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The monitoring of population structure, inbreeding and other related parameters has great potential to
prevent major losses of genetic diversity in populations of Zebu cattle in Brazil. Therefore, the objective of
the present study was to investigate the structure and genetic diversity of Brazilian Zebu cattle breeds by
pedigree analysis. The national pedigree file of the seven Brazilian Zebu breeds was used, which included
all registered animals (12,290,243) born between 1938 and 2012: Brahman, Gir, Guzera, Indubrasil,
Nelore, Sindi, and Tabapua. Almost all breeds studied undergo expansion in their census which, however,
is not accompanied by the maintenance of genetic diversity. Problems were encountered in all breeds,
but most of them can currently be considered less important. Using the calculation method considered as
the most accurate for pedigree analysis when some population substructure exists, all breeds, except
Sindi, had effective population size greater than 100. The most common problems were the presence of
tight bottlenecks in the pedigree, which were mainly due to the intensive use of few animals as parents
and the high degree of population subdivision. The use of a wider range of sires is therefore re-
commended. However, most Zebu breeds can deal with breeding programs using high selection in-
tensities. Greater care should be taken in the case of the Indubrasil breed since its census was reduced
drastically over the last few years, a fact favoring the occurrence of serious problems related to in-
breeding. Although Sindi presents problems due to subdivision and possesses a relatively small census
compared to other Zebu breeds, this population would have a promising future if its breeding policy
were revised.
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1. Introduction registered in 1938 when the herd book of Zebu Breeds was cre-

ated. More than 12 million animals had been registered until 2012,

Zebu cattle breeds (Bos indicus) play an important role in meat
and milk production in (sub)tropical countries, particularly in
Brazil. An estimated 80% of the 210 million cattle raised in Brazil
are pure or crossbred Zebu animals. The undeniable adaptation of
Zebu breeds to high temperatures and low-quality pastures and
their resistance to parasites strongly contributed to the extensive
dissemination of these breeds in Brazil. Zebu cattle were first in-
troduced in Brazil in 1875 through several imports that brought
6262 animals of Indian origin. The first animals were officially
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including 85.4% Nelore, 4.4% Gir, 3.8% Tabapud, 3.5% Guzera, 2.1%
Brahman, 0.7% Indubrasil, and 0.2% Sindi.

In Brazil, all Zebu breeds have been submitted or are being
submitted to a genetic improvement process using methods such as
BLUP, with some breeds being selected for milk, meat, or both. As a
consequence, several of these breeds without an appropriate mat-
ing program can exhibit some degree of subdivision which, ac-
cording to Cervantes et al. (2008, 2011) may increase inbreeding
and consequently reduce genetic diversity at the individual level.
The evaluation of genetic diversity, structure and gene flow based
on pedigree data has been extensively used in different livestock
species for conservation and breeding purposes. In the case of Zebu
cattle, important studies based on pedigree analysis have been
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performed, but these studies are often restricted to subpopulations
of a single breed (Malhado et al., 2009; Peixoto et al., 2010; Reis
Filho et al., 2010). Practically all studies conducted on Zebu cattle in
Brazil indicate problems such as a reduced effective size, bottle-
necks in the pedigree, an increase in average inbreeding (Faria et al.,
2009; Malhado et al., 2009; Peixoto et al., 2010), and even the risk of
extinction (Carneiro et al, 2009). Therefore, the objective of the
present study was to investigate the structure and genetic diversity
of Brazilian Zebu cattle breeds by pedigree analysis.

2. Material and methods
2.1. Breeds and pedigree data

The national pedigree file of the seven Brazilian Zebu breeds was
used, which included all registered animals (12,290,243) born be-
tween 1938 and 2012: Brahman (BRA), Gir (GIR), Guzera (GUZ), In-
dubrasil (IND), Nelore (NEL), Sindi (SIN), and Tabapua (TAB) (Table 1).
Pedigree data were obtained from the herd book of Zebu Breeds
stored by the Brazilian Association of Zebu Breeders (ABCZ), Uberaba,
Minas Gerais, Brazil. The breeds studied differ in terms of selection
purpose and formation. In general, the BRA, NEL and TAB breeds are
selected for meat production, GIR selected for milk (mainly) or milk
and meat, SIN selected for milk production, GUZ selected for meat,
milk or both, and IND selected for meat (mainly) or meat and milk.
The BRA is a Zebu breed developed in the United States from the
cattle imported from India and Brazil. The breed was officially in-
troduced in Brazil in 1994 by the importation of animals from the

Table 1

United States. The GUZ, NEL, and GIR breeds had an important in-
fluence on formation of BRA. The IND breed was formed by crossings
mainly between GIR and GUZ animals from 1930 to 1940. The TAB
breed was formed around 1940 by crossings between polled cattle of
European origin (‘Mocho Nacional’) and animals of Indian origin,
mainly NEL, GUZ and GIR. As mentioned earlier, the GIR, GUZ, NEL
and SIN breeds were introduced in Brazil mainly by imports from
India. In the present study, no differentiation was made between
polled and horned animals within each breed studied.

2.2. Pedigree analysis

The analyses were performed using the EVA (Berg et al., 2006),
PEDIG (Boichard, 2002) with modifications made by Gregoire Leroy to
compute effective population size based on coancestry, and CFC (Sar-
golzaei et al.,, 2006) softwares. All parameters were computed for the
reference population of animals born from 2005 to 2012. This defi-
nition is equivalent to animals born in the last generation interval.

