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International initiatives on goat genetics 
and genomics
Goats are bred worldwide and present in a wide variety of 
production environments. Local breeds, which are well 
adapted to a range of agro-ecological conditions, contrib-
ute to ensuring the sustainability of livestock farming in 
marginal and difficult areas in both developed and devel-
oping countries. Compared to other livestock species, 
goats have been domesticated in a single region and sub-
ject to a limited amount of hybridization between breeds, 
thus they represent one of the best species for the study 
of genetic diversity and adaptation.

The International Goat Genome Consortium (IGGC, 
http://www.goatg enome .org) was created in 2012 with 
the general goal of increasing the range of genomic tools 
and publicly available information for the goat. In 2013, 
the 50  K goat single nucleotide polymorphism (SNP) 
panel was developed (http://www.goatg enome .org; [3]) 
by combining whole-genome sequencing and reduced 
representation libraries from eight breeds/populations 
from Europe and Asia through the cooperation of the 
Institut National de la Recherche Agronomique (Inra) 
in France, Utrecht University in The Netherlands, the 
Malaysian Agricultural Research and Development 
Institute (MARDI) in Malaysia, and DNA Landmarks in 
Canada.

Several large projects took advantage of this newly-
developed SNP panel to genotype many goat popula-
tions across the world with a range of objectives and 

hypotheses: genome-wide association analyses across a 
spectrum of research and production traits, germplasm 
characterization and diversity studies, and genetic pre-
diction for selection in commercial populations.

The AdaptMap project started as a voluntary consor-
tium in 2014, with the aim of improving coordination 
among these otherwise independent projects for geno-
typing, resequencing and phenotyping of goat breeds. 
AdaptMap was promoted by the International Goat 
Genome Consortium (IGGC), the African Goat Improve-
ment Network (AGIN), which is a group resulting from 
the USAID Feed the Future (FtF), the USDA Livestock 
Improvement Project, the European Union sponsored, 
3SR—Sustainable Solutions for Small ruminants and 
NEXTGEN projects.

Database
To collect, store and standardize data from many differ-
ent sources, input tools and a relational database were 
developed and made accessible to all consortium part-
ners. Provision of data was regulated by a data transfer 
agreement and uploading was facilitated through a user-
friendly graphical interface that allowed users to drag 
and drop files to the server. A special focus was placed on 
security to ensure that the data were not compromised in 
any way.

The first phase of submission and study, to which the 
series of AdaptMap papers in GSE refer to, accepted data 
until November 2015. At that point, the AdaptMap raw 
dataset included 4653 animals sampled from across the 
world and represented 148 populations, 35 countries and 
five continents.

Figures  1, 2, 3, 4, 5 and 6 illustrate the geographical 
distribution of the sampled breeds. In Europe  (Fig.  1), 
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Fig. 1 Geographical distribution of the sampled breeds in Europe

Fig. 2 Geographical distribution of the sampled breeds in Africa
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43 populations were sampled, which comprise commer-
cial international transboundary breeds (e.g. Alpine, 
Saanen), large populations of locally-adapted trans-
boundary breeds (such as Sarda) and local breeds with 
small population sizes. A wide range of geo-climatic 
environments was represented, including the alpine 
region, productive prairie areas of central Europe, UK 
and Ireland, the mostly hot and arid regions of south-
ern Spain and small islands and the Carpathians. In 
Africa (Fig. 2), 70 populations were sampled. The sam-
pling locations comprised a wide range of agro-eco-
logical zones, climates and geographical features. The 
contribution from the AGIN project was substantial. 
Both arid climates of North Africa (e.g. Egypt, Tuni-
sia, and Mali) and more humid areas of Sub-Saharan 
Africa were included. The 21 populations sampled in 
Western Asia (Fig.  3)  included the Bezoar and local 
goat breeds sampled near the putative centre of domes-
tication (Iranian goat) and along important paths of 
diversification towards Europe. Pakistani breeds were 

also represented. The samples from North America 
(Fig. 4)  included both original local breeds, such as La 
Mancha, exotic breeds such as the New Zealand Kiko, 
and some populations with peculiar characteristics 
such as the island goat San Clemente, summed to six 
breeds. Climates varied from the arid region of Texas to 
the more temperate northern east coast. South Ameri-
can (Fig. 5) contributions totalled six breeds from Brazil 
and Argentina, which originate from very different lati-
tudes, including the local Canindè and Moxoto. Finally, 
Australia and New Zealand (Fig. 6) samples from three 
breeds were provided, with rangeland uniquely repre-
sented in the dataset by sampling sites in the western 
part of the continent. For 11 breeds, populations sam-
pled in more than one geographical location. In par-
ticular, the Boer and Saanen represented seven and six 
populations, respectively. Samples were available from 
four Angora populations and three each from Alpine, 
Landrace and Small East African breeds. Admixed 

Fig. 3 Geographical distribution of the sampled breeds in Asia
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Boer, Malya, Nubian, Toggenburg and West African 
Dwarf were each sampled from two populations.     

