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Simple Summary: One of the factors strongly affecting the profitability of animals breeding is their
reproductive performance. The measurement of gilts and sows’ fatness and muscularity levels can be
a useful tool in forecasting their future reproductive parameters, and thus possible selection with
respect to these parameters, which is a significant issue from a practical breeders’ point of view.
The aim of the study was an evaluation of the fatness and muscularity of pure-bred and hybrid gilts
measured using an Aloka SSD-500 device in three consecutive parities, and the relationship between
these features and reproductive performance parameters such as litter traits at birth and weaning,
pregnancy length and weaning to service interval. It was observed that fatness degree affected the
reproductive parameters of females. The females with higher values of fatness traits achieved better
farrowing rate and higher numbers of born piglets, and decreased mortality, higher gains of piglets
and higher body weight at weaning, as well as a shortening of the weaning-to-service interval were
noted. Intramuscular fat content did not affect reproductive parameters. Muscularity also affected
reproductive performance parameters, except gestation period. The lowest reproductive indices were
found in females with too-high muscularity levels.

Abstract: The fatness and muscularity of Polish Landrace, Polish Large White gilts and sows and
their hybrids were determined on the basis of ultrasound measurements in three consecutive parities,
and then the relationship between these parameters and reproductive performance was established.
Ultrasound measurements demonstrated the highest fat thickness in first parity and the highest
fat area over LD muscle in hybrid gilts (PL × PLW). Pure-bred gilts were characterized by poorer
muscularity. Fatness level affected the reproductive parameters of females in which the thickness of
backfat in UP2 point was above 22.25 mm, the thickness of backfat in UP4 point was above 17.36 mm
and the fat area over LD muscle was above 25.81 cm2. These females achieved better farrowing
rates and higher numbers of born piglets. Decreased mortality, higher gains of piglets and higher
body weight at weaning were observed, and the weaning to service interval was shortened in fatter
females. Intramuscular fat content did not affect reproductive parameters. Muscularity negatively
affected reproductive performance parameters, except gestation period. Too-high muscularity was
related to the lowest levels of reproductive indices. The analysis of gilts and sows’ fatness and
muscularity levels can help to predict their reproductive performance in the future and thus optimize
production results.

Keywords: gilts; litter; parity; sows; ultrasonography; Aloka SSD-500
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1. Introduction

The efficiency of reproduction and the level of productivity of sows determine to a large extent
both the profitability of production and the quality of piglets for fattening. Therefore, the variables
influencing the reproductive potential of sows should be regularly examined. Intensive selection of
pigs to improve their leanness has contributed to a significant increase in this index, not only in Poland,
but also in other countries. Analyzing the changes in the slaughter traits of gilts of the maternal Polish
Large White (PLW) and Polish Landrace (PL) breeds in recent years, it can be observed that the meat
content in the carcass increased to the level of about 60% [1].

In order to maximize sow productivity, it is important to know about the growth potential,
slaughter potential and the impact of improvement on reproductive performance. The relationships
between the degree of muscularity and fatness of gilts and their further use is not clear, showing both
positive and negative effects [2]. An important issue, therefore, seems to be the precise demonstration
of the effect of growth parameters on the reproductive use of females.

Many researchers have searched for the current response of reproductive functions to slaughter
potential raising. Some emphasize that reproductive traits should be taken into account in the
development of breeding strategies aimed at improving fattening and slaughter traits. Many authors
confirm the negative impact of selection focused solely on improving fattening and slaughter traits,
which, in turn, leads to a deterioration in some reproductive performance parameters, and this process
is most clearly evident in gilts [3,4]. The reproductive performance may be adversely affected by both
an insufficient and excessive degree of fatness and muscularity [5]. According to Tummaruk et al. [3],
low fat reserves in sow’s body has a negative impact on future reproductive performance results,
which may cause, e.g., faster culling due to poor animal condition and lactation disturbances.

A higher growth rate can accelerate the first estrus symptoms. It should be emphasized that this
is an extremely important issue for the proper management and use of the economic opportunities of
the basic stock. It should be noted that, as a result of long-term and unilateral selection for leanness,
the level of fat cover of gilts at the time of their first mating or insemination decreased significantly.
This is related, inter alia, to the negative leanness–fatness correlation, which means that with the
increase in meat content, the gilt’s fatness level is subject to a decrease [6,7].

According to Quinton et al. [8], the most important reproductive indicators from an economic point
of view are the number of piglets born alive and the number of piglets at weaning, and the weaning
weights at the same time. One of the most important objectives in both the breeding and keeping of
pigs is to improve the population in terms of economically significant parameters, which undoubtedly
include features related to reproductive performance. The level of these features may be related to the
degree of fatness and muscularity at the time of first mating or insemination of gilts [9].

The aim of the study was determination of fatness and muscularity of pure-bred gilts and hybrids
on the basis of intravital ultrasound measurements in three consecutive parities, and then to define the
relationship between the degree of fatness and muscularity of gilts and sows and their reproductive
performance determined on the basis of litter parameters at birth and weaning and the length of the
weaning to service interval.

2. Materials and Methods

The experiment was performed in the years 2013–2014 in an industrial pig-fattening farm situated
in Poland, in the Opolskie Voivodeship on 450 gilts, maintained in identical production conditions.
The gilts were divided into three groups depending on the genotype: 150 Polish Landrace (PL) gilts,
150 Polish Large White (PLW) gilts, 150 hybrid gilts (PL × PLW). Gilts at the time of insemination were
at similar weight (about 129 kg), age (about 252 days, and had a similar average daily gain from birth
to the first insemination (about 513 g). The gilts were used for research purposes from a one to three
parity. The gilts and sows were kept in individual pens with an area of 1.20 m2 equipped with a slatted
floor until 4 weeks after insemination. In the period between 4 weeks after insemination and 1 week
before farrowing, the females were group-housed in a pen with 25 females on a partially slatted floor.
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The area of the pen for gilts was 1.64 m2/animal, including 0.95 m2 of solid floor. The area of the pen
for sows was 2.25 m2/animal, and the solid floor area was 1.30 m2.

The animals were fed in accordance with the recommendations of the Jan Kielanowski Institute of
Animal Physiology and Nutrition—National Research Institute of the Polish Academy of Sciences,
according to the Pig Nutrition Standards [10], with constant access to water. The feed dose for the
female until 90 days of pregnancy contained 11.8 MJ of metabolic energy, 143.6 g of digestible protein,
6.4 g of lysine, 5.3 g of methionine with cystine, 8.2 g of calcium, 6.3 g of phosphorus and 2.7 g of
sodium. The feed dose for gilt/sow over 90 days of pregnancy and lactating gilt/sow was 12.5 MJ of
metabolic energy, 170.2 g of digestible protein, 10.1 g of lysine, 6.5 g of methionine with cystine, 9.9 g
of calcium, 7.2 g of phosphorus and 3.6 g of sodium. Until the 90th day of pregnancy, each female
received about 2.80 kg of feed per day, while after this period their diet was increased to 3.30 kg.

The animals were maintained in conditions meeting the requirements of the Ordinance of the
Minister of Agriculture and Rural Development of 28 June 2010 on the minimum conditions for
maintaining farm animal species [11]. The study was carried out in accordance with the laws and
regulations of Poland, Act of 15 January 2015, on the protection of animals used for scientific and
educational purposes [12].

Females in estrus were identified twice a day with the help of a search boar (visual and olfactory
contact). The estrus was diagnosed by a standing reflex after a back pressure test. The detection of
estrus started from the 170th day of gilts’ life. The gilts were inseminated in the third estrus. Both gilts
and sows were inseminated twice: the first time 12 h after the onset of estrus symptoms, and the
second time 12 to 18 h after the first insemination. All females were inseminated with Duroc × Pietrain
(D × P) boar semen. Litter equalization was performed within the genetic lines.

Ultrasound evaluation of fatness and muscularity was performed during insemination procedures
using the Aloka SSD-500 device equipped with a 17 cm UST-5044 head with a frequency of 3.5 MHz.
The use of the apparatus in combination with dedicated computer software enabled the measurements
described in Table 1. Linear and surface measurements were performed according to the methodology
provided by Tyra et al. [13], while intramuscular fat measurement was performed using the method
provided by Schulte et al. [14].

Table 1. Linear, surface and quality measurements taken with Aloka SSD-500 ultrasound system.

Measurement Description of the Measurement Point

UP2 Backfat thickness at point P2—backfat thickness at the last rib, at the junction of the
thoracic and lumbar vertebrae—3 cm from the midline of the spine (mm).

UP4 Backfat thickness at point P4—backfat thickness at the last rib, at the junction of the
thoracic and lumbar vertebrae—8 cm from the midline of the spine (mm).

UPT Fat cross-sectional area on the surface of the Longissimus dorsi muscle (cm2).

UTŚ Intramuscular fat content in the Longissimus dorsi muscle (%).

UP4M Depth of Longissimus dorsi muscle at point P4—height of eye of the loin, at the junction
of the thoracic and lumbar vertebrae—8 cm from the midline of the spine (mm).

USLD Width of the Longissimus dorsi muscle (mm).

UPLD Cross-sectional area of the Longissimus dorsi muscle (cm2).

The next stage of the study was an evaluation of the reproductive performance of gilts, in which the
degree of fatness and muscularity were determined using the Aloka SSD-500 apparatus. The following
reproductive indices were analyzed: farrowing rate based on two insemination procedures outcomes
(%), number of piglets born in total (head), number of alive-born piglets (head), number of dead-born
piglets (including stillborn ones, dead during parturition and mummified fetuses) (head), number
of weaned piglets (head), mortality of piglets until weaning day (head), total litter weight at 1st day
(kg), average piglet weight at 1st day (kg), total litter weight at weaning (kg), average piglet weight at
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weaning (kg), average body weight gains of piglets from birth to weaning (g), gestation period (days),
weaning to service interval (days).

For each ultrasound measurement, after taking into account the distribution of its variables in
the population, two levels of the examined factor were determined on the basis of the mean and
standard deviation, in such a way that there is an equal number of individuals within each subgroup,
within each breed. Next, it was analyzed whether the level of fatness and muscularity at the moment
of insemination can influence the reproductive performance results in terms of the examined indices.
It was analyzed whether there are statistical differences between the female genotypes with respect to
different degrees of fatness and muscularity.

In order to check the repeatability of the results, each ultrasound measurement was performed
three times, then the arithmetic mean of the three measurements was calculated. The data were
checked for normality of distribution using Kolmogorov–Smirnov test (K-S) with Lilliefors correction.
In addition, Brown–Forsythe test (B-F) was used to determine whether the distributions of variables
have the same variance. The numerical material was compiled statistically using STATISTICA ver.
10 software (StatSoft Poland Ltd., Krakow, Poland). Verification of the data concerning the degree of
fatness and muscularity determined during insemination was performed on the basis of two-factor
analysis of variance. The research model was as follows:

xijk = μ + αi + βj + (αβ)ij + εijkl;

xijk—value of the dependent variable (fatness and muscularity degree);
μ—overall average;
αi—main effect of the i-th breed;
βj—main effect of j-th insemination order;
(αβ)ij—effect of i-th breed interaction with j-th insemination order;
εijk—random error with a normal distribution with an average of zero and a variance σ2.

Reproductive performance was studied using the three-factor analysis of variance (ANOVA).
The first factor was the breed of females participating in the experiment. The second factor was the
parity (except for the parameter of farrowing rate, where the order of insemination was taken into
account). The third factor was the degree of fatness and muscularity. In the model, the degree of fatness
was used interchangeably with the degree of muscularity. The following mixed model was used:

xijk = μ + αi + βj + γk + (αβ)ij + (αγ)ik + (βγ)jk + (αβγ)ijk + εijkl;

xijk—value of the dependent variable (reproductive parameter);
μ—overall average;
αi—main effect of the i-th breed;
βj—main effect of the j-th parity or insemination order;
γk—main effect of the k-th level of fatness or muscularity;
(αβ)ij—effect of the i-th breed interaction with the j-th parity or insemination order;
(αγ)ik—effect of the i-th breed interaction with the k-th level of fatness or muscularity;
(βγ)jk—effect of the j-th parity or insemination order interaction with the k-th level of fatness
or muscularity;
(αβγ)ijk—effect of the i-th breed interaction with the j-th parity or insemination order and the kth level
of fatness or muscularity;
εijk—random error with a normal distribution with an average of zero and a variance σ2.

3. Results

The results of fatness measurements (UP2, UP4, UPT and UTŚ) carried out by ultrasound method
are presented in Table 2. In the first parity, the highest backfat thickness was noted in hybrid gilts
(PL × PLW) (p ≤ 0.05). It should be emphasized that, after the first farrowing, during the second
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parity, both hybrid and PLW sows had less backfat thn PL sows (p ≤ 0.05). Moreover, statistically
significant differences in the thickness of backfat were found for the first and second parity in the case
of inter-breed hybrids (PL × PLW) (p ≤ 0.05).

Table 2. Results of fatness measurements carried out using Aloka SSD-500 (breed and parity).

Parameter UP2

Parity
Breed

Polish Landrace (PL) Polish Large White (PLW) PL × PLW

x (mm) SD x (mm) SD x (mm) SD

1 22.26 ±4.70 21.17 y ±3.99 23.08 a,x ±3.89

2 23.29 x ±4.02 21.19 y ±4.16 21.18 b,y ±4.79

3 22.24 ±4.76 22.93 ±4.52 22.94 ±4.43

Parameter UP4

Parity
Breed

PL PLW PL × PLW

x (mm) SD x (mm) SD x (mm) SD

1 17.54 ±3.60 16.35 y ±4.21 18.56 a,x ±3.44

2 18.98 x ±3.34 15.67 y ±4.03 16.26 b,y ±4.15

3 17.65 ±3.65 17.07 ±3.89 18.12 ±3.38

Parameter UPT

Parity
Breed

PL PLW PL × PLW

x (cm2) SD x (cm2) SD x (cm2) SD

1 25.19 y ±6.61 23.34 Y ±6.85 28.20
a,X,x ±7.43

2 27.23 X ±7.45 23.02 b,Y ±6.45 25.10 b ±7.11

3 26.46 ±8.96 25.96 a ±7.66 27.83 ±6.78

Parameter UTŚ

Parity
Breed

PL PLW PL × PLW

x (%) SD x (%) SD x (%) SD

1 1.67 ±0.66 1.68 ±0.60 1.71 ±0.67

2 1.71 ±0.78 1.73 ±0.74 1.75 ±0.72

3 1.77 ±0.83 1.79 ±0.80 1.82 ±0.87

x—mean value. SD—standard deviation. a,b—in the same column, denote statistically significant differences
between parity for a given breed, with p ≤ 0.05. x,y—in the same line, denote statistically significant differences
between breeds, for a given parity, with p ≤ 0.05. X,Y—in the same line, denote statistically significant differences
between breeds, for a given parity, with p ≤ 0.01.

Hybrid gilts had a higher backfat thickness during the first parity compared to PLW sows (p ≤ 0.05).
After the first farrowing, in the second parity, the thickest backfat was found in PL sows (p ≤ 0.05).
Statistical analysis confirmed the differences in backfat thickness in hybrid females between the first
and second parity (p ≤ 0.05).

During the first parity, the largest area of fat over Longissimus dorsi muscle was recorded in
hybrid gilts (PL × PLW) compared to PL (p ≤ 0.05) and PLW (p ≤ 0.01). At the moment of the second
insemination, the highest results in the range of fat area were noted in PL sows (p ≤ 0.01). It should
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be emphasized that, in the case of the PLW breed and the parameter of fat surface area over LD
muscle, statistically significant differences were found between the second and third parity (p ≤ 0.05).
Statistical differences were also confirmed for this parameter in PL × PLW females between the first
and second parity (p ≤ 0.05).

The percentage of intramuscular fat in the Longissimus dorsi muscle was calculated using Designer
Genes Technologies software compatible with the Aloka SSD-500 ultrasonograph. The analysis of
numerical data did not reveal any statistically significant differences, both between the breeds (p > 0.05)
and related to the parity (p > 0.05). The recorded intramuscular fat content was very similar for
all studied genetic groups. It should be emphasized, however, that the intramuscular fat content
increased gradually with subsequent parities. The limiting level of significance in the case of the
greatest differences between the mean values in the case of the UTŚ parameter was p = 0.12.

The results of ultrasound measurements of muscularity level (UP4M, USLD, UPLD) are presented
in Table 3. In the first parity, the highest depth of LD muscle was observed in hybrid gilts (PL × PLW),
however, compared to other breeds it was not statistically significant (p > 0.05). The highest values of
UP4M parameter were also observed in hybrid sows in the case of second and third parity, but, in this
case, the observed differences in relation to PLW and PL sows were statistically confirmed (p ≤ 0.05).

Table 3. Results of muscularity measurements carried out using Aloka SSD-500 (breed and parity).

Parameter UP4M

Parity
Breed

PL PLW PL × PLW

x (mm) SD x (mm) SD x (mm) SD

1 57.85 b ±6.16 57.73 B ±6.04 59.94 B ±6.75

2 59.52 ±6.52 59.42 b,y ±7.99 63.47 x ±5.83

3 62.59 a,y ±6.62 64.53 A,a ±5.62 66.80 A,x ±4.23

Parameter USLD

Parity
Breed

PL PLW PL × PLW

x (mm) SD x (mm) SD x (mm) SD

1 131.68 b ±9.01 131.83 B ±7.06 132.86 B ±8.97

2 135.10 ±8.26 134.32 b ±7.19 135.38 b ±8.52

3 139.40 a ±8.32 141.35 A,a ±7.84 142.76
A,a ±9.24

Parameter UPLD

Parity
Breed

PL PLW PL × PLW

x (cm2) SD x (cm2) SD x (cm2) SD

1 59.37 b ±9.16 58.90 B ±8.92 62.51 b ±8.82

2 61.51 ±10.01 61.59 ±9.38 65.16 ±9.93

3 66.58 a ±10.49 67.70 A ±11.40 69.58 a ±10.26

x—mean value. SD—standard deviation. a,b—in the same column, denote statistically significant differences
between parity for a given breed, with p ≤ 0.05; A,B—in the same column, denote statistically significant differences
between parity for a given breed, with p ≤ 0.01; x,y—in the same line, denote statistically significant differences
between breeds, for a given parity, with p ≤ 0.05.

Statistical analysis demonstrated a number of differences between subsequent parities in all
examined pig breeds. In the case of the PL breed, the statistically confirmed difference in LD muscle

6
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depth between the first and third parity was shown (p ≤ 0.05). It was observed, in the case of PLW sows,
that the depth of the Longissimus dorsi muscle measured in the third parity was significantly higher
compared to the results obtained in the first and second parities (p ≤ 0.01 and p ≤ 0.05, respectively).
Moreover, statistically confirmed differences in LD muscle depth were found between the hybrid gilts
inseminated for the first time and the hybrid sows inseminated for the third time (p ≤ 0.01).

In the case of the USLD parameter, no statistically confirmed inter-breed differences were found
(p > 0.05). A number of statistically confirmed differences related to the parity were observed.
A significant increase in Longissimus dorsi muscle width was observed in each of the breeds studied
in subsequent parities.

The highest value of the USLD parameter in the PL breed was recorded in the third parity
(p ≤ 0.05), and the lowest value in the first one (p ≤ 0.05). A similar trend was observed in the analysis
of LD muscle width data for the sows of the PLW breed and hybrid females (PL × PLW). In both cases,
the highest results in the range of this parameter were recorded at the third farrowing (p ≤ 0.01). At the
first parity, the width of Longissimus dorsi muscle was the lowest (p ≤ 0.01). Moreover, statistically
confirmed lower values of the width of Longissimus dorsi muscle were observed for the PLW breed
and hybrids (PL × PLW) in the second parity compared to the third one (p ≤ 0.05).

It should be noted that the analysis of the UPLD parameter did not show any inter-breed differences
(p > 0.05). However, differences in the surface area of the Longissimus dorsi muscle were observed
between the first and third parity in all experimental breeds. The largest area of LD muscle was
recorded at the third parity in hybrid sows (PL × PLW) (p ≤ 0.05). The lowest values in the UPLD
parameter range, below 60 cm2, were recorded in pure-bred PL gilts and PLW gilts inseminated for the
first time (p ≤ 0.05; p ≤ 0.01, respectively).

Table 4 shows the influence of the degree of fatness determined by ultrasound method on
reproductive parameters. The relationship between backfat thickness and fat surface over the
Longissimus dorsi muscle and reproductive indices was statistically confirmed. Females in which the
backfat thickness at UP2 was above 22.25 mm, the backfat thickness at UP4 was above 17.36 mm and
the fat area above Longissimus dorsi muscle was above 25.81 cm2 at the time of insemination were
characterized by the best reproductive parameters. Gilts and sows classified in these groups achieved
the highest, at almost 92%, farrowing rate compared to the groups with lower UP2, UP4 and UPT
parameters (p ≤ 0.05). In addition, the highest number of piglets born in total (UP2 and UP4 p ≤ 0.05;
UPT p ≤ 0.01), the number of alive-born piglets (UP2 and UP4 p ≤ 0.05; UPT p ≤ 0.01), the lowest
number of dead-born piglets (UP2 and UP4 p ≤ 0.05; UPT p ≤ 0.01), the highest number of weaned
piglets (p ≤ 0.01) and the lowest mortality of piglets until the weaning day (p ≤ 0.05) were observed in
these females.

The heaviest litters were produced (p ≤ 0.05; p ≤ 0.01) and reared (p ≤ 0.01) by females which
backfat thickness (UP2 and UP4) and fat area over LD muscle (UPT) at the time of insemination were
higher than the mean characteristic of the studied population. Piglets from these gilts and sows had
a higher body weight at birth (p ≤ 0.01). A similar trend was observed in the mean piglets’ weight
at weaning (UP2 p ≤ 0.05; UP4 and UPT p ≤ 0.01) and mean daily gains (UP2 and UPT p ≤ 0.05;
UP4 p ≤ 0.01). It is worth noting that females with above average backfat thickness and fatty tissue
surface over Longissimus dorsi muscle had a shorter weaning-to-service interval (p ≤ 0.05).

Table 5 presents the influence of the degree of muscularity determined by ultrasound method on
the parameters of reproductive performance in the studied population. The analysis of ultrasound
measurements of LD muscle performed during insemination showed a significant influence of depth,
width and surface of this muscle on reproductive parameters.

7



Animals 2020, 10, 794

T
a
b

le
4
.

A
n

eff
ec

to
ff

at
ne

ss
de

gr
ee

de
te

rm
in

ed
by

ul
tr

as
ou

nd
m

et
ho

d
on

re
pr

od
uc

ti
ve

pa
ra

m
et

er
s

of
so

w
s.

R
e
p

ro
d

u
ct

io
n

P
a
ra

m
e
te

r
(¯ x,

s)

D
e
g

re
e

o
f

F
a
tn

e
ss

D
e
te

rm
in

e
d

b
y

A
lo

k
a

S
S

D
-5

0
0

A
p

p
a
ra

tu
s

U
P

2
U

P
4

U
P

T
U

T
Ś
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Females with the depth of Longissimus dorsi muscle during insemination more than 61.32 mm,
width more than 136.08 mm and area more than 63.66 cm2, achieved worse reproductive results in
the range of farrowing rate (p ≤ 0.05), number of piglets born in total (p ≤ 0.05; p ≤ 01), number of
alive-born piglets (p ≤ 0.05; p ≤ 0.01), number of dead-born piglets (p ≤ 0.05), number of weaned
piglets (p ≤ 0.05; p ≤ 0.01) and piglet mortality until the weaning day (p ≤ 0.05). It should be noted
that gilts and sows in which muscularity was above average gave birth to piglets with low body
weight (p ≤ 0.05). Moreover, piglets from these females also had significantly lower weight at weaning
(p ≤ 0.05) and worse body weight gains (p ≤ 0.05). The described groups of gilts and sows gave birth
to litters of low weight, and statistical analysis confirmed that this was mainly due to the area of LD
muscle (p ≤ 0.05). In the case of the total litter weight at weaning, the lowest values of this parameter
were also recorded in more muscular females (p ≤ 0.01). It should be noted that sows with greater
muscularity had a longer weaning-to-service interval (p ≤ 0.05).

The summarized results of breed effect on reproductive parameters are presented in Table 6.

Table 6. Breed effect on reproduction parameters.

Reproduction Parameter (
¯
x,s)

Breed

PL PLW PL × PLW

Farrowing rate (%) 90.22 88.70 b 91.30 a

Number of piglets born in total (head) 10.20 ± 0.77 9.90 b ± 0.81 11.00 a ± 0.72
Number of alive-born piglets (head) 10.00 ± 0.70 9.60 b ± 0.80 10.80 a ± 0.75
Number of dead-born piglets (head) 0.20 ± 0.31 0.25 ± 0.37 0.15 ± 0.31

Number of weaned piglets (head) 9.70 ± 0.50 9.55 b ± 0.70 10.51 a ± 0.61
Mortality of piglets until weaning day (head) 0.44 ± 0.44 0.32 ± 0.50 0.38 ± 0.40

Total litter weight at 1st day (kg) 14.99 ± 2.30 13.80 b ± 2.51 16.95 a ± 2.09
Average piglet weight at 1st day (kg) 1.43 b ± 0.27 1.41 b ± 0.29 1.55 a ± 0.20

Total litter weight at weaning (kg) 83.20 ± 10.15 78.77 b ± 10.66 89.40 a ± 9.99
Average piglet weight at weaning (kg) 8.45 ± 0.39 8.30 ± 0.42 8.59 ± 0.49

Average body gains of piglets (g) 249.00 ± 10.50 248.01 b ± 9.71 250.19 a ± 9.89
Gestation period (days) 114.76 ± 2.35 114.53 ± 2.19 114.79 ± 2.71

Weaning to service interval (days) 10.70 ± 9.71 10.90 ± 10.01 10.66 ± 9.80

a, b—in the same line denote statistically significant differences between the breeds, with p ≤ 0.05.

In general, the best results in the range of all studied indices were obtained by PL × PLW females.
The differences were statistically significant compared to PLW breed (p ≤ 0.05), except the number of
dead-born piglets, piglet mortality, mean piglet weight at weaning as well as parameters related to
farrowing and weaning-to-service interval length. The results obtained for PL breed were insignificant
compared to two other genotypes, except for mean piglet weight at birth, which differed statistically
from hybrid sows.

4. Discussion

A very dynamic development of ultrasonography has been observed in recent years, and it is
used to examine and image the tissues in human and veterinary medicine, or for the purpose of
in vivo measurements of animals in order to characterize their performance [7]. Ultrasonography is a
non-invasive method of imaging diagnostics, which allows to obtain an image of the cross-section
of the examined object and its advantage is the lack of harmful side effects on the organism of both
the researcher and the examined person. The ultrasound technique is very precise, very accurate and
allows the detection of even small changes in the examined organs and tissues. Increasingly lower
costs of ultrasound equipment and high mobility have made ultrasound scanners more and more
popular in pig research [7,15].

One of the devices used for the intravital ultrasound examination of animals is Aloka SSD-500.
This device has been widely used in farm animal studies. The device gained particular popularity
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in research on cattle [16–18], as well as on pigs [7,13,19,20]. The spectrum of research conducted
with this device was very broad and most often referred to the determination of degree of oocytes
development [17], fetus development in different stages [18], and the structure of mammary glands [16].
In addition to its use in the broadly understood diagnostics of reproductive performance, the Aloka
SSD-500 is now also used to assess slaughter performance. It is most commonly used to evaluate
backfat thickness and Longissimus dorsi muscle width [13,20,21]. Studies with the use of the Aloka
ultrasound scanner, aiming to evaluate the degree of fatness and muscularity, allowed even an intravital
estimation of the meat content in the carcass [19]. The study conducted by Rempel et al. [22] suggests
that, despite the better selection procedures observed currently in animal breeding, there is still a
relationship between body condition expressed as fatness or muscularity degree, and reproductive
parameters, i.e., litter features. The results of our study in the range of fatness degree are slightly
different from that presented by Tyra and Żak [23]. In the study on the domestic pig population, the
authors obtained lower results and also noted the highest backfat thickness for the Puławska breed
and line 990, 19.20 and 18.30 mm, respectively, and a higher degree of fatness (15.20 mm) was noted for
PLW breed compared to PL breed (14.20 mm). However, this was quite the opposite in the case of our
study: the difference was almost 1 mm.

In turn, in another study on Polish breeds, Tyra et al. [13] confirmed lower backfat thickness
at UP4 compared to UP2 for PL and PLW breeds, which is consistent with the results of our study.
The authors showed that the mean backfat thickness measured behind the last rib at the border of
thoracic and lumbar vertebrae 8 cm from the middle line of the back was 14.90 mm for PL breed,
and 14.50 mm for PLW. The lower values of this parameter obtained by the authors may be associated
with lower body weight of the examined animals.

Ultrasonographic examination of fat area under LD muscle was performed by Tyra et al. [20],
and the results were below 20.00 cm2, which was related to the low weight of the examined animals,
i.e., 100 kg. The authors demonstrated strong correlation between this parameter and backfat thickness
at P2 and P4 measured during carcass dissection. Correlation coefficients were at a similar level for
these two analyzed parameters and amounted to about 0.53. Moreover, the authors noted that an
increase in LD muscle depth is accompanied by a significant decrease in the fat area above the muscle.
Subsequent study of UPT parameter conducted by Tyra et al. [20] in the domestic population using
the Aloka SSD-500 apparatus showed inter-breed differences. The authors noted the highest values
for Duroc breed (21.3 cm2). The lowest fat area over the Longissimus dorsi was recorded for Pietrain
breed (14.1 cm2). Maternal breeds, i.e., Polish Landrace and Polish Large White, were characterized by
intermediate results for this trait. However, PL breed had a slightly higher fatness degree compared to
PLW. The authors calculated that PL gilts had, on average, 20.6 cm2 of fat area over Longissimus dorsi
muscle, while this value for PLW gilts was about 19.4 cm2.

Intramuscular fat in our study was determined in a similar manner as in the study of
Bahelka et al. [24]. The results of these authors confirm that Aloka SSD-500 device with 3.5 MHz
UST-5044 head, with a signal amplification of 80%, allows to determine intramuscular fat content with
a very high accuracy. Intramuscular fat content determined by means of ultrasound amounted to
2.28%, whereas the result obtained based on chemical analysis was 2.22%.

The results of intramuscular fat measurements obtained in our study are similar to the results
obtained by Orzechowska et al. [25], who showed that in the PL breed it was 1.72%, and 1.71% in
PLW breed. Moreover, the study confirmed that this parameter value changes with an increase in
animals’ muscularity. In the case of PL breed, the animals with the highest leanness, above 60%, were
characterized by the lowest intramuscular fat level (1.71%). A similar tendency was also observed in
PL breed, where the carcasses of the most muscular pigs were rated the highest (class S), and had an
intramuscular fat level of 1.68%.

Slightly different results of intramuscular fat measurements were obtained by Tyra and Żak [23],
who observed higher intramuscular fat content in Longissimus dorsi muscle in PLW breed (1.84%)
compared to PL (1.76%). In our study, PLW gilts and sows also had a slightly higher intramuscular fat
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content in LD muscle. Moreover, the authors recorded very high results in this parameter in Duroc
(2.23%) and Puławska (2.17%) breeds. Jankowiak et al. [26] studied the relationship between carcass
fatness and intramuscular fat content and fatty acid profile in pig meat. The study was conducted on
Puławska breed and hybrids from PLW and PL crossbreeding. Intramuscular fat content in Puławska
breed was high and amounted to 1.87%, while in hybrids a lower result was found (1.72%).

With regards to the muscularity degree examined in this study, similar results in the scope of LD
muscle depth were obtained by Knecht et al. [27]. The authors demonstrated that hybrid gilts were
characterized by an LD muscle depth of 61.47 mm on average. In the case of our study, the average
depth of Longissimus dorsi muscle in gilts from such cross-breeding was about 60 mm. This difference
can be explained by higher representativeness of the research group, due to more numerous groups of
animals participating in the experiment.

It is worth emphasizing that no inter-breed differences in the case of the UPLD parameter were
demonstrated in our study. Orzechowska et al. [25] observed that PL breed is characterized by a
larger area of the tenderloin eye compared to PLW breed. LD muscle area in PL breed was 56.50 cm2,
while in PLW it was 55.2 cm2. In our study, PL sows, which were inseminated for the second and third
time, also had a larger area of the tenderloin eye compared to PLW sows. Moreover, the results of
the study of the abovementioned authors showed that with leanness exceeding 60%; this parameter
was 56.70 cm2 for PL breed, and 57.40 cm2 for PLW. The study conducted by Tyra and Żak [23] also
showed that PL breed is characterized by a larger surface area of tenderloin eye compared to PLW
breed. According to these authors, the area of LD muscle in PL was 53.40 cm2, whereas in PLW it was
52.70 cm2. The results obtained are lower than those presented in Table 3 because the animals had a
lower body weight (about 100 kg).

Tyra et al. [13] examined the differences in the results of LD muscle surface measurements using
ultrasound and dissection methods. In the case of the PL breed, the ultrasound measurement of
tenderloin eye area gave the result of 49.9 cm2, while the dissection measurement result was 52.2 cm2.
The examination of LD muscle area in PLW breed in the case of the ultrasound method gave the
result of 51.10 cm2, whereas after dissection the result was 52.70 cm2. The differences were therefore
insignificant and related to the measurement methodology. Krška et al. [19] also studied tenderloin
eye area using the ultrasound method with Aloka SSD-500 apparatus. The authors determined meat
content in the carcass on the basis of intravital measurements performed with Piglog-105 probe,
SonoMark SM-100 scanner and Aloka SSD-500 apparatus. The highest accuracy was found in the case
of Aloka SSD-500, with the leanness estimated using this method amounting to 55.83%, while value
determined by dissection was 55.67%.

The results obtained show that an increase in the degree of fatness during insemination may
determine the improvement in reproductive indices. De Rensis et al. [28] observed in their study
no relationship between backfat thickness and farrowing rate, which is contrary to our results.
Matysiak et al. [9] stated that the number of alive-born piglets and the number of piglets at weaning are
positively correlated with the backfat thickness on a level of 0.31 and 0.24, which means that females
with thicker backfat, similarly to our study, gave birth to more piglets and recorded a higher number
of piglets at weaning. Holm et al. [4] point out that when energy reserves are too low (the female
has a lower degree of fatness during the first insemination), the development and implantation of
embryos in the uterus may not proceed properly, which increases the number of embryos that are
resorbed in the uterus and, as a result, contributes to a reduction in the number of alive-born piglets.
Bergsma et al. [29] claim that lactation can be a period with maximum energy expenditure, and this
may limit reproductive performance, e.g., litter growth. Vanroose et al. [30] and Knecht et al. [6] also
pay attention to other factors influencing embryo resorption, such as viral infections, stress, poor
nutrition or seasonality of reproduction.

In our study, it was found that the lowest birth weights of piglets were recorded in gilts and
sows, which were characterized by lower or equal to the mean population thickness of backfat and
the surface of fat tissue over LD muscle during insemination (UP2 ≤ 22.25 mm, UP4 ≤ 17.36 mm,
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UPT ≤ 25.81 cm). It should be emphasized that a lower degree of gilt fatness during insemination may
interfere with fetal development and worsen fetal growth, and may also affect the lower weight of
piglets at birth, which probably contributed to the poorer reproductive performance indices in this
range. Milligan et al. [31] emphasize that a low body weight at birth is accompanied by an increase
in the number of dead-born piglets and an increase in mortality during the rearing period, which is
associated with a very high physiological effort of the gilt organism.

Immediately after parturition, reserves of energy accumulated earlier are released in the form of
adipose tissue. The metabolism of gilts and sows, oriented for a long period of pregnancy to store
energy reserves, has problems with switching in a very short period of time to the use of nutrients
taken from feed for milk production. Weaker gestational anabolism is likely to result in weaker
lactation, which may result in a reduction in the number of weaned piglets, inter alia due to insufficient
milk production, piglets may also have a lower weaning weight due to insufficient feed intake [32].
It was also demonstrated in the study by Strathe et al. [32] that backfat thickness and backfat losses
during lactation did not affect the number of piglets born in subsequent parity, which is contrary
to our findings, however, the differences could be attributed to different rearing strategies, breed or
environmental conditions.

The study by Tummaruk et al. [3] confirm that gilts with a high growth rate have more numerous
and heavier litters than sows. The authors suggest that this may be related to higher feed intake resulting
in a thicker backfat. The gilts with a higher growth rate consume more feed during their growth, thus
their health and nutritional status is better, which is then reflected in improved reproductive parameters
compared to gilts with a lower growth rate. Moreover, Holm et al. [4] state that the thickness of backfat
considered as a source of energy for sows may also play an important role in subsequent breeding
cycles. Szulc et al. [33] report that too high a level of female fatness during mating/insemination may
lead to hormonal disorders. In the case of these authors’ study, it was noted that females with the
thickest backfat (>15 mm) gave birth to the lowest number of alive piglets. The authors explained their
results by the characteristic transformation of estradiol to estriol, a weaker estrogen that occurs in more
fattened females. The opposite effect was observed in our study. Females in which backfat thickness
was higher than the average of population at both examined points produced and reared the highest
number of piglets characterized by very high weights at birth and weaning. Tummaruk et al. [3]
obtained similar results in their study. However, the differences can be due to genetics. It may be
supposed that, in the case of a very lean genetics, the benefit of a certain threshold of backfat is positive,
like in the current study, but excess backfat might indicate that the animal is too heavy, too old or in
heat, and that might be the explanation for the different findings.

Selection aimed at improving fattening and slaughter traits led to a significant increase in the
muscularity of the animals, but at the expense of a reduction in fatness level, which led to a deterioration
in reproductive capacity. Many authors confirmed a very strong positive correlation between backfat
thickness and litter size, e.g., [3,34–36]. Our study confirms the thesis that females with higher backfat
thickness at insemination may produce more piglets with higher birth weight. A similar trend can also
be observed in the analysis of fat surface over LD muscle. This can be explained by the fact that the
beneficial effect of LD muscle could be a direct effect of weight. That higher body weight increases the
size of reproductive organs as well as LD muscle.

Kawęcka et al. [37] found negative correlations between gilts’ muscularity and their subsequent
reproductive performance in three consecutive litters, which means that too much muscularity caused
a deterioration in reproductive indices. A similar trend was observed in our study. Decreasing the
muscularity level in the range of UP4M, USLD and UPLD parameters resulted in an improvement in
reproductive performance indices. It should be also born in mind that fat reserves can be mobilized
relatively easily, while muscle store mobilization for energy purposes is quite the opposite [38].
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5. Conclusions

The measurements using Aloka SSD-500 demonstrated the highest fat thickness, as well as the
highest fat area over LD muscle in hybrid gilts (PL × PLW) in the first parity. The muscularity of
pure-bred gilts was lower compared to hybrid gilts. Fatness degree influenced the reproductive
parameters of females in which the backfat thickness in UP2 was above 22.25 mm, in UP4 point
above 17.36 mm and the fat area over LD muscle was above 25.81 cm2. These females achieved
a better farrowing rate and higher numbers of born piglets. Decreased mortality, higher gains of
piglets and higher body weight at weaning were observed, and the weaning to service interval was
shortened. Intramuscular fat content did not affect reproductive parameters. Muscularity evaluated
by ultrasound affected reproductive performance parameters, except gestation period. Females with
too high muscularity were characterized by the lowest reproductive indices.
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Simple Summary: Piglet survival in large litters can be increased if surplus piglets are cross-fostered
to smaller litters, exploiting surplus teats in these sows. We aimed (1) to investigate the effect of
cross-fostering piglets of different birth weights into new litters on the growth performance of piglets;
(2) to determine the effect of cross-fostering piglets of different ages on the growth performance,
stress and immunity of these piglets. Cross-fostering on day 2 after birth reduced average daily gain
(ADG) in high birth weight (HBW) piglets. Late cross-fostering on day 7 after birth decreased ADG,
affected the teat order and increased the cortisol level of piglets. Therefore, these results provide
suitable cross-fostering strategies for improving cross-fostering piglets’ welfare.

Abstract: The effect of different cross-fostering strategies on the growth performance, stress and
immunity of piglets was investigated in this study. In the first experiment, a total of 20 litters
(i.e., 20 sows) and 120 piglets were classified into one of six treatments in a 2 × 3 factorial arrangement.
The treatments consisted of piglets without or with cross-fostering and different birth weights (low
birth weight, LBW; intermediate birth weight, IBW; high birth weight, HBW). The weaning weight
(WW) and average daily gain (ADG) of LBW piglets and IBW piglets were not significantly different
between the not cross-fostered (NC-F) group and the cross-fostered (C-F) group. There was a higher
(p < 0.05) ADG in the control piglets compared with the cross-fostered piglets. This effect on ADG was
only seen in the HBW piglets. In the second experiment, six sows with a similar body condition and
farrowed on the same day were selected. Three female piglets with a birth weight of 0.6–0.85 kg were
selected from each litter as experimental piglets. Eighteen piglets were grouped into three treatments:
(1) not cross-fostered (NC-F1), (2) cross-fostered at 36–48 h after birth (C-F1), (3) cross-fostered at
day 7 after birth (C-F2). The growth performance of NC-F1 and C-F1 piglets was higher than C-F2
piglets (p < 0.05), and the suckling positions of NC-F1 and C-F1 piglets on days 8, 12, 16 and 20 were
more forward than the C-F2 piglets (p < 0.05). Plasma cortisol (COR) concentrations of NC-F1 and
C-F1 piglets were lower than C-F2 piglets (p < 0.05). A significant negative correlation was observed
between BW at day 21 and plasma COR concentration. In conclusion, cross-fostering within 24 h
of birth has adverse influences on the ADG of HBW piglets, while it has no negative effect on the
ADG of LBW and IBW piglets. Moreover, for IBW piglets, late cross-fostering (i.e., on day 7 after
farrowing) has negative impacts on the growth performance and teat order of piglets, and it increases
the cortisol level of piglets.

Keywords: cross-fostering; piglets; growth performance; stress status; immunoglobulin

1. Introduction

With the improvement of gene breeding technology and management practices, the
number of surviving piglets per sow per year is increasing. When piglet numbers exceed
available functional teats, piglets could have less milk intake, which could lead to a high
risk of mortality [1,2]. Large litter size has negative animal welfare impacts on piglets
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and sows [2,3]. Therefore, some management strategies should be applied to reduce
mortality and improve animal welfare for piglets in commercial farms. Cross-fostering
is a management practice that transfers extra piglets from large litters to smaller litters,
so that the sows with more functional teats can be put to good use [4–6]. Some authors
have studied the effects of cross-fostering on the mortality and growth performance of
piglets [7,8]. Other studies show that the age/stage of lactation and body weight/size of
piglets affect the efficiency of cross-fostering [9,10].

Good maternal behavior and high milk production of sows have a positive effect
on the growth performance of piglets [1,11]. Therefore, sows with good maternity and
lactation capacity should be selected to improve the efficiency of cross-fostering. Small
piglets with large litter mates spend more time competing for teats [12], thus, fostered
piglet size is also an important factor for cross-fostering. Ferrari et al. [13] found that heavy
birth weight fostered piglets had a higher weight at days 14 and 20 pre-weaning than light
birth weight fostered piglets. Large piglets that were fostered in mixed litters consisting of
equal numbers of light-weight and heavy-weight piglets had a greater growth rate than
large piglets, but the growth performance of small fostered piglets in uniform litters was
significantly increased [14]. However, Souza et al. [15] reported that small piglets had a
similar body weight during lactation, regardless of being mixed with piglets of higher
weights or not. Similar-sized piglets may face more competition [16], and homogeneous
litters with only small piglets may not fully stimulate the breast, resulting in reduced milk
production. Therefore, the body weight of small piglets that were grouped with large
piglets in mixed litters could be improved because heavier piglets are able to stimulate the
teats to remove more milk from the mammary glands [17]. There is still controversy about
the effect of cross-fostering on the performance of piglets with different birth weights [1].

Teat order is established by piglets in early lactation [18], and cross-fostering should
be completed as early as possible during this time [5]. Teat order was not established
when piglets were fostered at 12–24 h after birth and they could absorb more colostrum
immunoglobulins [5,19,20]. There was little impact on the weight gain of piglets when they
were fostered at 12 h after parturition [12]. Heim et al. [5] showed that cross-fostering at
14–24 h after birth had no negative effect on the growth performance and survival rate of
fostered piglets. It was shown that cross-fostering at 48 h after birth had no adverse effect on
growth performance, but fostered piglets had a higher risk of death [21]. In practice, some
piglets fall behind through lactation so that they may be subjected to late cross-fostering.
Late cross-fostering means fostered piglets will face more competition because the teat
order has been established. Some studies indicated that late cross-fostering reduced the
body weight gain of piglets [22,23]. Robert et al. [24] showed that piglets performed more
aggressive behavior when they were fostered on day 7 post-partum. Environmental factors
could affect the blood stress hormones of pigs [25,26], but few studies on cross-fostering
have focused on the blood stress hormones and immunoglobulins of piglets. At present,
most research on cross-fostering time reported that late cross-fostering had an adverse
effect on the growth performance, mortality and behavior of piglets, but the effect of
cross-fostering piglets of different ages still remains to be investigated.

The purpose of this study was (1) to investigate the effect of cross-fostering piglets
of different birth weights into new litters on the growth performance of piglets; (2) to
determine the effect of cross-fostering piglets of different ages on the growth performance,
stress and immunity of these piglets.

2. Materials and Methods

The experimental protocols used in this experiment were approved by the Institu-
tional Animal Care and Use Committee of China Agricultural University (Beijing, China)
(No. AW09089102-6).
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2.1. Animals and Experimental Design

This study was conducted on a breeding farm in Guangdong, China, with a herd size
of 400 sows, from January to April 2019, and two experiments were conducted. Experi-
mental sows and piglets were purebred Luchuan pigs—this is one of the famous native
breeds in China. Luchuan pigs are mainly distributed in southeast China, and they have
the characteristics of small size, high productivity, early sexual maturity and good mater-
nity [27]. We analyzed the birth weight of 13,222 piglets from December 2017 to December
2018 and found that the average birth weight of piglets was 0.68 (±0.18) kg. Sows were
moved into the farrowing house from day 4 before predicted parturition date and were
housed in farrowing crates, which occupied an area of 1.8 m × 0.6 m, and farrowing pens
occupied an area of 2.3 m × 1.8 m. The temperature of the farrowing house was maintained
at 24–27 ◦C during the first week after parturition, and 22–24 ◦C during other experimental
periods. All sows were fed two times a day, at 07:30 and 16:30, and received 0.5 kg on day
2 after parturition and then 0.5–1 kg extra per day onwards to a maximum of 5 kg on day
10 after parturition. On day 5 after parturition, male piglets were castrated under analgesia
and isoflurane anesthesia. On day 7 after parturition, piglets received piglet feed. Both
sows and piglets had free access to water.

In the first experiment, piglets were divided into three different levels, including
high birth weight (HBW—>0.8–1.15 kg), intermediate birth weight (IBW—0.6–0.8 kg) and
low birth weight (LBW—<0.6–0.35 kg) piglets according to their birth weight. Six piglets
(2 HBW piglets, 2 IBW piglets and 2 LBW piglets) were selected from each litter as experi-
mental piglets, and three (1 HBW piglet, 1 IBW piglet and 1 LBW piglet) of the six piglets
were fostered piglets and cross-fostered (C-F) at 18–24 h after birth. The rest were not
cross-fostered (NC-F) piglets, except for three fostered piglets in the same litter, and they
were born on the same day. There were 20 litters (i.e., 20 sows) in the experiment. A total
of 120 piglets were classified to one of 6 treatments in a 2 × 3 factorial arrangement. The
treatments consisted of piglets without or with cross-fostering (C-F, NC-F) and different
birth weights (LBW, IBW, HBW). Each treatment included 20 piglets. The sex of piglets was
evenly distributed across fostered and non-fostered experimental piglets (i.e., 8 male HBW
fostered piglets and 8 male HBW non-fostered piglets, 7 male IBW fostered piglets and
7 male IBW non-fostered piglets, 4 male LBW fostered piglets and 4 male LBW non-fostered
piglets), with 31.7% being males and 69.3% being females. During the experiment, we
did not find that sows harmed the piglets and all experimental piglets survived. Twenty
sows of parity 3–5 had similar body condition. Each litter involved 12–14 piglets. Piglets
were weaned at 23–27 days after farrowing. The average litter size was 11.85 ± 0.24
(mean ± SEM, SEM means standard error of mean) piglets at weaning, and the mortality
of piglets was 6.32% during the experiment.

In the second experiment, six sows (parity 3–5) with similar body condition and
farrowed on the same day were selected. Each litter included 12–14 piglets. Three female
piglets with a birth weight of 0.6–0.85 kg (mean ± SEM, 0.74 ± 0.08 kg) were selected from
each litter as experimental piglets. The 18 piglets were grouped to the three treatments:
(1) not cross-fostered (NC-F1, n = 6), (2) cross-fostered at 36–48 h after birth (C-F1, n = 6),
(3) cross-fostered at 7 day after birth (C-F2, n = 6). A cross-fostered piglet was cross-
fostered to another of the experimental litters in exchange for a cross-fostered piglet
from this litter. The piglets were weaned at 21 day of age. The average litter size was
12.33 ± 0.42 (mean ± SEM) piglets at weaning, and the mortality of piglets was 7.5% during
the experiment.

2.2. Measurements

In the first experiment, experimental piglets were weighted individually at birth and
weaning. Average daily gain (ADG) was calculated from birth and weaning.

In the second experiment, experimental piglets were weighted individually at 0, 7,
14 and 21 days of age. ADG was calculated for each time period. Suckling positions of
experimental piglets (i.e., 1 represented the first teat pair, 2 represented the second teat pair)
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were recorded two times at 8:30–9:00 and 15:30–16:00 on days 3, 5, 8, 12, 16 and 20 after
parturition when suckling behavior occurred. Blood samples were taken from the experi-
mental piglets’ jugular vein at 7:00–9:00 on day 21 after parturition. Blood was collected in
a Heparin tube and centrifuged at 3000 r/min for 10 min. Plasma was recovered for the
growth hormone (GH), cortisol (COR), alpha-amylase (α-AMY), immunoglobulin A (IgA),
immunoglobulin G (IgG), and immunoglobulin M (IgM) assay. GH levels were measured
by enzyme immunoassay (Growth hormone EIA kit, Nanjing Jiangcheng Bioengineering
Institute, Nanjing, China), and COR levels were measured by enzyme immunoassay (Cor-
tisol EIA kit, DRG International, Springfield, NJ, USA). A-AMY levels were measured by
the iodine-starch colorimetric method (Amylase EIA kit, Nanjing Jiangcheng Bioengineer-
ing Institute, Nanjing, China). IgA, IgG and IgM levels were measured by turbidimetric
inhibition immuno assay (Automatic biochemical analyzer, HITACHI, Tokyo, Japan).

2.3. Statistical Analyses

Data analysis was carried out using the statistical software JMP 14.1 (SAS Institute Inc.,
Cary, NC, USA). All data were tested for normality by the Shapiro–Wilk test. Significant
differences were considered at the 95% confidence level (p < 0.05). In the first experiment,
birth weight (BW), weaning weight (WW) and ADG were analyzed using the linear mixed
model, and the sow number is included as a random factor. In the second experiment,
body weight (BW1), ADG and suckling position were analyzed as repeated measures by
the linear mixed model, with the fixed effect of cross-fostering time, day, and interaction
between these two factors [5]. One-way analysis of variance (ANOVA) was used to test the
cross-fostering time effects on ADG from 0 day to 21 day, COR, α-AMY, IgA, IgG and IgM
of piglets. Correlations between COR, α-AMY, IgA, IgG, IgM and growth performance
were analyzed using the Pearson correlation coefficient.

3. Results

3.1. Birth Weight, Weaning Weight and Average Daily Gain

Significant birth weight class (BWC) effects were exhibited in BW, WW and ADG
(p < 0.05), and there were no significant effects of treatment and interactions between
treatment and BWC in BW, WW and ADG. For LBW piglets and IBW piglets, the WW and
ADG were not significantly different between the NC-F group and the C-F group. The
ADG of NC-F was significantly higher compared with C-F in the HBW piglets (p < 0.05)
(Table 1).

Table 1. The effect of different piglets’ birth weight through cross-fostering on the BW, WW and ADG of piglets.

Item Treatment
Birth Weight Class (BWC)

SEM
p-Values

LBW IBW HBW Treatment BWC Treatment × BWC

BW (kg)
NC-F 0.46 0.71 0.94

0.02 0.88 <0.01 0.93C-F 0.47 0.70 0.94

WW (kg) NC-F 3.78 4.46 5.06
0.06 0.19 <0.01 0.53C-F 3.68 4.31 4.80

ADG (g) NC-F 128.69 145.52 159.70 a
1.72 0.07 <0.01 0.48C-F 124.76 139.59 149.58 b

BW—birth weight; WW—weaning weight; ADG—average daily gain; NC-F—not cross-fostered; C-F—cross-fostered; LBW—low birth
weight; IBW—intermediate birth weight; HBW—high birth weight; N (NC-F, LBW) = 20, N (C-F, LBW) = 20, N (NC-F, IBW) = 20, N (C-F, IBW) = 20,
N (NC-F, HBW) = 20, N (C-F, HBW) = 20, N means the number of piglets per group; SEM—standard error of mean; a, b—Values with different
superscripts differ significantly (p < 0.05) among different treatments (columns).

3.2. Growth Performance

There were significant effects of treatment and interactions between treatment and
day on the body weight (BW1) and ADG (p < 0.05). On days 14 and 21, the BW1 of not
cross-fostered (NC-F1) and cross-fostered at 36–48 h after birth (C-F1) piglets was higher
than cross-fostered at 7 day after birth (C-F2) piglets (p < 0.05). The NC-F1 and C-F1 piglets
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had higher ADG between 7 day of age and 14 day of age and between birth and weaning
compared with the C-F2 piglets (p = 0.01) (Table 2).

Table 2. Effect of different cross-fostering times on the growth performance of piglets.

Item Day
Treatment

SEM
p-Values

NC-F1 C-F1 C-F2 Treatment Day Treatment × Day

BW1 (kg)

0 0.73 0.77 0.73

0.12 0.04 <0.01 0.02
7 1.51 1.47 1.47
14 2.69 a 2.61 a 1.99 b

21 3.58 a 3.50 a 2.73 b

ADG (g)
0–7 111.07 99.52 104.76

5.82 0.01 0.06 0.037–14 169.52 a 163.33 b 75.17 c

14–21 126.43 127.02 105.07
ADG (g) 0–21 135.67 a 129.96 a 95.00 b 6.46 0.01 - -

BW1—body weight; ADG—average daily gain; NC-F1—not cross-fostered, N (NC-F1) =6, N means the number of piglets per group;
C-F1—cross-fostered at 36–48 h after birth, N (C-F1) = 6; C-F2—cross-fostered at 7 day after birth, N (C-F2) = 6; SEM—standard error of mean;
a, b, c—Values with different superscripts differ significantly (p < 0.05) among different treatments (rows).

3.3. Suckling Positions

A significant treatment (p = 0.04) effect was exhibited and significant interactions
between treatment and day (p = 0.01) were observed in suckling position. On days 3 and 5,
there was no difference in the suckling position. The suckling positions of NC-F1 and C-F1
piglets on days 8, 12, 16 and 20 were more forward than the C-F2 piglets (p < 0.05) (Table 3).

Table 3. Effect of different cross-fostering times on the suckling position of piglets.

Item Day
Treatment

SEM
p-Values

NC-F1 C-F1 C-F2 Treatment Day Treatment × Day

Suckling
position

3 3.00 3.08 3.08

0.11 0.04 0.20 0.01

5 3.33 3.33 3.25
8 3.16 a 3.25 a 4.33 b

12 2.75 a 3.08 a 4.92 b

16 2.92 a 3.12 a 4.92 b

20 3.08 a 3.08 a 5.00 b

NC-F1—not cross-fostered, N (NC-F1) = 6, N means the number of piglets per group; C-F1—cross-fostered at 36–48 h after birth, N (C-F1) = 6;
C-F2—cross-fostered at 7 day after birth, N (C-F2) = 6; SEM—standard error of mean; a, b—Values with different superscripts differ
significantly (p < 0.05) among different treatments (rows) within the same day.

3.4. Plasma Serum Parameters

Plasma cortisol concentrations of NC-F1 and C-F1 piglets were less than C-F2 piglets
(p < 0.05) (Table 4). There were no significant effects of different treatments on plasma GH,
α-AMY, IgA, IgG and IgM concentrations (p > 0.05) (Table 4).
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Table 4. Effect of different cross-fostering times on the plasma parameters of piglets.

Plasma Parameters NC-F1 C-F1 C-F2 SEM p-Value

GH (ng/mL) 1.99 1.90 1.87 0.13 0.93
COR (ng/mL) 14.08 a 15.52 a 17.44 b 0.56 0.03
α-AMY (U/dL) 153.12 148.71 150.85 5.90 0.96

IgA (g/L) 1.04 1.01 0.92 0.03 0.36
IgG (g/L) 9.31 9.52 9.46 0.16 0.87
IgM (g/L) 0.86 0.83 0.77 0.03 0.50

GH—growth hormone; COR—cortisol; α-AMY—alpha-amylase; IgA—immunoglobulin A; IgG—immunoglobulin G; IgM—
immunoglobulin M; NC-F1—not cross-fostered, N (NC-F1) = 6, N means the number of piglets per group; C-F1—cross-fostered at 36–48 h
after birth, N (C-F1) = 6; C-F2—cross-fostered at 7 day after birth, N (C-F2) = 6; SEM—standard error of mean; a, b—Values with different
superscripts differ significantly (p < 0.05) among different treatments (rows).

3.5. Correlations between Growth Performance and Plasma Serum Parameters

A significant positive correlation was observed between BW1 at day 21 and plasma
GH concentration (r = 0.527, p < 0.05, r means correlation coefficient), as well as between
ADG from day 0 to day 21 and plasma GH concentration (r = 0.488, p < 0.05); a significant
negative correlation was observed between BW1 at day 21 and plasma COR concentration
(r = −0.734, p < 0.05), as well as between ADG from day 0 to day 21 and plasma COR
concentration (r = −0.736, p < 0.05). There was no significant correlation between BW1 at
day 21 and plasma α-AMY, IgA, IgG, and IgM (p > 0.05), as well as between ADG from
day 0 to day 21 and plasma α-AMY, IgA, IgG, and IgM (p > 0.05) (Table 5).

Table 5. Correlation analysis between growth performance and plasma parameters.

Growth Performance GH COR α-AMY IgA IgG IgM

BW1 at day 21 0.527 * −0.734 * −0.197 0.132 0.108 0.216
ADG from day 0 to day 21 0.488 * −0.736 * −0.211 0.134 0.024 0.133

BW1—body weight; ADG—average daily gain; GH—growth hormone; COR—cortisol; α-AMY—alpha-amylase; IgA—immunoglobulin A;
IgG—immunoglobulin G; IgM—immunoglobulin M; NC-F1—not cross-fostered, N = 6; C-F1—cross-fostered at 36–48 h after birth, N = 6;
C-F2—cross-fostered at 7 day after birth, N = 6; * p < 0.05, (−)denotes a negative association.

4. Discussion

A higher concentration of immunoglobulins in sow colostrum within the 12 h period
post farrowing was found than at other times [28], and they were better absorbed through
the intestinal barrier of piglets during this time [29,30]. In order to ensure that piglets
sucked enough colostrum, piglets were cross-fostered more than 12 h after birth in our
experiments. Alexopoulos et al. [1] also advised that piglets should stay with their birth
sow for at least 12 h. Cross-fostering within 24 h of birth had no effect on the BW1 of non-
fostered piglets and fostered piglets [4,5,31]—there was a lack of difference in the WW and
ADG of LBW and IBW piglets between treatments in the current study. However, we found
that cross-fostering had an adverse effect on the ADG of HBW fostered piglets, which could
be due to the fact that HBW fostered piglets fought more and sucked less milk than HBW
non-fostered piglets [30]. Piglet size was an important factor for growth and survival [1].
Souza et al. [15] found that LBW fostered piglets missed more nursing episodes when
they were mixed with high BW fostered piglets, and HBW piglets vigorously stimulate the
udder and suck more milk [32,33]; this may lead to a lower growth performance of LBW
piglets than HBW piglets [14,34]. In the present study, we also found that the WW and
ADG of LBW piglets (including C-F and NC-F piglets) were lower than HBW piglets.

The age of cross-fostering was an important factor for the growth performance and
behavior of fostered piglets. Many authors advised that cross-fostering should be imple-
mented soon after farrowing [35–37]. However, some piglets with low growth performance
appear in litters during lactation (i.e., over 3 day after parturition), and they may also need
to be fostered. Kooij et al. [38] and Wattanaphansak et al. [39] found that cross-fostering on
days 2–3 after farrowing had no significant effect on growth performance, whereas Robert
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et al. [24] and Calderón et al. [8] found that cross-fostering in the first week after farrowing
impaired the growth performance of piglets. Our results showed that piglets which were
cross-fostered on day 7 after birth had lower BW1 and ADG compared with NC-F1 and
C-F1 piglets, which was in line with the above research. In addition, we found that the
ADG of C-F2 piglets in the second week after farrowing was lower than other experimental
periods. Some studies have reported that the teat order of piglets was developed in the
first few days after birth and was relatively stable after one week of birth [40,41], and the
stability of teat order had a positive effect on the growth performance of piglets [42]. On
days 3 and 5 post-partum, there was lack of difference in the suckling position of piglets
among treatments, and when piglets were cross-fostered on day 7 post-partum, the suck-
ling position of C-F2 piglets was more backward compared with the other two treatments
in the present study. Huting et al. [14] reported that the BW1 of piglets suckling the anterior
teats was higher than piglets suckling the posterior teats. The results demonstrated that
cross-fostering on day 7 after farrowing damaged the stability of teat order, and this may
lead to the lower growth performance of C-F2 piglets.

In terms of the stress of piglets, plasma COR and α-AMY were selected to evaluate the
stress level of piglets [43,44]. Differences were observed such that the COR concentrations
of C-F2 piglets were higher than NC-F1 and C-F1 piglets, which indicated that cross-
fostering on day 7 after farrowing increased the stress level of piglets. Similar results
have been found that the stress level of piglets was increased when unfamiliar piglets
were mixed together [45]. Horrell et al. [46] reported that mother-offspring bonds formed
early in lactation (i.e., within 3 days after parturition). In fostered piglets removed from
their mother to a new environment on day 7 after farrowing, the maternal bond was
destroyed, and fostered piglets fought with non-littermates [9,47]. Hence, it is possible that
cross-fostering on day 7 after farrowing increased the stress level of fostered piglets. In
addition, we found a significant negative correlation between plasma COR concentration
and growth performance, which indicated that stress had an adverse effect on the growth
performance of piglets. There was no difference in the immunoglobulins level of piglets
among treatments.

5. Conclusions

Cross-fostering within 24 h of birth has adverse influences on the average daily gain
of high birth weight piglets, while it has no negative effect on the average daily gain of
low birth weight and intermediate birth weight piglets. Moreover, for intermediate birth
weight piglets, late cross-fostering (i.e., on day 7 after farrowing) has negative impacts
on the growth performance and teat order of piglets, and it increases the stress level of
piglets. We suggest that low birth weight and intermediate birth weight piglets might
be more suitable to cross foster as early as possible (i.e., 12–48 h after farrowing) when
cross-fostering strategy is implemented.
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Simple Summary: Selection for decreasing litter size residual variance has been proposed as an
indirect way to select for resilience. Resilience has been directly related to welfare. A good body
condition and efficient body fat mobilization have been associated with an optimal level of animal
welfare. Two rabbit lines have been divergently selected for litter size residual variability. The low
line selected for decreasing litter size variance more efficiently managed the body fat from mating to
weaning in the second productive cycle in females compared to the high line, which could be related
to the lower culling rate reported previously in the low line. Therefore, body condition can be used as
a useful biomarker of resilience.

Abstract: A divergent selection experiment for residual variance of litter size at birth was carried out
in rabbits during twelve generations. Residual variance of litter size was estimated as the within-doe
variance of litter size after pre-correction for year and season as well as parity and lactation status
effects. The aim of this work was to study the correlated response to selection for litter size residual
variability in body condition from mating to weaning. Body condition is related directly to an animal’s
fat deposits. Perirenal fat is the main fat deposit in rabbits. Individual body weight (IBW) and
perirenal fat thickness (PFT) were used to measure body condition at second mating, delivery, 10 days
after delivery, and weaning. Litter size of the first three parities was analyzed. Both lines decreased
body condition between mating to delivery; however, the decrease in body condition at delivery
was lower in the low line, despite this line having higher litter size at birth (+0.54 kits, p = 0.93).
The increment of body condition between delivery and early lactation was slightly higher in the low
line. On the other hand, body condition affected success of females’ receptivity and fertility at the
third mating, e.g., receptive females showed a higher IBW and PFT than unreceptive ones (+129 g and
+0.28 mm, respectively), and fertile females had a higher IBW and PFT than unfertile ones (+82 g and
+0.28 mm, respectively). In conclusion, the does selected for reducing litter size variability showed a
better deal with situations of high-energy demand, such as delivery and lactation, than those selected
for increasing litter size variability, which would agree with the better health and welfare condition in
the low line.

Keywords: body condition; fertility; litter size variability; rabbits; selection
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1. Introduction

Animal welfare is a priority in livestock production for ethical reasons and also because poor animal
welfare is associated with low production, poor health, and larger culling rate [1]. Resilience is defined
as the ability of an animal to maintain or quickly recover its performance in spite of environmental
perturbations [2,3], thus it is directly related to welfare. The ability of an animal to efficiently mobilize its
fat reserves can be essential for it to maintain, or quickly return to its production level. Body condition
has been traditionally employed to measure the mobilization of fat reserves in livestock animals
(Schröder and Staufenbiel [4] in cattle; Maes et al. [5] in pigs; Pascual et al. [6] in rabbits). Body condition
has been commonly used as a welfare indicator, due to its relations with fertility success and prevention of
diseases (Barletta et al. [7] in cattle; van Staaveren et al. [8] in pigs; Sánchez et al. [9] in rabbits). Therefore,
body condition may be connected to resilience, and monitoring it may be useful in resilience assessments.

Recently, residual variance has been proposed as a measure of resilience [10,11]. A direct divergent
selection experiment for residual variance in litter size has been performed successfully in rabbits at the
Universidad Miguel Hernández de Elche [12]. The high and low lines showed a remarkable difference
in residual variance of litter size (4.5% of the mean of the base population). There were also differences
in sensitivity to stress and diseases, which lowered the culling rate in the low line [11]. In this regard,
the more homogeneous line coped better with environmental stressors such as infections and acute
stress than the heterogeneous line which showed higher resilience [11,13].

In an early experiment with the first generations of selection, García et al. [14] found that the low
line had a favorable correlated response to selection in body condition and fat reserve mobilization at
birth. The objective of this work was to study the correlated response to selection for litter size residual
variability in the development of body condition from mating to weaning.

2. Materials and Methods

2.1. Ethics Statement

All experimental procedures were approved by the Miguel Hernández University of Elche
Research Ethics Committee, according to Council Directives 98/58/EC and 2010/63/EU (reference number
2017/VSC/PEA/00212).

2.2. Experimental Animals

Animals came from the twelfth generation of a divergent selection experiment for residual variance
of litter size (see more details in Blasco et al. [12]). A total of 121 females of the low line (homogeneous)
and 124 females of the high line (heterogeneous) were used to estimate the response to selection and
correlated responses in litter size at first, second and third parity, and correlated responses in individual
body weight at 4 weeks and 9 weeks old. A subset of 100 primiparous females from the low line and
74 primiparous females from the high line were used to measure the development of body condition in
the second reproductive cycle and to study the body condition effect on doe’s receptivity and fertility.

All animals were kept on a farm at the Miguel Hernández University of Elche (Spain). Rabbits were
fed a standard commercial diet (17% crude protein, 16% fiber, 3.5% fat, Nutricun Elite Gra®, De Heus
Nutrición Animal, La Coruña). Food and water were provided ad libitum. Females were housed in
individual cages (37.5 cm × 33 cm × 90 cm) under a constant photoperiod of 16 h continuous light
(8 h continuous darkness and controlled ventilation throughout the experiment). The experiment
took place from December to August. They were first mated at 18 weeks of age and at 10 days after
parturition thereafter. Gestation was checked by abdominal palpation 12 d after mating. Litters were
not standardized and weaning was at 28 d after delivery.

2.3. Traits

Individual body weight at 4 weeks and 9 weeks old and litter size at birth were recorded.
Residual variance of litter size was estimated for all females of the twelfth generation considering all
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parties, after pre-correcting litter size for the effects of year and season and parity and lactation status.
Individual body weight and perirenal fat thickness were recorded at four different physiological stages:
second mating, delivery, 10 days after delivery and weaning. Perirenal fat thickness was measured
by ultrasound imaging to evaluate body fat reserves as described by Pascual et al. [15] using Toshiba
NemioMX SSA-590 ultrasound equipment (Toshiba, Tokyo, Japan). Receptivity and fertility were recorder
at third mating (i.e., 10 days after second delivery). Receptivity (acceptance or rejection of the male at
mating) was defined as a binary trait as was fertility (pregnant or non-pregnant females at palpation).

2.4. Statistical Analysis

2.4.1. Correlated Response to Selection for Residual Variance

Models included a different set of effects depending on the trait. The following models were used:
residual variance of litter size at birth had only the effect of line (two levels, high and low line);

individual body weight at 4 weeks and 9 weeks old, litter size at first parity had the effects of line and season;
litter size at second and third parity had the effects of line, season and lactation status (two levels:

lactating and non-lactating female at mating);
individual body weight and perirenal fat thickness had the effects of line-time (eight levels: low line

at mating, high line at mating, low line at delivery, high line at delivery, low line 10 days after delivery,
high line 10 days after delivery, low line at weaning, and high line at weaning), season, lactation status
(two levels: lactating and non-lactating female when recording data) and the dam permanent effect.

All analyses were performed using Bayesian methodology [16]. Bounded uniform priors were
used for all effects with the exception of the dam permanent effect, considered normally distributed
with mean 0 and variance σ2

p. Residuals were a priori normally distributed with mean 0 and variance
σ2

e and uncorrelated with the dam effects. The priors for the variances were also bounded uniform.
Features of the marginal posterior distributions for all unknowns were estimated using Gibbs sampling.
The Rabbit program developed by the Institute for Animal Science and Technology (Valencia, Spain)
was used for all procedures. We used a chain of 60,000 samples, with a burn-in period of 10,000.
Only one out of every 10 samples were saved for inferences. Convergence was tested using the Z
criterion of Geweke and Monte Carlo sampling errors were computed using time-series procedures.

2.4.2. Effect of Body Condition on Receptivity and Fertility

We analyzed the difference on body condition at third mating (i.e., at 10 days after second delivery)
between receptive and non-receptive does, using a model with the effects of line, season, lactation
status, and receptivity with two levels (acceptance or rejection of the male at first attempt). In order to
study the difference on body condition at mating between fertile and unfertile does, we used a model
with the effects of line, season, lactation status and fertility with two levels (pregnant or non-pregnant
female at palpation).

A probit regression was performed to assess the effect of individual body weight and perirenal fat
thickness at third mating on probability of successful receptivity and fertility using the former models.
The probit procedure of the statistical package SAS was used for this analysis (SAS Institute, 2019,
Cary, CA, USA).

3. Results

3.1. Correlated Response to Selection for Residual Variance

Table 1 shows the features of marginal posterior distributions of the differences between lines for
litter size residual variance, litter size at first, second and third parity, and individual body weight at
4 weeks and 9 weeks old. The probability of these differences being greater than zero if DL-H > 0 or
lower than zero if DL-H < 0 is shown. In a Bayesian context there are no significance levels; instead,
we offer the actual probability of the differences. As the environmental effects are the same for both
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lines, the differences between lines (DL-H) are genetic differences, so they estimate the response and
correlated responses to selection. The low line showed a lower litter size variability than the high
line (–1.45 kits2, p =1.00), and a higher litter size in the first parities (+0.42 kits, p = 0.90 in first parity;
+0.54 kits, p = 0.93 in second parity; +0.66 kits, p = 0.94 in third parity). The low line had similar body
weight to the high line at 4 weeks and 9 weeks old.

Table 1. Features of the marginal posterior distribution of the differences for litter size residual variance
at birth (Ve), litter size at first (LS1), second (LS2) and third (LS3) parity, and individual body weight at
4 weeks (IB4w) and at 9 weeks old (IB9w) in rabbits.

L
(n = 121)

H
(n = 124)

DL-H HPD95% p

Ve, kits2 2.78 4.23 −1.45 −2.22, −0.67 1.00
LS1, kits 7.54 7.12 0.42 0.26, 1.04 0.90
LS2, kits 8.31 7.77 0.54 −0.19, 1.29 0.93
LS3, kits 8.93 8.27 0.66 −0.19, 1.48 0.94
IB4w, g 732 754 −22 −93.2, 43.9 0.74
IB9w, g 1836 1823 13 −70.9, 95.3 0.61

n: number of data. L: mean of the low line. H: mean of the high line. DL-H: differences between the low and the
high line. HPD95%: highest posterior density region at 95%. p: probability of the difference being >0 when DL-H > 0
or being <0 when DL-H < 0.

