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CHAPTER 28

Genetic Analysis of the Origins of Domestic South
American Camelids

JANE C. WHEELER, LOUNES CHIKHI, AND
MICHAEL W. BRUFORD

Introduction

Ancestors of the family Camelidae originated in North
America during the Eocene, 40-45 MYA, with the division
between Lamini and Camelini (the tribes of New and Old
World camelids, respectively) dating to 11 MYA (Webb 1974;
Harrison 1979). Their subsequent migration to South America
and Asia occurred 3 MYA (Webb 1974), with representatives
of the extant New World genera Lama and Vicugna appearing
2 MYA (Hoffstetter 1986) in South America.

Two branches of the Lamini evolved from the ancestral
North American Pliauchenia (11-9 MYA). The first exclusively
North American branch contains Alforjas (10-4.5 MYA)
and Camelops (4.5-0.1 MYA), while the second includes
Hemiauchenia (10-0.1 MYA), Palaeolama (2-0.1 MYA), Lama
(2 MYA-present), and Vicugna (2 MYA-present), all of which
are found in South America. Although a recent article suggests
that Hemiauchenia should be classified within Palaeolama
(Guerin and Faure 1999), it remains clear that Lama and
Vicugna evolved from Hemiauchenia. By the end of the
Pleistocene, the only surviving members of the Lamini
were the South American Lama and Vicugna.

The Lamini are classified within the order Artiodactyla,
suborder Tylopoda and family Camelidae. Some taxonomists
have favored classification into two genera and four species:
Lama guanicoe (guanaco), L. pacos (alpaca), L. glama (llama)
and Vicugna pacos (vicuiia) (Cabrera and Yepes 1960), while
many others have favored placing the four species within the
genus Lama. Recent genetic studies, however, have shown that
the Camelidae are most likely composed of two genera, each
containing two species: L. guanicoe (guanaco) and L. glama
(llama), and V. vicugna (vicufla) and V. pacos (alpaca) (Kadwell
et al. 2001).

Four subspecies of guanaco (L. guanicoe guanicoe in
Patagonia, Tierra del Fuego, and Argentina south of 35°S; L.g.
huanacus in Chile; L.g. cacsilensis in the high Andes of Peru,
Bolivia, and northeast Chile; and L.g. voglii on the eastern
slope of the Andes in Argentina between 21-32° S) and two
of vicufia (V. vicugna mensalis from 9°30'-18° S and V.v. vicugna
from 18-29° S) have been described. In the case of the gua-
naco, virtually nothing is known about the northernmost
L.g. cacsilensis, whose relict populations, perhaps 3,500
animals in total, are highly endangered. Research has been
carried out on the behavior and ecology of L.g. guanicoe
and V.v. mensalis (Franklin 1983), and recently information

on the genetic diversity of extant wild populations has become
available (Palma et al. 2001; Wheeler et al. 2001). These
studies indicate that the two northernmost forms, L.g.
cacsilensis and V. vicugna mensalis, are the ancestors of the
domestic llama and alpaca respectively.

The alpaca has variously been described as descending
from the guanaco, the vicufia, and as a llama? vicufia hybrid,
while the llama is thought to originate from the guanaco.
These contradictory hypotheses have been developed
primarily from the study of morphological and behavioral
variations among living animals, while archaeozoological
evidence has pointed toward domestication of the alpaca
from the vicufia in the wet puna of Peru’s central Andes
6,000-7,000 years ago and toward possible multiple domes-
tications of the llama from the guanaco in the dry punas of
southern Peru, Chile, and Argentina (Wheeler 1995; see
Mengoni Gofialons and Yacobaccio, Chapter 16, this volume).

In 1775, Frisch (1775) attributed the origin of the llama to
the guanaco and the alpaca to the vicufia, an opinion subse-
quently supported by Ledger (1860), Darwin (1868), Antonius
(1922), Faige (1929), Krumbiegel (1944, 1952), Steinbacher
(1953), Frechkop (1955), Capurro and Silva (1960), Akimu-
shkin (1971), and Semorile et al. (1994). Other authors have
concluded that both domestic camelids descend from the
guanaco, and that the vicufia was never domesticated
(Thomas 1891; Peterson 1904; Hilzheimer 1913; Lonnberg
1913; Brehm 1916; Cook 1925; Weber 1928; Herre 1952,
1953, 1976, 1982; Rohrs 1957; Fallet 1961; Zeuner 1963;
Herre and Thiede 1965; Herre and Rohrs 1973; Bates 1975;
Pires-Ferreira 1981/82; Kleinschmidt et al. 1986; Kruska 1982;
Jurgens et al. 1988; and Piccinini et al. 1990). In the 1930s,
Lopez Aranguren (1930) and Cabrera (1932) suggested that
the llama and the alpaca evolved from presently extinct wild
precursors, based on the discovery of 2 Myr Plio-Pleistocene
L. glama, L. pacos, L. guanicoe and V. vicugna fossils in
Argentina, and that the guanaco and vicufla were never
domesticated. This position is no longer considered a possible
alternative. Finally, Hemmer (1975, 1983, 1990) attributes
llama ancestry to the guanaco, but has deduced on the basis
of shared morphological and behavioral traits that the alpaca
originated from hybridization between the llama and vicufia.

Conclusions about llama and alpaca ancestry have, in large
part, been based upon morphological changes produced by
the domestication process. During the 1950s, Herre and Rohrs
(Herre 1952, 1953, 1976; Rohrs 1957; Herre and Rohrs 1973)
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examined alterations in the mesotympanal area of the skull
related to a decrease in llama and alpaca hearing acuity and
reported an overall reduction in cranial capacity of both
domestic species relative to the guanaco. In contrast, they
found the vicufla cranium to be the smallest of all living
Lamini, and, based on the premise that domestic animals
are smaller than their ancestors, concluded that this species
was never brought under human control. Herre and Rohrs
consider the llama and alpaca to be “races of the same
domestic species bred for different purposes” (Herre 1976: 26).
Research on the relationship of brain size relative to body size
by Kruska (1982) also found the vicufia to be smaller than
the alpaca and the llama, which in turn were smaller than the
guanaco, suggesting that the latter is the only ancestral form.
Nonetheless, papers by Jerison (1971) and Hemmer (1990)
report the ratio of alpaca brain size to body size to be smaller
than in the vicufia, permitting a different conclusion about
origins of the domestic forms. These contradictory data on
size reduction are almost certainly a product of sampling
as neither subspecific variation in the wild forms nor the
possibility of hybridization between the domestic animals
were considered in any of the studies (see Mengoni and
Yacobaccio, Chapter 16, this volume).

Based on the study of pelage characteristics (skin thickness,
follicle structure, secondary/primary ratio, fiber length and
diameter, coloration) in living camelids, Fallet (1961) found
the llama to be an intermediate evolutionary stage between
the wild guanaco and the specialized, fiber-producing alpaca.
Fallett concluded that the absence of transitional charac-
teristics between vicufia and alpaca fleeces eliminates the
former from consideration as an ancestral form. This deduc-
tion is, in part, based on the assumption that llamas have been
selected exclusively for use as pack animals, whereas alpacas
have been bred for fiber production. Nonetheless, new data
on preconquest llama and alpaca breeds in Peru have revealed
the prior existence of a fine-fiber-producing llama, as well
as an extra-fine-fiber alpaca that is transitional between the
vicufia and a second, prehispanic, fine-fiber alpaca breed
(Wheeler, Russel, and Redden 1995).

