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Abstract

Aquatic organisms detect chemical cues to sense the local environment, for example, to find a mate, locate food, and iden-
tify danger. Knowledge of chemical cues can be used in aquaculture, in practical applications such as controlling mating
behavior to increase fertility, enhance feeding, and decrease stress; in fisheries, by catching selected species with low-cost
artificial attractants; and to address maritime issues, by decreasing biofouling. Aquatic organisms also detect chemical cues
related to global environmental changes, ocean acidification, and increases in ocean plastics, all of which can affect their
chemosensory behaviors. Here we discuss the nature of chemical cues and chemosensory biology and ecology of aquatic
organisms, and potential applications with an emphasis on sex pheromones in commercially important and well-studied

animals, namely, decapod crustaceans and fish.
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Introduction

Aquatic organisms use information conveyed by chemical
compounds from other organisms to find and choose food,
mates, and habitat, and to avoid potential dangers, includ-
ing predation and infection (Kamio and Derby 2017). Since
chemical compounds affect the behavior of other organisms,
some organisms emit defensive compounds to deter and/or
deceive predators and parasites. Studies on these chemically
mediated interactions among organisms provide insights
into the ecology and evolution of marine communities (Hay
2009; Zimmer et al. 2017).

The study of chemical communication provides techni-
cal insights that are applicable for fishery and aquaculture
(Barki et al. 2010; Saha et al. 2019) due to the dependence
of fishery on marine ecological communities and because
aquaculture involves the management of artificial ecological
communities in closed or semi-closed systems with selected
species, including microorganisms. The identification and
artificial production of chemical cues can provide tools to
attract and repel organisms, a push—pull strategy (Pickett
et al. 2014). Pheromones are used to manage populations of
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nuisance fish (Buchinger et al. 2015; Sorensen and Johnson
2016) and to catch commercially important crabs that are not
attracted to food-based bait (Kamio and Derby 2010). Thus,
studies on chemical communication can provide insights and
tools to manage aquatic organisms.

Marine chemical ecology is a research field that studies
chemically mediated interactions among organisms in an
ecological context. There are excellent reviews on marine
chemical ecology in benthic environments (Paul et al. 2011;
Puglisi et al. 2014, 2019) and on planktonic interactions
(Hay and Kubanek 2002; Poulson et al. 2009; Ianora et al.
2011; Sieg et al. 2011; Roy et al. 2013; Schwartz et al. 2016;
Brown et al. 2019) that describe chemical relations between
organisms, including toxicity. In this review, we summarize
the chemical nature of chemical cues and how organisms
emit and receive chemical cues, and chemical communica-
tion that has the potential to benefit fisheries and aquacul-
ture, such as sex pheromones, in crustaceans and fish, and
others.

Definition of cue in this paper

In this paper, chemical cues are defined as compounds that
convey information. Although a signal is defined as infor-
mation evolved from a cue because it benefits the emitter
of the information in natural selection (Wyatt 2017), here
we use the common (receiver-based) term cue to refer to
any detectable feature in the environment, as each receiver
can gain behavioral meaning. Thus, here the term “chemical
cue” includes food odors, predator odors, pheromones, and
chemicals that alarm conspecifics.

Chemical character of cues in aquatic
environments

The molecular weight range of chemical cues is wide. A vari-
ety of organic molecules, concomitant with other biogenic
molecules, including nitrogen, sulfur, and phosphorus com-
pounds, are produced and consumed by marine organisms as
a part of the carbon cycle. Marine organisms smell and taste
these molecules to gain knowledge of their environment
(Derby and Zimmer 2012; Kamio and Derby 2017). Marine
organisms detect small (i.e., < 1.5 kDa) organic molecules,
called metabolites (Wishart et al. 2007), to find and select
food, peptides (7-11 kDa) to find mates (Painter et al. 1998;
Cummins et al. 2004), proteins (approx. 30 kDa and approx.
200 kDa and its dimer) to find specific prey (Ferrier et al.
2016; Zimmer et al. 2017), and protein complexes to achieve
gregarious settlement (Matsumura et al. 1998; Dreanno et al.
2007). A wide range of molecules, including sugars (Jager
1970; Weissburg and Zimmer-Faust 1991), amino acids
(Yambe et al. 2006a), nucleotides (Zimmer-Faust 1993),
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pyrimidine bases and nucleosides (Kicklighter et al. 2007),
lipids (Sakata et al. 1988), and steroids (Dulka et al. 1987),
can be chemical stimuli. Thus, marine organisms can detect
small metabolites ranging up to large protein complexes as
chemical cues. To study this broad spectrum of molecules,
collaboration between biologists, biochemists, many differ-
ent types of chemists, and molecular biologists is neces-
sary due to the many different methods needed to analyze
these different types of compounds. For example, protein is
a large peptide that is a polymer of amino acids; however,
the isolation and identification of amino acids, peptides,
and proteins, respectively, require different techniques and
equipment. Amino acids are effectively quantified using an
amino acid analyzer or by liquid chromatography/mass spec-
trometry (LC-MS). Peptides are sequenced using a peptide
sequencer or fragmentation analysis in MS. Proteins are
large peptides and partially sequenced in the same manner
as peptides, following which the whole protein is identified
by DNA sequencing using the partial sequence as a probe.
The field of natural products chemistry involves the purifica-
tion and identification of a broad range of small molecules
using nuclear magnetic resonance (NMR), MS, and other
analytical methods, and synthesis of the proposed structure.
However, the purification of each compound needs differ-
ent techniques and equipment depending on the polarity,
volatility, acidity, molecular size, and other physicochemical
characters of the compound; for example, purification of a
volatile compound requires a purification system different
from that for nonvolatile compounds.

A variety of information is carried by chemical com-
pounds. Consumers eat other organisms and digest them to
obtain the primary metabolites used as building blocks of
their body and to obtain energy. Traditional metabolites are
roughly classified into two categories: primary and second-
ary metabolites. Primary metabolites are common molecules
and thus can be general chemical markers of the status of
animals: alive, injured, or dead. Characteristic molecules
that are specific to certain species and higher order taxo-
nomic groups, or to ecological niches, are called secondary
metabolites and can be chemical markers of species, com-
munities, and/or the physiological state of the organisms
releasing them. Secondary metabolites that have ecological
functions can be digested to become primary metabolites;
however, some of them are sequestered without modification
(Pennings and Paul 1993; Kamio et al. 2011, 2016a; Kick-
lighter et al. 2011) or modified to take on new ecological
functions (Kamio et al. 2010a, 2010b) and be used in the
same and other ecological context. Proteins have complex
and diverse structures based on genomic DNA sequence and
thus can be specific to the organism. Organisms also use
combinations of molecules as specific cues of the object in
finding food, engaging in social interactions, such as court-
ship, competition, and aggregation, and avoiding predators.



Fisheries Science (2022) 88:203-239

205

Variations in distant cues in the aquatic environment can be
more diverse than those in the terrestrial environment.

How chemical cues are released
from organisms

Chemicals are stored in an organism’s body and are released
from the body to be detected by other organisms. There are
several ways for this release to occur. One way is through
injury. Dissolved free amino acids (DFAAs), which are the
most common appetitive metabolites that stimulate food
searching in lobsters and fish, can be found at high concen-
trations in the tissues of most marine organisms. The flux
of DFAAs released by injured animals correlates with the
attraction of the mud snail Ilyanassa obsoleta to the injured
animals (Zimmer et al. 1999). The DFAAs are not leaking
out from intact prey at concentrations detectable from a dis-
tance, but rather they are taken up from water and retained in
the body of the prey (Derby and Zimmer 2012). For exam-
ple, phyllosoma larvae of the Japanese lobster Panulirus
Jjaponicus (Souza et al. 2010) and of the hard clam Mer-
cenaria mercenaria (Zimmer et al. 1999) absorb DFAAs
from environmental water. Thus, DFA As that stimulate food
searching are not leaking out from the body surface of living
intact organisms.

Excretion is another way that chemicals are released into
the environment. The urine of the helmet crab Telmessus
cheiragonus contains common amino acids and nitrogenous
compounds, with taurine, urea, and ammonia being the most
abundant compounds, ranging in concentration from 49 to
248 uM, while the other compounds are present at < 20 pM
(Kamio et al. 2005). Crustaceans and fish use urine to com-
municate with conspecifics in such social contexts as court-
ship (Kamio et al. 2000, 2014; Yambe et al. 2006a), fighting
(Oyama et al. 2020), and aggregation (Horner et al. 2006). In
the search for their food, omnivorous consumers detect com-
mon molecules, including DFAAs, and specialist consum-
ers detect specific molecules (Kamio and Derby 2017). The
metabolites in the excreted urine reflect the feeding history
of the organisms, and prey can avoid predators through the
use of chemical cues in their urine (Poulin et al. 2018). Gas
exchange through the gills and/or the body surface releases
carbon dioxide that can also attract predators (Caprio et al.
2014). Carbon dioxide is always leaking out of the body of
organisms and predators and parasites can track it as a cue.

Exocrine glands release chemical compounds into the
environment. The sea hare Aplysia californica releases
chemical compounds from its ink and opaline glands (John-
son et al. 2006), and some of these compounds are cues
that evoke alarm responses in conspecifics (Kicklighter et al.
2007, 2011). A. californica also releases deterrents (Kamio
et al. 2010a, 2010b) and molecules that confuse predators

(Kicklighter et al. 2005); these defensive molecules are only
released when the organism is in danger.

Leakage of chemical cues, as opposed to controlled
release, occurs in some fish. Unconjugated steroids that
stimulate male courtship behavior appear to be released by
females in a nonspecialized way (i.e., leaked) across the gills
(Scott and Ellis 2007).

To summarize, some chemical cues are released from
organisms intentionally to deter predators, attract mates,
and alarm conspecifics, and others are released acciden-
tally or unintentionally in the case of injury, excretion, and
respiration.

Chemosensory systems in aquatic animals

All organisms sense chemical cues, including bacteria
(Ortega et al. 2017), algae (Kinoshita et al. 2017), yeast
(Yashiroda and Yoshida 2019), plants (Kong et al. 2018),
invertebrates, including poriferans (sponges), ctenophores,
placozoans, cnidarians, polychaetes, gastropods, cepha-
lopods, crustaceans, and echinoderms (Derby 2020), and
vertebrates, such as fish (Laberge and Hara 2001), amphib-
ians (Kikuyama et al. 2013), reptiles, birds, and mammals
(Wyatt 2014). Thus, aquatic animals can detect and adap-
tively respond to the chemical cues in water, with the excep-
tions of deep diving marine mammals such as elephant seals
and whales in which olfaction is reduced (Bird et al. 2020;
Kishida 2021).

Aquatic organisms smell and taste cues in a different way
than do humans. Terrestrial mammals smell volatile com-
pounds that come into their nose, and they taste compounds
that contact the tongue. The ability of the olfactory sense to
detect volatiles makes olfaction a distance chemoreception
and gustation, by definition, a contact chemoreception. Thus,
the difference between olfaction and gustation is relatively
clear in terrestrial mammals. Some terrestrial mammals,
though not adult humans, have a vomeronasal organ (VNO)
that detects volatile and nonvolatile pheromones (Keverne
1999).

In the aquatic environment, the definition of smell and
taste cannot be the same as in the terrestrial environment
because unlike terrestrial animals, aquatic organisms and
their chemical senses are bathed entirely in water (Fig. 1).
Thus, mobile molecules (distant cues) in water are mainly
water soluble. However, low water-soluble amphiphilic com-
pounds can become mobile by forming micelles, and lipids
can become mobile when they are carried by lipoproteins
(Hevonoja et al. 2000). Immobile molecules (contact cues)
can be either water-insoluble and soluble molecules.

Chemosensory systems of aquatic animals differ from
those of terrestrial mammals. For example, the Caribbean
spiny lobster Panulirus argus has aesthetasc sensilla on their
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antennules (Derby 2021) that detect cues for social com-
munication. Cues of food are detected by sensilla called
distributed chemosensilla located on all body parts, includ-
ing the mouthparts (Kozma et al. 2020b). Fish, which are
vertebrates and thus phylogenetically close to mammals,
have olfactory organs in their nostrils and taste cells in their
mouth, but the common carp Cyprinus carpio has taste buds
on the outside of its mouth and the channel catfish Ictalu-
rus punctatus has taste buds over its entire body (Atema
1971) and is described as a “swimming tongue” (Caprio
et al. 1993). The chemosensory organs of lobster and fishes
and other marine animals differ both phylogenetically and
morphologically; however, functionally, they are similar
in terms of detecting the same set of chemical cues in the
aquatic environment.

The detection of chemical cues starts with the binding
of the cue molecules to chemoreceptor proteins on the che-
mosensory organs. Chemoreceptor proteins in vertebrates,
including fish, are G Protein-Coupled Receptors (GPCRs).
Chemosensory GPCRs include trace amine-associated
receptors (TAARs), vomeronasal receptor type 1 and 2
(VIR, V2R), rormyl-peptide receptors (FPRs), and taste
receptor type 1 and 2 (T1R, T2R). Vertebrates also have a
different class of important—though numerically less abun-
dant—chemoreceptor proteins, namel, ionotropic receptors,
which include transient receptor potential (TRP) channels,
epithelial sodium channels (ENaCs), and MS4A receptors
(Greer et al. 2016). In crustaceans, chemoreceptor proteins
are mostly ionotropic receptors (IRs), TRP channels, and
gustatory receptor-like receptors (GRLs). For example, the
Caribbean spiny lobster P. argus expresses hundreds of IRs
in its chemosensory organs and has even more IRs expressed
in the olfactory organ, which is the lateral flagellum of
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antennule, than in dactyls, which has distributed chemosen-
silla (Kozma et al. 2020a). Single-cell transcriptome analysis
of olfactory sensory neurons of P. argus revealed that indi-
vidual cells express relatively few IRs, the identity of which
differs across cells (Kozma et al. 2020b). Chemoreceptor
genes and the proteins that they encode have been identified
in other marine invertebrates, including sea hares, octopus,
sea urchins, and starfish (reviewed in Derby et al. 2016a).
Rapid progress is being made in this field, so detailed results
on their distribution and functions should be forthcoming.

Sex pheromones

The first pheromone molecule to be identified was in the
silk moth Bombyx mori (Butenandt et al. 1961), and the
first pheromone identified in aquatic vertebrates was in fish
(Colombo et al. 1980). Since then, other pheromone mol-
ecules have been identified, including those in invertebrates,
such as polychaetae worms (Zeeck et al. 1988) and mollusks
(Painter et al. 1998). In this article, we focus on two major
groups of animals that are relatively important in fisheries
and aquaculture: decapod crustaceans and fish.

