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Abstract

In this thesis, we studied different aspects of insect metamorphosis
regulation, using the cockroach Blattella germanica and the mayfly
Cloeon dipterum, as models. In B. germanica, we found that
myoglianin reduces juvenile hormone acid methyl transferase
expression in the penultimate nymphal instar, which is a prerequisite
for metamorphosis. Myoglianin is also involved in the production of
the large ecdysone pulse needed to promote the metamorphic molt.
Previous studies have shown that the factor FTZ-F1 induces the death
of the prothoracic gland (PG) after the imaginal molt. But we have
found that the action of FTZ-F1 is mediated by the adult specifier factor
E93. In C. dipterum, we observed that metamorphosis occurs in the
transition from last nymphal instar to subimago. In this transition, the
expression of the antimetamorphic factor Kr-h1 decreases, and that of
E93 increases. We also observed that juvenile hormone inhibits

metamorphosis and induces the expression of Kr-h1.
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Resum

En aquesta tesi, hem estudiat diferents aspectes de la regulacié de la
metamorfosi d’insectes, utilitzant com a models la panerola Blattella
germanica i I’efimera Cloeon dipterum. A B. germanica, la mioglianina
redueix 1’expressio de la metil transferasa de la hormona juvenil en el
penultim estadi nimfal, la qual cosa és un prerequisit per a la
metamorfosi. La mioglianina també esta implicada en la producci6 de
I’ecdisona necessaria per a la muda metamorfica. Hom sabia que el
factor FTZ-F1 indueix la mort de la glandula protoracica (PG) després
de la muda imaginal. Nosaltres hem trobat que 1’acci6 de FTZ-F1 esta
mediada pel factor especificador de I’adult E93. A C. dipterum, hem
observat que la metamorfosi es produeix en la transici6 de 1’ultim
estadi nimfal a subimago. En ella, I’expressio del factor antimetamorfic
Kr-h1 disminueix i la d’E93 augmenta. Tamb¢é hem vist que [’hormona

juvenil inhibeix la metamorfosi i indueix 1’expressié de Kr-h1.
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Preface

The great diversity of insects is largely the result of the evolutionary
innovation of wings and metamorphosis which made them the largest
group of animals known today. Therefore, it is not surprising that insect
metamorphosis has attracted the interest of entomologists for a long
time. Among them, Xavier Belles and his group have been working on
insect metamorphosis since the late 1970's, first at the Institute of
BioOrganic Chemistry (CSIC, Barcelona), and lately at the Institute of
Evolutionary Biology (CSIC-Universitat Pompeu Fabra, Barcelona).
Belles’s group mainly focused on the action of juvenile hormone and
its molecular signaling pathway, framing the results in an evolutionary
perspective. Important in their research has been the German cockroach
Blattella germanica (Polyneoptera), which has been used as the main
model insect in Belles’ laboratory, as this cockroach follows the
ancestral type of hemimetabolan metamorphosis, and thus can serve as
a baseline model for evolutionary studies. Moreover, B. germanica is
highly sensitive to gene transcript depletion by RNA interference
(RNAI), which makes this species especially suitable for gene function
studies.

The present thesis deals with the mechanisms regulating
metamorphosis, particularly in hemimetabolan insects, by using the B.
germanica as a first model species. We have examined possible
candidates to regulate different aspects of metamorphosis, chosen in
some cases on the basis of transcriptomic data of B. germanica
available in our laboratory. Then, we have functionally tested them
with RNAIi. Moreover, we have also studied the mayfly Cloeon

dipterum, a species belonging to Palaeoptera, an early-branching insect
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group of which very little is known about metamorphosis and its
regulatory mechanisms. In this case, we have examined the expression
of key genes that are involved in metamorphosis in neopteran insects,
and we have approached the functional studies through treatments with

a juvenile hormone mimic.
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1. GENERAL INTRODUCTION

Insects are the largest and most diverse group of animals presently
known. The great diversity of insects originates from the evolutionary
innovations of wings and metamorphosis. The present thesis deals with
the  mechanisms regulating metamorphosis, particularly in
hemimetabolan insects, by using the Blattaria Blattella germanica
(Polyneoptera) as a main model insect. Moreover, we have also
investigated the Ephemeroptera Cloeon dipterum, which belong to an
early branching insect group (Palaeoptera), about which little is known

in relation to metamorphosis and its regulatory mechanisms.

1.1. The origin and evolution of insect

metamorphosis

The fossil evidence suggests that the first wingless and direct
developing true insects (Archaeognatha and Zygentoma) emerged on
Earth some 475 million years ago (Mya), during the late Ordovician
period (Fig. 1.1). Then, in the Devonian, some 400 Mya, originated the
wings and metamorphosis, and shortly after, the Pterygota (winged
insects) split into Palaeoptera and Neoptera (Fig. 1.1). Later, the
Neoptera diverged to Polyneoptera and Eumetabola, and, finally, the
Eumetabola split again into Paraneoptera and Endopterygota, some 370
Mya (Fig. 1.1) (Misof et al., 2014; Wang et al., 2016). In terms of
postembryonic  development, the direct developing insects
(ametabolans) evolved to simple metamorphosis (hemimetaboly),

which in turn gave rise to holometaboly (Belles, 2020).



The great radiation of insects took place after the emergence of wings
and metamorphosis in the Lower Carboniferous, some 360-350 Mya.
Since then, insects have adapted to live in almost every non-marine
habitat and to feed on a great variety of resources. Therefore,
metamorphosis probably was the key innovation that allowed insects to
become the most diverse group of animals on Earth (Belles, 2020).

Mesozoic
Triassic I Jurassic l Cretaceous

Paleozoic
Orduvmanlsuunanl Devonian ICarboniferousl Permian

Diplura
[ Archacognatha
475 Palaeopiﬁa ygentoma
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Figure 1.1. Cladogenesis of the main insect groups, as proposed by Misof et al.
(2014) and Wang et al. (2016). Divergence times are generally similar in both
proposals. Those indicated here are based on the average values reported by Wang et
al. (2016). The Ephemeroptera and Blattaria branches, which contain Cloeon
dipterum and Blattella germanica, the two species used in this thesis as models, are
highlighted in red. Modified from Belles (2020).



1.2. Types of insect metamorphosis

Postembryonic development of insects can be classified into three
types: ametabolan (practically no changes during development),
hemimetabolan  (gradual changes and metamorphosis), and

holometabolan (dramatic changes and metamorphosis) (Belles, 2020).

1.2.1. The ametabolan type is characteristic of wingless insects
(apterygotes) of the orders Archaeognatha (like bristletails) and
Zygentoma (like silverfish). There are three main stages of ametabolan
development: embryo, nymph, and adult. After hatching, the nymphs,
which resemble miniature adults, gradually increase in size through
molting, but do not significantly change in form until reaching the

reproductive adult stage (Fig. 1.2A), in which they continue molting.

1.2.2. The hemimetabolan type also has three characteristic stages, with
the difference with respect to the ametabolans that the nymphs have
external wing pads. The nymphs subsequently molt for growing until
attaining a threshold size to metamorphose in the last nymphal instar.
Then, significant changes occur during metamorphosis to the adult
stage, such as fully development of wings and functional genitalia (Fig.
1.2B). After that, the prothoracic gland (PG, which produces the
molting hormone) undergoes programmed cell death, which starts just
after the adult molt. The degeneration of PG prevents any other further
molt in the adult stage. Ephemeropterans, however, are an exception in
this sense, as in this group the last nymphal instar molt to a subimaginal
instar, with functional wings, which molts one more time to the imago

or mature adult instar. The final molt is an important innovation of the
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pterygotes, additional to the functional wings. Hemimetabolan
metamorphosis is found in the Palaeoptera, Polyneoptera and
Paraneoptera, within the exopterygotes (wings developing outside the
body).

1.2.3. The holometabolan type has the stages of embryo, larva, pupa
and adult. The larva of holometabolan insects is different from the
adult, so development requires a pupal stage (hormally a non-feeding
and immobile stage) as a kind of bridge for the transition from larva to
adult (Fig. 1.2C). The holometabolan metamorphosis is characteristic
of the Endopterygota, which contains the four more biodiverse insect

orders: Hymenoptera, Coleoptera, Lepidoptera, and Diptera.

/’ Larvae

s o)
Egg Pupa

A: Ametabolan B: Hemimetabolan C: Holometabolan

Figure 1.2. Different types of insect development and metamorphosis.

(A) Ametabolan, exemplified by bristletails. (B) Hemimetabolan, exemplified by
locusts. (C) Holometabolan, exemplified by moths. The asterisk in the ametabolan
adult indicates that it continues molting. Modified from Willis J.H. and Willis J.S.
(2008).



1.3. Hormonal regulation of insect metamorphosis

Research on insect hormones started in 1917, when Kopec
demonstrated that the last instar larva of the moth Lymantria dispar
could not pupate when the brain had been removed. Kopec concluded
that there was a brain humoral factor that promoted metamorphosis, a
factor that was later identified as the prothoracicotropic hormone
(PTTH). In 1934, while investigating molting and metamorphosis in the
bug Rhodnius prolixus, Wigglesworth discovered that molting occurs
after a blood meal, and that molting was inhibited by decapitation. This
finding was similar to that of Kopec, but Wigglesworth, using
parabiosis experiments, found another factor in the hemolymph of the
young insects which inhibited metamorphosis, which was called
juvenile hormone (JH). Subsequently, the existence of these and other
humoral factors were confirmed in other insects, and between 1940 and
1944, Fukuda demonstrated in the silk moth Bombyx mori that molting
was promoted by a molting hormone released from the prothoracic
gland (PG).

Regarding JH, it was shown in different species that it was
released by retrocerebral glands called corpora allata, and had an
inhibitory effect on metamorphosis (Karlson, 1996). These initial
discoveries led to a general scheme of the hormonal regulation of insect
metamorphosis. In brief, molting is induced periodically by molting
hormone (ecdysone/20-hydroxyecdysone, 20E), whereas JH inhibits
metamorphosis in preadult stages. However, in the last juvenile stage, a
pulse of molting hormone in the absence of JH would trigger
metamorphosis. In hemimetabolan insects, the last instar nymph

metamorphoses directly to the adult stage, whereas in holometabolan

5



insects the larva metamorphoses first into pupa and then into adult (Fig.
1.3) (Belles, 2020).

Hemimetabolan species
Nymph — Nymph — Nymph — Adult

Juvenile hormone (Molting hormone

4
Larva — Larva —» Pupa — Adult
Holometabolan species

Figure 1.3. General scheme on endocrine control of development and
metamorphosis. Changes of juvenile hormone and molting hormone in

hemimetabolan species and in holometabolan species. From Belles (2020).

1.4. The molecular mechanisms underlying the

hormonal action. The MEKRE93 pathway

The molecular action of ecdysone, or its active form, 20E, can be
explained by the Ashburner model, which was inferred from the study
of chromosome puffing (which corresponds to gene activation) in the
salivary glands of the fly Drosophila melanogaster after treatment with
ecdysone (Ashburner, 1974; Ashburner et al., 1974). When the salivary
glands are exposed to 20E, early puffs represent direct ecdysone
responses, whereas late puffs, which occur a few hours later,
correspond to an indirect response. The effect of 20E at the molecular

level starts when the hormone binds to their receptor, the ecdysone



receptor (EcR), which forms a complex with the coreceptor
ultraspiracle/retinoid X receptor (USP/RXR), and then initiates a gene
expression cascade that regulates biological processes (Hill et al.,
2013). After the formation of the ecdysone-receptor complex, it then
regulates gene expression by activating the early response genes but
repressing the expression of late genes. The products of the early genes
would then induce the expression of late genes, and repress the
expression of their own genes (Ashburner, 1974; Ashburner et al.,
1974).

In holometabolan insects, like D. melanogaster, the ECR gene
encodes three protein isoforms: ECR-A, ECR-B1 and EcR-B2 (Talbot et
al., 1993). EcR-A and EcR-B1 are mainly produced in larval tissues
and regulate metamorphosis. In the target tissues, 20E binds to the
receptor and induces the expression of the early response genes: E74,
E75, BR-C and E93 (Sullivan and Thummel, 2003). E75 gene locates at
the 75B early puff, encoding three protein isoforms: E75A, E75B and
E75C which is a member of the nuclear receptor superfamily (Segraves
and Hogness, 1990). E75A and E74C have a direct function in
metamorphosis (Bialecki et al., 2002), whereas E75B inhibits HR3, the
delayed early response gene whose gene product induces the expression
of ftz-f1 (White et al., 1997). HR3 and HR4 are delayed early response
genes which are highly expressed at the beginning of prepupal stage,
when the expression of early genes becomes reduced. Both contribute
to maximal induction of ftz-f1, a late response gene, in mid-prepupal
stage (Fig. 1.4A) (King-Jones et al., 2005; Lam et al., 1997). The
interplay between E75, HR3 and HR4 in regulating the expression of
ftz-f1 is needed to ensure the proper time for metamorphosis (Fig. 1.4B)

(Ou and King-Jones, 2013). A recent report by Uyehara and McKay



(2019) in D. melanogaster revealed that ECR has many binding sites
across the genome. It binds distinct sets of target genes at different
developmental times, depending on tissue- and temporal-specific
responses in target tissues. During the transition from larva to pupa in
developing wings, the majority of ECR binding sites occur in genes that
have function in wing formation. These findings indicate that EcR
does not control only the expression of genes encoding associated
transcription factors, but also plays a widespread role in regulating
tissue-specific  transcriptional programs during developmental
transitions.

In hemimetabolan insects, 20E signaling has been intensively
studied in the cockroach B. germanica. A group of nuclear receptors,
including EcR, RXR/USP, E75, HR3, HR4 and FTZ-F1, has been
characterized structurally and functionally (Fig. 1.4C) (Mané-Padros et
al., 2012; Cruz et al., 2008). Furthermore, other transcription factors in
this pathway, such as BR-C (Huang et al., 2013; Piulachs et al., 2010)
and E93 (Belles and Santos, 2014; Urefia et al., 2014), have also been
studied in B. germanica. 20E bound to its receptor induces the
expression of E75, HR3 and HR4. However, the early response gene
E75 inhibits the induction of ecdysone beyond HR3 and HRA4.
Subsequently, HR3 induces the expression of the late response gene ftz-
f1 when the ecdysone concentration decreases. In the last nymphal
instar ftz-f1 has a higher expression than in the penultimate nymphal
instar, and contributes to metamorphosis, like in the prepupal period of
D. melanogaster (Fig. 1.4C). FTZ-F1 also plays an important role in
the destruction of the PG after the imaginal molt in B. germanica
(Mané-Padrés et al., 2010).



Drosophila melanogaster

Prepupa B L3 Prepupa
m 20E (
EcR-A
EcR-B
USSP
=@ E75A
E75B
E75C
HR3
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Blattella germanica

C N5 N6 D N6 Adult
E— m | 20E EcR
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E75C

=
=S E75A
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-
-
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HR3
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Figure 1.4. Ecdysone/20E signaling. (A and B): In the holometabolan Drosophila
melanogaster in third (last) larval instar (L3) and in prepupa; expression hierarchy of
early and late genes (A) and gene interactions (B). (C and D): In the hemimetabolan
Blattella germanica in penultimate (fifth, N5) and last nymphal instar (sixth, N6), and
in the transition to adult; expression hierarchy of early and late genes (C), and gene
interactions (D). Original figures with data from different sources compiled by
Sullivan and Thummel (2003) (A and B) and Mané-Padrés et al. (2012) (C and D).
Modified from Belles (2020).

Although the elements of 20E signaling pathway in D.
melanogaster and B. germanica differ in some details (for example the
number of isoforms of E75), the epistatic relationships among them are
similar in both species (Fig. 1.4D). Therefore, the 20E signaling

9



pathway, which is fundamental in insect development and
metamorphosis, is essentially conserved at least from cockroaches to
flies (Belles, 2020).

Another key hormone that controls metamorphosis is JH. The
signal transduction of JH also starts upon binding to its receptor,
methoprene-tolerant (Met), a transcription factor belonging to the basic
helix-loop-helix Per-ARNT-Sim (bHLH-PAS) family. Subsequently,
the JH-Met complex dimerizes with Taiman (Tai), another bHLH-PAS
transcription factor. Then, the complex JH-Met + Tai induces the
transcription of target genes (Ashok et al., 1998; Jindra et al., 2013).

JH titers are high and inhibit metamorphosis during juvenile
stages. However, once the insect molts to the last nymphal instar, the
JH titers drop and disappear rapidly, and metamorphosis proceeds. In
B. germanica, E93, whose gene product has been considered an adult
specifier (Urefa et al., 2014), starts to be expressed effectively at the
beginning of the last nymphal instar, coinciding with the decline of JH
production in the CA and the downregulation of Kruppel-homolog 1
(Kr-h1) expression (Belles and Santos, 2014). The molecular
mechanisms underlying the action of JH and 20E are based on the
MEKRE93 pathway (Fig. 1.5), which starts with the JH-Met + Tai
complex, which induces the transcription of the target gene Kr-hl.
Then, Kr-h1 represses the expression of E93, the factor that triggers
metamorphosis (Belles and Santos, 2014).

Transforming growth factor-p (TGF-B) signaling pathway,
which is fundamental in the control the cell behavior (Massagué and
Chen, 2000; Massagué et al., 2000), also affect the production of JH
and 20E. In D. melanogaster, the TGF-p pathway can be divided into

10



two branches, the TGF-p/Activin branch and the bone morphogenetic
protein (BMP) branch.

Metamorphosis

Holometabolan
innovation

Figure 1.5. The MEKRE93 pathway in hemimetabolan and holometabolan
metamorphosis. In the nymph-nymph transitions of hemimetabolans, juvenile
hormone (JH) (through Methoprene-tolerant, Met, and Taiman, Tai), induces the
expression of Krippel homolog 1 (Kr-h1), whose gene product, in turn, represses the
expression of E93. In contrast, the fall of JH production in the last juvenile stage
interrupts the expression of Kr-hl and allows a strong induction of E93 through
ecdysone signaling, which triggers metamorphosis. The main difference between
hemimetabolans and holometabolans is the contribution of Broad complex (BR-C),
which in hemimetabolans is mainly involved in promoting wing development,

whereas in holometabolans determines the formation of the pupa. From Belles (2020).

The TGF-B/Activin branch operates through the receptor
Baboon (Babo) and signals through a single R-Smad (Smox) and a
single Co-Smad (Medea). Whereas the BMP branch has two receptors:
Thickveins (Tkv) and Saxophone (Sax), and it operates through a
different Smad (Mad) and the Co-Smad Medea, which is common to
both branches (Upadhyay et al., 2017). Studies in D. melanogaster
revealed that the activin signaling is needed for 20E production, as its

absence in the PG in the last larval instar reduces the response of the
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gland to PTTH and insulin (Gibbens et al., 2011). This results from the
downregulation of torso (the PTTH receptor) and insulin receptor (InR)
expression in the PG. Under these conditions, the larvae arrested and
could not pupate (Gibbens et al., 2011).

In contrast to the activin signaling, the BMP branch controls JH
biosynthesis in the CA through the ligand, Decapentaplegic (Dpp).
Using a genetic screen, Huang et al. (2011) identified Tkv and Mad as
positive regulators of JH signaling in the larva of D. melanogaster.
Glutamatergic signals from the brain induce Dpp expression in the CA,
and Dpp then induces the expression of jhamt (which encodes the
protein JH acid methyltransferase, a key enzyme that catalyzes the last
step of JH biosynthesis), thus stimulating JH biosynthesis (Huang et al.,
2011). In hemimetabolan insects, like the cricket Gryllus bimaculatus,
Myo is a ligand of the Babo receptor of the activin branch of the TGF-$
pathway, and inhibits JH production in the CA by downregulating the
expression of jhamt (Ishimaru et al., 2016). Depletion of Myo during
the nymphal stages of G. bimaculatus upregulates jhamt expression,
hence JH production increases, and the crickets continue molting to

supernumerary nymphs instead of adults (Ishimaru et al., 2016).

1.5. Blattella germanica as a model insect

Cockroaches are ideal insects for experimental studies because they are
easily and inexpensively reared and maintained in the laboratory. The
fossil evidence reveals that cockroaches have been on Earth some 300
million years ago (Grimaldi and Engel, 2005). Therefore, they can
serve as a baseline model for evolutionary studies on insect

metamorphosis, in particularly to study the transition from
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hemimetaboly to holometaboly. In our laboratory, the German
cockroach, Blattella germanica, has been used as a model insect to
study the development during embryonic and postembryonic stages,
and also to study reproduction. Moreover, a number of hypotheses in
the context of insect metamorphosis and evolution have been tested by
performing RNA interference (RNAI) experiments, since the German
cockroach is very sensitive to this technique (Belles, 2010). The
postembryonic development of B. germanica at 29°C, from hatching to
the adult stage, lasts 25 days as average, and it comprises six nymphal
instars, N1-N6. In our studies on the regulation of metamorphosis, we
have focused on the three last nymphal instars, antepenultimate (fourth,
N4), penultimate (fifth, N5) and last (sixth, N6) (Fig. 1.6).

S T

Antepenultimate Penultimate Last (N6) Adult 3
(N4) (NS)

JH titers (ng/ml)
)
20E equivalents (ng/ul)

o1 2 3 4 5001 2 3 4 5 600 1 2 3 4 5 6 7 810 1 2 Day

Figure 1.6. Length (days) of the antepenultimate (fourth, N4), penultimate (fifth,
N5) and last (sixth, N6) nymphal instars of Blattella germanica. The hemolymph
JH titers (black line) and 20E equivalents (red line) during N5 and N6 are obtained
from previous reports (Cruz et al., 2003; Treiblmayr et al., 2006). The dashed lines

indicate successive ecdyses.

