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THE EVOLUTION OF MALE HAPLOIDY

By P. W. WHITING
Department of Zoology, The University of Pennsylvania

INTRODUCTION

HE usual mode of sexual reproduction

in Metazoa is that in which both sexes

are produced from fertilized eggs. In

certain groups of invertebrate animals,

however, there occurs a type of re-
production in which the males are normally
impaternate (fatherless), being developed from
unfertilized eggs. These eggs have undergone
reduction in chromosone number as if in prepara-
tion for fertilization, but since fertilization is
lacking, the males developing from them have the
reduced or haploid set of hereditary factors.
The eggs will, if fertilized, normally develop into
females. Hence the females are biparental in
inheritance, the males uniparental. The Silesian
bee breeder Johannes Dzierzon set forth this
principle in 1845 with respect to the honey-bee,
stating that drones, the males, come from un-
fertilized eggs, while workers and queens, the
females, come from fertilized eggs.

The production of animals from fertilized eggs
has been called zygogemesis in distinction to
parthenogenesis, which refers to the development
of an egg without fertilization. There are other
types of parthenogenesis besides that described
by Dzierzon. Unfertilized eggs may start as
haploids and subsequently acquire the diploid
number of chromosomes in some stage of cleavage,
or they may start as diploids. The end result, in
either case, is a fatherless (impaternate) but
diploid animal. The evolution of such animals,
interesting as it is, does not present the difficulties
involved in explaining how the regular production
of haploid adults has come about. In the case of
impaternate diploids the chief problem is one of
origin. In the case of impaternate haploids there
are added, among other problems, those of survival
with reduced chromosome number, of sex deter-
mination, and of spermatogenesis in the haploid
male. Aside from the haploid males regularly
produced in six or seven groups of invertebrates,

there have been, with one or two exceptions, no
known haploid adult animals. In contrast,
diploid and polyploid impaternates are known to
occur with more or less frequency and as inde-
pendent events in many, if not most, of the larger
groups of Metazoa. The origin of these will be
discussed because of its possible bearing on the
origin of male haploidy. Their method of sex
determination is entirely orthodox, while that of
haploid males involves a genetic mechanism
essentially different.

Many of the hazards involved in the origin and
survival of male haploidy which must have been
overcome by evolution were stated by Schrader
and Hughes-Schrader in 1931, in a discussion of
the subject based on data available at that time.
During the 'last decade, considerably more data
have been accumulated, especially bearing upon
sex determination in haploid animals, the problem
‘which has been most difficult to explain, and it is
for this reason that a review of the matter is now
timely.

Different groups and species of animals combine
different types of parthenogenesis with bisexual
reproduction in their life cycles in various com-
plicated ways. An excellent review of the subject
has been given by Vandel (1931a), and no attempt
will be made here to summarize what he has
presented or to review more recent literature in
detail. References given in this paper are selected,
for the most part, from recent publications which
show the extent and diversity of parthenogenesis,
and ‘thus have a bearing directly or indirectly
upon the evolution of male haploidy, or in other
words, the evolution of reproduction according to
Dzierzon’s Law.

Definitions

A considerable terminology has been developed
in connection with the subject of parthenogenesis
in which ambiguities are present, unfortunate, but
certainly unavoidable in a science developed in
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many lands and published in many languages.
In order to orient the reader and to assist in
expressing ideas more briefly, some definitions are
given of terms to be used repeatedly.

The author follows Ray Lankester in using the
term impaternate rather than parthenogenetic for
the fatherless offspring developed from the
unfertilized egg. Parthenogenesis may be natural
(spontaneous) or it may be artificial (induced by
some artificial stimulus). It may be incomplete
(rudimentary), the embryo dying before maturity,
or it may be complete, involving viability to the
adult stage. It may be obligatory, occurring from
a type of egg that cannot normally be fertilized,
or it may be faculiative, if the egg may develop
whether fertilized or not. With reference to the
sex of the impaternate offspring, parthenogenesis
includes arrhenotoky, production of impaternate
males, thelytoky, production of impaternate fe-
males, and deuterotoky, production of both sexes
parthenogenetically.

The term tychoparthenogenesis (the prefix is
derived from the Greek Tdxn meaning chance,
luck, or the favor of the gods) has been used for
irregular cases occurring occasionally in zygo-
genetic species, either in nature or in experimental
breeding (Lymantria dispar of Goldschmidt, 1917).
The word may be extended to include a condition
which may be  regularly induced merely by
preventing the female from mating (Tettigidae of
Nabours, 1929, 1930) and which thus indicates a
natural genetic tendency toward parthenogenesis.
While the latter is, in a sense, induced tycho-
parthenogenesis, it is, of course, natural and
facultative (spontaneous under the circumstances)
rather than artificial (induced by artificial stimu-
lus). With respect to sex of offspring, tycho-
parthenogenesis includes tychothelytoky and tycho-
deuterotoky. Tychoarrhenotoky has not been dem-
onstrated. The possibility of its occurrence and
the significance of the other two will be discussed
in connection with sex determination.

Parthenogenesis may be constant, occurring in
each successive generation, or it may be cyclic, in
which case one or more parthenogenetic genera-
tions alternates with a bisexual. In cyclic
parthenogenesis (keferogony) the parthenogenetic
or agamic generation, the generation reproducing
parthenogenetically, consists entirely or almost
entirely, of females. The individuals of the
bisexual generation, both males and (gemic)
females, are impaternate. Parthenogenesis may
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occur as a general condition throughout the range
of the species, or it may be geographic, in which
case the parthenogenetic race occupies a different
area from the bisexual. Males may be absent or
very rare (spamandry) within the range of the
parthenogenetic race.

With reference to meiotic phenomena in the egg,
parthenogenesis may be haploid or diploid. In
diploid parthenogenesis meiosis may be omitted
altogether, there may be but a single oocyte
division or, if both divisions occur, there may be
fusion of two of the resulting haploid nuclei
(parthenogamy). Diploid parthenogenesis may
also be brought about by doubling of chromosome
number in oogonial mitosis (endomitosis) to form
the tetraploid number. Subsequent synapsis and
two oocyte divisions give rise to a diploid egg which
undergoes cleavage. The result, in any case, is a
diploid individual which has been diploid from its
beginning. Diploid parthenogensis may be said
to result in a zygofe, which in some cases is hetero-
zygous, in others homozygous for genes that were
heterozygous in the mother.

In triploid and polyploid parthenogentic races or
species oogenesis takes place according to various
methods as in diploid parthenogenesis.

In haploid parthenogenesis, meiotic phenomena
in the egg are normal, with two oocyte divisions
resulting in a haploid nucleus. The offspring is
not, however, necessarily haploid, although
starting as such, since chromosome doubling by
endomitosis or by fusion of nuclei may occur
during cleavage. Higher multiples of the haploid
set are reported for some tissues than for others.
Whatever the ultimate cytological conditions may
be, the individual may be designated an azygofe
and, barring mutation, will breed true, all sperms
or eggs produced by it being of identical genetic
composition, since it originates from a haploid cell.

The term diploid parthenogenesis has often
been used to include all cases in which the impater-
nate offspring have been judged on purely mor-
phological grounds to be diploid, even though this
diploidy results from ‘‘regulation” after meiotic
reduction. This usage, developed before applica-
tion of the genetic point of view, has caused much
confusion and useless discussion, since chromosome
number sometimes fluctuates in different tissues,
and the criteria for haploidy are frequently very
uncertain. In azygotes resulting from tycho-
parthenogenesis or from artificial parthenogenesis,
this fluctuation is often very great. I believe that
the extension of the term haploid parthenogenesis
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to include all cases of origin from a single reduced
maternal nucleus in animals should be helpful,
by emphasizing a distinction of fundamental
genetic significance between azygotes, whether
haploid or not, and impaternate zygotes, which are
diploid (or polyploid) in origin.

I have used the terms haploid or diploid as
applied to azygotes just as I have used the terms
diploid or polyploid for zygotes. These terms
must be understood to be relative. Actually we
do not know that any ““diploid” animal is diploid
in all of its tissues, and we do know that polyploid
cells and tissues occur in many diploids. Simi-
larly, we cannot say that any ‘“haploid” animal
resulting from haploid parthenogenesis is haploid
throughout. The azygotes resulting from tycho-
parthenogenesis are, at least for the most part,
diploid and possess the type of gametogenesis
characteristic of normal diploid zygotes. The
azygotes, males, produced by haploid arrhenotoky
in the regularly established parthenogensis of
Dzierzon’s Law and the subject of discussion of
this paper, are only more-or-less haploid, the
drone bee being less, in fact apparently diploid
with some polyploid tissues. Whatever the
chromosome count may be in “male haploidy,”
meiosis is peculiarly modified or eliminated in the
males so that spermatogenesis is of the haploid
type.

While tychoparthenogenesis and the partheno-
genesis involved in male haploidy are both
facultative, they differ in that the former is poorly
adapted, with many inviable cases of rudimentary
parthenogenesis, while the latter is highly per-
fected, reproductively economical, facultative in
the highest degree.

The parthenogenesis of male haploidy is to be
contrasted with obligate arrhenotoky occurring in
the male-producing females of the parthenogenetic
generation preceding the bisexual in some of the
groups with cyclic parthenogenesis. Other par-
thenogenetic females of these groups may be
obligately thelytokous or deuterotokous.

In groups with constant parthenogenesis facul-
tativearrhenotoky may be combined with deuterot-
oky. Fertilized eggs will then produce females,
unfertilized will produce either males or females.

Many of the terms defined above are applied in
various ways to individuals, fraternities, genera-
tions, races, species, or groups of higher taxonomic
order, and this diversity of usage by different
authors makes it difficult to clarify the subject.
An individual of either sex may be either bi-
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parental or impaternate. A fraternity, generation,
race, species, etc., may be either bisexual, con-
sisting of males and females, or unisexual, made up
of a single sex. The occurrence of induced
parthenogenesis or of facultative parthenogenesis
in a female, a race, a species, or a generation does
not make it “parthenogenetic,” for this term is
used semsu stricto to indicate that the female or
group is obligately parthenogenetic, that all
offspring are impaternate. Thus a frog whose eggs
are pricked and thereby stimulated to develop
parthenogenetically does not become, through this
process, different from any other frog, and is not
said to be parthenogenetic. In the literature on
artificial parthenogenesis the impaternate ofi-
spring are frequently designated as partheno-
genetic, but this ambiguous usage is here avoided
in accordance with the sugges\tion of Ray Lankester
mentioned above.

A male should not be described as partheno-
genetic, arrhenotokous, deuterotokous, thelyt-
okous, or zygogenetic, but may belong to a
race, a species, or a heterogonic generation
characterized by any one of these terms. Ex-
ceptional or spanandric males occur in partheno-
genetic (thelytokous) groups, but, except for these
males, a parthenogenetic generation, race, or
species consists of females only. Races or entire
species are either parthenogenetic (female),
arrhenotokous, deuterotokous, or zygogenetic.
Parthenogenetic groups of taxonomic order higher,
than species do not occur, but such groups may be
arrhenotokous, deuterotokous, or zygogenetic.
A group (generation, race, species, etc.) reproduc-
ing according to Dzierzon’s Law is said to be
arrhenotokous. Thus the honey-bee A pis mellifica
s an arrhenotokous, not a parthenogenetic or a
zygogenetic, species. There are, however, races
of the honey-bee that may produce females as
well as males from unfertilized eggs. Such races
are deuterotokous. The females of many species
of grasshoppers are described as facultatively
thelytokous because they produce females if
they are unmated. The females of several species
of moths are facultatively deuterotokous, produc-
ing impaternate offspring of both sexes. A
certain parasitic wasp, Nemeritis canescens, al-
though belonging to the arrhenotokous insect order
Hymenoptera, is obligately thelytokous, a parthe-
nogenetic species with males unknown. The
European race of a certain stick insect, Carausius
morosus, although belonging to the zygogenetic
insect order Orthoptera, is obligately thelytokous,
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a parthenogenetic race with rare, spanandric,
males. The ancestral Asiatic type of the same
species is bisexual and zygogenetic. This species
therefore exhibits geographic parthenogenesis.

Use of the expressions arrhenotokous, deuterot-
okous, or thelytokous parthenogenesis is gram-
matically incorrect, redundant, because these
adjectives imply parthenogenesis.

Extent of Occurrence of Male Haploidy

Production of males by haploid arrhenotoky is a
stable mode of bisexual reproduction functioning
quite as successfully as the more frequent method
of zygogenesis of both sexes. It occurs in rotifers
(Miller, 1931; Shull, 1929; Tauson, 1927; Wesen-
berg-Lund, 1923, 1930; Whitney, 1929), certain
groups of mites (André, 1935; Cooper, 1937, 1939;
Pitau, 1934, 1936; Putnam, 1939; Schrader,
1923), thrips (Davidson and Bald, 1931; Shull,
1917), white-flies (Morrill and Back, 1911;
Schrader, 1920, 1926; Stoll and Shull, 1919;
Thomsen, 1927), a certain tribe of scale-insects
(Hughes-Schrader, 1927, 1930; Schrader and
Hughes-Schrader, 1926), the beetle Micromalthus
(Scott, 1936, 1938, 1941) and insects of the order
Hymenoptera.

Most insects of this last-named order are much
larger and more conspicuous than insects in the
other orders and have, accordingly, received more
attention from entomologists, cytologist, and
students of heredity. For this reason, the
Hymenoptera have contributed more than any
other group to our understanding of the problems
connected with male haploidy. Since reference
will be made frequently to various members of the
different subgroups of this order, they will now
be very briefly characterized.

