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Resistance In Fish Populations
Major Professor: Mark Christie
Chapter 1 Abstract
Populations of fishes are increasingly threatened by over-exploitation, pollution, habitat
destruction, and climate change. In order to better understand the factors that can explain the
amount of genetic diversity in wild populations of fishes, we collected estimates of genetic
diversity (mean heterozygosity and mean rarefied number of alleles per locus) along with habitat
associations, conservation status, and life history information for 463 fish species. We ran a series
of phylogenetic generalized least squares (PGLS) models to determine which factors influence
genetic diversity in fishes after accounting for shared evolutionary history among related taxa. We
found that marine fishes had significantly higher genetic diversity than freshwater fishes with
marine fishes averaging 11.3 more alleles per locus than their freshwater counterparts. However,
contrary to our expectations, genetic diversity was not found to be lower in threatened versus notthreatened fishes. Finally, we found that both age at maturity and fecundity were negatively related
to genetic variation in both marine and freshwater fishes. Our results demonstrate that both life
history characteristics and habitat play a role in shaping patterns of genetic diversity in fishes and
suggest that species-specific environmental preferences and life history information should be
considered when prioritizing species for conservation.
Chapter 2 Abstract
Sea lamprey (Petromyzon marinus) are hematophagous parasites that are invasive in the Great
Lakes ecosystem. Since the late 1950s, control efforts have relied heavily on a chemical lampricide
known as 3-trifluoromethyl-4-nitrophenol (TFM) to limit sea lamprey abundance in the Great
Lakes. High but incomplete mortality associated with TFM exposure suggests that the lampricide
may be a strong selective agent, which could result in rapid evolution of resistance. The objectives
of this study are twofold: (1) to determine if sea lamprey populations with varied histories of
exposure to TFM are evolving resistance using toxicological assays and a transcriptomics
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approach and (2) to determine what genes and physiological mechanisms underlie resistance. We
found no differences in mortality among populations during our toxicological assays. However,
our RNA-seq results revealed that the population with the longest history of exposure exhibited a
greater transcriptional response relative to populations with a shorter or no history of exposure,
and differentially expressed genes with functions related to TFM’s primary mode of action were
nearly exclusive to the population with the longest history of exposure. Our findings, at this point
in time, cannot rule out the possibility of the evolution of sub-lethal resistance in invasive sea
lamprey populations and may have implications for the future management of Great Lakes sea
lamprey.
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HABITAT TYPE AND LIFE HISTORY VARIATION DETERMINE
GENETIC DIVERSITY IN FISHES

A version of this chapter has been submitted for review to Ecology and Evolution
Alexander S. Martinez1,*, Janna R. Willoughby1,2, Mark R. Christie1,2
1. Department of Biological Sciences, Purdue University; 915 W. State St., West Lafayette,
Indiana 47907-2054 USA
2. Department of Forestry and Natural Resources, Purdue University; 715 W. State St., West
Lafayette, Indiana 47907-2054 USA
*corresponding author: mart1139@purdue.edu
Keywords: climate change, fisheries, genetic variation, microsatellite
Abstract
Populations of fishes are increasingly threatened by over-exploitation, pollution, habitat
destruction, and climate change. In order to better understand the factors that can explain the
amount of genetic diversity in wild populations of fishes, we collected estimates of genetic
diversity (mean heterozygosity and mean rarefied number of alleles per locus) along with habitat
associations, conservation status, and life history information for 463 fish species. We ran a series
of phylogenetic generalized least squares (PGLS) models to determine which factors influence
genetic diversity in fishes after accounting for shared evolutionary history among related taxa. We
found that marine fishes had significantly higher genetic diversity than freshwater fishes with
marine fishes averaging 11.3 more alleles per locus than their freshwater counterparts. However,
contrary to our expectations, genetic diversity was not found to be lower in threatened versus notthreatened fishes. Finally, we found that both age at maturity and fecundity were negatively related
to genetic variation in both marine and freshwater fishes. Our results demonstrate that both life
history characteristics and habitat play a role in shaping patterns of genetic diversity in fishes and
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suggest that species-specific environmental preferences and life history information should be
considered when prioritizing species for conservation.
Introduction
Fishes are the most speciose group of vertebrates (over 33,000 species described), inhabit nearly
all major aquatic habitat types, and perform a diverse set of biological functions in ecosystems
(Helfman et al., 2009). However, fishes are increasingly faced with altered environmental
conditions and disturbance resulting from human activity. In particular, overharvesting, habitat
destruction, pollution, and the introduction of non-native species have led to a global decline in
marine and freshwater fish biodiversity (Leidy and Moyle, 1998; Pauly and Zeller, 2016).
Furthermore, fishes increasingly need to contend with the effects of global climate change, which
is driving ocean acidification and increases in aquatic temperatures and is expected to impose
regional changes to salinity, dissolved oxygen availability, and circulation patterns in aquatic
environments. (Crozier and Hutchings, 2014; Levitus et al., 2012; O’Reilly et al., 2015; Pachauri
et al., 2014). Thus, disentangling species that are likely to adapt to future environmental changes
from those that will require intervention remains a fundamental challenge for successful
conservation and management of fishes.
One metric that may help predict which species are most likely to adapt to future conditions
is genetic diversity. Broadly speaking, genetic diversity is any measure that quantifies withinpopulation variability in alternative forms of genes or non-coding loci (Hughes et al., 2008). The
ability of a population to evolve and adapt may be related to both heterozygosity (e.g., the
proportion of diploid individuals that have two different alleles at a single locus) and the total
number of alleles present within a population (Allendorf Fred W., 1986; Frankham et al., 2014).
Additionally, reduced genetic diversity may result in decreased population viability and increased
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extinction likelihood, particularly for populations faced with stressful environmental conditions
(Markert et al., 2010; Vandewoestijne et al., 2008; reviewed in Reed and Frankham, 2003).
Understanding how patterns of genetic diversity vary across fishes could help inform predictions
regarding which species are likely to adapt in response to future disturbance while simultaneously
identifying species that might be particularly susceptible to extinction (Reed and Frankham, 2003;
Stockwell et al., 2003).
A landmark study by DeWoody and Avise (2000) analyzed 32 fish species and provided
one of the first quantitative comparisons of genetic diversity in fishes occupying different habitats.
The study suggested that genetic diversity was higher in marine fishes relative to freshwater fishes.
We have since identified hundreds of additional studies that directly estimate genetic diversity in
463 distinct fish species, providing a much broader taxonomic survey and increased power and
precision for statistical analyses. Furthermore, improvements to phylogenies and statistical
methods that consider evolutionary relatedness among species now allow us to account for the
confounding effect of shared evolutionary histories and ask new questions about potential drivers
of patterns of genetic diversity in fishes (Paradis, 2014; Revell Liam J., 2010; Symonds and
Blomberg, 2014).
In this study, we ask how genetic diversity relates to species habitat needs, conservation
status, and life history characteristics. We have three predictions. First, following DeWoody and
Avise (2000), we predict that marine fishes should generally have higher genetic diversity than
freshwater fishes even after accounting for phylogenetic relatedness. Second, increased
conservation need, as determined by the International Union for Conservation of Nature (IUCN),
is determined in part by a reduction in census population size (IUCN, 2018), which is often
associated with a reduction in genetic diversity. Therefore, we predict that threatened species (i.e.,
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species of high conservation concern) are likely to have less genetic diversity compared to notthreatened species (sensu Willoughby et al., 2015). Finally, certain life history characteristics can
influence genetic diversity across a wide variety of taxa (Frankham et al., 2014; Romiguier et al.,
2014; Waples et al., 2013). Romiguier et al. (2014) showed that species exhibiting life history
characteristics typically associated with ‘r-strategists’, including both early age at maturity and
high fecundity, tend to have more genetic diversity than species that mature later and have fewer
offspring (hereafter referred to as ‘K-strategists’). As a result, we predict that genetic diversity
should decrease as age at maturity increases in fishes. Additionally, given that r-strategists tend to
exhibit high fecundity, we predict that genetic diversity will increase with fecundity in fishes. To
identify patterns and drivers of genetic diversity in fishes, we test each of these predictions by
determining the relationship between genetic diversity and (i) habitat, (ii) conservation status, and
(iii) life history characteristics by performing a quantitative review of 463 globally-distributed fish
species.

Methods
Data Collection
We collected estimates of genetic diversity, phylogenetic relationships, habitat preferences,
conservation status, and life history characteristics for a diverse array of fishes. We first performed
Web of Science and Google Scholar title, keyword, and abstract searches including the search
terms ‘microsatellite’ and ‘fish’ and excluding the terms ‘cancer’ and ‘fluorescence in situ
hybridization’ (i.e., FISH) to filter out medical journals unrelated to genetic diversity in fishes. We
focused on microsatellite loci because 1. far fewer studies to date have used alternative nuclear
markers to measure genetic diversity in fishes (e.g., there are 5-fold fewer search results for ‘fish’
and ‘single nucleotide polymorphisms’ when employing the same exclusions used to search for
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microsatellite studies) and 2. we wanted to make comparisons across similar marker types to avoid
confounding factors (e.g., total number of alleles can only vary from 1 to 4 in SNPs). To expedite
data entry, we cross-referenced our search results against a similar data set amassed for all
vertebrates (Willoughby et al., 2015). For species with multiple publications estimating genetic
diversity, we retained only the study with the highest sample size (i.e., number of individuals). Our
final data set generally included studies which had estimates of both mean observed heterozygosity
(i.e., heterozygosity averaged across loci; hereafter ‘heterozygosity’) and mean number of alleles
per locus, though a small number of studies (n = 4) lacked estimates of heterozygosity. In sum
total, we ended up with 463 studies, each corresponding to a distinct species.
In our data set, sample sizes were highly variable and ranged from 10-974 individuals (µ
= 77.4 ± 27.32 SE). Because the number of microsatellite alleles identified per locus is positively
related to the number of individuals sampled (Kalinowski, 2004; Mousadik and Petit, 1996), we
performed allele rarefaction using a quasi-maximum likelihood approach. This modified approach
was required (i.e., we could not use established ML methods such as (Kalinowski, 2004)) because
many studies that recorded the total number of alleles did not report the per-locus allele
frequencies. For each study, we first tested the total number of alleles reported in the paper. We
created an allele frequency distribution using a set of alleles whose frequencies were determined
by the equation:



