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Fatty acid (FA) composition is a key component of sheep milk nutritional quality. However, breeding for FA composition in dairy
sheep is hampered by the logistic and phenotyping costs. This study was aimed at estimating genetic parameters for sheep milk FA
and to test the feasibility of their routine measurement by using Fourier-transform IR (FTIR) spectroscopy. Milk FA composition of
989 Sarda ewes farmed in 48 flocks was measured by gas chromatography (FAsc). Moreover, FTIR spectrum was collected for each
sample, and it was used to predict FA composition (FArrr) by partial least squares regression: 700 ewes were used for estimating
model parameters, whereas the remaining 289 animals were used to validate the model. One hundred replicates were performed
by randomly assigning animals to estimation and validation data set, respectively. Variance components for both measured and
predicted traits were estimated with an animal model that included the fixed effects of parity, days in milking interval, lambing
month, province, altitude of flock location, the random effects of flock-test-date and animal genetic additive. Genetic correlations
among FAsc and between corresponding FAsc and FAgrr were estimated by bivariate analysis. Coefficients of determination
between FAgc and FAgrr ranged from moderate (about 0.50 for odd- and branched-chain FA) to high (about 0.90 for de novo FA)
values. Low-to-moderate heritabilities were observed for individual FA (ranging from 0.01 to 0.47). The largest value was observed
for GC measured C16:0. Low—to-moderate heritabilities were estimated for FA groups. In most of cases, heritabilites were slightly
larger for FAgc than FAgr. Estimates of genetic correlations among FAsc showed a large variability in magnitude and sign. The
genetic correlation between FArrir and FAgc was higher than 60% for all investigated traits. Results of the present study confirm
the existence of genetic variability of the FA composition in sheep and suggest the feasibility of using FAryz as proxies for these

traits in large scale breeding programs.
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Implications

The most common breeding goal of dairy sheep selection
programs is the total milk yield; fat and protein contents are
considered only in some breeds, mainly for economic rea-
sons. As previously reported for dairy cattle, the existence of
a genetic variability for fatty acid (FA) profile and the feasi-
bility of the routine measurement of this trait at population
level by Fourier-transform IR (FTIR) spectroscopy, may enable
future scenarios of selection for such traits in sheep. Fat
composition can be therefore included in breeding programs,
with potential positive implications on the nutritional quality
of milk and dairy products.

" E-mail: fcorreddu@uniss.it

Introduction

Sheep milk represents about 1.52% of total milk produced
worldwide (Food and Agriculture Organization of the United
Nations Statistics Division, 2014). Approximately one-third of
world sheep milk is produced in Europe, especially in
Southern Countries (about 2 million tones in 2014). Total
milk yield per lactation is the most common breeding goal for
dairy sheep. Fat and protein contents are considered only in
some breeds (Barillet et al, 2001), mostly because of the
high the cost of individual performance recording (Carta
et al., 2009).

On the other hand, there is an increasing interest of con-
sumers in milk nutritional quality, especially fat composition.
Some FA have been found to have positive effects on human
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health. For example, antiatherogenic effects have been
reported for the 9,t11-C18:2 (rumenic acid), which is the
most abundant CLA isomer in milk (Banni et al., 2003). The
diet is considered the most important source of FA compo-
sition variation (Nudda et al., 2014). Other factors are season
of production, flock, breed, stage of lactation and age
(Nudda et al., 2005; Signorelli et al., 2008). The existence of
genetic variability for FA composition in sheep milk has been
highlighted (Sanchez et al, 2010; Boichard et al., 2014)
confirming previous reports in dairy cattle (Soyeurt et al.,
2007). However, a routine recording of milk FA composition
is strongly hampered by phenotyping costs and logistics. An
alternative to the standard method of gas chromatography
(GQ) is represented by the FA prediction using FTIR spectro-
scopy (FAfrr). Good accuracies of FAgr predictions were
recently reported for sheep (Caredda et al, 2016) compar-
able with those observed in cattle (Soyeurt et al., 2006). The
FArmr exhibited genetic variability in cattle (Soyeurt et al.,
2007) and therefore could be proposed as accurate proxies of
FA profile in large scale phenotyping of dairy animals.

This study was aimed at estimating genetic parameters of
major individual FA and principal groups of FA in dairy sheep
milk. Moreover, a comparison between results obtained from
GC analysis and from FTIR predictions was carried out to
evaluate the feasibility of a routine measurement of these
traits at population level.

