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Chapter 3 

AmpliSAS and AmpliHLA: Web Server and Local Tools 
for MHC Typing of Non-model Species and Human Using 
NGS Data 

Alvaro Sebastian Magdalena Migalska, and Tomasz Gaczorek 

Abstract 

AmpliSAS and AmpliHLA are tools for automatic genotyping of MHC genes from high-throughput 
sequencing data. AmpliSAS is designed specifically to analyze amplicon sequencing data from non-model 
species and it is able to perform de novo genotyping without any previous knowledge of the reference 
alleles. AmpliHLA is a human specific version; it performs HLA typing by comparing sequenced variants 
against human reference alleles from the IMGT/HLA database. Both tools are available in AmpliSAT 
web-server as well as scripts for local/server installation. Here we describe the installation and deployment 
of AmpliSAS and AmpliHLA Perl scripts and dependencies on a local or a server computer. We will show 
how to run them in the command line using as examples four genotyping protocols: the first two use 
amplicon sequencing data to genotype the MHC genes of a passerine bird and human respectively; the third 
and fourth present the HLA typing of a human cell line starting from RNA and exome sequencing data 
respectively. 

Key words Bioinformatics, Next-generation sequencing, NGS, Amplicon sequencing, RNA-Seq, 
WES, WXS, MHC, HLA, Genotyping, Alleles, Haplotypes, IMGT, AmpliSAS, AmpliHLA 

1 Introduction 

The major histocompatibility complex (MHC) encodes a family of 
genes of central importance in vertebrate adaptive immunity. In 
human, the MHC is commonly named as human leukocyte antigen 
system (HLA). MHC molecules are responsible for binding and 
presenting antigens to the immune system T cells. There are two 
classes of classical MHC genes involved in adaptive immunity: 
MHC class I, which encode molecules that present peptides from 
cytosol (e.g., viral peptides) to CD8+ cytotoxic T cells, and class II 
that encode molecules to present peptides from the extracellular 
space (e.g., bacteria) to CD4+ helper T cells [1]. MHC genes are 
the most polymorphic genes currently characterized in vertebrates
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[2]. This polymorphism is believed to be primarily driven by 
co-evolution with ever-changing pathogens and is maintained in 
the populations by various forms of balancing selection [3–7]. The 
number of MHC genes differs greatly between species (Fig. 1), and 
in some taxa the number of MHC genes differs also between 
individuals of the same species [8–19].
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Fig. 1 Maximum number of MHC class I loci extracted from the literature for some representative species up 
to date 

As a simplification, we can say that humans have a fix number of 
classical, functional major HLA loci: A, B, and C for class I and DP, 
DQ, and DR for class II (Fig. 1) [14]. Some of the HLA loci are 
extremely polymorphic (Table 1), for example, currently 9573 
alleles have been described for HLA-B locus (IMGT/HLA data-
base 3.54 release, October 2023) [20]. In birds there is a great 
variability in the complexity of the MHC regions, the number of 
MHC genes, and their variabilities (Fig. 1). Chickens have a mini-
mal essential MHC with two classical class I genes but only one is 
expressed at a high level and its diversity is considerably lower than 
human [17, 21, 22]. In contrast, birds of the order Passeriformes 
have much more complex MHC systems with dozens of genes 
highly duplicated and polymorphic [8, 23–25]. 

In the past, expensive and time-consuming methods were 
required for genotyping [26], but nowadays, next-generation 
sequencing (NGS) of MHC amplicons has become the method of



choice for non-model species [27–31] and human [32–34]. High-
throughput amplicon sequencing technique is based on sequencing 
multiple PCR products (amplicons) at once by means of NGS 
technologies (Fig. 2). With a single experiment, it is possible to 
accurately genotype hundreds of individuals with complex MHC 
systems [35, 36]. The Note 1 briefly describes the technique 
workflow. 
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Table 1 
Number of alleles for each HLA gene (or sum of alleles when multiple loci), 
as registered at the 3.54 release of the IMGT/HLA database from the 
European Bioinformatics Institute (EBI) at October 2023 

Class I Class II 

Gene Alleles Gene A Alleles B Alleles A x B 

HLA-A 8012 DR 65 4530 294,450 

HLA-B 9573 DQ 730 2532 1,848,360 

HLA-C 7995 DP 624 2399 1,496,976 

Nonetheless, MHC genotyping remains a demanding task, 
especially in non-model species with highly duplicated MHC 
genes. Despite the rapid progress in genome sequencing and 
assembly techniques, the MHC region is notoriously difficult to 
reconstruct accurately [37, 38]. The fragmented genomic informa-
tion and similarities between duplicated loci often preclude design 
of locus-specific probes or primers, and so genotyping must be 
performed on a collection of allelic variants that co-amplify across 
several loci. Another caveat, universal to all systems, is a relatively 
high error rate in the amplicon sequences, stemming both from 
PCR artifacts (such as chimera formation) and intrinsic sequencing 
errors of NGS technologies. These new genotyping challenges (see 
Note 2) prompted development of several different strategies of 
identification and correction of the erroneous variants, without 
altering “true” genotypes [39, 40]. AmpliSAS employs an error 
correction strategy that clusters (based on the particular error-rate 
of the NGS technology used) sequences of putative genuine alleles 
with similar, but low-frequency variants [41]. In a benchmark 
comparing four genotyping approaches, AmpliSAS produced reli-
able genotypes for the sedge warbler (Acrocephalus schoenobaenus), 
a passerine bird with a highly complex MHC system composed of 
dozens of loci and thousands of alleles (see Note 3)  [40]. Further-
more, AmpliSAS has been systematically validated in chicken [42] 
and three-spined stickleback [43], and since its publication, it has 
been widely used for MHC genotyping of a variety of non-model 
species from all major vertebrate taxa, i.e., fish [44, 45], amphibians 
[46, 47], reptiles [48], birds [49, 50], and mammals [51, 52].
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2. PCR amplification 

