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ARTICLE INFO ABSTRACT

The aim of this research was to estimate for the first time the heritability and genetic relationship between
medullation and fiber diameter in each fiber by itself. A total of 21,600 fibers from 36 samples from white
fleeces, 600 fibers each sample, from males between 0.4 and 10.4 years old from Pacomarca experimental farm
(Inca Group, Puno, Peru) were tested using projection microscope (PM). The individual fiber diameter (FD) and
the category of medullation (CM) was recorded in each fiber. CM of each fiber was assigned to one of the five
categories established in the literature. The percentage of medullated fiber ranged from 12.33% to 91.67% per
sample. The correlation between OFDA 100 ° medullation percentage and PM measurements was 0.79. The
statistical model used for estimation of genetic parameters for CM and FD included the age as a linear and
quadratic covariate as systematic effect, and the additive genetic and the permanent environmental as random
effects. The pedigree that served to predict genetic values was very robust and strong, allowing obtaining reliable
and significant parameters. Univariate and bivariate models were used to estimate heritability for CM and DF, as
well as its genetic correlation. Different models considering CM as continuous or categorical trait were tested.
The highest heritability estimate for CM was 0.36 = 0.13 obtained using a bivariate continuous model. Using
the same model, the heritability estimate for FD was 0.35 + 0.15 and the genetic correlation between CM and
FD was 0.93 + 0.12. These results implied that selection against medullated fiber is feasible while at the same
time reducing the FD in alpacas. Since measurement of CM per fiber sample was time-consuming, PM measured
by OFDA 100 would be useful as an indicator to reduce the number of medullated fiber in alpaca fleeces.
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1. Introduction

Alpaca fiber quality is worldwide considered among the best for the
textile industry. However its price is still far from other fine animal
fibers like cashmere. The main argued reason is the prickle factor as-
sociated to alpaca fiber. Big efforts have been made in order to remove
this particular issue. Thus, prickling has been linked to fiber diameter,
particularly to fibers thicker than 30 um, and consequently comfort
factor has been defined as the percentage of fibers lower than that value
(McGregor, 1997; Frank et al., 2006), as an interesting trait to work
with. In order to remove prickle factor, selection has been carried out
based on the reduction of fiber diameter as selection criterion in Pa-
comarca experimental farm (Gutiérrez et al., 2011), and a fast reduc-
tion has been achieved (Gutiérrez et al., 2014), but prickle factor has
not completely been removed. The medullated fiber and type of me-
dullation has alternatively been blamed as responsible for prickle factor
(Frank et al., 2014; Frank et al., 2017; McGregor, 1997). They called
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them objectionable fiber, appearing to have opacity greater than 94%
and a diameter greater than 25 um (IWTO, 1998). If selection objective
in fiber has been traditionally the thinness of the fiber and prickle factor
still remains, an alternative would be to move the selection criterion
from fiber diameter to fiber medullation to reduce prickle factor. A
strong genetic relationship between medullation and thickness seems to
exist but it would have to be studied individually in each fiber; working
with global parameters as mean fiber diameter and medullation per-
centage might hide information. Before implementing selection based
on medullation, that relationship would have to be firstly carefully
studied as it would imply important changes, and the first step is to
know how heritable individual medullation would be, as well as the
genetic relationship between diameter and medullation within each
fiber. Such genetic parameters have never been previously estimated in
alpacas. Thus, the objective of this study was to estimate genetic
parameters of individual fiber medullation in alpacas, as well as to
explore its relationship with fineness in each fiber itself, and the
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Fig. 1. Categorization of the fibers according to the type of medulla and a picture sample under projection microscope gathering all different categories.

possible ways to model the medullation classification to predict
breeding values useful in selection of animals.

2. Material and Methods

A total of 21,600 fibers from 36 samples of white fleeces, 600 fibers
each sample, from white Huacaya males between 0.4 and 10.4 years old
from Pacomarca experimental farm (Inca Group, Puno, Peru) were
analyzed. The fiber samples were prepared and analyzed according to
IWTO-8-2011 (IWTO, 2011) procedure at the Universidad Nacional
Agraria La Molina (Lima, Perti).

Each individual fiber was considered as one record. Note that this
consideration provides 600 records per sample, and the resulting trait
differs from the usual trait called fiber medullation which simply ad-
dresses, in a unique figure, the percentage of medullation in a sample.
Thus, for each of the 36 samples, 600 fibers were randomly chosen and
each classified according to their medullation category using micro-
scope projection (Frank et al., 2007; Villarroel, 1963) in to: non me-
dullated, fragmented, uncontinuously medullated, continuously me-
dullated, and strongly medullated (Fig. 1). Fiber diameter was
determined for each fiber computing later the mean, the standard de-
viation and the comfort factor as the percentage of fibers lower than
30 pm. Each sample took about one and a half effective working day to
be processed, and the analysis required trained staff.

