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Table 5. Postembryonic changes of antennomeres in Eucorydia yasumatsui. ND = no data.

Number of total annuli Number Number Ratio in number of annuli Relative position of Whiti
Instar Sex meantlSD of a_nnuli ‘ of annuli_ of white zone to the | zone from base of antenna
(range of annuli number) of white zone| distal to white] number of total annuli (mean (%) +SD)
zone (mean (%) +SD)

1 (n=10) 11£0(1) — — - _
2 (n=7) 11£0(11) 1 3 9.10 68.5+3.8
(n=10) 14409 (13-15) 1-2 2-4 122+3.7 67.5+2.0
3 (n=2) 14.5+0.7 (14-15) 1-2 3-4 10.5+5.3 64.7+2.7
4 (n=2) 17£0(17) 2 3 11.8+0 73.1£0
(n=4) 175+06(17-18) 2-3 3-4 128+26 72.7+1.6

ND ND ND ND ND
> (n=4) 20.3+1.5(19-22) 2-4 3-4 11.1£1.8 72.3+2.8
(n=4) 22.3+1.0(21-23) 2-3 4 124+25 716+09
® (n=2) 225+0.7(22-23) 3 3-4 13304 72.7+0.3

ND ND ND ND ND
! (n=7) 29.9+1.9(28-32) 2-4 2-5 105+18 73629
g (n=3) 32+0(32) 4 4-5 12.5+0 74931
(n=3) 34.3+2.9(31-36) 4-5 4-5 13.6+06 80.4+2.6
9 (n=9) 34.3+0.9(33-35) 4-6 4-5 145+18 755+15
(n=4) 35.8+0.5(35-36) 4-5 5-6 120+16 759+08
Adult (n=10) 37.6+1.6(36-40) 5-7 6-7 16.5+1.8 71.4+18
(n=10) 37.0+£1.2(35-39) 3-5 9-1 10.8+2.1 69.8+1.7

Fig. 10. Thoracic paranota of a female last instar (in this case, 9th instar) larva of Eucorydia yasumatsui, ventral view. Arrowheads

show the venation of wing buds. Mspn = mesothoracic paranotum; Mtpn = metathoracic paranotum; Prpn = prothoracic paranotum. Scale

bar = 1 mm.

basalmost meriston, meristal annulus which is derived
from the meriston and undergoes once subdivision to
produce singleton(s), and singletons which never divide.
This mode of antennal growth is found in some Blattaria
(Blattidae: ScHAFER & SANCHEZ 1973; Blaberidae: ScHAF-
ER 1973, Blattellidae: CAmMPBELL & PRIESTLEY 1970) and
Mantodea (Bugnion 1921). In the 3rd mode, the meristal
annuli are not only derived from the division of the most
basal annulus (meriston) but instead from several basal
or even all annuli in the flagellum of the st instar. This
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mode of antennal growth is found in Orthoptera (Bur-
NETT 1951) and Phasmatodea (RotH 1917).

In the development of flagellomeres in cockroaches,
as mentioned above, two modes have been reported: (1)
in Blatta orientalis of Blattidae, lengthening of the fla-
gellum is achieved by division of the 1st flagellomere
(meriston) into 2 or 3 at each molt (QAprI 1938); (2) in
Periplaneta americana of Blattidae (SCHAFER & SANCHEZ
1973), Blattella germanica of Blattellidae (CAMPBELL &
PriesTLEY 1970) and Leucophaea (= Rhyparobia) mad-
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Fig. 11. Postembryonic changes of antennae of Eucorydia yasumatsui. A: Left antenna of a 7th instar larva. a, b and ¢ show the entire flagel-
lum, white zone and the region distal to the white zone, respectively. B: Proximal parts of antennae of the 2nd to 9th instar larvae. White and
black stars respectively show the proximal and distal annuli produced from the meristal annulus at the previous molting. F = flagellomere;
M = meriston; MA = meristal annulus; P = pedicellus; S = scapus. 1—13 = 1st to 13th flagellomeres. Scale bars = A: 1 mm; B: 100 um.
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Fig. 12. Antennae of a 2nd instar larva of Eucorydia yasumatsui just before molting. Basal part (A) and its enlargement (B), differential

interference contrast microscopy, and the histological section of the opposite antenna of the same individual as shown in A and B (C).

