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ABSTRACT
Microhaplotypes are small linked genomic regions comprising two or more single-nucleotide polymorphisms (SNPs) that are 
being applied in forensics and are emerging in wildlife monitoring studies and genomic epidemiology. Typically, targeted in non-
coding regions, microhaplotypes in exonic regions can be designed with larger amplicons to capture functional non-synonymous 
sites and minimise insertion/deletion (indel) polymorphisms. Quality control is an important first step for high-confidence gen-
otyping to counteract such false-positive variants. As genetic markers with higher polymorphism compared to biallelic SNPs, it 
is critical to ensure sequencing errors across the microhaplotype amplicon are filtered out to avoid introducing false-haplotypes. 
We developed the MhGeneS pipeline which works in tandem with Seq2Sat to help validate microhaplotype genotyping of the 
coding region of genes, with broader applicability to any microhaplotype profiling. We genotyped microhaplotype regions of the 
Zfx (≅ 160 bp) and Zfy (≅ 140 bp) genes, as well as an exon of the prion protein (Prnp) gene (≅ 370 bp) in caribou (Rangifer taran-
dus) using paired-end Illumina technology. As important quality metrics affecting microhaplotype calling, we identified the 
sequencing error rate profile related to the overlap or non-overlap of paired-end reads as well as the read depth as significant. In 
the case of Prnp, we achieved confident microhaplotype calling through MhGeneS by removing small sections of the 5′ and 3′ 
amplicons and using a minimum read depth of 20. Read depth and sequence trimming may be locus-specific, and validation of 
these parameters is recommended before the high-throughput profiling of samples.

1   |   Introduction

Beyond generating whole-genome coverage, next-generation 
sequencing has facilitated characterising amplicons that can 
detect single-nucleotide polymorphisms (SNPs) through GT-Seq 
(e.g., Campbell, Harmon, and Narum 2015; Hayward et al. 2022; 
Natesh et  al.  2019), microsatellites (e.g., Bradbury et  al.  2018; 
Marcy-Quay et al. 2023; Pimentel et al. 2018; Vartia et al. 2016), 
and multiple SNPs as microhaplotypes (e.g., Baetscher et al. 2018; 

Delomas et al. 2023; Jones et al. 2009). These markers harness 
the depth of sequencing associated with genomic characterisa-
tion to target variable loci and increase sample throughput for a 
range of DNA quantity and quality (Acford-Palmer et al. 2023; 
Baetscher et al. 2018; Eriksson, Ruprecht, and Levi 2020; Meek 
and Larson 2019).

SNPs express a relatively low error rate; however, in diploid 
species, the expressed variation (four DNA bases per allele) 
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is lower than the per single-locus power demonstrated by mi-
crosatellite markers, resulting in less information per locus 
(Delomas et  al.  2023; Jones et  al.  2009). Alternatively, mi-
crohaplotype (MH) loci comprise two or more closely genet-
ically linked SNPs with negligible recombination rates (Kidd 
et  al.  2017) and are an emerging marker type in forensics. 
Typically, they are relatively small DNA fragments (< 200–
300 bp) and combine the higher accuracy and repeatability of 
SNP markers with the higher per locus information of micro-
satellites (e.g., allelic diversity and heterozygosity; Baetscher 
et al. 2018; Delomas et al. 2023; Kidd et al. 2014; Oldoni, Kidd, 
and Podini  2019). Often, MH loci are screened encompass-
ing two to four SNPs (Kidd and Pakstis  2022; Oldoni, Kidd, 
and Podini 2019). However, recent studies have screened MH 
loci with more SNPs, ranging anywhere from 3 to 12 linked 
SNPs (e.g., Fan et al. 2022; Gandotra et al. 2020). In human 
forensics, they have proven to be very efficient for individ-
ual assignment, mixture detection and pedigree reconstruc-
tion (Kidd et  al.  2014; Kidd and Pakstis  2022; Oldoni, Kidd, 
and Podini 2019). In recent years, other research fields have 
discovered the benefits of microhaplotype markers for anal-
yses such as genomic epidemiology (e.g., malaria (LaVerriere 
et  al.  2022)), pedigree analyses in fisheries (Baetscher 
et al. 2018; Delomas and Campbell 2022; McKinney et al. 2020) 
and wildlife monitoring (Delomas et al. 2023).