@Q9POJ:00942:01233 
TTCTCGGTTGTGTCTTTAACTCGCCTGAGCTCAAAGACATCCAGTAC 
+ 
B?CDDD>B>BDDFEFF<=<>EEEE>BCGDDFBCC>BDDDDD@ 
@Q9POJ:00480:00500 
CCGGAAGTTGTGTCTTTAGCTCCACTGAGCTCAAAGACATCCAGTAC 
+ 
D@D@D@==;=DGDCAC?AAAEEAE==>EDEEDCC>CDDDEC@DCCCC 
@Q9POJ:01007:00742 
TTCTCGGTTGTGTCTTTAGCTCGCCTGAGCTCAAAGACATCCAGTAC 
+ 
D@DD=<;=@DEEFDDD>DBBB===ADDFDDCCDD>DDDDDD@DEECC 
@Q9POJ:01060:00738 
TTCTCGGTTGTGTCTTTAGCTCGACTGAGCTCAAAGACATCCAGTAC 
+ 
D@BBBD9<9=CCDDDD>DDDDDDDDCCCDDDDDD>DDBCBEACDDAB 
@Q9POJ:01010:00573 
CCGCTGGTTGTGTCTTTAACTCCACTGAGCTCAAAGACATCCAGTAC 
+ 
5055552:4::6>8882>7//.).<::>FEEEED>CBBDDD@DDDDD 

1. Experimental design 

4. Sequence data analysis 

PacBio Oxford Nanopore 

Illumina Ion Torrent 

3. DNA sequencing 

Tag Fwd 

Marker 3 

Marker 2 

Marker 1 

Primer Fwd Tag RevPrimer Rev 

Illumina Ion Torrent 

Fig. 2 Amplicon sequencing workflow schema: (1) experimental design (marker regions, primers and tags), 
(2) PCR amplification, (3) DNA sequencing, and (4) sequence data analysis 

AmpliHLA is an adaptation of the AmpliSAS algorithm for 
human HLA typing; it combines the genotypes from multiple 
markers of the same locus and compares them with the deposited 
HLA alleles from the IMGT/HLA database [20]. As a result, it 
retrieves the HLA types with the highest possible resolution. 
AmpliSAS algorithm has previously been tested with human ampli-
con data retrieving accurate genotypes [41]. Recently, AmpliHLA 
has been expanded with an adaptation of the Seq2HLA algorithm 
to be able to analyze RNA-Seq and whole exome sequencing (WES 
or WXS) data [53]. 

Both, AmpliSAS and AmpliHLA, are available as web server 
tools at http://evobiolab.biol.amu.edu.pl/amplisat/index.php, 
and their use was described in detail in the previous edition of this 
Handbook [54]. However, due to technical reasons, limits of read 
numbers analyzed per amplicon are imposed in the web server. 
Also, the web server version precludes incorporation of AmpliSAS 
or AmpliHLA into automated pipelines. Therefore, to allow users

http://evobiolab.biol.amu.edu.pl/amplisat/index.php


to circumvent these issues, we present here installation and deploy-
ment of AmpliSAS and AmpliHLA Perl scripts and dependencies 
on a local or a server computer. We propose three alternative 
methods: (1) direct copy of the Perl scripts from Github, (2) within 
a Conda environment, or (3) as a Docker container. 
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We will show how to run them in the command line using as 
examples four MHC genotyping protocols. The first describes how 
to process amplicon data with AmpliSAS to obtain the MHC class I 
genotypes of five sedge warblers (passerine birds) that possess up to 
56 MHC class I alleles per individual. The second presents the HLA 
typing with AmpliHLA of five human cell lines whose alleles were 
previously characterized by Sanger sequencing. 

2 Materials 

The only resources required to replicate the analysis described in 
this chapter are an Internet connection to download the required 
software and a local computer with a Linux distribution. When it is 
not possible to have a Linux local computer, we recommend setting 
up a pay per use Linux virtual machine (VM) in the cloud (see Note 
4). These will suffice to learn how to use AmpliSAS and AmpliHLA. 

2.1 AmpliSAS Amplicon Sequence Assignment tool (AmpliSAS) is a tool designed 
to analyze NGS amplicon data and perform automatic genotyping 
of complex MHC systems [41]. AmpliSAS workflow is divided 
into three main steps (Fig. 3): (1) sequence de-multiplexing, 
(2) sequence clustering, and (3) artifact filtering. In summary, 
firstly the reads are de-replicated and classified into amplicons. 
Secondly, during clustering, variants are grouped into clusters 
according to a pre-set of similarity thresholds, summing per ampli-
con read frequencies of putative true variant with artifacts derived 
from this variant. Thirdly, remaining low frequency variants are 
inspected to remove remaining artifacts and chimeric PCR pro-
ducts. Finally, (putative) allele sequences and frequencies for each 
amplicon are retrieved in an Excel spreadsheet format, making 
them easy to interpret. Definitions of amplicon, variant, and other 
useful terms are listed in Table 2. Complete details about AmpliSAS 
algorithm can be found in [41], and a comparison of the perfor-
mance of AmpliSAS against other MHC genotyping methods 
in [40]. 

2.2 AmpliHLA Amplicon Sequencing HLA typing tool (AmpliHLA) is a tool 
designed to automatically retrieve HLA haplotypes from amplicon, 
RNA-Seq, or WES data. AmpliHLA implements the AmpliSAS 
algorithm explained in the previous section to analyze amplicon



data [41], but additionally it is able to combine the information 
from several amplified regions of a single locus and compare their 
sequences with the thousands of HLA alleles annotated in the 
IMGT/HLA database [20]. 
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1. Sequence de-multiplexingRaw sequences/reads 

3. Sequence filtering2. Sequence clustering 

Amplicon 3 Amplicon 4 

Amplicon 2Amplicon 1 

Amplicon 3 – Cluster 3 

Amplicon 3 – Cluster 2 

Amplicon 1 – Cluster 2 

Amplicon 3 – Cluster 1 

Amplicon 4 – Cluster 2 

Amplicon 4 – Cluster 1 

Amplicon 2 – Cluster 3 

Amplicon 2 – Cluster 2 

Amplicon 2 – Cluster 1Amplicon 1 – Cluster 1 

Amplicon 1 – Allele 2 

Amplicon 1 – Allele 1 

Amplicon 2 – Allele 3 

Amplicon 2 – Allele 1 

Amplicon 3 – Allele 3 

Amplicon 3 – Allele 4 

Amplicon 4 – Allele 2 

Amplicon 4 – Allele 4 

Fig. 3 AmpliSAS workflow schema: (1) sequence de-multiplexing, (2) clustering, and (3) filtering and allele 
assignment 

