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Abstract

The environment and genes shape the development, physiology and behaviour of

organisms. Many animal species can take-up double-stranded RNA (dsRNA) from the

environment. Environmental dsRNA changes gene expression through RNA interference

(RNAi). While environmental RNAi is used as a laboratory tool, e.g. in nematodes,

planaria and insects, its biological role remains enigmatic. Here we characterise the

environmental dsRNA receptor SID-2 to understand the biological function of dsRNA

uptake in Caenorhabditis elegans. First we determine that SID-2 localises to the apical

membrane and the trans-Golgi-network (TGN) in the intestine, implicating the TGN as

a central cellular compartment for environmental dsRNA uptake. We demonstrate that

SID-2 is irrelevant for nucleotide uptake from the environment as a nutritional

(nitrogen) source. Instead RNA profiling and high-resolution live imaging revealed a

new biological function for sid-2 in growth and phenotypic plasticity. Surprisingly, lack

of the ability to uptake environmental RNA reduces plasticity of gene expression.

Furthermore, using genetic analyses we show that the dsRNA pathway genes sid-2, sid-1

July 5, 2019 1/43

.CC-BY 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted July 8, 2019. ; https://doi.org/10.1101/694414doi: bioRxiv preprint 

https://doi.org/10.1101/694414
http://creativecommons.org/licenses/by/4.0/


and rde-4 together regulate growth. This work suggest that environmental RNA affects

morphology and plasticity through gene regulation.

Introduction 1

Gathering information about the environment is fundamental for the survival of an 2

individual in an ecosystem. Recent studies show that one class of molecules that 3

provides such information is RNA [1,2]. Specifically, double-stranded RNA (dsRNA) is 4

able to act in environmental communication by directly modulating gene expression in 5

Caenorhabditis elegans [3, 4]. This process is known as environmental RNAi and further 6

research identified that a number of animal species and fungi are able to do the 7

same [5–10]. More recently, small RNAs were also shown to move between hosts and 8

pathogens as part of an immunity arms race [11–13]. Nevertheless, the biological 9

relevance and extend of RNA communication between organism remains poorly 10

understood. 11

Environmental RNAi is an versatile and successful tool. Experimentalists use it in 12

animals to investigate the function of genes by simply feeding them with bacteria 13

overexpressing dsRNA with the sequence of the gene of interest [14]. Analogous, the 14

method is successfully used for agricultural pest control, where genetically engineered 15

plants express dsRNA with the sequence of an essential genes of the targeted 16

parasite [15]. Delivery of dsRNA via a genetic modified organism (GMO) is efficient, 17

but applications of environmental RNAi are not limited to GMO organisms. The 18

development of non-GMO strategies, like artificial dsRNA nanoparticle sprays as topical 19

antiviral for managing crop health [16] and large scale field application using artificial 20

dsRNA sugar solution as antiviral tool in bee health [17], lay ground for cheaper and 21

accelerated development of artificial dsRNA based applications and potentially an 22

increased release of artificial dsRNA into the environment. 23

How such artificial dsRNA affects the ecology of targeted and non-targeted organism 24

is an ongoing debate [18–22]. One of the great challenges is the identification of 25

plausible pathway to harm, and additional basic research will continue to guide this 26

process [23]. For example, field experiments helped to identify a spontaneous emergence 27

of resistant to environmental RNAi in the target organism most likely due to mutation 28
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of genes in the dsRNA uptake pathway [24]. However, the effects of these mutations on 29

development, physiology and behaviour of targeted and non-targeted organism remain 30

uncharacterised. 31

Mutations blocking environmental RNAi have been identified in forward genetic 32

screens in the model organism C. elegans and have led to a mechanistic understanding 33

of artificial dsRNA uptake, transport and processing [25]. One such mutant defined an 34

intestinal dsRNA receptor called Systemic RNA Interference Defective-2 (SID-2) is 35

essential for the uptake of artificial dsRNA [26]. Biochemical studies showed it is able to 36

mediate the uptake of dsRNA and single stranded RNA forming only partial dsRNA 37

structures in form of hairpins, but not the chemically similar DNA [27]. In addition, the 38

entry of dsRNA is mediated by the endocytosis pathway as indicated by fluorescently 39

labelled dsRNA soaking experiment in Drosophila tissue culture cells [28]. After the 40

endocytosis of the dsRNA, a dsRNA transporter called SID-1 releases the dsRNA into 41

the cytoplasm [29–31], where the dsRNA binding protein RDE-4 binds it [32]. RDE-4 42

together with the RNase III Dicer processes the dsRNA into small RNA duplexes, of 43

which one strand is loaded into an Argonaute protein [33,34]. The Argonaute small 44

RNA complex interacts with complementary RNA sequences and mediates translational 45

regulation and target RNA degradation [35–41]. In addition, they trigger the 46

production of secondary small RNAs by RNA-dependent RNA polymerases (RdRPs), 47

which amplify the gene-regulatory function [42–44]. Furthermore, the gene-regulatory 48

effects can be inherited and last for several generations [45–48]. By this mechanism, 49

artificial dsRNA can regulate gene expression and shape the phenotypic outcome over 50

multiple generations. 51

Naturally occurring dsRNA has the potential to use the environmental RNAi 52

pathway to alter phenotype. Within an organism, natural dsRNA can be synthesised 53

during viral replication [49] and dsRNA with high sequence diversity is generated in 54

many organisms, including C. elegans [50] and E. Coli [51], from their own genome 55

most likely via anti-sense transcription [52–55]. Sequencing methods detected dsRNA 56

with rich sequence diversity in microbial communities and water samples [56–60] 57

indicating that dsRNA is a common part of an ecological system. Furthermore, natural 58

dsRNA is found as well outside the organism. Honey bees feed their larvae with royal 59

jelly, a complex milk like nutrient, rich in natural dsRNA sequences [61]. In addition, 60
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this feeding solution contains a protein with the ability to protect dsRNA from 61

degradation [62] demonstrating a potential mechanism to preserve information encoded 62

in dsRNA and possibly allowing communication via environmental RNAi. However, 63

natural examples of dsRNA transport between organism and if they shape phenotype 64

have not yet been observed yet. Furthermore, the biological roles of dsRNA uptake and 65

transport mechanism present in many organism remain unclear. 66

In this study, we use genetic analysis of dsRNA uptake mutants sid-2 to gain 67

important insights into the biological function dsRNA uptake. We find that the SID-2 68

does not function in dsRNA uptake for nutritional purposes. However, SID-2 regulates 69

endogenous small RNA pathways, animal growth and phenotypic plasticity in 70

C. elegans, but not in C. briggsae. The regulation of C. elegans’ growth also requires 71

the dsRNA transporter SID-1 and dsRNA-binding protein RDE-4, which are known to 72

act downstream of SID-2 in RNAi. Here we present the first evidene for a role of the 73

dsRNA uptake pathway for morphology and phenotypic plasticity in C. elegans. 74

Therefore this work conributes to a better understanding of environmental dsRNA 75

uptake as a mechanism of communication between animals and the environment. 76

Results 77

sid-2 is a conserved gene in the genus Caenorhabditis 78

The uptake of the environmental dsRNA by SID-2 is the first step for environmental 79

