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A B S T R A C T

Many organisms both undergo dramatic morphological changes during post-embryonic development and also
regenerate lost structures, but the roles of epigenetic regulators in such processes are only beginning to be un-
derstood. In the present study, the functions of two histone modifiers were examined during metamorphosis and
larval limb regeneration in the red flour beetle Tribolium castaneum. Polycomb (Pc), a member of Polycomb
repressive complex 1 (PRC1), and Enhancer of zeste (E(z)), a member of Polycomb repressive complex 2 (PRC2),
were silenced in larvae using RNA interference. In the absence of Pc, the head appendages of adults transformed
into a leg-like morphology, and the legs and wings assumed a metathoracic identity, indicating that Pc acts to
specify proper segmental identity. Similarly, silencing of E(z) led to homeotic transformation of legs and wings.
Additional defects were also observed in limb patterning as well as eye morphogenesis, indicating that PcG
proteins play critical roles in imaginal precursor cells. In addition, larval legs and antennae failed to re-
differentiate when either Pc or E(z) was knocked down, indicating that histone modification is necessary for
proper blastema growth and differentiation. These findings indicate that PcG proteins play extensive roles in
postembryonic plasticity of imaginal precursor cells.
1. Introduction

Metamorphosis and regeneration are post-embryonic developmental
processes that involve major tissue patterning and remodeling events.
These processes require substantial changes in gene expression, which
could be coordinated epigenetically through changes in chromatin
structure (Katsuyama and Paro, 2011; Rouhana and Tasaki, 2016). Yet
few studies have examined the roles of epigenetic regulators during
metamorphosis and regeneration.

Insects can be categorized into three major groups that differ in the
degree of morphological changes exhibited during post-embryonic
development. Juveniles of ametabolous insects resemble the adults and
undergo minimal external morphogenetic changes during post-
embryonic development. Hemimetabolous insects also undergo rela-
tively minor external morphogenetic changes during development except
for the wings and the genitalia. In contrast, holometabolous insects un-
dergo dramatic morphogenetic changes during metamorphosis. While
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studies on roles of epigenetic regulators have been conducted on imag-
inal discs of Drosophila, a holometabolous insect, very little is known
about the function of epigenetic regulators in other insects, such as
Tenebrionid beetles, whose larval cells – or imaginal precursor cells – can
transform into adult cells and thus exhibit much plasticity (Huet and
Lenoir-Rousseaux, 1976; Truman and Riddiford, 2002; Tanaka and
Truman, 2005; Villarreal et al., 2015). Importantly, the Drosophila mode
of development, where all epidermal cells are replaced by histoblast cells
or imaginal disc cells, is highly derived. Most other holometabolous in-
sects undergo a more standard mode of development, where the larval
epidermal cells are retained and contribute to the adult epidermis
(Snodgrass, 1954). Little is known about the roles of epigenetic regula-
tors duringmetamorphosis in such species. In addition, manymembers of
all three groups of insects are capable of regenerating their appendages
(Maruzzo and Bortolin, 2013). Whether epigenetic regulators play
similar roles during limb regeneration in insects with distinct develop-
mental modes is not known. Thus, comparing the roles of epigenetic
A 94305.
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regulators between these insects with distinct modes of post-embryonic
development should provide insights into the regulation of cellular
plasticity.

In this study, we focused on Polycomb group (PcG) proteins, which
play critical roles in maintaining cellular identity and differentiation
(Aloia et al., 2013; Ringrose and Paro, 2004; Sauvageau and Sauvageau,
2010; Schuettengruber et al., 2017). PcG genes are involved in stabilizing
chromatin structure through histone modification and act as transcrip-
tional repressors (Di Croce and Helin, 2013; Schuettengruber et al.,
2017). At least 16 PcG proteins have been identified in Drosophila that
participate in three separate multiprotein complexes: Polycomb repres-
sive complex 1 (PRC1), Polycomb repressive complex 2 (PRC2) and Pho
repressive complex (PhoRC). The canonical PRC1 consists of Posterior
Sex Combs (Psc), Polyhomeotic (Ph), Polycomb (Pc), and dRING1
(Francis et al., 2001; Shao et al., 1999). PRC2 (Polycomb repressive
complex 2) typically comprises of Enhancer of zeste (E(z)), Extra sex
combs (Esc) and Suppressor of zeste 12 (Su(z)12) (Muller et al., 2002).
PhoRC was identified in Drosophila and contains Pleiohomeotic (Pho)
and Scm-related protein containing four MBT domains (Sfmbt) (Kly-
menko et al., 2006). PRC1 and PRC2 are best characterized, and their
members and targets are highly conserved across metazoans (Schuet-
tengruber et al., 2017).

The canonical model for PcG-mediated gene silencing involves
recruitment of H3K27 methylation by PRC2, followed by chromatin
compaction and gene silencing by PRC1 (Grossniklaus and Paro, 2014;
Schuettengruber et al., 2017; Shao et al., 1999; Wang et al., 2004b).
Specifically, a core PRC2 protein, E(z), is a histone methyltransferase that
catalyzes the trimethylation of lysine 27 of histone H3 (H3K27me3) (Cao
et al., 2002; Cao and Zhang, 2004; Czermin et al., 2002). The chromo-
domain of Pc, a component of PRC1, then binds to H3K27me3 and re-
cruits PRC1 (Pengelly et al., 2013). At least part of PRC1 activity arises
from the monoubiquitylation at lysine 119 of H2A (H2AK119) by
dRING1 although H2A ubiquitination is not necessary for some functions
of PRC1 (Endoh et al., 2012; Gutierrez et al., 2012; Wang et al., 2004a).

PcG proteins were first identified by Ed Lewis as critical regulators of
Hox gene expression in Drosophila (Lewis, 1978). In vertebrates, muta-
tions in PcG proteins have been associated with a shift in the anterior
limit of Hox genes, leading to posterior transformation of the axial
skeleton (Akasaka et al., 1996; Bel et al., 1998; Takihara et al., 1997; van
der Lugt et al., 1994). In Drosophila, Hox genes are initially activated by
gap genes and other segmentation genes, but maintenance of proper Hox
gene expression patterns is conferred by PcG proteins. Mutations in PcG
proteins lead to misexpression of Hox genes (Jurgens, 1985; McKeon and
Brock, 1991; Muller and Bienz, 1991; Simon et al., 1992) and corre-
sponding homeotic transformations (Lewis, 1978; Struhl, 1981). For
example, mutations in Pc lead to the development of embryos with
thoracic and abdominal segments transformed into the more posterior
eight abdominal segments (Lewis, 1978). Likewise, mutations in E(z)
lead to similar mutant phenotypes in Drosophila (Jones and Gelbart,
1990). These mutations are typically embryonic lethal, but clonal ana-
lyses and hypomorphic mutants demonstrate that these genes act
throughout post-embryonic development to maintain proper Hox gene
expression in imaginal discs. Mutations in PcGs typically lead to ectopic
sex combs on meso- and metathoracic legs, indicating that these legs
transform into a prothoracic leg identity (Jones and Gelbart, 1990). This
transformation is accompanied by ectopic expression of Sex combs
reduced in meso- and metathoracic leg imaginal discs (Glicksman and
Brower, 1988; Jones and Gelbart, 1990). In addition, mesothoracic wing
discs express ectopic Ultrabithorax (Ubx) and consequently, forewings
partially acquire a haltere identity (Cabrera et al., 1985).