In the analysis of RNA-Seq and WES data, AmpliHLA uses a 
modified version of the Seq2HLA algorithm [53]. First, the reads 
are mapped with BOWTIE [55] against a curated dataset of HLA 
variable regions (exons 2 and 3) extracted from the IMGT/HLA 
database [20, 53]. Then AmpliHLA analyzes mapping results in a 
locus-specific manner: i) the allele with the maximum number of 
mapped reads is selected and these reads are subtracted from the 
remaining allele mappings, ii) step i) is recursively repeated and the 
corrected mapped read numbers are annotated until there are no 
more alleles with mapped reads left, iii) one or two alleles with the 
highest corrected numbers of mapped reads are selected based on 
the drop of their values as in [30] and their HLA types are returned.
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Table 2 
Definitions of commonly used terms in the amplicon sequencing technique. They can slightly differ 
between authors 

Term Definition 

Marker A DNA region amplified with a pair of primers 

Sample A single genetic material to be sequenced (usually from an individual of the study 
organism) 

Tag A unique, short DNA sequence added to amplicons to allow subsequent 
multiplexing of several samples in one sequencing run. Tags are usually ligated 
after PCR amplification or directly included in one or both primers. Tag 
(or combination of tags) allow assignment of sequencing reads to amplicons 
during bioinformatic analysis 

Read Each individual sequence retrieved by a sequencing run. A sequencing run will 
retrieve thousands/millions of reads 

Amplicon A set of reads derived from a single PCR (one marker, one sample); may comprise 
products of several co-amplifying loci 

Amplicon depth Number of reads per amplicon 

Variant Unique sequence retrieved by a sequencing run. Usually multiple reads correspond 
to one variant (= one sequence) 

Variant depth/ 
coverage 

Number of reads per variant 

Per amplicon 
frequency 

Number of reads per sequence divided by the total number of reads in a single 
amplicon 

True variant/allele Sequence that matches a real allele or real sequence in the genome 

Artifact Variant resulting from experimental/technical errors: sequencing errors, polymerase 
errors, non-specific amplifications (paralogs, pseudogenes), contaminants, PCR 
chimeras, etc. 

3 Methods 

The provided code will work in most of the Ubuntu systems, it was 
tested in an Ubuntu 20.04 LTS version; installation in other Linux 
distributions could differ a little. 

3.1 Local Installation 

of AmpliSAS and 

AmpliHLA Perl Scripts 

and Dependencies 

The computer where we are going to install the scripts must have a 
Linux operating system and administrator privileges. We will pro-
ceed to clone the code from the Github repository and install all the 
Perl and system dependencies: 

1. Install git and few other utilities required: 

$ sudo apt-get install git wget curl unzip cpanminus expat 

libexpat1-dev libssl-dev zlib1g-dev libncurses5 build-essen-

tial
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2. Install EMBOSS package: 

$ sudo apt-get install emboss 

3. Install required Perl modules: 

$ sudo cpanm File IO OLE Sort Sort::Naturally Archive::Zip 

Excel Excel::Writer::XLSX Spreadsheet Spreadsheet::XLSX 

Text  Text::Iconv  Net::SFTP::Foreign  Statistics::  

Descriptive File::FindLib Inline::C threads Bio::Seq 

4. Go to the folder where you want to install AmpliSAT (recom-
mended ’/opt’): 

$ cd /opt 

5. Clone from the Github repo: 

$ sudo git clone https://github.com/sixthresearcher/amplisat. 

git 

6. Add to the PATH the folder where AmpliSAT was installed: 

$ export PATH=/opt/amplisat:$PATH 

7. Before running AmpliHLA for the first time, we need to 
retrieve the allele references from the IMGT/HLA database 
running ampliHLA.pl script with the “-u” option. We will 
repeat this step every time we will want to update the list of 
human HLA allele references used by AmpliHLA: 

$ sudo ampliHLA.pl -u 

3.2 Installation in a 

Conda Environment 

Conda (https://docs.conda.io) is an open-source package manage-
ment system and environment management system that runs on 
Windows, macOS, and Linux. Conda quickly installs, runs, and 
updates packages and their dependencies. We will first install 
Conda in a Linux system and then to create and activate the 
conda environment of AmpliSAT tools: 

1. Unless conda is already available at your server, the fastest way 
to obtain conda will be to install Miniconda, a reduced version 
which includes only Conda and its dependencies. The Mini-
conda installer should be downloaded (https://docs.conda.io/ 
en/latest/miniconda.html#linux-installers) and then installed: 

$ wget https://repo.anaconda.com/miniconda/Miniconda3-lat-

est-Linux-x86_64.sh

https://docs.conda.io
https://docs.conda.io/en/latest/miniconda.html#linux-installers
https://docs.conda.io/en/latest/miniconda.html#linux-installers


$ chmod +x Miniconda3-latest-Linux-x86_64.sh 

$ bash Miniconda3-latest-Linux-x86_64.sh 

$ source ~/.bashrc 
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2. Download the AmpliSAT repository to your local repository on 
the server (instruction is also available at: https://github.com/ 
TomekGa/amplisat#server-installation): 

$ wget https://github.com/TomekGa/amplisat/archive/refs/ 

heads/master.zip 

$ sudo apt-get install unzip 

$ unzip master.zip 

3. Provide permissions and add to the PATH to all scripts inside 
the folder where AmpliSAT was installed: 

$ chmod -R 777 ~/amplisat-master/ 

$ export PATH=~/amplisat-master:$PATH 

4. Create the conda environment using the conda recipe file 
located inside server_installation/ folder (requires installed 
conda): 

$ conda env create -f ~/amplisat-master/server_installation/ 

Amplisas_conda_recipe.yml 

5. Activate the conda environment. 

$ conda activate Amplisat 

This mode of installation may be the easiest for less proficient 
users of Linux environment and/or users without all the required 
permissions for system-wide/global installations (superuser or 
administrator privileges). It will create a conda environment that 
needs to be activated each time prior script execution. It is also 
inherently a user-specific/local installation that will require provi-
sion of the full path to the respective scripts. We note that as of now 
(November 2023) only AmpliSAS, AmpliTCR, and AmpliCDR3 
scripts from AmpliSAT are supported in this conda environment. 

