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GCGenomics
increases the value of 
your biological assets 

through the application 
of state-of-the-art 

methods in genetics and 
biotechnology 

INTRODUCTION
Agriculture, the science and practice of growing plants and animals for food, fiber, 
and fuel, has sustained and enhanced human life for millennia. Given changes in 
the environment, population expansion and increasing demand for nutrition, the 
need to optimize agriculture is of vital importance1. The application of genomic 
innovations in agriculture now allows us to implement more productive and 
sustainable practices to meet these challenges. 

Advances in genomic selection accelerate the process of developing crops and 
livestock with desirable agronomic traits (e.g., increased yield volume, stress 
tolerance, disease resistance and sustainability). 2,3,4 Genomic selection is based 
on genotype-phenotype association or mapping. This method is based on the 
genetic principle that genetic markers or variants distributed across the genome 
can be used to capture the genetic diversity of a population and estimate the 
breeding values of individuals in that population. Genomic selection was first 
described theoretically in 2001 5, but it was not until the second decade of the 
2000’s that this method began to be applied in an incipient way. This has occurred 
thanks to the development of and, above all, the reduction in costs associated 
with next generation sequencing technology, which has allowed the sequencing 
of the complete genome of thousands of individuals of species of interest for 
agriculture and livestock.

GC Genomics GmbH applies new trends and discoveries in genetics, 
bioinformatics and biotechnology and offers its customers customized tools 
and solutions for the development of their farms.
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THE GENOME
All living beings have a genome. We refer to genome as the information encoded 
in a molecule called deoxyribonucleic acid or DNA. DNA encodes and regulates 
genes, which, when expressed, produce proteins, and ultimately direct the 
development of an organism.

DNA is a universal molecule; that is, all species have it and its basic chemical 
composition is the same. The molecular structure of DNA is well-known, 
and you have probably seen it represented somewhere. DNA consists of two 
polymeric strands facing each other on an imaginary axis, forming its notorious 
double helix structure. Each DNA strand is composed of a sequence of basic 
units or monomers called nucleotides. There are only four nucleotides in DNA: 
adenine (A), guanine (G), cytosine (C) and thymine (T). DNA is packaged inside 
the nucleus of cells in structures called chromosomes.

Genes are defined stretches or regions in the DNA molecule that encode 
proteins or regulatory RNAs and are considered the basic unit of heredity in 
the genome. When expressed, genes shape an organism’s traits. Half of an 
individual’s genes come from the father and half from the mother; that is, 
children inherit their parents’ genes. The inheritance of genes makes offspring 
more similar to the parents than to any other individual. 

Genes, when expressed, 
shape the traits of an 
organism

Offspring receive their 
genes from their parents, 
thus inheriting their traits

A DNA double helix consists of two complementary strands composed of combinations of 4 nucleotides: A, T, C and G. 
The pairing of bases in complementary A-T and C-G strands is the result of electrostatic interactions called hydrogen 
bridges. The DNA double helix is wound around proteins and compacted into discrete structures called chromosomes, 
which reside in the nucleus of plant and animal cells. 
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Most animals and plants 
are diploid; that is, they 
have two copies of each 
DNA molecule

DNA copies are not 
identical to each other

Normal human karyotype

GENETIC VARIATION AND
POLYMORPHISMS 
The genomes of plants and animals are usually found as pairs of DNA molecules. 
One molecule (or chromosome) of the pair is inherited from the father and the 
other from the mother. An individual’s set of chromosomes is called a karyotype. 
For example, the human karyotype consists of 23 pairs of chromosomes, 
numbered 1 to 22. The 23rd pair is called XX in female (female sex) or XY in male 
(male sex). 

Genetic variability and 
environmental influences 
explain phenotypic 
differences between 
species and between 
individuals of the same 
species 

Thus, diploid organisms (those containing a duplicate set of chromosomes) have 
two copies of each gene, one copy per homologous chromosome. One allele 
corresponds to the chromosome inherited from the mother, and the second 
allele corresponds to the chromosome inherited from the father. Alleles are 
thereby alternative forms of the same gene that differ slightly in their nucleotide 
sequence. The combination of alleles inherited by an individual organism is what 
defines the genotype of that individual.

Genetic variability, together with environmental factors, explains the phenotypic 
variability observed within and between species. Although much of the genome 
is conserved (the same) in individuals belonging to the same species, there 
are important positions where there is variability between individuals. These 
positions of DNA variation within genomes of the same species are called 
polymorphisms. While some polymorphisms are neutral (i.e., they appear to have 
no phenotypic effect), many others are responsible for phenotypic differences 
between individuals.