Recent studies in the hemimetabolous cricket Gryllus bimaculatus
embryos demonstrate similar Hox maintenance roles: removal of E(z)
and Su(z)12 results in shifts in the anterior limit of Hox genes, indicating
that PcGs play critical roles in repressing the posterior Hox genes in
anterior portions of the developing embryo (Matsuoka et al., 2015).
Interestingly, while PcGs appear to maintain the anterior expression
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boundaries of all Hox genes that are initially established by gap genes in
Drosophila, the posterior Hox genes expression boundaries are estab-
lished by PcGs themselves in Gryllus. Thus, the roles of PcGs in estab-
lishing and maintaining Hox gene expression appear to have undergone
changes within the insects (Matsuoka et al., 2015).

In addition to regulating Hox genes, recent studies have demonstrated
that PcG proteins regulate many additional processes, including stem cell
biology, cancer development, and regeneration (Aloia et al., 2013; Sau-
vageau and Sauvageau, 2010; Schuettengruber et al., 2017). Limb
regeneration in vertebrates and invertebrates occurs in three major steps:
wound healing, blastema formation, and re-differentiation (Endo et al.,
2004). After amputation of a limb, epithelial cells migrate to the ampu-
tation site and form the wound epidermis, a transient epithelium crucial
for subsequent outgrowth (Brockes, 1997; Endo et al., 2004; Mitten et al.,
2012). The blastema is formed when either pre-existing stem cells or
de-differentiated cells underneath the epithelium begin to proliferate
(Echeverri and Tanaka, 2002; Konstantinides and Averof, 2014; Kragl
et al., 2009; Sandoval-Guzman et al., 2014). Subsequently, various tissue
types are re-patterned to recreate a limb (Brockes, 1997; Hamada et al.,
2015; Konstantinides and Averof, 2014). The regeneration process de-
pends largely on the cells’ abilities to undergo significant changes in
proliferative activity after the activation of specific differentiation pro-
grams (Rouhana and Tasaki, 2016). These changes are coupled with the
activation of normally silent chromatin (Stewart et al., 2009), suggesting
that epigenetic histone regulators are used to temporarily maintain cells
in a dedifferentiated state. Furthermore, studies in the frog Xenopus laevis
have demonstrated that histone modifications might be important for
maintaining cell identity during limb regeneration (Hayashi et al., 2015).
In zebrafish, the histone demethylase KDM6 is necessary for fin regen-
eration (Stewart et al., 2009). In larval zebrafish, the homolog of E(z),
EZH2, is necessary for caudal fin regeneration: caudal fins do not
regenerate properly in both larval zebrafish treated with a chemical
EZH2 inhibitor and EZH2 mutant larvae (Dupret et al., 2017).

A recent study in crickets showed that the knockdown of E(z) leads to
the addition of an extra tibial segment during leg regeneration through
the expansion of the expression domain of the medial leg specifier gene
dachshund (Hamada et al., 2015). In contrast, knockdown of H3K27
demethylase, Ubiquitously transcribed tetratricopeptide repeat gene on the X
chromosome (Utx), in crickets leads to altered expression of Egfr and
causes defects in tarsal joint formation (Hamada et al., 2015). Thus, both
of these genes are necessary for proper re-patterning of amputated legs
but are not necessary for de-differentiation, blastema formation and
blastema differentiation (Hamada et al., 2015). In Drosophila imaginal
discs, fragmentation of prothoracic legs leads to reduced PcG gene
expression, facilitating leg-to-wing transdetermination of the imaginal
discs (Lee et al., 2005).

In this study, we sought to determine the roles of PcG proteins during
metamorphosis and limb regeneration in the red flour beetle Tribolium
castaneum, a holometabolous insect. Unlike Drosophila, Tribolium un-
dergoes a more typical mode of development where the larval epidermal
cells are retained and contribute to the adult epidermis. Thus, this species
is an interesting model to explore the role of PcG proteins during post-
embryonic development. Specifically, while Hox genes are necessary to
specify segmental identity during metamorphosis in the Tribolium
(Tomoyasu et al., 2005; Smith and Jockusch, 2014), whether or not PcG
proteins play a role in regulating the expression of Hox genes remains
unknown. In addition, Tribolium larval legs are amenable to regeneration
studies as RNAi works well in this species (Shah et al., 2011). Tribolium
provides an interesting contrast to the crickets because larval legs
comprise of partially differentiated precursor cells, not differentiated
cells as observed in cricket nymphs (Truman and Riddiford, 2002; Vil-
larreal et al., 2015).

Specifically, we chose to study the post-embryonic functions of Pc and
E(z) in Tribolium. Pc was one of the first PcG proteins discovered in
Drosophila (Lewis, 1947, 1978) that plays a critical role in the canonical
PRC1 (Wang et al., 2004b). E(z) has been shown to play a role during
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regeneration in a number of species and is a critical member of PRC2
(Cao et al., 2002; Cao and Zhang, 2004; Czermin et al., 2002). Both of
these proteins have been demonstrated to bind to the promoter of Ubx in
wing imaginal discs (Wang et al., 2004b). We show that knockdowns of
Pc or E(z) during metamorphosis lead to the development of adults with
distinct developmental abnormalities that include, but are not limited to,
homeotic transformations. In addition, Pc and E(z) are required for
proper limb regeneration, and their removal results in the absence of
re-differentiation.

2. Materials and methods

2.1. Beetle husbandry

Tribolium castaneum GA-1 strain was acquired from Dr. Richard Bee-
man (USDA ARS Biological Research Unit, Grain Marketing& Production
Research Center, Manhattan, Kansas). The beetles were raised on organic
wheat flour containing 5% nutritional yeast and were kept in a 29 �C
incubator with ~50% relative humidity in plastic containers. Fumagillin
(0.5%), an antibiotic, was added to the diet halfway through the project
when the colony experienced a sudden decline.
2.2. mRNA isolation and cDNA synthesis

Larvae were dissected in 1X-phosphate-buffered saline (PBS; 0.02M
phosphate, 0.15M NaCl, 0.0038M NaH2PO4, 0.012M Na2HPO4; pH 7.4)
to take out the gut and the fat body. The remaining tissue was homog-
enized in Trizol (Invitrogen), and RNA was then extracted using chlo-
roform, treated with DNase (Promega), and precipitated in isopropyl
alcohol. cDNA was synthesized from 1 μg of total RNA via the cDNA
synthesis kit (Fermentas) following the manufacturer's instructions.
2.3. Cloning and double-stranded RNA (dsRNA) synthesis

