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Effectiveness of specific RNA-mediated interference through
ingested double-stranded RNA in Caenorhabditis elegans
�����������	
����
������
	�����������������
������
��������
������
���

���� ������

��!�


���
���"�#���$���%����&��	�	�	���'����
��	(��)����*
��!���+���������
	����������*
��!����,-�./���'�0

��

��������$�"� ������

��!�
0�1�����"�2��3����0*��0$��0�$0�4

Abstract

Background: In Caenorhabditis elegans, injection of double-stranded RNA (dsRNA) results in the
specific inactivation of genes containing homologous sequences, a technique termed RNA-
mediated interference (RNAi). It has previously been shown that RNAi can also be achieved by
feeding worms Escherichia coli expressing dsRNA corresponding to a specific gene; this mode of
dsRNA introduction is conventionally considered to be less efficient than direct injection,
however, and has therefore seen limited use, even though it is considerably less labor-intensive.

Results: Here we present an optimized feeding method that results in phenotypes at least as
strong as those produced by direct injection of dsRNA for embryonic lethal genes, and stronger
for genes with post-embryonic phenotypes. In addition, the interference effect generated by
feeding can be titrated to uncover a series of hypomorphic phenotypes informative about the
functions of a given gene. Using this method, we screened 86 random genes on consecutive
cosmids and identified functions for 13 new genes. These included two genes producing an
uncoordinated phenotype (a previously uncharacterized POU homeodomain gene, ceh-6, and a
gene encoding a MADS-box protein) and one gene encoding a novel protein that results in a high-
incidence-of-males phenotype.

Conclusions: RNAi by feeding can provide significant information about the functions of an individual
gene beyond that provided by injection. Moreover, it can be used for special applications for which
injection or the use of mutants is sometimes impracticable (for example, titration, biochemistry and
large-scale screening). Thus, RNAi by feeding should make possible new experimental approaches for
the use of genomic sequence information.
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Results
Establishment of optimal RNAi feeding conditions
+�������������
��8=9�)�
�	����$
�*�������	
���)�
��5�����

�
�$
� *�$	�
��� ���
�����!� ���5�� �
�� )��� 	���� �������0� �

)
�!���	�$�

��������!�	��	
��!�����)���	�
��	����$��������	�

�� )�����!� ��$	�
� 6A===B7� *�	����� 	��� +C� �
���	�
�� ��

����
	��� �
���	�	���� ���� ��� 	
���)�
���� ��	�� �� *�$	�
���

�	
����$�

(��!�&�+������$�*������
��������)�+C����(��
���

8=90���$��	�(��+�������������
��������
�����	
�	������)���

�� ���

 �	
���� 6>+..?6D1<77�� �
�$
� ��$4�� ���*����	
����

���$�)�$� �5���� &&&�� ���
����� 	
�� �*���	(� 	�� �
���$�� �5��

�
���	(���� *(� )�����!� 6A0� +������� ���� �0� ��
��� ��
�����

$������$�	���;�������!�
� .70

+�� ��	�
����� )�����!� $����	����� 	
�	���������� �*��
��*��

�
���	(�������� �	�
	�����	
� 	
�� ����	��!�A===B���$	�
� ���

�	
����>+..?6D1<7�������
���������*�
��)���
���	�
��	
�	

$������))�$	�	
���))�$���$(��)��5��0�#��$
����	������	����	��	

!�����	
�	���
�����(�	������("��������)�
��
�$
���	��	���
�

��*
(���$� ��	
���� ���� �������� �
�$
� 
����	�� ��� �� ���	�

��*
(���$� ��$��
����	��� �
���	(��� 6'�$7�� ��� ��	�
�����

*(�����	������	��	������*(��5���8=�C90�#��)�
�	� 	��	�����)�

)�
��	� ��	
���� �)� ����$	���� ��	
� ����
��(�	
��!���$	�����

6&�+�7� 	�� ���� �)� 	
��� ������ �))�$	� 	
�� �5��� �
���	(���

�*��
���0�'�����$���*�$	�
����
���$�������
���	(�����*�	�

�����
�	�������$	���(�� ��$
��
�����*�(� �	
��!�
���	
��

�)� ����$	���� 
����	��� ��� �� ����
� ����	
��$�� �)� �
���	(����

$������	��!� ��� BE� �
���	(��� )
��� ���
��!
	� ����$	���� ��

$��	�
�� 6+�*�� .70� +
�� *��	� ����$	������	
������� 	�� !
��

*�$	�
������$��	�
����	
��	�����$	�����	�������	
����*�$	�
��

��	�����	���$��	�����!�&�+�������	
���	����$�*�	�����
��!
	

