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Abstract
The freshwater prawn Macrobrachium rosenbergii is a tropical crustacean with characteristics
similar to those of lobsters and crayfish. Adult males develop through three morphological types—
small (SC), yellow (YC), and blue claws (BC)—with each representing a level in the dominance
hierarchy of a group, BC males being the most dominant. We are interested in understanding the role
played by neuropeptides in the mechanisms underlying aggressive behavior and the establishment
of dominance hierarchies in this type of prawn. SIFamides are a family of arthropod peptides recently
identified in the central nervous system of insects and crustaceans, where it has been linked to
olfaction, sexual behavior, and gut endocrine functions. One of the six SIFamide isoforms,
GYRKPPFNGSIFamide (Gly-SIFamide), is highly conserved among decapod crustaceans such as
crabs and crayfish. We wanted to determine whether Gly-SIFamide plays a role in modulating
aggression and dominant behavior in the prawn. To do this, we performed behavioral experiments
in which interactions between BC/YC pairs were recorded and quantified before and after injecting
Gly-SIFamide directly into the circulating hemolymph of the living animal. Behavioral data showed
that aggression among interacting BC/YC prawns was enhanced by injection of Gly-SIFamide,
suggesting that this neuropeptide does have a modulatory role for this type of behavior in the prawn.

Introduction
Crustaceans such as lobsters and crayfish have been used extensively as model systems for
studying the neural basis of aggressive behavior. In these animals, status as dominant or
subordinate during agonistic encounters is established on the basis of body size and experience.
The giant freshwater prawn Macrobrachium rosenbergii (de Man, 1879) is a type of clawed
shrimp that lives in some tropical and subtropical areas of the world and has characteristics
similar to those of lobsters and crayfish concerning general body plan, internal anatomical
organization, and some aspects of behavior (Huxley, 1973; Bliss, 1982). Sexually mature males
develop through three distinct morphological types that differ in the ratio of claw to body
length, growth rate, and claw color and morphology. The morphotypes are designated blue
claw (BC), yellow claw (YC), and small claws (SC), each representing a level in the dominance
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hierarchy of the population, with BCs being the most dominant and SCs the most subordinate
(Ra'anan and Cohen, 1985).

Freshwater prawn adult males also show behavioral differences according to morphotype in
terms of territoriality and behavior toward females (Ra'anan and Cohen, 1985). The BCs are
territorial, sexually active, and tend to protect females; the YCs are nonterritorial, sexually
incompetent, and tend to attack females; the nonterritorial SCs are strongly attracted to females
that are receptive to mating and occasionally succeed in copulating with a female by sneaking
in between it and a BC (Ra'anan and Sagi, 1985).

Even though the most obvious characteristic that distinguishes the prawn morphotypes is claw
size and coloration, this is not the only relevant cue in the establishment of the dominance
hierarchy of a population. The relative proportions in an enclosed population of the three male
morphotypes, SCs, YCs, and BCs, remain nearly constant at 5:4:1, respectively, under a wide
range of environmental conditions (Brody et al., 1980; Cohen et al., 1981; Ra'anan et al.,
1991). These ratios are maintained in a dynamic state, in which individual males are capable
of undergoing a transformation from one morphotype to another, following an irreversible
order: from SC to YC to BC. Such transformations occur whenever large individuals either die
or are selectively removed from the local habitat (Ra'anan and Cohen, 1985). Thus, since the
transition to a higher-order morphotype is influenced by the ratio of each morphotype already
present in the animal's environment, it is possible that, in addition to the coloration of their
claws, some form of chemical cues for status and size may be involved in the animal's
assessment of its position within the hierarchy. Similar cues signaling sex, status, and size have
been described in other crustaceans (e.g., Hazlett, 1985, 1990; Caldwell, 1987).

We are using this model system because the status of the males as dominant or subordinate is
of a more fixed nature than in other crustaceans, being established on the basis of claw type
first and body size second (Barki et al., 1992). Also, the other differences in behavior, in terms
of territoriality and interactions with females, make this model system interesting for
comparative behavioral studies.

An extensive body of evidence links biogenic amines, such as serotonin and octopamine, with
actions on the crustacean nervous system that result in behaviors associated with dominance
or subordination. Some studies have focused on understanding the role played by postural
systems controlling abdomen muscles in agonistic behavioral interactions in lobsters and
crayfish (Livingstone et al., 1980; Harris-Warrick, 1985; Kravitz, 1988; Ma et al., 1992; Sosa
and Baro, 2002). Injections of biogenic amines induce specific types of postures linked to social
status, such as serotonin-flexed abdomen and octopamine-hyperextended abdomen
(Livingstone et al., 1980; Kravitz, 1988; Sosa and Baro, 2002). Moreover, injected serotonin
induces aggression in crayfish and lobsters (Livingstone et al., 1980; Kravitz, 1988; Huber et
al., 1997a, b; Huber and Delago, 1998; Tierney and Mangiamele, 2001; Tierney et al., 2004).
We showed previously that injections of serotonin and octopamine can modulate the levels of
aggression in the freshwater prawn (Sosa and Baro, 2002). Injections of serotonin in YC males
resulted in increased aggression, while injections of octopamine in BC males resulted in
increased submissiveness. This evidence suggests that biogenic amines play a role in
modulating aggressive behavior in these animals.

