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5. The transfer of fleas from a pregnant rabbit, a few days pre-partum, to other rabbits.
A set of experiments was carried out to investigate more fully whether the factor
apparently provided by a pregnant rabbit acted as a trigger setting in motion in the flea
developmental processes that would then continue in its absence, or whether its
presence was required throughout the period of ovarian development. Each experi-
ment was commenced by releasing 100 female and forty male, unfed, virgin fleas on a
pregnant host. Samples of the female fleas were removed after various intervals and
dissected to determine their stage of ovarian development. When stage 3 had been
reached as many fleas as possible were removed from the rabbit and batches were
released on other host rabbits selected to represent various reproductive states, in-
cluding male, non-pregnant female and females at several different stages of pregnancy.
Samples of three female fleas were taken from each of the second hosts after various
intervals to see what changes were occurring in the reproductive organs. The results of
three series of experiments are summari2ed graphically in Figs. 5-7.

Table 11. To contrast the lack of substantial ovarian development of fleas kept on a male
rabbit with the development among fleas on a pregnant rabbit and after parturition in
its nest

(Each mean is based on the dissection of three individuals, except on three occasions when only
two could be found, indicated as (2).)

No. of days from release

Mean length of proximal Fleas on cj rabbit
oocyte follicle (ft)

Fleas on $ rabbit
No. of days $ pre-partum

No. of days from release

Mean length of proximal Fleas on <J rabbit
oocyte follicle (fi)

Fleas in nest of 463 345(2) 423(2) — — — —
? rabbit

Fig. 5 (curve A) shows that maturing female fleas transferred from a 5^-day pre-
partum host to a male rabbit underwent rapid ovarian regression. The resorption of
the larger oocytes was completed within 5 days, so that after this period there was no
significant difference in the state of development of the ovaries of the fleas on the male
rabbit and of the fleas taken from the non-pregnant control rabbit. The oviducal
secretion disappeared within 3 days.

There was a generally similar ovarian regression when fleas were transferred to a
non-pregnant doe rabbit (Fig. 6 (A)), but the last sample of specimens was dissected
only 4 days after the transfer and the resorption was not fully completed by then.
Resorption had commenced in under 1 day from the time of transfer; it involved all the
proximal oocytes in both groups of ovarioles after 1 day, but did not extend to the
second oocytes until after the second day. It appeared likely that the pattern of
resorption was the exact reversal of that of maturation; thus resorption of the group of
larger proximal oocytes commenced first, to be followed by the other proximal oocytes
and then in due course back to the second oocytes in the first group.
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Fleas transferred to a pregnant doe which was 17 days pre-partum (Fig. 7 (A)) under-
went initial ovarian regression. Oocyte resorption reduced their state of development
within 4 days to a level roughly corresponding to that which the fleas would have
had on the original host when it was at 13 days pre-partum.

In one transfer, shown as curve B on Fig. 7, fleas were taken from the original
pregnant host when it was z\ days pre-partum and placed on a 10-day pre-partum
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Fig. 5. Graph to show the changes in the ovarian development of maturing fleas produced
after their transfer to a male rabbit, to a different pregnant rabbit, and by starvation. The
arabic numerals on the graph indicate the number of days the subsequent pregnant host was
pre-partum when fleas were removed for dissection. Each point is a mean based upon the
dissection of three fleas.

host. The three fleas dissected 2 days after transfer had ovaries undergoing regression.
In one flea all the oviducal secretion had disappeared and in the other two a little
remained, but only in the pedicels. The yolky proximal oocytes present in both groups
of ovarioles at the time of transfer had been destroyed, and the only evidence of their
previous existence was a patch of diffuse tissue in each ovariole just anterior to the
pedicel. A typical resorbing yolky oocyte was present in half the ovarioles between the
patch of diffuse tissue and the first healthy oocyte. This latter oocyte was smaller than
the proximal oocyte in the other ovarioles and provides another indication that resorp-
tion alternates between each group of ovarioles. The sample dissected 4 days after
transfer had no oviducal secretion remaining, and the proximal oocytes were smaller
than those in the sample dissected 2 days previously. However, regression now
appeared to be completed as no further oocytes were being actively resorbed, although
the ovaries were still markedly larger than those of fleas on the non-pregnant control.
Three days later, when the host was 3 days pre-partum, the fleas dissected had signs of
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renewed ovarian development and two of them had traces of secretion reappearing in
the pedicels. That ovarian regression had occurred could be detected from the patch
of diffuse tissue, now slightly yellowish, persisting between the pedicel and the
proximal oocyte in each ovariole. Only two female fleas could be found on the rabbit
9 days after transfer and both had ovaries that were nearly mature, and there was
abundant oviducal secretion. The diffuse tissue at the base of the ovariole had been
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Fig. 6. Graph to show the changes in the ovarian development of maturing fleas produced
after their transfer to a non-pregnant rabbit, and to a different pregnant rabbit. The
arabic numerals on the graph indicate the number of days the subsequent pregnant host was
pre-partum when fleas were removed. Each point is a mean based upon the dissection of three
fleas.

compressed further by the growth of the proximal oocytes and now appeared as a
narrow band of slightly yellowish tissue. These results indicated that ovarian regression
occurred after the transfer up to the time when the second pregnant host would be
expected to have passed the ' critical stage' and could then itself provide the factor for
ovarian maturation.

