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A B S T R A C T

Genetic diversity is the one of the most important issues in conservation studies of livestock breeds or endangered species.
In the present study, we tested the feasibility of describing the recent evolution in genetic diversity through genome-wide
SNP genotyping and estimates of linkage disequilibrium decay patterns, effective population size, inbreeding coefficient
based on runs of homozygosity and population structure. We choose the bovine indicine breed Guzerá because it has suf-
fered recent bottlenecks which have been registered historically. A sample of 1036 females was genotyped using Illumina
BovineSNP50. A resampling strategy was applied to correct for sampling biases caused by the population structure in
herds, and by the extensive use of some sires for artificial reproduction. A subsample of 210 animals and 32,806 markers
with MAF>0.01 was used. Very low linkage disequilibrium was detected for distances greater than 120 Kb between two
markers. Furthermore, three points of decrease in effective population size between generations were detected, which co-
incide with the historically registered bottlenecks. The inbreeding coefficient, based on runs of homozygosity, confirmed
a strong contribution of the last 20–30 generations to current inbreeding. In the population structure analysis, the most
probable number of sub-populations is 2, reflecting selection purpose (beef or dual-purpose). Taken together, these re-
sults allow a retelling of the recent evolution of this breed. The strategy described here will be useful for other breeds or
even species for which a careful historical registry is not available for conservation proposals.

© 2016 Published by Elsevier Ltd.
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1. Introduction

Studies aiming at the conservation of genetic diversity provide the
best approaches to selection strategies for the long time survival of a
breed or population under artificial selection. Monitoring of genetic
diversity is fundamental in any artificial selection process for any pop-
ulation. Over time, some breeds have been moved to different parts
of the world, some have disappeared, and some new breeds have been
established.

Many studies have established tools for analyzing the evolution of
genetic diversity over long periods of time. However, the efficiency
of such tools for describing the recent evolution of genetic diversity
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is a topic that appears less frequently in literature. In Brazil, the estab-
lishment of new breeds derived from the Zebu took place mostly since
1860 and these newly established breeds experienced many fluctua-
tions in population size. These fluctuations offered interesting models
for evaluating the efficiency of these tools to describe the recent evo-
lution in genetic diversity.

In studies based on microsatellites, a genomic scale estimate of
genetic diversity is not possible due to the low number of individu-
als and loci evaluated. Studies based on pedigree data generally are
based on the coefficient developed by Wright (1922). Studies of in-
breeding based on pedigree data (FPED) have failed to detect the in-
fluence of the founder population on a current population due to the
assumption of a relationship between them. Moreover, these studies
do not take into account the stochastic nature of recombination, some-
times resulting in research results that are difficult to interpret. When
evaluating the genetic diversity of animals, selected based on pedi-
gree data, there are two aspects that should be pointed out: (1) pedi-
gree errors due to misidentification, misinterpretation and wrong reg-
istry are common (Ron et al., 1996; Carneiro et al., 1999), thereby re-
ducing selection speed; (2) FPED based studies assume that the entire

http://dx.doi.org/10.1016/j.livsci.2016.10.006
1871-1413/© 2016 Published by Elsevier Ltd.
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genome is under neutral selection and do not take into account the ef-
fects of artificial selection which may cause some biases of evaluation.

Several specific tools for assessing the genetic diversity have been
developed in recent years. Due to the development of Next-Genera-
tion Sequencing techniques, a large number of SNP markers has been
obtained and platforms for genotyping thousands of markers distrib-
uted over all chromosomes have been developed (Matukumalli et al.,
2009). The introduction of such platforms has allowed genome-wide
estimates of genetic diversity for the first time.

For example, inbreeding coefficients derived from runs of ho-
mozygosity (ROH) are good measures to determine the stretches of
autozygosity over the genome, as well as the effects of inbreeding
(Keller et al., 2011). This approach can be very useful to estimate the
inbreeding coefficient, even in very distant generations. This estimate
could be very inaccurate using approaches based on pedigree and mi-
crosatellites.

In addition, linkage disequilibrium (LD) is a very important tool
in association studies as well as studies aiming to evaluate genetic di-
versity. Thus, LD has been used in several studies to determine the
diversity and history, signatures of selection, recombination rates, ef-
fective population size and other population events in cattle or other
species (Waples and Do, 2010). Currently, the majority of the mark-
ers used for genomic selection are derived from taurine sequences.
However, the pattern of LD is different between taurine and indicine
breeds (Villa-Angulo et al., 2009; O’Brien et al., 2014) and, there-
fore, results obtained in taurine breeds cannot be applied directly to
indicine breeds. Therefore, the measures of whole-genome LD in in-
dicine breeds are important to ensure the effectiveness of breeding
programs that use or aim to use genomic selection.

The relationship between the inter-marker distance in Morgans, c,
the r2 and the effective population size (Ne), in the absence of muta-
tion, allows the determination of Ne through LD measures. Along with
Ne, the estimates of population genetic structure assist in the analy-
ses of genetic variability observed in a population over a retrospec-
tive viewpoint, enabling the prediction of genetic diversity loss and
the survival of small populations (Wang, 2005).