Pacomarca has simultaneously started to register the percentage of
medullation by using an OFDA 100 ° device (Lupton and Pfeiffer,
1998). This device counts total medullated fibers as described in the
IWTO-57-98 (IWTO, 1998). The calibration of the OFDA device was
certified by the official service called Inter wool labs. The OFDA records
were used to correlate with those from PM belonged to the same 36

samples of the analysis, except one that was accidentally lost. On the
other hand, as detailed below, in order to correlate breeding values
from different models with a reference value, the 1478 samples regis-
tered during 2016 in the Pacomarca experimental farm were also used
to estimate environmental effects from a fixed model and to deregress
those 36 that were finally used as reference. The fiber measurements
from PM, with the age of animals and medullation distribution of each
of the 36 samples are shown in Table 1, jointly with the percentage of
medullation assessed by OFDA 100 ° device. As the influence of animal
age on diameter fiber is a well known phenomenon (Gutiérrez et al.,
2011) and its influence is also clear on medullation (McGregor, 2006),
age of registered animals is also shown in Table 1.

Pedigree of the recorded individuals was tracked back to the foun-
ders to complete a pedigree of 121 individuals, with 100% of the par-
ents known as well as 71% of the grandparents, 20% of the great
grandparents and less than 1% of the great great grandparents identi-
fied. Numerator relationship matrix, computed using Endog v4.8 soft-
ware (Gutiérrez and Goyache, 2005) showed a strong connectedness
between animals as shown in Fig. 3. Despite only the group of males
was taken, there was a strong genetic connection among them, justi-
fying their representativeness in the whole population. On the other
hand, even when the number of animals is scarce, the high number of
records helped to obtain reliable estimates. The final reliability of these
analyses can fortunately be known; using the Bayesian approach in the
present study helps to properly quantify the levels of uncertainty, once
convergence was proofed.

Category and diameter of each fiber were modeled to estimate
variance components. Fiber medullation as described here is a catego-
rical trait. Thus, threshold models are indicated to | perform the esti-
mation of genetic parameters for this trait (Gianola and Foulley, 1983;
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Table 1
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Mean fiber diameter, standard deviations, comfort factor and medullation category by the projection microscope device for 600 fibers for sample and percentage of

medullation assessed by the OFDA 100" belonging to white Huacaya males.

Projection Microscope

OFDA 100 PM (%)

Age (years) MFD (um) SD (um) Comfort Factor (%) N (%) F (%) D (%) C (%) S (%)

1.4 16.7 4.3 99.2 87.7 10.0 1.2 1.2 0.0 2.1
5.7 20.7 5.0 96.2 45.2 38.8 10.2 5.7 0.2 8.5
1.6 21.8 5.0 95.2 36.7 48.0 5.3 10.0 0.0 -
2.4 21.1 5.4 94.5 73.3 16.5 3.2 7.0 0.0 4.3
2.6 16.4 4.3 99.2 48.5 34.3 5.8 11.3 0.0 17.3
1.4 21.8 4.7 94.0 50.2 34.2 4.0 11.3 0.3 7.0
1.4 16.8 5.0 98.3 49.2 26.2 12.3 12.3 0.0 5.5
5.5 18.3 4.6 98.7 30.7 51.5 5.2 12.7 0.0 7.3
3.6 16.4 4.8 99.3 46.5 35.0 5.5 13.0 0.0 6.6
2.6 17.4 5.2 97.8 48.5 27.3 10.0 14.2 0.0 7.3
5.5 26.5 5.2 78.2 16.2 21.0 44.5 18.3 0.0 23.8
4.4 20.4 6.2 93.3 48.0 19.0 14.3 18.7 0.0 7.4
2.4 20.9 5.1 94.5 48.0 16.7 16.2 19.2 0.0 15.2
6.4 24.7 6.2 84.2 41.2 15.2 23.7 19.3 0.7 19.0
2.4 20.4 5.4 95.7 33.3 31.2 15.7 19.8 0.0 7.2
1.5 20.8 5.6 93.7 47.3 24.0 8.7 20.0 0.0 10.9
1.4 24.0 5.3 91.0 22.3 49.5 7.7 20.2 0.3 9.2
6.5 26.5 6.4 74.8 12.7 45.7 20.0 21.7 0.0 13.2
2.6 20.2 4.4 98.2 22.5 49.0 6.2 22.3 0.0 28.6
5.5 28.2 6.8 65.7 30.2 28.0 18.5 22.8 0.5 27.6
2.6 22.3 6.9 88.0 42.2 19.5 13.3 24.7 0.3 36.7
9.5 24.1 5.5 87.0 23.8 40.0 10.5 25.7 0.0 13.4
0.5 21.4 5.3 94.5 41.0 22.8 9.5 26.7 0.0 15.2
0.5 21.8 5.1 97.2 335 29.8 85 27.7 0.5 19.3
7.3 27.6 6.8 73.7 15.8 27.0 27.3 28.0 1.8 32.8
1.5 19.8 5.3 97.2 23.2 37.3 9.5 30.0 0.0 14.1
0.4 22.4 3.9 96.7 15.7 21.7 32.3 30.3 0.0 27.1
7.6 22.7 5.5 92.2 14.3 21.5 31.7 31.3 1.2 17.4
3.6 24.3 6.7 80.5 16.0 27.2 24.0 32.0 0.8 14.3
3.4 25.7 4.7 83.3 16.7 11.5 37.3 33.8 0.7 11.0
1.4 20.7 6.4 93.7 19.8 36.5 7.7 35.7 0.3 23.2
2.4 21.1 5.2 95.2 30.5 17.8 14.7 36.8 0.2 30.1
10.4 26.4 6.3 79.3 8.3 42.8 10.2 38.7 0.0 39.2
9.2 27.5 7.7 67.0 9.5 40.3 9.0 40.8 0.3 24.8
6.8 26.0 6.7 73.8 9.2 25.7 12.8 51.7 0.7 30.3
0.4 23.3 4.9 93.7 14.7 11.8 8.0 65.5 0.0 65.3
Mean 22.1 5.5 89.8 32.6 29.3 14.0 23.9 0.2 18.3

N = not medullated; F = fragmented; D = discontinuous; C = contuinous; S = strongly medullated, MFD = mean fiber diameter; SD = standard deviation of fiber
diameter, OFDA = optical fiber diameter analyzer, PM = percentage of medullation.