Research on camelid behavior has produced contradictory
hypotheses concerning llama and alpaca origins. Krumbiegel
(1944, 1952) and Steinbacher (1953) argue that the alpaca is
the domestic vicufia based on unique, shared behavioral
traits that are said to differ from those observed in the gua-
naco and llama. Hemmer, on the other hand, concludes that
although some alpaca behavior patterns match those of the
vicuiia, others are intermediate between those of vicuiia and
guanaco, suggesting that “the alpaca is a mixture of both lines,
[produced] by crossbreeding of captured vicunas with the only
initially available domestic animal, the llama” (1990: 63). It
has also been suggested that the vicufia was never domesti-
cated because it is more territorial than the guanaco (Franklin
1974). Nonetheless, this assumption is open to question
because it is based on a study of guanacos located at the
southernmost extreme of their range where seasonal migra-
tion in response to severe climatic changes is essential for
survival (Franklin 1982, 1983). Further to the north, where
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vicufla and guanaco ranges overlap and where llama and
alpaca domestication occurred (Wheeler 1995), a more benign
climate and a constant food supply permit the characteristic
sedentary social organization of the vicufia (Franklin 1982,
1983). Although data concerning behavior of the guanaco
in this region are lacking, it is possible that the limited seden-
tary territorial organization observed in some Patagonian
groups plays a more important role in these less-extreme
climatic conditions.

Analysis of hemoglobin amino acid sequences in vicufla,
alpaca, llama, and guanaco from Hannover Zoo, Germany,
led Kleinschmidt et al. (1986), Jirgens et al. (1988), and
Piccinini et al. (1990) to the conclusion that the vicufia
was never domesticated. However, earlier research on blood
and muscle samples with descending bidimensional chro-
matography (circular and descending) for hydrolyzed muscle
samples and horizontal electrophoresis for blood serum
samples from llama, alpaca, vicufla, guanaco, and alpaca x
vicufia hybrids at Santiago Zoo (Cappuro and Silva 1960)
indicated a llama-guanaco and alpaca-vicufia subdivision, as
have more recent data from ribosomal genes (Semorile et al.
1994). Other researchers using immunological, electrophoretic
analysis and protein sequencing have found it impossible
to draw conclusions about llama and alpaca ancestry (Miller
et al. 1985; Penedo et al. 1988). Cytogenetic studies (Capanna
and Civitelli 1965; Taylor et al. 1968; Larramendy et al. 1984;
Gentz and Yates 1986) indicate that all four species of
the South American Camelidae (SAC) have the same 2n =74
karyotype. Analysis of satellite DNA, mitochondrial cyto-
chrome b gene, and nuclear microsatellites in large sample
sets has documented extensive hybridization among the
domestic SAC (Vidal Rioja et al. 1987; Saluda-Gorgul et al.
1990; Stanley et al. 1994; Kadwell et al. 2001). Recent studies
of the fiber from mummified ninth- and tenth-century llamas
and alpacas provide additional evidence that postconquest
hybridization has modified the genetic makeup of living
populations (Wheeler et al. 1995), a fact that may well explain
the diversity of conclusions about their ancestry.

In an attempt to solve the question once and for all, the
first South American camelid mitochondrial DNA sequences
were analyzed by Stanley, Kadwell, and Wheeler in 1994. In
this study, sequence data from a short (158 bp) but highly
informative region of the cytochrome b gene were used to
examine the phylogenetic affiliations of alpaca and llama.
Unfortunately, although the results confirmed that Lama
and Vicugna are valid genera, which separated 3-2 MYA, the
origin of the domestic forms remained unclear since there was
evidence for considerable bidirectional hybridization.

From the mid-late 1990s, nuclear microsatellite DNA
markers began to be isolated from a number of South
American camelids (Lang et al. 1996; McPartlan et al. 1998;
Penedo et al. 1998; Obreque et al. 1998; Obreque et al. 1999;
Penedo et al. 1999a, 1999b; Sarno et al. 2000), and now in
excess of 70 such markers are available. Because the strict
maternal inheritance of mitochondrial DNA in most mam-
mals restricts its use in studies of hybridization, especially
in domestic livestock (e.g., MacHugh et al. 1997), the most
recent work on SAC domestication has also included analysis
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FIGURE 23.1 Minimum spanning network representing the relationships among cytochrome b mitochondrial haplotypes.
Halpotypes are shown as circular nodes, and the number of substitutions connecting each sequence is represented by
numbers or dashes on each connecting line. The relative frequency of each haplotype is represented by the area of each
circle. Dark gray circles indicate vicufia haplotypes, and light gray circles represent guanaco haplotypes. Wild samples are
specifically referred to where present. Phylogenetic analysis (maximum parsimony and neighbor joining based on
uncorrected p, JC, and K2P sequence distances) recovered an equivalent pattern to the network, and high (>90%) bootstrap
support was always found for the major split between V and G haplotypes (not shown).

of microsatellites. Recently, Kadwell et al. (2001) used a large
sample set collected throughout the geographic range of the
four species (771 samples) and analyzed it for four microsatel-
lites. Cytochrome b sequences were also analyzed from a
subset comprising 211 samples. The results of this study with
some subsequent statistical analysis of the results and their
implications for camelid evolution form the basis of the
material in the remainder of this chapter.

The Present Study

As far as possible, sample collection sites spanned the geo-
graphic range of both wild species and included alpaca
samples (including “suri” and “huacaya” fleece types) from
Peru, Argentina, Chile, and Bolivia (n < 141); llama samples
(a range of morphological types) from the same countries
(n <£60); guanaco (L. g. guanicoe and L. g. cacsiliensis) from Peru
and Argentina (n < 122); and vicufia (V. v. vicugna and
V. v. mensalis) from Peru, Argentina, and Chile (n < 440).
Samples were taken only from those individuals whose
phenotype conformed to accepted morphological criteria for
domestic forms.

The phylogenetic relationships of the llama and alpaca
were first established by sequencing the same region of the

cytochrome b gene as in Stanley et al. (1994) (deposited in
Genbank accessions U06425-30). Two hundred and eleven
individuals were sequenced (21 guanaco, 42 vicufia, 54 llama,
84 alpaca, and 10 hybrids including alpaca/vicufia and
llama/alpaca crosses). DNA was extracted from blood or skin
using standard Proteinase K digestion followed by organic
extraction using phenol and phenol/chloroform, and total
DNA was precipitated in 100% ethanol (Stanley et al. 1994;
Bruford et al. 1998). DNA samples were stored in TE buffer
(10 mM Tris-HCI, 1 mM EDTA, pH 8.0). The cytochrome b
primers L14724 and H14900 were used for PCR, and ampli-
fications were carried as in Stanley et al. (1994). PCR products
were purified and DNA sequencing was carried out as in
Stanley et al. 1994. Sequences were aligned and the unique
sequences (from here on called “haplotypes”) were also
deposited in Genbank under accession numbers AF373809-
373833. Among-haplotype divergence and haplotype fre-
quencies were calculated for the guanaco, vicuiia, llama,
and alpaca samples (Stanley et al. 1994), and a minimum
spanning network (Kruskal 1965; Bandelt et al. 1999) was
generated using the program MINSPNET (Excoffier 1993;
Figure 23.1). The distribution patterns of domestic SAC
haplotypes were then compared with those of the wild SAC
sample.
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FIGURE 23.2 Allele size and frequency histograms for LCA 19 and YWLL 46, respectively: (a) vicufia and guanaco; (b) llama
and alpaca. The histograms represent the frequencies of each allele for both loci in the four SAC “species.” The domestic
species (alpaca and llama) are plotted together, as are the wild species (vicufia and guanaco). Distributions were generated
using guanaco n = 104 [LCA 19] and 177 [YWLL 46]; llama, n = 56 [LCA 19] and 58 [YWLL 46]; alpaca, n = 80 [LCA19] and 82

[YWLL 46]; vicufia, n = 227 [LCA19] and 231 [YWLL 46].