The order Hymenoptera is popularly said to
include wasps, ants, and bees, but these divisions
are by no means correlative. The great majority
of species and major divisions are often called
wasps. It is also often supposed that the order is
characteristically made up of social insects. This
is a misconception. Of the two large suborders,
the Chalastogastra includes the more primitive
species, plant feeders with caterpillar-like larvae,
the horn-tails and saw-flies. Under the suborder
Clistogastra, with maggot-like larvae, there are
seven superfamilies. Four of these, Ichneu-
monoidea, Proctotrupoidea, Chalcidoidea and Evan-
ioidea, include the vast majority of described
species of the order, wasps which are largely
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parasitic on other insects and hence of great value
economically. The gall-forming wasps and their
relatives, Cynipoidea, make up the fifth super-
family. The members of the two remaining
superfamilies, the aculeates or stinging Hyme-
noptera, are for the most part, wasps and solitary,
as are all those previously mentioned. Of the
fourteen families of the aculeate Vespoidea, only
two show social development, the Formicidae or
ants, which are all social, and the Vespidae or
hornets, yellow jackets, etc., with some species
solitary, some social in varying degrees, and with
social organization polyphyletic within the group.

The seventh superfamily of the Clistogastra
the aculeate Sphecoidea, includes three families of
digger wasps, all solitary, and five families of bees,
largely solitary but showing polyphyletic evolution
of social life.

The entire order, irrespective of social organi-
zation, from lowest to highest in all of its divisions
is characterized by parthenogenesis mixed with
sexual reproduction (Peacock and Gresson, 1931;
Sanderson, 1932; S. G. Smith, 1941). Biparental
males (diploid) have not been reported from
nature in any species, and meiotic phenomena
in the male, as well as spermatogonial and somatic
mitoses, indicate male haploidy. Dzierzon’s Law
applies as the rule. The sterile biparental males
regularly occurring in the parasitic wasp Habro-
bracon, under conditions of inbreeding and
“domestication” which will be discussed later, are
not considered here. QOogenesis in all male-
producing eggs is regular, with two oocyte divi-
sions giving rise to the haploid nucleus. Natu-
rally occurring exceptions to Dzierzon’s Law are
all in the direction of thelytoky, and in this case
the oocyte divisions are variously modified.
Even in the honey-bee, the species studied by
Dzierzon and on which he based his principle,
thelytokous races occur in which workers (females)
produce workers without mating.

Many species in diverse groups are entirely
thelytokous, females producing females indefinitely
by diploid parthenogenesis with males entirely
unknown (B. R. Speicher, 1937). In other
species thelytoky is geographic, the female race
occupying a newer region than the bisexual
(arrhenotokous) (Brues, 1928; S. G. Smith, 1941).
This condition is supposed to aid in the rapid
spread of the species. Bisexual reproduction may
be resumed later in the new territory.

In several gall-making wasps among the
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Cynipoidea, alternation of a bisexual with an
agamic female generation takes place (heterogony).
The sexual females may be very different in
appearance from the agamic, so that some have been
described under generic names different from their
own offspring. In the more highly evolved species
of this group, a single agamic female produces
either males or females but not both, and Don-
caster (1916) has shown that from a single mating
of a sexual female there are obtained only male-
producers or only female-producers. Among the
less specialized species a single agamic female may
produce both males and females, and the tendency
to produce one sex only appears to have evolved
gradually within the group (Patterson, 1928a).
In the agamic female generation parthenogenesis
is obligatory, and the females, if introduced to
males, refuse to mate. A few functionless males
with weak mating instincts occur in this genera-
tion, probably from unfertilized eggs of the sexual
females. They have been shown to be haploid,
as are the normal males of the sexual generation
(Patterson, 1928b).

In many species, among the minute egg para-
sites Chalcidoidea and Proctotrupoidea, poly-
embryony takes place, a single egg giving rise to
more than one embryo, with numbers ranging
from a few to many hundreds. Dzierzon’s Law
applies here, so that males only are produced if
the egg is unfertilized, while a fertilized egg gives
rise to a female brood. However, it has been
shown that a few males, haploid, may sometimes
appear in a female brood, indicating probable
somatic reduction of chromosome number in the
germ mass (Patterson and Hamlett, 1925).

Since parthenogenesis and male haploidy char-
acterize the entire order from the relatively
primitive horn-tails and saw-flies to the highly
specialized parasites and the social wasps, ants,
and bees, it must have appeared very early in
evolution.

Taxonomically, the Hymenoptera are singularly
isolated, with highly specialized wing venation
even in the most primitive members, which show
no relationship with any other orders. In the
paleontological record there is also no evidence of
relationship to other groups. The earliest forms
occur in the Upper Jurassic strata and include
both the plant-feeding Chalastogastra and primi-
tive members of the parasitic groups in the
Clistogastra,—Ichneumonoidea, Proctotrupoidea,
and Evanioidea. Since several groups under
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both suborders are found in the Jurassic and since
all known living Hymenoptera reproduce partheno-
genetically, these extinct species must also have
done so, unless we are to assume that partheno-
genesis originated independently several times
and spread through the entire order, which is
highly improbable.

Fossil Hymenoptera are lacking in the Creta-
ceous period. The earliest aculeates date from
the Eocene, at which time all the parasitic groups
are also abundant. Among the ants, sexual
females were distinct from the workers in the
Tertiary, but polymorphism was absent among the
latter, and differences separating the true workers
from the soldiers were not evident until the
Pleistocene.

PROBLEMS INVOLVED

Before an hypothesis is suggested to explain the
steps in development of male haploidy, it will be
necessary to consider certain problems concerning
parthenogenesis, and some of the known facts
which may throw light upon them. These problems
may be discussed under five headings, as follows:
(1) induction of parthenogenetic development in
eggs; (2) viability of the azygote; (3) meiosis in
the haploid male; (4) sex determination; (5)
haploidy of the azygous male. The first two of
these may be regarded as initial steps in the
attainment of male haploidy. The remaining
three problems will be considered before additional
steps are presented.

Induction of Parthenogenetic Development in Eggs

Plants, with their normal alternation of an
azygotic (gametophytic) with a zygotic (sporo-
phytic) generation, have no block to post-meiotic
mitosis. In animals this block is regularly
established, with insurance thus added to syngamy
but frequent lapses occur, initiating partheno-
genesis. There is no need to discuss the causes
of these lapses, which are the subject of innumera-
ble experiments by physiologists and which fill
volumes of research publications. Effective fac-
tors are chemical constituents of the water,
temperature changes, and mechanical stimuli such
as shaking or pricking the eggs, in addition to
hereditary constitution. Lack of the block or its
breakdown, as exemplified by the spore of a fern
or the egg of a bee, is no greater problem than
establishment of the block, as it occurs in the egg
of a fly, for example.

In addition to experiments on artificial partheno-
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genesis, the wide scattering of tychoparthenogene-
sis in different groups indicates the frequency of
independent occurrence of this breakdown. More-
over, the presence of tychoparthenogenesis in
some groups and in certain species, contrasted
with its absence from others, demonstrates a
racial or genetic basis.

Viability of the Azygotes

In presenting definitions concerning partheno-
genesis, the distinction was made between haploid
and diploid parthenogenesis, and it was pointed
out that the former leads, not necessarily to a
haploid animal, but often to a diploid azygote.
In fact, tychoparthenogenesis is haploid, at least
in the majority of cases, but in all cases the end
result is a diploid. Most diploid zygous animals
appear to carry recessive lethal genes which tend
to be retained in the species because of their
recessiveness. With the occasional development,
in a normally zygogenetic species, of an un-
fertilized haploid egg such lethal genes disclose
their presence, even though the egg develops
into a diploid (homozygous) azygote. A high
mortality of these azygotes (incomplete partheno-
genesis) takes place, so that selection against
recessive lethal genes must be very severe in
tychoparthenogenesis. Many cases of incomplete
parthenogenesis may be expected to occur in a
zygogenetic species before an adult azygote
appears. Having appeared, it is free from
recessive lethals and ready to carry on should
other conditions be conducive to that end.

The occurrence of such an azygote in the first
place, together with its survival to maturity,
indicates that it has certain genes required for
successful parthenogenetic development. If it
can reproduce, its offspring should, on the average,
carry more genes tending toward parthenogenesis
than the average of sexually produced individuals.
Hence we might expect parthenogenetic races to
appear by natural selection among the descendents
of sporadically occurring diploid azygotes arising
from haploid parthenogenesis, as well as of
impaternates produced by diploid parthenogenesis
in which recessive lethals would have no effect.

One definite condition which must be fulfilled
(and which is undoubtedly accomplished by
natural selection) if azygotes are to be viable, is a
satisfactory surface-volume relationship in cells.
Viable haploid sporophytes have been obtained
in many species of plants without difficulty,
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whereas in normally diploid animals survival of a
haploid is very infrequent. Fankhauser (1938)
has been able by cold treatment to initiate haploid
parthenogenesis in salamanders, but only one
survived to a stage beyond sex differentiation.
Surface-volume relationships in animal cells may
be such that they place a much greater hazard
on deviations from normal chromatin quantity
than occurs in plants.

One method of regulation of the surface-volume
relationship is by a doubling of chromosome
number in the cleavage of an egg originally
haploid, resulting in a restored but azygous
diploid. Artificial parthenogenesis in frogs illus-
trates the problem of attainment of viability by
chromosome doubling after parthenogenesis. De-
velopment is initiated by pricking the eggs
(Kawamura, 1939; Parmenter, 1940). A small
proportion of these gives off two polar bodies and
undergoes cleavage. Embryos are highly inviable,
but some have formed tadpoles, and a very few
have metamorphosed. Of those not completing
development, some are haploids, some diploids,
and others are haplo-diploid or diplo-triploid
mosaics, and even tetraploid tissue has been found.
The increases in chromosome number come about
before the first cleavage, during cleavage, or in
later embryonic stages.

Because a large proportion of the impaternate
tadpoles have been haploid and because others
have had tissue in part haploid, it is certain that a
majority, and perhaps all, were azygotes. The
possibility is not excluded, however, that meiotic
regulatory processes or parthenogamy from a
polar body may have occurred in some, retaining
maternal heterozygosis, and bringing about
diploid parthenogenesis. It has not in all cases
been noted that two polar bodies were extruded.

The cytological conditions of tychopartheno-
genesis as it occurs in many invertebrates appear
to be very similar to those in experimental parthe-
nogenesis of frogs. There is a high mortality of
developing embryos, and the survivors are
diploid.

Before the remaining problems involved in at-
tainment of male haploidy are discussed, certain
types of diploidy in male Hymenoptera may be
considered. This matter is taken up here because
of its bearing on the viability of azygotes.

Chromosome number in the honey-bee has been
a moot question for many decades. Nachtsheim
(1913) summarized and discussed the various
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views and was able to dispose of many of the
cruder and less adequately supported hypotheses.
His cytological study appears to be of the highest
order. He regards sixteen as the haploid number
of chromosomes and thirty-two as the diploid.
Because there is reduction to eight in the primary
oocyte, I prefer to regard eight as the haploid, and
sixteen as the diploid chromosome number, and I
consider his higher numbers as due to regulative
splitting. Nachtsheim calls the first oocyte
division reductional. By this he may mean either
that the number of chromosomes is halved or that
paternal elements are segregated from maternal.
Presumably genes may segregate in either division,
as in other forms.

In the following account I am disregarding
Nachstsheim’s terminology and his diagramsand
am basing my statements on his excellent drawings
of the actual material. Oogenesis is regular.
There are sixteen chromosomes in the oogonia.
Oocyte I metaphase is not shown. Eight dyads
go to each pole in oocyte I anaphase. These
dyads appear in both metaphase II spindles and
divide into monads, eight of which pass to each
pole in anaphase II.

Cleavage of the unfertilized male-producing egg
shows that most of the chromosomes havealready
split in a regulative process, so that the number
becomes sixteen, and this number is also seen in the
blastoderm. It may be further increased in later
stages. The chromosomes tend to lie in sister
pairs because of their origin through regulative
splitting.

Spermatogonia are not shown. There are
sixteen dyads in the nucleus of the abortive
spermatocyte I division. The spermatocyte II
nucleus is divided equally, eight dyads going to
each pole in anaphase, The chromatids may be
‘separated so that they already appear as eight
pairs of monads.

Cleavage in the fertilized egg shows thirty-two
chromosomes, and approximately this number
may be seen in the blastoderm. There is much
discussion about the somatic chromosome numbers,
some authors finding up to sixty-four (octoploid)
in certain tissues of both sexes. It may well be
that, due to regulation, the drone bee has, in
general, the same chromosome numbers as the
female, although it originates from a haploid egg.
Nuclei of the male approximate in size those of the
female (Oehninger, 1913; Nachtsheim, 1913).
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The fact that all the chromosomes are duplicated
keeps the genic balance similar in all male tissues.

The number sixteen in spermatocyte I and in
cleavage of the unfertilized egg is undoubtedly
regulative. Reduction to eight in spermatocyte IT
is perhaps the last echo of ancestral male haploidy.
This type of polyploidy, seen also in many tissues
of other animals, may be called somatic polyploidy.
It has no bearing on genetic ratios, so that the
male bee should breed as a haploid, the female
as a diploid. The number of linkage groups
should be eight.

