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The biological functions of individual members of the large family
of chitinase-like proteins from the red flour beetle, Tribolium
castaneum (Tc), were examined by using gene-specific RNAi. One
chitinase, TcCHT5, was found to be required for pupal–adult
molting only. A lethal phenotype was observed when the tran-
script level of TcCHT5 was down-regulated by injection of TcCHT5-
specific dsRNA into larvae. The larvae had metamorphosed into
pupae and then to pharate adults but did not complete adult
eclosion. Specific knockdown of transcripts for another chitinase,
TcCHT10, which has multiple catalytic domains, prevented embryo
hatch, larval molting, pupation, and adult metamorphosis, indicat-
ing a vital role for TcCHT10 during each of these processes. A third
chitinase-like protein, TcCHT7, was required for abdominal con-
traction and wing/elytra extension immediately after pupation but
was dispensable for larval–larval molting, pupation, and adult
eclosion. The wing/elytra abnormalities found in TcCHT7-silenced
pupae were also manifest in the ensuing adults. A fourth chitinase-
like protein, TcIDGF4, exhibited no chitinolytic activity but contrib-
uted to adult eclosion. No phenotypic effects were observed after
knockdown of transcripts for several other chitinase-like proteins,
including imaginal disk growth factor IDGF2. These data indicate
functional specialization among insect chitinase family genes,
primarily during the molting process, and provide a biological
rationale for the presence of a large assortment of chitinase-like
proteins.

functional genomics � gene family � molting defects � wing abnormalities

Chitinases (�-1,4-poly-N-acetylglucosaminidase; EC 3.2.1.14)
are members of the O-glycoside hydrolase superfamily and

are found in many species, including microbes, plants, insects,
and mammals (1). Insect chitinases, which belong to family 18
glycosylhydrolases, have been detected in molting fluid and gut
tissues and are predicted to mediate the digestion of chitin
present in the exoskeleton and peritrophic membrane (PM) in
the gut to chitooligosaccharides (2, 3). Genes and cDNAs
encoding insect chitinases have been identified and character-
ized from several lepidopteran, dipteran, and coleopteran in-
sects (4–6). Even though only one (or occasionally two) chitinase
gene had been previously identified in studies involving many
insect species, database searches of fully sequenced genomes
from Drosophila, Anopheles, and, more recently, Tribolium, have
revealed that each of these insects has a rather large family of
genes encoding chitinase and chitinase-like proteins with 16–23
members, depending on the species (refs. 7 and 8 and unpub-
lished data). Based on amino acid sequence similarity and
phylogenetic analysis, insect chitinase family proteins have been
classified into five or possibly more groups (7, 8). From currently
available data on a large number of biochemically characterized
insect chitinases, we have hypothesized that many and perhaps
all group I insect chitinases are involved in chitinolysis associated
with insect molting. However, the functions of proteins belong-
ing to the other four groups, some of which lack chitinase
activity, have not been explored in detail. In this study, we have
used RNA interference (RNAi) to gain insight into the functions
of several Tribolium chitinase-like genes. This coleopteran is

sensitive to systemic RNAi by single injections of 50- to 200-ng
amounts of dsRNA at any developmental stage (9, 10). We chose
the following genes representing each of the five groups as
targets for RNAi: the group I gene TcCHT5; group II gene,
TcCHT10; group III gene, TcCHT7; for group IV (which has
many members), TcCHT2, -6, -8, -14, and -16; and group V genes,
TcIDGF2 and TcIDGF4. Transcript levels of specific chitinase
genes were shown to be substantially down-regulated by injection
of gene-specific dsRNAs. By monitoring these dsRNA-injected
animals and observing the developmental abnormalities that
ensue, distinct functions for some of these genes have been
identified. Both TcCHT5 and TcCHT10 are involved in molting.
TcCHT5 is required for adult eclosion only, whereas TcCHT10
contributes to every molt and also to egg hatch. TcCHT7 is
required for abdominal contraction and wing expansion after
ecdysis. There were no detectable abnormalities in TcCHT2, -6,
-8, -14, -16, and TcIDGF2 dsRNA-treated insects. Although
Tribolium castaneum (Tc)IDGF4 has no chitinolytic activity, it is
required for adult eclosion. Injection of dsRNA for this gene had
no effect on pupation, but the pupal–adult molt was incomplete
and pharate adults that were trapped in the pupal cuticle
subsequently died.

