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Appearance of a transparent protrusion i

containing two pairs of legs on the apodous
ring preceding the anamorphic molt
in a millipede, Niponia nodulosa

Soma Chiyoda', Kohei Oguchi' and Toru Miura'

Abstract

Background Arthropods gradually change their forms through repeated molting events during postembryonic
development. Anamorphosis, i.e., segment addition during postembryonic development, is seen in some arthropod
lineages. In all millipede species (Myriapoda, Diplopoda), for example, postembryonic processes go through anamo-
rphosis. Jean-Henri Fabre proposed 168 years ago the “law of anamorphosis’, that is, “new rings appear between the
penultimate ring and the telson”and “all apodous rings in a given stadium become podous rings in the next stadium’,
but the developmental process at the anamorphic molt remains largely unknown. In this study, therefore, by observ-
ing the morphological and histological changes at the time of molting, the detailed processes of leg- and ring-addi-
tion during anamorphosis were characterized in a millipede, Niponia nodulosa (Polydesmida, Cryptodesmidae).

Results In the preparatory period, a few days before molting, scanning electron microscopy, confocal laser scanning
microscopy, and histological observations revealed that two pairs of wrinkled leg primordia were present under the
cuticle of each apodous ring. In the rigidation period, just prior to molt, observations of external morphology showed
that a transparent protrusion was observed on the median line of the ventral surface on each apodous ring. Confo-
cal laser scanning microscopy and histological observations revealed that the transparent protrusion covered by an
arthrodial membrane contained a leg bundle consisting of two pairs of legs. On the other hand, ring primordia were
observed anterior to the telson just before molts.

Conclusions Preceding the anamorphic molt in which two pairs of legs are added on an apodous ring, a transparent
protrusion containing the leg pairs (a leg bundle) appears on each apodous ring. The morphogenetic process of the
rapid protrusion of leg bundles, that is enabled by thin and elastic cuticle, suggested that millipedes have acquired a
resting period and unique morphogenesis to efficiently add new legs and rings.

Keywords Arthropod, Millipede, Segment, Appendage, Anamorphosis, Molt, Morphogenesis, Postembryonic
development

Background

So far, many evo-devo studies in arthropods have focused
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molting events during postembryonic development.
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In arthropods, two developmental modes are known,
anamorphosis and epimorphosis [4—7]. In anamorphosis,
new segments are added with molting, that is, segmen-
tation and appendage formation are not completed dur-
ing embryogenesis, but continue through postembryonic
development (e.g., sea spiders, copepods, remipedes,
proturans) [8—11]. On the other hand, in epimorphosis,
as seen in insects, the numbers of segments and legs are
determined at the time of hatching and remain constant
throughout postembryonic development. This means
that segmentation and appendage formation are com-
pleted during embryogenesis. Furthermore, anamorpho-
sis is classified into three types based on the patterns of
molting and segment addition [6]. In hemianamorpho-
sis, the addition of new segments and legs goes on until
a certain instar, and then further moltings take place
without the addition of segments or legs. In other words,
this mode involves first anamorphosis, and secondly, epi-
morphosis. In euanamorphosis, every molting is accom-
panied by the addition of new segments and legs, even
beyond the acquisition of sexual maturity. There is no
limit to the number of moltings, and the addition contin-
ues until the death of the animal. In teloanamorphosis,
every molting is accompanied by the addition of new seg-
ments and legs, but further molting does not occur after
reaching adulthood. Among the three, hemianamorpho-
sis is considered the plesiomorphic mode in arthropods
[12, 13]. Since epimorphosis is thought to have derived
from anamorphosis [7], investigations on anamorpho-
sis would be important for understanding the ancestral
pattern of segmentation and appendage formation in
arthropods. However, information about morphogenetic
processes involved in anamorphosis is scarce.

In particular, the subphylum Myriapoda has been less
studied than other arthropods, e.g., insects, and knowl-
edge about its developmental processes is limited. Since
modes of postembryonic development are remarkably
diversified in myriapods, elucidation of these processes
in myriapods would provide insights into the evolution
of body-plan diversity in arthropods. Myriapoda consists
of four classes: Chilopoda (centipedes), Diplopoda (milli-
pedes), Pauropoda (pauropods), and Symphyla (symphy-
lans) [14]. In Myriapoda, all four modes of postembryonic
development (epimorphosis, hemianamorphosis, euan-
amorphosis, and teloanamorphosis) have been observed
[6, 15]. Hemianamorphosis is regarded as the ancestral
mode [12, 13]. It is considered that enanamorphisis and
teloanamorphosis evolved from hemianamorphosis after
diversification of the infraclass Helminthomorpha (class
Diplopoda) and epimorphosis was derived from the
hemianamorphic chilopod lineage [16].

The body of an arthropod consists of a "segment"
that is a serially homologous body unit with a pair of
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appendages. The terminology of the segment is some-
what complicated in millipedes. In ring-forming mil-
lipedes, the body ring which is formed by the fusion of
tergite, pleurite and sternite does not correspond to a
“true” segment [17-19]. The first tergite with no leg pairs,
i.e,, collum, can be regarded as the first ring although
it is not a complete ring, so that the following rings are
often termed as the second, third, and fourth rings, each
of which has a single pair of legs, therefore called “hap-
lorings” Each of the fifth and subsequent rings has two
pairs of legs, because it is thought to have derived from
the fusion of two segments, therefore called “diplorings”
[18, 19]. In this paper, therefore, the term "ring" is used to
discuss a body unit in millipedes.

