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AN ELECTROPHYSTOLOGICAL AND CHEMICAL INVESTIGATION OF

THE FEMALE SEX PHEROMONE OF THE CRAB PORTUNUS

SANGUINOLENTUS (HERBST)

ABSTRACT

Chemoreceptors sensitive to the sex pheromone of Portunus

sanguinolentus (Herbst) were examined using behavioral, histological

and electrophysiological techniques. Certain physical and chemical
characteristics of the molecule were also defined,

The inner flagellum of the antennulae of male P. sanguinolentus

was found to be sensitive to the sex pheromone of the premolt
famrle. This was indicated by ablation experiments where males
without their inner flagella failed to respond to the female pheromone
with the characteristic display (which was the biocassay) described
by Ryan (1966), Mature males did not give the display while a
premolt female was being carried by another male or artificially
held., This indicates that the femzle had some mechanism for con-
trolling the release of the pheromone, In these cases the pheromone
was still present in the urine of the female, It was established
that while she was being carried the female inhibited emission of
the sex pheromone by regulating her urine flow,

Histological studies on the inner flagellum of the antennulae,
using both silver, and haematoxylin and eosin methods, revealed that
the hairs are innervated by numerous dendrites from groups of bi-

polar cells, The innervation greatly resembles other known crustacean
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and insect chemoreceptors,

Electrical activity recorded externally from the inner flagellum
of the antenmulse demonstrated that the chmcreceptofs respond to a
wide array of pure chemicals, Flagellar receptors of mature males
also appear to be able to differentiate urine with and without the
female sex pheromone by a change in electrical activity. Female
flagellar receptors appear unable to make such a distinction,

The sex pheromone was stable, remaining stimulative after 15
minutes at 100°C, and 2 months at -20°C, The pheromone was soluble
in absolute ethanol, but not in N-butanol, ethyl acetate, diethyl
ether or petroleum ether, Size of the molecule was estimated to bhe
close to 1000 molecular weight using dialysis, pressure ultrafiltration,
and exclusion properties of G-15 Sephadex, The pheromone was sep-
arated with one-dimensional and two-dimensional ITLC-sa electro-
phoresis, iigration was towards the cathode in solutions ranging
from pH 2,00 to 10,85, The presence of the sex pheromone was demon-
strated by eluting from the electropherogram with Pantin's crab
saline and testing the elutant on test males, There was a decrease
in mobility between pH 4,00 and 7.25. The active fraction was
eluted from the caticn exchanger, SE-Sephadex at pH 6,90, The decrease
in mobility and elution at pH 6,90 suggests that the isoelectric
point lies between pH 4,00 = 7,25,

The use of selected chemical deteciting methods on electrophero-

grams failed to give any conclusive chemical identification of the

sex pheromone,
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PART 1

INTRODUCTION

The study of chemical communication has been until recently con=-
fined to the insects. The great array of chemical signals found in
social insects: trail marking, alarm, aggregation, and sex pheromones,
conveys the biological significance of this form of communication for
these animals,

Pheromones were defined by Karlson and Butenandt (1958) as
substances that are secreted by an animal to the outside and cause
a specific reaction in a receiving individual of the same species,

Sex pheromones appear to be common to almost all insects, and
may be produced by either or both of the sexes (Dethier, 1947; Green,
Beroza and Hall, 1960; Jacobson, 1965; Schneider, 1969), Sex phero-
mones have also been found in fish, salamanders, snakes, and mammals
(Wilson and Bossert, 1963). Many workers have suggested that chemical
substances are also used by crustaceans for sex recognition, Others,
however, favor the behavioral-tactile signals as being the major
factors involved in sex recognition in crustaceans, Both hypotheses
were reviewed by Broekhuysen (1937) and Schone (1961).

Chidester (1911) studied the sex recognition of Carcinides maenas

(L.) Cancer irroratus Say, and Ovalipes ocellatus (Herbst): using the

three species he replaced soft (just molted) females with ummolted
meles, Males present tried without suecess to hold and copulate with
the newly added males, Chidester's conclusion was that male crabs

apparently do not distinguish between sexes as such, but that they



only hold, and consequently copulate with soft females,
Broekhuysen (1937) tested the possibility of a chemical factor;

he introduced newly molted females (Carcinides maenas L.) into a

container with a male, He observed that the male would copulate
with the female only after bodily contact was made. Nonreceptive
females would move away after being touched., Broekhuysen concluded
that there was no distinet sex recognition, but that it was the lack
of movement by the female which triggered recognition and thus
copulation.

Aggregation pheromones are released by at least two crustacean
species, Hazlett (1966), using a Y-tube apparatus, reported that the

hermit crab (Clibamarius tricolor) would orient chemically to con=-

specific individuals, He found that positive reactions occurred during
the day but not at night, This corresponded to the actual times of
aggregation observed in the field., Using a similar technique
Kruschwitz (1967) showed that the shrimp Saron marmoratus (Olivier)

was able to discriminate and orient to water from an aguarium con-
taining other conspecifics,

Burkenroad (1947) suggested a chemical cue to explain responses
of male Palaemonetes vulgaris (Say) to females which had just molted,

The females were found to be attractive for a period no longer than
20 minutes if copulation occurred, If the female was not allowed to
copulate, it remained attractive for 3-7 hours, A male had to touck
the female with his antennae before there was any sign of recognition.

This suggested that the chemical cue was a non-diffusible coating on



the integument of the female, A similar observation was made with
Leander; the male must make contact with the female before copulation
oceurs {Carlisle and Xnowlses, 155%).

However, a distant chemical attraction was observed in the sex

recognition of the male American lobster (Homarus americanus H, Milne

Edwards) by Hughes and Matthiessen {1952), When a male lobster
approached to within a few feet of a freshly molted female he showed
a specific behavioral change. The male increased maxilliped and
antennae movement, rose to the tips of the walking legs, then stroked
the female with his antennae while she reciprocated, Male mysid

shrimps Metamysidopsis elongata (Holmes) have also been observed

by Clutter (1969) to increase speed and change the pattern of their
swimming movements after passing within 5 em, of a molting or just
molted adult female, The males seemed to ignore visual cues in
light, mating normally occurs at night, Carlisle and Knowles (1959)
state that many female crabs release an attracting substance during
premolt which can be detected at a distance by the males,

Based on premolt courtship behavior (male carrying the female)

of Hemigrapsus oregonensis (Dana), Cancer productus Randall, and [

oregonensis (Dana), Knudsen (1964) concluded that a chemical stimulus
was being released by the female, Edwards (1966) concluded that a
powerful attraction appeared to exist between male and female Cancer
pagurus L.; on 37 occasions females were attended continuously by
males for periods of 8 and 5 days before and after molt, respectively.

The investigation of Ryan (1966) is the first experimental work
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confirming the presence of a sex pheromone in a crustacean, He clearly
established the presence of such a sex pheromone released by Portunus

sanguinolentus (Herbst) premoit femaies, The site of release was

thought to be the urinary apparatus, but urine was not collected and
tested by him, Other unanswered questions were the origin of the
molecule and its characterization, the location and response of the
pheromone-sensitive receptors on the male, and control of the amount
of sex pheromone released by the female, '

The present study combines behavior, histology and electro-
physiology to clarify the site of pheromone sensitive receptors and
establish to some degree the sensitivity of the receptors to certain
pure chemical stimuli, Behavioral studies were also performed to
determine if there is any control of the pheromone's release. Phys-
ical and chemical studies were conducted to determine some properties

of the molecule,



PART II

MATERTALS

Portunus sanguinolentus was obtained using a variety of fishing

techniques, Crabs were collected in Kaneohe Bay, Oahu, Hawaiian
Islands at sites A and B (Fig, 1) using two to five rectangular wire
traps in tandem, which were secured to the reef by means of a rope.
The majority of the crabj.:'., however, was taken using circular crab
nets in the fish pond site C (Fig. 1). Large numbers of animals were
also obtained by bottom trawling during Cruises 33 and 35 of the U,S,
Fish and Wildlife vessel, Townsend Cromwell, which were conducted
around the Hawailan Islands,

Crabs were maintained in a reeirculating sea water system, They
were fed frozen fish every other day, and could be kept in good health
for two to three months,

Dué to the cannibalistic nature of the animals, it was found
necessary to add one or two concrete building blocks to the holding
tanks, This added surface area and cover allcowed more animals to be
kept per container,

Stages of maturity and molting were determined using the ceriteria

established by Passano (1960) and Ryan (1965),

C
&
)
e
o
&
o
<

1)
9]
o
sp
J
b

Fh
o
Q
§

sthods and technigues will be included



, INaut.Mile - ' R\ K
v 1 — ISR o
- B

b,

Figure 1,

Chart showing the Portunus sanguinolentus collection
sites (4, B, C).
HIMB = Hawaii Institute of Marine Biolozy, (After
Tester, 1951)




PART III

BEHAVIOR
To establish a means of showing the presence or absence of the
sex pheromone a bioassay was devised, The response of mature male

Portunus sanguinolentus (Herbst) to the sex pheromone was described

by Ryan (1966), The male begins a searching behavior which climaxes
in a "dance". At the start of the "dance" the male assumes a specific
posture: the chelipeds are extended, revealing the ox-blood coloration
along the medial surface of the chelae, He rise:z on the tips of the
dactyls to maximum height above the substratum, The swimming legs
are elevated and the male moves about in this posture (Fig, 2). The
“"dance" will be referred to hereafter as the display,

Premolt females, in the last immature to second mature instar,
of stage Dg (intermolt stages according to Passano, 1960), released
the sex pheromone from 7-8 days prior to ecdysis (Ryan, 1966)., A
premolt female crab can be recognized by cessation of eating and its
bluish pigmented abdomen. If a mature male is present, she may be
carried, dorsal side uppermost, by being held by the male's second
and third walking legs, which extend over the anterolateral borders
of the female's carapace (Ryan, 1965),

Bioassay Experiment

For the bioassay revealing the release of the pheromone the
experimental apparatus shown in Figure 3 was used. Identical reserveirs,
A and B, were made of  inch plexiglass (5" x 5% x 4") and painted
black, The rate of water flow was kept constant by adjusting the



Figure 2, Diagram showing display posture of a mature male
Portunus sanguinolentus (Herbst), The ox-blood
pigmentation on the medial side of the right
chela is indicated.
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Figure 3, Apparatus for testing chemosensory response of
male P, sanguinolentus to females in various stages
of molt, Intermolt female in reservoir A and
premolt female in reservoir B,

A; B = reservoirs; a;, b = taps, ¢ = dispenser,
TT = test trough

(1) = overflow. tubes to drain, (2) = tube to
dispenser, (3) = inlet tubes, '



11
plastic taps (a and b) of the apparatus, An overflow drain was located
at the same height on the side of each reservoir, thus maintaining
the flowing sea water at an sgual deopth in each of them, The rate
of flow through the inlets was adjusted so that when taps (b) were
turned completely open, a minimal amount of water flowed continuously
from the reservoirs A and/or B through the drain outlets, Thus a
steady head of pressure was maintained in all experiments, whether
taps (b) were closed or open, When taps (b) were open water flowed
from the reservoirs to the test trough, The 72" x 23" test trough
had a sloping bottom and an outlet adjusted so that the depth of the
water ranged from Allr" at the outlet to 33" at the opposite side where
tube (1) enters the trough. All tubing was 1" (inner diameter) Tygon
except for the inlet tubing (3) which was £” (inner diameter) Tygon.