Previous studies had shown that JH titers in the hemolymph are
high in N5, and rapidly decrease at the beginning of N6 (Treiblmayr et
al., 2006). At the same time, a peak of 20E occurs towards the last third
of N5 and N6 (Cruz et al., 2003) (Fig. 1.6).
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1.6. Cloeon dipterum (Ephemeroptera) as a new

model to study insect metamorphosis

Ephemeroptera (mayflies) are among the most primitive winged
insects, which emerged on Earth in late Carboniferous or early
Permian, at the same period as Odonata (dragonflies) (Misof et al.,
2014). Mayflies are very unique among extant insects since they molt
one more time after forming functional wings in the subimago instar,
which molts again to become the imago or adult. The nymphs live in
freshwater and generally feed on algae. Cloeon dipterum, a mayfly
species belonging to the family Baetidae, is a tiny insect, with an adult
body length measuring between 0.5 and 1 cm. The nymphal period of
C. dipterum, from freshly hatched nymph to subimago, lasts for 30-40
days (under laboratory conditions at 22°C, Almudi et al., 2019). The
mature last instar nymph, which can be recognized for showing black
wing pads, goes up to the surface of water and molt to the terrestrial
subimago, which, in turn, molts to adult. C. dipterum exhibits a
conspicuous sexual dimorphism: the female has two sets of eyes, the
ocelli and the compound eyes (Fig 1.7A), whereas the male develop an
additional pair of turbinate eyes on the mid dorsal part of head (Fig.
1.7B).

In general, mating takes place during the swarming of hundreds
adults in the air close to the river or pond, although in the laboratory
fertilization can be achieved by artificially forced mating (Almudi et
al., 2019). After mating, the females keep the fertilized eggs in the
abdomen for 15-18 days, until they are ready to hatch. Then, the female
lays the eggs onto the surface of water. The nymph hatches a few
seconds after the eggs are laid, and they start feeding (Fig. 1.8).
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Figure 1.7. The adult of Cloeon dipterum. (A) Female. (B) Male, arrow head
indicates the turbinate eyes. Photos: Barbar Thurlow (A) and Steve Scholnick (B).

The last two stages of mayflies, subimago and imago do not
feed and they live for a few days after mating. However, the females
that carry the fertilized eggs can live for almost 20 days, until they
oviposit (Almudi et al., 2019).

%
Subimag

?",é

maao (adult)

Figure 1.8. The life cycle of Cloeon dipterum. The female lays fertilized eggs in the
water, where they hatch as first instar nymphs. After several molts, the last instar
nymph emerges from the water to the land and molt to subimago. Then, the subimago
molt again to the adult stage, which can fly and form swarms to mate. From Almudi
et al. (2019).
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2. OBJECTIVES

We previously focused on a number of initial hypotheses, from which

the objectives of the present thesis derive.

2.1. The hypotheses of the present thesis

This thesis is based on three hypotheses, which are detailed below.

Hypothesis 1. In Blattella germanica, Myoglianin (Myo) is involved in
the regulation of the decrease of juvenile hormone (JH) production that

occurs at the beginning of the last nymphal instar.

Clearance of JH in the last nymphal instar is necessary for the initiation
of metamorphosis. The mechanism is condensed in the MEKRE93
pathway (Belles and Santos, 2014), by which a fall of JH production
results in a subsequent decrease of Kr-h1 and a concomitant increase of
E93, which triggers metamorphosis. These observations led to a
subsequent key question: What triggers the decrease of JH at the
beginning of the last nymphal instar? We hypothesized that Myo might
be a good candidate to play a role in this context. First, because myo is
one of the most highly expressed genes in the penultimate nymphal
instar of B. germanica (Ylla et al., 2018), that is, the stage previous to
the fall of JH production. Second, because in the cricket G. bimaculatus
Myo inhibits the expression of juvenile hormone acid methyl
transferase (jhamt), a gene coding for the enzyme catalyzing the last

step of JH biosynthesis (Ishimaru et al., 2016).
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Hypothesis 2. In Blattella germanica, E93 is involved in the
degradation of the prothoracic gland in the transition from the last

nymphal instar to the adult stage.

The final molt is a key process in the context of metamorphosis, which
iIs mediated by the destruction of the prothoracic gland (PG) which
takes place after the imaginal molt (Belles, 2019; Belles, 2020). In B.
germanica, previous studies have revealed that the histolysis of PG is
regulated by 20E signaling through a dramatic upregulation of ftz-f1
expression on the last day of nymphal life (Mané-Padros et al., 2010).
However, given that E93 has a crucial role in insect metamorphosis
(Belles and Santos, 2014; Urefia et al., 2014), we wondered whether
this factor might have also a role in the destruction of the PG. The fact
that E93 has been described as a promoter of cell death in several
instances, suggest that it might be a good candidate for such a role.
E93 was first discovered as a key player in the histolysis of the salivary
glands in D. melanogaster during metamorphosis (Woodard et al.,
1994; Baehrecke and Thummel, 1995; Lee et al., 2000). Since then, the
action of E93 in promoting cell death has also been reported in other
tissues, for example in the midgut (Lee and Baehrecke, 2001; Lee et al.,
2002) and fat body (Liu et al., 2014) of D. melanogaster. Additionally,
it has recently been proposed that E93 could have facilitated the
evolutionary innovation of metamorphosis and the last molt, by
promoting at the same time the maturation of the wings and the
destruction of PG (Belles, 2019b). However, nothing is specifically
known about the possible role of E93 in PG degeneration. With the
above antecedents, we conjectured that the action of FTZ-F1 on PG
degeneration (Mané-Padros et al., 2010) might be mediated by E93.
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Hypothesis 3. The MEKRE93 pathway operates in early-branching,

paleopteran insects, like mayflies (Ephemeroptera).

In neopterans, the regulation of metamorphosis has been studied
intensively, both in  hemimetabolans  (polyneopterans and
paraneopterans) and  holometabolans  (endopterygotes).  The
observations suggest that the MEKRE93 pathway is conserved in these
insects (Belles, 2019a; Belles and Santos, 2014). However, practically
no studies have been carried out on palaeopteran species, probably
because it is very difficult to keep them in the laboratory. But the
absence of information in paleopterans is unfortunate, giving the
interest of the group for the study of the evolution of metamorphosis,
because their “primitivism" and because, in ephemeropterans, a
subimaginal winged instar molts to another winged (adult) instar,
which is a singular phenomenon in insects. Recently, a continuous
rearing system of Cloeon dipterum has been developed (Almudi et al.,
2019), which will allow developmental studies in laboratory conditions.
In our case, the C. dipterum model will allow us to study the regulation
of metamorphosis in mayflies, in particular the main genes involved in
the MEKRE93 pathway, to assess whether they have the same function
as in neopteran species. If so, then the MEKRE93 pathway could be

generalized to all metamorphosing insects.
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2.2. The objectives
For the present thesis, we have established three objectives that derive
directly from the three hypotheses that have been argued in detail

above. The three objectives are as follows.

Objective 1. To study the possible role of Myo in regulation of the
decrease of juvenile hormone production that occurs at the beginning of

the last nymphal instar in Blattella germanica.

Obijective 2. To study the possible role of the E93 in the destruction of

the PG after the imaginal molt in Blattella germanica.

Objective 3. To study the mechanisms that regulate metamorphosis in
the mayfly Cloeon dipterum, particularly during the formation of the
subimago, and to compare these mechanisms with those operating in

neopteran insects, which are condensed in the MEKRE93 pathway.
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Myoglianin triggers the premetamorphosis stage in
hemimetabolan insects

Orathai Kamsoi and Xavier Belles'
Institute of Evolutionary Biology, Spanish National Research Council (CSIC)-Universitat Pompeu Fabra, Barcelona, Spain

ABSTRACT: Insect metamorphosis is triggered by a decrease in juvenile hormone (JH) in the final juvenile instar.
What induces this decrease is therefore a relevant question. Working with the cockroach Blattella germanica, we
found that myoglianin (Myo), a ligand in the TGF-B signaling pathway, is highly expressed in the corpora allata (CA,
the JH-producing glands) and the prothoracic gland [(PG), which produce ecdysone] during the penultimate (fifth)
nymphal instar (N5). In the CA, high Myo levels during N5 repress the expression of juvenile hormone acid methyl
transferase, a JH biosynthesis gene. In the PG, decreasing JH levels trigger gland degeneration, regulated by the
factors Kriippel homolog 1, FTZ-F1, E93, and inhibitor of apoptosis-1. Also in the PG, a peak of myo expression in N5
indirectly stimulates the expression of ecdysone biosynthesis genes, such as neverland, enhancing the production of
the metamorphic ecdysone pulse in N6. The Myo expression peak in N5 also represses cell proliferation, which can
enhance ecdysone production. The data indicate that Myo triggers the premetamorphic nymphal instar in
B. germanica and possibly in other hemimetabolan insects—Kamsoi, O., Belles, X. Myoglianin triggers the

premetamorphosis stage in hemimetabolan insects. FASEB J. 33, 3659-3669 (2019). www.fasebj.org

KEY WORDS: juvenile hormone - ecdysone -

Insect metamorphosis is a fascinating phenomenon, but
the master lines of its molecular regulatory mechanisms
have only been elucidated recently. The process is controlled
by 2 main hormones: ecdysone (where the best-known
bioactive form is the derivative 20-hydroxyecdysone), which
promotes the successive molts, and juvenile hormone
(JH), which prevents the onset of metamorphosis in
juvenile stages (1, 2). The molecular mechanisms un-
derlying the action of these hormones are essentially
based on the MEKRE93 pathway (3) that starts when JH
binds to its receptor, methoprene-tolerant (Met), which
belongs to the bLHLH-PAS family of transcription fac-
tors (4). Upon binding to Met, JH triggers dimerization
of Met with another bHLH-PAS protein, Taiman (Tai).
The resulting JH-Met + Tai complex induces transcrip-
tion of the target gene Kriippel-homolog 1 (Kr-h1),
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whose gene product represses the expression of E93, an
ecdysone signaling-dependent gene whose gene prod-
uct triggers metamorphosis (3, 5).

In hemimetabolan metamorphosis, exemplified by
the German cockroach Blattella germanica, JH titers in the
hemolymph rapidly decrease at the beginning of the fi-
nal (sixth) nymphal instar (N6) (6). This is accompanied
by a sudden drop of Kr-h1 mRNA levels (7) as a result of
the decrease in JH and the action of microRNA miR-2,
which scavenges Kr-hl transcripts (8, 9). Consequently,
E93 becomes de-repressed and its expression increases,
which triggers the onset of metamorphosis (3). These
observations and knowledge of the MEKRE93 pathway
are robust but lead to the following key question: What
triggers the decrease in JH at the beginning of N6? Be-
cause we believe the answer lies in the penultimate (fifth)
nymphal instar (N5), we searched for candidate genes in
a series of transcriptomes prepared and sequenced in
our laboratory, which covered the entire ontogeny of
B. germanica (10). The analyses revealed that one of
the most highly expressed genes in N5 is myoglianin
(myo) (10).

Myoglianin (Myo) was discovered in Drosophila mela-
nogaster as a new member of the TGF- signaling pathway
closely related to the vertebrate muscle differentiation
factor myostatin. Expression studies led to the detection of
maternally derived myo transcripts and of Myo expres-
sion in glial cells in midembryogenesis and, subsequently,
in the developing somatic and visceral muscles and car-
dioblasts (11). Myo is a ligand in the activin branch of
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the TGF-B signaling pathway (12). In the context of
metamorphosis, Myo has been shown to play a crucial role
in the remodeling of the mushroom bodies in the
larva—pupa transition of D. melanogaster, an action
mediated by increased expression of the ecdysone re-
ceptor Bl (EcR-B1) gene in neural tissues (13). Re-
garding hemimetabolan insects, in the corpora allata
(CA, the JH-producing glands) of the cricket Gryllus
bimaculatus, Ishimaru et al. (14) showed that Myo in-
hibits the expression of juvenile hormone acid methyl
transferase (jhant), a gene coding for the last and cru-
cial enzyme in the JH biosynthetic pathway. Reduction
of the levels of this enzyme in the final nymphal instar
triggers a decrease of JH production and commits the
cricket to metamorphose (14). The findings of Ishimaru
et al. (14) contrast with data reported in D. melanogaster,
where the bone morphogenetic protein branch of the
TGEF-p signaling pathway promotes JH production by
up-regulating the expression of jhamt (15).

Using B. germanica as a model, we found that Myo
has functions beyond repressing the expression of jhamt
in the CA during the transition from the penultimate to
the final nymphal instar. We have also observed that
Myo plays significant roles in the prothoracic gland
[(PG), the ecdysone-producing gland] that help induce
this transition and lead to the onset of metamorphosis.
Our data indicate that Myo is an essential factor in
terms of triggering the premetamorphosis stage in
B. germanica and possibly in other hemimetabolan in-
sects because it acts on the CA and the PG, the glands
that produce the most important hormones regulating
metamorphosis.

MATERIALS AND METHODS
Insects

The B. germanica cockroaches used in the experiments de-
scribed herein were obtained from a colony fed Panlab
(Harvard Apparatus, Holliston, MA, USA) dog chow and
water ad libitum and reared in the dark at 29 + 1°C and
60-70% relative humidity. Cockroaches were anesthetized
with CO; prior to injection treatments, dissections, and tissue
sampling,.

RNA extraction and retrotranscription to ¢cDNA

RNA extractions were carried out with the Gen Elute
Mammalian Total RN A kit (MilliporeSigma, Madrid, Spain).
A sample of 200 ng from each RNA extraction was used for
mRNA precursors in the case of fat body, epidermis, and
muscle. All the volume extracted of the corpora cardiaca-CA
complex (CC-CA), PG, brain, and ovary was lyophilized in a
freeze-dryer (ALPHA 1-2 LDplus; Thermo Fisher Scientific,
Waltham, MA, USA) and resuspended in 8 pl of milli-Q H,O
(MilliporeSigma). RN A quantity and quality were estimated
by spectrophotometric absorption at 260 nm in a spectro-
photometer (ND-1000; NanoDrop Technologies, Wilmington,
DE, USA). The RNA samples then were treated with DNase
(Promega, Madison, WI, USA) and reverse transcribed with a
First Strand cDINA Synthesis Kit (Roche, Basel, Switzerland) and
random hexamer primers (Roche).
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Determination of mRNA levels by real-time
quantitative PCR

Real-time quantitative PCR was carried out in an iQ5 Real-Time
PCR Detection System (Bio-Rad Laboratories, Hercules, CA,
USA) using SYBRGreen (iTaq Universal SYBR Green Supermix;
Applied Biosystems, Foster City, CA, USA). Reactions were
performed in triplicate, and a template-free control was included
inall batches. Primers used to study the transcripts of interest are
detailed in Supplemental Table S1. The efficiency of each set of
primers was validated by constructing a standard curve through
3 serial dilutions. Levels of mRNA were calculated relative to
BgActin-5¢ mRNA (accession number AJ862721). Results are
given as copies of the mRNA of interest per 1000 copies of
BgActin-5c mRNA.

RNA interference

The detailed procedures for RNA interference (RNAi) assays have
been described previously (16). The primers used to prepare the
double-strand RNA (dsRNA) targeting B. germanica Myo are de-
scribed in Supplemental Table S1. The sequence corresponding to
the dsRNA [ie., the double-stranded RNA targeting Myo (dsMyo)]
was amplified by PCR and then cloned into a pST-Blue-1 vector. A
307 bp sequence from Autographa californica nucleopolyhedrosis
virus (accession number K01149.1) was used as control dsRNA
(dsMock). A volume of 1 pl of the dsRNA solution (3 pg/ul) was
injected into the abdomen of freshly emerged fifth instar female
nymphs (N5D0) or 1-d-old sixth instar female nymphs (N6D1)
with a 5 pl Hamilton microsyringe. Control insects were treated at
the same age with the same dose and volume of dsMock.

Morphologic studies of the PG

The PG was studied in female nymphs at chosen ages and instars.
The gland was dissected out of the first thoracic segment of the
animal under Ringer’s saline, fixed in 4% paraformaldehyde in
PBS for 1 h, washed with PBS 0.3% Triton, and incubated for
10 min in 1 mg/ml DAPI in PBS 0.3% Triton. The gland was
mounted in Mowiol (Calbiochem, Madison, WI, USA) and ob-
served with a fluorescence microscope (Axio Imager.Z1; Carl
Zeiss AG, Oberkochen, Germany).

Experiments to measure cell proliferation in the PG

5-Ethynyl-2"-deoxyuridine (EdU) is a thymidine analog developed
for labeling DNA synthesis and dividing cells in vitro (17), which is
more sensitive and practical than the commonly used 5-bromo-2'-
deoxyuridine. We followed an approach in vivo, using the com-
mercial EdU compound Click-it EdU-Alexa Fluor 594 azide
(Thermo Fisher Scientific), which was injected into the abdomen of
the nymphs at chosen ages and instars with a 5 pl Hamilton
microsyringe (1 pl of 20 mM EdU solution in DMSO). The control
specimens received 1 jul of DMSO. The PG from treated specimens
was dissected 1 h later and processed for EdU visualization
according to the manufacturer’s protocol.

RESULTS
Myo structure and expression in B. germanica
We obtained a cDNA of 1611 bp, comprising a complete

open reading frame, by combining a Blast (https://blast.
nchi.nlm.nih.gov/Blast.cgi) search in B. germanica genome,
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transcriptomic data, and PCR. Its conceptual translation
gave a 537 aa protein (Supplemental Fig. S1) with signifi-
cant similarity to the Myo sequence of other species, such
as the fly D. melanogaster and the cricket G. bimaculatus, as
described by Lo and Frasch (11) and Ishimaru ef al. (14),
respectively (Supplemental Fig. 52). As in other Myo
orthologs, the full-length B. germanica Myo sequence
contained the canonical RXXR processing site and 7 cys-
teines in the carboxy-terminal portion of the ORF, which
correspond to the mature processed protein (Supple-
mental Figs. 51, 2).

To assess whether Myo was differentially expressed in
different tissues, we measured its expression in brain,
CC-CA, PG, ovary, fat body, epidermis, and muscle tis-
sues in 3-d-old fifth instar female nymphs (N5D3) of B.
germanica. PG showed the highest myo mRNA levels; a
lower Myo expression was measured in brain, CC-CA,
and muscle tissues; and the lowest expression was ob-
served in fat body, ovary, and epidermal tissues (Fig. 14).

Because we were interested in the main hormones
regulating metamorphosis (JH and ecdysone), we focused
on the glands producing these hormones (the CC-CA
complex and PG, respectively). Therefore, we determined
the Myo expression pattern in these 2 glands during the
fourth, fifth, and sixth (final) instar female nymphs (N4,
N5, and N6). In the CC-CA, the highest expression was
observed in N5, in accordance with the pattern we found
in our previous transcriptome analyses (10). Within N5,
maximal expression was found at the beginning of the
instar (N5D0) (~500 mRNA copies per 1000 copies of actin
mRNA) and progressively decreased until it practically
vanished at the end of the instar (N5D6). During N6, Myo
mRNA levels in the CC-CA were relatively low (10-50
mRNA copies per 1000 copies of actin mRNA) (Fig. 1B). In
the PG, the highest Myo mRNA levels were also observed
in N5, but expression peaked in the mid-late instar (N5D4,
~11,000 mRNA copies per 1000 copies of actin mRNA).
The levels progressively decreased throughout the rest of
the instar and N6, although they remained relatively high
in N6 (~4000 mRNA copies per 1000 copies of actin
mRNA) (Fig. 10).

Myo depletion prevents metamorphosis

We used systemic RNAI to study the effects of Myo de-
pletion on metamorphosis. We injected a single dose of
3 ug of dsMyo into the abdomen of N5D0 cockroaches.
Controls were treated equivalently with the same dose of
dsMock. In the CC-CA, Myo mRNA levels were signifi-
cantly reduced in dsMyo-treated cockroaches (Fig. 2A).
When monitoring the experimental cockroaches up to the
imaginal molt, we observed that all N5 controls (n = 44)
molted to normal N6 after 6 d on average and then to
normal adults 8 d later (Fig. 2B). The N5 dsMyo-treated
cockroaches (i = 46) molted to N6 after 8 d on average;
these N6 cockroaches had an apparently normal mor-
phology but were smaller than the N6 controls (Fig. 2C, D).
Of the 46 N6 dsMyo-treated cockroaches, 6 died and 40
molted to a supernumerary nymph (N7). Of the 40 N7
nymphs, 6 molted to the adult stage and 34 molted to a
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Myo expression in different tissues
|

BrCC-CAPG Ov Fb Tg M

B
600y N5 N6
<
Q500
8
= 400
§
g 300
£ 200
>
[+
§ 100 i i
O_ -*—L

02 46 0 2 46 8
Age (Days)

c
12000 4
N4 NS N6
< 10000+
© 8000+
6000 —
4000+

0 2 402 46 02 4686 8
Age (Days)

Myo expression in PG

L]

o

o

o
1

o
I

Figure 1. Expression of Myo in B. germanica. A) mRNA levels in
brain (Br), CC-CA, PG, ovary (Ov), fat body (Fb), epidermis
(tergites 2-7: Tg), and muscle (extensor muscle from the
6 temora pairs: M). Measurements were carried out on 3-d-old
fifth-instar female nymphs. B) mRNA levels in CC-CA of
fourth, fifth, and sixth instar female nymphs. ) mRNA levels
in PG of fourth, fifth, and sixth instar female nymphs. Results
are copies of Myo mRNA per 1000 copies of BgActin-5c mRNA
and are expressed as the mean * seM (n = 3-5).

further supernumerary nymph (N8), which then molted to
adults. A total of 28 of these adults presented a practically
normal morphology (although they were slightly larger
than control adults emerging from N6), whereas the wings
and tegmina were somewhat separated in the other 6
adults (Fig. 2D). The supernumerary nymphal instars N7
and N8 lasted for ~8 d (Fig. 2B). We then examined the
expression of genes involved in JH synthesis and signal-
ing in the CC-CA at the beginning of N6. Results showed
that the expression of jhamt and Kr-h1 was significantly
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Figure 2. Effects of Myo mRNA
depletion in the metamorphosis
of B. germanica. A) mRNA levels
of Myo in CC-CA of Myo-
depleted cockroaches and in
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up-regulated, whereas that of E93 was down-regulated
(Fig. 2E).