 = Na



⋅ ∑Na
  Na




(1)

where Na equals the total number of alleles and  equals allele  in the set 1:Na. This distribution
is conservative as it results in several fairly common alleles (Bernatchez and Duchesne, 2000;
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Christie, 2010). From this allele frequency distribution, we created 1,000,000 genotypes in Hardy
Weinberg Equilibrium. We next took a sample, without replacement, from this large population
with a sample size equal to the total number of individuals genotyped in the study of interest and
calculated the total number of alleles found within the sample. We repeated this sampling effort
100 times and each time recorded the total number of alleles found in the sample. We then
calculated the difference between the mean number of alleles sampled and the number of alleles
used to create the 1,000,000 genotypes (equal to total number of alleles reported in the study for
this first iteration).
We next iteratively repeated the entire process for Na+1, Na+2, Na+ 3…. and for Na-1,
Na-2, Na-3…. where Na equals the total number of alleles reported in the study. We took the
estimate of Na that minimized the absolute value of the difference between mean number of alleles
from the 100 simulated samples and the Na being tested (hereafter: ‘rarefied’ number of alleles
(Fig. S1)). The procedure occurred iteratively and when a new minimum difference was found we
always tested +/- 10 additional alleles to ensure that the true estimate was found (note that Na = 2
was set as the minimum, but there was no maximum). This procedure resulted in an average change
in the estimated number of alleles by a value of 6.04 alleles, though this change was most
substantial for studies that had small sample sizes and high estimates of total numbers of alleles
(Fig. S2). We report results with both the rarified and unadjusted total number of alleles.
We next supplemented our genetic data with phylogenetic, habitat, and life history data for
each species. First, phylogenetic relationships were obtained using taxonomic designations (i.e.,
Class, Order, Family, Genus, specific epithet) from Nelson et al. (2016). Next, we obtained
species’ habitat information using FishBase (Froese and Pauly, 2017). For each species included
in our data set, we recorded the dominant habitat (either marine or freshwater) that each species
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occupied. Additionally, we searched primary literature to identify species habitat requirements
when FishBase did not contain relevant data. In some cases, species could not be classified into a
single habitat (e.g., anadromous salmonids, brackish-water fishes) and these species were
categorized into a third category (‘mixed’). Next, we determined species’ conservation need using
IUCN Red List designations for each species (IUCN, 2018). Based on IUCN category definitions,
we considered species listed as least concern or near threatened as ‘not-threatened’ and species
listed as vulnerable, endangered, or critically endangered as ‘threatened’. Species listed as extinct
or extinct in the wild were excluded from our data set, while species classified as not evaluated or
data deficient were excluded only from models investigating the relationship between genetic
diversity and conservation status. Finally, we again used FishBase to collect data for two life
history traits for species in our data set: minimum age at maturity and the maximum absolute
fecundity (i.e., the total number of eggs produced by a female).
Statistical Analyses
We used three sets of statistical models to understand how genetic diversity varied in fishes that
(i) occupied different habitats, (ii) were characterized by differing levels of conservation need, and
(iii) had different life history characteristics. For each model set, we considered the effects of our
predictor variables (i.e., dominant habitat, conservation status, age at maturity, and fecundity) on
both heterozygosity and the rarefied mean number of alleles for each species. We analyzed our
genetic, phylogenetic, habitat, and life history data simultaneously using Phylogenetic Generalized
Least Squares (PGLS) regressions using the NLME package in R (Pinheiro et al., 2017). These
regressions account for non-independence of observations in our data set (i.e., species’ traits)
resulting from shared evolutionary history by calculating covariances among traits assuming a
Brownian evolution model (Paradis, 2014). For each PGLS model (described in detail below), we
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used bootstraps (10,000 iterations) to generate confidence intervals around the PGLS coefficient
estimates. Within each PGLS model, we identified significant coefficient estimates as those that
had bootstrapped 95% CIs (around the mean coefficient estimates) that did not overlap zero.
Furthermore, we identified significant differences among groups by comparing the 95% CIs
(around the mean coefficient estimates) between groups for a given model; non-overlapping CIs
indicated that coefficient estimates for two groups were significantly different.
For our first set of PGLS models, we assessed the relationship between habitat and genetic
diversity by comparing freshwater and marine fishes using the model Yi = ß1 * habitati + εi, where
Yi represents an estimate of genetic diversity, habitati corresponds to fishes inhabiting either
marine or freshwater habitats, and εi equals the error (described below). Next, we analyzed the
effect of conservation status (i.e., threatened versus not-threatened species) on genetic diversity
for fishes within each major habitat type (i.e., freshwater or marine). PGLS models assessing the
relationship between conservation status and genetic diversity were run separately for marine and
freshwater fishes using the model Yi = ß1 * conservation statusi + εi. Finally, we considered the
effects of two life history traits – age at maturity and fecundity – on genetic diversity. For these
life-history models, we analyzed each life history parameter separately, and ran separate models
for the two habitat groups (i.e., freshwater and marine). Analyzing all factors together (i.e., all
levels of the factor habitat along with a life history trait) resulted in overdispersion. The general
model used for analyzing the relationship between life history variables and genetic diversity was
Yi = ß1 * life historyi + εi, where life historyi represents each of our life history variables of interest
for the ith species. For each model, the error term εi can be thought of as ε ~ Ν(0, Vσ2), where V
is the covariance matrix containing estimates of shared evolutionary history between pairs of
species and σ2 is the standard deviation (Symonds and Blomberg, 2014). All of our statistical
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models were run in R (version 3.4.2 - R Core Team, 2017), and all R code is available via GitHub
(https://github.rcac.purdue.edu/MarkRChristieGroup/Fish-GD-QuantReview).
Results
In total, our final data set included 463 species across three classes (N = 426 in Osteichthyes, N =
32 in Chondrichthyes, and N = 5 in Petromyzontida), 19 orders, and 46 families of fishes. Marine
and freshwater species were represented equally with 215 and 204 species respectively, whereas
mixed species represented a much smaller proportion of our data set (44 species; Table 1). For
subsequent models that rely on PGLS regressions, our data set was trimmed to include only species
within the class Osteichthyes due to small sample sizes in classes Chondrichthyes and
Petromyzontida, though life history patterns for Chondrichthyes are shown in Fig. S3. Estimates
of mean heterozygosity and rarefied mean number of alleles were estimated from a per-study
average of 14 microsatellite loci (range: 4-300). Among-family estimates of heterozygosity and
rarefied mean number of alleles varied by a factor of 2.3 and 11.69, respectively (Fig. 1). Estimates
of unadjusted (i.e., not rarefied) mean number of alleles (Fig. S4) showed the same general patterns
(cf. Fig. 1 and Fig. S4) though there was variation in point estimates among families. Families with
the highest genetic diversity include Nototheniidae (mean heterozygosity = 0.79 ± 0.02 SE) and
Engraulidae (rarefied mean number of alleles per locus = 46.75 ± 9.63), whereas the families with
the lowest genetic diversity include Rajidae (mean heterozygosity = 0.34 ± 0.03) and
Petromyzontidae (rarefied mean number of alleles per locus = 4 ± 0.58).
After accounting for phylogenetic relatedness, we found that marine fishes had higher
genetic diversity than freshwater fishes. Coefficient estimates from the PGLS habitat models
represent the phylogenetically-corrected mean estimates of genetic diversity and associated
variance for fishes within each habitat group. Marine fishes had significantly higher heterozygosity
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(marine coef: 0.68, 95% CI [0.67, 0.70]; freshwater coef: 0.61, 95% CI [0.59, 0.62]) and more
alleles per locus (marine coef: 26.12, 95% CI [23.38, 28.32]; freshwater coef: 14.81, 95% CI
[13.42, 16.03]) relative to freshwater species (Fig. 2). Mixed species generally fell between the
marine and freshwater species estimates (Fig. 2).
Of the species included in our data set, 283 had been assessed by the IUCN; we identified
194 not-threatened and 69 threatened species (with 20 species classified as either data deficient or
extinct; Table 1). Again, the coefficient estimates from the PGLS conservation status models
represent the phylogenetically-corrected mean estimates of genetic diversity and associated
variance for each habitat-conservation status group. In our second PGLS model, we found no
difference in genetic diversity between threatened and not-threatened fishes from either freshwater
(heterozygosity – not-threatened coef: 0.62, 95% CI [0.60,0.65]; threatened coef: 0.57, 95% CI
[0.54, 0.60]; rarefied mean number of alleles – not-threatened coef: 13.50, 95% CI [12.80,14.92];
threatened coef: 11.80, 95% CI [10.98, 13.06]) or marine habitats (heterozygosity – not-threatened
coef: 0.67, 95% CI [0.65, 0.69]; threatened coef: 0.62, 95% CI [0.60, 0.65]; rarefied mean number
of alleles – not-threatened coef: 27.56, 95% CI [23.20, 29.90]; threatened coef: 22.27, 95% CI
[19.12, 25.54]) (Fig. 3). Despite the lack of significance, in all cases the mean estimates of genetic
diversity were lower for threatened fishes than for non-threatened fishes (both freshwater and
marine; Fig. 3).
Finally, minimum age at maturity and maximum fecundity estimates were available for
263 and 198 species, respectively. Here, the coefficient estimates from the PGLS conservation
status models represent the slope of the regression line where each life history trait was regressed
against each measure of genetic diversity (e.g., a negative coefficient estimate means that mean
heterozygosity decreases as minimum age at maturity increases). We found that as age at maturity
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and fecundity increased in marine fishes, genetic diversity decreased. For marine species, age at
maturity was negatively related to the rarefied mean number of alleles (coef: -0.96, 95% CI [-1.70,
-0.43]), though this trend was not significant for heterozygosity (coef: -0.002, 95% CI [-0.006,
0.001]). Fecundity was negatively related to both heterozygosity (coef: -0.01, 95% CI [-0.02, 0.01]) and mean rarefied number of alleles (coef: -0.97, 95% CI [-1.70, -0.43]). We found similar
patterns for freshwater fishes (rarefied mean number of alleles – age at maturity coef: -0.82, 95%
CI [-1.22, -0.35]; fecundity coef: -0.51, 95% CI [-0.73, -0.38]) with the exception of heterozygosity
(age at maturity coef: -0.02, 95% CI [-0.03, 0.001]; fecundity coef: (0.003, 95% CI [-0.002,
0.006]).
Discussion
After accounting for shared phylogenetic history, marine fishes had substantially greater genetic
diversity than freshwater fishes. Remarkably, marine fishes averaged 11.3 more alleles per locus
than freshwater fishes after standardizing for differences in sample size. Higher genetic diversity
in marine fishes is likely attributable to differences in the frequency, magnitude, and interactions
between genetic drift and gene flow. Differences in the strength of genetic drift could be part of
the explanation, especially in light of the fact that population sizes are typically orders of
magnitude larger in marine fishes relative to freshwater fishes (Gregory and Witt, 2008; Ward et
al., 1994). Larger population sizes suggest that marine fishes may inhabit more productive
environments that allow for higher carrying capacities. Larger population sizes also suggest that
marine environments may be more stable and thus may be less sensitive to or experience smaller
amounts of genetic drift (Julien et al., 2012).
However, large population sizes alone are not sufficient to explain these patterns; marine
populations can experience high variance in reproductive success, a phenomenon known as

