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Abstract In contrast to the modern cephalopods, the
nautiloids use primarily the chemosensory sense to
explore their environment. So far there have been few
studies on sexual-selection processes in solitary-living
nautiloid cephalopods, but it can be posited that con-
specifics are also discovered by odour. In order to
determine whether a special area of the rectum, the
rectal gland, plays a role in the intraspecific communi-
cation processes of Nautilus pompilius, Y-maze experi-
ments were performed. We tested the reaction of
juvenile, early-adolescent male and female, and adult
male N. pompilius to homogenates of the rectum of male
and female conspecifics. As negative controls, homo-
genates of gills or mantle, or secawater were used. To
check the set-up of the experiment, carrion was pre-
sented as a positive attractant. We demonstrated that
the adult (mature) males significantly preferred the rec-
tum homogenate containing the stimulus of females,
whereas the homogenates from males and/or females
had no influence on the behaviour of immature animals
of both sexes. Our behavioural studies provide evidence
that sexually mature male N. pompilius are attracted to
females by excretions of the rectum.

Introduction

The nautiloid cephalopods, only represented by two
genera with six extant species, live outside the coral reefs
in the Pacific Ocean (Saunders 1981; Ward and Saunders
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1997). These animals are primarily solitary, nocturnal
organisms that remain at depths of up to 300 m during
the day and migrate vertically up tropical reef slopes at
night (Carlson et al. 1984; Ward et al. 1984; Zann 1984;
O’Dor et al. 1993). In contrast to modern cephalopods
that have a predatory way of life, the nautiloid cepha-
lopods are primarily scavengers (Hamada et al. 1980;
Ward and Wicksten 1980). Modern cephalopods show a
greatly modified brain development and locomotory
system, as well as a highly developed visual sense that
enables a fast lifestyle. The nautiloids possess a primitive
pinhole eye that lacks a lens, suggesting that vision is not
the most essential sensory system for foraging, in con-
trast to most modern cephalopods (Muntz 1986, 1991;
Barber 1987). Nautiloids locate food through a combi-
nation of smell and touch, following the stimulus pro-
duced by a distant odour source until it touches the item
with its tentacles (Bidder 1962; Basil et al. 2000; Ruth
et al. 2002). During this process they extend all the
digital tentacles, as well as the ocular tentacles, and swim
forward to the odour source. In searching, four pairs of
digital tentacles, the lateral digital tentacles, are spread
out or hang below towards the bottom, respectively
(Mikami et al. 1980; Ruth et al. 2002).

Nautiloids are also equipped with a pair of rhino-
phores, each one a fleshy papilla of 4 mm with a sensory
pit, located below the eyes (Barber and Wright 1969;
Barber 1987). Previous histological and scanning elec-
tron microscopic investigations show characteristic cili-
ary processes within the epithelium of the ocular
tentacles, in the lamellae of four pairs of lateral digital
tentacles, and in the olfactory pits of the rhinophores,
similar to the ciliary structures found in the chemoper-
ceptive cells of coleoid cephalopods. These data, to-
gether with observations on feeding habits, suggest that
these cells may serve in a long-distance chemosensory
mechanism. Different types of ciliary processes within
the epithelium of the medial digital tentacles are con-
sidered as mechanosensory structures (Ruth et al. 2002).

Behavioural observations reveal that N. pompilius can
detect and follow turbulent odour plumes to the source
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over distances of up to 10 m. It seems that the paired
rhinophores are necessary for orientation. When these
organs were blocked, the animals could not track the
plume or locate the source (Basil et al. 2000). Further
experiments suggest that female N. pompilius are
attracted to the odour of males (Basil et al. 2002).

In previous cytological investigations of the digestive
tract of N. pompilius we demonstrated a kind of rectal
gland within the epithelium of the rectal loop (Fig. 1).
Because the secretion of digestive enzymes in this part of
the digestive tract is not very likely, it can be supposed
that the secreted substances of these cells serve to mark
the faeces (Westermann and Schipp 1998b). This
marking could probably have some biological signifi-
cance for intraspecific chemotactic communication on
the basis of the biotope and the poorly developed optical
apparatus of these animals. Thus, we set out to deter-

