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The consequences of a low litter average birth weight phenotype for postnatal growth performance and carcass quality of all
progeny, and testicular development in male offspring, were investigated. Using data from 25 sows with one, and 223 sows
with two consecutive farrowing events, individual birth weight (BW) was measured and each litter between 9 and 16 total pigs
born was classified as low (LBW), medium (MBW) or high (HBW) birth weight: low and high BW being defined as .1 standard
deviation below or above, respectively, the population mean for each litter size. Litter average BW was repeatable within sows.
At castration, testicular tissue was collected from 40 male pigs in LBW and HBW litters with individual BW close to their litter
average BW and used for histomorphometric analysis. LBW piglets had a lower absolute number of germ cells, Sertoli cells and
Leydig cells in their testes and a higher brain : testis weight ratio than HBW piglets. Overall, LBW litters had lower placental
weight and higher brain : liver, brain : intestine and brain : Semitendinosus muscle weight ratios than MBW and HBW litters.
In the nursery and grow–finish (GF) phase, pigs were kept in pens by BW classification (9 HBW, 17 MBW and 10 LBW pens) with
13 males and 13 females per pen. Average daily gain tended to be lower in LBW than HBW litters in lactation (P 5 0.06) and
throughout the nursery and GF phases (P , 0.01), resulting in an increasing difference in body weight between LBW, MBW and
HBW litters (P , 0.05). Average daily feed intake was lower (P , 0.001) in LBW than HBW litters in the nursery and GF phases.
Feed utilization efficiency (feed/gain) was similar for LBW and HBW litters in the nursery, but was lower (P , 0.001) in HBW than
LBW litters in the GF phase. By design, slaughter weight was similar between BW classifications; however, LBW litters needed
9 more days to reach the same slaughter weight than HBW litters (P , 0.001). BW classification did not affect carcass composition
traits. In conclusion, LBW litters showed benchmarks of intrauterine growth retardation, LBW had a negative impact on testicular
development and germ and somatic cell populations, and was associated with decreased postnatal growth during all phases
of production; however, no measurable effect on carcass composition traits was established.
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Implications

As a repeatable low litter birth weight phenotype was
associated with characteristics of intrauterine crowding, and
negatively affected lean growth performance postnatally,
segregated management of lower birth weight litters in the
farrowing house could target interventions to improve pre-
weaning growth and survival. In the nursery and grow–finish
phases, segregated management of lower birth weight lit-
ters could decrease within-pen variation in growth rates and

allow better feed budgeting and appropriate marketing of
pigs from low birth weight litters. Litter average birth weight
should also be a factor in selecting AI (artificial insemination)
boars, as it affects testis development.

Introduction

Low birth weight poses a problem for the swine industry
owing to its effects on postnatal survival, growth perfor-
mance and carcass quality (Quiniou et al., 2002; Rehfeldt
and Kuhn, 2006; Fix et al., 2010). Even within a normal birth- E-mail: mnsmit@ualberta.ca
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weight (BW) litter, intrauterine growth restriction (IUGR) and
a low birth weight (LBW) can be characteristics of individual
pigs (Wu et al., 2006). However, other studies suggested that
IUGR can be a litter characteristic, driven by high ovulation
rates and good to moderate early embryonic survival to
day 30 of gestation in higher parity sows (Vonnahme et al.,
2002). Using an experimental approach to manipulate the
number of developing conceptuses in mature sows, Town
et al. (2004) demonstrated that even relatively moderate
(15 compared with 9 embryos) intrauterine crowding (IUC)
resulted in lower placental weights at day 30 of gestation,
and a lack of compensatory mechanisms after day 30 resulted
in smaller placental and fetal weights at day 90. Consequently,
in the context of studies reporting increased ovulation rates and
even more severe IUC in early gestation in higher parity com-
mercial sows, Foxcroft et al. (2009) suggested that all surviving
conceptuses would be affected by IUGR, and all pigs in the litter
would have a LBW phenotype. On the basis of extensive com-
parisons of postnatal performance in low and high BW pigs
within a litter (Quiniou et al., 2002; Gondret et al., 2006;
Fix et al., 2010), a low litter birth weight phenotype would be
expected to negatively affect lean growth performance of entire
litters after weaning. Indeed, using unilateral–hysterectomy–
ovariectomy to induce IUC, Bérard et al. (2010) reported that
muscle fiber numbers were reduced in pigs from IUC litters,
regardless of their individual birth weight. Moreover, Smit
(2007) reported that LBW litters of 10 to 15 pigs total born had
more pigs born dead and fewer pigs weaned, suggesting
reduced viability in these litters.

The hypotheses underlying the present study were that,
(1) after accounting for the predicted effect of increased
numbers of pigs born on BW, the large residual variance in
litter average BW in litters of 9 to 16 pigs born to higher
parity sows reflects the negative effects of IUC, driven by a
high ovulation rate phenotype, and (2) low-average birth
weight litters will show the developmental benchmarks
associated with IUGR.

The objectives of this trial were: (1) to establish repeatability
of litter BW phenotype in commercial sow populations;
(2) having controlled for litter size born, to investigate relation-
ships between litter BW phenotype and fetal and placental
development at term; and (3) to relate litter BW phenotype to
postnatal lean growth performance and carcass quality; and
finally, (4) specifically for newborn male offspring, to study
effects of litter BW phenotype on testicular morphology.

