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Lampreys as Diverse Model 
Organisms in the Genomics Era

DAVID W. MCCAULEY, MARGARET F. DOCKER, STEVE WHYARD, AND WEIMING LI

Lampreys, one of the two surviving groups of ancient vertebrates, have become important models for study in diverse fields of biology. Lampreys 
(of which there are approximately 40 species) are being studied, for example, (a) to control pest sea lamprey in the North American Great Lakes 
and to restore declining populations of native species elsewhere; (b) in biomedical research, focusing particularly on the regenerative capability 
of lampreys; and (c) by developmental biologists studying the evolution of key vertebrate characters. Although a lack of genetic resources has 
hindered research on the mechanisms regulating many aspects of lamprey life history and development, formerly intractable questions are 
now amenable to investigation following the recent publication of the sea lamprey genome. Here, we provide an overview of the ways in which 
genomic tools are currently being deployed to tackle diverse research questions and suggest several areas that may benefit from the availability 
of the sea lamprey genome.
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Lampreys are primitive vertebrates that, together 

 with hagfishes, constitute the remaining members of a 
mostly extinct group of jawless fishes known as the Agnatha 
(figure 1; Potter et al. 2015). Although comparatively little is 
known about the biology of hagfishes, the anatomy, physi-
ology, and embryology of lampreys have been subjects of 
research for more than 150 years (Schultze 1856). Lampreys 
are positioned at the base of vertebrate phylogeny and have 
long been recognized for their importance in understanding 
many aspects of vertebrate evolution (Docker et  al. 2015). 
Although authors have debated the relationship of hagfishes 
and lampreys to other vertebrates for more than 200 years 
(Dumeril 1806), modern molecular analyses suggest that 
the jawless lampreys and hagfishes are monophyletic and 
together are the closest living relatives of the jawed verte-
brates, the Gnathostomata (Heimberg et al. 2010). The inva-
sion of the parasitic sea lamprey (Petromyzon marinus) from 
their native range in the Atlantic Ocean into the Great Lakes 
Basin brought about a very practical need to understand lam-
prey biology (Applegate 1950). Sea lamprey were first noted 
in Lake Ontario in the mid-1800s, although it is still not clear 
whether they colonized the Great Lakes Basin below Niagara 
Falls via canals in historical times or naturally in postglacial 
times (see the review by Eshenroder 2014). Nevertheless, the 
sea lamprey made its way into the popular press in North 
America in the early twentieth century, when,  following 
improvements to the Welland Canal around Niagara Falls, sea 
lamprey soon began to appear in Lake Erie and subsequently 

throughout the upper Great Lakes (Applegate and Moffett 
1955). Because of a parasitic lifestyle in which they feed on 
the blood and fluids of other fish (figure 2), sea lamprey soon 
negatively affected the fishing industry on the Great Lakes. 
This led to efforts to control their numbers that depended 
on gaining understanding into the ecological, physiological, 
and developmental aspects of their biology (Applegate 1950, 
Piavis 1961). Meanwhile, it was also recognized that among 
the vertebrates, the lampreys are unparalleled in their ability 
to recover behaviorally following transection of the spinal 
cord (Hibbard 1963), leading to their extensive use as a 
model for spinal cord repair (Hibbard 1963) and highlighting 
their importance among diverse fields of research.

New knowledge on the mechanisms that control vari-
ous aspects of lamprey life history, from embryogenesis 
up through the single spawning season that precedes their 
death, will be of cross-disciplinary interest to researchers 
in evolutionary developmental biology, immunology, and 
endocrinology, as well as in research for developing new 
lamprey management strategies. Although the invasion of 
sea lamprey into the Great Lakes has had considerable nega-
tive economic impact on the commercial and recreational 
fishing industries, populations of this same species are in 
decline in parts of its European range (Renaud 2011). The 
Pacific lamprey (Entosphenus tridentatus), found along the 
Pacific Rim from the North American West Coast to Asia, 
is likewise in decline in parts of its range, particularly in 
the Columbia River Basin, where dams have limited its 
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upstream migration to former spawning habitats (Close 
et  al. 2002). Worldwide, at least 16 of the approximately 
40 extant lamprey species (figure  3) now receive legal 
protection at a national level, and others are protected at 
subnational levels (Maitland et al. 2015). For these reasons, 
management biologists (for both control and conservation), 
as well as basic researchers, stand to gain from having a 
greater understanding of lamprey biology.