Escape responses (e.g., tailflips) and their underlying neural basis have also been studied
extensively in crustaceans (Wine and Krasne, 1972, 1982; Edwards et al., 1999; Krasne and
Edwards, 2002; Herberholz et al., 2004; Espinoza et al., 2006). Evidence also supports the role
of serotonin in escape systems of crustaceans (Glanzman and Krasne, 1983; Yeh et al., 1996,
1997; Krasne et al., 1997; Teshiba et al., 2001; Edwards et al., 2002; Antonsen and Edwards,
2007). In the crayfish, it has been found that modulatory actions of serotonin on synaptic
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responses within a circuit involved in the escape response depend on the initial social status of
the animal (Yeh et al., 1996, 1997). In subordinates, serotonin inhibits escape, but in dominants
it facilitates the lateral giant (LG) escape reflex. It has also been shown that burrowing, an
activity not directly associated with fighting, is repressed in subordinate crayfish while in the
presence of a dominant animal, but is reestablished when the animal is alone for a period of
time after the determination of its status as subordinate (Herberholz et al., 2003). The
simultaneous occurrence of the inhibition in burrowing with that of aggression in these
subordinate animals suggests a common or similar underlying mechanism. Thus, while the
neural mechanisms involved in determining social status and aggressive behavior initially are
not well known, there is ample evidence demonstrating the link between neuromodulatory
influences and maintenance or changes in said status.

Serotonin and octopamine play a primary role in modulating aggression and fighting behavior
in crustaceans, including the freshwater prawn, but it is understood that they are not the sole
determinant elements. Existing models proposed to explain the roles of biogenic amines cannot
fully explain all aspects of aggressive behavior and how it can be adjusted to varying
circumstances. In effect, no single chemical or transmitter system is responsible for generating
or modulating these complex behaviors. The interaction and resulting balance of circulating
transmitters is most probably responsible for controlling and regulating such behaviors (Wood
et al., 1995). Neuropeptides are very likely candidates for acting as modulators of aggression.
A thorough understanding of the roles neuropeptides are likely to be playing in modulating
agonistic behaviors in the prawn will help to expand the inventory of potential target molecules,
binding sites, messenger systems, and genes for controlling or regulating various forms of
interactive behaviors. This knowledge will further our understanding of the neural basis of
aggressive behavior.

Over the past decade, a number of studies have used techniques of mass spectrometry,
immunohistochemistry, or bioinformatics to identify peptides in the nervous system of
crustaceans (Nilsson et al., 1998; Yasuda-Kamatani and Yasuda, 2000, 2004; Skiebe et al.,
2002, 2003; Li et al., 2002, 2003; Nichols, 2002; Huybrechts et al., 2003; Bulau et al., 2004;
Yasuda et al., 2004; Messinger et al., 2005). These studies have identified a wide variety of
novel neuropeptides whose distribution and physiological functions in nervous tissues are not
yet known (Christie et al., 2006). One such peptide is GYRKPPFNGSIFamide (Gly-
SIFamide), recently identified in the nervous system of various crustacean species
(Sithigorngul et al., 2002; Huybrechts et al., 2003; Yasuda et al., 2004; Yasuda-Kamatani and
Yasuda, 2006; Messinger et al., 2005; Sullivan and Beltz, 2005; Polanska et al., 2007; Gard
et al., 2009; Ma et al., 2009a, b), including the freshwater prawn (Ma et al., 2008b). A related
analog, VYRKPPFNGSIFamide (Val-SIFamide), has been described in the American lobster
Homarus americanus (Christie et al., 2006; Cape et al., 2008; Ma et al., 2008a; Dickinson et
al., 2008), and more recently in the European green crab Carcinus maenas (Ma et al.,
2009a). A third analog, AYRKPPFNGSIFamide (Ala-SIFamide), appears to be the native form
in most insects (Janssen et al., 1996; Vanden Broeck, 2001; Audsley and Weaver, 2006;
Christie, 2008a, b; Roller et al., 2008; Weaver and Audsley, 2008). Another three isoforms
have been described in insects and crustaceans (Verleyen et al., 2009).

While members of the SIFamide family have been identified in a number of arthropods and
appear to be widely distributed in the central nervous system, very little is known about the
physiological roles they play in any species. The fact that the sequence of SIFamide is
extremely conserved among species suggests an important function for this neuropeptide
(Verleyen et al., 2009). In Drosophila, Ala-SIFamide is restricted to only four neurons in the
brain and appears to be involved in modulating sexual behavior (Terhzaz et al., 2007). In other
insects and crayfish, the expression patterns of the SIFamide peptides in specific areas of the
brain support involvement in the integration of visual, tactile, and olfactory information
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(Verleyen et al., 2004, 2009; Yasuda et al., 2004; Yasuda-Kamatani and Yasuda, 2006;
Polanska et al., 2007). In the American lobster, immunohistochemical and physiological data
are suggestive of modulatory actions of Val-SIFamide in the stomatogastric nervous system
(Christie et al., 2006; Rehm et al., 2008). The recent identification of Gly-SIFamide in the crab
midgut implies a possible gut endocrine/paracrine role for members of the SIFamide family
(Christie et al., 2007). However, widespread expression patterns in other areas of the nervous
systems of various arthropods clearly suggest that much remains to be learned about the
functions of these neuropeptides.

