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Abstract

The sequencing of whole or partial (e.g. reduced representation) genomes are commonly 

employed in molecular ecology and conservation genetics studies. However, due to sequencing

costs, a trade-off between the number of samples and genome coverage can hinder research 

for non-model organisms. Furthermore, the processing of raw sequences requires familiarity 

with coding and bioinformatic tools that are not always available. Here, we present a guide for 

isolating a set of short, SNP-containing genomic regions for use with targeted amplicon 

sequencing protocols. We also present a python pipeline--PypeAmplicon-- that facilitates 

processing of reads to individual genotypes. We demonstrate the applicability of our method by 

generating an informative set of amplicons for genotyping of the Antarctic midge, Belgica 

antarctica, an endemic dipteran species of the Antarctic Peninsula. Our pipeline analyzed raw 

sequences produced by a combination of high-multiplexed PCR and next-generation 

sequencing. A total of 38 out of 47 (81%) amplicons designed by our panel were recovered, 

allowing successful genotyping of 42 out of 55 (76%) targeted SNPs. The sequencing of ~150 

bp around the targeted SNPs also uncovered 80 new SNPs, which complemented our analyses.

By comparing overall patterns of genetic diversity and population structure of amplicon data with

the low-coverage, whole-genome re-sequencing (lcWGR) data used to isolate the informative 

amplicons, we were able to demonstrate that amplicon sequencing produces information and 

results similar to that of lcWGR. Our methods will benefit other research programs where rapid 

development of population genetic data is needed but yet prevented due to high expense and a 

lack of bioinformatic experience.  

Key-words: conservation genetics, population genetics, reduced SNP assay, microfluidic PCR, 

Belgica antarctica

Running title: Targeted Amplicon-seq for non-model species.
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Introduction

 

Sequencing whole (Prado-Martinez et al., 2013) or partial (e.g. RADseq, Baird et al., (2008)) 

genomes are now standards in molecular ecology and conservation genetic research (Ekblom &

Galindo, 2010; Fuentes-Pardo & Ruzzante, 2017; Supple & Shapiro, 2018). Although 

sequencing costs per sample and per base-pair are decreasing, expenses to generate sufficient

genotypic data still impose serious constraints on the number of individuals or populations 

sampled (Larson et al., 2019). To estimate important features such as genetic diversity, 

population structure and selection, genotypes from many individuals and populations provide 

more robust results (Fumagalli, 2013). A sizable number of individuals must be genotyped 

regardless of the constraints imposed by the sequencing technology and the available budget. 

Adequate sampling is particularly important for conservation genetic studies that require the 

correct delimitation of the targeted taxon for protection (Mace, 2004) and for genetic monitoring. 

In addition, data generated with next-generation sequencing requires massive computational 

storage and considerable training in bioinformatics and processing to make genotypic data 

available for analysis.  A lack of technological training restricts the choice of molecular marker 

systems for laboratories researching conservation genetics (Fuentes-Pardo & Ruzzante, 2017; 

Taylor, Dussex & van Heezik, 2017) and may require bioinformatic processing by another 

laboratory or private company, adding to the expense.

Most important information for population and conservation genetic studies can be achieved 

with traditional molecular methods that do not require whole genome sequencing of populations 

(Allendorf, 2017; Bowden et al., 2012; Fischer et al., 2017; Peterson et al., 2012). Targeted 

enrichment protocols are alternatives to whole-genome re-sequencing (WGR) (Henriques et al., 

2018; Meek & Larson, 2019; Milano et al., 2013). These protocols enable amplification of 

specific genomic regions that contain previously discovered variation. Combined with next-

generation sequencing and robust multiplex PCR amplification, they allow rapid sequencing of 

hundreds of regions of the genome of several individuals (Campbell et al., 2014; Yang et al., 

2016). Unlike exon capture protocols, which only sequence targeted expressed genes, amplicon

sequencing allows sequencing of known regions that likely contain more neutral variation 

needed for population diversity studies. They also allow improved control and uniformity of 

sequencing coverage and the acquisition of reliable, genotypic information with a limited 

constraint on the number of sequenced individuals. These features make amplicon sequencing 

a valuable tool for population and conservation genetics that require the genotyping of several 

individuals from multiple populations to accurately estimate neutral genetic diversity, define 

populations  and infer important demography features (e.g. isolation-by-distance, effective 

population size).