Fig. 1 Nautilus pompilius. The digestive tract of nautiloids (West-
ermann and Schipp 1998a), with a schematic diagram of the
mucosal epithelium of the rectum showing the characteristic rectal
gland cells containing numerous (sv) secretory vesicles. (bl basal
lamina; ¢ crop; ca caecum; cf collagen fibres; de desmosome; dh
ductus hepatopancreas; er endoplasmic reticulum; g golgi appara-
tus; j jaw; Iy lysosome; m midgut; me mesenterium; mi mitochon-
drion; mv microvilli; » nucleus; nu nucleolus; o oesophagus; r
rectum; s stomach; v vestibulum)

mine whether N. pompilius is able to detect conspecifics
using excretions from the rectum. In Y-maze experiments,
we tested the reactions of male and female juvenile, early-
adolescent and adult N. pompilius to homogenates of the
rectum of both sexes. As a positive control we used car-
rion and as negative controls we tested homogenates of
mantle and gill tissues, as well as seawater.

Materials and methods
Animals

Animals were captured at a depth of about 200 m in the
coastal waters of the South China Sea, northern Phil-
ippines, and air shipped to the Institute for Zoology,
Germany.

For the behavioural studies, Nautilus pompilius L. of
both sexes in three different developmental stages were
used. Based on observations of Collins and Ward (1987),
we used late juveniles, with a moderate shell length of
10.5 cm; animals in the early-adolescent phase, charac-
terised by a shell length of 13.0 cm and a white venter;
and adult male N. pompilius, with a shell length of
15.5 cm. The adult animals had formed the last septum
and were sexually mature. Unfortunately, adult female
N. pompilius were not available. The sex of the early-
adolescent and adult animals was determined by the
presence or absence of the spadix, the male secondary
organ that is usually located to the right of the mouth
(Haven 1977; Saunders and Spinosa 1978). The sex of
the juveniles was analysed by histological investigations
of the gonads, after the behavioural studies. For the
behavioural experiments, 14 N. pompilius served as
recipients and 13 as donors (Table 1).

Maintenance

All the animals were kept at a constant water tempera-
ture of 18.1+£0.4°C in a closed 250-1 aquarium (size:
65x60x65 cm) and in a 200-1 aquarium (size:
100x40x50 cm) with alternating 12-h periods of faint
light and complete darkness. The water was filtered
through an exterior filter containing shell and wadding,
and ammonia and nitrite were removed with an exterior

Table 1  Nautilus pompilius. Number of nautiloids in different
developmental stages used for the behavioural studies (donors
animals used for homogenates)

Recipients Donors
Juvenile males 4 1
Juveniles females 1 3
Early adolescent males 4 3
Early adolescent females 4 4
Adult males 2 2
Total number 14 13




bacterial gravel filter. The animals were fed with frozen
shrimp (Crangon sp.) every second day.

Y-maze experiments

For the behavioural studies, a special aquarium (length
160 cm, width 100 cm, height 35 cm) was designed, which
was divided into four courses/arms of 100 cm. The animal
could move freely within the area without the divisions
(60 cm). At a distance of 20 cm on the opposite side of the
courses, a grating was inserted to prevent the animals from
moving into the front area (Fig. 2). The artificial seawater
used was cleaned by directing its flow over a living sand
filter, as well as over an activated-carbon filter. The tem-
perature in this aquarium was adjusted to 17.2+0.5°C.
With the help of a pump, the water streamed in via an inlet
in the front of each course so that a weak flow existed in the
direction of the outlet. Experiments with dyes demon-
strated that it took approximately 5-6 min for the water
flow to reach the animal. The dye was flushed out after
about 30 min. Lighting was placed above the Y-maze,
parallel to the longitudinal axis. This arrangement pro-
vided a light level of about 150 lux at the water surface. A
video camera was mounted at the front of the Y-maze to
record the nautiloids’ movements. The Y-maze was cov-
ered with non-transparent sheets to minimise evaporation.

Fig. 2 Y-maze and water circulation. Dimensions are in centime-
tres and the components are drawn to scale (1:22) with the
exception of the cooling system [C cooling system; F filter bed
(bacterial gravel filter); G removable grating; O outflow; P pump
with particle filter; S sieve; V" adjustable ball valve]
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Procedure