Outside of standard operating procedures in human forensics, 
the uptake of microhaplotypes in a conservation genetic and 
molecular ecology context would significantly benefit from 
standardised approaches on processing raw sequencing reads 
from amplicons, filtering techniques, quality control measures 
and scoring. This is particularly true for MHs in genic regions 
where the objective is to capture informative coding regions 
for functional non-synonymous changes and associated synon-
ymous changes to maximise haplotypic diversity. As a result, 
genic amplicon sizes can be beyond the standard for non-coding 
MHs (e.g., 75 bp in wolves (Canis lupus); Delomas et al. 2023).

A critical step of sequence-based amplicon typing requires that 
sequence artefacts be culled from the scoring (e.g., microsatel-
lite sequencing; Liu et al. 2024), so understanding the baseline 
sequencing errors per locus in a range of species will facilitate 
more automated scoring of MHs through a software environ-
ment. As the result of the need for quality assurance and stan-
dardisation, we developed an analytical pipeline, MhGeneS 
(Microhaplotype Gene Screening), to optimise microhaplotype 
profiling of gene regions with broader applicability to non-
coding microhaplotypes. As a case study, we applied this ana-
lytical pipeline to amplicon sequencing based on multiple genic 
regions of varying lengths in boreal caribou (Rangifer tarandus 
caribou). We used sex chromosome-specific amplicons, com-
prising a small fraction of Zfx and Zfy genes (161 and 142 bp, 
respectively; Ball et al. 2007) and a region of the prion protein 
(Prnp) gene (targeting a minimum of eight linked SNPs in 367 bp 
of exon 3). The Prnp gene in caribou (and other cervid species) 
is involved in mechanisms connected to the highly contagious 
and fatal prion disease, chronic wasting disease (CWD) (Arifin 
et  al.  2020; Cheng et  al.  2017; Escobar et  al.  2020; Haley and 
Hoover 2015; Moazami-Goudarzi et al. 2021). Exon 3 contains 
a coding sequence associated with CWD susceptibility (Haley 
and Hoover 2015).

The DNA source for profiling these genes in caribou was non-
invasively collected faecal samples. Faecal DNA can pose chal-
lenges for laboratory procedures affected by poor DNA quantity 
and quality. However, winter-collected caribou faecal pellets have 
been shown to produce high-quality extracts (Ball et al. 2007)—
indeed full genomes have been sequenced from faecal DNA 
(Taylor et al. 2021). However, more PCR cycles during the profil-
ing of non-invasive DNA sources may be required that can lead 
to relatively more errors within the read depth in the sequenc-
ing process (Eriksson, Ruprecht, and Levi 2020). These errors 
can cause problems with downstream analyses, and therefore 
evaluating those error rates (Pfeiffer et  al.  2018) and thought-
ful quality filtering are required (Bewicke-Copley et  al.  2019; 
Bokulich et al. 2013; Puente-Sánchez, Aguirre, and Parro 2016). 
An important quality metric is the depth of sequencing reads. 
For samples with low sequencing depth, the information of one 
haplotype may be missing (allelic dropout), resulting in false 
homozygous genotype calling (Bilton et  al.  2018; McKinney 
et al. 2020; O'Leary et al. 2018). With a higher depth of sequenc-
ing data, more reads can be used for calling a particular MH, 
which increases the certainty and decreases the genotyping er-
rors in a dataset (O'Leary et al. 2018). Read filtering among dif-
ferent research fields often aims for a minimum of 10 reads per 
locus, including a recent wildlife study (Delomas et al. 2023) and 
genomic epidemiology (Kubik et al. 2021; LaVerriere et al. 2022). 
However, these assays are based on smaller MH regions that are 
more amenable to different tissue sources of DNA.

Within our MhGeneS pipeline, we first summarised the se-
quencing error rate profile based on individual error rates for 
each position within the amplicon sequences. We then evalu-
ated the dependency of the error rate profile on the length of the 
amplicon sequence and determined if trimming the amplicon 
sequences was an appropriate measure to improve the overall 
quality. We then assessed the depth-of-read for each sample with 
the number of microhaplotypes screened and identified poten-
tial artefacts in the form of rare microhaplotypes associated with 
low read numbers. We examined different levels of read depth 
filtering to demonstrate the importance of such quality filtering 
on the accuracy of the genotype scores. Finally, we recommend 
trimming and filtering strategies that can act as guidelines for 
automated profiling of genic microhaplotypes, which also apply 
to microhaplotypes within non-coding regions.

2   |   Materials and Methods

2.1   |   Caribou Sampling and Amplicon Sequencing

Between 2010 and 2023, 3871 faecal samples from boreal car-
ibou (Rangifer tarandus caribou) were collected during winter 
surveys using a protocol developed by Hettinga et  al.  (2012). 
Faecal pellets were placed in sterile bags, labelled and kept fro-
zen at −20°C during shipment for genetic analysis. DNA pro-
cessing and analyses were conducted at Trent University.