The Illumina GoatSNP50 BeadChip [3] that includes 
53,347 SNPs was used to genotype all the animals. Prior 
to analyses described in the papers of this series, marker 
positions were re-mapped on the new goat reference 
sequence ARS1 [1].

After populating the database, quality control was per-
formed on the whole set using the Plink 1.9 software 
[2]. Individuals and SNPs that did not pass the follow-
ing thresholds were removed: individual genotype call 
rate higher than 0.96, SNP call rate higher than 0.98, and 
identity-by-state (IBS) between genotypes (compared 
pairwise based on all markers) less than 0.99. Moreover, 
SNPs that were completely monomorphic over the whole 

dataset were also removed. To identify individuals with 
high relatedness (e.g. parent–offspring pairs), we calcu-
lated the number of Mendelian errors (ME) in pairwise 
comparisons of all individuals with a locally-developed 
script. Animals that were most frequently found in pairs 
with less than 100 ME were removed.

The dataset included 12 crossbred populations: 
admixed Boer, Galla x Saanen, Matabele cross, admixed 
Mubende, Old Irish Goat cross, Saanen x ANB, Saanen 
x Creole, admixed Small East African, Small East African 
x Alpine, Small East African x Galla, Small East African 
x Saanen, and Small East African x Toggenburg. These 
populations were excluded from the analyses for the 
study of diversity and selection signatures but they do 
represent an interesting resource for further investigation 

Fig. 4 Geographical distribution of the sampled breeds in North America
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on adaptation and performances. Similarly, six popula-
tions (Bagot, Gishu, Myotonic, Old English, San Cle-
mente, and Tete) were represented by fewer than three 
animals; for this reason, they were not considered in the 
study on diversity. Breeds with large populations from 
multiple locations (Alpine, Angora, Boer, Landrance, 
Nubian, Saanen) were split to account for the area of ori-
gin. Populations with more than 50 individuals were ran-
domly thinned to 50.

AdaptMap studies
The general scope of the AdaptMap project was to inves-
tigate diversity in the goat with a focus on the impact of 
domestication, adaptation associated with local envi-
ronmental conditions, and adaptation in response to 
selection for production systems. The ultimate goal is 
to enable sustainable breeding by leveraging the use of 
genomic information. Towards these aims, study groups 
were organized to make best use of the available geno-
typic information, and by analytical themes. The first 
phase of the project addressed by the AdaptMap consor-
tium focused on population genetics analyses and popu-
lation history, selection signatures, landscape genomics, 

visible genetic profiles, and the identification of a panel 
of parentage SNPs. The series of papers published here 
provide the first reports of the major results from these 
investigations.

Major results
Among the major results obtained, perhaps the most 
striking was the corroboration of prior observations and 
results, and of our hypothesis that close associations exist 
between the genomes of goat breeds and geographical 
measures.

On a large scale, the studied populations could be parti-
tioned quite distinctly into groups according to continen-
tal origin. Three major gene pools were clearly identified, 
corresponding to goats from Europe, Africa and western 
Asia. Within these three pools, the patterns of variation 
were consistent with measures of “distance” in geog-
raphy, human history and common animal husbandry 
practices. Specifically, the greatest genetic variability was 
observed for populations from western Asia, near to the 
putative center of domestication, with relatively little dif-
ferentiation among breeds within these regions. Within 
the other two gene pools, patterns of variation obeyed 

Fig. 5 Geographical distribution of the sampled breeds in South America
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geographical rules, both on “macro” and “micro” levels. 
On the macro level, both overall genetic variation and 
similarity with the western Asian populations tended to 
decrease for populations sampled from regions located 
further from western Asia.