The maternal inheritance of mitochondrial DNA means
that hybridization studies will only inform us on female
introgression, and this can be very misleading, especially in
domestic livestock (e.g., MacHugh et al. 1997). Here, we also
applied nuclear DNA markers that are biparentally inherited
and thus equally represent female and male lineages. Four
microsatellite loci (YWLL 38, YWLL 43, YWLL 46, and LCA
19; Lang et al. 1996; Penedo et al. 1998) were typed for
669-771 individuals, including the 211 individuals sequenced
above (Kadwell et al. 2001; Figure 23.2). Three measures of
genetic distances were used. First, an allele-sharing distance
was estimated as 1 p(s) (where p(s) is the proportion of shared
alleles between two individuals). This measure is very useful
as it allows calculation of genetic distances between indivi-
duals when a number of loci are available. The second measure
of genetic distance used was Reynolds’ distance (Reynolds
et al. 1983), a measure commonly used in livestock analysis
where genetic drift has a major impact on allele frequencies.
The third measure used in this study, (delta mu)? (Goldstein
et al. 1995), estimates population differences using allele size
differences under a stepwise mutation model. This distance
was developed especially to analyze microsatellite data, as they
are thought to evolve under a similar mutational model
where the gain, or loss, of repeated DNA units is commonly
observed. All genetic distances were estimated using the
program MICROSAT v1.5d (Eric Minch, Stanford University
1999).

A form of ordination, known as factorial correspondence
analysis, was then performed on allele frequency data. Here,
the genetic diversity among populations (in this case vicufia,
guanaco, llama, and alpaca) is expressed as factors that explain
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the inertia of the set of points (representing an individual)
in a multidimensional space defined by the presence and
absence of alleles within samples. In Figure 23.3, we show the
dimensions that explain the highest proportion of the inertia
(Benzécri 1973). This ordination can be thought of as analo-
gous to displaying the two principle components in a Principle
Components Analysis (PCA), although the approach is slightly
different. The relationships between populations can be
judged by examining how individuals from the sample cluster
in two, three, or more dimensions. Because of the large
number of alleles, we commonly find that the axis can very
clearly identify clusters while providing relatively low propor-
tions of the total inertia. Correspondence analysis is used as
an exploratory tool. The analysis was performed using the
Genetix software (Belkhir 1999).

Combined Analysis

To further assess introgression in llama and alpaca popula-
tions, two approaches were used. First, we applied methods
that allow us to estimate admixture between two so-called
parental populations in a hybrid or admixed population.
This means that, in the three cases, we assumed for sim-
plicity that llama and alpaca were the result of an admixture
event between vicufia and guanaco some time in the past
and that gene flow was limited afterwards. To estimate the
proportion of vicufia (or guanaco) genes within llama and
alpaca, we used three methods. The first two estimators, mC
and mY, were developed by Chakraborty et al. 1992 (based
on a previous method developed by Long 1991), Bertorelle
(1998), and Bertorelle and Excoffier (1998). The first esti-
mator uses only information on allele frequencies while the
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FIGURE 23.3 Two-dimensional factorial correspondence
plot for allele frequencies at four microsatellite loci in all
SACs. Almost half of the explained correspondence (15%) is
found in factors 1 and 2, represented on the horizontal and
vertical axes respectively. Clusters in two-dimensional FCA
plots represent samples with similar allele frequencies. As
expected, vicufia and guanaco clusters are far apart in the
plot and form tight groupings. In contrast, alpaca (which
group most closely to vicufia) are more disperse and llama
are the most dispersed group (and are found in the same
half of factor 1 in the plot as guanaco).

second also uses molecular information such as the number
of substitutions for mtDNA or the allele size differences for
microsatellites. These two estimators are implemented in the
program ADMIX1_0 (Bertorelle 1998). The third method
allows us to estimate (and account for) both drift and admix-
ture (Chikhi et al. 2001) and produces posterior distributions
for the parameters of interest, namely, p1, the contribution
of one parental population (it was arbitrarily chosen to be
vicufia) and three parameters measuring drift in the two
parental and the hybrid population. For details, see Chikhi
et al. (2001) and Langella et al (2001) for descriptions of the
corresponding software. All three methods are model-
dependent and assume that there has been a major admix-
ture event that was relatively limited in time. There is good
reason to hypothesize that the admixture between llama and
alpaca occurred primarily on two occasions—at the time
of the Spanish conquest and during the past 25 years. These
methods are therefore expected to work best when the model
is a reasonable approximation of reality. As should be clear
from previous sections, the admixture processes that have
taken place in llama and alpaca are more complex than
assumed by any of the three methods. However, previous work
has shown that even if admixture is more complex, such
methods are expected to estimate overall levels of admixture,
even when they are not as discrete as assumed by the models
(see review by Chakraborty 1986).

The second approach was made possible by the fact that
for mtDNA and for two of the four microsatellites, differences
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between vicufia and guanaco were extremely clear. As we were
able to identify “typical” guanaco and vicufia alleles, concor-
dance between mitochondrial and microsatellite data in
terms of introgression patterns could be assessed in more
detail. We thus re-analyzed the 211 individuals typed for
both mtDNA and microsatellites. Genotypes were coded “V”
(vicufia) or “G” (guanaco) for mtDNA and “V,” “G,” or “H”
(hybrid) for YWLL 46 and LCA 19 depending on their allele
sizes with reference to the guanaco and vicufia ranges, and
we examined the data for each locus separately and combined.
This type of approach is not always possible as the “typical”
status of an allele, in practice, is impossible to state with
certainty (drift might have eliminated an allele from one
population, making it look typical of another one). This type
of approach, therefore, cannot be used to make quantitative
statements but can be powerful as a qualitative or exploratory
approach (see Goldstein and Chikhi 2002).

Results
Mitochondrial DNA

Twenty-six unique haplotypes found in the 211 SACs were
analyzed. Uncorrected distances within SACs ranged between
0.006 (one substitution) and 0.089 (14 substitutions). The
minimum spanning network (Figure 23.1) revealed two major
groups, which represent the same reciprocally monophyletic
clades found previously by Stanley et al. (1994). The first group
contained all vicuna (“V”) and the second contained all
guanaco (“G”). The branch leading to the Arabian camel
exhibited 21 substitutions. The domestic camelids were found
within both groups, but 81% (including 73% of alpaca) were
found within the “G” (guanaco) group. A minority (19%)
comprising alpaca, pacovicufia, and just two llamas were
found within the “V” group. These results add support to the
findings of Stanley et al. (1994), who found no evidence
for consistent segregation of mtDNA alleles with taxa defined
in the analysis. Wild vicufia and guanaco mtDNA were recip-
rocally monophyletic with 5.8-8.9% sequence divergence
being found between the two lineages, recapitulating the
suggestion in Stanley et al. (1994) that these species diverged
from a common ancestor 2-3 MYA. Furthermore, Stanley’s
finding that nearly all modern llamas possess a “guanaco”
haplotype was also supported in this analysis (Table 23.1),
where all except 2 llamas from a sample of 54 individuals
possessed guanaco mtDNA. However, the much-expanded
alpaca data (n = 84) revealed a different picture, with only 27%
of individuals possessing vicufia mtDNA (Table 23.1), in
contrast to the 50% described previously.

