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ABSTRACT
RNA interference (RNAi) is a gene regulatory mechanism based on RNA-RNA interaction conserved 
through eukaryotes. Surprisingly, many animals can take-up human-made double stranded RNA (dsRNA) 
from the environment to initiate RNAi suggesting a mechanism for dsRNA-based information exchange 
between organisms and their environment. However, no naturally occurring example has been identi-
fied since the discovery of the phenomenon 22 years ago. Therefore it remains enigmatic why animals 
are able to take up dsRNA. Here, we explore other possible functions by performing phenotypic studies 
of dsRNA uptake deficient sid-2 mutants in Caenorhabditis elegans. We find that SID-2 does not have 
a nutritional role in feeding experiments using genetic sensitized mutants. Furthermore, we use robot 
assisted imaging to show that sid-2 mutants accelerate growth rate and, by maternal contribution, body 
length at hatching. Finally, we perform transcriptome and lipidome analysis showing that sid-2 has no 
effect on energy storage lipids, but affects signalling lipids and the embryo transcriptome. Overall, these 
results suggest that sid-2 has mild effects on development and is unlikely functioning in the nutritional 
uptake of dsRNA. These findings broaden our understanding of the biological role of SID-2 and motivate 
studies identifying the role of environmental dsRNA uptake.
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Introduction

RNA interference (RNAi) is a gene regulatory mechanism 
involved in many biological processes across eukaryotes [1,2]. It 
is mediated by the sequence specific Watson-Crick base pairing of 
a small regulatory RNA to a target RNA resulting in degradation, 
translational repression or transcriptional suppression of the tar-
get RNA [3–5]. RNAi function requires the binding of a small 
RNA to a protein of the Argonaute family [6]. The Argonaute 
guides the binding of the small RNA to the target RNA and 
provides the physical connection to the cellular machinery med-
iating gene regulation [7–9]. Overall, the interaction between 
a small RNA/Argonaute complex and a target RNA is the com-
mon feature of the many variations of RNAi that are found in 
eukaryotes.

Most commonly, RNAi is initiated and maintained by 
endogenously produced small RNAs such as microRNAs 
and piRNAs [10–12]. In addition, artificial RNA can be used 
to trigger RNAi. Many animals and fungi exhibit a strong 
RNAi response after simple addition of synthetic double 
stranded RNA into their environment [13–20]. The synthetic 
double stranded RNA is internalized by the organism and 
subsequently processed into small RNAs mediating gene reg-
ulation. This phenomenon is known as environmental RNAi, 
and is a valuable molecular biological tool used to induce 

sequence specific gene knock down, with important applica-
tions in medicine and agriculture [21,22].

The molecular mechanism of environmental RNAi via 
artificial dsRNA uptake is best understood in the model 
organism Caenorhabditis elegans [23]. A genetic screen 
therein identified the gene systemic RNA interference defec-
tive-2 (sid-2) required specifically for environmental RNAi 
[24]. In this study, it was suggested that the artificial dsRNA 
was taken up by feeding, as the localization of SID-2 was 
reported to be at the apical intestinal membrane by GFP:: 
SID-2 fusion protein experiments [24]. Later, biochemical 
studies showed SID-2 mediates uptake specifically of 
dsRNA, and single stranded RNA forming hairpins with 
dsRNA structure, but not the uptake of the chemically similar 
DNA [25]. These studies show that SID-2 is a dsRNA receptor 
mediating the entry of artificial dsRNA from the environment 
into intestinal cells.

Further studies led to mechanistic insights of dsRNA 
import and export downstream of sid-2. Biochemical and 
genetic studies suggest that dsRNA interaction with SID-2 
triggers endocytosis at the intestinal apical membrane [24– 
27]. Subsequently, SID-2 is subjected to endocytic recycling 
involving the endosomal tyrosine kinase SID-3 and its inter-
actor EHBP-1 [26,27]. Additional membrane trafficking is 
important for dsRNA transport, as highlighted by the 
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involvement of the trans-Golgi network epsinR homologue 
RSD-3 in dsRNA import [28]. It remains unclear how dsRNA 
exits the endocytic pathway, however it is thought that the 
dsRNA channel SID-1 mediates the exit of dsRNA from an 
endocytic vesicle and allows the entry to the cytoplasm, where 
it can enter the RNAi pathway [29–32]. Furthermore, gene 
silencing signals can move between cells [19,33,34] and the 
endosome proteins SID-5 and SEC-22 are proposed to func-
tion in the export of the silencing trigger [35,36]. Overall, 
endomembrane transport plays an important role in dsRNA 
import and export, however the exact molecular mechanism 
remains elusive.

While much has been done on the side of the molecular 
mechanism, no natural occurrence of sid-2 mediated dsRNA 
uptake leading to environmental RNAi has been observed. 
This is especially surprising because the idea that environ-
mental dsRNA influences gene regulation was put forward 
more than 22 years ago [19]. Therefore, we speculated that 
sid-2 might have some other function in C. elegans 
physiology.

In this work, we investigated if dsRNA uptake by sid-2 has 
a dietary role by using feeding experiments in genetically 
sensitized mutants, and additionally asked if sid-2 has other 
roles independent of dsRNA uptake by using morphological 
and molecular phenotyping. We do not find any evidence that 
sid-2 has a dietary role, but we show that sid-2 is a mild 
negative regulator of development. These results suggest sid- 
2 is not a nutritional dsRNA receptor in the wild and might 
suggest that environmental dsRNA sampling comes with 
a developmental tradeoff. This work contributes to a better 
understanding of the biological role of sid-2 and supports 
future investigations into the role of natural environmental 
dsRNA uptake.