Sequences of Pc and E(z) were acquired from sequences deposited in
GenBank (Pc GenBank accession number XM_008199399; E(z) GenBank
accession number XM_001811600), and fragments were amplified using
the primers listed (Supplemental Table 1). The amplified cDNA product
was isolated and cloned into a TOPO TA vector (Invitrogen). After
plasmid identity was confirmed by sequencing, plasmid DNA was line-
arized through restriction digestion. The strands of dsRNA were syn-
thesized with T3 and T7 MEGAscript Kits (Ambion) using the
manufacturer's instructions. Single-stranded RNAs (ssRNAs) were com-
bined and annealed to create dsRNA (Hughes and Kaufman, 2000). For
the control, dsRNA targeting bacterial ampicillin resistance (ampr) gene
was used. The annealed product was analyzed via gel electrophoresis to
confirm annealing, then was stored at �80 �C until use. The final con-
centrations of the dsRNA were 2 μg/μL for all genes.
2.4. Double-stranded RNA injection

For regeneration studies, day zero sixth instar larvae (seventh or
eighth instar is considered the final instar within our colony) were
injected with approximately 0.5 μg (0.25 μL) of dsRNA between the first
and second abdominal segments of their dorsal side with a pulled 10-μL
glass capillary needle connected to a syringe. ampr dsRNA was injected
into larvae as the control. These dsRNA-treated larvae were maintained
at normal conditions (29 �C in whole wheat flour containing 5% yeast)
until their appendages were ablated two days later. Ablation was delayed
to ensure that the RNAi-mediated knockdown was fully effective prior to
appendage cuts (Shah et al., 2011). For studies on the roles of E(z) and Pc
during metamorphosis, seventh or eighth instar larvae were injected with
1 μg (0.5 μL) of dsRNA on day zero.
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2.5. Knockdown verification

Three day zero sixth instar larvae were injected with 0.25 μl of each of
the dsRNA used in this study. On day zero of the seventh instar, larvae
were pooled in Trizol, and the isolated RNA was converted to cDNA as
described above. Semi-quantitative PCR was performed to determine the
knockdown of the targeted genes. Primers used are listed in Supple-
mental Table 1. The cycle number used were as follows: 32 cycles for
rp49, 40 cycles for Pc, and 38 cycles for E(z).

2.6. Leg ablations

Two days after dsRNA injections, larval mid- and hindlimbs were
either cut at the coxa or the femur on one side of the larva. The larvae
were anesthetized on ice and were placed on a slide covered with double-
sided tape with the ventral side up. Under a dissecting microscope, their
legs were ablated using fine microscissors. To ablate antennae, antennae
of anesthetized larvae were cut near the boundary of the antennifer and
the scapus using a fine blade.

2.7. Quantitative PCR

To examine the expression ofUbx in the second thoracic segment (T2)
and the third thoracic segment (T3), day 0 seventh instar larvae were
injected with 0.5 μL dsRNA. Once they reached the prepupal stage, T2
segments and T3 segments were isolated by separating the segments
using a microscissor. Segments from three prepupae were pooled to
create one biological replicate, and a total of three biological replicates
were generated. These samples were homogenized in Trizol, and their
RNA was purified and converted to cDNA as described above. SsoAd-
vanced Universal SYBR Green Supermix (Bio-Rad) was used to run the
qPCR. Three technical replicates were run for each biological replicate
and rp49 was used as an internal control. Primers used are listed in
Supplemental Table 1. A standard curve was generated and used to
analyze the data.

3. Results

3.1. Knockdown verification

RNA from day zero seventh instar larvae injected with ampr, Pc or E(z)
dsRNA as day zero sixth instar was collected to verify proper knockdown
of the targeted genes. We found that relative to ampr dsRNA injected
control larvae, Pc and E(z) expression was reduced in larvae injected with
Pc and E(z) dsRNA, respectively (Supplemental Fig. 1). Thus, Pc and E(z)
were successfully silenced in response to dsRNA injection.

3.2. Pc RNAi leads to disrupted eye development and homeotic
transformation of appendages

To determine the role of Pc during Tribolium metamorphosis,
approximately 1 μg of Pc dsRNA was injected into day zero seventh or
eighth instar larvae. The majority of larvae injected metamorphosed
without undergoing an extra larval-larval molt (n¼ 16/18; Table 1),
similar to the ampr dsRNA-injected larvae (n¼ 10/10). Unlike ampr

dsRNA-injected pupae (Fig. 1B’, C’, open arrows), the Pc knockdown
pupal head was misshapen with a narrower posterior margin of the head
relative to the anterior end (Fig. 1D’, E’, open arrows). In addition, while
the head of ampr dsRNA-injected pupae underwent rotation such that the
head was ventrally located (Fig. 1B’, C’, open arrows), the head of Pc
knockdown pupa failed to rotate and remained in the anterior-facing
position (Fig. 1D’, E’, open arrows). The compound eyes failed to
develop (Fig. 1F’’, black arrowhead), and the legs were improperly fol-
ded (Fig. 1F’). In ampr dsRNA-injected animals, wings cover the legs on
the ventral side, but Pc knockdown pupae had smaller wings that were
positioned laterally (Fig. 1C, F’, dotted lines). The prothorax was oval-



Table 1
Effects of Pc and E(z) knockdown on metamorphosis. Larvae were injected on day 0 seventh or eighth larval instar.

Targeted gene Total nr Underwent larval-larval molt Died as larva Died as prepupa Died as pupa Died as pharate adult Survived to normal adult

ampr 10 0 0 0 0 0 10
Pc 18 2 1 0 3 13 1
E(z) 17 4 3 3 1 9 1

Fig. 1. Pc and E(z) knockdowns disrupt proper
appendage and eye development in Tribolium
pupae. Effects of (A–C) ampr, (D–F) Pc and (G–I) E(z)
knockdowns on pupal morphology. Seventh instar
larvae were injected with approximately 1 μg (0.5 μL)
of dsRNA on day zero. (A, D, G) Dorsal views, (B, E, H)
ventral views, and (C, F, I) lateral views of pupae are
shown. (A’, B’, D’, E’, G’, H’) Head and prothorax
morphologies of pupae. Pc knockdown pupae have
misshapen pronota and fail to rotate their heads. Open
arrows point to heads, and white arrows point to
pronota. (C’, F’, I’) Wing and leg morphology (white
arrowheads). Pc and E(z) knockdown pupae have
shortened wings and improperly folded appendages.
Wings in C and F’ are outlined with black dotted lines.
(C’’, F’’, I’’) Compound eye development. Pc knock-
down pupae failed to develop compound eyes (F’’,
black arrowhead), whereas E(z) knockdown pupae
had disrupted compound eye development (I’’, black
arrowhead). Each scale bar represents 0.5 mm.
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shaped and reduced in size relative to ampr dsRNA-injected adults
(Fig. 1A’, D’, white arrows).