See text. Arrowheads and arrow show the divisions of flagellomeres and a strong seta, respectively. C2, 3 = cuticles of the 2nd and 3rd

instar larvae; F = flagellum; M = meriston of the 2nd instar larva; P = pedicellus of the 2nd instar larva; S = scapus of the 2nd instar larva;
2—4 = 2nd to 4th flagellomeres of the 2nd instar larva. Scale bars = A: 100 pm; B, C: 50 um.

erae of Blaberidae (ScHAFER 1973) both the meriston and
meristal annulus, which are derived from the meriston,
divide and add annuli at each molt. In B. germanica, all
the meristal annuli, derived from the meriston, divide
and produce doublets at each molt (CAMPBELL & PRIEST-
LEY 1970). The manner of annular addition of the flagel-
lum in Eucorydia yasumatsui may be categorized in the
latter case in the division of meristal annuli involved.
The latter case is predominant in cockroaches and may
be regarded as the “groundplan of the group”. However,
annular addition of the flagellum is achieved in termites
only by division of the meriston (FuLLER 1920). Flagellar
annulation may have to be discussed in the framework of
Blattodea.

As shown in Table 5, the number of annuli in the
white zone increases from 1 in the 2nd instar to 5—7 in
females and 3—5 in males in later instars. The number
of annuli distal to the white zone also increases from
2 or 3 in earlier instars to 6 or 7 in females and 9—11
in males. The percentage of the number of annuli in
the white zone relative to the total number of annuli is
constantly 10—15% in the 3rd to 9th instars, excluding
the markedly low value in 2nd instar larvae (9.1%) and
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high value in adult females (16.5%). The centre of the
white zone is constantly located at ca. 70—80% of fla-
gellum length (from the base), i.e., the distance from the
flagellum base is approximately fixed throughout larval
instars. The number of annuli in the white zone and that
of annuli distal to the white zone increase with succes-
sive molts. Thus, an addition of annuli to these regions
evidently occurs, but no division of annuli was found
in these regions. This necessarily means that during de-
velopment, with the progressive increase of the annular
number of the white zone, the white coloration shifts to
further proximal annuli, i.e., in successive instars pre-
viously dark annuli can become white (newly joining
the white zone after a molt), and previously white an-
nuli can become dark (changing from the white zone to
the dark distal part). Accordingly, the absolute position
of the white zone remains constant during development,
but its relative position (i.e., position relative to particu-
lar structural elements = individual annuli) changes.
The fixed percentages of the number of the annuli in the
white zone (10—15%) and of the distance of the white
zone from the flagellum base (70—80%) suggest that the
white zone is shaped by a regulatory mechanism perhaps
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Fig. 13. Postabdominal segments of each instar larva and adult of Eucorydia yasumatsui, ventral views. A: 1st instar larva. B: 2nd instar
larva. C—J: Female 3rd instar (C), 4th instar (D), 5th instar (E), 6th instar (F), 7th instar (G), 8th instar (H), 9th instar larvae (I), and adult
(J). K—R: Male 3rd instar (K), 4th instar (L), 5th instar (M), 6th instar (N), 7th instar (O), 8th instar (P), 9th instar larvae (Q), and adult
(R). Arrows and arrowheads show styli and cerci, respectively. VII—IX = 7th to 9th abdominal sterna. Scale bars = A—H, K—P: 500 um;
LLJ,Q,R: 1 mm.

based on some proximodistal physiological gradient. dient is present, it is likely to affect the distribution of
The pigmentation responsible for the dark versus white  pigmentation in the newly formed flagellomere cuticle
color of annuli is located in the cuticle. Thus, if a gra-  of the various instars.
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6. Structural changes in postabdominal segments. We
only briefly examined the development of exposed ven-
tral parts, but not that of the genitalia, which develop their
great complexity in later instars, when they are covered
by the subgenital plate (see Krass 1997: figs.109—142
for fully developed male genitalia and Krass 1998 for
female genitalia of related taxa; McKirtrick 1964 for the
development of female genitalia).