The following experiment (referred to as the reservoir experiment)
was performed to establish whether the display was specific to premolt
female crabs,

An intermolt female was placed in reservoir A, a premolt female
in reservoir B (Fig. 3). One of the taps (b) was closed so that water
from its reservoir did net enter the trough, A one hour adaptation
period was allowed, after which a test male was placed in the center
of the trough, After observing the behavior of the male for 15 minutes,
water of the closed off reservoir was allowed to flow into the trough
for another 15 minutes while the other reservoir was shut off during
this time, If there was a display by the male in any one of the two

cases the source of water (from intermolt or premolt female) was known,
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Test males were chosen, when possible, from ma;les that were known to
give displays to premolt females,

The results of the experiment are shown in Table I. Three pre-
molt females and seventeen males were used, Fourteen of the seven-
teen males gave displays when water flowed through reservoir B (pre-
molt female) while none of the males displayed when water flowed
through reservoir A (intermolt female). A chi=square test was con-
ducted using the method of Snedecor (1956). The Null hypothesis of
a random distribution of response was rejected on the basis of X2 =
7.65,

Site of Sex Pheromone Release

Release of the sex pheromone was found to be associated with
the release of urine, Ryan (1966) found that when the nephropore
was blocked with paraffin, test males would not display but when the
paraffin was removed, the display could once again be obtained,
However, Ryan was unable to collect urine, and test it directly.

Urine was collected from premolt and intermolt female erabs, by
lifting up the opercular flap of the nephropore with a bent stainless
steel dissecting needle, The urine was collected by capillary action
into a thin capillary drawn from Kimax. capillaries tubes 0,8-1,2 mm
I.D, x 100 tm, One such capillary contained approximately 70 micro-
liters of urine, The urine samples were blown out into 4 dram vials
and quickly frozen on dry ice., The samples were either stored in a
frozen state at -20°C,, or lyophilized and stored at -20°C, under

vacuum or under a nitrogen atmosphere in a desicecator jar.



13

Table I, Bioassay for pheromone produced by female
P, sanguinolentus as indicated by the number
of displays of test males to water from
reservoirs containing females to be assayed.

Female Males Reservoir A Reservoir B
tested (intermolt female) (premolt female)
1 7 0
2 6 0 5
3 L 0 L

Total 3 17 0 14
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The urine samples were tested by resuspending them in sea water
and pipetting them close to the test males, The males were then
allowed one minute to give a display,

A total of 33 urine samples from premolt and 33 from intermolt
females were used in these tests, None of the males gave a display
to urine from intermolt females, but they all responded with a display
to urine from premolt females,

Control of Sex Pheromone

When a few males in a population carry premolt females, no dis-
playing by unpaired males was observed, Since the foregoing experi-
ments strongly suggest that the sex pheromone was r.eleased with the
urine of the premolt female, it would appear that the carried females
may control the release of the pheromone,

The following possibilities could explain the absence of a display
by the unpaired males: {a) visual cues of a pair, (b) secretion of
a sex pheromone “"masking" substance by the carrying male, (¢) secre~
tion of a sex pheromone "masking" substance by the carried female,
(d) control of the release of urine which contains the pheromone by
the female,

1, Natural Holding Experiment.

To test possibility (a), the following apparatus was used, Figure
Lk, A pair (a premolt female carried by a male) was placed in the
reservoir (R), a test male in the trough. Clamp (C) prevented water
from reservoir (R) from entering "f.he test trough. A one hour adaptation
period was allowed. Then water was diverted from the reservoir (R)

to the test trough by removing clamp (C) and the test male was
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Figure 4, Apparatus used for testing display response of
male P, sanguinolentus to substances produced by
females being held by males or other physiecal
restraint, A pair (male holding a premolt
female), a premolt female held with beaker tongs,
or premolt female was placed in reservoir R,

Assay of the water flowing through any of the three
situations was made by observing the response of

the test male.

C = dispenser, R = réservoir, = = clamp, ¥ = tap,
TT = test trough, ‘
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allowed 15 minutes to display (Table II) after which the water flow
from the reservoir into the trough was clamped off and the holding
male removed, After a one hour adaptation period, the water flowing
past the premolt female was again diverted into ths trough and the
test male was given another 15 minute trial period,

The results are shown in Table II,

Fourteen of the fifteen test males displayed when water flowed
past the premolt female (B, Table II), but did not display when water
flowed past the pair (A, Table II). Visual cues are thus not required
to explain the absence of the display behavior,

2. Artificial Holding Experiment

The possibility (b) of a male factor inhibiting the sex pheromone
by secretion of a masking substance was investigated using the same
apparatus and routine as in the "Holding Experiment" (Fig. 4)., Instead
of a male holding the female, the latter was held with beaker tongs,
which had styrofoam blocks glued to the tips. The tongs fit over the
lcng anterolateral spines of the female crab. The nephropore was
not blocked.

The results of the artificial holding experiment are shown in
Table III, The female held by beaker tongs apparently did not release
any sex pheromone, or she was secreting a masking substance,

3. Testing the Presence of a Female Masking Substance

Possibility {e), secretion of a2 "masking" substance by the carrisd
female: the same procedure and apparatus was used as in the "artificial

holding experiment"., A 70 microliter urine sample was collected from
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Table II, Bioassay for pheromone produced by female
P. sanguinolentus as indicated by the number
of displays of test males to water from
reservoir (R) containing either a male carrying
a premolt female (A) or just the premolt female

(B).
Number of . A B
Female Males tested F+M F
1 3 0 2
2 5 0 5
3 L 0 L
L 3 0 3
Total L 15 0 14

F = female M = male
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Table ITI, Bloassay for pheromone produced by female
P, sanguinolentus as indicated by the number
of displays of test males to water from
reservoir (R) containing either a premolt
female (A) or the premolt female held with a
pair of beaker tongs.

Female Number of A B
Males tested F-free F~held

1 3 3 1

2 3 : 3 0

Total 2 6 6 1
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the female 2 hours prior to the experiment, After testing the un~
restrained female (Table III, A) she was artificially held and tested
(Table III, B). After 15 minutes the sampled urine was pipetted into
the reservoir close to the held female, and the test male was given
another 15 minute trial period.

The test male gave a display during A when the female was un-
restrained while in B when she was artificially held, there was no
display. The male again displayed in less than 30 seconds after the
urine sample was introduced into the reservoir (R). This shows the
presence of the pheromone in the urine hefore the female is artifi-
cially held, and that the held female does apparently not release a
"masking" substance,

L4, Control of Urine Release by the Female

To test possibility (d) that the female controls the release of
the urine and thus that of the sex pherci-~me, urine was collected
from a female, while she was being held by a male after two and three
hours, and also from an artificially 1eld female after one hour, A1l
urine samples initiated displays by test male crabs, The results
suggest that the held females were not releasing any or very little

urine,

Ablation

The site of chemoreceptors has -:ommonly been determined by observ-
ing the behavior of an animal after being exposed to a chemical
stimulus, Various suspect sites ars then either removed or blocked

in some fashion, and the behavior of the animal again observed,
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The antennulae of P. sanguinolentus are known to be the site of

chemo and osmoreceptors (van Weel and Christofferson, 1965). These
appendages were therefore investigated first,

Twelve males were used, all of whom were known to give displays
to the sex pheromone, The antennaze of four animals were ablated at
the proximal-most joint, and they were tested for trauma due to
ablation, The crabs were tested before antennal ablation using the
method and apparatus shown in Figure 3, but with sea water as the
control, instead of an intermolt female, Then the antennulae were
ablated and the crabs were again tested, Six other males were tested
just after ablation, four again one day after, and one male one week
after ablation, Two other males had the inner flagellum at the tip
of the antennvlae (see Figure 5) removed, They were tested after 24
hours and after two weeks,

The males which had only the antennae removed gave displays.,
Those which had.the antennulae or only their inner flagellum ablated
did not display during any of the testing periods, There was no

indicatiosn that a traumatic effect occurred,
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Drawing of the tip of the antennula of a male

guinolentus,
OF = outer flagellum, IF = inner flagellum,

A = aesthetase hairs,

P. san

Figure 5,
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PART IV
THE INNERVATION OF THE INNER FLAGELLUM OF THE ANTENNULA
The antennulae are biramous segmented appendages with an inner
and outer flagellum (Fig. 5). The inner flagellum is the site of
aesthetasc hairs (aesthetasc = an olfactory recentor on antennulae,
Kenneth, 1960), and appears to be the site of chemoreception, whereas
the function of the outer flagellum is not known,
The innervation of the inner flagellum was examined using

antennulae from both male and female Portunus sanguinolentus,

Technique
The tips of the antenmulae (Fig, 5) were ablated from intermolt

animals, preserved in Bouin's Picro~-formol fixative for two days,
then dehydrated and cleared by the butyl alcohol technique (Zirkle,
1930), Serial cross- and sagittal-sections were cut at 8 or 10
microns and mounted on slides coated with gelatin according to the
Masson method (Edwards, 1950). Serial sections were stained with
Harris®' hematoxylin and counterstained with eosin for general his-
tological study. The innervation of both the inner flagellum and
the aesthetasc hairs was revealed by impregnating with silver using
the Van Camperhaut's ammoniated silver carbonate technique and counter-
staining with a 1% aqueous solution of Ponceau Red and a 0,2% aqueous
solution of Fast Green (Van Campenhaut, 1953).

