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Abstract

The cricket, Gryllus bimaculatus, is a classic model of leg regeneration
following amputation. We previously demonstrated that Gryllus
decapentaplegic (Gb’dpp) is expressed during leg regeneration, although it
remains unclear whether it is essential for this process. In this study,
double-stranded RNA targeting the Smad mathers-against-dpp homolog,
Gb’mad, was employed to examine the role of Bone morphogenetic protein
(BMP) signaling in the leg regeneration process of Gryllus bimaculatus.
RNA interference (RNAi)-mediated knockdown of Gb’mad led to a loss of
tarsus regeneration at the most distal region of regenerating leg segments.
Moreover, we confirmed that the phenotype obtained by knockdown of
Dpp type I receptor, Thick veins (Gb’tkv), closely resembled that observed
for Gb’mad RNA1 crickets, thereby suggesting that the BMP signaling
pathway 1is indispensable for the initial stages of tarsus formation.
Interestingly, knockdown of Gb’mad and Gb’tkv resulted in significant
elongation of regenerating tibia along the proximodistal axis compared
with normal legs. Moreover, our findings indicate that during the
regeneration of tibia, the BMP signaling pathway interacts with
Dachsous/Fat (Gb’Ds/Gb’Ft) signaling and dachshund (Gb’dac) to
re-establish positional information and regulate determination of leg size.

Based on these observations, we discuss possible roles for Gh’mad in the



distal patterning and intercalation processes during leg regeneration in

Gryllus bimaculatus.
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INTRODUCTION

Regeneration involves the recognition of missing tissue and
restoration of relational structures. Insects and arthropods can regenerate
lost appendages, such as legs (Bohn, 1971; French, 1976a; French, 1976b;
French, 1978; Truby, 1983). However, there are many aspects of
regeneration that remain to be understood. For example, how do tissues
that undergo regeneration initiate diverse cellular processes such as cell
death and blastemal cell proliferation and differentiation, how do blastemal
cells specify positional identities along the proximodistal (P/D) axis and
restore a tissue to its appropriate size, and what factors contribute to the
mechanism(s) underlying these regeneration processes. To address these
questions, we have studied leg regeneration in the classic two-spotted
cricket model, Gryllus bimaculatus (Mito and Noji, 2008; Wilson-Horch et
al., 2017).

A cricket leg i1s composed of five segments along the P/D axis: the
coxa, trochanter, femur, tibia, and tarsus, with the latter divided into three
segments. When the tibia of a third instar nymph cricket is amputated at
any level of the P/D axis, the leg regenerates and recovers its allometric
size and proper shape by the sixth instar (Mito et al., 2002). During the
initial period of leg regeneration, regional specialization of blastemal cells
is evident along the anteroposterior (A/P), dorsoventral (D/V), and P/D

axes. According to the molecular mechanisms proposed for the boundary



model modified by Campbell and Tomlinson (CTBM), ventral and dorsal
cells in the anterior compartment close to the A/P boundary express
wingless (wg) and decapentaplegic (dpp), respectively (Campbell and
Tomlinson, 1995; Meinhardt, 1982). Similarly, we previously
demonstrated that Gh’wg and Gb’dpp are expressed in the ventral and
dorsal blastemal cells of a leg amputated at the distal tibia, consistent with
the CTBM (Mito et al., 2002; Nakamura et al., 2008a; Niwa et al., 2000).
Interestingly, this expression profile of Gb’wg and Gb’dpp is similar to that
observed in the leg bud of the Gryllus embryo (Mito et al., 2002; Niwa et
al., 2000). Because the formation of a P/D axis in a regenerating leg is
triggered at a site where ventral Gb’wg-expressing cells are predicted to be
proximal to dorsal Gb’dpp-expressing cells at the A/P boundary according
to the CTBM, Gb’wg and Gb’dpp may play essential roles in the
establishment of the P/D axis during leg regeneration (Mito et al., 2002;
Nakamura et al., 2008a).

Recently, we applied RNAi to elucidate functions of Gbh’Wg and
Gb’Dpp in the Gryllus nymphs. Silencing of Gb’wg or Gb’dpp did not
result in an observable phenotype during development or regeneration,
probably due to compensation for these losses by another member of the
corresponding gene families. However, when expression of an ortholog of
beta-catenin, Armadillo (Gb’arm), was knocked down by RNAI,

regeneration was disrupted (Nakamura et al., 2007). These results indicate



that the canonical Wg/Arm signaling pathway plays an essential role in the
initiation of the leg regeneration process. Meanwhile, Mothers-against-dpp
(Gb’mad) is the prototype of a family of genes required for signaling by
transforming growth factor (TGF)-B-related ligands, and it has been shown
to be essential for the BMP signaling pathway (Hamaratoglu et al., 2014;
Raftery and Sutherland, 1999; Schmierer and Hill, 2007). Mad is
downstream of both the Dpp and BMP type I receptor, Thick veins (Gb’tkv),
and it regulates expression of BMP target genes (Hamaratoglu et al., 2014).
It has previously been demonstrated that RNA1 targeting of Gb’dpp has no
effect on leg development and regeneration, while RNAi targeting of
Gb’mad, Gb’tkv, or both Gb’dpp and Gb’glass bottom boat/60A4 (Gb’gbb),
which encodes a BMP family member, leads to precocious adult
metamorphosis (Ishimaru et al., 2016). Taken together, these results
indicate that the Mad-mediated BMP signaling pathway is critical for
ensuring completion of adult metamorphosis.

