Published August 1, 2016

Linkage disequilibrium, persistence of phase,
and effective population size in Spanish local beef cattle
breeds assessed through a high-density single nucleotide polymorphism chip!

J. J. Caﬁas-Alvarez,*2 E. F. Mouresan,T3 L. Varona,ti C. Diaz,§
A. Molina,# J. A. Baro, || J. Altarriba,ti M. J. Carabaio,§ J. Casellas,§ and J. Piedrafita*4

*QGrup de Recerca en Remugants, Departament de Ciéncia Animal i dels Aliments,
Universitat Autonoma de Barcelona, 08193-Bellaterra, Barcelona, Spain; TDepartamento de
Anatomia, Embriologia y Genética, Universidad de Zaragoza, 50013-Zaragoza, Spain; {Instituto
Agroalimentario de Aragon (IA2), 50013-Zaragoza, Spain; §Departamento de Mejora Genética Animal,
INIA, 28040-Madrid, Spain; #MERAGEM, Universidad de Cordoba, 14071-Cordoba, Spain; ||Departament0
de Ciencias Agroforestales, Universidad de Valladolid, 34004-Palencia, Spain; and §Grup de Millora Genética Molecular,
Departament de Ciéncia Animal i dels Aliments, Universitat Autonoma de Barcelona, 08193-Bellaterra, Barcelona, Spain

ABSTRACT: Linkage disequilibrium (LD) and per-
sistence of phase are fundamental approaches for
exploring the genetic basis of economically important
traits in cattle, including the identification of QTL for
genomic selection and the estimation of effective pop-
ulation size (N,) to determine the size of the training
populations. In this study, we have used the Illumina
BovineHD chip in 168 trios of 7 Spanish beef cattle
breeds to obtain an overview of the magnitude of LD
and the persistence of LD phase through the physi-
cal distance between markers. Also, we estimated the
time of divergence based on the persistence of the LD
phase and calculated past N, from LD estimates using
different alternatives to define the recombination rate.
Estimates of average 7 (as a measure of LD) for adja-
cent markers were close to 0.52 in the 7 breeds and
decreased with the distance between markers, although
in long distances, some LD still remained (0.07 and
0.05 for markers 200 kb and 1 Mb apart, respectively).
A panel with a lower boundary of 38,000 SNP would

be necessary to launch a successful within-breed
genomic selection program. Persistence of phase, mea-
sured as the pairwise correlations between estimates
of r in 2 breeds at short distances (10 kb), was in the
0.89 to 0.94 range and decreased from 0.33 t0 0.52 to a
range of 0.01 to 0.08 when marker distance increased
from 200 kb to 1 Mb, respectively. The magnitude
of the persistence of phase between the Spanish beef
breeds was similar to those found in dairy breeds. For
across-breed genomic selection, the size of the SNP
panels must be in the range of 50,000 to 83,000 SNP.
Estimates of past N, showed values ranging from 26 to
31 for 1 generation ago in all breeds. The divergence
among breeds occurred between 129 and 207 genera-
tions ago. The results of this study are relevant for the
future implementation of within- and across-breed
genomic selection programs in the Spanish beef cattle
populations. Our results suggest that a reduced subset
of the SNP panel would be enough to achieve an ade-
quate precision of the genomic predictions.
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INTRODUCTION

A successful genomic selection scheme relies on
the availability of dense-enough marker information
to ensure persistent linkage disequilibrium (LD) and
of a sufficiently large reference population to ensure
accurate estimation of marker effects. Both premises
have been largely studied and successfully applied in
large single-breed dairy cattle populations such as the
Holstein breed, where the commercial chip contain-
ing around 50,000 SNP has proven to be sufficient for
within-breed genomic selection (de Roos et al., 2008).
However, application of genomic selection in small cen-
sus populations, such as local breeds, is more controver-
sial, and differences in LD between markers and QTL
and in phase persistence across breeds need to be as-
sessed in order to determine the required marker density
that will be optimal for genomic selection. Few studies
have dealt with the determination of LD and LD per-
sistence across breeds and no studies have been found
comparing LD phase persistence across small local
populations using high-density SNP panels. However,
there are many cases in which small local breeds could
benefit from a joint genomic selection scheme. This is
the case of the local beef breeds in the Spain, where
a number of independent selection schemes have been
developed during the last decades for breeds main-
tained genetically separated but of a likely common ori-
gin. The main objective of this research is to assess the
magnitude of LD and the persistence of phase among
local, small-sized beef breeds in the Iberian Peninsula,
to estimate past effective population size from LD, and
to understand novel aspects of its evolutionary history,
measured from data of a high-density chip (more than
777,000 SNPs). This can provide information on the
behavior of these parameters of beef cattle of limited
censuses and under a nonintensive directional selection.
From this overview, we also attempt to arrive at rec-
ommendations on the SNP panel size needed for both
within- and across-breed genomic selection.