The permeability of the antennula was examined using a technique

devised by Slifer (1954, 1955, and 1960), Slifer dipped insects in a

0.5% crystal violet solution, and the dye was then found in certain
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hairs, Some hairs also showed a differential movement of dye along
them, It was suggested that this difference in rate of movement was
dus to the sites of increased permeesbility of the hairs, The fine
structure examined by Slifer (1959) showed that some hairs appear to
have porous sites along their length and some to have the porous sites
restricted to the tip or base,

Freshly ablated antennulae, with the cut ends sealed with paraffin
were placed in a 0,55 crystal violet solution made up in Pantin's crab
saline (Lockwood, 1963), The antennulae were removed after 1, 5, 10,
15 and 30 minutes, placed in a depression slide, examined and photo=-
graphed,

Photomicrographs were taken with an Asahi Pentax 35 mm camera
mounted on a Leitz compound microscope, using Kodacolor-X film,
Results

A composite illustration of the innervation of the inner flagellum
is represented in Figure 6, Micrographs of histological preparations
are shown in Figures 7, 8, 9, 10, The sensory nerve arises from
clumps of bipolar cell bodies along the medial side of the cuticle
opposite the hairs, The sensory dendrites extend from the cell bodies
into the aesthetasc hairs, |

The aesthetasc hairs were found to be very permeable to the 0, 5%
crystal violet solution, The entire aesthetasc hair was stained after
a 1 minute interval, whereas the other siructures of the antennmuia
remained unstained after 30 minutes (Fig. 11)., No differential dye

movement could be cbserved,
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Figure 6, Schematic diagram of the tip of the antennula of
P. sanguinolentus illustrating the innervatzon of
the imner flagellum.

AH = aesthetasc hairs, CB = cell bodies,
SD = sensory dendrites, SN = sensory nerve,
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Figure 7.

Figure 8,

Fhotomicrograph of sensory dendrites innervating
aesthetasc hairs of the imner flagellum of the
antennula of Portunus sanguinolentus,

AH = aesthetasc hairs, SD = sensory dendrites,
Silver stain 352x,

Photomicrograph of sensory dendrites between cell
bodies and aesthetasc hairs of inner flagellum of
antennula of Portunus sanguinolentus,

AH = aesthetasc hairs, SD = sensory dendrites,

CB = cell bodies

Silver stain 352 x,
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Figure 9, Photomicrograph of sensory dendrites originating
from the cell body groups in the inner flagellum
of the antennula of Portunus sanguinolentus.

SD = sensory dendrites; CB = cell body groups
Silver stain 352 x,

Figure 10, Photomicrograph of the immer flagellum of the
antennula of Portunus sanguinolentus showing the
main sensory nerve originating from cell body
groups along the medial side of the cuticle,

SD = sensory dendrites; CB = cell body groups,
SN = sensory nerve
Silver stain 352 x,
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Figure 9

Figure 10
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Figure 11, Photomicrograph of whole mount showing the
aesthetasc hairs of the inner flagellum of
the antennula of Portunus sanguinolentus,
Stained with 0,.5% crystal violet solution
for 30 minutes., Violet structures are
aesthetasc hairs, The pale yellow material
is the Chitin of the inner flagellum,
308x,




PART V

ELECTROPHYSIOLOGY
Electrophysiology was used as a means to further elucidate the
chemoreceptive ability of the inner flagellum (Fig, 5) of male and

female Portunus sanguinolentus (Herbst),.

Technique

In these studies the whole animal was used, The walking ap-
pendages and chelipeds were immobilized with a strip of cheese cloth
and fastened with rubber bands, The experimental animal was placed
on a wax dissecting tray and transferred to a Faraday cage. The
antennula was extended and held in place with a pair of adjustable
forceps, The animal's mouthparts were periodically rinsed with sea
water to insure that the gills did not become desiccated,

The recording electrode consisted of a 15 gauge plastic catheter
and a silver wire, which was inserted into the proximal snd of the
catheter, The electrode was attached to a 1 ml (plastic) tuberculin
syringe., The syringe was modified in providing an air vent, so that
the plunger could be withdrawn without disturbing the fluid Bathing
the antennula, The complete unit was mounted on a micromanipulator,
and moved so that only the inner flagellum was inside the catheter
(see Fig, 12), The reference electrode was clipped to the animal's
loft hind swimming leg. The test animels were allowed a half hour
for adaptation before testing, Stimulus solutions were flushed past

the inner flagellum by inserting the syringe plunger, A sufficient



Figure 12,

Apparatus for measuring electrophysiological
responses of inner flagellum of P. sanguinolentus,
A = antennula, AV = air vent, black collar =
stainless steel portion of catheter, C = ¢lamp,

~ E = recording electrode (silver), preamp = pre-

amplifier, RE = reference electrode, S = syringe,
SL = swimming leg,

32
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amount of stimulus solution was retained so as to allow adequate
contact between electrode and the inmner flagellum, When recording

of the response was stopped, the air vent was opened, and the plunger
completely withdrawn.  The air vent was then closed again, the syringe
filled two times with 1 ml of sea water which rinsed syringe, catheter
and antennula,

The electrophysiological responses of the inner flagellum were
amplified with a single-ended AC Tektronix 122 preamplifier, monitored
with a Tektronix RM 504 oscilloscope and also with a La Fayette K615
high fidelity amplifier and speaker, and recorded with a Roberts Tape
Recorder 990 at 3 3/4 inches per second (Fig. 13). A Grass S5 stimu-
lator was used to mark the beginning of each trial, The low and high
frequency response filters of the preamplifier were set at 0,2 and
250 cycles per second, respectively,

Tapes were later played back into the oscilloscope .and photo-
graphed with a Grass C4-K Kymograph Camera., The photographic paper,
Kodak Linagraph 1732, moved at 10 mm per second during all filmings,
The center line of the recordings was kept at the same distance from
the top edge of the film,

An activity ratio was used to represent sensory activity., To
this end the film strip was passed through a clear plastic envelcpe
open at both ends, On the envelope a horizontal line was drawn 0,6
cen from the top edge of the envelope (Fig, 1i). All spikes extending
above this line were counted, When the spike amplitude was low, a

line 1 cm down was used, This procedure was employed, because of the
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Figure 13, Diagrammatic representaﬁion of the recording

equipment for electrophysiological experiments,
A = audio (speaker), Amp = amplifier, Cage =
Faraday cage, C = camera, Stim = stimulator,
Tape = tape recorder,N = oscilloscope,
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Figure 14, Diagram of the technique devised for estimating
frequency of impulses above a specified amplitude,
E = plastic envelope with line drawn 0.6 cm down
from edge in upper right hand corner; spikes
above the line were counted, FS = film strip.
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inability to count the number of smaller spikes in the majority of
recordings, It is realized that this method is a rather crude one
in that it will certainly not give absoluts valuss, but it servss in
giving a fair idea of the rate of electro-activity in the inner
flagellum, For the sex pheromone experiments, the activity ratio was
the number of spikes counted, using urine containing pheromone, com-
pared to the number produced when urine without pheromone was used.
The activity ratio for experiments using pure chemicals as stimuli
was obtained in the same way, but using the activity elicited by 0,05
M glycine as a reference, Glycine was arbitrarily chosen for reference
activity,

Another technique for measuring electro-activity was used as a
comparison., This technique however, was not available for all experi-
ments, Taped recordings of electro-activity 50 microvolts and above
triggered a pulse generator whose output was fed into a leaky inte-
grating circuit; the output of the integrating circuit activated a
pen recorder (Fig, 15) and was calibrated with known frequencies (Dr.
Robert K, Josephson, personal communication, 1970),

Chemicals and urine samples were dissolved in filtered (Whatman
#1 filter paper) autoclaved sea water, chemical solutions were made
up to 0,05 M, and were adjusted to pH 8,2 which was the pH of the sea

water, unless specified otherwise,

Electrophysiological Responses to the Sex Pheromene

Duplicate urine samples (intermolt and premolt) as test stimuli

were employed in electrophysiological experiments, One sample was
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Figure 15, Circult diagram of amplifier used in measuring
amount of electrical activity, OUP = oscilloscope

unblanking pulse, P 25 = operational amplifier
(Philbrick); PR = pen recorder,
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tested on the experimental animal 18-24 hours prior to recording, to
determine whether the animal would display. Only males which responded
to this premolt urine were used for the electrophysiological experi-
ments, During preliminary experiments females showed no observable
change in behavior to urine with the pheromone except possibly a
feeding response,

Urine samples (approx. 70 microliters) diluted with 0,5 ml of
filtered, autoclaved sea water were tested: in half of the experi-
ments, premolt urine was followed by sea water and intermolt urine,
for the other half of the experiments this sequence was reversed, A
1 minute recording of the response was made for both urine samples
and sea water, Recordings were made usually from the animal's left
antennula, occasionally from the right or from both, A total of 12
males and 7 females were used, Duplicate recordings of both
antennulae were made on two males and two females, for a total of
14 and 9 recordings, respectively.