In the present study, regenerated tibias of cricket legs treated with
Gb’mad RNA1 have been found to be much longer than normal tibias. This
phenomenon is potentially due to promotion of cell proliferation in the
Gb’mad RNAI tibia. Dachshund (Gb’dac) (Dong et al., 2001; Mardon et al.,
1994) encodes a transcriptional co-repressor that has also been found to be
associated with cell proliferation of regenerating tibia. Consequently,

Gb’dac has been shown to contribute to leg growth and determination of



tibial size along the P/D axis (Ishimaru et al., 2015). Thus, the functions of
BMP signaling and Gb’dac affect tibial cell proliferation, thereby
contributing to the determination of Ilength for regenerated tibia.
Additionally, we recently demonstrated that Dachsous/Fat (Gb’Ds/Gb’Ft)
signaling (Harvey and Hariharan, 2012; Harvey et al., 2013) plays a crucial
role in re-establishing positional information that derives from intercalation
of missing structures between the amputated position and the most distal
position (Bando et al., 2009; Bando et al., 2011a; Bando et al., 2011b).
Based on these findings, we proposed a Ds/Ft gradient (steepness) model in
which the Ds/Ft signaling pathway maintains positional information and
determines leg size (Bando et al., 2011b; Yoshida et al., 2014).

In the present study, the objective was to employ RNA1 targeting of
Gb’dac, Gb’ds, Gb’ft, Gb’tkv, and Gb’mad in a cricket model of leg
amputation in order to investigate the mechanisms underlying the initiation
of distal pattern formation and tarsus regeneration according to the CTBM
and the intercalary pattern formation of tibia regeneration according to the
Ds/Ft steepness model. Here we show that the function of BMP signaling is
essential for the tarsus regeneration and is involved in the mechanism that

controls the distal size of regenerating tibia along the P/D axis.

MATERIALS AND METHODS

Animals



All nymphs of the two-spotted cricket, Gryllus bimaculatus, were
reared at 28-30 °C with 70% humidity as previously described (Mito et al.,

2002; Niwa et al., 2000).

RNAi

Double-stranded RNAs (dsRNAs) designed to target Gb’mad, Gb’tkv,
Gb’dac, Gb’ds, and Gb’ft were prepared as previously described (Bando et
al., 2009; Ishimaru et al., 2015; Ishimaru et al., 2016; Nakamura et al.,
2007). Briefly, following the injection of dsRNAs into the abdomen of
third instar nymphs, tibias were amputated at the distal position between
the second and third spines. This amputation removed 30% of the distal
part of the tibia. The entire length of regenerated tibia was measured from
femoral segment to the tibial spurs at tibial end. Negative controls were
injected with dsRNA targeting DsRed? which was prepared as previously
described (Miyawaki et al., 2004). Dual RNAI1 targeting was achieved with
an injection of two dsRNAs targeting two separate genes. The final
concentration of each dsRNA was adjusted to 20 uM. The negative control
for the dual RNA1 experiments was an injection of buffer instead of

dsRNA.

Transplantation of nymph legs



Transplantation experiments to examine the formation of
supernumerary legs were performed as described previously (Mito et al.,
2002; Nakamura et al., 2008a; Truby, 1986). Briefly, control (DsRed?) and
Gb’mad RNAi were applied to an amputated right metathoracic leg stump,
while the amputated distal part of the left mesothoracic leg was used as a
graft. To connect the legs, the mesothoracic graft was inserted into the
metathoracic leg stump. In addition, a control graft was transplanted onto a

control host and an RN A1 graft was transplanted onto an RNA1 host.

Cell proliferation

Cell proliferation assays were performed by using a Click-iT EAU
Alexa Fluor 488 Imaging Kit (Invitrogen, Carlsbad, CA, US) (Salic and
Mitchison, 2008). Briefly, 5-ethynyl-2’-deoxyuridine (EdU) solution was
injected into the abdomen of nymphs at the appropriate analysis stage, and
regenerated legs were fixed 4 h later (Bando et al., 2009). Hoechst 33342

was used to stain nuclei.

qPCR

Total RNA was extracted from blastemal regions of control (DsRed?2)
and Gb’mad RNA1 nymphs at 2 dpa or 5 dpa by using ISOGEN (Wako
Pure Chemical Industries Ltd., Osaka, Japan). RNA extraction was

performed in triplicate biological samples at 2 dpa or 5 dpa. In each sample,



15 nymphs at 2 dpa and 10 nymphs at 5 dpa were used for control RNAi
legs; 17 nymphs at 2 dpa and 10 nymphs at 5 dpa were used for Gb’mad
RNAI1 legs. Total RNA was reverse transcribed into cDNA by using the
SuperScript III First-Strand Synthesis System (Invitrogen) with an
oligo(dT),o primer according to the manufacturer’s instructions. The ABI
7900 Real-Time PCR System (Applied Biosystems, Foster, CA, US) with
Power SYBR Green PCR Master Mix (Applied Biosystems) was used to
perform qPCR as previously described (Ishimaru et al., 2016; Nakamura et
al., 2008b). The sequences of the qPCR primers used have been previously
described (Bando et al., 2009; Ishimaru et al., 2015; Ishimaru et al., 2016).
The Gb’[-actin gene was selected as an internal control gene (Bando et al.,
2009; Ishimaru et al., 2016). All of the qPCR reactions were performed in

triplicate as technical replicates.