Ist and 2nd instar larvae are not sexually differenti-
ated (Fig. 13A,B). Abdominal coxosterna VIII and IX are
clearly observed from outside, and a pair of cerci and a
pair of IXth-segmental styli are well visible at the cau-
dal end. Sexes can be distinguished from the 3rd instar
on. In females, a median notch appears on the posterior
margin of abdominal coxosternum IX in 3rd instar lar-
vae (Fig. 13C). The notch gradually deepens in 4th and
5th instars (Fig. 13D,E). Coxosternum VIII starts to
become concave in the 5th instar (e.g., Fig. 13E), and
in the 6th instar coxosternum VII starts to overgrow it
(Fig. 13F). By an additional reduction of coxosternum
VIII, coxosternum IX becomes also largely covered by
the extending coxosternum VII in the 7th and 8th instars
(Fig. 13G,H), and is completely covered by it in the last
(9th or 10th) instar (Fig. 131). In the last instar, the pair of
styli of coxosternum IX disappears. Males do not under-
go any marked changes in the postabdomen, as shown in
Fig. 13K—R. Neither marked reduction of postabdominal
coxosterna nor loss of the styli upon coxosternum IX oc-
curs. The cercomeres are 8 or 9 in both female and male
(Fig. 13J,R). We could not follow the annulation process
of cerci in the postembryonic stages.

It is known that, in cockroaches, sexes can be dis-
tinguished from early instars according to changes of
the postabdominal structures. As revealed in the present
study, in Eucorydia yasumatsui, sexing is possible from
the 3rd instar. It is possible from the 2nd instar in Peri-
planeta americana (GouLd & DEay 1938) and Blaberus
discoidalis (MANLEY 1969), and already at hatching in
Blattella germanica (Ross & CocHrAN 1960). In the fe-
males of these cockroaches, as we described for E. yasu-
matsui, (1) first, a median notch appears on the posterior
margin of coxosternum IX, (2) coxosterna VIII and IX
are overgrown by coxosternum VII, and (3) in the final
instar, the pair of styli upon coxosternum IX disappears
(see McKittrIcK 1964 for details of the development of
female genitalia in a few species). However, the males
undergo no marked changes in the exposed parts of the
postabdomen, i.e., neither noticeable reduction/extension
of coxosterna nor loss of styli.

4.  Acknowledgments

We thank Dr. S. Shimizu for his help in collecting material, Mr.
A. Thipaksorn for his help with rearing, and other staff of Suga-
daira Montane Research Center, University of Tsukuba for their
kind support. We also thank Dr. K. Yahata of the University of

SENCKENBERG

Tsukuba for providing facilities, Dr. K.-D. Klass of the Sencken-
berg Natural History Collections Dresden, Dr. K. Schiitte of the
Zoologisches Museum Hamburg, Dr. D.E. Mullins of the Virginia
Polytechnic Institute and State University, and Dr. C.A. Nalepa of
the North Carolina State University for their valuable information
on literature, and Dr. K.-D. Klass and two anonymous reviewers for
critical comments on the manuscript. This study was supported by
a Grant from Advancing Researcher Experience (ARE), University
of Tsukuba to MF and Grants-in-Aid from the JSPS (Scientific Re-
search C: 21570089 & 2544020) to RM. This is a contribution by
Sugadaira Montane Research Center, University of Tsukuba.

5. References

BarTH R.H. Jr. 1961. Hormonal control of sex attractant produc-
tion in the Cuban cockroach. — Science 133: 1598 —1599.
BarTtH R.H. Jr. 1968. The mating behavior of Gromphadorhina
portentosa (Schaum) (Blattaria, Blaberoidea, Blaberidae, Oxy-
haloinae): an anomalous pattern for a cockroach. — Psyche 75:

124—131.

BartH R.H. Jr. 1970. The mating behavior of Periplaneta america-
na (Linnaeus) and Blatta orientalis Linnaeus (Blattaria, Blat-
tinae), with notes on 3 additional species of Periplaneta and
interspecific action of female sex pheromones. — Zeitschrift
fiir Tierpsychologie 27: 722—748.

Beccaront G.W., EGGLETON P. 2011. Order Blattodea Brunner von
Wattenwyl, 1882. Pp. 199—-200 in: ZHANG Z.-Q. (ed.), Animal
Biodiversity: An Outline of Higher-level Classification and
Survey of Taxonomic Richness. — Zootaxa 3148.