That initial ovarian regression can be .followed by renewed development was con-
firmed by two further transfers to pregnant rabbits which were respectively 6 days and
3! days pre-partum. In the first transfer (Fig. 5 (B)) fleas dissected after 3 days showed
signs that ovarian regression had occurred by the absence of oviducal secretion and
the presence, proximally in each ovariole, of patches of diffuse tissue. However, the
resorption already appeared to have stopped in two of the specimens and to be nearly
completed in the third. In two samples taken subsequently rapid development had
occurred and mature chorionated eggs were present in two of the three fleas removed
from the host actually during parturition. In the second experiment (Fig. 6(B)) the
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host to which the fleas were transferred would already have passed the 'critical stage'.
In this case the growth of the ovaries was only very briefly inhibited. The oviducal
secretion was never withdrawn and in five of the nine specimens examined there was
no evidence that any oocyte resorption occurred. In the other four specimens the
proximal oocytes in just one group of ovarioles had been resorbed.
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Fig. y. Graph to show the changes in the ovarian development of maturing fleas produced
after their transfer to rabbits at different stages of pregnancy, and by starvation. The
arabic numerals on the graph indicate the number of days the subsequent pregnant host was
pre-partum when fleas were removed. Each point is a mean based upon the dissection of three
fleas, except where indicated (2) when only two specimens were available.

These results indicate that the maturation factor does not act solely as a trigger
mechanism. The part-mature ovaries of transferred fleas regressed unless, or until, the
second host could itself be expected to provide the factor.

Two experiments were carried out in each of which nine female fleas were taken
from the first host when their ovaries were maturing and were then allowed to starve
for periods of up to 7 days. The fleas were placed in groups of three in corked 3 x 1 in.
glass phials each provided with a slip of paper on which the fleas usually rested. The
tubes were kept at room temperature in an empty rabbit hutch in the rabbit house
used for all the work on rabbit fleas. The fleas were dissected after various intervals
and the changes in the ovarian development are shown in Figs. 5(C) and 7(C). On
the seventh day of starvation the fleas were alive but rather weak. The results show
that there was no immediate regression in the ovaries, such as occurred in nearly every
case when similar fleas were transferred to a second host; rather there was an indica-
tion that slight ovarian growth occurred at some stage during the first 2-3 days of
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starvation. The quantity of oviducal secretion was little altered throughout. Only the
fleas dissected after 7 days had definite signs of ovarian degeneration; this was more
extensive than any regression seen previously, it simultaneously involved one to three
oocytes in each ovariole and there was an impression that all the oocytes were about to
be resorbed to provide nutriment for the starving insect. Presumably the maturation
factor did not disappear as quickly from starved fleas as from fleas which were trans-
ferred to a second host, possibly because the fleas were kept at a somewhat lower
temperature than they would have been on a rabbit. Alternatively, the fact of being on
another host, and perhaps feeding on it, may normally lead to the rapid elimination of
the factor.

6. Impregnation and associated phenomena. The spermatheca of every female flea
dissected was examined for spermatozoa. Before a group of fleas taken from a culture
was released on any test rabbit a sample of three females was removed and dissected.
None was impregnated and it was assumed that all the fleas were virgin when the
experiments were begun. They remained virgin unless they entered the breeding nest
of a doe. Thus all female fleas taken after varying periods from male rabbits or non-
pregnant female rabbits were non-impregnated although there had been male fleas in
close proximity throughout. Similarly there was no impregnation among fleas taken
from a doe during pregnancy, or immediately after parturition. However, every
female flea removed from a rabbit nest, after the parturition of the original host, had
spermatozoa in its spermatheca. Some impregnated fleas were occasionally found on
does a few days after parturition and it is considered certain that these were fleas which
had returned to the doe from the nest.

It appeared that the environment of an occupied nest was required for mating but
fully mature ovaries were not essential. In an experiment when previously unfed,
virgin fleas were released on a rabbit 3 days pre-partum, fleas could be found only in
the nest after parturition. Three female fleas were examined only 2 hr. after the birth
and each had its spermatheca filled with spermatozoa although the ovaries of two of
them had reached only stage 2 of development.