12
sweepstakes effects (Christie et al., 2010; Hedgecock, 1994; Pusack et al., 2016), which can greatly
reduce genetic diversity. In a landmark example, Hedgecock (1994) demonstrated that high
variance in reproductive success in Pacific oysters (C. gigas) resulted in an estimated effective
population size of ~50-500 individuals despite a census population size of over 10 million
individuals (Hedgecock and Pudovkin, 2011). One possibility is that sweepstakes events are
relatively rare in marine populations or do not affect all species equally, thus accounting for low
genetic diversity in some marine species, but not all. Another possibility is that the high gene flow
typically found in marine species buffers against the effects of genetic drift including sweepstakes
events. In marine species, larval dispersal connects local populations, which together form large
marine metapopulations (Kritzer and Sale, 2004), and this high population connectivity likely
increases genetic diversity. Furthermore, because of the high population connectivity found in
marine systems, discrete populations may not always be sampled – thus sampling cohorts of
recruits originating from multiple populations may increase the genetic diversity measured within
marine species. Freshwater environments, by contrast, often have lower levels of gene flow and
consequently the effects of genetic drift can be exacerbated (Thomaz et al., 2016). Given that
microsatellite markers are typically neutral (though see: Chapman J. R. et al., 2009; Coltman D.
W. and Slate J., 2007; Forstmeier et al., 2012; Reed and Frankham, 2003), we suggest that this
result cannot be explained by differences in selection between freshwater and marine
environments. Differences in rates of mutation between marine and freshwater environments is an
additional mechanistic explanation, but this possibility seems less likely given the broad taxonomic
groups surveyed and lack of a clear functional explanation. Regardless of the mechanism, marine
fishes have substantially greater genetic diversity than their freshwater counterparts – an
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observation that should be considered within the context of their continued conservation and
management.
We predicted that species listed as threatened by the IUCN should have lower genetic
diversity than non-threatened species. However, we found no significant difference in genetic
diversity between conservation categories in either marine or freshwater habitats, as coefficient
estimates of both mean heterozygosity and rarefied mean number of alleles did not differ
significantly between not-threatened and threatened groups of fishes in either freshwater or marine
environments (Fig. 3). Although previous studies have found reduced genetic diversity in species
of conservation concern relative to not-threatened species (Spielman et al., 2004; Willoughby et
al., 2015), our incorporation of phylogenetic data (via the PGLS model) more accurately accounted
for the similarity in genetic diversity values due to shared phylogenetic history compared to
analyses that did not use this approach (e.g., Willoughby et al., 2015), again suggesting that any
differences, if real, would be driven by a small effect size.
We also found that minimum age at maturity was negatively related to genetic diversity in
fishes (Fig. 4). The observed negative relationship between age at maturity and genetic diversity
supports our prediction that delayed age at maturity, a characteristic often associated with Kstrategist species, should decrease genetic diversity. Furthermore, our results are in agreement with
other findings demonstrating a negative correlation between age at maturity and allozymic
heterozygosity in populations of bony fishes (Mitton and Lewis, 1989; Nevo, 1978). More
generally, our findings provide additional evidence of a negative relationship between age at
maturity and genetic diversity across a broad range of taxa (Ellegren and Galtier, 2016; Romiguier
et al., 2014). While the mechanisms underlying the observed negative relationship between age at
maturity and genetic diversity require further investigation, one possible explanation is that late-
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maturing species are characterized by a smaller effective number of breeders per generation. A
smaller effective number of breeders would intensify genetic drift, resulting in reduced genetic
diversity for species that reach maturity later.
Finally, we predicted that increasing fecundity should increase genetic diversity in fishes.
However, contrary to our prediction, our results instead demonstrate a negative relationship
between fecundity and genetic diversity in fishes (Fig. 4). Thus, as fecundity increases, genetic
diversity decreases. Our findings contradict both previous empirical findings regarding the
relationship between fecundity and allozymic diversity in fishes and the positive relationship
demonstrated between genetic diversity and fecundity for a broad range of invertebrate and
vertebrate taxa (Mitton and Lewis, 1989; Romiguier et al., 2014). However, because marine fishes
can experience high variance in reproductive success a positive relationship between fecundity and
genetic diversity may be less likely. While broadcast spawning is utilized by some freshwater
fishes, it is far more common in marine species (Hedgecock, 1994; Hoagstrom Christopher W and
Turner Thomas F, 2015) perhaps at least partially explaining the more negative coefficients found
in this group. Our findings illustrate that fishes represent a unique exception to the broadly
observed positive relationship between fecundity and genetic diversity.
Applications to Conservation
IUCN conservation rankings are the preeminent worldwide conservation ranking system used to
categorize species based on risk of extinction. However, our results suggest that IUCN
conservation status is a poor predictor of genetic diversity in fishes. Instead, we found that
incorporating species-specific habitat preference and life history information can improve our
ability to discern fish species that exhibit reduced genetic diversity. As anthropogenic impacts
continue to occur, rapid habitat alteration will present species with novel challenges. While we
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examined putatively neutral genetic markers, several studies have highlighted positive correlations
between neutral markers and fitness or fitness-related traits, suggesting that increased genomewide genetic diversity may also increase viability for populations facing environmental change
(Chapman J. R. et al., 2009; Coltman D. W. and Slate J., 2007; Forstmeier et al., 2012; Holderegger
et al., 2006; Reed and Frankham, 2003). Thus, understanding factors that shape patterns of genetic
diversity in fishes, including habitat preferences and life history strategies, offers conservation
managers an additional tool for predicting if and how species might adapt and respond to continued
global change.
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Table 1. Taxonomic breakdown including the number of orders, families, and species
of fishes from each of three habitats in our data set. Not-threatened species included
those listed as either least concern or near-threatened by the International Union of the
Conservation of Nature while Threatened species included species listed as vulnerable,
endangered, or critically endangered.
Habitat

Orders

Families

Species

Not-threatened

Threatened

Freshwater

15

28

204

88

43

Marine

16

41

215

98

33

Mixed

9

11

44

24
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Carangidae (5)
Mullidae (3)
Percichthyidae (8)
Lutjanidae (8)
Percidae (13)
Serranidae (22)
Nototheniidae (3)
Sparidae (11)
Labridae (7)
Chaetodontidae (7)
Sciaenidae (14)
Centrarchidae (4)
Apogonidae (4)
Acanthuridae (3)
Pomacentridae (21)

Cyprinondontidae (10)
Engraulidae (4)
Clupeidae (10)
Cobitidae (5)
Catostomidae (5)
Balitoridae (3)
Cyprinidae (80)
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Rajidae (4)
Triakidae (3)
Carcharhinidae (7)
Osteoglossidae (3)
Osmeridae (5)
Syngnathidae (5)
Hexagrammidae (4)
Sebastidae (14)
Scombridae (8)
Merlucciidae (3)
Gadidae (6)
Macrouridae (4)
Pleuronectidae (12)
Siluridae (3)
Bagridae (6)
Sisoridae (3)
Pimelodidae (6)
Salmonidae (6)
Salmonidae (18)
Prochilondontidae (4)
Characidae (4)
Cilchlidae (18)
Gobiidae (8)
Gobiidae (8)
Poeciliidae (9)