Microsatellites

Unusually in such studies, the microsatellite markers feature
a large number of alleles exclusive to either the vicufia or the
guanaco. These alleles, which range in frequency between 33%
and 100% at different loci, also occupy predominantly
different allele size ranges. The upper graphs in Figure 23.2
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TABLE 23.1
Three Locus Genotypes for Samples Where All Three Types of Data Are Available

Alpaca/
Vicuiia n = 42 Alpacan = 84 Guanacon = 21 Llama n = 84 Warin=7 Vicurian = 3

GGG — — 21 32 - -
GGH — — — 15 1 —
GGV — 1 — — — —
GHH/GHX/GXH — 2/1/1 — 2 1 —
GXV — 1 — — — —
GVH/GHV — 18 — 2 1 —
GVG — 2 — 1 — —
GVV/GXV — 34/1 — — 4 —
VVV 42 17 — — — 3

VVH/VHV — 3 — — — —
VGG — — — 2 — —
VGV — 1 — — — —
VHH — — — — —

Loci are ordered mtDNA, LCA 19, and YWLL 46; for example, GVH indicates guanaco mtDNA, vicufia genotype at LCA 19, and a hybrid genotype

at YWLL 46 (X signifies that the sample could not be typed).

show allele frequency histograms for locus YWLL 46 for wild
vicufia and guanaco: the allele sizes do not overlap. Such loci
provide powerful tools for the discrimination of ancestral
genomes in modern domestic stock. The lower graphs in
Figure 23.2 show equivalent histograms for the llama and
alpaca, which displayed similar patterns. However, the
patterns of genetic similarity were in direct contrast to those
revealed by mtDNA. Strong similarities between the allele
size distributions of vicufia and alpaca and between guanaco
and llama were observed. For YWLL 46, the 98-bp allele had
a frequency of 0.95 in the vicufia and 0.75 in alpaca, while
the 104- and 106-bp alleles had a combined frequency of
0.91 in the guanaco and 0.64 in llama. Analysis of the
four microsatellites showed that the genetic distances
between vicufia and alpaca and between guanaco and llama
(Table 23.2) were almost always much lower than those
between vicufia and guanaco, vicufia and llama, or guanaco
and alpaca. Distances between alpaca and llama were mostly
intermediate.

However, a second feature of microsatellite frequencies
was the presence, at a low frequency, of “vicufia” alleles in
the llama sample and of “guanaco” alleles in the alpaca
sample, suggesting bidirectional introgression in both
domestic forms. Notwithstanding, a striking pattern emerged
from the factorial correspondence analysis (Figure 23.3),
where guanaco and vicufia formed two tightly clustered
and distinct groups. Additionally, alpaca formed a cohesive
group, clustering strongly with the vicufia. In contrast, the
llamas and hybrids formed a much more diffuse group. The
Ilama samples, although tending to cluster with guanaco on
axis 1, were more intermediate with respect to the wild
species when compared with the alpaca sample and were
also the most genetically diffuse group on axis 2. The most
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likely explanation for the separation between llama and
guanaco in our sample is that the guanaco samples are from
the austral form, L.g. guanicoe, and not the highland L.g.
cacsilensis. The two samples of L.g. cacsilensis, the most likely
ancestral subspecies of the llama, fall in the middle of the
llama samples.

Combined Data and Admixture Analysis

The admixture proportions were nonconcordant between
the mitochondrial and microsatellite analyses in the alpaca,
where the estimated microsatellite proportion of vicufia
genome was much higher than the mtDNA estimate (0.310
mtDNA; 0.903 £ 0.108 mC and 0.823 mY for microsatellites).
In the llama, although both estimates were low, the micro-
satellite admixture proportions were an order of magnitude
higher. It is nonetheless evident using all markers and esti-
mates that the proportion of vicufia DNA is much lower
in llama than in alpaca.

In order to investigate the reason for these results, we
applied a computer-intensive method that we had developed
(Chikhi et al. 2001). Apparent differences of admixture
estimates between loci can be the result of both admixture
and drift (or even selection). As simulations have shown, if
drift has been important, for instance, different loci may
appear to indicate very different admixture levels, even
though they have been submitted to the same process (Chikhi
et al. 2001). This is crucial as the two previous methods do
not allow a separation of the effects of admixture and drift.
Figure 23.4 shows the results of the admixture analysis for the
four microsatellite loci. For comparison, we have also plotted
the intervals as vertical bars (estimate + one SD) obtained with
mC (admixture estimator based on allele frequencies in the
parental and hybrid populations, shown as solid lines) and
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TABLE 23.2
Pairwise Genetic Distances between the Four SACs

Vicuria Guanaco Alpaca Llama
(delta mu)?
Vicuiia —
Guanaco 28.928 —
Alpaca 1.089 19.781 —
Llama 17.162 10.784 9.892 —
Reynolds’ distance
Vicuiia —
Guanaco 0.729 —
Alpaca 0.173 0.433 —
Llama 0.627 0.174 0.267 —
1p(s)
Vicuiia —
Guanaco 0.963 —
Alpaca 0.337 0.841 —
Llama 0.825 0.522 0.616 —

(delta mu)? is the genetic distance based on mean-squared difference in allele size; Reynolds’ distance is a genetic distance based on the difference in

allele frequencies, assuming an Infinite Alleles Models; 1 p(s) is a proportion of shared alleles.

mY (admixture estimator based on allele size differences in
the parental and hybrid populations, as dashed lines). This
figure clearly shows that (1) the four loci exhibit much less
variability among themselves in the alpaca than they do in
the llama, suggesting a very strong and consistent admixture
signal in the alpaca in contrast to the llama; (2) the alpaca
and llama distributions appear very different, especially
highlighting the very limited introgression of vicufia into
llama; and (3) the same pattern is observed for the three
different estimators, even though they can be rather
different in some cases (in particular for locus YWLL 43 in
llama). Note also that both mC and mY can give estimates
of admixture that are outside the expected [0,1] range (twice
in llama for mY and once for mC in alpaca). When all four
loci are used together, the difference in admixture levels
between alpaca (Figure 23.5, bottom) and llama (Figure 23.5,
top) becomes even more obvious, with the posterior
distribution becoming much thinner (and therefore more
precise) and with the modal (i.e., the most probable) value
for the vicufia contribution being 84.1% for alpaca and 14.4%
for llama.

The combined three-locus analysis of the 211 individuals
produced striking results (Table 23.1). Of the 54 llamas, 96%
possessed a “G” mtDNA haplotype, with 90% and 61%
possessing a pure “G” genotype for LCA19 and YWLL 46,
respectively. Of the 84 alpacas, only 27% possessed a “V”
mtDNA haplotype, while 70% and 79% possessed pure “V”
LCA19 and YWLL 46 genotype respectively. Of the llamas

tested in this study, 60% exhibited a “GGG” type, but only
20% of alpacas exhibited a “VVV” type. Extensive nuclear
introgression was detected in the llama, with 37% showing
one or more “vicufla” alleles at LCA19 and/or YWLL46.
In contrast, much of the introgression in the alpaca was
mitochondrial, with 40% of samples showing a “GVV” type.

Discussion and Future Research

In isolation, the finding that a large proportion of modern-
day alpacas possess guanaco mtDNA is in accordance with
hypotheses that alpacas, in common with llamas, descend
from the guanaco. However, as in Stanley et al. (1994), the
presence of substantial numbers of alpaca possessing vicufia
mtDNA also raises the possibility that the alpaca is of mixed
origin or has undergone substantial hybridization. The
limitations of mtDNA in the context of gene flow and
evolution in livestock are obvious since historical and modern-
day agricultural practice has often used desirable males to sire
large numbers of females.