Dominance and aggression are involved in the sexual behavior of many species, including the
prawn. These elements of interactive behavior are also influenced directly by information the
animal receives from its immediate external environment by means of visual, tactile, and
olfactory cues. Since, as mentioned above, SIFamide has been suggested to be involved
precisely in the integration of visual, tactile, and olfactory information (Verleyan et al.,
2009), as well as in regulating sexual behavior (Terhzaz et al., 2007), we postulated that maybe
this amide also functions in modulating dominance and aggressive behavior in the prawn.

The purpose of this study was thus to determine the role that Gly-SIFamide plays in modulating
the prawn's aggressive behavior during agonistic encounters, as a means to start elucidating
how neuropeptides function in the mechanisms underlying plasticity of interactive behaviors.
We focused on the question of whether exogenous Gly-SIFamide increases or decreases the
level of aggressiveness displayed by interacting prawns. To address this question, we
performed behavioral observation experiments in which the interactions between BC/YC pairs
were recorded and quantified before and after Gly-SIFamide was injected directly into the
circulating hemolymph of the living animal.

Materials and Methods
Experimental animals

The freshwater prawn Macrobrachium rosenbergii is a crustacean model system characterized
by adults with three claw morphotypes that differ in color, relative size, and spination, each
morphotype correlating with a fixed dominance status and other defining features of the
animal's modes of interaction with others, including territoriality and courtship behavior
(Ra'anan and Cohen, 1985; Ra'anan and Sagi, 1985; Barki et al., 1992). The fixed nature of
the dominance hierarchies established by the prawn makes this model interesting for behavioral
studies.

Male prawns measuring 8–15 cm in length from eyestalk to telson were obtained from private
aquaculture farms in Lajas and Canovanás, Puerto Rico. They were maintained in community
tanks whose water was continuously filtered and aerated at the Animal Care Facility of the
Institute of Neurobiology of the University of Puerto Rico Medical Sciences Campus under a
photoperiod of 12-h light/12-h dark. Experiments were done at the end of the dark photoperiod
(the animals are nocturnal). Water temperature was maintained at 26–28 °C and the pH adjusted
to 7.4 (safe range is 6.9–8.5). Animals were fed a high-protein (>40%) pelleted Purina chow
once every other day. All procedures involving the use of animals were approved by the
University of Puerto Rico Medical Sciences Campus Institutional Animal Care and Use
Committee (IACUC) prior to the start of the experiments.

Behavioral observations
Since the dominance hierarchy of this species of prawn is predetermined on the basis of the
animal's morphotype (Ra'anan and Cohen, 1985; Ra'anan and Sagi, 1985; Barki et al., 1992),
specific pairs of BC and YC prawns did not need to be placed together before experiments to
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establish dominance, as is required with other crustacean models. All animals used for
behavioral observations had been previously kept in a communal tank containing male prawns
of all morphotypes, as well as females, in the proportions they are normally found in their
natural habitats (50% SC, 40% YCs, 10% BCs; Brody et al., 1980; Cohen et al., 1981; Ra'anan
et al., 1991). Interactions were observed in an 80-l glass tank (24 × 12 × 16 in [≈60.9 × 30.5
× 40.6 cm]). All behavioral observations were recorded on videotape using a camcorder
(Panasonic Palmcorder PVA228) or digital camera (SONY Handycam PC350) placed in front
of the tank at the same time as parameters of interest were noted on paper. Observations (and
their corresponding numerical values) during each session were registered at 30-s intervals
when analyzing the video recordings. A grid of squares with sides of 4 cm was marked at the
bottom of the tanks using white tape against a black background. All other sides of the tanks,
except the front, were also covered with a black background to increase contrast. To minimize
the possibility of the animals reacting to the presence or movements of the observer, a black
curtain was placed in front of the observation tank with a small opening for the lens of the
camera and another for the eyes of the observer. Water filters, heaters, and aeration tubes were
temporarily removed during observation sessions to minimize sources of distraction for the
animals. Before reuse, each test aquarium was thoroughly rinsed and filled with freshly
prepared water.

Quantitative assessment of aggressive behavior
We measured parameters that serve as indicators of dominance/subordination in instances in
which a BC and a YC are placed in the same tank. These parameters were the same as those
used for prawns by Barki et al. (1992) and similar to those used for crayfish by Huber and
Kravitz (1995), with some additions and modifications based on our own observations (Table
1). The values in the Level column designate the weight of the parameter as an indicator of
dominance/subordination, 6 indicating the most highly dominant behavior and 0 indicating
complete or total subordination (based on Barki et al., 1992). Thus, the weight values ascribed
to each parameter at each instance of observation serve as a measure of the level of aggression.
These values were used to calculate a dominance index (DI) for each individual tested in the
paired interactions, calculated as the sum of the weights of all the instances recorded during
the observation period, divided by the total number of instances. All DI values are shown as
mean ± S.E.M. To determine whether specific parameters could be differentially affected by
the injections in comparison to the others, the mean level of aggression reached for each
parameter was also calculated for each animal during the observation periods.