RESULTS
Effects of Gb’mad on leg regeneration along the P/D axis in crickets

To investigate the function of Gb’mad during leg regeneration, a gene
knockdown analysis was performed with RNAi. Briefly, Gb’mad
double-stranded RNA (dsRNA) was injected into third instar nymphs.
Subsequently, the right metathoracic legs were amputated at the distal tibia
(Fig. 1a). Regenerated legs of sixth instar nymphs were used as controls

(Fig. 1b; n = 37/37). The latter provided shapes for the three tarsal



segments and claw, although these structures were shorter than the
contralateral leg of the controls. In the sixth instar nymphs that were treated
with RNAI targeting Gb’mad, the tarsus was not regenerated (Fig. 1b; n =
24/27). This result indicates that the BMP signaling pathway may be
involved in distal patterning and tarsus formation during leg regeneration.

Previously, we demonstrated that increased cell proliferation in the
presumptive tarsus at 3.5 days post-amputation (dpa) is primarily
responsible for tarsal growth (Ishimaru et al., 2015). To examine whether
Gb’mad contributes to this cell proliferation, Gb’mad dsRNA was injected
into nymphs. After administration of EdU, the number of EdU-positive
cells that were counted in the presumptive tarsus region at 3.5 dpa are
shown in Fig. 1c. In comparison with the control presumptive tarsus (n = 7),
the relative ratio of EdU-positive cells to total cells decreased by 0.39-fold
at 3.5 dpa in the presence of Gb’mad RNAi (n = 6) (Fig. 1d). These data
suggest that Gb’mad RNA1 compromises development of the tarsus as a
result of decreased cell proliferation at 3.5 dpa. These results indicate that
the BMP signaling pathway potentially contributes to regulating the initial
growth of a regenerating tarsus.

To examine possible roles for Gb’mad during the formation of
supernumerary legs, we grafted amputated left mesothoracic legs onto right
metathoracic legs within the same nymphs. Among these nymphs, those

that received Gb’mad RNAI did not form supernumerary legs (n = 14/17),



while supernumerary legs did form in the control nymphs (n = 14/15) (Fig.
le). These results suggest that Gb’mad is required to form supernumerary
legs and for initiation of tarsal regeneration.

Although regeneration of the tarsus was not observed in the Gb’mad
RNAI1 legs, the regenerated tibia was longer than the control tibia (Fig. 1b).
Tibial spurs also appeared in the distal position of the regenerated tibia.
The relative ratio of tibial length of the regenerated legs to that of the
contralateral (normal) legs in the sixth instar controls was reduced by
approximately 0.84-fold (Fig. 1g). In contrast, regenerated tibia in the
Gb’mad RNAI1 legs were remarkably elongated along the P/D axis, and the
relative ratios of tibial length to the contralateral legs and the control
regenerated legs were approximately 1.24-fold and 1.47-fold, respectively
(Fig. 1g). Furthermore, RNAI targeting of the Dpp type 1 receptor, Thick
veins (Gb’tkv), was performed and a phenotype similar to that of Gb’mad
RNAi1 was observed (Fig. 1f; n = 8/9). For example, the Gb’tkv RNAI
nymphs exhibited obvious defects in regeneration of the tarsus, the
regenerated tibia were lengthened 1.19-fold (Fig. 1g), and distal structures
were observed, including tibial spurs. Taken together, these results indicate
that loss of Gb’mad and Gb’tkv functions leads to a proximal-to-distal
elongation of regenerated tibia, whereas distal structures, including tibial

spurs, regenerate. Accordingly, we suggest that the BMP signaling pathway



is involved in determining the distal size of regenerated tibia along the P/D

axis.

Effects of Gb’mad and Gb’dac on cell proliferation during leg
regeneration

To explore whether cell proliferation contributes to the elongated
phenotype of RNAi-targeted Gb’mad tibia, EAU incorporation assays were
performed. In the Gb’dac RNA1 nymphs (Fig. 2b, n = 7), the number of
EdU-positive cells at 2 dpa was reduced in the blastema compared with the
control nymphs (Fig. 2a, n = 6). Conversely, the number of EdU-positive
cells increased in the blastema of the Gh’mad RNAi nymphs (Fig. 2¢; n =
7). When cell proliferation was examined in both models at 5 dpa, the
number of EdU-positive cells decreased in the presumptive tibia of the
Gb’dac RNAi nymphs (Fig. 2e; n = 5) and increased in the presumptive
tibia of the Gb’mad RNA1 nymphs (Fig. 2f; n = 7), compared to the control
nymphs (Fig. 2d; n = 6).

Next, the relative ratios of EdU-positive cells to total cells in the
blastema and presumptive tibia at 2 dpa and 5 dpa were calculated.
Compared to the control legs, the relative ratios decreased by
approximately 0.62-fold at both time points for the Gb’dac RNA1 nymphs
and increased 1.97-fold and 1.6-fold in the Gb’mad RNAi nymphs,

respectively (Fig. 2, g and h). Taken together, these data indicate that



Gb’dac positively affects the proliferation of blastemal and presumptive
tibial cells, while Gb’mad inhibits cell proliferation and may control the

size of regenerating tibia.

Gb’dac and Gb’mad contribute to regulating the size of regenerating
tibia

Based on the results described above, we hypothesize that the
suppression of cell proliferation observed in Gb’dac RNA1 nymphs results
from activation of Gb’Mad functions. Consequently, knockdown of
Gb’mad by RNA1 should rescue the shortened tibia phenotype triggered by
Gb’dac RNAIi. To test this hypothesis, we injected both Gb’dac and
Gb’mad dsRNAs into third instar nymphs and then amputated their legs.
The relative ratio of tibia length for the regenerated Gb’dac single RNAi
legs at the sixth instar exhibited an approximate 0.63-fold decrease
compared to that of the control regenerated legs (Fig. 3, a and c; n = 19/21).
Regarding the tibial phenotypes of the regenerated leg models, injection of
Gb’dac and Gb’mad RNAI1 rescued the short tibia phenotype associated
with Gb’dac single RNA1 (Fig. 3b; n = 19/24), and the dual RNA1 tibia
exhibited either normal or a 1.16-fold increase in length (Fig. 3c). These
results imply thata  functional relationship exists between
Gb’dac and Gb’mad, and this relationship regulates cell proliferation and

may contribute to the determination of tibial size in the regenerating legs.



