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Contributions of the maternal uterine environment and piglet genotype on weaning
survivability potential: I. Development of neonatal piglets after reciprocal embryo
transfers between Meishan and White crossbred gilts1,2
J. R. Miles,3 J. L. Vallet, J. J. Ford, B. A. Freking, R. A. Cushman, W. T. Oliver, and L. A. Rempel
USDA4-ARS, U.S. Meat Animal Research Center, Clay Center, NE 68933

ABSTRACT: In commercial pigs, the greatest susceptibility for pre-weaning mortality occurs in low
birth-weight piglets. Despite their overall decreased
birth weight, Meishan (MS) piglets have decreased preweaning mortality rates compared with contemporary
Western breeds. The objective of the current study was
to determine the contributions of the maternal uterine
environment, piglet genotype, and their interaction on
the development of neonatal piglets pertaining to preweaning survivability using reciprocal embryo transfer
between MS and White crossbred (WC) pigs. Twentyfive successful pregnancies were produced from 2
farrowing seasons, generating litters of maternal uterine
environment (MUE) by piglet genotype (PigG) combinations; MS × MS (n = 4 litters), MS × WC (n = 7
litters), WC × MS (n = 7 litters), and WC × WC (n =
7 litters). At approximately 24 h of age (Day 1), piglets
(n = 173) were weighed and a blood sample was taken.
Hematocrit, hemoglobin, glucose, plasma urea nitrogen,
albumin, NEFA, lactate, and cortisol were measured in
all blood samples. Representative piglets (n = 46) from
each litter were harvested and body measurements (i.e.,
organ weights, tissue glycogen content, and body composition) were determined. Piglet data were analyzed by

ANOVA using MIXED model procedures. Both MUE
(P < 0.001) and PigG (P < 0.01) affected piglet BW,
illustrating that piglets gestated in WC gilts were heavier
than piglets gestated in MS gilts, and WC piglets were
heavier than MS piglets. Serum albumin concentrations
were increased (P < 0.05) in MS piglets compared with
WC piglets, indicating greater liver maturity. Significant
MUE × PigG interactions were observed for hematocrit
and hemoglobin, in which the greatest concentrations
were observed in MS piglets gestated in MS and WC
gilts, and the lowest concentrations were observed in WC
piglets gestated in WC gilts, demonstrating increased
oxygen-carrying capability. The percentage of fat and
nitrogen, as well as the GE of the body, were greater (P
< 0.05) in MS piglets, indicating greater energy stores.
Liver, bicep femoris, and LM glycogen concentrations
were greater (P < 0.01) in WC piglets compared with MS
piglets, demonstrating increased glycogen catabolism in
MS piglets. This study demonstrated limited interactions
between the maternal uterine environment and piglet
genotype on weaning survivability potential, suggesting that the MS piglet is a viable model for pre-weaning
survivability.

Key words: embryo transfer, energy store, glycogen, Meishan pig,
pre-weaning mortality, White crossbred pig
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INTRODUCTION
Sow productivity is a key component influencing
the profitability of the swine industry. Pre-weaning piglet mortality plays a major role in sow productivity and
affects 13% of all live-born piglets in the United States
(PigCHAMP, 2010). In contemporary Western breeds,
low birth-weight piglets exhibit the greatest susceptibility to pre-weaning mortality (Tuchscherer et al., 2000;
Damgaard et al., 2003). However, Meisham (MS) piglets have reduced pre-weaning mortality rates (Legault,
1985; Lee and Haley, 1995), despite their lighter birth
weights compared with Western breeds. Previous studies comparing body composition and blood components
of newborn MS and Western breed piglets suggest that
MS piglets have greater physiological maturity immediately after parturition, which benefits early neonatal
survival (Stone et al., 1985; Le Dividich et al., 1991;
Herpin et al., 1993). Crossbreeding studies between MS
and Large White (LW) pigs have illustrated that prenatal
survival is primarily attributed to a maternal genotypic
effect in favor of MS dams (Haley et al., 1995). In contrast, postnatal survival is primarily attributed to a direct
genotypic effect in favor of MS piglets (Lee and Haley,
1995). Piglet birth weight was attributed to a maternal
genotypic effect in favor of LW dams (Lee and Haley,
1995). Reciprocal embryo transfer studies between MS
and Yorkshire pigs illustrated interactions between maternal environment and direct fetal genotype on fetal
and placental growth during late gestation, which may
be driven by difference in placental vasculature between
these breeds (Biensen et al., 1998; Wilson et al., 1998).
The objective of the current study was to determine the
contributions of the maternal uterine environment, the
piglet genotype, and their interaction on the development of neonatal piglets pertaining to pre-weaning survivability using reciprocal embryo transfer between MS
and White crossbred (WC) pigs.
MATERIALS AND METHODS
All animal protocols were approved by the United
States Meat Animal Research Center (USMARC)
Animal Care and Use Committee and met the USDA
guidelines for the care and use of animals.
Animals
Purebred Chinese MS were imported to the USMARC
from China in 1989 and have been maintained by inter se
matings among 8 sire lines. Composite WC pigs were
produced by mating a founder Yorkshire-Landrace (YL)
composite population generated at the USMARC to
commercially available semen from unrelated Duroc or