These findings were in agreement with the fact that copulation was never observed
among fleas on an adult rabbit, whereas it was seen commonly among fleas in the nest.
Copulation appeared to occur most frequently while the female flea was biting a newly
born rabbit somewhere on the hindquarters, although pairs in copula were sometimes
found free among the fur lining the nest. The position adopted by rabbit fleas during
copulation is similar to that described for other species of fleas (Holland, 1955). The
posterior segments of the abdomen of the male are arched dorsad so that although the
male is positioned beneath the female the complex male terminalia can come into
apposition with the female genital chamber.

Data given in Table 8 show that when virgin male and female fleas which had
previously been fed for several weeks on a non-pregnant rabbit were placed in a nest
with new-born young the females were impregnated within 24 hr. A similar result
was obtained when the nest contained 5-day-old young, but not when they were 7, 8£
or 12 days old. When unfed male and female fleas were placed in a nest with new-born
young the females were not impregnated after 2 days, but they were after 5 days. There
was no impregnation within 3 days of the release of similar fleas among 7-day-old
rabbits.
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The male flea has a pair of pyriform, saccular testes each normally containing many
cysts of spermatozoa. If the contractile outer wall of one of the testes is deliberately
ruptured all the spermatozoa present flow out and appear to be active and mature,
even with freshly emerged fleas, presumably indicating that maturation of the sperma-
tozoa occurs during the pupal stage. Posterior to the cysts of spermatozoa the wall of
the testis also surrounds a convoluted tube, reminiscent in appearance of the mam-
malian epididymis. This tube is continuous with, but mostly of greater diameter than,
the vas deferens. In the newly emerged flea this 'epididymal tube' is empty but
spermatozoa enter the tube if the testis is gently compressed. Further compression of
the testis fails to force any spermatozoa into the vas deferens and instead the sheath of
the testis ruptures. The impression gained is that there is a blockage in the duct at the
point where it passes through the sheath of the testis. Male fleas removed from adult
rabbits may have spermatozoa in the epididymal tube but still the blockage remains;
however, fleas taken from a pregnant host shortly before parturition or from the
nest after parturition appear to have no blockage as spermatozoa can frequently be
forced right through the vas deferens and ductus ejaculatorius and out of the
gonopore.

Apparently there is no replacement of the spermatozoa transferred during copula-
tion and the testes gradually become depleted, and may even be entirely emptied. The
spermatheca of every female flea taken from a nest during the first week after parturi-
tion was found to be tightly packed with spermatozoa. After some 10 days in the nest,
there were far fewer spermatozoa in the spermathecae and this fact was correlated with
the depleted appearance of the testes of the male fleas. Individuals in which the testes
had become spent probably did not survive long, but they were occasionally found on
the adult doe from 8 days post-partum onwards. Table 12 summarizes the findings for
impregnation and male reproductive condition for nestling Expt. 2 in which thirty
female and twelve male, virgin fleas, previously fed on a non-pregnant doe, were
placed among new-born rabbits.

An experiment was carried out to find how long unused spermatozoa persisted in the
spermatheca. Forty female fleas were removed from a nest 5 days after the parturition
of their original host. Three were dissected and each had maturing eggs and abundant
spermatozoa in its spermatheca. The remaining fleas were released on a non-pregnant
doe and samples of three were recovered after 14, 21 and 28 days. In every case the
ovaries had undergone a complete regression to stage 1 and contained typical corpora
lutea as evidence of this regression. The contents of the spermatheca of each flea were
as shown in Table 13. It was apparent that the number of spermatozoa in the sperma-
theca decreased rapidly after the fleas were placed on the adult rabbit despite the fact
that ovulation would have stopped almost immediately after the transfer.

A somewhat similar result was obtained in another experiment after seventeen
female and seven male fleas were transferred from a nest containing 5-day-old rabbits
to a rabbit 5 days pregnant (not the parent of the nestlings). The experiment was
intended to simulate the conditions of reproduction of the wild rabbit, in which
parturition is normally quickly followed by another pregnancy, but unfortunately the
last host had an abnormal pregnancy which terminated in an abortion after 33 days.
The results given in Table 14 for the spermathecal contents indicate that spermatozoa
did not persist in the spermatheca for much more than 30 days. Although male fleas,
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Table 12. Indicating the decline in the fecundity of male fleas during the days immediately

after their entry into the rabbit nest, and the consequential decrease in the numbers of

spermatozoa in the spermathecae of ovulating female fleas

3 fleas

Source of fleas

From non-pregnant doe
immediately prior to
release in nest

From nest after i day
2 days
4 days
6 days
8 days

11 days

From parent doe 8 days
post-partum

From parent doe 11 days
post-partum

No.
dissected

<? ?
i 3

i 3
i 3
i 3
i 3
i 3

i 3

I O

I O

—, Condition
of testes

Normal

Normal
Normal

Becoming spent
Becoming spent

Only i cyst
remaining
Only i cyst
remaining

Nearly spent

Nearly spent

Whether
spermatozoa
entered vasa
deferentia
on gentle

compression
of testes

No

Yes
Yes
Yes
Yes
N o •

No

No

No

•

$ fleas
Spermathecal

contents

None

Full of sperm
Full of sperm
Full of sperm
Full of sperm
Full of sperm

A few
spermatozoa

—

—

• Testes probably too spent for this test.