Material and methods

Animals and milk sample collection

The study was carried out on a sample of 989 Sarda breed
ewes farmed in 48 flocks located in the four provinces of
Sardinia (ltaly). Ewes were sired by 480 rams (average
number of daughter per sire 2.05). Animal distribution across
parity, province and altitude of flock location is reported in
Supplementary Table S1. Ewes were in mid-late lactation
(average days in milk: 156 +37.4). Individual milk samples
(one per animal) were collected from April to July 2014 by
the Provincial Association of Animal Breeders. Each sample
was split into two aliquots; (i) one was analyzed in the milk
lab of the Regional Association of Animal Breeders of
Sardinia for routine milk composition, performed by FTIR
spectroscopy and for the spectrum acquisition; (i) the other
was added with preservative and stored at —20°C for GC
analysis.

Fatty acid analysis by gas chromatography

For the FA determination, milk fat was obtained by extrac-
tion, according to the method detailed in Nudda et al.
(2005). A base catalyzed procedure (Nudda et al., 2005) was
followed to prepare FA methyl esters, that were separated
and quantified using a 7890A GC System (Agilent Technol-
ogies, Santa Clara, CA, USA), equipped with a capillary
column (CP-Sil 88; 100 m x 0.250 pmi.d., 0.25 pm; Agilent
Technologies), an autosampler (7693; Agilent Technologies)
and a flame ionization detector. The gas carrier used was

helium at 1 ml/min and 28 psi; 1 ul of sample was injected
(split ratio 1 : 80). The initial temperature of the oven was
set at 45°C, held for 4min and increased at 13°C/min to
175°C. This temperature was held for 27 min, then it was
increased at 4°C/min to reach the final temperature of
215°C, which was held for 35min. The temperatures of
injector and detector were both set at 250°C. Individual FA
were identified by the comparison between each retention
time, computed by a ChemStation Upgrade software
(OpenLAB CDS GC; Agilent Technologies), with those of
methyl ester standards and previously published isomeric
profile as reported by Nudda et al. (2005). Individual FA
were expressed as g/100 g of total FA. Groups of FA were
calculated using the same FA profile for all milk samples.
The FA profile did not include few FA (at very low con-
centration) that were not detected in a large number of
analyzed samples. Short-chain FA, sum of FA from C4:0 to
C10:0; medium-chain FA, sum of FA from C11:0 to C17:0;
long-chain FA, sum of FA from C18:0 to C22:6; saturated FA,
sum of the individual saturated FA; monounsaturated FA,
sum of the monounsaturated FA; polyunsaturated FA, sum
of the polyunsaturated FA; trans-FA, sum of the trans-FA,
except CLA isomers and t11-C18:1; odd- and branched-
chain FA, sum of odd- and branched-chain FA; de novo, sum
of de novo synthesized FA (C6:0 + C8:0+C10:0 + C10:1 +
C11:0+ C12:0 + is0-C13:0 + C14:0).

Fourier-transform IR analysis acquisition and fatty acids
predictions

The milk composition analysis was carried with a Milk-
0ScanFT6000 equipment (Foss Electric, Hillerad, Denmark).
The spectrum for each individual sample was stored. Regions
corresponding to wavenumber of water absorption (from 3
105 to 3 444cm~" and from 1 628 to 1 658cm™") were
excluded. The partial least squares (PLS) regression was used
to predict individual FA and groups of FA using the PLS pro-
cedure of SAS/STAT software version 9.4 (SAS Institute Inc.).

The whole archive was divided into two sub data sets: the
first consisted of 700 ewes and it was used for estimating
parameters of the prediction model; the remaining 289 ani-
mals were used to validate the model. In order to account for
sampling effect, 100 replicates were performed assigning
randomly animals to estimation and validation data sets,
respectively.

The number of factors to be extracted in the PLS model
was set to 18. It was assessed by fitting the PLS model on
validation data based on the value of the PRESS (predicted
residual sum of squares) statistics obtained by cross-
validation (we used the split option of SAS proc PLS that
performs validations using different sub-data sets of valida-
tions extracted from the whole data sets). The increase from
18 to 19 factors did not result in a significant decrease of
PRESS. The PLS model was fitted on raw spectral data using
the NIPALS algorithm.

Prediction accuracy for each individual or group of FA was
assessed by comparing GC measured FA (FAgc) and FAgr in
the validation data sets. In particular, were calculated the



root mean squared error of prediction (RMSEP), the coeffi-
cient of determination (R?) and the slope of the regression:

FAGC =b FAFTIR +e

Genetic parameter estimation
Data were analyzed with the following animal model:

Yijkimnop = #+ PAR; + DIM; + LM + PROV, + ALT,
+anim, + FTDo + €jjkimnop (1]

where yis the response variable; i the overall mean; PAR the
fixed effect of the parity class (1, ... , 7, >7); DIM the fixed
effect of the days in milking interval (<110, 110 to 140, 141
to 170, 171 t0 200, >200); LM the fixed effect of the lambing
month class (1: January; 2: February to March; 3: October to
November; 4: December); PROV the fixed effect of the pro-
vince of location of flocks (four provinces); ALT the fixed
effect of the altitude of location of flocks (mountain > 500;
hill <500 and >200; plain <200m above the sea level,
respectively); anim the random additive genetic effect of the
animal (1, ... , 6252), distributed as ~ N(0, Ac2), where
A is the additive genetic relationship matrix and o2 the
additive genetic variance the random effect of the flock-test
date (FTD) combination (0 =1, ..., 66); e the residual term.

