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Abstract


Crustacean peptide pheromones, kairomones, and substituted amino sugar kairomones are reviewed from a historical perspective.  These crustacean information molecules are secondary functions of structural polymers.  They are partial hydrolysis products, generated usually by the action of trypsin-like enzymes on proteins, and glycosidase enzymes on glycoproteins and proteoglycans.   Structure function studies based upon synthetic mimics of peptide information molecules show neutral amino acids with a basic carboxyl terminal are active in modifying physiological and or behavioral responses.  Behaviorally active substituted amino sugar mimics are disaccharide hydrolysis products of heparin and chondroitin sulfate.   Similar molecules are also used as information molecules by a variety of other marine organisms indicating they are a common biological theme. 

Introduction


Peptide pheromones along with peptide and peptide-like kairomones used by crustaceans comprise 4 major research areas represented by approximately 100 publications.  The general area was initiated first in the 1950s by scientists in the United Kingdom [11, 43] and their research progeny [8, 46, 101, 109], then in the late 1970s and early 1980s in the United States and Japan [24, 53, 67, 73, 78].   In the 1990s, collaborative efforts by scientists from the United Kingdom and Japan have been very effective [6].  Although the general topic spans 50 years of research, understanding is still rudimentary and many very basic questions are unanswered.  

Peptides are excellent signals in marine systems given their high solubility, short half lives due to rapid consumption by microbes, and correspondingly high signal to noise ratios [73,79].  Short peptides have been likened to words.  Like words, peptides have a beginning and an end, with information specified by the sequence of amino acids, much as letters provide information within a word [73, 77, 78].  They are different from many other smaller information molecules such as amino acids which usually may lose activity with slight structural modification.  Small structural changes in peptides usually result in molecules with biological activity.  Quantitative structure function studies have resulted in the discovery of molecules that have dramatically enhanced biological potency [67].  Thus, although the binding of some portion of the total molecule is important in transduction in a lock and key type fit, in structure function studies the primary sequence associated with the carboxyl terminal of the peptide  is a key feature in predicting potency.      

All the crustacean peptide information systems we discuss have many common features.  These include similar mechanisms of generation and biological potency.  Many of the same pure synthetic peptides are biologically active in all systems at subpicomolar concentrations.   Structurally related families of molecules have ranges of potency of greater than 6 orders of magnitude.   However, there is no evidence indicating if the commonality is due to convergent or divergent evolution. 

This review is divided into three sections:  (1) a general overview of crustacean peptide and peptide-like signaling, (2) a detailed review of each known peptide signaling system, and (3) a discussion of the relatively new area of peptide-like aminated saccharide pheromones and kairomones that originate from glycoproteins and proteoglycans.   The latter information is included as these modified amino sugar signals are of comparable structural complexity to the peptides, and are generated by analogous processes from potentially the same complex substrates.  Aminated sugar signals appear intimately related to the crustacean peptide signals.

There is evidence that all the known crustacean peptide information systems are based upon trypsin-like serine protease generated hydrolysis products of structural proteins [77].  Because trypsin-like serine proteases cleave after basic amino acids, the peptides generated have an arginine or lysine at the carboxyl terminal (Figure 1).  In all systems, biologically active molecules can be generated by exogenously added trypsin.  For barnacle settlement pheromone, native serine protease activity is thought to be bacterial.  In the case of hermit crab shell cues, enzymes are both endogenous to the structural protein source and secreted by feeding predators [77].  In the case of brachyuran larval release pheromones, trypsin-like activity may be from bacteria and from exoenzymes released by embryos [15].  In all systems, most pure synthetic peptides with one or more neutral amino acids preceding Arg or Lys carboxyl terminals are biologically active.  Biological potency is usually a function of the primary sequence of the short peptides.  Most active peptides have a fluid secondary and tertiary structure [67].  


The final system is pheromones and kairomones originating from similar and potentially the same structural polymers as peptide pheromones and kairomones, but which are composed of sulfated, aminated, and acetylated disaccharides and larger polysaccharides.  Substituted amino sugars are contact pheromones and soluble kairomones that mediate mating and predator/prey interactions [9, 27, 40, 56].  The pheromones alter sexual behavior of copepods upon contact.  The kairomones function by altering crustacean larval swimming responses to light; brachyuran and branchiopod larvae alter photobehavior in response to predator kairomones, presumably reducing the risk of predation as these photobehaviors are involved in predator avoidance.  The aminated saccharide kairomones are as information rich as short peptides [27].  They originate from similar structural sources, are generated by analogous hydrolytic enzymatic mechanisms, and routinely co-occur with peptides.  The limited quantitative structure activity relationship (QSAR) performed on the saccharide signal molecules suggests that primary sequence and location of specific substituents are essential for biological activity [9, 27, 28].  As with crustacean peptide information systems, differences in the chemical details are expressed as differences in biological potency in related systems.  It is within the realm of possibility that many of the naturally occurring pheromones and kairomones are composed of blends of sugars and peptides, or potentially even peptide-sugar hybrids.   


All four crustacean information systems that have been studied are experimentally tractable because they are based upon life or death biological responses [77].  Each system will be described in the order of discovery.  The first system discovered was the mediation of gregarious settlement of barnacles by settlement pheromones [6].  Gregariousness is essential for sessile sexual organisms to reproduce.  Gregariousness is mediated by barnacle settlement pheromones that range in size from proteins to dipeptide mimics and are collectively called settlement inducing protein complex (SIPC).  The second system discovered was location of new shells by hermit crabs [58, 59].  Shell cues are kairomones (i.e., interspecific chemical signal molecules resulting in altered physiology or behavior in the species receiving the cue that benefit this receiving species [21]).   Shells are central to hermit crab life history.  They are involved in growth, reproduction, and protection.  A hermit crab without a shell is killed in minutes.  Hermit crab shell acquisition is mediated by peptide shell acquisition cues [74].  The third system discovered was synchronization of larval release by larval release pheromones [24].  Most female decapod crustaceans brood eggs.  The female crab plays an essential role in caring for the eggs and assisting in egg hatching and larval release.  Eggs removed from females early die prior to hatching, while eggs transferred from one female to another survive [86].  There is no direct physiological connection between the female and her eggs. Larval release is mediated by peptide larval release pheromones that originate from hatching eggs [77].  The fourth system is peptide-like aminated sugar pheromones and kairomones.  These substituted disaccharide and polysaccharide molecules carry information about sex in copepods and are kairomones used  by larval crustaceans in predator avoidance behavior. 
Settlement Inducing Protein Complex


Biologically potent peptide analogs of SIPC are effective from 10-8 to <10-15 M.  A proteinacious barnacle settlement pheromone/kairomone, arthropodin, was the first peptide-like signal molecule reported in crustaceans [11].  Arthropodin induces larval barnacles to temporarily attach to a surface, and then to permanently attach and metamorphose to the juvenile stage.  Arthropodin functions as both an aggregation and a settlement pheromone.  As is the case for all known crustacean peptide pheromones, the signaling function is secondary to a structural function [77].  Arthropodin is a cuticle glycoprotein [11, 12, 54, 107] that is water soluble, stable to boiling and is surface active [11, 12, 42, 43].  Arthropodin is the first discovered of a complex of proteins and peptides that induce settlement and metamorphosis of barnacle larvae [6].  The group of proteins is known as Settlement Inducing Protein Complex (SIPC) [53].  The role of the saccharide portions of SIPC, once thought to be unimportant for activity, is being reassessed [6].

