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ABSTRACT

In contrast with Drosophila melanogaster, practically nothing is known about the involvement of the TGF-
f signaling pathway in the metamorphosis of hemimetabolan insects. To partially fill this gap, we have
studied the role of Smad factors in the metamorphosis of the German cockroach, Blattella germanica. In D.
melanogaster, Mad is the canonical R-Smad of the BMP branch of the TGF-f signaling pathway, Smox is
the canonical R-Smad of the TGF-f/Activin branch and Medea participates in both branches. In insects,
metamorphosis is regulated by the MEKRE93 pathway, which starts with juvenile hormone (JH), whose
signal is transduced by Methoprene-tolerant (Met), which stimulates the expression of Kriippel homolog
1 (Kr-h1) that acts to repress E93, the metamorphosis trigger. In B. germanica, metamorphosis is de-
termined at the beginning of the sixth (final) nymphal instar (N6), when JH production ceases, the ex-
pression of Kr-h1 declines, and the transcription of E93 begins to increase. The RNAi of Mad, Smox and
Medea in N6 of B. germanica reveals that the BMP branch of the TGF-f signaling pathway regulates adult
ecdysis and wing extension, mainly through regulating the expression of bursicon, whereas the TGF-/
Activin branch contributes to increasing E93 and decreasing Kr-h1 at the beginning of N6, crucial for

triggering adult morphogenesis, as well as to regulating the imaginal molt timing.

© 2016 Elsevier Inc. All rights reserved.

1. Introduction

The transforming growth factor-f3 (TGF-) signaling pathway is
fundamental for controlling developmental programs and cell
behavior in animals (Herpin et al., 2004). The TGF- ligand pro-
teins bind to Ser/Thr kinase receptors and generally transduce the
signal through Smad transcription factors (Massague, 2012;
Moustakas and Heldin, 2009). There are two Ser/Thr kinase re-
ceptor types, type I and type II, which typically form a tetramer
receptor complex comprising two type I and two type II receptors.
Type [ transmit information from outside to inside the cell by
binding extracellular ligands and phosphorylating intracellular
transcription factors. Type II receptors are constitutively active
kinases that phosphorylate and activate the type I when forming a
complex with them through ligand binding. Receptor-activated (R-
) Smad proteins are the most typical transcription factors phos-
phorylated by type I receptors. Upon receptor-induced phosphor-
ylation, R-Smads typically form complexes with a common-med-
iator (Co-) Smad, and the complex is translocated to the nucleus
where, in cooperation with other transcription factors, it con-
tributes to regulating (co-activating or co-repressing) the tran-
scription of target genes (Heldin and Moustakas, 2012). These
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Smad complexes in turn induce the expression of the inhibitory
(I) Smads that negatively regulate the strength and duration of the
signal (Itoh and ten Dijke, 2007).

All TGF-P signaling pathways can be classified into two bran-
ches, the TGF-f/Activin branch and the Bone Morphogenetic Pro-
tein (BMP) branch, based on the specificity of interaction between
the L45 loop of the type I receptor and the L3 loop of the MH2
domain of the R-Smads. The TGF-f/Activin branch signals through
Smad 2 and Smad 3, whereas the BMP branch signals through
Smad 1, Smad 5 and Smad 8; in both cases the Co-Smad is Smad 4,
whereas Smad 6 and Smad 7 are I-Smads (Moustakas and Heldin,
2009). The most thoroughly studied insect species is the fly Dro-
sophila melanogaster, where the TGF-f/Activin branch operates
through the type I receptor babo and signals through a single
R-Smad (Smox, ortholog of Smad 2/3) and a single Co-Smad
(Medea, ortholog of Smad 4), whereas the BMP branch has two
type I receptors: thick veins (tkv) and saxophone (sax), although it
also operates through a single R-Smad (Mad, ortholog of Smad 1/5/
8) and Medea. A single I-Smad (Dad, ortholog of Smad 6/7) acts in
both branches of the TGF-f3 signaling pathway in this fly (Peterson
and O’Connor, 2014).

While the importance of the TGF-f signaling pathways in D.
melanogaster has been comprehensively shown in embryogenesis
(Peterson and O’Connor, 2014), reports concerning postembryonic
development are limited to a few case studies. In the BMP branch,
the data refers to a handful of downstream targets that participate
in wing formation, like spalt (sal), optomotor blind (omb), vestigial
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(vg) and larval translucida (Itl) (de Celis et al., 1996; Grimm and
Pflugfelder, 1996; Kim et al., 1996; Szuperak et al., 2011). The TGF-
B/Activin branch has been shown to be involved in wing disc
patterning (Peterson et al., 2012; Peterson and O’Connor, 2013)
and neuronal remodeling (Zheng et al., 2003), as well as the reg-
ulation of the metamorphic molt timing by influencing ecdysone
production (Brummel et al., 1999; Gibbens et al., 2011).