Results

SID-2 does not enhance dsRNA uptake for nutritional 
reasons

In C.elegans, sid-2 mediates intestinal uptake of artificial 
dsRNA that can be used to induce RNAi, however its biolo-
gical function remains unknown. Interestingly, a very strong 
brood size reduction has been reported in a strain with muta-
tions in sid-2 and other genes [37]. Further, in C. elegans, 
strongly reduced brood size is also caused by the lack of 
nucleotides [38]. We therefore wondered whether sid-2 takes 
up dsRNA for nutritional reasons.

First, we wanted to test if sid-2 alone regulates brood size. 
Therefore, we analysed brood size in two independently cre-
ated sid-2 mutants. We used one backcrossed strain carrying 
an EMS deletion allele sid-2(qt142) and one carrying a novel 
CRISPR insertion allele sid-2(mj465). Both strains showed the 
expected resistance to RNAi by feeding (Table 1). We mea-
sured the brood size by counting how many animals develop 
to adulthood for wild type and both sid-2 mutants and repre-
sented the data using Gardner-Altman plots [39,40]. We 
observed a subtle reduction in brood size in only one of the 
two mutants. The sid-2(qt142) mutant showed a small but 
significant reduction in the number of offspring (with an 

estimated mean difference of 21 CI95 [4 to 38] fewer offspring 
or 90% ± 8% of wild-type levels) (Fig. S1A, Table 2). In 
contrast, the sid-2(mj465) mutant did not show 
a significantly reduced number of offspring (estimated mean 
of four fewer offspring CI95 [−9 to 22]) compared to wild type 
(Fig. S1A). This brood size analysis shows that sid-2 has at 
most a small effect on brood size and suggests that sid-2 is not 
essential for embryogenesis in standard laboratory conditions.

Next, we tested more directly if dsRNA uptake by sid-2 
contributes nutritionally to nucleotide levels. We designed 
a feeding experiment in a genetically sensitized background 
to uncover functions that might be masked in the nitrogen 
rich laboratory environment [41]. Specifically, we used 
a C. elegans strain with a compromised PYRimidine biosynth-
esis pathway pyr-1 causing a strong reduction in brood size, 
which can be rescued with exogenous uracil [38] and we 
asked if exogenous double stranded RNA taken up by SID-2 
can rescue this phenotype (Fig. 1A).

In this experiment, wild type, sid-2, pyr-1 and pyr-1;sid-2 
mutants were grown on E. coli bacteria and one of four 
sources of exogenous pyrimidine (none, uracil, long dsRNA 
and short dsRNA). We confirmed that these strains showed 
the expected dsRNA uptake phenotype (Fig. S1B), and deter-
mined the hatching rate under the control condition, when no 
pyrimidine supplement was provided. As expected, we 
observed that all wild type and sid-2 embryos hatched, while 
pyr-1 mutants and pyr-1;sid-2 double mutants showed severe 
embryonic development defects (Fig. 1B). Similarly, the addi-
tion of exogenous uracil rescued the embryonic development 
defects in pyr-1 mutant and pyr-1;sid-2 double mutant ani-
mals, indicating that environmental pyrimidine can contri-
bute to nutritional value and that sid-2 is not required for the 
uptake of uracil (Fig. 1B).

Finally we asked if exogenous double stranded RNA can 
rescue pyrimidine deficiency and if dsRNA uptake by SID-2 is 
required. We overexpressed long or short dsRNA in E. coli at 
levels comparable to ribosomal RNA abundance (Fig. S1C). 
We observed that while exogenous dsRNA was able to rescue 
pyrimidine deficiency, sid-2 was not required for rescue. In 
pyr-1 mutants, the expression of long or short dsRNA was 
able to improve the embryonic development to a hatching rate 
of 60% and 70%, respectively (Fig. 1B, Fig. S1D) and similar 
hatching rates were observed in pyr-1;sid-2 double mutants. 
We propose that dsRNA uptake by SID-2 is negligible for 
nutritional reasons in laboratory conditions.

Sid-2 mutants display abnormal growth and 
morphology

To discover novel functions of sid-2, we analysed morpholo-
gical phenotypes of wild type and sid-2 mutants. We mea-
sured single worm growth rates from late L1 to adult stage 
using an automated camera setup [42]. The growth rate, 
estimated by a logistic function, and the relative length differ-
ences indicated that the presence of SID-2 affects worm 
growth (Fig. 2A, Fig. S2A, Table 3). From the same worms, 
we calculated developmental timings. We identified 
a significant decrease in generation time in the sid-2 mutants 
(time from egg laid until the adult animal lays its first egg) 
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with a mean reduction of 1.7 h with a CI95 [−3.1 to −0.3 h] 
and a mean reduction of 1.6 h with a CI95 [2.9 to 0.2 h] (Fig. 
2B). In more detail, the larvae development (from hatching to 
first egg) of sid-2 mutants was significantly shorter compared 
to wild type, mean reduction of 1.3 h with a CI95 [2.4 to 0.2 h] 
and 1.1 h with a CI95 [2.2 to 0.0 h] (Fig. S2B). However, the ex 
utero development was not significantly different in the two 
mutants, mean reduction 0.2 h with a CI95 [0.9 to −0.4 h] and 
0.3 h [0.9 to −0.3 h] (Fig. S2C). This indicated that sid-2 
affects growth rate and developmental timings.