The human diploid karyotype shows the number and relative size of all chromosomes 
within the nucleus of a cell. Both sexes have chromosome pairs 1 through 22, which 
are called somatic chromosomes. The last pair, 23 or sex chromosomes, determine sex. 
Females (female sex) have two copies of the X chromosome, while males (male sex) have 
one X chromosome (inherited from the mother) and one Y chromosome (inherited from 
the father).
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The trait of interest (e.g. 
milk production in goats) 
has a specific value that we 
call phenotype

GCGenomics identifica las 
variaciones genéticas que 
explican la variabilidad 
fenotípica en sus cultivos y 
su ganado  

Genetic variation may include DNA sequence or length polymorphisms.

Advances in next-generation sequencing (NGS) technologies now allow us 
to isolate DNA (or RNA) from many types of samples, amplify and sequence 
regions of the genome, and sequence and assemble whole genomes. This has 
enabled more precise and widespread identification of polymorphisms that 
account for phenotypic variability in crops and livestock.

Polymorphisms can be substitution, insertion, deletion or nucleotide repeat 
polymorphisms, and are classified according to their sequence and length. The 
most common polymorphisms are single nucleotide polymorphisms (SNP). In 
turn, the effect or contribution of a DNA polymorphism on a phenotype can 
range from total contribution (i.e., that polymorphism explains almost all of 
the phenotypic differences) to minimal effect (i.e., when the polymorphism 
explains a small part of the differences). Most agronomic traits are complex 
or quantitative: that is, the value of the phenotype depends on the small or 
medium contribution of tens or hundreds of DNA polymorphisms.  

Most traits depend on 
the contribution of tens 
or hundreds of genetic 
variants

GCGenomics identifies 
genetic variations that 
account for phenotypic 
variability in your crops and 
livestock    
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The identification of QTNs 
allows the selection 
of individuals that 
maximize the number of 
beneficial SNPs in the next 
generation

Heritability (often referred to as h2) is the proportion of a phenotypic trait that can be attributed to genetic factors and not to the 
environment. Heritability takes values between 0 (i.e. all phenotypic variability is explained by variability in the environment) 
and 1 (all phenotypic variability is explained by genetic variability).

AGRICULTURE AND QUANTITATIVE 
TRAITS
Both animals and plants evolve in complex environments, acquiring the ability to 
cope with the elements of their environment such as predators, soil conditions or 
climate.6 Most traits of agronomic interest are defined as complex or quantitative 
traits. Complex traits cannot be explained by the inheritance of a single gene but 
show continuous variation due to the influence of many genes.7

To understand how genetic variation contributes to the complex phenotypic 
variation of a trait, correlation studies are performed that allow us to associate 
discrete regions of the genome with a particular trait. The identification of these 
genomic regions, called quantitative trait loci (QTLs or QTNs), is essential to 
maximize the number of beneficial genetic variants in individuals, families or 
crop varieties that will in turn optimize the economic performance of your farm 
(Table 1).

Historically, selection for genetic improvement has been done by estimating 
the genetic values of individuals without knowing the genes involved in a 
particular phenotype. Genetic values are estimated by integrating information 
from pedigrees, phenotypic records, and the heritability of each trait. However, 
the effectiveness of this method decreases as the number of difficult-to-
measure traits increases, when traits have low heritability or when they can 
only be measured after several years and/or generations. For this reason, the 
identification of genes involved in high-value traits in plants and animals is one 
of the main objectives of agronomic research.
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Heritability 
indicates what 
proportion of 
the phenotypic 
variability in a 
population is 
due to genetic 
variability in that 
population
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Tabla 1
Recently published examples of agriculturally valuable traits that are genetically regulated by QTLs

6. Anderson JT, Wagner MR, Rushworth 
CA, Prasad KVSK and Mitchell-Olds T The 
evolution of quantitative traits in complex 
environments. Heredity. 2014;112:4-12.

7. Boyle EA, Li YI and Pritchard JK An Expanded 
View of Complex Traits: From Polygenic to 
Omnigenic. Cell. 2017;169:1177-1186.

8. Yano K, Yamamoto E, Aya K, et al. Genome- 
wide association study using whole-genome 
sequencing rapidly identifies new genes 
influencing agronomic traits in rice. Nature 
Genetics. 2016;48:927-934.

9. Zhang X, Huang C, Wu D, et al. High- 
Throughput Phenotyping and QTL Mapping 
Reveals the Genetic Architecture of Maize 
Plant Growth. Plant Physiol. 2017;173:1554-
1564.