A typical recording is shown in Figure 16, Spikes over approxi-
mately 60 microvolts were used in calculating the activity ratio,

The filming of recorded tapes was a matter of convenience, and since

conditions were equal for all recordings, the method was comparable,

There was no observable difference between recordings from female and
male antennulae,

The activity ratios calculated from the large spikes were found,
however, to be representative of the overall frequency for all spike

sizes (Fig. 16), Frequency of large and medium-sized spikes was much



Figure 16,

Examples of continuous recording of electrical
activity from the inner flagellum of a mature
male P, sanguinolentus antennula when stimulated
with urine with sex pheromone and urine without

sex pheromone,
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higher with premolt urine than with intermolt urine, An activity
ratio was calculated for the 14 recordings from males and nine from
females and is represented in Table IV, Only one recording from a
male showed a decrease in activity below that for intermolt urine.,

A null hypothesis of a random distribution was tested by Chi-square
{Snedecor, 1956) and was rejected (X2 = 10,28), The activity ratios
for four of the nine females were below that of intermolt urine; the
mill hypothesis of a random distribution was tested using the method

of Chi-square (Snedecor, 1956) and was accepted (X2 = 0,11),

Electrophysiological Response to Certain Chemicals

Representatives from mono- and dicarboxylic acids, amides,
amines, peptides, and carbohydrates were used in the experiments,
All of the chemicals were obtained from Nutritional Biochemical
Corporation except: D-glucose (Eastman Kodak); glycly-glycyl-glycine
(Mann Research Laboratories; and DL-Leucyl-glycyl-glycine (General
Biochemicals Inc,),

The stimuli (0.05 M) were randomly applied in approximately 0,25
ml aliquots, using the same procedure as in the previous sex pheromone
experiment, Recordings of only 30 seconds per stimulus trial were
made, The data were treated in an identical fashion except that
impulse frequencies were compared to those produced by glyecine: glyeine

was tested on all experimental animals,
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Table IV, The relative electrical activity recorded from
the inner flagelium of 14 mature male and nine
female P, sanguinolentus expressed as a ratio
of urine with, to urine without the sex pheromone,
Horizontal lines, marked 1,00, indicate wrine
without the sex pheromone which was the arbitrary

reference,
Males Activity Females Activity
Tested Ratio Tested Ratio
1 0,94 1.00 1 0.23
2 1.04 2 0.29
3 1,10 3 0.72
L 1,19 L 0,84 1,00
5 1.20 5 1,03
6 1,42 6 1,46
7 1,42 7 1.85
8 1.55 8 747
9 2,08 9 11.73
10 3,66
11 5.67
12 16,25
13 27.00

14 30.75
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Efferent Activity to Inner Flagellum of Antennula

Efferent activity to the antennula of P, sanguinolentus was

observed by van Weel and Christofferson (1966), The mouthparts, when
touched, produced the greatest amount of response, followed by antennae
and walking legs. It was postulated that both motor and sensory
activity was produced in the antennula when the warious appendages
were touched,

Though most of the stimulus solution applied to the antennula
(through the electrode) flowed down on to the carapace, some of it
undoubtedly got onto the mouthparts, The possibility of efferent
activity caused by this, was checked by making a hole in a piece of
surgical glove, and this was then stretched over the tip of the
‘antennula, With this rubber dam in place, the stimulus solutions
flowed directly to the dissecting tray. The "rubber dam experiment"
was conducted on four crabs, Two of the four crabs were also tested
with ten chemical stimuli applied directly to mouthparts in three-drop
aliguots, while recording the activity at the antenmula, After 32
secs of recording, the stimulus was washed off the mbuthparts with
4-6 ml of sez water, The procedure was otherwise the same,

The possibility of efferent activity when testing urine samples
was also investigated by using the same procedure on two different
crabs, one male and one female,

da

Responses to stimull undsr the various conditions, with and with-
out the dam and direct stimulation of mouthparts are found in Tables

Va and Vb,



Table Va,

Efferent electrical activity recorded from the

inmer flagellum of the antennula when stimulating

with selected stimuli,

Mean glycine
impulses/32 sec,

Chemicals With dam Without dam
sl g ARZ 4 b,

1.00 L 1,00 18 -0,31
glyeyl-glyeyl-glycine 0.55 2 0.36 6 -0,30
D-glucose 0,22 L 0,60 6 +0,19
glutathione (reduced) 0,32 &4 0,13 7 -0.23
DL-aspartic acid 0,26 3 0.44 7 40,04
L-lysine 0,62 3 0.41 6 -0.3%
L-glutamic acid 0,50 L 0.66 7 46 =0,06
L-arginine 0.39 3 0.12 6 08 =0,31
DL-serine 0.51 3 0.55 6 38 -0,13
DL-norleucine 0,72 3 0,62 6 43 -0,29
DL-phenylalanine 0,18 2 0,36 b 25 40,07
c9a water 0.29 L 0.23 8 16 =0.13

&
n
N
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- Column 1.

Column 2,
Column 3.

Column 4,

* # = number of animals

Activity ratio (AR) in presence of rubber dam

isolating antennula from the rest of the animal.

Activity ratio (AR) in absence of rubber dam,
Activity in absence of rubber dam expressed as
ratio of glycine activity in presence of dam,
Difference between columns 3 and 1 indicating

relative activity.



Table Vb, Efferent electrical activity recorded from the
inner flagellum of the antennula when stimulating
the mouthparts with selected stimuli, compared to
the response when stimulating the antennula only

45

(with dam),
Chemicals With dam Mouthparts
mR: 4+ 2 4 3 4,
glycine 1,00 &4 1,00 2 1,20 +0,20
glycyl-glycyl-glycine 0,55 2 ——— - ———— —————
D=-glucose 0,22 4 1.00 2 1,20 +0,98
glutathione (reduced) 0,32 &4 0,96 2 1,16 +0,84
DL~aspartic acid 0.26 3 166 2 2.00 +1,74
L-lysine 0,62 3 1.18 2 1.42 +0,80
L-glutamic acid 0.50 4 1,28 2 1,54 +1.04
L-arginine 0,39 3 1,26 2 1.52 +1,13
DL-serine 0.5 3 145 2 1.75 +1.,24
DL-norleucine 0,72 3 1,18 2 1,42 +0,70
DL-phenylalanine 0,18 2 1.22 2 1.47 +1.29
sea water 0,20 4 1.08 2 1.30 +1,01
Mean glycine
impulses/32 sec, 4ss 550

* # = number of animals

Column 1,

Column 2,

Column 3,

Column &,

Activity ratio (AR) in presence of rubber dam
isolating antennula from the rest of the
animal,

Activity ratio (AR) when stimulating the mouth-
parts,

Activity when stimulating the mouthparts
expressed as ratio of glycine activity in
presence of dam.

Difference between columns 3 and 1 indicating
relative activity.
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Eight of the 11 stimulants used gave a decrease in activity
without the rubber dam (Column 4, Table Va). The activity ratios
for DL-aspartic acid and DL-phenylalanine showed only a slight in-
crease in activity, D-glucose, however, showed a somewhat greater
increase in activity,

When activity ratios of animals with mouthparts stimulated were
compa.réd to activity ratios for just antennula (with rubber dam),
there was a marked increase in overall activity of all stimuli
(Column 4, Table Vb), The results suggest that chemical and tactile
receptors on the mouthparts, when stimulated directly, initiate
efferent activity tc the imnner flagellum of the antennula, However,
stimulating solutions flowing down the antennula onto the carapace
(without rubber dam) do not have any effect (Column 4, Table Va)

except possible D=-glucose,

The Effect of pH on Stimulating Efficiency

The effect of the pH on the stimulating efficiency of a select
group of chemicals, see Table VI, was examined, Solutions (0,05 M)
with pH, ranging from 3,19 for DL-aspartic acid o 9,10 for L-lysine
wore tested. Activity ratios were calculated by comparing impulse
frequency response to that of glyecine (pH 7.25).

The variation in values was quite large., However, if the results
are oxpressed as the number of animals éhowing an activity ratio
greater than 1,00 (arbitrary value for glycine) there appears to be
an increase in stimulating efficiency for the more acidic amino acids

and peptides (DL-aspartic acid, L-glutamic acid, reduced glutathione



Table VI, Percentage of animals showing a greater response
than that eaused by 0,05 M glyeine at pH 8,2,
and at di:fferent pH's (glycine pH 7.25) when
stimulating the inner flagellum with selected
chemical solutions,

Chemicals pH #* % o # %
DL-aspartic acid 8.2 10 00% 3,19 & 50%
reduced glutathione 8.2 10 00% 3.25 L 50%
L-glutamic acid 8.2 11 2%  3.53 7 57%
glycyl-glycyl-glycine 8,2 8 004 6,50 4 50%
L-arginine 8.2 9 00% 6.94 7 00%
DL~norleucine 8.2 9 22% 7.35 L 50%
trimethylamine HCL 8.2 3 66% 7.35 4 00%
L-lysine 8.2 9 11g 9,10 4 504

* # = number of animals tested per stimulant

b7
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and glycyl-glycyl-glycine) as compared with the stimulating efficiency
of the same solutions, after being adjusted to pH 8.2 (pH of the sea
water). However, trimethylamine HCl showed a reversed efficiency
with a greater amount of activity at pH 8.2,

The ability of P, sanguinolentus to detect pH changes was observed

by van Weel and Christofferson (1966). Case (1964) studying crustacean
dactyl chemoreceptors, failed to find any change in activity when
acidified sea water (pH 2.0), or alkalinized sea water (pH 9.0) was
used, However, he found that L-aspartic acid was 10 times as active
in an acid solution as near neutrality, while L-arginine gave uniform
activity in both alkaline and neutral solutions,

Trimethylamine oxide was found to be an effective stimulant by
Laverack (1963) using crustacean dactyl chemoreceptors, On the other
hand, Case (1964), using neutralized trimethylamine did not find it

to be such a good stimulant,

Survey of Chemical Stimuli

The results obtained by van Weel and Christofferson (1965) and
those on efferent activity and pH experiments reported here suggests
that a general survey of the effect of chemicals could be conducted,

In these experiments the pH was kept constant at pi 8.2, Typiecal
recordings and number of spikes measured are shown in Figure 17. The
recordings in Figure 17 are compared to pen recording of electrical
activity (over 50 mierovelts) measured by passing the same recordings
for amino butyric acid and glycine through the integrating circuit (see

Figure 18),
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Figure 17, Example of frequency of electrical impulses
recorded from inner flagellum of the antennula
while being stimulated with two amino acids,
The number of spikes counted for each amino
acid are from strips three times this length,

Figure 18, Pen recording from the same taped record as
in Figure 17, showing number of impluses per
second above 50 microvolts,
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Activity ratios for all chemicals, are represented in Table 7,
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Table VII, Electrical activity recorded from the inner
flagellum of the antennula when stimulating
with selected stimuli expressed as ratio to
0,05 M glycine activity.