Each animal was transferred from the holding aquarium
to the Y-maze and acclimated for 3 days before the trials
started. During the period of the trials, the experimental
animal was maintained in the Y-maze to prevent stress
by moving. Before each trial started, the animal was
restricted behind the grating and the covering was
removed. After a habituation time of 1 h, the odour
source was placed in the area of the inlet of one course.
Three different substances were tested: carrion, homo-
genates and seawater. Initial experiments with carrion
(frozen shrimp) were carried out to examine the exact
behaviour pattern on a positive olfactory stimulus. After
these positive controls, homogenates of the rectum of
female and male N. pompilius were used, and the reac-
tion to males and females were tested. Sea water with
10% protease inhibitor cocktail and homogenates of the
mantle and gills served as negative controls. The
experiments with carrion were carried out with hungry
animals, whereas the homogenates were tested on well-
fed nautiloids. The shrimp were put directly in a sieve
in the inlet, whereas the homogenates were placed
on cotton wool within the sieve. The odours were pre-
sented at random in each course, and each recipient
was tested at random in three to nine trials with each
odour. The courses without the odour contained blank
seawater. In each trial, the behaviour of the animal was
observed for 30 min and the orientation paths were
videotaped.

A trial was considered positive if the nautiloid had
chosen the course containing the odour as its first choice
and if the animal swam directly to the inlet at the end of
each course. If the animal showed no reaction or took
one of the courses without the odour, the trial was
negative. Between each trial a period of 24 h was
allowed to elapse to ensure that the odour had been
removed by the filter system.

For the statistical evaluation, recipients were divided
into groups: immature males and females (juvenile and
early-adolescent animals) and adult (mature) males.
Differences in the responses of males and females to the
various substances were tested by means of generalised
linear model analysis (GLZ). Type III error was applied
in the GLZ to account for unequal sample sizes between
the data groups. Whether a specific animal group
recognised a specific substrate was tested by comparing
the related success frequency against the random
expectation (binomial test). P-values were corrected for
repeated testing by means of the truncated product
method (Zaykin et al. 2002). All statistical analyses were
performed using the STATISTICA package (Statsoft,
Tulsa, USA).

Preparation of the homogenates

The animals were anaesthetised in a 2-3% ethanol-
seawater solution, depending on their size, and the
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rectum, gills and mantle were removed. In sacrificing
specimens, the principles of laboratory animal care were
followed. The organs were homogenised in seawater
with the addition of 10% protease inhibitor cocktail
(Sigma) on ice. After the cellular components were
removed by centrifugation at 10,000 g for 20 min at 4°C,
the cell-free suspensions were directly frozen in liquid
nitrogen and stored in a freezer at —80°C. The
homogenates were applied in a concentration of 2 ppm
(2x107°). For each trial 1 ml of the different homogen-
ates was used.

Results
Behaviour after the application of carrion

After the acclimation time of 1 h, all the Nautilus
pompilius tested were in a resting position, in which only
the tips of the ocular tentacles were visible. The digital
tentacles were retracted into their tentacle sheaths,
except for one or two that were used for attaching the
animal to the aquarium. Then, 7.0+£4.7 min (mean
value of all tested animals) after presentation of the
carrion in one course, the animal detached itself from
the aquarium wall with swaying movements. In this
moment the experimenter removed the grating carefully
without disturbing the animal. After this reaction, the
animal swam first into the area in front of the courses,
before it manoeuvred itself into the course containing
the food (Fig. 3). After detaching itself from the
aquarium wall, the animal stretched the ocular out
widely, as well as the digital tentacles for orientation.
Two to four pairs of digital tentacles, the so-called
lateral digital tentacles (see Ruth et al. 2002), were also
extended and maintained constant contact with the
bottom. The odour source was reached after
8.5+3.9 min, and the medial digital tentacles were used
to grab the carrion. The experimental assembly
described above was carried out in 69 trials with differ-
ent animals (number of trials for each group: juvenile
females =11, juvenile males =20, early-adolescent males
=22, early-adolescent females=11, adult males=35). In
61 of the 69 trials the animals chose the course with the
carrion, and in eight cases they showed no reaction
at all. After the statistical evaluation, the reaction of
N. pompilius to this positive olfactory stimulus was
significant (P <0.01, Tables 2, 3; Fig. 4).

Behaviour after application of gill or mantle homogen-
ates or seawater

In 21 trials we tested the reaction of N. pompilius to gill
or mantle homogenates or to seawater with 10% pro-
tease inhibitor cocktail as negative controls (number of
trials for each group: juvenile and early-adolescent
females=4, juvenile and early-adolescent males=9,

Fig. 3 Nautilus pompilius. Schematic diagram of the behaviour of
nautiloids to an attractant stimulus, e.g. carrion, presented in
course [. X marks the start position of the animal. After
detachment from the outlet, the animal searched within the front
area of the aquarium in a backward swimming position and then
chose the course with the attractant odour. Within the course N.
pompilius changed its swimming position (arrowhead) and moved
forward

adult males=38). In 19 trials the animals showed a neg-
ative reaction (10 trials no reaction at all, 9 trials blank
course). In only 2 trials did they choose the course
containing the control medium (Tables 2, 3; Fig. 4).