While a few pupae were arrested at the pupal stage, the majority of Pc
knockdown survived to the pharate adult stage and died (n¼ 13/18;
Table 1). These pharate adults had misshapen heads with dramatically
reduced sclerotization (Fig. 2G, G’, white arrowheads; Fig. 3E, E’). In
ampr dsRNA-injected animals, the head capsule forms a single integrated
unit (Fig. A, A’). In contrast, the head of Pc knockdown adults had several
sclerotized cuticular patches. On the ventral side, two large patches of
sclerotized cuticle were observed (Fig. 3E, dotted lines). On the dorsal
side, three large patches of sclerotized cuticle were observed; two were
located between the eyes and the antennae, and one was located between
the antennae (Fig. 3E’, dotted lines). The latter had prominent bristles,
suggesting that the structure was a labrum although it was smaller than
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andmorphologically distinct from the labrum of the ampr dsRNA-injected
adult (Fig. 3D, H). The compound eyes failed to develop properly (Fig. 2I,
open arrow) and were much reduced in size relative to those of ampr

dsRNA-injected animals (Fig. 2D). In addition, the abdomens of Pc
knockdown adults were elongated and stretched out, suggesting that the
compaction of the body that occurs during metamorphosis failed to take
place (Fig. 2E, J, J’). Moreover, the sternal plates were narrower and
appeared to have undergone partial homeotic transformation as notches
that appear in the more posterior abdominal sternites of wildtype adults
(Fig. 2E, arrowheads) were present on all abdominal sternites of the more
severely affected Pc knockdown adults (Fig. 2J’, black arrowheads). In
particular, an additional sternite-like structure developed at the posterior
end of some adults, indicating that the genitalia-bearing segment had
undergone anterior transformation (Supplemental Fig. 2; Fig. 2J’, black
Fig. 2. Pc and E(z) knockdown Tribolium adults
exhibit extensive head, appendage and eye defects.
Effects of (A–E) ampr, (F–J) Pc and (K–O) E(z) knock-
downs on adult morphology. (A, E, F, J, K, O) Ventral
views, (B, G, L) dorsal views and (C, H, M) lateral
views of dsRNA-injected animals. White arrowheads
point to heads. (D, I, N) Head morphology of dsRNA-
injected adults showing disrupted eye development
in Pc and E(z) knockdown adults. Open arrows indi-
cate disrupted eyes. (E, J, O) Isolated abdomens of
dsRNA-injected adults. All abdominal sternites of Pc
knockdown adults had notches (J’, arrowheads),
which normally develop on the more posterior
abdominal segments (E, arrowheads). In addition,
several adults (J’) developed an extra abdominal
sternite-like structure at the posterior end, whereas
others (J) had increased sclertotization but not to the
extent that a complete sternite-like structure formed
(black arrows). Each scale bar represents 0.5 mm.



Fig. 3. Pc and E(z) knockdown head appendages exhibit homeotic transformations and patterning defects in adult Tribolium. Effects of (A–D) ampr, (E–H) Pc
and (I–L) E(z) knockdowns are shown. (A, E, I) Ventral view of the head. (A’, E’, I’) Dorsal view of the head. White arrowheads point to anterior portion of the head
capsule, which was misshapen in the E(z) knockdown adult (I’). Dotted lines outline the dorsal head capsule or sclerotization. (B, F, J) Antennae of ampr (B), Pc (F) and
E(z) (J) dsRNA-injected adults. (C, G, K) Labial palps and maxillae of ampr (C), Pc (G) and E(z) (K) dsRNA-injected adults. (Left) Labial palps and maxillae before
dissections. (Center) Labial palps of dsRNA-injected animals. (Right) Maxillae of knockdown animals. Pa¼ palpomeres; max¼maxillary palp; ga¼ galea; la¼ lacinia.
Black arrowhead points to a possible remnant of the galea. Open arrowhead points to the trochanter-like structure. (D, H, L) Labrum of ampr dsRNA-injected adults. (H)
Labrum-like structure isolated from Pc knockdown adult head. (L) Close-up of the anterior end of the head capsule of E(z) knockdown adults from the ventral side. A
labrum-like structure was fused to the head capsule.

Fig. 4. Pc and E(z) knockdown Tribolium adult legs exhibit homeotic
transformations and patterning defects. Effects of (A) ampr, (B) Pc and (C)
E(z) knockdowns on adult leg morphology. (A, B, C) Foreleg, (A’, B’, C’) midleg
and (A’’, B’’, C’’) hindleg of knockdown adults. The medial tarsal segments are
indicated by arrowheads. Blue lines represent the length of the foreleg tibia for
each of the knockdown animals. Open arrowhead represents the male-specific
pad on the foreleg of ampr dsRNA-injected animals.
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arrow; n¼ 5/10). Other adults also had increased sclerotization in the
sixth abdominal segment although not to the extent that a sternite-like
structure was formed (Fig. 2J, black arrow; n¼ 4/10). Whether the dif-
ferences arise from differences in the sex of the adults or in the severity of
the knockdown was not clear.

The head appendages were dramatically altered in Pc knockdown
pharate adults (Fig. 3). Whereas normal ampr dsRNA-injected adults have
11 antennal segments (Fig. 3B), the Pc knockdown antennae consisted of
two large segments that resembled leg segments (Fig. 3F). In particular,
the proximal segment had a superficial resemblance to the femur. In
addition, the labial palps were enlarged and the relative sizes of the
segments were altered: the distal-most palpomere 3 in ampr dsRNA-
injected adults is the largest labial segment (Fig. 3C, center, pa3); in
contrast, in Pc knockdown adults, the basal segment in the labial palp was
enlarged with a superficial femur-like appearance (Fig. 3G, center). The
maxillary palps of Pc knockdown adults were also dramatically altered
such that the basal presumptive palpomere segment was enlarged rela-
tive to the distal presumptive palpomere segment (Fig. 3G, right), unlike
in ampr dsRNA-injected adults whose distal-most palpomere was the
largest of the four (Fig. 3C, right). The enlarged segment of Pc-RNAi
maxillary palp resembled a femur with a trochanter-like structure
(Fig. 3G, right). In addition, the galea and the lacinia were almost absent
in Pc knockdown adults. In Pc knockdown adults, therefore, the maxilla
appeared to have transformed from a branched appendage to a non-
branched appendage. Taken together, in the absence of Pc, both the
maxilla and the labial palps resembled each other and assumed a more
leg-like morphology.

In normal ampr dsRNA-injected Tribolium adults, the forelegs and
midlegs have five tarsal segments, whereas the hindlegs have four tarsal
segments and are longer than the fore- and midlegs (Figs. 4A-A’’ and 5B,
C). All three pairs of legs in Pc knockdown adults had four tarsomeres and
were similar in size (Figs. 4B-B’’ and 5B, C). This suggests that the foreleg
and midleg may have undergone homeotic transformation to adopt a
hindleg identity. In support of this idea, none of the 11 pharate adults
examined had foreleg-specific pads that are found in males (Fig. 4A,
white arrowhead). Although we were unable to properly sex the adults,
at least a few of these should have been males.

