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Implications

* The genetic mechanisms that regulate economically
important fiber traits in South American camelids are
not yet fully understood, resulting in low productivity.

e In recent years, mutations responsible for some
monogenic or oligogenic traits have been identified,
enabling molecular testing to assist breeding decisions.

* The recently developed 76K SNPs array for the alpaca,
will facilitate the identification of genes affecting more
complex traits through genome wide association studies.
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Introduction

Origin and uses of South American camelids

The use of South American camelids by man dates to more
than 10,000 years ago, when the first human populations
from the region began hunting the wild species, the guanaco
(Lama guanicoe), and the vicuna (Vicugna vicugna) for food
(Yacobaccio and Vila, 2013). Archaeological and genetic evi-
dence indicates that the llama (Lama glama) and the alpaca
(Vicugna pacos) were domesticated more than 5000 years ago,
from L. guanicoe and V. vicugna respectively, mainly in the
Peruvian Andes (Kadwell et al., 2001) although independent
domestication centers in northern Argentina and Chile could
have existed (Wheeler, 2012).

Both the llama and the alpaca played a preponderant role
in the economy and the culture of the Andean communities,
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which persists in the present. It is believed that llamas were
first selected for meat production and their ability to carry
heavy loads, while alpacas were selected for their fiber
(Kadwell et al., 2001; Marin et al., 2018). Thus, physical char-
acteristics and their diversity in these species were shaped by
domestication.

Nowadays, in Peru, Bolivia, and Chile, the alpaca is still pri-
marily raised for fiber production, although its meat is also con-
sumed. In Argentina, where alpaca population is small, llama
farming is mainly intended for fiber production. However, in
the northwest of that country, as in Bolivia and Peru, llamas
are raised for multipurpose use providing other resources such
as meat and leather. Additionally, (small populations of) al-
pacas and llamas can be found throughout the world, where
they are bred mostly, but not only, for their fiber. Because of
their intelligence and docile nature, domestic South American
camelids are also good companion animals and they are used
for other purposes too, like golf animal-caddy, tourist attrac-
tion or zootherapy (Marcoppido and Vila, 2013).

Among all domestic South American camelids uses, fiber
production is one of the most important for breeders and for
the industry. There are several traits that determine the value
of the fiber, being fiber mean diameter the most important,
followed by fiber length, fiber uniformity, and color (Mueller
et al., 2015; Frank, 2017). Other characteristics such as fleece
type and the amount of fiber produced (fleece weight) also im-
pact on the producer’s income. The elucidation of the genetic
mechanisms underlying these commercially important fiber
traits would help breeders to select and improve the productive
characteristics, as well as to conserve and add diversity to the
species.

In general, traits can be classified into two types: qualitative,
such as color and fleece type, and quantitative, like the amount
of fiber produced or fineness (diameter). Qualitative traits are
under genetic control of one or several genes and are exposed
to little or no environmental influence. Conversely, quantitative
traits are encoded by many genes, each one contributing a little
to the phenotype and their expression is modified by the envir-
onment (Mackay, 2003).

Advances have been made in the genetic understanding of
fiber traits; however, this is a vast field, and a lot remains to
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be studied. The purpose of this review is to update the reader
on the current state of knowledge of fiber genetics in domestic
South American camelids and to discuss how genomics and
the emergence of modern technologies for sequencing and
discovering genetic variants will contribute to the advancement
in this field.

Coat Color Genetics

Llamas and alpacas have more than 22 natural colors ran-
ging from black and brown through gray and fawn to white,
including all intermediate shades. Llamas present greater color
variation compared to alpacas; tricolor phenotypes may be ob-
served and the presence of white spots is common in Illamas.
Additionally, this variety of colors and patterns normally oc-
curs in the same herd, unlike alpaca’s herds that tend to be
more homogeneous. The difference can be attributed to the se-
lection process during the domestication of each species. The
llama, as a multipurpose animal, was selected for greater body
size and fiber weight rather than other characters, such as color
uniformity or fiber fineness (Mueller et al., 2015).

Nowadays, the value of a particular color phenotype de-
pends on the production goal. For example, animals with
nonuniform coat are of lesser value for fiber production but
they are more in demand as pets or for animal exhibitions.
White color has traditionally been preferred by the industry be-
cause it can be dyed without bleaching. Because of the pressure
in favor of white alpacas, there has been a significant decrease
in colored animals, especially in Peru (Hick et al., 2009), with
subsequent losses in genetic diversity. Fortunately, in the last
years, the demand for natural colors by the textile industry has
increased along with the worldwide trend towards consump-
tion of eco-friendly products. In this context, the vast diversity
of natural colors offered by domestic South American cam-
elids results very attractive for the current market (Koztowski
and Mackiewicz-Talarczyk, 2020).