0
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Figure legends

primarily freshwater
mixed
primarily marine

family

order

class

Osteichthyes

Figure 1. Mean genetic diversity estimates across families of fishes from different habitats. Mean
heterozygosity (A) and rarefied mean number of alleles per locus (B) are represented across
families of fishes for all families with at least 3 species in our data set. Phylogenetic relatedness is
indicated by the tree (C), where the number of species in each family is noted at each branch tip
in parentheses after the family name. Median genetic diversity across species within each habitat
type are represented by dashed lines.
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Figure 2 . Bootstrapped phylogenetic least squares regression coefficients of mean heterozygosity
(A) and rarefied mean number of alleles (B) across habitats in fishes. Error bars represent 95%
confidence intervals generated via bootstrapping. Significant relationships (non-overlapping CIs
between habitats) are represented by distinct letters (i.e., a and b). These data illustrate that marine
species have higher genetic diversity than freshwater fishes.
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Figure 3. Bootstrapped phylogenetic least squares regression coefficients of mean heterozygosity
and rarefied mean number of alleles per locus in freshwater (A and C) and marine (B and D) fishes,
estimated across species conservation need. Error bars represent 95% confidence intervals
generated via bootstrapping. Significant relationships (non-overlapping CIs between habitats) are
represented by distinct letters (i.e., a and b). These data illustrate that threatened and not-threatened
fishes have similar levels of genetic diversity regardless of habitat.
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Figure 4. Bootstrapped phylogenetic least squares regression coefficients of mean heterozygosity
and allelic diversity in freshwater and marine fishes in the class Osteichthyes estimated for two
life history variables: age at maturity (A and C) and fecundity (B and D). In this figure, the
coefficient estimates from the PGLS conservation status models represent the slope of the
regression line where each life history trait was regressed against each measure of genetic
diversity. Error bars represent 95% confidence intervals generated via bootstrapping. Significant
relationships (non-overlapping CIs between conservation status groups within each habitat) are
represented by distinct letters (i.e., a and b). These models illustrate that minimum age at maturity
and maximum fecundity are, for the most part, negatively related to genetic diversity in fishes (i.e.,
genetic diversity decreases as both minimum age at maturity and maximum fecundity increase).
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Figure S 1 Absolute value of the mean difference between the total number of alleles reported by
each study and the mean number of alleles sampled across 100 sampling iterations of our
rarefaction procedure as a function of the number of alleles tested for two closely related species
in our data set. For some studies, the reported mean number of alleles was very close to the rarefied
mean number of alleles (A), which typically happened for studies with large sample sizes, while
in other studies the difference between the reported and rarefied mean number of alleles was larger
(B). For this example, study-specific sample sizes were equal to 191 for Haplochromis
phytophagus (A) and equal to 10 for Haplochromis laparogramma (B).
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Figure S 2 Relationship between total number of individuals sampled in a given study versus both
the mean number of alleles per locus observed (A and C) and the mean rarefied number of alleles
per locus (B and D) when sub-setting our data set for studies with maximum sample sizes less than
or equal to 100 (A and B) or 1000 (i.e., the entire data set; C and D). Each point represents a single
study included in our data set. For each panel, a line of best fit generated from running a linear
regression is plotted along with the associated model formula (R Core Team, 2017). These
regression models demonstrate that our allele rarefaction procedure effectively increases the yintercept and reduces the positive association between sample size and the number of alleles
sampled in a given population Thus, the rarefication procedure effectively accounts for bias
introduced by studies with small sample sizes and moderate to high levels of genetic diversity.
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Figure S 3 Bootstrapped phylogenetic least squares regression coefficients of mean heterozygosity
and allelic diversity in freshwater and marine fishes in the class Chondrichthyes estimated for two
life history variables: age at maturity (A and C) and fecundity (B and D). Error bars represent 95%
confidence intervals generated via bootstrapping. Significant relationships are represented by CIs
that don’t overlap zero for a given estimate. Significant differences between fishes from freshwater
and marine environments in the relationship between genetic diversity and a given life history trait
are represented by non-overlapping CIs and are represented by distinct letters (i.e., a and b). These
models suggest that minimum age at maturity and maximum fecundity are positively related to
genetic diversity in this group of fishes, but it should be noted that small sample sizes (n = 32
species subdivided across three habitat types) resulted in overdispersion.
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Figure S 4 Mean genetic diversity estimates across families of fishes from different habitats. Mean
heterozygosity (A) and mean number of alleles per locus (not rarefied) (B) are represented across
families of fishes for all families with at least 3 species in our data set. Phylogenetic relatedness is
indicated by the tree (C), where the number of species in each family is noted at each branch tip
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Figure 1.
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Abstract
Sea lamprey (Petromyzon marinus) are hematophagous parasites that are invasive in the Great
Lakes ecosystem. Since the late 1950s, control efforts have relied heavily on a chemical lampricide
known as 3-trifluoromethyl-4-nitrophenol (TFM) to limit sea lamprey abundance in the Great
Lakes. High but incomplete mortality associated with TFM exposure suggests that the lampricide
may be a strong selective agent, which could result in rapid evolution of resistance. The objectives
of this study are twofold: (1) to determine if sea lamprey populations with varied histories of
exposure to TFM are evolving resistance using toxicological assays and a transcriptomics
approach and (2) to determine what genes and physiological mechanisms underlie resistance. We
found no differences in mortality among populations during our toxicological assays. However,
our RNA-seq results revealed that the population with the longest history of exposure exhibited a
greater transcriptional response relative to populations with a shorter or no history of exposure,
and differentially expressed genes with functions related to TFM’s primary mode of action were
nearly exclusive to the population with the longest history of exposure. Our findings, at this point
in time, cannot rule out the possibility of the evolution of sub-lethal resistance in invasive sea
lamprey populations and may have implications for the future management of Great Lakes sea
lamprey.
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Introduction
The direct application of evolutionary principles is often required for the management, prevention,
and treatment of resistance to commonly used pesticides and herbicides. Xenobiotic resistance can
be broadly defined as a genetic change in response to selection by toxicants that are purposefully
used to control an organism (David Mota-Sanchez et al., 2002; Sawicki and Denholm, 1987).
Resistance is often a monogenic trait that evolves as a result of a single mutation with large effect,
wherein the allele conferring resistance is either absent in the population or present at very low
frequencies prior to application of a xenobiotic chemical (i.e., a chemical compound extrinsic to
normal metabolism in an organism) (Croom, 2012; ffrench-Constant, 2013; Roush and Tabashnik,
1990; Roush, 1993). Resistant alleles often arise through point mutations within specific genes,
but resistance can also result from selection on rare genotypes already present within the
population (Dong and Hollingworth, 2008). One way that resistance can be detected is by changes
in the expression patterns of genes. For example, Li et al. (2005) attributed European corn borer
(Ostrinia nubilalis) resistance to Bt toxins in corn (Zea mays) to the reduced expression of a trypsin
proteinase (OnT23) responsible for activating the Bt prototoxin within the midgut (Li et al., 2005).
Regardless of the mechanism, upon exposure to a xenobiotic compound, individuals carrying the
resistant allele exhibit a fitness advantage relative to individuals that lack the allele, leading to an
increase in the frequency of resistant individuals over time.
The evolution of resistance in invertebrate and vertebrate animal species has significant
consequences for human societies (Pimentel, 2009; Roush and Tabashnik, 1990). The annual cost
of crop losses associated with pesticide resistance in the United States each year alone is equal to
10-25% of current pesticide treatment costs (roughly $1.5 billion in 1990) (Pimentel et al., 1993;
Pimentel, 2009). Because resistance often evolves rapidly (e.g.,, tens of generations) in
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invertebrate populations, financial resources must constantly be devoted to research and
development of novel xenobiotic chemicals (Davies and Davies, 2010; Kliot and Ghanim, 2012;
Roush and Tabashnik, 1990; Roush, 1993; Silva et al., 2012). Resistance is also costly from a
societal public health perspective. The evolution of resistance to insecticides in insects that serve
as vectors of disease has led to the resurgence of serious human diseases in areas of heavy
insecticide application. For example, the number of annual malaria cases in India increased from
a low of 2 million in 1985 to 60 million by the year 2000 due to the evolution of multi-insecticide
resistance in Anopheles culicifacies mosquitos (Pimentel, 2009; Raghavendra et al., 2017).
While genetic evidence of xenobiotic resistance evolving in vertebrates is sparse relative
to invertebrates, there are some documented examples (Pelz et al., 2005; Twigg et al., 2002). Boyle
et al. (1960) found that brown rats (Rattus norvegicus) evolved resistance to a widely-used
anticoagulant control chemical, warfarin, after only 8 generations, and Pelz et al. (2005)
discovered that resistance to warfarin evolved through a variety of mutations to a single gene
(VKORC1). Reid et al. (2016) found that independent populations of Atlantic killifish (Fundulus
heteroclitus) inhabiting different estuarine areas along the Atlantic coast developed resistance to
aromated hydrocarbon pollutants over a period of decades through mutations to genes involved in
the aryl-hydrocarbon receptor (AHR) signaling pathway. Another vertebrate that may be evolving
resistance is the sea lamprey (Petromyzon marinus). Sea lamprey are hematophagous
macroparasites native to the North Atlantic Ocean and are one of the most notorious aquatic
invasive species in the Laurentian Great Lakes. Though the initial date of sea lamprey introduction
into the Great Lakes has been debated (and, in fact, there is some evidence that sea lamprey may
be native in Lake Ontario (Waldman et al., 2004)), the first sighting of sea lamprey in the Great
Lakes occurred in Lake Ontario in 1835 (Lark, 1973). Sea lamprey were subsequently found in
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Lake Erie in 1921 after shipping improvements were made to the Welland Canal in 1919, and by
1938 sea lamprey had successfully invaded all of the Great Lakes (Christie and Goddard, 2003;
Hansen et al., 2016). The ecological consequences of sea lamprey introduction in the Great Lakes
have been immense; sea lamprey quickly decimated populations of native and introduced teleost
species and contributed to the decline of economically and culturally valuable Great Lakes
fisheries (Hansen, 1999; Hansen et al., 2016).
In response to sea lamprey invasion, the governments of both Canada and the United States
formed the Great Lakes Fishery Commission (GLFC) in 1953 to initiate a joint sea lamprey control
program (Christie and Goddard, 2003). Initial efforts to control sea lamprey populations attempted
to exploit their anadromous life history strategy; 162 mechanical and electro-mechanical barriers
and weirs were erected in the Great Lakes by 1960 to prevent stream entry of adults in search of
spawning habitat (Christie and Goddard, 2003; Smith and Tibbles, 1980). However, physical
barriers to stream entry were costly to maintain and often ineffective (Smith and Tibbles, 1980),
and research into the life-cycle of sea lamprey suggested that the stream-dwelling, sedentary larval
stage (hereafter, ‘ammocoete’) was the most practical target for a control program. Ammocoetes
are detritivores which burrow into the stream substrate for a period of 3-10+ years before
transforming into parasitic juveniles (Hansen et al., 2016; Siefkes, 2017). The sedentary,
concentrated nature of the ammocoete life-stage allows for a targeted, efficient application of
chemical lampricides in streams known to produce sea lamprey in their invasive range. After
testing the effects of nearly 6,000 potential chemical lampricides, scientists at the U.S. Fish and
Wildlife service identified 3-trifluoromethyl-4-nitrophenol (hereafter, TFM) as a chemical that had
lethal toxic effects on sea lamprey while being relatively less toxic to other fishes (Applegate et
al., 1957; Applegate and Jr, 1962). The first stream application of TFM in the Great Lakes occurred
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in Lake Superior in 1958, and treatments have been occurring in all of the Great Lakes since 1986
(Dunlop et al., 2017; Smith and Tibbles, 1980). Today, Great Lakes streams are designated for
TFM application based on annual surveys of both population abundance and size class composition
(Johnson et al., 2014). Streams are scheduled for treatment based on annual surveys that indicate
the presence of a sufficient number of individuals above a certain size threshold (i.e., ≥100 mm in
length) associated with transforming into the parasitic life stage during the following winter
(Hansen and Jones, 2008).
Though TFM stream treatment efficacy can vary greatly based on stream conditions,
ammocoete mortality typically exceeds 90% and entire spawning runs have been eliminated in
many smaller tributaries (Christie and Goddard, 2003; Smith and Swink, 2003). Given the high
rate of mortality associated with exposure, TFM is likely a strong selective agent with the potential
to select for individuals with some level of resistance to the lampricide. Selection could target
variation in behavioral or physiological mechanisms of TFM uptake, metabolism, or excretion.
Alternatively, genetic mechanisms (e.g., mutations to genes or alterations in expression levels) that
alleviate symptoms associated with TFM’s primary mode of action could confer some level