A second method of regulation for surface-
volume relationships might be by increase in
chromosome size. Size of nuclei and size of cells
might thus be increased in the haploid male to
approximate conditions in the female. Somatic
haploidy has been-demonstrated for certain tissues
in certain species, but it is possible that regulation
by doubling may take place in other tissues.
Cleavage and gonial nuclei of males have been
shown to have half as many chromosomes as those
of females in several forms. This proves to be the
case in the Ichneumonoid wasp Habrobracon in
which wing cell size of “haploid” males approxi-
mates that of females (B. R. Speicher, 1935).
The chromosome number in wing cells is, however,
not known.

At present, many workers in this field of study
take for granted haploidy of the males produced
according to Dzierzon’s Law, but considerable
doubt has been expressed at various times in the
past as to whether haploid organisms could be
viable. In view of the fact that gametophytes of
plants are normally haploid, this doubt was
restricted to viability of haploid forms of organ-
isms that are normally diploid. Subsequently,
after the demonstration of occasional haploidy in
sporophytes of plants, the doubt was still expressed
as to whether animals might survive as haploids.
Cytological studies indicating somatic polyploidy
of the drone honey-bee seemed to strengthen
skepticism as to the viability of haploid Metazoa.

In order to “explain” the viability of males in
the Hymenoptera despite their presumed or
apparent haploidy, and also in order to account for
certain cytological phenomena, the suggestion has
been advanced that the “haploid” set of the males
is fundamentally diploid. Since females have been
shown to possess twice the male chromosome
number, in certain tissues at least, it follows that
females would be tetraploid.
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In several of the lower Hymenoptera there is
pairing, to some extent, among the chromosomes
of the haploid set in the male. Sanderson (1932)
calls attention to this in the saw-fly Pleronidea
ribesit, in which the eight haploid chromosomes
appear as three pairs and two odd chromosomes,
and Dodds (1938) shows secondary pairing of the
ten metaphase chromosomes in spermatocyte II
in the gall-wasp Neuroterus baccarum, in which
the female may have five groups of four “homo-
logues” each. Greenshields (1936a) discusses this
situation, arguing that in the Hymenoptera there
may be a tetraploid female-diploid male relation-
ship instead of a diploid-haploid. No such
pairing is evident in chromosomes of the Ichneu-
monoid Habrobracon, and Speicher (1936) points
out that genetic data show Habrobracon to breed
as a haploid. Greenshields (1936b) says that
there is conflict in the use of terms by cytologists
and geneticists, and that the genetic “facts are
by no means fatal to a theory of derived tetra-
ploidydiploidy based on cytological findings.”
He regards the phenomena of pairing as vestiges
in the evolutionary sense.

In the evolution of cytogenetic systems, dupli-
cation plays an important rdle. The entire
complex of chromosomes of a normal diploid form
may be doubled, resulting in an autotetraploid.
These show irregular types of pairing, multiple
synaptic complexes, etc. Sterile species hybrids
may double their chromosome number, resulting
in fertile allotetraploids. These tend to have more
regular meiotic phenomena than autotetraploids
and are, consequently, more fertile. Duplication
of single chromosomes or of parts of chromosomes
may occur, thus increasing the number or size of
these structures. Genetic duplication is often
evidenced by irregular types of segregation, but
this condition may later be masked by selective
elimination of certain types, by further chromo-
somal rearrangement, and by genic mutation, so
that “normal” conditions reappear.

Genetic polyploidy, or more generally, genetic
duplication, must be regarded as relative. It is
impossible to determine how much duplication ot
how much deletion may have occurred in the past
history of the chromosome set normal to any
species. In polyploid series in several groups of
plants, the gametic number of chromosomes has
been called haploid. This haploid number may be
various multiples of a more fundamental monoploid
number which, presumably, acted as the haploid
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number of some ancestral type. The term haploid
is, therefore, a relative term. It is not improbable
that there may be remnants of genetic polyploidy
in the lower Hymenoptera or in certain higher
groups, but this has disappeared or does not exist
at all in others. In any case, the somatic regula-
tive polyploidy of the bee appears to be a very
different phenomenon.

Meiosis in the Haploid Male

In addition to cleavage of the unfertilized egg
and survival of the azygote to maturity, the
species with haploid arrhenotoky have attained
some sort of regulation or omission of meiosis in
spermatogenesis, so that the sperm cells have the
full haploid set. Irregular distribution of chromo-
somes, such as occurs in haploid sporophytes
(Bleier, 1933), has been avoided. This may
involve a certain amount of telescoping of pre-
meiotic processes with postmeiotic. If meiosis be
deleted altogether, what appears to be a spermato-
gonial cell must enter directly upon spermiogenesis.
The condition is here analogous to that obtaining
in the formation of antherozoids in moss or fern
gametophytes, in which there is, of course, no
heritage of meiosis.

Among the mites this condition is approximated.
Schrader (1923) indicates no distinction in
Tetranychus bimaculatus between spermatogonia
and spermatids, each with three chromosomes, the
haploid number. There is no growth stage, and
meiosis is omitted. Pétau (1934, 1936), showing
that the male of Pediculoides ventricosus is haploid
with three chromosomes, did not follow spermato-
genesis because he considered the cells too small.
Presumably there is also no appreciable growth
stage in the haploid “spermatocytes’ of this mite.

In the homopteran insects of the family Aleurodi-
dae or white-flies, the males are haploid. Schrader
(1920) states that in the males of Trialeurodes
vaporariorum, with eleven chromosomes, the
“reduction” division is omitted, and the “equa-
tion” division is not differentiated from the last
spermatogonial. Thomsen (1927), however, states
that in Aleurodes proletella the spermatocytes have
a clear growth stage, but there is only one meiotic
division.

Most haploid males make some compromise
with meiosis. This is effected in various ways in
different groups.

In the one beetle shown to have haploid ar-
rhenotoky, Micromalthus debilis, Scott (1936)
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studied spermatogenesis. The ten chromosomes
of the abortive first spermatocyte anaphase move
away from the single pole, with the attachment
fibres lengthening. The second division is normal
giving rise to two normal spermatids.

In the rotifer, Asplanchna amphora, Whitney
(1929) showed thirteen chromosomes dividing in
the first spermatocyte. Two types of sperms were
found. The larger motile functional type, with
thirteen chromosomes, the haploid number,
develops directly from the secondary spermato-
cytes. A few of the secondary spermatocytes,
however, divide with irregular distribution of
chromosomes, to form spermatids with a small
amount of chromatin. These develop into small
non-functional spermatozoa. Tauson (1927)
found but a single spermatocyte division with the
reduced number twelve in Asplanchna intermedia,
the second division being lacking. In this species
she failed to find any rudimentary spermatozoa.

In the scale insects, Coccidae, of the tribe
Iceryini, the males are haploid with two chromo-
somes. There is a single meiotic division of the
first spermatocyte nucleus. The cytoplasmic
division is suppressed and binucleate spermatids
are thus produced from each of which two sperms
develop (Hughes-Schrader, 1930). In the cottony
cushion scale, Icerya purchasi, the females are
secondarily modified into hermaphrodites. These
have four chromosomes (Hughes-Schrader, 1927).
The males, which are infrequent, are similar in
spermatogenesis to males of the related species
having females. Spermatogenesis of the haploid
cells in the hermaphrodite gonad tallies in every
respect with that in the males. Diploid cells in
the hermaphrodite have also shown spermato-
genesis in limited regions. It is clear that two
divisions occur and that each sperm receives the
haploid number. In several cysts of large cells
there were four chromatin threads in various
phases of condensation. Early telophases were
found with four rods at each pole, and a few
binucleate cells with four chromosomes in each
nucleus. In the second anaphase two chromo-
somes go to each pole. As in the haploid sperma-
tocytes of the hermaphrodites and of the males,
there is no cytoplasmic division. The secondary
spermatocytes from the diploid cells are therefore
binucleate, with four chromosomes in each nucleus,
and the spermatids are quadrinucleate, with two
chromosomes in each nucleus. Each spermatid
from the haploid spermatocytes develops two
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sperms and each spermatid from the diploid
spermatocytes develops four sperms. In this
form, apparently, normal meiosis with reduction
can take place in spermatogenesis in diploid tissue.

With the exception of Telenomus, in which it is
the second spermatocyte division that is abortive
(Dreyfus and Breuer, 1944) the reported cases in
the Hymenoptera show failure of nuclear division
in the first spermatocyte, which usually gives off a
small cytoplasmic bud. The second division is
equal, and two sperm cells result, except that in
the bees there is but one sperm cell which develops
from the larger of the two very unequal spermatids.
In the different hymenopterous species studied,
details differ, as in degree of condensation of
chromosomes during the first “division,” in which
also the cytoplasmic bud may be lacking.

That certain types of meiotic regulation become
fixed in the heritage of different groups is shown
also in the spermatogenesis of diploid males in
Habrobracon. Here there is asynapsis; a cyto-
plasmic bud is given off, as in haploid males, and
an equational division of the entire set of twenty
chromosomes ensues, giving rise to two diploid
sperms (Torvik-Greb, 1935). These may occa-
sionally function in the production of triploid
females. It is of interest to contrast the failure of
reduction in the spermatogenesis of the diploid
males of Habrobracon with its presence in the
diploid spermatogenesis of the hermaphrodite
Icerya purchasi. Possibly the general pattern of
spermatogenesis in the Hymenoptera is more
definitely fixed genetically, or it may be that
since the hermaphrodite coccid is but little
removed from the female, its diploid spermato-
genesis takes on something of the character of
oogenesis.

Regulation of meiosis in haploid males has, as
we have just seen, been accomplished in a variety
of ways. One or another of these methods must
have been selected in the attainment of male
haploidy from an assortment of diverse conditions
depending in part, at least, upon the normalmode
of the ancestral diploid stock.

Sex Determination
Zygogenetic back-cross sex determination
With the development of the Mendelian
principles of heredity, it has been shown that sex
determination, as a rule, is comparable to the
“back-cross” of the heterozygous dominant to the
recessive. Two general categories may be recog-
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nized,—the XY-male type and the WZ-female
type.

Most animals and many dioecious plants belong
to the XY-male type. In these one-half of the
sperm cells receives the recessive factor X, the
other half receives the dominant factor Y. All
eggs receive the factor X from the homozygous
recessive female, XX, in which crossing-over
takes place. Cytological conditions correspond-
ing to these factors are very diverse, especially in
the male. The entire X-chromosome may segre-
gate as a unit from the Y in meiosis, as in the fly
Drosophila, or there may be crossing-over between
portions of the X- and Y-chromosomes, as in man
and in some fishes. In the latter case the factors
X and Y correspond, not with entire chromosomes,
but with those parts only that fail to cross over.
The Y-chromosome may be larger than the X, it
may be the same size and indistinguishable
cytologically, or it may be smaller. There may be
several small Y-chromosomes which segregate as a
group from the X, or there may be no Y-chromo-
some. The factor Y then corresponds to the small
chromosomes or to the absence of the X-chromo-
some.

The WZfemale type of sex determination is
found in birds, in moths, and in some fishes.
What has been said about the chromosomes in the
XY-male type may be applied here also, but just
in reverse as regards the sexes. The male has two
Z-factors and is, therefore, recessive in a Men-
delian sense. The female is heterozygous domi-
nant, with W dominant over Z.

The sex of an individual is determined by the
ratio existing between male-producing and female-
producing genes. These sex genes may occur in
the autosomes as well as in the sex chromosomes.
They may be absent from one or the other of the
sex chromosomes. In Drosophila, with sex genes
absent from the Y, and X is predominantly female-
producing and the autosomes predominantly
male-producing. In the dioecious plant Mel-
andrium, the Y is highly male-potent in genic
content, the X is female-potent and very little if
any sex potency has been located in the autosomes
(Warmke and Blakeslee, 1940).

A single set of autosomes is designated A. In
XY-male sex determination, the complete male
formula is XY + 2A, the female formula 2X + 2A.
However the sex genes may be arranged, there are
more female-producing genes in the female, more
male-producing genes in the male, and the differ-
ence in the ratio determines the sex. Since the
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autosomes are normally the same in the two sexes,
they may be left out of the formula. Sex differ-
entiation depends upon the type of sperm cell
which fertilizes the egg.

In WZ-female sex determination, the male
formula is 2Z + 2A, the female formula WZ +- 2A,
and the same principles outlined above apply,
but in reverse as to the sexes.

“Protection” from natural selection exists in the
heterozygote, so that one chromosome may
degenerate, losing most of its genes, as has the Y
in Drosophila, or becoming small in size or dis-
appearing. Muller (1918) expressed this idea,
stating that lethal changes and deleterious muta-
tions as well as visible recessives “should be found
to have arisen in any chromosome region that has
been protected for a long time from the action of
natural selection....The Y chromosome is so
protected by the X.”

Geneticists often use the formulae of the cytolo-
gists, distinguishing XO males from XY males.
These two formulae are, of course, inadequate to
express the great variety of cytological conditions
that exist in the XY-male type. Since it is usually
unnecessary to express these differences in genetic
formulae, I am, for the sake of simplicity, proposing
to use the terms X- and W-factors as female
differentiators, Y- and Z-factors as male differ-
entiators. Linkage and crossing-over may then
be expressed with the alleles X vs. Y and W vs. Z.

Chromosome constitution and, therefore, the
sex of the individual, is usually determined at
fertilization of the egg, but this may occur at other
times, as, for example, during cleavage in certain
zygogenetic animals. In the fly Sciara all zygotes
begin as 3X + 2A but subsequent elimination of
X’s occurs so that the soma of the male becomes
X + 2A and that of the female 2X + 2A (Metz,
1938). Sciara therefore belongs to the XY-male
category.