However, color inheritance in domestic South American
camelids is complex and frequently leads to unexpected results
for breeders. For example, the mating between two white ani-
mals, may produce a black offspring and vice versa, two black
parents can have a white descendant. As color prediction is
quite difficult based only on the parents’ appearance, it is ne-
cessary to better understand how color is inherited and which
genes are involved.

Based on homology with other species, Frank (2001)
described color phenotypes and their segregation in the
llama. Using a scheme of test crosses and backcrosses, he
concluded that white (absence of pigmentation) is domin-
antly inherited with incomplete penetrance and that black
is recessive with respect to the other pigmentary patterns.
Similar conclusions were reached by Valbonesi et al. (2011)
when analyzing color segregation in white and pigmented al-
pacas. However, the molecular bases of color inheritance re-
mained to be proved. It was not until recent years that some
of the genes and alleles that govern coat color in alpacas and
llamas were identified.

Color variation occurs when there are alterations in the
process of pigmentation. Briefly, this process comprehends
the development, migration, and survival of the pigment-
producer cells (melanocytes) as well as the synthesis of pig-
ments (melanogenesis) and its transport to the skin and fibers
(Cieslak et al., 2011). During mammalian melanogenesis, only
two types of pigments can be produced: eumelanin (black) and
pheomelanin (yellow or reddish-brown). Basic coat colors are
defined by the relative proportion between these two types of
melanin. At molecular level, one enzyme syntheses both pig-
ments, the tyrosinase (TYR), but the eumelanin/pheomelanin
ratio is regulated primarily by the interaction of two different
proteins with a receptor. This receptor is the melanocortin 1-re-
ceptor (MC1R), which is in the cellular membrane of melano-
cytes and has the ability to signal the cell so that melanogenesis
begins. If the protein that bind to MCIR is alpha-melanocyte
stimulating hormone (a-MSH), eumelanin will be produced.
However, if the agouti signaling protein (ASIP) is present, it
will preferably bind to MCIR, switching melanin production
to pheomelanin (Figure 1) (Lu et al., 1994).

It is thought that ASIP presents four alleles for the alpaca
(Munyard, 2011), in the following order of dominance:

A = white to fawn

AP = brown with dark trims

a' = black and tan

a = black

The existence of dominant black, as occurs in other spe-
cies, has been discussed in South American camelids, although
there is no genetic evidence to support it. Instead, three ASIP
mutations have been identified in the alpaca, ¢.292C>T (allele
al), ¢.325_381del57 (allele a?), and ¢.353G>A (allele a%). Black
animals carry two copies of one or another of these muta-
tions (here referred as the a allele) (Feeley et al., 2011). The
first two mutations are also responsible for the same pheno-
type in the llama, while the third one is quite infrequent in this
species (Daverio et al., 2016; Marin et al., 2018). Considering
all these studies, only the a allele has been molecularly identi-
fied so far, supporting a recessive inheritance pattern for black,
as originally proposed by Frank (2001) and Valbonesi et al.
(2011). Black animals can be homozygous or compound het-
erozygous for two of the mutations, but the effect is the same:
due to the mutations, ASIP protein is nonfunctional (unable
to bind to MCI1R), thus there is no signal for switching from
eumelanin to pheomelanin synthesis, and eumelanin continues
to be produced.

The MCIR gene is highly variable in llamas and alpacas.
Among all reported polymorphisms, a combination of them
(called “haplotype”), has been associated with the ability to
produce or not to produce eumelanin. In the alpaca, animals
with at least one allele of M CIR with the combination c.82A/
c.901C (allele E) are eumelanic, whereas animals homozygous
for the combination ¢.82G/c.901T (e/e) are unable to produce
this pigment and express pheomelanin instead (Feeley and
Munyard, 2009).

