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Abstract

Captive rearing and reintroduction programs are essential for many wild populations, but they are often
associated with negative genetic outcomes, including the loss of diversity and adaptation to captivity.
Optimizing practices to prevent negative impacts to wild populations requires accurate and cost-
effective genetic monitoring. We developed and tested a microsatellite panel for Paddlefish (Polyodon
spathula) designed for next generation sequencing. We then used the panel to evaluate the genetic
diversity of paddlefish stocked in 2022 and compared results to a similar investigation from 2017, when
the hatchery released paddlefish at a later stage in development. The new panel successfully assigned
parentage to the 2022 broodstock parents (n = 29) and a sample of their offspring (n = 250). Fifty
markers satisfied our error rate threshold (< 0.25) and Hardy-Weinberg Equilibrium expectations in two
wild populations. Comparison of 2022 results to results from 2017 suggest that earlier stocking
increases the effective to census population size ratio (N./N) of the captive population and likely
reduces adaptation to captivity. Our genotyping method circumvented complex bioinformatics tasks
typically required to filter out paralogous loci in species with recent genome duplications, like Paddlefish.
Further, the use of existing bioinformatics tools and maximum likelihood assignment methods that allow
genotyping error made genotyping and assignment easy to implement quickly for conservation and
management investigations.

Introduction

Effectively preserving and bolstering wild fish populations using captive rearing requires careful attention
to the genetic composition of both groups (Fraser 2008; George et al. 2009). Captive reproduction and
rearing, though important conservation and management tools, have been associated with negative
outcomes for wild populations including the loss of genetic diversity, reduced fitness, and adaptation to
captivity (Ryman and Laikre 1991; Lynch and O'Hely 2001; Miller et al. 2004; Araki and Schmid 2010;
Christie et al. 2012; McMillan et al. 2023). It is possible to mitigate these negative impacts and help
maintain the genetic integrity and evolutionary potential of wild populations using knowledge gained
from genetic studies that evaluate hatchery practices (Sloss et al. 2009; Fisch et al. 2015; LaCava et al.
2015; Osborne et al. 2020; Brooks et al. 2025). Thus, the development and optimization of genetic tools
to understand how hatchery practices influence the genetic composition of stocked fish can help
managers improve effective population size and overall success.

Recently, genetic marker analysis by high-throughput amplicon sequencing has become as cost effective
as more traditional electrophoresis-based techniques while offering a cheaper and more user-friendly
alternative to reduced representation approaches like RADSeq and Genotype-by-Sequencing (Meek and
Larson 2019). In the case of fish, recent genome duplications can present challenges for population
analyses that rely on filtering paralogous loci from reduced representation sequencing (McKinney et al.
2017). Circumventing the bioinformatics tasks required to effectively filter out paralogous loci by instead
developing highly vetted genetic markers can save resources and produce population-level analyses for
management quickly. Such approaches have been applied to economically important aquatic species
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aiding their conservation management including Walleye (Sander vitreus; Bootsma et al. 2020), Kokanee
Salmon (Oncorhynchus nerka; Chang et al. 2021), Norway Lobster (Nephrops norvegicus; Gallagher et al.
2022) and Lake Trout (Salvelinus namaycush; Marcy-Quay et al. 2023).

For Paddlefish (Polyodon spathula) further development of molecular tools for conservation is timely due
to ongoing challenges. Slow maturation, infrequent spawning, high commercial value, and low tolerance
for disturbance can lead to over harvest and extinction risk when Paddlefish habitat is modified and
degraded (Birstein et al. 1997, Billard and Lecointre 2001). Their closest relative, the Chinese Paddlefish
(Psephurus gladius), declined due to habitat loss and overharvest and was recently declared extinct
(Scarnecchia 2023).