10. Romero Navarro JA, Willcox M, Burgueno 
J, et al. A study of allelic diversity underlying 
flowering- time adaptation in maize 
landraces. Nat Genet. 2017;49:476-480.

11. Rodgers-Melnick E, Vera DL, Bass HW 
and Buckler ES Open chromatin reveals the 
functional maize genome. Proc Natl Acad Sci 
USA. 2016;113:E3177-3184.

12. Pucher A, Hash CT, Wallace JG, Han S, 
Leiser WL and Haussmann BIG Mapping a 
male-fertility restoration locus for the A4 
cytoplasmic-genic male-sterility system 
in pearl millet using a genotyping-by-
sequencing-based linkage map. BMC Plant 
Biol. 2018;18:65

13. Hardigan MA, Laimbeer FPE, Newton L, 
et al. Genome diversity of tuber-bearing 
Solanum uncovers complex evolutionary 
history and targets of domestication in the 
cultivated potato. Proc Natl Acad Sci USA. 
2017;114:E9999-E10008.

14. Lu K, Xiao Z, Jian H, et al. A combination of 
genome-wide association and transcriptome 
analysis reveals candidate genes controlling 
harvest index-related traits in Brassica napus. 
Sci Rep. 2016;6:36452.

15. Brito LF, Clarke SM, McEwan JC, et al. 
Prediction of genomic breeding values for 
growth, carcass and meat quality traits in a 
multi-breed sheep population using a HD SNP 
chip. BMC Genet. 2017;18:7.

16. Bouwman AC, Daetwyler HD, Chamberlain 
AJ, et al. Meta-analysis of genome-wide 
association studies for cattle stature 
identifies common genes that regulate body 
size in mammals. Nat Genet. 2018;50:362-367.

17. Fang L, Sahana G, Su G, et al. Integrating 
Sequence-based GWAS and RNA-Seq 
Provides Novel Insights into the Genetic Basis 
of Mastitis and Milk Production in Dairy Cattle. 
Sci Rep. 2017;7:45560.

18. Wang T, Chen YP, MacLeod IM, Pryce JE, 
Goddard ME and Hayes BJ Application of a 
Bayesian non-linear model hybrid scheme to 
sequence data for genomic prediction and 
QTL mapping. BMC Genomics. 2017;18:618.

19. Clark EL, Bush SJ, McCulloch MEB, et al. A 
high resolution atlas of gene expression in the 
domestic sheep (Ovis aries). PLoS Genetics. 
2017;13:1-38.

20. Xu C, Jiao C, Sun H, et al. Draft genome 
of spinach and transcriptome diversity of 
120 Spinacia accessions. Nat Commun. 
2017;8:15275.

21. Iorizzo M, Ellison S, Senalik D, et al. A high- 
quality carrot genome assembly provides 
new insights into carotenoid accumulation 
and asterid genome evolution. Nat Genet. 
2016;48:657-666.

22. Appels R, Eversole K, Feuillet C, et al. 
Shifting the limits in wheat research and 
breeding using a fully annotated reference 
genome. Science. 2018;361:eaar7191.

OTHER AVAILABLE RESOURCES

Animal QTLdb and CorrDB:63 www.animalgenome.org/QTLdb

Online Mendelian Inheritance in Animals (OMIA):64 https://omia.org Gramene QTL Database:65 https://archive.gramene.org/qtl
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23. Waters CD, Hard JJ, Brieuc MSO, et al. 
Genomewide association analyses of fitness 
traits in captive-reared Chinook salmon: 
Applications in evaluating conservation 
strategies. Evol Appl. 2018;11:853-868.

24. Qiu C, Han Z, Li W, Ye K, Xie Y and Wang Z 
A high-density genetic linkage map and QTL 
mapping for growth and sex of yellow drum 
(Nibea albiflora). Sci Rep. 2018;8:17271.

25. Naval-Sanchez M, Nguyen Q, McWilliam 
S, et al. Sheep genome functional annotation 
reveals proximal regulatory elements 
contributed to the evolution of modern 
breeds. Nat Commun. 2018;9:859.

26. Stein JC, Yu Y, Copetti D, et al. Genomes 
of 13 domesticated and wild rice relatives 
highlight genetic conservation, turnover and 
innovation across the genus Oryza. Nat Genet. 
2018;50:285-296.

 27. Capistrano-Gossmann GG, Ries D, 
Holtgrawe D, et al. Crop wild relative 
populations of Beta vulgaris allow direct 
mapping of agronomically important genes. 
Nat Commun. 2017;8:15708.

