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Reverse genetics using RNA interference 
(RNAi) has become a major tool in 
biological research after its first discovery 
in the nematode Caenorhabditis elegans 
(1). Although there are a few tissues in 
C. elegans that are refractory to RNAi, 
systemic RNAi can be accomplished by 
simply delivering double-stranded RNA 
(dsRNA) into any part of the body of C. 
elegans, since it has the ability to transport 
dsRNA across cell boundaries (2). Several 
methods have been used for delivering 
RNAi, including microinjecting dsRNA 
into worm body tissue (injection RNAi), 
soaking worms in dsRNA-containing 
solution (soaking RNAi), and feeding 
bacteria expressing dsRNA (feeding 
RNAi) (1–3). Among them, feeding RNAi 
has become the favored method because it 

is the most convenient and inexpensive 
(Figure 1A, left panel). Production of 
genome-wide collections of feeding RNAi 
bacteria made genome-wide RNAi-based 
screening possible in C. elegans (4,5). A 
drawback of feeding RNAi is that, in 
contrast to the injection RNAi method, 
the knock-down of more than one gene by 
feeding RNAi may produce poor results 
(4,6). Worms fed a mixture of two kinds 
of bacteria—each expressing dsRNA for 
one gene—often show greatly reduced 
phenotypes for each gene (Figure 1A, 
middle panel) (7). Limitations in one or 
more components of the RNAi machinery 
are commonly believed to cause problems 
when multiple dsRNA species are intro-
duced, but it is likely that other factors 
limit the efficiency of the double feeding 

RNAi method as well. We hypothesized 
that decreased quantities of each dsRNA 
species delivered to the animals would 
result in a dilution effect that reduces 
the manifestation of the corresponding 
phenotype (8). When compared with the 
amount of dsRNA delivered to worms in 
single RNAi, only 50% of dsRNAs for 
each gene would be delivered in double 
feeding RNAi using the mixture of 
bacteria, since the total number of bacteria 
ingested by a worm would be the same. A 
simple solution to this limitation would be 
to feed worms bacteria expressing dsRNA 
for two genes within single cells by using a 
single vector containing DNA fragments 
from both genes, instead of feeding two 
kinds of bacteria (Figure 1A, right panel). 
With this method, the same amount of 
dsRNA for each gene can be delivered 
into worms.

To examine the efficiency of this new 
method, we first chose two target genes for 
double feeding RNAi, gfp and bli-1, whose 
phenotypes are obvious and easy to score. 
We assessed the efficiency of feeding double 
RNAi by feeding C. elegans bacterial cells 
carrying dsRNAs for both genes, compared 
with feeding worms two separate bacteria 
that each carried dsRNA for a single gene. 
We fed dsRNA-expressing bacteria to a 
nematode strain containing an integrated 
daf-16::g fp transgene, TJ356 (9). The bli-1 
gene encodes a collagen involved in adult 
cuticle formation (10,11). Knock-down of 
bli-1 using feeding RNAi with bacteria 
from the feeding RNAi library (5) resulted 
in a strong blistered phenotype with the 
efficiency of 90% (Figure 1B, Table S1). 
However, when bacteria that expressed 
dsRNA of either bli-1 or g fp were mixed 
and fed to worms, the proportion of Bli 
worms was reduced to 30%. In contrast, 
the knock-down efficiency of gfp was only 
slightly lower than that of single RNAi, 
suggesting that not all genes are sensitive to 
the dilution effect. To test the efficiency of 
feeding multiple genes in a single vector, we 
generated an RNAi construct containing 
both bli-1 and g fp in a single vector. 
The worms fed with bacteria expressing 
dsRNA for bli-1 and g fp showed strong 
double RNAi phenotypes including a 
Bli phenotype and no GFP signal as the 
result of successful knock-down of both 
genes (Figure 1B, Table S1). Since only 
bli-1 RNAi showed the dilution effect, 
we examined whether either bli-1 or g fp 
showed the dilution effect when they were 
mixed with control bacteria containing 
the empty vector L4440. When the 
bli-1 RNAi bacteria were diluted with 
the control bacteria, we observed a dose-
dependent weaker phenotype (Figure 1C, 
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RNA interference (RNAi) is a commonly used technique for reverse genet-
ic approaches in Caenorhabditis elegans. Feeding RNAi is the most conve-
nient and inexpensive method for performing genome-wide RNAi screens. 
However, it has been reported that knock-down of two genes (double RNAi) 
by feeding RNAi using a mixture of bacteria that each contained one dsRNA 
species produced poor results. To overcome this problem of inefficiency, we 
designed and tested a double feeding RNAi method using a single RNAi con-
struct containing two gene fragments. From experiments with three different 
sets of genes, we found that the new double RNAi method consistently pro-
duced significantly enhanced double knock-down phenotypes. The double 
feeding RNAi approach described here provides a method to consistently ex-
amine phenotypes caused by depletion of more than one gene in C. elegans.
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Table S2). However, g fp RNAi did not 
show any dilution effect, consistent with 
the experiment described above. These 
data suggest that RNAi of some genes, 
but not all, showed the dilution effect 
and that using a single vector expressing 
two dsRNA species is a way to effectively 
avoid dilution and achieve RNAi effects.