Despite the advantages of the genome-wide approaches to account
for the genetic variability of a specific population, there are few de-
lineated strategies for performing whole genome genetic diversity es-
timates. In the present study, a flowchart of analysis is presented, in
order to estimate genetic diversity across recent generations using a
genomic approach. The Guzerá breed was used as a model due to the
good quality of the historical registry that has been kept of the popula-
tion. However, this flowchart can be applied to any breed or specie in
order to estimate the genomic genetic diversity and the contribution of
past generations to current inbreeding levels.

2. Materials and methods

2.1. Sampling, genotyping and quality filtering

Initially, 1036 females from six herds in the two Brazilian cattle
breeding programs were genotyped using the Illumina Bovine SNP50
v2 BeadChip (Matukumalli et al., 2009). The Brazilian Guzerá pop-
ulation was formed from a small number of animals imported from
India at the end of the 1800s. Currently, in the period from 1939 to
2015 over 400,000 Guzerá births were registered officially; of these,
8115 were in 2015. It is estimated that the registered population is
currently around 60,000 head. Today there are about 47 herds based
on dual purpose breeding, selected at different levels for both milk

production and meat. The criteria for the sample selection were based
on: (1) a known pedigree record; (2) the females must be dams from
bulls which belong to the National Progeny test or Multiple ovulation
embryo transfer (MOET) nucleus of the breed; (3) the females must
represent different lineages of the breed; and, (4) the females must
have production records from the first calving. A strategy, to correct
for sampling biases caused by the population structure in herds and
due to the extensive use of some sires for artificial reproduction, was
adopted prior to performing the genetic estimates. The initial sample
was analyzed using a node selection algorithm based on a network's
degree of centrality to resample individuals through a Kinship coeffi-
cient obtained by the genomic information (Kehdy et al., 2015). Af-
ter this analysis, only the animals that presented a Kinship coefficient
Φij≥0.1 to any other individual remained in the final sample. Thus, a
sample containing 210 individuals was obtained and the present study
was performed using this sample. Only markers that had a known map
position, minor allelic frequency (MAF)≥0.01, samples with call rate
>0.95 were used for further analysis, amounting to 32,806 markers.

2.1.1. Linkage disequilibrium
The SNP and Variation Suite 7 (SVS7) package (Golden Helix,

Inc., Bozeman, MT, www.goldenhelix.com) was used to estimate the
LD throughout the genome. The haplotype frequencies were assessed
using the expectation-maximization (EM) algorithm, formalized by
Dempster et al. (1977). The LD pattern was estimated using the r2 sta-
tistic (Formula 1 in Supplementary Box 1) (Hill and Robertson, 1968)
as well as the absolute value of D’ (Formula 2 in Supplementary Box
1) (Lewontin, 1964). This was done using the LD pairwise analysis
algorithm implemented in SVS7, where freq. AB and freq. ab are the
haplotype frequencies of coupling haplotypes and freq. Ab and freq.
aB are the haplotype frequencies of repulsion haplotypes. The allelic
frequency of A, a, B and b alleles are represented by freq. A, freq. a,
freq. B and freq. b, respectively. Where, A, a, B, and b are the alle-
les of two loci. The mean values of r2 and |D’| and the proportion of
markers with an r2 and |D’| higher than 0.3 and 0.8 (indicators of high
LD), respectively, were calculated for each chromosome. To observe
the pattern of LD decay, the means of r2 and |D’| were also calculated
for the following distances between markers (in Kb): 0–1, 1–2, 2–3,
3–4, 4–5, 5–10, 10–15, 15–20, 20–25, 25–30, 30–40, 40–50, 50–60,
60–70, 70–80, 80–90, 90–100, 100–120, 120–140, 140–160, 160–180,
180–200, 200–220, 220–250, 250–275, 275–300, 300–350, 350–400,
400–500, 500–600, 600–700, 700–800, 800–900, 900–1000, >1000.

2.2. Effective population size (Ne)

The software PLINK v1.07 (Purcell et al., 2007) was used to cal-
culate the synthetic Pairwise LD across the chromosomes, based on
the correlation coefficient (r2). For all pairs of autosomal SNPs, r2

measures were calculated using the --r2-ld-window 99999 --ld-win-
dow-r2 0 --ld-window-kb 100000 command line. Ne was calculated
using the relationship between the distance c, r2 and Ne, assuming the
absence of mutation (Sved, 1971) (Formula 3 in Supplementary Box
1). In order to avoid sampling biases, leading to artifact induced LD,
an adjustment of expected r2 value between to loci in absence of mu-
tation, E(r2), to account for restricted sample size was used (Formula
4 in Supplementary Box 1) (Weir and Hill, 1980). Ne was estimated
(2c)−1generations ago, where c is the distance in Morgans between two
markers for which LD was estimated.
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2.3. Inbreeding coefficient based on runs of homozygosity (FROH)

The SNP and Variation Suite 7 (SVS7) package was used to es-
timate the ROH across the genome of each individual in the sample,
using the 32,806 markers obtained after quality control filtering. The
following criteria were used to determine a homozygotic segment as a
ROH: minimum number of SNPs equal to 15; number of missing calls
allowed equal to 5; number of heterozygous calls allowed equal to 0;
maximum gap between consecutive homozygous SNPs equal to 1 Mb;
and at least 20 animals sharing the same segment as a ROH.

