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Abstract

Migration of populations from their founder population is expected to cause a reduction in
genetic diversity and facilitates population differentiation between the populations and their
founder population as predicted by the theory of genetic isolation by distance. 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 geographic expansion from the founders, which is
correlated to the genetic differentiation. To investigate this in the chicken, we have estimated the
relationship between the genetic diversity in 172 domesticated chicken populations and their
genetic distances to wild populations. We have found a strong inverse relationship whereby
87.5% of the variation in the overall genetic diversity of domesticated chicken can be explained
by the genetic distance to the wild populations. We also investigated if different types of SNPs
and genes present similar patterns of genetic diversity as the overall genome. Among different
SNP classes, the non-synonymous ones were the most deviating from the overall genome.
However, the genetic distances to wild populations still explained more variation in domesticated
chicken diversity in all SNP classes ranging from 81.7 to 88.7%. The genetic diversity seemed to
change at a faster rate within the chicken in genes that are associated with transmembrane
transport, protein transport and protein metabolic processes, and lipid metabolic processes. In
general, such genes are flexible to be manipulated according to the population needs. On the
other hand, genes which the genetic diversity hardly changes despite the genetic distance to the
wild populations are associated with major functions e.g. brain development. Therefore, changes
in the genes may be detrimental to the chickens. These results contribute to the knowledge of

different evolutionary patterns of different functional genomic regions in the chicken.
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Author summary

The chicken was first domesticated about 6000 B.C. in Asia from the jungle fowl. Following
domestication, chickens were taken to different parts of the world mainly by humans.
Evolutionary forces such as selection and genetic drift have shaped diversification within the
chicken species. In addition, new breeds or strains have been developed from crossbreeding
programs facilitated by man. These events, together with other breeding practices, have led to
genomic alterations causing genetic differentiation between the domesticated chickens and their
ancestral/wild population as well as manipulation of the genetic diversity within the
domesticated chickens. We investigated the relationship between 172 domesticated chicken
populations from different selection, breeding and management backgrounds and their genetic
distance to the wild type chickens. We found that the genetic diversity within the populations
decreases with the increasing genetic distances to the wild types. Human manipulation of
chicken genetic diversity has more effect on the genetic differentiation than simple geographic
separations (through migrations) do. We further found that some genes associated with vital
functions show evolutionary constraints or persistent selection across the populations and do not
comply with this relationship i.e. the genetic diversity within the populations is constant despite

the change in the genetic distance to the wild types.
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Introduction

Domesticated chickens (Gallus gallus domesticus) are one of the most widely distributed
domestic animal species in the world. Some of the reasons are due to their portability and
flexibility of transportation through human migration, stock trading, and expansion in the
agricultural practices [1, 2], in addition their use for nutrition is not suffering from any religious
or cultural reservations. It is commonly accepted that the world-spread chickens of today
originate predominantly from domestication of the red jungle fowl (Gallus gallus species) in
Asia (reviewed by Tixier-Boichard et al [3]). From the centers of domestication, chickens have
dispersed into different parts of the world. There has been formation of new breeds or lines as
populations moved outward from ancestral territories and settled in new colonies. One of the
expectations from such expansion processes is the increase of genetic distances (increased
differentiation) of the outward populations to the original ancestors, and the loss of genetic
diversity within such populations due to genetic drift and subsequent serial founder effects [4—6].
In Malomane et al [7] we studied the overall genetic diversity between and within the chicken
breeds. In the current study we aimed at investigating if the observed genetic diversity in the
chicken breeds is a result of their genetic expansion from the chicken wild populations following
the concepts behind the theory of genetic isolation by distance [8—10] and the model of
expansion from a single location such as the ‘Out of Africa’ migration model [4]. The theory of
genetic isolation by distance refers to the population genetic patterns whereby genetic
differentiation increases with the increase in geographic distance between populations. This is
because the exchange of genetic material between the populations (i.e. mating opportunities) is
confined by the distance [8, 11]. Likewise, movements of individuals further apart from their

founders would be expected to increase genetic differentiation. This has been established with
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92  the ‘Out of Africa’ theory which asserts that modern humans originate from Africa [13] and
93  human populations worldwide resulted in a reduction in genetic diversity with the increasing
94  geographic distance from east Africa (Ethiopia) [4, 5, 14, 15]. Similar studies in cattle also
95 reported a decreasing genetic diversity with increasing geographic distance to the cattle

96  domestication center in Southwest Asia [16, 17].