DNA extraction was done with the Qiagen DNAeasy tissue 
kit, following the manufacturer's protocol. For comparison, 
we used relatively smaller sex chromosome-specific ampli-
cons that comprised small regions within the Zfx (161 bp re-
gion) and Zfy (142 bp region) genes (Ball et al. 2007) and the 
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relatively large prion protein (Prnp) gene region in the cari-
bou genome. For Prnp, we designed specific primers cover-
ing a 367 bp region in exon 3 of the prion protein gene. Both 
the forward 5′-CGCTGGAGCAGTGGTAGG-3′ and reverse 
5′-TCCTACTATGAGAAAAATGAGGAA-3′ primers were 
designed to capture eight polymorphisms (Table  S1), which 
have been identified as potential susceptibility factors for 
CWD in caribou (Arifin et  al.  2020). Amplicon sequencing 
libraries were prepared following the protocol described by 
Liu et al.  (2024) and were sequenced on the Illumina MiSeq 
platform. In summary, a multiplex polymerase chain reac-
tion (PCR) was performed with the designed primers (Zfx, Zfy 
and Prnp-specific) using the QIAGEN Multiplex PCR Plus Kit 
(Qiagen, Hilden, German) and 1 ng of sample DNA. After an 
initial cleaning and purification step with 1:0.8 of AMPure XP 
beads (Beckman Coulter, Inc., United States), reactions were 
indexed with IDT for Illumina Nextera DNA Unique Dual 
Index Sets A–D (Integrated DNA Technologies, Inc., United 
States) and pooled (384 samples per sequencing library/run). 
Finalised libraries were quantified using Qubit and then di-
luted to 9.5 pM and 250 bp pair ends sequenced on an Illumina 
MiSeq machine.

2.2   |   Genotyping and Microhaplotype Screening

Sequencing reads were demultiplexed with the ‘generate FASTQ 
analysis module’ by Illumina. Based on the indexes supplied in 
the library preparation, raw reads were assigned to each sample 
and FASTQ files were generated.

The MhGeneS pipeline (Figure 1) uses genotyping results from 
Seq2Sat, updated software to support accurate automated micro-
satellite (Liu et al. 2024) and microhaplotype screening (https://​
github.​com/​ecoge​nomic​scana​da/​Seq2Sat). In brief, Seq2Sat 
(V.2.0.0.2) reads raw FASTQ reads of amplicon sequences into 
read packs (1000 reads/pack). Each read pack is processed in-
dependently and in parallel. An initial read quality check is 
performed on raw reads by removing too short and low-quality 
reads. Sequencing adaptors are also automatically detected and 
removed. Overlapping regions of paired-end (PE) reads are iden-
tified and analysed for sequencing error correction based on the 
base quality score. Non-overlapping regions remain with the 
original base quality score (uncorrected). A minimum of 30 bp 
overlapping between the forward and reverse strands is required 
to merge the two PE reads into a clean single-end (SE) read. The 
clean SE reads are then demultiplexed by assessing the edit dis-
tances between the primer pair and the reads (allowing two 
mismatches for each primer) using the Edlib library (Šošic and 
Šikic 2017). To reduce the possible inflation of a number of mi-
crohaplotype loci caused by sequencing errors in primer binding 
sites, primer information is given in a separate parameter file 
and primer sequences are subsequently trimmed from the clean 
reads (Figure 1 (1)).

Genotyping was also performed in Seq2Sat (V.2.0.0.2). To 
obtain accurate genotyping for the Prnp amplicon, we used 
algorithms to identify the primary main alleles and their 
proportion of reads. These are used to determine the micro-
haplotype locus' status as homozygous, heterozygous or in-
conclusive. First, each read variant is aligned against the Prnp 

gene reference (Table  S1) to identify SNPs/artefacts using 
Edlib (Šošic and Šikic 2017). To determine the primary alleles, 
the two most abundant read variants are identified based on 
their read count, followed by the calculation of their relative 
proportion of haplotype reads. The sequence difference be-
tween the two most abundant read variants was then assessed 
by sequence alignment. A direct pairwise sequence alignment 
was done with Edlib (Šošic and Šikic 2017), to compare the two 
main read variants in their similarity in terms of mutations 
(SNPs). Then, the proportion of reads of the two sequences 
was used to determine the locus' zygosity based on threshold. 
If the two most common read variants have a proportional 
number of reads between 0.50 and 0.65, they are considered 
as heterozygous, whereas a value above 0.85 for one haplotype 
is considered homozygous and a read ratio between 0.65 and 
0.85 is considered inconclusive requiring manual assessment. 
These thresholds constitute a relatively conservative approach 
(Nielsen et al. 2011) where a homozygous genotype is called 
when the proportion of the non-reference allele is above 80%. 
In the MhGeneS pipeline, this would translate in a sample 
being homozygous when the proportional number of reads be-
tween the two most abundant read variants is above 0.8. We 
opted for an even more conservative approach and added an 
inconclusive category which comprised samples with a rather 
uncertain genotype. These thresholds can be set with the ht-
Jetter, hmPerH and hmPerL parameters in Seq2Sat (V.2.0.0.2). 
We note here that the user can modify these parameters when 
running Seq2Sat.