The fore- and hindwings of Tribolium adults are morphologically
distinct: the forewings are characterized by the development of
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sclerotized elytra whereas the hindwings are membranous wings
(Fig. 6A). In addition, a sclerotized structure called the scutellum forms at
the base of the sclerotized elytra (Fig. 6A, black arrow). In Pc knockdown
adults, instead of a pair of elytra, a pair of small membranous wings was
observed in the mesothoracic segment, and the scutellum was missing
(Fig. 6B), indicating that the forewing had undergone homeotic



Fig. 5. Pc and E(z) knockdowns lead to
uniform leg segment lengths across the
three thoracic segments of Tribolium
adults. Relative sizes of the appendage
segments in ampr, Pc and E(z) dsRNA-
injected adults are shown. (A) E(z) knock-
down leg showing the disrupted tarsal
segment. (Middle) Close-up of the tibia.
(Right) Close-up of the modified tarsus.
Scale bars represent 0.1 mm. (B) Comparison
of T1 and T3 leg segment sizes. The T3/T1
leg segment ratios are plotted. (C) Compar-
ison of T2 and T3 leg segment sizes. The T3/
T2 leg segment ratios are plotted. (D) Com-
parison of tibial and tarsal leg segment sizes.
Tibia/tarsus ratios are plotted. Each bar
represents an average of 6–7 measurements.
Error bars represent standard error. Blue line
represents a ratio of 1, indicating identical
lengths.

Fig. 6. Pc and E(z) knockdown leads to homeotic transformations of wings in Tribolium adults. Effects of (A) ampr, (B) Pc and (C) E(z) dsRNA-injection on adult
wing morphology. Left panels show the wings and the dorsal segment. Arrows point to the scutellum of ampr and E(z) dsRNA-injected adults; the scutellum did not
appear to develop in the Pc knockdown animal. (B, C, right) Wings imaged under a compound microscope. Sclerotized areas are marked with arrowheads.
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transformation to adopt a hindwing-like identity. We note that although
the wings failed to extend, we did not see sclerotization in either of the
wings even when the rest of the body was sclerotized.

To characterize the nature of this homeotic transformation, we
examined the expression of the Hox gene Ubx, which specifies the third
thoracic segment (T3) identity, in both the second thoracic segment (T2)
and T3 in ampr and Pc knockdown prepupae. We found that Ubx is
significantly upregulated in T2 of Pc knockdown prepupae compared to
ampr dsRNA-injected prepupae (Fig. 7A; p< 0.0001, Student's t-test). In
contrast, no significant differences were observed between the Ubx
expression in T3 of ampr and Pc knockdown prepupae (Fig. 7B; p¼ 0.09,
Student's t-test). Taken together, these results indicate that in Pc knock-
down prepupae, Ubx is misexpessed in T2, transforming T2 into T3
during metamorphosis.
Fig. 7. Ubx expression is upregulated in T2 after Pc (A, B) or E(z) (C, D) knockdo
dsRNA-injected prepupae. (C, D) Average expression of Ubx in T2 (C) and T3 segme
measure the expression of Ubx. Expression was normalized using rp49 as an intern
represent standard error. Individual values are represented by the circles. ** denotes p
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3.3. E(z) RNAi leads to partial homeotic transformation and tarsus-to-
tibia transformations

To determine the role of E(z) during Tribolium metamorphosis,
approximately 1 μg of E(z) dsRNA was injected into day zero seventh or
eighth instar larvae. The majority of larvae metamorphosed without
undergoing an extra larval-larval molt (n¼ 13/17; Table 1). The wings of
E(z) knockdown pupa were reduced in size and failed to fold ventrally
over the legs (Fig. 1G’, white arrowhead). The appendages also failed to
fold properly (Fig. 1I’, white arrowhead) although the head rotation was
normal (Fig. 1H’, I’, open arrows). The compound eyes began to develop
although they did not complete their development and were disorga-
nized (Fig. 1I’’, black arrowhead).

The majority of E(z) knockdown animals that pupated arrested in the
pharate adult stage (n¼ 9/11; Table 1). While the compound eyes were
more developed than Pc knockdown animals, they were reduced in size
wn. (A, B) Average expression of Ubx in T2 (A) and T3 segments (B) of Pc or ampr

nts (D) of E(z) or ampr dsRNA-injected prepupae. Quantitative PCR was used to
al control. Averages represent means of three biological replicates. Error bars
< 0.005; *** denotes p < 0.0001. Expression in T3 is not significantly different.
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(Fig. 2N, open arrow). The head capsule developed although the anterior
portion was misshapen (Fig. 3I’, white arrowhead). The anterior portion
of the head capsule had prominent bristles, and given the lack of a
distinct labrum, we suspect that the labrum was fused to the anterior end
of the head capsule (Fig. 3L). The abdomen of E(z) knockdown adults did
not appear to undergo the dramatic homeotic transformations observed
in Pc knockdown adults (Fig. 2O). All of the head appendages lacked
segmentation and were dramatically elongated (Fig. 3I, J, K). While the
proximalmost segment of the antenna was visible, the rest of the seg-
ments failed to form, and the antenna developed as a slender rod
(Fig. 3J). Similarly, the labial palp and the maxilla also lacked visible
segmentation (Fig. 3K). Unlike the Pc knockdown maxilla, the galea and
the lacinia developed normally although their morphology was altered
compared to the galea and the lacinia observed in the ampr dsRNA-
injected animals (Fig. 3C).

The fore-, mid- and hindlegs all had dramatically altered tarsal seg-
ments and formed a single leg segment that superficially resembled a
tibia (Figs. 4C-C”, 5A). Moreover, the length of this altered tarsus was
similar to the tibia (Fig. 5D). In addition, the three pairs of legs resembled
each other and were similar in length (Fig. 5B and C). Thus, like Pc
knockdown animals, the legs on the three thoracic segments were
indistinguishable from each other. None of the nine pharate adults
examined had any patches characteristic of male forelegs, suggesting that
all the legs had transformed into a T2 or T3 identity.

Lastly, the fore- and hindwings of E(z) knockdown pharate adults
resembled each other, similar to Pc knockdown animals (Fig. 6C). In
more severely affected E(z) knockdown animals, the forewing did not
exhibit any sclerotization except at the margins (Fig. 6C). Similarly, the
hindwings also had ectopic sclerotization around the margins. Thus, the
fore- and hindwings both comprised of sclerotized and unsclerotized
regions, leading us to speculate that both wings in E(z) knockdown adults
adopt an intermediate T2/T3 identity. The wings were also reduced in
size, suggesting that E(z) might play a role in the proliferation of wing
imaginal cells.