Historically, genetics and molecular biology have not 
played major roles in either basic research or management 

strategies because of the scarce avail-
ability of functional tools that could be 
adapted for research or management 
practice. Whereas biochemical and his-
tological approaches have long been 
used to understand aspects, for example, 
of the neuroendocrine system in lam-
preys (Kavanaugh et al. 2008), molecular 
approaches to management practices are 
recent, beginning with the isolation of 
larval and adult pheromones that show 
promise as new management tools for 
both control (Li et al. 2002, Twohey et al. 
2003) and possibly conservation efforts 
as a potential tool for the reintroduction 
of Pacific lampreys to spawning habitats 
(Maitland et al. 2015).

Importantly, limitations on the avail-
ability of resource material, a limited 
spawning season, and a life history that 
precludes the establishment and mainte-
nance of germline mutants have limited 
the appeal of the lamprey as a genetic 
model. Because of their protected sta-
tus, many lamprey species are simply 
not available to researchers; adult sea 
lamprey are most accessible during their 
spring migration, and embryos are avail-
able only during the spawning season in 
late spring to early summer. Furthermore, 
the life cycle of the sea lamprey may 
last as long as 5 to 7 years and contains 
an extended larval period (several years) 
during which they exist as filter feeding 
ammocoetes larvae, followed by a 1- to 
2-year parasitic phase, and ending with 
a single short spawning period just prior 
to death (Potter et al. 2015). Establishing 
germline mutants would therefore require 
a long-term investment in rearing ammo-
coetes larvae over multiple years, through 
metamorphosis to the parasitic phase, 
and finally to sexual maturation, with F2 
mutants available only after many years.

In spite of the limitations discussed 
above, the development of molecular 

genetic methods (e.g., reverse transcription polymerase 
chain reaction, RT-PCR, for the detection of gene expres-
sion) and functional “reverse” genetic tools (which inves-
tigate the phenotypes that result from particular—e.g., 
mutated, downregulated, or upregulated—gene sequences) 
has begun to enable investigators to explore the biology of 
lampreys using modern molecular techniques. Molecular 
genetics has been used to describe the expression patterns of 
many genes required for lamprey development (e.g., Takio 
et al. 2007), whereas functional genetic techniques have been 

Figure 1. The interrelationships among the vertebrate lineages (jawless 
hagfishes and lampreys, as well as jawed vertebrates) and the nonvertebrate 
chordates (cephalochordates and urochordates) inferred from molecular data. 
Most evidence supports two rounds of genome duplication (1R, 2R) prior to 
the divergence of the agnathan and gnathostome lineages (but see the text), 
potentially permitting the origin of the many key innovations that characterize 
the vertebrates; adaptive immunity, however, likely arose independently in 
the agnathan and gnathostome lineages. Abbreviation: HP, hypothalamic–
pituitary.
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applied to understand the mechanisms that regulate the 
basic biology of lamprey embryogenesis (e.g., McCauley and 
Bronner-Fraser 2006). Continued development and applica-
tion of new genetic tools will open up new basic research 
avenues. The advent of next-generation sequencing tech-
nologies, which can generate tremendous amounts of DNA 

(e.g., genome) or RNA (e.g., transcriptome) sequence data, 
is also enabling considerable advances (Ellegren 2014). The 
publication of the sea lamprey genome (Smith et  al. 2013) 
is a watershed event that is expected to lead to a wealth of 
new knowledge of the genes and gene networks that control 
many aspects of lamprey biology. These developments have 

Figure 2. Top: A salmon with a sea lamprey wound, caught in Lake Huron at the Rogers City, Michigan, Salmon Derby. 
Bottom: A lake trout with a parasitic sea lamprey attached just posterior to the gill. Wounding by sea lamprey is regularly 
observed in this location. According to the Great Lakes Fishery Commission, a single lamprey is capable of killing up 
to 40 pounds (18 kilograms) of fish during its 12- to 18-month feeding period. Photographs: Marc Gaden, Great Lakes 
Fishery Commission.
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the potential to lead to transformative control strategies 
based on unique aspects of sea lamprey biology, as well 
as new management practices and strategies to conserve 
populations of threatened lamprey species (Hess et al. 2013, 
Mateus et al. 2013). Here, we outline some areas of potential 
focus for adapting currently available genetic and molecular 
techniques to investigate the biology of lampreys. These 
tools will be of broad interest to the research community 

and may help to “cross-pollinate” the research activities of 
both basic and applied biologists seeking to understand the 
biology of these interesting animals.