The model was solved by using the restricted maximum
likelihood methodology implemented in VCE v. 6.0 software
(Groeneveld et al., 2010). The A matrix included 6252 ani-
mals. Ancestors were traced back up to four generations, the
average inbreeding coefficient was 1.7%.

Heritability was calculated as the ratio between the addi-
tive genetic variance (02) and the total variance
(6% + oty + 62); while the proportion of variance due to the
FTD as the ratio between the FTD variance (ofp) and the
total variance.

Standard errors of estimates were based on the observed
Hessian matrix (Groeneveld et al., 2010). Genetic correla-
tions among FAgc, and between each FAgc and corre-
sponding FAgr Were estimated by bivariate analysis with
the same structure of [1]. Although a multiple-trait could be
more appropriate then a bivariate model in the case of the
genetic analysis of milk FA composition, a simplest multi-
variate structure was kept also considering the limited size of
the data set analyzed.

Results and discussion

Descriptive statistics

Values of FAGc observed in the present work (Table 1), both
individual and groups, are generally in agreement with
previous reports on Sarda (Caredda et al., 2016) and other
sheep breeds. In particular, concentrations of t11-C18:1, ¢9,
t11-C18:2, C18:2 n-6, C18:3 n-3 and polyunsaturated FA are
similar to those reported for Spanish Churra (Sanchez et al.,
2010), Altamurana and Gentile di Puglia (Signorelli et al.,
2008) breeds. Although the concentration of most of the FA
groups was quite similar to that reported for other ruminant
species, such as cattle (Pegolo et al., 2016), goats (Tudisco

Genetic parameters of milk fatty acids in sheep

Table 1 Mean, SD, minimum, maximum and CV of fatty acids (FA) and
groups of FA measured in sheep milk by gas chromatography (N = 989)

Items Mean SD Minimum  Maximum cv
Milk FA
c4:.0 2.67 037 1.52 4.05 13.83
C6:0 1.75 037 0.46 2.65 21.02
8.0 1.60 0.46 0.28 2.84 28.46
C10:0 552 1.76 0.87 10.18 31.86
C12:0 3.48 1.00 1.08 8.15 28.78
C14:0 10.81 1.54 5.28 18.42 14.23
9-C14:1 0.20 0.08 0.04 0.68 42.43
C16:0 2595 2.97 18.51 36.69 11.43
9-C16:1 089 0.26 0.41 2.30 29.01
C18:0 10.29 2.51 1.37 21.00 24.38
t11-C18:1 2.06 1.03 0.46 5.77 50.21
9-C18:1 1723 3.64 5.37 34.75 21.11
C18:2 n-6 2.09 051 0.92 4.32 24.33
C18:3 n-3 0.89 0.0 0.20 3.35 55.76
A,11-C18:2 1.03 0.47 0.28 3.16 45.52
SCFA 11.64 2.66 3.31 18.65 22.84
MCFA 47.19  4.09 33.54 70.35 8.67
LCFA 41.17 5.31 15.51 63.14 12.90
SFA 67.63 3.92 49.43 82.97 5.80
MUFA 2590 3.64 11.95 45.26 14.04
PUFA 6.46 1.43 2.79 12.24 22.16
TFA 455 1.50 1.75 13.68 32.95
OBCFA 478 0.61 2.72 6.94 12.78
de novo 2346 4.70 8.06 39.91 20.05

Expressed as g/100 g of total FA.

SCFA =short-chain FA, sum of the individual FA from C4:0 to C10:0;
MCFA = medium-chain FA, included FA from C11:0 to C17:0; LCFA =long-chain
FA included FA from C18:0 to DHA; SFA=saturated FA; MUFA=
monounsaturated FA; PUFA = polyunsaturated FA; TFA = trans-FA, except con-
jugated linoleic isomers and $11-C18:1; OBCFA = odd- and branched-chain FA;
de novo= sum of C6:0, C8:0, C10:0, C10:1, C11:0, C12:0, iso-C13:0, C14:0.

et al, 2014) and buffaloes (Correddu et al., 2017), some
differences can be observed. Of particular interest is the
value for polyunsaturated FA that, in the present study, is
approximately double the value observed in other cited
species.

