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The three modes of insect postembryonic development are ametaboly, hemi-
metaboly and holometaboly, the latter being considered the only significant
metamorphosis mode. However, the emergence of hemimetaboly, with the
genuine innovation of the final moult, represents the origin of insect metamor-
phosis and a necessary step in the evolution of holometaboly. Hemimetaboly
derives from ametaboly and might have appeared as a consequence of wing
emergence in Pterygota, in the early Devonian. In extant insects, the final
moult is mainly achieved through the degeneration of the prothoracic gland
(PG), after the formation of the winged and reproductively competent adult
stage. Metamorphosis, including the formation of the mature wings and the
degeneration of the PG, is regulated by the MEKRE93 pathway, through
which juvenile hormone precludes the adult morphogenesis by repressing
the expression of transcription factor E93, which triggers this change. The
MEKRE93 pathway appears conserved in extant metamorphosing insects,
which suggest that this pathway was operative in the Pterygota last
common ancestor. We propose that the final moult, and the consequent hemi-
metabolan metamorphosis, is a monophyletic innovation and that the role of
E93 as a promoter of wing formation and the degeneration of the PG was
mechanistically crucial for their emergence.

This article is part of the theme issue ‘The evolution of complete
metamorphosis’.
1. Introduction
The main modes of postembryonic development in insects are ametaboly, hemi-
metaboly and holometaboly. Ametabolan insects do not undergo significant
morphological transformations during their life cycle, and they continue to
moult after becoming reproductively competent. This is seen in the Archaeog-
natha and Zygentoma. Hemimetabolan species hatch as nymphs that are
morphologically similar to the adults and grow progressively until the last
nymphal instar, which moults into the adult stage. The adults differ from the
nymphs mainly by having wings and genitalia, and because they no longer
moult. Hemimetaboly is characteristic of the Palaeoptera, Polyneoptera and
Paraneoptera. Holometabolan insects hatch as larvae that are morphologically
very divergent from the adults; they progressively grow through successive
moults until the last larval instar and the pupa, often quiescent and similar
to the adult, and then to the adult stage, with flying wings and functional gen-
italia, which no longer moults. All the Endopterygota are holometabolous [1–5].

Evolutionarily, ametaboly is the most ‘ancestral’ mode of postembryonic
development. Ametaboly gave rise to hemimetaboly, which in turn gave rise
to holometaboly [3–5]. Often, holometaboly is considered the only significant
type of metamorphosis [6–8], and some authors even consider metamorphosis
and holometaboly to be synonymous [9]. For this reason, studies have focused
predominantly on the evolution of holometaboly [1,2]. However, the emergence
of hemimetaboly, consubstantial with the innovation of the final moult, rep-
resents the origin of insect metamorphosis and a necessary step in the
evolution of holometaboly, the process through which more than 80% of
extant insects metamorphose [10], even if this was not the case during the
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Figure 1. Cladogenesis of the main insect groups in a chronological context. The phylogenetic reconstruction is based on Misof et al. [11] and Wang et al. [12]. The
main discrepancy between these two proposals is the situation of Paraneoptera, which is monophyletic for Wang et al. and polyphyletic for Misof et al. Divergence
times are generally similar in both proposals. Those indicated here are based on the average values reported by Wang et al. [12]. Modified from [12]. (Online version
in colour.)
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Palaeozoic. In this context, the present essay contends that the
emergence of hemimetaboly should be considered one of the
great innovations in insect evolution.

Hemimetaboly emerged with the clade Pterygota (viz. pres-
ence of wings), as we have no fossil record of any apterous
hemimetabolan insects in the Devonian [11,12]. The innovation
of hemimetabolan metamorphosis after the emergence of wings
[13–15] is probably not coincidental, but rather hemimetaboly
could have come about as a consequence of wing acquisition.
Ametabolan species, like the firebrat Thermobia domestica
(Zygentoma), undergo morphological modifications through-
out their life cycle, including the apparition of scales between
the third and the fourth nymphal instars [16]. Therefore, the
most genuine innovation after the emergence of wings is
the final moult, mainly achieved through the degeneration of
the prothoracic gland (PG), which produces the moulting
hormone, and perhaps also through the adult commitment of
epidermal cells, which become incapable of producing a new
cuticle. This would happen after the full formation of the
flying and reproductively competent adult stage. This work
aims to explore the circumstances that surrounded and facili-
tated the transition from ametaboly to hemimetaboly, and the
presumptive mechanisms that made this transition possible.
2. The phylogenetic and Palaeontological
framework