The number of equivalent complete generations (ECG) traced was
computed as the sum over all known ancestors of the terms (1/2%),
where d is the ancestor's generation number, which is equal to one for
the parents, two for the grandparents, etc. (Maignel et al., 1996). Ef-
fective population sizes were estimated on the basis of individual rates
of inbreeding AF,; (Gonzalez-Recio et al., 2007; Gutiérrez et al., 2009)
and coancestry ACj (Cervantes et al,, 2011), considering:

AF=1-%1-F)

Summary statistics of the pedigree analysis of the Brazilian Zebu breeds for individuals in the reference population (born between 2005 and 2012).

Item Breeds

Brahman Gir Guzera Indubrasil Nelore Sindi Tabapua
Entire pedigree 260573 534664 425475 80596 10494715 24844 469376
Reference population 185842 209215 176390 3744 4045548 12549 181523
ECG 723 5.01 6.54 5.82 6.03 4.77 4.81
MAXG 30 16 18 16 24 13 13
Average F (%) 2.10 2.04 2.39 6.24 2.70 3.01 1.90
F=0 (%) 21.94 31.68 11.21 24.04 18.31 40.28 25.05
0<F<6.25 (%) 70.87 58.73 79.28 39.64 74.67 26.88 67.52
6.25 <F<12.5 (%) 5.51 6.37 6.75 13.70 5.85 18.57 4.86
12.5 <F <25 (%) 1.46 2.64 227 19.55 0.89 12.53 2.09
F>25 (%) 0.22 0.58 049 3.07 0.27 1.74 047
Maximum F (%) 32.73 48.25 56.25 40.65 47.58 44.14 38.28
Average C (%) 2.42 1.82 173 1.36 2.85 2.85 1.40
a -0.40 0.20 0.64 4.40 -0.03 1.96 0.45
NeFi 158.5 104.1 118.1 40.3 100.23 374 101.5
NeCi 151.5 138.6 192 199.6 113.33 84.2 169.2
N 0.96 133 1.63 4.95 113 225 1.67
ne 21263 18912 9937 1720 418475 969 19080
fe 281.90 96.10 119.00 169.20 37.00 43.00 89.10
fa 40.70 46.12 69.87 63.39 28.36 26.98 55.70
Iz 21.26 27.75 29.71 37.36 19.41 17.72 36.21
fa/fe 0.14 0.48 0.59 0.37 0.77 0.63 0.63
falfe 0.08 0.29 0.25 0.22 0.52 0.41 0.41
GD*-GD 217 1.28 1.26 1.04 1.22 1.66 0.82
1-GD* 0.18 0.52 0.42 0.30 135 116 0.56
1-GD 2.35 1.80 1.68 1.34 2.58 2.82 1.38
A25% 5 5 8 5 3 3 6
A50% 16 20 25 26 14 1 32
A75% 80 108 110 93 115 31 227
1000A (%) 87.29 90.57 93.60 99.79 83.37 100.00 85.11

ECG=equivalent complete generations; MAXG=maximum number of generations traced back in the pedigree; F=inbreeding coefficient; MAXF=maximum F;
C=coancestry coefficient; a=degree of nonrandom mating; NeFi=effective population size based on individual inbreeding rate; NeCi=effective population size based on
individual coancestry rate; S=NeCi/NeFi; ne=number of founders; fe=effective number of founders; fa = effective number of ancestors; fg=effective number of founder
genomes; GD*-GD=loss of diversity by genetic drift accumulated over nonfounder generations; 1-GD*=loss of genetic diversity due to the unequal contributions of
founders; 1-GD=genetic diversity lost in the population since the founder generation; A25, A50, A75=numbers of ancestors explaining a given percentage of the gene pool;

1000A=percentage of the gene pool explained by the first 1000 ancestors.
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where F is the inbreeding coefficient of individual i, C; is the coan-
cestry coefficient between individuals iand j, and t; and t; are their
respective  ECG.  Finally, the following formulas were
used: NeF; = 1/(2AF) and NeC; = 1/(2AC). The number of equivalent
subpopulations was computed as described by Cervantes et al. (2008):
S=NeCi/NeFi.

The degree of nonrandom mating was measured by the cor-
relation of genes within individuals relative to the correlation of
genes taken at random from the population (&) as done in the
study of Caballero and Toro (2000). This coefficient gives an in-
dication of the degree of deviation from Hardy-Weinberg pro-
portions and is related to the previous inbreeding coefficients by
1-F)=1-0Q@ - a)(Wright, 1969). Inbreeding coefficients of
animals born in each year were split into two parts called old
(F_old) and new (F_new) inbreeding. New inbreeding was defined
as the period of the three first generations and the old inbreeding
resulted from the difference of the total inbreeding coefficient
taking into account all pedigree information and new inbreeding
of each animal. The contributions of nodal common ancestors to
inbreeding, i.e., which form inbreeding loops, were computed ac-
cording to Colleau and Sargolzaei (2008). The expected marginal
contribution of each major ancestor j was computed as its ex-
pected genetic contribution, independent of the contributions of
the other ancestors (Boichard et al., 1997). The number of founders
(fe) and ancestors (f;) was obtained to evaluate the concentration
of the origin of both animals and genes. Parameter f, was defined
as the number of equally contributing founders that would be
expected to produce the same genetic diversity as observed in the
population under study (Lacy, 1989). When founders contribute to
the reference population more equally, the effective number of
founders is higher. This parameter was calculated as
f. =1/1X]_,q?1, where gy is the probability of gene origin of
founder k. Parameter f, is the minimum number of ancestors, not
necessarily founders, explaining the complete genetic diversity of
a population. This parameter complements the information pro-
vided by the effective number of founders by accounting for the
losses of genetic variability caused by the unbalanced use of
breeding individuals producing bottlenecks. This parameter was
calculated as f, = 1/ [Z’;:1 qu], where g; is the marginal contribution
of ancestor j, which is the genetic contribution made by an an-
cestor that is not explained by other ancestors chosen before. The
founder genome equivalents (f;) can be defined as the number of
founders that would be expected to produce the same genetic
diversity as observed in the population under study if the founders
were equally represented and no loss of alleles occurred (Ballou
and Lacy, 1995). Following Caballero and Toro (2000), parameter f;
was obtained by the inverse of twice the average coancestry of the
individuals included in a pre-defined reference population. The
effective number of non-founders (f;;) accounts for the effects of
genetic drift in non-founder generations. This parameter was
computed by the following expression proposed by Caballero and

