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Introduction: Myxobolus cerebralis, the parasite responsible for salmonid whirling disease, was unintentionally introduced to and became established in Colorado in the 1990s. Mortality of young-of-year fish due to infection by M. cerebralis resulted in recruitment failure and subsequent significant declines in Rainbow Trout (Oncorhynchus mykiss) populations. The complex multistage lifecycle of M. cerebralis makes it difficult to eradicate and manage, and hatchery control strategies do not work in the wild. A viable method that has been utilized for wild populations is enhancing host resistance. Myxobolus cerebralis resistant Rainbow Trout were discovered at a hatchery in Germany and subsequently incorporated into Colorado's brood stock program. Since 2004, M. cerebralis resistant strains have been stocked into all major Colorado coldwater drainages to re-establish Rainbow Trout populations after whirling disease-related declines, with documented survival and reproduction of stocked disease resistant fish.

Methods and results: Genetic population assignment tests (via putatively neutral microsatellite markers) were used to monitor the stocked populations and indicated that, after only a few years, many of the individuals in these populations unexpectedly assigned to genetic strains that were historically susceptible to M. cerebralis. To further investigate the genetic composition of these fish, a single nucleotide polymorphism (SNP) panel was used to determine the percent genetic composition of resistant strain in these individuals. Microsatellites and SNPs provided similar results, indicating a low percentage of ancestry from the resistant strain in these fish, but they continued to survive exposure to M. cerebralis, suggesting that these individuals possessed genetic loci necessary for resistance. Finally, a quantitative trait locus (QTL) region (termed WDRES-9) was used to identify individuals with alleles associated with disease resistance. Implementation of the WDRES-9 QTL test allowed for more accurate determination of M. cerebralis resistant individuals within wild populations and better described their variability in resistance.

Discussion: Overall, reintroductions and genetic monitoring required a suite of tools to understand the effects of M. cerebralis exposure on the genetic resistance of wild fish populations over time.

Keywords
rainbow trout, whirling disease, genetics, resistance, quantitative trait locus


1 Introduction

Infectious diseases have major negative biological, ecological and economic implications for both fish production and aquatic ecosystems and pathogen control or eradication is a major priority for managers (Chapman et al., 2021; Fraslin et al., 2020; Das and Sahoo, 2014). Several management options are available to hatchery facilities to reduce or eliminate infectious pathogens, such as antibiotic treatment, vaccination, and probiotics, among others (Das and Sahoo, 2014). Hatcheries can also manipulate their facilities to eliminate pathogens using techniques such as dewatering and changing water sources (Wagner, 2002; Hedrick et al., 1998) but most of these methods are cost prohibitive. Additionally, these hatchery management options are not possible or appropriate for wild and native fisheries. Small-scale modifications, such as removal of depositional backwaters, can be used to reduce secondary host or pathogen habitat availability locally (Thompson, 2011). Although possible, large-scale environmental manipulations are difficult to implement in the wild (Nehring et al., 2018), and other strategies need to be considered. One viable option is using host innate disease resistance. Disease resistance in fishes is a well-established concept and thought to be an adaptive genetically controlled mechanism (Fraslin et al., 2020) that could be used to re-establish populations in situations in which the pathogen cannot be eliminated (Hedrick et al., 1998; Fraslin et al., 2020).