RNAi in C. elegans. However, some closely related nematodes have lost the ability to 80

take up dsRNA [26,63]. For example, in the sister species C. briggsae, a homologue of 81

sid-2 is present, but unable to function in dsRNA uptake for environmental 82

RNAi [26,27,63]. Newly available genome and transcriptome data allows us to study 83

the evolution of sid-2 in 25 Caenorhabditis species [64,65]. sid-2 is present in all but 84

one analysed Caenorhabditis genomes (S1 Table) indicating that sid-2 is a conserved 85

gene in the Caenorhabditis genus. A phylogenetic analysis using the SID-2 protein 86

sequences did not separate susceptible strains from those resistant to RNAi by feeding 87

resistant strains (Fig 1A). Rather, the SID-2 sequences clustered into the known 88

Caenorhabditis supergroups drosophilae and elegans, as well as into the groups elegans 89
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and japonica. Further, an alignment analysis of all SID-2 protein sequence indicate that 90

the extracellular domain is less conserved than the transmembrane domain and 91

intracellular domain (S1A Fig) indicating that functional difference are more likely due 92

to changes in the extracellular domain. This result indicates no common amino acid 93

change in SID-2 can explain the susceptibility or resistant to environmental RNAi. 94

SID-2 localises in the adult intestine close to the apical 95

membrane and the trans-Golgi network in the genus 96

Caenorhabditis 97

Because, previous reports showed that C. briggsae SID-2 does not function in artificial 98

dsRNA uptake, we wanted to understand if the subcellular localisation of SID-2 is 99

responsible for the deficiency in dsRNA uptake. To address this question, the 100

subcellular localisation of SID-2 was analysed using SID-2 immunofluorescence staining 101

in dissected intestines of C. elegans and C. briggsae wild-type and sid-2 mutant animals 102

(S1B, C Fig). First, we created C. briggsae’s sid-2 mutant by CrisprCas9 genome 103

editing (S1C Fig, S2 Data) and then performed the immunofluorescence staining with a 104

custom made SID-2 antibody, predicted to target the intracellular domain of SID-2 105

(S1B Fig). In both species, SID-2 localised close to the apical membrane, in line with 106

previous reports [26], in addition it localised to numerous foci in the cytoplasm (Fig 1B). 107

SID-2 was not detected in C. elegans nor in C. briggase sid-2 mutant animals (Fig 1B, 108

S1D Fig). In strains overexpressing subcellular compartment markers fused to a 109

fluorescent protein, SID-2 and fluorescent protein co-immunofluorescence staining 110

revealed that SID-2 co-localises with the recycling endosomes marker RAB-11 close to 111

the apical membrane, with the trans-Golgi-network marker SYN-16 (Fig 1C) [66] and 112

adjacent to the middle stack Golgi marker MANS, but not with the autophagosomes 113

marker(LGG-1) nor the late endosome marker RAB-7 (S1E Fig). This is the first time 114

endogenous SID-2 localisation has been analysed. The novel localisation of SID-2 at the 115

TGN indicates the importance of the TGN for the function of SID-2 and the 116

localisation of SID-2 at the apical membrane suggests that SID-2 is in contact with the 117

environment at the intestinal apical membrane in vivo. 118
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Fig 1. SID-2 has a conserved localisation at the intestinal apical membrane
and at the TGN in vivo A) Maximum likelihood tree (100 bootstraps) using the
most conserved region of the potential dsRNA receptor SID-2 of 25 Caenorhabditis
nematodes. Environmental RNAi susceptibility (red), environmental RNAi resistant
(blue). B) Confocal microscopy image of C. elegans and C. briggsae dissected adult
intestines after SID-2 immunofluorescence staining. DNA was stained using DAPI
(blue). In C. elegans and C. briggsae wild-type, SID-2 was detected close to the lumen
(pointed arrows) and in punctuated foci (flat arrows), but not in sid-2 mutants. Doted
line outlines intestine. Representative image is shown (n = 3). C) Confocal microscopy
image of C. elegans dissected adult intestines expressing flourescent protein fusions to
SYN-16 and RAB-11 after SID-2 and GFP co-immunofluorescence staining. SID-2
antibody staining in red (left column), GFP antibody staining in green (middle column)
and merged image (right colum). (I) TGN (YFP::SYN-16) and (II) recycling endosomes
(GFP::RAB-11). Representative image is shown (n = 3), scalebar = 5 µm.
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sid-2 does not function in dsRNA uptake for nutritional reasons 119

Because SID-2 localisation is conserved in C. elegans and C. briggsae, but mediates 120

artificial dsRNA uptake only C. elegans, we wondered if SID-2 conserved function is 121

enhancing the uptake of dsRNA for nutritional purposes. Since the nutrient rich 122

laboratory environments might mask such a function, we use a C. elegans strain with a 123

compromised PYRimidine biosynthesis pathway pyr-1 [67] to test if SID-2 takes up 124

dsRNA for nutritional reasons. Specifically, we asked if exogenous sources of 125

pyrimidines contribute nutritionally in the pyr-1 sensitised background, and if the 126

uptake of exogenous sources requires sid-2 (Fig 2A). In this experiment, C. elegans 127

wild-type, sid-2, pyr-1 and pyr-1;sid-2 double mutant animals were grown on E. coli 128

bacteria in four conditions supplemented with exogenous pyrimidine in different ways 129

(None, Uracil, long dsRNA and short dsRNA) (Fig 2B, S2A Fig). First, we determined 130

the hatching rate under the control condition, when no pyrimidine supplement was 131

provided, 100 % of the wild-type and sid-2 embryos hatched, indicating sid-2 does not 132

affect embryonic development on its own and that sufficient pyrimidines are present 133

(Fig 2B). As previously demonstrated, pyr-1 mutants showed a severe embryonic 134

development defect with a hatching rate of ≈ 10% [67], similar to pyr-1; sid-2 double 135

mutants (Fig 2B) indicating sid-2 does not affect embryonic development in a pyr-1 136

mutant. Next, the addition of exogenous Uracil rescued the embryonic development 137

defect in pyr-1 mutant animals, indicating that environmental pyrimidine can 138

contribute nutritional value. In sid-2, pyr-1 double mutants the embryonic hatching 139

rate was similarly rescued, indicating that sid-2 is not required for the uptake of Uracil. 140