MATERIAL AND METHODS

Animal Samples and SNP Genotyping

A total of 504 animals belonging to 168 trios (sire/
dam/son) from 7 Spanish beef cattle breeds, including
Asturiana de los Valles (AV; n = 75), Avilefia—Negra
Ibérica (ANI; n = 72), Bruna dels Pirineus (BP; n =75),
Morucha (Mo; n = 75), Pirenaica (Pi; n = 72), Retinta
(Re; n = 69), and Rubia Gallega (RG; n = 66), were
chosen from different and separated geographical areas,
taking care to avoid known relationships. The blood
samples were collected by veterinary practitioners in
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commercial farms from the caudal vein of animals in
5-mL tubes with EDTA as the anticoagulant, following
the recommendations of the Joint Working Group on
Refinement (1993). This procedure did not require ap-
proval from an ethical committee. Genomic DNA was
extracted following the protocol described in PrepFiler
Forensic DNA Kit of Applied Biosystems (Foster City,
CA), using MagMAX Express-96 Magnetic Particle
Processor of Applied Biosystems. High-density gen-
otypes (777,962 SNP) were obtained by using the
BovineHD Genotyping BeadChip (Illumina Inc., San
Diego, CA). The SNP mapped to the UMD?3.1 assembly
(Zimin et al., 2009). All laboratory work was done at a
commercial laboratory (Xenética Fontao, Lugo, Spain).
Markers kept for the study belonged to autosomal chro-
mosomes. The SNP that have the same genomic loca-
tion (3,014 SNP, 0.387% of the total, the same number
for all breeds) and those with across-breed Mendelian
error rates greater than 5% were removed. Additional
requirements were individual call rate > 0.95, SNP call
rate > 0.95, and minor allele frequency (MAF) > 0.05.
Quality control was performed using PLINK version
1.07 software (Purcell et al., 2007). After quality con-
trol, we had 629,869 markers, the same in all breeds,
distributed across the 29 autosomal chromosomes
(80.96% of the initial information), covering a total of
2,508,474.8 kb with 1 marker every 3.98 kb, on average.

Linkage Disequilibrium Decay

Sampling animals in trios yields improved accura-
cy of the estimated haplotypes (Marchini et al., 2006).
Parental haplotypes within each breed were inferred
by using the “trio” option of Beagle software version
3.3.2 (Browning and Browning, 2009). To increase the
phasing accuracy, we ran 100 iterations of the phasing
algorithm and sampled 100 haplotype pairs for each in-
dividual during each iteration of the phasing algorithm.
Linkage disequilibrium was computed from the phases
of the parents’ trios across all autosomal chromosomes
within each breed by using PLINK version 1.07 software
(Purcell et al., 2007). The LD measure adopted was the
72 statistic (Hill and Robertson, 1968), which is gener-
ally accepted as the most robust and best interpretable
LD parameter (Kruglyak, 1999). It was computed as

P2 = (P11 _P1p2)2/(P191P2%)»

in which p, and g, are the minor and major allele fre-
quencies in SNP 1, respectively; p, and g, are the minor
and major allele frequencies in SNP 2, respectively; and
Py, corresponds to the frequency of haplotypes with mi-
nor alleles in SNP 1 and SNP 2 throughout the whole
population. Average 12 at a variety of distances was
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computed for each breed by stacking all SNP in bins
of 5 kb across all autosomes. The number of haplotype
pairs considered to estimate average 7 ranged from ap-
proximately 920,000 for markers 5 kb apart to approxi-
mately 760,000 for markers 2 Mb apart. The average 12
for SNP pairs in each bin was plotted against physical
distance using an R environment (R Core Team, 2014).
The average % between adjacent markers for different
densities after thinning for a certain percentage of mark-
ers chosen at random (10, 5, and 1%) was also estimated.

Persistence of Linkage Disequilibrium Phase

Persistence of phase quantifies the extent to which
there is an excess of the same haplotypes in all breeds. In
this case the signed square root of 72 was used as a mea-
sure of LD, 12 = v~ plpz) /(plqlpzqz) , computed
with the PLINK software (Purcell et al. 2007) If 72 be-
tween 2 markers is equal in 2 populatlons but their corre-
sponding » has the opposite sign, the gametic phase is re-
versed. Persistence of phase was estimated as the Pearson
correlation coefficient between the LD between 2 specific
markers in 2 different breeds as in Badke et al. (2012):

e =0 (0 =700 (7 =T 1/ S50y

in which s is the correlation of phases between ; 5 in
population ¥ and r ) in population k' S(k) and S(ld) are
the SD of ") and Ty respectively; and 7 0 and 7 @
are the average of » across all SNP within the intervals
mentioned above for population £ and &', respectively. To
represent the evolution of the persistence of phase with
marker separation, the results were stacked in bins of
10 kb from 0 to 100 kb of marker distance and in bins
of 100 kb from 100 kb to 1 Mb of marker distance. In
addition, to highlight some results, a heat map graph was
used to represent the ranges of correlation of » among
populations. Calculations and subsequent plots were con-
structed using an R environment (R Core Team, 2014).

