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A B S T R A C T

Next-generation sequencing (NGS) at the HLA-A, -B, -C, -DPA1, -DPB1, -DQA1, -DQB1, -DRB1 and -DRB3/4/5
loci was performed on 282 healthy unrelated individuals from different major regions of Spain. High-resolution
HLA genotypes defined by full sequencing of class I loci and extended coverage of class II loci were obtained to
determine allele frequencies and also to estimate extended haplotype frequencies. HLA alleles were typed at the
highest resolution level (4-field level, 4FL); with exception of a minor deviation in HLA-DPA1, no statistically
significant deviations from expected Hardy Weinberg Equilibrium (HWE) proportions were observed for all
other HLA loci. This study provides new 4FL-allele and -haplotype frequencies estimated for the first time in the
Spanish population. Furthermore, our results describe extended haplotypes (including the less frequently typed
HLA-DPA1 and HLA-DQA1 loci) and show distinctive haplotype associations found at 4FL-allele definition in this
Spanish population study. The distinctive allelic and haplotypic diversity found at the 4FL reveals the high level
of heterozygosity and specific haplotypic associations displayed that were not apparent at 2-field level (2FL).
Overall, these results may contribute as a useful reference source for future population studies, for HLA-disease
association studies as a healthy control group dataset and for improving donor recruitment strategies of bone
marrow registries. HLA genotyping data of this Spanish population cohort was also included in the 17th
International Histocompatibility and Immunogenetics Workshop (IHIW) as part of the study of HLA diversity in
unrelated worldwide populations using NGS.
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1. Introduction

Mainland Spain is located on the Iberian Peninsula in Southwestern
Europe and it is also very close to North Africa being just separated by
the Strait of Gibraltar. The Spanish territory also includes the Balearic
Islands in the Mediterranean Sea, the Canary Islands off the North
African Atlantic coast and two cities, Ceuta and Melilla, located on the
northern coast of Africa. As a consequence of its unique geographic
location, Spain shows an extensive cultural diversity within its popu-
lation (e.g. Spanish is the main language spoken but Catalan in the East,
Galician in the Northwest and Euskera in the Western Pyrenees are also
spoken languages). The Spanish population diversity resulting from
migrations through its history is well documented (e.g. Christian
Visigoths, North African Muslims and Sephardic Jews coexisted in the
Iberian Peninsula for several centuries) [1]; recent migrations have
further increased diversity (e.g. migrants who represent approximately
13% of the Spanish census, who are mainly coming from countries of
Eastern Europe, South America and Northern Africa) [2].

In the clinical histocompatibility setting, assessment of HLA allelic
and haplotypic diversity of each population is important, especially for
hematopoietic stem cell transplantation (HSCT) [3] with unrelated
donors. Previous studies have described allelic and haplotypic HLA
frequency distribution in Spanish population [4–11]. However, most of
these previous studies were only based on lower-resolution HLA typing
data (allele resolution level at the 1-field or at the 2-field) generated by
traditional HLA molecular typing techniques most commonly used in
routine practice (sequence-specific primer (SSP) or sequence-specific
oligonucleotide (SSO) probe technologies and sequence-based typing
(SBT)). The majority of these earlier studies analyzed only sets of in-
dividuals coming from specific regions of Spain. At the same time, HLA
typing was performed for certain loci but not for all major HLA loci. As
a result, most of these previous studies did not define complete ex-
tended HLA haplotypes. Recent works have placed emphasis in the
importance of elucidating HLA diversity for all major HLA genes and at
a higher allele resolution level for all worldwide populations [12]; this

is an unmet need for the Spanish population [4], that may improve
current donor search criteria and therapeutic strategies in the HSCT
field [3]. Application of next-generation sequencing (NGS) for high-
resolution molecular HLA typing has enabled to obtain full-length and/
or extended sequences and genotypes of all major HLA genes. This is
based on the clonal sequencing nature and the increased read length,
throughput, accuracy and resolution that NGS offers for describing the
high polymorphism presented by HLA genes [13]. Therefore, NGS-
based HLA typing methods permit to overcome many of the limitations
of legacy techniques (SSP, SSO and SBT) and also facilitate detection of
novel alleles [14]. At the same time, implementation of high-
throughput platforms in this NGS technology allows cost-effective and
large-scale population genetics studies [12].

The aim of the present study was to describe allelic and haplotypic
frequency distribution by typing all major HLA class I and class II genes
(HLA-A, -B, -C, -DPA1, -DPB1, -DQA1, -DQB1, -DRB1 and -DRB3/4/5) at
high-resolution (allele resolution level at the 4-field) and obtaining
genotypes by using high-throughput NGS for a representative sample of
the Spanish population including a cohort of 282 healthy unrelated
individuals from different major regions of the country.