(Fig 2B). Finally, we overexpressed long dsRNA and short dsRNA in the E. coli 141

bacteria (Fig 2B, S2A Fig). In these condition long and short dsRNA was equally or 142

more abundant then ribosomal RNA (S2B Fig). Embryonic development was 143

benchmarked in wild-type animals and did not differ in sid-2 mutant animals. In pyr-1 144

mutants, the expression of long or short dsRNA was able to improve the embryonic 145

development to a hatching rate of 60% and 70%, respectively (Fig 2B,S2A Fig) and 146

similar hatching rate were observed in pyr-1;sid-2 double mutants. Thus, the 147

environmental dsRNA contributed to nutrition independently of sid-2. 148

The conclusion of the above assay relies on the ability of pyr-1 mutants to take up 149
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Fig 2. The conserved dsRNA receptor SID-2 does not enhance dsRNA
uptake for nutritional reasons in C. elegans.
A) Model of nucleotide uptake and synthesis for egg hatching. Egg hatching depends on
sufficient pyrimidines within the animal. Pyrimidines can be synthesised by pyr-1, taken
up from the environment or potentially derived from environmental dsRNA taken up by
SID-2. B) The effect of pyrimidine supplement and dsRNA expression on egg hatching in
wild-type, sid-2(qt142), pyr-1(cu8) or pyr-1(cu8);sid-2(qt142). Black dimonds represent
percent hatching of eggs of individual experiments (n = 3 with 2 technical replicates).
Red lines indicate the mean. Red boxes indicate the 95% confidence interval of the mean.
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dsRNA. To show that pyr-1 mutants can take up dsRNA, we performed RNAi by 150

feeding since that relies on dsRNA uptake. Specifically, RNAi was fed in an environment 151

supplied with exogenous Uracil. On negative control vector, all genotypes showed 100 % 152

hatching efficiency indicating that in this condition embryonic development is unaffected 153

(S2C Fig). Next, we fed RNAi against POsterior Segregation-1 (pos-1 ), a gene essential 154

for embryo development, again in the presence of exogenous Uracil. The drastically 155

reduced hatching (≈ 10%) of wild-type and pyr-1 mutant animals hatched, showing 156

that animals are capable to take up dsRNA and mount an RNAi response. Finally, all 157

strains with a sid-2 mutation had a hatching rate of 100% indicating that they were 158

unable to take up dsRNA (S2C Fig). Therefore, we concluded that pyr-1 mutants can 159

take up dsRNA, and sid-2 does not enhance dsRNA uptake for nutritional purposes. 160

sid-2 reduces growth rate but increases phenotypic plasticity 161

Because artificial environmental dsRNA can induce gene regulation, naturally occurring 162

dsRNA might induce directly or indirectly induce gene expression changes, which we 163

can measure. In an attempt to detect such changes, we performed transcriptome 164

analysis in embryos of wild-type animals and two sid-2 mutants deficient in dsRNA 165

uptake (S1 Fig, S2 Table) fed on standard lab bacteria. First, we confirmed using 166

differential expression analysis that the individual sid-2 mutants were similar to each 167

other (S3A Fig). Next, we measure transcriptome differences between each sid-2 168

mutant and the wild-type embryos (S3B and C Fig). In sid-2(qt142) mutants, 407 169

transcripts had expression different from wild type (FDR <0.01) (S3D Fig). In 170

sid-2(mj465), a slightly higher number of transcripts (569) had a different expression 171

than in wild type (FDR <0.01) (S3D Fig). A total of 314 common different transcripts 172

were detected (S3D Fig), this significant overlap (Hypergeometric Test ≈ 0) argues that 173

the sid-2 mutants behave similarly, therefore we combined the individual sid-2 mutant 174

transcriptomes to gain additional statistical power in differential expression analysis 175

against the wild-type embryo transcriptomes. In this analysis, we identified 935 176

significantly differentially expressed genes (FDR <0.01) in sid-2 mutant embryo 177

transcriptome (Fig 3A). In a summarising gene ontology enrichment analysis [68], a 178

significant overlap was found with genes functions like structural constituents of the 179

July 5, 2019 9/43

.CC-BY 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted July 8, 2019. ; https://doi.org/10.1101/694414doi: bioRxiv preprint 

https://doi.org/10.1101/694414
http://creativecommons.org/licenses/by/4.0/


cuticle, collagen trimmer and cytoskeleton (S3E Fig). These three biological processes 180

are associated with the C. elegans exoskeleton which undergoes drastic rearrangements 181

during development suggesting that SID-2 may alter embryonic development. 182

To investigate if sid-2 mutant embryos develop faster or slower than wild-type 183

embryos, we embedded our transcriptome data in the lower dimensional space generated 184

from a time series of embryo transcriptomes [69]. The principle component analysis 185

ordered early to late embryonic transcriptomes from the left to the right along the first 186

principle component (Fig 3B top, S3F Fig). The wild-type and sid-2 transcriptomes 187

were projected in this lower dimensional space. The wild-type transcriptomes clustered 188

further left, whereas the sid-2 mutant transcriptomes clustered further to the right (Fig 189

3B) indicating that sid-2 mutant embryos are more similar to older embryos, and 190

therefore advanced in development compared to wild-type embryos. 191

This analysis led us to investigate whether sid-2 affects growth rate at other 192

developmental stages. Therefore, we measured the body length using single animal 193

imaging of wild-type and sid-2 mutant animals throughout the development from 194

hatched larvae to adulthood. The growth rate, estimated by a logistic function (S3 195

Table), was slower in wild-type animals than in sid-2 mutants (Fig 3C), suggesting that 196

the present of SID-2 slows development perhaps do to dsRNA uptake. 197

From the same individuales the ex-utero development time and the time from 198

hatching until the first egg was laid were collected (S3 Table). Together with the three 199

estimated parameters from the logistic function (logistic max, logistic rate, logistic 200

shift), we constructed a phenotypic space. To explore this space, we displayed the 201

phenotypic space in two dimensions using all three combinations of the first, second and 202

third principle components (Fig 3D, S4A and B Fig). We observed that the data points 203

of wild-type animals had a wider spread compared to sid-2 mutant animals (Fig 3D) 204

indicating that wild-type animals are more variant that sid-2 mutant animals (S3 205

Table). To test if the phenotypic plasticity of sid-2 mutants was different from wild-type 206

animals, we performed a statistical analysis testing for equality of the variation of the 207

projection phenotypic data on the first four principle components containing more than 208

99% if the variance comparing sid-2 mutant and wild-type animals (Box’s M tests p 209

<0.0016). This results suggest that SID-2 increases phenotypic plasticity. 210
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Fig 3. sid-2 slows growth rate and increases phenotypic plasticity
A) MA plot visualising embryo transcriptome comparison of wild type (n = 5) and sid-2
mutants (total n = 9, sid-2(qt142) n = 4, sid-2(mj465) n = 5). Each red circle represents
a statistically significant (DE) transcript (FDR <0.01). B) Embedded wild type and
sid-2 mutant embryo transcriptome in principle component space of embryo development
data (Boeck et al 2016). C) Growth curve visualising body length from hatching to egg
laying adult of wild-type animals (n = 20) and sid-2(qt142) (n = 31), sid-2(mj465) (n =
33) mutants, line represent median and error-bar represent the 95% confidence interval
of the median. D) Principle component analysis representing the combined phenotypic
data along the first and second principle component of the analysed wild-type animals
(n = 20) and sid-2(qt142) (n = 31), sid-2(mj465) (n = 33) mutants. Individual circles
represent aggregated phenotypical data of a individual animal. The line represent the
33% and 66% contour line. Probability density estimate of the phenotypic data is plotted
left and top of the PCA plot.
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SID-2 is expressed in all larvae stages and adults 211