As climate change and expansion of extreme environments continue to encroach on ecological 

communities, researchers will need more rapid and cost-effective methods to assess changes in

population and species diversity.  Molecular ecology studies of species that already inhabit 

extreme environments can serve as a model for adaptation and have shown the importance of 
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genetic variation and structure for population persistence (Brown et al., 2019).To completely 

understand and predict a species’ and/or populations’ potential for extinction, it is necessary to 

not only uncover the molecular basis of adaptation, but also to characterize past and current 

responses to environmental change. This is possible by measuring the impact of selection and 

adaptation relative to the overall genetic diversity and population size to gain an understanding 

of past and recent demographic changes.  In some cases, these studies may require data from 

fragmented populations, or among species with wide but patchy distributions.   Since cost often 

prohibits whole genome sequencing in populations, targeted sequencing is a less expensive 

alternative that combines the robustness of genotyping with the practicality of processing large 

number of samples.

The Antarctic midge, Belgica antarctica (Diptera: Chironomidae), is an endemic insect from the 

Antarctic continent ranging from southern Marguerite Bay (ca. 68°S) northwards to the South 

Shetland Islands (ca. 63°S) (Convey & Block, 1996). Belgica antarctica is an ancient lineage 

that diverged from the closest Orthocladiinae taxon inhabiting Patagonia, ~68Myr ago 

(Allegrucci et al., 2006). Populations of B. antarctica that we examined near the Palmer 

Research Station area may have originated from relictual populations that survived continental 

glaciation or possibly from immigrants arriving from more northerly refuges. The midge exhibits 

a plethora of adaptations to survive the extreme Antarctic conditions. Loss of wings is a likely 

adaptation for surviving on the windy off-shore islands (Kelley et al. 2014), and numerous 

physiological adaptations are evident, including  freeze tolerance, constitutive expression of 

heat shock proteins (Rinehart et al., 2006), and resistance to dehydration (Hayward et al., 2007;

Teets et al., 2012a). By evolving physiological and morphological adaptations to inhabit 

Antarctica over several million years, this species is highly adapted to surviving under these 

environmental conditions.  However, these conditions are rapidly changing and threaten its 

persistence. 

Here we present a method to obtain an informative and reduced set of SNP markers for 

targeted enrichment sequencing, and a python pipeline, PypeAmplicon (Wijeratne & Pavinato, 

2018), designed to facilitate processing of raw amplicon reads produced by a combination of 

high-mutiplexed PCR and short read sequencing. Starting with low coverage, whole-genome re-

sequencing data (lcWGR), we present the steps to isolate informative and robust markers, with 

guidelines for marker filtering based on population genetic estimates. This method provided an 

informative set of amplicons and SNPs for B. antarctica. We present some helpful guidance on 

how to process the raw data produced by a multiplex-PCR based amplicon sequencing for rapid

and reliable genotyping. By comparing the summary statistics estimated with the lcWGR data 

with that obtained with the new amplicons set, we show that the platforms produced similar 

patterns of genetic diversity and population structure. 
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Material and Methods 

Panel design for target sequencing enrichment 

Biological material and DNA extraction. For the whole-genome re-sequencing we sampled 

individuals from two sites that were 7.8 km apart: Humble Island (HP) and Dream Island (D1), in

the Antarctic Peninsula  (Figure S1). Genomic DNA from twelve adult individuals from each site 

were extracted using the DNeasy® Blood & Tissue Kit (Qiagen). DNA was eluted in 50 µl of TE 

buffer (10 mM Tris-HCl pH 8.0 and 1 mM de EDTA pH 8.0) and stored at -20°C. Prior to library 

preparation, DNA samples were quantified using a Qbit® kit (Invitrogen). The instrument was 

calibrated for the Quant-iT dsDNA BR Assay (assay range between 2–1000 ng; starting sample 

concentration between 100 pg/µl and 1µg/µl), and samples were prepared according to the 

manufacturer's instructions. DNA samples were diluted with ddH2O to reach our target 

concentration of 50ng/uL.

De novo sequencing for marker discovery. For each sample, we obtained a whole-genome 

re-sequencing library using the TruSeq Library Prep Kit (Illumina). For each individual, one 

unique barcode was added to the 5′ end, allowing us to recover short reads from each sample 

after parallel sequencing. Samples were pooled and sequenced with the Hiseq® 2500 System 

(Illumina). Paired-end sequencing with 100 cycles for each side of the fragments was performed

in one lane.

Marker discovery, genetic diversity, population structure and outlier detection. SNP 

discovery and genotyping were carried out following a reference-based pipeline (Figure S2). 

Trimmomatic (Bolger et al., 2014) was used to remove low quality reads and nucleotides, any 

remaining Illumina barcodes, and adapters. For each round of quality control, the quality of fastq

reads was checked with FASTQC (http://www.bioinformatics.babraham.ac.uk/projects/fastqc/). 