Previous studies carried out in our laboratory have shown that when a pair of BC and YC
prawns are placed together, 30 min of recording is sufficient to obtain a reliable quantitative
estimate of the behaviors of interest, and that further extending these observation periods does
not significantly alter the resulting values of the DI (Sosa and Baro, 2002). Therefore, animals
were observed and videotaped for 30 min before the injection (control or pre-injection
behavior). A session following the same sequence was conducted after one of the animals was
injected with Gly-SIFamide, or with prawn saline (vehicle solution) in the case of control
injections (post-injection behavior). Tapes were watched in a random order, and data were
registered by three trained observers who were blind to the injection status of the animals being
observed.

Injections
The approach we used to inject the agents of interest was similar to that used by Glanzman and
Krasne (1983), with some modifications. An animal whose interaction with another had been
observed and recorded was cold-anesthetized for 5–7 min and was then held, dorsal side up,
on the edge of a deep preparation dish containing aerated tank water in such a manner that the
animal was flexed at the thoracoabdominal junction and its cephalothorax was submerged in
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the water so it could breath. While held in this position, the prawn then received a single
injection of Gly-SIFamide (GenScript, Piscataway, NJ) at a concentration of 1 × 10−3 mol
l−1 (dissolved in prawn saline or Ringer) using a syringe needle (Hamilton, 30 gauge) inserted
into the dorsal abdominal artery, just before it entered the heart. We also performed control
experiments where the prawn received a single injection of vehicle solution (prawn saline) in
the same manner as the Gly-SIFamide injections. The prawn saline solution had the following
composition (in mmol l−1): 220 NaCl, 5.5 KCl, 13.5 CaCl2, 2.5 MgCl2, 2.0 NaHCO3, pH =
7.4. Only one animal in each pair received the injection, and each animal was only used once.
Injections were carried out both in dominant BC and submissive YC animals. The injections
were performed by a trained individual, and solutions were injected slowly (over a 10-s period).
The animal was then placed in a 20-l glass tank (16 × 8 × 10 in [≈40.6 × 20.3 × 25.4 cm]) for
45 min to allow recovery from the injection (recovery period). The animal was not placed in
contact with the same animal it had been tested with during the control sessions until its mobility
level was reestablished to a level comparable to that observed before the injection (see below).
After the 45-min recovery period, the animal was placed in the behavioral observation 80-l
glass tank (24 × 12 × 16 in [≈60.9 × 30.5 × 40.6 cm]) in contact with the other prawn, and their
interactions were recorded and compared with those of the pre-injection observation session.
After testing, prawns were placed in isolated tanks and observed for 4 days to make sure they
would not molt. Data from animals that molted during this period were discarded.

Number and duration of attacks
Besides measuring the overall DI and the DI level for individual parameters, we also counted
the number of attacks and the duration of fights for each BC/YC pair, before and after injections.
The beginning of an attack was registered when one of the animals thrust forward its chela
towards the other animal. The attack was considered to be over once one of the animals
retreated, escaped, or stopped pursuing the other. Retreating was defined as walking away from
an attacking animal until being positioned out of reach of the latter. Escaping was defined as
the triggering of reflexive flexion of abdominal muscles so that the animal quickly pulls itself
away from the attacking party.

Locomotor activity
To assess possible changes in locomotion as a result of injections of vehicle (prawn saline) or
Gly-SIFamide, we counted the number of lines demarcating a square pattern at the bottom of
the tank that each prawn crossed during each consecutive 30-s interval for each 30-min
recording period, before and after injections.

Statistical analysis
We used Sigma Stat ver. 3.0 (Systat Software, Inc., Chicago, IL) for all the statistical analysis
of the behavioral data. Parametric one-way analysis of variance (ANOVA) was used to
compare parameters of the DI between the different morphotypes, under control conditions
and after injections. When significant differences were identified, a post hoc multiple
comparison test (Tukey's test) was used to determine whether the observed significant
differences were between the DIs of BCs and YCs either before or after injection, and when
comparing pre- and post-injection DIs for BCs or pre- and post- injection DIs for YCs. We
used the same statistical analysis to compare differences between how many times each animal
performed each of the parameters used to calculate the DI. In all cases, results were considered
significant when P < 0.05.

Results
The effect of Gly-SIFamide on aggressive behavior was assessed in the prawn by injecting this
neuropeptide into the circulating haemolymph through the dorsal abdominal artery. To
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determine the potential effects of the injections on the interactive behavior between
morphotypes, we paired a BC individual and a YC individual under various experimental
conditions, described below. The animal's morphotype was determined on the basis of the
coloration and relative size of its claws. The ratio of claw-to-body length of BCs is normally
above 1.5, and that of YCs is normally above 0.5 and below 1.5. Values for animals used in
the vehicle and Gly-SIFamide injections experiments are shown in Tables 2 and 3, respectively.
A dominance index (DI) was calculated for each individual tested in all the paired interactions
(the higher the DI value, the higher the dominance level).

Typical behavior of paired BC and YC prawns under normal conditions
Under normal (control) conditions, when a BC and a YC are placed together in an 80-l glass
tank (24 × 12 × 16 in [≈60.9 × 30.5 × 40.6 cm]), the BC establishes itself as the dominant
animal and tends to attack the YC. This behavior pattern continues until an escape response is
elicited in the YC or the animals are separated. In control experiments prior to assessing the
effect of injecting submissive animals with Gly-SIFamide (e.g., pre-injection behavior: Fig.
1), the mean DI for BCs was 2.10 ± 0.10 (n = 5), while that of YCs was 1.37 ± 0.09 (n = 5). A
similar pattern was observed in the pre-injection behavior for other experiments carried out to
assess the effect of injecting Gly-SIFamide in dominant animals (Fig. 2), as well as in
experiments in which only prawn Ringer was injected to either morphotype (Figs. 3 and 4).

