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Abstract   AmpliSAS and AmpliHLA are web server 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. Here we describe 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. 
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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: class I which encode molecules that present 

peptides from the intracellular environment (e.g. viruses) to T-cells; and class II that 

encode molecules to present peptides from the extracellular environment (e.g. bacteria) 

[1]. MHC genes are the most polymorphic genes currently characterised in vertebrates 

[2]. This polymorphism is believed to be primarily driven by co-evolving pathogens and 

through mate choice, and maintained in the populations by balancing selection [3–7]. The 

number of MHC genes differs greatly between species (Figure 1), and in some taxa the 

number of MHC genes differs also between individuals of the same species [8–19].  

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 (Figure 1)  [14]. 

Some of the HLA loci are extremely polymorphic (Table 1), for example, currently 4828 

alleles have been described for HLA-B locus (IMGT/HLA database 3.29 release, July 

2017) [20]. In birds there is a great variability in the complexity of the MHC regions, the 

number of MHC genes and their variabilities (Figure 1). Chickens have a minimal 

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].  
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Table 1. Number of alleles for each HLA gene as registered at the 3.29 release of the IMGT/HLA 

database from the European Bioinformatics Institute (EBI) at July 2017. 

Class I  Class II 

Gene Alleles  Gene A Alleles B Alleles A x B 

HLA-A 3 968  DR 7 2 376 16 632 

HLA-B 4 828  DQ 94 1 142 107 348 

HLA-C 3 579  DP 53 894 47 382 

 

 

Figure 1. Maximum number of MHC class I loci extracted from the literature for some representative 

species up to date. 

 

MHC genotyping is especially demanding in non-model species with highly 

duplicated MHC genes and where limited genomic information does not allow to design 

locus-specific probes or primers. 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 [24, 27–30] and 

human [31–33]. Amplicon sequencing technique is based on sequencing multiple PCR 

products (amplicons) at once by means of NGS technologies (Figure 2). With a single 

experiment it is possible to accurately genotype hundreds of individuals with complex 

MHC systems [34, 35]. The Note 1 describes briefly the technique workflow and the Note 

2 presents the benefits introduced by NGS. 
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However, relatively high error rates in the amplicon sequences, stemming both 

from intrinsic sequencing error rates of NGS technologies and PCR errors, such as 

chimera formation, arise new genotyping challenges (see Note 3). Different strategies 

have been proposed to detect sequence errors and correct them without altering genotypes 

[36, 37]. AmpliSAS is an error correction strategy that clusters real alleles with low 

frequency similar variants based on the particular error-rate of the NGS technology used 

[38]. In a recent benchmark, AmpliSAS produced reliable 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 (Note 4) [37]. Furthermore, 

AmpliSAS has been successfully validated in other non-model species as bank vole, 

guppy, three-spine stickleback, blue petrel or black-tailed godwit [12, 38–40]. 

 

Figure 2. Amplicon sequencing workflow schema: 1) experimental design (marker regions, primers 

and tags), 2) PCR amplification, 3) DNA sequencing, and 4) sequence data analysis. 
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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 amplicon data retrieving accurate genotypes [38]. Recently, 

AmpliHLA has been expanded with an adaptation of the Seq2HLA algorithm to be able 

to analyse RNA-Seq and whole exome sequencing (WES or WXS) data [41]. 

Both, AmpliSAS and AmpliHLA, are available as ready-to-use web server tools at: 

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

Here, we present 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. The third and fourth protocols use also 

AmpliHLA to type of one of the previous human cell lines using RNA-Seq and WES data 

instead of amplicons. 

  

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

The only resources required to replicate the analysis described in this chapter are an 

Internet connection and a web browser. These will suffice to learn how to use AmpliSAS, 

AmpliHLA and other tools from the AmpliSAT suite (Amplicon Sequencing Analysis 

Tools) which are presented here.  

