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Introduction

Genomic selection and genome-wide association studies in aquaculture species are increasingly
constrained by the cost and inflexibility of high-density genotyping arrays, particularly for non-
model species where array development and maintenance remain expensive and can be population-
specific. Low-coverage whole-genome sequencing (IcWGS: sequencing at an average coverage
well below typical high-coverage WGS, 0.1x to 5x) coupled with genotype imputation has
emerged as a cost-efficient strategy for recovering genome-wide variants with high accuracy, often
performing comparably or better than array-based genotyping approaches at similar or lower cost,
while also enabling broader variant discovery across the genome (Wasik et al., 2021; Chat et al.,
2022). This approach has been demonstrated to increase statistical power in association studies,
increase the accuracy of genomic prediction and provide rich genome coverage relative to fixed
SNP arrays (Li et al., 2021; Wang et al., 2024). With declining sequencing costs and continued
improvements in phasing and imputation methods, IcWGS has become an increasingly practical
alternative to fixed SNP arrays and has now been applied successfully across both terrestrial
livestock, including pigs (Wang et al., 2024) and cattle (Rowan, 2025), as well as aquaculture
species such as rainbow trout (Liu et al., 2024), Atlantic salmon (Gundappa et al., 2025), scallop
(Sui et al., 2024), and yellow croaker (Zhang et al., 2021). However, successful deployment of
low-pass imputation pipelines requires careful integration of laboratory workflows, reference
panel construction, and computational methods to ensure accuracy and robustness across variable
coverage depths.

Cobia (Rachycentron canadum) is a rapidly developing aquaculture species with growing interest
in genomic tools for broodstock management, selection, and traceability. In this study, we present
an end-to-end laboratory and bioinformatics workflow for generating and imputing IcWGS data
in Cobia. The approach integrates a transposase-based library preparation optimized for high
throughput with a phased haplotype reference panel derived from high-coverage broodstock
sequencing. We evaluate imputation performance across coverage depths and demonstrate that
accurate genome-wide genotype recovery is achievable using a cost-efficient sequencing strategy.

Materials & Methods

High-coverage sequencing, variant discovery and reference panel construction. A total of 104
broodstock individuals were used to construct the reference dataset, comprising all 94 current male
and female broodstock actively used in the breeding population, along with 10 historical
broodstock individuals from previous generations. High-molecular-weight genomic DNA was
extracted and used to prepare sequencing libraries. High-coverage libraries were prepared using
traditional enzymatic fragmentation, following standard adapter ligation, purification, and size-
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selection protocols. Libraries were sequenced on the Element AVITI platform using 2 x 150 bp
paired-end chemistry, targeting approximately 20x genome coverage per individual.

Raw sequence data were processed using an in-house bioinformatics pipeline to generate high-
quality FASTQ files. Quality control steps included adapter trimming and filtering based on read
quality and length. Reads were aligned to the Cobia reference genome (GCA 038496675.1) using
BWA-MEM, and duplicate reads were identified and marked with Picard MarkDuplicates. Variant
discovery was performed using GATK HaplotypeCaller in gVCF mode, and individual gVCF files
were combined using GATK GenomicsDBImport followed by joint genotyping with
GenotypeGVCFs to produce a multisample VCF. Stringent variant- and genotype-level filtering
was applied to generate a high-confidence SNP set, including thresholds on genotype quality
(mean GQ > 30), mapping quality (MQ > 60), sequencing depth (mean DP > 8), missingness
(MISSING < 0.20), and minor allele frequency (AF > 0.01).

A genome-wide reference haplotype panel was constructed from the final filtered, jointly called,
high-coverage variant call set. The multisample VCF was phased using SHAPEITS (Hofmeister
et al., 2023), which is optimized for large cohorts and dense variant data. The resulting phased
VCEF served as the input for downstream imputation preparation using GLIMPSE2 (Rubinacci et
al., 2023). Genomic regions were partitioned into imputation chunks accounting for chromosome
structure and variant density, and the phased reference was then processed to generate the binary
reference files required for efficient genotype imputation. Together, these steps produced a phased,
chunked haplotype reference database spanning the genome and containing allele frequency and
linkage disequilibrium information necessary for accurate imputation of IcWGS data.