Gly-SIFamide injection in the YC prawn
When the YC was injected with Gly-SIFamide (1 × 10−3 mol 1−1), the typical behavior of
paired BC and YC prawns usually observed under normal conditions appeared to be reversed
(Fig. 1). YCs injected with Gly-SIFamide behaved very much like BCs do under control
conditions (mean DI of 2.16 ± 0.08; n = 5). Interestingly, this increase in aggression in the
normally submissive prawn was accompanied by a statistically significant decrease (one-way
ANOVA, Tukey's test, P = 0.041) in the levels of aggression of the normally dominant BC
(mean DI of 1.62 ± 0.17, n = 5) when compared to control conditions (Fig. 1), even though the
BC animal did not receive an injection.

Gly-SIFamide injection in the BC prawn
We also injected Gly-SIFamide into the circulating hemolymph of BC in other BC/YC pairs.
Injections of Gly-SIFamide (1 × 10-3 mol l−1) increased even more the BC's normal aggression
toward the YC (Fig. 2). The BC injected with Gly-SIFamide very quickly approached the YC
and started pushing and grabbing him. The YC was always cornered and repeatedly attempted
to push the BC away with its claws. The BC kept up this incessant attack until an escape
response was elicited in the YC. Though the YC tried to get away, the BC kept fighting and
would not retreat. The mean DI for BCs in these experiments was 2.57 ± 0.06 (n = 5), while
that of YCs was 1.44 ± 0.06 (n = 5). Thus, levels of aggression were further enhanced in the
BC by injection of Gly-SIFamide.

Vehicle injection in the BC and YC prawns
To rule out the possibility that the observed changes in behavior could be a result of the injection
process, experiments were done in which the BC or the YC was injected only with vehicle
solution (prawn saline). There were no significant changes in the level of aggression in these
animals, as shown by comparing the DI before and after the injection of the vehicle into the
YC (Fig. 3: P = 0.325 when comparing pre- and post-injection DIs for BCs; P = 0.215 when
comparing pre- and post-injection DIs for YCs) or into the BC (Fig. 4: P = 0.621 when
comparing pre- and post-injection DIs for BCs; P = 1.000 when comparing pre- and post-
injection DIs for YCs). Thus, we can conclude that the injection process is not responsible for
the changes in DI observed following injection of Gly-SIFamide into the BCs or YCs.
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Effects of Gly-SIFamide on specific parameters of aggressive behavior
To determine which specific behavioral components of agonistic behavior increase or decrease
after the Gly-SIFamide injection, we group our data in terms of how many times each animal
performed each of the parameters used to calculate the DI before and after the injection of the
neuropeptide. For data collected during pre- and post-injection sessions, a one-way ANOVA
analysis found significant overall differences among the parameters for 4 of the 5 measured
behavioral categories (n = 5; P ≤ 0.05). These included position of body and walking legs,
movement and position of claws, movement of chela, and instances of movement toward or
away from each other (Table 4). To determine the origin of the significant differences among
groups, Tukey's tests were performed to compare BC and YC post-injection data to their
corresponding control condition data. In general, these tests revealed that injection of Gly-
SIFamide produced an increase in the number of times the animal performed a more dominant
behavior, resulting in a decrease in the more submissive behaviors. We also found that the
greater effects of the Gly-SIFamide injection were on the movement and position of claws, as
well as on the movement of chela. Interestingly, we did not find any significant differences in
the abdomen posture after the injection of the neuropeptide compared to control conditions.

The only significant differences seen in the experiments where the BCs were injected with
Gly-SIFamide were in 2 of the 5 measured behavioral categories, movement and position of
claws, and movement of chela (Table 2). In these experiments, the injected BCs and the non-
injected YCs significantly increased the number of times they positioned their claws at body
level. However, the difference in the injected BCs is higher than in the non-injected YCs. We
also found that the above increase in BCs was accompanied by a significant decrease in the
number of times they positioned claws touching the bottom of the tank while flexed.

The major significant differences were seen in the experiments where the YCs were injected
with Gly-SIFamide (Table 4). In these experiments, injected YCs showed an increase in how
many times the body was partially lifted relative to the bottom, the claws were at body levels
and the chelae were open and touching the other prawn. We also found a significant reduction
in the number of times injected YCs positioned the body touching the bottom of the tank, their
claws touching the bottom while extended, and their chelae closed without touching the other
prawn. Interestingly, the non-injected BCs exhibited more submissive behaviors after the
injection of Gly-SIFamide into the YCs compared to control conditions (Table 4). These
animals tended to maintain their bodies touching the bottom and their claws touching the
bottom while flexed. Also, non-injected BCs showed a significant increase in instances of
movement toward or away from each other such as turning away from the other prawn without
walking away from it, and walking toward the other prawn while facing it. Thus, Gly-SIFamide
acted to increase or decrease the performance of several important agonistic behaviors.