Material and methods

Animals and treatments
This study was conducted according to Canadian Council
on Animal Care and JBS United Inc. ethical guidelines.
Multiparous Large White 3 Landrace terminal line sows
(Camborough; PIC, Nashville, TN, USA) were managed
according to approved protocols at the JBS United Inc.
research facilities (Sheridan, IN, USA). A total of 223 sows,
with information on litter average birth weight of the
preceding litter, farrowed within five successive weekly

breeding groups in the summer of 2009 at the JBS Bache
research facility. After weaning, sows were rebred and
168 sows farrowed again in the winter of 2009. Another
25 sows that farrowed in the winter of 2009 in the same
breeding groups but that did not have information on litter
average birth weight of preceding litters available were
also used for this trial. Sows ranged between parity 2 and 8
(mean 5 4.6 6 1.1). All sows were fed standard corn/soybean
meal-based gestation and lactation diets (Supplementary
Table S1).

Both in the summer and winter, individual birth weight of
all pigs born was measured within 24 h after birth. Litter
average birth weight was calculated as total birth weight of
all pigs in a litter divided by the total number of pigs born in
that litter. Because extremes of high litter size will inevitably
reduce both the mean and variation in litter birth weight,
only litters between 9 and 16 total born were used in the
analysis and for the nursery and grow–finish (GF) trials
(Supplementary Table S2). This also ensured that the number
of pigs after cross-fostering were even between birth weight
categories. On the basis of data from the preceding two
farrowings of the sows on trial and the mean litter birth
weight for each litter between 9 and 16 total pigs born,
experimental litters were classified as low (LBW; one stan-
dard deviation below the mean), medium (MBW; less than
one standard deviation above or below the mean) or high
(HBW; more than one standard deviation above the mean)
birth weight as shown in Supplementary Table S2.

Measurements in summer 2009
At birth. Within 24 h after birth and before cross-fostering,
Sow ID, parity, date of birth, total number of piglets born,
number of piglets born alive, number of stillborns, number of
mummies, individual birth weight (of all pigs born) and sex
(of all pigs born) were recorded.

Stillborn piglets or piglets that died shortly after birth
from any litter were dissected within 24 h after birth. Still-
birth was confirmed by removing the lungs and conducting a
‘lung floatation’ test to determine whether the piglets were
born dead and never breathed (lungs not floating), or whe-
ther they were born live but died soon after birth (lungs
floated). Stillborns that were smaller than two standard
deviations below their litter average birth weight (i.e. runts)
were not dissected. The measurements taken at necropsy
were brain weight, liver weight, small intestine weight and
wet weight of the Semitendinosus muscle of the right leg.

Testicular data. A total of 40 male pigs, born to different 4th
to 6th parity sows and in litters of 10 to 15 pigs born in total,
and identified as falling into high (HW: range 1.8 to 2.2 kg
and litter average birth weight of 1.87 6 0.09 kg, n 5 22
males representing nine litters) and low (LW: range 0.8 to
1.2 kg and litter average birth weight of 1.13 6 0.05 kg,
n 5 18 males representing seven litters) birth weight cate-
gories were castrated at 5.5 6 1.3 days of age. Body (BdW)
and testicular (TW) weights were measured, and the gona-
dosomatic index (GSI 5 TW/BdW 3 100) was calculated.
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Fresh transverse sections of the testes were fixed and stored
in 5% glutaraldehyde (EMS biological grade) in 0.05 M
sodium phosphate buffer (pH 7.2 to 7.4). Testes tissue
samples were subsequently processed by washing in three
changes of buffer and embedded in glycol methacrylate
plastic resin (Leica, Historesin). Histological sections (3 mm)
were cut from these resin blocks and stained with toluidine
blue-borate for histomorphometric analysis (Chiarini-Garcia
et al., 2011), which were performed in five animals randomly
chosen from each experimental group. The absolute num-
bers of germ cells, Sertoli cells and Leydig cells in the entire
testis were estimated as described by Sinha Hikim et al.
(1988) and Drumond et al. (2011). Briefly, ten randomly
selected sections per animal in each group were examined
under a binocular BX-51 microscope equipped with a bright
field condenser with a 403 objective, and to obtain the
volume density (Vv%), the nuclei of each cell type (germ
cells, Sertoli cells and Leydig cells) were counted using the
point counting method, in a total of 4410 intersections per
animal. The average volumes of individual cell nuclei were
determined from their diameters measured with a ruler fitted
in the eyepiece, previously adjusted with a micrometer ruler.
Finally, the total number of these cells in the testis was
obtained through the division of the total nuclear volume of
each cell type by the individual volume of each cell nuclei,
and expressed in million (106). Adipocytes were identified by
morphology only and were not used for analyses.

Measurements and management before weaning
in winter 2009
At birth, the same measurements were taken as in summer
2009. A maximum of two male and two female stillborn pigs
per litter were necropsied, as described above. In addition,
the number and total wet weight per litter of all placentae
recovered was recorded, from which litter average placental
wet weight was calculated: However, placental data were
only included in subsequent analyses when more than 50%
of the placentae in a litter were recovered, which occurred
in 89 litters.

