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I. GENERAL INTRODUCTION
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I. GENERAL INTRODUCTION

The first description of an American field cricket of the
genus Gryllus was published by Fabricius in 1775 when he
described Acheta assimilis from Jamaica. By & beginning o§z20th

century no less than forty-seven New World species of Gryllus
had been described (Blatchley, 1903), thirty-three of these were
recognizediiélid by Kirby (1906). Practically all the early
workers on this group considered macro-morphology only: such
characters as size, colo_ration, wing venation, body proportions,
number and relative length of tibial spines, and the length of
tegmina, wings, ovipositor and the hind femora. The wide range
of variation existing in most of these characters, however, led
Lutz (1908) and Rehn and Hebard (1915) to conclude after
studying large series of specimens, that all American (or at
least North American) forms belonged to only one highly variable

species, Gryllus assimilis, and, until recently, this view has

been generally accepted. For many years almost all authors used
the specific name assimilis to the exclusion of any other,
although there have been changes in the generic name within more
recent times.

The sequence of changes in the generic name (Gryllus
Linnaeus, 1758, to Gryllulus Uvarov, 1935, to Acheta Fabricius,
1775) has been discussed in detail by Gurney (1950, 1951).
Chopard (1955), in a footnote but without full explanation, has
more recently suggested that the genus Acheta [synonym erllulus]
should not be separated from Gryllus and thus he would again
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place all American specles in the latter genus, although he does
not refer to tgggé specifically. Gurney, however, (in a personal
communication to Alexander, 1957) states, "I have decided to
continue using Acheta until going into the matter further, but

I expect the change will eventually be accepted here because

the genera EAcheta and Gryllus] have been rather artificial.”

Randell (in press) on the basis of cytological studies, and the
structure of the male genitalia, however, has now conclusively
shown that Acheta is validly distinct from Gryllus but that
American field crickets belong to the latter gewnus and not to the
former genus, so that current usage 1is incorrect. In this thesis,
therefore, the author reverts to the name Gryllus.

McNeill (1889) was the first investigator to note that the
northeastern North American field cricket, in Illinois, is
composed of two populations, one overwintering as a late instar
nymph and maturing in spring, while the other overwinters in
the egg stage and matures in middle or late summer. He also noted
that the adult males of the nymph~overwintering population more

ften occupy burrows and are characteristically more solitary
and more aggressive than those of the egg-overwintering population,
and, further, that the ovipositors of the females in the nymph-
overwintering population are usually shorter in relation to the
length of the body than those of the females in the egg-over-

wintering population.
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Blatchley (19033 1920) supplied additional biological
information regarding these crickets and remarked that, in Indiana
and other northern states, most are represented in winter by the
egg alone, but that a few pass the cold season as nymphs. He
recognized the two types as belonging to distinct subspecies -

Gryllus assimilis pennsylvanicus and G. a. vernalis.([The latter

name, however, is applicable to a distinct species = see
Alexander (1957).)

In Ontario, Walker (190%) considered that there are two
species, the adults of ondpeginning to appear about the third
week of May and continuing in the field until the end of July.
The adults of the other begin to appear about the second week of
August and are found until October. The adults of the former
species are very numerous about Hhe mid-summer but are very
difficult to obtain, for they are not gregarious like the adults
of the latter species.

Criddle (1925), in Manitoba, recognized two races, the spring
cricket and the autumn cricket. He also pointed out that the two
races do not interbreed. His conclusion was based on observations
that one adult population is present in the field from about the
first of May to the first of August and is then replaced by the
other which appears about the first of August and remains until
the onset of winter. He also pointed out that the spring cricket
overwinters in the nymphal stage while the autumn cricket
overwinters in the egg stage. Thus his observations are more or
less similar to those of Walker (l.c.) regarding the appearance

of adults of the species (of Walker) in the field.
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Allard (1929a) noted that in Georgia and New England there
are two broods which, in all features of behaviour, habitat, etc.
appear té be as identical as they are in all external morphological
characters which the taxonomist would care to consider. Since
there are no macro-morphological differences between the two he
did not regard these populations even as belonging to two distinct
races. In South Dakota, however, Severin (192635 1935) suggested
that there might be two 'biologic races!, one hibernating in the
egg, the other in the nymphal stage. However, he did not eliminate
the possibility of thewe being two generations,

Folsom and Woke (1939), in Louisiana, observed that field
cricket eggs laid in late April and early May produce adults in
late July and early August, and that the eggs from the second
generation produce nymphs that overwinter. Thus they actually
observed one generation succeeding the other. In all probablity -
they were dealing with what is now regarded as a distinct species

wvihich has two generations a year: Gryllus rubens Scudder. Cantrall

(1943) suspected that, in Michigan, the spring and fall
populations might actually represent two different variants, each
having a single annual cycle although mating at separate times,
but he also considered the possibility that the two populations
were merely successive generations of a single variant which was
two=brooded.

lMore recently Fulton (1952) published a study of the field

crickets of North Carolina in which he described four populations
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that differed in ecology, life history, song and distribution,

but which he beli&ed had no distinguishing morphological
characters. These four populations failed to interbreed. However, ne
hesitated to name them as four distinct species and this stand

vas supported by Hubbell (1954%; 1956). Alexander (1957), however,
has now shown that the four populations mentioned by Fulton (l.c.)
in fact represent four distinct species which show several
differences, particularly in their song characters and he further
described an additional new species. Thus he recognized five

species from northeastern North America, namely, Acheta CGryllus]

pennsylvanicus (Burmeister), A. [g{} firmus (Scudder), A. (G.)

rubens (Scudder), A. {(G.) vernalis (Blatchley) and A. [G.] fultoni
Alexander. Alexanderts conclusions zre besed on ecological,
bioclogical and morphological characters as well as on differences
in stridulation. He did not recognize the northern spring cricket.
as being specially different from the fall cricket A. [ G.]

pennsylvanicus. While describing the seasonal life-histories of

the different species he mentions that no way of distinguishing

the spring and fall "broods" of pennsylvanicus in Ohio could be

found, other than the differences in their biology and a slight
difference in the relative length of the body and the ovipositor
in most females., Thus his observations, in this regard, are more
or less similar to those of lMeleill (1889). Alexander further
noticed that the two "broods" occupy the same habitat and that

there is a slight overlap in the occurrence of their adults in
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mid-July. Bigelow (1958) also corroborated and refined McNeillts
observations without materially altering his conclusions.

Prior to Fultonts work, various names had been applied to
the two "pennsylvanicus" forms, but Fulton, Alexander, and Bigelow
(ll.cc.) did not separate the two populations with formal
nomenclature. Fulton (1952) remained quite uncertain about their
status. Alexander (1957), unable to find any ecologicel,
morphological and song differences between the two populations,
states that "These two broods may interbreed in mid-summer, or
probably in fall in the southern part of their range, or it may
be that thay have been isolated for such a short time that no
ncticeable differences have yet appeared between them.'" The two
populations are, in fact, so closely identical in most of theilr
characters that Alexander was unable to recognize them as two
species. Bigelow (1958) on the basis of differences between the
developmental rates of the two populations states, "The
distinctive differences between these two populations are more
likely to become further consolidated than they are to break down
through any future gene exchange. Therefore these two populations
should be regarded as distinct species, however similar they
might be morphologically." He was thus the first since Walker
(190%) to recognize the two populations as two distinct species,
but he still refrained from using formal nomenclature.

Very recently, however, Alexander and Bigelow (1960) have

collaborated on the problem and have discussed the relationships
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of these two populations in greater detail. They have now formally
recognized them as two distinct species. They believe that these
species have become reproductively isolated through a seasonal
separation of adults initially imposed by elimination of all but
two widely separated overwintering stages in the ancestral
population and have called this t'allochronic speciationt. After

a thorough review of the whole field, they have described the

nymph-overwintering speciles as Acheta [Gryllus] veletis and have

restricted the name pennsylvanicus to the egg-overwintering

species. The morphological difference  between the two species
which They have been able to recognize so far lies in fthe size
of the ovipositor (as noted by lclNeill, 1889), and even this
character 1s only applicable when the specimens of the two species
are from the same locality. Some overlap occurs when speciniens
from different localities are compared.

From the review of literature, given above, 1t would appear
that there are virtually no macro-morphological characters of
significance which may be used to distinguish the two speciles,

G. pennsylvanicus and G. veletis, from each other. The problem

of identification is particularly difficult for a taxonomist since
the two species are sympatric over much of their range, and the
aim of the present studies Q::% therefore been to search for the
micro-morphological, biological and physiological differences

which may help to distinguish these species from each other.

This thesis provides detailed information on the similarities and
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differences between these two sibling species as well as giving
some information on related species.

As already noted, Alexander (1957) has pointed out that song
differences have proved better than any other single set of
related characters for separating the North American species of

the genus Gryllus distinguished so far, but G. pennsylvanicus and

G. veletis cannot, apparently, be distinguished by this means.

A comparetive study of the sound-producing organs was nevertheless
underteken in the hope that some differences in their structure
and character could be found. Certain differences in fact were
discovered, but they were of minor nature.

Since these two species are so similar in morphology and
song, and since, as Bigelow (1960b) has indicated, adults of both
species are in contact throughout most of northeastern North
America during late July and (or) early August and yet do not
interbreed, it was thought that there might be some fundemental
differences in their reproductive organs. A study of the structure
and development was, therefore, undertaken, but this did not reveal
any difference of significance between the two species. Randell
(unpublished), however, has discovered certain differences in the
shape of the male epiphallus.

Studies on the morphological development of the embryos were
also undertaken, but, before attempting this comparison, another

species, the West Indian Gryllus assimilis (Fabricius) sens. strict.

vas first studied because of its known regular development, both
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in the egg and nymphal stages. Later the morphological development
of the embryos of the two species was compared with that of

G. assimilis and G. rubens Scudder, another more southerly North

American species, These yielded some interesting results, and it

was discovered that the embryos of G. pennsylvanicus enter their

well=known diapause at a particular stage in their development.

The embryos of G. veletis, G. assimilis and G. rubens develop

without diapause.
The possibility of experimentally breaking the diapause of

G. pennsylvanicus in the laboratory in order to compare the

biological characters of this species with those of G. veletis
then suggested itself, Experiments with this end in view were
performed and different aspects of the diapause studied. Finally
a preliminary study of the respiratory metabolism during
embryogenesis of the two species was made, Since it was considered
that this might be used as a test for the presence or absence of

diapause.
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II. SOUND=PRODUCING ORGANS AND MECHANISH OF SONG-PRODUCTION IN
FIZLD CRICKETS OF THE GENUS GRYLLUS LIMNAFRUS
(Published in Canadian Journal of Zoology 38: 499-507, 1960,

using the genus name Acheta Fabricius)
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II. SOUND=-PRODUCING ORGANS AND MECHANISM OF SONG-PRODUCTION IN
FIELD CRICKLETS OF THE GENUS GRYLLUS LINNAEUS.

1. Introduction

Studies by Criddle (1925), Severin (1926), Fulton (1952),
Alexander (1957), and Bigelow (1958) have shown that biological
characters are of primary importance in the taxonomy of North
American Gryllus species, All species of Gryllus are good singers
and,according to Alexander (1957), song differences have proved
better than any other single set of related characters for
separating the North American species distinguished so far.

Much attention has been pald to the study of songs of insects
by using expensive instruments, but the following points, which
are of fundamental importance in explaining the audiospectrographs
of the songs, still remain to be answered: (i) parts played by
different structures of the song-producing organs, (ii) extent
to which the file is scraped by the scraper at the time of
stridulation, (iii) whether it is the outward or the inward
movement of the tegmina that produces the song, or both these
movements. It is hoped that this study of the song-producing
organs will help to elucidate these points.

2. Materials and methods

The studies are based on both living and preserved specimens
from cultures of the following species reared at lacdonald College:

G. assimilis (Fabricius, 1775), G. pennsylvenicus Burmeister,

18338, G. rubens Scudder, 1902, and G. veletis (Alexander and
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Bigelow, 1960). The measurements were taken in the following way:
The length of the tegmen was measured from the base of 1ts dorsal
part to its tip and its width along a line drawn parallel to the
file, while the resonator was measured from the anterior to the
posterior corner and from the left to the right corner. The
length of the part of the A vein having tecth was considered as
the length of the file. In counting the number of teeth,even the
smallest tooth, which could be seen under a magnification of
about 500 times, was taken into account. All the measurements
except those of the file were made directly by means of an
oculometer, while the file was measured with the help of?camera
lucida.

3. Structure of the song-producing organs

A general description of the stridulatory organs of crickets
is found in almost all text books of Entomology and a detailed
account of these organs has been given by Tsuchiyama (1932). The

song-producing organs of (. pennsylvanicus, a common specles in

Quebec, are illustrated (Fige. 1) and described briefly as a basis
for comparison with those of other species of the genus. It may
be noted that, in Gryllus, song-producing organs are found
exclusively in meles; they are present, and similar, on both
tegmina. The song-producing structures may be divided into two

groups: the structures which produce the characteristic song,
and
viz., the stridulating organs (file and scraper);(the auxilicry

structures (tegmen, resonator and tae harp). The tegmina of
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Pig. 1. Left tegmen of G. pennsylvanicus, Ventral

view. Ly, first enal vein; B, base of dorsal part of
tegmen; D, dorsal part of teguen; ¥, files L, lateral
vart of tegmen; R, resonators; S, scraper; T, tip of

dorsal part of tegmen; 1, 2, 3, veins of harp.
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crickets are tough and sclerotized and each is divisible into two
parts, the dorszl and the lateral, the dorsal part bearing the
song-producing organs. The file lies near the base of the tegmen
and 1s formed from the under surface of the part of Aifvein which
is more or less transverse in the region of the file. The teeth
of the file are not evenly spaced but are somewhat closer together
in the apical region. They project from the tegmen at approximately
a right angle and are separable into three groups: largest and
elongated in the middle region of the file, small and more or less
elliptical in its basal region, vhile towards its apex they become
progressively smaller although remaining elongated. The scraper
is situated near the apex of the file and 1s a small thickened
zone on the anal margin in its basal part. The resonator lies
near the tip of the tegmen, 1is more or less rectanguler in shape,
and may be traversed by one or two veins. The harp 1s a triangular
area occupying the space between the file and the resonator and
is traversed by three veins vhich are also connected to the
stridulating vein. The first of these Hhree veins demarcates the
limit up to which the file is scraped. Usually the right tegmen
overleps the left one and therefore the file of the right is
scraped by the scraper of the left to produce the characteristic
Song.

The right and left tegmina are usually similar in size but
the length of the file and the size of the resonator sometimes

differ, while the number of teeth is generally different on each
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tegmen. The size of tThe resonator and the length of the file in
many cases are more or less directly proportional to the size of
the tegmen. When the tegmina of %®e two individuals are of the
sane size and the number of teeth varies, the length of the file
1s directly proportional to the tooth number.

L. Comparison of the song-producing organs of different

species of Gryllus
1

The size of tegmen, harp™, resonator and file show great
individual variation within each species and there is much overlap
in these characters between species. The size of harp, resonator,
and file appear to be directly proportional to the size of tegmen.
In all species of Gryllus examined the file teeth are separable

into three groups, as in G. pennsylvanicus (vide supra). Their

exact shape is difficult to describe adequately in words, but
figure 2 will give some idea of the differences in size and shape,
Although the number of the file teeth in different individuals

of a speciles is variable, the mean differences are considerable,
The mean numbers of the file teeth and the standard déviations

for each species (where N = 50) are listed below:

1 However, Randell (unpublished) has recently discovered that
there are some small differences in the venation, particularly

of the harp, between G. pennsylvanicus and G. veletis, but it

is not yet known if such differences are constant.
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Fig. 2. Teeth in the file of G. rubens (A)j; G. assimilis

(B); G. veletis; and G. pennsylvanicus (D)j; a, apical region;

b, basal region; m, middle region.
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G._rubens 98+5
(mid-point 109)

G. assinilis 1205

(mid-point 132)
G. veletis 143411
(mid=-point 153)

G. pennsylvanicus 162%9

The mid-points between the means cited above are 109, 132
and 153 respectively. Assuming representative samples and normal
distributions, 98 per cent of all G. rubens specimens will have

fewer than 109 file teeth; 98 per cent of all G. assimilis

specimens will have more than 109 and fewer than 132 file teeth;

86 per cent of all G. veletis specimens will have more than 132,

and 81 per cent fewer than 153 file teethy 84 per cent of all

G. pennsylvanicus specimens will have more than 153 file teeth.

The above-noted analysis shows that the number of teeth in the
file is an excellent taxonomic character for some species.

5. Experiments

0f approximately 50 individuals of each species examined,
90 to 96 per cent were found to be right-winged, i.e., the right
tegmen overlaps the left tegmen. When they were made left-winged
by reversing the position of the tegmina in the laboratory, 92
per cent of the individuals of G. rubens and 68 per cent of those

of G. veletis became right-winged again within 2% hours. Individusals
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which did not revert to the right-winged condition during this
period remained left-winged for the remazinder of their lives.
But,even so, artificially left-winged individuals sometimes

began to stridulate almost immediately. At first the song was soft,
almost exactly like the first song of the adults after their

final ecdysis. Within one to three days, however, the left-winged

individuals began to sing normally. In G. assimilis all

individuals became right-winged again within one hour.

When the lateral part of the right tegmen of G. veletis was

cut away such mutilated individuals striduleted as efficiently
as normal meles, but the song so produced was not so loud. Thus
the removal of the lateral part of the tegmen did not affect the
modulation quality but only the volume of the song.

The removal of the lateral part of the left tegmen and the

apical part (including the resonator) of both tegmina of G., veletis

individuals agaln did not affect the modulation quality of the
song although its loudness was further diminished, i.e., the song
became even softer thanigﬂZisonly the lateral part of the tegmen
was removed. Even when both the lateral and apical parts of both
tegninawere removed the insects were able to stridulate; the
sound so produced was very soft but the characteristic quality

of the song was maintained.

When the scraper of the left tegmen of ¢. veletis was removed

the mutilated individuals tried to stridulate but could not, at
first, produce any sound, and it is interesting to note that 80
per cent subsequently became left-winged and produced a song

similar to that of the normal individuals.
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The adults of Ge. assimilis and G. veletis begin their first

singing on the fourth and sixth day of their adult life
respectively. By this time the spermatophore has not yet developed,
so that the presence of a spermatophore in the spermatophore
chamber is not essential for stridulation to begin. When the
spermatophore was removed artificially from the genital cavity,
singing was not inhibited; individuals sometimes began to sing
almost immediately after the removal.

It was observed that at the time of stridulation the tegmina
are raised from the back at an angle of about 30 to 450 and there
appearsto be some difference in the songs produced at various
angles, It has been noted that when an insect sings 'spontaneously!
it keeps its tegmina at an angle of about 30° from its backs; this
1s probably a tcalling song', but when another male also begins
to sing, the first raises its tegmina to an angle of about 450
to produce the tfighting song'. Thus the kind of song seems to
depend on the angle of elevation of the tegmina.

It was observed that at the time of stridulation the insect
uses only about one-third of the file, i.e., about one-third of
the file is engaged by the scraper and the remaining two-thirds
do not come in contact with it. The scraper runs laterally?%ir%%e

first vein of the harp. This was determined for G. assimilis

and G. veletis in the following manner: the insect was held in

the left hand by the thorax which was pressed a little, causing

the tegmina to move upwards at an angle of about 450. The left
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tegmen was then moved outwards with a forceps and freed so that
it moved inwards, either by itself, or assisted a little by the
thumb, By this means a characteristic cq?@p may be . .produced,

and it can be observed that the left tegmen can move underneath

the right tegmen onlyup to about the middle vein of the harp in

G. 2ssimilis andyp to the first vein in G. veletis. When the

tegming are held st an angle of about 30 to 40° the left tegmen
cannot move below the right tegmen beyond the positions mentioned
above, The left tegmen cannot move beyond these limits by itself.
However, when the tegmina are parallel to the back the left tegmen
can be moved well beyond these limits by means of forceps and the
spund thus artificially produced is not characteristic o1 the
species. It is, however, very similar to the first song of the
adult.

the

To discover whether it isfoutward, inward, or both movements

of the tegmina that produce the song, an adult male G. assimilis

was held in the manner described above,keeping the tegmina at an
angle of about 45° from the back. First the left tegmen was pulled
out and then allowed to move inwards by itself. The characteristic
sound was produced as the tegmen returned to the resting position.
When a similar experiment was done with the right tegmen, however,
no sound was heard. Only the inward movement of the tegmina
produced the song. The insect first pulls its tegmina apart and
then allows them to come together. It is only when they move

towards each other that the characteristic song is produced.
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A sound can be produced by moving the tegmen both. inwards and
outwards by means of forceps, but the sound so produced is not

characteristic.