Weller and Gianola, 1989). However linear models have been proven to
perform better than threshold models when databases are small
(Goyache et al., 2003; Cervantes et al., 2010a, Ibafnez et al., 2014). As it
is not initially clear the best way to analyze the medullation trait, in this
study, genetic parameters were estimated using both linear and
threshold procedures applied to linear mixed models (Altarriba et al.,
1998). In addition, sometimes is difficult to define the number of
thresholds (Gianola, 1982). Then, also several different ways to con-
sider the categories were studied. According to all this, several possi-
bilities were assessed. Regarding the number of categories:

C5, Five different categories from 1 to 5: 1: non medullated, 2:
fragmented, 3: uncontinuously medullated, 4: continuously medullated,
and 5: strongly medullated.

C4, Four categories from 1 to 4: 1: non medullated, 2: fragmented,
3: uncontinuously medullated, 4: grouping continuously and strongly
medullated.

C2A, Two categories: 1: grouping on one hand, non medullated,
fragmented and uncontinuously medullated, 2: grouping on the other
hand, continuously and strongly medullated.

C2B, Two categories: 1: non medullated and 2: grouping all the
other categories.

The four ways of classifying were analyzed using two different
methodologies:

Continuous linear (L) model assuming that the analyzed trait was a
continuous variable, and Threshold (T) model, also called probit

(Gianola, 1982; Gianola and Foulley, 1983; Sorensen and Gianola,
2002) that theoretically would better fit the discrete probabilistic
nature of the data.

Finally, all combinations were also tested by using a univariate
model and a bivariate model combining fiber diameter and medulla-
tion. Thus, 16 different estimations of variance components for me-
dullation were carried out.

The linear model equation was:

y=Xb+Zu+ Wp+e

u A® G, 0 0
with Var[p] = 0 I, ® P 0 s
e 0 0 I,® R,

where, y is the vector of observations (the individual medullation ca-
tegory or the individual fiber diameter), b is the vector of systematic
effects, u is the vector representing the additive genetic effects, p cor-
responds to the vector of permanent environments of individuals, e is
the vector of residuals, X, Z, and P are the incidence matrices for re-
spectively systematic, additive genetic and environmental permanent
effects, I the identity matrix of order equal to 21,600, the number of
records, I, the identity matrix of order equal to 36, the number of
permanent environmental subclasses, A the numerator relationship
matrix, Ry the residual covariance matrix among measurements on the
same animal, Go the covariance matrix for additive genetic effects, Pg
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fiber category was an independent group (C2B) than when continuously
medullated fiber categories were an independent group (C2A).
Therefore, the category (C2B) of medullation, which assumes in the
same group all fibers with any degree of medullation, could be more
suitable to be used in breeding programs.

To check the consistency of the predictions, the correlation coeffi-
cients among predicted breeding values across essayed models was
computed, as well as with the deregressed percentage of medullation
(Table 3). Consistency was very high within linear continuous models
with correlations higher than 0.880 and not so much but also high
within threshold models with correlations higher than 0.755. Con-
sistency between models under different approaches was variable from
0.205 to 0.899 depending on how the categorization was defined in
crossed comparisons. When comparisons involved bivariate models the
correlations were higher. The correlations were low, from 0.205 to
0.694, when they involved grouping independently continuous me-
dullated fibers (C2A). All the sixteen models had very similar correla-
tions with deregressed percentage of medullation, from 0.428 to 0.537.
This contrasts with phenotypic correlations. The correlations between
percentage of medullation assessed from OFDA 100 ° and percentage of
continuously medullated fibers from PM was 0.79, and the percentage
of medullation of OFDA 100 ° with total medullation of projection
microscope was 0.56. OFDA 100 ° does random punctual reads and
does not differentiate the medullation type, but it seems to give figures
more related to continuously medullated fibers than the total medul-
lated fibers from the phenotypic point of view. However, from genetic
correlations it looks that the different grades of medullation have a
common genetic base.

Even though it is clear that a relationship between medullation and
diameter exists, it is not so clear how this relationship operates. Fig. 4
shows several distributions of the medulla categorized fibers regarding
diameter, explaining the genetic correlation obtained between me-
dullation and thickness, and justifying the selection against fiber dia-
meter in order to reduce the prickling. Fig. 4a shows the distribution of
the different categories of medullation within diameter classes, com-
puted from the 36 white Huacaya males of the study. Fig. 4b shows the
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distribution of each category of medullation, 4c grouping all non con-
tinuous medullated fiber against continuous ones (as considered in C2A
grouping), and 4d grouping all somehow medullated fiber against non
medullated (as defined in C2 B grouping). The threshold of 30 um is also
highlighted in the figure and also the usually defined as comfort and
prickling areas are labeled as defined dependant of the 30 um threshold.
Fig. 4b shows the distributions of the different medulla categories re-
garding fiber diameter, non continuous medullated category appearing
as a subset of the continuous medullated category, being fragmented
group an intermediate between completely medullated and completely
non medullated.