Functional relationship between Gb’ds, Gb’ft, and Gb’mad in
regenerating legs

In our previous studies, regenerated tibias of Gb’ds and Gb’ft RNAi
legs were very short and thick (Bando et al., 2009). These results indicate
that Ds/Ft signaling is associated with the re-establishment of gradients of
positional values across blastemal cells during regeneration and it regulates
leg size. In combination with the data above, we further hypothesize that
Gb’mad contributes to the mechanism regulating positional information via
Gb’Ds/Gb’Ft signaling. To confirm this hypothesis, we analyzed the
phenotypes obtained with dual RNAi targeting of Gb’ds or Gb’ft and
Gb’mad versus injections of single Gb’ft and Gb’ds dsRNA (Fig. 4). The
relative ratios of tibia length in the RNAi legs to that of the control legs
were reduced by 0.51-fold and 0.6-fold for the Gb’ft (Fig. 4a; n = 18/20)
and Gb’ds (Fig. 4b; n = 21/25) single RNA1, respectively (Fig. 4e), while
the Gb’ft and Gb’mad dual RNAI legs (Fig. 4c; n = 20/24) or Gb’ds and
Gb’mad dual RNAI legs (Fig. 4d; n = 28/32) exhibited an increase in the
relative ratio by approximately 1.22-fold (Fig. 4e). These results suggest
that BMP signaling pathway contributes to the mechanisms that determine
distal size of regenerating tibia and the re-establishment of positional

information via interactions with Ds/Ft signaling.



Regulation of Gb’dac, Gb’ft, and Gb’ds expression by Gb’mad

The elongated tibia obtained with Gb’mad RNA1 may be the result of
Gb’dac-associated proliferation and Gb’Ds/Gb’Ft signaling to re-establish
positional information. Thus, we hypothesize that tibial size is determined
by the relationship between these factors, and expression of Gb’dac and
Gb’ds/Gb’ft in regenerating tibia are regulated via the BMP signaling
pathway. To test this hypothesis, levels of Gb’dac, Gb’ds, Gb’ft, and
Gb’mad mRNA in regenerating legs treated with RNAI1 targeting Gb’mad
were analyzed by qPCR. The ratios of these mRNA levels in comparison
with control tibia were estimated at 2 dpa and 5 dpa. The relative ratios of
Gb’dac mRNA increased 2.12-fold at 2 dpa and remained unchanged at 5
dpa (Fig. 5). There was no change in the relative ratios of Gb’ds and Gb’ft
mRNA at 2 dpa (Fig. 5a), while the relative ratios slightly increased
1.15-fold and 1.78-fold, respectively, at 5 dpa (Fig. 5b). Meanwhile,
Gb’mad mRNA was reduced 0.56-fold and 0.33-fold, respectively (Fig. 5).
Taken together, these results indicate that expression levels of Gb’dac and
GDb’ft increase when levels of Gb’mad are reduced. Thus, we propose that
the BMP signaling pathway may contribute to both cell proliferation and
the restoration of positional information in regenerating tibia by regulating

the expression of Gb’dac and Gb’ft.



DISCUSSION

By using an RNAi knockdown approach to target Gb’mad, our
experimental data demonstrate that the BMP signaling pathway is involved
in the regeneration of the tibia and tarsus in cricket legs (Fig. 6). When a
cricket leg is amputated in the middle of the tibia, the entire tarsus and half
of the tibia are lost. Recognition of the amputated position as the most
distal position is called “distalization” (Agata et al., 2007). Subsequently,
regeneration of the blastema occurs in the distal region of the amputated
leg and blastemal cells proliferate to form the missing structures by
intercalating between the most distal region and the remaining part of the
leg (i.e., “intercalation”) (Bando et al., 2011b; Bando et al., 2013). In the
present study, we focused on the role of the BMP signaling pathway in the
process of leg regeneration according to the “distalization and intercalation”
(D&I) principle (Agata et al., 2007). In relation to this principle, we
subsequently discuss the following three points: (1) distal pattern formation
during the initial stages of leg regeneration, and (2) regulation of positional
information and (3) cell proliferation in the regenerating tibia.

We previously reported that Gh’wg and Gb’dpp are expressed in
regenerating blastemal cells of cricket legs (Mito et al., 2002; Nakamura et
al., 2008a), consistent with the CTBM (Campbell and Tomlinson, 1995).
Thus, in the present study, we considered that formation of the P/D axis in

a regenerating leg is triggered at a site where ventral Gb’wg-expressing



cells abut dorsal Gb’dpp-expressing cells at the A/P boundary (Mito et al.,
2002). Moreover, we previously demonstrated that RNA1 knockdown of
Gb’arm prevents regeneration of a cricket leg, thereby indicating the
crucial role that Gb’arm has in cricket leg regeneration (Nakamura et al.,
2007). In the present study, the Gh’mad RNAI crickets exhibited a defect in
distal regeneration which led to the absence of a tarsus in the regenerated
legs. Thus, we conclude that the canonical Wg/Arm and BMP/Mad
signaling pathways play a crucial role in distal patterning as part of the leg
regeneration process. Subsequently, a combined activity gradient of Dpp
and Wg induces transcription of the downstream gene, vein (vn), which
encodes a ligand of the epidermal growth factor receptor (EGFR) at the
distal tip of legs (Campbell, 2002; Galindo et al., 2002). Considering the
role of EGFR signaling in distal leg patterning, it is possible that the tarsus
is controlled by a distal-to-proximal gradient of EGFR activity. Indeed,
Gb’Egfr has been shown to be required for the formation of distal leg
structures (Hamada et al., 2015; Nakamura et al., 2008a; Nakamura et al.,
2008b). Thus, Dpp and Wg signaling pathways may achieve a distal
patterning role by regulating activation of EGFR signaling.