A French entomologist Fabre observed the postembry-
onic development of Polydesmus complanatus (Polydes-
mida, Polydesmidae) and described it as “Chaque nouvel
anneau apparait entre l'avant-dernier et 'anneau anal”
(Each new ring appears between the penultimate and the
telson) and “Tous les anneaux apodes d'un stade devien-
nent pédigeéres au stade suivant” (All apodous rings in
a given stadium, i.e., instar, become podous rings in the
next stadium) [20]. This pattern has been called the “law
of anamorphosis” and this law was shown to be appli-
cable to some other millipede species (e.g., [21]). So far,
this law is known to be applicable to the three millipede
groups: (1) the ring-forming groups (Polydesmida and
Juliformia), (2) Chordeumatida, and (3) at least some
Polyzoniida [6]. However, the morphogenetic processes
leading to the ring and leg addition at the time of molt are
largely unknown. In the hothouse millipede, Oxidus gra-
cilis (Polydesmida, Paradoxosomatidae), just before molt-
ing, a “leg bud” that will give rise to each newly added leg
appears [22], although the developmental process has
yet to be elucidated. Therefore, in this study, to clarify
the processes of the ring and leg addition following the
law of anamorphosis, observations of the morphological
changes during molting were carried out in a millipede,
Niponia nodulosa (Polydesmida, Cryptodesmidae).

The postembryonic developmental schedules have been
described for some polydesmids (Polydesmida), namely,
Oxidus gracilis [22], Ampelodesmus iyonis (Pyrgodesmi-
dae) [23], and Xystodesmus gracilipes (Xystodesmidae)
[24]. However, all of these previous studies only clari-
fied the schedule and pattern of the anamorphosis, and
no detailed morphological and histological observations
were performed at the anamorphic molt. All polydesmids
are known to develop by teloanamorphosis. Niponia
nodulosa is known to develop by teloanamorphosis, like
other polydesmid species. Stadium [, II, III, IV, V, VI, VII
juveniles and stadium VIII (adults) have respectively 7, 9,
12, 15,17, 18, 19, and 20 rings (Fig. 1A) [25]. Based on the
description of the postembryonic development, in molts
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Fig. 1 Patterns of postembryonic development and molting behaviors in Niponia nodulosa, with reference to Shinohara, 1999 [25]. A Life stages
of N. nodulosa. B A diagram showing the pattern of postembryonic development of stadium Il to VIl juveniles and adults. C Behavioral series at the
time of molting, showing the representative pattern of molting from stadium V to VI juveniles. The same pattern is also seen in other molts. Scale
bars show 5 mm
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from at least stadium III, it appears that all apodous rings
in a given stadium become podous rings in the next sta-
dium and new rings are added between the penultimate
ring and the telson (Fig. 1B). The law of anamorphosis
can also be applied to N. nodulosa. The following behav-
iors are observed in N. nodulosa at the time of molt
(Fig. 1C) [25]. Prior to each molt, juveniles of N. nodu-
losa construct molting chambers in which they molt to
the subsequent stadium. The period from the start of the
molting chamber construction until the molting cham-
ber is completely constructed is defined as the prepara-
tory period. Even at the late preparatory period when
the molting chamber has been completely constructed,
the millipede in it still can move. The rigidation period
is defined as the period when the millipedes curl up and
become motionless. The time required for each period is
2-3 days for the preparatory period and 3—4 days for the
rigidation period. After the molting, i.e., exuviation, the
millipedes remain in the molting chamber for 2—4 days
until they are able to move sufficiently, which is defined
as the recovery period.

In this study, detailed stereomicroscopy of live juveniles
of the focal species at the late preparatory period and the
rigidation period was performed, in addition to scanning
electron microscopy, confocal laser scanning microscopy,
and histological observations. Stadium IV-VII juveniles
were used because the law of anamorphosis fit their
developmental patterns well. For comparison, stereomi-
croscopy and scanning electron microscopy observation
of Epanerchodus sp. (Polydesmida, Polydesmidae) were
performed.

Results

External morphology at the time of molt

To elucidate morphological changes at the time of molt
to the next stadium, observations were performed on
external morphologies of juveniles at the late preparatory
and the rigidation period. In stadium IV-VII juveniles at
the late preparatory period, no distinct primordial struc-
ture was found on the ventral surface of the apodous
rings (Fig. 2A-D). In stadium IV-VII juveniles at the rigi-
dation period, transparent protrusions were observed on
the ventral surface of the tail ends (Fig. 2E-L). The num-
ber of transparent protrusions corresponded to the num-
ber of apodous rings. Namely, 3, 2, 1 and 1 protrusions
were observed respectively at the end of stadium IV, V, VI
and VII juveniles.

Based on SEM observations on stadium IV and V juve-
niles at the rigidation period, each transparent protrusion
was seen on rings between an apodous ring and the pos-
terior ring on the median line (Fig. 2M—-P). In stadium IV
juveniles, for example, the most anterior protrusion was
observed between the most anterior apodous ring and
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the posterior one, the second protrusion was observed
between the second apodous ring and the posterior one,
and the most posterior protrusion was observed between
the most posterior apodous ring and the telson (Fig. 2M,
N). Each protrusion was covered with a thin membrane,
which was a part of the membrane connecting an apo-
dous ring with the posterior one.

Histological observations at the time of molt

Histological observations on paraffin sections clarified
the inner structures of the tail ends (Fig. 3). In stadium
V juveniles at the late preparatory period, i.e., 2-3 days
before the appearance of the transparent protrusion,
epithelial tissues strongly stained by hematoxylin were
observed on the ventral side underneath the cuticle
of both apodous rings (rings 15, 16) (Fig. 3A, B). These
epithelial structures were suggested to be leg primor-
dia. These structures protruded ventrally and posteri-
orly as expected for legs. A thin membranous structure
was observed between the posterior end of ring 15 and
the anterior end of ring 16. Similarly, a similar mem-
brane was observed between the posterior end of ring 16
and the anterior end of the preanal sclerite of the telson
(Fig. 3B).