Past Effective Population
Size and Time since Divergence

To estimate the effective population size, N, a
correction for sample size was applied for all r2 Values
following Nilsen et al. (2008):

rzcorrected - [rzcomputed —(U/m)1 = (1/m)],

in which »n represents the number of haplotypes in the
sample. When the corrected 2 was negative, r2Corrected
was set to 0. The N, was then estimated by applying the
approximate expectatlon of 72 in absence of mutation
(Sved, 1971):
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=1/(1 +4N,c) = N, = (1/4c)[1/(* - 1)],

in which N, is the effective population size, 2 is the
corrected LD estimate as indicated before, and c is the
recombination frequency, which is replaced by map
distance in Morgans. Furthermore, N, was estimated at
different generations in the past (7), calculated by the ap-
proximation 7' = 1/2¢ (Hayes et al., 2003). To estimate
N,, 3 models were used. The first model (M1) assumes
the generalization 1 Mb = 1 c¢M; in the second model
(M2), specific recombination rates for each chromosome
in cattle were used (Arias et al., 2009), as suggested by
Qanbari et al. (2010) and Corbin et al. (2010); the third
model (M3) is a nonlinear least squares approach also
using specific recombination rates for each chromosome:

=1/(a +4bd,) + e; = (1/4d)(1/(r?; — a).

In this equation, b estimates the N, r2 is the estimate
of 12 for the ith marker pair at a dlstance d; in Morgans,
and the a parameter takes values of 1 or 2 when the
mutation is ignored (in the case of the Sved formula)
or is taken into consideration (Tenesa et al., 2007),
respectively. Calculations and subsequent plots were
constructed using an R environment (R Core Team,
2014; Warnes et al., 2015).

Furthermore, the time since breed divergence (7)
was estimated using the whole genome. Assuming that
the variance of » remains constant in a pair of breeds,
the expected correlation of ek equals e 27, in which
Tkx is the persistence of phase in populatlons k and &,
¢ is the recombination distance between markers (in
Morgans), and 7 is the number of generations since the
breed’s divergence (de Roos et al., 2008). A linear re-
gression of the natural logarithm of correlation of phas-
es on the pairwise distance between markers, ranging
between 5 and 400 kb, was fitted and the slope of this
regression was an estimate of —27.

RESULTS AND DISCUSSION

Linkage Disequilibrium

Linkage disequilibrium maps are fundamental tools
for exploring the genetic basis of economically important
traits in livestock species (Andreescu et al., 2007; McKay
et al., 2007). Average 12 tended to decrease with increas-
ing distance between pairs of markers in all populations
studied, the most rapid decline being seen over the first
100 kb. On average, LD decreased from 0.58 t0 0.32, 0.18,
0.11, 0.07, and 0.045 for 5 kb, 20 kb, 50 kb, 100 kb, 200
kb, and 1 Mb of marker distance, respectively (Table 1).
From 1 to 2 Mb of marker distance, the estimates showed
almost no change. The SD of LD estimates were similar
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Table 1. Average 2 values and SD across all autosomes at various marker distances in 7 Spanish beef breeds

Breed! 5 kb2 (SD) 20 kb (SD) 50 kb (SD) 100 kb (SD) 200 kb (SD) 1 Mb (SD) 2 Mb (SD)

AV 0.571 (0.388) 0.309 (0.328) 0.165 (0.230) 0.092 (0.152) 0.052 (0.088) 0.031 (0.044) 0.029 (0.040)
ANI 0.582 (0.395) 0.328 (0.341) 0.188 (0.250) 0.116 (0.174) 0.076 (0.115) 0.047 (0.067) 0.042 (0.058)
BP 0.579 (0.392) 0.320 (0.336) 0.179 (0.242) 0.107 (0.167) 0.066 (0.105) 0.038 (0.054) 0.033 (0.046)
Mo 0.577 (0.395) 0.319 (0.337) 0.180 (0.243) 0.108 (0.167) 0.067 (0.105) 0.041 (0.058) 0.037 (0.052)
Pi 0.593 (0.396) 0.340 (0.348) 0.201 (0.260) 0.129 (0.187) 0.088 (0.129) 0.058 (0.080) 0.051 (0.071)
Re 0.583 (0.396) 0.328 (0.342) 0.190 (0.251) 0.120 (0.177) 0.079 (0.120) 0.053 (0.075) 0.047 (0.066)
RG 0.581 (0.394) 0.325 (0.338) 0.185 (0.245) 0.115 (0.172) 0.075 (0.114) 0.053 (0.073) 0.049 (0.067)

LAV = Asturiana de los Valles; ANI = Avilefia—Negra Ibérica; BP = Bruna dels Pirineus; Mo = Morucha; Pi = Pirenaica; Re = Retinta; RG = Rubia Gallega.