We recognize that lampreys serve as important models 
for research in other areas that we have not covered in this 
overview (e.g., neural control of behavior), and other animal 
models, such as hagfishes, are equally positioned to inform 
our understanding of topics such as gene duplication and 

Figure 3. Phylogenetic relationships among 35 of the 41 lamprey species recognized by Potter and colleagues (2015), 
derived from cytochrome b sequence data. Bayesian posterior probabilities are given for those nodes where values are more 
than 0.95; asterisks designate parasitic species. Geotria and Mordacia occur in the Southern Hemisphere (Vic, Victoria; 
NSW, New South Wales; WA, Western Australia); all other genera are found in the Northern Hemisphere. At least 16 
lamprey species are of conservation concern and receive legal protection at a national level—including four anadromous 
species (European populations of sea lamprey, Petromyzon marinus; European river lamprey, Lampetra fluviatilis; 
Caspian lamprey, Caspiomyzon wagneri; and Pacific lamprey, Entosphenus tridentatus) and three freshwater-resident 
parasitic and nine freshwater nonparasitic “brook lamprey” species (Maitland et al. 2015). Source: Reprinted from Potter 
and colleagues (2015) with kind permission from Springer Science+Business Media.
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vertebrate evolution (see Docker et  al. 2015). However, we 
have chosen to limit our focus to studies that have predomi-
nantly used genomics technologies in order to show how, 
going forward, advances in genomics may be used syner-
gistically to gain an integrated understanding of lamprey 
biology that crosses disciplinary boundaries in both basic 
and applied research.

Genomics and transcriptomics

Genomics and transcriptomics have begun to revolution-
ize the study of biology as it has become possible to use 
systems-biology approaches to address formerly intractable 
problems. The sequencing of genomes, especially among 
nonmodel organisms, has begun to reveal lineage-specific 
adaptations that are likely to underlie evolutionary novelties 
(Ellegren 2014). A systems approach to lamprey biology has 
the potential to open new avenues for investigation. The 
sea lamprey genome, freely available as a public resource 
(Smith et al. 2013), contains some 26,000 genes spread over 
84 pairs of chromosomes. A somatic genome was assembled 
from DNA obtained from the liver of a single sea lamprey. 
However, genome rearrangement is now known to occur 
during sea lamprey embryogenesis, in which approximately 
20% of the germline genome is lost from somatic lineages 
(Smith et al. 2009), demonstrating the need for a germline 
genome resource (Smith et  al. 2010a). Programmed rear-
rangement and loss may provide a biological strategy to 
ensure that pluripotential functions are segregated to the 
germline, thereby preventing the possibility of germline 
transmission in the somatic lineage (Smith et al. 2009, Smith 
et al. 2012). Comparison of somatic and germline genomic 
resources may provide important insights for understanding 
the role of genome rearrangement in the biology of lampreys 
(Smith et al. 2010a) and may represent an important taxon-
specific trait to explore as a potential pest management tool.

The evolution of early vertebrates. Analysis of lamprey genomes 
has already begun to advance our understanding of early 
vertebrate evolution (Smith et  al. 2010b), but the tim-
ing of whole genome duplications, considered key in the 
evolution of vertebrates, remains unsettled. A major find-
ing that emerged from the sequencing of the sea lamprey 
genome is that two rounds of genome duplication (1R, 
2R) likely occurred prior to the divergence of agnathan 
and gnathostome vertebrates (Barucchi et  al. 2013, Smith 
et al. 2013). This interpretation is supported by analysis of 
neuroendocrine-associated genes in the lamprey, in which 
syntenic analysis of the gonadotropin-releasing hormone 
(GnRH) genes present in the sea lamprey supports two 
genome duplication events prior to agnathan–gnathostome 
divergence (Ohno 1970, Decatur et  al. 2013). However, 
recently constructed high-density meiotic and comparative 
genomic maps for the sea lamprey do not support a second 
duplication event, suggesting instead several evolutionarily 
independent segmental duplications (Smith and Keinath 
2015). Interestingly, sequencing and analysis of the Arctic 

lamprey (Lethenteron camtschaticum) genome suggest the 
possibility that two rounds of genome duplication in verte-
brates might have occurred independently in lamprey and 
gnathostome lineages (Mehta et  al. 2013). Comparison of 
the Arctic lamprey genome with the annotated sea lamprey 
genome indicates the existence of six Hox clusters in lam-
preys, suggesting that after 1R and 2R duplication events, 
lampreys might have subsequently undergone a third round 
of genome duplication. This finding has implications for 
understanding morphological diversity among vertebrates 
because the role of Hox genes for anteroposterior patterning 
is well established (Krumlauf 1994, Mehta et al. 2013).