All piglets in LBW and HBW litters with between 9 and 16
total pigs born were ear-tagged at birth, and piglets from
MBW litters were ear-tagged the day before weaning. Cross-
fostering of tagged litters only occurred within birth weight
classification, but non-tagged piglets born to sows not
included in the study could be cross-fostered into a tagged
litter if needed. When a tagged pig died, the date of death
and weight were recorded. All pigs were weighed on the day
before weaning.

Management after weaning (winter 2009 only)
From the first two breeding groups farrowed, HBW, MBW
and LBW litters were randomly selected for study in the
nursery and GF periods at the JBS Burton Russell research
facility, with selected litters providing 13 male and 13 female
progeny from the same birth weight category to fill a single
nursery pen. In the last three breeding groups farrowed,
all litters were selected to be followed in the nursery and

GF period in order to fill as many pens as possible for each
birth weight category in the nursery facility, again with
13 males and 13 females per pen randomly selected from the
available litters. Pigs weighing less than 2.7 kg at weaning
were excluded from selection (6 LBW pigs, 1 MBW pig and
3 HBW pigs). In total, 9 HBW, 17 MBW and 10 LBW pens
were established in the nursery using an incomplete block
design, with blocks based on pens. Pens were divided over
two nursery barns, but pens in a block were located in the
same barn. In the nursery, pigs had a space allowance of
0.38 m2. At 6 weeks after weaning, pigs were moved to two
GF barns, keeping the same pigs in a pen as in the nursery.
In the GF phase, pigs had a space allowance of 0.62 m2.

Pigs of all birth weight categories were fed using a com-
mercially available four-phase nursery program (JBS United
Inc., Sheridan, IN; Supplementary Table S3) for the first
6 weeks after weaning. Phase 1 consisted of a pelleted diet
fed for the first week, followed by meal diets fed for one,
1 and 3 weeks, respectively, for phase two through four. The
common GF diets (JBS United Inc., Sheridan, IN; Supple-
mentary Table S3) were corn and soybean meal based. Each
phase was fed for 21 days until pigs were marketed. All diets
were formulated to be above all NRC nutritional require-
ments (NRC, 1998), were supplemented with 3% to 4%
choice white grease, and the lysine : metabolizable energy
ratio was at 105% of the experimentally determined
requirements for the genotype used in this trial. The addi-
tional energy and amino acids were provided to allow
potential differences in lean protein deposition among birth
weight categories to be expressed. Pigs were shipped by pen
to a commercial slaughterhouse (Tyson, Logansport, IN,
USA) at a targeted live market weight of 117 kg.

Measurements after weaning (winter 2009 only)
Pigs were weighed on a pen basis (not individually) within
24 h after weaning, then weekly during the 6-week nursery
period and once every 4 weeks during the GF period. Pigs
were weighed individually the day before slaughter. Average
daily feed intake (ADFI), mortality and morbidity, and scour
scores were measured on a pen basis throughout the nursery
and GF periods. Carcass data were received on a pen basis
(not individually) from the slaughterhouse, where fat depth,
loin depth and lean meat percentages were measured using
the Animal Ultrasound System (Animal Ultrasound Services
and Co. Inc., Ithaca, NY, USA). Sort loss and grade premium
were calculated as per Tyson Slaughterhouse standards.

Statistical analysis
For all parameters at birth, litter was used as the experi-
mental unit, whereas pen was used as the experimental unit
for all parameters tested after weaning. Data were analyzed
using the MIXED procedure of the Statistical Analysis System
(SAS Institute, Cary, NC, USA). After weaning, a randomized
incomplete block design was used, with blocks based on
pens. In the case of unequal numbers of pens for each litter
birth weight category, an incomplete block was formed with
one or two birth weight categories present. The model
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included litter birth weight category (LBW, MBW, HBW) as a
fixed effect and block as a random effect.

Repeated measure analysis was used for pen weight,
pen feed intake and feed utilization efficiency after weaning.
An appropriate covariance structure was selected by com-
paring the goodness-of-fit measures of different structures.
The Kenwardroger approximation was used for the denomi-
nator degrees of freedom. Categorical data such as scour
scores and mortality rate were analyzed separately using the
generalized logit function (proc CATMOD in SAS).

For data of body weight and average daily gain (ADG) on
individual pigs, data were analyzed as a randomized design.
The model included litter birth weight category and gender as
fixed effects, and the week of farrowing as a random effect.

For the testicular data, all variables measured were tested
for normality before analyses, using the univariate procedure
of SAS. Data were analyzed as a randomized design, and the
statistical model included birth weight class (HW and LW)
as fixed effect and piglet as a random effect. Treatment
effects on castration weight, testes weight, GSI, absolute cell
numbers and cell number per gram of testes were analyzed
using the general linear model (GLM) procedure of SAS.
Least square means were compared using Student’s t- test.
Important associations among BW, testicular weight and
Sertoli cell number were examined across treatment groups
using correlation analysis (INSIGHT procedure of SAS).

Data in the text are given as least square means 6 s.e.m.,
unless otherwise stated. In the tables, data are reported as
least square means and residual standard deviation and
data in the figures as means. Probability values , 0.05 were
considered significant and values <0.10 were used to
describe trends.

