
Chapter 7
Uptake and Reaction of C. elegans
to Environmental RNAs

Ahmed Waqas and Ge Shan

Abstract Relation between animals and bacteria is just like marriage made by
evolution. For Caenorhabditis elegans, bacteria are part of their food as well as the
environments. In recent decades, C. elegans has been extensively used as a model
organism for studying host–microbiota interactions. As dsRNAs expressed in E.
coli, which is the laboratory food of C. elegans, can trigger RNAi in the worm, it is
possible that bacteria could use their own RNAs to affect the physiology of C.
elegans. The recent studies provide insights into these speculations. Our lab have
demonstrated that some of the noncoding RNAs of E. coli modulate gene
expression and regulate the life span and sensory response of C. elegans. These
noncoding RNAs may be processed into tiny RNAs of *17–18 nucleotides
(nt) and utilize a distinct although partially overlapping pathway with the canonical
feeding RNAi, which is triggered by exogenous double-stranded RNAs. There is a
need for more studies and discussions about the interaction between C. elegans and
RNAs in the environments, as a lot of details and mechanisms are still unknown.

7.1 Introduction

The discovery of RNA interference (RNAi) phenomenon dates back to late 1980s
and 1990s, and researchers were trying to find the trigger of the RNAi (Meng et al.
2013). It was found that gene specific double-stranded RNA (dsRNA) is the most
effective molecule to trigger RNAi in 1998 (Fire et al. 1991, 1998; Fischer 2010). In
the 1998 research by Fire et al., potent RNAi was induced in a lot of cells by
injecting the dsRNA into the body of C. elegans (Fire et al. 1998). This finding not
only demonstrates the key roles of dsRNA in the RNAi but also points out that there
is a pathway for uptaking and spreading exogenous RNAs in C. elegans.
Alternative administration methods of RNAi in C. elegans by feeding or soaking
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were soon established (Liu et al. 2012; Meng et al. 2013). In feeding RNAi,
engineered E. coli bacteria expressing gene specific dsRNA are given as food to the
animal whereas in soaking RNAi worms are soaked in solution of dsRNA (Tabara
et al. 1998; Timmons and Fire 1998). RNAi by injection, feeding, and soaking
highlighted that environmental dsRNA (artificially made though) could be uptaken
by intestine cells, and then the exogenous dsRNA or a processed RNAi molecule
could be transported from cell to cell in C. elegans (Whangbo and Hunter 2008).

7.2 Environmental RNAi Pathway of C. elegans

The basic theme of RNAi is destabilizing RNA transcripts and/or inhibiting
translation of mRNA by its interaction with complementary base-pairing dsRNA
(Kong et al. 2007). This process is post transcriptional and induced by dsRNA.
With more than 10 years of research, we have substantial knowledge about the
environmental RNAi triggered by artificially expressed dsRNA. The very first step
is the uptaking of exogenous RNAs from environment to the animal body or cells.
In C. elegans, several genes have been identified by forward genetic approaches,
which are crucial for this phenomenon. Out of multiple mentioned genes, sid-1 and
sid-2 are essential for the uptake of exogenous RNAs to the intestinal cells (Saleh
et al. 2006; Winston et al. 2002, 2007). The mutations in either gene abolished
RNAi through feeding (Whangbo and Hunter 2008). Although sid-1 mutants
showed no response to RNAi by injection, soaking or feeding, sid-2 mutants were
sensitive to RNAi by injection yet were insensitive to feeding or soaking methods
(Feinberg and Hunter 2003; Winston et al. 2002). The expression of sid-1 is mainly
seen in non-neuronal cells while sid-2 is specifically expressed in intestinal cells
(Feinberg and Hunter 2003; Jose et al. 2009).

