluted to a final concentration of 300 ng/µL in 4 µL aliquots and stored at -80 °C until 383 

use. We further tested for sequence homology of the IR25a probe to the IR93a gene and vice 384 

versa, yielding only weak homology. Sequence homology matrix between probes and target 385 

sequence are given in table 4. 386 

 387 
Tab. 4: Sequence homology between IR25a and IR93a consensus sequences obtained from D. longicephala, 388 
D. magna and D. lumholtzi and injected RNAi probes. dsIR25a and dsIR93a probes are designed with 389 
D. longicephala cDNA. The alternative RNAi probes targeting different sequence regions of the genes 390 
“universal dsIR25a” and “universal dsIR93a” were designed for the consensus sequence of all three species.  391 
Alignments were performed using the EMBL-EBI Multiple Sequence Alignment tool (Madeira et al. 2019). 392 
 393 

Gene                             Probe dsIR25a dsIR93a alternative dsIR25a alternative dsIR93a 
IR25a  92.26% 65.40% 100,00% 61.94% 
IR93a 66.67% 97.03% 61.87%  100,00% 

 394 
 395 

Predator exposure bioassays 396 

D. longicephala were exposed to Notonecta spec.. For that, we used a 12 L glass tank filled 397 

with 4 L ADaM. Seven net cages (mesh size 150 µm), each containing one Notonectid were 398 

placed into the tank. Predators were fed 10 adult Daphnia each. After 24 hours two Notonectids 399 

were removed to avoid over-exposure and to create space for net cages with D. longicephala. 400 

3-day old D. longicephala were added to the tanks in net cages containing a maximum of 20 401 

Daphnia and fed ad libitum with Acutodesmus obliquus algae. 402 
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D. magna were exposed to Triops spec. in 12 L glass tanks filled with 3 L charcoal-filtered tap 403 

water, a layer of approximately 0.5 cm sand and three Triops spec. (with <1 cm body length). 404 

Predators were fed ad libitum with 3-day old D. magna and fish flakes. After 24 hours net cages 405 

with 4-day old test specimens were added to the tank and fed ad libitum with Acutodesmus 406 

obliquus. 407 

To also exclude that are effects are of clonal origin, we also tested two clones of the same 408 

species. We exposed D. lumholtzi clones TE and LA2 to Gasterosteus aculeatus in12 L glass 409 

tanks filled with 8 L ADaM and two sticklebacks with a body length of 3 – 5 cm. After 24 h 410 

net cages with 3-day old D. lumholtzi were added to the tank and fed ad libitum with 411 

Acutodesmus obliquus algae.  412 

 413 

Controls for predator bioassays 414 

All controls were handling controls conducted at the same time with the same set of equipment 415 

and liquid batches lacking just one variable: no predators were added to the tanks. 416 

 417 

Tissue specific sampling to determine IR25a and IR93a localization 418 

To determine co-receptor localization, we dissected three-day old D. longicephala in a tissue-419 

specific manner, removing the antennules (by cutting off the rostral tip), and swimming 420 

antennae, which were dissected with metal tweezers. Antennules, swimming antennae and the 421 

body were then transferred into tubes containing DNA/RNA shield (Zymo Research). Samples 422 

were directly manually homogenized with plastic pistils and stored at -80 °C until further usage. 423 

Each biological replicate contained 40-60 animals which we found to provide enough RNA for 424 

quantitative PCR.  425 

 426 
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Predator-induced differential gene expression levels of IR25a and IR93a in the 427 

antennules.  428 

To investigate predator-induced differential IR gene expression, we exposed 40-60 three-day 429 

old D. longicephala to Notonecta spec. as described in the induction assay for 0.5 h, 1 h, 2 h, 430 

4 h, 6 h, 12 h, and 24 h. Subsequently, animals were killed, and antennules were cut off with a 431 

sharp razor blade. Again, samples were homogenized and stored in DNA/RNA ShieldTM (Zymo 432 

Research, Germany) at -80 °C until further usage. Each biological replicate contained 40-60 433 

animals providing good quality and quantity yields for gene expression analysis.  434 