Figure 1 displays the development of body condition from second mating to weaning in the high
and the low line. Individual body weight and perirenal fat thickness showed a reduction from mating to
delivery in both lines. However, this reduction was lesser in the low line than in the high line. Both lines
exhibited a recovery of body reserves from delivery to 10 days after delivery, but the increment was
slightly higher in the low line. Body condition showed a decrease from 10 days after delivery to weaning,
but the decrease was slightly higher in the low line. We notice that although number of kits at birth
was higher in the low line than the high one (8.31 kits vs. 7.77 kits respectively, p = 0.93) perirenal fat
thickness was higher in the low line than the high one in the critical moments of delivery (7.71 mm
versus 7.44 mm, p = 0.99) and 10 days after delivery (8.17 mm versus 7.90 mm, p = 0.99).

 

Figure 1. Development of individual body weight and perirenal fat thickness at second mating, delivery,
10 days after delivery and weaning in the low and high lines. The bars show standard deviation.

3.2. Effect of Body Condition on Receptivity and Fertility

Table 2 shows that receptive females had higher individual body weight and perirenal fat thickness
than unreceptive females (+129 g, p = 0.97 for body weight; +0.28 mm, p = 0.96 for perirenal fat
thickness). Individual body weight and perirenal fat thickness were higher in fertile females compared
to unfertile females (+82 g, p = 0.94 for body weight; +0.28 mm, p = 0.99 for perirenal fat thickness).

The probabilities of acceptance of mating and pregnancy were not affected by line and season.
However, non-lactating females always showed a higher probability for accepting the male and becoming
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pregnant than lactating females (Figures 2 and 3). For a body weight between 2900 and 4400 g, the probability
of acceptance of the male ranged from 75% to 100% in non-lactating does and from 65% to 95% in lactating
does. For a perirenal fat thickness between 6.0 and 10.0 mm, the probability of acceptance of the male
ranged from 80% to 95% in non-lactating does and from 60% to 95% in lactating does. For the same range
of weights, the probability of pregnancy extended from 60% to 95% in non-lactating does and from 30% to
60% in lactating does. For the same range of perirenal fat thickness, the probability of pregnancy ranged
from 50% to 95% in non-lactating does and from 20% to 80% in lactating does.

Table 2. Features of the marginal posterior distribution of the differences for individual body weight
(IBW10d) and perirenal fat thickness (PFT10d) at 10 days after delivery for receptivity and fertility.

Receptive Non-Receptive D HPD95% p

IBW10d (g) 3581 3452 129 6.59, 260 0.97
PFT10d (mm) 8.09 7.81 0.28 −0.03, 0.57 0.96

Fertile Infertile

IBW10d (g) 3593 3511 82 −20, 182 0.94
PFT10d (mm) 8.15 7.87 0.28 0.04, 0.52 0.99

D: differences between receptive and non-receptive does or fertile and unfertile does. HPD95%: highest posterior
density region at 95%. p: probability of the difference being >0 when D > 0 or being <0 when D < 0.

 

Figure 2. Probability of acceptance of the male at mating on individual body weight and perirenal fat
thickness at 10 day after delivery (i.e., third mating in lactating and non-lactating does).

 

Figure 3. Probability of pregnancy at third gestation on individual body weight and perirenal fat
thickness at 10 day after delivery (i.e., third mating, in lactating and non-lactating does).
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4. Discussion

4.1. Correlated Response to Selection for Residual Variance

We have found that, as in former generations [12], selection to reduce litter size residual variance
produces females with more uniform litters. Uniformity in litter size and body weight has been related
to immune response and resistance to diseases (see review [17]). Additionally, we have found that
selection for reducing residual variance of litter size increases litter size without affecting the individual
weight neither at birth nor at weaning [18].

In relation to development of body condition, we have observed that both lines decrease the body
condition from mating to delivery. This is due to the negative energy balance during the last week of
gestation, as a consequence of the growing fetuses and the decreasing feed intake in the mother [19].
However, in agreement with previous results from an early experiment in those lines [14], the decrease
in body condition at delivery is lower in females from the low line, despite that fact that this line is
gestating on average more fetuses.

Immediately after delivery, milk production is low and feed intake is sufficient for covering the
nutritional needs for both maintenance and lactation [20]; therefore, body fat reserves are recovered [21].
In accordance with Theilgaard et al. [21], the low and high line increase their body condition between
delivery and early lactation; however, the increment is higher in the low line than the high line.
A low body condition and high fat mobilization have been related to a high risk of dying or being
culled [14,22]; thus, a higher body condition at delivery and a larger fat deposition between delivery
from 10 days after delivery in the low line would agree with the lower involuntary elimination rate
reported in this line by Argente et al. [11]. In current rabbit production systems, does are mated
between 10 and 12 days post-delivery, arriving at the end of weaning with lactation and gestation
overlapping [23]. The high energetic needs for milk production and development of fetuses are not
entirely compensated with doe’s increasing feed intake at the end of weaning (review by Castellini [24]).
Therefore, there is an important increase in the mobilization of dam’s body reserves, which leads them
to lose body condition (review by Castellini et al. [25]). In this sense, we also observed a decrease in
body condition between 10 days after delivery and weaning in both lines, although the decrease is
slightly higher in the low line due to a large number of kits at weaning [18].

We see that selection to reduce residual variance of litter size has a favorable correlated
response in body condition and fat mobilization in the dam, playing an important role in coping to
environmental challenges.

4.2. Effect of Body Condition on Receptivity and Fertility

As previously commented, current rabbit breeding programs are based on an interval between
delivery and artificial insemination or mating between 10 and 12 days. Therefore, females have
to simultaneously allocate their fatness resources for both maintenance and milk production [26],
and poor body condition at mating can limit mating success [27]. Several studies have reported a
negative effect of lactation on fertilization rate [20,28]. We stress that our study quantifies for the first
time the negative effect of lactating on receptivity and fertility. Non-lactating females have from 10%
to 20% more probability to accept to mating than lactating females. The effect is even more relevant for
fertility. In this regard, probability of becoming pregnant was from 30% to 35% higher in non-lactating
females than in lactating females. No differences in receptivity and fertility were found between lines.

These findings support that lactation mobilizes a large amount of doe’s fat reserves and has an
important effect on receptivity and fertility. Therefore, females must arrive to mate with a good body
fatness level which will allow them to have a long and successful reproductive lifespan. The low
line showed a greater perirenal fat thickness than the high line at mating (8.17 mm versus 7.90 mm).
However, this difference was not enough to result in relevant differences between lines in receptivity
and fertility.
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5. Conclusions

Selection for litter size variability showed a correlated response between body condition and fat
mobilization. The does selected for litter size homogeneity did better in situations with high-energy
demand such as delivery and lactation, compared to those selected for increasing litter size variability.
This means the animals in the homogenous line had better health and welfare levels.
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Simple Summary: Litter size is an essential trait in rabbit production, and it depends on ovulation
rate and embryonic and foetal survival. The period between 8 and 18 d of gestation is critical for
foetal survival, as the placenta controls foetal nutrition during this period. Ovulation rate and foetal
survival at 12 d of gestation are affected by body condition and metabolic and hormonal profile.
Higher foetal survival is related to a higher number of vessels arriving at the implantation site,
and may be due to higher available space for the foetus.

Abstract: This study evaluated the relationship between prenatal characteristics and body condition
and endocrine profile. A total of 25 non-lactating multiparous females were used. Body condition,
measured as body weight and perirenal fat thickness, non-esterified fatty acids (NEFA), leptin,
progesterone and 17β-estradiol were recorded at mating and 12 d of gestation. Ovulation rate,
number of foetuses, ovary and foetal weight, length and weight of uterine horn, available space
per foetus and maternal and foetal placental morphometry were recorded at 12 d of gestation.
Ovulation rate showed a positive linear relationship with number of foetuses, ovary weight and
NEFA. A negative linear relationship between ovulation rate and perirenal fat thickness and leptin
was obtained. Ovulation rate was maximum when body weight and 17β-estradiol were 4.4 kg and
22.7 pg/mL, respectively. Foetal weight showed a positive relationship with perirenal fat thickness
and a negative relationship with leptin. An increase in progesterone and NEFA concentration was
related to a positive linear increase in number of foetuses and in uterine horn weight. Space available
per foetus was affected both by the number of vessels that reach the implantation site and by position
of the foetus in the uterine horn. In conclusion, body condition during mating and early gestation
should be maintained within an optimal range to ensure the best prenatal characteristics. While 17β-
estradiol, NEFA and leptin affected the ovulation rate, progesterone and NEFA affected foetal
development. The number of vessels that reach the implantation site determines early foetal survival.

Keywords: estradiol; foetuses; leptin; NEFA; progesterone; perirenal fat thickness; placenta; ovula-
tion rate

1. Introduction

A high ovulation rate and high litter size are characteristics of females in the rabbit
industry [1]. Ovulation rate reaches higher values than litter size, approximately 20% to
40% of the ovulated ova do not reach gestational term (see review by [2]). Most of these
losses occur mainly up to 18 d of gestation [3,4]. The early foetal period, between 8 and
18 d of gestation, is critical for foetal survival, as the placenta controls foetal nutrition
during this period [5]. Thus, early foetal survival seems to be associated with the placental
development, foetal available space and vascular supply [6,7].

Body condition is traditionally employed to measure the mobilization of fat re-
serves [8]. Furthermore, an optimal body condition of rabbit females is an important
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issue considered to improve the effectiveness of reproductive performance [9]. Body re-
serve status is reflected by changes in some metabolic parameters, such as non-esterified
fatty acids (NEFA), and leptin concentrations [10,11]. Briefly, NEFA permits follicle growth,
ovulation and development of the corpus luteum [12]. Leptin concentration is also related
to the reproductive function in rabbit females [12,13] since it is implicated in steroidogen-
esis [14], ovulation [15], and pregnancy and lactation [16]. Specifically, leptin may act as
the critical link between adipose tissue and the reproductive system, indicating whether
adequate energy reserves are present for normal reproductive function [17]. Other hor-
mones such as estradiol and progesterone are essential for ovulation and the maintenance
of pregnancy [18,19].

A detailed understanding of how ovulation rate and early foetal development and
survival is affected by body condition and metabolic and hormonal profile could improve
the productivity of rabbit females. Therefore, the objective of this work was to study the
relationship between ovulation rate and early foetal characteristics and body condition,
NEFA, leptin, 17β -estradiol and progesterone.

2. Materials and Methods

2.1. Ethics Statement

All experimental procedures involving animals were approved.

2.2. Experiment Animals

A total of 25 non-lactating multiparous rabbit females were used. Females belonged
to a cross population of two lines selected divergently by uterine capacity [20]. Both lines
were derived from the V line [21]. The females were held on the experimental farm at the
Universidad Miguel Hernández de Elche (Spain). All animals were reared in individual
cages and fed ad libitum with a commercial diet (crude protein, 17.5%; crude fiber, 15.5%;
ether extract, 5.4%; ash, 8.1%) during their reproductive life. The photoperiod was 16 h
light: 8 h dark.

Females that had finished the forth lactation were mated and blood samples were
collected from the central ear artery early in the morning, before feeding, to prevent the
effect of feeding [9]. Tubes containing EDTA were used. At 12 d after mating, blood samples
were also collected after positive abdominal palpation and then females were euthanized
by intravenous administration of sodium thiopental in a dose of 50 mg/kg of body weight
(Thiobarbital, B. Braun Medical S.A., Barcelona, Spain). The entire reproductive tract was
immediately removed in order to measure reproductive traits. Plasma was obtained after
centrifugation at 3000× g for 15 min at 4 ◦C and stored at −20 ◦C until the metabolite and
hormones assays were performed.

2.3. Reproductive Traits

Total ovulation rate was estimated as the number of corpora lutea. The ovaries were
weighted. The implantation sites were considered when foetus, and maternal and foetal
placenta, were presented. The number of foetuses in each uterine horn was recorded.
Foetuses were classified into live foetuses if normal development was observed, or dead
foetuses if they were not developed. The number of blood vessels arriving at the implan-
tation sites and position of each foetus in the uterine horn were counted [6]. The uterine
positions were: oviduct (the first foetus nearest the ovarian end), middle (foetus in middle
of the uterine horn) and cervix (the last foetus in the uterine horn from the ovarian end).
All foetuses with their foetal and maternal placental were removed from the uterine horn
and were weighted. The empty uterine horn was weighted and its length was measured.
The length of each maternal placenta and the distance between maternal placentas or to the
end of the uterine horn were measured. Perimeter and area of foetal and maternal placenta
were calculated using the AUTOCAD program.
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2.4. Metabolite and Hormonal Assays

Non-esterified fatty acid (NEFA, mmol/L) concentrations were analyzed in dupli-
cate, using an in vitro enzymatic colorimetric method (NEFA-C®, Wako Chemicals GmbH,
Neuss, Germany). NEFA in samples was converted to Acyl-CoA by the action of Acyl-CoA
synthetase, under the coexistence with coenzyme A. Obtained Acyl-CoA was oxidized and
yielded hydrogen peroxide by the action of Acyl-CoA oxidase. In the presence of peroxi-
dase, the hydrogen peroxide formed yields a blue purple pigment. NEFA concentration
was obtained by measuring absorbance of the blue purple colour.

Duplicate aliquots of plasma for the sample tube were assayed. The leptin concentra-
tions were measured by RIA antibody using the multi-species leptin kit (XL-85K, Linco
Research Inc.®, St. Charles, MO, USA). The detection limit was 1.0 to 50.0 ng/mL Human
Equivalents (HE). The 17β-estradiol and progesterone concentrations were assayed using a
commercial 125I RIA kit (07-238102 and 07-270102, respectively; ICN Pharmaceuticals Inc.®,
Diagnostic Division, Costa Mesa, CA, USA). The detection range was 10 to 3000 pg/mL
and 0.15 to 80.00 ng/mL, respectively. Intra and inter-assay coefficients of variations were
<5% for all hormones.

2.5. Body Condition

Body weight and perirenal fat thickness were recorded at mating and 12 d of gestation.
Perirenal fat thickness was measured by ultrasound imaging as described by [8], using
Justvision 200 SSA-320A Toshiba ultrasound equipment.

2.6. Traits
2.6.1. At Mating

Variables measured on each female were body weight, perirenal fat thickness, NEFA,
17β-estradiol, progesterone and leptin.

2.6.2. At 12 d of Gestation

Variables measured on each female were body weight, perirenal fat thickness, NEFA,
17β-estradiol, progesterone, leptin, ovulation rate, number of foetuses and uterine weight
and length. Total foetal weight, and total foetal and maternal placenta weight per female
were calculated.

Variables measured on each uterine horn were weight and length of uterine horn,
ovulation rate and ovary weight per ovary and number of foetus per uterine horn.

Variables measured on each foetus were individual foetal weight, foetal and maternal
placenta weight, perimeter and area, and maternal placenta length. The available space per
foetus was calculated as the length of its maternal placenta plus one-half the total distance
to their two adjacent maternal placentas. For extreme foetuses, available space per foetus
was the length from the tip of the uterine horn to the maternal placenta plus the length of
its maternal placenta and one-half the distance to adjacent maternal placenta [22].

2.7. Statistical Analyses
2.7.1. Differences between Mating and 12 d of Gestation

Body weight, perirenal fat thickness, NEFA, 17β-estradiol, progesterone and leptin
were analysed with a model that included fixed effect of moment (mating and 12 d of
gestation) and random effect of female. MIXED procedure of SAS was used [23].

2.7.2. Relationship between Traits at Mating

In order to study the relationships between ovulation rate and body weight, perire-
nal fat thickness, NEFA, 17β-estradiol, progesterone and leptin, the model included the
linear and quadratic regression coefficients. If the quadratic regression coefficient was
not significant, the linear relationship was tested. In addition, the relationship between
ovulation rate and number of foetuses was analyzed. The GLM procedure of SAS was used
for these analyses.
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The model used for ovulation rate and ovary weight per ovary included the random
effect of the female. A MIXED procedure of SAS was used for these analyses including the
lineal and quadratic regression coefficients. If the quadratic regression coefficient was not
significant, the linear relationship was tested.

2.7.3. Relationship between Traits at 12 d of Gestation

In order to study the relationships between uterine weight and length, total foetal
weight and total foetal and maternal placenta weight with perirenal fat thickness, NEFA,
17β-estradiol, progesterone and leptin, the model included the linear and quadratic re-
gression coefficient. If the quadratic regression coefficient was not significant, the linear
relationship was tested. The GLM procedure of SAS was used for these analyses.

The model used for traits of the uterine horn included the random effect of the female,
and the linear and quadratic regression coefficients. If the quadratic regression coefficient
was not significant, the linear relationship was tested. For foetal traits, a random effect of the
uterine horn was also included. A MIXED procedure of SAS was used for these analyses.

2.7.4. Blood Supply and Uterine Position

The number of live and dead foetuses according to the number of vessels reaching the
implantation site with four levels (1, 2, 3 or more than 3 vessels) and the foetal position in
the uterine horn (oviduct, central or cervix) was analysed using Chi-square test.

Traits measured in each foetus were analysed with the model:

Yijklm =μ + Vi + Pj + mijk + hijkl + b1 × NFijklm + eijklm;

where Vi is the number of blood vessels reaching the implantation site of the foetus effect
with four levels previously described, Pj is the foetal position in the uterine horn effect
with three levels previously described, mijk is the random effect of the female, hijkl is the
random effect of the uterine horn, b1 is the regression coefficient of the covariate number
of foetuses in each uterine horn (NFijklm) and eijklm is the residual term.

The MIXED procedure of SAS statistical package was used for the analyses.

3. Results

3.1. Differences between Mating and 12 d of Gestation

Table 1 shows descriptive statistics of the traits. Body condition differed between mat-
ing and 12 d of gestation (Table 2). Body weight and perirenal fat thickness increased 4.6%
and 5.7%, respectively and NEFA decreased 20%. Levels of 17β-estradiol and progesterone
were similar but leptin increased 22% between mating and 12 d of gestation.

3.2. Relationships at Mating

Only significant relationships are shown in the figures. Ovulation rate showed a
positive linear relationship with total number of foetuses (Figure 1a). Each extra corpus
luteum was associated with an increase of 0.72 foetuses. Ovary weight also increased
linearly with the ovulation rate (Figure 1b). There was a quadratic relationship between
body weight and ovulation rate (Figure 1c). The maximum ovulation rate was reached
with 4.4 kg of body weight. There was a linear and negative relationship between ovulation
rate and perirenal fat thickness (Figure 1d).

Figure 2 shows the relationship between ovulation rate with NEFA, 17β-estradiol
and leptin. The relationship was positive linear with NEFA (Figure 2a), and negative
linear with leptin (Figure 2c). The 17β-estradiol had a significant quadratic relationship
(Figure 2b). The equation predicted a maximum of 15.6 corpora lutea when the 17β-estradiol
was 22.7 pg/mL.
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Table 1. Summary statistics of the traits.

Trait N Average Minimum Maximum Standard Deviation

At mating
Body Weight (Kg) 25 4.10 3.65 5.25 0.41

Perirenal Fat Thickness (mm) 25 7.68 6.04 9.16 0.92
Non-esterified fatty acids (mmol/L) 25 0.34 0.08 0.70 0.15

17β -estradiol (pg/mL) 25 20.01 4.20 39.23 10.73
Progesterone (ng/mL) 25 30.82 9.67 72.25 18.47

Leptin (ng/mL) 25 3.89 1.28 8.75 2.11
At 12 d of gestation
Body Weight (Kg) 25 4.28 3.94 5.13 0.30

Perirenal Fat Thickness (mm) 25 7.97 6.24 9.95 1.08
Non-esterified fatty acids (mmol/L) 25 0.28 0.11 0.47 0.10

17β -estradiol (pg/mL) 25 22.61 12.24 33.23 5.05
Progesterone (ng/mL) 25 30.31 9.18 62.19 15.14

Leptin (ng/mL) 25 4.48 1.52 8.40 1.68
Traits per female
Ovulation Rate 25 13.31 8.00 19.00 2.54

Number of Foetuses 25 10.32 3.00 18.00 3.59
Uterine Weight (g) 25 51.25 22.45 69.64 12.98

Uterine Length (cm) 25 27.31 12.70 34.04 5.28
Total Foetal Weight (g) 25 0.85 0.09 2.31 0.58

Total Foetal Placenta Weight (g) 25 3.28 0.43 7.17 1.89
Total Maternal Placenta Weight (g) 25 14.24 2.89 27.07 5.47

Traits per uterine horn
Ovary Weight (g) 50 0.60 0.36 0.94 0.14
Ovulation Rate 50 6.56 2.00 13.00 2.22

Number of Foetuses 50 5.34 1.00 11.00 2.44
Tract Weight (g) 50 25.36 8.14 47.98 9.14

Tract Lenght (cm) 50 14.24 8.41 21.60 2.79
Traits per foetus
Foetal Weight (g) 261 0.13 0.02 0.46 0.08

Foetal Placenta Weight (g) 261 0.35 0.03 0.90 0.18
Foetal Placenta Permieter (cm) 261 4.50 1.36 6.53 1.00

Foetal Placenta Area (cm2) 261 1.54 0.19 5.78 0.85
Maternal Placenta Weight (g) 261 1.34 0.15 3.10 0.46

Maternal Placenta Perimeter (cm) 261 7.85 3.41 13.15 1.20
Maternal Placenta Area (cm) 261 3.79 1.45 7.16 0.96

Maternal Placenta Length (cm) 261 1.60 0.23 2.26 0.34
Aviable space per foetus (cm) 261 2.82 0.50 10.56 1.16

Table 2. Least square means and standard error of body weight, perirenal fat thickness, 17β -estradiol,
NEFA, progesterone and leptin at mating and 12 d of gestation.

Trait Mating 12 d of Gestation

Body Weight (Kg) 4.09 ± 0.04 a 4.28 ± 0.04 b

Perirenal Fat Thickness (mm) 7.68 ± 0.10 a 8.12 ± 0.10 b

Non-esterified fatty acids
(mmol/L) 0.35 ± 0.02 b 0.28 ± 0.01 a

17β-estradiol (pg/mL) 19.72 ± 1.61 22.93 ± 1.54
Progesterone (ng/mL) 31.71 ± 3.42 30.69 ± 2.55

Leptin (ng/mL) 3.85 ± 0.11 a 4.69 ± 0.14 b

a,b Different superscripts on the same line differ at p < 0.05.
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Figure 1. Regression equation (standard error between brackets) at mating for the relationship between: (a) ovulation rate
and number of foetuses; (b) ovulation rate per ovary and its ovary weight; (c) body weight and ovulation rate; (d) perirenal
fat thickness and ovulation rate.
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Figure 2. Regression equation (standard error between brackets) at mating for the relationship between ovulation rate:
(a) NEFA; (b) 17β-estradiol; (c) leptin.

3.3. Relationships at 12 d of Gestation

Total foetal weight had a positive relationship with perirenal fat thickness (Figure 3a)
and a negative relationship with leptin (Figure 3b). Both the total foetal weight and maternal
placenta weight showed a positive linear relationship with progesterone (Figure 3c,d).
The number of foetuses (Figure 4a) and weight and length of the uterine horn (Figure 4b,c)
showed a positive linear relationship with progesterone.
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Figure 3. Regression equation (standard error between brackets) at 12 d of gestation for the relationship between:
(a) perirenal fat thickness and total foetal weight; (b) leptin and total foetal weight; (c) progesterone and total foetal
placenta weight; (d) progesterone and total maternal placenta weight.
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Figure 4. Regression equation (standard error between brackets) at 12 d of gestation for the relationship between proges-
terone and: (a) number of foetuses; (b) uterine weight; (c) uterine length.

Figure 5 shows the positive linear relationship between NEFA and uterine weight
(Figure 5a), number of foetuses (Figure 5b) and progesterone (Figure 5c). Thus, each extra
0.1 mmol/L of NEFA was related to an increase of 4.52 g of uterine weight, 1.33 foetuses
and 4.59 ng/mL of progesterone.
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Figure 5. Regression equation (standard error between brackets) at 12 d of gestation for the relationship between NEFA and:
(a) uterine weight; (b) number of foetuses; (c) progesterone.

3.4. Uterine Position, Blood Supply and Foetal Development

Number of foetuses showed a quadratic relationship with tract weight (Figure 6a).
The maximum weight was 42.5 g when 13.5 foetuses were implanted. A positive linear
relationship was seen between number of foetuses and tract length (Figure 6b), but it
was a negative linear relationship with maternal placenta length and area (Figure 7a,b,
respectively). A convex curve was observed when the relationship between number of
foetuses and available space per foetus was studied (Figure 7c). If nine embryos were
implanted, the space was minimum (2.2 cm).
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Figure 6. Regression equation (standard error between brackets) at 12 d of gestation for the relationship between number of
foetuses per uterine horn and: (a) tract weight; (b) tract length.
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Table 3 shows that foetuses with a poor blood supply had a higher probability of
death. There were no differences in the percentages of dead foetuses between the different
positions within the uterine horn (oviduct, middle or cervix).

Foetal weight was not affected by number of vessels and position in the uterine horn
(Table 4). Available space per foetus was lower with one vessel than with more than two
vessels. Available space per foetus was lower in the middle of the uterine horn than in the
oviduct and cervix.

Foetal placenta weight was higher with three or more vessels reaching the implantation
site than with one vessel. The highest foetal placenta perimeter and area were shown when
more than three vessels reached the implantation site (4.97 cm and 2.07 cm2, respectively).
Regarding the position in the uterine horn, foetal placenta weight was 6% higher in the
middle than in the oviduct and cervix. Neither the perimeter nor the area was affected by
the position.

A maternal placenta with three or more vessels showed higher weight than with less
than three vessels. Length of maternal placenta was higher for two or more vessels, and this
length was higher in the oviduct than in the middle, but similar in the cervix (Table 5).

Table 3. Percentage of live and dead foetuses according to the number of vessels reaching the implantation site and the
position of the foetus in the uterine horn.

Trait
Number of Vessels Position

1 2 3 >3 Oviduct Middle Cervix

Live foetuses (%) 83 98 99 98 92 97 98
Dead foetuses (%) 17 2 1 2 8 3 2

χ2 = 19.24 p = 0.0002 χ2 = 3.45 p = 0.18

Table 4. Least square means and standard errors of foetal weight, available uterine space per foetus and foetal placenta
morphometry according to the number of vessels reaching each implantation site and the position of the foetus in the
uterine horn.

Effect Level
Foetal Foetal Placenta

Weight (g) Available Space (cm) Weight (g) Perimeter (cm) Area (cm2)

Number of vessels

1 0.127 ± 0.02 2.77 ± 0.14 a 0.306 ± 0.03 a 4.30 ± 0.20 a 1.52 ± 0.15 a

2 0.128 ± 0.01 3.03 ± 0.09 ab 0.355 ± 0.02 ab 4.38 ± 0.11 a 1.48 ± 0.09 a

3 0.136 ± 0.01 3.16 ± 0.10 b 0.371 ± 0.02 b 4.63 ± 0.13 a 1.50 ± 0.11 a

>3 0.116 ± 0.01 3.21 ± 0.14 b 0.378 ± 0.03 b 4.97 ± 0.16 b 2.07 ± 0.17 b

Position
Oviduct 0.123 ± 0.01 3.58 ± 0.11 b 0.358 ± 0.03 a 4.58 ± 0.16 1.69 ± 0.14
Middle 0.127 ± 0.01 2.77 ± 0.07 a 0.339 ± 0.01 b 4.48 ± 0.08 1.59 ± 0.08
Cervix 0.131 ± 0.01 3.19 ± 0.13 b 0.361 ± 0.03 a 4.66 ± 0.16 1.65 ± 0.15

a,b Rows within the same column with a different superscripts on the same line differ at p < 0.05.

Table 5. Least square means and standard errors of the maternal placenta morphometry according to the number of vessels
reaching each implantation point and the position of the foetus in the uterine horn.

Effect Level
Placenta

Weight (g) Perimeter (cm) Area (cm2) Length (cm)

Number of vessels

1 1.26 ± 0.07 a 7.58 ± 0.22 3.79 ± 0.17 1.47 ± 0.05 a

2 1.29 ± 0.04 a 7.70 ± 0.13 3.68 ± 0.10 1.60 ± 0.03 b

3 1.42 ± 0.06 b 7.85 ± 0.15 3.77 ± 0.12 1.68 ± 0.04 b

>3 1.43 ± 0.06 b 8.03 ± 0.20 3.95 ± 0.16 1.66 ± 0.05 b

Position
Oviduct 1.31 ± 0.07 7.68 ± 0.18 3.72 ± 0.15 1.70 ± 0.04 a

Middle 1.33 ± 0.04 7.91 ± 0.11 3.82 ± 0.08 1.60 ± 0.02 b

Cervix 1.42 ± 0.07 7.79 ± 0.19 3.86 ± 0.15 1.65 ± 0.04 ab

a,b Rows within the same column with a different superscript indicate significant differences (p < 0.05).
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4. Discussion

4.1. Relationships at Mating

Body condition, measured as body weight and perirenal fat thickness, is a common
tool for assessing the energy status of rabbit females. Moreover, NEFA is used to measure
energy mobilization [9]. While body condition increases from mating to 12 d of gestation,
NEFA level decreases. Leptin is also higher during gestation due to the role it plays in
foetal development. Therefore, gestation induces a hormonal and metabolic adaptation
necessary to fulfil the energy requirements of both females and foetuses [24].

Concentration of 17β-estradiol and progesterone at mating is similar to 12 d of gesta-
tion. Similar results were found by Fortun et al. [25]. 17β-estradiol is essential for ovulation
and normal luteal function in the pregnant females [18]. A peak of progesterone has been
shown at mating with a similar concentration during gestation [26].

4.2. Relationships at Mating

Ovulation rate is affected by body condition and metabolic and hormone profile.
We have found a quadratic relationship between body weight at mating and ovulation
rate. Thus, depleted body weight or being overweight have a negative effect on ovulation
rate. A similar relationship was found for sexual receptivity and fertility [27]. Our results
demonstrated that a high perirenal fat thickness produces a lower ovulation rate and this
could account for the lower litter size at birth found in females with high perirenal fat
thickness [28].

The ovulation rate is influenced by levels of NEFA, leptin and 17β-estradiol at mating
but it is not affected by progesterone. NEFA acts at the ovarian level by modifying
endocrine, paracrine, and autocrine regulation, which permit follicle growth, ovulation
and development of the corpus luteum [12]. The ovulation rate is positively related to NEFA
concentration. A higher number of oocytes would increase the energy demand, which was
reflected in the higher NEFA concentration [29] and consequently lower leptin [11]. Leptin
plays a dual role in regulating reproduction [30]. On the one hand, a minimum threshold
level of leptin is necessary to ensure normal reproduction [31]. On the other hand, elevated
leptin levels negatively influence normal ovarian function and oocyte quality [32,33]. Our
results confirm the negative relationship between leptin concentration and ovulation rate.

Measurements of 17β-estradiol levels have been used to assess follicular growth [34].
Thus, high levels of 17β-estradiol were related to a high population of antral follicles [35]
that would ultimately imply a higher ovulation rate. But the quadratic relationship be-
tween both traits would indicate that an excess of 17β-estradiol levels would decrease the
ovulation rate.

4.3. Relationships at 12 d of Gestation

An optimal body condition of females during gestation improves birth weight and
litter uniformity [36]. It seems that perirenal fat thickness plays an important role in
early foetal development. While body weight at 12 days of gestation does not show any
relationship with the early foetal characteristics, the perirenal fat thickness is positively
related to foetal weight. Similar results have been found in pigs [37].

The levels of progesterone and NEFA present a linear and positive relationship with
the prenatal characteristics. High progesterone concentrations are necessary for high prena-
tal survival [38]. Our results would indicate that it could be due to the fact that progesterone
increases not only length and weight of uterine horn but also placenta weights. Moreover,
a high uterine weight and number of foetuses implies a greater energy expenditure that
entails increasing the levels of NEFA in plasma during gestation [11,24]. We have found
that leptin decreases proportionally with foetal weight, which is consistent which this
NEFA increment.

The 17β-estradiol is essential for normal luteal function in the pregnant females [18]
and therefore to maintain the gestation. However, no relationship has been found between
17β-estradiol and the number of foetuses or the uterine and placental characteristics.
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4.4. Uterine Position, Blood Supply and Foetal Development

Female rabbits have a duplex uterus, i.e., constituted by two separated fully functional
uterine horns and cervices opening into a sole vagina. Therefore, embryo inter-horn
migration is not possible [39]. This anatomical characteristic implies that foetal growth
depends on their number, irrigation and position in the uterine horn [40,41].

The number of foetuses shows a convex curve with uterine horn weight but the curve
is concave for space available per foetus. A reduction in the available uterine space, could
increase the number of dead foetuses [21]. Each embryo requires a certain minimum space
of uterus to attach, survive, and develop, as previously indicated in pigs [42] and rabbits at
25 d of gestation [6]. Maternal placenta length and area are the traits negatively affected by
the increase in the number of foetuses.

At 12d of gestation, two or more vessels reaching implantation point guarantee that
more than 98% of foetuses survive. Nevertheless, number of vessels is increased to three or
more for a 90 or 95% of survival at 18 d of gestation [43]. The higher foetal placenta weight,
perimeter and area, and the higher placenta maternal weight and length found in foetuses
with a higher number of vessels could increase foetal survival at the middle of gestation.
However, foetal weight is the most important parameter to guarantee foetal survival at the
end of gestation [6].

The foetuses in the middle of the uterine horn had a lower availability space and lower
length of maternal placenta than those near the oviduct or cervix because their littermates
flanked them on both sides. However, this condition does not affect their survival. These
results were confirmed at 18 d and 25 d of gestation [6,43]. It seems that the degree of
irrigation is a more determining factor than the position of the foetus in the uterus to
guarantee its survival.

5. Conclusions

In conclusion, body condition during mating and early gestation should be maintained
within an optimal range to ensure the best prenatal performance. While 17β-estradiol,
NEFA and leptin is related to ovulation rate, progesterone, NEFA and leptin levels affect
early foetal development. The number of vessels that reach the implantation site determines
foetal and placental development and therefore early foetal survival.

Author Contributions: Conceptualization, M.-L.G., and R.P.; methodology, M.-L.G. and R.M.; formal
analysis, M.-L.G. and M.-J.A.; data curation, M.-L.G. and R.M.; writing—original draft preparation,
M.-L.G.; writing—review and editing, M.-L.G., M.-J.A., R.M.; funding acquisition, M.-L.G. and R.P.
All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by Generalitat Valenciana, grant number GVPRE/2008/145.

Institutional Review Board Statement: The study was conducted according to the guidelines
of the Council Directives 98/58/EC and 2010/63/EU, and approved by the University Miguel
Hernández of Elche Research Ethics Committee (Reference number DTA-MJA-002-08 approved on
24 November 2008).

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Baselga, M. Genetic improvement of meat rabbits. Programmes and diffusion. In Proceedings of the 8th World Rabbit Congress,
Puebla, Mexico, 7–10 September 2004.

2. Blasco, A.; Bidanel, J.P.; Bolet, G.; Haley, C.S.; Santacreu, M.A. The genetics of prenatal survival of pigs and rabbits. Livest. Prod.
Sci. 1993, 37, 1–21. [CrossRef]

3. Adams, C.E. Studies on prenatal mortality in the rabbit, Oryctolagus cuniculus: The amount and distribution of loss before and
after implantation. J. Endocrinol. 1960, 19, 325–344. [CrossRef] [PubMed]

45



Animals 2021, 11, 95

4. Laborda, P.; Mocé, M.L.; Blasco, A.; Santacreu, M.A. Selection for ovulation rate in rabbits: Genetic parameters and correlated
responses on survival rates. J. Anim. Sci. 2012, 90, 439–446. [CrossRef] [PubMed]

5. Adams, C.E. Prenatal mortality in the rabbit Oryctolagus cuniculus. J. Reprod. Fertil. 1960, 1, 36–44. [CrossRef] [PubMed]
6. Argente, M.J.; Santacreu, M.A.; Climent, A.; Blasco, A. Relationships between uterine and fetal traits in rabbit selected on uterine

capacity. J. Anim. Sci. 2003, 81, 1265–1273. [CrossRef] [PubMed]
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Simple Summary: Postbiotics, especially those derived from metabolites of Lactobacillus, have been
proposed as an alternative to the use of antibiotics for prevention and treatment of some diseases.
This study was performed in rabbits due to their economic importance as a livestock species in
Mediterranean countries, as well as being an experimental model in biomedicine. In this work, the
use of a diet enriched with a postbiotic based on lactic acid bacteria is proposed to improve the
seminal characteristics of rabbits and their health.

Abstract: The aim of this study was to evaluate the effect of lactic acid bacteria-based postbiotic
supplementation on semen characteristics and hematological and biochemical profiles in rabbits.
A total of 28 males were randomly allocated into two groups. Males received a Control diet and
Enriched diet supplemented with postbiotic for 15 weeks (4 weeks of adaptation period and 11 weeks
of experimental period). Body weight, feed intake and semen characteristics were recorded weekly.
Hematological profile was recorded at the beginning and end of the experiment and biochemical
profile at 0, 5, 10 and 15 weeks. Bayesian methodology was used for the statistical analysis. Feed
intake was higher in Control diet (125.2 g) than in the Enriched diet (118.6 g, p = 1.00). The percentages
of abnormal spermatozoa were higher in Control diet than in Enriched diet (30% and 22%; p = 0.93)
and the acrosome integrity percentage was lower (97% and 96%; p = 0.87). The hematological profile
was within the range for healthy rabbits. The plasmatic level of alanine aminotransferase was higher
in Control diet than Enriched diet at 5 and 10 weeks (p = 0.93 and p = 0.94, respectively) and alkaline
phosphatase was similar in Control diet throughout the experiment, but decreased in Enriched diet
(p = 0.97). No difference was found in kidney parameters (uric nitrogen and creatinine). Enriched
diet showed higher total protein and globulin than Control diet (p = 0.99). Phosphorus was lower
(p = 0.92) in Control diet than in Enriched diet. In conclusion, the addition of the postbiotic based on
lactic acid bacteria seems to improve the quality of the semen and the liver profile in rabbits.

Keywords: fermented food; hepatic profile; lactic acid bacteria; postbiotic; rabbit; semen profile

1. Introduction

Probiotics are live microorganisms which, when administered in adequate amounts,
confer health benefits on the host [1]. Probiotic microorganisms are primarily lactic acid-
producing bacteria of the genus Lactobacillus [2]. These probiotics can regulate the balance
of gut microbes, promote the growth and productivity of animals and improve host resis-
tance to diseases [3]. To this end, they have been extensively used in dairy cattle [4], beef
cattle [5], pigs [6], hens [7] and rabbits [8]. Postbiotics are defined as soluble products or
metabolites secreted by probiotics that have physiological benefits to the host [9]. Postbi-
otics consist of a wide range of effector molecules [10] and they are capable of reducing
the gut pH and, in turn, inhibiting the proliferation of opportunistic pathogens in the
feed and gut microbiota [10,11]. Postbiotics, especially those derived from metabolites of
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Lactobacillus, have been proposed as an alternative to the use of antibiotics, not only in
humans, but also in monogastrics [12]. Currently, the application of postbiotics in human
food, animal feed and pharmaceutical industries is increasing and postbiotic products
derived from Lactobacillus species are commercially available for prevention or treatment
of some diseases [10].

Rabbit is a livestock species reared either for the production of meat, hair or skin or as
an experimental reference for other species, such as pigs or humans [13]. In rabbit meat
production, artificial insemination is being widely used in intensive production farms [14].
The success of artificial insemination programs in rabbits depends to a great extent on both
male health and reproductive performance [15]. Thus, the productivity, welfare and health
of males should be improved by handling or feeding. Unlike other monogastric animals,
data on the use of postbiotics in rabbits are quite scarce [12]. The aim of this study is to
study the effect of supplementation with a postbiotic based on lactic acid bacteria on semen
characteristics and hematological and biochemical profiles in male rabbits.

2. Materials and Methods

2.1. Ethics Statement

All experimental procedures were approved by the Miguel Hernández University
of Elche Research Ethics Committee, according to Council Directives 98/58/EC and
2010/63/EU (reference number 2019/VSC/PEA/0163).

2.2. Product Description

The fermented food product tested was the result of a specific process of fermentation
of a substrate and a combination of specific lactic acid bacteria and yeast. The substrate was
a plant-based food product primarily composed of soya, alfalfa and wheat, along with other
minor components. The fermented food product contained the phyla Firmicutes (38.7%),
Proteobacteria (26.7%), Bacteroidetes (18.3%), Actinobacteria (14.5%) and Saccharibacteria
(1.8%). At genus level, Lactobacillus was the predominant, accounting for more than 6% of
identified species [16].

2.3. Animals

A total of 28 rabbit males aged between 9 and 12 months were used [17]. The ani-
mals were kept on an experimental farm at the Universidad Miguel Hernández de Elche
(Spain). All animals were reared in individual cages (37.5 × 33 × 90 cm) during the entire
experiment. The photoperiod was 16 h light:8 h dark.

2.4. Diets

Two diets were used. The control diet presented the following composition: 17% crude
protein, 15% crude fiber, 9% crude ash, 3.6% crude fat, 1.2% calcium, 0.6% phosphorus and
0.3% sodium. The enriched diet presented the same composition supplemented with 2.0 kg
of a fermented food product in a ton of feed.

2.5. Experimental Design

Animals were randomly divided into two groups of 14 males each; one group received
the Control diet and the other the Enriched diet. Animals had a 4-week adaptation period
to the feed. The experimental procedure lasted 11 weeks. Animal body weight and feed
intake were recorded weekly.

2.6. Semen Collection and Evaluation

Two ejaculates per male were collected each week on a single day using an artificial
vagina, with a minimum of 30 min between ejaculate collections. After the adaptation
period, semen evaluations were performed for 11 weeks. If gel was present, it was removed.
Only ejaculates exhibiting a white color were classified as normal and were evaluated. Ejac-
ulates were diluted (dilution 1:5) with TRIS–citrate-glucose extender. Percentages of motile
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sperm were evaluated subjectively (from 0 to 5) under a microscope at a magnification of
400× with a thermostatic plate set at 37 ◦C.

An aliquot from each ejaculate (0.1 mL) was fixed with 0.9 mL of 2% glutaraldehyde
solution in DPBS. The sperm concentration was determined using a Thoma-Zeiss cell
counting chamber (Marienfield, Germany). A total of 100 spermatozoa were evaluated
at a magnification of 400× with a differential interface contrast microscope (Normarski
contrast). Spermatozoa were classified as normal or abnormal. The percentage of abnormal
spermatozoa was calculated. Abnormalities were referred to tail, head and middle piece.
Their percentages were calculated. Presence of cytoplasmic droplets and status of the acro-
some (intact or damaged) in the normal spermatozoa were evaluated and their percentages
were calculated.

2.7. Blood Collection and Biochemical and Haematological Parameters

Following the blood sampling procedure described in [18], blood samples were col-
lected into a tube with tripotassium ethylenediaminetetraacetic acid (K3-EDTA) at weeks 0
and 15. Hematological parameters such as white blood leukocyte count (WBC, 103/μL)
and percentage of lymphocytes, neutrophils, monocytes, basophils and eosinophils were
determined with the Abacus Junior Vet hematology analyzer (Diatron, Austria).

Blood samples were collected into a lithium heparin tube at weeks 0, 5, 10 and 15.
After centrifugation at 4000 rpm for 15 min, the concentrations of total bilirubin (TBIL,
μmol/L), alkaline phosphatase (ALP, U/L), albumin (ALB, g/L), alanine aminotransferase
(ALT, U/L), total protein (TP, g/L), globulin (GLOB, g/L), glucose (GLU, mmol/L), cre-
atinine (CRE, μmol/L), uric nitrogen (BUN, mmol/L), amylase (AMY, U/L), calcium
(Ca2+, mmol/L), potassium (K+, mmol/L), sodium (Na+, mmol/L) and phosphorus (FOS,
mmol/L) were assessed. These biochemical parameters were determined with VETSCAN
Comprehensive Diagnostic Profile Rotors (Diatron, Austria).

2.8. Statistical Analyses
2.8.1. Survival, Body Weight and Feed Intake

A Kaplan–Meier plot was used for the survival analyses (GraphPad Prism 9.0.0)
Body weight and feed intake were analyzed using the following model:

Yijkl = μ + Wi + Dj + Wi × Dj + mijk + eijkl,

where Wi is the week effect (i = 15), Dj is the diet effect (j = 2; Control diet and Enriched
diet); Wi × Dj is the interaction between week and diet, mijk is the random effect of the
male and eijkl is the residual term. The body weight was also included as covariate for
feed intake

2.8.2. Seminal Parameters

The percentage of normal ejaculates was analyzed using Chi-square test. Seminal
parameters were analyzed using the following model:

Yijklm = μ + Oi + Wj + Dk + mijkl + eijklm,

where Oi is the collection order effect (i = 2; first and second), Wj is the week effect (j = 11),
Dk is the diet effect (k = 2; Control diet and Enriched diet), mijkl is the random effect of the
male and eijklm is the residual term.

2.8.3. Hematological and Biochemical Traits

Data were analyzed using the following model:

Yijkl = μ +Wi + Dj + Wi × Dj + mijk + eijkl,
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where Wi is the week effect (i = 2, week 0 and 15 for haematological traits; i = 4, week 0,
5, 10 and 15 for biochemical traits), Dj is the diet effect (j = 2; Control diet and Enriched
diet); Wi × Dj is the interaction effect, mijk is the random effect of the male and eijkl is the
residual term.

Residuals and male effects were assumed to be independently normally distributed
with the same variance. A Bayesian analysis was used, with bounded flat priors for all
unknown parameters. Marginal posterior distributions were estimated for all unknowns
using Gibbs sampling. Marginal posterior distributions of the differences between lines
were computed with the Rabbit software program developed by the Institute for Animal
Science and Technology (Valencia, Spain), using Monte Carlo Markov chains of 60,000
iterations, with a burn-in period of 10,000, and only 1 out of every 10 samples was saved
for inferences. Convergence was tested using the Z criterion of Geweke and Monte Carlo
sampling errors were computed using time-series procedures.

Results are presented with Bayesian methodology. We provide the difference between
diets (DD-E) and the precision of our estimation, finding the shortest interval with 95%
probability of containing the true value, which can be asymmetric around the estimation.
This is called the highest posterior density interval at 95% probability. We also calculate
the actual probability of the difference between the Control diet and Enriched diet |DD-E|
being higher than zero. We consider that there is enough evidence for the Control and
Enriched diets being different when the probability of this difference in absolute value
|DD-E| is more than 90%.

3. Results

3.1. Survival, Body Weight and Feed Intake

Males fed with Enriched diet displayed a similar survival rate to those on Control
diet (Figure 1a). Survival rate was 78.6% for Enriched diet and 73.3% for Control diet
(Chi-square = 0.07; P value = 79%; data not shown in tables).

In general, body weight was 3514 g in Control diet and 3433 g in Enriched diet (p =
0.85, Table 1). Feed intake was 5% higher with the Control diet (125.2 g) than with the
Enriched diet (118.6 g; p = 1.00). This difference was not due to a higher body weight of
Control diet, as when the body weight was included as a covariate, the difference between
diets was maintained. The evolution of the body weight and feed intake each week is
shown in Figure 1b.
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Figure 1. Control and Enriched diet: (A) Kaplan–Meier plot. (B) Evolution of body weight and feed intake.

Table 1. Effect of diet on body weight and feed intake in male rabbits.

D E DD-E HPD95% P

Body weight (g) 3514 3443 71 −66, 202 0.85
Feed intake (g/day) 125.2 118.6 6.6 2.0, 10.7 1.00

Feed intake (g/day) * 125.3 118.3 7.0 2.7, 11.4 1.00
D: Median of the Control diet; E: Median of the Enriched diet; DD-E: Difference between the Control and Enriched
diet; HPD95%: Highest posterior density region at 95%; P: Probability of the difference being >0. * Body weight
as covariate.

3.2. Sperm Quality

Both diets showed similar percentages of eliminated ejaculates due to low macroscopic
quality (12% in the Control diet and 14% in the Enriched diet; Chi-square = 0.58; p = 45%;
data not shown in tables).

Volume, motility and production were similar in both diets (Table 2). Enriched diet
showed a lower percentage of abnormal spermatozoa than Control diet (22% and 30%,
respectively; p = 0.93). This difference was due to the lower percentage of tail abnormalities
(16% and 24%, respectively; p = 0.90). Similar percentages of head and middle piece
abnormalities were found in both diets (4% and 2%, respectively).

Table 2. Effect of diet on sperm quality in male rabbits.

D E DD-E HPD95% P

Volume (mL) 1.09 1.13 0.04 −0.27, 0.18 0.64
Motility 3.72 3.75 −0.03 −0.07, 0.62 0.53

Production (106 spz) 266.2 269.1 −3.3 −75,7, 63.1 0.54
Abnormal spz (%)

Total (%) 30 22 8 −2, 18 0.93
Head (%) 4 4 0 −3, 2 0.64
Tail (%) 24 16 8 −5, 18 0.90

Middle piece (%) 2 2 0 −1, 1 0.62
Cytoplasmic droplet (%) 12 10 2 −5, 8 0.69
Acrosome integrity (%) 96 97 −1 −3, 1 0.87

D: Median of the Control diet; E: Median of the Enriched diet; DD-E: Difference between Control and Enriched
diet; HPD95%: Highest posterior density region at 95%; P: Probability of the difference being >0 when DD-E > 0 or
being <0 when DD-E < 0.
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A similar cytoplasmic droplet was shown for both diets (p = 0.69). Acrosome integrity
was higher in Enriched than Control diet (97% and 96 % respectively; p = 0.87).

3.3. Hematological and Biochemical Parameters

Figure 2 shows the hematological parameters for diets at the beginning and end of
the experiment. Lymphocytes increased by 15% and 20% in the Control diet (p = 0.90) and
in the Enriched diet (p = 0.93). Monocytes increased for the Control diet (p = 0.97), but
they did not vary in the Enriched diet. Neutrophils decreased in the Control diet (p = 0.90)
and in the Enriched diet (p = 0.99). Eosinophils and basophils increased from week 0 to
15 in both Diets (p = 1.00 and p = 0.91, respectively). WBC did not vary between diets
or throughout the experiment, ranging between 8.4 and 9.6 × 103/μL (data not shown
in tables).
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Figure 2. Percentage of lymphocytes, neutrophils, monocytes, eosinophils and basophils for Control and Enriched diets at 0
and 15 weeks.

Alanine aminotransferase is shown for Control and Enriched diets at 0, 5, 10 and
15 weeks in Figure 3a. Alanine aminotransferase was higher in the Control diet than in the
Enriched diet at 5 weeks (p = 0.93) and at 10 weeks (p = 0.94). Both diets decreased the levels
of alanine aminotransferase, but this decrease was lower in Control diet (5.6 U/L; from
50.2 to 44.6 U/L) than in Enriched diet (6.0 U/L; from 43.5 to 37.5 U/L; p = 0.95; results
not shown in Figure). Alkaline phosphatase was similar for both diets and throughout
the entire control period (Figure 3b). Nevertheless, while the difference between 0 and
15 weeks was similar in Control diet (39.6 and 35.5 U/L, respectively; p = 0.62), the alkaline
phosphatase exhibited relevant reduction in Enriched diet (42.7 and 35.5 U/L, respectively;
p = 0.97). Amylase tends to be higher in Control diet than in Enriched diet, showing
differences at week 10 (p = 0.95; Figure 3c). Glucose was similar for both diets and ranged
from 5.6 to 6.5 mmol/L (Figure 3d).
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Figure 3. Evolution of (a) alanine aminotransferase; (b) alkaline phosphatase; (c) amylase; (d) glucose in males fed with
Control and Enriched diet. p is the probability of the difference being >0 when the difference between the diets was >0 or
being <0 when this difference was <0.

Enriched diet showed a higher total protein than Control diet after the adaptation
period (+ 2.68 g/L; p = 0.99; Figure 4a) and was maintained until week 10 (+3.09 g/L;
p = 0.99). However, after feeding Enriched diet for 15 weeks, the total protein was similar
to Control diet. Control diet showed a lower globulin concentration than the Enriched diet
at both 5 (p = 0.98; Figure 4b) and 10 weeks (p = 0.99). Albumin was higher at the start of
the experiment in the Control diet (22.9 g/L; Figure 4c) than in the Enriched diet (21.9 g/L;
p = 0.94). Both diets presented similar albumin from 5 to 15 weeks.

Control diet showed higher creatinine values than the Enriched diet (p = 0.92) at
week 0, but the values were similar at weeks 5, 10 and 15 (Figure 5a). Both diets decreased
creatinine during the experiment (−20.8 μmol/L in Control diet, p = 1.00; −30.5 μmol/L in
Enriched diet, p = 1.00). Regarding uric nitrogen, a similar concentration was shown for
both diets (Figure 5b) and uric nitrogen increased during the experiment (+0.7 mmol/L
in both lines; p = 0.99). Total bilirubin was similar in both diets (Figure 5c) and decreased
during the experiment (−0.3 μmol/L in Control diet, p = 0.92; −0.4 μmol/L in Enriched
diet, p = 0.96).
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The results for calcium, phosphorus, potassium and sodium are presented in Figure 6.
Calcium was higher in Control diet both at 0 weeks (p = 0.93) and at 15 weeks (p = 0.97)
and phosphorus was lower at 4 weeks (p = 0.90) and 15 weeks (p = 0.92). Potassium and
sodium were similar for the two diets throughout the experimentation period.
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Figure 6. Evolution of (a) calcium; (b) phosphorous; (c) potassium; (d) sodium in males fed with Control and Enriched diet.
p is the probability of the difference being >0 when the difference between the diets was >0 or being <0 when this difference
was <0.

4. Discussion

There is increasing evidence of the role of postbiotics as health promoter. The beneficial
effects of postbiotics are mediated through an interaction between the microbial products
and the host [10]. In this study, we tested the effectiveness of a postbiotic formulated
with a fermented food product in terms of semen quality and health status of male rabbits.
Postbiotics have recently demonstrated the ability to improve welfare and health in diabetic
rats [16] and dairy heifer calves [19,20].

Food intake was lower with the postbiotic than with control diet from the second
week. Nevertheless, survival was not affected. When this diet has been applied to dairy
heifer calves, there was also a decrease in consumption from week 5 of intake [19].

Many studies have been carried out to improve the seminal quality in rabbits by
supplementing feed with probiotics [21,22]. To the best of our knowledge, no information
has been found regarding postbiotics. In our experiment, a slight improvement in the
acrosome integrity and spermatozoa with normal tail was obtained in the Enriched diet,
although an increase in motility was not achieved.
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Hematological parameters provide valuable information on the health status of the
animal. In the present study, the hematological profiles were within the range for healthy
rabbits both at the beginning and end of the experiment and for both diets [18,23]. Levels
of albumin, alkaline phosphatase, alanine aminotransferase, total bilirubin, total protein,
globulin, glucose, creatinine, uric nitrogen and amylase are within the wide range of values
reported in rabbits [18,24,25].

Alanine aminotransferase and alkaline phosphatase are markers of hepatic dis-
eases [26,27] and alkaline phosphatase is also related to other disorders such as increased
bone deposits, intestinal damage, hyperthyroidism and generalized tissue damage [28].
Males fed with postbiotic diet showed lower alanine aminotransferase and alkaline
phosphatase concentration, thus the liver profile was improving. The benefit of the
postbiotic on liver function has also been demonstrated in rats [16]. Alanine aminotrans-
ferase decreased in meat rabbits fed with lactic acid bacteria additives [29]. Moreover, a
negative correlation between these biomarkers in plasma and semen quality, mainly the
motility and the acrosomal damage, has been reported in rabbits [30] and in goats [31].
As previously mentioned, the improvement in acrosome and tail would agree with
this result.

Elevated glucose levels are generally due to various stress factors [32]. Several studies
have reported the hypoglycemic effect of probiotic and fermented products [33,34]. Our result
indicates that amylase tends to be lower with the postbiotic. This effect is not immediate,
but it occurs after consuming the diet for 10 weeks. Although the glucose levels were not
modified in this study, they were attenuated with the fermented food product in rats due to
changes in the gut microbiota composition [16].

Principal plasma proteins are albumin and globulin [35]. Globulin can be considered as
a good indicator of immunity response [36]. The fermented product increased total protein
by 2.5% and globulin by 5.2%, whereas the albumin concentration was similar in both diets.
Thus, it could be indicated that postbiotic improves immunity to infectious agents. Similar
results have been obtained in calves supplemented with this postbiotic [21]. It has been
found that postbiotics from Lactobacillus plantarum also confer anti-inflammatory responses,
as observed in a study in porcine intestinal epithelial cell lines [37]. Regarding seminal
quality, higher levels of albumin decrease sperm abnormality and increase acrosomal
integrity, whereas these parameters are not affected by total protein and globulin [38]. So,
the increase in globulins and total proteins does not seem to have a direct effect on the
improvement of sperm quality.

We measured uric nitrogen and creatinine as biomarkers of kidney function status. The
results indicate that kidney function was not affected by the use of the postbiotic, as both
biomarkers evolved in a similar way during the experiment for the Control and Enriched
diet. Uric nitrogen could serve as substrate for reactive oxygen species and thus protect
important biomolecules against oxidative damage of the spermatozoa [39]. Nevertheless,
no significant changes in concentration of uric nitrogen either in semen plasma or blood
are provided with supplemented diets [40].

Little information is available on supplementation of blood minerals in response to
postbiotics. Minerals act as structural and functional cofactors in metal-containing en-
zymes [41]. In addition, phosphorus is part of the ATP molecule, which is the major energy
source for cellular function [42]. The postbiotic increased phosphorous levels in rabbit
blood. This finding is supported in rabbits fed with probiotics and an improvement in
the metabolic state of the rabbits could be expected [41]. It is well known that increased
concentrations of phosphorous are associated with increased fertility of males [40]. Nev-
ertheless, the results regarding calcium are not conclusive. The postbiotic equalizes the
calcium levels of the animals with those of the Control diet, although the calcium decreased
to the initial values in the last week of treatment.
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5. Conclusions

In conclusion, postbiotics based on lactic acid bacteria improve the health status of
rabbit males, especially with respect to the liver function. Sperm quality was also improved,
specifically the quality of the tail and acrosome of the spermatozoid. The improvement in
postbiotic intake should be investigated, as it could affect results obtained in the long term.
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Simple Summary: A successful response was obtained after selection for ovulation rate during
10 generations in rabbits. However, no correlated response in litter size was observed due to an
increase in prenatal mortality. This increase could be due to the reduction in fetus weights and/or an
increase in variable asynchrony among fetus weights. Therefore, the consequences of the selection
procedure on weight at 28 and 63 days old (weaning and commercial time, respectively) and its
variability are unknown. Using genetic trends and a cryopreserved control population for estimating
correlated responses to selection, no relevant response on weight at 28 and 63 days old was observed.
Similar results have been obtained for the variability of growth traits.

Abstract: The aim of this work was to estimate correlated responses in growth traits and their vari-
abilities in an experiment of selection for ovulation rate during 10 generations in rabbits. Individual
weight at 28 days old (IW28, kg) and at 63 days old (IW63, kg) was analyzed, as well as individual
growth rate (IGR = IW63 − IW28, kg). The variability of each growth trait was calculated as the
absolute value of the difference between the individual value and the mean value of their litter. Data
were analyzed using Bayesian methodology. The estimated heritabilities of IW28, IW63 and IGR were
low, whereas negligible heritabilities were obtained for growth variability traits. The common litter
effect was high for all growth traits, around 30% of the phenotypic variance, whereas low maternal
effect for all growth traits was obtained. Low genetic correlations between ovulation rate and growth
traits were found, and also between ovulation rate and the variability of growth traits. Therefore,
genetic trends methods did not show correlated responses in growth traits. A similar result was also
obtained using a cryopreserved control population.

Keywords: control population; genetic parameters; growth rate; ovulation rate; slaughter weight;
variability of growth traits; weaning weight

1. Introduction

Intensive rabbit production is produced by a three-way cross in which males, selected
for growth traits from paternal lines, are mated with crossbred females from lines selected
for reproductive traits [1]. All these traits have economic importance [2] and it is important
to know the genetic relationship between them. Crossbred females provide 50% of genes to
terminal rabbits; therefore, maternal lines should also have an acceptable level for growth
traits. On the other hand, paternal lines should also have an adequate level for reproductive
traits (including litter size and ovulation rate) to ensure line maintenance and selection
through time.

Animals 2021, 11, 2591. https://doi.org/10.3390/ani11092591 https://www.mdpi.com/journal/animals61
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Selection for ovulation rate, proposed as a way to increase litter size [3], has been
successful to increase the number of ova shed, but no correlated response on litter size has
been observed in the unique experiment performed in rabbits [4]. However, the correlated
response on growth traits is unknown. In this experiment, females belonging to the line
selected for increase ovulation rate had more implanted embryos according to the increase
in ovulation rate [5,6]. An increment in the number of ova shed and implanted embryos has
also been observed in maternal commercial rabbit lines selected for higher litter size [7,8].
Some authors show how higher competition for space and nutrition during the fetal period,
after implantation, could reduce fetal weight [9,10] and modify its variability [10]. Maternal
and litter effects during gestation could have a relevant effect on young rabbits after birth
in the growth period due to an increase in ovulation rate. A reduced fetal weight might
lead to lower weight at birth and subsequently affect weaning and commercial weight [11].

The objective of this study was to estimate the correlated response on growth traits and
their variability using genetic trends methods and also by comparing the selected line with
a cryopreserved control in a rabbit line selected for ovulation rate during 10 generations.
Maternal and litter effects on these traits were also evaluated.

2. Materials and Methods

2.1. Ethical Statement

All experimental procedures were approved by the Universitat Politècnica de València
Research Ethics Committee, according to Council Directives 98/58/EC and 2010/63/EU.

2.2. Animals and Selection Procedure

The animals used in the experiment came from a synthetic line selected for the pheno-
typic value of ovulation rate in the second gestation of each female during 10 generations.
The selection procedure has been described previously by Laborda and coauthors [4].

All animals were kept under constant photoperiod of 16 h light:8 h dark and controlled
ventilation. The female nourished its kits during lactation period without fostering. Young
rabbits for all parities were weaned at 28 days old and placed in flat-deck cages, 8 rabbits
per cage, and fed ad libitum with a commercial diet (crude protein, 16.1%; crude fiber,
16.5%; ether extract, 4.4%; ash, 8.1% as-fed basis; NANTA S.A.; Valencia, Spain). The
fattening period was 35 days. At 63 days old, rabbits were slaughtered or selected and
placed in individual flat-deck cages and fed ad libitum with a commercial diet (crude
protein, 17.5%; crude fiber, 15.5%; ether extract, 5.4%; ash, 8.1% as-fed basis; NANTA S.A.;
Valencia, Spain) and they stayed there up to their reproductive age: 17–18 weeks of age.

To produce a control population, embryos from 45 donor females and 10 males
from the base generation were vitrified and stored in liquid nitrogen until they were
transferred. Details of the procedure are presented by Laborda and coauthors [6]. The
offspring of the cryopreserved animals were used in order to avoid the effect of recovery,
cryopreservation and transferring techniques on growth characteristics suggested by Cifre
and coauthors [12]. The offspring of the control population was contemporary to animals
from the 10th generation.

2.3. Traits

The reproductive trait analyzed during the second gestation in the selection procedure
during ten generations was ovulation rate (OR), measured as the number of corpora lutea.
The OR was also recorded in the last gestation of all females, that did not die or were
not culled, obtaining a total of 1478 records from 856 females. A total of 20,230 records
were used to analyze individual weight at 28 days old (IW28, kg) and 19,362 records were
used to analyze individual weight at 63 days old (IW63, kg) and individual growth rate
(IGR = IW63 − IW28, kg). An approach to study variability of growth traits was performed
using deviation of growth traits, which was estimated as the absolute value of the difference
between the individual value for IW28, IW63 and IGR and the mean value of their litter,
DIW28, DIW63 and DIGR in kg, respectively.
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All growth traits were also measured in the offspring of the control population and in
contemporary animals from the 10th generation, obtaining a total of 1238 and 1142 records
for IW28 and 1208 and 1123 records for IW63 and IGR, respectively.

2.4. Statistical Analyses

All analyses were performed using Bayesian methodology [13,14].
Correlated responses to selection have been estimated using two independent ap-

proaches: genetic trends and control population. Genetic trends use all data from all
generations of selection but its estimations depend on the model, and therefore response to
selection depends on the genetic parameters used in the model. In the control population
approach, the number of data is smaller but differences between control and selected
population will have only genetic bases if both populations are raised contemporarily.

2.4.1. Genetic Parameters and Genetic Trends

A repeatability model was used to analyze OR in the selection period:

yijklm = YSi + POj + Lk + aijkl + pijkl + eijklm (1)

where yijklm is the trait OR; YSi is the effect of year-season of the mating day (31 levels for
OR); POj is the effect of the parity order (four levels for OR); Lk is the effect of lactation
status at mating (two levels: lactating and nonlactating does when mated); aijkl is the
additive value of the animal; pijkl is the permanent environmental effect; and eijklm is the
residual effect.

For individual weights and IGR, as well as for growth variability traits, the animal
model used was:

yijklmn = YSi + POj + NBAk + dijkl + cijklm + aijklmn + eijklmn (2)

where yijklmn is IW28, IW63 and IGR; YSi is the fixed effect of year-season in which the
animal was growing (29 levels); POj is the effect parity in which the animal was born (five
levels); NBAk is the effect of the number of rabbits born alive when the animal was born
(17 levels); dijkl is the random dam (or female) effect between parities (851 levels); cijklm is
the common litter effect (2683 levels); aijklmn is the additive value of animal; and eijklmn is
the residual effect.

Univariate analysis for OR was performed to estimate the heritability of the selection
trait. To account for the selection process and to estimate the heritability of each growth
trait as well as the correlation between OR and growth traits, bivariate analyses including
OR were performed.

Data augmentation [14,15] was performed to analyze the data in order to have the
same design matrices for all traits since different models for OR and growth traits were used.
Augmented data are not used for inferences but allow the simplification of computing.

After data augmentation, the model for all traits was:

(y|b, a, p, d, c, R0 ) ∼ N(Xb + Za + Wp + Dd + Cc, R0 ⊗ In) (3)

where y is a vector of augmented data; X, Z, W, D and C are known incidence matrices;
and R is the (co)variance residual matrix. Records of different individuals were assumed
to be conditionally independent, given the parameters, but a correlation between residuals
of different traits of the same individual was allowed.

Hence, sorting the data by individual, the residual (co)variance matrix can be writ-
ten as R0 ⊗ In, with R0 being the 2 × 2 residual (co)variance matrix between OR and the
growth trait analyzed and In being an identity matrix of the same order as the number of
individuals. Bounded uniform priors were used to represent vague previous knowledge of
environmental effects, b. Prior knowledge concerning the other random effects was repre-
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sented by assuming that they were normally distributed, conditionally on the associated
variance components. Thus, for the additive genetic effects:

a |G ∼ N(0, G) (4)

where 0 is a vector of zeroes and G is the genetic variance covariance matrix. Sorting the
data by individual as before, this matrix can be written as G0 ⊗ A, where G0 is the 2 × 2
genetic (co)variance matrix between traits analyzed and A is the known additive genetic
relationship matrix between elements of the additive genetic effects vector.

The distribution of permanent environmental effects was assumed to be normal and
of the form:

p |P ∼ N(0, P) (5)

where 0 is a vector of zeroes and P is the permanent effect matrix. Sorting the data by
individual, this matrix can be written as P0 ⊗ Ip, with P0 being the 2× 2 permanent variance
matrix between traits analyzed and Ip being the identity matrix with the same order of the
number of levels of permanent effects.

The distribution of the random dam effects between parities was assumed to be
normal and of the form:

d |D ∼ N(0, D) (6)

where 0 is a vector of zeroes and D is the random dam effects between parities matrix.
Sorting the data by individual, this matrix can be written as D0 ⊗ Id, with D0 being the
2 × 2 permanent variance matrix between traits analyzed and Id being the identity matrix
with the same order of the number of levels of the random dam effects between parities.

Finally, the distribution of the common litter effects was assumed to be normal and of
the form:

c |C ∼ N(0, C) (7)

where 0 is a vector of zeroes and C is the common litter effects matrix. Sorting the data by
individual, this matrix can be written as C0 ⊗ Ic, with C0 being the 2 × 2 common litter
variance matrix between traits analyzed and Ic being the identity matrix with the same
order of the number of levels of the common litter effects.

For all analyses, bounded flat priors were used for matrices R0, G0, P0, D0 and C0.
To estimate the correlations between growth traits, trivariate analyses including OR

and two growth traits were performed. Hence, sorting the data by individual, the residual
(co)variance matrix can be written as R0 ⊗ In, with R0 being the 3 × 3 residual (co)variance
matrix between OR and the growth traits analyzed and In being an identity matrix of the
same order as the number of individuals. As previous analyses, bounded uniform priors
were used for environmental effects and normally distributed priors, conditionally on the
associated variance components that were used for random effects. The additive genetic
effects, the permanent environmental effects, the random female effects between parities
and the common litter effects were the same as described above. As in the previous model,
all effects are independent among them. However, sorting the data by individual as before,
the G matrix can be written G0 ⊗ A, where G0 is the 3 × 3 genetic (co)variance matrix
between traits analyzed and A is the known additive genetic relationship matrix described
previously; the P matrix can be written as P0 ⊗ Ip, with P0 being the 3 × 3 permanent
variance matrix between traits analyzed and Ip being the identity matrix with the same
order of the number of levels of permanent effects; the D matrix can be written as D0 ⊗ Id,
with D0 being the 3 × 3 permanent variance matrix between traits analyzed and Id being
the identity matrix with the same order of the number of levels of the random dam effects
between parities; and the C matrix can be written as C0 ⊗ Ic, with C0 being the 3 × 3
permanent (co)variance matrix between traits analyzed and Ic being the identity matrix
with the same order of the number of levels of the common litter effects.

Marginal posterior distributions of all unknowns were estimated using a Gibbs sam-
pling procedure using the program TM [16]. Different confidence intervals were estimated:
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k95% is the guaranteed value of the interval [k, 1] containing the 95% of the probability, P is
the probability of the estimation being higher (or lower) than 0.00, P0.10 and P0.30 are the
probability of the estimation being higher (or lower) than 0.10 and 0.30, respectively, and
Pr is the probability of relevance [13,14]. We considered a heritability to be irrelevant when
it was lower than 0.10 [4–6,17]. In the case of correlation, we considered to be an irrelevant
value all correlations in absolute value lower than 0.30, since the percentage of the variance
explained by the other trait (r2) is <10%. After some exploratory analyses, two chains
were used, each of 1,000,000 iterations, with a burning period of 200,000 iterations. Only
every 100th iteration was saved. Features of marginal posterior distributions of parameters
were obtained using the package R code. Convergence was tested using the Z criterion of
Geweke and Monte Carlo sampling errors were computed.

2.4.2. Selected versus Control Population

The model assumed for analyzing OR using the offspring of the control and selected
population was:

yijklmn = Linei + YSj + POk + Ll + pijklm + eijklmn (8)

where yijklm is the trait OR; Linei is the effect of the line (two levels: control and selected);
YSj is the effect of year-season (three levels); POk is the effect of parity (two levels: at second
and fourth gestation); Ll is the effect of lactation state of the doe (two levels: lactating and
nonlactating does when mated); pijklm is the effect of the doe (105 levels); and eijklmn is the
residual of the model.

The model assumed for analyzing individual growth traits and their variabilities was:

yijklmn = YSi + POj + NBAk + dijkl + cijklm + eijklmn (9)

where yijklm is IW28, IW63 and IGR; YSi is the fixed effect of year-season in which the
animal was growing (four levels); POj is the effect parity in which the animal was born
(four levels); NBAk is the effect of the number of rabbits born alive when the animal was
born (16 levels); dijkl is the random dam effect between parities (96 levels); cijklm is the
common litter effect (302 levels); and eijklmn is the residual effect.

Bounded uniform priors were used for all unknowns with the exception of the dam
and common litter effects, which were considered normally distributed. Dam effect was
with mean 0 and variance Iσ2

d, where I is a unity matrix and σ2
d is the dam effect variance

of the trait. Common effect was with mean 0 and variance Iσ2
c , where I is a unity matrix

and σ2
c is the common effect variance of the trait. Residuals were normally distributed

with mean 0 and variance Iσ2
e . The priors for the variances were also bounded uniform

positive. Features of the marginal posterior distribution of differences between line means
were estimated by using the Gibbs sampling algorithm. Similarly to previously described
genetic estimations, chains of 1,000,000 samples each were used, with a burning period
of 200,000. One sample out of each 100 was saved to avoid high correlations between
consecutive samples. Features of marginal posterior distributions of differences between
line means were obtained using the package R code. Convergence was tested using the Z
criterion of Geweke and Monte Carlo sampling errors were computed.

3. Results

3.1. Genetic Parameters and Genetic Trends

Descriptive statistics for all traits are presented in Table 1. Rabbits at 28 and 63 days
old weighed 0.52 and 1.76 kg, respectively. The coefficient of variation of growth traits was
close to 0.20, whereas their variability, estimated as the absolute value of the difference
between the individual value and the mean value of their litter, was close to 0.90.
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Table 1. Raw means, coefficients of variation (CV) and number of data (N) for growth traits and
their variability.