3.3 Running 

AmpliSAS and 

AmpliHLA as a Docker 

Container 

Docker (https://docs.docker.com) is an open platform for devel-
oping, shipping, and running applications. We will proceed to 
install Docker in a Linux system with an Ubuntu distribution 
(installation in other Linux systems could differ) and then to create 
and activate the conda environment to run AmpliSAS and 
AmpliHLA:

https://github.com/TomekGa/amplisat#server-installation
https://github.com/TomekGa/amplisat#server-installation
https://docs.docker.com
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1. To install Docker, we recommend to follow the instructions in 
its official website (https://docs.docker.com/desktop/install/ 
ubuntu/). First, we need to set up the Docker’s apt repository 
and install the Docker packages: 

$ sudo apt-get update 

$ sudo apt-get install ca-certificates curl gnupg 

$ sudo install -m 0755 -d /etc/apt/keyrings 

$ curl -fsSL https://download.docker.com/linux/ubuntu/gpg | 

sudo gpg --dearmor -o /etc/apt/keyrings/docker.gpg 

$ sudo chmod a+r /etc/apt/keyrings/docker.gpg 

$ echo \ 

"deb [arch=$(dpkg --print-architecture) signed-by=/etc/apt/ 

keyrings/docker.gpg] https://download.docker.com/linux/ubuntu 

\ 

$(. /etc/os-release && echo "$VERSION_CODENAME") stable" | \ 

sudo tee /etc/apt/sources.list.d/docker.list > /dev/null 

$ sudo apt-get update 

$ sudo apt-get install docker-ce docker-ce-cli containerd.io 

docker-buildx-plugin docker-compose-plugin 

2. Run out-of-the-box the AmpliSAT Docker image from 
Docker Hub: 

$ docker run -it sixthresearcher/amplisat 

3. Before running AmpliHLA for the first time, we need to 
retrieve the allele references from the IMGT/HLA database 
as explained in the step 7 at Subheading 3.1. 

3.4 Web Server 

AmpliSAS and 

AmpliHLA 

If you do not have access to a Linux local or server computer, or 
you have problems with installation of the scripts, remember the 
tools are available at the online server: http://evobiolab.biol.amu. 
edu.pl/amplisat/. In general, it may be useful to familiarize your-
self with the parameters and functionalities of on-line version 
before proceeding to local/server installation. Also, if you already 
have some experience with the on-line version, inspection of the 
output files, especially the “amplicon_data.csv,” may prove useful 
when specifying parameters for the local/server execution of the 
scripts. This file will contain parsed information from the original 
“amplicon file” (i.e., sections: “>marker,feature,primer_f, 
primer_r” and “>sample,tag_f,tag_r,” as well as an addi-
tional, third section: “>param,marker,value,” storing all the 
adjusted parameters (of e.g., clustering and filtering) set via GUI of 
the on-line server (see more details in Subheading 3.6). Such 
expanded amplicon file can be used directly as an input for -d 
parameter (see below).

https://docs.docker.com/desktop/install/ubuntu/
https://docs.docker.com/desktop/install/ubuntu/
http://evobiolab.biol.amu.edu.pl/amplisat/
http://evobiolab.biol.amu.edu.pl/amplisat/
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3.5 MHC Class I 

Genotyping in a 

Passerine Bird 

As previously explained, AmpliSAS algorithm is designed to geno-
type complex MHC gene families, such as those in the sedge 
warbler, a passerine bird with MHC class I copy number variation 
and dozens of MHC class I loci in a single individual [8]. 

In the present protocol, we will analyze data from a previous 
sedge warbler MHC class I genotyping study (accession PRJEB11 
775 at the European Nucleotide Archive - ENA). The purpose of 
the study was to use ultra-deep Illumina sequencing to resolve 
genotypes at exon 3 of MHC class I genes in the sedge warbler 
[40]. We will use a pre-processed and compressed FASTQ file with 
already merged and cleaned Illumina paired-end reads (see Note 5). 

1. Download the compressed FASTQ file into a local folder of your 
computer, for example use the Linux command “wget.” If reads 
are already separated into single amplicon files (that is, 
de-multiplexed) after sequencing, they can be packed into a 
single ZIP or TGZ archive file and used as an input (see Note 6). 

$ wget ftp://ftp.sra.ebi.ac.uk/vol1/fastq/ERR113/008/ 

ERR1136308/ERR1136308.fastq.gz 

2. Create a file “amplicon_data.csv” with the amplicon informa-
tion. We will store in this file the information about primers 
used to amplify the MHC class I exon 3 region and DNA tags 
included at the end of the primers to identify the first five 
individuals from the experiment: 

>marker,feature,primer_f,primer_r 

MHCI,EXON3,GAGYGGGGGTCTCCACAC,TGCGMTCCAGYTCCTTCTGCCC 

>sample,tag_f,tag_r 

BIRD_37,ACAACC,AGCCTC 

BIRD_38,ACAACC,TCGTTA 

BIRD_39,ACAACC,TGTGGC 

BIRD_40,ACAACC,CTCTGC 

BIRD_41,ACAACC,CCTAAT 

The information for all the individuals is available at the ENA 
experiment page: https://www.ebi.ac.uk/ena/data/view/ 
ERX1215174 

If the input is a compressed file containing single amplicon files 
for each individual, then the amplicon information must be left 
empty (see Note 6). 

3. To run the analysis, we just need to execute the AmpliSAS 
script specifying the input FASTQ file and the “Amplicon 
data” CSV file. By default, AmpliSAS will run in “Auto” 
mode and it will recognize the sequencing technology used 
and will set up automatically the analysis parameters

http://www.ebi.ac.uk/ena/data/view/PRJEB11775
http://www.ebi.ac.uk/ena/data/view/PRJEB11775
https://www.ebi.ac.uk/ena/data/view/ERX1215174
https://www.ebi.ac.uk/ena/data/view/ERX1215174
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recommended for it. We will include the option “-na 5000” 
that limits to 5000 the number of reads per amplicon to analyze 
to speed up the analysis (other script command line options are 
explained at the Note 7). 

$ ampliSAS.pl -na 5000 -d amplicon_data.csv -i ERR1136308. 

fastq.gz 

4. The program will start the analysis of the data, and when it will 
finish the results will be stored by default into the “amplisas” 
folder automatically generated, in the Subheading 3.7 we will 
learn how to interpret them. 

3.6 Customizing the 

MHC Class I 

Genotyping 

In the previous section we performed a complex MHC class I 
genotyping without specifying any analysis parameters, now we 
will learn how to customize the analysis by adjusting manually 
multiple program parameters (see Note 8). A full list of accepted 
program parameters is in Table 3; their meaning is explained in [41] 
and the software manual. 