97  The loss of genetic diversity within the migrated populations, which can be explained by the
98  geographic distance from their founders, is believed to be a good measure of neutral genetic
99  diversity as a consequence of genetic drift. However, the overall genetic diversity is also a result
100  of population specific events such as mutations, natural selection to favor adaptation in the
101  current environments and/or artificial selection (e.g. in livestock production practices) as well as
102 population specific drift [5]. Consequences of selection are often measured by non-neutral
103  genetic variation as it is assumed that non-neutral regions with functional fitness effects in the
104  genome evolve differently to the neutral genome. In this study we used the global collection of
105  chicken breeds [7] to investigate the pattern of the overall genetic diversity moving outwards the
106  centers of chicken domestication, given all events taking place in the genome. Furthermore, we
107  investigate if different functional regions of the genome present similar patterns as the overall
108 genome. We hypothesized that changes in genetic diversity may be faster in some genes or
109  functional categories depending on their functions and changes may also be different in different
110  breeds or breed groups due to different adaptive or artificial selection targets. Therefore, the
111 pattern of relationship between genetic diversity and genetic distance may behave differently,
112 less complying with the overall genome and more dynamic than the non-genic regions due to

113 differences in selection patterns in addition to other population specific events.
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114  Studying the theory of genetic isolation by distance and/or the concept of migration from a single
115  location with chickens poses some challenges because the physical locations do not always
116  represent their geographic origin (following migration from founders). For many chicken breeds
117  the time point when they have migrated to their current locations is unknown. We also believe
118  that geographic distances may not be the best predictor of the genetic diversity in the chicken.
119 This is because unlike in humans where genetic evolution is mostly driven by natural
120  circumstances, rapid migration, crossbreeding forced by man, refined breeding programs and
121 artificial selection for desired traits have largely shaped the evolution of domesticated chickens.
122 The changes in genetic diversity and evolutionary rates are often rapid in domesticated livestock
123 and the genetic architecture of chickens around the same geographic location may also differ
124  greatly depending on different breeding practices or selection targets. Therefore, in our study we
125 used Reynolds’ genetic distances [19] instead of geographic distances but following similar
126  concepts as the genetic isolation by distance and model of expansion from a single founder [5, 8,
127  9]. Reynolds’ distances estimate differences under the assumptions that genetic differentiation

128  occurs by genetic drift.

129

130 Results and discussion

131  The relationship between the overall genetic diversity and the genetic distance to wild

132 populations

133 The relationship between the observed heterozygosity within domestic chicken (Gallus gallus
134  domesticus) populations and the genetic distance to the wild populations (Gallus gallus) is

135  shown in Fig 1. The different breed categories as described in the Materials and Methods section
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136 and S1 Table are represented by symbols of different colours and shapes. There is a strong
137  inverse relationship between the genetic diversity within populations and their genetic distances
138  to the wild populations. This relationship is similar even when using just neutral markers
139  (intergenic SNPs, Fig 2). Across these chicken populations, 87.5% (Table 1) of the total variation
140 in the heterozygosity can be explained by the genetic distance to the wild populations. This
141  figure is slightly higher than those obtained in several human studies when using geographic
142  distances. Geographic distances of humans out of Africa explained 76.3% of microsatellite
143 heterozygosity and 78.4% of fixation index Fgr variation in [5] and 85% of microsatellite
144  heterozygosity in [15]. They had a correlation of -0.910 with SNP haplotype heterozygosity and -
145  0.870 with microsatellite heterozygosity in the same study [20]. Furthermore, studies in humans
146  have shown that there is a high correlation (e.g. 0.765 to 0.885 [5]) between the genetic distances
147  (using different genetic distance measures) and geographic distance. However the correlations
148  were not as high in domesticated cattle studies compared to humans. For example, a correlation
149  of 0.624 was reported by [21] and while [16] reported a correlation of 0.750 for ancient cattle
150  samples, the correlation was 0.540 in modern cattle samples. The weakening relationship
151  between geographic and genetic distances in modern domesticated cattle was suggested to be due
152 to the human manipulation of genetic diversity among other reasons, as it is with many

153  domesticated livestock [16].

154  Fig 1. The relationship between the overall genetic diversity within populations and their
155  genetic distance to Gallus gallus. The full names of the categories and description can be found
156  in the S1 Table. The fitted regression line to the data with the equation heterozygosity = 0.563 -
157  0.683 x (genetic distance to G. gallus) is drawn in red. The R? for the linear regression is 0.875
158  (p<0.001).