Mean CV N

IW28 0.52 0.23 20,230
IW63 1.76 0.14 19,362
IGR 1.24 0.14 19,362

DIW28 0.05 0.85 20,230
DIW63 0.11 0.91 19,362
DIGR 0.09 0.99 19,362

IW28: individual weight at 28 days old (kg), IW63: individual weight at 63 days old (kg), IGR: individual growth
rate (kg), DIW28: variability of individual weight at 28 days old (estimated as the absolute value of the difference
between IW28 and the mean value of their litter at 28 days old; kg), DIW63: variability of individual weight at
63 days old (estimated as the absolute value of the difference between IW63 and the mean value of their litter at
63 days old; kg), DIGR: variability of individual growth rate (estimated as the absolute value of the difference
between IGR and the mean value of their litter for growth rate; kg).

Phenotypic correlations between OR and the growth traits were low: 0.17, 0.15 and
0.09 for IW28, IW63 and IGR, respectively. The R-squared between OR and the other
analyzed traits was lower than 5%. When the ratio between R-squared and R-squared
maximum was estimated, different results were observed: 0.72 for IW28, 0.57 for IW63 and
0.29 for IGR.

Phenotypic residual correlations between OR and growth traits and also between OR
and the variability of growth traits were very low (Table 2). Only correlations between
weights (IW28–IW63) and between IGR and IW63 were higher than 0.60. Low correlations
were also found within the variability of growth traits and also between growth traits
and their variabilities. These results showed that the accuracy was low when the model
included some effects to correct the data.

Table 2. Phenotypic residual correlations between ovulation rate (OR, ova) and growth traits (kg)
and their variabilities (estimated as the absolute value of the difference between the individual value
and the mean value of their litter; kg).

OR IW28 IW63 IGR DIW28 DIW63

IW28 0.11
IW63 0.08 0.64
IGR 0.03 0.35 0.90

DIW28 0.05 0.12 0.09 0.13
DIW63 0.04 0.11 0.10 0.11 0.21
DIGR 0.06 0.09 0.09 0.12 0.15 0.35

IW28: individual weight at 28 days old, IW63: individual weight at 63 days old, IGR: individual growth rate,
DIW28: variability of individual weight at 28 days old, DIW63: variability of individual weight at 63 days old,
DIGR: variability of individual growth rate.

The heritability for OR was moderate, 0.17, with a probability to be higher than 0.10
of 94% and the highest posterior density region at 95% ranging from 0.08 to 0.27 (data
not shown). The heritability values of IW28, IW63 and IGR were low: 0.09, 0.12 and 0.11,
respectively (Table 3). A heritability higher than 0.10 was considered relevant for growth
traits and their variability. The probability of the heritability being higher than 0.10 was
high for IW63 and IGR. The maternal effects of the doe over all their parities, which is
calculated as the ratio of the maternal effect variance with respect to phenotypic variance
(m2), had relevance for IW28 (0.14), and it was close to zero for IW63 and IGR. However,
the common litter effect, which is calculated as the ratio of the common litter effect variance
with respect to phenotypic variance (c2), explained a greater part of phenotypic variance for
all growth traits, with their values being close to 0.30. Genetic variation for the variability
of growth traits was negligible, lower than 0.02, similarly to the maternal effects. The
common litter effects for the variability of growth traits were close to 0.10.
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Table 3. Features of marginal posterior distributions of the heritability (h2), ratio of the maternal
effect variance with respect to phenotypic variance (m2) and ratio of the common litter effect variance
with respect to phenotypic variance (c2) for growth traits and their variability.

h2 m2 c2

Trait Mean HPD95% k95% P0.10 Mean k95% Mean k95%

IW28 0.09 0.04, 0.15 0.05 0.37 0.14 0.17 0.33 0.35
IW63 0.12 0.07, 0.19 0.08 0.79 0.04 0.06 0.29 0.31
IGR 0.11 0.06, 0.17 0.07 0.71 0.01 0.02 0.30 0.32

DIW28 0.01 0.00, 0.02 0.01 0.00 0.01 0.00 0.08 0.10
DIW63 0.00 0.00, 0.01 0.00 0.00 0.01 0.00 0.10 0.13
DIGR 0.01 0.00, 0.02 0.01 0.00 0.01 0.00 0.13 0.15

HPD95%: highest posterior density region at 95%, k95%: limit of the interval [k, 1] containing a probability of
95%, P0.10: probability of the proportion being higher than 0.10, IW28: individual weight at 28 days old, IW63:
individual weight at 63 days old, IGR: individual growth rate, DIW28: variability of individual weight at 28 days
old (estimated as the absolute value of the difference between IW28 and the mean value of their litter at 28 days
old), DIW63: variability of individual weight at 63 days old (estimated as the absolute value of the difference
between IW63 and the mean value of their litter at 63 days old), DIGR: variability of individual growth rate
(estimated as the absolute value of the difference between IGR and the mean value of their litter for growth rate).

All high posterior density regions for genetic correlations between OR and growth
traits were large (Table 4). The estimate of the genetic correlation between OR and IW28
was very low (0.11), whereas between OR and IW63 and between OR and IGR it was 0.23
and 0.28, respectively. The assumed relevant value for correlation was 0.30 (in absolute
value). The probability that the genetic correlation between OR and growth traits was
higher than 0.30 was lower than 50%. Moderate positive genetic correlation between OR
and variability of growth traits was obtained, although a low accuracy was achieved since
the highest posterior density region at 95% was wide.

Table 4. Features of the estimated marginal posterior distributions of the genetic correlations be-
tween ovulation rate (OR) and growth traits and their variability.

Trait Mean HPD95% P P0.30

OR-IW28 0.11 −0.26, 0.50 0.71 0.21
OR-IW63 0.23 −0.13, 0.56 0.90 0.39
OR-IGR 0.28 −0.12, 0.63 0.93 0.48

OR-DIW28 0.28 0.02, 0.59 1.00 0.56
OR-DIW63 0.62 0.40, 0.79 1.00 1.00
OR-DIGR 0.55 0.17, 0.76 1.00 0.54

HPD95%: highest posterior density region at 95%, k95%: limit of the interval [k, 1] containing a probability of 95%,
P: probability of the correlation being higher than zero, P0.30: probability of the absolute value of correlation
being higher than 0.30, IW28: individual weight at 28 days old, IW63: individual weight at 63 days old, IGR:
individual growth rate, DIW28: variability of individual weight at 28 days old (estimated as the absolute value of
the difference between IW28 and the mean value of their litter at 28 days old), DIW63: variability of individual
weight at 63 days old (estimated as the absolute value of the difference between IW63 and the mean value of their
litter at 63 days old), DIGR: variability of individual growth rate (estimated as the absolute value of the difference
between IGR and the mean value of their litter for growth rate).

The genetic correlation between IW28 and IW63 was positive (P > 0 = 100%) and high
(mean = 0.83) (Table 5). Moreover, the probability that the genetic correlation was at least
0.71 was 95%. A similar result was obtained when the genetic correlation between IW63
and IGR was analyzed; the mean was 0.95 and the probability that the genetic correlation
was at least 0.92 was 95%. Moreover, genetic correlations between DIW63 and the other
analyzed variability of growth traits were also higher than 0.90. However, non-relevant
genetic correlations between growth traits and their variabilities were observed, since the
probability of relevance is lower than 0.30.
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Table 5. Features of the estimated marginal posterior distributions of the genetic (rg) and common
litter (rc) correlations between individual weights.

rg rc

Traits Mean HPD95% k95% P P0.30 Mean k95%

IW28-IW63 0.83 0.70, 0.93 0.71 1.00 1.00 0.69 0.73
IW28-IGR 0.40 0.07, 0.69 0.11 0.99 0.64 0.15 0.21
IW63-IGR 0.95 0.91, 0.98 0.92 1.00 1.00 0.91 0.93

DIW28-DIW63 0.93 0.79, 0.99 0.82 1.00 1.00 0.53 0.57
DIW28-DIGR 0.62 0.33, 0.87 0.38 1.00 1.00 0.29 0.32
DIW63-DIGR 0.95 0.86, 0.99 0.87 1.00 1.00 0.80 0.86
IW28-DIW28 0.18 −0.02, 0.44 0.00 0.97 0.26 0.04 0.08
IW63-DIW63 −0.18 −0.54, 0.18 −0.50 0.58 0.29 −0.20 −0.15

IGR-DIGR −0.21 −0.48, 0.09 −0.45 0.57 0.28 −0.23 −0.20
HPD95%: highest posterior density region at 95%, k95%: limit of the interval [k, 1] containing a probability of 95%,
P: probability of the rg being higher than zero when the mean is positive or lower than zero when it is negative,
P0.30: probability of the rg being higher than 0.30 when the mean is positive or lower than −0.30 when the mean is
negative, IW28: individual weight at 28 days old, IW63: individual weight at 63 days old, IGR: individual growth
rate, DIW28: variability of individual weight at 28 days old (estimated as the absolute value of the difference
between IW28 and the mean value of their litter at 28 days old), DIW63: variability of individual weight at 63 days
old (estimated as the absolute value of the difference between IW63 and the mean value of their litter at 63 days
old), DIGR: variability of individual growth rate (estimated as the absolute value of the difference between IGR
and the mean value of their litter for growth rate).

The correlated responses to selection were estimated at the end of the selection period
as the difference of the average breeding values between the end and the beginning of the
period. Correlated responses on IW28, IW63 and IW2863 were low (Figure 1), being 2.3,
11.2 and 7.9 g per generation, respectively. These correlated responses corresponded to
0.4, 0.6 and 0.6% per generation, respectively. However, the correlated response on the
variability of growth traits was close to zero (Figure 2).

Figure 1. Genetic trends for individual weight at 28 days old (blue line; kg), individual weight at
63 days old (red line; kg) and individual growth rate (green line; kg).
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Figure 2. Genetic trends for variability of individual weight at 28 days old (estimated as the absolute
value of the difference between IW28 and the mean value of their litter at 28 days old; blue line;
kg), variability of individual weight at 63 days old (estimated as the absolute value of the difference
between IW63 and the mean value of their litter at 63 days old; red line; kg) and variability of
individual growth rate (estimated as the absolute value of the difference between IGR and the mean
value of their litter for growth rate; green line; kg) of the OR line.

3.2. Control Population

Table 6 shows raw means and coefficients of variation for the growth traits measured
in the control population. Rabbits at 28 and 63 days old belonging to the control population
weighed 0.50 and 1.77 kg, respectively. The coefficient of variation of growth traits was
smaller than the coefficient of variation of the variability of growth traits.

Table 6. Raw means, coefficients of variation (CV) and number of data (N) for growth traits and their
variability in the offspring of the control population.

Mean CV N

IW28 0.50 0.25 1238
IW63 1.77 0.14 1208
IGR 1.26 0.15 1208

DIW28 0.05 0.81 1238
DIW63 0.10 0.90 1208
DIGR 0.06 0.87 1208

IW28: individual weight at 28 days old (kg), IW63: individual weight at 63 days old (kg), IGR: individual growth
rate (kg), DIW28: variability of individual weight at 28 days old (estimated as the absolute value of the difference
between IW28 and the mean value of their litter at 28 days old; kg), DIW63: variability of individual weight at
63 days old (estimated as the absolute value of the difference between IW63 and the mean value of their litter at
63 days old; kg), DIGR: variability of individual growth rate (estimated as the absolute value of the difference
between IGR and the mean value of their litter for growth rate; kg).

Features of the marginal posterior distributions of the differences between the control
and selected populations for growth traits and their variabilities are presented in Table 7.
A relevant response to selection (R value) was assumed when the difference between
populations was at least 10% of the mean of the control population, corresponding to an
increase of 1% per generation. Growth traits presented no relevant differences between
the control and selected populations (0.02, 0.07 and 0.08 for IW28, IW63 and IW2863,
respectively). For these traits, the probability of relevance was lower than 15%. Similarly,
no correlated responses on the variability of growth traits were observed.
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Table 7. Features of the estimated marginal posterior distributions of the differences between the
control and selected population for growth traits and their variability.

Control–Selected HPD95% P R PR

IW28 0.02 −0.01, 0.06 0.89 0.05 0.12
IW63 0.07 0.01, 0.15 0.98 0.17 0.00
IGR 0.08 0.04, 0.13 1.00 0.13 0.02

DIW28 0.001 −0.001, 0.003 0.75 0.005 0.00
DIW63 0.001 0.000, 0.002 0.76 0.001 0.42
DIGR 0.003 0.002, 0.004 1.00 0.006 0.01

HPD95%: highest posterior density region at 95%, P: probability of the difference between the control and
selected population being higher than zero, R = 10% of the mean of the control population (1% per generation),
PR = probability of response, which is the probability of the difference being higher than R, IW28: individual
weight at 28 days old, IW63: individual weight at 63 days old, IGR: individual growth rate, DIW28: variability
of individual weight at 28 days old (estimated as the absolute value of the difference between IW28 and the
mean value of their litter at 28 days old), DIW63: variability of individual weight at 63 days old (estimated as the
absolute value of the difference between IW63 and the mean value of their litter at 63 days old), DIGR: variability
of individual growth rate (estimated as the absolute value of the difference between IGR and the mean value of
their litter for growth rate).

Similarly to the estimations using genetic trends, the common litter effect, c2, explained
a greater part of the phenotypic variance for growth traits, close to 0.25, whereas low
estimations were observed for the variability of growth traits. The maternal effect of the
doe over all their parities, m2, had a non-negligible value for IW28 (0.10).

4. Discussion

Direct response to selection for ovulation rate was obtained in rabbits after
10 generations of selection, 0.13 ova per generation. However, prenatal survival decreased
and no correlated response on litter size at birth was observed [4]. The decrease in prenatal
survival can be explained by a higher fetal competition due to an increment of implanted
embryos [5]. Higher competition among fetuses for space, nutrients and blood supply
in the uterus reduces birth weight [18]. This has led to the question of whether selection
for ovulation rate could reduce weight at birth and subsequently weaning weight (IW28),
commercial weight (IW63) and individual growth rate (IGR) [11], as well as modify their
variability (DIW28, DIW63 and DIGR, respectively). On the other hand, in pigs, a line
selected for ovulation rate with no response in litter size showed a high response in litter
size when directly selected for litter size [19]; thus, a line selected for ovulation rate can be
interesting for further research to improve litter size.

Descriptive statistics obtained in the present work are similar to those previously
reported in other rabbit maternal lines [8,17,20] at the same ages. Phenotypic correlations
between ovulation rate and growth traits were low, similarly to correlation between ovula-
tion rate and the variability of growth traits. As expected, weaning and commercial weight
were highly related and commercial weight and growth rate were also highly associated, in
agreement with previous publications in rabbits [8,17]. Weights at birth were not available
but high correlations between weight at birth and weight at weaning have been found by
Argente and coauthors [18]. Finally, low phenotypic correlations were also found between
growth traits and the variability of growth traits. To our knowledge, these are the first
phenotypic estimations between growth traits and their variability.

4.1. Genetic Parameters

Low heritabilities, close to 0.10, were obtained for IW28 and IW63, which corre-
sponded to weaning and commercial time, respectively. Likewise, IGR, which is the most
common selection criterion in sire lines in rabbits [1], also showed a low heritability. Sim-
ilar heritabilities for these three traits were obtained by Peiró and coauthors [17], who
analyzed a line selected by ovulation rate and litter size, and also for IW28 by Mínguez and
coauthors [20], who analyzed four maternal lines (A, V, H and LP). However, a broad range
of heritabilities, ranging from 0.03 to 0.25, has been obtained for these traits in paternal
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rabbit lines (reviewed by Garcia and coauthor) [21]. The common litter effect is more impor-
tant than the maternal effect and additive genetic effect in all growth traits, close to 0.3 for
growth traits and to 0.1 for the variability of growth traits. However, low maternal effects
have been obtained for all growth traits, in agreement with previous results [8,17,20,21].
Regarding the variability of growth traits, negligible estimations (P > 0.10 = 0.00) were
observed for heritabilities and the maternal effect and low values were obtained for the
common litter effect, around 0.10, as it is mentioned earlier. Estimations were in the range
of those published previously by Peiró and coauthors [17] in a maternal line. The prewean-
ing environment effect, common litter effect and maternal effect have a large influence on
studied growth traits, although there is a reduction in the preweaning environment effect
over time, as previously found by other authors [8,17,20]. This reduction should be related
to kits’ separation from their mothers and also for kits’ distribution into different cages (it
is common to separate the litter into several cages, so litters from different rabbit does can
be mixed).

Genetic and phenotypic correlations were similar, and this is a generally observed
phenomenon [22]. Genetic correlations between ovulation rate and growth traits and
their variability were similar to the only estimation found in the literature [17]. Genetic
correlation between growth traits was positive and high in agreement with [23–25]. Genetic
correlation between commercial weight (IW63) and IGR was higher than between IW28
and IGR. These results were previously observed by McNitt and coauthor [23] and by
Ezzeroug and coauthors [25]. Similar behavior has been observed for genetic correlations
between the variability of growth traits; a higher genetic correlation was observed when
DIW63 was evaluated, close to 0.90. Moderate–high genetic correlations, close to 0.60, were
observed between the variability of individual weight at 28 days old and the variability of
the individual growth rate. However, no relevant genetic correlations between each growth
trait and its variability have been obtained. To our knowledge, there is no information
about genetic correlations between the variability of growth traits.

4.2. Correlated Response

Considering all these genetic parameters, the correlated response to selection for
ovulation rate during ten generations was estimated at the end of the selection period.
Using genetic trends methods, no relevant correlated responses on IW28, IW63 and IW2863
were found, less than 1% of the trait per generation. These estimates agreed with previous
results [17]. Similarly, no relevant correlated responses on the variability of growth traits
were observed, less than 1% of the trait per generation. Using the comparison of the
selected line with a cryopreserved control population method, no correlated response was
observed. The use of a cryopreserved control population corroborates the results obtained
with genetic trends, and neither correlated response to selection for ovulation rate during
10 generations on individual weight at 28 and 63 days old nor on their variability was
observed. As the response to selection estimated by control and selected populations is the
same as the one obtained using the model by genetic trends that includes maternal and
common litter effects, we can infer that dam effects were not modified after selection.

5. Conclusions

The increase in ovulation rate by selection did not reduce the weight of the young
rabbits at weaning (28 days) and at marketing (63 days) and did not modify their variabili-
ties. It can be inferred that female effects, which include maternal and common litter effect,
were not modified after selection.
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Simple Summary: Fatty acids can be used as an energy substrate by oocytes and embryos. Ovula-
tion rate and normal preimplantation embryos are limiting factors to increased litter size in rabbits.
Knowledge of the fatty acid profile in blood plasma at mating and in early gestation and its relation-
ship with the ovulation rate and early embryonic development can help improve doe productivity.
In our study, palmitic, linoleic, oleic and stearic acids show the highest concentrations. Moreover,
monounsaturated fatty acids are correlated with ovulation rate and normal embryos. The more SFA,
the greater the embryonic development. This study could be useful for designing enriched feeds in
animal production and for embryological studies, as the rabbit is an experimental model.

Abstract: The aim of this study was to analyse the fatty acid (FA) profile of blood plasma at mating
and 72 hpm by gas chromatography. Moreover, the correlation between FA and ovulation rate,
normal embryos and compacted morulae was estimated. Palmitic, linoleic, oleic and stearic were
the highest FA concentrations at mating and 72 hpm. Most long chain saturated and PUFA were
higher at 72 hpm than at mating, while MUFA were higher at mating. SFA, MUFA and PUFA were
high and positively correlated. Correlation was 0.643 between MUFA at mating and ovulation rate,
and 0.781 between MUFA and normal embryos, respectively. Compacted morulae were slightly
correlated with SFA at mating (0.465). In conclusion, the FA profile of plasma varies depending
on the reproductive cycle of the rabbit female, adapting to energetic requirements at mating and
early gestation. Moreover, positive correlations are found between fatty acids and ovulation rate and
embryo development and quality.

Keywords: embryo; MUFA; ovulation; PUFA; SFA

1. Introduction

From ovulation to implantation, oocytes and embryos are supported by maternal
secretions from the oviduct and uterus (cow [1], sheep [2], murine [3], horse [4], sow [5]
and rabbit [6]). The oviductal and uterine fluids mainly originate from blood filtrates [7]
and secretions of endometrial luminal and glandular epithelial cells [8]. Thus, a complex
milieu containing proteins, amino acids, carbohydrates and fatty acids (FA) is constituted
to maintain embryo viability.

Fatty acids represent compact reserves of stored energy for oocytes and embryos [9].
Additionally, FA play a crucial role in modifying the physical properties and functions of
biological membranes, and have potential effects on oocyte growth and maturation and
embryo development and transport through reproductive traits [10–12]. The ability for the
exogenous uptake of FA by the embryo has been demonstrated in several studies [13–15].
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Specifically, rabbit embryos can already absorb FA at zygote stage [13], and it is reported
that exogenously supplied fatty acids are beneficial for growth and development in cul-
tivated oocytes and embryos [10]. Moreover, FA enriched diets consumed around the
fertilization period and the first days of pregnancy and conditions in the oviductal and
uterine environment [14] can affect embryo quality [15]. Rabbit is a livestock species reared
for the production of hair, skin or meat and also as an experimental reference for other
species, such as pigs or humans [16]. A detailed understanding of how ovulation rate
and early embryo survival and development are affected by the FA profile could improve
the productivity of rabbit females and further basic knowledge as an experimental model.
Therefore, the aim of this work was to study the fatty acid profile at mating and in early
gestation and its relationship with ovulation rate and embryo quality and development
in rabbits.

2. Materials and Methods

2.1. Experiment Animals and Design

A total of 15 non-lactating multiparous rabbit females were used. Does were 9–10 months
of age. Females belonged to two lines selected divergently by litter size variability [17].
Females were kept on the experimental farm at the Universidad Miguel Hernández de
Elche (Spain). They were reared in individual cages and fed ad libitum with a commercial
diet (crude protein, 17.5%; crude fibre, 15.5%; ether extract, 5.4%; ash, 8.1%) during their
reproductive life.

2.2. Blood Sampling

Females that had finished their fourth lactation were weighed and mated. Following
the blood sampling procedure described in [18], two blood samples of 3 mL were drawn
from the central artery of each doe’s ear at mating and 72 h post-mating (hpm). The
blood sample was collected into a tube with tripotassium ethylenediaminetetraacetic acid
(K3-EDTA). All samples were immediately centrifuged at 4000× g rpm for 15 min, and
plasma was stored at −80 ◦C until required for lipid analyses.

2.3. Reproductive Traits

At 72 hpm, females were euthanized by intravenous administration of sodium thiopen-
tal in a dose of 50 mg/kg of body weight (Thiobarbital, B. Braun Medical S.A., Barcelona,
Spain). The entire reproductive tract was immediately removed in order to measure
reproductive traits.

Total ovulation rate (OR) was estimated as the number of corpora lutea. Total embryos
were recovered by perfusion of oviducts and uterine horns with 10 mL of Dulbecco’s
phosphate-buffered saline containing 0.2% of BSA. Embryos were classified as normal
embryos (NE) when they presented homogeneous cellular mass and intact embryo coat,
using a binocular stereoscopy microscope (Leica Mz 9.5; ×600). Embryos were classified
as early morulae or compacted morulae. Compacted morulae (CM) were expressed as
percentage of NE.

2.4. Fatty Acid Analyses

All samples were analysed in duplicate. A 200 μL sample of plasma was taken in a
screw cap glass tube. One milliliter of 0.5 M NaOH-methanol was added to each sample
and the sample was boiled at 90 ◦C for 15 min. The sample was cooled in an ice bath
to room temperature, 2 mL of BF3-methanol was added, and the sample was boiled at
90 ◦C for 20 s. The sample was again cooled in an ice bath to room temperature, 1 mL of
isooctane was added, and the mixture was shaken. In the measurement of recovery ratio of
the internal standard, 1 mL iso-octane containing 0.05 mg 13:0 ME and 0.01 mg 19:0 ME
was added. Five milliliters of saturated NaCl solution was then added, and the mixture
was centrifuged at 4000× g rpm for 10 min at 4 ◦C. When the iso-octane layer separated
from the aqueous lower phase, the iso-octane layer was transferred to a glass vial. After
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iso-octane was evaporated under a stream of nitrogen gas, 250 μL of hexane was added,
and the sample was injected into the GC system. The fatty acids were measured using a
gas chromatograph (GC-17A, Shimadzu, Kyoto, Japan) coupled with a flame ionization
detector (FID) equipped with a capillary column (CP Sil 88 100 m × 0.25 mm i.d., 0.20 μm
film thickness; Agilent technologies, Madrid, Spain). The carrier gas was helium (flow
1.2 mL/min) with a split injection of 1:1. The temperature profiles were as follows: initial
temperature, 45 ◦C for 4 min; heating first rate, 13 ◦C/min until 175 ◦C (27 min isolation)
and a second rate, 4 ◦C until 215 ◦C (30 min isolation); injector temperature, 250 ◦C; and
detector temperature, 260 ◦C. The fatty acids were identified by comparing the retention
times with those of Fame Standard Mix (CRM47885, Sigma Aldrich, St. Louis, MA, USA).

2.5. Statistical Analyses

The model for analyzing FA profile included the effects of moment (two levels: at
mating and at 72 hpm), line, random effect of female and weight of female as covariate.

All analyses were performed using Bayesian methodology [19]. Bounded uniform
priors were used for all effects with the exception of the female effect, which was considered
normally distributed, with mean 0 and variance Iσ2

f , where I is a unity matrix, and σ2
f is the

variance of the female effect. Female and residual effects were considered to be independent.
Residuals were a priori normally distributed, with mean 0 and variance Iσ2

e . The priors for
the variances were also bounded uniform. Features of the marginal posterior distributions
for all unknowns were estimated using Gibbs sampling. The Rabbit program developed
by the Institute for Animal Science and Technology (Valencia, Spain) was used for all
procedures. We used a chain of 60,000 samples, with a burn-in period of 10,000. Only one
out of every 10 samples was saved for inferences. Convergence was tested using Geweke’s
Z criterion and Monte Carlo sampling errors were computed using time-series procedures.

Residual correlations between FA at mating and at 72 hpm after correction by line and
weight of female were estimated. A principal component analysis was carried out. These
analyses were performed using the SAS statistical package.

3. Results

Table 1 shows the features of the marginal posterior distributions of the difference
between FA profile measured at mating and at 72 hpm. A total of 31 different FA
were identified in blood plasma, and three FA were not detected (octanoic, cis-10 pen-
tadecanoic and adrenic acid). The highest FA concentrations at mating and at 72 hpm
were palmitic (425.01 ng/mL), linoleic (408.00 ng/mL), cis-9 oleic (385.30 ng/mL) and
stearic (238.08 ng/mL), while palmitoleic (29.31 ng/mL), heptadecanoic (21.26 ng/mL),
α-linolenic (13.77 ng/mL), trans-9 elaidic (13.41 ng/mL), myristic (12.91 ng/mL) and pen-
tadecanoic (12.28 ng/mL) were in lower concentration.

Short and medium chain FA were shown in very low concentrations and similar
concentrations were found at mating and at 72 hpm. Only lauric was higher at mating than
at 72 hpm (D = + 0.39 ng/mL; p > 0.80).

Most long chain fatty acids were higher at 72 hpm than at mating. Myristic, pentade-
canoic, arachidic, heneicosanoic, behenic and tricosylic increased their concentration in this
period. Conversely, heptadecanoic and lignoceric were higher at mating than at 72 hpm.
Similar concentrations were found for palmitic, stearic and SFA between both moments.

Monounsaturated FA (MUFA) were higher at mating than 72 hpm (D = + 55.75 ng/mL;
p > 0.80). The increases ranged from 8% to 54% for myristoleic, trans-9 elaidic, cis-9 oleic,
palmitoleic and cis-10 heptadecanoic.

Polyunsaturated FA (PUFA) showed a relevant lower concentration at mating than
at 72 hpm (D = −30.67 ng/mL, p > 0.90). Specifically, these PUFA were linolelaidic
(D = −1.26 ng/mL), linoleaic (D = −21.70 ng/mL), α-Linolenic (D = −4.61 ng/mL), cis-
11,14 eicosadienoic (D = −1.41 ng/mL) and arachidonic (D = −1.09 ng/mL). Only γ-
Linolenic was higher at mating, while similar concentrations were found for cis-11,14,17
eicosatrienoic and cis-4,7,10,13,16,19 docohexaenoic.
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Table 1. Means of the estimated marginal posterior distribution of the differences between mating
and at 72 hpm for fatty acid profile (D).

Pathway Biochemical Name
Means

(ng/mL)
D

(ng/mL)

Short chain fatty
acids

Butyric (C4:0) 0.42 +0.08
Hexanoic (C6:0) 0.02 +0.00

Medium chain
fatty acids

Octanoic (C8:0) ND
Decanoic (C10:0) 0.30 +0.06

Undecanoic (C11:0) 0.45 +0.09
Lauric (C12:0) 1.84 +0.39

Long chain fatty
acids

Myristic (C14:0) 12.91 −5.57
Pentadecanoic (C15:0) 12.28 −1.04

Palmitic (C16:0) 425.01 +4.80
Heptadecanoic (C17:0) 21.26 +2.14

Stearic (C18:0) 238.08 −5.19
Arachidic (C20:0) 3.50 −0.76

Heneicosanoic (C21:0) 2.12 −0.98
Behenic (C22:0) 5.08 −2.05

Tricosylic (C23:0) 8.09 −5.55
Lignoceric (C24:0) 0.85 +0.61

ΣSFA 733.96 −14.61

Monounsaturated
fatty acids

Myristoleic (C14:1c9) 2.63 +0.80
Cis-10 pentadecenoic

(C15:1c10) ND

Trans-9 elaidic (C18:1t9) 13.41 +5.75
Cis-9 oleic (C18:1c9) 385.30 +32.13
Palmitoleic (C16:1c9) 29.31 +8.75
Cis-10 heptadecenoic

(C17:1c10) 5.91 +2.22

Cis-11 eicosenoic
(C20:1c11) 4.04 +0.41

Erucic (C22:1c13) 0.25 +0.07
Nervonic (C24:1c15) 2.17 +0.42

ΣMUFA 445.07 +55.75

Polyunsaturated
fatty acids

Linolelaidic (C18:2t9t12) 3.14 −1.26
Linoleic (C18:2c9c12) 408.00 −21.70

γ-Linolenic (C18:3c6c9c12) 2.23 +0.81
α-Linolenic

(C18:3c9c12c15) 13.77 −4.61

Cis-11,14 eicosadienoic
(C20:2) 6.65 −1.41

Cis-11,14,17 eicosatrienoic
(C20:3) 4.14 +0.84

Arachidonic
(C20:4c5c8c11c14) 1.61 −1.09

Cis-4,7,10,13,16,19
docosahexaenoic

(C22:6c4c7c10c13c16c19)
0.77 +0.02

Adrenic (C22:4c7c10c13c16) ND

ΣPUFA 440.76 −30.67
ND: not detected; SFA: saturated fatty acids; MUFA: monounsaturated fatty acids; PUFA: polyunsaturated fatty
acids; Red: probability of the difference between mating and 72 hpm being > 0 when D > 0 or being < 0 when
D < 0 is higher than 0.9; Green: probability of the difference between mating and 72 hpm being > 0 when D > 0 or
being < 0 when D < 0 ranges from 0.80 to 0.90.

The correlations between FA at mating and at 72 hpm and reproductive traits are
presented in Table 2. Moreover, a principal component analysis was performed (Figure 1).
The first three principal components explained 83% of total variation (53%, 18% and 12%,
respectively). The predominant variables defining the first principal component were SFA,
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MUFA and PUFA both at mating and at 72 hpm, except for MUFA measured at mating.
They were far from the origin and close to the axis. Thus, high and positive correlations
were found between them, ranging from 0.492 to 0.899. These correlations were significant,
except for MUFA at mating and PUFA at 72 hpm (Table 2).

 

Figure 1. Projection of the traits in the plane defined by the 1st and 2nd principal component (PC) and the 2nd and 3rd PC.
Variables of the 1st, 2nd and 3rd PC are surrounded by a blue, red and green circle, respectively. M_SFA: saturated fatty
acid (FA) at mating; M_MUFA: monounsaturated FA at mating; M_PUFA: polyunsaturated FA at mating; G_SFA: saturated
FA at 72 hpm; G_MUFA: monounsaturated FA at 72 hpm; G_PUFA: polyunsaturated FA at 72 hpm; OR: ovulation rate; NE:
normal embryos; CM: compacted morulae.
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Table 2. Correlations for saturated fatty acid (SFA), monounsaturated fatty acid (MUFA), polyunsaturated fatty acid
measured at mating and at 72 h post-mating, ovulation rate (OR), normal embryos (NE) and compacted morulae (CM).

Mating 72 hpc
MUFA PUFA SFA MUFA PUFA OR NE MC

Mating
SFA 0.675 * 0.899 * 0.813 * 0.808 * 0.543 * 0.267 0.268 0.465 +

MUFA 0.605 * 0.492 + 0.721 * 0.342 0.643 * 0.781 * 0.169
PUFA 0.807 * 0.861 * 0.740 * 0.123 0.341 0.328

72 hpc
SFA 0.826 * 0.773 * 0.092 0.267 −0.123

MUFA 0.727 * 0.275 0.334 0.183
PUFA 0.108 0.092 0.050

OR 0.630 * 0.027
NE 0.047

* Significant at level 0.05; + significant at level 0.10.

Ovulation rate, normal embryos and MUFA at mating were located near the second
principal component and close to each other (Figure 1). Thus, correlation between ovulation
rate and normal embryos was 0.630. Correlation was 0.643 between MUFA at mating and
ovulation rate, and 0.781 between MUFA and normal embryos, respectively (p < 0.05).

Compacted morulae are the predominant variable defining the third principal com-
ponent. Compacted morulae were slightly correlated with SFA at mating (0.465), and
uncorrelated with the other FA.

4. Discussion

The results of this study provide a detailed FA profile at mating, when ovulation takes
place and in early gestation. Palmitic, linoleic, oleic and stearic acid are the highest FA
concentrations at mating and 72 hpm. It has been reported that oleic, palmitic and linoleic
are capable of supporting growth of one-cell rabbit embryos to viable morulae [10], as these
FA may serve as a storage pool of metabolic precursors presented in oviductal and uterine
fluids and embryos [20].

As expected, arachidonic acid was found in lower concentration at 72 hpm. Arachi-
donic acid is a crucial precursor of prostaglandins [8], which are found in low concentration
in the first days of pregnancy due to their luteolytic action [21,22].

The absence or low concentration of short and medium FA, docohexaenoic and adrenic
acid agrees with the findings of other studies [23].

The FA profile is different at mating than at 72 hpm. MUFA concentration is higher
at mating, while PUFA is in higher concentration at 72 hpm. MUFA are mainly used by
follicle components as primary energy sources (see review in [24]), whereas PUFA are
nutritionally essential for embryo development [20]. High quality oocytes exhibit high
levels of oleic acid (in cows, [25]). The PUFA concentrations, especially linoleic acid, are
high not only in plasma but also in oviductal fluid and embryos [20]. PUFA in general,
and linolenic acid in particular, support essential development processes in mammalian
embryos [26]. Linoleic acid acts as a precursor for eicosanoids and regulates the processes
of endocytosis or exocytosis, ion channel modulation, DNA polymerase inhibition and gene
expression [27]. Moreover, linoleic acid stimulates protein kinase C, which is necessary for
cell differentiation and growth [28,29]. In mammals, the absence of enzymes to introduce
double bonds at carbon atoms beyond C-9 in FA chains determines linoleic acid as essential
FA because they are not able to synthesize it. Thus, it must be included in the diet [30]. In
this sense, rabbit females can increase deposition of PUFA in the periovarian adipose tissue
after a long-term dietary supplementation with fish oil. This deposition could favour the
PUFA accessibility to their ovarian structures as corpora lutea, whose activity, measured by
the progesterone production, is increased during embryo preimplantation period [31].

To the best of our knowledge, this is the first time that the correlation between FA
profile at mating and 72 hpm and ovulation rate and normal embryo and development
have been studied. Ovulation rate and number of normal embryos are positively correlated
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with MUFA at mating. Moreover, the correlation between the percentage of compact
morulae and SFA is slightly positive. Overlap of different embryo developmental stages is
commonly observed [32] and could be related to the duration of ovulation or the oviductal
and uterine fluid compositions [33]. Early morulae and compacted morulae can be found
at 72 hpm. Palmitic acid, as the main SFA, was identified in abundant concentrations
in more developed embryos [27] and is reported to be essential for FA elongation and
desaturation in embryo development [34]. Moreover, incubation with palmitic acid showed
that embryos can oxidize palmitic acid even at the single-cell stage, with subsequent
increases, particularly from four-cell embryos onwards [20].

The results obtained in fatty acid composition could add useful knowledge of ovula-
tion and early embryo metabolism. These data may also be useful practically in helping
to develop non-destructive tests of oocyte and embryo quality and in improving culture
media, cryopreservation and the success of IVF treatment.

5. Conclusions

The fatty acid profile of plasma varies depending on the reproductive cycle of the
rabbit female, adapting to energy requirements at mating and in early gestation. In addition,
correlations are found between fatty acids and ovulation rate and embryonic development
and quality.
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Simple Summary: Fruits of Cornelian cherry (Cornus mas L.) are often used as an antidiabetic
supplement mainly due to their hypoglycemic properties. A very important aspect and secondary
complication of type 2 diabetes mellitus (T2DM) represents diabetic bone disease. In our study,
the impacts of Cornus mas pulp on lipid profile and bone quality parameters were evaluated in Zucker
diabetic fatty (ZDF) rats as a well-matched T2DM animal model. We demonstrated, for the first time,
that Cornelian cherry pulp could be used as a potential therapeutic agent to alleviate T2DM-reduced
bone quality and impaired bone health. Moreover, the hypolipidemic effect of this fruit was also
confirmed in our study.

Abstract: Cornelian cherry (Cornus mas L.) is a medicinal plant with a range of biological features. It is
often used as a nutritional supplement in the treatment of diabetes mellitus. Our study was aimed to
first investigate the effects of Cornelian cherry pulp on bone quality parameters in Zucker diabetic
fatty (ZDF) rats. Moreover, lipid-lowering properties of this fruit were also evaluated. Adult rats
(n = 28) were assigned into four groups of seven individuals each: L group (non-diabetic lean rats),
C group (diabetic obese rats), and E1 and E2 groups (diabetic obese rats receiving 500 and 1000 mg/kg
body weight of Cornelian cherry pulp, respectively, for 10 weeks). Significantly lower levels of
triglyceride, total cholesterol and alkaline phosphatase activity were determined in the E2 group
versus the C group. A higher dose of Cornus mas also had a beneficial impact on femoral weight,
cortical bone thickness, relative volume of trabecular bone and trabecular thickness. We observed
elevated density of Haversian systems and accelerated periosteal bone apposition in both treated
groups (E1 and E2). Our results clearly demonstrate that Cornelian cherry pulp has a favorable effect
on lipid disorder and impaired bone quality consistent with type 2 diabetes mellitus in a suitable
animal model.

Keywords: Cornelian cherry; diet; diabetes mellitus; bone quality; biochemistry; microcomputed
tomography; histomorphometry; Zucker diabetic fatty (ZDF) rats
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1. Introduction

Type 2 diabetes mellitus (T2DM) is a chronic endocrine disorder with increasing prevalence
worldwide. It is characterized by insulin deficiency or ineffective insulin production by the pancreas,
resulting in persistent hyperglycemia [1,2]. T2DM negatively affects glucose transport into the liver,
muscle cells and fat cells [3]. These conditions also adversely influence the skeletal system via diabetic
bone disease. Harmful impacts are associated with bone strength, bone remodeling and stem cell
differentiation and lead to varied bone mineral density (BMD) and changed bone structure [4].
Hyperglycemia can suppress BMD through altered osteoblast gene expression, reduced osteoblast
function and number, higher oxidative stress and adipogenesis, downregulation of vitamin D receptors
and increased production of glycation end-products (AGEs) [5]. AGEs inhibit bone remodeling and
indirectly attenuate osteoblast activity and apoptosis of osteocytes.

In general, bone remodeling is a major mechanism for maintaining a healthy skeleton in adults,
and bone remodeling dysfunction may contribute to bone loss and/or impaired bone quality [6,7].
Bone turnover markers, which reflect the bone resorption and formation processes, are usually reduced
in individuals with T2DM (mainly osteocalcin as bone formation marker and C-terminal telopeptide of
type I collagen as bone resorption marker) [8]; however, not all studies yielded consistent findings.
Some reports found no differences in the bone turnover markers or even their increased levels in
T2DM [9]. The differences between various studies may be explained by changes in metabolic status,
diabetes duration and treatment at the time of the measurement [10]. Despite conflicting findings,
the evidence seems to point towards a suppression of bone remodeling in diabetes and also in the
pre-diabetic state [8].

The association between T2DM and BMD is also controversial. Most studies showed decreased or
unchanged BMD; however, some others revealed increased BMD [11–13]. Another diabetic complication
contributing to detrimental bone effects is microangiopathy. Impaired vascularity and T2DM-enhanced
inflammation can cause improper distribution of nutrients, oxygen, hormones or growth factors to the bone
cells. It can lead to impaired bone healing [14,15], loss of bone strength and increased bone fragility [16].

Zucker diabetic fatty (ZDF) rats are considered to be an appropriate animal model of type 2 diabetes
mellitus, with the spontaneous mutation on chromosome 5, which encodes leptin receptors. This mutation
causes obesity, glucose intolerance, hyperglycemia, hyperlipidemia and hyperinsulinemia [17,18]. ZDF rats
show lower trabecular bone volume and trabecular number, higher trabecular separation and cortical
porosity, improper vascularization [19], and decreased osteoblast differentiation and mineral capacity [15].

Active substances extracted from plants can be useful to prevent or support the therapy of
various pathological conditions, including diabetes mellitus [20]. Generally, plant products have high
nutritional value and possess beneficial impacts for health. Cornelian cherry (Cornus mas L.) is a
flowering plant that belongs to Cornaceae family, with occurrence in Southern and Central Europe,
as well as Western Asia. Cornelian cherry fruit is used for food, syrup and jam production, and in
the fermented form, it is used to make alcoholic beverage [21,22]. It is rich in proteins, vitamins,
antioxidants, mineral matters [23–25], polyphenols (e.g., anthocyanins, flavonoids, catechins and
tannins) and other essential supplements [22]. All of these compounds have antioxidant, antimicrobial,
hypolipidemic, hyperinsulinemic [26], anti-inflammatory and anticancer properties and also offer
positive support to the nervous and cardiovascular systems [25].

The main aim of this in vivo study was to first analyze the effect of Cornelian cherry pulp on bone
quality parameters in ZDF rats, since the impact of this fruit as a potential therapeutic agent to alleviate
T2DM-reduced bone quality has not been investigated yet. Moreover, lipid-lowering properties of
Cornus mas were also evaluated.
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2. Materials and Methods

2.1. Sample Preparation

The experiment was authorized under the number 2288/16-221 by the Ethical Committee and the
State Veterinary and Food Administration of the Slovak Republic. Cornelian cherries were supplied
by the Institute of Biodiversity Conservation and Biosafety of the Slovak University of Agriculture in
Nitra (Slovakia). The fresh ripe fruits were washed, isolated from the stones, crushed and stored at
−20 ◦C. Aliquots of fruits, homogenized in distilled water, were used in the experiment.

2.2. Animals

Adult ZDF rats (n = 28) were obtained from the Institute of Experimental Pharmacology and
Toxicology, Slovak Academy of Sciences. The experiment was performed at the Slovak University
of Agriculture in Nitra. The rats were housed in pairs, in cages of 1500 U Eurostandard Type IV S
(Tecniplast, Buguggiate, Italy), with 12 h light/12 h dark cycle, at a room temperature of 22 ± 2 ◦C,
with free access to food and drinking water. The complete rat feed mixture KKZ-P/M (register
number 6147, Dobra Voda, Slovakia; composition of the mixture is given in the study by Capcarova et
al. [27]) was used for feeding. The animals were divided into 4 groups: L group (n = 7) consisted of
non-diabetic lean rats and served as a negative control; C group (n = 7) included diabetic obese rats
which were considered as a positive control; and E1 (n = 7) and E2 (n = 7) groups consisted of diabetic
obese rats receiving 500 and 1000 mg/kg body weight (bw) of Cornelian cherry pulp, respectively,
for 10 weeks. Groups E1 and E2 received the exact dose of Cornus mas directly into the stomach,
every day, using sterile oral rodent gavage (Instech, Plymouth, MA, USA), whereas groups L and C
received distilled water by the same way. The doses of Cornus mas were selected based on the study
by Capcarova et al. [27]. The animals were sacrificed by intraperitoneal injection of xylazine/zoletil
cocktail and all samples were collected after deep anesthesia.

2.3. Biochemistry

Blood glucose levels were determined with a FreeStyle Optium Neo Glucose and Ketone monitoring
system (Abbott Diabetes Care Ltd., Maidenhead, UK), using test strips (FreeStyle, Abbott Diabetes Care
Ltd., Maidenhead, UK). The levels of total cholesterol, LDL cholesterol, HDL cholesterol, triglyceride
and alkaline phosphatase (ALP) were measured by a Biolis 24i Premium analyzer (Tokyo Boeki MediSys
Inc., Tokyo, Japan), with commercially available kits (Randox Laboratories Ltd., Crumlin, UK).

2.4. Macroscopic Measurements

Prior to 3D (microcomputed tomography) and 2D (histomorphometry) imaging, the femoral
bones (n = 56) were weighed, and their lengths were measured. Furthermore, the total body weight of
all animals was also determined.

2.5. Microcomputed Tomography

Microcomputed tomography (microCT, μCT 50, Scanco Medical, Brüttisellen, Switzerland) was
used to designate selected quantitative 3D parameters of cortical bone (relative bone volume, relative
bone volume with marrow cavity, BMD, cortical bone thickness and bone surface) and trabecular
bone sections (relative bone volume, trabecular number, trabecular thickness, BMD and bone surface).
The measurement parameters and scanning regions of interest were the same as those in the study by
Omelka et al. [28].

2.6. Histomorphometry

The femurs were cut at the diaphysis, and the sections were fixed, dehydrated, degreased and
embedded according to the method defined by Martiniaková et al. [29]. A sawing microtome (Leitz 1600,
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Leica, Wetzlar, Germany) was used to prepare thin sections, as previously described [30]. The qualitative
2D characteristics were recorded according to Enlow and Brown [31] and de Ricqlés et al. [32]. Measured
parameters included area of primary osteons’ vascular canals, area of Haversian canals and area of
Haversian systems. They were determined by Motic Images Plus 2.0 ML software (Motic China Group
Co., Ltd., Nanjing, China).

2.7. Data Analysis

Statistical analysis was conducted by using SPSS Statistics 26.0 software (IBM, New York, NY,
USA). The data were expressed as mean ± standard deviation. Significant differences in parameters
investigated were detected by ANOVA, with post hoc (Games-Howell and/or Tukey’s) tests. A p value
less than 0.05 was considered to be statistically significant.

3. Results

3.1. Biochemistry

Significantly lower levels of triglyceride were determined in both the E1 and E2 groups versus
the diabetic control one (C group). In addition, decreased total cholesterol level and ALP activity
were recorded in the E2 group, in comparison with the C group. Nevertheless, the blood glucose
level did not change significantly in the treated groups against the C group. Significant changes in all
parameters investigated were observed between lean rats (L group) and those from the C group, as well
as between treated groups (E1 and E2) versus L group. The results are summarized in Figure 1A–F.

Figure 1. Biochemical parameters examined (A–F) in Zucker diabetic fatty (ZDF) rats from the L
group (non-diabetic lean rats), C group (diabetic obese rats), and E1 and E2 groups (diabetic obese
rats receiving 500 and 1000 mg/kg body weight of Cornelian cherry pulp, respectively, for 10 weeks).
HDL cholesterol—high-density lipoprotein cholesterol; LDL cholesterol—low-density lipoprotein
cholesterol; ALP—alkaline phosphatase. * Significant differences versus C group (p < 0.05). # Significant
differences versus L group (p < 0.05).
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3.2. Macroscopic Measurements

Our results showed non-significant impact of Cornus mas pulp on the total body weight of ZDF
rats. On the contrary, significantly decreased values for femoral weight and length were observed
in C and E1 groups, when compared to the L group. No significant changes in femoral weight were
determined between the L and E2 groups, suggesting a positive impact of a higher dose of Cornelian
cherry on this parameter. Significantly lower values for femoral length were recorded in the treated
groups versus the lean control one. The results are shown in Figure 2A–C.

Figure 2. Macroscopical (A–C) and histomorphometrical (D–F) parameters examined in ZDF rats from
L, C, E1 and E2 groups * Significant differences versus C group (p < 0.05). # Significant differences
versus L group (p < 0.05).

3.3. Microcomputed Tomography

Microcomputed tomography revealed that treatment with Cornelian cherry had an insignificant
effect on the relative volume of cortical bone, BMD and cortical bone surface. On the other hand,
significantly decreased cortical bone thickness was determined in the C and E1 groups, as compared to
the L group. No significant changes between the L and E2 groups point to a beneficial impact of a
higher dose of Cornus mas on cortical bone thickness. The results are summarized in Figure 3A–E.
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Figure 3. Parameters examined by microcomputed tomography in cortical (A–E) and trabecular (F–J)
bone regions in ZDF rats from L, C, E1 and E2 groups. BMD—bone mineral density; HA—hydroxyapatite.
* Significant differences versus C group (p < 0.05). # Significant differences versus L group (p < 0.05).

Representative reconstructed 3D images of cortical bone are illustrated in Figure 4A–D.
A significantly increased relative volume of trabecular bone was observed in the E2 group versus the C
group. Significantly higher trabecular thickness was determined in both treated groups, in comparison
with the C group. No significant impact of Cornelian cherry administration on trabecular number,
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trabecular bone surface and BMD was recorded. The data are summarized in Figure 3F–J. Representative
reconstructed 3D images of trabecular bone are illustrated in Figure 4E–H.

 
Figure 4. Representative 3D images of cortical (A–D) and trabecular bone regions (E–H), and representative
2D images of cortical bone (I–L) in ZDF rats from L, C, E1 and E2 groups.

3.4. Histomorphometry

Endosteal and periosteal surfaces of the compact bone were composed of non-vascular bone tissue
in all groups. Primary vascular radial bone tissue was observed near the endosteum and in the middle
of substantia compacta. However, a higher density of Haversian systems was recorded in the E1 and
E2 groups versus the C group. In addition, intensive periosteal bone apposition was determined in
both treated groups (Figure 4I–L). In total, 796 primary osteons’ vascular canals, 337 Haversian canals
and 337 Haversian systems were measured. We determined a significantly decreased area of primary
osteons’ vascular canals in the E1 versus the C and E2 groups. Interestingly, the area of these canals was
higher in the E2 group when compared to the L group. On the contrary, the area of Haversian canals
and Haversian systems was not affected by Cornelian cherry treatment. The data are summarized in
Figure 2D–F.
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4. Discussion

A previous study [27] demonstrated that administration of Cornus mas at the same doses which
were used in our research caused significant reduction of water intake in ZDF rats versus the diabetic
control ones. However, feed intake in diabetic control group did not differ significantly when compared
to both treated groups. Moreover, ZDF rats from the E1 and E2 groups had significantly decreased
blood glucose level versus the C group only in the pre-diabetic state (fifth to seventh week). At the end
of the experiment (after 10 weeks), blood glucose did not reach significant values among the C, E1 and
E2 groups, thus corresponding to our findings. We determined insignificantly lower blood glucose
level in both treated groups versus the C group. Capcarova et al. [27] also observed that the rats from
the E1 and E2 groups exhibit similar values of insulin than those from the diabetic control group.
Therefore, other biochemical parameters that would reflect lipid-lowering properties of Cornelian
cherry in diabetes were evaluated in our study. Enhanced levels of triglyceride, total cholesterol,
HDL cholesterol, LDL cholesterol and ALP activity were recorded in the diabetic control versus the
lean control group, which is consistent with the findings of Pang et al. [33]. Our results revealed that a
higher dose of Cornus mas reduces triglyceride, total cholesterol levels and ALP activity. It can be related
to its hypotriglyceridemic and hypocholesterolemic properties, as well as its protective effect against
liver and bone disease. Soltani et al. [24] also identified a decreased value of triglyceride in T2DM
patients receiving the fruit extract of Cornus mas. In alloxan-induced diabetic rats, hydroalcoholic fruits
of Cornelian cherry also lowered triglyceride level [34]. In the study by Asgary et al. [21], reduced
values of triglyceride and ALP activity were observed in diabetic rats after Cornus mas administration,
as well. In general, ALP is considered as a good sensitive marker to access bone formation. However,
elevated ALP in T2DM can indicate not only bone failure but also liver disease, or both. For that reason,
it would be necessary to investigate the levels of other bone formation and bone resorption markers in
the blood of ZDF rats to obtain more accurate results.

Cornelian cherry treatment insignificantly increased the total body weight of ZDF rats in our study.
One of diabetes symptoms is a decrease in body weight caused by insulin resistance and impairment
in whole-body glucose uptake. Dayar et al. [35] also observed non-significant impact of wild type
Cornelian cherries administration (5 g/kg/day for six weeks) on the body weight in obese Zucker rats.
Our study seems to be the first evaluating the effect of Cornelian cherry pulp on femoral weight and
length. No significant changes in femoral weight were determined between L and E2 groups which
could be consistent with a positive impact of higher dose of this fruit on bone weight. Generally, one of
the most important components of Cornelian cherry fruit are anthocyanins. Van der Heijden et al. [36]
did not find significant changes in the total body weight, weight of liver and adipose tissue in obese
mice receiving high-energy diet with 36% extract of anthocyanins. Neither Shimizu et al. [37] revealed
a significant impact of anthocyanins-rich bilberry extract (500 mg/kg bw/day for eight weeks) on the
total body weight and weight of uterus in ovariectomized (OVX) rats. According to Damiano et al. [38],
the body weight was significantly increased in ZDF rats compared with controls, whereas red orange
and lemon extract rich in anthocyanins in ZDF rats significantly restored these values.

We demonstrated, for the first time, that higher dose of Cornus mas has also favorable effect on
femoral weight, cortical bone thickness, relative volume of trabecular bone and trabecular thickness.
In addition, elevated trabecular thickness was also observed in E1 versus C group. Thus, the increase
in trabecular volume was mostly not due to an increase in their number but to their thickness.

Higher density of Haversian systems and accelerated periosteal bone apposition were determined
in our treated groups. Through Haversian intracortical remodeling, fatigue microdamages are repaired
(targeted remodeling), but it is also present at locations where microdamage do not occur (non-targeted
remodeling) [39]. According to Bell et al. [40], enhanced density of smaller Haversian systems decreases
microdamage propagation. In general, larger Haversian systems are more vulnerable to microfractures,
and therefore undertake targeted remodeling [39,41]. In agreement with our results, Cornelian cherry
pulp has strengthened the bone through both mechanisms Haversian remodeling and periosteal
bone modeling. However, additional analyses related to mechanical properties of the cortical bone
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(e.g., maximum displacement, fracture load, stiffness and energy absorption) should be performed in
order to confirm these results.

We determined lower area of primary osteons’ vascular canals in E1 versus C, E2 groups. However,
the area of these canals was higher in E2 group against lean control one. It is known that polyphenolic
compounds in Cornelian cherry support angiogenesis, function of endothelium, and enhance the
proliferation and migration of cells in the blood vessel [42,43]. We have found that the effect of
Cornus mas on blood vessels in vascular canals of primary osteons depends on the dose used. On the
contrary, Cornelian cherry treatment did not affect the size of Haversian canals and Haversian systems.
The vascular structures in Haversian canals show typical capillary properties and are often paired.
In general, they are fenestrated, lined with partial layer of endothelial cells and bounded by a continual
thick basal membrane that restricts the transport of ions across the capillary [44]. It is known that
Haversian system is the classic result of the process of bone remodeling. Bone remodeling is closely
associated with vascular remodeling that means blood vessels in Haversian canals are able to modify
its structure unlike those present in primary osteons.

The most important causes of bone damage and reduced bone strength, resulting from
T2DM-related chronic hyperglycemia, are oxidative stress, production of reactive oxygen species (ROS)
and AGEs, inflammation [45]. According to our results, Cornelian cherry pulp had favorable effect
on impaired bone quality consistent with T2DM. Given the documented chemical composition and
pharmacological activities of Cornus mas, it is likely that the mechanism of its action interferes with
all aforementioned processes. The main anthocyanin compounds of Cornus mas include cyanidin
3-O-galactoside and pelargonidin 3-O-galactoside. Quercetin 3-O-glucuronide is the major flavonoid
constituent, followed by kaempferol 3-O-galactoside. Among flavanols, catechin is predominant in
fruits [46]. Generally, anthocyanins decrease the blood glucose level and peripheral insulin resistance
in animal models of diabetes [47]. We suppose that improvement of blood glucose levels in both E1,
E2 groups only in pre-diabetic state could have beneficial effects on bone deterioration in ZDF
rats at the end of the experiment, as it is documented by our results from other biochemical
parameters, microcomputed tomography and histomorphometry. The anthocyanins and other
antioxidant components also inhibit oxidative stress and stress-sensitive signaling pathways. They have
been proposed to attenuate ROS, especially by the ability to act as reducing agents in the electron-transfer
reaction pathway [48]. It has been documented that the number of hydroxyl groups present on the
glycosylated B-ring structure of anthocyanins is associated with their scavenging ability, and may
influence their antioxidant capacity. According to Dzydzan et al. [47], the administration of Cornelian
cherry extracts also decreased AGEs level in blood plasma which is consistent with the fact that
polyphenols are able to inhibit AGEs formation. Moreover, polyphenols exhibit anti-inflammatory
activity through peroxisome proliferator-activated receptor alpha (PPARα) expression in the liver
and are associated with a decrease in triglyceride and pro-inflammatory cytokines levels [46].
However, recent data suggest that polyphenols can exert their beneficial effects by a compendium
of other mechanisms, such the activation of transcription factors involved in antioxidant responsive
capacity, metal chelating, and their capacity to bind to several proteins and thus impacting cellular
homeostasis [49]. In addition, polyphenols have been shown to protect bone health through the
modulation of osteoblastogenesis, osteoclastogenesis and osteoimmunological action [50].

5. Conclusions

We demonstrated, for the first time, that Cornelian cherry pulp could be used as a food supplement
to alleviate T2DM-reduced bone quality and impaired bone health. Administration of this fruit
positively influenced femoral weight, cortical bone thickness, relative volume of trabecular bone,
trabecular thickness, Haversian remodeling and periosteal bone modeling. Moreover, hypolipidemic
effect of Cornus mas was also confirmed in our study, using ZDF rats as an appropriate animal model.
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in bone development, regeneration and proper systemic functioning. Angiogenesis 2017, 20, 291–302.
[CrossRef]

15. Marin, C.; Luyten, F.P.; Van der Schueren, B.; Kerckhofs, G.; Vandamme, K. The Impact of Type 2 Diabetes on
Bone Fracture Healing. Front. Endocrinol. 2018, 9. [CrossRef]

16. Linda Kao, W.H.; Kammerer, C.M.; Schneider, J.L.; Bauer, R.L.; Mitchell, B.D. Type 2 diabetes is associated
with increased bone mineral density in Mexican-American women. Arch. Med. Res. 2003, 34, 399–406.
[CrossRef]

17. Janle, E.M.; Kissinger, P.T.; Pesek, J.F. Short Interval Monitoring of Glucose in Zucker Diabetic Fatty (ZDF)
Rats. Curr. Sep. 1995, 14, 58–63.

18. Capcarova, M.; Kalafova, A.; Schwarzova, M.; Soltesova Prnova, M.; Svik, K.; Schneidgenova, M.; Slovak, L.;
Bovdisova, I.; Toman, R.; Lory, V.; et al. The high-energy diet affecting development of diabetes symptoms in
Zucker diabetic fatty rats. Biologia 2018, 73, 659–671. [CrossRef]

92



Animals 2020, 10, 2435

19. Zeitoun, D.; Caliaperoumal, G.; Bensidhoum, M.; Constans, J.M.; Anagnostou, F.; Bousson, V. Microcomputed
tomography of the femur of diabetic rats: Alterations of trabecular and cortical bone microarchitecture and
vasculature-a feasibility study. Eur. Radiol. Exp. 2019, 3, 17. [CrossRef]

20. Santini, A.; Tenore, G.C.; Novellino, E. Nutraceuticals: A paradigm of proactive medicine. Eur. J. Pharm. Sci.
2017, 96, 53–61. [CrossRef]

21. Asgary, S.; Rafieian-Kopaei, M.; Shamsi, F.; Najafi, S.; Sahebkar, A. Biochemical and histopathological study of
the anti-hyperglycemic and anti-hyperlipidemic effects of cornelian cherry (Cornus mas L.) in alloxan-induced
diabetic rats. J. Complement. Integr. Med. 2014, 11, 63–69. [CrossRef]

22. Tiptiri-Kourpeti, A.; Fitsiou, E.; Spyridopoulou, K.; Vasileiadis, S.; Iliopoulos, C.; Galanis, A.; Vekiari, S.;
Pappa, A.; Chlichlia, K. Evaluation of Antioxidant and Antiproliferative Properties of Cornus mas L. Fruit
Juice. Antioxidants 2019, 8, 377. [CrossRef] [PubMed]

23. Narimani-Rad, M.; Lotfi, A.; Mesgari Abbasi, M.; Abdollahi, B. The Effect of Cornelian Cherry (Cornus mas L.)
Extract on Serum Ghrelin and Corticosterone Levels in Rat Model. J. Pharm. Biomed. Sci. 2013, 3, 7–9.

24. Soltani, R.; Gorji, A.; Asgary, S.; Sarrafzadegan, N.; Siavash, M. Evaluation of the Effects of Cornus mas L.
Fruit Extract on Glycemic Control and Insulin Level in Type 2 Diabetic Adult Patients: A Randomized
Double-Blind Placebo-Controlled Clinical Trial. Evid. Based Complement. Altern. Med. 2015, 2015, 1–5.
[CrossRef] [PubMed]
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Simple Summary: Alcohol consumption, the drinking of beverages containing ethanol, represents
a growing problem worldwide. Alcohol intake is often combined with an improper diet based on
highly processed starch products that are rich in acrylamide. Both acrylamide and alcohol have
a harmful impact on bone health. We previously demonstrated that adverse effects of ethanol on
cortical bone structure were partly reduced by a relatively high dose of acrylamide in mice after one
remodelling cycle. The present research was designated to reveal whether the antagonistic impact of
both aforementioned toxins can also be achieved using a lower dose of acrylamide. According to our
results, individual administrations of acrylamide and ethanol had adverse impacts on biochemical
and morphological parameters consistent with bone health in mice. However, the most detrimental
effects of ethanol were again alleviated by acrylamide at the dose used in this study.

Abstract: The aim of present study was to verify antagonistic effect of acrylamide (AA) and ethanol
(Et) on bone quality parameters. Adult mice (n = 20) were segregated into four groups following
2 weeks administration of toxins: group E1, which received AA (20 mg/kg body weight daily);
group E2, which received 15% Et (1.7 g 100% Et/kg body weight daily); group E12, which received
simultaneously both toxins; and a control group. An insignificant impact of individual applications
of AA, Et or their simultaneous supplementation on the total body weight of mice and the length and
weight of their femoral bones was identified. In group E1, higher levels of alanine aminotransferase
(ALT), aspartate aminotransferase (AST), triglyceride (TG), a decreased level of glutathione (GSH)
and elevated endocortical bone remodelling were determined. A significantly lower relative volume
of cortical bone, bone mineral density (BMD), elevated endocortical bone remodelling and cortical
porosity, higher levels of ALT, AST, lower values for total proteins (TP), GSH, alkaline phosphatase
(ALP), calcium, and phosphorus were recorded in group E2. In the mice from group E12, the highest
endocortical bone remodelling, decreased values for BMD, TP, GSH and ALP and increased levels of
ALT and AST were found. Our findings confirmed the antagonistic impact of AA and Et at doses
used in this study on biochemical and morphological parameters consistent with bone health in an
animal model.

Keywords: acrylamide; alcohol; diet; bone health; biochemical analysis; morphological analysis;
microcomputed tomography; mice
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1. Introduction

Alcohol beverages containing ethanol (Et) are widely consumed throughout the world. Acrylamide
(AA) belongs to the most common toxins in the human diet. It is formed during frying, deep frying
and baking foods rich in carbohydrates, and especially in amino acid asparagine [1]. Simultaneous
consumption of Et and AA-rich food is widespread among humans. Detrimental effects of AA and
Et on various organ systems including the skeleton have been described in several studies [2–6].
Their toxicity contributed to differences in selected biochemical and morphological parameters of
various organs. AA is present in all forms of foods prepared at high temperatures, including potato
chips, fried potatoes, coffee, cornflakes and bread [1]. It is known that AA is carcinogenic to animals
and might pose a risk to human health. According to Benziane et al. [7], peroral exposure to AA (5 mg
or 10 mg for 2 months) induces kidney damage, hepatocellular insufficiency, and chronic liver disease,
resulting in primary immunodeficiency and activation of the immune system in rats. Excessive alcohol
consumption may also cause several pathological conditions, such as liver failure, brain damage,
and various form of cancer [8].

With respect to the bone, acute peroral administration of AA (1 mg/kg body weight (bw)
in a 24 h and 48 h period) affected the microstructure of cortical and trabecular bone tissues of
mice. The cortical bone was more resorbed because of a higher number of resorption lacunae.
In the trabecular bone, increased values for relative bone volume and trabecular number were
determined [3]. Subacute exposure to AA (40 mg/kg bw for 2 weeks) had adverse effects only on
cortical bone microstructure. Acrylamidated mice were shown to have increased levels of alanine
aminotransferase (ALT), aspartate aminotransferase (AST), calcium (Ca), and decreased glutathione
(GSH) [6]. Subchronic exposure to Et (1.7 g 100%/kg bw for 8 weeks) negatively influenced both
the cortical and trabecular bone tissue structures of mice. In the cortical bone, increased porosity
and decreased values were established for relative bone volume and bone mineral density (BMD).
In the trabecular bone, lower relative bone volume, trabecular number, trabecular thickness, and bone
surface were determined [4]. In the study by Broulik et al. [2], femoral bones of alcohol-fed rats
(7.6 g of 95% Et/kg bw daily for 3 months) were characterised by a reduction in BMD, mechanical
strength, cortical bone thickness, as well as in Ca and phosphate content. The levels of alkaline
phosphatase (ALP) and AST did not differ between alcohol-fed rats and control ones. According
to Bartlett et al. [9], chronic alcohol consumption induced changes in calcium regulating hormones,
mineral homeostasis and mechanical loading and was consistent with an accumulation of reactive
oxygen species (ROS) [10]. In addition, osteoblasts of rats injected intragastrically with liquid diets
containing Et (12 g Et/kg daily for 4 weeks) had upregulated expression of nicotinamide adenine
dinucleotide phosphate (NADPH) oxidase [11].

We previously demonstrated that harmful effects of Et on cortical bone structure were partly
reduced by a relatively high dose of AA [6]. The present research was designated to reveal whether
antagonistic impact of these toxins can also be achieved using a lower dose of AA after one
remodelling cycle.

2. Materials and Methods

2.1. Animals

The First Local Ethic Committee on Experiments on Animals in Cracow approved all the relevant
procedures (resolution number 175/2012). Twenty clinically healthy 12-week-old Swiss mice (males)
were used in our experiment. Mice were housed in individual flat-deck wire cages under a 12 h
light/dark cycle, a temperature of 20–24 ◦C and humidity of 55%± 10% with free access to a standard diet
(Agropol, Motycz, Poland) and water on an ad libitum basis. Animals were segregated into 4 groups
following 2 weeks of administration of toxins: group E1 received AA (daily dose of 20 mg/kg bw);
group E2 received 15% Et (daily dose of 1.7 g 100% Et/kg bw); group E12 was simultaneously

96



Animals 2020, 10, 1835

supplemented by both toxins (20 mg AA/kg bw + 15% Et) per day; and a control (C) group without AA
and/or Et administration per os.

The AA and Et dosages were selected based on studies performed by other authors [6,12–14].
Both toxins were dissolved in physiological saline and administered by syringe at established doses
perorally to mice. Group C of animals received only physiological saline solution.

2.2. Biochemical Analysis

A day after the last toxin application, mice were placed in a state of deep anaesthesia for sacrifice by
administration of Vetbutal (35 mg/kg bw; Biowet, Poland), and fasting whole blood samples were taken
from the carotid artery. Then, whole blood was processed, and plasma ALP, ALT, AST, total protein (TP),
triglyceride (TG), Ca and phosphorus (P) were measured using commercially available kits (Stamar,
Dąbrowa Gornicza, Poland). Blood GSH levels were determined by Ellman’s method [15].

2.3. Macroscopical Analysis

Bone specimens (both femoral bones) were sampled during necropsy. All femoral bones (n = 40)
were weighed with a precision of 0.01 g on analytical scales, and their lengths were measured using a
sliding instrument. In addition, total body weight of mice from all groups was also determined.

2.4. Micro-CT Analysis

Microcomputed tomography (micro-CT) was used to conduct quantitative 3D analysis of cortical
and trabecular bone tissues. Within the cortical bone, regions of interest (ROIs), beginning at 5.2 mm
from the growth plate at the distal end and extending 1.5 mm in the femoral midshaft, were analysed.
The ROIs of trabecular bone started at 1.2 mm from the growth plate at the distal end and continued
for 1.5 mm. High-resolution scans were obtained with a voxel size of 6.8 μm. The scanning conditions
included 70 kV, 200 μA, 300 ms, 0.5 mm, and an aluminium filter. The micro-CT scans were obtained
by μCT 50 (Scanco Medical). The standard analysis programme by Scanco was used to assess specific
bone parameters as follows: relative bone volume with and without marrow cavity (%), bone mineral
density (BMD; mg HA/ccm), bone surface (mm2), cortical bone thickness (mm), trabecular number
(1/mm), and trabecular thickness (mm).

2.5. Histomorphological Analysis

Histomorphological 2D analysis of cortical bone tissue was performed according to the previously
published method [16]. In brief, femoral bones were embedded in epoxy resin, and thin sections were cut
with a sawing microtome [17]. Internationally accepted classification systems of Enlow and Brown [18]
and Ricqlés et al. [19] were applied to evaluate the qualitative 2D characteristics. The quantitative 2D
parameters were calculated using Motic Images Plus 2.0 ML (Motic China Group Co., Ltd.) software.
The area (μm2) of primary osteons’ vascular canals, Haversian canals and secondary osteons was
measured in all views of thin sections in order to minimise statistical differences in the individual.

2.6. Statistics

Statistical analysis was performed using IBM SPSS Statistics 26.0 software (IBM,
New York, NY, USA). The measured values were expressed as mean ± standard deviation.
The differences in investigated parameters among all groups were calculated using analysis of
variance (ANOVA) with Games–Howell’s and/or Tukey’s post hoc tests. The compared groups served
as an independent variable; the measured parameters were dependent variables. The continuous data
had a normal distribution. All P-values were considered significant if less than 0.05.
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3. Results

3.1. Biochemical Analysis

Enhanced levels of ALT, AST, TG and decreased GSH were recorded in group E1 when compared
to group C. In mice exposed to Et, higher values for ALT and AST and lower levels of TP, GSH, ALP,
Ca and P were determined versus control mice. In group E12, decreased values for TP, GSH and ALP
and higher levels of ALT and AST were found as compared to group C (Figure 1a–h).

Figure 1. Biochemical parameters consistent with the bone quality in mice from groups C, E1, E2, and E12.
(a)—alanine aminotransferase, (b)—aspartate aminotransferase, (c)—total proteins, (d)—glutathione,
(e)—alkaline phosphatase, (f)—triglyceride, (g)—calcium, (h)—phosphorus. * Significant differences in
relation to control (P < 0.05).

3.2. Macroscopical Analysis

We did not find a significant effect of individual applications of AA, Et or their simultaneous
administration on the total body weight of mice or the length and weight of their femoral bones.
The results are summarised in Figure 2a–c.
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Figure 2. Macroscopical analysis of bones (a–c) and quantitative 2D analysis of cortical bone tissue
(d–f) in mice from groups C, E1, E2, and E12. * Significant differences in relation to control (P < 0.05).

3.3. Micro-CT Analysis

Micro-CT analysis of the cortical bone showed significantly reduced relative bone volume with
and without marrow cavity and BMD in mice from group E2. Lower values for relative bone volume
with marrow cavity and BMD were also observed in group E12 versus group C. On the contrary,
all measured 3D parameters of the cortical bone were not significantly different between groups E1
and C (Figure 3a–e). Trabecular bone microarchitecture did not change significantly among all groups.
The results are documented in Figure 3f–j. Representative 3D images of the cortical and trabecular
bone tissues are shown in Figure 4a–d,e–h, respectively.

