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Role of nubbin in the
development of forewing sound-
producing structures in Acheta
domesticus (house cricket)

Nataliya Turchyn and Aleksandar Popadic¢*

Biological Sciences Department, Wayne State University, Detroit, Ml, United States

Among insects, Orthoptera (crickets and grasshoppers) have evolved a set of
highly specialized structures for acoustic communication, with males engaged in
sound production and amplification (stridulation) and females in sound
reception. These structures in males are located on their forewings, suggesting
that some of the wing genes may have been co-opted for new roles in
stridulation. As previous studies have identified nubbin (nub) as one of the key
genes in the wing development network, we examined its function in the house
cricket, Acheta domesticus. Our results show that nub regulates the overall size
and venation of both fore- and hindwings in both sexes, consistent with its
general role in wing development. Moreover, in males this gene is also involved in
the development of sound resonators (primarily the harp, anal area, mirror, and
chord). The distinct morphology of these structures is generated by either the
activation (in the harp and anal area) or suppression (in the mirror and chord) of
vein and cross-connection development in localized regions of the forewings.
Finally, nub RNAi males do not stridulate, confirming that the observed changes
in the morphology of resonators are functionally significant and responsible for
the loss of sound production.
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Introduction

Among insects, Orthoptera (crickets, grasshoppers, and katydids) are characterized by
two distinguishing features: their greatly enlarged hind legs (adapted for jumping) and
modified forewings (adapted for sound production). The former trait is controlled by the
homeotic gene Ultrabithorax (Ubx), which was shown to regulate the allometric leg growth
in both orthopterans and hemipterans (Mahfooz et al., 2004, 2007; Khila et al., 2014). These
studies also suggest that the transcriptional modification of Ubx expression may be a
universal mechanism for the evolutionary diversification of insect hind legs. In contrast,
very little is known regarding the genetic mechanisms that control the development of
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specific morphological structures on orthopteran forewings, which
in turn, are critical for enabling sound production.

As a part of studies regarding the diversification of insect
appendages, we have previously examined the embryonic functions
of POU homeodomain gene nubbin (nub) in several insect species,
including crickets (Hrycaj et al, 2008; Turchyn et al, 2011). The
generated results show that nub can have a variety of roles during
embryogenesis, including morphogenesis of mouthparts, joint
formation in legs, and the establishment of a limbless abdomen. In
adults, however, this gene is recognized for its function in growth and
proximal-distal patterning of wings (Ng et al., 1995; Cifuentes and
Garcia-Bellido, 1997; Neumann and Cohen, 1998). These
observations led us to investigate the roles of nub in the
development of wings in Acheta domesticus (house cricket). Our
results show that its depletion (via RNAI) results in smaller wings,
with each pair displaying an altered vein pattern. Moreover, there is a
specific effect in male forewings that lost and/or modified their
unique structures involved in sound production.

The above results suggest a dual role of nub in cricket wing
development. First, there is a general function in regulating the size
and overall shape of both fore- and hindwings. This is further
corroborated by recent functional studies in a variety of insects,
including Onthophagus taurus (scarab beetle), Blatella germanica
(cockroach), and Oncopeltus fasciatus (milkweed bug), which all
show that knockdowns of nub cause a reduction in adult wing size
(Medved et al., 2015; Hu and Moczek, 2021; Fernandez-Nicolas
et al, 2022). Second, nub has a lineage-specific role in developing
the singing apparatus in male crickets. While preliminary in nature,
this study provides a first step toward identifying a genetic network
underlying the evolution of sound production in orthopterans.

Materials and methods

Both Acheta nymphs and adults were raised at room
temperature of 25°C and relative humidity of about 60% on a diet
of fresh lettuce supplemented with dry cat food and water. Under
these conditions, they underwent eight nymphal stages to become
adults in about three months.