2. Materials and methods

2.1. Sample collection and testing methods

This population study includes 282 healthy unrelated individuals
randomly selected from Spain in collaboration with the Spanish
Working Group in Histocompatibility and Transplant Immunology
(GETHIT) of the Spanish Society for Immunology (SEI). Collection of all
genomic DNA samples consisted of 11 participant clinical laboratories
that are situated in 10 different locations in Spain (Santander,
Salamanca, Madrid (which included 2 different participant clinical la-
boratories), Barcelona, Valencia, Murcia, Córdoba, Sevilla, Málaga and
Gran Canaria) which provided a set of 25–26 samples per institution
(Fig. 1). This HLA Spanish population study was approved by the

Fig. 1. Map of the geographical location of
Spain (Spanish territory colored in light
yellow and Spanish provinces are delimited
by grey borders) which shows the location
of the 11 participant clinical laboratories
(coded from 1 to 11) in the collection of
samples (n=282 healthy unrelated in-
dividuals) for this study. In detail: [1]
Immunology, Hospital Universitario
Marqués de Valdecilla in Santander (n= 25
samples); [2] Molecular Biology-
Hematology, Hospital Clínico Universitario,
in Salamanca (n=26 samples); [3]
Immunogenetics and Histocompatibility,
Instituto de Investigación Sanitaria Puerta
de Hierro in Madrid (n= 25 samples); [4]
Histocompatibility, Centro de Transfusión
de la Comunidad de Madrid in Madrid
(n=26 samples); [5] Histocompatibility
and Immunogenetics, Banc de Sang i Teixits
in Barcelona (n= 26 samples); [6]
Histocompatibility, Centro de Transfusión
de la Comunidad Valenciana in Valencia
(n=26 samples); [7] Immunology, Hospital
Clínico Universitario Virgen de la Arrixaca
in Murcia (n= 26 samples); [8]
Immunology, Hospital Universitario Reina
Sofía in Córdoba (n=26 samples); [9]

Immunology, Hospital Universitario Virgen del Rocío in Sevilla (n=25 samples); [10] Histocompatibility, Centro de Transfusión de Málaga in Málaga (n= 26
samples) and [11] Immunology, Hospital Universitario de Gran Canaria Dr Negrín in Las Palmas de Gran Canaria (n= 25 samples). *(Maps of this figure are a
modified version from http://geology.com/world/map/map-of-spain.gif and from https://desfaziendoentuertos.prepress.es/mapas-de-espana-vectoriales-gratuitos/).
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Institutional Review Board (IRB) of the 17th International Histo-
compatibility and Immunogenetics Workshop (IHIW) as well as the
respective local research and ethics committee of each Spanish parti-
cipant institution and it was carried out in accordance with the prin-
ciples of the Declaration of Helsinki. Samples were tested in parallel: i)
All 282 samples were genotyped by using a commercial NGS-based HLA
genotyping method [15] at the Stanford Histocompatibility, Im-
munogenetics and Disease Profiling Laboratory (HIDPL); ii) at the same
time, the 11 Spanish participant clinical laboratories performed HLA
typing tests (with a variable range of allele resolution level and number
of HLA genes tested) of their respective sets of 25–26 samples by using
other HLA molecular typing techniques (either using an in-house NGS
platform or commercial/in-house SSO or SBT technologies).

2.2. NGS-HLA sequencing and genotyping performed at Stanford HIDPL

All samples were genotyped for HLA-A, -B, -C, -DPA1, -DPB1,
-DQA1, -DQB1, -DRB1 and -DRB3/4/5 loci using the MIA FORA NGS
FLEX HLA Typing 11 Kit 96 Tests (Immucor, Inc. Norcross, GA, USA),
following manufacturer’s semi-automated protocol and as described
previously [15]. Briefly, paired-end sequence reads were generated by
using this aforementioned NGS-based HLA genotyping method, which
specifically amplifies these 11 HLA genes with extensive coverage of the
HLA genomic region by long-range polymerase chain reaction (PCR).
All fragments of the final prepared DNA library were sequenced using
sequencing by synthesis (SBS) chemistry in a massively parallel fashion
on the Illumina® NGS sequencing platform (Illumina, Inc. San Diego,
CA, USA). For assignment of HLA genotypes, NGS paired-end reads
were analyzed using the MIA FORA FLEX version 3.0 software (Im-
mucor, Inc. Norcross, GA, USA) and according to IPD-IMGT/HLA da-
tabase version 3.25.0. All HLA genotyping calls automatically assigned
by the software were manually reviewed (e.g for evaluation of ambi-
guities at the 4-field (see Section 2.3)) and confirmed by the user.

2.3. Standardization of ambiguities at the 4-field

Some HLA assignments resulted ambiguous when trying to distin-
guish alleles at the 4-field allele resolution level (intronic and un-
translated (UTR) sequence level). In these particular cases, called allele
candidates present differences only in length of either homopolymer
sequences or short tandem repeats (STRs); these were not sequenced
with precision by the NGS method. In addition, few HLA-DPB1 ambi-
guities resulted from lack of coverage or phasing by the NGS sequencing
methodology. Due to limitations for resolving this type of ambiguities,
indistinguishable alleles at the 4-field level were merged to the lowest
numbered allele according to IPD-IMGT/HLA database version 3.25.0.
A complete list of indistinguishable alleles and their respective stan-
dardization criteria is shown in a separate report (Creary et al.;
manuscript in preparation) and it is also available in the official 17th
IHIW website (http://17ihiw.org/17th-ihiw-ngs-hla-data/).

2.4. HLA Spanish population data inclusion in the 17th IHIW database

Final standardized (according to aforementioned criteria) HLA typing
data of this Spanish population cohort was validated and uploaded to the
17th International Histocompatibility and Immunogenetics Workshop
database. Official version 3.25.0 of the IPD-IMGT/HLA database was
used for this 17th IHIW database [16]. In addition, this HLA Spanish
population dataset was also included as part of the study of HLA diversity
in unrelated worldwide populations using NGS (Creary et al.; manuscript
in preparation).