Table 13. To show the rapid decrease in the numbers of spermatozoa in the spermathecae

of fleas in which a cessation of egg production had been provoked

Approximate number of spermatozoa in spermatheca

At commencement
After 14 days
After 21 days
After 28 days

Specimen 1

15-20
6

3-4

Specimen 2

> 100
5-10
1-2

2-3 (prob. dead)

Specimen 3

> 100

3-4
None
None

Table 14. To show the limited period of persistence of spermatozoa in the spermathecae

of fleas in which a cessation of egg production had been provoked

Source of fleas

From nest of 5-day-old rabbits*

After 21 days on a rabbit (26 days after its mating)
After 23 days on a rabbit (28 days after its mating)
After 28 days on a rabbit (shortly after its abortion)
After 40 days on a rabbit (12 days after its abortion)

No.
in

1

Many

ca. 6
ca. 6—10

ca. 12
None

of spermatozoa
spermatheca

2
Many

3-4
3-4

ca. 6
None

3

None
None
None
None

• Only two fleas dissected.
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which had presumably mated successfully whilst in the nest before transfer, were
present there was no suggestion that they mated when on the adult host.

7. Follicular relics; their formation, appearance and pigmentation. In some species
of insects the follicular relics persist for a considerable period after ovulation and they
often become pigmented. In recent years considerable attention has been given to the
recognition of these follicular relics (corpora lutea), especially among the blood-sucking
Diptera, as they can provide an indication of the number of gonotrophic cycles com-
pleted and consequently of the physiological, and sometimes calendar, age of the
individual insect.

The region of the ovariole between the pedicel and the proximal oocyte has been
examined in every female flea dissected. In newly emerged and unfed fleas the first
oocyte was separated from the pedicel and lateral oviduct by a small plug of distinct
cells, the epithelial plug. When the fleas were allowed to feed on a non-pregnant doe,
or a male rabbit, the epithelial plugs persisted unchanged for about 2 weeks, during
which time there was slight growth of the oocyte rudiments. After this period the
group of larger proximal oocytes regressed, the oocytes being invaded by the enlarged
follicular epithelial cells. At this stage half the ovarioles in the ovaries contained
degenerating follicles proximally and the other half had typical epithelial plugs. In the
former ovarioles the original oocytej took on the role of proximal oocyte, and was
smaller than the proximal oocyte in the latter group, whose oocytes underwent 2-3
days of further growth before they died and were resorbed. After this, ovarioles in
neither group contained recognizable epithelial plugs, and the follicles which had
regressed first appeared as a patch of diffuse tissue, very slightly coloured and com-
pressed between the pedicel and the new proximal oocyte. The slight growth of the
proximal oocyte follicles and their subsequent resorption occurred alternately in the
two groups of ovarioles as long as the fleas remained on the rabbits, but it was not
possible to detect from the appearance of the area of diffuse tissue how many oocytes
had been resorbed in any one ovariole. Thus the ovaries of fleas placed on non-
pregnant or male rabbits did not just develop slightly and then enter a resting state;
instead they were continually developing oocytes up to a certain size, after which the
oocytes died and their position was taken by more immature rudiments.

The ovaries of fleas which were placed on a pregnant host soon after it had been
mated showed similar oocyte resorptions after about 2 weeks and these continued until
the critical point was reached, after which the proximal oocytes normally developed to
maturity. This development compressed the remnants of the resorbed oocytes to such
an extent that they were no longer visible in whole-mount preparations. Among fleas
placed on pregnant rabbits at about mid-term the first oocyte resorption leading to the
disappearance of the epithelial plugs was more rapid and occurred between 7 and
9 days from their release.

Soon after parturition most fleas entered the nest and after any final maturation, and
normally fecundation, the females ovulated a batch of eggs, leaving the large, almost
colourless remains of the follicular epithelia at the base of the appropriate ovarioles.
By the time the second group of ovarioles had developed its proximal oocytes to the
stage for ovulation the follicular remnants (relics) in the other ovarioles had shrunk
considerably and gradual autolysis converted them into rather diffuse structures, still
more or less colourless. The occurrence of subsequent ovulations was recognizable in
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whole-mount preparations if the dissection was made soon after the ovulation when
the follicular epithelium was still visible and before autolysis and compression merged
the relics into one. The composite follicular relic in each ovariole of fleas which had
been ovulating for several days was pigmented a bright yellow, the typical corpus
luteum. This pigmentation appeared after about 4 days in the nest and was fully
developed from about 6 days onwards. Similar corpora lutea were developed by non-
impregnated fleas when males were deliberately excluded from the nest, and by fleas
whose ovaries had matured entirely on the nestlings instead of initially on the parent
doe. The experiment detailed in §6, concerning the survival time of spermatozoa in
the spermatheca of female fleas transferred to a non-pregnant rabbit after laying eggs
for 5 days, indicated that the corpora lutea persisted without any obvious changes for
at least 30 days.