Commercial and recreational harvest of Paddlefish are permitted across the large river systems of
eastern North America (Rider et al. 2019) where individuals frequently move long distances, often
crossing interjurisdictional boundaries (Pracheil et al. 2012; Tripp et al. 2019). Natural reproduction and
recruitment are rarely studied but they have been documented across the Paddlefish range (Jennings
and Zigler 2009; Scarnecchia et al. 2019; Schwinghamer et al. 2019). In response to the loss and
inaccessibility of spawning habitat, hatchery supplementation programs have been implemented to help
restore native populations (Argent et al. 2009) and create harvest opportunities (Onders et al. 2001). In
the latter case, hatchery-reared Paddlefish are stocked in reservoirs, traditionally without careful regard
for their genetic composition, but these individuals intermix with Paddlefish spawned upstream
(Schwinghamer et al. 2019) and may leave the reservoirs and mix with the population downstream in the
free-flowing portions of rivers (Stancill et al. 2002; Hupfeld et al. 2018).

The mixing of many hatchery-reared Paddlefish with few wild-spawned Paddlefish can degrade genetic
integrity, decrease the diversity of the species, increase extinction risk, and hamper their evolutionary
potential (Schwemm et al. 2019). More recently, attention has been given to analyzing and improving
hatchery processes to reduce negative genetic impacts (e.g., Sloss et al. 2009). A study using
microsatellites to assign parentage to 25- to 30-cm Paddlefish reared at the Blind Pony Hatchery (BPH)
in Sweet Springs, Missouri USA revealed only 16% of the 2017 broodstock captured for spawning were
represented in the stocked offspring, with a 50% reduction due to variable survival in rearing ponds
(Heist and Gocker 2018). After this study, BPH began stocking hatchery-reared paddlefish at an earlier
stage in development (12-20 cm), prior to experiencing the typical mortality that occurs in July and
August when hatchery water temperatures in outdoor ponds can reach 29-32° C. Our goal was to repeat
the parentage analysis at BPH with updated and improved molecular techniques aided by the recent
publication of the Paddlefish genome (Cheng et al. 2021) and determine whether earlier stocking was
associated with improved genetic diversity. We developed and tested a high-throughput microsatellite
panel that can be used in future monitoring efforts and assessed whether earlier stocking of Paddlefish
may reduce hatchery-related genetic diversity loss.

Materials and Methods
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Locus Selection and Primer Design

Perfect simple sequence repeats (SSRs) were extracted from the published Paddlefish genome (Cheng
et al. 2021) and primers were designed using Krait v1.4 (Du et al. 2018). Chromosomes 1 through 8 in
Paddlefish have broad regions of homology among un-paired chromosomes, likely as a result of a
Paddlefish-specific whole genome duplication event (Cheng et al. 2021) and were excluded to prevent
selection of tetrasomic loci. We thus limited SSRs to chromosomes 9 through 60 and to di and tetra
base pair combinations with a minimum number of seven and four repeats, respectively. Primers were
designed for a product 100—-300 base pairs in length. We then made a stratified random selection of one
tetra SSR and 3 di SSRs per chromosome and eliminated loci situated within approximately 20,000 base
pairs of a second locus (n = 5). Published primers for 27 paddlefish SSRs (Heist et al. 2002; Heist and
Krampe 2011; Schwemm et al. 2014) were also included to produce a set of 230 loci for screening.

PCR and Sequencing

We screened primers with tissue samples chosen to represent genetic variation across the state of
Missouri using two rounds of sequencing, similar to the strategies of Bootsma et al. (2020) and Marcy-
Quay et al. (2023). Samples included for screening were obtained from the confluence of the Missouri
and Osage rivers (n = 14) and from Table Rock Lake (n = 9) in March 2013 and from the Black River in
October 2022 (n =18).

We extracted DNA using the Qiagen DNeasy Blood and Tissue Kit with a modified protocol. All steps
followed the manufacturer’'s recommendations except for the final elution step, where 60 pL of Buffer AE
was incubated for 5 minutes at room temperature before elution. We quantified genomic DNA (gDNA)
with a Qubit 2 fluorometer (ThermoFisher) and standardized to 20 ng/uL for the first and second round
of screening but we did not normalize the gDNA concentration for the final parentage analysis.