Most representative SIPC are glycoproteins effective in stimulating settlement in a variety of barnacles [31].  Barnacles are more responsive to conspecific than heterospecific SIPC [10].  SIPC are probably a family of related proteins [6, 53].  One interesting member of that family is the proteinaceous temporary adhesive used in translocation of settlement stage barnacle larvae [101].  Temporary adhesive is also a settlement pheromone in several genera of barnacles [8, 54, 109].  Temporary adhesive of Balanus amphitrite binds to polyclonal antibodies raised to SIPC [54], indicating relatedness to SIPC.


Waterborne barnacle settlement pheromones were first described as a heterogeneous group of peptides between 1000 and 10,000 Da [75, 81].  Removal of the carboxyl terminal by treatment with carboxypeptidase A rapidly destroys biological activity.  The term waterborne pheromone now includes peptides < 500 Da released from living intact barnacles that induce settlement behavior and metamorphosis [6].  The relation of waterborne pheromone [34, 75] to SIPC is unclear, as is the relation between these 1-10 kDa peptides to recently discovered <500 Da peptides released from conspecifics [5].  A unifying hypothesis providing a relationship between the settlement pheromone peptides is that all of the smaller active molecules are serine protease degradation products  [77] of SIPC.  Biological activity of the serine protease generated peptides is associated with the basic amino acid carboxyl terminus generated by trypsin-like serine proteases (Figure 1) and is analogous to the heterogeneous family of leukocyte attractants generated by trypsin-like serine protease activity [88].  The unifying themes are the same for settlement pheromones and leukocyte attractants.  Peptides generated by specific endoproteases have similar carboxyl terminal sequences and consequently have similar biological potency [3, 76, 77, 88].   


Structure function studies [55, 66, 93] using waterborne settlement pheromone and synthetic peptides support the serine protease degradation hypothesis.  Treatment of native pheromone with carboxypeptidase A, which removes the basic carboxyl terminal amino acid, rapidly destroys biological activity [81].  When dipeptides composed of all the combinations of neutral, acidic, and basic amino acids were tested, only basic-basic His-Lys (Fig 2a) and neutral-basic dipeptides such as Leu-Arg (Figure 2b) and Tyr-Arg (Figure  2c) induced metamorphosis.  Finally, 3 neutral-neutral-basic tripeptides, Gly-Gly-Arg, Gly-His-Lys and Leu-Gly-Arg (Figure 3), were tested and all were biologically active [93].  However, the active dipeptides were more potent than Gly-Gly-Arg and as potent as Gly-Leu-Arg.  Pettis [66] tested 4 additional tripeptides (Figure 4) as well as two 14 residue and two 21 residue fragments of carboxyl terminal sequences of C5a anaphylaxitoxins each with one of two different terminal sequences (Figure 5).  With the exception of Gly-Met(O)-Arg, a tripeptide with an oxidized methionine (Figure 4b), the tripeptides were  “superpotent” inducers of  settlement, evoking responses at several orders of magnitude lower concentrations (femtomolar).  These data support the concept that a neutral amino acid with a long lipophylic side chain in the middle position of the peptide is a key determinant of potency.  The 14 residue C5a fragment (Figure 5a) stimulated settlement with a picomolar threshold, more potent than the tripeptide with the same carboxyl sequence [66].  The other 3 anaphylaxitoxin fragments were inactive. 


McClary [55] repeated the published work with peptides and added structure function and competitive binding studies using an available model peptide, bradykinin, and modified bradykinin peptides, des-Arg9-bradykinin and Lys1-bradykinin.   Bradykinin and Lys1-bradykinin are vertebrate peptide hormones that have the theoretically correct carboxyl terminal sequence to mimic barnacle settlement pheromone.  Des-Arg9-bradykinin should not mimic barnacle settlement pheromone.  Arginine bradykinin (Figure 6a) and Lys1-bradykinin induced barnacle settlement while des-Arg9-bradykinin (Figure 6b) did not.  These data support the concept that the general format of neutral amino acid- basic carboxyl terminal was important to biological activity.  Additional evidence was provided by competitive binding studies using barnacle larvae and radioactive bradykinin, which showed saturable binding of the ligand.  Competitive binding studies were conducted using radioactive bradykinin and competing with bradykinin, des-Arg9-bradykinin, Lys1-bradykinin, a representative of SIPC, His-Lys and Gly-His-Lys (Figure 3b) [55].  There was a direct relationship between competitive binding and relative potency of the various ligands at inducing barnacle settlement.  Lys1-bradykinin was a more potent competitor than bradykinin, with the most potent competitor of the molecules tested being Gly-His-Lys.  Future studies with more lysine carboxyl terminal peptides would help determine if Lys carboxyl terminal peptides are more potent barnacle settlement mimics than Arg carboxyl terminal peptides.


The serine protease degradation hypothesis [77] was not supported by Clare and Yamazaki [7], who were unable to show that three neutral-neutral-basic amino acid carboxyl terminal tripeptides induced metamorphosis in the same species of barnacle larvae from either Japanese or United States broodstock.  One molecule Gly-Gly-Arg (Figure 3a) previously reported to be inductive [93] was not active in Clare and Yamazaki’s experiments.  The other two tripeptides, Ile-Ile-Arg and Val-Ile-Arg (Figure 7), had not been previously tested as a mimic in any crustacean bioassay, and neither was active. 


Experiments with synthetic peptide pheromone mimics are difficult because the concentrations are usually low and the molecules are susceptible to rapid removal by bacteria present in all the bioassay systems [93].  A consistent observation is that bioassay responses to peptides, although often to extremely low concentrations of peptides, are not as robust as those to native blends or mixtures [55, 67, 82, 93].  The present hypothesis is there are molecules in addition to neutral-basic peptides that are necessary for the robust activity observed in natural blends.  Most researchers that work with individual synthetic peptides acknowledge that the pure synthetic peptides are relatively poor mimics compared to the complex mixtures of native molecules.  Responses to peptides are usually weak and nonlinear [77, 81].  Induction of responses, whether they are behavioral or physiological, usually occurs over a very narrow concentration range and responses decrease to control levels below and above the effective concentrations [77].  The biological activity of the peptides is also easily blocked by background interference such as increased levels of free amino acids [55].  A major stumbling block in this and all known crustacean peptide pheromone and kairomone systems is lack of ability to isolate and study receptors.  

Peptide Shell Cue Kairomones


Biologically potent peptide analogs of shell cues exist, but potency has not been reported.  In marine environments, gastropod shells are used first by the snails that generate them.  Then after the snail dies, the shell is recycled by organisms that use the shell as habitat.  Shells are recycled until their structure is degraded by shell destroying predators, physical/chemical processes, and fouling [59].  Shells are such an important resource in soft bottomed marine environments that chemical mechanisms have evolved that enable obligate shell users such as hermit crabs to anticipate entry of a new shell into the resource pool [33, 36, 58, 60, 73, 74, 83, 106].  The best documentation of the chemical mechanisms for detecting available or soon to be available shells is based upon serine protease generated peptides [76, 77].