6. Discussion

As noted above, individual crickets show great variation
in tooth-number in the file. It 1s, in fact, difficult to find
two individuals having the same number of teeth. However, the
limits of wvariation in each species appear to be fixed around a
characteristic mean number, and the mean differences in some cases
are considerable., Tnere 1s little or no overlapping in tooth
number (fig. 3), for example, between G, rubens and any of the

other three species, The same is true of G. assimilis. Although

overlapping is considerable in the case of G. veletis and

Ge. pennsylvanicus there 1s a distinet difference in the means and

the range of variation in tooth number between the two species,

G. pennsylvanicus having more teeth on the average. Overlapping

is so great, however, that tooth-number is useless as a taxonomic
character in the case of these two species. If the number of file
teeth affects the song -character of a species, one would expect

little or no difference between the song of G. veletis and

G. pennsylvanicus. This is in fact the case, and is one of the

main reasons why Alexander (1957) did not separate these two
species. There appear to be, however, distinct differences in the

size and shape of the file teeth (Fig. 2 ).
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The experimental studies reveal that the stridulatory
organs of both tegmina are equally efficient, either set being
able to function as well as the other after a little practice.
The removal of the lateral or apical parts of either or both
tegmina (including the resonator) lowers the intensity of the
song. This corresponds with the observations of Loher (1957) for
Acrididae. The change in the intensity of the song appears to be
of no great influence in the life of crickets (under laboratory
conditions) since males in which intensity of the song was lowered
experimentally could attract females. In the laboratory, it may

be noted that, particularly in G. assimilis, more than 25 per

cent of males break the apical part of their tegmina accidently.
It has been observed by many workers that there is sometimes
variation in the quality of song of a species from different
localities. Loher (1957) and Frings and Frings (1957) have found
clear-cut differences in the songs of different individuals of

Neocconocephalus ensiger (Harris) (Tettigoniidae).It is believed

by Pumphrey and Rawdon-Smith (1939, 1940) and by Frings and Frings
(1958) that the tympanic organs lack frequency discrimination of
pure tones but are sensitive to modulated sounds, and that this
modulation quality remains the same for a given species. The
present experiments support this view, and it is probably not
possible to change the modulation quality of the songs of

crickets experimentally. It may be suggested that the number of

teeth in the file is probably(to a great extent(responsible) for
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determining the modulation quality of the song of a particular

species, The overlap in tooth number in G. veletis and

G. pennsylvanicus keeps them very close in song character

although therée are other differences, particularly in the shape
and size of teeth. There may be differences in the song due to
the size and shape of teeth which the human ear cannot detect.
There is no previous record of the extent to which the file
is used for stridulation in Gryllus, but Boé;r (195%) has argued
that about L0 per cent of the file is used in stridulation in

Neoconocephalus ensiger. His conclusion is supported by the

present observations, but the basis of his arguments does not
appear to be very sound, for according to him each note contains
about 40 pulses and probably each pulse represents a tooth being
struck, Probably he means by 'note! a pulse and by t'pulse! a spike.
By examining a number of audiospectrographs of several species,
published by a number of workers, and including some of those
mentioned above, it was found that each pulse consists of a

number of vertical tspikest and I am of the opinion that each
spike is produced by a tooth being struck. If a pulse shows a
large number of spikes this means that a large number of teeth is
scraped to produce the pulse. Comparing Alexander's (1957) figures
11 and 1% of audiospectrographs of Acheta [ Gryllus ] pennsylvanicus

and A. { G.) rubens, the audiospectrograph of the former shows a
large number of spikes in a pulse while that of the latter shows

a smaller number. This is due to the fact that G. pennsylvanicus
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has a greater number of teeth than G. rubens on the one-third of
the file scraped. Further, these spikes are responsible for the
modulated quality of the pulse and, since the number of teeth in
the part of the file scraped by the scraper is more or less fixed,
the modulated quality of the song for a species becomes fixed.
2A1lard (1929b) and others believe that the notes are magde
only by the inward movement of the file. Recently Borrer (1954)
has discussed this point at length and believes that the song is
probably produced by one movement of the scraper. Frings and
Frings (1957) also feel that the sound is produced by unidirectional
movement and that the silent period is a period of return of the
tegnina to a starting position, However, this was not demonstrated
by these authors. The present observations have co&}usively
shown that the song is indeed produced by unidirectional movement,
nemely the inward movement of the tegmina, in Gryllus species,
This observation also appears to be of great importance in
interpreting the audiospectrographs of various insects. A study
of these audiospectrographs reveals that the pulses are spaced;
this spacing coincides with the outward movement of the tegmina
when no sound is produced. Further, this period is different for
different species, depending on the rapidity with which the
tegmina are moved apart. In some insects the pulse period and
non-pulse period are equally spaced, which would mean that both
inward and outward movements of the tegmina teke place with equal

speed. In other insects 1in which the pulse and non-pulse periods
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are unequal, the speed of movement of the tegmina inwards and
outwards is different. Since the spacing is fixed for a species,
the quality of the song becomes distinctive for a species. This
may be regarded the second quality of the song.

The third quality of ke song is the number of pulses
comprising a phrase, i.e., the number of successive pulses before

a brezk in the song. For example, in G. assimilis a few pulses

are emitted, then a bregk occurs before the singing is repeated.

It may be concluded that the guality of the song of a
particular species depends firstly on the number of teeth of the
file scraped by the scraper, secondly on the speed by which the
tegmina are moved outwards and inwards,a%%u;hirdly on the number
of pulses per unit time; and the kind of{song on the elevation
of the tegmina,

One question still remains to be answered, namely, the
function of the remaining part of the file which is not scraped
by the scraper. It is possible that this tunusedt! part may
further help in producing the specific modulated frequency in a
way analogous to what occurs in our stringed instruments,in which
only a part of the string is engaged by the bow. When even a small
peg 1is put on the string, the modulated quality of the string

changes. The tooth -number probably performs a similar function

in the stridulatory mechanism of crickets.
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ITI. STRUCTURE AND DEVELOPMENT OF THE REPRODUCTIVE ORGANS OF
GRYLLUS VELETIS AND G. PENNSYLVANICUS
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III. STRUCTURE AND DEVELOPMENT OF THE REPRODUCTIVE ORGANS OF
GRYLLUS VELETIS AND G. PENNSYLVANICUS

1. Introduction

The structure of the reproductive organs of the Gryllidae
has been studied by a number of workers. Spann (1934%), who

describes the structure of these organs for Gryllus ”assimilis"l,

has given a complete review of the literature up to date. Since
then Snodgrass (1933, 1937), Qadri (1940) and Gupta (1948) have
described the structure and development of these organs in

Gryllus l'?ass:‘.m‘_l:‘Ls"l, ¢ryllulus [now Acheta] domesticus (L.) and

Gymnogryllus erythrocephalus (Serville), and Gryllulus

[Gryllodes] sigillatus (Walker) respectively. The aim of the
present studybas in other parts of the thesis, was to discover
differences, if any, in the development of the reproductive
organs of the two closely related North American species Gryllus

wth, G
pennsylvanicus and G. veletis‘particularly in respect of late

instar nymphs.

In G. veletis and G. pennsylvanicus the duration of the

penultimate and the last nymphal instars (nymphs with short
wing-pads and long wing-pads, usually in their eighth and ninth

insters respectively) i1s very variable and differs in the two

1 Not Gryllus assimilis (¥.) but one of the common North American

speciegjpossibly Ge. pennsylvanicus. Spannts material wes from

Kansas.
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species. Under the laboratory conditions used by the authorl the

duration of these instars in G. veletis was found to vary from

5 to 29 and é to 31 days respectively, while in G. pennsylvanicus

the corresponding periods of development were 7 to 10 and 8 to 11
dayss the durations of other instars of the two species were more
~or less similar (unpublished observations - but see also Jobin
(1961) for a fuller study of this aspect). As noted elsewhere,

G. pennsylvanicus overwinters in the egg stage but G. veletis

enters hibernation as a nymph, probably in the eighth or ninth
instar. In spite of the differences between the species during
these critical instars, the present studies unfortunately reveal
virtuaelly no difference in the structure and development of their
reproductive organs, so that little additional information of
value to the taxonomist has been obtainedg. However, in view of
the confusion in the literature regarding the species of the
assimilis group studied by previous authors, a re-examination of

the problem is fully justified.

1. The nymphs were reared on crushed "baby rabbit pellets" (sold

by Ogilvie Flour Mills Co. Ltd. Montreal) in one-gallon candy

jars. A vial of 40 ml. capacity, containing water, tightly plugged
with cotton wool, served as a source of water in the jars.

2. However, Randell (unpublished) has noted certain differences in
the shape of the male epiphallus of the two species in Quebee
populations, but it is not yet known if such differences are
constant for the whole distributional range. Similarly Alexander

and Bigelow (1960) have pointed out that the length of the oviposiég

differs between the two specles, provided thay come from the same

arede.
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The study also clarifies some controversial points in the
morphology of the reproductive organs, which have also been
described briefly for the adult insects as a basis for discussing
their development and morphology in the nymphs. Since the two
species under review are similar in structure and development, the
following account is equally applicable to both of them.

2. Materials and methods

Adult G. veletis and G. pennsylvanicus were collected locally

in the vieinity of Ste Anne de Bellevue, Quebec, at the beginning
of May and August respctively, and their progeny (first generation)

was used for the study. The eggs of G. pennsylvanicus were given

cold treatment at 6—700. for three months to ensure their regular
development in order to obtain normal nympihs (see Section VI).
The reproductive organs were studied after making dissections of
both the adults and nymphs in 70 per cent alcochol. Diagrams were
made using a camera lucilda.

3. Female reproductive organs

The ovaries are more or less spindle=-shaped extending from
the second to the fifth abdominal segment. Each ovary consists
of a large number of closely packed ovarioles which open into the
oviduct. The two oviducts run first posteriorly and then turn
towvards the middle line to meet the common oviduct. The common
oviduct is short, wide at its base and pointed at its tip, and

extending posteriorly to open into the genital cavity. phe gonopore

1s wide and dorsal being situated in the dorsal wall of the common




( 32 )

oviduct. The spermatheca is pear-shaped, thin-walled sac, from
the middle region of the left side of which leads a much
convoluted spermathecal duct. This duct opens on the ventral side
of the spermathecal spout. The spout is conical, dorsally convex
and strongly sclerotized, and ventrally concave and membranous.
The concavity of the spout remains filled with fat body. The
opening of the spermathecal duct is situated, not at the tip of
the spout, but a little anterior to it and is considerably finer
than the gonopore, The spout lies in the dorsal part of the
genital cavity a little posterior to gonopore. The genital cavity
lies between the subgenital plate on the ventral side and the
ninth sternum on the dorsal side.

The subgenital plate is pocket-like and closed posteriorly.
Its ventral wall is heavily sclerotized, the anterior margin of
which is fused with the posterior margin of the seventh sternum,
The dorsal wall of the pocket is sclerotized only postero-laterally,
leaving the anterior and median part membranous. This latter
remains folded, and in this fold opens the gonopore. The anterior
margin of the dorsal wall of the subgenital plate is fused with
the membranous eighth sternum, which also forms a fold, like that
of the subgenital plate. In the posterior part of the fold of the
eighth sternum lies the spermathecal spout. Thus the genital
cavity actually lies between these two folds which, being fused
anteriorly, form a membranous chamber where the fertilization of

the egg takes place. Thus the dorsal wall of the subgenital plate
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and the membranous eighth sternum separate the common oviduct
and the spermathecal duct from each other, except near their
openings.

The ovipositor consists of three pairs of valves, the
anterior and lateral pairs are long and perform the function of
oviposition, whiﬁﬂ the inner pair is rudimentary and remains
concealed between the anterior and lateral pairs. The eighth
sternum is membranous except for the lateral parts which form the
first pair of valviferssghelr postero-mesial corners remain
articulated with the anterior ovipositor valves. The spermathecal
spout, in the middle part of the sternum, probably forms the first
intervalvula. The ninth sternum becomes divided into a number of
sclerites: namely, the anterior and posterior intervalvulae;

a palr of valvifers which remain fused with the bases of the
lateral and inner pairs of the ovipositor valves; and a pair of
antero~lateral pieces which become fused with the anterior
valvifers. There are no basivalvulae since no distinct sclerite
becomes differentiated at the base of any ovipositor wvalve.

Development of the ovipositor valves: The sexes cannot be

distinguished externally in the first instar. In the second instar
the sexes can be separated rather easily, as the ninth sternum

of the female zppears divided into three parts, but there are no
traces of the ovipositor valves. in the third instar(rFig. HA),

two pairs of the ovipositor buds appear, one at the posterior

margin of the eighth and the other at the posterior margin of the
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4
Fig.KDevelopmental stages of ovipositor and subgenital

plate of G. veletis. A, surface view of eighth and ninth sterna

of third instarj; B and C, same of fourth and fifth instar.

ab, anterior budj; aopv, anterior ovipositor valvesy iopb, inner
ovipositor budj; iopv, inner ovipositor valve; lopb, lateral
ovipositor budj; lopv, lateral ovipositor valve j; 1lp, lateral
pouch; pb, posterior ewipestber bud; VII, VIII, IX, number of

sterna,
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ninth sternum. The buds of the eighth sternum lie far apart,
while those of the ninth are a little smaller than those of the
eighth and are closer to each other. In the next instar (Fig. 4B)
the buds of the eighth sternum, which form the anterior pair of
the ovipositor wvalves, grow and become more or less triangular.
Each bud of the ninth sternum divides into a large outer and a
small inner part, the outer part becomes the lateral ovipositor
valve while the inner one forms the inner ovipositor valve. In
the fifth instar (Fig. 4C) the three pairs of the rudiments
assume the characteristic shape of the ovipositor valves, the
anterior and lateral pairs become elongated, while the inner pair
remains small. In the subsequent instars (Fig. 5 A and B) the
anterior and lateral pairs of valves grow further, but the inner
pair, instead of growing, becomes reduced and therefore remains
small and concealed between the former pairs of valves in the
adult.

Development of the subgenital plate, valvifers and

intervalvulae: In the first instar the sterna of the genital

segments are more or less similar to those of the pre~-genital ones.
In the second instar the ninth sternum, which is the smallest,
appears to be divided into a medlan and two lateral parts due to
the median part being a little raised up. In the next instar

(Fig. 44) the eighth sternum is smaller than the seventh, while
the ninth remains the smallest and its division becomes more

distinct.



Pig. 5. Developmental stages of subgenital plate, common oviduct

and spermatheca of G. veletis. A, inner view of last three sterna

of sixth instar; B, same of eighth inster. a, anpulla of oviductj
aopv, anterior ovipositor valve; cd, common oviduct; iopv, inner
ovipositor valves lopv, lateral ovipositor valve; o, ovary; od,
oviducts psg, pouch of subgenital plate; rcd, rudiment of common
oviduct; rsp, rudiment of spermatheca; sgp, subgenital plate; spd,
spermathecal ductj; sps, spermathecal sacy VII, VIII, IX, humber

of sterna.
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In the fourth instar (Fig. 4B) the postero-lateral margins
of the eighth sternum become membranous, while the ninth sternum
becomes divided into three distinct parts: one median and two
lateral, the latter bearing the ovipositor buds. In the next
instar (Fig. 4C) the seventh sternum becomes the largest. From
the intersegmental membrane between the seventh and eighth sterna
a pair of lateral pouches is formed. The eighth sternum becomes
further membranized in the antero-median and postero-lateral
regions. The ninth sternum remains divided into three regions but
the median region now becomes more or less membranous.

In the sixth instar (FPig. 5A) the seventh sternum remains
the largest. The intersegmental pouches grow further and their
mesial ends meet. The ventral walls of the pouches become
sclerotized while their dorsal walls remain membranous. In this
manner the intersegmental membrane which gives rise to the pouches
becomes double~walled having its ventral wall sclerotized. The
eighth gsternum becomes further membranized leaving only the
antero~lateral and a small postero-median reglon sclerotized. In
the postero-median region is formed the invagination of the
spermatheca. There is no change in the ninth sternum.

In the seventh instar the two pouches fuse forming a single
large pocket, the entire ventral wall of the pocket becomes
sclerotized like the seventh sternum, while the dorsal wall
remains membranous and covered completely by the eighth sternum.

The pocket forms the subgenital plate. The eighth sternum becomes
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almost completely membranous except the small postero-mesial and
antero-lateral parts. The ninth sternum also becomes membranous
except the lateral regions. In the subsequent instars (Fig. 5B)
the subgenital plate becomes adult-like. From the three sclerotized
areas of the eighth sternum the median area forms the spermathecal
spout, while the lateral areas form the first pair of valvifers.
The lateral regions of the ninth sternum become divided into two
parts, the anterior and posterior. The anterior part fuses with
the first valvifer which thus becomes a composite structure, while
the posterior part forms the second valvifer. At the same time

the two intervalvulae are also formed in the ninth sternum. The
ninth tergum remains connected with that piece of the ninth
sternum which is fused with the first valvifer.

Development of the genital ducts: In the first instar the

ovaries are very small and globular lying in the fourth segment.
The oviducts extend up to the posterior margin of the seventh
sternun where each terminates in a small hollow ampulla, the
anmpullae of the two sides lying very close to each other. In the
next four instars these structures grow further. In the sixth
instar (Fig. 5A) drastic changes take place. A mesial thickening
is formed on the ventral surface of the dorsal wall of the
subgenital plate, which is the rudiment of the common oviduct.
An invagination develops at the base of the anterior ovipositor
valves in the eighth sternum forming the rudiment of the

spermatheca. In the eighth instar (Fig. 5B) the rudiment of the
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common oviduct grows anteriorly and fuses with the ampullae of
the oviducts and in the subsequent instars it develops the
characteristic shape. The spermathecal rudiment, in the seventh
instar, grows and forms a short duct with a small sac at the
anterior end and in the next instar the duct becomes a little
longer; In the ninth instar the sac assuues the adult form but
the duct still remains short and less convoluted.

Discussion of the female reproductive organs: Qadri (19%+0)

and Gupta (1948) have given = detailed accounts of the development
of the reproductive organs of certain species of cricket , but
their accounts appear to be inaccurate in places. This inaccuracy
has arisen, firstly, because probably neither author conducted
adequate breeding experiments with the result that there was
confusion regarding the precilise nymphel instar in which a
particular structure developed, and, secondly, because the authors
mentioned studied only certain nymphal instars and not others,
the instars studied by the two authors not necessarily being the
seme.

The rudiments of the ovipositor valves, one pair at the
posterior margin of the eighth and the other pair at the posterior
margin of the ninth sterna, arise at the same time in the third

instar of G, pennsylvanicus and G, veletis. However, Qadri and

Gupta (ll.cc.) describe their origin in the second and first
instar respectively for the species studied by them. Gupta maintains
that each rudiment of the anterior ovipositor valves divides into

two and that the inner division becomes absorbed shortly after-
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wards. In G. pennsylvanicus and G. veletis these rudiments do not

divide. FBach third and fourth nymph tock three to four days to
reach the fourth and fifth instar respectively, during which
period nymphs were examined deily in order to observe any division
of the rudiments. The rudiments of the anterior ovipositor valves
did not divide at any stage, however, and 1t 1s inconceivable

that any divided condition of the rudiments could be so short
lived - less than 24 hours. It also seems improbable that Gupta
could have secured such a stage without rearing experiments.
Admittedly Gupta was using crickets of a genus other than Gryllus,
but this kind of division hashot becn observed in any other insect
and he was surely wrong in his opinion that other workers like

Nel (1930), Metcalf (1932), D'Rozario (1942) and myself (Rakshpal,
194%5) had missed this stage. Subsequent development of the

ovipositor valves in G. pennsylvanicus and G. veletis, however,

is similar to that described by Qadri and Gupta for Acheta

domestlcus, Gymnogryllus erythrocephalus and Gryllodes sigillatus,

The subgenital plate develops as a palr of pouches in the
intersegmental membrane between the seventh and eighth sterna as
described by Qadri. This author has described théir origin in the

second instar of the species studied by him (A. domesticus,

G._erythrocephalus), but this requires confirmation, since, in

G. pennsylvanicus and G. veletis they arise in the fifth instar,

Becker (1932) regards the formation of the subgenital plate in

insects as being due to the fusion of the appendages of the
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seventh segment, but he probably confused the paired pouches of
the intersegmnental membrane with the appendages of the seventh
segrient., Gupta, on the other hand, believes that the subgenital
plate in Gryllodes is formed from the posterior part of the
seventh sternum, but it would seem probable that he missed the
instars in which the paired origin of the subgenital plate from
the intersegmental membrane can be distinguished.
The common oviduct 1s formed in the sixth instar in

Ge. pennsylvanicus and G. veletis, although Qadri and Gupta regard

its formation as occuring in the third and second instar
respectively in the species studied by them. It develops as a
thickening on the ventral surface of the dorsal wall of the
subgenitsl plate as shown by Qadri, wvhereas Gupta (presumably in
error) describes its formation on the dorsal wall of the

intersegmental membrane. In G. pennsylvenicus and G. veletis the

rudiment of the spermatheca eppears in the sixth instar. Qadri
and Gupta, however, mention its origin in the third instar in the
species studied by them., This structure develops on the eighth
sternum as described by Gupta, and not on the ninth as assumed
by Qadri. Gupta mentions the formation of the rudiment of the
accessory gland in the ninth sternum in the second instar and its
absorption subsequently. However, my observations show that no
such rudiment arises either in the second or in the subsequent

instars in G. pennsylvanicus and G. veletis,
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L, Male reproductive organs

The male reproductive organs consist of a pair of testes
lying in the third to sixth abdominal segment and meeting in the
mid-dorsal line. Each testis has a large number of follicles
which overlie one another and are enveloped in a delicate
peritoneal membrane. The follicles open in the intra-testicular
part of the vas deferens through fine vase efferentia. After
emerging from the testis the vas deferens runs posteriorly to the
ninth segment where it loops below the cercal nerve and then turns
forward to enter the mass of the accessory gland tubules. Here
it becomes thickened to form the compactly coiled epididymus and
then runs a little posteriorly to open dorgally into the
ejaculatory duct near its anterior end. The ejaculatory duct 1s
a wide tube opening into the genital cavity. Into the extreme
posterior end of the duct opens a pair of pear-shaped lateral
vesicles. At the mouth of the ejaculatory duct are present two
lateral lips which become extended when the spermatophore is
present in the genital cavity. There is a median ventral fold which
remalns upturned, covering the leteral 1lips and gonopore and
occupying the cavity of the spermatophore chamber. The accessory
glands consist of a mass of tubules arising from the lobe formed
by the fusion of the posterior ends of the vasa deferentia. The
dorsal tubules of the gland are somevhat smaller thanthe lateral

and ventral ones.
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The genitalia (Fig. 6) consist of a broad, sclerotized,
recurved, median dorsal prong - the pseudosternum of Talker (1922),
pseudoepiphalle of Chopard (1920), or encre of Snodgrass (1937) =~
and a pair of bifid prongs (ectoparameres of UWalker). From the
median dorsal prong extends a long arm (ramus of Walker) anteriorly
on each side. On the ventral side of the medisn prong is present
a sShbnersy pointed spermatophore guide extending into a large
thin-walled pouch, the spermatophore chamber; a U~shaped structure
(endoparamere of Walker) lies on the dorsal surface of the guide.
The subgenital plate is formed by the trough-like ninth sternum.

