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Chinmo is the larval member of the molecular trinity that

directs Drosophila metamorphosis
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The molecular control of insect metamorphosis from larva to pupa to adult has long
been a mystery. The Broad and E93 transcription factors, which can modify chromatin
domains, are known to direct the production of the pupa and the adult, respectively.
We now show that chinmo, a gene related to broad, is essential for the repression of
these metamorphic genes. Chinmo is strongly expressed during the formation and
growth of the larva and its removal results in the precocious expression of broad and
E93 in the first stage larva, causing a shift from larval to premetamorphic functions.
This trinity of Chinmo, Broad, and E93 regulatory factors is mutually inhibitory. The
interaction of this network with regulatory hormones likely ensures the orderly progres-
sion through insect metamorphosis.
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Insects evolved from Crustacean stock about 450 Mya and diversified to become a
major group of animals that profoundly shaped the subsequent evolution of plant and
animal life in the terrestrial biosphere (1). A major feature of insect success was through
their development of metamorphosis (1-3). Initially, insects had a direct developing
(ametabolous) life history, like today’s silverfish (Zygentoma), in which the hatchling is
a miniature version of the adult, with little change in body form during growth except
for the eventual appearance of genitalia needed for adult reproduction. The evolution
of wings and powered flight resulted in further modifications of postembryonic devel-
opment. In this hemimetabolous pattern, development is still direct because the hatch-
ling, which is typically called a nymph, acquires the basic body form of the adult, but
it lacks wings as well as genitalia. These structures gradually appear as wing and genital
pads as the nymph grows and are transformed into the adult structures at the final
molt. The subsequent evolution of a holometabolous life history, with discrete larval,
pupal, and adult stages, then involved a profound shift in embryonic development.
Embryogenesis no longer produced a miniature version of the adult that laid the egg,
but it was somehow redirected to generate a strikingly different body plan, like that of
the caterpillar versus its parent butterfly. The larva goes through successive growth
stages using this modified form, and the adult body plan is finally established at meta-
morphosis after larval growth is complete.

There are longstanding, conflicting views about how the holometabolous pattern
evolved from an ancestral hemimetabolous pattern. One view is that there was a grad-
ual transition in which selection pressures on the nymph promoted a divergence of
form away from that of the adult, and this disparity eventually became so great that it
required the interposition of a transitional stage in-between which is now known as the
pupa (1, 4, 5). In this view, larvae and nymphs are considered equivalent, differing
only quantitatively across a large spectrum. Support for the equivalence of larvae and
nymphs is twofold: (1) the presence of juvenile hormone (JH) in the immature stages
enforces molting to another immature stage and the decline of JH during the final
nymphal or larval instar allows metamorphosis (5); and (2) the transcription factor
Krippel-homolog 1 (Kr-h1), which mediates JH action (6), serves to maintain both lar-
val and nymphal stages and must disappear from both for metamorphosis to occur
(5-7). The alternate view, formulated over a century ago (8), is that the holometabo-
lous shift involved a fundamental alteration in embryogenesis that suppressed the pro-
duction of the species-typical, imaginal form and allowed the development of an altered
body form (9). This shift allowed the uncoupling of the development of the immature
and mature stages so that selection could now act on each independently, thereby pro-
viding the opportunity for a profound divergence in the forms of the two stages (10).
In this view, the larva was the evolutionary innovation; it became the stage devoted to
growth, while the nymphal stages were eventually reduced to a single, nonfeeding, tran-
sition stage (i.e., the pupa) in which the adult body plan forms. Interestingly, two
hemimetabolous orders (the thrips, Thysanoptera, and some scale insects and white
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flies within the Hemiptera) have also evolved a holometabolous-
like lifestyle (termed neometaboly) (1, 4, 11), but in these cases,
the transition from larva to adult requires two or three nonfeed-
ing, pupa-like stages, rather than just one.