Effects of injections on number and duration of attacks
The effects of vehicle (prawn saline) and Gly-SIFamide injection were also examined in terms
of number and duration of attacks between prawns. Data analysis showed no statistically
significant effects when we compared the number of attacks and their duration before and after
the injection of vehicle solution or Gly-SIFamide (Fig. 5). Nevertheless, nonsignificant trends
toward an increase in the number of attacks and fighting duration were observed when BCs
were injected with Gly-SIFamide (Fig. 5C, D; n = 5, P = 0.216 and P = 0.271, respectively).
A similar nonsignificant trend toward an increase in fighting duration was also observed when
BCs and YCs were injected with vehicle solution (Fig. 5B; n = 5, P = 0.264 and P = 0.053,
respectively).
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Effects of injections on locomotor activity
To examine the effects of vehicle (prawn saline) and Gly-SIFamide injection on locomotor
activity, we assessed general locomotion by counting the number of lines crossed by each
prawn during a 30-s period before and after the injection. Our data revealed that neither vehicle
nor SIFamide injections had any statistically significant effect on locomotion of the animals
(Fig. 6). However, in the experiments where we injected vehicle solution, we observed a
nonsignificant trend toward a decrease in the number of lines crossed after injecting the BCs
(Fig. 6A; n = 5, P = 0.195) and YCs (Fig. 6B; n = 4, P = 0.306). A similar nonsignificant trend
toward a decrease in locomotion was also observed when YCs were injected with Gly-
SIFamide (Fig. 6D; n = 5, P = 0.156). Interestingly, in the latter experiments, the non-injected
BCs also showed a nonsignificant trend toward a decrease in locomotor activity (Fig. 6D; n =
5, P = 0.056).

Discussion
The different patterns of behavior associated with each of the three male morphotypes and their
status within a fixed dominance hierarchy are the advantages of using the freshwater prawn as
a model system to study aggressive behavior. In several studies on aggressive interactions
among conspecifics in crustaceans, the parameters used to determine levels of aggression or
degree of dominance have involved observing who initiates fighting behavior, who retreats
first, how many times contact is established using claws, and the posture of the abdomen
(Livingstone et al., 1980; Kravitz, 1988; Huber and Delago, 1998; Tierney and Mangiamele,
2001; Herberholz et al., 2003, 2004). Fighting behavior may be further characterized by
breaking down the animal's behavioral sequences into individual actions, movements, or both
that can then be assigned numerical values according to how important or relevant they are as
indicators of aggression or submission. This approach has been used previously in determining
the effect of size and morphotype on dominance hierarchies of Macrobrachium rosenbergii
(Barki et al., 1992).

Although injecting substances such as biogenic amines or neuropeptides in the hemolymph of
a living animal will most likely induce general systemic effects, these types of experiments
can nevertheless be an essential initial step in elucidating the mechanisms that underlie a
specific behavior, by narrowing down the range of agents that should be studied in more detail
at the circuit or cellular level. We used this quantitative approach to measure the level of
aggression/submission in interactions between BC/YC pairs before and after injecting Gly-
SIFamide directly into the circulating hemolymph of the living animal.

In this study, we observed that YCs receiving a Gly-SIFamide injection showed a level of
aggression that is normally characteristic of the BCs. These animals became so aggressive that
they actively attacked BCs, a behavior that rarely occurred under normal circumstances. We
also observed that Gly-SIFamide injections into the circulating hemolymph of BCs increased
their aggressiveness toward YCs even more. Together, these behavioral data suggest that levels
of aggression among interacting BC/YC prawns can be enhanced by injection of the
neuropeptide SIFamide into the circulating hemolymph.

It is interesting that when only the YC received a Gly-SIFamide injection, the behavior of the
BC was also modified. Under these circumstances, a significant decrease was observed in the
levels of aggression of the normally dominant BC. This change in the behavior of BC could
be explained as an effect of observation of the behavior of its rival or by influence from water-
borne agents produced by the injected YC. In crayfish, injection of serotonin in a subordinate
animal results in a reduction in the likelihood of the animal deciding to retreat during a fight
(Huber et al., 1997a, b). Although this change can indeed be considered as less subordinate
behavior, a complete reversal in status of the fighting animals, like that seen here in the prawn,
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has not been recorded. The results observed in our experiments following injection of Gly-
SIFamide in a subordinate YC suggest a full reversal in status of both the injected and non-
injected animals of a fighting BC/YC pair.