�	� 
���� 	����
�	�
�;� ��	
� 	
��� ��	
���� ����� �
���$��

.BBE� ����� ��*
(��� ���� ������ �
���$��� FFE� '�$�0� +�

)�
	
�
� 	��	� 	
��� ���� ����$	���� ��	
���� ��� )��� 	��� ��
�

!����������� ���������;���	�	����� ��� ��	
�
� !���� 
����	� ��

��*
(���$� ��	
���	(� 8G�F90� '���!� ��
� ��	������� ����$	���

$����	������ )�����!� ����� ���� �����
 
����	��� ��� .BBE� ���

F@E� ����� ��*
(���� 
����$	����(�� ������
� 	�� 	
�� 
����	�

�*	��������	
��������	��	��6+�*�� .70

+����	�
�����	
����	�����$��$��	
�	�����)�&�+��)�
��
���$�

��!� �5��� �
���	(����� ��� 	�	
�	��� 	
�� &�+�� $��$��	
�	���

)
��� .B ��� 	�� . ��� ����� ��� &�+�0� #�� )����� 	
�	� . ��

&�+�� !���� ��� 	
�� 
�!
��	� ����	
��$�� �)� �
���	(���

6+�*�� -70�&������	��������	��	���	
���))�$	��)��������*�$	�
���

�����	(�����!
��	
��
�������	
���*���	(�	��!���
�	���
����

	(���;� )�
� *�	
� �����
 ���� �������� ��	�
�	��� $��	�
��� �
��

��$��� �
���	(���� ��� ����� ��� ��!��
���� *�$	�
��� 6���� 	
�

��	�
�����������	
������$	���70�#�������$����
���)�����!

�	� .?H����
����--H������ )����� 	
�	���	
��!
� 	
�
�� ��� ����

!�������$�)�$���
��	���� ����5����))�$	��������*�	�����	
���

Figure 1
L4440 double-T7 vector inside HT115 RNase-deficient
E. coli. A fragment from the gene of interest is amplified by
PCR and cloned into the L4440 double-T7 vector, which has
two T7 promoters in inverted orientation flanking the
multiple cloning site [4]. Cloned plasmids are transformed
into HT115(DE3), an RNase III-deficient E. coli strain with
IPTG-inducible expression of T7 polymerase (L. Timmons
and A. Fire, personal communication).
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Table 1

Induction methods for RNAi by feeding

Non-Ind Ind (1) Ind (2) Ind (3) Ind (4)

n % Phe n % Phe n % Phe n % Phe n % Phe

gpb-1 546 0 530 100 309 84 442 97 346 0

unc-22 422 0 255 99 179 80 ND ND ND ND

par-1 ND ND 313 100 263 100 ND ND ND ND

par-3 ND ND 391 96 325 11 ND ND ND ND

Four different methods were compared to determine optimal induction
conditions for RNAi; non-induced (Non-Ind) bacteria were also included
for comparison. Induction conditions (Ind) were as follows: (1) Bacteria
were induced on plates with IPTG at room temperature overnight;
(2) bacteria were induced in culture at 37°C for 2 h; (3) bacteria were
induced on plates with IPTG at 37°C overnight; (4) bacteria were induced
in culture at 37°C overnight (see the Materials and methods section for
detailed protocols). gpb-1, par-1 and par-3 were scored for percentage of
dead embryos, unc-22 was scored for percentage of worms with an
uncoordinated phenotype. Data shown represent the progeny of three
fed worms. ND, not done; n is the number of worms or embryos scored;
%Phe, percentage of worms or embryos with phenotype.