Neither Miseq adapter nor kmer content were observed after trimming. Reads that passed 

quality control were aligned to a reference genome (Kelley et al. (2014); found at NCBI 

BioProject #PRJNA172148) using Bowtie2 (Langmead & Salzberg, 2012). SAMtools (Li et al., 

2009) was used to convert SAM to BAM files and to call SNPs. We applied a stringent filter with 

vcftools version 0.1.16 (Danecek et al., 2011) to keep only biallelic SNPs with a GQ quality 

higher than 20, an average depth between 30 and 80 reads, and that were present in at least 

80% of the individuals with minor allele frequency higher than 0.001.

Global and within-population genetic variation were summarized by calculating the folded allele-

frequency spectrum (AFS) including the observed and expected heterozygosity. The folded AFS

was obtained with a custom R script using the matrix of SNPs produced by vcftools version 

0.1.16, where 0 is the reference allele, 1 corresponds to the heterozygous genotypes and 2 is 

the alternative allele. The proportion of heterozygous genotypes (HO and HE) were calculated 

with R package adegenet version 2.1.1 (Jombart, 2008). Fisher’s exact tests for the H-W 

proportion were carried out for all filtered SNPs in each population with 1000 Monte Carlo 
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permutations using the R package pegas version 0.11 (Paradis, 2010). P-values were corrected

by Bonferroni´s procedure. The population genetic structure was summarized with global FST, 

estimated with the R package hierfstat version 0.04-22 (Goudet, 2005) along with a principal 

component analysis (PCA) carried out with adegenet.

We checked the neutrality of all whole-genome re-sequencing SNPs ("WGR SNPs") by running 

two genome scan analyses based on the distribution of FST: BAYESCAN v2.1 (Foll & Gaggiotti, 

2008) and OUTFLANK (Whitlock & Lotterhos, 2015). For BAYESCAN, the analysis included 

500,000 Markov-Chain Monte-Carlo (MCMC) after 500,000 iterations of a burn-in phase. We 

considered SNPs as outliers if they had posterior intro-locus FST estimates higher than the upper

limit of the 95% highest posterior density (HPD) interval. For OUTFLANK, we used a set of 

independent SNPs to calibrate the FST null distribution and considered outlier SNPs with a q-

value lower than 0.10, thus being less conservative with a false discovery rate (FDR) of 10%. A 

set of independent SNPs were identified by only taking SNPs with intra- and inter- scaffold R2 

statistics lower than 0.01. R2 statistics were calculated with vcftools (Danecek et al., 2011). We 

only considered a SNP an outlier if it was identified in both analyses. We assessed if an outlier 

SNP was within or near a gene by visually mapping back to the genome and annotated gene 

list. We also determined if the variant alleles impacted predicted genes (i.e. nonsynonymous) by

running a variant effect prediction analysis in Ensembl metazoa 

(https://metazoa.ensembl.org/index.html).

Isolation of candidate markers and panel design. To reduce the WGR SNPs to an 

informative and reduced set of SNPs, we performed a PCA with all discovered SNPs and 

ranked the first principal component loading score (Hulsegge et al., 2013; Wilkinson et al., 

2011). PCA loadings were obtained with R package adegenet (Jombart, 2008). Since PCA 

loadings represent a correlation between the SNP and the respective principal components 

(PCs), ranking the first PC loadings reveals SNPs that contributed most to the individual 

assignment. Selected SNPs were only included in the panel if they met all the required 

characteristics: 1) passed the within population Fisher's exact test of Hardy-Weinberg 

equilibrium; 2) were not heterozygous in all sequenced individuals (as the heterozygote excess 

could be due to duplication or errors in SNP allele calling); and 3) were at least 5bp apart from 

another SNP in the scaffold, as clusters of SNPs could indicate accumulation of errors during 

sequencing and alignment of reads. By removing SNPs with only heterozygous states, in 

disequilibrium or in clusters, we improved the quality of SNP selection and minimized impact of 

low coverage sequencing on marker selection. 

When possible, WGR SNPs detected as outliers were retained since their status can be 

validated with genotyping of additional populations and individuals. We manually inspected 

SNPs in annotated genes of the B. antarctica genome (Kelley et al., 2014) that may also be 

adaptive and added those that were polymorphic. We also included randomly chosen neutral 

SNPs in the panel, since the choice based on ranked PCA can be biased towards SNPs that 

are divergent (neutrally or linked to a selected locus) between populations. A total of 47 primer 
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pairs were designed to amplify 57 targeted SNP markers that included neutral and outlier SNPs,

and SNPs within genes (Figure S3). Each primer pair amplified a region ~150 bp long and was 

manufactured by Fluidigm® according to the Access ArrayTM system. We ensured that each 

primer uniquely paired with its corresponding amplicon sequence and if the amplicon aligned 

uniquely to itself. We also checked if each amplified region aligned to a unique region in the 

genome, by performing a homology search with BLAST (Altschul et al., 1990). 