Toro (2000): % = fl + j%
g e n

The genetic diversity (GD) in the reference population was
computed as: GD =1 - Z—}g (Lacy, 1989, 1995). In domestic popu-
lations, bottlenecks and genetic drift occur frequently and lead to
loss of genetic diversity. The genetic diversity lost in the popula-
tion since the founder generation can be estimated by 1 — GD. The
loss of genetic diversity due to unequal contributions of founders

was estimated by 1 - GD*, where GD*=1 — % (Caballero and
Toro, 2000). The difference between GD and GD" indicates the loss
of genetic diversity due to genetic drift that had accumulated since
the founding of the population (Lacy, 1995). Thus, this difference

can be expressed as: GD* - GD = %
n
The generation interval (GI) was defined as the average age of
the parents at the birth of their progeny that were subsequently
kept for reproduction. Average trends of GI were estimated by
regressing means of GI of animals by birth year using all historical

data available.

3. Results

3.1. Pedigree completeness level, demographic parameters, and
generation interval

All Brazilian Zebu cattle breeds exhibited an increase in pedi-
gree knowledge over the years as shown in Fig. S1. Notably, the
equivalent complete generations (ECG) was higher in the BRA
breed, with a value close to 8 in 2012. According to the number of
ECG calculated for animals of the reference population, the level of
pedigree knowledge was high for BRA, intermediate for GUZ, IND
and NEL, and low for GIR, SIN and TAB (Table 1). The maximum
number of generations traced reached the highest values in BRA
(30) and NEL (24), intermediate values in GIR, GUZ and SIN (16—
18), and the lowest values in SIN and TAB (13) (Table 1). The
number of animals born per year has been increasing in most
breeds, particularly after 2000, except for IND (Fig. S1). In the
latter case, fewer than 300 animals had been registered in 2012,
while this number ranged from approximately 1700 (SIN) to
347,000 (NEL) animals for the other breeds. In the IND breed, a
reduction in the number of records of approximately 63% has been
observed in the last decade alone.

The average generation interval (AGI) in Zebu breeds ranged
from 6.95 (BRA) to 9.78 years (IND), as shown in Table 2. The trend
in annual change in AGI using all historical data available was
positive for all breeds, with an estimated annual increase of 2.43
(BRA) to 12.17 days (IND). The AGI for different pathways (sire-
progeny, dam-progeny, sire-son, sire-daughter, dam-son, and
dam-daughter) were almost always longer for IND (Table 2). The
sire-progeny AGI (7.14-11.36 years) was always longer than the
dam-progeny AGI (5.20-7.96 years) for all breeds. As expected, the
age of sires and dams at reproduction was also higher for IND,
followed by GIR, NEL, GUZ, TAB, SIN, and BRA. The percentage of
breeding sires with more than 10 or 15 years was consistently
higher in the IND breed. The percentage of breeding dams with
more than 10 or 15 years was higher in the GIR breed. The per-
centage of registered males was lower in the SIN and GIR breeds.
In GIR, the percentage of registered females accounted for almost
60% of all registered animals. The cow to bull ratio was much
higher in NEL (31.82), followed by TAB (22.77), BRA (17.23), and
GUZ (15.46). The number of cows per bull ranged from 8 to 11 in
the GIR, IND, and SIN breeds.

3.2. Inbreeding, coancestry, and effective population size

The average inbreeding coefficient ranged from 2% to 3% in
most of the breeds studied, except for the IND breed in which the
inbreeding coefficient was higher than 6% (Table 1). The percen-
tage of non-inbred animals ranged from 11% (GUZ) to about 40%
(SIN). The percentage of animals with an inbreeding coefficient
higher than 25% was much higher in IND (3.07%) and SIN (1.74%)
than in the other breeds (0.22-0.58%). Mean coancestry was
higher for the BRA, NEL and SIN breeds (2.42-2.85%). As can be
seen in Fig. 1, average inbreeding has been increased over the
years in some of the breeds studied. In the GIR breed, average
inbreeding had increased considerably until 1998, reaching a value
of 3.55 in 1998 and decreasing markedly thereafter. Similarly, the
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Table 2

Generation interval, estimate of annual change in the generation interval, statistics of age in reproduction, percentage of males and females registered, and dam to sire ratio
of the Brazilian Zebu breeds for individuals in the reference population (born between 2005 and 2012).