Results
Expression Profiles of Genes for Tribolium Chitinase-Like Family. To
help determine the optimal time(s) for dsRNA injections, the
expression profiles of Tribolium chitinase-like genes were deter-
mined by RT-PCR by using cDNAs prepared from RNAs
isolated at different stages of Tribolium development [support-
ing information (SI) Fig. S1]. All group IV genes (TcCHT2, -4,
-6, -8, -9, -11, -12, -13, -14, -15, and -16) were expressed mainly
in the feeding stages (larvae and adults). TcCHT4, TcCHT9, and
TcCHT16 were also expressed in the pharate pupal and pupal
stages. The group I gene TcCHT5, group II gene TcCHT10,
group III gene TcCHT7, and group V genes TcIDGF2 and
TcIDGF4 were expressed throughout all stages of development,
from young larvae to adults. TcCHT5 and TcCHT7 were mainly
expressed in the pupal and adult stages. TcCHT10 and TcIDGF4
transcripts were also detected in the embryonic stages.

Specificity of Knockdown of Chitinase Transcripts by dsRNA. To
confirm the specificity of RNAi, dsRNAs for TcCHT2, TcCHT5,
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TcCHT6, TcCHT10, and TcCHT16 were injected into insects in
the penultimate larval instar (200 ng per insect, n � 20), at which
time all of these genes are expressed. RT-PCR analyses of RNA
isolated 3 days after injection showed that each dsRNA sup-
pressed transcript levels of its target gene only, without reducing
transcript levels of nontarget chitinase family genes (Fig. S2).

TcCHT5 Is Required for the Pupal–Adult Molt. All animals injected
with TcCHT5 dsRNA (n � 20) exhibited a lethal phenotype only
at the pharate adult stage, no matter when the dsRNA was
injected (larval, pharate pupal, or pupal stages). The insects died
�5–6 days after pupation. The larval–larval and larval–pupal
molts were normal. At the time of death, the adult cuticle was
visible under the old pupal cuticle. The old pronotal cuticle was
split open, but the animals failed to shed their old cuticles, which
remained attached to their abdomens (Fig. 1A). Buffer-injected
animals showed no phenotypic abnormalities and developed into
healthy adults. RT-PCR analyses carried out by using cDNA
templates prepared from dsRNA-injected insects indicated that
there were no detectable transcripts for TcCHT5 when dsRNA
for TcCHT5 was injected into either penultimate instar or last
instar larvae (Fig. 1B). The transcript knockdown efficiency in
pharate pupae was lower when compared with larvae, but,
nonetheless, a pupal–adult lethal phenotype was observed in all
dsRNA-injected animals. Injection of dsRNA for TcCHT5 into
young adult females had no effect on their morphology, survival,
or number of eggs laid.

TcCHT10 Contributes to Larval–Larval, Larval–Pupal, and Pupal–Adult
Molting and Egg Hatch. Preliminary experiments with Tribolium
GA-1 strain larvae indicated that, unlike dsRNA for TcCHT5,
injection of dsRNA for TcCHT10 resulted in two different
terminal phenotypes, presumably because of differences in de-
velopmental stage at the time of injection (data not shown). For
subsequent larval injections, the Pig-23 strain of Tribolium was
used, which allows more precise discrimination between penul-
timate and last instar larvae. This strain carries an EGFP
transgene under the control of an eye-specific promoter. The