 435 

Quantitative reverse transcription PCR (RT-qPCR) 436 

RNA for RT-qPCR was extracted with the Quick-RNA Microprep Kit (Zymo Research) and 437 

diluted to a working concentration of 10 ng/µL. The Luna® One-Step RT qPCR Kit (New 438 

England Biolabs, Germany) was used for RT-qPCR in the LightCycler® 96 System (Roche, 439 

Germany) on 96 well plates (MJ white, Sarstedt, Germany) according to the protocol with a 440 

modified total reaction volume of 10 µL. For each treatment, a minimum of three biological 441 

and two technical replicates (from which we calculated the mean CT) were used. Primer 442 

efficiency was calculated using LinReg PCR (Ruijter et al. 2009). All primers had an efficiency 443 

of >0.87<1.0. We analyzed log2-fold expression changes based on the ddCT method (Livak 444 

and Schmittgen 2001) with respect to primer efficiency using specific reference genes chosen 445 

based on geNorm (Vandesompele et al. 2002) (tab. 5). Differential expression was determined 446 

with a one-sample T-test on the log2-fold expression data.  447 

 448 
 449 
 450 
 451 
 452 
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Tab. 5: Validation of reference genes. A: Gene stability in D. longicephala antennules, 2nd antennae and 453 
body. Data of induced and control and injected and non-injected samples from all observed sampling points 454 
were used. B: Gene stability in D. longicephala. Data of injected (eGFP, dsIR25a or dsIR93a) and non-455 
injected samples were used. C: Gene stability in D. magna. Data of injected (eGFP, dsIR25a or dsIR93a) 456 
and non-injected samples were used. D: Gene stability in D. lumholtzi. Data of injected (eGFP, dsIR25a or 457 
dsIR93a) and non-injected samples were used. 458 

 459 

 460 
 461 
 462 
 463 
 464 
 465 

 466 

 467 

 468 

 469 

 470 

 471 

Microinjection 472 

For microinjections we used the FemtoJet 4i (Eppendorf) attached to a micromanipulator 473 

(Narishige). Capillaries (without filament, length: 100 mm, outer diameter: 1 mm, inner 474 

diameter: 0.58 mm, Hilgenberg, GmbH, Germany) were pulled using the Micropipette Puller 475 

P-1000 (Sutter Instruments) with the following settings: ramp = 505, heat = 500, pull = 40, 476 

velocity = 60, time = 120, pressure = 500. Phenol red was added in a ratio of 1:5 to the RNAi-477 

probes for visual control of injection success. Probes were filled into the capillary using a fine 478 

glass pipet that was pulled out over an open flame. Filled injection capillaries were opened by 479 

breaking the tips with tweezers and sharpened over a wet stone. Just prior to injection the probes 480 

(300 ng/µl) were diluted with phenol red using a ratio of 1:5 to obtain visual control over the 481 

injection success. We validated that phenol red and eGFP do not affect Daphnia viability or 482 

their ability to express inducible defenses (fig. 6). 483 

specimen gene stability 
value 

D. longicephala 
tissues 

CAPON/tbp 1.344 
IR93a 1.498 
IR25a 1.884 

D. longicephala 
IR25a/CAPON 0.43 
IR93a 0.524 
tbp 0.621 

D. magna 

tbp/CYP 0.202 
IR25a 0.29 
IR93a 0.393 
GAPDH 0.665 

D. lumholtzi 
CAPON/tbp 0.233 
IR93a 0.257 
IR25a 0.317 
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For the injection of the RNAi probes, we established a microinjection setup in which we 484 

injected juvenile and adult Daphnia of the different species. For this we designed a Plexiglas 485 

object slide (8 cm x 2.5 cm x 0.4 cm), containing u-shaped notches of 0.5 cm and 0.25 cm 486 

diameter to fit the respective sizes of different Daphnia age and size classes (fig. 6 A). For 487 

injection the Daphnia were held in place by placing the Daphnia backwards against the frame 488 

of the notch (fig. 6 B, C, D).  The injection needle was positioned on the head near the base of 489 

the 2nd antenna (fig. 6 B, C, D). Injection pressure was set to 300 hPa, holding pressure was 490 