Sex pheromones in decapod crustaceans

The chemosensory biology of invertebrates is best under-
stood in the Crustacea. Sex pheromones in crustaceans
have been recognized for decades, and several molecules
have been reported as pheromones or candidate phero-
mones. Chemical communication using pheromones was
first reported in premolt female urine of the three-spot
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swimming crab Portunus sanguinolentus (Ryan 1966).
Since then, behaviors induced by pheromones, chemosen-
sory organs that detect pheromones, and the chemistry
of pheromones have been studied in multiple crustacean
species (Thiel and Breithaupt 2010). The identification of
pheromones in crustaceans is challenging, but successful
examples include the larval settlement factor of barnacles,
which is an a2-macroglobulin-like glycoprotein complex
called the “settlement inducing factor” (Matsumura et al.
1998; Pagett et al. 2012). The pheromone used by the male
copepod Tigiriopus japonicus is also partially identified
as a a2-macroglobulin-like glycoprotein (Ting and Snell
2003). These examples of the successful identification of
phermones occurred in small animals which can be reared in
aquaria in a laboratory. Thus, success in the culturing of ani-
mals may be the key for success in identifying pheromones
because the process requires many repeats of behavioral bio-
assays and sufficient amounts of the target molecules, which
in turn necessitates a large number of animals.

Soft female mating (SFM) crabs, which mate just after
the female molts and her exoskeleton is soft (Hartnoll 1969),
have been model animals for studying pheromones because
of their prolonged courtship period (Fig. 2). In SFM species,
premolt females release pheromone in their urine and males
respond by courtship display and start precopulatory guard-
ing in which a male carries a female. When the female starts
molting, the male helps her shed her old exoskeleton and then
copulates with her by inserting his gonopods into hers. In
the helmet crab T. cheiragonus, which has SFM-type mat-
ing behavior (Kamio et al. 2003), females release two func-
tionally different pheromones: a courtship pheromone in the
premolt stage and a copulation pheromone in the postmolt
stage (Kamio et al. 2002). Maturation of the ovary starts after
molting, and females spawn in the absence of males by using
sperm stored in the seminal receptacle. The period of phero-
mone release and male guarding, which is several days long, is

an advantage to researchers because it facilitates the collection
of competent males and females. Furthermore, the state of
reproductive females and the duration before and after puber-
tal molting can be estimated in the helmet crab by observing
the color change of the abdomen to telson and by submissive
behavior (Kamio et al. 2021a); in the blue crab Callinectes
sapidus, morphological change of the swimming paddle is an
additional change (Jivoff et al. 2007; Smith and Chang 2007).
These characteristics make SFM crabs, especially the helmet
crab and blue crab, suitable materials for studies on chemical
communication in mating using sex pheromones.

Female courtship pheromones in decapods

Males of SFM species can distinguish the molting stages of
females, i.e., intermolt, premolt, and postmolt, by detecting
her pheromones. Premolt females release pheromone that
facilitates courtship. Ryan (1966) reported that the female
three-spot swimming crab P. sanguinolentus releases a pher-
omone that induces searching behavior in males with dis-
play, such as walking on tips of its dactyls with its body ele-
vated at maximum height above the substratum and extended
chelae. Since then, researchers have used searching and
courtship behavior as criteria to detect pheromones. Court-
ship includes all interactions between males and females
prior to copulation. In early studies on crab pheromones, two
behaviors were used as criteria for identifying the responses
of males to female pheromones: searching behavior with a
characteristic posture, which is walking on the tips of dactyls
with the body elevated to a maximum height and extended
chelae (Ryan 1966; Kittredge et al. 1971), and approaching
other crabs (Ryan 1966; Kittredge et al. 1971). However,
some components of these behaviors, including grasping
other crabs, standing high on legs, extending chelae, and
epipod waving, can be observed in males that are fighting
or searching for food rather than courting females (Kamio

Female exoskeleton
texture Hard Soft Hard
Female molt stage Intermolt Premolt Molt Postmolt Intermolt
Female pheromone Courtship Copulation
release pheromone pheromone

Precopulatory Post
Mating behavior and guarding Molt | Copulation | copulatory
reproductive event guarding
(Duration) (Days to weeks) |(Hours)|  (Hours) (Hours to days)

 §

Courtship display by male
(Seconds to minutes)

Fig.2 Mating behavior, female molting stages, and pheromone release in soft female mating crabs
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et al. 2014). Consequently, more reliable and specific criteria
for identifying male courtship have been used; one of which
is courtship stationary paddling, a display that includes
the paddling of swimming legs, which is characteristic to
the blue crab C. sapidus (Fig. 3) (Teytaud 1971; Gleeson
1980; Kamio et al. 2008, 2014). Despite its high specificity
to mating behavior, this display is context dependent, and
males tend to skip the display (Kamio et al. 2008); thus,
use of this behavior in bioassay-guided fractionation assays
tends to yield false negatives. Precopulatory male-guarding
behavior of artificial objects, such as sponges, stones, or
golf balls, has also been used as a criterion of male sexual
responses for the identification of female courtship phero-
mone molecules in the hair crab Erimacrus isenbeckii (Asai
et al. 2000), helmet crab T. cheiragonus (Kamio et al. 2000),
and European green crab Carcinus maenas (Hardege et al.
2002) (Fig. 3). In this context, male helmet crabs embrace
a urethane sponge containing 20 uL of female urine, and
then palpate the sponge as they do to real premolt females
without biting the sponge (Kamio et al. 2000). Using these
sponges in assays of precopulatory guarding has advantages:
it can help identify pheromones without requiring interac-
tions among animals, and it can help distinguish courtship
behavior from feeding behavior due to the absence of biting
on the sponge. Thus, various aspects of courtship behavior
have been used to evaluate the responses of males to phero-
mones depending on the nature of each species. For exam-
ple, courtship stationary paddling of C. sapidus is very spe-
cific to courtship behavior but not an efficient characteristic

in bioassays, while guarding artificial objects, as used in
studies on the hair crab, helmet crab, and European green
crab, is specific and more efficient. The sponge assay was
originally believed to be the ideal bioassay for all SFM spe-
cies; however, because blue crab males are aggressive to
sponges spotted with premolt female urine, the sponge assay
is of limited use in this species (Kamio, unpublished data).
Thus, courtship pheromones in urine released by premolt
females is common in species; however, the behavioral char-
acter of males in the bioassay differs from species to species
even within SFM species. Thus, the design of the behavioral
bioassay for each species needs to be specific for that species
and based on a deep understanding of the species’ mating
behavior from searching and courtship, to copulation and
agonistic behaviors.

Urine contains the courtship pheromone. Urine collected
from the nephropores (i.e., the opening of the antennal gland
or excretory pore) is a clean material that is suitable for
chemical analysis of the pheromone because it does not con-
tain molecules and inorganic salts from other body parts or
seawater. Ryan (1966) indicated that the courtship phero-
mone is released in the premolt female urine by showing that
capping the nephropore of females decreases the responses
of males (Ryan 1966). Gleeson (1980) confirmed the phe-
romonal activity of urine collected from nephropores, and
such urine has been used to study the chemical nature of the
pheromone in the blue crab (Gleeson et al. 1984; Kamio
et al. 2014), European green crab (Bamber and Naylor 1997;
Hardege et al. 2002, 2011), and helmet crab (Kamio et al.

Fig.3 Courtship behaviors used in bioassays. a—¢ Sequential images
of a male helmet crab Telmessus cheiragonus grasping a urethane
sponge. d Male European green crab Carcinus maenas guard-
ing a stone. e Male blue crab Callinectes sapidus showing court-
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ship stationary paddling. Sources: a—¢ Kamio et al. (2000); modi-
fied with permission of the Zoological Society of Japan. d Hardege
et al. (2002); reproduced with permission of Inter-Research Science
Center. e Photograph courtesy of CM Rowell
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2002, 2005; Yano et al. 2016). Postmolt females release
more urine than premolt females (Yano et al. 2016), and
males respond to the urine by showing courtship behavior
(Kamio et al. 2002). Urine collection from tiny crustacean
species, such as copepods, amphipods, and isopods, is not
possible, although the females of these species do have
pheromones (Thiel and Breithaupt 2010). Urine collection
methods are established in these crabs and some lobsters and
urine is thus available for biological and chemical studies.

The chemical nature of courtship pheromones has been
reported for several species. The pheromone of the striped
shore crab Pachygrapsus crassipes released in seawater is a
heat-stable, low-polar, non-ionic lipid, and the molting hor-
mone, crustecdysone, which possesses these physicochemi-
cal characteristics, has been reported to elicit the courtship
response in males of the striped shore crab, the Pacific rock
crab Romaleon antennarium (formerly Cancer antennarius),
and the yellow rock crab Metacarcinus anthonyi (formerly
Cancer anthonyi) (Kittredge et al. 1971). However, these
results have not been replicated in these species, and crust-
ecdysone (Fig. 4) does not induce courtship behavior in
the blue crab (Gleeson et al. 1984) or European green crab
(Gleeson et al. 1984; Hardege et al. 2002). Crustecdysone
may be a part of the sex pheromone mixture, but further
research is needed by combining it in tests of other sex pher-
omone candidate molecules.

In contrast to the lipophilic character of the pheromone
of the the striped shore crab, pheromones reported in other

H OH

well-studied crabs are highly polar. The pheromone present
in the urine of blue crab was reported to be highly polar
small molecule(s) (< 1000 Da; Gleeson 1991; Kamio et al.
2014). NMR-based metabolite analysis (Kamio 2009) of pre-
molt female urine revealed a biologically novel compound,
N-acetyl-D-glucosamino-1,5-lactone (NAGL) (Fig. 4), a
potential indicator of premolt and molting animals (Kamio
et al. 2014). NAGL alone does not elicit courtship behavior,
but because of its physicochemical properties, it is a premolt
indicator and a candidate member of the pheromone blend.
NAGL was also found in the urine of helmet crab as a pre-
molt indicator whose concentration in the urine increases
towards molting and is released at the highest amounts
immediately after molting because urine release increases at
that stage (Yano et al. 2016). NAGL is present in the urine as
a tautomer mixture dominated by an acid, 2-acetamido-2-de-
oxygluconic acid (Fig. 4) (Kamio et al. 2017). The chemical
character, high polar, and small size of this molecule is the
same as that of the pheromone of this species and, therefore,
it is a candidate pheromone molecule which works together
with other molecules.

The pheromone in the urine of the European green crab
is a highly polar small compound (< 1000 Da) (Hardege
et al. 2002) and is reported to be uridine diphosphate (UDP)
(Hardege et al. 2011). In the hair crab, a ceramide mixture
(Fig. 4) isolated from its environmental water was identified
as a candidate pheromone (Asai et al. 2000). Although these
ceramides have been synthesized (Asai et al. 2001), they

Fig.4 Compounds reported as courtship pheromones in crabs. 1-3 N-Acetyl-D-glucosamino-1,5-lactone (NAGL) and its tautomers, 4 crust-

ecdysone, S uridine diphosphate (UDP), 6 a hair crab ceramide
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have not yet been tested for pheromonal activity in bioassays
on male hair crabs. Further research to develop a suitable
stable behavioral bioassay is needed in hair crabs.

Lipophilic cuticular hydrocarbons have been reported to
be contact sex pheromones in the hermaphroditic marine
shrimp Lysmata boggessi based on behavioral bioassays
using as response criteria the grasping and touching of
pheromone-treated plastic tubes (Zhang et al. 2011). Newly
molted euhermaphrodite-phase shrimp contain a bouquet of
odor compounds. Of these, (Z)-9-octadecenamide is the key
odor compound with hexadecanamide and methyl linoleate
enhancing the bioactivity of the pheromone blend. A water-
soluble compound, uridine triphosphate (UTP), was reported
as a candidate component of the soluble sex pheromone bou-
quet in the marine shrimp Lysmata wurdemanni, using as
criteria courtship behaviors, approach, and following (Zhang
et al. 2020).

Some of the molecules reported to date as the pheromone
or candidate pheromone are related to the biosynthesis and
degradation of chitin that occurs in molting. NAGL is an
oxidized form of N-acetylglucosamine; UDP is produced
during chitin synthesis; and crustecdysone is produced in the
Y-organ and released in the hemolymph (Chang and Mykles
2011). These molecules could evolve into pheromones when
exposed to cues that are markers of molting; however, these
molecules do not carry information that indicates sex since
they are produced and released in both males and females.
Thus, there should be molecules that indicate “female” in
the urine. Ceramides and hydrocarbons are not metabolites
or hormones that are related to molting.

Male courtship pheromone: bidirectional chemical
communication in decapods

Males, not only females, of SFM species release phero-
mones, thus establishing a bidirectional chemical commu-
nication system during courtship. Blue crab C. sapidus pre-
molt females are attracted to males in Y-maze experiments
(Gleeson 1991). A component of the courtship display of
the males, namely, “courtship stationary paddling,” is an
adaptation to their habitat where premolt females are hid-
ing in refuge (e.g., a patch of Spartina grass). In courtship
stationary paddling, males produce a forward-directed water
current by paddling their swimming legs to deliver their
pheromone to females that are in hiding or behind a barrier
(Kamio et al. 2008).

Females evaluate the quality of males in addition to find-
ing them. In the anomuran crab Hapalogaster dentata, post-
molt females choose males that have more sperm by sens-
ing water-borne pheromones released from males (Sato and
Goshima 2007). In environments where the water is turbid or
dark and thus where visual communication is not effective,
it is believed that organisms use chemical communication
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and bidirectional communication to find and recognize each
other. The crustacean species discussed in this paper are
generally active at night and living in turbid water where
they cannot rely on visual cues; thus, they rely on chemi-
cal cues. Urine collection from the nephropore in anomuran
species has not yet been established. The location and mor-
phology of the nephropore should be studied to collect urine
for use in studies on chemical communication in this group.

Female copulation pheromone in decapods

A two-step chemical communication system involving both
courtship pheromones and copulation pheromones has been
identified during mating of the helmet crab T. cheiragonus
(Kamio et al. 2002) (Fig. 2). In that study, the sponge assay
in the helmet crab clearly distinguished the courtship phero-
mone from the copulation pheromone (Fig. 5), with males
showing precopulatory guarding of sponges containing
premolt female-conditioned water and copulation behavior
with sponges containing postmolt female-conditioned water.
Moreover, males deposited sperm plug on the sponge. The
copulation pheromone is a small molecule(s) of < 1000 Da
and has not been identified yet.

Studies on other crustacean species have focused on
pheromones that elicit courtship behavior in males or did
not distinguish copulation from courtship. All SFM species
may have the copulation pheromone because the males of
these species can distinguish postmolt females from premolt
females.