Whirling disease, caused by the parasite Myxobolus cerebralis, has caused catastrophic declines in many important fisheries in the United States intermountain west beginning in the 1980s (Vincent, 1996; Nehring and Walker, 1996). The life cycle includes the primary host, a salmonid, and a secondary host tubificid worm, Tubifex tubifex. Clinical signs of disease in salmonids include deformities of the cranium, operculum, lower jaw and spine, black tail, and erratic whirling swimming behavior. The complex multistage life cycle of M. cerebralis makes it difficult to eliminate in the wild once it is established. Due to the difficulty of eliminating the parasite in the wild, host resistance was thought to be one of the most viable options available to disrupt the parasite life cycle (El-Matbouli et al., 1999; Kerans et al., 1999; Beauchamp et al., 2002; Schisler et al., 2000; Wagner et al., 2006; Fetherman et al., 2011, 2012; Nehring et al., 2013, 2016; Avila et al., 2018). Multiple attempts were made to use resistant lineages of the secondary T. tubifex worm host (Beauchamp et al., 2005; Nehring et al., 2013), but efforts to shift community composition, as well as introduction efforts, were met with limited success (Clapp, 2009; Winkelman and Gigliotti, 2014). Serendipitously, a whirling disease resistant Rainbow Trout Oncorhynchus mykiss strain was discovered in a German hatchery that presumably developed resistance to whirling disease through continuous exposure to M. cerebralis for over a century (El-Matbouli et al., 2002). The German Rainbow Trout strain (referred to hereafter as GR) is more resistant to whirling disease than many other Rainbow Trout strains found in North America (Hedrick et al., 2003). However, due to the long history of domestication of the GR (roughly 100 years; El-Matbouli et al., 2002; Hedrick et al., 2003), it was thought that their survival in the wild would be lower than other Rainbow Trout historically stocked in Colorado (Schisler et al., 2006), and this was supported by laboratory (Fetherman et al., 2011) and field experiments (Fetherman et al., 2020). To overcome the effects of domestication, increase wild survival, and maintain resistance to M. cerebralis, Colorado developed a breeding program to cross the GR with other Rainbow Trout strains (Schisler et al., 2006; Fetherman et al., 2011, 2012; Avila et al., 2018, 2022). The resulting Rainbow Trout offspring are M. cerebralis-resistant (Schisler et al., 2006; Fetherman et al., 2011, 2012) and have been stocked into all major Colorado coldwater drainages since 2004.

Given their performance during controlled lab exposure experiments (Schisler et al., 2006; Fetherman et al., 2011, 2012), offspring of GR crosses were expected to exhibit increased survival upon exposure to M. cerebralis in the wild. However, the successful reestablishment of Rainbow Trout in rivers where the parasite had become established was dependent not only upon the survival of stocked fish, but also their ability to reproduce and incorporate the genetic basis of whirling disease resistance into wild populations. Monitoring and research efforts to assess both survival and reproduction in the wild have been ongoing (Fetherman et al., 2014; Avila et al., 2018, 2023), and included efforts to assess the genetic composition of the populations over time, especially the incorporation of whirling disease resistant genetics into wild populations (Fetherman et al., 2014, 2018, 2020; Fetherman and Schisler, 2014). Our overall objective in this manuscript was to utilize the multiple genetic tools available at the time of sampling to understand genetic patterns of M. cerebralis resistance in wild Rainbow Trout populations in the Colorado and Gunnison rivers due to the reintroduction of M. cerebralis-resistant Rainbow Trout strains.



2 Methods

The upper Colorado River is located in Grand County, Colorado with the primary study sites located 1.6 km downstream of Windy Gap Reservoir (Figure 1). Flow ranges from a mean of 2.2 to 22.5 cm. Temperature in the upper Colorado River ranges from 3.4 to 16.2°C and has a mean annual temperature of 10.7°C (Fetherman et al., 2014). The lower Gunnison River is located in Montrose and Delta counties, Colorado (Figure 2), flowing from Crystal dam downstream through the Black Canyon of the Gunnison National Park and Gunnison Gorge National Conservation Area. Flow varies from 0.48 to 58 cm with an annual mean of 20 cm (U.S. Geological Survey [USGS], 2016).


[image: Figure 1]
FIGURE 1
 The upper Colorado River study site. The 23.42 km study site was located between Windy Gap Reservoir and Parshall, CO. Start and end points are shown with black dots.
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FIGURE 2
 The Gunnison River study sites are located northwest of the Black Canyon of the Gunnison National Park, Colorado. The first study site was 4151.69 m long and starts below Crystal Reservoir. The second study site was 21.5 km long and located within the Gunnison Gorge Wilderness Area. Start and end points are shown with black dots.