high-lean Landrace boars. The second generation were
then reciprocally bred to create a 4-line composite WC
line that has been maintained by inter se matings among
10 sire lines (Holl et al., 2008). All pigs were fed with a
corn (Zea mays L.)—soybean [Glycine max (L.) Merr.]
meal diet formulated to meet or exceed NRC recommendations (NRC, 1998). These diets ranged in protein content depending upon stage of growth and development
(growing diet = 16% protein; breeding diet = 12.5% protein; gestation and lactation = 16.9% protein).
Embryo Transfer Protocols
Embryo transfers were performed consecutively in
the January 2007 and 2008 farrowing seasons at the
USMARC. Within each farrowing season, equal numbers of MS and WC gilts (n = 48 and 48, respectively)
observed having at least 1 previous estrous cycle were
synchronized using 15 mg altrenogest (Matrix; Intervet/
Schering-Plough, Millsboro, DE) once daily added to
feed for 14 d. Estrus was induced after an intramuscular (IM) injection of 750 IU hCG (Chorulon; Intervet/
Schering-Plough) on d 5 after the last dose of altrenogest.
One-half of the gilts (n = 48) were assigned randomly as
embryo donors and mated to boars within their respective breed (8 and 10 sire lines were used for breeding
MS and WC gilts, respectively) 24 h after hCG (d 0) and
again 24 h later. The remaining gilts were used as embryo recipients and were checked for estrus daily to ensure proper synchrony with the donors. Embryos were
recovered from both donor oviducts via mid-ventral laparotomy approximately 48 to 54 h post initial breeding
after a surgical embryo transfer protocol as previously
described (Youngs et al., 1994). Briefly, donor and recipient gilts were sedated with acepromazine (0.3 mg/kg
BW; IM; Iowa Veterinary Supply Company, Sioux City,
IA) followed by induction of anesthesia using thiopental sodium (9.6 mg/kg BW; IM; Iowa Veterinary Supply
Company) and maintained using isoflurane (Iowa
Veterinary Supply Company). For embryo recovery, the
uterus of each donor was exteriorized and cannulated
with a siliconized (Sigmacote; Sigma-Aldrich, St. Louis,
MO) glass cannula via an incision made 10 cm from
the utero-tubal junction on each uterine horn. Embryos
were recovered by flushing each oviduct with 20 mL
of warm (35°C) media [Dulbecco’s PBS supplemented
with 2% fetal bovine serum (Invitrogen, Carlsbad, CA)
and 1% antibiotic/antimycotic (Invitrogen)]. Embryos
were transferred to fresh media and evaluated for evidence of fertilization, as measured by cleavage, and
blastomere numbers. The numbers of corpora hemorrhagica were determined from each ovary to assess
ovulation and embryo recovery rates. For embryo transfer, a single oviduct from a synchronized recipient was
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minimally exteriorized via mid-ventral laparotomy to
expose 1 ovary. This minimal exteriorization was used
to limit adhesions. Corpora hemorrhagica were noted to
ensure ovulation had recently occurred in recipients before transfer. All embryos collected from a single donor
were transferred in 10 μL of fresh media using a tom-cat
catheter (Reproduction Resources, Walworth, WI) that
was threaded through a blunt, 12-gauge needle inserted
in the fimbria end of the exteriorized oviduct. Resulting
embryo transfers produced maternal uterine environment (MUE) by piglet genotype (PigG) combinations
(i.e., MS × MS; MS × WC; WC × MS; and WC × WC).
Embryo Donor and Recipient Data
Data collected for embryo donors included age at
embryo transfer, ovulation rate, pregnancy rate, total recovery (i.e., oocytes and embryos), embryo recovery, and
fertilization rate. Fertilization rate for donors was only assessed on total recovery of oocytes and embryos. Data for
embryo recipients included age at embryo transfer, number of embryos transferred, and farrowing rate. Recipient
gilts that maintained pregnancy were transferred to a
farrowing barn at Day 110 of gestation and farrowed in
crates. Approximately 24 h after parturition, the litters
were processed using normal management procedures
(i.e., piglets were weighed, sex determined, tails docked,
and ears notched), and stillborn and mummified piglets
were identified and recorded. Total litter size was based
on recovery of all live and dead piglets. Additional data
for recipient gilts included number born alive (NBA), preand peri-natal survival, gestation length, and average piglet BW. Prenatal survival included live and stillborn piglets recovered, whereas perinatal survival only included
live-born piglets to the ratio of total embryos transferred.
Piglet Data
During litter processing (Day 1), all live piglets
blood samples (5 mL) were collected via jugular venipuncture using heparinized syringes. Blood was analyzed for hemoglobin within 1 h of collection using a
Hemoximeter, model OSM-2 (Radiometer America,