Lampreys possess an adaptive immune system that is 
fundamentally different from the immunoglobulin-based 
B-cell and T-cell receptors found in the jawed vertebrates. 
Instead, lampreys have evolved a novel strategy for adaptive 
immunity that relies on leucine rich repeat (LRR)–based 
receptors to antigens, which are known as variable lympho-
cyte receptors (VLRs) (Pancer et  al. 2004). VLRs, present 
only in lampreys and hagfishes, are expressed in cells that 
resemble gnathostome T-cells and B-cells and are encoded 
at VLRA and VLRB loci (Pancer et al. 2004, 2005). A VLRC 
locus has also been described in lamprey (Kasamatsu et al. 
2010) and is expressed by a second lamprey-specific lineage 
of T cell–like lymphocytes (Hirano et  al. 2013). Analysis 
of the sea lamprey draft genome has revealed the genomic 
composition of the VLRC locus and has enabled analysis 
of the mechanism for VLRC assembly (Smith et  al. 2013). 
Such analyses have increased our understanding of unique 
aspects of acquired immunity in lampreys and may provide a 
target-rich environment for developing sea lamprey control 
strategies that would minimize adverse effects on nontarget 
species.

Paired species and the loss of the parasitic feeding phase.  Another 
aspect of lampreys that is crucial to both their management 
and the basic understanding of their biology is the phenom-
enon of “paired species” (Docker 2009). The majority of 
extant lamprey species exist as parasitic–nonparasitic spe-
cies pairs (figure 3). Both members of a pair spend several 
years as filter-feeding larvae, but following metamorphosis, 
one species passes through a sexually immature parasitic 
phase (for a few months to several years) before eventually 
spawning and dying. The nonparasitic member of the pair 
becomes sexually mature immediately following metamor-
phosis, bypasses the adult feeding stage, and spawns and 
dies at a small size within 6–10 months of metamorphosis. 
Evidence suggests that, independently within each pair, the 
nonparasitic species has arisen from the parasitic species 
(Docker 2009). The parasitic sea lamprey does not have a 
nonparasitic counterpart, but efforts to control invasive sea 
lamprey populations have adversely affected populations 
of the paired parasitic silver (Ichthyomyzon unicuspis) and 
nonparasitic northern brook (Ichthyomyzon fossor) lampreys 
that are found in the Great Lakes Basin; these native lamprey 
species are also vulnerable to the nitrophenol compound 
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(3-trifluoromethyl-4-nitrophenol, TFM) that is used in trib-
utary streams to kill larval sea lamprey (Schuldt and Goold 
1980). Sea lamprey control efforts appear to negatively affect 
silver lamprey more than northern brook lamprey, possibly 
related to the in-stream distribution of the silver lamprey 
overlapping more with that of the sea lamprey (Schuldt 
and Goold 1980). Mitochondrial and microsatellite DNA 
marker analyses, however, suggest that silver and northern 
brook lampreys may represent a single species with ongoing 
gene flow when they co-occur, suggesting that less affected 
northern brook lamprey populations could potentially be 
used to help rehabilitate affected silver lamprey populations 
(Docker et  al. 2012). Genomic analyses of paired species 
will be vital for understanding the evolution of lampreys 
and for identifying species differences. The paired European 
river (Lampetra fluviatilis) and brook (Lampetra planeri) 
lampreys similarly share mitochondrial haplotypes when 
sympatric, likewise suggesting a very recent divergence or 
ongoing gene flow between these species (Espanhol et  al. 
2007). However, genomic analysis of single nucleotide poly-
morphisms (SNPs) of this species pair in the Tagus River 
Basin of Portugal revealed 166 fixed genetic differences 
between the species (Mateus et  al. 2013). Using the sea 
lamprey genome, these authors were able to link 12 of these 
fixed differences to genes likely related to adaptation from 
an anadromous to freshwater-resident lifestyle (Mateus et al. 
2013) that, in this species pair, accompanied the transition 
from parasitism to nonparasitism. Further genomic study is 
required, especially in those pairs, such as silver and north-
ern brook lampreys, in which both parasitic and nonpara-
sitic members are freshwater resident. From a practical point 
of view, this will be important for understanding whether 
paired species of conservation concern should be managed 
as single or separate gene pools and for understanding the 
genetic mechanisms responsible for the loss of the parasitic 
feeding phase.