2.5. Statistical analyses

PyPop (Python for Population genomics) version 0.7.0 software was
used to carry out allele frequencies determination, to estimate

deviations from expected Hardy-Weinberg Equilibrium (HWE) propor-
tions (based on exact test of Guo and Thompson), the Ewens-Watterson
homozygosity (EWH) test of neutrality (tested by Slatkin’s im-
plementation of the Monte-Carlo approximation of the Ewens-
Watterson exact test, using a two-tailed test (p < 0.05) of the null
hypothesis of neutrality) and all pairwise linkage disequilibrium (LD)
estimates [17]. Hapl-o-Mat version 1.1 software was used to estimate
extended haplotype frequencies from this current Spanish genotypic
data using a maximum likelihood estimation via an ex-
pectation–maximization (EM) algorithm [18]. Finally, in order to
compare allele frequencies (at the HLA-A, -B, -C, -DQB1 and -DRB1 loci)
between the 3 different geographical Spanish regions established for
this study (Northern-Central, Eastern and Southern Spain) as well as
between the 10 Spanish locations studied in the present work, a po-
pulation dendogram was constructed using POPTREEW (web version of
POPTREE software) [19]. A total of 1000 dendrogram replicates based
on the matrices of Nei genetic distances (DA) [20] were generated using
the neighbor-joining (NJ) method [21].

3. Results

3.1. Evaluation of concordance of HLA typing results obtained from this
study

HLA genotyping results obtained for all 282 samples by using this
commercial NGS-based method [15] at Stanford HIDPL are 100%
concordant with those available HLA typing results (e.g. HLA-DPA1
locus was not tested locally) obtained by using other HLA molecular
typing techniques (either using an in-house NGS platform or commer-
cial/in-house SSO or SBT technologies) respectively at the 11 local
participant clinical laboratories from Spain (Supplementary Table 1).
Therefore, we confirmed that all samples were tested correctly by all
the participating laboratories without any sample-switching error, al-
lele dropout (for the HLA loci tested respectively) and neither con-
tamination.

3.2. Evaluation of deviations from expected Hardy-Weinberg equilibrium
proportions

At the 4-field allele resolution level, no overall deviations from
expected HWE proportions are observed in any of the HLA loci analyzed
with the exception of a minor but significant departure at the HLA-
DPA1 locus (p-value=0.0104) (Supplementary Table 2). To further
investigate this HLA-DPA1 departure, collapsed 2-field and 3-field HLA
genotyping datasets of this same Spanish population cohort (n=282)
were evaluated (data not shown) and no HWE deviation was observed
at any of the HLA loci. Furthermore, estimated homozygosity (Water-
son’s homozygosity F statistic (F)) in HLA-DPA1 locus at the 4-field
allele resolution level shows a much lower value (F=0.164) in com-
parison to collapsed 2-field (F=0.649) and 3-field (F=0.635) HLA
genotyping datasets. Altogether, this can be interpreted as estimated
deviations from HWE may not be corrected properly for multiple
comparisons including low number counts of alleles or genotypes when
they are present at the 4-field allele resolution level. Thus, this observed
deviation may be explained by the fact that HLA alleles presenting low
frequencies (e.g. HLA-DPA1 alleles) would not be considered properly
when evaluating HWE proportions and their contribution to HWE de-
viation would be being estimated higher than it should be at this 4-field
allele resolution level. Overall, the HLA dataset of this present study
was considered valid for proceeding with the rest of statistical analyses.

3.3. HLA allelic frequencies in this Spanish population cohort

The frequency distribution of HLA-A, -B, -C, -DPA1, -DPB1, -DQA1,
-DQB1, -DRB1, and -DRB3/4/5 alleles at 4-field level of resolution are
summarized in Supplementary Table 3. 36 HLA-A, 53 HLA-B, 40
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HLA-C, 14 HLA-DPA1, 29 HLA-DPB1, 23 HLA-DQA1, 24 HLA-DQB1, 37
HLA-DRB1, 5 HLA-DRB3, 5 HLA-DRB4 and 3 HLA-DRB5 distinct alleles
were identified. It can be observed how the most predominant HLA al-
leles (frequency higher than 5%) represent in the case of each locus: 6
HLA-A alleles (66%), 6 HLA-B alleles (42%), 7 HLA-C alleles (55%), 7
HLA-DPA1 alleles (91%), 4 HLA-DPB1 alleles (66%),
9 HLA-DQA1 alleles (81%), 7 HLA-DQB1 alleles (73%), 6 HLA-DRB1
alleles (58%). In the case of HLA-DRB3/4/5 alleles:
HLA-DRB3*02:02:01:02 (15%), -DRB4*01:03:01:01 (16%) and
-DRB5*01:01:01 (10%) are the most common.

3.4. Identification of two new HLA alleles in this Spanish population cohort

Two novel HLA alleles were identified during this Spanish popula-
tion study using this aforementioned NGS-based HLA genotyping
method [15] (Supplementary Fig. 1). One individual (17th IHIW sample
ID no. H00035F6, from Barcelona, Spain) presents a single base mis-
match with HLA-B*38:20 allele reference sequence in exon 3 (codon
99), which leads to a synonymous substitution (Tyr (TAC) to Tyr (TAT))
(Supplementary Fig. 1a-1c). Complete HLA genotyping result of this
individual including the novel allele is:

HLA-A*29:02:01:01, HLA-A*25:01:01; HLA-C*12:03:01:01,
HLA-C*03:03:01:01; HLA-B*38:20:02, HLA-B*15:01:01:01;
HLA-DRB4*01:03:01:01, HLA-DRB3*02:02:01:02; HLA-DRB1*07:01:01:01,
HLA-DRB1*13:01:01:01; HLA-DQA1*02:01:01:01, HLA-DQA1*01:03:01:02;
HLA-DQB1*02:02:01:01, HLA-DQB1*06:03:01; HLA-DPA1*02:02:01,
HLA-DPA1*01:03:01:01; HLA-DPB1*19:01, HLA-DPB1*02:01:02.