We switched to a high magnification microscopy setup, 
allowing us to measure body length at birth (Fig. S2D, 
Table 4). We tested if sid-2 affected the morphology of freshly 
hatched larvae using image analysis to measure the length at 
birth. The estimated mean body length at hatching for wild 
type was 209.5 µm, [N = 179, CI95 = 209.5 µm – 212.2 µm]. In 

contrast, the estimated mean length at hatching of two strains 
carrying independent sid-2 mutant alleles is 216.9 µm, 
[N = 203, CI95 = 215.4 µm – 218.2 µm] and 216.3 µm, 
[N = 176, CI95 = 215.3 µm – 217.6 µm]. We estimated the 
mean increase in length for the sid-2 mutants at 6.0 µm, [CI95 
= 4.0 µm – 7.9 µm] and 5.4 µm, [CI95 = 3.4 µm – 7.2 µm], 
respectively (Fig. S2E). This analysis indicates that wild-type 
body length at hatching is shorter compared to sid-2 mutants.

Next, we wanted to confirm that sid-2 affects body length 
at hatching using a rescue experiment. Using the sid-2(mj465) 
mutant, we created two new strains, one with restored sid-2 
function via overexpression and one expressing only the 
selection marker as control (Fig. S2F). We found that the 
body length phenotype was rescued by sid-2 overexpression. 
The control strain had a body length at hatching of 214.7 µm, 
[N = 184, CI95 = 213.4 µm – 216.0 µm] and the sid-2 rescue 

Figure 1. The dsRNA receptor SID-2 does not enhance dsRNA uptake for nutritional reasons.
A) Potential sources of nucleotides contributing to egg hatching. Egg hatching depends on the availability of sufficient pyrimidines within the animal. Pyrimidines 
can be synthesized by pyr-1, taken up from the environment or potentially derived from environmental dsRNA taken up by SID-2.B) Percentage of viable eggs after 
pyrimidine supplementation or feeding dsRNA in wild type, sid-2(qt142), pyr-1(cu8) or pyr-1(cu8); sid-2(qt142). Black stars represent the percentage of viable eggs of 
a biological replicate. Horizontal black lines indicate the mean, vertical black lines the standard deviation. 
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a mean body length of 206.3 µm, [N = 182, CI95 = 204.9 µm – 
207.8 µm]. Restoring sid-2 function reduced mean body 
length by 8.3 µm [CI95 = 6.4 µm- 10.4 µm] compared to 
control indicating that sid-2 functions in regulation of body 
length. The body length in sid-2 rescue was similar to wild 
type by −1.5 µm [CI95 = −3.8 µm – 0.8 µm] (Fig. 2C). These 
experiments confirm that sid-2 affects body length at birth.

Because sid-2 can take up dsRNA from the environment, 
we wanted to know if additional environmental dsRNA affects 
body length. We measured the length at hatching of wild type 
and sid-2 mutants fed on dsRNA-overexpressing or control 

bacteria. We observed that sid-2 mutants were longer than 
wild type whether dsRNA was overexpressed or not. In con-
trol conditions, sid-2 mutant body length was 7.5 µm, CI95 
[5.7 µm – 9.3 µm] longer compared to wild type. A similar 
increase was observed in the presence of dsRNA, 6.5 µm, CI95 
[5.0 µm – 8.1 µm] (Fig. S2G) suggesting that the body length 
change in sid-2 mutants was robust to environmental dsRNA.

Furthermore, we tested if genes that are involved in RNAi 
and function downstream of sid-2 share a similar phenotype. 
We measured the length at hatching of the dsRNA binding 
protein mutant rde-4 and two independent mutants of the 

Figure 2. Sid-2 mutant animals grow faster and are elongated at hatching.
A) Growth curve visualizing body length during development for wild type (n = 20) and sid-2(qt142) (n = 31), sid-2(mj465) (n = 33) mutants, lines represent medians 
and error-bars represent the 95% confidence interval of the median. B) Gardner-Altman plot for generation time of C. elegans wild type and indicated mutant 
animals. Top: Dots represent generation time for individual animals. Bottom: Dots indicate the mean difference in generation time between wild type and indicated 
condition. The 95% confidence interval of the mean difference is indicated by the black lines. Aggregate data from the three grow curve experiments per genotype is 
shown (wild type n = 17, sid-2(qt142) n = 30, sid-2(mj465) n = 31). C) Gardner-Altman plot for body length at hatching of C. elegans wild type and indicated mutant 
animals. Top: Dots represent body length at hatching of individual animals. Bottom: Dots indicate the mean difference in body length between wild type and 
indicated condition. The 95% confidence interval of the mean difference is indicated by the black lines. Aggregate data from at least three experiments per genotype 
is shown (wild type n = 150, sid-2(mj465) n = 196, sid-2(mj465);myo2:Cherry n = 184, sid-2(mj465); myo2:Cherry;sid-2rescue n = 182).D) Gardner-Altman plot for body 
length at hatching of C. elegans offsprings of indicated mating experiment. Top: Dots represent body length at hatching of individual animals. Bottom: Dots indicate 
the mean difference in body length of the test group. The 95% confidence interval of the mean difference is indicated by the black lines. Aggregate data from three 
experiments per cross is shown (wild type  x wild type ♂ n = 179, wild type  x sid-2(qt142) ♂ n = 188, sid-2(qt142)  x sid-2(qt142) ♂ n = 220, sid-2(qt142) x wild 
type ♂ n = 206) 
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dsRNA transported sid-1. We observed that rde-4 mutants 
showed in contrast to sid-2 mutants a shorter length at hatch-
ing CI95 [−4.9 µm – 0.5 µm] than wild type and that sid-1 did 
not affect worm length significantly (sid-1(qt129) CI95 [−0.-
1–4.1 µm] and sid-1(mj444) CI95 [−2.5 µm – 1.5 µm]) (Fig. 
S2H, Table 1) suggesting that the downstream processes of 
RNAi are not involved in sid-2 body length change.