In the llama, there are three alleles of MCIR E, E* and
e. A particular MCIR haplotype (c.259A/c.376A/c.383T),

August 2022, Vol. 12, No. 4 79


https://MC1R
https://MC1R

aMSH

INRESLYR
L-tyrosine -» DOPA »

MCIR

/

ASIP

i

EUMELANIN — ’
@ -

DOPA
Quinone

Nus

FEOMELANIN

Figure 1. Scheme of melanogenesis simplified within a melanocyte. Both types of melanin are synthetized from the amino acid L-tyrosine in a series of reac-
tions catalyzed by TYR enzyme. Photographs at the right show animals with each kind of pigment.

different from that of alpacas, determines the ability to produce
eumelanin. One variant of this allele (E) is sufficient to produce
a colored coat, which can be black if ASIP is nonfunctional
(aa) or reddish brown if ASIP is functional (AA or Aa). In
contrast, if the animal is homozygous for the MCI/R haplo-
type ¢.259G/c.376G/c.383C (ee), its coat will be white, regard-
less of the alleles present in ASIP (Daverio et al., 2016). So,
for instance, a black dam and a black sire (aa), both hetero-
zygous E/e for MCIR, are able to produce white or light fawn
offspring (ee aa) when they mate.

Moreover, the whole coding sequence of M CI R was studied
in guanacos and the ancestral allele (wild allele, E*) was iden-
tified (Daverio et al., 2016). White llamas frequently have E*/e
or E*/E*. Although not yet molecularly confirmed, we can
hypothesize that those animals carry at least one copy of the
dominant ASIP allele, A.

Table 1 Summarizes ASIP and MCIR allele combinations
and the resulting phenotypes for the llama and the alpaca.

It can be observed from Table 1 that in some cases different
phenotypes share MCIR and ASIP genotypes. This suggests
other unidentified alleles (probably of ASIP) are involved.

Expression of Color Related Genes

Besides variation within genes coding regions, their expres-
sion plays a role in modifying hair pigmentation in camelids.

ASIP has a complex structure with noncoding exons which
are alternatively transcribed into different mRNAs isoforms.
Differential expression of those transcripts in distinct parts of
the body results in the diverse pigmentation patterns observed
in mammals. Although the expression of ASIP in relation to
coat color patterns has not been analyzed in domestic South
American camelids, it was studied for the solid phenotypes.
ASIP expression resulted significantly higher in white llamas
and alpacas compared to black ones. A chimeric transcript of
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Table 1. Brown refers to pheomelanic reddish-brown

(See Fig. 1)

Genotypes Alpaca Llama

E/- ala Black Black
Al- Brown/ white Brown

ele ala Brown ‘White
Al- Brown/ white White

E*/E* Al- - White/ brown (rarely)
ala - Black

E'le Al- - White/ brown (rarely)
ala - Black

ASIP containing part of the NCOA6 gene was found in the
skin of white animals while it was not present in black ani-
mals, accounting for the ASIP expression differences observed
between these two phenotypes. NCOA6-ASIP transcript was
also highly expressed in brown llamas, at similar levels to those
observed in white animals (Chandramohan et al., 2013; Anello
et al., 2022).

Other genes, such as KIT and MITF, which are involved
in the development, migration and survival of melanocytes
are obvious candidates for white color. KIT and MITF genes
have been sequenced in white llamas but no mutations associ-
ated with this phenotype were identified (Anello et al., 2019a).
Nonetheless, analysis of gene expression profiles in different
studies showed that KIT and MITF are downregulated in white
llamas, as well as other important genes of melanogenesis such
as TYR and SLC7A11 (Anello et al. 2019b, 2019¢).

The expression of pigment-related genes has also been
associated with diluted phenotypes in alpacas and llamas
(Figure 2A and B). Eight genes (RAB38, SLC24A5, TYRPI,
SILV, MATP, KRT4, OCA2, and TYR) were observed to be
expressed in a common pattern in alpacas: high in black, mod-
erate in bay, and low in white (Munyard, 2011). Similar results
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were observed for TYR and SLC7A411 in llamas (Anello
et al. 2019b, 2019¢) where white, diluted and nondiluted
pheomelanic animals where compared. It was observed that
the expression levels were the highest for reddish brown ani-
mals (nondiluted) and the lowest for the white group, while
fawn (diluted) llamas presented an intermediate gene expres-
sion. Though these studies do no explain the how diluted
phenotypes are produced, they show that gene expression is
correlated with color dilution.