 

2.1.AmpliSAS 

Amplicon Sequence Assignment tool (AmpliSAS) is a web server tool designed to 

analyse NGS amplicon data and perform automatic genotyping of complex MHC systems 

(http://evobiolab.biol.amu.edu.pl/amplisat/index.php?amplisas, Figure 4A) [38]. 

AmpliSAS workflow is divided into three main steps (Figure 3): 1) sequence de-

multiplexing, 2) sequence clustering, and 3) artefact filtering. In summary, first the reads 

are de-replicated and classified into amplicons. Second, during clustering, variants are 

aligned to each other to find sequencing errors, these erroneous variants are removed and 

their coverages added to the true ones. Third, remaining low frequency variants are 

inspected to remove artefacts and chimeric PCR products. Finally, 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 [38], and a 

comparison of the performance of AmpliSAS against other MHC genotyping methods in 

[37]. 

 

 

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


8 

 

Table 2. Definitions of commonly used terms in the amplicon sequencing technique. They can slightly 

differ between authors. 

Term Definition 

Marker A DNA region to be amplified.  

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

Tag 
A unique short DNA sequence that identifies unambiguously a sample. Tags are 
usually ligated after PCR amplification or directly included in one or both primers. 

Read 
Each individual sequence retrieved by a sequencing run. A sequence 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 sample genome. 

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

 

2.2.AmpliHLA 

Amplicon Sequencing HLA typing tool (AmpliHLA) is a web server tool designed 

to retrieve automatically HLA haplotypes from amplicon, RNA-Seq or WES data 

(http://evobiolab.biol.amu.edu.pl/amplisat/index.php?amplisas, Figure 4B). AmpliHLA 

implements the AmpliSAS algorithm explained in the previous section to analyze 

amplicon data [38], 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]. 

In the analysis of RNA-Seq and WES data, AmpliHLA uses a modified version of 

the Seq2HLA algorithm [41]. First, the reads are mapped with BOWTIE [42] against a 

curated dataset of HLA variable regions (exons 2 and 3) extracted from the IMGT/HLA 

database [20, 41]. Then AmpliHLA analyses mapping results in a locus-specific manner: 

http://evobiolab.biol.amu.edu.pl/amplisat/index.php?amplisas
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i) the allele with the maximum number of mapped reads is selected and these reads are 

substracted from the remaining allele mappings, ii) step i) is successively 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 [29] and their HLA types are 

printed. 

 

 

Figure 3. AmpliSAS workflow schema: 1) sequence de-multiplexing, 2) clustering, and 3) filtering 

and allele assignment. 
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2.3.AmpliCOMPARE 

AmpliCOMPARE is another tool from the AmpliSAT suite. It is available at: 

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

AmpliCOMPARE compares the genotyping results of two experimental or technical 

replicates, or between two different genotyping strategies. It accepts as input two Excel 

files with the same format as the AmpliSAS/AmpliHLA output one. With 

AmpliCOMPARE it is easy to detect genotyping discrepancies highlighted in the 

comparison output Excel file. 

 

Figure 4. AmpliSAS (A) and AmpliHLA (B) web interfaces. 

http://evobiolab.biol.amu.edu.pl/amplisat/index.php?amplicompare
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3. Methods 

3.1. MHC class I genotyping in a passerine bird 

As previously explained, AmpliSAS algorithm is designed to genotype 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 analyse data from a previous sedge warbler MHC 

class I genotyping study (accession PRJEB11775 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 [37]. We will use a pre-

processed and compressed FASTQ file with already merged and cleaned Illumina paired-

end reads (see Note 5). 

 

1) Open the AmpliSAS online submission form (Figure 5A): 

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

2) Enter a name for the run and, optionally, an email address if you desire to receive the 

results by email. 