RNA isolation, cDNA synthesis, and cloning were conducted
using methods previously outlined in established protocols (Li and
Popadic, 2004; Hrycaj et al., 2008). The 387-bp long PCR fragment
of Acheta nub, which includes the highly conserved 5° POU
homeodomain, a hypervariable linker region, and the 3’
homeodomain was isolated with the help of degenerated primers:
EQFAKT (5'-GGAATTCGARCARTT YGCIA-ARAC-3") and
KEKRINP (5'-GCTCTAGAGGRTTIATICKYTTYCYTT-3"). It
was then subsequently inserted into a pCR4-TOPO vector and
confirmed through sequencing. This fragment was utilized not only
to induce specific nub RNAi phenotypes in embryos (Turchyn et al.,,
2011), but also in our current analysis.

To investigate the functional importance of nub during
postembryonic development, four to six ul of a 2.5 ug/ul nub
double-stranded RNA (dsRNA) were injected into Acheta dorsal
midline between the first and second abdominal (Al and A2)
segments using a Hamilton syringe with a pulled glass capillary
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needle. More specifically, multiple rounds of #nub RNAI treatments
were administered at different juvenile stages, starting from the 4™
nymphal stage (n=51) up to the 5 (n=7) and 6™ (n=53). Each
injection was followed by an additional dose of nub dsRNA every
ten days until these nymphs emerged as adults or died. Among the
total of 111 injected nymphs, 37 died, 12 displayed wild-type
characteristics, and 62 exhibited specific nub RNAi phenotypes
ranging in severity from moderate to strong. As described
previously (Hrycaj et al., 2010), positive control was performed by
using universal 18S (QuantumRNATM 18S Internal Standards,
Ambion, Austin, TX, USA) primers with competimer (3:7 ratio)
in both wild type and nub-depleted Acheta. The PCR conditions
were as follows: denaturation at 95°C for 2 minutes, followed by
annealing at 58.3°C and extension at 72°C for 30 seconds, repeated
for 33 cycles.

Results

nub RNAI affects the overall wing size and
vein pattern

Orthopteran forewings (tegmina) are oval-shaped leathery
coverings that protect hindwings and are divided into two
regions, the anterior (remigium) and the posterior (vannus). In
Acheta, these areas are separated by a long narrow boundary that
displays dense brown pigmentation (Figure 1A). The female
remigium has a thick net-like venation pattern (Figure 1A1),
which is greatly modified for sound production in males
(Figure 1B1). To improve their visibility, male-specific
stridulating and sound-resonating structures are artificially
colored in violet (anal area), purple (harp), brown (mirror), green
(chord), and orange (plectrum). The vannus region is similar in
both sexes, featuring thick parallel veins (with fewer cross-veins
between) and a distinct lobe on its proximal end.

As illustrated in Figures 1C-D1, the forewings in nub RNAi
adults of both sexes are smaller and shorter compared to the wild
type. While the female remigium and vannus (Figure 1C1) largely
retain the original vein pattern, the veins are much less pronounced,
and they do not undergo melanization. Consequently, the entire
wing appears lighter in color. The proximal lobe is also smaller and
assumes an elongated shape. By far the largest effect is observed in
the remigium of RNAi males, which display a significant alteration
in its sound-resonating structures. First, the harp has been reduced,
and three S-shaped thick veins have been replaced by several
longitudinal thinner veins. Second, the previously large, veinless
oval-shaped mirror region has been transformed into a much
smaller rectangular shape. Furthermore, its anterior half now
features several longitudinal veins that are connected with cross-
veins. Third, the lattice-like vein pattern localized at the distal wing
region in the wild type has expanded into the chord region. While
the original chordal veins are still present, they are much thinner
and connected with cross-veins.

Acheta hindwings are longer than forewings, and their distal
ends extend over the abdomen in the wild type (Figures 1A, B).
They feature a greatly expanded vannus region and a dense array of
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FIGURE 1

Analysis of nub RNAi forewing phenotypes in Acheta domesticus. (A, B) Whole body images of wild type female and male crickets. Both sexes have a
pair of overlapping rigid forewings, which neatly cover their delicate hindwings that extend far beyond the abdomen. (A1) Forewings are divided by
the claval fold (CF; blue dotted line) into two distinct regions, the anterior (remigium) and the posterior (vannus), respectively. The former exhibits a
sclerotized, net-like venation with major veins giving off smaller branch veins (cross-veins). In the latter, however, veins run in a parallel-like fashion
from the wing base towards its posterior margin and have fewer cross-veins (compared to remigium). The proximal posterior end of the forewing
has a lobe (L) in both genders. (B1) In males, the morphology of the remigium is greatly altered for a new function in acoustic communication. It
features specialized structures for sound production (stridulatory organs), which are artificially colored for easier visualization: anal area (violet), harp
(purple), mirror (brown), chord (green), and plectrum (orange). (C, D) In nub RNAIi female and male adults, forewings are reduced in size and do not
fold as neatly as in wild types. (C1, D1) In both sexes, veins in forewings are less pronounced and only slightly melanized. The main change is
observed in males (D1), which display large changes in the morphology of the sound-producing structures.