Spotted Phenotypes

Domestic South American camelids also present a range
of white-spotting phenotypes (Figure 2C and D), including
regular and irregular spots, exemplified by phenotypes like the
appaloosa (or tajlio), the tuxedo, and piebald (Frank, 2001;
Munyard, 2011). There are discrepancies regarding spots
classification, and spotted phenotypes are usually named ar-
bitrarily, which complicates its study. White-spotting is quite
frequent and suspected to present a recessive inheritance. This
was confirmed by segregation studies conducted by Frank
et al., (2006) in llamas, who observed that full white is dom-
inant over irregular white-spotting. This implies that white-
spotting patterns are unable to be detected in animals whose
base coat color is white (Munyard, 2011), complicating the
identification of the spotting locus. Moreover, it is not clear if
the different spotted phenotypes are product of separate genes,
or different alleles of the same gene. KIT has been proposed a
candidate gene for this feature since it is responsible for similar
white spotting phenotypes in other species (Munyard, 2011).
However, no molecular studies have addressed this issue in
South American camelids and the locus responsible for spot-
ting remains unclear.

Classic Gray and Blue-eyed White Alpacas

Another phenotype relevant for alpacas” breeders is classic
gray. These alpacas present gray body with whiter areas, espe-
cially the head, and differ from gray llamas which present a uni-
form body color and a usually darker head (Figure 2E and F).
The causal mutation of the classic gray phenotype in alpacas
has recently been identified in exon 3 of the KIT gene (Jones
et al., 2019). Gray alpacas are heterozygous for the ¢.376G>A
mutation (p.Gly126Arg), as are BEW alpacas, supporting the
hypothesis held by breeders that the latter phenotype is caused
by a combination of the allele causing classic gray and a white
spotting allele (not identified yet) (Jackling et al., 2014). On the
other hand, no homozygous individuals have been found for
the classic gray mutation, confirming the existing belief that
this condition causes early embryonic lethality (Jones et al.,
2019).

On another note, congenital deafness is a common defect
in domestic South American camelids that present the BEW
phenotype, which is white hair coat and solid blue eye color, as
opposed to white animals which have pigmented eyes (Figure
2H and G). No data is available in South American popula-
tions, but Jost et al., (2020) reported that more than 50% of
BEW animals are suspected to be deaf, based on breeders’
observations in domestic South American camelids from
European countries. This number may be higher, as suggested
by a previous study carried out by Gauly et al. (2005) who ob-
jectively assessed the auditory function of llamas and alpacas
and found that near 80% of BEW animals were deaf. Two KIT-
microsatellite markers, named bewl and bew2, have been as-
sociated to the BEW phenotype. These markers are in linkage
disequilibrium with the causal mutation, which could be in ei-
ther the KIT gene itself or its regulatory region (Jackling et al.,
2014).

Figure 2. Photographs of llamas and alpacas illustrating color phenotypes. A. reddish-brow (nondiluted) llama. B. fawn (diluted) llama C. appaloosa o tajlio
spotted llama. D. spotted llama. E. gray llama. F. gray alpaca. G. white alpaca. H. BEW alpaca.
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Advances in Fiber Genetics

South American camelids produce diverse types of fibers,
but not all of them present the adequate characteristic to reach
the market. The traits that determine fiber quality are mean
fiber diameter, color, type of fleeces, fiber length, and uni-
formity of diameter (Mueller et al., 2015; Frank, 2017). Alpaca
fiber is recognized worldwide for its fineness and softness.
Llama fiber does not enjoy as much prestige, although different
studies showed that most of llamas have fiber diameters <
24 um, equivalent to those of the alpaca fiber belonging to the
superfine category (Laime Huarcaya et al., 2016; Hick et al.,
2009). However, there is a low level of awareness among con-
sumers and clothing industry about llama fiber quality, added
to inadequate marketing strategies.

The structure of the fleece of domestic camelids is given by
the combination of fiber length, thickness, luster (or shininess),
and the presence and type of curls (Frank, 2001). Variations of
these components determine different types of fleeces. In this
way, a double-coat fleece is characterized by two types of fi-
bers: cover fibers (thick, long, and straight) and “down” fibers
(short, fine, and curly). On the other hand, single-coat animals
have fibers with a certain degree of undulation and luster do
not present undulations (Frank, 2001) (Figure 3).

Luster fleece presents less volume and less prickling effect,
double-coat is the one with the most puncture (if primary fibers
are not separated or dehaired) while single-coat has the less.
In general, the finer and less prickling the fiber is, the higher
its value.

Unlike the alpaca which is single-coated, the llama has been
traditionally considered a double-coat species. However, studies
in Argentinian llama herds found that there is a predominance
of single-coat, with lower frequencies of double-coat and luster
fleeces (Frank et al., 2006).