In a theoretical paper, 50 y ago, Williams and Kafatos (12)
proposed that the larval, pupal, and adult stages were each con-
trolled by their own master regulatory gene that controlled
access to stage-specific gene sets. These three master genes
reciprocally inhibited each one another and were responsive to
the suite of hormones that regulated metamorphosis. We now
know that many “stage-specific” genes such as the cuticle genes
may be expressed in one, two, or all three of these stages
depending on the nature of the cuticle being produced (13),
but master controlling genes have not been ruled out. Genetic
and molecular approaches have recently identified some mem-
bers of this trinity of master genes (Fig. 14). The first master
gene was the broad gene, a Broad-Tramtrack-Bric-d-brac (BTB)
domain-C,H,-zinc-finger transcription factor that is both nec-
essary and sufficient for production of the pupal stage of
Drosophila melanogaster (14, 15). Indeed, the expression of
broad is a universal feature of the holometabolous pupa (1, 9)
and is also found in the pupa-like stages of neometabolous
forms (11). Interestingly, broad is also expressed in hemimetab-
olous nymphs, first appearing in early embryogenesis and con-
tinuing until the start of the last nymphal stage in preparation
for metamorphosis (1, 9, 16-18). While this expression appar-
ently links the hemimetabolous nymph with the holometabo-
lous pupa, there are species differences as to whether its RNA
interference (RNAi)-mediated knockdown can precociously
cause entry to the adult stage (1, 9, 16). Hence, it is not clear
if broad is a master gene for both. The second master gene was
ecdysone-inducible protein 93F (eip93F, commonly known as
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E93) which encodes a Pipsqueak-family transcription factor. It
is essential for the formation of the adult stage of Drosophila
and the beetle, T7ibolium castaneum, as well as of hemimetabo-
lous insects (1, 19-21).

The identity of a larval member of this trinity has been more
problematical. Holometabolous larvae differ from nymphs in
that they do not express broad, except for a subset of neurons
in the central nervous system (CNS) (9, 22). Larvae do express
Kr-h1 and its loss in later larval instars causes premature meta-
morphosis as does the removal of JH (1, 6, 7, 9). However, do
such results mean that Kr-hl is the larval master gene or is
Kr-hl1 the link that allows JH to maintain expression of such a
gene? Importantly, the removal of Kr-hl in D. melanogaster
does not prevent the formation of the larva or the progression
through the larval instars (23). Also, the suppression of JH pro-
duction or action in embryos of the silkworm Bombyx mori
results in production of normal larvae and these larvae can pro-
gress through the next two larval instars despite the absence of
JH and Kr-hI expression (24). Lastly, after metamorphosis
begins in the Holometabola, JH and Kr-hl return to regulate
aspects of pupa formation (9, 21). Indeed, the expression of
Kr-h1 is tightly associated with JH and not with the particular
stage on which JH acts.

If not Kr-h1, then what is the gene that specifies the larval
stage? A recent report by Syed et al. (25) showed that early,
intermediate and late neuronal phenotypes generated by Dro-
sophila mushroom body neuroblasts were associated with the
sequential expression of three transcription factors, chinmo
(chronologically inappropriate morphogenesis), broad, and E93,
respectively. Because the last two transcription factors are mas-
ter genes for the pupa and adult stages, we wondered if
Chinmo might have a similar role for the larval stage. Chinmo
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early L3 late L3 ‘wandering L3 P+0 P+6h early L3 late L3 wanderingL3 P +0h P+18h
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Fig. 1. The relationship of the master regulatory genes to the life stages of Drosophila. (A) The transcription factor and chromatin-modifying genes broad

