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Introduction

When a small group of individuals migrate from a single large founder population to establish their own colony, this results 
in reduction of genetic diversity by genetic drift (Provine 2004). Furthermore, theory of genetic isolation by distance (Malécot 
1969) predicts that the new population will genetically differentiate from the founder population. The theory of genetic isolation 
by distance refers to cases where the genetic differentiation increases with the geographic distance between populations. This 
is because the exchange of genetic material between the populations (i.e. mating opportunities) is confined by the distance 
(Cavalli-Sforza et al. 1964, Malécot 1969). The consequences of genetic drift act more rapidly to differentiate the populations 
than the potential or chances of an individuals’ interaction under dispersal (Aguillon et al. 2017). Consistent with that, a model 
of expansion from a single founder predicts that patterns of genetic diversity in populations can be well explained by their geo-
graphic expansion from the founders, which is correlated to the genetic differentiation (Prugnolle et al. 2005, Ramachandran et 
al. 2005, Deshpande et al. 2009). Starting from the chicken wild populations, we aimed at investigating the patterns of genetic 
diversity in the global set of chicken breeds, represented by the Synbreed Chicken Diversity Panel (SCDP) (Malomane et al. 2019). 
The SCDP is a collection of various chicken breeds with various backgrounds from different parts of the world. In the SCDP the 
geographical location of the sampling often does not coincide with the geographical location of the breed development, since 
e.g. many samples of Asian breeds were collected from German fancy breeders. Therefore, we used the genetic distance of the 
sampled breeds to the wild ancestors as a proxy for geographic distance, and verified, whether the reduction of diversity also can 
be found with increasing genetic distance to the domestication center. 

Material and Methods 

In this study, data taken from the SCDP consisted of 3,235 chicken individuals from 172 domesticated chicken populations and 
two wild populations (Gallus gallus gallus and Gallus gallus spadiceus). The chicken samples were collected in Asia, Africa, South 
America and Europe, and were genotyped with the 600K Affymetrix® AxiomTM Genome-Wide Chicken Genotyping Array (Kranis 
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et al. 2013). The populations were classified into twelve breed categories which were based on their continent of origin and/or 
type. After quality control and filtering of the data, including LD based SNP pruning to account for ascertainment bias (Malo-
mane et al. 2018), a total of 156,753 SNPs were left to conduct our analyses. We estimated the pairwise Reynolds’ genetic distanc-
es between the two wild type populations (G. g. ssp.) and the domesticated populations, and then calculated the mean genetic 
distance of each domesticated population to the two wild populations. Furthermore, observed heterozygosity was estimated 
within each population. Then, we estimated the relationship between the overall genetic diversity within the domesticated pop-
ulations and their mean genetic distances to the two wild type populations.

Results and Discussion 

The relationship between the overall genetic diversity of domesticated chickens and genetic distance to wild popula-
tions

We observed a strong negetive relationship between the genetic diversity within populations and their genetic distances to 
the wild populations (Figure 1). The genetic distance to the wild populations explained 87.5% of the total variation in the het-
erozygosity within the domesticated chickens. This figure is slightly higher than those obtained in several human studies when 
using geographic distances (Prugnolle et al. 2005, Ramachandran et al. 2005, Li et al. 2008). Furthermore, studies in humans have 
shown that there is a high correlation between the genetic distances (using different genetic distance measures) and geographic 
distance. However the correlations were not as high in domesticated cattle as in humans. For example, a correlation of 0.624 was 
reported by Wang (2015), and, while Scheu et al (2015) reported a correlation of 0.750 for ancient cattle samples, the correlation 
was 0.540 in modern cattle samples. The weakening relationship between geographic and genetic distances in modern domesti-
cated cattle was suggested to be due to the human manipulation of the genetic diversity among other reasons, as it is with many 
domesticated livestock (Scheu et al. 2015). In this study we were not able to validate the relationship between the geographic 
and genetic distances due to the lack of geographic sampling coordinates. However, our results show that the geographic dis-
tance alone may not well predict the observed genetic variations in the chickens because: 

i.	 breeds of the same geographic origin are found scattered across the genetic diversity spectrum, with the main 
difference being the breeding and management practices and presumably different population sizes. This is the case for Asian 
(red symbols) and European (green symbols) type breeds. The Asian and European chickens sampled from the German fancy 
breeders (denoted with prefix DE_ and triangle shapes) have highly reduced genetic diversity as well as higher genetic distance 
to the wild chickens (G.gallus) than their respective local breeds. Therefore, when considering the sampling areas, the genetic 
diversity may correlate with the geographic distances to the origin of G.gallus in the Asian breeds but not in the European breeds. 
Not only have many of the fancy breeds been started with a small number of breeding birds imported from Asia to Europe, but 
they have also undergone subsequent selection, with small effective population sizes and intended inbreeding to keep the 
desired traits. Therefore, such practices could be responsible for most variation in genetic diversity of these Asian and European 
type breeds. 

Figure 1. The relationship between the 
overall genetic diversity within popula-
tions and their genetic distance to Gallus 
gallus. The fitted regression line to the data 
with the equation heterozygosity = 0.563 – 
0.683 x (genetic distance to G. gallus) is drawn 
in red. The R2 for the linear regression is 0.875.
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ii.	 the concept of genetic isolation by distance assumes that individuals from nearby locations are likely to be related due 
to mating possibilities. This is often the case in traditional breeding systems but it is not the case with the fancy and commercial 
breeding and management practices. Individuals within a commercial breeding herd are more related to each other than to 
other lines despide the geographic distances. In fancy breeds, there may be gene flow between small stocks based on personal 
contacts or personal relationships of breeders but not related to geographic distance forming a substructure within the breed. 
Actually such gene flow between fancy breeds is also very limited. Furthermore, if geographic distance was solely the main 
predictor for the loss of genetic diversity and increased differentiation of breeds to the wild populations, then the African and 
South American breeds might be expected to have highly reduced genetic diversity due to geographic distances. They also 
would be expected to have high genetic distances to the wild populations as well as to the rest of the Asian populations, in fact, 
both expectations are not fulfilled, and some of the African populations were found to be clustered with the wild type breeds 

(Malomane et al. 2019).