In contrast with D. melanogaster, practically nothing is known
about the involvement of the TGF-f signaling pathways in the
metamorphosis of hemimetabolan insects. This lack of information
in less-modified insect species prevents comparisons and hy-
potheses being made regarding the possible changing roles of
these pathways through insect evolution and, in particular, their
influence on the evolution of insect metamorphosis from hemi-
metaboly to holometaboly (Belles, 2011). To partially fill this gap,
we have studied the role of Smad factors in the metamorphosis of
the German cockroach, Blattella germanica. A previous analysis of
tergal gland transcriptomes (Ylla and Belles, 2015) have revealed
the expression of a number of genes related to the TGF-f signaling
pathways, including those expressing Smads, decapentaplegic
(dpp), omb, tkv, vg and spalt, for example. The tergal gland of male
cockroaches is a structure that secretes attractant substances that
facilitate mating and is formed during adult morphogenesis (Ylla
and Belles, 2015). Thus, the occurrence of Smad transcripts sug-
gests that TGF-f signaling pathways contribute to the morpho-
genesis of the tergal gland, and of the adult, in general.

In B. germanica, as in other insect species, two principal hor-
mones are involved in postembryonic development and meta-
morphosis. One of these is ecdysone, which promotes the suc-
cessive molts that allow growth, and the other is juvenile hormone
(JH), which represses metamorphosis (Nijhout, 1994) during ju-
venile stages, and whose decrease in the pre-adult stage triggers it.
The molecular details of this juvenile-adult transition have been
elucidated recently and can be summarized in what has been
called the MEKRE93 pathway (Belles and Santos, 2014; Jindra
et al., 2015), which essentially switches on and off metamorphosis
in all studied insect species. According to this pathway, and with
reference to B. germanica, in pre-final nymphal instars the JH sig-
nal is transduced by Met (Lozano and Belles, 2014) and Taiman
(Lozano et al., 2014), and stimulates the expression of Kr-h1, the
master repressor of metamorphosis (Lozano and Belles, 2011).
Under these conditions the molts proceed in the sense nymph-
nymph. At the beginning of the final instar nymph, JH production
ceases (Treiblmayr et al., 2006), Kr-h1transcription begins to de-
cline (Lozano and Belles, 2011), and the expression of E93, that had
been repressed by Kr-h1 (Belles and Santos, 2014), begins to in-
crease significantly, while repressing the expression of Kr-h1l
(Belles and Santos, 2014; Urefia et al., 2014). Then, the molt pro-
ceeds in the sense nymph-adult. The purpose of the present work
was to study whether the TGF-f signaling pathway contributes to
regulating the metamorphosis of B. germanica, with a particular
focus on possible interplay with the MEKRE93 pathway.

2. Results

2.1. Depletion of Mad impairs the imaginal ecdysis and wing ex-
tension in the adult

By combining a BLAST search on B. germanica tergal gland
transcriptomes, mapping the resulting sequence in the B. germa-
nica genome, and PCR strategies, we obtained a cDNA of 1419 bp
comprising a complete ORF whose conceptual translation ren-
dered a 473 amino acid protein with significant sequence simi-
larity to Mad orthologs of other organisms (top BLAST scores were
obtained from Mad or Smad 1, 5 or 8). The sequence (GenBank

accession number LN901331) contains the MH1 and MH2 domains
typical of Smad proteins (Heldin and Moustakas, 2012), connected
by the linker region. The expression pattern of this B. germanica
Mad was determined using qRT-PCR on tergites 7 and 8 (T7-8,
which metamorphose into the tergal gland in the adult), as well as
tergites 4 and 5 (T4-5, which do not show metamorphosis in the
adult) of male fifth (N5) and sixth (N6) nymphal instars. The ex-
pression levels were relatively high and similar in T7-8 and T4-5,
oscillating between 5 and 25 mRNA copies per 1000 copies of
Actin-5c mRNA. The values were high at the beginning of the stage
and then progressively decreased. In N6 the levels were more
constant, clearly decreasing only on the last day (Fig. 1A).

To study the roles of Mad in metamorphosis we used RNAi
approaches, by designing a dsRNA encompassing the linker region
(360 nucleotides) and part of the MH1 domain (171 additional
nucleotides) of Mad (dsMad). We injected two doses of 1 ug each
of dsMad into male nymphs, one into freshly emerged penultimate
instar (N5D0), and the other into freshly emerged final instar
(N6DO0). Controls received the same treatment but with dsMock.
All dsMock-treated specimens (n=33) molted to normal N6 and
then to normal adults. Of the dsMad-treated specimens (n=71), all
molted to normal N6, and then 31 (43%) molted to adults but
without completing the ecdysis, thus dying trapped in the exu-
vium; 27 (38%) also had ecdysis problems but finally molted to
adults that showed completely unextended wings, and 13 (19%)
molted to adults with partially extended wings, especially in the
apical part, with the tegmina longitudinally curled and tile-
shaped, as if they were “inflated”, and the membranous wings also
not well extended, especially in the apical part (Fig. 1B). Transcript
measurements carried out on the complete set of tergites on N6D1
and N6D4 showed that Mad mRNA levels were significantly re-
duced (an average of 84% and 88%, respectively) in dsMad-treated
specimens, whereas those of Medea and Smox were unaffected
(Fig. 1C), indicating that depletion was Mad-specific.