In juveniles of stadium V at the rigidation period that
were fixed in Bouin’s solution, each transparent protru-
sion was revealed to contain four legs, i.e., two pairs of
legs (Fig. 3C). Cross sections of the transparent protru-
sion at the rigidation period revealed that two pairs of
newly added legs were wrapped in a thin membranous
structure (Fig. 3D). The unit composed of two pairs
of legs in the transparent protrusion was called a “leg
bundle”

Morphogenetic process of leg primordia

To clarify the detailed structures and morphogenesis of
leg primordia, the autofluorescence of specimens was
observed using confocal laser scanning microscope in
four channels simultaneously, 405 nm, 488 nm, 561 nm,
and 640 nm. In stadium V juveniles at the late prepara-
tory period, two pairs of leg primordia were observed
underneath the cuticle of each apodous ring (Fig. 4A, C,
E). Leg primordia were wrinkled and their distal regions
were extended to a point on the median line. In stadium
V juveniles at the rigidation period, two pairs of newly
added legs were observed as a leg bundle (Fig. 4B, D, F),
which protruded from a point on the median line.

To observe the surface structure of the leg primordia
in more detail, SEM observations were performed, after
the covered cuticles were removed, on the stadium
V and VI juveniles at the late preparatory and rigida-
tion period. At the late preparatory period, two pairs
of wrinkled leg primordia were observed beneath the
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Fig. 2 External morphologies of juveniles in the late preparatory period and the rigidation period. A-D Ventral view of the posterior several rings in
the late preparatory period. E-H Lateral view in the rigidation period. I-L Higher magnifications of the white boxed regions in E-H. M-P Scanning
electron microscopy images in the rigidation period. M,0 Ventral view of the posterior several rings. N,P Lateral view of the posterior several rings.
Ventral is up. A,El,M,N Stadium IV juveniles. B,F,J,0,P Stadium V juveniles. C,G K Stadium VI juveniles. D,H,L Stadium VIl juveniles. Arrowheads: a
transparent protrusion. Scale bars show 500 um (A-L) and 200 um (M-P)

cuticle in an apodous ring (Fig. 4G, I). The tips of the
leg primordia were pointed and the four of them were
bundled on the median line. At the rigidation period,
two pairs of newly added legs were observed as leg
bundle (Fig. 4H, J). Especially in stadium VI juveniles,
at least six podomeres were observed in each leg, i.e.,
coxa, prefemur, femur, postfemur, tibia, and tarsus.

Newly added rings

SEM observations on the stadium IV, V, and VI juve-
niles at the rigidation period with the old cuticle that
would be exuviated soon after removed clarified the
structure of newly added rings (Fig. 5A—F). In the sta-
dium IV juveniles, the newly added rings, i.e., rings 15,
16, were observed posterior to ring 14. Rings 12—14 were
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Fig. 3 Internal morphologies in stadium V juveniles at the late
preparatory and rigidation periods. A A histological section of the
tail end in the sagittal plane of an individual in the late preparatory
period stained with hematoxylin and eosin. B Higher magnification
of the black boxed region in A. CThe tail end of an individual in the
rigidation period fixed in Bouin's solution. D A histological section in
transverse planes of a transparent protrusion in the rigidation period.
Arrowheads indicate newly added legs elongating in the transparent
protrusion. Note that in C, only two legs per transparent protrusion
are visible because the left and right legs overlap. Scale bars show
200 um (A-C), 50 um (D). am, arthrodial membrane; |, legs; Ip, leg
primordia; ps, preanal sclerite; r, ring (each ring number is added afterr")

the apparently apodous rings with the leg bundles and
would become the newest podous rings after the subse-
quent molt. The paranota of the newly added rings were
still undeveloped and not yet overhanging at the lateral
side (Fig. 5A, D). Similar patterns were observed in other
stages.

Observations at the time of molt in Epanerchodus sp.

In stadium VI juveniles of Epanerchodus sp. at the rigi-
dation period, a transparent protrusion was observed on
the ventral surface of the apodous ring (Fig. 6A), as in
N. nodulosa. The stadium VI juveniles of E. sp. had one
apodous ring and only one transparent protrusion. In the
specimen fixed in Bouin’s solution, two pairs of legs, i.e.,
a leg bundle, were observed in the transparent protrusion
(Fig. 6B). SEM observations on the sample in which the
covered cuticle was removed clarified that a new ring was
added posterior to the apodous ring with a leg bundle
(Fig. 6C).

Discussion

By observing morphogenetic processes at the time of
molt in N. nodulosa, this study morphologically and
histologically revealed the patterns of leg and ring addi-
tion associated with molting (Fig. 7). In the juveniles of
each stadium, these observations suggested that two
pairs of leg primordia are formed inside an apodous ring
prior to molt into the next stadium. In the late prepara-
tory period, the leg primordia were wrinkled structures
with pointed distal tips (Fig. 4A, C, E, G, I). Histological
observations showed that, in contrast to the fully formed
legs stained with eosin (see r14l in Fig. 3B), the leg pri-
mordia were well stained with hematoxylin, suggesting a
dense population of proliferating cells (Fig. 3A, B) [26].
By the rigidation period, these leg primordia have elon-
gated into a transparent protrusion and now project from
the apodous ring to lie tightly along the ring posterior to
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it. A single transparent protrusion contained two pairs of
fully segmented legs, i.e., a leg bundle (Figs. 3C, D and 4B,
D, E H, ]). In the late preparatory period, deflated mem-
branous structures were observed between an apodous
ring and the next one (Fig. 3B). In the rigidation period,
transparent protrusions were covered by membranous
structures. The membrane appears to derive from an
arthrodial membrane that is connected to the apodous
ring (Fig. 2M-P). The observations suggested that the
wrinkled arthrodial membrane became unfolded as the
transparent protrusion elongated from the preparatory
period to the rigidation period. In the rigidation period,
the newly added ring was formed between the penulti-
mate ring, i.e., the posterior apodous ring, and the telson
(Fig. 5A-F). By molting after the rigidation period, the
old exoskeleton, including the membrane of the transpar-
ent protrusions, is exuviated. Thereby, the podous rings
with functional walking legs and the new apodous ring
are completely formed. These findings provide morpho-
logical and histological evidence for the "law of anamor-
phosis" proposed by Fabre [20].