On the micro level, the variation observed was consist-
ent with expectations associated with recognized paths 
of human migration out of the Fertile Crescent region. 
Comparing the European and African gene pools, Euro-
pean breeds tended to be more discreet, which is consist-
ent with the practice of creating breeds through active 
human-controlled genetic isolation, rather than allow-
ing breeds to form as a result of climatic influence and 
geographic barriers. Greater gene flow among popula-
tions was observed in Africa. Within both these pools, 
the genetic impacts of particular instances of geographic 
isolation were clearly observed, inasmuch as populations 
from Iceland, Madagascar and the Canary and Balearic 
Islands tended to have longer and more numerous runs 
of homozygosity. Various putative “hotspots” of runs of 
homozygosity were observed, and occasionally these 

hotspots were unique across continental groups. Geogra-
phy-based signatures of selection were also identified, the 
strongest of which was associated with mean annual tem-
perature. Some of the signatures of selection observed 
correspond to signatures that were reported previously in 
independent analyses of goats.

Finally, a highly informative panel for parentage assess-
ment was developed to assist breeding in goat popula-
tions worldwide.

Next steps
AdaptMap has now completed the first phase of its 
planned research but the cooperation generated from the 
shared objectives, collaborations and large accumulated 
data offer new opportunities to explore the goat genome. 
The discovery of additional geographical and ecological 
differences, individual mutations for traits, disease sus-
ceptibility and phenotypic differences will help to provide 
clues into the amazing adaptability of the goat worldwide 
and its importance to livestock production.

Fig. 6 Geographical distribution of the sampled breeds in Oceania



Page 7 of 7Stella et al. Genet Sel Evol           (2018) 50:61 

Authors’ contributions
AS, ELN, CPVT, MFR, and TSS conceived the study and contributed to the pro‑
ject coordination and data acquisition. LC, BDR, PC, GTK, SJ coordinated the 
project’s working groups. ELN and AS designed the database structure. ELN 
created the database. All authors read and approved the final manuscript.

Author details
1 Istituto di Biologia e Biotecnologia Agraria, Consiglio Nazionale delle 
Ricerche, Milan, Italy. 2 Fondazione Parco Tecnologico Padano, Lodi, Italy. 
3 Animal Genomics and Improvement Laboratory, United States Department 
of Agriculture, Agricultural Research Service, Beltsville, MD, USA. 4 Department 
of Animal Science, Iowa State University, Ames, IA, USA. 5 Università Cattolica 
del S. Cuore, Piacenza, Italy. 6 Recombinetics Inc., St. Paul, MN, USA. 7 Dipar‑
timento di Medicina Veterinaria, University of Milan, Milan, Italy. 8 GenPhySE, 
INRA, Université de Toulouse, INPT, ENVT, 31326 Castanet Tolosan, France. 
9 Laboratory of Geographic Information Systems, École Polytechnique Fédé‑
rale de Lausanne, Lausanne, Switzerland. 

Competing interests
The authors declare that they have no competing interests.

