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Abstract We report here on the use of RNA interference
(RNAi) to create pupal and adult loss-of-function
phenotypes in the red flour beetle, Tribolium castaneum,
by injection of double-stranded RNA (dsRNA) into late
instar larvae (we refer to this method as larval RNAi).
RNAi is well-established as a useful method to mimic
loss-of-function phenotypes in many organisms including
insects. However, with a few exceptions (such as in the
fruit fly Drosophila melanogaster), RNAi analysis has
usually been limited to studies of embryogenesis. Here we
demonstrate that injection of green fluorescent protein
(GFP) dsRNA into the larval body cavity can inhibit GFP
expression beginning shortly after injection and continu-
ing through pupal and adult stages. RNAi analysis of the
Tc-achaete-scute-homolog (Tc-ASH) revealed that larval
RNAi can induce morphological defects in adult beetles,
and also that larval RNAi affects the entire body rather
than being localized near the site of injection. The larval
RNAi technique will be useful to analyze gene functions
in post-embryonic development, giving us the opportunity
to study the molecular basis of adult morphological
diversity in various organisms.
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Introduction

The discovery of RNA interference (RNAi), in which
double-stranded RNA (dsRNA) suppresses the translation
of homologous mRNA (Fire et al. 1998), has had a huge
impact on evolutionary developmental biology by en-
abling the analysis of loss-of-function phenotypes in
organisms in which classical genetic analysis is laborious

or not possible. In the red flour beetle Tribolium
castaneum, two methods of RNAi have been reported:
embryonic RNAi (direct injection of dsRNA into an
embryo; Brown et al. 1999) and parental RNAi (injection
into a female pupa’s haemocoel; Bucher et al. 2002).
Although these techniques have been successfully used to
examine both conserved and divergent developmental
mechanisms (e.g., Brown et al. 2002; Schroder 2003), they
are primarily useful for studies of embryogenesis. In some
cases, the effects of parental or embryonic RNAi do not
persist through pupal and adult development. In addition,
many developmental genes are used repeatedly in different
places and at different developmental stages. Knocking
down these genes often induces developmental arrest at an
early stage. Therefore, analysis of the function of these
genes at later stages of development has been difficult.
Here we show that injection of dsRNA into the body
cavity of beetle larvae (larval RNAi) can induce the RNAi
effect in larval and pupal tissues, and can produce
morphological defects in adults.

Materials and methods

Beetle strains

Beetles were raised in whole wheat flour (+5% yeast) at
30°C. The pu11 enhancer-trap line, which was referred to
as Pig-23 in Lorenzen et al. (2003), was used for the
injection. This insertion results in green fluorescent protein
(GFP) expression in the wing and elytra discs.

dsRNA synthesis

Double-stranded RNA was synthesized using the Ambion
MEGAscript high yield transcription kit. Templates for the
in vitro transcription were prepared by PCR using gene-
specific primers with the T7 polymerase promoter se-
quence at their 5′ end. The resulting PCR products have
the T7 polymerase promoter site at both ends. About 1 μg
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template was used for a 20-μl in vitro transcription
reaction. The reaction mix was incubated for 4–5 h at
37°C, followed by 15 min of DNase I treatment. The
reaction mix was then purified and concentrated by
phenol:chloroform extraction and isopropanol precipita-
tion. Usually 10 μl 7–10 μg/μl dsRNA was obtained by
these procedures. The primers we used in this work are as
follows.