As described in §2 any female fleas which remained on a rabbit after parturition
underwent a rapid ovarian regression. This regression was normally evident within
1 day; the largest oocytes took on an irregular shape, yolk was withdrawn and the
follicular epithelia thickened and invaded the oocytes, which were destroyed. All the
larger oocytes were destroyed in turn so that the ovary returned to stage 1 of develop-
ment. A patch of yellow tissue developed in the basal region of the ovarioles and was
generally similar to the corpora lutea present in fleas which had repeatedly ovulated.
The only obvious difference was that the latter fleas were normally impregnated. This
criterion allowed fleas which had remained on a post-partum doe and developed
corpora lutea by resorption of mature oocytes to be distinguished from those that had
returned to the doe after laying eggs in the nest.

The experiments involving the transfer of partly mature fleas to other hosts (§5)
showed that little pigmentation resulted when fairly small yolky oocytes were resorbed,
but there was more coloration when the oocytes had been larger at the time resorption
occurred.

DISCUSSION

It has been shown that although individuals of the rabbit flea usually remain on a
host, thus having an abundant source of food available at all times, they do not
necessarily produce any mature eggs. Indeed, fleas even when kept for long periods on
unmated female rabbits or on male rabbits never produce any eggs. This is in contrast
to the findings for several other species of fleas which have been cultured under
laboratory conditions. Owing to their ready availability and ease of handling white
rats and mice are frequently used as hosts, and with them Leeson (1932), Hollenbeck
(1946), Elbel (1951, 1952), Burroughs (1953) and Stark & Kartman (1957) have
successfully bred Xenopsylla cheopis Roths, and at least five other species of rodent
fleas. Presumably any individual host used in these breeding experiments was selected
indiscriminately of its sex, and there has been no suggestion of any greater fecundity
among these species of fleas according to whether they were fed on one sex of host
rather than the other. The use of suckling mice was preferred by Hecht (1943) and
Edney (1945) as these hosts are unable to catch and eat the fleas and thereby reduce the
numbers in the culture. Buxton (1948) kept X. cheopis both on adult and on young
mice and he likewise noted the considerable losses of fleas resulting from predation by
the adult mice. He also found that fleas fed on young mice tended to produce far
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fewer eggs per day than those fed on adult mice, and that there was a greater delay
before fleas started to lay eggs when the mice used were very young. This is the only
published work of which I am aware that indicates the fecundity of fleas may vary
according to the age of their host, although Poole & Underhill (1953) and Hudson &
Prince (1958 a) have shown that fecundity can differ when using alternative species as
hosts for the fleas. Buxton (1948) suggested that mammalian sex hormones might
somehow be involved in rat flea reproduction as he presumed that the blood of young
mice was relatively deficient in these hormones. Rothschild (1961) has suggested that
sex hormones of the host may be important in the case of the rabbit flea.

The reproductive mechanisms exhibited by the rabbit flea have definite advantages
for the species. Wild rabbits normally live in warrens, and in contrast to the burrows
of many mammals these warrens do not contain any nest material or bedding, so that
the rabbits rest on bare soil. The only nests that are made are those of the breeding
does and in Britain these are usually away from the main warren and at the blind end
of a short burrow. These burrows are probably often dug only a few days prior to
parturition and the nests are made with an outer covering mostly of grass and an inner
lining of hair. The young are suckled in the nest for about 4 weeks, after which the
mother deserts them, but the young rabbits may use the nest burrow for a few more
weeks. The micro-habitat provided in the nest is far more suitable for the develop-
ment of the larval stages of the rabbit flea than would be the bare earthen floor of a
normal burrow. For completion of their development larvae of many species of fleas
require a dietary component present in dried blood, and normally obtained from the
faeces of adult fleas as the larvae are themselves incapable of piercing a host and
sucking blood (Bacot, 1914; Sikes, 1931; Edney, 1947). If eggs were matured and laid
indiscriminately by rabbit fleas while they were still attached to a rabbit these non-
adhesive eggs would normally fall on to the surface of the ground or the floor of a
burrow; larvae hatching from these eggs would appear to have only slight chances of
finding particles of dried blood in such situations. This difficulty is obviated by the
fleas only producing mature eggs at the end of their host's pregnancy when they are
likely to be carried to a nest. Their behaviour in respect of attachment to the adult
rabbit changes abruptly at the time of parturition and leads to a concentration of males
and gravid females loose in the nest. The female fleas in particular feed avidly on the
nestling rabbits and the latter become thickly spattered with faeces of part-digested
blood which subsequently probably rub off into the nest. Some blood is likely to be
lost by the parent rabbit during parturition and the net result is that there is an
abundance of dried blood in the nest for any developing flea larvae. Flea larvae also
require vitamins of the B complex and these are probably obtained by eating fungi
(Sharif, 1948). Fungal growth is likely to be far more prevalent in warm, moist rabbit
nests than in normal, well-used burrows.