The ADAPTMAP consortium
Amills, Marcel. Center for Research in Agricultural Genomics (CRAG), CSIC‑IRTA‑
UAB‑UB, Campus Universitat Autonoma de Barcelona, Bellaterra 08193, Barce‑
lona, Spain. Ajmone‑Marsan, Paolo. DIANA Dipartimento di Scienze Animali, 
della Nutrizione e degli Alimenti, Università Cattolica del S. Cuore, Piacenza, Italy 
and BioDNA Centro di Ricerca sulla Biodiversità e sul DNA Antico, Università 
Cattolica del S. Cuore, Italy. Bertolini, Francesca. Department of Animal Science, 
Iowa State University, Ames, IA, USA. Boettcher, Paul. Food and Agriculture 
Organization, Rome, Italy. Boyle Onzima, Robert. Wageningen Univiversity, 
Wageningen, The Netherlands. Bradley, Dan. Smurfit Institute of Genetics, Trinity 
College Dublin, Ireland. Buja, Diana. Bujumbura, Burundi. Cano Pereira, Margarita 
Ema. Instituto Nacional de Tecnología Agropecuaria, Buenos Aires, Argentina. 
Carta, Antonello. Agris Sardegna, Settore Genetica e Biotecnologie, Bonassai, 
Sassari, Italy. Catillo, Gennaro. Centro di ricerca per la produzione delle carni e 
il miglioramento genetico, Council for Agricultural Research and Economics, 
Monterotondo Scalo (Roma), Italy. Colli, Licia. DIANA Dipartimento di Scienze 
Animali, della Nutrizione e degli Alimenti, Università Cattolica del S. Cuore, 
Piacenza, Italy and BioDNA Centro di Ricerca sulla Biodiversità e sul DNA Antico, 
Università Cattolica del S. Cuore, Italy. Crepaldi, Paola. Dipartimento di Medicina 
Veterinaria, University of Milan, Milan, Italy. Crisà, Alessandra. Centro di ricerca per 
la produzione delle carni e il miglioramento genetico, Council for Agricultural 
Research and Economics, Monterotondo Scalo (Roma), Italy. Del Corvo, Marcello. 
DIANA Dipartimento di Scienze Animali, della Nutrizione e degli Alimenti, Uni‑
versità Cattolica del S. Cuore, Piacenza, Italy and BioDNA Centro di Ricerca sulla 
Biodiversità e sul DNA Antico, Università Cattolica del S. Cuore, Italy. Daly, Kevin. 
Smurfit Institute of Genetics, Trinity College Dublin, Ireland. Droegemueller, 
Cord. Institute of Genetics. University of Bern, Bern, Switzerland. Duruz, Solange. 
Laboratory of Geographic Information Systems, École Polytechnique Fédérale 
de Lausanne, Switzerland. Elbeltagi, Ahmed. Animal Production Research Insti‑
tute (APRI), Department of Animal Biotechnology, Cairo, Egypt. Esmailizadeh, 
Ali. Shahid Bahonar University of Kerman, Kerman, Iran. Faco, Olivardo. Embrapa, 
Brasil. Figueiredo Cardoso, Taina. Center for Research in Agricultural Genom‑
ics (CRAG), CSIC‑IRTA‑UAB‑UB, Campus Universitat Autonoma de Barcelona, 
Bellaterra 08193, Barcelona, Spain. Flury, Christine. Laboratory of Geographic 
Information Systems, École Polytechnique Fédérale de Lausanne, Switzerland. 
Garcia, Josè Fernando. School of Veterinary Medicine, Department of Support, 
Production and Animal Health, Sao Paulo State University, Brazil. Guldbrandtsen, 
Bernt. Center for Quantitative Genetics and Genomics, Department of Molecular 
Biology and Genetics, Aarhus University, Denmark. Haile, Aynalem. Interna‑
tional Centre for Agricultural Research in the Dry Areas (ICARDA), CGIAR, Beirut, 
Lebanon. Hallsteinn, Hallsson, Jon. LBHI, Faculty of Land and Animal Resources, 
Iceland. Heaton, Michael. Genetics, Breeding, and Animal Health Research Unit, 
US Meat Animal Research Center, United States Department of Agriculture, 
Agricultural Research Service, Clay Center, Nebraska, USA. Hunnicke Nielsen, 
Vivi. Danish Centre for Food and Agriculture, Tjele. Denmark. Huson, Heather. 
Department of Animal Science, Cornell University, Ithaca, New York, USA. Joost, 
Stephane. Laboratory of Geographic Information Systems, École Polytechnique 
Fédérale de Lausanne, Switzerland. Kijas, James. CSIRO Livestock Industries, St 
Lucia, Brisbane, Queensland, Australia. Lenstra, Johannes A. Faculty of Veterinary 
Medicine, Utrecht University, Netherlands. Marras, Gabriele. Fondazione Parco 