GFP RNAi
GFPiF2 TAATACGACTCACTATAGGGCGATGCCACCT

GFPiR1 TAATACGACTCACTATAGGGTCAGCTTGCCG

GFPiR2 TAATACGACTCACTATAGGGCACGGGCAGCT

GFPiR3 TAATACGACTCACTATAGGGTGGTCACGAGG

GFPiR4 TAATACGACTCACTATAGGGTGTCGCCCTCG

GFPiR5 TAATACGACTCACTATAGGGCGGACTGGGTG

Tc-ASH RNAi
ACiF1 TAATACGACTCACTATAGGGAACGAAACCGAGTCA
ACiR1 TAATACGACTCACTATAGGGACTTTTCGGTTCGTAA

Injection into beetle larvae

Injection into beetle larvae was performed under a
dissecting stereomicroscope (Leica MX8). Larvae were
anaesthetized with ether for 3–4 min, and were then

aligned on a glass slide with double-stick tape on it. We
injected dsRNA into the dorsal side of the first or second
abdominal segment of each larva, using a standard
Narishige micromanipulator with HI-7 stainless steel
needle holder and a 10-μl glass capillary tube (Idaho
Technology) pulled by a Narishige needle puller. About
0.4–0.5 μg dsRNA (or as described in the text) was
injected into last (or next-to-last) instar pu11 larvae just
prior to the onset of GFP expression in the wing and elytra
discs. Injected larvae were removed from the slide and
raised in whole wheat flour (with 5% yeast) at 30°C until
the proper stage for analysis.

Results and discussion

To explore the possibility of larval RNAi in beetles, we
first injected the dsRNA for GFP into pu11 larvae. pu11 is
a transgenic line which has GFP expression in the wing
and elytra imaginal discs of the larva and pupa as a result
of an enhancer trap, as well as in the eye due to the
presence of the 3XP3 artificial Pax6 element (Lorenzen et
al. 2003; Fig. 1a). We injected approximately 0.4–0.5 μg
dsRNA into the dorsal side of the first abdominal segment
of last (or next-to-last) instar pu11 larvae (sixth to seventh
larval stage) just prior to the onset of GFP expression in
the wing and elytra discs. We tried five different sizes of
dsRNA (31, 69, 91, 256 and 520 bp of EGFP sequence
with additional T7 sequence). All five caused loss of GFP
expression in the larval, pupal and adult stages (Fig. 1b for

Fig. 1 The effects of dsRNA injection into Tribolium larvae. apu11
larvae, pupae, and adults after injection with buffer early in the last
larval stage. Green fluorescent protein (GFP) expression in these
individuals is identical to non-injected pu11 beetles (Lorenzen et al.
2003). Arrowheads mark GFP expression in wing and elytra discs of
one larva and the larval eye is indicated by an arrow. Wing and
elytra GFP expression in pupae is stage-specific, with early pupae
showing little or no GFP. This is also seen in non-injected pu11
pupae, and is not due to buffer injection. bpu11 individuals injected
with GFP dsRNA (at the same stage as the buffer injection). All

GFP expression in larval, pupal and adult stages is gone except for
that in the larval eye (arrow). This expression can be explained by
the stability of GFP protein produced before injection of dsRNA. c
Larvae injected with various concentrations of GFP dsRNA.
Injection of 50 pg dsRNA in each larva induces almost perfect
silencing in most larvae (i), but faint GFP expression is occasionally
seen (ii, arrows). Injection of 5 pg/larva produces a much weaker
silencing effect (iii). Beetles are oriented with anterior up (a, b) or
to the left (c)
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520 bp, and data not shown). No other obvious phenotype
was observed, suggesting that the RNAi effect is se-
quence-specific. Interestingly, the silencing effect lasts at
least 2 months (data not shown), suggesting that some
amplification and/or maintenance mechanism may exist.
We also tried lower concentrations of dsRNA (resulting in
a dose of approximately 50 ng, 5 ng, 500 pg, 50 pg, and
5 pg for each larva). To our surprise, the silencing effect
can be seen even at 5 pg/larva, although the effect is much
weaker than for higher doses (Fig. 1c). We have

subsequently noticed that the amount of dsRNA required
to produce an RNAi effect varies depending on the gene
(Y. Tomoyasu and R.E. Denell, unpublished data). There-
fore, it may be necessary to optimize the concentration of
dsRNA for each gene. Nevertheless, these data clearly
show that RNAi can be induced by the injection of dsRNA
into the larval body cavity in Tribolium.