resistance to the lampricide. Previous studies have established that TFM impairs mitochondrial
ATP production by uncoupling oxidative phosphorylation, leading to a gradual depletion of
aerobic (i.e., ATP) and anaerobic (i.e., glycogen and whole body phosphocreatine) energy stores
in the brain, liver, muscles, and kidneys which eventually results in mortality (Birceanu et al.,
2009, 2011, 2014; Clifford et al., 2012; Wilkie et al., 2007). Point mutations or alterations of
expression to genes that initiate production of various bioenergetic stores could prolong survival
until the environment returns to a TFM-free state, at which point sea lamprey ammocoetes can
rapidly replenish energy stores (i.e., full replenishment 4-12 hours after exposure; Clifford et al.,
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2012). Previous evidence of resistance evolving rapidly in other vertebrate species suggests that
sea lamprey may be evolving resistance to TFM despite treatment occurring for only ~6-12
generations in the Great Lakes (assuming a generation time of 5 years; Dunlop et al., 2017). The
evolution of resistance to TFM would have profound practical and financial implications for
managing invasive sea lamprey populations given TFM’s status as the cornerstone of the sea
lamprey control strategy.
The objective of our study is to test the hypothesis that invasive sea lamprey populations
with a history of exposure to TFM are evolving resistance. To test this hypothesis, we compare
both lethal and sublethal responses to TFM among populations of sea lamprey from Lake Michigan
(invasive; 56 years of exposure), Lake Champlain (26 years of exposure), and the Atlantic Ocean
(native; 0 years of exposure) in a series of TFM exposure trials. In Lake Champlain, the status of
sea lamprey as either a native or non-native species remains contested (D’Aloia et al., 2015;
Marsden et al., 2003; Eshenroder, 2014; Waldman et al. 2006). However, sea lamprey have been
controlled in Lake Champlain using TFM stream applications since 1990 to promote restoration
of Atlantic salmon (Salmo salar) and lake trout (Salvelinus namaycush) fisheries, allowing this
population to serve as an appropriate temporal intermediate of historical TFM treatment duration
between invasive Great Lakes and native populations in our study (Marsden et al., 2003). We first
compare the lethal effects (i.e., mortality) of TFM exposure among sea lamprey populations with
varying histories of exposure through a series of 12-hour toxicological exposure trials. We predict
a negative relationship between the number of years since a population’s first TFM treatment and
population-level mortality during exposure to the lampricide. Second, in order to identify sublethal
effects and improve our understanding of genetic mechanisms underlying TFM’s mode of action,
we analyze tissue-specific patterns of gene expression to identify genes that are significantly up-
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and downregulated in sea lamprey exposed to the TFM. Finally, we compare expression profiles
among sea lamprey populations with varying histories of exposure to TFM to identify genes that
may confer some level of resistance in populations historically subjected to the lampricide.
Methods
Lamprey Collection
In order to determine if resistance to TFM is evolving in sea lamprey populations with a history of
exposure to the chemical, we collected 1486 larval sea lamprey from three different locations
during the summer of 2016 (Fig. 5). We first obtained 565 ammocoetes from the Manistee River
in Lake Michigan. Throughout their native and introduced ranges, sea lamprey do not exhibit natal
homing and polymorphic microsatellite data have delineated three largely panmictic regions (Great
Lakes, Lake Champlain, and the entire North American eastern seaboard) (Bryan et al., 2005;
Waldman et al., 2008). The Lake Michigan tributary sampled in this study can therefore be
considered representative of Lake Michigan ammocoetes for the purpose of this study; Lake
Michigan ammocoetes have been regularly exposed to TFM since 1960 (Scholefield and Seelye,
1990). Second, we collected 517 ammocoetes from Corbeau Creek and The LaPlatte River, two
tributaries feeding into Lake Champlain, where sea lamprey populations have been controlled
using TFM stream applications since 1990 (Ellen Marsden et al., 2003). Finally, we collected 404
ammocoetes from the Salmon River, Connecticut, a population within the sea lamprey’s native
range that spends the parasitic portion of its life-cycle in the Atlantic Ocean (this population is
hereafter referred to as ‘Atlantic Ocean’). The Atlantic Ocean population has no history of
exposure to TFM. Given our sampling date of 2016, we assessed resistance in Lake Michigan
ammocoetes at year 56, Lake Champlain at year 26, and Atlantic Ocean at year 0. The frequency
of stream treatments in the Great Lakes varies between tributaries based on surveys of ammocoete
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density and size, but typically occurs every 2-5 years (Great Lakes Fisheries Commission, 2018).
In Lake Champlain, tributary treatments occur every 4 years (Ellen Marsden et al., 2003). All
ammocoetes were collected using pulsed-DC backpack electrofishers (ABP-2 Electrofisher,
Electrofishing Systems, LLC, Madison, WI, USA). In order to collect lamprey of similar ages and
in similar developmental stages, we only collected ammocoetes from a narrow size range (80-120
mm).
All ammocoetes were collected within 4 days of each other and were transported to
Purdue’s Aquaculture Research Lab (ARL) within several days of collection. Upon arrival at the
ARL, ammocoetes were acclimated into twenty-four 30-gallon aerated flow-through holding tanks
corresponding to population of origin (Fig. S5A). Ammocoetes were housed at similar initial
densities (~60-67 individuals per tank) across all holding tanks. Each tank received well water and
was lined with 4 cm of sand to allow ammocoetes to burrow. Ammocoetes were acclimated over
a period of 4 months, during which time they were fed a mixture of baker’s yeast and water (1 g
of yeast per ammocoete) two times per week. Larval mortality in the holding tanks was minimal
(<2.1% across all populations, n = 30 individuals) during the acclimation period.
Exposure Trials
We constructed an experimental array to carry out the exposure trials in a temperature-controlled
environmental chamber (12.8°C) at the ARL consisting of 36 x 2.5-gallon glass aquaria (Fig. S5B).
Each tank received freshwater (average temperature = 13.9°C, pH = 8.3) that was gravity-fed from
storage tanks on top of the array. Alkalinity and water temperature readings were taken the
morning of each experiment. Alkalinity within experimental tanks was maintained within a
constant range (96-140 ppm) across exposures by mixing well water (alkalinity > 200 ppm) with
water treated via reverse osmosis (alkalinity ~ 20 ppm). Each treatment tank also received an
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inflow line from one of two adjacent multi-channel peristaltic pumps (Gilson MINIPULS
Evolution; Fisherbrand FH100M). A single air stone was suspended in the center of each tank to
provide aeration and promote mixing.
Lethal toxicological exposure trial
We conducted two toxicological exposure trials to directly assess whether sea lamprey
populations exhibited differential mortality in response to TFM exposure (Table S1). We began
each exposure by transferring ammocoetes from their holding tanks into predetermined
experimental array tanks pre-filled with 7 L of water. All ammocoetes in a given experimental
tank originated from the same holding tank. For the first toxicological exposure (hereafter, ‘tox1’)
each population was allotted 12 aquarium tanks with 7 ammocoetes per tank (n = 84 lamprey per
population). Within a population, 8 treatment tanks received TFM (n = 56 individuals per
population) while 4 control tanks (n = 28 individuals per population) instead received a volume of
water equal to the volume of TFM disbursed into treatment tanks to ensure that tank volumes were
equal between treatments. For all exposures, we allowed ammocoetes to acclimate for a period of
1 hour before administering TFM.
Stock solutions of TFM were prepared the morning of each experiment using 33.5% active
ingredient TFM provided courtesy of the USGS and Hammond Bay Biological Station. For each
lethal exposure trial, we subjected ammocoetes to a single concentration of TFM predetermined
to achieve a desired level of mortality based on a multi-concentration, small-scale pilot exposure
trial. For tox1, we aimed for high (i.e., > 80%), but incomplete mortality to allow us to assess
whether survivorship varied among populations. We challenged ammocoetes in treatment tanks
with a concentration of 3 mg/L, as our pilot study demonstrated that this concentration would
induce desired levels of mortality. For tox2, we administered a TFM concentration of 1.67 mg/L
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to treatment tanks to target more modest levels of mortality over the course of a 12-hour exposure.
To simulate conditions associated with a typical TFM stream application, sea lamprey ammocoetes
were exposed to TFM for 10 hours followed by a 2-hour ‘wash-out period’. During the first two
hours of the lethal toxicological trial, a concentrated volume (1 L) of TFM stock solution was
disbursed into each treatment tank to achieve the desired concentration. For the lethal exposures,
we maintained the desired concentration until the conclusion of hour 10. At the conclusion of hour
10, we began pumping freshwater into all tanks to gradually reduce the TFM concentration and
simulate the ‘wash-out’ period that occurs after a typical steam treatment. Each exposure
concluded at the end of hour 12, at which time we ceased the influx of freshwater. TFM
concentrations were monitored hourly and verified by measuring TFM absorption using a
spectrophotometer. Absorption readings were recorded at a wavelength of 400 nm, and TFM
concentrations were derived using standard curves generated from serial dilutions with TFM and
pure water from the stock supply feeding each tank. Mortality was surveyed in each tank hourly.
At the conclusion of the experiment, dead individuals were measured for weight and length before
being dissected and flash frozen. We dissected ammocoetes into three different body segments: (i)
the body section from the mouth to just anterior to the first gill-slit, (ii) the gill-section beginning
with the anterior-most gill-slit to just posterior to the liver, and (iii) the tail musculature, beginning
just posterior to the liver and extending to the tip of the caudal fin. Samples were stored in a -80°C
freezer.
To analyze survivorship data collected during the lethal exposures, we conducted a Kaplan-Meier
survival analysis that employed the log-rank test to quantify time to death for ammocoetes in
different populations (Kaplan and Meier, 1958). The Kaplan-Meier method is non-parametric and
generates an estimate of survival probability (S) at time ti and is calculated as:
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Where  − 1 is the probability of being alive at time  − 1, ni is the number of individuals
alive just prior to ti, and di is the number of deaths occurring at ti (Kaplan and Meier, 1958). We
carried out the survival analysis in R, using both the SURVIVAL and OISURV packages to create
survival curves and assess statistical differences between the survival curves of the three
populations (R Core Team, 2017; Therneau and Grambsch, 2000). P-values associated with
pairwise tests used to determine which populations differ in their survivorship were FDR adjusted
using the Benjamini-Hochberg method (Benjamini and Hochberg, 1995). In addition, we
calculated Cox proportional-hazard ratios, the ratio of hazard rates associated with belonging to
each of our three populations, using Cox regression models (Cox, 1972).
Gene Expression Exposure Trial
To assess whether resistance was evolving at a sublethal level, we conducted an exposure
trial to assess (i) how gene expression profiles changed in response to TFM and (ii) whether TFM
exposure altered patterns of gene expression differently among the three populations in our study
with varying histories of exposure. The methods for the gene expression exposure were similar to
those outlined above for the toxicological exposure with two key differences. First, we exposed
ammocoetes to two concentrations of TFM (2 and 3 mg/L). Second, we sampled and preserved
live ammocoetes at a predetermined timepoint (t = 6 hr) during the 12-hour gene expression
exposure trial for downstream RNA extraction and sequencing. Sampling consisted of removing a
single ammocoete per replicate tank at each timepoint and immediately euthanizing it in a lethal
dose of MS-222 before weighing, measuring, and dissecting the ammocoete into three large body
segments (see above). Segments were immediately flash-frozen in cryovials with liquid nitrogen
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and held in a dewar. At the completion of the experiment, cryovials were directly transferred to a
-80°C freezer.
RNA Extraction and Sequencing
We used mRNA sequencing (RNA-seq) to (i) assess variation in tissue-specific patterns of gene
expression between TFM-treated and untreated sea lamprey ammocoetes within each population
and (ii) to compare patterns of gene expression in ammocoetes from our three populations with
varying histories of exposure to TFM. Comparing tissue specific patterns of expression required
that we first dissect specific tissue samples from the body segments collected during the gene
expression trial. Given TFM’s established mode of action, we targeted ammocoete muscle, liver,
and brain tissues for downstream analyses of gene expression profiles.
Because RNA is easily degraded by nearly ubiquitous environmental RNases at room temperature,
we could not allow the tissues to thaw while dissecting them from the body segments (Schroeder
et al., 2006). Instead, we first transitioned segments frozen at -80°C into a solution of RNAlaterICE (Ambion Inc., Austin, TX, USA) at 10 volumes of solution relative to sample mass and
allowed the solution to permeate into the tissue for 16 hours at -20°C. Once the solution had
permeated into the tissue and segments had thawed, we were able to dissect tissues for RNA
extractions. While we were able to extract pure brain and liver tissue from thawed body segments,
we were unable to separate muscle tissue from the surrounding skin matrix. As a result, we
dissected a vertical cross-section from the tail musculature body segment. Immediately after
dissection, tissues were weighed, submerged in Qiagen (Chatsworth, CA) lysis buffer, and
homogenized using a rotor-stator homogenizer. RNA extractions were then performed using a
Qiagen RNeasy Mini Kit.
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In total, we performed 57 RNA extractions across three populations (Lake Michigan, Lake
Champlain, and Atlantic Ocean), three tissue types (muscle, liver, and brain), and two sequencing
runs (Table S2). We extracted RNA from samples of muscle tissue (n = 30), liver tissue (n = 19),
and brain tissue (n = 8). Liver and brain tissues were extracted from individuals that were included
in the muscle tissue extraction group to allow us to compare gene expression patterns across
multiple tissue types within a given individual. To assess possible confounding effects associated