Next, we asked if the increase in body length due to sid-2’s 
function is embryonic or maternally inherited. Therefore, we 
performed mating experiments restoring sid-2 function within 
an embryo. We observed that larvae from sid-2 mutant 
mothers mated with restored sid-2 function were as long as 
larvae without restored sid-2 function indicating that body 
length regulation by sid-2 is maternally inherited (Fig. 2D). 
Overall these experiments indicate that sid-2 affects worm 
morphology.

Sid-2 is required for the normal molecular composition 
of embryos and adults

Having observed developmental effects of sid-2, we wanted to 
identify molecular phenotypes in sid-2 mutants. First, we 
profiled the transcriptome of embryos collected five days 
after L4 were transferred, from sid-2 and wild-type mixed 
populations. Using principal component analysis allowed us 
to seperate sid-2 and wild type in the first (0.32) principal 
component (Fig. 3A). To describe the difference in the tran-
scriptomes, we performed differential expression analysis and 
identified that 73 genes were significantly differentially 
expressed (FDR < 0.01 and > two-fold difference) (Fig. 3B, 
Table 5). A gene enrichment analysis for significantly differ-
entially expressed genes identified a significant enrichment for 
phenotypic processes including larva, dauer and fat physiol-
ogy (FDR < 0.05 and  two observations) supporting the idea 
that sid-2 embryos are significantly different (Fig. S3A). 
Furthermore, we embedded our transcriptome data into 
a pseudotime line of transcriptome data [43]. This analysis 
placed the sid-2 mutant transcriptome with more mature 
embryos compared to the wild type transcriptome (Fig. 
S3B). Together, this analysis indicates that sid-2 embryos 
were slightly ahead in development.

Next, we aimed to identify molecular phenotypes in adult 
animals, reasoning that sid-2 function in adult animals trans-
lates to the maternally inherited effect on embryos. First, we 
analysed the transcriptome of young adult animals. Sid-2 
mutants and wild type were not separated into distinguished 
groups using any combinatorial pair of the first four principal 
components indicating that adult transcriptomes are more 
similar than embryo transcriptomes (Fig. 3C). Next, we per-
formed differential expression analysis and identified nine 
genes significantly differentially expressed genes in sid-2 
mutant (FDR < 0.01 and > two-fold difference) compared to 
wild type (Fig. 3D). Finally, we performed a gene enrichment 
analysis, however no significant enrichment for phenotypic 
processes was identified (FDR < 0.05 and  two observa-
tions). Overall, this transcriptome analysis indicates that sid- 
2 and wild type transcriptomes are similar in adults.

Since, we detected transcriptome changes for genes 
involved in fat physiology, we performed a time course 

lipid metabolomic analysis. We sampled sid-2 mutant and 
wild type 50 hours after synchronized L1 were plated. At this 
developmental time point, sid-2 mutant and wild type ani-
mals are at the young adult stage. In addition, we collected 
wild type samples three and six hours later. In the lipid 
metabolomic analysis, 257 out of 397 lipids were detected 
in all samples and analysed further (Table 6). First, we per-
formed principal component analysis and were able to dis-
tinguish sid-2 mutants and wild type collected at 50 hours 
with a combination of the second (0.18) and third (0.12) 
principal component (Fig. 3E), but not on the first (0.33) 
and second (0.18) principal component (Fig. S3C) indicating 
that lipids differ between wild type and sid-2 mutants. To 
identify effects on lipid composition of sid-2, we applied 
t-test analysis on normalized lipid metabolome data with 
multiple testing correction (FDR < 0.05). We identified 
a total of nine sid-2 dependent lipids with significantly dif-
ferent abundance. All sid-2 dependent lipids are hydrolyza-
tion products of phospholipids of the enzymes phospholipase 
A2 class and are either part of the lysophosphatidylethano-
lamine (four) or lysophosphatidylcholine (five) class [44–47]. 
These lysophospholipids have diverse functions including 
cell signalling and growth regulation in the mammalian sys-
tem [48,49] and show dynamic abundance during worm 
development [50]. Interestingly, two lysophosphatidyletha-
nolamine (LPE 18:2 and LPE 20:4) and one lysophosphati-
dylcholine (LPC 18:3) were significantly more abundant in 
sid-2 mutants compared to wild type at all time points (Fig. 
3F). The other two lysophosphatidylethanolamine and four 
lysophosphatidylcholine were significantly higher in sid-2 
mutants if compared to wild type at 50 hours, but were 
indifferent at wild type 53 hours and/or wild type 56 hours 
(Fig. S3D). We did not observe any significant difference in 
energy storage lipids like triglycerides (Table 6) suggesting 
that sid-2 does not affect energy storage but affects some 
deacetylated phospholipids. Overall, the feeding experiments 
together with the morphological and molecular profiling 
provide the first experimental data indicating that sid-2 
mediated dsRNA uptake is not nutritional and uncover an 
unexpected role of sid-2 in slowing down development.