In D. melanogaster, decapentaplegic, one of the ligands
of the thick vein receptor of the bone morphogenetic
branch of the TGF-B signaling pathway, which operates
through the transcription factor Mothers against decap-
entaplegic (Mad), promotes JH production in the CA
through up-regulating the expression of jlamt (15). In the
cricket G. bimaculatus, Myo, which is a ligand of the Baboon
receptor of the activin branch of the TGF- signaling
pathway that operates through the transcription factor
Smad on X (Smox), inhibits JH production in the CA
through down-regulating the expression of jhamt (14).
Ishimaru ef al. (14) proposed that the inhibitory action of
Myo upon the expression of jhamt is mediated by a re-
pression of the Mad effects. Depletion of Myo in the final
nymphal instar of G. bimaculatus up-regulated jhamt ex-
pression; hence, JH production increased, and the crickets
molted to supernumerary nymphs instead of adults (14).
The results obtained in B. germanica are similar to those
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observed in G. bimaculatus in terms of metamorphosis
phenotypes and the up-regulation of jhamt expression af-
ter Myo depletion. This is not surprising because both
species are hemimetabolan and are closely related phylo-
genetically, that is, both belong to the “orthopteroid”
group of the superorder Polyneoptera (18). Our results
unveil the molecular mechanisms preventing meta-
morphosis, which are based on the MEKRE93 pathway
(3). In the final nymphal instar, the jhamt up-regulation
induced by Myo depletion led to an increase in Kr-h1 ex-
pression, a JH-dependent factor that is the main transducer
of the anti-metamorphic action of JH (7). Moreover, Kr-h1
represses E93 (3), which is the master factor triggering
metamorphosis (3, 19). In our Myo-depleted cockroaches,
the up-regulation of Kr-h1 expression explains the down-
regulation of E93 (Fig. 2E), whereas the observed re-
duction in E93 expression explains why the cockroaches
did not molt to the adult stage.

These observations are consistent with our previ-
ous work wherein we reported that the TGF-B/activin
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signaling pathway contributes to the repression of Kr-hl
expression and activation of E93 expression during the
metamorphosis of B. germanica (20). Because Myo signal is
transduced by Smox and represses jhamt expression and
JH production, one would expect that expression of the JH-
dependent gene Kr-hil would be up-regulated if Smox
were repressed, which is what was observed in our ex-
periments (20). In the context of holometabolan meta-
morphosis, studies in D. melanogaster have shown that the
TGF-B/activin branch is involved in wing disc patterning
(21) and neuronal remodeling (22). Moreover, Gibbens
et al. (23) have shown that the final larval stage of D.
melanogaster was developmentally arrested when the
TGF-B/activin pathway was blocked in the PG because
the larvae were unable to produce the large pulse of ec-
dysone needed for metamorphosis. It has been dem-
onstrated that Myo signaling through the TGF-B /activin
pathway is crucial for mushroom body remodeling
in the transition from the final larval stage to the pupa
because it up-regulates neuronal EcR-B1 expression (13).
The same study revealed that myo-defective mutants
can molt until the final larval stage and prepupate,
but they become arrested before head inversion (13),
which is consistent with the results reported by Gibbens
et al. (23).

Myo depletion causes cell hyperproliferation
in the PG

The PG of B. germanica, like in other cockroaches, has an
X-shaped morphology, and its size varies during successive
stages. Size variation roughly corresponds to the dynamics
of ecdysone production because the most active glands
have bigger secretory cells than the inactive glands (24). In
the present work, we also studied the dynamics of cell
proliferation in the PG during N5 and N6 using EdU la-
beling. In N5, which lasts for 6 d, we observed intense cell
division between d 0 and 3 (the first 50% of the stage). In
N6, which lasts for 8 d, intense cell division only occurred
overd 0and 1 (the first 12.5% of the stage) (Fig. 3). During
these stages, the ecdysone pulse in N5 peaks sharply
at around d 4, whereas in N6 ecdysone production follows
a longer, shallower peak over d 5-7 (25). The non-
overlapping patterns of cell divisionand the ecdysone peak
indicate that PG cells alternate between periods of cell
proliferation and hormone synthesis, as occurs in other
secretory glands, such as the CA (26). The form of the ec-
dysone pulse varies along the different molts; wider pulses
appear to be characteristic of metamorphic molts (27). We
believe the wide ecdysone pulse in N6, which triggers the
metamorphic molt, requires an earlier and radical arrest of
cell division, similar to the one observed in our Edu labeling
observations (Fig. 3).

We used the same Myo-targeting RNAi experiment
described above (3 pg of dsMyo injected in N5DO0) to ex-
amine the effects in the PG. We found that Myo mRNA
levels in the PG were significantly reduced in dsMyo-
treated cockroaches compared with controls (Fig. 4A).
Preliminary dissections of Myo-depleted cockroaches in
N5D4 and N6D4 revealed that PG size was greater than in
controls (Fig. 4B). Measurement of the PG arm width
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during N5 and N6 showed that the PG from Myo-depleted
cockroaches grew bigger than in the controls (Fig. 4C).
Moreover, microscopic examination of the PG at high
magnifications using Edu labeling revealed that Myo-depleted
cockroaches exhibited much more active cell division than
controls (Fig. 4D).

The transition from G1 into DNA replication (S phase) is
crucial in determining whether to enter a new cell cycle,
and 4 factors—cyclin (Cyc)E, CycA, dacapo (Dap), and
cyclin-dependent kinase (Cdk)2—are key players in this
transition. The accumulation of CycE and CycA, which
form complexes with Cdk2, promotes the transition to the
S phase, whereas Dap negatively regulates this transition,
mainly by sequestering the CycE/Cdk2 complexes (28,
29). Moreover, in mouse C2C12 cells, myostatin, which is
the Myo homolog in mammals (11), induces CycD degra-
dation, resulting in cell cycle arrest (30). Based on these
reports, we measured the expression of CycE, CycA, dap,
Cdk2, and CycD in the PG from Myo-depleted and control
cockroaches.

In controls, results indicated low levels of dap expres-
sion at the beginning of N5, high values in the middle, and
low levels again at the end of the stage. CdK2, CycE, CycA,
and CycD expression showed an inverse pattern (Fig. 4E),
which approximately corresponds to the dynamics of cell
proliferation (Fig. 3). dap expression in Myo-depleted
cockroaches was generally dramatically reduced, whereas
CycA, CycD, and Cdk2 expression progressively decreased
during N5. CycE expression was not significantly affected
(Fig.4E). Dap is a member of the mammalian p21 family of
cyclin-dependent kinase inhibitors and inhibits the G1-to-
S phase transition by sequestering the CycE/Cdk2 com-
plex in a stable but inactive form (31). Induction of dap
transcription causes a rapid accumulation of Dap pro-
tein, which inhibits CycE/Cdk2 activity and leads to G1
cell cycle arrest (32). Conversely, dap knockdown
leads to tissue hypertrophy and cancer processes (33,
34). We propose that down-regulation of dap expres-
sion may have maintained cell cycle activity in the PG
of Myo-depleted cockroaches, leading to cell hyper-
proliferation and PG hypertrophy. The CycE, CycA,
and CdK2 expression patterns in Myo-depleted cock-
roaches could be a product of dap down-regulation and
the complex epistatic relationships between these factors
(28, 29). General down-regulation of CycD expression in
the PG of Myo-depleted cockroaches suggests that Myo
has either a direct or indirect stimulatory effect on the ex-
pression of this cyclin. This effect differs from phenomena
observed in mammals, where myostatin induces CycD
degradation (30).

Myo depletion reduces the expression of
ecdysteroidogenic genes in the PG

Myo depletion increased the duration of N5 (Fig. 24). To
study the reasons for this delay, we measured the ex-
pression of the following 4 genes, which code for ecdysone
biosynthesis enzymes: neverland (nvd), which converts
cholesterol to 7-dehydrocholesterol; phantom (phin) and
disembodied (dib), which catalyze the addition of a hy-
droxyl group to the 25 and 22 carbon of the cholesterol side
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Pink: Edu
Blue: Dapi

Figure 3. Cell proliferation in the PG of B. germanica. Double labeling EAU (discrete pink spots) and DAPI (background blue
color) of PG tissue of female nymphs along the fifth and the sixth instar (from N5D0 to N5D6 and from N6D0 to N6D8). Scale

bars, 50 pm.

chain, respectively; and shadow (sad), which catalyzes the
addition of a hydroxyl group to the 2 carbon of the cho-
lesterol ring (35). Results showed that the expression of nod
was dramatically down-regulated in N5D4 Myo-depleted
cockroaches. The expression of phm and dib tended to be
down-regulated, whereas that of sad was practically un-
affected (Fig. 5A).

In D. melanogaster, the activin branch of the TGF-B
pathway promotes the expression of nvd, dib, and spookier
(which is involved in catalyzing the conversion of 7-
dehydrocholesterol to delta4, diketol), whereas it does not
apparently affect phm and sad expression (23). These genes
may be directly affected by the TGF-B pathway, or this
pathway’s influence could be mediated by the PTTH/
torso pathway, acting at a transcriptional level, and the
insulin pathway, acting post-transcriptionally (23). To
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date, there is no evidence that a PTTH/Torso pathway
exists in cockroaches. Therefore, we focused on the insulin
pathway by measuring insulin receptor (I1R) expression,
which was down-regulated in the PG from Myo-depleted
cockroaches (Fig. 5B). If Myo has a systemic stimulatory
effect on InR expression, it could also explain the small size
of the N6 stage emerging from dsMyo-treated N5 cock-
roaches (Fig. 2C, D).

We propose that Myo indirectly promotes nod, phm,
and dib expression. The stimulatory action on nod and dib
could be mediated by the insulin pathway, as in D. mela-
nogaster. In the case of B. germanica, however, the insulin
pathway would act at a transcriptional level on these
genes, rather than post-transcriptionally, as occurs in D.
melanogaster (23). Additionally, we cannot rule out the
possibility that the apparent stimulation of phm and dib
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transcription might also be mediated by fushi tarazu
transcription factor 1 (FTZ-F1). Whereas FTZ-F1 enhances
phm and dib expression in the ring gland from late third-
stage larva of D. melanogaster (36), our measurements
revealed that ftz-fl expression was delayed and down-
regulated in the PG of Myo-depleted cockroaches (Fig. 5C).
This supports the hypothesis that FTZ-F1 helps enhance
phm and dib transcription in the PG of B. germanica. Finally,
decreased expression of ecdysteroidogenic genes in Myo-
depleted insects might be mediated by the increased ex-
pression of jhamt and Kr-h1 because JH and Kr-h1 inhibit
the expression of these genes (37, 38). We explored this
possibility through experiments examining Myo in N6.
We also studied the expression of the ecdysone-
dependent genes E75-A, HR3-A, and ftz-fl, which have
previously been characterized in B. germanica (39-41). The
expression pattern of these genes was conspicuously

MYOGLIANIN TRIGGERS PREMETAMORPHOSIS

esults are indicated as copies of the given transcript per 1000
ssed as the mean = sem (n = 3-5). Asterisks indicate
#P < (0.001 (Student’s ¢ test).

reduced (especially that of ftz-f1) and delayed in the PG of
Myo-depleted cockroaches (Fig. 5C). This is reminiscent of
the developmental delay observed in D. melanogaster with
impaired signaling in the activin branch of the TGF-B
pathway, which was due to deficient ecdysone production
by the PG (23, 42). The same mechanism may explain why
N5 lasts longer in Myo-depleted cockroaches (Fig. 2B).

Myo depletion prevents the onset of
PG degeneration

In the PG of B. germanica, ecdysone signaling promotes the
degeneration of the gland toward the end of N6 and the
beginning of adult life. This is mediated by FTZ-F1, a distal
transducer in the ecdysone signaling pathway that is
expressed at markedly high levels in the PG in the last day
of N6 (N6D8) (43). On the other hand, the inhibitor of
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Figure 5. Effects of Myo mRNA
depletion on the expression A
of PG factors in B. germanica.

A) mRNA levels of nvd, phm,

dib, and sad in PG from Ni)*(k
depleted cockroaches and con-
trols on  4-d-old fifth instar
female nymphs (N5D4). B)
mRNA levels of nRin PG from
Myo-depleted cockroaches and
controls on N3D4. €) mRNA 0
levels of E75-A, HR3-A, and fiz-
Jf1 in PG from Myo-depleted
cockroaches and controls mea-
sured on different days of N5
(N5D4 and N5D6 in controls,
and N5D4, N5D6, N5D7, and
N5D8 in  dsMyo-treated). 1)
mRNA levels of Kr-hl and £93
in PG from Myo-depleted cock-
roaches and controls on N6D1
and N6D4. £) mRNA levels of
iapl and fizf1 in PG from
Myo-depleted cockroaches and
controls on N6D8. Results, in-
dicated as copies of the given
transcript per 1000 copies of
BgActinic mRNA, are expressed
as mean = seM (n = 3-5). “U" in
C and D means that the expres-
sion was below the limit of
detection. Asterisks indicate statis- u
tcally significant differences with

respect to controls. * < 0.05, N6D4
kP < (0.001 (Stadent’s ¢
test).
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apoptosis-1 (IAP1) protects the PG from degeneration in
early N6 and earlier nymphal stages. iap1 shows maximal
expression at N6D7 before it starts to decrease at N6D§,
coinciding with a sharp peak in ftz-fl expression (43). JH
also plays a protective role because treating N6 with the JH
analog methoprene attenuates the expression of ftz-fl in
N6D8 and prevents PG degeneration (43).

In our experiments, Myo-depleted N6 cockroaches
molted to a supernumerary N7 and, in some cases, suc-
cessively on to N8 and adult, indicating the PG was
functional after N6. To study the mechanisms that pre-
vented PG degeneration, we measured the expression of
Kr-h1 as a key transducer of the JH signal and ftz-f1, iap1,
and E93 as potential regulators of the onset of PG de-
generation. Results showed that Kr-h1 was up-regulated,
whereas E93 was down-regulated, in N6 Myo-depleted
cockroaches (Fig. 5D). This presumably results from the
higher production of JH in the CA, where Myo-depleted
cockroaches maintained up-regulated jhamt expression in
N6, with the consequent increase in Kr-l1 transcription in
the CA and peripheral tissues (Fig. 2E). Given that Kr-h1
represses E93 expression in metamorphic tissues (3), E93
was down-regulated in the PG (Fig. 5D). On the last day of
N6 (N6D8), ftz-f1 and iap1 showed the highest and lowest
expression values, respectively, within the stage (43). In
the PG of Myo-depleted cockroaches, however, fiz-f1 ex-
pression at N6DS8 tended to be lower than in controls (40%
on average), whereas inpl expression was significantly
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up-regulated (73% on average) (Fig. 5E). This is consistent
with the notion that IAP1 and JH protect PG from de-
generation, whereas FTZ-F1 plays a proapoptotic role (43).
E93 may also be involved in PG degeneration in B. germanica,
as it is known to have pro-apoptotic functions [for example,
in the degeneration of salivary glands during D. melanogaster
metamorphosis (44—46)], but further work would be neces-
sary to assess this conjecture.

Myo depletion in the final nymphal stage
produces the same effects as when depleted
in the penultimate nymphal stage

Recent reports indicate that JH can inhibit ecdysone pro-
duction in holometabolan insects, such as the fly D. mela-
nogaster and the silkmoth Bombyx mori. The effect is
mediated by Kr-hl, which represses the expression of
ecdysteroidogenic genes (37, 38). Therefore, it is plausible
that the reduced expression of nvd, phin, and dib in
dsMyo-treated cockroaches could be due to an increase
in Kr-h1 expression resulting from Myo depletion (Fig.
2E). To study this possibility, we carried out a series of
RNAi experiments injecting the dsMyo (3 pg) on the
first day of the sixth (final) nymphal stage (N6D1) of
B. germanica, when JH is practically absent (6) and Kr-h1
expression is very low (7). The dsMyo treatment in
N6D1 significantly reduced the Myo mRNA levels in
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the PG, as measured on N6D2, N6D4, and N6D6
(Supplemental Fig. S3A). Regarding the ecdysteroido-
genic enzymes, results showed that the expression of
nod, phm, and dib was significantly down-regulated in
Myo-depleted cockroaches, as measured in N6D6, whereas
that of sad was practically unaffected (Supplemental Fig.
S3B). The dsMyo treatment up-regulated the expression of
Kr-h1, and, consequently, the expression of E93 was down-
regulated (Supplemental Fig. S3C), as also occurred in the
experiments depleting Myo in N5 (Fig. 5D). This could be
due to an up-regulation of jhamt expression in the CA
resulting from Myo depletion, which could result in in-
creased production of JH affecting the expression of Kr-fi1 in
peripheral tissues, like the PG. To test this conjecture, we
measured the expression of jhamt in N6D6 in the CA of
cockroaches treated with dsMyo on N6D1. We found that
Myo mRNA in the CA had been significantly reduced by the
treatment, and results additionally showed that jlamt ex-
pression was dramatically up-regulated. Kr-i1 expression
tended to be up-regulated, probably due to an increase of JH
production, and £93 tended to be down-regulated, probably
as a consequence of the increased Kr-hl expression (Sup-
plemental Fig. S3D).

In the cockroaches treated with dsMyo in N6D1, we also
studied the dynamics of growth and cell proliferation in the
PG using EdU labeling. Dissections of Myo-depleted
cockroaches in N6D6 revealed that PG size was greater
than in controls (Supplemental Fig. S4A). Measurement of
the PG arm width in N6D2, N6D4, and N6D6 showed that,
as occurred with the treatment in N5D0, the gland from
Myo-depleted cockroaches grew bigger than in the controls,
which was well apparent in N6D6 (Supplemental Fig. S4B).
In N6, intense cell division in the PG is only observed ond 0
and 1 and is almost undetectable on d 2 (Fig. 3). In the
dsMyo treatments on N6D1, controls showed a very faint
Edu labeling in N6D2, whereas the PG from Myo-depleted
cockroaches showed a very active cell division this day,
which vanished 2 d later (Supplemental Fig. S4C).

DISCUSSION

Transcriptome data indicated that Myo expression is
highly up-regulated in N5 of B. germanica. This general
up-regulation in N5 is consistent with our present results
obtained by means of real-time quantitative PCR, which
show high levels of Myo expression at the beginning of N5
in the CC—CA and toward the mid-end of N5 in the PG.

Our present results also indicate that high Myo levels in
N5 repress jhamt expression in the CC-CA, which results
inareduction in JH production at the beginning of N6 (Fig.
6). In juvenile stages, JH, acting through Kr-h1, represses
the expression of ftz-fl, which is a repressor of iapl ex-
pressionin the PG. In N6, low levels of circulating JH result
in lower Kr-h1 expression in the PG, with the concomitant
de-repression of fiz-f1 expression, inhibition of iap1, and
activation of the caspase-mediated gland degeneration
mechanisms (Fig. 6). Because E93 is a gene activated
by ecdysone signaling, is a typical apoptosis-triggering
factor and is repressed by Kr-h1, we conjecture that the
proapoptotic action of FTZ-F1 might be mediated by F93
(Fig. 6).

%n the PG, Myo is expressed during N5 and N6, but
there is a marked peak of expression toward the mid-end
of N5. Our data indicate that high expression of myo cor-
relates with high expression of ecdysone biosynthesis
genes like nod, phm, and dib. This may be due to the in-
hibition of Myo on jhamt expression, and thus on JH pro-
duction and concomitant Kr-ii1 expression, because Kr-h1
has been shown to repress the expression of ecdyster-
oidogenic enzyme genes (37, 38). In any case, the high
expression of Myo in N5 surely contributes to the pro-
duction of the large, metamorphic ecdysone pulse in N6.
The data also suggest that the peak of Myo expression
in N5 helps repress cell proliferation (at least in part by
enhancing the expression of dap). Control over cell pro-
liferation in N6 may be required to produce the sub-
sequent metamorphic ecdysone pulse (Fig. 6).
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Our overall findings point to Myo as a key trigger of the
transition from penultimate to final (premetamorphic)
nymphal stage in B. germanica. The repressor role of Myo
on jhamt expression and JH production has previously
been reported in the cricket G. bimaculatus (14). Al-
though the functions of Myo in the PG were not examined
in this insect, Ishimaru ef al. (14) reported that Myo ex-
pression levels were high in this gland. We presume,
therefore, that the trigger role Myo plays in the
premetamorphic stage of B. germanica may be extended to
G. bimaculatus and perhaps to other hemimetabolan in-
sects. Myo expression in D. melanogaster does not exhibit
an especially prominent peak during the larval and pupa
stages in the Northern blot analyses published by
Loand Frasch (11) orin the transcriptome profiles reported
by us (10). The larva—pupa—adult transition in the
holometabolan metamorphosis requires a relatively rapid
pattern of decreasing-increasing—decreasing JH produc-
tion (2, 47). In this context, a dramatic interruption of
JH production mediated by the repressive action of
Myo on CA jhamt expression might not be suited for
regulating metamorphosis in holometabolan species. We
conclude that the role of Myo as a premetamorphosis
trigger, atleast in relation to the action in the CA and to JH,
might be restricted to hemimetabolan insects, and this
mechanism may have been lost in the evolutionary tran-
sition from hemimetaboly to holometaboly. [
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Summary statement

The prothoracic gland disintegrates after insect metamorphosis. It was
believed that the factor FTZ-F1 determines this disintegration. This
work reveals that FTZ-F1 action is mediated by the factor E93.