Tecnologico Padano, Lodi, Italy. Milanesi, Marco. DIANA Dipartimento di Scienze 
Animali, della Nutrizione e degli Alimenti, Università Cattolica del S. Cuore, 
Piacenza, Italy and Department of Support, Animal Production and Health, São 
Paulo State University, Araçatuba, San Paulo, Brazil. Minhui, Chen. Center for 
Quantitative Genetics and Genomics, Department of Molecular Biology and 
Genetics, Aarhus University, Denmark. Moaeen‑ud‑Din, Muhammad. PMAS ‑ 
Arid Agriculture University, Rawalpindi, Punjab, Pakistan. Morry O’Donnell, Romy. 
Weatherbys Ireland DNA Lab, Kildare, Ireland. Moses Danlami, Ogah. Animal 
Science Department, Nasarawa State University, Keffi, Nigeria. Mwacharo, 
Joram. Small Ruminant Genetics and Genomics Group, International Centre for 
Agricultural Research in the Dry Areas (ICARDA), Addis Ababa, Ethiopia. Nicolazzi, 
Ezequiel Luis. Fondazione Parco Tecnologico Padano, Lodi, Italy. Palhière, Isabelle. 
GenPhySE, INRA, Université de Toulouse, INPT, ENVT, F‑31326 Castanet Tolosan, 
France. Pilla, Fabio. Dipartimento Agricoltura, Ambiente e Alimenti, Università 
degli Studi del Molise, Campobasso, Italy. Poli, Mario. Instituto De Investigación 
Genética, Instituto Nacional de Tecnología Agropecuaria (INTA), Buenos Aires, 
Argentina. Reecy, Jim. Department of Animal Science, Iowa State University, 
Ames, Iowa, USA. Rischkowsky, Barbara Ann. International Centre for Agricul‑
tural Research in the Dry Areas (ICARDA), CGIAR, Addis Ababa, Ethiopia. Rochat, 
Estelle. Laboratory of Geographic Information Systems, École Polytechnique 
Fédérale de Lausanne, Switzerland. Rosen, Benjamin. Animal Genomics and 
Improvement Laboratory, United States Department of Agriculture, Agricultural 
Research Service, Beltsville, Maryland, USA. Rothschild, Max. Department of 
Animal Science, Iowa State University, Ames, Iowa, USA. Rupp, Rachel. GenPhySE, 
INRA, Université de Toulouse, INPT, ENVT, F‑31326 Castanet Tolosan, France. 
Sayre, Brian. Virginia State University, Department of Biology, Petersburg, Virginia, 
USA. Servin, Bertrand. GenPhySE, INRA, Université de Toulouse, INPT, ENVT, 
F‑31326 Castanet Tolosan, France. Silva, Kleibe. Brazilian Agricultural Research 
Corporation (EMBRAPA), Brasília, Brazil. Sonstegard, Tad. Recombinetics Inc., St. 
Paul, 1246 University Ave W, St Paul, 55104, Minnesota, USA. Spangler, Gordon. 
Animal Genomics and Improvement Laboratory, United States Department 
of Agriculture, Agricultural Research Service, Beltsville, Maryland, USA. Stella, 
Alessandra. Istituto di Biologia e Biotecnologia Agraria, Consiglio Nazionale 
delle Ricerche, Milan Italy—Fondazione Parco Tecnologico Padano, Lodi; Italy. 
Steri, Roberto. Centro di ricerca per la produzione delle carni e il miglioramento 
genetico, Council for Agricultural Research and Economics, Monterotondo Scalo 
(Roma), Italy. Talenti, Andrea. Dipartimento di Medicina Veterinaria, University 
of Milan, Italy. Tortereau, Flavie. GenPhySE, INRA, Université de Toulouse, INPT, 
ENVT, F‑31326 Castanet Tolosan, France. Tosser‑Klopp, Gwenola. GenPhySE, INRA, 
Université de Toulouse, INPT, ENVT, F‑31326 Castanet Tolosan, France. Vajana, 
Elia. DIANA Dipartimento di Scienze Animali, della Nutrizione e degli Alimenti, 
Università Cattolica del S. Cuore, Piacenza, Italy. Van Tassell, Curtis P. Animal 
Genomics and Improvement Laboratory, United States Department of Agricul‑
ture, Agricultural Research Service, Beltsville, Maryland, USA. Zhang Wenguang. 
College of Animal Science Inner Mongolia Agricultural University IMAU, China.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub‑
lished maps and institutional affiliations.

Received: 31 July 2018   Accepted: 17 October 2018

References
 1. Bickhart DM, Rosen BD, Koren S, Sayre BL, Hastie AR, Chan S, et al. 

Single‑molecule sequencing and conformational capture enable de 
novo mammalian reference genomes. Nat Genet. 2017;49:643–50. 
https ://doi.org/10.1038/ng.3802.

 2. Chang CC, Chow CC, Tellier LC, Vattikuti S, Purcell SM, Lee JJ. Second‑
generation PLINK: rising to the challenge of larger and richer datasets. 
GigaScience. 2015;4:7. https ://doi.org/10.1186/s1374 2‑015‑0047‑8.

 3. Tosser‑Klopp G, Bardou P, Bouchez O, Cabau C, Crooijmans R, Dong Y, 
Donnadieu‑Tonon C, Eggen A, Heuven HC, Jamli S, Jiken AJ, Klopp C, 
Lawley CT, McEwan J, Martin P, Moreno CR, Mulsant P, Nabihoudine I, 
Pailhoux E, Palhière I, Rupp R, Sarry J, Sayre BL, Tircazes A, Jun W, Wang W, 
Zhang W. International goat genome consortium. Design and characteri‑
zation of a 52 K SNP chip for goats. PLoS One. 2014;9:e86227. https ://doi.
org/10.1371/journ al.pone.00862 27.

https://doi.org/10.1038/ng.3802
https://doi.org/10.1186/s13742-015-0047-8
https://doi.org/10.1371/journal.pone.0086227
https://doi.org/10.1371/journal.pone.0086227

	AdaptMap: exploring goat diversity and adaptation
	International initiatives on goat genetics and genomics
	Database
	AdaptMap studies
	Major results
	Next steps
	Authors’ contributions
	References