Also in another different subject (17th IHIW sample ID no.
H00036D1, from Málaga, Spain), a single base mismatch with
HLA-DRB3*02:02:01:01 allele reference sequence is detected in exon 3
(codon 166), which leads in this case to a non-synonymous substitution
and, therefore, to an amino acid change (Arg (CGG) to Gln (CAG))
(Supplementary Fig. 1d-1f). Complete HLA genotyping result of this
other subject including the novel allele is:

HLA-A*11:01:01:01, HLA-A*11:01:01:01; HLA-C*05:01:01:02,
HLA-C*15:02:01:01; HLA-B*44:02:01:01, HLA-B*51:01:01:01;
HLA-DRB5*01:01:01, HLA-DRB3*02:71; HLA-DRB1*15:01:01:01,
HLA-DRB1*03:01:01:01; HLA-DQA1*01:02:01:01,
HLA-DQA1*05:01:01:01; HLA-DQB1*06:02:01, HLA-DQB1*02:01:01;
HLA-DPA1*01:03:01:01, HLA-DPA1*01:03:01:02;
HLA-DPB1*04:01:01:01, HLA-DPB1*02:01:02.

To confirm these findings, sequence-based typing (SBT) was per-
formed using respective SBTexcellerator kits (GenDx, Utrecht, The
Netherlands) on a 3130xL Genetic Analyzer (Applied Biosystems, Foster
City, CA, USA) and SBTengine HLA typing software version 3.14.0.2783
(GenDx, Utrecht, The Netherlands) at the corresponding local Spanish
clinical laboratories of origin.

Reported sequences of both identified exon variants were submitted
to GenBank and to the IPD-IMGT/HLA Database. These two new alleles
have been officially assigned by the WHO HLA Nomenclature
Committee for Factors of the HLA System [22]. In the case of the new
HLA-B*38:20 allele, the official name given is HLA-B*38:20:02 (Gen-
Bank accession no. MG76848 and IPD-IMGT/HLA submission no.
HWS10051845). Regarding the new HLA-DRB3*02:02:01:01 allele, the
official name given is HLA-DRB3*02:71 (GenBank accession no.
MG922498 and IPD-IMGT/HLA submission no. HWS10051607).

3.5. Ewens-Watterson homozygosity test of neutrality

EWH test of neutrality was used for analysis of selective processes
based on HLA allelic diversity at the 4-field allele resolution level of this
Spanish population cohort. All HLA loci analyzed show levels of ob-
served homozygosity (Fo) that are below the expected homozygosity
under neutrality (Fe) with the exception of HLA-DPB1 locus (Table 1).
Furthermore, HLA-B, -DQA1 and -DQB1 are the only loci that show
statistically significant deviation from neutrality and, therefore, are

consistent with a more pronounced balancing selection (Fnd ≪ 0). As
previously described across human populations [23,24], we also ob-
served for this Spanish population cohort (in spite of presenting a re-
latively small sample size) an overall direction towards balancing se-
lection for most of the classical HLA class I and II loci with the striking
exception of HLA-DP genes. These latter (especially HLA-DPB1 locus,
based on our results at the 4-field allele resolution level) seem to be
more under directional selection, in which only a set of few alleles
become selected (e.g. HLA-DPB1*04:01:01:01). These interpretations
however need to be confirmed on a larger Spanish cohort, considering
also the diverse nature of the regional subpopulations included in this
study.

3.6. 2-locus haplotype linkage disequilibrium analysis

Estimated 2-locus haplotype frequencies and measure of overall LD
(Hedrick’s D’ statistic) of pairs of neighboring genetic HLA loci (B∼C,
DPA1∼DPB1, DQA1∼DQB1 and DQB1∼DRB1) at the 4-field allele
resolution level are shown in Supplementary Table 4. Interestingly, it
can be observed unique 2-locus haplotype associations in non-coding
regions at the 4-field allele resolution level that are not apparent at the
2-field level. For instance, alleles of the HLA-B*35 allele group show
very distinctive associations with HLA-C alleles at the 4-field level. On
one hand, at the 2-field level, HLA-B*35:01, HLA-B*35:02,
HLA-B*35:03 and HLA-B*35:08 alleles show a strong and common as-
sociation with HLA-C*04:01 allele. Nevertheless, at the 4-field level we
observed that in the case of the intron variant HLA-B*35:01:01:01 it
displays a specific association with HLA-C*04:01:01:01. Whereas,
B*35:01:01:02 intron variant presents associations with not only
HLA-C*04:01:01:01 allele but also with HLA-C*04:01:01:05 and
HLA-C*04:01:01:06 alleles. In the case of HLA-B*35:02:01, we observed
it seems to display a specific association with HLA-C*04:01:01:06 in
Spanish population. As for HLA-B*35:03:01, it presents association with
HLA-C*04:01:01:01. Finally, HLA-B*35:08:01 shows association with

Table 1
Ewens-Watterson Homozygosity test of neutrality at the HLA-A, -B, -C, -DPA1,
-DPB1, -DQA1, -DQB1, -DRB1 loci based on the 4-field allele resolution level
HLA genotyping data (and according to IPD-IMGT/HLA database version
3.25.0) of this Spanish population study.