Olfactory organs for pheromone detection
in decapods

Aesthetascs on the outer flagellum of antennules are the
pheromone detector organs in SFM crabs (Gleeson 1980;
Kamio et al. 2005). Integrated responses detected in elec-
trophysiological recordings from chemosensory neurons in
the outer flagellum of the helmet crab T. cheiragonus show
that female urine produces larger responses than does male
urine (Kamio et al. 2005). In the blue crab C. sapidus, olfac-
tory sensory neurons in the outer flagellum are sensitive to
NAGL, as indicated by calcium-imaging studies (Kamio
et al. 2014). Chemosensory neurons specifically responsive
to premolt urine have not been reported. Electroantenno-
gram (EAG)-coupled chromatography in studies of insect
pheromones has shown responses from pheromone receptor
neurons (Batista-Pereira et al. 2006), and electrophysiologi-
cal recordings in crustaceans are expected to show similar
responses from pheromone receptor neurons. However, the
antennules of crustaceans are more complex than those of
insects, with an outer flagellum of the blue crab bearing
650-700 aesthetasc sensilla and each sensillum innervated
by between 40 and 160 olfactory sensory neurons (Gleeson
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Fig.5 Evidence of copulation
pheromone in a male helmet
crab Telmessus cheiragonus. a
Male crab guarding a urethane
sponge containing premolt
female tank water. b Male crab
copulating with a urethane
sponge containing postmolt
female tank water. ¢ Sperm
plug deposited on gonopore of
postmolt female. d Sperm plug
deposited on sponge. Source:
Kamio et al. 2002; reproduced
with permission of Inter-
Research Science Center

et al. 1996). Electrophysiological and calcium imaging
methods are useful for studying the response properties of
single neurons but not for guiding the purification of phero-
mone molecules. EAG measurements in crustaceans can
be utilized to evaluate the ability of their chemical senses
in an ecological context. For example, EAG studies using
the terrestrial coconut crab Birgus latro and the land her-
mit crab Coenobita clypeatus identified volatile compounds
detected by the antennules of these crabs, representative of
the evolutionary transition of crabs from sea to land (Stens-
myr et al. 2005; Krang et al. 2012). These EAG studies on
terrestrial crabs used volatile molecules delivered in air.
Techniques have been developed to record EAGs from the
marine shrimp Palaemon elegans (Machon et al. 2016),
and these techniques have been used on the hydrothermal
shrimp Mirocaris fortunata to show their ability to locate
hydrothermal vents by tracking water-borne sulfide (Machon
et al. 2018). The application of electrophysiological record-
ing from chemosensory organs for the screening of phero-
mone molecules has not yet been successful; however, the
method used in the studies of P. elegans and M. fortunata
has potential to be used for selecting chemical cues detected
by antennules.

Decapod pheromone glands

Where the pheromones are produced and stored is not
known, but there are candidate organs that produce the pher-
omones. Green glands (antennal gland) are such a candidate
organ because they produce urine (Cameron and Batterton
1978); however, these glands have not yet been reported as
containing pheromone molecules. Another possible source
of the urine pheromone is two clusters of nephropore rosette

glands in the American lobster Homarus americanus that
lie along the ureter, with one opening into the bladder and
the other opening to the exterior (Bushmann and Atema
1996). These two duct systems could allow these glands to
release their products into the environment with or without
urine release (Bushmann and Atema 1996). In addition to
the pheromones being released into the urine, other release
sites for pheromones are likely. The postmolt urine of the
helmet crab T. cheiragonus does not contain the copulation
pheromone, although the release site of this pheromone
has not been identified (Kamio et al. 2002). In the fresh-
water prawn Palaemon paucidens, sternal glands under the
sternal plate of females that open at the sternal tegument
could be a release site of pheromones. The contents of the
sternal gland disappear just after molting when the female
mates (Kamiguchi 1972), indicating that the contents were
released to the environment. Other candidate pheromonal
glands include the cement gland, which attaches eggs to the
abdominal region, and the tegumental glands, which occur
over the body of crustaceans (Talbot and Demers 1993) and
which secrete molecules, including enzymes, into the envi-
ronment (Stepanyan et al. 2005; Schmidt et al. 2006). Some
tegumental glands could be the release site of the copulation
pheromone of the helmet crab.

Application of decapod pheromones in fisheries
and aquaculture science

Knowledge of chemical communication could be used in the
aquaculture of crustacean species by facilitating the manage-
ment of brood stock, hatching, growth, and harvesting (Barki
et al. 2010). Sex pheromones could be used to collect sexu-
ally active animals in the field or in aquaculture facilities
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to synchronize and asynchronize mating activity. Cues that
accelerate (conspecific, heterospecific prey) or delay (preda-
tor) settlement could be used to synchronize metamorpho-
sis. Some compounds involved in water-borne dominance
cues could be removed by filtering through charcoal filter or
destroyed by UV irradiation, resulting in decreased suppres-
sion of growth. Incorporation of pheromone-based attract-
ants in feed could stimulate food intake and decrease feed
waste. In shrimp in which sex determination depends on
population structure (Chiba et al. 2013), conspecific chem-
ical cues might control the sex of growing animals to fit
market demands. Chemical cues from live animals can and
are being used in certain fisheries. For example, in the fish-
ery for the blue crab C. sapidus, males are used to attract
and catch premolt females for the soft-shell crab industry
(Hungria et al. 2017), and premolt females can be used to
catch male crabs. However, crustaceans used as attractants
in this way are stressed and often die in the traps (Hunt et al.
1986). Thus, identification, artificial synthesis, and the use
of synthetic pheromonal molecules rather than the live ani-
mals themselves could improve the efficiency and efficacy
of such fisheries. Male pheromones might be used as an
artificial bait to attract premolt females. For example, labora-
tory experiments show that female blue crabs are preferen-
tially attracted to chemical cues released by males, although
the attractant molecules released from the male blue crabs
has not been identified yet (Gleeson 1991). Thus, there is a
demand for the application of pheromones in fisheries and
aquaculture of crustacean species. Currently, some fisheries
are applying chemical communication cues of crustacean
species using live animals as a resource of pheromone. The
development of synthetic pheromone could replace the live
baits.

The sex pheromone in crustaceans has been a focus of
research in biology and fisheries but it is not yet fully under-
stood. UDP and hydrocarbons have been reported as phero-
mone in a limited number of species, but the pheromonal
activity of these molecules has to be tested in related species
and the concentration or amount of these molecules has to be
studied in the urine and cuticle of other species. Pheromonal
activity and concentration of the pheromone candidate mol-
ecule in the urine, NAGL and ceramides should be studied
extensively in crustacean species. This research combined
with the search of new candidate molecules will lead to a
better understanding of pheromone because it might be a
mixture of compounds.

Fish sex pheromones
Chemical communication in fish had been taken into con-

sideration in the design of animal rearing systems since at
least the 1960s. In connected pond systems where water
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flows from an upper pond to a lower pond, animals in the
lower ponds are exposed to pheromones released from ani-
mals in the upper ponds. At the Nikko field station (National
Research and Development Agency, Japan Fisheries
Research and Education Agency), lacustrine sockeye salmon
Oncorhynchus nerka nerka males are held in an upper pond
to avoid exposure to female pheromones that induce over-
maturation of males, and females are held in a lower pond
to accelerate ovulation induced by male pheromones. In the
field, maturation in males of this fish species generally pro-
gresses earlier than that of females; therefore this setting
results in mature males and females at the same time in the
laboratory. Detailed investigations of sex pheromones have
been performed on the goldfish Carassius auratus since the
1980s. Hormones that endogenously promote ovarian matu-
ration are metabolized in the female goldfish and released as
sex pheromones via their urine or gills. Thus, we recognize
“hormonal pheromones” as representative sex pheromones
in fish. Several hormonal molecules function as pheromones
that elicit sexual behavior (releaser effect) or physiological
changes (priming or primer effect) in many species. The
olfactory organs of fish respond only to a limited number of
chemical species dissolved in water, such as amino acids,
steroids, bile acids, and prostaglandins (Hara 1994), and
molecules identified as pheromones in fish belong to these
categories. Chemical communication in each fish species
has been shaped through the evolution of their reproductive
behaviors. The sex which makes the nest for spawning or
the sex which determines the spawning area has evolved to
secrete the sex pheromones. Here, we review pheromones in
female and male fish which have been chemically identified,
and we also suggest possible applications of sex pheromones
in the fisheries and aquaculture of fish.

Female sex pheromones in fish

Identified molecules, route or source, and effects of sex pher-
omones released by female fish are summarized in Table 1.
Hormonal pheromones in Cypriniformes are among the
most well-understood fish pheromones. We illustrate here
essential points in sex pheromones of the goldfish, as an
example of sex phermones in the cyprinids (Fig. 6), because
many excellent reviews have been already published (Kob-
ayashi et al. 2002; Stacey and Sorensen 2006; Sorensen and
Wisenden 2015). Firstly, it has been suggested that the male-
attracting pheromone is already released by the female at the
vitellogenic stage in which there is a high level of plasma
17B-estradiol (E,) (Kobayashi et al. 2002). The presence of
this pheromone was demonstrated in experiments (Yamazaki
and Watanabe 1979; Yamazaki 1990) as follows: males or
females that were treated with E, after hypophysectomy
or gonadectomy were recognized and chased by males or
by females that were treated with 17a-methyltestosterone
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Table 1 Chemicals, route or source, and effects of fish female pheromones

Species

Chemicals

Source

Effects

References

Goldfish Carassius auratus

Goldfish

Goldfish

Loach Misgurnus anguil-
licaudatus

Guppy Poecilia reticulata

Atlantic salmon Salmo
salar

Brown trout Salmo trutta

Metabolites of E, or
unknown chemicals

17,20p-P, 17,20B-P-sulfate

PGF2q, 15-keto-PGF,,

13,14-dihydro-15-keto-
PGF,,

E,

PGF,,, PGF,,

PGF,a, 13,14-dihydro-15-

keto-PGF,,

Lake whitefish Coregonus
clupeaformis

PGF,,, 15-keto-PGF,,

Rose bitterling Rhodeus
ocellatus ocellatus

Amino acids (Cys, Ser,
Ala, Gly, Lys) are can-
didates

Pufter fish Takifugu niph-
obles

Tetrodotoxin

Masu salmon Oncorhyn-
chus masou masou

L-Kynurenine

Round goby Neogobius Estrone,
melanostomus E,-3p-glucuronide, ETIO
Zebrafish Danio rerio PGF,,

Vitellogenic female urine

Preovulatory female urine
and the gills

Ovulatory female urine and
the gills

Ovulatory female

ND

Coelomic fluid of ovulated
female

Coelomic fluid of ovulated
female

ND

ND

Ovarian cavity fluid of
ovulated female

Ovulated female urine

ND

Ovulatory female

Attract mature males

Increase of male 17,208-P
and milt, and activa-
tion of male searching
behavior

Stimulation of male spawn-
ing behaviors

Stimulation of male spawn-
ing behaviors

Attract mature males

Increase male steroid
hormones

Increase swimming activ-
ity in both sexes and
17,208-P in males

Increase swimming activity
in both sexes

Pecking to females and
ejaculation

Attract mature males

Attract spermiating males
and increase male steroid
hormones

Increase in male ventila-
tory behavior

Attract mature males

Yamazaki and Watanabe
(1979)

Dulka et al. (1987);
Sorensen et al. (1989);
Stacey et al. (1989)

Sorensen et al. (1988)
Kitamura et al. (1994a, b)
Johansen 1985)

Moore and Waring (1996);
Olsen et al. (2001)

Laberge and Hara 2003);
Moore et al. (2002)
Laberge and Hara (2003)

Kawabata (1993)

Matsumura (1995)

Yambe et al. (2006a)

Murphy et al. (2001)

Yabuki et al. (2016)

17,203-P 17a,208-Dihydroxy-4-pregnen-3-one,

Fig.6 Schematic representa-
tion of of sex pheromones in
the goldfish Carassius auratus.
17,206-P 17a,20B-Dihydroxy-
4-pregnen-3-one, AD andros-
tenedione, E, 17B-estradiol, KT
11-ketotestosterone, LH lutein-
izing hormone, PGFs prosta-
glandins F-series. Text in italics
indicates pheromonal chemicals
and their effects in males.
Dotted arrows indicate internal
hormonal movements. Modi-
fied from Yambe (2013), with
permission of The Japanese
Society of Fisheries Science
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(synthetic androgen) after hypophysectomy or gonadectomy,
but these test fish used do not reach the spawning stage.
The chemical cue released from E,-treated females may be
a metabolite of E, or an unknown chemical that is not bio-
synthetically derived from E, but secreted by the hormonal
action of E,. When the ovary sufficiently completes vitel-
logenesis, the surge of luteinizing hormone (LH) occurs,
induced by environmental cues, such as an increase in water
temperature, rainfall, water replacement of the aquarium,
change in water flow speed, and/or the addition of spawn-
ing substrate to the water. Thereby, the maturation-inducing
steroid (17a,20p-dihydroxy-4-pregnen-3-one [17,208-P])
is secreted from the follicles in the ovary, which induces
oocyte maturation. At that time, free 17,20p-P and its sulfate
are released into the water from the female’s gills, kidney,
and intestine. These steroids exert the priming effects of sex
pheromones on reproductively mature males, inducing an
LH surge from the male’s pituitary, a secretion of 17,208-P
in the testis due to the LH, and then elevation of the milt
volume (Dulka et al. 1987; Stacey et al. 1989). 17,20p-P also
increases male fertility, such as by increasing sperm motility,
male competitive spawning, and the number of ejaculated
sperm (Zheng et al. 1997; Hoysak and Stacey 2008). Male
primer responses to 17,20B-P have also been confirmed
under natural conditions (Olsén et al. 2006). 17,20p-P and
17,20p-P-sulfate, which are released at the preovulation
stage, activate male searching behavior (Sorensen et al.
1989; Defraipont and Sorensen 1993; Poling et al. 2001).
Androstenedione, which is released from pre-ovulatory
females and mature males, induces aggressive behavior
of mature males, suggesting that mature males keep away
conspecific individuals not targeted for spawning behavior
(Poling et al. 2001; Sorensen et al. 2005b). Curiously, an
avoidance reaction of mature male goldfish to 17,203-P
has also been observed using Y-maze tests (Bjerselius et al.
1995). After ovulation, prostaglandin F,, (PGF,,), whose
release is correlated with the rupture of ovarian follicles and
the presence of ovulated eggs in the ovarian lumen (Stacey
and Liley 1974), not only internally stimulates the female
brain and induces female sexual behavior (Stacey and Peter
1979) but also externally induces male courtship (chasing)
and male spawning (ejaculation) behaviors (Sorensen et al.
1988) when PGF,, and 15-keto-PGF,, are released with
female urine into the ambient water (Appelt and Sorensen
2007; Sorensen et al. 2018). Urinary pulses of a sexually
receptive female increase according to mature male activity
(Appelt and Sorensen 2007). Furthermore, F-series pros-
taglandins (PGFs) exert slightly priming effects on mature
males (Sorensen et al. 1989). In electro-olfactogram (EOG)
recordings of the olfactory epithelium response to the hor-
monal pheromones, the response to 17,20p-P did not differ
either between the sexes or among stages of sexual matu-
rity. The olfactory epithelia of both sexes are able to detect
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PGF,, and 15-keto-PGF,,, but mature males are more sensi-
tive to the PGFs. The thresholds of olfactory responses to
17,20B-P and 15-keto-PGF,,, are approximately 101> M in
mature males. In many species, the olfactory and behav-
ioral responses to sex pheromones depend on androgens
(Yamazaki 1976; Yamazaki and Watanabe 1979; Card-
well et al. 1995; Stacey and Kobayashi 1996; Yambe and
Yamazaki 2000; Murphy and Stacey 2002; Belanger et al.
2010). In the neuroendocrine system, 17,20p-P and PGFs
appear to act through distinct pathways (Chung-Davidson
et al. 2008; Lado et al. 2013). Owing to common hormo-
nal substances in vertebrates, the species specificity of sex
pheromones in cyprinids has been obscure for a long time.
In the common carp Cyprinus carpio and goldfish, however,
species-specific substances that are released from immature
or mature females and have conspecific attracting effects
seem to be polar molecules that are as yet unidentified (Lev-
esque et al. 2011; Lim and Sorensen 2011). These unidenti-
fied chemicals likely act synergistically to PGFs and may
help reproductive isolation in cyprinids.