For sex chromosome-specific amplicons (Zfx and Zfy; Ball 
et  al.  2007), Seq2Sat (Liu et  al.  2024) is similar to the micro-
haplotype identification for the Prnp amplicon and can identify 
the putative sex of each sample based on the proportional reads 
of the two most common MH variants. An initial depth-of-read 
filter of 10 reads was applied within Seq2Sat, and the Zfx marker 
was used to benchmark sex identification. If no read variant of 
the Zfx amplicon was determined or the two most common read 
variants had fewer than 10 reads, the sample was classified as 
inconclusive. If only the read variants of the Zfx amplicon could 
be determined or if the proportional reads between the most 
abundant Zfy and Zfx read variants were lower than 0.001, the 
samples were classified as female, and only one read variant was 
considered as the present microhaplotype. If the proportional 
reads of the Zfy to the Zfx marker were greater than 0.001, the 
sample was classified as male, and both read variants (of the Zfy 
and Zfx markers) were considered as the present microhaplo-
types in this sample.

Sequence error rates for each position can be calculated to ob-
tain an overview of the profile across the amplicon sequence. 
For each conclusive sample, every read variant identified that 
is independent of the number of reads for these variants is used 
in the calculation to assess the error distribution along the am-
plicons. The frequency of every position's base (A, C, T and G) 
from all identified read variants at a locus (Zfx, Zfy and Prnp) 
is recorded, and the error rate of each position is calculated 
by dividing the base frequency (different from the (two) main 
read variants at this position) by the total number of reads (see 
Table S2 for an example). The average error rate across the ampl-
icon sequence for each sample is then recorded and can serve as 
a proxy for the sequencing performance for each sample.
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Seq2Sat produces various output files (https://​github.​com/​ecoge​
nomic​scana​da/​Seq2Sat), comprising genotype, microhaplotype 
and sex identification tables, sequencing error rate informa-
tion as well as an html report (Figure S1 for an example), with 
graphs showing the distribution of microhaplotypes, error rates 
and plots on quality metrics of raw, as well as filtered, reads (see 
https://​github.​com/​ecoge​nomic​scana​da/​MhGeneS). Within the 
MhGeneS pipeline, the information on microhaplotypes and se-
quencing error rates produced by Seq2Sat are further processed 
using custom functions in R version 4.2.2, specifically developed 
for error rate exploration and microhaplotype screening (all R 
code and example files are available on https://​github.​com/​ecoge​
nomic​scana​da/​MhGeneS) (Figure  1 (2)). We first summarised 
the mean error rates across the amplicon sequences for the 
entire dataset, based on the sequencing error rate per position 
and sample. We also reported on the average error rate across 
the entire amplicon sequence per sample and summarised this 
across the dataset (Figure S2). Finally, we applied an optional 

trimming step for the amplicon sequence (Figure 1 (3)). When 
longer amplicons (> 250 bp) are sequenced paired-end on an 
Illumina platform, the reads do not fully overlap, leading to 
lower sequencing quality in the 5′ and 3′ end. Therefore, trim-
ming those ends can minimise sequencing errors in the am-
plicon. When the trimming step is applied, the genotyping in 
Seq2Sat must be repeated with an edited parameter file with 
information on the number of base pairs to trim off the 5′ and 3′ 
ends of the sequence (Figure 1 (1)).