2The averages correspond to intervals including a range of 5 kb below the specified number.

among breeds, ranging from around 0.39 at distances of
5 kb to around 0.05 at distances of 2 Mb (Table 1). The
SD diminished in parallel to the LD estimates, although
the CV were greater at longer distances to the point that
values of LD at larger distances could overlap with LD
at short distances. This scenario might highlight the vari-
able effect on the LD structure of recent events in these
breeds. The larger SD at shorter distances can be related
to the shape of the distribution of 72 values as a func-
tion of distance (Supplemental File S1; see the online
version of the article at http://journalofanimalscience.
org). For adjacent markers (at an average distance of ap-
proximately 4 kb), 27 to 32% complete LD (+2 > 0.95)
was found across breeds followed by markers close to
complete equilibrium (72 < 0.05), with percentages in
the 16 to 17% range. Intermediate estimates were almost
evenly distributed between these extreme values. As the
distance between markers increased, the proportion of
pairs of markers in complete LD decreased, and beyond
100 kb, no markers in complete LD were found.

Some authors have investigated the potential effect
of MAF on LD estimates (Lu et al., 2012; Espigolan et
al., 2013). It has been shown that SNP of divergent MAF,
on average, have different LD properties (Pritchard and
Przeworski, 2001). Therefore, to determine how esti-
mates of LD could be affected by MAF in these popu-
lations, a more restrictive MAF (<0.15) was imposed
for the quality control. As expected, larger LD estimates
were obtained (around 15 to 20% of increase for dis-
tances of 5 to 100 kb apart and less for longer distanc-
es; results not shown). A similar pattern was observed
by Espigolan et al. (2013) in Nellore cattle, where they
found an increase in LD estimates depending upon the
MATF criterion. Furthermore, we found that the depen-
dence of 72 on distance is stronger than its dependence
on the difference in frequencies (results not shown), as
found by Qanbari et al. (2010).

There were differences in average 12 at a particular
marker distance depending upon chromosomes. This
is shown in Supplemental File S2 (see the online ver-
sion of the article at http:/journalofanimalscience.org),
where average 72 in all breeds for each chromosome at

different marker distances are represented as circles of
different colors. This variability among chromosomes
leads to some changes in the ranking of breeds LD when
only the markers at a particular chromosome are consid-
ered. Differences in LD at the chromosome level have
been observed in different species such as cattle (Lu et
al., 2012) and chickens (Andreescu et al., 2007) and, to
some extent, could be attributed to changes in the density
of markers among different chromosomes (Andreescu
et al., 2007). Moreover, a wide variation in autosomal
recombination rates can lead to a marked diversity in the
pattern of LD in different genomic regions (Arias et al.,
2009) and chromosomes, but the differences can also be
due to heterozygosity levels, genetic drift, or selection
(Qanbari et al., 2010). For differences in LD across ge-
nomic regions, the causes of LD may have acted differ-
ently at specific genomic regions at singular locations
among these populations (Gonzalez-Rodriguez et al.,
2014). Differences across breeds in demographic history
and genetic drift, admixture or migrations, population
subdivision, selection (hitchhiking effect and epistatic
selection), variable mutation rates, and gene conversion
could be modifying the relationship between LD esti-
mates and the physical distance between loci (Ardlie et
al., 2002) and explain the observed variability among
breeds. The differences found suggest that additional
studies are needed to identify particular regions that may
exhibit different degrees of LD and to evaluate its poten-
tial use for detection of QTL and signatures of selection
(Pérez O’Brien et al., 2014) and their consequences for
the implementation of a genomic selection program.

Overall, the differences in LD estimates across
Spanish beef breeds were very small at short distances
and mildly increased when markers distance was great-
er than 50 kb. The ranking of the average was kept the
same across distance, with Pi as the breed with the great-
est LD and AV that with the lowest (Table 1; Fig. 1).