The microsatellites provided a stark contrast to the mtDNA,
and the existence of two loci with nonoverlapping allele size
ranges in the wild ancestors allowed us an unusual opportu-
nity to compare patterns of divergence in relatively large
numbers of domestic animals. Inspection of allele frequency
distributions, genetic distances, and factorial correspondence
all revealed a striking similarity between the alpaca and the
vicufia. Each genetic distance estimate was lowest for the
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FIGURE 23.4 Admixture analysis using four microsatellite loci. Posterior probability density distributions for vicufia
contribution in llama (p,, left-hand graphs) and llama contribution in vicufia (p,, right-hand graphs) are given for each locus.
For comparison, mC and mY estimates (+ one SD) are given as solid and dashed lines, respectively.
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FIGURE 23.5 Posterior density distributions for admixture
contributions (p;) calculated from a combined analysis of
four loci (solid line). For comparison, dashed lines show
distributions for the individual loci.

alpaca-vicufia comparison, and factorial correspondence
showed that alpaca and vicufia overlap almost completely.
These data point toward a very close genetic affinity between
alpaca and vicufia, a finding in direct conflict with the mtDNA
data.

The microsatellites also supported a close relationship
between llama and guanaco. Of the genetic distance esti-
mates, both Reynolds’s and the allele-sharing distances were
second lowest for the guanaco-llama comparison, and the
Reynolds’s distance estimate was almost identical to that
between alpaca and vicufla. Other data, however, were
more equivocal, with factorial correspondence revealing a
dispersed pattern for the llama intermediate between vicufia
and guanaco and with (delta mu)2 distances slightly lower for
the llama-alpaca comparison than for llama-guanaco.
Although none of the above is indicative of a close relation-
ship between llama and vicufia, they suggest nuclear gene-
flow between llama and vicufia, or, more likely, between
llama and alpaca. Another possibility is that the ancestral
llama was extremely genetically diverse. The guanaco and
llama have much greater geographic ranges than do the
vicufla and alpaca, which may have led to greater intra-
specific differentiation historically, reflected in the greater
diversity in nuclear and also mitochondrial DNA (21 guanaco
haplotypes as opposed to 5 in vicufia). In fact, the most
likely explanation lies in the geographic distribution of
our samples. It was very difficult to obtain samples of L.g.
cacsilensis, the northern, high-altitude guanaco subspecies,

—p—

and the few samples available fall in with the llama distribu-
tion. Archaeozoological data suggest that the llama could
have derived from this subspecies, and recent mtDNA
data published by Palma et al. (2001) indicate an ancestral
relationship between L.g. cacsilensis and L. glama. Additionally,
the archaeozoological data point to the possibility of at least
three independent domestication events, one each in Peru,
Chile, and Argentina (Wheeler 1995; see also Mengoni
Goflalons and Yacobaccio, Chapter 16, this volume).

The results presented here show significant differences
between mitochondrial and microsatellite levels of intro-
gression. These differences can occur for a number of reasons.
The most obvious is that mtDNA is transmitted by females:
the results presented here are simply the reflection of differ-
ential contributions from males and females of vicufia and
guanaco origin. This seems to be a reasonable explanation,
as we have noted above, given practices used in domesticated
camelids. It may be worth noting that this hypothesis could
be tested if data were available on the Y chromosome, as we
would then expect a higher vicufia contribution in both
llama and alpaca than observed here. Another possibility is
suggested by our previous work on the estimation of admix-
ture on simulated data sets (Kadwell et al. 2001). We found
that loci simulated under the same conditions of drift and
admixture could generate different posterior distributions,
pointing sometimes to very different point estimates. This had
led us to suggest that point estimates should be used with care,
and the whole distribution should always be checked. Here,
we found that the four loci generated very similar posterior
distributions for alpaca, whereas for llama significant diffe-
rences could be observed. For instance, the posterior distri-
bution is rather flat for YWLL 38, whereas for locus YWLL43
the modal value is 0.76 (i.e., 76% of vicufia genes instead
of the 14.4% figure obtained for the four loci together). This
pattern could be the result of a much larger level of genetic
drift in llama as compared to alpaca, at least in the samples
considered here. As our method allows us to estimate drift,
we checked what the estimated drift was for alpaca and for
llama. We do find, indeed, that drift appears larger for llama
than for alpaca with modal values being 0.07 vs. 0.041 (meas-
ured in units of generations/population size), respectively. One
has to be cautious here, as we have already stated that the
admixture methods used assume very simple models, which
are unlikely to be correct. For instance, the vicufia contri-
bution in llama might actually be the result of introgression
with alpaca rather than with vicufia. The effect of drift, which
we have found is the compound effect of drift and of sam-
pling. We wish to note that the increased drift observed in
llama could be the result of different factors, which include
sampling, and could be investigated in the future.

The suggestion of substantial mitochondrial introgression
in the alpaca and nuclear introgression in the llama was
reinforced when admixture was measured for both markers.
The low estimated admixture proportion of vicufia mtDNA
present in alpaca (0.31) was in contrast with the high propor-
tion estimated for the microsatellites (0.82-0.90). Further, the
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extremely low admixture proportion of vicufia mtDNA in the
Ilama (0.02) contrasted equally strongly with microsatellite
estimates (0.22-0.39), which also suggest substantial nuclear
admixture in the llama.

Inspection of the three-locus genotypes confirmed many
of the above findings. Only 27% of alpacas were mitochon-
drially “vicufia,” although 40% of alpaca possessed vicufia
microsatellite alleles with guanaco mtDNA haplotypes. Such
a pattern suggests that introgression of guanaco (or more likely
llama) mtDNA may have occurred recurrently within alpaca
populations but may have been accompanied more recently
by a reversion to line or stock breeding within local alpaca
populations.

The lack of written records, both preconquest documents
and present-day breed registries, in the Andean region means
that any such inference is speculative. Table 23.1 suggests
that mitochondrial introgression has occurred much less
frequently in the llama. However, although nuclear introgres-
sion is similar in alpaca and llama, in the expanded microsatel-
lite dataset it seems to have occurred at a higher level in
llamas (two to three times higher than in alpaca from the
admixture analysis), which may partly account for the more
dispersed factorial correspondence pattern, but this warrants
further investigation.

The implications of these data are potentially important for
the way in which these genetic resources are managed in the
future. In our sample, only 35% of domestic animals have not
undergone any detectable hybridization. In particular, there
are very large numbers of detectable hybrids in the alpaca
(80%)—accentuated when using mitochondrial DNA. Forty
percent of llama show detectable signs of hybridization, with
mitochondrial introgression virtually absent.

During the last 20-25 years, large-scale hybridization
between llamas and alpacas has been carried out in the Andes
(Bustinza 1989). Specifically, male alpacas have been bred
to female llamas to increase the population of animals
producing higher-priced “alpaca” fiber, and male llamas have
been bred to female alpacas to obtain greater fleece weights
and, thus, increased income. With sale price traditionally
determined by weight, and no consideration given to fine-
ness, the quality of alpaca fiber has decreased markedly over
the past 25 years. Indigenous Quechua- and Aymara-speaking
herders subdivide the hybrids into llamawari or waritu (llama-
like) and pacowari or wayki (alpaca-like) respectively, depen-
ding upon physical appearance (Flores Ochoa 1977; Dransart
1991). The F, offspring are fertile, tend to be intermediate in
size, and can be back-crossed to either parental type. Further,
recent intensive selection for white fleece in modern alpaca
may also have involved bidirectional hybridization. A
combination of these practices and our results could explain
the taxonomic confusion surrounding the domestic forms
in the recent past, as it is likely that many specimens used in
previous taxonomic studies were hybrids.