28. Bertioli DJ, Cannon SB, Froenicke L, et al. 
The genome sequences of Arachis duranensis 
and Arachis ipaensis, the diploid ancestors 
of cultivated peanut. Nat Genet. 2016;48:438-
446.

29. Kim S, Park J, Yeom S-i, et al. New 
reference genome sequences of hot pepper 
reveal the massive evolution of plant disease-
resistance genes by retroduplication. Genome 
Biology. 2017;18:210

30. Milner SG, Jost M, Taketa S, et al. Genebank 
genomics highlights the diversity of a global 
barley collection. Nat Genet. 2018;

31. Torresen OK, Brieuc MSO, Solbakken 
MH, et al. Genomic architecture of haddock 
(Melanogrammus aeglefinus) shows 
expansions of innate immune genes and short 
tandem repeats. BMC Genomics. 2018;19:240.

32. Kim OTP, Nguyen PT, Shoguchi E, et 
al. A draft genome of the striped catfish, 
Pangasianodon hypophthalmus, for 
comparative analysis of genes relevant to 
development and a resource for aquaculture 
improvement. BMC Genomics. 2018;19:733.

33. Zhang J, Zhang X, Tang H, et al. Allele-
defined genome of the autopolyploid 
sugarcane Saccharum spontaneum L. Nat 
Genet. 2018;50:1565-1573.

34. Wang T, Chen YPP, MacLeod IM, Pryce JE, 
Goddard ME and Hayes BJ Application of a 
Bayesian non-linear model hybrid scheme to 
sequence data for genomic prediction and 
QTL mapping. BMC Genomics. 2017;18:1-23.

35. Anderson JE, Kono TJ, Stupar RM, Kantar 
MB and Morrell PL Environmental Association 
Analyses Identify Candidates for Abiotic 
Stress Tolerance in Glycine soja, the Wild 

Progenitor of Cultivated Soybeans. G3 
(Bethesda). 2016;6:835-843.

36. Russell J, Mascher M, Dawson IK, et al. 
Exome sequencing of geographically diverse 
barley landraces and wild relatives gives 
insights into environmental adaptation. 
Nature Genetics. 2016;48:1024-1030.

37. Von Wettberg EJB, Chang PL, Basdemir F, 
et al. Ecology and genomics of an important 
crop wild relative as a prelude to agricultural 
innovation. Nat Commun. 2018;9:649.

38. Zhou S, Yan B, Li F, et al. RNA-Seq 
Analysis Provides the First Insights into the 
Phylogenetic Relationship and Interspecific 
Variation between Agropyron cristatum and 
Wheat. Front Plant Sci. 2017;8:1644.

39. Varshney RK, Shi C, Thudi M, et al. 
Pearl millet genome sequence provides a 
resource to improve agronomic traits in arid 
environments. Nat Biotechnol. 2017;35:969-
976

40. Xie H, Konate M, Sai N, et al. Global DNA 
Methylation Patterns Can Play a Role in 
Defining Terroir in Grapevine (Vitis vinifera cv. 
Shiraz). Front Plant Sci. 2017;8:1860.

41. Yang J, Li WR, Lv FH, et al. Whole-Genome 
Sequencing of Native Sheep Provides 
Insights into Rapid Adaptations to Extreme 
Environments. Mol Biol Evol. 2016;33:2576- 
2592.

42. Song S, Yao N, Yang M, et al. Exome 
sequencing reveals genetic differentiation 
due to high-altitude adaptation in the 
Tibetan cashmere goat (Capra hircus). BMC 
Genomics. 2016;17:122.

43. Zhang X, Wang K, Wang L, et al. Genome-
wide patterns of copy number variation in 
the Chinese yak genome. BMC Genomics. 
2016;17:379.

44. Berg PR, Star B, Pampoulie C, et al. Three 
chromosomal rearrangements promote 
genomic divergence between migratory and 
stationary ecotypes of Atlantic cod. Sci Rep. 
2016;6:23246.

45. Barth JMI, Berg PR, Jonsson PR, et al. 
Genome architecture enables local adaptation 
of Atlantic cod despite high connectivity. 
Molecular Ecology. 2017;26:4452-4466.

46. Kijewska A, Malachowicz M and Wenne R 
Alternatively spliced variants in Atlantic cod 
(Gadus morhua) support response to variable 
salinity environment. Sci Rep. 2018;8:11607.

47. Kim J, Hanotte O, Mwai OA, et al. The genome 
landscape of indigenous African cattle. Genome 
Biol. 2017;18:34.

48. Charlier C, Li W, Harland C, et al. NGS-
based reverse genetic screen for common 
embryonic lethal mutations compromising 
fertility in livestock. Genome Res. 
2016;26:1333-1341.