Identification of potential new targets for sea lamprey control. A 
key component to annotation of the sea lamprey genome 
was transcriptome analysis of different tissues and devel-
opmental stages. Whereas the genome is the entire DNA 
sequence of the organism, the transcriptome represents only 
the RNA that has been transcribed (e.g., the genes that have 
been expressed) in that particular tissue, stage of develop-
ment, and physiological state. This enables researchers to 
make inferences about a gene’s function on the basis of when 
and where it is expressed and under what conditions. Other 
molecular methods (e.g., quantitative RT-PCR, microarrays) 
are able to measure the expression of a relatively small num-
ber of targeted genes (those for which some prior sequence 
knowledge is available), but transcriptome analysis using 
next-generation sequencing allows the entire collection of 
RNAs in a sample to be analyzed (and, depending on the 
method, quantified). Comparisons of variation in global 
gene expression levels through life history, across tissue 
type, and among species can therefore be accomplished with 

relative ease. A global view of transcriptomes and their regu-
lation throughout life history will help define the molecular 
programs that endow the species-specific or lineage-specific 
adaptation in lampreys. A transcriptomic approach, for 
example, was used recently to sequence and compare the 
relative abundances of genes expressed in the gonads of non-
parasitic northern brook lampreys and parasitic chestnut 
lampreys (Ichthyomyzon castaneus) before, during, and after 
ovarian differentiation (Spice 2013; see the “Reproductive 
biology and the development of genetic control strategies” 
section below).

Transcriptomics might also be used to better understand 
the process of metamorphosis and to develop species-
specific lampricides. Using nontranscriptomic approaches, 
empirical experiments on lampreys during embryogenesis 
have implicated molecular mechanisms related to important 
vertebrate innovations (McCauley and Bronner-Fraser 2006, 
Lakiza et al. 2011). Lampreys are one of the few vertebrate 
animals that go through a “true” metamorphosis, and 
decades of research on the radical changes that occur during 
this process have been a treasure trove for mining physi-
ological and molecular information regarding organogenesis 
and developmental plasticity (Manzon et al. 2015). Further 
study using transcriptomics will no doubt now prove fruit-
ful in yielding additional insights into vertebrate evolution 
and development and may help identify the basis for unique 
aspects of sea lamprey biology (e.g., metamorphosis) that 
could be exploited for management purposes. Similarly, the 
lampricide TFM that is used to kill larval sea lamprey for 
population management appears to be toxic specifically to 
lampreys because of their unique characteristics of metabo-
lism of xenobiotics. Relative to other fishes, lampreys have a 
reduced capacity to biotransform TFM to TFM-glucuronide 
via the process of glucuronidation (Birceanu et  al. 2014). 
However, although TFM is largely lamprey specific, it is not 
sea lamprey specific and can have negative effects on native 
lamprey species in the Great Lakes Basin (Schuldt and Goold 
1980); transcriptomic approaches may help increase spe-
cies specificity. Although functional studies will always be 
desired—and often needed—to validate predictions from 
sequence analyses, the depth of information afforded by the 
new sequencing technologies and the comprehensive analy-
ses thereof should allow insightful and significant infer-
ence on lineage-specific mechanistic processes. In short, 
comprehensive analyses of transcriptomes will facilitate and 
accelerate research efforts to further define biochemical, 
genetic, metabolic, and physiological pathways in lampreys 
and eventually to impart novel or additional strategies for 
conservation and control.

Gene knockdown

Although forward genetic tools (in which genotypes that 
are responsible for specific phenotypes are identified) have 
been applied in model species (e.g., by generating mutant 
phenotypes and performing cross-breeding experiments to 
map the gene responsible onto its chromosome), lampreys 
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(e.g., given their 5- to 7-year generation time and singular 
reproductive event) are not amenable to these approaches. 
However, the introduction of reverse genetics techniques, 
in which gene function can be determined by analyzing 
the phenotypic effects of a specific gene sequence, coupled 
with molecular analytical tools has resulted in an increase 
in information on the molecular mechanisms of lamprey 
biology. Gene knockdown or “silencing” has been used to 
investigate the basic mechanisms of development in the 
sea lamprey. Two approaches that have been used are mor-
pholinos and RNA interference (RNAi). Morpholinos are 
synthetic oligonucleotides that can target the expression of 
specific RNA transcripts to prevent the expression and activ-
ity of a specific protein. Coupled with in situ hybridization 
to analyze changes in gene expression as a result of morpho-
lino-induced down regulation, this technique has provided 
important insights for understanding the development of 
the lamprey craniofacial skeleton and also the evolution of 
the vertebrate neural crest under the regulation of a gene 
regulatory network (GRN; McCauley and Bronner-Fraser 
2006, Sauka-Spengler et al. 2007, Lakiza et al. 2011). RNAi is 
an endogenous post-transcriptional regulatory mechanism 
to silence specific messenger RNA transcripts and plays 
significant roles in regulating development as well as cel-
lular defense against foreign DNA. RNAi can be adapted as 
a tool to investigate the roles of specific genes, has provided 
important insight into developmental mechanisms and dis-
ease (Alvarez-Garcia and Miska 2005), and has recently been 
shown to be functional during lamprey development (Heath 
et  al. 2014). Morpholino delivery has been accomplished 
by microinjection into individual embryos (McCauley and 
Bronner-Fraser 2006, Sauka-Spengler et  al. 2007, Lakiza 
et  al. 2011), whereas small interfering (si)RNA uptake has 
also been accomplished through feeding directly to larval 
lampreys (Heath et al. 2014).