To determine whether the larval RNAi effect is local or
systemic, we next used dsRNA from Tc-achaete-scute-
homolog (Tc-ASH; Wheeler et al. 2003). In Drosophila,

Fig. 2 The systemic effect of
larval RNAi revealed by Tc-
achaete-scute-homolog (Tc-
ASH) RNAi phenotypes. Non-
injected pu11 adult (a, c, e, g)
and a pu11 adult in which Tc-
ASH dsRNAwas injected during
the last larval stage (b, d, f, h).
Ventral view of the head and
first thoracic sternum (a, b) and
dorsal view of pro- and meso-
notum (c, d). The entire wild-
type adult cuticle is covered by
small indentations, each of
which is associated with a sen-
sory bristle (a, c). There is also a
fringe of large bristles between
the head and thorax (arrow in
a). In Tc-ASH dsRNA injected
beetles, the cuticle is completely
smooth (b, d) and has few
sensory structures. The large
bristles between head and thorax
are also missing (b). e, f Mag-
nified image of the distal an-
tenna. The antenna of a Tc-ASH
dsRNA injected beetle (f) is
lacking many sensory bristles
compared with wild-type (e).
Note that the disk-like sense
organs (El-Kifl 1953) are still
formed (arrowheads in f), sug-
gesting that these structures are
either Tc-ASH-independent or
were already specified before
dsRNA injection. g, h Tibia and
tarsus of the third thoracic leg,
which is covered by sensory
bristles in wild-type (g). Some
of these bristles are indicated by
arrowheads. The apical tibial
spur is also indicated by the
black arrow (g). Almost all of
these sensory structures are ab-
sent in the Tc-ASH dsRNA
injected leg (h). It is interesting
that the tarsal claw (outlined
arrow in g) is also missing in
Tc-ASH RNAi beetles (arrow in
h), suggesting that formation of
the claw is Tc-ASH-dependent.
Beetles are shown with anterior
(a–c) or distal (e–h) to the left
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achaete (ac) and scute (sc) are important for formation of
sensory structures such as the bristles of the adult cuticle
(Campuzano et al. 1985). The adult beetle is covered by
numerous bristles (Fig. 2a, c, e, g) that we used as
landmarks to monitor the effective range of larval RNAi.
We injected Tc-ASH dsRNA (using the same injection
position and larval stage as for GFP RNAi) and observed
that the resulting Tc-ASH RNAi adults lacked all sensory
bristles (Fig. 2b, d, f, h). These data indicate that Tc-ASH
function is conserved in the development of adult sensory
bristles in beetles, and also show that larval RNAi affects
the epidermis of the entire body rather than being localized
near the site of injection. This systemic effect might have
the advantage over clonal analysis in producing whole
animal phenotypes.

The mechanisms behind the systemic and long-lasting
aspects of larval RNAi are still unknown. In honeybee,
Apis mellifera, RNA detected even 15 days after injection
is similar in size to that introduced (about 500 bp; Amdam
et al. 2003). This RNA does not appear to be the product
of the degradative PCR mechanism described in Lipardi et
al. 2001. This might suggest the existence of a novel
dsRNA maintaining mechanism in insects. It is also
possible that the genes important for the systemic aspect of
RNAi in Caenorhabditis elegans (such as the sid-1 gene
which is lacking in Drosophila) are conserved in Tribo-
lium (Winston et al. 2002). Since parental RNAi (i.e.,
systemic RNAi involving oocytes) is effective in other
insects (Bettencourt et al. 2002; Liu and Kaufman 2004)
and a polychaete worm (mentioned as a personal
communication in Bucher et al. 2002), these genes may
be more widely conserved among the Metazoa than
previously thought. This suggests that larval RNAi might
also be applicable to these organisms. The larval RNAi
technique will give us the opportunity to explore gene
functions during later stages of development even in non-
classical model organisms, leading us to a deeper under-
standing of the developmental basis of adult morpholog-
ical diversity.
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