Predictions

The R? for the validation data set (Table 2) ranged from
moderate (about 0.50) to high values (about 0.90). A small
variability was observed between the different replicates, as
evidenced by the value of SD of the R%. In general, the short-
chain FA showed larger R? compared with the medium- and
long-chain FA. No relevant differences were observed among
FA grouped according to the unsaturation degree. As far as
the metabolic origin is concerned, smallest and largest values
were observed for odd- and branched-chain FA (0.46) and de
novo FA (0.89), respectively. Similar pattern was obtained for
the slope of the regression between FAgc and FAgyg, in most
cases very close to 1 (Table 2), and for the RMSEP. The
comparison of the results of the present study with previous
reports on FTIR predictions in dairy sheep does not show a
definite pattern. As far as R? is concerned, some values agree
other slightly differ. Differences can be explained with the
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Table 2 Coefficient of determination (R?), slope of regression
between observed and predicted values (bgcrmr) and root mean
squared error of prediction (RMSEP) of fatty acids and groups of fatty
acids in sheep milk

Table 3 Heritability (h?), flock test date contribution (r%rp), and
genetic correlations (tgsc.Frir) estimated for individual fatty acids (FA)
and groups of FA measured in sheep milk by gas chromatography (GC)
or predicted by Fourier-transform infrared (FTIR) spectroscopy

R? bec Frir RMSEP

Traits Mean SD Mean SD Mean SD

Milk FA
C4:.0 0.78 0.03 096 0.04 0.18 0.02
C6:0 085 0.02 098 0.03 0.14 0.01
8.0 087 0.02 098 0.02 0.16 0.01
C10:0 0.89 0.02 098 0.02 0.57 0.05
C12:0 086 0.02 098 0.04 0.37 0.03
C14:.0 0.78 0.03 096 0.04 0.7 0.05
@-C14:1 066 004 092 0.06 0.05 0.00
C16:0 068 0.03 093 0.05 1.70 0.07
a-C16:1 059 0.04 0.89 0.07 0.17 0.01
C18:0 072 0.02 094 0.04 1.36 0.06
11-C18:1 074 0.02 096 0.05 0.53 0.03
9-C18:1 083 0.02 097 0.03 1.49 0.09
C18:2 n-6 052 0.04 0.88 0.07 0.36 0.02

C18:3n-3 071 003 094 0.06 0.30 0.02
on-C182 069 003 094 0.06 0.26 0.01

SCFA 088 0.02 098 0.02 0.89 0.09
MCFA 074 003 095 0.05 2.08 0.1
LCFA 081 002 09 0.04 2.28 0.13
SFA 081 003 09 0.04 1.71 0.13
MUFA 079 003 097 0.04 1.62 0.1
PUFA 081 002 09 0.04 0.68 0.03
TFA 078 0.03 098 0.06 0.73 0.07
OBCFA 046 004 086 0.07 0.45 0.02
de novo 089 002 099 0.02 1.51 0.15

Expressed as g/100 g of total FA; SCFA = short-chain FA, sum of the individual
FA from C4:0 to C10:0; MCFA = medium-chain FA, included FA from C11:0 to
C17:0; LCFA =long-chain FA included FA from C18:0 to DHA; SFA =saturated
FA; MUFA = monounsaturated FA; PUFA = polyunsaturated FA; TFA = trans-FA,
except conjugated linoleic isomers and #11-C18:1; OBCFA = odd- and branched-
chain FA; de novo=sum of C6:0, C8:0, C10:0, C10:1, C11:0, C12:0, iso-
C13:0, C14:0.

sample structure, statistical model and validation method
used. Caredda et al. (2016), for example, used a smaller size
sample containing either individual and bulk milk, and per-
formed a preselection of most informative wavelength
spectra. Ferrand-Camels et al. (2014) used also a smaller
sample size (200 ewes), preselected informative regions and
compared different prediction models. Moreover, in both
studies, outlier animals were excluded from the analysis. In
the present study no outlier elimination was performed in
order to be as much closer a possible to field conditions.