Validation of the panel for target sequencing enrichment

Samples. To validate the isolated candidate SNPs, we genotyped, whenever possible, the 

same individuals used in the whole-genome re-sequencing. Total genomic DNA was already 

extracted (see above), but only 21 out of 24 adults (11 from D1 and 10 from HP population) had 

enough DNA remaining to be quantified using NanoDrop® (ThermoFisher). DNA samples were 

normalized (when necessary) to reach a target concentration of 15 ng/uL for analysis on the 

Fluidigm Access Array (FAA). 

Targeted resequencing. Amplicon sequencing was carried out following the FAA system 

protocol that automates preparation of amplicon-based libraries for up to 48 samples. Primers 

were designed to amplify specific regions of the genome spanning 150 bp that contained the 

isolated targeted SNPs. The multiplex PCR libraries were prepared following the Fluidigm® 

library prep 48.48 IFC protocol, which consisted of two amplification steps: 1) a primary PCR 

that amplified the amplicon of each targeted region, and 2) a secondary PCR on the pool of 

amplicons from each sample to attach an individual-specific barcode. All samples were then 

pooled and the NGS library was prepared following the NEBNext® UltraTM DNA Library Prep 

Kit for Illumina® (New EnglandBioLabs Inc.). Paired-end sequencing with 150 cycles for each 

side of the fragments was performed in one lane of the MiSeq® System (Illumina).

SNP and genotyping calling for amplicon sequencing. The raw paired-end reads of each 

sample were first merged and clustered by similarities (> 75%) with usearch (Edgar, 2010). 

Orphaned reads and clusters with fewer than 25 reads were discarded. Reads that passed the 

clustering filter were then split into different files with BBsplit, according to their similarity to each

reference amplicon. This served a dual purpose: 1) to split the reads by amplicon, and 2) as a 

quality control for reads within clusters. Filtered reads were then aligned to their amplicon using 

BBmap. Both BBsplit and BBmap are part of BBtools (https://sourceforge.net/projects/bbmap/). 

Each multi-sample BAM file of each amplicon was then merged. 

We developed a pipeline to automate the processing of Fluidigm/MiSeq raw reads to call

individual genotypes. The pipeline PypeAmplicon is available at zenodo 

(doi:10.5281/zenodo.1490421). The pipeline was developed to process targeted-enrichment 

amplicon-sequencing produced by double PCR protocols such as the FAA, but it can work with 

raw data produced by any amplicon-sequencing protocol as long as the reference amplicon 

sequences are provided (fasta format). The pipeline was designed as an alternative to the 

alignment of filtered reads to a reference genome, since most non-model species may not have 
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a sequenced genome. The outputs of the pipeline include BAM files so that any SNP caller can 

be used such as GATK (McKenna et al., 2010), SAMtools (Li et al., 2009), or ANGSD 

(Korneliussen et al., 2014) (the latter is preferred if the goal is to obtain genotype-likelihoods 

with limited sequencing output). In this study, we used Freebayes (Garrison & Marth, 2012) to 

perform the SNP calling on the multi -sample and -amplicons BAM file (Figure S4). To facilitate 

comparison of the SNPs and genotypes produced by the whole-genome and amplicon 

sequencing, the parameter that controls size of haplotype gaps (-E) was set to one. We only 

kept SNP variation (local haplotypes were discarded) and produced two datasets for 

downstream analyses and comparisons: 1) only targeted SNPs that were recovered and 2) all 

SNPs, also called "Amplicon-seq SNPs".

Validation of targeted SNPs and comparison between WGR and amplicon-seq SNPs.  We 

performed two types of comparisons to validate the targeted SNP approach. First, we compared

only the genotypes and the proportion of missing data from the targeted SNPs present in the 

whole-genome sequencing and in the amplicon-sequencing data (i.e. same data but different 

technologies). This step allowed us to evaluate correspondence between genotypes called with 

both sequencing approaches. Assuming the amplicon-sequencing protocol provides better 

confidence in genotyping calls since it allows sequencing of targeted regions with more depth, 

we expected to have less missing calls for each individual and targeted SNP. We also expected 

a reduction in the proportion of homozygous genotypes miscalled as heterozygous (false 

positives) and in the proportion of heterozygous genotypes miscalled as homozygous (false 

negatives). This comparison also allowed us to globally evaluate the isolation of informative 

SNPs and validate genotypes identified by the outlier approaches. 