melanized veins that radiate from the wing base and form a fan-like
pattern (Figures 2A, C). These veins are linked by cross-veins,
which are most numerous in a narrow brown region just below the
claval fold. Unlike the forewings, the hindwing morphology is very
similar between the males and females. In nub RNAi adults, though,
hindwings are smaller and barely reach the tip of the abdomen
(Figures 1C, D). Furthermore, the number of veins in the vannus is
significantly reduced, creating larger cells in the space between the
two veins (Figures 2B, D). nub RNAIi hindwings also appear lighter
as these veins are not melanized, which is similar to observations
in forewings.
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nub regulates the development of sound-
resonating structures in crickets

To better understand the observed morphological changes in
male forewings (Figure 1D1), we examined all six regions that play
important roles in sound production. As illustrated in Figure 3, our
analysis includes both the moderate and strong nub RNAi
phenotypes. In the proximal region, we focused on the anal area
(Figure 3A1) that includes two L-shaped thick veins: Al (black
arrowhead) and Cu2 (white arrowhead). The Cu2 vein plays a
critical role in sound production as it contains a row of sharp
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Comparison of hindwings in wild type and nub RNAi Acheta adults. (A, C) Dissected wild type hindwings in females and males, respectively. In
contrast to oval, leathery forewings, the hindwings are fan-shaped, membranous, and have no lobe at their proximal posterior end. Their vannus is
bigger than the remigium, and both regions feature longitudinal veins with numerous cross-veins. (B, D) Dissected nub RNAi hindwings in both
sexes. These wings are visibly smaller and have a reduced number of longitudinal veins in their vannal region (especially in males). A black dotted line

represents the CF that separates the remigium from the vannus

protrusions on its ventral side that create a “file-like” morphology.
A stridulating sound is generated when the file strikes the plectrum
(scraper) of the opposite wing. In nub knockdowns, the Al vein
disappears while Cu2 becomes much thinner and loses its original
L-shape (Figures 381-C1). In contrast, no changes were observed in
the morphology of the plectrum (Figures 3A5, B5, C5).

Next, we examined changes in the three sound resonators (harp,
mirror, and chord). As previously described (Desutter-Grandcolas,
1995), the harp region features several thick, contoured annulate
veins with a ridge-like appearance. These veins are still present in a
moderate phenotype, albeit thinner and barely contoured
(Figure 3B2). In a strong phenotype, however, the original S-
shaped veins disappear entirely and are replaced with several
irregularly shaped longitudinal veins (Figure 3C2). Similar trend
is observed in the mirror region. In the wild type, the mirror is
formed by a thick, circular vein that delineates an oval-shaped flat
region (Figure 3A3). In a moderate phenotype, this circular vein
becomes thinner and less contoured (Figure 3B3). In addition,
several smaller veins now appear in the mirror. In the strong
phenotype, a network of thick longitudinal veins and short cross-
veins appears in the previously veinless inside area of the mirror
(Figure 3C3). Finally, we examined the last resonating structure, the
chord. In wild type, the chord is an oval-shaped region that
encompasses three longitudinal veins (Figure 3A4), which become
much thinner in RNAi adults (Figure 3B4). Furthermore, several
distinct cross-connections develop between the longitudinal veins
in strong nub RNAi phenotypes (Figure 3C4). In addition, we
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noticed changes in the proximal region of the chord, which is
labeled as anal node (Supplementary Figure 1A). This is the area
where the three longitudinal veins merge with the Cul vein. In the
moderate phenotype, this vein does not reach the anal node
(asterisk in Supplementary Figure 1A1). Even more dramatic
change is observed in the strong nub RNAi phenotype, in which
the Cul acquires a completely different morphology bifurcating and
merging with the Cu2 vein well below the anal node
(Supplementary Figure 1B1).