Discussion

In C. elegans, SID-2 can take up artificial dsRNA from the 
environment which induces extremely potent gene regulation 
and results in a variety of phenotypic changes. Here we 
explore alternative functions of sid-2, inspired by the lack of 
natural examples of direct gene regulation by environmental 
RNAi. We first experimentally address the possibility of 
a dietary role of dsRNA and do not find evidence for SID-2 
dependent dsRNA uptake providing a source of nutrition. In 
addition, using quantitative phenotyping and RNA sequen-
cing, we discovered a novel role of sid-2 in slowing develop-
ment. Here we argue against a dietary role of sid-2, and 
discuss the novel effect of sid-2 in development. These find-
ings provide guidance for future studies investigating sid-2 
function and the role of environmental dsRNA uptake in 
a more natural context.
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Figure 3. Sid-2 mutants show molecular phenotypes at embryonic and adult stage.
A) Principal component analysis representing the embryo transcriptome along the first and second principal component of wild type (n = 5) and sid-2 mutants (total 
n = 9), sid-2(qt142) n = 4, sid-2(mj465) n = 5). Individual circles represent aggregated transcriptome data of individual biological replicates. B) MA plot visualizing 
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).C) Principal component analysis representing the adult transcriptome along the first and second principal component of wild 
type (n = 3) and sid-2 mutants (total n = 3), sid-2(qt142) n = 3, sid-2(mj465) n = 5). Individual circles represent aggregated transcriptome data of individual biological 
replicates. D) MA plot visualizing adult transcriptome comparison of wild type (n = 3) and sid-2 mutants (total n = 6, sid-2(qt142) n = 3, sid-2(mj465) n = 3). Each red 
circle represents a statistically significant (DE) transcript (FDR < 0.01). E) Principal component analysis representing the adult lipid metabolome along the second and 
third principal component of wild type (n = 4) and sid-2 mutants (total n = 10), sid-2(qt142) n = 5, sid-2(mj465) n = 5). Individual circles represent aggregated lipid 
metabolome data of individual biological replicates. F) Boxplot of lipid metabolites that are significantly different between sid-2 mutant (total n = 10, sid-2(qt142) 
n = 5, sid-2(mj465) n = 5) and wild type (n = 4–5) samples at all three timepoints (50, 53 and 56 hours after L1 starvation) (T-test, FDR < 0.05). Individual circles 
represent lipid levels of individual biological replicates. LPE: lysophosphatidylethanolamine, LPC: lysophosphatidylcholine. 
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No indication for nutritional dsRNA uptake by sid-2

Several of our experiments help to understand if sid-2 func-
tions in nutrition. We looked at a contribution to nucleotide 
supply in the worm and we examine developmental rate and 
lipid metabolism for signs of malnutrition in sid-2 deficient 
worms. We found in our feeding assay that sid-2 was not 
required for rescue, however environmental dsRNA rescues 
nucleotide deficiency. How does the environmental dsRNA 
contribute to nutrition independent of sid-2? Environmental 
dsRNA might be degraded in the intestine by digestive 
enzymes and allowing the uptake of these products through 
intestinal nucleoside transporters [51,52]. Additional research 
is required to determine the nature of alternate mechanisms.

Further, our development rate analysis supports that sid-2 
deficient worms are not malnourished. While impaired feed-
ing behaviour or limited nutrients usually slow development 
[53–55], we observed growth rate and generation times con-
sistent with accelerated development in sid-2 mutants. This 
did not match a signature of dietary restriction. Similarly, in 
our lipid metabolome analysis sid-2 mutants showed unaf-
fected levels of energy storage lipids and increased levels of 
lysophosphatidylcholines and lysophosphatidylethanolamines. 
These three lipid classes show decreased levels in nutrient 
deprived C. elegans [56]. Thus, the lipid profiling, the feeding 
experiments and the developmental analysis suggest that 
dsRNA uptake by sid-2 has no nutritional role.

Development rate a trade off for primary function?

Animal body length is affected by genes, environment and 
development, and probably under strong evolutionary selec-
tion [57–60]. Traditional genetic screens have identified genes 
that dramatically increase adult body length (double). 
Evolutionary analyses suggest that such changes in body 
length in nematodes is usually mediated by changes in cell 
size rather than cell number [61,62]. Molecularly, these genes 
alter body length through modulation of endoreplication in 
hypodermal cells and the molecular composition of the extra-
cellular cuticle produced by the hypodermis [62,63]. Similarly, 
larval body length is also plastic, but more subtly affected by 
genes and the environment. Larva body length is altered by up 
to ±10% by strong dietary restriction, maternal age, and by 
Insulin receptor daf-2 (abnormal dauer formation) [64–66]. 
The decrease in larvae body length by sid-2 is comparable to 
decreases in such conditions. How sid-2 affects body length 
and if dsRNA is involved remains to be investigated. It is 
possible that the body length reduction by sid-2 is a trade off 
for another function such as environmental RNAi.