transgene is inserted near an imaginal disk enhancer, which leads
to expression of EGFP in the imaginal discs only in the last instar,
which is easily detectable under fluorescence microscopy. When
dsRNA for TcCHT10 was injected into penultimate instar larvae,
they failed to molt to the next larval instar. Apolysis and slippage
of the old cuticle was visible, but these insects failed to complete
ecdysis. The beetles died, apparently when they tried to molt to
the last larval stadium, because there was no EGFP expression
in the wing imaginal discs (Fig. 2A, ‘‘penultimate instar larvae’’).
When these insects were dissected and examined, a newly
synthesized larval cuticle was observed under the old cuticle
(data not shown). When TcCHT10 dsRNA was injected into last
instar larvae, pupation was affected (Fig. 2 A, ‘‘last instar lar-
vae’’). The pupal cuticle was fully developed under the loosened
larval cuticle that remained attached to the lower abdomen (data
not shown). EGFP expression was observed in the wing imaginal
discs, confirming that developmental arrest had occurred at the
last larval instar. Injection of TcCHT10 dsRNA also prevented
pupal–adult molting. These insects developed into pharate
adults when dsRNA for TcCHT10 was injected into pharate
pupae, but they failed to shed their old pupal cuticle (Fig. 2 A,
‘‘pharate pupae’’). When dsRNA for TcCHT10 was injected into
female adults, there was no observable effect on adult morphol-

Fig. 1. Effect of dsRNA for TcCHT5 on larval, pupal, and adult development
in Tribolium. (A) Typical terminal phenotype produced by injection of dsRNA
for TcCHT5 (Right). Injection of dsTcCHT5 (200 ng per insect) into penultimate
and last instar larvae, as well as pharate pupae, prevented only the pupal–
adult molt. Larvae (n � 20) injected with buffer developed normally into
pupae and then into adults (Left). The red slash across the image indicates the
phenotype of the insect at the time of death. (B) Effect of dsRNA for TcCHT5
on transcript levels. Three to 4 days after injections, four insects from each
treatment at the indicated stage of development were collected for total RNA
preparation, followed by RT-PCR. Another reaction with a pair of primers for
polyubiquitin gene was used as the internal loading control.

Fig. 2. Effect of dsRNA for TcCHT10 on embryonic, larval, pupal, and adult
development and egg hatch of Tribolium. The Pig-23 strain that has an EGFP
tag to identify last instar larvae was used in this experiment. (A) dsRNA for
TcCHT10 (200 ng per insect, n � 20) was injected into penultimate- or last-
instar larvae, pharate pupae, or adult females as indicated above each image.
All TcCHT10 dsRNA-injected animals died at the ensuing molt. Terminal
phenotypes are shown. The left two sets of images (injections into penulti-
mate and last instar larvae) show the same two individuals viewed microscop-
ically under visible light (specimen on the left within the image labeled CHT10)
and after excitation at 480 nm and monitoring emission at 510 nm to view the
EGFP fluorescence (specimen on the right within the image labeled CHT10).
When last instar larvae were injected with dsRNA for TcCHT10 (note EGFP
fluorescence in wing imaginal discs), death occurred at the pupal stage with
the larval cuticle still loosely attached to the posterior abdomen. The pharate
pupa specimen labeled CHT10 (third image from the right) shows a typical
terminal phenotype of insects injected at the pharate pupal stage. The far
right image labeled CHT10 shows the embryos inside eggs laid by adult
females injected with dsRNA for TcCHT10. These embryos are fully developed
but failed to hatch. (B) Effect of buffer or dsRNA for TcCHT10 on transcript
levels. Three to 4 days after injection, four insects from each treatment were
collected for total RNA preparation and cDNAs were prepared and used as
templates for RT-PCR. The number of RT-PCR cycles is indicated in parentheses
except for egg samples (Right), in which RT-PCR was carried for 25 cycles with
polyubiquitin primers and 30 cycles with TcCHT10 primers. The appearance of
a larger band in some samples is attributable to contamination of RNA
preparations with pre-mRNA for the target gene. The increase in size of the
PCR product is consistent with the presence and size of a known intron
between the two primer-binding sites.
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ogy or survival. The adults oviposited a similar number of eggs
compared with control insects. Fully developed embryos were
observed inside these eggs (Fig. 2 A, ‘‘adult females’’). However,
none of the eggs hatched into larvae, suggesting a role for this
chitinase in egg hatching.