To screen for microhaplotypes (MHs) within the entire dataset 
(Figure 1 (3)), we first excluded samples with microhaplotypes 
considered inconclusive from previous analyses and testing. We 
identified the unique MHs in the dataset and generated a mi-
crohaplotype lookup table. This table summarises the present 
microhaplotypes and shows their frequency within the dataset 
(Figure 1 (4)). We generated a second dataset summary table, pro-
viding information on which MHs are assigned to each sample 

FIGURE 1    |    Schematic of the MhGeneS pipeline (with the Prnp amplicon as an example). (1) Genotyping within Seq2Sat (Liu et al. 2024). (2) 
Output files from Seq2Sat used directly (microhaplotypes and sequencing error rate information) and indirectly (all amplicon sequences) in the 
MhGeneS pipeline and how information is shown. (3) The main steps within the MHGeneS pipeline: Microhaplotype screening and exploration of 
sequencing error rates within the amplicons. Quality control measures such as read depth filter or 5′ and 3′ trimming can be applied in Step 3. (4) 
Output from MhGeneS (GITHUB path to R script) comprising lookup and dataset summaries of microhaplotypes screened and visualised sequencing 
error rates.

Raw reads 
(fastq) Seq2Sat

Text file 
(parameters)

All Amplicon 
sequences

Sequencing error 
rate

Microhaplotypes 
(MHs)

Sample level

Locus Amplicon Num 
Reads

Total
Reads

PRNP AAGTG… 178 1034

PRNP AAGTA.. 12 1034

PRNP AAGTA... 280 1034

... ... ... ...

Dataset level

Locus Haplotype Num
Reads

Proportion of 
Haploreads

Total
HaploReads

Total
Reads

Conclusive Microhaplotype

PRNP MH_A 280 0.611 458 1034 Y AAGTGACG…

PRNP MH_B 178 0.388 458 1034 Y AAGTAACG...

Locus Error Rate per 
position

TotalEffective 
Reads

PRNP 0;0;7.5;0;0;0;.. 482

Sequencing error rate within 
amplicon 

MH - Look-up table MH - Dataset summary

Sample MH_A MH_B Total
Reads

TotalHaplo
Reads

1 MH1 MH2 206 82

2 MH1 MH3 390 140

3 MH1 MH1 534 236

4 MH4 MH5 350 172

... ... ... ... ...

MH 
Name

MH sequence Sample 
Freq

Dataset 
Freq

MH1 AAGTGAC… 2553 3698

MH2 AAGTAAC… 1 1

MH3 AAGTAGC... 441 477

MH4 AAGTGAT... 908 1041

... ... ... …

5’ and 3’ 
trimming

(1)

(3)

(2)

read depth filter

MH screening

(4)
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and the number of reads assigned to each sample (Figure 1 (4)). 
For the two sex chromosome-specific markers (Zfx and Zfy), we 
screened for microhaplotypes separately and created two sets 
of tables: “lookup” and “data summary” (Zfx- and Zfy-specific). 
In this post-processing step, we applied different stringencies of 
depth-of-read filter: no filter, a minimum of 10, 20 and 50 reads. 
Filtering for a certain depth-of-read improves confidence in the 
called genotypes and controls for sequencing errors in a dataset.

To demonstrate the effect of trimming and depth-of-read filter 
on the quality of our data, we compared the sequencing error 
rate profile (Figure 1 (3)) among different trimming strategies, 
as well as the microhaplotype lookup table (Figure 1 (4)) for the 
different depth-of-read filters applied. We also explored the ef-
fect of those read filters on the number of microhaplotype loci 
and samples remaining in the dataset, as well as the frequency 
of rare microhaplotypes (here only present in 1%–5% of the sam-
ples) and ultra-rare microhaplotypes (here present in less than 
1% of the samples). Rare microhaplotypes in a dataset can be 
considered spurious, since they are only present in few sam-
ples, most likely indicating false-positive genotyping, and were 
treated with caution.

3   |   Results and Discussion

We successfully genotyped 3487 and 3445 of the 3871 samples 
for the sex chromosome-specific amplicons (Zfx, Zfy) and the 
Prnp amplicon with Seq2Sat. For each successfully genotyped 
sample, Seq2Sat produced several output files (information on 
genotypes, microhaplotypes, sex-specific markers and sequenc-
ing error rate) and an html report (https://​github.​com/​ecoge​
nomic​scana​da/​MhGeneS). Even though amplicon sequencing 
can achieve deep coverage, even in faecal samples (Eriksson, 
Ruprecht, and Levi  2020), we observed low sequencing depth 
in some of our samples for the targeted Prnp gene. The overall 
depth of read was higher for sex-specific amplicons (Figure 2).