The story of peptide signaling of shell resources dates to the mid 1970s [58, 59] with the description of uses of gastropod shells as a unique and complex habitat in soft-bottomed environments.  Most newly available shells are acquired immediately by hermit crabs attracted to gastropod predation sites, usually where a large predatory snail is consuming a prey snail [58].  Predictable species of crabs are attracted to sites in which specific snail prey are being eaten or have died [59, 60].  Hermit crabs come, not to feed, but to obtain the newly emptied shell [59, 74].  Crab attraction is chemically mediated [74], and the specificity of attraction is maintained if prey snail muscle is digested with vertebrate trypsin [73].    

Peptide shell cues result from cleavage of prey muscle protein by trypsin-like proteases [44, 73, 80] generating fragments of the general form shown in Figure 1.  Proteases are released from snail muscle as a natural lytic process associated with death [59, 74].  The natural lytic process requires several hours before attractive peptides are released [74].  However, the process can be accelerated by freezing and thawing snail muscle, which releases enzymes by disrupting cells and vesicles and results in generation of attractive peptides on a time scale of minutes [74].  Responses of hermit crabs to treatment of snail muscle protein with vertebrate trypsin [73] are temporally comparable to freezing and thawing, and to attraction observed at natural predation sites in which a predatory gastropod is consuming a prey gastropod [58].  At natural predation sites, trypsin-like proteases originate in the secretions that lubricate the predatory snail’s radula [44, 80].   Predatory snails macerate flesh with the radula, liquefy it with enzymes and drink the liquid.  Their sloppy feeding results in the release of peptide shell cues [80].

In nature, responses by hermit crabs to shell cues are very specific [58, 59, 74].  Hermit crabs are usually only attracted to dying gastropods whose shells they occupy [33, 58, 73, 74].  In the presence of snail flesh peptides, crabs first orient to the shell shape that most closely resembles the shape of the shell of the dying snail [20, 35, 64] and proceed to perform a variety of behaviors that place them in a social hierarchy that results in many crabs receiving new shells when the new shell becomes available [58, 59, 74].  Experimentally, hermit crab attraction and behavior can be evoked by correct choice of enzymes and substrates.  Kratt and Rittschof [44] attracted specific crabs with peptides released from chicken ovalbumin by digestion with a combination of porcine serine proteases.     

Little work has been reported on hermit crab responses to synthetic peptides.  Pettis [66] showed one neutral-basic tripeptide, Gly-Ile-Arg (Figure 8a) attracted the striped-legged hermit crab, Clibanarius vittatus, suggesting that hermit crab shell cues are similar to barnacle settlement pheromones.  However, activation of trypsinogen to trypsin by enterokinase also attracts C. vittatus [44].  When peptides generated by trypsinogen, trypsinogen + enterokinase, enterokinase alone, enterokinase and trypsin combined and trypsin alone were tested for biological activity, only the combination of enterokinase and trypsinogen had dramatic biological activity.  The hexapeptide Val-(Asp)4-Lys (Figure 8b) is generated specifically by the action of enterokinase on trypsinogen.  The fragment is unusual in that the neutral residue is separated from the basic residue by four acidic residues.  Peptides containing acidic-basic residues are usually not biologically active when tested in the other crustacean information systems [77].  However, the hydrogen bonding between the four acid residues may result in secondary structure in which the neutral and basic residues are functionally adjacent.  Val-(Asp)4-Lys  has not been  tested for biological activity in other crustacean peptide information systems.

Although there is extensive behavioral evidence from field studies of a very high level of specificity in shell cues, there is little published information on how the specificity is accomplished.  The working hypothesis is that at least part of the specificity of the response in hermit crabs is based upon the dominance of Arg or Lys carboxyl termini in the natural blends of peptides [44, 73].

Hermit crabs were the first published example of a crustacean responding behaviorally to peptide cues resulting from serine proteolytic hydrolysis of structural proteins [73].  Subsequently, experimental evidence supports the assertion that behavioral response to two crustacean peptide pheromones, barnacle settlement pheromones (discussed above) and brachyuran larval release pheromones (discussed below) are also evoked by Arg and Lys carboxyl terminal peptides [55, 77].  In fact, many of the same synthetic peptide mimics evoke all of these different behaviors [66, 77].  

Larval Release Pheromones


Biologically potent peptide analogs of larval release pheromones are effective from 10-8 to <<10-15 M.   

Larval release pheromones are among the best studied of crustacean pheromones [77].  Female decapod crustaceans, including brachyuran crabs, store sperm and then extrude fertilized eggs.  Upon fertilization, the eggs extrude proteinaceous glue.  The glue, when combined with female behavior, results in the attachment of the eggs to feathery pleopods on the female’s abdomen [4].  There is no direct physiological connection between the female and her brood [4].  Chemicals released by the brood prompt grooming and larval release behavior by the female [24].  The female cleans and ventilates the egg mass until the embryos mature, then assist egg hatching and larval release at embryo maturity.  The role of the female in larval release is to compress the egg mass by flexing her tail.  Compression assists in breaking egg membranes, liberating the larvae, which are released into the water column by vigorous abdominal movements of the female (pumping) [24, 26, 32, 79, 85, 108].  In many cases, synchronous female behavior results in entire populations of crabs accomplishing larval release in a matter of hours [24, 87].

Pumping responses by ovigerous females can be evoked by exposure of crabs with eggs in any state of development by placing ovigerous crabs in water in which eggs have hatched, or by placing them in an aqueous extract of crushed eggs [24, 26].  Responses to both sources of pheromones are robust and effective at realistic concentrations [26].  Pumping pheromones are molecules <500 Da and activity is correlated with the presence of a heterogeneous mixture of di- and tripeptides [79].  Rittschof et al. [79] took advantage of the small size of the peptides to deduce peptide sequences.  Analysis of free amino acid amounts before and after acid hydrolysis enabled deduction of potential di- and tripeptide sequences.  


Subsequent systematic testing of all likely peptides from combinations of the amino acids found in the pheromone preparation yielded inactive and active peptides [79].  The active synthetic peptides were neutral-basic and neutral-neutral-basic di- and tripeptides [29, 79].  As was the case for barnacle settlement pheromone, peptides generated from other combinations of acidic, neutral, and basic amino acids were inactive [79].  In subsequent studies, a variety of genera of brachyuran crabs were shown to use similar pheromones [14, 17].  Even male and female crabs castrated by a parasitic barnacle show larval release behavior when the parasitic barnacle releases its larvae.  Parasitized crabs stimulated with synthetic neutral-basic peptides [16] responded to larval release pheromones.  In other studies, serine proteolytic activity was associated with egg hatching [15], and addition of exogenous trypsin caused eggs to be released from the female, and inactive larvae were released from hatching eggs [79].  Rittschof et al. [78] showed that incubating ovigerous females in exogenous trypsin could generate active peptides, and that pumping was stimulated by several families of trypsin inhibitors.  Thus, because molecules generated by trypsin and molecules that bind tightly to the trypsin catalytic site stimulated larval release behavior, the pheromone receptor was postulated to resemble the catalytic site of trypsin modified at the active site serine [78].   Subsequently, it was reported [66] that pumping could be evoked by vertebrate complement cascade peptides and four synthetic C5a fragments (14 and 21 residues), all that included the carboxyl terminal (Figure 5a) and one fragment of each size that contained one different amino acid of the last 5 at the carboxyl terminal (Figure 5b).  Pettis [66] also showed that both the free carboxyl terminal peptides and those with amidated carboxyl terminals stimulated larval release behavior.  Unlike the vertebrate leukocyte system [38, 96], all the fragments were of similarly high potency.  Pettis [66] hypothesized that the high potency was due to the lack of background interference due to the relatively low levels of amino acids and other peptides in sea water. 