Our results are in the range of those obtained in
Australian taurine cattle (Porto-Neto et al., 2014) and
other cattle populations. A study of 19 breeds includ-
ing continental European and British dairy and beef
cattle, African and indicine cattle, and composite breeds
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Figure 1. Decay of average 2 from markers 0 to 200 kb apart across
all autosomes in 7 Spanish beef breeds. AV = Asturiana de los Valles;
ANI = Avilena—Negra Ibérica; BP = Bruna dels Pirineus; Mo = Morucha;
Pi = Pirenaica; Re = Retinta; RG = Rubia Gallega.

showed LD values ranging from 0.37 to 0.65 at 5 kb
of distance between markers and from 0.08 to 0.25 for
markers 10 kb apart (Salomon-Torres et al., 2014). In
Nellore, the LD estimates were lower than ours at short
intervals (5 kb) and similar at a distance between mark-
ers 100 kb apart (Espigolan et al., 2013), which was in
agreement with the lower LD at short marker distance
found in indicine vs. taurine breeds by Porto-Neto et
al. (2014). In both studies, the BovineHD Genotying
BeadChip from Illumina was used. With a 50,000 SNP
chip, in German Holstein-Friesian cattle, Qanbari et al.
(2010) found a lower LD than in our study at short dis-
tances but a greater LD at distances of 75 to 120 kb. The
causes of the differences can be due to some ascertain-
ment bias, mainly in the Nellore study, but these differ-
ences also probably reflect different evolutionary histo-
ries (larger N, in Nellore; Porto-Neto et al., 2014) and
selection practices. On the other hand, the extent of LD
in our study was close to the one estimated in humans
(Tenesa et al., 2007) but lower than the one estimated in
horses (Corbin et al., 2010) and pigs (Badke et al., 2012)
at distances of up to 100, 500, and 1,000 kb, respectively.
The comparison of LD levels between studies, however,
should be taken with caution, as LD depends on sample
sizes, marker densities, and recent and historical popu-
lation demographics (Pritchard and Przeworski, 2001).
The decay of LD in a genome determines the power
of QTL detection in genomewide association studies
and indicates the required marker density for accurate
genomic selection. It has been shown that to have the
same power to detect the association between the QTL
and the marker, the sample size must be increased by
roughly 1/72 when compared with the sample size
for directly detecting the association with the causal
mutation (Kruglyak, 1999; Pritchard and Przeworski,
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Table 2. Average % (average distance in kb) between
adjacent markers across all autosomes depending upon
the proportion of SNP retained in 7 Spanish beef breeds

Breed! 100% 10% 5% 1%

AV 0.509 (4.03)  0.284 (40.20)  0.208 (80.19) 0.087 (401.63)
ANI  0.521 (4.09)  0.302(40.85) 0.228 (81.34) 0.110 (407.54)
BP 0.518 (4.08)  0.295 (40.65) 0.218 (81.07) 0.098 (405.90)
Mo 0.516 (4.09)  0.295(40.75) 0.218 (81.27) 0.099 (405.30)

Pi 0.533(4.13) 0314 (41.26) 0.239(82.20) 0.120 (411.16)
Re 0.523 (4.11)  0.304 (40.97) 0.229 (81.57) 0.113 (406.95)
RG 0.520 (4.08)  0.299 (40.74) 0.226 (81.02) 0.110 (406.34)

TAV = Asturiana de los Valles; ANI = Avilefia—Negra Ibérica; BP =
Bruna dels Pirineus; Mo = Morucha; Pi = Pirenaica; Re = Retinta; RG =
Rubia Gallega.

2001). In the context of genomic selection, the accu-
racy depends both on the amount of LD between QTL
and markers and the number of records available to
estimate marker effects (Toosi et al., 2010).

Linkage disequilibrium was computed between ad-
jacent markers, depending upon the proportion of the
number of SNP retained in the analysis (Table 2). The
average 2 across all chromosomes was 0.52 for adja-
cent markers in the complete data set, with an inter-
marker distance of 4 kb, and decreased to 0.30, 0.22,
and 0.10 when 10, 5, and 1% of the markers, randomly
chosen, were included in the analysis. Large differences
were not observed among the 7 breeds evaluated.

A mean 72 value of 0.20 between adjacent markers
is considered enough to achieve an accuracy of 0.85 for
genomic breeding value estimation (Meuwissen et al.,
2001). In our breeds, a similar average 72 between adjacent
markers would be obtained by using only 5% of the mark-
ers (38,000 markers) of the BovineHD chip, which corre-
sponds to an average genomic distance of 80 kb (Table 2).
However, given that markers with 72 = 1 will be excluded
in genomic selection and because of the high variability of
r2 at small distances (Corbin et al., 2010), this is probably
an underestimation of the actual number of SNP needed
for single breed genomic selection. Furthermore, this
number can vary according to the relationship between
training and evaluation animals (Meuwissen, 2009).