Results

Repeatability of litter average birth weight within sows
Correlations analysis between litter average birth weight of
three consecutive farrowings within sows established a
correlation (P , 0.001) between litter average birth weight
of the first and second farrowing (r 5 0.39), between the
second and third farrowing (r 5 0.46), and between the first
and third farrowing (r 5 0.30). The correlation coefficient of
the first two farrowings together v. the third farrowing was
0.47 (P , 0.001). The percent of sows in LBW, MBW and
HBW categories in two consecutive farrowings is given in
Supplementary Figure S1 and indicates that very few sows
switched between the LBW and HBW categories in con-
secutive farrowings.

Birth data
Of the 192 sows farrowing, 18 sows gave birth to a litter
with less than 9 pigs in total, 148 sows had a litter between
9 and 16 pigs born in total, and 26 sows had a litter with more
than 16 pigs born in total. Across all litter sizes born, there was
a negative relationship between litter size (total born) and litter
average birth weight (y 5 20.0394x 1 1.9348, R2 5 0.23,
P , 0.001, Supplementary Figure S2). Average placental weight

was not significantly related to litter size (R2 5 0.02, P 5 0.21),
but was positively related to average litter birth weight
(y 5 0.1229x 1 0.0777, R2 5 0.22, P , 0.001; Figure 1).

Within the 148 sows with litters between 9 and 16 of the
total born, 42 sows fell within the LBW, 82 within the MBW
and 24 within the HBW category (Figure 2). Within this range
of litter size born, total number of pigs born, born alive,
stillborn and born mummified was similar among birth
weight categories (Table 1). Number of stillborns and pigs
born alive as percentage of total litter size was also not
different between birth weight categories (Table 1). Average
placental weight was lower in LBW litters than in MBW and
HBW litters (P , 0.01; Table 1).

Of the 358 piglets that were necropsied in the summer
and winter of 2009, 253 piglets were from litters between 9
and 16 total pigs born. Of these, 148 were considered true
stillborns (lungs not floating), and 120 of these pigs had an
individual birth weight within 0.5 kg of their litter average
birth weight. These 120 piglets came from 26 LBW, 51 MBW
and 13 HBW litters. A single pig from a LBW litter for which the
brain weight data were missing was removed from the analysis.

y = 0.1229x + 0.078
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Data were averaged for each litter. Supplementary Figure
S3a shows the average individual birth weight of the true
stillborns used for analysis in LBW, MBW and HBW litters.
Significant positive relationships between individual birth
weight of true stillborn pigs and weight of the brain, liver,
small intestine and Semitendinosus muscle (P , 0.001 for
all relationships) are shown in Supplementary Figure S3b.
Individual birth weight and weights of the brain, liver,
small intestine and Semitendinosus muscle were smaller
(P , 0.01) in LBW than HBW litters, with MBW litters having
intermediate results (Table 2). Moreover, LBW litters had
higher brain : liver, brain : intestine and brain : muscle weight
ratios than MBW and HBW litters (P , 0.01).

Growth performance data
ADG during lactation tended to be higher (P 5 0.06) in HBW
(0.23 6 0.01 kg/day, n 5 24) than LBW (0.21 6 0.01 kg/day,
n 5 37) litters, resulting in a higher weaning weight (P , 0.001)
for HBW (6.49 6 0.10 kg) than LBW (5.56 6 0.08 kg) litters.
Mortality rate during lactation was higher (P , 0.001) in

LBW than HBW litters (16.4% and 6.7% for LBW and HBW,
respectively).

BW was lower (P , 0.01) in LBW than MBW and HBW
litters throughout the nursery and GF phase (Figure 3a and b)
and was higher (P 5 0.05) in HBW than MBW pigs during
most of the nursery and GF phase (Figure 3a and b).

By design, slaughter weight was similar between birth
weight categories and within-pen variation in body weight
at slaughter was also similar between birth weight cate-
gories, both when analyzed using the standard deviation
(12.69, 12.35 and 12.42 kg for LBW, MBW and HBW litters,

Table 1 Characteristics at birth for litters between 9 and 16 total piglets born for low (LBW), medium (MBW) and high (HBW) birth weight litters

LBW MBW HBW RSD P value

n 42 82 24
Total born 12.7 12.9 13.5 2.0 NS
Born alive 11.3 11.7 12.5 2.2 NS
Born alive (% of total born) 93.4 95.6 96.0 0.5 NS
Stillborn 1.3 1.2 0.9 1.4 NS
Stillborn (% of total born) 6.6 4.8 3.9 0.5 NS
Mummies 0.4 0.4 0.1 0.8 NS
Litter ave bw (kg)a 1.12A 1.45B 1.79C 0.11 ,0.001
Total litter bw (kg)a 14.12A 18.58B 23.68C 2.43 ,0.001
Ave placental wt (kg)b 0.21A (n 5 16) 0.26B (n 5 48) 0.28B (n 5 10) 0.06 0.01
Litter ave bw of selected litters (kg) 1.13 (n 5 38) 1.42 (n 5 64) 1.75 (n 5 30) 0.11 ,0.001

Data are the LSMeans, RSD 5 residual standard deviation, ave 5 average, bw 5 birth weight, NS 5 not significant.
A,B,CLSMeans in a row with different superscripts are significantly different at P , 0.05.
aTotal number of pigs born in litter used as covariate.
bOnly taking into account litters where more than 50% of the placentae were recovered.