RT-PCR analyses revealed that the levels of transcripts for
TcCHT10 were significantly lower in dsRNA-injected animals
compared with buffer-injected controls (Fig. 2B). Even though
the knockdown of TcCHT10 transcripts was incomplete in some
cases, all dsRNA-injected animals (n � 20) exhibited the same
lethal phenotype and none survived to adulthood.

TcCHT7 Is Required for Abdominal Contraction and Wing Extension.
Injection of dsRNA for TcCHT7 did not interfere with larval or
pupal development. When dsRNA for TcCHT7 was injected into
penultimate instar larvae, the larvae completed the larval–larval
and larval–pupal molts. However, there were some noticeable
differences during the molts. The resulting pupae failed to
contract their abdomens to the same extent as control insects and
also failed to fully expand their elytra. They, thus, retained a
more larval-like appearance than buffer-injected pupae. Other
aspects of pupal maturation also were interrupted, including
extension and folding of legs and antennae and expansion of the
pronotum (Fig. 3A). Nonetheless, these pupae survived and
developed into adults. However, the elytra were very short,
approximately two-thirds of the normal size, and the surface of
the elytra was rumpled instead of smooth. The hind wings did not
fold or unfold properly. When injection of dsRNA was carried
out at the pharate pupal stage, pupation occurred without any
delay relative to buffer-injected animals (Fig. 3B). Adult eclosion
also occurred as in the control insects, but the elytra did not
expand to their full length and had a rough upper surface.
RT-PCR results indicated that the level of the transcript for

TcCHT7 was significantly down-regulated by TcCHT7 dsRNA in
both larval and pupal stages compared with buffer-injected
controls (Fig. 3C).

TcIDGF4 Is Necessary for Adult Eclosion. dsRNAs for the two
imaginal disk growth factors (IDGFs) were injected into penul-
timate instar and last instar larvae as well as female adults.
dsRNA for TcIDGF2 had no effect on pupation or adult eclosion
(data not shown). When dsRNA for TcIDGF4 was injected into
penultimate or last instar larvae, pupation was normal, but the
insects died during adult eclosion (Fig. 4; data for penultimate
instar injection not shown). Injection of dsRNA for TcIDGF2 or
TcIDGF4 into young adult females had no effect on their
fecundity or fertility.

No Phenotypes Observed After Knockdown of Other Chitinase Gene
Transcripts. Injection of dsRNAs corresponding to TcCHT2,
TcCHT6, TcCHT8, TcCHT14, and TcCHT16 did not result in any
observable abnormalities at any developmental stage (data not
shown). Injection of a mixture of dsRNAs for three group IV
genes (TcCHT2, TcCHT6, and TcCHT16) also failed to result in
any observable abnormalities.

Discussion
We have identified 23, 17, and 16 chitinase family genes in
Tribolium, Drosophila, and Anopheles, respectively (refs. 7 and 8
and unpublished data on seven additional chitinase-like genes
belonging to group IV which have not been fully characterized).
Some of the chitinases present in molting fluid or gut are
presumably involved in the turnover of chitin in the exoskeleton
and PM during the molting process. However, the rationale for
the presence of such a large family of chitinases and related
proteins has not been analyzed in detail to date in any insect
species. It is possible that differences in the types of chitin (�, �,
or �) or their modification (such as partial deacetylation) may
require different chitinases for effective turnover of chitin in
different extracellular structures. The chitinases belonging to
different groups have distinctly different developmental patterns
of expression and tissue specificity, suggestive of distinct biolog-
ical functions (Fig. S1 and Fig. S3). We also have found
substantial differences in the biochemical properties of chiti-
nase-like proteins belonging to different groups (11, 12). In this
paper, we investigated the biological roles of individual insect
chitinase-like genes by using T. castaneum, a species that is
sensitive to RNAi at all developmental stages and in different
cell types (9, 10). Even though the members of different groups
of the Tribolium chitinase family of proteins share substantial
sequence similarity in the catalytic domain, they differ in the