There are other hormonal pheromones categorized as
female pheromones in cyprinids. The sex pheromones
17,208-P and PGFs in cyprinids, including common carp,
have been found to have effects similar to those in goldfish
(Stacey et al. 1994; Cardwell et al. 1995; Lim and Sorensen
2011). The gynogenetic crucian carp Carassius auratus
langsdorfii is an all-female species. Under experimental con-
ditions, spawned eggs of the crucian carp begin to develop
when stimulated by sperm of other species (Dong et al.
1997). In the field, ovulatory females possibly attract mature
males of other species by secreting PGFs and utilizing their
sperm to stimulate the embryogeny of their own eggs. A
releaser pheromone of the loach Misgurnus anguillicauda-
tus, 13,14-dihydro-15-keto-PGF,,, is a secondary metabolite
of PGF,, (Kitamura et al. 1994b; Ogata et al. 1994) and
induces male courtship behavior in an ovulating female,
with a threshold of 107> M based on EOGs. In the chan-
nel catfish Ictalurus punctatus and blue catfish 1. furcatus,
results from the injection of PGF,, suggested that a male-
attracting pheromone was the PGF,,, secreted from females
(Broach and Phelps 2011). The zebrafish Danio rerio has
been well studied in terms of its olfactory system and che-
mosensory neuroethology (Yoshihara 2014). The olfactory
system of zebrafish detects PGFs and 17,20p-P-sulfate (Frie-
drich and Korsching 1998; Belanger et al. 2010). In another
study, PGF, was also identified as a sex pheromone that
induces male sexual behavior, and its receptor and the neu-
ral pathway were also shown (Yabuki et al. 2016). E, from
the mature female guppy Poecilia reticulata seems to attract
mature males (Johansen 1985). PGFs and steroids have been
assumed to be the common pheromones in teleost fish for a
long time, based on the reports of the olfactory response to
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PGFs in several species, including cyprinids (Cardwell et al.
1991; Kitamura et al. 1994a).

Salmonid fishes are commercially important worldwide.
Conspecific chemical cues in Salmo species have been inves-
tigated since the 1970s because of biological interests and
application in fisheries. In the Atlantic salmon Salmo salar,
releaser sex pheromones that attract mature males are pre-
sent in ovulated female urine (OFU) (Olsén et al. 2002). This
pheromone has not yet been identified chemically. OFU,
PGFs in the urine, and coelomic fluid of ovulated females
were found to have priming effects that elevate plasma sex
steroids in males (Moore and Waring 1996; Olsén et al.
2001). However, in estimating the concentrations of PGFs,
unknown chemicals will also be present in the pheromonal
solutions. PGFs that induce releaser (Laberge and Hara
2003) and priming effects (Moore et al. 2002) of the male
brown trout Salmo trutta are prospective candidates of sex
pheromones in the coelomic fluid of ovulated females. Tak-
ing the olfactory thresholds and the secreted concentrations
into account, we expect the presence of unidentified phero-
monal compounds. Although the contribution of PGFs is not
yet known, sperm from primed males exposed to a mixture
of urine and coelomic fluid of ovulated females generate
more offspring in brown trout (Hellstrom et al. 2013).

Not all pheromones secreted by females are hormo-
nal molecules or their derivatives. Genital cavity fluid in
mature females and males of the pond smelt Hypomesus
olidus contains sex pheromones that attract mature males
and induce male courtship behavior. The active substances
are likely peptides or proteins (Okada et al. 1978). Proteino-
genic amino acids are candidate female sex pheromones in
the rose bitterling Rhodeus ocellatus ocellatus (Kawabata
1993). A nuptial-colored male of rose bitterling first pecks
the abdomen of an ovulatory female; then the female uses an
extended ovipositor to inject ovulated eggs into the exhalent
of a bivalve, which is the spawning substrate for females.
The male then ejaculates near the inhalant siphon of the
bivalve, and the sperm is taken into the siphon and fertilizes
the female’s eggs that are present on the gill filaments of
the bivalve. In the study of Kawabata 1993, 20 amino acids
were studied, of which five, L-cysteine, L-serine, L-alanine,
L-glycine, and L-lysine, induced pecking and ejaculation at
the highest activity. The author hypothesized that these five
amino acids induce the pecking behavior of males to guide
females to bivalves during the night and induce ejaculation
during the day. However, the concentrations of the amino
acids in ovarian fluid and the exhalent water were not meas-
ured, and the thresholds of behavioral responses were not
determined in this study.

The sex pheromone of the puffer fish Takifugu niphobles
is unique because it is well-known as one of the most potent
marine toxins, tetrodotoxin (TTX) (Matsumura 1995). In the
breeding season, mature males and females gather on the

beach to spawn. TTX accumulates in the oocytes and then
transferred to the ovarian cavity fluid through the chorion
during ovulation. TTX acts as a male-attracting pheromone
by leaking from the ovarian cavity into the environment.
The threshold pheromone concentration to elicit a behav-
ioral response was estimated to be about 1.5x 10712 M.
Interestingly, immature juveniles of Takifugu rubripes are
also attracted to TTX (Okita et al. 2013), suggesting that
the behavioral responses of puffer fish to TTX may be not
sexually specific.

In the rainbow trout Oncorhynchus mykiss, releaser sex
pheromones are present in ovulated female urine (Yambe
and Yamazaki 2001b). Urine or bile of the ovulated females
exerts priming effects that increase the levels of plasma
steroid hormones and expressible milt in males (Scott et al.
1994; Vermeirssen et al. 1997; Vermeirssen and Scott 2001).
Evidence from electrophysiological studies suggest that
bile acids are candidate sex pheromones in rainbow trout
(Giaquinto and Hara 2008). The sex pheromones of rainbow
trout have not yet been identified chemically, suggesting a
possibility of unidentified pheromones other than hormonal
pheromones (Liley and Rouger 1990; Scott et al. 1994; Sato
and Suzuki 2001; Laberge and Hara 2003).

The masu salmon Oncorhynchus masou masou is a con-
venient species to study sex pheromones in salmonid fishes
because they have two life-history forms (Fig. 7). Anadro-
mous females (body length: 40-60 cm) are suitable for urine
collection, and river resident males (body length: 20 cm)
are easy to handle as test fish in odor experiments. The
OFU contains a male-attracting pheromone (Yambe et al.
1999), whereas the urine of spermiating males of anadro-
mous forms repel immature males (Yambe et al. 2006b).
Regardless of sex, mature masu salmon have been shown
to have a higher kidney somatic index and urine flow rate
than immature fish (Yambe and Yamazaki 2006). The func-
tion of the kidney or urinary bladder may be enhanced in
individuals emitting chemical cues (see below for tilapia).
The elution profile from gel chromatography showed that
retention times of some hormonal pheromones were not
coincident with a peak of active fractions from OFU that
attracted male masu salmon. Bioassay-guided fractiona-
tion revealed an active compound that was identical to
L-kynurenine in spectral and chromatographic properties
(Yambe et al. 2006a). L-Kynurenine is one of the amino
acids metabolized from L-tryptophan in vertebrates, and it
elicits a spermiating male-specific behavior at even picomo-
lar concentrations in masu salmon. In preliminary Y-maze
tests, spermiating males were attracted to L-kynurenine. The
olfactory epithelium of spermiating males was electrophysi-
ologically more sensitive to L-kynurenine than that of sexu-
ally inactive males (immature males and spent males) and
ovulated females. The electrophysiological threshold was
107 M in spermiating males, whereas p-kynurenine elicited
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Fig.7 Schematic representation of the life-history and reproductive
ecology relating to sex pheromones in the masu salmon Oncorhyn-
chus masou masou. The structural formula of L-kynurenine (Kyn) is

a negligible response in electrophysiological and behavioral
tests. Namely, mature male masu salmon recognize the dif-
ferent chiral forms. HPLC showed that L-kynurenine in OFU
was 107 to 107> M and was higher than in urine of spermiat-
ing males and immature females. L-Kynurenine concentra-
tions in the OFU of rainbow trout and brown trout were 1%
of that in masu salmon. Although the level of L-kynurenine
in the urine of rainbow trout or brown trout is sufficient
for olfactory responses, these species would not encounter
such a high level in natural streams, indicating the species
specificity of L-kynurenine, as suggested by Y-maze tests
(Yambe and Yamazaki 2001a). Moreover, OFU and 10° M
L-kynurenine elevated plasma levels of sex steroid hormones
in spermiating males (Yambe et al. 2008). Therefore, the
tryptophan metabolites in the urine would have not only
releaser effects but also priming effects of sex pheromones
in masu salmon. To test the effect of L-kynurenine in the
field, the pheromone trapping technique is being developed
for masu salmon using large-scale attraction tests instead of
experimental troughs as used in previous studies (Yambe
et al. 1999). Attraction of mature males to L-kynurenine
during the spawning season in natural environments was
tested using pheromone traps made from a wooden partition,
concrete block, and a metal shelf (Fig. 8) (Yambe, 2013).
L-Kynurenine at 10~*M and a control (distilled water) were
diluted with river water and pumped into the trap. Many
males and a few females were captured at the peak of the
spawning season in the traps baited with L-kynurenine. This
result indicates that L-kynurenine attracts mature male masu
salmon in natural rivers. However, since sex pheromones
generally exist as pheromone blends consisting of specific
ratios of multiple components, as reported in sea lamprey
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given in the urine plume (yellow shading). Adult mature males prob-
ably behave like precocious males when they are exposed to Kyn,
although only precocious males were used in the experiments

(Johnson et al. 2014; Brant et al. 2016b; Li et al. 2017),
L-Kynurenine and its derivatives should be tested in combi-
nation and at different ratios in future studies.

Anadromous masu salmon females often enter the fast-
ing state at the spawning area, and they spawn just once in
their lifetime and then die. L-Tryptophan a glucogenic amino
acids, and in masu salmon L-tryptophan may be utilized for
gluconeogenesis until spawning time. The hydrophilic prop-
erty of this amino acid pheromone may be advantageous for
masu salmon because mature females need to advertise their
mating readiness and location more widely to mature males
in mountain streams. Indeed, L-kynurenine as a pheromone
was identified in a strain of cultured masu salmon main-
tained in a public hatchery for > 20 years. Recently, we real-
ized that the bioactivity of L-kynurenine in wild male masu
salmon was lower than that in cultured males (unpublished
data). For wild males, mixtures of L-kynurenine with other
metabolites of L-tryptophan may be more potent than the
single molecule L-kynurenine. In cultured fish, the compo-
nents of pheromones may have been simplified by various
artificial pressures.

Female pheromones have been reported in species in
which females determine the nesting or spawning sites.
Relatively limited components in female pheromones may
be sufficient for males that have large number of gametes
because males generally mate more than once and with vari-
ous females. Also, a relatively small number of molecules
that represents the number of eggs, i.e., PGFs or maturation-
inducing steroids that are related to final maturation, may be
sufficient cues for males to evaluate females because males
commonly select females that have large numbers of eggs.
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Fig.8 A pheromone trap for masu salmon O. masou masou in a
stream. a Photograph of a pheromone trap. SS, FP, and BTS were
temporary and excluded in the experiments. b Diagram of the
pheromone trap (view from above). Two cages made of stainless
mesh (each cage: 45 X 35 X 95 cm, W X H X L) were separated by
a wooden board and stabilized by concrete blocks. A one-way valve
constructed of plastic plates was positioned at each entrance (each
entrance: 40 X 25 X 30 cm, W X H x L). Kyn and DW were intro-
duced into each cage using the MP. The position of the Kyn and DW

Shore ——110-20cm

|:| : concrete blocks/d/

95 cm

L1
100-120 cm

Upstream
Downstream

né:> DW or Kyn

220 cm

were switched alternately at each trial. Fish could swim upstream
by passing through a gap between the trap and the shore. The water
level was half the height of the cage. The trap was supported by pegs,
ropes, and concrete blocks. BTS Blocks between the trap and shore,
DW Distilled water, FP frame pipes, Kyn 10* M L-kynurenine, MP
micro-peristaltic pump, SS stepping stones, Photograph in a is modi-
fied from Yambe (2013), with permission of The Japanese Society of
Fisheries Science. The photograph has been flipped horizontally from
the original, and labels have been added

Table 2 Chemicals, route or source, and effects of fish male pheromones

Species

Chemicals

Source

Effects

References

Goldfish Carassius auratus

Sea lamprey Petromyzon
marinus

Sea lamprey
Sea lamprey

Baikal sculpin Cottocome-
phorus grewingki

African catfish Clarias
gariepinus

Mozambique tilapia Oreo-
chromis mossambicus

Arctic char Salvelinus
alpinus

Black goby Gobius jozo

Round goby Neogobius
melanostomus

Zebrafish Danio rerio

Androstenedione
3-keto-PZS (3kPZS)