and eip93F (E93) oversee the formation of the pupal and adult stages, respectively, but the existence of a corresponding gene for the larval stage is unclear.
(B and C) Lateral views of a Stage 14 (B, ~11 h after fertilization) and a mid-Stage 17 embryo (C, a few hours before hatching). Chinmo-IR first appears in the
brain and ventral nerve cord (B) but is later found in all tissues (C). (D and E) Confocal optical sections of triple-stained leg imaginal discs (D) or the salivary
glands (£) at various times during larval growth, pupation, and the early phases of adult differentiation. Upper panel: a low-power merged image indicating
the boxed area which shows the separate channels for Chinmo (yellow), Broad (magenta), and E93 (cyan) immunoreactivity. Chinmo levels decline in the
third larval stage (L3) at the critical weight checkpoint (CW). Broad becomes especially prominent late in wandering (W, wandering L3) and at pupariation
(PP). E93 levels rise after the formation of the pupa. The salivary glands are well into degeneration by 18 h after pupariation (P+18h). L#, # larval stage; early
and late L3, feeding larvae before and after the critical weight checkpoint; P+#h, number of hours after pupariation. Diagrams show the appearance of the
leg imaginal disc (left) and salivary glands (right) through larval life and the initiation of adult differentiation. The green in the salivary gland indicates the
production of glue protein late in larval life.
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was initially identified by its action in controlling temporal
identity of progeny from postembryonic neuroblasts (26). Also,
the critical weight checkpoint that ushers in the start of meta-
morphosis in the last larval stage causes a switch-over from
chinmo to broad expression in neuronal lineages (22, 27) and
also in imaginal discs (28), where the two genes have mutually
antagonistic interactions. We set out to see if chinmo might be
the larval member of the holometabolous trinity through fur-
ther analysis of its expression and genetic deletion experiments.

Results

Based on whole-body mRNA and protein measurements in
ModEncode (29), chinmo, broad, and E93 expression are associ-
ated with the three successive phases of the Drosophila life his-
tory. Chinmo immunoreactivity first appears in the CNS as the
embryo is undergoing germband retraction (Stage 14; ~11 h
after fertilization) and is ubiquitously expressed by hatching
(Fig. 1 Band Cand SI Appendix, Fig. S1). Except for neurons,
larval cells of Drosophila are polyploid and grow by cell enlarge-
ment during the three larval stages (L1 to L3), but most then
degenerate early in metamorphosis. Larvae also possess clusters
of diploid imaginal cells that form the imaginal discs and pri-
mordia. These do not make larval structures but proliferate
during larval growth and eventually replace the larval cells to
make the adult body. In both larval cells and imaginal disc cells
(Fig. 1 D and E), Chinmo levels are high from hatching
through the early part of L3, until the larva passes the critical
weight checkpoint that is the entry into metamorphosis
(~8-10 h into L3 stage) (30). At this time, Chinmo levels
begin to decline in both imaginal discs and larval cells (Fig. 1
D and E) (28) and broad isoforms appear. This change-over has
been studied in the premetamorphic wing imaginal disc, where
Chinmo and Broad reciprocally inhibit each other, such that the
experimental suppression of one causes the elevated expression of
the other (28). Broad is prominent in both larval and imaginal cells
during the formation of the pupal stage and then E93 appears in
both cell types as adult differendation is under way (Fig. 1 D and
E). The larval cells then degenerate while Broad protein is still pre-
sent (Fig. 1F), but imaginal disc cells completely replace Broad
with E93 as the adult structures differentiate (Fig. 1.D).

Chinmo first appears around midembryogenesis and Chinmo
mutants are embryonic lethal (26). We examined the phenotype
of the chinmo’ mutant, using the balanced line used for Chinmo
MARCM (mosaic analysis with a repressible cell marker) studies
(w* chinmo’ P {7_‘)/+t7' = neoFRT}40A] CyO, y) (hereafter called
chinmo’l GO) (26) (see SI Appendix, Table S1 for Drosophila lines
and abbreviations used). When this line was crossed to itself,
approximately half of the larvae hatched (Fig. 24), 90% of which
showed strong Chinmo-immunoreactivity (IR) (Fig. 2 B and C
chinmo"| CyO). Approximately one quarter of the eggs showed no
obvious embryo (presumably CyO/Cy0), and the remaining quar-
ter blocked in late embryogenesis. One set of late-arresting
embryos (Class I) appeared to be fully developed with gas filling
their tracheal systems, while a second set (Class II) showed a gut
configuration similar to a Stage 15 embryo but with sclerotized
mouth hooks and obvious denticle belts. Immunostaining for
Chinmo showed that many Class I embryos had the depressed
levels of Chinmo expression expected for the chinmo’ /chinmo’
homozygote (Fig. 2B). Crossing chinmo’ to different deletion lines
that removed the entire locus yielded only the Class I phenotype
(Fig. 24). Many of the Class I embryos expelled Malpighian
tubule contents into the space between the embryo and the vitel-
line membrane, and these embryos all showed depressed levels of
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Chinmo (Fig. 2B). Most of these embryos had normal propor-
tions but others were shortened along their anterior-posterior axis.