Structure and function Studies of SID-1 and SID-2 demonstrate that SID-1
function as channel or component of the channel for uptake of dsRNAs (Feinberg
and Hunter 2003; McEwan et al. 2012). On the other hand, SID-2 is assumed to be
receptor or a component of the receptor, which helps SID-1 in uptaking of dsRNAs
to the intestinal lumen (Feinberg and Hunter 2003; McEwan et al. 2012). These
studies show that sid-2 is only needed for the uptake of dsRNA but not for
spreading of RNAi from intestine to other cells, but sid-1 is playing dual role as it is
involved in import of dsRNA as well as spreading of RNAi signal (McEwan et al.
2012). Genes involved in receptor-mediated endocytosis like arl-1, vps-34, and vps-
41 are also linked with environmental RNAi both in C. elegans and Drosophila
(Saleh et al. 2006). Similarly, researchers identified the roles of sid-3 and sid-5 in
environmental RNAi (Hinas et al. 2012; Jose et al. 2012). A study shows that sid-3
plays a role in the import of silencing signal into cells but does not export it out of
cells (Jose et al. 2012). A worm specific protein of 67 amino acids is encoded by
sid-5 with a single transmembrane domain and is found to be colocalized with
RAB-7 and LMP-1, which are late endosomal proteins. SID-5 function is predicted
in transportation of silencing signal out of the intestine (Hinas et al. 2012; Meng
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et al. 2013). Currently, it is not clear whether these proteins are involved in the
same transporting pathway or alternative pathways, or there may be different cargos
being transported by these different proteins.

Once inside the animal cells, dsRNA is processed by dcr-1, which encodes a
bidentate ribonuclease to cut dsRNAs into small interference RNA (siRNA). RNAi
defective gene 1 (rde-1), alg-1, and alg-2 are among the C. elegans Argonaute
genes required for the feeding RNAi and the microRNA pathway. Another rde
genes, rde-2, a gene specific for Caenorhabditis, is required for RNAi and trans-
poson silencing. Rde-4, which encodes a Caenorhabditis-specific dsRNA-binding
protein is essential for the initiation RNAi effect. The effect of feeding RNAi is also
modified by Caenorhabditis specific RNA-dependent RNA polymerase genes such
as rrf-3 (Fischer 2010).

7.3 Endogenous ncRNAs in C. elegans Bacterial Food

Essentially all the research above was performed with recombinant E. coli-
expressing dsRNA. Some small regulatory RNAs are induced in bacteria such as
E. coli under stress conditions. More than 100 small RNAs have been identified in
bacteria so far (Meng et al. 2013). The major functional mechanism of bacterial
ncRNAs is antisense, and by base pairing with target mRNAs, they may result in
mRNA translation activation or inhibition, mRNA stabilization or degradation in
harsh environments such as oxidative stress and low temperature (Gottesman and
Storz 2011; Lalaouna et al. 2013).

Bacteria under stress may utilize all means for the survival of the species. We
reasoned that bacterial RNAs, specifically in our previous research, the ncRNAs in
stressed bacteria might possess a secondary function to interfere with the physi-
ology of C. elegans and some other bacterial foragers, considering that artificially
engineered dsRNAs can induce feeding RNAi in C. elegans.