3.1   |   Trimming Based on the Sequencing 
Error Rate Profile

We observed varying patterns depending on the length of 
the amplicon sequence in the sequencing error rate profile 
(Figure  3). For the two relatively short sex-specific amplicons 
(Zfx and Zfy, 161 bp and 142 bp, respectively), sequencing errors 
were distributed randomly across their length, with slightly 
higher error rates for the Zfy marker around 20–35 bp within 
the 142 bp long amplicon sequence (Figure 3A). Due to the ob-
served error rate profile of both sex-specific markers, no trim-
ming step was applied. Using a 250 bp paired-end approach led 
to fully sequencing those two amplicons (142 bp and 161 bp) with 
a complete overlap. Trimming at the 5′ and 3′ ends would have 
decreased those smaller amplicons (142 bp and 161 bp) without 
significantly improving the overall error rate profile. No trim-
ming strategies were assessed further. Ultimately, sex identifica-
tion using Zfx and Zfy were based on the presence/absence of Zfy 
and not on sequence diagnostics.

In contrast, the Prnp amplicon was longer (367 bp) than required 
to be sequenced with full overlap, leading to a very different 

sequencing error rate profile. Due to its length, there was only 
a partial overlap which likely explains the elevated error rates 
at the non-overlapping 5′ and 3′ ends (Figure  3B); Illumina 
chemistry increased sequencing-derived errors at the end of the 
sequence chemistry (Schirmer et al. 2016). We tested different 
trimming strategies at the 5′ and 3′ ends to improve the error 
rate profile: (1) trimming 10 bp from each end (5′ and 3′) or (2) 
trimming 24 bp from the 5′ end and 10 bp from the 3′ end (tai-
lored trimming). Applying both trimming strategies to the Prnp 
amplicon sequence improved the sequencing error rate profile 
(Figure 3C,D). Tailored trimming decreased the Prnp amplicon 
to some extent (from 367 bp to 333 bp); however, it was very ef-
ficient in removing the high error rates at the 5′ end. With test-
ing different trimming approaches, we wanted to demonstrate 
the importance of investigating first the sequencing error rate 
profile of the amplicon. Trimming a sequence always leads to 
shortening it, and this decision should be case-specific. A really 
short amplicon with condensed information requires a different 
trimming strategy or even no trimming compared to a very long 
amplicon such as the Prnp here. By exploring the error rate pro-
file as a quality control step, unnecessary trimming can also be 
prevented.

3.2   |   Effect of Depth-of-Read Filtering on 
Microhaplotype Screening

Read depth filtering is often applied to different kinds of se-
quencing data as a first step of quality control (often with a 
threshold of 10 reads Delomas et  al.  2023; Kubik et  al.  2021; 
LaVerriere et al. 2022). Here, we tested different stringencies of 
depth-of-read filters: no filter, excluding samples with less than 
10, 20 and 50 reads. We explored how these different thresh-
olds affected the microhaplotype screening process (Figure  1 
(3)) and especially the change in the number of unique and rare 
or ultra-rare microhaplotypes we identified. We found that the 
stringency of a depth-of-read filter affected the sample size as 
well as the number of identified microhaplotypes (Tables 1 and 
2). An indicator of spurious microhaplotypes was the number 
of rare or ultra-rare microhaplotypes. Those were only present 
in less than 5% of the samples and therefore unlikely to be true 
microhaplotypes. By applying various depth-of-read filters, 
we managed to reduce the number of rare microhaplotypes, 
leading to a more confident list of unique microhaplotypes 
(Tables S3–S6).

The two sex-specific amplicons (Zfx and Zfy) were screened 
for microhaplotypes separately, and we created a lookup and 
dataset summary table for each marker (Figure 1 (4)). In the 
first step, inconclusive samples were excluded, and only those 
with a putative sex (with (two) common read variants) were 
included in the MH screening (Figure 1 (3)). A total of 3567 
samples were screened for the Zfx marker and 1395 samples 
for the Zfy marker (Table 1). We found 13 unique Zfx micro-
haplotypes and 15 unique Zfy microhaplotypes, although only 
one MH for each marker was the most common in each data-
set (Table S3). The number of samples did not change mean-
ingfully with any of the depth-of-read filters applied (10, 20 or 
50), but the number of microhaplotypes did decrease with the 
more stringent filters. In the Zfx dataset, the number of micro-
haplotypes was 13–10, 6 and 5 with no filters, a depth-of-read 
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filter of 10, 20, and 50, respectively. In the Zfy dataset, we only 
recorded a decline in unique microhaplotypes with depth-of-
read filters for 20 and 50 reads to 10 and 3 unique MHs, re-
spectively (Table 1; Tables S3–S6). In a dataset of thousands 
of samples, the likelihood of a microhaplotype detected in a 
small number of samples (< 5% of the samples) representing 
real biological variation is very small. To confirm if a rare or 
ultra-rare microhaplotype (here classified as spurious) is a 
true microhaplotype, re-sequencing at a deeper level is neces-
sary. Another approach could be to add more samples from the 
sampled geographic origin to gain a potential bigger sample 
size of the rare or ultra-rare microhaplotype.