Westlake, OH) and hematocrits were determined using standard hematocrit tubes and centrifugation. After
measuring hemoglobin and hematocrit, blood was
centrifuged at 2000 × g for 10 min at 4°C and plasma
was stored at –20°C. Plasma glucose, urea nitrogen
(PUN), and albumin were analyzed using the Technicon
Autoanalyzer (Technicon Industrial Systems, Tarrytown,
NY). For glucose, PUN, and albumin, samples were assayed in duplicate with intra-assay CV of 0.5, 0.6, and
3.2%, respectively. Plasma NEFA concentrations were
measured in duplicate using an enzymatic colorimetric
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method (Wako Pure Chemical Industries, Richmond,
VA) with intra-assay CV of 5.4%. Plasma lactate was determined using an immobilized enzyme system (model
2700 YSI, Yellow Springs Instruments, Yellow Springs,
OH). Cortisol was measured using a commercial RIA
kit (Diagnostic Systems Laboratories, Webster, TX)
previously described and validated in swine (Wise et al.,
2000). For cortisol concentrations, samples were measured in duplicate in 3 assays with an intra-assay and
inter-assay CV of 9.7 and 12.6%, respectively.
Immediately after processing, representative piglets
from each litter were identified and selected based on BW
(i.e., heaviest, average, and lightest) to be euthanized and
processed for body measurements (i.e., organ weights,
tissue glycogen content, and body composition). The
selection of piglets was based on litter size [i.e., small
litters (≤3 piglets), only the lightest piglet was selected;
medium litters (4–6 piglets), the lightest and heaviest
piglets were selected; and large litters (≥7 piglets) the
lightest, average, and heaviest piglets were selected].
These selections were made to ensure adequate surviving
piglets from each litter could be used for follow-up studies. The selected piglets were euthanized with exposure
to CO2 gas followed by immediate exsanguination. After
euthanasia, the eviscerated body and total viscera were
weighed and the gastrointestinal (GI) tract content was
removed and weighed. Organ weights (i.e., heart, lungs,
liver, spleen, kidneys, and empty GI tract) were determined. A sample of liver, as well as bicep femoris and
LM from the right side of the carcass, were collected and
stored at –80°C for later assessment of glycogen concentration. Glycogen concentrations were determined using
a previously described method that used 5% trichloroacetic acid extraction, 95% ethanol precipitation, and a colorimetric detection method with anthrone reagent (Carroll
et al., 1956). The entire viscera and intact left side of
the carcass with the head and spinal cord were frozen
at –20°C. After freezing, the viscera and carcass were
ground to a consistent homogenate using a commercial
meat grinder (Hobart Corp., Troy, OH). Homogenates
were used to determine body composition analysis (i.e.,
DM, moisture, fat, nitrogen, ash, and GE) using standard
proximate analysis (AOAC, 1997).
Statistical Analysis
All data were analyzed using either GLM,
GLIMMIX, or MIXED model procedures for ANOVA
(Steel et al., 1997; SAS Inst., Cary, NC), and results are
reported as least squares means ± SEM. When a significant F-statistic was generated, means were separated
using a Dunnett multiple comparison test (Steel et al.,
1997; SAS Inst., Cary, NC). When multiple fixed effects
had a significant F-statistic, the solution for fixed effects
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was used to determine the contribution of the significant
fixed effects. Means were considered statistically different at P ≤ 0.05 and tendencies between P = 0.06 and
P = 0.10. Donor age, recipient age, and the number of
donor corpora hemorrhagica were analyzed using GLM
procedures for ANOVA with a model including the fixed
effects of breed, farrowing year, and the interactions of
fixed effects. Embryo recovery (i.e., pregnancy rate, embryo recovery rate, and fertilization rate) and recipient
transfer data (i.e., embryo transferred, farrowing rate,
and pre- and peri-natal survival) were analyzed using
GLIMMIX procedures for ANOVA with a model including the fixed effects donor or recipient breed, farrowing
year, the interactions of fixed effects, and the random effect of boar within year × donor or recipient breed interaction. Average litter data (i.e., litter size, NBA, gestation length, and litter average piglet BW) were analyzed
using MIXED procedures for ANOVA with a model including the fixed effect of MUE, PigG, farrowing year,
the interactions of fixed effects, and the random effect of
boar within year × MUE × PigG interaction. The model
for gestation length and litter average piglet BW also
included the covariate of litter size.
Individual piglet BW was analyzed using MIXED
procedures for ANOVA with a model including the