To understand at what stages of development SID-2 may affect growth and phenotypic 212

plasticity, western blot analysis was performed throughout development. The specificity 213

of the SID-2 antibody was tested by comparing wild-type adults and sid-2(qt142) null 214

mutant adults (S5A Fig). SID-2’s predicted molecular weight is 33 kDa, however bands 215

were detected at ≈ 40 kDa and at ≈ 20 kDa that were absent in sid-2 mutants. At ≈ 216

40 kDa two bands were detected indicating that two isoforms of SID-2 exist, potentially 217

with different post-translational modifications (e.g. glycosylation, a modification placed 218

in the Golgi [70]). The smallest band at ≈ 20 kDA is potentially a degradation product 219

of full length SID-2. The band observed at ≈ 60 kDa was detected as well in sid-2 220

mutants, and therefore likely result from non-specific binding to the SID-2 antibody. 221

SID-2 expression was detected in all tested developmental stages (S5B Fig) suggesting 222

that SID-2 functions throughout the animals life. 223

sid-2 mutants have abnormal endogenous small RNA 224

populations 225

Next we assessed the effect of sid-2 mutation on endogenous small RNA populations. 226

We performed RNA sequencing of primary and secondary siRNAs of wild-type and sid-2 227

L4 animals. Loss of SID-2 has a significant effect on both populations (S6A Fig). We 228

hypothesise that this is due to competition with environmental RNA in the wild type. 229

To identify a potential exogenous RNA responsible for the sid-2 phenotype, we 230

sequenced long and short RNA of wild-type and sid-2 L4 animals. We then compared 231

the amount of E. coli derived reads from wild-type and sid-2 mutant animals. No 232

significant difference in the total amount of bacteria-derived RNA was detected (S6B 233

Fig). Next, we asked if sid-2 is required for the uptake of a specific transcript. Using 234

differential expression analysis we were unable to identify E. coli transcripts that were 235

significantly lower in abundance in sid-2 mutants than in wild-type animals (S6C Fig). 236

Together these experiments indicate that, we were unable to identify a potential 237

causative environmental RNA, suggesting that body length could be regulated by 238

dsRNA that is undetectable by the current sequencing method or alternatively by a 239

mechanism unrelated to dsRNA. 240
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C. elegans growth is affected by a genetic pathway including 241

the dsRNA interacting genes sid-2, sid-1 and rde-4 242

To further investigate the involvement of dsRNA in the regulation of growth and 243

phenotypic plasticity, we hypothesised that mutations in downstream dsRNA transport 244

and dsRNA processing genes may cause similar morphological changes. Due to the low 245

throughput of the life time image analysis platform, we decided to measure L1 length at 246

hatching as a proxy for growth, allowing us to measure more individuals and more 247

genotypes in less time. We tested if sid-2 affected the morphology of freshly hatched 248

larvae using a high resolution and magnification microscopy setup combined with image 249

analysis to measure the length at birth. This analysis indicated that wild-type animals 250

and known mutants with elongated body length long-2 (lon-2 ) [71] have a mean body 251

length at hatching of ≈ 179 µm and ≈ 190 µm, respectively (Fig 4A grey highlighted 252

area). In contrast, the mean length at hatching of two strains carrying independent 253

sid-2 mutant alleles is ≈ 204 µm, significantly longer. Restoration of sid-2 function via 254

overexpression in a sid-2 mutant rescued body length comparable to wild-type animals 255

(Fig 4A brown highlighted area). Together, these experiments suggest that sid-2 affects 256

body length. 257

Next, we wanted to know if the changes in morphology are caused by dsRNA, 258

therefore we performed the length measurement in additional mutants also deficient in 259

dsRNA transport (sid-1 ) and dsRNA processing (RNAi DEfective-4 (rde-4 )). For both 260

sid-1 and rde-4 mutant animals, body length at hatching was significantly longer 261

compared to wild-type animals and similar to sid-2 mutant animals (Fig 4A green 262

highlighted area). We performed an epistasis assay to determine if the effects on body 263

length of sid-2, sid-1 and rde-4 mutants are due to the same genetic pathway and did 264

not observe an additive effect (Fig 4A green highlighted area) suggesting that the three 265

dsRNA interacting genes form one genetic pathway to alter length. 266

To further support the involvement for a dsRNA in the body length, we performed 267

the length measurement in C. briggsae wild-type animals and compared them to 268

C. briggsae sid-2 mutants animals. The body length did not differ between wild-type 269

and C. briggsae sid-2 mutant animals (Fig 4B) showing that sid-2 does not regulate 270

body length in C. briggsae and suggesting that sid-2 in C. elegans regulates body 271
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Fig 4. dsRNA interacting genes affect body length
A) Body length at hatching of C. elegans wild-type and indicated mutant animals. Black
dots represent individual animals. Red lines indicate the mean, red boxes indicate the
95% confidence interval of the mean. Aggregate data from at least three experiments
per genotype is shown. Individual experiments are shown in (S7 Fig). B) Body length
at hatching of C. briggsae wild-type and sid-2 mutant animals. (Two sample T-test p
<0.41)
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length via exogenous dsRNA that is yet to be identified. Overall, this experiment 272

suggests that in C. elegans sid-2, sid-1 and rde-4 form a pathway which potentially 273

processes exogenous dsRNA to regulate animal morphology (Fig 4C). 274

Discussion 275

Artificial environmental dsRNA is extremely potent to induce gene regulation and 276

phenotypic changes. In such artificial circumstances dsRNA is often used at extremely 277

high concentrations, e.g. ≈ 25% of the environmental RNA is double stranded (S2B 278

Fig). However, weather animals take up naturally occurring RNA to regulate their 279

phenotype is unknown. Here we study the intestinal dsRNA receptor SID-2 and show, 280

that sid-2 is a conserved gene in Caenorhabditis, which does not take up dsRNA for 281

nutritional reasons. SID-2 is expressed throughout the larvae stages and in the adult 282

animals and localises at the TGN and near the apical membrane. SID-2 regulates 283

phenotypic plasticity, and together with the dsRNA transporter SID-1 and dsRNA 284

binder RDE-4 body length. Here we discuss how growth and phenotypic plasticity can 285

be regulated by sid-2, sid-1 and rde-4, the potential sources of exogenous dsRNA, and 286

the biological meaning of the observed phenotypic consequences. 287

Unpredicted increase in phenotypic plasticity by SID-2 288

Mathematical modelling of gene networks and gene expression analysis of E. coli 289

mutants reported that most, and perhaps all, mutation increase phenotypic plasticity 290

when functionally compromised [72]. Further, experiments in the multicellular 291

organisms C. elegans showed that mutations in individual components of a small 292

gene-network lead as well to increase plasticity in gene expression and different 293

phenotypic outcome [73]. Contrary to what theory and experimental data predict, we 294

show that mutations in sid-2 reduce surprisingly the phenotypic plasticity indicating 295

that sid-2 is one of the biological exception increasing phenotypic plasticity. Therefore, 296

understanding the mechanism how sid-2 reduces the phenotypic plasticity could uncover 297

unique insides into biology. 298
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Fig 5. Working model of naturally occurring dsRNA regulating animal
growth and phenotypic plasticity
Working model of exogenous dsRNA affecting animal growth via sid-2, sid-1 and rde-4.
Unidentified dsRNA is taken up by dsRNA receptor SID-2. dsRNA enters the cytoplasm
via the dsRNA channel SID-1. There it interacts with the dsRNA binding protein RDE-4
entering the RNAi machinery. Growth and phenotypic robustness are affected by either
targeting specific gene or unbalancing endogenous small RNAs. Furthermore, SID-2
might cycle between the TGN and the apical membrane.