2.1 Disease history in the Colorado and Gunnison rivers

Prior to the introduction of whirling disease, a thriving, self-sustaining Rainbow Trout population existed in the upper Colorado River, with adult Rainbow Trout outnumbering adult Brown Trout Salmo trutta 2:1 (Nehring, 2006). In 1981, Colorado Parks and Wildlife (CPW) started taking wild Rainbow Trout eggs from the stretch of river located below Windy Gap Reservoir to establish a wild Rainbow Trout brood stock known as the Colorado River Rainbow (CRR). The CRR was stocked widely throughout Colorado to establish many naturally reproducing wild Rainbow Trout fisheries (Walker and Nehring, 1995). M. cerebralis was unintentionally introduced to the upper Colorado River in the 1980s when privately reared Rainbow Trout previously exposed to M. cerebralis were stocked into three private water bodies located upstream of Windy Gap Reservoir. Fish below Windy Gap Reservoir tested positive for M. cerebralis in 1988, and a subsequent decline in the younger age classes of Rainbow Trout was observed in the early 1990s (Nehring, 2006). Although several possible reasons for the losses were investigated (Walker and Nehring, 1995; Schisler et al., 1999a,b, 2000), whirling disease was determined to be the primary cause for the disappearance of younger age classes (Nehring and Thompson, 2001). Despite repeated stocking efforts with CRRs (average of 11,634 stocked annually), Rainbow Trout abundances eventually dropped to lower than 90% of those observed prior to the establishment of M. cerebralis (Nehring, 2006). A similar drop in Brown Trout populations was not observed (Nehring and Thompson, 2001; Nehring, 2006) because they are more resistant to M. cerebralis than Rainbow Trout, having evolved with M. cerebralis, in their native, European home ranges (Hoffman, 1970; Hedrick et al., 1999, 2003).

Whirling disease was introduced to the Gunnison River basin above Blue Mesa, Morrow Point, and Crystal reservoirs in 1987 through fish stocked into Meridian Lake by a private hatchery that subsequently tested positive for M. cerebralis. Fish in the East River below Meridian Lake began showing signs of disease and tested positive in 1994. Initial introduction to the lower Gunnison River, where our study occurred, likely happened in 1993 when an uncontrolled surface spill of water over Crystal Dam carried the parasite over the dam. The lower Gunnison River below Crystal Dam had not been stocked with fish of any kind since the late 1970s, eliminating stocking as a potential disease introduction route (Nehring, 2006). The Rainbow Trout population in the lower Gunnison River collapsed, declining by more than 90% in the years following M. cerebralis introduction (Nehring and Thompson, 2001).

Whirling disease resistant Rainbow Trout were first stocked in the lower Gunnison River in 2004 and upper Colorado River in 2006 (Schisler and Fetherman, 2010), with subsequent yearly stocking occurring in both rivers (average of 19,60 and 23,652 stocked annually into the Gunnison and Colorado rivers, respectively). Both rivers were stocked with the first filial (F1) generation of crosses between the GR and CRR, which were effectively 50% GR and 50% CRR (50:50 GRxCRR) and exhibited resistance characteristics similar to those of the GR strain (Schisler et al., 2006; Fetherman et al., 2012). In addition, between 2006 and 2013, the East Portal was stocked and managed as a potential wild brood source for GRxCRR. The F1 fish were capable of attaining critical swimming velocities similar to those of the CRR strain (Fetherman et al., 2011) and were therefore the best candidate for reestablishing Rainbow Trout populations in large river systems with high water velocity. Larger individuals (≥ 150 mm total length) were initially used for stocking events because they were less susceptible to M. cerebralis infection (Ryce et al., 2005) and Brown Trout predation, but survival and recruitment were low (Fetherman et al., 2014). To reduce hatchery related behavioral conditioning and increase survival, fry were stocked. Compared to larger fish, fry survived and recruited into the population at a higher rate in Colorado's large river systems (Fetherman et al., 2014; Fetherman and Schisler, 2016). Although this study is focused on the incorporation of disease resistance following these initial reintroductions with GRxCRR offspring, Colorado Parks and Wildlife continues to stock fry from various resistant strains to maintain resistance and increase Rainbow Trout abundance.



