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Birth weight and postnatal dietary protein level affect
performance, muscle metabolism and meat quality in pigs

P. M. Nissen and N. Oksbjerg-

Faculty of Agricultural Sciences, Department of Food Science, Aarhus University, Blichers Allé 20, PO Box 50, DK-8830 Tjele, Denmark
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Intrauterine growth restriction (IUGR), resulting in low birth body weight (LBW) occurs naturally in pigs. However, IUGR may also
cause persistent changes in physiology and metabolism resulting in poorer performance, organogenesis and meat quality. As IUGR
pigs have a lower daily gain from birth to slaughter they may differ in utilization of nutrients and requirements for dietary protein
compared with their larger littermates. Thus, the objective in this study was to examine the interaction between birth body weight
(BW) and the postnatal dietary protein level, in relation to postnatal performance, organogenesis, muscle metabolism and meat
quality. The experiment was carried out with offspring from 16 purebred Danish Landrace gilts mated to Danish Landrace boars.
The female and entire male pigs with LBW that survived at weaning were compared with the female and male pigs with the
highest/high birth body weight (HBW) within each litter. The offspring were reared individually from weaning and were fed
ad libitum a diet containing either a normal level of protein (NP) for optimal growth or an isocaloric diet containing a 30% lower
protein content (LP) from 3 weeks to 150 days of age. At slaughter, we found no interactions between birth weight group and
dietary protein level for any of the measured traits. The relative crown–rump length (cm/kg) at birth indicates that LBW pigs were
thinner than HBW pigs. Daily gain and feed intake were reduced by 14% and 10%, respectively, while the kg feed/kg gain was
slightly increased by 3% in LBW pigs compared with HBW pigs. The LP diet reduced daily gain by 27% due to reduced feed intake
and increased kg feed/kg gain by 12% and 21%, respectively compared with the NP diet. LBW male pigs produced meat with a
higher shear force than male HBW pigs and also LP pigs produced meat with higher shear force than NP pigs. The activity of
lactate dehydrogenase in the Longissimus dorsi muscle (LD) was reduced in pigs fed the LP diet. Calpastatin was increased in
LD of LBW pigs and decreased in pigs fed the NP diet. In conclusion, these results suggest a rejection of our hypothesis that low
birth weight littermates have a lower requirement for dietary protein compared with heavy weight littermates. Furthermore, LBW
male pigs and LP fed pigs of both genders produced less tender meat than HBW pigs or NP fed pigs, respectively.
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Implications

Pigs born small due to intrauterine growth restriction (IUGR)
have a reduced daily gain and feed intake and a slightly
increased feed conversion ratio (kg feed/kg gain) compared
with pigs born large. A novel finding is that although, the
pigs born small had a lower growth capacity, they did not
respond less to an approximately 30% reduction in dietary
protein in the postnatal stage in terms of daily gain and feed
conversion ratio compared with pigs born large as no birth
body weight by dietary protein interactions were observed.
The shear force was increased in male pigs born small and in
pigs fed a low-dietary protein. These results suggest that the
efficiency of piglets born small cannot be changed by a lower

dietary protein level. Therefore, studies are needed in order
to prevent development of IUGR.

Introduction

Intrauterine growth restriction (IUGR), which is naturally
occurring in pigs, causes a large economical loss worldwide due
to lower postnatal growth potential and efficiency of growth
(Wu et al., 2006). In addition, this has been exacerbated during
the last decades where intensive selection for increased litter
size in pig production has led to larger litter variation in birth
body weight (BW) with the consequences that more piglets are
stillborn and born small with a low survival rate (Milligan et al.,
2002). Furthermore, low birth body weight (LBW) pigs, as a
result of IUGR, may have some (Nissen et al., 2004; Gondret
et al., 2006; Morise et al., 2008; Rehfeldt et al., 2008) negative- E-mail: Niels.Oksbjerg@Agrsci.dk
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consequences on carcass and meat-quality traits like pH, drip
loss, tenderness and meat colour.

Postnatal feed intake and dietary protein level have a
great impact on growth and carcass composition, and some
effects on meat quality are observed (Millet et al., 2006;
Ruusunen et al., 2007). Thus, reduced dietary level of protein
or amino acids fed to growing pigs generally causes lower
growth rates and an increased feed conversion ratio, and
higher carcass fat content (Goerl et al., 1995; Ruusunen
et al., 2007; Hinson et al., 2009; Kamalakar et al., 2009),
which is not beneficial for the meat industry. However,
because small birth weight littermates have lower daily gain
their requirements for dietary protein may be lower than
their heavier birth body weight (HBW) littermates. Thus, if
the reduction in daily gain is lesser in LBW compared with
HBW pigs following a reduction in dietary protein level this
may indicate a lower dietary protein requirement. In other
words, an interaction between birth BW and postnatal diet-
ary protein level, which is largely unexplored, may exist, and
could have potential benefits for the pig industry and the
environment. Thus, we hypothesize that LBW pigs with a
lower capacity for growth will respond less to a reduction in
dietary protein compared with HBW pigs in terms of gain and
nutrient utilization.