1. Repeat the step 1 as explained in the Subheading 3.5 (or use 
the previously downloaded file). 

2. Create an “amplicon_data.csv” file with the following 
information: 

>marker,feature,length,primer_f,primer_r 

MHCI,EXON3,235 238 241,GAGYGGGGGTCTCCACAC,TGCGMTCCA-

GYTCCTTCTGCCC 

>sample,tag_f,tag_r 

BIRD_37,ACAACC,AGCCTC 

BIRD_38,ACAACC,TCGTTA 

BIRD_39,ACAACC,TGTGGC 

BIRD_40,ACAACC,CTCTGC 

BIRD_41,ACAACC,CCTAAT 

>param,marker,value 

max_allele_number,all,50 

cluster_exact_length,all,1 

min_dominant_frequency_threshold,all,10 

min_amplicon_seq_frequency,all,0.4 

The first two sections (indicated with “>”) are almost exactly 
the same as before, with exception that in the previous analysis, we 
did not specify the expected allele lengths, so the program auto-
matically set it to 241 (see Note 9). This time, we explicitly specified 
three possible lengths (i.e., 235, 238, and 241 np)—hence, the 
additional field “length” introduced into the first section. In the 
current analysis, we have also added another, third section 
(“>param,marker,value”), which specifies additional, adjusted
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program parameters. First, we increase the maximum number of 
detected alleles (max_allele_number) to 50, instead of 
10 (AmpliSAS default, used previously). We have also forced the 
program to allow only clusters of variants of the exact, specified 
lengths (cluster_exact_length; this is NO/FALSE = 0 o  
YES/TRUE = 1 -coded parameter), we have set the minimum 
frequency of a dominant sequence within a cluster to 10% (min_d-
ominant_frequency_threshold), and the filtering threshold 
of minimum per amplicon frequency (min_amplicon_seq_fre-
quency) to 0.4%. These additional parameters were defined by the 
authors after manual inspection of the data in the original article 
(see Note 9) [40].
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3. To run the analysis, we will execute the AmpliSAS script as 
explained in the step 3 of the Subheading 3.5. This time we 
will specify the sequencing technology used with the option “-t 
illumina” and we will run in five parallel processes the analysis 
with the option “-thr 5,” the analysis will be up to five times 
faster in most of the modern computers. (Other script com-
mand line options are explained at the Note 7.) 

$ ampliSAS.pl -t illumina -thr 5 -na 5000 -d amplicon_data.csv

-i ERR1136308.fastq.gz 

4. The program will start the analysis of the data, and when it will 
finish the results will be stored by default into the “amplisas” 
folder automatically generated, in the Subheading 3.7 we will 
learn how to interpret them. 

3.7 Interpreting the 

Genotyping Results 

1. If we have correctly followed the steps from Subheadings 3.5 or 
3.6, the output of AmpliSAS should look like this: 

Running ’/opt/amplisat/ampliSAS.pl -na 5000 -t illumina -d 

amplicon_data.csv -i ERR1136308.fastq.gz -thr 5’ 

Checking input sequence file ’ERR1136308.fastq.gz’. 

Sequences are in FASTQ format. 

Sequences number: 2589165. 

Reading sequence data. 

Reading amplicon data from file ’amplicon_data.csv’. 

Number of markers: 1. 

De-multiplexing amplicon sequences from reads. 

MHCI-BIRD_37 de-multiplexing 

MHCI-BIRD_38 de-multiplexing 

MHCI-BIRD_39 de-multiplexing



MHCI-BIRD_40 de-multiplexing 

MHCI-BIRD_41 de-multiplexing 

MHCI-BIRD_37 de-multiplexed (5000 reads, 1283 variants) 

MHCI-BIRD_38 de-multiplexed (5000 reads, 1315 variants) 

MHCI-BIRD_40 de-multiplexed (5000 reads, 1216 variants) 

MHCI-BIRD_39 de-multiplexed (5000 reads, 1190 variants) 

MHCI-BIRD_41 de-multiplexed (5000 reads, 1301 variants) 

Extracting de-multiplexed sequences into ’amplisas/allseqs’. 

Checking data and setting marker lengths. 

Marker ’MHCI’ lengths: 235,238,241 (manual) 

Clustering amplicon sequences with the following parameters 

(’threshold’ ’marker’ ’values’): 

substitution_threshold all 1 

indel_threshold all 0.001 

cluster_exact_length all 1 

min_dominant_frequency_threshold all 10 

MHCI-BIRD_37 clustering 

MHCI-BIRD_38 clustering 

MHCI-BIRD_39 clustering 

MHCI-BIRD_40 clustering 

MHCI-BIRD_41 clustering 

MHCI-BIRD_41 clustered (4597 reads, 38 variants) 

MHCI-BIRD_38 clustered (4513 reads, 50 variants) 

MHCI-BIRD_39 clustered (4744 reads, 35 variants) 

MHCI-BIRD_37 clustered (4383 reads, 47 variants) 

MHCI-BIRD_40 clustered (4600 reads, 47 variants) 

Printing information about clustered and not clustered 

sequences into ’amplisas/clustered’. 

Extracting clustered sequences into ’amplisas/clustered’. 

Filtering sequences with the following criteria (’filter’ 

’marker’ ’values’): 

min_amplicon_depth all 100 

min_amplicon_seq_frequency all 0.4 

min_chimera_length all 10 

max_allele_number all 50 

MHCI-BIRD_37 filtering 

MHCI-BIRD_38 filtering 

MHCI-BIRD_39 filtering 

MHCI-BIRD_40 filtering 

MHCI-BIRD_41 filtering
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MHCI-BIRD_39 filtered (4723 reads, 33 variants) 

MHCI-BIRD_37 filtered (4344 reads, 36 variants) 

MHCI-BIRD_38 filtered (4450 reads, 33 variants) 

MHCI-BIRD_40 filtered (4586 reads, 41 variants) 

MHCI-BIRD_41 filtered (4573 reads, 30 variants) 

Printing information about filtered and non filtered se-

quences into ’amplisas/filtered’. 

Extracting filtered sequences into ’amplisas/filtered’. 

Reads per amplicon: 

Amplicon Total Unique Reads-clustered Variants-clustered 

Reads-filtered Variants-filtered 

MHCI-BIRD_37 5000 1283 4383 47 4344 36 

MHCI-BIRD_38 5000 1315 4513 50 4450 33 

MHCI-BIRD_39 5000 1190 4744 35 4723 33 

MHCI-BIRD_40 5000 1216 4600 47 4586 41 

MHCI-BIRD_41 5000 1301 4597 38 4573 30 

Printing amplicon data into ’amplisas/amplicon_data.csv’. 

Analysis results stored into ’amplisas’. 