BucnioN E. 1921. Growth of the antennae and cerci of the cock-
roach Periplaneta americana. — Bulletin of the Entomological
Society of Egypt, Economic Series 6: 56—66.

BurnerT G.F. 1951. Observations on the life-history of the red
locust, Nomadacris septemfasciata (Serv.) in the solitary
phase. — Bulletin of Entomological Research 42: 473 —-490.

CampBeLL F.L., PriesTLEY J.D. 1970. Flagellar annuli of Blattella
germanica (Dictyoptera: Blattellidae) - changes in their num-
bers and dimensions during postembryonic development. —
Annals of the Entomological Society of America 63: 81—88.

CrLeveLAND L.R., HatL S.R., Sanpirs E.P., CoLLier J. 1934, The
wood-feeding roach Cryptocercus, its Protozoa, and the symbi-
osis between Protozoa and roach. — Memoirs of the American
Academy of Arts and Sciences 17: 185—342.

Davies R.G. 1966. The postembryonic development of Hemimerus
vicinus Rehn & Rehn (Dermaptera: Hemimeridae). — Proceed-
ings of the Royal Entomological Society of London 41: 67—77.

Dierngs M., Krass K.-D., Picker M.D., DamGaarp J. 2012. Phy-
logeny of cockroaches (Insecta, Dictyoptera, Blattodea), with
placement of aberrant taxa and exploration of out-group sam-
pling. — Systematic Entomology 37: 65—83.

Esperk T., TaMmaru T., NYLIN S. 2007a. Intraspecific variability in
number of larval instars in insects. — Journal of Economic En-
tomology 100: 627—645.

Esperk T., Tammaru T., NYLIN S. 2007b. Achieving high sexual size
dimorphism in insects: females add instars. — Ecological Ento-
mology 32: 243 -256.

209



FuJitA & MAcHIDA: Development of cockroach Fucorydia

Fuinta M., Suivizu S., MachHipa R. 2011. Establishing a culture of
Eucorydia yasumatsui Asahina (Insecta: Blattaria, Polyphagi-
dae). — Proceedings of the Arthropodan Embryological Soci-
ety of Japan 46: 1-3.

FuLLer C. 1920. Studies of the post-embryonic development of the
antennae of termites. — Annals of the Natal Museum 4: 235-295.

Gourp G.E., DEay H.O. 1938. The biology of the American cock-
roach. — Annals of the Entomological Society of America 31:
489-498.

Hesarb M. 1921. South American Blattidae from the Museum Na-
tional d’Histoire Naturelle, Paris, France. — Proceedings of the
Academy of Natural Sciences of Philadelphia 73: 193—-304.

Hinton H.E. 1981. Biology of Insect Eggs, Vol. II. — Pergamon
Press, Oxford, 304 pp.

Hockman D., Picker M.D., Krass K.-D., PreTor1us L. 2009. Post-
embryonic development of the unique antenna of Mantophas-
matodea (Insecta). — Arthropod Structure & Development 38:
125-133.

HoLsrook G., ScHaL C. 1998. Social influences on nymphal devel-
opment in the cockroach, Diploptera punctata. — Physiologi-
cal Entomology 23: 121-130.

INwARD D., BEccaLont G., EGGLETON P. 2007. Death of an order: a
comprehensive molecular phylogenetic study confirms that ter-
mites are eusocial cockroaches. — Biology Letters 3: 331-335.

Kitamura C., TakaHasHr S. 1973. The mating behavior and evi-
dence for a sex stimulant of the Japanese cockroach, Peripla-
neta japonica Karny (Orthoptera: Blattidae). — Kontyt 41:
383-388.

Krass K.-D. 1997. The external male genitalia and the phylogeny
of Blattaria and Mantodea. — Bonner Zoologische Monogra-
phien 42: 1-341.

Krass K.-D. 1998. The ovipositor of Dictyoptera (Insecta): homo-
logy and ground-plan of the main elements. — Zoologischer
Anzeiger 236: 69—101.

Krass K.-D., MEIER R. 2006. A phylogenetic analysis of Dictyo-
ptera (Insecta) based on morphological characters. — Entomo-
logische Abhandlungen 63: 3—50.