The chinmo' mutant was thought to be a protein null based
on the lack of Chinmo-IR in homozygous chinmo’ neuroblast
clones (26), but our data suggest that it is a hypomorph. We
think that the clones in the previous study lacked Chinmo
expression because the mutant neuroblasts had shifted into
making their late-born progeny, which are normally Chinmo-
negative. Crossing chinmo'l CyO flies to either deletion stock
also produced late arrested embryos with very low levels of
Chinmo-IR (Fig. 2C, chinmo'/Df); while embryos with the
overlapping deletions, which completely removed the chinmo
locus, showed no Chinmo-IR (Fig. 2C, DfIDf). A few chinmo’
homozygotes apparently hatch because we found occasional
hatchlings from these crosses with very low Chinmo expression
(Fig. 2B). However, we found no mid- or late-stage L1 larvae
that showed low Chinmo expression, suggesting that these
chinmo" homozygotes do not grow.

The phenotypes of the chinmo’ homozygotes and the double
deletion embryos show that zygotically produced Chinmo is
not needed to form the larva, but because such animals die,
they cannot tell us if Chinmo is needed to maintain the larval
state. Consequently, we turned to a mosaic approach in which
we removed Chinmo from only some larval cells and then
tracked their development in the growing animal. We used an
engrailed-GAL4 driver to express a nuclear localized red fluores-
cent protein (nRFP) marker and chinmo RNA: constructs (S/
Appendix, Table S1) in the posterior compartments of larval
body segments and imaginal discs. Two independent lines,
UAS-TRiP HMC05346 and UAS-TR:P HMS00036, resulted
in marked depletion of Chinmo-IR in the Engrailed-positive
compartments. The former gave the stronger knockdown of
Chinmo-IR and was the principal line used for these studies.
As seen in Fig. 2 D and E, cells that lacked Chinmo in the first
larval instar showed the precocious expression of either Broad
or E93, the genes that normally are expressed at the onset of
metamorphosis to pupal (14, 15) or adult (20) stage, respec-
tively (Fig. 1 D and E). However, the imaginal disc and larval
cells differed in which trinity gene they expressed. Larval cells,
characterized by epidermal and salivary gland cells, showed pre-
mature expression of E93 but not Broad, while the imaginal
disc cells showed premature expression of Broad but not E93.
We do not yet know the reasons why mutant larval cells preco-
ciously express E93 whereas the imaginal cells express Broad,
but they may arise from differences in how these later trinity
members interact with each other in the respective tissues. Lar-
val and imaginal cells also differed in the timing of their
response to the loss of Chinmo. Larval epidermal cells that
lacked Chinmo showed precocious E93 expression by about
midembryogenesis (late stage 15, shortly after dorsal closure
and head involution) (Fig. 2F), shortly after the time when
Chinmo first appears. In the case of Broad, by contrast, preco-
cious expression in imaginal disc cells did not appear until the
mid to late first instar (e.g., Fig. 2D). These imaginal disc cells
may be basically dormant until stimulated to proliferate late in
the first instar (31). This break of dormancy may be necessary
for Broad expression to begin. The second chinmo-RNAi con-
struct also caused premature expression of Broad in imaginal
discs and E93 in larval cells (S7 Appendix, Fig. S2).