The objective of this study was therefore to elucidate the
interaction between birth BW, and two postnatal dietary
protein levels, in relation to performance, organogenesis,
muscle metabolism and meat quality.

Material and methods

Animals and treatments
This experiment was carried out after permission from the
Danish Animal Experiments Inspectorate.

Offspring from 16 Danish Landrace gilts mated to Danish
Landrace boars were used in this study. Twice daily during
gestation, the sows were fed 1 kg of a diet containing 16 MJ/kg
of metabolizable energy (ME) and 130 g of crude protein
(CP)/kg feed (Nissen et al., 2004). On an average, the litter
size (piglets born alive) was 13.0 of which 2.2 piglets died
from birth to weaning at 28 days. Thus, at weaning the mean
litter size was 11.8 piglets. After farrowing, the gilts were fed
a lactation diet ad libitum containing 16.7 MJ/kg ME and
172 g of CP/kg feed (Nissen et al., 2004). At birth, the
BW (male pigs: 1.37 kg 6 0.26 (0.92 to 1.89); female pigs:
1.33 6 0.26 (0.78 to 1.86)) and the crown–rump length
(CRL) were recorded. At weaning (day 28), the LBW male
and female pigs and the HBW male and female pigs within
each litter (a total of four pigs per litter) were penned indi-
vidually, and fed ad libitum either according to requirement
for dietary protein (normal level of protein, NP) or a diet in
which the protein level was reduced by 30% (lower protein,
LP) but the diet was isocaloric compared with the NP diet
until slaughter at 150 days of age (Table 1). The dietary
protein was reduced along the period of growth in relation to
the reduced protein recommendation for optimal growth
(Table 1; see Nissen et al., 2004). Entire male pigs were used

in this study. Weaning BW, slaughter weight and feed intake
were recorded. If the smallest piglet of each gender died
between birth and weaning it was substituted with the
second smallest piglet at birth. Three pigs died after weaning
of which two (a male and a female) were low birth weight
and was allocated to the LP diet, and one (female) was LBW
and was allocated to the NP diet.

Slaughter procedure
All four pigs within each litter were slaughtered the same day
(day 150 of age). From the experimental barn facilities, the
pigs were transported approximately 500 m to the experi-
mental slaughterhouse. The pigs were stunned by CO2 and
bled. Immediately after bleeding, a muscle biopsy of approxi-
mately 500 mg was taken from the right the Longissimus dorsi
muscle (LD) at the level of the last rib curvature and snap
frozen in liquid nitrogen. Approximately 45 min post mortem,
muscle samples from the right LD were collected too, and
frozen in liquid nitrogen. Hot carcass weight, the weight of the
semitendinosus muscle (ST), of internal organs (liver, kidneys,
pancreas and heart), blood and leaf fat were recorded.

Meat-quality analyses
Meat-quality traits were measured on samples from LD. The pH
was measured both 45 min and 24 h post mortem in the right
LD at the last rib curvature. The pH was measured with a pH
meter (Radiometer PHM210, Copenhagen, Denmark) equipped
with an insertion glass electrode (Model 704, Metrohm,
Herisau, Switzerland). The day after slaughter, meat samples
were collected from the right LD caudally from the last rib
curvature for drip loss, colour and texture measurements. Drip
loss was measured over 48 h (from 24 to 72 h post mortem) on
approximately 100 g of meat using the plastic bag method
(Honikel, 1998). Following 24 h post mortem, colour was
measured using a Minolta Chroma Meter CR-300 (Osaka,
Japan) calibrated against a white tile (lightness, L* 5 92.30;
redness, a* 5 0.32 and yellowness, b* 5 0.33). The samples
were allowed to bloom for 1 h at 48C before measuring the
colour at five different places on each sample. The samples for
texture analyses were measured using the Warner–Bratzler
shear force equipment. The samples were vacuum-packed,
aged for 2 days and then stored at 2208C before measure-
ments. The thawing loss was measured after 24 h thawing in a
48C water bath. After thawing, the samples were vacuum-
packed and heated in a water bath to a core temperature of
708C. After cooking, the muscle sample was cut into eight
1 3 1 3 5 cm pieces along the fibre direction and sheared
perpendicularly to the fibre direction according to Møller (1981)
with an Instron testing machine (Model 4301, INSTRON
Limited, Buckinghamshire, UK), except for the fact that a square
blade (12.0 mm wide, 1.1 mm thick) was used in this study.