Given the extreme hybridization in present-day alpacas,
DNA analysis has been critical in resolving the origin of this
domestic form. Since our results suggest the vicufia as the
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ancestor of the alpaca, we propose that the classification of
the alpaca should be changed from Lama pacos L. to Vicugna
pacos L. The degeneration of quality and value in fleece of
present-day alpacas and llamas has therefore probably been
the result of extensive hybridization, probably beginning
with the conquest and continuing to the present day. While
it was believed that these crosses were between different
forms of a single domestic animal descended from the
guanaco, there was little concern about the economic impact
of such introgression. However, given that the alpaca is likely
to be descended from the vicufia, the negative impact on
fleece quality of such crosses is now evident. The use of DNA
analysis to identify and eliminate hybrid animals from the
breeding pool is essential, since the antiquity of the ongoing
hybridization process makes it impossible to accurately
identify all hybrids on the basis of phenotypic characteristics.
Additionally, the knowledge that the alpaca descends from
the vicufia opens new routes for the improvement of alpaca
fiber production, not only through the identification of
hybrids and their elimination from purebred elite herds, but
through the back crossing of purebred alpacas to their vicufia
ancestor in order to possibly improve fiber fineness.
Although 90% of the alpaca fiber produced in Peru today
has a diameter greater than 25 pm and fetches low prices on
the world market ($3-$30/kg, 1980-1995), preconquest
animals produced fiber of 17-22 pm (Wheeler et al. 1995),
similar to cashmere (15-17 pm: $60-$120/kg, 1980-1995). It
is possible, therefore, that identification of the remaining pure
alpacas may aid in recovery of the fine-fiber characteristics
of preconquest animals. In 2002, CONOPA, Coordinadora de
Investigacion y Desarrollo de Camélidos Sudamericanos,
began a survey of alpaca populations in the central Peruvian
Andes, designed to identify genetically pure alpacas and to
determine the relationship between fiber fineness and purity.
In the future, a core herd will be established and accelerated
reproductive technology will be applied to rapidly increase
selected purebred animals in order to ensure survival of the
species and promote repopulation programs in the Andes.
The knowledge that the alpaca is the domestic vicufia also
necessitates a reevaluation of vicufia conservation policy.
Although the vicufia has been listed as endangered under the
Convention on International Trade in Endangered Species of
Wild Fauna and Flora CITES (Appendix I) since its inception
in 1975, all Peruvian vicufias, and large segments of the
Chilean, Argentine, and Bolivian populations, have been
reclassified as threatened (Appendix II), permitting controlled
commercialization of live shorn fiber. With unprocessed fiber
currently valued at approximately $§500/kg, vicufia fleece is
the most expensive natural fiber in the world and represents
an important potential source of income for the extremely
poor rural populations on whose lands the animals live. To
date, Peru’s rational use policy has produced an important
increase in vicufia numbers, but demands for greater control
over the species through construction of fences, intensive
rearing, and selection are growing. Judging by the impact of
such measures on the alpaca, such interventions in the long
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run will lead to a deterioration of fiber quality and fineness
(which, at 12-14 mm, is the basis of its value), and increased
limitation on movement, especially of the nonterritorial
male bachelor bands, represents a significant new threat to
this species.

Acknowledgments

We would like to acknowledge the following people who
generously helped by providing information, samples or
permits for this study. Argentina: M. Knobel, Argentine
Guanaco Products, Esquel; S. Poncet; Eduardo Frank, Uni-
versidad de Cordoba; Freddy Sossa, EU Supreme Project,
Jujuy; Gustavo Rebuffi, INTA Abra Pampa; Daniel Almeida,
INTA Bariloche; Hector Guillermo Villanueva E.,, Director,
Recursos Naturales, Salta; Teresa Raquel Chalabe, Universidad
de Salta; G. Moseley, AFRC-IGER, Aberystwyth, UK. Chile:
Hernan Torres, Grupo de Especialistas Camélidos Suda-
mericanos, UICN; Eduardo Nufiez and Rafael Fernandez,
CONAF; Calogero Santoro, Universidad de Tarapacd, Arica.
Peru: Alfonso Martinez, Domingo Hoces, Jorge Herrera, and
Marco Antonio Zufiiga, CONACS, Lima; Alex Montufar and
Marco Antonio Escobar, CONACS Puno; Roberto Bombilla,
CONACS Junin; Carlos Ponce del Prado, Conservacion
Internacional, Lima; Maximo Gamarra and Santiago Baudilio,
SAIS Tupac Amaru, Pachacayo; Rosa Perales, Jose Alva, and
Neéstor Falcon, Facultad de Medicina Veterinaria, Universidad
Nacional Mayor de San Marcos, Lima; Clive Woodham,
Labvetsur, Arequipa; Felipe San Martin, Facultad de Medicina
Veterinaria, UNMSM, Lima. Nicola Anthony, Peter Arctander,
Mark Beaumont, Jon Bridle, Kate Byrne, Gordon Luikart,
and Benoit Goossens provided invaluable comments on the
manuscript, and Georgio Bertorelle gave valuable advice on
the admixture analysis. This study was supported by the
Institute of Zoology, Instituto Veterinario de Investigaciones
Tropicales y de Altura (IVITA), UNMSM, Lima; NERC grant
GST/02/828 to H. E. Stanley and J. C. W.; and Darwin Initiative
grant 162/06/126 to H. F. Stanley, J. C. W, and M. W. B. L. C.
is now supported by the CNRS.

References

Akimushkin, J. 1971. Migraciones. Buenos Aires: Editorial Cartaga.

Antonius, O. 1922. Stammesgeschichte der haustiere. Jena. Verlag
Gustav Fischer, 305-310.

Bahn, P. G. 1994. Archaeozoology—Time for a change. Nature 367:
511-512.

Bandelt, H. J., P. Forster, and A. Rohl. 1999. Median joining
networks for inferring intraspecific phylogenies. Molecular
Biology and Evolution 16: 37-48.

Bates, M. 1975. Siidamerika-Flora und Fauna. Reinbek: Rowehlt.

Belkhir, L. 1999. GENETIX v4.0. Belkhir Biosoft, Laboratoire des
Genomes et Populations, Université Montpellier II.

Benzécri, J. P. 1973. L'Analyse des Données: T. 2, I' Analyse des
correspondances. Paris: Dunod.

Bertorelle, G. 1998. ADMIX1_0. www.unife.it/genetica/Giorgio/
giorgio_soft.htmI#ADMIX

—p—

Bertorelle, G. and L Excoffier. 1998. Inferring admixture propor-
tions from molecular data. Molecular Biology and Evolution
15:1298-1311.

Brehm A. 1916. Die Sdugetiere. Leipzig: Bibiographilches Insitut.

Bruford, M. W,, O. Hanotte, J. E. Y. Brookfield, and T. Burke. 1998.
Single and multilocus DNA fingerprinting. In Molecular genetic
analysis of populations: A practical approach, 2nd edition,
A. R. Hoelzel (ed.), pp. 287-336. Oxford: Oxford University
Press.

Bustinza, V. 1989. Algunas consecuenciias de la agresion cultural
en la ganadeia Andina. In Crianza de llamas y alpacas en los
Andes. PAL/ PRATEC, pp. 115-130. Lima, Talleres Graficos de
ART Lautrec, S.R.

Cabrera, A. 1932. Sobre los camélidos fosiles y actuales de la
América austral. Revista del Museo de la Plata 33: 89-117.