Item Breeds

Brahman Gir Guzera Indubrasil Nelore Sindi Tabapua
AGI 6.95 8.93 7.60 9.78 7.93 7.01 7.20
TREND? 2.43** 8.52** 4.87** 12.17** 6.08** 4.87* 7.30**
AGI Sire-progeny 8.39 10.65 8.29 11.36 8.91 714 7.66
AGI Dam-progeny 5.20 7.03 6.86 7.96 6.73 6.87 6.65
AGI Sire-son 9.82 13.79 9.18 11.47 9.99 6.80 8.34
AGI Sire-daughter 9.06 10.95 8.07 10.91 8.93 7.10 741
AGI Dam-son 5.10 7.53 7.34 9.92 6.54 6.92 6.61
AGI Dam-daughter 4.99 7.51 6.87 8.54 6.72 7.37 6.52
AS (years) 5.95 7.06 6.93 9.38 6.65 6.13 6.22
AD (years) 6.51 8.80 7.35 9.95 7.98 6.49 7.09
S10 (%) 13.74 19.04 18.41 25.68 15.57 12.55 13.54
D10 (%) 19.32 42.19 28.54 23.37 33.48 19.74 26.79
S15 (%) 5.40 7.95 6.25 15.80 418 1.81 3.80
D15 (%) 2.63 6.66 3.47 5.15 3.81 121 1.55
Males (%) 51.29 40.21 49.88 49.69 50.48 46.19 51.18
Females (%) 48.71 59.79 50.12 50.31 49.52 53.81 48.82
D/S 17.23/1 11.78/1 15.46/1 8.00/1 31.82/1 10.22/1 22.771

AGI=average generation interval (in years); TREND=annual changes in AGI (in days); AS=average age of sires in reproduction; AD=average age of dams in reproduction;
S10, S15, D10, D15 =percentage of sires or dams with more than 10 or 15 years in reproduction; D/S=dam to sire ratio.

2 Significance levels for linear solutions denoted by ** (P < 0.01). Data used in these specific calculations included all historical data available for each breed.

SIN breed had the highest average inbreeding in 2001 (11.42%),
followed by a sudden decrease. In the GUZ and NEL breeds, a re-
duction in average inbreeding was observed by 2003 and an in-
crease in the following years. In the case of the IND breed, there
was a consistent increase in the average level of inbreeding until
2000, followed by fluctuations in the last decade. Over the last few
years, mean coancestry has exceeded or is close to exceeding
average inbreeding in the BRA, GIR, NEL, SIN, and TAB breeds
(Fig. 1). The averages of F_old and F_new as percentage of the total
inbreeding were 24 and 73% (BRA), 12 and 88% (GIR), 17 and 83%
(GUZ), 12 and 88% (IND), 8 and 92% (NEL), 7 and 88% (SIN), 6 and
94% (TAB), respectively. For all breeds, the F_new has been reduced
over the years (Fig. 2). BRA was the breed with lower level of
F_new. GUZ was the breed with the highest reduction of F_new.
Only in the 2000s, SIN showed a important divergence between
F_new and F_old. SIN showed the highest peaks of increase in
inbreeding, followed by IND and GIR. In contrast, BRA showed a
smaller increase in inbreeding over the years.

The NeCi ranged from 84.2 (SIN) to 199.6 (IND), whereas NeFi
almost always presented lower values ranging from 37.4 (SIN) to
158.5 (BRA) (Table 1). The S was higher in IND (4.95) and much
lower in BRA (0.96). As shown in Fig. 3, NeCi had decreased or had
remained constant in most breeds in recent years, except for the
SIN breed that showed a substantial increase over the last 20
years. In contrast, NeFi tended to increase in most breeds over the
last few years.

3.3. Population structure, breeding policy, and degree of nonrandom
mating

The S assumed high values of 8-10 in the BRA, GIR, GUZ, and
IND breeds at different times during the history (Fig. 3). However,
in most breeds the value of S has stabilized or has begun de-
creasing in recent years. Thus, in the last decade, breeding policies
of the studied breeds tended to avoid the subdivision. In BRA, it is
observed that practically all animals are equally likely to mate with
any individual of the opposite sex (S very close to 1 in recent
years). GIR, GUZ, and IND showed breeding policy predominantly
intra-herd between 1970 and early 2000s. NEL, TAB, and particu-
larly SIN, showed breeding policy based on the abusive use of

some individuals as breeding animals. The degree of nonrandom
mating was higher for IND (4.4%) and SIN (1.96%) than for the
other breeds. In all breeds (except for IND), the degree of non-
random mating tended to decrease or was close to zero in the last
decade (Fig. 1).

3.4. Probabilities of gene origin and loss of genetic diversity

The NEL and SIN breeds exhibited the lowest values of fe, fa,
and fg (Table 1). The fe was much higher in BRA (281.9) than in any
other breed. The fa was lower in SIN (26.98) and higher in GUZ
(69.87). In contrast, fg was lower in SIN (17.72) and higher in IND
(37.36). Thus, in the case of Brazilian Zebu cattle breeds, 17.72-
37.36 unrelated founder genomes would be necessary to explain
the genetic diversity observed in the respective reference popu-
lations of each breed. Analysis of the values of fa/fe and fg/fe
showed the presence of bottlenecks in the pedigree of all breeds,
with these values ranging from 0.08 (BRA) to 0.77 (NEL). The loss
of genetic diversity due to genetic drift accumulated over non-
founder generations (GD*-GD) was more important than the loss
due to unequal contribution of founders (1-GD*) in almost all
breeds, corresponding to 92.34, 71.11, 75.0, 77.61, 47.29, 58.87 and
59.42% in BRA, GIR, GUZ, IND, NEL, SIN and TAB, respectively
(Table 1). For animals belonging to the reference population, the
loss of genetic diversity since the founder generation (1-GD) did
not reach 3%. However, as can be seen in Fig. 4, the loss of genetic
diversity tends to increase in the next few years. The trends ob-
served for fe, fa, and fg are a reduction in almost all breeds. In the
SIN and NEL breeds, the estimates of these parameters did not
undergo a marked reduction in the last 5 years (Fig. 4).