ABSTRACT

Insect metamorphosis originated around the middle Devonian,
associated with the innovation of the final molt; this occurs after the
histolysis of the prothoracic gland (PG; which produces the molting
hormone) in the first days of adulthood. We previously hypothesized
that transcription factor E93 was crucial in the emergence of
metamorphosis, since it triggers metamorphosis in extant insects. This
work on the cockroach Blattella germanica reveals that E93 also plays
a crucial role in the histolysis of PG, which fits the above hypothesis.
Previous studies have shown that the transcription factor FTZ-F1 is
essential for PG histolysis. We have found that FTZ-F1 depletion,
towards the end of the final nymphal instar, downregulates the
expression of E93, while E93-depleted nymphs molt to adults that
retain a functional PG. Interestingly, these adults are able to molt again,

which is exceptional in insects. The study of insects able to molt again
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in the adult stage may reveal clues as to how nymphal epidermal cells
definitively become adult cells, and if it is possible to revert this

process.

KEY WORDS: Prothoracic gland, E93, FTZ-F1, ecdysone, insect
metamorphosis, MEKRE93 pathway

INTRODUCTION
One of the most successful innovations in insect evolution is
metamorphosis, as shown by the fact that more than 95% of extant
insects develop through this type of postembryonic transformation. The
simplest mode of metamorphosis, hemimetaboly, or incomplete
metamorphosis, originated with the clade Pterygota (viz. the presence
of wings), around the middle Devonian, ca. 400 Mya. Subsequently,
during the early Carboniferous, ca. 350 Mya, holometaboly, or
complete metamorphosis, evolved from hemimetaboly (Belles, 2020,
2019a). Consubstantial with the emergence of wings and
hemimetabolan metamorphosis is the innovation of the final molt,
mainly achieved through the histolysis of the prothoracic gland (PG;
the gland that produces the molting hormone), which takes place after
the winged and reproductively competent adult stage has been reached.
The molecular mechanism that regulates insect metamorphosis
is condensed in the MEKRE93 pathway (Belles and Santos, 2014),
through which juvenile hormone (JH) bound to its receptor Methoprene
tolerant (Met), and induces the expression of Kruppel homolog 1 (Kr-
h1); this, in turn, represses the expression of E93. The players most
directly involved in regulating metamorphosis are Kr-h1, the transducer

of the antimetamorphic signal of JH, and E93, the master trigger of
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metamorphosis (see (Belles, 2019b)). E93 was originally discovered as
an ecdysone-induced late prepupal specific gene, during research into
the histolysis of the salivary glands in Drosophila melanogaster
metamorphosis, a process in which E93 plays a key role (Baehrecke
and Thummel, 1995; Lee et al., 2000; C T Woodard et al., 1994).
Subsequently, Mou et al. (Mou et al., 2012) found that E93 is widely
expressed in adult cells that form in the pupa of D. melanogaster, being
required for morphogenesis patterning processes. Further experiments
revealed that E93-depleted larvae of D. melanogaster are able to pupate
but die at the end of the pupal stage. Similar results were observed in
the beetle Tribolium castaneum, where E93 depletion prevented the
pupal-adult transition, resulting in the formation of a supernumerary
second pupa (Urefia et al., 2014). Moreover, studies on the cockroach
Blattella germanica have revealed that E93 depletion prevents the
nymph-adult transition, resulting in reiterated supernumerary nymphal
instars (Urefa et al., 2014), and that the expression of E93 in juvenile
nymphs is inhibited by Kr-h1, which establishes the MEKRE93
pathway (Belles and Santos, 2014).

Importantly, the MEKRE93 pathway, including the role of E93
as a metamorphosis trigger, is conserved in extant metamorphosing
insects (Belles, 2020). This suggests that it was operative in the
pterygote last common ancestor. If this is true, then a single
mechanism, the MEKRE93 pathway and E93 in particular, might have
simultaneously promoted metamorphosis, including wing maturation,
and PG histolysis (and hence the final molt), at the origin of the
Pterygota (Belles, 2019a). The role of E93 as a promoter of
metamorphosis and wing maturation has been thoroughly demonstrated
(Belles and Santos, 2014; Mou et al., 2012; Ureiia et al., 2014; Uyehara
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et al., 2017). In contrast, nothing is known about the possible role of
E93 in PG histolysis. The aim of this work is to explore this possibility
using B. germanica as a model.

Histolysis of cells and tissues through programmed cell death
(PCD) is consubstantial with metamorphosis, especially in
holometabolans, as during this process, new structures are generated,
while others disappear. In this way, some cells and tissues disintegrate
(like the salivary glands), whereas others undergo remodeling, with
partial cell replacement (like in the fat body) (Tettamanti and Casartelli,
2019). Intensive studies based on the larva-pupa transition of D.
melanogaster, have demonstrated the determinant role of ecdysone
signaling in PCD processes that affect the salivary glands, midgut and
fat body. Ecdysone, or rather its most bioactive derivative, 20-
hydroxyecdysone (20E), binds the receptor, ECR, forms a complex with
the coreceptor retinoid X receptor (RXR), and initiates a gene
expression cascade (Hill et al., 2013) that includes fushi tarazu-factor 1
(ftz-f1) and E93 among the most important genes in the context of PCD
(Baehrecke and Thummel, 1995; Broadus et al., 1999). Next, the
corresponding proteins promote the expression of PCD genes, like
reaper (rpr) and head involution defective (hid), as well as caspases
and other direct PCD mediators (Jiang et al., 2000; Lee et al., 2000).
Other important players are the inhibitors of apoptosis (IAPs), which
protect cells and tissues from PCD by preventing caspase activity
(Orme and Meier, 2009), although their inhibitory activity on PCD is
counteracted by Rpr and Hid (Martin, 2002). Therefore, at the larva-
pupa transition, downregulation of iapl expression provides the
competence for PCD triggered by cell death factors (Orme and Meier,
2009; Yin et al., 2007; Yin and Thummel, 2005).
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Although E93 had never been related to the PG disintegration, it
has been characterized as promoting PCD during metamorphosis in
various tissues and species. The most thorough studies have been
carried out on the salivary glands of D. melanogaster, where stage- and
tissue-specific expression of E93 triggers their histolysis (Baehrecke
and Thummel, 1995; Berry and Baehrecke, 2007; C.-Y. Lee et al.,
2002; Lee et al., 2000; C T Woodard et al., 1994). The action of E93 on
PCD during D. melanogaster metamorphosis has also been reported to
occur in the midgut (C. Y. Lee et al., 2002; Lee and Baehrecke, 2001)
and fat body (Liu et al., 2014). More recently, E93 has been shown to
play the same PCD role in the fat body of the silkworm Bombyx mori
(Liu et al., 2015).

In B. germanica, our model, previous studies have revealed that
lapl expression in the PG declines during the nymph-adult transition,
which is followed by PG histolysis. In B. germanica, PG histolysis is
regulated by 20E signaling, which leads to a dramatic upregulation of
ftz-f1 expression, the gene product of this plays a crucial role in the
PCD process (D. Mané-Padros et al., 2010). Given the above
antecedents, in this work we conjectured that the PCD action of FTZ-
F1 on the PG might be mediated by E93. This presumption has been
confirmed, as FTZ-F1 depletion towards the end of the final nymphal
instar downregulates E93 expression, while E93-depletion results in
adults that retain a functional PG. It was still more intriguing, however,
to observe that the E93-depleted adults were able to molt again.
Studying this phenotype could provide important clues as to how
nymphal epidermal cells definitively become adult cells, and if it is

possible to revert that process.
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RESULTS

E93 expression is tissue-specific

We studied the expression pattern of E93 in various tissues involved in
metamorphosis, namely the PG, the corpora cardiaca-corpora allata
(CC-CA) complex, the epidermal tissue (represented by the abdominal
tergites two to seven), and the wing pads. We studied the three most
important premetamorphic instars, the fourth (antepenultimate)
nymphal instar (N4), the penultimate nymphal instar (N5) and the final
nymphal instar (N6). At the same time, we measured ftz-f1 expression
given its relationship with PG histolysis. The PG patterns are clearly
differentiated from those of other tissues (Fig. 1). The highest
expression levels of E93 in the CC-CA complex, epidermis, and wing
pads are found towards the middle of N6, while in the PG they peak in
N6D8. As for ftz-f1, there is a single expression peak in N6D8 in the
PG (coinciding with that of E93), while in the other tissues the
expression levels fluctuate as a result of the pulses of 20E that occur

around every molt (Fig. 1).

E93 interference late in the final nymphal instar triggers the
formation of adults that molt once again

To maximize the depletion of E93 transcripts in the PG while only
minimally affecting the other metamorphic tissues, we injected dsSRNA
targeting E93 (dsE93) into N6D6 insects. At this stage, the of E93
expression peak had already occurred in the CC-CA complex, tergites,
and wing pads, while it was still to come in the PG. Insects injected in
N6D6 with either dsMock (control) (n = 67) or dsE93 (n = 132) all
molted to adults two days later. The insects from control experiments
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Figure 1. E93 and ftz-f1 expression in the last nymphal instars of Blattella
germanica. (A) Expression in the prothoracic gland (PG). (B) Expression in corpora
cardiaca-corpora allata (CC-CA) complex. (C) Expression in tergites. (D) Expression
in wing pads. The expression was measured during the fourth (antepenultimate)
nymphal instar (N4), the fifth (penultimate) nymphal instar (N5) and the sixth (final)
nymphal instar (N6) in female insects. The results are indicated as copies of the
examined mRNA per 1000 copies of BgActin-5¢ mRNA, and are expressed as the
mean + SEM (n=3).
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presented a normal adult external morphology, with well-shaped and
completely extended forewings and hindwings (Fig. 2A). As for the
dsE93-treated nymphs, 85.6% molted to adults presenting a normal
external appearance, with well-shaped and completely extended
forewings and hindwings, and 14.4% molted to adults with the wings
only partially extended, particularly the hindwings (Fig. 2A).

It has been shown previously that the adult of B. germanica start
disintegrating the PG after the imaginal molt, and three days later the
disintegration is very apparent, since only the axes of muscle, tracheae
and nerve of the X-shaped gland, and a few secretory cells, are
observed (Romana et al., 1995). In our RNAI experiments, control
adults culminated the histolysis and disintegration process in 3 to 5
days, while the E93-depleted adults retained the integrity of the PG, as
observed 8 days after the imaginal molt, when its general morphology
resembles that of an N6 PG (Fig. 2B). There is an intriguing difference
in cell proliferation: normally, N6 PGs undergo cell division during the
first two days of the instar (Kamsoi and Belles, 2019), whereas no cell
division was observed in the PG of E93-depleted adults (Fig. S1).

After the imaginal molt, the E93-depleted adults started to molt
again, the first symptoms of which were detected 8 days after that molt,
when shadows of the new cuticular structures, including new
mandibles, could be observed by transparency under the old cuticle. On
day 9 the new mandibles were clearly defined (Fig. 2C). One day later,
the E93-depleted adults tried to undertake ecdysis, which could not be
completed as they were unable to shed the exuvia (Fig. 2D). Even the
wings undertook a new apolysis, and a new set of wing veins could be
seen by transparency under the veins of the E93-depleted adults, being

most clearly visible in the forewings (Fig. 2E).
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Molting of E93-depleted adults results from the effective depletion
of E93 in the PG, which remains functional

We determined the efficiency of the RNAI treatment by measuring the
E93 transcript decrease 48 h after the dsRNA treatment, i.e., in N6D8.
Results showed that E93 mRNA levels were significantly depleted (ca.
77%) in the PG (Fig. 3A). E93 transcript depletion was also observed
in the other tissues studied (CC-CA, tergites, and wing pads), although
the baseline levels were low, as expected from the expression patterns
(Fig. 3A).

Simultaneous measurement of ftz-f1 mRNA levels indicated that
E93 depletion did not affect ftz-f1 expression in the PG, but did trigger
a dramatic up-regulation in the CC-CA, tergites and wing pads (Fig.
3A). We also observed that the interference of E93 in the late final
nymphal instar did not significantly affect the expression in epidermal
tissues of Kr-h1 and BR-C, two important genes in adult morphogenesis
(Fig. 3B).

We measured the expression of two genes with opposite
functions in PG histolysis, iapl and caspase-1 (casp-1), on the last day
of the final nymphal instar (N6D8), and the first day of the adult stage
(AdD1). The results showed that in N6D8 iapl expression is
significantly higher in E93-depleted insects, although in AdD1 this
returns to levels similar to those seen in the controls. In contrast, casp-1
expression in AdD1 is significantly lower than that found in the
controls (Fig. 3C).
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Figure 2. Effect of E93 mRNA depletion in the imaginal molt of Blattella
germanica. (A) Dorsal and ventral views of control and E93-depleted adults. Sixth
instar females nymphs were treated on day 6 with dsMock (control) or dsE93, and the
morphology after the imaginal molt was examined; the percentages of E93-depleted
adults with extended and unextended wings are indicated; scale bar: 5 mm. (B)
Prothoracic gland of control and E93-depleted adults on day 8 of adult life; the glands
were stained with Phalloidin (pink) and DAPI (blue); scale bar: 0.1 mm. (C) Right
mandible of control and E93-depleted adults on day 9 of adult life; note the new
mandible formed under the old one in the E93-depleted adults after apolysis

(asterisk); scale bar: 0.2 mm.
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In addition, we measured the expression of the steroidogenic
genes neverland (nvd), phantom (phm), disembodied (dib) and shadow
(sad) in the PG of control and E93-depleted 8-day-old adults (AdD8).
All the genes were found to be efficiently expressed in the PG of E93-
depleted adults, whereas, as expected, expression was very low or
undetectable in the controls (Fig. 3D). Consistently, the ecdysone-
dependent genes E75A and HR3A were significantly expressed in the
PG of E93-depleted AdD8, suggesting that the gland was producing
and was exposed to ecdysteroids, whereas the expression of these two
genes was undetectable in the PG of the AdD8 controls (Fig. 3E).
Indeed, the expression of E75A and HR3A in the PG of E93-depleted
AdDS8 is relatively comparable to that measured in untreated N6D6
(Fig. 3E), the age of the final nymphal instar at which the ecdysone
pulse is produced (Cruz et al., 2003).

PG death induced by FTZ-F1 is mediated by E93

We had previously reported that FTZ-F1 plays a critical role in the
histolysis of PG in B. germanica (D. Mané-Padros et al., 2010). Given
that E93 depletion in the PG prevented gland histolysis (Fig. 2C), we
wondered about the relationships between FTZ-F1 and E93 in the
process. As discussed above, E93 appears to repress ftz-f1 expression in

Figure 2. (Continued) (D) E93-depleted adults attempting to molt on day 10 of adult
life; the arrows show areas where the old cuticle separated, showing the new cuticle
formed after the apolysis; scale bar: 5 mm. (E) Basal part of the left forewing of
control and E93-depleted adults on day 9 of adult life; the part indicated with the red
square is shown at higher magnification in the panels on the right; note the new veins
(arrow) formed under the old ones (arrowhead) in the E93-depleted adults after

apolysis; scale bar: 0.2 mm (left panels), 0.05 mm (right panels).
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CC-CA, tergites and wing pads, but not in the PG (Fig. 3A). A possible
explanation for our observations on the action of E93 and FTZ-F1 on
PG histolysis is to consider that FTZ-F1 would enhance the expression
of E93 in the PG, and that E93 would be the gland histolysis effector.
To test this conjecture, we treated N6D7 female nymphs (i.e.,
one day before the peak of ftz-f1 and E93 in the PG, Fig. 1) with
dsFTZ-F1. We then measured the expression of E93 (and ftz-f1) in the
PG. The results showed that the RNAI of ftz-f1 was efficient, as 6 h
after the treatment the corresponding MRNA levels became
significantly reduced in the PG (as well as in the CC-CA). At 12 h, ftz-
f1 mRNA levels were still decreased in the PG, but the differences with
respect to the controls were not statistically significant. Importantly, the
MRNA levels of E93 became significantly down-regulated in the PG at
6 and 12 h, but not in the CC-CA. At 24 h, ftz-f1l mRNA levels in the
PG recovered normal (control) levels, but the significant

downregulation of E93 expression persisted (Fig. 4).

E93-depleted adults have transcriptionally active epidermis and
wings

To characterize the type of cuticle synthesized by the E93-
depleted adults, we first selected typically nymphal or typically adult
cuticular proteins (NCPs and ACPs, respectively) from transcriptomic
data covering the life cycle of B. germanica, which includes N6D6 and
AdD5 (G. Ylla et al., 2018). As NCP genes, we selected Bg10431,
Bg10435 and Bg15257, which are clearly more expressed in N6 than in
adults, whereas Bg7254 and Bg16458 were selected as ACP genes, as
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Figure 3 Effect of E93 depletion on gene expression in Blattella germanica. (A)
Expression of E93 and ftz-f1 in the prothoracic gland (PG), corpora cardiaca-corpora
allata (CC-CA) complex, tergites, and wing pads from E93-depleted insects and
controls on day 8 of the sixth nymphal instar (N6D8). (B) Expression of Kr-h1l and
BR-C in tergites from E93-depleted insects and controls in N6D8. (C) Expression of
iapl and casp-1 in the PG of E93-depleted adults and controls in N6D8 and on the
first day of the adult stage (AdD1). (D) Expression of the steroidogenic genes nvd,
phm, dib, and sad, in the PG from E93-depleted adults and controls in AdD8. (E)
Expression of the ecdysteroid signaling genes E75A and HR3A in the PG from E93-
depleted adults and controls in AdD8, and in control nymphs in N6D6. The results are
indicated as copies of the examined mRNA per 1000 copies of BgActin-5¢ mRNA,
and expressed as the mean + SEM (n=3); the asterisks indicate statistically significant
differences with respect to the controls (*p<0.05, **p<0.01, ***p<0.001) according
to the student’s t-test. In panel E “UD” means that mRNA levels were under the
detection limit.
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they are clearly more expressed in adults than in N6 (Fig. S2). The
differences between N6 and adults suggested by these transcriptomic
data were validated with quantitative real-time PCR (gRT-PCR)
measurements (Fig. 5A). Then, measuring the NPC gene expression in
AdDS5 tergites showed that the levels of Bg15257 mRNA were similar
in controls and in E93-depleted insects, those of Bg10435 tended to be
higher in E93-depleted insects, whereas those of Bgl0431 were
significantly higher in E93-depleted insects. The expression levels of
the ACP genes were similar in E93-depleted and in controls (Fig. 5B).

Next, we wondered about the differences in ecdysteroid
signaling in tergites, which could explain why E93-depleted adults can
molt again, whereas control adults do not. The results showed that the
genes of the two components of the ecdysone receptor, ECR and RXR,
are similarly expressed both in E93-depleted and control adults. In
contrast, the expression of the ecdysone-dependent genes E75A and
HR3A was undetectable in control adults, whereas it was clearly
measurable in E93-depleted adults (Fig. 5C).

Remarkably, wings also showed signs of molting (apolysis)
(Fig. 2E). We therefore looked for possible differences in the
transcriptional capacity of wings from E93-depleted and control adults.
To do this, we measured the expression of the following wing-related
genes (Elias-Neto and Belles, 2016) in the hindwings: blistered (bs),
Notch (N), Ultrabithorax (Ubx), scalloped (sd), nubbin (nub) and
vestigial (vg). For all these genes, the expression was low in the
controls, whereas in E93-depleted adults they were four to ten times
higher, depending on the gene (Fig. 4). Equivalent measurements

carried out on the forewings gave similar results (not shown).
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Figure 4. Effect of FTZ-F1 depletion on E93 expression in Blattella germanica.
Expression was measured in the prothoracic gland (PG), and corpora cardiaca-corpora
allata (CC-CA) complex, 6, 12 and 24 h after the dsFTZ-F1 (or control) treatment in
7-day-old final instar nymphs (N6D7). (A) mRNA levels of ftz-f1 in PG and CC-CA
complex. (B) mRNA levels of E93 in PG and CC-CA complex. The results are
indicated as copies of the examined mMRNA per 1000 copies of BgActin-5¢ mRNA,

and are expressed as the mean + SEM (n=3); the asterisks indicate statistically

significant differences with respect to the controls (*p<0.05, **p<0.01) according to

the student’s t-test.