Fig. 3. Effect of dsRNA for TcCHT7 on pupal or adult development of
Tribolium. dsRNA for TcCHT7 (200 ng of dsRNA per insect; n � 20) was injected
into last instar larvae (A) or into pharate pupae (B), and morphologies were
recorded as shown. Normal phenotypes were observed in the buffer-injected
control insects (top images of each set). Note that TcCHT7 dsRNA-injected
larvae pupated on schedule, but the resulting pupae failed to contract their
abdomens and to expand their wings/elytra. After adult eclosion, the hind
wings also did not fold or unfold properly. The surface of the elytra was very
uneven, and the elytra were substantially shorter than normal. When dsRNA
for TcCHT7 was injected into pharate pupae, near-normal phenotypes were
observed in the pupal stage. However, unlike buffer-injected controls, TcCHT7
dsRNA-treated insects failed to fully expand their adult wings/elytra, and their
wings did not fold or unfold properly. (C) Effect of dsRNA on TcCHT7 transcript
levels. Four insects were collected from each treatment group for RNA extrac-
tion. RT-PCR was used to detect the transcription level of TcCHT7.

Fig. 4. Effect of dsRNA for TcIDGF4 on Tribolium pupal development and
pupal–adult molting. (A) dsRNA for TcIDGF4 or vermillion (200 ng of dsRNA
per insect; n � 20) was injected into penultimate instar larvae. Normal larval–
larval molt and pupation were observed in both dsVer-injected control insects
and TcIDGF4 dsRNA-injected insects. Approximately 14 days after injection,
the control pupae became normal adults (Left), but the pupae treated with
dsRNA for TcIDGF4 were unable to molt and died entrapped in their pupal
cuticles (Right). (B) Four insects from each treatment were collected for total
RNA preparation. RT-PCR product with a pair of primers for the polyubiquitin
gene was used as the internal loading control.
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linker and chitin-binding domains, allowing us to design gene-
specific dsRNAs for use in RNAi experiments. We were able to
specifically knock down the transcript level of the target gene
without affecting transcript levels of related chitinase-like genes
by injecting gene-specific dsRNAs. Unique lethal phenotypes
were observed in beetles treated with dsRNAs for TcCHT5, -7,
and -10, as well as dsRNA for TcIDGF4 at one or more
developmental stages. Although the TcCHT5 gene is highly
expressed in the late developmental stages, including larval and
pharate pupal stages predominantly in the carcass (whole body
minus head, gut, and posterior tip; see Fig. S3), it was essential
only for the pupal–adult molt and not for earlier molts, because
the terminal phenotype was the same irrespective of the devel-
opmental stage at which the dsRNA was injected (i.e., larval,
pharate pupal, or pupal stage). All insects died as pharate adults
entrapped in the old pupal cuticle. Apparently, the role of this
chitinase can be fulfilled by other chitinases at all stages of
development except at the pharate adult stage. In contrast,
TcCHT10 (which is also expressed predominantly in the carcass)
appears to be required for successful completion of all molts
including larval–larval, larval–pupal, and pupal–adult. Injections
of dsRNA for this gene led to death of the treated insects at the
time of the first molt following the injection. TcCHT5 apparently
cannot fulfill this function even though it is also expressed at all
developmental stages. A interesting finding is that there is a
unique requirement for TcCHT10 during egg hatch. The target
for this chitinase is unknown. However, one possibility is that this
chitinase is required for embryonic molting, as has been reported
to occur in some lepidopteran species. To our knowledge, there
is no evidence reported to date for an embryonic molt occurring
in Tribolium. We propose that, in addition to a role in cuticle
turnover during molting, this chitinase also may be needed to
digest chitin or chitin-like material in the eggshell. Even though
the Tribolium eggshell has not been directly analyzed for chitin,
we speculate that it may contain chitin or a related material.
Consistent with this notion is the recent report that a chitin-like
substance is present in mosquito eggshells, eggs, and ovaries (13).