In this study, the protrusion was also observed in
another species, i.e., Epanerchodus sp., just before molt-
ing (Fig. 6). A “leg bud” observed in the previous study of
Oxidus gracilis is also considered to be a transparent pro-
trusion [22]. Taken together, these findings suggest that
the process of the protrusion is shared at least among
species in Polydesmida. Further studies will be required
to verify whether this is a common phenomenon in other
millipede lineages.

In general, arthropods can grow and change their mor-
phologies only through molts. However, the discovery of
this paper deviates from the general patterns. This study
firstly reported, in a millipede, the transparent protrusion
appears prior to the anamorphic molt, i.e., before the
exuviation, enabling the leg addition on apodous rings.
The protrusion accomplished by the expansion of elastic
cuticle is suggested to be a unique morphogenetic pro-
cess that have been specifically modified in the millipede
lineage.

Such morphogenetic processes by thin cuticles
and not via molting are sometimes seen also in other
arthropods. For example, a physogastry seen in Euar-
thropoda is a phenomenon of extreme inflation of the

(See figure on next page.)
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body trunk for growth during intermolt [27], such as
ticks when feeding blood [28], termite queens [29, 30],
and larvae of Gnathiidae [31]. In another example, it
is known that a head elongation of termites presoldier
with soft and flexible cuticles during intermolt [32]. In
contrast to these examples, the transparent protrusion
observed in the millipedes is quite unique in that a par-
ticular part protrudes rapidly and the protrusion is to
extend their legs. The morphogenesis by a soft cuticle
without molts is suggested to have increased the mor-
phological diversity in arthropods.

Although insects develop by epimorphosis, i.e., the
number of segments is constant during postembryonic
development, in some holometabolous insects, adult
legs are newly formed at the time of metamorphosis. In
these cases, imaginal discs, i.e., undifferentiated epithe-
lial cell masses that form adult structures, are formed
inside the larval body and protruded during metamor-
phosis [33, 34]. Such morphogenetic processes in which
folded structures expand to form protrusive structures
have been widely reported in postembryonic develop-
ments of insects [35-37]. In crustaceans, a wrinkled
structure is formed during leg regeneration, and this
is unfolded through molting [38]. The morphogenetic
process of the leg addition in N. nodulosa is also similar
to the phenomenon seen in these other arthropods and
this study is the first report of such morphogenesis in
myriapods.

On the other hand, in contrast to the development in
holometabolous insects such as Drosophila, the develop-
ment of the leg primordia in N. nodulosa shows a unique
process, in that leg morphogenesis proceeds largely in a
single stage, with the elongation of the leg primordia and
its protrusion as a transparent protrusion occurring prior
to next molting. This pattern of morphogenesis would
be a novel developmental process that has been acquired
in some millipede lineages. Although holometabolous
insects add their legs through the pupal stage, millipedes
do not have such stages. It is possible that in order to effi-
ciently add new legs, millipedes acquired a resting period
— they build a molting chamber and rest inside — to
accomplish the unique morphogenesis in each stadium.

In Drosophila, the elongation of the leg disc is caused
by the change in cell shape from anisometric to isometric

Fig.4 Leg primordia and newly added legs in the late preparatory and rigidation periods. A-F Autofluorescence images obtained by confocal

laser scanning microscope of transparentized samples of stadium V juveniles at 405 (cyan), 488 (green), 561 (red), and 640 nm (blue). A,B Ventral
view of the posterior several rings. C,D Higher magnification of the white boxed region in A and B, respectively. E,F Lateral view of the posterior
several rings. A,CE Leg primordia at the late preparatory period. B,D,F Transparent protrusions at the rigidation period. G-J SEM images with the
covered cuticles removed. GH Stadium V juveniles. 1,J Stadium VI juveniles. G 1 Ventral view of two pairs of leg primordia at the late preparatory
period. Especially, leg primordia of G are of ring 16. H,J Lateral view of two pairs of newly added legs at the rigidation period. In SEM images, red and
blue colorations, respectively, indicate anterior and posterior leg pairs. In C-H, each leg was labeled L1-8 so that the corresponding leg could be
identified. Anterior to the left in all images. Scale bars show 100 um (A-F) and 50 um (G-J). cx, coxa; fe, femur; pf, prefemur; po, postfemur; ta, tarsus;

ti, tibia



Chiyoda et al. Frontiers in Zoology (2023) 20:14 Page 8 of 13

Fig. 4 (Seelegend on previous page.)



Chiyoda et al. Frontiers in Zoology (2023) 20:14

Page 9 of 13

view, posterior to the upper. D-F Lateral view, anterior to the left. A,D Stadium IV juveniles. B,E Stadium V juveniles. CF Stadium VI juveniles. Green
and purple colorations, respectively, indicate apodous rings with leg bundles that becomes functional after molting and newly added rings. Scale
bars show 200 pm. r, ring (each ring number is added after “r")

[34]. It is necessary to clarify whether the leg morpho-
genesis in N. nodulosa is caused by a disc-like system
like in Drosophila, whether it is accompanied by massive
cell proliferation, or whether it is caused by a protrusion
of a cell mass that is stored within the body cavity. Such
investigations would allow for more detailed compari-
sons with holometabolous insects.

Anamorphosis has so far been observed in various
arthropod lineages and the patterns of segment and
leg addition have been described in some species. In
Myriapoda, for example, Lithobiomorpha (Chilopoda)
develops by hemianamorphosis. In Lithobius pachy-
pedatus (Lithobiidae) and Esastigmatobius longitar-
sis (Henicopidae), two molts are required to form the
podous segment with functional legs in their anamo-
rphic phase [39, 40]. In crustaceans, isopods develop
by hemianamorphosis, with the addition of two seg-
ments and one pair of walking legs, i.e., the seventh
pereopods. The functional seventh pereopods gradually
develop in manca stages through three molts [41-43].
In Chelicerata, both anamorphosis and epimorphosis
are known in sea spiders (Pycnogonida) [11]. In Nym-
phon brevirostre which develops by hemianamorpho-
sis, the addition of a segment bearing the walking legs
is accomplished over four molts [44]. Combining the
findings of these previous studies with the results of

this study, it is suggested that, generally in arthropods,
multiple molting events would be required to com-
plete podous segments via anamorphosis. This gradual
postembryonic process may be a developmental con-
straint in arthropods. Namely, it may be impossible
to add a segment with fully functional legs in a sin-
gle molt. In a lineage of millipedes (Polydesmida), for
example, the first molting produces apodous rings, and
the second molting produces legs there. This pattern of
gradual addition is probably the most efficient way to
produce numerous rings and legs during postembry-
onic development.