3-keto-1-ene-PZS

Spermine

Testosterone,
11p-hydroxytestosterone,
27.,6E-farnesol

3a,17a-dihydroxy-
5B-pregnan-20-one-
3a-glucuronide are
candidates

5B-pregnane-3a,17a,20p-
triol 3-glucuronate and its
20a-epimer

PGF,,

ETIO-glucuronide
ETIO

Sa-androstane-3a,17f-diol-
glucuronide

Mature male
Gills of spermiating males
Spermiating male

Milt

Mature male urine

Seminal vesicle

Mature male urine

Mature male

Mature male
ND

Testis

Agonistic behavior between
males

Attract ovulated females

Attract ovulated females
Attract ovulated females

Attract ovulated females
and induction of female
maturation

Attract ovulated females

Increase of female 17,200-
P

Attract ovulated females
and induce digging by
females

Attract ovulated females

Increase in female ventila-
tory behavior

Ovulation

Sorensen et al. (2005a)
Li et al. (2002)

Johnson et al. (2014)
Scott et al. (2019)
Katsel et al. (1992)

Lambert and Resink (1991)

Keller-Costa et al. (2014b)

Sveinsson and Hara (1995)

Colombo et al. (1980)
Murphy et al. (2001)

Van Den Hurk et al. (1987)

ND Not determined, PZS petromyzonol sulfate
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Male sex pheromones in fish

Identified molecules, route or source, and effects of sex pher-
omones released by male fish are summarized in Table 2. In
goldfish, an increase of milt volume is induced not only by
female pheromones, but also by social stimuli from conspe-
cific males (Stacey et al. 2001; Fraser and Stacey 2002). The
chemical cues from males seem to be unknown. Androsten-
edione from the mature male goldfish increases agonistic
behavior among conspecific males (Sorensen et al. 2005b).
Studies on pheromones of the sea lamprey Petromyzon
marinus have progressed dramatically since around 2000
(Buchinger et al. 2015). Sea lampreys are an important issue
in the management of ecosystems and fisheries in the Lau-
rentian Great Lakes of North America. The sea lamprey has
a complex life-history comprising larval, juvenile, and adult
stages. Larvae habit in streams and are filter feeders. Fol-
lowing the larval stage, they metamorphose into parasitical
juveniles and migrate downstream into the Atlantic Ocean or
the Great Lakes. Later, the adult sea lamprey migrates into
streams to spawn. A spermiating male makes a nest for ovu-
lated females (Buchinger et al. 2015). In itself this species
is not itself useful for fisheries, but it is parasitic and causes
enormous damage to the lake char Salvelinus namaycush,
which is a fishery target in the Great Lakes.

There are two types of sea lamprey pheromones: migra-
tory pheromones, which are released by larvae in rivers
and attract adult males and females in lakes to the spawn-
ing grounds of rivers, and sex pheromones, which bring
together spermiating males and ovulated females (Buchinger
et al. 2015). There are more than 40 years of studies on sea
lamprey pheromones, involving the isolation of active sub-
stances by olfactory or behavioral responses, structural anal-
yses by high-performance liquid chromatography (HPLC),
MS, NMR, and confirmation of bioactivity by behavioral
experiments. Many of the sea lamprey’s pheromones are bile
acids with steroid skeletons and they are species specific.

It was initially suggested that the sex pheromone of this
species may be testosterone released from mature males
(Teeter 1980). However, based on the concentration of tes-
tosterone in male urine and the effective concentration for
females, it became apparent that testosterone is only a com-
ponent of a pheromone mixture. More than 20 years later, a
research demonstrated that a sulfate conjugate of bile acid,
3-keto-petromyzonol sulfate (3kPZS), released from the
gills of spermiating mature males, was the main compo-
nent of a sex pheromone that attracts ovulated females (Li
et al. 2002). This pheromone is produced in the male liver
and released from the gills, with a threshold of 1072 M for
female behavioral and olfactory responses. Small male sea
lampreys produce higher rates of 3kPZS in the liver than
larger males (Buchinger et al. 2017a). In many animals,
males change their mating strategy depending on their body
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size to increase their mating success. In the sea lamprey,
smaller males may release more sex pheromone than larger
males to attract mating partners.

Previous behavioral studies showed the presence of
unknown pheromonal compounds in addition to 3kPZS
(Johnson et al. 2012), and several novel pheromones have
been identified. For example, the bile alcohol 3,12-diketo-
4,6-petromyzonene-24-sulfate (DKPES) was identified as a
minor component of sex pheromones by bioassay-guided
fractionation from water conditioned with spermiating
male sea lampreys (Li et al. 2013). Ovulated females were
attracted to artificial nests conditioned with a mixture of
3kPZS and DKPES at the male-released ratio of 30:1, respec-
tively, and searching behavior in females in respond to the
mixture was also observed, suggesting a function as a prox-
imity pheromone (Brant et al. 2016b). Unsaturated bile salt
3-keto-1-ene-PZS was also identified as a sex pheromone
from water conditioned with spermiating male sea lamprey;
this compound attracted ovulated females to the spawn-
ing nests at a concentration of 107'2 M, equivalent to the
effectiveness of 3kPZS (Johnson et al. 2014). Subsequently,
three novel bile alcohols, all petromyzones, were isolated
from water conditioned with spermiating male sea lamprey.
The thresholds of these bile alcohols ranged from 107!!to
107'* M in EOG recordings to ovulated females; One of
these was attractive to ovulated females at 10712 M and the
others were not attractive or repulsive at 107> M to ovulated
females, suggesting that these petromyzones may be putative
pheromones in sea lamprey (Li et al. 2017). Recently, sper-
mine in milt has been identified as a non-specific pheromone
that stimulates ovulated female olfaction, activates TAARs
in the olfactory epithelium, and attracts ovulated females
at 10714 M (Scott et al. 2019). Interestingly, semen in the
herring Clupea harengus pallasi also induces the extension
of urogenital papilla and the synchronization of spawning
behavior in the reproductive season (Carolsfeld et al. 1997).
Spermine induces olfactory responses in teleost fish (Rolen
et al. 2003) and humans (Lefévre et al. 2011) and is con-
tained abundantly in semen (Tabor and Tabor 1984). The
olfactory detection of semen may be conserved phylogeneti-
cally from jawless fish to vertebrates. These studies clearly
indicate that female-attracting pheromone released from the
male sea lamprey consists of multiple components. Even in
sea lampreys in which male pheromones have been identified
(see following paragraph), there is evidence that ovulated
females release unidentified pheromone(s) that attract males
(Teeter 1980; Siefkes et al. 2005).

The production of male lamprey pheromones is under
the control of the endocrine system. The genes responsi-
ble for the biosynthesis and modification of bile salts were
observed to be highly expressed in the liver and gills of
the male sea lamprey (Brant et al. 2013). After reaching
sexual maturity, sex pheromone-related bile acids seem to
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be biosynthesized dramatically in liver, transported to gills,
converted enzymatically, regulated into a ratio of compo-
nents, and released from the gill. In the transition from pre-
spermiating to spermiating stage in the sea lamprey, proges-
terone acts within the testis to induce spermiation and also
acts on both the liver and gill to promote the synthesis and
release of 3kPZS (Bryan et al. 2015).

The priming effects of sex pheromones have also been
studied in the sea lamprey. A single pheromone, 3kPZS,
primes the secretion of 15a-hydroxyprogesterone in imma-
ture males but not in immature females, leading to activa-
tion of the hypothalamic-pituitary—gonadal (HPG) axis
(Chung-Davidson et al. 2013b), while 3-keto-allocholic acid
(B3kACA) is an inhibitory pheromone that downregulates
steroidogenesis in immature males within 24 h of exposure
(Chung-Davidson et al. 2013a). Pre-ovulatory females and
pre-spermiating and spermiating males primed by 3kACA
and 3kPZS showed complex and differential changes in
gonadal and plasma steroids (Chung-Davidson et al. 2020).
Therefore, detailed investigations are needed to identify the
pheromonal components and their pheromonal effects in
the various developmental stages of reproductively recep-
tive individuals.

The sex pheromones of sea lampreys appear to have
evolved from their migratory pheromone cueing pathway
(Buchinger et al. 2013, 2020; Brant et al. 2016a). Initially,
3kPZS was one of the by-products derived from bile acids
in larvae of sea lamprey. Adult lampreys seemed to have
evolved the ability to detect 3kPZS as an indicator of a suit-
able spawning site, with sexually mature males imitating
larvae to release 3kPZS, resulting in deception of females.
3kPZS has been utilized as a male sex pheromone to attract
ovulated females. In several lamprey species, partial over-
lap of male olfactory cues has been observed among intra-
and interspecific variations of the bile acids produced as
components in sex pheromones and migratory pheromones
(Buchinger et al. 2017b, 2019). These findings may lead to
elucidation of the evolution of sex pheromones in lampreys.

A brief description of the migratory pheromones, which
are evolutionarily positioned as precursors of the sex phero-
mones in the sea lamprey, is also relevant in the context of
this review. The first substance to be identified as a migra-
tory pheromone in this species was a specific bile acid,
petromyzonol sulfate (PZS), produced by larvae, which
was investigated in detail from the viewpoint of olfactory
electrophysiological responses (Li and Sorensen 1997). The
threshold of olfactory responses was 10712 M, suggesting
that PZS binds to a specific receptor. Early-migrating adult
animals, which are not yet ready to mate, respond to migra-
tory pheromones. Larvae release PZS into the river via their
feces, and adults respond to the migratory pheromones at
early evening in laboratory and field experiments (Bjerselius
et al. 2000).

In 2005, two novel bile acid sulfate conjugates (petromy-
zonamine disulfate [PADS] and petromyzosterol disulfate
[PSDS]) were identified from about 8000 L of larval holding
water. These migratory pheromones are released from the
larvae and attract adult males and females. The thresholds
of behavioral responses are 107> M for PADS and 107! M
for PSDS, and the electrophysiological olfactory thresholds
are both 10713 M (Sorensen et al. 2005a; Fine and Sorensen
2008). However, some studies showed that these bile acid
conjugates have a low activity. Subsequently, a novel pher-
omone was reported that resolved this issue: a fatty-acid
derivative, (+)-petromyric acid [(+)-PMA], was identified
by bioassay-guided fractionation as a migratory pheromone
(Li K et al. 2018).

The first chemically identified sex pheromone candidate
in fish is probably etiocholanolone (ETIO)-glucuronide,
which in the black goby Gobius jozo is released by males
to attract females (Colombo et al. 1980). In the round goby
Neogobius melanostomus, reproductive males probably
secrete female-attracting pheromones. The candidates for the
active substances are ETIO, ETIO-glucosiduronate, 11-oxo-
ETIO, and 11-oxo-ETIO-3-sulfate, as suggested by electro-
physiological recordings from the olfactory epithelium of
reproductive females (Murphy et al. 2001; Laframboise
and Zielinski 2011), behavioral observations of responses
to goby holding water (Belanger et al. 2004; Corkum et al.
2008), and biochemical analyses of the holding water
(Arbuckle et al. 2005; Katare et al. 2011). Additionally, the
round goby shows sexually dimorphic responses to some
steroids, with males showing ventilatory behavior to estrone,
E,-3B-glucuronide, and ETIO and females responding only
to ETIO (Murphy et al. 2001). However, the biological func-
tion of these ventilation responses is not known well.

In the yellowfin Baikal sculpin Cottocomephorus grew-
ingki, mature males release sex pheromones to attract mature
females and induce female maturation. The candidates are
testosterone, 11p-hydroxytestosterone, and 2Z,6E-farnesol
in the male urine (Katsel et al. 1992). In related species,
increased urine release and hypertrophied kidney were found
to be associated with nesting behavior or sexual matura-
tion in the male freshwater sculpin Cottus pollux small-egg
type (SE) (Koya et al. 2015, 2016). These findings suggest
that male urine of the freshwater sculpin contains female-
attracting pheromones during the spawning season. Accord-
ing to this hypothesis, in the spawning season, male fishes
with hypertrophied kidney would secrete male pheromones
that attract females, as also suggested in sticklebacks manag-
ing their nests (Mclennan 2003, 2005). Male pheromones in
these species have not yet been chemically identified.

Sex pheromones were investigated in the African cat-
fish Clarias gariepinus with the overall aim to improve the
aquaculture of this species (Lambert and Resink 1991). In
this study, a mixture of seven steroid glucuronides contained
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in the male’s seminal vesicles seemed to attract ovulatory
females, and another pheromone released from mature
males likely primed their ovulation. Among these seven
glucuronides, the most potent odorant in female olfaction
was 3a,17a-dihydroxy-5p-pregnan-20-one-3a-glucuronide.
Further studies with a specific behavioral assay are needed
to test these pheromone candidates.

Tilapia, which are cultivated in hot pools at high latitudes
or which are invasive in various warm-water areas, have
been studied with respect to male urinary pheromones. In
a study carried out on the Mozambiqu tilapia Oreochromis
mossambicuse, EOG recordings showed that females are
sensitive to conspecific male bile, feces, and urine (Frade
et al. 2002), while males can discriminate between pre- and
post-ovulatory females via both the urine and feces and can
enhance their urination rate in the presence of pre-ovulatory
females (Miranda et al. 2005). These findings suggest the
presence of chemical cues from pre-ovulatory females.

Dominant males of the Mozambique tilapia are able to
store a large amount of urine, and urine can be actively
released during aggressive encounters (Barata et al. 2007).
The olfactory sensitivity of pre-ovulatory females to the
urine increases according to male social hierarchy, suggest-
ing that odorants in dominant male urine (DMU) act as a
dominance or sex pheromone. An aminosterol was isolated
from DMU of the Mozambique tilapia (Barata et al. 2008),
and a male-specific protein similar to lipocalin was identi-
fied in DMU of other tilapia species (Machnes et al. 2008).
Dominant males have large urinary bladders with developed
detrusor muscles and urinate frequently when their andro-
gen levels are high and/or when subordinate males are in
the same tank (Keller-Costa et al. 2012). EOG recordings
suggest that the male pheromones affecting preovulatory
females are 5p-pregnane-3a,17a,20B-triol 3-glucuronate and
its 20a-epimer (20a- and 20B-P-3-G), and that a putative
female pheromone affecting mature males is 17f-estradiol-
3-glucuronide (E,-3 g) (Keller-Costa et al. 2014b, 2014a).
Indeed, a mixture of the synthetic compound 20a/p-P-3-G,
identified from DMU evoked priming effects that showed
drastic increases in female 17,208-P (maturation-inducing
hormone) 1 h after exposure (Huertas et al. 2014; Keller-
Costa et al. 2014a).