AmpliSAS and AmpliHLA: Tools for MHC Typing 53

2. The “amplisas” folder will be created with the following 
contents: 

• “results.xlsx”: Excel file with the final genotyping results. See 
step 3. 

• “allseqs,” “clustered,” and “filtered” folders: contain single 
amplicon FASTA files with variants recovered after every 
analysis step: de-multiplexing, clustering, and filtering 
respectively. Each variant has annotated in the FASTA 
header its sequencing depth and frequency. All this data is 
also included into an Excel file per folder. 

• “amplicon_data.csv”: comma-separated values format file 
including the amplicon data and analysis parameters. 

• “summary.txt”: a tab-delimited file with the number of 
variants and associated reads retrieved after every 
analysis step. 

3. The most informative file is “results.xlsx,” samples (individuals) 
are shown in columns and variants (alleles) in rows, and the 
numeric values represent the variants’ depths within each 
amplicon (Fig. 4). For example, the variant MHCI-0001 is 
present in the five individuals, having in the BIRD_39 the 
maximum depth (914 reads) and the variant MHCI-0002 is 
present in four individuals but not in the BIRD_39. The
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Fig. 4 AmpliSAS Excel output file example. The numeric values show the variants’ depths within each 
amplicon 

columns at the left include additional information about the 
variants: DNA sequence, length, sum of the depths in all the 
samples, number of samples containing the variant, and mean, 
maximum, and minimum frequencies along all the samples. 

3.8 Comparing Two 

Genotyping Result 

Files 

In the previous Subheadings 3.5 and 3.6 we obtained slightly 
different genotyping results due to the auto vs. manual adjustment 
of the genotyping parameters (see Note 9), here we will learn how 
to compare them with the tool AmpliCOMPARE. 

1. Run the AmpliCOMPARE Perl script giving as input the 
renamed “results1.xlsx” file obtained in the Subheading 3.5 
and the “results2.xlsx” file from the Subheading 3.6. 

$ ampliCOMPARE.pl -1 results1.xlsx -2 results2.xlsx 

2. The output of the comparison process will be like this: 

Running ’/opt/amplisat/ampliCOMPARE.pl -1 results1.xlsx -2 

results2.xlsx’ 

Reading File ’results1.xlsx ’. 

Reading Sheet ’MHCI’ 

Reading File ’results2.xlsx’. 

Reading Sheet ’MHCI’ 

MARKER ’MHCI’: 

Total unique samples: 5 (file1: 5, file2: 5) 

Total seqs: 117 (file1: 117, file2: 114) 

Compared samples: 5 (excluded from file1: 0, from file2: 0) 

Compared seqs: 117 (missing in file1: 0, in file2: 3) 

Total assignments: 176 (missing in file1: 1, missing in file2: 3) 

Comparison results written into ’comparison.xlsx’.
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Fig. 5 AmpliCOMPARE Excel output file example. The numeric values show the variants’ depth in the 
compared files. Cyan color marks a variant that is present in the first file and not in the second, the opposite 
is marked in magenta 

Open the Excel file “comparison.xlsx,” variants (alleles) 
retrieved in the first analysis but not in the second are marked in 
cyan color and the opposite in magenta (Fig. 5). Common variants 
in both analyses remain un-formatted with their depths separated 
by a slash (Fig. 5). There should be three variants marked in cyan 
retrieved with automatic parameters (see Subheading 3.5) and not 
retrieved with manual ones (see Subheading 3.6). If we check the 
lengths of the different variants, they are 230 and 236 bp long, 
consequently they are not in-frame with the real allele lengths 
(235, 238, and 241) that we specified manually in the Subheading 
3.6 analysis. Two of three variants have low depths, so most proba-
bly they are PCR or sequencing artifacts derived from other, higher 
frequency alleles. The third variant could be a product of 
non-specific amplification, or a pseudo-gene, rather than a techni-
cal artifact. As conclusion, both genotyping strategies perform well, 
but the manual adjustment of AmpliSAS parameters retrieves 
higher quality genotypes. If you are using the Conda installation 
(without supported AmpliCOMPARE script), you can still com-
pare these results at the on-line server. 

3.9 HLA Typing with 

Amplicon Sequencing 

Data 

To show the functionality of AmpliHLA, we will use a targeted 
amplicon sequencing dataset that consists of genomic sequences 
from exon 2 and exon 3 regions from HLA-A and HLA-B loci in 
five human cell lines sequenced with Illumina MiSeq [34] (ENA 
study accession: PRJEB4744). The data has been pre-processed for 
simplicity (see Note 10). 

1. Before running AmpliHLA for the first time, we need to 
retrieve the allele references from the IMGT/HLA database 
as explained in the step 7 at Subheading 3.1. We will repeat this
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step every time we will want to update the list of human HLA 
allele references used by AmpliHLA: 

$ sudo ampliHLA.pl -u 

2. Download the compressed FASTQ file into a local folder of 
your computer, for example use the Linux command “wget”. 

$ wget http://evobiolab.biol.amu.edu.pl/amplisat/bin/exam-

ples/amplihla_example.fq.gz 

3. Create the “amplicon_data.csv” file with the following infor-
mation about primers and tags for the five human cell lines 
sequenced (see Note 6): 

>marker,length,primer_f,primer_r 

HLA_A2,344,CRGGTCTCAGCCACTSCTC,CTCGGACCCGGAGACTGT 

HLA_A3,353,CTYGGGGGACYGGGCTGAC,CCCAATTGTCTCCCCTCCTTG 

HLA_B2,391,GGSAGGGAAATGGCCTCT,GGATGGGGAGTCGTGACCT 

HLA_B3,385,GCGTTTACCCGGTTTCATT,CGGCGACCTATAGGAGATGG 

>sample,tag_f 

C1Rneo,GTCGTA 

Daudi,AAGCGA 

HEK293,TGTCTC 

NCI_H929,GGTGCT 

Raji,TGCGAG 

4. To run the analysis, we just need to execute the AmpliHLA 
script specifying the input FASTQ file and the “Amplicon data” 
CSV file. We will specify the option “-thr 5” to run in five 
parallel processes to speed up the analysis: 

$ ampliHLA.pl -thr 5 -d amplicon_data.csv -i amplihla_exam-

ple.fq.gz 

5. The program will start the analysis of the data. When com-
pleted, the results will be stored by default into the “amplihla” 
folder automatically generated. In the Subheading 3.10, we 
will learn how to interpret them. 