49. Tamiru M, Natsume S, Takagi H, et al. 
Genome sequencing of the staple food crop 
white Guinea yam enables the development 
of a molecular marker for sex determination. 
BMC Biol. 2017;15:86.
 
50. Qiu C, Han Z, Li W, Ye K, Xie Y and Wang Z 
A high-density genetic linkage map and QTL 
mapping for growth and sex of yellow drum 
(Nibea albiflora). Sci Rep. 2018;8:17271.

51. Duan N, Bai Y, Sun H, et al. Genomere-
sequencing reveals the history of apple 
and supports a two-stage model for fruit 
enlargement. Nat Commun. 2017;8:249.

52. Diepenbrock CH, Kandianis CB, Lipka AE, 
et al. Novel Loci Underlie Natural Variation in 
Vitamin E Levels in Maize Grain. Plant Cell. 
2017;29:2374-2392.

53. Unver T, Wu Z, Sterck L, et al. Genome of 
wild olive and the evolution of oil biosynthesis. 
Proc Natl Acad Sci USA. 2017;114:E9413-E9422.

54. González-Prendes R, Quintanilla R, 
Cánovas A, et al. Joint QTL mapping and 
gene expression analysis identify positional 
candidate genes influencing pork quality 
traits. Scientific Reports. 2017;7:1-9.

55. Pausch H, Emmerling R, Gredler-Grandl B, 
Fries R, Daetwyler HD and Goddard ME Meta- 
analysis of sequence-based association 
studies across three cattle breeds reveals 25 
QTL for fat and protein percentages in milk 
at nucleotide resolution. BMC Genomics. 
2017;18:853.

56. Magalhães AFB, Schenkel FS, Garcia DA, et 
al. Genomic selection for meat quality traits 
in Nelore cattle. Meat Science. 2019;148:32-37.
57. Zhu G, Wang S, Huang Z, et al. Rewiring of 
the Fruit Metabolome in Tomato Breeding. 
Cell. 2018;172:249-261 e212.
58. Tieman D, Zhu G, Jr. MFRR, et al. A chemical 
genetic roadmap to improved tomato flavor. 
Science. 2017;355:391-394.

59. Luo H, Pandey MK, Khan AW, et al. Discovery 
of genomic regions and candidate genes 
controlling shelling percentage using QTL- 
seq approach in cultivated peanut (Arachis 
hypogaea L.). Plant Biotechnol J. 2018; Dec 13. 
doi: 10.1111/pbi.13050.

60. Chung NC, Szyda J and Fraszczak M 
Population Structure Analysis of Bull 
Genomes of European and Western Ancestry. 
Scientific Reports. 2017;7:1-10.

61. Wing RA, Purugganan MD and Zhang Q 
The rice genome revolution: from an ancient 
grain to Green Super Rice. Nat Rev Genet. 
2018;19:505-517.

62. Pecoraro C, Babbucci M, Franch R, et al. 
The population genomics of yellowfin tuna 
(Thunnus albacares) at global geographic 
scale challenges current stock delineation. 
Sci Rep. 2018;8:1389 
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Breeding is the man-made 
genetic change in animals 
and plants to make them 
more suitable for their 
intended purpose 

Genomic selection is 
genetic improvement based 
on estimated breeding 
values from the joint 
contribution of genetic 
markers (QTNs) distributed 
throughout the genome

Large-scale GS programs 
have already been 
implemented in the USA 
and Australia

The genetic space is the set of thousands of QTNs that contribute to the expression of a trait. The phenotypic space is the set 
of values that the trait can take on. Knowing the interdependence relationships between genotypic and phenotypic space, 
we can predict the breeding value of a plant or animal by knowing its genotype.

Advances in genomic technologies, such as the development of genomic arrays 
and the advent of NGS platforms, have increased scientists’ ability to identify 
genetic markers that explain phenotypic variation in complex traits. Results 
obtained from recent genomic studies in multiple populations demonstrate 
the benefits of applying genomic selection (GS) in crop and livestock breeding 
programs. GS is based on the principle that information from a large number of 
markers can be used to estimate breeding values without precise knowledge 
of where specific genes function or reside. The great advantage of GS over 
previous methods, such as marker assisted selection (MAS), is that GS offers 
the highest resolution that can be obtained: that is, every nucleotide can be a 
marker, hence the name QTNs (quantitative trait nucleotide).