3.4. Histomorphological Analysis

In mice from group C, non-vascular bone tissue formed both surfaces (endosteal and periosteal)
of femoral bones. Several secondary osteons were observed in the lateral parts near the endosteum
and in the middle parts of the cortical bone. Only medial parts consisted of non-vascular bone tissue.
Mice from group E1 had enhanced endocortical remodelling. About 73% more secondary osteons were
recorded near endosteal surfaces when compared to group C. Higher density of secondary osteons
(about 46%) was also detected near the endosteum in mice from group E2. However, we identified many
resorption lacunae consistent with an increased cortical porosity in Et-fed mice. The highest density
of secondary osteons of about 140% was determined near endosteal surfaces in group E12. We also
recorded several resorption lacune near the endosteum; however, the number of lacune was lower in
comparison with group E2 (Figure 4i–l). In total, 757 primary osteons’ vascular canals, 99 Haversian
canals and 99 secondary osteons were measured. The area of primary osteon’s vascular canals was
significantly decreased in groups E1 and E12 versus group C. On the other hand, mice exposed to Et
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showed a higher area of primary osteon’s vascular canals. Nevertheless, the area of Haversian canals
and secondary osteons was lower in these mice (Figure 2d–f).

Figure 3. Micro-CT analysis of cortical (a–e) and trabecular bone tissues (f–j) in mice from groups C,
E1, E2, and E12. * Significant differences in relation to control (P < 0.05).
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Figure 4. Representative 3D images of cortical (a–d) and trabecular bone tissues (e–h) in mice from
groups C, E1, E2, and E12. Representative 2D images of cortical bone tissue (i–l) in mice from groups C,
E1, E2, E12.

4. Discussion

Evidence accumulated in recent years has shown that physiological serum levels of liver enzymes
(within and just above the normal range) are consistent with an increased risk of incident metabolic
diseases. It is also well known that chronic liver disease is associated with profound adverse effects
on bone health and homeostasis [20]. Excessive AA and Et consumption can lead to both liver and
bone damage.

Our results from biochemical analysis indicate liver disease in all experimental groups of mice
exposed to AA and/or Et. The liver failure caused by aforementioned toxins was also revealed
in other research and was consistent with enhanced levels of ALT and AST in acrylamidated rats
(10 mg AA/kg bw for 21 days) [21] and Et-fed mice (5–6% Et for 10 days to 12 weeks) [22]. Because the
liver produces different molecules, it was hypothesised that damage of the liver function will result in
osteoporosis by influencing the development of bone-active liver molecules [23]. Even a presence of
decreased GSH in all experimental groups could lead to hepatocyte disruption. In groups E2 and E12,
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the hepatotoxic effect was increased, which could be related to a reduced level of ALP. In the study
by Broulik et al. [2], a lower value of ALP was also recorded in rats exposed to Et (7.6 g 95% Et/kg
bw for 12 weeks). Harmful hepatocyte changes may also be consistent with lower serum levels of Ca
and P in group E2. It is known that acute liver failure is associated with Ca and P imbalance [24,25].
A decreased level of TP in Et-fed mice might also indicate liver disorder. In humans, lower hepatic
synthesis of proteins can be a consequence of alcoholism-associated malnutrition [26]. A higher value
of TG was found in group E1. Ghorbel et al. [27] also revealed an increased TG level in rats fed with
AA. According to Mahmood et al. [28], low doses of AA triggered substantial increases in TG levels
and contributed to increased synthesis of plasma lipoproteins and lipid mobilisation from the liver.

According to our results, the total body weight of mice and the length and weight of their femoral
bones were not influenced by AA and/or Et supplementation. Similarly, AA caused only intermittent
differences in the body weight of B6C3F1 mice receiving AA in the drinking water ad libitum for
2 years (doses of 0.0875, 0.175, 0.35, and 0.70 mM AA) [29]. Furthermore, available epidemiological
evidence does not support a completely consistent association between body weight and regular intake
of Et. Nevertheless, when Et is consumed with food, Et intake may constitute a risk factor for increased
body fat due to passive overconsumption of energy in the form of fat, as well as a decrease in total fat
oxidation in the presence of Et [30]. Broulik et al. [2] determined lower final body weight in Et-fed rats
versus control ones; however, the difference did not reach statistical significance.

In our study, significantly decreased BMD and relative volume of cortical bone with and without
marrow cavity were recorded in Et-fed mice. Similar findings were demonstrated in rats exposed
to Et (3, 6, 13, and 35% Et for 4 months [31]; 36% Et for 42 days) and Et-fed mice (10–36% Et for
78 days) [32,33]. In general, decreased rates of bone formation followed by low bone mass and a lower
BMD are also seen in alcoholics [26]. Significantly decreased BMD and relative volume of cortical bone
with marrow cavity have also been identified in mice in group E12. Interestingly, trabecular bone
microarchitecture did not vary significantly among all groups. It is known that the trabecular and
cortical bones have different bone remodelling levels. Cortical bone has a large volume of matrix and
a limited surface area; hence, signals deep within the matrix may not locate a surface as lightly to
initiate remodelling, allowing for the microdamage accumulation mostly in less remodelled interstitial
bone [34]. Generally, trabecular bone is remodelled more vigorously. However, the surface-to-volume
ratio is much greater [35] and the length of one remodelling cycle in the trabecular bone is longer than
in the cortical bone.

Mice from groups E1, E2 and E12 demonstrated enhanced intracortical bone remodelling.
In general, bone remodelling is the principal mechanism for maintaining a healthy skeleton in adults,
and dysfunction in bone remodelling may contribute to bone loss and/or lower bone quality [36].
According to Piemontese et al. [37], intracortical remodelling is associated with increased cortical
porosity and formation of secondary osteons that exhibit histologic hallmarks of remodelling activity
in mice. Increased intracortical remodelling was also recorded in our previous researches in mice
subacutely exposed to AA [6] and in Et-fed mice after 8 weeks [4].

Our findings showed vasoconstriction of primary osteon’s vascular canals in groups E1 and E12.
Blood vessels located in vascular canals provide nutrients for the bone [38] and, in response to continuous
functional changes, can modify its structure (vascular remodelling) [39]. Generally, AA reduces
the high-density lipoprotein (HDL) [40]. Low HDL is related to arterial and vessel narrowing or
blockage [41]. On the other hand, Et has a significant influence on the cardiovascular system, such as
peripheral vasodilation [42], which can be consistent with increased sizes of primary osteon’s vascular
canals in group E2. On the contrary, the area of Haversian canals and secondary osteons was
significantly lower in Et-fed mice. Secondary osteons, as products of bone remodelling, are composed
of hydroxyapatite crystals and collagen fibres around the central Haversian canal. According to
Romero et al. [5], Et consumption reduces the density of mature collagen fibres. Therefore, lower sizes
of secondary osteons could be connected with decreased bone toughness [43].
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5. Conclusions

This study clearly demonstrates that individual administrations of AA (20 mg/kg bw) and Et
(15%) had detrimental effects on biochemical and morphological parameters consistent with bone
quality in mice. However, the most adverse impacts of Et were alleviated by AA. Although the dose of
AA used in this study had fewer negative effects on cortical bone structure compared to the previously
examined relatively high dose (40 mg/kg bw), the antagonistic impact of AA and Et on the bone health
parameters was again confirmed. We can conclude that the harmful effects of Et on bone quality can be
effectively reduced by AA even at lower dose. Simultaneous consumption of Et and AA-rich food is
therefore less bad for bone health than individual Et intake.
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Simple Summary: Bee pollen is considered an interesting feed supplement with beneficial health
impacts. It contains many basic nutritional compounds that improve growth performance, devel-
opment and immune response of animals. However, its effect on bone structure has been studied
to a limited extent and the results published so far are ambiguous. Therefore, the impact of bee
pollen supplementation on selected bone characteristics of rats was investigated in our study. We
determined a dose-dependent effect of bee pollen administration on macroscopic and microscopic
structure of femoral bone. Several negative effects of bee pollen supplementation at the level of 0.75%
on bone features have been demonstrated, while the level of 0.5% did not influence these properties
in rats.

Abstract: Bee pollen has been successfully used as a feed additive with beneficial impacts on
productive, reproductive, and immune conditions of animals. However, its effect on bone structure
and bone health remains controversial. Therefore, the purpose of our study was to examine the
impact of bee pollen supplementation on macroscopic and microscopic structure of a femoral bone
using rats as suitable animal models. Male rats (1 month-old) were assigned into three groups:
control (C group) that was fed a standard diet without bee pollen and two bee pollen supplemented
groups (P1 and P2 groups) that received an experimental diet including 0.5% and 0.75% of bee pollen,
respectively, for 3 months. A number of unfavorable effects of 0.75% bee pollen administration on
bone weight, cortical bone thickness, calcium content, alkaline phosphatase activity, sizes of primary
osteons’ vascular canals, Haversian canals and secondary osteons in the cortical bone have been
recorded, whereas these bone parameters were significantly decreased in the P2 group versus the
C group. On the contrary, the concentration of 0.5% did not affect any of bone features mentioned
above. In conclusion, the impact of bee pollen supplementation on femoral bone structure of rats
depends on the dose used.

Keywords: bee pollen; nutrition; bone structure; bone health; rat

1. Introduction

Bee pollen is a conglomerate of flower pollen collected by the bees and mixed with
both honeybee salivary enzymes and nectar [1]. It is considered a well-known feed supple-
ment. This natural product is rich in proteins, reducing sugars, lipids, essential amino acids,
fatty acids, minerals, vitamins, phytosterols, and flavonoids [2,3]. Aforementioned compo-
nents are responsible for its high nutritional value [4]. Due to the fact that other bioactive
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compounds are also represented (e.g., carotenoids, bioactive peptides, organic acids), hav-
ing beneficial health effects, it is a useful tool for therapeutic approach as well. Favorable
health impacts of bee pollen are the result of the presence of polyphenol compounds with
antioxidant activity, phytosterols and polyunsaturated fatty acids with antitumor proper-
ties, as well as flavonoid glycosides with increased immunological activity [2,5]. It is also
regarded as a promising anti-microbial agent [3]. Bee pollen supplementation enhanced
growth performance, carcass quality, and immunity of farm animals [2]. However, its effect
on bone macroscopic and microscopic structure remains controversial. Yamaguchi et al. [6]
revealed a higher calcium (Ca) concentration in the femoral bone of rats treated with bee
pollen extract (5 and 10 mg/100 g body weight). No effect of dietary bee pollen inclusion
(0.5% and 1.0% of feed) on Ca content and bone mineralization has been observed in
broiler chickens [7,8]. Similarly, the concentration of Ca was not affected by bee pollen
supplementation at the level of 0.2% in rats [9]. On the contrary, Tomaszewska et al. [1]
reported a decreased bone mineralization, bone length, bone weight, and mean relative
wall thickness in Japanese quails receiving a bee pollen dietary supplemented diet (1.0%).
Bobonova et al. [10] also indicated a reduced bone weight in female rats fed with a bee
pollen supplemented diet at the level of 0.75%.

Due to ambiguous results published so far, the purpose of this study was to examine
the impact of bee pollen supplementation at two doses (0.5% and 0.75% of feed) on
selected macroscopic and microscopic properties of femoral bone using male rats as suitable
animal model.

2. Materials and Methods

One-month-old male Wistar rats (n = 15) were bred at the Slovak University of Agri-
culture in Nitra. They were individually housed in plastic cages (Techniplast, Italy) under
standardized conditions with 12:12 h light-dark regime, 55 ± 10% of humidity and temper-
ature of 22 ± 2 ◦C. Complete granular diet for rats (Bonagro, Czech Republic) and water
were supplied on ad libitum basis. The rats were assigned into three groups of five animals
each: control (C group) was fed standard complete diet without bee pollen and two bee
pollen groups (P1 and P2 groups) received experimental diet including 0.5% and 0.75% of
bee pollen, respectively. Dried rape (Brassica napus L.) bee pollen was obtained from local
beekeepers from western Slovakia. Nutrient composition of bee pollen (in g/kg of dry
matter) was as follows: organic matter 429.2, crude proteins 190.9, crude fat 29.5, crude
fiber 13.4, calcium 1.8, and phosphorus 5.3. The experiment lasted for 3 months, identical
to our previous studies [9,10]. The doses used were selected according to the studies by
Yamaguchi et al. [6] and Bobonova et al. [10].

After euthanasia of rats, blood samples were collected and plasma alanine amino-
transferase (ALT), aspartate aminotransferase (AST) and alkaline phosphatase (ALP) were
assayed by commercially available kits (Stamar, Poland). Subsequently, both femoral bones
(n = 30) were dissected, weighed, and their lengths were measured. The total body weight
of rats from all groups was also recorded.

Thin sections for histological analysis of cortical bone tissue were prepared using
special microtome (Leica, Germany) according to Martiniakova et al. [9]. They were
evaluated by reputable classification systems [11,12]. Measured parameters included area
of primary osteons’ vascular canals (n = 398), Haversian canals (n = 323), and secondary
osteons (n = 323). Motic Images Plus 2.0 ML software (Motic China Group Co., Nanjing,
China) was used to determine them. Cortical bone thickness was also evaluated. Twenty
random areas were selected per thin section, and average thickness was calculated for
each bone.

Atomic absorption spectrophotometry (Perkin Elmer 4100 ZL, Waltham, MA, USA)
was used to determine the concentrations of Ca, magnesium (Mg), iron (Fe) and zinc (Zn)
in the femoral bone. Briefly, bone samples were dried, digested in nitric acid, and diluted
with distilled water [13].
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Statistical analysis was conducted using SPSS Statistics 26.0 software. The data were
expressed as mean ± standard deviation. Differences in all parameters examined were
detected by ANOVA with Tukey’s post-hoc test. Statistical significance was assessed at
p < 0.05.

3. Results

Total body weight (bw) of rats and femoral lengths were not affected by bee pollen
supplementation, although an insignificant increase in body weight can be observed in
both P1 and P2 groups. Feed intake in C group did not differ in comparison with P1
and P2 groups. On the other hand, significantly decreased femoral weight and cortical
bone thickness were recorded in the P2 group versus the C group. Significant changes
in the latter parameters mentioned above were also revealed between P1 and P2 groups
(Figure 1A–D).

Figure 1. Total body weight (A), feed intake (B), femoral weight (C) and length (D), cortical bone
thickness (E) in rats from C, P1, and P2 groups. * Significant differences (p < 0.05).

The levels of ALT did not vary between bee pollen supplemented groups and the
control group. On the contrary, significantly lower values for AST were demonstrated in
both P1 and P2 groups. In addition, ALP activity was significantly reduced in the P2 group
when compared to the control (Figure 2A–C).
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Figure 2. Levels of ALT (A), AST (B), ALP (C), and sizes of primary osteons’ vascular canals (D),
Haversian canals (E), secondary osteons (F) in rats from C, P1, and P2 groups. * Significant differences
(p < 0.05).

Both surfaces (periosteal, endosteal) of the cortical bone were composed of non-
vascular bone tissue in all groups studied. Primary vascular radial bone tissue was observed
near the endosteum and in the middle part of substantia compacta. In the central part
of the cortical bone, several secondary osteons have been identified in C, P1, and P2
groups. However, more primary and secondary osteons were recorded in pars cranialis
(near periosteal border) in both bee pollen treated groups (Figure 3A−C).

 
Figure 3. Cortical bone microscopic structure of rats from C (A), P1 (B) and P2 (C) groups.

Our results from histomorphological analysis of the cortical bone are summarized in
Figure 2D–F. In the P2 group, a significantly decreased area of primary osteons’ vascular
canals, Haversian canals, and secondary osteons was determined in comparison with the
control. Lower doses of bee pollen did not influence sizes of aforementioned structures.
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The concentration of Ca in the femoral bone was significantly reduced in the P2 group
against the C group (Figure 4A). Treatment with bee pollen did not affect the content of
other mineral elements examined (Figure 4B–D).

Figure 4. The content of Ca (A), Mg (B), Fe (C) and Zn (D) in femoral bones of rats from C, P1, and
P2 groups. * Significant differences (p < 0.05).

4. Discussion

Bee pollen contains a lot of basic nutritional compounds important for productive,
reproductive, and immune functions of animals. It has been used as a potential growth
stimulator in many studies. According to Haro et al. [14], significantly increased total body
weight was recorded in male rats receiving 1.0% of bee pollen for 10 days. The enhancement
of final body weight was also observed in rabbits supplemented with 200 mg/kg bw of bee
pollen for 5 weeks [15], those receiving 350 mg/kg bw of the pollen for 4 weeks [16], and
also in broiler chickens treated with bee pollen at the level of 0.6% for 6 weeks [17]. On the
other hand, no significant difference in total body weight was demonstrated between rats
administered with bee pollen and their control in our study. Similarly, supplementation
with bee pollen at the level of 0.2% (lasting 90 days) did not significantly influence body
weight of rats [9]. Our findings suggest no differences in feed intake among all groups
studied. However, Farag and El-Rayes [17] stated significantly decreased feed consumption
in broiler chickens receiving bee pollen diets (0.2, 0.4 and 0.6% for 6 weeks) when compared
to the control group. The dietary inclusion of bee pollen (200 mg/kg bw for 5 weeks)
significantly reduced feed intake in rabbits [15]. It seems that longer administration with
bee pollen leads to the elimination of significant changes in total body weight and feed
intake between supplemented animals and their controls. Surprisingly, decreased femoral
weight and cortical bone thickness were recorded in the P2 group. These results are
partially consistent with those reported by Tomaszewska et al. [1], who noticed that 1.0%
bee pollen administration (for 42 days) significantly reduced bone weight and mean relative
bone thickness in Japanese quails, despite the lack of changes in their final body weight.
Lower femoral weight was also determined in female rats receiving 0.75% of bee pollen for
90 days [10].

Dietary intake of bee pollen did not influence ALT activity in our study. However,
significantly decreased values for AST were observed in both P1 and P2 groups. According
to Attia et al. [15], levels of liver enzymes (AST, ALT) declined significantly in rabbits
supplemented with bee pollen at a dose of 200 mg/kg bw. At the same time, Elnany and
Elkholy [18] reported a reduction in AST, ALT values in rabbits treated with bee pollen
(200, 300 and 400 mg/kg bw for 8 weeks). Treatment with bee pollen at the level of 0.6%
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(for 6 weeks) also decreased levels of both aforementioned enzymes in broiler chickens [17],
thus indicating an ability of bee pollen to decline liver damage. Moreover, we determined
a significantly reduced ALP activity in rats receiving 0.75% of bee pollen. The activity of
ALP found in serum is a composite of isoenzymes, especially detected in liver and bone
(more than 80%). Taking into account the bone, lower levels of ALP could be associated
with Zn and Mg deficiency [19] and/or depressed osteoblast activity leading to a reduced
bone formation [20]. Since no significant differences in Zn and Mg contents have been
found between P2 and C groups, the decreased ALP activity indicated an inhibited bone
formation rate in the P2 group. That evidence is also supported by significantly lower
Ca concentration and reduced cortical bone thickness in those rats. In general, decreased
cortical bone thickness is associated with increased stresses that could cause bone resorp-
tion [21], and simultaneously reduced Ca content in the femoral bone only confirms this
fact. Our findings differ from those reported by Yamaguchi et al. [6], who mentioned a
higher Ca concentration and increased ALP activity in the femoral bone of rats admin-
istered with bee pollen extract obtained from Cistus ladaniferus (5 and 10 mg/100 g bw).
Yamaguchi et al. [22] also detected a stimulatory effect of bee pollen Cistus ladaniferus
extract on bone formation and its inhibitory impact on bone resorption in vitro using
osteoblast cells. However, Tomaszewska et al. [1] also stated a reduced mineralization in
the tibia of Japanese quails supplemented with 1.0% of multifloral bee pollen. In addition,
these bones were the weakest and have the greatest susceptibility to plastic deformation.
Unlike previous studies, Kleczek et al. [7] and Oliveira et al. [8] reported no effect of bee
pollen treatment (0.5% and 1.0% of feed) on Ca content and bone mineralization in broiler
chickens. Rape bee pollen inclusion of 0.2% did not influence the concentration of Ca in
the femoral bone of rats as well [9].

Higher number of primary and secondary osteons in pars cranialis of the cortical bone
in both P1 and P2 groups might suggest an enhanced bone remodeling there. It is generally
accepted that cranial and lateral sides contain fewer secondary osteons when compared
to caudal and medial sides due to different tension and compression strains [23]. For
this reason, we believe that enhanced density of secondary osteons in the cranial side
could be associated with bee pollen treatment. On the other hand, significantly reduced
sizes of primary osteons’ vascular canals, Haversian canals, and secondary osteons were
demonstrated in rats after 0.75% bee pollen supplementation. This evidence might be
consistent with a vasoconstriction of blood vessels in both canals and impaired blood
flow. Generally, blood vessels supplying bones organize both bone remodeling and bone
regeneration by delivering oxygen, nutrients, growth factors, or hormones to bone cells [24].
Decreased sizes of secondary osteons in rats from the P2 group could indicate a lower
bone toughness. Significantly smaller osteons have been namely associated with decreased
bone strength [25]. Interestingly, the lower dose (0.5%) of bee pollen did not affect sizes
of aforementioned structures in the cortical bone of rats, similar to the treatment with bee
pollen at the level of 0.2% in our previous study [9].

In summary, our results partially support the findings of Tomaszewska et al. [1],
who also detected possible unfavorable impacts of bee pollen treatment on cortical bone
properties using Japanese quails as an animal model. In terms of our study limitations, the
number of rats used in the experiment was limited and only males were used. Therefore,
it would be necessary to perform further research involving higher number of rats of
both sexes. Additional analyses with different doses of bee pollen and longer duration of
supplementation would also be valuable.

5. Conclusions

Our study revealed a dose-dependent impact of bee pollen supplementation on the
femoral bone structure of rats. Several negative effects of bee pollen administration at
the level of 0.75% on bone weight, cortical bone thickness, Ca content, ALP activity, sizes
of primary osteons’ vascular canals, Haversian canals and secondary osteons have been
determined, while the concentration of 0.5% had no effect. The results encourage caution
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in dosing and nutritional recommendations regarding bee pollen supplementation for
preventive use. However, additional experiments are needed to verify the results obtained.
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Simple Summary: A buffalo breeding farm was selected to study the growth performance of
Swamp and Murrah crossbred buffaloes. The farm was practicing extensive grazing system without
supplementation since 2010 to 2011. In early 2012, the farm had implemented a new intervention to
improve the growth performance via improving the feed and the feeding management. Farm records
between 2010 to 2015 were analyzed for growth performance and partial budget analysis. So far,
there is no comparative study done between Swamp and Murrah crossbred buffaloes in Malaysia.
Therefore, in the present study, we aimed to study the differences in the biological and economical
performances between Swamp and crossbred buffaloes in Malaysia. With a new intervention, a
significant improvement was reported of the number of calves born, average birth weight, and
reduced percentage of calf mortality rate, calving interval, and weaning age. Crossbred buffalo
showed dominance in biological performance in terms of higher pre- and post-weaning daily weight
gain and taking a shorter period to achieve market and breeding weight compared to Swamp
buffaloes. Thus, reared Murrah crossbred buffaloes with new intervention management would give
a farmer a higher profit return. However, with reared Swamp, the farmer potentially conserves the
local indigenous breed of Swamp buffalo.

Abstract: This study was conducted to compare the growth and economic performances between
Swamp and Murrah crossbred buffaloes. The records of 108 Swamp and 276 Murrah crossbred
buffaloes born between January 2010 and December 2015 were used in this study. The farm was
practicing an extensive grazing system without supplementation from January 2010 to December
2011 (pre-intervention) and a new implementation of supplement in the feeding regime from January
2012 to December 2015 (post-intervention). The birth, weaning, and body weight at three monthly
intervals, number of calves born, and mortality rate of calves at different years and during pre-
and post-intervention were analyzed using a general linear model procedure. The interventions in
2012 had a positive effect on increasing the number of calves born for both breeds, average birth
weight, economic performance, and reduce mortality calf rate. As a result, the birth weight of Murrah
crossbred buffaloes was higher (36.63 ± 0.50 kg) than Swamp buffaloes (34.69 ± 0.40 kg) (p < 0.05).
The average pre-weaning daily weight gain for Swamp and Murrah crossbred buffaloes was 0.73 and
0.98 kg/day (p < 0.05), while the average post-weaning daily weight gain was 0.39 and 0.44 kg/day,
respectively (p < 0.05). The Swamp and Murrah crossbred buffaloes achieved the targeted market
weight of 250 kg at 18 and 15 months old, respectively, while the targeted breeding weight of 385 kg
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was achieved at 30 and 26 months old, respectively. In this farm, on average a total of 64 calves were
born yearly, with the ratio number of born calves per number of mated dams recorded higher in
Murrah crossbred buffaloes as compared to Swamp buffalo (0.64 vs. 0.37) (p < 0.05). Furthermore, the
average number of calves born in the post-intervention period (January 2012–December 2015) was
significantly higher than in the pre-intervention period (January 2010–December 2011), respectively
(Swamp: 23 vs. 8 and Murrah crossbred: 53 vs. 31, respectively) (p < 0.05). Partial budget method
was used to estimate the net gain or loss between the two breeds. The average annual revenue
was 2304.14 MYR (566.13 USD) for Swamp buffaloes and 4531.50 MYR (1113.39 USD) for Murrah
crossbred buffaloes. The average annual cost saving was 340.02 MYR (83.54 USD) for Swamp and
215.75 MYR (53.01 USD) for Murrah crossbred buffaloes. On the other hand, annual added cost
was 84.95 MYR (20.87 USD) for Swamp and 96.76 MYR (23.77 USD) for Murrah crossbred buffaloes.
Therefore, the annual net benefit was 2559.21 MYR (628.80 USD) for Swamp and 4650.49 MYR
(1142.63 USD) for Murrah crossbred buffaloes. As a conclusion, this study had shown that the higher
average daily weight gain contributes to better cost savings, as shown by the crossbred buffaloes.

Keywords: buffaloes; economy; growth; Murrah crossbred; Swamp

1. Introduction

There are two types of domestic water buffaloes or Asian buffaloes, the Swamp and
river buffaloes and Murrah buffaloes [1] as shown in Figures 1 and 2. The Swamp buffaloes
are found mainly in Southeast Asia and China and are kept mainly for meat and draft
power in paddy fields and oil palm plantation. However, Murrah buffaloes are found
mainly in South Asia, especially India and Pakistan, and are kept mainly for milk. In the
field, river and Swamp buffaloes can be differentiated by their morphology and behavior.
Swamp buffaloes are ash or dark grey with a white chevron line on the neck either one or
two stripes and have socks, while the tip of the tail and the horns are swept backwards [2,3].
They prefer to wallow in the marshland and mud and have large feet with slow steady
movement that make them well suited for paddy land preparation in swampy waterlogged
rice fields [4]. On the other hand, Murrah buffaloes have a black body with tightly and
forwardly curled horns. They prefer to wallow in clean water [2]. Generally, Swamp
buffaloes are smaller than the Murrah buffaloes, while the crossbred buffaloes have the
same morphology as Murrah. However, they are smaller than Murrah, but bigger than the
Swamp buffaloes.

  
(a) Swamp buffalo calves (b) Adult Swamp buffalo 

Figure 1. The Swamp buffaloes; (a): Swamp buffalo calves; (b): Adult Swamp buffalo.
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(a) Crossbred buffalo (b) Pure breed Murrah buffalo 

Figure 2. The crossbred and pure breed Murrah buffaloes; (a): Crossbred buffalo, (b): Pure breed
Murrah buffalo.

In trying to improve the milk performance of buffaloes, crossbreeding between the
Murrah and the Swamp buffaloes was attempted in many Southeast Asian countries,
notably in the Philippines and Malaysia, with the hope that the resulted Murrah crossbred
animals are bigger in size to produce better milk yield than the native Swamp buffaloes [5].
In Malaysia, Swamp buffaloes are raised purposely for meat and draught work, while
Murrah crossbred buffaloes are raised for milk. Later, it was reported that milk yields
from crossbred buffaloes are significantly higher than the local buffaloes [6]. However, the
status of buffalo milk production in Malaysia is poorly understood and is currently under-
developed. Milk production in dairy buffalo in Malaysia varies from 4.00 to 6.00 L/day [7]
to approximately 8.00 L/day [8], which is still behind the potential of superior buffaloes at
15.00–20.00 L/day [9]. However, our local Murrah crossbred buffalo can only produce an
average of 4.7 L of milk/day/animal per lactation period, producing on average a total of
1000 L of milk annually [9], and this is far from meeting the local milk demand.

In general, buffalo is one of the ruminants with economic importance for small holder
farmers in many developing countries in Asia [10]. Furthermore, due to farm record, they
have a longer lactation period; hence, farmers potentially harvest more milk and generate
more income. In fact, crossbred buffaloes mature earlier and have shorter calving interval,
hence producing more calves in their lifetime [6]. Therefore, to estimate the potential
improvement in the income from buffaloes, the economic performance between Swamp
buffaloes and Murrah crossbred buffaloes should be compared. This will aid future farmers
in choosing the beneficial buffalo breed.

According to Nanda et al. [11], reproductive and growth performance of buffaloes are
generally poor. This was supported by previous study reports that buffalo management
in a buffalo breeding farm in Sabah was practicing the traditional feeding management
before 2012 and changed the feeding management in January 2012 [12]. Although there
was a retrospective study, comparing the reproductive performance at that farm in 2004
until 2011, there was no comparative study on the differences in the biological and econom-
ical performances between Swamp and Murrah crossbred buffaloes in Sabah, Malaysia,
during pre- and post-intervention implementation of new feeding regime. Therefore, the
objective of this study was to analyze the growth and economic performances between
the indigenous Swamp and Murrah crossbred buffaloes kept at a breeding farm in Sabah,
Malaysia, and describe their performance following pre- (January 2010–December 2011)
and post-interventions (January 2012–December 2015) with an improved rearing system.
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2. Materials and Methods

2.1. Statement of Animal Rights

The study was performed and managed according to approval of Animal Utilization
Protocol (AUP), Institutional Animal Care and Use Committee (IACUC), Universiti Putra
Malaysia (Approval No. UPM/IACUC/AUP-R039/2012, on 2 February 2012).

2.2. Study Area

This study was conducted at the Buffalo Breeding and Research Centre, Telupid, Sabah
(5◦30’ N, 117◦7’ E). The farm consisted of 749 acres of land, and currently with a total of
405 heads of buffaloes. There were two types of buffalo breeds available in this farm, the
Swamp and the Murrah × Swamp crossbred, representing 54% and 46% of the total buffalo
population, respectively. The sample size in this study was represented by 10% to 15% of
the total buffaloes in the farm, according to the Cochran method [13,14]. The sample size
reflected proportions of the population in the farm, with the buffaloes selected randomly.

The crossbred animals were selected from the farms that were practicing natural breed-
ing, which involved breeding between the pure Murrah males with Swamp females. The
identification of these two subspecies of buffaloes was conducted based on conventional
techniques (morphological or physiological characteristics). For genetic predisposition,
dominance, and origin of crossbred, karyotypic (based on chromosomes number) and
molecular identification techniques were used to identify the phylogeny of the animals or
to compare the crossbred buffaloes with their purebred parents [15–17]. In addition, prior
study on this farm had reported that phylogenetic tree and mtDNA analysis on Swamp
buffaloes were genetically conserved and the crossbred buffaloes were dominantly Swamp
according to the maternal lineage using d-loop mtDNA [17].

The 398.5 acres of pastureland were divided into two paddocks with establish pasture
(Brachiaria decumbens). The Swamp and Murrah crossbred buffaloes in this farm were
kept separated. Wallowing areas were available in each paddock and drinking water was
available ad libitum. The buffaloes were monitored daily by farm supervisor on their
health and nutritional management. The buffaloes were kept extensively and free to graze
all day within the paddock enclosed by barbed wire. Even though the pasture in general
was poorly maintained, the farm practiced an extensive one-month rotational grazing
system without feed supplementation, and the intervals were determined according to
the size of each paddock and through the supervision of the farm manager. This farm
practiced natural breeding with male to female ratio of 1:20. Breeding season was between
November and January each year, and pregnancy diagnosis was carried out every three
months following breeding. As routinely practiced by the farm, upon reaching the market
weight of 250 kg, the buffaloes were sold, mainly to the surrounding farmers for fattening.
The farm practiced minimum breeding weight of 385 kg, and all buffaloes were weighed
every three months.

2.3. Pre-Intervention

At the start of the study, two years of farm records between January 2010 and Decem-
ber 2011 were selected and analyzed for growth performance parameters. At the same time,
pasture samples were collected at six sites of 1 m2 area from the paddock for proximate
analysis of the nutrient contents [18].

2.4. The Intervention

The intervention was implemented from January 2012 until December 2015 by improv-
ing the feeding management. This included the use of fertilizer (20 tons organic fertilizer
with 500 kg of urea) and proper management to improve the pasture. Fertilizer was used
on the pastureland twice a year. The animals were offered concentrate supplementation
at the rate of 1.5 kg/animal/day (moisture: 9.64%, ash: 5.44%, crude fiber: 7.49%, crude
fat: 5.46%, crude protein: 18.15%, gross energy: 15.74% MJ/kg). After six months, pas-
ture and concentrate samples were collected from the paddocks and re-analyzed of the
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nutrient contents (Table 1). In January 2016, all data from 2010 to 2015 were gathered for
further analysis.

Table 1. Nutritional composition of diet on pre-intervention (January 2010–December 2011) and
post-intervention (January 2012–December 2015).

Nutrient Composition
Pre-Intervention

(Brachiaria decumbens)

Post-Intervention
(Brachiaria decumbens +

Concentrate)

1 DM (%) 99.50 99.49
Ash (% DM) 5.09 5.69

Crude fiber (% DM) 26.03 23.73
Ether extract (% DM) 2.03 2.92

Crude protein (% DM) 6.09 8.08
2 NDF (% DM) 64.27 57.96
3 ADF (% DM) 33.86 28.70
4 ADL (% DM) 3.55 3.32

Carbohydrate (% DM) 59.43 61.53
Gross energy (MJ/kg) 11.07 12.1
Hemicellulose (% DM) 30.41 29.25

Cellulose (% DM) 30.32 25.38

The data are the mean of triplicate analyses of each diet.1 DM: dry matter; 2 NDF: neutral detergent fiber, 3 ADF:
acid detergent fiber, 4 ADL: acid detergent lignin.

2.5. Analysis of Growth Performance

A total of 108 Swamp (female: 60 and male: 48) and 276 Murrah crossbred (female: 152
and male: 124) buffaloes that were born between January 2010 and December 2015 were
included in this study. The average number of female’s breeders also was recorded in this
study since 2010 to 2015 (Swamp: 49 and Murrah crossbred: 72). The average number of
calving rates per year, mortality rate, and average birth weight were recorded in this study.
The number of calving rates per year was calculated by the average number of calves born
per year divided with the number of mating female per year. All selected buffaloes had
gone through the same management system described previously. Records of the selected
animals in both sexes, which included the animal identification and breed, birth weight,
weaning weight (at three months old), and the three-monthly body weights were further
analyzed using statistical software. The average daily weight gain and the period taken
to reach the targeted 250 kg market weight (taking on average 12 to 18 months) and the
385 kg breeding weight (taking on average 24 to 30 months) were calculated.

The average weight gain was determined as the weight difference between the final
weight and initial weight divided by the number of days between the final and the initial
weights. Similarly, records of the average body weight and differences in the three-monthly
body weight of the breeder Swamp and Murrah crossbred buffaloes were analyzed.

2.6. Statistical Analysis

All data were collected and subjected using Microsoft Excel and were analyzed using
software package SPSS (Statistical Package for the Social Science 25.0, Inc., Chicago, IL,
USA). Comparisons between breeds, months, years, and pre- and post-intervention and
their interaction for parameters body weight, average daily weight gains, calving rate per
year, mortality rate of calves, and average birth weight of calves from 2010 until 2015,
were performed using the general linear model (GLM) procedures, and the resulting P-
values were corrected by Bonferroni’s method for multiple comparisons. Linear mixed
effects models were utilized with both ‘Diets’ and ‘Breed’ as fixed effects to capture the
appropriate structure for GLM, while the months, years, and pre- and post-intervention
were considered as a random effect. For all the statistical tests used, results were considered
significant at p ≤ 0.05.
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2.7. Partial Budget Analysis

The economic analysis was done to compare the differences between pre- and post-
intervention using partial budget where net gain or loss was estimated by subtracting total
loss from the total gain [19]. The assumption of total gain included the sum of increased
revenue and reduced costs, while total loss included the sum of decreased revenue and
added costs. Increased revenue included the increased values in improved birth weight,
increased number of calves, improvement number survival rate of calves, and sales calves
per year. Decreased revenue included reduced values in shorter first calving age cost and
shorter calving interval cost. Added costs/losses were the costs of fertilizer, flushing, cost of
calf supplemental feed, cost of feed for increase total population of calf heifer, deworming
drugs, and ID tag.

The biological input was collected from the farm records, which included the birth,
death, weaning, and breeding records reviewed as the data for the study. Other biological
inputs, including the average increase in the number of calves born, average increase in
birth weight, average decrease in calf mortality, and average age at first calving, were
collected from the farm record books and by interviewing the farm manager. The calving
interval was calculated as the interval period between two successive calvings of each
buffalo divided by the number of buffaloes in calving group, whereas the calving rate was
recorded as the ratio number of born calves per number of mated dams. In this calculation,
the first 12 weeks following calving were deducted from the calculation, assuming that
12 weeks were required for recovery in which the females were not used for breeding. The
biological inputs collected are as in Table 2. Early age at first calving was assumed to be
at 33 months old (assuming 24 months to reach 350 kg from birth was adding with nine
months for successful pregnancy).

Table 2. Biological parameters used in the partial budget analysis.

Variables
Inputs

Swamp Buffalo Murrah Crossbred

Difference ratio number of
calves per number of mated

dams between post- and
pre-intervention

0.05 0.11

Difference in number of calves
born between post- and
pre-intervention (head)

15 20

Difference in calves birth
weight between post- and

pre-intervention (kg)
6.76 5.72

Difference in calve survival
rate between post- and
pre-intervention (%) 1

7.35 8.17

Difference in first calving age
between post- and

pre-intervention (months)
12.5 6.5

Difference in calving interval
between post- and

pre-intervention (months)
33.17 21.91

Average sales of buffalo calves
(2010–2011) 8647.25 26,247

Average sales of buffalo calves
(2012–2015) 10,943.38 30,758

All the calculation had been done between post- (2012–2015) and pre-intervention (2010–2011) period. 1 Survival
rate: 100—mortality rate.

For the economical inputs, the prices of live buffalo per kg and feed per kg, and the
costs of feed per week per animal, the fertilizer, the deworming drugs, and the ID tag
per animal were obtained from the farm records. Average value of sold animals per year
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was obtained from the buffalo sales record book. The cost of treatment involved only the
deworming drugs. The economic input is as shown in Table 3.

Table 3. Economic parameters used in the partial budget analysis.

Variables Price (MYR) 1

Buffalo calves per kg 2 5.50
Price of PKC per kg 0.80

Feed cost per week (MYR/animal) 7.20
Feed cost per year calf heifer (MYR/animal) 49.00

Fertilizer cost (MYR/animal) 64.79
Deworming cost (MYR/animal) 0.50

ID tag cost (MYR/animal) 2.00
Flushing cost (MYR/animal) 5.60

1 All amounts are in Malaysian Ringgit (MYR); 2 The price of live buffalo based on average market price since
2010 to 2015.

There was no foregone revenue, as Murrah crossbred and Swamp breeds were as-
sumed to be similar in aesthetic value. To complete the calculation for the items, in total
12 formulas (1–12) were derived followed the method by Moran [20] as below:

Increased Revenues:

Improved birth weight = Estimation value of improved birth weight per
year (MYR) = BWmean × ΔR × $ per kg calf

(1)

BWmean = Improved mean calf body weight; ΔR = Change ratio number born calves per
number of mated dams; $ per kg calf = Price of calf per kg

Increased number of calves = Estimation value of increase number calf
per year (MYR) = Δn improved number of calves born × ΔR × $ per kg calf

(2)

Δn improved number of calves born = Improved number of calves born; ΔR = Change ratio num-
ber born calves per number of mated dams; $ per kg calf = Price of calf per kg

Increased number of survival calves = Estimation number of survival calves
per year (MYR) = ΔSR × ΔR × $ per kg calf

(3)

ΔSR = Increased in survival rate; ΔR = Change ratio number born calves per number of
mated dams; $ per kg calf = Price of calf per kg

Increased sales of buffaloes = Estimation number of calves sales (MYR) =
AS2012-2015 − AS2010-2011

(4)

AS2012–2015 = Average sales of buffaloes in 2012 to 2015; AS2010–2011 = Average sales of
buffaloes in 2010 to 2011

Reduced cost:

Shorter in first calving age (MYR) = Estimation of shorter calving interval
after new feeding management cost (MYR) = ΔFCA × FC week

(5)

ΔFCA = Change in first calving age; FC week= Feed cost per week

Shorter in calving interval cost = Estimation of shorter first calving age after
new feeding management cost (MYR) = (ΔCI × FC week) + ($ flushing × 2) (6)

ΔCI = Change in calving interval; FC week = Feed cost per week; $ flushing = Cost of flushing
per animal; 2 = number of flushing frequencies
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Increased cost:

Cost of organic fertilizer per year = Estimation of organic fertilizer per year
(MYR) = $ fertilizer per animal

(7)

$ fertilizer per animal = Cost of fertilizer per animal

Flushing cost per year = Estimation of flushing cost per year (MYR) =
n flushing days × n amount PKC (kg) × $ PKC/kg × 3 (8)

n flushing days = Number of flushing days; n amount PKC (kg) = Amount of PKC used (kg);
$ PKC/kg = PKC price per kg (MYR); 3 = number of PKC given to animals’ frequency

Calf feed cost (Supplemented feed) = Estimation of additional calf feed cost
per year (MYR) = n days (within 3months) × $ feed animals/week × ΔR (9)

n days (within 3months) = considering supplement given once a week with duration of 3 month
(12 days); $ feed/animals/week = Cost of animal feed per week; ΔR = Change ratio number
born calves per number of mated dams

Feed cost for increase in total calf-heifer population = Estimation of
additional feed cost for total calf-heifer population per year (MYR)

= ΔR × $ feed/animal/year

(10)

ΔR = Change ratio number born calves per number of mated dams; $ feed/animal/year = Cost
of feed calf-heifer per year

Cost for deworming = Estimation of additional in deworming cost per year
(MYR) = ΔR × $ deworming/animal

(11)

ΔR = Change ratio number born calves per number of mated dams; $ deworming/animal =
Deworming cost per animal

Cost for ID tag = Estimation of additional cost for ID tag per year (MYR) =
ΔR × $ ID tag cost/animal

(12)

ΔR = Change ratio number born calves per number of mated dams; $ deworming/animal = ID
tag cost per animal

Forgone Revenue:

Assume similar quality present in both breed = The value given for both breeds were 0

The sum of the new revenue and the costs saved gave the value of total additional
gains due to the intervention. The sum of revenue forgone and the new costs gave the value
of total additional costs due to the intervention. The net benefit due to the intervention
was the difference between total additional gains and total additional costs. The formula
for the calculation is as below:

Net benefit = (Increased revenue + Decreased cost) − (Revenue foregone +
Increased costs)

3. Results

3.1. Growth Performance

In general, the mean bodyweight patterns of Swamp and Murrah crossbred buffaloes
from birth until 24 months old are shown in Table 2. There was significant (p < 0.05)
difference in the birth weight between Swamp (34.69 ± 0.50 kg) and Murrah cross-
bred (36.63 ± 0.40 kg) buffaloes. Thereafter, the crossbred buffaloes showed significantly
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(p < 0.05) higher body weights at each of the three-monthly intervals. Interaction among
breeds and three-month intervals were significantly (p < 0.05) different. In this farm, the
weaning age was practiced at three months old. Thus, the body weight at three months
old showed a significant higher in Murrah crossbred (124.7 ± 2.80 kg) as compared to
Swamp (99.9 ± 3.10 kg) buffaloes. At 24 months old, Swamp showed significantly (p < 0.05)
lower body weight of 320.70 ± 5.60 kg compared to 356.60 ± 5.90 kg for Murrah crossbred
buffaloes (Table 4). The targeted 250 kg market weight was achieved at 18 months old for
Swamp and at 15 months old for Murrah crossbred buffaloes (Figure 3).

Table 4. The body weight of Swamp and Murrah crossbred buffaloes for both sexes at three-month intervals (Mean ± SEM).

Body Weight (kg)

Month Birth 3 * 6 9 12 15 18 21 24

Swamp
(n = 35)

34.7 ±
0.50 a

99.9 ±
3.10 bc

132.6±3.50
c

163.6 ±
4.80 d

189.8 ±
4.00 e

235.3 ±
5.90 f

271.1 ±
4.60 g

307.9 ±
6.50 h

320.7 ±
5.60 i

Murrah
Crossbred

(n = 35)

36.6 ±
0.40 b

124.7 ±
2.80 bc

160.5±2.70
d

198.8 ±
3.00 e

232.6 ±
3.40 f

276.6 ±
3.30 g

302.1 ±
3.90 h

325.8 ±
4.20 i

356.6 ±
5.90 j

p-Value
Breeds <0.05
Months <0.05

Interactions <0.05
a,b,c,d,e,f,g,h,i,j Different superscripts within the same column indicate significant difference p < 0.05, * calves weaned at 3 months old.

Figure 3. The body weight patterns of Swamp and Murrah crossbred buffaloes for both sexes.

3.2. Average Daily Weight Gain

The mean (±SEM) average daily weight gain (ADG) for Swamp and Murrah crossbred
buffaloes are summarized in Table 5. In this study, Murrah crossbred buffaloes showed
significant (p < 0.05) higher in average daily gain compared to Swamp. Highest average
daily weight gain was observed during the pre-weaning period, while the lowest was in
the period between 12 and 24 months old. The pre-weaning ADG was 0.73 ± 0.03 kg and
0.98 ± 0.03 kg (p < 0.05) for Swamp and Murrah crossbred buffaloes, respectively. However,
between 12 and 24 months old, the average daily weight gain did not differ significantly
(p > 0.05) with 0.30 ± 0.01 and 0.29 ± 0.01 kg/day for Swamp and Murrah crossbred
buffaloes, respectively. Moreover, when buffaloes reach more than 24 to 30 months old, the
average daily weight gain by Murrah crossbred buffaloes (0.44 kg/day) was significantly
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(p < 0.05) higher compared with to the 0.39 kg/day for Swamp buffaloes. Thus, the Murrah
crossbred buffaloes reached the targeted breeding weight of 385 kg by 26 months old, while
the Swamp buffalo reached it by 30 months old. However, there was no significant record
on the month intervals and interaction between months and breeds.

Table 5. Average daily weight gain (kg) of Swamp and Murrah crossbred buffaloes for both sexes (Mean ± SEM).

Month 0–3 * 3–12 12–24 24–30

Swamp (n = 35) 0.73 ± 0.03 a 0.32 ± 0.02 b 0.30 ± 0.01 b 0.39 ± 0.07 b

Murrah crossbred
(n = 35) 0.98 ± 0.03 c 0.37 ± 0.01 bd 0.29 ± 0.01 be 0.44 ± 0.08 bf

p-Value
Breeds <0.001
Months 0.304

Interactions 0.108
a,b,c,d,e,f Different superscripts within the same column indicate significant difference p < 0.05, * calves weaned at three months old.

3.3. Number of Calves and Calf Quality

In general, the post-intervention period showed significant (p < 0.05) improvement in
number of calves born, average birth weight, and reduced mortality calf rate compared to
the pre-intervention period. The number of calves born was taken from the farm record,
where every single female produced calving annually, considering the period for pregnancy
was nine months and 12 months of resting period. The numbers of calves born per year for
Swamp and Murrah crossbred buffaloes are shown in Figure 4. In this farm, on average
a total of 64 calves were born yearly with the ratio number born calves per number of
mated dams recorded higher in Murrah crossbred buffaloes compared to Swamp buffalo
(0.64 vs. 0.37) (p < 0.05). Over the study period, both Swamp and Murrah crossbred
buffaloes showed an increasing trend of calves’ birth with an average annual increase
of 18 calves for Swamp and 46 calves for the Murrah crossbred buffaloes; significantly
(p < 0.05), calves’ birth was more than the Swamp buffaloes. During pre-intervention
(2010–2011), the average number of calves born recorded significantly lower compared
to post-intervention period (2012–2015) (Murrah crossbred: 31 vs. 53, Swamp: 8 vs. 23,
respectively) (p < 0.05). Furthermore, the ratio number of calves born per number of mating
females during pre-intervention (2010–2011) showed significant lower compared to post-
intervention period (2012–2015) (Murrah crossbred: 0.52 vs. 0.63, Swamp: 0.40 vs. 0.45)
(p < 0.05). However, there were no interaction (p > 0.05) showed between number of calves
born with different years and pre- and post-interventions.

The improvement in calf quality was measured through the rate of calf mortality and
the average birth weight. Figure 5 shows the rate of calf mortality in which the Swamp
and Murrah crossbred buffaloes showed the average decreasing pattern of 7.4% and 8.1%,
respectively, and significantly (p < 0.05) showed better improvement than the Swamp
buffaloes. However, no interaction (p > 0.05) was recorded between calf mortality rate with
different years and pre- and post-interventions. Other than calf mortality, improving birth
weight was also considered as an increased in calf quality. Figure 6 shows the average
birth weight of calves for Swamp and Murrah crossbred buffaloes. During the study
period, Swamp buffaloes showed an average increment of 9.15 kg, which was significantly
(p < 0.05) better than the 7.4 kg for the Murrah crossbred buffaloes. Furthermore, there were
significant differences (p < 0.05) on average birth weight, years of birth, and interaction
between average birth weight with years of birth and pre- and post-interventions. These
data were included as increased revenue to the farm.
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Figure 4. Total number of calving rates per year of Swamp and Murrah crossbred buffaloes between 2010 to 2015. There
are increasing patterns for both breeds, and the crossbred buffaloes show significantly (p < 0.05) higher number than the
Swamp buffaloes. a,b Different superscripts indicate significant difference of calving rate at p < 0.05; c indicating significant
(p < 0.05) difference comparing between pre- and post-intervention. There is no significantly different (p > 0.05) interaction
between number of calves born with different years of birth and pre- and post-intervention.

 

Figure 5. The rate of calf mortality among Swamp and Murrah crossbred buffaloes between 2010 to 2015. Based on Figure 5,
the Murrah crossbred buffaloes show a significantly (p < 0.05) better improvement in the rate of calf mortality than the
Swamp buffaloes. a,b Different superscripts indicate significant difference of mortality rate at p < 0.05; c indicating significant
(p < 0.05) difference comparing between pre- and post-intervention. There is no significantly different (p > 0.05) interaction
between number of calves born with different years of birth and pre- and post-intervention.
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Figure 6. Average birth weight pattern of the Swamp and Murrah crossbred buffaloes between 2010 to 2015. Based on the
Figure 6, the Swamp shows significantly (p < 0.05) better improvement than the Murrah crossbred buffaloes. a,b Different
superscripts within the same year indicate significant difference of birth weight at p < 0.05; c indicating significant (p < 0.05)
difference comparing pre- and post-intervention. There is a significantly different (p < 0.05) interaction between average
birth weight with different years of birth and pre- and post-intervention.

3.4. Calving Interval and First Calving Age

The average calving interval for Swamp buffaloes was 398 days (13 months) and
460 days (15 months) for the Murrah crossbred (p < 0.05). Both breeds showed the calving
age at 33 months in 2015, reduction of 12.5 months for Swamp, and 6.5 months for Murrah
crossbred buffaloes from 2010.

3.5. Partial Budget

Table 6 shows the increased revenue for Swamp and Murrah crossbred buffaloes. The
increased revenue for both breeds came from the increased number of animals due to
the increased number of calves being born and the improvements in mortality rate, the
improved quality of the animals following improvement in birth weight, and the increased
sales per year. The improved birth weight per animal of Swamp buffaloes was valued
at 1.86 MYR (0.46 USD), while the Murrah crossbred buffaloes was 3.46 MYR (0.85 USD).
The increased numbers of calves were valued at 4.13 MYR (1.02 USD) for Swamp and
12.10 MYR (2.97 USD) for Murrah crossbred buffaloes. The improvement number survival
rate of Swamp and Murrah crossbred buffaloes were 2.02 MYR (0.50 USD) and 4.94 MYR
(1.21 USD), respectively. The increased sales per year for Swamp and Murrah crossbred buf-
faloes were 2296.13 MYR (564.16 USD) and 4511.00 MYR (1108.35 USD), respectively. There-
fore, the overall increase in revenue for Swamp buffaloes was 2,304.14 MYR (566.13 USD),
while the Murrah crossbred buffalo was 4531.50 MYR (1113.39 USD). The Murrah crossbred
buffalo showed higher scale of increased revenue than the Swamp buffaloes.
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Table 6. Partial budget analysis on intervention of feed supplementation for Swamp and Murrah crossbred (per female
breeder per year).

Increases in Net Income Decreases in Net Income

Breed Swamp
Murrah

Crossbred
Breed Swamp

Murrah
Crossbred

Added Income
Due to Change MYR MYR Added Cost

Due to Change MYR MYR
1 Improved birth weight 1.86 3.46 7 Fertilizer 64.79 64.79

2 Increased
number of calves

4.13 12.10 8 Flushing 13.26 16.80

3 Improvement number
survival rate of calves

2.02 4.94

9 Calf
supplemental feed

cost
4.32 9.50

4 Increased sales of
calves per year

2296.13 4,511.00

10 Feed cost for
increase total
population of

calf-heifer

2.45 5.39

11 Deworming 0.03 0.06
12 ID tag 0.10 0.22

(A) Total increase revenue 2304.14 4,531.50 (B) Total
increased cost 84.95 96.76

Reduced cost
due to change

Reduced income
due to change

5 Shorter calving
interval cost

90.00 46.80 Assume
similar quality 0 0

6 Shorter first
calving age cost

250.02 168.95

(C) Total decrease cost 340.02 215.75 (D) Total Foregone
Revenue 0 0

E. Subtotal added gains
(A + C) 2644.16 4,747.25 F. Subtotal added

costs (B + D) 84.95 96.76

13 New Benefit (E − F)
Swamp = MYR 2644.16 − MYR 84.95 = MYR 2559.21 (USD 628.80)

Murrah cross = MYR 4747.25 − MYR 96.76 = MYR 4650.49 (USD 1142.63)
1 USD = 4.07 MYR Currency Conversion 5 March 2021, MYR Malaysian Ringgit. The status quo of the partial budget analysis of the buffalo
farm management is an extensive system. The change of the farm management system is the feed supplementation for Swamp and Murrah
crossbred. The change that occurs reflects a semi-intensive farm management system. The additional cost to the farm due to change in
farm management (pre- to post-intervention) increased. In return, the farm has gained their income due to improvement of birth weight,
survival rate of calves, and increased number of calves and sales of calves per year. The reduced cost due to change of management also has
increased when shorter calving interval period and first calving age are taken after new intervention. 1–13: 1 Estimation value of improved
birth weight per year (MYR); 2 Estimation value of increase number calf per year (MYR); 3 Estimation value of selling calves to other farms
for fattening per year (MYR); 4 Estimation number of calves sales; 5 Estimation of shorter calving interval after new feeding management
cost (MYR); 6 Estimation of shorter first calving age after new feeding management cost (RM); 7 Estimation of organic fertilizer per year
(RM); 8 Estimation of flushing cost per year (MYR); 9 Estimation of additional calf feed cost per year (MYR); 10 Estimation of additional
feed cost of total population of calf-heifer per year (MYR); 11 Estimation of additional in deworming cost per year (MYR); 12 Estimation of
additional cost for ID tag per year (MYR); 13 Estimation of net gain or loss per year (MYR).

Another input that was considered under gains was the decreased cost of production,
which included the shorter calving interval cost and shorter first calving age cost. The
shorter calving interval after new feeding management cost for Swamp buffaloes was val-
ued at 90.00 MYR (22.11 USD), while for Murrah crossbred buffaloes it was at 46.80 MYR
(11.50 USD). The shorter first calving age after the new feeding management cost was
valued at 250.02 MYR (61.43 USD) for Swamp and 168.95 MYR (41.51 USD) for Murrah
crossbred, respectively. Therefore, the total decreased cost for Swamp buffaloes was
340.02 MYR (83.54 USD) and for Murrah crossbred buffaloes was 215.75 MYR (53.01 USD).

Total gains were calculated by the sum of total increased revenue and decreased cost.
Therefore, total gain for Swamp buffalo was 2644.16 MYR (649.67 USD), while the Murrah
crossbred buffalo was 4747.25 MYR (1166.40 USD), higher than the Swamp buffaloes.

In this study, the losses included the increased costs of production, which consisted of
costs of fertilizer, flushing, supplemented feed, feed cost for increase total population of
calf heifer, deworming, and ID tags. Table 6 also summarizes the increased costs for rearing
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Swamp and Murrah crossbred buffaloes. The cost of fertilizer for per animal Swamp
and Murrah crossbred buffaloes was 64.79 MYR (15.92 USD). The cost of flushing the
Swamp buffaloes was 13.26 MYR (3.26 USD), while the crossbred buffaloes was 16.80 MYR
(4.13 USD). The cost of supplemented feed due to the increase in a number of calves was
valued at 4.32 MYR (1.06 USD) for Swamp and 9.50 MYR (2.33 USD) for Murrah crossbred
buffaloes. The increased total population calf heifer of Swamp buffaloes was valued at
2.45 MYR (0.60 USD), while the Murrah crossbred buffaloes was 5.39 MYR (1.32 USD).
The costs of deworming and ID tags were 0.03 MYR (0.01 USD) and 0.10 MYR (0.03 USD),
respectively, for Swamp, while the Murrah crossbred buffaloes were 0.10 MYR (0.03 USD)
and 0.22 MYR (0.05 USD), respectively. In total, the additional cost for Swamp buffalo was
84.95 MYR (20.87 USD) and for the Murrah crossbred buffalo was 96.76 MYR (23.77 USD).
The Murrah crossbred buffalo showed slightly higher additional cost.

3.6. Net Gains/Loss

The difference between total gain and total loss was the net change. The net change
for Swamp buffalo was 2559.21 MYR (628.80 USD), while the Murrah crossbred buffalo
was 4650.49 MYR (1142.63 USD).

4. Discussion

The birth weight of Murrah crossbred buffaloes, as shown earlier, was heavier than that
of the Swamp buffaloes [5,21,22]. However, this study reported much heavier birth weights
for both Swamp and Murrah crossbred buffaloes compared to the previous reports. In fact,
the average of birth weights of Swamp buffaloes reported in Malaysia [23] and Thailand [24]
were lower compared to the present study. Similarly, the average of birth weights of Murrah
crossbred buffaloes reported in Sri Lanka [25] was also lower than the present study. In this
study, the average of birth weight showed significant (p < 0.05) interaction with the year
of birth. According to previous research, the birth weight is influenced by the season of
birth, year of birth, sex of the calf, and parity of the dam [24,26,27]. However, it is believed
that the better birth weights observed in this study might be due to the good feeding and
husbandry managements [12,28]. Thus, this study was in agreement with our findings
where the new feeding regime potentially improved average birth weight.

Following birth, both Swamp and Murrah crossbred buffaloes showed rapid pre-
weaning growth, but the crossbred buffaloes showed significantly better rate, leading to a
better overall daily weight gain of 0.86 kg/day compared to 0.65 and 0.74 kg/day at three
months old reported by [29,30]. As a result, the average body weight of three-month-old
buffaloes in the present study (112.29 kg) was higher than the 86.5 kg reported earlier [29].
A similar study revealed that approximately nine months were needed for the calves to
achieve body weight of more than 100 kg, irrespective of the breed of the buffaloes [5].

In this study, it was observed that ADG at birth to weaning age (zero to three months)
was higher than at four to 30 months old. Comparing the performance ADG of buffalo
between 0–3 months up to 24 to 30 months, it is revealed that weight gains and growth rates
were higher during the periods when the calves were offered milk than when offered solid
feed. In addition, the higher ADG before weaning age could be due to underdevelopment
of the rumen buffalo calves at an early age, as observed and reported by Abbas et al. [30].

In general, the Murrah crossbred buffaloes had significantly heavier bodyweight
than Swamp buffaloes from birth until 24 months old, which is in line with buffaloes in
Indonesia [31], Thailand [22], and the Philippines [5,21,32]. The body weights of the buffalo
calves can be affected by many factors, such as the feeding management [33–35], breeds of
buffalo [5,25,27], and environmental factors [24,36,37].

However, there were several factors contributing to the poor performance of animal
growth at farm levels, namely improper nutritional management, climate change, seasonal
stress, metabolic diseases, and mismanagement of farm [12,38]. Prior to intervention,
nutritional analysis of the pasture before 2012 showed the average of crude protein, carbo-
hydrates, ash, ether extract, and gross energy were low in value contents. The grass used
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by this farm had been the primary diet to boost performance of the animals. Additionally,
another study has shown that Brachiaria decumbens were able to give the animals with nu-
tritionally inferiority [39] when farms have proper pasture management. Thus, managing
the farm with a proper management of pasture and supplementation diet in future will
potentially make the buffalo have a better performance in growth, reproduction, and high
production of quality milk to calves and industry over a long productive life [38,40]. Mean-
while, after the implementation of the intervention (2012–2015) via a new feeding regime
by supplementing concentrate in the basal diet and improvement of pasture management,
the nutritional contents of the buffalo’s diets were improved.

Since the improvement of the diet due to post-intervention potentially improves the
growth performance of both breeds, calves after weaning must be allowed to graze on
improved pasture, be provided with a proper ratio of concentrate supplement to improve
the growth performance, and be able to reach the breeding age in a shorter period [12,40].
This study also was in agreement with Vendramini et al. [41], where the study revealed a
positive linear relationship between concentrate supplementation and ADG, liveweight
gain, and stocking rate of early weaned calves of Bos sp. In addition, the new intervention
revealed a better impact on the improvement of average birth weight, number of calving
rate, and reduce calf mortality rate. Indeed, the number of calving rates in this study was
in agreement with Wahid and Rosnina’s [9] findings, which indicated that the buffalo in
Asia undergo year-round breeding and produces two calves every three years on average.

The reduction of calf mortality rate was shown before and after intervention from
26.83% to 19.81%, respectively. However, a study in Pakistan revealed an average of 17.98%
mortality rate among buffalo calves [42], which was lower than this study. Other studies
from India recorded that the mortality rate among dairy buffalo farms was 81.09% [43].
According to Panchasara et al. [42] and Othman et al. [12], the death of buffalo calves was
usually reported during the third to fourth weeks of age, during certain seasons (monsoon,
winter, or during heavy rainfall season) and improper feeding management, which had led
to metabolic disease such as ketosis.

Between 2011 and 2015, improved farm husbandry practices have resulted in an
increased number of new-born calves and low rate of calf mortality, which had contributed
to the increased revenue for both Swamp and Murrah crossbred buffaloes [12,28]. However,
the Murrah crossbred buffaloes showed higher value due to the marked increase in the
number of new-born calves and lower rate of calf mortality, making the population of
crossbred calves much higher, which had brought more income to the farm. In addition,
the Murrah crossbred buffaloes showed heavier birth weight; thus, they tended to reach
weaning weight much earlier than the Swamp buffaloes.

It was reported in this study that the reduction of calving intervals had occurred after
implementing the intervention. The data on calving interval recorded in Murrah crossbred
(13 months) and Swamp buffalo (15 months) were lower compared to what was reported
in India, where Murrah buffaloes had an average of 15 months [44] and Swamp buffaloes
had an average of 18 months [4].

Partial budgeting is an economic model providing information on consequences of
certain change in farm procedure without any specific time pattern [45]. The data retrieved
from partial budget allows the farmer to understand the cost of production changes that
determine the profit margins, and it is critical to ensure the sustainable of farm industry [46].
In this study, early weaning is costlier for the farm due to the longer weaning to production
period. This leads to a slightly higher additional cost of the Murrah crossbred buffalo. On
the other hand, the birth weight could also affect the reproduction maturity of females [47],
when the Murrah crossbred buffalo tends to reach the age at first calving earlier than the
Swamp buffaloes. Thus, the females can reproduce earlier and for a longer period, which
brings more economic benefit to the farm. Earlier age of first calving also reduces the cost
of rearing heifers.

Although better birth weight was beneficial to the farm economically, it also brings
extra cost, especially in terms of feed consumption. As Murrah crossbred buffaloes were
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born bigger, their feed consumption was also higher than the Swamp buffaloes. Thus,
they need more feed to get enough energy and nutrition for maintenance and growth,
and this adds cost to the farm. Nevertheless, the Murrah crossbred buffaloes produced
significantly higher overall net gains than the Swamp buffaloes. Therefore, farmers can
reduce the rearing cost and earn more profit by rearing Murrah crossbred buffaloes and
selling them at an earlier age either for slaughter or fattening purposes. Estimating costs
via partial budget for rearing young buffalo could improve the farmer’s awareness and
improve decision making in either rearing Murrah crossbred or Swamp buffalo, which
could increase economic sustainability, meat, and milk production, as well as conserve the
local indigenous breed in Malaysia.

5. Conclusions

In conclusion, the use of supplementation is a good practice with favorable findings
when the system of buffalo rearing is addressed for meat and milk purposes. The early
weaning of the buffalo calves, calving interval, reducing calf mortality rate, and improved
calf birth weight may be a successful practice when having feed of good nutritional quality
and proper pasture management. In future, this allows the calves to have early develop-
ment of rumen physiology and metabolic function. Murrah crossbred buffaloes showed
significantly heavier birth weight and better daily weight gains and thus reached market
and breeding weights at a significantly younger age as compared to Swamp buffaloes. Sub-
sequently, they resulted in better income gain for the farm when rearing Murrah crossbred
buffaloes (4650.49 MYR) as compared to Swamp buffaloes (2559.21 MYR), whose crossbred
buffaloes contribute to better cost savings and high net gains. The use of new intervention
practice toward buffalo calves according to the rearing of both breeds has given a better
extent of efficiency in the growth performance of the stock.
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Abbreviations

MYR Malaysian Ringgit
USD United States Dollar
L Liter
m meter
kg Kilogram
MJ Millijoule
DM Dry matter
ADF Acid detergent fiber
NDF Neutral detergent fiber
ADL Acid detergent lignin
SEM Standard error of mean
PKC Palm kernel cake
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Simple Summary: Apart from feeding with forages, dietary supplementation with concentrate
and rumen bypass fat is one of the feeding strategies to enhance nutrient availability and improve
buffalo performance and productivity. This review paper thoroughly discussed the utilization of
concentrate and bypass fat as dietary supplementation in buffalo feeding, and discussed the effects
on performance, fermentation characteristics and general health of buffaloes to give better insight
about the potential and challenges of dietary supplementation in buffalo diet. Based on the literature
studies, it can be summarized that supplementation of concentrate and bypass fat in buffaloes may
overcome the nutritional problems and improve the growth performance, health status, rumen
environment and carcass traits.

Abstract: With the increase in the global buffalo herd, the use of supplementation in the ruminant
feeding has become an important area for many researchers who are looking for an isocaloric and
isonitrogenous diet to improve production parameters. In order to improve the performance of the
Asian water buffalo, the optimal balance of all nutrients, including energy and protein, are important
as macronutrients. Dietary supplementation is one of the alternatives to enhance the essential nutrient
content in the buffalo diet and to improve the rumen metabolism of the animal. Researchers have
found that supplementation of concentrate and rumen bypass fat could change growth performance
and carcass traits without causing any adverse effects on the buffalo growth. Some studies showed
that dry matter intake, body condition score and some blood parameters and hormones related to
growth responded positively to concentrate and rumen bypass fat supplementation. In addition,
changes of feeding management by adding the supplement to the ruminant basal diet helped to
increase the profit of the local farmers due to the increased performance and productivity of the
animals. Nevertheless, the effects of dietary supplementation on the performance of ruminants are
inconsistent. Thus, its long-term effects on the health and productivity of buffaloes still need to be
further investigated.

Keywords: bypass fat; buffalo; concentrate; performance; supplementation
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1. Introduction

The Asian water buffalo (Bubalus bubalis) is an important animal resource in a mini-
mum of 67 developing countries. Many people rely on this species for their livelihoods [1].
It provides economic value from its meat, milk and leather, and especially draft power [2].
An estimation by Scherf [3] revealed that more than 2 billion people depend on approxi-
mately 200 million heads of buffaloes, which is more than any other domesticated animal.
The majority of buffaloes operate in close association with humans on small farms, for
whom these animals are also their largest capital asset. Based on morphological and be-
havioral criteria, there are two subspecies of domesticated water buffaloes, the swamp
(Bubalus bubalis carabanesis) and the river or Murrah (Bubalus bubalis bubalis) buffaloes [4,5].
Crossbreds between Murrah and Swamp (Bubalus sp.) buffaloes are found in some parts of
Asia, especially in China, Indonesia, the Philippines, Thailand, Vietnam and Malaysia [6].

Currently, buffalo management practices are intrinsically correlated to the status of
buffalo health, production and welfare. In order to ensure the optimum health of the
animals and the organized production of high-quality and safe animal products (meat,
milk and dairy products), a proper diet ration arguably represents the easiest strategy that
can be implemented by farmers at the farm level. Both the meat and the dairy buffalos’
industries have made significant advances in animal management, husbandry, genetics
and nutrition. However, the current climate change phenomenon has caused a reduction of
the availability of rangeland pastures and forages, especially for animals reared under the
free-grazing system [7]. According to Henry et al. [8], extreme and fluctuating temperature
may impair the optimum health and quality of life of animals. Furthermore, changes
of the economic patterns around the world due to COVID-19 issues and the increasing
demand for livestock as well as animal products from the developing countries trigger
all the stakeholders involved in ruminant production to reconsider the strategic use of
nutrition for enhancing animal health and production. Indeed, the livestock industry must
find alternative nutritional strategies which meet the demand of consumers for economical
animal products that are produced in clean, halal, green and ethical manners [9]. From
our literature review, we found an abundance of scientific trial studies on animals (in vitro
and in vivo) that indicated reliable and cost-effective approaches for increasing ruminant
profitability through optimizing the composition of the feed nutrients and with the addition
of supplementation [7].

Nowadays, the buffalo industry in Malaysia is starting to gain some attention as there
are currently more studies on buffalo production, especially on how to improve it. This
is in line with what has been carried out elsewhere, especially in other Southeast Asian
countries. We therefore propose an approach using a suitable diet of a combination of basal
diet with supplementation aimed for growing buffaloes. Hence, in this review article, we
discussed the challenges of the buffalo industry, the requirements for energy and protein
for buffalo growth, the potential of supplementation in the buffalo diet and the effects of
the supplemented diet on rumen fermentation characteristics, growth performance, quality
of the buffalo meat and the economics of the feed ration in ruminants. Our findings would
allow specific dietary supplementation-based strategies to be established, which could
efficiently enhance the health, welfare and longevity of the buffalo.

2. Characteristics of Asian Water Buffalo

2.1. Morphology and Genetics

In the field, river and swamp buffaloes can be differentiated based on their morphology
and behavior. Swamp buffaloes are ash or dark grey with a white chevron line on the neck,
either one or two stripes, and have socks, while the tip of the tails and the horns are swept
backwards [10,11]. They prefer to wallow in the marshland and mud, and have large feet
with slow steady movement that make them well-suited for paddy land preparation in
swampy waterlogged rice fields [12]. On the other hand, river (Murrah) buffaloes have
black bodies with tightly and forwardly curled horns. They prefer to wallow in clean
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water [10]. The crossbred buffaloes have the same morphology as the Murrah but are
smaller than the Murrah and bigger than the Swamp buffaloes.

The chromosome number also differs between Swamp and Murrah, with river 2n = 50
and swamp 2n = 48 [11], owing to the fusion of chromosomes 4p and 9 [13]. The river and
swamp buffaloes are also genetically distinct, as confirmed by the variations in allozymes,
sex-linked, autosomal DNA markers, mitochondrial DNA sequences, microsatellite vari-
ation and a comparison with protein-coding loci [11,14,15]. Malaysian swamp buffaloes
from the peninsula and Borneo region such as Sabah and Sarawak states were studied in
this work. The peninsular and the Borneo swamp buffaloes were found to be genetically
distinct, hence paving the way for the possibility of crosses between them to improve the
Malaysian swamp buffaloes [6]. In addition, a prior study in Malaysia had reported that
phylogenetic tree and mtDNA analysis on Swamp buffaloes were genetically conserved
and the crossbreds were dominantly Swamp according to the maternal lineage using d-loop
mtDNA [6].

On the other hand, crossbred buffaloes are the result of a combination of the two
genetic types, but showing 80% dominant characteristics of the Murrah breed [6]. Crosses
between river and swamp buffalo are fertile, despite having 2n = 49 chromosomes in
F1 and F2 offspring. The crossbred buffaloes show better growth, larger body size and
much improved draft power compared to the local swamp buffaloes [16]. Furthermore,
the crossbred buffaloes are capable of yielding extra milk production, with an average of
between 4.0 and 1.94 kg/day [17]. In fact, crossbred buffaloes are much more improved
in terms of birthweight, age at maturity and first calving, duration of heat and period of
inter-calving [18]. Indeed, with improved feeding, the crosses were recorded to grow 40%
faster, with significantly improved meat quality than the Swamp buffaloes [19].