Table 2 Data of necropsied piglets for litters with low (LBW), medium
(MBW) or high (HBW)average litter birth weight. Data are averaged
by litter

LBW MBW HBW RSD P value

n 25 51 13
Individual birth wt (kg) 1.03a 1.41b 1.84c 0.25 ,0.001
Brain wt (g) 28.74a 29.48a 31.42b 2.54 0.01
Liver wt (g) 36.82a 48.02b 56.53c 12.70 ,0.001
Small intestine wt (g) 34.38a 49.72b 56.60b 11.51 ,0.001
Muscle wt (g) 1.90a 2.39b 3.02c 0.67 ,0.001
Brain : liver wt ratio 0.83a 0.66b 0.63b 0.20 0.001
Brain : intestine wt ratio 0.88a 0.63b 0.57b 0.17 ,0.001
Brain : muscle wt ratio 16.24a 13.50b 11.38b 4.04 ,0.01

Data are the LSMeans, RSD 5 residual standard deviation, wt 5 weight.
a,b,cLSMeans in a row with different superscripts are significantly different at
P , 0.05.
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respectively: P 5 0.83) or the CV (5.08, 4.93 and 4.94 for
LBW, MBW and HBW litters, respectively: P 5 0.78) as the
measure of variation.

ADG was higher (P , 0.05) in HBW than LBW and MBW
litters throughout the nursery and GF phase, and was higher
(P , 0.05) in MBW litters than LBW litters in the nursery, but
similar to LBW litters in the GF phase (Supplementary Figure S4).

From 1 week after weaning until slaughter, ADFI was
higher (P , 0.001) in HBW than LBW litters (Figure 4). Feed
utilization efficiency (pen feed/pen weight gain) in the nur-
sery phase tended to be higher (P 5 0.06) for LBW than

MBW litters, but was not different from HBW litters (1.41,
1.45 and 1.42 for LBW, MBW and HBW litters, respectively).
In the GF phase, feed utilization efficiency was better
(P , 0.001) in LBW than MBW and HBW litters (2.34, 2.40
and 2.42 for LBW, MBW and HBW litters, respectively).

Scour scores in the nursery (1 5 no scours, 2 5 mild
scours, 3 5 severe scours) was similar between birth weight
categories (average score was 1.12 for LBW and 1.13 for
MBW and HBW litters; P 5 0.90).

The number of pigs slaughtered per pen was similar
between birth weight categories, meaning that the number
of pigs that were taken off trial from weaning until slaughter
because of mortality (2.7%, 2.3% and 2.6% for LBW, MBW
and HBW, respectively) or morbidity/too slow growth (9.2%,
7.9% and 6.4% for LBW, MBW and HBW, respectively) were
similar between birth weight categories.

Individual body weight and ADG data
Effects of litter birth weight phenotype on individual birth
weight and ADG were similar as results on a litter/pen basis
(Table 3). Compared with males, females had lower (P , 0.001)
body weights at birth, weaning (tendency, P 5 0.10) and mar-
ket, their calculated body weight at a fixed age of 166 days was
lower (P , 0.001) and their ADG was lower in lactation (trend
P 5 0.09), wean-to-finish and total (P , 0.001; Table 3).

There was an interaction between litter birth weight
phenotype and gender for ADG in lactation and close to a
trend for ADG total and calculated weight at a fixed age.
Males in HBW litters had higher ADG than HBW females, LBW
females and LBW males (Table 4). ADG total and calculated
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Figure 4 Average daily feed intake for low (LBW), medium (MBW) and
high (HBW) birth weight litters during the nursery period (21 to 65 days of
age) and the grow–finish (GF) period (65 days of age until slaughter).
P values in the nursery for birth weight category: ,0.001, for Time:
,0.001 and for birth weight category by time interaction: ,0.01. P values
in the GF phase for birth weight category: ,0.001, for time: ,0.001 and
for birth weight category by time interaction: 0.39.

Table 3 Individual BW data for pigs of different genders and from low (LBW) or high (HBW) birth weight litters

LBW HBW Female Male RSD P value BW P value Sex P value interaction

n 206 193 203 196
Individual birth weight (kg) 1.25 1.80 1.47 1.58 0.29 ,0.001 ,0.001 NS
Wean weight (kg) 5.74 6.60 6.14 6.29 1.16 ,0.001 0.10 NS
Market weight (kg) 113.39 113.49 109.44 117.26 11.98 NS ,0.001 NS
Age at market (days) 171.3 162.4 166.7 166.9 3.4 ,0.001 NS NS
Calculated weight at 166 days of age (kg) 109.96 116.56 109.51 117.01 12.57 ,0.001 ,0.001 0.11
ADG lactation (kg) 0.230 0.242 0.232 0.240 0.049 0.01 0.09 ,0.05
ADG WTF (kg) 0.713 0.751 0.703 0.755 0.081 ,0.001 ,0.001 NS
ADG total (kg) 0.656 0.689 0.650 0.695 0.075 ,0.001 ,0.001 0.11

RSD 5 residual standard deviation, ADG 5 average daily gain, WTF 5 wean-to-finish, NS 5 not significant.