Phylogenetic and palaeontological data indicate that wings
and hemimetaboly originated during the early–middle
Devonian, some 400 Ma [11,12] (figure 1). The fact that
extant pterygotes are monophyletic [11,12], and that the
wing types of all insect orders are constructed in the same
way, both in extant and fossil species [17], strongly suggest
that wings evolved only once. The monophyly of Pterygota,
in turn, suggests that there was a single origin of hemimeta-
boly and that this could be linked to the emergence of wings.

Fossils can provide direct evidence of the origin and mor-
phological evolution of metamorphosis. Nevertheless, studies
documenting the fossils of successive stages of the same
species are scarce [18]. The most complete series of Palaeozoic
fossils of successive nymphal phases are of Megasecoptera
and Ephemeroptera, as reported, for example, by Kukalová-
Peck [13–15]. These series show how the wings of the early
nymphs were small and curved backwards. With successive
moults, the wings increased in length, became less curved
and tended to adopt a position perpendicular to the body.
In the adult, the wings were slender, with the basal region nar-
rower than the distal, and practically perpendicular to the
body axis [13–15,18] (figure 2a). Another type of wing devel-
opment is exemplified by Palaeozoic roachoid nymphs, early
representatives of the Blattodea lineage, which broadly
resemble extant cockroach nymphs (figure 2b). In extant cock-
roaches, the wing pads develop posteriorly and the attachment
is latero-posterior, whereas in Carboniferous forms, the wing
pads protruded to the sides and the attachment area was
restricted to the lateral tergum [18].

In those fossil groups with external nymphal winglets,
such as the Ephemeroptera and Megasecoptera, selective
pressures might have acted to facilitate the concealment of
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Figure 2. Palaeozoic and extant insects. (a) Selected developmental stages of Palaeozoic Mischoptera (Megasecoptera) species, from left to right, young nymph with
articulated wings arched backwards (wing venation is still absent), older nymph with larger wings already showing wing venation, mature nymph or subadult with
straighter wings and adult, with the wings practically perpendicular to the body axis. (b) Two Carboniferous roachoid nymphs, one in dorsal (left) and the other in
ventral position, showing long wing pads. (c) Wing development in Palaeozoic and extant Ephemeroptera. Note the articulated and detached winglets in Palaeozoic
mayflies and the winglets attached to the body in extant species. From [14].
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these in juveniles (figure 2c) [13]. It is possible that, among
other advantages, concealed winglets facilitated moulting
by reducing mechanical problems during ecdysis and the
shedding off the exuvia. The evolution of Palaeozoic roa-
choids could have followed the same tendency, with the
winglets concealed by being retracted backwards and
attached to the body. Although it is difficult to discern in
fossil samples, the winglet morphology of Palaeozoic roaches
suggests they were not membranous. They are more reminis-
cent of the pterotheca or cuticular pocket that envelops the
wing primordia of extant cockroaches [19].
3. The final moult as a crucial innovation in the
origin of the Pterygota

Fossils of Palaeozoic nymphs suggest that ‘ancestral’ Ptery-
gota had a remarkable diversity of morphologies and life
cycles. This led Kukalová-Peck [13,14] to argue that, in the
Carboniferous, the insect life cycle comprised a high
number of moults, and that older nymphs had articulated,
functional wings. Kukalová-Peck [14] suggested that a
number of late nymphal stages could have become ‘con-
densed’ into the adult stage, and that also younger nymphs
would have undergone various degrees of ‘condensation’.
The general tendency would have been to reduce the
number of moults, and differences in the juvenile/imaginal
specialization in the various stages would have produced
the life cycle diversity observed in the fossils.