Rittschof et al. [82] initiated quantitative structure activity studies to determine the relative potency of synthetic di- and tripeptides at mimicking larval release pheromones.  These studies showed that neutral-neutral-basic carboxyl terminal tripeptides were most effective; that Arg was more potent than Lys at the carboxyl terminal and that Gly-X-Arg was more potent than X-Gly-Arg (X being a lipophylic neutral amino acid) peptides.  Results differed from barnacle settlement pheromone mimic peptides in that there were systematic differences in potency of peptides; tripeptides were more potent than dipeptides [66, 78, 82].  Larval release pheromone mimics differed from leukocyte attractants [38, 96] in the optimal position of the lipophylic amino acid in the sequence.  In leucocytes, X-Gly-Arg peptides are more potent than Gly-X-Arg peptides.  The similarity of the leukocyte and crab peptides prompted investigation of the importance of the lipophylic side chain, which was known to be important in leucocytes [96].  For larval release behavior, potency was related to the length of the lipophylic side chain (Leu>Ala>Gly).


Finally, Pettis et al. [67] reported an extensive series of structure function studies on larval release pheromone mimics.  In response testing, a range of concentrations of free neutral amino acids stimulated pumping responses.  Pumping was not evoked by acidic or basic amino acids.  The study culminated in the synthesis and testing of a series of designed tripeptide pheromone mimics.  Peptides of the form Gly-X-Arg were generated where X was Ile, Nle, Phe and Met (Figure 8a, Figure 4 a,c,d).  The designed peptides all evoked responses at subfemtomolar concentrations.  Potency was ranked Phe > Met ≥ Nle > Ile [67], supporting the hypothesis that interaction of a lipophylic side chain was important for transduction.  The postulated mechanism of action of the peptides is positioning of the peptides by the strong charges at the amino and carboxyl terminus, and then exclusion of water by van der Waals forces associated with the lipophylic region of the middle portion of the peptide [67].


Another conclusion from the extensive studies of peptide mimics of pumping pheromones was that peptides were not the whole story.  Although the peptides were statistically very potent, their total percentage of crabs responding was much lower than to the native pheromones [81].  Mixtures of synthetic peptides are additive rather than synergistic in their effects [82].  This suggests several options: that the native pheromones are blends of peptides with other molecules [62]; that the native peptides have been post-translationally modified; or that the peptides are mimicking another molecule that is not a classic peptide. 

Thus, all known crustacean peptide pheromones and kairomones are based upon serine protease degradation products.  Structure-function studies with synthetic peptides yield similar results.  Similarities include the importance of the basic carboxyl terminus, the nature of the residues adjacent to the terminus, dependence upon sequence rather than secondary structure, and a large range of effective concentrations depending upon the peptide mimic being tested.  The major differences include the sources of protein substrates and enzymes, optimal order of the amino acids in synthetic peptides from the carboxyl terminus, and the total peptide length required for optimal potency [3, 15, 67, 78, 82, 96].  The most striking differences are in the variety of behaviors and physiological responses that are evoked [77].


Although we only compared crustacean information peptides with leukocyte attractant peptides, biologically active peptides generated by serine protease degradation of structural proteins are becoming recognized as a common theme in marine signaling systems [3, 13, 76, 77].  This type of signaling is seen in crustaceans [76, 77], mollusks [3, 81, 111, 112] and cnidarians [2, 103].  The work described above with degradation products of structural proteins led to experimentation with degradation products of other exopolymers.  In the final section, we describe studies of kairomones originating from glycoproteins and proteoglycans. 

Peptide-like Aminated Saccharide Pheromones and Kairomones


Biologically potent analogues to carbohydrate kairomones are effective from 10-6 to 10-9 M.  There is increasing evidence that in addition to the peptide cues described above, two forms of carbohydrates are utilized by crustaceans as chemical signal molecules: (1) oligosaccharide residues of glycoproteins and (2) modified amino sugars hydrolyzed from proteoglycans.  Carbohydrate moieties of glycoproteins bound to body surfaces or substrates are chemical cues for several non-crustacean groups: rotifers [92], mollusks [45], cnidarians [63] and polychaetes [41, 52].  Modified amino sugars act as waterborne chemical cues, and likewise have been shown to serve as chemical signal molecules in animal groups other than crustaceans: cnidarians [68, 94, 104] and mollusks [69].


Glycoproteins contain a protein backbone with covalent linkages to many peripheral branched oligosaccharide chains (Figure 9a) [61, 98].  The amino acid residue and covalently linked sugar, termed the “core region,” are used to classify oligosaccharide chains into either N-glycans or O-glycans.  N-linked oligosaccharides (N-glycans) have pentasaccharide core regions with a sugar, often N-acetylglucosamine, linked to an Asn residue.  O-linked oligosaccharide (O-glycans) core regions are typically N-acetylgalactosamine linked to either a Ser or Thr residue (Figure 9a).  The dominant glycoprotein in vertebrate mucus is mucin, which contains many O-linked oligosaccharide chains in close proximity [65].  Arthropodin, part of the barnacle settlement inducing protein complex and a settlement pheromone is a glycoprotein [11, 12, 43, 107]. 


Proteoglycans are high molecular weight compounds consisting of a core protein covalently linked to unbranched glycosaminoglycan (GAG) chains (Figure 9b).  GAG chains contain repeating disaccharide units of either glucuronic acid or iduronic acid coupled via a glycosidic linkage to a substituted amino sugar, usually N-acetylglucosamine or N-acetylgalactosamine, which is frequently sulfated (Figure 10) [39].  The six major types of GAGs, which are distinguished by their disaccharide units, include: heparin, heparan sulfate, chondroitin sulfates, dermatan sulfate, hyaluronic acid, and keratan sulfate [30, 90].  The core regions of proteoglycans vary among GAG types, with a characteristic xylose-Ser linkage occurring in heparin, heparan sulfate, and chondroitin sulfates [39].  


Oligosaccharides derived from glycoproteins and proteoglycans have many of the same characteristics as peptide signal molecules derived from proteins [1, 19, 77, 110].  (A) As in the case of peptide pheromones and kairomones, biologically active oligosaccharides have a structural origin, occurring in glycoconjugates where they bind water in the hydrated extracellular matrices of bacteria and algae and in both the internal and external mucus secretions of metazoans [18, 37, 70, 97], as well as on cell surfaces and proteins where they participate in signaling events [84, 105].  This scenario is analogous to Arthopodin [11].  (B) They are water soluble at environmental pH, primarily due to modified sugars containing charged sulfated, aminated, and carboxylic groups (e.g., amino sugars and sialic acids).  These sugar residues serve important functional roles by themselves, and also alter the physical properties of the glyconjugate as a whole [30, 89].  (C) The function of the amino acid side chains is met by substituents on the hexose ring structures.  The ring structure of hexoses provide multiple sites for modification  [84], and combinations of modified monosaccharides into disaccharides or oligosaccharides dramatically increases their potential for being unique small molecule signal compounds.  (D) Similar to the action of endoproteases like trypsin, the polysaccharide chains of glycoproteins and proteoglycans are hydrolyzed by a characteristic series of enzymatic degradations (Figure 11).  Endoglycosidases (e.g., endohexosaminidases and endoglucuronidases) cleave substituted sugars into many fragments, which are then cleaved into oligosaccharides and disaccharides.  Eventually, sulfatases and exoglycosidases convert the disaccharides to unsubstituted monosaccharides [98].  If the substituents were important to signaling function, these steps destroy the signal.  The stereotypic breakdown of glycoconjugates into oligosaccharides or oligosaccharide-protein units could provide a reliable mechanism for the generation and destruction of biological signal molecules [27].  

