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vironments [M. Bekoff, BioScience 24, 225 (1974)].
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Sex Recognition in the Crayfish Procambarus clarkii

Abstract. Male crayfish, Procambarus clarkii, show different behaviors toward males
{aggression) and females (submission, courtship). Behavioral and neurophysiological
tests with water in which the crayfish had been held demonstrated the existence of sex
pheromones. The inner rami of the antennules are the site of reception, and the chemicals

are probably carbohydrates.

In the crayfish Procambarus clarkii,
copulation is preceded by courtship behav-
ior (I). Courtship consists initially of ag-
gressive behavior by both male and female
but is succeeded by a series of non-
aggressive interactions. Male-male inter-
actions are persistently aggressive. A sim-
ilar system has been described in the band-
ed shrimp Stenopus hispidus (2) and in
snapping shrimp (3). The difference in
male-male and male-female interactions
in the crayfish indicates that sex recogni-
tion occurs. We now report the existence
and nature of sex pheromones in P. clarkii.

After being shipped from Louisiana,
specimens (40 to 61 mm, cephalothorax
length) were kept in separate, aerated
aquaria.

To show that a male can discriminate
sex without physical contact, the following
experiment was performed. For each trial,
a male was held in a 10-gallon (38-liter)
aquarium for 2 to 5 days. An opaque plas-
tic container (15 c¢m in diameter, 19 cm
tall, and perforated with 1-mm holes), was
placed in the aquarium near the source of
aeration. A stimulus animal was placed in
the perforated container, and the behavior
of the test animal in the aquarium was
observed. Control tests using opaque but
nonperforated containers were negative.

All tests were run between 1100 and
1500 hours, when this species is normally
less active. After a stimulus animal was
placed in the plastic container, the re-
sponse latency was recorded, and the
amounts of time spent by the test animal in
the following activities were recorded for
60 minutes: (i) searching, either 1 ¢cm or
less from the test container or elsewhere;
(ii) resting, either 1 cm or less from the
container or elsewhere; (iii) chelae raised
posture; (iv) feeding movements; and (v)
curled telson and uropod. There were 15
stimulus replications, 10 male and 5 female
(Table 1).

In neither searching time nor resting
time did the test animals respond differ-
entially to male and to female stimulus an-
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imals. However, males showed submissive
behaviors (feeding movements, chelae
down, curled telson) when females were in
the test container (90.6 percent of observa-
tion period) while the raised chelae pos-
ture (an index of agonistic behavior) was
prevalent when the stimulus animal was a
male (84.0 percent of period; x2 = 77.9,
P < .0001).

A second series of experiments was
made with the same test animals after they
had been blinded (4). The behaviors were
timed as in the first series (Table 1). Nor-
mal and blinded animals did not differ in
the amount of time they spent searching.
The blinded test males searched longer
when females rather than males were in the
perforated container (¢ = 3.44, P < .005).
Again, males spent most of the observation
period (82 percent) in aggressive postures
when the stimulus animal was a male,
but showed submissive behaviors (89 per-
cent of observation period) when females
were in the test container (x? = 78.0,
P < .0001).

The first and second experiments
showed that neither vision nor physical
contact was necessary for sex recognition.
In the remaining tests, chemical means of
communication were studied. Aged, aer-
ated water from a container in which a
male or a female crayfish had been held for

24 to 48 hours (called male or female wa-
ter) was used to test the responses of iso-
lated males. Glass tubes were connected to
two funnels, one used for the male or fe-
male water and the other for control water
(aged, aerated, tap water). The flow of wa-
ter from the funnels into the tank of an iso-
lated male was at a rate of about one drop
every 3 seconds. Durations of behavior
patterns were recorded as above for 30-
minute periods. We made 12 replications
of this experiment (Table 1). There was a
significant difference in the time spent
within a 2-cm radius of the test source
(male or female water) and the control
source (¢ = 28.6, P < .001). Males showed
aggressive behavior toward male water but
were submissive when female water was
introduced (x? = 51.8, P < .0001).

Ablation experiments were done to es-
tablish sites of chemosensory organs. Eight
males whose antennae were removed re-
sponded appropriately to male or female
water. When the antennules of these indi-
viduals were removed, they no longer re-
sponded to test water. In addition, ten
males with intact antennae but antennules
removed showed no response to test water
(each male tested on three separate days).
Furthermore, when just the inner flagella
of the antennules were removed, test ani-
mals were no longer responsive.

The following tests were performed (by
the procedure of the third experiment) to
establish some characteristics of the chem-
ical factors involved.

1) Water from five males and five fe-
males was filtered separately through Sar-
gent filter paper No. 500, and the filtrates
were tested on ten males. All males re-
sponded differentially toward the filtrates.

2) The water from the males (six sam-
ples) and femaies (four samples) was
boiled, cooled, and tested. Three male and
two female samples were boiled for 5 min-
utes, the others for 30 minutes. The results
were positive and appropriately different
for the two sexes.

3) The water from males (four samples)

Table 1. Average time (in minutes) spent by a male crayfish in different behaviors. Numbers in
parentheses represent number of trials with male and with female stimuli. The timing of the observa-
tion period began with the initial response. In the third experiment, times in parentheses are re-

sponse times to aged, aerated, tap water.