with two different sequencing runs, we sampled muscle tissue from two individuals in both
sequencing runs (i.e., each of. two individuals had two unique libraries sequenced for the same
tissue) to compare gene expression profiles of the same individual and tissue in downstream
analyses. All individuals were sampled during hour 6, allowing us to control for general changes
in expression associated with circadian oscillations (Patel et al., 2014). Library preparation and
RNA sequencing (RNA-seq) were performed by the Purdue Genomics Core Facility; the first
sequencing run was conducted using an Illumina HiSeq 2500 instrument, while the second was
conducted on a NovaSeq 6000 using an S2 flow cell.
Differential Gene Expression
RNA-seq reads were quality trimmed using Trimmomatic v0.36 (Bolger et al., 2014) and
parameters (LEADING:5 TRAILING: 5 MINLEN: 25) suggested by MacManes (2014). We used
FastQC to ensure read quality was acceptable before proceeding with our assembly. Trimmed
reads were normalized in silico and we assembled our multi-tissue transcriptome de novo using
Trinity (v2.5.1) (Haas et al., 2013) (Trinity --seqType fq --max_memory 512G --samples_file
samples.txt --CPU 20 --full_cleanup --SS_lib_type RF). Once the assembly was complete, we
checked assembly quality and completeness by subjecting our completed transcriptome to BUSCO
analysis (Simão et al., 2015). BUSCO leverages a database of orthologs (OrthoDB;
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www.orthodb.org) to create a set of single-copy orthologs that are present in >90% of species
comprising a given clade, thereby providing an evolutionary expectation of genes that should
present in any transcriptome or genome for a species belonging to that clade. We subjected our
transcriptome to BUSCO analysis for the ‘eukaryota’ (eukaryotes) species clade rather than the
‘vertebrata’ group, as sea lamprey are explicitly excluded in the orthologous gene set for
vertebrates due to high sequence divergence (Simão et al., 2015).
Next, we annotated transcripts using the Trinotate bioinformatics annotation protocol
(http://trinotate.github.io; Bryant et al., 2017). Briefly, this annotation pipeline leverages BLASTX
and BLASTP (after predicting probable coding regions within the transcripts using TransDecoder
[http://transdecoder.github.io]) to search for similarities between transcripts and proteins in both
Swiss-Prot and Uniref90 protein databases (downloaded June 5, 2018). Additionally, Trinotate
searches for conserved protein domains and signal peptides within the transcripts sequences. Gene
Ontology (GO) terms were associated with Trinity transcripts by matching proteins in the SwissProt database with proteins predicted from transcripts by TransDecoder. Next, we estimated
transcript abundances using RSEM, an alignment-based approach abundance estimation algorithm
(Li and Dewey, 2011).
Differentially expressed genes (hereafter, DEGs) were identified in R using edgeR’s GLM
functionality, which fits negative binomial GLMs with Cox-Reid dispersion estimates before
carrying out a likelihood ratio test (R Core Team, 2017; Robinson et al., 2010). First, we identified
genes that were significantly upregulated in treated individuals across all populations relative to
control individuals, as these genes are likely associated with a general response to TFM exposure
in sea lamprey. Next, we compared gene expression profiles of treated versus untreated
ammocoetes within each population to identify genes that were significantly up- and
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downregulated in response to TFM treatment and were specific to each population. We were
interested in identifying DEGs specific to populations with a history of exposure, as these genes
may be involved in conferring TFM resistance. The above comparisons were made for muscle and
liver tissue in all three populations to determine if expression patterns were tissue-specific. In
addition, because mortality resulting from TFM exposure is thought to ultimately occur due to
mismatches in aerobic and anaerobic bioenergetic molecule supply and demand in the brain, we
examined patterns of gene expression in brain tissue from Lake Michigan individuals to identify
genes significantly up- and downregulated in treated individuals that play a role in responding to
TFM. For genes to be significantly differentially expressed, we set minimum thresholds for both
log fold change (LFC ≥ 1) and significance (FDR correction via the Benjamini-Hochberg method;
p-value < 0.05). Finally, GOseq was used to determine which gene ontology functional categories
were overrepresented among differentially expressed genes in TFM treated individuals for each
population-tissue combination. Only functionally enriched categories significant below an FDRadjusted p-value threshold of 0.05 were retained.
Results
Lethal toxicological exposure trial
For tox1, combined mortality for treated individuals across all populations was 95.6% over the 12hour exposure period (LM 96.4%; LC 100%; AO 91.1%; Fig. 6). No mortality occurred within the
control group in any population. We observed significant differences in survivorship between
populations over time (χ2 (2 df) = 7.9, p = 0.019; Table 2). Post-hoc pairwise comparisons using the
log-rank test revealed that individuals in the Atlantic Ocean population had higher survivorship
than individuals from either the Lake Michigan or Lake Champlain populations (p = 0.031).
Survivorship in Lake Michigan and Lake Champlain did not differ (p = 0.714). Results of the Cox
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proportional hazards model revealed that relative to membership in the Atlantic Ocean population,
belonging to the Lake Michigan or Lake Champlain populations increased one’s hazard by a factor
of 0.61 or 0.58, respectively (Table 3). For tox2, combined mortality throughout the course of the
experiment was extremely low (LM 3.3%; LC 3.3%; AO 0.0%; Fig. S6). Again, we observed no
mortality within the control group in any population. There was no difference in survivorship
among populations over time (χ2 (2 df) = 1.0, p = 0.603).
RNA-seq and differential gene expression analysis
In total, we sampled muscle, liver, and brain tissue for 193 individuals across two treatments, three
populations, and five timepoints. From these samples, we sequenced mRNA for 57 unique libraries
and 28 unique individuals, which produced 2.18 billion 150-base paired-end reads (average
number of reads per sample = ~38.2 million). Trimming low-quality reads and removing adapter
sequences with Trimmomatic removed less than 1% of reads (29,755). Using the trimmed reads,
we used Trinity to assemble a de novo multi-tissue transcriptome which included reads from
muscle, liver, and brain tissues (~2.35 million transcript contigs, 1,316,323 gene groupings, 320bp median contig length, N50 of 645 bases). As is typical of many de novo transcriptomes, our
transcriptome was largely comprised of lowly expressed transcripts; 90% of transcription was
accounted for by an E90 transcript subset of 60,300 transcripts (Fig. S7A) (Bryant et al., 2017;
Senatore et al., 2015). We subjected our transcriptome to BUSCO analysis using the ‘eukaryota’
predefined species clade, which indicated that our assembly contained complete gene sequences
for 88.1% of the genes in the eukaryotic species clade; in addition, less than 1% of genes (1 of 303
single-copy orthologs in the set) expected to be present were missing (Fig. S7B). Annotation
information provided through the Trinotate pipeline revealed that a substantial proportion of the
DEGs in all tissue sets (281 of 377) did not match a similar sequence in the protein databases
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leveraged by Trinotate. For our differential gene expression analysis, we compared gene
expression profiles of TFM-treated individuals to those of untreated control individuals within
each population across muscle, liver, and brain tissues.
Muscle tissue
In general, we saw the strongest transcriptional response to TFM exposure in muscle tissue
(Fig. 7B-D) of Lake Michigan ammocoetes. In total, 128 genes were differentially expressed (95
upregulated, 33 downregulated) in muscle tissue in the Lake Michigan population, dwarfing the
number of DEGs in muscle tissue for both the Lake Champlain (n = 27) and Atlantic Ocean (n
=12) populations. The most highly expressed genes in the TFM treated group with available
annotation information were SASH1 (SAM And SH3 Domain Containing 1 protein known to
initiate proinflammatory cytokine production (Dauphinee et al., 2013); LogFC = 5.30), IRS2A
(insulin receptor substrate which promotes glycogen synthesis in the liver and glucose uptake in
muscle tissues (Horita et al., 2016; Samuel and Shulman, 2012); LogFC = 5.06), and PI3R6
(protein involved in activating specific PI3K enzymes known to phosphorylate inositol lipids and
drive immune and inflammatory responses (Ghigo et al., 2010); LogFC = 4.88). EF2, an essential
factor in protein synthesis and elongation (LogFC = -8.62), was strongly downregulated in muscle
tissue of Lake Michigan ammocoete. A large number (n = 545) of gene ontology categories had
enriched representation among the DEGs in Lake Michigan muscle tissue set. Among the top set
(i.e., the lowest FDR-adjusted p-values) of enriched GO categories were “response to stress”,
“biological process”, and “positive regulation of metabolic process” (p-value < 1E-10); Table S4).
Enriched GO categories relevant to TFM’s mode of action were also abundant, including
“regulation of voltage-gated calcium channel activity” (see Discussion for explanation of
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calcium’s role in oxidative phosphorylation) (BP; p = 5.6E-07), “positive regulation of
phosphorylation” (BP; p = 1.90E-05), and “ATP binding” (MF; p = 2E-03).
Lake Champlain ammocoetes differentially expressed a small number (n = 27; 9
upregulated, 18 downregulated) of genes in muscle tissue in response to TFM exposure (Fig. 7C).
Confusingly, genes related to iron regulation were both strongly up- and downregulated in
response to TFM exposure; two different transcripts of FRIHB (ferritin heavy protein important in
iron homeostasis by storing iron in non-toxic, readily-available state; LogFC = 20.74; 14.91) were
strongly upregulated, while FRIH3 (an oocyte isoform of ferritin; logFC = -12.79) was strongly
downregulated. Significantly enriched GO categories in muscle tissue of TFM-treated Lake
Champlain ammocoetes support the strong influence of iron homeostasis; top enriched categories
include “iron ion transport” (BP; p = 2.46E-06), “cellular ion homeostasis” (BP; p = 2.57E-06),
and “ferric ion binding” (MF; p = 1.34E-06). Atlantic Ocean ammocoetes also exhibited a muted
transcriptional response to TFM exposure in muscle tissue (n = 12 DEGs; 4 upregulated, 8
downregulated; Fig. 7D). Only two genes in this set had associated annotation information; DYRK4
(cell differentiation and survival) was strongly upregulated (LogFC = 11.03), while a member of
the olfactomedin family that encodes an antiapoptotic factor (OLFM) was downregulated (LogFC
= -4.86).
Liver tissue
In the liver of Lake Michigan ammocoetes, we identified 50 DEGs (23 upregulated, 27
downregulated). Strongly upregulated genes in this set with annotation information included
Y7014 (a centrosomal protein integral in maintaining centrosome integrity; LogFC = 6.62) and
CNTN4 (a member of the contactin family of immunoglobins known to be important for axon cell
adhesion; LogFC = 5.75). Conversely, TFM exposure strongly downregulated FIBA2 (fibrinogen
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protein key for blood clotting and platelet aggregation; LogFC = -8.39) in liver tissue of Lake
Michigan ammocoetes. No GO categories were significantly enriched in liver tissue of TFMtreated Lake Michigan individuals below an adjusted p-value < 0.05. In the liver tissue of Lake
Champlain ammocoetes (Fig. 7F), 41 genes were significantly differentially expressed (16
upregulated, 25 downregulated). UBIQP, a gene involved in ubiquitin production, was strongly
upregulated (LogFC = 4.61). FABPH, a fatty-acid binding protein involved in the intracellular
metabolism and transport of long-chain fatty acids, was strongly downregulated in response to
TFM (LogFC = -9.39). No GO categories were significantly enriched in liver tissue of TFMtreated Lake Champlain individuals below an adjusted p-value < 0.05. Notably, none of the
annotated DEGs in the muscle or liver tissue comparisons of Lake Champlain had known functions
related to TFM’s primary mode of action (i.e., depletion of bioenergetic stores).
In contrast to patterns observed for muscle tissue, we observed a stronger transcriptional
response to TFM in the liver of Atlantic Ocean ammocoetes (n = 69; 33 upregulated, 36
downregulated; Fig. 7G). Among the strongest upregulated genes were EF2 (LogFC = 6.75) and
APL2 (blood lipoprotein involved in lipid metabolism; LogFC = 4.40). Conversely, SAM9L, a gene
encoding a cytoplasmic protein with known roles in cell proliferation, was strongly downregulated
(LogFC = -13.18) in liver tissue. Among annotated genes differentially expressed in muscle and
liver tissue of Atlantic Ocean TFM-treated ammocoetes, only a single gene had a function possibly
associated with TFM’s primary mode of action; DHB4, an enzyme involved in fatty acid
metabolism in the mitochondria, was significantly upregulated (LogFC = 4.09) in response to TFM
(Table 4). However, several genes differentially expressed in liver tissue of Atlantic Ocean
ammocoetes in response to TFM play a role in reducing cellular stress and preventing cellular
damage (Table S3). In particular, an extracellular antioxidant selenium-based protein (SEPP1;
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LogFC = 2.80) was upregulated and an antioxidant-metabolizing enzyme (DPEP1; LogFC = 2.28) was downregulated in liver tissue of Atlantic Ocean individuals. No GO categories were
significantly enriched in muscle or liver tissue of TFM treated Connecticut individuals below an
adjusted p-value < 0.05.
Brain tissue
Finally, we saw a relatively even representation of genes significantly upregulated (n = 26)
and downregulated (n = 24) in the brain tissue of Lake Michigan ammocoetes (Fig. 7H). Functions
of genes upregulated in brain tissue in Lake Michigan ammocoetes include Y7014 (LogFC = 7.46)
and CUTA (protein involved processing, folding, oligomerization, and secretion of
acetylecholinesterase (Liang et al., 2009); LogFC = 2.35). Strongly downregulated genes in the
brain tissue of TFM treated Lake Michigan ammocoetes include RS27A (ubiquitin protein with
major role in targeting cellular proteins for cellular degradation; LogFC = -9.37) and EF2 (LogFC
= -6.62). No GO categories were significantly enriched in brain tissue of TFM treated Lake
Michigan individuals below an adjusted p-value < 0.05. Among the DEGs across tissue types
within the Lake Michigan population, many had functions associated with TFM’s primary mode
of action (e.g., mediation of ATP production via oxidative phosphorylation and the Citric Acid
Cycle, glycogen synthesis and metabolism, and xenobiotic metabolism) (Table 4). In addition,
many upregulated genes in this group had functions related to cellular oxidative stress responses,
cell signaling, and apoptosis (Table S3).
Discussion
Our study provides the first assessment of resistance to TFM in invasive sea lamprey populations
