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ABSTRACT
EVOLUTION OF SEA LAMPREY MATING PHEROMONES
By
Tyler John Buchinger
Male sea lamprey (Petromyzon marinus) release a multi-component mating pheromone, partially
comprised of 3-keto petromyzonol sulfate (3kPZS), which initiates upstream movement and
close-proximity spawning behaviors in ovulated females. While the chemistry, function, and
potential management application of the sea lamprey mating pheromone are relatively well-
studied, the evolution the sea lamprey mating pheromone system remains poorly understood. In
this dissertation, | present inter- and intra-species comparisons of pheromone communication
that provide insights into the evolution of pheromone communication in the sea lamprey. In
Chapter 1, | provide a broad review of the chemical cues and pheromones used by the sea
lamprey during reproduction, including overviews on of the sea lamprey olfactory system,
chemical cues and pheromones, and potential applications to population management. In Chapter
2, | present a phylogenetic comparison of 3kPZS communication across lampreys, including
male release of 3kPZS across eleven lamprey species, representing six of ten genera and two of
three families, olfactory sensitivity to 3kPZS in four species native to the Laurentian Great
Lakes, and sexual responses to 3kPZS in four species native to the Laurentian Great Lakes. The
results indicate either independent gains or a single gain and single loss of 3kPZS
communication, and represent a rare macroevolutionary investigation of a vertebrate pheromone.
In Chapter 3, | provide evidence for partial overlap of the multi-component male mating
pheromone across lampreys. Chemical profiling of sexually mature males from eleven species of

lamprey indicated the chemical profiles of males are partially shared across species. Behavioral



assays conducted with four species sympatric in the Laurentian Great Lakes indicated
asymmetric female responses to heterospecific odors, where sea lamprey were attracted to male
odors from all species tested but other species generally preferred only the odor of conspecifics.
Electro-olfactogram recordings from sea lamprey indicated that although sea lamprey were
attracted to male odors from all species, at least some of the compounds that elicited olfactory
responses were different in conspecific male odors compared to heterospecific male odors. In
Chapter 4, | present evidence that small male sea lamprey exhibit increased relative pheromone
signaling driven by a larger pheromone-producing organ, and possible up-regulation of
pheromone synthesis. Furthermore, female choice experiments in a natural environment indicate
increased pheromone release in small males likely results in higher access to mates. Taken
together, this dissertation provides a rare evolutionary perspective on vertebrate pheromones and
describes the species-specificity of lamprey pheromones which are being considered as tools to

control and restore lamprey populations throughout the world.
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CHAPTER 1

CHEMICAL CUES AND PHEROMONES IN THE SEA LAMPREY (PETROMYZON
MARINUS)

Buchinger TJ, MJ Siefkes, BS Zielinski, CO Brant, & W Li. 2015. Chemical cues and
pheromones in the sea lamprey (Petromyzon marinus). Frontiers in Zoology. 12:32. doi:
10.1186/s12983-015-0126-9



ABSTRACT

Chemical cues and pheromones guide decisions in organisms throughout the animal kingdom.
The neurobiology, function, and evolution of olfaction are particularly well described in insects,
and resulting concepts have driven novel approaches to pest control. However, aside from
several exceptions, the olfactory biology of vertebrates remains poorly understood. One
exception is the sea lamprey (Petromyzon marinus), which relies heavily upon olfaction during
reproduction. Here, we provide a broad review of the chemical cues and pheromones used by the
sea lamprey during reproduction, including overviews of the sea lamprey olfactory system,
chemical cues and pheromones, and potential applications to population management. The
critical role of olfaction in mediating the sea lamprey life cycle is evident by a well-developed
olfactory system. Sea lamprey use chemical cues and pheromones to identify productive
spawning habitat, coordinate spawning behaviors, and avoid risk. Manipulation of olfactory
biology offers opportunities for management of populations in the Laurentian Great Lakes,
where the sea lamprey is a destructive invader. We suggest that the sea lamprey is a broadly
useful organism with which to study vertebrate olfaction because of its simple but well-
developed olfactory organ, the dominant role of olfaction in guiding behaviors during

reproduction, and the direct implications for vertebrate pest management.



INTRODUCTION

Sensory input from conspecific odors guides decisions for organisms throughout the animal
kingdom [1]. Early studies focused on insects, with the first behaviorally active conspecific
odorant identified in the silkmoth (bombykol; Bombyx mori) [2]. Since then, behaviors mediated
by conspecific odors have been described in crustaceans [3], fishes [4], reptiles and amphibians
[5], birds [6], and mammals [7], including hypothesized functions associated with reproduction,
foraging, conspecific recognition, and predator avoidance [1]. Detection of chemicals can be
integrated into the decision making processes of organisms via adaptations in receivers (chemical
cues) or both receivers and signalers (pheromones) [1]. While much of our understanding of
chemical communication is based upon research on insects, the olfactory biology and ecology of
some vertebrates is increasingly understood. In particular, chemical communication in some
fishes, including the sea lamprey (Petromyzon marinus), is relatively well described [4].

The sea lamprey is a basal vertebrate with a complex life history comprised of distinct
larval, juvenile, and adult stages. Larval sea lamprey burrow into stream sediment and filter feed
on organic material and microorganisms. Following a larval stage of 3-5 years, sea lamprey
undergo a drastic metamorphosis into the juvenile stage, migrate downstream into the Atlantic
Ocean or a Laurentian Great Lake, and parasitize on large fish for approximately 1.5 years.
Finally, adult sea lamprey migrate into streams during the spring, where a male will construct a
nest and later be joined by one or more females, spawn intermittently for a number of days, and
die [8]. Olfaction is hypothesized to influence sea lamprey behavior throughout the larval,
juvenile, and adult stages [9 — 11], but only during the terminal adult phase has the role of

conspecific odors been evaluated.



Adult sea lamprey use conspecific odors to identify suitable spawning habitat, search for
mates, and avoid risk (Figure 1-1) [11, 12]. Migrating adults select spawning tributaries based
upon the odor of previous years’ larvae that reside in the stream. Upon arrival at the spawning
grounds, gravid females move upstream and locate spawning nests using the odor of sexually
mature males [11, 13]. Alarm substances are hypothesized to guide adults away from areas
where larval or adult populations have high mortality [12, 14, and 15].

Here, we summarize the current understanding of the chemical cues and pheromones
used by the sea lamprey during reproduction. Previous reviews of sea lamprey olfaction focus
primarily on applications to fisheries management in the Laurentian Great Lakes [16 — 20]. Our
objective is to develop a broader perspective on sea lamprey olfaction, spanning from odorants
up to evolutionary patterns. We provide overviews on the neurobiology of olfaction, the ecology
and evolution of chemical cues and pheromones, and potential applications to population
management. We suggest that the simple but well-developed olfactory organ, dominant role of
olfaction in guiding behaviors during reproduction, and direct implications for vertebrate pest
management position the sea lamprey as a useful organism with which to study vertebrate

olfaction.
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Figure 1-1. Schematic illustrating the functions of migratory cues, alarm cues, and mating
pheromones during reproduction in sea lamprey. a- Fewer migrating sea lamprey enter rivers or
tributaries with injured or decaying conspecifics, or lacking larval populations; b- Migrating sea
lamprey enter streams activated with larval odor; c- upon reaching sexual maturation males
release a mating pheromone that draws females to spawning nests, and initiate nest building and
spawning behaviors.



THE OLFACTORY SYSTEM

Anatomy of the olfactory apparatus
A critical role of olfaction in mediating the sea lamprey life cycle is evident by a well-

developed olfactory system (Figurel-2) [21]. The large olfactory organ in sea lamprey [22] is
comprised of a peripheral olfactory organ containing both a main olfactory epithelium and
tubular diverticula known as the accessory olfactory organ [23]. Early in their life cycle, prior to
leaving the spawning nest, sea lamprey possess functional olfactory sensory neurons that are
stimulated by conspecific odorants [9, 24]. During the metamorphosis from larvae into adults,
the peripheral olfactory organ enlarges while changing from an epithelial lined tube to a nasal
sac with lamellar folds [25]. The accessory olfactory organ also exhibits the formation of

diverticula surrounded by blood vessels and nerve bundles [23, 25].

Olfactory sensory neurons
Olfactory sensory neurons intercept odor information using dendrites that extend into the

mucus of the peripheral olfactory organ. The olfactory sensory neurons are ciliated [24, 26, 27],
but exhibit distinct morphotypes similar to ciliated, microvillous, and crypt olfactory sensory
neurons documented in teleost fishes [28 — 30]. Neuron morphotypes differ in the distance the
dendrite extends into the olfactory mucus surrounding the olfactory epithelium, and may relay
information from different classes of odorants (feeding, risk, reproduction) [31]. Dendrites of

sensory neurons express olfactory receptors, which mark the beginning of signal transduction.



Figurel-2. Schematic illustrating the hypothesized circuitry of the sea lamprey olfactory system.
MOE = main olfactory epithelium; AOO = accessory olfactory organ; OB = olfactory bulb.
Neuronal projections are based upon Ren et al., [27] and Derjean et al., [40]. The medial region
of the olfactory bulb receives inputs from the accessory olfactory organ (AOO — blue) as well as
sparse inputs from the main olfactory epithelium (MOE — orange). The medial projection
neurons (green) project their axons to the posterior tuberculum (PT). The non-medial region of
the olfactory bulb receives inputs from the main olfactory epithelium and the non-medial
projection neurons (red) project their axons to the pallium. Red and green pipettes indicate
location Green et al., [39] injected biocytin to retrogradely label projection neurons in the
olfactory bulb (OB).This image is previously published in Green et al., [39].



Signal transduction
Olfactory receptors on the olfactory sensory neurons bind odorants and trigger a signal

transduction cascade. Receptor proteins of olfactory sensory neurons are members of the seven-
transmembrane G-protein coupled receptor superfamily [32]. In the sea lamprey, chemosensory
receptor genes include at least 27 olfactory receptor (OR)-type genes, 28 trace amino acid
receptors (TAAR)-type and 4 vomeronasal type one (V1R)-type genes [ 33 — 35 ]. Signal
transduction following odorant binding is not yet fully described in lamprey. On the main
olfactory epithelium, the binding of an odorant by an OR likely triggers a second messenger
cascade via the G-protein G, which stimulates an increase in cyclic adenosine monophosphate
(cAMP), opening the cyclic nucleotide gated ion channel [36 — 38]. The G-proteins in the
olfactory sensory neurons on the accessory olfactory organ, however, have not been identified.
The signal transduction cascade leads to depolarization of the neuron and propagation of the

signal to the olfactory bulb [36, 37].

Olfactory bulb
Spatially distinct regions of the olfactory bulb receive and integrate olfactory signals

from the main and accessory olfactory systems (Figure 1-2). Olfactory sensory neuron axons
projecting from the main olfactory epithelium and the accessory olfactory organ merge into the
olfactory nerve. Axons from the accessory olfactory organ project to the medial region of the
olfactory bulb, while axons from olfactory sensory neurons in main olfactory epithelium extend
to all other regions [27]. After entering the olfactory bulb, olfactory sensory neuron axons pass
through the olfactory nerve layer and form synaptic contacts in spherical regions of neuropil

known as glomeruli. Glomeruli in all regions, except the medial region, express immunoreactive



G, a G protein thought to be necessary for odorant reception [38]. Within the glomeruli, axon
terminals of the olfactory sensory neurons synapse with the dendritic endings of output neurons
(projection neurons). Projection neurons in the medial olfactory bulb are spatially isolated from
projection neurons in non-medial olfactory bulb regions and have larger cell bodies than non-
medial projection neurons [39]. Lastly, projection neurons interact with interneurons and signal

higher olfactory processing centers in the brain.

Projections to the brain and behavioral output
Projections from the medial olfactory bulb to higher olfactory processing centers create a

direct link between olfactory input and locomotory output [40]. Odorant and electrical
stimulation of the medial region of the olfactory bulb stimulates locomotion [40]. The medial
region of the olfactory bulb projects to the posterior tuberculum, which is located in the ventral
diencephalon and projects to the mesencephalic locomotor region. The mesencephalic locomotor
region initiates locomotion by acting on brainstem pre-motor neurons, the reticulospinal neurons,
which directly activate the locomotor networks of the spinal cord [41]. Hence, a direct pathway
from a sensory neuron up to the spinal cord likely triggers odor-driven behavioral responses in
sea lamprey [40].

In contrast, projections from non-medial regions may be involved in the integration of
odor information. Non-medial output neurons project to several forebrain structures, including
the lateral pallium. The somata of non-medial projection neurons are below the glomerular
neuropil and are smaller than the somata of the medial projection neurons [39]. The receptive
fields of the projection neurons in the medial and non-medial output pathways do not overlap

[39]. Local field potential recordings from the non-medial olfactory bulb region have shown that



the dorsal olfactory bulb territory responds to lamprey sex pheromones and migratory
pheromones while lateral olfactory bulb recordings exhibit responses to basic amino acids, and
not to pheromones [42]. The hypothesized olfactory-locomotor link created by the accessory
olfactory organ may be modulated by the detection and discrimination of specific odorants in the

main olfactory organ.