3.5. Contributions of ancestors to the gene pool and to inbreeding

Few ancestors were responsible for a high percentage of the
gene pool, e.g., 11-32 ancestors explained 50% of the gene pool of
the reference population of all breeds (Table 1). Table S1 shows the
genetic contributions and contributions to inbreeding of the five
main ancestors of each breed. The cumulative marginal genetic
contribution of these ancestors was 27.58, 26.01, 19.09, 21.58,
34.92, 34.91 and 23.10% in BRA, GIR, GUZ, IND, NEL, SIN and TAB,
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Fig. 1. Average inbreeding coefficients (F), average coancestry (C), and degree of nonrandom mating («) according to the birth year in the seven Brazilian Zebu cattle breeds
(BRA, Brahman; GIR, Gir; GUZ, Guzera IND, Indubrasil; NEL, Nelore; SIN, Sindi; TAB, Tabapua).

respectively. For BRA, 82.52% of the gene pool in recent years is
due to foreign ancestors (United States, 73.41%; Paraguay, 4.43%;
Argentina, 3.62%; Colombia, 0.53%; Australia, 0.53%). The average
year of birth of the five main ancestors was 1990, 1984, 1984, 1988,
1963, 1931 and 1987 in BRA, GIR, GUZ, IND, NEL, SIN and TAB,
respectively. As can be seen in Table S1, 14.11 (IND) to 53.57% (NEL)
of the total inbreeding of animals belonging to the reference po-
pulation can be explained by the five ancestors with major mar-
ginal genetic contribution in each breed. Karvadi IMP. (NEL), Vin-
culo da Prog. (TAB), Laguno (SIN), and JDH Remington Manso
(BRA) alone contributed to 31.08, 22.34, 20.63 and 19.67% of in-
breeding in recent years in their respective populations.

4. Discussion

Pedigree knowledge has increased annually in all Zebu breeds
studied (Fig. S1, Table 1). BRA was the Zebu breed that presented
the best known pedigree (number of ECG of 7.23 and maximum
number of generations traced of 30). This finding is probably due
to the fact that this breed was imported from the United States
where the herd book was established in 1924 (years before the
creation of the herd book of Zebu breeds in Brazil). The SIN and
TAB breeds presented the lowest level of pedigree knowledge
among the breeds studied (Table 1). However, the number of ECG
in these breeds has increased almost linearly over the last few
years (Fig. S1). The number of animals born has also increased
considerably in all breeds, except for IND (Fig. S1). A drastic re-
duction in the number of IND animals born has also been reported
by Vercesi et al. (2002a) for the IND breed and by Carneiro et al.

(2009) for IND cattle from northeastern Brazil. According to the
latter authors, the reduction in the IND breed mainly reflects the
disinterest of breeders. This disinterest may be associated with a
greater interest in other breeds or with the more frequent use of
IND animals for purposes of crossing.

The AGIs obtained here were similar to those reported by Faria
et al. (2001) for SIN (7.96 years), by Faria et al. (2009) for NEL, GIR
and GUZ between 1994 and 1998 (about 8 years), by Reis Filho
et al,, (2010) for animals of the Dairy Gir subpopulation (8.25
years), by Peixoto et al. (2010) for a GUZ subpopulation selected for
milk production (7.48 years), and by Caires et al. (2012) for TAB
(7.3 years). Notably, the generation intervals were always longer
for IND animals, reflecting the problems related to the drastic re-
duction in the census of this breed in recent years, which delays
the replacement of animals in the herds. Vercesi et al. (2002a)
obtained an AGI of 7.45 years for the IND breed between 1994 and
1998, while the current AGI of this breed was 9.78 years (Table 2).
From the point of view of genetic improvement of the breed, this
strong trend could be a matter of concern since the genetic pro-
gress of this population may be slower. A significant trend towards
an increase of AGI over the years studied was observed in all Zebu
breeds, demonstrating the low utilization of young sires despite
the existence of incentive programs from some Brazilian institu-
tions. Since breeding programs exist for most Zebu breeds, this
trend can somehow be compensated by the use of elite sires with
high accuracy. In terms of conservation of genetic diversity, long
AGI prevent the rapid accumulation of inbreeding and genetic
drift. The AGIs were more influenced by longer sire-progeny in-
tervals. According to Santana et al. (2014), this is the result of the
use of elite/famous sires with high accuracy as fathers of the next
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Fig. 2. New (F_new) and old (F_old) average inbreeding as percentage of the total inbreeding coefficient [right axis] and average individual increase in inbreeding (AF;) [left
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generation. Except for SIN, all breeds had longer sire-son AGI,
demonstrating the slow replacement of males. The use of females
older than 10 years as dams was more evident in GIR, since an
important proportion of this population is selected mainly for milk
production and cows therefore tend to remain for a longer period
of time in their respective herds. The breeds containing a higher
proportion of registered females were those used mainly for milk
production (GIR and SIN). This may be evidence of selective re-
gistration of animals and use of sexed semen. The cow/bull ratio
varied widely from one Zebu breed to the other. This finding was
due in part to differences in reproductive management, the use of
reproductive biotechnologies, and the selection intensity imposed.