3) Copy and paste the following link into the ‘Sequence file URL’ field: 

ftp://ftp.sra.ebi.ac.uk/vol1/fastq/ERR113/008/ERR1136308/ERR1136308.fastq.gz 

Optionally, you can download the compressed FASTQ file in your computer and 

upload it with the ‘Browse’ button (slow). If reads have been separated into single 

amplicon files after sequencing, they can be packed into a single ZIP or TGZ format 

file and used as input (see Note 6). 

4) Select ‘Auto’ from the ‘Technology’ options to ask the program to automatically 

detect the sequencing technology used. 

http://www.ebi.ac.uk/ena/data/view/PRJEB11775
http://evobiolab.biol.amu.edu.pl/amplisat/index.php?amplisas
ftp://ftp.sra.ebi.ac.uk/vol1/fastq/ERR113/008/ERR1136308/ERR1136308.fastq.gz
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5) Copy and paste into the ‘Amplicon data’ field the following 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 5 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 ‘Amplicon data’ must be left empty (see Note 6). 

6) Adjust the following parameters in the submission form: ‘Maximum number of alleles 

per amplicon’: 50 and ‘Maximum number of reads per amplicon’: 5000. Keep the rest 

of parameters with default values. 

7) Click the ‘Run’ button, and after a while (first the server has to upload the reads file), 

it will display the message ‘AmpliSAS job has been queued in the server, be patient’ 

together with a link to access the results when the analysis will be completed (Figure 

5B). 

8) Click the link to the results page and reload it until the analysis is completed. The 

analysis should be finished in a few minutes, but the waiting time may depend on the 

current load on the server and the size of the uploaded files. Keep the results page 

open (Figure 5C), in the Section 3.3 we will learn how to interpret them. 

https://www.ebi.ac.uk/ena/data/view/ERX1215174
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Figure 5. A: AmpliSAS input form. B: Message with the link to the results page. C: Output 

summary after analysis completion and link to the results ZIP file. 

 

3.2. Customizing the MHC class I genotyping 

In the previous section we performed a complex MHC class I genotyping with mostly 

automatic and default options. Now we will learn how to customize the analysis adjusting 

manually some program parameters (see Note 7). 

1) Open a new tab in the web browser and repeat the steps 1-3 as explained on the 

Section 3.1. 

4) Select ‘Illumina’ from the ‘Technology’ options. Scroll down to the ‘Advanced 

program parameters’ section, you will notice that some clustering and filtering 

parameters have been set to recommended values for Illumina data. 

5) Copy and paste the following data in the ‘amplicon data’ field: 

>marker,feature,length,primer_f,primer_r 

MHCI,EXON3,235 238 241,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 
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In the previous analysis we did not specify expected allele lengths, so the 

program automatically set them to 241 (see Note 8). 

6) Adjust the same parameters as in step 6 from Section 3.1. Go to ‘Advanced 

program parameters – Clustering parameters’ section and set ‘Exact length 

required’: yes, ‘Minimum dominant frequency’: 10%. Go to ‘Advanced program 

parameters – Filtering parameters’ section and set ‘Minimum amplicon 

frequency’: 0.4%. These additional parameters were defined by the authors after 

manual inspection of the data in the original article (see Note 8) [37]. Keep the 

rest of parameters with the default values. 

7) Repeat the steps 7-8 listed in Section 3.1. 

 

3.3. Interpreting the genotyping results 

1) If we have correctly followed the steps from Sections 3.1 or 3.2, the output of 

AmpliSAS should look like this (Figure 5C): 

AmpliSAS results 

 

Download AmpliSAS analysis results. 

 

Analysis details: 

  

Running 'bin/ampliSAS ... 

 

Checking input sequence file ... 

 Sequences are in FASTQ format. 

 Sequences number: 2589165. 

 

Reading sequence data. 

 

Reading amplicon data from file ... 

 Number of markers: 1. 

 

De-multiplexing amplicon sequences from reads. 

 MHCI-37 de-multiplexing 

 MHCI-37 de-multiplexed (5000 reads, 1283 variants) 

 ... 