Olfaction in lamprey compared to other vertebrates
The lamprey olfactory system exhibits many features common among vertebrates, along

with several characteristics that are unique. Most organisms, including lamprey, possess similar
adaptations for detecting and processing olfactory stimuli [43]. For example, the cellular and
molecular mechanisms of olfaction appear to be generally shared among vertebrates, including
lamprey; olfactory receptors are G protein-coupled receptors and similar transduction pathways
carry olfactory signals [43]. A detailed report of the similarities and differences between the
olfactory systems of lamprey and other vertebrates is outside the scope of this review, but several
examples of unique features of the lamprey olfactory system should be noted. First, lamprey,
along with hagfish, are unique in having a single nostril. Notably, although lamprey have a single
nostril, the olfactory organ is comprised of two regions and a paired olfactory nerve. While the
functional implications of having a single nostril are unclear, having two nostrils has clear
adaptive significance in some fish [44]. Second, the accessory olfactory organ of lamprey
appears to be a unique adaptation [35], and offers an interesting comparison to the vomeronasal
organ in tetrapods. Taken together, the common and unique features of the sea lamprey olfactory

system offers a useful system to answer fundamental questions of vertebrate olfaction.
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CHEMICAL CUEING AND PHEROMONE COMMUNICATION IN SEA LAMPREY

Reproductive behaviors in sea lamprey rely largely upon olfactory input [45, 46]. In contrast to
many anadromous fishes (e.g. salmonids), sea lamprey do not exhibit natal homing behaviors
[47, 48]. Rather, sea lamprey evaluate the suitability of a stream based on the presence of larval
populations [11, 49]. Migratory sea lamprey are acutely tuned to the larval odor (migratory cue);
putative components are detected at low concentrations [50] and larval odor elicits behavioral
responses at the concentrations produced by a single larvae diluted several thousand fold [51].
Once sea lamprey arrive at the spawning grounds, final sexual maturation is partially triggered
by conspecific odors [52, 53]. Upon complete sexual maturation, mate search and spawning are
guided by the odors of the opposite sex [11]. Although males are attracted to the odor of females
[11, 54], the odors released by males (male mating pheromone) and subsequent behavioral
responses in females are better understood. The male odor appears multi-functional, mediating
upstream movement behaviors [55] and proximate nest construction and spawning
synchronization behaviors [56]. Finally, throughout the spawning season, sea lamprey are
hypothesized to evaluate risk using conspecific and heterospecific semiochemicals (alarm cue)

[12, 14, 15].

Migratory cues and mating pheromones

Identities
Bile acids and derivatives are implicated as components of the sea lamprey migratory cue

and male mating pheromone (Figure 1-3) [19]. The olfactory epithelium of many fishes is

sensitive to sex steroids, prostaglandins, amino acids, and bile acids [57]. Sex steroids and
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prostaglandins are commonly implicated as mating pheromones in teleosts [58]. Amino acids are
likely used by anadromous salmonids during natal homing [59, 60], and as a mating pheromone
in at least one species (Masu salmon, Oncorhyncus masou) [61]. Sea lamprey, however, only
show sensitivity to a small number of amino acids and sex steroids [62]. In many species,
including sea lamprey, conspecific-released bile acids evoke strong physiological responses in
electro-olfactograms (EOG) [50, 63 — 65], thus implicating behavioral functions. High-
performance liquid chromatography (HPLC) and mass spectrometry (MS) combined with EOG
screening and behavioral assays have continued to amass support for bile acids and related
cholesterol derivatives as components of the male mating pheromone in sea lamprey (Fig. 3)

[66].
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Research into the sea lamprey migratory cue provides support for the hypothesis that
conspecific bile acids [50] guide spawning migrations of anadromous fishes [67]. Larvae excrete
lamprey-specific bile acids [68] into the water at rates sufficient to create a detectable
concentration in a river (~10 ng/h) [69, 70]. Three bile acids, petromyzonol sulfate (PZS),
petromyzonamine disulfate (PADS), and petromyzosterol disulfate (PSDS) are released into the
water [70], elicit strong electrophysiological responses from the olfactory epithelium [50, 65],
and influence the behavior of migratory lamprey in laboratory mazes [65, 71]. While the mixture
of PADS, PSDS, and PZS replicates the proximal preference elicited by larval odor in laboratory
tests [65] and may influence search behavior at the junction of the lake and the river [72], the
mixture does not replicate larval odor in eliciting upstream movement and stream channel
preference in natural stream environments [73], suggesting crucial components of the migratory
cue remain unidentified. Several additional components of larval metabolites have been
identified and are potent odorants, but have not been evaluated in behavioral assays [74 — 76].

The first link between bile acids and reproduction was revealed by the discovery that a
bile acid functions as a major component of the sea lamprey male mating pheromone [77]. The
bile alcohol 3keto petromyzonol sulfate (3kPZS) is released at high rates by males (~0.5 mg/h) [
78 ], detected with acute sensitivity and specificity [ 64 ], and elicits an attraction response in
sexually mature females both in the laboratory [ 54, 77 ] and in the field [ 54 , 55, 77 ]. While
robust behavioral responses in large-scale field tests confirm that 3kPZS is the major component
of the male pheromone [55, 79], unknown components appear to be required to match the full
suite of nesting and courtship behaviors elicited by the full male odor [56]. A bile acid
structurally similar to 3kPZS but lacking in the C24 sulfate, 3 keto allocholic acid (3kKACA) was

hypothesized to function as an additional component [64, 80, 81], but has now been resolved
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behaviorally inactive [56]. Notably, sea lamprey detect 3kACA with high sensitivity and
specificity [64], and steroidogenesis in males is inhibited by exposure to 3KACA [53]. A 4
oxidized, unsaturated compound similar to 3kPZS elicited attraction in females [82]. Another
bile acid 3, 12-diketo-4, 6-petromyzonene-24-sulfate (DKPES), is a potent male odorant that,
when mixed with 3kKPZS, increases the number of females that approach the source of 3kPZS
[66]. An additional constituent of the male odor, petromyzestrosterol, elicits olfactory responses

in EOG recordings but has not yet been tested in behavioral assays [66].

Sources and release

Sea lamprey possess unique mechanisms of synthesizing and excreting bile acids
associated with chemical cues and pheromone. Larval sea lamprey regulate bile acids as do most
vertebrates: synthesis in the liver, storage in the gall bladder, and secretion into the intestine via
the bile duct. At this stage, putative migratory cue components, including the mating pheromone
3KPZS [83], are slowly released into the water via intestinal contents (~10 ng/larva/h) [69, 70,
83]. A drastic reduction both in expression of genes coding for bile acid biosynthetic enzymes in
the liver [83] and in the concentration of bile acids in tissues follows the transformation of larvae
into parasitic adults [69, 83]. Migratory adults likewise exhibit a down-regulation of hepatic
synthesis of bile acids, but appear to regulate bile acid equilibrium through renal excretion [84].
Upon sexual maturation, males up-regulate expression of genes coding for enzymes involved in
bile acid anabolism, yielding an increase in hepatic concentrations of PZS and 3kPZS [77 , 78,
85]. The compounds are carried by the cardiovascular system to the gills, where PZS is
hypothesized to be oxidized to 3kPZS, and released through glandular cells that develop at the

final stages of maturation in males [78, 85]. Additional components of the male pheromone are
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likely also released by the gills [56]. The cessation of feeding and atrophy of the intestine during
reproduction may favor the renal system and gills as alternative mechanisms of bile acid

equilibrium.

Behavioral ecology

The migratory cue informs migrating sea lamprey regarding potential offspring success
and reduces the risk of selecting poor stream habitat. Following host detachment, sea lamprey are
hypothesized to identify productive offspring habitat using a series of environmental cues [73].
Adult sea lamprey search for river plumes extending into the lake or ocean and display a
preference for the general odor of stream water [45, 86]. Migrating adults enter rivers and
tributaries that are activated with the odor of larvae, which is directly related to potential for
future offspring success [51, 86, 87]. Release of bile acids hypothesized as components of the
migratory cue is linked to larval feeding [69, 70]. Although the migratory cue appear to be
comprised of a mixture of multiple known and unknown components [65, 73], the functional
differences between components is unknown. The male mating pheromone mediates pre-
spawning upstream migration [88] and sexual maturation in males and females [52], and
spawning upstream movement [54] and a suite of spawning behaviors in females [56]. The
response elicited depends upon the spatial, environmental, and physiological context.
Pre-spawning upstream migration of males and females is reduced at low temperatures [89, 90],
but maintained in the presence of 3kPZS [88]. Mature male odor facilitates sexual maturation of
males and females [52]. Sexually mature females display strong odor-conditioned rheotaxis in
response to male odor, primarily in response to 3kPZS [54 — 56]. Upon reaching the spawning

nest, however, nest construction and gamete release in females is largely mediated by the
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mixture of 3kPZS, DKPES, and unknown compounds [56, 66]. The mechanisms through which
pheromone mixtures operate in sea lamprey remain unknown, but specific ratios appear to be

important [66].

Evolution
The migratory cue appears to be an adaptation of stream-searching adults rather than a

specialized signal released by larvae (Fig. 4). Natural selection likely maintains the strong
preference for larval odor, where individuals choosing to spawn in streams with clear evidence
of historical success realize higher fitness relative to individuals that chose streams at random or
undertake high-cost and less effective evaluation of stream habitat via direct assessment [87].
Larvae presumably receive no direct benefit by releasing an attractive odor, thus attraction to
larval odor is likely an adaptation of migratory adults [91]. The hypothesis that larval odor
represents a cue rather than a signal is supported by the apparent non-specificity of release and
response across lampreys [91 — 96].

The male mating pheromone is likely the result of a more complex evolutionary history.
Many fish pheromone systems, including the sea lamprey migratory pheromone [91], appear to
represent behavioral adaptations of the receiving fish [91, 97]. Evidence that the silver lamprey
(Ichthyomyzon unicuspis) uses larval 3kPZS as a migratory cue rather than a male-released
mating pheromone suggests female preference for 3kPZS may have originated as an adaptation
of receiving fish [96]. The development of glandular cells involved in 3kPZS release [78] and the
extremely high rate at which 3kPZS is released [77], however, suggest that male adaptation
drove a transition of 3kPZS into a mating signal. Adding further complexity to the mating

pheromone is the role of multiple components influencing multiple behaviors [56]. While 3kPZS
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as a mating pheromone may have evolved through male manipulation of an existing female
preference [96], the evolutionary processes driving male release and female preference for the

remaining components of the male odor remain unknown.
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Figure 1-4. Schematic illustrating the hypothesized evolution of the chemical cueing and
pheromone communication systems in sea lamprey. a larvae excrete 3-keto petromyzonol
sulfate, or 3kPZS, and other chemicals as byproducts of metabolism; b migrating adults cue onto
3kPZS and other chemicals to locate habitat conducive to high-offspring survival; ¢ males
exploit the existing female preference for 3kPZS; d male release of 3kPZS continues to become
exaggerated as a result of the fitness benefits associated with higher access to mates and female
response to 3kPZS transitions from a non-targeted migratory response to a highly proximate
spawning response.
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Alarm cues

Identity
Pursuit of the identities of sea lamprey alarm cues is a recent endeavor, and, as such, the

chemical structures remain unknown. In fact, despite many years of research on alarm cues in
fish, only two alarm odorants have been identified; hypoxanthine-3-N-oxide, an alarm cue in
various teleosts [98, 99], and glycosaminoglycan chondroitin, a recently discovered alarm cue in
zebrafish (Danio rerio) [100]. Although the identity of the sea lamprey alarm cue is
uncharacterized, the odor, or part of the odor and is stable past 96 h of aerobic decay [14].
Notably, commercial 2-phenylethylamine (PEA-HCL), a hypothesized predator cue used by
rodents [101], elicits an anti-predator response in sea lamprey in the laboratory [15, 102].
Whether the chemically mediated risk assessment in sea lamprey shows parallels to teleost and

other fishes remains unknown.

Sources and release

Sea lamprey alarm cues originate from conspecific tissues and bodily fluids of predators
[14, 15, and 102]. Damaged and decayed tissues from larval and adult conspecifics elicit alarm
responses [14]. Consistent with much of the literature on fish alarm cues, damaged skin elicits a
stronger aversion response compared to whole skin [14]. In contrast to skin-released alarm cues
of many fishes [103], the sea lamprey alarm cue appears to be distributed throughout the skin,
organ tissue, and muscle [14]. The hypothesized predator cue PEA is released via urine of

carnivorous mammals [101] and other unknown predator cues may be released via saliva [102].
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Behavioral ecology

Alarm cues used by sea lamprey could indicate 1) a regional end of the spawning, 2) low
offspring survival, or 3) risky spawning habitat [12]. Alarm cues are emitted by both larvae and
adults [14], indicating the role of conspecific alarm cues likely spans across the proposed
ecological functions. Sea lamprey are semelperous and die following a single reproductive
season. Hence, the scent of dead lamprey may indicate the end of the reproductive season in a
tributary. Alternatively, alarm cue could indicate low survival of larvae or adults due to poor
quality habitat or high predation. Additional functions of alarm cues outside of reproduction are
supported by observations of possible alarm responses to damaged conspecific tissue in larval
sea lamprey [104]. Larvae also show olfactory sensitivity to odors of non-damaged conspecifics
[9]. Whether responses to non-damaged or damaged conspecific odors are ecologically relevant,
perhaps influencing settlement behavior, or developmental precursors to the responses during the

adult phases remains unknown.