In previous studies on dairy cattle, FA with larger content
in milk showed better prediction accuracies than those with
lower content (Soyeurt et al., 2006; De Marchi et al., 2011).
Results of the present study, in agreement with previous
reports in sheep, did not confirm a clear relationship between
FA concentration and prediction R?. As far as FA with posi-
tive implications for human health are concerned, 111-C18:1,
C18:3 n-3 and 9, 111-C18:2 showed moderate values of R?
(from 0.69 to 0.74), in general of similar magnitude of those

h? (SE) r*erp (SE)
Traits GC FTIR GC FTIR I9Gc-FTIR (SE)
C4:0 0.24 (0.08) 0.29 (0.09) 0.24 (0.04) 0.23 (0.05) 0.98 (0.03)
C6:0 0.07 (0.04) 0.08 (0.04) 0.61 (0.05) 0.63 (0.05) 1.00 (0.01)
8:0 0.10 (0.01) 0.07 (0.01) 0.63(0.03) 0.66 (0.02) 0.96 (0.01)
C10:0 0.12 (0.05) 0.09 (0.04) 0.61(0.05) 0.64 (0.04) 0.97 (0.05)
C12:0 0.14 (0.05) 0.12 (0.05) 0.53(0.10) 0.59 (0.10) 0.91 (0.04)
C14:0 0.12 (0.09) 0.09 (0.07) 0.40(0.18) 0.45(0.17) 0.71(0.13)
9-C14:1 0.30 (0.00) 0.26 (0.00) 0.23 (0.00) 0.31 (0.00) 0.84 (0.00)
C16:0 0.47 (0.09) 0.13 (0.05) 0.37 (0.06) 0.44 (0.06) 1.00 (0.00)
9-C16:1 0.29 (0.09) 0.20 (0.08) 0.33 (0.04) 0.38 (0.04) 0.77 (0.03)
C18:0 0.22 (0.07) 0.13(0.07) 0.46 (0.05) 0.43(0.05) 0.80(0.12)
t11-C18:1 0.07 (0.04) 0.06 (0.04) 0.66 (0.04) 0.71 (0.04) 0.91(0.16)
9-C18:1 0.12 (0.06) 0.08 (0.05) 0.61 (0.05) 0.66 (0.04) 0.80 (0.13)
C18:2 n-6 0.10 (0.05) 0.01 (0.02) 0.59 (0.05) 0.47 (0.05) 0.99 (0.25)
C18:3n-3  0.02(0.02) 0.05(0.04) 0.82 (0.03) 0.65 (0.05) 0.60 (0.36)
9,111-C18:2 0.05 (0.04) 0.14 (0.06) 0.61 (0.05) 0.65 (0.05) 0.86 (0.17)
SCFA 0.08 (0.04) 0.07 (0.04) 0.64 (0.05) 0.66 (0.04) 0.97 (0.05)
MCFA 0.27 (0.09) 0.07 (0.05) 0.35(0.05) 0.38 (0.05) 1.00 (0.00)
LCFA 0.14 (0.07) 0.04 (0.04) 0.47 (0.05) 0.48 (0.05) 1.00 (0.00)
SFA 0.11 (0.08) 0.10 (0.09) 0.45 (0.05) 0.44 (0.05) 0.80(0.17)
MUFA 0.07 (0.05) 0.03 (0.06) 0.55(0.05) 0.54(0.05) 0.66 (0.37)
PUFA 0.11 (0.06) 0.15(0.10) 0.64 (0.05) 0.55 (0.06) 1.00 (0.00)
TFA 0.16 (0.08) 0.15(0.07) 0.57 (0.05) 0.59 (0.05) 1.00 (0.00)
OBCFA 0.03 (0.05) 0.11 (0.06) 0.60 (0.05) 0.57 (0.05) 0.87 (0.52)
de novo 0.10 (0.05) 0.10 (0.06) 0.58 (0.05) 0.60 (0.05) 0.97 (0.05)

Expressed as g/100 g of total FA; SCFA = short-chain FA, sum of the individual
FA from C4:0 to C10:0; MCFA = medium-chain FA, included FA from C11:0 to
C17:0; LCFA =long-chain FA included FA from C18:0 to DHA; SFA =saturated
FA; MUFA = monounsaturated FA; PUFA = polyunsaturated FA; TFA = trans-FA,
except conjugated linoleic isomers and #11-C18:1; OBCFA = odd- and branched-
chain FA; de novo=sum of C6:0, C8:0, C10:0, C10:1, C11:0, C12:0, iso-C13:0,
C14:0; SE=0.00 indicates a value lower than 0.001.

reported for dairy sheep (Ferrand-Camels et al., 2014; Car-
edda et al. 2016) and higher than those reported for dairy
cattle (Soyeurt et al., 2006; Lopez-Villalobos et al., 2014).

The R? has been suggested an indicator for evaluating the
usefulness of model FA predicted values for practical appli-
cations. Soyeurt et al. (2011) indicated 0.95 and 0.75 as R?
thresholds for payment and breeding purposes, respectively.
Thus, on the basis of results of the present work, FTIR —
predicted values for important individual FA, such as C4:0,
9-C18:1 and for most of FA groups, including poly-
unsaturated FA and de novo FA, could be considered as
phenotypes in breeding programs.