30 hPa. D. longicephala were injected in the neck region near the base of the swimming 491 

antenna, while D. magna and D. lumholtzi were injected through the underside of the rostrum. 492 

The injection lasted 3-12 s until a red stain inside the Daphnia indicated the injection success. 493 

Subsequently, the viable and injected Daphnia were transferred into snap-cap vials containing 494 

100 ml ADaM, or kairomone enriched ADaM, respectively. We ensured that injected media 495 

can also reach the cells of interest by injecting Hoechst as nuclear marker. This stained all body 496 

cells including the cells at the base of the antennules (fig. 6 E, F).  497 

 498 

 499 
Figure 6: Methodology used to inject RNAi probes in juvenile Daphnia A: custom designed 500 
object slide holder with U-shaped notches to position the different Daphnia species during 501 
microinjections. B: Example for microinjections performed with D. longicephala, using phenol 502 
red as a visual guidance of successful injection C: Example for microinjections performed with 503 
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D. lumholtzi, and D: Example for microinjections performed with D. magna. B-C: Arrows mark 504 
the injection needle. E, F: Display of Hoechst injected D. magna, where the microinjection of 505 
the cell marker dye, successfully reaches and stains, cells of the head and especially the basis 506 
of the antennules. Boxes mark the region of the antennules, red arrows depict sensory somata 507 
at antennules’ base.  508 
 509 

 510 

Functional assessment of IR25a and IR93a 511 

To study the function of the two putative co-receptors, we microinjected three-day old 512 

D. longicephala, four-day old D. magna and three-day old D. lumholtzi (clone TE and LA2) 513 

with the dsRNAi-probes. After 2 to 3 hours the animals were transferred to the respective 514 

predator treatment. The phenotypes were then analyzed in the instar where defense expression 515 

normally occurs, which is usually two molting cycles after predator exposure, so approximately 516 

48 hours post predator exposure (fig. 7). We validated down-regulation of the target genes again 517 

using qPCR. For this we collected 5*10 D. longicephala, 5*10 D. lumholtzi and 5*5 D. magna 518 

4 to 6 h post microinjection in RNA shield.  519 

 520 

 521 

Figure 7: Schematic display of the experimental strategy used for RNAi. A: 522 
D. longicephala was microinjected with the respective RNAi probes once the animals reached 523 
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the third instar. After three hours the animals were transferred to the predator Notonecta or 524 
control treatment respectively. Defense expression was measured as crest height in the fifth 525 
instar. B: D. magna was injected with RNAi probes in the fourth instar. Three hours after 526 
microinjection, the animals were transferred to the predator Triops or the control condition 527 
respectively. Defense expression was measured as body width in the sixth instar. C: Both 528 
D. lumholtzi clones LA2 and TE, were microinjected with both the respective RNAi probes in 529 
the third juvenile instar and exposed to the predator Gasterosteus aculeatus two to three hours 530 
later. Defense expression was measured as head spine length in the fifth instar.  531 
 532 
 533 

Morphological defense measurement 534 

Crest height in D. longicephala was measured in a vertical line from the upper margin of the 535 

compound eye to the most distal point of the head. As this trait is correlated with the body size, 536 

we normalized crest height by dividing crest height by body length. Body length was measured 537 

from the upper margin of the compound eye to the root of the tail spine. Body width in D. magna 538 

was measured in a horizontal line at the widest point of the body. Head spine length in D. 539 

lumholtzi was measured from the upper margin of the compound eye to the tip of the head spine 540 

and again normalized by body length as measured above (red lines in fig. 7). For measurements 541 

we used an image analysis system composed of Olympus SZX16 stereo microscope equipped 542 

with a digital camera (Olympus DP74) controlled by the software cell sense. Measurements 543 

were taken on the images using the line tools.  544 

 545 

Data management and statistical analyses of morphological defenses and RNAi probe 546 

injection effects 547 

All data was collected in Excel (Microsoft Inc.). We tested for normal distribution of the data 548 

using a Shapiro-Wilk test. As the data for morphological defense expression after probe 549 

injection did not follow a normal distribution, we log-transformed the data, which was then 550 

normally distributed. To determine the effect of the injected probes, we used an analysis of 551 
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variance (ANOVA) with injected probe and treatment as factors. To determine differences 552 

between individual groups analysis of variance was followed by a Bonferroni post hoc test. 553 