4. Discussion

Over the last years, research on alpaca breeding has been carried
out at Pacomarca experimental farm. Some findings have led to some
changes in the selection objective (Gutiérrez et al., 2014). Even though
initially the textile value was the goal for Pacomarca (Morante et al.,
2009), it was shown that the selection response for the goal would be
higher if the criterion would focus on the mean fiber diameter of a
staple (Gutiérrez et al., 2009). In addition, the selection objective was
decided to incorporate traits for decreasing fiber diameter variability
and the prickling factor in alpaca fleece, such as standard deviation or
coefficient of variation of the fiber diameter. Later these traits were
decided to be also combined with subjective morphological traits
(Cervantes et al., 2010b). Existence of a major gene for fiber diameter
was also reported in the population when searching for a faster re-
sponse in reducing the diameter and its variability (Pérez-Cabal et al.,
2010; Paredes et al., 2014). The Research on the farm evolved to the
point of developing selection index to optimally combine several ob-
jectives (Gutiérrez et al., 2014), currently thinking about the possibility
of adding reproduction (Cruz et al., 2015) and weight traits (Cruz et al.,
2017b) to the index. Finally, in order to obtain a higher selection re-
sponse, last research consisted of improving the accuracy of the esti-
mation of genetic parameters and the prediction of the breeding values
by better accounting the pregnant and milking states of the females
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Fig. 4. Category fiber distribution within diameter classes (a), distributions of each category of medullation (b), distribution of non continuous medullated fiber
against continuous ones (c¢) and distribution of non medullated fibers against somehow medullated ones (d), from 36 random white alpaca Huacaya males. Threshold
of 30 um is also highlighted.
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(Cruz et al., 2017a).

As a result of these selection approaches, a favorable genetic re-
sponse for fiber diameter was achieved, but little for prickling factor as
correlated genetic response. Currently a big debate exists about the way
to remove the prickling factor by selection (Frank et al., 2011; Sanchez
et al., 2016), having evidence that fiber medullation (continuously and
strongly medullation categories) is in fact, the responsible of this un-
pleasant issue (McGregor, 1997; Frank et al., 2014). Then, efforts fo-
cused on the diameter have become inefficient in the actual objective of
removing the prickle factor.

Disentangling if thickness, medullation, or combinations of them are
causing the prickling, would be essential. This research does not give a
solution to that, but studying the different categories can contribute.
Two Gaussian independent overlapped distributions can be identified in
Fig. 4c and d, suggesting in both cases that they can be understood as
independent traits. It can also be noted that, despite there is a clear
relationship between medullation and thickness (Lupton et al., 1991;
McGregor, 2006; McGregor et al., 2013), there are still medullated fi-
bers even from 13 pm, and there are also non medullated fibers up to
46 um. The latest pattern was also observed in Romney sheep (Scobie
et al., 1993). Finer medullated fibers and coarse non medullated fibers
can be produced by secondary follicles (Antonini et al., 2004).

As fiber diameter has not been shown to be useful regarding
prickling, comfort factor, based on fiber diameter, would not then be-
come an indicator of true comfort. Selection objective has been tradi-
tionally the thinness of the fiber, but an alternative selection objective
would be removing the prickling factor. A selection criterion in this case
could be the fiber medullation.

In this work, the heritability of medullation and fiber diameter has
been assessed for individual fibers in a sample, unlike the usual way of
recording mean values in a staple. A limitation of this research was the
limited number of records for medullated fibers by PM. Collecting and
using this type of information is cumbersome, which explains why in-
formation on these traits is scarce. Additionally, the required time to
process each sample is very long; this analysis requires trained staff and
takes a qualified technician about one day and a half per animal.
Fortunately the strong genetic connectedness between animals has
importantly contributed as shown by the relatively low standard de-
viation of the estimated parameters (Table 2) making these results re-
liable. On the other hand, OFDA 100 ° records have been taken as re-
ference because up to date it can be widely recorded in the population.

Likewise, repeatability here has not been a parameter conceived
temporarily as usual, but spatially, as it describes how the traits are
repeated within the sample. Heritability was found to be medium, al-
lowing being optimistic with respect to the success expected by artifi-
cial selection, if medullation would be used as a criterion for artificial
selection. Similar heritability estimate was reported in Corriedale
sheep, (0.37 = 0.10) for presence/absence of medullated fiber
(Sanchez et al.,, 2016). Also heritabilities were 0.23 *= 0.02 and
0.32 = 0.02 for OFDA medullated content and OFDA kemp content,
respectively in Angora goats (Allain and Roguet, 2006). Finally, a
heritability of 0.29 + 0.04 for total medullation grades has been re-
ported by Frank et al. (2011) in llama fiber. However, this is the first
time that any kind of medullation heritability has been estimated in
alpacas, and the first time that individual fiber medullation has been
reported in any species to our knowledge.