Evolution
Alarm cues, including sea those used by sea lamprey, are hypothesized to be the result of

receiver specializations [103]. Natural selection likely favors an aversion to alarm cues in
parallel to the attraction to larval odor, resulting in a multi-faceted mechanism to evaluate
spawning habitat and optimize success during the single reproductive event. Notably, sea
lamprey also exhibit alarm responses to alarm cue collected from closely related silver lamprey [
14 ], and distantly related white sucker (Catostomus commersonii), but not Amazon sailfin
catfish (Pterygoplichthys pardalis) [ 15 ]. Reproductive migrations of sea lamprey, silver
lamprey, and white suckers overlap temporally and spatially, hence aversion to alarm cues of
heterospecifics is ecologically relevant. However, whether the behaviorally active chemicals are
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shared across species, or if sea lamprey have evolved to use different compounds released by

heterospecific fishes remains unknown.
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POPULATION MANAGEMENT

Manipulation of sea lamprey olfactory biology offers opportunities for management of
invasive populations in the Laurentian Great Lakes [11]. Based largely upon pheromone control
of insects [105], integration of olfactory stimulants into sea lamprey control has been proposed in
the forms of trapping, redistribution, disruption, and monitoring [16 — 19, 106]. However, only
trapping has been evaluated in management scale tests [79, 107]. Baiting traps with conspecific
odors increases the efficacy of sea lamprey traps [108, 109]. Field experiments in environments
lacking background pheromones demonstrate that traps baited with the natural migratory cue and
male mating pheromone, and synthesized 3kPZS catch more sea lamprey than unbaited traps [46,
55, 79, 107 — 110]. However, only 3kPZS has been tested in management-scale experiments, and
only in the context of augmenting the existing trapping effort with pheromone as bait [79]. Traps
baited with 3kPZS caught more sea lamprey than unbaited traps, and trapping efficiencies
averaged about 10 % higher during years when 3kPZS was applied as bait [79]. The modest
increase in trapping efficiency is unlikely large enough to justify wide-spread use of 3kPZS as a
control measure unless application can be further optimized to improve effectiveness and reduce
cost [111]. Notably, the natural, whole odor of males catches a higher proportion of sea lamprey
compared to 3kPZS alone [107]. A recent evaluation of the push-pull method using alarm cue to
activate one side of a stream and 3kPZS as bait for a trap on the other side of the stream failed to
increase the number of sea lamprey caught in traps, although alarm cue did decrease the time
taken for individuals to locate a trap [ 112 ]. Identification of all components of the male mating
pheromone combined with refined trapping methods is needed to further developing odor-baited

traps as a control tool.
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Methods other than trapping, such as redistribution, disruption, and monitoring [16 — 19,
106], remain largely unexplored. Field experiments in pristine, odor-controlled environments
indicate the migratory cue and male mating pheromone can be used for redistribution [55, 87]
and spawning disruption [55]. Redistribution via a combination of conspecific attractants and
alarm cues could be especially useful, but has not been evaluated. Quantification of 3kPZS in
streams may also offer a cost-effective method to determine the presence and size of sea lamprey
populations [113, 114]. Additional alternatives including antagonists [19] and integrating odor
manipulation with electrical guidance [115], may too be useful, but have not been explored.
Clearly, more research is needed to further develop olfactory cues as tools for sea lamprey

control.
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UTILITY OF THE SEA LAMPREY MODEL

The sea lamprey presents a simple and unique model for studying olfactory communication in
vertebrates. The opportunity for insight into the biology of early vertebrates is matched only by
the hagfish. However, the basic biology of sea lamprey is better understood as a result of better
accessibility and decades of research associated with pest control programs in the Laurentian
Great Lakes. The robust understanding of basic sea lamprey biology combined with the
continued elucidation of chemical cues and pheromones, and recent advances, such as the
sequencing of the genome [116], allows for novel research avenues.

A simple but well-developed olfactory system makes sea lamprey well-poised for
elucidating the path from odorant detection to behavioral output. Sea lamprey detect a limited
range of odorants; bile acids, a few amines and sex steroids, and L-arginine [50, 62]. The
repertoire of chemosensory receptor genes is correspondingly small, consisting of only three
families and an estimated 59 intact genes [34]. Ciliated sensory cells exhibit short, medium, and
tall morphotypes that may be precursors to crypt, microvilous, and ciliated sensory cells
documented in teleosts [30]. Despite being simple, the sea lamprey olfactory system is well-
developed. The distinct accessory olfactory organ with sensory neurons that project to specific
regions of the olfactory bulb allows an interesting comparison to the vomeronasal organ of
higher vertebrates [27, 35]. The medial olfactory bulb, where the sensory neurons in the
accessory organ project axons, forms a direct connection with brain structures that drive
locomotion [40]. Strikingly, lamprey have a larger proportion of brain dedicated to processing

olfactory information than any other vertebrate examined [22].
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Well-adapted mechanisms of habitat and mate assessment using input from multiple
olfactory stimuli and environmental cues make sea lamprey a useful organism for studying the
evolution and behavioral ecology of multi-model sensory integration and complex signals.
During reproduction, sea lamprey make behavioral decisions based upon the water temperature [
89,90 ], time of day [ 117 ], abiotic odor of streams [ 51 ], alarm cues [ 12, 15 ], multi-
component conspecific cues [ 65, 87 ] and mating pheromones [ 17, 55, 56, 66 ], as well as
interactions among variables [ 88 ] and the physiological state of the receiver [ 54 ]. Furthermore,
sea lamprey spawn in lek-like aggregations, where males construct and aggressively defend nests
[ 8], and signal to females with a complex pheromone mixture, setting the stage for studies on
the poorly understood role of pheromones in mate choice, the evolution of exaggerated male
signals [ 96 ], and the function and evolution of multi-component pheromones [ 56 ].

Augmenting sea lamprey management with insights from olfactory communication
provides a rare example of sensory-integrated control in vertebrates. Manipulation of olfactory
systems is a widely used as tools to control pest insect populations [105]. Extension of olfactory
integrated control of insects to invasive vertebrates is conceptually sound [16 — 19, 106, 118],
however, after decades of research into fish olfaction, olfactory communication is not integrated
into control of any invasive fish. Developing olfactory- integrated management is a challenging
and costly endeavor [118], but offers a suite of potentially robust and environmentally benign
tools. Olfactory-guided behaviors are not unique to sea lamprey, and insights gained while
developing olfactory-integrated control of sea lamprey can be extended to other species of
concern throughout the world. Furthermore, the sea lamprey model offers the opportunity to
optimize olfactory-integrated control methods without the confounding interactions of other

sensory modalities. For example, most organisms, including sea lamprey, incorporate
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information from several sensory modalities while making reproductive decisions. However,
sensory-guided behaviors in sea lamprey are clearly biased towards olfaction [45, 46]. Similar to
the insect model used as a conceptual foundation for sea lamprey olfaction research, the sea
lamprey model can function as a model for more complex vertebrates. Likewise, the
technologies and methods developed for studying sea lamprey olfaction provide a foundation
that can be used to expedite future research into olfaction in other organisms that are invasive or

in decline in the Laurentian Great Lakes and throughout the world.
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CONCLUSION

The sea lamprey is a basal vertebrate with an increasingly well-characterized olfactory
communication system. We suggest that the olfactory biology of the sea lamprey can be used to
inform future research on olfactory systems of other species, as the understanding of the lamprey
olfactory biology has been informed by detailed descriptions of olfaction in other organisms. In
particular, the simple but well-developed olfactory organ, critical functions of several
reproductive chemical cues and pheromones, and potential for population control make studies
on sea lamprey olfaction broadly interesting. Current research on sea lamprey olfaction focuses
largely on implications for population management [16 — 20,106,118]. However, further research
into sea lamprey olfaction, spanning across neurobiology, characterization of chemical cues and
pheromones, and ecology and evolution, offers opportunity for a uniquely integrated

understanding of chemical communication in a vertebrate.
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ABSTRACT

Chemical signals, (i.e. pheromones) are important during mate search and evaluation in nearly all
animals. Pheromones are generally considered highly species-specific due to the intricate
mechanisms of signal production and detection, and critical roles in species recognition.
However, pheromone communication, particularly in vertebrates, is rarely considered in a
macroevolutionary context. Here, we report a phylogenetic comparison of a mating pheromone
across lampreys. Male Petromyzon marinus release at high rates the bile alcohol pheromone 3-
keto petromyzonol sulphate (3kPZS), which is detected with high specificity and sensitivity, and
elicits robust behavioural attraction in females. Male signalling with 3kPZS is hypothesized to
exploit a non-sexual attraction for juvenile-released 3kPZS relevant during the migration into
productive rearing habitat. We determined 1) male release of 3kPZS across eleven lamprey
species, representing six of ten genera and two of three families, 2) olfactory sensitivity to
3KPZS in four species native to the Laurentian Great Lakes, and 3) sexual responses to 3kPZS in
four species native to the Laurentian Great Lakes. All species tested exhibit olfactory responses
to 3kPZS, but only Ichthyomyzon castaneus and P. marinus use 3kPZS as a sexual signal. We
infer that the non-sexual role of 3kPZS is conserved among lampreys while the sexual function
of 3kPZS is specific to the clade comprised of Petromyzon and Ichthyomyzon. Our results
indicate either independent gains or single gain and a single loss of 3kPZS communication, and

represent a rare macroevolutionary investigation of a vertebrate pheromone.
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INTRODUCTION

Organisms use a myriad of signals to communicate during mate choice [1]. Natural and sexual
selection shape the expression of visual, auditory, electrical, tactile, and chemical traits and
associated preferences [2]. Defining the selective pressures that govern the integration of such

traits into communication systems is an important theme in evolutionary biology [3,4 ,5].

Convergent evolution of sexual communication systems provides direct evidence for
common selective pressures across taxa [3,4]. Animals face similar constraints on signal
production, transmission, the information associated with a trait. For example, many animal
species evaluate conspecifics using carotenoid-based traits [6,7]. Carotenoid-based displays are
likely meaningful signals in many taxa [8], as carotenoids are acquired solely through diet [9],
expressed at a cost [10], and indicate male quality [11]. Classical sexual selection models (direct
benefits, good genes) [12] adequately explain carotenoid-based communication systems in many
species. Widespread preferences for carotenoid-based traits may also be explained in part by a
common pre-existing bias for carotenoid forage items [13, 14, 15, 16]. Hence, similar constraints

on signallers and/or receivers can drive convergent evolution of sexual communication systems.

Conversely, many organisms exhibit clear divergent evolution of sexual communication
systems despite facing similar constraints on signalling. In fact, species-specificity is regarded as
a principal tenet of sexual communication [17]. Many processes can drive signal diversification,
including maladaptive heterospecific interactions, unique solutions to similar constraints,
mutation and genetic drift, and differences in ecology [17]. Signal-specificity may also vary
among sensory modalities [4]. Diversification of signals likely also varies among modalities
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depending upon constraints on signal diversity or perceptual ranges. Chemical signals (i.e.
pheromones) are considered highly species-specific due to the intricate mechanisms of signal
production and detection, immense opportunity for signal diversity, and broad range of
perceptual capability [18]. However, chemical communication, particularly in vertebrates, is
rarely considered in an evolutionary context and, as a result, whether chemical signals more

often exhibit convergence due to similar constraints, or are species-specific remains unknown.

Petromyzon marinus relies upon pheromones during reproduction and offers a useful
opportunity to study macroevolutionary patterns of chemical signals in a vertebrate [19, 20].
Several chemical cues guide habitat selection and mate search during the single spawning season
of P. marinus [19]. The odour of stream-resident larvae guides adult migration from lakes or the
Atlantic Ocean into streams [19, 21, 22]. Upon reaching the final stages of sexual maturation,
males release a multi-component pheromone containing 7a, 12a, 24-trihydroxy-5a-cholan-3-
one-24-sulfate (3-keto petromyzonol sulfate, 3kPZS), which is detected with high specificity and
sensitivity [23] and guides female movement upstream to nests [24, 25, 26]. Female preference
for 3kPZS may have evolved under the selective pressure of a pre-existing cognitive bias
(sensory trap) [20, 27]; female Ichthyomyzon unicuspis, a basal petromyzontid [28], exhibit a
migratory but not mating response to 3kPZS, and only larvae, not males, release 3kPZS into the
water at rates sufficient to be detected by conspecifics [20]. An ancestral preference for 3kPZS is
further supported by evidence that larval-released migratory cues, including 3kPZS [20, 29, 30],

are conserved among lamprey species [29, 31, 32, 33].

Here, we report a phylogenetic comparison of 3kPZS communication across lampreys.
Specifically, we determined 1) male release of 3kPZS across eleven lamprey species,

representing six of ten genera and two of three families, 2) olfactory sensitivity to 3kPZS in four
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species native to the Laurentian Great Lakes, and 3) behavioural preferences for 3kPZS in four
species native to the Laurentian Great Lakes. We found that all species tested have the
physiological ability to detect 3kPZS, but only two species, P. marinus and I. castaneus, use

3KPZS as a sexual signal.
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METHODS

Experimental animals

All experimental approaches and animals were used with approval from Michigan State
University’s Animal Use and Care Committee (Approval #’s 4/10-043-00, 02-13-040-00).
Adults lampreys were collected via U.S. Fish and Wildlife Service sea lamprey traps, backpack
electroshocking, fyke nets, or by hand (Table 2-1). Species were identified following Renaude
[34]. Sexual maturity was determined based on the expression of eggs (ovulation) or milt

(spermiation) upon gentle manual pressure [35].