In parthenogenesis, the chromosome constitu-
tion of the offspring is usually decided during
meiosis. In the agamic generations of aphids,
both X-chromosomes are, in general, retained in
the egg so that females, 2X + 2A, are produced.
However, one X-chromosome is regularly extruded
from the male-producing parthenogenetic egg,
leaving X + 2A.

Tychoparthenogenesis is usually haploid, with
restoration of the diploid number by endomitotic
doubling. The offspring, starting as haploids, are
therefore homozygous both for sex and for other
factors. With XY-male sex determination the
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offspring are, in general, females, 2X + 2A, from
the X + A eggs laid by the 2X + 2A mothers.
The rare exceptional males occurring here may be
explained by failure of the X to double at the first
cleavage. With WZ-female sex determination the
offspring are males, 2Z + 2A from the Z + A eggs,
and females, 2W + 2A from W + A eggs, in equal
numbers. The exceptional composition of the
females, WW instead of the usual WZ, will be
discussed later.

Origin of parthenogenetic races and species

Parthenogenesis, as it exists in thelytokous
races, rarely if ever is haploid. Parthenogamy
from a polar body may occur as in Lecanium
(Thomsen, 1929), but the more usual condition
appears to be an advance of cleavage into meiosis
so that an oocyte nucleus becomes the first cleavage
nucleus. This advance may result in omission of
synapsis, so that the nuclei resulting from the last
oogonial division enter immediately upon cleavage.
The diploid (or polyploid) group may then accu-
mulate by mutation a considerable amount of
heterozygosis. Obvious variation will then be
limited to dominant changes, and different lines,
lacking the possibility of crossing (amphimixis),
will differ in many unseen (recessive) traits.

Vandel (1931a, 1936, 1937, 1940) regards tycho-
parthenogenesis (haploid) as the primitive type
from which there has developed the normal and
regular (diploid or polyploid) parthenogenesis of
thelytokous races. Doubling of chromosome
numbers, which occurs somatically in tycho-
parthenogenesis, is extended in thelytokous races
to involve the germ track. Vandel (1936) makes
comparisons in nuclear phenomena between
tychoparthenogenesis, which he calls genotypic,
and experimental parthenogenesis which is pheno-
typic, initiated by artificial means. Either type
may be incomplete (rudimentary) or may result in
an animal viable to maturity. He traces the
origin of polyploidy in parthenogenetic races to a
persistence and an extension of endomitosis or
parthenogamy. He omits discussion of male
haploidy, which he regards as a specialized problem
insoluble from the data available to him.

In the evolution from the usual bisexual zygo-
genetic type of reproduction to the thelytoky of
parthenogenetic races, there is elimination of the
male and a tendency toward polyploidy. In the
evolution of male haploidy, progression is in the
reverse direction. Parthenogenesis produces
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males with reduced chromosomes. Since the race
cannot consist entirely of males, a limit tends to be
set to selection for this reduction, because the
biparental females are necessarily diploid. There
must also be established some genetic mechanism
effecting physiological harmony of haploidy and
diploidy in the same species. An answer to this
problem is suggested in the nature of the sex
differentiating factor which will be discussed
below.

Thelytoky

Parthenogenetic races or species are, of course,
female, thelytokous, except for the rare or spanan-
dric males. The type of parthenogenesis is
diploid (or polyploid), and the chromosome
complement of the mother is passed on unchanged
to the daughters.

Induced parthenogenesis may be either diploid
or haploid. In the latter case mortality is very
high, and the diploid number of chromosomes is
usually restored in the few surviving individuals.

Let us first review parthenogenesis in some of the
groups which are known to be of the XY-male
type or are probably so. Here females are to be
expected.

One impaternate rabbit, normal and presumably
diploid, from induced parthenogenesis was raised
to maturity by Pincus and Shapiro (1940), a
female as expected from an XX mother.

Fankhauser’s (1938) Twiton from induced
parthenogenesis, the only amphibian attaining
the stage of sexual differentiation as a haploid, was
female. It is not known whether salamanders are
of the X'Y-male type.

The few impaternate frogs from experimental
parthenogenesis reared to the stage of sexual
differentiation were all diploid. They included
individuals of both sexes and also a number of
sex-intergrade types with considerable asymmetry.
The frog is presumed to belong to the XY-male
category, although there is no convincing cyto-
logical evidence, and genetic data are derived from
race and species crosses and are not clear-cut.
Kawamura (1939) who obtained only five frogs
with testes among twenty-three impaternates,
concludes that “the preponderance of females and
the absence of typical males can be explained
well by the theory of male digametism.” The
parthenogenetic origin of these frogs, with irregu-
larities in chromosome regulation, may account
for their tendency toward hermaphroditism, which
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was to some extent effective although they
belonged to the sexually ‘“differentiated’’ race.

Parthenogenesis is very rare in the two-winged
flies, the Diptera. A few parthenogenetic races
and species have been reported, especially in the
Chironomidae (Sturtevant, 1923; Thienemann and
Strenzke, 1940a, 1940b). Nothing is known of
their cytology. It is of interest to note that
paedogenesis, a type of parthenogenetic reproduc-
tion by larvae, also occurs in this same family.
In haplo-diploid mosaics of Drosophila, Bridges
(1930) showed the haploid region as well as the
diploid to be female, as was to be expected from the
known fact that Diptera are XY-male in type.

Parthenogenetic species have been recently
reported in the Embioptera (Ross, 1940), the first
parthenogenesis for this small order of neuropteroid
insects, and in the Psocoptera (Badonnel, 1938),
the “book-louse” order. Both species are known
only as females.

Induced tychothelytoky has been shown in
crickets (Ohmachi, 1929) and in termites (Light,
1944). Crickets, and probably also termites, the
socialized relatives of cockroaches, are of the
XY-male type.

Phasmids are of the X'Y-male type. There is an
extensive literature from field studies and from
breeding experiments showing geographic and
constant thelytoky in many species (Cappe de
Baillon and de Vichet, 1939, 1940). It is also
certain that tychothelytoky occurs.

In the Saltatoria (jumping Orthoptera), parthe-
nogenetic species appear to be rare. In the
Tettigoniidae, Cappe de Baillon (1939) and
Matthey (1941) have reported parthenogenetic
species, with polyploidy probable from comparison
of chromosome numbers in related forms.

Induced tychothelytoky has been shown in four
species of the grouse locusts, Tetrigidae, in the
extensive genetic experiments carried out by
Nabours (1929, 1930). In one of these, 4 potettix
eurycephalus, among more than 5,000 impaternates
bred to maturity, only thirteen were males. All
were homozygous for numerous traits for which
their mothers were heterozygous, indicating
haploid parthenogenesis (King and Slipher, 1933).
The homologous (sister) chromosomes in these
impaternates tend to be approximated in the
metaphase plates of cleavage in unfertilized eggs,
while 'in fertilized eggs the homologues (members
of paternal and maternal pairs) are widely sepa-
rated (Robertson, 1930). Induced tychothelyt-
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oky also occurs in several Acrididae (Slifer and
King, 1932; King and Slifer, 1934; Creighton,
1938). The meiotic process is normal, being
unaffected by the absence of the sperm. The
haploid set of early cleavage is doubled as develop-
ment progresses, so that some, perhaps all, cells of
the embryo become diploid. Development is
successfully completed in few of the individuals,
and these are females. The rare impaternate
males in Nabours’ grouse locusts may be readily
accounted for by accidental loss of an X-chromo-
some or its failure to double along with the
autosomes.

Insects of the order Lepidoptera, moths and
butterflies, possess the WZ-female type of sex
determination. Among moths of the family
Psychidae and of the Lymantriid genus Orgyia,
there are parthenogenetic species and geographic
races which may be diploid or polyploid (Seiler
and Schaeffer, 1941).

Astaurov (1940) has induced thelytoky by heat
treatment in the silk-worm, Bombyx mori: The
unfertilized eggs were immersed in water at
46.0° C. for eighteen minutes. About 500,000
caterpillars capable of transforming to adults were
produced over the period from 1932-1937. Of
37,152 identified as to sex, 37,139 were females
and only thirteen males. The great majority
were of maternal phenotype and genotype.
Cytological studies by Frolova showed that the
eggs undergo a single division, presumably
equational, and that the diploid number of
chromosomes is retained. Eggs of impaternate
females were subjected to treatment each genera-
tion for six successive generations. Tetraploid
females also appeared, and these were perpetuated
parthenogenetically by heat treatment. When
tetraploid females were crossed with normal diploid
males, there resulted sterile triploid males and
females.

Deuterotoky

Several instances of tychodeuterotoky have
been reported in different species of moths.
The literature has been reviewed by Vandel
(1931a) for these examples of infrequent facultative
parthenogenesis, in which males and females are
produced in approximately equal numbers.

T. L. Smith (1938), carrying out genetic experi-
ments with x-ray mutant types in the wax moth
Galleria  mellonella, showed that while mated
females lay from two hundred to one thousand
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eggs, which hatch in ten days, about ten per cent
of unmated females show facultative partheno-
genesis, and hatching requires several weeks.
The impaternate offspring from a single female
number from one to ten only, but these are normal
in every way. Only seventy-nine attained an age
in which sex was identified. There were forty
males and thirty-nine females. When the mothers
were heterozygous for recessive autosomal traits,
the impaternate offspring were nineteen wild type
and nine recessive. .

According to genetic evidence, Lepidoptera have
the WZ-female type of sex determination. Cyto-
logically, females may be ZO or ZW. In the moth
Phragmatobia there is one large Z- which segregates
against two small W-chromosomés. Many
species have no visibly differentiated sex chromo-
somes, and here it is presumed that the W-
chromosome is equal in size to the Z. Chromo-
some numbers tend to be rather high in the
Lepidoptera, and there is probably a considerable
amount of distant phyletic polyploidy, in addition
to the more recent cases in closely related species or
varieties, in which one has double the number
present in the other.

Explanation of the 1:1 sex ratio obtaining in the
tychodeuterotoky of Lepidoptera apparently lies
in the fact that it is haploid with subsequent
doubling of the chromosome complex, and that the
WW females, as well as the ZZ males, are viable
(Seiler, 1923). It might have been expected that
WW, which may be a homozygous deficiency,
would be inviable and that all-male broods would
result. Such have not been found, however, and
we must attribute the viability of the females to
vestigial polyploidy, with Z-factors duplicated and
acting as autosomes (females Z'Z’ ZO, males
7'7' 7).

Sex determination in male haploidy

In all types of parthenogenesis other than male
haploidy the principle of genic balance applies, so
that sex determination sensu stricio is orthodox,
however irregular may be the determination of
chromosome distribution. This is true because
the ratio of male-producing to female-producing
genes is higher in males than in females, just as it
is in “back-cross” sexual reproduction.

In haploid arrhenotoky, however, as it exists in
the Hymenoptera and in the other groups men-
tioned above, sex determination has appeared to be
fundamentally irreconcilable with generally ac-
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cepted principles. This has been clearly stated by
Bridges (1925). “To me, sex determination in the
bee is the outstanding unsolved puzzle, although
before the development of the idea of genic balance
it seemed one of the clearest and simplest of cases.
If it is true that the male is a haploid individual,
then we would suppose that the diploid individual
should likewise be a male, since the ratios among
the sex-determining genes are not different in the
two cases.”

Three hypotheses were suggested to meet this
difficulty before adequate genetic experiments had
been carried out. One resorted to the cytoplasm,
haven of cytogenetic theoreticians unable to make
a better known port. The cytoplasm was sup-
posed to transmit indefinitely a male tendency
strong enough to dominate a single set of female-
producing chromosomes, but dominated by the
diploid set. This hypothesis disregarded the fact
of regulation, assuming that the ratio of genic
material to cytoplasm in azygotes was only half
that in zygotes.

The second hypothesis placed sex differences
in the Hymenoptera in the same category as those
poted in different chromosomal types with multi-
ples of the single complete set, in so-called euploid
series. Such differences are seen in the rougher
texture of eyes and larger size of triploid females of
Drosophila and in the broader leaves of polyploid
plants. However, the complicated sex differences
found in insects are obviously of a very different
order from these. This theory was elaborated
into an algebraic sum hypothesis for male-deter-
mining and female-determining genes. When
applies to the various sex and chromosomal types
of Drosophila, it failed to fit the obvious relative
intervals between them, as shown by Bridges
(1925). This theory also ignored regulation and
assumed a constant difference in quantity rather
than in the rate of production of genic material,
thus disregarding the factor of time.

According to the third hypothesis, it was sup-
posed that the environment of the embryo might be
different, that males were different because they
had a different start in life than females, just asina
fern the gametophyte has the characters of a
gametophyte because it develops from a spore,
while the sporophyte is such because it begins in
an archegonium. Thus, in the honey-bee there
have been supposed to be two different types of
eggs, a female-producing type which cannot
develop unless fertilized (obligate zygogenesis)
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and a male-producing type which cannot be
fertilized (obligate parthenogenesis). It is now
generally recognized that, as regards the honey-bee,
there is but a single type of egg, facultatively
parthenogenetic.