In GS, the breeding values of individuals are estimated from the tens of 
thousands of SNPs involved in the traits of interest. The genomic breeding 
values are used to score potential candidates that will contribute to the next 
generation in order to select the best ones. The successful application of 
GS depends on the availability of genetic markers that represent the whole 
genome, the availability of representative families of individuals belonging to 
the same species, and genomic prediction algorithms that combine genetic 
information with phenotypic and/or pedigree data.

AGRICULTURAL
APPLICATIONS OF
GENOMIC SELECTION

Genotype-phenotype map

Genotype space

Phenotype space
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GS is being widely adopted due to the accessibility of affordable genotyping 
resources based on NGS and genomic arrays. For example, the U.S. dairy 
industry has largely adopted GS to improve cattle breeding programs, resulting 
in the genotyping of more than 3 million animals since 2008, decreased sire 
generation intervals, and rapid improvements in animal health, fertility, and 
lifespan.66,67 In addition, the joint implementation of GS with high-throughput 
phenotyping is attracting the attention of farmers who want to accelerate their 
crop breeding programs, increasing their farm’s production and subsequent 
economic benefit.68,69 In sum, GS is proving to be a powerful tool for improving 
the efficiency of crop and livestock breeding programs

GS is a powerful tool for 
increasing the efficiency 
of crop and livestock 
breeding programs

63. Hu Z-L, Park CA and Reecy JM Building a 
livestock genetic and genomic information 
knowledgebase through integrative 
developments of Animal QTLdb and CorrDB. 
Nucleic Acids Research. 2018;1-10.

64. Science SSoV Online Mendelian 
Inheritance in Animals, OMIA. http://omia.org/

65. Tello-Ruiz MK, Naithani S, Stein JC, et al. 
Gramene 2018: unifying comparative genomics 
and pathway resources for plant research. 
Nucleic Acids Research. 2018;46:D1181-D1189.

66. García-Ruiz A, Cole JB, VanRaden PM, 
Wiggans GR, Ruiz-López FJ and Van Tassell 
CP Changes in genetic selection differentials 
and generation intervals in US Holstein dairy 
cattle as a result of genomic selection. 
Proceedings of the National Academy of 
Sciences. 2016;113:E3995-E4004.

67. Wiggans GR, Cole JB, Hubbard SM and 
Sonstegard TS Genomic Selection in Dairy 
Cattle: The USDA Experience. Annu Rev Anim 
Biosci. 2017;5:309-327.

68. Crossa J, Pérez-Rodríguez P, Cuevas J, 
et al. Genomic Selection in Plant Breeding: 
Methods, Models, and Perspectives. Trends in 
Plant Science. 2017;22:961-975.

69. Araus JL, Kefauver SC, Zaman-Allah M, 
Olsen MS and Cairns JE Translating High-
Throughput Phenotyping into Genetic Gain. 
Trends Plant Sci. 2018;23:451-466.
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THE REFERENCE GENOME 
Hundreds of species have already been sequenced and are available in 
public databases. However, a de novo sequencing project (i.e., from scratch) 
is necessary when a reference genome is not available. The advent of new 
nucleotide sequencing technologies and their extensive use have reduced the 
cost per genome more than 100-fold since 1990. To date, the cost of a megabase 
(Mb) of raw DNA sequence is less than 10 euro cents, and de novo sequencing 
projects have become routine.

GENOTYPING 

Once the effort to assemble a genome is complete, it is important to find 
an efficient method to capture the genetic diversity of a species. Typically, 
this is achieved by generating data from informative families/cohorts of 
individuals from the species or population of interest. Sequencing and 
comparison of multiple individuals from a population allows the detection of 
a large and representative number of the most important genomic markers. 
Once a reference genome is available, the assembly of other genomes is a 
routine task based on their alignment with the reference. Although the cost 
of whole genome sequencing has decreased considerably in recent decades, 
sequencing hundreds of individuals from a farm is not cost-effective. Therefore, 
foundational genome-wide association studies (GWAS) are conducted from 
which tens of thousands of QTNs involved in traits of agronomic interest are 
identified. These thousands of informative nucleotides are then assembled 
on vitreous platforms called arrays or DNA chips, which make it possible to 
genotype individuals much more cost effectively.