Release of 3kPZS

To determine which lampreys signal with 3kPZS, release of 3kPZS by sexually mature
males into holding waters was determined for eleven species of lampreys, representing six of ten
genera and two of three families of Petromyzontiformes [28]. All lampreys were held in aerated
laboratory tanks prior to sampling, except Geotria australis which was sampled immediately
after collection off of a spawning nest. For all species, a single male was held in 5 L of aerated
deionised water for 2 hr, after which water was sampled, spiked with 5-deuterated 3kPZS
internal standard, and stored at less than -20 °C for subsequent analysis. Water samples were 50,
250, or 1000 ml, and spiked with 5 or 50 ng of internal standard, as result of changing analytical
techniques throughout sampling years. Regardless of sample volume, a 10 ml subsample from
each water sample was evaporated using a CentriVap Cold Trap with CentriVap Concentrator

(Labconco Co. Missouri, USA) and reconstituted in 50% HPLC-grade methanol. Concentrated
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samples were subjected to ultra-high performance liquid chromatography with tandem mass
spectrometry (UHPLC-MS/MS, Waters Acquity ultra-performance liquid chromatography
system, Waters, Milford, MA, USA and Micromass Quattro Premier XE tandem quadruple mass
spectrometer, Waters, Manchester, UK) following described methods [36, 37]. Wilcoxon rank-
sum tests were used to determine if the concentrations of 3kPZS in male samples were higher
than those in the respective control samples (one-tailed, a = 0.05), and if so, a pair-wise
Wilcoxon rank-sum test (two-tailed, o = 0.05) with a Holm adjustment was used to evaluate
differences in 3kPZS release rates between species. Release rates were standardized by the
weight of individuals as species vary in size (Table 2-1) as weight-standardized release rates

better capture differences in pheromone communication systems among species [20].
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Table 2-1. Pheromone sampling from eleven species of Petromyzontiformes. Number denotes the number of males from which
pheromones were sampled. Weight and length represent the mean and standard error of the mean within each species.

genus species location number weight (se) length (se) collection method
Geotria australis Canterbury, NZ 4 164.36 (22.21) 488.25 (26.21) hand
Ichthyomyzon  unicuspis Michigan, USA 14 39.43 (2.38) 249.6 (4.16) trap
fossor Michigan, USA 27 3.89 (0.23) 121.52 (2.14) electrofishing
castaneus Michigan, USA 13 24.22 (3.13)  210.31(11.24) hand/trap
Petromyzon marinus Michigan, USA 15 260.01 (11.19) 447.46 (18.32) trap
Entosphenus  tridentus Oregon, USA 9 328.51 (14.2) 545.44 (9.1) net
Lethenteron appendix Michigan, USA 25 4.14 (0.13) 139.2 (1.75) hand
camtschaticum Jilin, China 8 97.05(9.57)  384.13(10.26) net
reisneri Liaoning, China 8 6.88 (0.63) 165.0 (5.67) electrofishing
morii Liaoning, China 11 27.27 (1.1) 255.46 (4.64) net
Lampetra aeryptera Indiana, USA 8 6.98 (0.62) 153.25 (3.98) electrofishing
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Olfactory responses to 3kPZS

Electro-olfactogram (EOG) recordings were used to determine which lamprey species
detect 3kPZS [38]. EOG recordings were conducted on 4-6 individual I. unicuspis, I. fossor, I.
castaneus, and Lethenteron appendix based upon availability. Sexually immature male and
female lampreys were anesthetized using 3-aminobenzoic acid ethyl ester (50mg I"; MS222;
Sigma), immobilized with an intra-muscular injection of gallamine triethiodide (1mg kg™;
Sigma), and secured in a Plexiglas trough while their gills were continuously perfused with
aerated water containing anesthetic. Immature lamprey were used because measurement of
olfactory sensitivity with EOG recordings becomes less robust as lampreys become sexually
mature [39], likely a result of lamprey nearing the end of their life. Olfactory responses were
recorded using a recording electrode placed between olfactory lamellae and a reference electrode
placed on the skin. Electrical signals were filtered and amplified using a NeuroLog filter and pre-
amplifier (Digitimer Ltd., Hertfordshire, England), integrated using an Axon Instruments
Digidata system (Molecular Devices, CA, USA) and stored on a PC with Axon Instruments

Axoscope software.

The olfactory sensitivity with which lamprey detected 3kPZS and 3a,7a,12a,24-
tetrahydroxy-5a-cholan-24-sulfate (petromyzonol sulfate, PZS), a structurally and ecologically
similar compound [40], was evaluated by determining concentration-response curves. The lowest
concentration at which responses to a stimulus were significantly larger than those to a control of
blank water (paired t-test, o =0.05) was considered to be the threshold of detection [23]. Blank
water controls account for responses to any non-olfactory stimuli (e.g. mechanosensory).
Responses were normalized by the response to L-arginine at 1x10°M, based upon previous EOG

recordings on sea lamprey [23, 38].
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Cross-adaptation experiments [41] were used to determine if the 3kPZS-specific receptor
mechanisms documented in P. marinus [23] are conserved across lamprey species. Using cross-
adaptation experiments, we recorded the responses to 3kPZS when the epithelium was adapted to
PZS and the responses to PZS when the epithelium was adapted to 3kPZS. Experiments began
with recording the responses to the adapting stimuli at concentrations that elicited responses
approximately equipotent to one another, 1x10M 3kPZS and PZS in I. fossor, |. castaneus, and
L. appendix, and 1x10"'M 3kPZS and PZS in I. unicuspis. Next, olfactory responses were
recorded when the epithelium was saturated with PZS and exposed to 1) 2x PZS (self-adapted
control; SAC) and 2) 1x PZS + 1x 3kPZS (Mix), and saturated with 3kPZS and exposed to 1) 2x
3kPZS and 2) 1x 3kPZS + 1x PZS. The responses to the SAC and the Mix were normalized by
the response to the adapting stimuli, and evaluated for differences using paired t-tests (o =0.05).
A difference between the response to the SAC and the Mix indicates the odors are detected by

separate olfactory mechanisms and hence different odorants.

Behavioural responses to 3kPZS

Proximate behavioural preferences of sexually mature males and females for 3kPZS
were evaluated using two-choice mazes [20, 24]. Behavioural preferences for 3kPZS were only
evaluated in 1. unicuspis, I. castaneus, I. fossor, and L. appendix, due to availability for
behavioural testing. The same behavioural assay and protocol were used for each species. All
lampreys were transported from aerated laboratory tanks at the U.S. Geological Survey
Hammond Bay Biological Station to streams prior to experiments. Two-choice mazes were
constructed adjacent to Nagel Creek in 2010 and the Little Ocqueoc River in 2013 and 2015,

both located in Presque Isle County, MI, USA. Experiments were conducted during three months
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(May, June, and July): 2010, 2013, and 2015 for I. castaneus, 2010 and 2015 for 1. fossor, and
2010 for I. unicuspis and L. appendix. |. castaneus and I. unicuspis were tested in a maze
previously used for I. unicuspis [20], and I. fossor and L. appendix were tested in a smaller maze
proportional to their size (0.3m x 1.15m). Assays for all species had the same depth (0.17 m) and
water velocity (0.07 m/s). An experiment began with the placement of a single lamprey into the
furthest downstream point of the maze. After 10 min acclimation, the time the lamprey spent in
each channel was recorded while no odour was applied. After 20 min of pre-stimulus recording,
3KPZS dissolved in 50% methanol (MeOH:H,0, v:v) was diluted in 5 L and applied at 200
ml/min into the maze to achieve a concentration of 1x10"**M. 3kPZS was introduced to a random
side, along with a 50% methanol control vial to the opposing side. The 3kPZS concentration
used followed that of previous studies [20, 25]. The odour was pumped into one side of the maze
for 5 min without recording the lamprey’s behaviour to allow the odour to fully disperse
throughout the assay. After 5 min, the behaviour was recorded for another 20 min. After
recording the time spent in the control and experimental channels before odour application (bc,
be), and the time spent in the control and experimental channels after odour application (ac, ae),
an index of preference (i) was calculated for each test (i = [ae/(ae + be) - ac/(ac + bc)]. The
indices of preference were evaluated for significance using a Wilcoxon signed-rank test (0=

0.05).
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RESULTS

Release of 3kPZS

3KPZS was released at high rates by I. castaneus and P. marinus and (Figure 2-1).
Release of 3kPZS was evaluated for 4-27 individual males per species, depending upon
availability (Table 2-1). The concentration of 3kPZS in blank water control samples across all
species was 0.03 + 0.009 ng mlI™ (n = 88; mean + se). Only samples from I. unicuspis, I.
castaneus, P. marinus, and Entosphenus tridentatus had higher concentrations of 3kPZS than
respective control samples (Wilcoxon rank-sum tests, p < 0.05). Rates of 3kPZS release in P.
marinus and |. castaneus were similar (Wilcoxon rank-sum tests, p > 0.05), and higher than

those in I. unicuspis or E. tridentatus (Wilcoxon rank-sum tests, p < 0.05; Figure 2-1).
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Figure 2-1. Release of 3-keto petromyzonol sulfate (3kPZS; ng g*h™) into the water by sexually
mature male Entosphenus tridentus, Ichthyomyzon castaneus, I. unicuspis, and Petromyzon
marinus, the only species with concentrations of 3kPZS higher in male samples than controls.
Letters represent significant differences as determined using a pair-wise Wilcoxon rank-sum test
(o =0.05) with a Holm adjustment for multiple comparisons. Bars represent the median, boxes
the interquartile range, and outliers are identified as points outside 1.5x the interquartile range.
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Olfactory responses to 3kPZS

All species tested exhibited olfactory responses to 3kPZS and PZS. Responses to the L-
arginine standard were similar to those reported for P. marinus (mean £ se: I. unicuspis = 0.79 =
0.15mV, n=4; |. fossor =1.51 + 0.12 mV, n = 6; |. castaneus = 1.26 £ 0.11 mV, n=4; L.
appendix = 2.3 £ 0.51mV, n = 6), as were the responses to the control stimuli (mean £ se: I.
unicuspis = 24.0 £ 9.4%; 1. fossor = 14.1 + 4.6%; |. castaneus = 15.5 + 1.0%; L. appendix = 18.7
+ 3.3%, % arginine standard)[23]. Concentration-response curves for 3kPZS and PZS were
exponentially shaped and the thresholds of detection ranged from 10°® to 10°M (Figure 2-2, a-
c). Concentration-response curves confirm that 3kPZS and PZS are potent odorants, and indicate

the compounds may be important to the chemical ecology of all lamprey species tested.

Cross-adaptation experiments indicated 1. unicuspis, a species that exhibits a non-sexual
response to 3kPZS, detect 3kPZS with olfactory mechanisms that are less specific than P.
marinus, a species that uses 3kPZS during sexual communication (figure 2d-f)[23, 24]. During
cross-adaptation experiments, the olfactory epithelium was saturated with PZS or 3kPZS, and the
olfactory responses of a lamprey to 1) 2x PZS or 3kPZS (SAC) and 2) PZS + 3kPZS (Mix) were
measured. A significant difference between the responses to the SAC and the Mix indicates that
PZS and 3kPZS are detected with distinct olfactory mechanisms. Responses to the Mix remained
greater than the SAC when the olfactory epithelium was saturated with 3kPZS in I. unicuspis, .
fossor, I. castaneus, and L. appendix (p < 0.05, two-tailed paired t-test), indicating that PZS is
detected with olfactory mechanisms that are not used to detect 3kPZS. Similarly, responses to
the Mix remained greater than the SAC when the olfactory epithelium was saturated with PZS in
. castaneus and L. appendix (p < 0.05, two-tailed paired t-test), indicating that 3kPZS is detected

with olfactory mechanisms independent of those that detect PZS. Conversely, I. unicuspis and I.
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fossor exhibited similar responses to the Mix and the SAC (p > 0.05, two-tailed paired t-test),
indicating that 3kPZS is not detected by any olfactory mechanisms that do not also detect PZS.
The non-reciprocal results from cross-adaptation experiments indicate that all species have a
distinct receptor for PZS, but I. unicuspis and I. fossor do not have distinct olfactory mechanisms

for 3kPZS.
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Figure 2-2. Electro-olfactogram recordings from Ichthyomyzon unicuspis, 1. castaneus, and
Lampetra appendix to 3-keto petromyzonol sulfate (3kPZS) and petromyzonol sulfate (PZS). (a-
c¢) Concentration-response relationships presented as semi-logarithmic plots with responses
presented as a percentage of L-arginine at 1x10°M. (d-e) Cross-adaptation results presented as a
percentage of the unadapted response. SAC = self-adapted control, mix = 3kPZS + PZS.
Asterisks indicate a significant difference as determined with a paired t-test (a = 0.05). Error bars
represent the standard error of the mean. I. fossor, a close relative and possibly non-parasitic
ecotype of 1. unicuspis [55], exhibited similar olfactory responses as I. unicuspis.
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Behavioural responses to 3kPZS

Two-choice behavioural experiments indicated that of the species tested only 1. castaneus
exhibit proximate preferences for 3kPZS (Table 2-2). Depending upon availability, 9-20
individual lamprey were tested in behavioural assays. Lamprey did not have a significant bias
towards either channel of the bioassay during the pre-treatment period (p >0.05, two-tailed
paired t-tests). Male and female 1. castaneus spent more time in the channel of the bioassay
treated with 3kPZS (Wilcoxen signed-rank test, p < 0.05). The distribution of time sexually
mature male and female 1. unicuspis, 1. fossor, and L. appendix spent in each channel of the

bioassay was not influenced by 3kPZS (Wilcoxen signed-rank test, p > 0.05; Table 2-2).