DMU of the Mozambique tilapia contains not only female
primer pheromones but also a conflict-inhibiting pheromone,
composed of both polar and non-polar chemicals, which
reduces male-male aggression (Keller-Costa et al. 2016).
DMU also increases the release rate of 11-ketotestoster-
one in subordinate males but reduces male—male aggres-
sion, suggesting that DMU may act in chemical diplomacy
(Saraiva et al. 2017).

In the Arctic char Salvelinus alpinus, PGFs derived from
mature males were reported to show releaser effects that
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induce attraction and nesting behavior in females, but do
not attract males (Sveinsson and Hara 1995). However,
many questions remain regarding the levels of the secreted
PGFs, the timing of the release by males, and the origin
of the PGFs. The olfactory organ of the lake char Salveli-
nus namaycush is sensitive to bile acids (Zhang et al. 2001;
Zhang and Hara 2009). Male and female lake char are
attracted to water conditioned by males or juveniles (Buch-
inger et al. 2015). In the Arctic char, a pheromone hypothe-
sis of homing migration—that the odor of young fish attracts
adult fish to the natal river—has long been postulated (Nor-
deng 2009). Inferring from the above, Arctic char, which is
arelatively ancestral salmonid, is thought to have a complex
chemical communication system by secreting or receiving
chemical cues not only in mature fish but also in immature
fish. Based on its life-cycle, Salvelinus species may belong
to a genus that is highly dependent on its chemical senses.

Even in zebrafish, in which female pheromones have
been identified (see above text), steroid glucuronides such
as Sa-androstane-3a,17p-diol-glucuronide from mature male
holding water have been suggested to stimulate female ovu-
lation (Van Den Hurk et al. 1987). This suggestion has been
reiterated in recent years, i.e. that male pheromones are able
to induce ovulation and attract females (Li J et al. 2018).

Male pheromones have been reported in species in which
the male determines the nesting or spawning sites. Since
females generally have fewer gametes than males, as men-
tioned in sea lamprey, males may release many components
of pheromones. Males probably need multiple components
as signals to represent male abilities, physiological and
health conditions because females are more severe in their
mate choice than males.

Application of fish sex pheromones

Sex pheromones are a very interesting research area, not
only in terms of reproductive biology but also for explor-
ing reproductive isolation mechanisms, including specia-
tion. Alternatively, in terms of practical applications, the
sex pheromones of insects have long been applied in pest
control programs; for example, traps baited with pheromone
are used to capture and kill pests, or the release of a large
amount of pheromone into the local environment is used
to disturb the chemical communication of pests. In recent
years, therefore, pheromone-utilized fishing methods are
also expected to be put into practice for sex-selective fish-
ing or in extermination methods that do not adversely affect
the natural environment.

Pheromone traps are a promising application of fish pher-
omones. Sea lampreys have long been dealt with as invasive
organisms in the Great Lakes, and the results from applied
research using pheromones have been active in developing
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methods to help exterminate them. One example of such
control efforts is to increase the number of unfertilized eggs
in the population, which is expected to reduce the size of
the population (Siefkes et al. 2003). In this approach, after
confirmation of sex pheromone production in spermiating
males sterilized by a drug, the sterilized males are released
into rivers to mate with females with the expectation that
the ovulated eggs will be fertilized with sterilized semen
and not develop. A second method of controlling sea lam-
preys is by using a pheromone trap that directly exterminates
adults. In field experiments using migratory pheromones
and sex pheromones, both sexes of migratory adults and
ovulated females were efficiently captured by pheromone
traps (Wagner et al. 2006). 3kPZS was especially effec-
tive as bait in sex pheromone traps for attracting ovulated
females from up to several hundred meters downstream of
the source, and the pheromone in the trap was as active as
the natural pheromones released from spermiating males.
In one trap experiment, a high concentration of 3kPZS was
more attractive than male-conditioning water (Johnson et al.
2009). In another study, trap tests with synthetic 3kPZS
were performed in eight Michigan streams over 3 years
(Johnson et al. 2013). In terms of overall yearly trapping
efficiency, there was about a 10% higher level during years
when 3kPZS was introduced. The most suitable conditions
for pheromone traps with 3kPZS are wide streams, a low
abundance of adult sea lampreys, and nights early in the
spawning season (Johnson et al. 2015). A polyethylene
glycol matrix was developed as a cost-effective emitter to
release 3kPZS from pheromone traps into rivers (Wagner
et al. 2018). Methods for using 3kPZS to trap invasive sea
lampreys have been developed that take into account bio-
logical and environmental conditions, such as sea lamprey
length, sex, water temperature, and stream width (Johnson
et al. 2020). Not only sex pheromones but also migratory
pheromones have been applied as tools for management of
the sea lamprey. Unnatural pheromone analogs of PZS pro-
duced by chemical synthesis have been shown to activate
the olfactory pathway of sea lampreys and have the potential
to be used in their control (Burns et al. 2011). Although
migratory pheromone blends containing unknown compo-
nents have been suggested in previous reports, even par-
tial pheromones composed of PADS and PSDS facilitate
adult lamprey to approach river entrances in the absence
of a complete blend of pheromones (Meckley et al. 2014).
Pheromone traps are practical tools for management of the
sea lamprey because this species highly depends on olfac-
tion and has multiple pheromones. The use of pheromone
traps to control invasive sea lampreys has been reviewed
in detail in terms of practices, strategies, registration, and
application over 10 years (Li et al. 2007; Sorensen and John-
son 2016; Siefkes 2017; Fredricks et al. 2020). Given that
the social behavior of primitive vertebrates, such as the sea

lamprey, is strongly dependent on chemical senses and that
the pheromones of the lamprey were identified using wild
populations, the application of pheromones may be effective
strategy to control the wild populations. In contrast, in some
of other fish species, the pheromones were identified using
cultured populations derived from a few families; in these
cases, the pheromone (blend) identified might be different
from that of the wild population and the effect of the identi-
fied pheromone (blend) on the wild population might be
lower. Fish species that depend on visual and auditory senses
in social interactions also may not respond in the same man-
ner to pheromones as does the sea lamprey.

The largemouth bass Micropterus salmoides is one of the
most invasive fish species worldwide and has a considerable
impact on the diversity of aquatic communities. Therefore,
many projects aimed at controlling largemouth bass popu-
lations have been conducted in Japan (Wildlife Division
2004). In this context, pheromone trapping has been studied
as a means to effectively control populations of largemouth
bass. In the spawning season, reproductive males make nests
in the bottom sediment for female spawning. In one study,
when bile from reproductive male (RB) largemouth bass
was introduced into the traps, the number of mature females
captured by the trap was significantly higher than when bile
from non-reproductive males was used as bait; other fish
species did not show any preference for RB (Fujimoto et al.
2020). These results showed that reproductive male bile
contains female-attracting pheromone(s), suggesting that
pheromone traps have the potential to be used to control the
populations of invasive largemouth bass.

The common carp Cyprinus carpio has been recognized
as an invasive fish in North America. Common carp injected
with PGF,, release metabolites of PGF,, as sex pheromones,
and these attract conspecific males in both the laboratory
and field tests (Lim and Sorensen 2012). PGFs as sex phero-
mones have also been used to determine the reproductive
condition of invasive common carp, using environmental
DNA to estimate the population sizes (Ghosal et al. 2018).

Fish pheromones could also be useful in aquaculture. It
may be possible to use the priming effects of sex phero-
mones to synchronize ovulation and spermiation in fish
farms and hatcheries, based on the observation that the odors
from mature members of the opposite sex prime not only the
secretion of sex steroids and the gonadal development in
many species but also spermatogenesis in immature Euro-
pean eel Anguilla anguilla L. males (Huertas et al. 2006).
Priming effects may increase the expressible milt in mature
male fish that have a small testis, such as the huchen Hucho
perryi. In rearing ponds, introducing sex attractants into
separated areas may prevent males or females from over-
maturation through segregating the two sexes, as has been
suggested conventionally in salmon hatcheries for a long
time (Yambe, unpublished observation).

@ Springer



222

Fisheries Science (2022) 88:203-239

Thus, sex pheromones are expected to be applied to inva-
sive species and commercially important species. The appli-
cation of the non-hormonal pheromone carried a relatively
low risk because it shows a high species specificity and non-
target species do not respond behaviorally and physiologi-
cally to it. In contrast, hormonal pheromones may disrupt
mating behavior and the endocrine system in many verte-
brates, including fish, because multiple animals respond to
the same molecules, such as PGFs and steroid hormones.
Thus, the field applications of pheromones need to be con-
sidered carefully.

Chemical cues in aggregation and habitat
selection

Habitat selection is critical for organisms to obtain their
food, find refugee from predation, and find suitable places
for reproduction. The presence of successful conspecifics
indicates a preferable habitat. Thus, planktonic motile larvae
of immotile benthic organisms settle around conspecifics.
Aggregation also benefits the animals in some ecological
situations, such as by avoiding predation and finding food
(Allee 1927; Davies et al. 2012). Aggregation or accumula-
tion of individuals is also necessary for finding mates.

Fish schooling behavior is partially mediated by chemical
cues. The eeltail catfish Plotosus japonicus (formerly Ploto-
sus lineatus) (Yoshino and Kishimoto 2008), which is called
“Gonzui” in Japanese, forms a dense school immediately
after hatching, and school recognition is under the control
of chemical cues emitted by the school members. The key
substances governing this recognition in the eeltail catfish
have been deduced to be a mixture of phosphatidylcholines
(PCs), and modification of the natural PC profile disrupts
the recognition of the school odor (Matsumura et al. 2004,
2007). The PC profile may change depending on genetic
differences and feeding history. The members of a school
can share these factors by being siblings and by foraging
together since being hatched from the egg. This type of
chemical cue, signature mixtures, is the basis of individual
recognition based on learning the different chemical profiles
of individuals, allowing familiar and unfamiliar animals to
be distinguished (Wyatt 2014).

In spiny lobster P. argus fisheries in the US state of
Florida, fishermen use small-sized spiny lobsters, called
“shorts,” as bait in lobster traps to attract larger legal-sized
lobsters (Hunt 2000). This attraction is based on aggrega-
tion behavior using chemical cues present in the urine of
the lobster (Horner et al. 2006, 2008; Lozano-Alvarez et al.
2018). However, the shorts used in the trap die in the trap,
leading not only to a decrease in the wild lobster population
(Butler et al. 2018a) but starvation in the trap also to a reduc-
tion in their attractiveness as live bait (Butler et al. 2018b).
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Therefore, artificially prepared attractants should replace the
shorts to conserve lobster populations, but the attractants
released from short spiny lobsters have not yet been identi-
fied. Fisheries in the USA utilize chemical communication
to catch crustaceans, the blue crab C. sapidus and the spiny
lobster P. argus.

Chemical cues that mediate larval settlement have been
reviewed by Harder et al. (2018). Invertebrate larvae find
their preferable substrate to settle by chemical cues from
conspecifics and other species. Generally, the substrates
identified as a natural source of larval settlement cues are
mixtures of multiple species of micro- and macro-organisms
(e.g., natural biofilms, algae, and body surface of animals).
One of the most clearly identified conspecific settlement
cues is the settlement-inducing protein complex (SIPC) in
barnacles, which is released from adults and induces larvae
to settle around the adults (Matsumura et al. 1998). Crus-
tose coralline algae cell wall-associated compounds, namely,
glycoglycerolipids and polysaccharides, have been identified
as the main constituents of the settlement cues of corals.
These algae-derived fractions induce settlement and meta-
morphosis in ecologically relevant conditions (Tebben et al.
2015). The Barnacle settlement cue, SIPC, is an example
of a relatively simple combination of molecules working
as a settlement cue; such cues from other species seem to
be more complexed, and it is likely that many of the as-yet
unidentified cues are mixture of compounds.

The homing substance for homing to a natal river in ana-
dromous salmon is one of the most remarkable chemical
cues in fish life-history (Bett and Hinch 2016). There are two
principal hypotheses for the chemical cues used in this hom-
ing behavior: imprinted natal substances (Wisby and Hasler
1954) and pheromonal substances (Vrieze et al. 2010). The
olfactory imprinting and homing mechanisms have been
studied using behavioral, electrophysiological, biochemical,
and neurobiological methods (Ueda 2011), with the aim to
substantiate the olfactory hypothesis based on natal stream
odor, which was proposed in the coho salmon Oncorhynchus
kisutch (Wisby and Hasler 1954).

The olfactory organs of both the lacustrine sockeye
salmon and masu salmon respond differentially to various
freshwaters, regardless of sex or gonadal maturity (Sato
et al. 2000). According to studies showing the similarity of
olfactory responses to artificial stream water based on the
composition of dissolved free amino acids (DFAAs) and the
corresponding natural stream water, amino acids dissolved
in the natal stream water are thought to be the natal stream
odors (Shoji et al. 2000). Additionally, Y-maze tests dem-
onstrated that artificial home stream water that contained
these DFAAs was selected by mature male chum salmon
Oncorhynchus keta (Shoji et al. 2003). In another study, after
incubating the biofilm of stones, which had been placed in
ariver, for 24 h at stream water temperature, DFAAs in the
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incubation solution were analyzed by HPLC, and the results
suggested that the biofilms are a major source of DFAAs
in stream water (Ishizawa et al. 2010). The salmon olfac-
tory imprinting-related gene (SOIG) of lacustrine sockeye
salmon, which was identified by the subtractive hybridiza-
tion technique of cDNA-representational difference analysis
(cDNA-RDA), might be related to olfaction during both the
parr—smolt transformation (PST) and the final stage of hom-
ing (Hino et al. 2007). In lacustrine sockeye salmon, the
imprinting of natal stream odors in juveniles and homing
migration in mature salmon were shown in electrophysi-
ological and behavioral experiments. Mature salmon that
were exposed to an amino acid for 2 weeks during PST 2
years prior to the experiment showed a preference behav-
ior and a remarkably high olfactory response to the amino
acid (Yamamoto et al. 2010). Several Oncorhynchus species
appear to imprint not only to amino acids but also to mor-
pholine and phenethyl alcohol, which are not found in natu-
ral river water (Bett and Hinch 2016). In four Oncorhynchus
species, behavioral responses to artificial natal stream water
(ANW), which was prepared to have the same composition
and concentration of DFAAs as in their natural natal stream,
were observed in Y-maze tests. Chum, sockeye, and masu
salmon preferred the ANW to controls, whereas the pink
salmon Oncorhynchus gorbuscha showed the lowest selec-
tivity and the highest locomotive behavior to ANW (Yama-
moto et al. 2008). These results may suggest an evolutionary
tendency in salmonids because species such as pink salmon
that are more dependent on the ocean, traveling to sea imme-
diately after hatching, are less dependent on the natal river.