The sometimes disparate nymphal morphologies (as
between mayflies and roachoids, for example), and the differ-
ent life cycles revealed by the Palaeozoic fossils suggested to
Kukalová-Peck [13,14] that metamorphosis evolved indepen-
dently and at distinct rates in the diverging hemimetabolan
lineages. However, although hemimetabolan life cycles can
be very different in terms of number of moults and nymphal
morphologies, in all of them the development ends with a
final moult. It is proposed here that this final moult was a cru-
cial innovation in the evolution of insects, consubstantial with
the origin of hemimetabolan metamorphosis. We also contend
that there was a single origin of the final moult, in the origin of
the monophyletic Pterygota. This hypothesis is supported by
data on the mechanisms determining the degeneration of the
PG and the final moult, as explained below.

The hypothesis of the monophyletic origin of the final moult
is compatiblewith the diverse life cycles observed in the different
hemimetabolan groups, which would have evolved indepen-
dently in each lineage. It is also compatible with scenarios of
life cycle evolution through the ‘condensation’ of late nymphal
stages with articulated wings, as proposed by Kukalová-Peck
[14]. The final moult could have been fixed immediately after
the formation of the mature wings, membranous, without
active epidermal cells and fully efficient for flying, although
there may have been intermediate subimaginal stages with
(precariously) flying wings, like in extant Ephemeroptera.
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4. The case of Ephemeroptera
The Ephemeroptera are unique among extant insects in that
they moult once more after forming flying wings. Thus, the
last moult of the nymphal period does not achieve the defini-
tive adult form, but rather a winged stage, known as a
subimago, which morphologically resembles the adult. The
outer and hind edges of wings in the subimago present a
row of cilia, and their surface is covered with microtrichia,
whereas the adult wings of most species lack these hairy
structures [20]. The regulation of the subimago to imago
moult is intriguing, because in some cases, the subimago
stage lasts for minutes or a few hours before the ecdysis to
the imago. Ecdysone measurements might help to explain
how two so closely following moults can be regulated.

The evolutionary and functional sense of the subimago
has been widely discussed. It has been proposed that the
hydrofuge properties of the hairy surface of the subimago
body and wings have a particular function, as these could
help to overcome the hazards of transitioning from an aquatic
nymph to a winged aerial form at the water–air interface [21].
Maiorana [22] conjectured that the subimaginal stage would
allow the necessary growth to form a full-sized and reproduc-
tively competent adult. The palaeontological data (see above)
suggest that the subimago is a ‘primitive’ feature, conserved
in extant species as a kind of relic of preadult winged instars
of ‘ancestral’ mayflies. Thus, according to the currently
accepted phylogenies (figure 1), the subimago appears to
be a plesiomorphy conserved in extant mayflies. Then, the
subimago (or the imago) would have been convergently
lost in other extant Pterygota.

A few examples where the moult from subimago to adult
is incomplete or absent are worth mentioning. In females of at
least two species of Leptophlebiidae, the apolysis of the sub-
imago to the adult occurs but the ecdysis does not.
Oligoneuriinae mayflies are also peculiar because when
moulting to the adult stage they shed off the exuvia from
the body but retain the subimaginal cuticle on the wings.
Finally, females of a few specialized species of Palingeniinae
seem to have lost the adult stage, and the subimago is the
last one [20]. Significantly, this feature was first reported by
Swammerdam in 1675, when he discovered that adult
males of Palingenia longicauda moult twice but females do
so only once [23]. These examples suggest that evolution
may favour the merging of winged stages in the life cycle
of mayflies, as Kukalová-Peck [14] proposed, and as must
have happened in other insect lineages where there is a
single winged stage.
5. E93 and the MEKRE93 pathway
In extant hemimetabolan insects, the PG degenerates with the
imaginal moult (see, for example [24,25]). The cell death pro-
cess is associated with the hormonal and molecular
mechanisms that regulate the metamorphosis, in general,
which are condensed in the MEKRE93 pathway [26]. The
metamorphosis-triggering action of E93 occurs in both
hemimetabolan and holometabolan species [27], but in
hemimetabolan metamorphosis, the MEKRE93 pathway is
simpler: juvenile hormone (JH) bound to its receptor Metho-
prene tolerant (Met) [28] induces the expression of Krüppel
homolog 1 (Kr-h1), and Kr-h1 represses the expression of
E93, thus precluding metamorphosis [26,29] (figure 3a). As
exemplified in the German cockroach, Blattella germanica, JH
production ceases early in the last nymphal stage, the
expression of Kr-h1 decreases and that of E93 increases, bring-
ing about the metamorphic moult (figure 3b). The study of
mature wing formation in Drosophila melanogaster shows
that E93 acts as a chromatin modifier, enabling or preventing
expression in certain genetic regions [30]. This helps to
explain the pleiotropic action of E93, which simultaneously
triggers the development of the different tissues and organs
that configure the adult morphology.