Mechanism of the regulation of growth and phenotypic 299

plasticity 300

SID-2, SID-1 and RDE-4 act together to initiated gene silencing induced by exogenous 301

artificial dsRNA. The exogenous artificial dsRNA is taken up by SID-2, transported 302

into the cytoplasm by SID-1 and processed by RDE-4 and Dicer into small 303

RNA [26,27,29,32,74,75]. Here we use genetics to show that sid-2, sid-1 and rde-4 304

together regulate body length. Since sid-2, sid-1 and rde-4 have been shown to be 305

involved in dsRNA processing [26,27,29,32,74,75], we speculate that naturally 306

occurring dsRNA is transported and processed by these proteins to regulate growth. 307

Furthermore, due to the localisation of SID-2 in the apical intestine membrane we 308

suspect, that dsRNA from the environment is regulating growth (Fig. 5). 309
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Origin of potentially exogenous dsRNA 310

Where does such dsRNA come from? Is it double stranded RNA from other C. elegans 311

living in proximity, or is it dsRNA secreted from itself, for examples in form of 312

extracellular vesicles [76,77]. Perhaps, it is double stranded RNA from the bacteria that 313

C. elegans are eating? Both are exciting models. The identification of such RNA is the 314

next important step, followed by the validation that this RNA is causative for the 315

observed phenotypic effects. If the RNA from E. coli would cause phenotypic 316

consequences, it would be a stunning phenomenon. E. coli is no a natural food source 317

for C. elegans, however if it is able to do induce the phenotype, than it would be likely 318

that the RNA is common to many bacteria, suggesting environmental RNA mediated 319

changes to the phenotype could be very common phenomena. 320

Relevance of altered growth and phenotypic plasticity 321

The identified phenotypic consequences in laboratory conditions have limited predictive 322

power to the real biology of free living C. elegans. Without an understanding of natural 323

environmental conditions, the meaning of the reduced phenotypic plasticity remains 324

unknown. Potentially, the effects of sid-2 mutations are a small price for the ability to 325

sample the environment for more beneficial dsRNA (e.g. one that confers immunity 326

against a virus) [78]. Nevertheless, the rigours phenotypic analysis of dsRNA uptake 327

mutant in highly controlled environments might help to design future studies guiding 328

risk assessment of environmental RNAi applications. Overall, our results demonstrate 329

for the first time the phenotypic consequences of the loss of the environmental RNAi 330

pathway outside of experimental RNAi itself. Our work provides the first evidence of 331

dsRNA-mediated control of organismal plasticity. Future investigation should focus on 332

determining on how a more natural environment shapes C. elegans through RNA. We 333

expect that such RNA-based interactions will be of broad relevance in many species. 334
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Methods 335

Nematode culture and strains 336

C. elegans was grown under standard conditions at 20 °C. Bristol N2 was used as 337

wild-type strain [71]. The E. colistrain HB101 [supE44 hsdS20(rB-mB-) recA13 ara-14 338

proA2 lacY1 galK2 rpsL20 xyl-5 mtl-1] was used as food source, except HT115[F-, 339

mcrA, mcrB, IN(rrnD-rrnE)1, rnc14::Tn10(DE3 lysogen: lavUV5 promoter -T7 340

polymerase] was used in the pyrimidine supplement experiment and RNAi experiments. 341

Both bacteria strains were obtained from the Caenorhabditis Genetics Center, 342

University of Minnesota, Twin Cities, MN, USA. 343

RNAi experiments 344

Empty vector, pos-1 and rpb-2 bacterial feeding clones were a kind gift from J. 345

Ahringer’s laboratory. Bacteria were grown in LB Ampicillin for 6 hours, then seeded 346

onto 50 mm NGM agar plates containing 1 mM IPTG and 25 µg/ml Carbenicillin. A 347

volume of 200 µl bacterial culture per plate was used and left to dry for 48 hours. 348

Further details on RNA interference are described in Kamath et al., 2003. L1 larva were 349

synchronised by bleaching and transferred onto a RNAi plates and body length 350

compared to wild type was assayed after 72 hours. For RNAi of pyr-1 mutant strains, 351

0.5% Uracil was added to the NGM IPTG Carb plates. 352

Tree construction 353

SID-2 protein sequences were obtained from www.caenorhabditis.org and 354

www.wormbase.org as indicated in the supplemental file [64,65]. Sequences were aligned 355

with MUSCLE (v3.7) using default mode [79]. After alignment, ambiguous regions (i.e. 356

containing gaps and/or poorly aligned) were removed with Gblocks (v0.91b) [80]. The 357

phylogenetic tree was reconstructed using the maximum likelihood method implemented 358

in the CLC Main Workbench 7. The Bishop-Friday protein substitution model was 359

selected [81]. Reliability for internal branch was assessed using the bootstrapping 360

method (100 bootstrap replicates). 361
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Antibody production 362

Custom polyclonal rabbit SID-2 antibody (A90) was generated by SDIX (USA) by 363

cDNA injection coding for the intracellular domain of C. elegans SID-2 (S1C Fig). 364

Immunostaining 365

Intestines of one day-old adult animals were dissected and fixed for ten minutes with 1% 366

formaldehyde and freeze cracked on poly-lysine coated microscope slides. Dissected 367

intestines were fixed in -30 °C methanol for 5 minutes. Fixed samples were washed with 368

PBS-T (PBS supplemented with 1% Tween-20) prior to primary antibody addition. 369

Primary antibodies were incubated with the samples at 4 °C for overnight. Rabbit 370

SID-2 antibody (custom, 1:2000) was used at 1:2000 dilution, chicken GFP antibody at 371

1:500 (Abacm, ab13970). Secondary antibodies were incubated at 37 °C for one hour in 372

the dark. Secondary antibodies were used anti-Rabbit-Alexa Fluor 594 (Thermofisher, 373

A-11012, 1:1000) and anti-Chicken Alexa Fluor 488 (Jacksonimmuno, 703-545-155). 374