2.2 Sample collection

Fin clips have been collected from Rainbow Trout populations in the Colorado and Gunnison rivers during population surveys since 2006. Population surveys were completed using raft and backpackmark-recapture or removal electrofishing efforts (Fetherman et al., 2014). Fin clips consisted of a 1 cm squared piece of fin collected from the upper caudle fin with scissors, placed into a 2 ml vial with 95% ETOH, and archived in a freezer by date and location of collection. Over 3,500 fin clips have been collected from several rivers across Colorado from 2007–2023 to investigate M. cerebralis resistance. Samples for this study were haphazardly selected to be genotyped from the upper Colorado River and Gunnison River. The data set used here consists of 1,765 genetic samples collected from the upper Colorado River and the Gunnison River, Colorado (Table 1) and samples were selected in years following the initial resistant Rainbow Trout stocking and to determine changes in genetic resistance characteristics of these populations over time. In the Colorado River, the study reach extended 23.42 km from Windy Gap dam on the upstream end to Parshall, Colorado on the downstream end (Figure 1). The Gunnison River contained two study reaches and Rainbow Trout populations of interest: one in the Gunnison Gorge and the other in the East Portal in Black Canyon of the Gunnison National Park. The East Portal study reach included the 4.2 km stretch between Crystal Dam to the Gunnison Diversion Dam (Figure 2). The Gunnison Gorge reach included the 21.5 km stretch beginning at the Chukar access point below the Black Canyon of the Gunnison National Park and extended to Pleasure Park (Figure 2). In the Colorado River and Gunnison Gorge stretch of the Gunnison River where few wild Rainbow Trout remained after the introduction of M. cerebralis, it was thought that GR alleles and disease resistance would rapidly be incorporated into the remnant populations. In contrast, fewer losses occurred in the East Portal Rainbow Trout population because there is less worm habitat available for the intermediate Tubifex host in this tailwater stretch and no upstream source of infection. Therefore, it was thought that incorporation of GR alleles and disease resistance would take longer, given that both survival and reproductive success could differ between remnant wild fish and stocked disease resistant fish and may interact in unpredictable ways.


TABLE 1 Total number of genetic samples that were processed for each genetic test from each location/population and corresponding years.
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Laboratory analysis: All genetic samples were sent to the Genomic Variation Laboratory (GVL) at the University of California, Davis for processing and genetic testing. There were three genetic analysis methods used between 2007 and 2023. The first was genetic population assignment, the details of which are described in Fetherman et al. (2014). Briefly, 18 microsatellite markers were genotyped at the GVL and software programs NewHybrids (Nielsen et al., 2001) and Structure 2.3.3 (Pritchard et al., 2000) were used in tandem and compared to distinguish individual assignment to strain, filial generation cross, or backcross (e.g., pure CRR strain, pure GR strain, GRxCRR, backcross of GRxCRR with GR or CRR). The second used genetic population assignment and estimation of the amount (percent) German Rainbow (hereafter referred to as percent GR test) within a fish. A single nucleotide polymorphism (SNP) panel, made of 46 SNPs, was developed by using restriction site associated DNA sequences (RAD-seq) at the GVL. Individuals were genotyped using Integrated Fluidic Circuits (IFC) on a Standard BioTools BioMark platform (South San Francisco, CA). Software program NewHybrids (Nielsen et al., 2001) was used to classify crosses (e.g., F1, F2, B1, B2, pure CRR, pure GR) and program Structure 2.3.3 (Pritchard et al., 2000) was used to determine percent GR ancestry (Fetherman and Schisler, 2013, 2016). The SNP panel did not target specific resistance loci, but rather identified putatively neutral loci with substantial allele frequency differences between pure GR and pure CRR strains. All SNPs were evaluated for neutrality relative to the known resistance markers and it was determined that they were unlikely to be influenced by the quantitative trait loci (QTL) described below (nearest genetic distance of 14 cm from the QTL). However, because the SNPs were developed prior to the completion of the Rainbow Trout genome mapping project, they were not mapped to determine relative distance to other potential survival loci upon which selection could be acting, and doing so was outside the scope of this study. Power of microsatellite and SNP panels were simulated to evaluate the accuracy of hybrid classes and allele frequencies associated with that class and were compared to known samples (Fetherman and Schilser, 2017). The final genetic method used a quantitative trait locus (QTL), known as the WDRES-9 QTL, to determine if fish have a major-effect M. cerebralis-resistant allele. Full description of the QTL is outlined in Baerwald et al. (2011). Briefly, the WDRES-9 QTL is located on chromosome Omy9 and explains a large amount of the phenotypic variance (50–86%) for M. cerebralis resistance in GRxCRR F2 families (Baerwald et al., 2011). The WDRES-9 QTL is in close proximity to the microsatellite marker BX310634, and individuals that are homozygous at this QTL marker for the resistance allele (RR) developed fewer myxospores than individuals that were heterozygous (RS) or did not have the resistant alleles (homozygous non-resistant; SS) when exposed to M. cerebralis (Baerwald et al., 2011; Fetherman et al., 2014, 2020).