Additionally, E93 is a key factor regulating cell death pro-
cesses, such as midgut and fat body remodelling, and
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salivary gland degeneration at the onset of metamorphosis
in D. melanogaster [31–34]. These antecedents suggest the
hypothesis that E93 might also be involved in the degener-
ation of the PG in holometabolan and hemimetabolan
species. In the hemimetabolan B. germanica, RNAi depletion
of E93 in the last nymphal instar precludes metamorphosis,
and the nymphs moult to successive supernumerary
nymphs [26,27]. As expected, the PG does not degenerate
in E93-depleted supernumerary nymphs (figure 4).

Among the hemimetabolan insects, the MEKRE93 path-
way operates in Polyneoptera [26,27,35] and Paraneoptera
[36,37]. In Palaeoptera, a transcriptomic study conducted on
the Ephemeroptera Cloeon viridulum revealed that the
expression of Kr-h1 decreases progressively from young to
mature nymphs, and to the subimago [38], suggesting that
Kr-h1 represses metamorphosis. Unfortunately, expression
of E93 was not reported. In the neotenic Hemiptera Cocco-
morpha (Paraneoptera), male postembryonic development
includes the quiescent stages of ‘prepupa’ and ‘pupa’ that
precede the adult. Interestingly, the expression of Kr-h1
decreases in the ‘prepupa’ phase, while the expression of
E93 increases [39,40]. This suggests that in these hemimetabo-
lan species with complex life cycles, the MEKRE93
pathway may operate similarly to the way it does in other
hemimetabolan species.
6. The origin of metamorphosis from a
mechanistic perspective

Possibly, the ancestral role of the JH in insects was related to
reproductive functions, a role that is still played in Zygen-
toma [41,42] (see below) and in most metamorphosing
insects [43], and even in crustaceans [44], the sister group of
the hexapods [45]. Subsequently, JH would have been further
co-opted to perform functions related to development, in par-
ticular, to prevent metamorphosis. In this context, data
reported above suggest that the MEKRE93 pathway regulates
metamorphosis in the extant hemimetabolan clades Palaeop-
tera, Polyneoptera and Paraneoptera and that it would have
operated in the last common ancestor of the hemimetabolan
groups. If so, then a single mechanism, the MEKRE93 path-
way and E93 in particular, might have simultaneously
regulated wing formation and PG degeneration, and hence
the final moult (i.e. hemimetabolan metamorphosis), at the
origin of the Pterygota.

Much progress has been made in explaining the evol-
utionary origin of insect wings. The theory that currently
enjoys the greatest consensus postulates a dual origin,
tergal and pleural, of the wings (see [46] for a review). How-
ever, there are no theories as to which factors and
mechanisms might have triggered and regulated the for-
mation and maturation of the ‘ancestral’ wing. What we
currently know about E93 makes it a prime candidate to be
one of the key factors. From a mechanistic point of view,
one of the first innovations in the ‘ancestor’ of the Pterygota
could have been the upregulation of E93 expression in mature
nymphs, mediated by the ecdysone signalling. An increase in
the expression of E93 could have contributed to the matu-
ration of the wings, and, in turn, to the degeneration of the
PG. E93 could also contribute to the adult commitment of
epidermal cells, thus making them incompetent to produce
a new cuticle, even in the presence of the circulating ecdy-
steroids produced by the adult ovary (reviewed in [47]). In
extant insects, the pleiotropic action of E93 appears to be
facilitated by its properties as a chromatin modifier, enabling
or preventing expression in certain genomic regions [30]. If
these properties are ‘ancestral’, then they could have been a
versatile way to turn the appropriate genes on (or off ) to
regulate new processes, including wing maturation and PG
degeneration. Another necessary requirement would be for
JH to play an inhibitory role in metamorphosis, possibly
through Kr-h1 repressing E93, as in extant insects. This
would have allowed proper growth of the nymph. Refine-
ments of this incipient MEKRE93 pathway, driven by natural
selection, would have adjusted the regulation of the genes
involved, mainly Kr-h1 and E93, in different tissues and at
the appropriate times, producing in a more precise system of
regulation. Differential solutions for ‘condensing’ juvenile
and/or subadult stages in different lineages [14] would have
generated the life cycle diversity that we observe today
among the hemimetabolan insects. The same Kr-h1–E93 axis
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could have regulated the tendency to attenuate the develop-
ment of the wing pads in the juvenile phases [13] (figure 5).
7. The components of the MEKRE93 pathway
predate the origin of Pterygota