Chemical Activity Number of
' Ratio animals tested
Monocarboxylic Acids
Glycine 1,00 (arbitrary)
B-alanine .68 3
DL-serine o 54 9
Gama~-aminobutyric acid 31 5
DL-norleucine .65 9
L-lysine A48 9
L-arginine 21 9
Dicarboxylic Acids
DL-aspartic acid v 39 10
L-gultamic acid .60 11
D~glutamic acid 23 5
DL-phenylalanine .30 6
L-histidine HC1l 13 6
L-proline W72 3
Amides, Amines, Peptides
L-asparagine .16 4
Trimethylamine HC1 1.23 3
Glycyl-glycine 32 5
Glycyl-glyeyl-glycine 40 8
Reduced glutathione .20 10
DL-leucyl-glycyl-glycine L6 6
sea water W25 12
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PART VI

PHYSICAL AND CHEMICAL PROPERTIES OF THE SEX PHEROMONE

To investigate the physical and chemical properties of the sex
pheromone, urine from premolt female crabs was collected and stored
as outlined in the section on behavior, One capillary of premolt
tzrine would elicit a positive display in less than one minute, A
capillary of premolt urine was arbitrerily considered ag containing
one "unit" of activity,

The bioassay procedure was the same as described in the section
on behavior, Test males were chosen, if possible, from males which
had previously given displays ths pharamone. The test male was
allowed one minute to react in all tests except when using elution
solutions from electrophoresis, gel filtration and ion exchange

experiments, where a five minute test period was used,

Solubility

The solubility of the sex pheromone in diethyl ether and petroleum
ether was tested by taking one vial containing one unit of urine,
dissolving it in a small amount of distilled water and transferring
it to a 3 ml test tube, The vial was rinsed once with a 1ittle dis-
tilled water into this test tube after which the total volume was made
up to siightly less than 1.5 ml. An equal amount of solvent was added
to the test tube, and the contents were shaken for 1 minute, The
ether soluble {organic) phase was pipetted into another test tube and

dried in a warm water bath, with constant air agitation, The diied

matter was resuspended in distilled water and tested., The water
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soluble phase was also tested, The sequence of testing (water phase-
ether phase) was reversed for half of the experiments, The pheromone
was not soluble in the ether phase (Table VIII).

Two to five unit samples of urine were used to test solubility
of pheromone in N-butanol, ethyl acetate, and absolute ethanol, The
frozen samples of urine were made up to 10 ml with distilled water
and extracted three times with 10 ml of ethyl acetate, with 30 ml of
N-butanol, and absolute ethanol, Water was removed from the accu-
mulated solvent with anhydrous sodium sulfate., The solvent was then
evaporated until dry with a rotatory flash evaporator. It was only
possible to test both phases after extraction with ethyl acetate, A
display was found only when testing the water soluble phase, The
alcohol soluble phase was tested after extraction with N-butanol aund
absolute ethanol, The sex pheromone was not found when urine was
extracted with N-butanol, but was found to be soluble in absolute
ethanol (Table VIII),

Stability
The stability of the pheromone was examined by taking one unit

samples of urine and resuspending them in 1 ml of distilled water,
This solution was then divided in half and one portion was heated in
a boiling water bath for 15 minutes., The second portion remained at
room temperature, The heated portion was allowed to cool and then
the two portions were tested. Both portions elicited a display in
the test male crab, For results of tests with the heated portion see

Table VIII,
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One unit samplesuof urine were also resuspended in approximately
1 ml of sea water and tssted after 2 and 5 hours at room temperature
(24°c.). The urine samples retained their activity as shown by displays
in the test males,

To determine sta'c-ilitj under frozen conditions a series of 1
unit samples were colleched from one premolt female and the samples
were kept at -20°C, for a period of up to 2 months, One sample of
urine was resuvepended in sea water and tested at the time of collection,

the others once weekly, A display was still elicited after 2 months,

Size of Molecule

The molecular size of the sex pheromone has been estimated by
dialysis, pressure ultrafiltration, and G-15 Sephadex (gel filtration),

One unit samples were rinsed into cellophane bags with 1 ml
of distilled water, The urine sample was dialized against 10 ml of
distilled water for 24 hours at 4°C, with constant stirring, The
material passing through the cellophane was then used in the bioassay,
and was found to elicit a display in test males. Cellophane membranes
usually separate substances less than 5,000 molecular weight (Wolf,
1969) .

Experiments using a column of G-15 Sephadex which excludes mole-
cules above 1500 molecular weight (see section on gel filtration)
showed that the molecular weight of the active principle must be less
than 1500,

Ultrafiltration was performed with a Diaflo Ultrafiltration Cell

Model 50 and a um-2 membrane at 50 psi of nitrogen with constant
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stirring. The um-2 membrane retains molecules that are above 1000
molecular weight (Diaflo Ultrafiltration), A 3% unit lyophilized
sample was diluted to 8 ml with distilled water and filtered., The
filtrate was used in the bioassay and found to cause display behavior
in test crabs (see Table VIII), Therefore, the molecular weight seems

to be close to 1000

Stability of Sex Pheromone to Hydrolysis with Proteolytic Enzymes

Proteolytic enzymes (pepsin, peptidase, and alpha-chymotrypsin
from Sigma, trypsin Difco, pancreatin Merck) were used to try and
inactivate the sex pheromone, A two unit sample of urine was diluted
with 1 ml of distilled water, half of which was pipetted into one
test tube and used for the control, To each of the test tubes 0,3
ml of buffer and 0.1 ml of enzyme was added, The enzyme for the
control test tube had been previously heated at 100°C, for 15 minutes
before adding, The following enzymes and buffers were used; (1)
pepsin with potassium biphthalate-HCl, pH 3.1, (2) alpha-chymotrypsin,
peptidase, trypsin, all with boric acid and sodium hydroxide, pH 8,5,
(3) pancreatin with monopotassium phosphate and sodium hydroxide,
pH 7.4, The experiment was carried out in two ways: (a) the enzyme
concentration was 0,5% with an incubation time of five hours at
37.5-38°C., (b) the enzyme concentration was 1,04 and the incubation
lasted for ten hours at the same temperature,

In both cases (a and b) incubation was carried out in a Dubnoff
shaking metaboiic incubator and at the end of the incubation time the

mixture was tested using male crabs in the bioassay method,
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The sex pheromone remained stimulative in all cases (see Table VIII),
The possibility that the enzyme was causing the response was investi-
gated by using intermolt urine samples which contains no pheromone,
No display behavior by the male was observed in these cases, These
results along with the fact that the molecular weight is close to
1000 indicates that the pheromone is not a protein or large poly-

peptide,

Electrophoresis

Electrophoresis has been performed on samples of premolt urine,
ITLC-sa (Gelman, silicic acid) was used as the support medium, The
electrophoresis chamber was prechilled to + 10°C, for one hour, then
placed in a walk-in refrigerator at 4°C, The following solutions were
employed: glacial acetic acid/ formic acid/ water (15:5:80), pH
2,00: potassium hydrogen phthalate (0.05 M), pH 4,00; Sorensen's
phosphate buffer, pH 7.25; and svdiuwm casizonmate (0,05 M), pH 10,85,

Six to twelve unit samples of: premolt urine were lyophilized,
resuspended in distilled water and spotted 2,5 cm from the edge of
the support medium, using approximately 20 microliters per spot (Fig,
19). A 0,05 M glycine standard was also spotted on the electro-
pherogram, A strip containing the glycine standard and adjacent
urine spot was cut i‘rém the electropherogram and sprayed with ninhydrin
(Gelman), The location of the invisible pheromone on the electro-
pherogram after a period of electrophoresis at constant 400 V, was
determined by dividing it into pieces of equel size by cutting the

strips transversely at distances of 3 cm starting 1.5 cm from the
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Table VIII, Some physical and chemical properties of the
female sex pheromone of P. sanguinolentus as
indicated by reactions to the specific treat~
ments and results from bioassay trials with

test males,
Results and Trials
Solubility
Diethyl ether i (2)
Petroleum ether i (2)
Ethyl acetate i (1)
N~-butanol i (2)
Ethanol (absolute) s (2)
Stability
100°C, (15 mins,) st (3)
24°c, ( 2 hrs.) st (2)
®* (5 hrs,) st (1)
37°c., ( 5 hrs,) st (10)
" (10 hrs, st (8)
-20°¢, ( 2 mths,) st (1)
Size
Dialysis (Cellophane) th (3)
Ultrafiltration (um-2) th (3)
G-15 Sephadex (in gel)
Inactivated by: 5 hrs, 10 hrs, pH of Buffer Results
ot ~chymotrypsin 0.5  1,0% 8.5 no
trypsin " " 8,5 no
peptidase " " 8.5 no
pancreatin " " 7.2 no
pepsin " " 3.1 no
i = dinsoluble, s = soluble, st = stable, th = through, o< = alpha
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origin (origin includes 1.5 cm at either side of spot). Each strip
0-E (Fig, 19) was then cut crosswise into a number of narrow strips
and these were transferred to 10 ml test tubes for purpose of elution
in Pantin's crab saline, The test tubes were sealed with parafilm
and stored at 4°C, for 24 hours, They were then placed in running
sea water (temperature 24-25°C,) for 20-30 minutes to equalize the
temperature, Approximately 1.5 to 2 ml of the elutant was used in
the bioassay, The elutant from the strip most distant from the origin
was tested first, followed in reversed sequence by the remaining
solutions until the sex pheromone was located (Fig, 19), In this
way, the greatest distance of migration of the sex pharomone could
be estimated, The eluted areas not containing the pheromone served
as controls,

The elutants from the areas containing the sex pheromone caused
behavioral displays in.one or more test males, while no displays were
observed from the other eluted areas, On nine electropherograms, after
electrophoresis in the four solutions, the sex pheromone was definitely
located, There were two electropherograms, which had been electro-
phoresed for two hours using pH 10,85 solution that also elicited
slight displays,

The sex pheromone was found to keep a total positive charge in
all four solutions, However, there appeared to be a reduction in
noL11ity between pH 4,00 and pi 7.25 (Fig. 20).