Locus Number of
subjects typed (n)

k Fo Fe Fnd p-value of F

HLA-A 276 36 0.0983 0.1048 −0.1924 0.5208
HLA-B 276 53 0.0444 0.0661 −1.2197 0.0331*

HLA-C 276 40 0.0617 0.0934 −1.0858 0.0577
HLA-DPA1 275 14 0.1639 0.2766 −1.0498 0.0806
HLA-DPB1 274 29 0.1769 0.1336 0.9376 0.8572
HLA-DQA1 272 23 0.0872 0.1708 −1.3322 0.0094**

HLA-DQB1 269 24 0.0869 0.1630 −1.2857 0.0120*

HLA-DRB1 272 37 0.0733 0.1015 −0.8761 0.1443

The normalized deviate of the Ewens-Watterson homozygosity statistic (Fnd)
was calculated based on the observed allele frequencies at each HLA locus and
it is used to infer the action of balancing (Fnd ≪ 0) or directional (Fnd ≫ 0) se-
lection at each HLA locus. The results of the Ewens-Watterson Homozygosity
Test are shown above. Number of unique alleles (k); Observed F (Fo); Expected
F (Fe); Normalized deviate of F (Fnd).
Also when performing EWH test, HLA-DRB3/4/5 loci were not included as they
represent a particular virtual single “locus”. Where these HLA-DRB3/4/5 genes
characteristically behave as alleles of a single locus as the presence of one of
these genes at the haplotype level excludes the presence of the other two genes.
This is based on the linkage constraints that exist between the HLA-DRB3/4/5
loci and the HLA-DRB1 locus, in which several HLA-DRB1 allele families can be
differentiated [22].
* p-value of F lower than 0.05 (p < 0.05) indicates a statistical significance

at the 5% level.
** p-value of F lower than 0.01 (p < 0.01) indicates a statistical significance

at the 1% level.
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HLA-C*04:01:01:06. Furthermore, we also found distinctive
haplotypic associations at the intronic level in several other HLA class I
and class II loci pairs (e.g. HLA-DQA1*05:01:01 intron variants,
HLA-B*18:01:01 intron variants, HLA-C*05:01:01 intron variants or
HLA-C*06:02:01 intron variants). In contrast, HLA loci pairs as
B*07:02:01∼C*07:02:01:03, DQA1*01:01:01:02∼DQB1*05:01:01:03
and DQB1*02:02:01:01∼DRB1*07:01:01:01 are some examples of
4-field highly conserved associations found in this Spanish population
cohort.

3.7. Global measures of pairwise linkage disequilibrium for HLA-A, -B, -C,
-DPA1, -DPB1, -DQA1, -DQB1, -DRB1 and -DRB3/4/5 loci

To evaluate the overall linkage disequilibrium we considered
(Table 2) two different locus-pair-level measures. The D’ (normalized
Hedrick’s D’ statistic) parameter, expressed as the normalization of the
product of allele frequencies at each locus, weights the LD contribution
of specific allele pairs [17]. Whereas the second parameter, Wn (Cra-
mer’s V statistic), calculates also a normalization in this case of the chi-
square statistic for deviations between observed and expected haplo-
type frequencies [17]. The strongest associations are observed for
the contiguous and/or physically close HLA loci pairs including
DRB1∼DRB5/4/3, DRB1∼DQA1, DQA1∼DQB1 and DRB1∼DQB1
followed by B∼C. HLA-DPA1∼DPB1 pair appears associated with less
strength. Interestingly, in spite of HLA-A∼C pair being physically closer
than HLA-A∼B the strength of the LD between the latter is higher,
suggesting that differences in diversity between HLA-B and -C loci may
play a role in determining this measurement. Associations between
HLA-A∼B and HLA-B∼DRB1 appear in similar ranges. HLA-DP loci
show weaker LD associations than any of the other pairwise compar-
isons. As previously reported [25,26], LD patterns of HLA-DP loci seem
to be driven primarily in a different manner compared to the other HLA
loci (e.g. relatively higher rate of recombination and combined
DPA1∼DPB1 amino acid epitope have been suggested to contribute on
this distinctive selection).

3.8. Estimation of extended HLA haplotype frequencies

Maximum likelihood estimation via an expectation-maximization
algorithm is a statistical method commonly used for HLA haplotype
inference and estimation of haplotype frequencies in unrelated in-
dividuals from a population-specific genotype data as in the present
study. Moreover, this statistical method serves as an alternate approach
when it is not possible to rely on family segregation studies [18]. In-
ferred extended HLA haplotypes (encompassing 6-locus, 7-locus and 9-

locus respectively) were evaluated for the estimation of haplotype fre-
quencies in this Spanish population cohort: HLA∼A∼C∼B∼DRB3/4/
5∼DRB1∼DQB1 (Supplementary Table 5); HLA∼A∼C∼B∼DRB3/4/
5∼DRB1∼DQA1∼DQB1 (Supplementary Table 6); and
HLA∼A∼C∼B∼DRB3/4/5∼DRB1∼DQA1∼DQB1∼DPA1∼DPB1
(Supplementary Table 7).