Therefore, the presence of rare MHs can indicate genotyping er-
rors in a dataset. Reducing this number by applying filtering strat-
egies is one way to control genotyping errors. For both sex-specific 
amplicons, we did not screen for MHs; however, all screened MHs, 
except for the most common, were considered ultra-rare and were 
present in less than 1% of samples. Applying depth-of-read filters 
of 10, 20 and 50 reduced the number of ultra-rare microhaplotypes 
to: 9, 5 and 4 for the Zfx marker and 14, 9 and 2 for the Zfy marker 
(Table 1; Tables S3–S6). After screening both markers for unique 
microhaplotypes, dataset summary tables (Figure 1 (4)) of Zfx and 
Zfy markers were merged to summarise the putative sex and the 
identified microhaplotypes for each sample (Tables S3–S6).

FIGURE 2    |    Read depth distribution of the Zfx (A and B), Zfy (C and D) and Prnp (E and F) datasets. Plots on the left-hand side (A, C and E) show 
the read depth distribution within the entire datasets. Plots on the right-hand side only show samples with a read depth lower than 250 reads. The 
red line indicates the read depth filtering threshold of 20 reads.
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After excluding inconclusive samples in the Prnp dataset, we 
processed 2821 samples during MH screening. We found 24 
unique MHs when screening for microhaplotypes (Figure  1 
(3)), 18 of which were only detected in a small number of 
samples (labelled as rare and ultra-rare microhaplotypes). 
The depth-of-read filters of 10 did not affect the number of 
samples or microhaplotypes in the dataset. When we applied 
more stringent depth-of-read filters (20 and 50), we reduced 
the number of samples from 2686 to 2101 and unique micro-
haplotypes from 21 to 11 (Table 1; Tables S7–S10). The num-
ber of ultra-rare microhaplotypes was also reduced to 14 and 
3. Independent of which read depth filter was applied, the 
same six microhaplotypes (MH1–MH6; Tables  S7–S10) were 
the most common in each dataset. Additionally, one micro-
haplotype (MH7; Tables S7–S10) was classified as rare since it 
occurred in 1%–2% of the samples, depending on the depth-of-
read filter (e.g., 44 samples, when no depth-of-read filter was 

applied). The number of reads for samples with MH7 ranges 
between 44 and 898 reads, which may indicate that this mi-
crohaplotype represents real variation within the dataset 
(Table S11). A next step would be to re-sequence those samples 
to gain more certainty on the validity of their microhaplotype 
assignment.

3.3   |   Combined Effect of Read Trimming 
and Depth-of-Read Filtering on the Prnp Amplicon

Trimming positions with significantly higher sequencing 
error rates of the Prnp amplicon improved the overall geno-
typing performance of Seq2Sat. More samples were retrieved 
and were thus genotyped as heterozygous or homozygous 
rather than inconclusive. Within the untrimmed Prnp dataset, 
we screened 2821 conclusive samples. With the two trimming 

FIGURE 3    |    Sequencing error rate profile for each dataset analysed: The Zfx and the Zfy marker (A), the untrimmed Prnp marker (B), the trimmed 
(10 bp off each 5′ and 3′ end) Prnp marker (C) and the trimmed (24 bp from the 5′ end and 10 bp from the 3′ end) Prnp marker (D).
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strategies, however, trimming 10 bp from each end (5′ and 3′) 
and trimming 24 bp from the 5′ end and 10 bp from the 3′ end 
(tailored trimming), we screened 2883 and 3048 samples, re-
spectively (Table  2). When removing highly erroneous posi-
tions from sequenced amplicon reads, read variants differed 
in fewer sites. This resulted in a reduction of rare and ultra-
rare microhaplotypes (Table 2; no filter) that are only present 
in a handful of samples due to sequencing errors in non-
overlapping parts of the amplicon sequence (5′ and 3′ ends). 
Therefore, read variants with differing sites are less frequent 
in a sample, leading to more favourable proportional reads. 
As described above, if the number of proportional reads is less 
than 0.65 or greater than 0.85, a sample is assigned a hetero-
zygous or homozygous genotype, respectively.