For the second comparison, we evaluated the ability of the amplicon-sequencing approach to 

recover similar estimates of population genetic summary statistics and degrees of population 

allele frequency differences through the quantification of overall FST and genetic structure. For 

this comparison, we used two datasets: one containing all SNPs discovered with whole-genome

sequencing (WGR SNPs) and one containing all SNPs (originally targeted plus the de novo 

SNPs) obtained with amplicon-sequencing. In addition to estimates obtained for the WGR SNPs

(see above), we also calculated summary statistics including: number of nucleotide differences 

per nucleotide site (π), Tajima's D (Tajima, 1989) and Watterson's estimator (Watterson, 1975) .

Estimates were performed for each focal SNP and a 150bp window around the SNP (to 

reproduce average size of the amplicon-sequencing fragment). Estimates were obtained for 

each population and globally using egglib v3.0.0b21 (Mita & Siol, 2012). 

Results

Panel design for target sequencing enrichment 

Marker discovery, genetic diversity, population structure and outlier detection. We re-

sequenced the whole-genome of twenty-four individuals of B. antarctica collected from two 
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islands of the Antarctic Peninsula. A total of 196,799,812, 100bp-long paired-end reads were 

produced, corresponding to an average coverage of 16X per individual. Sequencing data of one

individual, from Dream Island, was removed from the downstream analysis due to low yield.  We

applied a stringent quality control on the raw reads and on the called SNPs to minimize 

accumulating sequenc errors during steps of the reduced SNP panel design. Coverage was 

reduced to 13X and 11X after trimming and mapping (Figure S5A). We initially found 715,721 

variants including SNPs and INDELs. The stringent filter reduced the variants to 1,260 SNPs 

with an mean coverage of ~50X (Figure S5B). The final set of filtered SNPs contained only bi-

allelic SNPs, with a PHRED quality score > 20 and an average 8.53% of missing data (with a 

maximum of 17.39%). We limited minimum and maximum depth and the missing data to 

minimize miscalling of heterozygous genotypes.

With the WGR SNPs, we were able to characterize within population allele frequencies using 

SNP markers and assess the population genetic structure with individual genotype data. The 

folded allele-frequency spectrum (AFS) showed an excess of intermediate-frequency variants 

for each population (Figure 1A). Since the folded AFS ranged from 1 to n number of alleles for 

each site (or 1/2n to n/2n) with n being the number of haploid genomes, the rightmost part of the

AFS represents the number of loci that have an allele frequency equal to or close to 0.5. The p-

values of Fisher's exact test were calculated globally (pooling the two populations) and for each 

population to evaluate the deviation of H-W proportions. The Q-Q plot showed the majority of 

loci deviated from the expected distribution of p-values. Globally, 57.03% of the loci (and ~55% 

in each population) deviated from the H-W proportions when no correction for multiple tests was

applied (Figure S6). With a Bonferroni's correction, 37.03% globally deviated from the H-W 

proportion. The proportion of heterozygous genotypes observed globally and in each population 

were high: 0.616 globally; 0.715 in D1 and 0.739 in HP, compared to the expected proportion of 

0.344 globally; 0.395 in D1 and 0.404 in HP.   We calculated within- and between-scaffolds R2 

and estimated LD decay and the population recombination rate (⍴ = 4Nr) using the Weir & Hill 

equation (Weir and Hill 1988). When populations were combined, the distance of half LD decay 

was 476bp, and for D1 and HP populations, half decay distances were 1072bp and 410bp 

(Figure S7). Population recombination rates, ⍴, were ~4e-3 globally, and ~2e-3 and ~6e-3 for 

D1 and HP, respectively. Overall genetic structure measured with global FST was 0.028 (with 

bootstrap 95% confidence interval ranging from 0.022 to 0.032), and PCA showed two major 

clusters on each side of the first PC that represented each population (Figure 1B). 

The Bayesian method implemented in BAYESCAN did not find significant outliers even with a 

FDR of 10%. Since an excess of heterozygous loci in our SNP data can indicate a deviation in 

the island model, and can bias the expected global FST values, we applied a more flexible 

criteria to accept a locus as an outlier. We found eight outliers by considering loci that had a 

posterior FST value higher than the upper 95% HPD interval. The method implemented in 

OUTFLANK found 31 outliers. We found 8 outlier loci common to both analyses (Figure 2). The 

outlier SNP with the highest posterior FST  was found inside a gene that encodes a putative 

vitellogenin protein where the alternative allele is a non-synonymous mutation. The second 
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outlier SNP found in the same gene had a lower posterior FST, but both SNPs had contrasting   

values. It is likely this outlier was polymorphic in D1, but was fixed for the reference allele in HP.

The second highest posterior FST belonged to an uncharacterized protein, and the alternative 

allele was a synonymous mutation (Table S1). 