The second phenotype observed in the present study involved
elongation of the tibial segment in Gb’mad RNAI1 legs. Surprisingly, the
regenerated tibias in the Gbh’mad RNAIi crickets were longer than the

normal control legs along the P/D axis. Based on this observation, we



conclude that the activity of the BMP signaling contributes to the
regulation of tibial size during leg regeneration and it may also contribute
to the establishment and maintenance of intercalation by identifying distal
position values of a proper tibia. Based on the previous finding that Gb’ds
and Gb’ft RNAI legs are shorter (Bando et al., 2009), it appears that Ds/Ft
signaling may be a crucial regulator in re-establishing positional
information for determining leg size. Our present data further demonstrate
that the shortened phenotype of Gb’ds and Gb’ft RNA1 legs can be rescued
in the presence of Gbh’mad RNAi. In combination, these observations
suggest that the BMP signaling pathway is critical for regulating distal
positional values and may contribute to the re-establishment of positional
information, which is determined by Ds/Ft signaling. Furthermore, the
BMP signaling pathway may suppress expression of Gb’ft in regenerating
blastema. Taken together, these results suggest that functional interactions
between Ds/Ft and BMP signaling pathways contribute to the mechanisms
that underlie intercalation and determination of leg size. Furthermore, we
recently proposed a Ds/Ft steepness model for leg regeneration that
depends on the proliferation and differentiation of blastemal cells (Bando et
al., 2011b). According to the Ds/Ft steepness model, new positional
identities are specified in relation to new segment boundaries, and it is
hypothesized that the BMP signaling pathway may play a key role in the

specification of the most distal positional values or the scalar values of the



Ds/Ft gradient (steep slope) that could be formed by regenerating blastemal
cells within the amputated leg stump (yellow and magenta in Fig. 6).

During the establishment of positional information in the leg
regeneration process, cell proliferation is induced in the presumptive tibia
by positional disparity and it is necessary to determine tibial size. Here, cell
proliferation was found to be accelerated in regenerating tibias of Gb’mad
RNAI legs, suggesting that the BMP signaling pathway is involved in
suppressing cell proliferation in regenerating tibia. Correspondingly, the
shortened tibia phenotype of the Gb’dac RNA1 nymphs may have been due
to a decrease in cell proliferation and the short Gb’dac RNAI tibia was
rescued in the presence of Gb’mad RNAIi. Thus, Gb’dac may contribute to
cell proliferation through negatively regulating the function of Gb’Mad.
Based on these results, we conclude that the functional relationship
between BMP signaling pathway and Gb’dac affects cell proliferation in
the tibia and it determines the size of the regenerated tibia.

In conclusion, the goal of this study was to examine whether Gh’Mad
functions as a BMP signaling factor during cricket leg regeneration. In
Gb’mad RNAi1 nymphs, the tarsus of the regenerated legs was absent and
cell proliferation was reduced in the tarsal compartment of the blastema.
Thus, Gb’mad is essential for regeneration of the tarsus, and Mad-mediated
BMP signaling is involved in the mechanism that controls distal

specification, including formation of the tarsus. We have provided an



overview of the BMP signaling pathway in the distal patterning and
intercalation processes of leg regeneration in Gryllus bimaculatus (Fig. 6).
Thus, the BMP signaling pathway is: 1) required to establish distal
patterning and formation of a regenerating tarsus, 2) in combination with
Ds/Ft signaling, it mediates the re-establishment of positional information
during tibia regeneration, 3) it may help determine the distal positional
values or scalar values according to the Ds/Ft steepness model, and 4) it is
essential in the suppression of blastemal cell proliferation in response to

Gb’dac, thereby maintaining an appropriate leg size.

ACKNOWLEDGMENTS

We thank Kayoko Tada for providing technical assistance. This work was
supported by the Ministry of Education, Culture, Sports, Science, and
Technology (MEXT) / Japan Society for the Promotion of Science (JSPS)
[KAKENHI Grant Number JP16K1506800 to Y.I., JP22124003 to S.N.,
T.B., H.O., and T.M., JP26292176 to T.M., and JP17H03945 to T.M., and

Y.L].