 

Extracting de-multiplexed sequences into ... 

 

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 
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 min_dominant_frequency_threshold all 10 

 

 MHCI-BIRD_37 clustering 

 MHCI-BIRD_37 clustered (4383 reads, 47 variants) 

 ... 

 

Printing information about clustered and not clustered sequences into ... 

 

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_37 filtered (4344 reads, 36 variants) 

 ... 

 

Printing information about filtered and non-filtered sequences into ... 

 

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 ... 

 

Analysis results stored into ... 

 

2) Click the ‘Download AmpliSAS analysis results’ link to download a ZIP 

compressed file 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, the numeric values represent the variants’ 

depths within each amplicon (Figure 6). For example, the variant MHCI-0001 is 

present in the five individuals, having in the BIRD_39 the maximum depth (914 
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reads) and the variant MHCI-0002 is present in four individuals but not in the 

BIRD_39. The 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. 

 

 

Figure 6. AmpliSAS Excel output file example. The numeric values show the variants’ depths 

within each amplicon. 

 

3.4. Comparing two genotyping result files 

In the previous Sections 3.1 and 3.2 we obtained slightly different genotyping results 

due to the auto vs. manual adjustment of the genotyping parameters (see Note 8), here we 

will learn how to compare them with the tool AmpliCOMPARE. 

1) Open the AmpliCOMPARE online submission form: 

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

2) Upload the ‘results.xlsx’ file obtained in the Section 3.1 as ‘First results file’ and 

the file from the Section 3.2 as ‘Second results file’.  

3) Click the ‘Run’ button and follow the link to the results page. 

4) The output of the comparison process will be like this: 

http://evobiolab.biol.amu.edu.pl/amplisat/index.php?amplicompare
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AmpliCOMPARE results 

 

Download AmpliCOMPARE analysis results. 

 

Analysis details: 

   

Running 'bin/ampliCOMPARE.pl ... 

 

Reading File ... 

 

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 ... 

 

 

5) Click the link ‘Download AmpliCOMPARE analysis results’ to retrieve an Excel 

file with the differences between both genotypes. 

6) Open the Excel file, variants (alleles) retrieved in the first analysis but not in the 

second are marked in cyan color and the opposite in magenta (Figure 7). Common 

variants in both analysis remain un-formatted with their depths separated by a 

slash (Figure 7). There should be three variants marked in cyan retrieved with 

automatic parameters (Section 3.1) and not retrieved with manual ones (Section 

3.2). 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 Section 3.2 analysis. Two of three variants 

have low depths, so most probably they are PCR or sequencing artefacts derived 

from other, higher frequency alleles. The third variant could be a product of non-

specific amplification, or a pseudo-gene, rather than a technical artefact. As 

conclusion, both genotyping strategies perform well, but the manual adjustment 

of AmpliSAS parameters retrieves higher quality genotypes. 
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Figure 7. 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. 

 

3.5. 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 [33] (ENA study 

accession: PRJEB4744). The data has been pre-processed for simplicity (see Note 9). 

1) Open the AmpliHLA online submission form (Figure 8A): 

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

2) Enter a name for the run and, optionally, an email address if you desire to receive 

the results by email. 

3) Choose ‘Amplicons’ as the analysis ‘Data type’. 

4) Copy and paste the following link into the ‘Sequence file URL’ field: 

http://evobiolab.biol.amu.edu.pl/amplisat/bin/examples/amplihla_example.fq.gz  

Optionally, you can download the compressed FASTQ file in your computer and 

upload it with the ‘Browse’ button.  

http://evobiolab.biol.amu.edu.pl/amplisat/index.php?amplihla
http://evobiolab.biol.amu.edu.pl/amplisat/bin/examples/amplihla_example.fq.gz
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5) Select ‘Auto’ from the ‘Technology’ options, the program will automatically 

detect the sequencing technology used to adjust the variant clustering parameters 

and it will calculate the optimum frequency thresholds for each marker to filter 

artefacts. 