Enzyme activities
Activities of lactate dehydrogenase (LDH) and citrate syn-
thase (CS) were measured on the LD biopsy samples taken
immediately after bleeding. Calpastatin activity was mea-
sured in the LD muscle samples taken approximately 45 min
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post mortem. For LDH and CS activity measurements,
approximately 10 mg muscle tissue was homogenized on ice
in 0.1 mol/l of phosphate buffer (pH 5 7.1) with a glass
homogenizer. Enzyme activities were determined by mea-
suring the NAD1/NADH reactions by spectrophotometer
(340 nm) as described by Oksbjerg et al. (1995). The activ-
ities are expressed in mmol/g of wet muscle per min. The
activity of calpastatin was determined by the method
described by Thompson et al. (2000) with modification by
Therkildsen (2005). In brief, 150 mg muscle was homogenized
on ice in 1.0 ml pre-rigor extraction buffer (pH 5 8.3). The
inhibitory activity of calpastatin was determined by subtract-
ing the activity of mM-calpain (Calbiochem, catalogue no.
2087129) in wells with samples containing calpastatin
from the activity of mM-calpain in wells without samples.
The inhibitory activity of calpastatin was expressed as
fluorescence per gram of muscle tissue.

Statistical analyses
Statistical analyses were performed by means of the SAS
version 9.2 (SAS Institute Inc., Cary, NC, USA) using the
MIXED procedure. The model included the fixed effects of

gender, birth weight group (LBW or HBW) and diet (NP or LP).
Also interactions among the fixed effects were included. The
sow was included as a random factor. Slaughter weight was
included as a covariate in the model for meat-quality and
muscle enzyme analyses when significant. Differences with
probabilities of P , 0.1 and P , 0.05 were considered as a
tendency or as significant, respectively. Data are presented
as LSMeans 6 pooled s.e.

Results

Performance (Table 2)
No birth BW group by dietary protein level interactions were
observed. Therefore, the main effect of the birth BW and
dietary level of protein are presented. Birth BW differed sig-
nificantly (P , 0.001) between LBW and HBW pig littermates
as was the intention of the study. The difference in birth BW
was also evident at weaning (P , 0.001). Average daily gain
from birth to weaning was higher (P , 0.001) in HBW pigs
compared with LBW pigs. Daily gain from weaning to slaughter
at day 150 was also higher (P , 0.001) in HBW pigs compared
with LBW pigs, and highest (P , 0.001) in pigs fed the NP diet

Table 1 Dietary composition and calculated amounts of nutrients and energy in diets fed to pigs in various time periods of growth

Diet Weaning Grower-1 Grower-2 Grower-3
Feeding period 3 to 5 weeks 5 to 8 weeks 20 to 55 kg 55 to 100 kg

Dietary level of proteina NP LP NP LP NP LP NP LP

Ingredients (g/100 g)
Barley 31.85 38.93 32.19 40.47 50.50 65.30 50.16 65.18
Wheat 31.32 38.28 31.59 39.79 19.73 19.67 9.86 9.83
Oat 10.31 10.28
Soyabean meal 13.51 1.95 19.04 2.48 23.30 8.43 18.33 4.11
Wheat bran 4.87 4.85
Animal 5.55 5.54 5.57 5.56 2.24 2.24 1.12 1.12
Fat molasses, sugar beet 0.85 0.85 1.70 1.69
Fish meal 12.32 5.67 8.24 8.22
Skim milk powder 3.16 6.32
Monocalcium phosphate 0.63 1.14 1.04 1.16 0.95 1.06 0.28 0.68
L-Lys, chalkb 0.47 0.81 0.61 0.54 0.46 0.61 0.19 0.49
DL-Met, wheat bran, chalkc 0.005 0.08 0.07 0.18 0.11 0.05 0.03
Thr, chalkd 0.22 0.13 0.15 0.10
Chalk 0.53 0.42 0.93 1.03 1.02 0.96 1.28 1.09
Sodium chloride 0.21 0.26 0.33 0.32 0.41 0.40 0.35 0.34
Vitamin premix 0.40 0.40 0.41 0.40 0.20 0.20 0.20 0.20