DNA CHIPS FOR GENOTYPING
DNA chips for genotyping (also called microarrays) contain oligonucleotide 
probes that detect up to hundreds of thousands of genomic markers in parallel, 
i.e. all at the same time. DNA chips are designed to identify polymorphisms 
(SNPs) involved in the expression of traits of interest in individuals. To develop 
a DNA chip for genotyping, scientists first sequence a representative set of 
the genetic diversity of the breeds of a species. Then, by applying different 
statistical models, polymorphisms associated with agronomic traits are 
identified and inserted into a DNA chip. This chip finally allows us to evaluate 
the animals according to their genomic breeding value, which is calculated 
from the genotype identified by the chip. Thanks to the chip, farmers and 
ranchers do not have to repeat the whole process of the mass sequencing and 
genomic association. The DNA chip puts cutting-edge technology within every 
budget’s reach.

Illumina® NextSeq Series ma-
chine for whole genome se-
quencing

1

2

3

4

5
+

Sequencing hundreds of com-
plete genomes representing 
genetic diversity

GWAS: Identification of thou-
sands of QTNs involved in the 
traits of interest

Insertion of more than 
50,000 QTNs into DNA 
chips for genotyping

Mass genotyping of animals 
from other populations for ge-
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cost and without the need for 
sequencing
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GS offers a number 
of advantages over 
traditional breeding 
programs

The objectives of animal breeding are a combination of specific traits 
of interest with the intention of changing a strategy or direction in 
successive generations.

The objective of a breeding program does not define an end point, but 
a direction. Therefore, the statistical model is continuously refined, in 
each generation.

Genomic selection proces

GENOMIC SELECTION IN ACTION 
The application of GS for crop and livestock selection depends on the existence 
of breeding programs/genetic improvement in which genomic, phenotypic and 
pedigree information is collected and recorded. Geneticists use this information 
to select and breed the most promising animals. The advantages of GS over 
traditional breeding programs are that 1) it can be applied at a very early stage of 
life (thus shortening generational intervals), 2) it is not limited to a single sex, 3) 
it is especially useful for traits that are not easily improved, 4) it offers greater 
precision in estimating breeding values, and 5) it does not require pedigrees to 
calculate parentage coefficients between individuals.

The GS process includes the following steps:

• Collection and documentation of phenotype, genotype, and pedigree data in the reference population.

• Integration of the data to calibrate the statistical model that evaluates the relative importance of each 
QTNs in the traits of interest in our population.

• Application of the statistical model to estimate genomic breeding values and subsequent selection of 
the best animals for breeding. The genotype, x, of each QTNs, and w, which is the effect of each QTNs on the 
phenotype of the animal, are integrated in the model. 

• The statistical model is constantly being refined, in each cycle, as the breeding programs progress.

Reference	population

Known genotypes,	phenotypes and	pedigree

Selectedbreeders

using genomics breeding values

Next generationanimals

New	genotyping of	animals

DNA	
chip

Evaluation of	QTNs in	population
Genomic breeding value
w1x1	+	w2x2	+	w3x3…

Under cotinual refinement at	each generation
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THE GENETIC GAIN EQUATION
To understand the practical aspects of GS and why it is superior to traditional breeding programs, consider the 
following equation: 

where ΔG is the genetic gain or response to selection; i, is the intensity of selection (i.e., the cut-off level of 
superior individuals that are selected); r, is the precision of the estimated breeding values; σa, is the (additive) 
genetic variation within a population; and L, is the generation interval (i.e., the mean age of selected parents 
contributing to the next generation). As a general rule, i and σa are approximately constant, so the only option to 
increase the average production of your farm is to increase the precision, r, and decrease the average age of the 
selected individuals (L). GS allows the breeder to increase r and decrease L to levels unattainable by traditional 
genetic selection.

To see these differences, let’s take the example of a dairy herd.  The figure below illustrates a typical animal 
selection scheme in which bulls and cows with the highest breeding values are crossed.  Female calves (born 
after 9 months) produce milk after 30 months of age, providing direct information about their real value in a 
performance test. Bull calves produce semen after 12 months of age and 40 months later, their daughters provide 
information on their actual breeding values in a progeny test.

Now compare the above scheme with the genomic selection scheme illustrated in the  following figure (next 
page). With genomic selection, elite cows and bulls are crossed and genomic DNA is extracted from the offspring 
at birth and is genotyped. The breeding value of the offspring is thus calculated at birth using the genetic 
information encoded in their genome (hence the name genomic selection). Remember that the statistical 
models for genetic selection have been previously trained on a reference population of animals for which the 
phenotypes of interest and their respective genotypes are known.

Traditional breeding program

PRACTICAL ISSUES FOR
FARMERS AND RANCHERS
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Genomic selection 
saves the opportunity 
cost associated with 
performance and progeny 
testing

Genetic gain is the 
difference between the 
mean phenotypic value 
of the offspring of the 
selected parents and that 
of the parents’ generation 
before selection

As you can see, genomic selection allows us to decide the fate of the 
animals right at birth, thus saving us the opportunity cost associated with 
the performance test at 30 months of age and the progeny test at around 40 
months of age.
 