Krass K.-D., NaLera C., Lo N. 2008. Wood-feeding cockroaches as
models for termite evolution (Insecta: Dictyoptera): Cryptocer-
cus vs. Parasphaeria boleiriana. — Molecular Phylogenetics
and Evolution 46: 809—-817.

LivingsTonE D., Ramant R. 1978. Studies on the reproductive bio-
logy. — Proceedings of the Indian Academy of Sciences (B)
87:229-247.

Lo N., BENmNaTI T., SToNE F., WALKER J., Saccur L. 2007. Cock-
roaches that lack Blattabacterium endosymbionts: the phyloge-
netically divergent genus Nocticola. — Biology Letters 3: 327—
330.

MacHipA R., NacasHiva T., ANpo H. 1994a. Embryonic develop-
ment of the jumping bristletail Pedetontus unimaculatus Ma-
chida, with special reference to embryonic membranes (Hexa-
poda: Microcoryphia, Machilidae). — Journal of Morphology
220: 147-165.

MacHipA R., NacasHiMA T., Yokovama T. 1994b. Mesoderm seg-
regation of a jumping bristletail, Pedetontus unimaculatus
Machida (Hexapoda, Microcoryphia), with a note on an auto-
matic vacuum infiltrator. — Proceedings of Arthropodan Em-
bryological Society of Japan 29: 23—-24. [in Japanese with
English figure legend]

ManLEY T.R. 1969. Sexual characters of the instars of Blaberus dis-
coidalis and an analysis of growth in this cockroach. — Annals
of the Entomological Society of America 62: 734—737.

Marzke D., Krass K.-D. 2005. Reproductive biology and nymphal
development in the basal earwig Tagalina papua (Insecta: Der-
maptera: Pygidicranidae), with a comparison of brood care in
Dermaptera and Embioptera. — Entomologische Abhandlun-
gen 62: 99-116.

McKirTrick F.A. 1964. Evolutionary studies of cockroaches. —
Memoirs of the Cornell University Agricultural Experiment
Station 389: 1-197.

McKirTrick F.A., MAckERRAS M.J. 1965. Phyletic relationships
within the Blattidae. — Annals of the Entomological Society of
America 58: 224-230.

MirA A., RAUBENHEIMER D. 2002. Divergent nutrition-related adap-
tations in two cockroach populations inhabiting different envi-
ronments. — Physiological Entomology 27: 330—339.

MuriennE J. 2009. Molecular data confirm family status for the
Tryonicus—Lauraesilpha group (Insecta: Blattodea: Tryonici-
dae). — Organisms, Diversity & Evolution 9: 44—51.

NaLepra C.A. 1988. Reproduction in the woodroach Cryptocercus
punctulatus Scudder (Dictyoptera, Cryptocercidae): mating,
oviposition and hatch. — Annals of the Entomological Society
of America 81: 637—641.

PeLLENS R., D’HAEese C.A., BELLES X., PiuLacHs M.-D., LEGEND-
RE F., WHEELER W.C., GrANDCOLAS P. 2007. The evolutionary
transition from subsocial to eusocial behaviour in Dictyoptera:
Phylogenetic evidence for modification of the “shift-in-de-
pendent-care” hypothesis with a new subsocial cockroach. —
Molecular Phylogenetics and Evolution 43: 616—626.

Princis K. 1952, Blattarien aus Venezuela, gesammelt von Herrn G.
Marcuzzi. — Annuario dell’Istituto e Museo di Zoologia dell’
Universita di Napoli 4: 1-11.

Qaprl M.A.H. 1938. The life-history and growth of the cockroach
Blatta orientalis, Linn. — Bulletin of Entomological Research
29:263-276.

Ross M.H., CocHraNn D.G. 1960. A simple method for sexing nym-
phal German cockroaches. — Annals of the Entomological So-
ciety of America 53: 550—552.

Rotn H.L. 1917. Observations on the growth and habits of the stick
insect, Carausius morosus, Br.; intended as a contribution to-
wards a knowledge of variation in an organism which repro-
duces itself by the parthenogenetic method. — Transactions of
the Royal Entomological Society of London 64: 345—386.

Rotn L.M. 1967. The evolutionary significance of rotation of the
odtheca in the Blattaria. — Psyche 74: 85—103.