Schmieder (1938), however, suggests that there
may be two types of eggs in the chalcidoid Melit-
tobia chalybii because of the “fact that the ratio of
males to females (3:97), produced by normally
mated females, is approximately the same as the
ratio of males to unhatchable eggs, produced by
females not so mated.” These eggs might be
female-producing if they were fertilized. How-
ever, “unmated females deposit only a very few
eggs and of these only a small percentage undergoes
development. It is therefore more practicable to
study haploid development in eggs obtained from
females mated with another species of Melittobia,
since after such mating oviposition occurs often
at a rate comparable to that occurring in normally
mated females. The foreign sperm is generally
observed as having entered the egg but actual
syngamy seems never to occur, or, at least, never to
yield viable zygotes. The small percentage of
eggs that eventually hatches always produces
haploid males of the maternal type.” The
unhatchability of the eggs fertilized by foreign
sperm may be explained by a lethal effect of the
foreign sperm, without the necessity of postulating
the existence of two different types of eggs. How-
ever, if the ratio of males to the few unhatchable
eggs laid by unmated females is also only three
per cent, then these eggs may be of a different
type from those developing into males. They
may be unhatchable because unfertilized, or for
some other reason, defective yolk, for example.
It is stated of Melittobia acasta that virgin females
lay only a few eggs which invariably develop
into males.

In the ichneumonoid Habrobracon juglandis
it is obvious that at least two-thirds and pre-
sumably all eggs are facultatively parthenogenetic.
Hatchability may be as high as 98 per cent and
viability to the adult stage as high as 90 per cent,
whether the females are mated or not. Since
two-thirds or more of the offspring from mated
females are females, at least this proportion of the
eggs which produce males, if unfertilized, would
produce females if fertilized.

Results from genetic experiments bearing upon
the problem of male haploidy will now be presented.

In the ichneumonoid wasp Habrobracon juglandis
(Ashmead), investigated by the writer and his
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co-workers, a large number of recessive mutant
traits has been obtained, and crosses have been
made in various ways to test the principles of
heredity. Unmated females heterozygous for
various traits produce haploid males segregating in
azygotic (approximating gametic) ratios. Link-
age tests thus made show that maps are very long
in crossover units. On this account, despite
much work extending over several years, there is
as yet no approximation of linkage groups to the
number ten, corresponding to the haploid set of
chromosomes.

Recessive females crossed with dominant males
produce recessive haploid sons and dominant
heterozygous daughters, as expected according to
Dzierzon’s Law, but if the parents come from the
same general stock, then there are also regularly
produced diploid biparental males, which resemble
their sisters in showing all the dominant traits
inherited from both parents, but which are in no
way intersexual. They are, however, of low
viability and almost sterile. Their sperms are
diploid, and consequently their few daughters are
triploid. Diploid males are separable from their
haploid brothers, not only in showing paternal
traits, but also, with some difficulty, by slight
differences in proportion of bodily structures and
by the larger size of their cells. These are, in
fact, much larger than the cells of diploid females.
Triploid females, the daughters of diploid males,
have cells even larger than diploid females, and
haploid males average in cell size almost as large
as diploid females (B. R. Speicher, 1935). It
appears, then, that while increase in number of
chromosome sets increases cell size, maleness as
such is an even more effective factor.

Sex determination has been shown to depend
upon a series of multiple alleles, of which nine have
thus far been identified (Whiting, 1940a, 1943).
These are designated zae, xb, etc., to xi. Any
heterozygote (diploid), xa/xb, xa/xc, xc/xd, etc.,
is female; any azygote (haploid), xa, xb, xc, etc.,
or any homozygote (diploid), xa/xa, xb/xb, etc., is
male. Each member of the allelic series is
regarded, not as a single gene, but as a chromosome
segment, perhaps very long (to speak in relative
terms, because the -chromosomes are all very
small) and containing many different genes which
do not cross over. Thus the allele or segment
designated xa might have the genes + Fa mb +
mc + etc., xb might have ma + + Fb mc + etc.,
and xc might have ma + mb + + Fc etc.

From these formulae it may be seen that any
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heterozygote will show more of the dominant traits
determined by the female-producing genes, Fa,
Fb, Fc, etc., and that any homozygote or azygote
will show more of the recessive traits determined
by the male-producing genes, ma, mb, mc, etc.
Sex determination is, therefore, complementary,
with females of the different genotypes being
heterozygous (diploid) dominants for many ef the
genes, while the males are homozygous (diploid)
or azygous (haploid) recessives. Genes for
secondary as well as for primary sex characters
must be located within this segment. The longer
antennae, the larger ocelli, the slightly larger eyes,
and the weaker sclerotization of the abdomen of the
male must be dependent upon such genes, which
in the aggregate are also recessive.

The complementary character of sex determina-
tion is shown by certain males which are mosaic for
various mutant traits (Whiting, Greb, and
Speicher, 1934). Haploid mosaic males occur in a
small but variable proportion, less than one per
cent, of the offspring of heterozygous females.
If a female (black-eyed double dominant) is
heterozygous for two different white eye colors,
called white, wk, and ivory, oz, respectively, a son
may be produced having the eyes in part white, in
part ivory. These two eye colors are normally
indistinguishable, but ivory is non-autonomous in
mosaics, so that a soaking-through effect takes
place from the non-ivory tissue. The comple-
mentary action of the two dominant alleles,
non-white and non-ivory, then causes a black line
in the ivory region edging the white. This black
region is “physiologically’’ double dominant, but
genetically ivory. Similarly, in the region of the
genitalia of a proportion of mosaic males there are
developed small-sized ‘“female” reproductive ap-
pendages, indicating a complementary action of
dominant female genes in the different sex alleles
characterizing the two different types of tissue of
the mosaic male. The influence appears to be
unidirectional, as if, for example, xa affected xb
but not the reverse. This has, however, not been
checked with the different alleles of the series.
It was this complementary action in these “gynan-
droid” males (resembling gynanders) that first
gave the hint of complementary 'sex factors that
led to the formulation of complementary sex
determination.

Sex determination is, in a sense, polygenic, but
because of no crossing-over within the segment, the
various groups of genes act as a single series of
allelic factors. Just as the many sex-producing
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genes distributed along the X-chromosome of
Drosophila segregate as a unit from the Y without
crossing-over, so the dominant female-producing
genes and the recessive male-producing genes of
the x-factor in Habrobracon segregate without
crossing-over from their homologues. Males, as
determined by the various alleles (whether azygous
or homozygous), or females as determined by any
of the heterozygous combinations, are always
phenotypically similar.

Whether the sex-alleles ever mutate has not been
established with certainty. They appear to be
very stable. Extensive breeding within a two-
allele stock has resulted in two-allele fraternities
almost exclusively, as evidenced by the presence
of diploid males. With certain very rare excep-
tions, the fraternities lacking diploid males are
small, so that the lack is evidently due to error of
sampling. The rare exceptions, which were not
adequately tested, may have been due to con-
tamination, though this is unlikely, or to some
combination of factors reducing diploid male
viability, or to mutation in a sex allele itself.

In linkage tests, the x-factor acts as .a single
gene, occupying a point on the linkage map. It
has been shown to lie near the center of the left
arm of a linkage group which is about five hundred
crossover units in length. Since no interference
occurs across a region approximately central, it
may be supposed that the centromere is median.

The method of making a linkage test with the
sex-factor may be illustrated by a single example.
The mutant gene fused, fu, lies about ten units to
the right of x. Anorange-eyed, o,female heterozy-

gous for fused , is crossed with a black-eyed

bf
fused male, + xb fu. The orange-eyed sons are
haploid from unfertilized eggs and are fused and
non-fused in equal numbers. Sex linkage is not
determinable among these because xa males and
xb males are similar. The black-eyes zygous
diploid or biparental offspring, o/+, are either
fused or non-fused and either males or females.
From the ratio of the different combinations, the
percentage of crossovers may be determined. In
the example given, the non-crossover offspring will
be 2 + or non-fused females, and #b fu or fused
xb xb fu
males; the crossovers, averaging in this case 10 per
b Tu or non-fused males, and b;:

or fused females. This is called a two-allele ctoss.

cent, will be
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In crosses involving three sex-alleles, sex-linkage
cannot be determined, because all the zygous
offspring are heterozygous for x and are therefore
female. wxa/xb X xc gives xa/xc, xb/xc. Fecun-
dity is higher here, and the ratio of females to
haploid males is doubled, because the poorly viable
diploid males are replaced by females. In this
case, if the cross is made between a female hetero-
zygous for fused and a fused male, fused and non-
fused females are in equal numbers.

Three kinds of fraternities from heterozygous
females by fused males are therefore distinguish-
able as follows:—

Diploid Haploid
Females males males

non-fused  non-fused non-fused
fused fused fused
(1) two-allele. ...... 9/1 1/9 1/1
(2) two-allele. . ..... 1/9 9/1 1/1
(3) three-allele...... 1/1 0 1/1

Before the multiple allele principle was demon-
strated, two different hypotheses, now discarded,
were suggested to explain the lack of diploid males
in three-allele fraternities. These were differential
mutaration, and multiple independently segre-
gating factors (Whiting, 1935).

Habrobracon is an arrhenotokous species, but in
combinations of certain stocks unmated females
produce a small proportion of diploid daughters in
addition to their haploid sons. These impaternate
daughters are either heterozygous or homozygous
for genes for which their mothers were heterozy-
gous. Female 4 /a produces impaternate daugh-
ters in the ratio: 1 +/+4+, 2 +/a, 1 a/a. It was
at first supposed that suppression of meiosis, or
parthenogamy from a polar nucleus, might cause
their appearance (K. G. Speicher, 1934) but
cytological work later showed twenty tetrads, the
diploid number, in the first oocyte mitosis (Speicher
and Speicher, 1938). Two meiotic divisions would
then leave the diploid number of monads in the egg
nucleus. If the homologues contained different
sex-alleles, a female would result. The fact that
the heterozygotes for a mutant gene are equal to
the homozygotes rather than twice as numerous
indicates that the genes, 4 4 a a, assort as two
pairs, Aa and Aa, rather than at random. This is
to be interpreted as meaning that synapsis is
initiated in two oocyte I groups of chromosomes
which remain separate, and each of which contains
both a haploid paternal and a haploid maternal
set. The bivalents are therefore paternal-mater-
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nal, none being paternal-paternal or maternal-
maternal.

If the mother is heterozygous for a sex-linked
gene, the 1:2:1 ratio of impaternate females does
not hold. Thus when the mother is heterozygous
for fused, most of her impaternate daughters are
also heterozygous. Most of the homozygotes
should be diploid males (Whiting and Speicher,
1935). This example of tychothelytoky in an
arrhenotokous species is of interest as showing a
possible step toward a thelytokous race.

It will now be of interest to examine forms with
haploid arrhenotoky other than Habrobracon
juglandis, and it will be pertinent to inquire
whether there is positive evidence indicating that
the Habrobracon scheme cannot be universally
applied. We may have the possibility of some
complementary scheme not involving multiple
alleles. Reproductive economy might be low
with wastage of fifty per cent of the fertilized eggs
(diploid males), as in two-allele crosses of Habro-
bracon juglandis, or good reproductive economy
might be attained by some sort of non-randomness
in fertilization, by independent pairs of multiple
factors, or by some other means to assure that all
fertilized eggs should develop into females.
Cytologic and breeding data are, unfortunately,
indecisive, and genetic evidence is very meager.

We may first consider data from other Hymen-
optera and later review the other groups that
show haploid arrhenotoky. Two species of
Habrobracon other than H. juglandis have been
studied to some extent. In H. brevicornis,
aberrant males were found (Whiting, and Whiting,
1927) similar to the gynandroid males in H.
Juglandis which gave the hint for complementary
sex inheritance. No genetic data were available,
but it is probable that these were also gynandroid
sex mosaics. B. R. and K. G. Speicher (1940),
using a recessive mutation in the same species
(rough, similar to rough in H. juglandis), obtained
from rough females by wild type males, 51 wild
type females, 172 rough males, and 34 wild type
males. The wild type sons were diploid, as shown
by cytologic study, having twenty chromosomes
in the spermatocytes instead of ten, the number
found in haploid males. These observations may
be taken to indicate complementary inheritance.

More extensive data are available for H.
pectinophorae from the work of Inaba (1939).
Diploid males were obtained, identified as in
H. juglandis, by crossing recessive females with
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white eyes or with curved wings to wild-type males.
The ratio of females to haploid males was higher in
fraternities without diploid males, suggesting
three-alleles. Triploid females were obtained,
sired by diploid males. Cytological study showed
conditions, in general, similar to those in H.
juglandis, but the chromosomes were evidently
somewhat larger and had different spindle fiber
positions. Chromosome numbers were as in
H. juglandis, ten in haploid males, twenty in
diploid males and in females, and thirty in triploid
females.

These data indicate that cytogenetic conditions
in the different Habrobracon species are very
similar.

In the chalcidoid Pleromalus puparum, Do-
zorceva 1936a, b, ¢, d; Whiting, 1940b) found a
sex-linked trait, red eyes. No fraternities were
reported from red-eyes females by wild-type males,
such tests for diploid males being lacking. Hetero-
zygous females by red males produced three kinds
of fraternities, those with a marked excess of red
females, those with a marked deficiency, and those
approximating equality. Presumably the first
two are from two-allele crosses and the last from
three-allele. It is claimed by Dozorceva that
there are two types of males, in one of which the
sex chromosome is much shorter than in the other,
and that females are digametic. As noted above,
however, her genetic evidence suggests triple
allelels, xa, xb, xc, so that the conditions may be
similar to those in Habrobracon. B. R. Speicher
(unpublished), after examination of Pleromalus
puparum collected on Long Island, N. Y., was
unable to confirm the cytological conditions
picture by Dozorceva in the Russian material.