The ecdysis problems observed in Mad-depleted specimens are
reminiscent of those found when depleting the mRNA levels of
members of the ecdysone signaling pathway, like HR3A (Cruz
et al,, 2007). Thus, on N6D6, when the levels of ecdysone reach a
peak in the hemolymph (Romafia et al., 1995), we measured the
expression of HR3A in the complete set of tergites from Mad-de-
pleted specimens. The results indicated that there were no dif-
ferences between dsMad-treated insects and the controls (Fig. 1D).
Then, as the ecdysis defects were observed only in the meta-
morphic molt, we examined the expression of Kr-h1 and E93, two
final components of the MEKRE93 pathway (Belles and Santos,
2014), on N6D1 and N6D4. Results showed that neither Kr-h1 nor
E93 expression was significantly affected by the dsMad treatment
(Fig. 1E).

2.2. Depletion of Smox disrupts the MEKRE93 pathway and delays
the imaginal molt

Equivalent BLAST-PCR approaches rendered a partial cDNA of
Smox, comprising 1034 bp containing, approximately, the 5’ half of
the ORF (540 nucleotides) including a part of the MH2 domain,
and 494 nucleotides corresponding to the 3'UTR (GenBank acces-
sion number LT575495). A conceptual translation of the partial
ORF gave a 180 amino acid sequence which was significantly si-
milar to D. melanogaster Smox or Smad 2/3 orthologs of other
species. Smox mRNA levels were relatively low, oscillating be-
tween 2 and 10 mRNA copies per 1000 copies of Actin-5¢ mRNA. In
N5 the pattern was similar to that of Mad: high expression levels
at the beginning of the stage that progressively decreased during
it. The N6 pattern was the same as for N5, with highest levels
occurring just after the molt (Fig. 2A).

RNAi approaches were also followed in order to functionally
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Fig. 1. Expression and function of Mad during metamorphosis of Blattella germanica. (A) Mad mRNA levels in fifth and sixth instars of male nymphs (N5 and N6, respec-
tively), in tergites 7 and 8 and tergites 4 and 5. (B) Dorsal view of specimens resulting from dsMad and dsMock (control) treatments. Normal N6, normal adult and
phenotypes obtained with dsMad treatments; specimens were treated with two doses of 1 ug each of dsMad on male nymphs, one on N5DO0 and the other on N6DO. (C) Mad,
Smox and Medea mRNA levels in dsMad-treated and controls, measured on N6D1 and N6D4. (D) HR3A mRNA levels on N6D6. (E) Kr-h1 and E93 mRNA levels on N6D1 and
N6D6; the scale or ordinates on the right of the Kr-h1 histogram applies for N6D4. From (C) to (E), mRNA levels were measured in the complete set of tergites. Each point of
quantitative data in histograms represents between 3 and 5 biological replicates; results represent copies of the given transcript per 1000 copies of BgActin-5¢ mRNA and are
expressed as the mean + SEM; the asterisks indicate statistically significant differences with respect to controls (p < 0.05), according to the REST software tool (Pfaffl et al.,

2002).

study Smox. The dsRNA designed encompassed 387 nucleotides in
the 3'UTR region of Smox mRNA (dsSmox). We injected two doses
of 2 ug each of dsSmox into male nymphs, one on N5D0 and the
other on N6DO. The controls received the same treatment but with
dsMock. All dsMock-treated specimens (n=38) molted to normal
N6 and then normal adults. Similarly, all dsSmox-treated speci-
mens (n=49), molted to normal N6, and then to adults that were
morphologically normal. However, the timing of the molt in N6
(not in N5) was significantly delayed with respect to the dsMock
control group (Fig. 2B). Transcript measurements carried out on
the complete set of tergites on N6D1 and N6D4 indicated that
Smox mRNA levels were significantly reduced (an average of 39%
and 38%, respectively) in dsSmox-treated specimens, whereas
those of Medea and Mad were unaffected (Fig. 2C).

To confirm that the molting peak of ecdysone did not occur at
the right time, we measured the expression of HR3A, in the
complete set of tergites from Smox-depleted specimens on N6D6.
The results indicated that HR3A was well expressed in controls,
whereas expression was very low in dsSmox-treated, in both N6D6

and three days later, in N6D9 (Fig. 2D). We also examined the
effects of Smox depletion on Kr-h1 and E93 expression on N6D1
and N6D4. Interestingly, the results indicated that dsSmox treat-
ment impaired the decrease of Kr-h1 expression that normally
occurs in N6D1, as the mRNA levels were significantly higher than
those of the controls. In N6D4, whereas the mRNA levels of Kr-h1
were very low, ca. 0.05 copies per 1000 copies of Actin-5¢c mRNA,
those of Smox-depleted specimens were still around 0.13 copies
per 1000 copies of Actin-5¢ mRNA, on average. Moreover, on N6D1
the levels of E93 mRNA were significantly lower in dsSmox-treated
specimens, whereas on N6D4, they still tended to be lower in the
Smox-depleted group than in the controls (Fig. 2E).