in both the Great Lakes and Lake Champlain. We found no evidence of resistance evolving at a
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lethal level in populations historically exposed to TFM; the native Atlantic Ocean population with
no history of exposure actually exhibited significantly lower mortality in our toxicological
exposure trials relative to populations (Lake Michigan and Lake Champlain) historically exposed
to the lampricide (Fig. 6; Tables 1-2). Furthermore, we replicated these experiments in the fall of
2017 with ammocoetes collected from different tributaries in Lake Michigan and the Atlantic
Ocean and found no differences in mortality among populations (preliminary data). However, the
results of our gene expression trials suggest that we cannot rule out resistance beginning to evolve
at a sub-lethal level in Lake Michigan populations. Lake Michigan populations exhibited a much
stronger transcriptional response to TFM exposure (n = 228 significantly DEGs) than both Lake
Champlain (n = 67) and Atlantic Ocean (n = 81) ammocoetes combined (Fig. 7). Annotation
information and functional enrichment analysis revealed that differentially expressed genes
involved in responding to or reducing cellular stress associated with TFM exposure were common
among all three populations. However, DEGs with functions related to TFM’s primary mode of
action (e.g., regulation of ATP production via oxidative phosphorylation, glycogen
synthesis/metabolism, phosphocreatine production) were nearly exclusive to Lake Michigan
muscle and liver tissue comparisons (Table 4).
We predicted that if resistance to TFM were evolving, invasive sea lamprey populations from
Lake Michigan and Lake Champlain with a history of exposure to TFM should exhibit lower
mortality when challenged by lethal concentrations of the lampricide relative to native Atlantic
Ocean populations with no history of exposure. However, the results of our lethal toxicological
exposure trials revealed that Atlantic Ocean ammocoetes experienced lower mortality when
exposed to TFM than either invasive population (Fig. 6). In addition, Cox proportional-hazard
ratios (the risk of mortality associated with belonging to a particular population compared to the
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population with the lowest mortality) revealed that the hazards associated with belonging to the
Lake Michigan (1.61) and Lake Champlain (1.58) populations exceeded that of the Atlantic Ocean
population (Table 3). One possible explanation for lower observed mortality in Atlantic Ocean
ammocoetes with no history of exposure to TFM could relate to differences in body mass between
the three populations. Recent research by Tessier et al. (2018) demonstrated that the rate of TFM
uptake in sea lamprey ammocoetes is negatively related to body mass, resulting in greater TFM
uptake in smaller ammocoetes. Higher rates of TFM uptake in smaller ammocoetes could translate
to higher TFM accumulation and risk of mortality during a stream exposure, though smaller
ammocoetes were also able to clear the lampricide from their systems more rapidly once the
environment reverted to a TFM-free state (Tessier et al., 2018). Atlantic Ocean individuals
generally exhibited greater mass than both Lake Michigan and Lake Champlain across all
experiments (Table S5), suggesting that increased survivorship in Atlantic Ocean ammocoetes
could be in part due to higher body mass. Nonetheless, we found no evidence of resistance evolving
at a lethal level in sea lamprey populations with a history of exposure to TFM.
The second objective of our study was to better understand the mode of toxicity of TFM at the
genetic level by examining patterns of gene regulation in TFM-treated ammocoetes. Negative
effects associated with xenobiotic exposure typically manifest at molecular or cellular level before
becoming apparent at the organismal level (Weis et al., 2001), implying that patterns of gene
expression could elucidate additional aspects of TFM’s mode of action that remain undetectable
at a lethal level. Interestingly, we observed a strong signal of gene regulation related to mediating
cellular oxidative stress in TFM-treated ammocoetes from all populations (Table S3). In an attempt
to increase ATP production via oxidative phosphorylation upon exposure to TFM, the rate of
oxygen consumption increases significantly in sea lamprey, as O2 is the final electron acceptor in
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the electron transport chain (ETC) (Wallace and Starkov, 2000). Increased oxygen consumption
triggers increased generation of reactive oxygen species (ROS) in the mitochondria, which can
result in DNA damage and toxic lipid peroxidation (Braidot et al., 1999; Caregnato et al., 2008;
Michiels et al., 1994). Lake Michigan ammocoetes upregulated several genes in muscle tissue
(M3K5; M4K3) within the MAPK signaling pathway that play important roles in mediating signal
transduction in response to genotoxic and oxidative stressors (Kim and Choi, 2010).
Upon detection of oxidative or toxin-mediated stress, cells often respond by increasing
expression of antioxidant compounds and enzymes that can remove ROS to ameliorate stress
(Franco et al., 1999; Michiels et al., 1994). TFM-treated individuals upregulated a number of genes
that encode antioxidant proteins and enzymes. For example, SEPP1, a selenium-based protein with
known antioxidant defense properties, was upregulated in liver tissue of Atlantic Ocean
ammocoetes. Atlantic Ocean ammocoetes also significantly downregulated a gene (DPEP1)
encoding an enzyme known to metabolize glutathione, an antioxidant known to prevent cellular
damage by removing intracellular reactive oxygen species (Tinggi, 2008; Veskoukis et al., 2012).
In liver tissue of Lake Champlain ammocoetes exposed to TFM, PEAMT, a gene known to regulate
the production of glycine-betaine, was strongly upregulated (McNeil et al., 2001). Glycine-betaine
is generally considered an osmoprotectant, and there is some evidence suggesting that higher
concentrations of the compound can help stabilize essential antioxidant enzymes and increase their
activity (Sairam et al., 2002). Mitochondrial oxidative stress is often thought to induce apoptosis
(Tiwari et al., 2002), and several genes (CYFP2; PEG3) with functions related to the induction of
apoptosis and cell senescence were upregulated in Lake Michigan ammocoetes (Table S3). Finally,
many significantly overrepresented gene ontology categories in TFM-treated ammocoetes were
related to responding to oxidative stress, including “cellular response to hydrogen peroxide” (Lake
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Michigan muscle; p = 0.014) and “oxidoreductase activity, oxidizing metal ions” (Lake Champlain
muscle). Thus, while the ultimate cause of TFM-induced mortality sea lamprey ammocoetes is the
total depletion of aerobic and anaerobic bioenergetic stores, the results of our differential gene
expression analysis suggest that cellular oxidative stress resulting from increased oxygen
consumption may hasten mortality and programmed cell death in sea lamprey ammocoetes.
The final objective of our study was to determine whether patterns of gene regulation in
response to TFM exposure differed among populations with varying histories of exposure to TFM.
Despite finding no evidence of resistance to TFM at a lethal level, resistance to xenobiotics can
occur through evolution of the expression of genes related to a xenobiotic’s mode of action, and
differences in expression may not immediately manifest into differences in xenobiotic lethality
(Hemingway et al., 2002; Li et al., 2005). We found evidence of population-level variation in
patterns of gene expression in response to TFM exposure (Fig. 7). Specifically, the transcriptional
response of Lake Michigan ammocoetes differed quantitatively and qualitatively from both Lake
Champlain and Atlantic Ocean. Lake Michigan ammocoetes significantly up- and downregulated
more genes in response to TFM exposure than Lake Champlain and Atlantic Ocean ammocoetes
combined, and many of the Lake Michigan DEGs have known functions related to the depletion
of aerobic and anaerobic energy stores (i.e., TFM’s primary mode of action).
Specifically, Lake Michigan ammocoetes upregulated several genes that would allow for a
greater rate of oxidative phosphorylation. For example, one strongly upregulated gene in TFMtreated Lake Michigan ammocoete muscle tissue was MSS51 (LogFC = 3.91), a gene that encodes
for specific mitochondrial mRNA molecules that are integral in the synthesis of cytochrome c
oxidase subunit 1 (COX1) (Decoster et al., 1990; Fontanesi et al., 2010; Perez-Martinez et al.,
2009). COX1 is the core subunit of cytochrome c oxidase (COX), the terminal multimeric enzyme
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of the mitochondrial electron transport chain responsible both for converting O2 to H2O and for
increasing transmembrane potential to drive ATP synthase by translocating protons from the inner
mitochondrial matrix to the outer matrix. Upregulating MSS51 would increase the production of
COX and could allow for a greater rate of oxidative phosphorylation in Lake Michigan
ammocoetes challenged with TFM. In addition, calcium plays an integral role in activating and
driving the oxidative phosphorylation cascade in mitochondria, and studies have demonstrated a
positive relationship between nanomolar free calcium and the rate of phosphorylation (Fink et al.,
2017; Glancy et al., 2013). Among upregulated genes in muscle tissue of Lake Michigan
ammocoetes were CRCM1, a calcium release-activated channel protein that controls the influx of
calcium into cells when depleted, and PLCD4, an enzyme responsible for hydrolyzing
phosphatidylinositol 4,5-bisphosphate into two secondary messenger molecules, one of which
(inositol 1,4,5-trisphosphate or ‘IP3’) is known to release cellular calcium stores and increase
calcium concentrations within the cell (Berridge, 1993). Upregulated expression of genes that
increase intracellular concentrations of calcium could enhance oxidative phosphorylation in Lake
Michigan ammocoetes and partially compensate for the uncoupling effects of TFM.
Aside from increasing expression of genes that enhance the rate of oxidative phosphorylation,
Lake Michigan ammocoetes also upregulated genes known to facilitate ATP production through
pathways that don’t require oxidative phosphorylation. SC6A8, upregulated in liver tissue of TFMtreated ammocoetes, encodes a plasma membrane creatine transporter integral for creatine uptake,
production, and translocation to muscle, heart, and brain tissues, where it is converted to
phosphocreatine (Christie, 2007). In turn, phosphocreatine rapidly recycles intracellular ATP
through the donation of a phosphate group to ADP. Upregulation of SC6A8 in the liver would
allow for greater phosphocreatine production in ammocoete brain and muscle tissues, possibly
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compensating for the depletion of this bioenergetic store by TFM and ameliorating some of the
lost ATP production from oxidative phosphorylation (Clifford et al., 2012). Depletion of ATP due
to TFM exposure eventually necessitates reliance on anaerobic energy stores, namely glycogen
(Birceanu et al., 2014). Lake Michigan ammocoetes upregulated a gene (IRS2A) known to
potentiate insulin signaling, which accelerates glycogen synthesis in the liver (Cohen et al., 1978).
Given that insulin is a hormone with a wide variety of metabolic functions, it is unclear whether
upregulation of IRS2A is directly related to the depletion of glycogen stores as a consequence of
TFM exposure. However, upregulation of this gene may increase the production of glycogen and
prevent the total depletion of bioenergetic stores.
Finally, an alternative to regulating genes to increase production of bioenergetic stores in
response to the uncoupling effects of TFM would be to degrade or remove the xenobiotic
compound from the cell entirely. One upregulated gene in muscle tissue of TFM-treated Lake
Michigan ammocoetes, ARNT, encodes a protein known to bind to the aryl-hydrocarbon receptor
(AHR) to form a transcription factor that initiates an enzyme known to degrade a wide variety of
xenobiotic compounds (CYP1A) (Nebert et al., 2004; Schmidt and Bradfield, 1996). However,
overproduction of CYP1A enzymes can lead to the production of toxic reactive secondary
metabolites (Schmidt and Bradfield, 1996), making it difficult to assess whether increased
expression of ARNT is beneficial (i.e., by potentially metabolizing TFM) or detrimental to Lake
Michigan ammocoetes during exposure. While differential expression of genes related to cellular
stress responses are common across all three populations, genes with known functions related to
production of bioenergetics like ATP, glycogen, and phosphocreatine, along with genes associated
with the metabolism and degradation of xenobiotic substances seem to be nearly exclusive to the
Lake Michigan population. Strong upregulation of genes associated with energy production and
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xenobiotic metabolism could result in different organismal sub-lethal responses (e.g., reproductive
potential, physiology, behavior) that could signify the beginnings of resistance.
While the findings of our toxicological lethal exposure trials do not provide evidence that
invasive sea lamprey populations are evolving resistance to TFM at a lethal level, we cannot rule
out the possibility of resistance evolving at a sub-lethal level based on the results of our differential
gene expression analysis. Our study provides the first evidence of gene regulation associated with
responding to cellular oxidative stress as a consequence of TFM exposure in sea lamprey. In
addition, our results demonstrate that gene expression patterns in Lake Michigian sea lamprey
contrast sharply with populations with a shorter or no history of exposure, providing possible
evidence of sub-lethal resistance evolving in response to TFM. TFM is an effective lampricide and
a strong selective agent for both Great Lakes Lake Champlain sea lamprey populations. Given
previous research demonstrating the rapid evolution of resistance to xenobiotics in a variety of
vertebrate species in response to strong selection (Boyle, 1960; Pelz et al., 2005; Reid et al., 2016;
Twigg et al., 2002), monitoring for resistance to both lethal and sub-lethal effects associated with
TFM exposure in invasive sea lamprey populations should remain a top a priority of management
agencies in the United States and Canada. The evolution of resistance to TFM in sea lamprey
would have serious financial, societal, and ecological costs for the Great Lakes region and
ecosystem and would necessitate a profound shift in management practices to prevent major
declines in native and introduced fishes witnessed during the 20th century.
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Table 2 Results of the log-rank test for the survival analysis of toxicological assay 3. The number
of observed events (i.e., deaths) during the course of each experiment is listed for each population:
Lake Champlain (LC), Atlantic Ocean (AO), and Lake Michigan (LM). The equation for
calculating the number of expected events for each population is provided. The results of the logrank test indicate that there is a significant difference in survival time among populations driven
by higher survival of Atlantic Ocean lamprey.