57



Table 2-2. Near-source preference of mature lampreys to 3-keto petromyzonol sulfate (3KPZS).
Control denotes the number of individuals that preferred the control channel, 3kPZS denotes the
number of individuals that preferred the 3kPZS treated channel. P-values were determined using
Wilcoxon signed-rank tests.

subject control 3kPZS index of preference (se)  p-value
male I. unicuspis 5 9 0.18(0.1) 0.1
*female 1. unicuspis 7 4 -0.06 (0.09) 0.28
male 1. fossor 4 10 0.12 (0.11) 0.27
female I. fossor 11 9 -0.05 (0.12) 0.5
male |. castaneous 2 9 0.44 (0.17) 0.05
female I. castaneous 1 9 0.45 (0.1) 0.01
male L. appendix 4 5 -0.08 (0.18) 0.91
female 1. appendix 5 6 0.06 (0.17) 0.77

* data from Buchinger et al. [20]
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DISCUSSION

Our results indicate that the non-sexual role of 3kPZS is conserved while the sexual
function of 3kPZS is specific to the clade comprised of Petromyzon and Ichthyomyzon (Figure 2-
3). Using a rare phylogenetic comparison of a vertebrate pheromone, we found that, of the
species tested, (i) exaggerated 3kPZS signalling by males was restricted to two species of
lamprey, P. marinus and I. castaneus, (ii) all species tested have the physiological capacity to
detect 3kPZS, although I. unicuspis does not have distinct receptor mechanisms for 3kPZS, and
(iii) sexual preferences for 3kPZS are limited to P. marinus and I. castaneus. We infer that the
non-sexual role of 3kPZS is ancestral based upon our and others’ results. First, all species tested,
including species that do not use 3kPZS as a male release sexual signal, exhibit olfactory
responses to 3kPZS [20, 23, 29, 32]. Second, the chemicals released by larvae that guide
migration, including 3kPZS [20, 29, 30], appear conserved across lampreys [29, 31, 32, 33].
However, the evolution of 3kPZS as a sexual signal is less clear. Parsimony, with gains and
losses weighted equally [42], supports either a gain of sexual communication with 3kPZS in the
common ancestor of Petromyzon and Ichthyomyzon followed by a loss of 3kPZS communication

in 1. unicuspis, or independent gains of 3kPZS communication in P. marinus and I. castaneus.

We postulate that 3kPZS communication evolved independently in P. marinus and I.
castaneus. I. unicuspis likely use 3kPZS released by larvae to locate suitable rearing habitat
during their migration [20], but, based upon our results, do not detect 3kPZS with olfactory
mechanisms distinct from those used to detect PZS. A loss of distinct olfactory mechanisms for
3kPZS due to relaxed selective pressures in I. unicuspis is unlikely as 3kPZS is an important
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chemical cue. Likewise, if some selective force acted against communication with 3kPZS in I.
unicuspis, perhaps hybridization with 3kPZS signalling P. marinus or I. castaneus [43], .
unicuspis would conceivably exhibit a negative or neutral response to 3kPZS rather than the
observed positive response [20] mediated by a less-specific detection mechanism. Furthermore,
independent gains of 3kPZS communication in P. marinus and I. castaneus seem plausible as the
required changes from non-signalling to signalling are relatively simple; the detection
mechanisms and a non-sexual preference, and the production and release mechanisms, were
likely already present (above discussion) [20]. Sexual selection need only drive the strengthening

of existing female preferences and exaggeration of existing male traits.
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Figure 2-3. Phylogenetic tree [28] illustrating 3-keto petromyzonol sulfate (3kPZS)
communication traits examined in this study. All genera of lamprey are included but species is
indicated for only those species sampled. Squares represent olfactory sensitivity to 3kPZS,
circles represent non-sexual preference for 3kPZS, rectangles represent male signalling with
3kPZS, and triangles represent sexual preferences for 3kPZS. Black fill indicates presence of a
trait, white indicates absence of a trait. Absence of a shape indicates that data are not available
for that taxon. Olfactory sensitivity of Entosphenus tridentus was determined in Robinson et al.
[32] and Yun et al. [29]. Families of lamprey are indicated on the right.
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Possible convergence on communication via 3KPZS is unlikely to translate to a broader
convergence of the chemical ecology of P. marinus and I. castaneus. Polygynous mating in P.
marinus, during which males aggressively defend nests against other males, likely places strong
selective pressure on individual males to signal to females with 3kPZS, which only elicits a
sexual preference response in females [44, 20]. However, |. castaneus, like most lampreys, are
polygynandrous and spawn in large mixed-sex aggregations in which male-competition is
presumably in the form of sperm investment or male-aggressiveness on the nest [45]. The odour
of individual males will mix thoroughly on a spawning nest, making male competition via
pheromones unlikely in polygynandrous species [20]. Communal spawning in I. castaneus
combined with our observation of sexually monomorphic preferences for 3kPZS provides
evidence that, in I. castaneus, 3KPZS facilitates aggregation of males and females rather than

directly influencing female choice of males.

A male sexual signal that elicits responses in females and other males is a perplexing
mechanism for a male to gain access to females. Nonetheless, reproductive aggregation
pheromones, defined as chemical stimuli that elicit bi-sexual attraction in conspecifics, are
reported in snakes [46, 47] and many arthropods [48] and hypothesized in fish [49]. Possible
non-exclusive explanations for reproductive aggregation pheromones include (i) male
exploitation of a perceptual bias present in both males and females [49], (ii) an agonistic function
underlying male preference for male odour [46, 47], (iii) male exploitation of others’ signals that
are directed towards females and, (iv) increased male success with the presence of other males
[48]. A perceptual bias can explain the origin of sexually monomorphic preference for 3kPZS we
observed in I. castaneus, as both males and females undertake a migration guided by larval

odour and, in part, 3kPZS [19, 30]. However, sexual selection has strengthened the preferences
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of male and female 1. castaneus past the original perceptual bias, as observed in female P.
marinus (CO Brant, unpublished). Which selective pressures drove strengthening of sexually
monomorphic preferences for 3kPZS in 1. castaneus? Male I. castaneus are not reported to
exhibit agonistic behaviours during spawning [45], rejecting an agonistic function underlying
male preference for 3kPZS. Hence, males are likely either eavesdropping on other males in the
effort to locate females or realize an increase in reproductive success when spawning with a

group of males, possibly through an enhanced composite signal.

Why male I. unicuspis have not evolved to exploit female preference for 3kPZS remains
unclear. Our hypothesis that less pressure on individual males to signal to females precludes the
evolution of male signalling in polygynandrous species [20] was not supported; the only species
other than P. marinus that was found to use 3kPZS as a sexual signal, I. castaneus, is a
polygynandrous species. Male 1. unicuspis would seemingly realize the same benefits of 3kPZS
signalling as male 1. castaneus, given the species share similar mating strategies (polygynandry).
Considering the major divergence in life history between I. castaneus and I. unicuspis, whether
parasitic adults undertake the full emigration downstream to lakes (1. unicuspis) or only a partial
emigration downstream to higher order streams (. castaneus), may hint at why I. unicuspis do
not communicate with 3kPZS. For example, the smaller size of I. castaneus relative to 1.
unicuspis (~60% smaller by weight; table 1), possibly a result of preying upon smaller and less
abundant stream-dwelling fishes, may place selective pressure on males to exaggerate signalling
to females. Small size can constrain the traits used by males to communicate [51, 52], and result
in males compensating for their size with an exaggerated signal [53]. The baseline odour of each
species, before any chemical traits became exaggerated under sexual selection, was likely less

potent for I. castaneus than 1. unicuspis based solely on small size. While male groups of 1.
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unicuspis might have a baseline odour potent enough to guide females to nests, male |. castaneus
may have insufficient baseline odours and in turn need to signal nest locations to females. The
larger size of male I. unicuspis combined with the communal spawning strategy may translate
into less pressure on individuals to signal to females, and result in higher investment into other

areas, such as sperm production.

In conclusion, we present a rare phylogenetic comparison of pheromone signalling in
vertebrates. We postulate that a sensory trap resulted in convergent evolution of a lamprey
mating pheromone, but further investigations on the underlying mechanisms of 3kPZS release
and detection in P. marinus and I. castaneus are needed to lend further support to convergence
rather than loss in 1. unicuspis. Our results indicate that shared constraints can be more important
in shaping signal evolution than divergent selection or random processes. Finally, we suggest the
chemical communication system of lampreys offers a useful system to study vertebrate chemical
communication, which may result in useful tools for the management of invasive and imperilled

species throughout the world [54].
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CHAPTER 3

PARTIAL OVERLAP OF A MULTI-COMPONENT MATING PHEROMONE IN
LAMPREYS
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ABSTRACT

Animals rely on a mosaic of complex information to find and evaluate mates. Multi-component
chemical signals (pheromones) are particularly important for species-recognition in many animal
species. While the evolution of species-specific pheromone blends is generally well-described in
some insects, very few vertebrate pheromones have been studied in a macro-evolutionary
context. Here, we report a phylogenetic comparison of the multi-component pheromone in
lampreys. Chemical profiling of sexually mature males from eleven species of lamprey,
representing six of ten genera and two of three families, indicated the chemical profiles of males
are partially shared across species. Behavioural assays conducted with four species sympatric in
the Laurentian Great Lakes indicated asymmetric female responses to heterospecific odours,
where Petromyzon marinus were attracted to male odour collected from all species tested but
other species generally preferred only the odour of conspecifics. Electro-olfactogram recordings
from P. marinus indicated that although P. marinus exhibited behavioural responses to odours
from males of all species, at least some of the compounds that elicited olfactory responses were
different in conspecific male odours compared to heterospecific male odours. Our results
indicate partial overlap of mating pheromones among lampreys, and represent a rare

phylogenetic comparison of multi-component mating pheromones in a vertebrate.
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INTRODUCTION

Mate search and assessment is guided by a mosaic of multi-modal and -component information
originating from potential mates (Andersson, 1994; Candolin, 2003; Bradbury and VVehrencamp,
2011). Individual cues within a complex display can provide redundant or distinct information
(Bradbury and Vehrencamp, 2011). Multiple sources of information can be important for
species-recognition, as common ancestry and selective pressures can result in particular traits
being important for mate choice across species (Pfennig, 1998; Candolin, 2003). For example,
size is an important trait for mate choice in several swordtail species (Xiphophorus phygmaeus
and X. nigrensis), but olfactory cues guide species recognition (Hankison and Morris, 2002;
Crapon de Camprona and Ryan, 1990). Complex sexual signals that mediate species-recognition
can be particularly important in closely related sympatric species (Gerhardt, 1994; Hobel and
Gerhardt, 2007). However, even partial overlap in the traits involved in mate search and choice
can result in potentially lower fitness through reproductive interference (Crapon de Camprona

and Ryan, 1990; Groning and Hochkirch, 2008).

Chemical communication is often considered to employ signals that mediate species
recognition (Endler 1993, Wyatt 2014). Pheromones, defined as chemicals that elicit a specific
reaction when detected by conspecifics (Karlson and Luscher, 1959), are often comprised of
species-specific blends of multiple components (Wyatt 2014). Species-specific pheromone
blends are hypothesized to evolve through either gradual transitions or major “saltational” shifts
(Symonds and Elgar, 2007), which will result in different degrees of pheromone overlap between

species. For example, the major component of the pheromone blend in scarab beetles (Anomala
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albopilosa and A. cuprea) is shared between species, while minor components are species-
specific (Leal et al., 1996). In contrast, pheromone blends of closely related bark beetles
(Dendroctonus and Ips sp.) are equally as different in distantly and closely related species
(Symonds and Elgar, 2004). While the evolution of species-specific pheromone blends in insects
is increasingly well-described (Symonds and Elgar, 2007; Steiger et al., 2011), similar
macroevolutionary studies of vertebrate pheromones are underrepresented (Symonds and Elgar,

2007).

Petromyzon marinus is a jawless vertebrate that uses a multi-component pheromone
during reproduction (Teeter et al., 1980; Li et al., 2002; Johnson et al., 2012). P. marinus resides
in streams as juveniles for several years, emigrate to the Laurentian Great Lakes or Atlantic
Ocean to parasitize on fish, and return to streams for their single spawning season. The odours of
stream-resident larvae guide adult P. marinus during their migration from lakes or the Atlantic
Ocean into spawning streams (Teeter, 1980; Vrieze and Sorensen, 2001). Upon reaching the final
stages of sexual maturation, males construct nests and signal to females with an odour that elicits
upstream movement and nesting behaviours in females (Li et al., 2002; Johnson et al., 2009;
2012). The major component 7a, 12a, 24-trihydroxy-5a-cholan-3-one-24-sulfate (3-keto
petromyzonol sulfate, 3kPZS) guides female movement over long-distances to the nest (Li et al.,
2002; Johnson et al., 2009). Additional minor components that retain females in the area of the
nest and elicit nesting behaviours remain unidentified (Johnson et al., 2012), but may include
3,12-diketo-4,6-petromyzonene-24-sulfate (DKPES; Li et al., 2013) and petromyzestrosterol (Li

etal., 2012).

The chemical cues and pheromones of P. marinus appear partially conserved across the

Petromyzontiformes. Many of the 41 species of lamprey occur in sympatry with one or more
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other species (Potter et al., 2015). The larval-released migratory cue appears to be an
unspecialized metabolite that is conserved across lamprey species (Fine et al., 2004; Yun et al.,
2003; Yun et al., 2011; Robinson et al., 2009; Buchinger et al., 2013). Similar habitat preferences
for rearing and spawning conceivably preclude strong selective pressure for a species-specific
migratory cue (Dawson et al., 2015; Johnson et al., 2015). In contrast, sexual signalling with the
major component 3KPZS appears restricted to P. marinus and Ichthyomyzon castaneus (chapter
2). However, frequent observations of heterospecific spawning nests indicate unknown
components of the pheromone blend may be partially shared among species (Cochran et al.,

2008; Johnson et al., 2015).

Here, we report a phylogenetic comparison of male odours across lampreys. Based upon
observations of heterospecific mating events, we hypothesized that male pheromone components
exhibit partial overlap between species. According to our hypothesis, we predicted 1) partial
overlap of the chemical profiles of sexually mature males, 2) behavioural responses of females
for the odour of both conspecific and heterospecific males, and 3) olfactory sensitivity to
conspecific and heterospecific male odours. We determined 1) the chemical profiles across
eleven species of lamprey, 2) the female responses to conspecific and heterospecific male odours
in species sympatric in the Laurentian Great Lakes, and 3) the olfactory responses of P. marinus
to male odours of species sympatric in the Laurentian Great Lakes. Our results indicate partial
overlap the pheromone blend among species, and represent a rare phylogenetic comparison of

multi-component mating pheromones in a vertebrate.
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METHODS

Experimental animals

Use of experimental animals and approaches were approved by the Michigan State
University’s Animal Use and Care Committee (Approval #’s 4/10-043-00, 02-13-040-00).
Lampreys were collected using U.S. Fish and Wildlife Service sea lamprey control traps,
backpack electroshocking, fyke nets, and by dip-nets (Table 3-1). Classification of species
followed Renaude (2011). Sexual maturation was evaluated by the expression of eggs
(ovulation) or milt (spermiation) upon gentle manual pressure (Siefkes et al., 2003). Chemical
profiling was completed in 11 species because the release of chemicals as possible odorants was
most important per our hypothesis and more logistically feasible than behavioural and olfactory

assays.