Isolation of candidate markers and panel design. Third-eight SNPs were identified as 

informative after ranking PCA scores. Four of these SNPs were previously identified as outliers 

with the highest posterior FST; twelve were identified inside an open-reading frame, but without 

functional information. Additionally, ten randomly chosen were added (Figure 3A). We included 

four SNPs in genes that may be associated with a physiological mechanism to survive in 

Antarctica: one SNP in the gene PEPCK (associated with cold and drought tolerance, Teets et 

al.(2012b)); one SNP in Buffy which regulates cell death in D. melanogaster (Danial & 

Korsmeyer, 2004; Quinn, 2003);  one SNP in the ecdysone receptor EcR (Hill et al., 2013), and 

a SNP in the RNA-interference machinery Dicer (Dicer,  Lee et al. (2004)).  In total, 55 SNPs in 

47 amplicons were targeted by the panel. Primers were designed following the FAA system 

recommendations. 

Two out of 47 primer pairs did not uniquely align to their expected genomic region and were 

discarded (reads from paralogous genomic region can bias the genotype calls towards 

heterozygous calls, Hohenlohe et al. (2011); McKinney et al.(2016); Ravindran et al. (2018)). 

The alignment of predicted amplicon sequences to other amplicons sequences showed that 

three pairs of sequences had overlapping regions at one of the sequence ends. These overlaps 

were found in amplicons that came from adjacent regions of the genome. The partial alignment 

of reads to other regions can also cause an excess of heterozygous calls. In our pipeline we 

minimized the chance of partial alignment by imposing a stringent limit on read similarity allowed

for read clustering. The partial alignment was removed using the amplicon sequence as the 

reference and a more stringent threshold for read alignment. As an example of the effectiveness

of the mentioned steps, the targeted SNPs Bant_tg26 and Bant_tg27 were found in the 

overlapping regions, but the amount of heterozygous calls is proportional to the other targeted 

SNPs (Figure S8). For other primer sets, alignment of predicted amplicon sequences to the B. 

antarctica scaffolds showed the best hit was the expected scaffold and position.

Validation of the panel for target sequencing enrichment

SNP calling for amplicon sequencing. FAA was 81% successful in recovering a targeted 

SNPs (45 out of 55 targeted SNPs). Seven targeted SNPs that were not recovered by FAA had 

adequate coverage but only had the reference allele, and three targeted SNPs (all in the Buffy 

gene) were not recovered (Figure S9B).  We discarded an additional 3 SNPs (Bant_tgt10, 

Bant_tgt40, and Bant_tgt55) because they had different genotypes compared to the WGR 

SNPs, despite passing QC filters.  Therefore, we used 42 out of 55 targeted SNPs to compare 

WGR and amplicon-sequencing to evaluate their ability to recover true genotypes (Figure 3B). 

Validation of targeted SNPs and comparison between WGR and amplicon-seq SNPs. The 
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average percentage of genotype similarities between sequencing protocols was 59.5%. This 

number was low because the high sequence depth of amplicon-sequencing (~3000x) allowed 

us to reduce the number of homozygous calls being called as heterozygous (false positives) 

and heterozygous calls being called as homozygous (false negatives). The proportion of false 

positives and false negatives that were resolved by amplicon-sequencing were 6.2% and 

22.2%, respectively. With amplicon-sequencing, we were able to confidently call new 

heterozygous genotypes that increased the proportion of within-individual heterozygous 

genotypes (Figure 3C). We were also able to reduce the amount of missing data within-

individual and within-targeted SNPs (Figure 3D), although in one SNP it increased. When we 

compared the intra-locus estimates of  HE, π, Tajima's D an  d �W calculated for each targeted 

SNP we could see differences between the sequencing protocols, but the average estimates 

were concordant (except for the HE, Figure S10 and S11). We were also able to confirm 

genotypes of outliers discovered with WGR. The outlier with the highest posterior FST had the 

same genotype in both sequencing data, two outliers had the proportion of heterozygosity 

increased (Figure S12), and one was not polymorphic with the amplicon-sequencing data.

Amplicon-seq SNPs revealed the overall pattern of an excess of intermediate-frequency 

variants that was observed in the folded allele-frequency spectrum of WGR SNPs (Figure 1C). 

amplicon-seq SNP also showed a similar pattern of overall genetic differentiation between 

populations identified with PCA (Figure 1D). However, the global estimate of Weir & 

Cockerham's FST for Amplicon-seq SNP was higher (0.083, 95% CI of 0.046 to 0.122) than the 

estimates obtained with WGR SNPs (0.028,95% CI of 0.022 to 0.032). Estimates of intra-locus 

summary statistics were similar, but estimates obtained with amplicon-seq SNPs showed lower 

variance for all summary statistics except for  (Figure 4). 