Heritability

Heritability estimates exhibited low—to-moderate values
(Table 3), for both individual and groups of FA. The largest
values (0.47 and 0.27) were observed for C16:0 and medium-
chain FA, for individual and group of FAgc, respectively. On
the other hand, the contribution of FTD to the phenotypic
variance was large for all FA (either measured and pre-
dicted), on average around 50% (Table 3), confirming the
great influence of management and environmental factors



on milk FA composition. For most of the investigated traits
(measured and predicted) the value of r’rp was higher than
heritability, in agreement with previous reports in dairy cattle
(Pegolo et al., 2016; Bonfatti et al., 2017). The relevance of
the FTD contribution should be evaluated also considering
that other environmental factors affecting milk composition,
such as altitude of location of flocks and lambing month,
were included in the statistical model.

Compared to previous researches on dairy sheep, herit-
abilities estimated in the present study were generally larger
than those reported for Churra (Sanchez et al,, 2010) and
smaller than those reported for Lacaune (Boichard et al.,
2014), respectively. Actually, it is quite difficult to make
comparisons among studies. Literature on milk FA herit-
ability in cattle and sheep is characterized by marked differ-
ences in magnitude of estimates. Pegolo et al. (2016) pointed
out that the poor concordance of results among studies can
be due to a number of reasons: the analytical methods for
measuring FA, the way FA composition is expressed, the
sample structure (number of animals, breed, parity, dis-
tribution across farms, use of repeated records, lactation
stage), the statistical model and way of calculating herit-
ability. In the present study, a single sample per animal has
been analyzed, according most of studies on FAg heritability
in dairy cattle (Schennink et al., 2008; Heck et al., 2012;
Pegolo et al., 2016), but the sample was distributed across
many flocks. The study on Churra ewes (Sanchez et al., 2010)
used a sample of comparable size with repeated records but
a smaller number of flocks was considered (about one-third
compared with the present study). On the other hand, Boi-
chard et al. (2014) used more than one thousand ewes in
their study with repeated records, but only FAgr was used
as phenotype.

In 17 out of 23 considered traits FAGc exhibited larger
heritability compared with FAgr (Table 3). Sometimes these
differences were rather relevant, as for C16:0, ¢9-C16:1,
C18:0, C18:2 n-6, medium- and long-chain FA. Only in few
cases, as C4:0, C18:3 n-3 and ¢9,111-C18:2, polyunsaturated
FA, and odd- and branched-chain FA heritability was slightly
larger for FAgrr. These results are in agreement with a pre-
vious report on dairy cattle (Bonfatti et al., 2017) that found
larger heritabilities for FAgc basically due to a relevant
reduction of the additive genetic variance in FAgg. More-
over, in the present work, estimates of variance components
for FAGc showed larger values of additive genetic variance
(results not reported for brevity) than FAgz. In dairy sheep,
larger heritabilities for FAgz were found (Boichard et al.,
2014) in comparison with FAgc (Sanchez et al., 2010), but in
different studies. Pegolo et al. (2016), suggested that dif-
ferences heritability estimates between FAgc and FAgr
could also be due to the different unit of measure used to
express FA concentration. In the present work, both FAgc
and FAgrr were expressed in the same unit, as weight of a
given FA on the weight of total FA.

Among individual FA, the value of heritability obtained for
C16:0 (large for FAgc and moderate for FAgyg, respectively)
could suggest a possible use of this trait for the genetic
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improvement of milk nutritional quality. In fact, C16:0
represents the main FA of sheep milk, and it largely con-
tributes to milk saturated FA content (mean of 38%). There is
a general interest in reducing the dietary intake of saturated
FA, due to their possible association with the risk of coronary
heart disease events. Moderate-to-high values of heritability
for C16:0 were found also in French sheep breeds (Boichard
etal, 2014).

The moderate value of heritability obtained for C4:0 was
quite unexpected from a metabolic point of view, being this
FA is mostly produced by rumen bacteria. On the other hand,
this FA exhibited one of the largest heritability values esti-
mated in French dairy sheep breeds (Boichard et al., 2014). It
is worth noticing that C4:0 is not completely out of enzymatic
control. The milk concentration of this FA depends on its
incorporation into triacylglycerols, operated by the dia-
cylglycerol acyl-transferase in the mammary gland. More-
over, an effect of diacylglycerol acyl-transferase 1 gene
polymorphism on milk C4:0 has been reported in sheep
(Dervishi et al., 2015). A high content of C4:0 in milk is
desirable from a nutritional point of view, considering the
important antineoplastic activity attributed to this FA (Par-
odi, 1999).