Dissected and stained intestine were mounted with Vectorshield antifading agent 375

supplemented with DAPI. 376

Protein extraction 377

Synchronised populations of C. elegans were grown on 90 mm NGM agar plates and 378

after several washes in M9 buffer and one final wash in cold 50 mM Tris pH 7.5 150 mm 379

NaCl 0.5 mM EDTA, 0.5% NP40 and Complete Proteinase Inhibitor Cocktail (Roche) 380

the majority of liquid was removed from the pellet and animals were snap-frozen in 381

liquid nitrogen. To generate lysate, samples were homogenised using a Bioruptor Twin 382

(Diagenode) and solution was cleared of debris by centrifugation at 16,000g, 4 °C for 20 383

minutes. Protein concentration was determined using Bradford protein assay reagent 384

(Sigma), measuring absorbance at a wavelength of 595 nm on a UV/Visible 385

spectrophotometer (Ultrospec 2100 pro, Amersham Biosciences) and calculating 386

concentration of samples relative to a BSA standard curve. 387
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SDS-PAGE 388

For tris-tricine sodium dodecyl sulphate polyacrylamide gel electrophoresis 389

(SDS-PAGE), separating gels were prepared using 330 mM Tris-HCl pH 8.45, 0.1% SDS, 390

8% polyacrylamide mixture (Protogel30%: 0.8% w/v acrylamide:bisacrylamide, 391

National Diagnostics), 0.1 % ammonium persulphate (APS) (Sigma Aldrich) and 0.1 % 392

TEMED (Sigma). Isopropanol was used to cover separating gel during polymerization 393

and removed by washing with ddH2O. Stacking gels were poured using 330 mM 394

Tris-HCl pH 8.45, 0.1% SDS, 5% polyacrylamide mixture, 0.1% APS and 0.1% TEMED. 395

50–100 µg of sample protein extract were supplemented with 2x SDS sample buffer (100 396

mM Tris-HCl pH 6.8, 20% glycerol, 4% SDS, 20% β- Mercaptoethanol, 0.2% (w/v) 397

bromophenol blue) and denatured at 95 °C for 5 minutes. Gel electrophoresis was 398

performed in a Min Gel Tank Life Technology system in 1x Tris Tricine buffer 399

(T1165-500ML Sigma Aldrich Co) at 150 V samples were left to migrate until the 400

protein ladder (PageRuler Plus pre- stained protein ladder 10–250 kDA, Fermentas) had 401

reached the correct position. 402

Western Blot 403

Transfer of proteins from SDS gels onto PDFM membrane (Hybond ECL, Amersham) 404

was performed in transfer buffer (25 mM Tris-base, 190 mM glycine, 20% methanol) for 405

1 hour at 4 °C in a BioRad Mini Trans Blot apparatus at 250 mA. Membranes were 406

blocked in 5% non-fat dry milk in TBS-T buffer for 60 minutes at room temperature. 407

Primary antibody incubation was performed in a fresh batch of milk solution with 408

antibody at appropriate dilutions over night at 4 °C with shaking. After three washes in 409

TBST-T for 10 minutes, secondary antibody diluted in milk/TBS-T was added and 410

membranes were incubated for one to two hours at room temperature. After 3 washes in 411

TBS-T, bands were detected by using Immobilon Western Chemi-luminescent HRP 412

Substrate (Millipore) according to manufacturer’s instructions, exposure of medical 413

X-ray films (Super Rx, Fuji) to luminescent membrane and development of films on a 414

Compact X4 automatic X-ray film processor (Xograph Imaging Systems Ltd). Primary 415

antibodies used were: purified custom rabbit SID-2 antibody at 1:2000 , purified 416

monoclonal mouse α-tubulin clone DM1A (Sigma Aldrich) 1:10000. Secondary 417
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antibodies: ECL anti-mouse IgG HRP from sheep, ECL anti-rabbit IgG HRP from 418

donkey (both GE Healthcare). 419

Confocal microscopy 420

Images were taken on Leica SP5 confocal microscope at 63x/1.4 HCX PL Apo CS Oil. 421

The anti-Rabbit-Alexa Fluor 594 excited using a 561nm laser and and anti-Chicken 422

Alexa Fluor 488 was excited using a 488nm laser. 423

Pyrimidine supplementation assay 424

IPTG-CARB NGM plates were seeded with HT115 bacteria carrying either a plasmid 425

(pR70 ∆ T7 promoter (none), L4440 (short) or GPF (long)). For the uracil condition, 426

IPTG-CARB NGM plates were supplemented with 0.5 % uracil according to [67] and 427

were seeded with bacteria carrying the plasmid without T7 sides. Animals were grown 428

to adulthood and transferred for egg laying to a new plate. On the next day, 100 429

hundred eggs were transferred to a new plate and 24 hours later the number of hatching 430

eggs were counted. 431

Molecular cloning 432

Plasmid pR70 for bacteria expression ’none’ was cloned from L4440 using Gibson 433

cloning using home made Gibson mix using the NEB Gibson Assembly protocol (E5510) 434

using the primer M7827 and M7828. A gene product from IDT corresponding to the 435

SID-2 genomic sequence starting from 980 bp upstream of SID-2 start codon to 119 bp 436

after the stop codon was cloned using Gibson cloning into using PCR linearised pUC19 437

with the primers M9415 and M9416. Plasmids were transformed into DH5α (Bioline, 438

BIO-85026) and purified using PureLink HQ Mini Plasmid DNA (Life Technologies Ltd, 439

K210001). 440

Mutagenesis 441

CRISPRCas9 genome editing was performed with home made Cas9 and gRNA, crRNA 442

from Dharmacon using the concentrations indicated in (Table. 1) according to [82]. For 443

C. briggsae sid-2 CRISPR dpy-10 crRNA was replaced with plasmid pCFJ90 444
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Table 1. CRISPR injection mix

KCl (0.5M) 0.5 µL
Hepes pH 7.4 (100 mM) 0.74 µL

tracrRNA (4µg/µL) 2.5 µL
dpy-10 crRNA (4 µL/µL) 0.4 µL
dpy-10 HR (250 ng/µL) 0.54 µL

target crRNA1 (8 µg/µL) 0.2 µL
target crRNA2 (8 µg/µL) 0.2 µL

HR (12.5 µM) 0.4 µL
Cas9 (25 µg/µL) 0.67 µL

H2O 3.85 µL

Table 2. Extra-chromosomal array injection mix

pCFJ90 (myo2:mcherry) 5 ng/µL
pEM2118(SID2g) 30 ng/µL
1 kb DNA Ladder 95 ng/µL

(myo2:mcherry) and dpy-10 HR with H2O. C. elegans SX3237sid-2(mj465) were 445

injection plasmid mix indicated in (Table. 2) to generate the sid-2 rescue strain 446

SX3432sid-2(mj465) III ; mjEx597[myo2::mCherry;sid-2genomic]. The pEM2118 447

plasmid was omitted in the injection mix for the generation of the control strain 448