Average inbreeding in the BRA breed was much higher than
that reported by Faria et al. (2010) (0.49%); however, these authors
used records of only 8560 animals from 2002 to 2005. According
to Perez O'Brien et al., (2015), BRA exhibited a moderate taurine
ancestry which is consistent with the known taurine introgression
during the formation of the breed. This finding helps to explain
lower levels of inbreeding over the first years after the arrival of
this breed in Brazil. In contrast, Perez O'Brien et al., (2015) con-
cluded that NEL and GIR populations are of almost pure indicine
ancestry regarding their autosomal genome. For BRA, there was a
trend towards an increase in the average level of inbreeding,
parallel to the increase in mean coancestry seen over the last few
years (Fig. 1). As a consequence, the degree of nonrandom mating
in this breed has been negative for more than a decade, but tended
to increase over the last few years. As shown in Table 1 (animals
belonging to the reference population), BRA showed one of the
lowest degrees of subdivision (value of S close to 1) among the
populations studied and, logically, the estimates of effective po-
pulation size (NeFi and NeCi) were similar in recent years. The
effective population sizes obtained here for the BRA reference
population were lower than that reported by Faria et al. (2010)

(184). However, these estimates can vary widely depending on the
method used for the calculation of effective population size (Leroy
et al., 2013). For pedigree analysis of domestic populations in wich
the pedigrees are minimally depth, exist higher or lower degree of
subdivision, and when the objective is to modify the population
substructure, Leroy et al. (2013) (and comments made by Goyache
et al.) recommended the use of effective size based on coancestry
(NeCi). In the study of Faria et al. (2010), the effective population
size of the BRA breed was calculated based on the inbreeding rate
between two successive generations.

In the GIR breed, the current average inbreeding (Table 1) was
lower than that observed by Faria et al. (2009) for animals born
between 1994 and 1998 (2.28%) and by Reis Filho et al. (2010) for
animals of the Dairy Gir subpopulation born between 1966 and
2003 (2.82%). The degree of nonrandom mating in the GIR breed
decreased drastically after 1998 (Fig. 1), probably as a result of the
increase in genetic exchanges between herds (dual purpose and
milk) and of the more intensive use of sires derived from the milk
breeding program as indicated by Santana et al. (2014). This fact
can also be confirmed by the observation of a reduction in the
number of equivalent subpopulations (Fig. 3). A decrease in the
average level of inbreeding and an increase in coancestry were
observed in the GIR breed during the same period. Consequently,
NeFi tended to increase and NeCi decreased. The effective popu-
lation sizes reported in the literature are calculated mainly for
regional samples or GIR subpopulations using methods based on
the inbreeding rate between successive generations, sex ratio or
even variance of progeny size, a fact impairing appropriate com-
parisons with the results obtained here. Among more recent stu-
dies, Reis Filho et al. (2010), studying the Dairy Gir subpopulation,
reported an effective population size close to 100 for animals born
between 2002 and 2003.

The average inbreeding in the GUZ breed tended to increase.
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The same was observed for mean coancestry. Faria et al. (2009)
also found a trend towards an increase in the average level of in-
breeding in GUZ cattle between 1979 (0.64%) and 1998 (1.37%).
The degree of nonrandom mating in this breed showed a slight
trend towards an increase in recent years (Fig. 1), while the
number of equivalent subpopulations remained practically con-
stant (Fig. 3). As a possible result of the establishment of the
Breeding Program in GUZ at around 1994, the massive use of ar-
tificial insemination may have contributed to the reduction of in-
breeding and population subdivision between 1997 and 2003.
Nevertheless, the GUZ population is currently structured, a finding
that can be explained by the subdivision of the population into
herds selected for milk or meat, or both. Matings in this popula-
tion still occur most frequently within subpopulations, groups of
herds with similar breeding policy and breeding goals. The effec-
tive population sizes in the GUZ breed tended to be similar over
the last few years (Fig. 3) as a result of the approximation observed
between inbreeding and coancestry values (Fig. 3). The NeFi ob-
tained here (Table 1) was similar to that reported by other authors
for different periods (Faria et al., 2009; Peixoto et al., 2010).

The average inbreeding in recent years was much higher for the
IND breed compared to the other Zebu breeds studied (Table 1). In
IND, inbreeding as well as coancestry and the degree of nonran-
dom mating tended to increase over the years, and inbreeding was
always higher than coancestry (Fig. 1). However, fluctuations in
average inbreeding and in the degree of nonrandom mating were
observed, whereas coancestry remained relatively stable. Accord-
ing to Cervantes et al. (2011) and Leroy et al. (2013), inbreeding is a
parameter that is sensitive to pedigree knowledge and can be
greatly affected by the subdivision of a population. As shown in
Fig. S1, there was a certain irregularity in the number of ECG in the