Amplicons for sequencing were produced using two successive PCRs, the first to adhere to the genomic
DNA template and apply an adaptor and the second to apply a molecular ID tag and adaptor for lllumina
sequencing. We used PrimerPooler (Brown et al. 2017) to divide loci into two cocktails, one with 117 loci
and one with 113 loci and kept them in separate locus pools through all PCRs and sequencing. For the
second round of screening, we made two new cocktails (98 and 96 loci) and performed PCR separately
but combined amplified products for the second PCR and sequencing. For the final round of sequencing,
we amplified all loci using a single PCR cocktail.

The first PCR reaction consisted of 15 pL with 7.5 pL 2X Platinum Master Mix (Applied Biosystems), 1 uL
gDNA, and a final primer concentration of 0.15 pM each. Reactions were subjected to pre-denaturation at
95°C for 5 minutes, 35 cycles of denaturation at 95° C for 30 seconds, annealing at 63°C for 1.5 minutes,
and extension at 72°C for 1.5 minutes. PCR products were visualized on a 3% agarose gel, treated with
ExoSAP-IT (Applied Biosystems), quantified by fluorometry, and then standardized to 1 ng/pL for the
second PCR conducted in the University of Missouri's Genomics Technology Core (RRID:SCR_017778).
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Products for sequencing were constructed by amplification of unique primers flanked by Illumina
standard adapter sequences. The forward and reverse primer, in addition to the universal primer
sequences, contain the full-length lllumina adapter sequences with dual 10-base indexes. PCR reactions
contained 100 ng of DNA, 0.2 uM each of forward and reverse primers, 200 yM each of dNTPs, and 1 U
Phusion High-Fidelity DNA Polymerase (ThermoScientific). PCR amplification was performed as follows:
98°C for 1 minute; then 6 cycles of 98° C for 15 seconds, 50° C for 30 seconds, 72° C for 45 seconds;
followed by 72°C for 7 minutes. Amplified product (10 pl) from each PCR reaction was combined and
thoroughly mixed to make a single pool. Pooled amplicons were purified by addition using AxyPrep
MagPCR Clean-up beads (Axygen). The final amplicon pool was evaluated using the Advanced Analytical
Fragment Analyzer automated electrophoresis system, quantified with the Qubit flourometer and diluted
according to Illlumina’s standard protocol for sequencing on a MiSeq PE150 run.

Bioinformatics and Marker Screening

Sequence data were made available by the University of Missouri Genomics Technology Core in FASTQ
format and checked for quality using FASTQC (Andrews 2010). We processed all subsequent scripts
with high power computing resources provided by the University of Missouri (Hellbender HPC,
https://doi.org/10.32469/10355/97710/). For the first round of screening, we analyzed sequence output
with the ampicon.py workflow (Supplemental S1 adapted from https://github.com/cornell-
bioinformatics/amplicon), examined the distribution of reads per locus (i.e., all reads containing the
locus-specific priming sequence), and removed over-amplifying loci based on a plot of the log of relative
reads (Bootsma et al. 2020). A primer sequence file with no flanking regions was provided as input to
MEGASAT (Zhan et al. 2017) which then demultiplexed loci and individuals. The maximum number of
mismatches allowed was two and minimum depth threshold was 20. After the second round, we
removed loci with fewer than an average of 30 reads per sample. We then calculated the error rate,
defined as all genotype mismatches divided by the number of genotype comparisons using custom R (R
Core Team 2025) scripts (Supplemental S1), and discarded loci with an error rate > 0.25. We remade the
primer cocktail with a reduced set of loci (n = 104) for the third and final round of PCR.