It has been reported that injection of serotonin in juvenile lobsters at concentrations required
for observing an effect on aggressive behavior also inhibits locomotion, making interpretation
of results more difficult (Peeke et al., 2000). This is not the case in the freshwater prawn, where
injection of Gly-SIFamide at a concentration affecting aggression (1 × 10−3 mol l−1) does not
affect the animal's mobility any more than does placing the animal on ice to perform a saline
injection, a transient effect from which the animal recovers in a short time. Our results
demonstrated that there were no statistically significant effects on locomotion after the injection
of vehicle solution or Gly-SIFamide. However, a nonsignificant trend toward a decrease in
locomotor activity was observed in YCs after the injection of either vehicle or Gly-SIFamide.
YCs used in this study had a shorter body length than BCs (Tables 3 and 4) and may have had
a smaller diameter in the dorsal abdominal artery, the site of injection. This may have resulted
in a higher susceptibility to a reduction in general level of activity following injections.
Nevertheless, these changes were not significant and thus did not mask the observed increase
in aggressive behavior after injection of Gly-SIFamide. Interestingly, when YCs were injected
with Gly-SIFamide, a nonsignificant reduction was also observed in the non-injected animal.
Under these conditions, this reduction in the locomotor activity of BCs could be explained as
an effect of observation of the behavior of its rival or by influence from water-borne agents
produced by the injected YC. In the literature, we found only two functional studies on the
physiological roles played by SIFamides, one in a crustacean and the other in an insect. In the
American lobster Homarus americanus, exogenous application of Val-SIFamide to the isolated
stomatogastric ganglion produced a profound modulation of the output of the pyloric neural
circuit (Christie et al., 2006). In the fruit fly Drosophila melanogaster, results from studies
using ablation of the SIFamide neurons and RNA interference have implicated Ala-SIFamide
in the control of sexual behavior (Terhzaz et al., 2007). Also, several immunohistochemical
and in situ hybridization studies suggest additional neuromodulatory roles for the SIFamides
within the CNS, including modulation of the olfactory system (Yasuda et al., 2004; Yasuda-
Kamatani and Yasuda, 2006). Recently, Christie et al. (2007) found that Gly-SIFamide is
located in and released by midgut epithelial endocrine cells in several Cancer crabs, suggesting
a possible gut paracrine/endocrine role for the SIFamide family. In the present study, we
performed behavioral experiments in which the interactions between prawn pairs were
recorded and quantified before and after injecting Gly-SIFamide directly into the circulating
hemolymph of the living animal. Our data show that levels of aggression among interacting
BC/YC prawns can be enhanced by injection of the Gly-SIFamide, suggesting a function in
the modulation of aggression in the prawn. Our study thus constitutes the first report
demonstrating a role for Gly-SIFamide in modulating aggressive behavior and, to our
knowledge, the first description of the effects of injecting a neuropeptide in the circulatory
system of a living animal. It remains to be determined through future experiments whether this
neuropeptide may also play a part in other forms of the prawn's interactive behaviors (e.g.,
mating) or in regulating the mechanisms by which the animal progresses from one morphotype
to the next. Further experiments are also needed to characterize the function of Gly-SIFamide
at the circuit and molecular levels. A better understanding of the mechanisms involved in
mediating and/or modulating interactive behaviors in simple model systems such as
crustaceans will ultimately help enable the identification of novel sources for treatments of a
wide variety of mental health disorders, through identification of new potential targets for drugs
or gene therapies.
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Abbreviations

Gly-SIFamide GYRKPPFNGSIFamide

Val-SIFamide VYRKPPFNGSIFamide

Ala-SIFamide AYRKPPFNGSIFamide

SC male small claw

YC male yellow claw

BC male blue claw

DI dominance index
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Figure 1.
Gly-SIFamide injection into YCs. Effect on mean dominance index (DI) before (pre) and after
(post) injection of the YCs with 1 × 10−3 mol l−1 Gly-SIFamide (n = 5). Before the injection,
BCs established themselves as the dominant animals and YCs as the subordinates (one-way
ANOVA, Tukey's test, P ≤ 0.001). When the YCs were injected with Gly-SIFamide, they
behaved very much as do BCs under control conditions. The behavior of BCs confronted with
Gly-SIFamide-injected YCs was also modified, showing a significant decrease in the levels of
aggression compared to control conditions. The asterisk (*) over the YC post-injection group
represents a significant difference from the YCs in control conditions (before the injection).
The cross (†) over the BC post-injection group represents a significant difference from the BCs
in control conditions. BC: blue clawed prawns; YC: yellow clawed prawns; filled bar indicates
the mean DI of the injected (YC) prawns; *P ≤ 0.001; **P ≤ 0.025; † P ≤ 0.050.
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Figure 2.
Gly-SIFamide injection into BCs. Effect on the mean dominance index (DI) before (pre) and
after (post) injection of the BCs with 1 × 10−3 mol l−1 Gly-SIFamide (n = 5). When the BCs
were injected, they further increased their aggression toward YCs when compared to control
conditions (asterisk [*] over the BC post-injection group, P ≤ 0.001). BC: blue clawed prawns;
YC: yellow clawed prawns; filled bar indicates the mean DI of the injected (BC) prawns; *P
≤ 0.001.
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Figure 3.
Vehicle injection into YCs. Effect on the mean dominance index (DI) before (pre) and after
(post) injection of the YC with prawn saline (n = 5). Injection of vehicle solution alone did not
change the DI for YCs. BC: blue clawed prawns; YC: yellow clawed prawns; filled bar
indicates the mean DI of the injected (YC) prawns; #P ≤ 0.002; ##P ≤ 0.040.
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Figure 4.
Vehicle injection into BCs. Effect on the mean dominance index (DI) before (pre) and after
(post) injection of the BCs with prawn saline (n = 5). Injection of vehicle solution alone did
not change the DI for BCs. BC: blue clawed prawns; YC: yellow clawed prawns; filled bar
indicates the mean DI of the injected (BC) prawns; *P ≤ 0.001; #P ≤ 0.002.
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Figure 5.
Effects of vehicle and SIFamide injections on number and duration of attacks between prawns.
No statistically significant effects were observed on the number of attacks and fight duration
for any of the injection experiments. Effect on the mean number of attacks (A) and attack
duration (B) before (pre) and after (post) injection of the BC (n = 5) and YC (n = 5) with prawn
saline, respectively. Effect on the mean number of attacks (C) and attack duration (D) before
(pre) and after (post) injection of the BC (n = 5) and YC (n = 5) with Gly-SIFamide,
respectively. BC: blue clawed prawns; YC: yellow clawed prawns; Pre: pre-injection behavior;
Post: post-injection behavior; filled bar indicates the injected prawns in each set of experiments.