IND breed over the last few years and, according to Fig. 3, IND is a
highly structured population. Although it can also be a sampling
effect related to the reduction in the population size, the drastic
reduction (Fig. S1) probably also contributed to the decrease in the
number of equivalent subpopulations seen in recent years (Fig. 3),
since part of the herds of the breed ceased to exist or simply do no
longer register their animals. Taken together, these factors resulted
in the maintenance of NeFi at a lower level and in a consistent
reduction of NeCi (Fig. 3). Vercesi et al. (2002a) obtained an ef-
fective population size based on the inbreeding rate between two
successive generations of 40 between 1984 and 1998 (Table 1;
Fig. 3). In contrast, Carneiro et al. (2009) reported an effective
population size based on the inbreeding rate between two suc-
cessive generations of 26 between 1998 and 2000 for the IND
subpopulation from the northeastern region of Brazil. These dif-
ferent estimates demonstrate that the higher level of inbreeding in
this breed is a historical problem and that little has been done so
far to reverse this situation. In contrast to the low estimate of NeFi,
NeCi was much higher in recent years (about 200) (Table 1).
Therefore, since IND is a highly structured population, NeCi would
be the most indicated parameter to infer on the true status of
genetic diversity in this population. On the basis of NeCi, the
possible loss of genetic diversity in this population would be a
secondary problem in view of the reduction in its census and in-
tensive use of matings within subpopulations. In the IND case, we
do not reject the hypothesis that there is a Wahlund effect due to
limited exchange of breeding animals across herds.

Similar to GIR, in NEL, SIN and TAB, coancestry has exceeded or
tends to exceeds average inbreeding in recent years, parallel to a
reduction or maintenance of the degree of nonrandom mating
close to zero (Fig. 1). NEL cattle are the most successful beef cattle
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breed in Brazil and constant expansion of the breed is expected. In
this respect, genetic evaluation programs based on BLUP have
been established for this breed as well as wide use of Al The
average level of inbreeding in NEL has been under relative control
for at least three decades, as indicated by the finding that the
mean F was almost always less than 3% (Fig. 1). On the basis of the
number of equivalent subpopulations, the NEL population is found
to be weakly structured (Table 1). This also reinforces the idea that
there is extensive genetic exchange across herds in NEL. Despite
the existence of different herds restricted to polled animals, mat-
ings do not always occur within subpopulations. The effective
population sizes of the NEL breed differed widely between 1964
and 1976, probably because of less pedigree knowledge, the
smaller number of registered animals at that time, and the greater
subdivision of the population (Fig. 3). In subsequent years, NeCi
remained practically constant and always at a higher level than
NeFi. The NeFi has remained relatively constant for many years
and has increased in recent years probably because of the small
reduction in the average level of inbreeding observed in the NEL
breed between 2000 and 2009 (Fig. 3). The period after 2000 was
characterized by a degree of nonrandom mating of practically zero
and by a number of equivalent subpopulations close to 1 (Fig. 1).

An interesting observation in the SIN breed was the drastic
reduction of average inbreeding in the last decade, as well as of the
degree of nonrandom mating (Fig. 1). The registration of purebred
SIN by the Brazilian Association of Zebu Breeders was stopped due
to technical reasons between 1974 and 2001. This may have fa-
vored the inclusion of new founders (individuals without parent
known) in the official herd book. Both NeFi and NeCi were lower
than the estimates of these parameters for the other Zebu breeds
(Table 1); however, these parameters showed an important in-
crease over the last few years influenced by the recent reduction of
inbreeding and coancestry (Figs. 1 and 3). Despite the recent re-
duction in the number of equivalent subpopulations, SIN continues
to be one of the most structured Zebu breeds in Brazil (Table 1;
Fig. 3). On the other hand, the reduction in the parameters cited

above demonstrates a certain change in the management of
matings within the breed over the last few years. The SIN popu-
lation should continue to suffer changes in parameters such as
inbreeding and also in its structure, considering the implementa-
tion of a progeny test in 2011 and the fact that semen commer-
cialization increased by about 265% over 2010-2012 according to
Brazilian Association of Artificial Insemination. All of these factors
should promote a greater genetic exchange between herds of this
breed in the coming years.

In the TAB breed, NeFi and NeCi were much higher than the
estimate obtained by Vercesi et al. (2002b) between 1994 and
1998 (55). The divergences between these estimates are mainly
due to differences in the methods used to calculate the effective
population size, the period studied, and the amount of information
used. In contrast, there was agreement between the average in-
breeding reported by Vercesi et al. (2002b) (1.6% between 1994
and 1998) and the estimate obtained for the current reference
population (1.9%). The fact that the TAB breed was formed in Brazil
by crossings between Zebu breeds and breeds of European origin,
in addition to the lesser knowledge of its pedigree, may have fa-
vored the lower inbreeding coefficient and mean coancestry ob-
tained when compared to the other breeds (Table 1). Although the
number of equivalent subpopulations has decreased in recent
years, TAB continues to be a structured population (Table 1, Fig. 3).

A reduced number of genome equivalents and effective number
of ancestors and founders in Zebu breeds has been reported by
Faria et al. (2002) for the period from 1994 to 1998 for GIR (132,
211, and 284, respectively), IND (65, 107, and 180), NEL (26, 34, and
38), SIN (7,9, and 16), and TAB (61, 78, and 111). Except for the SIN
breed, all estimates reported by Faria et al. (2002) were lower than
those obtained in the present study. According to these authors,
the intensive use of few individuals as breeding animals was a
major cause for the reduced estimates of the parameters cited
above. Zavarez et al. (2015) invetigated the distribution of auto-
zygosity levels based on runs of homozygosity of NEL cows and
concluded that the signatures of selection were also probably
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related to the recent massive use of few sires. The disproportion
between the effective number of ancestors and founders and be-
tween the number of genome equivalents and effective number of
ancestors demonstrates the bottlenecks present in the pedigree of
all breeds studied. In NEL, which is the largest census breed, the
bottlenecks were less severe, while in BRA the bottlenecks were
very tight. Similarly, Faria et al. (2009) observed less tight bottle-
necks in NEL when compared to GIR and GUZ. Perez et al., (2014a,
2014b) founded higher rates of linkage disequilibrium decay for
GIR than NEL. In agreement with the results obtained here, these
differences were probably related to the selection goals (Perez
et al.,, 2014a), NEL is a beef breed and GIR is a dairy breed, and
events such as the rapid expansion of population and the reduc-
tion in the effective population size due to bottlenecks (Reich et al.,
2001) as observed for GIR breed.