3.10 Interpreting the 

HLA Typing Results 

1. If we have correctly followed the steps from Subheading 3.9, 
the AmpliHLA output should look like this: 

Running ’ampliHLA.pl -t illumina -thr 5 -na 5000 -d ampli-

con_data.csv -i amplihla_example.fq.gz’ 

Reading HLA allele sequences from ’/opt/amplisat/imgt/ 

hla_all.fa’.



Calling AmpliSAS for sequence de-multiplexing,clustering and 

filtering. 

Running ’ampliSAS.pl -denovo -I amplihla_example.fq.gz -d 

amplicon_data.csv -o amplihla -t illumina -na 5000 -auto -thr 5’ 

Checking input sequence file ’amplihla_example.fq.gz’. 

Sequences are in FASTQ format. 

Sequences number: 123738. 

Reading sequence data. 

Reading amplicon data from file ’amplicon_data.csv’. 

Number of markers: 4. 

’AUTO MODE’ activated. 

The program will automatically detect the sequencing 

technology used 

and adjust the sequencing error rates and other analysis 

parameters. 

De-multiplexing amplicon sequences from reads. 

... AMPLISAS OUTPUT ... 

Extracting filtered sequences into ’amplihla/filtered’. 

Reads per amplicon: 

Amplicon Total Unique Reads-clustered Variants-clustered 

Reads-filtered Variants-filtered 

HLA_A2-C1Rneo 5000 1358 4920 14 4529 1 

HLA_A2-Daudi 5000 1764 4874 12 3170 1 

HLA_A2-HEK293 5000 2024 4778 12 4139 2 

HLA_A2-NCI_H929 5000 1957 4818 9 4602 2 

HLA_A2-Raji 5000 1316 4925 9 4387 1 

HLA_A3-C1Rneo 5000 1321 4925 10 4751 1 

HLA_A3-Daudi 5000 2106 4728 5 4583 2 

HLA_A3-HEK293 5000 2032 4866 10 4642 2 

HLA_A3-NCI_H929 5000 2147 4821 10 2823 1 

HLA_A3-Raji 5000 1330 4956 8 4648 1 

HLA_B2-C1Rneo 5000 2367 4460 54 3241 1 

HLA_B2-Daudi 4785 2382 4014 72 3247 1 

HLA_B2-HEK293 3984 2210 3233 65 1697 1 

HLA_B2-NCI_H929 4798 2879 3921 95 2663 2 

HLA_B2-Raji 3660 1898 3032 62 2431 1 

HLA_B3-C1Rneo 580 485 532 4 501 1 

HLA_B3-Daudi 1097 942 970 2 947 1 

HLA_B3-HEK293 823 727 739 2 715 1
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HLA_B3-NCI_H929 884 796 791 2 763 1 

HLA_B3-Raji 1934 1569 1762 2 1740 1 

Printing amplicon data into ’amplihla/amplicon_data.csv’. 

Analysis results stored into ’amplihla’. 

Reading AmpliSAS results. 

Reading Sheet ’HLA_A2’ 

Reading Sheet ’HLA_A3’ 

Reading Sheet ’HLA_B2’ 

Reading Sheet ’HLA_B3’ 

Matching allele sequences. 

Assigning HLA types to markers. 

A type assigned to marker ’HLA_A2’ 

A type assigned to marker ’HLA_A3’ 

B type assigned to marker ’HLA_B2’ 

B type assigned to marker ’HLA_B3’ 
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2. Open the “results.xlsx” file to check the assigned genotypes, 
individuals are shown in columns and alleles in rows, and the 
numeric values represent the average frequencies of the alleles 
within the amplicons (Fig. 6). Genotypes are given with the 
highest resolution that can be achieved by the program (maxi-
mum 4-digits), it will depend of the number and length of 
HLA regions (markers) sequenced in the experiment (in the 
example two exonic regions per locus). Sometimes a variant 
shares the same identity with several alleles (e.g., Daudi A*66: 
01) or the type cannot be resolved with 4-digit resolution (e.g., 
C1Rneo A*02), then a list of allele ambiguities is listed below 
the table (Fig. 6). At the left column “SEQUENCES,” there is 
a list of the variant sequences that match a particular allele. 

3. If we compare AmpliHLA typing RESULTS with the expected 
ones in the Table 4 validated by Sanger sequencing [34], we 
observe that AmpliHLA has a 95% of accuracy in assigning 
genotypes with 2-digit resolution for both loci (the only error 
is the ambiguous assignment of the A*66:01 Daudi allele, 
Fig. 6) and 70% of accuracy with 4-digit resolution. Neverthe-
less, resolution could be improved by sequencing additional 
regions of the loci or selecting from the ambiguities the most 
frequent human alleles for the studied population.
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Fig. 6 AmpliHLA Excel output file example. Every sample has assigned one or two HLA alleles, numeric values 
show the amplicon frequencies of the alleles 

Table 4 
Correspondence of human cell lines and HLA types determined by Sanger sequencing 

HLA Class I HLA Class II 

C1Rneo A*02:01 B*35:03 

Daudi A*01:02 
A*66:01 

B*58:01 
B*58:02 

DQA1*01:02 
DQA1*01:03 

DQB1*06:02 
DQB1*06:04 

DRB1*13:01 
DRB1*13:02 

HEK293 A*02:01 
A*03:01 

B*07:02 

NCI-H929 A*03:01 
A*24:02 

B*07:02 
B*18:01 

Raji A*03:01 B*15:10 DQA1*01:01 
DQA1*05:01 

DQB1*02:01 
DQB1*05:01 

DRB1*03:01 
DRB1*10:01 

4 Notes 

1. Typically, there are four main steps in the NGS amplicon 
sequencing workflow (Fig. 2): 

(i) Design of the primers to amplify the desired gene regions 
(markers). 

(ii) Library preparation by PCR amplification of the selected 
regions, addition of sample-specific DNA tags and of 
platform-specific sequencing adaptors. 

(iii) NGS sequencing of the amplification products. The most 
commonly used platforms are Illumina and Ion Torrent. 
Of note, in recent years, also the long-read, Third-
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Generation Sequencing (TGS) platforms, such as Pac Bio 
and Oxford Nanopore are increasingly used for sequenc-
ing of amplicons. 

(iv) Bioinformatic analysis of the sequencing data. The analysis 
should include classification of reads into amplicons, 
sequencing error correction, filtering of spurious and con-
taminant reads, and final displaying of results in a human 
readable format, e.g., an Excel spreadsheet. 

For a list of definitions of commonly used terms in 
amplicon sequencing, see the Table 2. 