Develonnent of the genitalia and subgenitel plate: In the

first and second instars (Fig. 74) the posterior margin of the
ninth sternum is slightly convex, but, in the next instar, the
margin bécomes nore or less Tlat. In the fourth instar the narrow
posterior part of the ninth sternum turns inwards and becomes
membranous, while the posterior margin of the sclerotized part
develops a median dep” ression. In the next instar (Fig. 73) the
margin of the sternum becomes slightly more depressed and the
inturned part grows further, thus forming a pocket, the ventral
wall of which consists of the sclerotized sternum, while the
dorsal well is formed by the inturned part. Due to further
growth of the inturned part, the intersegmnental membrane behind
the inturned part becomes folded. In the sixth instar (Fig. 7C)
the membrane develops a pair of sclerotized penis lobes

in its dorsal part, and in its ventral part a median
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Fig. 6. Male genitalia of G. veletis. A, ventral view of

dorsal and bifid prongs; B, ventral part of bifid prongs;
C, U=shaped sclerite; D, spermatophore guide; a, arm of dorsal
prong; bp, bifid prong; dp, dorsal prong; spg, dorsal part of

spermatophore guide.



Fige 7. Developmental stages of male genitalla and genital
ducts of G. veletis. A, inner view of ninth sternum of second
instar; B, same of firfth instarj; C, postero-ventral view of
genitalia and ventral view of ampullae of vasa deferentia of sixth
instar; Dy &, F, postero~ventral view of genitalia of seventh,
eighth and ninth inster; G, dorsal view of ampullze of vasa
deferentiay I, ventral view of same of ninth instar. a, amnpulla
of vas deferens; dp, dorsal prong; ejd, ejaculatory duct; fa,
fused ampullae of vasa deferentia; g, gonopore; ip, inturned part
of ninth sternumj; ism, intersegmental membrane; 1, loop of ampulla
of leftivas deferens; la, left ampullaj; 1lp, latersl projection;
lvd, left vas deferenss; pl, penis lobes re, right ampullaj; rvd,
right vas deferens; vd, vas deferens; vp, ventral prong; vs,
ventral sclerotizations; IX, ninth sternum.
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sclerotization extending on both sides. Between the dorsal and
ventral sclerotizations in the membrane a median depression
appears, in the ventrel part of which lies the gonopore. The
inturned part of the ninth sternum remsins more or less membranous.

In the seventh instar (Fig. 7D) the inturned part, due to
its growth covers the posterior healf of the sclerotized ninth
sternum. The anterior margin of the inturned part is depressed
in the middle, while the corners, which are more or less rounded,
remain projecting anteriorly. The svace between the sternum and
the inturned part becomes narrow, and the inturned part itself
remains almost completely covered by the intersegmental membrane.
The intersegmental membrane, due to its folding, forms a shallow
pouch. The penis lobes fuse in the middle line, while the ventral
sclerotization grows laterally.

In the eighth instar (Fig. 7L) the inturned part covers
almost three quarters of the sternum from the posterior margin,
and the pos&;ior margin of the inturned part becomes sclerotized.
The anterior median part of the two fused penis lobes evaginates
dorsally forming the dorsal median prong. Similarly the area
between the two penis lobes, along with their mesisl margins,
grows above the general surface forming a short ventral prong,
the double nature of which remains distinet due to the slight
bifid condition of the tip.

In the ninth instar (Fig. 7F) the dorsal prong grows and

becomes a distinet pointed structure. On each side of the ventral
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prong arises a projection ﬁhose tip is flat, and, as the prong
grows, the projection remains at a lower level. Two or three days
before the final moult the ventral prong gives rise to the
spermatophore gulde, while the laterel projections form the bifid
lateral prongs, and the dorsal prong assumes the shape of the
adult structure. All these structures are distinetly visible
inside the nymphel structures. After the formation of the
spernatophore guide, the membrane between the gulde and the
gonopore becomes depressed,forming the spermatophore chamber; and,
due to the depression, the base of the guide comes to lie in the
dorsal wall of the chamber. At the same time two lips are formed
one on either side of the gonopore, and these normally remain
contracted, becoming extended only when the spermatophore is
present in the genital cavity. The ventrel fold is formed by the
ventral "sclerotization which beeemes turnef dorsad, covering the
gonopore and the lateral lips, and coming to occupy the cavity of
the spermatophore chamber. The ventral fold when inside the
spermatophore chamber assumes the form of & hollow, ribbed cylinder
having six ridges alternating with six furrows, and probably forms
a mould for the sﬁ}matophore plate. When the spermatophore is
completely formed the ventral fold is extruded and forms a ventral
support for the spermatophore, the lateral 1lips being released
and thus extended at the same time, forming lateral supports.

Development of the genital ducts: In the first instar the

small testes lie in the third abdominal segment, while the vasa
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deferentia extend to the posterior margin of the ninth sternum
vhere they terminate in two hollow ampullae of equal size. In
the fourth instar the left ampulla becomes a slightly larger
than the right one, while in the next instar (Fig., 7B) it becomes
quite distinctly larger. In the sixth instar (Fig. 7C) the left
ampulla becomes looped and thus appears to consist of two parts,
while in the seventh instar the ampulla of the right side fuses
with the overgrown part of the left ampulla, so that, after
fusion, a large lobe is formed. The dorsal part of this lobe
grows posteriorly more towards the left side than towards the
right, and thus the whole structure becomes asymmetrical., In the
elighth instar the extended part loops ventrally towards the left
side, and in the ninth instar (IFig. 7G and 7H) a distinct loop
1s formed opening to the left. The anterior part of the entire
structure remains globular, and in this part the ejaculatory duct
opens ventrally., Thus the posterior overgrowvn part of the vasa
deferentia conceals the ejaculatory duct. The accessory glands
develop from the posterior fused part of the vasa deferentia and
are therefore mesodermal in origin.

The common ejaculatory duct is formed in the third instar
in the intersegmental membrane behind the ninth sternum;later
on 1t extends anteriorly and fuses with the ampullae of the vasa
deferentia.

Discussion of the male reprocductive organs: Snodgrass (1937)

and Qadri (1940) have described the developuent of the male
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reproductive organs in Gryllus Yassimilis"™ and Acheta domesticus

respectively. In G. pennsylvenicus and G, veletis the penis lobes

arise in the fifth instar in the form of a pair of buds as
indicated by Snodgrass. Qadri, however, mentions their presence

in the first instar of A. domesticus and he further states that

the ampullae of the vasa deferentia rest on the buds. In fact the

ampullae of G. pennsylvanicus and G. veletis lie on ez thick

layer of fat body which has the appearance of two small buds and
it seems probable that Qadri mistook them for the penis lobes.
From his diagram of a cross=-section passing through the ampullae
of vasa deferentia, and showing the histology of the nymph, it
is quite evident that the structure beneath the ampullae is the

fat body. Qadri maintains that each penis lobe of A. domesticus

divides into two. In G. pennsylvanicus and G, veletis it never

divides, however, and it would seem that he has probably confused
the ventral sclerotization with the ventral buds. He gives no
diagram in support of his view. Snodgrass considers that the

ventral sclerotization in Gryllus "assimilis"l arises as a pair

of buds which fuse shortly afterward. However, in G, pennsylvanicus

and G. veletis this structure is a single median structure from

the very beginning. As in other insects the entire genitalia are
formed by the penis lobes and the ventral sclerotization does not
take any part in their formation. Therefore the latter cannot be

part of the penis lobes. The spermatopnore guide is comparable

1. See footnote on page 29.
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with the aedeagus of other insects, sinceit is formed by the fusion
of the mesial perts of the penis lobes and also performes a

similar function by directing the duct of the spermatophore to

the opening of the spermatheca, thus transfering the spermatozoa

to the female, The bifid lateral prongs are comparable with the
parameres of other insects since they are formed by the outer

parts of the penis lobes and probably function in $hke opening the
genital cavity. The ejaculatory duct arises in the third instar

of G. pennsylvanicus and G. veletis; Qadri, however, describes

its presence in the first instar of A. domesticus.

5. General discussion

There are two views regarding the origin of the genitalia
in insects (for literature see Maﬁtﬂda, 1958). One view is that
the embryonic abdominal appendages persist in the post-embryonic
stages and give rise to the ovipositor of the female and the
phallic organs of the male (Wheeler, 18933 Ilse, 1934; Roonwal,
1937 = on the basis of the embryological studies - and Verhoeff,
18963 1902; Bdrner, 1921; and others, including Scudder, 1957 -
on the basis of comparative morphology). The other view is that
these structures are absolutely new arising in the post-embryonic
stages (Heymons, 18963 1897; 1899; Zander, 19003 1901; 1903; and
others). I have already shown that the rudiments of the ovipositor
and the phallic organs of homopterous, hymenopterous, lepidopterous
and coleopterous insects arise as new structures in the post-

embryonic stages (Rakshpal, 19%1j; 19433 19443 1945; 1946a; 1946b).



( 51 )

Further, my studies of morphogenesis of four American species of
Grylius (See Sections IV and V) show that abdominal appendages
arise on either side of each abdominal segment after the completion
of anatrepsis, but that all these except those of the first and
last segments (namely thevleuropodia and cerci) are resorbed before
katatrepsis begins. These observations and the presént studies
show conclusively that the ovipositor and phallic organs have
nothing in common with the embryonic abdominal appendages and

that they arise as new structures in the post-embryonic stages

as has been recently discussed on the basis. of previous literature
by Mastuda (1958).

Wheelert's (1893) view, that the appendages of the eighth,
ninth and tenth abdominal segments take part in the formation of
the ovipositor, and that the appendages of the tenth form the male
genitalia of insects, has been supported by Else (1934), Roonwal
(1937) and, more recently, by Dupuis (1950) and Gustafson (1950).
However, my previous observations (Rakshpal, ll.cc,) and present
studies, along with those of other workers, clearly show that the
ovipositor is formed by the rudiments arising from the eighth
and ninth sterna, and the phallic organs of the male by those
arising fromthe ninth sternum or from the intersegmental membrane
posterior to the ninth sternum.

It is interesting to observe that the view, that the
ovipositor is formed by the versisting embryonic appendages of

the eighth, ninth and tenth abdominal segments and that the male
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genitalia are formed by the persisting appendages of the ténth

abdominal segment, is based on the studies of the embryonic and

post-embryonic development of Xiphidium [Conocephalus]

(Tettigonioidea), lielanoplus and Locusta (Acrididae) and that no
even
evidence has been found to support the view/in other groups

of Crthoptera (namely Gryllidae). There appears, therefore, to
be reason to doubt the accuracy of the observations on these
insects and a re-investigation of their morphogenegis would seem

to be called for.
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IV. MORPHOGEVESIS AND EMBRYONIC MEMBRANES OF GRYLLUS ASSIMILIS

(FABRICIUS)

1. Introduction

In order to compare the embryonic development in

Ge._pennsylvanicus and G. veletis, it was considered that a proper

prior knowvledge of the morphogenesis of the genus should be
obtained. Forthis reason a preliminary investigation of the
development of the eggs of a non~diapause species from Jamaica,

Gryllus assimilis (Fabricius), sensu strictojwas undertaken. This

species was selected because it reproduces readily in the laboratory
and is known to have an uninterrupted development. It was

considered that the study might help to explain differences in the
respiratory metabolism and nature of metabolites in the two kinds

of eggs (diapause and non=diapsuse) found in G. pennsylvanicus

and G. veletis. It was also thought that a study of embryonic

membranes, particularly of the serosal cuticle, might pessibly
help to explain the resistance of eggs of different ages to cold

and drought.

The eggs of G. assimilis and other field crickets (unpublished

cbservations) are particularly well suited for studying the
morphological development of the embryo without killing or
injuring the eggs. The chorion is thin and transparent and
therefore dechorionation is not necessary. Neither doesf@érosal
cuticle obscure the embryo and for the greater part of its life
the embryo lies on the surface of the yolk, The eggs can develop

without eny injury even when they are submerged in water. The
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entire developrient of the embryo mezy be divided into ten main
stages to facilitate the comparison of this with other species
of Grylius.

In the Orthnoptera the development of the embryo has been
studied nostly in locusts and grasshoppers, for example, by Slifer

(19322, 1932b, 1937) in lMelanoplus differentislis (Thomas),

Roonwel (1937) and Shulov and Pener (1959) in Locusta migratoria

nigratorioides (Reiche and TFeirmaire), Steel (19%1) in

Austroicetes cruciata (Saussure), Bodenheimer and Shulov (1951)

in Dooiostd?us naroccanus (Thunberg), and by ratthée (1951) in

Locustana pardaline (Walker). Amongst crickets only Gryllulus

1 . . . -
[Acheta] conmodus (Valker) , a diapause species, has been studied

in any detail (Brookes, 1952), although various earlier workers,
notably Ifeymons (1899), have referred to the embryology of

Gryllidae, including the genus Acheta [Gryllus doraesticus auctta .

2. Materials and methods

Ten femnales and four males were kept in a large candy Jar
with a dish containing 30 c.c. of sand moistened with 10 c.c. of
water. The females begen leying eggs almost immecdiately after the
send=-dish was placed in the jar. Jithin helf en hour quite a large
number of eggs had been leid, when the dish was taken out and the
eggs with sand were kept on a piece of paper towel in a snall Jjan

. 4 s ; . . 0 .
jar and incubated at room temperature (23-267C.). Whenever

1. . . . o . . )
Randell (in preperation) indicates that comrodus belongs to

a genus c¢ifierent from both Achets and Gryllus.
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required the eggs were collected with a camel-hair brush dipped
in water, and fixed within a few minutes. The eggs for fixing
were collected every morning so that the exact age of the eggs
could be known. The eggs were fixed in hot Bouint's picro-formol
and left in the fixative for 18 to 24 hours. After washing with
water, 30, 50 and 70 per cent alcohol the eggs were preserved in
70 per cent alcohol for future use. Whole eggs were stained in
bulk in Borax carmine and destained in acid alcohol. It was
necessary to puncture the chorion to allow penetration of the stain.
The eggs were studied in 70 per cent alcohol under a stereoscopic
binocular microscope. To study the early stages of the embryo

it was found to be of great advantage for the light to fall on
the eggs from the side. The dlagrams were made using a camera
luciga.

Fach sample contained eggs in various stages of development,
particularly in the late stages. From each sample the stage
selected was shown by the majority of the eggs, and this stage
was taken as representative of that age of the egg. Most of the
eggs hatched at room temperature (23-260C.) on the seventeenth
dey. In all, twenty-two samples were fixed in three series and
it is interesting to note that each sample of eggs: of a particular
age showed the same ‘'representative! stage of development.

Twenty-five eggs from each sample were examined.
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3. Description of egg and embryonic stages

The freshly laid egg (Fig. 84) is about 2.5 mm. long,
tapering at both ends, with the anterior pole slightly pointed
and the posterior pole blunt. The dorsal surface 1s convex and
the ventral surface a little concave. The chorion is stiff and
transparent and shows no sign of a 'cap' (see below). The yolk
is finely granular during the first three days of incubation,
after which its particlesbecome grouped into larger polyhedral
masses.

The entire morphological dvelopnent of the embryo may be
divided into ten main stages which are distinct even when the
embryo 1s alive and inside the chorion. In the fixed embryos,
after their removal from the chorion, many other features become
distinct, and the main stages may be subdivided.

Stage I (Figs. 8 and 9 ):- About 36 hours after the egg is
laid the embryo appears as a minute speck of cells at the posterior
pole. Although the embryo is not visible when inside the chorion,
a small space containing some fluid at the posterior pole sugzests
the presence of the embryo. Within the next twelve hours (Figs.

8 and 9 Ib, Ia) the eumbryo occupies the entire posterior end of
the egg, becomes pear-shaped, shows no signs of differentiation
and i1s about 0.3 mn. long.

Stage II (Figs. 8 and 9):- During the next twelve hours the
enbryo comes to lie on the dorsal surface of thdyolk, extending
up to about one=third of the length of the egg from the posterior

pole. It becomes elongated and develops a constriction which

divides it into a protocephalic and a protocormic regions.



Fig. 8. Developmental stages of G. assimilis, showing the

position of the embryo inside the egg after different periods

of incubation. d, dorsal side of egg; v, ventral side of egg.
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The protocephalic region, with its flat margin, is shorter but
broader than the protocormic region, and the caudal end of the
protocormic region 1s rounded.

Stage III (Figs. 8 and 9):=- On the fourth day of incubation
the embryo becomes bent in a U=-shape and lies at the posterior
pole, It elongates further, the protocephalic lobes becoming
distinct through a lateral expansion of the anterior paft of the
protocephalic region and due to the formation of an anterior
median depression.

Stage IV (Figs. 8 and 9 ):= Within the next twelve hours
the embryo occupies the middle region of the concave ventral
surface of the egg, and by this time has completed about one-fifth
of its developuent; it becomes about half as long as the egg. The
protocephalic lobes become thickened and between them, at their
extreme end, the lzbrum develops as a small globular swelling
leaving the stomodeaum exposed. Primary segmentation begins,
proceeding graduelly from the anterior to the posterior end and
demarcating successively the antennal, mandibular, two mexillary,
three thoracic and eleven abdominal segnents. After completing
primary segmnentation the embryo sinks into the yolk,

Stage V (Fig. 8):= During the next period of five to six days
of incubation the embryo remains immersed in theyolk and therefore
not visible. An egg of this stage, however, is distinguishable
from the eggs of early stages due to the presence of polyhedral

masses of yolk, and a distinet cap. On the fifth day of incubation
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fige 9. Development of the body form of the embryo of

e first ten days of incubation.
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the posterior abdominal segments of the embryo become convoluted
and ventrally flexed (Fig. 9, Va). The embryo appears to become
shorter due to flexion but it begins to widen as secondary
segnentation begins. The rudiments of the antennae and three pairs
of gnathal, three pairs of thoracic and three pairs of abdominal
appendages appear. Within the next twelve hours indications of
the other abdominal appendages also appear. On the sixth day of
incubation the labrum moves downward and conceals the stomod@gum
(Fig. 9, Vb). Segmentation appears in the gnathal and thoracic
appendages. The appendages of thefirst (pleuropodial) and the
last (cercal) abdominal segments become distinctly marked off from
other appendages, assuming the shape of small buds. Each
pleuropodium arises as a lateral evagination from the pleural
membrane. On the seventh day of incubation, and before the embryo
prepares for revolution (see below), all abdominal appendages
except the pleuropodia and cerci are resorbed (Fig. 9, Vc). The
pleuropodia become reniform in outline with a narrow projection
by means of which they remain connected to the pleural membrane,.
The cerci become conical and lie close to the ventral wall of the
body. The antennae become elongated, extending up to the posterior
margin of the prothorex. The gnathal and thoracic appendages
become further segmnented and the latter become longer than the
former.

Stage VI (Figs. 8 and 9):= The eighth day of incubation sees

the beginning of revolution which is described more fully below,
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The embryo becomes bent into the form of a J or a U and its
appendages project into the clear space at the posterior end of
the egg. During revolution only a few developmental changes
appear. On the ninth day of incubation the embryo becomes thickened
and the free margins of the body wall begin to fuse in the mid-
dorsal line, beginning at the posterior end (Figs.8 and 9, VIa).
The appendages become further elongated but do not assume thelr
characteristic shape. The labrum shows a transverse groove in the
middle line. The pleuropodia beconie further elongated and the
cercli, though small, become distinctly conical. The conclusion

of this stage marks the end of blastokinesise.