The egg parasite Telenomus fariai (Lima), a
scelionid wasp of the superfamily Proctotrypoidea,
has been investigated cytologically by Dreyfus
and Breuer (1944). Daughters and sons of the
same mother copulate before leaving the host
egg shell, so that there is normally very close
inbreeding. Unmated females produce only males.
Mated females produce bisexual broods, with
females in excess of males. Females have twenty
chromosomes, males ten. No diploid males were
found. According to the authors, one of ‘the large
pairs of chromosomes consists of a V-shaped and a
J-shaped member. Males are all haploid, and
spermatogonia all show the V. However, the
large chromosome that appears in the equal first
spermatocyte division is a J. The last sperma-
togonial division is unequal cytoplasmically.
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The smaller daughter cell degenerates, while the
larger becomes the first spermatocyte. It is
assumed that in this division one arm of the V
breaks and that the spermatocyte therefore
receives a J. The second spermatocyte division
is abortive, with a cytoplasmic bud pinched off.
Sperms are then all J-bearing. It is further
assumed that maturation of the egg is differential,
so that the V is always retained. All fertilized
eggs then give rise to females, all unfertilized to
males. It would be of much interest to have
genetic work on Telenomus to check with the
cytological findings.

Haploidy of the azygous male

The complementary principle of sex determina-
tion answers the question, “Why is the haploid
a male?” We may now consider the problem,
“Why is the male a haploid?” Somatic haploidy
has been questioned with respect to the males in
many of the arrhenotokous groups. Evidence
based on cleavage nuclei is regarded as inadequate
(Vandel, 1931a; Schrader and Hughes-Schrader,
1931). We have seen that the drone bee is
somatically diploid (in part polyploid) and that
this “somatic” diploidy involves most of the
germ track.

The difference between the azygote of tycho-
parthenogenesis and the azygote of haploid
arrhenotoky lies in the fact that the former has the
diploid type of gametocytes while the latter has
the haploid type. The haploid type has become
so fixed genetically in the Hymenoptera that
spermatogonial diploidy, whether determined by
male biparentalism, as in the diploid males of
Habrobracon, or by regulative doubling, as in the
drone honey-bee, fails to result, in the spermato-
cytes, in the diploid type of mieosis that would
produce haploid sperms. The sperms produced
are therefore diploid. There is, however, a
significant difference in the two cases. Diploid
Habrobracon males have triploid daughters, because
their diploid sperms unite with reduced haploid
eggs. The diploidy of the biparental males is
“genetic,” since their offspring are different from
the offspring of haploid males. Diploid drone
bees have tetraploid daughters, because the
reduced eggs are diploid. Nevertheless, in the bee,
eight remains the gametic number because reduc-
tion to eight takes place in the oocytes. The
diploid drone, therefore, breeds as a haploid
although he produces diploid sperms, and the
tetraploid queen breeds as a diploid, although she
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produces diploid instead of haploid eggs. Eight
dyads go to each pole in anaphase and oocyte I
and there are eight “monads” in telophase of
oocyte II. Whether these “monads” have already
become dyads through regulative splitting, and
just when the dyads divide to produce a diploid
female pronucleus, is a problem for cytological
technique and observation. Although somatic
diploidy is here extended into the germ track, it
does not produce genetic diploidy. If we had been
studying genetics rather than cytology, we would
not have been aware of this regulative splitting.

The ‘“‘somatic” diploidy of the drone bee I
regard as a secondary type of regulation, sub-
sequent to and probably supplanting the regula-
tion in size of the haploid chromosomes that are
seen at least in cleavage and in spermatogenesis of
most males in arrhenotokous groups. The ‘drone
bee has devised a mechanism extending diploidy
into the germ track without surrendering the
haploid type of spermatogenesis and his capacity
to breed as a haploid. The honey-bee is thus
admirably adapted through numerical regulation,
so that chromosome numbers in corresponding
tissues in males and females are the same. Bi-
parental diploid males of Habrobracon, however,
are a waste product, of low viability, probably
because of their excessively large cells, and
producing diploid sperms which are rarely able to
fertilize the eggs.

The question asked at the beginning of this
section, “Why is the male a haploid?” may be
reformulated to read “Why have the males in the
groups showing haploid arrhenotoky evolved a
haploid type of spermatogenesis instead of retain-
ing the diploid type of the ancestral zygogenetic
groups from which they came?”’

An answer to this question, which must neces-
sarily be hypothetical, and even somewhat
speculative, may be formulated as follows.

The diploid impaternates of tychopartheno-
genesis undergo, at some point in their develop-
ment, delay in cytokinesis relative to chromosome
splitting, and thus they become diploid. This
may involve a certain disharmony in rhythm
between cell body and nucleus. The males of
haploid arrhenotoky have had ample time, in the
course of evolution, to acquire genes located in the
sex differentiating segments, xa, xb, xc, etc., which
retard chromosome division relative to chromo-
some growth. Since these genes are recessive,
they do not affect the females (sex heterozygotes)
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but only the males. Haploidy of the azygous
males thus attains regulation of the nucleoplasmic
ratio. without introducing disharmony between
division of nucleus and of cell. Evolution may
here have found a more satisfactory solution of
the problem of regulation than occurs as an
immediate solution in tychoparthenogenesis. Di-
ploid impaternate female grasshoppers, produced
by haploid thelytoky, if isolated for many genera-
tions, should be found to have advanced cleavage
into meiosis so that the oocyte nuclei would become
the first cleavage nuclei. Parthenogenesis would
then become diploid. Continued endomitosis
would result in polyploidy. This is the evolu-
tionary course of azygosis in the female.

The evolutionary course of azygosis in the male
must necessarily be different. The azygotic males
of haploid arrhenotoky are selected to breed as
haploids. This fact sets a limit to their somatic

polyploidy.
ORIGIN AND DISTRIBUTION OF MALE HAPLOIDY

Having discussed the various problems involved
in the attainment of male haploidy, we may now
consider theoretical possibilities concerning the
manner in which this mode of reproduction may
have arisen. We have seen that parthenogenetic
(female) races and species occur with greater or
less frequency in diverse groups. This type of
constant parthenogenesis has evidently arisen
independently many times. It tends toward
polyploidy and, as Vandel (1936) suggests, it
probably originates from tychothelytoky. Male
haploidy, on the other hand, has evidently become
established very infrequently, despite the fact
that it is a highly successful mode of reproduction
possessing the advantages of amphimixis and
involving very large taxonomic groups.

The Chromosome Degeneration Hypothesis

Schrader and Hughes-Schrader (1931) have
presented a theory of the attainment of male
haploidy based on the gradual inactivation or
degeneration of one of the haploid groups of
chromosomes. This theory attempts to answer
the problems of the acquisition of viability in the
haploid state and of the regulation of meiosis in the
haploid male.

The theory is based largely on work with the
homopteran family Coccidae, the scale insects. In
this family there exist diverse cytogenetic condi-
tions which, it is suggested, represent ‘“both
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beginning and end stages in the establishment of
haploidy.” 1In the genera Llaveia and Protortonia
both sexes are invariably diploid, while in Icerya
and related genera the females are diploid from
fertilized eggs, the males haploid from unfertilized
eggs. Intermediate stages may therefore be
expected, but in no case has a haploid individual
been found within the diploid species. However,
there is a series of chromosomal conditions of the
diploid males themselves which is supposed to
represent intermediate stages in the acquisition of
haploid male viability. “The basic phenomenon
is a gradual degeneration of one haploid set of
chromosomes in the male; the process is reflected
chiefly in the behavior of the chromosomes during
meiosis, but in its late stages the soma also is
affected.”

The “degeneration” begins in Llaveia bouvari, in
which about five per cent of the spermatocytes
show asynapsis of one autosome pair, while in the
remainder pairing is normal. In Profortonia
primitiva, no pairing of the ordinary sort occurs;
asynapsis affects both autosome pairs. There is
no evidence for any selective assortment in
segregation.

In Gossyparia spuria, one haploid set shows
marked heteropycnosis, condensing prior to the
other set, segregating selectively together and
forming a non-functional sperm. The somatic
cells, as well, show clumping of this set which
appears first during the late blastula stage of
the males. There are no heterochromosomes, but
males and females are produced by each mother
from zygotes which are not morphologically
separable in chromosome content. Conditions
are apparently similar in the genera Pseudococcus,
Lecanium, and Phenococcus. In Phenococcus aceri-
cola (Hughes-Schrader, 1935) the later stages,
showing disintegration of the condensed group,
are especially clear. It is concluded that “a
physiological haploidy seems to be in progress of
evolution through the inactivation of one of the
haploid sets of chromosomes in the male line.”

Finally, in the iceryine species, the morphological
haploidy of the males is completely established.

In the females of all species studied meiosis is
of the orthodox type with normal synapsis, with no
heterochromosomes, and with two divisions
resulting in haploid nuclei.

It is stated that ‘“this scheme attempts no
expression of the phylogenetic relations of the
various coccid species involved” but “is rather to
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be interpreted to the effect that some such develop-
ment as we have traced is taking place in different
groups of coccids, but evidently at different rates,
and probably in different ways, in different groups.’

The writer doubts that the three® cytological
departures from orthodox conditions demonstrated
in the male coccids-asynapsis, heteropycnotic
clumping, and haploid parthenogenesis—are
related phenomena.

Asynapsis, involving failure of crossing-over, is
of frequent occurrence in other forms. There
may later be contact of homologues, a “touch-
and-go pairing,” so that normal segregation occurs
and inviable zygotic combinations are thus
avoided, or, as in the asynaptic mutant type in
maize (Beadle, 1930), even this brief approxima-
tion of homologues may be lacking and chromo-
somes may be assorted irregularly, so that few
gametes contain the haploid set. In none of these
cases does there appear to be any association
between asynapsis and chromosome degeneration.

There likewise appears to be no association
between haploid parthenogenesis and chromosome
degeneration. No specific set of chromosomes is
“lost” in the formation of haploid males, since
any of the possible combinations of chromosomes
( or of genes) present in the diploid mother may be
transmitted to her haploid sons.

The degenerative processes noted in the male
coccids of the Gossyparia type may be compared
with conditions in the fly Sciara (Metz, 1938).
Here a complete and perfectly normal chromosome
set received by a male from his mother willif
transmitted to his son, be lost in the monocentric
mitosis of the spermatocytes of his son. Just
what chromosomes, whether paternal or maternal,
are lost in Gossyparia is not known, for no genetic
factors have been followed to tag them as has been
done in Sciara.

In Sciara all zygotes are similar at the beginning,
and sex is determined by differential loss of sex
chromosomes in cleavage. This loss depends
upon the genetic constitution of the mother which
may be a male-producer or a female producer; or,
in certain races, both sexes may occur in the same
brood. Comparison may further be made with
conditions in the isopod crustacean Trichoniscus
provisorius (Vandel, 1938), in which, as in Sciera,
there are (monogenic) races with unisexual broods
having female-producing (thelygenic) females and
male-producing (arrhenogenic) females, and there
are (deuterogenic) races with bisexual broods.
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(The terms used here indicating sex of offspring
imply a special type of zygogenetic reproduction
rather than parthenogenetic). Whether in T¥i-
choniscus there is chromosome elimination or
clumping in cleavage is not indicated, but the
breeding data here suggest interesting comparisons
with the cytological and breeding data on Gossy-
paria and with the cytogenetic conditions in
Sciara. Evidence suggests that certain other
invertebrates may likewise possess a comparable
mode of zygogenetic reproduction showing aber-
rant sex ratios.

Review of Groups Showing Male Haploidy

In the introductory part of this paper there are
listed seven groups of animals with haploid males.
The Hymenoptera have already been discussed in
some detail, and it is now in order to review the
others because of their implications for the evolu-
tion of male haploidy.

Iceryini

In the iceryine coccids cytological conditions are
very clear. The females have four chromosomes,
the males two (Hughes-Schrader, 1930). No
diploid males have been found. Unmated females
produce males only, mated females produce both
males and females. In the cottony cushion scale
Icerya purchasi (Hughes-Schrader, 1927) true
females are lacking, but their place is taken by
hermaphrodites which presumably evolved from
females. These hermaphrodites may produce
further hermaphrodites, either by self-fertilization
or by mating with males, but since males are
infrequent and the eggs are developed in such a
way that they are surrounded by sperms from the
same individual, self-fertilization is the rule.
According to the complementary hypothesis, only
two sex alleles would be involved, and the alterna-
tives are presented of considerable reproductive
wastage or some type of non-randomness in
distribution of sex factors. “Coincident with or
slightly before the first appearance of haploid
nuclei in the hermaphrodite gonad, degeneration of
certain germ cell nuclei occurs” (Hughes-Schrader,
1927). Whether this is in any way selective is not
clear. There is apparently no marked mortality
of eggs subsequent to fertilization, but the pos-
sibility is not excluded that death of the homo-
zygotes, diploid males, may occur at some post-
embryonic stage. This highly successful species
may be tending, through hermaphroditism and
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self-fertilization, toward the eventual complete
elimination of males and may be getting on very
well in spite of a possible wastage of fifty percent of
its eggs.

Haploid males have not been found in other
groups of coccids, among which the species are
either zygogenetic or parthenogenetic (female).
Sex determination in some groups (Gossyparia,
etc.) may be of the Sciara type. In others
(Lilaveia, etc.) it is of the usual XY-male backcross
type (Schrader and Hughes-Schrader, 1931).

Aleurodidae

“White-flies” of the homopteran family Aleuro-
didae are pests in greenhouses and in fruit orchards.
The group has been much neglected by taxon-
omists, and it is probable that the majority of the
species is as yet undescribed. In many species
males are not known. Zygogenetic species have
not been found. Aleurotulus nephrolepidis (Thom-
sen, 1927) is purely thelytokous. Morrill and
Back (1911) state that virgin females of Dialeurodes
citri, the citrus white-fly of the southern United
States, produce males only. Thomsen (1927)
reports that in Aleurodes proletella there is ar-
rhenotoky, and that mated females produce both
males and females. All eggs give off two polar
bodies, and the unfertilized remain haploid.