Table 4 Interaction between litter birth weight phenotype and gender for ADG and calculated weight at a fixed age

LBW HBW

Female Male Female Male

n 107 99 96 97
ADG lactation (kg) 0.231a 0.229a 0.233a 0.252b

ADG total (kg) 0.640a 0.673b 0.661b 0.718c

Calculated weight at 166 days of age (kg) 107.15a 112.68b 111.71b 121.34c

LBW 5 low litter birth weight, HBW 5 high litter birth weight.
a,b,c LSMeans in a row with different superscripts are significantly different at P , 0.05.
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weight at a fixed age of 166 days were lower in LBW females
and higher in HBW males compared with LBW males and
HBW females (Table 4).

Carcass data
Live body weight and hot carcass weight were similar
between birth weight categories, whereas age at slaughter
was different (P , 0.001) in LBW (174.4 days) and HBW
litters (165.6 days; Supplementary Table S4). Loin depth,
fat depth, lean meat percentage, yield percentage, grade
premium and sort loss were not affected by birth weight
category (Supplementary Table S4).

Testicular data
Testis weight and body weight at castration were different
(P , 0.01) for HW and LW males, respectively (Table 5),
whereas testis weight relative to body weight (GSI) was similar.

When brain weight at birth was calculated with the formula
given in Supplementary Figure S3b, the brain : testis weight
ratio was shown to be higher (P , 0.001) for LW compared
with HW males (Table 5). The diameter of the seminiferous
tubules was not affected by birth weight (56.8 6 0.4 mm v.
56.7 6 0.5 mm for HW and LW piglets, respectively, RSD:
5.49 mm, P . 0.05). The histomorphometrical analysis estab-
lished that LW males had lower absolute numbers of germ
cells, Sertoli cells and Leydig cells than HW males (P , 0.01;
Table 5; Figure 5), but the numbers of cells per gram of testes
were similar between HW and LW animals. Figure 5 also shows
that Leydig cells are partially replaced by adipocytes in the
interstitial tissue of testes from the LW males.

Discussion

In the current trial, there was a decline in litter average birth
weight of 39 g for each additional pig born across the whole
population of litters recorded, consistent with earlier studies
(35 g in Quiniou et al., 2002; 43 g in Beaulieu et al., 2010b).
However, for litters of 9 to 16 total pigs born, litter size only
accounted for 4% of the variation in litter average BW, yet
litter average BW among the same sized litters differed by
almost 1 kg, suggesting that factors other than numbers
born are affecting litter average BW. The hypothesis that
early IUC results in IUGR and fetal programming of the entire
litter in more mature sows in relatively prolific damlines
(Foxcroft et al., 2009) is consistent with the observation of a
lower placental weight in LBW compared with MBW and
HBW litters. A correlation across litters between average
placental weight and average birth weight, but no correla-
tion between litter average placental weight and total born,
is also consistent with the hypothesis that LBW litters were
subjected to IUC early in gestation, inducing persistent
effects on placental development.

Another characteristic of IUGR is the ‘brain-sparing effect’,
as reported between litters by Town et al. (2004) and within
litters by Alvarenga et al. (2013). Consistent with these
earlier studies, we established the overall effects of litter BW
classification on brain : organ weight ratios using dissection
of stillborn pigs with an individual BW within 0.5 kg of
their litter average BW. Assuming that a stillbirth is a

Table 5 Biometrical and histomorphometrical data of the testes from
high (HW) and low (LW) birth weight piglets

HW LW RSD P value

Biometrical data
n 22 18
Castration weight (kg) 2.96 1.90 0.43 ,0.01
Testicular weight (g) 0.76 0.49 0.28 ,0.01
Gonadosomatic Indexa 0.026 0.025 0.008 NS
Calculated brain weight (g) 31.96 28.84 0.50 ,0.001
Brain : testes weight ratio 48.87 62.46 0.06 ,0.001

Histomorphometrical data
n 5 5
Testicular weight (g) 1.04 0.38 0.24 ,0.01
Absolute numbers (3106)

Sertoli cells 0.13 0.05 0.22 , 0.05
Germ cells 0.03 0.02 0.01 50.056
Leydig cells 0.94 0.42 0.21 , 0.01

Number/gram of testes (3106)
Sertoli cells 0.12 0.14 0.01 NS
Germ cells 0.03 0.04 0.01 NS
Leydig cells 0.94 1.08 0.08 NS

Data are the LSMeans, RSD 5 residual standard deviation, NS 5 not
significant.
aGonadosomaticindex 5 testicular weight/body weight 3 100.