To clarify the nature of transformations, we examined whether Ubx
might also be misexpressed in T2 of E(z) knockdown prepupae. Similar to
Pc knockdown larvae, E(z) knockdown led to significant upregulation of
Ubx in T2 compared to ampr dsRNA-injected (Fig. 7C; p< 0.005, Stu-
dent's t-test). No significant difference in Ubx expression was observed
between T3 of E(z) and ampr dsRNA-injected prepupae (Fig. 7D; p¼ 0.14,
Student's t-test). Thus, in the absence of E(z), T2 appendages likely un-
dergo partial transformation to T3-like appendages.

Taken together, these results indicate that in Tribolium, E(z) and Pc
play critical roles in specifying the segmental identities of appendages
during metamorphosis. Moreover, both Pc and E(z) play additional roles
in patterning imaginal cell-derived structures: both genes are necessary
for adult compound eye development and growth of wings, and E(z) is
necessary for proper patterning and segmentation of the tarsus and head
appendages.
Table 2
Effects of Pc and E(z) knockdown on leg regeneration. Larvae were injected and

Targeted
gene

Total nr Larvae after 1 molts

Nr with regenerated
legs

Nr without
regenerated
legs

Died before pu
1 molt

ampr 7 0 7 0
Pc 19 0 19 2
E(z) 23 0 23 9

Targeted
gene

Total nr
pupated

Pupa after 1 molt
Nr with leg regeneration Nr without leg regeneratio

ampr 7 2 0
Pc 2 1 0
E(z) 3 0 2
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3.4. Knockdown of Pc expression inhibits leg regeneration after ablation at
the coxa

To elucidate how Pc silencing affects Tribolium regeneration, dsRNA
was injected into day zero sixth instar larvae. Mid- and hindlegs on one
side of these larvae were cut two days later at the coxa, and regeneration
of the ablated appendages was recorded after every molt (Table 2). In
ampr dsRNA-injected control Tribolium larvae, wound healing and for-
mation of blastema-like structures were observed after the first larval
molt. After the second larval molt, segments were reformed (Fig. 8A).
Pupae that developed from ampr dsRNA-injected larvae after one and two
larval molts exhibited regenerated limbs as previously described (not
shown; Shah et al. (2011)).

All Pc knockdown Tribolium larvae showed wound healing at the leg
ablation sites similar to ampr dsRNA-injected controls after one larval
molt. These larvae also exhibited blastema-like structures at the ablation
sites. After the second molt, approximately half of the surviving Pc
dsRNA-injected larvae showed no further regeneration (Fig. 8B), while
the rest exhibited partial regeneration in at least one leg (Table 2;
Fig. 8C). One larva that pupated after one molt exhibited regeneration
whereas another larva that pupated after two molts exhibited no regen-
eration (Fig. 8E). These results indicate that Pc is required for regener-
ation in Tribolium although the effect is variable, possibly due to
incomplete knockdown of Pc or redundant functions of additional
regulators.
3.5. E(z) is essential for the regeneration of legs after ablation at the coxa

To determine how E(z) knockdown affects regeneration, E(z) dsRNA
was injected into day zero sixth instar larvae (n¼ 23). Mid- and hindlegs
on one side of these larvae were cut two days later at the coxa, and
regeneration of the ablated appendages was recorded after every molt.
Treated larvae were observed during their subsequent life stages. All E(z)
knockdown larvae showed wound healing at the leg ablation sites similar
to ampr dsRNA-injected controls and Pc dsRNA-injected larvae after one
larval molt. These animals also exhibited blastema-like structures at the
ablation sites. Nine out of 23 larvae died after the first molt. None of the
E(z) dsRNA-injected larvae that underwent a second larval-larval molt
regenerated their legs (n¼ 12, Fig. 8D; Table 2). The pupae that formed
after one or two larval molts also exhibited no regeneration (Table 2).
These results indicate that E(z) is essential for leg regeneration in
Tribolium.

A previous study demonstrated that Gryllus leg regeneration does not
require E(z) for blastema differentiation but is necessary for the proper
re-patterning of the leg: knockdown of E(z) leads to the formation of an
extra tibial segment (Hamada et al., 2015). The Gryllus legs, however,
were amputated at the tibia or the femur, not at the coxa as in our study.
To determine whether amputation position might impact regeneration,
we injected sixth instar larvae with Pc, E(z) or ampr dsRNA and ampu-
tated the legs at two different segments two days later: the midleg was
ablated during the sixth larval instar.

Larvae after 2 molts

pation after Nr with regenerated
legs

Nr without
regenerated
legs

Died before pupation after 2 or
3 molts

5 0 0
9 7 15
0 12 11

Pupa after 2 molt
n Nr with leg regeneration Nr without leg regeneration

5 0
0 1
0 1



Fig. 8. Pc and E(z) are necessary for proper larval leg regeneration post
coxal ablation in Tribolium. Effects of (A) ampr, (B, C, E) Pc and (D) E(z)
dsRNA-injection on Tribolium leg regeneration after two larval molts. Day zero
sixth instar larvae were injected with 2 μg/μL ampr, Pc or E(z) dsRNA, and mid-
and hind-legs were cut at the coxa two days after. (A–D) Larval legs after two
molts post dsRNA injection. Center and right panels show close-ups of mid- and
hind-legs, respectively. All images in the left column were taken at the same
magnification; images in the center and right columns were taken at the same
magnification. Pc knockdown resulted in larvae with variable degrees of
regeneration: some exhibited no regeneration (B) while others partially regen-
erated (C). Arrowheads point to regenerating legs. (E) Ventral phenotype of Pc
knockdown pupa that survived pupation after two larval molts. Limbs on the
right side of the pupa (left side on the image) are uncut contralateral control
legs. Both the midleg and hindleg are missing from the left side of the
pupa (arrowheads).
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ablated at the femur whereas the hindleg was ablated at the level of the
coxa. In addition, to see if the observed regeneration defect is unique to
legs, one of the antennae of the same larva was also removed close to the
base. The phenotype after two larval molts was recorded (Table 3).

ampr dsRNA-injected larvae regenerated nearly perfect midlegs after
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the second molt. The hindleg of ampr dsRNA-injected larvae also regen-
erated all segments although the morphology was distorted (Fig. 9A).
ampr dsRNA-injected larvae also regenerated their antennae, more or less
restoring the original morphology (Fig. 9F).

Midlegs of Pc knockdown larvae amputated at the level of the femur
were able to regenerate after two molts even when the hindlegs failed to
regenerate (Fig. 9B; Table 3). In some of the weakly affected larvae, the
midlegs regenerated a normal claw, and all the segments were restored
(Fig. 9C). Eight out of 13 larvae failed to regenerate a limb when the
hindleg was ablated at the coxa, perhaps because the open wound area is
much greater when the limbs are ablated at the coxa; when the femur is
cut, the wound margins are often pinched close after ablation and do not
remain open. In many Pc knockdown larvae, the antennae failed to
regenerate properly and only formed a bump (n¼ 6/13; Fig. 9G). In other
Pc knockdown larvae, the antennae regenerated a limb that resembled a
leg with a claw at the distal end (n¼ 7/13; Fig. 9H). Thus, Pc likely
maintains antennal identity during regeneration.