Loss of genetic diversity occurred to a greater or lesser extent in
all Zebu breeds studied (Table 1, Fig. 4). Similarly, Santana et al.
(2014) observed loss of genetic diversity of 2.3% in the GIR breed
until 2010. Genetic drift accumulated on non-founder generations
was the main cause of loss of genetic diversity in all breeds. The
same has been reported by Santana et al. (2014) for GIR cattle.
According to Lacy (1995) and Caballero and Toro (2000), the
mating of animals based on minimum coancestry in the next
generation would maximize genetic diversity. Therefore, mini-
mum coancestry matings would be recommended for all Zebu
breeds studied.

Few ancestors explained an important percentage of the gene
pool of the populations (Tables 1 and S1). This finding has been
documented for different Zebu cattle populations (Vercesi et al.,
2002a; Peixoto et al., 2010; Reis Filho et al., 2010). Over the years, an
important proportion of the gene pool has been explained by an
increasingly smaller number of ancestors in some Zebu breeds. Faria
et al. (2009) found that the marginal genetic contribution of a single
ancestor reached 3.1% and 4.1% in GIR and GUZ, respectively, be-
tween 1994 and 1998. In the present study, these values were 9.23%
and 5.42%, respectively. This demonstrates an unbalanced contribu-
tion of ancestor to the gene pool of Zebu breeds. As a consequence,
matings should be managed carefully in order to avoid problems
related to inbreeding. The contribution of the most influential an-
cestors to inbreeding was high in TAB, SIN, BRA, and especially in
NEL, in which only two ancestors contributed to practically 43% of
total inbreeding. This high contribution has also been documented by
Stachowicz et al. (2011) for Canadian Holstein and Jersey cattle and
by Santana et al. (2014) for GIR cattle. According to these authors, the
high contributions to inbreeding are mainly due to the intensive use
of elite ancestors and their descendants, which is reflected in a small
effective number of genome equivalents.

BRA was the breed with lower level of F_new (Fig. 2). Thus, the
inbreeding generated in their country of origin (until 1994) can be
even more important than that in other breeds studied. This result
is consistent with the trend of slight increase in inbreeding rate.
The divergence between new and old inbreeding was higher in
GUZ, showing a change in breeding policy in order to reduce the
subdivision in this population. SIN showed drastic divergence
between new and old inbreeding in the early 2000s, probably
related to greater genetic exchange between herds due to the
implementation of the progeny test. The same applies to the GIR
breed. NEL and TAB showed smooth peaks in inbreeding increased
over the years. This shows less abusive use of some individuals for
reproduction in those breeds. In SIN, high peaks of increase in
inbreeding showed the abusive use of some individuals for re-
production over two decades. This may have been influenced by
the small number of animals available for reproduction on this
breed compared with other breeds studied here. The small num-
ber of animals available for reproduction may also have influenced
the mating decisions in IND in which also showed high peaks of

increase in inbreeding. Because all breeds studied are submitted to
the selection more or less effective for meat, milk or both via BLUP,
the use of a wider range of sires can be recommended for all Zebu
breeds as well as restriction in matings between close relatives,
particulary in IND and SIN. In SIN and IND, the introduction of new
individuals in the population could be beneficial to at least pre-
serve the genetic diversity and to reduce the detrimental effects of
inbreeding. In the case of SIN, the importation of individuals from
India can be a rational decision. For GUZ, IND, SIN, and TAB a
greater genetic exchange between herds may be advised in order
to reduce the subdivision of the population. For BRA, GIR, and NEL
the recommendation would be the maintenance of genetic ex-
changes between herds.

5. Conclusion

The monitoring of population structure, inbreeding and other
related parameters has great potential to prevent major losses of
genetic diversity in populations of Zebu cattle in Brazil. Almost all
breeds studied undergo expansion in their census which, however,
is not accompanied by the maintenance of genetic diversity. Pro-
blems were encountered in all breeds, but most of them can cur-
rently be considered less important. Thus, most Zebu breeds can
deal with breeding programs using high selection intensities. Using
the calculation method considered as the most accurate for pedi-
gree analysis when some population substructure exists, except SIN,
had effective population size greater than 100. The most common
problems were the presence of tight bottlenecks in the pedigree,
which were mainly due to the intensive use of few sires lines as
parents and the high degree of population subdivision. Because all
breeds studied are submitted to the selection more or less effective
for meat, milk or both via BLUP, the use of a wider range of sires can
be recommended for all Zebu breeds as well as restriction in mat-
ings between close relatives, particulary in IND and SIN. For GUZ,
IND, SIN, and TAB a greater genetic exchange between herds may be
advised in order to reduce the subdivision of the population. For
BRA, GIR, and NEL the recommendation would be the maintenance
of genetic exchanges between herds. Greater care should be taken
in the case of the IND breed since its census was reduced drastically
over the last few years, a fact favoring the occurrence of serious
problems related to inbreeding. Although SIN presents problems
due to high subdivision and possesses a relatively small census
compared to other Zebu breeds, this population would have a
promising future if its breeding policy were revised.
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