The Met and Kr-h1 genes are present in T. domestica [48], a
representative of the Zygentoma, the sister group of ptery-
gote insects and which has ametabolan development. JH is
involved in vitellogenesis in T. domestica [41,42], therefore,
Met, and perhaps Kr-h1, might operate in this reproductive
function. Indeed, there is functional evidence that T. domestica
Met actually binds JH III [28]. Moreover, the degree of amino
acid sequence conservation of the two corresponding pro-
teins, Met and Kr-h1, in T. domestica, as compared with the
corresponding orthologues in pterygote insects, is very high
[48], suggesting conservation of general functions. Intrigu-
ingly, we have found that T. domestica also has the E93 gene
(electronic supplementary material, figure S1), the last com-
ponent of the MEKRE93 pathway. Thermobia domestica E93
contains the typical two helix-turn-helix DNA binding
motifs of the pipsqueak family (RHF-1 and RHF-2), and, in
general, the sequence is highly conserved with respect
to other pterygote orthologues. Indeed, the phylogenetic
analysis of representative insect E93 orthologues, including
T. domestica, as well as the Diplura Catajapyx aquilonaris as
an hexapodan external group, reveals a topology which per-
fectly matches that recovered in the most recent and robust
phylogenetic studies in insects [11,12] (figure 6). The conser-
vation of T. domestica E93 is greatest in the RHF-1 and
RHF-2 motifs, which are, respectively, 97% and 93% identical
to those of B. germanica E93, and 89% and 98% to those
of Nilaparvata lugens (electronic supplementary material,
figure S2). In the hemimetabolan species B. germanica and
N. lugens, it has been experimentally demonstrated that E93
acts as a metamorphosis trigger [26,27,37].

The Zygentoma do not metamorphose, but they do
undergo changes throughout their life cycle, the most appar-
ent of which is the formation of scales in early instars. In
T. domestica, scales appear towards the middle of the third
nymphal instar [16], and integument transplantation exper-
iments, as well as corpora allata (CA; the JH producing
glands) volume and activity measurements [51], suggest
that these scales appear shortly after a transient decrease in
JH. According to Watson [51], when a fragment of integu-
ment from a first nymphal instar of T. domestica was
implanted in an adult that was going to moult, scales
formed in the implanted fragment, suggesting that scale for-
mation is determined by a humoral factor. CA measurements
showed that the minimal gland volume is found in the early–
mid third nymphal instar, in other words prior to scale
formation. It is worth noting that CA volume correlates
approximately with CA activity, as demonstrated by tech-
niques for measuring JH production [52]. Finally, the JH
activity of the CA, when tested using the Gilbert and Schnei-
derman bioassay [53], was shown to be minimal in the third
stage [51]. The data as a whole suggest that the formation of
scales in early nymphs of T. domestica is repressed by JH.
8. Testable hypotheses
A point to be tested is whether the MEKRE93 pathway oper-
ates in Palaeoptera, to confirm that it is conserved in the three
extant insect superorders. Ephemeroptera may be the choice
case study, as it allows us to look at not only the regulation
of metamorphosis in general but also that of the exceptional
subimago. Expression patterns and functional genomics
experiments would show whether Kr-h1 transduces the
antimetamorphic signal of JH, and whether E93 promotes
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in the electronic supplementary material, table S1.
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metamorphosis and is repressed by Kr-h1. It should also
provide an insight into how PG degeneration is prevented
in the subimago.