2.2. Distribution and Use

The indigenous breed of buffalo in East and Southeast Asia is the Swamp buffalo
(Bubalus bubalis carabanesis). It is largely concentrated in Southeast Asia and Southern
China (Figure 1). In China, the Swamp buffaloes have adapted to a range of climates,
altitudes and temperatures [20]. Therefore, the Swamp buffaloes could be found in both
low- and high-lands. Traditionally, the Swamp buffalo is used mainly for draught power,
particularly for ploughing paddy fields and transportation, but it is also used to supply
meat for human consumption. Until now, some oil palm estates are still using Swamp
buffaloes as draught animal to pull carts carrying oil palm bunches. Occasionally, Swamp
buffaloes’ milk is used to make dairy products such as yoghurt and mozzarella cheese.

Figure 1. The swamp buffaloes. (a) Calves Swamp buffalo, (b) adult Swamp buffalo. Reprinted with permission from
ref. [21]. Copyright 2021 Mohd Azmi et al.
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River or Murrah buffaloes (Bubalus bubalis bubalis) are mainly found in South Asia,
with the highest distributions in Pakistan, India, the Middle East and Italy (Figure 2). They
are primarily reared for their milk typified by the high contents of fat and dry matter.
Furthermore, buffalo milk has lower cholesterol content, but compared to cow’s milk, it
has more calories and fat. Thus, it is used to produce high-value thick and creamy cheese,
yoghurt and ghee [20]. Murrah buffaloes are also used to improve buffalo milk production
in many other countries such as Egypt and Bulgaria [22]. According to Hamid et al. [23],
the Murrah buffaloes have been described as the “Asian tractors” and serve the purpose
of meat, milk and work. In contrast to the Swamp buffaloes, river buffaloes are more
aggressive, with temperamental instability [24].

Figure 2. The crossbred and pure-bred Murrah buffaloes. (a) Crossbred buffalo and (b) pure-bred Murrah buffalo. Reprinted
with permission from ref. [21]. Copyright 2021 Mohd Azmi et al.

The multipurpose crossbred buffaloes are mainly found in several parts of Asia,
especially in China, Indonesia, the Philippines, Thailand and Vietnam. They are used to
provide draught power and meat in rice-growing areas and milk in other regions [25]. Now,
crossbreeding of buffaloes is practiced in almost all countries where Swamp buffaloes are
found, such as China, Burma, Thailand, the Philippines, Malaysia and Sri Lanka, with the
aim of improving the milk yield and the animal size for work in the field [26].

3. Challenges in Buffalo Production Systems

An alarming decline in the buffalo population of Southeast Asia has happened over
the past two decades at an average rate of 1.2 percent per year. This is due to several
factors: (i) poor market demand for buffalo products [27], (ii) high rate of slaughter coupled
with insufficient input for research and development [28], (iii) increased agricultural
mechanization that made the Swamp buffalo redundant, (iv) a myth against the quality
of buffalo meat [29], (v) poor reproductive performance coupled with poor responses to
the biotechnology currently available, such as embryo transfer technology and artificial
insemination, which prevented sufficient proliferation of the buffalo [17], and above all,
(vi) a lack of knowledge on farm and feed management, resulting in a rapid decline in the
number of buffaloes.

Furthermore, a few other factors have been cited as possible constrains that had
contributed to the low output from beef and mutton producers. These factors include the
inadequacy of land suitable for grazing to sustain significant livestock breeding populations,
low supply of quality breeding stocks, erratic supply of high nutritional value feed and
lack of an effective system of marketing. Taking cues from the poultry industry, the beef
industry must promote ready supplies for the breeding and fattening of the production
stock, ensuring the continuous supply of reasonably priced buffalo feed and creating an
effective marketing network [30].
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In Asia, in accordance with the environment, soil and socioeconomic opportunities,
buffalo production systems vary widely [31]. The semi-intensive production system prac-
ticed by smallholder farmers is currently focused upon by many developing countries
for the ruminant industry, mainly for cattle and buffalo. According to Saadullah [31],
buffaloes in Asia that are mostly under the semi-intensive system are kept mainly for
specific purposes, such as for meat and milk production. Approximately, 11%, 5% and
84% of the smallholder farmers reared buffalo for milk, meat and for both milk and meat,
respectively [32]. Recently, the extensive production system is used through integrating
ruminants, including buffaloes with oil palm or rubber plantations [30], where large-scale
pasture lands and green forages or grasses are available [33] that allow the animals to
graze for an average of 6 to 8 h daily [34]. However, most buffalo farms practice the semi-
extensive grazing system in oil palm or paddy field areas without supplementation [35].

South and Southeast Asia have many marshlands and rivers which are suitable for
raising buffaloes. Moreover, improvements in feeding management have influenced the
growth performances of buffaloes in countries such as India, Brazil, the Philippines and
Malaysia [35,36]. In general, indigenous Swamp and crossbred buffaloes in Southeast Asia
are low in numbers, and this has affected the production of dairy and meat. Furthermore,
longer puberty age, seasonality of breeding, longer calving interval, high calf mortality
and poor genetic pool, nutrition and management practices [37–39] have all influenced the
productivity.

4. Feeding and Nutritional Management for Buffalo Production

4.1. Nutrient Requirements and Utilization of Buffalo

Like other ruminants, buffaloes obtain their energy and protein in the form of volatile
fatty acids and microbial proteins from fermentation end products. Based on research
studies on the nutritional requirements and digestive physiology of buffaloes, it was con-
cluded that buffaloes underwent relatively higher ruminal degradation of both protein
and fiber [40] as compared to cattle [41]. This unique ability, particularly the better fer-
mentation of fibers in buffaloes in temperate countries, is the consequence of adaptation
following years of being fed with low-quality and highly fibrous diets [42]. According
to Manish [43], the protein and energy demands of buffaloes in Asia were being met by
feeding roughages containing high levels of lignocellulosic materials, namely cellulose,
hemicellulose, lignin and low levels of fermentable carbohydrates and proteins. Indeed,
the irregular and inadequate availability of quality feedstuffs and their utilization had been
reported as the main causes of the poor performance of buffaloes in Asia [44]. In contrast,
developed countries that produce a large number of meat and dairy animals place much
emphasis on improving energy and protein levels of animal feed as well as on developing
a specific model of nutrient requirements in buffaloes. These were reported by various
studies, where the levels of energy and protein requirements varied in buffalo diets during
lactation and growth [41,42,45]. Nevertheless, limited strategic studies were performed
to establish the protein and energy needs of buffaloes in Asia, particularly on assessing
their effects on different physiological stages and on the performances of buffaloes of
various breeds.

In general, buffaloes need optimal nutrient requirements such as protein, fat, vitamins,
minerals and water in order to maintain life, to reproduce and to enhance productivity.
These requirements are influenced by many factors [46,47]. They include:

1. Animal-based factors, such as the physiological status (growth), age and body weight
of animal, production line, traits of digestive system and health status [48,49].

2. Ration-associated factors, including the feeds that are used in the ration and the
nutritional, physical and chemical composition status of the feed [50].

3. Environmental-related factors, particularly the climate, air temperature and feeding
system [51].
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Currently, there is paucity of information regarding the energy requirements of grow-
ing, breeding, lactating or working buffaloes [52]. Therefore, the nutrient requirements for
cattle have always been adopted for buffalo feeding following the recommendations by
NRC [53] and AFRC [54].

Energy is typically derived from carbohydrates, namely starch, cellulose and fat [47].
The nature of the buffalo digestive system physiology makes the cellulose in roughages,
a rather cheap energy source, important [55]. The recommended values of energy re-
quirements for buffaloes differ depending on their stages and physiological conditions.
Estimations of the energy requirements of buffalo gain in the literature varied from 0.78
to 2.23 TDN/g gain [52], and for the lactating stage it was 1.97 TDN/g gain [48]. In addi-
tion, the amounts of feedstuffs offered to buffaloes to meet their requirements were also
linked to various characteristics, such as the type, quantity, quality and presentation of
the feed [52]. Therefore, besides feeding with low-quality roughage, the high demand
for energy by growing buffaloes should be fulfilled by supplementing with a mixture of
quality roughage and grains that contained an abundance of energy [56]. Furthermore,
adequate supplementation of fat was capable of increasing the concentration of energy
in the animals, which could also enhance the percentage of fat in the milk as well as the
quality of the meat [57].

Protein is an important substance for growth and development of muscles, nerves
and other tissues. It is also important for the repair of aged tissues, fetus development
and the production of meat and milk [58]. Ammonia is required for the growth of rumen
microorganisms before optimal microbial protein synthesis is achieved by supplemen-
tation with adequate levels of protein and non-protein compounds [59]. Other studies
reported earlier that there was a large variation in the values for protein requirements
in buffaloes [48,52]. The estimated range of digestible crude proteins needed by buffalo
for maintenance and growth was 1.11 to 5.05 g/kg metabolic body size 0.75 and 0.30 to
0.45 g/g gain, respectively [52]. Following a low level of protein or energy supply to buf-
faloes, the demand for proteins was met by a low supply of medium-quality pastures and
fodder. Therefore, growing, pregnant and lactating buffaloes should be fed with meadow
grass and leguminous forage supplemented with concentrate, grain or oil seed cakes [46].
This could prevent protein insufficiency that might lead to declines in appetite and feed
consumption of the animals, a negative utilization of feed and a reduction in cellulose
digestion [55].

4.2. Roughage Feeding

It is clear that buffaloes’ main diet consists of roughages such as grass, legumes
and straw. Most of the buffaloes are fed on tropical grasses as the primary source of
nutrients. The roughages are fed either fresh as the grazing pasture or dried such as
in a cut and carry system or conserved as hay or silage. Thus, a relatively low cost of
digestible energy from grasses is provided to the buffaloes, mainly in the form of fibrous
compounds [60]. Nevertheless, the roughage that forms the basis of a feed ration should
be of good quality, have both nutritional and hygienic qualities and be capable of meeting
at least the total maintenance requirements. Unfortunately, tropical grasses for grazing
buffaloes infrequently represent a balanced diet, since they have constraints on one or more
nutrients that may limit the intake of forage, digestibility or the metabolism of the absorbed
substrates [61]. Therefore, an addition of concentrate in the diet should be practiced in
buffaloes’ feeding to ensure a balanced ration, and nutrients are provided to meet the
buffaloes’ requirements [62].

To improve buffalo performance, the utilization of pastures in any season as the main
nutrients is not considered to be optimal [61]. Thus, selecting mature, dried foliage and
stems of grasses ensures supply of a low protein level of less than three percent of crude
protein. Furthermore, the grasses have been variably leached of soluble components,
including minerals, proteins, sugar and starchy carbohydrates that are needed for efficient
fermentative digestion in ruminants. On the other hand, too much intake of non-fibrous
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feed can change the environment of the rumen, and in the long term, leads to serious feed
digestion problems, including reducing feed intake, which leads to ketosis, weight loss
and a reduction in milk yield. According to Figueiras [61], unbalanced energy to protein
ratios were recorded in tropical grasses, with relative energy surplus. Thus, the use of this
poor-quality forage without a supplementary diet contributed to the low production of the
ruminant meat industry in developing countries. In fact, a study in Brazil and Australia
revealed that using a proper feed supplementation program improved the body weights
of ruminants [60]. For this reason, there is a need to recognize tropical pastures as having
limitations of nutrients and to solve this or to change to feeding regimes that may lead to
improved performances of the animals and the overall production efficiency [63].

4.3. Supplementation Strategy

Low growth performance, poor reproductive performance and milk yield have been
reported in buffaloes in other studies [64,65]. Indeed, the poor performance reported by
those studies correlated with poor dry matter intake and weight gain and longer calving
intervals [64,65]. In many parts of Asia, inadequate and irregular availability of quality
feedstuffs and their utilization are the main causes of the poor performance of buffaloes [44].
A report stated that buffaloes in Southeast Asia were mainly fed with hay or forages high
in lignin and low in fermentable protein and carbohydrate contents [44]. Many strategies
have been trialed in order to improve the nutrient supply and utilization in buffaloes, with
varying degrees of success. These are: (1) utilization of available feed resources such as local
plants that have high crude protein or energy content, (2) use of industrial and agricultural
by products, (3) dietary addition of concentrate, fermentation modifiers and vitamins
and (4) usage of ruminally protected dietary fat and protein sources, which have shown
significant potentials to improve growth, reproduction and milk yield of buffaloes [44].
However, in order to choose the best strategy to improve buffalo performance, the farmer
should identify the main problem causing the low growth performance of the animal.

In the buffaloes’ diet, the roughage should often be complemented with concentrate,
grains or agro-industrial products as supplements. The supplements should be fed only to
fulfil the additional requirements for improving growth, pregnancy and milk production.
Therefore, feed supplementation programs should concentrate mainly on the establishment
of a diet that contains balanced nutrients by increasing the energy content in the diet as well
as by increasing the dry matter intake through the addition of supplements. Indeed, a sup-
plemented diet in the tropics should focus primarily on protein and fat supplementations
in order to provide optimum energy for better growth performance of the animals [63,66].
This would allow for utilization of the relative excess of energy from the supplemented
diet to be converted into body weight gain [67]. Balancing the fat and protein nutrition
through supplementation is one of the strategies for increasing production in ruminants
with high-energy diet requirements, such as young post-weaning animals, animals in the
last trimester of pregnancy and lactating animals.

In most regions of developing countries, it is not practical to identify the deficient
micronutrients and macronutrients in pastures or other forages, as these vary from site
to site and year to year. Furthermore, they are also influenced by the pattern of fertilizer
application and the weather conditions. The alternative is through providing buffaloes
with a supplemented diet, and the supplementation involves providing energy and protein
to satisfy the requirements for efficient digestion in the rumen. Diet with a proper supple-
mentation is able to provide optimal ammonia nitrogen and good fatty acid in the rumen.
Palatable and tasty feed with a well-balanced ratio of protein and fat as additional energy
sources is the best way to increase milk production and live weight, maintaining health
and enhancing fertility. This has influenced the changes in supplementation utilization,
since a lack of knowledge on feeding management would affect animal production and
nutritional performance [63,66]. However, comparative analyses regarding the combina-
tion of energy and protein supplementation on buffalo performance in the tropics remain
scarce. Therefore, extensive studies are needed to assess the impacts of supplements on
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grazing buffaloes in the tropics, particularly on the intake, ruminal fermentation pattern
and the quality of the meat.

4.4. Types of Supplementation in Buffalo Diets

Supplemented feed offers a promising way to enhance the overall health and per-
formance of buffaloes. In contrast to a nutritionally complete ration, supplemental diets
are intended to provide an additional source of energy and protein when forage quantity
and quality are inadequate to meet the desired performance [68]. Nutritional husbandry
of domestic buffalo often contains high energy and protein supplements in combination
with roughage to increase the growth rate of sub-adult animals [69] and to enhance the
digestibility of forage diets [70]. Supplementation strategies are essential in designing
the feeding programs for this species. In fact, supplementation with larger amounts of
energy-rich feeds with a source of protein and fat could reduce the time taken to prepare
buffaloes for the market, thus increasing profitability, such as those reported for cattle that
consumed low-digestibility forages with energy and protein supplements [71].

Concentrate is one of the dietary supplements that supply protein to animals. Many
experiments have demonstrated the benefits of supplementing dietary protein meals or
concentrate to ruminants that are fed poor-quality forage [72–74]. In fact, in developing
countries, low cattle and buffalo productions are primarily due to limited supplies of
nutrients in high forage-based rations [75]. Therefore, it is important to identify new feed
sources and technologies for cattle and buffalo production systems. Recently, there are
several varieties of concentrate ingredients that have been used by smallholder farmers,
namely maize meal, cassava powder, rice bran and mixtures of these feedstuffs in ruminant
production [75], such as cattle and buffalo. However, due to inadequate information on the
nutritional value, digestibility and characteristics of the rumen fermentation, the benefits of
using these feeds for buffalo are not well-understood. This is especially true since previous
studies had reported that different proportions of concentrate feeds differed substantially
in their rumen fermentation characteristics [76]. Nevertheless, a high starch content in
the concentrate is important in ruminant nutrition because it is cost-effective, contains
protein sources and has been proven able to influence rumen function and digestion of
nutrients [77,78].

The technology of bypass nutrients such as rumen bypass fat has been implemented
in feed management through passive rumen manipulation [79]. It is also known as rumen-
protected fat, inert fat or rumen bypass fat [80]. Bypass fat is the supplement that escapes
rumen degradation as it is being protected from microbial fermentation, biohydrogenation
and remains insoluble at normal rumen pH. However, it is easily digested and absorbed
in the lower gastrointestinal tract at the abomasum and small intestine, respectively [81].
Therefore, it might be beneficial for ruminants to be fed with rumen bypass fat as a
supplementary diet that is absorbed readily from the lower digestive tract. There are two
types of rumen bypass fat supplements commercially used by farmers, namely natural
bypass fat (e.g., cotton, roasted soybeans, sunflower and canola whole oil seeds) and
chemically prepared bypass fat (e.g., crystalline or prilled fatty acids, formaldehyde-treated
protein-encapsulated fatty acid, fatty acyl amide and calcium salts of long-chain fatty
acids) [82]. The calcium salt-coated method on fatty acid of vegetables has been reported
to be a more accessible bypass fat to all types of farmers. It has also been proven to be a
cost-effective technology compared to other rumen bypass fats [83]. A few studies reported
improvements on the growth and nutrient utilization of buffalo calves after being fed with
bypass nutrients [84,85]. Integration of fat supplement into the diet enhances the growth
potential of buffalo calves [79]. Studies have reported that high fat supplementation, such
as RPF, could also enhance fiber digestibility of various fibrous feedstuff due to the high
hydrolysis rate in rumen (85% to 95%) [81,82]. This supplement can also improve energy
efficiency, as a result of reduced production of methane from the rumen and direct use of
long-chain fatty acids [86]. Many studies recommended that the ration of high producing
and growing animals should contain between 3% to 6% fat in the total ration DM, in

140



Animals 2021, 11, 2033

order to obtain the beneficial effects [82]. Meanwhile, feeding more than 9% rumen bypass
fat would not be beneficial for the growth (feed intake) and lactation (milk yield) of the
animals [82].

5. Effect of Dietary Supplementation on Buffalo Production

The advantages of high energy and protein in dietary supplements can be the expla-
nation for the improvements in the growth and fattening of ruminants. Indeed, it has been
shown that apart from improvement of the growth performance upon supplementation of
concentrate and bypass fat, the improvement in dry matter intake may further enhance the
average daily gain, growth hormones (e.g., GH and IGF-I), body condition score, carcass
traits, meat quality and breeding performance of buffaloes [21,79,87]. In addition, the
supplementation of both concentrates and bypass fat did not cause any adverse effects on
serum biochemical profiles, rumen fermentation and microbial population [21,28,33–35].
An overview of the role of these concentrate and bypass fat supplementations in buffalo
nutrition is presented in Figure 3.

Figure 3. An overview of the role of concentrate and bypass fat supplementation in buffalo nutrition.

5.1. Growth Performance

The body weight gain and the body condition score (BCS) of buffalo calves after
weaning represent the growth vigor of the animal. This is a substantial feature in the
selection of animals [88]. The body condition score of a buffalo is classified as a subjective
scoring method to assess the outer appearance of the animal, which interacts with its
body fat to provide a better understanding of the biological relationships between body fat,
reproductive performance and production of milk. These could assist in the implementation
of optimal management practices to achieve maximum production and to preserve better
health status [87]. Indeed, the BCS may also provide an immediate evaluation of the body
condition of the animal and can be readily integrated into operational decision-making [89].
The use of BCS started in studies of ewes, beef cattle and Holstein dairy cows in 1961, 1976
and 1989, respectively. It used a 0 to 5 scale with a chart developed for references of body
condition scoring [87]. In Pakistan, there was a study on Nilli Ravi buffalo that assessed the
BCS by using a linear scale of 1 to 9 (1–3 for thin, 4–6 for average and 7–9 for fat), where the
scoring was performed visually by assessing the covering of fat over the tail head, rump,
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sacral bone and loin and withers area [90]. However, the BCS of buffaloes was improved
and established in India [87] using a 1 to 5 scale for assessing the animals (Figure 4). India
has the highest buffalo population in the world and shows dramatic increases of population
numbers yearly [91]. In addition, it is the native tract for the best buffalo breeds of the
world [92]. The improved chart for BCS of buffalo with a 1 to 5 scale using 0.25 increments
has been widely used in Asian countries [92]. The BCS score assessment was carried out by
taking into consideration the anatomical features and amounts of fat reserves at various
skeletal checkpoints. Validation of the precision of the BCS score had been carried out via
ultrasonic measurements of subcutaneous fat [92]. Thus, the use of the BCS 1 to 5 score is
suitable for assessing the reproduction and production status of buffaloes. Furthermore,
the most widely used criterion is also to determine the growth of animals by assessing
their body weights. Body weight is significantly associated with the types of feed and
ration offered.

According to Vahora et al. [79], improvements in the average daily weight gain, body
length, height and heart girt in buffaloes fed with a basal diet were significantly associated
with the incorporation of protein and fat supplements. Furthermore, offering supplemen-
tation at 0.6 kg/animal/day to grazing buffaloes after weaning for a period of two years
enabled the calves to reach an average of 578.38 kg body weight, with improved body
condition scores [36]. Similarly, supplementing beef heifers with dietary energy supple-
ments increased the average daily gain and utilization of energy from native forage which
contained low-quality nutrients [93]. Sawyer et al. [94] also showed that supplementing
with a low ratio of energy at 40 g/day of crude protein might potentially replace greater
quantities (160 g/day of crude protein) while still maintaining rumen function. However,
animals grazing on low-quality dormant range and fed with a supplementation had no
change in body weight during pregnancy, breeding and longevity compared to those feds
grazing without supplement or a lower rumen undegradable plant-based protein supple-
ment [95]. However, adding supplemental fat in the ration at a rate of 5–7% dry matter
(DM) resulted in an improved lamb weight at 15% to 20% [96]. Ngidi et al. [97] reported
that the apparent digestibility of fat increased, whereas true digestibility lessened when fat
was added at up to 8% of diet DM. Meanwhile, Kumar and Thakur [98] concluded that
supplementation of bypass fat at 2.5% to 4% of dry matter intake increased average daily
gain and feed conversion ratio in buffalo calves and improved the growth performance
without an adverse effect on nutrient utilization. It was concluded that addition of 2% to
4% of fat potentially stimulated feed intake and increased ruminant’s digestibility energy
intake [99].
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5.2. Serum Biochemistry and Hormone Profiles

The main function of blood in the body is to maintain the physiological equilibrium,
but many physiological conditions may alter this equilibrium [100]. Blood contains a
myriad of constituents that provide a valuable medium for clinical investigations and
nutritional evaluations of an organism [101]. Serum biochemicals can be affected by age,
nutrition, physiological status, sex, genetics, environmental factors and stresses, such as
diseases and transportation [102]. The consequences of these variables can be measured by
evaluating the physiological responses, since it is known that environmental and nutritional
factors predispose animals to the occurrence of disease and decrease animal productivity.
Such deviations from normal alter animal body constituents, especially the body fluids, thus
health risk conditions can be well-understood by evaluating blood components. Disease
incidence and malnutrition could be diagnosed by analyzing the deviations of the various
hematological and serum biochemical parameters from the normal reference values [103].
In fact, these values are used to compare and interpret the metabolic state or condition of
animals as a reference point [104].

In the ruminant industry, analysis of blood metabolic profiles for assessing the nutri-
tional and health status of goats, cows and buffaloes are not widely used [105], although
the health and nutritional status of animals are important. However, the conventional
and common practices used to evaluate the nutritional status of animals include the body
condition scoring and the gain of body weights. Therefore, the use of blood metabolites is
less common in assessing nutritional status of ruminants, especially among smallholder
farmers in developing countries [106,107]. Needless to say, there are some blood metabo-
lites that are related to the nutritional status of ruminants, and they reflect the animal’s
response to nutrition. They include blood total protein, cholesterol, triglyceride, glucose
and urea.

Blood metabolites could be used regularly, objectively and reliably to assess the nutri-
tional status of animals. However, the use of blood metabolite analysis in field buffalo and
cattle is rare, particularly in developing countries such as Southern Africa and India due to
the high cost of analyzing the samples, lack of equipment and expertise [106,107]. Similarly,
the use of blood metabolites is quite uncommon in the field of buffalo management. This is
unfortunate since several factors, namely the animal physiological status, nutrition, breed,
age and season, are found to affect the blood metabolites, and in combination with data
from body condition scores and body weights, blood metabolite analysis increases the
accuracy of assessing the nutritional and welfare states of the ruminant population [107].
The success of the blood metabolite profile test alone is limited because several non-dietary
factors also influence the concentrations of blood metabolites, such as herd origin, lactation
stage, milk yield and season of the year [108].

According to Campanile et al. [109], the buffalo heifers fed Brachiaria hay with con-
centrate (high-energy diet) showed similarities in non-esterified fatty acid and triglyc-
eride levels when compared to the group fed a low-energy diet (without concentrate)
(0.53 vs. 0.47 mmol/L, 17.1 vs. 18.7 mg/dL, respectively), but there were significant in-
crements in glucose, total cholesterol and high-density lipoprotein (90.5 vs. 73.6 mg/mL,
80.4 vs. 58.7 mg/dL, 64.0 vs. 45.4 mg/dL, respectively). Bertoni et al. [110] have revealed
that buffaloes fed isonitrogenous diets with different energy contents showed constant
blood urea content regardless of the different diets, while cattle with similar treatment
showed a significant decrease in blood urea with increasing dietary energy. This indicated
the decline in ammonia content in the rumen of cattle as a result of the limited ability to re-
cycle blood urea into the rumen. On the other hand, blood urea nitrogen of buffaloes would
be at optimum range following feeding with different energy content diets that ranged
between 7.00 and 8.50 g/dL [111]. Tiwari et al. [112] reported that the normal glucose levels
in growing buffaloes and Holstein cattle were 51 to 64 and 74 to 76 mg/dL respectively,
when provided concentrate and roughages at an equal ratio. Other studies reported that
Murrah buffalo fed a basal diet with concentrate supplementation and a mixture of con-
centrate with bypass fat supplementation had no effect on the blood urea nitrogen (BUN)
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(49.30 vs. 50.41, mg/L), total protein (7.57 vs. 7.75, g/dL), albumin (2.71 vs. 2.84, g/dL),
globulin (4.86 vs. 4.91, g/dL) and cholesterol (106.27 vs. 106.36, mg/dL) levels [113]. How-
ever, the buffaloes that were fed with supplement bypass fat showed slightly increased
high-density lipoprotein and calcium levels as compared to animals fed without the bypass
fat (65.55 vs. 57.22 mg/dL and 7.03 vs. 5.70 mg/dL, respectively) [113,114]. Neverthe-
less, the buffaloes that were supplemented with bypass fat showed a slight decrement
of blood glucose, non-esterified fatty acid and low-density lipoprotein levels as com-
pared to animals fed without the bypass fat (63.50 vs. 65.98 mg/dL, 0.66 vs. 0.93 mmol/L,
33.66 vs. 37.49 mg/dL, respectively) [113].

Similarly, hormonal profiles can also be used to determine the health and nutritional
status of ruminants. Animal growth is influenced by many hormones, blood metabolites
and growth factors acting both in an endocrine and an autocrine manner and requires
the coordinated actions of several hormones, such as growth hormone (GH) and insulin-
like growth factor-I (IGF-I) [115]. The somatropic axis is the important hormonal system
for growth development of animals. It consists of GH, IGF-I, carrier proteins and recep-
tors [116]. The hormones of GH and IGF-I have both independent characteristic and
combined impacts on ruminant metabolism and production. The growth hormone is
synthesized in the pituitary gland and acts directly on the liver and adipose tissue to
regulate gluconeogenesis, protein synthesis, lipogenesis, lipolysis and insulin secretion by
binding to the growth hormone receptor (GHR) [117–119]. On the other hand, IGF-I is a
critical somatomedin that is synthesized in the liver. It plays an important role in some
physiological processes, contributes to improved feed conversion rate and increases protein
synthesis [120]. The IGF-I binds to insulin-like growth factor binding protein-3 (IGFBP-3)
to influence the growth, development and reproduction in animals [121]. Meanwhile,
the existence of the axis between GH and IGF-I has played a vital role in the regulation
of metabolism. GHR combines with GH to stimulate a series of metabolic activities by
producing IGF-I in the target tissues, especially in the liver [122,123].

In some cases, nutritional factors are critical regulators of IGFs [124]. Deficiency
in either energy or protein intake significantly decreases the IGF-I levels [124]. Similarly,
Clemmons et al. [125] reported that low energy in the diet caused the IGF-I level to decrease
4-fold. In fact, limiting the energy in the diet increases the GH levels and reduces the IGF-I
secretion [126,127]. Meanwhile, over-consumption increases the IGF-I, although excess
calories are not nearly as strong a stimulus as nutritional restriction [128]. A short-term
feeding study on protein deprivation revealed a potent and independent role of protein on
the IGF-I levels. Deficiency of essential amino acids has a severe depressing effect on the
IGF-I levels [124]. However, a high-carbohydrate diet increases the IGF-I levels relative to
a high-fat diet, possibly by maintaining hepatic sensitivity to GH [129]. Several researchers
have recorded that yaks and buffaloes have evolved and developed complex strategies to
respond to the deficiencies of nutrition and hypoxia stress [130–132].

According to Campanile et al. [109], buffalo heifers fed with Brachiaria hay and
supplemented with concentrate (high-energy diet) showed increases in GH and IGF-1
levels compared to buffalo fed with a basal diet without concentrate (low-energy diet)
(6.3 vs. 5.6 pg/mL, 95.5 vs. 79.1 ng/mL, respectively). Other studies also revealed that
Murrah buffalo increased IGF-1 and remain constant in GH levels when fed a diet supple-
mented with a mixture of concentrate with bypass fat when compared to being fed with a
diet supplemented solely by concentrate (119.10 vs. 116.24 ng/mL, 4.91 vs. 4.93 ng/mL,
respectively) [113,133]. Even though a few studies have shown the effects of dietary fat and
protein supplements on the serum biochemistry profiles as well as the hormonal profiles in
the blood, unfortunately, limited work has been performed on the comparison of blood
and hormonal profiles between buffalo breeds.

5.3. Rumen Fermentation Pattern

Rumen digestion is fundamentally a fermentation process within the rumen by var-
ious types of bacteria, protozoa and fungi [134]. These microbes are responsible for the
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breakdown of feed and water intake into volatile fatty acids (VFA), gases (i.e., methane,
carbon dioxide) and microbial proteins that are useful for the animal. For the rumen mi-
crobes to function properly, the rumen environment parameters including pH, temperature
and moisture must be maintained [134]. Therefore, the outcome of rumen fermentation
depends on adequate nutrition with respect to composition and quality of feedstuffs, which
is reflected in the voluntary intake and digestibility of ruminants [135].

Buffaloes are like cattle which utilize micro-organisms in the rumen to digest the
feed. It has been reported that many farms until today fed their buffaloes using cow
requirements as a reference point [136]. This might be due to the similarities in rumen
fermentation characteristics between buffalo and cow. According to Smith et al. [137],
both animals have similarities in heat tolerance, milk composition and ability to utilize
highly fibrous feed [138,139]. Nevertheless, studies also revealed that buffaloes indeed
have higher forage digestibility due to higher populations of cellulolytic bacteria, total
fungi and lower protozoa numbers in their rumen, as compared to cattle rumen [140,141].
Therefore, it is important to understand the rumen fermentation and the ruminal microbial
differences between buffaloes and cows when formulating a feeding regime for them [138].

Changes in diet, from forage to high-protein diet, can affect the fermentation process
of ruminants such as cattle and buffalo. The increase in dietary crude protein (CP) leads to
increased concentration of total rumen volatile fatty acid (VFA), which is consistent with the
improved degradability following increased bacterial populations and microbial enzyme
activities [142,143]. A study by Kang et al. [144] reported that Swamp buffalo fed with a
high concentrate (160 g/kg DM) supplement ratio had constant ruminal pH (average 6.59
to 6.61) and temperature (average 39.1 to 39.3 ◦C), but had increased values of ammonia,
total VFA, propionic acid, butyric acid of 9.8 vs. 13.8 mg/dL, 20.1 vs. 26.2 mol/100 mol and
10.7 vs. 12.3 mol/100 respectively, when compared to animals fed with low concentrate
(120 g/kg DM).

Carbohydrate in the diet is mainly characterized by the proportion of non-structural
(NSC) and structural carbohydrate [145,146]. In the rumen, the NSC are initially utilized
by the rumen microbes and are degraded quickly to produce volatile fatty acids [147].
Sutton et al. [148] confirmed that high NSC in the concentrate diet resulted in higher
propionate concentration, while McCarthy et al. [149] also concluded that increasing
the content of ruminal fermentable starch enhanced the total volatile fatty acid (TVFA)
concentration. In fact, decreased ruminal pH was also reported following high intake
levels of dietary crude protein, and this was attributed to the increased ruminal total VFA
output [150,151]. Ruminal ammonia-nitrogen (NH3-N) is primarily derived from ruminal
degradable proteins and is used for the synthesis of microbial protein [152,153]. An increase
in ruminal NH3-N content occurs following an increase in dietary CP levels [152] and is
largely attributed to the increased ruminal CP degradability [154]. However, an increase in
dietary concentrate or carbohydrate is not a successful strategy to mitigate either the enteric
methane production or ammonia emission from the manure. Therefore, incorporating
supplemented concentrate with bypass fat has the potential of reducing the methane and
ammonia productions.

Unfortunately, a study by Budi et al. [155] found that the increased level of bypass
fat significantly reduced the in vitro dry matter degradability, but the levels of TVFA
and ammonia nitrogen remained constant, while Naik et al. [156] revealed that following
in vitro fermentation, the levels of TVFA and ammonia nitrogen were much higher in
animals fed with a diet with concentrate and bypass fat compared to those fed without
the supplement. Saijpaul et al. [157] recommended that the high level of bypass fat
supplementation could substitute up to 40% of natural fat in a concentrate mixture (6%
natural fat) contained in total mixed rations (50:50 roughage to concentrate) with no
changes in in vitro fermentation parameters of TVFA, total nitrogen and ammonia. Other
studies also reported that supplementation of bypass fat between 5% and 15% in buffalo
diet had no adverse effect on the in vivo rumen fermentation characteristics such as pH,
NH3-N and VFA levels [158–160]. The specific ingredient of dietary buffer in calcium salt
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bypass fat functioned to maintain ruminal pH and to minimize the rate of dissociation of
calcium salts in the rumen [82], thus the rate of biohydrogenation was potentially reduced.
In summary, supplementation of solely concentrate in a basal diet could affect the buffalo
rumen fermentation characteristics but no adverse effects were found on the reported
parameters when buffaloes fed given the mixture of concentrate and bypass fat in the diet.

5.4. Rumen Microbial Populations

It is also known that the feed and feeding regime in ruminants may also significantly
affect the ruminal microbial community. Indeed, it has been demonstrated that the composi-
tion of the rumen bacterial population significantly correlated with feed efficiency [161,162].
A study showed that changes in the structure of the ruminal microbial population po-
tentially promoted feed efficiency, intake and the average daily gain of ruminants [163].
The microorganisms also often provided the host ruminant with nutrients to produce
energy [164]. Thus, increased ruminant production could be achieved by using proper
feeding formulation and management that were able to manipulate the ruminal microbes
and ecosystem. For example, a proper ratio of supplemented feed in the diet that pro-
vided adequate energy and protein, allowed for an optimal ruminal fermentation process
that maximized production efficiency while decreasing energy loss such as methane that
polluted the environment [165]. Indeed, there were also reports on the effects of dietary
changes involving protein and energy on rumen microbial population and the rumen
environment in ruminants [166].

The effects of dietary energy and protein supplementation on the rumen microbial
population have been studied extensively in sheep, goat and cow, but less so in buffaloes.
Indeed, a study by Dahllöf et al. [167] has reported that dietary modifications in cattle
feeding have major effects on the communities of rumen bacteria. Faniyi et al. [168]
also stated that a shift in the ruminant diet from forage-based to a high-concentrate diet
resulted in significant alterations of the ruminal environment and rumen bacterial pop-
ulation structure. Indeed, various studies also showed that there were clear changes in
the structure of the rumen bacterial population as the dietary forage to concentrate ratio
gradually increased from 80:20 to 60:40 or even to 20:80, with increases in Proteobacteria
and decreases in Firmicutes [168–172]. The increased abundance of Proteobacteria during
high-concentrate diets was suggestive of an increased need for bacterial species that could
metabolize the newly available fermentable carbohydrates [169], thus favoring the growth
of amylolytic and other starch-digesting bacterial species and reducing the number of
cellulolytic bacteria. This suggested that when animals were shifted from a forage diet to
a high-concentrate diet, the microbial diversity in terms of the different species numbers
remained but the composition or the species makeup changed drastically in order to adapt
to the new rumen environment.

Fibrobacter succinogenes, a fibrolytic bacterium that digests fiber, was reported to be
gradually decreased as animals were adapted to a high-concentrate diet, and their numbers
were 40-fold lower than in those animals fed on hay [169]. A study by Tajima et al. [173]
reported a 20-fold decrease in the Fibrobacter population size by day 3 and a 57-fold
decrease by day 28 in animals on high-concentrate diets. The population of Butyrivibrio
fibrisolvens, another fibrolytic bacterium with high affinity toward maltose and sucrose, also
declined 20-fold during adaptation to a high-concentrate diet [172]. Due to the ability of
this species to use both cellulose and starch, the Butyrivibrio fibrisolvens population showed
a slight decrease in the rumen environment [169]. However, the drop in the population of
Butyrivibrio fibrisolvens during a diet with a high proportion of concentrate (30:80) might
be because of pH changes due to the increased number of fermentable substrates present
within the rumen. This was consistent with the findings of a recent study which showed
that the population of Butyrivibrio fibrisolvens increased in high-fiber diets and decreased in
high-energy diets [174,175].

Changes in bacterial populations with increasing dietary crude protein were attributed
to the increased ruminal amino acids, peptides, branched chain VFA and NH3-N [176,177].
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Moreover, it was reported by Wang et al. [178] that increased dietary crude protein would
enhance ruminal microbial growth, particularly of the bacterial populations in the rumen
fluid that consisted of Ruminococcus albus, Ruminococcus flavefaciens, Butyrivibrio fibrisolvens,
Prevotella ruminicola, Fibrobacter succinogenes and Ruminobacter amylophilus. In general, the
improved microbial enzyme activity has a significant relationship with the increase of the
bacterial populations in the rumen [143]. In particular the activities of cellobiase, xylanase,
pectinase, carboxymethyl-cellulase, pectinase, protease and α-amylase increased following
an increase in dietary protein. However, another researcher showed that lambs fed with
a diet containing crude protein levels from 111.7 to 143.6 g/kg DM did not show any
effect on the rumen microbial population of R. albus, R. flavefaciens and F. succinogenes [179].
These contradictory findings might be due to the differences in the animals studied and
the dietary composition [151,179].

5.5. Qualities of Carcass and Buffalo Meat and Their Implications on Human Health

Nutrition is a dominant component of livestock production systems that influences
several aspects of meat quality. Consumer demands on meat quality have motivated
the meat producers to focus on the nutritional aspects of livestock rearing since carcass
and meat qualities are affected by the amount and type of nutrient intake. These include
dressing yield, meat to bone ratio, protein to fat ratio, fatty acid composition, caloric value,
color, physicochemical and processing properties, shelf life and sensory attributes [180].

Dressing percentage is one of the important parameters that reflects the potential
meat yield from an animal. Usually, the weight of hot carcass is used to compute the
dressing percentage. When the weight of cold carcass is used, the dressing percentage is
less due to the chilling shrinkage that ranges between 3% and 4.5% of the initial weight
of the hot carcass for buffaloes at the age of 6 months up to 4 years [181]. Other than
chilling, a feeding diet with supplementation might inconsistently influence the carcass
quality. Anjaneyulu et al. [182] reported that supplemented dietary protein did not affect
the carcass composition of male buffalo. However, the dressing percentages and yields of
the lean meat were higher when buffaloes were fed a high-energy diet compared to those
fed a low-concentrate diet [112]. Nevertheless, based on the current information, it was
concluded that feed supplementation had little effect on the carcass quality of buffaloes.

Meat quality is a major factor that is used for marketing the product [183]. The meat
quality is evaluated through physical, biochemical, histological and sensory analyses.
The nutritional composition and pH of meat are parts of the biochemical analyses used
in assessing the meat quality, which contribute to the edibility or the desirability of the
product [184]. Three crucial factors can affect the quality and composition of the meat
produced [185]. They are: (1) the feedstuffs and proportion of the diet used for feeding
the animal, (2) types of diet, supplement, breed or genetic cross of the animal and (3) the
age at which the animal is slaughtered. Meanwhile, diet has been shown to be one of the
most important environmental factors that influences the carcass yield, meat cutability and
quality [186,187]. The effects of feeding on meat quality are generally studied in terms of
the content and composition of the lean and fat tissues, and the subsequent effects on the
nutrient content of protein, fat, energy and moisture content.

In particular, the total fatty acid content and the types of fatty acid found in meat have
major influences on the meat quality and acceptability of the meat by consumers [187].
Feeding a high-energy diet potentially affects the rate of conditioning and consequently,
the carcass composition, conformation, meat yield and meat and fat quality [188].

Carabeef, also known as buffalo meat, is considered to be a highly nutritious and
valuable food. It is a source of high biological value of protein, omega 3 and omega 6 fatty
acids and low in fat and cholesterol levels [189]. However, different nutrient contents of buf-
falo meat have been reported due to different feeding regimes [190]. Lambertz et al. [191]
proposed a concentrate supplementation at the rate of approximately 1.5% of body weight
to enhance the carcass characteristics of Swamp buffaloes via expressing superior dressing
percentage, better muscling and redder meat, with higher contents of protein and fat.
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Furthermore, addition of a fat supplement enables facilitated absorption of liposoluble
nutrients, making it possible to modify the meat fat composition according to consumers’
demand [192]. Moreover, the high energy levels allow the increase of pulp proportion in
the diet of fattening animals, which act as precursors of the fatty acid responsible for the
lack of consistency of fat from carcasses [193].

6. Conclusions

From the available literature, it can be summarized that supplementation of concen-
trate and bypass fat in a potential buffalo diet is very important to overcome the problem of
negative energy balance without adversely affecting the dry matter intake, rumen fermenta-
tion, blood metabolites and rumen microbial populations. Supplementation of concentrate
and bypass fat provides additional benefits due to improved ruminant body weight, body
condition score and the economics of the ruminant industry. Further research is necessary
to find out the effects of supplementation with concentrate and bypass fat on growing
buffaloes fed with various types of basal rations at different productive levels.
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100. Ahmad, I.; Gohar, A.; Ahmad, N.; Ahmad, M. Haematological profile in cyclic, non-cyclic and endometritic cross-bred cattle. Int.
J. Agric. Biol. 2003, 5, 332–334.

101. Aderemi, F.A. Effect of replacement of wheat bran with cassava supplement or un-supplemented with enzyme on the haematology
and serum biochemistry of pullet chick. Trop. J. Anim. Sci. 2004, 7, 147–153.

102. Opara, M.N.; Ike, K.A.; Okoli, I.C. Haematology and plasma biochemistry of the wild adult African grasscutter (Thryonomis
swinderianus, Temminck). J. Am. Sci. 2006, 2, 17–22.

103. Otto, F.; Vilela, F.; Harun, M.; Taylor, G.; Baggasse, P.; Bogin, E. Biochemical blood profile of Angoni cattle in Mozambique. Israel J.
Vet. Med. 2000, 55, 95–102.

104. Babatunde, G.M.; Fajimi, A.O.; Oyejide, A.O. Rubber seed oil versus palm oil in broiler chicken diets. Effects on performance,
nutrient digestibility, haematology and carcass characteristics. Anim. Feed Sci. Technol. 1992, 35, 133–146.

105. Grunwaldt, E.G.; Guevara, J.C.; Estevez, O.R.; Vicente, A.; Rousselle, H.; Alcuten, N.; Stasi, C.R. Biochemical and haemato-logical
measurements in beef cattle in Mendoza plain rangelands (Argentina). Trop. Anim. Health Prod. 2005, 37, 527–540. [CrossRef]

106. Ndlovu, T.; Chimonyo, M.; Okoh, A.I.; Muchenje, V.; Dzama, K.; Raats, J.G. Assessing the nutritional status of beef cattle: Current
practices and future prospects. Afr. J. Biotechnol. 2007, 6, 2727–2734. [CrossRef]

107. Maurya, S.K.; Singh, O.P. Assessment of blood biochemical profile and nutritional status of buffaloes under field conditions.
Buffalo Bull. 2015, 34, 161–167.

108. Lee, A.; Twardock, A.; Bubar, R.; Hall, J.; Davis, C. Blood metabolic profiles: Their use and relation to nutritional status of dairy
cows. J. Dairy Sci. 1978, 61, 1652–1670. [CrossRef]

109. Campanile, G.; Baruselli, P.; Vecchio, D.; Prandi, A.; Neglia, G.; Carvalho, N.; Sales, J.; Gasparrini, B.; Occhio, M. Growth,
metabolic status and ovarian function in buffalo (Bubalus bubalis) heifers fed a low energy or high energy diet. Anim. Reprod. Sci.
2010, 122, 74–81. [CrossRef]

110. Bertoni, G.; Amici, A.; Lombardelli, R.; Bartocci, S. Variations of metabolic profile and hormones in blood of buffaloes, cattle
and sheep males fed the same diets. In Publication-European Association for Animal Production; Butterworths: London, UK, 1993;
Volume 62, p. 345.

111. Divers, T.J.; Peek, S.F. Rebhun’s Diseases of Dairy Cattle; Elsevier Health Sciences: Amsterdam, The Netherlands, 2007.
112. Tiwari, C.; Chandramoni, A.; Jadhao, S.; Gowda, S.; Khan, M. Studies on blood biochemical constituents and rumen fermentation

in growing buffalo calves fed ammoniated straw-based rations supplemented with different protein sources. Anim. Feed. Sci.
Technol. 2001, 89, 119–130. [CrossRef]

153



Animals 2021, 11, 2033

113. Katiyar, S.; Mudgal, V.; Sharma, R.K.; Jerome, A.; Phulia, S.K.; Balhara, A.K.; Singh, I. Alterations in haemato-biochemical profile
following by-pass nutrients supplementation in early lactating Murrah buffaloes. Buffalo Bull. 2019, 38, 203–215.

114. Ranjan, A.; Sahoo, B.; Singh, V.K.; Srivastava, S.; Singh, S.P.; Pattanaik, A.K. Effect of bypass fat supplementation on productive
performance and blood biochemical profile in lactating Murrah (Bubalus bubalis) buffaloes. Trop. Anim. Heal. Prod. 2012, 44,
1615–1621. [CrossRef]

115. Kitagawa, H.; Kitoh, K.; Ito, T.; Ohba, Y.; Nishii, N.; Katoh, K.; Obara, Y.; Motoi, Y.; Sasaki, Y. Serum growth hormone and
insulin-like growth factor-1 concentrations in Japanese black cattle with growth retardation. J. Vet. Med. Sci. 2001, 63, 167–170.
[CrossRef]

116. Agudelo-Gómez, D.; Hurtado-Lugo, N.; Cerón-Muñoz, M.F. Growth curves and genetic parameters in colombian buffaloes
(Bubalus bubalis Artiodactyla, Bovidae). Rev. Colomb. Cienc. Pec. 2009, 22, 178–188.

117. Sørensen, M.; Chaudhuri, S.; Louveau, I.; Coleman, M.; Etherton, T. Growth hormone binding proteins in pig adipose tissue:
Number, size and effects of pGH treatment on pGH and bGH binding. Domest. Anim. Endocrinol. 1992, 9, 13–24. [CrossRef]

118. Baumann, G. Growth hormone-binding proteins: State of the art. J. Endocrinol. 1994, 141, 1–6. [CrossRef]
119. Renaville, R.; Hammadi, M.; Portetelle, D. Role of the somatotropic axis in the mammalian metabolism. Domest. Anim. Endocrinol.

2002, 23, 351–360. [CrossRef]
120. Gao, X.; Xu, X.-R.; Ren, H.-Y.; Zhang, Y.-H.; Xu, S.-Z. The effects of the GH, IGF-I and IGF-IBP3 gene on growth and development

traits of Nanyang cattle in different growth period. Yi Chuan Hered. 2006, 28, 927–932.
121. Othman, O.E.M.; Alam, S.S.; El-Aziem, S.H.A. Single nucleotide polymorphism in Egyptian cattle insulin-like growth factor

binding protein-3 gene. J. Genet. Eng. Biotechnol. 2014, 12, 143–147. [CrossRef]
122. Ayuk, J.; Sheppard, M.C. Growth hormone and its disorders. Postgrad. Med. J. 2006, 82, 24–30. [CrossRef] [PubMed]
123. Akis, I.; Oztabak, K.; Gonulalp, I.; Mengi, A.; Un, C. IGF-1 and IGF-1R gene polymorphisms in East Anatolian Red and South

Anatolian Red cattle breeds. Генетикa 2010, 46, 439–442. [CrossRef]
124. Giovannucci, E.; Pollak, M.; Liu, Y.; Platz, E.A.; Majeed, N.; Rimm, E.B.; Willett, W.C. Nutritional predictors of insulin-like growth

factor I and their relationships to cancer in men. Cancer Epidemiol. Biomark. Prev. 2003, 12, 84–89.
125. Clemmons, D.R.; Klibanski, A.; Underwood, L.E.; McArthur, J.W.; Ridgway, E.C.; Beitins, I.Z.; Van Wyk, J.J. Reduction of plasma

immunoreactive somatomedin C during fasting in humans. J. Clin. Endocrinol. Metab. 1981, 53, 1247–1250. [CrossRef]
126. Merimee, T.J.; Zapf, J.; Froesch, E.R. Insulin-like growth factors in the fed and fasted states. J. Clin. Endocrinol. Metab. 1982, 55,

999–1002. [CrossRef]
127. Ho, K.Y.; Veldhuis, J.D.; Johnson, M.L.; Furlanetto, R.; Evans, W.S.; Alberti, K.G.; Thorner, M.O. Fasting enhances growth hormone

secretion and amplifies the complex rhythms of growth hormone secretion in man. J. Clin. Investig. 1988, 81, 968–975. [CrossRef]
128. Thissen, J.-P.; Ketelslegers, J.-M.; Underwood, L.E. Nutritional regulation of the insulin-like growth factors. Endocr. Rev. 1994, 15,

80–101. [CrossRef]
129. Clemmons, D.R.; Seek, M.M.; Underwood, L.E. Supplemental essential amino acids augment the somatomedin-C/insulin-like

growth factor I response to refeeding after fasting. Metabolism 1985, 34, 391–395. [CrossRef]
130. Shao, B.; Long, R.; Ding, Y.; Wang, J.; Ding, L.; Wang, H. Morphological adaptations of yak (Bos grunniens) tongue to the foraging

environment of the Qinghai-Tibetan Plateau1. J. Anim. Sci. 2010, 88, 2594–2603. [CrossRef]
131. Qiu, Q.; Zhang, G.; Ma, T.; Qian, W.; Wang, J.; Ye, Z.; Cao, C.; Hu, Q.; Kim, J.; Larkin, D.M.; et al. The yak genome and adaptation

to life at high altitude. Nat. Genet. 2012, 44, 946–949. [CrossRef]
132. Zhang, Z.; Xu, D.; Wang, L.; Hao, J.; Wang, J.; Zhou, X.; Wang, W.; Qiu, Q.; Huang, X.; Zhou, J.; et al. Convergent evolution of

rumen microbiomes in high-altitude mammals. Curr. Biol. 2016, 26, 1873–1879. [CrossRef]
133. Khan, S.; Singh, M.; Mehla, R.K.; Thakur, S.; Meena, B. Plasma hormones and milk production performances in early lactation

buffaloes supplemented with a mixture of prilled fat, sweetener and toxin binder. Biotehnol. Stocarstvu 2016, 32, 15–26. [CrossRef]
134. Church, D.C. Ruminant Animal: Digestive Physiology and Nutrition; Prentice-Hall: Eaglewood Cliffs, NJ, USA, 1993; p. 564.
135. Getachew, G.; DePeters, E.J.; Robinson, P.H.; Fadel, J.G. Use of an in vitro rumen gas production technique to evaluate mi-crobial

fermentation of ruminant feeds and its impact on fermentation products. Anim. Feed Sci. Technol. 2005, 123, 547–559. [CrossRef]
136. Calabro, S.; Piccolo, V.; Infascelli, F. Evaluation of diet for buffalo dairy cows using the Cornell Net Carbohydrate and Protein

System. Asian Australas. J. Anim. Sci. 2003, 16, 1475–1481. [CrossRef]
137. Smith, D.; Smith, T.; Rude, B.; Ward, S. Short communication: Comparison of the effects of heat stress on milk and component

yields and somatic cell score in Holstein and Jersey cows. J. Dairy Sci. 2013, 96, 3028–3033. [CrossRef]
138. Iqbal, M.W.; Zhang, Q.; Yang, Y.; Li, L.; Zou, C.; Huang, C.; Lin, B. Comparative study of rumen fermentation and microbial

community differences between water buffalo and Jersey cows under similar feeding conditions. J. Appl. Anim. Res. 2017, 46,
740–748. [CrossRef]

139. Chanthakhoun, V.; Wanapat, M.; Kongmun, P.; Cherdthong, A. Comparison of ruminal fermentation characteristics and microbial
population in swamp buffalo and cattle. Livest. Sci. 2012, 143, 172–176. [CrossRef]

140. Wanapat, M.; Puramongkon, T.; Siphuak, W. Feeding of cassava hay for lactating dairy cows. Asian Australas. J. Anim. Sci. 2000,
13, 478–482. [CrossRef]

141. Gurbuz, Y.; Davies, D.R. Organic matter digestibility and condensed tannin content of some hybrid sorghum. Anim. Nutr. Feed
Technol. 2010, 10, 19–28.

154



Animals 2021, 11, 2033

142. Broderick, G. Effects of varying dietary protein and energy levels on the production of lactating dairy cows. J. Dairy Sci. 2003, 86,
1370–1381. [CrossRef]

143. Wang, C.; Liu, Q.; Guo, G.; Huo, W.; Ma, L.; Zhang, Y.; Pei, C.; Zhang, S.; Wang, H. Effects of dietary supplementation of
rumen-protected folic acid on rumen fermentation, degradability and excretion of urinary purine derivatives in growing steers.
Arch. Anim. Nutr. 2016, 70, 441–454. [CrossRef]

144. Kang, S.; Wanapat, M.; Phesatcha, K.; Norrapoke, T. Effect of protein level and urea in concentrate mixture on feed intake and
rumen fermentation in swamp buffaloes fed rice straw-based diet. Trop. Anim. Heal. Prod. 2015, 47, 671–679. [CrossRef] [PubMed]

145. Bi, Y.; Zeng, S.; Zhang, R.; Diao, Q.; Tu, Y. Effects of dietary energy levels on rumen bacterial community composition in Holstein
heifers under the same forage to concentrate ratio condition. BMC Microbiol. 2018, 18, 1–11. [CrossRef]

146. Van Houtert, M. Challenging the rational for altering VFA ratios in growing ruminants. Feed Mix 1996, 4, 8–11.
147. Chesson, A.; Forsberg, C.W. Polysaccharide degradation by rumen microorganisms. In The Rumen Microbial Ecosystem; Springer

Science and Business Media LLC: Berlin, Germany, 1997; pp. 329–381.
148. Sutton, J.D.; Morant, S.V.; Bines, J.A.; Napper, D.J.; Givens, D.I. Effect of altering the starch: Fibre ratio in the concentrates on hay

intake and milk production by Friesian cows. J. Agric. Sci. 1993, 120, 379–390. [CrossRef]
149. McCarthy, R.D., Jr.; Klusmeyer, T.H.; Vicini, J.L.; Clark, J.H.; Nelson, D.R. Effects of source of protein and carbohydrate on ruminal

fermentation and passage of nutrients to the small intestine of lactating cows. J. Dairy Sci. 1989, 72, 2002–2016. [CrossRef]
150. Kolver, E.; De Veth, M. Prediction of ruminal pH from pasture-based diets. J. Dairy Sci. 2002, 85, 1255–1266. [CrossRef]
151. Oh, Y.-K.; Kim, J.-H.; Kim, K.-H.; Choi, C.-W.; Kang, S.-W.; Nam, I.-S.; Kim, D.-H.; Song, M.-K.; Kim, C.-W.; Park, K.-K. Effects

of level and degradability of dietary protein on ruminal fermentation and concentrations of soluble non-ammonia nitrogen in
ruminal and omasal digesta of Hanwoo steers. Asian Australas. J. Anim. Sci. 2008, 21, 392–403. [CrossRef]

152. Da Silva, L.; Pereira, O.; Da Silva, T.; Filho, S.V.; Ribeiro, K. Effects of silage crop and dietary crude protein levels on digestibility,
ruminal fermentation, nitrogen use efficiency, and performance of finishing beef cattle. Anim. Feed. Sci. Technol. 2016, 220, 22–33.
[CrossRef]

153. Reynolds, C.K.; Kristensen, N.B. Nitrogen recycling through the gut and the nitrogen economy of ruminants: An asynchronous
symbiosis. J. Anim. Sci. 2008, 86, 293–305. [CrossRef]

154. Reynal, S.; Broderick, G. Effect of dietary level of rumen-degraded protein on production and nitrogen metabolism in lactating
dairy cows. J. Dairy Sci. 2005, 88, 4045–4064. [CrossRef]

155. Budi, T.; Budi, S.; Elizabeth, W. Protected fat: Preparation and digestibility. In Proceedings of the Workshop on Advances in Small
Ruminant Research, Ciawi, Indonesia, 3–4 August 1993; pp. 3–4.

156. Naik, P.K.; Saijpaul, S.; Rani, N. Effect of ruminally protected fat on in vitro fermentation and apparent nutrient digestibility in
buffaloes (Bubalus bubalis). Anim. Feed. Sci. Technol. 2009, 153, 68–76. [CrossRef]

157. Saijpaul, S.; Naik, P.K.; Rani, N. Effects of rumen protected fat on in vitro dry matter degradability of dairy rations. Indian J. Anim.
Sci. 2010, 80, 993.

158. Chalupa, W.; Vecchiarelli, B.; Elser, A.E.; Kronfeld, D.; Sklan, D.; Palmquist, D.L. Ruminal fermentation in vivo as influenced by
long-chain fatty acids. J. Dairy Sci. 1986, 69, 1293–1301. [CrossRef]

159. Ohajuruka, O.A.; Zhigou, W.U.; Palmquist, D.L. Ruminal metabolism, fiber and protein digestion by lactating dairy cows fed
calcium soap or animal vegetable fat. J. Dairy Sci. 1991, 74, 2601–2609. [CrossRef]

160. Schauff, D.; Clark, J. Effects of feeding diets containing calcium salts of long-chain fatty acids to lactating dairy cows. J. Dairy Sci.
1992, 75, 2990–3002. [CrossRef]

161. Guan, L.L.; Nkrumah, J.D.; Basarab, J.A.; Moore, S.S. Linkage of microbial ecology to phenotype: Correlation of rumen mi-crobial
ecology to cattle’s feed efficiency. FEMS Microbiol. Lett. 2008, 288, 85–91. [CrossRef]

162. Carberry, C.A.; Kenny, D.A.; Han, S.; McCabe, M.S.; Waters, S.M. Effect of phenotypic residual feed intake and dietary forage
content on the rumen microbial community of beef cattle. Appl. Environ. Microbiol. 2012, 78, 4949–4958. [CrossRef]

163. Bevans, D.W.; Beauchemin, K.A.; Schwartzkopf-Genswein, K.S.; McKinnon, J.J.; McAllister, T.A. Effect of rapid or gradual grain
adaptation on subacute acidosis and feed intake by feedlot cattle1,2. J. Anim. Sci. 2005, 83, 1116–1132. [CrossRef]

164. Russell, J.B.; Rychlik, J.L. Factors that alter rumen microbial ecology. Science 2001, 292, 1119–1122. [CrossRef]
165. Makkar, H.P.; Beever, D. Optimization of feed use efficiency in ruminant production systems. In Proceedings of the FAO

Symposium, Bangkok, Thailand, 27 November 2012; FAO Animal Production and Health Division: Rome, Italy, 2013.
166. Cui, K.; Qi, M.; Wang, S.; Diao, Q.; Zhang, N. Dietary energy and protein levels influenced the growth performance, ruminal

morphology and fermentation and microbial diversity of lambs. Sci. Rep. 2019, 9, 16612. [CrossRef]
167. Dahllöf, I.; Baillie, H.; Kjelleberg, S. rpoB-based microbial community analysis avoids limitations inherent in 16s rRna gene

intraspecies heterogeneity. Appl. Environ. Microbiol. 2000, 66, 3376–3380. [CrossRef]
168. Faniyi, T.O.; Adegbeye, M.J.; Elghandour, M.; Pilego, A.B.; Salem, A.Z.; Olaniyi, T.A.; Adediran, O.; Adewumi, M.K. Role of

diverse fermentative factors towards microbial community shift in ruminants. J. Appl. Microbiol. 2019, 127, 2–11. [CrossRef]
169. Fernando, S.C.; Purvis, H.T.; Najar, F.Z.; Sukharnikov, L.O.; Krehbiel, C.R.; Nagaraja, T.G.; Roe, B.A.; DeSilva, U. Rumen microbial

population dynamics during adaptation to a high-grain diet. Appl. Environ. Microbiol. 2010, 76, 7482–7490. [CrossRef]
170. De Menezes, A.B.; Lewis, E.; O’Donovan, M.; O’Neill, B.F.; Clipson, N.; Doyle, E.M. Microbiome analysis of dairy cows fed

pasture or total mixed ration diets. FEMS Microbiol. Ecol. 2011, 78, 256–265. [CrossRef]

155



Animals 2021, 11, 2033

171. Petri, R.M.; Schwaiger, T.; Penner, G.B.; Beauchemin, K.A.; Forster, R.J.; McKinnon, J.J.; McAllister, T.A. Characterization of the
core rumen microbiome in cattle during transition from forage to concentrate as well as during and after an acidotic challenge.
PLoS ONE 2013, 8, e83424. [CrossRef]

172. Goad, D.W.; Goad, C.L.; Nagaraja, T.G. Ruminal microbial and fermentative changes associated with experimentally induced
subacute acidosis in steers. J. Anim. Sci. 1998, 76, 234–241. [CrossRef]

173. Tajima, K.; Aminov, R.I.; Nagamine, T.; Matsui, H.; Nakamura, M.; Benno, Y. Diet-dependent shifts in the bacterial population of
the rumen revealed with real-time PCR. Appl. Environ. Microbiol. 2001, 67, 2766–2774. [CrossRef]

174. Koike, S.; Kobayashi, Y. Development and use of competitive PCR assays for the rumen cellulolytic bacteria: Fibrobacter
succinogenes, Ruminococcus albus and Ruminococcus flavefaciens. FEMS Microbiol. Lett. 2001, 204, 361–366. [CrossRef]
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Simple Summary: Studies have shown that providing concentrate and bypass fat as feed supple-
ments resulted in better performance of large ruminants. However, there is limited information about
the effects of these supplements on the performance of buffaloes. This study evaluates the effects of
concentrate and bypass fat supplementations on the growth performance, blood metabolites, and
feeding cost of Murrah cross and Swamp buffaloes. Following diet supplementation, the feed intake,
body weight, and body condition score were significantly improved without any side effects on
the blood metabolites of both buffalo breeds. Although the mixture of concentrate and bypass fat
supplement (26:4) used in this study was found to increase the cost of feed, overall, it resulted in a
greater return.

Abstract: This study investigates the effects of supplementation of the basal diet with concentrate
and rumen bypass fat on the dry matter intake (DMI), growth performance, blood metabolites
and hormonal changes, and the feeding cost of feedlot water buffaloes. Thirty-six healthy, three-
to four-month-old male Murrah crossbred (n = 18) and Swamp (n = 18) buffaloes with a similar
average initial body weight of 98.64 ± 1.93 kg were each randomly allocated into three dietary
experimental groups. Buffaloes were fed with Diet A, which consisted of 100% Brachiaria decumbens,
Diet B, consisting of 70% Brachiaria decumbens and 30% concentrate, and Diet C, consisting of 70%
Brachiaria decumbens, 26% concentrate, and 4% rumen bypass fat for a period of 730 days. Feed intake
was measured daily, while blood samples were collected for every eight months. Furthermore, body
scores were noted prior to and at the end of the experimental period. The results showed that the
average daily gain for buffaloes fed with Diet C was the highest. The DMI, BCS, FI, and FCR for the
three groups showed significant (p < 0.05) differences, in the following order: Diet C > Diet B > Diet A.
At the end of the two-year feeding trial, buffaloes fed with Diet B had significantly (p < 0.05) higher
cholesterol levels than Diet A and Diet C. In addition, buffaloes fed with Diet C had significantly
(p < 0.05) higher levels of serum total protein, growth hormone, and insulin-like growth factor-I
hormone compared to Diet A and Diet B. On the other hand, buffaloes fed with Diet B and Diet C
showed significant (p < 0.05) decrease in glucose levels. Supplemented diet improved the buffalos’
weight gain to achieve the market weight in a shorter period of time, thus, giving farmers a greater
return. In conclusion, concentrate and bypass fat supplementations in the diet of water buffaloes
improved the growth performance without adverse effect on the blood metabolites, which enabled
better farmer profitability.
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1. Introduction

Energy and protein are important constituents of animal diets. They play vital roles
in the production and reproduction of animals. Therefore, nutrient requirements that
are recommended by the National Research Council [1] are widely referred to when
formulating diets for ruminants. However, the nutrient requirement equations presented
by the NRC are mostly based on the requirements of cattle (Bos taurus). In general, the
nutrient requirements of buffaloes are different from cattle, mainly due to the differences
in climatic adaptability, nutrient utilization [2] and the digestibility of each nutrient in
the feed [3]. Therefore, it is challenging to formulate diets for buffaloes due to limited
references on the nutrient requirements and diet formulation for buffaloes (Bubalus bubalis).

Buffaloes are important to beef and dairy animals in several parts of the world,
particularly in the tropical and subtropical regions of the globe. Cost-effective productions
of quality buffalo beef and milk depend on accurate information on the buffaloes’ energy
and protein requirements. In many developing countries, buffaloes are largely fed on
natural pastures for survival, consisting of poor-quality roughages with low energy and
high fibre [4]. This eventually resulted in poor growth [5], delayed age at puberty, low
calving rate, and poor reproductive performance [6]. Nevertheless, the slow growth
rate could be enhanced cost-effectively by proper feed and feeding, which include diet
supplementation. Indeed, previous studies have reported that improving feed formulation
by including concentrate supplementation for Murrah cross and Swamp buffaloes resulted
in better growth and reproductive performances [7,8] that eventually resulted in greater
returns to the farmer [8].

In livestock farming, the cost of feeding accounted for between 63% and 84% of the
total cost of production and determined the economic viability of the livestock production
system [9]. Furthermore, the late age-at-puberty and the delay in reaching market weight
due to improper feeding increased farm operation costs [10]. Therefore, feeding buffaloes
according to their protein and energy requirements is key to enhancing profitability [11].
The use of supplements in diet either as an individual concentrate or as part of a balanced
concentrate mixture with bypass fat supplement is a widely observed practice, particularly
in cattle farming. It has been shown that supplementation of concentrate and bypass fat
with fresh grasses significantly improves feed intake and livestock performance [12,13].
The supplementation increases energy, proteins, minerals, and vitamins intakes, and with
good quality forage, helps to overcome the problem of low palatability [10], leading to
better production [14,15].

Nevertheless, long-term feeding of high concentrate diet decreases rumen pH [16],
leading to a chronic disorder known as subacute ruminal acidosis [17]. However, the
growth potential of calves could be fully exploited by incorporating bypass fat supple-
ments in the ration. According to previous studies [18], the recommended inclusion of
fat is between 2 and 3% for lactating animals and 10 and 15% of dry matter intake (DMI)
(800 to 1000 g/day) for growing animals without any adverse effect on nutrient utiliza-
tion [16,19]. Indeed, determining the appropriate level of supplementation is one of the
important factors that ensures the growth and health of buffaloes. The improper ratio
of supplementation might be detrimental to the health and productivity of the animals
due to the increase in levels of cholesterol and triglyceride and eventually might create
adverse effects on the health of human consumers [19]. Furthermore, scientific reports
on the effect of feeding concentrate and bypass fat, especially on blood profile and feed
cost analysis, in Murrah cross and Swamp buffaloes are scanty. Therefore, this study was
conducted to assess the effects of dietary supplementation of concentrate and bypass fat
on growth performance, serum biochemical, and hormonal profiles in Murrah cross and
Swamp buffaloes, as well as on the cost of feeding.
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2. Materials and Methods

2.1. Statement of Animals Rights

The study was performed and managed according to the Animal Utilization Protocol
(AUP), Institutional Animal Care and Use Committee (IACUC), Universiti Putra Malaysia
(Approval No. UPM/IACUC/AUP-017/2018, on 8 January 2018). Samplings from the
experimental animals were strictly conducted under veterinary supervision.

2.2. Study Area

This study was conducted at the Buffalo Breeding and Research Centre, Sabah,
Malaysia (Coordinate 5◦30′ N, 117◦7′ E). The farm consisted of 749 acres of land with
a total of 405 heads of buffaloes. Two types of buffalo breeds were available on this farm,
the Swamp and the Murrah × Swamp crossbred, representing 54% and 46% of the total
buffalo population, respectively. The crossbred animals were the products of breeding pure
Murrah males with Swamp females.

The 398.5 acres of pastureland were planted with establishing pasture, the Brachiaria
decumbens. The Swamp and Murrah crossbred buffaloes in this farm were kept separated
in different paddocks. Wallowing areas were available in each paddock, and drinking
water was available ad libitum. The buffaloes were kept extensively and were free to graze
all day within the paddocks that were enclosed by barbed wire. The farm practiced an
extensive one-month rotational grazing system without feed supplementation, and the
intervals were determined according to the size of each paddock to prevent over-grazing.
This farm practiced natural breeding with a male to female ratio of 1:20. Breeding season
was between November and January each year, and pregnancy diagnosis was carried out
every three months following breeding.

2.3. Experimental Animals

A total of thirty-six male buffaloes consisting of Swamp (n = 18) and Murrah cross
(n = 18) buffaloes of approximately 3 months old and with an average body weight of
98.64 ± 1.93 kg were randomly divided into three treatment groups with 6 animals per
group. Prior to the onset of the experiment, a proper physical examination was con-
ducted for each buffalo. Then, all buffaloes were weighed and treated against ecto-
and endoparasites.

2.4. Experimental Design

The study was a completely randomized 2 × 3 factorial arrangement with three
treatment diets, two breeds, and six replicates per treatment. Daily feed supply was
calculated at 3% body weight (based on dry matter of total mixed ration), given in two equal
portions at 07:00 h and 17:00 h [20]. The buffaloes were allowed a 14-day adjustment period
to the respective diet before the start of the experiment. Three total mixed rations (TMR)
were prepared that contained three components, namely, Brachiaria decumbens grass (G),
commercial concentrate (C) that composed of corn grain (25.0%), palm kernel cake (32.0%),
rice bran (18.0%), soya bean meal (19.7%), calcium carbonate (1.0%), molasses (2.8%),
vitamin-mineral premix (0.3%), sodium chloride (0.6%), and dicalcium phosphate (0.6%),
and bypass fat (B), which was the OPTI-FAT F8016RXP-rumen bypass supplement from
fractionated palm fat without trans-fat. The nutritional composition of grass, concentrate,
and bypass fat are presented in Table 1.
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Table 1. Nutritional composition of feedstuff (% DM basis).

Nutrient
Composition

Diet Components

Grass (G) Concentrate (C) Bypass Fat (B)

DM 1) (%) 90.34 90.36 99.75
Ash (% DM) 5.09 5.44 -
CF 2) (% DM) 26.03 7.49 -
EE 3) (% DM) 2.03 5.46 100
CP 4) (% DM) 6.09 18.15 -

NDF 5) (% DM) 64.27 56.87 -
ADF 6) (% DM) 33.86 17.38 -
ADL 7) (% DM) 3.55 2.96 -
NFC 8) (% DM) 22.05 13.85 -
GE 9) (MJ/kg) 11.79 15.74 37.65

Note: Data shown are the mean of triplicate analyses of each component. Three components of feedstuffs namely
Brachiaria decumbens grass (G), commercial concentrate (C) (composition: corn grain (25.0%), palm kernel cake
(32.0%), rice bran (18.0%), soya bean meal (19.7%), calcium carbonate (1.0%), molasses (2.8%), vitamin-mineral
premix (0.3%), sodium chloride (0.6%), dicalcium phosphate (0.6%)), and bypass fat (B) (sources from calcium salt
fractionated palm fat without trans-fat). Abbreviations: 1) DM, dry matter; 2) CF, crude fiber, 3) EE, ether extract;
4) CP, crude protein; 5) NDF, neutral detergent fibre; 6) ADF, acid detergent fibre; 7) ADL, acid detergent lignin;
8) NFC, non-fiber carbohydrate; 9) GE, gross energy.