The loss of Chinmo had profound developmental effects on
both larval and imaginal disc cells. The en-GAL4 > UAS-
chinmo-RNAi (UAS-TRiP HM(C05346) larvae grew during the

L1 stage and eventually achieved a size larger than a young L2,
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Fig. 2. Effects of the loss of chinmo function. (A-C) Phenotypes of the progeny of various crosses of chinmo’/CyO flies to themselves, to wild type (Canton S),
to various deletions of the chinmo gene, or of the overlapping deletions to each other. (A) The percentage of eggs that hatched, showed no obvious embryo
or had blocked late-stage embryos. The latter typically had either appeared to finish development but were not hatched (Class 1) or showed an earlier block
having some tissues at about stage 15 but some more advanced features such as sclerotized mouth hooks (Class Il). Substantial percentages of Class |, but
not Class I, blocked embryos were found in the other four crosses that produced progeny lacking a wild-type chinmo gene. (B) Levels of Chinmo-IR in the dif-
ferent phenotypic classes. Class | embryos showed low, but detectable levels of Chinmo-IR. Within the Class | set, some embryos released meconium into
the subvitelline space (mec) while others showed a pronounced anterior-posterior compression (shortened). These two groups were overlapping. Low
Chinmo expression was consistently found in the mec subgroup. (C) Confocal images showing examples of high (chinmo’/+), low (chinmo’/Df(2L)Exel6005),
and no (Df(2L)BSC521/Df()Exel6005) Chinmo expression in the embryonic CNS. Scattered Broad expression is seen in all samples. (D and E) Confocal images
of immunostained first instar larvae showing the effects of removing Chinmo by expressing a chinmo-RNAi construct under control of an engrailed-GAL4
driver. Cells expressing the chinmo-RNAi are marked by nuclear red fluorescent protein (RFP) expression. L1 imaginal disc cells lacking Chinmo show preco-
cious expression of Broad but not E93, while salivary gland or epidermal cells lacking Chinmo show precocious expression of E93 but not Broad. (F) Early
expression of E93 is already evident in the Chinmo-negative epidermis of midstage embryos.

but they did not molt to the second instar (Fig. 34). Some of Analysis of the knockdown of chinmo in the salivary gland
these larvae then assumed a “tiger-striped” appearance, with ~ shows that Chinmo is also involved in the normal trajectory of
two thin rings of tanned cuticle within each segmental engrailed  cell growth in this tissue. At hatching, nuclear size is the same in
domain (Fig. 3B). These rings correspond to tanned cuticular ~ wild-type versus Chinmo-negative regions of the salivary gland.

ridges that normally appear in the last larval cuticle as it trans-  Later in the L1 stage, the wild-type cells have grown markedly
forms into the puparium at the start of metamorphosis (Fig. but the Chinmo-negative cells remain small (Fig. 3F).

30). Optical cross sections through such larvae (Fig. 3D, dia- Chinmo is also involved in the early growth of the imaginal
grammed in Fig. 3E) show that the epidermal cells between  discs. For example, the wing imaginal disc is an invaginated sac
engrailed domains make a new, L2 cuticle, while the Chinmo-  of epidermis that shows little distinction between the anterior
negative cells within each engrailed domain did not (and instead and posterior compartments at hatching. The wing discs of en-
started puparial tanning). Consequently, at the end of the first ~ GAL4 > UAS-nRFP, UAS-chinmo-RNAi larvae form normally
larval stage, the epidermal cells of these mosaic larvae respond ~ and look like those of wild-type at hatching. Proliferation
to the molting surge of ecdysteroids in different ways depend- ~ begins in the wing disc in the late first instar (31), and those
ing on whether or not they express chinmo: the Chinmo-  from en-GAL4 > UAS-nRFP larvae expand as a relatively uni-

positive cells make a new larval cuticle (Fig. 3 D and E) while form epithelium (Fig. 3G), while those from en-GAL4 > UAS-
the Chinmo-negative cells are directed toward metamorphosis nREP, UAS-chinmo-RNA:i larvae show cells within the RFP
and puparial tanning (Fig. 3 Band E). domain that are abnormally thickened and disorganized. In