Treatments with 20E do not trigger molting in control adults

Given that molting of the E93-depleted adults is associated with the
preservation of the PG and active ecdysone signaling in the epidermal
cells (Fig. 5C), we wondered whether exogenously administered 20E to
untreated adults might trigger molting. The differences in ecdysteroid
titers between nymphs and adults are of approximately one order of

magnitude. The maximum levels in N6D6 are ca. 2000 pg/ul of
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hemolymph, whereas in 8-day-old adult females the levels are ca.125
pg/ul (Romafa et al., 1995). Thus, we injected a 0.5 pg dose of 20E in
1 pl volume into 8-day-old adult females (i.e., 2500 pg/pl of
hemolymph, close to the physiological concentration in N6D6) (n=10).
In another equivalent group, we injected the pharmacological dose of 5
pg of 20E in 1 pl volume (n=10). The controls received the same
volume of solvent (n=10). Eight hours after the treatment, three insects
of each group were used for qRT-PCR measurements, and the
remaining insects were kept under observation for at least two weeks.
Expression measurements of EcR, RXR, E75A and HR3A in tergites
showed that neither 20E treatment increased the expression of EcR and
RXR. In contrast, the expression of E75A and HR3A was upregulated by
20E in a dose-dependent manner (Fig. 5E). However, even after being
treated with 5 pg of 20E, the levels were at least an order of magnitude
lower than in 8-day-old E93-depleted AdD8 (Fig. 5C). Importantly,
none of the treated adults that we left alive showed symptoms of

apolysis.

DISCUSSION

The expression pattern of E93 and ftz-f1 in the PG is tissue-specific
The expressions of E93 and ftz-f1 in the CC-CA, tergites, and wing
pads in the last nymphal instars of B. germanica show a regularly
fluctuating pattern, whereas in the PG there is a single expression peak
of E93 and ftz-f1 on the last day of the final nymphal instar (Fig. 1).
The characteristic E93 and ftz-f1 expression patters in various tissues
have previously been reported in B. germanica (D. Mané-Padros et al.,
2010; Urefia et al., 2014), but our results show that there is a very

peculiar stage- and tissue-specific up-regulation of these two genes in
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the PG, associated with the transition from the final nymphal instar to
the adult. This PG-specific regulation of E93 and ftz-f1 is also
suggested by the epistatic relationships between the two genes, as E93
does not affect the ftz-f1 expression in the PG but represses it in the
other tissues studied (Fig. 3A), whereas FTZ-F1 enhances the
expression of E93 in the PG but not in other tissues, such as the CC-CA

(Fig. 4).

E93 depletion in the PG prevents its histolysis after the imaginal
molt

Given the expression patterns in the different tissues (Fig. 1), injecting
dsE93 on the penultimate day of the last nymphal instar had an
important effect on E93 in the PG. The result was that the insects
molted to adults that were morphologically similar to the controls (Fig.
2A), but their PG did not disintegrate (Fig. 2C). The fact that the PG of
the E93-depleted adults did not degenerate and were fully active was
also shown by their active transcription of the steroidogenic genes (Fig.
3D). The significant expression of the ecdysone-dependent genes E75A
and HR3A in the PG of E93-depleted 8-day-old adults (Fig. 3E) also
supports the notion that the glands are actively producing ecdysone. It
iIs worth noting, however, that the long-term fate of the PG in E93-
depleted adults is uncertain, since this gland does not present the
typical cell proliferation pattern seen in the nymphal instars (Fig. S1),
as the PG undergoes cell division during the first days of each instar
(Kamsoi and Belles, 2019).
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Figure 5. Effect of E93 depletion and 20E treatment on gene expression in adult
Blattella germanica tissues. (A) Expression of the nymphal cuticular protein (NCP)
genes Bg10431, Bg10435, and Bg15257, and the adult cuticular protein (ACP) genes
Bg7254 and Bg16458 in the epidermis of tergites in nymphs in day 6 of the sixth
instar and in day 5 adults. (B) Expression of the same NCP and ACP genes in tergites
of E93-depleted adults and controls in day 5 adults. (C) Expression of the ecdysteroid
signaling genes: EcR, RxR, E75A, HR3A in tergites of E93-depleted adults and
controls at day 8 of adult age. (D) Expression of wing-related genes: blistered (bs),
notch (N), nubbin (nub), scalloped (sd), ultrabithorax (Ubx), and vestigial (vg) in the
hindwings of E93-depleted adults and controls in day 8 adults. (E) Expression of EcR,
RXR, E75A and HR3A in adults treated with 20E on day 8 of adult life.
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Our observations revealed that E93-depletion kept the
expression levels of iapl in the PG much higher than in the controls,
when measured at the end of the final nymphal instar. Correspondingly,
the expression of the effector caspase gene casp-1 was not up-regulated
in the PG of E93-depleted insects when measured on the first day of the
adult stage (Fig. 3C). These E93 effects on inhibitors and promoters of
PCD in the PG provide the mechanistic basis (see (Martin, 2002; Orme
and Meier, 2009; Yin et al., 2007; Yin and Thummel, 2005)) for
explaining why the gland did not disintegrate after the imaginal molt.

E93 triggers PG histolysis

Previous studies reveal that FTZ-F1 depletion prevents PG histolysis in
the context of B. germanica metamorphosis (D. Mané-Padros et al.,
2010). Here we show that FTZ-F1 depletion downregulates E93 in the
PG (Fig. 4), suggesting that FTZ-F1 enhances the expression of E93 in
this gland, which then triggers PG histolysis. This activating role of
FTZ-F1 is not observed in other tissues, like the CC-CA (Fig. 4),
where E93 expression is declining beyond day 6 of N6 (Fig. 1). The
rapid recovery of the FTZ-F1 mRNA levels observed after the injection
of dsFTZ-F1 (Fig. 4) is intriguing. Possibly, reaching high levels of
FTZ-F1 expression in PG in N6D8 is crucial to undertake
metamorphosis, and the gene response mechanisms to a mRNA

depletion is this particular tissue and stage are especially efficient.

Figure 5. (Continued) The results are indicated as copies of the examined mRNA per
1000 copies of BgActin-5¢c mRNA, and are expressed as the mean + SEM (n=3); the
asterisks indicate statistically significant differences with respect to the controls
(*p<0.05, **p<0.01) according to the student’s t-test. In panels B and D “UD” means
that mMRNA levels were under the detection limit.
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It is known that FTZ-F1 modulates gene expression by
interacting with an FTZ-F1 response element (F1RE) located in the
target gene promoter (Lavorgna et al., 1991). Interestingly, the
promoter region of B. germanica E93 contains a canonical EcR
response element (Cherbas et al., 1991; Kayukawa et al., 2017), as
expected, but it also contains the sequence TCAAGGCAA that might
be compatible with a FIRE (De Mendonga et al., 2002; Ohno et al.,
1994) (Fig. S3). This again suggests that FTZ-F1 coactivates the
expression of the ecdysone-dependent gene E93, although this
coactivating effect seems specific of the PG.

Studies on D. melanogaster have previously demonstrated that
FTZ-F1 acts as a competence factor during prepupal development,
promoting the expression of stage-specific genes like E93 (Broadus et
al., 1999; C T Woodard et al., 1994). Moreover, E93 has been shown to
trigger PCD during metamorphosis in various tissues (salivary glands,
fat body, and midgut) and species (D. melanogaster, and B. mori)
(Baehrecke and Thummel, 1995; Berry and Baehrecke, 2007; C.-Y.
Lee et al.,, 2002; C. Y. Lee et al., 2002; Lee et al., 2000; Lee and
Baehrecke, 2001; Liu et al.,, 2014, 2015; Wang et al.,, 2012; C T
Woodard et al., 1994). Therefore, although the PCD function of E93 in
the PG in the context of metamorphosis has not previously been
reported, this function is not surprising given the above antecedents of
E93 as a PCD effector. The role of E93 as an effector of PG histolysis
after the imaginal molt supports the hypothesis that E93 may have been
a crucial factor underlying the mechanisms that facilitated the

evolutionary innovation of insect metamorphosis (Belles, 2020, 2019a).
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E93-depleted adults molt again

Depletion of E93 at the end of the final nymphal instar protected the
PG from histolysis, but the resulting adults were morphologically
normal, in general. Only14% of them presented partially unextended
wings (Fig. 2A), a feature that is not uncommon even in control insects.
According to the MEKRE93 pathway (Belles and Santos, 2014), the
formation of morphologically normal adults is not surprising as the
expression levels of Kr-h1 (and BR-C) in the epidermis at the end of the
final nymphal instar of E93-depleted insects are as low as in the
controls (Fig. 3B). Interestingly, E93-depleted adults are able to molt
again, undertaking apolysis, as shown by the double structures, notably
the new mandibles, which can be observed by transparency under the
old cuticle.

Even the wings of these E93-depleted adults undertake apolysis,
as shown by the double veins observed, particularly in the hindwings
(Fig. 2E), and they are transcriptionally active, according to the high
expression levels of wing-related genes (Fig. 5C). Wing epidermal cells
die and disappear after the imaginal molt, and only remain in the wing
veins (Kimura et al.,, 2004). In E93-depleted adults we observed
epidermal cells not only in the veins but also in the intervein regions.
Interestingly, the newly formed veins in these adults were bigger than
the old ones, thus being folded (Fig. 2E), suggesting that their
epidermal cells undertook intensive cell proliferation. The high
expression levels of sd (Fig. 5D) may have contributed to this
proliferation, as this transcription factor acts together with the
coactivator Yorkie, regulating Hippo pathway-responsive genes, and
cell growth and proliferation (Huang et al., 2005; Zhang et al., 2008).
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The cuticle of the E93-depleted adults expresses the ACP genes
Bg7254 and Bg16458 at normally high levels, and those of the NCP
gene Bgl15257 at normally low levels for an adult. However, the
typically NCP genes Bg10435 and, particularly, Bg10431 are expressed
at higher levels than normal (Fig. 5B). Thus, from the point of view of
the cuticular proteins expression, the epidermis of the E93-depleted
adults can be considered fundamentally adult, but with some nymphal
character (Fig. 5B). In the epidermis of AdD5 insects, the expression
levels of ECR and RXR were similar in E93-depleted and control
insects, but the expression of E75A and HR3A was undetectable in the
latter (Fig. 5C). This might suggest that adult controls cannot molt due

to low levels of circulating ecdysteroids.

Control adults do not molt even when supplied with 20E

The above conjecture led us to administer 20E to control adults, at
physiological and pharmacological doses. However, even the
pharmacological doses resulted only in a modest increase of E75A and
HR3A expression (Fig. 5E), despite there being operative expression of
EcR and RXR (Fig. 5C). Thus, the treatment did not significantly
upregulate the E75A and HR3A expression levels observed in E93-
depleted AdD8 insects (Fig. 5C), and did not trigger symptoms of
molting. This is consistent with classically recorded experiments
showing that ecdysteroids very rarely cause molting effects in adult
insects, even when injected in doses as high as 3 mg/gr (Schneiderman
et al., 1970). Intriguingly, however, a nymphal, active PG implanted
into an adult of the Madeira cockroach Rhyparobia (=Leucophaea)
maderae can trigger a subsequent molt, even though the insects are

unable to undertake the corresponding ecdysis (Engelmann, 2002), just
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as in our E93-depleted B. germanica adults. A possible explanation for
the difference between implanted PG and injected 20E is that the
implanted PG releases ecdysone according to a precise pattern of
increase and decrease that is crucial for triggering the appropriate
cascade of gene expression (Sakurai, 2005), which would not be
reproduced by an injection of 20E. Another possibility is the
occurrence of a PG factor that makes the epidermal cells competent to
respond to ecdysteroids and produce a new cuticle, a putative factor
whose production would be interrupted with the histolysis of the PG.

A great deal of work has been done on the pupal commitment of
epidermal cells in lepidopterans, including Manduca sexta (Hiruma et
al., 1991; Riddiford, 1981) and B. mori (Muramatsu et al., 2008), which
essentially results from the action of ecdysteroids in the absence of JH.
However, the possible “adult commitment” of epidermal cells could be
due to other factors, among which E93 and/or FTZ-F1 could be
involved. Although RNAI targeting E93 was performed at the end of
N6, when its expression levels were already declining in the epidermis
and wing pads, a certain level of E93-depletion was seen in those
tissues, paralleled by a dramatic upregulation of ftz-f1 expression (Fig.
3A). It is possible therefore, that relatively high levels of E93 and/or
low levels of FTZ-FL1 trigger the adult commitment of epidermal cells.
Whatever the case, these molting adults could represent an interesting
model in which to study the mechanisms determining the adult
differentiation of insect epidermal cells, and perhaps find ways to revert

this process.
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MATERIALS AND METHODS

Insects and dissections

The B. germanica cockroaches used in the experiments were obtained
from a colony fed on Panlab dog chow and water ad libitum, and reared
in the dark at 29 £ 1°C and 60-70% relative humidity. Prior to injection
treatments, dissections and tissue sampling (PG, CC-CA complex,
abdominal tergites two to seven, and wing pads), the cockroaches were

anesthetized with carbon dioxide.

RNA extraction and retrotranscription to cDNA

RNA extractions were carried out with the Gen Elute Mammalian Total
RNA kit (Sigma-Aldrich). A sample of 300 ng from each RNA
extraction was used for mRNA precursors in the case of wing disc, fat
body, ovary and epidermis. All the volume extracted of CC-CA
complex, PG and wing was lyophilized in the freeze-dryer FISHER-
ALPHA 1-2 LDplus, and then resuspended in 8 pl of milliQ H20. RNA
quantity and quality were estimated by spectrophotometric absorption
at 260 nm in a Nanodrop Spectrophotometer ND-1000® (NanoDrop
Technologies). The RNA samples were then treated with DNase
(Promega) and reverse transcribed with first Strand cDNA Synthesis

Kit (Roche) and random hexamer primers (Roche).

Determination of mMRNA levels by quantitative real-time PCR

Measurements with gRT-PCR were carried out in an iQ5 Real-Time
PCR Detection System (Bio-Lab Laboratories), using SYBR®Green
(iTag™ Universal SYBR® Green Supermix; Applied Biosystems).
Reactions were carried out in triplicate, and a template-free control was

included in all batches. Primers used to measure the transcripts of
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interest are detailed in Table S1. The efficiency of each set of primers
was validated by constructing a standard curve through three serial
dilutions. Levels of mRNA were calculated relative to BgActin-5¢
MRNA (Table S1). Results are given as copies of the examined mRNA
per 1000 copies of BgActin-5¢ mRNA.

RNA interference and 20E injections

The detailed procedures for RNAIi assays have been described
previously (Ciudad et al., 2006). The primers used to prepare the
dsRNA targeting B. germanica E93 and FTZ-F1 are described in Table
S1. The sequence corresponding to the dsSRNAs (dsE93 and dsFTZ-F1)
was amplified by PCR and then cloned into a pST-Blue-1 vector. A 307
bp sequence from Autographa californica nucleopolyhedrosis virus
(Accession number K01149.1) was used as control dsSRNA (dsMock).
A volume of 1 pl of the dsSRNA solution (3ug/ul) was injected into the
abdomen of sixth instar female nymphs at the chosen ages, with a 5ul
Hamilton microsyringe. Control nymphs were equivalently treated with
dsMock. To study the possible molting effect of ecdysteroids in normal
adults, a volume of 1 pl of a 20E solution (0.5 pg/pl or 5 pg/ul) was
injected into the abdomen of 8-day-old adult females with a 5ul
Hamilton microsyringe, whereas controls received 1 pl of solvent
(water with 10% ethanol).

Morphological studies of PG

Dissection of PG in female adults was carried out in Ringer’s saline.
The PG was fixed in 4% paraformaldehyde for 2 h and permeabilised
in PBT (0.3% Triton in PBS), then it was first incubated in 300 ng/ml
phalloidin-TRITC (Sigma) for 20 min, and subsequently in 1 pg/mi
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DAPI (Sigma) in PBT for 5 min. After three washes with PBT, the PG
was mounted in Mowiol (Calbiochem) and observed with a
fluorescence microscope Carl Zeiss-AXIO IMAGER.Z1. Wings and
mandibles were dissected and mounted in Mowiol. Examinations and

photographs were made with a stereomicroscope Zeiss DiscoveryV8.

Experiments to measure cell proliferation in PG

For labeling DNA synthesis and dividing cells, we followed an
approach in vivo, using the commercial EAU compound “Click-it EdU-
Alexa Fluor® 594 azide” (Invitrogen, Molecular Probes). EdU was
injected into the abdomen of adults at chosen ages with a 5 pul Hamilton
microsyringe (1 ul of 20 mM EdU solution in DMSO). Control
specimens received 1 ul of DMSO. The PG from treated specimens was
dissected 1 h later, and processed for EdU visualization according to

the manufacturer's protocol.
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E93-DEPLETED ADULT INSECTS PRESERVE THE
PROTHORACIC GLAND AND MOLT AGAIN

Orathai Kamsoi and Xavier Belles

Institute of Evolutionary Biology (CSIC-Universitat Pompeu Fabra),
Passeig Maritim 37, 08003 Barcelona, Spain

Supplementary information

Fig. S1. Cell proliferation in the prothoracic gland of Blattella
germanica.

Fig. S2. Transcriptomic expression of typical nymphal cuticular protein
(NCP) genes: Bg10431, Bg10435 and Bg15257 and typical adult
cuticular protein (ACP) genes: Bg7254 and Bg16458 in Blattella
germanica.

Fig. S3. The nucleotide sequence of the promoter region of the E93
gene of Blattella germanica.

Table S1. Primers used to measure gene expression levels with gRT-
PCR and to prepare dsRNAs for RNAi experiments.
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Fig. S1. Cell proliferation in the prothoracic gland of Blattella germanica.
Double labeling EdU (discrete pink spots) and DAPI (background blue color) of
prothoracic gland tissue in final instar control nymphs on day 0 (N6DO0), day 1
(N6D1) and day 2 (N6D2), and E93-depleted adults in day 0 (AdDO), day 1 (AdD1)
and day 2 (AdD2). Scale bars: 50 um.

71



17 1
2 NCP A ACP
& Bg10431 J Bg7254
(0]
=
©
©
o
0 0-
19 1
% 1 NCP 1 ACP
T Bg10435 i Bg16458
H
®
]
i i
0 0 w o - oo m_‘- [se B Ts] =
w 0 8 [agia] 5 z Z Z % .g
11 Z W uuwo <
| Stage
E NCP
o Bg15257
g |
®
@
m -
0 w N O ™ (32} =
o = = 0 o =
Lo0oQT 22 2 =z 3
Z W Wwwuw B 2
Stage