Towards an understanding of a conserved function of 
sid-2

We believe additional phenotypic studies in combination with 
evolutionary analysis could complete our understanding of 
sid-2’s effect on development. In many Caenorhabditis species 
a sid-2 homologue is present, but sid-2 has lost the ability to 
take up dsRNA for environmental RNAi in many closely 
related species [24,25,67]. For example, the sister species 

C. briggsae and C. remanei are resistant to environmental 
RNAi even though a homologue of sid-2 is present. In both 
species, the transgenic expression of C. elegans sid-2 renders 
them susceptible to environmental RNAi [24,67] indicating 
either that their endogenous sid-2 doesn’t have the ability to 
take up dsRNA or that the dsRNA taken up by their endo-
genous sid-2 is not made accessible to the downstream 
machinery required for environmental RNAi [24,25,67]. 
Whether sid-2 has a conserved effect on development can be 
understood by generating sid-2 mutants in other 
Caenorhabditis species and assessing their development. 
Further, whether dsRNA is involved in such an effect could 
be addressed by leveraging the existing knowledge of dsRNA 
uptake deficiency and competence in Caenorhabditis species 
[24,67]. This analysis could be extended to animals with the 
ability to take up dsRNA from the environment and the 
western corn rootworm presents an ideal starting point, 
since dsRNA uptake mutants already exist and it is of agri-
cultural importance [68].

We envision that environmental dsRNA uptake does 
exist as a biological mechanism and as a role of 
C. elegans sid-2. Experimental evidence suggests a RNAi 
based mechanism targeting a single gene, however past 
research failed to identify such a mechanism [69,70]. We 
believe alternative hypotheses are worth exploring. For 
example, we could imagine that sid-2 is an environment 
reader. Instead of leading to sequence specific gene 
expression changes of a specific gene, SID-2 could sample 
environmental dsRNA to store information, possibly 
creating an ‘RNA fingerprint’ of C. elegans’ bacterial 
environment in the wild [71–73]. Potentially, the resulting 
smallRNA fingerprint could serve as an RNA-based mem-
ory and by an unknown mechanism be associated with an 
environmental condition to inform future decision mak-
ing. Such a mechanism could be involved in the ability of 
C. elegans to develop aversion to natural and artificial 
bacterial stressors [74,75]. This hypothesis could be tested 
with an associated learning assay using dsRNA and sid-2 
mutants.

Overall, we discover sid-2 affects development indepen-
dently of artificial dsRNA uptake, and find that it does not 
enhance nutritional uptake of dsRNA. These findings will 
help to understand the biological role of SID-2 and motivate 
studies identifying the role of environmental dsRNA in RNA 
communication.

Methods

Nematode culture and strains

C. elegans was grown under standard conditions at 20 °C. 
Bristol N2 was used as wild-type strain [61]. The E. coli strain 
HB101 [supE44 hsdS20(rB-mB-) recA13 ara-14 proA2 lacY1 
galK2 rpsL20 xyl-5 mtl-1] was used as food source, except 
HT115 [F-, mcrA, mcrB, IN(rrnD-rrnE)1, rnc14::Tn10(DE3) 
lysogen: lavUV5 promoter -T7 polymerase] was used in the 
pyrimidine supplement experiment and RNAi experiments. 
Both bacteria strains were obtained from the Caenorhabditis 
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Genetics Centre, University of Minnesota, Twin Cities, 
MN, USA.

RNAi experiments

Empty vector, pos-1 and rpb-2 bacterial feeding clones were 
a kind gift from J. Ahringer’s laboratory. Bacteria were grown 
in LB Ampicillin for 6 hours, then seeded onto 50 mm NGM 
agar plates containing 1 mM IPTG and 25 μg/ml 
Carbenicillin. A volume of 200 μl bacterial culture per plate 
was used and left to dry for 48 hours. L1 larvae were syn-
chronized by bleaching and transferred onto RNAi plates. 
Their body length compared to wild type was assayed after 
72 hours. For RNAi of pyr-1 mutant strains, 0.5% uracil was 
added to the NGM IPTG-Carb plates.

Pyrimidine supplementation assay

IPTG-CARB NGM plates were seeded with HT115 bacteria 
carrying either a plasmid (pR70 (none), L4440 (short) or GPF 
(long)). For the uracil condition, IPTG-CARB NGM plates 
were supplemented with 0.5% uracil according to [38] and 
were seeded with bacteria carrying the plasmid without T7 
sides. Animals were grown to adulthood and transferred for 
egg laying to a new plate. On the next day, 100 hundred eggs 
were transferred to a new plate and 24 hours later the number 
of hatching eggs were counted.

Molecular cloning

Plasmid pR70 for bacteria expression ‘none’ was cloned from 
L4440 using Gibson cloning resulting in a plasmid in which 
both T7 promoters and the Multiple cloning site was removed. 
Cloning was performed using a home made Gibson mix using 
the NEB Gibson Assembly protocol (E5510) using the primer 
GCCAGCGATAAGCCAGGTTGCTTCC and 
TATCGCTGGCGTTACCCAACTTAATC. A gene product 
from IDT corresponding to the SID-2 genomic sequence start-
ing from 980 bp upstream of SID-2 start codon to 119 bp after 
the stop codon was cloned into a linearized pUC19 with the 
primers caagcaattttttgatatatGGTCGACTCTAGAGGATC and 
tcaataaagatcttgtgagtTGCAGGCATGCAAGCTTGG. Plasmids 
were transformed into DH5ɑ (Bioline, BIO-85,026) and pur-
ified using PureLink HQ Mini Plasmid DNA (Life 
Technologies Ltd, K210001).

RNA quantification

RNA was isolated from bacteria using TRIZOL and quantified 
using Qubit RNA BR Assay Kit (Life technology, Q10210). To 
quantify over-expressed RNA, 50 ng of total RNA was size 
separated using RNA ScreenTape Analysis (Agilent, 
5067–5576) and quantified using TapeStation software.