This study revealed the morphogenetic processes only
in one millipede lineage, so further detailed observations
on the postembryonic development of the millipedes will
be required to elucidate the developmental basis underly-
ing the shared mechanisms of anamorphosis. In addition,
studies on developmental genetics are very limited in the
postembryonic development of myriapods except for a
few examples (e.g., [45]). It is possible that genes involved
in segmentation and appendage formation during embry-
ogenesis play some roles also in postembryonic develop-
ment. Since modes of postembryonic development are
remarkably diversified in myriapods, elucidation of these
processes in myriapods would provide insights into the
diversification of body-plan evolution in arthropods.



(2023) 20:14

Chiyoda et al. Frontiers in Zoology

Fig. 6 External and internal morphologies of stadium VI juveniles
in Epanerchodus sp. in the rigidation period. A A live individual in a
molting chamber of which the covered wall was artificially removed
for observation. B Lateral view of the posterior several rings of the
individual fixed in Bouin's solution. C SEM image of the individual
with the cuticles removed. Green and purple coloration, respectively,
indicate an apodous ring with forming legs and a newly added ring.
Arrows indicate transparent protrusions. Arrowheads indicate newly
added legs elongating in the transparent protrusion. Scale bars
show 1 mm (A), 500 um (B,C). nc, new cuticle covering the ring after
molting; oc, old cuticle that is later exuviated

Conclusions

This study elucidated the morphogenetic processes of
ring and leg addition at the time of molting based on
morphological and histological observations during
postembryonic development in N. nodulosa, showing
that two pairs of wrinkled leg primordia in each apo-
dous ring rapidly elongated and protruded as a single
transparent protrusion covered by an arthrodial mem-
brane just prior to molt. Furthermore, as previously
reported, our results also confirmed that the newly
added rings were formed anterior to the telson. The
resulting information provides an important basis for
a multifaceted understanding of this unique morpho-
genesis, i.e., the rapid elongation of leg primordia and
the appearance of transparent protrusions just prior
to molt, that appears to have newly evolved in some
millipede lineages, although further studies will be
required to verify whether this phenomenon is wide-
spread in other millipedes.
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Late preparatory period

St.v
Rigidation period

Molting

Recovery period

St. VI

Fig. 7 A schematic diagram of the morphogenetic process through
amoltin N. nodulosa. Newly added legs and rings are indicated in
red. This is a representative diagram showing the pattern at stadium
V, which is considered to be applicable to other stages

Methods

Animals

Stadium IV-VII juveniles of N. nodulosa were collected
between September 2020 and October 2022 in Iwa-
dono, Higashimatsuyama City, Saitama Prefecture, Japan.
The species of collected individuals was identified based
on morphological characteristics, described in a previous
study [46].

Collected individuals were incubated in plastic con-
tainers (about L: 150 x W: 90 x H: 40 mm, 10-20 indi-
viduals per container) with a humus mat at 25 °C under
constant darkness. Fragments of decaying logs were used
as a base for the molting chamber. Water was sprayed at
weekly intervals to maintain soil humidity.

For the comparison with other species, morphological
observations on Epanerchodus sp. (Polydesmida, Poly-
desmidae) were also carried out. A stadium VI juvenile
was collected in May 2022 in Ishizaka, Hatoyama Town,



Chiyoda et al. Frontiers in Zoology (2023) 20:14

Saitama Prefecture. The identification of species was not
possible because it was juvenile and did not have gonop-
ods, a useful identification trait.

Observations on external morphology

Collected individuals were observed and photographed
using a digital camera (Raynox DCR-250 Super Macro-
Scan Conversion lens+Canon EF100mm attached to
Canon EOS 8000D) and a stereomicroscope (SZX16;
Olympus, Tokyo, Japan) equipped with a digital camera
(DP50; Olympus, Tokyo, Japan).

Furthermore, to examine the detailed structures of the
ventral surface and leg primordia of the tail ends, obser-
vations by scanning electron microscope (SEM) were also
carried out. Juveniles in the late preparatory period and
the rigidation period were fixed with FAA fixative (etha-
nol/formalin/acetic acid = 16:6:1) for longer than 24 h
and preserved in 70% EtOH for observations by SEM.
The samples were dehydrated in increasing concentra-
tions of EtOH and dried using a critical point dryer
(Samdri-PVT-3D; Tousimis, Rockville, MD, USA). Dried
samples were then coated with gold ions with an E-1010
Ion Sputter (Hitachi, Tokyo, Japan). Ion-coated sam-
ples were observed by SEM (JSM-5510LV; JEOL, Tokyo,
Japan).

Histological observations

To histologically observe the inner structures of the
tail ends, paraffin sections were made according to the
method described in previous studies [47]. Juveniles in
the late preparatory period and the rigidation period
were fixed in Bouin’s solution (saturated aqueous picric
acid solution/formalin/acetic acid = 15:5:1) [48] for
longer than 24 h and preserved in 70% EtOH until use.
The specimens were dehydrated in increasing concentra-
tions of ethanol, then transferred into xylene, and finally
embedded into paraffin. Serial sections (8—10 pum thick)
were prepared with a microtome (Spencer Lens Co., Buf-
falo, NY, USA) and stained with hematoxylin and eosin.
Tissues on slides were observed using an optical micro-
scope (BX51; Olympus, Tokyo, Japan) and photographs
were taken using a digital camera (DP74; Olympus,
Tokyo, Japan) attached to the microscope.