2.3 Analysis

Data visualization and general statistics were done in program R (version 4.4.0; R Core Team, 2024) with packages ggplot2 (Wickham, 2016) and dplyr (Wickham et al., 2023). A total of 996 genetic samples were used for genetic assignment with three possible assignments: CRR, GRxCRR, backcrosses, and unknown. Genetic assignment results are presented as the proportion of fish assigned to one of the three categories for each year sampled in each of the three populations. A total of 1,681 genetic samples were used for the percent GR test, which ranged between 0 and 100% GR (Table 2). Comparing expected genetic percentages against known assignments of pure strains and filial generation crosses and backcrosses, showed that an individual 50:50 GRxCRR fish had a percent GR that ranged between 0.40 and 0.60 (Supplementary Figure 1). Backcrossing a 50:50 GRxCRR with a GR or a CRR resulted in an individual with percent GR ranging between 0.60 and 0.80 and 0.20 and 0.40, respectively. Pure GR fish had a percent GR very close to 1.00, and pure CRR fish had a percent GR below 0.20 (Supplementary Figure 1, Fetherman and Schisler, 2017). When examining samples collected from wild populations, we assumed that higher levels of GR ancestry (>20%) may indicate increased likelihood of M. cerebralis-resistance and a lower number of myxospores when exposed to M. cerebralis (Fetherman et al., 2012). Results are presented as the proportion of fish tested that fell into one or the other of these bins for each year sampled in each of the three populations of interest. A total of 83 genetic samples were used for the WDRES-9 QTL analysis. Results of the WDRES-9 QTL could fall into one of three categories: homozygous resistant (RR), homozygous susceptible (SS), and heterozygous resistant (RS). WDRES-9 QTL results are presented as the proportion of fish tested that fell into one of these three categories for each year sampled in each of the three populations of interest.


TABLE 2 Results for numbers of fish falling into each of the categories or bins from each genetic test by year and location.
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3 Results


3.1 Microsatellites

The number of genetic samples analyzed within each year varied by location, with between 15 and 111 samples analyzed from the upper Colorado River between 2007 and 2010, 13 and 132 samples from the Gunnison River between 2007 and 2010, and 87 and 160 samples from the East Portal of the Gunnison River between 2009 and 2012 (Table 2).

In the upper Colorado River population, there was a lag between when the first GR × CRR fish were stocked and when the assignment test showed an increase in GR-cross fish, suggesting it took some time for the fish to establish, and recruit to and start to reproduce. However, the number of fish assigned as CRR decreased and fish assigned GR increased from 2007 through 2011, as expected (Figure 3A). The increase in GR genetics after stocking indicated that GR-cross fish were surviving exposure to M. cerebralis and natural reproduction was increasing M. cerebralis resistance within the population. We also observed this trend of admixture and increasing GR-cross fish within years in the upper Colorado River. As an example, data collected from fry within 2014 shows that in July 2014, 69% of the fry collected from the Colorado River were assigned as CRR, whereas in October 2014, only 3% of the fry assigned as CRR. These results suggest that GR-cross individuals were surviving exposure to M. cerebralis and contributing to future generations of this population. The number of fish classified as unknown increased during these years as well, but the NewHybrid results could have been affected by the proximity of the BX310634 microsatellite to the resistance QTL. The increasing number of fish classified as unknown was one impetus for developing the SNP panel that allowed us to account for variability in genetic structure through quantification of percent GR in each fish.


[image: Figure 3]
FIGURE 3
 Resulting genetic assignment (CRR, red; Backcross, green; F2, dark green; F1, neon green; GR, light green; Unknown, blue) for each location/population (A) upper Colorado River, (B) Gunnison River (Gunnison Gorge through Pleasure Park), and (C) East Portal of the Gunnison River. Y-axis represents proportion of tested fish and x-axis represents year for each location.