Fig. S2. Transcriptomic expression of typical nymphal cuticular protein
(NCP) genes: Bgl10431, Bg10435 and Bg15257 and typical adult cuticular
protein (ACP) genes: Bg7254 and Bg16458 in Blattella germanica. Data
were obtained from stage-specific transcriptomes that cover the life cycle (Ylla
et al., 2018), as follows: non-fertilized egg (NFE); embryo 8, 24, 48, 144, and
312 h after oviposition (EDO, ED1, ED2, ED6, and ED13); first, third, fifth, and
sixth (last) nymphal instar (N1, N3, N5, and N6); adult female. Data are
expressed as FPKM, and is normalized against the maximum value (= 1) in
each gene.
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GGGCCTTCATTACAATAAAATTGTTAGACAATTATTCAGTAATAT TTACATAAACAATATTTGTGTCATCAGATAAGATTTATGATACCA
ATGGCTTTACAAAACTGTCACTARAGT TTGATTTTATTTATTTAT TATTTATTTATTTATCTATCTATTTATTTACAGGTARCTATTTAT
TTATATATTTATTTATTGTGATATAGAGCTA MG CRIGERGE | T CTCTTCCACTCTACCAGCTARACARRATTTACAAGATARATTAC
ATTATTAAATCAAGTAARAAGAAAATACAATARAATTACAAACGAAGT TAARTAAGT TTATCATGAATAACT TTTTGTAT TTCCATTGGA
ATTTCARACTGTTGTCTTGAATTTTTTTATTTCATACACTCTCTGTGCAGAGCAGRARCATTTTARACAGCATCATARAAATACARGACC
AGAATTACAATGCARGATAGTTARAGATAGT TCTCARAGGGATGARACGARRATATTCCCACTGARAARAATATTTATTTGTAGGGATCC
CTGTTCAGTATTTTAATTTTAATCCAGTCTTTCCTCAGT TTCTTTTCTGATGT TTCTACTCTAGGTGT TACTTATGTTACGGAAGTTAGA
ATGATAGTTGTAAATARRATAGCCTACTGCGTTATACTTGTTTATTTTTARATARGAATAARTGTARTCTCCATCARATCCCTARRRRAAG
AGCTTTCTGCTCTGAGATGTAGACCAGCTAGTTTCTCTGTAGAATAGT TTATCAATAGTACAGTTATATTACCTATATAAATAATAAAAA
AACGCTTAAATCTCAATARAGCTCATAATGTCATTATCATGTGGT TGAATTAAARAGTGTAGATTTTACTGAATGCAGACARCGAGCAAC
ATAGAGTATAGGACAAACCTGCACAGTGTGAATTGCACTCCGACGTTTACARCGGTCARARCATTAGTTACT TAATGTCACRAACTTCTA
ACTCTTCAAGATAGTTAACCTTTTAAAGACTAGCTCCGATATATCGACACT TTCARGAAGGT TARAGGGT TARGAATTAGGTATCTTGCA
ATATATAAATAACTATARCTAACTGCGTGGTGCAACAGCCCAGCTGTTAGCATTAGGGTCACACATGTCTTAARATATGGAGGTGRACCA
TCATCCAACCTGTGARGGGGAAATATGTGTTTAGCACGTAGAGTCACCAGRAATTAAGCTGTATC TTGCAATCGCCTACAGARAGGACAG
AAGAGTTAACTAGACTGCTAAATARAGTTAAGCTTTACGCAACTTCGCGTCCGCTAGCATARATCTTCTAAT TATGATCGTTCCARGACA
GATTAACTCCGTATTTTARRAGT TAACAACGGGCTATAGCATAAGTTCTTCATGCAGGTAGGC TATGGCATAGGARCARRATTGGTTGCC
AACAGTCAAGGCARATGTCTGGATACTTGTTGAATGCTCARCT TTAGAAGCAGATARRAGTATAGTCATGTGGAATATTTCGAGARAATT
GAGAACARATATATCTACGRATTCCAAGGARCCTGGGTAATACATATTARAGGAATGATGCAGTGETTGCTTGTCTCTGAACAGRARTCT
AATAATGGTGTAGTTCAACAATTCAGTTCCTTTTTCTGCCGCATAARCCCGCCATTTTACTGACATACCAARATARARGGTAATTCTGAR
AACACACTAACTTATTAGTTCAGCTGGTTTTGRACAARACTGTAT TAGCCTATTTAT TGCGATGTTTTTGT TAATCTATCGATCACATTA
TTACCAACCACCTTCTAATTAACTTAATGTAATATCGATTTATAATTACTCTGATAAAAATACCCTTCTCAATAATAATAATAATAATAA
TAATAATAATAATAATAACCATGTGCCCTTTATGGCTAAGCATCTCCTTTGTCTTTCAGART TTAATTTTTCATARATTCAAGGATTAGA
CTACACCTAGGTATATAGGCAACTTCTTCGACTGTTARATGTTGCATGTTATCAARATAT TGARATTGCAGCCCGGACTTCAGAATTGGE
CGTTTTATTTTCATCAGATACATTATARATCCATATTACGTTAAGATAATTAGTGGT TAGCTGGTAARRATARTTACTAACAGCTGCTAR
GGAATTGGTTGGCACGCTATACAGATTTTGTCAGCATCATCCATCCTAATTCTTTGT TATCAGCARAGGGACTTTCATTTARARGCACCT
CTCGCACARATGTACTATARTTTTAAGACTTTGTTCT TGTARCTATGAATACAGAARCATARAATATARTATCAGATCAGAAGGCGATGAR
CAATTATTATTAATGCAATAATAATGGAATAACTAGATATCGAAACAAAGCTTGATGCTCATGARAGTCAACAATARAAGCAATATTATA
TCCATTTAGCCTACATAGATAAATAACAATTTACTARAATARTGAARATGCCATCGAATGCARTGCCACGTGGTARCAATGCTACGGCGG
AGCAACAGGCGGATTGGGACCCCCECCCEGTTTARAGAATGCTGECATCCOCATCGAT TGCGGCCTCEGCCCCACCCTGCGEACARCGACE
CGAGGATTTTGCAACTTCCCCCTCCCCTCCCTTTCACCCCCGCGACTTTTCTTGTAGCGAGGARRAACCGAGGCTCCTGCCAGCARGTTC
CAARATTCTCCAGAARATTCTTACATTAATATTTCTCATTCTCATTTTTTTTAATCCTCTCARRATATTTGTGAATTTCAATCATTCTTCC
GCATAACATTTAAACTCTTCGGCATTAAT TCGEGCARTARAGGCGTGT TATGATTTAACTCTARGARACCGCGTACAGTAGACTATATCA
ATTTAGRATCAATAGCGCATATTGCTACACTCCTTTGATGTATCTGAT TTGAGT TGARCARATACT TCGGTGTACARGTGTGGCTTCGCA
AACTATAGACGTCAGTCATTATARATATTCCTTCAGGACARCAGTGGGAATCGTGGCCTTCCTCCATTCAT TATGAGTGACGACACACGE
GAGTTGATAGTGCACGGCTGCATCGCAGAGCCAGTGARTCGTACT TATTCTAT TACGAAGAAGCGTGTATGTTGCATTCAAGCTCCTTTG
TTTCTTTAGGAGGATARCGCTARGGAGTCCTACTACTCGCACGTGAGTCCTAACTCC TGAGGACGCCGCARGACACGTGACTCGGATCAA
TACGCCCGTCETCCCGTCECGCCECAGACGTTTGCTATTGATCGACGCCGCGACGCTGCCGCCGEGEATCGATTCCGEACGTCGGAGACE
AGCGCCGCGTTCCTTGCGCCGCTGTTGCCCGCAGAGCCAGAGCCGEGACTCGAACCCGGEGCCGAGC TCCCCCTCCCGARAARAACAGGT
TTGGGCGTGECGARGGCAGCGAGCGGCGGAGAARAGAGTCAGGGTCAGT TTGCAAGCARATGGCGGAGTGCTCCTATGCTCGCTGTGTTC
ACGAGCGACGAGCGATCAAAMAAGAGC TGCARACATGGACCAAGAACATCCTCTACGTAGTAGGTGACT TGTCAAAGTCTGTGTGCTAGT
GCTCGCGAGGCTGTGECTCGEC T TAGTGGGCCTCCGCGACCTGTTGCCARRARATACGTARAACAACCTTCCGGGGTCCCCCTGGTGCAT
CACCCCGCGTTTCGTGGCGCCCCTGGETCCTGEGGCCCCCTACGCGCGGETGCGEGCGTCGCAGTCTTCCGCAAGRRACCCGCTCTGGCC
GCCCCCGTCAAACATTTCTCAAATTTGEGGCGCATTT TCTCTTCGCGAGCTACCARACATCAGCTGCTEEGGECCTCCGTCGCGAGCCTG
GRACAGCCGGGGCACGARACGTARCAGCCATGCCATGACCCACCGCAATACCGAGGTAAATACGCGAARATGGARRRGTAGGTGARRATG
TGACGTGTCGAGCAGCGCGCGAGCARAGCAGCGETCGLAGTGTCT TGGEGCCCCEARTCCCGATCAGCTTGAGCTTTTGTTGCAGGTCTGE
AGCGCGTGGCTCAGCAGT TCRBEGGCCGCAGARGATCCAAACAGTATCAGGACTCAGTGCTCAGATC TCCGC TCAGAGTGGACGTGGAGC

Fig. S3. The nucleotide sequence of the promoter region of the E93 gene of
Blattella germanica. The ATG translation initiation codon is indicated in bold blue, a
canonical ECRE (Cherbas et al., 1991; Kayukawa et al., 2017) is indicated in bold
green, and a sequence (TCAAGGCAA) compatible with a FIRE (Lavogna et al.,
1991; Ohno et al., 1994; de Mendonca et al., 2002) is indicated in bold yellow and
underlined, except a mismatched nucleotide. Three other potential F1REs are
indicated in yellow and underlined, except the mismatched nucleotides.
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Table S1. Primers used to measure gene expression levels with gRT-PCR and to
prepare dsRNAs for RNAI experiments (highlighted in yellow).

Gene Forward primer Reverse primer A code

‘Actin 5C (Act5C) AGCTTCCTGATGGTCAGGTGA TGTCGGCAATTCCAGGGTACATGGT | AJB62721

Bg7254 TTTGTACGGCTACAGCATCG ACTGACCCAAAGCGTCTTGT Scaffold293.1224685-1234782

Bg10431 CTCATGCCGCTCCAGTACTAT CACGGTAAGACACGACAGGA Scaffold1062:264085-266425"

Bg10435 CTCTGGTGATGGGCATTTCT GATTTGCAGAGGAGCAGAGG Scaffold1062:351421-355992"
[ Bg15257 AGATCCCTCATGCACCAATC GCGTGATGTTCAACCTCCTT Scaffold1678:100341-119028"
[ Bg16458 GATGGGAGAACCTACCAGCA CTGGATCTGCGCTAACAACA Scaffold550.516136-531892"

i (6s) GACGGAGCTCACGTACAACA CCAGCGGICTTACTITCTGC HF912428_1

Broadcomplex (br) | CGGGTCGAAGGGAAAGACA CTTGGCGCCGAATGCTGCGAT FNG51774

caspase-1 (casp-1) | AAGCGGAAGGATTCATACCA GATGACTGCCTIGCCTCTIC [N812812.1

disembodied (dib) GCAACAGACAATGGACCTCA AGATCCAATGCAACCTCCTC Scaffold1245:376847-417309"

E75-A GTGCTATTGAGTGTGCGACATGAT | TCATGATCCCTGGAGTGGTAGAT AM238653.1

E93 TCCAATGTTTGATCCTGCAA TTTGGGATGCAAAGAAATCC HF536494.1

Ecdysone receplor GACAAACTCCTCAGAGAAGATCAAA | CTCCCAATCCTGCCAGACTA AM039690.1
| (EcR) .

iy 2 121oM | TTGTCACATCGACAAGACGCA GTACATCGGGCCGAATTTGTTICT | CAQS7670.1

HR3-A GATGAGCTGCTCTTAAAGGCGAT AGGTGACCGAACTCCACATCTC AM2597128.1

Inhibitor of 8poplosis- | 1A CCTGTGCATCATCATC GCGTGCATCGTCTAAAACCT FNGG8727.1

1 (iap1) :

:‘;”r_%‘;';"' fomolog 1 GCGAGTATTGCAGCAAATCA GGGACGTTCTTTCGTATGGA HE575250.1

neveriand (nvd) CTGGGGCCAGTCACAATACT GCAGGGGCTTGTCAATGTAT Scaffold2003:130463-150129"

Nofch (N] GCTAAGAGGCTGT TGGATGC TGCCAGTGTTGICCTGAGAG HF969255.1

nubbin (nub) CGTCACCAGAAGAAACAACAGA CGAGATTGIGGTCTGIGAGAAA 1216433

phantom (phm) CTAGGCACCAGAGCACCTTC GCAAGCACTGTGTCTTCCAA Scaffold1282:295424-296920"

ﬁg’:g‘;'" Xreceplor | AT AATTGACAAGAGGCAGAGGAA TGAACAGCCTCCCTCTTCAT AJ854489.1

scalloped (sd) GCCCACAGAGTGCTTICTTC CCCCTGCCTCATCTTGAATA HF969263.1

shadow (sad) ATGAGGAGGT ICAGGGTGIG CTGGCCAGAAGTCATTIGGT Scaffold189:1562047-1594901%

Ultrabithorax (Ubx) AAGAGGTCGCCAGACGTACA TTGGAACCAAATTTTGATCTGIC 7216435

vestigial (vg) AACTGTGTGGTGTTCACTCACT AAGGAGGGAAGTTGCGAGC LN901335

dsE93 AAAGAGTTGTCGGGAGCAGA CCACTGCTAGAAGCCACTCC HF536494.1

dsFTZ-F1 GAATAGTTCAGGGCTTTTTGAAGCT | GCGACGCATGTGTAGACCTICTTG | CAQ57670.1

dsMack ATCCTTTCCTGGGACCCGGCA ATGAAGGCTCGACGATCCTA K01149

*Genes manually annotated in Blattella germanica genome, available as BioProject

PRINA203136.
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ABSTRACT

Ephemeropterans (mayflies) follow a hemimetabolan development, but
they are unique among insects in that they molt one more time after
forming functional wings. Thus, the last nymphal molt does not give
the definitive adult form, but a winged stage called subimago, which
molts again to the adult. Despite this interesting peculiarity, practically
nothing is known about how they regulate metamorphosis. We have
studied this subject in the species Cloeon dipterum. From a
morphological point of view, the most radical transformation is
between the last nymphal instar and the subimago. It is also in this
transition that concur a significant decrease and increase in the
expression of factors Kr-h1 (which suppresses metamorphosis) and E93
(which promotes it), respectively. The factor Br-C (which is involved
in wing growth) decreased in parallel to the increase of E93. In
addition, administration of the juvenile hormone mimic methoprene at
the beginning of the last nymphal instar upregulates the expression of
Kr-hl and inhibits the transformation to subimago. However, this
treatment did not affect the expression of either E93 or Br-C. Our

observations suggest that the metamorphosis of C. dipterum occurs
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with the formation of the subimago, which would be a first phase of the
adult stage. They also suggest that separate pulses of ecdysone are
required to promote the respective subimago and adult molts, and that
the juvenile hormone inhibits metamorphosis through Kr-hl. New
experiments are needed to assess the precise role of E93 and Br-C in C.

dipterum metamorphosis.

Key words: Cloeon dipterum, Ephemeroptera, metamorphosis,

juvenile hormone, MEKRE93 pathway

INTRODUCTION

Insect metamorphosis is the process by which an immature form
develops into an adult form through distinct morphological
transformations. About 70% of the extant species currently known are
metamorphosing insects, which inhabit all land habitats, from arid
deserts to areas close to the two poles (Belles, 2020; Mora et al., 2011).
These data speak for themselves about the evolutionary success of

metamorphosis in insects.

Two main modes of insect metamorphosis are currently
considered: hemimetaboly and holometaboly. The hemimetabolan
development is typical of exopterygotes (Palaeoptera, Polyneoptera and
Paraneoptera), and comprises three characteristic stages: the embryo,
the juvenile instars (or nymphs), and the adult. The nymphs are
morphologically similar to the adult, and develop gradually until the
adult stage. In contrast, the Endopterygota follow the holometabolan
developmental cycle, which comprises four characteristic stages, the
embryo, the juvenile instars (or larvae), the pupa and the adult. The

larvae are morphologically more or less divergent with respect to the
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adult, and the pupal stage, normally a non-feeding, immobile instar,
bridges the morphological gap between the larvae and the adult (Belles,
2020).

In both modes, metamorphosis is regulated by two hormones:
the juvenile hormone (JH), which represses metamorphosis, and
ecdysone plus its biologically active derivative, 20-hydroxyecdysone
(20E), which promotes the successive non-metamorphic and
metamorphic molts (Nijhout, 1994). In turn, the transduction
mechanisms of the hormonal signals include the transcription factors
Kriippel homolog 1 (Kr-hl) and E93, which are JH- and 20E-
dependent, respectively. Kr-hl is the main effector of the
antimetamorphic action of JH, while E93 is a key promoter of
metamorphosis (Belles, 2019). The interaction of these factors in the
MEKRE93 pathway (Belles and Santos, 2014) composes the essential
axis regulating insect metamorphosis. Regarding hemimetabolan
metamorphosis, in the nymph-to-nymph transitions, JH acts through its
receptor Methoprene tolerant to induce the expression of Kr-h1, while
Kr-h1 represses the expression of E93. In turn, the fall of JH production
in the last juvenile stage interrupts Kr-hl expression, thus allowing a
strong induction of E93, which triggers adult morphogenesis (Belles,
2019; Belles and Santos, 2014).

The mechanisms regulating metamorphosis have been described
in considerable detail in neopterans, both in hemimetabolans
(polyneopterans  and  paraneopterans) and  holometabolans
(endopterygotes). However, very little is known about paleopterans,
particularly about the order Ephemeroptera (mayflies). And this is
particularly unfortunate because mayflies are exceptionally interesting

from an evolutionary point of view. They are unique among insects in
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that they molt one more time after forming functional wings. Thus, the
final molt of the nymphal period does not give the definitive adult
form, but a winged stage called subimago that morphologically
resembles the adult. Moreover, mayfly nymphal stages are aquatic,
exhibiting the typical adaptations to this life (like breathing through
gills, and generally have herbivore- detritivore regimes. Conversely,
subimagos and adults are terrestrial and do not feed, which is
consistent with the short duration of these stages, which can last
between a few hours and some days or few weeks at most (Berner and
Pescador, 1988; Edmunds and McCafferty, 1988; Lancaster and
Downes, 2013; Wingfield, 1937)

The developmental cycle of mayflies raises a series of relevant
questions, for example, about the transformation from an aquatic
organism to a terrestrial one, how is the metamorphosis from nymph to
subimago and adult regulated, or what is the functional sense of the
subimago. Questions that have not been well resolved using
morphological approaches, and that a study on a molecular scale would
help to provide clearer answers. However, and largely due to the
difficulty of maintaining mayflies in the laboratory, there are very few
developmental studies carried out at the molecular scale. An interesting
antecedent is the comparative study of the transcriptomes of “young
larva”, “mature larva”, subimago, and adult of the mayfly species
Cloeon viridulum (Si et al., 2017). The expression profiles of various
genes involved in the regulation of metamorphosis already provide
valuable information. However, the study did not include the analysis
of the important factor E93, which specifies metamorphosis (Urefia et
al., 2014).
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More recently, a new opportunity has emerged with the
development of a laboratory rearing system for Cloeon dipterum
(Almudi et al., 2019). The genome of this species has been described,
and gene expression along development and in specific organs has been
reported (Almudi et al., 2020). In the present work, we have used C.
dipterum as model to address some of the questions mentioned above in
relation to metamorphosis. We have been particularly interested in the
regulatory mechanisms, including those involved in the formation of
the subimago, and how do they compare to the mechanisms described

in neopteran insects.

RESULTS

The four last nymphal instars are distinguished by the wing pads
length

In order to characterize the developmental stages preceding
metamorphosis in C. dipterum, we examined the last four last nymphal
instars from a morphological point of view, using the wing pads as a
diagnostic feature. The wing pads are the hard pockets, or pterothecae,
that protect the developing wing primordia, and are easily visible on the
dorsal side of the nymph (Fig. 3.3.1). The nymphal instars examined
were the pre-antepenultimate (PAN), the antepenultimate (AN), the
penultimate (PN), and the last (LN). C. dipterum has only a pair of
mesothoracic wings, and the wing pad length is the clearest feature to
distinguish the above nymphal instars from each other. Thus, in the
PAN, the wing pads do not reach the first abdominal segment (Al);
they only reach half the length of the metanotum (Fig. 3.3.1A). In the
AN, the wing pads just reach the anterior edge of Al (Fig. 3.3.1B). In
the PN, the wing pads go beyond the anterior edge of Al, reaching half
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of its length (Fig. 3.3.1C). Finally, in the LN, wing pads are much
longer, its length going beyond A2 (Fig. 3.3.1D).

Figure 3.3.1. The four last nymphal instars of Cloeon dipterum. A: Female nymph
in the pre-antepenultimate instar (PAN); the wing pads do not reach the first
abdominal segment (Al). B: Female nymph in the antepenultimate instar (AN); the
wing pads just reach the anterior edge of Al. C: Male nymph in the penultimate instar
(PN); the wing pads go beyond the anterior edge of Al. D: Female nymph in the last
instar (LN); the wing pads go beyond A2. In all cases, images were obtained on the
first day of the corresponding instar. The perimeter of the wing pads has been
indicated with a solid line, and the anterior edge of Al with a dashed line. Scale bars:

1 mm.

The wings maturate during the transition from the last nymphal
instar to the subimago and the adult

Within the LN, the wing pads show gradual changes of coloration
along the instar, as seen 2 h (LNDO), 24 h (LND1), 48 h (LND2), 72 h
(LND3) and 84 h (LND4) after molting. The day after LND4, the
nymphs molt to the subimago stage. In LNDO, LND1 and LND2, the
wing pads are thin and semi-transparent, having a pale gray-yellow
color, which darkens slightly between those days (Fig. 3.3.1D). In
LND3 the wing pads become thicker and the color change to intense
yellow (Fig. 3.3.2.A).
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Figure 3.3.2. Wing maturation in Cloeon dipterum. A-C: Development of the wing
pads in the last nymphal instar; shape and color in 3-day-old nymphs (LND3) (A),
early 4-day-old (LND4e) (B), and late 4-day-old (LNDA4I) (C). D: Wing primordia in
the penultimate nymphal instar. E: Wing in LN4l, folded within the wing pad. F:
Wing in LND4I, artificially removed from the wing pad and extended on a slide. G:

Apical part of a subimago wing. K: Apical part of an adult wing. Scale bars: 1 mm.

In LND4, the wing pad color gradually change from partially
gray early in day 4 (Fig. 3.3.2.B) to black at the end of the instar (Fig.
3.3.2.C), just before molting to the subimago. The conspicuous changes
observed within LN, especially during the last day (LND4), suggest
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that the transformation into mature wings occurs towards the end of this
instar. Indeed, if the wing pads of the PN contain only wing primordia
(Fig. 3.3.2.D), those of LND4 contain folded wings (Fig. 3.3.2.E),
which can be artificially taken out of the wing pad and extended on a
slide (Fig. 3.3.2.F). In terms of venation and coloration, this wing has
the patterning of a normally ecdysed subimago wing (Fig. 3.3.2.G),
which shows a row of fine cilia along the edges. In addition, it is dull
and translucent, because the adult wing is developing under it. The
definitive adults wings (Fig. 3.3.2H) are shiny and transparent, and lack

hairy structures.

The mouthparts, central filament and leg claws are not formed in
the transition from the last nymphal instar to the subimago
Nymphs of C. dipterum are herbivore or detritivore, mostly feeding on
algae. Thus, their mouthparts are specialized in chewing, and consist of
a pair of quite strong mandibles, a flap-like labrum, maxillae, labium
and hypopharynx. In contrast, the subimago and the adult do not feed
and practically lack mouthparts. Thus, the mouthparts are newly
formed at each nymph-to-nymph molt, and the new structures can be
observed by transparency at the end of each nymphal instar (Fig.
3.3.3A), except in the transition to the subimago stage (Fig. 3.3.3B).
After hatching, C. dipterum nymphs have only two caudal cerci.
The central filament develops after 2 or 3 molts (Fig. 3.3.3C, D), and
gradually increases in size at every molt, until LN (Fig. 3.3.3E, F).
However, the subimago and the adult only have the cerci (Fig. 3.3.3G,
H), as the central filament simply does not form during the transition
from LN to subimago. This can be observed in LND4, where after the
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Figure 3.3.3. The mouthparts and central filament during Cloeon dipterum
metamorphosis. A: Head of a female in the last day of the penultimate instar nymph
showing the corresponding mouthparts, and a new set of mouthparts (exemplified by
a new pair of mandibles and maxillae) forming, which correspond to the last nymphal
instar. B: Head of a male subimago showing that mouthparts practically disappeared
(circle). C: Fourth instar nymph with two cerci and a central filament. D: Detail of the
cerci and filament in fourth instar nymph. E: Late sixth instar nymph (black wing
pads stage) showing the two cerci and the central filament. F: Detail of the cerci and
filament in a late sixth instar nymph after the apolysis; note that the new cerci formed
after the apolysis (yellow arrowhead), whereas the central filament only show the
nymphal structure (red arrowhead). G: Habitus of a female subimago. H: Detail of the
two cerci of a subimago showed in panel G. Scale bars: 0.5 mm in A and B; 1 mm in
C-G.
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apolysis and formation of the new cuticle, new respective subimaginal
cerci are formed, but not the central filament (Fig. 3.3.3F).