159
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160  Since we had different population sizes whereby some population samples consisted of less than
161 15 individuals, we checked if this affects the estimates. We estimated the genetic diversity when
162  only populations with 15 or more individuals were considered and found that the population
163  sizes did not affect the estimates. We also sampled 1000 SNPs in 100 replicates to validate that
164  the relationship between heterozygosity and genetic distance does not happen by chance. The
165  percentages of variation explained in the 100 replicates ranged from 85.1 to 88.3% with a mean
166  of 86.7%. S1 Fig shows the regression plots of the 100 replicates with their 95% confidence
167 intervals. Furthermore, we permuted the SNPs to investigate whether the decreasing
168  heterozygosity is not generally an artefact of the Reynolds’ distances. We found that the
169  relationship between the observed heterozygosity and the genetic distance based on permutated
170  SNPs was almost non-existing with an R? value of 0.01. We also used the fixation index (Fsr) as
171  an alternative measure of differentiation, and found the Mantel correlation coefficient (r,,,) of
172 pairwise Fgr values with the corresponding Reynolds’ distances to be 0.976. Reynolds’ genetic
173  distances to the wild populations (G .gallus) and the Fgr values were highly correlated with a
174  Pearson’s r = 0.990 and their relationship is shown in S2 Fig with an R? value of 0.990. When
175 using Fgr, the genetic differentiation of the breeds from the wild populations (G. gallus)

176  explained 86.2% of the variation in genetic diversity (S2 Fig).

177  Given our results we can conclude that the variance in genetic diversity within the domesticated
178  chicken populations can be well explained by the genetic distance to the Gallus gallus. Although
179  our current study may not directly prove this due to lack of geographic sampling coordinates,
180  given the whole data set it is evident that the geographic distance alone may not well predict the

181  observed genetic variations in the chickens because:
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182 1. breeds of the same geographic origin are found scattered across the genetic diversity

183 spectrum. This is the case for Asian (red symbols) and European (green symbols) type
184 breeds. As it is shown in Fig 1 and as well highlighted in [7], the Asian and European
185 chickens sampled from the German fancy breeders (denoted with prefix DE ) have highly
186 reduced genetic diversity as well as higher genetic distance to the wild chickens (G .gallus)
187 than their respective local breeds. However, when considering the sampling areas, the genetic
188 diversity may correlates to the geographic distances to the G. gallus within the Asian breed
189 categories but not in the European breeds. Many of the fancy breeds presumably originate
190 from a small number of breeding birds imported from Asia to Europe. Following that, they
191 have been subjected to strong phenotypic selection, with small effective population sizes,
192 population bottlenecks, and intended inbreeding to keep the desired traits. Therefore, such
193 practices are responsible for most of the variations in the genetic diversity of the fancy Asian
194 and European type breeds vs. the respective local types.

195 ii. the concept of isolation by distance assumes that individuals from nearby locations are likely

196 to be related due to mating possibilities. This is often the case in traditional breeding systems
197 but it is not the case with the fancy and commercial breeding and management practices.
198 Individuals within a commercial breeding herd are more related to each other than to other
199 lines despite the geographic distances. In fancy breeds, there may be gene flow between
200 small stocks based on personal contacts or personal relationships of breeders, but not related
201 to geographic distance forming a substructure within the breed. Actually such gene flow
202 between fancy breeds is also very limited. Furthermore, if geographic distance was a better
203 predictor for the loss of genetic diversity and increased differentiation of breeds to the wild

204 populations, then the African and South American breeds might be expected to have highly
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205 reduced genetic diversity due to geographic distances. They also would be expected to have
206 high genetic distances to the wild populations as well as to the rest of the Asian populations;
207 in fact, both expectations are not fulfilled, and some of the African populations were found to

208 be clustered with the wild type breeds [7].

209  Therefore, the observed variations in genetic diversity may not well be predicted only by
210  geographic expansion but rather by a combination with other aspects or subsequent events e.g.
211  effective population sizes, types of breeding practices, and possibly subsequent series of founder
212  events following the geographic expansion, as previously suggested [5, 6]. Such events which
213 have taken place after geographic expansion have definitely contributed to the variations in allele
214  frequencies and thus the genetic distances of domestic chickens to the wild populations. In
215  addition, equilibrium between genetic drift, migration and mutation has probably not been
216  reached in all studied populations, which would be compatible with the theory of genetic
217  isolation by distance [5, 8, 9]. The theoretical expansion models are also based on ‘natural’
218  expansion through migration, while chickens and other livestock were actively transported by

219  humans (e.g. with ships) to distant places.