Carbohydrate Residues of Glycoproteins

Copepods are crustaceans that dominate marine zooplankton communities.  They use dissolved and surface-bound chemical cues for mate recognition [49].  Studies detailing the chemical identity of cue molecules and their role in communication between the sexes have been conducted in few species.  Most work has focused on oligosaccharide residues of surface-bound glycoproteins and their use by copepods as sex pheromones.  

Glycoproteins bound to harpacticoid copepod exoskeleton surfaces, particularly the anntenule, genital pore, and caudal ramus, are involved in the recognition of species, sex and stage of potential mates [91, 95].  The functional importance of carbohydrate residues on surface-bound glycoproteins of harpacticoid copepods (Tigriopus japonicus and Coullana spp.), particularly N-acetylglucosamine, has been demonstrated by lectin and monosaccharide binding assays [40, 50].  Based on these, and studies with proteolytic enzymes, the receptors for binding oligosaccharide residues on glycoproteins are hypothesized to be lectin-like proteins [40].  Small molecule cues may also serve as pheromones in copepods [22, 23].  However, little is know about the chemical nature of these cues [47, 48].  

Modified Amino Sugar Kairomones

To date, studies examining the use of dissolved modified amino sugars as chemical cues by crustaceans have focused on the role that these compounds play in altering visual physiology and behavioral responses to light. Several predator avoidance behaviors exhibited by crustacean zooplankton are controlled by their responses to light (e.g., diel vertical migration and shadow responses) [25].  Predator avoidance behaviors are induced by chemical cues in both freshwater and marine crustacean zooplankton.  Odors from predators alter the behavioral responses to light underlying predator avoidance behaviors, resulting in the onset of these behaviors [56, 71].  After exposure to odor of fish or ctenophore predators, crustacean larvae show heightened descent responses when stimulated with light increases such as would occur at sunrise, the time of day when these organisms descend in the water column as part of their diel vertical migration to avoid visual predators in surface waters [27, 28, 57].  Comparable responses are evoked by amino sugar disaccharides modified with a sulfamine or an acetylamine functionality derived from heparin, chondroitin sulfate A, and hyaluronic acid polysaccharides (Figure 12). 

Another predator avoidance response is the shadow response.  Shadow responses are bouts of downward swimming initiated upon sudden decreases in light that would occur by attenuation of sunlight through gelatinous zooplankton predators drifting in surface waters.  In newly hatched crab larvae, less of a shadow is required to initiate a shadow response relative to unconditioned larvae when zoea are exposed to fish or ctenophore odor, ctenophore mucus, or amino sugar disaccharides with an acetylamine functionality [9].  

The source of modified amino sugars may be proteoglycans present in the external mucus of fish and ctenophore predators.  Active cue molecules (<10 kDa) are released from fish mucus fragments (10 to 30 kDa) by hydrolysis with either bacterial heparinase or chondroitinase.  Similarly, biologically active molecules are produced by treating commercially purified chondroitin sulfate with enzymes found in the >30 to <100 kDa fish mucus size fraction [57].  It has been suggested that bacteria associated with fish, rather than fish themselves, are producing the chemical cues in fish odor [72].  While bacteria could provide both a substrate from which to release cue molecules via their extracellular matrix, as well as enzymes to hydrolyze these polysaccharides, fish mucus provides an abundant substrate for generation of signal molecules.  The relationship between bacteria and fish with respect to cue generation and degradation is in need of further study.  

Despite a general appreciation that molecules released from predators activate predator avoidance behaviors via alterations in crustacean zooplankton photobehavior, we are just beginning to understand important functional aspects of the cue molecules themselves, and as is the case with peptide pheromones and kairomones, have little knowledge of the receptors for odor recognition, and the neurophysiological basis for integrating odor perception with photobehavior.  While modified amino sugars are likely candidates for cue molecules in all saltwater systems, to date only estuarine and hypersaline species have been studied.  Results using the freshwater crustacean Daphnia spp. suggest that despite some similarities between cue molecules active in freshwater and saltwater systems (low molecular weight, water solubility, and intermediately polarity), the molecules that function in freshwater and saltwater are from different structural classes [51, 99].  The freshwater cue molecules do not appear to be modified amino sugars [100].  It should be noted that different bioassays have been used to evaluate the role of amino sugars for freshwater and saltwater organisms.  As we know so little about cue production and degradation, similar bioassays should be used to meaningfully compare activity of putative cue molecules in these systems.

Concluding Remarks


Research on crustacean peptide pheromones and peptide and peptide-like kairomones sparks the interest of just enough researchers to continue to make inexorable progress toward understanding.  As the body of knowledge increases, it is becoming clearer that the information systems discussed above are based upon enzymes and substrates that are common to most organisms, and the information generated is probably used by most organisms.  We hypothesize the diversity of responses that can be stimulated by the same compounds reflects the long evolutionary history of the enzymes and substrates.  It is likely that as of yet undiscovered signal molecules are based upon similar evolutionarily ancient enzymes and their substrates.  Degradation of complex polymers, though predictable, results in levels of complexity that is daunting and exciting for those that work in the area.  As chemical understanding and ability to work with complex sugar-protein polymers advances, understanding of this signaling area will also advance.  It is our expectation that long standing collaborations between biologists and chemists similar to those that caused dramatic advances in understanding of insect communication systems will develop and result in exciting progress in the future. 

Acknowledgements


Thanks to our many colleagues, friends, and mentors who participated with us in the research to this point.   Thanks to the reviewers for their kind and constructive comments and suggestions.  Thanks to Linda Nichols for assistance in generating the manuscript.  This work was supported in part by the NSF, NOAA, and the Oak Foundation.

Literature Cited

[1]  Aspinall, G.O. The polysaccharides, Vol. 1-3. New York: Academic Press; 1982.

[2]  Brooks, W.R.; Ceperly, L.; Rittschof, D.  Disturbance and reattachment behavior of sea anemones Calliactis tricolor (Le Sueur): Temporal, textural and chemical mediation.  J. Chem. Ecol.  1995;21:1-12.

[3]  Browne, K.A.; Tamburri, M.N.; Zimmer-Faust, R.K.  Modeling quantitative structure-activity relationships between animal behaviour and environmental signal molecules.  J. Exp. Biol. 1998;201:245-258.

[4]  Cheung, T.S.  The development of egg-membranes and egg attachment in the shore crab, Carcinus maenas, and some related decapods.  J. Mar. Biol. Assoc. U.K. 1966;46:373-400.

[5]   Clare, A.S., personal communication

[6]   Clare, A.S.; Matsumura, K. Nature and perception of barnacle settlement pheromones.  Biofouling 2000;151:57-71.