In Trialeurodes vaporariorum (Schrader, 1920,
1926; Thomsen, 1927) there are two races. An
arrhenotokous race occurs in America, in England,
and in Denmark. A race reproducing by indefinite
thelytoky and with spanandric males occurs in
England and in Denmark. Thelytokous females
may be mated with males of the arrhenotokous
race or with the spanandric males, but it is sup-
posed that the eggs are not fertilized. Maturation
is apparently the same in the eggs of both races,
with two polar bodies given off and chromosome
number reduced from twenty-two to eleven. In
the thelytokous race the eleven chromosomes of
the reduced egg nucleus probably divide before the
first cleavage giving the diploid number, for in the
two-nucleus stage of cleavage the chromosome
number is twenty-two. Regulation of this type is
theoretically reconcilable with the Habrobracon
principles of sex determination, if it be assumed
that the thelytokous race differs from the bisexual
due to a chromosomal rearrangement. As I have
stated in a previous publication (Whiting, 1943),
“homozygous females might be produced if x were
duplicated either by translocation or by unequal



EVOLUTION OF MALE HAPLOIDY

crossing-over so that xa/xb + 2A would become
xa xb/xa xb + 2A. Theoretically, haploid females
xa xb + 1A would then be possible. That such

have not been found is not surprising, however,

since thelytokous forms tend to become polyploid
rather than haploid.”

Micromalthus

Among the beetles there are several thelytokous
species and races, especially in the Curculionidae
(Székessy, 1937; Milliron, 1939; Suomalainen,
1940). Most of these are polyploid. I have found
no reference to tychoparthenogenesis in the
Coleoptera. Since beetles are of the XY-male
type, we might expect haploids to be female.

In males of the aberrant beetle Micromalthus
debilis, however, Scott (1936) was able to establish
somatic haploidy from examination of blastoderm
nuclei and tissue of the sternal gland. Micro
malthus, the only representative of the family-
Micromalthidae, is the only example of haploidy
reported in beetlesand also the only beetle showing
paedogenesis. Spermatogonial divisions are regu-
lar, showing ten chromosomes. The aberrant
spermatocytes have already been mentioned. The
life history is complex (Scott, 1938), with hyper-
metamorphic larval stages and with paedogenesis
suggesting the cecidomyid flies Miastor and
Oligarces. Normally the larval mother of the adult
male deposits a single egg, from which there
hatches a ‘“‘metrophagus” larva. This larva,
after devouring its mother, pupates and then
ecloses as an adult. Scott (1941) was able to
show that if the egg is removed before it hatches,
the larval mother will then produce female off-
spring viviparously. Sex is therefore determined
in the process of oogenesis. Normally, females
are produced viviparously by paedogenetic larvae.
Cleavage nuclei in female-producing eggs have
twenty chromosomes. Continuous paedogenesis
apparently maintains the species, and it is not
known whether the adults reproduce.

No sex chromosomes are differentiated cytologi-
cally. The diploids, larvae and the adult female,
may be heterozygous for sex as in Habrobracon,
xa/xb. Haploid parthenogenesis would then pro-
duce males, xa and xb.

Thysanoptera

Minute insects known as thrips belong to the
Thysanoptera, an order of uncertain affinities.
Thelytoky occurs as the usual mode of reproduc-
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tion in several species, which are members of
different families in both suborders. Collections
show wide deviations in sex ratios of the bisexual
species and differences occur in different seasons
of the year suggesting arrhenotoky. Of two
species of Anthothrips, niger is thelytokous, verbasci
is arrhenotokous, as shown by breeding tests
(Shull, 1917), and collections indicate that
Chirothrips manicatus is arrhenotokous. Breeding
tests have likewise shown arrhenotoky in Frankli-
niella  insularis (Davidson and Bald, 1931).
There is some evidence that bisexual generations
may alternate with thelytokous in Physopus
pallipes, but Vandel (1931a) considers that two
different races may exist in this species. There
seems to be no evidence that males are produced
bisexually, and since arrhenotokous types occur in
both suborders, parthenogenesis may exist in all
species of the order, with some thelytokous, others
arrhenotokous, and with still others having racial
types differing in this respect.

Trochelminthes

With the exception of a single family, the
Seisonidae, which are marine parasites on the
crustacean Nabalia, the males of rotifers appear at
certain periods only and are presumably impater-
nate and haploid. The phylum Trochelminthes
is characterized by irregular heterogony or
alternation of generations (Shull, 1929; Whitney,
1929). Females are of two types, gamic and
agamic. All eggs produced by agamic females
give rise to females parthenogenetically and cannot
be fertilized even though mating may take place.
Males appear at certain times and much work has
been done in attempts to determine the various
causes of male production. In addition to genetic
differences in strain or species, factors are tem-
perature, nourishment, and chemical composition
of the water. Since agamic females cannot
produce males, these factors do not cause the
production of males directly, but rather the
production of gamic females. If gamic females do
not mate, their eggs develop immediately into
males by haploid parthenogenesis. Fertilized
eggs do not develop for a considerable time.
They accumulate reserves of nourishment and a
thick shell to tide the species over unfavorable
conditions. Eventually they give rise to females,
which are always agamic, but the next generation
may consist of gamic and agamic females. Eggs of
agamic females give off but one polar body and
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produce females by diploid parthenogenesis.
Eggs of gamic females form two polar bodies
whether they are fertilized or not.

Some rotifers have but one sexual period a year,
usually in the spring, others have one in the spring
and a second in the fall, while still others have
many sexual periods, the number of which may
vary according to locality. Males are unknown in
the Bdelloida and in species of several other
groups, so that these forms reproduce by constant
thelytoky.

The more primitive rotifers are crawling types,
thus showing some resemblance to their possible
ancestors, the Turbellarians (Wesenberg-Lund,
1923, 1930). In these rotifers the males are as
large in size as the females. Evolution seems to
have been in the direction of planktonic habit and
of smaller size of males, with correspondingly
greater numbers produced in the sexual period.
There is no parasitism of the male on the female,
but structural degeneration is carried so far that
the male may be nothing but a sperm sac, sur-
rounded by protoplasm bearing a tuft of cilia
which enables it to reach the female. The
sperms in this case are already fully formed before
the male emerges from the egg, and the male
mates immediately after hatching. Hermaphro-
ditism is lacking in the phylum. In the family
Notommatidae, regarded as the primitive type
from which most, if not all, of the other families
may be derived, very few males are known, but
these are in size similar to the females.

The Seisonidae, mentioned above, are said to
depart from the rotifer type, in that males are as
abundant as females and can be obtained at all
seasons. They are supposed to be produced
bisexually, and it is stated that there is no parthe-
nogenesis in the group. The single reference to
spermatogenesis (Illgen, 1914) does not indicate
whether the males are actually diploid and pro-
duced bisexually. If this be true, it suggests
that a group which has attained haploid arrheno-
toky may revert to the usual method of sexual
reproduction. However, the family is somewhat
isolated taxonomically, is primitive in the sense
that the males are equal in size to the females, so
that its origin may be separate from that of the
other rotifers. A third possibility is that this
family has retained haploidy but has given up
heterogony. Without breeding tests or cytological
study of the spermatocytes, it cannot be stated
that Dzierzon’s Law does not apply to this group.
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Acarina

The Acarina, mites and ticks, are the only
arachnids in which parthenogenesis has been
proved with certainty. Sokoloff (1934) investi-
gated spermatogenesis in six species of the Para-
sitidae (Gamasidae) showing tetrads with normal
division. André (1935) discusses this family and
concludes that, despite several supposed cases of
parthenogenesis (thelytoky). none has been
proved. ,

André (1935) also discusses the ticks (Ixodoidea)
and concludes that thelytoky has been established
only in Amblyomma. In Hyalomma aegyptium,
Tuzet and Millot (1937) show a large body in the
first spermatocyte which they interpret as a
heterochromosome. It is probably a sex chromo-
some but 'is not illustrated in their drawing of
spermatocyte IT and should be further investi-
gated. In Argas columbarum, Oppermann (1935)
shows a large XY pair, in addition to twenty-four
autosomes, in the spermatogonia. The autosomes
synapse to form twelve tetrads which divide in the
usual manner. Division of spermatocyte I is
equational for XY, and division of spermatocyte IT
is reductional. In addition to twenty-four auto-
somes, the two X-chromosomes are shown in the
oogonia.

André (1935) regards the observations made on
Syringobia chelopus of the Sarcoptidae as inexact
and as not establishing thelytoky. In the
Cheyletidae, there have been several supposed
cases, but only one proven. Cheyletus eruditus
Schr. is regarded as thelytokous, but Cooper
(1937) states that the possibility of its being a
self-fertilizing hermaphrodite has not been ex-
cluded, and the same applies also to the tick
Amblyomma dissimile Koch.

Evidence for arrhenotoky in mites is much more
convincing. Putnam (1939) states that unmated
females of the plum nursery mite (Phyllocoptes
fockeus), of the Eriophyidae, produce males only.
Pétau (1934, 1936) has shown that the grain itch
mite Pediculoides ventricosus is arrhenotokous,
with three chromosomes in the spermatogonia.
He has investigated cytological conditions in the
egg. The three bivalent chromosomes of the
oocyte were followed from pachytene through the
growth stage and appear as either rod or ring
tetrads in metaphase. There are two meiotic
divisions. In early cleavage telophases, the
chromosomes form separate karyomers. Pitau
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discusses the application of the Habrobracon
scheme of sex determination, but at the time his
paper was written he did not have available the
multiple allele principle.

Cooper (1937, 1939) has shown that the grass
mite, Pediculopsis graminum, is arrhenotokous.
His cytological studies revealed conditions very
similar to those in Pediculoides, with three as the
haploid number, six as the diploid, and with
karyomeres formed by chromosomes in cleavage.
Pediculoides and Pediculopsis are very closely
related genera of the family Tarsonemidae.

Schrader (1923) showed arrhenotoky in the
“red spider” Tetranychus bimaculatus, with three
chromosomes in spermatogenesis, and with three
pairs of chromosomes in the female forming
tetrads in oocyte I. Cleavage is shown in the
unfertilized egg, with three chromosomes, and in
the fertilized, with six that form karyomerites in
the resting stage. Other species of Tetranychidae
mentioned as arrhenotokous are Tetranychus
telarius, lintearius, and ulicis.

The Acarina are exceedingly diversified in modes
of life, structure, and developmental conditions,
There is great disparity in the method of grouping
the various families, so that selected species may
be far separated or not, according to the system
adopted. If the arrangement suggested by
Ewing (1934) be followed, placing the Parasitoidea
and the Ixodoidea together in the Mesostigmata,
which is one of the twelve suborders, then the forms
reported as zygogenetic, having normally diploid
biparental males, will be grouped together. How
many other mites are also zygogenetic, and how
widely spread is arrhenotoky, remains to be
investigated. Possibly arrhenotoky has arisen
and become established but once in the order,
which may suggest that the primary phyletic
division of the Acarina should be on that basis.

Thelytoky appears to have developed many
times and in species of diverse acarine groups.
Its incidence probably has no relationship to the
more general and basic method of amphimixis,
whether that be haploid arrhenotoky or zygo-
genesis. As for the method of sex determination,
the XY shown by Oppermann for Argas is the
only convincing case. Other investigators seem
not to have been interested in this problem,
except Sokoloff, who fails to find sex chromosomes
in the Parasitidae (Gamasidae).
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General comparisons

Male haploidy as a mode of amphimixis appears
to have arisen in different groups of Metazoa from
the more usual zygogenetic mode, in which males
as well as females are normally diploid and
biparental. If we except the very aberrant beetle
Micromalihus, there is no evidence at present
available to show that this change has occurred
independently more than five or six times. One
of these took place in an ancestral rotifer and may
now involve the entire phylum Trochelminthes.
Possibly it was a single ancestral mite that gave
rise to a stem with many arrhenotokous branches,
while another conservatively retained zygogenesis.
Whether male haploidy has arisen independently
more than once in the Acarina is left for future
experiments and observations to decide. Evidence
is as yet weak, but there appears to be nothing to
prove the existence of a zygogenetic thrips, so that
we may imagine a single ancestor of the whole
order Thysanoptera as having departed from the
mode of his now unknown relatives. The same
applies to the Hymenoptera, but here we may
speak more positively, in view of the wide scatter
and considerable amount of breeding data and
cytological study devoted to the order.

Of the two homopteran families showing male
haploidy, the aleurodids have no known zygo-
genetic species. Among the coccids, on the other
hand, of the seven subfamilies only the Mono-
phlebinae include known arrhenotokous species.
These make up the tribe Iceryini but are absent
from the Llaveiini, which are all diploid, and the
males of which have XO chromosomes. Accord-
ing to one theory, the aleurodids have been derived
from the coccids. They may have descended
along with the iceryines from some common
ancestor which adopted male haploidy.

This would total but five known independent
phyletic arrhenotokous pedigress, with Micro-
malthus as a lone and inconspicuous sixth. Doubt-
less, other instances may be found, but the ratio
with respect to constant thelytoky is likely to
remain very low, for new examples of the latter are
frequently appearing in the literature.

The change to haploid arrhenotoky has evi-
dently occurred very rarely and has come to
involve large taxonomic groups as a stable mode of
reproduction. Whether male haploidy may ever
revert to zygogenesis is not known. As a test
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for this possibility, search for normally diploid
males should be made in arrhenotokous groups.