Unlike Salvelinus species, Oncorhynchus species are not
thought to use pheromones emitted by juveniles in homing.
However, sockeye salmon are attracted to conspecific odors
when imprinted natal cues are absent, but not when they
are present, implying that pheromones may provide a direc-
tional cue that is secondary to the primary cue of imprinted
chemicals (Bett and Hinch 2015). Specifically, for homing
in adult salmon, if something is wrong with the odor of the
natal stream, the conspecific odor will be utilized as second-
ary chemical cues.

Recognition of diseased conspecifics using
chemical cues

The Caribbean spiny lobster P. argus uses chemical cues to
detect and avoid shelters containing conspecifics infected
with the PaV1 virus. The chemical cues are contained in the
urine, and spiny lobsters can avoid infected animals effec-
tively in low-flow regimes (Behringer et al. 2006; Anderson
and Behringer 2013; Lozano-Alvarez et al. 201 8; Ross and
Behringer 2019). Chemical cues for parasite avoidance have
remained important throughout the evolutionary history of

vertebrates, including fish and amphibians. For example,
rainbow trout infected with the trematode Diplostomum sp.
release chemical alarm substances that increase the activ-
ity of unexposed conspecifics. Similarly, bullfrog tadpoles
Rana catesbeiana use chemical cues from conspecifics to
avoid infection by the pathogenic yeast Candida humicola
(Kiesecker et al. 1999). It is possible that the molecules indi-
cating infection can be identified by comparing the body
odor or urine of healthy and diseased animals. These mol-
ecules that induce avoidance behavior can be used to repel
animals from unfavorable locations in aquaculture tanks,
such as the water outlet(s) of a tank.

Chemically stimulated grooming behavior

Many crustacean species groom their body parts to remove
epibionts to avoid fouling (Bauer 1977, 1981). In one study,
tidepool shrimps Heptacarpus pictus prevented from anten-
nule grooming by ablation of the third maxillipeds suffered
from fouling by epibionts on the antennule (Bauer 1977).
Phyllosoma larvae of the smooth fan lobster /bacus novem-
dentatus that stay and feed on jellyfishes groom their body
by elongated third maxillipeds; phyllosoma prevented from
grooming by ablation of third maxillipeds had increased
fouling by epibionts (Kamio et al. 2015). The grooming
behaviors consist of auto grooming and induced grooming
elicited by chemical cues. Interestingly, antennule grooming
behavior of the Caribbean spiny lobster P. argus is elicited
primarily by L-glutamate (Barbato and Daniel 1997), and
non-olfactory chemoreceptor neurons in asymmetric sensilla
activate the grooming behavior (Schmidt and Derby 2005).
Secretions produced by the tegumental glands surrounding
the base of aesthetasc sensilla might provide chemical anti-
fouling agents and/or substances that aid in the stabilization/
protection of the extremely delicate cuticle of the aesthetasc
(Schmidt and Derby 2005). L-Glutamate also elicits groom-
ing behavior of the phyllosoma in the smooth fan lobster
(Kamio et al. 2015). Grooming behavior seems to be associ-
ated with the secretion of antifouling molecules, and these
molecules are candidate antifouling agents.

Parasites: host recognition using chemical
cues

Parasitic animals use chemicals cues to find hosts and
to invade and find places to settle in the body of the host
(Haas 2003). Entomopathogenic nematodes find and select
their insect host by sensing CO, and host odorant mixtures
(Dillman et al. 2012). In aquaculture environments, a para-
sitic copepod, the sea louse Lepeophtheirus salmonis, which
specifically parasitizes salmonid species, uses chemical cues
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from their host (Mordue Luntz and Birkett 2009). Com-
pounds identified from salmon-conditioned water extracts
(e.g., isophorone [6-methyl-5-hepten-2-one] have been
shown to switch on positive rheotaxis (upstream orientation
in flowing water) in adults and copepodids (Ingvarsdéttir
et al. 2002; Bailey et al. 2006). In copepodids, the presence
of chemicals such as 4-methylquinazoline and 2-aminoaceto-
phenone from a non-host species, the turbot Psetta maxima,
prevents the normal positive rheotactic movement of cope-
podids to salmon-conditioned water when both are presented
together in a Y-tube olfactometer (Bailey et al. 2006). The
pheromone can be used to eliminate the copepods by attract-
ing them and/or disrupting their mating behavior.

The nemertean worm Carcinonermertes errans is a
parasitic egg predator of the Dungeness crab Metacarcinus
magister. In laboratory experiments, larvae of the parasitic
worm preferentially settled on the exoskeleton of the crab
and migrated under its abdominal flap where they incubate
their eggs. In field studies, competent larvae of the worm
present in the waters could infect crab hosts directly from the
water column, and exhibited density-dependent gregarious
settlement (Dunn and Young 2014). These results indicate
the release of chemical cues from the host.

The rhizocephalan barnacle Loxothylacus texanus para-
sitizes the blue crab C. sapidus, detecting chemical cues to
settle on the crabs. This parasite severely impacts crab fisher-
ies because the gonads of parasitized crabs do not mature and,
consequently, these crabs do not reproduce and male crabs are
feminized; in addition, the molt ceases before the crabs reach
legal size. The cypris larvae of L. texanus settle in response
to carbohydrate or glycoprotein cues found in the epicuticle
layer of the C. sapidus exoskeleton and only settle on inter-
molt epicuticle but not on the newly generated internal cuticle.
Evolutionarily, this type of specificity may minimize prema-
ture settlement on an unsuitable substrate, such as a dead or
partially eaten crab (Boone et al. 2003). Settlement cues for
these parasites might be used as agents for parasite control.

Finding and selecting food

Marine organisms use their chemical senses to find and select
food (Kamio and Derby 2017). Therefore, understanding how
chemical cues are used in food detection is useful for develop-
ing artificial food and attractants in fisheries and aquaculture
(Kamio and Derby 2017). In aquaculture, the nutritional value
of the food provided is important for improving the health and
growth of animals (Takeuchi 2014; Takeuchi and Haga 2015;
Okamura et al. 2020), but the food must be both attractive
to and ingested by the animals. Chemosensory biology can
be used to develop effective feeding. Amino acids, organic
acids, and nucleic acids have been identified as feeding stimu-
lants in marine animals (Carr and Derby 1986; Carr 1988).

@ Springer

Betaine, taurine, trimethylamine oxide, glycine, alanine, pro-
line, homarine, and arginine are typically the most abundant
compounds in mollusks and crustaceans. Among these, gly-
cine, alanine, proline, arginine, and betaine are stimulants for
fish. Other minor components are also important stimulants
for some fish species (Carr et al. 1996).

The feeding mechanisms of the Pacific white shrimp
Litopenaeus vannamei have recently been studied with the
aim to improve the quality of food in the aquaculture of
this shrimp. Litopenaeus vannamei is often grown on feed
containing 30-40% soybean meal or other sources of plant
protein because of the favorable cost and availability of plant
protein compared to marine animal protein. Some experi-
ments have used krill meal as a supplement to improve the
quality of feed containing soybean meal. Krill meal is a che-
mostimulant whose major effect when added to feed pellets
is to increase the pellets’ palatability by prolonging the feed-
ing session and thus the amount eaten, but not affecting how
quickly a shrimp eats each pellet (Derby et al. 2016b). Using
this experimental method, a highly effective chemostimulant
without animal products was developed. This artificial che-
mostimulant is more attractive and palatable than krill meal
and, consequently, the growth rate of the shrimp increased
when this artificial chemostimulant was used (Derby et al.
2018). Another chemostimulant that enhances the palat-
ability of feed pellets was also developed using the same
approach (Morais and Derby 2019). The chemosensory con-
trol of feeding in L. vannamei is generally similar to that
in the better-studied crustaceans, including spiny lobsters
(Achelata), clawed lobsters and crayfish (Astacidea), and
crabs (Meirua). Since L vannamei is important as the prin-
cipal species in the worldwide aquaculture of shrimp and it
has also become a model in the study of crustacean biology
as one of the first decapod crustaceans to have its genome
sequenced, the morphology of chemosensory organs and
their control of chemosensory behaviors in feeding have
been described in detail (Dana et al. 2020).

The aquaculture of phyllosoma of the slipper lobster
I. novemdentatus grown on jellyfish (Kamio et al. 2016b;
Wakabayashi et al. 2019) requires artificial food because the
jellyfish supply mainly depends on wild populations and is
not stable. Addition of the amino acid glycine to a urethane
sponge stimulates predatory behavior in the phyllosoma
(Kamio et al. 2015). Other unknown molecules might also
increase the attractivity and palatability of artificial food.

Artificial chemoattractants could be applied to commer-
cial fishing using baited traps. As an attractant in basket traps
for blue swimmer crab Portunus armatus (formerly Portu-
nus pelagicus) and Asian paddle crab Charybdis japonica,
a bait combination of sugarcane and fish was found to be
more effective than fish bait alone, whereas sugarcane alone
was ineffective. The use of this sugarcane—fish combination
resulted in an extremely male-biased catch of blue swimmer
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crab; this result would have a positive effect on the conserva-
tion of the population of this crab (Kawamura et al. 1995)
given that the remaining males would have enough sperm to
fertilize all eggs in a female-biased population (but see the
discussion on sperm limitation in Sato and Goshima 2006).
However, in an experiment in which purified sugars were
used as trap bait, the catch in several crab species, including
T. prymna and C. japonica, decreased after sugar had been
added to the mince when compared to “fish” bait, possibly
because refined white sugar lacks many of the unidentified
attractants present in sugarcane (Archdale et al. 2008).

Thus, there are chemical cues that can enhance feeding
and can attract specific organisms selectively. Commercially
available food and baits can be designed to be effective, but
there is a potential to be more efficient by controlling chemi-
cal cues contained in the food and baits.

Rheological environment in benthic
foraging

Environmental water flow affects feeding success in the field
(Weissburg 2012). For example, the blue crab C. sapidus
finds clams more efficiently in smooth-turbulent flows than
in rough-turbulent flows in flume experiments (Weissburg and
Zimmer-Faust 1994). Callinectes sapidus can distinguish and
navigate to food odors even when aversive odors (injured crab
metabolites) are released nearby. However, environmentally
produced turbulence suppresses tracking by homogenizing the
two odors, indicating that mixing in the natural environment
may amplify the effects of predators by suppressing track-
ing to food odors when aversive cues are present (Weissburg
et al. 2012). In contrast, the whelk Busycon carica hunts suc-
cessfully even when bottom roughness increases the turbulent
mixing of prey chemicals (Ferner et al. 2009) because it can
continue pursuing prey in areas where odors are rapidly mixed
and diluted (Ferner and Weissburg 2005). Laboratory experi-
ments have shown that water flow can influence the feeding
success of animals in aquaculture tanks. Environmental water
flow can boost foraging success of the juvenile rapa whelk
Rapana venosa in aquaculture tanks (Yu et al. 2019). Thus,
it is important to apply the rheological conditions specific to
each species to achieve successful feeding in aquaculture and
trapping using bait in fisheries, particularly for slow-moving
benthic animals such as the rapa whelk.

Chemical cues that suppress activity
of animals

Predators influence the behavior and physiology of prey
without physically attacking and damaging them. These are
called nonconsumptive predator effects, and one of the cues

that affects prey is the odor of predators (Weissburg et al.
2014). The odor of the predatory European green crab C.
maenas reduces movement and foraging activity of the prey
dogwhelk Nucella lapillus (Large et al. 2011). Odors from
the predatory blue crab C. sapidus and knobbed whelk B.
carica suppress pumping by the hard clam M. mercenaria
(Smee and Weissburg 2006). The odor of predators affects
the growth of prey, providing them with greater protec-
tion. Exudates from the predatory blue crab induce stronger
effects in the eastern oyster Crassostrea virginica com-
pared to those from the scavenging blue crab. This stronger
response to a predator than to a scavenger could be due to
inherent differences in diet cues representative of reduced
risk in the presence of scavengers or to degradation of con-
specific alarm cues in aged treatments, which may mask
the risk from potential predators subsisting by scavenging
(Sherker et al. 2017).

The source and identity of predator odor molecules were
studied in a predatory—prey system involving the blue crab
and the mud crab Panopeus herbstii. Mud crabs respond to
the scent of predatory blue crabs by reducing their activity,
a form of alarm behavior (Hill and Weissburg 2014). The
feeding suppressant is present in the urine (Weissburg et al.
2016). Using NMR spectroscopy and MS-based metabo-
lomics, the chemical variation in urine from blue crabs fed
different diets was related to prey behavior. The urinary
metabolites trigonelline and homarine were identified as
components of the odorants that mud crabs use to detect
blue crabs (Poulin et al. 2018).

Fish also avoid predatory and alarm cues. Frisch (1938;
1942) reported that injured skin of the minnow Phoxinus
laevis releases a substance that evokes fear in conspecifics.
Subsequently, hypoxanthine-3-N-oxide (H3NO) was identi-
fied as the putative alarm pheromone of ostariophysan fishes,
and the fathead minnow Pimephales promelas learned to
recognize predator odors when exposed to H3NO (Brown
et al. 2001). H3NO together with other N-oxides and con-
specific skin extract elicit significant increases in antipreda-
tor behaviors in the juvenile channel catfish (Brown et al.
2003). The rainbow trout shows antipredator responses to
conspecific skin extract and predator odor (Brown and Smith
1997; 1998). The sea lamprey avoids odors that represent
danger in their habitat, conspecific alarm cues, and preda-
tor cues such as 2-phenylethylamine hydrochloride (PEA
HCI), which is found in the urine of mammalian predators
(Di Rocco et al. 2015).

Animals stop feeding when they sense odors from threat-
ened conspecifics. The blue crab decreases foraging activity
in the presence of odors released from freshly injured con-
specifics that indicate the presence of predators, as shown
in the field (Ferner et al. 2005) and laboratory (Moir and
Weissburg 2009). Injured Caribbean spiny lobsters passively
release alarm cues via their hemolymph (Shabani et al.
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2008; Lozano-Alvarez et al. 2018). Hemolymph suppresses
the food searching responses of lobster, and the alarm cue
is detected by olfactory receptor neurons in the aesthetasc
sensilla (Shabani et al. 2008). These alarm molecules in the
hemolymph have not yet been identified and are possibly
species-specific chemical cues.

The sea hare Aplysia californica releases ink and opa-
line when attacked by predators, and both secretions contain
alarm cues. The alarm cues in the ink are uracil, uridine, and
cytidine (Kicklighter et al. 2007), and those in opaline are
three mycosporine-like amino acids (MAAs) (Kamio et al.
2011; Kicklighter et al. 2011). The effect of ink and opa-
line on the feeding behavior of conspecifics was evaluated
by measuring the number of ingestive radular movements
(Wolfe et al. 2016). In that study, ink suppressed feeding
behavior immediately, but the effect was short-lived (15 min).
Since the sea hare possesses chemical defenses to defend
against consumers, it is perhaps unnecessary or too costly to
maintain feeding suppression after the risk subsides.