Calculated composition (%)
CP 22.11 14.82 20.75 15.02 17.37 12.32 15.72 10.97
Crude fat 8.38 7.85 8.06 8.12 4.59 4.67 4.0 4.08
Crude fibre 3.35 2.98 3.79 3.13 4.69 4.29 5.52 5.13
Crude ash 5.35 4.96 5.94 5.19 5.57 4.92 6.25 4.63
MJ net energy/kg diet (FUp)e 1.19 1.16 1.17 1.12 1.04 1.06 0.97 0.99
Starch (g/kg) diet 372 452 364 469 407 487 403 480
Sugar (g/kg) diet 42 45 37 17 46 31 47 33

NP 5 normal level of protein; LP 5 lower protein.
aNP diet contains a normal level for pig performance, whereas the LP diet contains 30% less protein than the NP diet.
bIn the form of 40% lysine and 50% chalk.
cIn the form of 40% methionine, 25% wheat bran and 35% chalk.
dIn the form of 50% threonine and 40% chalk.
e1 FUp 5 7.72 MJ net energy.
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compared with LP fed pigs. The feed intake from weaning to
slaughter at day 150 was reduced (P , 0.01) in LBW pigs
compared with HBW pigs and also reduced (P , 0.01) in LP fed
pigs. The feed conversion ratio (kg feed/kg gain) from weaning
to slaughter tended to be increased (P , 0.07) in LBW pigs
compared with HBW pigs and also increased (P , 0.01) in LP
fed pigs compared with NP fed pigs. Live BW at slaughter and
hot carcass weight were significantly (P , 0.001) influenced
by birth BW and postnatal diet.

Absolute and relative organ weights (Table 3)
At birth, LBW pigs had a shorter CRL (cm, P , 0.001) but a
higher relative CRL (cm/kg, P , 0.001) than HBW pigs (Table 3).
At slaughter, the weight of pancreas (P , 0.05), liver (P , 0.01),
kidneys (P , 0.05), heart (P , 0.01) and the ST (P , 0.01) were
lower in LBW compared with HBW pigs, and also lower in LP
compared with NP fed pigs (all P , 0.001). The weight of leaf
fat was not significantly affected by treatments.

A higher relative weight (g/kg BW) of kidneys (P , 0.05),
heart (P , 0.05) and blood volume (P , 0.01) were found in
LBW compared with HBW pigs. The relative weight of pan-
creas (P , 0.01), kidneys and blood (P , 0.05) were
decreased, while the relative weight of liver (P , 0.001) and
perirenal fat were lower in LP fed pigs compared with NP fed
pigs. For the relative weight of perirenal fat, a diet by gender
interaction was observed (P , 0.05). This interaction shows
that the relative weight of perirenal fat was similar between
the genders after feeding the NP diet (6.7 v. 6.1 g/kg in male
and female pigs), while female pigs had a higher relative
weight of perirenal fat after feeding the LP diet (7.8 v. 9.2 in
male and female pigs).

Meat-quality traits (Table 4)
The pH45 of LD tended (P , 0.07) to be lower in HBW pigs
compared with LBW pigs and feeding the NP diet resulted in
a higher pH45 (P , 0.01) compared with pigs fed the LP diet.

pH24h post mortem was not affected by birth weight or diet.
Lightness (L*) tended (P 5 0.10) to be higher in meat from
HBW than from LBW pigs: a tendency (P , 0.08) for a higher
a* (redness) in LP compared with NP fed pigs was observed.
Shear force was found to be (P , 0.05) higher in LP compared
with NP fed pigs, and a tendency (P 5 0.08) for a higher shear
force in LBW compared with HBW pigs was also observed.
However, the effect of birth weight on shear force was mainly
attributed to male pigs because LBW male pigs had higher
shear force than HBW male pigs, while female pigs from the
two birth weight groups produced meat with similar shear
force (gender by birth weight group interaction; P , 0.08).
The relative weight of the ST muscle was lower in LP fed pigs
compared with HP fed pigs (P , 0.001).

Enzyme activities (Table 4)
The activity of LDH was significantly (P , 0.001) affected by
diet in LD 2 min post mortem and was lower in muscles from
LP compared with NP fed pigs. No effect of birth weight was
found on LDH activity. The activity of CS was unrelated to
treatments. Calpastatin activity in LD was significantly
(P , 0.05) higher in LBW compared with HBW pigs. Also a
tendency (P 5 0.08) towards lower LD calpastatin inhibition
was observed in LP fed compared with NP fed pigs.