[7]   Clare, A.S.; Yamazaki, M. Inactivity of glycyl-glycyl-arginine and two putative peptide analogues of barnacle waterborne settlement pheromones. J. Mar. Biol. Assoc. U.K. 2000;80:945-946.

[8]   Clare, A.S.; Freet, R.K.; McClary, M.J. On the antennular secretion of the cyprid of Balanus amphitrite amphitrite, and its role as a settlement pheromone. J. Mar. Biol. Assoc. U.K. 1994;74:243-250.

 [9]   Cohen, J.H.; Forward, Jr., R.B. Ctenophore kairomones and modified amino sugar disaccharides alter the shadow response in a larval crab. J. Plank. Res. 2003; 25:203-213.

[10]   Crisp, D.J. Overview of research on marine invertebrate larvae, 1940-1980.  In: Costlow, J.D.; Tipper, R.C., Eds. Marine Biodeterioration: an Interdisciplinary Study.  Annapolis: Naval Institute Press; 1984:103-126.

[11]   Crisp, D.J.; Meadows, P.S. The chemical basis of gregariousness in cirripedes.  Proc. R. Soc. Lond. 1962;156B:500-520.

[12]   Crisp, D.J.; Meadows, P.S. Absorbed layers: the stimulus to settlement in barnacles.  Proc. R. Soc. Lond. 1963;158B:364-387.

[13]   De Vooys, C.G.N. Effect of a tripeptide on the aggregation behaviour of the blue mussel Mytilus edulis.  Mar. Biol. 2003;142:1119-1123.

[14]   De Vries, M.C. Control of egg hatching in crabs: A comparative study of species from different tidal heights. Ph.D. Thesis, Duke University; 1990.

[15]   De Vries, M.C.; Forward, Jr., R.B. Mechanisms of crustacean egg hatching: Evidence for enzyme release by crab embryos. Mar. Biol. 1991;110:281-291.

[16]   De Vries, M.C.; Rittschof, D.; Forward, Jr., R.B. Response of rhizocephalan-parasitized crabs to analogues of crab larval-release pheromones. J. Crust. Biol. 1989;9:517-524.

[17]   De Vries, M.C.; Rittschof, D.; Forward, Jr., R.B. Chemical mediation of larval release behaviors in the crab Neopanope sayi. Biol. Bull. 1991;180:1-11.

[18]   Decho, A.W. Microbial exopolymer secretions in ocean environments: Their role(s) in food webs and marine processes. Oceanogr. Mar. Biol. Annu. Rev. 1990;28:73-153.

[19]   Decho, A.W.; Browne, K.A.; Zimmer-Faust, R.K. Chemical cues: why basic peptides are signal molecules in marine environments. Limnol. Oceanogr. 1998;43:1410-1417.

[20]   Diaz, H.; Orihuela, B.; Rittschof, D.; Forward, Jr., R.B. Visual orientation to gastropod shells by chemically stimulated hermit crabs, Clibanarius vittatus (Bosc).  J. Crust. Biol. 1995;15:70-78.

[21]   Dicke, M.; Sabelis, M.W. Infochemical terminology: based on cost-benefit analysis rather than compound origins. Funct. Ecol. 1988;2:131-139.

[22]   Doall, M.H., Colin, S.P.; Strickler, J.R.; Yen, J. Locating a mate in 3D: the case of Temora longicornis. Phil. Trans. R. Soc. Lond. 1998;353B:681-689.

[23]   Dunham, P. J. Pheromones and behavior in Crustacea. In: Laufer, H.; Downer, R.G.H., Eds. Endocrinology of selected invertebrate types, vol. 2. New York: Alan R. Liss, Inc.; 1988:375-392

[24]   Forward, Jr., R.B. Larval release rhythms of decapod crustaceans: An overview. Bull. Mar. Sci. 1987;41:165-176.

[25]   Forward, Jr., R.B. Diel Vertical Migration: Zooplankton photobiology and behavior. Oceanogr. Mar. Biol. Annu. Rev. 1988;26:361-393.

[26]   Forward, Jr., R.B.; Lohmann, K.J. Control of egg hatching in the crab Rhithropanopeus harrisii (Gould).  Biol. Bull. 1983;165:154-166.

[27]   Forward, Jr., R. B.; Rittschof, D. Brine shrimp larval photoresponses involved in diel vertical migration: activation by fish mucus and modified amino sugars. Limnol. Oceanogr. 1999;44:1904-1916.

[28]   Forward, Jr., R.B.; Rittschof, D. Alteration of photoresponses involved in diel vertical migration of a crab larva by fish mucus and degradation products of mucopolysaccharides. J. Exp. Mar. Biol. Ecol. 2000;245:277-292. 

[29]   Forward, Jr., R.B.; Rittschof, D.; De Vries, M.C. Peptide pheromones synchronize crustacean egg hatching and larval release. Chem. Sens. 1987; 12:491-498.

[30]   Fransson, L.-A. Mammalian glycosaminoglycans. In: Aspinall, G.O., Ed. The polysaccharides. New York: Academic Press; 1985:337-415.

[31]   Gabbott, P.A., Larman, V.N. The chemical basis of gregariousness in cirripedes: a review (1953-1984). In: Southward A.J., Ed. Barnacle Biology. Rotterdam: A.A. Balkema; 1987:377-388.

[32]   Gifford, C.A. Some observations on the general biology of the land crab, Cardisoma guanhumi (Latreille), in south Florida. Biol. Bull. 1962;123:207-223.

[33]   Gilchrist, S; Abele, L.G. Effects of sampling method on the estimation of population parameters in hermit crabs. J. Crust. Biol. 1984;4:643-654.

[34]   Harrison, P. Barnacle cyprid behaviour, anatomy and neurophysiology.  PhD Thesis, University of New South Wales; 1998.

[35]   Hazlett, B.A. Chemical induction of visual orientation in the hermit crab, Clibanarius vittatus. Anim. Behav.  1982;30:1259-1260.

[36]   Hazlett, B.A.; Hearnkind, W.F. Orientation to shell events by the hermit crab Clibanarius vittatus (Bosc) (Decapoda, Paguridae). Crustaceana 1980;89:311-314.

[37]   Hoagland, K.D.; Rosowski, J.R.; Gretz, M.R.; Roemer, S.C. Diatom extracellular polymeric substances: Function, fine structure, chemistry, and physiology. J. Phycol. 1993;29:537-566.

[38]   Hugli, T.E.; Erickson, B.W. Synthetic peptides with biological activity and specificity of human C3a anaphylatoxin. Proc. Natl. Acad. Sci. 1977;74:1826-1830.

[39]   Jeanloz, R.W. Mucopolysaccharides of higher animals. In: Pigman, W.; Horton, D., Eds. The Carbohydrates: chemistry and biochemistry. New York: Academic Press; 1970:590-625

[40]   Kelly, L.S.; Snell, T.W. Role of surface glycoproteins in mate-guarding of the marine harpacticoid Tigriopus japonicus. Mar. Biol. 1998;130:605-612.

[41]   Kirchman, D.; Graham, S.; Reish, D.; Mitchell, R. Bacteria induce settlement and metamorphosis of Janua (Dexiospira) Brasiliensis Grube (Polychaeta: Spirorbidae). J. Exp. Mar. Biol. Ecol. 1982;56:153-163.

[42]   Knight-Jones, E.W. Laboratory experiments on gregariousness during setting in Balanus balanoides and other barnacles. J. Exp. Biol. 1953;30:584-598.