220 Comparisons of the patterns of genetic diversity between the overall genome (all SNPs) and

221 different functional SNP classes.

222 We compared the patterns of the relationship between the genetic diversity and genetic distances
223 to the Gallus gallus species when using the overall SNPs to that from different SNP classes as
224  shown in Fig 2 and Table 1. The rate of change in genetic diversity due to the genetic distance to
225  the wild populations is represented by the slope in column 4. Compared to other SNP classes, the
226  non-synonymous class showed a relevant deviation from the overall pattern whereby the

227  observed heterozygosity across the breeds was lower than that of the overall genome. The non-
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228  synonymous class also had the most deviating slope among the classes (-0.624 compared to -
229  0.683 for all SNPs). To investigate if the different pattern in the non-synonymous class is not due
230  to the sample size, we resampled the same number of SNPs as in the non-synonymous class (1
231 082 SNPs) from the overall set (156K SNPs) 100 times. We estimated the heterozygosity and
232 plotted the 100 samples to compare with the non-synonymous set. It is shown in S3 Fig that the
233 difference in pattern of the non-synonymous class to the overall genome pattern is not due to the

234  sample size.

235  Fig 2. Genetic diversity within populations estimated from different SNP classes vs. their
236  Reynolds’ genetic distance to Gallus gallus ssp. The red circles represent the 172 domesticated
237  populations for the corresponding SNP class. Dashed black lines represent the regression lines
238  for the relationship between observed heterozygosity and the genetic distance to G. gallus for the
239 overall pattern and the red lines are for the SNP classes. The areas shaded in gray represent a
240  95% confidence interval. The R? values and slopes of the linear relationships are shown in Table
241 1. UTRS and UTR3 refer to the 5' and 3' UTR classes, respectively.

242
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Table 1. Comparisons of the linear relationship between genetic diversity and genetic
distances of populations to Gallus gallus ssp. for different SNP classes.

SNP class Number | R? Slope SE of slope | Likelihood ratio x?
of SNPs - test

Overall SNPs 156 753 0.875 -0.683 0.020

Non-synonymous | 1 082 0.871 -0.624 0.018 p <0.001
Synonymous 3891 0.887 -0.690 0.019 p <0.001
Exonic 5959 0.885 -0.676 0.019 p <0.001
Intronic 71175 0.876 -0.687 0.020 p>0.050
5'UTR 118 0.817 -0.650 0.020 p <0.001
3'UTR 1383 0.864 -0.663 0.020 p>0.050
Upstream 11 559 0.871 -0.688 0.020 p <0.050
Downstream 8777 0.871 -0.683 0.024 p>0.050
Intergenic 57782 0.872 -0.677 0.020 p>0.050

The number of exonic SNPs is the sum of non-synonymous and synonymous SNPs plus the
coding and non-coding exonic SNPs which were not assigned to neither the non-synonymous nor
synonymous classes. All R? values are significant, p < 0.001. SE — standard error.

Furthermore, the intergenic and intronic classes had the highest proportion of SNPs than the
other SNP classes (Table 1). In order to validate that the similarity of these two classes to the
overall is not an artefact of the sample sizes, we sampled 1000 SNPs a 100 times from the
intergenic and intronic classes (separately). Then we estimated the heterozygosity and compared
the results to the overall SNPs, showing that the similarities are not due to the larger sample sizes
(S4 and S5 Figs). In comparing the regression models using the likelihood ratio test, the exonic
(including both the synonymous and non-synonymous separately) and 5' UTR SNP classes
showed highly significant differences to the overall SNPs (p < 0.001, Table 1 last coloumn).

Nonetheless, all SNP classes show a reduction in genetic diversity across populations with the
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269  increase in genetic distance to the wild types, with the R? values ranging from 81.7% to 88.7%.
270  The results show that for the synonymous SNPs, 88.7% of the variation in the heterozygosity
271  across populations can be explained by their genetic distance to G. gallus while in the non-
272 synonymous sites it explains 87.1%, and the lowest percentage was observed for 5'UTR
273 (81.7%). However, it is important to note that the 5' UTR class had only 118 SNPs and hence the
274  differences could be an effect of the sample size. To test this, we have randomly sampled 118
275  SNPs in 100 replicates from the overall set and estimated the relationship as we have done with
276  the non-synonymous SNPs, and the R? of the replicates ranged from 77.9% to 86.5% with a

277  mean of 81.7%, suggesting that this result is most likely an artefact caused by small sample size.