Gender (Table 5)
A few gender-dependent traits were found. Thus, the relative
weight of the ST muscle was higher (P , 0.001) in female than
in male pigs. The pH45 (P , 0.1) was lower and the thawing
loss (P , 0.01) and cooking loss (P , 0.001) were higher in
male pigs compared with female pigs. Finally, the activity of
LDH was lower (P , 0.001) in male than in female pigs.

Discussion

In this study, we examined the hypothesis that LBW litter-
mate pigs with a lower capacity for growth compared with

Table 2 The influence of birth weight and postnatal dietary protein level on the performance of pigs

Birth weighta Dietary proteinb P ,

Traits LBW HBW NP LP s.e.m. Birth weight Dietary protein

n (female/male) 14/15 16/16 15/16 15/15
Birth weight (kg) 1.16 1.54 1.34 1.37 0.04 0.001 0.46
Weaning weight (kg) 6.71 7.91 7.57 7.25 0.32 0.001 0.63
Final weight (kg) 74.6 86.4 92.2 68.8 2.01 0.001 0.001
Slaughter weight (kg) 55.8 64.5 69.3 51.0 1.80 0.001 0.001
Gain, birth–weaning (g/day) 198 228 215 210 11 0.001 0.54

Performance from weaning to slaughter at day 150
Gain, weaning–slaughter (g/day) 556 643 695 504 16 0.001 0.001
Feed uptake (kg/day) 1.48 1.64 1.67 1.46 0.05 0.01 0.01
kg feed/kg gain 2.57 2.49 2.28 2.78 0.43 0.07 0.001
Meat (percentage of carcass) 61.4 60.4 60.2 60.7 0.45 0.07 0.38

LBW 5 low birth body weight; HBW 5 high birth body weight; NP 5 normal level of protein; LP 5 lower protein.
As no interactions between birth weight and dietary level of protein were observed main effects are presented as LSMeans with pooled s.e.
aBirth weight: LBW is the smallest littermate and HBW is the largest littermate.
bNP diet contains a normal level for optimal pig performance, whereas the LP diet contain 30% less protein compared with the NP diet.
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HBW pigs will respond less to a reduction in dietary protein
because of a lower requirement for dietary protein. To test
this hypothesis we fed the pigs either a diet sufficient in

protein or a diet with 30% reduction for protein and iso-
caloric. The reduction by 30% was chosen for the following
reasons. Firstly, a linear relationship between daily gain and

Table 3 The influence of birth weight and dietary protein on absolute and relative weight of organs in pigs following slaughter at day 150 of age

Birth weighta Dietary proteinb P

Trait LBW HBW NP LP s.e.m. Birth weight Dietary protein

CRLc

cm 24.1 26.5 25.3 25.3 0.36 0.001 0.98
cm/kg 21.2 17.3 19.5 19.0 0.46 0.001 0.27

Pancreas
g 109 119 138 90 4.2 0.05 0.001
g/kg 1.5 1.71 1.5 1.30 0.06 0.07 0.01

Liver
kg 1.53 1.71 1.75 1.49 0.04 0.01 0.01
g/kg 21.2 20.2 19.1 22.9 0.60 0.13 0.001

Kidney
g 267 296 338 225 7.4 0.01 0.001
g/kg 3.6 3.4 3.7 3.3 0.06 0.05 0.001

Heart
g 261 290 315 235 8 0.01 0.001
g/kg 3.5 3.4 3.4 3.4 0.01 0.05 0.77

Blood
kg 3.04 3.32 3.76 2.59 0.07 0.01 0.001
g/kg 41.0 39.0 41 39 0.7 0.01 0.05

Perirenal fat
g 545 653 597 602 32 0.07 0.91
g/kg 7.2 7.7 6.4 8.5 0.4 0.21 0.001

ST
g 257 295 331 221 10 0.01 0.001
g/kg 3.4 3.4 3.6 3.2 0.07 0.94 0.001

LBW 5 low birth body weight; HBW 5 high birth body weight; NP 5 normal level of protein; LP 5 lower protein; CRL 5 crown–rump length; ST 5 semitendinosus muscle.
As no interactions between birth weight and dietary level of protein were observed main effects are presented as LSMeans with pooled s.e.
aBirth weight: LBW is the smallest littermate and HBW is the largest littermate.
bNP diet contains a normal level for optimal pig performance, whereas the LP diet contains 30% less protein compared with the NP diet.
cCRL was measured at birth, whereas all other traits were measured at slaughter day 150.