Using data from the second round of PCR, we ran MEGASAT’s associated plotting functions in R to
examine the number and length of sequences discarded as they resemble electropherogram plots of
microsatellites and exhibit the characteristic stutter (polymerase slippage) patterns. For the final
parentage analysis from the third PCR, we discarded loci with plots in which the true allele (highest peak)
was too difficult to ascertain from stutter or other fragments. We also identified loci that had more than
two true alleles for some individuals and assumed them to be tetrasomic. Summary statistics (number
of alleles and inbreeding coefficients averaged over the four sample groups) for this final set of markers
were generated with GenAlEx (Peakall and Smouse 2006, 2012). We assessed whether markers were in
Hardy-Weinberg Equilibrium (HWE) with a sample of wild-caught, presumably unrelated individuals: the
BPH 2022 broodstock and Black River sample groups. We used the R package adegenet (Jombart 2008)
with the method of Guo and Thompson (1992) and a sequential Bonferroni correction (a = 0.05).
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Parentage Analysis

We determined genotypes for parents (20 males, 14 females) that were spawned at BPH and a sample
of their offspring (n = 50 for each of 5 pools with fry from 7-11 females stocked in each pool) using the
screened set of markers. We used the full likelihood method in Colony (Jones and Wang 2010), to find
the most likely family clusters, assign offspring to parents and provide a second determination of error
rates. We provided Colony with the error rate calculated above from repeated genotyping as both the
drop out and other error rate. If we found zero errors from repeat genotyping, we set the dropout rate as
0.01 and false allele rate as 0.001 for the locus.

Results were compared to a study of BPH Paddlefish production in 2017 that used electrophoretic
techniques for microsatellite genotyping (Heist and Gocker 2018). For this study, genomic DNA was
extracted as above and parents (13 females and 16 males) and a sample of 144 offspring from five
pools (20—34 per pool) were genotyped at 11 microsatellite loci including Psp-18, -21, -26, -28 (Heist and
Mustapha 2008) and Psp-302, -402,-611,-612,-626,-640 and - 678 (Heist and Krampe 2011). Fragments
were resolved on an Applied Biosystems 3130x| DNA analyzer and analyzed using GeneMapper
software. Colony was used to reconstruct a genotype for one female for which data could not be
obtained and the program Cervus (Marshall et al. 1998) was used for assignment to parents.

To examine whether greater diversity was retained with the changes associated with stocking paddlefish
at an earlier developmental stage we compared metrics relevant to the effective population size (N,) of
fish stocked from BPH for production years 2017 and 2022. Genotyping more individuals from each pool
for the 2022 cohort may have increased the detection of parents in the sample. Thus, we used
rarefaction with the R package vegan to estimate the number of moms and dads identified from each
pool in 2022 and compared the mean across pools with the Wilcoxon rank-sum test.

We used the full dataset to calculate the effective population size with the PwoP method of Waples and
Waples (2011) which is relatively insensitive to differences in sample size and is designed for situations
when the offspring of some parents may go undetected. The method assumes separate sexes with no
selfing and estimates N, using the number of samples (S) and the number of progeny k assigned to

parent i:
25 —2

N, =
> (KF)/25 -1

Results

Marker Screening

For the first round of screening, we removed over-amplifying loci (i.e., loci that encompassed > 3.5% of all
sorted reads) but retained one legacy locus that over-amplified. After the second round of genotyping,

we examined the plots of 104 loci that passed our amplification and error rate thresholds and used this
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set in our third and last PCR. For the final parentage analysis, we removed 28 loci that had unreadable
plots (e.g., stutter and true peaks indistinguishable or many extraneous peaks). With the readable plots,
we diagnosed 16 loci as tetrasomic (i.e., clearly expressing more than two alleles in some individuals).

The remaining marker set (n = 60) contained 1-15 alleles per locus (Supplemental S2) and one
monomorphic locus (Psp-611) was dropped for analysis in Colony. Error rates from repeat genotyping
were 0-0.22 with an average of 0.048. Mistyping estimated from parent-offspring mismatches in Colony
was 0-0.29 with average of 0.045 for allelic dropout and 0-0.14 with average 0.020 for false alleles. Nine
loci were out of HWE (p < 0.0008) in at least one of the two groups assessed. Of these nine, six had
relatively high allelic dropout rates (> 0.1; Fig. 1, Supplemental S2). For the remaining 50 loci that did not
deviate from HWE, average inbreeding coefficients (F) ranged from - 0.288-0.460.