To identify the sex pheromone, electrophoresis of both premolt

and intermolt urine samples (23units per spot) was conducted using
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Figure 20, Mobility (cm) of female P, sanguinolentus
sex pheromone as a function of pH, The
distance travelled in ecm, and the duration
of each experiment are indicated,
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pH 2,00 and pH 7.25 solutions for 3 hours and pH 10,85 solution for
1 hour, The electropherograms were then examined with the following
general and specific detection methods:s UV light (354 mp) shows the
presence of some organic compounds; iodine (vapor) that of most
organic compounds, especially unsaturated compounds; ninhydrin (Gelman)
amino acids and amines; chlorination (Hais and Macek, 1963) peptides;
alkaline potassium permanganate (Zweig and Whitaker, 1967) sugars,
Since the approximate distance of migration for the pheromone was
known, a reaction to one or a multiple of the above detection methods
in the specified area was designated as a positive, The specified
areas for the three solutions were the following: pH 2,00 - 9 cnm,
pH 7.25 ~ 3 em, pd 10,85 - 1 cm, the minimum distance to the origin
is given, Anything reacting beyond this was considered a positive
(Table IX).

Two=-dimensional electrophoresis was also used to obtain a better
separation of the sex pheromone, One electropherogram was spotted
with 13 units, suspended in 70 microliters of distilled water. In the
first dimension the pH 2 solution was used and the sample was electro-
phoresed for 3 hours at 400 V, The electropherogram was then dried
in a forced air over at 57°C, for 20 minutes, In the second dimension
the pH 7.25 solution was used by spraying it on the electropherogram
until it was damp, The electropherogram was divided into areas (see
Fig. 21) and then each area was subdivided, eluted and tested as
previously described, The testing sequence was H, G, E, ¥, &4, B, C,

and D (Fig, 21). Only elutant from area A elicited a positive response
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Table IX, Results of general and specific identification
methods on electropherograms of premolt and
intermolt urine samples at various pH values,

One~dimensional Two-dimensional

PH 2 P 7.25 ¥ 10,85 Area A
Indicator A C A C A C A
uv (354 mu) 0 0 + + + + + -
Iodine (vapor) + + + + + + +
Ninhydrin + + + + ¥ + + -
Chlorination + + + + + + +
Potassium
permanganate 0 0 0 0 + + 0

(alkaline)

+ indicates a reaction in the areas specified in the text,
intermolt urine, C = premolt

~+ = a very slight reaction.

urine

A=

0 = experiment not performed,
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Figure 21, Electropherogram of premolt urine on ITILC-sa. Diagonal lines
(area A) indicate migration of sex pheromone during two-
dimensional electrophoresis, The P and duration of electro-
phoresis are indicated, 0 = origin.
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in bloassay,

The four detection methods (UV, iodine vapors, ninhydrin, and
chlorination) were applied to the two-dimensional electropherograms
(Table IX), A reaction in area A (Fig. 21) was designated as positive,
Area A was positive to both iodine and chlorinaticn, questionabiy

positive with ninhydrin, but negative when viewed under UV light,

Gel filtration

Gel filtration, using Sephadex G-15, was applied to separate the
sex pheromone from samples of premolt urine, The gel was preswollen
in distilled water and packed in two célumns, one 2,5 em x 45 cm, and
the other 1.5 x 90 cm (Pharmacia), The column was first equilibrated
with either distilled water, Pantin's crab saline in 0,05 M borate
PH 7.05, or 0,2 M acetic acid, Samples of urine were added to the
columns either dissolved in the elutant, if they had been previously
lyophilized, or applied directly using 1-1,5 ml aliquots, Samples
were collected from the columns in test tubes using a fraction
collector. The void valume of the columns was determined with a
dilute solution of blue dextran, The volume of each tube was measured
and then the optical density was determined at 280 mp with a Beckman
DU Spectrophotometer, Previous investigations using diluted premolt
urine samples with a Cary Recording Spectrophotometer, scanning from
700 to 210 mp showed only one large peak occurring between 290 and 270
mu, therefore, 280 mp was used in determining optical density,

The resulting curve (Fig, 22) was divided into four areas (4, B,

C, D). Test tubes corresponding to each area were then pooled, and the
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pooled material was either lyophilized and tested, or tested directly
in bioassay, depending on the elutant used,

Only material found in Area B (Fig, 22) elicited o displey in
test males, when Pantin's saline was used as the elutant, A slight
display was obtained in Area B when distilled water was used as the
elutant, The sex pheromone could not be located using 0.2 M acetic
acid as the elutant,

Attempts to combine gel filtration using Pantin's crab saline
in 0,05 M borate as the elutant and ITLC-sa electrophoresis were

not successful, possibly due to the large amount of salts,

Ton Exchange -

Ton exchange chromatography has been found useful in separating
small charged molecules (Wolf, 1969), The sex pheromone being a small
molecule about 1000 molecular weight, and having a positive charge, at
least between pH 2,00 and pH 10,85, suggested the use of a cation
exchanger, SE-Sephadex, which is fully dissociated at pH 3.5 (Pharmacia)
was equilibrated with 0,05 M ammonium acetate at pH 5.0. The ion
eﬁcchanger was packed in a 0,9 x 15 em (Pharmacia) column, with a bed
height of 10 em, 1,5 ml urine samples were diluted with the starting
elutant to 10 ml and applied to the column, Fractions were collected
in beakers, The optical density measured at 280 mp, was monitored
with a ISCO wlira violet analyzer. The column was developed with the
starting elutant until all of the observable {optical density) material
had passed through the gel: this portion was designated as fraction
(A), PFraction (B) was obtained by adding stepwise 0.2 M NHyAc, pH 6.9.
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Both fractions were lyophilized, resuspended in sea water, and tested.

The sex pheromone was eluted from the gel with 0,2 M NH, Ac
at pd 6,9 in fraction B, All of the optical density was in fraction
(1.

A preliminary experiment using 0,05 M NHjA@ at pH 6.6 as the
starting elutant reléased the sex pheromone in fraction (A), The
exreriments indicate that the molecule (sex pheromone) may have an

isoelectric point close to pH 6.6=6,9.
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PART VII

DISCUSSION AND CONCLUSIONS
The problem of finding a mate is a very real one, even in rather
dense populations, Certain specific signals are required to find a
mate of the opposite sex which is receptive, In crustaceans such
signals may be acoustic, tactile, visual, or chemical cues, Observa-

tions in the field on the vertical distribution of P, sanguinolentus

minimize the importance of visual cues: animals were collected at
depths ranging from 2 inches on sand bars down to a depth of 750 feet,
with large numbers of mature crabs at a depth of 350 feet off the
Islands of Molokai and Oahu, At all locations premolt females were
found, suggesting that breeding does occur at these depths, While
visual signals may be of importance in well 1it shallow water, their
value certainly becomes questionable at depths of 350 feet and more,
An acoustic or chemical signal indicating the premolt condition of
maturing females would be of graater importance here, There is no
evidence suggesting that acoustic signaling occurs in Portunus, so that
a chemical signal is more likely. Ryan (1966) was the first one to
present evidence for the presence of such a chemical signal, a sex
pheromone, released by the female Portunus. That earlier investigators
were unable to observe any chemical sex recognition in crabs can most
probably be explained by their use of soft females, According to
Broekhuysen (1937) the fact that male Carcinides maenas L, will carry

females for a few days prior to molting, was explained by the

sluggishness of the female during this stage. In P, sanguinolentus
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behavioral experiments revealed, however, that males do not show their
characteristic sex display when water flowing past a recently molted
female reaches them, but they elways do so with water flowing past s
premolt female, That tactile stimuli can be of importance, was shewn
by the fact that when a soft female was placed in a container together
with a male copulation would take place immediately after‘ bodily
contact between both crabs was established, Normally, however, sex
recognition occurred prior to molt, and this important point was
missed by the earlier investigators,

Because the sex pheromone, released by the female, triggers a
characteristic display behavior of the male Portunus, the chance of
pair formation (carrying of the female by the male) before ecdysis
should be enhanced. As a rule such a characteristic display shows
a sequence of behaviorai patterns, In Portunus Ryan (1966) described
this sequence as follows: first ths rate of movement of the antennulae
increases a2fter which the crab begins to move at random about the
container, Then the characteristic display "dance" is performed and
finally the crab grasps an carries the female, A similar pattern of

behavior was found to occur in the male apple moth Epiphyas postvittana

when stimulated by the female sex pheromone: the male 1, elevates its
antenna, 2, becomes active, 3, takes flight, U4, orients itself upwind,
5, finally finds the female, 6, performs its "dance", and 7, mates with
her (Bartell and Shorey, 1969),

The selection of an easily recognizable and specific response to

the sex pheromone as a bioassay was very important, This had to be a
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response which could not be confused with responses to other stimuli,
The movements of (a) the antennulae could easily be confused with
normal movements clicited by other stimuli such as food substances,
Random movement of the male (b) was not affected by premolt females,
but (c) the display ("dance") was triggered only by premolt female
crabs, Schone (1968) states that sexual and agonistic (fighting)
activities appear to be closely related in brachyuran crabs, The
display posture of male Portunus indeed seems to be basically similar
to the fighting stance (Skolnick, 1965), but varies in position of
appendages and degree of activity of the male,