Stage VII (Figs. 8 and 9):- On the tenth day of incubation
the compound eyes, due to the development of pigmentation, appear
as two orenge~brown specks at the lateral margin of the head and
are visible near the middle of the egg. The antennae become very
long and extend as far as the sixth abdominal segment, when the
appendages begin to assume their characteristic shape. The cerci
beconme further elongated and lie along the ventral surface of the
bodye. By growth the antennae and cerci become more elongated, and
the tips of the former begin to touch those of the latter,

Stage VIII (Figs 8 and 9):=- On the eleventh day of incubation
the embryo becomes greatly elongated, occupying almost the whole
length of the egy, and therefore the orangecoloured compound eyes
are visible near the anterior end of the egg. The head becomes

more or less conical. The antennae and cerci elongate further.
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The distal parts of the antennae lie under the metathoracic legs
(vhen viewed from the ventral side) and their tips on the outer
side of the cerci.

S%age IX (Fig. 10):= On thefthirteenth day of incubation,
a pair of black lines marking the thickening in the embryonic
cuticle at the lateral margins of the labrum, is visible; the
posterior half of these lines is serrated. A cuticle is secreted
by the embryo over the entire body except the pleuropodia. The
head becomeébore conical, the eyes very distinet with their
nargins clearly defined, and the embryo attains its full length.

Stage X (Fig. 10):= On the sixteenth day of incubation the
body and appendages become covered with small, regularly arranged
bristles. Pigmentation increases over the entire body and the
cercl and antennae become blackish in colour. On the seventeenth
day, i.e., just before hatching, the head and face become brown,
and the eyes, antennae and cerci black in colour.

The developmental stages of the embryo of G. assimilis may

be summarized as follows:-

Stage I (1%-2 days): Embryo not visible; yolk finely granular.

Stage II (2% days): Embryo small, straight, visible on dorsal
side of egg at about one-third of distance from the
posterior pole; yolk finely granular.

Stage III (3% days): Imbryo longer, U or J-shaped at the posterior
pole; yolk grouped in polyhedral masses.

Stage IV (& days): Imbryo on the ventral side of egg, occupying

the middle region.
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Fige. 10, Development of body form of the embryo of

G, assimilis from the eleventh to sixteenth day of incubation.
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Stage V (5-7 days): Inbryo not visible, yolk grouped in polyhedral
masses.

Stage VI (8-9 days): Embryo bent into the form of a J or U and
its appendages projecting into the clear space at the
posterior end of the egg.

Stage VII (10 days): Embryo with orange-brown coloured compound
eyes visible near the middle of the egge.

Stage VIII (11 days): Embryo occupying the whole length of the
egg, orange- coloured compound eyes visible near the
anterior end.

Stage IX (13 days): Embryo showing a pair of black lines in the
embryonic cuticle at the lateral margins of the
labrum.

Stage X (16 days): Body and appendages of the embryo covered with
small bristles,

L, Blastokinesis

Blastokinesis was observed in several living eggs kept in
Ringer's solutlon, however, the timings were noted in only five
eggs and in these cases the process took more or less the sane
time, The embryoc is of the immersed type, i.e., the yolk penetrates
between the annlon and serosa (see below). Theembryo, which is
first visible after about 36 hours of incubation comes to occupy
the whole of the posterior end of the egg by the end of the second
day (Fig. 8, Ib). During the next twelve hours, due to its further

growth, the embryo comes to lie on the dorsal surface of the yolk
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extending to about one-third of the length of the egg from the
posterior pole which is then occupied by the caudal end of the
embryo (Fig. 8, II). At this stage anatrepsis begins. The embryo
first rmoves its caudal end around the posterior pole of the egg.
After about one and a half hours, the yolk at the posterior pole
becomes slightly transparent and a small space containing fluid
iglformed between the pole and the embryo., As the embryo moves its
caudal end towards the ventral surface of the yolk the quantity
of fluid in this space increases. In approximately five hours,
about one-quarter of the embryo comes to lie on the ventral
surface of the yolk, and the embryo as a whole is bent in the
shape of o J. After about two more hours the caudal arm of the
bent embryo is about half the length of the cephalic arm. In the
next four hours the embryo becomes U-shaped, the cephalic and
caudel arms being equel (Fig. 8, III). In this position the
protocephalic part lies on the dorsal surface of the yolk and the
caudael part of The protocormic region on the ventral surface.
Thus in about eleven hours the caudal half of the embryo comes

to 1lie on the ventral surface of the yolk. During the next ten
hours the remainder of the embryo also reaches the ventral surface.
After about 21 hours anatrepsis is completed and the caudal end
of the embryo points towards the anterior pole of the egg (Fig.
8y IV). The embryo remains visible on the surface of the yolk

until the completion of anatrepsis.
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Three or four hours after the completion of anatrepsis the
embryo sinks into the yolk until only the most posterior part is
still on the surface. During the next three hours this caudal part
of the embryo also sinks into the yolk. The embryo becomes
completely immersed and its movements can no longer be observed.
However, by studying the fixed specimens (Fig. 8, Vv, Va, Vb) it
is clear that the embryo moves further forwardend in some cases
the caudal end reaches a point about one=fifth of the length of
the egg from the anterior pole. IMurther irregular convolutions
along the length of the embryo, a spiral twisting, and the
orientation of different embryos either towards the dorsaljpr the
lateral surface of the yolk suggest that the embryo continues to
nove after its immersion in the yolk,

On the seventh day of incubation the embryo stralghtens out
(except for the posterior abdominal segments) and its ventral
surface comes to face the dorsal surface of the yolk (Fig. 8, Vec).
When this occurs the embryo is usually preparing to undergo
katatrepsis, Before katatrepsis begins the anterior part of the
embryo comes to lie on the surface of the yolk and the head,
labrum and antennae are distinctly visible. The yolk contracts to
about one-eighth of the length of the egg from the posterior pole,
leaving only a small gradually decreasing quantity of yolk on the
top of the head between the cephalic amnion and serosa. A space,
containing amniotic fluid, appears in front of the head, and, as

the quantity of the fluid increases the amnion in front of the
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head forms a bulge, ultimately meeting the serosa (Fig. 11). The
two membranes then fuse together to form the amnlo~serosa. The
embryo remnains in this condition for about. ten hours, after which
the amnio-serosa ruptures.

About half an hour later the protocephalic lobes become
curved and face the ventral surface of the egg, the labrum is
directed towards the posterior pole, projecting between the two
antennae (Fig. 8, VI). The antennae, which were formerly touching
the body, becorie arched into a semi-circle which conceals the
lebrum. The posterior part of the embryo still remains covered
by yolk and i1s not visible. About one hour later the antennae
subtend an angle of about 45 degrees with the head; the mandibles
and the two peirs of maxillae vegin to face the posterior pole,
The labrum becomes perpendicular but continues to point towards
the posterior pole. The yolk remains separated from The dorsum
of the embryo due to the presence of the ental membrane (see below).

In about three hours after the rupture of the amnio-serosa
the head becomes further and further bent towards the ventrd
surface. Lach antenna is now at right-angle to the head and
together with the mouth-appendages, points towards the posterior
pole. The antennae now lie on the ventral surface of the yolk and
a little later, together with the labrum, abut the ventral surface
of the egg. About half an hour later the three pairs of legs begin
to point towards the posterior pole and the embryo becomes

U-shaped with both arms equal and after about another hour has
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Fig. 11l. Posterior part of egg of G, assimilis after seven

days of incubation. a, amniony af, amniotic fluid; as, amnio-

serosaj c, chorion; s, serosa; sm, serosal cuticle..
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elapsed the embryo becomes J-shaped with 1ts third pair of legs
and the pleuropodia still pointing towards the anterior pole. As
the head moves further towards the anterior pole the cerci
separate from the body, but the posterior part of the body remains
bent on itself, the terminal abdominal segments remaining adpressed.
After about one hour more the head becomes stationary at a point
two-thirds of the length of egg from the posterior pole.
After/ﬁzad becomes stationary the caudal portion of the
enbryo begins to extend towards the posterior pole beyond the bent
part of the main body, and the cerci begin to point towards the
ventral surface of the egg. The bend in the abdomen decreases as
the caudal part is extended towards the posterior pole. As the
caudal part is thus extended posteriorly its tip becomes slightly
bent towards the ventral side of the egg, but the cerci continue
to point towards the ventral surface. NNow the caudal part instead
of extending towards the posterior pole, begins to bend, causing
the cerci to point towards the anterior pole, approaching nearer
and nearer the metathoracic legs. In this condition the embryo
rests for about an hour, after which the bent caudal end extends
slightly further towards the posterior pole of the egg, leaving
only a small space between the two. Only one bend remains in the
abdomen, between the sixth and seventh abdominal segments. The
yolk extends only upto this bend, which suggests that the dorsal

closure has started at the posterior end of the embryo by the

fusion of its two lateral walls in the mid=cdorsszsl line.
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The movements so far described during katatrepsis have been
designeted by Vheeler (1893) as the revolution of the enbryo.
Slifer (1932) has observed vigorous movements of the embryo in

I’lelanoplus differentislis during revolution. The embryo of

Ge._assimilis, however, does not show any movement either of the

body or of the appendages at this time and these observations
confirm those of Brookes (1952) on the embryo of "Acheta™
commodus. Actual movements in the body wall are seen for the

first time after the completion of revolution, i.e., on the eighth
day, and before hatching heart beats are distinctly visible. As
the enbryo elongates due to growth it continues to move its head
further forwerd until this reaches the anterior pole of the egg

on thetwelfth day of incubation.

5. Development of the embryonic membranes

Serosa:- By the end of the first day of incubation of the
eggs the embryonic membranes, the amnion and serosa, are formed.
Between the amnion and serosa there i1s some yolk at the sides,
but in the middleéthe two envelopes are nearly in contact with one
another. The serosa lines the chorion and encloses the yolk., It
is distinctly visible in stained preparations of the entire egg,
consisting of large cells with elongated nuclei. As the growing
embryo assimilates the yolk the serosa gradually contracts from
the posterior end of the egg. By the time the embryo is ready to
revolve the serosa becomes contracted to about one-eighth of the

length of the egg. Shortly before the revolution of the embryo
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the serosa and amnion become fused in the head region to form the
arinio-serosa (Fig. 11). At the time of revolution a rent appears
in the amnio-serosa in front of the head region. The margins of
the rent, however, remain fused so that the edges of the amnion
and serosa adhere to each other both before and behind the
cephalic region of the embryo., After the rent appears the serosa
opens at the posterior end of the egg. During the course of
revolution the serosa continues to contract and when revolution
is completed it lies at the top of the head of the embryo (Fig.
12). It then becomes thickened, forms a constriction in the yolk
at the back of the head region, and remains adhering to the embryo
through the cephalic amnion, ventrally, and the everted amnion,
dorsally. Ls The embryo grows the serosa contracts further,
ultimately formning a small cap over the unenclosed yolk at the
head end of the embryo., At this stage the cells of the serosa
become tightly packed together. Ultimately the serosa is withdrawn
into the head,

Amnion: -~ The amnion originates at the posterior pole of the
egg and covers tne embryo ventrally. As the embryo grows the
emnion also extends with it, always covering the embryo ventrally
and remaining continuous with 1ts meargins. Vhen the caudal flexure
of the embryo develops, the amnlon spsns the ebdominal arch. Hence,
vhen the caudal portion is already flexed under the abdomen, the
posterior emniotic cavity within the flexure is bounded dorsally

and ventrally by the enbryo itself and only laterally by the
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Fige. 12, Anterior part of egg of G, assimilis after ten

days of incubation., c, chorionj; ca, cephalic amnion; ea, everted

amnion; s, serosa; sm, serosal cuticle..
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amnion, i.e., the amnion is not folded within the flexure. With
the revolution, the amnion turns inside~out and comes to lie on
the dorsal surface of the embryo, forming its dorsal wall or
tsecond provisional dorsal closure! (Roonwal, 1937). After
blastokinesis the amnion encloses the yolk dorsally and is
gradvally replaced by the body wall as the laéér grows dorsally.

Serosal cuticle:;:- After the formation of the serosa the

development of the serosal cuticle begins. It is secreted by the
serosa, lles beneath the chorion and encloses the entire contents
of the egg. The secretion of the cuticle begins cduring the second
day of incubation. Before it 1s formed it is practically
impossible to dechorionate a Tixed egg without disrupting the
contents. By the end of}ggzond day it forms a complete lining

to the chorion, to which it remains adhering. It is very thin,

and it may be regarded the incipient serosal cuticle. It appezars
homogeneous at this stage, as it has not developed the typical
pattern. Though still fregile, it i1s already tough enough to be
separated from the chorion by keeping the egg in a dilute solution
of sodiun hypochlorite for two minutes. This dissolves the chorion
but not the cuficle. On the third day of incubation the cuticle
thickens and develops its typical pattern. The pattern is distinctly
visible, even without removing the chorion, and consists of
regularly arranged spots, each of which shows minute ridges and
tubercles (fig. 13). On the fourth day the cuticle becomes

sufficiently thick to permit separation from the chorion by the
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Fig., 13, A portion of serosal cuticle of egg of G. assimilis

after four days of incubation.
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help of fine needles. It continues to thicken for some time and
becomes stiff; as it stiffens the chorion becomes weak and brittle.

Ental membrane (Miller, 1940):- On the fifth day of incubation

a very thin membranous flap arises from each side of the trough-
like dorsum of the embryo. The flaps can be seen distinctly in
dissected embryos viewed laterally, but do not appear continuous
throughout the lateral margins. The two flaps fuse in the mid-dorsal
line on the sixth day. The membrane so formed 1is visible only in
places and thus does not appear to be continuous. It covers the
dorsun of the embryo separating the latter from #ee contact with
the yolk., The membrane forms the 'first provisional dorsal

closuret (Roonwal, 1937).

6. Discussion

In the order Orthoptera the development of the embryo has
been studied mostly in Acrididae, and in the Gryllidae only in a

diapause species, "Acheta'" commodus, has any recent work been

published. Apart from different rates of development, the appearance
of different structures at different times, and differences in
certain structural details between locusts and grasshoppers on
the one hand and crickets on the other, development is more or
less similar in the two groups. The development of the serosal

cuticle wvas first observed by Slifer (1937) in lMelanoplus

differentialis and later by Matthée (1951) in Locustandpardalina,
T

but 1ts time of origin is different in the two genera. Recently
Brookes (1952) has also observed the presence of the serosal

g (3 ( m, L] 7 L3
cuticle in“A. cormodus, but she has not given the exact “time of
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its origin. In G. assimilis it originates on the second day of

incubation. Recently Slifer (1956) has used the name 'first
enbryonic cuticle! for the serosal cuticle, but I prefer the use

of the latter term for the following reasons:~ firstly, the cuticle
is actually secreted by the serosa to cover the yolk and noé?%he
enbryo properj; and secondly, its structure is not exactly similar
to that of the cuticle subsequently secreted by the embryo itself
and wnich covers its body.

Blastokinesis has been studied in the living eggs of

Melanoplus differentialis by Slifer (1932) and revolution has been

briefly described in "Acheta!" commodus by Brookes (19952). In

Ge. assimilis the movenment of the posterior part of the abdomen

igZﬁBst interestingfeature of katatrepsis, since it enables the
embryo to occupy the entire length of the egg and thus to grow

its maximum size. It is possible that this important movement was
overlooked by Brookes (l.c.). She also states that in "A." commodus
the embryo first appears on the dorsal surface of the yolk. In

G._assinmilis, however, the embryo is visible for the first time

at the posterior pole of the egg and only later on does come 10
lie on the dorsal surface of the yolk, as in "4." commodus.
The pleuropodia appear to be of great interest. slifer (1938)

has made cytological studies of these structures in lielanoplus

and is of opinion that they produce a hatching enzyme. The

pleuropodia of G. assimilis progressively increase in size until

the end of the twelfth day when the formation of the embryonic
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cuticle 1is completed; then they begin to atrophy and become very
much reduced before hatching. Brookes (1952) has not noted the

progressive reduction of thepleuropodia in '"Acheta" comriodus

after the formation of the embryonic cuticle. In G, 2ssimilis

the pleuropodia remain uncovered by the embryonic cuticle. This

also has not been noted by Brookes in "A." commodus. After the

formation of the embryonic cuticle the growth of the embryo
virtually stops and at the same time the pleuropodia also begin
to atrophy. This observation suggests that the pleuropodia have

something to do with the growth of the embryo.
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V. MORPIOLOGICAL DELVELOPMENT OF THE EMBRYO IN DIAPAUSE AUD
POST-DIAPAUSE EGGS OF GRYLLUS PENNSYLVANICUS AND A

COMPARISCH WITH NON-DIAPAUSE SPECIES OF THE GzNUS
GRYLLUS
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V. MORPHOLOGICAL DLVILOPMENT OF THE EIMBRYO IINN DIAPAUSE AND
POST=-DIAPAUSE EGGS OF GRYLLUS PENNSYLVANICUS AND A COMPARISON

WITH WON-DIAPAUSE SPECIES OF THE GEIUS GRYLLUS.

1. Introduction

Gryllus pennsylvanicus 1s a species in which the development

of the embryo is interrupted by a diapause whereas G. veletis is

not, and the main objects of the present part of this thesis were
to compare the rate of development of the embryos in diapause eggs
of the former species with that of eggs of non-diapause species,

especially G. veletis. At what stage of morphological development

do the embryos enter diapause, what period is required to complete
that stage, and vhat is the extent of development of the embryos
during the (completion of diapause) cold treatmenty The
morphological development of the embryos of two related species,

Ge assimilis (Fabricius) and G. rubens _Scudderl were also

compared with those of G. veletis and G. pennsylvanicus in order

to discover any morphological characters of the eggs and embryos
which might help to distinguish the different species at different
stages of their development.

2. Materials and methods

The eggs of laboratory stocks of G. rubens and G. veletis

reared continuously at room temperature (23-2600.) were obtained,
fixed and studied in the manner described previously (page 55)

for G. assimilis and, in addition, eggs of G. pennsylvanicus, also

kept at 23-2600. and not subjected to cold treatment (see Section

VI), were fixed daily until the fortieth day of incubation.
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In order to study the morphological development in

post-diapause embryos, eggs of G. pennsylvanicus were incubated

first et 23-2600. for five days (when they entered diapause),
then exposed to 6-7OC. for a minimum period of three months,
during which they completed diapause, finally again incubated
at 23-2600. (see Section VI). After the cold treatment, during
the final incubation, these eggs were fixed every day until
hatching began; in this way fourteen semples of post-diapause
eggs were fixed.

A1l the studies, except for those of the early embryos of

G. pennsylvanicus, ere based on fixed naterial. The stages of

development of the embryos referred to (Stages I, II, etc.) are

those described previously for the eggs of G. assimilis (Bection

IV). Measurements were made directly by means of an oculometer.

3. Develovnent of the embryo in diapause eggs

of G. pennsylvanicus

At 23-2600. the embryos of G. pennsylvanicus completed

stages I to III of development (pre-diapause stages) in about 84
hours and during this period their behaviour was exactly similar

to thet of the embryos of G. assimilis. After a few hours they

sank into the yolk and were no longer visible. After four days
of incubation the embryos were either in a state of development
between stages III and IV or in stage IV. After five days of
incubation, some had reached a stage intermediate between IV and

V, while others still remained in stage IV or betwveen stage III
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and IV. Since the stages of development in G. pennsylvanicus after

three days are not exactly similar to those of G. assimilis the
two intermediate stages may, for convenience, be separately
designated IIIa and IVa.

Stage IIla (Fig. 14):- The protocephalic lobes are thick;
primary segmentation, demarcating the antennal, mandibular, two
maxillary and three thoracic segments, is distinct.

Stage IV (Fig. 14):- The embryo has becoue somewhat elongated,
and the abdoninal segmentation now develops, but the rudiments
of the labrum are still not visible; the gnathal and thoracic
segrients ere now a little thickened at their ends,

Stage IVa (Fig. 14):- The labrum is now visible as a globular
swelling at the extreme end of the protocephalic lobesj; the
rudiments of the antennze are distinct; the gnathal, thoracilc and
first three abdominal segments are further thickened at thelr ends
to form traces of the rudiments of their respective appendages.
The posterior abdominal segments have become {lexed and slightly
thickened at their ends.

Ten enbryonated eggs for each incubation period from four to
forty days were studied andé the nuaber of the enbryos at each
stage of development for the different periods is given in Table

I. The different stages of G. pennsylvanicus subsequent to stage

IV also differ sligntly from those of G. assimilis but zre

sufficiently similar to be assigned to comparable stages as

indicated in the Tables I and IT.
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Fig. 1l4. Stages of development of the embryo of

G. pennsylvanicus at.23-26°c. IITa, 92 hours; IV, 96 hours;
Iva, 100 hours.
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From Table I it may be seen that from the fourth day of
incubation onwards development of the embryos ceases for a time
in any one of the three stages IIIa, IV, or IVa, but chiefly in
the last. The number of embryos whose development remained
arrested at stage IIIa was only about 3.2 per cent. About 15 per
cent of the eggs were found to contain embryos in the stage IV,
while 75 per cent contained embryos in stage IVa. It may therefore
be concluded that most of the eggs stop developing when the embryos
are in this last stage which may be regarded the stage at which
the embryos enter diaspause. Twenty-three or more days of incubation
(and in one case as little as 17 days) brought about further
development of a small proportion of the embryos, but this was
very irregular and after 40O days of incubation not a single egg
was found to be in fully developed condition. The most advanced
stage reached by any embryo was stage IX. In this experiment the
eggs started hatching on the 37th day of incubation and continued
to hatch till 69th d=¥y, while in other experiments the hatching
started as early as on the 28th day and continued as late as 140th
day (see Section VI).