Parentage Analysis

All parentage assignments made with Cervus achieved 95% confidence and all assignments to clusters
in Colony were made with 1.0 probability. One female that contributed to the 2022 cohort was not
genotyped, but Colony assigned her offspring to an inferred genotype. For 2017, we identified 2-3 moms
and 1-2 dads in each pool and, for 2022, we identified 7-8 moms and 7-10 dads in each pool (Table 1).
Average rarified number of moms was 2.7 in 2017 and 6.4 in 2022 and differed significantly by year (p =
0.012). Average rarified number of dads was 1.2in 2017 and 6.7 in 2022 and also differed significantly
by year (p =0.011).

Table 1

Summary results for genetic parentage assignment of American Paddlefish (Polyodon spathula)
produced at the Blind Pony Hatchery in Missouri, USA. The raw numbers of parents detected from
offspring in each pool are given along with the rarefied estimate standardized to the smallest
sample (n = 20).

Sample Source n Moms Detected Rarefied Moms Dads Detected Rarefied Dads
2017 Pond 1 20 3 30 1 10
2017 Pond 2 39 2 15 2 15
2017 Pond 3 25 3 30 1 10
2017 Pond 4 34 3 30 2 16
2017 Pond 5 26 3 28 1 10
2022 Pond 1 50 8 61 8 61
2022 Pond 2 50 8 72 10 78
2022 Pond 3 50 7 61 7 61
2022 Pond 4 50 8 63 9 71
2022 Pond 5 50 7 63 8 65
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Female reproductive variance and the number of moms contributing to the cohort were similar in both
years but male reproductive variance and the number of dads contributing to the cohort were much
higher in 2022. The resulting N, and ratio of N, to the number of broodstock collected were also higher in

2022 than 2017 (Table 2).

Table 2

Demographic and sampling metrics of propagated paddlefish (Polyodon spathula).
Metrics were collected and estimated using genetic parentage assignment studies
in 2017 and 2022 at the Blind Pony Hatchery in Missouri, USA.

Broodstock Collected 2017 2022
13 females, 16 males 15 females, 20 males

Females Producing Fry 11 11
Offspring genotyped 144 250
# dads detected in stockers 3 11

# moms detected in stockers 7 11
Variance in male output 1839 417
Variance in female output 402 480
N, 53 124
N./Broodstock Collected 011 035

Discussion

We successfully identified and screened a set of microsatellite markers for use in the Paddlefish and
used it to document an improvement in the genetic diversity of stocked Paddlefish following a change in
the supplementation process, specifically, stocking paddlefish at an earlier stage of development.
Supplementation programs have served Paddlefish management and conservation for decades, often
providing angling opportunities in impounded portions of the Paddlefish range, where natural
reproduction is very low or nonexistent (Hupfeld et al. 2018). Given the resources devoted them and the
advancement of technologies that impact Paddlefish fisheries (e.g., live sonar; Cooke et al. 2025)
managers should continue to evaluate supplementation programs and the systems they may affect
(Schwemm et al. 2019). For instance, increased reservoir supplementation to offset improved angler
efficiency could result in a significant portion of hatchery-reared Paddlefish moving past dams and
mixing with the self-sustaining population in un-impounded portions of the major rivers, thus reducing
their fitness (Ryman and Laikre 1991). Vetted genetic markers and case studies such as ours provide
tools for continual and careful evaluation of supplementation programs to ensure they balance
competing priorities and do no harm to the species (George et al. 2009).
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Despite a recent genome duplication in Paddlefish, we were able to identify markers that expressed
disomic inheritance and, thus, will be valuable for population genetic studies and parentage assignment.
For parentage analysis, errors and missing genotypes can impact results and reduce power (Wang
2010). Repeated genotyping can help overcome these errors but may become a drain on resources.
Although several of our loci had many missing genotypes and error rates considered high (> 5%) for
microsatellites (Pampanon et al. 2005; Karaket and Poompuang 2012), the strategy of genotyping many
loci simultaneously and incorporating error rates into the maximum likelihood estimation (e.g., Karaket
and Poompuang 2012; Christie et al. 2013) allowed us to use many, albeit imperfect, loci for successful
assignment.