REFERENCES

Agata, K., Saito, Y., Nakajima, E. (2007). Unifying principles of
regeneration I: Epimorphosis versus morphallaxis. Development, Growth &
Differentiation, 49, 73-78.
https://doi.org/10.1111/5.1440-169X.2007.00919.x


https://doi.org/10.1111/j.1440-169X.2007.00919.x

Bando, T., Hamada, Y., Kurita, K., Nakamura, T., Mito, T., Ohuchi, H.,
Noji, S. (2011a). Lowfat, a mammalian Lix1 homologue, regulates leg size
and growth under the Dachsous/Fat signaling pathway during tissue
regeneration. Developmental Dynamics, 240, 1440-1453.
https://doi.org/10.1002/dvdy.22647

Bando, T., Ishimaru, Y., Kida, T., Hamada, Y., Matsuoka, Y., Nakamura,
T., Ohuchi, H., Noji, S., Mito, T. (2013). Analysis of RNA-Seq data
reveals involvement of JAK/STAT signalling during leg regeneration in the
cricket  Gryllus  bimaculatus.  Development, 140, 959-964.
https://doi.org/10.1242/dev.084590

Bando, T., Mito, T., Maeda, Y., Nakamura, T., Ito, F., Watanabe, T.,
Ohuchi, H., Noji, S. (2009). Regulation of leg size and shape by the
Dachsous/Fat signalling pathway during regeneration. Development, 136,
2235-2245. https://doi.org/ 10.1242/dev.035204

Bando, T., Mito, T., Nakamura, T., Ohuchi, H., Noji, S. (2011b).
Regulation of leg size and shape: involvement of the Dachsous-fat
signaling pathway. Developmental Dynamics, 240, 1028-1041.
https://doi.org/10.1002/dvdy.22590

Bohn, H. (1971). [Intercalary regeneration and segmental gradients in the
extremities ofLeucophaea larvae (Blattaria) : III. The origin of the
intercalary regenerate]. Wilhelm Roux' Archiv fiir Entwicklungsmechanik
der Organismen, 167, 209-221. https://doi.org/10.1007/BF00584250
Campbell, G. (2002). Distalization of the Drosophila leg by graded
EGF-receptor activity. Nature, 418, 781-785.
https://doi.org/10.1038/nature00971

Campbell, G., Tomlinson, A. (1995). Initiation of the proximodistal axis in
insect legs. Development, 121, 619—628.

Dong, P.D., Chu, J., Panganiban, G. (2001). Proximodistal domain
specification and interactions in developing Drosophila appendages.
Development, 128, 2365-2372.


https://doi.org/10.1002/dvdy.22647
https://doi.org/10.1242/dev.084590
https://doi.org/10.1002/dvdy.22590
https://link.springer.com/journal/427
https://link.springer.com/journal/427
https://doi.org/10.1007/BF00584250
https://doi.org/10.1002/dvdy.22590
https://doi.org/10.1002/dvdy.22590
https://doi.org/10.1002/dvdy.22590

French, V. (1976a). Leg regeneration in the cockroach, Blatella germanica.
II. Regeneration from a non-congruent tibial graft/host junction. Journal of
Embryology and Experimental Morphology, 35,267-301.

French, V. (1976b). Leg regeneration in the cockroach,Blattella
germanica : I. Regeneration from a congruent tibial graft/host junction.
Wilhelm Roux' Archiv fiir Entwicklungsmechanik der Organismen, 179,
57-76. https://doi.org/10.1007/BF00857640

French, V. (1978). Intercalary regeneration around the circumference of the
cockroach leg. Journal of Embryology and Experimental Morphology, 47,
53-84.

Galindo, M.I., Bishop, S.A., Greig, S., Couso, J.P. (2002). Leg patterning
driven by proximal-distal interactions and EGFR signaling. Science, 297,
256-259. https://doi.org/10.1126/science. 1072311

Hamada, Y., Bando, T., Nakamura, T., Ishimaru, Y., Mito, T., Noji, S.,
Tomioka, K., Ohuchi, H. (2015). Leg regeneration is epigenetically
regulated by histone H3K27 methylation in the cricket Gryllus bimaculatus.
Development, 142, 2916-2927. https://doi.org/10.1242/dev.122598
Hamaratoglu, F., Affolter, M., Pyrowolakis, G. (2014). Dpp/BMP signaling
in flies: from molecules to biology. Seminars in Cell & Developmental
Biology, 32, 128-136. https://do1.org/10.1016/j.semcdb.2014.04.036
Harvey, K.F., Hariharan, [.LK. (2012). The hippo pathway. Cold Spring
Harbor Perspectives in Biology, 4, a011288.
https://doi.org/10.1101/cshperspect.a011288

Harvey, K.F., Zhang, X., Thomas, D.M. (2013). The Hippo pathway and
human cancer. Nature Reviews Cancer, 13, 246-257.
https://doi.org/10.1038/nrc3458

Ishimaru, Y., Nakamura, T., Bando, T., Matsuoka, Y., Ohuchi, H., Noji, S.,
Mito, T. (2015). Involvement of dachshund and Distal-less in distal pattern
formation of the cricket leg during regeneration. Scientific Reports, 5, 8387.
https://doi.org/10.1038/srep08387

Ishimaru, Y., Tomonari, S., Matsuoka, Y., Watanabe, T., Miyawaki, K.,
Bando, T., Tomioka, K., Ohuchi, H., Noji, S., Mito, T. (2016). TGF-


https://link.springer.com/journal/427
https://doi.org/10.1007/BF00857640
https://doi.org/10.1126/science.1072311
https://doi.org/10.1242/dev.122598
https://www.sciencedirect.com/science/journal/10849521
https://www.sciencedirect.com/science/journal/10849521
https://doi.org/10.1016/j.semcdb.2014.04.036
https://doi.org/10.1038/nrc3458
https://doi.org/10.1038/srep08387

signaling in insects regulates metamorphosis via juvenile hormone
biosynthesis. Proceedings of the National Academy of Sciences of the
United States of America, 113, 5634-5639.
https://doi.org/10.1073/pnas.1600612113

Mardon, G., Solomon, N.M., Rubin, G.M. (1994). dachshund encodes a
nuclear protein required for normal eye and leg development in Drosophila.
Development, 120, 3473-3486.

Meinhardt, H. (1982). Models of biological pattern formation. Academic
Press, London ; New York.