In the legs, a structure that is deeply remodeled during
metamorphosis is the apical tarsomere. In the nymphs, it is elongated
and claw-shaped (Fig. 3.3.4A), whereas in the subimago and the adult,
it takes the form of a short, hook-shaped structure (Fig. 3.3.4B). The
formation of this new structure can be observed by examining the
apical tarsomere in LND4. It can be seen by transparency that the
subimaginal short hook-like structure is formed instead of the long
claw characteristic of the nymphs (Fig. 3.3.4C). Furthermore, the legs
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Figure 3.3.4. Leg development during Cloeon dipterum metamorphosis. A: Detail

of the apical tarsomere in 3-day-old penultimate nymphal instar (PND3); note the
actual claw and the new claw formed after the apolysis and corresponding to the LN
(arrowhead). B: Detail of the apical tarsomere in adult. C: Detail of the apical
tarsomere in 4-day-old last nymphal instar (LND4); note the small hook-shaped
structure formed after the apolysis and corresponding to the subimago (arrowhead).
D: Foreleg of a female last nymphal instar (LN), a female subimago, and an adult

female. Scale bars: 0.5 mm.
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grow dramatically during metamorphosis, especially the forelegs in the
transition from subimago to adult, in which they get to double their
length (Fig. 3.3.4D).

The expression of key metamorphosis genes changes in the
transition from the last nymphal instar to the subimago

We measured the expression of genes involved in the pathways of JH
and 20E. In the JH pathway we examined the following genes: juvenile
hormone acid methyltransferase (jhamt), myoglianin  (myo),
Methoprene-tolerant (Met) and Kruppel homolog 1 (Kr-h1). In the 20E
pathway we examined Ecdysone receptor (EcR), Hormone receptor 3
(HR3), ecdysone-induced protein 75B (Eip75B or E75), Broad complex
(Br-C), measuring all possible isoforms, Ecdysone-induced protein 93F
(Eip93F or E93), and ftz transcription factor 1 (ftz-f1). The expression
was studied in females of the following nymphal instars: PAN, AN,
PN, and LN, as well as the subimago and the adult.

Regarding the JH genes, the results (Fig. 3.3.5) suggest a certain
parallelism between jhamt and Kr-h1 expression from PAN to LN. In
contrast, the pattern of myo expression appears to inversely correlate
with those of jhamt and Kr-h1l. The expression of Met shows singular
high values in the subimago, and appears uncorrelated with those of
other JH factors. Regarding the 20E genes, the results (Fig. 3.3.5)
indicate that the expression of EcR increases along the development,
showing the highest values in the subimago and adult.

The pattern of HR3 and E75 are fluctuating, but show a
relatively similar general pattern, with the highest values in the LN and
the subimago. In contrast, Br-C expression shows high values in PAN,

AN, and PN, a decrease in LN, and a further decrease in the subimago
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Figure 3.3.5. Expression of genes involved in the juvenile hormone and ecdysone
pathways in Cloeon dipterum. The following genes were examined: juvenile
hormone acid methyltransferase (jhamt), myoglianin (myo), Methoprene-tolerant
(Met), Krippel homolog 1 (Kr-h1), Ecdysone-induced protein 93F (Eip93F or E93),
Ecdysone receptor (EcR), Hormone receptor 3 (HR3), ecdysone-induced protein 75B,
(Eip75B or E75), Broad complex (Br-C), and ftz transcription factor 1 (ftz-f1).
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and adult stages, which show very low values. E93 expression shows a
pattern opposite to that of Br-C. Finally, ftz-f1 expression pattern looks
uncorrelated with those of other 20E factors.From the point of view of
the regulation of metamorphosis, the behavior of Kr-hl, which
represses it, and of E93, which is its main promoter (Belles, 2019b), is
crucial, and our pattern shows that Kr-h1 mRNA levels decrease in LN,
while those of E93 increase in parallel (Fig. 3.3.5). In order to
determine more precisely when both patterns intersect, we measured
the expression over the 4 days of L4. The results (Fig. 3.3.6) indicate
that Kr-h1l expression abruptly decreases just after molting to LN
(LNDO), and keeps low values until LND3; then, the expression
dramatically increases in LND4 and the subimago, and keep quite high
values in the adult (Fig. 3.3.6). In parallel, E93 expression is very low
previous to LN, and start to increase in LNDO, keeping quite stable
values from LND1 to LND3, and then notably increasing in LND4, and
keeping similarly high values in the subimago and the adult (Fig.
3.3.6).

During the 4 days of LN, we also measured the expression of
Br-C in order to analyze in a more precise way its possible relation with
the formation of the subimago, and that of the 20E-dependent early
gene HR3 to determine more precisely the 20E pulses. The expression
of Br-C decreases progressively along LN, and practically vanishes in

the subimago and the adult, whereas the HR3 pattern shows clear

Figure 3.3.5. (Continued) The expression was measured in females of the following
nymphal instars: pre-antepenultimate (PAN), antepenultimate (AN), penultimate
(PN), and last (LN), as well as the subimago (SI) and the adult (Ad). The results are
indicated as copies of the examined mRNA per 1000 copies of CdActin-5¢ mRNA,
and are expressed as the mean + SEM (n=3).
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expression peaks in LND3 and in the subimago, which suggests that
there are respective and discrete 20E pulses in these stages (Fig. 3.3.6).
The detailed expression profiles of Kr-h1, E93, Br-C, and HR3 in males
(Fig. S1) are very similar to those in females.
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Figure 3.3.6. Expression of genes relevant for metamorphosis in Cloeon dipterum.
The genes Krippel homolog 1 (Kr-hl), Ecdysone-induced protein 93F (Eip93F or
E93), Broad-complex (Br-C) and Hormone receptor 3 (HR3) were examined. The
expression was measured in females of penultimate nymphal instar (PN), all days of
the last nymphal instar (LN, from DO to D4), the subimago (SI) and the adult (Ad).
The results are indicated as copies of the examined mRNA per 1000 copies of
CdActin-5¢c mRNA, and are expressed as the mean + SEM (n=3).

Treatment with a JH mimic inhibits metamorphosis
Next, we wondered whether JH would prevent metamorphosis in C.
dipterum, as occurs in neopteran insects. Thus, we carried out

experiments treating nymphs with the JH mimic methoprene.
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Treatments with doses of 0.1 or 1 pg topically applied on freshly
ecdysed LN did not produce any apparent effect on development
(results not shown). However, a dose 5 g of methoprene applied in the
same conditions produced a clear inhibitory effect on metamorphosis.
All control insects (n = 13) treated with the same volume (0.5 pL) of
the methoprene solvent (acetone), molted normally to subimago and
then to adult. In contrast, the methoprene-treated insects (n = 15)
reached the last day of the instar (LND4-late, a stage characterized by
the black wing pads: Fig. 3.2.2C), but they did not ecdyse to subimago,
and died after one or two days.

Detailed examination of these methoprene-treated insects in late
LND4 showed that they completed the apolysis and the formation of a
new cuticle. Nevertheless, the newly formed cuticle corresponded to a
supernumerary nymph rather than a subimago. For example, the
examination of head showed that the controls did not form the nymphal
mouthparts (Fig. 3.3.7A left panel). In contrast, a new nymphal
mouthparts set was developed in methoprene-treated insect, not only a
new pair of mandibles, but also a new labrum, hypopharynx, maxillae,
and labium were formed again (Fig. 3.3.7A right panel), as would
correspond to the formation of a new nymphal instar. Moreover, the
controls formed new cerci but they did not form the central filament,
which corresponds with the morphology of the subimago (Fig. 3.3.7B
left panel). Conversely, methoprene-treated insects formed the two
cerci and the central filament, as in the nymphs (Fig. 3.3.7B right
panel). In the case of the last tarsomere, the controls developed the
short and hook-shaped structure characteristic of the subimago (Fig.
3.3.7C left panel), whereas the methoprene-treated insects formed again

the elongated and claw-shaped structure that characterizes the nymphal

91



Control Methoprene-treated
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Figure 3.3.7. Effects of methoprene on metamorphosis in Cloeon dipterum.
Methoprene was administered in freshly emerged last instar nymphs (LNDO), and
morphological features were examined four days later (LND4) in controls and
methoprene-treated insects. A: Mouthparts; note that the controls only show the
nymphal structures, whereas the methoprene-treated show the nymphal structures and
a new set formed after the apolysis; H: hypopharynx, Li: labium; Lr: labrum; Mn:
mandible; Mx: maxilla. B: Cerci and central filament; note that the controls form new
cerci but they don't form the central filament (black arrowhead), whereas the

methoprene-treated insects form the cerci and the central filament (red arrowhead).
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instars (Fig. 3.3.7C right panel). Regarding the wing pads, a similarly
shaped developing wing was observed by transparency in controls and
methoprene-treated insects (Fig. 3.3.7D). In the latter, however, the
folded wing structure appeared less compact and with less tissue mass.
In this case, both in controls and in methoprene-treated insects, it was
impossible to remove the developing wings from the wing pad and
extend them on a slide, because they were much more fragile than in

untreated insects.

Treatment with a JH mimetic enhances the expression of Kr-h1

In male and female nymphs treated with methoprene, we measured the
expression of those genes most directly involved in regulating
metamorphosis. Therefore, two days after the treatment, we quantified
the mRNA levels of Kr-h1, E93 and Br-C in whole body extracts of
controls and methoprene-treated insects. The results (Fig. 3.3.8)
showed that methoprene significantly upregulated the expression of Kr-
h1 in males and females. In contrast, the treatment did not apparently
affect E93 and Br-C expression, neither in females nor in males.

Figure 3.3.7. (Continued) C: Last tarsomere exemplified by the hind leg; note that
the controls form the new structure, short and hook-shaped, which is characteristic of
the subimago (black arrowhead), whereas the methoprene-treated insects form again
the elongated and claw-shaped structure that is characteristic of the nymphal instars
(red arrowhead). D: Wing pads; note the developing wings seen by transparency; the
appearance is similar in controls and in methoprene-treated, although in the latter the
wing structure appears less compact and apparently with less tissue mass. Scale bars:
0.5mminAandC; 1 mminB andD.
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Figure 3.3.8. Effects of methoprene treatment on the expression of genes
involved in metamorphosis. Methoprene was administered in freshly emerged last
instar nymphs, and gene expression was measured in whole body extracts two days
later. The genes Kriippel homolog 1 (Kr-h1), Ecdysone-induced protein 93F (Eip93F
or E93) and Broad-complex (Br-C) were examined. The results are indicated as copies
of the examined mRNA per 1000 copies of CdActin-5¢ mRNA, and are expressed as
the mean + SEM (n=3); the asterisks indicate statistically significant differences with

respect to the controls (¥*p<0.05, **p<0.01) according to the student’s t-test.

DISCUSSION

The morphological data

We used the length and color of wing pads as diagnostic features to
characterize the nymphal instars that precede metamorphosis. The
length of the wing pads allows to distinguish unambiguously the PAN,
AN, PN and LN instars, and the wing pad color allows to distinguish
between the different stages within the LN, most notoriously the black
color acquired in the latest stage that immediately precedes
metamorphosis (Fig. 3.3.1 and 3.3.2A-C).The length and color of wing
pads has been used in a number of mayfly species to differentiate
successive nymphal instars, especially in latest ones, in which the black
color generally indicates the immediacy of the subimaginal molt (Alba-
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Tercedor, 1983; Bretshko, 1965). Moreover, we also assessed that the
maturation of wings just occurs during the last two days of LN (Fig.
3.3.2E).

The mouthparts of C. dipterum nymphs are adapted to chew, but
practically disappear in the subimago and the adult, which do not feed
(Brown, 1963). Our study revealed that the nymphal structures do not
form in the transition LN to subimago (Fig. 3.3.3A-B). The subimago
and the adult of most mayfly species keep the two caudal cerci and the
terminal filament shown by the nymphs, which apparently contributes
to stabilize aerodynamically the flight (Wootton and Kukalova-Peck,
2000). However, the subimago and the adult of C. dipterum do not
possess the central filament, and our observations reveal that it does not
form during the molting to subimago (Fig. 3.3.3F). In contrast,
metamorphosis involves the formation of new external morphological
structures. The most obvious is the pair of membranous wings that
develop in the mesothorax in the transition from LN to subimago. Our
observations suggest that the subimago wings and adult wings are
formed successively, those of the subimago in late LN and those of the
adult in the subimaginal stage. Moreover, last tarsomere is
conspicuously remodeled. In the nymphs it is claw-shaped, which help
the insect cling to its place on the stream bottom, whereas in the
subimago and the adult it is hook-shaped, which is more useful for
attaching to terrestrial substrates and, in the male, for grasp the female
in flight for mating (Fig. 3.3.4A-C) (Lancaster and Downes, 2013). As
in the case of the wings, our observations suggest that the hook-shaped
tarsomere of the subimago and that of the adult are formed
successively. Possibly, the process is different in more derived species

with a short longevity pattern, whose subimaginal stage can last only a
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few minutes (Edmunds and McCafferty, 1988). In the short longevity
species Palingenia fuliginosa, for example, both subimaginal and adult
structures develop nearly simultaneously, and can be seen overlapping
in late last instar nymph (Soldan, 1981). Quantitatively, the general
growth between the subimago and the adult, exemplified especially by
the cerci and legs, is dramatic. The female's forelegs of C. dipterum, for
example, are twice as long as those of the subimago (Fig. 3.3.4D). This
dramatic leg growth has been observed in other species. For example
the foreleg tarsi of the adult male of Ephoron leukon are 5-7 times their
larval length (Ide, 1937), and those of Palingenia fuliginosa are about
8.5 times their larval length (Edmunds and McCafferty, 1988).

The patterns of gene expression

Regarding the general expression data (Fig. 3.3.5), the relatively
parallel patterns of jhamt and Kr-hl, at least in the nymphal stages, is
not surprising, as Kr-h1 expression reflects the JH titers, for example in
the cockroach Blattella germanica (Lozano and Belles, 2011), and
JHAMT is the last and key enzyme of the JH biosynthetic pathway, its
expression being correlated with JH production (Dominguez and
Maestro, 2018). The high expression of jhamt in the Sl possibly
preludes the high expression achieved by Kr-hl in the adult. The
inverse correlation of myo and jhamt patterns would be compatible with
an inhibitory effect of Myo on jhamt expression and with JH synthesis,
as occurs in the cricket Gryllus bimaculatus (Ishimaru et al., 2016) and
the cockroach B. germanica (Kamsoi and Belles, 2019). The expression
of Met, the gene that codes for the JH receptor (Jindra et al., 2015),
appears uncorrelated with other pattern of JH factors, but this lack of

correlation is also observed in neopteran species, like B. germanica,

96



where high levels of Met expression in the last nymphal instar (Lozano
and Belles, 2014) correspond to very low levels of Kr-hl mRNA
(Lozano and Belles, 2011). With respect to the general expression of
the 20E factors, the most suggestive is the pattern of Br-C, with high
values until the LN, which could be related with the development of
wings, as well as the fluctuating patterns of the signal transducers HR3
and E75, which possibly punctuate the successive pulses of 20E
production.

The more detailed expression patterns, including daily values in
LN (Fig. 3.3.6), in particular that of HR3, more clearly suggest that
there is a 20E pulse in LND3, and another one in the subimago, which
correspond to the respective molt processes to subimago and to adult.
This rules out, in this species, that a single 20E pulse could trigger at
the same time the formation of the subimago and adult tissues. The
daily patterns (Fig. 3.3.6) also indicate that the expression of Kr-hl
dramatically decreases from the beginning of LN until LND3, which
suggest that a Kr-h1l-free period is crucial for metamorphosis, as it
would allow the increase of E93 expression, according to the
MEKRE93 pathway (Belles and Santos, 2014). Regarding Br-C, its
expression steadily declines in LN, almost completely vanishing in
LND4, just when wings mature. In contrast, E93 continuously
expresses during the last nymphal instar particularly in LND4 (Fig.6).
In hemimetabolan neopteran insects, Br-C plays a crucial role in
promoting wing primordia growth and development within the wing
pads (Huang et al., 2013; Konopova et al., 2011; Erezyilmaz, 2006),

and it is likely that it plays the same role in C. dipterum.
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The methoprene experiments

The treatment with methoprene in LNDO prevented the formation of
the subimago. The methoprene-treated insects could not ecdyse, but
they were able to apolyse, forming a new set of mouthparts and the
central filament, which are not formed in the subimago. Moreover, they
developed a claw-shaped apical tarsomere, which is characteristic of
nymphs, instead of the hook-shaped structure of the subimago (Fig.
3.3.7A-C). Despite the treatment, the methoprene-treated insects were
still able to develop the wings, although they were extremely fragile,
thus we were unable to extend them for detailed examination (Fig.
3.3.7D). It is worth noting, however, that the formation of membranous
wings, although malformed and wrinkled, is not uncommon in
supernumerary nymphs obtained after treatment with JH or JH mimics
(Slama et al., 1974).

At molecular scale, the methoprene treatment in LNDO
triggered a significant increase of Kr-h1 mRNA levels, as measured in
LND2 (Fig. 3.3.8). This is not surprising since JH induces Kr-hl
expression, as demonstrated in polyneopteran and paraneopteran
insects (Konopova et al., 2011; Lozano and Belles, 2011). Intriguingly,
the increase of Kr-hl expression was not accompanied by a parallel
decrease of E93 expression, as the MEKRE93 pathway would predict.
This is especially surprising because methoprene-treated insects,
despite having E93 expression levels similar to those of the controls
(Fig. 3.3.8), did not metamorphose, although E93 determines insect
metamorphosis, as demonstrated in different neopteran insects (Belles,
2020; Urenia et al., 2014). Moreover, even in the paleopteran Ischnura
senegalensis (Odonata), electroporation-mediated RNA interference

experiments (Okude et al., 2017) have revealed that Kr-hl represses
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E93 expression, and that E93 is essential for adult morphogenesis
(Okude et al., 2019).

A possibility to explain the high levels of Kr-hl expression
associated with normal levels of E93 expression in methoprene-treated
insects (Fig. 3.3.8) is that both genes are expressed in different tissues
and their gene products do not interact. Thus, the expression of E93
could concentrate in epidermal tissues and wing pads, playing its
typical morphogenetic functions (Urefia et al., 2014), whereas the
expression of Kr-h1 might concentrate in reproductive organs, in males
and females. It is worth noting that C. dipterum must start sexual
maturation towards the end of the last nymphal instar, as it is an
ovoviviparous species (Gaino and Rebora, 2005). Also, it has been
reported that JH has gonadotropic functions in early branching insects,
not only in Polyneoptera and Paraneoptera (Raikhel et al., 2005), but
also in Zygentoma (Hagedorn, 1989). Since the RNA extracts were
obtained from the whole body, the results of Kr-h1 might reflect the
expression in the reproductive system, whereas those of E93 could
come from the epidermis. The absence of inhibition of E93 expression
in the epidermis could be due to the fact that Kr-h1l expression was not
upregulated, due to the absence of JH signaling in this tissue, perhaps
because Met, which codes the JH receptor, might not be expressed in
the epidermis from late LN. Indeed, the absence of JH signaling in the
epidermis in late nymphs would be an effective solution for an
ovoviviparous and short lived species that requires JH gonadotropic
functions before metamorphosis, but at the same time it needs to
suppress JH signaling in metamorphic tissues.

Another intriguing issue is that methoprene treatment in LNDO
C. dipterum did not stimulated Br-C expression (Fig. 3.3.8), while this
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stimulatory effect is typical of hemimetabolan insects (Huang et al.,
2013). In this case, the most reasonable hypothesis is that E93, in the
epidermal tissue including the wings, is repressing the BR-C expression
at metamorphosis, as occurs in other hemimetabolan insects (Belles,
2019; Urena et al., 2014).

The homology and the functional sense of the subimago

The intersection of Kr-hl and E93 expression patterns in LN (Fig.
3.3.6) indicates that metamorphosis takes place in the transition from
the LN to subimago. In neopterans, this intersection generally occurs in
the last nymphal instar (hemimetabolans) or in the pupa
(holometabolans), and marks the activation of adult morphogenesis
(data reviewed by Belles, 2020). Therefore, the subimago should be
considered as a kind of first instar of the adult stage, being the “adult” a
second and final instar. Si et al. (2017) reached this same conclusion by
comparing the transcriptomes of young larva, mature larva, subimago,
and adult of the mayfly C. viridulum.