Figure 5 Photomicrographs of transversal sections of testicular cords from 6-day-old piglets of high (a) and low (b) birth weights. Observe the germ cells (G),
the nuclei of the Sertoli cells (S), Leydig cells (L) and the presence of cell division (M: mitosis). The ‘ghost cells’ are assumed to be adipocytes (A). Toluidine
blue-sodium borate staining. Bar represents: 30 mm.
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consequence of events occurring during the farrowing
process, and is a relatively random process in relation to pig
size and potential viability, the selected stillborn pigs used in
this study are likely to be representative of the develop-
mental state of their littermates. Interestingly, Bérard et al.
(2010) showed that across the range of IUC established in
their UHO model, the individual birth weight of piglets
exerted the most important effect on organ weights and
brain : liver weight ratios. As shown by the study of Town et al.
(2004), the problem with IUC in early gestation is that placental
development and fetal growth of all surviving littermates is
affected, whereas in more ‘normal’ HBW and MBW litters, only
a few piglets may experience extreme IUGR.

The higher pre-weaning mortality in LBW litters is also in
agreement with earlier findings (Smit, 2007). As both post-
weaning mortality and morbidity, as measured by scour
scores in the nursery and the number of pigs taken off trial
because of disease or slow growth in the nursery and GF
stages, were similar between BW categories, targeting
management interventions in the farrowing house to reduce
the impact of an LBW litter should be seen as a high priority,
particularly given the repeatability of the LBW phenotype.

The higher brain : muscle weight ratio in LBW litters
shows the same trend reported by Town et al. (2004) in day
90 fetuses from relatively crowded uteri. As predicted, LBW
litters had lower body weights at all times and the difference
in body weight between LBW and HBW litters increased over
time owing to differences in ADG. Interestingly, ADG in
lactation was higher in HBW males, but not females, com-
pared with LBW males and females and ADG from birth
to slaughter was lowest in LBW females and highest in HBW
males. These gender-related effects emphasize the impor-
tance of balancing gender between litter BW categories
when studying postnatal growth performance. Overall, the
longer time needed for LBW litters to reach the same
market weight suggests that segregated management of
LBW progeny would allow more efficient use of barn space
at the GF stages of production.

As reviewed elsewhere (Foxcroft et al., 2007), several
earlier studies have reported effects of individual birth
weight within a litter on muscle fiber differentiation, lean
growth performance and carcass quality. However, options
for measuring carcass traits at a fixed age or fixed weight
make detailed comparisons between these studies difficult.
In the current trial, pigs were slaughtered by pen at a fixed
end weight and as each pen consisted of 13 males and
13 females, gender was balanced within pens and between
birth weight categories. Unfortunately, with the loss of
information for the HBW pens owing to data recovery pro-
blems in the slaughterhouse, it was not possible to confirm
litter birth weight effects for any of the measured carcass
traits, including fat depth and lean tissue yield, and further
research is needed in this area.

Our study did show clear effects of birth weight on testicular
development in male progeny. It has been demonstrated that
Sertoli cells provide the environment that protects and nour-
ishes germ cells and supports their development to viable

sperm (França and Chiarini-Garcia, 2005) and Sertoli cell pro-
liferation in pigs begins during the prenatal period (McCoard
et al., 2002) and continues after birth (Swanlund et al., 1995;
França et al., 2000). A critical period of Sertoli cell proliferation
occurs during the first 3 weeks after birth (McCoard et al.,
2003) and the total number of Sertoli cells achieved
will determine testicle size in adulthood, as well as the sperm
production capacity (Cooke et al., 1992; Hess et al., 1993).
More recently, Flowers (2008) has reported beneficial effects
on sperm production for prospective artificial insemination (AI)
boars with improved pre-weaning growth, which was achieved
by rearing these boars in smaller litters during lactation.
Therefore, considering the correlation between body weight
and Sertoli cell numbers found in our trial, and the tendency for
lower growth rates during lactation in LBW litters, our results
suggest that LBW males may end up with a lower total number
of Sertoli cells, with important implications for lifetime sperm
production and libido of prospective AI boars. If mature sows in
sire-line programs show the same repeatability in litter birth
weight phenotype as in the present study, selection of potential
AI boars from HBW litters would be predictive of better lifetime
productivity in the boar stud.

A big problem in all-in/all-out systems is the huge variation
within pens in body weight at the time of slaughter. Although
the common practice is to sort pigs by size at the entry of the
nursery and/or GF barn (Deen, 1997; Tokach, 2004), research
has shown that this is not effective in decreasing weight
variation (O’Quinn et al., 2001), while increasing aggressive
behavior during the 2-day period after regrouping (O’Connell
et al., 2005). Schinckel et al. (2004) showed that pigs in the
smallest 20th weight percentile at birth grow slower after
weaning and are responsible for the majority of variation in
pig weights after weaning. Pigs sourced from our LBW litters
are likely to overlap to a great extent with the overall 20th
percentile of lowest birth weight pigs in all litters born. Given
this overlap, an option raised by the current trial is to sort
nursery and GF pigs by litter average BW rather than by
individual BW. Indeed, a CV of ,5% for within-pen weight
variation around slaughter as reported in our trial was smaller
than a CV between 6% and 8% reported by O’Quinn et al.
(2001) and between 8% and 14% reported in other studies
(Dedecker, 2002; O’Connell et al., 2005).