In E(z) knockdown larvae, limbs failed to regenerate properly even
when they were ablated at the femur. In the most severely affected
larvae, the wound had healed, but no new segment was visible (Fig. 9D).
In other larvae, a bump resembling a blastema was observed with an
occasional pointed tip, but no properly patterned segments were
observed (Fig. 9E). The antennae also failed to regenerate and even in the
weakly affected larvae, only a single enlarged bump-like structure was
observed (Fig. 9I and J). Together, these results demonstrate that Pc and
E(z) are necessary for proper re-differentiation of larval appendages and
indicate that PcG proteins play extensive roles during limb regeneration
in Tribolium.

4. Discussion

In this study, the roles of epigenetic histone modifiers, Pc and E(z),
were examined during metamorphosis and larval leg regeneration
through RNA interference. Pc and E(z) knockdown animals developed
abnormal pharate adult morphologies including disrupted eye develop-
ment and homeotic transformations of legs and wings. Each knockdown
produced unique morphologies, indicating that E(z) and Pc play distinct
roles during metamorphosis. Furthermore, when Pc expression was
silenced, limited regeneration was observed at the sites of ablated larval
appendages and transformation of the regenerated antenna into a leg.
Knockdown of E(z) resulted in the complete inhibition of limb re-
differentiation. Together, these results demonstrate that Pc and E(z)
play critical roles during post-embryonic sequential ontogenetic plas-
ticity and limb regeneration.

4.1. Pc and E(z) maintain segmental identity during metamorphosis

When Pc was silenced, we observed homeotic transformations of legs
and wings from a mesothoracic (T2) identity to a metathoracic (T3)
identity. Similarly, knockdown of E(z) led to pharate adults with similar
legs on all three thoracic segments and similar fore- and hindwings. We
found that Ubx is misexpressed in T2 when either Pc or E(z) is knocked
down. Because Ubx has been shown to promote hindwing identity during
Tribolium metamorphosis (Tomoyasu et al., 2005), the upregulation of
Ubx likely confers T3-like characteristics in the T2 segment. Similarly,
forewings of Pc mutant Drosophila also develop haltere-like structures as
Ubx is misexpressed in the developing imaginal discs (Cabrera et al.,
1985). Interestingly, however, all three pairs of legs in Pc mutant
Drosophila develop sex combs, which normally develop on forelegs
(Mollaaghababa et al., 2001). This is in stark contrast to our observation
where the fore- and midlegs assumed a hindleg-like morphology.

In Drosophila imaginal discs, Hox misexpression appears patchy; that
is, not all cells appear to express the same sets of Hox genes (Cabrera
et al., 1985). Such patchiness likely explains why the wings are not
completely transformed into halteres. E(z) knockdown in Tribolium may
also result in non-uniform misexpression of Hox genes, leading to mosaic



Table 3
Effects of Pc and Ez(z) knockdown on leg regeneration after femural and antennal ablations. Larvae were injected on day 0 of sixth larval instar. Two days later, a
midleg was ablated at the femur, a hindleg was ablated at the coxa and an antenna was ablated near the boundary of the antennifer and the scapus. Phenotypes after two
molts were recorded.

Targeted
gene

Total
nr

Died
after
1
molt

Prepupated
after 1 molt

Underwent a
second
larval-larval
molt

Nr with
midleg that
regenerated
segments

Nr with
midleg that
failed to
regenerate

Nr with
hindleg that
regenerated
segments

Nr with
hindleg
that failed
to
regenerate

Nr with
antenna that
regenerated
normally

Nr with
antennae
that failed
to
regenerate

Nr that
regenerated a
leg instead of
an antenna

ampr 7 0 3 4 4 0 4 0 4 0 0
Pc 16 9 2 5 0 5a 0 5a 0 5 0
E(z) 15 2 0 13 13 0 5 8 0 6 7

a Includes one larva that formed a tiny claw at the tip of the bump.

Fig. 9. Pc is necessary for antennal regrowth and antennal specification during regeneration, and E(z) is necessary for both femoral and antennal
regeneration. Effects of (A, F) ampr, (B, C, G, H) Pc and (D, E, I, J) E(z) dsRNA-injection on Tribolium femoral and antennal regeneration after two larval molts are
shown. Day zero sixth instar larvae were injected with 2 μg/μL ampr, Pc or E(z) dsRNA. The mid- and hind-legs were cut at the femur and coxa, respectively, two days
later. Antennae were also ablated in the same animal. (A–E) Effect of knockdowns on leg regeneration. Middle panels show close-up of mid-legs that were ablated at
the femur. Right panels show legs in the same animals that were ablated at the coxa. (F–J) Effect of knockdowns on antennal regeneration. The antennae were ablated
near the boundary of the antennifer and the scapus. Middle and right panels show close-up of the unablated antennae and ablated antennae after two molts. (A, F)
Effects of ablations in ampr dsRNA-injected larvae. (B, G) Effect of Pc knockdown in a strongly affected larva, which failed to regenerate the hindleg and the antenna
(black arrowhead). (C, H) Effect of Pc knockdown in a weakly affected larva. Legs regenerated, and antenna regenerated a leg-like appendage (open arrowhead). (D, I)
Effect of E(z) knockdown in a strongly affected larva, which failed to regenerate both legs and antenna (black arrowhead). (E, J) Effect of E(z) knockdown in a weakly
affected larva. The legs regenerated a small bump at the tip, and antenna regenerated a single enlarged bump-like structure.
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wings that exhibit both fore- and hindwing identities. In addition, we
observed homeotic transformations of head appendages and the
abdomen, indicating that Hox genes become misexpressed in other seg-
ments, not just in T2. Together, our findings indicate that PcG proteins
maintain spatially restricted Hox gene patterns in metamorphosizing
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appendages when their imaginal precursor cells undergo dramatic
developmental changes to transform the larval appendages into adult
appendages (Fig. 10). Notably, with the exception of the terminal
segment of the abdomen, and possibly the head, the body wall
morphology does not appear to undergo dramatic homeotic



Fig. 10. Proposed roles of PcG proteins in insects with
imaginal precursor cells and those with direct limb
development. (Top) PcG proteins play critical roles during
leg regeneration of Tribolium, and their removal prevents legs
from re-differentiating. In addition, PcG proteins play critical
roles in establishing segmental identity and other major
developmental events during metamorphosis (phenotype of
E(z) knockdown is shown). Homeotic transformations (T2-
> T2/T3 transformation is shown) are observed when these
genes are silenced during metamorphosis. Thus, PcG proteins
play extensive roles in mediating developmental switches
and regeneration of insects with imaginal precursor cells.
(Bottom) PcG proteins regulate re-patterning of nymphal legs
in Gryllus but not re-differentiation. Removal of E(z) leads to
the duplication of the tibial segment. PcG proteins appear to
play less extensive roles in these insects with directly-
developing limbs.
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transformations (Fig. 2), indicating that the roles of PcG proteins are
mostly confined to imaginal precursor cells.