Percent GR did not increase in the Gunnison Gorge as quickly as in the Colorado River (Figure 3B). However, this was not unexpected for the East Portal population given that there were more wild Rainbow Trout in this stretch of the Gunnison River prior to stocking the GR-crosses. Within both Gunnison River populations, 75% or greater of the fish were assigned CRR between 2007 and 2012, and low numbers of fish were assigned GR or unknown, suggesting that admixture was limited or non-existent (Figures 3B, C). Assignments within a year support this in both the Gunnison River and the East Portal populations. In the Gunnison River in August 2014, 83% of the fry were assigned as CRR, increasing to 94% in October 2014, suggesting limited admixture. Admixture in the East Portal population appeared to be non-existent, with 100% of the fry collected in both July and November 2012 assigned as CRR.



3.2 Single nucleotide polymorphisms

The number of genetic samples analyzed within each year varied by location, with between 9 and 140 samples analyzed from the upper Colorado River between 2007 and 2014, 87 and 162 samples from the Gunnison River between 2007 and 2014, and 13 and 238 samples from the East Portal of the Gunnison River between 2009 and 2013 (Table 2).

Within the upper Colorado River population, the number of fish with >20% GR ancestry increased and fish with <20% GR ancestry decreased from 2007 through 2011 (Figure 4A). With the exception of 2012, which had a larger proportion of fish with <20% GR ancestry than years prior, the number of fish with <20% GR ancestry remained fairly stable after 2011. Percent GR ancestry also increased within years. As an example, in 2014, the percent GR ancestry of the fry collected averaged (± SD) 11 ± 15%, increasing to 47 ± 12% in October. The percent GR test did not produce any unknown fish in either river, resolving one of the issues experienced when using the prior genetic assignment test.
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FIGURE 4
 Resulting percent GR values (0%–20%, red; 21%–40%, medium green; 41%–60%, dark green; 61%–80%, neon green; 81%–100%, green) for each location/population (A) upper Colorado River, (B) Gunnison River (Gunnison Gorge through Pleasure Park), and (C) East Portal of the Gunnison River. Y-axis represents proportion of tested fish and x-axis represents year for each location.


Seventy-five percent or greater of the proportion of tested fish had <20% GR ancestry and a low proportion of fish tested had >20% GR ancestry within the Gunnison River populations between 2007 and 2014 (Figures 4B, C). The Gunnison Gorge population did show an increase in the proportion of fish with >20% GR ancestry between 2009 and 2012, but this increase was not as large as seen in the Colorado River where a similar lack of wild Rainbow Trout remained prior to stocking. Additionally, within a year, percent GR ancestry in fry was relatively low. For example, in 2014, the average percent GR ancestry in the fry collected was 7 ± 13% and remained low in October at 2 ± 6%. Similarly, in the East Portal in 2012, average percent GR ancestry was 2 ± 2% in July and 4 ± 3% in November. Percent GR results, especially in the East Portal of the Gunnison River, indicate that despite stocking only M. cerebralis-resistant Rainbow Trout, most fish genetically appeared to be pure CRR given the SNPs used to differentiate the genetic composition of the population.



3.3 WDRES-9 quantitative trait locus

The number of genetic samples analyzed within each year varied by location, with between 1 and 21 samples analyzed from the upper Colorado River in 2012 and 2023, 1 and 19 samples from the Gunnison River in 2012 and 2023, and 6 and 10 samples from the East Portal of the Gunnison River in 2012 and 2023 (Table 2).

Resulting genotypes of the proportion of tested fish for all populations indicated that most (66% or greater) of the fish had M. cerebralis-resistant alleles (i.e., were RR or RS; Figure 5). This result suggests that 1) selection may be acting most strongly upon the resistance QTL and other genes involved in resistance such that fish are RR or RS at this loci and 2) wild CRR genetics needed for survival in Colorado's large river systems (e.g., feeding behavior, swimming performance, predator avoidance, etc.) are maintained in individuals surviving, reproducing, and contributing to the spawning populations.
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FIGURE 5
 Resulting genotypes (RR, homozygous resistant, red; RS, heterozygous resistant, green; SS, homozygous susceptible, blue) from the QTL test for each location/population (A) upper Colorado River, (B) Gunnison River (Gunnison Gorge through Pleasure Park), and (C) East Portal of the Gunnison River. Y-axis represents proportion of tested fish and x-axis represents year for each location.