2. Homopolymer regions are a major issue for pyrosequencing 
(454 technology, now discontinued) and ion semiconductor 
(Ion Torrent) NGS technologies, where erroneous indels are 
introduced in high rates. Technology based on reversible 
dye-terminators (Illumina) suffers from a high number of 
mostly random substitutions [56–61]. PCR products also 
incorporate polymerase substitution errors and chimeras 
(sequences formed from two different sequences due to incom-
plete primer extension) [62]. 

3. Four different genotyping approaches were quantitatively eval-
uated for removing artifacts from NGS amplicon data and 
assigning MHC class I alleles in a set of sedge warbler indivi-
duals [40]. Among the four methods considered, AmpliSAS 
retrieved accurate, repeatable genotypes requiring lower cov-
erages than the others. Furthermore, AmpliSAS supports dif-
ferent NGS platforms data and it is available as a web server. 

4. There are multiple cloud computing providers as AWS (Ama-
zon), GCP (Google), and Azure (Microsoft), each of them 
have economical solutions to create powerful computers (vir-
tual machines or VMs) in few minutes and with a minimal 
effort. These VMs offer access via an SSH terminal as a physical 
Linux computer. It is important to remember to switch off the 
VMs after their use to avoid unwanted charges. 

5. Usually an amplicon sequencing experiment sequenced with 
Illumina technology produces paired-end reads that should be 
quality-filtered and merged before further processing. In the 
presented example, both steps were skipped for simplicity and 
reads are ready-to-use. Paired-end read merging and initial 
filtering were performed with the tools AmpliMERGE and 
AmpliCLEAN respectively, both are part of the AmpliSAT 
suite (see Materials section). Other tools can be also used for 
these purposes, for example PEAR for the read merging [63] 
and SeqKit for filtering reads based on quality or/and 
length [64].
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6. If reads have been separated into multiple files after sequenc-
ing, one file per amplicon (e.g., based on Illumina indices 
rather than inline tags added with PCR primers), they can be 
packed into a single ZIP or TGZ format file and used as input. 
In such case, the “amplicon data” does not need to be provided 
(i.e., -d argument can be omitted entirely) or sections 
“>marker,feature,length,primer_f,primer_r” and 
“>sample,tag_f,tag_r” should be omitted, while other 
sections can be kept (i.e., “>param,marker,value,” 
explained in Subheading 3.6). AmpliSAS will use the folder 
and filenames to name the markers and amplicons, respectively 
(Example of organization of read files into the packaged file:. / 
MARKER/SAMPLENAME.FASTQ). Importantly, however, 
in such setup the primer sequences (and any bases preceding 
primers, e.g., added as spacers to increase the Illumina library 
complexity) will not be trimmed from the reads by the Ampli-
sas, and therefore the final Amplisas outputs will contain them. 
Since this is an undesirable behavior for most applications, we 
advise trimming primers (and any additional bases) from reads 
prior Amplisas analysis (with e.g., Cutadapt [65] or similar 
software). This will also give an opportunity to filter out any 
reads that do not contain desired primer combinations. 

7. List of options that accepts the AmpliSAS.pl script, this list can 
be printed using the script “-h” option:

-i <file> Input FASTQ or FASTA file (compressed or uncom-

pressed) or set of files packed into a unique .ZIP or .TAR.GZ 

file or AmpliSAS format Excel file.

-d <file> CSV file with primer/amplicon data.

-o <path> Output folder name.

-a <file> FASTA file with allele names and sequences.

-auto Parameters are automatically adjusted by a preliminar 

analysis of amplicons (DEFAULT).

-t <tech> Use recommended technology parameters (’454’, 

’IonTorrent’, ’Illumina’, ’Unknown’).

-fr <freq> Filter sequences with lower frequency after 

clustering.

-ci <number> Cluster together sequences with higher or equal 

identity.

-min <number> Amplicons with lower total depth/coverage will 

be discarded (default=100).

-ks Keep singletons after clustering.

-al <perc> Minimum sequence percentage required to align to 

a reference to be annotated (default=100%).

-id <perc> Minimum percentage of the aligned fragment 

required to be identical to a reference to be annotated 

(default=100%).



-v Verbose output, prints additional pseudoFASTA files with 

details about clustered and filtered sequences.

-s Shuffle/randomize reads/sequences to analyze.

-n <number> Number of reads/sequences to analyze.

-na <number> Number of reads/sequences per amplicon to 

analyze.

-nc Do not cluster sequences.

-nf Do not filter sequences.

-di Analyze reads only in direct sense.

-thr <number> Number of threads to calculate the alignments.

-z Compress results in ZIP format.

-h Help. primer_r 
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8. Adjusting analysis parameters is important because error pro-
files are affected by many factors: the sequencing platform, 
length of the amplicon, number of co-amplifying alleles, ampli-
fication bias introduced by each set of primers, etc. In particu-
lar, filtering frequency thresholds that separate genuine alleles 
and technical artifacts may vary between experimental setups, 
and should be carefully adjusted by the researcher. Indeed, 
both our experience and independent evaluations of the Ampli-
SAS [42, 43] proved that careful, system-specific adjustment of 
clustering and filtering parameters is essential for a reliable 
genotyping. Table 3 lists the parameters that can be included 
into an expanded “Amplicon data” CSV file. The parameters 
provided are examples; if a parameter is not specified it will be 
either omitted or set to default (for mandatory fields). The 
second field, when set to “all,” means that the parameter (and 
its value) will be used for all the markers (Table 2). Here, 
specific parameters and/or parameter values can be set for 
different markers, by providing the marker name instead of 
“all.” The priority of the parameters is the following (highest 
to lowest): first if they are specified in command line (ex. -f), 
second if they are in the .CSV file, third if they are adjusted 
automatically (-auto) or by the sequencing technology (-t). 
That means that if you specify a “substitution_threshold” into 
the CSV file, this one will be used instead of the default tech-
nology one (if you are using the -t or -auto options). 

9. Sedge warbler MHC class I amplicons have a major length of 
241, but there are minor variants of 238 and 235 bp that had 
been experimentally validated [8]. If we do not specify these 
additional lengths, AmpliSAS automatically sets the value to 
241 bp and it will not detect the variants with 3 and 6 bp 
in-frame deletions. 

10. The amplicon sequencing data from the five human cell lines 
that will be used in this example has been pre-processed for 
simplicity: paired-end reads have been merged and sample-
specific DNA tags have been artificially attached to the forward 
primers.
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