Behaviour after application of rectal homogenates

In 114 trials we tested the reaction of juveniles and early-
adolescent males (number of trials: 68) and females
(number of trials: 30) and adult males (number of trials:

Table 2 Nautilus pompilius. Statistical evaluation of the data
according to the generalised linear model, type III (discovered-
likelihood, link function: LOGIT). All the tested groups signifi-
cantly prefer the course with the presented substances (P < 0.01),
and there is significant interaction (P < 0.01) between the animals
and the presented substances (substancexanimals) (bold significant
values)

df Log-likelihood Chi-squared P

Substance 3 —99.6991 51.67696 0
Animals 2 —75.4284 3.13549 0.208515
SubstancexAnimals 3 —81.4321 15.14292 0.001698




Table 3  Nautilus pompilius. Further statistical evaluation of the
data. Pseudo-hoc-test (subtest) for multiple testing (Zaykin et al.
2002). The data demonstrate that all tested groups significantly
prefer (P <0.01) the course with carrion. In contrast, the con-
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trols elicited no significant reaction. Adult male N. pomilius are
attracted to rectal homogenates of females (P < 0.01), whereas
homogenates from males provoke no significant reaction (bold
significant values)

Carrion Controls Rectal homogenate
Females Males
Immature males 0 0.738883 0.999108 0.456059
Immature females 0.000001 0.261466 0.504986 0.919936
Adult males 0.001817 0.197899 0 0.738883
P-complete (correction for multiple testing, Zaykin et al. 2002) 0.001818
16) to the rectal homogenates of male and female | ]
Discussion

N. pompilius. No significant relationship was revealed
between the immature conspecifics. In contrast, the
fully-grown adult male N. pompilius clearly responded
positively to the rectal homogenates in 16 trials. We
further demonstrated that only the rectal homogenate of
females provoked a significant positive reaction, whereas
the homogenates of male N. pompilius had no influence
on the behaviour of males (Tables 2, 3; Fig. 4). After
the presentation of homogenates from male donors,
the male recipients did not detach themselves from
the aquarium wall or they took the course without the
odour. However, 14.6+5 min after the presentation of
female rectal homogenates, adult males detached them-
selves from the aquarium wall with the ocular and digital
tentacles, as well as the lateral digital tentacles exposed
for orientation. First, the animal moved into the area
without partitions before swimming into the course with
the homogenate. Animals often changed their swimming
position from backward to forward just before they
reached the attractant odour (Fig. 3). After detachment,
it took 4.3 £ 1.5 min until the animals reached the inlet
with the odour.

100%
O Adult males
B Immature females
O Immature males
75%
)
£
§ 50%
F
@
25%
% - j:L

Carrion Controls

femalas males

Fig. 4 Nautilus pompilius. Success rate (in %) of the selected
substrates: carrion, controls (control homogenates and blank
seawater) and rectal homogenates of females and males. All the
tested animals chose carrion more frequently (85-100%) than
controls (about 25%, random event). A significant relationship was
revealed for adult males and the rectal homogenates from females
(91%). The rectal homogenates from females and males showed no
significant effect on immature animals

The statistical evaluation of the experiments demon-
strates that all the investigated animals significantly
prefer the course containing the stimulus carrion. Nau-
tilus pompilius showed a clear positive reaction to the
presented carrion, confirming previous observations that
nautiloids use odour to locate food (Bidder 1962; Basil
et al. 2000; Ruth et al. 2002). In the current study,
animals were kept in the Y-maze during the trials to get
used to the odour of seawater. Our own previous studies
on the chemotactic behaviour of N. pompilius in a
Y-maze in which the animals had not been habituated to
the seawater were inconclusive (Westermann, personal
observations). The animals were probably too stressed
by moving, or they were irritated by the odour of the
seawater. Here, the animals chose the course with
carrion after an acclimation time of 1-24 h only one of
four times, but, after 3 days of acclimation, they reacted
positively to the odour carrion (5:1), indicating that the
animals need this length of time for acclimation. To
ensure that the odour was eliminated by the filter system,
the trials were carried out at 24-h intervals.