As Kr-h1 and E93 are reciprocally repressed (Belles and Santos,
2014), the results suggest that Smox could either co-repress Kr-h1
or co-activate E93 (or both). To shed light on this disjunctive, we
treated Smox-depleted animals with JH. Given that JH efficiently
induces Kr-h1 expression (Lozano and Belles, 2011), if the first
conjecture were true, then the JH-driven increase of Kr-h1 ex-
pression would be more dramatic in Smox-depleted specimens.
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Fig. 2. Expression and function of Smox during metamorphosis of Blattella germanica. (A) Smox mRNA levels in fifth and sixth instars of male nymphs (N5 and N6,
respectively), in tergites 7 and 8 and tergites 4 and 5. (B) Length of N6 (in days) in dsSmox-treated and control specimens; specimens were treated with two doses of 2 pg
each of dsSmox on male nymphs, one on N5D0 and the other on N6DO. (C) Smox, Mad and Medea mRNA levels in dsSmox-treated and controls, measured on N6D1 and
N6D4. (D) HR3A mRNA levels on N6D6. (E) Kr-h1 and E93 mRNA levels on N6D1 and N6D4. (F) Effects of JH treatment on Kr-h1 and E93 expression in Smox-depleted
specimens; male nymphs freshly emerged to N6 received a 2-pg dose of dsSmox and were immediately treated with 10 ug of JHIII; controls for this experiment were
equivalently treated with dsMock and JHIII; transcript levels were measured on N6D1 and N6D4; the scale or ordinates on the right of the Kr-h1 histograms in (E) and
(F) applies for N6D4. From (C) to (F), mRNA levels were measured in the complete set of tergites. Each point of quantitative data in histograms represents between 3 and
4 biological replicates; results represent copies of the given transcript per 1000 copies of BgActin-5¢ mRNA and are expressed as the mean + SEM; the asterisks in B, C, D and
E indicate statistically significant differences with respect to controls, and different letters in F indicate statistically significant differences comparing all treatments; in all

cases at p < 0.05 and according to the REST software tool (Pfaffl et al., 2002).

Results showed that the increase of Kr-h1 expression induced by
JH was the same in dsMock- and dsSmox-treated specimens in
both N6DO and N6D4. Levels of E93 mRNA in this experiment were
consistently low in dsSmox-treated specimens (Fig. 2F).

2.3. Depletion of Medea disrupts the MEKRE93 pathway and impairs
adult morphogenesis

Following equivalent BLAST and PCR strategies, we obtained a
cDNA corresponding to Medea, which had 1950 bp and comprised

the complete ORF (GenBank accession number LN901332) that
once translated gave a 650 amino acid protein containing the MH1
and MH2 domains typical of Smads and with significant sequence
similarity to Medea proteins (top BLAST scores were obtained from
Medea, or Smad4 orthologs of other organisms). In general, the
mRNA levels of Medea were lower than those of Mad and Smox. In
N5, the pattern was similar in all tergites: high levels of expression
at the beginning of the stage and then a progressive decrease. In
N6, transcript levels were more constant and generally higher in
T7-8 than in T4-5 (Fig. 3A).
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respectively), in tergites 7 and 8 and tergites 4 and 5. (B) Normal N6, normal adult, and phenotypes obtained with dsMedea treatments; specimens were treated with two
doses of 2 ug each of dsMedea on male nymphs, one on N5DO0 and the other on N6DO. (C) Medea, Mad and Smox mRNA levels in dsMedea-treated and controls, measured on
N6D1 and N6D4. (D) Kr-h1 and E93 mRNA levels on N6D1 and N6D4; the scale or ordinates on the right of the Kr-h1 histogram applies for N6D4. (E) Length of N6 (in days) in
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quantitative data in histograms represents between 3 and 4 biological replicates; results represent copies of the given transcript per 1000 copies of BgActin-5¢ mRNA and are
expressed as the mean + SEM; the asterisks indicate statistically significant differences with respect to controls (p < 0.05), according to the REST software tool (Pfaffl et al.,

2002).

Again, we followed an RNAi approach to deplete Medea mRNA
levels, using a dsRNA of 423 nucleotides designed on the linker
region of Medea (dsMedea). We injected two 2 pug doses of
dsMedea into male nymphs, one into freshly emerged penultimate
instar (N5DO0), and the other into freshly emerged final instar
(N6DO0). The controls received the same treatment but with
dsMock. Phenotypically, all dsMock-treated specimens (n=41)
molted to normal N6 and then to normal adults. All dsMedea-
treated specimens (n=69) molted to normal N6, and then 17
specimens (25%) molted to a supernumerary nymph (N7), 30 (43%)
had ecdysis problems but finally molted to adults that showed
severely unextended wings (tegmina tile-shaped, generally not
well extended, but especially in the apical part; membranous
wings severely unextended, especially in the apical part), and 22
(32%) molted to normal adults (Fig. 3B). The length of N6 was
between 8 and 9 days in controls and between 9 and 10 days in

dsMedea-treated specimens, but the differences were not statis-
tically significant. Transcript measurements carried out on N6D1
and N6D4 indicated that Medea mRNA levels were significantly
reduced (an average of 68% and 70%, respectively) in dsMedea-
treated specimens. Conversely, those of Mad and Smox were un-
affected (Fig. 3C).