SX3432sid-2(mj465) III ; mjEx596[myo2::mCherry]. 449

450

451

RNA quantification 452

RNA was isolated from bacteria using TRIZOL and quantified using Qubit RNA BR 453

Assay Kit (Life technology, Q10210). To quantify over-expressed RNA, 50 ng of total 454

RNA was size separated using RNA ScreenTape Analysis (Agilent, 5067-5576) and 455

quantified using TapeStation software. 456

RNA library preparation 457

Ten L4 animals were grown for 5 days at 20 °C. After washing thoroughly with M9 to 458

remove bacteria, eggs were isolated using bleach and resuspended in TRIsure (Bioline, 459

BIO-38033). Embryos were lysed with 5 freeze-thaw cycles in liquid nitrogen. Total 460

RNA was isolated by chloroform extraction. Ribosomal RNA was depleted from total 461

RNA using NEBNext rRNA Depletion (NEB, #E6350) and libraries prepared using 462
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NEBNext Ultra™ II Directional RNA Library Prep Kit for Illumina (NEB, #E7760). 463

Libraries were sequenced on Illumina HiSeq 1500. 464

Bioinformatic analysis 465

RNA reads were aligned using STAR against the C. elegans genome WS235 or the 466

E. coli HUSEC2011CHR1 genome [83]. Read counts per genetic element of the 467

Wormbase genome annotation WS235 were calculated using feature counts [84]. Reads 468

were normalised using pseudoreference with geometric mean row by row [85] and 469

statistical analysis was performed using Benjamini-Hochberg (BH) adjustment [86] 470

using the MATLAB (Mathworks) function ’nbintest’ with the ’VarianceLink’ setting 471

’LocalRegression’. Boeck et al. embryonic RNA sequencing data was obtained from 472

NCBI Sequence Read Archive. 473

Gene ontology analysis 474

Significantly differentially expressed genes (FDR <0.01) between wild-type and sid-2 475

were used as input for the enrichment Analysis of wormbase.org [68]. 476

Principal components analysis of embryo data 477

Normalised read counts from Boeck et al. embryonic, sid-2 mutant and wild-type 478

animal RNA sequencing data were log transformed and centred. Next, the covariance 479

matrix and the first ten eigenvectors were calculated using the function eigs of 480

MATLAB (Mathworks) for the Boeck et al,. embryonic RNA sequencing data alone. 481

The projection onto the first ten eigenvectors was calculated for the centred data of all 482

samples. 483

Development and phenotype analysis 484

Growth curves were estimated from long-term video imaging. To obtain synchronised 485

embryos, 20 L4 animals were transferred to a new HB101 NGM plate. After 24 hours, 486

the now adult animals were moved to a new HB101 NGM plate and allowed to lay eggs 487

for one hour. Next, individual eggs were transferred to imaging plates. A custom 488

camera system was used to record back-lit images through the development from the ex 489

July 5, 2019 23/43

.CC-BY 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted July 8, 2019. ; https://doi.org/10.1101/694414doi: bioRxiv preprint 

https://doi.org/10.1101/694414
http://creativecommons.org/licenses/by/4.0/


utero egg stage to the egg-laying adult stage (≈ 65 hours). To accomplish this, an 490

imaging system was built with a robot arm mounted camera (Flea3 3.2MP monochrome, 491

Point Grey) moving between wells to record images sequentially. Each well contained at 492

the start a single C. elegans embryo nematodes and every ≈ 3 minutes a picture of the 493

animals was recorded for ≈ 3 days. The resulting movies were analysed off-line with a 494

custom written MATLAB script (Mathworks) to calculate a growth curve estimated by 495

a logistic function (logistic max, logistic rate, logistic shift). Ex-utero development time 496

was calculated using the time adults were moved to HB101 plate and the time of 497

hatching extracted from recorded images. Similarly, time from hatching until the first 498

egg was calculated using the time of hatching and the time of the appearance of the first 499

laid egg extracted from recorded images. phenotypic data was analysis in a lower 500

dimensional phenotypic space. The lower dimensional phenotypic space was constructed 501

by calculating the covariance matrix and and the first three eigenvectors using the 502

function ’eigs’ of MATLAB (Mathworks). The projection of the phenotypic data was 503

calculated for all combinations of the first three principle components. The probability 504

density was estimated by a kernel density function with a Gaussian kernel. 505

Imaging plates 506

Imaging plates for developmental analysis were made using the standard NGM recipe, 507

but without peptone and cholesterol. Furthermore, agarose was substituted with 0.8% 508

Gelzan (Sigma G1910-250G) for a more transparent gel. Imaging plates were seeded 509

with with one µL of HB101 concentrate at optical density 20. 510

L1 length analysis 511

To obtain synchronised embryos for L1 length analysis, 40 L4 animals were transferred 512

to a new HB101 NGM plate. After 24 hours, the now adult animals were moved to a 513

new HB101 NGM plate and allowed to lay eggs for one hour. 50 eggs were transferred 514

on imaging plates without food and imaged with the the custom imaging system. The 515

resulting movies were analysed off-line with a custom written MATLAB script 516

(Mathworks). In short, animals were segmented from the background using an intensity 517

threshold and a skeleton was extracted using the bwmoprh function. The length of the 518
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skeleton was computed using the bwdistgeodesic function. 519

Supporting information 520

S1 Conservation analysis of SID-2, gene model of sid-2 and SID-2 521

localises next to the middle Golgi stack 522
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A) Plot showing the conservation along the protein sequence for a alignment of 25 SID-2 524
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protein sequences (left) and 23 RNA polymerase II subunit A protein sequences (right). 525

B) Gene model of C. elegans’ sid-2. Deleted region in the allele sid-2(qt142) and 526

insertion in sid-2(mj465) (triangle) are indicated. In addition, coding regions for protein 527

domains (Signal peptide (purple), extra-cellular (green), trans-membrane (blue) and 528

intra-cellular domain (red)) are highlighted. Predicted SID-2 antibody target side 529

indicated by a bar (magenta) corresponds to the intra-cellular domain. C) Gene model 530

of C. briggsae’s sid-2. Complex substitution of the allele sid-2(mj600) causes a frame 531

shift. The three closest premature STOP codons to the complex substitution are 532

indicated. D) Confocal microscopy image of C. elegans sid-2(mj465) mutant dissected 533

adult intestines after SID-2 immunofluorescent staining. DNA was stained using DAPI 534

(blue). SID-2 was immunostained using SID-2 antibody. E) Confocal microscopy image 535

of C. elegans dissected adult intestines expressing GFP fused to cellular compartment 536

markers after SID-2 and GFP co-immunofluorescent staining. DNA was stained using 537

DAPI (blue). SID-2 and GFP were immunostained using SID-2 antibody and GFP 538

antibody, respectively. Left column shows SID-2 antibody staining in red. Middle 539

column show GFP staining in green. Right column shows the SID-2 and GFP merged 540

image. (I) Middle stack Golgi (MANS::GFP), (II) autophagosome (LGG-1::GFP) and 541