7.4 Roles of DsrA and OxyS in C. elegans

In 2012, Liu et al. demonstrated the role of the two ncRNAs of E. coli in regulating
gene expression? Or behavior? in C. elegans (Liu et al. 2012). These two ncRNAs
are produced under stress conditions and affect physiology as well as life span of
the worm, respectively. DsrA is an E. coli ncRNA highly induced at low temper-
ature of 25 °C or below. DsrA decreased the life span of C. elegans by inhibiting
the expression of a worm gene, diacylglycerol lipase gene F42G9.6, which is
involved in longevity (Liu et al. 2012). OxyS is an E. coli ncRNA produced under
oxidative stress. This ncRNA affected the behavior of the worms by down regu-
lating the expression of a chemosensory gene, che-2 (Meng et al. 2013).
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OxyS harbors a 17 nucleotide (nt) complementary sequence with C. elegans che-
2 mRNA, and this sequence is distinct from the functional sequences of OxyS for
base-pairing to target transcripts in E. coli. Down regulation of che-2 requires the
17 nt complementary sequence in OxyS, and is carried out with the involvement of
alg-1 and rde-4. An ABC transporter gene, haf-2 was found to be another key
player in the effect of OxyS (Liu et al. 2012). DsrA shares a 27 nt sequence (with 4
nt mismatch) with F42G9.6 mRNA. Small RNAs antisense to this 27 nt sequence
were identified in the RNA sequencing data available from databases, indicating
that an unknown RNA-dependent RNA polymerase might convert DsrA into
dsRNA (Liu et al. 2012; Meng et al. 2013). rde-4 and an ABC transporter gene haf-
6 play vital roles for the targeting of F42G9.6 by DsrA. It was surprising to see that
sid-1 and sid-2 were not necessary for the effects of both OxyS and DsrA (Fig. 7.1).
This research further demonstrated that the effects of OxyS and DsrA in C. elegans
might be mediated by small tiny RNAs of *17–18 nt complementary to the
mRNA target (Liu et al. 2012). When injected into C. elegans, these tiny RNAs
could inhibit the expression of the target gene by lowing the levels of the corre-
sponding mRNA.

It seems that the endogenous ncRNAs of E. coli regulate the gene expression of
C. elegans in ways distinct from the canonical feeding RNAi pathway, which is

Fig. 7.1 The working model for the entry and roles of OxyS and DsrA in C. elegans. The
entry of OxyS and DsrA are SID-1 and SID-2 independent, and they are transported into C.
elegans cells by the ABC transporter HAF-2 and HAF-6, respectively. Presumably, DsrA is
converted into dsRNAs to generate the antisense sequences. Tiny RNAs of *17–18 nt originated
from OxyS or DsrA are antisense to their target mRNA of che-2 or F42G9.6 to inhibit the
expression. CHE-2 and F42G9.6 are genes involved in the C. elegans chemosensory and longevity
respectively. Sequences and proteins known to be essential for the effect of OxyS on che-2
expression are included, and for the effects of DsrA on F42G9.6, only RDE-4 is currently known
to be essential
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initiated by dsRNAs. First, their entry into the animal is not SID-1 or SID-2
dependent, but rather relies on ABC transporters. Secondly, the effects of OxyS and
DsrA may be mediated by tiny RNAs of *17–18 nt, not the typical siRNAs
of *20 nt. Thirdly, although genes involved in dsRNA feeding RNAi such as rde-
4 are required, a lot of genes in the canonical feeding RNAi pathway are not
essential for the effects of OxyS and DsrA.

Several studies showed that sid-1 and sid-2 may not be essential even for
environmental RNAi triggered by dsRNA (Dalzell et al. 2011; Ghedin et al. 2007).
The parasitic filarial nematode Brugia malayi is competent for environmental
RNAi, although there is no sid-1 and sid-2 homologs in its genome (Ghedin et al.
2007). Survey for orthologs of C. elegans RNAi pathway components in multiple
nematode species revealed that most of the C. elegans genes for uptaking and
spreading of the exogenous dsRNA are absent in these species, including those
nematodes competent for environmental RNAi (Dalzell et al. 2011). It is possible
that either these genes might be fast evolving or animals might have evolved
alteRNAtive pathways for the uptaking of environmental dsRNA.

In 2015, Akay and colleagues published a research report examining effects of
E. coli OxyS in C. elegans (Akay et al. 2015). Although not noticed by these
authors, data from this research showed a switch for small RNAs in C. elegans with
sequences corresponding to OxyS from shorter (� 21 nt) to longer (� 22 nt) RNAs
between wildtype and rde-4 worms. This finding is in consistent with the prvious
indications that *17–18 nt tiny RNAs are the mediator of OxyS effect in C.
elegans. Although they did not show reads of the 17 nt RNAs, levels of 18 nt small
RNAs decreased significantly in rde-4 mutant worms. When examining che-2
mRNA, the authors showed a degree of variation but not statistically different levels
in adult worms fed with OxyS expressing bacteria, compared to worms fed with
bacteria without OxyS RNA (Akay et al. 2015). Besides the difference in the
bacteria strains used, there is also difference in the stage of worms used in this
research as contrast to research of Liu and colleagues (Liu et al. 2012). Younger L3
worms were examined in the 2012 paper, and it is possible that the suppression in
che-2 mRNA levels by OxyS is not significant in older (L4 and adult) worms.
These two researches actually agree in that OxyS does not trigger the canonical
feeding RNAi pathway in C. elegans.