Thus, stressful chemical cues are recognized in broad
taxa of aquatic organisms, including fish (Reverter et al.
2018) and polychaetes (Schaum et al. 2013). These chemical
cues of danger suppress various activiies of animals, such
as foraging, and thus decrease productivity in aquaculture
systems. The management of stress in animals is important
for aquaculture, and methods for detecting such stress is an
active area of research (Endo and Wu 2019). Management
of these stressful odors may keep organisms in aquaculture
facilities in a healthy condition, thus increasing production.
If an animal in a crab pod happens to be injured, the other
crabs may be repelled, resulting in low productivity of the
crab pod. In contrast, cues of danger can be used as a repel-
lent to avoid unwanted animals.

Chemical defense

Defensive molecules released from organisms can be
received as chemical cues by consumers or sessile organ-
isms, leading to unsuccessful feeding and settlement. The
use of distasteful molecules, called deterrents, is a broadly
recognized chemical defense mechanism that reduces the
feeding activity of consumers of plants (Hay and Fenical
1988), invertebrates (Pawlik 1993), and fish (Tachibana et al.
1985). The ejection of appetitive molecules that stimulate
food searching as a defense behavior, called phagomim-
icry, is known for a few species of mollusks (Derby et al.
2007; Derby 2014). The sea hare A. californica employs
both distasteful and tasteful chemical defense cues. This
marine snail has defensive glands in its mantle cavity,
namely, the ink gland and opaline gland (Johnson et al.
2006). Deterrents are contained in both the purple ink
secretion and the white opaline secretion. Aplysioviolin
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and phycoerythrobilin have been identified as deterrents
in the ink secretion (Kamio et al. 2010a). These molecules
are synthesized from food derived from the photosynthetic
light-harvesting protein phycoerythrin (Kamio et al. 2010b).
Aplysia californica produces deterrent molecules outside of
their body upon attacked by a predator. The ink secretion
contains an L-amino acid oxidase, escapin (Yang et al. 2005),
and opaline contains its substrate, L-lysine (Johnson et al.
2006). The resultant enzymatic reaction produces hydrogen
peroxide, ammonia, and an equilibrium mixture that starts
with a-keto-g-aminocaproic acid (Kamio et al. 2009), with
the aim to suppress the feeding behavior of crabs and fish
(Kamio et al. 2010a; Nusnbaum and Derby 2010). The ink
and opaline secretions contain high levels of tasteful amino
acids, and this secretion can induce feeding behavior in the
Californica spiny lobster Panulirus interruptus to facili-
tate the sea hare’s escape from predation (Kicklighter et al.
2005). Sea hares also release defensive chemicals from their
skin when they are attacked by predators. The walking sea
hare Aplysia juliana, which lacks purple pigment in its ink,
has deterrents in its skin rather than in the ink (Hayashihara
and Kamio 2016; Kamio et al. 2016a). Many other bioac-
tive molecules are found in sea hares in the ecological and
biomedical context (Kamiya et al. 2006). Thus, sea hares,
including A. californica, are interesting animals because
they are equipped with diverse chemical defense mecha-
nisms. The type of chemical defense of this species can
be explained as follows. lits antipredator chemical defense
acts on the chemical senses of the predator in diverse ways,
namely, as a deterrent, a feeding stimulant, and a mixture of
both. The defensive molecules are stored as is or produced
when the prey is attacked by a predator. Some of the defen-
sive systems depend on their food-algae-derived compounds
and others do not. These defensive systems could be utilized
as repellents in the aquatic environment.

Chemical defenses could be effective without being cues
detected by the chemosensory systems of consumers and
without inhibiting the consumers’ feeding. These chemi-
cal defenses work by lowering the fitness of the consumers
and thus affecting the consumers’ population size. Young
leaves of the tropical forest tree Inga umbellifera contain
high levels of L-tyrosine. Artificial food containing relevant
levels of L-tyrosine inhibit the growth of larvae of the noc-
tuid moth Heliothis virescens (Lokvam et al. 2006). The
Antarctic sponge Isodictya erinacea produces a tryptophan
catabolite, erebusinone, that causes significantly reduced
molting and proportionally increased mortality at ecologi-
cally relevant concentrations when fed to sympatric preda-
tory amphipods (Moon et al. 2000). These molecules are
very harmful because animals cannot avoid it by detecting
as unfavorable molecules through their chemosensory sys-
tems. These molecules also cannot be found in experiments
guided by feeding behavior.
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Chemical defense can also be used as an antifouling
mechanism. Marine organisms protect their body surface
from fouling by microorganisms, bacteria, and microalgae
that develop biofilms, and from macroorganisms, barna-
cles, mussels, polychaetes, and macroalgae using physical
(Scardino and de Nys 2011) and chemical defenses (Fusetani
2004). New natural products that have antifouling activity
have been reported (Almeida and Vasconcelos 2015; Qian
et al. 2015; Liu et al. 2020). For example, effective antifou-
lants against barnacles and microfoulants (Oguri et al. 2017)
have been found in the red alga Laurencia sp. (Oguri et al.
2017), tunicates (Levert et al. 2020), the mollusk Phidiana
militaris (Levert et al. 2020), holothurians (Kamyab et al.
2020), and sponges (Tintillier et al. 2020). Antifoulants may
improve the success of marine invasive tunicates (Utermann
et al. 2020; Nagai et al. 2021).

Antifouling is enhanced by combining the physical
and chemical characters of biological systems (Chapman
et al. 2014). Future discoveries of natural antifoulants from
marine organisms have the potential to aid in the develop-
ment of environmentally friendly antifouling devices (Oguri
et al. 2017; Al-Lihaibi et al. 2019).

Global issues

Prediction of the influence of anthropogenic global changes
on the chemoreception of aquatic organisms is an active
research field, particularly on the topics of behavioral
responses to ocean acidification and petrogenic plastic pol-
lution. Studies on these chemically mediated interactions
among organisms provide insights into the ecology and
evolution of marine communities (Hay 2009), including the
effects of ocean acidification on marine communities (Wyatt
et al. 2014; Del Monaco et al. 2017) because changes in
pH may modify the shape of molecules and receptor pro-
teins (Roggatz et al. 2016). Fluctuations in the pH of water
affect the chemosensory behaviors of fresh water and marine
organisms. Chemical communication, parental care, mate
selection, habitat selection, including homing and settle-
ment, and predator—prey interactions affecting the chem-
osensory ability of both prey and preditor can be affected
by increases or decreases in pH (Kitamura and Ikuta 2000;
Heuschele and Candolin 2007; Leduc et al. 2013; Ashur
et al. 2017). This also means that organisms used in fisher-
ies and aquaculture will be affected by pH fluctuations in
environmental water.

Plastic debris, especially microplastics, have been found
worldwide in all marine compartments and is increasing in
volume (Isobe et al. 2019). These plastics release chemicals
that are assumed to affect the chemosensory behavior of
organisms; for example, the sea anemone Exaiptasia pallida
has been found to ingest plastic pellets (Diana et al. 2020).

Plastic debris adsorbs hydrophobic organic compounds from
the surrounding water (Mato et al. 2001) and accommodates
microbial communities on its surface (Zettler et al. 2013)
that release metabolites. Plastic debris colonized by microbi-
als emits a keystone molecule dimethyl sulfide that is a feed-
ing attractant for olfactory foraging seabirds and many other
organisms, and the debris is thus eaten by the consumer as
wrong food (Savoca et al. 2016).

Plastic additives that are incorporated into plastics can
leach out as most of these are not chemically bound (Herma-
bessiere et al. 2017). Compounds leached from polystyrene
pellets impair the vigilance and avoidance behavior of the
intertidal gastropod Littorina littorea to the predatory chemi-
cal cue of the European green crab C. maenas (Seuront 2018).
Hard corals ingest various types of plastics but not sand, indi-
cating that phagostimulants are leaching out from the plastics
(Allen et al. 2017). One category of plastic additive, phthalate
esters, is reported as natural products of bacteria and algae
(Namikoshi et al. 2006; Tian et al. 2016). Phthalate esters
have been isolated from extracts of marine organisms that
cannot be recognized as biological metabolites because phtha-
lates tend to be recognized as artificial plasticizers (Kamio
et al. 2021b). These phthalates could be biological molecules,
that is natural product. If so, phthalate esters can be natural
phagostimulants or deterrents for consumers of their producer
organisms. However, this does not mean that it is safe for
these phthalates reported as natural products to be distributed
in the aquatic environment. The toxicity of the compounds
leached from plastic debris and well as the influence of these
components on chemical communication and chemosensory
behavior of organisms should be tested.

Conclusions and perspectives

Chemical communication among marine organisms has been
recognized as an important factor that governs inter- and
intraspecific interactions. The physiological basis of chem-
oreception, especially the identification of chemoreceptor
proteins and their genes, including at the single-cell level
in model species, is being explored, which will improve our
understanding of peripheral chemoreception on chemosen-
sory organs. Additionally, the importance of the rheologi-
cal environment in benthic foraging has been recognized.
Chemically identified cues have been applied to control
populations of nuisance fish and to improve feeding efficacy
in aquaculture. At the present time there are many unidenti-
fied chemical cues, including pheromones, and the elucida-
tion of unidentified cues will be helpful for aquaculture and
fisheries. The role of molecules recognized as pheromone
candidates will be tested in the biological context.

The reproduction of organisms can be controlled by primer
and releaser sex pheromones. Artificial food in aquaculture
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and bait for fisheries can be improved for more species by
identifying unknown attractive molecules, leading to the use
of these attractants to selectively catch unwanted species to
conserve aquatic communities and ecosystem. While there
are many reports of chemical communication, in few of these
cases have cue molecules been identified. In decapod crus-
taceans, only a few molecules are reported as pheromones
and candidate pheromones. In fish, more molecules have
been reported as pheromones. However, clear results have
been obtained in some freshwater fish—but not in marine
fish—indicating that a high percentage of salts in the starting
material of a pheromone purification process makes purifica-
tion and thus identification difficult. It is also more difficult
to design an efficient assay system for marine organisms than
for freshwater organisms. The identification of chemical cues
requires purification of the active molecules, high-quality
chemistry systems to elucidate the purified molecules, and
stable and sensitive bioassays to track the active molecules.
To accomplish this, the following issues need to be solved:

(1) Saltissue. The purification of pheromones from marine
animals is difficult because the high salt content rep-
resents problem in various chromatographic methods.
Desalting methods, such as electrodialysis, may over-
come the problem.

(2) Behavioral bioassay. Many bioassays used in sex pher-
omone research are behavioral, which requires using
individuals that are ready to respond to sex phero-
mones. This in turn requires a facility to maintain live
animals in a healthy condition and collaborations with
aquaculturists and/or aquaria, which are both expensive
and time consuming and thus major limitations.

(3) Development of new model species, Aquacultured
species could be good models because of their high
availability. The aquaculture of decapod crustaceans,
including those in their reproductive phase, has not
been successful until recently. The white leg shrimp L.
vannamei, whose genome has been sequenced, and the
kuruma shrimp Marsupenaeus japonicas, which is cul-
tured on a commercial scale, are candidate model spe-
cies if specific behavioral bioassays can be established.
The freshwater species Macrobrachium rosenbergii
and Neocaridina denticulate may be more suitable as
model species because the pheromone samples would
be less salty. The freshwater clam Palaemon paucidens,
in which the sternal gland is a candidate pheromone
gland, is potentially a good model animal for phero-
mone research in decapod crustaceans. These animals
are SFM species; however, they do not have prolonged
precopulatory interactions as do SFM crabs.

The mating behavior of these species must be studied to
identify the ideal conditions and behavioral criteria for
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bioassays. The application of any new method must be effec-
tive and may include:

(1) Metabolomic approach. For species where there has
been a limited use of bioassays, comparative chemistry,
metabolomics and biomarker targeting (Kamio 2009;
Kaneko et al. 2018) are effective tools to identify can-
didate molecules to test in the limited bioassays.

(2) Electro-olfactography. Electro-olfactography to detect
the peripheral response of the olfactory epithelium has
been effective in narrowing down the list of candidate
compounds in fish. Further development of electro-
olfactography systems will be helpful for identifying
chemical cues in crustaceans and other invertebrates.

Defensive molecules of marine animals and bioactive
molecules, including marine toxins, are candidates for
antifouling and antiparasitic agents. Extracts of the plant
Nephrolepis biserrata have antiparasitic activity against the
marine leech Zeylanicobdella arugamensis, an economically
important parasite that infests cultured groupers (Shah et al.
2020). In addition to the current library of primary and sec-
ondary metabolites, more natural products should be identi-
fied. Labile natural product molecules that were not found
using conventional methods can now be identified using new
approaches, including bioinformatics (Wakimoto and Abe
2012; Wakimoto 2017; Berlinck et al. 2019; Hughes 2021).

Removal of stressful odors and predatory, alarm, and dis-
ease cues from aquacultural tanks can provide less stressed
conditions. Removing the sources of stressful odors and
effective biofiltration can remove these stressful dissolved
organic matters (DOM). Understanding the effect of pH on
the chemosensory behavior of marine organisms and plas-
ticizers leached from ocean plastics will predict potential
effects on marine communities and will provide solutions
to these ecological stressors.

Thus, understanding and utilizing chemical cues in
marine communities is critical for ensuring the future
health of marine ecosystems and sustainable aquaculture
and fisheries. At the same time, we must consider the nega-
tive impacts of releasing chemicals into the environment,
even if the chemicals are natural products (Soffker and
Tyler 2012): the release of a bioactive compound in a field
has the potential to be harmful to organisms living in that
field and to humans living around that field—even if that
compound is not acute toxic to the organisms. Although the
effects of pheromones are highly species specific and may
not affect the activities of other organisms, in laboratory
studies, most researchers use only the pheromone of tar-
get species at the concentration that induces the expected
behavioral or physiological effect, and the effects of the
pheromone on other organisms and toxic effects at high
concentrations are not tested. When a larger quantity of
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synthetic pheromones is released into the environment than
the natural quantity, it is possible that the synthetic pher-
mones act as toxicants or endocrine disruptors on other
animals, including humans. It is therefore important that
there be regulations on the use of synthetic bioactive mol-
ecules in the environment.

Future research must be interdisciplinary and involve
natural products chemists, biochemists, molecular biologists,
neuroscientists, physiologists, ecologists, and researchers on
aquaculture and fisheries.
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