TcCHT7 dsRNA produced a unique and unexpected pheno-
type. When larvae were injected with this dsRNA, larval–larval,
larval–pupal, and even pupal–adult molts were completed on
schedule without mortality, but there were noticeable abnor-
malities in the abdomen, elytra, and wings during morphogen-
esis. These results indicated that the primary role of TcCHT7 is
probably not in global chitinolysis and general cuticle turnover.
Unlike other Tribolium chitinases, this enzyme is a most likely a
membrane-bound protein (Y.A., unpublished data). The precise
metabolic target of TcCHT7 is unknown, but we speculate that
it may act on an extracellular or membrane-bound chitin-like
polysaccharide or glycoprotein with NAG–NAG linkages, which
is required for abdominal contraction. The failure of the abdo-
men to contract after molting may have an indirect effect on
hemolymph pressure, leading to a failure to expand the wings,
elytra, and pronotum and also to unfold the legs and antennae.

An important finding of this work is that down-regulation of
transcripts for chitinase genes belonging to different groups
yielded quite different phenotypes. TcCHT5 belongs to the
group I family of chitinase genes. Group I chitinase cDNAs
have been characterized from Manduca sexta (4), Bombyx mori
(14), Hyphantria cunea (14), Spodoptera litura (15), Choristo-
neura fumiferana (16), and Helicoverpa armigera (17) and the
corresponding proteins have been isolated from molting f luid.
The group I chitinase mRNAs/proteins reached their maximal
levels during the molting periods of larval and/or pupal stages,
and the levels decreased immediately after molting. Based on
the time course of expression, group I genes have been
predicted to encode molting-associated chitinases, although
only one or two larval/pupal stages were analyzed in most
cases. Only TcCHT5 and the C. fumiferana chitinase have been

studied throughout insect development and shown to be
expressed at every molt (16). We anticipated molting defects
in Tribolium at every developmental stage with dsRNA for this
gene. It is unclear why injection of dsRNA for TcCHT5 into
young larvae prevented only the pupal–adult molt. During this
interval, the gene is indeed expressed, and treated larvae
underwent one to two successful larval–larval molts, followed
by a successful larval–pupal molt. Furthermore, there was no
unusual phenotype observed in the larval or pupal stages. The
insects developed normally until a lethal pharate adult phe-
notype ensued. One possibility is that during larval molting,
the role of the missing TcCHT5 chitinase could be compen-
sated by other chitinases. However, the TcCHT5 enzyme
appears to be indispensable during adult metamorphosis and
could not be substituted by other chitinases. It is interesting to
point out that at this stage TcCHT5 is maximally transcribed,
whereas transcripts for many chitinases that belong to group
IV are barely detectable.

Unlike group I genes, relatively little information is available
about the expression or the role of group II chitinases. Group II
chitinases contain at least four catalytic domains and four
putative chitin-binding domains, three of which are clustered
between two catalytic domains (8). The domain organization of
TcCHT10 is similar to that of the T. molitor ortholog, which
contains five catalytic domains, of which the first and second
were predicted to lack enzymatic activity (6). The presence of an
enzyme with a similar arrangement of catalytically competent
and inactive domains in all lepidopteran and coleopteran insects
analyzed to date suggests an important function for this unusual
enzyme with multiple catalytic and predicted chitin-binding
domains (ChBDs). A detailed study of the kinetics of accumu-
lation of transcripts for this group II T. molitor chitinase indi-
cated that this mRNA appeared hours before apolysis in both
pharate pupal and pharate adult stages and decreased substan-
tially after apolysis (6). A careful analysis of the expression
profile of another molt-associated chitinase belonging to group
I from C. fumiferana during the larval and pupal stages indicated
that this chitinase is secreted after apolysis. This group I
chitinase is required only for adult ecdysis when the thick pupal
cuticle is being digested and recycled, probably after digestion by
molting-associated proteases (18). This hypothesis is consistent
with our finding that injection of dsRNA for TcCHT10 prevented
every larval molt, pupation, adult metamorphosis, and egg hatch,
whereas only adult metamorphosis was disrupted after injection
of TcCHT5 dsRNA. The multiple predicted ChBDs and the
catalytically inactive chitinase domains of group II chitinases
may have a role in separating or loosening the individual chitin
chains in the chitin microfibril, causing disaggregation of the
crystalline �-chitin. We propose that these accessible chitin
chains are then bound and hydrolyzed by the multiple catalytic
chitinase domains of this large enzyme, leading to separation of
the old procuticle from the waxy outer layer referred to as
‘‘cuticulin’’ or more recently as ‘‘envelope’’ (19) of the newly
synthesized cuticle, thus initiating apolysis. In support of this
hypothesis is the finding that the chitin-binding protein CBP21
from S. marcescens, which contains an inactive chitinase-like
domain, promotes hydrolysis of crystalline �-chitin by other
active chitinases (20).