Mito, T., Inoue, Y., Kimura, S., Miyawaki, K., Niwa, N., Shinmyo, Y.,
Ohuchi, H., Noji, S. (2002). Involvement of hedgehog, wingless, and dpp
in the initiation of proximodistal axis formation during the regeneration of
insect legs, a verification of the modified boundary model. Mechanisms of
Development, 114, 27-35. https://doi.org/10.1016/S0925-4773(02)00052-7
Mito, T., Noji, S. (2008). The Two-Spotted Cricket Gryllus bimaculatus:
An Emerging Model for Developmental and Regeneration Studies. Cold
Spring Harbor Protocols, 2008, pdb emoll0. https://doi.org/doi/
10.1101/pdb.emo110

Miyawaki, K., Mito, T., Sarashina, 1., Zhang, H., Shinmyo, Y., Ohuchi, H.,
Noji, S. (2004). Involvement of Wingless/Armadillo signaling in the
posterior sequential segmentation in the cricket, Gryllus bimaculatus
(Orthoptera), as revealed by RNA1 analysis. Mechanisms of Development,
121, 119-130. https://doi.org/10.1016/j.mod.2004.01.002

Nakamura, T., Mito, T., Bando, T., Ohuchi, H., Noji, S. (2008a).
Dissecting insect leg regeneration through RNA interference. Cellular and
Molecular Life Sciences, 65, 64-72.
https://doi.org/10.1007/s00018-007-7432-0

Nakamura, T., Mito, T., Miyawaki, K., Ohuchi, H., Noji, S. (2008b). EGFR
signaling 1s required for re-establishing the proximodistal axis during distal
leg regeneration in the cricket Gryllus bimaculatus nymph. Developmental
Biology, 319, 46-55. https://doi.org/10.1016/].ydbi10.2008.04.002


https://doi.org/10.1073/pnas.1600612113
https://doi.org/10.1016/S0925-4773(02)00052-7
https://doi.org/10.1016/j.mod.2004.01.002
https://doi.org/10.1007/s00018-007-7432-0
https://doi.org/10.1016/j.ydbio.2008.04.002

Nakamura, T., Mito, T., Tanaka, Y., Bando, T., Ohuchi, H., Noji, S. (2007).
Involvement of canonical Wnt/Wingless signaling in the determination of
the positional values within the leg segment of the cricket Gryllus
bimaculatus. Development, Growth & Differentiation, 49, 79-88.
https://doi.org/10.1111/.1440-169X.2007.00915.x

Niwa, N., Inoue, Y., Nozawa, A., Saito, M., Misumi, Y., Ohuchi, H.,
Yoshioka, H., Noji, S. (2000). Correlation of diversity of leg morphology
in Gryllus bimaculatus (cricket) with divergence in dpp expression pattern
during leg development. Development, 127, 4373-4381.

Raftery, L.A., Sutherland, D.J. (1999). TGF-B family signal transduction in
Drosophila development: from Mad to Smads. Developmental Biology, 210,
251-268. https://doi.org/10.1006/dbi0.1999.9282

Salic, A., Mitchison, T.J. (2008). A chemical method for fast and sensitive
detection of DNA synthesis in vivo. Proceedings of the National Academy
of Sciences of the United States of America, 105, 2415-2420.
https://doi.org/10.1073/pnas.0712168105

Schmierer, B., Hill, C.S. (2007). TGFB-SMAD signal transduction:
molecular specificity and functional flexibility. Nature Reviews Molecular
Cell Biology, 8, 970-982. https://doi.org/10.1038/nrm2297

Truby, P.R. (1983). Blastema formation and cell division during cockroach
limb regeneration. Journal of Embryology and Experimental Morphology,
75, 151-164.

Truby, P.R. (1986). The growth of supernumerary legs in the cockroach.
Journal of Embryology and Experimental Morphology, 92, 115-131.
Wilson-Horch, H., Mito, T., Ohuchi, H., Noji, S. (2017). The Cricket as a
Model Organism. Springer Japan, Japan.
https://doi.org/10.1007/978-4-431-56478-2

Yoshida, H., Bando, T., Mito, T., Ohuchi, H., Noji, S. (2014). An extended
steepness model for leg-size determination based on Dachsous/Fat
trans-dimer system. Scientific Reports, 4, 4335.
https://doi.org/10.1038/srep04335


https://doi.org/10.1111/j.1440-169X.2007.00915.x
https://doi.org/10.1006/dbio.1999.9282
https://doi.org/10.1073/pnas.0712168105
https://doi.org/10.1038/nrm2297
https://doi.org/10.1038/srep04335

FIGURE LEGENDS

Fig. 1. Leg phenotypes obtained after depleting Gb’mad and Gb’tkv mRNA
during regeneration. (a) A Schematic illustration showing the distal
amputated position in the tibia of third instar nymph. Dotted lines indicate
the amputated parts of leg. (b) Regenerated legs of sixth instar control
RNA1 (DsRed2; RL, n = 37/37) and Gb’mad RNA1 nymphs (n = 24/27).
The latter show no regeneration of the tarsus. (¢) Localization of
EdU-incorporated cells in regenerating tarsus regions of DsRed? RNAi
(upper panel, n = 7) and Gb’mad RNA1 (lower panel, n = 6) regenerated
legs at 3.5 dpa. Nuclei cells are shown in blue and EdU-positive cells are
shown in green. (d) Relative fold changes + SD in the number of
EdU-positive cells in regenerating tarsal regions at 3.5 dpa in Gb’mad
RNAI legs relative to control DsRed? RNAIi legs (with the latter set to 1).
(e) Formation of supernumerary legs in fifth instar control DsRed?2 RNA1
(n = 14/17) and Gb’mad RNA1 nymphs (n = 14/15). Arrows indicate
supernumerary legs. h, host stump; g, graft. (f) Normal legs (NL) of sixth
instar control nymphs and regenerated legs of sixth instar Gb’tkv RNAi
nymphs (n = 8/9). (g) Relative fold changes in lengths of regenerated tibias
+ SD in sixth instar control DsRed? RNAI legs (RL), Gb’mad RNA1 legs,
and Gb’tkv RNAL1 legs. Relative fold of tibial length in sixth instar control
normal legs (NL) was set to 1. Length of regenerated tibia was calculated