According to fleece characteristics, llamas are classified in:
K’ara, with very short fleece and no fibers in the head and ex-
tremities, and T hampulli, with dense fleece around the body
(Figure 4A and B) (Frank et al., 2006). With regard to alpacas,
two different types of fleeces are described, Suri (luster) with
long fiber and Huacaya with fluffy fleece of shorter fibers
(Figure 4C and D) (Renieri et al., 2009).

Fiber Structure and Composition

In mammals, the fiber is a highly organized structure,
composed mainly of the cuticle, the cortex, and the medulla
(Plowman et al., 2009) (Figure 5). The cortex represents 90%
of the fiber and it consists of keratin intermediate filaments
(KIFs) embedded in a matrix of keratin-associated proteins
(KAPs) (Kuczek and Rogers, 1987). KAPs alongside KIFs
provide the major structural support for the fiber and define
its physical-mechanical properties, such as strength, inertia,
and stiffness (Powell and Beltrame, 1994). The large number
of KIFs and KAPs that conform the fiber suggests that their
relative composition and interactions are key determinants of
fiber characteristics (Rogers, 2006).

double

coat

single lustre

coat

Figure 3. Type of fleece (reproduced and modified from Frank, 2001).

Fiber growth in mammals is a cyclical process with rapid
growth phases followed by rest phases. This cycle is under gen-
etic, nutritional, and hormonal control. Fiber formation con-
sists of three defined phases: anagen (follicles grow and produce
fiber), catagen (follicles regress and fiber elongation ceases since
matrix cells stop proliferating) and telogen (fiber is anchored
in a keratin matrix and the hair follicle enters a period of rela-
tive quiescence in growth) (Paus and Cotsarelis, 1999). Control
of follicle cycling seems to reside at the follicle level and it is
believed that growth factors may be the regulatory agents that
control the expression of fiber genes. The proteins that form the
fiber are encoded by keratin genes (KRT) and keratin-associated
proteins (KRTAP) which are expressed in a highly regulated
manner during hair follicle growth (Yu et al. 2009).

Molecular Studies of Fibers Traits

A few genetic selection programs have been implemented
in domestic camelids to improve fleece characteristics, among
them the PROMECAD (Frank, 1999), the PROMEGE
(Renieri et al., 2007), and the genetic and genomic improve-
ment program carried out by PACOMARCA (Inca Tops S.A.).
Nevertheless, genetics mechanisms controlling fiber traits in
llamas and alpacas are not fully understood.

It is known through segregation studies that luster pheno-
type is dominant over no-luster with a penetrance effect that
allows some heterozygotes to show an intermediate fiber type.
Instead, double-coat is governed by an additive genetic mech-
anism (Frank et al., 2006). The Suri and Huacaya inheritance
in alpacas is described by a single autosomic gene with two
alleles, or alternatively by a two linked loci model, being Suri
dominant over Huacaya (Presciuttini et al., 2010)

The presence of major genes affecting quantitative fiber
traits such as fiber diameter, standard deviation of fiber diam-
eter, variation coefficiency, and comfort factor in both Huacaya
and Suri alpacas has been proposed by Perez-Cabal et al., (2010)
based on segregation analysis. Thus, molecular identification
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Figure 4. Morphotypes of llamas and alpacas: A) llama K'ara B) llama T hampulli C) alpaca Huacaya D) alpaca Suri (photo courtesy of Alan Cruz Camacho).

~— cuticle

cortex

medulla

Figure 5. Scheme of the structural organization of the fiber, cross section.

of the genes involved in the mentioned traits would facilitate
genetic improvement.

Fiber Length

There are many genes that regulates hair follicle’s growth,
among them the fibroblast growth factor (FGFS5) controls hair

cycle and affects hair length. Alternative splicing of the FGF5
gene results in two transcripts: a full-length form a short form,
lacking exon 2 (Hattori et al., 1996). Full-length FGF5 tran-
script induces the catagen phase, a function that is antagon-
ized by the short form during the anagen phase (Suzuki et al.,
2000). Loss-of-function mutations in FGF5 gene have been as-
sociated with long-hair phenotypes in some species, including
camelids. In alpaca, fiber growth in different regions of the
body is controlled by differences in the expression of FGF5
(Liu et al., 2011). Moreover, Fan et al., (2020) that FGF5 has
higher expression in the skin of the Suri alpaca compared
to the Huacaya. The same was observed for FGFS5 protein
expression.

On the other hand, a point mutation (c.499C> T) that gener-
ates a premature stop codon was identified in the long isoform
of alpacas (Pallotti et al., 2018). However, western blot analysis
did not reveal any effect on FGF5 protein, suggesting that a
stop read-through event occurs.