The group III chitinase, TcCHT7, may function in tissue
differentiation rather than in molting, because dsRNA for this
gene interferes with wing expansion without preventing the molt.
It is interesting that the expression of the Drosophila ortholog
DmCht7 (CG1869), which encodes a group III chitinase, in-
creased substantially in the wing discs from 24 to 40 h during the
pupal stage (21). The only member of this group studied at the
protein level is a group III chitinase from the tick, Haemaphysalis
longicornis, which, unlike TcCht7 and DmCht7 chitinases, is a
secreted protein and localized between the old and new cuticle
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in the epidermis, as well as in the midgut of molting nymphs. This
protein was expressed and purified from the culture medium of
Sf9 cells infected with a recombinant baculovirus containing this
cDNA. The purified H. longicornis chitinase had a size of 116
kDa, which was �12 kDa larger than the theoretical value,
glycosylated and enzymatically active (22). These observations
suggest that at least some of the larger-sized chitinases are
indeed catalytically active and do not require proteolytic pro-
cessing to yield enzymatically active proteins. In the tick, a
similar large protein was also identified in vivo by 2D immuno-
blot analysis. The protein contains two ‘‘ELR’’ motifs and
appears to be a chitinase of the chemokine family, which is
involved in angiogenesis (22).

Although the group V protein TcIDGF4 has no chitinolytic
activity (11), it is required during adult eclosion. This is quite
surprising because IDGFs are thought to be involved in cell
proliferation and/or differentiation (23) but not in ecdysis. It
is possible that this chitinase-like protein is involved in tracheal
proliferation, which is known to occur at this stage (24). Of
particular interest is that knockdown of Tribolium IDGF2 does
not result in any altered phenotype compared with the control.
Injection of dsRNA for either IDGF into adult females also did
not reveal any abnormalities in the developing embryos or in
egg hatch. Additional work is required to elucidate the precise
role of IDGF genes in Tribolium development.

To date, we have not observed any phenotypic abnormalities
after injection of dsRNAs for any of the group IV chitinase genes.
For some unknown reason, the knockdown efficiency of dsRNAs
for TcCHT2 and TcCHT6 was low, and there was no observable
adverse effect in larvae that were treated with dsRNA for TcCHT2,
-6, -8, -14, and -16 (Fig. S2 and data not shown). Attempts to
suppress transcript levels of these chitinase-like genes to even lower
levels with larger amounts of dsRNA and/or combinations of
dsRNAs have not resulted in any observable phenotypes. The
finding that these genes are expressed in the gut suggested the
possibility that they may be involved in the turnover of PM-
associated chitin or in digestion of dietary chitin. Interestingly, the
expression patterns of individual chitinases of group IV were
different along the length of the midgut. Some of them are
expressed predominantly in the posterior midgut, whereas others
predominate in the anterior and middle parts of the midgut (Fig.
S3). It is also possible that these proteins have functions unrelated
to chitin turnover. Shi and Paskewitz (25) have identified two group
V chitinase-like proteins, AgBR1 and AgBR2, in the hemolymph of
Anopheles gambiae. AgBR1 and AgBR2 (orthologs of TcIDGF4
and TcIDGF2) do not have chitinolytic activity and were induced
specifically in response to bacterial infection. Interestingly, in adults
AgBR1 is expressed only in the fat body, whereas AgBR2 is
expressed in several tissues. It is possible that some of the Tribolium
chitinases identified in this work may have similar immune-related
functions.