We further followed a genotyping process that takes advantage of next-generation sequencing. Our
marker set can be genotyped with a relatively simple and ready-to-use bioinformatics pipeline rather than
one that relies on whole-genome alignment and assembly which might be otherwise complicated by the
paddlefish genome duplication. We anticipate this marker set will be useful for other researchers
exploring management and conservation of paddlefish, who may not have access to extensive
bioinformatics support.

Understanding the composition of hatchery-reared fish is important, particularly for those that mingle
with conspecific wild populations. Paddlefish supplementation programs present at least two potential
genetic hazards: the loss of within population diversity and reduced fitness due to adaptation to captive
conditions (Busack and Currens 1995). If a very small number of broodstock to contribute a substantial
portion of offspring to the wild population, diversity and fitness of the wild population are negatively
impacted (Ryman and Laikre 1991). This hazard is particularly relevant for Paddlefish for which relatively
few individuals (< 25) are spawned (Sloss et al. 2009, Scarnecchia et al. 2026), due in part to invasive
methods of egg collection (Mims 2001). Further, the parents initially selected for broodstock are rarely
equally represented in the offspring that are ultimately stocked and choices throughout the hatchery
process can exacerbate this loss of diversity (Sloss et al. 2009). We saw a marked increase in effective
population size for the 2022 production year compared to 2017 which may be attributed to stocking at
an earlier developmental stage suggesting that this choice better preserves the genetic contributions of
broodstock and mitigates diversity loss (Waples et al. 2016).

In addition to diversity preservation, stocking at an earlier developmental stage may prevent adaptation
to captivity and preserve fitness for the natural environment. Paddlefish experience the vast majority of
mortality and considerable selection pressure within the earliest stages of growth but mortality rates can
be greatly reduced in the hatchery (Mims 2001). Generally, paddlefish that can grow quickly have better
survival (Scarnecchia et al. 2019), but the adaptations that allow paddlefish to feed optimally and grow
quickly in the hatchery may not be optimal in the wild. Scarnecchia et al. (2026) provide evidence that
suggests adaptation to hatchery feeding results in slower paddlefish growth and reproductive potential
later in life, but many more domestication effects may occur that are difficult to document once
paddlefish are released.
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Stocking at an earlier developmental stage has its tradeoffs and uncertainties as well. This strategy will
reduce the number of hatchery reared paddlefish that recruit to the population and, thus, the ability of the
hatchery to meet its supplementation goals. Further, it is uncertain whether the benefit of greater
diversity from this strategy will be retained as the cohort matures, but the paddlefish that are released
will experience selection pressures in the natural environment at a critical point in their development and
will ultimately be better fit for the natural system.

Our results point to a significant tradeoff between maximizing diversity and fitness of the stocked cohort
and producing paddlefish likely to recruit into the population. Understanding the degree of intermixing
among the supplemented reservoir and wild big river populations is important to properly evaluate this
tradeoff and calibrate management practices accordingly (Waples et al. 2016). Many studies in Missouri
have contributed to the knowledge of paddlefish movement (e.g., Stancill et al. 2002; Hupfeld et al. 2018)
but not enough is known about reproduction and the effective size of wild river natural population
(Scarnecchia et al. 2019). The useful, simple, and effective genetic marker set that we produced for such
investigations will help inform and fine tune future paddlefish management and conservation practices.
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