on the basis of red lines in (b) and (f). Red arrowheads and blue arrows in



(a), (b) and (f) indicate the amputation site and spurs of the tibia,
respectively. In panels (d) and (g), data are means = SD. (Student’s z-test;
*P <0.05, **P <0.001). Fe, femur; Ti, tibia; Ta, tarsus. Scale bars in (b),

(e) and (), 1 mm; (¢), 100 pm.

Fig. 2. Effects of Gb’mad and Gb’dac RNAi on cell proliferation. (a-f)
Localization of EdU-incorporated cells in regenerating tibial regions at 2
dpa and 5 dpa for control (DsRed?) (a and d, n = 6 and 6), Gb’dac (b and e,
n =7 and 5), and Gb’mad (c and f, n = 7 and 7) RNAi nymphs.
EdU-positive cells are shown in green and nuclei are shown in blue.
Rectangular outlines in panels (a-f) indicate regenerating tibial regions (T1).
(g, h) Quantitation of cell proliferation detected in regenerating tibial
regions at 2 dpa (g) and 5 dpa (h) in nymphs injected with control, Gb’dac,
or Gb’mad dsRNA. Numbers for the controls are set to 1 in each graph. In
panels (g) and (h), data are means + SD. (Student’s #-test; *P < 0.05, **P <

0.01). Scale bars in (a) and (d), 100 pm.

Fig. 3. Effects of single or dual RNAI targeting of Gb’dac and Gb’mad on
length of regenerated tibia. (a, b) Representative images of regenerated
tibia of sixth instar control (DsRed?) (a, upper), Gb’dac (a, lower, n =
19/21), and Gb’dac + Gb’mad (b, n = 19/24) RNAi1 nymphs. (c) Relative

fold changes in regenerated tibia lengths = SD for sixth instar control (set



to 1), Gb’dac, and Gb’dac + Gb’mad RNA1 nymphs. In panel (c), data are
means = SD. (Student’s #-test; *P < 0.05, n.s., not significant). Ti, tibia.

Scale bar in (a) and (b), 1 mm.

Fig. 4. Effects of single or dual RNAi targeting of Gb’ft, Gb’ds, and
Gb’mad on length of regenerated tibia. (a, b) Representative images of
regenerated tibia of sixth instar control (DsRed?2) (a and b, upper), Gb’ft (a,
lower, n = 18/20), Gb’ds (b, lower, n = 21/25), Gb’ft + Gb’mad (c, n =
20/24), and Gb’ds + Gb’mad (d, n = 28/32) RNAi nymphs. (e) Relative
fold changes in regenerated tibia lengths = SD for sixth instar control (set
to 1), Gb’ft, Gb’ft + Gb’mad, Gb’ds, and Gb’ds + Gb’mad RNAi nymphs.
In panel (e), data are means + SD. (Student’s #-test; *P < 0.05). Ti, tibia.

Scale bars in (a-d), 1 mm.

Fig. 5. Effects of Gb’mad RNA1 on expression of Gb’dac, Gb’ft, and Gb’ds
mRNA in regenerated legs. (a, b) Transcript levels = SD for Gb’mad (mad),
Gb’dac (dac), Gb’ft (ft), and Gb’ds (ds) were determined by qPCR at 2 dpa
(a) and 5 dpa (b) in nymphs that received injections of control (DsRed?2; set
to 1) or Gb’mad dsRNA. In panels (a) and (b), the data are means + SD of
three biological replicates. (Student’s #-test; *P < 0.05, **P < 0.01, ***P <

0.001, n.s., not significant).



Fig. 6. An illustrated overview of a proposed cricket leg regeneration
process and steepness model, with the BMP signaling pathway regulating
distal patterning and intercalation. Positional values (PV) are denoted
arbitrarily by the numbers 1 to 9. After amputation in the tibia at PV = 4
(the tibial stump is indicated with orange coloring), the blastemal cells
detect positional disparity (PV, 4/9). The most distal region is established
through distalization mechanisms. A steep slope then leads to intercalary
growth until positional continuity is re-established (yellow, PV = 4-9) and
epimorphic-like regeneration is established. The results of the present study
confirm various roles for the BMP signaling pathway in this model: (1) no
tarsus formation is observed in Gb’mad RNAI1 regenerated legs, thereby the
BMP signaling pathway is required for distal patterning and tarsus
formation; (2) The BMP signaling pathway is involved in establishing
positional identities via regulation of Dachsous/Fat (Ds/Ft) signaling. The
normal Ds/Ft gradient (dotted line) may be affected by RNAi-mediated
knockdown of Gb’mad (Mad RNAIi). The most distal positional value or
the minimum scalar value of the Ds/Ft gradient may be shifted down or up
within the Gb’mad RNA1 leg stump (magenta), respectively; and (3) an
interaction between Dachshund (Dac) and BMP signaling pathway is
involved in regulating cell proliferation and determines the proper tibial

size in regenerating legs.
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