In summary, a rather large number of chitinase-like genes are
present and expressed in Tribolium. They differ in their develop-
mental patterns and tissue specificities of expression. Phylogenetic
analysis indicates that the appearance of these distinct groups of
chitinases predates the separation of coleopteran and lepidopteran

lineages of insects (8). Results from RNAi studies reported here
support the hypothesis that genes in different groups have distinctly
different biological functions. At least two of these groups, the
group I and group II enzymes, are involved in molting by digesting
cuticular chitin, whereas the group III enzymes have a morphoge-
netic role in development such as regulating abdominal contraction
and wing expansion. Some IDGFs belonging to group V, which
have been shown to affect cell proliferation in imaginal disks, also
appear to affect molting even though these proteins lack catalytic
activity.

Materials and Methods
Tribolium Strains. Beetles were reared in whole wheat flour containing 5%
brewer’s yeast at 30°C under standard conditions (26). The strains used were
T. castaneum strain GA-1 and an enhancer trap line, Pig-23, which expresses
the inserted gene for an EGFP in the wing and elytral discs at the end of the
last larval instar (27).

Expression Profiles of Tribolium Chitinase Family Genes. Total RNA was pre-
pared from pools of embryos, young larvae, last instar larvae, pharate pupae,
pupae, or adults. cDNAs were synthesized from total RNA as described previ-
ously (9). RT-PCR was used to check the expression profile for each gene by
using pairs of gene-specific primers (Table S1).

dsRNA Synthesis. dsRNAs were prepared as described in Arakane et al. (9).
Unique regions of each Tribolium chitinase-like gene were chosen as tem-
plates for the synthesis of gene-specific dsRNA (Table S2). In most cases, more
than one region from the same gene was chosen to prepare dsRNAs. dsRNA
was synthesized from linearized templates by using the AmpliScribe T7-Flash
transcription kit (Epicentre).

Injection of dsRNA into Tribolium. dsRNAs were injected into young larvae, last
instar larvae, and pharate pupae by using a microinjection system and a
dissection stereomicroscope (10). Approximately 200 ng of dsRNA dissolved in
�0.2 �l of injection buffer (0.1 mM sodium phosphate, 5 mM KCl, pH 7) was
injected into the dorsal abdomen of each beetle. After injection, beetles were
kept under standard conditions, as described above, for visual monitoring of
phenotypes and further analysis. Buffer alone or buffer containing dsRNA for
the Tribolium tryptophan oxygenase gene (dsVer) was used as a negative
control. Replications were carried out with at least 20 insects for each dsRNA.

dsRNAs of TcCHT5, TcCHT7, TcCHT10, TcIDGF2, and TcIDGF4 were also
injected into adult females. Two days after injection, dsRNA-treated females
were mated with equal numbers of untreated adult males. The insects were
maintained under standard conditions. Every 3 days, eggs were collected and
observations for any abnormal phenotypes were made on a daily basis.

Measurement of Transcripts for Tribolium Chitinase Family Genes After dsRNA
Treatment. Total RNA was prepared from pools of three or four insects after
injection of dsRNA or buffer by using the RNeasy Mini Kit (Qiagen). cDNA was
synthesized by using these RNA preparations and the SuperScript III First-Strand
Synthesis System for RT-PCR (Invitrogen). RT-PCR was carried out to monitor the
effect of dsRNA or buffer injections on levels of transcripts by using gene-specific
primers. A pair of Tribolium polyubiquitin gene primers was used as an internal
control to monitor equal loading of cDNA for analysis of transcript levels.
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