Mutagenesis

CRISPRCas9 genome editing was performed with homemade 
Cas9 and gRNA, crRNA from Dharmacon using the concen-
trations indicated in (Table 7) according to [76]. C. elegans 

SX3237sid-2(mj465) were injected to generate the sid-2 rescue 
strain SX3432 sid-2(mj465) III; mjEx597[myo2::mCherry;sid- 
2genomic] and the control strain SX3432 sid-2(mj465) III; 
mjEx596[myo2::mCherry].

Brood size measurement

Brood size measurements were completed over three 24-h 
intervals. Individual L4 animals were transferred to a new 
plate (day 0). For 3 days, each day (days 1–3), each animal 
was transferred to a new plate. The eggs were allowed to hatch 
and grow for 3 days and the number of animals was counted.

Development and phenotype analysis

Growth curves were estimated from long-term video imaging. 
To obtain synchronized embryos, 20 L4 animals were trans-
ferred to a new HB101 NGM plate. After 24 hours, the now 
adult animals were moved to a new HB101 NGM plate and 
allowed to lay eggs for 1 h. Next, individual eggs were trans-
ferred to imaging plates. A custom camera system was used to 
record back-lit images through the development from the ex 
utero egg stage to the egg-laying adult stage (≈ 65 h). To 
accomplish this, an imaging system was built with a robot arm 
mounted camera (Flea3 3.2MP monochrome, Point Grey) mov-
ing between wells to record images sequentially. Each well 
contained at the start a single C. elegans embryo nematode 
and every ≈ 3 min a picture of the animals were recorded for 
≈ 3 days. The resulting movies were analysed off-line with 
a custom written MATLAB script (Mathworks) to calculate 
a growth curve estimated by a logistic function (logistic max, 
logistic rate, logistic shift). For the relative length analysis, boot-
strap samples of the length ratios of the mutant and the wild 
type were collected for 15 windows with a length of 4 h and 
16 min starting at 0 h. If the real-time difference between the 
two samples in a given ratio was greater than 1.5 h this ratio was 
rejected. One thousand bootstrap samples were collected in this 
way for each mutant at each time point, and the mean and 95% 
CI of the ratio was computed. Ex-utero development time was 
calculated using the time adults were moved to HB101 plate and 
the time of hatching extracted from recorded images. Similarly, 
time from hatching until the first egg was calculated using the 
time of hatching and the time of the appearance of the first laid 
egg extracted from recorded images. Likewise, generation time 
was calculated using the time adults were moved to HB101 plate 
and the time of the appearance of the first laid egg extracted 
from recorded images.

Imaging plates

Imaging plates for developmental analysis were made using the 
standard NGM recipe, but without peptone and cholesterol. 
Furthermore, agarose was substituted with 0.8% Gelzan (Sigma 
G1910-250 G) for a more transparent gel. Imaging plates were 
seeded with one µL of HB101 concentrate at optical density 20.
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L1 length analysis

To obtain synchronized embryos for L1 length analysis, 40 L4 
animals were transferred to a new HB101 NGM plate. After 
24 h, the now adult animals were moved to a new HB101 
NGM plate and allowed to lay eggs for 1 h. ~100 eggs were 
transferred on NGM plate without food and imaged with 
a leica DM6B microscope. The resulting movies were analysed 
off-line with a custom written MATLAB script (Mathworks). 
In short, animals were segmented from the background using 
an intensity threshold and a skeleton was extracted using the 
bwmoprh function. The length of the skeleton was computed 
using the bwdistgeodesic function.

RNA library preparation

Embryo RNA seq: Ten L4 animals were grown for 5 days at 20 
°C. After washing thoroughly with M9 to remove bacteria, 
eggs were isolated using bleach, washed in M9 and resus-
pended in TRIsure (Bioline, BIO-38,033). Young adult seq: 
Synchronized L1 were grown for 50 hours. After washing 
thoroughly with M9, the samples were resuspended in 
TRIsure. Eggs and young adult samples in TRIsure were 
lysed with five freeze-thaw cycles in liquid nitrogen. Total 
RNA was isolated by chloroform extraction. Ribosomal RNA 
was depleted from total RNA using NEBNext rRNA 
Depletion (NEB, #E6350) and libraries prepared using 
NEBNext Ultra™ II Directional RNA Library Prep Kit for 
Illumina (NEB, #E7760). Libraries were sequenced on 
Illumina HiSeq 1500.

Bioinformatic analysis

RNA reads were aligned using STAR against the C. elegans 
genome WS235 [77]. Read counts per genetic element of the 
Wormbase genome annotation WS235 were calculated using 
feature counts [78]. Reads were normalized using pseudore-
ference with geometric mean row by row [79] and statistical 
analysis was performed using Benjamini-Hochberg (BH) 
adjustment [80] using the MATLAB (Mathworks) function 
‘nbintest’ with the ‘VarianceLink’ setting ‘LocalRegression’. 
Embryonic time course RNA sequencing data was obtained 
from NCBI Sequence Read Archive [43].

Gene ontology analysis

Significantly differentially expressed genes (FDR < 0.01 and 
>2 fold change) between wild type and sid-2 were used as 
input for the enrichment analysis of wormbase.org [81].

Principal components analysis of RNA sequencing data

Normalized read counts from embryonic sid-2 mutant and 
wild type RNA sequencing data were log transformed and 
centred. Next, the covariance matrix and the first 10 eigen-
vectors were calculated using the function eigs of MATLAB 
(Mathworks) for the Boeck et al. embryonic RNA sequencing 
data alone. The projection onto the first 10 eigenvectors was 
calculated for the centred data of all samples.