RotH L.M. 1968. Odthecae of the Blattaria. — Annals of the Ento-
mological Society of America 61: 83—111.

Rotn L.M. 1969. The evolution of male tergal glands in the Blat-
taria. — Annals of the Entomological Society of America 62:
176-208.

Rotn L.M. 1970. Evolution and taxonomic significance of repro-
duction in Blattaria. — Annual Review of Entomology 15:
75-96.

Rotn L.M., BartH R.H. Jr. 1967. The sense organs employed by
cockroaches in mating behavior. — Behaviour 28: 58 —94.
Rotu L.M., WiLLis E.R. 1952. A study of cockroach behavior. —

American Midland Naturalist 47: 66—129.

SENCKENBERG



ARTHROPOD SYSTEMATICS & PHYLOGENY — 72 (2) 2014

Rotu L.M., WiLLis E.R. 1954. The reproduction of cockroaches. —
Smithsonian Miscellaneous Collections 122: 1—-49.

Rotu L.M., WiLLis E.R. 1958. The biology of Panchlora nivea,
with observations on the eggs of other Blattaria. — Transac-
tions of the American Entomological Society 83: 195-207.

ScHaFER R. 1973. Postembryonic development in the antenna of the
cockroach, Leucophaea maderae: growth, regeneration, and
the development of the adult pattern of sense organs. — Journal
of Experimental Zoology 183: 353—363.

ScHaFER R., SancHEZ T.V. 1973. Antennal Sensory system of the
cockroach, Periplaneta americana: postembryonic develop-
ment and morphology of sense organs. — Journal of Compara-
tive Neurology 149: 335-353.

Seamans L., Wooprurr L.C. 1939. Some factors influencing the
number of molts of the German roach. — Journal of the Kansas
Entomological Society 12: 73—76.

Suimmizu S., MachipA R. 2011. Reproductive biology and postem-
bryonic development in the basal earwig Diplatys flavicollis
(Shiraki) (Insecta: Dermaptera: Diplatyidae). — Arthropod Sys-
tematics & Phylogeny 69: 83—-97.

Suinpo J.-I., Masaki S. 1995. Photoperiodic control of larval de-
velopment in the semivoltine cockroach Periplaneta japonica
(Blattidae: Dictyoptera). — Ecological Research 10: 1—12.

Tanaka A. 1981. Regulation of body size during larval develop-
ment in the German cockroach, Blattella germanica. — Journal
of Insect Physiology 27: 587—-592.

Tanaka A. 1982. Effects of carbon-dioxide anaesthesia on the
number of instars, larval duration and adult body size of the
German cockroach, Blattella germanica. — Journal of Insect
Physiology 28: 813—821.

SENCKENBERG

TaNakA A., HAsEGawa A. 1979. Nymphal development of the Ger-
man cockroach, Blattella germanica Linne (Blattaria: Blattel-
lidae), with special reference to instar determination and intra-
instar staging. — Konty( 47: 225-238.

TaNAKA A., OHtaKE-HAsHIGUCHI M., Ocawa E. 1987. Repeated re-
generation of the German cockroach legs. — Growth 51: 282—
300.

WaRE J.L., LitmaN J., KLass K.-D., SPEARMAN L.A. 2008. Relation-
ships among the major lineages of Dictyoptera: the effect of
outgroup selection on dictyopteran tree topology. — Systematic
Entomology 33: 429-450.

WiLLis E.R. 1966. Biology and behavior of Panchlora irrorata, a
cockroach adventive on bananas (Blattaria: Blaberidae). — An-
nals of the Entomological Society of America 59: 514—516.

WicLis E.R., Riser G.R., Rotn L.M. 1958. Observations on repro-
duction and development in cockroaches. — Annals of the En-
tomological Society of America 51: 53—69.

WoobHEAD A.P., PauLsoN C.R. 1983. Larval development of Di-
ploptera punctata reared alone and in groups. — Journal of In-
sect Physiology 29: 665—668.

Znu D.-H., Tanaka S. 2004. Photoperiod and temperature affect
the life cycle of a subtropical cockroach, Opisoplatia <sic> ori-
entalis: seasonal pattern shaped by winter mortality. — Physio-
logical Entomology 29: 16—25.

211