At the start of the experiment, buffaloes of group Diet A (control) were fed with 100%
Brachiaria decumbens grass without supplementation. For Diet B, buffaloes were fed 70%
grass with 30% concentrate, while for Diet C they were fed 70% grass, 26% concentrate,
and 4% bypass fat as summarized in Table 2 [1,21,22]. Diets were supplied twice daily
in the form of a total mix ration in which the grasses were offered as cut and carry and
the concentrate and bypass fat were mixed according to the ration. The buffaloes were
housed in individual pens with free access to clear drinking water and mineral blocks. The
feeding trial lasted for 2 years. The area was 30 m2 per animal, mostly with a compacted
dirt floor, while the area close to the feeder was covered with concrete. The feeders were
vinyl type and were placed transversely on the upper part of the pens, while the drinkers
were located at the divider between two pens.

The total mixed ration that consists of grass, concentrate, and bypass fat was analysed
for nutritional composition according to the method of the Association of Official Analytical
Chemists (AOAC) [23,24] and the results are summarized in Tables 1 and 2.

2.5. Data Collection

Diet leftovers were weighed daily prior to the morning feeding to determine the
average dry matter intake of each treatment. The intake was the difference between the
amount of feed offered and the feed refused. The body weight was recorded before the start
of the experiment and at three-monthly intervals, prior to morning feeding. The average
daily gain was determined by dividing the increase in body weight over the experimental
period by the length of the experimental period. The feed conversion ratio (FCR) was
determined by measuring the amount of feed intake (kg DM) per kg of body weight gain
during the experimental period. The body condition score of each buffalo was determined
using a scale of 1 to 5 and was scored at the start and at the end of the experiment by
evaluating the eight locations of the animal’s body as described by Roche et al. and
Anitha et al. [25,26].
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Table 2. Nutritional composition of experimental diets, based on a dry matter basis.

Ingredient
% Composition in TMR

Diet A Diet B Diet C

Brachiaria decumbens (G) 100 70 70
Concentrate (C) - 30 26
Bypass fat (B) - - 4

Nutrient Estimated Content SEM 1) p-Value

DM 2) (%) 90.34 90.31 91.60 0.24 0.374
Ash (% DM) 5.09 5.69 5.93 0.33 0.916
CF 3) (% DM) 26.03 a 23.73 b 21.65 c 0.66 <0.001
EE 4) (% DM) 2.03 a 2.92 b 16.66 c 2.87 <0.001
CP 5) (% DM) 6.09 a 8.08 b 6.56 a 0.36 0.012

NDF 6) (% DM) 64.27 a 57.96 b 49.63 c 2.17 <0.001
ADF 7) (% DM) 33.86 a 28.7 b 26.65 c 1.10 <0.001
ADL 8) (% DM) 3.55 3.32 2.96 0.18 0.442
NFC 9) (% DM) 22.05 24.84 20.81 2.29 0.074
GE (MJ/kg) 10) 11.07 a 12.1 a 14.59 b 0.56 <0.001

Hemicellulose (% DM) 30.41 a 29.25 a 22.98 b 1.24 0.002
Cellulose (% DM) 30.32 a 25.38 b 23.69 b 1.04 0.001

Note: Diet A (control): 100% Brachiaria decumbens; Diet B: 70 Brachiaria decumbens + 30% concentrate; Diet C: 70% Brachiaria decumbens + 26%
concentrate + 4% bypass fat. Data are the mean of triplicate analyses of each diet. a,b,c Means in the same row with different superscript
are significantly different (p < 0.05). Abbreviations: 1) SEM, standard error of the mean; 2) DM, dry matter; 3) CF, crude fiber; 4) EE, ether
extract; 5) CP, crude protein; 6) NDF, neutral detergent fiber; 7) ADF, acid detergent fiber; 8) ADL, acid detergent lignin; 9) NFC, non-fibrous
carbohydrate; 10) GE, gross energy.

2.6. Blood and Serum Collection

Blood samples were collected from each buffalo prior to the start of feeding trial and
every eight months until end of the feeding trial, approximately 1 h before the morning
feeding. A total of 5 mL blood samples were collected in plain and EDTA Vacutainer tubes.
The samples were cooled on ice and centrifuged within 24 h at 1000× g for 20 min. The
serum and plasma were stored at −20 ◦C until analysis. The serum samples were used
for serum biochemical analysis, including glucose, cholesterol, total protein, urea, and
triglyceride, using a blood chemistry analyser (Siemens Dimension Xpand Plus, USA).
Blood samples in EDTA tubes were used to determine the levels of growth hormone (GH)
and insulin-like growth factor-I (IGF-I) using ELISA kits (Cloud-Clone Corporation, Wuhan,
China) according to the manufacturer’s recommendation and run using the microwell
method. The kit had a sensitivity and inter- and intra-run precision coefficient of variations
for IGF-I of 1.56 ng/mL, <12%, and <10%, respectively, and GH of 0.312 ng/mL, <12%,
and <10%, respectively. All plates were read using a computerized automated microplate
ELISA reader (Infinite 200 series, TECAN). All measurements were made in one run with
triplicate for each sample.

2.7. Cost of Feeding

The economic aspect of feedlot buffalo rearing was calculated based on feeding
cost/kg live weight gain [27,28] at an exchange rate of 1 USD = 4.07 MYR. To calculate
the total operational cost, it was assumed that the cost of feeding represented 87% of the
total cost of the activity [29], and the cost of feeding comprised of the costs of basal diet
and supplementations (concentrate and bypass fat) [30]. At the time of the study, the
values of the feedstuffs (MYR/kg) were 0.23 MYR (0.06 USD) for Brachiaria decumbens,
1.11 MYR (0.27 USD) for concentrate, and 3.82 MYR (0.94 USD) for bypass fat. The 2-year
management cost of 158.50 MYR (38.94 USD) per animal was added, which included
the 0.50 MYR (0.12 USD) cost of deworming, 2.00 MYR (0.49 USD) for an ID tag, and
156.00 MYR (38.33 USD) for fertilizer. The average price of live weight buffalo in Malaysia
was 14.60 MYR/kg (3.59 USD). The income through daily live weight gain, the cost of
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feed per day, and the net income through live weight in the 2-year study was calculated as
below [27,28,30]:

Income live weight gain = Average daily gain × Current price of live weight (RM
14.60/kg)

Cost of feed per day = Current price of feed × Dry matter intake (based on 3% of body
weight)

Net profit live weight gain = Income live weight gain in 2 years − Cost of feeding in
2 years − Management cost per animal in 2 years

Net profit live weight = Income live weight in 2 years − Cost of feeding in 2 years −
Management cost per animal in 2 years

2.8. Statistical Analysis

All data were collected and recorded using Microsoft Excel and analyzed using the
software package SPSS (Statistical Package for the Social Science 25.0, Inc., Chicago, IL,
USA). Comparisons between breed, diet, and the interactions between breed and diet were
performed using general linear model (GLM) procedures according to a 2 × 3 factorial
arrangement in a completely randomized design (CRD). The resulting p-values were
corrected using Tukey’s test to identify significant differences between the treatments.
Linear mixed effects models were utilized with both ‘Diets’ and ‘Breed’ as fixed effects to
capture the appropriate structure for GLM, while the feed intake, body weight pattern and
gain, FCR, ADG, body condition score, serum biochemical, hormonal profiles, and cost of
feeding were considered as a random effect. Furthermore, all data were also analysed using
a GLM model for repeated measure procedure with treatment as the between subjects’ main
effect and period of sampling (months) as the within subject factor. For all the statistical
tests used, results were considered significant at p ≤ 0.05; differences between means were
tested using the least significant difference. All procedures were carried out as per Snedecor
and Cochran [31].

3. Results

3.1. Dry Matter Intake

The concentrate and bypass fat supplementations in the basal diet resulted in a
significant (p < 0.05) effect and gradual changes in both buffalo breeds (Figures 1 and 2).
Total dry matter intake per day ranged between 4.70 and 12.64 kg/day for Murrah cross
and between 3.72 and 11.30 kg/day for Swamp buffaloes, which was significantly (p < 0.05)
influenced by the dietary treatment and level of supplement. Similarly, higher daily intake
was observed in Murrah cross that were fed with Diet B and C. Both breeds fed with
supplemented diets showed between 16.32 and 19.58 kcal ME/kg higher dry matter intake
than the control group (Diet A) with 15.89 kcal ME/kg. There was no significant (p > 0.05)
difference in the dry matter intake between the breeds, but a significant (p < 0.05) correlation
was observed between months and dry matter intake for each breed during this two-year
feeding trial.
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Figure 1. Effect of different TMR with and without addition of concentrate and bypass fat on daily feed intake for Murrah
cross buffalo. Diet A (control)—(100% Brachiaria decumbens); Diet B—(70% Brachiaria decumbens + 30% concentrate); Diet
C—(70% Brachiaria decumbens + 26% concentrate + 4% bypass fat); the values are presented as mean; a,b different superscripts
indicate significant difference on daily feed intake for Murrah crossbred buffalo at p < 0.05; d indicating significant (p < 0.05)
difference comparing between months and feed intake.

Figure 2. Effect of different TMR with and without addition of concentrate and bypass fat on daily feed intake for Swamp
buffalo. Diet A (control)—(100% Brachiaria decumbens); Diet B—(70% Brachiaria decumbens + 30% concentrate); Diet C—(70%
Brachiaria decumbens + 26% concentrate + 4% bypass fat); the values are presented as mean; a,b,c different superscripts
indicate significant difference on daily feed intake for Swamp buffalo at p < 0.05; d indicating significant (p < 0.05) difference
comparing between months and feed intake.
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3.2. Body Weight Pattern

The bodyweight patterns for Murrah cross and Swamp buffaloes are presented in
Figures 3 and 4. The effects of different diet on body weight of both buffalo breeds were
highly significant (p < 0.05) throughout the experimental period. Higher body weight
patterns were observed in both Murrah cross and Swamp buffaloes fed with Diet C con-
taining 26% concentrate and 4% bypass fat, followed by Diet B and A. In general, the
crossbreed showed significantly (p < 0.05) higher body weights than the Swamp buffaloes.
The targeted 250 kg market weight was achieved in 12 months for Murrah cross and in
15 months for Swamp buffaloes that were fed with diet containing supplementations. In
addition, there was a significant (p < 0.05) correlation between diet and month for the body
weight pattern.

3.3. Average Daily Gain (ADG)

The average daily gain of the buffaloes fed with the three dietary treatments are
summarized in Figures 5 and 6. Buffaloes that were fed with Diet B and C showed
significantly higher (p < 0.05) ADG in each of the three monthly intervals than buffaloes fed
with Diet A (control). The mean daily gain for crossbred buffaloes fed with Diet A, B, and C
throughout the two-year study were 0.10, 0.32, and 0.42 kg/day, respectively. On the other
hand, the mean ADG for Swamp buffaloes were 0.06, 0.32, 0.39 kg/day, respectively. There
was no correlation (p > 0.05) between the diet and breed for average daily weight gain.

Figure 3. The three-monthly body weight (Mean ± SEM) of Murrah cross. Diet A (control)—(100% Brachiaria decumbens);
Diet B—(70% Brachiaria decumbens + 30% concentrate); Diet C—(70% Brachiaria decumbens + 26% concentrate + 4% bypass
fat); the values are presented as mean; a,b,c,d,e,f,g different superscripts indicate significant difference of three-monthly body
weight of Murrah crossbred buffalo for each Diet A, B, and C at p < 0.05; X,Y,Z different superscripts indicate significant
difference between Diet A, B, and C for each three month interval of feeding at p < 0.05; * indicating significant (p < 0.05)
difference comparing body weight and month.
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Figure 4. The three-monthly body weight (Mean ± SEM) of Swamp. Diet A (control)—(100% Brachiaria decumbens); Diet
B—(70% Brachiaria decumbens + 30% concentrate); Diet C—(70% Brachiaria decumbens + 26% concentrate + 4% bypass fat);
the values are presented as mean; a,b,c,d,e different superscripts indicate significant difference of three-monthly bodyweight
of Swamp buffalo for each Diet A, B, and C at p < 0.05; X,Y,Z different superscripts indicate significant difference between
Diet A, B, and C for each three month interval of feeding at p < 0.05; * indicating significant (p < 0.05) difference comparing
body weight and month.

Figure 5. The average daily gain pattern at three-month intervals for Murrah crossbred buffaloes. Diet A (control)—(100%
Brachiaria decumbens); Diet B—(70% Brachiaria decumbens + 30% concentrate); Diet C—(70% Brachiaria decumbens + 26%
concentrate + 4% bypass fat); the values are presented as mean; a,b,c different superscripts indicate significant difference of
average daily gain pattern for Murrah crossbred buffalo at p < 0.05; * indicating significant (p < 0.05) difference comparing
body weight gain and month.
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Figure 6. Effect of different diet on average daily gain at three-month intervals for Swamp buffalo. Diet A (control)—(100%
Brachiaria decumbens); Diet B—(70% Brachiaria decumbens + 30% concentrate); Diet C—(70% Brachiaria decumbens + 26%
concentrate + 4% bypass fat); the values are presented as mean; a,b,c different superscripts indicate significant difference
of average daily gain pattern for Swamp buffalo at p < 0.05; * indicating significant (p < 0.05) difference comparing body
weight gain and month.

The highest average daily weight gain was observed during the first 12-month period
of the study, and the lowest was between 18 and 21 months of the study. The ADG
range of buffaloes fed with supplement between 12 and 15 months was 0.51 kg/day
to 0.53 kg/day for Murrah cross and 0.49 kg/day to 0.50 kg/day for Swamp buffaloes
(p < 0.05), respectively. Furthermore, between 18 and 21 months, the ADG was significantly
(p < 0.05) lower with 0.21 kg/day to 0.37 kg/day for Murrah cross and 0.24 kg/day to
0.39 kg/day for Swamp buffaloes, respectively. However, there was no correlation (p > 0.05)
between body weight gain and month of the year.

3.4. Overall Intake and Growth Performance

The body weight gain (BWG), average daily gain (ADG), and feed conversion ratio
(FCR) were significantly (p < 0.05) different between the different dietary treatment groups
(Table 3). However, only the final body weight recorded a significant (p < 0.05) difference
between the breeds. Average feed intake (kg/day) for Murrah cross and Swamp buffaloes
fed with Diet A, B, and C during the two-year trial was 2.99 vs. 2.80, 6.57 vs. 6.15, and
7.41 vs. 6.37, respectively, which were statistically (p < 0.05) significant for diet but not
breed. Murrah cross significantly (p < 0.05) had a 10.46% increase in final body weight
when compared to Swamp breed. Furthermore, total BWG and ADG of buffaloes fed with
supplement were significantly (p < 0.05) higher by three- to four-folds for Murrah cross
and five- to six-folds for Swamp buffaloes as compared to the control diet. In general,
the total feed intake, daily feed intake, total BWG, and ADG for Murrah cross were
higher than Swamp buffaloes, and supplemented diets (Diet C and B) resulted in better
growth performance.
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The higher BWG among Murrah cross and Swamp buffaloes resulted in different FCR
for the different diets (p < 0.05). The feed conversion ratio for buffaloes was reduced by
between 31.08% and 42.26% for Murrah cross and between 63.32% and 68.16% for Swamp
buffaloes when fed Diet B and C. The buffaloes were able to reach the targeted market
weight of 250 kg between 9 and 12 months for Murrah cross and between 12 and 15 months
for Swamp buffaloes when fed Diet C, but took between 12 and 15 months for both Murrah
cross and Swamp buffaloes fed with Diet B. Moreover, the buffaloes were able to reach
the targeted breeding weight of 350 kg in between 15 and 18 months for Murrah cross
and between 21 and 24 months for Swamp buffaloes fed with Diet C and between 21 and
24 months and 24 to 26 months for Murrah cross and Swamp buffaloes fed with Diet B,
respectively. However, Murrah cross and Swamp buffaloes fed with Diet A reached neither
market weight nor breeding weight within the 24-month feeding trial. Moreover, there
were correlations (p < 0.05) between diet and breed for total intake, initial body weight, FI,
and FCR.

3.5. Body Condition Score

The body condition score of the buffaloes fed a diet with and without supplementa-
tions are shown in Figures 7 and 8. There were no significant (p < 0.05) differences in the
BCS between buffalo breeds and no correlation (p < 0.05) between diet and breed. When
fed Diet A, both breeds showed the lowest average BCS at 2.25 ± 0.19 and 2.06 ± 0.23
for crossbred and Swamp buffaloes, respectively. They showed visible backbone, hips,
and shoulder, the ribs were faintly visible, and the tail head area was slightly recessed,
significantly (p < 0.05) different from buffaloes fed with Diet B and C. Furthermore, there
was a significant (p < 0.05) correlation between weaning and diets. On the other hand,
buffaloes fed with Diets B and C showed a gradual but significant (p < 0.05) increase in
the BCS. At the end of the study, the BCS ranged between 2.94 ± 0.19 and 3.50 ± 0.20 for
Murrah cross and 2.81 ± 0.16 and 3.31 ± 0.22 for Swamp buffaloes. Compared with Diet
A, both breeds fed with Diet B showed improvement in BCS: 30.7% for Murrah cross and
36.4% for Swamp buffaloes. Buffaloes that were fed with Diet C showed 55.6% and 60.7%
improvement in BCS for Murrah cross and Swamp buffaloes, respectively. Buffaloes fed
with supplemented diets (Diet B and C) were considered moderately lean where the hip
bones were visible faintly, ribs were not visible, tail head area was not recessed, and body
outline appeared smooth.

3.6. Serum Biochemical and Hormonal Profiles

The concentration of plasma glucose, cholesterol, total protein, urea, triglyceride,
growth hormone (GH), and insulin like growth factor-I (IGF-I) following a two-year study
are tabulated in Tables 4 and 5. The blood glucose, cholesterol, GH, and IGF-I were
significantly (p < 0.05) influenced by the supplemented diet, while other blood metabolites
were not. All blood parameters were also shown to be significantly influenced by the
period (p < 0.05). The blood glucose level in buffaloes fed with Diet B and C showed a
significant (p < 0.05) decrease of between 15% and 16% compared with Diet A (control).
Significant (p < 0.05) increments of cholesterol and triglyceride were observed in both
breeds fed with Diet B compared with Diet C and A. Similarly, buffaloes fed with Diet C
did not show any significant (p < 0.05) impact on blood profiles.
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Figure 7. Effect of different diet on body condition score (BCS) at the end of the two-year feeding trial
for Murrah cross and Swamp buffalo. Diet A (control)—(100% Brachiaria decumbens); Diet B—(70%
Brachiaria decumbens + 30% concentrate); Diet C—(70% Brachiaria decumbens + 26% concentrate +
4% bypass fat); the values are presented as mean; a,b,c different superscripts indicate significant
difference of average daily gain pattern for Swamp buffalo at p < 0.05; d indicating significant
(p < 0.05) difference comparing body condition score between before and after feeding trials.

Figure 8. The body condition score of buffalo fed with and without supplemented diet. Notes: (A): after weaning calf
(before feeding trials); (B): buffalo fed with Diet A; (C): buffalo fed with Diet B; (D): buffalo fed with Diet C.
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Table 5. The significant values for the effect of different diet on serum biochemical and hormonal profiles for both buffalo.

p-Value Interaction

Parameters Diet Breed Period Diet * Breed
Breed *
Period

Diet * Period
Diet * Breed

* Period

Glucose (mmol/L) <0.001 0.674 0.04 0.963 0.104 0.051 0.682
Cholesterol
(mmol/L) <0.001 0.266 <0.001 0.757 0.095 0.080 0.466

Total Protein (g/L) 0.049 0.469 <0.001 0.983 0.295 0.361 0.301
Urea (mmol/L) 0.341 0.299 <0.001 0.246 0.118 0.873 0.215

Triglyceride
(mmol/L) 0.066 0.789 <0.001 0.246 0.316 0.078 0.961

Hormones 0.634
IGF-1 (ng/mL) 0.017 0.592 <0.001 0.752 0.303 0.077 0.462
GH (ng/mL) <0.001 0.076 <0.001 0.665 0.081 0.056 0.075

Note: * indicates interaction between parameter studied.

The GH and IGF-I were significantly (p < 0.05) highest in both breeds that were fed
Diet C, followed by Diet B and Diet A (Table 5). The increased IGF-I levels in buffaloes fed
with Diet B and C were between 22.4% and 28.4% for Murrah cross and between 22.0% and
25.6% for Swamp buffaloes. Meanwhile, the GH level was recorded between 27.5% and
31.0% for Murrah cross and between 14.9% and 25.6% for Swamp buffaloes, higher than
the control diet (Diet A). Furthermore, there were insignificant correlations between diet,
breed, and period in these parameters (p > 0.05).

3.7. Analysis of the Cost of Feeding

Table 6 shows the total costs of feed for Murrah cross and Swamp buffaloes in the
two-year feeding trial. They were found to be comparable. The higher average daily intake
of diets with supplementation by Murrah cross resulted in higher feed costs of between
2.17 MYR (0.53 USD) and 2.98 MYR (0.73 USD) per animal/day, while Swamp buffalo
was between 2.02 MYR (0.50 USD) and 2.56 MYR (0.63 USD) per animal/day. Buffaloes
fed with Diet A showed significantly (p < 0.05) fewer costs of feeding, between 0.46 MYR
(0.11 USD) and 0.43 MYR (0.10 USD) per animal/day.

The costs of diets with supplementation were roughly five- to seven-fold higher than
the diet without supplementation, following higher consumption of supplemented feed.
However, the net profit after two years of the feeding trial showed that buffaloes fed with
supplemented diets provided significantly (p < 0.05) higher returns that ranged between
1,319.24 MYR (324.14 USD) and 1,421.94 MYR (349.37 USD) per animal for Diet B and
between 1,708.84 MYR (419.86 USD) and 2,013.12 MYR (494.62 USD) per animal for Diet C
compared with control Diet A that ranged between 154.80 MYR (38.03 USD) and 176.25
MYR (43.31 USD) per animal. In addition, Murrah cross showed significantly (p < 0.05)
greater returns than the Swamp buffaloes.
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4. Discussion

Genetic improvements of buffaloes include the choice of breed, crossbreeding, and
selection within breeds [35]. These selections aim to improve outputs such as better body
weight gain, reproductive performance, and carcass traits [35]. However, the overall aim
of large ruminant breeding is to improve profitability [35]: the shorter the period taken
for buffalo to achieve the market weight, the more the return gained by the farmers. In
this study, the Murrah crossbred showed significantly heavier bodyweight than Swamp
buffaloes, similar to buffaloes in Indonesia [36], Thailand [37], and the Philippines [38].
This is because breed influences the bodyweight of buffalo calves [38]. Similarly, proper
nutritional management greatly influences the bodyweight of animals [39]. Livestock
farmers in most developing tropical countries were forced to maximize the limited feed
resources for their livestock, resulting in significant inefficiency in the ruminant metabolic
processes [40]. This affects the average daily gain and feed conversion ratio [41], and
eventually the body weight. Therefore, the formulation of diets based on energy and
protein intake per unit of live weight gain might give a similar performance pattern for
growing animals, especially for buffalo calves.

The average body weight of weaned buffalo calves in the present study was 98.64 kg,
which was higher than the 86.5 kg reported earlier [42]. A similar study revealed that
approximately nine months were needed for the calves to achieve bodyweight of more
than 100 kg, irrespective of the breed of the buffaloes [38]. However, both Swamp and
crossbreeds showed rapid pre-weaning growth, although the crossbreeds showed signifi-
cantly better growth, leading to a better overall daily weight gain of 0.89 kg/day, compared
to 0.65 kg/day reported by Vaz et al. [42]. To achieve slaughter or breeding weight in
a short period requires proper diet formulation. Supplementation in basal diets signif-
icantly (p < 0.05) affected the growth performance parameters such as ADG, BWG, and
BCS. Therefore, the final body weight of the buffaloes in this two-year feeding trial reached
between 350 and 400 kg in 12 to 15 months, which is suitable for slaughter [43]. However,
Murrah cross was reported to reach slaughter weight much faster than Swamp buffaloes
even when fed with the same diet. Furthermore, male buffalo calves were able to reach
350 kg body weight with an initial weight of 200 kg in a short fattening period of about
four months [44].

One of the reasons for the better growth performance with the supplemented diets
was the feed intake, which was better in the treatment groups [19]. In fact, when grazing
cattle were offered concentrate supplement, they showed 0.9 kg/d higher total dry matter
intake [45], similar to buffaloes fed with Diet B in this study. However, the improved feed
intake by buffaloes fed with Diet C in this study disagreed with other studies that concluded
that supplementation of rumen bypass fat at levels higher than 2.5% could reduce the
DMI [46,47] due to the release of peptides in the gut as a response to a higher fat diet
composition [48]. Furthermore, the addition of long-chain fatty acid capsulated with Ca
salts at a high level was capable of depressing animal daily intake [49]. Thus, the inclusion
of 5% to 20% of protected fat in diets could significantly decrease the feed intake of dairy
cows [50], although no adverse effect was observed on rumen fermentation [51]. Similarly,
Duckett et al. [52] reported a decrease in feed intake even with 1% fat supplementation.
Nevertheless, Fiorentini et al. [53] reported that higher intake of dry matter and organic
matter were observed in animals fed with supplementation consisting of protected fat
compared to animals fed with unprotected fat palm oil, linseed oil, and whole soybeans, as
observed in this study. A previous study had shown that different percentages of bypass fat
that ranged between 30% and 80% would not affect the rumen fermentation characteristics
such as total volatile fatty acid, total nitrogen, ammonia, and apparent rumen degradability
content [54]. Furthermore, Naik et al. [55] concluded that there was no difference in the
apparent digestibility of dry matter, organic matter crude protein, total carbohydrate, NDF,
ADF, cellulose except in ether extract, and hemicellulose in buffalo rumen. Indeed, the
apparent digestibility of all nutrients except ether extract and hemicellulose did not give
any changes at different levels of bypass fat due to non-interference of bypass fat with
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digestibility of nutrients due to its relatively stable nature and minimum dissociation in
the rumen [56].

The pattern of ADG in this study was similar to previous studies that fed male buffalo
calves with low, medium, and high energy diets that contained 90%, 100%, and 110%
of NRC recommendations [57,58]. The ADG was recorded at 516, 559, and 607 g/day,
respectively, and was influenced by the energy levels. However, a higher daily weight
gain of 980 g/day for yearling buffalo calves compared to 420 g/day in our study has been
reported and this might be due to the use of different buffalo breeds [59]. Furthermore,
the variations in average daily gain of animals could also be affected by the differences in
initial body weight, genetic resources, age, and nutritional management [60,61].

An important indicator of good weight gain and health status of livestock is the
body condition score. The use of BCS to indicate adequate production management has
the advantage of being fast, accurate, economical, and non-invasive [62]. In this study,
body weight and BCS were found to have a positive correlation and be in accordance
with the type of supplement added. Buffaloes that were offered concentrate and bypass
supplements had higher BCS due to better body weight gain. Similarly, buffaloes fed
with concentrate have been shown to have good BCS [63], while cattle fed bypass fat
showed improved feed intake [64]. On the other hand, the addition of 4 kg/d to 8 kg/d of
concentrates for five weeks was able to improve the body mass gain without changes in
BCS of dairy cows [65], while another study revealed that additional bypass fat did not
improve body weight gain and BCS [66]. The variation in results might be due to the feed,
energy and protein sources, period of feeding trials, type of animals, breeds, and the age of
animals [66].

In this study, blood profiles were within the normal range, no adverse effect was
observed, and no clinical signs related to metabolic disorder were detected following diet
supplementation in buffaloes. Feeding concentrate and bypass fat to growing buffalo
calves had little impact on the blood total protein and cholesterol but lowered the level of
blood glucose [28,67,68], which remained within the normal range of 1.97–5.13 mmol/L.
The findings were similar to previous studies which reported a slight increase in total
protein and lipid profiles in buffaloes supplemented with concentrate and bypass fat and
contributed to positive energy balance [19] and suggested that nutrient supply could
also influence the lipogenic enzyme activities [69,70]. The decreased blood glucose level
was calculated to be between 43% and 52%, much higher than the previous report of
10.24% [71]. On the other hand, glucose levels negatively correlate with age, with a higher
value at weaning age and a lower value at an older age. This is in relation with the
increased intake of starter diet post-weaning [72], causing high ruminal fermentation that
switched the energy reliance to volatile fatty acids leading to lower blood glucose level in
advanced age [73,74]. Therefore, supplementation of fat in the diet for a short period of time
(less than 100 days) resulted in a positive correlation with the increased blood glucose and
cholesterol levels [19,75] following an enhanced uptake of dietary fatty acid [12]. According
to Tyagi et al. [76], supplementing with concentrate and 2.5% of bypass fat did not give
any change in blood cholesterol level in growing cows. However, in the present study,
serum glucose and cholesterol levels showed a decreasing pattern after 24 months of the
feeding trial. This may be due to animal studies facing a long-term period of feeding trial;
thus, the animal was undergoing normal homeostasis as the pre-requisite for maintaining
health [77].

Growth hormone and insulin-like growth factor-I are parts of the somato-trophic
axis that have multifunctional roles in the metabolism and physiology of mammals [78].
A study showed that injecting young cattle with exogenous bovine GH increased the
ADG levels; thus, ADG and BW had a positive correlation with serum GH and IGF-I [79].
However, there was no difference in the concentrations of GH between Murrah cross
and Swamp buffaloes in this study; thus, breed had no significant effect on plasma GH
levels [80,81], although a study found an association between GH concentration and breed
of animals [82]. Nevertheless, the CP:ME ratio might influence the GH and IGF-I levels
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in Holstein heifers [32]. Therefore, a higher dietary energy level decreases the GH serum
concentration [33]. Our study showed that GH and IGF-I worked well in promoting proteo-
synthesis and lipolysis since both hormones were significantly high in Murrah cross and
Swamp buffaloes compared to the control. We observed that the serum level of IGF-I
increased with an increased dietary energy level, in agreement with previous studies in
heifers and dairy cattle [34,83]. Furthermore, this study also showed that the experimental
trial period significantly affected all blood and hormonal profiles [37].

In general, the crossbreeds had significantly heavier body weight than Swamp buf-
faloes from birth until 24 months old. A similar observation was made among buffaloes
in Indonesia [36], Thailand [37], and the Philippines [43]. Body weights of buffalo calves
are influenced by many factors such as feeding management [84], breeds of buffalo [85,86],
and environmental factors [87]. Good feeding management improves farm husbandry and
increases revenue for both Swamp and crossbred buffaloes [7,88]. In addition, crossbreeds
are able to reach market weight much earlier than the Swamp buffaloes. However, early
weaning is costlier for the farm due to the longer weaning-to-production period. This
leads to a slightly higher additional cost of the crossbreeds. On the other hand, the birth
weight could also affect the reproduction maturity of females [89], when the crossbreed
tends to reach the age at first calving earlier than the Swamp buffaloes. Thus, the females
can reproduce earlier and for a longer period, which brings more economic benefit to the
farm. The earlier age of first calving also reduces the cost of rearing heifers. In addition,
studies also showed that heterosis might have impacts on the growth and performance of
buffaloes. It can come in three different forms, either individual, maternal, or paternal [90].
According to a recent study, individual heterosis is used in crossing between two breeds,
which increased the performance of crossbred progeny relative to that of its purebred
parents [91]. Furthermore, maternal and paternal heterosis increased the production of
a cow above that of the average of her parent breeds, giving advantages in terms of im-
provement of reproduction, longevity, calf survivability, increased calf birth weight, shorter
period of birth age puberty, and improved bull fertility [92]. However, the impact of the
heterosis relies on the level of genetic differences between the original breed, whereby
further variation between the two basic breeds causes the heterosis impact to be even
greater [91]. Crossbreeding of pure Murrah and Swamp breeds is a common practice
developed by farmers in Malaysia and other Asian countries, so that the crossbreeding can
inherit superior traits possessed by their parents. The finding of this study is in agreement
with previous studies that showed that crossbred buffalo have a greater performance of
growth compared to purebred [7,8]. According to Shaari et al. [93], the crossbred Murrah
in Malaysia was the product of crossbreeding between male Murrah and female Swamp
buffaloes (exhibit 2n = 50 and 2n = 48 number of chromosomes, respectively), producing
49 chromosomes and has shared conserved regions of the genes from their parents. Indeed,
a previous study also reported that analysis of mtDNA and phylogenetic trees showed
Swamp buffaloes were genetically conserved and the crossbreeds were dominantly Swamp
according to the maternal lineage using d-loop mtDNA [94]. Nevertheless, the crossbreed’s
performance was better than Swamp buffaloes, especially regarding growth, meat, and
milk production [8,94].

Nutrition is one of the production factors that reflects the total production and profit
of a farm [95]. In this study, total feed cost was significantly (p < 0.05) increased for the
diets with supplementation but resulted in a significant increase in BW; thus, the targeted
selling price was significantly (p < 0.05) higher, as earlier observed [30]. The high cost was
due to the additional cost of supplements added into the basal diet, where Diet C was three
folds and Diet B showed two folds higher than the non-supplemented Diet A (control).
Nevertheless, the two-year fattening resulted in significantly higher net profit for Diet C,
followed by Diet B. Similar results were observed by Naik et al. [96] and Raval et al. [30].
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5. Conclusions

Supplementation with concentrate and bypass fat produced positive effects on the
performance of feedlot buffaloes of both breeds. In addition, the supplementations have
no adverse effect on serum biochemistry and increased the hormones related to growth.
Even though supplementation increased the feed cost per day, subsequently animals could
reach the standard market and breeding weight faster and at a significantly younger
age, resulting in better income for the farm. Subsequently, Murrah crossbred buffaloes
showed a significantly better body condition score and body weight gain and thus reached
market and breeding weight at a significantly younger age than Swamp buffaloes. Further
studies should address the effect of concentrate and bypass fat supplementations on rumen
fermentation, rumen microbial population, and the meat quality of buffaloes.
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Simple Summary: Alpacas and llamas are increasingly presented at the veterinary clinic in Germany.
Owners often notice too late when their animal is emaciated or anaemic. Emaciation can be detected
by checking the so-called body condition score (BCS). An indication of anaemia can be provided
directly by the FAMACHA©-score (FS), which has been adopted from small ruminants. There is still
little information on both scores for alpacas and llamas, so a retrospective evaluation of data from
the veterinary clinic was carried out. More than half of the animals admitted to the clinic were too
lean and more than one in ten alpacas or one in five llamas showed clinical signs of anaemia. Both
scores were compared with the findings from the animals’ blood counts, which showed that poor
nutritional status was associated with anaemia and shifts in inflammatory cells. Regular monitoring
of BCS and FS is therefore important in alpacas and llamas to detect emaciation and anaemia in time.

Abstract: South American camelids (SAC) are being more and more presented at the veterinary
Clinics in Germany. A bad nutritional condition, which can be easily categorized using a body
condition score (BCS) of the animals, is often not noticed by the owners. Further anaemia is also
often only detected in an advanced stage in SAC. Clinical detection of anaemia can be performed
by assessing the FAMACHA©-score (FS), that is adapted from small ruminants. So far, there is only
little information available about BCS and FS in SAC. In this study, both clinical scores were assessed
in alpacas and llamas presented at the veterinary clinic and compared with the haematological
parameters from the animals. The data were extracted retrospectively from the animals’ medical
records and compared statistically. More than half of the alpacas (60%) and llamas (70%) had a
BCS < 3, while 12% of the alpacas and 21% of the llamas had a FS > 2. A decreased BCS was associated
with a decrease in haematocrit, haemoglobin, lymphocytes, and eosinophils, as well as an increase
in FS and neutrophils. BCS and FS should be assessed regularly in SAC to detect emaciation and
anaemia in time.

Keywords: South American camelids; anaemia; nutritional status; emaciation; clinical scores; haematology

1. Introduction

Husbandry of alpacas and llamas (SAC: South American camelids) is becoming more
and more popular in Europe [1–3]. However, it remains challenging for the owners to
detect health problems. Delayed treatment, especially in connection with malnutrition,
is common, since SAC are stoic and have a thick fibre coat, [4]. In some cases, emaciated
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SAC additionally suffer from life-threatening anaemia that requires immediate blood
transfusion [5].

Body condition scoring (BCS) is a common clinical tool to detect emaciation in ru-
minants and SACs [4,6–9]. For clinical detection of anaemia, the close observation of the
colour of the mucous membranes, especially the conjunctives, can be used [10,11].

Body condition scoring was originally developed for sheep and dairy cattle [6–8] but
has been adapted for SAC. Different body scoring-systems have been evaluated for alpacas
and llamas, which include visual and palpatory examination of different body sites such
as the lumbar spine, withers, shoulders, ribs, front and rear legs, or the pelvis [4,9,12–15].
A scale from 1 to 5 (1 = emaciated; 2 = thin; 3 = optimal; 4 = overweight; 5 = obese) is
commonly used for determination of the nutritional status [4,15,16]. An optimal BCS (3)
can be characterized by a straight line between the dorsal spinous and transverse processes
of the lumbar spine [15,16]. A more concave line would be interpreted as a lower BCS,
a more convex line as a higher BCS [15,16]. Causes for a bad nutritional status in SAC
include management problems such as a restricted animal/feeding place ratio, insufficient
nutrient supply, infestation with endoparasites, tooth problems, or any other chronical
disease [4,17–19]. To date, there are several descriptions about the assessment of BCS in
SAC, and there is also some information available about the relationship between BCS and
health in llamas and alpacas [11,19,20]. However, so far, there is a lack of data concerning
the BCS of SAC presented in the veterinary clinic.

In addition to malnutrition, anaemia is frequently observed in SACs [5,11], which is
often caused by haemonchosis (Haemonchus contortus) [11,21]. Other reasons for anaemia
in llamas and alpacas include haemotroph mycoplasms (Candidatus mycoplasma haemola-
mae) [22,23], gastric ulcers [24], or undersupply with trace elements that can lead to copper-,
cobalt-, or iron deficiency [25–27]. If symptomatic, anaemia can lead to a life-threatening
state, requiring immediate treatment [5,28]. Early detection of anaemia is crucial, to monitor
the health of a herd and as a marker for anthelmintic treatment response.

The FAMACHA©-score (FS) (“FAMACHA” is an acronym for Dr. Francois “FAffa”
MAlan, who created a CHArt with pictures of the conjunctives of sheep with five different
red shades) has been established for targeted selective treatment of sheep with haemon-
chosis [10], which is a major cause of anaemia in sheep. The FS is an easy to use tool,
for the clinical detection of anaemia [29]. The different red shades of the chart should be
compared with the conjunctives of the animal to be examined and are meant to reflect
different packed cell volumes (PCV’s). The physiological red colour is expressed as a
FS of 1 and the palest, almost white colour as a FS of 5 [10]. FS 1 and 2 are considered
as “optimal” and “acceptable”, respectively, while FS 3 as “borderline” and FS 4 and 5
as “dangerous” or “fatal” [10]. The FS has been evaluated for small ruminants in many
studies worldwide, so far [30–37]. Since the FS targets anaemia and not the potential
underlying condition leading to it, scoring of the conjunctives is also suggested as a tool
in the diagnosis of other infections that cause anaemia such as fasciolosis [38] or bovine
trypanosomosis [39]. Furthermore, there are many other causes for pale conjunctives, for
example, acute bleeding.

The FS has also been used as a clinical tool for detecting anaemia in SAC [11,40–43].
Storey et al. investigated the FS in 347 alpacas and 502 llamas on different farms [11]. In
17/21 farms included in their study, Haemonchus contortus was the predominant nematode
parasite [21]. They found significant associations between the PCV and FS and between
the BCS and faecal egg count (FEC), and concluded that the FS is a useful tool to detect
anaemia in SAC suffering from haemonchosis [11].

In ruminants, BCS and FS are well established as common clinical examination meth-
ods. They can be collected easily and without complex technical equipment directly on site
on the animal. However, there are no data yet on the relationships between the BCS and FS
and the haematological parameters for SAC presented to the veterinary clinic. In this study,
we evaluated those conditions in alpacas and llamas presented to the clinic, to determine
the extent to which clinical findings are associated with laboratory diagnostic parameters.
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In contrast to previously available data collected from animals in herds in the field [11], this
study involves data from sick animals. In addition, further haematological parameters such
as the individual leukocyte fractions will be considered as a supplement to the previously
known data. The resulting findings could provide important information for veterinarians
in the field who do not have the possibility of an immediate haematological examination.

2. Material and Methods

2.1. Data Collection

Relevant data of alpacas and llamas were extracted from the medical files from the
archives of the Clinic for Swine, Small Ruminants and Forensic Medicine of the University
of Veterinary Medicine Hannover, Germany to an Excel sheet (Microsoft®® Excel®® for
Office 365). Patient files were archived as paper files until August 2016 and as digital
files in the patient management program “easyVET” (VetZ. EasyVET. Available online at:
https://www.vetz.vet/de-de/easyVET, accessed on 29 July 2021) from September 2016
onwards. In this retrospective study, data were assessed between July 2014 and March
2021, since the recording of BCS and FS had been routinely performed during the clinical
examination of SAC from July 2014. All the data used in this study were collected during
veterinary diagnostic procedures after the owners had given written consent.

2.2. Inclusion Criteria

Only animals with information on species, gender, age, BCS, PCV, haemoglobin
(Hb), total leucocytes (white blood count: WBC), and with blood smear results for cell
differentiation were included in the analysis. The absolute bodyweight in kg and FS were
not recorded for each animal. Therefore, they were only evaluated in a subset of animals.

2.3. Collected Parameters from the Animals
2.3.1. Basic Data about the Animal

Basic data included the animal’s clinic-ID, species (alpaca or llama), gender (female
or male), day of examination, animal’s birthday, animal’s age (in days, calculated by
subtracting the animal’s birthday from the day of examination), and, if available, the
animal’s bodyweight in kg.

2.3.2. Clinical Scores

Both evaluated clinical scores (BCS and FS) were assessed during the first clinical
examination immediately after the animal had been presented to the clinic.

BCS

The BCS was noted as a score from 1 (emaciated) to 5 (obese) with 0.5 steps in between.
BCS was assessed by experienced examiners by palpation of the lumbar spine according to
the method described recently [15]. An optimal BCS was defined as 3.

FS

The FS was noted as a score for the colour of the mucous membranes of the con-
junctives from 1 (physiological red colour) to 5 (pale, almost white). The red shades in
between were expressed as scores 2, 3, and 4. FS was assessed by experienced examiners,
by presenting the lower palpebral conjunctives. The official FAMACHA©-chard was used
for learning the technique, but in most of the cases in the routine the FS was assessed as a
subjective impression of the conjunctival colour, without using the colour standard of the
card as a direct comparison. A FS > 2 was defined as a hint of anaemia [10]. In animals
with reddened conjunctiva due to conjunctivitis, for example, no FS could be assessed.

2.3.3. Haematological Parameters

Routine EDTA-blood samples (EDTA Monovette 9 mL K3E, Sarstedt AG & Co. KG,
Nümbrecht, Germany) were taken from the jugular vein from each animal during the
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general clinical examination [44]. Blood samples were either processed directly or stored at
4 ◦C when the animals were presented at night or during the weekend.

PCV [L/L]

The packed cell volume (PCV), haematocrit was evaluated by centrifugation of EDTA-
blood in a microhematocrit tube for 10 min at 10,000× g. The PCV was determined as the
ratio of the volume of red blood cells divided by the total blood volume.

Haemoglobin (Hb) [g/L]

Hb was determined photometrically using a cyan solution [45]. A total of 10 μL EDTA
blood was added to the 2.5 mL cyan solution (containing 18 mmol/L sodium hydrogen
carbonate, 0.768 mmol/L potassium cyanide, 0.608 mmol/L potassium ferricyanide) in
a cuvette. The solution was incubated for 5 min and then measured with a photometer
(546 nm). Hb in g/L was determined by multiplying the determined extinction with the
factor 368.

Total Leucocytes/White Blood Count (WBC) [G/L]

WBC was determined microscopically in a Neubauer counting chamber after 5 min
lysis of 100 μL EDTA blood in 900 μL 3% acetic acid solution [45]. If normoblasts were
observed in the subsequent differentiation of the blood smear, the total leukocyte count
was mathematically corrected according to the following formula: WBC [G/L] = number
of nuclei counted in the Neubauer chamber [G/L] × 100/(100 + Number of normoblasts
per 100 leukocytes).

Lymphocytes, Segmented Neutrophils, Band Neutrophils, Eosinophils, Basophils,
Monocytes, Normoblasts, all [%]

Differentiation of leucocytes was performed microscopically in a blood smear stained
according to Pappenheim. In each blood smear, 200 leukocytes were differentiated accord-
ing to their morphological features and assigned to lymphocytes, segmented neutrophils,
band neutrophils, eosinophils, basophils, and monocytes. Normoblasts (nucleated red
blood cells) that occurred during differentiation were recorded in addition to the 200 leuco-
cytes.

2.4. Statistical Analysis

Statistical tests were performed using SAS Enterprise Guide 7.1. Descriptive statistics
were expressed as median (med), mean, standard deviation (SD), minimum (min), maxi-
mum (max), lower quartile (LQ), and upper quartile (UQ) of the investigated parameters
in each group. Normal distribution was tested with the Shapiro-Wilk test.

The Wilcoxon-two-sample-test was used to test for statistical differences between
alpacas and llamas, as well as differences in gender (male or female) or age (crias [<1 year]
or adults [>1 year]) for both species separately. Furthermore, anaemic and non-anaemic
animals were compared separately in both species. The reference values of Hengrave-Burri
et al. [46] were used to categorize anaemic and non-anaemic animals. Animals whose PCV
were below the corresponding lower reference value (alpacas: All crias: 0.29 L/L, adult
males: 0.29 L/L, adult females: 0.26 L/L; llamas: All crias: 0.28 L/L, adult males: 0.29 L/L;
adult females: 0.27 L/L) were classified as anaemic, while all other animals were classified
as non-anaemic.

The Kruskal-Wallis test was used to determine differences for different BCS or FS.
Spearman’s rank correlation coefficient was used for calculating correlations between the
investigated parameters and BCS or FS.

A p-value less than 0.05 was considered significant (* = p < 0.05; ** = p < 0.01;
*** = p < 0.001). Significant correlations were interpreted as follows: R = 0.2–0.3: Very
weak correlation; R = 0.3–0.5: Weak correlation; R = 0.5–0.8: Moderate correlation; R > 0.8:
Strong correlation. Since most of the investigated groups had a value of p < 0.05 in the
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Shapiro-Wilk test and therefore, failed normal distribution, nonparametric tests were per-
formed. In the descriptive data (Supplementary Material), both the median and mean were
given, since the differences in the mean were more obvious.

3. Results

3.1. Population

The total number of all animals (N = 300) was further divided into the species (al-paca
(A) or llama (L)), gender (male or female), and the age (crias: < 1 year; adults: > 1 year). A
total of 10 different groups were considered:

All alpacas (n = 259)
All llamas (n = 41)
Alpacas, male, cria (n = 26)
Alpacas, male, adult (n = 87)
Alpacas, female, cria (n = 40)
Alpacas, female, adult (n = 106)
Llamas, male, cria (n = 2)
Llamas, male, adult (n = 21)
Llamas, female, cria (n = 2)
Llamas, female, adult (n = 16)

3.2. Clinical Parameters
3.2.1. BCS

About 60% of the alpacas (n = 154/259) and 70% of the llamas (n = 29/41) had a
BCS of lower than three. Alpaca crias showed a lower BCS than adult alpacas, with no
differences between species or gender (Tables 1 and S1–S4). Alpacas or llamas with anaemia
had a lower BCS than alpacas and llamas without anaemia (Tables 1, S5 and S6). When
comparing animals with different BCS, there were significant differences in bodyweight,
FS, PCV, Hb, and eosinophils in both species (Tables S7 and S8). In llamas, there were
additionally differences in lymphocytes, segmented neutrophils, and basophils depending
on the BCS of the animal (Tables S7 and S8).

Table 1. Results of the Wilcoxon test to check for differences in species (alpacas vs. llamas), gender
(male vs. female), age (juvenile vs. adult), and presence of anaemia (anaemia vs. without anaemia).
No data on the influence of age are available for llamas, since the juvenile llamas group contained
only two animals. There were no significant differences between male and female animals for any of
the parameters. * = p < 0.05; ** = p < 0.01; *** = p < 0.001; n.s. = not significant.

Parameter
Alpaca vs.

Llama
Juvenile vs.

Adult
Anaemia vs.

without Anaemia

All Alpacas Alpacas Llamas
Bodyweight (kg) *** *** *** ***

BCS n.s. ** *** ***
FS n.s. * ** ***

PCV (L/L) n.s. n.s. *** ***
Hb (g/L) n.s. n.s. *** ***

WBC (G/L) n.s. n.s. n.s. n.s.
Lymphocytes (%) ** *** n.s. n.s.

Segmented neutrophils (%) n.s. ** n.s. n.s.
Band neutrophils (%) n.s. n.s. * n.s.

Eosinophils (%) n.s. ** n.s. **
Basophils (%) n.s. n.s. n.s. n.s.

Monocytes (%) n.s. n.s. * n.s.
Normoblasts (%) n.s. n.s. n.s. *
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BCS in alpacas correlated a weak positive correlation with bodyweight and very weak
with PCV, Hb, and eosinophils (Tables 2 and S9). A weak negative correlation was observed
for BCS and FS (Tables 2 and S9).

Table 2. Results of Spearman’s correlation for BCS, FS, and PCV with the investigated clinical and
haematological parameters in alpacas (n = 259). * = p < 0.05; *** = p < 0.001; n.s. = not significant.

Alpacas BCS FS PCV

r = r = r =
Bodyweight (kg) 0.41 *** 0.03 n.s. 0.16 *

BCS −0.32 *** 0.29 ***
FS −0.32 *** −0.34 ***

PCV (L/L) 0.29 *** −0.34 ***
Hb (g/L) 0.28 *** −0.32 *** 0.94 ***

WBC (G/L) −0.08 n.s. −0.08 n.s. 0.00 n.s.
Lymphoytes (%) 0.09 n.s. −0.08 n.s. 0.12 *

Segmented neutrophils (%) −0.08 n.s. 0.04 n.s. −0.13 *
Band neutrophils (%) −0.12 n.s. 0.13 n.s. 0.08 n.s.

Eosinophils (%) 0.28 *** −0.11 n.s. −0.10 n.s.
Basophils (%) 0.11 n.s. −0.12 n.s. −0.13 *

Monocytes (%) 0.06 n.s. 0.03 n.s. 0.22 ***
Normoblasts (%) −0.09 n.s. 0.26 *** −0.20 ***

In llamas, BCS correlated a moderate positive correlation with bodyweight, PCV, Hb,
lymphocytes, and eosinophils, whereas FS and segmented neutrophils revealed a negative
correlation with BCS in llamas (Tables 3 and S9).

Table 3. Results of Spearman’s correlation for BCS, FS, and PCV with the investigated clinical and
haematological parameters in llamas (n = 41). * = p < 0.05; ** = p < 0.01; *** = p < 0.001; n.s. = not
significant.

Llamas BCS FS PCV

r = r = r =
Bodyweight (kg) 0.66 *** −0.36 * 0.56 ***

BCS −0.55 *** 0.59 ***
FS −0.55 *** −0.73 ***

PCV (L/L) 0.59 *** −0.73 ***
Hb (g/L) 0.60 *** −0.72 *** 0.96 ***

WBC (G/L) −0.25 n.s. −0.06 n.s. 0.18 n.s.
Lymphoytes (%) 0.54 *** −0.17 n.s. 0.07 n.s.

Segmented neutrophils (%) −0.46 ** 0.25 n.s. −0.16 n.s.
Band neutrophils (%) −0.13 n.s. 0.22 n.s. −0.15 n.s.

Eosinophils (%) 0.61 *** −0.54 *** 0.50 ***
Basophils (%) 0.25 n.s. −0.04 n.s. 0.09 n.s.

Monocytes (%) −0.01 n.s. −0.05 n.s. 0.05 n.s.
Normoblasts (%) −0.30 n.s. 0.54 *** −0.53 ***

3.2.2. FS

About 12% (n = 24/214) of the investigated alpacas and 21% (n = 8/39) of the investi-
gated llamas had an FS > 2. When comparing species or gender separately for each species,
there were no significant differences regarding FS (Tables 1, S1, S2 and S4), but there was
an effect of age in alpacas: Crias had a lower FS than adult alpacas (Tables 1, S1 and S3).
In both species, animals with anaemia had a significantly higher FS than animals without
anaemia (Tables 1, S5 and S6). Different FS were associated with differences in BCS, PCV,
Hb, MCHC, lymphocytes, eosinophils, and normoblasts in alpacas and with differences in
BCS, PCV, Hb, eosinophils, and normoblasts in llamas (Tables S10 and S11).

In alpacas, weak negative correlations were found between FS and BCS, PCV and Hb,
and a very weak positive correlation between FS and normoblasts (Tables 2 and S12). In
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llamas, moderate negative correlations were found between FS and BCS, PCV, Hb, and
eosinophils and a weak negative correlation between FS and bodyweight. FS in llamas
further correlated moderate positively with normoblasts (Tables 3 and S12).

3.3. Haematological Parameters
3.3.1. PCV

When compared with the reference values of Hengrave Burri (2005) [46], the majority
of SAC that was presented to the clinic suffered from anaemia (55% of the alpacas, 49%
of the llamas). The lowest PCV in a single alpaca or llama was 0.04 L/L, the maximal
PCV was 0.43 L/L in an alpaca and 0.47 L/L in a llama (Table S1). Differences for PCV
in species, gender, or age were not statistically significant (Tables 1 and S2–S4). In both
alpacas and lamas, a low PCV was found to be associated with a low BCS (Figure 1) and a
higher FS (Tables S5 and S6). PCV in alpacas revealed a strong positive correlation with
Hb, a weak positive correlation with BCS and monocytes, as well as a weak negative
correlation with FS and normoblasts (Tables 2 and S13). PCV in llamas also revealed a
strong positive correlation with Hb, a moderate positive correlation with bodyweight,
BCS, and eosinophils, as well as a moderate negative correlation with FS and normoblasts
(Tables 2 and S13). All the animals with severe anaemia (PCV < 0.10 L/L) had a BCS ≤ 3.

 
Figure 1. PCV in L/L in alpacas (n = 259, left) and llamas (n = 41, right) with different BCS. The boxplots display the
quartile range and the respective minimum and maximum.

3.3.2. Hb

Hb in alpacas had a range of 20–198 g/L, while in llamas, the range was 15–218 g/L
(Table S1). Since PCV and Hb showed a very strong correlation, Hb showed similar
associations with the other parameters as PCV (Tables 2 and 3).

3.3.3. WBC

The range of WBC was 0.3–75.0 G/L in alpacas and 2.8–40.4 G/L in llamas (Table S1).
Differences in species or gender were not detected, nor was there a difference between
alpaca crias and adult alpacas or anaemic and non-anaemic animals (Tables 1 and S2–S5).
Influences of different BCS or FS were not evident in the Kruskal-Wallis test (Tables S7 and
S10) and correlations with BCS, FS, and PCV did not yield significant results (Tables 2, 3,
S9, S12 and S13).

3.3.4. Lymphocytes

Lymphocytes revealed a range of 1–90% in alpacas and 3–65% in llamas (Table S1).
Lymphocyte percentages were higher in alpacas than in llamas and higher in alpaca crias
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than in adult alpacas (Tables 1 and S1–S3). Differences between gender or anaemic and non-
anaemic animals were not observed (Tables 1, S4 and S5). The proportion of lymphocytes
was different depending on the BCS of the llamas (Tables S7 and S8). BCS and lymphocytes
correlated as moderate positive in llamas (Figure 2). However, in alpacas, there was no
significant correlation between BCS and lymphocytes (Tables 3 and S9).

Figure 2. Proportions of lymphocytes (left) and segmented neutrophils (right) in llamas (n = 41) with different BCS. The
boxplots display the quartile range and the respective minimum and maximum.

3.3.5. Neutrophils

The segmented neutrophils’ ranges were 3–98% in alpacas and 19–95% in llamas
(Table S1). The proportion of segmented neutrophils in alpaca crias was lower than in
adult alpacas (Tables 1, S1 and S3), but there were no statistical differences between
species, gender, or animals with and without anaemia for segmented neutrophils (Tables 1,
S2, S4 and S5). For band neutrophils, there was a statistical difference between anaemic and
non-anaemic animals in alpacas. However, the numerical proportion of band neutrophils
was lower in anaemic alpacas than in alpacas without anaemia, whereas the opposite was
the case in llamas.

In llamas, BCS was associated with segmented neutrophils (Table S7). Segmented
neutrophils in llamas with BCS of 1 revealed the highest median and segmented neutrophils
in llamas with BCS 3 the lowest (Table S8 and Figure 2). The correlation between BCS and
segmented neutrophils in llamas was weak negative (Tables 3 and S9), however, this was
seen only in lamas, not in alpacas (Tables 2 and S9). Different segmented neutrophils were
not reflected in the FS of alpacas or llamas (Tables S10–S12).

3.3.6. Eosinophils

The percentages of eosinophils were 0–30% in alpacas and 0–39% in llamas (Table S1).
There were no differences in eosinophils concerning species or gender (Tables S2 and
S4), but adult alpacas had significantly higher amounts of eosinophils than alpaca crias
(Tables 1 and S3). In addition, llamas with anaemia had a lower percentage of eosinophils
than llamas without anaemia. However, this relationship was not seen in alpacas (Tables 1,
S5 and S6). In both species, a relationship between BCS and the proportion of eosinophils
existed, with both alpacas and llamas having the lowest median of eosinophils at BCS 1
(Tables S7 and S8). The correlation between BCS and eosinophils was stronger in llamas
than in alpacas (Tables 2, 3 and S9). Different FS went in hand with different proportions
of eosinophils. Nonetheless, this was only significant for llamas (Tables S10 and S11) and
was also reflected in a moderate negative correlation between FS and eosinophils in llamas
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(Tables 3 and S12). Further eosinophils in llamas correlated moderately positively with
PCV (Tables 3 and S13).

3.3.7. Basophils

Basophils had a range of 0–4% in alpacas and 0–3% in llamas (Table S1). There were
no statistical differences concerning species, gender, and age or between anaemic and non-
anaemic animals (Tables 1 and S2–S5). However, BCS was associated with the proportion of
basophils in llamas (Table S7). Nevertheless, there were no significant correlations between
basophils and BCS, FS or PCV in either species (Tables 2, 3, S9, S12 and S13).

3.3.8. Monocytes

The monocyte ranges were 0–21% for alpacas and 0–9% for llamas (Table S1). There
were no statistical differences between species, age, or gender (Tables 1 and S2–S4), but
alpacas with anaemia revealed lower proportions of monocytes in the differential count
than alpacas without anaemia (Tables 1, S5 and S6). However, this was not the case in
llamas. Different BCS or FS were not reflected in the proportion of monocytes (Tables S10
and S11) and there were no significant correlations between monocytes and BCS, FS, or
PCV in alpacas or llamas (Tables 2, 3, S9, S12 and S13).

3.3.9. Normoblasts

Normoblasts were present in 33% (n = 85/259) of the alpacas and 34% (n = 14/41) of
the llamas. Species, gender, and age had no effect on normoblasts (Tables 1 and S2–S4).
In anaemic llamas, the amount of normoblasts was higher than in non-anaemic llamas
(Tables 1, S5 and S6). However, this was not statistically significant for alpacas. Different
BCS had no impact on normoblasts, but FS was connected to normoblasts (Tables S7, S8, S10
and S11). This was also reflected in a positive correlation between FS and normoblasts, that
was moderate in llamas but only very weak in alpacas (Tables 2, 3 and S12). Normoblasts
further correlated negatively with PCV in both species (Tables 2, 3 and S13).

4. Discussion

We found that most of the llamas and alpacas presented to the clinic had a low BCS
and about half of all alpacas and llamas were anaemic. For the clinical parameters, we
showed that a low BCS was associated with lower body weight and increased FS in both
species. When comparing this with the haematological parameters, a low BCS was also
associated with decreased PCV, Hb, and eosinophils in both species. In llamas, a low BCS
was additionally associated with a lower percentage of lymphocytes and an increased
percentage of segmented neutrophils. In addition, despite the different age of the animals,
a good correlation of bodyweight and BCS was found in both species.

A main finding in alpacas and llamas at the clinic is that a poor nutritional status
is usually related to a low BCS and in most cases anaemia, as well. The condition of the
animals is rarely perceived by the owners themselves. One cause for this is the very dense
hair coat of SACs. As the owners do not palpate their animals regularly, the emaciation
may remain undetected [4]. In a survey among alpaca and llama owners in Germany [1],
fewer than half of all participating 255 farms (38.9%) reported emaciation in their animals
from the owners’ observation. Anaemia was observed even less frequently: Only 13.3%
of the farms reported anaemia in their animals from their own observation [1], which
contrasts with the results of the present study. The numbers cannot be easily compared
since the animals presented to the clinic are usually sick and most healthy animals from
the herds are never presented to the clinic. However, Storey et al. found a much lower
proportion of animals with a BCS < 3 in their study on alpaca and lama farms than in the
present study. Nonetheless, these animals with lower BCS were overrepresented in the
group of anaemic animals [11], which is in line with our data. Storey et al. also found a
higher proportion of llamas with anaemia than alpacas. Although this disagrees with our
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findings, it could be explained by the fact that mainly animals with pathological conditions
are presented to the clinic [11].

For detecting anaemia in SAC with a PCV ≤ 0.17 L/L with an FS ≥ 4, a sensitivity
of 50% and a specificity of 94% are given by Storey et al. [11]. FS showed a significantly
negative correlation with PCV, Hb, as well as BCS, especially in the llamas.

It should be noted, however, that the PCV determined per FS has a wide range. This
range can be explained by the fact that the FS does not specifically assess the PCV as it can
also be elevated or depressed due to local inflammatory processes in the conjunctives or
circulatory centralisation [34]. In addition, there is also a lack of specific colour scales for
SAC. Since the FS was routinely assessed at the clinic by several examiners, this factor of
differing expert opinions must also be taken into consideration. No data are available on
this for SAC, but the studies by Maia et al. regarding the assessment of different examiners
on the FS in sheep and goats indicate that the FS can be collected quite accurately by
different persons after adequate training [47]. For everyday clinical practice, a less precise
subdivision (for example “physiological red”, “pale”, and “white”) of the FS might be
sufficient to gain a first impression of a single animal.

Similar positive correlations of BCS and PCV or Hb as found in our study were also
described in sheep or cattle. In pre- and post-partum cattle, Rafia et al. determined r = 0.32
and r = 0.36 for the correlation of BCS and PCV [48]. Torres-Chable et al. investigated the
correlation of BCS and PCV in sheep and found r = 0.39 [49]. It is also noteworthy that in
this present study, none of the animals with a BCS >3 had severe anaemia (<0.10 L/L).

The association of low BCS and anaemia remains unclear, there could be speculation
about atrophy of the bone marrow or chronic inflammation. However, it must also be
considered that the animals were usually transported prior to blood sampling and stress
reactions can also lead to shifts in leukocyte fractions. Although no statistically relevant
associations with WBC and BCS or PCV were found, the shift in the proportions of leuko-
cytes from lymphocytes to segmented neutrophils in animals with low BCS, especially in
the llamas, may provide indications for inflammation. A decrease in lymphocytes was also
observed in emaciated horses [50].

Reference values play an important role when interpreting laboratory results. The
reference values consulted in this study had a lower limit of 0.26–0.29 L/L for PCV, depend-
ing on species, gender, or age [46], and were thus in a similar range to reference values for
alpacas and llamas from other authors [51–53]. In the animals in our study, no differences
in PCV were found with respect to age or gender. However, other authors showed that
male SAC usually have higher PCV than females [54,55]. This could be due to the fact
that our study did not investigate homogeneous groups, but rather data from animals
with different pathological conditions. Moreover, this could possibly be the reason why no
significant relationships were found between WBC and the other parameters. However,
Rafia et al. found only a very weak negative correlation (r = −0.15) for BCS and WBC in
cattle [48]. When interpreting the PCV, it should also be taken into account that the blood
samples were usually taken after the animals had been transported. Here, the transport
stress could have led to haemoconcentration effects in individual animals.

The positive correlation between BCS and eosinophils remains unclear. In studies on
the influence of BCS on haematological parameters in other species, such a relationship
was not reported [48,49]. Since anaemia and poor nutritional status are often associated
with endoparasites in alpacas [11,21], a negative correlation was expected. It could be
speculated here that animals with a lower BCS are in a more immunologically inactive
state, which is particularly reflected in the number of eosinophils. However, evidence for
this assumption is lacking.

A lower percentage of monocytes in anaemic animals could be due to infection or
stress. Nonetheless, since monocytes are generally present in low numbers in a blood
smear, a single over- or under-recognized cell during differentiation can account for a
large error. The same also applies to the basophils, which are typically found only very
sporadically in the blood smear.
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Normoblasts or erythroblasts are usually associated with regenerative anaemia, but
there are only few exceptions where normoblasts may appear in the peripheral blood in
the absence of anaemia [56]. Although there was a clear negative correlation between
PCV and normoblasts, it remains questionable why normoblasts were found equally in
anaemic and non-anaemic alpacas. Normoblasts can be present in large numbers in alpacas
with highly regenerative anaemia, where extramedullary haematoopoiesis seems to play a
role [57]. However, there are still too few data on normoblasts in alpacas in general, and
more research is needed. Another haematological parameter that provides information
about regeneration is the reticulocyte count [58], but this was only determined in some of
the animals investigated in our study and was excluded from the evaluation due to the
low number.

5. Limitations

The focus of this study was to compare clinical scores (BCS and FS) with haemato-
logical findings. Therefore, this does not allow a general statement concerning individual
clinical pictures. It is also not possible to draw a conclusion whether a lower BCS was the
cause of haematological changes, or whether the BCS was changed as a result of changes
that were visible in the blood count. Furthermore, the results of faecal egg counts were not
considered. Several animals presented to the clinic had already been dewormed by other
veterinarians or by the owners themselves, shortly before presentation at the clinic. This
made it impossible to determine the overall contributory of endoparasites to the clinical
picture. The clinical diagnoses of the animals were not taken into account in the evaluation.
It was not possible to define a main diagnosis for every animal, as some animals had
more than one diagnoses. Common diagnoses besides emaciation or anaemia included
recumbency or gastric ulcers. Data on pregnancy stage or lactation were also not available
for all the animals. Therefore, these parameters were not taken into account.

6. Conclusions

In summary, more than half of the alpacas and llamas presented to the clinic had
a BCS < 3. In addition, half of the animals suffered from anaemia. A low BCS was
predominantly associated with increased FS and decreased PCV and Hb. There was also
evidence that a low BCS was associated with an increase in segmented neutrophils, which
may indicate that animals with lower BCS are more likely to be affected by inflammatory
diseases.

It is important to educate SAC owners about the fact that a poor nutritional status is
closely associated with pathological haematological findings, and to encourage them to
check the nutritional status of the animals regularly, so that emaciation can be detected in
time. Recording BCS and FS is also particularly useful for identifying potentially anaemic
animals. The early detection of pathological conditions in alpacas and llamas can thus
make an important contribution to animal welfare.
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bodyweight, BCS, FS, and haematological parameters; Table S3: Wilcoxon test to compare crias
and adults concerning bodyweight, BCS, FS, and haematological parameters in alpacas; Table S4:
Wilcoxon test to compare gender concerning bodyweight, BCS, FS, and haematological parameters in
alpacas and llamas; Table S5: Wilcoxon test to compare anaemic and non-anaemic animals concerning
bodyweight, BCS, FS, and haematological parameters in alpacas and llamas; Table S6: Descriptive
statistics of bodyweight, BCS, FS, and haematological parameters in anaemic and non-anaemic
alpacas and llamas; Table S7: Kruskal-Wallis test to test the influence of BCS on bodyweight; FS and
haematological parameters in alpacas and llamas; Table S8: Descriptive statistics of bodyweight,
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Table S10: Kruskal-Wallis test to test the influence of FS on bodyweight, BCS, and haematological
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Simple Summary: There was every indication that animal welfare will continue to be a major issue
affecting livestock farming in the future. The main welfare issues affecting sheep were feeding
strategies, health, and diseases. The health problems of sheep are avoidable with good grazing,
breeding, and stockmanship. However, sheep must be given adequate supervision to ensure that
any welfare issues are quickly noticed and addressed. Assessing animal welfare can be used as
management tools by farmers to identify welfare issues and recognize poor welfare.

Abstract: This study aimed to assess the welfare of Tunisian sheep in extensive sheep production
systems using animal-based measures of ewe welfare. This study encompasses the first national sur-
vey of sheep welfare in which animal-based outcomes were tested. Animal-based welfare measures
were derived from previous welfare protocols. Fifty-two Tunisian farms were studied and a number
from 20 to 100 animals by flock were examinated. The whole flock was also observed to detect
clinical diseases, lameness, and coughing. The human-animal relationship was selected as welfare
indicators. It was evaluated through the avoidance distance test. The average avoidance distance
was 10.47 ± 1.23 and 8.12 ± 0.97 m for a novel person and farmer, respectively. The global mean of
body condition score (BCS) was 2.4 with 47% of ewes having a BCS of two, which may be associated
with an increased risk of nutritional stress, disease, and low productivity. Ten farms had more than
7% of lambs with a low body condition score, which may be an indication of a welfare problem. The
results obtained in the present study suggest that the used animal-based measures were the most
reliable indicators that can be included in welfare protocols for extensive sheep production systems.

Keywords: animal-based measures; indicators; sheep welfare; stress

1. Introduction

Sheep farming in Tunisia occupies an important place in the economic and social
levels. It is the main source of income for most of the rural population [1]. The national
sheep flock size accounts for 3.7 million heads of sheep and contributes to around 42.5% of
the red meat and 5% of milk production [2]. However, market demand from consumers
for assurance schemes for high-quality and safe animal products is increasing [3,4]. The
concept of welfare in animals has gained importance in recent years. That is due to the
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fact that ensuring animal welfare is not only a duty that has to be performed legally and
ethically but it should also be considered as a way of direct economic contribution to the
enterprise. The concept of welfare comprises physical and mental health [5]. The welfare
of animals means a life away from any undesired emotions (pain, suffering, and distress).
On-farm welfare assessments can be used for immediate or ongoing on-farm monitoring
and to demonstrate compliance with national and international legal welfare standards and
farm assurance schemes [6,7]. Parameters used for the assessment of animal welfare can
refer to either the physiology, behavior, production or health of an animal [8]. Therefore,
the objective of this study is to evaluate the welfare state of Tunisian extensive sheep using
selected animal-based welfare measures.

2. Materials and Methods

2.1. Study Sites and Animals

This study was carried out in the North of Tunisia in the sub-humid bioclimatic area
(rainfall > 550 mm). Fifty-two farms were visited during the lambing season (September–
December) in 2017. They were selected through random sampling from lists of farmers data
obtained from the Northwest Forestry and Pastoral Development Office of Beja, Tunisia.
The farmers were contacted and asked whether they wanted to participate in the study.
A total of 1040 Noire de Thibar ewes (840) and lambs (200), aged 2–6 years, from small
and medium flocks of approximately 350 breeding ewes were randomly selected using
systematic random sampling and examined by a one trained person at lambing, mid
lactation, and weaning. Each farm was visited three times during the period of the study.
The ewes were managed under extensive conditions, in a year-round outdoor system,
grazing pastures and managed under commercial conditions. Natural rangelands forage
(hay, barley in green, etc.) and concentrated feed were the main food resources for sheep.
The ewe sample size was selected based on the following equation reported by Cochran [9]
under a 95% confidence interval and precision of 10%. This number was supported by the
Animal Welfare Indicators Project (AWIN) sheep protocol, which recommends a sample of
92 animals when the farm size is ≥2000 breeding ewes [10].

n =
N

1 + N(e)2

where n is the sample size, N is the population size, and e is the level of precision.
The flocks were observed to detect signs of clinical disease, lameness, and coughing.

The human-animal relationship and fear testing were selected as welfare indicators based
on behavior at pasture.

2.2. Welfare Indicator Assessments

Indicators used in this study, were inspired by AWIN [10] (Table 1). Groups of
sheep, ranging in number from 20 to 100, from each selected study farm were presented
by the farmer and assessed using eight indicators of welfare [11–13]. These indicators
were considered to be key animal-based outcome measures to be included in the on-farm
protocols [11]. The validity and feasibility of the indicators selected in this study have
been previously justified and reported in other studies [13–15]. The body condition score
was used as an indirect measure of good feeding. The body condition was scored on a
scale from 1 to 5 [16] during lambing and at mid-lactation for ewes and weaning for lambs.
A score of 1 is very thin and 5 is very fat. Good housing was evaluated through fleece
cleanliness [10]. All the animals were assessed and scored on visual cleanliness of the fleece
(0–3 scale). The score 0 represented a visually clean fleece, with minor fecal material or
mud in the fleece. A score of 1 represented small spots of dirt under the belly, legs, and
tail; a score of 2 represented a generally dirty fleece; and a score of 3 represented a very
dirty fleece, stained with fecal material or mud under the belly, legs, and tail. For good
health, three indicators were evaluated; lameness, respiratory disorders, and dirtiness [10].
Lameness was scored following a 3-point scale (0–2) that takes into account the smoothness
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of movement (score 0 for imperfect mobility, score 1 for lame, and score 2 for severely lame.
The respiratory rate was determined by measuring the time (seconds) required to take ten
breaths; these data were then converted to breaths per minute (bpm).The respiratory rate
was scored on a scale from 1 (acute) to 3 (progressive). Dirtiness was evaluated using a
3-point scale, through a visual assessment of one side and behind the hindquarters and
belly. The human-animal relationship (HAR) was defined as the degree of relatedness
or distance between the animal and the human. The test was conducted by the trained
person and the farmer according to the procedure reported by Waiblinger et al. [17]. The
heart rate was measured electrocardiographically. In short-term measurements of 1 h on
restrained standing animals two skin electrodes were adequate, placed on each side of the
thorax in the plane of the heart [18]. Each indicator was assessed by observing the behavior
and physical appearance of the individual sheep within the group and scored. Following
each assessment, the observer recorded the number of sheep observed with each welfare
indicator (count data). The total number of sheep in each assessment group was counted
to determine the number of animals not affected by each welfare condition.