A recent advance in the ability to target genes for knock-
down has been the adaptation of CRISPR/Cas technology 
to delete gene sequences of interest from diverse model 
organisms (Cong et al. 2013). The CRISPR/Cas system, an 
adaptive defense mechanism to direct RNA-guided site-
specific DNA cleavage, evolved in bacteria and archaea to 
provide acquired resistance to invading viruses and plasmids 
(Marraffini and Sontheimer 2010). The use of this technol-
ogy to target the knockdown of genes of interest has begun 
to revolutionize genome editing, making it possible to easily 
modify genomes across a wide range of model organisms 
(Cong et  al. 2013). Studies are underway to determine the 
potential for CRISPR/Cas technology to facilitate the under-
standing of gene function in lampreys (Romasek et al. 2015). 
CRISPR/Cas technology may also provide a new avenue for 
developing strategies to control pest lampreys.

A powerful tool in the molecular biologists’ toolbox has 
been the ability to misexpress either foreign or endogenous 
genes of interest under controlled conditions. The ability 
to express a reporter gene (green fluorescent protein, GFP) 
under the regulation of either a ubiquitous promoter or a 

tissue-specific promoter was demonstrated in the Arctic 
lamprey, in which GFP was expressed under the control 
of either a cytomegalovirus (CMV) promoter or a muscle 
actin promoter to drive the muscle-specific expression of 
GFP (Kusakabe et  al. 2003). This study demonstrated the 
feasibility of tissue-specific expression as a tool for under-
standing lamprey development. With the availability of 
genomic sequence and analytical tools, it is now possible to 
isolate specific conserved noncoding cis regulatory elements 
(CNEs) and test their functional conservation across verte-
brates. Recent studies have demonstrated the utility of this 
approach and have shown the viability of generating trans-
genic embryos in order to investigate the gene regulatory 
architecture in lampreys by characterizing the tissue-specific 
function of enhancer elements (Parker et al. 2014a, 2014b).

A variety of molecular techniques that may be used for 
investigating different aspects of lamprey biology are there-
fore becoming available. These techniques will be useful for 
exploring the importance of specific gene activities relative 
to the evolution of molecular mechanisms in basal verte-
brates. Such tools may also prove beneficial in the search 
for lamprey-specific (and particularly sea lamprey–specific) 
mechanisms to target for management purposes. For exam-
ple, although the genes targeted in the study by Heath and 
colleagues (2014) were highly conserved and were used only 
to test the efficacy of siRNAs in lampreys, siRNAs (given 
the sequence specificity of RNAi) have potential for use as 
sea lamprey–specific lampricides in which DNA sequences 
unique to the sea lamprey can be targeted for the knock-
down of essential genes, resulting in a lethal loss-of-function 
phenotype specific to the sea lamprey without affecting 
nontarget species.

Reproductive biology and the development of 

genetic control strategies

One of the best-studied aspects of lamprey reproduction is 
its control by the hypothalamic–pituitary (HP) system. The 
HP system is considered to be a key innovation that emerged 
prior to or during the evolution of vertebrates (Sower 2015). 
Within this hierarchically organized endocrine system, 
gonadotropin-releasing hormone (GnRH) produced in the 
hypothalamus (and released in response to external and 
internal cues) stimulates the synthesis and release of the 
gonadotropin(s) from the pituitary gland, which in turn act 
at the gonads to regulate steroidogenesis and gametogenesis. 
Gnathostomes generally have one or two GnRHs, two pitu-
itary gonadotropins, and one gonadal receptor for each of 
these gonadotropins; lampreys have three GnRHs but only 
one pituitary gonadotropin-type hormone and one gonadal 
receptor for the gonadotropin (Sower 2015). Elucidation of 
the HP system in lampreys has been crucial for understand-
ing its evolution in vertebrates and may lead to possible 
innovative control strategies.