FROH was defined as shown below (Formula 5 in Supplementary
material 1) (Leutenegger et al., 2003), where the FROH for the j in-
dividual is calculated as the sum of the length of k ROH present
across the genome divided by the overall length of the genome cov-
ered by SNPs (L). The overall length was obtained from the reference
UMD 3.1 (http://www.cbcb.umd.edu/research/bos_taurus_assembly.
shtml) from the taurine genome, excluding the sexual and mitochon-
drial chromosomes, totaling 2,512,082,506 bp. For each individual,
the genomic inbreeding coefficients (FROH>1 Mb, FROH>2 Mb,
FROH>8 Mb and FROH>16 Mb) derived from the ROH with different
lengths (>1, >2, >8 and >16 Mb) were calculated, as described by
Ferenčaković et al. (2013a). Moreover, to investigate the inbreeding
evolution during the recent history of the Guzerá, FROH were calcu-
lated for every even generation, in the interval starting 30 genera-
tions ago to 2 generations ago, totaling 15 FROH calculations. The
FROH for each generation was calculated using the expected length
of an autozygous segment in a distribution with mean equal to 1/
2 g Morgans, where g is the number of generations since the com-
mon ancestor (Howrigan et al., 2011).

The genomic inbreeding coefficient (FHOM) was calculated with the
SVS7 package, using the difference between observed and expected
numbers of homozygous genotypes. The FPED coefficient was calcu-
lated using the software Endog 4.8 (Gutiérrez and Goyache, 2005).
Moreover, the genomic inbreeding coefficient proposed by VanRaden
et al. (2008) was calculated, here called FG. The cor.test function in R
(R Core Team, 2015) was used to estimate the Pearson correlation co-
efficient between the FROH X FHOM FROH X FPED, FROH X FG, FHOM X
FPED, FHOM X FG and FG X FPED.

2.4. Population structure analyses

ADMIXTURE 1.23 (Alexander et al., 2009) was used to evaluate
ancestry proportions for K ancestral populations. A 5-fold cross-vali-
dation analysis was conducted for the K values from 1 through 10, to
examine patterns of ancestry and admixture in our data. The graphic
of the proportion of each K for each individual was generated using a
script in R (R Core Team, 2015), developed in-house.

3. Results

3.1. Patterns of linkage disequilibrium across the genome

Means, medians and proportions of markers in strong LD (r2>0.3
and |D’|>0.8) are shown in Table 1. Chromosomes 6 and 7 showed
the highest mean r2 values (0.18), while chromosome 14 showed the
highest mean |D’| value (Table 2). However, when the proportion
of markers in strong LD was evaluated for each chromosome, chro-
mosome 1 followed by chromosome 6 had the higher proportions
of r2>0.3 and chromosomes 1, 2 and 6 the highest proportions of

Table 1
Linkage disequilibrium through different inter-marker distances for the Guzerá obtained using the SVS7 package.

Distance (Kb) Number of pairs of markers r2 mean r2 median |D’| mean |D’| median % r2>0.3 % |D’|>0.8