[43]   Knight-Jones, E.W.; Crisp, D.J. Gregariousness in barnacles in relation to the fouling of ships and anti-fouling research. Nature 1953;171:1109.

[44]   Kratt, C.M.; Rittschof, D. Peptide attraction of hermit crabs Clibanarius vittatus Bosc: Roles of enzymes and substrates. J. Chem. Ecol. 1991;17:2347-2365.

[45]   Krug, P.J.; Manzi, A.E. Waterborne and surface-associated carbohydrates as settlement cues for larvae of the specialist marine herbivore Alderia modesta. Biol. Bull. 1999;197:94-103.

[46]   Larman, V.N.; Gabbott, P.A.; East, J. Physico-chemical properties of the settlement factor proteins from the barnacle, Balanus balanoides. Comp. Biochem. Physiol. 1982;72B:329-338.

[47]   Lazzaretto, I.; Franco, F.; Battaglia, B. Reproductive behavior in the harpacticoid copepod Tigriopus fulvus. Hydrobiol. 1994;292/293:229-234.

[48]   Lazzaretto, I.; Salvato, B.; Libertini, A. Evidence of chemical signalling in Tigriopus fulvus (Copepoda, Harpacticoida). Crustaceana 1990;59:171-179.

[49]   Lonsdale, D.J.; Frey, M.A.; Snell, T.W.  The role of chemical signals in copepod reproduction. J. Mar. Sys. 1998;15:1-12.

[50]   Lonsdale, D.J.; Snell, T.W.; Frey, M.A. Lectin binding to surface glycoproteins on Coullana sp. (Copepoda: Harpacticoida) can inhibit mate guarding. Mar. Fresh. Behav. Physiol. 1996;27:153-162.

[51]   Loose, C.J.; Von Elert, E.; Dawidowicz, P. Chemically-induced diel vertical migration in Daphnia: a new bioassay for kairomones exuded by fish. Arch. Hydrobiol. Beih. Limnol. 1993;126:329-337.

[52]   Maki, J.S.; Mitchell, R. Involvement of lectins in the settlement and metamorphosis of marine invertebrate larvae. Bull. Mar. Sci. 1985;37:675-683.

[53]   Matsumura, K.; Nagano, M.; Fusetani, N. Purification of a larval settlement-inducing protein complex (SIPC) of the barnacle, Balanus amphitrite. J. Exp. Zool. 1998;281:12-20.

[54]   Matsumura, K., Nagano, M., Kato-Yoshinaga, Y., Yamazaki, M., Clare, A.S., Fusetani, N. Immunological studies on the settlement-inducing protein complex (SIPC) of the barnacle Balanus amphitrite and its possible involvement in larva-larva interactions.  Proc. R. Soc. Lond. 1998;265B:1825-1830.

[55]   McClary, Jr., M. Chemoreception mediates gregarious settlement of the barnacle Balanus amphitrite amphitrite (Darwin). Ph.D. Thesis, Duke University; 1997.

[56]   McKelvey, L.M. Planktivore chemical cues mediate zooplankton diel vertical migration. Ph.D. Thesis, Duke University; 1995.

[57]   McKelvey, L.M.; Forward, Jr., R.B. Activation of brine shrimp nauplii photoresponses involved in diel vertical migration by chemical cues from visual and non-visual predators. J. Plank. Res. 1995;17:2191-2206.

[58]   McLean, R.B. Direct shell acquisition by hermit crabs from gastropods. Experientia 1974;30:206-208.

[59]   McLean, R.B. A description of a marine benthic faunal habitat web. Ph.D. Thesis, Florida State University; 1975.

[60]   McLean, R.B. Gastropod shells: A dynamic resource that helps shape benthic community structure. J. Exp. Mar. Biol. Ecol. 1983;69:151-174.

[61]   Montreuil, J.; Vliegenthart, J.F.G.; Schachter, H. Glycoproteins. In: Neuberger, A. and Van Deenen, L.L.M. Eds. New comprehensive biochemistry, vol. 29a. Amsterdam: Elsevier; 1995.
[62]   Morse, D.E. Biochemical control of larval recruitment and fouling. In: Costlow, J.D.; Tipper, R., Eds. Marine biodeterioration: an interdisciplinary study.  Annapolis: Naval Institute Press; 1984:134-140.

[63]   Morse, D.E.; Morse, A.N.C. Enzymatic characterization of the morphogen recognized by Agaricia humilis (Scleractinian coral) larvae. Biol. Bull. 1991;181:104-122.

[64]   Orihuela, B.; Diaz, H.; Forward, Jr., R.B.; Rittschof, D. Orientation of the hermit crab Clibanarius vittatus (Bosc) to visual cues: Effects of mollusc chemical cues. J. Exp. Mar. Biol. Ecol. 1992;164:193-208.

[65]   Perez-Villar, J.; Hill, R.L. The structure and assembly of secreted mucin. J. Biol. Chem. 1999;274:31751-31754.

[66]   Pettis, R.J. Biologically active arginine-terminal peptides. Ph.D. Thesis, University of North Carolina at Chapel Hill; 1991.

[67]   Pettis, R.J.; Erickson, B.W.; Forward, Jr., R.B.; Rittschof, D. Superpotent synthetic tripeptide mimics of the mud-crab pumping pheromone. Int. J. Peptide and Protein Res. 1993;42:312-319.

[68]   Purcell, J.E.; Anderson, P.A.V. Electrical responses to water-soluble components of fish mucus recorded from the cnidocytes of a fish predator, Physalia physalis. In: Lenz, P.H.; Hartline, D.K.; Purcell, J.E.; Macmillan D.L., Eds. Zooplankton: sensory ecology and physiology. Amsterdam: Gordon and Breach Publishers; 1996:447-460.

[69]   Rahman, Y.J.; Forward, Jr., R.B.; Rittschof, D. Responses of mud snails and periwinkles to environmental odors and disaccharide mimics of fish odor. J. Chem. Ecol. 2000;26:679-696.

[70]   Reid, L.; Clamp, J.R. The biochemical and histochemical nomenclature of mucus. British Medical Bulletin 1978;34:5-8.

[71]   Ringelberg, J. The photobehavior of Daphnia spp. as a model to explain diel vertical migration in zooplankton. Biol. Rev. 1999;74:397-423.

[72]   Ringelberg, J.; Van Gool, E. Do bacteria, not fish, produce ‘fish kairomone’? J. Plank. Res. 1998;20:1847-1852.

[73]   Rittschof, D. Enzymatic production of small molecules attracting hermit crabs to simulated gastropod predation sites. J. Chem. Ecol. 1980a;6:665-675.

[74]   Rittschof, D. Chemical attraction of hermit crabs and other attendants to gastropod predation sites. J. Chem. Ecol. 1980b;6:l03-118.

[75]   Rittschof, D. Oyster drills and the frontiers of chemical ecology: Unsettling ideas. Am. Malacol. Bull. Special Edition 1985;1:111-116.

[76]   Rittschof, D. Peptide-mediated behaviors in marine organisms: Evidence for a common theme. J. Chem. Ecol. 1990;l6:26l-272.

[77]   Rittschof, D. Body odors and neutral-basic peptide mimics: a review of responses by marine organisms. Am. Zool. 1993;33:487-493.