fixed effect of MUE, PigG, farrowing year, piglet sex,
the interactions of fixed effects, the covariate of litter
size, and the random effect of recipient gilt within farrowing year × MUE × PigG interaction. All other piglet variables (i.e., blood and plasma components, organ
weights, tissue glycogen concentrations, and body composition) were analyzed using MIXED procedures for
ANOVA with a model including the fixed effect of MUE,
PigG, farrowing year, piglet sex, the interactions of fixed
effects, the covariates of litter size and piglet BW, and
the random effect of sow within farrowing year × MUE
× PigG interaction. Before analyzing tissue glycogen
concentrations, glycogen data were log transformed to
normalize for statistical analysis and back transformed
to the measured scale for presentation.
RESULTS
Embryo Recovery and Embryo Transfer
A total of 79 embryo donors were flushed in 2 sequential farrowing years (Table 1). The MS donors were older
(P ≤ 0.001) in the 2007 farrowing year compared with
WC donors in both 2007 and 2008; however, MS donors
were younger in the 2008 farrowing year. The discrepancy
in the age of MS gilts was the result of a management

Table 1. Recovery data from Meishan (MS) and White Crossbred (WC) gilts used as embryo donors for generating intrabreed- and reciprocal-embryo transfer pregnancies1
Variable

Fixed effect
MS2 (n = 40)
Age, d
222.3 ± 1.2
Corpora hemorrhagica, n
17.1 ± 0.5
Pregnant, %
92.9 ± 4.4
Oocyte and embryo recovery, %
82.2 ± 2.1a
Fertilized embryo recovery, %
74.4 ± 3.3a
Fertilization, %
91.5 ± 3.0
20073 (n = 44)
Age, d
253.9 ± 1.1
Corpora hemorrhagica, n
18.0 ± 0.4
Pregnant, %
93.4 ± 4.1
Oocyte and embryo recovery, %
86.3 ± 2.1
Fertilized embryo recovery, %
79.5 ± 3.1
Fertilization, %
91.9 ± 2.9
––––––––– MS2 –––––––––
20073 (n = 21)
2008 (n = 19)
Age, d
258.9 ± 1.6a
185.8 ± 1.7b
Corpora hemorrhagica, n
19.6 ± 0.6a
14.6 ± 0.7b
Pregnant, %
90.6 ± 6.9
94.7 ± 5.4
Oocyte & embryo recovery, %
81.7 ± 2.7
83.3 ± 2.8
Fertilized embryo recovery, %
73.3 ± 4.5
76.2 ± 5.7
Fertilization, %
89.9 ± 4.1
93.0 ± 4.2
a-cWithin a row, means without a common superscript differ (P ≤ 0.05).
1Least squares means ± SEM.
2Donor breed.
3Year.