Table 4 The influence of birth BW and dietary protein on some meat-quality traits and enzyme activities following slaughter at day 150 of age

Birth weighta Dietary proteinb P ,

Trait LBW HBW NP LP s.e.m. Birth weight Dietary protein

pH45
c 6.22 6.12 6.29 6.05 0.05 0.08 0.01

pH24
d 5.56 5.57 5.55 5.58 0.03 0.88 0.31

Drip loss (%) 8.7 9.5 10.0 8.20 1.19 0.72 0.54
Thawing loss (%) 10.3 10.8 10.2 10.9 0.52 0.31 0.26
Cooking loss (%) 29 29 28 29 0.30 0.93 0.05
L* 54.5 55.7 54.5 55.8 0.88 0.10 0.05
a* 7.1 7.1 6.8 7.4 0.38 0.93 0.08
Shear force (N) 52.4 47.8 46.86 53.30 2.6 0.09 0.05
Calpastatin (fluorescent units/mg muscle) 2122 1796 2095 1823 211 0.05 0.08
LDH (mmol/g muscle per min) 1598 1602 1760 1439 47 0.93 0.001
CS (mmol/g muscle per min) 3.30 3.60 3.38 3.58 0.26 0.14 0.54

LBW 5 low birth body weight; HBW 5 high birth body weight; NP 5 normal level of protein; LP 5 lower protein; LDH 5 lactate dehydrogenase; CS 5 citrate synthase.
As no interactions between birth weight and dietary protein was observed, main effects are presented as LSMeans with pooled s.e.
aBirth weight: LBW is the smallest littermate and HBW is the largest littermate.
bNP diet contains a normal level for pig performance, whereas the LP diet contains 30% less protein compared with the NP diet.
cpH measured 45 min post mortem.
dpH measured 24 h post mortem.
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dietary protein concentration when the latter was limiting
(93 to 175 g/kg diet) was observed (Campbell et al., 1984),
and secondly, this study showed that a change in dietary
protein by 1 g/kg diet caused a change in daily gain by
2.5 g/day. Next, we assumed that the daily gain of LBW pigs
would be reduced by 100 g/day compared with HBW pigs
and that this difference of 100 g correspond to a reduction in
dietary protein requirement of approximately 40 g of protein/kg
diet (100/2.5), which is approximately 30%.

However, feeding the LP diet in this study from weaning to
slaughter reduced daily gain, feed intake and increased feed
conversion ratio to a similar extent in LBW and HBW pigs as
no significant interactions were found between birth weight
and dietary protein level in general. However, because the
feed intake was changed in LBW pigs and in LP fed pigs this
could influence the effect of dietary protein on performance
traits like daily gain and the feed conversion ratio. Conse-
quently, we included the feed intake as a covariate in the
statistical model. These analyses did not cause any interaction
between birth BW and dietary protein level. Altogether, these
observations argue in favour of a rejection of our hypothesis.

This study further showed the well-known variation in
birth BW and CRL within a litter of pigs. The increased
CRL/kg birth BW (cm/kg) suggests disproportionate foetal
growth in LBW piglets compared with HBW piglets, and that
LBW piglets are thinner at birth. This is in agreement with
findings in animal and human foetuses subjected to IUGR
(Godfrey and Barker, 2000). Consequently, we suggest that
undernutrition during foetal development is at least partly
responsible for the LBW of the LW piglets. However, genetic
factors may also contribute to LBW. Thus, it was recently
reported that genetic variants with predisposition to type 2
diabetes also reduces BW at birth (Freathy et al., 2009).

As shown by others (Nissen et al., 2004; Gondret et al.,
2006; Bérard et al., 2008; Rehfeldt et al., 2008) and in this
study, the foetal growth restriction in LBW pigs has negative
consequences for postnatal performance as the daily gain
and feed intake were lower, and the feed conversion ratio
was higher in LBW pigs compared with HBW pigs. An
intrinsic regulator of feed uptake may be the muscle fibre
number, which is correlated with postnatal growth perfor-
mance (Dwyer et al., 1993; Pedersen et al., 2001) and has
been shown to be less in LBW pigs compared with HBW pigs
(Nissen et al., 2004; Gondret et al., 2006).

Birth BW had a permanent effect on some organs, sug-
gesting that IUGR causes not just a proportionate reduction
in size, but actually causes disproportionate growth of some
organs and tissues. Interestingly, the relative weights of
kidney, heart and blood were larger in LBW compared with
HBW pigs at slaughter. This suggests that these organs were
either not as affected by IUGR as other tissues in the body, or
that these organs have overcompensated in size due to
metabolic adaptations to IUGR. The latter suggestion is fur-
ther emphasized in that neither leaf fat nor ST relative
weights were affected by birth BW. In agreement, Lösel et al.
(2009) found a higher proportion of internal organs in LBW
than in middle birth BW pigs at 27 days of age.