Comparing models is not straightforward because, primarily, it is
unknown what would be the right way to select against prickle factor.
Prickling is supposed to be due to the resistance of a fiber to be bended,
and both thickness and medullation can contribute to that. In this study,
the research focus is on medullation, but determining it, remains an
open issue. In order to have a reference, medullation percentages as
provided by the OFDA 100 ° device were used. First, fixed models were
used to estimate some environmental effects, such as sex, color, month
or age, and then the estimations were used to correct the performances
for such environmental influences obtaining deregressed values. The
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correlations between the deregressed values and the breeding values
predicted under each model were computed to assess the prediction
ability of each of them. Medullation percentage expresses an estimation
of the percentage of medullated fibers in a staple, but the OFDA 100 °
automation cannot avoid a fiber being measured several times in dif-
ferent points and cannot distinguish if a punctual positive medullation
score corresponds to a continuous, non continuous or fragmented me-
dulla. From a different view, a quick view to Table 1 leads to think that
OFDA 100 ° essentially measures percentage of continuously medul-
lated fibers. For example, the average percentage of this group with
projection microscope was 24%, higher than the mean OFDA 100 °
value, 18% (Table 1). Furthermore, the correlation between these two
values computed with the 35 available samples was 0.79, decreasing to
0.56 when all type of medullated fiber were counted. In addition, this
device is capable of providing the information relatively fast and it is
potentially less expensive (Lupton and Pfeiffer, 1998). Thus, deregresed
medullation percentage provided by OFDA 100 ° can be considered a
useful reference.

Regarding heritability estimates, and assuming that higher herit-
ability within linear or threshold approaches, can be understood as the
trait having more genetic sense, the best way to codify the medullation
was gathering all somehow medullated fibers in the same group (C2B).
It was not clear what the best one under threshold models was, but it
was always better C2B than C2A. Unfortunately OFDA medullation, a
device allowing to record more animals in much less time, seems to be
grouping more similar to C2A. As an approximate idea of how these
discrepancies can affect the predicted breeding values when selecting
via OFDA 100 ° records, the correlation between OFDA deregressed
values and predicted breeding values from all models were computed.
Fortunately all the models seemed to similarly perform fairly well
(Table 3), but some small differences were found. Thus, correlations
trend to be higher than 0.5 when categorization is done in four of five
classes, and lower if they are classified in only two. These last were just
those models with the highest heritability when linear continuous
models were fitted. If only two categories had less genetic sense in
linear models fitting individual medullation, then medullation percen-
tage, also with only two categories, would be worse performing this
trait. However such conclusions would not be matched under threshold
models.

Summarizing, linear continuous models performed better than
threshold models in terms of heritability. Among them, that one
grouping all fibers with any degree of medullation in a unique class
would be the best way to deal with fiber medullation addressed from
unique fibers. But differences among all checked linear models essayed
were not large and finally it is not still possible to decide what con-
ceptual model would be the most appropriate to be used for genetic
evaluation of animals. However, as medullation heritability has been
found to have consistent moderate magnitude, if medulla is the true
responsible of prickling, selecting to decrease the fiber diameter would
not be the best criterion. Instead, linear continuous or threshold models
applied on whichever method of scoring medullation, including OFDA
100 ° scores, seem to be promising in the final goal of reducing the
prickling. This will help to increase the alpaca fiber price in the inter-
national textile market, which will have repercussions on the incomes
of the small Andean producer.

5. Conclusion

The heritability of the individual fiber medullation under a con-
tinuous linear model was found to be moderate, suggesting that me-
dullation can be used as a selection criterion to decrease the effect of
the prickle factor, as itself or maybe combined with fiber diameter.
Among all the possible models and grouping ways essayed, grouping
jointly all type of medullated fibers will be the trait to use in breeding
programs, but the great cost of work under projection microscope
suggests rather using the percentage of medullation obtained from
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OFDA device, thus achieving a big amount of records under much lower
cost. A limitation of this research was the limited number of animals
recorded, but the final estimates seem to be sound. It was probably
helped by the strong genetic relationship between the animals in the
population and the high number of records per animal. Other important
issue, not addressed here, is the effect that different types of medullated
fiber on the prickle factor should be explored. Individual medullation
appeared also highly correlated with the fiber diameter. Considering
that both fiber diameter and medullation contribute to the prickling
performance of alpaca clothes another possibility would be combining
them under a genetic index to carry out selection.

Conflict of interest
None.
Acknowledgment

This research did not receive any specific grant from funding
agencies in the public, commercial, or not-for-profit sectors.

References

Allain, D., Roguet, J.M., 2006. Genetic and non-genetic variability of OFDA medullated
fiber contents and other fleece traits in the French Angora goats. Small Rumin. Res.
65, 217-222.

Altarriba, J.L., Varona, L.A., Garcia-Cortés, A., Moreno, C., 1998. Bayesian inference of
variance components for litter size in Rasa Aragonesa sheep. J. Anim. Sci. 76, 23-28.

Antonini, M., Gonzales, M., Valbonesi, A., 2004. Relationship between age and postnatal
skin follicular development in three types of South American domestic camelids.
Livest. Prod. Sci. 90, 241-246.

Cervantes, L., Gutiérrez, J.P., Fernandez, I., Goyache, F., 2010a. Genetic relationships
among calving ease, gestation length, and calf survival to weaning in the Asturiana de
los Valles beef cattle breed. J. Anim. Sci. 88, 96-101.