0–5 258 0.20(±0.3364) 0.03 0.64(±0.3688) 0.77 20.15 75.58
5–10 131 0.15(±0.1578) 0.01 0.61(±0.4090) 0.40 15.27 46.56
10–15 179 0.16(±0.2913) 0.04 0.72(±0.2871) 0.97 18.44 59.22
15–20 338 0.19(±0.2424) 0.06 0.75(±0.3693) 0.96 22.49 63.91
20–25 3427 0.21(±0.2943) 0.09 0.78(±0.3555) 0.90 24.16 65.28
25–30 3208 0.19(±0.1785) 0.06 0.75(±0.3133) 0.79 21.23 61.22
30–40 5110 0.18(±0.2946) 0.02 0.74(±0.3745) 0.97 19.92 59.86
40–50 3491 0.16(±0.2946) 0.07 0.71(±0.2441) 1.00 17.99 55.17
50–60 2674 0.15(±0.1863) 0.01 0.69(±0.3401) 0.91 16.72 52.69
60–70 2259 0.13(±0.1917) 0.04 0.67(±0.3352) 0.72 14.70 50.24
70–80 1914 0.12(±0.2805) 0.02 0.67(±0.3541) 0.77 12.90 49.48
80–90 1435 0.12(±0.1904) 0.01 0.66(±0.3557) 0.71 13.24 48.71
90–100 1210 0.13(±0.3237) 0.03 0.66(±0.3540) 0.75 14.63 47.02
100–120 1877 0.12(±0.0886) 0.05 0.64(±0.3450) 0.87 12.79 46.24
120–140 1304 0.11(±0.2016) 0.02 0.63(±0.3620) 0.64 10.89 44.79
140–160 943 0.10(±0.3039) 0.03 0.61(±0.3765) 0.51 9.44 42.31
160–180 711 0.09(±0.1623) 0.03 0.61(±0.3199) 0.91 8.16 42.62
180–200 495 0.09(±0.2053) 0.04 0.61(±0.3137) 0.89 9.29 41.82
200–220 407 0.07(±0.0955) 0.02 0.59(±0.3481) 0.63 6.63 41.52
220–250 442 0.08(±0.2299) 0.02 0.58(±0.3524) 0.57 5.66 36.20
250–275 247 0.07(±0.1214) 0.01 0.56(±0.3811) 0.51 6.07 34.01
275–300 156 0.09(±0.1787) 0.02 0.56(±0.3436) 0.54 10.26 38.46
300–350 253 0.08(±0.0390) 0.01 0.61(±0.3789) 0.85 7.11 41.90
350–400 142 0.09(±0.2742) 0.01 0.61(±0.3685) 0.74 9.86 40.85
400–500 125 0.06(±0.0598) 0.01 0.55(±0.3823) 0.59 4.80 29.60
500–600 61 0.07(±0.2866) 0.01 0.53(±0.3759) 0.70 6.56 39.34
600–700 24 0.12(±0.2527) 0.03 0.61(±0.3608) 0.61 8.33 41.67
700–800 14 0.08(±0.1004) 0.04 0.45(±0.3467) 0.46 7.14 21.43
800–900 13 0.12(±0.2569) 0.01 0.66(±0.3898) 0.88 15.38 53.85
900–1000 10 0.07(±0.0836) 0.02 0.74(±0.2540) 0.81 0.00 50.00
>1000 21 0.06(±0.1368) 0.01 0.55(±0.3799) 0.52 9.52 38.09
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Table 2
Linkage disequilibrium across chromosomes for the Guzerá obtained using the SVS7
package.

Chr

Pairs of
markers
(N) r2 mean

r2

median |D’| mean
|D’|
median

%
r2>0.3

%
|D’|>0.8

1 2118 0.15(±0.27) 0.03 0.71(±0.36) 0.90 16.24 56.14
2 1789 0.17 (±0.23) 0.07 0.70(±0.33) 0.75 14.83 46.08
3 1574 0.15(±0.21) 0.03 0.71(±0.36) 0.48 12.18 41.60
4 1539 0.14(±0.20) 0.02 0.68(±0.32) 0.86 11.43 38.24
5 1190 0.15(±0.20) 0.04 0.70(±0.35) 0.58 8.69 31.26
6 1750 0.18(±0.30) 0.05 0.71(±0.32) 0.71 16.24 45.80
7 1488 0.18(±0.27) 0.05 0.71(±0.35) 0.99 13.64 39.19
8 1507 0.16(±0.26) 0.07 0.70(±0.32) 0.66 14.02 38.53
9 1322 0.15(±0.33) 0.04 0.69(±0.36) 0.99 10.86 33.10
10 1391 0.16(±0.26) 0.04 0.71(±0.28) 0.80 11.38 37.44
11 1404 0.15(±0.15) 0.01 0.69(±0.27) 0.55 10.43 34.23
12 982 0.15(±0.15) 0.05 0.70(±0.30) 0.92 7.46 25.26
13 1040 0.14(±0.34) 0.03 0.69(±0.37) 0.99 7.65 25.64
14 1202 0.17(±0.24) 0.07 0.72(±0.27) 0.77 10.58 31.96
15 1113 0.13(±0.26) 0.03 0.67(±0.38) 0.72 7.32 25.68
16 1145 0.15(±0.16) 0.03 0.68(±0.29) 0.87 8.88 28.47
17 987 0.14(±0.22) 0.03 0.69(±0.32) 0.83 7.41 24.03
18 868 0.15(±0.28) 0.05 0.70(±0.35) 0.59 7.37 21.58
19 820 0.13(±0.19) 0.05 0.68(±0.28) 0.97 5.57 19.83
20 961 0.15(±0.19) 0.02 0.68(±0.37) 0.61 7.37 23.51
21 915 0.13(±0.25) 0.10 0.69(±0.32) 0.91 6.33 23.09
22 872 0.15(±0.21) 0.01 0.69(±0.37) 0.81 6.75 21.34
23 710 0.12(±0.34) 0.03 0.64(±0.40) 0.77 4.25 15.44
24 799 0.15(±0.39) 0.15 0.69(±0.37) 0.96 6.42 19.31
25 633 0.14(±0.35) 0.09 0.69(±0.34) 0.99 4.30 15.96
26 750 0.14(±0.07) 0.01 0.67(±0.40) 0.48 5.62 17.75
27 641 0.13(±0.33) 0.09 0.68(±0.33) 0.87 4.20 16.19
28 593 0.14(±0.28) 0.08 0.64(±0.37) 0.93 4.06 13.36
29 674 0.16(±0.16) 0.03 0.70(±0.33) 0.64 5.62 17.00
Total 32,777 0.14(±0.24) 0.03 0.68(±0.34) 0.85 16.61 53.43

|D’|>0.8. The overall means among the autosomes were r2=0.14 and
|D’|=0.68 (Table 2).