4 of 8 https://doi.org/10.1073/pnas.2201071119 pnas.org



e
Chinmo +
G o TS

chitin

- - L2
muscle o — cuticle

- ? PR

- i cuticle

S =

- — < || «— tanned

(T L

=l 20E (Sl 1

Ap—

- — cuticle

S~ =

- - L2

epi L1 cuticle cuticle

Fig. 3. The growth and development of L1 larvae that carry engrailed-GAL4, UAS-nls-RFP, and UAS-chinmo-RNA/ transgenes. (A) photomicrograph of the ven-
tral view of a wild-type puparium and a partial, precocious puparium formed by an en-GAL4 > chinmo-RNAi L1 larva. (B) High magnification image of the L1
partial puparium from (A), showing bands of tanned cuticle in the posterior domain of each segment. Comparison with a normal puparium case (C) show
that the bands correspond to the ridges found in the posterior compartment of each segment of the puparium; arrowheads: the tanned ridge that marks
the posterior border of the engrailed domain and the denticle bands (d) of the next segment. (D) A confocal image through the body wall of a L1 partial
puparium. Chitin staining shows the continuous outer L1 cuticle whereas the L2 cuticle is laid down in bands in the engrailed-negative anterior region of
each segment. (F) Summary of the molting response of en-GAL4 > chinmo-RNAi L1 larvae; in each segment the anterior compartment cells, which possess
Chinmo, make a L2 cuticle while the posterior compartment cells, which lack Chinmo, show the metamorphic response of puparial tanning. (F) A confocal
section through the L1 salivary gland. The patch lacking Chinmo has nuclei that express E93 but have not grown like their wild-type neighbors. (G and H)
Comparison of late L1 wing discs from en-GAL4 larvae expressing either nRFP (G) or nRFP and chinmo-RNAi (H); G and H are projections through the entire
stack while G’ and H' are single optical sections through the middle of the disc. The Chinmo-negative cells have been excluded from the epithelium and

pushed into the disc lumen.

extreme cases, these latter cells ball-up and are extruded into
the disc lumen (Fig. 3H). Considering that these cells are
expressing Broad, we suspect that they prematurely shift into a
premetamorphic mode, although we have not yet found an
independent molecular marker to support this conclusion.

Discussion

The life history of holometabolous insects, with their complete
metamorphosis, involves a progression through three distinct
body forms comprising the larva, the pupa, and the adult,
respectively. Single genes, broad and E93, oversee the formation
of the pupal and adult stages, respectively (9, 19). Although
these genes are transcription factors, they also are involved in
altering the chromatin landscape, opening up regions of DNA
relevant to their respective life-stage and closing down regions
relevant to the other two (32, 33). This function has been ele-
gantly shown for the actions of E93 in opening up the chroma-
tin landscape needed for the formation of the adult and for

PNAS 2022 Vol.119 No.15 2201071119

closing the chromatin around the broad gene (32, 34). Until
now, a larval specifier—and hence the first member of the
hypothesized larval-pupal-adult specifying trinity of master
genes (12)—has remained elusive. Our data suggest that chinmo
is the first member of the trinity, overseeing the maintenance
of the larval stage in holometabolous insects. As a member of
the BTB gene family that includes é7oad, Chinmo, like Broad,
may mediate maintenance of the larval state through chromatin
modification as well as by direct control of gene expression.
Timing of chinmo expression is consistent with that expected
for a larval control gene (Fig. 4A4). It appears around embryonic
stage 14, during germband retraction and dorsal closure. This
time of appearance is significant because the extended germ-
band stage, when body segmentation is complete and the pri-
mordia for appendages and the various organ systems have
been established, is similar in both hemi- and holometabolous
insects (35). In direct developers, this stage is followed by the
production of the imaginal body plan, while in insects with a
larval stage development is redirected to making the larval

https://doi.org/10.1073/pnas.2201071119 50of 8
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larval and imaginal cells of wild type and chinmo null mutants. (B) Relationship of the network for the three master genes that comprise the “trinity” that reg-
ulates the three major stages in the life history of Drosophila. Mutual inhibition can lock the insect in each of the three stages, but epigenetic information
supplied by hormones and growth factors can shift the animal from one stable state to another. (C) Hypothesis for the relationship of the members of the
trinity to life history of insects that show a direct development pattern that would be expected in the ancestor of the Holometabola. See text for details.