The results of measuring the mRNA levels of Kr-h1 and E93 on
N6D1 and N6D4 showed that dsMedea treatment affected the
decrease of Kr-h1 expression in N6D1, as the mRNA levels were
significantly higher than those of controls (Fig. 3D). In N6D4,
mRNA levels of Kr-h1 were very low both in controls and treated
specimens (between 0.05 and 0.10 copies per 1000 copies of Actin-
5¢ mRNA), but there was still a tendency for the levels to be higher
in treated insects (Fig. 3D). In N6D1, levels of E93 mRNA were
significantly lower in dsMedea-treated specimens than in controls,
but practically normal levels were seen in N6D4 (Fig. 3C). These
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effects on Kr-h1 and E93 were similar to those observed when
depleting Smox, but in this case we obtained the supernumerary
nymph phenotype and we did not observe the statistically sig-
nificant molting delay found in the Smox experiments. We
speculated that the effect of Medea was more marked in mor-
phogenesis, especially due to the low levels of E93 in N6D1, and
that these effects largely overrode the molting-delay phenotype.
To test this conjecture, we implemented a treatment with 2 pg of
dsMedea on N6N3 (n=16), once the expression of Kr-h1 had
practically vanished and that of E93 was increasing normally
(Belles and Santos, 2014). The controls (n=12) received an
equivalent treatment with dsMock. As expected, these specimens
molted to normal adults, but the molting of those treated with
dsMedea was significantly delayed (2 days on average) with re-
spect to the controls (Fig. 3E), although the adults were morpho-
logically normal, as those resulting after depleting Smox. Ex-
amination of Medea expression on N6D5 revealed that this short-
term RNAI treatment had been efficient (69% transcript reduction)
(Fig. 3F).

2.4. Depletion of bursicon impairs wing extension

Bursicon (Burs) is a cystine knot protein that forms dimers
composed by bursicon (a-subunit) and partner of bursicon (Pburs
or 3-subunit), although in some cases they can also form homo-
dimers (Honegger et al., 2008). In B. germanica we have recently
described a bursicon sequence (Fernandez-Nicolas and Belles,
2016), and a blast search in the B. germanica genome assembly
(https://[www.hgsc.bcm.edu/arthropods/german-cockroach-gen
ome-project) has led to find this sequence and that corresponding
to Pburs (Scaffold705:1064492-1069290, amino acid translation:
LQVQHVNLFTNLIFSEEFDDLGRLQRTCNGDVGVNKCE-
GACNSQVQPSFFWILIYIFYQECYC-
CRESFLRERTVTLTHCYDPDGGRLTKEGQATMDIRVRE-
PADCKCFKCGDFSR), separated by 9.6Kb from the bursicon
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The typical phenotype showing unextended wings that re-
sulted from Medea or Mad-depletion, suggested the involvement
of Burs, given that this factor contributes to wing extension, as
demonstrated in a number of insect species (Song, 2012). The first
hint supporting this conjecture was that Burs mRNA levels in
specimens treated with dsMad or dsMedea were lower than in
controls (Fig. 4A). Then, we directly depleted Burs with RNAi, using
a dsRNA of 311 nucleotides encompassing practically the entire
fragment of Burs previously described (Accession number
CUTO08823.1). We injected a dose of 5 ug of dsBurs into freshly
emerged final instar male nymphs (N6DO0). The controls received
the same treatment but with dsMock. Mock-treated specimens
(n=12) molted to normal adults 8 days after the treatment
(Fig. 4B). The dsBurs-treated specimens (n=18) molted to adults
also 8 days after the treatment, but all them exhibited abnormal
wings and tegmina. The mesothoracic tegmina were shorter than
normal because the distal half had been not extended, long-
itudinally curled and tile-shaped. The metathoracic membranous
wings were also only partially extended, especially in the posterior
part, as in the case of tegmina. In both wing pairs, the venation
was normal, at least in the extended part. There was certain
variability, from relatively mild phenotypes, with only the prox-
imal part of the tegmina and membranous wings extended (15 out
of 18 specimens, Fig. 4C) to more severe phenotypes, with the
tegmina deficiently extended in all their length or severely curled
and the wings practically unextended (3 specimens, Fig. 4D and E).
Transcript measurements were carried out on N6D7, which is the
day were the insects complete the apolysis and one day before the
ecdysis, when Burs would play its role of contributing to wing
extension. Results indicated that Burs mRNA levels were sig-
nificantly reduced (95% as average) with respect to controls
(Fig. 4F).
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Fig. 4. Effects of Mad and Medea depletion on bursicon (Burs) mRNA levels, and role of Burs on wing extension in Blattella germanica. (A) Burs mRNA levels on N6D6 in Mad-
and Medea-depleted specimens. (B). Control adult male in dorsal view. (C) Current phenotype of Burs-depleted adult males, with only the proximal part of the tegmina and
membranous wings extended. (D,E). Severe phenotype of a Burs-depleted adult male, with the tegmina deficiently extended in all their length or severely curled and the
wings practically unextended. In B-E the right image shows the metathoracic membranous wings, in B, C and E the right tegmina has been artificially opened to show these
wings. (F) Burs mRNA levels on N6D7 in dsBurs-treated and dsMock-treated (control) specimens. In panels A and F, mRNA levels were measured in the complete set of
tergites. Each point of quantitative data in histograms represents between 3 and 4 biological replicates; results represent copies of the given transcript per 1000 copies of
BgActin-5¢ mRNA and are expressed as the mean + SEM; the asterisks indicate statistically significant differences with respect to controls (p < 0.05), according to the REST

software tool (Pfaffl et al., 2002).
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3. Discussion