During the past 25 years much research has been directed towards a fuller under-
standing of the physiology of insect reproduction, and the importance of the cerebral
neurosecretory and endocrine systems and of correct nutrition are now well appreciated
(Johansson, 1958). Wigglesworth (1936a) demonstrated that a functional corpus
allatum was essential for the deposition of yolk in the oocytes of Rhodnius prolixus Stal
by experiments involving decapitation, implantation and parabiosis. It was concluded
that a "yolk-forming hormone' is secreted by the corpus allatum of the adult R. pro-
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iixus, and it was shown later (Wigglesworth, 1948, 1961) that this could be the same
substance as the 'juvenile hormone' secreted during the first four nymphal instars.
The proximal oocytes in each ovariole of a specimen deprived of its corpus allatum
develop normally up to the stage when yolk deposition should occur and then die and
are gradually resorbed, whilst the adjacent, living oocytes take their place and undergo
partial development. This sequence of partial development followed by degeneration
after allatectomy resembles the course of events when intact rabbit fleas are maintained
on rabbits other than nestlings or pregnant does which are less than 7 days pre-partum.
This, in turn, suggests that for some reason the corpora allata of the rabbit flea do not
secrete 'yolk-forming hormone' except when kept on rabbits of the latter types. If
this is so it would be interesting to determine how the secretory activity of the flea's
corpora allata is controlled. Clearly an insect has to be suitably nourished for the
required hormone synthesis and Wigglesworth (1936a) found that when adult
R. prolixus were starved their corpora allata had a shrunken, inactive appearance and
the ovaries underwent changes similar to those seen in allatectomized specimens.
Similarly, Johansson (1954) found with the milkweed bug Oncopeltus fasciatus (Dallas)
that both the ovaries and the corpus allatum were affected by starvation, but implanta-
tion of corpora allata from sexually active individuals into starved ones led to egg
development by the latter. Thus inactivation of the ovaries by starvation was indirect,
and resulted from insufficient activity of the corpus allatum, as in this species the basic
materials required for egg production must have been present at the time the active
corpora allata were implanted. In the present study the gut of each dissected flea was
inspected cursorily and a subjective appraisal made of the state of digestion of the
contents. There was no particular indication that fleas kept on male or non-pregnant
female rabbits were undernourished.

Some insects, particularly discontinuous feeders, apparently require a meal of a
certain minimum size before ovarian maturation is possible and in such cases it is
likely that initiation of activity in the corpus allatum is mediated via the central or
stomatogastric nervous systems after stimulation of nerve endings by a stretching of
the abdomen. Fleas of many species probably normally leave their host after each
meal and could thus be considered as discontinuous feeders, but the rabbit flea is more
difficult to classify as it tends to stay on a host, often with its mouth-parts inserted in
the skin, although not continuously sucking blood. No obvious changes were noticed
in the feeding behaviour of rabbit fleas kept on pregnant hosts at a time that corre-
sponded to the ' critical point' in ovarian development, and it is unlikely that a simple
alteration in feeding rate is responsible for the change in ovarian function although it
would be expected that once fleas commenced to develop their ovaries they would
require additional nourishment. Female fleas were more often seen on the cartila-
ginous swellings at the base and back of the ears towards the end of the pregnancy
than at other times. Whether this observation has any significance is uncertain as the
ovarian development of these fleas was no different from that of those feeding elsewhere
on the ears.

Among insects which are more continuous in their feeding and varied in their diet
distension of the abdomen is probably of less importance than is the biochemical
composition of the foods taken. For example, female CalKphora erythrocephala
(Meigen) will live on a diet of sugar and water but the ovaries only develop when
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protein is added, although protein itself will not maintain life (Fraenkel, 1940).
Strangways-Dixon (1961) has shown that during each cycle of egg production
C. erythrocephala selects, first, a protein-rich diet and subsequently a carbohydrate-
rich one. The corpus allatum also undergoes cyclical changes in size and its activity
appears to be controlled Immorally by the concentration of yolk precursors, derived
from the 'protein' diet, present in the haemolymph (Strangways-Dixon, 1962). The
' protein' diet used was Marmite and milk, and which of the possible metabolites was
involved in the activity cycle of the corpus allatum is at present unknown. Harlow
(1956) working with another blowfly found that Marmite provided a non-protein
accessory substance, possibly a B vitamin, vital for yolk formation. It is well known
that blood does not provide haemophagous insects with a sufficiency of vitamins of
the B complex and they are dependent upon the presence of symbionts in the gut
unless their larval stages are not restricted to blood feeding (Wigglesworth, 1936A). It
is also of interest that Baines (1956) working on the development of symbiont-free
Rhodnius prolixus noted that, compared with mouse blood, the blood of rabbits was
relatively deficient in some unidentified accessory substance normally provided by the
symbionts.