Cervantes, 1., Pérez-Cabal, M.A., Morante, R., Burgos, A., Salgado, C., Nieto, B., Goyache,
F., Gutiérrez, J.P., 2010b. Genetic parameters and relationships between fiber and
type traits in two breeds of Peruvian alpacas. Small Rumin. Res. 88, 6-11.

Cruz, A., Cervantes, 1., Burgos, A., Morante, R., Gutiérrez, J.P., 2015. Estimation of ge-
netic parameters for reproductive traits in alpacas. Anim. Reprod. Sci. 163, 48-55.

Cruz, A., Morante, R., Cervantes, I., Burgos, A., Gutiérrez, J.P., 2017a. Effect of the ge-
station and lactation on fiber diameter and its variability in Peruvian alpacas. Livest.
Sci. 198, 31-36.

Cruz, A., Cervantes, 1., Burgos, A., Morante, R., Gutiérrez, J.P., 2017b. Genetic parameters
estimation for preweaning traits and their relationship with reproductive, productive
and morphological traits in alpaca. Animal 11, 746-754.

Frank, E.N., Hick, M.V.H., Gauna, C., Lamas, H., Renieri, C., Antonini, M., 2006.
Phenotypic and genetic description of fiber traits in South American domestic ca-
melids (llamas and alpacas). Small Rumin. Res. 61, 113-129.

Frank, E.N., Hick, M.V.H., Adot, O., 2007. Descriptive differential attributes of type of
fleeces in Llama fiber and its textile consequence. 1-Descriptive aspects. J. Text. Inst.
98 (3), 251-259.

Frank, E.N., Hick, M.V.H., Molina, M.G., Caruso, L.M., 2011. Genetic parameters for
fleece weight and fiber attributes in Argentinean Llamas reared outside the Altiplano.
Small Rumin. Res. 99, 54-60.

Frank, E.N., Hick, M.V.H., Castillo, M.F., Prieto, A., Adot, O., 2014. Fiber-based compo-
nents determining handle and skin comfort in fabrics made from dehaired and non
dehaired llama fiber. Int. J. Appl. Sci. Technol. 4, 51-66.

Frank, E.N., Hick, M.H.V., Riva de Neyra, L.A., 2017. The problem of prickling on fabrics

Small Ruminant Research xxx (XXxxx) XXx—-Xxx

of South American camelids fibers: possible approaches for mechanical solutions.
Asian Res. J. Agric. 5, 1-9.

Gianola, D., Foulley, J.L., 1983. Sire evaluation for ordered categorical data with a
threshold model. Genet. Sel. Evol. 15, 201-223.

Gianola, D., 1982. Theory and analysis of threshold characters. J. Anim. Sci. 54,
1079-1096.

Goyache, F., Gutiérrez, J.P., Alvarez, 1., Fernandez, 1., Royo, L.J., Gémez, E., 2003.
Genetic analysis of calf survival at different preweaning ages in beef cattle. Livest.
Prod. Sci. 83, 13-20.

Gutiérrez, J.P., Goyache, F., 2005. A note on ENDOG: a computer program for analyzing
pedigree information. J. Anim. Breed. Genet. 122, 172-176.

Gutiérrez, J.P., Goyache, F., Burgos, A., Cervantes, 1., 2009. Genetic analysis of six pro-
duction traits in Peruvian alpacas. Livest. Sci. 123, 193-197.

Gutiérrez, J.P., Varona, L., Pun, A., Morante, R., Burgos, A., Cervantes, 1., Pérez-Cabal,
M.A., 2011. Genetic parameters for growth of fiber diameter in alpacas. J. Anim. Sci.
89, 2310-2315.

Gutiérrez, J.P., Cervantes, 1., Pérez-Cabal, M.A., Burgos, A., Morante, R., 2014. Weighting
fiber and morphological traits in a genetic index for an alpaca breeding program.
Animal 8, 360-369.

IWTO-57, 1998. Determination of Medullated Fibre Content of Wool and Mohair Samples
by Opacity Measurements Using an OFDA. International Wool Textile Organization.

IWTO-8, 2011. Fiber Diameter Distribution Parameters and Percentage of Medullated
Fibers in Wool and Other Animal Fibers by the Projection Microscope. International
Wool Textile Organization.

Ibanez, B., Cervantes, 1., Gutiérrez, J.P., Goyache, F., Moreno, E., 2014. Estimates of di-
rect and indirect effects for early juvenile survival in captive populations maintained
for conservation purposes: the case of Cuvier's gazelle. Ecol. Evol. 4, 4117-4129.

Legarra, A., Varona, L., Lopez de Maturana, E., 2011. TM Threshold Model. http://snp.
toulouse.inra.fr/?alegarra/manualtm.pdf. (Accesed 12 February 2017).

Lupton, C.J., Pfeiffer, F.A., 1998. Measurement of medullation in wool and mohair using
an Optical Fiber Diameter Analyser. J. Anim. Sci. 76, 1261-1266.

Lupton, C.J., Pfeiffer, F.A., Blakeman, N.E., 1991. Medullation in mohair. Small Rumin.
Res. 5, 357-365.

McGregor, B.A., Butler, K.L., Ferguson, M.B., 2013. The relationship of the incidence of
medullated fibers to the dimensional properties of mohair over the lifetime of Angora
goats. Small Rumin. Res. 115, 40-50.