7.5 Natural Food and Environments of C. elegans

When reviewing the uptake and reaction of C. elegans to RNAs in their food and
environments, we have to discuss what the natural food and environments are for
this animal. It is surprising that we have very limited information about the real life
of C. elegans in wild.

Although C. elegans is mostly raised on E. coli in laboratories, these bacteria are
not a major C. elegans food source in nature (Kiontke and Sudhaus 2006).
Caenorhabditis species including C. elegans may be associated with other
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invertebrates or vertebrates for transportation, and may grow and reproduce on
microorganism-rich organic material. In addition, in a confined laboratory space,
mice could spread C. elegans and E. coli (e.g. E. coli inside mice) (Liu et al. 2012).
Even E. coli may not be a major natural food of C. elegans, it remains possible that
this bacterial species is on the menu of the nematode (Liu et al. 2012). Bacteria
maybe found in the living environments of C. elegans such as Bacillus mycoides
may also utilize their ncRNAs to interfere with gene expression of C. elegans (Liu
et al. 2012).

One would expect that Caenorhabditis species and their bacterial food would
endure cycles of “good” and “bad” time, and they have to “consider” each other in
their life and evolutionary history. We speculate that ncRNAs in the food and
environments of C. elegans could play roles possibly through a noncanonical
feeding RNAi pathway in the co-evolution of worms and bacteria. It has been
shown that OxyS and DsrA have protective effects on E. coli under the foraging
pressure of C. elegans in a laboratory setup (Liu et al. 2012).

7.6 Conclusions and Future Perspectives

ncRNAs play vital roles in many life events in both eukaryotes and prokaryotes
(Castel and Martienssen 2013; Hu et al. 2012; Lee 2012; Li et al. 2015; Ulitsky and
Bartel 2013). The phenomenon of environmental RNAi demonstrates an inter-
species role of ncRNA. Environmental RNAi pathway initiated by bacterial
ncRNAs such as OxyS and DsrA is partially overlapping although distinct from the
previously characterized feeding RNAi pathway triggered by exogenous dsRNA in
C. elegans. The interspecies effects of OxyS and DsrA, secondary to its primary
regulatory roles in bacterial stress responses, may have been formed as secondary
adaptation during the course of co-evolution between bacteria (for example, E. coli
and B. mycoides) and bacteria forager (for example, C. elegans). In C. elegans,
small RNA pathways are very complex indicated by the expansion of Argonaute
gene family in this animal. More target oriented studies will be helpful to under-
stand the molecular pathway underneath the environmental RNAi triggered by
bacterial ncRNAs.

A lot of unknowns are present for the effects of OxyS and DsrA in C. elegans.
Whether and how ABC transporters play roles in environmental RNAi are still
elusive. How OxyS and DsrA are processed in C. elegans, and how the resulting
small RNAs modulate the gene expression are unclear. Presumably, C. elegans has
to coordinate the effects of environmental RNAi and the effects initiated by their
own small RNAs, and we know little about this. These intriguing questions demand
vigorous research. DsRNAs, sRNAs such as OxyS and DsrA, or some other species
of RNAs may go through different pathways.

Nevertheless, two E. coli endogenous ncRNAs, OxyS and DsrA, altered the
physiology of C. elegans through regulating gene expression of the animal. Both
ncRNAs are expressed in E. coli under stress conditions, and may protect E. coli
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from overforaging by C. elegans. It remains to be seen how many other ncRNAs in
the environments of C. elegans elicit this kind of effects in the life or even the
evolutionary history of C. elegans in nature.
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