Similarly to what we found in 2-locus haplotypes, it can be observed
very distinctive extended haplotype associations in non-coding regions
at the 4-field level that are not apparent at lower allele resolution level
(2-field or 3-field) results that are obtained when using legacy meth-
odologies (e.g. SSP or SSO) with important limitations in sequence
coverage and phasing in comparison to NGS-based typing [12,13].

3.9. Different HLA allele distributions found between Spanish regions

Finally, we examined the disparity/similarity of allelic distributions
within this Spanish population cohort based on the results (at the 4-
field allele resolution level) of the current study. In this sense, we
carried out a comparison of HLA distributions (based on allele fre-
quencies found at HLA-A, -B, -C, -DQB1 and -DRB1 loci) between the 3
different geographical Spanish regions established (Northern-Central,
Eastern and Southern Spain) as well as between the 10 Spanish loca-
tions studied in the present work (Supplementary Table 8).

Despite of limitations in the sample size shown by these different
Spanish population sub-groups in the present study. At the HLA allele
level, it can be observed that most frequent alleles at a national level
(considering entire Spanish population, termed as “ESP”, n=282) are
fairly evenly distributed and well represented among the different
Spanish regions and locations evaluated here, with some minor ex-
ceptions (specifically found at the different 10 Spanish locations level
presenting a limited and small sample size comparatively) that need to
be further analyze by future larger-scale population studies (see
Supplementary Table 8.b)). Taking into account genetic distances
evaluated here (see Supplementary Table 8.c) and 8.d)), the present
entire Spanish population cohort shows a Mediterranean genetic sub-
strate that seems to be represented more predominantly by Eastern and
Central regions/locations situated within the Central Plateau as pre-
viously described [4–11]. Whereas the most Northern and Southern
regions/locations (which are mountainous areas that are more isolated
geographically unlike this Central Castilian Plateau region in mainland
Spain; or even being very unique island areas such as Canary Islands)
diverge from this aforementioned Mediterranean HLA distribution as
reported in previous works [4–11]. For instance, although we con-
sidered Barcelona location as part of the Eastern region of Spain for this
study, we clearly observed how this Catalan location seems to be more
related to other Northern locations than to Mediterranean sites such as
Valencia or Murcia. Interestingly, Salamanca location population group
(situated very close to the frontier that separates Spain from Portugal)
describes a pronounced distinctive HLA distribution in comparison to
other Northern-Central locations in Spain as previously described and it
also exemplifies the extensive HLA diversity of the Iberian Peninsula
[4,8]. Furthermore, the striking divergence observed in Malaga and
Gran Canaria locations (see Supplementary Table 8.d)) may be ex-
plained by the reported historic genetic contribution from North
African Berber populations [1,5].

We also attempted to do this regional study at the extended HLA
haplotype level (data not shown). However, due to these limited small
sample sizes found at the different Spanish regions and locations it was
not possible to estimate accurately haplotype frequencies via an ex-
pectation-maximization algorithm [18] to evaluate haplotype sharing
between regions/locations.

Overall, in spite of presenting a relatively small sample size, the
present Spanish population study has allowed us to see the great po-
tential of NGS-based HLA population studies in order to identify 4-field
HLA allele signatures at a regional level as a consequence of both dif-
ferential regional historic events and the characteristic regional

Table 2
Global measures of pairwise linkage disequilibrium for HLA-A, -B, -C, -DPA1,
-DPB1, -DQA1, -DQB1, -DRB1 and -DRB3/4/5 loci at the 4-field resolution level
(and according to IPD-IMGT/HLA database version 3.25.0) in this Spanish
population study (n=282 subjects).

Locus Pair HLA- D’ Wn

B∼C 0.93630 0.77226
A∼C 0.59490 0.43926
A∼B 0.64088 0.45530

DPA1∼DPB1 0.82896 0.71883
DQA1∼DQB1 0.97854 0.78901
DQA1∼DRB1 0.98990 0.86147
DQB1∼DRB1 0.97446 0.80953
DPB1∼DRB1 0.47923 0.37854
DPB1∼DQB1 0.43446 0.38512
B∼DRB1 0.70620 0.46705
B∼DQA1 0.66583 0.49954
B∼DQB1 0.65365 0.49127

DRB1∼DRB3 0.96724 0.86672
DRB1∼DRB4 0.97158 0.69772
DRB1∼DRB5 1 1
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orography that favors more isolation of certain local populations.
Nonetheless, future studies of larger population sample size at a wider
geographic scale will be needed to assess more accurately the HLA di-
versity in Spanish population in order to confirm these observations and
findings of our study as well as to reveal other unknown but significant
polymorphism within the HLA system.

4. Discussion

In the present study, we characterized HLA allelic sequences of 11
major HLA genes with extensive coverage and phased-alleles with
minimum heterozygous ambiguity per locus at the 4-field for a re-
presentative Spanish population cohort (n=282) by applying this
novel high-throughput NGS-based HLA typing method [15]. We also
examined allelic and haplotypic HLA frequency distributions at the 4-
field allele resolution level in the Spanish population for the first time.