Low-pass sequencing workflow. Low-coverage whole-genome sequencing (IcWGS) libraries
were prepared using a transposase-based workflow that combines tagmentation and adapter
ligation to minimize library construction bias while enabling efficient multiplexing. Genomic
DNA was extracted from Cobia tissue using the Molgen PurePrep Animal Kit, which employs
magnetic bead-based chemistry for high-quality DNA purification. Extracted DNA was
normalized across samples prior to library preparation to ensure consistent input across a 96-well
plate. Libraries were constructed using SeqWell’s ExpressPlex HSF 2.0 kit, which utilizes a TnX
transposon system to generate full-length unique dual-index (CDI) libraries compatible with
[llumina-style sequencing platforms, including the Element AVITI system. Reaction setup
required approximately 10 minutes per plate, followed by a 70-minute thermal cycling program.
Individual libraries were pooled in equal volumes and subjected to a single pooled cleanup using
MAGwise beads, requiring approximately 20 minutes. The total elapsed time from reaction setup
through final pooled library purification was approximately 100 minutes for 96 samples, enabling
rapid and scalable preparation of IcWGS libraries. Final libraries were sequenced on the Element
Biosciences AVITI platform (San Diego, CA) using AVITI 2x150 Cloudbreak FS Sequencing
Kits, targeting approximately 1X genome coverage per individual.

Imputation validation and performance assessment. Imputation accuracy was evaluated using
a leave-out validation approach in which four broodstock individuals were excluded from the
reference haplotype panel prior to phasing and reference construction. High-coverage WGS data
from these individuals were downsampled to 1x coverage to simulate conventional low-pass
sequencing generated from standard enzymatic fragmentation libraries. In parallel, the same four
individuals were independently sequenced at approximately 1x coverage using the transposase-



based IcWGS library preparation workflow described above. Both low-coverage datasets were
imputed against the reference haplotype database using GLIMPSE2. Imputed genotypes were then
compared to the corresponding high-confidence genotypes derived from the original high-
coverage data, and imputation accuracy was quantified using genotype concordance.

Results & Discussion

High-coverage sequencing generated an average of approximately 92 million paired-end reads per
broodstock individual, corresponding to a mean depth of ~23x. Joint variant calling across all
broodstock samples identified approximately 2.4 million genome-wide single nucleotide
polymorphisms (SNPs). Following stringent quality filtering, the final reference haplotype panel
retained approximately 1.4 million high-confidence SNPs distributed across all 24 chromosomes
of the Cobia genome, providing dense and uniform genome-wide coverage.

Imputation accuracy was high across both validation datasets. Downsampled high-coverage WGS
data achieved a mean genotype concordance of approximately 97.8% relative to the high-coverage
truth set (Fig. 1), while samples generated using the transposase-based IcWGS workflow achieved
a mean concordance of approximately 98.4% (Fig. 2). Concordance was consistent across
chromosomes, indicating stable imputation performance genome-wide.
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Figure 1. Imputation accuracy across chromosomes is depicted for samples generated through
high-coverage WGS via traditional enzymatic fragmentation, downsampled artificially to 1x
(1xWGS), versus samples sequenced at 1x via the transposase-based workflow (IcWGS).

These results demonstrate that low-pass WGS, when paired with a well-constructed haplotype
reference panel, can deliver accurate genome-wide genotypes in Cobia at substantially reduced
per-sample sequencing cost relative to conventional high-coverage WGS. The inclusion of all
current broodstock, supplemented by individuals from a previous generation, increased haplotype



diversity within the reference panel and likely contributed to the observed robustness of imputation
accuracy across the genome. While 1x coverage was used here as a conservative starting point for
a non-model species, further reductions in sequencing depth (e.g., ~0.5%) may be feasible with
minimal impact on imputation performance; ongoing analyses are evaluating accuracy across
lower coverages to identify an optimal cost—accuracy tradeoff.

Importantly, the integrated laboratory workflow minimizes hands-on time while maintaining
library complexity, enabling efficient scaling to large sample sizes. The ability to recover accurate
genotypes from low-coverage data provides flexibility for breeding programs seeking to balance
cost, throughput, and genomic resolution. Together, these findings highlight the practicality of
imputation-enabled genotyping as a viable alternative to fixed SNP arrays, particularly for non-
model aquaculture species where array development is costly or limiting.

Conclusions

This study presents a complete, scalable workflow for low-pass WGS and genotype imputation in
Cobia that integrates optimized laboratory methods with a rigorously constructed haplotype
reference panel. High imputation accuracy was achieved across low sequencing depths, enabling
genome-wide analyses suitable for breeding and population genetic applications. The pipeline
provides a flexible and cost-effective framework that can be readily extended to other aquaculture
species lacking established genotyping arrays.
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