Data is displayed untransformed. Statistical analyses and plots were made in R using the 554 

ggplot2 package (R Development Core Team 2011; Hadley 2016). 555 

 556 
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  725 

Supplementary Material 726 

 727 
 728 

 729 
 730 
Figure S1.: eGFP dsRNA probe injection does not affect the expression of morphological defenses in A: D. 731 
longicephala significantly expresses crests: ANOVAtreatment F(1, 0.11)=37.490; p<0.001, which is unaffected by 732 
the dsGFP RNA probe injection ANOVAinjection F(1, 0.01)=3.281; p0=0.07 B: D. magna significantly expresses 733 
deeper bodies: ANOVAtreatment F(1, 176229)=79.233; p<0.001, which is not affected by dsGFP probe injection 734 
ANOVAinjection F(1, 4327)=0.195, p=0.659 C: D. lumholtzi TE significantly expresses head spines: ANOVAtreatment 735 
F(1, 0.11894)=38.112; p<0.001, which is unaffected by dsGFP RNA probe injection: ANOVAinjection F(1, 736 
0.00791)=2.534, p=0.113 and D: D. lumholtzi LA2 significantly expresses head spines: ANOVAtreatment F(1, 737 
0.15336)=78.405; p<0.001, which is unaffected by dsGFP probe injection ANOVAinjection F(1, 0.0048)=2.46, 738 
p=0.118 739 
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 741 
Statistical results of RNAi knock down 742 
 743 
Table S1: Factorial ANOVA on log(normalized crest height) in D. longicephala, log(body 744 
width) in D. magna and log(normalized head spine length) in D. lumholtzi clones TE and LA2 745 
after injection with eGFP-, dsIR25a- or dsIR93a-probe measured after 48 hours predator 746 
exposure or control treatment. Related to fig. 5. Abbreviations: SS, square sum; MS, mean square. 747 

 SS 

Degree 
of 
Freedom MS F P 

Partial 
eta-
square
d 

Non-
centrality 

Observed 
power 

Daphnia longicephala 
Intercept 219.66 1 219.66 81025.21 ≤0.001 1.00 81025.21 1.00 

Injection 0.01 2 0.01 2.74 0.066 0.02 5.49 0.54 

Treatment 0.05 1 0.05 16.78 ≤0.001 0.05 16.78 0.98 

Injection*Treatment 0.02 2 0.01 3.56 0.029 0.02 7.13 0.66 

Error 0.86 317 0.00      

Daphnia magna 

Intercept 3027.82 1 3027.8
2 

1482460.9
1 ≤0.001 1.00 1482460.9

1 1.00 

Injection 0.05 2 0.03 13.13 ≤0.001 0.07 26.25 1.00 

Treatment 0.06 1 0.06 31.46 ≤0.001 0.09 31.46 1.00 

Injection*Treatment 0.02 2 0.01 5.87 0.003 0.03 11.73 0.87 

Error 0.690 338 0.00      

Daphnia lumholtzi clone TE 
Intercept 150.76 1 150.76 12870.64 ≤0.001 0.98 12870.64 1.00 

Injection 0.21 2 0.10 8.76 ≤0.001 0.07 17.53 0.97 

Treatment 0.11 1 0.11 9.36 0.002 0.04 9.36 0.86 

Injection*Treatment 0.16 2 0.08 6.80 ≤0.001 0.05 13.61 0.92 

Error 2.823 241 0.01      

Daphnia lumholtzi clone LA2 
Intercept 109.99 1 109.99 13966.74 ≤0.001 0.98 13966.74 1.00 