278  Fig 3 shows the mean observed heterozygosity in the different SNP classes. Generally, the
279  observed heterozygosity was lower in genic than in non-genic SNP classes. Within the genic
280  class, lower heterozygosity was observed in exonic than in intronic SNPs. Consistent with Fig 2,
281  the non-synonymous SNPs presented the lowest genetic diversity among all the SNP classes.
282  This could be expected since non-synonymous changes can present favourable or disadvantagous
283  consequences. The theoretical assumption is that selection acts rapidly towards fixation of the
284  favourable alleles and purging of the non-favourable ones, thus leading to more homozygosity in
285  these protein altering variants. The exonic and 5' UTR classes followed the non-synonymous
286  class with lowest mean heterozygosity. UTR variants can play a role in the regulation of gene
287  expression and translation. For example, 3' UTR could interfere with microRNA to facilitate the
288  translation of critical disease genes (e.g. cancer genes in humans) [22, 23]. It is also claimed that
289  positive selection for the adaptation of humans in different habitats has been achived with high
290 differentiation in the 5' UTR gene variants [24]. Such examples highlight the importance of UTR

291  variants as possible targets for selection.
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292 Fig 3. The mean observed heterozygosity in the different SNP classes. The gray dotted lines
293  represent the overall mean observed heterozygosity when all SNPs are considered. Non-syn —
294  Non-synonymous. The mean heterozygosities of the SNP classes were significantly different to
295  the overall mean (Welch two sample t-test p < 0.05) except for the 3' UTR and 5' UTR classes.
296  The standard errors (SEs) of the means were lower than 0.005 in all the SNP classes and the
297  overall except for the 5' UTR with SE = 0.009. Different letters in the bars means that there is
298  significant difference in the mean heterozygosity within the same level, e.g. difference between
299  ‘Non-genic’ and ‘Genic’ classes on the first level or difference between ‘Non-synonymous’ and
300 ‘Synonymous’ classes on the third level.

301

302  Patterns of genetic diversity in different genes

303  We have investigated the patterns of genetic diversity in those 6 303 chicken genes, for which at
304 least 10 SNPs were mapped to the gene, in comparison to the overall genetic diversity pattern. In
305 particular, we wanted to find out if the decrease in genetic diversity is faster or slower in certain
306  genes. The results for all the 6 303 genes are presented in S2 Table including the R? and slope
307  values. Reliabilities (R?) of the linear regression of the genetic distance from the wild ancestor on
308  heterozygosity for the genes ranged from 0.036 to 0.701 with a mean R? of 0.450 and the slopes
309 ranged from -0.110 to -1.099. However, the R? values were correlated to the number of SNPs
310  within the genes with r = 0.562. The slopes were independent of the SNP numbers within genes
311  with r = 0.026. The correlation between the slopes and R? values was -0.556. We evaluated the
312 regression coefficients (slopes) of the relationship between the heterozygosity and genetic
313  distance for the genes in the top and lowest 5% ranges, which were in total 32 genes at each end.
314 Based on these slope classifications, functional annotations of the genes were done for the
315  combination of molecular function, biological and immune system processes as well as KEGG
316  pathways using the ClueGo package. Based on the ClueGo results, none of the genes in the top
317 5% range formed any functional clusters while 4 of the genes (namely: EGFR, PAFAHIBI,

318 PTPRS and RTN4) in the lowest 5% were associated with brain development.
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319  Genes in the lowest 5% had slopes ranging from -0.110 to -0.319 while the top 5% ranged from -
320 0.960 to -1.099 (S3 Table). The genes in the top 5% indicate rapid changes in genetic diversity
321  due to the genetic distance of the chicken breeds to G. gallus while those in the lowest 5%
322 indicate genetic diversity changes at a very slow rate in relation to the genetic distance. We
323  obtained the individual gene functions for these genes in the lowest and top ranges from DAVID
324  annotation platform (S3 Table). The figures showing the relationship between genetic diversity
325 and genetic distance in these genes are shown in S1 File and S2 File for the top and lowest 5%

326  ranges, respectively.