Searching Resting
Stimul Latenc - - Chelae  Feed- Curled
imulus Yy Near Else- Near Else- up ing telson
source where source where
Normal males, stimulus animals in container, 60-minute observation periods
Male (10) 9.8 49.9 3.8 29 34 50.4 0.5 2.8
Female (5) 10.2 43.0 3.2 5.2 8.6 1.8 52.2 54.4
Blinded males, stimulus animals in container, 60-minute observation periods
Male (10) 6.6 45.6 6.8 34 4.2 49.3 0 0.7
Female (5) 11.8 50.6 4.0 3.6 1.8 0.6 534 52.2
Normal males, test water added, 30-minute observation periods
Male (7) 4.0 249 (1.1) 33 0.4 (0.4) 0.6 27.6 0 1.4
Female (5) 7.8 22.6 (1.0) 2.8 2.4(0.4) 1.0 0.8 27.6 268
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and females (two samples) was digested
with Pronase for 6 to 7 hours at 37°C. The
resulting solution elicited the appropriate
responses.

4) Polysaccharides in four male and two
female water samples were hydrolyzed in
IM HCl at 100°C for S hours in sealed ves-
sels. The hydrolyzate was neutralized with
KOH to a pH 7 to 7.2. The products of the
hydrolysis when tested on six crayfish gave
negative results—there was neither aggres-
sive behavior elicited by the hydrolyzate
from male water, nor was there courtship
(or any overt change in behavior) elicited
by the hydrolyzate from female water. The
experimental animals responded to un-
treated male and female water appropri-
ately.

From the above tests, we can infer that
the chemical factor is a carbohydrate, al-
though we have not yet identified it.

The response of male antennules to male
and female water were studied electro-
physiologically. Antennulogram record-
ings (5) were made from ablated anten-
nular flagella (Fig. 1). The eight male
subjects responded similarly. The charac-
teristic shape of the wave (Fig. 1c) result-
ing from stimulation with both male and
female water was also seen as a response to
male or female water treated with Pronase
(Fig. 1d). The responses to the acid hydrol-
yzates from male and female water (Fig.
le) and to distilled water treated with acid
(Fig. If) are probably responses to the
chemical treatment of the water. The outer
flagella of the antennules did not respond
to test water, although the basis for the dif-
ferential responses of the inner and outer
flagella is not yet known.

Among the ways the sexes recognize and
respond to one another are through differ-
ences in morphology (as in sexually dimor-
phic species), behavior (posture, sound
production), or chemicals (pheromones). A
combination of these may be found in the
same species, as in the genus Uca, in which
morphology and behavior (sound produc-
tion and posture) are used (6).

In crayfish it has been assumed that the
male recognizes the female only through
the submissive behavior of the latter (7). In
species without clear sexual dimorphism, it
is extremely difficult to investigate the fea-
tures peculiar to the male that cause the fe-
male to adopt a submissive posture during
an encounter. There must be other cues in-
volved, especially since these animals are
nocturnal. The presence of a sex phero-
mone is an obvious sexual identification
mechanism.

The possible presence of a sex phero-
mone has been reported for several crusta-
ceans (3, 8, 9), although experimental veri-
fication has been found for only a few (10).
Prior to copulation, the male of a number

1226

Inner flagella

at b ¥

P S

i
AN
fj/\

Outer flagella

g ¥ g2—~—Lv~_.~____
byt ot

Fig. 1. Representative electroantennulogram
records from the inner and outer antennular
flagella. Arrows indicate the introduction of
stimulus water. The solutions used were: a, dis-
tilled water; b, aged tap water; ¢,, normal water
from females; c,, normal water from males; d,,
Pronase-treated female water; d, Pronase-
treated male water; e,, acid-hydrolyzed female
water; e,, acid-hydrolyzed male water; f, acid-
treated distilled water; g,, distilled water; g,
aged tap water; h,, normal female water; h,, nor-
mal male water.

of species can detect the female before she
molts or just afterward at a distance (3, 9).
In crayfish, the female does not molt just
before copulation.

While a chemoreceptive function of the
antennules of crayfish during feeding has
been demonstrated in some species (11), P.
clarkii does not rely on antennules for dis-

tance chemoreception during feeding (12).
Presumably the structures are used in con-
texts other than feeding, and one such con-
text is intraspecific communication.
CHRISTOPHER AMEYAW-AKUMFI
BRIAN A. HAZLETT
Division of Biological Sciences, University
of Michigan, Ann Arbor 48104
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Molecular Vehicle Properties of the

Broad Host Range Plasmid RK2

Abstract. The plasmid RK?2 is stably maintained in a'broad range of gram-negative
bacteria. The RK2 DNA has a single Eco RI restriction site. The insertion of a DNA
fragment into this site does not interfere with either plasmid maintenance or self-trans-
missibility. Because RK2 has a broad host range, it should be useful for the construction
in vitro of hybrid plasmid molecules capable of being established by conjugal transfer or
transformation into many genera of gram-negative organisms.

Bacterial plasmids of compatibility
class P may conjugally transfer into many
different host genera of gram-negative bac-
teria in which they are stably maintained
(1, 2). These plasmids are therefore useful
for introducing new genes into these orga-
nisms. For this reason, we examined the
molecular vehicle properties of the P plas-
mid RK2, in the hope that it may be used
to construct in vitro new plasmids that
would retain the broad host range of the
parental molecule.

The plasmid RK2 specifies resistance
to the antibiotics ampicillin, kanamycin,
and tetracycline (2). Supercoiled, tritium-
labeled RK2 DNA was purified by pre-

parative scale ethidium bromide-cesium
chloride equilibrium centrifugation of
“cleared” (3) lysates of JC411(RK2), a
strain of Escherichia coli K-12 carrying
the plasmid. The DNA was exhaustively
digested by the restriction endonuclease
Eco RI (4) and analyzed both by sedimen-
tation through a neutral sucrose gradient
and by agarose gel electrophoresis. Undi-
gested RK2 DNA is homogeneous in size
(Figs. 1A and 2A), with s, , values of 60
and 43, corresponding to the covalently
closed and nicked circular forms of the
plasmid, and a calculated molecular
weight of 40 x 106 (5, 6). Restricted RK2
DNA migrated at a single position on the
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