LD decay analysis suggested that for both r2 and |D’| measures, in
distances greater than 120 Kb, the LD reaches very low values (r2<0.1
and |D’|<0.6) (Fig. 1). This corroborates the results obtained in the
analysis of LD means over distances between markers.

The distance intervals of 800–900 Kb and 900–1000 Kb showed
discrepant LD decay patterns, mainly for the |D’| measures. In these
distance intervals, a low number of pairs of markers were observed

(13 and 10, respectively), which could explain these discrepant pat-
terns.

3.2. Effective population size (Ne) through the generations

Table 3 shows the Ne for each generation (in two-generation inter-
val) for the corrected formula of the sample size and the non-corrected
estimate of Ne. A clear decrease in Ne value is observed from 30 to 2
generations ago (Fig. 3a), reaching values less than 100 individuals for
2 generations ago in the non-corrected estimate. However, the most
interesting result is observed when the difference between the Ne for
two consecutive generations was analyzed (Fig. 3b). The highest dif-
ferences between generations were observed between 26–24, 22–20,
14–12 and from 6 to 2 generations ago, indicating that, at this moment,
the highest reductions in Ne for the Guzerá were observed.

3.3. FROH through the generations

Purfield et al. (2012) have shown that the Illumina Bovine SNP50
v2 BeadChip fails to detect ROH<1 Mb. In the present work, only
ROH>1 Mb were evaluated. The observed mean number of ROH per
individual was 389.81, the total length of the genome in ROH>1 Mb
was 771.87 Mb and the median length of ROH was equal to
1980.07 Kb (Table 4). The FROH originating from ~50, ~25, ~6 and
~3 generations ago (FROH>1 Mb, FROH>2 Mb, FROH>8 Mb and
FROH>16 Mb, respectively), calculated for the Guzerá, were compared
to the FROH estimates obtained for the Fleckvieh, Brown Swiss, Nor-
wegian Red and Tyrol Grey (Ferenčaković et al., 2013a). The
FROH>1 Mb estimated for Guzerá was higher than the FROH>1 Mb es-
timated for the four other breeds (Supplementary Table 1). However,
similar values were obtained for FROH>2 Mb for Guzerá and Brown
Swiss (0.148 and 0.129); and, for FROH>8 Mb and FROH>16 Mb
among Guzerá, Norwegian Red and Tyrol Grey (Supplementary Table
1). It is important to highlight that each population have their own
characteristics and the results of these comparison must the interpreted
carefully.

The analyses of FROH obtained for 30 generations until 2 gener-
ations ago indicated that there is a major contribution of the 30–20
past generations to current inbreeding (Fig. 2). Furthermore, Fig. 2
also shows that there is a decrease in FROH between the genera-
tions, until 12 generations ago. However, for the other inbreeding es-
timates the mean values did not change across significantly across the
subsamples of each generation (Supplementary Table 2). Moreover,

Fig. 1. LD decay in function of the distance between pairs of markers. (a) LD decay for the mean of r2 values for each distance between pairs of markers; (b) LD decay for the mean
of |D’| values for each distance between pairs of markers. The r2 and |D’| for each pair of markers were obtained using the SVS7 package.
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Table 3
Effective population size across the generations obtained for the Guzerá.

Generations Interval (Morgans) E (r2) Pairs of markers (n) Ne_correcteda Ne_non-correctedb

30 0.016–0.017 0.035(±0.077) 70,234 429.26 399.13
28 0.017–0.019 0.034(±0.076) 54,830 407.14 378.12
26 0.019–0.02 0.033(±0.074) 70,234 386.57 358.47
24 0.02–0.022 0.033(±0.073) 76,498 360.03 333.54
22 0.022–0.024 0.032(±0.072) 84,220 340.51 314.77
20 0.025–0.027 0.031(±0.070) 110,733 316.61 292.01
18 0.027–0.031 0.030(±0.068) 131,643 296.49 272.51
16 0.031–0.035 0.028(±0.064) 178,527 276.55 252.89
14 0.035–0.041 0.027(±0.061) 178,899 258.23 235.13
12 0.041–0.049 0.025(±0.057) 341,787 229.02 207.11
10 0.05–0.062 0.023(±0.052) 338,526 213.33 191.18
8 0.062–0.083 0.021(±0.064) 466,832 196.60 174.12
6 0.083–0.125 0.018(±0.042) 667,568 179.47 156.38
4 0.125–0.25 0.015(±0.033) 1,552,367 152.74 128.67
2 0.25–0.5 0.010(±0.020) 4,094,490 122.25 94.29

a Results obtained using Formula 3
b Results obtained using Formula 4

Table 4
Descriptive statistic of ROH (>1 Mb) for the Guzerá sample.