4 Discussion

Our analysis of the WDRES-9 QTL suggests that the Rainbow Trout populations within the upper Colorado River and Gunnison River maintained the M. cerebralis resistance alleles despite showing low percent GR genetics in most of the individuals tested. Our results indicate that stocked M. cerebralis resistant Rainbow Trout reproduced in the wild and produced offspring that genetically appeared to be wild CRR fish but maintained M. cerebralis resistance. The WDRES-9 QTL gives a more nuanced understanding of the dynamics and retention of M. cerebralis resistance in wild Rainbow Trout. The development of the WDRES-9 QTL allowed for genotyping of the specific resistant alleles in M. cerebralis-resistant Rainbow Trout (Baerwald et al., 2011) and investigating the presence of the WDRES-9 QTL in individual fish started in Colorado in 2020. Laboratory results indicated that myxospore counts appeared correlated with alleles of a microsatellite marker in close proximity to the QTL. Individuals homozygous for the resistance-associated allele developed fewer myxospores than individuals that were heterozygous for the resistance-associated allele or did not have the allele (Fetherman et al., 2020). Presence of the resistance associated allele in the upper Colorado River, coupled with the across and within year assignment and percent GR ancestry, suggest that GR resistance was incorporated into the population by continued stocking and subsequent natural reproduction of the stocked GR-crosses. Conversely, in the Gunnison River population, there was little evidence of admixture, suggesting that the resistance allele may have already been present at low frequencies prior to the introduction of M. cerebralis.

Prior to the development of the QTL, genetic monitoring was initially done with genetic assignment because the number of potential outcrosses or backcrosses was low, and it was thought that genetic assignment would be an acceptable method to classify stocked Rainbow Trout based on previous laboratory research. In the mid-2000s when stocking of GRxCRR began, the estimated abundance of CRR was low in the upper Colorado and the Gunnison rivers, with a 90 to 100% reduction in abundance compared to the years prior to the introduction of M. cerebralis (Nehring, 2006). Therefore, we thought that stocked GR-cross fish would mainly reproduce with other stocked GR-cross fish due to the very low numbers of CRR in these systems. However, our results indicate that, although there was an increase in GR-cross fish in the Colorado River, there was also an increase in unknown and CRR fish that was unexpected. In the Gunnison River populations, there were also more CRR fish than we thought based on the low number of wild CRR and large numbers of GR-cross fish stocked in the Gunnison Gorge. In addition, the GR-cross fish did not appear to be reproducing and contributing to genetic resistance in the East Portal population. The percent GR test was developed and implemented to try to overcome some of the short falls of genetic assignment and did resolve unknowns obtained from the assignment test. Evaluations of the technique during development indicated that fish with higher percent GR developed lower myxospores compared to fish with lower percent GR (Fetherman and Schisler, 2013, 2016).

Stocking GRxCRR was expected to improve the survival, recruitment, and disease resistance in these systems by increasing the percent GR, and it was thought this would occur quickly. However, the overall inference from the percent GR test was the same as the assignment test. Fish in both systems had lower percent GR despite the large amounts of GR-cross fish stocked between 2004 and 2014 (upper Colorado River: 988,190 total GR-cross; Gunnison River: 689,342 total). One possible reason for the high proportion of individuals exhibiting a low percent of GR genetics was a mismatch of spawning times between the GRxCRR and CRR (pure GR typically spawn in the late fall in the hatchery). Differences in spawning time have been seen in Brown Trout, with stocked Brown Trout spawning earlier than wild Brown Trout (Stefanik and Sandheinrich, 1999). However, spring population sampling in both the Colorado River and the East Portal of the Gunnison River showed that the GR-cross fish were spawning at the same time as the wild Rainbow Trout. Another potential reason for the high proportion of individuals with low GR ancestry in the population could have been that GR-crosses spawn with CRR but only offspring that have wild CRR genetics survive due to the history of domestication in the GR-cross. However, higher CRR survival was thought to be unlikely given their history of susceptibility to M. cerebralis and the high myxospore counts developed by pure CRRs in the wild (Nehring and Thompson, 2001, 2003; Fetherman et al., 2014) and during laboratory exposure experiments (Schisler et al., 2006; Fetherman et al., 2012).