4. Development of the embryo in pvost-diapause e€ggs

of G. pennsylvanicus

o
ngegs of G. pennsylvanicus vwhich were cold treated at 6-7 C.

for a minimum period of three months and thus had completed
diapause (see Section VI) had a distinet t'cap!' at their anterior

end (see page 59), their chorion was generally cracked, and the
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Table I. Development of Gryllus pennsylvanicus embryos in

eggs not subjected to cold treatment.

Incubation period

Number of embryos oufl of sample of 10 in

i days each stage®
" Stage IITa|l sStage IV| Stage IVel Leter stages
3 7 - -
5 L 3 6 -
6 1 2 7 -
7 1 2 7/ -
8 - L é -
9 - L 6 -
10 1 3 6 -
11 - 3 7 -
12 - 2 8 -
13 - 2 8 -
1k 2 2 6 -
15 - 2 8 -
16 - o 8 -
1 - 2 7 1 Ve
1 - 1 9 -
19 1 2 7 -
20 - 1 9 -
21 - - 10 -
22 - 1 9 -
23 2 - 7 1 VI
ol - 2 6 1v, 1Vb
25 - 1 8 1 Vb
26 - 2 7 1 Ve
27 - - 9 1 VIITa
28 - 2 6 1v, 1 Vb
29 - 2 7 1 VIIIa
30 - - 3 1 VIa, 1 IX
31 - - 9 1 VII
32 - - 9 1 Vb
33 - - 6 2 Va, 2 Vb
3% - 1 7 1vVva, 1VIa
35 - 1 8 1 Via
36 - - 9 1 VIa
37 - 1 8 1 IX
38 - 1 8 1v
39 - - 9 1VII
40 - - 3 1 VII, 1 IX
Total 12 56 276 26

* For definition of stages, see text (pages 59-63, 82)
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volk was in polyhedral masses and contracted so that it fell
short of the poSterior pole by about one-twelfth of the length
of the egg. Immediately after the cold treatment all the eggs
contained embryos in stage IVa, and it is interesting to note
that, out of the 50 examined, not a single egg had the embryo
either in stage IIIa or in stage IV at this time. IJone of these
eggs which failed to hatch showed either of these two stages;
unhatched eggs were fbund to contain embryos which had completed
katatrepsis, or no embryo was present. After about 24 hours of
post=diapause incubation at 23-26OC. the yolk further contracted
and reached only to about one~-sixth to one-eignth of the length
of the egg from the posterior pole. Subsequent development at
this temperature was very regular and most of the eggs hatched
on the fourteenth day (see Section VI). The stage of development
reached after each day of post-diapause incubation is indicated
in Teble II. Ten eggs were examined after each incubation period;
the stage of development indicated in the Table for the appropriate
period of incubation was that reached by the majority of the
enbryos concerned.

5. Comparison of the embryonic development of G. assimilis

Ge. rubens, G. veletis and G. pennsylvanicus

The morphological development of the embryos of the four
species of Gryllus studied was found to be so similar as to be
virtuelly identical. Such differences as occurred were in size

and in the time of sppearance of the pigmentation of the compound
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Table II. Development of Gryllus pennsylvanicus embryo

in post-diapause eggs.

Post-dlapause | Stage of | Remarks

incubation enbryo

period in days

O IVa

1 v

2 Va

3 b

Lt Ve

5 VI Tnbryo straicht

6 VIa pigmentation in eyes develops
7 VII

8 VIII

9 VIiIa Tmbryo reaches its full length and

cercl become orange coloured

10 [
11 IXa
13 X
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eyes. There were, however, differences in the relationship between

time and the stage of development reached. G. assimilis and

G. rubens were almnost exactly alike, G. veletis deviated slightly

(see below), while G. pennsylvanicus was very different from the

otner three species due to the occurrence of the diapause,
Development continued more or less similarly in a1l four
species until the embryo reached stage III, at which point the

enbryos of G. pennsylvanicus sank into the yolk and disappeared.

The enbryos of the other three species, however, completed stage
IV before sinking entirely into the yolk and continued their
development further without interruption - unlike those of

G. pennsylvanicus vhich enter diapause shortly afterwvards.

At 23-26°C. the eggs of G. veletis hatch on the eighteenth,

wvnereas those of G. assimilis and G. rubens hatch on the seventeentl

day. The pignentation in the compound eyes of the embryos of

G. rubens and G. veletis appears on the ninth and eleventh day

respectively when they are in stage VIII, while in G. 2ssimilis

the pigmentation in the eyes appezrs on the tenth day when the

embryo is still in stage VII. The embryos of G. rubens, G. assimilics

and Ge. veletlls reach their full length on the tenth, eleventh and

twelfth day of incubetion respectively. Another slight difference
between the three species is zlso foundj; nemely, the black line
at each lateral margin of the labrum in the embryonic cuticle,

appears in G. veletis on the fourteenth day (stage IXa); in

Ge essinmilis on the thirteenth (stage IX); and in G. rubens on
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the twelfth day of incubation (stage II).

The eggs of G. pennsylvanicus develop very slowly and

irregularly unless they are first exposed to a periog of cold

(see Section VI). As the pre-diapause development of the eggs
require about four days at 23-2600. and the post-diapause develop=-
ment about fourteen days of incubation at the same temperature,
the actual developmental period is very similar to that of

Ge veletis. The pigmentation in the compound eyes in the embryo

of G. pennsylvanicus appears on the tenth day of total (pre-

diapause and post-diapause) development and the embryo reaches
its full length on the thirteenth dey (thus differing very

slightly from G. veletis). The enbryonic cuticle at the lateral

margins of the labrum develops black lines on the fourteenth day

total
of [Gevelopuent, as in G. veletis.

6. Distinguishing characters in the eggs and embryos

of the four species

There appears little difference in the shape or in the
sculpture of the chorion of the eggs of the different species of
Gryllus studied. However, some difference in their size 1is
noticeable although there is much overlavping (Table III) so that
this character i1s not of much value in distinguishing the eggs of
one species from those of another. The eggs of all the four species
absorb water and thus become a little stouter and riore elongated

before the embryo sinks into the yolk,
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Table III. Egg size of four species of Gryllus (in mm.)

G. assimilis ‘ G. rubens
One day old fggs after One day old Lggs after
eggs absorption eges absorption
of water of water
Length Breadth| Length|Breadth ] Length|Breadth Length|Breadth
2.18 0.56 2459 0.68 2.12 0.57 2.53 0.68
2,18 0.53 237 0.71 2.12 0.57 2.62 0.71
2.31 0.59 2.50 0.68 2.12 0.56 2.50 0.71
2.12 | 0,59 2.56 |0.68 2.18 10.58 2.69 |0.74
2.18 0.59 2.56 0.65 1.93 0.58 2.59 0.74
2.283 0.56 2.53 0.683 2.18 0.56 2.62 0.68
2.3% | 0.53 2.43 10.71 2.12 |0.57 2.53 [0.68
2.13 0.53 2.62 0.65 1.18 0.56 2453 0.71
2.21 0.56 2.62 0.65 2.03 0.57 2.50 0.68
2.3% | 0.56 2.56 |0.68 2.18 [0.58 2.53 | 0.74
2¢23 0.56 2.53 0.67 2.02 0.57 2.55 0.71 Averagk
G. pennsylvanicus Ge. veletis
2.25 0.62 2.37 0.81 2.21 0.53 2.75 0.73
2,37 0.65 2.93 0.81 2¢33 0.56 2.90 0.76
2.18 [0.59 2,81 | 0.8k 2.30 [0.53 2.75 |0.76
2.31 {0.59 2.8 10,84 2.36 |0.50 2,90 | 0.76
2.k3 10.59 2.8% |0.8% 2.36  [0.56 2.87 10.73
2.40 C.65 2.87 0.83 2.06 0.56 2.87 0.73
2.28 0,65 2.8% [0.8% 2.24 10.53 2,90 |[0.73
2.18 0.62 2.93 0.83 2.30 0.50 2.75 0.70
2.43 |0.65 2.8 0.8k 2.21 [0Q.53 2.84% 1 0.70
2.31 0.62 2.93 0.83 2e33 0.53 2.81 0.70
2.31 0.62 2.86 0.33 2.27 0.53 2.83 0.73 Averag
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In the early stages of embryonilc development it is scarcely
possible to differentiate between the embryos of the four species,
Immediately before the formation of the embryonic cuticle, however,

the embryos of G. pennsylvanicus can be distinguished from those

of the other three species by the fact that, on the twelfth day
of total development, the scape becomes brownish and a dark brown
band appears at the base of the postpedicel of each antenna and
that the cerci become orange coloured.

7. Discussion

The eggs of the four species of Gryllus studied absorb water
and become enlarged after the completion of anatrepsis. The
absorption of water by the eggs probably makes the yolk a little
thinner and thus facilitates the sinking of the embryo into it.
In three of the species this occurs after the completion of
primery segmentation, i.e., after about four days of incubation

at 23-2600. In G. pennsylvenicus, however, the embryo sinks a

little earlier,at a stage when the abdominal segments are not

demarcated. In the eggs of G. assimilis, G. rubens and G. veletis

the development of the embryo continues without interruption and
hatching takes place in about seventeen to eilghteen days. In

G._pennsylvanicus, however, development is arrested early when

the embryo is in any one of the three following stages: Stage IIla,
when the primary segmentation is present only in the gnathal and
thoracic regions (at about 92 hours)j; Stage IV, when the primary
segnentation 1s complete and the traces of the gnathal and

thoracic appendages appear (at about 96 hours); and Stage IVa,
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vhen the posterior abdominal segments become flexed (at about

100 hours).

In other words, in the eggs of G. pennsylvanicus there 1s
apparently no absolute rigidity regarding the exact stage of
enbryonic development at which growth stops. This occurs at stsge
ITIIa only in ebout 3.2 per cent of eggs and this may mean that
only a very small number of embryos stop development at this stage.
Alternately it may imply that, after remaining for a time in this
stage, developrnent proceeds further before being again arrested
in stage IV or IVa. The second explanation appears to be more
plausible since the number of the embryos in stage IIIa was
greatest at the beginning of the incubation period. As this period
increased the number of stage IIIa embryos declined until the
23rd day of incubation, after which no egg remained in this stage
of developuent. It is probable that all such embryos proceed to
the next stages after 23 days at most. Stage IV continues to occur
among eggs incubated up to 38 days, but,after the first four days
and up to 40 days of incubation the maximum number of embryos was
found to be in stage IVa of development. It may therefore be

presumed that most of the eggs of G. pennsylvanicus stop develop-

ment when the embryos are in:stage IVa, which may thus be regarded
as the diepsuse stage. Further development of the embryo beyond

. . . . - - -
the diapause stage, may sometimes occur after an incubation period
of at least seventeen days, but this seems to be unusually rapid.
The stage which 1s thus completed corresponds that attained on

the seventh day of incubation in the non-diapause eggs of other

species,
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In G. pemnsylvanicus, therefore, there is a period of at

£ oy mank
least(about ten days during which time no developnment occurs and

it may be concluded that all eggs enter a diapause of several

days of duretion at least. As the incubation period increases
beyond about three weeks, embryos of nore advanced stages occur,
but these are not 211 in the same stage of development in relation
to their period of incubation. Although, at 23-2600.,development

may be resumed by the embryos of G. pennsylvanicus this is very

irregular, further indicating the occurrence of diapause in all

€ggS .
The eggs of G. pennsylvanicus immediately after cold

treatment were found to contain embryos in stage IVa. This mey
perhaps mean that when eggs in stages IIIa or IV of development
were subjected to cold treatment, the embryos immediately resumed
their development to reach stage IVa, the diapause stage before
actually entering diapause. Thus it may be presumed that during
the period of cold treatment there is, at most, only very slight

development to bring the embryos into a diapause condition,
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VI. DIAPAUSH IN THE EGGS OF GRYLLUS PEINSYLVANICUS.

1. Introduction

Experiments with the eggs of two non-diapause specles of

these
Gryllus, viz., G. veletis and G. assimilis, have shown tha@g’dﬁem

incubated at 28°C. or at 23-26°C., begin hatching on the twelfth
day or on the seventeenth to eighteenth day of incubation
respectively, and that further hatching continues only for a day
or two in either case. The hatching period (il.e., the difference
in time between the hatching of the first and last eggs in a batceh)
thus varies only within two to three days. The eggs laid by the

females of G. pennsylvanicus, however, behave very differently

in this respect, owing to an apparently obligatory diapause in
the embryo.

Diapause is a physiological adaptation which assists in the
preservation of a species during unfavourable climatic conditions.
The literature on the various aspects of diapause in insects is
voluminous and has recently been reviewed by Andrewartha (1952)
and Lees (1955, 1956). In the Gryllinae diapause may occur in the
egg stage, in the late nymphal instars, or not at all, according
to the specles. There appear to be only three species of field
cricket which are known to enter diapause in the egg stage. These

N . . . .
are "Acheta" commodus™, which is Australian, and G. firmus Scudder

and G. pennsylvanicus from North Americaj; the North American

species presumably enter diapause to resist the rigours of cold.

1. See footnote, page 55.
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In G. pennsylvanicus this is almost certainly the case, for the

species 1s found where winters are very severe and is one of the
common species in Canada. It has been extensively studied in the
Province offQuebec where cold weather may extend over six months
of the year and where temperatures below —1500. may persist
continuously for several weeks.

Ge pennsylvanicus has but one generation a year and the eggs

are laid in soil, probably from late July to early October, but
mainly during August and September. Hatching occurs during the
following May end the nymphs become adult from about the second
or third week of July onward. ligg-laying begins within a week
or so and after theoviposition period the females die. In the
laboratory, field-collected females behave more or less similarly
and by the second week of October most of these females are dead.
A few which may continue to live a little longer have their
abdomens greatly swollen due to the presence of large number of
eggs in their ovaries, but further oviposition does not occur
and ultimetely They die also,

This part of thesis is concerned with laboratory experiments
to confirm the occurrence of obligatory diapause in the eggs of

G. pennsylvanicus and to discover the role of exposure to low

temperatures in terminating this diapause.

2. Materials and methods

Adult G. pennsylvanicus were collected locally in the vicinity

of Ste Anne de Bellevue, Quebec, from the last week of July to
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the first week of September and kept in glass cages at room
temperature. Hggs,laid in moist sand, were normally collected at
the intervals of#hree to four days.zﬂarge number of eggs laid by
the females reared in the laboratory, but originating from Vermont,
Prince ZEdward Island and New Brunswick stock were also collected
in a siniler manner. In this way about 17,000 eggs were obtained
between 31lst July and 5th October. All eggs collected between

31lst July and 29th September were incubated at 2800. until 3rd
October, and then either transfered to 23-2600. or exposed to
different temperatures.

Most of the eggs were left undisturbed in the moist sand in
vhich they were laid, but five batches of eggs (all laid by Quebec
females) after incubating for 4%, 9, 18,22 and 25 days at 28°¢.
were removed from the sand. Lots of 25 eggs from each batch were
counted out, and each lot kept in a 500 ml. jar on a moist filter
paper (9 cm., diameter) lying on 30 c.c. of sand moistened with
10 ml. of water. About 2,000 eggs in all were so treated. Two
replicates of five lots of 25 eggs, one from each batch, together
with most of the undisturbed eggs, were transfered from 2800. to
23—2600. (room temperature) on 3rd October. The remaining lots
of 25 were placed in a cold room at 6-700. for varying periods.

In some cases the eggs were subjected to alternating periods of
cold and warm temperatures. For each of these different temperature
treatments five lots of 25 eggs were used. After the treatment

the eggs were again incubated at 23-2600. until they hatched.
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Jars, containing eggs incubated at 23-2600.,were opened on
alternate days and the hatched nymphs were removed and counted.
Each week a few drops of water was added to the sand to aweid 1ts
drying out. Whenever mould appeared in the jars, the eggs were
transfered to new jars. When mould was noticed in the jarda kept
at 6—700., the new jars were kept at the same temperature for 24
hours bpefore transfering the eggs to them,

In this way it was hoped to deftermine the effect on egg
development of constant high temperature, exposure to low
temperature for different periods, and slternation of high and
low temperatures, with a view to confirming that diapause is
obligatory in this species and discovering the optimum conditions
necessary for terminating this diapause.

3. Results

0
Constant incubation at 23-28 C.: In the present series of

experiments, when the incubation temperature weas 23-28OC. it was
observed that the egg batches laid earliest by field-collected
females (from 31st July to 4th August) required the longest period
of incubation before the first hatching began ('pre-hatching
period'), namely about 80 days (the first hatching took place on
the 19th October). Those collected later, from Y4th August onwerd,
had a more or less progressively shortened pre-hatching period,
some of the eggs from the batches laid from 9th to 11lth September
requiring the minimum pre-hatching period, namely 28 days. After
11th September, however, the pre~hatching period of the egg batches

progressively increased again, 38 days being required in case of
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the first to hatch of those laid from 30th September to 5th
October (Fig. 15). It is notable that the eggs laid on different
dates during August started hatching almost simultaneously, viz.,
between the 17th and 19th October and that those which were laid
during the first fortnight of September began hatching earlier
but also within a few days of each other, namely between 6th and
10th October. Comparable behaviocur was also shown by eggs from
batches laid during the latter half of September but these did
not begin to hatech until 22nd to 26th October; that is, eggs of
these batches were the last to start hatching.

It was also observed that eggs laid by field-collected
females and incubated at the same temperature (23-2800.) did not
all hateh after similar incubation periods either within or
between batches. In some egg batches hatching continued over a
period of as much as 112 days (eggs laid from 9th to 1lth
Septemnber). The“intensity”of diapause, as defined by Andrewartha
(1952) and Lees (1955)1, thus varied greatly in different eggs,
some hatching 28 days after oviposition, while others emerged
after 140 days of incubation although they were laid at the same
time (September 9th to 1lth, see Fig. 15).

On the basis of the hatchings of 6,543 nymphs from the eggs

Quebec
of(females laid during the period 3lst July to 5th October, it

was found that, at s temperature between 23-28OC., almost all

. The duration of the incubation period, at temperatures

suitable for development but without diapause-breaking stimuli,
provides a measure of the 'intensity’ of dispause in the eggs.
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FPig. 15. Histograms showing the incubation period at 23—2800.
of 6,543 eggs laid on different dates by field collected females.
The "pre~hatching'" period is interval of time between oviposition
and the hatching of the first nymph; the "hatching®" period is the
intervel between the hatching of the first and last nymphs of a
batch of eggs. Dates of laying, no. of eggs laid in parenthesis:
I, 31 July-t August (136); II, 14-18 August (211); III, 21-25
August (221); IV, 26-28 August (271); V, 29 August- 1 September-
(419)3 VI, 2-3 September (431); VII, 48 September (991); VIII,
G-11" September (887); IX, 12-15 September (878); X, 16-24
September (893); XI, 25-29 September (613); XII, 30 September-

5 October (472).
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emergence occurred between 5C and 110 deays after the eggs were
laid. The maximum amount of hatching (emergence of about 24 per
cent of the nymphs obtained) took place within a 10-day incubation
period of 81-90 days (¥Fig. 16). Only about 0.2 per cent of the
nymphs emerged after less than 30 or more than 130 days of
incubation. The number of nymphs obtained represented about half
of the eggs incubated. Zggs laid by females from Vermont, Prince
Tdward Island and I"ew Brunswick stocks produced, 232, 186 and
297 nymphs respectively and the results agreed very closely with
those shown by the progeny of Quebec females. About the same
proportion of the eggs hatched as 1n the’case of Quebec stock.

Tuvo replicates of 25 eggs each from five batches transfered
to filter peper (see above) were incubated in a similar manner
to theéundisturbed eggs Jjust referred to and it was again found
that the peak period of hatching was similars; about 22 per cent
of the nymphs emerged after 51-90 days of incubation (Fig. 16).
Cnly 125 (50 per cent) of the eggs hatched.

o)
Exposure to 6=7 ¢, after incubation at 280C.: In order to

détermine the effect of exposure to low temperature on embryonic
diapause, seven lots of 25 eggs from each of the five batches,
initially incubated at 28°c. for %, 9, 18, 22 and 25 Gays
respectively and subsequently transfered to moist filter paper,
wvere exposed to 6-700. for varying periods and then finally
incubated at 23-2600. In estimating the extent to vhich dispause
had been broken, the following was assumed: that when the

percentage of the nymph emergence within 16 days of the the final
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Fig. 16. Histograms showing the percentage of total nymph-
emergence after different periods of incubation at 23-28°C. Data
from 6,543 nymphs hatching from undisturbed eggs and 125 nymphs
hatching from eggs transfered to filter paper in batches of 25
(see text). Fifty per cent of the eggs hatched.
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incubation (the majority of diapause-terminated eggs hatch within
14-16 days at 23-2600., see Tables IV-VIII) was below 30, little
or no effect was demonstrated; that when it was between 30 and
50, only slight breaking of diapause was indicated; that when the
percentage was between 50 and 79, termination of diapause was
only partials but that when the percentage was 80 or more, the
breaking of diapause was virtually complete.