The problems of ecdysis and wing extension caused by Mad
depletion led us to study the effects on HR3A, a gene of the ec-
dysone signaling pathway whose depletion in B. germanica trig-
gers similar defects (Cruz et al., 2007). However, HR3A expression
was not significantly affected in dsMad-treated specimens, thus
suggesting that the defects observed were not due to problems of
ecdysone signaling. Intriguingly, Mad-depleted specimens molted
normally from N5 to N6, and showed ecdysis deficiencies only
when molting to the adult stage. This suggests that the imaginal
molt, which includes the extension of the tegmina and membra-
nous wings from the wing pads, is mechanically more complex
and possibly requires the contribution of specific factors related to
proper wing extension, on which Mad has a regulatory role. It is
worth noting that the unextended wings defect observed in Mad-
depleted specimens is phenocopied in the Medea-depleted group.

The unextended or “inflated” wing phenotype led us to con-
jecture that Burs could have been affected by Mad depletion. In-
deed, loss of BMP signaling in D. melanogaster affects the expres-
sion of several neuropeptides related to the regulation of molting,
including bursicon, as well as crustacean cardioacceleratory pep-
tide (CCAP) and myoinhibiting peptide (Mip) (Marques et al.,
2003; Veverytsa and Allan, 2013). We assessed that Burs mRNA
levels were lower in Mad-depleted specimens, which suggests that
the dependence of Burs on the BMP pathway is conserved from
cockroaches to flies. Then, we showed that direct RNAi of Burs
triggers the typical “inflated wings” phenotype observed in the
fruitfly Drosophila melanogaster (Dewey et al., 2004), the silkmoth
Bombyx mori (Huang et al., 2007) and the flour beetle Tribolium
castaneum (Arakane et al., 2008; Bai and Palli, 2010). This “inflated”
wing phenotype of Burs-depleted specimens is reminiscent of the
partially or totally unextended wings found in Mad- and Medea-
depleted specimens. Thus, at least a part of the effect of Mad (and
Medea) depletion on wing extension would be due to the effects
on Burs.

The most apparent phenotype resulting from Smox depletion
was the delayed imaginal molt. The length of N6 was 30% (3 days)
longer, on average, in Smox-depleted specimens than in the con-
trols. Interestingly, the length of N5 was unaffected, suggesting
that the delay effect is specific to the final nymphal instar. This is
reminiscent of the 2-3 day developmental delay in the formation
of D. melanogaster puparium observed in zygotic mutants of babo,
the type I receptor involved in the TGF-f/Activin branch of the
TGF-p signaling pathway (Brummel et al., 1999). It is also similar to
the more severe phenotype comprising 100% arrested develop-
ment with no puparium formation observed after the suppression
of activin signaling in the prothoracic gland, which impairs ecdy-
sone production (Gibbens et al., 2011). Thus, the overall results
suggest that in the final nymphal instar Smox is involved in reg-
ulating the timing of the imaginal molt, a role that appears con-
served in D. melanogaster. Another result of Smox depletion is the
disruption of the MEKRE93 pathway, concerning the expression of
Kr-h1 and E93: the respective decrease and increase normally seen
in N6D1 are impaired in dsSmox-treated specimens. Following an
experimental design that had unveiled the co-activator role of
CREB-binding protein on Kr-h1 (Fernandez-Nicolas and Belles,
2016), we simultaneously treated N6DO with dsSmox and JH. This
showed that the increase of Kr-h1 expression provoked by JH was
the same in Smox depleted specimens and in controls, whereas
E93 expression was consistently low. These results suggest that
Smox does not act to co-repress Kr-h1, but rather contributing to
the activation of E93. If so, then the higher Kr-h1 mRNA levels
observed after depleting Smox would be due to the lower E93
expression, as E93 acts as a repressor of Kr-h1 (Belles and Santos,
2014; Ureia et al., 2014).

Intriguingly, the effect on impairing E93 expression increase
and Kr-h1 expression decrease was similar in both the Smox- and
Medea-depleted groups, but only the dsMedea treatment trig-
gered a supernumerary N7 (in 25% of the specimens). We presume
that these N7 obtained are mainly due to the relatively low levels
of E93 expression on N6D1. Indeed, the mRNA levels of E93 were
28% lower in the case of dsSmox-treated insects compared with
the controls, whereas E93 mRNA levels in dsMedea-treated spe-
cimens were 58% lower. It is perhaps this difference that de-
termined the inhibition of metamorphosis in a quarter of the
specimens in the Medea experiments. With respect to molting
timing in the dsMedea depleted insects, in the group treated on
N5DO0 and N6DO the length of N6 showed a tendency to increase,
but in the group treated on N6D3, this length of time was sig-
nificantly greater in the dsMedea-treated insects than in the
controls. These results are fairly consistent with the molting delay
phenotype observed in dsSmox-treated specimens.