We feel that two other explanations for the patterns we observed were more likely. First, within the East Portal and Gunnison populations, the CRR may have developed resistance over 20 years of continuous exposure in the wild. Selective breeding in an aquaculture environment has helped Rainbow Trout develop Flavobacterium psychrophilum resistance in just a few generations (Leeds et al., 2010). We estimate that there could have been between five and eight generations between 1988 and 2006 since M. cerebralis has been a continuous stressor since the late 1980s (Nehring and Thompson, 2001; Nehring and Walker, 1996). Survival of exposure to M. cerebralis was expected to exert a high selective pressure, and because the WDRES-9 QTL was present in the CRR populations at lower frequencies (Baerwald et al., 2011) development of resistance could have been possible. This is especially true in the East Portal of the Gunnison River since the reduction in the wild CRR population was smaller than in other areas. Second, within the upper Colorado River population, fish reproducing in the wild required CRR traits to survive and recruit to the spawning population (e.g., to overcome competition, avoid predators), but also retained the specific M. cerebralis-resistance alleles needed to survive M. cerebralis exposure. Prior to the development of the WDRES-9 QTL it was estimated that there were 9 ± 5 loci involved in resistance to M. cerebralis and F1 crosses of the GR and CRR showed the highest resistance to the disease in terms of myxospores per fish (Fetherman et al., 2012), however, the SNP panel developed for percent GR did not specifically target M. cerebralis resistant alleles making it impossible to investigate this possibility using this genetic test. Our results from the Colorado River are similar to those obtained in the lab showing that fish with higher percent GR ancestry are surviving and reproducing within this population.

Natural selection likely played a role in the genetic structure that was observed when using assignment and percent GR. Fish needed two characteristics to survive: (1) resistance to M. cerebralis, which is provided by the WDRES-9 QTL and a few additional genes from the GR-cross fish; and (2) wild survival characteristics including feeding behavior, swimming performance, and predator avoidance, the genetic components for which came from the CRR. Selection for M. cerebralis resistance has been reported within Rainbow Trout populations (Miller and Vincent, 2008). The GR is the most resistant known Rainbow Trout strain and developed resistance to M. cerebralis by continuous exposure (~100 years) within a hatchery environment (El-Matbouli et al., 2002; Hedrick et al., 2003). The Harrison Lake Rainbow Trout population (Montana, USA) has shown some development of M. cerebralis resistance in the wild. Miller and Vincent (2008) showed the average histology scores for Harrison Lake Rainbow Trout declined over time and approached the resistant GR strain scores over a short period of time (1995 to 2003). The decline of histology scores suggests increased resistance and it was suggested that rapid natural selection was the process of increased M. cerebralis resistance in the Harrison Lake population. Our results show similar effects for rapid natural selection. The GR-crosses were created and selected for M. cerebralis resistance within the laboratory. Within a short amount of time, roughly 20 years, stocked populations of M. cerebralis-resistant fish were selected for both wild survival traits and maintenance of M. cerebralis resistance, and the fish with the correct combination of these two are the ones that are surviving and reproducing in these populations today.

Our continuous monitoring of M. cerebralis resistant Rainbow Trout allowed for the development and use of different genetic tools over time for observing the Rainbow Trout population genetic structure and determine that rapid natural selection for both wild survival and resistance traits is occurring in the wild. Moving forward, when managing populations of interest, it will be important to recognize the multiple selective pressures that shape population genetic structure, including the presence of pathogens, environmental and stochastic events, and anthropomorphic change. The Rainbow Trout that have been produced because of this selection within the East Portal of the Gunnison River are prime candidates for a wild Rainbow Trout broodstock based on their survival, reproduction, YOY recruitment, and parasite resistance. These Gunnison River Rainbow Trout (GRR) that originate from the East Portal, as well as crosses of the GRR and GR, are now widely stocked in Colorado and their performance is constantly evaluated as M. cerebralis continues to be a major issue for reestablished wild Rainbow Trout populations to overcome. Overall, stocking of M. cerebralis-resistant Rainbow Trout has led to an increase in abundance and recruitment numbers to Rainbow Trout populations that have been affected by the parasite.
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