Exposure to nine days of cold had no influence on the diapause
as only two per cent of the eggs hatched within sixteen days of
the final incubation which. was continued for 81-109 days (Table
IV). Similarly exposure to cold had little influence even when
it was extended for 16, 23, and 30 days. Neveftheless it was
observed that in tThese cases tThe final incubation periods vere
 progressively shortened to 74+~95, 67-84 and W4+-84% days respectively,
and that some of the eggs vhich had an initial incubation at 28°¢,
for 25 days showved slight hreaking of diapause. Exposure to cold
for 60 days, however, had a different influence on the eggs
according to their different initisl incubation periods at 23%.
The eggs recelving four and nine days of initial incubation showed
only slignt and partial bresking of diapause respectively, while
the eggs which had 18-~25 days of initial incubation showed
complete termination of diapause, 100 per cent of the nymphs
erierging vwithin sixteen days of the final incubation (Table IV).
then the cold treatment was extended for 91 deys or 122 days the

eggs becarie virtually completely free from diapause and more than
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Table IV
the effect of exposure to 6-=7°C. on

egg diapause (Quebec population)

termination of

Duration of
cold treat-
ment in days

Percentage of
viable eggs
hatching within
16 days after
cold treatment

16

23

30

60

9L

122

Initial incubation| Final incubation
period at 28°C. inl period required
days at 23=26"C. in
deys

inimum| Meximum
25 17 81
22 13 31
18 16 86
9 23 88
L 283 109
25 13 74
22 13 77
18 21 3k
9 18 95
b 35 o1
o5 16 67
22 16 67
18 16 77
9 32 67
L 32 Sk
25 1k 60
22 1y 56
18 llg Ly
9 1 79
i 23 81
25 1k 16
22 14 16
18 1k 16
9 14 56
L 1% L9
25 13 15
22 1k 16
18 13 15
9 14 20
L 1k 16
25 1k 16
22 1k 16
18 13 17
9 1h 20
L 1k 16

o
~H OO CO

(O

P b
QOO FWw loXoNoNoNe! OO0

=
o0
leXe

100

+Fn
n O

100
100
100

95
100

100
100

92

90
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95 per cent of the hatching was completed within sixteen days of
the final incubation which varied only between fifteen and twenty
days.

Fluctuating cold and warm temperatures: To determine the

influence of fluctuating temperatures, eggs from Quebec females
wvere exposed to cold and warm temperatures for varying periods
(Table V). One batch of 25 eggs was first incubated at 28°C. for
22 days, then kept for seven days each at 6-706., 23-2600., 6-7°C.
and 23-26°C., followed by 1% days at -5 to -6 C. and a further

14 days at 6-700., and finally incubated at 23-2600. On the
fourteenth day of the final incubation the eggs began to hatchy
and within three days hatching was completed. A second batch of
25 eggs was similarly treated except that, a 7-day treatwment at
6—700. followed by & reduced period of 7 days at -5 to -6°c. was
substituted for 1k-day period at =5 to —6OC. The effect of this
treatment was nmore or less the same as in the case of the first
bateh, namely;that the dlapause termination was virtually completes
hatching in this case did not actually begin until the sixteenth
day of the final incubation but was again completed within three
days thereafter,

Third and fourth batches of eggs were given the same treatment
as the first and second respectively except that the initial
incubation at 28°C. was reduced to eighteen days. Diapause
ternination was agaln complete or virtually complete in both

instances., Hatching began on the eighth and fourteenth day of
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Table V

Showing the effect oﬁéxposure to fluctuating tewmperatures

on termination of egg diapause (Quebec population)

Treatment at| Initisl I'inal incubetion| Percentage of viable
fluctuating incubation period rgquired eggs hatching within
temperatures| period at at 23-26"C. in |16 days after cold
28°, in days| days treatrent
Mininum| Haximunm
22 1k 16 100
18 8 16 100
Treatment I 9 16 16 100
L 14 60 4o
22 16 13 80
18 14 17 91
Treatnent IT o 16 16 100
b 16 56 30

Treatunent I: 7 consecutive days each at 6—7OC., 23—2600.,
0 0 .
6-7"C. and 23=-26 C. followed by 14 days each at
-5 to -6°¢. and 6-7°C.

ment II: 7 consecutive deys each at 6-700., 23-2600.,

¢t

Tre

0

o o
6-7 C., 23-26 C., 6=7°C., and -5 to -6°C.,
followed by 1 days at 6=7°C.
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the final incubation and continued for eight and three further
days respectively.

A Tifth and sixth batch of eggs were also given the sane
treatment as those of the first and second respectively, except
that the initiel incubation period at 28OC. vas shortened to nine
days. In these two experiments The commencement ol hatching was
delayed until the sixteenth day, as in the second experiment, but
was completed all on one day. Diapause was thus completely broken
by these experiments also.

Seventn and eighth batches of eggs were incubated at 28°¢.
for only four days, but the trestments were otherwise the same
as in the first and second experiments. The effect of this
treatment differed materially from the others, for, although the
eggs began hatching on the fourteenth or sixteenth day, hatching
continued for 60 and 56 days respectively. Termination of diapause
was, in fact, only slightly indicated since nost of the eggs
showed delayed hatching.

Five batches of eggs from the New Brunswick population and
three batches from each of the Vermont and Prince Edward Island
populations were compared with the above., After incubating for
9-38 days at 28°c. these were kept at 6-7OC. for 83 days and then
each batch was divided approximately into two halves. One helf
of each batch was incubated at 23-26°C. vhile the other half,
after keeping for seven days at =5 to -éOC., was 1incubated at the

same tenpersture as the first half. The egzs belonging to the half
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batches not receiving freezing treatment started hatching on the
thirteenth day of the final incubation, and the eggs of many of
these showed complete termination of diapause. Others, hovever,
showed only a partial effect (Table VI). The eggs of the half
batches vwhich had received freezing treztment mostly began to

hateh on the Hurteenth day of the final incubation and there was
virtually complete ternination of diapause in all cases (Table VII).

The effect of cold on the percentage of egg hetching: As

already indicated, only about 50 per cent of the eggs of

G. pennsylvanicus hatched when incubated continuously at 23-28OC.

without any cold treatment. The incubation period required by
those eggs which hatched under these conditions varied between
between 28 and 140 deys, but tended towards the longer period.

It was therefore decided to investigate the effect of cold treat-
ment on the percentage of eggs hatching.

A total of 875 eggs initially incubated at 28°%¢. were
subjected to 6-7OC. for varying periods before their final
incubation at 23-2600.; 125 for 9 days; 125 for 16 days; 125 for
23 daysj; 125 for 30 days; 125 for 60 days; 125 for 91 days; and
125 for 122 days. The figures of 50 per cent hatching for eggs
receiving no cold treatment were taken from ke previous results.
fine to 23 days of cold Treatment effected a slightly better
percentage of hatching than no cold treatment, but this beneficial
effect was more pronounced when the treatment was prolonged for

a month. In the latter case the percentage of the eggs which
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Table VI

Showing the effect of exposure to 6-7OC. for 83 days on

ternination of egg diepause 1in Hon-Quebec populations.

Population Initial Final incubation| Percentage of
incubation| period rgquired |visble eggs
pegiod at | at 23=26 C. in |hatching within
287C. in days 16 days after
days cold treatnment

Minimunm (Maximun

38 25 97

33 15 100

Mew Brunswick 29 13 16 100
22 27 57

9 39 90

29 15 100

Vermont 22 13 27 89
9 27 78

29 13 100

Prince Tdward Island 22 13 19 98
9 36 65
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Table VII
Showing the effect of exposure to 6-7°C. for 83 days followed
by =5 to -6OC. for 7 days on termination of egg diapause in

Hon-Quebec population.

Population Initial Final incubetion| Percentage of
incubation|period rgquired viable eggs
period at |at 23-26"C. in |hatching within

28%, in |days 16 days of cold
aays treatment
Minimum|Maxinum
38 1k 27 97
33 13 17 96
llew Brunswick 29 1k 20 91
22 1 | 17 99
9 14 Ly 96
29 15 20 97
Vermont 22 1k 25 92
9 14 39 92
29 14 20 95
Prince Zdward Island 22 1k 25 81
9 1k 39 90
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hatched increased to about 65 per cent. This perd _entage continued
to rise as the period of cold treatment was increased and 1t was
naximal (nearly 85 per cent) when the treatment was prolonged for
122 days. Treatment was not prolonged beyond this period. The
results are indicated in Fig. 17.

Y. Discussion

The term diapause was first coined by lheeler (1393) to
‘describe the post-anatrepsisl stage in the morphogenesis of the

embryo of the long-horned grasshopper, Xiphidiunm {now Conocephalué]

vhen the embryo is more or less stationary. Physiological diapause
in the eggs of the Orthoptera occurs at three different stages

in the nmorphological development of the embryo in different
species. These stages may be called the pre-anatrepsis, post-

anatrepsis and pre-hatching stages. In Austroicetes cruciata and

Homoeogryllus Jjaponlcus the embryo is pear-shaped (Andrewartha,

19525 Umeye,1950), while in Gryllulus [Acheta] mitratus it is

dumbbell-shaped at the time of occurrence of diapause (Umeya, l.C.)}
all these are pre-anatrepsis stvages. In a few orthopterous insects
dlapause 1s known to occur shortly before hatching, as in

lelenoplus mexicanus mexicanus [E. bilituratus] (Parker, 1930),

1. bivittatus (lioore, 1948), . packardi (Sslt, 1949), i, flavidus

flavidus, and i, foedus fluviatilis (George,1950). But in most

of the Orthoptera so far studied diapause occurs in the post-

anatrepsis stage (l.e., in the stage described by Wheeler) for

T A - ;
Anatrepsis 1s completed whnen the embryo reaches the ventral
surface of the yolk with its head directed towards the posterior

pole of the eggy when it sinks into the yolk it is in post-

anatrepsis stage.
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example, in Dichromorphe viricdis, Chloealtis conspersa,

Circotettix verrucullatus, Hesperotettix [viridis] pratensis,

He {v.] viridis, ifelanoplus differentialis and li. femur-rubrum

(Carothers, 1923), in fAeropus [now Gomphocerus) sipbiricus

(Bei-Bienko, 1928), Chorthippus parallelus (Sansom et el., 1935),

Cemnula pellucids (licore, 1948), Melanoplus keeleri luricdus,

1. scudderi scudderi (George, 1950), Locustana pardalina (tiatthée,

1951), and in Locusta migratoria gallica (Le Berre, 1952). In

micheta" commaodus (Hegan, 196Cé)and Gryllus pennsylvanicus (see

Section V), cdispause also occurs in tne post-anatrepsis steage.

All the species mentioned above have more or less strictly
univoltine life cycle, which night perheps imply that all the
orthopterous speciesy which enter diapause neay have a univoltine
1life cycle and that They occur in those geographical regions where
there is a single period of extreme climate and where this
condition continues for a large part of the year. This suggestion

is supported by the study of the life cycle of G. pennsylvanicus.

In G. pennsylvanicus diapause occurs after sbout four days

of incubation (see Section V). Diapause-~termineted eggs require
further incubation for sbhout fourteer. (1) days to complete their
development, although a few eggs may toke a dey or two longer.

Thus in the strict sense the true cdevelopmental period lasts

about twenty days (four days pre~diapeause and sbout sixteen days

post-diapause). This means that the eggs of G. pennsylvanicus

have more or less the same developmental period as those of other
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species of Gryllus having non-diapause eggs, such as G. veletis,

G. rubens and G. assimilis (see Sections IV and V) whose eggs

hatech at 23-2600. within seventeen to twenty days of the commence-

nment of incubation. In G. pennsylvanicus, however, not a single

egg actually hatched within twenty days of oviposition when
incubated at 23—260C. or at 2800. The minimum pariod of incubation
has been found (in a few cases ohly) to be 28 days and it may thus
be concluded that the females of this species do not lay
non-diapause egg. In other words, dizpause in the eggs of

G, pennsylvanicus is obligatory. This fect is further supported

by the study of the morphological development of the embryo (see
Section V),

In some ceses the total incubation period of G. pennsylvanicus

was found to be as long as 140 days at 23-2800. Such a prolongation
of the required incubation period indicates an increase in the
tintensity' of diapause as defined by Andrewartha (1952) and Lees
(1955) (see footnote on page 99) and thus eggs which hatch only
after a long period may be said to show a high diapause intensity.
By plotting = graph (FFig. 18) on the basis of percentage emergence
of nymphs from 211 eggs incubated at 23—2800. (see page 99) and
presuming that the eggs which hatch on or before twenty days of
incubation show minimel diapsuse intensity (zero on an arbitrary
scale of "diepause intensity"), and those which hatch after 140
days show maximal intensity (100 on the arbitrary scale), the

dlapause intensity shown by different numbersof eggs can be
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Fig. 18. Degree of diapause ”int%@ity" shovm by different
percentage of eggs incubated continuously at 23-2800. Zero on the
arbitrary scale represents hatching on or before 20 days of
incubation (l.e., minimal diapause intensity); 100 represents

hatching on or after 140 days (maximum dizpause intensity).
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indicated. The graph shows that the maximum number of eggs
exhibit a diapause intensity about midway between the two extremes
(50 on the arbitrary scale). A normal distribution is apparent.

Cold treatment of the eggs effects a reduction in the
intensity of diapause. As the period of cold treatment increases
the diapause intensity decreases until the cold treatment is given
for 90 days or more, when it becomes minimal (Fig. l9)@bout Zero on
an arbitrary scale of diapause intensity). In calculating the
effect of cold treatment it has been presumed that the eggs prior
to cold treatment have been incubated for at least four days and
that 140 days incubation before hatching means maximum intensity
(100 on the arbitrary scale).

It is interesting to note that when eggs were incubated at
28OC. for varying periods from four to 38 days prior to cold
treatment 2ll hatched after approximately the same interval of
time subsequent to the termination of diapause. This Shows that
all eggs were at more or less the same stage of development at
the time of cold treatment, irrespective of the duration of prior
incubation. This fact is further supported by a study of the embryos
before and after the cold treatment (see Section V). It may be
concluded that the preliminary incubation for four to 38 days at
28OC. nas no detrimental effect on the development of the embryo.

Dggs lald by the young females (eggs lald early in a season)
begin hatching after a longer time than those laid by middle-aged

females (eggs laid late in 2 season). Thus the first batches of
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Fig. 19. Histograms showing the effect of exposure to 6-700.
for cifferent periods on the intensity of diapause of eggs
previously incubated continuously at 2800. The arbitrary scale

of diapsuse intensity is as in fig, 18,
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eggs were found to begin hatching after 80 days of incubation,
while eggs laid after 40 days from the first laying started
hatching after only 28 days. Cook, in a personal communication
quoted by Burdick (1937), observed a similer phenomenon in

IFelanoplus differentlalis. This implies thet the general

physiological condition of the mother affects the eggs. The same
hes been found to be the case in a variety of insects: in Bombyx

rnori (Kogre, 1933), in Phlebotomus papatassi (Roubaud, 19283 1935),

in Spalangias drosophilae (Simmonds, 1948), in Locustana pardalina

(tiatthée, 1951), and in Lucilia sericata (Cragg and Cole, 1952).

The observed behaviour of the eggs of G. pennsylvanicus (laid

by field-collected females) in the laboratory must be of very
great significance in the life of the cricket, if similar
behaviour is shovn by the eggs in the field. In nature some females
become mature by the middle of July and start laying eggs by the

the month. Iven if high temperatures are maintained, such

Hy

end o
eggs would not be ready to hatch until the middle of October, but
by that time the temperature would have dropped so that few, if
any, eggs would have completed their development and hatching
would not occur. If the eggs of young fenales behaved like those
of the niddle-zged ones, they would have hatched by the end of
August or by the beginning of September and the young nymphs would
die due to winter cold. To avoid this untimely hatching, the eggs
of the young females have this long pre-hatching period. In fact

vhatever the date of oviposition by the females, hatching would
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not begin before the first week of October, by which time the
temperature would have declined sufficiently and no hatching would
occur before the onset of winter.

The eggs which were kept for 33 days at 6—7OC. did not show
complete termination of diapause, but wvhen they were exposed for
91 days at this temperature or 83 days at 6-700. and for seven
days at =5 to -6OC., the termination of diapause was almost
complete. Therefore to terminate dilapause, the eggs must be
exposed to cold conditions for at least 90 days. This long period
is also an adeptation to the insect's environment. Sometimes it
may happen in nature thet the tTemperature may go down as low as
6OC. for a week or so before the actual onset of winter, alter
which 1t may again become warm enough to allow the continued
developnent of the eggs. Thus, i1f only a short exposure to cold
were sufficlent all the eggs might hatch prematurely and ultimately
all young nympns would die of exposure vhen winter cold finally
set in. To avold such a disaster, therefore, the eggs have .
developed the necessity for a long cold trestment to terminate
diapause.

The effect,of the alternate warm and cold temperstures for
56 days, on the eggs 1s more or less similar to thet of the
continuous cold for 60 deysj; since under both conditions the
termination of diapause was achieved in some eggs. It may also be
pointed out that the exposure to warm temperatures (23-2600.)

during alternating warm snd cold treatments, did not affect the
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post-diapause incubation period which remained about the same,
namely 1L4-16 days, showing that this kind of temperature
fluctuation does not have any demonstrable effect on the resumption
of morphogenesis.

Eggs which do not receive, or which receive insufficient
cold treatment show a very small percentage of emergence within
three days from the start of hatching, but diapause-terminatéd
eggs complete about 95 per cent of their hatching within three
days. This 1s agaein an adaeptation to the environmental conditions.
In this way the great majority of nymphs will mature at about the
same time, so as to be ready to copulate and lay eggs at the
appropriate time for winter diapause. Similar behaviour over a
very wlde geographical range can thus, to a large extent, be
explained.

The behaviour of the eggs discussed above thus clearly
indicates that the different faculties developed by them enable
the species to overcome the rigours of cold at every stage of
embryonic development, The critical temperatures, however, have
not yet been determined.

Brovning's (1952) observations on "Acheta' commodus, confirmed

by Hogan (196Ca),that as the incubation temperature is raised an
increasing percentage of the eggs develops without interruption
end that there is a strong tendency for diapause to be averted
at high temperatures, do not hold good for the eggs of

G, pennsylvanicus in which not a single egg was found to develop
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without interruption, even although some were incubated at 28%,
for more than two months (Fig. 15). Lees (1955) has also progﬁnded
a generel rule that high temperatures tend to avert diapause while
low temperaturec Tavour arrest of growth. At least the first part
of the general rule is not applicable to the eggs of

G. pennsylvanicus.

Diapeuse has sometimes been regarded as a state of blocked
or inhibited development which nust be ‘broken' by the stimulus

of cold. In the eggs of G, pennsylvanicus morphogenesis becomes

blocked at least for a time, and to break this blocking exposure

to cold for at least 90 days is necessary. This means that during
the period of cold some kind of physiological chenge is induced

in the egg, so that when 1t is incubated at an adequate temperature
the embryo will resume regular morphogenesis as in the eggs of
non-diapause species of Gryllus. If the period of cold treatment

is insufficient the physiological effect is incomplete and
therefore there is no regular resumption of morphnogenesis.

The only visible physiological effect of the cold treatment
which was observed was a change in the consistency of the yolk
which became more or less semi-fluid. The fluid nature of the yolk
may allow its easier assimilation by the growing embryo and thus
hasten growth with the result that all eggs hatch at more or less
the same tiue. Embryosﬁgkposed to cold are presumably only able
to assimilate the yolk slovly, probably depending on their

individual capacities, so that some are able to complete their
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developnent earlier than others, although never so repidly as
those wvhich have been exposed to cold. This mignt explain the
irreguler hatching of the eggs without cold treatment.

The eggs of Lymatria dispar enter diapause when the embryo

is almost ready to hatch and its gut is loaded with yolk
(Tuleschkov, 1935). In these eggs, when they are incubated at
25OC. after cold treatment, the yolk is liquefied and absorbed
and hetching takes place. Hodson and Weinman (1945) have also

observed, in lialacosoma disstria, that before hatching of the eggs

occurs the yolk in the gut of the embryo must be liquefied and

absorbed., Similer changes in the yolk of the eggs of Austroicetes

cruciata heve been observed by Andrewartha (19%3) and he (1952)

is of opinion thet these visible chenges in the yolk indicate that
diapause mey have set in because, at the critical stage in the
life cycle, the yolk proved intractable and could not be moblized
for #me use in the next stage of development. Kevan (1944) in the

larva of Diatraea [now Zaediatraea] lineolata and Lees (1953) in

Ietatetranychus [now Panonychus] ulni have shown that unsuitability

or a fallure of the food supply led to the onset of dispause., It
rnay, therefore be suggested that the non-availebility of suitable
food may be one of the causes of occurrence of diapause in

G« pennsylvanicus also,.