LC/MS lipid profiling

Sid-2 mutant and wild type young adults were sampled 50 h 
after synchronized L1 were plated. Additional wild type sam-
ples were collected three and 6 h later.

C. elegans were prepared for LC-MS lipidomics as pre-
viously described with minor modifications [82]. Briefly, 
~1000 C. elegans worms were re-suspended in 100 µL of 
water, then 0.4 mL of chloroform was added to each sample 
followed by 0.2 mL of methanol. The samples were then 
homogenized by vortexing then transferred into a 2 mL 
Eppendorf screw-cap tube. The original container was washed 
out with 0.4 mL of chloroform: methanol (2:1, respectively) 
and added to the appropriate 2 mL Eppendorf screw-cap tube. 
This was followed by the addition of 150 µL of the following 
stable isotope labelled internal standards (approximately 10 to 
50 µM in methanol): Ceramide(C16d31), LPC(C14:0d42), PC 
(C16:0d31/C18:1), PE(C16:0d31/C18:1), PG(C16:0d31/C18:1), 
PI(C16:0d31/C18:1), PS(C16:0d62), SM(C16:0d31) and TG 
(45:0d29). Then, 400 µL of sterile water was added. The 
samples were vortexed for 1 min and sonicated for 30 min, 
and then centrifuged at ~20,000 rpm for 5 min. The organic 
layer (the lower chloroform layer) was collected into a 2 mL 
amber glass vial (Agilent Technologies, Santa Clara California, 
USA) and dried down to dryness in an Eppendorf 
Concentrator Plus system (Eppendorf, Stevenage, UK) run 
for 60 min at 60°C. The dried lipid samples were then recon-
stituted with 100 µL of 2:1:1 solution of propan-2-ol, acetoni-
trile and water, respectively, and then vortexed thoroughly. 
The lipid samples were then transferred into a 300 μL low- 
volume vial insert inside a 2 mL amber glass auto-sample vial 
ready for LC-MS analysis of intact lipid species.

Full chromatographic separation of intact lipids was 
achieved using Shimadzu HPLC System (Shimadzu UK 
Limited, Milton Keynes, United Kingdom) with the injection 
of 10 µL onto a Waters Acquity UPLC® CSH C18 column; 
1.7 µm, I.D. 2.1 mm X 50 mm, maintained at 55°C. Mobile 
phase A was 6:4, acetonitrile and water with 10 mM ammo-
nium formate. Mobile phase B was 9:1, propan-2-ol and 
acetonitrile with 10 mM ammonium formate. The flow was 
maintained at 500 µL per minute through the following 
gradient: 0.00 minutes_40% mobile phase B; 0.40 min-
utes_43% mobile phase B; 0.45 minutes_50% mobile phase 
B; 2.40 minutes_54% mobile phase B; 2.45 minutes_70% 
mobile phase B; 7.00 minutes_99% mobile phase B; 8.00 
minutes_99% mobile phase B; 8.3 minutes_40% mobile 
phase B; 10 minutes_40% mobile phase B. The sample injec-
tion needle was washed using 9:1, 2-propan-2-ol and aceto-
nitrile. The mass spectrometer used was the Thermo 
Scientific Exactive Orbitrap with a heated electrospray ioni-
zation source (Thermo Fisher Scientific, Hemel Hempstead, 
UK). The mass spectrometer was calibrated immediately 
before sample analysis using positive and negative ionization 
calibration solution (recommended by Thermo Scientific). 
Additionally, the heated electrospray ionization source was 
optimized at 50:50 mobile phase A to mobile phase B for 
spray stability (capillary temperature; 380°C, source heater 
temperature; 420°C, sheath gas flow; 60 (arbitrary), auxiliary 
gas flow; 20 (arbitrary), sweep gas; 5 (arbitrary), source 
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voltage; 3.5 kV. The mass spectrometer resolution was set to 
25,000 with a full-scan range of m/z 100 to 1,800 Da, with 
continuous switching between positive and negative mode. 
Lipid quantification was achieved using the area under the 
curve (AUC) of the corresponding high resolution extracted 
ion chromatogram (with a window of ± 8 ppm) at the 
indicative retention time. The lipid analyte AUC relative to 
the associated internal standard AUC for that lipid class was 
used to semi-quantify and correct for any extraction/instru-
ment variation.

PCA of Lipid metabolites were performed as follows. First, 
undetected lipid metabolites were removed (lipid metabolite 
detected in less than half +1 of the samples). Next, a small 
number (+0.000001) was added to the lipid metabolite data. 
Then, normalized lipid metabolite data were log10 trans-
formed and converted to z-scores. Next, the covariance matrix 
of the data and the first 10 eigenvectors were calculated using 
the function eigs of MATLAB (Mathworks). The projection 
onto the first 10 eigenvectors was calculated for the centred 
data of all samples.

Significant differences in lipid metabolite composition 
between wild type and sid-2 mutants were detected as fol-
lowers. First, undetected lipid metabolites were removed (lipid 
metabolite detected in less than half +1 of the samples) and 
normalized by the total amount of detected lipids. Then, two- 
sample t-tests were performed testing the H0: The data of wild 
type and sid-2 mutant comes from independent random sam-
ples with equal means and the H1: That the population means 
are not equal using the MATLAB function ttest2 with the Tail: 
both setting. Subsequently, the positive false discovery rate 
was estimated for multiple hypothesis testing using the testing 
correction based on Benjamini and Hochberg [80] using the 
MATLAB function mafdr.
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