Test
gene

Figure 2
Tissue susceptibility to RNAi by feeding. Worms with a
transgenic GFP reporter gene expressed in all somatic
tissues (egl-27::gfp) were fed (a) non-dsRNA expressing
bacteria or (b-e) bacteria expressing gfp dsRNA for (b)
24 h, (c) 48 h, (d) 72 h, or (e) 96 h. After being fed for 24 h,
GFP expression was markedly reduced (b) compared to
similarly treated unfed worms (a). (c) Of worms fed for
48 h, none had any visible non-neural GFP expression, and
20/22 (91%) had reduced levels of neural GFP. (d) After
72 h, 93% had no non-neural somatic GFP expression (the
remaining 7% had very weak expression), and 28/30 (93%)
had reduced neural GFP. (e) Finally, after being fed for 96 h,
no worms had any non-neural GFP expression, and 26/27
(96%) also had reduced levels of neural GFP compared with
similarly treated unfed worms. The head of each worm
(from the nose to the posterior pharynx), which contains
the majority of the neurons in the animal, is indicated with a
bracket.

Table 2

Hypomorphic RNAi phenotypes produced by titration of IPTG
concentration 

Concentration of IPTG

0 1 pM 1 nM 1 �M 1 mM 10 mM

unc-37 Emb 0% 4% 11% 48% 100% 77%
Unc 0% 10% 10% 100% NA 69%

hlh-2 Emb 0% 8% 20% 97% 100% 86%
Unc 0% 13% 9% 100% NA 100%

mei-1 Emb 0% 7% 16% 71% 100% 71%
Male 0% 0% 6% 8% NA 3%

rba-2 Emb 56% 100% 100% 100% 100% 100%

Four genes were tested to determine whether reducing the
concentration of IPTG used to induce the bacteria could elicit
hypomorphic phenotypes from worms escaping embryonic lethality. The
percentage of embryonic lethality (Emb) was determined from the total
number of progeny, whereas the percentage of uncoordinated (Unc) or
male worms was determined from escapers only. High concentrations of
IPTG (for example 10 mM) overinduce and presumably kill the bacteria,
thus leading to a lower penetrance of strong phenotypes. Data shown
represent the progeny of three fed worms. NA, not applicable.

Test Experimental
gene phenotype



����
� ����	��� �������(� �	��� ��(��!� )�
	������� �!!�;� 	
�����


���� 
��	����(� ����� 	
�� ���!��	� )�����!� 	���� �����*��

6<@�=B 
��
���	�--H�7���
�$
�����
���	
�	�	
������
�������

$��	�����	����(�)�
	��������!!����
��!�	
��	�����������)
��

�
�$
��
�!��(��
������(��� 6	
����*��:���	�-= 
��
�70�#�

)����� 	
�	� C- 
��
�� �	� .?H�� !����� �� ������
� ������ �)� �5��

��
�*�	����)�
����	�!�����6��	����	��
���70�

Titration of RNAi phenotypes by feeding
���(� !����� 
���� �����	
���$� �))�$	�� 
�
 �
�� *�	� 
���� ���

�������	� ��	��	� �
���	(��� 	
�	� ���4�� �	
�
� ��)�
��	���

�
���	(���;� 	
���� ��� ��$����� 	�� ���� �)� ��� $����� ���$�	� ��$


���4��� �
���	(���� *(� 	�	
�	��!� 	
�� $��$��	
�	���� �)� &�+�

�����*(���	��������	
����!
����)��5��0�#��	�	
�	���	
��&�+�

$��$��	
�	����)
���. ���	��. ������	

�����!���$
����	�;�)�


$����
��������������	��	������&�+��6������$��7�����.B ��

&�+�0�#������(����)��
�!�����	
�	�$����������*�(�*��	�	
�	��

	�� �	
�
� ���	��$	� �
���	(���"� �������� �
�$
� 
��� �� 4����

������$���
������	
��	
��!���������
����	��!������*
(���$���	
���

�	(��������4���������
����	��!���������$��
����	���6'�$7��
��

��	(��� 8.B9;� ������� �
�$
� ��� ��*
(���$� ��	
��� *(� �5��

��2�$	���� ���� ��� ���
������ ��� ��������
����
�$�
��
���
�$


����	����(� )�
��	
�����	
�����
���$�
�� 68..9������0 �
�����

��
������ $������$�	���7;� ��
���� �
�$
� ��� 
�:��
��� )�


����	�$� �������� )�
��	���� ���� ��� ��*
(���$� ��	
��� *(��5��

��2�$	�����*�	�)�
��
�$
������4���	��	���������
���$�����
�!
�

��$����$���)������� 6>��7� �
���	(��� 8.-�.<9;� ���� ������� �

��
(��	
��!���*
(���$���	
���!����*(��5�����2�$	�����
�$
���

�����������������
��
��������)��������$����)�	���8.=90

���� )��
� !�������
�� .BBE� ��*
(���$� ��	
��� �	� . ��� &�+�

6+�*�� -70���
�	
��)�
�	�	

���!��������$
�����!�	
��&�+��$���

$��	
�	���� 	�� . I�� 
���$��� 	
�� ��*
(���$� ��	
���	(� ��))��

$���	�(� 	�� ������� 
�!
� ������� �)� �� ��$����
(� �
���	(��0� ��


������ ���� ������� .BBE� �)� 	
�� ��
�����!� ��
�����
�� '�$0

��
���
���� ��>����
���	(������� ����"� GE��)� 	
�� ��
�����!