It is vnlikely thet cold is directly responsible for the
difference in consistency of the yolk ond it is also very
improbable that the constitution of the yolk is alone responsible

for diapeuse in the embryo of G, pennsylvanicus since Sigelow
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(19602) from the results obtained by hybridizetion experiments
with non-dispause species, has concluded thet diapause in this
species seems to be determined by the genetic constitution of the
embryo and not by cytoplasnic or yolk constituents of themselves.
It may vell be, however, that the constitution of the yolk nmay
be affected by the embryo, itself influenced by exposure to cold,

and there is some intraction between the two.
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VII. ZFFECT OF COLD ON PRiE- AND PCST~DIAPAUSE 5GGS OF GRYLLUS

PENNSYLVANTICUS
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VII. ZFFZCT OF COLD CI PRE- AITD POST-DIAPLUSE EGGS COF GRYLLUS

PEITISYLVANTICUS

1l. Introduction

It has been shovm that when dlapause eggs are exposed to
6-7OC. the "intensity" of diapause is reduced and that exposure
for three months or nore lowers this intensity almost to nil
(see Section VI). In most species of insects that have been studied
(Parker, 1930; Burdick, 1937; Andrevartha, 1942; liuroga, 1951;
and Le Berre, 1953) it has been found that exposure to low
temperatures at the appropriate stage in the eggts development
(vvhen the embryo is in diapause) results in the egg being able
to complete its development promptly when subsequently incubated
at some sgppropriate higher tenperzture. Until very recently,
however, no systenatic study has been made to show the effect of
cold treatment on pre~ and post-diapause eggs of any orthopterous
insect. Since the bulk of this thesis was prepared, however,

Hogan (1960b) has published some such chservations on pre-diapause

eggs of "hicheta" commodus in Austrelia. This section deals with

experiments to determine the effect of exposure to low tempereture

0 . . R . ~
(6=7"C.) on such egzs in G. pennsylvanicus. The main objects of

the study were to discover, firstly, the extent to which develop-
ment tekes place in the embryo of pre-~diapause eggs during
exposure to cold and the eflfect of such exposure on the intensity
of dispause in these eggs; and seconcély, to determine if cold
trectrient hes any detrimental effect on post-diapause eggs and

whether any developnent occurs during such periods of exposure,
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2. lMaterisls and methods

iggs were collected and experiments were perrforned in the
manner described previously (see Section VI). Freshly collected
eges were divided into five groups of 75 each and incubated
initially at 22—2300. for different periods ranging from one to
five days. Each group was then exposed to 6-7OC. for three months,
after which they were finally incubated at 23—2600. Lnotner batch
of 300 eggs wes initially incubated at 22-2300. for seven days
(by which time all had entered diapause) and was then exposed to
6-7OC. for three months to terminate diapause. The post-diapause
eggs were then divided into four groups of 75 each, each of which
was agein incubeted at 23—2600. for a different period - namely
for 3, 6, 9, and 12 cays respectively. ALL wvere then exposed to
6-700. for one further month and finelly incubated at 23—2600.

3. Results

Teble VIIT shows the effect of exposure to 6-7OC. on
pre-dilapause eggs. The eggs which were initially incubated at
22—2300. for one day only did not hatch after their final
incubationy all died. As the period of initial incubation at
22~23OC. was increased, however, the percentage which eventually
hatched after the final incubation also increased. The percentage
of eggs which hatched after an initial incubation at 22-2300.
for 2, 3y 4, and 5 days was 30, 36, 4+, and 952 respectively.

The eggs began hatching on the thirteenth to sixteenth day of
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their final incubation and the hatching continued until 26th day.
liost of the eggs in any batch, however, hatched within three
days from the start of hatching indicating thereby that the
ternination of diapause was almost complete.

Table IX shows the effect of exposure to 6—700. on the
post-diapause eggs. The eggs which were incubated at 23—2600.
for three days after the termination of diapause and before the
second cold treatment began hatching on the fourteenth day of
the final incubation at 23—2600. As the immediate post-=diapause
incubation was increased from 3 to 12 days the final pre-hatching
period was reduced by a comparable length of time. Thus when the
inmediate post-diapause incubation at 23-26°C. was 6, 9, and 12
days before the second cold treatment, the final pre-hatching
period at 23-2600. was shortened to 10, 8 and 5 days respectively.
In this way it was shown that all four groups of eggs required
incubation at 23—2600. for a total seventeen days irrespective
of the time at which they were subjected a cold treatment. The
greatest percentage hatching, namely 75, was shown by eggs which
were given six-day post-diapause incubation at 23-2600. before
the second cold treatment, but those incubated for only three days
showed 65 per cent of hatching. Tggs incubated for nine and twelve
days showed a minimum percentage hatching - only about 50 per
cent, Six-day post-diapause incubated eggs hatched over a period
of seven days while in the other cases the overall hatching period

was only two To three days.
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- —— 17 . o ) o M.
Teble VIII. Showing the effect of 6-7 C¢. on pre-dlapause

eggs of G. peansylvanicus.

Incubation period Percentage of Percentege of hatching of
in days hatching viable eggs in first three
aays
Initiel| Final
1 30 0 0
2 16-26 30 83
3 1h-17 36 100
L 14-15 e 100
5 13=-20 52 93

s 1 falial g O iy .
Table IX. Showing the effect of 6-7 C. on post-diapause

eggs of G. pennsylvanicus.

Incubation period after cold treastment

Percentage of hatching

in days
L fter initial cold After Tinal cold
treatment treatnent
3 IR 65
6 10 75
9 8 50
12 5 50
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L4, Discussion

Pre~diapause eggs, after initial incubation at 22—23OC. for
only a day (l.e., before distinct embryos are formed - see Sections
IV and V) and subsequent exposure to 6—700. for three mnonths, are
not resistant and are killed by the latter temperature. After
longer initiel incubsation period at 22-230 Ce (ilee., when the
eilbryos have assuried a definite shape) they are sble to withstand
colc to a greater degree, becoming more and more resistant es
they grow. When the embryos are only two days old only 30 per cent
survive, but when they cttain five days of age their survivel
rete increases to 52 per cent. Lven vhen the eumbryos are in a
pre-ciapause condition, therefore, they mey becone almost
completely free from diapause on being exposed to 6-7OC. for
three months.

The effect of cold on pre-diapause eggs oif orthopterous
insects has not been studied systemetically and there are only
a few casual records dealing with this aspect. Parker (1930) noted

that when freshly leid eggs of lielanoplus "mexicanus! [i.e.,

L., bilituratus] were chilled for 240 deys at 0°c., the

post=diapause incubation period was reduced from 4¢ days to 11
days, thus indicating that the exposure to cold of pre-diapause
eggs of this species helps to bring about Termination of dispause.
Church and Salt (1952) have pointed out that, in late autumn, cold
veathercombined with dryness aften stops development in the eggs

of llelanoplus bivittatus well before diapause stage. In such eggs
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the potenticl Tor diepause 1s broken in the same way as 1s diapause
in mature diapause eggs. This means that the winter cold terminates
diapause in pre-~diapause eggs in a sinmilar nmanner to that in
clapause eggs. They refer to such eggs as "diapause averted" eggs.

Brovning (1952) found that if the eggs of "Acheta" commodus

vere held at l3OC. for several weeks shortly after their
oviposition and then incubated at 26OC., they inveriably developed
without interruption; he refers to this as the completion of
tdiapause development'!. Thus, according to Browning, the exposure,
of the pre-diapause eggs to low temperatures, terminates diapause.
He is further of the opinion that "A," commodus is unusual in

this respect, because, in nost of the species in which diapause
occurs, low temperature 1s most influential after the embryo

has entered diapause (Parker, 19303 Burdick, 1937; Andrewartha,
1943) .

Brovming's observations have been criticised by Hogan (19603a)
who remarks that completion of diapause in this way would be most
unusual and that such a phenomenon is contrary to the general rule.
On the basis of his own experiments he presumes that at lower
temperatures all eggs enter diapause. His suggestion that the
low-temperature treatment of pre-diapause eggs does not terminate
diapause is not, however, supported by his own experiments. There
is always a threshold for growth below which developnent cannot
proceed. Thus, when Hogan kept eggs of "A." commodus at 12.800.

ne did not observe any resumption of development beyond the
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diapeuse stage even after three months. A temperature of 12.80C.,
however, is probably not =z suitable one for egg developmnent. Ilad
he kept eggs which had been exposed to 12.800. at a suitable
incubation temperatufe it seems likely that they would have
ceveloped 1in a compareble menner to whet was found in the case

of Ge. pennsylvanicus unless "i." commodus hehaves very differently

from the former. In fact, very recently, Hogen (1960b) kept
cold-treated pre~diapause eggs at a suitable incubation temperature
(26.706.) and found that the diapause was then broken. To maintain
his pefivious interpretation he states, "Such an exposure §&o
weakens the tendency of the eggs to enter diapause that it is
readily averted when they are transfered to a suitable incubation
temperature...... Actually low temperature may be said to
eliminate diapause‘from such eggs rather than to terminate it".
Hogan (1960a) is not correct in assuming that both low and
high temperatures are requirec for the complete termination of
diapause. In his more recent studies (1960b) he modifies his
interpretation ancé¢ states, "Diliapause ic not finally eliminated
until the eggs are incubated at a higher temperature." In fact
only low temperature is required for termination of diapause while
high temperature i1s necessary for the resumption of development.
Fogan (1960a) also believes that there is no clear evidence
to show that failure to enter diapause by cold-treated pre-diapause
eggs results from the same processes as those bringing about the
termination of diapause. In his subsequent publication (1960b)

he writes, "I diapause development is completed in the pre-diapause
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stages, then there should be a marked similarity between the
relative effectiveness of different temperatures for the
elimination of diapause from pre-diapause eggs, and for the
termination of diapause in eggs that have actually entered
dispause". He does not, however, discuss this point further. In
fact, there 1s a marked similarity between the elimination of
diapause from pre-diapause eggs and the termination of diapause
in eggs vhich have actually entered diapause. In both kinds of
eggs, low temperature treatment has exactly the same effect: it
renders the yolk assinilsble by the embryo (see page 121) and it
1s quite reasonable To expect that cold treatment would have

same effect on the yolk whether the embryo were in the pre~diapause
or diapause stage. If cold stimulates the embryo to affect the
yolk, rather ﬁggg"affecting the yolk directly, however, the
condition of the embryo might help in difference. The similar
behaviour of the pre-diapause and diapause eimnbryos after the cold
treatment, nevertheless, further support my contention that the
physiological effect of the cold treatment is to make the yolk
assimilable (see page 121). Then the yolk becomes assimilable
the embryos develop in the normal manner resulting in the

termination of diapause. Table VIII clearly shows that almost all

pre~diapause eggs after treatment hatched yitnhin three days just

as was the case in diapause eggs which had become diapause free

(see Section VI), i.e., there was almost complete termination of

)

iapsuse. Browning (1952) also thinks that there 1s no reason to
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believe thet the processes which occur in pre-diapause eggs auring
exposure to cold, resulting in their competence to continue their
dgevelopnent without interré;ion, differ fundementally from those
occurring in otiner species when exposed to cold after diapause
has become manifest. |

It may therefore be concluded that the eggs of

G. péennsylvanicus nay recelve the required cold treatment to

terminate diepause at any time after the second day of incubation,
but to ensure a greater percentage of hatching they should be so

reated vhen tihe enbryos are well advanced. This conclusion may

F

perihaps pe applicable to all insects vhiose eggs enter diapause.
Lees (1959) points out that in many insects, and in Orthoptera
in particular, the temperature treztment to end diepause should
synchronize with some definite stage in the morphological or
pnysiological development of the embryo, known as the period of
sensitivity. llowever, this general principal i1s not applicable

in case of G. pennsylvanicus in which such a period of sensitivity

extends from the Stege I to IVa (see Sections IV and V).
Pre-diapecuse eggs, after cold treatment for Three months,
wvhen studied were found to contain enbryos only in the diapause
stage (morphologicel Stage IVa - see 3ection V), and a few were
wvithout embryos. This means that the pre-dianause ernbryos continue
developing during cold treatrment until they reach the diapause
stege. It has already been pointed out (see page 93) that when

in stages
eggs containing eubryoleLIa or IV are kept at 6- 7 C., thney resune




( 134 )

cevelopment and reach Stage IVa which is the true dispause stage.
The present investigation conclusively supports my previous
suggestion in this regard (see page 93). Hogan (19693) hes also
snovn that pre-diapsuse eggs, when given cold treatment, reach
the diapesuse stege and then stop further development.

Generally 6-7OC. might be supposed to be so low that no
development is likely, but present observations show that the

embryos of G. pennsyvlvanicus can in fzet continue to develop

even at such a low temperature until they reach the diaspause
stage although they do not continue to do so beyond this point.
This kind of development is found only in those insects which
undergo diapause in the egg stage. In the diapsuse stage the
eribryos can probably live for a longer time at low temperatureé
vnich would probably kill vre-dispause stages if they were to
remain at these temperatures for long. Further the ewbryos in

diapause stage can resist much lower temperatures than are required

to terminete diapause. G. pennsylvanicus has presumably developed

the characteristic of continuing to develop at low temperatures
in order to protect themselves from unexpected inclement weather

conditions. The diapause eggs of G. pennsylvanicus are very hardy

for they can withstand =5 to -6OC. for three months at least
(unpublished observations).

Andrewartha (1952) has coined the term 'diapause development?
for the processes going on during the cold treatment of diapause

eggs to terminate diapause. Present studies clearly indicate that
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the processes vhich go on during the cold treatment in pre-~diapause

and diapause eggs of G. pennsylvanicus are exactly similar. But

'diapanse cevelopment!' mesns developmment during diapsuse only and

coes not include developnent curing the pre-dlapause phase,

j=

therefore theuse of the term is not quite appropriate anc, 1t 1is

sugcestec, ey not be used in the present context.

b}

Post-digpeuse eggs of G. vennsylvenicus cen aolso withstend

n

xposure to low temperatures but the percentege hatching alter
@ - ; . -
exposure to 6-7 C. was slightly reduced - from 72 (see page 111)

slightly detrimental

e

to 60, Thus it may be presumed that cold has
effect on the post-cGiapzuse enbryos. There is probably no
develonment during post=dispause cold treetment since most of

the eggs required about seventeen days of post-clapause incubation

insteacd of the normsl Tourteen deys required in the absence of

'

the second cold treatiient (see Section 7I). This suggests that
tne embryos need aboul tnree dars to recover fror post-ciapause

cold trestilent befcre resuning developrient.
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VIIT. RUSPIRATORY ITABCLISH DURING =IBRY0GZIWISIS OF GRYLLUS

VLLATTIS AMD G. PLINSYLVANICTTS
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VIII, DUSPILTCRY MNIADCLISH DURING ZRBRYOGIINASIS OF GRYLLUS

VILOTIS ATD ¢, PEFNHNSYLVANICUS

1. Introduction

Tggs of field crickets of the subfanmily Gryllinae cen be
grouped into three classes according to the type of development:
In Class One are those eggs that develop normally if incubated

at an adequete tenmperature, e.g., Gryllus veletis (see page 88).

In Class two are those eggs which require exposure to cold before
they cen continue normal developmuent, and vhich, if they do not
recelve such treatment, cdevelop very irregularly, their incubation

period verying between wide limitsj; such eggs are known as dlapause

egegs, €.8., in G. pennsylvanicus, in which development takes from

)

® .
28 to 140 days at 23-2B°C. (see page 99). The eggs of the Third
Cless are mid-wvay betwveen the other two classes, normally requiring
low temperature exposure but natching normally if mainteained at

high temperatures, e.g., in "Acheta! commodus (Hogan, 1960a).

O

It has been shovn that the eggs of "A.!" commodus and

Ge. pennsylvanicus enter morphological diapause after an incubation

of about three and four days respectively (IHogan, 1960a; Page 31),
but by studying respiratory metabolism, the exact time of the
onset of physiological diapause can also be determined, since
Bodine (1929) and others have shown that vhen the embryos enter
diepeuse respilratory metvabollsn drops. The rate of metabolisnm
nay, in fect, be used as a test Tfor the presence or absence of
dlapause in the eggs. Thus a stuay of respiratory metsholism is

of grest significance.
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Amongst the COrthoptera respiratory metebolism has been

described only for grasshopper embryos, for exenmple, Chortophaga,

Romalea, Cercotettix (Bodine,1929), and llelancplus differentialis

(Bodine, 19293 Burkholder,1934; Boell, 1937; Bodine and Boell,
1936). The rietabolism of developing eggs in the other groups of
insects (Coleoptera, Lepidoptera, Hemiptere, Diptera etc.) has

also been studied, e.g., in Leptinotarss, Crioceris, Anasa,

Cotinis, Popillia (Fink, 1925), Tropzea luna,Platysemia (Senia)

cecropla, Pyrausta ainglieil, Anasa tristis (Melvin, 1928),

Cncopeltis fasciatus (Argo, 1939), Rhodnius prolixus (Tuft,l1949),

Drosophile and liusca (smith and Hleiber, 1950), and Popillis

jeponica (Ludwig and lugmeister, 1959).

¥o study of the respiratory metabolism of developing eggs of
any of the three classes, however, nas hitherto been published
anda an account of the respiratory metabolism and respiratory

guotients of developing eggs of G, veletis, a non-diapause species,

and G, pennsylvanicus, a dilapause species, is presented here.

2. Materiasls and rnetnods

Acdult fenales and males of G. veletis were collected from

the fleld in the vicinity of Ste ifnne de 3ellevue, Quebec at the

beginning of June, 1960, The crickets were kept in large candy

3

na

j$8]

jars and provided with moist sand for oviposition. The s
containing the eggs leid by these feneles tas collected after
about twelve-nours, andé the eggs used were thus not more than
about twelve hours old at The heginning of the experiments. The

eggs vere then sieved out in water, washed with distilled water,
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stored in Jam jars on moist filter paper and incubated at 27OC.
Lt this temperature nost of tue eggs hatched on the:iburteenth
cay of incubation. The eggs‘of one and the sarie baten were used
for all the experinents for the entire period of thirteen days.
Before starting the experiments the eggs were‘ﬂ%xnghly mixed

so as to ensure rendom distribution. Determinations were riade on
the rate of oxygen consumption and carbon dioxide production for
each day of embryonic development starting from immediately after
their collecticn on the first day.

Acults of G, pennsylvanicus wergalso collected locelly at

the beginning of August and the eggs were obtained in the manner
described above. To study the respiretory netabolism of the
pre-diepeuse end diespause embryos, the eggs collected on one and
the same * day were used, and for observing the respiratory
netebolism of the post-disnause embryos, the eggs were collected
earlier ancé were given o cold treatment at 6-7OC. for three months
to terminate dispause., ALl the eggs were incubated at 28OC. and
at this tenperature they hatched on the twelith day of the
nost-diapause incubation. In the case of the post-dizpause eggs
the experiment ves started about two hours after the completion
of thelr cold treasiment, i.e., on the first day of incubation at
28 €. During this period the eggs were washed thoroughly to
renove any mould, and then the excess of moisture was removed by

nlacing the eggs on dry filter peper.
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Cxygen consunption was measured at 27.20C.,using a constant
volume Tjarourg rnancmeter according to the procedure cutlined by
Umbreit,Burmes and Stauffer (1957). For these determinations 100
eggs and 0.5 nl. distilled water were placed in the main chamber
cf each of four nanomeber vessels. The central well of the first
two vessels contained 0.2 nl. of 15 per cent KOE for the absorption
of carbon dioxide. A smell piece of filter paper was placed in
the KOH to increase its surface area. Vessels 3 and Y4 contezined
filter paper moistened with 0.2 ml. of distilled weater in place
of KOH. A vessel contalning only distilled water served es s
thernobarometer.

The vessels were fastened to their respective nenometers,
placed in the vater bath at 27.200. After allowing 15 minutes for
tenperature equilibrium the manometer taps vwere closed and itne
zero reading was taken. The readings of all five manometers wvere
recorded at interveals of one hour for five hours., The sverage
oxygen consumption for each intervel as well as for the entire
experinental period was determined from the readings of the first
two menometers after correcting for thermobarometer changes. The
average oxygen consunption for each experimentel period was used
in calculeting the carbon dioxide production in each of the two
rmanoneters or the sccond set. Respiratory quotients were calculated
from the velues obtained from these two determinations (CC2

vroduction/Cy consumption).
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lLivery day ten eggs were examined from the lots used, and the
stage of the embryo was determined by & comparison with the
illustrations given vreviously (ifigs. 9 and 10).