McGregor, B.A., 1997. The quality of fiber grown by Australian Alpacas: part 1. The
commercial quality attributes and value of Alpaca fiber. In: Proceedings of the
International Alpaca Industry 1997 Seminar. Australian Alpaca Association,
Melbourne, Victoria. pp. 43-48.

McGregor, B.A., 2006. Production attributes and relative value of alpaca fleeces in
southern Australia and implications for industry development. Small Rumin. Res. 61,
93-111.

Morante, R., Goyache, F., Burgos, A., Cervantes, L., Pérez-Cabal, M.A., Gutiérrez, J.P.,
2009. Genetic improvement for alpaca fiber production in the Peruvian Altiplano: the
Pacomarca experience. Anim. Genet. Resour. Inf. 45, 37-43.

Pérez-Cabal, M.A., Cervantes, 1., Morante, R., Burgos, A., Goyache, F., Gutiérrez, J.P.,
2010. Analysis of the existence of major genes affecting alpaca fiber traits. J. Anim.
Sci. 88, 3783-3788.

Paredes, M.M., Membrillo, M., Gutiérrez, J.P., Cervantes, 1., Azor, P.J., Morante, R.,
Alonso, A., Molina, A., Munoz-Serrano, A., 2014. Association of microsatellite mar-
kers with fiber diameter trait in Peruvian alpacas (Vicugna pacos). Livest. Sci. 161,
6-16.

Séanchez, A.L., Urioste, J.I., Pefiagaricano, F., Neimaur, K., Sienra, I., Naya, H., Kremer, R.,
2016. Genetic parameters of objectionable fibers and of their associations with fleece
traits in Corriedale sheep. J. Anim. Sci. 94, 13-20.

Scobie, D.R., Woods, J.L., Baird, D.B., 1993. Seasonal and between sheep differences in
medullation of wool fibers. Proc. N. Z. Soc. Anim. Prod. 53, 319-322.

Sorensen, D., Gianola, D., 2002. Likelihood, Bayesian, and MCMC Methods in
Quantitative Genetics. Springer-Verlag, New York.

Villarroel, J., 1963. Un estudio de la fibra de alpaca. Anales Cientificos UNALM 1,
246-274.

Weller, J.I., Gianola, D., 1989. Models for genetic analysis of dystocia and calf mortality.
J. Dairy Sci. 72, 2633-2643.