Discussion

For many population and conservation genetic studies with non-model organisms, it may be 

cost-prohibitive to generate high density WGR data sets. In this study, we show how the use of 

low-coverage, whole-genome re-sequencing (lcWGR) allows the identification of an informative 

set of SNP markers for rapid and reliable targeted enrichment genotyping. A cost-effective 

lcWGR was used to produce individual sequencing data to create a reduced set of informative 

SNPs for a SNP genotyping panel. Using the non-model dipteran, B. antarctica, the resultant 

SNP panel uncovered similar patterns of genetic diversity and population genetic structure as 

the lcWGR data set.    

Coverage and quality of the lcWGR was low, limiting the identification of reliable variation. Using

restrictive filters, we kept less than 1% of the identified variants, retaining SNPs in regions that 

had an average coverage higher than the expected 11X. The strict filtering came at a cost of 

discarding most rare to low-frequency variants (Fuentes-Pardo & Ruzzante, 2017) that may 

have shifted the folded-AFS spectrum. The low sample sizes for lcWGR also contributed to the 

AFS shift since the likelihood of a rare variant to be included was initially low. To minimize 

11

419

420

421

422

423

424

425

426

427

428

429

430

431

432

433

434

435

436

437

438

439

440

441

442

443

444

445

446

447

448

449

450

451

452

453

454

455

456

457

458

459

460

.CC-BY-NC 4.0 International licenseunder a
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available 

The copyright holder for this preprint (which wasthis version posted September 19, 2019. ; https://doi.org/10.1101/772384doi: bioRxiv preprint 

https://doi.org/10.1101/772384
http://creativecommons.org/licenses/by-nc/4.0/


sample bias on the estimation of population genetic parameters (Albrechtsen, Nielsen & 

Nielsen, 2010; Fumagalli, 2013) and on the design of a reduced set of SNPs (Anderson, 2010; 

Ding et al., 2011; Henriques et al., 2018; Mariette et al., 2002), a larger sample size would be 

required. However, in some cases with non-model organisms, large initial sample sizes may be 

challenging due to costs or unavailability of collections.  While obtaining B. antarctica can be 

difficult from an isolated continent, we were fortunate to also have a complete genome for B. 

antarctica, which helped identify an informative set of markers. Regardless, focusing on 

medium-frequency to common SNPs increases the probability of recovering targeted SNPs and 

desired population genetic parameters for additional and distant populations.

The observed heterozygosity (HO) for the majority of WGR SNPs were higher compared to the 

expected heterozygosity (HE). The shift in folded-AFS also indicated accumulation of SNPs with 

a high proportion of heterozygous genotypes, indicating deviation from mutation-drift 

equilibrium. Both may be the consequence of the application of a hard filter on WGR SNPs, or 

alternatively may indicate two possible biological scenarios 1) strong bottlenecks events, and 2) 

a large population (with large Ne) that underwent a recent admixture event with a close, but 

large and isolated, population. We can rule out an effect from QC filters since different 

sequencing protocols produced similar results (see below). The two possible biological 

scenarios, as well a combination of admixture and successive bottlenecks, are likely given the 

complex dynamics of seasonal freezing and thawing that is prevalent in Antarctica. However, 

with only 2 populations included in this study, inferences on demography would need additional 

sampling among several islands inhabited by B. antarctica.  

 In a scenario with strong stochastic changes in allele frequency and/or deviation from the 

island-model of migration with recent admixture (Bonhomme et al., 2010; Whitlock & Lotterhos, 

2015), we had limited power to identify outlier loci with FST-based methods. Nonetheless, the 

combined methods identified one putative outlier locus that might be associated with stress 

adaptation in population D1, where all but one individual were heterozygous. The B. antarctica 

reference genome predicted that the alternative allele changed the amino acid from serine to 

arginine in a putative vitellogenin-A1 gene. Genotyping of other populations will allow us to see 

if differences in allele frequencies for the alternative allele exist.

The goal of our reduced SNP set was to recover and estimate summary statistics (HE, π, 

Tajima's D, �W) with some degree of similarity with WGR SNPs (similar average estimates and 

proportional variance range) and to rapidly assess natural populations. Despite differences in 

platforms, both produced relatively congruent results for the overall genetic diversity and 

population structure. It is interesting that we did not observe major discordance for the summary

statistics among data types, as we obtained similar patterns for the folded-AFS, similar average 

estimates of HE, π, and �W , and similar individual assignments with PCA. We might attribute 

the ability of both WGR and Amplicon-seq SNPs to recover similar patterns of genetic diversity 
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and population structure to the small genome of B. antarctica. Evolutionary events such as 

recent admixture and bottlenecks produce genome wide patterns on the genome; in small 

genomes their impact might be more extreme. In this case, the lcWGR data likely provided loci 

informative about overall patterns of the genome (e.g. diversity and demography). We had 

limited power to identify loci-specific features (e.g. selection), since bottlenecks and admixture 

could remove such signals.  Nonetheless, for conservation genetic research, estimating genetic 

diversity and population structure is a more likely first step before identifying locus-specific 

adaptation.