Injection 0.01 2 0.01 0.65 0.523 0.01 1.30 0.16 

Treatment 0.09 1 0.09 11.57 ≤0.001 0.05 11.57 0.92 

Injection*Treatment 0.15 2 0.08 9.70 ≤0.001 0.07 19.39 0.98 

Error 1.929 245 0.01      

 748 

Table S2: Post hoc Bonferroni analysis on log(normalized crest height) in D. longicephala, 749 
log(body width) in D. magna and log(normalized head spine length) in D. lumholtzi clones TE 750 
and LA2 after injection with eGFP-, dsIR25a- or dsIR93a-probe measured after 48 hours 751 
predator exposure or control treatment. Related to fig. 5. 752 

Injection             Treatment 
eGFP dsIR25a dsIR93a 

control predator 
exposed control predator 

exposed control predator 
exposed 

Daphnia longicephala 
eGFP control   ≤0.001 n.s. n.s. n.s. 0.175 
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predator 
exposed ≤0.001   ≤0.001 0.015 0.016 0.613 

dsIR25a 
control n.s. ≤0.001   n.s. n.s. 0.269 

predator 
exposed n.s. 0.015 n.s.  n.s. n.s. 

dsIR93a 
control n.s. 0.016 n.s. n.s.   n.s. 
predator 
exposed 0.175 0.613 0.269 n.s. n.s.   

Daphnia magna 

eGFP 
control   ≤0.001 n.s. n.s. n.s. 0.677 

predator 
exposed ≤0.001   ≤0.001 ≤0.001 ≤0.001 ≤0.001 

dsIR25a 
control n.s. ≤0.001   n.s. n.s. 0.053 

predator 
exposed n.s. ≤0.001 n.s.  n.s. n.s. 

dsIR93a 
control n.s. ≤0.001 n.s. n.s.   0.921 

predator 
exposed 0.677 ≤0.001 0.053 n.s. 0.921   

Daphnia lumholtzi clone TE 

eGFP 
control   ≤0.001 n.s. n.s. n.s. n.s. 
predator 
exposed ≤0.001   ≤0.001 ≤0.001 ≤0.001 0.003 

dsIR25a 
control n.s. ≤0.001   n.s. n.s. n.s. 
predator 
exposed n.s. ≤0.001 n.s.  n.s. n.s. 

dsIR93a 
control n.s. ≤0.001 n.s. n.s.   n.s. 
predator 
exposed n.s. 0.003 n.s. n.s. n.s.   

Daphnia lumholtzi clone LA2 

eGFP 
control   ≤0.001 n.s. 0.239 0.692 0.495 

predator 
exposed ≤0.001   0.007 0.035 0.013 0.003 

dsIR25a 
control n.s. 0.007   n.s. n.s. n.s. 

predator 
exposed 0.239 

0.035 
n.s.  n.s. n.s. 

dsIR93a 
control 0.692 0.013 n.s. n.s.   n.s. 

predator 
exposed 0.495 

0.003 
n.s. n.s. n.s.   

 753 
Table S3: Differential gene expression statistical analysis results after probe injection as 754 
displayed in in fig. 5. 755 
species gene mean T-value P-value 
D. 
longicephala IR25a -0.77 -2.05 0.039 
D. 
longicephala IR93a -0.55 -4.6 0.022 
D. magna IR25a -0.44 -2.4 0.037 
D. magna IR93a -0.96 -2.79 0.025 
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D. lumholtzi IR25a -0.35 -4.4 0.006 
D. lumholtzi IR93a -0.35 -1.99 0.059 

 756 
 757 
 758 
Table S4: Factorial ANOVA on log(normalized crest height) in D. longicephala, log(body 759 
width) in D. magna and log(normalized head spine length) in D. lumholtzi clones TE and LA2 760 
after injection with eGFP or the alternative IR25a or IR93a dsRNA probes measured after 761 
48 hours predator exposure or control treatment. Related to fig. S5. Abbreviations: SS, square sum; 762 
MS, mean square 763 
 764 