6) The field ‘Alleles’ shows information about the reference sequences used by 

AmpliHLA to identify the HLA alleles. 

7) Copy and paste in the ‘Amplicon data’ field the following information about 

primers and tags for the 5 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 

 

9) Click the ‘Run’ button and wait until the analysis is completed as explained in the 

steps 7-8 of the Section 3.1  (Figure 8B). Keep the results page open, in the next 

section we will learn how to interpret them.  

 

Figure 8. A: AmpliHLA input form. B: Message with the link to the results page. C: Output summary 

after analysis completion and link to the results ZIP file. 
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3.6. Interpreting the HLA typing results 

1) If we have correctly followed the steps from Section 3.5, the AmpliHLA output 

should look like this (Figure 8C): 

 

AmpliHLA results for test 

 

Download AmpliHLA analysis results. 

 

Analysis details: 

 

   

Running 'bin/ampliHLA.pl ... 

 

Reading HLA allele sequences ... 

 

Calling AmpliSAS for sequence de-multiplexing, clustering and filtering. 

 

Running 'bin/ampliSAS.pl ... 

 

... AMPLISAS OUTPUT ... 

 

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' 

 

2) Click the ‘Download AmpliHLA analysis results’ link to download a ZIP 

compressed file including several files and folders as explained in the Section 3.3, 

step 2.  

3) Open the ‘results.xlsx’ file to check the assigned genotypes, individuals are shown 

in columns and alleles in rows, the numeric values represent the average 

frequencies of the alleles within the amplicons (Figure 9). Genotypes are given 

with the highest resolution that can be achieved by the program (maximum 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 
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A*02), then a list of allele ambiguities is listed below the table (Figure 9). At the 

left column ‘SEQUENCES’ there is a list of the variant sequences that match a 

particular allele. 

8) If we compare AmpliHLA typing RESULTS with the expected ones in the Table 

3 validated by Sanger sequencing [33], 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, Figure 9) and 

70% of accuracy with 4-digit resolution. Nevertheless, 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. 

Table 3. 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 
DQA1*01:02 
DQA1*01:03 

DQB1*06:02 
DQB1*06:04 

DRB1*13:01 
DRB1*13:02 

Daudi 
A*01:02 
A*66:01 

B*58:01 
B*58:02 

 
Raji 

DQA1*01:01 
DQA1*05:01 

DQB1*02:01 
DQB1*05:01 

DRB1*03:01 
DRB1*10:01 

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 
 

    

 
 

 

Figure 9. AmpliHLA Excel output file example. Every sample has assigned one or two HLA alleles, 

numeric values show the amplicon frequencies of the alleles. 
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3.7. HLA typing with RNA-Seq data 

AmpliHLA functionality is not restricted to NGS amplicon data, in the present 

protocol we will analyze an RNA-Seq experiment from the Daudi cell line (ENA run 

accession SRR387401 from the study SRP009316) [43]. 

1) Open the AmpliHLA online submission form (Figure 8A): 

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

2) Enter a name for the run and, optionally, an email address if you desire to receive 

the results by email. 

3) Select ‘RNA-Seq’ as the ‘Data type’. 

4) Copy and paste the following link into the ‘Sequence/reads file URL’ field: 

ftp://ftp.sra.ebi.ac.uk/vol1/fastq/SRR387/SRR387401/SRR387401_1.fastq.gz 

and into the ‘Paired-end reads file URL’ field: 

ftp://ftp.sra.ebi.ac.uk/vol1/fastq/SRR387/SRR387401/SRR387401_2.fastq.gz  

5) The field ‘Alleles’ shows information about the reference sequences used by 

AmpliHLA to identify the HLA alleles. 

6) Click the ‘Run’ button and wait until the analysis is completed as explained in the 

steps 7-8 of the Section 3.1. The output should look like this: 

AmpliHLA results 

 

Analysis details: 

 

Running 'bin/ampliHLA.pl ... 