LC
AO
LM
1

N

Observed

Expected1

(O-E)2/E

(O-E)2/V

56
56
56

52
51
54

46.8
64.1
46.1

0.582
2.689
1.359

1.35
7.78
3.14

χ2 (2 df)

−
−
−
7.9

p

−
−
−
0.019
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Table 3 Summary of the Cox proportional-hazards regression model for toxicological assay 3.
Statistics for Lake Champlain (LC) and Lake Michigan (LM) populations are compared to Atlantic
Ocean, the population with the highest survivorship during the assay. The positive sign of the β
coefficient values indicates that the hazard risk for belonging to Lake Champlain or Lake Michigan
is higher than that for Atlantic Ocean. The Wald statistic and associated p-value indicate whether
the β coefficients are significantly different (i.e., p < 0.05) from 0. The hazard ratios indicate the
risk of mortality associated with belonging to a particular population compared to the Atlantic
Ocean population. These results indicate that belonging to the Lake Champlain or Lake Michigan
population increases the hazard by 58% and 61%, respectively.
z
p
β coefficient Hazard ratio U95% CI L95% CI
LC
0.46
1.58
2.34
1.07
2.29
0.02
LM
0.48
1.61
2.37
1.10
2.42
0.02
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Table 4 Differentially expressed genes with functions associated with TFM’s primary mode of
action – the depletion of anaerobic and aerobic energy stores. The majority of differentially
expressed genes in this group belong to the Lake Michigan (LM) population, though one (DHB4)
was upregulated in the Atlantic Ocean (AO) population. Log fold-change values represent the
increase in expression in TFM-treated ammocoetes relative to control individuals. FDR adjusted
p-values were corrected using the Benjamini-Hochberg method.
Population Tissue
Gene
logFC
FDR
Known role(s)
LM

liver

VDAC2

2.42

0.042

encodes a voltage-dependent anion
channel pore-forming protein that is
the main pathway for ATP and small
ion diffusion across the
mitochondrial outer membrane

LM

liver

SC6A8

4.93

0.030

plasma membrane creatine
transporter; creatine rapidly recycles
ATP in muscles tissue

LM

muscle

PLCD4

2.09

0.042

enzyme hydrolizes PIP2 • IP3;
releases calcium from intracellular
stores

LM

muscle

CRCM1

2.13

0.043

calcium channel protein that controls
calcium influx into cells

LM

muscle

MSS51

3.91

0.046

mitochondrial activity

LM

muscle

IRS2A

5.06

0.023

potentiates insulin signaling;
glycogen synthesis

AO

liver

DHB4

4.09

0.047

mitochondrial fatty acid metabolism
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Table S 1 Lamprey experiments ordered by date. The number of experimental tanks (N aquaria)
and the number of ammocoetes in each experimental tank (Individuals/replicate) are included.
TFM concentrations are given in units of mg/L.
Individuals/
TFM
Date

Experiment type

N aquaria

replicate

concentration(s)

11/21/16

Gene expression1

36

7

0, 2, 3

02/24/17

Toxicological assay1

36

7

0, 3

03/07/17

Toxicological assay2

27

5

0, 1.67
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Table S 2 RNA extraction sampling design. Samples are organized by population and tissue type.
Sample numbers are given both as the number of unique individuals from which we extracted
RNA and as the total number of RNA extractions completed (includes technical replicates).
RNA extractions
from unique

Total number of

Population

Tissue

individuals

RNA extractions

Lake Michigan

muscle

10

12

Lake Michigan

brain

8

8

Lake Michigan

liver

7

7

Lake Champlain

muscle

9

9

Lake Champlain

liver

6

6

Atlantic Ocean

muscle

9

9

Atlantic Ocean

liver

6

6

Total:

55

57
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Table S 3 Differentially expressed genes with functions associated with the introduction of a toxic
xenobiotic substance. Differentially expressed genes in this group belong to the Lake Michigan
(LM) and Atlantic Ocean (AO) populations. Log fold-change values represent the increase in
expression in TFM-treated ammocoetes relative to control individuals. FDR-adjusted p-values
were corrected using the Benjamini-Hochberg method.
Population Tissue Gene logFC FDR
Known role(s)
LM

liver

DNAS1

-7.81

0.007

apoptosis

LM

liver

CUTA

2.35

0.041

acetylcholinesterase processing &
secretion

LM

brain

CUTA

2.17

0.003

acetylcholinesterase processing &
secretion

LM

muscle

CGAS

2.16

0.045

regulator of cellular senescence

LM

muscle

M4K3

2.74

0.038

environmental stress response

LM

muscle

GFPT1

2.83

0.023

stress response

LM

muscle

ARNT

2.91

0.048

binds to aryl-hydrocarbon receptor to
induce CYP1A which can metabolize
xenobiotics

LM

muscle

M3K5

3.48

0.038

cell signaling; apoptosis

LM

muscle

PEG3

3.48

0.047

apoptosis

LM

muscle

CYFP2

3.58

0.050

apoptosis

AO

liver

DPEP1

-2.28

0.017

renal metabolism of glutathione (major
endogenous cellular antioxidant)

AO

liver

SEPP1

2.80

0.0245

selenium protein antioxidant; reduction of
oxidative stress
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Table S 4 Enriched gene ontology (GO) categories represented by differentially expressed genes.
Genes are sorted based on FDR-adjusted p-value; only the top ten for each population-tissueontology category combination are shown here. Any population-tissue-ontology category not
listed here had no enriched GO categories with an FDR-adjusted p-value less than 0.05. Biological
process (BP); Molecular function (MF); Cellular component (CC).
GO term
Population Tissue Ontology
Term
FDR
GO:0006950

LM

muscle

BP

response to stress

>1E-10

GO:0008150

LM

muscle

BP

biological process

>1E-10

GO:0009893

LM

muscle

BP

positive regulation of metabolic process

>1E-10

GO:0009966

LM

muscle

BP

regulation of signal transduction

>1E-10

GO:0009987

LM

muscle

BP

cellular process

>1E-10

GO:0005575

LM

muscle

CC

cellular component

>1E-10

GO:0005634

LM

muscle

CC

nucleus

>1E-10

GO:0005737

LM

muscle

CC

cytoplasm

>1E-10

GO:0005829

LM

muscle

CC

cytosol

>1E-10

GO:0005856

LM

muscle

CC

cytoskeleton

>1E-10

GO:0003674

LM

muscle

MF

molecular function

>1E-10

GO:0003676

LM

muscle

MF

nucleic acid binding

>1E-10

GO:0003723

LM

muscle

MF

RNA binding

>1E-10

GO:0005488

LM

muscle

MF

binding

>1E-10

GO:0005515

LM

muscle

MF

protein binding

>1E-10

GO:0006826

LC

muscle

BP

iron ion transport

2.46E-06

GO:0006879

LC

muscle

BP

cellular iron ion homeostasis

2.57E-06

GO:0046916

LC

muscle

BP

cellular transition metal ion homeostasis

4.24E-06

GO:0055072

LC

muscle

BP

iron ion homeostasis

4.31E-06

GO:0000041

LC

muscle

BP

transition metal ion transport

5.06E-06

GO:0005623

LC

muscle

CC

cell

5.06E-06

GO:0008199

LC

muscle

MF

ferric iron binding

1.34E-06

GO:0004322

LC

muscle

MF

ferroxidase activity

1.34E-06

GO:0016724

LC

muscle

MF

oxidoreductase activity, oxidizing metal

1.34E-06

ions, oxygen as acceptor
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GO:0016722

LC

muscle

MF

oxidoreductase activity, oxidizing metal

1.34E-06

ions
GO:0005506

LC

muscle

MF

iron ion binding

3.94E-05
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Table S 5 Mass (mean +/- SE) for ammocoetes from Lake Michigan (LM), Lake Champlain (LC),
and Atlantic Ocean (AO) populations for lethal toxicological (Tox1 & Tox2) and gene expression
(GE) trials. Mass is given in grams. In general, Atlantic Ocean ammocoetes grew better in captivity
and exhibited greater mass than Lake Michigan and Lake Champlain ammocoetes.
Experiment
LM
LC
AO
Tox1

0.84 ± 0.11

0.80 ± 0.05

2.29 ± 0.31

Tox2

0.93 ± 0.09

0.93 ± 0.08

2.22 ± 0.15

GE

0.91 ± 0.04

0.68 ± 0.03

1.91 ± 0.15
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Figure 5 Map of sampling locations for three different populations of sea lamprey. Tributaries
sampled in each location are highlighted in blue. The number of ammocoetes collected from
each location is listed in the top panel for each location’s inset, while time (i.e., the number of
years) from first TFM application to collection is listed in the bottom panel.
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Figure 6 Survivorship over time for the first toxicological lethal exposure wherein individuals
were exposed to a TFM concentration of 3 mg/L. Kaplan-Meier survival curves (A) are plotted
along with shaded 95% confidence interval bands for each population. The risk table (B) lists the
number of surviving individuals at the end of various timepoints (i.e., those at risk in the following
hour) throughout the exposure. Both (A) and (B) illustrate a decline in survivorship in treated
individuals over time across all populations, though the divergence of survival curves later in the
exposure demonstrate significantly higher survivorship in individuals from the Atlantic Ocean
population in the later stages of the trial.
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Figure 7 Panel (A) shows an individual ammocoete along with general areas where individual
tissues were dissected. Mean-difference (MD) plots of gene expression profiles for muscle (B-D)
and liver (E-G) tissue extracted from Lake Michigan (B & E), Lake Champlain (C & F), and
Atlantic Ocean (D & G) individuals, as well as an MD plot for brain tissue of Lake Michigan
individuals (H). Individual dots represent genes as a function of their level of expression (Average
log CPM) relative to the fold change difference (log transformed; LogFC) between treated and
untreated individuals. Significant differentially expressed genes are highlighted in red
(upregulated) or blue (downregulated). The minimum log fold change threshold (LogFC = ±1) is
shown with horizontal blue lines. These data illustrate that Lake Michigan individuals exhibited a
stronger transcriptional response to TFM (i.e., up- and downregulated far more genes) than either
the Lake Champlain or Atlantic Ocean populations.
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Figure S 5 Photos of (A) the holding tanks sea lamprey ammocoetes were acclimated in for 4
months before beginning exposure trials and (B) the exposure trial experimental array. In (B),
TFM has been administered to treatment tanks giving a characteristic yellow tint to the water.
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Figure S 6 Survivorship over time for the second toxicological lethal exposure wherein individuals
were exposed to a TFM concentration of 1.67 mg/L. Kaplan-Meier survival curves are plotted for
each population. There was little mortality at the tested concentration and no significant difference
in survivorship over time in treated individuals across all populations.
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Figure S 7 Transcriptome assembly quality assessed using metrics of (A) contig N50 value
computed from cumulative sets of the most highly expressed transcripts and (B) transcriptome
completeness using BUSCO analysis. The E90N50 value (red line) takes the expression levels of
each contig into account and calculates an N50 value from 90% of the total normalized expression
data. Our BUSCO analysis revealed that our transcriptome had a high degree of completeness, as
it contained 88.1% of the expected single-copy orthologs expected to be present in the ‘eukaryota’
species clade.