Male chemical profiles

Complete chemical profiles of sexually mature males were determined for eleven species
of lamprey from six genera and two families (Table 3-1; chapter 2). Odours were sampled by
collecting the holding waters from individual sexually mature males (Buchinger et al., 2013).
Samples were also collected from sexually immature males for comparison, except in P.
marinus, I. castaneus, and Lampetra aeryptera, due to unavailability of experimental animals. A
single male was held in 5 L of aerated deionised water for 2 hr, after which 10 ml of water was
sampled, and stored at less than -20 °C for subsequent analysis. Six replicates were sampled,
except for sexually mature Geotria australis (n=4), I. castaneus (n=5), and sexually immature

Entosphenus tridentus (n=3; Table 3-1). Admittedly, chemical profiling does not directly
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implicate species similarities or differences in the compounds that are behaviourally active
pheromones. However, chemical profiling reveals which compounds are in the water and
available to the female olfactory system. Furthermore, our comparison was limited to compounds
released by sexually mature males by contrasting profiles of sexually mature males against
immature males, and hence the observed chemical profiles include likely candidates for chemical

cues.

78



Table 3-1. Pheromone sampling from males in eleven species of Petromyzontiformes. Weight and length represent the mean weight

and length, and se is the standard error of the mean.

genus species maturity location N weight (se) length (se) collection method
Geotria australis mature  Canterbury, NZ 4 164.36 (22.21) 488.25(26.21) hand
immature  Southland, NZ 6 149.10 (3.07) 564.50 (4.29) net
Ichthyomyzon  unicuspis mature Michigan, USA 6 41.22 (4.72) 248.67 (7.94) trap
immature  Michigan, USA 6 47.76 (4.21) 270.00 (10.61) trap
fossor mature Michigan, USA 6 2.90 (0.22) 113.50 (1.73) electrofishing
immature  Michigan, USA 6 5.43 (0.73) 126.17 (4.11) electrofishing
castaneus mature Michigan, USA 5 33.26 (3.00) 239.4 (9.74) hand/trap
Petromyzon marinus mature Michigan, USA 6  177.83(19.15) 443.83(10.98) trap
Entosphenus  tridentus mature Oregon, USA 6 336.83(18.05) 554.33(11.16) net
immature Oregon, USA 3 392.33(20.63) 578.33(9.21) net
Lethenteron  appendix mature Michigan, USA 6 3.94 (0.17) 137.17 (1.19) hand
immature  Michigan, USA 6 4.59 (0.59) 149.00 (6.57) hand
camtschaticum mature Jilin, China 6 101.09 (12.03) 390.00 (12.96) net
reisneri mature Liaoning, China 6 7.04 (0.82) 167.83 (7.25) electrofishing
morii mature Liaoning, China 6 28.49 (1.13) 261.83 (3.85) net
immature  Liaoning, China 6 37.16 (3.65) 288.00 (6.05) net
Lampetra aeryptera mature Indiana, USA 6 7.51 (0.68) 156.50 (4.04) electrofishing
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Complete chemical profiles were determined using ultra-performance liquid
chromatography (UHPLC) and high resolution mass spectrometry (HRMS). Water samples were
evaporated using a CentriVVap Cold Trap with CentriVap Concentrator (Labconco Co. Missouri,
USA) and reconstituted in 50% HPLC-grade methanol. Aliquots (10 puL) of concentrated water

samples were injected into a Waters Acquity UPLC coupled to a Xevo G2-S™

Q-Tof system
(Waters Corporation, Milford, MA, USA). Metabolites were separated using an ACQUITY Cgg
BEH UPLC column (2.1 x 100 mm, 1.7 pm particle size; Waters Corporation; 30 °C), with a
mobile phase of acetonitrile (A) and water (B). The gradient elution used a flow rate of 300
pL/min for 10 min and the following gradient program: 20% A for 1 min; increased to 100% A
from 1 to 7 min; maintained at 100% A from 7.01 to 9.0 min; decreased to 20% A at 9.01 and
maintained for 10 min until column equilibrium. The needle was washed with 80% methanol
twice after each injection to prevent cross-contamination of samples. Mass spectrometry was
performed on negative electrospray ionization mode. A full scan MS analysis of samples was
conducted by recording spectra with mass to charge rations (m/z) between 100-1000, and with a
resolution of +/- 0.05 Da. Nitrogen gas was used as the desolvation gas (600 L-h™*) and the cone
gas (50 L-h™). Argon gas was used as the collision gas at a pressure of 5.3 x 10" Torr. The
source and desolvation temperatures were 102 and 400 °C, respectively. The cone voltage and
capillary voltage were set to 30 V and 2.8 kV, respectively. The collision energies for collision-
induced dissociation were 5 and 40 eV for the MS spectrum and MS/MS spectrum, respectively.
The scan time was set at 0.2 s, with an interscan delay of 0.5 s. The LockSpray ™ dual
electrospray ion source with internal references used for these experiments was leucine

enkephalin at a concentration of 100 ng/ml. Lock-mass calibrations at m/z 554.2615 in negative

ion mode were used for the complete analysis. UHPLC HRMS yielded a list of intensities of the
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detected peaks identified by the corresponding retention times and mass data pairs. The ion
intensities for each peak detected were then normalized within each sample by the sum of the
peak intensities in that sample, with a total intensity of 10,000. Hence, the end metric for each

peak is a magnitude relative to the other peaks in the sample, out of 10,000.

The chemical profiles of males were filtered by eliminating peaks that had a normalized
peak intensity less than 10 (<0.1% of the total peak intensity). The remaining peaks were
compared against a control group. Controls were samples collected from sexually immature
males of each species, except for P. marinus, and L. aeryptera which were compared to blank
water, I. castaneus which was compared to sexually immature male I. unicuspis, and L.
camtschaticum and L. reisneri which were compared to sexually immature males of the closely
related L. morii. The proportional intensities of each peak were arcsine squareroot transformed to
meet assumptions of the distribution and differences between the peaks in male samples and
control samples were evaluated using one-way t-tests (a.= 0.1).We did not control for multiple
comparisons with a post-hoc adjustment because our goal was a conservative removal of peaks
that were detected in control and mature male samples. A multivariate factor analysis was
conducted to determine if species could explain variation in the detected peaks. The factanal()
function in R was used to reduce peaks to factors (R-core team, 2014). The number of factors to
extract was determined using a Scree plot. A multivariate analysis of variance (MANOVA; o =
0.05) was used to determine if there was a difference in each factor across species and post-hoc t-
tests with a Benjamini and Hochberg (1995) adjustment were used to evaluate differences

between species (o = 0.05).

UHPLC-HRMS provides the relative intensity of peaks with a given retention time and

mass-charge (m/z) ratio, but does not provide structural information about the peak or allow a
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particular peak to be attributed to specific compounds. Hence, UHPLC-HRMS allows us to test
our hypothesis that species exhibit overlap in male chemical profiles, but does not identify the

specific compounds released by males.

Behavioural responses to male odours

Two-choice behavioural assays were used to evaluate female responses to conspecific
and heterospecific male odours when compared to no odour (Siefkes et al., 2005; Buchinger et
al., 2013; chapter 2). Behavioural responses were evaluated for sympatric 1. unicuspis, 1. fossor,
P.marinus, and L. appendix based upon availability. Experimental assays were constructed
adjacent to the Little Ogcueoc River, Presque Isle County, Michigan, USA in June and July 2012
and 2013, and the upper Oqcueoc River Presque Isle County, Michigan, USA in July 2014, and
supplied with river water. The Oqcueoc River system was selected for use during behavioural
assays because a barrier prevents colonization by lampreys, which allows for water void of
lamprey pheromones. Experimental apparatus for each respective species were based upon the
design used for P. marinus (Siefkes et al., 2005) but approximately scaled for size-differences

between species (Figure 3-1; Buchinger et al., 2013; chapter 2).
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I m

Figure 3-1. Behavioural assays used to evaluate female responses to conspecific and
heterospecific odours. The design and methods similar to (Li et al., 2002), but dimensions were
adjusted based upon the size of the test species (Buchinger., 2013). a) Assay used to evaluate
responses of Ichthyomyzon fossor and Lethenteron appendix. b) Assay used to evaluate
responses of Ichthyomyzon unicuspis. ¢) Assay used to evaluate responses of Petromyzon
marinus. Arrows denote the direction of flow.
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An experiment began when a single lamprey was placed into the downstream end of the
flume. Following a 5 min acclimation, the time a lamprey spent in each channel was recorded
while no odour was applied to either side. After 10 minutes of recording, an odour was
introduced to one channel for 5 min without recording the lamprey’s behaviour. Lastly, the time
spent in each channel was recorded for 10 minutes while an odour was applied to one channel.
Odours were collected from sexually mature conspecific and heterospecific male lampreys.
Immediately prior to an experiment, donor males were held in 3 L of aerated river water for 15
min. Conspecific odours were collected from a group of 4 males for all species. Females do not
exhibit a preference for the odour of several males verses the odour of a single male at a similar
concentration (Luehring 2007). The number of heterospecific donor males was adjusted
proportionally based upon the experimental species and hence the size of the apparatus (Table 3-
2). For example, responses of I. unicuspis for male P. marinus odours were tested in an apparatus
half the size of that used for P. marinus with two male P. marinus as odour donors.
Standardizing heterospecific odours by weight, a common approach in chemical ecology, may
not be meaningful because of the large differences in weight between species. For example, the
equivalent weight of four P. marinus requires an ecologically irrelevant 260 I. fossor or L.
appendix. Hence, the odour concentrations used may differ in concentration by some
undeterminable amount, but no other method of standardization was appropriate, and the method
used creates ecologically relevant concentrations. After recording the time spent in the control
and experimental channels before odour application (bc, be), and after odour application (ac, ae),
an index of preference (i) was calculated for each test (i = [ae/(ae + be) - ac/(ac + bc)]. The
indices of preference were evaluated using a Wilcoxon signed-rank test (o = 0.05; Li et al.,

2002).
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Table 3-2. Details on the experimental assay and odour sources for behavioural assays used to
evaluate female attraction to conspecific and heterospecific male odours. test species = the
species being observed for behavioural responses. assay = the assay size used to evaluate
responses, adjusted for size of focal species. Letters correspond to one of three assays (Figure 3-
1). odour species = the species from which male odours were collected. number of males = the
total number of males used to collect odours, adjusted for size of donor species.

test species assay  odour species  number of males
Icthyomyzon unicuspis b I. unicuspis
. fossor
|. castaneus
P.marinus
L. appendix
. fossor a . fossor
I. unicuspis
. castaneus
P.marinus
L. appendix
Petromyzon marinus c P.marinus
I. unicuspis
. fossor
. castaneus
L. appendix
Lethenteron appendix a L. appendix
I. unicuspis
. fossor
|. castaneus
P.marinus

PRNONBRNMFoFoRBRRNDNAOOND SN
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Olfactory responses to male odours

Electro-olfactogram (EOG) recordings from P. marinus were used to determine if male
odours from sympatric lampreys elicited olfactory responses, and if the olfactory mechanisms
used were the same for odours from different species (Li et al., 1995). Responses to male odours
from P. marinus, I. unicuspis, I. fossor, I. castaneus, and L. appendix were recorded. For EOG
recordings, a sexually immature male or female lamprey was anesthetized using 3-aminobenzoic
acid ethyl ester (50mg I™; MS222; Sigma), immobilized with an intra-muscular injection of
gallamine triethiodide (1mg kg™; Sigma), and secured in a Plexiglas trough while their gills were
continuously perfused with aerated water containing anaesthetic. Immature lamprey were used
because measurement of olfactory sensitivity with EOG recordings becomes less robust as
lampreys become sexually mature (Li, 1994), likely a result of lamprey nearing the end of their
life. A recording electrode placed between olfactory lamellae and a reference electrode placed on
the skin recorded olfactory responses. Electrical signals were filtered and amplified using a
NeuroLog filter and pre-amplifier (Digitimer Ltd., Hertfordshire, England), integrated using an
Axon Instruments Digidata system (Molecular Devices, CA, USA), and stored and processed on

a PC with Axon Instruments Axoscope software.

Male odours collected with the same methods as chemical profiling were used to
determine olfactory responses of P. marinus to heterospecifics. After holding individual males in
5L for 2 hr, 1 L of water was collected and stored at less than -20 °C. Samples were freeze-dried
using a FreeZone Plus freeze dry system with a bulk tray dryer (Labconco Co. Missouri, USA),
the bottle rinsed with 20 ml methanol, evaporated using a CentriVap Cold Trap with CentriVap
Concentrator (Labconco Co. Missouri, USA), and reconstituted in 1 ml 50% methanol (v:v).

Samples were pooled across 3 males within each species before use in experiments.
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Sensitivity to conspecific and heterospecific male odours was evaluated by determining
concentration-response curves to pooled samples. The concentration of male odour in the
original 1L sample was recreated by diluting 10 pl of the 1 ml sample in 10 ml water, which was
then serially diluted down to a 1:10" dilution. The lowest concentration at which responses to a
stimulus were significantly larger than those to the control (paired t-test, o =0.05) was considered
to be the threshold of detection (Siefkes and Li, 2004). Concentration-response curves were
determined for 6 individuals. The order in which lamprey were exposed to the odours of each
species were randomized. Responses were normalized by the response to L-arginine at 1x10°M

(Siefkes and Li 2004).