 SS 

Degree 
of 
Freedom MS F P 

Daphnia longicephala 
Intercept 123.18 1 123.18 40476.56 ≤0.001 

Injection 0.02 2 0.01 3.48 0.033 

Treatment 0.05 1 0.05 16.21 ≤0.001 

Injection*Treatment 0.02 2 0.01 3.87 0.023 

Error 0.49 161 0.00 
  

Daphnia magna 
Intercept 804.78 1 804.78 598880.90 ≤0.001 

Injection 0.01 2 0.00 2.22 0.115 

Treatment 0.01 1 0.01 6.82 0.011 

Injection*Treatment 0.01 2 0.01 4.21 0.018 

Error 0.106 79 0.00 
  

Daphnia lumholtzi clone TE 
Intercept 86.78 1 86.78 8035.48 ≤0.001 

Injection 0.15 2 0.08 6.98 0.001 

Treatment 0.11 1 0.11 9.93 0.002 

Injection*Treatment 0.15 2 0.08 7.11 0.001 

Error 1.533 142 0.01 
  

Daphnia lumholtzi clone LA2 
Intercept 35.21 1 35.21 5320.24 ≤0.001 

Injection 0.00 2 0.00 0.31 0.737 

Treatment 0.03 1 0.03 4.03 0.048 

Injection*Treatment 0.06 2 0.03 4.47 0.015 

Error 0.470 71 0.01 
  

 765 
 766 
Table S5: Post hoc Bonferroni analysis on log(normalized crest height) in D. longicephala, 767 
log(body width) in D. magna and log(normalized head spine length) in D. lumholtzi clones TE 768 
and LA2 after injection with eGFP-, dsIR25a- or dsIR93a-probe measured after 48 hours 769 
predator exposure or control treatment. Related to fig. S5. 770 
 771 

eGFP dsIR25a dsIR93a 
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Injection             Treatment control predator 
exposed control predator 

exposed control predator 
exposed 

Daphnia longicephala 

eGFP 
control   ≤0.001 n.s. n.s. n.s. 0.398 
predator 
exposed ≤0.001   ≤0.001 ≤0.001 ≤0.001 0.206 

dsIR25a 
control n.s. ≤0.001   n.s. n.s. 0.316 
predator 
exposed n.s. ≤0.001 n.s.  n.s. n.s. 

dsIR93a 
control n.s. ≤0.001 n.s. n.s.   n.s. 
predator 
exposed 0.398 0.206 0.316 n.s. n.s.   

Daphnia magna 

eGFP 
control   0.002 n.s. n.s. n.s. n.s. 
predator 
exposed 0.002   0.031 0.140 0.012 0.018 

dsIR25a 
control n.s. 0.031   n.s. n.s. n.s. 
predator 
exposed n.s. 0.140 n.s.  n.s. n.s. 

dsIR93a 
control n.s. 0.012 n.s. n.s.   n.s. 
predator 
exposed n.s. 0.018 n.s. n.s. n.s.   

Daphnia lumholtzi clone TE 

eGFP 
control   ≤0.001 n.s. n.s. n.s. n.s. 
predator 
exposed ≤0.001   ≤0.001 ≤0.001 ≤0.001 ≤0.001 

dsIR25a 
control n.s. ≤0.001   n.s. n.s. n.s. 
predator 
exposed n.s. ≤0.001 n.s.  n.s. n.s. 

dsIR93a 
control n.s. ≤0.001 n.s. n.s.   n.s. 
predator 
exposed n.s. ≤0.001 n.s. n.s. n.s.   

Daphnia lumholtzi clone LA2 

eGFP 
control 

 
0.030 n.s. n.s. n.s. n.s. 

predator 
exposed 

0.030 
 

n.s. 0.269 0.182 n.s. 

dsIR25a 
control n.s. n.s. 

 
n.s. n.s. n.s. 

predator 
exposed 

n.s. 0.269 n.s. 
 

n.s. n.s. 

dsIR93a 
control n.s. 0.182 n.s. n.s. 

 
n.s. 

predator 
exposed 

n.s. n.s. n.s. n.s. n.s. 
 

 772 

 773 

 774 
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