In this study, a postnatal LP diet induced a decrease in the
relative weight of pancreas, kidneys and blood, whereas
the relative weight of the liver was increased. The relative
weight of the heart was not affected. The negative effect of
LP on the relative weight of kidneys is in agreement with
other studies. Thus, Chen et al. (1999) showed an increased
relative kidney weight following an increase in the dietary
protein level from 13% to 25%. Also Kerr et al. (2003) found
an increased relative weight of kidney when the dietary
protein level increased from 12% to 16%. In contrast, no
difference between low- and high-protein diet was found in
the relative weight of the kidneys by Ruusunen et al. (2007).
In the study by Chen et al. (1999), also pancreas and liver
weight increased with increasing protein, whereas Kerr et al.
(2003) and Ruusunen et al. (2007) found no difference. In all
these studies, protein level did not affect the relative weight
of the heart, which is in agreement with our results. There
are some contradictions between studies especially in rela-
tion to the effect on the liver. These differences may well be
related to the exact levels of protein studied, overall com-
position of the diets as well as the genetics of the animals.
Also the relative weights of leaf fat and the ST muscle were
affected by dietary protein level in this study, as the leaf fat
was higher, and the ST muscle was lower in LP fed pigs. This
is in contrast to observations by Chen et al. (1999), who
found no differences in the relative weight of leaf fat among
dietary protein levels. In the studies by Kerr et al. (2003) and
Ruusunen et al. (2007), other measurements of fat content
in the carcass have been found to be negatively related to
dietary protein levels, and positive relations have been found
between muscle or protein content in the carcass and dietary
protein level, which is well in agreement with the findings in
this study.

The influence of birth weight on meat quality has been
studied by several others, but contradictory results are often
found. In this study, HBW pigs tended to have a lower pH45

compared with LBW pigs and LP fed pigs produced meat
with a lower pH45 than the NP fed pigs. A fast pH decline
most often relates to increased L* and drip loss, but in this
study no effect of the low pH45 on L* or drip loss was found.
The enzymatic activity of LDH is linked to the production of
lactic acid post mortem, and a high activity could cause a
faster pH decline. The activity of LDH was lower in pigs fed
the LP diet independently on birth weight. The lower activity

Table 5 Gender differences in some muscle and meat-quality traits
following slaughter at day 150

Trait
Male
pigs

Female
pigs s.e.m. P

ST (g/kg) 3.2 3.5 0.07 0.001
pH45

a 6.12 6.22 0.04 0.08
Thawing loss (%) 11.1 10.0 0.05 0.01
Cooking loss (%) 30 28 0.3 0.001
LDH (mmol/g muscle per min) 1517 1681 40 0.001

ST 5 semitendinosus muscle; LDH 5 lactate dehydrogenase.
apH measured 45 min post mortem.
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of LDH should in principle lead to a slower pH decrease and
therefore a higher pH45, but in this study the opposite was
observed in HBW pigs. The explanation for this is not obvious.

It has been found that muscle hypertrophy during growth
was associated with increases in LDH activity (Oksbjerg et al.,
1994). However, although there were large differences in BW
at slaughter, this cannot explain the lower LDH activity in LP
fed pigs as we included the slaughter weight as a covariate in
the model.

An important part of meat quality in relation to consumer
acceptance is tenderness. In this study, tenderness was
evaluated by Warner–Bratzler shear force and tended to
be higher in LBW compared with HBW pigs in LD. However,
the difference in shear force between birth BW groups could
be explained solely by the fact that the LBW male pigs pro-
duced meat with a higher shear force than the HBW male
pigs as evidenced by the interaction between birth weight
group and gender. Tenderisation of meat is the result of post-
mortem degradation of myofibrillar proteins, and depends on
the intrinsic activity of proteolytic enzymes in muscles after
slaughter. The proteolytic enzymes, m- and mM-calpains, are
limiting factors for protein degradation and therefore limit-
ing for the tenderization processes during meat ageing
(Koohmaraie et al., 2002). The activity of calpains is regu-
lated by the inhibitor, calpastatin. In this study, LBW pigs had
a higher activity of calpastatin than HBW pigs in LD. In
addition, Du et al. (2004) found an increased calpastatin
activity in muscles from IUGR offspring in cattle, while the
mM-calpain and mM-calpain activities were unchanged.
Thus, male LBW pigs seem to have a lower tenderness of LD
than male HBW pigs, which at least partly, can be explained
by a higher calpastatin activity and consequently a lower
post-mortem protein degradation rate. Why the influence
of birth weight group on shear force is restricted to male
pigs is not obvious. However, other factors like intramuscular
fat and connective tissue also affect meat tenderness
and intramuscular fat was recently shown to be largest in
the smaller littermates (Rehfeldt et al., 2008). Thus, intra-
muscular fat may counteract the influence of calpastatin on
shear force. Moreover, Gondret et al. (2006) found a higher
score for meat tenderness evaluated by sensory analyses in
HBW compared with LBW pigs. In the study by Bérard et al.
(2008), shear force was found to differ significantly between
LBW and HBW pig littermates in the ST muscle, whereas no
difference was found in the LD muscle.