At the HLA allele level, regarding HLA class I loci we observed that
HLA-B locus presents the highest allele diversity in comparison to
HLA-A and -C loci in relation to the number of alleles (k) found in this
population. Nevertheless, the 4-field allele resolution level has allowed
us to see a significant diversity at the nucleotide level for HLA-A and -C
loci in contrast to HLA-B locus. As an example, the only observed var-
iant HLA-C*04:01 at the 2-field level shows a total of three different
variants at the 4-field level (HLA-C*04:01:01:01, HLA-C*04:01:01:05
and HLA- C*04:01:01:06; representing 70.2%, 2.4% and 27.4% re-
spectively inside this HLA-C*04:01 allele group). Similarly, HLA-DPA1
and HLA-DQA1 loci exemplify the higher level of heterozygosity found
at the the 4-field level (molecular variation in non-coding regions as
introns and UTR regions) in comparison to the 2-field level (specific
HLA protein-coding alleles). For instance, the only observed variant
HLA-DQA1*05:01 at the 2-field level shows a total of three different
variants at the 4-field level (HLA-DQA1*05:01:01:01,
HLA-DQA1*05:01:01:02 and HLA-DQA1*05:01:01:03; representing
39.7%, 53.4% and 6.8% respectively inside this HLA-DQA1*05:01 allele
group). On the other hand, it can be observed how certain loci such as
HLA-DPB1 (estimated homozygosity F=0.184 at 2-field in contrast to
F=0.177 at 4-field), HLA-DQB1 (F=0.110 at 2-field in contrast to
F=0.087 at 4-field) and HLA-DRB1 (F=0.074 at 2-field in contrast to
F=0.073 at 4-field) loci show less differences regarding the allelic
diversity found between the 2-field level and the 4-field level in this
present study.

NGS technology also facilitates the identification of novel alleles
[14], possible null or expression variant alleles [27] and also the de-
tection of rare alleles [28]. In the present study, in addition to the
aforementioned two identified and confirmed new alleles, we observed
two distinct null alleles found with intermediate or relatively high
frequency in this Spanish population cohort: HLA-C*04:09 N allele
(0.4%) and HLA-DRB4*01:03:01:02 N allele (1.8%). In relation to pre-
viously considered rare alleles, HLA-C*12:166 (0.2%) and
HLA-B*15:220 (0.4%) were detected in this Spanish population cohort
in several instances. Regarding common and well-documented (CWD)
HLA alleles [29,30], and as previously described in recent
NGS HLA population studies [31–33], the 4-field allele resolution level
reveals how in certain allele groups, an allele considered rare initially it
actually presents a common occurrence while the lowest numbered
allele is not the most frequent. For instance, in HLA-B locus (e.g.
HLA-B*35:01:01:01 allele represents only 3.6% of this allele group
whereas HLA-B*35:01:01:02 allele represents 96.4% of this allele group
found in this Spanish population) and HLA-DRB1 locus (e.g.
HLA-DRB1*12:01:01:03 allele represents 100% of this allele group
whereas HLA-DRB1*12:01:01:01 allele is absent in this Spanish
population).

At the HLA haplotype level, application of NGS-based methodology
has allowed the assessment of distinctive 4-field
haplotypic associations when evaluating non-coding region variation at
both 2-locus and extended haplotype (encompassing 6-locus,

7-locus and 9-locus respectively) distributions in this Spanish
population cohort. For instance, the HLA-DRB1*11:04:01 allele
was found in two extended haplotypes that are similarly
frequent in the Spanish population but differ strikingly at the
4-field at several HLA loci; these include: HLA-A*24:02:01:01∼
C*04:01:01:06∼B*35:02:01∼DRB3*02:02:01:02∼DRB1*11:04:01∼
DQA1*05:05:01:01∼DQB1*03:01:01:02∼DPA1*01:03:01:04∼
DPB1*04:01:01:01 (HF=0.030), which is highly conserved and
very common in Middle Eastern populations [34,35]; and
HLA-A*01:01:01:01∼C*07:01:01:01∼B*18:01:01:02∼
DRB3*02:02:01:02∼DRB1*11:04:01∼DQA1*05:05:01:01∼
DQB1*03:01:01:03∼DPA1*01:03:01:05∼DPB1*04:02:01:01 (HF=0.020).
Therefore, intron variation (in the latter example according to HLA-DPA1
and -DQB1 loci) appears to be haplotype-specific.

Balas et al. study can be considered one of the most recent re-
presentative works evaluating the distribution of HLA alleles
(HLA-A, -B, -C, -DQB1, -DRB1 and -DRB3/4/5 loci) and extended
haplotypes (defined by family segregation analysis) at a relatively high-
resolution level in Spanish population [7]. Our present results at the
HLA allele and haplotype level show very analogous common alleles
and extended haplotypes in comparison to that previous study [7].
Moreover, when evaluating HLA-B∼C haplotype distributions, we
also found that HLA-B*51:01:01:01 allele displays a very broad
distribution in relation to its association with HLA-C alleles
(7 different associated HLA-C alleles were observed in this
present study) (see Supplementary Table 4). Hence, HLA-B*51:01:01:01
allele could be considered as a negative predictive value to
find a full-match unrelated donor (URD) for a Spanish patient
[7]. In addition, we also found those same common
haplotypes (e.g. HLA-A*30:02:01:01∼C*05:01:01:01∼B*18:01:01:01∼
DRB3*02:02:01:01∼DRB1*03:01:01:01∼DQB1*02:01:01; or
HLA-A*25:01:01∼C*12:03:01:01∼B*18:01:01:02∼
DRB5*01:01:01∼DRB1*15:01:01:01∼DQB1*06:02:01) in Spanish po-
pulation which are not as frequent as in other foreign unrelated bone
marrow registries [36–38]. Therefore, this shows that development of
local donor registries is also important for optimizing the URD search.