Application of the reduced SNP strategy with the pipeline was shown to be effective for 

revealing major features underlying the evolutionary history of B. antarctica.  We also observed 

strong clustering and differentiation among islands less than 8 kms apart, indicating some 

degree of isolation. These SNPs can be used more economically in multiple populations to 

better understand its current genetic diversity, describe global demography events, and predict 

any threats to extinction. For periodic genetic monitoring of this species, the ability to rapidly 

estimate genetic diversity is critical to identify issues that may be responding to drastic 

environmental changes across its wide range of inhabited Antarctic islands. 

We also created a pipeline that automates the processing of Illumina's short reads, produced by

double-PCR amplification (that can be used with any amplicon sequencing protocol), and to 

generate full genotypes for individuals.  With the amplicon-seq’s high coverage, this pipeline 

reduces false positives and negatives that impact the correct calling of heterozygous genotypes.

The step-by-step guide for marker discovery and the pipeline designed for amplicon-sequencing

can be used to isolate informative SNPs and rapidly genotype any non-model species. 

Amplicon-sequencing can not only speed-up the genotyping of endangered species but also 

facilitate the transition from conservation genetics to genomics (Meek & Larson, 2019; Taylor et 

al., 2017). The pipeline is flexible enough for amplicon-sequencing with different degrees of 

amplicons and samples, and can also be used to prepare the data of low-coverage amplicon-

sequencing experiments that incorporate some error (e.g. ANGSD, Korneliussen et al. (2014)).  

For those with less bioinformatic experience, our pipeline can rapidly provide input files needed 

for more user-friendly, non-command line, population genetic software.

 

Conclusion

In summary, we show how amplicon-sequencing can be an alternative for population WGR 

when the goal is to acquire reliable genotypic information for many individuals and populations. 

When budget and bioinformatic experience limit the number of individuals to be sequenced with 

a decent sequence coverage, amplicon-sequencing offers a more affordable method compared 

to WGR or pool-seq. The process of isolating informative SNPs for targeted sequencing allows 

accurate recovery of fundamental estimates of genetic diversity and demographic patterns that 

are very similar to those generated by WGR. The guidelines presented here also include a 

pipeline developed to automate the processing of raw data produced by a combination of high 
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throughput multiplex PCR and short-read sequencing into easily formatted genotyping input 

files. Our pipeline not only automates the genotyping but also reduces accumulation of 

sequencing errors, thereby increasing quality of genotyping calls. We believe this approach will 

be beneficial to many other non-model systems where questions concerning population and 

conservation genetic structure must be answered quickly to generate baseline data and predict 

future changes under climate change.  
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Data availability

WGR and amplicon-sequencing data are available at NCBI BioProject accession numbers: 

PRJNA565001 and PRJNA565153.The sequence of each primer pair, the reference amplicons 

(fasta file) and R scripts are available at https://github.com/vitorpavinato/belgicaampliconseq. 

The pipeline to process amplicon-sequencing raw data – PypeAmplicon – is available at zendo 

(doi:10.5281/zenodo.1490421) and on GitHub (https://github.com/vitorpavinato/PypeAmplicon).
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Figure legends

Figure 1. Folded AFS and PCA for lcWGR and amplicon-sequencing SNPs. A) Folded-AFS

summarizing the allele frequency distribution of SNPs obtained with  lcWGR. B) PCA for 

lcWGR. C) the folded-AFS of SNPs obtained with amplicon-sequencing. D) PCA for amplicon-

sequencing.

Figure 2. FST-based outlier detection analysis. Green represents SNPs detected as outliers 

by OUTFLANK and in pink are the SNPs with posterior FST higher than the upper limit of the 

95% FST  highest posterior density (HDP) interval.

Figure 3. Summary of the performance of amplicon-sequencing for targeted SNPs. A)  the

type and number of SNPs included in the SNP panel. B) the number of targeted SNPs that were

recovered with the amplicon-sequencing. C and D) improved coverage obtained and reduced 

missing data with the amplicon-sequencing.

 

Figure 4. Comparison between summary statistics calculated with lcWGR and amplicon-

sequencing SNPs. A) Expected heterozygosity -  HE; B) nucleotide diversity – π; C) 

Watterson’s estimator - �W; and D) Tajima’s D. In each plot the global and with-population 

summary statistic for each population were compared between sequencing protocol: WGR and 

Amplicon-sequencing. Dots represents the over-dispersed estimates.
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Datasets: WGR SNPs Amplicon−seq SNPs
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