Another management option for the nursery and GF phase
is segregated management of the different litter BW pheno-
types that allows for different feeding strategies. Beaulieu
et al. (2010a) showed that pigs with lighter BW showed a
greater positive response to a complex diet after weaning
than heavier BW pigs and concluded that the Phase 1 diet
in the nursery could be used more efficiently and cost-
effectively when targeted specifically to the LBW pigs at
weaning. Moreover, it has been shown that LBW pigs have a
lower feed efficiency than HBW pigs (O’Quinn et al., 2001;
Schinckel et al., 2010). This could be because of the effects of
piglet birth weight on intestinal morphology as reported by
D’Inca et al. (2011) and Alvarenga et al. (2013). Although
reduced feed utilization efficiency in LBW litters might have
been expected in our study, feed utilization efficiency tended
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to be higher for LBW compared with MBW litters in the
nursery phase and was significantly better in the GF phase
than in MBW and HBW litters. It is not clear why LBW litters
had a higher feed efficiency. Nonetheless, it is clear that
pigs from LBW litters have different nutritional needs and
segregated management would help to optimize the feeding
of both populations.

Another potential advantage of segregated management
would be that LBW litters could be marketed differently from
the rest of the population. Because low birth weight pigs
likely reach the plateau of lean growth earlier than high birth
weight pigs (Rehfeldt and Kuhn, 2006), LBW litters should
either be marketed at a lower slaughter weight, or sent to a
market demanding higher fat percentages.

In conclusion, the data from the present study confirm
that a low litter birth weight is a repeatable phenotypic trait
in mature sows and is associated with the benchmarks of
IUGR. This LBW litter phenotype affects postnatal survival
and growth and has implications for management strategies
to reduce the variation in postnatal performance.

Supplementary materials

For supplementary material referred to in this article, please
visit http://dx.doi.org/10.1017/S1751731113001249
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Intrauterine growth restriction delays feeding-induced gut adaptation in term
newborn pigs. Neonatology 99, 208–216.

Drumond AL, Mistrich M and Chiarini-Garcia H 2011. Spermatogonial
morphology and kinetics during testis development in mice: a high-resolution
light microscopy approach. Reproduction 142, 145–155.

Fix JS, Cassady JP, Herring WO, Holl JW, Culbertson MS and See MT 2010. Effect
of piglet brith weight on body weight, growth, backfat, and longissimus muscle
area of commercial market swine. Livestock Science 127, 51–59.

Flowers WL 2008. New opportunities for reproductive management. In
Proceedings of the 8th London Swine Conference: Facing the New Reality,
1-2 April 2008, London, Ontario, Canada, 31–41pp.

Foxcroft GR, Dixon WT, Dyck MK, Novak S, Harding JCS and Almeida FCRL 2009.
Prenatal programming of postnatal development in the pig. In Control of
pig reproduction VIII (ed. H Rodriguez-Martinez, JL Vallet and AJ Ziecik),
pp. 213–231. Nottingham University Press, Nottingham, UK.

Foxcroft G, Bee G, Dixon W, Hahn M, Harding J, Patterson J, Putman T, Sarmento S,
Smit M, Tse W-Y and Town S 2007. Consequences of selection for litter size on
piglet development. In Paradigms of pig science (ed. JWiseman, MA Varley,
S McOrist and B Kemp), pp. 207–229. Nottingham University Press, Nottingham, UK.

França LR and Chiarini-Garcia H 2005. Célula de Sertoli. In Células, uma
abordagem multidisciplinary (ed. HF Carvalho and CB Collares-Buzato),
pp. 302–324. Editora Manole, Barueri, SP, Brazil.

França LR, Silva VA Jr, Chiarini-Garcia H, Garcia SK and Debeljnk L 2000. Cell
proliferation and hormonal changes during postnatal development of the testis
in the pig. Biology of Reproduction 63, 1629–1636.

Gondret F, Lefaucheur L, Juin H, Louveau I and Lebret B 2006. Low birth weight
is associated with enlarged muscle fiber area and impaired meat tenderness of
the longissimus muscle in pigs. Journal of Animal Science 84, 93–103.

Hess RA, Cooke PS, Bunick D and Kirby JD 1993. Adult testicular enlargement
induced by neonatal hypothyroidism is accompanied by increased Sertoli and
germ cell numbers. Endocrinology 132, 2607–2613.

McCoard SA, Wise TH and Ford JJ 2002. Expression levels of müllerian-inhibiting
substance, GATA-4 and 17a-hydroxylase/17, 20-lyase cytochrome P450 during
embryonic gonadal development in two diverse breeds of swine. Journal of
Endocrinology 175, 365–374.

McCoard SA, Wise TH, Lunstra DD and Ford JJ 2003. Stereological evaluation of
sertoli cell ontogeny during fetal and neonatal life in two diverse breeds of
swine. Journal of Endocrinology 178, 395–403.

National Research Council (NRC) 1998. Nutrients requirements of swine,
10th edition. National Academy Press, Washington, DC, USA.

O’Connell NE, Beattie VE and Watt D 2005. Influence of regrouping strategy on
performance, behavior and carcass parameters in pigs. Livestock Production
Science 97, 107–115.

O’Quinn PR, Dritz SS, Goodband RD, Toakch MD, Swanson JC, Nelssen JL and
Musser RE 2001. Sorting growing-finishing pigs by weight fails to improve growth
performance or weight variation. Journal of Swine Health and Production 9, 11–16.
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