In comparison to other reported HLA populations datasets [36–38],
it is noteworthy that the most common haplotype in North European
and European American populations (extended haplotype at the 4-field
level observed in this present study: HLA-A*01:01:01:01∼
C*07:01:01:01∼B*08:01:01:01∼DRB3*01:01:02:01∼
DRB1*03:01:01:01∼DQA1*05:01:01:02∼DQB1*02:01:01)
is not as frequent in Spanish population. In this sense, Spanish
population seems to show a HLA haplotypic diversity with a distinctive
and more spread haplotype frequency distribution in
comparison to these other populations of European ancestry
[36–38]. On the other hand, some of the most common
HLA haplotypes described in the present Spanish
population cohort (e.g. extended haplotype at the 4-field level observed
in this Spanish population cohort: HLA-A*29:02:01:01∼
C*16:01:01:01∼B*44:03:01:01∼DRB4*01:01:01:01∼
DRB1*07:01:01:01∼DQA1*02:01:01:01∼DQB1*02:02:01:01) are also
found with high frequencies in the registries of Argentina [33], ex-
emplifying the significant Spanish genetic heritage that is still present
in many populations from the entire American continent and more
commonly within Hispanic ethnic groups [38–41].

Identification of null and rare alleles is important in determining donor-
recipient matching especially for HSCT. Misidentification can have an im-
pact on graft outcome and lead to complications such as acute graft-versus-
host disease (GvHD) or graft failure [27,42]. NGS technology facilitates
the characterization of null and rare alleles as well as defining respective
null allele- and rare allele-carrying haplotypes. In this present study, those
aforementioned null and rare alleles were found in certain inferred
extended haplotypes of this Spanish population cohort (as some
examples, tentative haplotypes that contain null alleles such as:
HLA-A*23:01:01∼C*04:09N∼B*44:03:01:01∼DRB4*01:01:01:01∼
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DRB1*07:01:01:01∼DQA1*02:01:01:01∼DQB1*02:02:01:01; or
HLA-A*01:01:01:01∼C*06:02:01:01∼B*57:01:01∼
DRB4*01:03:01:02N∼DRB1*07:01:01:01∼DQA1*02:01:01:01∼
DQB1*03:03:02:01; tentative haplotypes that contain rare alleles such as:
HLA-A*02:01:01:01∼C*12:166∼B*52:01:01:02∼DRB5*01:02∼
DRB1*15:02:01:02∼DQA1*01:03:01:01∼DQB1*06:01:01; or
HLA-A*02:05:01∼C*12:03:01:01∼B*15:220∼DRB4*01:03:01:01∼
DRB1*07:01:01:01∼DQA1*02:01:01:01∼DQB1*02:02:01:01).
Nonetheless, future studies of larger population sample size at a wider
geographic scale will be needed to obtain a more accurate determination of
rare alleles and respective allele-carrying haplotypes [43].

In addition to other genetic markers (e.g. Y-chromosome and mi-
tochondrial DNA), assessment of HLA haplotypes diversity within the
worldwide populations and its geographical variation also contributes in
the analysis of tracking migrations of modern populations as well as in
anthropological studies [44,45]. Interestingly, we observed certain unique
haplotypes that reflect both significant historic Sephardic Jewish and Arab
genetic contributions (e.g. common haplotype: HLA-A*24:02:01:01∼
C*04:01:01:06∼B*35:02:01∼DRB3*02:02:01:02∼DRB1*11:04:01∼
DQA1*05:05:01:01∼DQB1*03:01:01:02∼DPA1*01:03:01:04∼
DPB1*04:01:01:01) (HF=0.030) [1,34–36] as well as a gene flow of re-
latively itinerant ethnic groups (e.g. common Spanish Gypsy haplotype:
HLA-A*01:01:01:01∼C*15:02:01:01∼B*40:06:01:02∼
DRB3*02:02:01:01∼DRB1*14:04:01∼DQA1*01:04:02∼
DQB1*05:03:01:01∼DPA1*01:03:01:02∼DPB1*02:01:02) (HF=0.002)
[46] in the present Spanish population cohort. In addition to this observed
genetic substrate from various ethnic groups, it is well documented the
relevant cultural heritage as well as the institutional recognition of all
ethnic communities in Spain [47–49].

5. Conclusion

Results of the present Spanish population study show that NGS reveals
distinctive allelic distributions and haplotypic associations. Moreover,
HLA 4-field level data of worldwide populations may contribute to revise
and to update CWD alleles list, knowledge of disease-associated alleles
and/or haplotypes as well as current donor-recipient matching algorithms.
Furthermore, our study shows that allelic and haplotypic HLA frequencies
of Spanish population present a relative homogenous distribution that fits
HWE proportions at all loci with the exception of HLA-DPA1 locus. At the
same time, the distinctive HLA diversity found at both the allele and the
haplotype levels is in concordance with the well-documented migrations
presenting episodes of gene flow that have occurred through the course of
history in Spain [1]. In this sense, application of NGS technology has al-
lowed us to obtain a first glance of the HLA diversity at the 4-field level in
the Spanish population. At the same time, future larger and wider geo-
graphic scale NGS studies will provide a more accurate description of this
vast genetic diversity.

Overall, these results may contribute as a useful reference source for
future population studies as well as a healthy control group dataset for
evaluating HLA-disease associations. Furthermore, this HLA data may
provide helpful information for improving donor recruitment strategies
of bone marrow registries.
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