 

Retrieving allele information from BAM data. 

 

Parsing reference file ... 

 

Parsing alignment file ... 

 

74488 reads mapped to 5702 reference alleles. 

 

5702 alleles are kept after filtering artefacts. 

 

RESULTS: 

 

LOCI   ALLELE     SCORE  READS  DISAMBIGUATION 

 

A      A*66:01     48.4   4038   

       A*01:02     36.4   3041   

                           

B      B*58:01     57.9  16704   

http://evobiolab.biol.amu.edu.pl/amplisat/index.php?amplihla
ftp://ftp.sra.ebi.ac.uk/vol1/fastq/SRR387/SRR387401/SRR387401_1.fastq.gz
ftp://ftp.sra.ebi.ac.uk/vol1/fastq/SRR387/SRR387401/SRR387401_2.fastq.gz
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       B*58:02     22.4   6466   

                           

C      C*03:02     35.2   8417   

       C*06:02     33.8   8074   

                           

DQA1   DQA1*01:03  94.5   3473   

                           

DQB1   DQB1*06:13  50.4   1997   

                           

DRB1   DRB1*13:02  62.3   7820 

 

7) Typing results are printed in five columns with the following information: HLA 

locus, assigned alleles, confidence score (allele-specific reads divided by the total 

number of mapped reads in the locus), corrected allele coverage (see explanation 

in Section 2.2) and allele ambiguities in case the allele has not been unequivocally 

assigned.  

8) Comparing AmpliHLA results with laboratory validated HLA types for the Daudi 

cell line (Table 3), the genotyping accuracy is of 100% for the MHC class I loci 

with 4-digit resolution (HLA-A, B and C).  Instead, MHC class II loci (HLA-

DQA1, DQB1 and DRB1) are typed at 33% of accuracy with 4-digit resolution. 

If we look at the 2-digit resolution genotypes, all of them have an accuracy of 

100%. The difference in accuracy between the class I and class II genotypes is 

explained because class II genes have only one variable exon and the high 

similarity among allele sequences makes their genotyping more problematic. 

The previous analysis can be replicated for any pair of FASTQ files from the ENA 

project SRP009316 (https://www.ebi.ac.uk/ena/data/view/SRP009316). For 

example, the RNA-Seq data from the Raji cell line (ENA run accession SRR387394): 

9) Repeat steps 1-7 replacing ‘SRR387401’ with ‘SRR387394’ in the reads file 

URLs at step 4. Analysis results will look like this: 

LOCI   ALLELE     SCORE  READS  DISAMBIGUATION 

                                 

A      A*03:01     69.3   2024   

                                 

B      B*15:10     92.5   8318   

                                 

C      C*04:01     47.9   3248   

       C*03:04     29.3   1983   

                                 

https://www.ebi.ac.uk/ena/data/view/SRP009316
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DQA1   DQA1*05:01  63.7   1911   

       DQA1*01     36.1   1083  DQA1*01:01,DQA1*01:04 

                                 

DQB1   DQB1*05:01  55.4    691   

       DQB1*02     44.6    556  DQB1*02:01,DQB1*02:02 

 

DRB1   DRB1*10:01  48.6   3700   

       DRB1*03:01  48.5   3687 

 

 

10) Comparing retrieved genotypes with Raji expected ones (Table 3), we obtain a 

100% of accuracy for the 4-digit class I genotypes and the same for the 2-digit 

class II ones as previously stated by the Seq2HLA authors after the analysis of the 

same dataset [44]. 

3.8. HLA typing with exome sequencing data 

In this final protocol, HLA typing will be performed with whole exome sequencing 

(WES) data from a Daudi cell line (see Note 10) [45].  

1) Open the AmpliHLA online submission form (Figure 8A): 

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

2) Enter a name for the run and, optionally, an email address if you desire to receive 

the results by email. 