Persistence of Linkage Disequilibrium Phase

For genomic selection, the usefulness of markers
in a population other than the reference population will
depend on the persistence of the LD phase between
the reference population and the second population
(Dekkers and Hospital, 2002). The persistence of phase
between 2 populations for a given marker distance has
been calculated as the correlation of the » estimates,
that is, the signed squared roots of 2. The correlations
of r between populations are a result of their genetic
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Figure 2. Decay of pairwise persistence of phase across all auto-
somes in 7 Spanish beef breeds. AV = Asturiana de los Valles; ANI =
Avilefia—Negra Ibérica; BP = Bruna dels Pirineus; Mo = Morucha; Pi =
Pirenaica; Re = Retinta; RG = Rubia Gallega.

relationship and history. The correlation of » was com-
puted for each marker pair across all chromosomes
among all pairwise population combinations over a se-
ries of genomic distance intervals using bins of 10 kb
from 0 to 100 kb of intermarker distance and bins of
100 kb from 100 to 1,000 kb of intermarker distance.
The observed correlation of 7 between 2 populations de-
creased with increasing marker distance, with a behav-
ior similar to LD (Fig. 2). At 10 kb apart, the persistence
was high and positive, ranging from 0.89 to 0.94, which
means that at short distances, there is an excess of simi-
lar haplotypes in the same phases among all populations.
With increasing distance, the persistence diminished to
the ranges 0.70 to 0.82, 0.49 to 0.66, and 0.34 to 0.52
for markers 50, 100, and 200 kb apart, respectively. It
is worth mentioning that the estimates of persistence of
phase are averages over a certain bin. A positive aver-
age estimate does not mean that all estimates of persis-
tence are positive. In fact, at all marker distances, we
have found negative estimates. The percentage of nega-
tive estimates (reversed phases) increased with marker
distance, perhaps as a consequence of recent events,
reaching values of 29 to 30%, 36 to 38%, 40 to 43%,
and 43 to 48% for average marker intervals of 20 kb,
50 kb, 100 kb, and 1 Mb, respectively, across breeds.
The comparison of heat map graphics correspond-
ing to 2 of the distances analyzed confirms that there is
a lower persistence of phase (lighter color) for greater
distances among markers (Fig. 3). There are also differ-
ences between the pairwise persistence between breeds
across distances. At the 2 distances shown, but also at
distances not shown in the figures, the group formed
by the ANI, Mo, and Re breeds presents the greatest
values of persistence among them, indicating their ge-

Cafias-Alvarez et al.

A
BP
RG
Pi
Mo
ANI
Re

100 kb

Corplaton of

s = o & B>
c £ 2 & B @ =

AV
BP
RG
Pi

AMI
Re

Figure 3. Persistence of phase matrices across all autosomes among
7 Spanish beef breeds evaluated at 20 and 100 kb.

netic proximity, whereas the persistence is the lowest
between Pi and BP and the rest of the breeds. Asturiana
de los Valles, on the contrary, has a pattern of persis-
tence similar to the rest of the breeds, confirming its
central position among the Spanish breeds seen by
Cafias-Alvarez et al. (2015). Heat maps also allowed
us to present the grouping of breeds by a dendrogram,
synthesizing the divergence among breeds. At the dif-
ferent distances, the same 2 clusters are clearly stated.
The first one includes ANI, Mo, and Re, whereas the
second one includes the rest of the breeds. This second
cluster, however, does not provide a consistent group-
ing with the relationships described in a previous study
in these breeds (Cafias-Alvarez et al., 2015).

The estimates of persistence of phase in the
Spanish beef breeds were in the upper range of those
observed by Gautier et al. (2007) at short marker dis-
tances using a 1,536 SNP panel. At greater distances,
up to 500 kb, the distances were, in general, lower.
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de Roos et al. (2008) found correlations of 0.97 for
marker pairs 5 kb apart in closely related populations
(black and white Holstein-Friesian bulls and red and
white Holstein-Friesian bulls) but greater than 0.80 for
less related cattle (Australian Holstein and Australian
Angus), using panels ranging from 1,252 to 5,237 SNP.
The correlation decreased with the distance in propor-
tion to the degree of divergence of the breeds consid-
ered. In pigs, nevertheless, the persistence continued
over larger distances, probably due to higher selection
pressure and smaller N, (Harmegnies et al., 2006).

We have described that at short distances, correla-
tions of » between breeds were very high, although it
rapidly diminished at longer distances. If we want to
find markers that work consistently in 2 populations, we
need to set a minimum correlation of 0.8 (as in de Roos
et al., 2008). Similar to some results of these authors, in
the Spanish beef breeds, correlations greater than 0.8 are
found for markers up to 30 to 50 kb apart, depending
upon the pair of breeds considered (not shown in tables).
Because of that, the number of markers equally distrib-
uted across the genome must be in the range of 50,000 to
83,000, depending upon the breed’s combination. This
implies that, for using SNP information across breeds in
genomic selection, for some pairs of breeds, we would
need to use at least twice the number of markers needed
for within-population genomic selection.