Autofluorescence observations

To observe detailed inner structures forming under old
cuticles, transparentizing and autofluorescence scanning
methods were applied to N. nodulosa according to the
method described in previous studies [49, 50]. Juveniles
were fixed in FAA for 2-3 h and preserved in 70% EtOH.
To transparentize the samples, they were dehydrated in
increasing concentrations of methanol, then sunk into
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BABB solution (benzyl alcohol/benzyl benzoate = 1:2)
overnight at room temperature. Transparentized samples
were observed under a confocal laser scanning micro-
scope (FV3000; Olympus, Tokyo, Japan) by irradiating
four wavelengths of light: 405 nm, 488 nm, 561 nm, and
640 nm.

Image processing

Digital images were processed with software GIMP-2.10
(https://www.gimp.org/). Some images photographed
with the digital camera (EOS 8000D) were stacked by
using imaging software (Zerene Stucker; Zerene Systems,
Washington, USA).

Acknowledgements

We thank anonymous reviewers for their valuable comments on the manu-
script. We are grateful to Ryosuke Kimbara and Naoto Inui for supporting our
experimental procedures, Kazuma Chiyoda for supporting field sampling and
teaching us photography techniques, and Ryosuke Kuwahara for offering
relevant literature. Also, we would like to thank Elizabeth Nakajima for the
English editing.

Author contributions

SC and TM designed the study. SC performed field sampling and maintenance
of the animals. SC and KO carried out observations. All authors wrote the
manuscript and approved the final version of the manuscript.

Funding
This work was partly supported by a Grant-in-Aid for Scientific Research A (No.
18H04006) to TM from the Ministry of Education, Culture, Sports, Science.

Availability of data and materials
The datasets used and/or analyzed during the current study are available from
the corresponding author on reasonable request.

Declarations

Ethics approval and consent to participate

Although all experiments were carried out in Japan, where no ethics approval
is required for the maintenance and handling of invertebrate species, rearing

and fixation were performed with particular attention to replacement, reduc-
tion, and refinement of procedures in order to minimize animal suffering.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Received: 11 January 2023 Accepted: 30 March 2023
Published online: 18 April 2023

References

1. Hughes CL, Kaufman TC. Hox genes and the evolution of the arthropod
body plan 1. Evol Dev. 2002;4(6):459-99. https://doi.org/10.1046/j.1525-
142X.2002.02034.x.

2. Angelini DR, Kaufman TC. Insect appendages and comparative ontogenet-
ics. Dev Biol. 2005;286(1):57-77. https://doi.org/10.1016/j.ydbio.2005.07.006.

3. Chipman AD, Edgecombe GD. Developing an integrated understanding
of the evolution of arthropod segmentation using fossils and evo-devo.
Proc R Soc B. 1912;2019(286):20191881. https://doi.org/10.1098/rspb.
2019.1881.


https://www.gimp.org/
https://doi.org/10.1046/j.1525-142X.2002.02034.x
https://doi.org/10.1046/j.1525-142X.2002.02034.x
https://doi.org/10.1016/j.ydbio.2005.07.006
https://doi.org/10.1098/rspb.2019.1881
https://doi.org/10.1098/rspb.2019.1881

Chiyoda et al. Frontiers in Zoology

20.

21

22.

23.

24.

(2023) 20:14

Haase E. Schlesiens Chilopoden. I. Chilopoda anamorpha. Inaugural-
Dissertation. Breslau: A. Neumann; 1880.

Latzel R. Die Myriopoden der 6sterreichich-ungarischen Monarchie.
Zweite Hélfte: Die Symphylen, Pauropoden und Diplopoden, nebst Ber-
merkungen Uber exotische und fossile Myriopoden-Genera und einem
Verzeichnis der gasamten Myriopoden-Litteratur. Wien: Alfred Holder;
1884.

Enghoff H, Dohle W, Blower JG. Anamorphosis in millipedes (Diplopoda):
the present state of knowledge with some developmental and phyloge-
netic considerations. Zool J Linn Soc. 1993;109:103-234.

Fusco G, Minelli A. The development of arthropod segmentation across
the embryonic/post-embryonic divide—an evolutionary perspective.
Front Ecol Evol. 2021,9:622482. https://doi.org/10.3389/fevo.2021.622482.
Tuxen SL. Uber den Lebenszyklus und die postembryonale entwicklung
zweier danischer Proturengattungen. Det kongelige danske Videnskab-
ernes Selsskab, biologiske Skrifter. 1949;6(3):49.

Koenemann S, Olesen J, Alwes F, lliffe TM, Hoenemann M, Ungerer P,
Wolff C, Scholtz G. The post-embryonic development of Remipedia
(Crustacea)— additional results and new insights. Dev Genes Evol.
2009;219:131-45. https://doi.org/10.1007/500427-009-0273-0.

Olesen J. Crustacean life cycles—developmental strategies and environ-
mental adaptations. In: Anger K, Harzsch S, Thiel M, editors. The natural
history of the Crustacea Volume 5: life histories. Oxford: Oxford University
Press; 2018. p. 1-34. https://doi.org/10.1093/050/9780190620271.003.
0001.

. Brenneis G, Arango CP. First description of epimorphic development in

Antarctic Pallenopsidae (Arthropoda, Pycnogonida) with insights into
the evolution of the four-articled sea spider cheliphore. Zoological Lett.
2019;5:4. https://doi.org/10.1186/540851-018-0118-7.

Hughes NC, Minelli A, Fusco G. The ontogeny of trilobite segmentation: a
comparative approach. Paleobiology. 2006;32(4):602-27. https://doi.org/
10.1666/06017.1.

Brenneis G, Bogomolova EV, Arango CP, Krapp F. From egg to “no-body”:
an overview and revision of developmental pathways in the ancient
arthropod lineage Pycnogonida. Front Zool. 2017;14:6. https://doi.org/10.
1186/512983-017-0192-2.

Benavides LR, Edgecombe GD, Giribet G. Re-evaluating and dating myri-
apod diversification with phylotranscriptomics under a regime of dense
taxon sampling. Mol Phylogenet Evol. 2023;178:107621. https://doi.org/
10.1016/jympev.2022.107621.