3) Select ‘Exome-Seq’ as the ‘Data type’. 

4) Copy and paste the following link into the ‘Sequence/reads file URL’ field: 

http://evobiolab.biol.amu.edu.pl/amplisat/examples/DAUDI_R1.fq.gz and into 

the ‘Paired-end reads file URL’ field: 

http://evobiolab.biol.amu.edu.pl/amplisat/examples/DAUDI_R2.fq.gz  

Optionally, you can download the compressed FASTQ file in your computer and 

upload it with the ‘Browse’ button. 

5) The field ‘Alleles’ shows information about the reference sequences used by 

AmpliHLA to identify the HLA alleles. 

http://evobiolab.biol.amu.edu.pl/amplisat/index.php?amplihla
http://evobiolab.biol.amu.edu.pl/amplisat/examples/DAUDI_R1.fq.gz
http://evobiolab.biol.amu.edu.pl/amplisat/examples/DAUDI_R2.fq.gz
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6) Click the ‘Run’ button and wait until the analysis is completed as explained in the 

steps 7-8 of the Section 3.1. The output should look like this: 

AmpliHLA results 

 

Analysis details: 

 

Running 'bin/ampliHLA.pl ... 

 

Retrieving allele information from BAM data. 

 

Parsing reference file ... 

 

Parsing alignment file ... 

 

543 reads mapped to 1111 reference alleles. 

 

1111 alleles are kept after filtering artefacts. 

 

RESULTS: 

 

LOCI   ALLELE     SCORE  READS  DISAMBIGUATION 

 

A      A*66:01     51.5     69   

       A*01:02     47.8     64   

 

B      B*58:01     96.3     78   

 

C      C*06        51.0     49  C*06:02,C*06:04 

 

DQA1   DQA1*01:02  89.2    149   

 

DQB1   DQB1*06:03  90.6     29   

 

DRB1   DRB1*13     91.7     22  DRB1*13:01,DRB1*13:02 

 

7) Typing results are printed in five columns as explained in the step 7 at Section 

3.7. 

8) Comparing AmpliHLA results with laboratory validated HLA types for the Daudi 

cell line (Table 3), the genotypes for the six MHC class I and class II loci 

evaluated have an accuracy of 92% and 33% for 2-digit and 4-digit resolutions 

respectively. Accuracy is noticeably lower than in Section 3.7 because there are 

far fewer WES reads mapping to HLA references (dozens) than RNA-Seq reads 

in the previous protocol (thousands). 
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4. Notes 

1. Basically, there are 4 main steps in the NGS amplicon sequencing workflow 

(Figure 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, Ion Torrent and previously 

454. 

iv. Bioinformatic analysis of the sequencing data. The analysis should 

include: classification of reads into amplicons, sequencing error 

correction, filtering of spurious and contaminant reads, and final 

displaying of results in a human readable way, e.g. an Excel 

spreadsheet. 

For a list of definitions of commonly used terms in amplicon sequencing see 

the Table 2. 

In the following link you will find a video explaining the amplicon 

sequencing process using NGS in a metagenomics experiment: 

http://www.jove.com/video/51709/next-generation-sequencing-of-16s-

ribosomal-rna-gene-amplicons  

2. Before NGS technologies were available, PCR products were Sanger 

sequenced individually. Sanger sequencing is only able to resolve one DNA 

sequence (allele) per sample. In special cases, a mix of two alleles is also 

http://www.jove.com/video/51709/next-generation-sequencing-of-16s-ribosomal-rna-gene-amplicons
http://www.jove.com/video/51709/next-generation-sequencing-of-16s-ribosomal-rna-gene-amplicons
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possible (if they differ only by one nucleotide position (i.e. heterozygous 

individual at given locus). If a primer pair amplifies more than one locus (as 

it is often the case in MHC genotyping of non-model organisms) the only 

way to distinct multiple, mixed sequences was to clone sequences to bacterial 

vectors and further isolation, amplification and sequencing of individual 

clones. Nevertheless, bacterial cloning is a time-consuming and error prone 

approach that is only feasible with few dozens of sequences. 