Parameter ROH length (Kb) Markers in a ROH Number of ROH Total length of the genome in ROH>1 Mb

Mean±Standard deviation 1980.07±2036.99 25.58±26.85 389.81±18.74 771.87±67.85
Median 1578.40 21 391 765.19
Minimum 1000.00 14 302 538.13
Maximum 85986.68 1298 432 1062.51

Fig. 2. FROH across the generations for the Guzerá. (a) Contribution of each generation (FROH of the previous generation – FROH of the current generation) to FROH; (b) The mean of
FROH across the generations.

highly significant Pearson correlation coefficient was observed be-
tween FROH and the FHOM in all generations, except between the
FROH[10 generations] and FHOM[10 generations] (Supplementary Table 3). The
Pearson correlation for the other genomic inbreeding estimates were
smaller than observed between FROH and FPED. These results reflect
the history of the introduction of the Guzerá in Brazil. They also cor-
roborate the pattern of length and number of ROH observed for each
individual, which reflects the high levels of inbreeding through which
the Guzerá have passed during its recent history.

3.4. Population genetic structure analyses

Cross-validation error analysis suggested K=2 as the most proba-
ble value (Supplementary Fig. 2). This K-value probably reflects the

selection purposes to which the breed has been subjected in Brazil. In
the sample used in the present study, there are two kinds of herds: (1)
dual-purpose (milk and beef) herds (Fig. 4, first population); (2) herds
used for beef production (Fig. 4, second population). In the first clus-
ter, the dual-purpose lineages are grouped. It is noteworthy that, in the
herds where the dual-purpose selection was recently adopted (derivate
from beef herds), there is a high proportion of the second component
(red in Fig. 4).

4. Discussion

Evaluate the recent evolution of genetic diversity is a challenge,
but it fundamental for the understanding of the processes that an en-
dangered breed or species is being going through. Here we test a
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strategy based on genome-wide SNP genotyping and analysis of LD
decay, FROH, and evolution of effective population size through the
generations, to recover recent evolution of genetic diversity The Zebu
breed Guzerá was used as a model, because its history in Brazil is well
known.

Until the present study, all other studies aiming to assess the ge-
netic diversity of the Guzerá were based on pedigree or on microsatel-
lite data. Pedigree is frequently limited to only a few generations
back; microsatellites are limited due to their low coverage of the
genome. The Guzerá passed through some bottlenecks during evolu-
tion in Brazil. It was introduced in Brazil at the end of the 19th cen-
tury, when a small contingent of animals was imported from India. In
Brazil, the Guzerá was prevalent until 1939. After this period, a sub-
stantial reduction was observed in the purebred population size to un-
comfortable levels, due to the widespread use of this breed to produce
crossbred animals. After1950, the population size stabilized and began
to increase.

In the last decade, a Multiple Ovulation and Embryo Transfer
(MOET) scheme was implemented for the Guzerá. This scheme al-
lows the formation of large families of full- and half-sisters, thus per-
mitting the evaluation of the productive potential of a sire by the yield
of his sisters (Teodoro et al., 2003). However, despite the adoption of
mating planning, the MOET nucleus demands constant evaluation of
genetic diversity to avoid the use of a small number of animals se-
lected by family index and subjected to intensive breeding processes.
This way, the success of the genetic improvement can be hampered by
the inbreeding, caused by the small effective number of animals used
in the breeding program. The deleterious effects of endogamic depres-
sion have been detected in both taurine and Zebu cattle, affecting char-
acteristics such as embryonic development in the first two post-fertil-
ization weeks (Lazzari et al., 2011), daily milk yield, age at first calv-
ing and calving interval (Panetto et al., 2010). Therefore, the evolution
of genetic diversity must be monitored constantly in order to ensure
the efficiency of the genetic improvement programs and the conserva-
tion of the breeds under selection.

LD is an important tool in association studies as well as in stud-
ies aiming to evaluate genetic diversity. Thus, LD has been used in
several studies to determine the diversity and history, signatures of se-
lection, recombination rates, effective population size and other pop-
ulation events in cattle (Waples and Do, 2010; Bolormaa et al., 2013;
Loh et al., 2013; Ramey et al., 2013; O’Brien et al., 2014; Schiavo
et al., 2015). Moreover, for high-resolution association mapping, it
is also necessary to identify haplotype-block structures and a mini-
mal set of polymorphisms, for example, haplotype tag-SNPs. The re-
sults obtained for taurine breeds cannot be applied directly to indicine
breeds because the LD pattern is different between these two breeds
(Villa-Angulo et al., 2009; O’Brien et al., 2014). However, most of
the markers used for genomic selection are derived from taurine se-
quences.