As far as most popular FA with reported positive implica-
tions on human health are concerned, low heritabilities were
estimated for C18:2 n-6, C18:3 n-3 and t11-C18:1, <9,
t11-C18:2, both FAgc and FAgr (Table 3). These results are
in agreement with previous works on sheep (Sanchez et al,
2010; Boichard et al., 2014) and cattle (Garnsworthy et al.,
2010; Pegolo et al., 2016). A high contribution of FTD to their
phenotypic variance (on average 0.69) was found in this
study, in agreement with studies on dairy cattle (Pegolo
et al,, 2016; Bonfatti et al,, 2017). Estimates of heritability
and r’mp for these FA obtained in the present work are
consistent with their metabolic origin. They derive exclusively
from the diet and can be, for a large part, modified by the
biohydrogenation activity of rumen bacteria.

FA groups, apart from medium-chain FA measured by GC,
exhibited low heritability (Table 3). Low values of heritability
for FA groups have been observed also in Churra ewes by
Sanchez et al. (2010). These authors explained the low her-
itability with the occurrence, in the same group, of FA with
different metabolic origin that are negatively correlated. The
observed moderate heritability of medium-chain FA is clearly
due to the large value (about 0.5) found for its main com-
ponent, the C16:0 (55% of medium-chain FA in the present
study).

Genetic correlations among fatty acids measured by gas
chromatography

The pattern of genetic correlations among individual FA is
rather complex, due to the kind of relationships existing
among them (some FA are precursors of others, for example)
and to the metabolic pathways involved in their (co)varia-
tion. For brevity, only results for FAgc are reported in the
present study.
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Table 4 Additive genetic correlation among individual sheep milk fatty acids (FA) measured by gas chromatography

Traits' c:0 ¢80 C10:0 C12:0 C140 9-C140 C16:0 9-Cle:1 (180 1-C18:1 9-C18:1 C182n-6 C183n-3 9,111C18:2
C4:0 -0.14 -056 -077 -093 -059 -042 015 -0.18 012 -032 0.17 0.40 0.62 —1.00
C6:0 082 07 053 003 -029 -031 -057 023 -012 -041 0.33 0.26 —0.66
C8:0 094 092 014 -0.06 -047 -0.35 0.13 0.06 -0.18 0.00 —0.06 0.05
C10:0 099 041 019 -027 -0.11 -0.09 008 -033 -0.17 —-0.30 0.20
C12:0 0.42 023 -043 -0.14 -0.06 015 -0.08 -0.26 -035 0.50
C14:0 0.71 0.39 042 -049 -0.02 -028 -0.75 —0.94 0.65
9-C14:1 0.48 089 -077 -049 016  -0.59 —-0.50 0.05
C16:0 071 -056 -054 -037 -039 —0.56 —-0.33
9-C16:1 -076 047 019 -0.53 —0.55 —-0.02
C18:0 0.21 —-0.07 0.36 0.51 —0.58
11-C18:1 —0.40 0.43 0.30 0.50
9-C18:1 0.09 0.43 —-0.07
C18:2 n-6 0.54 0.30
C18:3n-3 0.31

"Expressed as g/100 g of total fatty acids.

In general, genetic correlations exhibited a large variability
in magnitude and sign (Table 4). An interesting example is
represented by the C16:0. This FA showed the highest her-
itability (Table 3), a moderate positive correlation with
C14:0, and moderate-to-high negative correlations with
unsaturated C18 FA (Table 4). These findings, that partially
agree with reports in cattle (Stoop et al., 2008; Mele et al.,
2009), could open interesting perspectives for the improve-
ment of sheep milk FA profile by genetic selection.

By examining the genetic correlation pattern, some inter-
esting insights on the relationships between different meta-
bolic pathways could be drawn. The C6:0 to C14:0 FA are de
novo synthesized in the mammary gland. The large negative
genetic correlation between C4:0 and the de novo FA group
(Supplementary Table S2), in agreement with a recent report
on cattle (Pegolo et al,, 2016), confirmed the role of this FA
as substrate of mammary FA synthesis.

The negative genetic correlations between individual FA
from C8:0 to C16:0 and polyunsaturated FA (Supplementary
Table S2) may be partially explained with the mechanism of
milk fat fluidity regulation (Gama et al., 2008). The mam-
mary gland tends to maintain milk fat fluidity by balancing
the concentration of unsaturated FA, characterized by a low
melting point, with the regulation of saturated FA synthesis
(Gama et al., 2008).