Fusco G. Trunk segment numbers and sequential segmentation in myri-
apods. Evol Dev. 2005;7(6):608-17. https://doi.org/10.1111/j.1525-142X.
2005.05064.x.

Miyazawa H, Ueda C, Yahata K, Su ZH. Molecular phylogeny of Myriapoda
provides insights into evolutionary patterns of the mode in post-embry-
onic development. Sci Rep. 2014;4:4127. https://doi.org/10.1038/srep0
4127.

Enghoff H, Jensen LM, Mikhaljova EV."Open access” growth histories in
millipedes (Diplopoda). Arthropod Struct Dev. 2018;47(1):104-16. https://
doi.org/10.1016/j.asd.2017.11.009.

Janssen R, Prpic NM, Damen WG. A review of the correlation of tergites,
sternites, and leg pairs in diplopods. Front Zool. 2006;3(1):1-10. https://
doi.org/10.1186/1742-9994-3-2.

Janssen R. Diplosegmentation in the pill millipede Glomeris marginata is

the result of dorsal fusion. Evol Dev. 2011;13(5):477-87. https://doi.org/10.

1111/j.1525-142X.2011.00504 .

Fabre JH. Recherches sur I'anatomie des organes reproducteurs et sur

le developpement des myriapodes. Annales de Sciences Naturelles.
1855;3:256-320.

Halkka R. Life history of Schizophyllum sabulosum (L.) (Diplopoda, Julidae).
Ann Zool Soc Vanamo. 1958;19(4):1-72.

Causey NB. Studies on the life history and the ecology of the hot-

house millipede, Orthomorpha gracilis (C. L. Koch 1847). Am Midl Nat.
1943;29:670-82.

Murakami'Y. Postembryonic development of the common Myriapoda of
Japan XVIII. Life history of Ampelodesmus iyonis Murakami (Diplopoda,
Cryptodesmidae) 2. Zool Mag. 1965;74:31-7.

Murakami'Y. Postembryonic development of the common Myriapoda
XXIII. Some observations of the life history of Phrurodesmus kinshaensis
(Leptodesmidae). Zool Mag. 1966,75:309-13.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

Page 12 of 13

. Shinohara K. Life of a Japanese millipede. Niponia nodulosa Verhoeff The

Insectarium. 1999;36:82-6.
Humason GL. Animal tissue techniques. 5th ed. London: The Johns Hop-
kins University Press; 1997.

. Haug JT, Haug C. 100 Million-year-old straight-jawed lacewing larvae

with enormously inflated trunks represent the oldest cases of extreme
physogastry in insects. Sci Rep. 2022;12(1):12760. https://doi.org/10.1038/
$41598-022-16698-y.

Perner J, Provaznik J, Schrenkova J, Urbanova V, Ribeiro JM, Kopacek P.
RNA-seq analyses of the midgut from blood-and serum-fed Ixodes ricinus
ticks. Sci Rep. 2016;6(1):36695. https://doi.org/10.1038/srep36695.
Bordereau C, Andersen SO. Structural cuticular proteins in termite
queens. Comp Biochem Physiol B: Comp Biochem. 1978;60(3):251-6.
https://doi.org/10.1016/0305-0491(78)90096-2.

Bordereau C. Ultrastructure and formation of the physogastric termite
queen cuticle. Tissue Cell. 1982;14(2):371-96. https://doi.org/10.1016/
0040-8166(82)90034-9.

Smit NJ, Basson L, Van As JG. Life cycle of the temporary fish para-

site, Gnathia africana (Crustacea: Isopoda: Gnathiidae). Folia Parasitol.
2003;50(2):135-42.

Sugime Y, Ogawa K, Watanabe D, Shimoji H, Koshikawa S, Miura T. Expan-
sion of presoldier cuticle contributes to head elongation during soldier
differentiation in termites. Sci Nat. 2015;102:1-8. https://doi.org/10.1007/
s00114-015-1322-3.

Gilbert SF, Barresi MJF. Developmental biology. 11th ed. Sunderland:
Sinauer Associates; 2016.

Von Kalm L, Fristrom D, Fristrom J. The making of a fly leg: a model for
epithelial morphogenesis. BioEssays. 1995;17(8):693-702. https://doi.org/
10.1002/bies.950170806.

Fristrom D. The cellular basis of epithelial morphogenesis: a review. Tissue
Cell. 1988;20(5):645-90. https://doi.org/10.1016/0040-8166(88)90015-8.
Miura T, Matsumoto T. Soldier morphogenesis in a nasute termite: dis-
covery of a disc-like structure forming a soldier nasus. Proc R Soc Lond B.
2000;267(1449):1185-9. https://doi.org/10.1098/rspb.2000.1127.
Matsuda K, Gotoh H, Tajika Y, Sushida T, Aonuma H, Niimi T, Akiyama M,
Inoue Y, Kondo S. Complex furrows in a 2D epithelial sheet code the 3D
structure of a beetle horn. Sci Rep. 2017;7(1):1-9. https://doi.org/10.1038/
$41598-017-14170-w.

Konstantinides N, Averof M. A common cellular basis for muscle regen-
eration in arthropods and vertebrates. Science. 2014;343(6172):788-91.
https://doi.org/10.1126/science.1243529.

MurakamiY. Postembryonic development of the common Myriapoda

of Japan Ill. Lithobius pachypedatus Takakuwa 1 Anamorphic Stadia. Zool
Mag. 1960;69(4):121-4.

Murakami Y. Postembryonic development of the common Myriapoda

of Japan IX. Anamorphic Stadia of Esastigmatobius longitarsis Verhoeff
(Chilopoda; Henicopidae). Zool Mag. 1961;70(12):28-32.

Araujo PB, Augusto MM, Bond-Buckup G. Postmarsupial development of
Atlantoscia floridana (van Name, 1940) (Crustacea, Isopoda, Oniscidea):
the manca stages. J Nat Hist. 2004;38(8):951-65. https://doi.org/10.1080/
0022293031000068428.