Cabrera, A. and J. Yepes. 1960. Mamiferos SudAmericanos. Buenos
Aires: Ediar.

Capanna, E. and M. V. Civitelli. 1965. The chromosomes of three
species of Neotropical Camelidae. Mammalian Chromosomes
Newsletter 17: 75.

Capurro, L. F. and F. Silva. 1960. Estudios cromatagraficos y
electroforéticos en Camélidos Sudamericanos. Investigaciones
Zoologicas Chilenas 6: 49-64.

Chakraborty, R. 1986. Gene admixture in human populations:
Models and predictions. Yearbook of Physical Anthropology, 29:
1-43.

Chakraborty, R., M. I. Kamboh, M. Nwankwo, and R. E. Ferrell.
1992. Caucasian genes in American blacks—New data. American
Journal of Human Genetics. 50: 145-155.

Chikhi, L., M. W. Bruford, and M. Beaumont. 2001. Estimation
of admixture proportions: A likelihood-based approach using
Markov Chain Monte Carlo. Genetics 158: 1347-1362.

Cook, O. E 1925. Peru as a center of domestication. Journal of
Heredity 16: 1-41.

Darwin, C. 1868. The variation of animals and plants under domes-
tication. London: Murray.

Dransart, P. Z. 1991. Fiber to fabric: The role of fiber in camelid
economies in prehispanic and contemporary Chile. Unpublished
D.Phil thesis, Linacre College, Oxford University.

Excoffier, L. 1993. MINSPNET. Available from http://lgb.unige.ch/
software/win/min-span-net/

Faige, F. 1929. Haustierkunde u haustiereucht. Leipzig.

Fallet, M. 1961. Vergleichende untersuchungen zur wollbildung
stidamerikanischer tylopoden. Zeitschrift fur Tierziichtung und
Ziichtngsbiologie 75: 34-56.

Flores Ochoa, J. A. 1977. Patores de alpacas de los Andes. In Pas-
tores de puna, J. A. Flores Ochoa (ed.), pp. 15-52. Lima: Instituto
de Estudios Peruanos.

Franklin, W. L. 1974. The social behaviour of the vicuiia. In The
behaviour of ungulates and its relation to management, V. Geist
and F. Walther (eds.), pp. 477-487. International Union for
Conservation of Nature, I.U.C.N., Morges, Switzerland.

. 1982. Biology, ecology, and relationship to man of the
South American camelids. In Mammalian biology in South
America, M. A. Mares and H. H. Genoways (eds.), pp. 457-489.
Linesville, Pymatuning Laboratory of Ecology Special Publi-
cation 6. Pittsburgh: University of Pittsburgh.

. 1983. Contrasting socioecologies of South America’s wild
camelids: The vicufia and the guanaco. In Advances in the study
of mammalian behavior, J. F. Eisenberg and D. K. Kleinman

GENETICS OF SOUTH AMERICAN CAMELIDS 341

o

Publisher?



chapter23.gxd 2004.7.3

8:39 PM Page 342

(eds.), pp. 573-629. Special Publication of the American Society
of Mammalogists 7.

Frechkop, S. 1955. Ruminants digitigrades ou superfamille
des Tylopodes. In Traite de Zoologie 17(1), P. P. Grassé (ed.),
pp- 5180-5189. Paris: P. P. Masson, Editeur.

Frisch, J. L. 1775. Das natur-system der vierfiissigen thiere, Glogau.
E.]J. Gentz and T. L. Yates. 1986. Genetic identification of
camelids. Zoo Biology 5: 349-354.

Goldstein, D. B. and L. Chikhi. 2002. Human migrations and
population structure: What we know and why it matters.
Annual Review of Genomics and Human Genetics 3: 129-152.

Goldstein, D. B., A. R. Linares, L. L. Cavalli-Sforza, and M. W.
Feldman. 1995. An evaluation of genetic distances for use
with microsatellite Loci. Genetics 139: 463-471.

Guerin, C. and M. Faure. 1999. Palaeolama (Hemiauchenia)
niedae nov. sp., nouveau camelidae du nordeste brésilien,
et sa place parmi le Lamini d’Amérique du Sud. Geobios
32: 629-659.

Harrison, J. A.1979. Revision of the Camelinae (Artiodactyla
Tylopoda) and description of the new genus Alforjas. Paleonto-
logical Contributions, University of Kansas 95: 1-20.

Hemmer, H. 1975. Zer herkunft des alpakas. Zeitschrift des Klner
Zoo 18 (2): 59-66.

.1983. Domestikation verarmung der merkwelt. Braunschweig/
Wiesbaden: Friedr. Vieweg and Sohn.

. 1990. Domestication: The decline of environmental appreci-
ation. Cambridge: Cambridge University Press.

Herre, W. 1952. Studien tiber die wilden und domestizierten
Tylopoden Stidamerikas. Der Zoologische Garten, Leipzig, N.E.
19 (2-4): 70-98.

. 1953. Studien am skelet des mittelhores wilder und domes-
tizierter formen der Gattung Lama Frisch. Basel Acta Anatomica
19: 271-289.

. 1976. Die herkunft des alpaka. Zeitschrift des Kdlner Zoo
19 (1): 22-26.

.1982. Zur stammesgeschichte der Tylopoden. Verhandlugen
der Deutschen Zoologischen Gesellschaft 75: 159-171.

Herre, W. and M. Rohrs. 1973. Haustiere—Zoologisch gesehen.
Stuttgart: Gustav Fischer Verlag.

Herre, W. and U. Thiede. 1965. Studien an ghirnen Stida-
merikanischer Tylopoden. Zoologisches Jahrbuch Anatomie
81: 155-176.

Hilzheimer, M. 1913. Uberblick iiber die geschichte der haustier-
forschung, besonders der letzen 30 Jahre. Zoologischer Anzeiger
5:233-254.

Hoffstetter, R. 1986. High Andean mammalian faunas during
the Plio-Pleistocene. In High altitude tropical biogeography,
F. Vulleumier and M. Monasterio (eds.), pp. 218-245. Oxford:
Oxford University Press.

Jerison, H. J. 1971. Quantitative analysis of the evolution of the
camelid brain. American Naturalist 105: 227-239.

Jurgens, K. D., M. Pietschmann, K. Yamaguchi, and T. Kleinschmidt.
1988. Oxygen binding properties, capillary densities and heart
weights in high altitude camelids. Journal of Comparative
Physiology B 158: 469-477.

Kadwell, M., M. Fernandez, H. F. Stanley, R. Baldi, ]J. C. Wheeler,
R. Rosadio, and M. W. Bruford. 2001. Genetic analysis reveals
the wild ancestors of the llama and alpaca. Proceedings of the
Royal Society of London, B. 268: 2575-2584.

Kleinschmidt, T., J. Marz, K. D. Jiirgens, and G. Braunitzer. 1986.
The primary structure of two Tylopoda hemoglobins with

342 GENETICS AND ANIMAL DOMESTICATION

—p—

high oxygen affinity: Vicufia (Lama vicugna) and alpaca (Lama
pacos). Biological Chemistry Hoppe-Seyler 367: 153-160.

Krumbiegel, 1. 1944. Die neuveltlichen tylopoden. Zoologischer
Anzeiger 145: 45-70.

__ . 1952. Lamas. Leipzig: Neue Brehmbiicherei.

Kruska, D. 1982. Hirngréflendanderungen bei Tylopoden wéahrend
der stammesgeschichte und in der domestikation. Verhandlugen
der Deutschen Zoologischen Gesellschaft 75: 173-183.