The life cycle of Thysanoptera and Hemiptera Coccomor-
pha, which are paraneopteran and hemimetabolan groups,
includes one or more preadult, pupa-like quiescent stages.
Understanding how these stages are determined could
reveal whether there are similar mechanisms that regulate
the holometabolan pupa. If so, this would suggest that the
quiescent states of these Paraneopera represent an exaptation
in the evolution of holometabolan metamorphosis and the
pupal stage. In Thysanoptera and male Coccomorpha, the
expression of Kr-h1 decreases progressively from nymphs to
the preadult stages and ceases in the adult [39,54]. This
suggests that Kr-h1 represses metamorphosis in these insects.
In male Coccomorpha, moreover, E93 expression increases in
the preadult stages, at the same time that of Kr-h1 decreases
[40]; this suggests that Kr-h1 represses E93, whereas E93 trig-
gers metamorphosis [26]. Although there are clear technical
difficulties owing to the minute size of these insects, it
would be interesting to undertake functional studies where
Kr-h1 and E93 were depleted and suppressed, in order to
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confirm that the MEKRE93 pathway operates in these groups.
Functional studies would also shed light on how Kr-h1 and
E93, and perhaps Broad complex, a factor that determines
the pupal stage in holometabolan species [55], interact with
each other to determine these pupa-like stages.

The main hypotheses of this work are that the final
moult, and the consequent hemimetabolan metamorphosis,
is a monophyletic innovation and that the role of E93 as a
promoter of wing formation and the degeneration of the
PG was mechanistically crucial for this innovation. Demon-
strating that E93 is fundamental in wing formation and PG
degeneration is therefore essential. The role of E93 in the
formation of mature wings is part of the morphogenetic
action of this factor in metamorphosis [26,27], and the role
of E93 on wing formation has been specifically described in
D. melanogaster [30]. Data available on PG degeneration
in cockroaches show that supernumerary nymphs obtained
in E93-depleted insects have active PG (figure 4), and
moult again. The survival of PG in these nymphs must be
considered in the context of metamorphosis inhibition, in
general. It would be interesting to uncouple the effect of
E93 on adult morphogenesis from its possible direct role in
PG degeneration. This could be undertaken in D. melanogaster
by suppressing the expression of E93 specifically in the PG
cells. In hemimetabolan species, the possible specific role of
E93 in PG degeneration could be studied using systemic
RNAi, but depleting the expression of E93 towards the end
of the last nymphal stage, when its morphogenetic effects
have already been implemented. The same approach could
be followed to study whether E93 is involved in the adult
commitment of the epidermal cells.

The study of the role of Kr-h1 and E93 in Zygentoma has
an obvious evolutionary interest. The formation of scales in
young nymphs of T. domestica might be determined by a tran-
sient decrease of JH [51]. Treatment of pre-scaled juveniles
with JH would allow us to assess whether the formation of
scales is prevented by this hormone. Moreover, expression
studies could suggest whether Kr-h1 is involved in the trans-
duction of the JH signal, and whether E93 is involved in scale
formation. The depletion or suppression of Kr-h1 and E93
expression could show whether these factors play any role
in regulating scale formation, or any other morphological
transformation, such as the formation of functional genitalia.
Heritable targeted mutagenesis based on CRISPR/Cas9
approaches has been recently developed in T. domestica [56],
which makes possible the above functional studies. If
morphogenetic functions of E93 are demonstrated in the
Zygentoma, this would represent an exaptation for the roles
of E93 in the formation of the adult in hemimetabolan meta-
morphosis. The degeneration of the PG (thus determining the
last moult), and the possible role of E93 in this process, would
therefore be the most genuine innovation in the transition
from ametaboly to hemimetaboly.
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original articles listed as references. The sequences used to study
the phylogeny of E93 are indicated in the electronic supplementary
material, table S1.
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