Brum PED, Araujo PB.The manca stages of Porcellio dilatatus Brandt (Crus-
tacea, Isopoda, Oniscidea). Revista Brasileira de Zoologia. 2007;24(2):493~
502. https://doi.org/10.1590/5S0101-81752007000200030.

Inui N, Kimbara R, Yamaguchi H, Miura T. Pleopodal lung development

in a terrestrial isopod, Porcellio scaber (Oniscidea). Arthropod Struct Dev.
2022;71:101210. https://doi.org/10.1016/j.a5d.2022.101210.

Alexeeva N, Tamberg Y, Shunatova N. Postembryonic development of
pycnogonids: a deeper look inside. Arthropod Struct Dev. 2018;47:299—
317. https://doi.org/10.1016/j.a5d.2018.03.002.

Bortolin F, Benna C, Fusco G. Gene expression during postembryonic
segmentation in the centipede Lithobius peregrinus (Chilopoda, Litho-
biomorpha). Dev Genes Evol. 2011;221:105-11. https://doi.org/10.1007/
500427-011-0359-3.

Shinohara K, Tanabe T, Korsés Z. Arthropoda Myriapoda Diplopoda. In:
Aoki J, editor. Pictorial keys to soil animals of Japan. 2nd ed. Hadano: Tokai
University Press; 2015. p. 941-84.

Cornette R, Matsumoto T, Miura T. Histological analysis of fat body
development and molting events during soldier differentiation in the


https://doi.org/10.3389/fevo.2021.622482
https://doi.org/10.1007/s00427-009-0273-0
https://doi.org/10.1093/oso/9780190620271.003.0001
https://doi.org/10.1093/oso/9780190620271.003.0001
https://doi.org/10.1186/s40851-018-0118-7
https://doi.org/10.1666/06017.1
https://doi.org/10.1666/06017.1
https://doi.org/10.1186/s12983-017-0192-2
https://doi.org/10.1186/s12983-017-0192-2
https://doi.org/10.1016/j.ympev.2022.107621
https://doi.org/10.1016/j.ympev.2022.107621
https://doi.org/10.1111/j.1525-142X.2005.05064.x
https://doi.org/10.1111/j.1525-142X.2005.05064.x
https://doi.org/10.1038/srep04127
https://doi.org/10.1038/srep04127
https://doi.org/10.1016/j.asd.2017.11.009
https://doi.org/10.1016/j.asd.2017.11.009
https://doi.org/10.1186/1742-9994-3-2
https://doi.org/10.1186/1742-9994-3-2
https://doi.org/10.1111/j.1525-142X.2011.00504.x
https://doi.org/10.1111/j.1525-142X.2011.00504.x
https://doi.org/10.1038/s41598-022-16698-y
https://doi.org/10.1038/s41598-022-16698-y
https://doi.org/10.1038/srep36695
https://doi.org/10.1016/0305-0491(78)90096-2
https://doi.org/10.1016/0040-8166(82)90034-9
https://doi.org/10.1016/0040-8166(82)90034-9
https://doi.org/10.1007/s00114-015-1322-3
https://doi.org/10.1007/s00114-015-1322-3
https://doi.org/10.1002/bies.950170806
https://doi.org/10.1002/bies.950170806
https://doi.org/10.1016/0040-8166(88)90015-8
https://doi.org/10.1098/rspb.2000.1127
https://doi.org/10.1038/s41598-017-14170-w
https://doi.org/10.1038/s41598-017-14170-w
https://doi.org/10.1126/science.1243529
https://doi.org/10.1080/0022293031000068428
https://doi.org/10.1080/0022293031000068428
https://doi.org/10.1590/S0101-81752007000200030
https://doi.org/10.1016/j.asd.2022.101210
https://doi.org/10.1016/j.asd.2018.03.002
https://doi.org/10.1007/s00427-011-0359-3
https://doi.org/10.1007/s00427-011-0359-3

Chiyoda et al. Frontiers in Zoology

48.

49.

50.

(2023) 20:14

damp-wood termite, Hodotermopsis sjostedti (Isoptera, Termopsidae).
Zool Sci. 2007;24:1066-74. https://doi.org/10.2108/z5}.24.1066.

Moritz L, Borisova E, Hammel JU, Blanke A, Wesener T. A previously
unknown feeding mode in millipedes and the convergence of fluid feed-
ing across arthropods. Sci Adv. 2022;8(7):eabm0577. https://doi.org/10.
1126/sciadv.abm0577.

Zucker RM. Whole insect and mammalian embryo imaging with confocal
microscopy: morphology and apoptosis. Cytometry A. 2006;69(11):1143-
52. https;//doi.org/10.1002/cyt0.a.20343.

Kurihara Y, Ogawa K, Chiba Y, Hayashi Y, Miyazaki S. Thoracic crop forma-
tion is spatiotemporally coordinated with flight muscle histolysis during
claustral colony foundation in Lasius japonicus queens. Arthropod Struct
Dev. 2022;69:101169. https://doi.org/10.1016/j.a5d.2022.101169.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Page 13 of 13

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions



https://doi.org/10.2108/zsj.24.1066
https://doi.org/10.1126/sciadv.abm0577
https://doi.org/10.1126/sciadv.abm0577
https://doi.org/10.1002/cyto.a.20343
https://doi.org/10.1016/j.asd.2022.101169

	Appearance of a transparent protrusion containing two pairs of legs on the apodous ring preceding the anamorphic molt in a millipede, Niponia nodulosa
	Abstract 
	Background 
	Results 
	Conclusions 

	Background
	Results
	External morphology at the time of molt
	Histological observations at the time of molt
	Morphogenetic process of leg primordia
	Newly added rings
	Observations at the time of molt in Epanerchodus sp.

	Discussion
	Conclusions
	Methods
	Animals
	Observations on external morphology
	Histological observations
	Autofluorescence observations
	Image processing

	Acknowledgements
	References