��
��� ��
�� ������ �
�$
� ��� ��!��)�$��	�(� !
��	�
� 	
��� 	
�

B0?E��
�$
���
����(��
����*(��������2��$	��������������	(��


�
���

���	�� $��	�
�0� ��� ��� )�
	
�
� ��$
������ 	
�� &�+�

$��$��	
�	���� 	�� . ���� 	
���� ������� �)� ��*
(���$� ��	
���	(

	���
����))��������� 	
������	
��$���)� ��$����
(��
���	(���0

#�	
���� &�+������� 	
����
��� )��� 	
����!�����
��������	(��

�
�!��(0� ��
� ������� 
�����
�� ��*
(���$� ��	
���	(� ���

�*��
�����	�����$��$��	
�	������)�&�+�����$�����!�?@E���	
���

�	(���	
��	���(�&�+�0�+
�
�)�
��� 	
����*�$	�
����
�� ��4��(� 	�

���
�����������������)�+C����(��
�������	
���*���$���)�����$�

	������
�$
� ��� ��))�$���	� 	�� �
���$�� ����5��� �
���	(��� )�


�����!����0��
���	
������	������$��$�����	
�	��	���������*��

	��	�	
�	���5����
���	(����*(�)�����!�*�$	�
�������$�����	


��))�
��	�$��$��	
�	������)�&�+����
�$
�
����	���������
�����)


(����
�
�$��������������!����	�����������$���
�����)���	��	�0

RNAi by feeding multiple genes
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Target RNA expression in RNAi-treated
hermaphrodites
+�� ��	�
����� �
�$
� 	������� �
�� ���$��	�*��� 	�� �5��� *(

)�����!�����)���*�$	�
������
�����!�!
����)���
��$��	��
�	���

6���7� ���5�� 	�� 
�
���

���	�� ��
��� ��	
� �� 	
���!���$

��� 
���
	�
� !���� ���
������ ��� ���� ����	�$� 	������

6��������� �;���!�
� -�7� 8.?90��)	�
�*���!� )��� )�
�-= 
��
�

�	�.?H����������
�������������
4���(�
���$���$����
���	�

������
�(� 	
��	��� ��)��� ��
��� 6� ! -G;� $����
�� ��!�
� -*

���� �70� �)	�
� =G 
��
��� ��	
� 	
�� ��$��	���� �)� 	
�� ��
����

�(�	��������������	���	�$	�*��� �������	�$�	������;�)�
	
�
�

��
������
������������
���	�$���(�
���$������F.E��)���
��

6� ! --;� ��!�
� -$70� �� ������
� ������ �)� ��
�*�	���� �)� ���

���
����������� �*��
���� �)	�
� C-� ���� F@ 
��
�� �)� )�����!

6��!�
� -���70���	
��!
�����)���
��$��$�����)�����
������

�*����
��� �
� ����
��(� 
���$���� ���� ���� ����	����

���
�������	�
�!
�������� ��� ��	���	�!����*
(�����
�����)
��

	
���� ��
��� 6��	�� ��	� �
���70� +
��� ��!!��	�� 	
�	� ����

�(!�	�$� ��*
(���$� 	
���$
��	�� ��(� *�� ��))�$��	� 	�� �����$��

�����*�(� *�$����� �� $��	������� �����(� �)� ���5�� $����	� *�

�
�������	

��!
�	
���!!�
���0�&�������
(���5���*(�)�����!