The specificity with which P. marinus detect conspecific and heterospecific odours was
determined using cross adaptation experiments (Caprio and Byrd, 1984). Cross adaptation
experiments record the responses to a stimulus while the epithelium is saturated with second
stimulus (the adapting stimulus). Cross-adaptation experiments were conducted on 5 individuals.
Experiments were conducted with concentrations that were equipotent across stimuli, as
determined in preliminary experiments (P. marinus = 1:10% |. castaneus = 1:10, L. appendix =
1:5, I. unicuspis = 1:1, and I. fossor = 1:1). The experiment began by recording the response to
the adapting stimulus. While saturated with the odour of P. marinus, the olfactory epithelium of
a fish was exposed to 1) 2x the odour of P. marinus (self-adapted control; SAC), 2) 1x P.
marinus odour + 1x I. unicuspis odour, 3) 1x P. marinus odour + 1x I. fossor odour, 4) 1x P.
marinus odour + 1x I. castaneus odour, and 5) 1x P. marinus odour + 1x L. appendix odour.
Second, while saturated with the odour of each individual heterospecific species, the olfactory
epithelium of a fish was exposed to 1) 2x the heterospecific odour, 2) 1x the heterospecific odour

+ 1x P. marinus odour. The responses to the SAC and the Mix were normalized by the response
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to the adapting stimulus, and evaluated for differences by an ANOVA and paired t-tests (o =
0.05). A difference between the response to the SAC and the Mix indicates the odours are

detected by distinct olfactory mechanisms.
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RESULTS

Male odour profiles

The chemical profiles of sexually mature males were partially shared among species
(Figure 3-2). Chemical profiling yielded 317 peaks in male odours across all species. Of the 317
peaks, 67 were detected at a relative concentration of 0.1% in more than 1 individual per species.
The 67 peaks were further filtered by a conservative removal of peaks detected at similar or
lower magnitudes in control samples (one-way t-test, 0=0.1). Additional peaks possibly detected
at a magnitude greater than in the control (one-way t-test, 0=0.15) were retained in E. tridentus
due to the small sample size for immature males (n = 3) and the resultantly low power. In total,
chemical profiling yielded 50 peaks that were at least moderately higher in sexually mature male
water samples. Each species had at least 1 unique peak in the highest 3 compared to other
species’ highest 3 peaks. However, the highest 3 peaks within each species were detected at a
relative magnitude of 0.1% or higher in at least one other species (Figure 3-2). The factor
analysis reduced the 50 peaks to 5 factors that explained a total of 33.1% of the variance between
species (Table 3-3, Figure 3-3). Factors 1- 3 were significantly different among species
(MANOVA, p < 0.05; Table 3-3), while factors 1 and 2 were not (MANOVA, p > 0.05; Table 3-
3). Between-species comparisons indicate Factor 1 differentiated G. australis from all other
species, but differences in other factors were not clearly differentiated based upon phylogenetic
relationships (Table 3-3). Taken together, the results indicate that some of the major constituents
of male odour may be species-specific, but the whole odour but exhibits substantial overlap in

the chemical profiles.
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Figure 3-2. Phylogenetic tree (Potter et al., 2015) illustrating the distribution of the highest three
peaks from each individual species. The highest three peaks for each individual species different
between mature male samples and control samples are presented (peak). Retention time and the
mass to charge ratio (m/z) are unique identifiers of a signal, but cannot be used to conclusively
identify a compound as our method does not provide information on chemical structure. Black
boxes represent peaks that had intensities significantly higher than the control (one-way t-test, a
=0.1). Grey boxes represent peaks that had intensities that were not significantly higher than the
control, but had an average intensity higher than 10 (0.1% of the total peak intensity). White
boxes represent peaks that were not significantly different from the control or were detected at an
average intensity less than 10. In total, 67 peaks had magnitudes greater than 0.1% the total peak
area.
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Figure 3-3. Results from the factor analysis on 50 peaks found to have higher intensities in sexually mature male water samples
compared to controls. A multivariate analysis of variance indicated differences between species for factors 1, 2, and 3 (p <0.001).
species abbreviations = Ga: Geotria australis, lu: Ichthyomyzon unicuspis, If: I. fossor, Ic: I. castaneus, Pm: Petromyzon marinus, Et:
Entosphenus tridentus, Lap: Lethenteron appendix, Lc: L. camtschaticum, Lr: L. resneri, Lm: L. morii, Lae: Lampetra aepyptera.
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Table 3-3 Results from the factor analysis on 50 peaks found to have higher intensities in sexually mature male water samples
compared to controls. A scree plot indicated 5 factors should be retained. loadings = the 3 peaks with the most influence (loading) on
each factor. variance = the proportion of variance explained by each factor. species effect = significance of species effects on factor
scores as determined using a multivariate analysis of variance (MANOVA). species overlap = grouping of species based up factor
scores as determined using pairwise t-tests followed by a Benjamini and Hochberg (1995) adjustment (a=0.05). species abbreviations
= Ga: Geotria australis, lu: Ichthyomyzon unicuspis, If: 1. fossor, Ic: I. castaneus, Pm: Petromyzon marinus, Et: Entosphenus
tridentus, Lap: Lethenteron appendix, Lc: L. camtschaticum, Lr: L. resneri, Lm: L. morii, Lae: Lampetra aeryptera.

loadings ) species effect species overlap
factor variance
peaks loading F (ndf,ddf) p-value group a group b groupc  group d
1 109  0.965 0.108 27.80 lu, If, Ic, Ga
(10,52) <0.001 Pm, Et,
71 0.946 Lap, Lc,
83 0.916 Lr, Lm,
Lae
2 13 0.745 0.078 26.554 <0001 Ga, lu, If, Ga, lu, If, Lc, Lr Lc, Lm
(10,52) ' Ic, Pm, Et, Lap
105 0.674 Lae
63 0.56
3 98 0.721 0.059 4,712 Ga, lu, If,  Ga, lu, Ic, Ic, Pm,
(10,52) <0.001 Ic, Pm, Pm, Lc, Lr, Et, Lc,
67 0.718 Lap, Lc, Lae Lr, Lae
95 0.443 Lr,Lm
4 129  0.992 0.044 1.153 NA
(10,52) 0.3432
147 0.589
153  0.395
5 69 0.773 0.043 1.572 NA
(10,52) 0.1416
82 0.641
105 0.482
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Behavioural responses to male odours

Female responses to male odours were partially species-specific (Figure 3-4). Females
of every species tested responded to conspecific male odours, indicating a common role of male-
released mating pheromones (Wilcoxen signed-rank tests, p < 0.05). Female L. appendix showed
no response heterospecific odours compared to no odour. Female 1. unicuspis and I. fossor were
attracted to the odour of males from the each other, but not the odour of male I. castaneus, P.
marinus or L. appendix. Female P. marinus were attracted to male odours from all species tested

(Wilcoxen signed-rank tests, p < 0.05; Figure 3-4).
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Figure 3-4. Behavioural responses of female lampreys to conspecific and heterospecific male
odours as determined using two-choice behavioural assays comparing male odour to no odour.
Index of preference = [ae/(ae + be) - ac/(ac + bc)], where bc is the time spent in the control
channel before odour was applied, be is the time spent in the experimental channel before odour
was applied, ac is the time spent in the control channel after odour was applied and ae is the time
spent in the experimental channel after odour was applied. p-values were determined using a
Wilcoxon signed-rank test (o = 0.05). n = the number of individuals tested for each experiment.
a) responses of Ichthyomyzon unicuspis to I. unicuspis, I. fossor, 1. castaneus, Lethenteron
appendix, and Petromyzon marinus. b) responses of I. fossor to I. unicuspis, I. fossor, L.
appendix, and P. marinus. c) responses of P. marinus to I. unicuspis, I. fossor, I. castaneus,
L.appendix, and P. marinus. d) responses of L. appendix to I. unicuspis, I. fossor, I. castaneus, L.
appendix, and P. marinus.
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Olfactory responses to male odours

Olfactory responses of P. marinus were different depending upon the species of male
odour donors (Figures 3-5 & 3-6). Responses to the L-arginine standard and the control were
similar to previous reports (mean + se: L-arginine = 2.25 + 0.41mV,; control = 0.18 £ 0.03mV;
Siefkes and Li, 2004). Concentration-response curves for conspecifc and heterospecific odours
were exponentially shaped (Figure 3-5). The detection thresholds for male odours from P.
marinus and |. castaneus were 1:10%, and1:10 for I. unicuspis, I. fossor, and L. appendix (paired
t-tests, p < 0.05). Cross-adaptation experiments indicated male odours from each species were at
least partially distinct odours. During cross-adaptation experiments, the olfactory epithelium was
saturated with conspecific or heterospecific odours, and olfactory responses to 1) 2x the adapting
stimulus (SAC) and 2) the adapting stimulus + a second odour were measured. Adaptation to
conspecific odours did not diminish the response to heterospecific male odours; responses to the
SAC remained different from the Mix for odours from all species (F420 = 4.167, p = 0.013,
paired t-tests p < 0.05; figure 6). Likewise, adaptation to heterospecific odours did not diminish
the responses to conspecific male odours (paired t-tests p < 0.05; figure 6). Taken together,
concentration-response and cross-adaptation experiments indicate that the potency and, at least

partially, the identities of the odorants that comprise male odours differ among species.
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Figure 3-5. Concentration-response curves of Petromyzon marinus to male odours collected
from P. marinus, Ichthyomyzon unicuspis, 1. fossor, |. castaneus, and Lethenteron appendix.
Concentration-response relationships presented as semi-logarithmic plots with responses
presented as a percentage of L-arginine at 1x10°M. a) concentration-response curves of all
species tested. b) concentration-response curves of heterospecific male odours. Concentration-

response curves were determined for 6 individuals.
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Figure 3-6. Results from cross-adaptation experiments on Petromyzon marinus with odours
collected from P. marinus, Ichthyomyzon unicuspis, I. fossor, 1. castaneus, and Lethenteron
appendix. Results presented as a percentage of the unadapted response. a) SAC = self-adapted
control, I. castaneus = I. castaneus + P. marinus, I. unicuspis = I. unicuspis + P. marinus, I.
fossor = 1. fossor + P. marinus, L.appendix = L.appendix + P. marinus. b) SAC = self-adapted
control, mix = adapted stimuli + P. marinus. The species’ names below represent the adapting
stimuli. Significant differences from the SAC were determined with paired t-tests (o = 0.05).
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DISCUSSION

We present evidence that the male odour of P. marinus is partially shared among lamprey
species. Chemical profiles from all species exhibited some level of overlap with other species.
The factor analysis hinted at discrimination of species based upon chemical profiles but
explained little of the observed variance, indicating substantial overlap in the chemicals released
by males of each species. In two-choice behavioural assays, females of all species responded to
conspecific male odours, but only P. marinus responded to odours from males of all
heterospecific species. Electro-olfactogram recordings indicated that P. marinus detect at least a
subset of the odorants released by conspecific and heterospecific males with distinct receptor
mechanisms despite the observed behavioural responses to male odours from all species. Taken
together, the chemical profiling, behavioural assays, and electro-olfactogram recordings support

our hypothesis that male odours exhibit partial overlap across lamprey species.

The ecological context of our results should be considered bearing several caveats. First,
chemical profiling and EOG recordings do not directly translate into evidence for pheromone
activity. The peaks detected are likely to be specific to sexually mature males as chemical
profiles were first compared to sexually immature males. However, release of a compound by a
sexually mature male provides females the opportunity to detect a compound, but does not
directly implicate pheromone function. Similarly, the physiological ability to detect an odour,
such as that determined by EOG recordings, does not implicate the odour elicits a behavioural
response. For example, P. marinus sensitivity to 3-keto allocholic acid (3kKACA; Siefkes and Li,

2004) does not translate into a behavioural response (Johnson et al., 2012). Second, behavioural
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responses to pheromones in the laboratory can be different from those in natural environments
(Johnson and Li, 2010). The observed responses or lack of responses to odours in our two-choice
assays may not reflect female responses or lack of responses in a natural context. For example,
our assays evaluated female responses in the absence of additional cues, such as the physical
structure of the nest. Tactile cues from the structure of the nest (Johnson et al., 2015) or other
lampreys combined with partial overlap in pheromone components may act together to elicit an
association response to heterospecifics. Third, the release of pheromones can also be context-
dependent. For example, several species of fish increase urinary release of pheromones when in
the presence of mates or competitors (Appelt and Sorensen, 2007; Barata et al., 2007; Rosenthal
etal., 2011). Release of some minor pheromone components may only be high enough to be
detected when males are in the appropriate social context. Regardless, our results offer support

for partial overlap sexually mature male odours between species.

Our results indicate that components of the pheromone blend in P. marinus may have
evolved through distinct evolutionary mechanisms. Components of complex signals can have
different underlying functions and be shaped by different selective pressures (Candolin, 2003). In
P. marinus, the major pheromone component 3kPZS elicits long-distance mate search (Siefkes et
al., 2005; Johnson et al., 2009) while minor components likely facilitate close-proximity
courtship behaviours (Johnson et al., 2012). Most pheromones identified in fish are released at
relatively low rates, likely guide close-proximity spawning synchronization rather than mate
search, and are hypothesized to represent receiver adaptations (Stacey, 2015). Minor components
of the pheromone blend used by P. marinus are similarly short distance cues involved in
spawning synchronization, and conceivably represent an adaptation of receivers rather than the

adaptation of signaller hypothesized for 3kPZS communication (Buchinger et al., 2013). The
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observation that female P. marinus exhibit a behavioural response to male odours from all
species tested, including several that do not release 3kPZS, together with overlapping chemical
profiles indicates that some minor components may be conserved across species. Conserved
release of minor components across lamprey species offers indirect evidence that the role of
minor components in P. marinus pheromone communication evolved through receiver

adaptations in contrast to a signaler adaptation hypothesized for 3kPZS (Buchinger et al., 2013).