The singing apparatus in male crickets is composed of a sound
production part (file and plectrum) and a sound amplification part
(encompassing the harp, mirror, and chord). While the above
results highlight the role of nub in the development of sound
resonators, they also show that the morphology of the plectrum is
not affected in RNAi phenotypes. However, the closer inspection of
the file (Figures 3D1-D3) revealed visible changes in its anatomical
features. In wild type, there are sharp protrusions (“teeth”) on the
ventral side of the Cu2 vein, which provide an overall ladder-like
appearance. In nub RNAIi phenotypes these protrusions are less
pronounced, and the Cu2 vein is greatly reduced (Figures 3D2-D3).
What is worth noting is that while the shape of the vein has been
altered, the position of the file remains unchanged (Figure 3D3). In
other words, the file is now positioned adjacent to but not exactly
beneath the Cu2 vein.

While performing the above described experiments, we noticed
that nub RNAi males are “silent” and do not stridulate. Aside from
this feature, these insects were indistinguishable from the wild type.
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FIGURE 3

The details of the altered morphology in male forewings. (A) Wild-type adult forewing with dashed line squares indicating the structures associated
with sound production, which are displayed in rows below. (A1-A5) Magnified images of the anal area, harp, mirror, chord, and plectrum of a wild
type, respectively. Black and white arrowheads in the (A1) panel point to the Al and Cu2 veins, respectively. The latter forms sharp protrusions on
the ventral side, producing a file-like structure. Posterior to the Cu2 vein is a triangular area called harp (A2), which is followed by the mirror (A3).
Along the outer edge of the wing lies an oval-shaped area known as the chord with three longitudinal veins (A4) and a hardened ridge (A5) known
as the plectrum (scraper). (B1-B5, C1-C5) Close-up views of the corresponding structures in moderate and strong nub RNAi phenotypes,
respectively. (D1-D3) The magnified images of the file in wild type and nub-depleted adults. White arrowhead points to the Cu?2 vein.

This observation shows that the changes in the morphology of
stridulating and sound-resonating structures are functional and
result in silencing of the males.

Discussion

The classical research in Drosophila established that nub plays a
key role in the proximal-distal patterning of wings (Ng et al., 1995;
Cifuentes and Garcia-Bellido, 1997; Neumann and Cohen, 1998;
Zirin and Mann, 2007). The complete knockdown results in a
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vestigial tissue with a small bump-like appearance, highlighting its
essential function during wing primordia development. However,
studies in coleopterans (beetles) and hemipterans (milkweed bugs)
show that nub depletion via RNAi at later nymphal stages (after the
primordia are formed) cause a moderate reduction in wing size
(Medved et al., 2015; Hu and Moczek, 2021). These observations
reveal that nub is continuously required during wing development.
Early on, it is essential for formation of wing primordia, while its
later expression is necessary for wings to reach their full size. As
illustrated in Figures 1 and 2, wings in Acheta nub RNAI adults are
visibly smaller compared to wild type, consistent with the latter
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function. In addition, the patterning and melanization of veins are
also affected (especially in hindwings). Aside from these general
roles in both pairs of wings in both sexes, nub has a distinct function
in Acheta males only (Figures 3, 4A), where it regulates the
development of sound amplification structures on forewings
(mainly the harp, anal area, mirror, and chord). More specifically,
in the harp, nub controls the formation of the three large S-shaped
annulated veins as well as the overall size of this structure
(Figure 3C2). Similar function is observed in the adjacent region
(anal area), where nub promotes the development of two L-shaped
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thick veins: Al and Cu2 (Figure 3C1). In the mirror, though, nub
suppresses vein formation, resulting in a vein-free region
(Figure 3C3). Similarly, in the chord, it prevents the growth of
cross-connections between the three longitudinal veins
(Figure 3C4). Therefore, nub can either activate (harp and anal
area) or suppress (mirror and chord) vein and cross-connection
development in the distinct regions of the forewings. In addition, it
is involved in regulating the size and shape of these regions.