Genetic correlations between measured and predicted fatty
acids

The inclusion of novel and expensive-to-measure traits in
breeding programs by using proxies for their large-scale
phenotyping basically depends on genetic correlations. If a
large genetic correlation exists between the proxy (in this
case FAgr) and the phenotype of interest (FAgc), an indirect
selection could be efficiently implemented (De Marchi et al.,
2014). In the present study, genetic correlations between
predicted and measured traits were large (>0.6) for all
investigated traits, on average 0.89 +0.12 (Table 3). Values
are in agreement with previous reports on dairy cattle

Table 5 Additive genetic correlations between individual milk fatty
acids and milk coagulation properties in sheep

Milk coagulation properties

Traits RCT (SE) k20 (SE) a30 (SE)

4.0 0.02 (0.01) 0.08 (0.05) —0.12 (0.08)
C6:0 0.26 (0.13) 0.09 (0.11) —0.53(0.10)
C8:0 0.31(0.14) 0.17 (0.14) —0.60 (0.14)
C10:0 0.35(0.12) 0.19(0.10) —0.50 (0.17)
C12:0 0.43 (0.13) 0.25 (0.11) —0.47 (0.19)
C14:0 0.27 (0.12) 0.12 (0.10) —0.04 (0.10)
9-C14:1 0.44 (0.06) 0.28 (0.09) —0.16 (0.13)
C16:0 —0.05 (0.06) —0.14 (0.06) 0.28 (0.10)
9-C16:1 0.15 (0.20) 0.15(0.18) —0.06 (0.20)
C18:0 —0.37(0.05) —0.33(0.07) 0.13(0.11)
111-C18:1 —0.34(0.11) —0.40 (0.16) 0.51 (0.11)
9-C18:1 0.02 (0.08) 0.19 (0.08) —0.21 (0.10)
C18:2 n-6 0.35 (0.05) 0.60 (0.01) —0.51(0.11)
C18:3n-3 0.85 (0.09) 0.92 (0.08) —0.71 (0.13)
,111-C18:2 0.19(0.14) —0.05 (0.19) 0.37 (0.40)

RCT =rennet coagulation time ; k20 = curd firming time ; a30 = curd firmness.

(Rutten et al., 2010; Bonfatti et al., 2017). As far as most
important FA from a nutritional point of view are concerned,
such as C4:0, t11-C18:1, ¢9,t11-C18:2, polyunsaturated FA
and de novo FA, showed very large genetic correlations
values (on average 0.94).

Genetic correlations between fatty acids and milk
coagulation properties

Sheep milk is almost all destined to cheese processing
(Manca et al., 2016). Therefore, a genetic improvement of
milk nutritional quality should not neglect relationships
between FA composition and milk technological properties.
Genetic correlations between FAgc and milk coagulation
properties (data available from another study carried out on
the same sample of sheep) were then estimated (Table 5). In
general, the rennet coagulation time and curd firming time



were positively correlated with most of all individual FA,
whereas the curd firmness was negatively related with FA
content. The pattern, although the magnitude of correlation
values exhibited a large variation, appears to indicate a
worsening of milk coagulation properties with the increase of
FA content in milk. However, it should be noticed that the
C16:0, that is, the most abundant FA in sheep milk, showed
no correlation with the rennet coagulation time, a weak
negative with curd firming time and a moderate positive with
curd firmness (i.e. favorable). Interestingly, polyunsaturated
FA C18:2 n-6 and C18:3 n-3 presented high positive corre-
lations with rennet coagulation time and curd firming time,
and high negative correlations with curd firmness (i.e.
unfavorable). Previous studies showed that physical proper-
ties of dairy products can be affected by milk FA composition;
in particular, the texture can be reduced by a high unsa-
turation degree of milk FA (Chen et al., 2004). In some cases,
cheeses with high polyunsaturated FA content tended to be
rubbery (Czulak et al., 1974), characterized by high oiling-off
at higher temperatures and by a loss of structure (Kieseker
and Eustace, 1975). Therefore, a contemporary improvement
of FA with positive effects on human health (polyunsaturated
FA) and of milk coagulation properties should be carefully
considered and appropriate selection indexes should be
developed.

Conclusions

Results of this work confirm that sheep milk FA composition
exhibits genetic variability, even though of low-to-moderate
magnitude. A large effect of environmental and management
factors has been also highlighted. All these findings suggest
the possibility of selecting for milk FA composition in sheep
dairy breeds by using appropriate selection indices that could
take account of the complex pattern of genetic correlation
among the different FA. The prediction of FA composition by
using the FTIR milk spectra yielded good results in terms of
prediction accuracies. The high genetic correlations observed in
most of cases between GC measured and FTIR predicted FA
opens interesting perspectives for the large scale phenotyping
of these traits for breeding purposes in dairy sheep.
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