This is the first study to evaluate the LD pattern in the genome
of the Guzerá. The results obtained here are very similar to those de-
scribed for O’Brien et al. (2014) in taurine and indicine breeds. After
quality control filtering, the average gap between markers was 76 Kb,
an inconsistent pattern of LD decay was observed in the bins of mark-
ers up to 20 Kb apart. Moreover, for Nelore, Gir and Brahman, r2

reached values below 0.1 for distances larger than 200 Kb, similar
to those observed in the present study (120–140 Kb) (O’Brien et al.,
2014).

Genome-wide, ROH based analyses of genetic diversity has en-
abled the identification of genetic relationships that would not be de-
tected otherwise. FROH has been used in several species to assess in

breeding levels, population evolutionary dynamics and to map dis-
eases. An interesting result emerged when FROH>1 Mb, FROH>2 Mb,
FROH>8 Mb and FROH>16 Mb, obtained for the Guzerá, were com-
pared with these same measures in other breeds.

FROH>2 Mb is very similar between Guzerá and Brown Swiss
breeds (0.148 and 0.129). The Brown Swiss population used by
Ferenčaković et al. (2013a) is derived from the US Brown Swiss popu-
lation, which is genetically small, reflecting the importation of a small
number of individuals and subsequent interbreeding. Similarly, the
Brazilian Guzerá population originated from a small number of indi-
viduals imported from India at the end of the 19th century. Moreover,
FROH>2 Mb reflects the inbreeding originating from approximately
25 generations; which, using a 6-year generation interval (Peixoto,
MGCD personal communication), corresponds to the end of the 19th
century (c. 1870). These findings reinforce that Guzerá genetic diver-
sity still reflects the importation bottleneck. It is very important to
highlight that, as informed by Ferenčaković et al. (2013b), the results
obtained through the evaluation of ROH with lengths <4 Mb must be
interpreted carefully. This is necessary due to the overestimation of
these ROHs, caused by the small number of closely positioned mark-
ers, when Illumina Bovine SNP50 v2 BeadChip data are analyzed.
The same precaution is necessary when interpreting LD estimates in
distances where inconsistent LD decay patterns are observed (Fig. 1).

Similarity, in the FROH>8 (~6 generations ago) values was ob-
served between the Guzerá and Tyrol Grey breeds. The Tyrol Grey
population used in the studies by Ferenčaković et al. (2013a) has a
small population size (<5000) of registered cows, which have been the
target of a breeding program that involves a bull testing scheme using
both artificial insemination and natural mating. Moreover, this popula-
tion had high inbreeding levels (Sölkner et al., 1998). FROH>8 reflects
the inbreeding originating ~6 generations ago, which corresponds to
approximately 40 years ago. At the end of the 70s, the herdbooks of
the Guzerá were closed in Brazil. For this reason, several animals no
longer met the criteria to be recognized as belonging to the breed, thus
reducing the purebred population.

FROH>16 Mb, which corresponds to the inbreeding originating ~3
generations back (~18 years), obtained for the Guzerá was very sim-
ilar to that obtained for the Norwegian Red breed by Ferenčaković et
al. (2013a). The Norwegian Red population used in this study is highly
heterogeneous as a result of the historic admixture and, therefore, has
an elevated Ne estimate (Sodeland et al., 2011). This elevated Ne was
maintained through the active control of inbreeding and gene flow
by importing sires from other Nordic countries. In the last decade,
the Guzerá was submitted to an intensive breeding program, which
aimed at reducing inbreeding levels and stimulating the increase of ge-
netic diversity. This may explain the similarity of the FROH>16 Mb ob-
served between the two breeds.

Ne and FROH across the generations match what is known about
the genetic variability and the evolution of the Guzerá during the last
century in Brazil. In the present study, it was observed that most of
the inbreeding in the current Guzerá population originated from 30
to 20 generations ago. Moreover, analysis of the inbreeding contribu-
tion of each generation (FROH of the previous generation–FROH of the
present generation) shown in Fig. 2a suggests that, up to 20 genera-
tions ago, the inbreeding levels did not change drastically. However,
a drastic reduction in the Ne at 26 and 22 generations ago were ob-
served (Fig. 3b). These findings reflect the formation of the Brazil-
ian Guzerá herds from the importation of a few animals at the end of
the 19th century (20 generations ago). Two other drastic reductions on
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Fig. 3. Effective population size (Ne) across the generations. (a) Ne calculated for each two generation interval, from 30 to 2 generations ago. (b) Ne contribution for the observed Ne
decay (Ne[past generation] – Ne[current generation]) for each generation from 30 to 2 generations ago. For both analysis, 6-years was considered as the inter-generation interval.