Other aspects of the genetic and molecular control of 
lamprey reproduction are considerably less well understood. 
These include the mechanisms of sex determination (the 
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genetic and/or environmental process that establishes the 
gender of an organism) and the factors involved in sex differ-
entiation (the processes that transform an undifferentiated 
gonad into a testis or an ovary; Piferrer et  al. 2012). With 
regards to sex determination, extensive research has revealed 
that fishes exploit a wide range of mechanisms, from genetic 
sex determination (GSD) to environmental sex determina-
tion (ESD), and, in species with GSD, the genes involved 
in sex determination are highly variable among and within 
taxa (Piferrer et  al. 2012). The sex-determination mecha-
nism employed by lampreys remains unknown. Mateus and 
colleagues (2013) found no evidence of genomic differen-
tiation between male and female European brook lamprey 
(L. planeri), suggesting that if sex determination is genetic, 
the underlying system evolved without major chromosome 
divergence. Alternatively, ESD may play a role in this spe-
cies, as has been suggested in other lamprey species. The sex 
ratios of adult and larval sea lamprey in the Great Lakes have 
varied widely with abundance, ranging from male-biased sex 
ratios when abundance was high during their initial inva-
sion to female-biased ratios following population declines 
after the initiation of sea lamprey control (Purvis 1979). 
The lampricide TFM appears not to be differentially toxic to 
males and females (Purvis 1979), indicating that the skewed 
sex ratios are not the result of sex-specific differences in 
mortality, and similar correlations between sex ratio and 
abundance have been observed in other lamprey species that 
have never been exposed to TFM (e.g., Docker and Beamish 
1994). It is interesting to note, however, that TFM has been 
shown to bind estrogen receptors and was able to induce 
the formation of vitellogenin in other fish species (Hewitt 
et al. 1998), and the potential feminizing effect of TFM on 
lampreys should be examined.

Compared with sex determination, the process of sex 
differentiation in lampreys is somewhat better understood. 
For many years, it has been recognized that the lamprey 
gonad remains histologically undifferentiated well into the 
larval phase and that testicular differentiation (which does 
not occur until metamorphosis, at ages of approximately 
4 to 6 years) is delayed relative to ovarian differentiation 
(Hardisty 1971). Primordial germ cells are first observed 
during embryogenesis following gastrulation. Mitotic cell 
divisions occur in the gonad prior to differentiation, which 
is accompanied in both sexes by the appearance of grow-
ing oocytes. Ovarian differentiation (which yields a larger 
number of oocytes, few or no residual undifferentiated germ 
cells, and a relatively large gonad in presumptive females) 
occurs in the larval stage (e.g., at approximately 1 year in 
nonparasitic species and 3 years in anadromous sea lamprey; 
Hardisty 1971). In presumptive males, oocytes (which are 
relatively small in size and number) appear to regress, and 
residual undifferentiated germ cells that escape degenera-
tion may give rise to the male germ line in small cell nests 
and ultimately to spermatocytes at metamorphosis (Hardisty 
1971). Interestingly, the presence of oocytes within the tes-
tes of adult lampreys has been noted, and it is thought that 

their presence represents a likely failure to fully differentiate 
into males at metamorphosis (Hardisty 1971, Clemens et al. 
2012), but the importance of this observation for under-
standing sex-differentiation mechanisms (and the fertility of 
these males) is not clear.

Research showing the molecular mechanism(s) that reg-
ulate sex differentiation in lampreys will provide important 
insights for understanding the evolution of this process in 
vertebrates. The genetic basis of sex differentiation is rea-
sonably well understood in birds (Chue and Smith 2011) 
and mammals (Wilhelm et  al. 2007), but it is less well 
understood in the “lower vertebrates”—although studies in 
model fish species have identified some conserved genes 
involved in sex differentiation in teleost fishes (Piferrer 
et  al. 2012). Recently, Spice and colleagues (2014) used 
quantitative RT-PCR to examine potential differences in 
the expression of eight target genes before, during, and 
after ovarian differentiation in chestnut and northern 
brook lampreys. These eight genes were chosen because 
of their involvement in sex differentiation in a variety of 
other vertebrates (e.g., 17β-hydroxysteroid dehydrogenase, 
germ cell-less, daz-associated protein 1) or because they 
were found to be differentially expressed in the gonadal 
transcriptomes of a small number of chestnut and northern 
brook lampreys (e.g., cytochrome c oxidase subunit III, 
dehydrocholesterol reductase 7; Spice 2013). Expression 
patterns suggested that cytochrome c oxidase subunit III 
and insulin-like growth factor 1 receptor may be involved 
in apoptosis and oocyte growth, respectively; Wilms’ 
tumor suppressor protein 1 may be involved in the undif-
ferentiated gonad and/or later testicular development; 
and 17β-hydroxysteroid dehydrogenase and daz-associated 
protein 1 may be involved in female development (Spice 
et al. 2014). This study was the first to identify genes that 
may be involved in sex differentiation in lampreys, but 
follow-up research is clearly required.