In D. melanogaster, Mad is the R-Smad of the BMP branch of the
TGF-p signaling pathway, Smox is the R-Smad of the TGF-f/Activin
branch, and Medea participates in both branches in complex with
Mad or Smox. We can presume that this division of pathways
applies to B. germanica (we found no other R-Smads of Co-Smads
in the genome of B. germanica) and in insects, in general. If so, then
the most parsimonious hypothesis to explain the results reported
in this study on the role of TGF-f signaling pathway in the me-
tamorphosis of B. germanica is that the BMP branch is involved in
the regulation of the imaginal ecdysis and wing extension, mainly
through activating Burs, whereas the TGF-f/Activin branch, in
addition to regulating the timing of the imaginal molt, contributes
to controlling the increase of E93 (and the decrease of Kr-h1) at
the beginning of the final nymphal instar, which is crucial for
triggering adult morphogenesis (Fig. 5A).

The results for the TGF-f/Activin branch suggest that Smox-
Medea acts as a co-activator of E93 at the beginning of the final
nymphal instar, thus contributing to trigger metamorphosis. Smad
factors co-activate or co-repress the expression of target genes by
binding onto silencing or enhancing elements in the regulatory
region of target genes (Muller et al.,, 2003; Pyrowolakis et al.,
2004; Weiss et al., 2010). The motif AGAC has been identified as a
typical of Smox binding site (Bai et al., 2013), whereas GTCT and
GNCV are typical Medea binding sites (Gaarenstroom and Hill,
2014). Interestingly, the region of 5000 nucleotides upstream of
the ORF of the B. germanica E93 gene, which should include the
regulatory region, contains 18 AGAC as well as 11 GTCT and 122
GNCV motifs (not shown).

In B. germanica, the MEKRE93 pathway (Belles and Santos,
2014), in addition to JH and the transcription factors transducing
their signal, involves additional modulatory roles of the microRNA
miR-2, which scavenges Kr-h1 transcripts, thus contributing to
decrease Kr-h1 expression, to increase E93 and to correctly trigger
metamorphosis (Lozano et al., 2015), and a CREB-binding protein,
that co-activates Kr-h1 transcription (Fernandez-Nicolas and
Belles, 2016). Then, the present results show that the TGF-B/Acti-
vin branch of the TGF-f signaling pathway co-activates the ex-
pression of E93 and contributes to decrease Kr-h1 expression, thus
adding a new layer of complexity and regulatory precision to the
MEKRE93 pathway (Fig. 5B).

Finally, recent studies in the hemimetabolan species Gryllus
bimaculatus have unveiled relevant roles of the TGF-f signaling
pathways in development and metamorphosis related to the
production of JH (Ishimaru et al., 2016). These studies show that
high expression of the TGF-f ligand Myoglianin (which acts
through the TGF-f/Activin branch) during the last nymphal instar
induces metamorphosis through repressing the expression of the
enzyme JH acid O-methyltransferase (JHAMT). JHAMT is the last
and key enzyme of JH synthesis, thus high levels of Myoglianin
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Fig. 5. The TGF-p signaling pathways in Blattella germanica metamorphosis. (A) Respective roles of the BMP and TGF-p/Activin branches. (B) Roles in the context of the
MEKRE93 pathway; until the penultimate instar nymph (N5), juvenile hormone (JH) through Kr-h1, prevents metamorphosis; at the beginning of the final instar nymph
(N6), JH production decreases (Treiblmayr et al., 2006), transcription of Kr-h1begins declining (Lozano and Belles, 2011), and the expression of E93, that had been repressed
by Kr-h1 (Belles and Santos, 2014), begins increasing (Belles and Santos, 2014; Urefia et al., 2014). CREB-binding protein (CBP) co-activates Kr-h1 expression (Fernandez-
Nicolas and Belles, 2016), and miR-2 contribute to remove Kr-h1 transcripts at the beginning of N6 (Lozano et al., 2015). Medea-Mad would co-activate the transcription of

E93 (present results).

provoke a decline of JH, thus triggering metamorphosis. Con-
versely, JHAMT and JH production is up-regulated by the TGF-f3
ligands Decapentaplegic and Glass-bottom boat (which signal in
the BMP branch) during nymphal stages, which keeps the status
quo action of JH and prevents metamorphosis (Ishimaru et al.,
2016). Arguably, these modulatory roles on JH production of the
TGF- signaling pathways could be extended to all insects (Ishi-
maru et al.,, 2016), which still add another regulatory layer up-
stream the MEKRE93 pathway, giving more robustness to the
mechanisms regulating such an important process in insects as the
metamorphosis.

4. Materials and methods
4.1. Insects

All B. germanica specimens used in the experiments were ob-
tained from a colony reared in the dark at 30 + 1 °C and 60-70%
relative humidity. Freshly emerged male nymphs were selected
and used at selected ages. Prior to injection treatments, dissections
or tissue sampling, the experimental specimens were anaes-
thetized with carbon dioxide.