The present studies on the chemotactic behaviour of
N. pompilius indicate that adult males are attracted to
the secretions of the rectum of females. In contrast, the
males and females that have not reached sexual maturity
showed no clearly positive reaction to the homogenates
of their conspecifics. These findings provide evidence
that the faeces of the rectum contain pheromones,
probably from secretions of the rectal gland. The faeces
were possibly used as scent marks within the reef to
ensure that the solitary-living males and females find
each other during the breeding season. Previous inves-
tigations showed that the faeces of N. pompilius consist
of red-brown threads, with a length of about 2 cm and
no solid components. They disintegrate 36 h, at the
earliest, after excretion (Westermann et al. 2002).

Furthermore, our present results suggest that the
males’ chemosensory sense is used for detection of
female conspecifics of N. pompilius. Unfortunately, we
were not able to test the reactions of sexually mature
females to the rectum homogenates, because it was not
possible to obtain such animals. Previous behavioural
studies of Basil et al. (2002) on N. pompilius support that
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female nautiloids were attracted to male conspecific
odour. In these experiments, the seawater in which the
males spent 4 h was presented in a Y-maze. The females
preferred the arm containing the odour of the males.
These observations of Basil et al. (2002) also indicate
that secretions of the rectum are probably attractive.
Unfortunately, they did not mentioned in their study at
exactly which developmental stage the animals were and
whether they were sexually mature. Further studies with
mature females must be performed to investigate whe-
ther male or female rectum homogenates influence their
behaviour also.

Investigations on the behaviour of Sepia officinalis
also suggest the use of chemical cues in sexual-selection
processes. Boal and Marsh (1998) found that male cut-
tlefish could not recognise their own mated female from
other mated females, but that they could discriminate
between mated and unmated females in general. The
authors also determined that sexually receptive females
preferred the more recently mated of two males in the
absence of visual information, suggesting strongly that
chemical cues were being used for mate choice (Boal
1997).

For sepioids and octopods, it has also been demon-
strated that they use chemical cues for the detection of
their environment in addition to their visual sense.
Experiments on S. officinalis provide strong evidence
that cuttlefish detect ecologically salient chemical cues,
like predators and prey, in general water chemistry (Boal
and Golden 1999). In Octopus maya, amino acids,
nucleotides and crab extracts stimulate chemotaxis (Lee
1992). Furthermore, the breeding behaviour of cepha-
lopods is also influenced by pheromones. Contact with
squid egg capsules increases aggressive behaviour in
male Loligo peali. This behaviour is elicited by a
heat-labile factor embedded within the egg capsules that
appears to be a contact pheromone (King et al. 1999,
Buresch et al. 2003). Similarly, several peptides with
pheromonal characteristics were isolated from the egg
masses of S. officinalis; these may be regulating peptides
in oocyte transport and in the successive steps of egg
laying (Zatylny et al. 2000a, 2000b; Bernay et al. 2004;
Susswein and Nagle 2004). Among these peptides is a
hexapeptide with sperm-attracting activity (Zatylny
et al. 2002).

Also, in the marine mollusc Aplysia, pheromones are
involved in coordinating breeding behaviour. Egg cor-
dons contain pheromones that establish and maintain
breeding aggregations (Painter et al. 1991; Painter
1992; Susswein and Nagle 2004). The peptide “Aplysia
attractin” was isolated from the albumen gland, a large
exocrine organ that packages the eggs into the cordons
and stimulates mature animals to approach egg cor-
dons (Fan et al. 1997; Painter et al. 1998). Attractin
sequences from five different Aplysia species are about
40% identical (Schein et al. 2001). Our own previous
investigations on the ultrastructure of the rectal gland
cells and secreted substances (Westermann and Schipp
1998b) suggest that the content of the gland cells

probably consists of peptide-like compounds. Future
investigations will target isolation of the content of
rectal gland cells and characterisation of the secreted
substances.

The results of our behavioural studies indicate that in
N. pompilius excretions of the rectum are probably
involved in intraspecific communication processes. In
view of the fact that nautiloid cephalopods have a low
population density (Saunders and Ward 1987) and a low
reproductive rate, as well as a long egg development
times of up to 400 days (Carlson 1991; Uchiyama and
Tanabe 1999), it is unlikely the animals find each other
by pure coincidence.
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