body. Chinmo expression then continues at high levels until
“critical weight,” the growth-related checkpoint that allows the
preparation for metamorphosis (30, 36). After this checkpoint,
larval dissues, such as the fat body (37) and the salivary glands
(38), shift to making proteins necessary for metamorphosis, and
imaginal discs switch from simple nutrient-dependent growth to
the morphogenetic programs that results in disc patterning (36).
For both larval cells (Fig. 1£) and imaginal discs (Fig. 1D) (28),
the down-regulation of chinmo after the critical weight checkpoint
is accompanied by the up-regulation of broad. In the discs, it has
been shown that this change from Chinmo to Broad is essential
for the discs to shift from self-renewal growth that allows disc
regeneration in response to injury to differentiative growth that
can support only simple wound healing (28).

The late embryonic blockage seen when the chinmo locus is
completely removed through overlapping deletions shows that a
larva can form in the absence of zygotically derived chinmo
transcripts. However, Chinmo appears necessary to maintain
larval function: salivary gland cells lacking Chinmo show
retarded growth (Fig. 3F) and Chinmo-negative epidermal cells
respond to the L1 ecdysteroid surge by trying to make a pupar-
ium rather than by making a second instar cuticle (Fig. 3 D
and £). In young imaginal discs, the lack of Chinmo causes
their cells to form a thickened epithelium that resembles that
seen as a prelude to metamorphosis (Fig. 3H). We do not yet
know whether these effects of the lack of Chinmo are direct
responses to the loss of this factor or are indirect responses
caused by the precocious appearance of E93 and Broad in larval
and imaginal cells, respectively.

The striking feature of the removal of Chinmo is the preco-
cious expression of the two key metamorphic genes, broad and

6 of 8 https://doi.org/10.1073/pnas.2201071119

E93 (summarized in Fig. 44). A switch from Chinmo and
Broad expression at critical weight has been known for a while
for both young neurons (27) and imaginal discs (28). These
two genes reciprocally inhibit each other’s expression around
this time (28) and this transcriptional shift is reinforced by the
Let-7 family of microRNAs that stabilize broad transcripts and
destabilize those of chinmo (39). We find, though, that a
requirement for Chinmo to suppress broad expression extends
back to the L1 stage when the imaginal discs begin their prolif-
eration. The function of Chinmo in suppressing £93 expression
occurs even earlier, being evident from midembryogenesis
(Fig. 2F), around when Chinmo first appears. We do not know
if this is also a reciprocal relationship in which E93 can sup-
press expression of chinmo.

The gene network that supports the progression from larva
to pupa to adult is depicted in Fig. 4B. As proposed by
Williams and Kafatos (12), each of the master genes strongly
influences the expression of the others. The known interactions
are all inhibitory, as detailed above, although there is not yet
experimental evidence to support the inhibiton of E93 by
Broad or of chinmo by E93. Once established, each node of the
network is inherently stable due to these inhibitory interactions
but extrinsic factors, largely supplied by hormones, such as the
ecdysteroids and juvenile hormone, and morphogens, like myo-
glianin (40, 41), can shift the animal from one node to the
next, thereby allowing a metamorphic transition.