4.2. RNA extraction and retrotranscription to cDNA
We performed total RNA extraction from the whole body (ex-
cluding the digestive tube to avoid gut parasites) or specific tissues

using the miRNeasy extraction kit (QIAGEN). A sample of 100-

Table 1

150 ng from each RNA extraction was treated with DNase (Pro-
mega) and reverse transcribed with first Strand cDNA Synthesis
Kit (Roche) and random hexamers primers (Roche). RNA quantity
and quality was estimated by spectrophotometric absorption at
260 nm using a Nanodrop Spectrophotometer ND-1000® (Nano-
Drop Technologies).

4.3. Cloning and sequencing Mad, Smox and Medea orthologs in B.
germanica

To obtain the corresponding cDNAs of Mad, Medea and Smox,
comprising the complete ORF, we combined BLAST search in B.
germanica transcriptomes available in our laboratory (accession
codes GSE63993, GSM1560373, GSM1560374, GSM1560375,
SRX796238, SRX796239, SRX796244 and SRX790658), results of
mapping these sequences in the B. germanica genome (https://
www.hgsc.bcm.edu/arthropods/german-cockroach-genome-pro
ject) and PCR strategies to validate the transcriptome and genome
sequences with RT-PCR using specific primers and ¢cDNA from
penultimate instar male nymphs of B. germanica as a template. All
PCR products were subcloned into the pSTBlue-1 vector (Novagen)
and sequenced.

4.4. Determination of mRNA levels by quantitative real-time PCR

Quantitative real time polymerase chain reactions (qQRT-PCRs)
were performed at least in triplicate in an iQ5 Real-Time PCR
Detection System (Bio-Rad Laboratories), using SYBR®Green
(Power SYBR® Green PCR Master Mix; Applied Biosystems). A

Primers used to detect transcript levels by qPCR in Blattella germanica tissues and to prepare the dsRNAs for RNAi experiments.

Primer set Forward primer (5'-3’) Reverse primer (5'-3") Reference sequence
Mad TCAACAGCCTTTTCTGCCCA TGGATGCTGATGAAGCGGAA LN901331
Medea AGGTGTGGTGGGAGGTACTG TTGTTTGAGGAACCGTGTGA LN901332
Smox GACACATTGGGAAAGGCGTT GACTGTGATAAGAGCGCTGC LT575495
HR3A GATGAGCTGCTCTTAAAGGCGAT AGGTGACCGAACTCCACATCTC AM259128.1
Kr-h1 GCGAGTATTGCAGCAAATCA GGGACGTTCTTTCGTATGGA HE575250.1
E-93 TCCAATGTTTGATCCTGCAA TTTGGGATGCAAAGAAATCC HF536494.1
Bursicon AATGGACGAGTGTCAGGTGACA AACACATGCATGAACGTTCCAT LN901328
dsMad AGACAGGAGCAACTTCAGGC ACCGTAAGGGCCTACCTCAT LN901331
dsMedea GTGGCCTCGCCTTCAAGTGC ACCTGTCAGAGCAACATCTGATC LN901332
dsSmox TCACATGCAAGGAGTGGAGT ACAGAAGGCAAAAGCACACA LT575495
dsBurs CTGCAATACCCAGGTTGTGTT CTAAGGGGACCCTCATCAGC LN901328
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template-free control was included in all batches. The primers
used to measure mRNA levels are described in Table 1. The effi-
ciency of each set of primers was validated by constructing a
standard curve through four serial dilutions. Levels of mRNA were
estimated relative to BgActin-5c¢ (Accession number AJ862721)
expression, using the Bio-Rad iQ5 Standard Edition Optical System
Software (version 2.0). Results are given as copies of mRNA per
1000 copies of BgActin-5¢c mRNA.

4.5. RNA interference

The detailed procedures followed for RNAi experiments were as
described previously (Ciudad et al., 2006). The primers to generate
the templates for the corresponding dsRNAs used for Mad, Medea,
Smox and Burs are summarized in Table 1. The fragments were
amplified by PCR and cloned into the pSTBlue-1 vector. A 307-bp
sequence from Autographa californica nucleopoyhedrovirus (Ac-
cession number K01149) was used as control dsRNA (dsMock). The
dsRNAs were prepared as reported by Ciudad et al. (2006). A vo-
lume of 1 pL of dsRNA solution (of a concentration between 2 and
4 ngful) was injected into the abdomen of the experimental spe-
cimens at chosen ages and stages with a 5-uL Hamilton micro-
syringe. Control specimens were equivalently treated with
dsMock.

4.6. Treatment with juvenile hormone

In a series of experiments, dsSmox-treated specimens were
further treated with JH III as follows. Male nymphs freshly
emerged to N6 received a 2-pg dose of dsRNA (dsSmox or dsMock)
and were topically treated with 10 pg of JH III (Sigma) in 2 pL of
acetone. JH III is the native JH of B. germanica (Camps et al., 1987),
and the commercial source used is a mixture of isomers containing
ca. 50% of the biologically active (10R)-JH III, thus the active dose
applied was around 5 pg per specimen, which is an effective dose
that notably increases the expression of Kr-h1 (Fernandez-Nicolas
and Belles, 2016; Lozano and Belles, 2011).
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