After trimming 10 bp from the 5′ and 3′ ends, we again ex-
cluded the inconclusive samples in the Prnp dataset and ap-
plied 10, 20 and 50 depth-of-read filters on the dataset of 2883 
samples (Table  2; Prnp-10 bp at 5′ and 3′ ends). As with the 
untrimmed Prnp dataset, a depth-of-read filter of 10 did not 
change the number of samples nor microhaplotypes. A filter 
of 20 or 50, however, led to a reduction in sample size (2768 
and 2242) and unique MHs (15 and 9). We detected 10 and 
4 rare or ultra-rare microhaplotypes after filtering out reads 
below 20 or 50. Independent of the depth-of-read filter applied, 
the same common five microhaplotypes were found in each 
dataset trimmed by 10 bp at the 5′ and 3′ ends (MH1–MH5; 
Tables S12–S15).

After applying a tailored trimming step (24 bp at 5′ and 10 bp 
at 3′ ends), we processed 3048 samples during MH screening 
(Figure  1 (3)). While screening these samples for microhaplo-
types, we found 16 unique MHs, 12 of which were only detected 
in a small number of samples (labelled as rare and ultra-rare mi-
crohaplotypes). A depth-of-read filter of 10 did not decrease the 
number of samples or microhaplotypes in the dataset. When we 
applied more stringent depth-of-read filters (20 and 50), however, 
we reduced the number of samples and unique microhaplotypes 
(2945 and 2415; and 14 and 9, respectively; Table 2; Prnp-24 bp at 
5′ and 10 bp at 3′ ends). The number of rare and ultra-rare micro-
haplotypes was reduced to 9 and 4 MHs. In the tailored trimmed 
dataset, we also found the same five common microhaplotypes 
among the screened samples (MH1–MH5; Tables S16–S19).

3.4   |   Implementations of the MhGeneS Pipeline 
for Microhaplotype Screening

Sequencing errors are inevitable, and stringent quality control 
measures need to be applied to ensure accurate haplotype call-
ing (Bewicke-Copley et al. 2019; Bokulich et al. 2013; Puente-
Sánchez, Aguirre, and Parro 2016). Sequencing errors, as well as 
low read depth, can lead to insufficient data and cause problems 
in the genotyping process, i.e., false-positive variant calling and 
allelic dropout (Bilton et al. 2018; McKinney et al. 2020; O'Leary 
et al.  2018). Sequencing errors can also lead to more spurious 
microhaplotypes, resulting in higher uncertainty when calling 
genotypes (Baetscher et al. 2018; Sinha et al. 2017). An initial 
evaluation of the error rate within the amplicon is therefore rec-
ommended (Pfeiffer et al. 2018) before applying any trimming to 
a sequence or depth-of-read filtering.T
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Applying our new MhGeneS pipeline to three different ampl-
icon sequences (sex-specific genes Zfx and Zfy, as well as the 
Prnp gene) varying in length, we demonstrate how exploring 
the sequencing error rate profile and potential read trimming 
(Figure 3), as well as the application of different depth-of-read 
filters, affect the number of unique and rare microhaplotypes 
identified (Tables 1 and 2). Reporting the number of spurious 
microhaplotypes (rare and ultra-rare) across the different fil-
tering strategies is important to better understand the dataset 
structure. However, the frequency of those microhaplotypes 
does not indicate if they are real or artefacts. Within a dataset 
of thousands of samples, however, it is very unlikely that a mi-
crohaplotype only present in one sample is presenting real bio-
logical variation (e.g., Table S11; MH_Y2). If a microhaplotype 
is present in more than one sample, even with an acceptable 
read depth (e.g., Table S11; MH7 and MH17 for Prnp), depend-
ing on the depth-of-read filter applied, a microhaplotype can 
be flagged as rare. Ultimately, re-sequencing samples express-
ing those rare MHs (present in < 5% of the samples) at a higher 
depth for re-analysis will elucidate whether these MHs repre-
sent real biological variation.

For the three amplicons, we found the depth-of-read filter of 
20 to be a reasonable compromise to reduce the number or rare 
microhaplotypes without excluding too many samples, with the 
above caveat that confirmatory re-sequencing is recommended. 
This was also reported in a recent microhaplotype study using 
tissue samples of kelp rockfish (Baetscher et al. 2018). We, how-
ever, highlight that the trade-off between the number of unique 
and rare or ultra-rare microhaplotypes and decisions on the re-
duction in sample size need to be evaluated carefully for each 
dataset.

Targeted amplicon sequencing can improve the cost and time 
efficiency of large-scale projects requiring processing and 
analysis of thousands of samples (Baetscher et al. 2018). With 
the new MhGeneS pipeline, we demonstrated how assessing 
data quality in the form of sequencing error rates and read 
depth filter can increase the power and confidence in down-
stream genotype calling based on genic regions. We empha-
sise that MhGeneS can also be applied for genotype calling 
within non-coding regions.
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