Going back to the genetic gain equation, the genomic estimation of breeding 
values increases accuracy by 30% over the traditional dairy production scheme, 
with a corresponding increase in genetic value over traditional estimates. In 
addition, for the same scheme, genomic selection reduces the average age of 
the selected parents from 5.5 years to 2.5 years, resulting in a 260% increase 
over the genetic gain obtained by traditional genetic selection schemes. In 
summary, genomic selection increases the economic value of your farm in 
two main ways: 1) by increasing ΔG and 2) by saving you the opportunity cost 
associated with performance and progeny testing on those animals with lower 
than expected breeding values.

Genomic selection scheme 
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CAN I DO THIS BETWEEN DIFFERENT
BREEDS OR VARIETIES?
 
Theoretically, yes. In practice, no, at least not in animals. It should not be forgotten that there is a 
trade-off between the investment to implement GS and the genetic (and therefore economic) increase 
that this investment entails. We have seen that the genetic increase depends on the accuracy of the 
estimated breeding values. Accuracy, in turn, depends on three factors: 1) the heritability of the trait of 
interest, 2) the number of animals in the reference population and 3) the number of genomic regions in 
which the QTNs involved in the trait are found.

Point 3 is the most important in this question: the higher the degree of kinship between animals in a 
population, the lower the number of genomic regions containing the QTNs of interest and vice versa. 
Usually, the degree of kinship between animals of different breeds is not high enough for DNA chips to 
detect all fragments in all breeds. In this case, high-density DNA chips can be used, but they are more 
expensive. The good news is that most genotyping chips for the most domestic animals (cow, sheep, 
goat, dog, horse) have been designed to include inter-breed variability.

 
HOW MANY ANIMALS DO I NEED IN
THE REFERENCE POPULATION? 
 
By now, you probably already suspect that the number of animals needed in the reference population 
to train the statistical model depends on the trait of interest and its heritability. Other factors are the 
level of inbreeding in the population and the genetic architecture of the trait (i.e., the number of QTNs, 
their distribution in the genome, etc.). In the following figure, we show the interdependence between 
some of these factors.

For example, to achieve an accuracy of 0.6, 5,630 animals are needed for traits with a heritability of 
0.05, while only 320 are needed for traits with a heritability of 0.90. In other words, although genomic 
selection is a very good tool, it is not feasible for small populations, and especially for traits with low 
heritability. As a solution, ranchers come together and integrate their populations into a joint database. 

By combining efforts and sharing costs, a reference population can be created that offers common 
benefits.

Relationship between the number of animals 
in the reference population and genomic 
selection accuracy for traits with different 
heritability values
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Farms join 
together to share 
information 
and create 
large reference 
populations. This 
makes them more 
competitive and 
provides greater 
economic benefit
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GENOMICS FOR
RESOURCE MONITORING 
AND MANAGEMENT
New sequencing technologies have revolutionized crop and livestock breeding strategies 
by providing genomic information beyond model or traditional organisms. In addition to 
breeding strategies, genomics can provide valuable information on the biological status of 
important resources for fisheries and agroforestry exploitation.

FISHING AND AQUACULTURE
Fish and seafood are an important source of animal protein for humans and are gaining an 
increasingly prominent position in human nutritional needs. Declining natural fisheries and 
increasing demand have made aquaculture the fastest growing area of agricultural food 
production. Although the application of genomics in aquaculture lags somewhat behind 
crop and livestock farming, it can provide new insights into adaptive variation and improve 
husbandry and management strategies that promote productivity and sustainability in this 
industry. Genomic data have already been applied to understand the spatial and structural 
dynamics of aquatic populations, classify aquatic species, and understand the genetic basis 
of traits of interest in aquaculture.

FORESTRY 
Forest systems are currently facing a number of important challenges, such as increasing 
demand for timber, pressure to conserve forest areas, global climate change, and associated 
threats. Understanding the genetic architecture of traits of economic and/or ecological 
importance is crucial for forest improvement and management. Scientific studies indicate 
the traits that are most relevant to forest improvement are very complex and are likely 
controlled by numerous QTNs with small and medium effect. The identification of the 
polymorphisms involved in the most economically and ecologically important quantitative 
traits is enabling the implementation of the first breeding programs by genomic selection.
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The democratization 
of genomic 

sequencing has 
allowed the 

implementation 
of the first genetic 

improvement 
programs using GS in 

forest species
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