Kruskal, J. B. 1956. On the shortest spanning subtree of the graph
and the travelling salesman problem. Proceedings of the American
Mathematical Society. 7: 48-57.

Lang, K. D., Y. Wang, and Y. Plante. 1996. Fifteen polymorphic
dinucleotide microsatellites in llamas and alpacas. Animal
Genetics 27: 293.

Langella, O., L. Chikhi, and M. A. Beaumont. 2001. LEA (Likelihood-
based estimation of admixture): A program to simultaneously
estimate admixture and the time since admixture. Molecular
Ecology Notes 1: 357-358.

Larramendy, M., L. Vidal-Rioja, L. Bianchi, and M. Bianchi. 1984.
Camélidos Sudamericanos: Estudios genéticos. Boletin de Lima
6: 92-96.

Ledger, C. 1860. Sur un tropeau d'Alpacas introduit en Australie.
Bulletin Société Impérial Zoologique d'Acclimatation 7. Paris.

Long, J. 1991. The genetic structure of admixed populations.
Genetics 127: 417-428

Lonnberg, E. 1913. Notes on guanacos. Arkiv fiir Zoologi (Stockholm)
8:1-8.

Lopez Aranguren, D. J. 1930. Camélidos fosiles argentinos. Anales
de la Sociedad Cientifica Argentina (Buenos Aires) 109: 15-35,
97-126.

MacHugh, D. E., M. D. Shriver, R. T. Loftus, P. Cunningham, and
D. G. Bradley. 1997. Microsatellite DNA variation and the
evolution, domestication and phylogeography of taurine and
zebu cattle (Bos taurus and Bos indicus). Genetics 146: 1071-1086.

McPartlan, H. C., M. E. Matthews, and N. A. Robinson. 1998.
Alpaca microsatellites at the VIAS Al and VIAS A2 loci. Animal
Genetics 29: 158-159.

Miller, W. ]., J. P. Hollander, and W. L. Franklin. 1985. Blood
typing South American camelids. Journal of Heredity 76:
369-371.

Obreque, V., L. Coogle, P. J. Henney, E. Bailey, R. Mancilla,
J. Garcia-Huidobro, P. Hinrichsen, and E. G. Cothran. 1998.
Characterization of 10 polymorphic alpaca dinucleotide
microsatellites. Animal Genetics 29: 461-462.

Obreque, V., R. Mancilla, J. Garcia-Huidobro, E. G. Cothran, and
P. Hinrichsen. 1999. Thirteen new dinucleotide microsatel-
lites in alpaca. Animal Genetics 30: 397-398.

Palma, R. E., J. C. Marin, A. E. Spotorno, and J. L. Galaz. 2001.
Phylogenetic relationships among South American subspecies
of camelids based on sequences of mitochondrial genes.
In Progress in South American camelid research, M. Gerken and
C. Renieri (eds.), pp. 44-52. Proceedings of the III Symposium on
South American Camelids, University of Goettingen. Germany:
Wageningen Press.

Penedo, M. C. T., M. E. Fowler, A. T. Bowling, D. L. Anderson, and
L. Gordon. 1988. Genetic variation in the blood of llamas, Lama
glama, and alpacas, Lama pacos. Animal Genetics 19: 267-276.

Penedo, M. C., A. R. Caetano, and K. I. Cordova. 1998. Micro-

satellite markers for South American camelids. Animal Genetics
29: 411-412.

o



chapter23.qgxd

cap okay here?

volume number?
question from
earlier editing.

2004.7.3 8:39 PM Page 343

Penedo, M. C., A. R. Caetano, and K. I. Cordova. 1999a. Eight
microsatellite markers for South American camelids. Animal
Genetics 30: 166-167.

Penedo, M. C., A. R. Caetano, and K. I. Cordova. 1999b. Six
microsatellite markers for South American camelids. Animal
Genetics 30: 399.

Peterson, O. A. 1904. Osteology of Oxydactylus. Annals of the
Carnegie Museum 2: 434-476.

Piccinini, M., T. Kleinschmidt, K. D. Jirgens, and G. Baunitzer.
1990. Primary structure and oxygen-binding properties of the
hemoglobin from guanaco (Lama Guanacoé [sic], Tylopoda).
Biological Chemistry Hoppe-Seyler 371: 641-648.

Pires-Ferreira, E. 1981/1982. Nomenclatura y nueva classifica-
cion de los camélidos Sudamericanos. Revista do Museu Paulista
28:203-219.

Reynolds, J., B. S. Weir, and C. C. Cockerham. 1983. Estimation
of the co-ancestry coefficient—Basis for a short-term genetic-
distance. Genetics 105: 767-779.

Rohrs, M. 1957. Okologische Beobachtungen an wildlebenden
Tylopoden Siidamerikas. Velhandlung der Deutchen Zoologischen
Gesellschaft 538-554.

Saluda-Gorgul, A., J. Jaworski, and J. Greger. 1990. Nucleotide
sequence of satellite I and II DNA from Alpaca (Lama pacos)
genome. Acta Biochimica Polonica 37: 283-297.

Sarno, R.]J., V. A. David, W. L. Franklin, S. J. O'Brien, and W. E.
Johnson. 2000. Development of microsatellite markers in the
guanaco, Lama guanicoe: Utility for South American camelids.
Molecular Ecology 9: 1922-1924.

Semorile, L. C., J. V. Crisci, and L. Vidal-Rioja. 1994. Restriction
sites variation of the ribosomal DNA in Camelidae. Genetica 92:
115-122.

—p—

Stanley, H. F., M. Kadwell, and J. C. Wheeler. 1994. Molecular
evolution of the family Camelidae—A mitochondrial DNA
study. Proceedings of the Royal Society of London, B. 256: 1-6.

Steinbacher, G. 1953. Zur abstammung des alpakka, Lama pacos
(Linne, 1758). Sdugetierkundliche Mitteilungen 1: 78-79.

Taylor, K. M., D. A. Hungerford, R. L. Snyder, and E. A. Ulmer, Jr.
1968. Uniformity of karyotypes in the Camelidae. Cytogenetics
7: 8-15.

Thomas, O. 1891. Notes on some ungulate mammals. Proceedings
of the Zoological Society of London: 384-389.

Vidal Rioja, L., L. Semorile, N. O. Bianchi, and J. Padron. 1987.
DNA composition in South American camelids I. Characteri-
zation and in situ hybridization of satellite DNA fractions.
Genetica 72: 137-146.

Webb, S. D. 1974. Pleistocene llamas of Florida, with a brief
review of the Lamini. In Pleistocene mammals of Florida, S. D.
Webb (ed.), pp. 170-213. Gainesville: University Presses of
Florida.

Weber, M. 1928. Die Sdugetiere. Teil: Jane Jena.

Wheeler, J. C. 1995. Evolution and present situation of the South
American Camelidae. Biological Journal of the Linnean Society
54: 271-295.

Wheeler, J. C., A. ]. E Russel, and H. Redden. 1995. Llamas and
alpacas: Pre-conquest breeds and post-conquest hybrids. Journal
of Archaeological Science, 22: 833-840.

Wheeler, J. C., M. Fernandez, R. Rosadio, D. Hoces, M. Kadwell,
and M. W. Bruford. 2001. Diversidad genética y manejo de pob-
laciones de vicuiias en el Pert. RIVEP Revista de Investigaccciones
veterinarias del Perii Suplemento 1: 170-183.

Zeuner, F. E. 1963. A History of the domesticated animals. London:
Hutchinson.

GENETICS OF SOUTH AMERICAN CAMELIDS 343

o

Please confirm
publication info.