(III) late endosome (GFP::RAB-7), representative image is shown (n = 3). 542
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Long and short dsRNA are present at high levels in the environment and 545

pyr-1 mutants are dsRNA uptake competent 546

A) Embryonic hatching after feeding short dsRNA. Black dots represent hatching 547

efficiency of eggs laid by adult animals. Three biological experiments with 2 technical 548

replicates for each genotype was performed. Red lines indicate the mean. Red boxes 549

indicate the 95% confidence interval of the mean. Blue boxes the standard deviation. B) 550

RNA electrophoresis of bacteria total RNA using TapeStation. Total RNA was isolated 551

from bacteria used in RNA feeding assays and equal amounts of total RNA were 552

assayed. Quantity of RNA in blue (long dsRNA) and red (short dsRNA) indicated area 553

were plotted. Data for two biological replicates is shown. Red lines indicate the mean. 554

Red boxes indicate the 95% confidence interval of the mean. C) Pos-1 RNAi by feeding 555

assay in the presence of uracil. The ability of dsRNA uptake of pyr-1 mutant animals 556

was accessed in an RNAi by feeding assay. Eggs of wild-type, sid-2, pyr-1, or pyr-1;sid-2 557

double mutant animals were examined after the parents were raised from L1 to adult 558

stage on bacteria expressing negative control dsRNA or pos-1 dsRNA. Black dots 559

represent hatching efficiency of eggs from adult animals. Three biological replicates for 560
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each genotype were performed. 561

S3 Differentially expressed genes of sid-2 mutant embryos are associated 562

with developmental gene ontologies 563
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A) MA plot comparing the transcriptome of sid-2(qt142) (n = 5) and sid-2(mj465) (n 565
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= 4) mutant embryos. Each red circle represents a statistically significant DE 566

transcripts (FDR <0.01). B) MA plot comparing the transcriptomes of wild type (n = 567

5) and sid-2(qt142) (n = 5) mutant embryos. Each red circle represents a statistically 568

significant DE transcript (FDR <0.01). C) MA plot comparing the transcriptome of 569

wild type (n = 5) and sid-2(mj465) (n = 4) mutant embryos. Each red circle represents 570

a statistically significant DE transcript (FDR <0.01). D) Venn diagram showing the 571

overlap of the transcripts of sid-2(qt142) and sid-2(mj465) embryos compared to wild 572

type. Hyper-geometric Test for the overlap (p ≈ 0). E) Gene ontology analysis of DE 573

transcripts between wild type and sid-2 mutant embryos. F) Scatter plot correlating 574

developmental time and position along the first principal component for individual 575

embryo transcriptome samples. 576

S4 Principal components analysis representing the combined phenotypic 577

data 578

A B

wild-type

sid-2(qt142)

sid-2(mj465)

-4 2 4-2 0

2 40

PC2 (0.24)

-3

-2

-1

0

1

2

3

P
C

3
 (

0
.1

5
)

-4 -2
0

0.4

00.5

-3

0

3

P
ro

b
a

b
ili

ty

d
e

n
s
it
y

Probability

density

wild-type

sid-2(qt142)

sid-2(mj465)

-5 0 5 10

0 5 10

PC1 (0.56)

-3

-2

-1

0

1

2

3

P
C

3
 (

0
.1

5
)

-5
0

0.3

00.5

-3

0

3

P
ro

b
a

b
ili

ty

d
e

n
s
it
y

Probability

density

579

A) Principal components analysis representing the combined phenotypic data along the 580

first and third and B) the second and third principal component of the analysed 581

wild-type animals (n = 29) and sid-2(qt142) (n = 30), sid-2(mj465) (n = 31) mutants. 582

Individual circles represent aggregated phenotypic data of a individual animal. The line 583

represent the 33% and 66% contour line. Probability density estimate of the phenotypic 584

data are plotted to the left and above of the PCA plot. 585
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S5 586
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SID-2 is expressed in all larvae stages and adults A) Specificity of SID-2 588

antibody was tested by western blot analysis of wild-type and sid-2(qt142) animal 589

lysate (representative blot is shown (n = 2), Full blots are shown in S8 Fig. B) SID-2 590

expression through development. Top: SID-2 western blot of wild-type animal lysate of 591

different developmental stages using SID-2 antibody (SID-2 isoforms are indicated with 592

a *). Bottom: Tubulin immunoblotting of the above membrane (representative blot is 593

shown (n = 2). Full blots are shown in S8 Fig. 594
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596

No differentially abundant E. coli RNA were detected by RNA sequencing 597

A) MA plot visualising (left) primary siRNAs of C. elegans L4 wild-type animals (n = 598

4) and sid-2 mutants (sid-2(mj465) n = 5) and (right) secondary siRNAs of wild type 599

(n = 3) and sid-2 mutants (total n = 6, sid-2(qt142) n = 3, sid-2(mj465) n = 3). Each 600

red circle represents a statistically significant DE transcript (FDR <0.01). B) Plot 601
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visualising (left) the percentage of E. coli derived RNA reads in wild-type (n = 3) and 602

indicated sid-2 mutants (total n = 6 sid-2(qt142) n = 3, sid-2(mj465) n = 3) and 603

(right) the percentage of E. coli derived siRNA reads in wild-type (n = 4) and indicated 604

sid-2(mj465) mutants (n = 5). Bars indicate standard deviation of the mean, dots 605

indicate the mean. C) MA plot visualising (left) E. coli long RNA associated with 606

C. elegans wild-type animals (n = 3) and sid-2 mutants (total n = 6, sid-2(qt142) n = 607

3, sid-2(mj465) n = 3) and (right) E. coli short RNAs associated with L4 wild type (n 608

= 4) and sid-2 mutants (sid-2(mj465) n = 5). Each red circle represents a statistically 609

significant DE transcript (FDR <0.01). 610
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Individual experiments measuring L1 larva length at hatching A) body length 613

at hatching of C. elegans wild-type and indicated mutant animals. Black dots represent 614

body length of one hatched animal. Red lines indicate the mean. Red boxes indicate 615

the 95% confidence interval of the mean. Blue boxes indicate the standard deviation. 616

S8 617
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Images of full western blot membrane A) Full western blot for S5A Fig. B) Full 619

western blot for S5B Fig. 620
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S1 Table. SID-2 and AMA-1 protein sequences in Caenorhabditis. 621

S2 Table. sid-1 and sid-2 animals are resistant to rpb-2 RNAi by feeding. 622

RNAi feeding experiment on L4 larva fed with either control (L4440) or rpb-2 RNAi. 623

The presents (+) or absence (-) of F1 larvae was scored after 48. Three independent 624

experiments were conducted. 625

S3 Table. Phenotypic data and variance analysis 626

S4 Table. Strains used in this study 627

S5 Table. RNAi clones used in this study 628

S6 Table. Primer used in this study 629

S7 Table. Plasmids used in this study 630

S1 Data. SID-2 and AMA-1 alignment 631

S2 Data. Allele maps 632
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