The functional sense of the subimago has been extensively
discussed (see Edmunds and McCafferty, 1988). Paleontological data
indicates that immature stages of fossil Ephemeroptera possess freely
articulated developing wings, and that wing development proceeded
gradually through successive molts (Kukalova-Peck, 1983, 1978). This
suggests that the subimago of extant mayflies is a kind of relic of one
or more subadult winged instars of ancestral mayflies.This is the
opinion held by Snodgrass (1954) and Schafer (1975), who do not
consider that the subimago has any other selective sense. Ide (1937)
considered that the hydrofuge properties of the hairy surface of the

body, legs, and wings of the subimago would allow the insect to
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overcome the hazards of a metamorphic transition from an aquatic
nymph to a winged terrestrial form at the water-air interface. In this
line, Edmunds and McCafferty (1988) speculated that the hydrofuge
structures may have been selected to prevent the membrane of the wing
from sticking to itself in the folded, furled, or convoluted position, and
may thus facilitate unfolding at emergence. It is also plausible that the
hairy surface of the subimago, particularly on wings, have a function
during the delicate ecdysis and exuvia removal in the wings, within the
molting process of subimago to adult (Belles, 2020). Finally, Maiorana
(1979) proposed that the function of the subimago is to allow necessary
growth from the nymphal to the adult morphology, which could not
otherwise be accomplished in a single molt. In support of this notion
are the data indicating that full expansion of body structures, notably
legs and caudal cerci, is completed in the transition from subimago to
adult (Edmunds and McCafferty, 1988).

Comparison of the information from the fossils with that
obtained from the study of the extant mayflies indicates that the present
subimago stage would be a relic of one or more subadult winged instars
of ancestral mayflies, as previously conjectured (Schaefer, 1975;
Snodgrass, 1954). However, contrary to the opinion of these authors,
we do believe that it has a selective sense. Our results, especially the
dramatic growth of the appendages observed between the subimago and
the adult, suggest that the main functional sense of the subimago would
be to allow enough growing to reach the size for optimal flying and
mating, as previously proposed by Maiorana (1979). Importantly, our
results also suggest that the mayfly subimago would be a phase of the
adult stage, rather than a stage homologous to the holometabolan pupa,
as suggested by this last author (Maiorana, 1979). This leads to the
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conclusion that the metamorphosis mode of mayflies should be
considered simply as hemimetabolan, since juveniles are
morphologically similar to adults, and do not undergo a pupal stage.
Thus, other names proposed to designate ephemeropteran
metamorphosis, such as paurometaboly (Berlese, 1913) or prometaboly
(Weber, 1949), are unnecessary and should be discouraged.

MATERIALS AND METHODS
Cloeon dipterum rearing in the laboratory

The C. dipterum mayflies used in the experiments were
obtained from a colony starting from gravid females by forced mating
in the laboratory at Centro Andaluz de Biologia del Desarrollo (Sevilla,
Spain). The nymphs were reared in unchlorinated and oxygenated
water at 22 + 1°C, 60% relative humidity, and under 12:12 h (light:
dark) photoperiod, feeding them on filamentous algae (Chara sp.). A
detailed description of the rearing methods is provided by Almudi et al.
(2019).

RNA extraction and retrotranscription to cDNA

Total RNA was extracted from whole bodies of C. dipterum
nymphs, subimago and adult by using Gen Elute Mammalian Total
RNA kit (Sigma-Aldrich) method according to the manufacturer’s
instructions. A sample of 400 ng from each RNA extraction was used
for mRNA precursors. RNA quantity and quality were estimated by
spectrophotometric  absorption at 260 nm in a Nanodrop
Spectrophotometer ND-1000® (NanoDrop Technologies). The RNA
samples were then treated with DNase (Promega) and reverse
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transcribed with first Strand cDNA Synthesis Kit (Roche) and random
hexamer primers (Roche).

Determination of mMRNA levels by quantitative real-time PCR

Measurements with gRT-PCR were carried out in an iQ5 Real-
Time PCR Detection System (Bio-Lab Laboratories), using
SYBR®Green (iTag™ Universal SYBR® Green Supermix; Applied
Biosystems). Reactions were carried out in triplicate, and a template-
free control was included in all batches. Primers used to measure the
transcripts of interest are detailed in Table S1. The efficiency of each
set of primers was validated by constructing a standard curve through
three serial dilutions. Levels of mMRNA were quantified relative to
CdActin-5¢c mRNA (Table S1). Results are given as copies of the
examined mRNA per 1000 copies of CdActin-5¢ mRNA.

Treatments with methoprene

To study the effect of juvenile hormone on metamorphosis,
newly ecdysed last instar nymphs of C. dipterum were treated with
methoprene (Sigma-Aldrich) at a dose of 5 pg. Nymphs were
immobilized on ice, and a volume of 0.25 ul of an acetone solution of
methoprene (20 pg/ul) was topically applied on the mesonotum with a
5ul Hamilton microsyringe. Controls received 0.25 pl of acetone.

Morphological studies and imaging

The nymphs, subimago and adults were examinations and
photographs using a stereomicroscope Zeiss DiscoveryV8 and a bright
field microscope Carl Zeiss-AX10 IMAGER.Z1.
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Table S1. Primers used to measure expression levels of selected Cloeon

dipterum by qRT-PVR

Gene Forward primer Reverse primer
Actin 5C (Act5C) AGAAGTTGCTGCCCTCGTT | GACCATCACACCCTGATGC
Broad complex (Br-C) AGGACTTCGTGGATGTGACC | TGCACATGGGGTACTCTTGA
Ecdysone-induced protein
5 freet iy CTTCTTCAGGCGTAGCATCC | CAGTACTGGCAACGGTTCCT
Ecdysone-induced protein
oo Enadr bos bl | CTACGATCGTGACAGCCTGA | CGCTCCTTGACTTTGTACTCG
Ecdysone receptor (EcR) GCTGCAAAGGTTTCTTCAGG | CATGTCGATCTCGCAGTTGT
;‘;Z) transcription factor 1 (fiz- | ~ A GCTGCCATATCGACAAGA | ACATTGGCCCGAATTTATTG
Hormone receptor 3 (HR3) | GCAACAAGAACTGCGTCGT | GCTGCTTTTTGGACATICGT
Juvenile hormone acid methyl | 15 ~GCGATGTCCAAGTACCA | CCAATGGAGGCAGTAGAAGG
transferase (jhamt)
Krijppel homolog 1 (Kr-h1) | TGCGAGTACTGCCACAAGTC | CATTTGTACGGTCGCTCCTT
Methoprene tolerant (Met) | ACACAACCTTGACGGTGACA | GAAGGCAGAGGACCCACATA
myoglianin (myo) TACCCGCTGGTAGTGGACTT | GGGAACACATTCTCCAGAGC

Note: Genes manually annotated in Cloeon dipterum genome project
accessions PRJEB34721. The sequence reads and the genome assembly
have been deposited in the European Nucleotide Archive (ENA)
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Figure S1. Expression of genes relevant for metamorphosis in males of
Cloeon dipterum. The genes Kriippel homolog 1 (Kr-h1), E93, Broad-complex
(Br-C) and Hormone receptor 3 (HR3), were examined. The expression was
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4. GENERAL DISCUSSION

The first part of this thesis aimed at further studying the factors
regulating metamorphosis in  hemimetabolan insects during
postembryonic development, using the German cockroach, Blattella
germanica, as a model. At present, the MEKRE93 pathway is
considered the main regulatory axis of insect metamorphosis in both
hemimetabolans and holometabolans (Belles and Santos, 2014; Belles,
2019a, 2020). However, the MEKRE93 pathway explains the
regulation of metamorphosis that starts with the reduction of juvenile
hormone (JH) that occurs in the stage previous to metamorphosis, in
the sixth (last) nymphal instar in the case of B. germanica (Treiblmayr
et al., 2006). Therefore, the next pertinent question is what causes this
reduction in the JH in the last nymphal instar? The chapter 3.1.
addresses this question for the case of B. germanica, and reveals that
myoglianin (myo) plays a relevant role in this sense. The study of the
role of myo in metamorphosis yielded some data that suggested that the
transcription factor E93 could be involved in the degradation of the
prothoracic glands (PG) that occurs after molting to the adult stage.
This possibility was tested and results are reported in chapter 3.2.,
which summarizes our observations showing the role of E93 in the
degradation of PG, also using B. germanica as a model. Finally, we
wondered whether the MEKRE93 pathway (which has been validated
in polyneopteran, paraneopteran and endopterygote insects) would
operate in the early-branching paleopterans. In chapter 3.3, we try to
resolve this issue working on the mayfly Cloeon dipterum. Using this
model has been possible thanks to the continuous laboratory rearing

system recently developed by Almudi et al. (2019).
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4.1. Myoglianin and the reduction of JH titers in the last

nymphal instar

What is the mechanism that regulates the fall of JH at the beginning of
the last nymphal instar in B. germanica? To answer that question, the
chosen candidate gene was myo. On the one hand, because previous
transcriptomic studies from our laboratory had shown that myo
expression has a prominent peak in the penultimate nymphal instar
(Ylla et al., 2018). In addition, previous research of a Japanese
laboratory on the cricket Gryllus bimaculatus had revealed that myo
has an inhibitory effect on JH, via suppressing the expression of the
gene juvenile hormone acid methyl transferase (jhamt) (Ishimaru et al.,
2016), which codes for the enzyme that catalyzes the last step of JH
biosynthesis (Belles et al., 2005).

Our results have demonstrated that a high expression of myo in
the corpora allata in the penultimate nymphal instar is involved in
regulating JH production. As occurs in G. bimaculatus (Ishimaru et al.,
2016), Myo suppresses the expression of jhamt in the penultimate
nymphal instar of B. germanica, thus JH production drops at the
beginning of the last nymphal instar, which is a prerequisite for
metamorphosis. Myo might be considered, thus, a first promoter of
metamorphosis, as it determines the fall of JH, at least in
hemimetabolan insects. But, is this applicable to holometabolan
species? Myo was discovered in D. melanogaster, and its mMRNA was
detected in adult females, in glia cells in mid-embryogenesis, in
developing muscles and cardioblasts (Lo and Frasch, 1999). In D.
melanogaster, Myo plays a crucial role in the remodeling the

mushroom bodies during the larva-pupa transition, which is mediated
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by the upregulation of the EcR-B1 gene in neural tissues (Awasaki et
al.,, 2011). No other functions of Myo have been reported in
holometabolan insects. Moreover, the expression of myo in D.
melanogaster does not peak in the last nymphal instar or the pupa (Ylla
et al., 2018). These data suggest that Myo does not regulate the pre-
metamorphic fall of JH in holometabolans. This is not surprising, as in
holometabolan species JH must fall twice, first to promote the
formation of the pupa, and subsequently to promote the transition from
pupa to adult (Belles, 2020). In this context, a mechanism based on a
radical inhibition of jhamt might be not suitable to modulate a
reduction, followed by an increase, and then a further reduction of JH.
Therefore, the regulation of the pre-metamorphic suppression of JH in
holometabolan species remains to be studied.

Our study has also shown that myo dramatically expresses in
PG during the transition from the penultimate to the last nymphal
instar, which suggests that Myo plays a significant role also in this
gland. Indeed, our RNAI experiments showed that the high expression
of myo in the above transition represses cell proliferation and promotes
the expression of ecdysteroidogenic genes in the PG. This is crucial to
produce the last and large pulse of ecdysone that triggers
metamorphosis in B. germanica. In D. melanogaster, the activin branch
of TGF-p pathway also promotes the expression of ecdysteroidogenic
genes and results in a developmental arrest prior to metamorphosis
(Gibbens et al., 2011). Thus, we can conclude that the stimulating
action of Myo upon ecdysteroidogenesis would be conserved in
hemimetabolan and holometabolan species, whereas the JH inhibitory
action would be ancestral and characteristic of hemimetabolans, but

would have been lost in the evolutionary transition to holometaboly. A
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side result of RNAI studies suggested that E93 might be involved in the
PG degradation that occurs after the adult molt. This side result
prompted the works that are summarized in the next section.

The results summarized in this section of the thesis have been
published in the FASEB Journal (33: 3659-3669, 2019).

4.2. E93 and the destruction of the PG after the imaginal molt

in Blattella germanica

Previous studies in B. germanica revealed that the histolysis of PG is
regulated by 20E signaling via the upregulation of ftz-f1 mRNA levels
in the last day of nymphal life, and the cell death action of FTZ-F1
(Mané-Padrés et al., 2010). However, our studies revealed that the
factor that finally determines PG disintegration is E93. The
experiments that we report demonstrate that E93-depleted nymphs molt
to adults that preserve a functional PG. Thus, the resulting adults are
able to molt again. We also observed that FTZ-F1 depletion towards
the end of the last nymphal instar downregulates the expression of E93,
which led to the conclusion that the death of PG induced by FTZ-F1 is
mediated by E93. The function of E93 as a cell death effector is not
surprising, as in other insects it has been described as a key player in
the histolysis of the salivary glands in D. melanogaster during
metamorphosis (Woodard et al., 1994; Baehrecke and Thummel, 1995;
Lee et al., 2000). The action of E93 in promoting cell death has also
been reported in the midgut (Lee and Baehrecke, 2001; Lee et al.,
2002) and fat body (Liu et al., 2014; Liu et al., 2015) of D.
melanogaster and the lepidopteran Bombyx mori.

The function of E93 as a cell death effector is certainly not
surprising, but the fact that E93-depleted adults are able to molt again
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has allowed us to study the conditions of the molt in these exceptional
circumstances. It seems that molting in E93-depleted adults is not due
solely to the high levels of ecdysteroids produced by the active PG,
since the ecdysteroid treatments that we carried out in control adults did
not trigger any molt, but also because the ecdysone signaling properly
operates in their epidermal cells (which would not happen in control
adults). Taken together, our observations suggest that the epidermal
cells of control adults are submitted to a kind of “adult commitment”,
which did not occur in E93-depleted adults. We therefore presume that
E93 and FTZ-F1 are be involved in regulating the “adult commitment”
of epidermal cells. Whatever the case, the E93-depleted molting adults
may be an interesting model in which to investigate the mechanisms
determining the adult differentiation of insect epidermal cells, and
perhaps find ways to revert this process. Incidentally, our results
showing the prominent role of E93 in the PG degeneration afford an
additional support to the conjecture that E93 was crucial in the
evolutionary innovation of metamorphosis and the last molt (Belles,
2019b).

The publication of the results summarized in this section of the

thesis is currently underway in the journal Development.

4.3. The regulatory mechanism of metamorphosis in the
mayfly Cloeon dipterum

In the study of the evolutionary innovation of hemimetaboly, there is a
significant lack of information in paleopterans. Very little is known
about the regulation of metamorphoses in mayflies and dragonflies, and

this is a serious drawback to have the complete picture that would

allow evolutionary reconstructions. This lack of information led us to
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study the regulatory mechanisms of metamorphosis in the mayfly
species C. dipterum, by integrating the morphological data and
molecular analysis and functional experiments of hormone treatment.
The expression patterns of Kr-h1 and E93 suggest that metamorphosis
takes place in the transition from the last nymphal instar to the
subimago. Thus, the subimago would be an instar or phase of the adult
stage. This result settles the question of the homology of the subimago,
which had been considered equivalent to the pupa of the holometabolan

insects (Maiorana, 1979).

The inversely correlated expression pattern of jhamt and Kr-hl
would suggest that Myo inhibits jhamt expression, as occurs in G.
bimaculatus and B. germanica (see chapter 3.1). Therefore, the
regulation of the fall of JH production by Myo via the repression of
jhamt expression may be a mechanism conserved in paleopteran and
polyneopteran insects. Regarding the MEKRE93 pathway, the dramatic
decrease of Kr-hl expression from the first day of last nymphal instar
until day 3, suggests that a Kr-h1l (JH)-free period is necessary for
metamorphosis. Moreover, a peak of HR3 expression in the third day of
the last nymphal instar and another one in the subimago suggest that
two successive ecdysteroid pulses trigger the respective molts to the
subimago and the adult. The fact that in some species, such as
Palingenia fuliginosa, both subimaginal and adult structures develop
nearly simultaneously, overlapping in late last instar nymph (Soldan,
1981) might suggest that a single ecdysone pulse is required for the
transition from last nymphal instar to the adult. However, our results
indicate that one pulse is required to form the subimago and another to

form the adult.
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The treatment with the JH mimic methoprene at the beginning
of the last nymphal instar increased the expression of Kr-hl and
prevented the metamorphosis into the subimago. This indicates that Kr-
hl is a JH-dependent factor, and that it inhibits metamorphosis, as
occurs in non-paleopteran insects. Unexpectedly, however, the
methoprene treatment did not apparently modify the expression of E93
and Br-C. This would suggest that Kr-h1 do not repress the expression
of these genes in C. dipterum, and that the MEKRE93 pathway does
not apply in mayflies. However, the measurements were carried out in
the whole body, and there is the possibility that E93 and Br-C are
expressed in different tissues and their gene products do not interact.
We conjectured that Kr-h1 might be expressed in reproductive organs,
whereas the expression of E93 could concentrate in epidermal tissues
and wing pads, playing its typical morphogenetic functions (Belles,
2019a; Urefa et al., 2014). If so, then the results (obtained from the
whole body) of Kr-h1 might reflect the expression in the reproductive
system, whereas those of E93 could come from the epidermis.
Regarding Br-C expression, and in line with the above conjecture, the
most reasonable hypothesis is that E93, in the epidermal tissue
including the wings, is repressing the BR-C expression at
metamorphosis, as occurs in other hemimetabolan insects (Belles,
2019a; Urenia et al., 2014). Further experiments of methoprene
treatment and measurement of Kr-hl, E93 and Br-C expression
separately in the epidermis and the reproductive organs are needed to
test these hypotheses.

A preliminary manuscript summarizing the results of this
section of the thesis has been prepared. However, we await the

completion of the results related to the effects of methoprene treatments
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in epidermal and reproductive tissues, before writing a definitive

manuscript, appropriate for publication.
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5. CONCLUSIONS

From the results obtained in the present thesis, the following nine
conclusions can be inferred. The first six refer to the cockroach species
Blattella germanica (Insecta, Polyneoptera, Blattodea), whereas the last
three refer to the mayfly Cloeon dipterum (Insecta, Palaeoptera,

Ephemeroptera).

1. In B. germanica, myoglianin (myo) depletion in the penultimate
nymphal instar triggers the formation of supernumerary nymphs after
the last nymphal instar. Molecular analysis indicates that the expression
of juvenile hormone acid methyl transferase (jhamt) in the corpora
allata became upregulated, which led to an increase of Kr-hl
expression in the last nymphal instar, and a downregulation of E93.
From these results we can conclude that myo triggers the pre-
metamorphosis stage by reducing jhamt and, thus, juvenile hormone
production. The molecular analysis confirms that the formation of
supernumerary nymphs is explained by the MEKRE93 pathway.

2. Myo depletion in the penultimate nymphal instar of B. germanica
caused cell hyperproliferation in the prothoracic gland (PG). Moreover,
myo depletion downregulated the expression of dacapo (dap), a gene
coding for a cyclin-dependent kinase involved in regulating cell cycle,
and that of neverland, phantom and disembodied, three steroidogenic
genes. These results suggest that myo induces the arrest of cell
proliferation in PG via the TGF-B signaling, which appears to be a
prerequisite to stimulate the expression of steroidogenic genes, and to

produce the large ecdysteroid pulse needed to promote metamorphosis.
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3. Myo depletion prevents the onset of PG degeneration. Our molecular
studies have shown that the upregulation of jhamt triggered by this
depletion increases Kr-h1 expression and results in an upregulation of
the expression of the inhibitor of apoptosis 1 (iapl) and a
downregulation of the proapoptotic gene ftz-f1 in the PG. Interestingly,
the adult specifying gene E93 is also downregulated. These findings
confirm the important role of JH and iapl in preventing PG
degeneration, as well as the proapoptotic role of FTZ-F1. Importantly,
our findings also suggest that E93 is involved in the degeneration of PG

in B. germanica.

4. Depletion of E93 late in the final nymphal instar triggers the
formation of adults that preserve the PG and can molt again in the
adulthood. These observations indicate that E93 plays a major role in
eliciting the death of the PG which normally occurs after the imaginal
molt in hemimetabolan insects and during metamorphosis in

holometabolans insects.

5. Previous studies in the laboratory showed that PG death is induced
by FTZ-F1 in B. germanica. Our present results have shown that FTZ-
F1 depletion downregulates the expression of E93 specifically in the
PG. The above observations strongly suggest that the ‘“classic”

proapoptotic role of FTZ-F1 is mediated by E93.
6. Treatments in the adult of B. germanica with physiological or

pharmacological doses of 20-hydroxyecdysone (20E) do not induce a

new molt in B. germanica. These findings suggest that adult epidermal
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cells are subjected to a sort of “adult commitment”, and do not respond

to 20E, apparently because they do not transduce the hormonal signal.

7. The expression pattern of Kr-h1l and that of E93 intersect in the last
nymphal instar of C. dipterum, prior to the subimago. This suggests
that metamorphosis in mayflies take place at the transition from the last
nymphal instar to the subimago, and that it is regulated by the
MEKRE93 pathway.

8. Administration of JH mimic methoprene in the last nymphal instar of
C. dipterum inhibits metamorphosis. The treatment upregulated the
expression of Kr-hl but did not apparently affect the expression of E93
and Br-C. These results indicate that Kr-h1 inhibits metamorphosis, as
in Neopteran insects. However, the observations do not allow to
conclude that Kr-h1l represses E93 expression according to the
MEKRE93 pathway. Further work, studying the expression of Kr-hl
and E93 specifically in epidermal and reproductive tissues, should be
needed to assess whether the MEKRE93 pathway operates in mayflies.

9. The expression patterns of Kr-h1l and E93 during the last nymphal
instars and the subimago indicate that the last nymphal instar of C.
dipterum is homologous to the last nymphal instar of non-paleopteran
hemimetabolan insects (Polyneoptera and Paraneoptera). This leads to

conclude that the subimago would be a first phase of the adult stage.
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