The change to thelytoky has occurred and is
occurring a great many times in nature, and
involves only single scattered species or races.
Their adoption of this mode is probably relatively
recent, as evidenced by their isolation and by the
occurrence of spanandric males among them.
Constant thelytoky involves the denial of the
advantages of amphimixis and no large or success-
ful group has evolved with this handicap. Only by
heterogony, the alternation of a bisexual with one
or more parthenogenetic generations, can thelytoky
be widely incorporated as a permanent mode of
life. Thus thelytoky may be alternated with
haploid arrhenotoky, as in the rotifers and the
gall-wasps; and thus thelytoky, and in this case
also diploid arrhenotoky, may be alternated with a
zygogenetic bisexual generation, as in aphids,
phyloxerans, and cladocerans. In these three
groups a generation of impaternate diploid males
and females alternates with one or more genera-
tions of agamic females.

Race-hybrid Hypothesis

Tychothelytoky in groups of the XY-male type
or tychodeuterotoky in groups of the WZ-female
type may be regarded as the most primitive form
of natural parthenogenesis. It appears merely
as a breakdown of the block to post-meiotic
mitosis which has been established in animals but
which is absent from plants. Being haploid in
origin, it encounters the hazards both of low
chromatin content and of recessive lethals, and
must undergo both quantitative regulation and
stringent selection, respectively.

Parthenogenetic (female) races and species have
probably originated from tychothelytoky (1) by
oogonial tetraploidy, (2) by advancing cleavage
into meiosis so that an oocyte nucleus becomes a
cleavage nucleus, (3) by parthenogamy from a
polar nucleus, (4) by endomitosis following
reduction, or (5) by parthenogamy of cleavage
nuclei. The first three of these alternatives
involve diploid parthenogenesis with zygosis of
the impaternate offspring. The last two involve
haploid parthenogenesis with production of a
diploid azygote. Chromatin rearrangements,
genic mutations, and frequently polyploidy may
produce such changes that crossing with the
bisexual form becomes ineffective. Sterility and
other deviations of the spanandric males from their
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ancestral type are probably due to these cyto-
genetic shifts, which modify the original genic
balance of the sex chromosome in relation to the
autosomes.

At first thought, it may seem that tycho-
arrhenotoky should logically furnish a first step
toward constant arrhenotoky, just as tychothely-
toky appears to be the first step toward constant
thelytoky. It might be expected that tycho-
arrhenotoky should occur in groups with WZ-
females, if lack of Z should prove lethal. Possibly
such a condition may be found among the primitive
Lepidoptera or among the related Trichoptera, if
these have not acquired by duplication an “auto-
somal” Z which could render WW females viable.
These insect orders, however, constituting a very
large and flourishing WZ-female tree, have given
rise to no known arrhenotokous branches. If
haploid males have various modifications of the
factor Z, male haploidy should arise from WZ-
female stock rather than from XY-male stock.
As regards the mites, coccids, and Micromalthus,
the cases in which close zygogenetic relatives of
the arrhenotokous branches are known, these
relatives are of the XY-male type. The suggestion
that male haploidy involves female digamety and
is thus related to the WZ-female type also meets
with the difficulty that through protection of W
by Z there has come about a degeneration of the
former, so that “backcrossing’”’ becomes fixed as
long as WZ functions as the sex differentiator.

The origin of male haploidy through tycho-
parthenogenesis appears improbable, because few
offspring are produced, and these must cross with
the zygogenetic stock, thus dispersing the parthe-
nogenetic tendency. A theory involving repeated
and extensive race hybridization seems more
probable, as furnishing abundant material for
natural selection.

Probably modifications within the X-chromo-
some or within some autosome have occurred, to
produce a multiple allelic series and the comple-
mentary type of sex determination associated with
haploid males. The spanandric males of geo-
graphic thelytoky presumably have chromosomes
that have undergone modification during their
period of protection in the parthenogenetic stock.
However, the infrequency and predominant
sterility of such males would render infinitesimal
the chance of success for any of their few progeny
surviving the stringent selection leading toward
the goal.
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What is needed for the evolution of male
haploidy is a large population with a strong
tendency toward parthenogenesis and with
modified chromosomes and normal chromosomes
freely recombining and crossing over and thus
originating new types. Such a population might
be found in the borderlands between the ranges of
an ancestral zygogenetic species and of its thely-
tokous offshoot. To be specific, let us imagine
some ancestral hymenopteran species, some
protosiricid of the Early Jurassic for example, in
which the zygogenetic stock has already given rise
by tychothelytoky to a parthenogenetic (female)
scion. The latter, breeding in an isolated ter-
ritory, has multiplied over a period long enough to
accumulate several genetic modifications, but still
brief enough for retention of crossability with the
parental stock. Now, with increasing population,
the areas of stock and scion come to overlap and
crossing occurs, at first between the males of the
zygogenetic stock and the parthenogenetic fe-
males, then between the former and the hybrid
females, and later between the members of the
segregating fraternities. Thus there is furnished
abundant opportunity for cytogenetic recombina-
tions. In this population we might expect great
numbers of inviable types to be produced and,
among the small proportion of viables, there should
be many sterile intersexes. Arrays of genetic
types would vary from those needing syngamy to
initiate cleavage, at one extreme, to partheno-
genetic forms at the other, and from femaleness to
maleness.

The viable fertile types should be stabilized at
three modes, (1) zygogenesis of both sexes, (2)
parthenogenesis of females with males eliminated,
(3) zygogenesis of females, parthenogenesis of
males. Theoretically, fertile hermaphroditism
might be a fourth mode, but this has not been
found as a primitive condition in any of the
groups which we are considering. Modes (1) and
(2) would be reversionary. Mode (3) would
furnish the basic material from which the stable
arrhenotokous type might evolve. This third
type would be produced from combinations in
which factors for maleness were recessive, and
genes determining parthenogenesis were present.
Thus the zygotes would tend to include the
females, while the azygotes would be male.

With multiple factors for sex segregating inde-
pendently, there would be considerable reproduc-
tive wastage because of sterile intersexuality.
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This would tend, by selection, toward a concentra-
tion of the effective sex genes into a single closely
linked group.

Regulative somatic diploidism of the impater-
nate males might, for a time, permit nermal
(diploid) meiosis in spermatogenesis, but since the
azygotic embryos would originate as haploids,
there should be gradual selection for an increase in
chromosome size as a regulative process. This
should tend to retard numerical regulation so that,
eventually, the entire embryo might become
haploid. Since tissues of the germ track are
relatively undifferentiated, the spermatogonia
especially should retain the initial haploidy of the
embryo. The spermatocytes, furnished with the
haploid set of chromosomes, would then be faced
with the necessity of modifying their type of
division, and these modifications should be
perfected and standardized by selection:

Genes for enlarged cell size should tend to be
concentrated along with the genes for maleness
and, like them, should be recessive. Thus the
haploid males should come to have cells approxi-
mating in size the cells of the females, but the
diploid males should have much larger cells, for,
to the homozygous recessive genes, there should be
added the double amount of chromatin. Diploid
males should then be reduced in viability. In
Habrobracon, it is known that the cell size of
diploid males is abnormally large, and there is
some evidence that among diploid males larger
cell size is associated with higher mortality.

As reduction in spermatocyte meiosis initiated
by selection in the haploid males becomes char-
acteristic of the species, the diploid males might
also be rendered sterile, as they are in Habrobracon,
Fixation of the meiotic condition adapted to
haploid males should effectively eliminate the few
surviving diploid males from reproduction.

Evolution of the sex differentiating segment,
called the x factor in Habrobracon, must have come
about by reduction in crossing-over within it and
by mutation and the selection of minor factors, so
that the various alleles, xa, xb, xc, etc., should
come to produce a similar phenotype. Genes
governing secondary, as well as primary, sex
differences must lie in this chromosome segment,
the genes for male traits acting as recessives.

Additional alleles in the series might be brought
about as follows: a new allele might originate as
some repeat of a local duplication, which would at
first give a phenotype somewhat different from the
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preceding, but this should later be perfected by
minor mutations and selection. Whatever dis-
advantage a new allele might have, because of its
production of a divergent phenotype, would tend
to be compensated by a selective advantage
gained by increasing the number of alleles in the
population. Thus ina three-allele population,
with the older perfected alleles, xa and x5, rela-
tively more numerous, these alleles are at a
disadvantage because half of the fertilized eggs are
wasted (inviable or diploid males), but the matings
involving the third allele, xc, are much more
fecund, even if it be supposed that the females
xa/xc and xb/xc and the males xc are somewhat
divergent or defective.

In species that are highly differentiated sexu-
ally, there may obtain much genetic diversity
which does not express itself phenotypically. In
this, also, genotypic sex divergence may be greater
than genotypic sex convergence without becoming
evident. In other words, intersexuality is more
obvious than supersexuality, as has been demon-
strated in many Lepidoptera, Lymantria for
example. Seiler’s WW females, also, are not only
viable but apparently non-separable pheno-
typically from WZ females. Doubling the geno-
typic divergence from males, ZZ, produces no
visible difference.

It is of interest to note that in all the groups
characterized by haploid arrhenotoky, there is a
very high degree of sex disparity. The gonadic
hermaphroditism of the coccid Icerya purchasi
appears to be, not a step toward intersexuality, and
certainly not in any way primitive, but a secondary
modification of a highly differentiated female type,
enabling the species to maintain itself and, at the
same time, dispense with its highly differentiated
males. The sex alleles in haploid arrhenotoky may
then differ genically to a considerable extent among
themselves without producing perceptible differ-
ences. This should aid both in the inception of
male haploidy and in the evolution of new alleles
in arrhenotokous species.

No phenotypic differences caused by the
different sex alleles of Habrobracon have yet been
demonstrated with certainty. In one inbred stock
the males had more antennal segments and the
females fewer than in another inbred stock
(Whiting, 1943). This indicates the association
of genic differences governing antennal segments
with the z-factor. The apparent unidirectional
feminization in gynandroid mosaic males suggests a
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difference in autonomy of similar structures
determined by different alleles.

It is suggested that the various steps outlined
above may have brought about the stable condi-
tion of amphimixis known as haploid arrhenotoky,
not only in the Hymenoptera, but also, at an
earlier or later period, in the evolution of the other
five or six groups mentioned.

SUMMARY

Among invertebrate animals belonging to seven
different groups, a mode of reproduction has been
established in which males are haploid, developing
parthenogenetically from reduced unfertilized
eggs. Five problems involved in the attainment
of male haploidy are considered.

(1) Induction of parthenogenetic development
in eggs is regarded merely as a breakdown of the
block to post-meiotic mitosis which is normally
established in animals but is absent from plants.

(2) Viability of the azygote resulting from this
initial parthenogenesis is attained by a regulative
doubling of chromosome number that corrects the
nucleoplasmic ratio, and by selection against
recessive lethal factors. The few surviving
azygotes are diploid with normally diploid meiosis.
Because of their infrequent and scattered occur-
rence their production has been called tycho-
parthenogenesis.

(3) Meiosis in the haploid male has been modi-
fied in different ways in different groups. This has
come about by a selective process when the
spermatocytes have received a haploid set of
chromosomes.

(4) Sex determination in these groups is
regarded as complementary, depending upon a
single series of multiple alleles having similar
effects phenotypically. Each allele is considered a
chromosome segment containing many genes,
dominant female-producing and recessive male-
producing. Females are heterozygous, normal
haploid males are recessive. The homozygous
recessive combinations (infrequent because of
multiple allelism) are inviable or may occasionally
develop as diploid males.

(5) Haploidy of the azygous males may be
defined as having the haploid type of spermato-
genesis, with chromosome reduction lacking.
Somatically, these males may be haploid, at least
in early developmental stages, or they may have
secondary diploidy or polyploidy, as in the drone of
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the honey bee, which begins as a diploid because of
precocious splitting of the ootid monads.

The hypothesis of the gradual degeneration of
one set of chromosomes in the attainment of
haploid male viability and in the regulation of
meiosis, advanced by Schrader and Hughes-
Schrader (1931) on the basis of their studies of
coccids, is questioned. It is considered that their
postulated stages in chromosome degeneration
(asynapsis, heteropycnosis, and male haploidy)
are independent phenomena.

Male haploidy is apparently characteristic of the
entire insect order Hymenoptera, and probably of
thrips and rotifers. A single beetle, Micromalthus,
has haploid males. It is suggested that the
primary phyletic division of the mites, Acarina,
may be made on this basis. Among the coccids,
the tribe Iceryini are characterized by male
haploidy, and it is possible that the related
homopteran family Aleurodidae may be derived
in common with this tribe.

According to Vandel (1936) parthenogenetic
(female) races and species have originated from
tychoparthenogenesis by extension of the process
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of chromosome doubling into meiosis, so that the
type of parthenogenesis becomes diploid from the
beginning, and a fixed mode of reproduction.
Further doubling lies at the basis of the polyploidy
characteristic of many parthenogenetic races.

A review and discussion is given of some of the
recently published cases of tychoparthenogenesis
and of the fixed parthenogenesis of unisexual
(female) races and species.

As a possible explanation of the origin of male
haploidy, an hypothesis is suggested of hybridiza-
tion between a normal bisexual race and a parthe-
nogenetic (female) race in which the chromosomes
have become modified. Among the segregating
types resulting from this hybridization there
should be azygous males. Nucleoplasmic regula-~
tion in these males should be gradually modified
by an increase in the size of chromosomes, so that
the haploid number might be retained into progres-
sively later embryonic stages, especially in the
germ track. In this way meiosis of the sperma-
tocytes should be changed from the diploid to the
haploid type.
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