327  The genes in the top 5% slope range were associated with transmembrane transport (SLC25A6,
328 SLC22A15, SLC4A3), protein transport and protein metabolic processes (SLMOI1, EROIL,
329 UCHLS, KCNBI, CSEIL), and lipid metabolic processes (PLCXD1, MIR33, HADHA) among
330 other functions. The transmembrane transport refers to the transportation of solute/s across the
331  protein embedded lipid bilayer. The lipid bilayer facilitates the distribution of molecules such as
332 ions and proteins between different membrane compartments by allowing them to cross to
333  different areas only when it is necessary [25]. Proteins are responsible to perform a wide range of
334 important biochemical functions including those relating to adaptation, survival and
335 performance. Proteins and lipids are also core biological molecules of living organisms and key
336  molecules for energy generation. The energy and nutrient requirements differ for different types
337  of breeds or strains and are as well influenced by other factors such as breeding goals and
338 management systems [26, 27]. Hence the high flexibility of these genes to change may also be
339  associated with such factors in addition to the change in genetic diversity which was initially due
340 to the populations’ physical expansion from the G. gallus. In general, these genes are flexible to

341  change without necessarily causing harm to the individuals but probably to complement the
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342  evolution of the populations. The genes in this range had R? ranging from 0.419 to 0.628
343  indicating the good association of the genetic diversity and the genetic distance to the wild

344  populations.

345  Most of the genes in the lowest 5% slope range have consistently lower genetic diversity across
346  the breeds despite the genetic distance to the Gallus gallus (see S2 File) and they are mainly
347  related to critical functions which may be absolutely necessary for normal functioning of the
348 individuals. Among all the genes, the slopes were the lowest and much closer to zero for the
349 DPYSL2 (-0.112) and GRB2 (-0.110) genes which also had the lowest R? values of 0.036 and
350  0.038, respectively among all the genes. The GRB2 gene, which is involved in many pathways
351 and functional processes, is assumed to be highly conserved in chicken as well as in humans and
352  was reported to be under very strong evolutionary constraint [28]. Other than some of the genes,
353  which are mentioned above for being related to the development of the brain, genes in the lowest
354 5% range were also found to be associated with other important developmental processes,
355  functions and pathways. Such include positive regulation of cell proliferation (NTF3, ESRP2,
356 EGFR, FGFRI1), positive regulation of reactive oxygen species metabolic process (GRB2,
357 STKI17A), regulation of cell death, cell and structure morphogenesis (GRB2, NTF3, DOCKS,
358 EGFR, STK17A), positive regulation of reproduction (GNRH1), development of spinal cord
359  (PTPRS), salivary gland morphogenesis (FGFR1, ESRP2, EGFR), lung morphogenesis (FGFR1,
360 ESRP2), brain morphogenesis and development (FGFR1, PAFAH1BI, DPYSL2), axon
361  development (NEFM, RAB8A, RTN4, DPYSL2) among others functions. ADAM28 belongs to
362 the family of ADAMs genes, being a family of transmembrane proteins involved in several
363  processes including embryonic morphogenesis and tissue development, neurogenesis, cell

364  adhesion, cell migration, axon outgrowth and guidance, cell proliferation and cell differentiation
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365  during development [29]. In humans, the ADAMs are said to be involved in the regulation of
366  growth factor activities, promoting cell growth and invasion. They may alter cell communication
367  or signaling in cancer cells causing an increase in cancer cell proliferation and progression [30].
368 The allele frequency in our study showed a very rapid fixation of the alternative allele in the
369 ADAM28 in all breed categories supporting the assumption that the mutations might be of
370 importance. In general, the consistent lower genetic diversity in the lowest 5% slope range and
371  limited/lack of response to the changes in genetic distance to G. gallus can be due to several
372  reasons such as i) some genes may be under evolutionary constraints such that changes of the
373  genes may be generally critical for normal development or functioning of the animal and changes
374 in the genes may have detrimental effects. ii) Purifying selection may be acting to remove the
375 non-favorable alleles and is, therefore, leading to rapid fixation of the other allele. iii) On the
376  other hand, genetic diversity might have been already reduced from the founders i.e. selection
377 and fixation of the preferred variants took place prior to domestication; hence no or less
378  feasibility for further reduction in genetic diversity is being possible. In this line, we investigated
379  the genes which have the lowest estimated heterozygosity within the Gallus gallus populations.
380 We found out that 27 of the 32 genes in the lowest 5% slope range were among genes with the
381  lowest 1% of estimated heterozygosity within Gallus gallus. Furthermore, seven of those 27
382  genes also were among the genes with the lowest 5% of estimated heterozygosity within all

383  breed categories.