The role of pheromones in reproductive isolation between sympatric lampreys remains
unclear. Sympatric lampreys potentially face substantial decreases in fitness as a result of
reproductive interference (Groning and Hochkirch, 2008; Johnson et al., 2015). In many insects,
reproductive isolation is partially maintained through species-specific components, component
ratios, or antagonists in pheromone blends (Symonds and Elgar, 2007). The importance of ratios
in species-specific pheromone blends in vertebrates is generally poorly understood, but female P.
marinus respond to the male pheromone when the blend is incomplete and when components are
presented at various ratios (Johnson et al., 2009; 2012; Li et al. 2013). Likewise, our results,
together with field observations of heterospecific spawning nests, indicate that even partial
overlap in lamprey pheromone blends may result in attraction to heterospecific odours. Shifts in
pheromone blends of lampreys may be the result of random processes, such as mutation and
genetic drift, or differences in ecology more so than selective pressure for species-specificity
(West-Eberhard, 1983). Reproductive isolation might be maintained by minor differences in the
timing and location of spawning (Johnson et al., 2015), conspecific-directed courtship and
gamete release in a nest, or species-specific sperm chemosensation (Eisenbach, 1999; Miller,

1997).
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In conclusion, we present evidence for partial overlap of male mating pheromones in
lampreys. Chemical profiling, behavioural assays, and EOG recordings indicate the multi-
component pheromone of P. marinus is partially shared across species. Furthermore, chemical
profiling results can direct future research into pheromone identities across lampreys, which will
provide further insight into the evolution of pheromones in vertebrates and potential restoration
tools more imperilled species throughout the world (Sorensen, 2015). Lastly, we suggest P.
marinus is a useful system for the study of how sexual signals function and evolve, which
generally underrepresents chemical communication (Andersson, 1994; Coleman, 2009; Steiger et
al., 2011), particularly chemical communication in vertebrates (Symonds and Elgar, 2007;

Johansson and Jones, 2007).
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CHAPTER 4

A NAPOLEON COMPLEX IN SEA LAMPREY: INCREASED RELATIVE
PHEROMONE SIGNALLING IN SMALL MALES
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ABSTRACT

Intra- and intersexual selection favour large male body size in many animals. Signals used to
communicate with rivals or potential mates are often considered to be reliable indicators of size
due to constraints on signal production. However, small males in some animals may use signals
that unreliably portray size. The few reports of signal compensation in small males focus on
aggressive male-male interactions mediated by acoustic and visual signals. Here, we present
evidence that small male sea lamprey (Petromyzon marinus) exhibit increased relative
pheromone signalling driven by a larger pheromone-producing organ, and possible up-regulation
of pheromone synthesis. Female choice experiments in a natural environment indicate increased
pheromone release in small males likely results in higher access to mates. Our results offer rare
insight into the implications of unreliable signals on female choice, and the first evidence for

increased chemical signalling with decreasing size.
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INTRODUCTION

Intra- and intersexual selection favours large male body size in many animals [1]. Large males
can realize higher fitness through higher fecundity [2], better access and defence of quality
resources [3], or higher-magnitude signals [4]. Signals used to communicate with rivals or
potential mates are often considered reliable indicators of size due to constraints on signal
production [4, 5]. However, small males in some animals may use signals that unreliably portray
size [6]. The few reports of signal compensation in small males are limited to acoustic and visual
signals involved in aggressive male-male interactions [6, 7]. Signal compensation by small
males has not been investigated in the context of female choice, or in any chemical signalling

system mediating male-male interactions or female choice.

Here, we report evidence that small male sea lamprey (Petromzon marinus) have
increased relative pheromone release and may realize higher access to females as a result. Male
sea lamprey signal to females with a sex pheromone 7a, 12 a, 24-trihydroxy-5 o -cholan-3-one-
24-sulfate (3-keto petromyzonol sulfate, 3kPZS) [8], which is a bile acid synthesized in the liver
and released via the gills into the water [9, 10]. Given an expected proportional increase in liver
weight with increasing body weight [11], larger males presumably benefit from a larger absolute
pheromone signal. We evaluated the effect of male size on 3kPZS release and production in
males of a wide range of body sizes, and the consequences of size-related pheromone differences

on access to mates using female choice assays in a natural stream.
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METHODS

Experimental animals

Sea lamprey were provided by the U.S. Fish and Wildlife Service, held at the U.S.
Geological Survey’s Hammond Bay Biological Station, and used with approval from Michigan
State Universities Animal Use and Care Committee (Approval # 02/13-040-00). Sea lamprey
were held in stream cages to induce sexual maturation. Sexual maturation was determined based
on gentle expression of eggs (ovulation) and milt (spermiation) gametes [9]. Experiments were

conducted with sexually mature sea lamprey.

Pheromone signalling

Pheromone release was evaluated in 87 sexually mature males ranging from 360-555 mm
in length and 63-345 g in weight (length = 467.45 £ 4.29 mm, weight = 208.13 £ 6.18 g,
meanzse) using established methods [12]. An individual male was held in 5 L of aerated
deionized water for 2 h, after which 50 ml of water was collected, spiked with 5 ng 5-deuterated
3kPZS ([?Hs] 3kPZS) as an internal standard, and frozen at -20°C for subsequent analysis.
Pheromone production was determined from a subset of 56 of the males sampled for pheromone
release ranging from 380-555mm in length and 100-345¢g in weight (length = 475.1 + 4.94 mm,
weight = 222.34 + 7.5 g, meanzse). Males were euthanized using an overdose of tricaine
methanesulfonate (MS222; Sigma-Aldrich, St. Louis, MO, USA), the hepatosomatic index (HSI)
was recorded ([liver weight/ total weight] X 100), and liver and gill tissues stored at -80°C.
Tissue samples were spiked with 500 ng [?Hs] 3kPZS and pheromones were extracted using
described methods [10]. 3kPZS and its hypothesized precursor 3a,7a,12a,24-tetrahydroxy-5a-

cholan-24-sulfate (petromyzonol sulfate, PZS)[10] were quantified using ultra high performance
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liquid chromatography with tandem mass spectrometry (UHPLC-MS/MS)[12]. The relationship
between HSI and size was evaluated using a Spearman’s rank correlation, and the effects of size

were estimated using linear-regression in R [13].

Behavioural assays

In-stream behavioural assays were used to evaluate female preference for the odour of
large versus small males. Behavioural assays were conducted 27June2015-3Aug2015 using an
established method and river reach [14]. Briefly, female entry into side-by-side spawning nests
constructed in the upper Ocqueoc River, MI, USA was monitored using visual observations and

a passive integrated transponder (PIT, Oregon RFID; www.oregonrfid.com) array that detected

23mm PIT tags fitted to females. Odour application to constructed spawning nests began 30 min
prior to an experiment, after which females were released from 45 m downstream and observed
for 1.5 h. Odours were collected by holding 42 individual males in 3 L of water for 2 h (small:
N=21, 120.31 £ 6.27 g, 379.48 = 7.99 mm; large: N=21, 269.75 + 7.59 g, 492.95 + 4.84 mm;
mean + se). Three groups of males were used for odour collection; one set of 30 males and, due
to unforeseen needs for additional odours, a second and third set of eight and four males,
respectively. Odours from equal numbers of males were combined across both size groups
(experiment 1; mixture) or combined according to male size (experiment 2; large vs small), and
were stored at -20°C. Experiments directly compared two odour treatments by applying each into
one of two adjacent nests. Experiment 1 compared the mixture to 0.1x mixture to demonstrate
that the assay could detect female preference for a higher odour concentration. Experiment 2
compared the odour of large males to the odour of small males. Aliquots of 3L were applied over

the 2 h of an experiment for the large, small, and mixture treatments, which represented the

112


http://www.oregonrfid.com/

odour equivalent of one male on a nest. Whether odour treatments affected the nest which

females entered first was evaluated as binary data using logistic regression in R [13].

113



RESULTS

Small males increase relative pheromone signalling

3KPZS release rates relative to body size and pheromone concentrations in tissues
decreased with increasing male size (Table 4-1, Figure 4-1). Release of 3kPZS was similar to
previous reports [9, 10] (mean = 96.96, se = 11.93, ug 3kPZS/male/h), and HSI was 2.84 + 0.057
(%, mean * se). Absolute release of 3kPZS was not predicted by weight. Liver weight was
positively correlated with male weight (Spearman’s rank, p = 0.82, p < 0.001) and 3kPZS release
increased with total liver weight (Table 4-1), but relative liver weight (%HSI) was negatively
correlated with male weight (Spearman’s rank, p =-0.24, p = 0.029). Data were square root
transformed, except the tissue concentrations of 3kPZS which were natural logarithm

transformed to meet model assumptions.
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Table 4-1. Linear models using male weight as predictors of metrics of pheromone production
and release. B denotes the unstandardized regression coefficients, and se their standard error.

Y X B se r° Fat df p-value
3kPZS ng h™t weight 048 036 002 1.791g 0.19
3kPZS ng g male™h™ weight -0.08 0.03 0.10 9438 0.003
3kPZS ng g liver*h™ weight 044 014 011 10.344g 0.002
3kPZS ng h™ liver weight 30.57 10.68 0.09 8208  0.005
3kPZS ng g liver™ weight -0.01 0.004 0.09 537@3sy 0.024
3kPZS ng g gill™* weight -0.01 0.01 0.08 4.67 154 0.035
PZS ng g liver weight -211 093 0.09 51545y  0.027
PZS ng g gill™ weight 044 022 0.07 416015y 0.046
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Figure 4-1. Linear regression of 3-keto petromyzonol sulfate (3kPZS) release (sqrt[ng g™*h™])
by male weight (g) in 87 sexually mature male sea lamprey (Petromyzon marinus).
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Females prefer the odour of small males

Females entered the nest treated with the mixture more often than 0.1x the mixture, and
the nest treated with small male odour more often than large male odour (Figure 4-2). Post hoc
analysis of washings used in behavioural assays determined the concentration of 3kPZS was not
significantly different between samples from large males and small males (large = 173. 93 £
27.53 ng/ml, small = 159.38 + 23.22 ng/ml, mean * se; n = 21; p= 0.69, two-tailed t-test), and
confirmed small males released 3kPZS at a higher relative rate (large = 968.73 £ 153.99 ng/g/h,
small = 1915.76 + 244.19 ng/g/h, mean + se; n = 21; p= 0.002, two-tailed t-test). In experiment
1, female nest entry was not biased towards either nest (% =3.40, p = 0.065) but was higher in
the nest treated with the full mixture than the nest treated with 0.1x the mixture (y°; =18.83, p =
<0.001; N trials = 7, n enter mixture = 20, n enter 0.1x mixture = 2). In experiment 2, female nest
entry was not significantly explained by odour treatment when compared across both nests (y°1
=3.58, p = 0.059), but was explained by a bias towards the left nest (%1 = 8.25, p = 0.004) and
the interaction between odour treatment and nest (x% =31.98, p = <0.001; N trials = 12, n enter
large:small = 13:8, n enter small:large = 15:2; Figure 4-2). Therefore, females preferred the

odour of small males, but the effect was only clear when applied to the left nest.
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Figure 4-2. First entry of females into nests treated with higher or lower pheromone
concentrations and the odour of large verses small males. P-values were determined using
logistic regression. Mix: a mixture of odours collected from large and small males. 0.1x mix: a
10-fold dilution of the same mixture of odours collected from large and small males. Large:
odour collected from large males. Small: odour collected from small males.
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DISCUSSION

Male signalling and female preference experiments support the hypothesis that small
males exhibit increased pheromone signalling relative to their weight and, as a result, realize
higher access to females. Comparisons of pheromone concentration in tissues and water across a
range of male sizes indicate relative 3kPZS release increases with decreasing size through dual
mechanisms of increased liver biomass and pheromone synthesis. Previous research indicates
preferences for 3kPZS that is only 2x the concentration of an adjacent source [15]. Back-
calculating the 3kPZS release of males at the 1% and 4™ quartiles of body weight, small males
release approximately 2x more absolute 3kPZS than large males as opposed to the 4x less
absolute 3kPZS that would be released if relative release rates were constant across sizes. Hence,
the increased release of 3kPZS in small males likely results in relevant concentration differences
and a gain in access to mates for small males. Indeed, female preference tests indicate that
females more often entered nests treated with small male odours compared to nests treated with
large male odours, indicating that the increased relative release rates in small males results in

higher access to females.

Our results do not directly implicate deceit by small males. Designating a signal as
dishonest requires insight into why individuals respond to a trait, as dishonesty implies
evaluation of a trait is in error [16]. In sea lamprey, females must use 3kPZS concentrations to
evaluate male size for increased pheromone signalling in small males to be a considered a
deception. Although pheromones can guide mate choice in some organisms [17], neither

pheromone-guided mate choice nor active mate choice have been evaluated in sea lamprey.
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Passive female preference for large males is conceivable as larger pheromone signals might
simply guide females to large males more often than small males, with no underlying preference
for larger male size. A better understanding of mate choice in sea lamprey will reveal whether

females are deceived into perceiving small males as large.

In conclusion, we present evidence for increased pheromone signalling in small male sea
lamprey and may result in increased access to females. Continued investigations on the
determinants of pheromone release are needed to explain the large amount of variance
unexplained by size. The results offer rare insight into the implications of unreliable signals on

female choice, and the first evidence for an unreliable chemical signal of size.
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