In the case of the rabbit flea vitellogenesis only occurs in fleas present on pregnant
does during the final 7 days of their pregnancy or in those released among newly born
rabbits, and it is postulated that such hosts provide the fleas with an essential factor.
The factor may act in a quantitative manner as complete vitellogenesis can occur in
1-2 days on new-born rabbits but takes about 7 days on the pregnant adult. (No
experiments have been done in which previously fed, but immature, fleas are released
on pregnant rabbits at differing intervals after the ' critical stage' has been reached to
investigate whether the ovarian response is relatively more rapid among those released
last. If this occurred it could indicate a quantitative response to an increasing factor
stimulus.) The transfer type of experiment showed that the factor must be maintained
throughout the period of vitellogenesis, and resorption of previously developing
yolky oocytes is apparent within 1 day of transferring fleas to a host that does not
provide the requisite stimulus. Impregnation of the female flea has no bearing upon
whether or not yolk deposition takes place, although impregnation is important in
some insects, e.g. Cimex lectularius L. (Mellanby, 1939).

Some of the more likely paths of action of the factor are as follows. (1) As an
external stimulus to the central nervous system. This might explain the rapid initia-
tion of resorption after transfer to an unsuitable host, but if we accept that a graded,
quantitative response can occur it requires the existence of a graded external stimulus,
which appears less likely. (2) From the haemolymph, either via the nervous system or
Immorally, to the neurosecretory system and/or the corpus allatum and leading to a
release of stored hormone. (3) From the haemolymph to the neurosecretory system
and/or the corpus allatum, which is accordingly activated to produce and secrete
hormone. (4) From the haemolymph to the ovaries. This might be the case if the
factor is an essential metabolite or precursor for yolk formation.

If a 'yolk-forming hormone' is produced only when the factor is present in the
haemolymph it is possible to envisage that variations in the factor concentration could
lead to variations in the rate of hormone production and in turn to variations in the
rate of yolk deposition. There is evidence that in several insects response to corpus
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allatum implantation varies with the quantity of this tissue implanted (Joly, 1945;
Johansson, 1958). A simple variation in the quantity of the factor available to fleas
kept on different types of hosts would then explain the observed differences in ovarian
activity. The transfer experiments imply that, to prevent oocyte resorption, hormone
must be maintained at an appropriate level throughout vitellogenesis and that release
on an unsuitable host rapidly results in a reduction of hormone concentration below
this threshold, whereas enforced cessation of feeding does not. Likewise, Johansson
(1958) found with Oncopeltus fasciatus that once vitellogenesis had commenced allat-
ectomy (complete removal of further supplies of hormone) normally led to oocyte
degeneration whereas starvation (initially probably only reducing production of
hormone) did not.

Fleas which acquire the maturation factor most probably obtain it in their blood
meals, although as yet there is no experimental evidence for this. Substantial changes
are known to occur in the composition of mammalian blood during pregnancy and the
most obvious of these changes concern the concentrations of the steroid hormones and
their metabolites, which are generally at a very low level in non-pregnant animals. Using
a bioassay based on in vivo myometrial response Schofield (1957, i960) investigated
the interaction of endogenous oestrogen and progesterone in the control of pregnancy
and parturition in the rabbit. She concluded that progesterone was the principal
hormone determining the course of pregnancy and that its influence on the myo-
metrium was dominant from 1 day after mating until 1 \ days before parturition. The
source of the progesterone in the rabbit, which is a species that cannot maintain
pregnancy after ovariectomy, was shown to be principally, if not entirely, luteal
although the presence of the placentae was necessary to maintain luteal activity. The
level of oestrogen fell within I day of mating and remained low for the first half of the
pregnancy, after which it rose to a maximum at the time of parturition. The possible
sources of this oestrogen were not investigated. Using the Hooker-Forbes bioassay
Zarrow & Neher (1955) found that blood serum taken from the marginal ear vein of
female rabbits contained little progestin (progesterone) at the time of mating and
again within 1 day after parturition. After mating the concentration rose to a high,
plateau level maintained until about 1 week before parturition when a further rise
occurred and this highest concentration did not fall until shortly after parturition.