Knowledge about the genetic basis of sex determination 
and differentiation in lampreys may also have potential 
management applications. The manipulation of sea lam-
prey reproduction is an untapped but potentially effective 
strategy to control spawning populations in the Great Lakes 
region. Genetic control technologies are being developed 
for insect pests, and it may be possible to adapt some of 
the technologies to invasive fishes (Thresher et  al. 2014). 
As an instructive example, a prototype sex ratio– distorting 
(“daughterless”) technology is being tested in common 
carp (Cyprinus carpio) using a strategy that attempts to 
manipulate sex ratios with a bias toward males by targeting 
a gene that is required to convert testosterone into estrogens. 
Although adaptation of this strategy could have potential as 
an effective management tool to control sea lamprey in the 
Great Lakes, much greater knowledge regarding the hor-
monal control of sex determination and differentiation in 
lampreys is first required. Aromatase activity, required for 
the biosynthesis of estrogens, has been found in lampreys 
(Callard et  al. 1980), but its role has yet to be established, 
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and several studies have shown that lampreys appear to use 
a mixture of both classical (e.g., estradiol, progesterone) and 
nonclassical (e.g., 15-hydroxylated) sex steroids (Bryan et al. 
2008). Furthermore, although hormonal control of sex dif-
ferentiation has been accomplished in many teleost fishes 
(Hunter and Donaldson 1983), treatment with sex steroids 
has been unsuccessful in altering sex differentiation in larval 
sea lamprey (Docker 1992).

The sterilization and re-release of spawning male sea 
lamprey is another strategy that has been tried. Captured 
adult males were treated with the male selective chemosteril-
ant, bisazir, and then released to spawning streams that had 
recently been treated with lampricide (Hanson 1981). The 
goal of this program was to reduce larval populations that 
result from residual spawning female lampreys in streams 
following lampricide treatment (Bergstedt and Twohey 
2007). This program was discontinued in 2011, in part 
because of equivocal results and partially as a result of the 
cost of the chemosterilant and its potential human health 
hazards that limited the number of males that could be 
sterilized to compete with fertile males. However, the devel-
opment of species-specific sterilization tools may still prove 
useful for reducing invasive sea lamprey populations.

Conclusions

Here, we have highlighted how modern genetic and genomic 
tools are being used to understand the biology of lampreys. 
The application of these new tools may provide important 
new avenues both for understanding the evolution and biol-
ogy (ecology, physiology, development) of lampreys and also 
for developing management tools for conservation and con-
trol. Our desire is to stimulate research interests and part-
nerships that bridge the gulf that often separates basic and 
applied biology. The new tools that have recently become 
available (i.e., sea lamprey genome, molecular techniques) 
can have a synergistic effect on the ability of researchers to 
integrate new findings across disciplinary boundaries with 
the potential to provide important new insights into the biol-
ogy of lampreys. For example, reverse genetic tools devel-
oped for understanding the basic biology of lampreys are 
also among the most promising for adoption as new control 
strategies. Conversely, in order to explore sex ratio–biasing 
technologies to control lamprey populations, as developed 
for other invasive species, a greater understanding of the 
basic molecular mechanisms regulating sex determination 
in lampreys will be required—knowledge that will also be 
useful to researchers interested in understanding the evolu-
tion of sex-determining mechanisms. In addition, potential 
synergies may also already exist within the lamprey commu-
nity, in which research on new control methods that depend 
on the ability to culture large numbers of lamprey embryos 
and larvae may result in powerful new methods that are use-
ful for the conservation of threatened lampreys. Going for-
ward, we expect that new insights into lamprey biology will 
affect the economic development related to the conservation 
and control of lampreys, whereas basic research findings 

may affect our understanding of vertebrate evolution as well 
as the development of new biomedical research tools.
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