Time since Divergence between Breeds

The slope of the persistence of phase, that is, the
correlation of 7 values, has a strong implication in deter-
mining the time in which, possibly, the breeds diverged.
Although there are differences among chromosomes
in recombination rates, Arias et al. (2009) established
that the average genetic distance (cM) per megabase
was equal to 1.25. Using this ratio, the breeds diverged
between 129.4 (AV-Mo pair) and 206.8 generations
ago (Pi—Re pair; Supplemental File S3 [see the online
version of the article at http://journalofanimalscience.
org]). The Pi breed diverged first from the rest of breeds,
whereas AV showed the lowest times of divergence from
the other breeds. The results parallel those observed in
the graphics of persistence of phase between popula-
tions and to the neighbor joining representation of the
pairwise Nei’s distances (Cafias-Alvarez et al., 2015).
The range of divergence times found in our study was
lower than that observed for the Australian Holstein and
Australian Angus (7 = 364) pair, breeds specialized in
dairy and meat production, respectively. However, our
estimates were in the order of the divergence time be-
tween 2 dairy breeds: New Zealand Friesian and New
Zealand Jersey (T = 191; de Roos et al., 2008). These
results would suggest that the divergence between dairy
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and beef breeds preceded the subsequent divergence
among breeds of the same aptitude.

If we consider an approximate average generation
interval of 6.5 yr for the Spanish beef breeds (Canas-
Alvarez et al., 2014), their divergence occurred between
approximately 841 and 1,344 years ago, which corre-
sponds to the years of the first half of the Middle Ages.
This fact could be consistent with Spanish history at
those times, when there was a political subdivision be-
tween the Christian and Muslim kingdoms in the north
and south of the country, respectively. The populations
located in the ancient Muslim territory (Re, Mo, and
ANI) were surely more influenced by the African popu-
lations (Decker et al., 2014), whereas the populations lo-
cated in north Spain were more related to the rest of the
European populations. However, after the political re-
unification of the Spanish kingdoms in 1492, the contact
between populations was restored by the instauration
of the transhumance, which implies a large movement
of animals, especially of the AV, explaining the central
position of that population (Cafias-Alvarez et al., 2015).

Effective Population Size

We have estimated the N, at different generations in
the past from LD estimates using different approaches.
The first one assumes the generalization widely used in
the literature that 1 Mb = 1 cM (M1). The second model
takes into account the specific variation in the rate of
recombination among chromosomes as in Arias et al.
(2009). Both estimates are based on Sved’s (1971) for-
mula on the expectation of 2. The third approach (M3)
is built on the Tenesa et al. (2007) formula and iteratively
estimates the values of N, and the existence of mutation
(a parameter). The use of a different recombination rate
among chromosomes had a limited impact on the estima-
tion of N,. In fact, the correlations among the 3 methods
across breeds were close to 1. The second model tended
to give values similar to those of M1, with inconsistent
variations across breeds. As expected, the differences in-
creased with the number of generations (Supplemental
File S4; see the online version of the article at http://
journalofanimalscience.org). The N, estimates in M2
ranged between 2,079.9 and 2,487.8 for Pi and AV, re-
spectively, at 1,500 generations ago, whereas they ranged
between 26.3 and 31.4 1 generation ago for RG and Re,
respectively. The third model yielded N, estimates lower
than those of M1 and M2, in general. Specifically, for the
same generation and breeds, the estimates of N, in M3
were 1,753.1 and 2,171.1 at 1,500 generations ago and
24.5 and 31 to the same breeds as in M2. Parameter a de-
termines the value of expected 2 when the distance be-
tween markers is effectively 0 (Corbin et al., 2010). We
have found estimates of @ ranging from 1.0 to 2.1, with
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Figure 4. Effective population size estimated using specific recombi-
nation rates per chromosome (the second model) in the periods 0 to 1,000
generations ago (a) and 0 to 10 generations ago. AV = Asturiana de los
Valles; ANI = Avilefia—Negra Ibérica; BP = Bruna dels Pirineus; Mo =
Morucha; Pi = Pirenaica; Re = Retinta; RG = Rubia Gallega. (b).

an average of 1.4. This would support, as in Corbin et al.
(2010) in Thoroughbred horses, the alternative version of
Sved’s (1971) equation derived by Tenesa et al. (2007).
The results of historical N, estimated with M2 from
1,000 generations ago to the present time are graphically
shown in Fig. 4a. At the beginning of the interval of time
studied, matching with the domestication period that
started in the Neolithic period, N, estimates oscillated
from approximately 1,900 to approximately 2,300 for Pi
and AV, respectively. Except for AV, a slow decline was
observed until 200 generations ago (about 1,300 years
ago). From this period, corresponding to the time the
breeds diverged, a sharp decline in population size has
continued until today. Asturiana de los Valles and BP
breeds showed the greatest values of N, along all gen-
erations, particularly in the last 10 (Fig. 4b). The N prior
to the current generation stood at around 26 to 31 in all
breeds studied in this work. These values are lower than
those obtained from the analysis of pedigree records in
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the same breeds (Cafias-Alvarez et al., 2014), which was
expected because the available pedigree files allowed us
to trace back a limited number of generations.