http://refhub.elsevier.com/S0921-4488(18)30282-7/sbref0005
http://refhub.elsevier.com/S0921-4488(18)30282-7/sbref0005
http://refhub.elsevier.com/S0921-4488(18)30282-7/sbref0005
http://refhub.elsevier.com/S0921-4488(18)30282-7/sbref0010
http://refhub.elsevier.com/S0921-4488(18)30282-7/sbref0010
http://refhub.elsevier.com/S0921-4488(18)30282-7/sbref0015
http://refhub.elsevier.com/S0921-4488(18)30282-7/sbref0015
http://refhub.elsevier.com/S0921-4488(18)30282-7/sbref0015
http://refhub.elsevier.com/S0921-4488(18)30282-7/sbref0020
http://refhub.elsevier.com/S0921-4488(18)30282-7/sbref0020
http://refhub.elsevier.com/S0921-4488(18)30282-7/sbref0020
http://refhub.elsevier.com/S0921-4488(18)30282-7/sbref0025
http://refhub.elsevier.com/S0921-4488(18)30282-7/sbref0025
http://refhub.elsevier.com/S0921-4488(18)30282-7/sbref0025
http://refhub.elsevier.com/S0921-4488(18)30282-7/sbref0030
http://refhub.elsevier.com/S0921-4488(18)30282-7/sbref0030
http://refhub.elsevier.com/S0921-4488(18)30282-7/sbref0035
http://refhub.elsevier.com/S0921-4488(18)30282-7/sbref0035
http://refhub.elsevier.com/S0921-4488(18)30282-7/sbref0035
http://refhub.elsevier.com/S0921-4488(18)30282-7/sbref0040
http://refhub.elsevier.com/S0921-4488(18)30282-7/sbref0040
http://refhub.elsevier.com/S0921-4488(18)30282-7/sbref0040
http://refhub.elsevier.com/S0921-4488(18)30282-7/sbref0045
http://refhub.elsevier.com/S0921-4488(18)30282-7/sbref0045
http://refhub.elsevier.com/S0921-4488(18)30282-7/sbref0045
http://refhub.elsevier.com/S0921-4488(18)30282-7/sbref0050
http://refhub.elsevier.com/S0921-4488(18)30282-7/sbref0050
http://refhub.elsevier.com/S0921-4488(18)30282-7/sbref0050
http://refhub.elsevier.com/S0921-4488(18)30282-7/sbref0055
http://refhub.elsevier.com/S0921-4488(18)30282-7/sbref0055
http://refhub.elsevier.com/S0921-4488(18)30282-7/sbref0055
http://refhub.elsevier.com/S0921-4488(18)30282-7/sbref0060
http://refhub.elsevier.com/S0921-4488(18)30282-7/sbref0060
http://refhub.elsevier.com/S0921-4488(18)30282-7/sbref0060
http://refhub.elsevier.com/S0921-4488(18)30282-7/sbref0065
http://refhub.elsevier.com/S0921-4488(18)30282-7/sbref0065
http://refhub.elsevier.com/S0921-4488(18)30282-7/sbref0065
http://refhub.elsevier.com/S0921-4488(18)30282-7/sbref0070
http://refhub.elsevier.com/S0921-4488(18)30282-7/sbref0070
http://refhub.elsevier.com/S0921-4488(18)30282-7/sbref0075
http://refhub.elsevier.com/S0921-4488(18)30282-7/sbref0075
http://refhub.elsevier.com/S0921-4488(18)30282-7/sbref0080
http://refhub.elsevier.com/S0921-4488(18)30282-7/sbref0080
http://refhub.elsevier.com/S0921-4488(18)30282-7/sbref0080
http://refhub.elsevier.com/S0921-4488(18)30282-7/sbref0085
http://refhub.elsevier.com/S0921-4488(18)30282-7/sbref0085
http://refhub.elsevier.com/S0921-4488(18)30282-7/sbref0090
http://refhub.elsevier.com/S0921-4488(18)30282-7/sbref0090
http://refhub.elsevier.com/S0921-4488(18)30282-7/sbref0095
http://refhub.elsevier.com/S0921-4488(18)30282-7/sbref0095
http://refhub.elsevier.com/S0921-4488(18)30282-7/sbref0095
http://refhub.elsevier.com/S0921-4488(18)30282-7/sbref0100
http://refhub.elsevier.com/S0921-4488(18)30282-7/sbref0100
http://refhub.elsevier.com/S0921-4488(18)30282-7/sbref0100
http://refhub.elsevier.com/S0921-4488(18)30282-7/sbref0105
http://refhub.elsevier.com/S0921-4488(18)30282-7/sbref0105
http://refhub.elsevier.com/S0921-4488(18)30282-7/sbref0110
http://refhub.elsevier.com/S0921-4488(18)30282-7/sbref0110
http://refhub.elsevier.com/S0921-4488(18)30282-7/sbref0110
http://refhub.elsevier.com/S0921-4488(18)30282-7/sbref0115
http://refhub.elsevier.com/S0921-4488(18)30282-7/sbref0115
http://refhub.elsevier.com/S0921-4488(18)30282-7/sbref0115
http://snp.toulouse.inra.fr/?alegarra/manualtm.pdf%20
http://snp.toulouse.inra.fr/?alegarra/manualtm.pdf%20
http://refhub.elsevier.com/S0921-4488(18)30282-7/sbref0125
http://refhub.elsevier.com/S0921-4488(18)30282-7/sbref0125
http://refhub.elsevier.com/S0921-4488(18)30282-7/sbref0130
http://refhub.elsevier.com/S0921-4488(18)30282-7/sbref0130
http://refhub.elsevier.com/S0921-4488(18)30282-7/sbref0135
http://refhub.elsevier.com/S0921-4488(18)30282-7/sbref0135
http://refhub.elsevier.com/S0921-4488(18)30282-7/sbref0135
http://refhub.elsevier.com/S0921-4488(18)30282-7/sbref0140
http://refhub.elsevier.com/S0921-4488(18)30282-7/sbref0140
http://refhub.elsevier.com/S0921-4488(18)30282-7/sbref0140
http://refhub.elsevier.com/S0921-4488(18)30282-7/sbref0140
http://refhub.elsevier.com/S0921-4488(18)30282-7/sbref0145
http://refhub.elsevier.com/S0921-4488(18)30282-7/sbref0145
http://refhub.elsevier.com/S0921-4488(18)30282-7/sbref0145
http://refhub.elsevier.com/S0921-4488(18)30282-7/sbref0150
http://refhub.elsevier.com/S0921-4488(18)30282-7/sbref0150
http://refhub.elsevier.com/S0921-4488(18)30282-7/sbref0150
http://refhub.elsevier.com/S0921-4488(18)30282-7/sbref0155
http://refhub.elsevier.com/S0921-4488(18)30282-7/sbref0155
http://refhub.elsevier.com/S0921-4488(18)30282-7/sbref0155
http://refhub.elsevier.com/S0921-4488(18)30282-7/sbref0160
http://refhub.elsevier.com/S0921-4488(18)30282-7/sbref0160
http://refhub.elsevier.com/S0921-4488(18)30282-7/sbref0160
http://refhub.elsevier.com/S0921-4488(18)30282-7/sbref0160
http://refhub.elsevier.com/S0921-4488(18)30282-7/sbref0165
http://refhub.elsevier.com/S0921-4488(18)30282-7/sbref0165
http://refhub.elsevier.com/S0921-4488(18)30282-7/sbref0165
http://refhub.elsevier.com/S0921-4488(18)30282-7/sbref0170
http://refhub.elsevier.com/S0921-4488(18)30282-7/sbref0170
http://refhub.elsevier.com/S0921-4488(18)30282-7/sbref0175
http://refhub.elsevier.com/S0921-4488(18)30282-7/sbref0175
http://refhub.elsevier.com/S0921-4488(18)30282-7/sbref0180
http://refhub.elsevier.com/S0921-4488(18)30282-7/sbref0180
http://refhub.elsevier.com/S0921-4488(18)30282-7/sbref0185
http://refhub.elsevier.com/S0921-4488(18)30282-7/sbref0185

	Heritability of individual fiber medullation in Peruvian alpacas
	Introduction
	Material and Methods
	Results
	Discussion
	Conclusion
	Conflict of interest
	Acknowledgment
	References