It would be reasonable to assume that the LP diet can
have an impact on protein turnover in the muscle and con-
sequently affect meat tenderness. In agreement with this,
shear force of LP fed pigs was significantly higher than of NP
fed pigs in this study. The calpastatin activity tended to be
different in the LD muscle between LP and NP fed pigs. Even
though there was a tendency towards a difference in cal-
pastatin, this cannot explain the difference in shear force, as
LP fed pigs had a higher shear force, but a lower calpastatin
activity. However, this does not exclude the calpain system
from being involved. Thus, results from earlier studies have
suggested that variation in protein degradation among

animals is regulated by variation in calpastatin, while variation
in protein degradation due to feeding level is caused by
variation in mM-calpain (Koohmaraie et al., 2002; Therkildsen
et al., 2004). Although calpain activity was not measured in
this study, the results on calpastatin activity are in agreement
with the above statement.

Only a few traits were affected by gender. Thawing and
cooking loss were significantly higher in male than in female
pigs in this study, which is in line with the lower pH45.
In relation to cooking loss, Millet et al. (2006) found no
significant difference between barrows and gilts, and Nissen
et al. (2009) found no difference in thawing or cooking loss
between gilts and barrows. The explanation for the findings
in this study is not obvious.

The LDH activity is generally higher in female compared
with male pigs. However, this was unrelated to thawing loss
and cooking loss. In contrast to Millet et al. (2006) and
Nissen et al. (2009), we used entire male pigs in this study.

In conclusion, the hypothesis that LBW pigs have a lower
daily gain and therefore a lower dietary protein requirement
for optimal growth is rejected by these results as we found
no birth BW group by dietary protein level interaction
regarding performance compared with HBW pigs. LBW pigs
had a lower daily gain and feed uptake and a slightly higher
feed conversion ratio with a disproportionate growth pat-
tern. Further, LBW male pigs produced meat with a higher
shear force, which is probably due to elevated inhibition of
calpastatin compared with HBW pigs. Low-dietary protein
resulted in a lower daily gain, feed uptake, larger food con-
version ratio and larger shear force.
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Morise A, Louveau I and Le Huërou-Luron I 2008. Growth and development of
adipose tissue and gut and related endocrine status during early growth in the
pig: impact of low birth weight. Animal 2, 73–83.

Møller AJ 1981. Analysis of Warner–Bratzler shear pattern with regard to
myofibrillar and connective tissue components of tenderness. Meat Science 5,
247–260.

Nissen PM, Jorgensen PF and Oksbjerg N 2004. Within-litter variation in muscle
fiber characteristics, pig performance, and meat quality. Journal of Animal
Science 82, 414–421.

Nissen PM, Pedersen B, Therkildsen M and Oksbjerg N 2009. Pig meat quality
predicted by growth rate at farm level. Acta Agriculturae Scandinavica, Section
A, Animal Science 59, 167–172.

Oksbjerg N, Henckel P, Rolph T and Erlandsen E 1994. Effects of salbutamol, a
b2-adrenergic agonist, on muscles of growing pigs fed different levels of dietary
protein. II. Aerobic- and glycolytic capacities and glycogen metabolism of the
longissimus dorsi muscle. Acta Agriculturae Scandinavica, Section A, Animal
Science 43, 20–24.

Oksbjerg N, Petersen JS, Sorensen MT, Henckel P and Agergaard N 1995. The
influence of porcine growth hormone on muscle fibre characteristics, metabolic
potential and meat quality. Meat Science 39, 375–385.

Pedersen PH, Oksbjerg N, Karlsson AH, Busk H, Bendixen E and Henckel P 2001.
A within litter comparison of muscle fibre characteristics and growth of
halothane carrier and halothane free crossbreed pigs. Livestock Production
Science 73, 15–24.

Rehfeldt C, Tuchscherer A, Hartung M and Kuhn G 2008. A second look at the
influence of birth weight on carcass and meat quality in pigs. Meat Science 78,
170–175.
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