384  We have analyzed the patterns of genetic diversity within a wide range of chicken breeds as a
385  function of genetic distances from the chicken wild types. Given all forces taking place in the
386  genome, we can conclude that the overall genetic diversity in the chicken can be well explained

387 by the genetic distance to the wild populations. However, different functional genomic regions,
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388  genes and pathways have shown different evolutionary dynamics across the breeds resulting in
389  different patterns of the genetic diversity compared to the overall genome and the neutral loci.
390 The non-synonymous sites in particular have shown to be the most deviating from the overall
391 pattern of genetic diversity compared to other genomic sites. Furthermore, we have found that
392  genetic diversity changed at a faster rate in genes which are flexible to be manipulated according
393  to the population needs e.g. genes involved in energy metabolism. On the other hand, genes
394  which show resistance to change are associated with critical vital functions e.g. brain
395 development, crucial for normal functioning of the individuals. Such genes presumably have
396 maintained similar low levels of genetic diversity across all populations by selection or by
397 evolutionary constraints, and the variations or the lack thereof in the genomic diversity between
398 the breeds (within these genes) does not reflect the genetic distances to the wild type populations.
399  This study presents insights and contributes to the knowledge of evolutionary dynamics of

400  different functional genomic regions in the chicken.

401

402 Materials and Methods

403 Ethics statement

404 The data used was derived from a previous study [7], sourced from the SYNBREED
405  (http://www. synbreed.tum.de/) project which was funded by the German Federal Ministry of
406  Education and Research (FKZ 0315528E). Sampling of chickens followed the German Animal
407  Welfare regulations, the authorities of Lower Saxony were notified according to §8 of the
408 German Animal Welfare Act (33.9-42502-05-10A064) and with the written consent of the

409  animal owners.
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410 Data description and quality control

411  Data consisted of 3 235 chicken individuals from 174 chicken populations collected in Asia,
412 Africa, South America and Europe. The populations were classified into twelve breed categories
413  which were based on their continent of origin and/or type as described in S1 Table. The chickens
414  were genotyped with the 600K Affymetrix® Axiom™ Genome-Wide Chicken Genotyping
415  Array [31]. We used only the SNPs from the 28 autosomal chromosomes and removed 499 SNPs
416  with ambiguous chromosome annotation. The data was filtered for an animal call rate of >95%
417 and SNP call rate of >99% using the SNP & Variation Suite (SVS) version 8.1 [32]. We
418 performed LD based pruning to account for ascertainment bias [33] using the PLINK
419  software v1.9 [34, 35] with the parameters indep 50 5 2. After the filtering steps 156 753 SNPs
420  were left for further analysis and imputation was performed to recover missing genotypes using

421  Beagle 3.3 [36]. A further description of the data can be found in Malomane et al. [7].

422  Classification of the SNPs

423  We classified SNPs according to their functional consequences and assigned them to their
424  associated genes using the Affymetrix Galgal5 annotation map [37]. SNPs were classified into
425  the following categories: non-synonymous which is made of the missense and nonsense (only
426  eight in total) variants, synonymous, exonic (a combination of the non-synonymous and
427  synonymous SNPs as well as other coding and non-coding exonic SNPs which were not assigned
428  as non-synonymous or synonymous), intronic, 5' untranslated region (5' UTR), 3' untranslated
429  region (3' UTR), upstream, downstream and intergenic classes. SNPs assignments were
430  prioritized in the order as they appear on Table 1. For example, if one SNP is associated with two

431  genes but has different functional consequences for the two genes (e.g. non-synonymous for one
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432  gene and synonymous for the other gene) then a non-synonymous functional consequence was
433  considered first instead of the other consequences, followed by synonymous and so forth. As for
434  the up- and downstream variants, a SNP was assigned to the upstream class if it was located
435  within 5 kb upstream of the gene and in analogy for the downstream SNPs. The distribution of

436  SNPs into their functional classes is shown in column 1 of Table 1.

437  For assigning SNPs to indiviadual genes, the 156K SNPs were mapped to a total of 10 456

438  associated genes [37].

439  Estimation of genetic diversity outward from wild populations

440  Two subspecies of the wild populations (Gallus gallus), the G. gallus spadiceus and G. gallus
441  gallus, sampled about 20 years ago were used as reference for original founders, and reflect

442  genetic diversity in centers of domestication.