To examine whether the new method 
is also applicable to endogenous genes, 
we tested the RNAi effects of the dpy-5 
and/or mes-3 genes. The dpy-5 gene 
encodes cuticle collagen. When it is 
silenced by RNAi, the resulting worms 

display a Dumpy phenotype (11). mes-3 is 
a maternal-effect gene that, when silenced 
by RNAi, produces sterile progeny (12). 
Single RNAi feeding against dpy-5 or 
mes-3 was effective for producing each 
phenotype. However, when worms were 
fed with a mixture of two kinds of bacteria 
(each expressing dsRNA for either dpy-5 
or mes-3), worms did not show the Dpy 
phenotype. In contrast, the knock-down 
efficiency of mes-3 was not significantly 
different from that seen with single RNAi 
(Figure 2A, Table S3). When worms were 
fed bacteria expressing dpy-5 and mes-3 

dsRNA contained in a single vector, 
the proportion of Dpy worms increased 
significantly (Figure 2A, Table S3).

We also tested the genes oma-1 and 
oma-2, which encode functionally redun
dant zinc fingers. The loss of both genes 
causes the Oocyte Maturation defective 
(Oma) phenotype, which is easily visible 
under a microscope (13). The depletion of 
either oma-1 or oma-2 did not cause the 
Oma phenotype (Figure 2B, Table S3). 
However, depletion of both genes—by 
feeding either a mixture of two kinds of 
bacteria, each expressing one dsRNA, 
or by feeding a single bacteria expressing 
both genes in one vector—caused the 
Oma phenotype. We then fed worms 
the dpy-5 dsRNA–expressing bacteria 
together with bacteria expressing dsRNA 
for the two oma genes and found that the 
Dpy phenotype was decreased consider-
ably, while the Oma phenotype was not 
affected. In contrast, almost all worms 
fed bacteria expressing dsRNA for all 
three genes in single cells showed the 
Dpy phenotype (Figure 2B, Table S3). 
The orders and orientations of the inserts 
did not affect the RNAi efficiency. With 
these data, we suggest that the new 
method is also suitable for endogenous 
genes, especially in cases where double 
feeding RNAi with two separate bacteria 
is ineffective for either one of the genes.

In this study, we were able to accom-
plish the efficient knock-down of two 
genes simultaneously by a simple modifi-
cation to the existing feeding RNAi 
strategy. Our results clearly showed that 
feeding RNAi with a DNA construct 
containing two or three gene fragments 
in one plasmid is efficient and reliable 
in knocking down the functions of the 
genes. The method described here may 
not be necessary for genes that show 
phenotypes by feeding two separate kinds 
of bacteria, but this method provides 
a good means of RNA interference 
for genes exhibiting reduced RNAi 
efficiency due to dsRNA dilution from 
bacteria expressing another dsRNA. 
While performing RNAi in a C. elegans 
strain with enhanced RNAi sensitivity 
(e.g., rrf-3 or eri-1;lin-15B) would be one 
way to improve double RNAi efficiency 
(6), knock-down of the two genes simul-
taneously in a single vector would be 
another good alternative to examine 
phenotypes caused by the disruption 
of two genes. Our method can be more 
useful for those who are concerned that 
a genetic background with enhanced 
RNAi (Eri) sensitivity might alter the 
phenotypes they wish to study.
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Figure 1. The modified feeding RNAi method in C. elegans. (A) A schematic diagram of the modified 
feeding RNAi method. Left panel, the conventional single feeding RNAi; middle panel, double feed-
ing RNAi with a mixture of two bacteria; right panel, the newly demonstrated double feeding RNAi 
method using a bacterial strain expressing dsRNA for two genes. I (B) Average numbers of worms 
that showed Bli phenotype (blue) and no GFP fluorescence signal (red). *, P < 0.01. N.S., not sig-
nificant. (C) Dilution effect of bli-1 and gfp feeding RNAi. (D) The Bli phenotype (top) and GFP phe-
notype (bottom) resulting from feeding RNAi for the genes indicated. The red arrows indicate worms 
showing the Bli phenotype and the white arrows indicate worms showing the non-Bli phenotype. Sets 
of parentheses indicate individual bacterial strains expressing the dsRNA of the indicated gene(s).
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Figure 2. Application of the modified feeding RNAi method to endogenous genes. (A) Quantification of 
worms that showed the Dpy (left panel) and the Mes (right panel) phenotypes. Parentheses indicate 
individual bacterial strain expressing the dsRNA of indicated gene(s). Arrows indicate the 5′-to-3′ 
direction of inserts. (B) Quantification of worms that showed the Dpy (left panel) and the Oma (right 
panel) phenotypes. Parentheses indicate individual bacterial strains expressing the dsRNA of the 
indicated gene(s). The order of the genes written corresponds to their insertion within the vector.  
*, P < 0.001; **, P < 0.002; and ***, P < 0.05. N.S., not significant.