It is clear that besides impacting segmental identity, Pc and E(z) both
play additional roles. Compound eye development is disrupted in both Pc
and E(z) knockdown animals. In Drosophila, analysis of Pc and E(z)
mosaic mutant eye discs showed that these genes are necessary for
photoreceptor differentiation at the morphogenetic furrow or at the
posterior margin (Janody et al., 2004). Functions of these genes may be
conserved between the two species. In addition, in E(z) knockdown
Tribolium, the head appendages developed single elongated segments
that lacked the normal number of segments. We suspect that E(z) nor-
mally represses critical regulators that are directly or indirectly involved
in the establishment of appendage segment identities. Finally, the wings
were much smaller in E(z) knockdown adults. We suspect that E(z) plays
a role in wing imaginal cell proliferation during the prepupal period.
4.2. Potential roles of Pc and E(z) in repressing re-differentiation genes

Because wound healing and at least a small bump was observed after
limb ablation in Pc and E(z) knockdown larvae (Fig. 8), we infer that
wound healing does not require Pc or E(z). Instead, the re-differentiation
step appears to be impaired, permanently maintaining the blastema
stage. Because Pc and E(z) are part of the PcG proteins, which are a set of
general transcriptional repressors, we propose two different hypotheses
for the observed lack of regeneration. First, it is possible that these PcG
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proteins actively repress blastema-specific genes during the re-
differentiation step and that their de-repression leads to the permanent
maintenance of blastemas. Alternatively, it is possible that Pc and E(z)
are necessary for repressing differentiation signals and/or maintaining
the proliferative state of blastemal cells: without E(z) or Pc, blastemal
cells stop proliferating and/or undergo premature differentiation. Curi-
ously, when Pc was silenced, the midleg ablated at the femur was able to
regenerate even when the hindleg, ablated at the coxa, was unable to do
so in the same larva (Fig. 8B). This may be due to the fact that not as
many cells are needed to recreate the limbwhen the femur is ablated; this
explanation would be consistent with the idea that Pc knockdown leads
to premature differentiation. In regenerating Drosophila imaginal discs,
Pc is downregulated in response to JNK signaling, a wound healing
pathway (Lee et al., 2005). This decline is associated with the activation
of wingless (wg), which plays key roles in blastema formation and trans-
determination of imaginal discs, indicating that the decline in Pc allows
cells to de-differentiate to acquire multipotency (Lee et al., 2005). While
this has not been investigated, it is possible that Pc may subsequently
need to be re-expressed in order for the imaginal discs to re-differentiate.
In addition, our study indicates that at least Pc is necessary for main-
taining the segmental identity of antennae as silencing of Pc led to the
regeneration of a leg-like structure in some larvae (Fig. 9C). Thus, similar
to Drosophila, Pc removal appears to be associated with an increased
frequency of transdetermination (Lee et al., 2005), possibly mediated by
Hox gene misexpression as observed during metamorphosis.
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Mammalian stem cells have demonstrated similar roles for EZH2. In
mice muscles, EZH2 is expressed in quiescent satellite cells and is
necessary for homeostatic maintenance of the adult quiescent satellite
pool (Juan et al., 2011; Palacios et al., 2010). When EZH2 is experi-
mentally reduced, the number of satellite cells decreases and muscle
regeneration is impaired because EZH2 is necessary for maintaining the
proliferative capacity of satellite cell pool. In addition, EZH2 has been
shown to be necessary for permitting the differentiation of muscle cells
by repressing Pax7, a satellite cell specific transcription factor (Juan
et al., 2011; Palacios et al., 2010). Epidermal stem cells also express
EZH2, and its expression is necessary for maintaining the proliferative
potential of stem cells and preventing premature differentiation of
epidermis (Ezhkova et al., 2009). Finally, multipotent progenitor cells of
the cerebral cortex have also been shown to require EZH2 for their
proliferation and inhibition of premature differentiation (Pereira et al.,
2010).

4.3. Comparison with epigenetic regulation of regeneration in other
organisms

A role for H3K27 methylation during regeneration has also been
demonstrated in zebrafish. In zebrafish, the H3K27 demethylase KDM6 is
necessary for regeneration in adult caudal fins (Stewart et al., 2009).
During larval fin regeneration, EZH2 has also been shown to be necessary
for regeneration (Dupret et al., 2017). One interpretation is that blas-
temal formation and initiation of regeneration requires demethylation of
H3K27, whereas subsequent re-differentiation requires PRC2-dependent
H3K27 methylation. Alternatively, histone modifiers may play different
roles during regeneration of larval versus adult fins. Regardless, regen-
eration of zebrafish fins requires EZH2, similar to Tribolium legs.

Our finding that E(z) knockdown in Tribolium leads to a loss of
regenerative ability is different from what is observed during leg
regeneration in cricket nymphal legs. In Gryllus, knockdown of E(z) re-
sults in re-differentiated legs that contain an additional tibia-like segment
(Hamada et al., 2015) (Fig. 10). This curious difference may arise from
the fact that cricket nymphal legs are more fully developed at the time of
regeneration whereas larval legs are still incompletely differentiated. In
fact, we have shown that in Tribolium, these genes play major roles during
metamorphosis to specify both the appendage morphology and identity
(Figs. 3–7), whereas no such transformations were noted during post-
embryonic development of Gryllus (Hamada et al., 2015). Thus, the
timing of epigenetic regulation in limb development appears to be het-
erochronically shifted to a later stage of development in holometabolous
insects: at the time of ablation, the cells in the larval legs have undergone
less differentiation than Gryllus nymphal legs (Truman and Riddiford,
2002; Villarreal et al., 2015), and the relative importance of chromatin
structure may differ between the juveniles of the two species (Fig. 10).

Taken together, we hypothesize that during regeneration involving
incompletely differentiated limbs derived from imaginal precursor cells,
histone methylation may play a critical role, specifically during prolif-
eration of precursor cells and/or blastemal formation. In contrast,
regeneration of differentiated structures, as seen in cricket legs, may not
require histone modification for blastemal formation and cell prolifera-
tion. Studies from additional taxa should help clarify the extent to which
the distinct functions reflect differences in life cycles (i.e., hemimetab-
olous versus holometabolous, and differences in timing of appendage
development) of these insects, or divergences in the functions of PcG
genes themselves.

5. Conclusions

Our study demonstrates that epigenetic regulators play critical roles
during both metamorphosis and regeneration. Specifically, our study
demonstrates that E(z) and Pc play both conserved and distinct roles
during metamorphosis to maintain proper segmental identities. The
functions of PcG proteins during embryogenesis have been well
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characterized. Our findings demonstrate that the dramatic rearrange-
ments and remodeling of larval structures during metamorphosis mark
the second phase of development when epigenetic regulators play critical
roles in maintaining proper expression of genes. PcG genes also play
critical roles in Tribolium leg regeneration. Together, these findings
indicate that PcG proteins play extensive roles in regulating plasticity of
imaginal precursor cells.
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