Therefore, the observed variations in genetic diversity may not well be predicted only by geographic expansion but rather by 
a combination with other aspects or subsequent events e.g. effective population sizes, types of breeding programmes, and 
possibly subsequent series of founder events following the geographic expansion, as previously suggested (Ramachandran et 
al. 2005, Hunley et al. 2009). Such events which have taken place after geographic expansion have definitely contributed to the 
variations in allele frequencies and thus the genetic distances of domestic chickens to the wild populations. In addition, the 
theoretical expansion models are also based on ‘natural’ expansion through migration, while chickens and other livestock were 
actively transported by humans (e.g. with ships) to distant places.
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Introduction

The completeness of genomic assemblies is an important general issue, and was shown to be highly relevant in avian research 
(Peona et al. 2018). The chicken genome was published in 2004, and already then the existence of a GC-rich gene subset unde-
rrepresented in the assembly was noticed (International Chicken Genome Sequencing Consortium 2004). Similar observations 
were made later, when the genome sequences of hundreds of additional bird species were released (Zhang et al. 2014, Jarvis 
2016). However, at the same time, a consensus has developed that birds lack up to 30% of protein-coding genes compared to 
mammals, possibly due to their smaller genome size. As one example, at 2014 study reported 274 genes located in conserved 
syntenic clusters as missing in birds, but present in the genomes of most other vertebrate species (Lovell et al. 2014). New 
methods of sequencing and assembly, and analysis of extremely large amount of RNA-seq data available, are now demonstrating 
that most of the genes considered missing are in fact present in avian genomes (Bornelöv et al. 2017, Laine et al. 2019, Yin et al. 
2019). 

There is a major reason why the genes were considered missing: a subset of bird genes is rich in G and C nucleotides. This makes 
these genes very difficult to amplify by PCR and to analyze by next-generation sequencing methods, causing extreme biases 
in sequence coverage (Hron et al. 2015). This applies mainly to the most commonly used Illumina sequencing technology. The 
Nanopore and PacBio long-read sequencing platforms show smaller coverage biases, but their higher error rate still precludes 
complete assembly of the difficult GC-rich regions of avian genomes. From an evolutionary perspective, it is still not clear why 
some bird genes are so exceptional in their GC content compared to other vertebrates. One explanation suggested recently inc-
ludes the specific GC-biased gene conversion process in birds (Rousselle et al. 2019).

We developed bioinformatic and PCR approaches to identify avian GC-rich genes. The results and specific examples of such 
chicken genes will be discussed. 

Methods

Datasets of next generation sequencing (NGS) reads were downloaded from NCBI sequence read archive (SRA) and probed with 
sequences of known orthologs for the respective genes, using blastn and tblastn algorithms (Altschul et al. 1990). The sequen-
ces obtained from blast searches were assembled with CLC genomics workbench (Qiagen) and Lasergene SeqMan (DNASTAR), 
usually with multiple iterations. PCR amplifications of GC-rich templates were performed with a mixture of Deep Vent and Taq 
polymerases (both from NEB) and long (5-10 min) extension times, as described previously (Rohde et al. 2018). Experimental 
methods relevant for characterization of specific genes are described in the references below.

Examples of GC-rich genes in chicken

Individual cases of ‘hidden’ avian genes will be presented. The first gene that we identified as belonging to the GC-rich gene set 
was chicken erythropoietin (chEPO). The functional characterization of chEPO is still ongoing. Further, others have shown that 
the protein product of chEPO has effect on flight performance in experimental conditions in vivo (Yap et al. 2018). Tumor necrosis 
factor α (TNF-α) was identified independently by our group and by others (Bornelöv et al. 2017, Rohde et al. 2018). We have gene-
rated recombinant chTNF-α, which is able to induce NF-κB cellular reporter. Endogenous chTNF-α is also strongly stimulated by 
lipopolysaccharide (LPS) in macrophages, similarly to the mammalian protein. These results point to the existence of a functional 
TNF-α/TNF-α-receptor system in birds (Rohde et al. 2018). chTNF-α was also recently mapped to chicken chromosome 16 by a 
combination of radiation hybrid mapping and fluorescence in situ hybridization (FISH) (Seroussi et al. 2019). Another example of 
GC-rich chicken gene previously deemed missing is leptin (chLEP), again identified independently by two laboratories (Farkašo-
vá et al. 2016, Seroussi et al. 2016), and mapped by Seroussi et al. to chicken chromosome 1 (Seroussi et al. 2017).

Other examples of GC-rich chicken genes currently under study will be discussed. Importantly, we predict that the sequences 
of a number of additional genes of interest to avian research will be uncovered. The best argument in favor of this was obtained 
from the analysis of Botero-Castro and others (Botero-Castro et al. 2017). They have shown that for hundreds of genes found in 
both humans and turtles and still considered missing in birds, the GC content of the turtle genes is skewed to higher values. One 
possibility is that such GC-rich genes are more prone to be lost in the evolution of avian lineage. However, at least for a subset of 
these genes, we expect that highly GC-rich orthologs will be found in birds.
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