443  We estimated the pairwise Reynolds’ genetic distances [19] between the two wild type
444  populations (G. gallus ssp.) and the domesticated populations, and then calculated the mean
445  genetic distance of each domesticated population to the two wild populations. Furthermore,
446  observed heterozygosity was estimated within each population. Then, we estimated the linear
447  relationship between the overall genetic diversity within the domesticated populations and their
448  mean genetic distances to the two wild type populations. The amount of variation in genetic
449  diversity within the populations which can be explained by the genetic distance was measured by
450 the R? value. To investigate if different SNP classes and genes show similar patterns as the
451  overall genome pattern (when using all SNPs), we also estimated the genetic diversity in the
452  different SNP classes and in genes and subsequently estimated the linear relationship with the

453  genetic distances to the wild populations. We used the likelihood ratio test implemented in the R
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454  Imtest package (v0.9-36) [38] which uses the the y? test to compare the linear regression

455  coefficients of the overall pattern to the patterns of the different SNP classes.

456  For the individual genes, because some of the genes were annotated with only one or very few
457  associated SNPs while others were annotated with more, we only considered genes with at least
458  ten associated SNPs (resulting in 6 303 in total) for making comparisons with the overall pattern.
459  We evaluated the rate of change in the genetic diversity within the genes due to the change in
460  genetic distances of populations to the wild populations using the regression coefficients of the

461  linear relationship between the two parameters.
462  Functional annotation of genes

463  Genes within the lowest and highest 5% ranges of regression coefficients in the relationship
464  between genetic diversity within populations and genetic distances to the wild populations were
465  grouped into functional terms using the ClueGO (v2.5.1) [39] ontology enrichment package in
466  Cytoscape (v3.6.1) [40]. Additionally, individual gene functions were annotated using the

467  DAVID functional annotation tool (v6.8) [41].
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475  Supporting information

476  S1 Table. Categories of the chicken breeds. (DOCX)

477  S2 Table. The R? and slope values of the relationship between genetic diversity and genetic
478  distances of populations to Gallus gallus ssp. estimated from the 6 303 genes. (XLSX)

479  S3 Table. List and functions of the genes in the top and lowest 5% slope ranges. (DOCX)

480  S1 Fig. Genetic diversity vs. Reynolds’ genetic distance to the Gallus gallus estimated from
481 1000 SNP samples in 100 replicates. The dashed lines represent the 100 sample sets and the
482  gray area shows a 95% confidence interval. (TIF)

483  S2 Fig. The relationship between the observed heterozygosity and genetic differentiation (
484  Fgr) from G. gallus (left), and the relationship between Fgy and Reynolds’ genetic
485  distances to G. gallus (right). The regression lines of the relationships are drawn in red. The R?
486  of the left figure is 0.862 and 0.990 for the right figure. Different breed categories are denoted in
487  different colors and/or shapes. (TIF)

488  S3 Fig. Comparison of the relationship between the genetic distances to G. gallus and the
489  genetic diversity estimated from the non-synonymous class vs. 100 random samples of the
490 same number of SNPs as the non-synonymous class from the overall SNPs. The black dotted
491  lines represent estimations with the overall SNPs, the red solid line represents the non-
492  synonymous SNPs. The shaded areas represent the 95% confidence intervals of the regression
493  lines. The mean R? of the 100 samples is 0.869 and the mean slope is -0.684. (TIF)

494  S4 Fig. Comparison of the relationship between the genetic distances to G. gallus and the
495  observed heterozygosity estimated from intronic SNPs vs. the overall set. The black dashed
496  lines represent estimations with the 100 replicates from randomly sampling 1000 SNPs from the
497  intronic SNPs and the red solid line represents overall SNPs. The 95% confidence intervals are
498  shaded in gray. The mean R? and slope of the 100 samples are 0.869 and -0.686, respectively.
499  (TIF)

500 S5 Fig. Comparison of the relationship between the genetic distances to G. gallus and the
501 observed heterozygosity estimated from intergenic SNPs vs. the overall set. The black
502  dashed lines represent estimations with the 100 replicates from randomly sampling 1000 SNPs
503 from the intergenic SNPs and the red solid line represents overall SNPs. The 95% confidence
504 intervals are shaded in gray. The mean R? and slope of the 100 samples are 0.865 and -0.678,
505  respectively. (TIF)

506  S1 File. Figures showing the relationship between genetic diversity and genetic distance to G.
507  gallus for genes in the top 5% slope range. (ZIP file containing TIF figures)
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S2 File. Figures showing the relationship between genetic diversity and genetic distance to G.

gallus for genes in the lowest 5% slope range. (ZIP file containing TIF figures)
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