One way to test the performance of the 3 methods in
the short term is to compare the N, estimates with those
found from average 2 between nonsyntenic chromo-
somes to obtain an empirical null distribution. This repre-
sents an approximation of the LD that can be obtained by
chance, assuming that the markers used have not under-
gone simultaneous selection. The mean of nonsyntenic
72 values reflects both sampling of animals and genetic
drift and may be expected to become lower with increas-
es in both sample size and N, (Corbin et al., 2010). The
average estimates of nonsyntenic 72 found in this study
were very similar across breeds, in the 0.010 to 0.011
range (Supplemental File S5; see the online version of
the article at http://journalofanimalscience.org). All LD
values between nonsyntenic markers are within the in-
terval of LD at long distances in these breeds (Table 1).
The values observed here are much greater than are those
observed in Australian Holstein-Friesian cattle (Khatkar
et al., 2008) and in Thoroughbred horses (Corbin et al.,
2010). The comparatively high values observed in our
breeds suggest that some of the LD created by admixture
during breed evolution (Cafias-Alvarez et al., 2015) has
been kept until the present time. With respect to the effec-
tive size, assuming a value of the recombination rate of
¢=0.5 for the nonsyntenic loci, N, estimates ranged from
43 (Re) to 47.5 (AV and BP). This would suggest that all
3 methods used above provide downwardly biased esti-
mates of N, in the last generations or that estimates of N,
very much depend on how well the average LD estimates
represent the whole LD patterns in the genome.

Estimates of N, lower than those presented in our
work were obtained in European and West African breeds,
where N, estimates near 500 for 50 generations ago and
80 for 5 generations ago were found (Gautier et al., 2007;
de Roos et al., 2008; Qanbari et al., 2010). The observed
drop in N, potentially represents a number of scenarios,
including some founder event, the formation of differ-
ent breeds, and recently artificial reproduction tech-
niques or a combination of any of them (Wang, 2005).
To that decline, bottlenecks caused by the Great Famine
of 1315 to 1322 in Europe could also have contributed,
as reported in other breeds of cattle (Gautier et al., 2007,
Villa-Angulo et al., 2009). Regarding the breeds studied,
the different N, found can also be the result of the initial
confinement of the populations in different geographical
areas; a drop of population censuses due to the partial
replacement and uncontrolled crossbreeding of autoch-
thonous breeds with foreign breeds, which occurred in
the middle of the 20th century (Garcia-Dory, 1986); and
some genetic selection for specific characteristics.
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Effective population size also determines the accu-
racy of genomic selection (Daetwyler et al., 2010), as
that accuracy can be expressed as a function of the ef-
fective number of loci (Me) in a population (Goddard,
2009). The effective number of loci relates to the num-
ber of independent chromosome segments and equals
the summation across chromosomes of 2N _L/log-
4N_.L), L being the genome size in Morgans for each
specific chromosome. In our case, with chromosome
lengths as in Arias et al. (2009) and the current effec-
tive sizes calculated from nonsyntenic LD estimates,
Me was in the range of 509 (Re) and 552 (AV and BP;
Supplemental File S5 [see the online version of the ar-
ticle at http://journalofanimalscience.org]). From this
value, using the deterministic formula of Daetwyler
et al. (2010), we can estimate the size of the training
population under different heritability scenarios.

Conclusions

Herein are presented the results of an overview of
LD of Spanish beef cattle breeds using a high-density
SNP panel. We observed that LD tended to decrease
with increasing genetic distance in all populations
studied. Similarly, the persistence of phase was high
at short distances and decreased at a moderate rate. A
minimum of 38,000 and 83,000 SNP markers would
be needed for within-breed and across-breed genomic
evaluation, respectively.

Effective population sizes of the breeds substantial-
ly decreased from 200 generations ago, and N, in the
generation previous to the current one was estimated to
be in the interval of 26 to 47. These estimates allow us
to predict the size of the training population in different
heritability scenarios and also suggest that the use of
several of the Spanish breeds can be a solution to gener-
ate a reference population because of the small size of
each separate breed. The results of this study can help
to indicate the breed composition of the joint reference
population and also suggest that with the current com-
mercial platforms, a high-density chip would be neces-
sary for across-breed genetic evaluation.
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