�))�$���	�(������$���!�����������	��� ������� ����	�$�	������;


�����
�� 	
�� ��
����� �(�	��� 
��� �� ����(��� ���� �����
�	

�����
�*��	�
��������	���5���$����
���	���	
�
�	������0

Comparison of RNAi by feeding and injection for
maternal-effect lethal genes
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Quantitative analysis of RNAi by feeding versus
injection
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Table 3

Strength of RNAi by feeding versus injection

Feeding Injection

Test gene n % Phe n % Phe

gpb-1 506 100 175 100

par-1 262 100 293 100

par-2 257 100 288 100

par-3 241 97 540 100

par-6 361 100 348 100

cyk-1 308 55 275 100

skn-1 355 100 311 100

dnc-1 343 100 309 100

bir-1 391 100 403 100

pal-1 393 100 396 100

dif-1 391 100 244 100

plk-1 402 100 239 100

dhc-1 269 100 173 100

mex-3 200 100 256 100

Fourteen known maternal-effect embryonic lethal genes were tested to
determine the efficiency of RNAi by feeding relative to injection for
producing embryonic lethality. Data shown represent the progeny of
three fed worms. n, number of embryos scored; %Phe, percentage of
embryos with embryonic lethality.

Figure 3
Embryonic phenotypes from RNAi by feeding versus
injection. (a) Wild-type N2 embryos divide with the AB
(anterior cell) spindle oriented along the dorso-ventral axis
and the P1 (posterior cell) spindle along the AP axis to
create a four-cell embryo (d). In wild-type embryos, AB is
larger and divides slightly before P1. For par-2, RNAi by both
(b) feeding and (c) injection results in embryos in which AB
and P1 are of equal size and divide synchronously, with both
spindles oriented along the dorso-ventral axis. Embryos in
(a-c) are undergoing the second mitotic divisions. For bir-1,
RNAi by both (e) feeding and (f) injection results in
embryos that do not complete cytokinesis and thus form a
single multinucleate cell. Embryos in (d-f) have undergone
two rounds of mitosis. Anterior is to the left in all panels.

N2

Wild type Feeding Injection

(a) (b) (c)

(d) (e) (f)
AB P1
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Table 4

Sensitivity of RNAi by feeding versus injection

Gene(s) Feeding phenotype Injection phenotype Gene information

K04G2.8a Unc, Bmd, Lvl Emb apr-1 (APC-related)

F18C12.2a Emb, Unc, Mlt, Bmd Emb, Unc, Mlt, Lvl DNA-J domain

ZK265.5,6* Gro Gro G-protein-coupled receptor/unknown function

T01G9.4 Emb, Gro, Clr Emb, Gro kup-2 (unknown function)

T01G9.5 Emb Emb mei-1 (meiotic spindle formation)

T01G9.6a Emb, Gro, Pvl Emb kin-10 (CKII-beta subunit)

F52B5.6 Emb, Ste Emb, Ste Ribosomal protein L25

T19A6.2a Gro Gro Ynr053p-like protein

D1081.2 Unc, Prz Unc MADS domain

D1081.8 Emb Emb Myb-like DNA-binding domain

K02B12.1 Unc, Mlt Gro, Mlt, Lvl ceh-6 (POU homeodomain protein)

K02B12.3 Ste, Gro Ste WD domains

K02B12.8 Him None Unknown function

From chromosome I, 86 random genes from consecutive cosmids were
selected to test the sensitivity of feeding versus injection for detecting
RNAi phenotypes. Of these, 13 gave a phenotype by either method, 13
by feeding and 12 by injection; 11 of these genes have no previously
described mutant or RNAi phenotype. Genes were determined to have a
given phenotype if at least 10% of progeny had that phenotype, except for
sterility, which required an average brood size of less than ten, and the

Him phenotype, which required at least two out of three fed worms to
have >5% male progeny. Bmd, body morphology defect; Clr, clear; Emb,
embryonic lethal; Gro, slow growth; Him, high incidence of males; Lvl,
larval lethal (death at any larval stage); Mlt, molting defect (old cuticle
remains attached); Prz, paralyzed; Pvl, protruding vulva; Ste, sterile; Unc,
uncoordinated. *The fragment used overlaps two predicted genes:
ZK265.5 and ZK265.6.
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Figure 4
Large-scale comparison of RNAi by feeding versus injection. The first 1,200 predicted genes from chromosome I were
screened by feeding [21]. Those genes with a phenotype were subjected to RNAi by injection, and results obtained by the
two methods were compared according to phenotypic class - embryonic lethal (Emb), sterile (Ste), or post-embryonic
(PostEmb; see the Materials and methods section for scoring criteria). Data shown compare results from three worms
subjected to RNAi by feeding or injection.
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