[78]   Rittschof, D.; Forward, Jr., R.B.; Erickson, B.W. Larval release in brachyuran crustaceans: Functional similarity of the peptide pheromone receptor and the catalytic site of trypsin. J. Chem. Ecol. 1990;16:1359-1370.

[79]   Rittschof, D.; Forward, Jr., R.B.; Mott, D.D. Larval release in the crab Rhithropanopeus harrisii (Gould): Chemical cues from hatching eggs. Chem. Sens. 1985;l0:567-577.

[80]   Rittschof, D.; Kratt, C.M.; Clare, A.S. Gastropod predation sites: The roles of predator and prey in chemical attraction of the hermit crab Clibanarius vittatus (Bosc). J. Mar. Biol. Assoc. U.K. l990;70:583-596.

[81]   Rittschof, D.; Shepherd, R.; Williams, L.G. Concentration and preliminary characterization of a chemical attractant of the oyster drill Urosalpinx cinerea. J. Chem. Ecol. 1984;10:63-79.

[82]   Rittschof, D.; Forward, Jr., R.B.; Simons, D.A.; Reddy, P.A.; Erickson, B.W. Peptide analogs of the mud crab pumping pheromone: Structure-function studies. Chem. Sens. 1989;14:137-148.

[83]   Rittschof, D.; Tsai, D.W.; Massey, P.G.; Blanco, L.; Kueber, Jr., G.L.; Haas, Jr., R.J. Chemical mediation of behavior in hermit crabs: Alarm and aggregation cues. J. Chem. Ecol. 1992;18:959-984.

[84]   Rudd, P.M.; Elliott, T.; Cresswell, P.; Wilson, I.A.; Dwek, R.A. Glycosylation and the Immune System. Science 2001;291:2370-2376.

[85]   Saigusa, M. Larval release rhythm coinciding with solar day and tidal cycles in the terrestrial crab Sesarma.  Biol. Bull. 1982;162:371-386.

[86]   Saigusa, M.  Control of hatching in an estuarine terrestrial crab. I. Hatching of embryos detached from the female and emergence of mature larvae. Biol. Bull. 1992;183:401-408.

[87]   Saigusa, M.; Kawagoye, O. Circatidal rhythm of an intertidal crab, Hemigrapsus sanguineus: synchrony with unequal tide height and involvement of a light-response mechanism. Mar. Biol. 1997;129:87-96.

[88]   Schiffmann, E. Leukocyte chemotaxis. Annu. Rev. Physiol. 1982;44:553-568.

[89]   Silberberg, A. Mucus glycoprotein, its biophysical and gel-forming properties. In: Chantler E.N.; Ratcliffe, N.A., Eds. Symposium of the Society for Experimental Biology XLIII. Cambridge: The Company of Biologists Ltd.; 1989:43-63.
[90]   Silbert, J.E.; Bernfield, M.; Kokenyesi, R.  Proteoglycans: a special class of glycoproteins. In: Montreuil, J; Vliegenthart, J.F.G.; Schachter, H., Eds. Glycoproteins II. New comprehensive biochemistry. Amsterdam: Elsevier; 1995:1-31.

[91]   Snell, T.W.; Carmona, M.J. Surface glycoproteins in copepods: potential signals for mate recognition. Hydrobiol. 1994;292/293:255-264.

[92]   Snell, T.W.; Rico-Martinez, R.; Kelly, L.N.; Battle, T.E. Identification of a sex pheromone from a rotifer. Mar. Biol. 1995;123:347-353.

[93]   Tegtmeyer, K.; Rittschof, D. Synthetic peptide analogs to barnacle settlement pheromone. Peptides 1989;9:1403-1406.

[94]   Thorington, G.U.; Hessinger, D.A. Control of cnida discharge: I. Evidence for two classes of chemoreceptor. Biol. Bull. 1988;174:163-171.

[95]   Ting, J.H.; Kelly, L.S.; Snell, T.W. Identification of sex, age and species-specific proteins on the surface of the harpacticoid copepod Tigriopus japonicus. Mar. Biol. 2000;137:31-37.

[96]   Unson, C.G.; Erickson, B.W.; Hugli, T.E. Active site of C3a Anaphylatoxin: Contribution of the lipophilic and orienting residues. Biochemistry 1984;23:585-589.

[97]   Van de Winkel, J.G.J.; Van Kuppevelt, T.H.M.S.M.; Janssen, H.M.J.; Lock, R.A.C. Glycosaminoglycans in the skin mucus of rainbow trout (Salmo gairdneri). Comp. Biochem. Physiol. 1986;85B:473-475.

[98]   Varki, A.; Cummings, R.; Eesko, J.; Freeze, H.; Hart, G.; Marth, J. Essentials of Glycobiology. Cold Spring Harbor: Cold Spring Harbor Laboratory Press; 1999.

[99]   von Elert, E.; Loose, C.J. Predator-induced diel vertical migration in Daphnia: Enrichment and preliminary characterization of a kairomone exuded by fish. J. Chem. Ecol. 1996;22:885-895.

[100]   von Elert, E.; Pohnert, G. Predator specificity of kairomones in diel vertical migration of Daphnia: a chemical approach. Oikos 2000;88:119-128.

[101]   Walker, G. A study of the cement apparatus of the cypris larva of the barnacle, Balanus balanoides.  Mar. Biol. 1971;9:205-212.

[102]   Walker, G.; Yule, A.B. Temporary adhesion of the barnacle cyprid: the existence of an antennular adhesive secretion.  J. Mar. Biol. Assoc. U.K. 1984;64:679-686.

[103]   Walther, M., and Fleck, J. Synthetic peptides inducing metamorphosis in a tropical jellyfish: a quantitative structure-activity relationship study. Comp. Biochem. Physiol. 1998;120A:655-659.

[104]   Watson, G.M.; Hessinger, D.A. Cnidocyte mechanoreceptors are tuned to the movements of swimming prey by chemoreceptors. Science 1989;243:1589-1591.

[105]   Wells, L.; Vosseller, K.; Hart, G.W. Glycosylation of nucleocytoplasmic proteins: signal transduction and O-GlcNAc. Science 2001;291:2376-2378.

[106]   Wilbur, T.P.; Herrnkind, W.F. Predacious gastropods regulate new shell supply to salt-marsh hermit crabs.  Mar. Biol. 1984;79:145-150.

[107]   Willis, J.H. Cuticular proteins in insects and crustaceans.  Am. Zool. 1999;39:600-609.

[108]   Wolcott, T.G.; Wolcott, D.L. Larval loss and spawning behavior in the land crab Gecarcinus lateralis (Freminville). J. Crust. Biol. 1982;2:477-485.

[109]   Yule, A.B.; Walker, G. Settlement of Balanus balanoides: The effect of cyprid antennular secretion.  J. Mar. Biol. Assoc. U.K. 1985;65:707-712.

[110]   Zimmer, R.K.; Butman, C.A. Chemical signaling processes in the marine environment. Biol. Bull. 2000;198:168-187.

[111]   Zimmer-Faust, R.K.; Tamburri, M.N. Peptides are the natural inducers of settlement in oyster larvae. Amer. Zool. 1992; 32:99A.

[112]   Zimmer-Faust, R.K.; Tamburri, M.N. Chemical identity and ecological implications of a waterborne, larval settlement cue. Limnol. Oceanogr. 1994;39:1075-1087.





































































































































PAGE  
19