Vázquez-Acevedo et al. Page 19

Biol Bull. Author manuscript; available in PMC 2010 December 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 6.
Effects of vehicle and SIFamide injections on the prawn's locomotion. No statistically
significant effects were observed on locomotor activity for any of the injection experiments.
(A) and (B) Effect on the mean number of lines crossed in 30-s intervals during a 30-min
recording period, before (pre) and after (post) injection of the BCs (n = 5) and YCs (n = 4)
with prawn saline, respectively. (C) and (D) Effect on the mean number of lines crossed in 30-
s intervals during a 30-min recording period, pre- and post-injection of the BCs (n = 5) and
YCs (n = 5) with Gly-SIFamide, respectively. BC: blue clawed prawns; YC: yellow clawed
prawns; Pre: pre-injection behavior; Post: post-injection behavior; filled bar indicates the mean
number of lines crossed in a 30-s interval by the injected (BC or YC) prawns.
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Table 1
Parameters used to calculate a dominance index (DI) for each individual tested in the pair
interactions

Parameter Level

Movement toward or away from each other

 Rush toward other prawn while facing it 6

 Walk toward other prawn while facing it 5

 Turn toward other prawn but not walking to it 4

 Turn away from facing other prawn, without walking away from it 3

 Walk away from other prawn while facing it 2

 Walk away from other prawn without facing it 1

 Rush to move away from other prawn without facing it 0

Abdomen posture

 Fully flexed 6

 Partially flexed 4, 5

 Extended (horizontally) 3

 Partially hyperextended 1, 2

 Fully hyperextended 0

Position of body and walking legs

 Legs fully flexed/body touching bottom 0, 1

 Legs partially flexed/body partially lifted 2, 3, 4

 Legs fully extended/body fully lifted 5, 6

Movement and position of claws

 Crossed in front of eyes 0

 Touching bottom while extended 1

 Touching bottom while flexed 2

 At body level 3

 Above body level 4

 Extended at or above body level 5

 Quickly thrust forward 6

 Used for lifting the other prawn 6

Movement of chela

 Closed/not touching other prawn 0

 Closed/touching other prawn 1

 Open/not touching other prawn 2

 Open/touching other prawn 3

 Scissoring in front of other prawn 4

 Open, grabbing other prawn 5

 Nipping or tearing 6

The values in the Level column indicate the weight or level of the parameter as an indicator of dominance/subordination, 6 indicating the most highly
dominant behavior, 0 indicating complete or total subordination. These parameters are based on those used by Barki and colleagues (1992) with the
following modifications: (1) a more detailed specification of levels or weights by describing in words what each whole number in the scale represents;
(2) subdividing the parameter of claw movement into the two parameters“movement and position of claws” and “movement of chelas”; and (3)
changing the scale from one that included negative numbers (−3 through +3) to one with only positive numbers (0 through +6).
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Table 2
Mean and standard deviation of body and claw measurements of prawns used in vehicle
injection experiments

Blue injected Yellow injected

Parameter
BC

(n = 5)
YC

(n = 5)
BC

(n = 5)
YC

(n = 5)

Body length (cm) 14.7 ± 1.3 13.3 ± 0.7 13.9 ± 0.2 13.3 ± 0.9

Claw length (cm) 28.3 ± 0.5 15.8 ± 0.0 26.6 ± 0.3 14.9 ± 0.2

 Right 27.9 ± 2.7 15.7 ± 1.5 26.8 ± 2.0 15.0 ± 2.7

 Left 28.7 ± 4.1 15.8 ± 1.6 26.4 ±1.8 14.7 ± 2.5

Ratio (Claw:Body) 1.9 ± 0.1 1.2 ± 0.1 1.9 ± 0.1 1.1 ± 0.1

Biol Bull. Author manuscript; available in PMC 2010 December 1.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Vázquez-Acevedo et al. Page 23

Table 3
Mean and standard deviation of body and claw measurements of prawns used in SIFamide
injection experiments

Blue injected Yellow injected

Parameter
BC

(n = 5)
YC

(n = 5)
BC

(n = 5)
YC

(n = 5)

Body length (cm) 14.8 ± 0.9 12.7 ± 1.5 14.1 ± 0.2 13.5 ± 1.7

Claw length (cm) 29.3 ± 0.8 14.3 ± 0.0 27.5 ± 0.4 16.4 ± 0.3

 Right 29.9 ±1.7 14.3 ± 2.0 27.8 ±1.3 16.6 ± 3.5

 Left 28.8 ± 2.1 14.2 ± 2.0 27.2 ± 1.1 16.2 ± 3.7

Ratio (Claw:Body) 2.0 ± 0.1 1.1 ± 0.1 2.0 ± 0.1 1.2 ± 0.1
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