The behavioral display ("dance") was never observed except when

mature male P. sanguinolentus were exposed ts (1) premolt female

crabs, (2) tc water which had been flowing past premolt female crabs,
or (3) to urine from premolt female crabs, and was consequently used
as the bloassay,

According to Wilson and Bossert (1963) sex pheromones in insects
usually initiate two responses in sequence (1) attraction and (2)
sexual behavior, The attraction phase appears to be caused by the
sex pheromone in low concentration, while a high concentration initiates
the sexual phase, for example, when a male nears the source of the
pheromone (the female),

Detection by chemical means at a distance and location of the
source of chemical stimuli, be this a mate, or food, presupposes
movement of the medium carrying the stimulant(s), and presence of

the perceiving animal., Schwinck (1958), and Wilson and Bossert (1963)
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have shown that a moving medium (air) is necessary for the orientation
and success of male Bombyx mori in finding a female, Ichinose (1968)

demonstrated the same in the pulmenate snail, Achatine fulica Bowdich

with respect to locating food., Cohen and Dijkgraaf (1961) described

a positive rheotactic orientation by hungry Carcinus maenas (a water

current is apparently perceived by receptors in the antennula) which
doubtlessly aids the orientation by chemoreception in this animal,

The experimental data indicates that the premolt female crab
was able to control her sex pheromone release., Whether there was any
specific modulation (code) remains unansv;ered. In orientation to.
food and mate, it is generally assumed that both chemical stimuli from
food material and the sex attractant are released continuously, Sex
attractants seem to follow this pattern except in slime molds (Butler,
1967) and in some British moths (Bossert, 1968) where there is some
temporal modulation, Wright (1958) and Butler (1967) feel that odor
is carried randomly in air currents because of turbulance, If so
the conception of a gradual odor gradient is incorrect. This may
also be the case in water, This led to the pulse theory of orienta-
tion: the orienting animal moves into a current and continues to do
so as long as it receives olfactory stimuli at intervals, As the
distance to the source increases, so would the interval between "gusts"
of stimuli. Wright (1958) suggested that an animal could orient to
the source by refe_rence to the interval between pulses of odor, The
modulated (possibly coded) release of attractant by the female could

be beneficial (by supplying more information) to a searching male,
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Bossert (1968) concluded from a theoretical investigation of temporal
patterning in olfactory communication that if there was a 400 cm/sec
wind towards the receiver, there could be an inerease in the amount of
information transferred over a given range, Ryan (1965) found that

the sex pheromone of female P, sanguinolentus was probably released

intermittently, It has been shown in this study that the female crab
was probably able to control the flow of urine and thuas the release
of the sex pheromone, Preliminary experiments also supported Ryan's
findings that when a male Portunus was continuously subjected to water
flowing past a premolt female, he displayed not continuously, but
several times during a three hour observation period., O0f course,
fatigue might have been the cause of this periodicity.

Ablation has been commonly:used in conjunction with behavioral
studies in insects to establish sites of chemoreception (Jacobson,
1965), It has also been used in crustaceans (Matthews, 1955), The

method was therefore adopted in studies with P, sanguinolentus

Removal of the inner flagelium od the antennulae pf males abolishsa
any further displays to the sex pheromone, The conclusion may con-~
sequently be drawn, that the inner flagellum of the antennulae is
the seat of the sex pheromone receptor,

Studies on behavior of crustaceans have shown that the antennulae
contain chemoreceptors (Marus, 1911; Copeland, 1923; Spiegel, 1927;
and Matthews, 1955) and more recently electrophysiological studies
(Hodgson, 1958; Barber, 1961; Laverack, 1964; van Weel and Christof-

ferson, 1966; van Weel and Correa, 1967; Ache and Case, 1969) supported
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this claim, Although certain chemoreceptors are also located on the
walking legs, mouth-parts and respiratory tract (Barber, 1961) the
antennuiae are thought to contain the prinecipal distant chemorscsptors,

Sites of pheromone sensitive chemoreceptors on insects, where
this problem has been investigated, appear to be mainly located on
the antemnal flagellum (Dethier, 1963; Schneider, 1964; Jacobson,
1965), Certain insects may also use sense organs located on the
maxillary and labial palpi, legs and ovipositors to locate a mate
(Jacobson, 1965), Hauser (1880) observed that males of Saturnia

pavonia and Porthetria dispar, when deprived of their antennae,

never mate, Mayer (1900) similarly found that males of the promethea
moths did not show any display to virgin moths which were held an
inch away, when their antennae were covered with shellac, glue,
paraffin, Canada balsam, celloidin or photographic paste, but they
did respond when the photographic paste was washed off,

In certain insects, the antennae commonly show sexual dimorphism,
the males usually having more complex antennae (Richards, 1927), The
more elaborate antenna is believed to be used in finding a mate
(Schneider, 1964). It has also been found in insects that the antennal
chemoreceptors are polymorphic with at least 4 different types of
sensilla (hair-like structures) (Schneider, 1969), Schneider et al.,,
(1964) have found that the sensilla trichodea is present only on the
male moth of the genus Antheraea where it has been identified as the
specialized sex pheromone receptor. In the silk moth Bombyx, on the

other hand, there was no recognizable microscopic structural difference
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between the antennae of the male and female, However, only the male's
sensilla react to the female attractant,

In crustaceans such a morphologic sexual dimorghism does not
seem to occur. The innervation of the immer flagellum of P.

sanguinolentus was found to be very similar to other crustacean flagella

investigated by Hanstrom, 1928; Balas, 1944; and Ghiradella et al.,
1968 a, b, where bipolar cells, arranged in discrete groups, innervate
the aesthetase hairs with numerous dendrites and whose axons form the
sensory nerve which arises along the inner side of the cuticle, opposite
the hairs,

The fine structure of crustacean aesthetasc hairs has been in-

vestigated by Laverack and Ardill (1965) in Panulirus argus Latreille

and by Ghiradella et al., (1968a) in Coenobita clypeatus Edwards,

(1968b) C. hirsutiusculus Dana, and (1968c) C. compressus, Edwards,

Pagurus hirsutiusculus (Dana), Panulirus interruptus Randall, Cancer

antennarius Stimpson and C. productus Randall, The fine structure is
quite similer in all of thess spscies with only minor modifications
in the asesthetasc hair and the dendritic endings., The concept of a
bipolar arrangement of the sensory cells was supported by the findings
of Laverack and Ardill (1965) where they counted 367 different axons

and 340 dendrites in each aesthetasc hair of the spiny lobster

Panulirus argus,

The innervation of the aesthetasc hairs in Portunus and other
crustaceans also resembles the arrangement in insect chemoreceptors

except in the number of derdrites per hair which is greater in
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crustaceans, Dendrites were not counted in Portunus but they appear
t¢ be numerous, Ghiradella et al (1968c) found approximately 100

dendrites per aesthetasc hair in Cancer productus, Whereas Laverack

and Ardill (1965) in their literature review indicate that there are
only 5 dendrites per tarsal hair and 3 to 5 in labellar contact chemo-
receptors of Stomoxys, Slifer and Sekon (1964) found only 2 dendrites
per bottle-shaped sensory peg of the antennal flagellum of Sarcophaga
argyrostoma.

Chemoreceptor sites on arthropods are usually found to be very
permeable, Ghiradella et al. (1968c), using the same dye technique
developed by Slifer (1954), reported that the dye penetrated the

aesthetasc hairs of both Cancer and Coenobita, The fine structure

of the aesthetasc cuticle was found by Ghiradella et al. (1968¢) to
be thin and spongy. Crystal violet penetrated the aesthetasc hairs
of Portunus suggesting that they are also permeable,

Electrophysiological recordings from the chemoreceptors of the
inner flagellum supported the behavioral and histological findings,
Mature male Portunus were able to differentiate between urine samples
with and without the female sex pheromone, while females failed to
make this distinction, The difference in electrical activity when
testing the urine samples was in all probability caused by the pre-
sence or absence of the sex pheromone, with the reservation that this
can not be firmly established until the pure sex pheromone is isolated
and tested,

There are no comparable investigations of sex pheromones in
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crustaceans, However, Ache and Case (1969) found increased electrical
activity when the antennular chemoreceptors of two commensal shrimp

(Betaeus hartfordi Kingsley and G, macginitieae Hart) were stimulated

with water from their respective hosts (Host Factor).

The method for obtaining elecirical recordings was gross and
consequently nothing can be said of receptor mechanisms, or absolute
sex pheromone or chemical specificity with regard to definite
receptors, Ideally, recording from single neurons would have been
preferable, Because of the limited longevity of the ablated antennulae
(about 15 minutes) observed during preliminary experiments, no attempt
was made to subdivide the nerve into single nerve fibers,

The wide range of stimuli which is received by the antennulae

of P, sanguinolentus, supports the findings of Hodgson (1958),

Laverack (1964), van Weel and Christofferson (1965), and Ache and Case
(1969) for other crustacean antennal chemoreceptors, Glycine (0,05 M)
was found to be stimulative for the flagellar chemoreceptors of
Portunus by van Weel and Christofferson (1965), Using 0,05 M glycine
as an arbitrary basis for calculating the activity ratios of other
chemical stimuli, a method that was also used by Case (1964), it was
found thgt only trimethylamine-HCl showed a ratio greater than 1,00
(AR = 1,35), whereas all other compounds tested showed an activity
ratio smaller than one (see Table VII), Case (1964), however, found
that L-giutamic acid was more stimulative than glyecine, whereas
neutralized trimethylamine was only poorly stimulatory. This dis=-

crepancy may have been caused by different pHs because with P,
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sanguinolentus trimethylamine was much more stimulative at pH 8,20

than at p 7.35. What effect the pH has on the stimulating substances
is unknown, It could bs that thes totsl slectrical charge of ths sub-
stances (amino acids, amines, and peptides) which is different de-
pending on the pH of the solution, could cause the variations observed
in stimulating efficiency of the substances tested., Osmotic changes
may have also occurred in the stimulating solutions when the pH was

adjusted. The flagellar receptors of P. sanguinolentus are known to

be sensitive to both changes in salinity and pH of sea water (van Weel
and Christofferson, 1966), It is also possible that pH may affect
the receptor so as to elicit a differential response when testing
various stimuli,

There was a differential response to the isomers D & L-glutamic
acid found with flagellar chemoreceptors of Portunus and dactyl chemo-
receptors by Case (1964), L-glutamic being more stimulative, Marler
(1966) suggested that a receptor system responding to a wide range of
stimuli could have potentially greater survival value: receptors
respond to a greater number of different stimuli, in order to convey
information about the few that have significance to the animal,

Efferent activity to the antenmula was shown to occur in Portunus
after tactile stimulation of various appondages by van Weel and
Christofferson (1966), There was also efferent activity to the
antennulae when stimulating the mouthparts with chemical stimuli,
What possible affects this efferent activity has on the chemoreceptors

in the immer flagellum is not known,
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One characteristic of the inner flagellum receptors is the
spontaneous activity both in an ablated antennula and in .the whole
animal, The phencmenon of spontansous activity is common, found in
both the central nervous system and at the receptor level (Roeder,
1967)., A spontaneously active system may have several possible
adaptative advantages, One being receptors having such characteristics
would have no fixed thresholds, swinging from complete inexcitability
to excitability, thus extending the theoretical triggering energy
of activation to that of the smallest amount possible (Roeder, 1967).