What, then, is the role of the trinity in insects that show
direct development (Fig. 4C)? The function of E93 is the same
in insects that show direct development and those that have
complete metamorphosis. E93 is required at the end of somatic
growth to transition into a reproductive stage (19-21). The
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somatic growth of direct developing insects occurs through the
nymphal stages which display the species-typical body plan
throughout. In insects with complete metamorphosis, though,
somatic growth occurs in a modified larval form, and the
species-typical body plan organizes at the end of growth with
formation of the pupa. In both cases, Broad is associated with
the appearance of the species-typical body plan. In the latter
case of complete metamorphosis, Broad appears toward the end
of growth and is essential for generating the pupa. In direct
developing insects, by contrast, broad appears early in embryo-
genesis (17, 18), and suppression of embryonic broad by mater-
nal RNAI in the milkweed bug, Oncopeltus fasciatus, and the
cockroach, Blattella germanica, results in a substantial percent-
age of embryos that do not progress beyond the extended germ-
band stage (17, 18). This blockage point is important because
it is where direct development and metamorphic development
diverge with the former progressing to its species-typical form
and the latter diverted to making a larval form. Chinmo then
functions in Drosophila to maintain this larval form and to
inhibit expression of both éroad and E93 until the end of the
growth period. The developmental consequences of the rela-
tionship of chinmo with broad are elegantly shown by their
functions in Drosophila imaginal discs where they provide the
molecular gate that allows the discs to shift from simple growth
to patterning and cell determination at critical weight (28).
The only data on chinmo in direct developing insects are tran-
scriptomic data in embryos of B. germanica (42): chinmo tran-
scripts are prominent very early in embryogenesis but then
decline between embryonic day 1 and 2 as the embryonic
germ-band forms and broad transcripts increase. This timing
and temporal relationship with Broad is consistent with a sce-
nario in which Chinmo supports early embryonic growth and
antagonizes the shift to embryonic patterning and cell determi-
nation. It will be crucial to understand how chinmo and broad
interact in insects with direct development and what may have
changed in this interaction to allow the maintenance of
Chinmo and direct embryonic development away from making
the species-typical form to making a larva instead.

Materials and Methods

Fly Strains and Rearing. S/ Appendix, Table S1 shows the fly strains used, the
abbreviations used in the text to designate the strains and the Bloomington
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Stock Center numbers. The Canton S strain used originated from the Canton S
stock at the Department of Genetics, University of Cambridge in 1987 and has
been maintained since then in the authors’ laboratories.

Flies were maintained in 12:12 light:dark (L:D) photoperiod at 25 °C on stan-
dard Drosophila medium. The crosses of UAS-RNAi lines to the en-GAL4, UAS-
nRFPICYO line were reared at 29 °C, 12L:12D to enhance the effectiveness of
the RNAi-mediated knockdown.

Immunocytochemistry and Imaging. Tissues were dissected and fixed in
3.9% formaldehyde (Thermo Fisher Scientific) in phosphate-buffered saline (PBS;
Fisher Scientific) for 30-60 min, then rinsed and incubated in PBS-1% Triton X
(TX; Fisher Scientific) with 2% normal donkey serum (Jackson ImmunoResearch)
for 15-30 min. They were then incubated in PBS-1% TX with primary antibodies
for 2-3 d at 4 °C, repeatedly rinsed, then incubated with secondary antibodies
over one to two nights at 4 °C. Primary antibodies used were: rat anti-Chinmo
polyclonal (43) at 1:1,000 dilution (gift of N. Sokol, University of Indiana);
mouse anti-Broad core monoclonal (44) at 1:50 dilution (Mab 25E9.D7; Devel-
opmental Systems Hybridoma Bank, lowa City); guinea pig anti-E93 (22) at
1:1,000 dilution (gift of C. Doe, University of Oregon). Other tissue stains were
propidium iodide (Thermo Fisher Scientific, 1:1,000 dilution of 1 mg/mL stock)
for DNA; Alexa-488 conjugated phalloidin (Thermo Fisher Scientific, 1:100 dilu-
tion of 200 units/mL stock in methanol) for actin; and Calcofluor White (Sigma
Chemical) for cuticle.

Secondary antibodies were various Alexa Fluor 488-, 594-, or 647-conjugated
donkey antisera raised against rabbit, mouse, rat, or guinea pig IgG fractions
and used at 1:500 (Jackson ImmunoResearch Laboratories, West Grove, PA).
Immunostained preparations were mounted on poly-L-lysine (Sigma-Aldrich)
coated coverslips, dehydrated through a graded ethanol series, cleared in xylene
and mounted in DPX (Sigma-Aldrich). The preparations were imaged on a Zeiss
800 confocal microscope and processed with ImageJ software (https://imagej.
nih.gov/ij/).

Data Availability. All study data are included in the article and/or Supporting
Information. Immunocytochemical image data is available from the authors
on request.
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