This gene was also studied in T’hampulli llamas for which
the two transcript variants were identified. Besides four
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polymorphisms in the coding region were found: a synonymous
SNP (c.210A>G), a single base deletion (c.348delA), a 12-bp
insertion (c.351_352insCATATAACATAG) and the same non-
sense mutation found in alpacas (c.499C>T). The haplotype
c.348delA/ c.351_352insCATATAACATAG codifies for a trun-
cated protein. All llamas analyzed were homozygous for one of
the deleterious mutations or compound heterozygous for both.
Contrarily, in the guanaco, who presents short hair, no muta-
tions were observed. So, we proposed that FGFS5 might not be
functional in long hair llamas while guanacos have a functional
protein (Daverio et al., 2017).

Fiber Diameter and Other Related Traits

The fiber diameter or the fineness represents the most im-
portant feature for the textile industry. It is affected by the
presence of the medulla (medullation): the diameter increases
when the medulla (broken or complete) is present and de-
creases in its absence (Guillén and Leyva, 2020). At the same
time, fiber uniformity is related to the average fiber diameter
(Aguilar et al., 2019). The heritability and genetic correlation
of these characteristics were analyzed for both llamas and
alpacas and it was found that fiber diameter heritability was
moderate to low and there was a negative correlation between
variation coefficiency and fiber diameter (Frank et al., 2009;
Aguilar et al., 2019).

Variation in KRTAP7-1 and KRTAPS-1 genes has been
associated with fiber diameter and fleece weight in sheep and
goat (Parsons et al., 1994; Liu et al., 2011). We studied these
genes in llamas and found they were highly polymorphic.
Most of the polymorphisms produce nonconservative amino
acid changes, thus they might modify the fiber characteristics,
but it remains to be investigated (Daverio et al., 2019). In al-
pacas, Mendoza et al., (2019) cytogenetically mapped several
candidate genes related to fiber growth and bioinformatically
inspected all VicPac2.0.2 scaffolds for additional genes. They
found a tandemly arranged cluster of five more keratin genes
(KRT31, KRTI13, KRTY, KRTI4, and KRT16) in chromosome
16 around KRT15 which makes this chromosome a good target
to identify sequence variants potentially associated with hair
texture and growth. In another related study, 35 markers were
mapped, four of which corresponded to candidate genes for
fiber traits (BMP4, COLIA2, GLII, SFRP4) (Mendoza et al.,
2020). Even if these studies represent significant advances, it
still remains to be investigated how these genes affect fiber
characteristics.

Conclusions

In the last decade, significant progress has been made in
identifying the genes that control coat color in South American
camelids. The detection of causal mutations of relevant pheno-
types for breeders, such as the classic gray in alpacas, has al-
lowed the development of a commercial test by Neogen (Jones
et al., 2019). This is the first test for color genes in camelids
launched on the market, but it is expected that others will ap-
pear very soon.
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Molecular testing presents diverse applications, from opti-
mizing the chances of obtaining a desired phenotype to preserve
color allele diversity. For example, to obtain a black alpaca a
pair of the three different alleles is necessary, thus mating could
be designed between black animals with different genotypes
(e.g., ala’xa%a’, a'a’xa'a?, etc.) to conserve the existing color al-
lele pool. Additionally, genetic testing can be useful to prevent
some health conditions associated to coat color, like lethal gray.
By performing a DNA test on sires and dams, alpaca breeders
could identify animals carrying classic gray alleles and avoid
risky mating.

Some advances have also been made in understanding the
inheritance mechanisms of other fiber traits in llamas and al-
pacas, ranging from simple single gene models to more complex
additive multigene systems, depending on the characteristic.
Moreover, significant genetic variability has been found in
genes encoding structural protein of the fiber, suggesting that
genetic improvement would be possible when the variants asso-
ciated to desirable traits are discovered.

Despite the progress achieved, there is still a lack of large-
scale studies linking phenotypic traits to candidate genes in
South American camelids. In this sense, the release of the
chromosome-level Alpaca Reference Genome (VicPac3.1) in
2019 marked a turn point in camelid research, allowing the
mapping of candidate genes for fiber traits, the identification
of thousands of SNPs and the development of a high-density
SNP array. The application of this array in genome wide as-
sociation studies (GWAS) in both the alpaca and the llama,
will contribute to accelerate the discovery of new genes and
pathways related to pigmentation and will allow to advance to-
wards the identification of genetic variation influencing more
complex traits, like the ones that affect fiber quality.
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