The above described alterations in the morphology of
resonators are functionally significant, as Acheta nub RNAi males

male

Acheta domesticus

female

male

flatwing male

Teleogryllus oceanicus

ARe

Oecanthus

Gryllotalpa

monaka Sultoni

FIGURE 4

Pholidoptera
griseoaptera

Riatina
pilkena

Summary of morphological variations in sound-producing structures across different cricket species. (A) Forewings from wild-type female, wild-type
male, and nub RNAi male Acheta adults. The anal area, harp, mirror, chord, and plectrum are highlighted in violet, purple, brown, green, and orange,
respectively. (B) “flatwing” males of Teleogryllus oceanicus have feminized wings, lacking the mirror, chord, and plectrum, and possessing a reduced
harp. An asterisk indicates that plectrum may be present in some flatwing males. (C) A sample of naturally occurring variations in the morphology
and presence of the harp and mirror in additional cricket species. Oecanthus fultoni (snowy tree cricket) features a large mirror and a smaller harp,
while Gryllotalpa monanka (dark night mole cricket) has a small mirror and a large harp. In Pholidoptera griseoaptera (bush cricket), only a mirror is
present, whereas another bush cricket species, Riatina pilkena, has only a harp. The forewing diagrams in (B, C) are based on studies by Pascoal et al

(2014); Pascoal et al. (2016), and Bailey et al. (2019).
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do not stridulate. Intriguingly, twenty years ago a similar silencing
event was observed in natural populations of the Hawaiian field
cricket Teleogryllus oceanicus (Zulk et al., 2006). In that instance, a
mutant wing morph (flatwing) evolved spontaneously to render
males silent as a protection against predatory parasitoid (Figure 4B).
Extensive follow up research in Teleogryllus provided a wealth of
knowledge regarding the evolution of “flatwing” males, including
the identification of the gene doublesex (dsx) as potentially
responsible for male silencing (Desutter-Grandcolas, 1997;
Montealegre et al., 2011; Gu et al., 2012; Pascoal et al., 2014;
Bailey et al., 2019; Zhang et al., 2021). As illustrated in Figure 4B,
though, the path towards male cricket silencing in Teleogryllus is
quite different from the present observations in Acheta. First, the
mirror and the chord do not develop in flatwing males. Second, the
plectrum (scraper) is absent in some populations (Kauai), but
present in others (Oahu). Third, the forewings in these
individuals display a trend toward feminization by which they
acquire the overall vein patterning very similar to the one present
in female crickets. Overall, the insights from Teleogryllus and
Acheta are complementary, and provide a better understanding of
the level of integration between different components involved in
sound production. In Teleogryllus, it is the large perturbations of the
system (the absence of the mirror and chord, and the change of the
wing identity) that cause the loss of the function. On the other hand,
changes in Acheta are more nuanced and encompass changes in the
size and morphology of the resonators.

In nature, crickets display a surprisingly large variation in the
design of their sound production apparatus, some of which is
depicted in Figure 4C. For example, the size of the mirror can
range from small (as in Gryllotalpa monaka) to large (as in
Oecanthus fultoni). There are species that do not have a mirror at
all (such as Riatina pilkena), while in others a harp is absent (as in
Pholidoptera griseoaptera). These observations suggest that the
formation of sound resonators is regulated by distinct gene
regulatory networks (GRNs) that can be activated either
independently or in a coordinated fashion. Studies in Teleogryllus
point to dsx as the obvious candidate as the common regulator of
such GRNGs. Similarly, results in Acheta suggest that nub may be co-
opted for a role in the development of distinct resonator
morphologies. For both genes, it is necessary to extend functional
studies to other species in order to determine whether their roles are
general or lineage-specific. Moreover, as resonators are spatially
precisely defined, their respective GRNs should have matching
spatially localized expression patterns. For example, in scarab
beetles, dsx is preferentially expressed in the horn imaginal disks
in large males causing the subsequent differential enlargement of
these appendages in adults (Kijimoto et al., 2012). Combining the
functional analyses with the expression pattern studies of genes
such as dsx and nub and identifying their downstream targets, may
provide critical new insights into the genetic architecture of sound-
producing structures in insects.
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