When a pair (male carrying a female) is formed, the female is
able to inhibit the output of the sex pheromone apparently by con-
trolling the release 61‘ her urine, but the possibility of releasing
a masking factor can not apriori be completely discounted, because
such factors have been found to occur in insects, A male masking

factor was shown to occur in Tenebiro molitor L. (mealworm beetle),

One of the male pheromones acts as an anti-aphrodisiac inhibiting the
response of other males to the female scents (Happ, 1969), Female

Dendroclanus pseudotsugae Hopk. (Douglas-fir beetles) produce a

separate factor which masks the female aggregation pheromone (Rudinsky,

1969)., The fact that in P, sangu?lnolentus the test male responded
‘after the urine sample .Wavs inﬁédﬁéea,'.éoﬂa poss:l.bly be explained by -
the amount of masking factor present being insufficient., In the crabs
factors like vision and the effect of male masking substances could

be eliminated, because a test male did not display when exposed to

water in which a pair, or an artificially held female were kept.
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Controlled urine flow was suggested when the sex pheromone was found
to be in the female's urine after several hours of being carried,
Very little is known about the control of urine flow in crusta-
ceans. Maluf (1941) considers the flow of urine in crayfish to be a
passive process, controlled, if at all, by the overall body muscula-
ture, the contractions of this musculature resulting in an increase
of the internal hydrostatic pressure above that of the surrounding
medium, thus causing the opercular flap to open. Such a mechanism

appears to be absent in P, sanguinolentus., Here indeed changes in

the amount of urine seem to occur, because a maximum (of urine) can
be sampled from intermolt crabs, whereas no urine can be obtained
12 hours prior to ecdysis. Ono and Kamemoto (1969) also found a

reduced urine production in premolt crayfish (Procambarus clarki),

The reduction in the amount of urine produced could be due to the
conservation of water during and just prior to ecdysis.
The release of sex pheromones in excretory products is not

unigue 4o P, sanguinolentus, Wood and Bushing (1963) found that

males of the wood-boring scolytid beetle Ipa confusus produce the

sex pheromone probably in the hind gut, and excrete it with the frass
along their tunnels. However, olfactory sex pheromones are also
produced in a variety of glands usually located on the abdomen in -

insects (Butler, 1967) and elsewhere, Fbr example, Biatella cermanica,

B, orientalis, and Periplaneta americana have three types of scent

glands--anal, tergal, and sternal. Scent glands of the honey bee queen

Apis mellifera, in contrast, are located on the mandibles,
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Another intriguing question in chemical communication is the
nature of the molecule involved, Much time and effort has been applied
in this aresa of pheromons biclogy., Certain limits ars logiecally
placed on substances acting as chemical signals, An aerial sex
attractant, for example, if used to recruit over large distances,
must be volatile and stable (Regnier and Law, 1968).

A pheromone released in a marine envriomment should have prop-
erties similar to aerial attractants, but differing mainly in the
degree of polarity. The substance would have to be stable and should
probably be relatively small, .Wilson and Bossert (1963) discussed
the limits on size of a pheromone, There would probably be a lower
limit placed on the size of the molecule due to the need for species
specificity, There are relatively few types of such small molecules
available, The variety of molecules increases sharply with additional
carbon atoms, It has been suggested that the lower limit would be
molecules with at least 5 carbon atoms., An upper limit would be more
difficult to set, however, energy requirements needed for synthesis
of the molecule might be limiting, Insect pheromones have been found
usually not to exceed a molecular weight of 250 (Regnier and Law, 1968),

Present findings on the chemical and physical pz;opertieé of the
sex pheromone released by female P, soanguinolentus do fit the hypoth-

&

esized molecule., It is polar as established by solubility studies,

cigration in an electrical field and ion exchange chromatography, It

is stable, keeping its activity even after 15 minutes at 100°C, and

two months at -209C, and after extraction with diethyl ether,
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petroleum ether, ethyl acetate and absolute ethanol, The molecular
welight is also relatively small, but appears to be larger than that
of known insect pheromones, It must, however, be remembered that the
results of the techniques used for establishing the molecular weight
are only approximations,

Isolation and identification of the molecule combining two
separation techniques, gel filtration or Ion Exchange Chromatography,
and electrophoresis were not successful due to the large amount of
salts present, Two-dimensional clectrophoresis did separate a sub-
stance which was positive when tested with iodine wvapors and chlorina-
tion. Chlorination is purported to indicate a peptide; the degree of
color formation being proportional to the number of peptide bonds
(Hais and Maeck, 1963), However, the chlorination positive could not
be located consistently on all electropherograms, This may be due to
the variable amounts of sex pheromone released into the urine, which
was suggested from electrophoresis experiments, Urine samples which
did contain the pheromone end were equal in volume to previous samples
failed to elicit displays in test males after electrophoresis, The
variation of electrical activity in males stimulated with 1 unit
samples of urine in fhe electrophysiological experiments also suggested
that the amount of sex pheromone varied among the premolt females,

Males used in the bioassay most probably varied considerably
in their threshold level of response (display) to the sex pheromons,
This is not an exceptional case, Wharton (1954) for instance found

that male cockroaches (Periplanta americana) showed great variability
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in their reactions to the female sex pheromone, Thus the difficulty
in using a bioassay is to know what the limits of fluctuation are
among individual test animals, Many of the negative results en-
countered during isolation of the sex pheromone could eventually be
explained by such a variability among premolt females and test males,

Crustacean eyestalk hormones have many of the same properties
as described for the sex pheromone: they are thermostakle, soluble
in water and ethanol, and dialyzable (Kleinholz, 1966), They are
inactivated by proteolytic enzymes, The combined data for the hormones
suggest that they are low molecular weight polypeptides, However,
proteolytic enzymes did not destroy the sex pheromone, If indeed
the pheromone were a peptide, its active site may be only one or two
amino acids and thus might not be destroyed by any of the enzymes
used,

The present investigation cannot be considered exhaustive and
leaves many questions still unanswered, One wculd like to know whether
the sex pheromone is only produced during premclt, arnd if nct, how it
is rendered inactive during other stages of the molt cycle. Nothing
is known yet where it is produced in the female, whether it is a
"general" metabolic product, or produced oniy in a special organ or
tissue, More work is needed to uncover the control of urine flow by
the female and with that the release of the sex pheromone., Future
investigations will have to solve these and other problems pertaining

to sex pheromones in crustaceans,



1.

3.

5.

7

PART VIII

SUMMARY
A reliable bloassay for the sex pheromone of the female crab

Portunus sanguinolentus (Herbst) was established; it consisted

of the "dance" display of a mature male crab,

The sex pheromone was found to be released with the urine of
premolt female crabs,

A means of controlling the release of the sex pheromone by
regulating urine flow was suggested after a series of experi-
ments were conducted eliminating the possibilities of visual
and/or male or female masking factors,

Mature male crabs with the inner flagellum of their antennulae
ablated do not display ("dance") when tested with the sex
pheromone from premolt female crabs.

The aesthetasc hairs on the immer flzagellum are innervated by
numerous dendrites from aggregates of bipolar cells,

The aesthetasc hairs are permeable to a 0,5% crysﬁal violst
solution along their entire length.

Chemoreceptors on the inner flagellum of mature male crabs show
an increase in electrical activity when stimulated with urine
containing the sex pheromone, On the other hand, ths response
of chemorecsptors on ths inner flagellum of femele erabs when
similarly tested is random,

Efferent activity was recorded from the inner flagellum of the

antennula when stimulating the mouthparts with selected chemicals.,
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The efficiency of some chemicals to stimulate the inner flagellum
chemoreceptors is affected by pH.
The inner flageilum chemcreceptors respend o a wide array of
pure chemicals; amino acids, amides, amines, and peptides,
The sex pheromone was found to be soluble in absolute ethanol,
but not soluble in diethyl ether, petroleum ether, ethyi acetate
or N-butanol.
The sex pheromone remains stable after 5 hours at 24°C,, 10
hours at 37°C,, 15 minutes at 100°C,, and ~-20°C, for two
months,
Size of the sex pheromone was estimated to be 1000 molecular
weight or less using dialysis, G~15 Sephadex, and pressure
ultrafiltration,
The sex pheromone is not inactivated by pepsin, trypsin,
A ~chymotrypsin, peptidase or pancreatin,
The sex pherocmone was found to migrate towards the cathode when
electrophoresed at pH 2,00, 4,00, 7.25, and 10,85, There was
a decrease in its mobility observed between pH 4,00 and°7.25.
Attempts to classify the sex pheromone by using chemical spray
reagents on electropherograms were not successful,
The sex pheromone was bound to the cation excahnger, SE~Sephadex,
at P 5.0 and was released at pH 6.9 using ainmonium acetate as

the elutant.,
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