Table 1. Animal welfare indicators for sheep adopted from AWIN (2015).

Welfare Principles Welfare Criteria Welfare Indicators

Good feeding Appropriate nutrition Body condition score
Good housing Comfort around resting Fleece cleanliness

Good health Absence of diseases, injuries,
and pain

Lameness, respiratory disorders,
and rear and dirtiness

Appropriate behavior Expression of social behavior Familiar human approach

2.3. Statistical Analysis

Data analysis was performed using the SAS statistical package [19]. A descriptive
exploratory analysis was carried out to summarize the main characteristics of the assess-
ments performed. The overall proportion (%) of affected sheep recorded was calculated by
dividing the total number of affected animals by the total number of sheep in the sample
group or the flock. The significant difference between proportions was calculated by chi-
square. Results were expressed as means ± SD. Results with an associated probability less
than or equal to 0.05 were considered significant.

3. Results

3.1. Body Condition Score

Assessing body condition was an important animal-based measurement. Descriptive
statistics for BCS were presented in Figure 1. More than 75% of the BCS of ewes recorded
in the study ranged from 2.5 to 3.5 at lambing. Ewes were considered lean if the score was
less than 2 and fat if the score was equal to 5. In our study, we noticed that 17% of lambs
and 24% of ewes had a body condition score of less than 2. Therefore, the highest number
of animals (57 and 64%) had a BCS of 3. However, only 2.5% of ewes were considered fat.

3.2. Cleanliness

For good housing, a flock can be considered clean, since 60% of ewes had a cleanliness
score of 1 and only 14% were considered dirty (Figure 2). There was no significant difference
between lambs and ewes (p > 0.05), this can be explained by the fact that during our visits
to farms, lambs were not separated from their mothers.
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Figure 1. Distribution of the average scores of body condition for the studied sheeps at lambing,
mid-lactation, and weaning.

 

Figure 2. Distrubition of the average of scores of cleanliness for the studied sheeps at lambing,
mid-lactation, and weaning.

3.3. Health

Good health was an important component of animal welfare and it can be defined as
the absence of injuries, disease, and pain [20]. For health, four indicators were assessed:
Respiratory rate, lesions and dirtiness, and finally lameness (Table 2). We reported in our
study an average percentage of moderate lameness ewes with values of 10.5% and 4.65%
with severe lameness. Lameness was considered the most common sign of limb injury,
which compromises the animals’ welfare. In our study, the significant percentage of sheep
with no lameness (84.87%) may be indicative of good overall welfare within the flock. For
the respiratory rate, 89.75% of animals had no respiratory problem and only 8% had a
moderate problem.
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Table 2. Mean ± standard deviation (SD) of the selected health indicators measured in 52 farms for
ewes at lambing and mid-lactation.

Variables Percentage of Ewes with

No Problem Moderate Severe

Respiratory rate 89.75 ± 7.24 8.1 ± 0.21 2.15 ± 0.14
Lesions 86.95 ± 6.13 9.7 ± 0.33 3.35 ± 0.23

Dirtiness 17.2 ± 3.2 57.3 ± 5.17 12.75 ± 1.33
Lameness 84.87 ± 5.27 10.48 ± 1.12 4.65 ± 0.57

3.4. Animal-Human Interactions

The quality of the human-animal relationship can be one of the most important factors
in determining the welfare of an animal. The nature and frequency of this relationship can
vary markedly in different sheep farming systems. The mean withdrawal distance was all
greater (p < 0.01) for a novel person (10.47 m) than the farmer (8.12 m) (Table 3). Moreover,
sheep withdrew from the advancing person at distances exceeding 20 m in the approach.
For heart rates, the average value was 128.4 bpm for a novel person for a test during the
10 s. HAR was significantly (p < 0.05) higher compared to the HAR reported for the farmer
(97.8 bpm).

Table 3. Mean ± SD of avoidance distance and heart rate measured in 52 farms for ewes at lambing
and mid-lactation.

Approach Test Withdrawal Distance (m) Heart Rate (bpm)

Min Mean Max Min Mean Max

Novel person 7.5 10.47 ± 1.23 13.78 63.5 128.4 ± 1.42 208.7
Farmer 5.24 8.12 ± 0.97 10.17 58.3 97.8 ± 6.45 197.6

4. Discussion

4.1. Body Condition

This study constitutes the first evaluation of the welfare of sheep conducted in Tunisia.
The body condition score assesses the amount of fat and muscle overlying the spine.
Overall, the body condition was considered good. Previous studies have also shown similar
results [21]. In other studies [22,23], the general average score for the body conditions of
Norduz ewes was 2.9. The descriptive analysis of BCS reveals that the median of BCS was
3.0 and only 5.5% of animals were scored with a BCS lower than 2 and 15% greater than
4. These results agreed with those of Keinprecht et al. [24]. Most of the ewes in this study
were within the recommended body condition. However, thin ewes were observed within
flocks, suggesting that some farmer’s nutritional management was not and or were not
identifying/treating individual thin ewes. A low BCS, at mid-lactation indicated prior
long term poor welfare. In addition, low values of BCS occured when energy expenditure
surpasses the intake and body fat was mobilized to meet the animal’s needs, whereas
high values indicated over-feeding. Indeed, ensuring that all sheep in a flock meet their
nutritional requirements was not easily achievable in extensive systems.

4.2. Cleanliness

Fleece cleanliness had previously been proposed as an important welfare measure
for sheep, as it can provide information about the quality of the environment. In our
study, animals were reared in simple shelters and a large backyard. A higher score for
fleece cleanliness was reported in this study (Figure 2). Previous studies [15,25] reported
similar results and explained the higher score to the good housing conditions. Several
authors [8,15,26] suggested that looking at the degree of dirtiness/cleanliness of a sheep
in a flock can give a good insight into the housing conditions. However, in an Italian
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study [14], authors assessed animals and found significant differences between lambs
and ewes.

4.3. Health

It was well acknowledged that health and disease were important aspects of welfare.
The indicators selected in this study were respiratory disorder, lameness, and lesions.
Lameness is one of the major welfare concerns of sheep. Lame ewes were found across
all farms, while moderate and severe lameness were notified to farmers. In our study,
the significant percentage of sheep with no lameness (84.87%) may be indicative of good
overall welfare within the flock. However, Winter and Arsenos [27] reported a high
prevalence (up to 75% of sheep). For respiratory disorder, we noticed that 8% of ewes
have moderate disorders and 2.5% with a severe disorder which is considered higher than
other findings [12]. For the respiratory rate, our results agreed with those of Lees et al. [28].
For lesions, we reported 86.95% with no problem and 57% with moderate lesions. We can
conclude that the flocks required more care and attention to avoid health problems, lesions,
and injuries [12,25,29].

4.4. Animal-Human Interactions

The assessment of an animal’s reaction to humans was a good indicator of the human-
animal relationship. In this study, the presence of the farmer had a strong calming effect
(Table 3). Our results were highly consistent with previous results that affirmed that the
presence of a familiar person can calm the animal [30]. Furthermore, the presence of a
familiar person reduced stress and fear of humans in sheep [31,32]. However, for a novel
person, sheep showed a higher avoidance distance [26]. HAR was a good indocator of
the stockpersons’ attitudes towards farm animals. Moreover, the low average approach
distance of our study was explained by the fact that sheeps recognize individual humans
and are more likely to approach those who treat them well than those who act in an
aggressive way. Then, the presence of a familiar human may calm the animals in potentially
aversive situations. HAR was a major determinant of sheep welfare and particularly
pertinent to extensive systems with limited interactions with people. The heart rates of
the sheep in this study were similar to the previous values [5,33]. In other studies, higher
heart rates in Scottish Blackface lambs were found [8]. The attitude a stockperson holds
about animals will strongly influence their behavior towards animals [34]. Conversely,
the regular experience of positive human-animal interactions can decrease the animals’
general level of stress [35] and enhance the reproductive performance and the presence of
a familiar person can calm the animal in potentially aversive situations [30]. The reaction
to an approaching human may be best suited for use when assessing extensively managed
animals as it most closely resembles the situations the animals experience regularly.

5. Conclusions

This was a first and preliminary study in Tunisia. We can conclude that on-farm
welfare assessments can be used for immediate or ongoing on-farm monitoring by farmers.
Animal-based measures often reflect the outcome of resource inputs and management
practice. The use of behavioral principles should improve the efficiency of livestock
handling and reduce stress on animals. The present study reveals the extent to which this
species is capable of habituating to common human-related stimuli. The respiratory rate
was considered a serious welfare consequence for lambs. The human-animal relationship
(HAR) is a major determinant of sheep welfare since it is an important source of fear in
farmed sheep.
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Simple Summary: In this study, we present the results of a trial on which we compared pre- and post-
slaughter methodologies to estimate body fat reserves in dairy goats. Our results evidenced that fat
thickness measured with ultrasound in the perirenal region was the best pre-slaughter measurement for
estimating fat reserves in lactating Saanen goats, whereas empty body weight and hot carcass weight
were the best post-slaughter predictors for estimating fat reserves. Body condition score could be a useful
tool, but it seems that it needs to be re-evaluated to predict adequately fat depots in lactating Saanen goats.

Abstract: This work aimed to compare pre- and post-slaughter methodologies to estimate body fat
reserves in dairy goats. Twenty-six lactating Saanen goats ranging from 43.6 to 69.4 kg of body weight
(BW) and from 1.84 to 2.96 of body condition score (BCS; 0–5 range) were used. Fifteen pre-slaughter and
four post-slaughter measurement values were used to estimate the weight of fat in the omental (OM),
mesenteric (MES), perirenal (PR), organ (ORG), carcass (CARC), and non-carcass components (NC) and
total (TOT, calculated as the sum of CARC and NC) depots in goats. The pre-slaughter measurements
were withers height; rump height; rump length; pelvis width; chest depth; shoulder width; heart girth;
body length; sternum height; BW; BCS assessed in the lumbar (BCSl) and sternal (BCSs) regions; and
fat thickness measured by ultrasound in the lumbar (FTUSl), sternal (FTUSs), and perirenal (FTUSpr)
regions. The post-slaughter measurements were hot carcass weight (HCW), empty body weight (EBW),
and fat thickness measured by digital caliper in the lumbar (FTDCl) and sternal (FTDCs) regions. Linear
and multiple regressions were fit to data collected. BW, BCS (from lumbar and sternal regions), all
somatic measurements, and fat thickness measured by ultrasound in the lumbar and sternal regions
were not adequate to estimate the weight of total fat in lactating Saanen goats (R2 ≤ 0.55). The best
pre-slaughter and post-slaughter estimators of OM, MES, PR, ORG, NC, and TOT fat were FTUSpr and
EBW, respectively. Among pre- and post-slaughter measurements, BCSl (R2 = 0.63) and HCW (R2 = 0.82)
provided the most accurate predictions of CARC fat, respectively. Multiple regression using the pre-
slaughter variables FTUSpr, BW, and BCSl yielded estimates of TOT fat with an R2 = 0.92 (RSD = 1.14 kg).
On the other hand, TOT fat predicted using the post-slaughter variables HCW and FTDCs had an
R2 = 0.83 (RSD = 1.41 kg). These results confirm that fat reserves can be predicted in lactating Saanen
goats with high precision using multiple regression equations combining in vivo measurements.

Keywords: body condition score; body measurements; fat depots; goats; prediction equation; ultra-
sound
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1. Introduction

In most goat production systems under harsh conditions, the ability of the animal
to retain and mobilize body reserves is of considerable importance in determining goat
productivity and survival. Such relevance is due to the fact that the nutritional status of
goats fluctuates throughout the year [1] because of changes in the amount and quality of
nutrients in the diet [2] and physiological state of the animal [3]. Accurate and precise de-
termination of nutritional status in lactating goats is important to avoid depletion of energy
stored and to minimize tissue protein mobilization, thus increasing milk production [2].

The nutritional status of animals can be estimated by direct and indirect methods. The
comparative slaughter is the most accurate direct method, but it is expensive, because at
least half of the carcass is lost [4], it is destructive and laborious, and it does not allow for
the use of the same animal more than once [5]. Therefore, indirect methods are preferable
because most of them are not complex and can be applied to live animals [6].

Throughout the years, researchers have developed many indirect methods to estimate
nutritional status, such as body weight (BW) and body measurements [7,8], body condition
score (BCS, [9,10]), urea space [11], adipocyte diameter [12], real-time ultrasonography [13],
computed tomography [1], dual-energy X-ray absorptiometry, and magnetic resonance
imaging [6]. Some of these methods are very expensive and difficult to use in many farm
animals. Others, such as BCS and body measurements, have basically no cost and can be
performed in experimental and field conditions.

The BCS method was developed by Russel et al. [10] for meat lambs, which accumulate
fat in the subcutaneous region, whereas it might not be appropriate for dairy goats, which
deposit body fat mostly as visceral fat [1,14]. In lactating Alpine does, Ngwa et al. [2] noted
that the amount of fat in non-carcass components (visceral and renal fat) is almost twice that
in carcass and a considerable amount of internal fat is mobilized in early lactation. Härter
et al. [15] developed equations to predict abdominal fat depots in pregnant non-lactating
Saanen goats using ultrasound measurements of the Longissimus muscle area (LMA) and
kidney fat thickness (KFT). The authors reported high coefficient of determination for non-
carcass fat and total body fat (R2 = 0.77 and 0.80, respectively) when using LMA and KFT
associated with BW. However, to our knowledge, there are no studies comparing different
pre- and post-slaughter methodologies to estimate fat reserves in lactating Saanen goats.
Thus, this work aimed to (i) study the relationship between BCS and body measurements
with BW and body fat, (ii) compare pre- and post-slaughter methodologies as predictors to
estimate body fat depots, and (iii) develop equations that could be used as an indicator of
nutritional status in lactating Saanen goats.

2. Materials and Methods

2.1. Animals

The study was carried out using 26 mature lactating Saanen goats randomly selected
from the experimental flock of Agris Research farm of Bonassai in Olmedo (Northwestern
Sardinia, Italy, 40◦40′16.215′′ N, 8◦22′0.392′′ E, 32 m a.s.l.). Animals were chosen from a
larger group fed a high-starch diet, homogeneous for lambing date, age (6–7 years), and
milk yield. Goats were clinically healthy and had mean BW of 56.4 ± 6.8 kg. Animals
were milked twice a day and had access to feed and water until slaughter. Their care
and use followed the Italian national law and ethic regulations (DL. no. 116, 27/01/1992).
The animal protocol described below was performed in compliance with the EU and
Italian regulations on animal welfare, and all measurements were taken by personnel
previously trained and authorized by the institutional authorities managing ethical issues
at the University of Sassari. Experimental procedures with animals (goats) were approved
by the Animal Care and Use Committee of the University of Sassari and Agris, Italy
(CIBASA 10.12.2014).
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2.2. Pre-Slaughter Measurements
2.2.1. Somatic Measurements and Body Condition Score

The following somatic measurements, based on Cam et al. [8], were made on all goats
16 h before slaughter: withers height (WH), the distance between the top of the withers to
the ground; rump length (RL), distance from hip to pin; rump height (RH) vertical distance
from top of pelvic girdle and the ground; pelvis width (PW), distance between trochanters;
chest depth (CD), the distance between the withers and the sternum; shoulder width (SW),
the horizontal distance between the processes on the left and on the right shoulder blade;
heart girth (HG), the smallest circumference around the animal just behind the foreleg;
body length (BL), the distance between the withers and the cross; and sternum height (SH),
the distance between the sternum and the ground. The measurements of WH, RH, CD, SW,
and SH were taken with a Lydtin metric stick (metal tube of 80 to 230 cm length). Pelvis
width was measured with a thickness compass, and RL, HG, and BL with a linear meter.

For practical reasons, i.e., for the lack of an appropriate precision scale suitable for
live animals in the site of slaughtering, body weight was measured with an electronic
scale immediately after slaughter (blood was collected and weighed). Two experienced
workers evaluated the BCS in the lumbar and sternal region by using the Hervieu et al. [9]
reference scale (0 to 5 score). In both cases, the BCS intervals were of 0.25 units. The BCS
was assessed at the moment of the selection of the animals and at the end of the trial, just
before slaughtering.

2.2.2. Measurement of Fat Thickness Using Ultrasound

Fat thickness was measured, simultaneously with the previous measures, using a
real time MyLab One ultrasound system (Esaote S.p.A., Genova, Italy). Trichotomy was
performed in the area to be measured and gel was used as a coupling agent to improve the
quality of the images. Ultrasound pictures were taken twice on three different anatomical
sites: (1) lumbar fat thickness (FTUSl), measured in the area of the longissimus muscle
around the 13th thoracic vertebrae (last rib), by using an ultrasound probe SL3323 VET
(array of 13-6 Mhz and 40-mm length; Esaote S.p.A., Genova, Italy); (2) perirenal fat
thickness (FTUSpr), measured behind the 13th rib on the right side of the body using an
ultrasound probe SV3513 VET (array of 10-5 Mhz and 50-mm length; Esaote S.p.A., Genova,
Italy), according to Härter et al. [15]; and (3) sternal fat thickness (FTUSs), measured using
an ultrasound probe SL3323 VET (array of 13-6 Mhz and 40-mm length; Esaote S.p.A.,
Genova, Italy) positioned perpendicularly to the third sternebra on the sternum. Images
were obtained with a linear probe (transducer) of 6 Mhz and silicone acoustic attachment
(standoff) for FTUSl and FTUSs measurements and an 8 Mhz convex transducer for FTUSpr
measurements. The pictures were stored on a computer and, subsequently, analyzed with
the software MyLab Desk™/Desk (Esaote S.p.A., Genova, Italy) to obtain the fat thickness
measurements.

2.3. Post-Slaughter Measurements
2.3.1. Slaughter Procedures, Hot Carcass, and Empty Body Weight

The animals were slaughtered under general anesthesia and exsanguinated from the
jugular vein in the facilities of the Hospital of the Veterinary Department of the University
of Sassari (Sassari, Sardinia, Italy). The weights of blood, head, skin, feet, tail, empty viscera
(rumen–reticulum, omasum, abomasum, small intestine, and large intestine), mesentery, in-
ternal fat, liver, heart, kidneys, spleen, lungs, tongue, esophagus, trachea, and reproductive
system, and hot carcass weight (HCW) were recorded. The digestive tract compartments
were isolated, weighed, emptied, and weighed again. The empty body weight (EBW) was
calculated by difference of live weight and the content of the gastrointestinal tract, bladder,
and gallbladder empty. The fat tissue surrounding the digestive tract, omental (OM) fats,
and mesenteric (MES) fats was removed, along with any associated connective tissue and
weighed. Perirenal fat (PR) was removed from the kidneys and weighed. Organ fat from
heart, liver, and lungs was removed from each organ and weighed together (ORG).
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2.3.2. Carcass Measurements

Carcasses were stored at 4 ◦C for 24 h in a cooler. Then, carcasses were split down
the backbone with a band saw into two halves (right and left). The right half of each
carcass was ribbed at the 12th and 13th thoracic vertebrae at the same anatomical points
where measurements had been taken on the live animal using ultrasound. Lumbar fat
thickness was measured by using a digital caliper (FTDCl). Similarly, a transversal cut
was performed at the third sternebra on the sternum vertebra, and sternal fat was then
measured using a digital caliper (FTDCs).

2.3.3. Fat Content on Carcass and Non-Carcass Components

The left side of each carcass was frozen until subsequent determination of chemical
composition, whereas all non-carcass components (digestive tract, pluck, reproductive tract,
and mammary gland), including head and skin, were stored in separate polyethylene bags
at −20 ◦C until preparation for analysis. All frozen components (carcass and non-carcass)
were cut into pieces of 5–6 cm3 while still frozen, and then minced and ground by using
a mill grinder (TC 42 Golia HP 10 HS, La Felsinea S.R., Padova, Italy). After the ground
material was mixed thoroughly with a mechanical mixer (ME 30, La Felsinea S.R., Padova,
Italy), samples were taken in three replicates. The samples were weighed, frozen at −80 ◦C,
and subsequently analyzed for dry matter by liophilization (Lyolab 3000, Jouan Nordic,
Allerød, Denmark). Then, samples were reground in a blender (Knifetec Mill 1095, Foss,
Höganăs, Sweden) and analyzed for fat. Carcass (CARC) and non-carcass (NC) fat was
determined by continuously extracting the samples with petroleum ether for 6 h by using
the AOAC method 920.39 (AOAC International, 2005).

2.4. Statistical Analysis

The statistical analyses were performed using linear single variable with the GLM
procedure of SAS software (version 9.2, SAS System Inc., Cary, NC, USA) for the weights
of fat in the different depots as dependent variables (y), and BW, BCSl, BCSs, somatic
measurements, FTUSl, FTUSs, FTUSpr, HCW, EBW, FTDCl, and FTDCs as independent
variables (x). The variables included in the multiple regressions were selected using the
REG procedure with the STEPWISE method of SAS. Since ultrasound is not so cheap and
requires more time than BCS, BW, and somatic measures to be used under field conditions,
additional simplified equations were developed without the use of ultrasound also using
the REG procedure with the STEPWISE method of SAS.

3. Results

3.1. Pre-Slaughter Measurements
3.1.1. Somatic Measurements

Heart girth ranged from 86 to 104 cm, with a mean of 94 cm (Table 1). Among all
somatic measurements, only HG had regression coefficients significantly different from
zero (p < 0.05) in all fat depots analyzed. The relationship between HG and BW showed a
mean HG change of 1.2 cm per unit (kg) of BW (BW = 1.2 HG − 57.7; R2 = 0.75; Figure 1).

Table 1. Somatic measurements; body weight (BW); lumbar and sternal body condition scores (BCSl and BSs, respectively);
hot carcass weight (HCW); empty body weight (EBW); lumbar, sternal, and perirenal fat thickness depth measured by
ultrasound (FTUSl, FTUSs, and FTUSpr, respectively); lumbar and sternal fat thickness depth measured by digital caliper
(FTDCl and FTDCs, respectively); and fat depot weights.

Item Mean Minimum Maximum Standard Deviation

Somatic measurements (cm)
Wither height 70.9 65.0 77.0 3.4
Rump height 73.6 69.0 82.0 3.3
Rump length 21.6 17.5 28.0 3.0
Pelvis width 18.7 16.0 25.0 1.9
Chest depth 35.1 29.0 39.0 2.1

Shoulder width 18.1 13.5 24.0 2.5
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Table 1. Cont.

Item Mean Minimum Maximum Standard Deviation

Heart girth 94.2 86.0 104.0 4.8
Body length 74.7 68.0 90.0 4.7

Sternum height 35.3 28.0 44.0 3.9
BW (kg) 56.4 43.6 69.4 6.8

BCSl (scale 0–5) 2.64 1.84 2.96 0.3
BCSs (scale 0–5) 2.64 1.75 3.00 0.3

HCW (kg) 24.3 18.1 30.1 3.4
EBW (kg) 47.6 36.1 59.9 6.8

FTUSl (mm) 2.27 1.08 3.50 0.6
FTDCl (mm) 2.13 1.47 3.60 0.5
FTUSs (mm) 22.68 9.70 27.90 4.5
FTDCs (mm) 22.10 9.79 29.82 4.7
FTUSpr (cm) 1.21 0.44 2.34 0.1

Fat depot weight (kg)
Omental 1.83 0.30 4.38 1.3

Mesenteric 0.94 0.46 1.54 0.3
Perirenal 0.72 0.07 2.02 0.6

Organ fat (heart, liver, and lungs) 0.22 0.08 1.06 0.2
Total fat (kg)

Carcass 4.61 1.33 6.58 1.3
Non-carcass 5.56 2.16 9.38 2.1

Carcass and non-carcass 10.17 3.49 15.93 3.2

Figure 1. Relationship between heart girth and body weight in lactating Saanen goats.

3.1.2. Body Weight

Body weight after slaughter (summed with blood from exsanguinations) ranged from
44 to 69 kg, with a mean of 56 kg (Table 1). The regressions between the weight of fat in
each of the different fat depots and BW (Table 2) had determination coefficients (R2) that
varied between 0.21 for the organ (ORG) depot (RSD = 0.17 kg) and 0.58 for carcass depot
(RSD = 0.86 kg). The determination coefficient for the relationship between the total weight
of fat (TOT, sum of fat on carcass and non-carcass components) and BW (Table 2) was 0.55
(RSD = 2.25 kg).

3.1.3. Body Condition Score

Body condition score assessed at lumbar or sternal region averaged 2.6, but sternal BCS
detected a lower fatness level compared to BCSl (1.75 versus 1.84, respectively) (Table 1).
The Pearson correlation between lumbar and sternal BCS was 0.852, with p < 0.001. The
regression of sternal BCS on lumbar BCS had a non-significant intercept, with BCS sternal
= 0.999 BCS lumbar. The regression equations for prediction of the weights of fat depots
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using both BCS, from lumbar and sternal region, had low accuracy. The R2 values for BCSl
varied between 0.10 for organs and 0.63 for carcass fat, and those for BCSs varied between
0.07 for organs and 0.54 for carcass fat (Table 2).

Table 2. Regression equations (y = a + bx), coefficient of determination (R2), and residual standard deviation (RSD)
values for estimate of the different fat depot weights (kg) and the total weight of all fat combined (y variables) based on
the pre-slaughter measurement values of heart girth, body weight (BW), and lumbar and sternal body condition scores
(x variables).

Item 1 Intercept ± Standard Error b ± Standard Error R2 RSD p-Value

Heart girth
OM −9.26 ± 4.58 0.12 ± 0.05 0.20 1.17 0.023
MES −2.96 ± 1.06 0.04 ± 0.01 0.36 0.27 0.001
PR −3.83 ± 2.17 0.05 ± 0.02 0.16 0.56 0.046

ORG −1.47 ± 0.67 0.02 ± 0.01 0.21 0.17 0.019
CARC −12.49 ± 3.82 0.18 ± 0.04 0.46 0.98 0.001

NC −19.27 ± 6.58 0.26 ± 0.07 0.37 1.68 0.001
TOT −31.76 ± 9.95 0.44 ± 0.10 0.43 2.55 0.001

BW at slaughter
OM −3.82 ± 1.87 0.10 ± 0.03 0.28 1.11 0.005
MES −0.86 ± 0.43 0.03 ± 0.01 0.43 0.26 0.001
PR −1.89 ± 0.86 0.05 ± 0.01 0.28 0.51 0.005

ORG −0.49 ± 0.29 0.01 ± 0.005 0.21 0.17 0.020
CARC −3.65 ± 1.45 0.15 ± 0.02 0.58 0.86 <0.001

NC −6.55 ± 2.57 0.21 ± 0.04 0.49 1.52 <0.001
TOT −10.20 ± 3.80 0.36 ± 0.07 0.55 2.25 <0.001

BCS lumbar (scale 0–5)
OM −3.95 ± 2.38 2.21 ± 0.89 0.20 1.17 0.022
MES −0.42 ± 0.63 0.52 ± 0.24 0.17 0.31 0.038
PR −1.73 ± 1.12 0.93 ± 0.42 0.17 0.55 0.037

ORG −0.38 ± 0.37 0.23 ± 0.14 0.10 0.18 0.116
CARC −5.79 ± 1.64 3.94 ± 0.62 0.63 0.81 <0.001

NC −6.30 ± 3.57 4.50 ± 1.34 0.32 1.76 0.003
TOT −12.08 ± 5.07 8.44 ± 1.91 0.45 2.50 0.001

BCS sternal (scale 0–5)
OM −3.08 ± 2.37 1.87 ± 0.89 0.16 1.20 0.047
MES −0.49 ± 0.60 0.55 ± 0.22 0.20 0.30 0.023
PR −1.45 ± 1.10 0.83 ± 0.42 0.14 0.56 0.057

ORG −0.28 ± 0.37 0.19 ± 0.14 0.07 0.19 0.183
CARC −4.76 ± 1.76 3.55 ± 0.66 0.54 0.90 <0.001

NC −4.95 ± 3.59 3.99 ± 1.35 0.27 1.82 0.007
TOT −9.71 ± 5.21 7.54 ± 1.96 0.38 2.64 0.001

1 OM = omental fat; MES = mesenteric fat; PR = perirenal fat; ORG = organ fat (heart, liver, and lungs); CARC = carcass fat; NC =
non-carcass fat; TOT = total fat depot (TOT = CARC + NC).

The relationship between lumbar and sternal BCS and BW in lactating Saanen goats
provided low R2 (Figure 2). For BCSl, the equation was BW (kg) = 12.29 BCSl + 24.20
(R2 = 0.22) and for BCSs, the equation was BW (kg) = 14.12 BCSs + 19.36 (R2 = 0.32).

3.1.4. Ultrasound Measurements

Thickness of fat in the lumbar region measured using ultrasound ranged from 1.1 to
3.5 mm, with a mean of 2.3 mm (SD = 0.6). Fat in the sternal region was much thicker,
ranging from 9.7 to 27.9 mm, with a mean of 22.7 mm (SD = 4.5). Perirenal fat was
also high, ranging from 44 to 234 mm, with a mean of 121 mm (SD = 53) (Table 1). The
determination coefficients of the equations were slightly lower using FTUSl, ranging
between 0.10 for organ fat (RSD = 0.18 kg) and 0.33 for non-carcass fat (RSD = 1.76 kg), than
using FTUSs thickness, ranging from 0.05 for organ fat (RSD = 0.19 kg) and 0.55 for carcass
fat (RSD = 0.89 kg) (Table 3). Nevertheless, higher R2 were found using FTUSpr, with
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values ranging between 0.05 for organ fat (RSD = 0.19 kg) and 0.86 for PR fat (RSD = 0.22 kg)
(Table 3).

Figure 2. Relationship between lumbar or sternal body condition score (BCS, scale 0–5) and body
weight in lactating Saanen goats.

Table 3. Regression equations (y = a + bx), coefficient of determination (R2), and residual standard deviation (RSD) values
for estimate of the different fat depot weights (kg) and the total weight of all fat combined (y variables) based on the
pre-slaughter measurement values lumbar, sternal, and perirenal fat thickness depths measured by ultrasound (FTUSl,
FTUSs, and FTUSpr, respectively) (x variables).

Item 1 Intercept ± Standard Error b ± Standard Error R2 RSD p-Value

Lumbar fat thickness
(FTUSl)

OM −0.46 ± 0.92 1.04 ± 0.39 0.23 1.16 0.012
MES 0.37 ± 0.24 0.27 ± 0.10 0.23 0.30 0.012
PR −0.38 ± 0.42 0.50 ± 0.18 0.25 0.53 0.008

ORG −0.003 ± 0.14 0.10 ± 0.06 0.10 0.18 0.120
CARC 2.07 ± 0.92 1.13 ± 0.39 0.27 1.16 0.007

NC 1.10 ± 1.40 2.01 ± 0.59 0.33 1.76 0.002
TOT 3.16 ± 2.23 3.14 ± 0.95 0.32 2.81 0.002

Sternal fat thickness
(FTUSs)

OM −1.81 ± 1.05 0.16 ± 0.05 0.35 1.06 0.001
MES 0.17 ± 0.29 0.03 ± 0.01 0.24 0.29 0.011
PR −1.01 ± 0.48 0.08 ± 0.02 0.37 0.48 0.001

ORG 0.02 ± 0.19 0.01 ± 0.01 0.05 0.19 0.278
CARC −0.04 ± 0.88 0.21 ± 0.04 0.55 0.89 <0.001

NC −1.11 ± 1.57 0.30 ± 0.07 0.44 1.59 0.001
TOT −1.15 ± 2.33 0.51 ± 0.10 0.51 2.36 <0.001

Perirenal fat thickness (FTUSpr)
OM −0.53 ± 0.26 2.23 ± 0.22 0.81 0.57 <0.001
MES 0.48 ± 0.11 0.45 ± 0.09 0.49 0.24 <0.001
PR −0.40 ± 0.10 1.06 ± 0.09 0.86 0.22 <0.001

ORG 0.14 ± 0.09 0.08 ± 0.07 0.05 0.19 0.283
CARC 2.88 ± 0.46 1.64 ± 0.49 0.42 1.01 0.001

NC 1.94 ± 0.51 3.44 ± 0.43 0.73 1.11 <0.001
TOT 4.82 ± 0.93 5.07 ± 0.78 0.63 2.03 <0.001

1 OM = omental fat; MES = mesenteric fat; PR = perirenal fat; ORG = organ fat (heart, liver, and lungs); CARC = carcass fat; NC =
non-carcass fat; TOT = total fat depot (TOT = CARC + NC).
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3.1.5. Multiple Regressions

To increase the accuracy of the equation that predicted fat depot using only one
independent variable (Tables 2–4), we calculated multiple regressions (Table 5). The
inclusion of heart girth in the regression using FTUSpr to predict omental fat improved the
R2 from 0.79 to 0.85 (RSD = 0.65 and 0.57 kg, respectively), and, when predicting mesenteric
fat, it improved the R2 from 0.46 to 0.62 (RSD = 0.26 and 0.23 kg, respectively). The weight
of perirenal fat was best predicted by an equation that included both FTUSpr and BW,
increasing the R2 value from 0.84 to 0.88 (RSD = 0.26 and 0.23 kg, respectively) compared
to FTUSpr alone. The carcass fat weight was best predicted by an equation with three
variables, FTUSpr, BW, and BCSl (R2 = 0.92, RSD = 0.46 kg). Similarly, non-carcass fat
weight was best predicted by an equation with three variables (FTUSpr, HG, and BCSl;
R2 = 0.91, RSD = 0.71 kg). The best equation to predict total fat weight included FTUSpr,
BW, and BCSl (R2 = 0.92, RSD = 1.14 kg).

3.2. Post-Slaughter Measurements
3.2.1. Hot Carcass Weight

Hot carcass weight varied between 18.1 and 30.1 kg with a mean of 24.3 kg (SD = 3.4 kg)
(Table 1), corresponding to a mean killing out percentage (100 × HCW/BW) of 42.7 ± 3.0
(data not shown). The values of R2 for equations using HCW varied from 0.17 for organ
fat (RSD = 0.18 kg) to 0.82 for carcass fat (RSD = 0.57 kg), with a value of 0.74 for total fat
(RSD = 1.73 kg) (Table 4).

Table 4. Regression equations (y = a + bx), coefficient of determination (R2), and residual standard deviation (RSD) values
for estimate of the different fat depot weights (kg) and the total weight of all fat combined (y variables) based on the
post-slaughter measurement values hot carcass weight (HCW), empty body weight (EBW), and lumbar and sternal fat
thickness depths measured by a digital caliper (FTDCl and FTDCs, respectively) (x variables).

Item 1 Intercept ± Standard Error b ± Standard Error R2 RSD p-Value

Hot carcass weight (HCW)
OM −4.00 ± 1.39 0.24 ± 0.06 0.43 0.99 0.001
MES −0.81 ± 0.31 0.07 ± 0.01 0.58 0.22 <0.001
PR −1.95 ± 0.65 0.11 ± 0.03 0.42 0.46 0.001

ORG −0.32 ± 0.25 0.02 ± 0.01 0.17 0.18 0.037
CARC −3.55 ± 0.80 0.34 ± 0.03 0.82 0.57 <0.001

NC −5.89 ± 1.83 0.47 ± 0.07 0.63 1.30 <0.001
TOT −9.44 ± 2.43 0.81 ± 0.10 0.74 1.73 <0.001

Empty body weight (EBW)
OM −4.30 ± 1.34 0.13 ± 0.03 0.47 0.95 0.001
MES −0.86 ± 0.30 0.04 ± 0.01 0.61 0.21 <0.001
PR −2.08 ± 0.63 0.06 ± 0.01 0.46 0.44 0.001

ORG −0.42 ± 0.24 0.01 ± 0.01 0.23 0.17 0.012
CARC −3.20 ± 0.95 0.16 ± 0.02 0.74 0.67 <0.001

NC −6.44 ± 1.69 0.25 ± 0.03 0.68 1.20 <0.001
TOT −9.64 ± 2.40 0.42 ± 0.05 0.74 1.70 <0.001

Lumbar fat thickness (FTDCl)
OM 1.52 ± 1.12 0.16 ± 0.51 0.01 1.31 0.760
MES 0.75 ± 0.29 0.10 ± 0.13 0.02 0.33 0.473
PR 0.72 ± 0.52 0.01 ± 0.24 0.01 0.61 0.976

ORG −0.10 ± 0.15 0.15 ± 0.07 0.17 0.18 0.036
CARC 3.42 ± 1.11 0.56 ± 0.51 0.05 1.29 0.279

NC 4.65 ± 1.82 0.45 ± 0.83 0.01 2.12 0.591
TOT 8.07 ± 2.86 1.02 ± 1.31 0.02 3.32 0.444

Sternal fat thickness (FTDCs)
OM −1.97 ± 1.03 0.17 ± 0.04 0.37 1.03 0.001
MES 0.09 ± 0.29 0.04 ± 0.01 0.28 0.29 0.005
PR −1.09 ± 0.47 0.08 ± 0.02 0.40 0.47 0.001

ORG −0.08 ± 0.18 0.01 ± 0.01 0.11 0.18 0.099
CARC −0.34 ± 0.82 0.22 ± 0.04 0.61 0.82 <0.001

NC −1.55 ± 1.50 0.32 ± 0.07 0.50 1.51 <0.001
TOT −1.89 ± 2.20 0.54 ± 0.10 0.57 2.21 <0.001

1 OM = omental fat; MES = mesenteric fat; PR = perirenal fat; ORG = organ fat (heart, liver, and lungs); CARC = carcass fat; NC =
non-carcass fat; TOT, total fat depot (TOT = CARC + NC).

212



Animals 2021, 11, 1440

Table 5. Multiple regression equations and coefficient of determination (R2) and residual standard deviation (RSD) values
for estimates of the different fat depot weights (kg) and the total weight of all the fat depots combined (y variables) based
on the pre-slaughter measurement values body weight (BW); lumbar and sternal body condition scores (BCSl and BCSs,
respectively); heart girth (HG); and lumbar, sternal, and perirenal fat thickness depths measured by ultrasound (FTUSl,
FTUSs, and FTUSpr, respectively) (× variables).

Step
Dependent

Variable (y) 1
Independent
Variables (x)

Intercept ± Standard
Error 2 b ± Standard Error R2 RSD

1 OM FTUSpr −7.77 ± 2.85 2.10 ± 0.27 0.79 0.65
2 HG 0.08 ± 0.03 0.85 0.57
1 MES FTUSpr −2.43 ± 1.13 0.35 ± 0.11 0.46 0.26
2 HG 0.03 ± 0.01 0.62 0.23
1 PR FTUSpr −1.66 ± 0.50 0.97 ± 0.11 0.84 0.26
2 BW 0.02 ± 0.01 0.88 0.23
1 ORG FTUSl −0.21 ± 0.15 0.07 ± 0.03 0.09 0.19
2 BW 0.004 ± 0.003 0.40 0.07
1 CARC FTUSpr −7.63 ± 1.14 0.80 ± 0.23 0.47 1.09
2 BW 0.09 ± 0.02 0.79 0.70
3 BCSl 2.25 ± 0.47 0.92 0.46
1 NC FTUSpr −18.21 ± 3.57 2.59 ± 0.36 0.70 1.25
2 HG 0.19 ± 0.04 0.89 0.76
3 BCSl 1.32 ± 0.75 0.91 0.71
1 TOT FTUSpr −15.80 ± 2.85 3.22 ± 0.58 0.62 2.28
2 BW 0.22 ± 0.05 0.86 1.44
3 BCSl 3.79 ± 1.18 0.92 1.14

All regressions are significant at p < 0.05. 1 OM = omental fat; MES = mesenteric fat; PR = perirenal fat; ORG = organ fat (heart, liver, and
lungs); CARC = carcass fat; NC = non-carcass fat; TOT = total fat depot (TOT = CARC + NC). 2 The intercept is the same within each group
of equations predicting the same dependent variable.

3.2.2. Empty Body Weight

Empty body weight mean was 47.6 kg, varying between 36.1 and 59.9 kg (Table 1).
The values of R2 for equations using EBW varied from 0.23 for organ fat (RSD = 0.17 kg) to
0.74 for carcass fat (RSD = 0.67 kg) and total fat (RSD = 1.70 kg) (Table 4).

3.2.3. Digital Caliper Measurements

The mean depths of the fat measured by digital caliper in the lumbar and sternal
regions were 2.1 mm (range 1.5–3.6 mm) and 22.1 mm (range 9.8–29.8 mm), respectively
(Table 1). The determination coefficients of the equations using FTDCl as a predictor were
all extremely low (varying between 0.01 and 0.17) and were not significant (p > 0.05, except
ORG). Predictions using FTDCs had R2 values between 0.11 for organ fat (RSD = 0.18 kg)
and 0.61 for carcass fat (RSD = 0.82 kg) (Table 4).

3.2.4. Multiple Regressions

The inclusion of FTDCs in in the equation using EBW to predict the weight of the
OM fat resulted in an improvement in the accuracy (R2 value increased from 0.47 to 0.52;
Table 6). In contrast, the prediction of the MES fat weight, where EBW was the best single
predictor, was not improved by the addition of any other post-slaughter variables. The
addition of FTDCs, in combination with EBW, increased the R2 value from 0.46 to 0.53
(RSD = 0.44 and 0.43 kg, respectively) in the equation to predict PR fat weight and from
0.68 to 0.74 (RSD = 1.20 and 1.12 kg, respectively) in the equation to predict non-carcass fat.
For the prediction of organ fat, the equation obtained had a coefficient of determination
very low (R2 = 0.32) with the use of the EBW and FTDCl.
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Table 6. Multiple regression equations and coefficient of determination (R2) and residual standard deviation (RSD) values
for estimates of the different fat depot weights (kg) and the total weight of all the fat depots combined (y variables) based
on the post-slaughter measurement values hot carcass weight (HCW), empty body weight (EBW), and lumbar and sternal
fat thickness depths measured by a digital caliper (FTDCl and FTDCs, respectively) (x variables).

Step
Dependent

Variable (y) 1
Independent

Variable(s) (x)
Intercept ± Standard

Error 2 b ± Standard Error R2 RSD

1 OM EBW −4.46 ± 1.31 0.09 ± 0.03 0.47 0.95
2 FTDCs 0.08 ± 0.05 0.52 0.92
1 MES EBW −0.86 ± 0.30 0.04 ± 0.01 0.61 0.21
1 PR EBW −2.16 ± 0.60 0.04 ± 0.02 0.46 0.44
2 FTDCs 0.04 ± 0.02 0.53 0.43
1 ORG EBW −0.54 ± 0.24 0.01 ± 0.005 0.23 0.17
2 FTDCl 0.11 ± 0.07 0.32 0.16
1 CARC HCW −3.83 ± 0.55 0.36 ± 0.07 0.82 0.57
2 FTDCs 0.12 ± 0.02 0.91 0.40
3 EBW -0.06 ± 0.04 0.92 0.38
1 NC EBW −6.70 ± 1.58 0.19 ± 0.04 0.68 1.20
2 FTDCs 0.14 ± 0.06 0.74 1.12
1 TOT HCW −10.44 ± 2.00 0.60 ± 0.10 0.74 1.73
2 FTDCs 0.27 ± 0.08 0.83 1.41

All regressions are significant at p < 0.05. 1 OM = omental fat; MES = mesenteric fat; PR = perirenal fat; ORG = organ fat (heart, liver, and
lungs); CARC = carcass fat; NC = non-carcass fat; TOT = total fat depot (TOT = CARC + NC). 2 The intercept is the same within each group
of equations predicting the same dependent variable.

The predictions of carcass and total fat were markedly more precise than those of the
internal organs. The addition of the FTDCs with HCW increased the precision from 0.82 to
0.91 (RSD = 0.57 and 0.40 kg, respectively) to predict carcass fat weight (Table 6), while the
addition of the FTDCs with HCW increased the precision from 0.74 to 0.83 (RSD = 1.73 and
1.41 kg, respectively) to predict total fat weight (Table 6).

4. Discussion

As mentioned in the method, for practical reasons, i.e., for the lack of an appropriate
precision scale suitable for live animals in the site of slaughtering, body weight was
measured with an electronic scale immediately after slaughter (blood was collected and
weighed). Since this technique avoided the errors associated with animal movement
during weighing, it is likely that BW measurement immediately post-mortem was at least
as accurate and precise as when carried out on live animals.

Among all body dimension characters evaluated, HG was the most related trait to
BW (BW = 1.2 HG − 57.7; R2 = 0.75; Figure 1). In a recent work, McGregor [16] observed a
moderate correlation (R2 = 0.60) in Angora goats, with a 1 kg increase in live weight for
each 1 cm increase in heart girth, which was very similar to the present work. Slippers
et al. [17] reported that body weight was highly correlated with heart girth in Nguni goats
(R2 > 0.88). In contrast to what observed for HG, BCS was not a good predictor to estimate
live weight (Figure 2), probably because of the moderate correlation between BW and
lumbar BCS (r = 0.50) and sternum BCS (r = 0.56). McGregor [16] reported a correlation
of 66% between BW and lumbar BCS, corroborating that it is difficult to estimate the BW
using BCS in goats. Although the level of precision obtained when using BW to predict
weights of fat depots such as organ fat and omental fat was not high (R2 = 0.21 and 0.28,
respectively), a higher precision was achieved when predicting carcass and total fat content
(R2 = 0.58 and 0.55, respectively).

When using the lumbar BCS method, Russel et al. [10] in Scottish Blackface ewes
and Teixeira et al. [18] in Rasa Aragonesa ewes obtained R2 values close to 0.90 for BCS
as a predictor of the amount of body fat. However, the distribution of body fat in goats
differs appreciably from that in ewes [19]. The data of the present study in Saanen goats
confirmed that subcutaneous fat deposits are not highly noticeable in the dorsal region of
this species. In fact, according to Hervieu et al. [9], large amounts of accumulated fat are
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deposited in the sternal region in goats. Although Mendizabal et al. [12] reported that the
precision to estimate total fat in Spanish Blanca Celtibérica goats using sternal BCS was
much better (R2 = 0.90) than those achieved using lumbar BCS (R2 = 0.59), in the present
study, sternal BCS did not estimate fat reserves satisfactorily (R2 < 0.55). Furthermore, in the
same region, both ultrasound (R2 = 0.51) and digital caliper (R2 = 0.57) had low precision
in the estimation of fat reserves. These differences can be attributed, at least in part, to
the much greater ranges of BW and BCS (33.0 to 80.5 kg and 0.75 to 4.25, respectively)
evaluated by Mendizabal et al. [12] compared to those obtained in the present work (43.6
to 69.4 kg and 1.75 to 3.00, respectively). This is plausible considering the mathematical
and statistical approaches used because the regression fit of the model is dependent on
the range of the dataset. The utilization of high ranges of BCS is scientifically correct
but tends to overestimate the ability of the method to predict the actual body reserves
and visceral fat of the animals, since it includes a range of BCS and body reserves values
rarely seen in commercial goat flocks (e.g., Eknaes et al. [1] estimated a total body fat and
protein content in goats in different stages of lactation raised intensively and extensively
lower than that in our experiment, reported in Table 1), while a method to estimate body
reserves should work within the values commonly observed in commercial flocks. Another
possible explanation is that Saanen goats do not deposit fat in the lumbar or sternal region
proportionally to the visceral fat depots.

Among all somatic measurements taken, only heart girth presented a significant
correlation with all fat depots. However, the determination coefficients of the equations
using heart girth were consistently low, with values ranging between 0.16 for organ fat
(RSD = 0.56 kg) and 0.46 for carcass fat (RSD = 0.98 kg). Differently, in Pelibuey ewes,
Bautista-Díaz et al. [7] observed that abdominal circumference was the best somatic mea-
surement taken to estimate the weights of carcass fat (R2 = 0.73), visceral fat (R2 = 0.64),
and total body fat (R2 = 0.71). In fact, these results confirm that sheep, especially meat
breeds, have a higher deposition of fat in the subcutaneous region, whereas dairy goat
breeds deposit a major part of fat in the visceral internal cavity [14].

When estimating fat depots using ultrasound, we attained higher levels of precision
when measuring the perirenal fat thickness (R2 values between 0.05 and 0.86) compared to
the lumbar region (R2 values from 0.10 to 0.33) or the sternal region (R2 values from 0.05 to
0.55). These findings confirmed that the perirenal fat thickness measured with ultrasound
can adequately estimate fat reserves in lactating Saanen goats (except ORG fat). In fact, in
a previous study carried out on Saanen goats, Härter et al. [15] found that abdominal fat
was the main energy reserve and that perirenal fat thickness measured by ultrasound was
significantly correlated with BW and renal, omental, and non-carcass fat.

Considering the post-slaughter measurements evaluated in this study, we found that
hot carcass weight and empty body weight were the best predictors of the amount of total
fat stored by the goats (R2 = 0.74 and RSD = 1.7 kg, for both). The use of HCW or EBW
removes the large effect that differences in gastrointestinal contents, which varied from
5.6 to 12.7 kg, have on BW. Similarly, Mendizabal et al. [2] found that EBW and, especially,
HCW were the best post-slaughter predictors of the weights of fat depots in Spanish Blanca
Celtibérica goats.

Lumbar fat thickness measured by a digital caliper was the worst predictor of the
weights of individual fat depots, with R2 values lower than 0.2, likely because the very thin
layer of fat that lost its firmness after cutting the muscle and, therefore, made measurements
difficult. Sternal fat thickness measured by a digital caliper was not a good predictor of fat
depots either, although R2 values were higher (0.11–0.61 range) compared to the lumbar
region. In Spanish Blanca Celtibérica goats, Delfa et al. [20] dissected the lumbar and
sternal region and found that the fat percentage of the lumbar square joint was only 15%
compared to 41% of fat in the sternal triangle joint. Therefore, it is evident that the BCS
scales proposed by Hervieu et al. [9] for Alpine and Saanen goats need to be re-evaluated.
A BCS method based on body palpations is difficult to adopt in goats because of a lack
of subcutaneous adipose tissue in this species. Firstly, it would be necessary to evaluate
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if there is a correlation between the fat located in the lumbar or sternal region and the
total fat of the animals. If findings show a high correlation, this could mean that the BCS
methods can be used to predict the body fat of dairy goats, although some adjustments
might still be necessary. However, if studies show that the fat thickness located in the
lumbar and sternal region is not highly correlated with the total fat, mainly located in the
visceral region, then new methods should be developed. Hervieu et al. [9] confirmed that
there is a significant correlation between the fat scores given by BCS and their respective
fat fractions (in the lumbar and sternal regions). However, the authors did not evaluate
whether this correlation also regarded the body composition as a whole.

On the basis of the different regressions of the pre-slaughter measurements tested for
each fat depot, we found that FTUSpr yielded the most precise estimates of body fat in
lactating Saanen goats, with the exception of organ fat depot estimation, and the addition
of BW and BCSl substantially improved the precision of the estimates of total body fat (R2

increasing from 0.62 to 0.92). We hypothesized that there is a wide variability of body fat
on equal BCS (low precision of estimation). However, the estimation of carcass and total
fat could be improved if BW and BCSl were added to FTUSpr, as shown in Table 5. These
results suggest that goats were of different sizes (large and small) and possibly in some
cases with similar BCS. In addition, BW was a discrete indicator of carcass and total fat and
was moderately accurate indicator for MES fat; BCSl was a particularly good predictor of
carcass fat and FTUSpr predicted with high accuracy omental, perirenal, and non-carcass
fat. Therefore, the addition of these three variables (BW, BCSl, and FTUSpr) seems to be
complementary in predicting total fat.

On the other hand, on the basis of the multiple regression analysis using post-slaughter
measurements, we found that EBW was the first variable and gave the best predictions of
OM, MES, PR, ORG, and NC fat depots, whereas HCW was the first variable in CARC
and TOT fat. The addition of FTDCs as a second variable was helpful when estimating the
fat reserves in OM, PR, NC, and TOT fat (R2 increasing from 0.74 to 0.83). These results
agree with those obtained by Mendizabal et al. [12], who found that HCW and EBW were
the most used post-slaughter variables to predict fat depots in Spanish Blanca Celtibérica
goats, confirming the importance of these measurements to predict fat depots in goats.

When the main results obtained with the multiple regression analysis are considered,
the recommended equations to be used at field level, when ultrasound is not available,
might be summarized as

(1) OM: 4.79 + 0.13 × BW + 1.57 × BCSl − 0.16 × WH − 0.15 × RL (R2 = 0.55);
(2) MES: 1.57 + 0.05 × BW − 0.04 × WH (R2 = 0.56);
(3) PR: 2.79 + 0.08 × BW − 0.07 × WH − 0.09 × PW (R2 = 0.48);
(4) ORG: 1.21 + 0.02 × BW − 0.06 × CD (R2 = 0.60);
(5) CARC: −3.31 + 0.12 × BW + 3.19 × BCSl − 0.07 × RH − 0.12 × SW (R2 = 0.87);
(6) NC: 1.65 + 0.25 × BW + 2.61 × BCSl − 0.16 × WH − 0.31 × PW (R2 = 0.69);
(7) TOT: −4.21 + 0.36 × BW + 6.12 × BCSl − 0.21 × WH − 0.38 × SW (R2 = 0.79).

5. Conclusions

Fat thickness measured with ultrasound in the perirenal region was the best pre-
slaughter measurement for estimating fat reserves in lactating Saanen goats, whereas
empty body weight and hot carcass weight were the best post-slaughter predictors for
estimating fat reserves. Body condition score could be a useful tool, but it seems that it
needs to be re-evaluated to predict adequately fat depots in lactating Saanen goats. The best
variable to predict carcass and total fat content was hot carcass weight, but methodologies
able to predict weights of fat reserves in live animals are preferable for practical and
economic reasons.
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Simple Summary: Corticosterone is the most important “stress” hormone in birds. Stress response
is influenced by different factors, such as phylogeny, feed supply, age, body condition, health status,
climate, predators. Pigeon races over long distances, 500 km or more, can lead to the “exploitation”
of animals if not strictly regulated and observed, jeopardizing their welfare status. Animals should
be in good health and body condition, and health monitoring must be implemented. In stressful
situations such as races, the possibility of infection increases. Clinically asymptomatic infections can
flare up later in the breeding season and can cause high offspring mortality. For example, infections
with circoviruses are particularly important because of their ability to weaken the immune system.
The purpose of this work is to identify the critical stress points during the active training season of
racing pigeons for the improvement of their condition and the preservation of their welfare during
races. The aim of our study was to determine the serum corticosterone levels in different categories
of racing pigeons exposed to severe stress factors. At the time of racing, some parameters of stress,
including environmental factors, or the presence of infectious diseases or parasites, were recorded.
It was found that participation in the race significantly increased serum corticosterone levels and
remained high even one month after the race. Therefore, training and races should be properly
managed and planned.

Abstract: The influence of different stress parameters in racing pigeon flocks, such as the presence of
diseases and environmental conditions at the time of the races, were described. A total of 96 racing
pigeons from 4 pigeon flocks were examined, and health monitoring was carried out. No helminth
eggs and coccidia were found. Trichomonas sp. was confirmed in subclinical form. Paramyxoviruses
and avian influenza viruses were not confirmed, but circovirus infections were confirmed in all flocks.
Chlamydia psittaci was confirmed in one flock. Blood samples were collected, and HI antibody titers
against paramyxoviruses before and 25 days after vaccination were determined. To improve the
conditions during racing and the welfare of the pigeons, critical points were studied with regard
to stress factors during the active training season. Serum corticosterone levels were measured in
the blood serum of four different categories of pigeons from each flock. Corticosterone levels were
almost twice as high in pigeons from the category that were active throughout the racing season,
including medium- and long-distance racing, compared to the other three categories that were not
racing actively. Within five hours of the finish of a race, the average serum corticosterone level was
59.4 nmol/L in the most physically active category. The average serum corticosterone level in this
category remained at 37.5 nmol/L one month after the last race.
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1. Introduction

Pigeons are naturally gifted with the ability to find “home” from distant places, relying
on abilities beyond memory. Humans discovered this capability by accident and then began
to breed them selectively [1]. The breeding of domestic pigeons is one of the most rapidly
developing areas of the animal world. The great races attract breeders from dozens of
countries every year [1,2].

Shows and races with pigeons often lead to exploitation, injury, and death if not
strictly regulated and observed [3]. Good body condition and stress resistance usually
depend on feed supply, but health status throughout the year is also of great importance.
Transport to the race and environmental factors during the race can be very stressful for
pigeons, and sometimes a high number of pigeons perish. Warzecha [4] indicated that
these problems can affect many animals, and government veterinarians should be actively
involved in these activities.

In many species, including birds, rodents, reptiles, and amphibians, corticosterone
(CORT) is the main glucocorticoid involved in the regulation of energy, immune, and
stress responses. Responses to chronic stressor exposure and chronically elevated gluco-
corticoids include reduced growth, immunocompetence, reproduction, and survival. The
effects of elevated glucocorticoids have an influence on survival, physiological, behavioral,
reproductive, and intergenerational responses in wild vertebrates [5,6].

CORT is the major “stress” hormone in birds, with short-term changes mediating
adaptive behavioral and metabolic responses to adverse environmental events (increased
effort, transport, predators, fasting, and climatic conditions) as well as health status [7–9].

Because of diurnal rhythms of plasma corticosterone levels, the time of sampling is
important [10,11]. However, in birds, the maximum level of CORT naturally occurs at day-
break [10]. Lumeij et al. [12] determined that baseline serum corticosterone concentrations
in racing pigeons varied from less than 0.2 to 1.24 μg/dL (5.77–35.77 nmol/L) after 24 h
of rest.

Various stressors can also occur during transport to and during the race, especially if
it is not strictly regulated. Inappropriate environmental factors during the race, such as air
temperature, relative humidity, air velocity, and magnetic radiation, can lead to additional
stress [13,14].

Stressful situations during races also increase the possibility of infections. Clinically
asymptomatic infections can flare up later in the breeding season and cause great losses of
offspring [15]. The major bacterial pathogens in a racing flock are Salmonella typhimurium
var. Copenhagen, Escherichia coli, and a group of bacteria that cause chronic respiratory
disease and lead to poor performance, mostly caused by Chlamydia psittaci (CP), Pasteurella,
and Mycoplasma species. In addition, some fungi and yeasts (e.g., Aspergillus, Candida,
Cryptococcus), endoparasites (e.g., Eimeria, Haemoproteus, Trichomonas), and ectoparasites
(e.g., Mallophaga, Hippoboscid pigeon flies) molested birds, stressing them and causing
various diseases [16,17]. Zigo [2] found an increased incidence of endoparasite infestation
and respiratory syndrome at the time of racing.

Diseases caused by viruses, whether clinical or subclinical, play an important role
in the occurrence of stress. The most often detected groups of viruses include paramyx-
oviruses (avian paramyxovirus 1) (APMV-1), circoviruses (pigeon circoviruses) (PiCV),
adenoviruses, herpesviruses, and poxviruses [18]. Avian influenza viruses (AIV) are less
often detected in pigeons. They play a minor role in the epidemiology of H5 influenza.
In pigeons, influenza A virus of subtype H7 can cause conjunctivitis, tremor, paresis of
wings and legs, and wet droppings. Nevertheless, free-flying domestic pigeons can act as
mechanical vectors and vehicles for long-distance transmission of any influenza A virus, if
plumage or feet are contaminated [19,20].
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Among viruses, PiCV is the most frequently detected among pigeons [21], which is
important due to its ability to weaken the immune system. The main consequences of
PiCV infection are atrophy and other pathophysiological changes to organs of the immune
system (e.g., bursa of Fabricius, thymus, spleen gut-associated lymphoid tissue, bronchus-
associated lymphoid tissue, bone marrow, liver, kidney, larynx, trachea, lung, small and
large intestine, pancreas). It has been established that infection with pigeon circovirus leads
to apoptosis of lymphocytes. For the reasons mentioned above, PiCV is considered as a
potential immunosuppressive agent [22]. PiCV infections are capable of predisposing birds
to concomitant infections with other pathogens [23].

The aim of this study was to assess CORT levels in different categories of racing
pigeons exposed to severe stress factors in order to determine critical stress points during
the active season, improve conditions during racing flights and improve pigeon welfare by
tracking certain stress parameters, such as the presence of infectious diseases or parasites,
and determining environmental factors during the racing season.

2. Materials and Methods

Four flocks of racing pigeons from different breeders were included in the study. Each
pigeon flock consisted of 100 to 150 parent racing pigeons. All flocks had similar husbandry
conditions and were fed with diets produced by the same manufacturer. Active pigeons,
which participated in training and races, always flight together. Transport to the trainings
and games was also similar.

2.1. Pigeons; Sampling

A total of 96 racing pigeons from 4 breeders (24 per breeder) were examined for
various stress parameters during the racing season. Four different categories (6 pigeons
from each group) were compared in each pigeon flock. The first category/group (G1)
consisted of sexually mature breeding pigeons not included in training or races. The
second group (G2) contained young pigeons (less than 1-year-old) that did not participate
in training. The third group (G3) contained pigeons that participated in training but not in
medium- or long-distance flights. In the fourth group (G4), racing pigeons used in training
and on the medium- and long-distance flights were included. These birds were active
throughout the racing season. The pigeons from G3 and G4 were 2 to 7 years old. All the
pigeons had identification rings.

A total of 24 pigeons from G4 group (6 from each flock) were tested for CORT levels
twice: within 3 to 5 h after returning from the last race (G4a) and 30 days after the last race
in the season (G4b). Pigeons from all categories were also tested for CORT concentration in
both samplings.

To cheque the health status before the last race, the pigeons were clinically examined,
and various samples were taken for further laboratory analyses. Common fecal samples
were collected for each group separately (N = 16, 4 from each flock, 1 for each group) for
intestinal parasites testing. Samples were transported to the laboratory in transport bags at
4 ◦C. Additionally, 6 oropharyngeal samples were collected for Trichomonas sp. testing per
group. Transport of samples to the laboratory was carried out in transport bags at room
temperature, and samples were examined within 6 h.

Cloacal and oropharyngeal samples (Copan swabs, Brescia, Italy) and blood samples
(blood collection tubes, BD Microtainer®, SST™, Monroe, LA, USA) were collected from
each bird individually before (G1, G2, G3) the last race and immediately after the race
was over (G4). In all categories/groups (G1, G2, G3, and G4), 6 cloacal and 6 oropharyn-
geal samples were collected for PiCV, APMV, AIV, and CP determination. Additionally,
6 oropharyngeal samples (for each group) for Trichomonas sp. and 6 pools of feces (for
each group) for endoparasites were collected. Blood samples in a volume of 0.5 mL were
obtained by venipuncture of the ulnar cutaneous vein and collected in microtainer tubes
using a serum separator (Becton Dickinson, Heidelberg, Germany). Swabs, feces, and
blood samples were transported to the laboratory at 4 ◦C. Swabs were stored at −20 ◦C.
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A hemagglutination inhibition assay (IHA) was performed within 48 h after collection.
Serum was used to determine HI antibody titers against paramyxoviruses and the immu-
nity status of the presumably vaccinated pigeons. The first sampling results did not show
satisfactory protection. Thus, all 4 flocks were revaccinated 5 days after the last race was
finished. The Chevivac-P200 vaccine (Chevita GmbH, Pfaffenhofen, Germany) was used
for vaccination. The vaccine was administered strictly subcutaneously dorsally in the neck
toward the tail but not immediately behind the head, according to the manufacturer’s
instructions. The effect and responsiveness of vaccination were assessed after 25 days (i.e.,
30 days after the last race) and is reported in the text as group G4b.

2.2. Laboratory Tests

Cloacal and oropharyngeal swabs were used for molecular detection of pathogenic
viruses and bacteria. Swabs were vortexed individually in 2 mL of PBS for 2 min, and
100 μL aliquots of each swab were pooled to produce 300 μL samples for DNA and RNA
extraction. Pools were prepared in sterile PBS from 3 samples of cloacal or oropharyngeal
swabs collected from each pigeon group (G1, G2, G3, and G4; 2 pools for each group) and
for each flock separately (N = 64: 32 cloacal and 32 oropharyngeal pools). Total DNA and
RNA were extracted from 140 μL of the pooled samples using the QIAamp Viral RNA Mini
Kit (Qiagen, Hilden, Germany) according to the manufacturer’s instructions. Previously
published molecular methods were used to detect pathogens in the samples collected in
the study: PiCV [24], APMV-1 [25], AIV [26] and CP [27]. A species-specific real-time PCR
assay was used for further determination of CP [28].

Pooled fecal samples (for each group) were examined for the presence of endoparasites
using the flotation and sedimentation method [29].

Trichomonas sp. was detected microscopically in freshly prepared wet mounts. If no
trichomonas was present in the observed sample, a drop of iodine solution was added, and
the sample was re-examined.

IHA for HI antibody titers against APMV-1 was performed as described in a previous
study [30].

CORT was measured in serum using a commercial enzyme immunoassay Corticos-
terone ELISA (Demeditec Diagnostics GmbH, Kiel, Germany) according to the manufac-
turer’s instructions.

2.3. Last Race

The last race was from Timisoara, Romania, to Ljubljana and its surroundings, Slove-
nia, 155 pigeons participated. The average flight distance for pigeons from G4 was
504.91 km. The pigeons were released at 12:20 on 9 July 2017 (18◦45′43′′ E, 45◦49′03′′ N),
and the race was completed at 6:41 on 10 July 2017. Speed results were calculated based
on the speed of the first 5 pigeons. According to the data provided by breeders through
internet applications [31] the weather was clear, and the air temperature was very high
(34 ◦C at 2 m above the ground).

During the last race, an animal welfare expert followed the procedures during trans-
port, and he was present with the driver.

2.4. Data Analysis

After data collection, mean values of serum corticosterone levels in different cate-
gories of racing pigeons were calculated. Next, non-parametric tests were applied to find
possible statistically significant differences between individual groups (Mann–Whitney
test, p < 0.05), and in the case of G4a and G4b groups, the differences immediately and
30 days after the race for the same group of pigeons (Wilcoxon test, p < 0.05). For those
analyses, the Statistical Package for the Social Sciences, version 25 was utilized.
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3. Results

3.1. Health Status of the Pigeon Flocks

All the flocks were examined before the last race started. No helminth eggs were
found in the fecal samples. Examination of the beak cavity confirmed the presence of
Trichomonas sp. in all four flocks. However, none of them was found to have diarrhea or
debris in the beak cavity. In all categories, the pigeons were clinically healthy and showed
no presence of ectoparasites.

The presence of viruses (PiCV, APMV-1, AIV) and Chlamydia psittaci was checked by
molecular methods in cloacal and oropharyngeal samples.

PiCV was detected in cloacal and oropharyngeal samples in all breeders but not in all
categories. Among the adult breeding group (G1) and racing pigeons included in training
and in races (G4), the virus was detected in two flocks. Among young pigeons (from
G2 and G3), the virus was detected in three flocks. The results for PiCV are shown in
Table 1.

Table 1. The presence of PiCV in individual flocks and categories.

Flock
Category

Inside the Flock 1
Circovirus

Cloacal Sample
Circovirus

Oropharyngeal Sample

Flock 1 G1 negative negative
G2 negative negative
G3 positive positive
G4 negative negative

Flock 2 G1 positive negative
G2 positive positive
G3 negative positive
G4 positive positive

Flock 3 G1 positive positive
G2 positive positive
G3 positive positive
G4 negative negative

Flock 4 G1 negative negative
G2 positive positive
G3 negative negative
G4 positive negative

1 G1: sexually mature breeding pigeons; G2: young pigeons, less than one year old, not participating in training;
G3 pigeons participating in training but not in medium- or long-distance flights; G4: racing pigeons participating
in training on medium- and long-distance flights.

APMV-1 and AIV were not detected. CP was confirmed in one cloacal sample in
flock 2.

To determine paramyxovirus immune status in the flocks, sera samples were examined
by the IHA for HI-antibody titers against APMV-1 (Table 2).

3.2. Serum Corticosterone Levels in Different Categories of Racing Pigeons

Within five hours after the race was finished, the average CORT level in G4a was
59.4 nmol/L, almost two-fold higher compared to those in the other three categories (G1,
G2, and G3). In the same category, one month after the last race (G4b), CORT levels
remained higher in two flocks compared to levels before the final race (Tables 3 and 4).

Pairwise comparisons showed statistically significant differences for the following
groups: G1 vs. G3, G2 vs. G3, G1 vs. G4a, G2 vs. G4a, and G3 vs. G4a (Table 5). Although
there was no statistically significant difference found between G4a vs. G4b in the total
sample, some differences emerged after we made comparisons for the individual flock
separately (Table 5). Namely, significant differences in the measurements emerged for
flocks 2 and 4 (in both cases Z = −2.201, p = 0.028).
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Table 2. HI-antibody titers (log2) against APMV-1.

Flock
Category

Inside the Flock 1
Average

of Antibody Titer (Range)

Flock 1 G1 1.7 (0–4)
G2 0.0 (0)
G3 0.0 (0)
G4a 2.3 (0–4)
G4b 5.3 (4–7)

Flock 2 G1 4.0 (1–7)
G2 0.0 (0)
G3 2.3 (0–7)
G4a 0.7 (0–4)
G4b 1.2 (0–4)

Flock 3 G1 1.8 (0–6)
G2 0.0 (0)
G3 0.7 (0–4)
G4a 0.0 (0)
G4b 0.0 (0)

Flock 4 G1 2.7 (0–5)
G2 0.0 (0)
G3 1.3 (0–2)
G4a 0.8 (0–4)
G4b 1.2 (0–3)

All flocks together G1 3.5 (0–7)
G2 0.0 (0)
G3 1.7 (0–7)
G4a 1.1 (0–4)
G4b 2.2 (0–7)

1 G1: sexually mature breeding pigeons; G2: young pigeons, less than one-year-old, not participating in training;
G3 pigeons participating in training but not in medium- or long-distance flights; G4a: racing pigeons participating
in training on medium- and long-distance flights; G4b: racing pigeons participating in training on medium- and
long-distance flights 25 days after immunization (i.e., 30 days after the last race). Pigeons from G4a and G4b were
the same pigeons.

Table 3. Serum CORT levels in different groups of pigeons in all flocks together.

Category/Group 1 Corticosterone Level nmol/L (SE) 2

G1 33.8 (6.04)
G2 28.3 (3.92)
G3 16.9 (3.78)

G4a 59.4 (10.62)
G4b 37.5 (7.89)

1 G1: sexually mature breeding pigeons; G2: young pigeons, less than one-year-old, they do not participate in
training; G3 pigeons participated in training but not in medium- or long-distance flights; G4a: racing pigeons
participated in training on the medium- and long-distance flights—tested within three to five hours after returning
from the last race; G4b: racing pigeons participated in training on the medium- and long-distance flights tested
25 days after immunization (i.e., 30 days after the last race). Pigeons from G4a and G4b were the same pigeons.
2 SE: Standard error of the mean.

3.3. Results Achieved in the Last Race

Transport from Ljubljana to Timisoara was controlled, and welfare was provided by
using specially adapted trailers for pigeons. Climatic conditions were appropriate, and
pigeons were observed every six hours, and the water supply was checked.

The average speed of the first five pigeons was 1037.94 m/min in flock 1, 1042.43 m/min
in flock 2, 855.13 m/min in flock 3, and 1158.74 m/min in flock 4.
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Table 4. Serum CORT levels in different groups of pigeons are presented separately by individ-
ual flocks.

Flock
(CORT Average nmol/L)

Category Inside the Flock 1 Corticosterone Level nmol/L
(SE) 3

Flock 1 (40.50/6.72) 2 G1 36.5 (11.31)
G2 34.3 (4.86)
G3 9.1 (1.50)

G4a 65.5 (18.34)
G4b 57.1 (20.73)

Flock 2 (37.92/5.19) 2 G1 42.3 (7.67)
G2 31.8 (8.10)
G3 25.4 (14.04)

G4a 69.0 (10.77)
G4b 21.1 (7.15)

Flock 3 (44.02/8.85) 2 G1 43.1 (18.78)
G2 32.6 (10.90)
G3 13.0 (3.99)

G4a 66.0 (34.53)
G4b 65.4 (13.53)

Flock 4 (18.31/3.99) 2 G1 13.2 (3.79)
G2 14.5 (4.84)
G3 20.1 (3.94)

G4a 37.3 (17.23)
G4b 6.5 (1.52)

1 G1: sexually mature breeding pigeons; G2: young pigeons, less than one-year-old, they do not participate in
training; G3 pigeons participated in training but not in medium- or long-distance flights; G4a: racing pigeons
participated in training on the medium- and long-distance flights—tested within three to five hours after returning
from the last race; G4b: racing pigeons participated in training on the medium- and long-distance flights tested
25 days after immunization (i.e., 30 days after the last race was finished). Pigeons from G4a and G4b were the
same pigeons; 2 In the average estimation of the CORT levels immediately after the last race, only G4b was not
included. 3 SE: Standard error of the mean.