Fortunately, NGS techniques are able to sequence millions of sequences with 

individual resolution. The combination of amplicon sequencing with NGS 

allows us to genotype hundreds/thousands of samples in a single experiment. 

The only requirement is to include different DNA tags to identify the 

individuals/samples in the experiment. A DNA tag is a short and unique 

sequence of nucleotides (e.g. ACGGTA) that is either ligated to a PCR 

product or attached at the end of one of the PCR primers (Figure 2). Tags 

have to  be unique for each sample/individual to enable assignment of the 

reads back to the original amplicon (individual or sample) [34, 35]. 

However, the NGS techniques have some limitations: the lengths of the 

sequences are shorter than in Sanger sequencing and frequent sequencing 

errors result in a high number of artefacts. To alleviate those shortcomings, 

long sequences can be fragmented and assembled together later by computer 

and increasing the depth/coverage (“reading” more times the same sequence) 

can correct random sequencing errors.  

3. Homopolymer regions are a major issue for pyrosequencing and ion 

semiconductor NGS technologies (454 and Ion Torrent, respectively), where 

erroneous indels are introduced in high rates. Technology based on 
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reversible dye-terminators (Illumina) suffers from a high number of mostly 

random substitutions [46–51]. PCR products also incorporate polymerase 

substitution errors and chimeras (sequences formed from two different 

sequences due to incomplete primer extension) [52]. 

4. Four different genotyping approaches were quantitatively evaluated for 

removing artefacts from NGS amplicon data and assigning MHC class I 

alleles in a set of sedge warbler individuals [37]. Among the four methods 

considered, AmpliSAS retrieved accurate, repeatable genotypes requiring 

lower coverages than the others. Furthermore, AmpliSAS supports different 

NGS platforms data and it is available as a web server. 

5. Usually an amplicon sequencing experiment sequenced with Illumina 

technology produces paired-end reads that should be cleaned and 

merged/overlapped before further processing. In the presented example, both 

steps were skipped for simplicity and reads are ready-to-use. Paired-end read 

overlapping and read cleaning were performed with the tools AmpliMERGE 

and AmpliCLEAN respectively, both are part of the AmpliSAT suite (see 

Materials section). 

6. If reads have been separated into multiple files after sequencing, one file per 

amplicon, they can be packed into a single ZIP or TGZ format file and used 

as input. In such case the ‘amplicon data’ field should be empty, AmpliSAS 

will use the folder and filenames to name the markers and amplicons 

respectively (Example of organization of reads files into the packaged file: 

./MARKER/SAMPLENAME.FASTQ). 

7. Adjusting analysis parameters is important because error profiles are 

affected by many factors: the sequencing platform, length of the amplicon, 
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number of co-amplifying alleles, amplification bias introduced by each set 

of primers, etc. Specifically, frequency thresholds that separate genuine 

alleles and technical artefacts may vary between experimental setups, and 

should be carefully adjusted by the researcher. 

8. Sedge warbler MHC class I amplicons have a major length of 241, but there 

are minor variants of 238 and 235 bp experimentally validated [8]. If we do 

not specify the lengths, AmpliSAS automatically sets the value to 241 bp and 

it will not detect the variants with 3 and 6 bp in-frame deletions. 

9. 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. 

10. WES data has been kindly provided by R. Siebert, A. Franke and G. 

Hemmrich-Stanisak from their original article [45]. To save time in the 

analysis, the reads have been previously aligned to HLA genomic references 

with BOWTIE [42] and the mapped reads extracted with ‘SamToFastq’ 

command from Picard Tools suite [53]. As a result, only few hundreds of 

paired-end reads from the initial 34 millions have been saved into two 

FASTQ files that are used as input in the AmpliHLA procotol. 
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