Analytical methods for measuring concentrations of steroid hormones in the blood
have been developed only recently, but as more data become available it may be
possible to explain the apparent discrepancies which can result from the use of
different bioassays. Unfortunately, a quantitative comparison of the hormones in the
plasma of the foetus at the time of birth with that of its mother does not appear to be
available for rabbits, but it has been shown for man that both progesterone and oestro-
gen (oestriol) are present at a much higher concentration in the foetal circulation
(Aitken, Preedy, Eton & Short, 1958). The rate of metabolism of these hormones in
the new-born child is also apparently much slower than in the adult as substantial
quantities persist in the blood for some time. Much steroid hormone is produced by
the placenta and its loss at parturition is a major cause of the sudden decrease in
circulating hormone in the post-partum adult.

In several respects the changes in steroid hormone levels parallel those of the factor
postulated to explain the variations in flea ovarian activity. For example, oestrogen

26 Exp. Biol. 41, 2
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levels are very low in males and non-pregnant females, rise in the pregnant female
towards term, fall rapidly after parturition and may be very high in the new-born,
whilst the factor is demonstrable only towards term and in the nestlings. Even if
steroids are involved their influence may not be direct as there is evidence that in-
creasing concentrations of steroid hormone in the blood may produce secondary
effects also detectable in the blood and hence possibly by the feeding fleas. Thus
Horger & Zarrow (1957) indicate that oestrogen and progesterone play important
roles in the fluid metabolism of the pregnant animal and are partly responsible for the
anaemia of pregnancy in the rabbit. Sabin, Miller, Smithburn, Thomas & Hummel
(1936) showed that new-born rabbits had a macrocytic anaemia which was gradually
reduced after the first week of life and that the red cell count characteristic of adult
rabbits was reached by the third week. Consequently it would appear that, although
from different causes, the blood both of recently born rabbits and of does during the
final third of their pregnancies has a relatively high plasma volume/cell volume ratio.

It must be emphasized that the 'juvenile hormone' of insects which appears to be
similar to the 'yolk-forming hormone' is most probably an acyclic compound, such
as a terpene alcohol or derivative (Schmialek, 1961; Wigglesworth, 1961) and the only
steroid insect hormone described is one from the brain of Bombyx mori (L.) (Kirimura,
Saito & Kobayashi, 1962). Extracts with juvenile hormone activity have been ob-
tained from a very wide range of living organisms and sources include mammalian
ovary, corpus luteum and placenta and 1-day-old rats (Williams, Moorhead & Pulis,
1959); hence it is just possible that the rabbit flea is responding to an increase in
substances similar to its own yolk-forming hormone and that this is being received
directly in its diet.

SUMMARY

1. Unlike any other species of flea which has been cultured successfully Spilopsyllus
ctmiculi (Dale) is entirely dependent for its own reproduction upon its host becoming
pregnant.

2. The ovaries of fleas kept on male or non-pregnant female rabbits remain im-
mature whereas those on a pregnant host are mature at the time of parturition.
Vitellogenesis commences at a critical point approximately 7 days pre-partum, irres-
pective of how long the fleas have been on the host. It is postulated that a factor
required by the flea for ovarian development is only available during the final week of
pregnancy, and not at all in male or non-pregnant rabbits. The factor disappears from
the adult after parturition but is present in her nestlings for at least 7 days.

3. Most fleas desert the adult doe shortly after the young are born and enter her
nest, where copulation and oviposition occur.

4. The factor does not act solely as a trigger initiating in the flea developmental
processes which then continue in its absence; ovarian regression occurs among
maturing fleas transferred to hosts that do not supply the factor.

5. The processes of vitellogenesis, not those of oogenesis, fail in the absence of the
factor. It is suggested that the 'yolk-forming hormone' normally secreted by the
corpus allatum of the adult insect may only be produced by rabbit fleas when they can
obtain the postulated factor. Variations in the quantity of this factor available to fleas
on different hosts could explain the observed variations in ovarian activity. Some
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parallels between the factor and steroid hormone levels in the host's blood are
discussed.

Work has been carried out on Spilopsyllus cuniculi because of its economic im-
portance as the principal vector of myxomatosis in Great Britain; I am indebted to the
members of the Scientific Sub-Committee of the Myxomatosis Advisory Committee
for their encouragement and in particular to the Hon. Miriam Rothschild. She had
suspected for several years that the breeding cycle of this flea might be related in some
way to the breeding cycle of the rabbit and has suggested several useful lines of
investigation. It is a pleasure to record the interest of Mr A. J. B. Rudge, who was the
first person to see the larvae of S. cuniculi in the nest of a laboratory rabbit, an observa-
tion from which the present study largely stemmed. I have received technical assis-
tance from several other colleagues in the Infestation Control Laboratory, notably
from Messrs A. Howard, R. J. C. Page, J. W. Sears and K. L. Turns. I wish to
thank Dr I. Thomas and Mr H. V. Thompson for their advice and for reading and
criticizing the manuscript.
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