3. Lxperimental Results

The rate of oxygen consumption, as micro-liters of oxygen

per 100 eggs of G. veletis per hour, for each day of embryonic

developnent is shown in figure 20. The rate of oxygen consuaption
in newly laid eggs iIs low. Cn the second day the oxygen consumption
rose abruptly and continued to increase 2lmost steadily until the
third day. Thereafter there was a further sudden increase in
oxygen consumption, and the increase continuing for two days,
reaching a maximum average value of 24%.31. On the sixth day the
rise in the consumption was low and this situation lasted for two
days, the average value being only 25.62. From the eighth day

xygen consumption agein increased and continued to increase

@}

more or less steadily for thnree deys. On the eleventh day the
rise in the oxygen consumption was again slow. On the twelfth day
the consumption agaein increased suddenly ' reaching an average
velue of 48.26 which was the meximun for the entire course of
developnent. On the thirteenth day the consumption fell to an
average value of 42.18. Four per cent of the eggs hatched in the

nenometer vessels.,

Figure 21 shows the respiratory quotient curve of G. veletis,

The respiretory quotictt in the first two days of development rose

slowly, end on the third day it increased rapidly and reached
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Fige. 20. Oxygen consumption of the eggs of G. veletis

during embryonic development,
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Fig. 21. Respiratory quotient of the eggs of G. veletis

during embryonic development,
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the maxinmum velue. It then fell abruptly from an initially high
value of 0.975 to 0.79 on the fourth day. It continued to fall
untilf?ifth dey. Following this dip a gradual lncrease in the
quotient again occured until, on the seventh day. Then a sudden
Tall occured and the value dropped on the eighth day, and
then
velue was/maintained without significant variation for a day,
after wvhich the value fell further to 0.705, on the tenth day.
This wes the minimum value reached during the entire course of
development. Then the quotient agein rose on the eleventh day,
Talling again on the twelfth day. On the thirteenth day a rise
ves again recorded.

Figure 22 shovus the respiratory metabolism curve of the

developing eggs of G. pennsylvenicus. The oxygen consumption for

the first two cays was low and then it rose ebruptly and continued
rising steadily for three days re%ching en average value of
18.%3, this being the maximum value during the pre-diapause
neriod., After this high value the rate of oxygen consumption fell
abruptly and continued falling for two days. After the seventh
day the fall in the rate of oxygen consumption was slow and this
édrop continued until the tenth day reaching en average value of
2.47, During the next ten days the rate of oxygen consumption
remained around this value varying only between 2.02 to 2.62.
After the twentieth cay the oxygen consumption begen to rise
slowly and on the thirtieth day it reached an average velue of
3.85. On the thirtieth cday a few eggs shoved slight development
beyond the diepesuse stage zna the Tirst hatching wes noted on

the fortieth dey of incubation,
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ig. 22, Oxygen consumption of the eggs of G. pennsylvanicus

during embryonic development. Pre-diapesuse period 0-5 deys;
dispesuse period 6-30 days; post-dispause period from arrow to

12 days.
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"he oxygen consumption of the post-diapause eggs of

Ge. Dennsylvanicus was higher than that of the diapause eggs. It

continuec rising elmost steadily throughout the entire period of
post-diepeause development end an average value of 56.29 vas
reached on the eleventh day. liost of the eggs hatched on the
twelfth day.

Figure 23 shows the respiratory auotient curve of

G. pennsylvanicus. lewly laid eggs showed & respirstory auctient

near unity and as the development proceeced the cquotient fell,
end on the fourth day it reached a velue of 0.65, which was the
Then

ninimum velue curing the pre-dispause period.(the value began to

rise anc on the sixth dey it reached 0.9% vhich continued until

seventh dey. rrom this high value a drop occurec¢ in the quotient

and on the tenth dey the value became 0.23. During the next

twenty days the value of the quotient was very varigble.,In the

case of post-cdiapause development the value of the respiratory
less

quotient was more or[constant and it was aroundé 0.7 varying

between 0.63% and 0.732.

L., Discussion

During the entire period of embryonic development of

G. veletis the respiratory metabolism continued to rise. It fell

only at the time of hatching. A similar fall in the oxygen

consumption has been noted by Tuft (19%9) in Rhodnius prolixus,

another hemimetabolous insect. The rate of increase of oxygen
consumption was not the same during the entire period of develop-
ment, for during certaein stages of development it was only slight,

as happened ot the tine of katatrepsis,
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g, 23. Respiratory quotient of the eggs of G. pennsylvanicus

during embryonic cdevelopment. Pre-dispause period 0-5 days;
dispause period 6-30 days; post-diapause period from arrow to

12 days.
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During the embryonic development of G, pennsylvenicus the

oxygen consuption also rose and continued rising until the fifth
day. Then 1t began to fall. This means thet Lkebs The embryos
entered dispause a2t this time. The rate of uptake continued
falling until the tenth day when the value reached one-ninth of
the maxinmum pre-dlapause value, and this fall was maintalned for
a Turther period of ten days. This shows that there was no
Turther development in the embryos for at least fifteen days.

The present study, therefore, supports the contention that every
enbryo enters diapause and remains in a diapause condition for

a period of at least Tifteen days, It also implies that in

G. pennsylvenicus dilapause 1s obligafory a2s has been pointed out

already (see Sections V and VI). A similar kind of fall in

respiratory metabolisii has been noted in the ernbryos of lielanoplus

differentialis (Bodine, 1929; Boell, 1935), Bombyx (Ashbel, 1930;

1932) and Lymantria dispar (Tuleschkov, 1935), althouch in these

insects the fall tekes place at different stages of developnment
since thelr embryos enter diapeause at differcnt stages.
It has been shoun previously (see page 92) that the embryos

of G. pennsylvanicus enter morphological diapsuse aiter about

100 hours of incubestion at 23—2600. In this experiment the eggs

were incubated at 28OC. and therefore it may be presumed that the
eggs entered morphologicael diepause e little earlier - say, after
96 hours. from the studies of the respiratory metabolism it becories
cleer that the enbryos take one day longer to enter physiological

diapeuse, and on the tenth day they enter a comnplete diapause
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condgition. £s grovth is resumed by the post-diapause embryos the

oxygen consumption rises, howvever, the rate of increase is not

the same throughout the entire post-diapause development. Further

the embryos teoke zbout three days to reach that naximum rate of
they

oxygen consunption which[experienced during pre-cGiapause state.

The respiretory quotient curve for the embryos of

G. pennsylvanicus is very similar to that for the embryos of

I.elanoplus cdifferenticlis cduring the pre-~ and post-dlapause stages

(Boell, 1935). It 1s therefore probable in the case of

G. pennsylvanicus, that during the first day of development (as

in li. differentialis alsd) the chief metabolite for combustion

is carbohydrate, that during the post-diapause period it 1s fat,

and that fat is the chief metabolite during embryogenesis,
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X. CCHCLUSICIIS

L comparative study of the sound-producing organs of Gryllus

rubens, G. assinilis, G. veletls and G. pennsylvanicus reveals

that the size of tegmen, harp,resonetor and file have little or
no taxcnomic value. The tooth number and shape in the file,
nowever, are useful additional characters for the identification
of males of different species of Gryllus. There 1s some overlap

in tooth number between G. pennsylvanicus and G. veletis, but

even 1n these morphologically very similer speciles the majority

of male specinmens can be distinguished by the number and shape

of the stridulatory teeth. There is also some small difference

in the venation, particulerly of the harp, at least in populations
from the szme area (Randell, unpublished), but it is not yet
knowvn 1f such difference is constant for the two speciles.,

The stridulatory orgens of both the tegmina in each species
sre equally efficient. The removal of the lateral or apical parts
of either or both tegmina does not affect the modulation quality
of the songj; 1t only lowers the intensity. At the time of
stridulation only about one-third of the file is engaged by the
scraper and it is The inward movement of the ftegmina that produces
the song. The kind of song depends on the elevetion of the tegmnina.
A pulse 1is produced wnen the tegmina rove inward, Tollowed by a
non-pulse period due to outward novement of the tegmina. Iach
pulse consists of a number of 'spikes! (seen in audiospectrogrepis)

each of vhich is formed by a tooth being struck.
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The structure of tne female and male reproductive organs or

G. pennsylvenicus and G, veletls is described in brief, but the

two species show rno significaent differences eifther in morphology
ocr development. In this thesis, however, the shape of the male
pnaellic structures has not been exhaustively studied. Certein
differences in their structure do exist, at least in populations
from the same area (Randell, unpublished), but it is not yet
knovm if such differences are constant for the two species.
Similarly the length of the ovipositor differs between the two
species (Alexander and BDigelow, 1960), but not absolutely.

The rudiments of the ovipositor valves arise, one pair on
each of the eilghth and ninth sterna, in the third instarj; those
of the eighth do not divide and directly develop into the
anterior ovipositor valves; those of the ninth divide to form
the lateral and inner pairs of ovipositor valves. In the fifth
instar a peir of lateral pouches are formed in the intersegmental
nembrane behind the seventh sternum, vhich leter fuse to form
the subgenitel nlate.

The ovicducts are present in the first instar and extend up
to the posterior margin of the seventh sternum, each terminating
in a hollow ampulla. In the sixth inster the cormon oviduct
develops as a thickening on the ventrel surface of the dorsal
wall of the subgenital plate, and the spermatheca as an

invagination in the eighth sternum,
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The male gonopore has a pair of lateral lips and a ventrsl
fold, the latter remains upturned, covering the lateral lips and
gonopore, and occuples the cavity of the spermatophore chamber.
When the spermatophore is present in the genital cavity, the
ventral fold is extruded and supports the spermatophore ventrally.
The laterel lips become released end thus support the spermatophore
from the sides.

In the sixth instar the intersegmental membrane behind the
ninth sternum develops & pair of penis lobes in the dorsel part
and a median sclerotization in the ventral part. The penis lobes
do not divide but fuse together in the middle line, and from
their junction eveginates the dorsal prongs; thespermatophore
guide 1s formed from the mesial margins of the penis lobes and
the part of the membrane lying between them, while the bifid
lateral prongs from the sides of the guide. The ventral
sclerotization forms the ventrasl fold.

The vasa deferentia are present in the first instar extending
up to the posterior margin of the ninth sternum each terminating
in a hollow ampulla. The left ampulla overgrows the right one and
becomes looped. The ejaculatory duct develops in tie third instar
in the intersegmentzl membrane behind the ninth sternum and later
extends and fuses with the ampullae of the vasa deferentia. The
accessory glands arise from the posterior fused part of the

ampullae of the vasa deferentia,
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It is conclusively shown that the ovipositor of the female
and the phallic organs of the mele arise as new structures in
the post-embryonic stages and have nothing in common with the
embryonic abdominal appendages which are resorbed long before
hatching.

The embryo of G. assimilis arises at the posterior pole of

the egg after about 36 hours of incubation at 23—2600. A brief
account of the morphological development of the embryo is given
and the cherscteristic features of the various stages of the
living embryo, when inside the egg, are also cdescribed.

Blastokinesis has been studied in the living egg. Anatrepsis
begins on the third day of incubation and becomes completed in
about 21 hours, while katatrepsis starts on the seventh day and
takes about one and a half day to reach completion. The movenent
of the posterior part of the abdomen is a most interesting feature
of katatrepsis.

The arnion and serosa are formed by the end of the first
day of incubation, tne development of the serosal cuticle begins
during the second day and by the end of The fourtn day the cuticle
becomes sufiiciently thick to permit sepsration from the cnorion.
The ental membrane arises from the sides of the trough-like
dorsum of the enbryo on the fifth day of incubation.

In G. pennsylvanicus development is arrested when the enbryos

are in any one of the three stages completed in 92-100 hours of

. . o . , . 4 s .
incubation at 23-26 C. but the stage at vhich it enters diapause
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is not atteained until about 100 hours. TMurther development of the
embryo beyond this "diapesuse stage' may occur under conditions of
constant temperature but it is very irregular. Iggs which have
completed diapause resume reguler development similar to that of
non-~clapause snecles., There may be slight development during the
period of colc treastment, probably to bring embryos of earlier
stages of development into the diapause condition.

“he norphological development of the embryos of

Ge. pennsylvanicus is more or less similar to those of G. veletis,

G. assimilis and (. rubens, providecd they are given cold treatment

for a nminimum period of three months at 6-706.

The eggs of the four specles of Gryllus are so similar
morpnologically that it is not possible to distinguish those of
one specles from those of another. The embryos also are almost
indistinguishable; only at a very late stage can those of

G. pennsylvanicus be separated from those of G, veletis and the

other species by the presence of a brown band at the base of the
post-necicel of the antenna and by tiie orange coloured cercl.

G. pennsylvanicus in nature has a univoltine life cycle.

In the laboratory its eggss enter dianause after about four days

of incubation at 280C. wvnen the embryos ere in the post-anatrepsis
stage. The diepause 1s obligatory, but the so-called t'intensity!
of diaveuse varies greatly in different egcs. Some hatch 28 days
after oviposition while others reguire 140 days when incubated

. O - . vt -
continuously at 23-28C., under these conditions about 50 per cent
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of the eggs hatch. A period of cold treatnent increases the
percentage of hatching, the increasse being greater ss this period
1s lengtnened.

In eggs exposed tTo 6—7OC. for verying perioas aiter incubsting
for periods of four to thirty-eight days at 28OC., the effect of
the colc treztment is to reduce the t'intensity! of diespeuse. Cold
treatment for 90 days or more causes virtually complete termination
of diapause. Such eggs reguire further incubation at 23-2600. for
about fourteen to sixteen days to complete their developnent.
Fluctuating warm and cold temperature on the eggs has a more or
less similar effect to that produced by more stable temperature
regines and does not have any demonstrable effect on the resumption
of morphogenesis during the period of treatment.

Tggs lald by young femsles (i.e., early in a season) have
a longer pre~hatching period than those laid by middle-aged
females (l.e., late in a season). The longer pre-hatching period
neede¢ by the former thus minimizes the chances of thelr hatching
before the onset of winter and the resultant winter-killing of the
nymphs wvhicn are not cold-hardy.

The behavior of the eggs, as observed in the laboratory, is
presunably of great significance in the 1life of the cricket in
the field anc the diiTerent Tacultles, developed by the eggs,
enaple the species to overcome the rigours of cold at every stage

of emnbryonic development. One physiological effect of the cold

treatrnient (vhich ray be indirect) appears to be that the yolk
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becomes seni-fluid, thus possibly ellowing its easier assimilation
by the embryos so that growth is speeded up with tne result that
almost 2all eggs hateh within a relatively short period of time.

It is suggested that the non-availability of suitable food for

the enbryo mey be one of the ceuses (Though not necessarily the

prinary cause) of dilapause in G. pennsylvanicus.

Pre~diapause eggs of (. pennsylvanicus, after being incubated

4T

Tor one to five days ot 22-2300. anéd then exposed to 6-700. for
three months show ¢ifferences in the percentage which hatch. Hggs
incubated at 22—2300. for one day only do nol hatch and die,
while the percentage of hatcning of other eggs varies from 30 to
52 depending on the length of the initial exposure to 22-2300.
ilost of the emergence is completed between thirteenth and sixteenth
day of finel incubation. Thus cold treatment of pre-diapause eggs
for a period similar to thet reaunired by eggs which had alreedy
entered diapause terminates diepause alnost conpletely, provided
the embryos heve passed the earliest stage of development.
Pre-=-diapeause eggs continue ceveloping at 6-700. until they reach
diapause stage. The physioclogical effect of the cold treatment

on pre-diapause eggs 1s similar to that on diapause eggs, namely,
the yolk becomes assimilable. IT hes been suggested that the term
Tdispause development! coined by Andrevertha (1952) to explein
the effect of cold on diapause eggs i1s misleacding and may not be

used for G. pennsylvanicus eggse.
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Post—-daiapauvuse eggs can withstand exposure to 6-700., but as
the percentage of hatching 1s slightly reduced, the treatment
eppears to be detrimental to some extent. It has been suggested
that the post-cicpause enbryos take zboul three days to becone
normal before resuming cevelopment,

The rate of oxygen consumption rises as the embryos of

Ge. veletis grow and reaches a high value of 48 cu. mm. per 100

eggs per hour shortly before hatching; at the time of hatching

the rate falls to a value of 42,
the
During [embryonic development of G. vennsylvanicus the rate

of respirestion continues rising until the fifth day, after wvhich
the rate falls off to about one-ninth on the tenth day. This
value is maintained for = further period of ten deays. In the
post-diapause embryos tine rate of oxygen consumption rises
continuously throughout the entire period of development. The

studies reveal that the diapause in G. pennsylvanicus is obligatory

and that the embryos enter physiologicel diapause one day later
than the morphological dispause and enter a complete diapause
condition after & further period of five days. T'he post-dispause
enbryos take three days to reach the maximum rate of respiration
of the pre-ciepause period.

In conclusion, therefore, it may be stated that, elthough
there are some ninor norphological differences between post-

enbryonic G. pennsylvanicus and G. veletis, they have not so far

proved very reliable for separating the two speciles. Differences
in the morphology, biology and paysiology of the embryos, hovever,

show that the two are abuncantly distinct.
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X. SUMEARY

1. The size of harp, resonctor and file of the stridulatory
orgens nave little or no taxonomic velue, but tooth number and
shape in the file can be used in the ldentification of different
species of Gryllus.

2. A comparetive study of the sounc¢-producing organs of

G. pennsylvanicus and Ge. veletls reveals that there is a distinct

¢ifference in the means and the range of veriation in the tooth

number in the file between the two specles, (G. pennsylvanicus

having more teeth on the average. Unfortunately the overlep in
tooth number is so great that this character is of very limited
value in distinguishing between them. The shape of the individual
teeth, nowever, is very sligntly cifferent in the two species.
Due to the overlsap in tcoth nuiber the Two species are very close
in song character.

3. The stridulatory organs of both tegmina are equelly
efficient in all species of Gryllus studied. At the time of
stridulation only about one-third of the file is engaged by the
scraper anc¢ 1t 1s the invard movement of the Tegmina that produces

he sound. The kind ~f song depends on the elevation of the
tegmine.

4, The structure and development of the reproductive organs

of G. pennsylvenicus and G, veletis are virtuslly, if not

absolutely, identical. The ovipositor of the female and the phallic
organs oif the nele arise &s new structures in the third and sixth
instar respectively and are not formed from the eubryonic

sppendeges, which are resorbed long before heatching. The subgenital
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plate of tne fenale arises as e palred structure in the
intersegnental nembrane betveen the seventh and eighth sterna.

The common oviduct of the femnale and the ejaculatory cduct of the

pee g

h 8
5.It is not possible to distingﬁsh the eggs of

J. pennsylvenicus from those of G, veletis. The empryos are also

almost without characters vhich nay help in distinguishing one
species from the other; only at a very late stage can the embryos

of G. pennsylvanicus be separated from those of G. veletis by

the presence of a brovm band at the base of the postpedicel of
the antenna and the orange coloured cerci in the former species.

6., The enbryo of G. assinilis (a species allied to

G. pennsylvenicus and G. veletis and having a regular development)

arises at the posterior pole of the egg. Anatrepsis and katatrepsis
are completed in about 21 and 36 hours respectively. The amnion
and serosa cre formed on the first day wnile the serosal cuticle
and entzl membrane arise on the second and fifth day of incubation
respectively,

7. The eggs of G. veletis continue reguler development and

hatch after about seventeer to twventy days when incubated at

23—26OC. In G. pennsylvenicus development 1s arrested after zbout

0
four deys at 23-26 C., i.€., they enter dispause in the post-
9 LeEoy I
enatrepsis stage. After renaining in this state for some tine,
some of the enbryos may reswie further developnent, but this is

very irregular and the tintensityt!' of diapause varies greatly in
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different eggs. Some eggs hatch 28 days after oviposition while
others hatch only after 140 days of incubation although laid at
the same time.

8. However, when dispause eggs are exposed to 6-7°c. for
three months or nore and then finally incubeated et 23—26OC. all
hatch after ebout fourteen days. Thus the zctive developmental
period (about 18 days in a2ll) 1s more or less the same as that

of the eggs of G. veletis., Pre-dilapause eggs will continue to

develop at 6-7OC. until they reach the diapause stage, after which
their behaviour is similsr to that of diapzuse eggs.

9. One physioclogical effect of cold trestment appears to be
that the yolk becomes semil~fluid thus allowing its easier
assimilation by the embryo. Hon-availability of suitable food
may thus be one of the ceauses of diapause.

10. Respiretory metabolism during embryogenesis in G. veletis

continues rising until natching time, l.e., 1t does not fall
during development except Just before hatching. In

Ge. vennsylvaenlicus respiratory metabolism falls after the embryo

has completed about one-fourth of its development (i.e., after
the fifth day of incubation at 2800.), continues c¢ropping for
some time (to about one-ninth of its former velue by the tenth
day), and remains at this low level for a further period of about
ten days. During post=-diapsause development the oxygen consumption

rises agein continuously.
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11, Although G. pennsylvanicus and G. veletis in the

post-enbryonic stages asre so similar morphologically that it is
not possible to separate them satisfactorily from each other,

the characters of the late emhryosmay be used in distinguishing
between them. In morphological development the embryos of the two

species are quite distinct: those of G, pennsylvanicus cease

further developrnient soon after sinking into the yolk, while the

embryos of G. veletis continue development without a break.

12, rurtiher, eggs of G, veletis, laid at the same time, all

hatch within three days of one another, whereas those of

G. pennsylvanicus, also laid at the same tiue, always hatch over

a longer period than three days, unless they are given a cold
treatnent for three months or more, after which the hatching
period is reducecd to about thnree days also.

13. In conclusion, it may be sald that present studies
reveal that the morphological, biological end physiological
charecters of the embryos appear to be the only characters so far
discovered which are of practical value in separating the two

species, G. pennsylvanicus and G. veletis from each other.

Certain post-embryonic morphologiczl and behavioursl differences
exist but they are too variable to be considered reliable.~t least

until much nmore work is done in this Tield,
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