Table 5. Pairwise comparisons of categories (groups).

Mann-Whitney Test Wilcoxon Test

Sig. G1 vs. G2 G1 vs. G3 G2 vs. G3 G1 vs. G4a G2 vs. G4a G3 vs. G4a G1 vs. G4b G2 vs. G4b G3 vs. G4b G4a vs. G4b

Z −0.196 −2.753 −2.784 −2.052 −2.567 −4.228 −0.454 −0.227 −1.588 −1.867
p 0.845 0.006 0.005 0.040 0.010 <0.001 0.650 0.821 0.112 0.062

4. Discussion

4.1. Health Status of Pigeon Flocks

Pigeons are exposed to various stressors during the racing season. Increased stress
during transport to the race and the race itself is an important factor that significantly
affects their health status [2]. In stressful situations, the possibility of infection increases [13].
Clinically asymptomatic infections may flare up later in the breeding season and lead to
major losses in the flock. Therefore, regular monitoring of flock health status is very
important and should be conducted before and after the active season. In our study,
antibodies against APMV-1 were assessed, and the presence of certain pathogens (PiCV,
APMV-1, AIV, CP) that could cause disease or act as a stress factor in its subclinical form was
investigated. It is also important to know the epidemiological situation of these pathogens
in rural areas and surrounding countries. Pathogens, such as PiCV [32], APMV-1 [33,34],
adenoviruses [34,35], AIV [34], CP [31,34], and Trichomonas sp. [36], were confirmed in
different categories of pigeons in Slovenia. Transmission of the above-mentioned pathogens
from feral pigeons to racing pigeons has been frequently noted in clinical practice.

The specificity of pigeon training and racing significantly impedes the principles of
biosecurity [37]. Breeders in Slovenia train and race together, and, therefore, the flocks have

225



Animals 2021, 11, 2686

closer contact, which could lead to transmission of viral pathogens (e.g., PiCV, APMV-1),
bacterial pathogens (e.g., Chlamydia psittaci), or parasites (e.g., Trichomonas sp.). Another
critical biosecurity issue is contact between racing pigeons and feral pigeons. Contact
commonly occurs during long race flights, when pigeons have to rest, drink, and feed;
these situations could result in the transmission of infections from feral pigeons.

In a previous study, 74.3% of cloacal and 54.1% of oropharyngeal samples collected
from feral pigeons in Slovenia were positive for PiCV [32]. In another study of Slovenian
racing pigeons, results showed that 93.3% of cloacal and 96.7% of oropharyngeal samples
were positive for PiCV [34] and are comparable with results obtained in other countries [21].
The findings showed a high prevalence of infections with PiCV, a pathogen that could cause
immunosuppression, which may favor secondary infections [38]. In the present study,
PiCV was detected in all flocks but not in all categories in each flock. In the adult breeding
group (G1) and pigeons included in training and racing (G4), the virus was detected in two
flocks and in young pigeons (G2 and young pigeons from G3) in three flocks. Based on
our limited results, we can only speculate that there is no direct correlation between PiCV
infection and CORT levels.

The results for AIV were negative in our previous study and this study, which coin-
cides with the results of other authors [19,39,40].

Chlamydial infections in feral pigeons in Europe and the focus on public health
implications are described by Magnino et al. [41]. They found 19.4% to 95.6% seropositive
pigeons and 3.4–50% PCR positive pigeons, indicating high importance of transmission
to racing pigeons and also to humans. In our previous study of chlamydial infections in
racing pigeons, CP was confirmed in cloacal swabs in 16.7% of samples. The determination
of CP also indicates a high risk of infection to humans [39]. In this study, CP was confirmed
in only one cloacal sample (2.1%). All oropharyngeal samples were negative.

Endoparasites could cause subclinical or even clinical disease. To prevent serious
disease and consequently stress, pigeons must be treated regularly [9,16]. Zigo [2] found
an increased incidence of coccidiosis (40.4%), trichomoniasis (17.3%), and other endopara-
sitoses (11.5%) at the time of racing. The results of parasitological examinations, performed
just before the last race, showed that all samples were negative for helminths and coccidia,
though Trichomonas sp. was confirmed in all flocks.

Due to the fact that APMV-1 is a serious viral pathogen that is endemic and is common
in feral pigeons [17,37], breeders should regularly vaccinate pigeons to prevent infection
and transmission. Vaccination is usually performed before and after the active flying
season. Inactivated vaccines are used for the prophylaxis of APMV-1 in pigeons. Vaccines
are based on different strains of paramyxoviruses, with the LaSota strain being one of the
most commonly used [37]. Inactivated vaccines are administered by subcutaneous injection
in various prevention programs. After the vaccination of 4- to 6-week-old seronegative
pigeons with the inactivated LaSota vaccine in aqueous suspension, mean antibody titers
were between 3 (log2) and 5 (log2) after 1 to 2 months. Titers between 2 (log2) and 3 (log2)
were detected for 6 months, and thereafter, a decrease in titers was observed [42].

In our study, APMV-1 was not detected, but we did find that pigeons in all flocks,
especially young pigeons less than one-year-old (G2), were rather poorly protected against
this virus based on antibody titers detected by the IHA test (Table 1). The first IHA test
found a titer of 3.5 (log2) in one flock, below 2.0 in two flocks, and as low as 0.0 in another
flock. The flocks were vaccinated again 5 days after the last race, but only the active fliers
(G4) were checked 25 days after immunization (i.e., 30 days after the last race). Titers
were slightly elevated in flocks 1, 2, and 4 but still remained below 2.0 in flock 2 and 4. In
flock 3, the titer remained 0.0. In this flock, the CORT level remained high after 30 days
(65.4 nmol/L). A high CORT level (57.1 nmol/L) after 30 days was also found in flock 1,
but the titer, in this case, increased from 2.3 to 5.3, and the minimum titer was 4. We can
assume that there was no direct relationship between the vaccination response and stress.
The reason for the low titer increase was probably due to the short testing interval after
revaccination, which should be 1 to 2 months [42], or due to some other unknown stressors.
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4.2. Serum Corticosterone Levels in Different Categories of Racing Pigeons

In all bird species studied, CORT is considered the most important glucocorticoid [12].
CORT measurements have been proven to be useful in measuring the welfare status of
racing pigeons [43]. Romero and Wingfield [44] determined 2–9 ng/mL (5.77–25.96 nmol/L)
for baseline serum CORT levels and 14–15 ng/mL (40.38–43.26 nmol/L) for stress-induced
levels in free-living pigeons. Lumeij et al. [12] measured baseline concentrations of CORT
in the serum of 30 racing pigeons after they had been kept quiet for 24 h. The average level
was 0.34 μg/dL (9.81 nmol/L), and maximum level was 1.24 μg/dL (35.77 nmol/L).

Our results of CORT in serum were within the range of results obtained by other
authors [12,44]. In three out of four flocks, the lowest level of CORT was found in the
serum of pigeons that were only trained (G3). The average CORT level was 16.9 nmol/L
(range from 9.1 to 25.4 nmol/L). In the fourth flock, the lowest level of CORT was found in
the adult breeding group (G1) (13.2 nmol/L) and slightly higher in pigeons that were only
trained (G3) (14.5 nmol/L). Active racing pigeons (G4) were the most stressed group. The
average measured CORT level was 59.4 nmol/L (range from 37.3 to 69.0 nmol/L), and it
seems that exhaustion during the race significantly increased the CORT level in serum.

Comparing active racing pigeons (G4) one month after the end of the last race, we
found that in two flocks (flock 2 and flock 4), the levels of CORT dropped to levels lower
than the levels of the whole flock during the active season, and in two flocks (flock 1 and
flock 3), the levels were still higher than the levels before the last race. The levels remained
high at 57.1 nmol/L in flock 1 and 56.4 nmol/L in flock 2. The reason could be further
stress in the flock during this period or the values remaining high all the time. However,
measurements need to be recorded more often to obtain the right answer.

The average values obtained from CORT in serum were the highest in flock 3 (44.02 nmol/L)
and the lowest in flock 4 (18.31 nmol/L). When comparing the speed results of the last
race, the pigeons from flock 3 had the worst race results, and the best results were obtained
in flock 4. The average speed of the first five pigeons from flock 4 was 1037.94 m/min
and 855.13 m/min from flock 3. We know that flock 4 (G3 and G4) had the most intensive
training during the whole active season, which reflected in slightly higher CORT values
compared to those in G1 and G2. The CORT level in the flock dropped below the pre-race
level one month after the race. The breeder maintained a high level of health care after the
race and used pills, electrolytes, and herbal teas at the time of the active season. This was
also described in the literature [1] as a method to maximize the performance of pigeons
and protect breeders’ investment.

4.3. Stress Factors during Transport to the Race and during the Race

Fast and appropriate transport to the race is very important. The number of pigeons
in a box, supply of food and water during transport and at the launching place, as well as
the supply of fresh air, should be strictly controlled and implemented [14]. The transport
our pigeons received reached a high level of maximum support in terms of pigeon welfare.
The only negative potential is that the common transport of several different flocks could
lead to a possible transmission of diseases.

In addition, the duration and direction of the race should be included in the planning
of each race, and environmental factors should be followed to ensure that the race occurs
under suitable conditions that do not impact the welfare of pigeons. For these purposes,
our breeders used the internet application called Ventusky by Mojzik and Prantl [24]. The
chosen location for the last race was Timisoara, Romania, with an average flight distance of
504.91 km. During the race, the weather was clear, but the air temperature was very high,
34 ◦C at 2 m above the ground. Most, but not all of the pigeons that participated in the race
returned to the pigeon houses within six days. Consequently, pigeon breeders prepared
an internal protocol that allows racing only at temperatures up to 30 ◦C. The protocol was
also adopted at the conclusion of a joint meeting of the Slovenian Pigeon Federation. The
intention of this decisions is to improve the welfare of racing pigeons.
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5. Conclusions

Race flights commonly result in elevated stress as measured by CORT levels and
influence the welfare of pigeons that participate in or train for such events. Therefore, races
and training should be properly managed and planned with pigeons thoroughly prepared
for such challenges.

Only pigeons in good condition and those that are clinically healthy should be allowed
to participate in the race. The presence of infectious diseases or parasites should be assessed
before the start of each racing season. At the end of the racing season, pigeons may have
elevated levels of stress hormones, such as CORT.

The distance, duration, and direction of the race should be planned according to
environmental factors in order to reduce stress. It is necessary to avoid temperatures above
30 ◦C and to predict adverse weather conditions (storms, strong winds), pigeon exposure
to predators, and unfavorable magnetic waves.

As training and racing can be very stressful for animals, strictly regulating the factors
and circumstances that could jeopardize of racing animal welfare of racing pigeons should
be a priority for those involved in the above-mentioned activities.
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Simple Summary: Humans require essential fatty acids in their diet and marine fish are a source
of them, especially omega3 fatty acids that present high benefits on diverse vascular diseases and
the immune system. Breeding programs in gilthead seabream usually include growth as the first
criterion in the selection process of the fish. However, that could lead to fish with a higher fillet
fat content and a fatty acid profile with a lower polyunsaturated fatty acids percentage. Fillet fat
content and its fatty acids profile have been revealed as heritable traits. Therefore, further studies to
go deeper in the selection process are advisable.

Abstract: The gilthead seabream is one of the most valuable species in the Mediterranean basin
both for fisheries and aquaculture. Marine fish, such as gilthead seabream, are a source of n3
polyunsaturated fatty acids, highly appreciated for human food owing to their benefits on the
cardiovascular and immune systems. The aim of the present study was to estimate heritability for
fatty acid (FA) profile in fillet gilthead seabream to be considered as a strategy of a selective breeding
program. Total of 399 fish, from a broodstock Mediterranean Sea, were analysed for growth, flesh
composition and FA profile. Heritabilities for growth traits, and flesh composition (fat, protein,
and moisture content) were medium. Heritability was moderate for 14:0, 16:0 and 18:1n9 and for
sum of monounsaturated FA and n6/n3 ratio, and it was low for 20:1n11 and 22:6n3 and the ratio
unsaturated/saturated FA. Breeding programs in gilthead seabream usually include growth as the
first criterion in the selection process of the fish. However, other quality traits, such as fillet fat content
and its fatty acids profile should be considered, since they are very important traits for the consumer,
from a nutritional point of view and the benefits for the health.

Keywords: fatty acid profile; heritability; gilthead seabream; body weight; moisture; fat; collagen; protein

1. Introduction

The gilthead seabream is one of the most valuable species in the Mediterranean basin
both for fisheries and aquaculture. Total production in Mediterranean countries reached
253,000 metric tons in 2019. The three most important countries producing gilthead sea
bream were Greece, Turkey and Spain, in that order [1]. In the Mediterranean area, notable
success has been achieved in the production of diverse species, such as sea bream and bass.
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Now that production technologies have been established, interest has been redirected to
increasing the quality of the product offered [2].

Fatty acids (FA), especially n3 polyunsaturated fatty acids (n3 PUFA), eicosapentaenoic
(EPA, 20:5n3) and docosahexaenoic acids (DHA, 22:6n3), are recognised as being beneficial
for human health, controlling a wide range of human pathologies including cardiovascular,
diabetes, rheumatoid arthritis, osteoporosis, asthma, cognitive decline, neurological dys-
function and possible cancers, whilst also playing an important role in neural development
and in the immune and inflammatory processes [3–6]. Arachidonic acid (20:4n6, ARA),
EPA and DHA are considered as the precursors for the synthesis of eicosanoids, regulators
of cell signalling and gene expression and the most powerful modulators of cell membrane
fluidity [7,8]. Alteration in the PUFA content of the immune cells was demonstrated to
be associated with the alteration of non-specific immunity (e.g., phagocytosis, respiratory
burst and serum lysozyme), specific immunity (e.g., antibody production and resistance to
pathogens), eicosanoid production and immune-related gene expression [9].

Humans, and probably all vertebrates, require essential FA in their diet that cannot be
biosynthesised or interconverted, such as 18:2n6 (linoleic acid, LA) and α18:3n3 (αlinolenic
acid, ALA) PUFA [10–12]. These essential fatty acids are primarily derived from plants
that should be included in the vertebrates’ diet. LA and ALA have vital functions in
themselves, and in turn act as precursors for the long-chain PUFA (LCPUFA) ARA, EPA
and DHA. Their biosynthesis from LA and ALA can be carried out by mammals, although
the process of EPA and particularly DHA biosynthesis from ALA is very low in humans
and in marine fish [6,13]. The biosynthetic pathway involves consecutive desaturation and
elongation reactions that convert LA to ARA and ALA to EPA and DHA. The two main
enzyme families involved in these conversions are the elongases of very long fatty acids
(Elovl) and the fatty acyl desaturases (Fad) [6]. The EPA pathway in teleost fish is often
incomplete, primarily due to a lack of Δ5 desaturase, and so synthesis of EPA from ALA is
not possible in many, particularly marine, carnivorous species [14]. However, the DHA
pathway from EPA is probably functional in most teleost fish, including marine species, at
least in some tissues.

Modern Western diets have an excess of n6 PUFA, primarily LA, and because n6
FA and n3 FA cannot be interconverted in vertebrates, this has led to an increase in the
tissue ratio of n6 to n3 LCPUFA, linked to cardiovascular, inflammatory, and neurological
problems [7]. One way of addressing this n6/n3 imbalance is to increase the levels of n3
PUFA and especially n3 LCPUFA in the diet of humans. Marine fish, such as the gilthead
seabream (Sparus aurata), are a source of LCPUFA [15]. However, vegetable feed in the fish
diet has increased in recent years. Fillets of gilthead sea bream fed diets rich in plant oils
show increased levels of LA and ALA, with a concurrent decrease in EPA and DHA [16,17].

Dietary and fillet FA composition are closely associated. However, Ballester-Lozano et al. [18]
observed that the FA composition (%) depends not only on the diet but also on the fillet
lipid content (FLC). In general, monounsaturated FA (MUFA) increased with the increase
of FLC, whereas the trend for saturated FA (SFA) and PUFA was the opposite. In the
case of ARA and DHA, they decreased when the FLC increased. Thus, FLC could partly
explain saturated, monounsaturated and some polyunsaturated (ARA and DHA) FA but
not LA, ALA, EPA and docosapentaenoic acid (22:5n3, DPA). This is likely due to marine
fish showing a limited ability to convert C18 FA into LCPUFA of n6 and n3 series [19,20].
In addition, while triacylglycerols (TAG) are in fat deposits, and usually contain MUFA
(C16-C18); polar lipids, in membrane cells are composed mainly of phospholipids that
accumulate LCPUFA [21]. An FLC increase is related to a higher amount of fat deposits
and, concurrently, a higher proportion of TAG and MUFA and a lower proportion of polar
lipids and LCPUFA.

Other factors besides diet (e.g., genotype, gender, age, and production system) have
a significant influence on the fillet lipid level and thus on the FA composition of most
animals [22].
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Hence, advances in breeding programs are essential to contribute to the profits and
competitiveness of the companies, as well as to improve the quality of product, including
its fatty acid profile.

Selective breeding programs have been initiated in gilthead seabream to improve
growth performance and morphology traits; other objectives (feed efficiency, product
quality and disease resistance) have been considered later [18,23–25]. Heritabilities, genetic
and phenotypic correlations between different traits are key indicators in the success of
such breeding programs.

To date, there have been few heritability studies in terms of the fillet fat content in
gilthead seabream, in which medium heritability in fish and medium correlation with
respect to weight were observed [26,27]. In addition, to the best of our knowledge, there
has been no work about FA genetic variation in sea bream, but it has been studied in
Atlantic salmon [28] and in Nile Tilapia [29]. Flesh n3 LCPUFA composition was a highly
heritable trait in Atlantic salmon [28] however individual FA heritability varied from zero
to medium in Nile tilapia [29]. In Atlantic salmon, families with a high percentage of
n3 LCPUFA in flesh showed higher expression of lipid transport genes, cell cycle, and
growth-related genes and increased activity of a transcription factor, hepatic nuclear factor
4α (HNF4 α). Dong et al. [30,31] demonstrated that HNF4α is a transcription factor of
the vertebrate Fad gene involved in the transcription regulation of LCPUFA biosynthesis.
Therefore, it is nonetheless a sensible strategy to select for this trait to improve it and
optimise the efficiency of n3 LCPUFA metabolism and flesh levels, irrespective of likely
dietary levels.

The aim of the present study was to estimate genetic parameters for the FA profile in
fillet sea bream, for the first time in gilthead seabream, to be considered as a strategy in a
selective breeding program.

2. Materials and Methods

To ensure that animal welfare standards are maintained, anaesthetic was used within
the sampling procedure. All animal experiments described in this manuscript fully comply
with the recommendations in the Guide for Care and Use of Laboratory Animals of the
European Union Council (2010/63/EU) and, whenever necessary, fish were anesthetized.

2.1. Fish and Rearing Conditions

For growth, flesh composition (fillet fat, moisture, protein, and collagen percentages)
and FA profile were analysed for 399 gilthead seabream fish. The fish came from a brood-
stock (n = 133; 57 males and 76 females) that had been captured in the Mediterranean
Sea and maintained in Instituto Español de Oceanografía, Mazarrón, Murcia (IEO). The
broodstock had never been subjected to genetic selection.

In the broodstock, the female/male ratio was approximately 2:1 in the tanks, they were
under a controlled photoperiod (8L:16D) to synchronize maturation; and egg release was
initiated at the beginning of February 2016. During that period, the animals were fed on
Vitalis Cal (Skretting, Stavanger, Norway), and egg production was monitored daily. When
the total egg production stabilized, one egg batch was established at the end of April 2016.
Therefore, eggs from the broodstock were collected and pooled for four consecutive days
(4 DL model) to maximize family representation. Incubation was carried out in cylindrical
conical tanks (1000 L) at a density of 500–1000 larvae/L. Water conditions were as follows:
Temperature 19.0 ◦C, salinity 34‰, and dissolved oxygen was 6.4 mg/L.

At 251 days post-hatching (dph), the fish were individually tagged in the abdomi-
nal cavity for individual identification with passive integrated transporter (PIT; Trovan
Daimler-Benz, United Kingdom), following the tagging protocol described by Navarro
et al. [32]; initial body weight (BW251dph) and total length (TL251dph) were measured; and a
sample of caudal fin was collected and preserved in absolute ethanol at room temperature
for future DNA extraction. Ten days later, the fish were moved to the facilities of the
company Servicios Atuneros del Mediterraneo S.L. (San Pedro del Pinatar, Murcia, Spain),
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where they were reared in a cage in the Mediterranean Sea under intensive conditions:
a cage 11 m in diameter which is anchored at a depth of 38 m in the Mediterranean Sea
(average water temperature = 18.2 ± 0.9 ◦C, dissolved oxygen: 7.4 mg/L, 100% oxygen-
saturation, salinity: 37.9‰; data estimated from open sea conditions). Fish were fed over
the course of the study with extruded pellets (Dibaq S.A, Fuentepelayo-Segovia, Spain),
with two different commercial diets. The first 15 months diet D4 was used (46.5% pro-
tein, 19% fat, 7% ashes, 2.75% cellulose, 17.9 MJ/kg digestible energy), and subsequently
when the fish were around 220 g in weight, they were fed diet D6 (44% protein, 20% fat,
7.17% ashes, 3.07% cellulose, 17.6 MJ/kg digestible energy) until slaughter time. The FA
composition of each diet was analysed in duplicate; the mean is shown in Table 1.

Table 1. Fatty acid (FA) composition of the diets (% total FAME), mean ± standard error.

FA D4 D6

14:0 2.91 ± 0.09 1.89 ± 0.04
16:0 15.5 ± 0.11 11.4 ± 0.01
18:0 5.16 ± 0.34 4.31 ± 0.02
SFA 24.3 ± 0.09 17.5 ±0.08
16:1 4.05 ± 0.08 2.66 ± 0.00

18:1 * 29.9 ± 0.18 42.9 ± 0.30
C 20:1 3.03 ± 0.08 2.38 ± 0.08
C 22:1 2.05 ± 0.32 1.17 ± 0.15
MUFA 39.2 ± 0.13 49.7 ± 0.54
18:2n6 18.9 ± 0.21 20.1 ± 0.31
18:3n3 4.61 ± 0.26 6.05 ± 0.03
20:4n6 1.18 ± 0.59 0.00 ± 0.00
20:5n3 4.58 ± 0.03 2.81 ± 1.40
22:6n3 6.19 ± 0.52 4.01 ± 0.06
PUFA 36.4 ± 0.04 32.6 ± 0.45

SFA: saturated fatty acids, MUFA: monounsaturated fatty acids, PUFA: polyunsaturated fatty acids. 18:1 * refers
only to n9c, because n9t was almost null.

At harvest size (980 dph), fish were slaughtered by immersion in ice cold water
(hypothermia); final body weight (BW980dph) and total length (TL980dph) were measured.
Fish were manually skinned and filleted without including the nape and the belly flap.
Two pieces of fillet were vacuum packaged and frozen at −80 ◦C for further analysis.

2.2. Flesh Composition Quality

One piece of fillet from each fish was homogenized and analysed by indirect method
of near-infrared spectroscopy (near infrared spectroscopy, NIR), using FOODSCAN LAB
equipment (FOSS IBERIA, Barcelona, España), to obtain total collagen of the muscle, and
chemical components of the muscle (fat, moisture, and protein), as a percentage of flesh.

2.3. Chromatographic Analysis of Fatty Acid Methyl Esters

Fatty acid methyl esters (FAMEs) were prepared using a solution of KOH in methanol [33],
17:0 acid was used as internal standard FA, then separated and analysed by gas chromatog-
raphy. Analyses were performed on a 6890-gas chromatograph (Agilent Technologies, Palo
Alto, CA, USA) equipped with a GERSTEL MultiPurpose Sampler (MPS2) and a mass
spectrometer 5975 with a hyperbolic quadrupole (Agilent Technologies, Palo Alto, CA,
USA). Extract (0.8 μL) of FAME was injected and separated on a DB-23 capillary column
(Agilent Technologies, Palo Alto, CA, USA) of 60 m (length) × 0.25 mm (internal diameter)
× 0.25 μm (film) in constant pressure mode. Chromatographic-grade helium was used
as the carrier gas. The temperature of the injector was 240 ◦C. The inlet operated in split
mode with a split ratio of 1:20. The initial oven temperature was 50 ◦C which was held for
1 min, then increased to 175 ◦C at 25 ◦C per min and thereafter increased to 235 ◦C at 4 ◦C
per min, with a holding time of 10 min. Mass spectra were collected in the scan range m/z
40–400. The measurements were performed using an electron bombardment ion source
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with electron energy of 70 eV. The transfer line, source, and quadrupole temperatures
were set at 280, 230, and 150 ◦C, respectively. The chromatograms and mass spectra were
evaluated using the ChemStation software (G1791CA, Version D.03.00, Agilent Technol.).
Peaks were identified by comparison of retention times with FAME standards (Supelco 37
Component FAME mix, Sigma Aldrich, St. Louis, Missouri, USA) and their mass spectra.
The individual FAs are expressed as a percentage of the total FA detected.

2.4. Microsatellite Genotyping and Parental Assignment

The broodstock and offspring were genetically characterised. To this end, DNA was
extracted from the caudal fin using the DNeasy kit (QIAGEN®, Hilden, Germany), and then
kept at 4 ◦C. Next, DNA quantity and quality were determined with a NanoDrop™ 2000
spectrophotometer v.3.7 (Thermo Fisher Scientific, Wilmington, NC, USA). The multiplex
SMsa1 (Super Multiplex Sparus aurata) was used as described in [34] for genotyping the
broodstock and offspring. The electropherogram was analysed using Microsatellite analysis
cloud (Thermo Fisher Scientific, Waltham, MA, USA). Direct count of heterozygosity in
the offspring was calculated with the Excel package called Gene Alex [35]. For parental
assignment, the exclusion method as implemented in VITASSING (v.8_2.1) software [36]
was used. The number of fish assigned to a single couple was 399 and they were used to
estimate the genetic parameters.

2.5. Statistical Analysis

All data were tested for normality and homogeneity of variances using SPSS (v.25.0) [37].
For growth trait (BW and TL) arithmetic means and standard errors were calculated.

Flesh composition (fillet fat, moisture, protein, and collagen percentages) and FA
profile were analysed with the following general linear model (GLM):

Yij = μ + b*covariatej + eij (1)

in which,
Yij is an observation of an individual j from the origin i,
μ is the overall mean,
b is the regression coefficient between the analysed variable and the covariate BW for

flesh composition or fillet fat percentage for FA profile,
eij is a random residual error.
The level of significant difference was set at p < 0.05.
Genetic parameters were estimated under a Bayesian approach using a bivariate

mixed model. The model was,
Y = Xβ + Zu + e (2)

where Y is the recorded data on the studied traits, β includes covariate body weight (not
included for BW and TL traits), u the random animal effect and e the error. This was
performed using gibbs3f90 program for all traits, as developed by Misztal et al. [38]. The
analysis was carried out between two traits each time. The following multivariate normal
distributions were assumed a priori for random effects:

p(β) ~ k;
p(u|G) ~ (0; G⊗A);
p(e|R) ~ (0; R⊗A);

(3)

where A is the relationship matrix and k is a constant,

G =

[
σu1 σu1,u2

σu2,u1 σu2

]
,R =

[
σe1 σe1,e2
σe2,e1 σe2

]
. (4)

Bounded uniform priors were assumed for the systematic effects and the (co)variance
components (G, A). A single chain of 200,000 iterations was run. The first 50,000 iterations
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of each chain were discarded, and samples of the parameters of interest were saved every
five iterations. Density plots to represent posterior marginal distribution of heritabilities,
posterior means (PM) and the 95% interval of the highest posterior density (HPD 95%)
were obtained through R Development Core Team [39].

3. Results and Discussion

3.1. Phenotyping

The phenotypic results for growth at 251 dph and 980 dph (BW and TL), flesh com-
position (fat, collagen, moisture and protein percentages) and FA profile at 980 dph in
gilthead seabream are shown in Tables 2 and 3.

Table 2. Phenotypic results (least square means ± standard error) for body weight, fork length, and
flesh composition for gilthead seabream.

Offspring Covariate BW980dph

Traits n Mean S.E. b S.E.

BW251dph (g) 392 43.7 0.95 NI
TL251dph

(cm) 392 13.8 0.09 NI

BW980dph (g) 392 450.2 4.14 NI
TL980dph

(cm) 392 28.7 0.11 NI

Fat (%) 389 10.1 0.12 0.006 * 0.002
Collagen (%) 388 1.74 0.02 0.001 * 0.000
Moisture (%) 389 64.6 0.11 −0.007 * 0.001
Protein (%) 389 19.8 0.06 <0.000 0.001

BW251dph and BW980dph = body weight at 251 dph and 980 dph respectively; TL251dph and TL980dph = total length
at 251 dph and 980 dph respectively; * = covariate was significant (p < 0.05). NI = not included.

Table 3. Main fatty acids (FA, expressed as %) of gilthead seabream flesh adjusted to 10.1 fat percentage.

FA
Offspring Covariate Fat Percentage

n LSM S.E. b S.E.

14:0 394 3.29 0.03 0.011 0.015
16:0 371 17.9 0.23 0.018 0.090
18:0 392 4.86 0.11 −0.019 0.045
SFA 397 28.3 0.30 −0.002 0.130
16:1 397 0.32 0.04 −0.018 0.015

18:1n9c 392 33.6 0.70 0.232 0.277
18:1n9t 333 3.55 0.11 −0.005 0.047

20:1 392 2.38 0.03 −0.004 0.014
22:1 397 0.80 0.02 −0.014 0.008

MUFA 397 44.38 0.57 0.291 0.209
18:2n6 334 15.6 0.21 −0.054 0.084
18:3n3 389 3.77 0.05 0.055 * 0.022
20:4n6 399 0.63 0.02 −0.017 0.006
20:5n3 381 2.88 0.04 0.008 0.016
22:6n3 384 6.84 0.12 −0.097 * 0.048
PUFA 397 29.84 045 −0.400 0.165

∑ n6/n3 394 1.05 0.35 0.249 0.140
UFA/SFA 392 2.97 0.08 −0.029 0.034

LSM: least square mean, SE: standard error; SFA: saturated fatty acids, MUFA: monounsaturated fatty acids,
PUFA: polyunsaturated fatty acids, UFA: unsaturated fatty acids; * = covariate was significant (p < 0.05).

Regarding flesh composition, the fat percentage was high in comparison with that
found by other authors [26,27] who observed less fillet fat percentage when BW was lower
(In García-Celdrán et al. [26] 4.64% for BW690dph = 271 g, in Elalfy et al. [27] 6.55% for
BW700dph = 313 g). However, when fish were raised in an estuary [27] and reached higher
BW700dph (440 g), the fillet fat percentage increased (8.71%). In addition, a pronounced
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seasonality has been observed on fillet fat that reached a maximum with the replenishment
of body fat stores in early autumn [18] when our fish were slaughtered. In addition, BW
had a positive significant effect on fat percentage, and this effect was less pronounced
for collagen percentage (when fish weight increased 100 g the fat percentage increased
0.6% and collagen percentage decreased 0.1%). Contrary to the fat, in our study the
moisture percentage was low in comparison with that in García-Celdrán et al. [26] (73%)
and Elalfy et al. [27] (73.1% in the cage and 68.8% in the estuary) and BW had a negative
significant effect on moisture (when fish weight increased 100 g the moisture percentage
decreased 0.7%). This result was logical due to the high negative correlation between fat
and moisture [25,26].

Gilthead seabream fillet showed the highest percentage of MUFA, followed by PUFA
and SFA with similar percentages (Table 3). Fillet FA composition was closely related to
the diet composition but not totally. In fact, in comparison with the diet, fillet showed
higher SFA especially for 16:0, and lower MUFA and PUFA percentages, mainly due to the
lower percentages of 18:1n9, 18:2n6 and 18:3, although for 22:6n3 the percentage increased
notably in comparison to the diet. This difference in FA composition is largely explained
by variations in the level of fattening, especially intramuscular fat, the percentage of PUFA,
one of them DHA, decreased when FLC increased [40]. In our study, although the fish
showed high FLC, the BW was much lighter than in Ballester-Lozano et al. [18] and it is
likely that they had not finished their development and fat deposition, and concurrently
the DHA was high.

The main fillet FA were 18:1n9, 16:0, LA, and DHA, in accordance with that described
by other authors [18,41,42].

3.2. Microsatellite Genotyping and Parental Assignment

The use of multiplex SMSa1 PCR using the exclusion method, with a maximum of
two tolerated errors, provided successful parental assignment for 91.4% of the offspring.
After the assignment, six out of 76 females contributed with 52.1% of the offspring and 29
females did not produce any offspring, whilst six out of 57 males contributed with 60.9% of
the offspring and 19 males did not contribute. Pedigree construction using selected highly
informative microsatellite markers yielded 66 full-sib families with a mean of 3.86 sibs
(range 2–28 sibs).

Regarding the study of genetic variation considering the microsatellites genotypes,
high heterozygosity was observed, reaching 0.75. This value is consistent with the fact that
the population came from a broodstock that had never been subjected to selection, and
reveals that, at that moment, there was no danger of inbreeding.

3.3. Genetic Parameters
3.3.1. Heritability for Growth Traits

Heritability for BW251dph and BW980dph was moderate (PM = 0.22 and HPD = [0.06–0.40];
PM = 0.24 and HPD = [0.06–0.48] respectively). For TL, heritability was moderate (0.19
[0.04–0.36] at 251 dph and high (0.48 [0.18–0.80]) at 980 dph (Figure 1), in accordance with
other authors [24,26,42].

In our study, TL at advanced age was presented as more heritable than BW; how-
ever, other studies [24,26,42] observed similar heritability for both traits and high genetic
correlation between them, as also happened in our study (0.94 ± 0.06 genetic correlation
BW-TL980dph). In addition, García-Celdrán et al. [43] pointed out that heritability esti-
mates for growth traits increased with age when they compared juveniles with commercial
size fish. In our study, genetic correlation (rg) for BW or TL at different age were practi-
cally null but a safe interpretation of the rg is made difficult by the large standard errors
(rg BW251dph – BW980dph = 0.13 ± 0.38, rg TL251dph – TL980dph = 0.04 ± 0.39).
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Figure 1. Posterior marginal distribution of heritabilities of body weight (BW) and total length (TL)
gilthead seabream. h2 = heritability (n = 399).

3.3.2. Heritability of Flesh Composition

Moderate heritability was obtained for fillet fat percentage (0.24 [0.06–0.44] PM and
HPD in brackets, Figure 2) which agrees with Elalfy et al. [27] and García-celdrán et al. [26],
who showed 0.27 and 0.31, respectively. In our study, protein percentage heritability was
moderate (0.21 [0.03–0.41]), however García-celdrán et al. [26] and Elalfy et al. [27] reported
low protein heritability (0.03 and 0.08, respectively). Regarding the collagen percentage,
the heritability was low (0.06 [0.002–0.19]) in this study, similar to that in García-celdrán
et al. [26] (0.03) and Navarro et al. [43] (0.02). The moisture percentage showed a medium
genetic heritability (0.15 [0.015–0.32]) in the present investigation, however it has been
reported with considerable variation between other studies ranging from medium to
low heritabilities, such as Garcia-celdrán et al. [26] and Elalfy et al. [27] (0.24 and 0.29,
respectively) and Navarro et al. [43] (0.09).

It is interesting to know the genetic correlation between BW and fat percentage, since
most breeding programs select fish to improve their growth. In our study, the genetic
correlation between both traits was not estimated with precision because of the limited data
available. When this correlation was estimated [26,27], a positive medium-high genetic
correlation was observed, indicating that when fish are selected by growth, their fillet fat
percentage increased indirectly.

3.3.3. Heritability of Fatty Acid Profile

Heritability was moderate for 14:0 (0.24 [0.04–0.48]), 16:0 (0.15 [0.01–0.33]) and 18:1n9c
(0.20 [0.005–0.43]); it was low for 20:1 (0.12 [0.01–0.26]), and 22:6n3 (0.11 [0.017–0.25]); and
practically null for 18:0 (0.02 [0.00–0.07]), 18:1n9t (0.03 [0.00–0.10]), 18:2n6t (0.09 [0.00–0.21]),
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18:3n3 (0.05 [0.00–0.15]) and 20:5n3 (0.05 [0.00–0.15]) (Figure 3) and 20:4n6 (0.03 [0.00–0.10]),
16:1 (0.04 [0.00–0.12]) and 22:1 (0.06 [0.00–0.16]) although the density plots for these last
three FA are not represented.

Figure 2. Posterior marginal distribution of heritabilities of fillet fat, collagen, moisture and protein
percentage in gilthead seabream. h2 = heritability. (n = 399).

Heritability for the summatory of SFA (0.06 [0.00–0.17]) and PUFA (0.02 [0.00–0.09])
was almost zero; low for the ratio UFA/SFA (0.12 [0.01–0.26]); and medium for MUFA (0.26
[0.03–0.53]) and n6/n3 ratio (0.25 [0.03–0.49]) (Figure 4).

To our knowledge, there is no study about genetic parameters of FA in gilthead
seabream. In Nile tilapia, the heritabilities for SFA were generally moderate, and for MUFA,
PUFA and for total SFA, total MUFA, total PUFA, n3/n6 and UFA/SFA were low [29]. In
Atlantic salmon, flesh n3 LCPUFA composition was highly heritable (h2 = 0.77 ± 0.14)
and the authors [28] observed that families with a high percentage of n3 LCPUFA in flesh
presented higher expression for genes related to hepatic lipid transport, and implicated
increased activity of a transcription factor, hepatic nuclear factor 4α (HNF4α), possibly
as a result of family differences in transforming growth factor b1 (Tgfb1) signalling. In
that study, the authors [28] also highlighted that FLC was highly and negatively correlated
with percentage n3 LCPUFA (−0.77), and FLC was positively correlated to BW. In Nile
tilapia [29], the genetic associations of the PUFA group (20:5n3 and C18:3n6) with BW traits
were strongly negative (−0.55 to −0.78); and for two SFA the genetic correlations of 18:0
and 24:0 with fillet fat percentage were negative (−0.11 and −0.85, respectively). In our
study, genetic correlations between FA and fillet fat percentage could not be estimated
with precision, likely due to limited data availability. However, phenotypic correlation
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PUFA-Fillet fat percentage was significantly negative (−0.12). A major part of LCPUFA is
in the membrane phospholipids (PL), which presents an upper threshold, because amounts
of PL molecules in tissue are likely determined by a volume of membranes. Thus, when the
level of fattening increases in a fish, most of that fat is deposited in muscles, as TAG, to be
an energy reserve. Thus, when FLC increases, fat deposits increase, TAG content increases
and PL, together LCPUFA, is diluted [21].

Figure 3. Posterior marginal distribution of heritabilities of fatty acids profile in gilthead seabream.
h2 = heritability. n = 399.
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Figure 4. Posterior marginal distribution of heritabilities of SFA: saturated fatty acids, MUFA:
monounsaturated fatty acids, PUFA: polyunsaturated fatty acids, UFA: unsaturated fatty acids and
the ratio omega 6/omega 3 fatty acids in gilthead seabream. h2 = heritability. 399 data.

In shrimp [44], limited heritabilities for FA were estimated; nevertheless, some im-
portant FA, such as DHA had significant variance among families with similar heritability
(0.12 ± 0.06) to our study. In accordance with us, ARA, which is tightly linked to the
immune response, showed a heritability not significantly different from zero.

Therefore, considering the positive genetic correlation between growth and fillet
fat content, and the negative genetic correlation between fillet fat content and PUFA
percentage, breeding for fish with higher growth is expected to cause an increase in the
fillet fat percentage and a decrease of its PUFA percentage. In addition, most of the SFA
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and oleic, DHA, MUFA and the ratio n6/n3 have been shown to be heritable traits, thus
their analyses should be considered in a breeding program.

The measurement of FA is expensive and time consuming, therefore further studies
should be continued to investigate the relation between fillet fat content and its FA profile.
The Fish Fat Meter device (Distell.com, West Lothian, Escocia) has been developed as a
non-invasive tool to measure flesh fat content and a high correlation with FLC [27] has
been demonstrated, thus it could be used as an easy non-invasive measurement.

4. Conclusions

Breeding programs in gilthead seabream usually include growth as the first criterion
in the selection process. However, other quality traits, such as fillet fat percentage and
its fatty acids profile should be considered, since they are very important traits for the
consumer from a nutritional point of view. In addition, these quality traits are also related
to the fish immune system and, consequently, to its disease resistance. Further studies to
investigate the consequences of selecting fish for growth based on their fat content and
their fatty acids profile are advisable.
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Simple Summary: Animal welfare and health will be negatively impacted by cold stress, resulting in
decreased production performance, immune imbalance, and decreased antioxidant capacity. Previous
studies focused more on the side effects of low temperature, but animals have the ability to adapt to
the environment by regulating metabolic and endocrine processes. The objective of this study was
to compare cold resistant of broilers with and without cold stimulation training. By detecting the
changes in immunoglobulins, cytokines, toll-like receptors, gut barrier genes, and heat shock proteins
gene expression levels before and after acute cold stress, the optimal cold training method was finally
determined. The results of our study show that cold stimulation training for 6 h with an interval
of one day, at 3 ◦C lower than the conventional temperature, can change the immune function of
broilers. This cold stimulation can also lessen the intestinal damage when subjected to acute cold
stress. This research offers a theoretical foundation for the regulation of immune function in broilers
raised in cold environments, as well as a scientific basis for the development of cold adaptation
in broilers.

Abstract: Cold stress will have a negative impact on animal welfare and health. In order to explore
the effect of intermittent cold stimulation training on the cold resistance of broilers. Immune-related
and intestinal barrier genes were detected before and after acute cold stress (ACS), aiming to find an
optimal cold stimulation training method. A total of 240 1-day-old Ross broilers (Gallus) were divided
into three groups (G1, G2, and G3), each with 5 replicates (16 chickens each replicate). The broilers
of G1 were raised at normal temperature, while the broilers of G2 and G3 were treated with cold
stimulation at 3 ◦C lower than the G1 for 3 h and 6 h from 15 to 35 d, respectively, at one-day intervals.
At 50 d, the ambient temperature for all groups was reduced to 10 ◦C for six hours. The results
demonstrated that before ACS, IL6, IL17, TLR21, and HSP40 mRNA levels in G3 were apparently
down-regulated (p < 0.05), while IL8 and Claudin-1 mRNA levels were significantly up-regulated
compared with G1 (p < 0.05). After ACS, IL2, IL6, and IL8 expression levels in G3 were lower than
those in G2 (p < 0.05). Compared to G2, Claudin-1, HSP90 mRNA levels, HSP40, and HSP70 protein
levels were increased in G3 (p < 0.05). The mRNA levels of TLR5, Mucin2, and Claudin-1 in G2 and
IL6, IL8, and TLR4 in G3 were down-regulated after ACS, while IL2, IL6, and IL17 mRNA levels in G2
and HSP40 protein levels in G3 were up-regulated after ACS (p < 0.05). Comprehensive investigation
shows that cold stimulation at 3 ◦C lower than the normal feeding temperature for six hours at one
day intervals can enhanced immune function and maintain the stability of intestinal barrier function
to lessen the adverse effects on ACS in broilers.

Keywords: broiler ileum; cold stimulation; immunoglobulins; cytokines; toll-like receptors; heat
shock proteins
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1. Introduction

Cold is the most common stress factor for livestock and poultry in northern alpine
regions [1]. For broilers (Gallus), exposure to a sudden drop in the ambient temperature
of more than 10 ◦C or prolonged exposure to temperatures that are more than 4 ◦C lower
than the ambient temperature will result in cold stress, which will have an impact on
health and welfare of the birds [2] and lead to immune dysfunction [3] and physiological
disorders [4,5]. Previous studies [4,6] have focused mostly on the side effects of exposure
to low temperatures, but animals have the ability to adapt to their environment. There-
fore, the present priority is to explore a training method to establish cold acclimation in
poultry. After repeated cold stimulation, broilers can establish cold adaptation by regu-
lating endocrine and metabolic processes and improve the ability of resist disease and
cold stress [7,8]. The establishment of cold adaptation can, therefore, be measured by
immune indices [9–11]. Immune indices include immunoglobulins, cytokines, and toll-like
receptors. Immunoglobulin is a highly effective antibody. The initiation and regulation
of the inflammatory response are significantly influenced by cytokines. The host can be
protected from pathogen invasion by toll-like receptors. Su et al. [12] demonstrated that
when broilers were trained with cold stimulation, the ileum structure was complete and the
level of proinflammatory cytokines was reduced when broilers were subjected to 7 ◦C (24 h)
ACS. Therefore, when broilers have thermoregulation ability, cold training for broilers is
critical to establishing cold adaptation. Further explore strategies to improve the anti-stress
and immune abilities of broilers.

To cope with various challenges, the body will activate the protein control system or
cell death signaling pathway to produce an efficient stress response [13]. Immunoglobulins
refer to proteins with antibody activity [14]. The mRNA level of immunoglobulin can
reflect the strength of immune function. IgA performs a key function in protecting the gut
against microbial invasion [15]. IgG has a range of biological activities, such as antiviral
and anti-exotoxin. Studies have shown that broilers with colitis have lower levels of IgA
and IgG in the ileum [16–18]. Olfati et al. The authors of [19] raised 22 d old broilers in a
cold environment (12 ◦C) until they reached 42 d and noticed that cold stress decreased
substantially serum IgG levels. Severe cold stress will reduce the expression level of
immunoglobulins in animals, causing damage to the body. Early cold training has been
shown by Su et al. [7] to up-regulate the intestinal IgA level in broilers and enhance broilers
resistance to cold stress. It, therefore, follows that the body’s immune function can be
strengthened by the appropriate cold stimulation.

Cytokines are protein molecules produced by immune cells and related cells to
regulate cellular functions and participate in anti-inflammatory and pro-inflammatory
processes [8,20]. According to studies, prolonged cold stimulation in broilers’ ileums
can raise IL-4 levels and lower IFN-γ levels, causing an immunological imbalance [21].
IL-8 causes local inflammation in the body by stimulating leukocytes. IFN-γ can boost im-
mune response capability by activating the activity of immune-related cell.
Perelman et al. [22] reported that the levels of IL-1β, IL-8, and TNF-α in bronchial tissues of
patients with cold airway hyperresponsiveness increased significantly after acute cold stress,
resulting in a significant inflammatory response. IL-6 can identify pathogen signals [20].
Yildirim et al. [23] found that the level of IL-6 in liver tissues of rats exposed to a low temper-
ature at 10 ◦C was significantly up-regulated, while Vargovic et al. [24] demonstrated that
raising rats in a 4 ◦C cold environment for seven consecutive days reduced the expression
level of IL-6 in liver and lung tissue. Thus, stress can change immune function by regulating
the secretion of cytokines.

Toll-like receptors not only mediate defense against the invasion of microbial pathogens,
but also regulate immune homeostasis [25]. When toll-like receptors recognize pathogenic
molecules, they can activate downstream signaling pathways (NF-κB) and induce the
production of cytokines to participate in the immune response [26,27]. TLR2 and TLR4 can
bind to the LPS of gram-negative bacteria and directly induce the expression of inflamma-
tory cytokines [28]. TLR5 can recognize the signal from the flagellum, which causes the
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production of proinflammatory factors. TLR4 and TLR5 levels in the mesenteric lymph
nodes of Malabari goats were dramatically reduced, while the TLR2 level was considerably
elevated after five days of continuous exposure (six hours per day) at 27–34 ◦C in the
summer [29]. Li et al. [30] discovered that the mRNA level of TLR7 in the duodenum of
broilers was substantially higher after cold stimulation training (43 d/3 ◦C lower than the
control). TLR7 is responsible for identifying the single-stranded RNA of viruses invading
the body, which is crucial for defending the body against viral infection [31].

The intestinal barrier is a protective barrier that prevents pathogens and toxic com-
pounds from passing through the systemic circulation [32]. The absence of a tight junction
complex will reduce barrier protection and thus will affect intestinal permeability [33].
Studies have shown that markers for evaluating the health of the intestinal barrier can
be Claudin-1, Occludin, and ZO-1 mRNA levels [34–36]. Mucin2 produced by goblet cells
can protect the intestine from invasion by bacteria [37], has an antibacterial effect [38].
Uerlings et al. [39] reported that the levels of Claudin-1 and Occludin in broilers’ jejunum
exposed to high temperatures for 24 h were significantly elevated. Some studies proved that
long-term chronic stress can reduce the levels of tight junction proteins, impair intestinal
barrier function, and increase permeability [40,41]. Therefore, whether early appropri-
ate cold stimulation training can mitigate the adverse impacts of late ACS on the gut by
changing the intestinal structure needs further study.

Heat shock proteins (HSPs) are vital elements in the regulation of the stress response
and function to protect the integrity of epithelial cells and alleviate stress injury because
they act as molecular chaperones [42]. Under normal physiological conditions, HSPs are
maintained at low levels. When an organism encounters sudden environmental temper-
ature changes, a large number of HSPs will be produced to enhance resistance to stress
injury [43]. HSP40 is a cooperative protein of HSP70, participating in the dissociation and
transmembrane transport of proteins. The high expression level of HSP70 can increase
tolerance to various stressors, greatly improving the survival rate of the organism under
stress [44]. Zaglool et al. [45] proved that HSP90 level in broilers was rapidly up-regulated
under acute heat stress at 36 ◦C for six hours. Wei et al. [20] showed that the lower HSP90
levels in broilers’ duodenum under acute cold stress and that cold stress altered immune
function. In conclusion, the expression level of HSPs can be utilized as a stress response
biomarker in animals.

The negative impacts of low temperatures on animals have earlier received more
attention, but animals have the ability to adapt to the environment by regulating metabolic
and endocrine processes [20,21]. Therefore, without affecting production performance, it is
particularly important to explore methods of inducing cold adaptation in animals to enable
them to resist cold stress. A comparative experiment was used in this study. The objective
was to investigate the effects of ACS on immunity and resistance of broilers to cold stress.
By analyzing the levels of gut immune-related and intestinal barrier genes in broilers before
and after ACS, the optimal cold stimulation training program was defined which can
improve cold resistance in broilers. The research can provide a theoretical foundation for
the regulation of immune function of broilers in cold environments, and provide a scientific
basis for the development of cold adaptation in broilers.

2. Materials and Methods

2.1. Animal Care and Experimental Design

All experiments and methods utilized in the current research were conducted with
the support of the Institutional Committee for Animal Care and Use of the Northeast Agri-
cultural University in Harbin, China (IACUCNEAU20150616). A comparative experiment
was used in this research; 240 Ross 308 broilers (Hongyan breeding and planting Park,
Harbin, China), 1-day-old, were divided into 3 groups including the one group without
cold stimulation training (cold stimulation for 0 h, G1) and 2 groups with cold stimulation
training (cold stimulation for 3 h, G2 and cold stimulation for 6 h, G3), 5 replicates per
group, 16 chickens per replicate. Broilers were raised in three climate chambers, and food
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and water were freely available at all times. Broilers were fed the entire starter diet from 1
to 21 d, containing 12.10 MJ/kg of metabolizable energy and 21.00% crude protein. Broilers
were raised a grower diet at 22 d (19.00% CP and 12.80 MJ/kg ME) and maintained for
3 weeks. Broilers were raised on a finishing diet from 43 to 50 days of age, including 17.50%
of CP and 13.20 MJ/kg of ME. The diets consist of corn, vitamin A, calcium chloride, Soy-
bean meal, bran, sodium chloride, and vitamin D3 (Baishicheng, Harbin, China). Lighting
regime: 1–3 d, 24 L:0 D; 4–50 d, 23 L:1 D. The humidity was kept between 60% and 70%
for the first 14 days and 40–50% from 15 to 50 days of age. The specific experimental
temperature scheme is shown in Figure 1. The G1 was managed according to the standard
feeding temperature during the growth stage of broilers. Broilers of G2 and G3 were raised
at 3 ◦C lower than G1, and the duration of cold stimulation was 3 h (9:30 a.m.–12:30 p.m.)
and 6 h (9:30 a.m.–15:30 p.m.) at one day intervals from 15 to 35 days, respectively. All
broilers were raised at 20 ◦C for 36–49 d. At 50 d, all broilers were suffered from ACS
(10 ◦C) for 6 h (8:00 a.m.–14:00 p.m.).

Figure 1. The specific experimental temperature scheme.

One broiler was selected from each replicate group and put to death at 08:00 a.m.
(pre-ACS) and 14:00 p.m. (ACS) on day 50, sections of the ileum from the broilers were cut,
cleaned with normal saline, put them into liquid nitrogen instantly, and only then stored
at −80 ◦C.

2.2. RNA Extraction and Reverse Transcription

TRIzol (Takara, Japan) was utilized to extract total RNA from broiler ileum tissue
samples in accordance with the manufacturer’s instructions. The RNA was redissolved
in 50 μL of enzyme-free water. Next, 1.5% agarose gel electrophoresis was used to deter-
mine the integrity of the RNA. The purity of the RNA was determined by measuring the
OD260/OD280 ratio with a UV-spectrophotometer (Thermo Fisher Scientific, Carlsbad, CA,
USA). Complementary DNA (cDNA) was synthesized by reverse transcription of RNA
with ReverTra Ace qPCR RT Master Mix and gDNA Remover (Toyobo, Osaka, Japan), and
then stored at −20 ◦C.

2.3. Quantitative Real-Time PCR Analysis

Sangon Bioengineering (Sangon Biotechnology, Shanghai, China) Co. Ltd. designed
and synthesized the primers listed in Table S1. Real-time quantitative PCR was conducted
using the LightCycler 480 II instrument (Roche, Switzerland). The total system consisted of
5 μL SYBR Green I, 3.4 μL enzyme-free water, 1 μL cDNA template, and 0.3 μL forward
and reverse primers, respectively. qPCR program setup as: pre-denaturation at 95 ◦C for
60 s, repeated 40 cycles of denaturation at 95 ◦C for 15 s and then extension at 60 ◦C for
60 s. Each qPCR product was specific and its melting curve was unimodal. The 2−ΔΔCT
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method was used to calculate the mRNA levels of target genes, with the house-keeping
gene β-actin as internal reference.

2.4. Western Blot Analysis

Western IP cell lysis solution (SparkJade, Harbin, China) containing 1% PMSF (Spark-
Jade, Harbin, China) was used to extract total proteins from frozen broiler ileum tissue
samples. The concentration of protein was quantified with Bicinchonininc Acid (BCA)
protein concentration detection kit (SparkJade, Harbin, China) and adjusted to a uniform
concentration (5 μg/μL). The same amounts of total protein (28 μg/condition) were placed
on 12.5% gel (SparkJade, Harbin, China) for SDS-PAGE. The proteins were transferred to the
NC membrane (SparkJade, Harbin, China) using semi-dry transfer equipment (Amersham
Biosciences, Boston, MA, USA). Next, 5% skim milk 37 ◦C was sealed for 2 h and cleaned
3 times with PBST. Following that, the particular primary antibodies HSP40 and HSP60
(1:600, ABclonal, Harbin, China), and HSP70 (1:2700, ABclonal, Harbin, China) and β-actin
(1:8000, Zenbio, Chengdu, China) were incubated with NC membrane. Then, IgG-HRP
(1:8000, Zenbio, Chengdu, China) was incubated. The protein bands were then observed on
a grayscale scanner (Gene Gnome XRQ, Cambridge, UK) using an ECL chemiluminescence
kit (SparkJade, Harbin, China). The bands were evaluated using Image J (NIH, Bethesda,
MD, USA), and the ratio of each target protein’s gray value to that of β-actin was used to
express the relative expression of HSPs.

2.5. Statistical Analysis

The data were analyzed using SPSS 21.0 software (IBM, Armonk, NY, USA). The
normal distribution of the data was examined using the Kolmogorov–Smirnov method. The
inter-group and intra-group differences were analyzed using one-way ANOVA. Duncan’s
was used for multiple comparisons. The data are presented as mean ± standard deviation
(mean ± SD), with significant differences in p < 0.05.

3. Results

3.1. Relative Expression Levels of Immunoglobulins in Ileum Tissue

Figure 2 shows the mRNA expression levels of immunoglobulins in ilea of broilers
before and after ACS. Before ACS, the level of IgA expression in the G1 was not vastly
different than that in the cold stimulation group (p > 0.05). Lower expression level of
IgA was detected in G2 compared to G3 (p < 0.05). Following ACS for 6 h, IgA mRNA
expression was substantially lower in G1 and G3 than that in G2 (p < 0.05). IgA expression
levels in G1 decreased but significantly increased in G2 after ACS (p < 0.05). After ACS, the
IgA level in G3 did not dramatically change compared with pre-ACS (p > 0.05). No obvious
difference in the level of IgG was observed in all groups before and after ACS (p > 0.05).

Figure 2. The mRNA levels of immunoglobulins IgA (A), and IgG (B) in ilea of broilers before and
after ACS. Data were presented as mean ± SD (n = 6). Different labels represent significant differences
(p < 0.05). pre-ACS (*), ACS (#) and before and after ACS ($). G1, cold stimulation for 0 h; G2, cold
stimulation for 3 h; G3, cold stimulation for 6 h.
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3.2. Relative Expression Levels of Cytokines in Ileum Tissue

Figure 3 shows the mRNA levels of cytokines in ilea of broilers before and after ACS.
Before ACS, the mRNA expression level of IL2 did not differ markedly among all groups
(p > 0.05). Higher levels of IL6, IL17, and IFN-γ were identified in G1 (p < 0.05). The IL8
mRNA expression level was increased dramatically in G2 and G3 compared to G1 and
the mRNA expression level of IL8 increased gradually as the cold stimulation time was
increased (p < 0.05). Following ACS for 6 h, the IL2 mRNA expression level in G3 was
found to be down-regulated compared with G1 and G2 (p < 0.05), but the IL6, IL8, and IL17
expression levels in G2 compared to G1 and G3 were significantly higher (p < 0.05). The
IFN-γ level did not differ significantly among treatment groups (p > 0.05). The levels of IL2
in G1, as well as IL2, IL6, IL8, and IL17, in G2 were elevated, but the levels of IL6 and IL17
in G1 and IL6 and IL8 in G3 were distinctly lower after ACS (p < 0.05). The IFN-γ level did
not differ noticeably among treatment groups before and after ACS (p > 0.05).

Figure 3. The mRNA levels of cytokines IL2 (A), IL6 (B), IL8 (C), IL17 (D), and IFN-γ (E) in ilea of
broilers before and after ACS. Data were presented as mean ± SD (n = 6). Different labels represent
significant differences (p < 0.05). pre-ACS (*), ACS (#) and before and after ACS ($). G1, cold
stimulation for 0 h; G2, cold stimulation for 3 h; G3, cold stimulation for 6 h.

3.3. Relative Expression Levels of Toll-Like Receptors in Ileum Tissue

Figure 4 shows the mRNA levels of Toll-like receptors in ilea of broilers before and after
ACS. Before ACS, the TLR5 mRNA expression level in G3 was down-regulated compared to
G1 and G2 (p < 0.05), and the TLR21 mRNA expression in G2 and G3 was down-regulated
compared to G1 (p < 0.05). TLR2, TLR4, and TLR7 expression levels were not substantially
different among all the treatment groups (p > 0.05). Following ACS for 6 h, TLR7 mRNA
levels were extremely higher in G2 than in G1 (p < 0.05), but no visible differences in TLR2,
TLR4, and TLR5 mRNA levels were found among all groups (p > 0.05). The mRNA level of
TLR21 in G2 showed a marked increase compared to G1 and G3 (p < 0.05). The expression
levels of TLR4, TLR7, and TLR21 in G1 and TLR4, and TLR5 in G2, as well as TLR4 in
G3, were dramatically reduced after ACS compared to pre-ACS (p < 0.05). There were no
differences in TLR2, TLR5, TLR7, and TLR21 in G3 before and after ACS (p > 0.05).
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Figure 4. The mRNA levels of Toll-like receptors TLR2 (A), TLR4 (B), TLR5 (C), TLR7 (D), and
TLR21 (E) in ilea of broilers before and after ACS. Data were presented as mean ± SD (n = 6).
Different labels represent significant differences (p < 0.05). pre-ACS (*), ACS (#) and before and after
ACS ($). G1, cold stimulation for 0 h; G2, cold stimulation for 3 h; G3, cold stimulation for 6 h.

3.4. Relative Expression Levels of Intestinal Barrier Genes in Ileum Tissue

Figure 5 shows the mRNA levels of intestinal barrier genes in ilea of broilers before
and after ACS. Before ACS, the mRNA level of Claudin-1 was dramatically up-regulated in
G2 and G3 compared to G1 (p < 0.05). The expression level of Mucin2 in G3 was decreased
compared to G1 and G2 (p < 0.05). The ZO-1 level in G3 was vastly higher than that in G1.
The E-cadherin, ZO-2, and Occludin mRNA levels did not noticeably change among all
the groups (p > 0.05). Following ACS for 6 h, the Claudin-1 mRNA level in G1 was lowest
(p < 0.05) and the ZO-2 mRNA level was highest in G2 (p < 0.05). The E-cadherin, ZO-1,
Occludin, and Mucin2 mRNA levels did not differ among all the groups (p > 0.05). Lower
levels of Claudin-1, Occludin, ZO-2, and Mucin2 in G1 and Claudin-1 and Mucin2 in G2
were detected after ACS (p < 0.05), and the Claudin-1, ZO-1 levels in G3 were visibly lower
after ACS (p < 0.05). The E-cadherin, Occludin, ZO-2, and Mucin2 levels in G3 did not
markedly differ before and after ACS (p > 0.05).

3.5. Relative Expression Levels of Heat Shock Proteins in Ileum Tissue

Figures 6 and 7 show relative levels of heat shock proteins in ilea of broilers before
and after ACS. Before ACS, HSP40 mRNA and HSP70 protein levels were highest in G1
(p < 0.05), and mRNA levels of HSP60, HSP70, and HSP90 were considerably elevated
in G3 compared to G1 and G2, respectively (p < 0.05). The HSP60 protein levels in G2
were markedly higher than in G1 and G3 (p < 0.05). Following ACS for 6 h, a higher
level of HSP90 mRNA in G3 compared to G1 and G2 was observed (p < 0.05) and the
protein levels of HSP40 and HSP70 were vastly up-regulated in G3 compared to G1 and G2
(p < 0.05). The mRNA level of HSP40 in G2 was noticeably down-regulated compared to
G1 and G3 (p < 0.05), and the mRNA level of HSP60 in G2 was markedly lower compared
to G1 (p < 0.05). The expression level of HSP60 protein in G1 was highest (p < 0.05), but no
vast difference in HSP70 mRNA level was observed among the groups (p > 0.05). HSP90
mRNA and HSP60 protein in each group were decreased significantly after ACS (p < 0.05),
while HSP40 mRNA and HSP40 protein level in G3 showed an increasing trend, but HSP70
mRNA levels were dramatically down-regulated after ACS (p < 0.05). Finally, the levels of
HSP70 protein in G1 and G2 decreased significantly after ACS (p < 0.05).
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Figure 5. The mRNA levels of intestinal barrier genes Claudin-1 (A), E-cadherin (B), Occludin (C),
ZO-1 (D), ZO-2 (E), and Mucin2 (F) in ilea of broilers before and after ACS. Data were presented
as mean ± SD (n = 6). Different labels represent significant differences (p < 0.05). pre-ACS (*),
ACS (#) and before and after ACS ($). G1, cold stimulation for 0 h; G2, cold stimulation for 3 h; G3,
cold stimulation for 6 h.

Figure 6. The mRNA levels of heat shock proteins HSP40 (A), HSP60 (B), HSP70 (C), and HSP90 (D)
in ilea of broilers before and after ACS. Data were presented as mean ± SD (n = 6). Different labels
represent significant differences (p < 0.05). pre-ACS (*), ACS (#) and before and after ACS ($). G1,
cold stimulation for 0 h; G2, cold stimulation for 3 h; G3, cold stimulation for 6 h.
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Figure 7. The protein levels of heat shock proteins HSP40 (A), HSP60 (B), and HSP70 (C) in ilea of
broilers before and after ACS. Data were presented as mean ± SD (n = 6). Different labels represent
significant differences (p < 0.05). pre-ACS (*), ACS (#) and before and after ACS ($). G1, cold
stimulation for 0 h; G2, cold stimulation for 3 h; G3, cold stimulation for 6 h. The original protein
images of HSP40, HSP60, HSP70, and β-actin are shown in Figures S1–S4.

4. Discussion

Low temperatures have a serious effect on the development of animal husbandry. It
is generally believed that an adverse environment, such as one that is cold, will have a
negative impact on immune function [19,46,47] and cause inflammation or inflammatory
diseases [5,48]. However, it has been demonstrated that appropriate cold stimulation train-
ing during the early growth stage of animals can make them adapt to a cold environment
and improve their immune function and anti-stress ability [7,8]. Thaxton et al. [49] proved
that exposing broilers to a cold environment can improve the synthetic rate of IgA and
enhance humoral immunity. The aim of this research was to explore the effects of early
intermittent cold stimulation training on ileum immune system and anti-stress capacity of
broilers subjected to acute cold stress.

Immunoglobulins are crucial to the body’s self-defense; their expression levels can
reflect the body’s resistance to disease as well as its immune status [50]. Cold stress can
promote immunoglobulins expression levels and, thus, exert a protective effect on the
intestine [7]. Zhao et al. [48] demonstrated that after exposing broilers to a low temperature
for a period of time, IgA and IgG gene expression levels noticeably up-regulated in the
duodenum and jejunum, and intestinal immune function was enhanced. Carr et al. [51]
proved a vastly up-regulate in IgA mRNA expression in the intestinal tissues of mice (Mus
musculus) exposed to −20 ◦C for nine consecutive days (20 min each time). Appropriate
cold stimulation can, thus, increase the immunoglobulins expression levels and strengthen
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the body’s immune ability and stress resistance. The current study revealed that after
ACS, the level of IgA in the ileum of broilers in G1 were dramatically down-regulated,
which indicates that ACS could damage broilers’ immune systems. However, IgA lev-
els in G2 trained with cold stimulation were significantly increased when subjected to
ACS, suggesting that the broilers need to up-regulate immunoglobulin level to protect
the intestine. The G3 group have already established cold adaptation, did not need to
produce too many immunoglobulins to relieve ACS (10 ◦C). Similar results were found that
immunomodulatory and antioxidative functions of broilers can be improved when broilers
are kept at 3 ◦C lower than ambient temperature for a long time before being subjected to
acute cold stress [20,21]. These results further demonstrate that moderate cold stimulation
in early life can increase the expression levels of immunoglobulins, and relieve the harm
caused by ACS at a later stage.

Cytokines are absolutely necessary for the two-way communication between the
immune and endocrine systems [52,53]. Th1 cells produce IFN-γ and IL-2, which are
responsible for cellular immunity, whereas Th2 cells produce IL-4 and IL-10, which are
responsible for humoral immunity [54]. Cold stimulation can affect the body’s immune
system by affecting the content of cytokines. Zhao et al. [48] found that exposure of broilers
to 12 ◦C for 21 days significantly reduced IFN-γ but IL4 significantly increased in their ileum,
leading to an immune imbalance. In the present study, after acute cold stimulation, the
level of IL2 in broilers of G1 without cold stimulation training was significantly increased,
which suggested that broilers were affected by cold stress and responded to the low
temperature by improving cellular immunity. A similar result was reported that the level
of IL2 in the serum of Wistar rats was significantly increased after three days/4 ◦C cold
stress [55]. The levels of IL2 in G3 showed no significant difference after ACS, indicating
that broilers had adapted to the cold environment due to early cold training. According to
the study’s findings, ACS considerably increased the IL6, IL8, and IL17 level in the G2 while
dramatically lowering IL8 level in the G3 group, indicating that environmental changes of
this nature will have an adverse impact on G2 group, and induce the body to produce pro-
inflammatory factors. However, the G3 group was better adapted to the cold environment
after early cold stimulation training, which is not needed to aggregate pro-inflammatory
factors and cause an inflammatory response. Brenner demonstrated that plasma IL6
expression levels were increased after exposure to a cold environment [56]. Monroy’s study
showed that cold water stress in mice for five minutes a day led to an increase in IFN-γ and
IL6 protein levels [57]. It can be concluded that broilers with established cold adaptation
will inhibit the release of proinflammatory cytokines when suffering from ACS at 10 ◦C.
The anti-stress ability of broilers can be improved after suitable cold stimulation training at
an early stage of life.

Pattern-recognition receptors known as toll-like receptors (TLRs) are a principal medi-
ator of the innate immune response [58]. TLRs are involved in the acute response phase of
the body [59]. TLRs can cooperate with each other to promote the immune response [28,60].
TLR4, TLR7, and TLR21 expression levels in G1 broilers without cold stimulation train-
ing were considerably down-regulated after ACS, indicating that ACS leads to immune
dysfunction in broilers. Quinteiro-Filho reported that broilers receiving chronic heat stimu-
lation for 10 h every day until six days before being sampled could decrease the amount
of TLR4 expression in their spleens and impair their immune function [61]. However, the
TLR2, TLR5, TLR7, and TLR21 levels in broilers of G3 trained with cold stimulation were
not significantly different before and after ACS, indicating that the early cold stimulation
training made broilers adapt to cold environments and improve cold resistance. In the
present study, after ACS, the level of TLR5 dropped considerably in broilers of G2, the
reason may be that the broilers had not yet established cold adaptation. The result was
consistent with Basu. Basu et al. [62] who showed that TLR5 in Indian major carp catla
(Catla catla) significantly decreased after acute cold stress. This indicates that the body is
not strong enough to resist ACS. Broilers of G2 would mobilize TLR21 to resist cold stress
after ACS. TLR21 level in G3 was not vastly difference before and after ACS, indicating that
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acute cold stress was within the range of adjustment of the body, and early cold training
enhanced stress resistance.

The intestinal barrier separates the enteric cavity of the intestine from the internal
environment of the organism. Occludin and Claudins form the tight junction backbone [41].
Junction adhesion molecules are valuable in immune cells transfer during immune surveil-
lance and the inflammatory response [63]. In our investigation, the Occludin and ZO-2
mRNA levels in broilers of G1 were dramatically down-regulated after ACS, which was in
line with He’s discovery. He et al. [28] proved that heat stress for three days could reduce
the protein levels of Occludin and ZO-2 in the small intestine of rats (Rattus norvegicus).
However, the Occludin expression level in G2 and G3 groups did not noticeably change
before and after ACS. Based on the study’s findings, when broilers of G1 without cold
stimulation training are exposed to ACS, intestinal permeability increases and tight junc-
tion gene expression levels in the ileum significantly decrease, whereas broilers of G3
can adapt to a cold environment and resist the harm caused by ACS. The expression of
Mucin2 dropped considerably after ACS in G1 and G2, similar results were found in the
research of Zhang [37]. The above results indicate that cold stress has adverse effects on
the intestinal tract and inhibits the production of Mucin2. However, the Mucin2 level did
not dramatically change in G3 before and after ACS, which may be because the broilers
experienced an improved ability to resist cold stress in the early stage of cold training, so as
to activate the body’s protective mechanism to prevent bacteria from invading the intestinal
wall. In conclusion, broilers without established cold adaptation will have down-regulated
intestinal barrier gene levels and increased intestinal permeability when subjected to ACS,
while cold stimulation training for six hours at one day intervals can lead to an ability to
resist the intestinal damage caused by acute cold stress at a later stage.

Heat shock proteins (HSPs) exert a protective effect on cells [64,65]. When cells are
stimulated by stress, they will induce the synthesis of HSPs, which participate in cell pro-
tective functions and increase the tolerance of cells to stress. Xu et al. [44] found that HSP27
and HSP70 levels were dramatically elevated in porcine cardiomyocytes under transport
stress, and this increase in expression was accompanied by a reduction in myocardial
injury, so this may be associated with the protection of cardiomyocytes. Wei et al. [20]
confirmed that 24 h of acute cold stress in broilers after 34 days of chronic cold stimulation
markedly up-regulated the expression of HSP40 in the heart. In the current research, the G3
group’s levels of HSP40 protein and mRNA considerably increased after ACS compared
to pre-ACS, which is consistent with the results of Wei’s study, suggesting that the body
alleviates the damage caused by stress by up-regulating the expression of HSP40. HSP70
and HSP90 are vital to prevent damage to intestinal epithelial and mucosal cells [66]. In
this study, the HSPs (HSP60, HSP70, HSP90) levels in G3 substantially higher than those
of in G1 during early cold stimulation, indicating that cold stress will modulate HSPs
levels, thus protecting the intestinal mucosal barrier [67] and helping the body adapt to
the environment. Puijvelde et al. [68] showed that the high levels of HSPs under the same
stimulation represent a potent capacity for stress resistance. The G1 and G2 groups in this
study had considerably lower levels of HSP90 mRNA, HSP40 protein, and HSP70 protein
after ACS than in the G3 group, indicating that the G1 and G2 groups had a weak ability
to resist cold stress. It can, thus, be seen that broilers trained by 6 h of cold stimulation
have improved anti-stress abilities and can swiftly activate the expression of HSPs when
exposed to ACS.

5. Conclusions

The findings of the present research show that cold stimulation training with an
interval of one day, at 3 ◦C below the conventional temperature can change the immune
function and improve cold resistance, and that the intestinal damage can be relieved when
subjected to ACS in the later stage. Moreover, the six-hour intermittent cold stimulation
scheme makes broilers more resistant to cold stress.
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