Ne were observed at 14 and from 6 until 2 generations ago (approxi-
mately the end of the 1930s and 1970s, respectively). These were two
important moments in the history of Brazilian Guzerá herds: (1) from
1940 until 1950, the Guzerá passed through a drastic size reduction
due to its intensive use in the formation of crossbreds; (2) at the end
of the 1970s, the closing of the “herdbooks” for the Guzerá resulted
in more stringent rules for classifying an animal as a Guzerá and a
consequent reduction on the purebred herds. Peixoto et al. (2010) ob-
tained values of inbreeding coefficients assessed by pedigree data, up
to 6 generations ago, (from 0.0162 to 0.0283) very similar to the FROH
results for more recent generations (from 10 to 2 generations ago) ob-
tained in the present study. Even though the two approaches are differ-
ent, high correlation was observed between the inbreeding coefficients
assessed by FROH and FPED (Ferenčaković et al., 2013a; Curik et al.,
2014). However, in the present study, a small correlation was observed
between FROH and FPED, as were also observed for the other genomic
inbreeding estimates, FHOM and FG (Supplementary Table 3). It is im-
portant to highlight that FG showed a small correlation between FROH
and FHOM. This can be explained by the fact that the inbreeding coeffi-
cient obtained using the method described by VanRaden et al. (2008)
is weighted by the allelic frequency of the markers. Therefore, individ-
uals sharing rare alleles will have inbreeding coefficients higher than
those of individuals sharing common alleles. The FROH only takes into
account the sum of the ROH across the genome, without any weight-
ing by the ROH frequency. Furthermore, this can be the reason for the
low correlation observed between FROH and FG. The same reasoning
is applicable to the low correlation observed between FHOM and FG.
However, it is important to highlight that the smallest correlation was
observed between FG and FPED, once again reinforcing the differences
between pedigree based and genomic based estimates.

Genetic structure analyses showed clear separation between the
two lineages composing the sample. The dual-purpose lineages were
grouped in the first cluster (Fig. 4). These lineages are early deriva-
tives from beef lineages (second cluster). It is possible to note that,
in herds where dual-purpose selection was recently adopted (last bars
in first cluster), there is a high proportion of the second component
(red in Fig. 4). These results suggest that the Guzerá population com-
prises a small number of specialized lineages (for example, beef) and,
mainly, lineages which are in the process of specialization. This pro-
vides an important tool for selecting individuals to be included in
breeding programs. Moreover, these results suggest that there are lin-
eages, which can be kept as genetic diversity reservoirs, to prevent
endogamic depression, particularly those lineages composed equally
of beef and dual-purpose components. Furthermore, considering that,

Fig. 4. Probability of each animal belonging to each subpopulation estimated with AD-
MIXTURE 1.23. Under the hypothesis of K=2, blue represents the probability of the an-
imal belonging to the first population and red, to the second population. Animals were
grouped according to the selection purpose: (1) dual-purpose and (2) beef production.
(For interpretation of the references to color in this figure legend,the reader is referred
to the web version of this article)

in the present study, only minimally related animals were used, im-
portant individuals could be identified for use in increasing the genetic
diversity levels in specialized Guzerá populations.

In recent years, a growing number of studies evaluating the higher
reliability and precision of genetic studies based on genomic, rather
than pedigree, data have been published (Kardos et al., 2015; Gorjanc
et al., 2015). However, most studies are limited to characterizing con-
temporary genetic diversity or estimating the evolution of genetic di-
versity over long periods of time. To our knowledge, this is the first
paper to show that it is possible to recover recent evolutionary events
through genome-wide data. Precise estimates of effective population
size and current inbreeding levels are important aspects for develop-
ing strategies which aim avoid the deleterious effects of endogamic
depression. The results obtained in the present study corroborate the
Guzerá historical record, and reinforce the impact of past generations
and recent bottlenecks on current inbreeding levels. Moreover, it was
possible to observe a constant decrease in Ne across the generations,
especially from 6 to 2 generations ago, which may reflect the inten-
sive selection processes to which the breed has been subjected. Ad-
ditionally, the Ne values drop below 100 animals in the most recent
generations. This estimate indicates a worrisome scenario in which
the breed can suffer the deleterious effect of endogamic depression.
These results highlight the necessity of developing new strategies for
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the genetic diversity management for the breed focusing on the influ-
ence of past generations and recent fluctuations in effective population
size.

5. Conclusions

The strategy applied here, based on genome-wide genotyping fol-
lowed by LD decay, Ne and FROH across the generations, enabled
the study of the recent evolutionary history of the Guzerá. The re-
sults obtained in the present study demonstrated an intensive contri-
bution of recent evolutionary events to the formation of the current
inbreeding and genetic diversity levels in the Guzerá population. Al-
though Guzerá had been used as a model, the findings reported here
may be considered for any livestock specie. The intensive selection
processes or recent bottlenecks can contribute considerably to the for-
mation of current inbreeding in any population. Therefore, the appli-
cation of methodologies which are useful for estimating the impact of
recent evolutionary events on current genetic diversity is a crucial step
in the development of management strategies. Consequently, this can
avoid the effects of endogamic depression. Furthermore, the method-
ology and the results described here can be useful to help the selection
of conservation strategies for endangered species, for which historical
records are not available.
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