Fixed effect
WC (n = 39)
250.5 ± 1.2
16.1 ± 0.5
94.8 ± 3.8
91.1 ± 2.1b
84.6 ± 3.3b
92.5 ± 3.0
2008 (n = 36)
219.2 ± 1.2
15.1 ± 0.5
94.3 ± 4.1
91.1± 2.2
79.8 ± 3.4
92.0 ± 3.1
––––––––– WC –––––––––
2007 (n = 22)
2008 (n = 17)
249.0 ± 1.6c
252.7 ± 1.8c
16.4 ± 0.6b
15.7 ± 0.7b
95.4 ± 4.6
94.0 ± 6.1
90.7 ± 2.6
91.3 ± 3.0
85.7 ± 4.3
83.4 ± 4.8
93.9 ± 4.0
91.0 ± 4.4

P-value
<0.001
0.13
0.75
0.006
0.04
0.81
<0.001
<0.001
0.88
0.82
0.94
0.98
20073 (n = 21)
<0.001
0.002
0.66
0.87
0.57
0.48
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change in which MS were moved to a later farrowing
season after 2007. As a result, MS donors in 2007 had a
greater (P ≤ 0.01) ovulation rate compared with younger
MS donors in 2008, and WC donors in 2007 and 2008.
There were no breed, year, or breed × year interactions for
the percentage of donors that were pregnant, or the fertilization rate based on recovered embryos. Interestingly,
total oocyte and embryo recovery and, subsequently, embryo recovery were reduced (P ≤ 0.05) in MS donors compared with WC donors. A total of 74 embryo recipients
were used for embryo transfers (Table 2). Again, similar
to the donors, MS recipients in the 2007 farrowing year
were older (P ≤ 0.001) compared with WC recipients in
2007 and 2008; however, MS recipients in the 2008 farrowing year were younger. In 2007, recipients received
more (P ≤ 0.05) embryos compared with 2008; however,
there were no breed, year, or breed × year interactions for
litter size or farrowing rate.
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rowing rate in which the reciprocal transfer groups (i.e.,
MS × WC and WC × MS) had reduced (P ≤ 0.05) farrowing rates compared with the intrabreed transfer groups.
However, there was no significant effect of MUE, PigG,
or MUE × PigG interaction for pre- and peri-survival or
litter size and NBA. It is important to highlight that litter size and particularly prenatal survival were numerically decreased in MS piglets, irrespective of MUE. In
contrast, gestation length was greater (P ≤ 0.001) in WC
piglets compared with MS piglets, irrespective of MUE.
Both MUE and PigG significantly affected litter average
piglet BW. Piglets gestated in WC recipient gilts were
heavier (P ≤ 0.01) than piglets gestated in MS recipient
gilts, and WC piglets were heavier (P ≤ 0.05) than MS
piglets. Analysis of the solution for fixed effects of litter
average piglet BW illustrated that MUE accounted for
61% of the variation compared with 39% for PigG.

Pregnancy Outcome and Litter Variables

Individual Piglet Body Weight
and Blood Component Profiles

A total of 25 successful pregnancies were produced
after intrabreed- and reciprocal-embryo transfer between
MS and WC gilts (Table 3). There were no effects (P ≥
0.10) of year, MUE × year, PigG × year, or MUE × PigG ×
year interactions for the litter variables (i.e., farrowing
rate, pre- and peri-natal survival, litter size, NBA, gestation length, and average piglet BW; data not shown). A
significant MUE × PigG interaction was detected for far-

Table 4 illustrates the individual piglet BW and
piglet blood component profiles (corrected for BW) at
Day 1 of age. There were no significant effects of MUE,
PigG, and MUE × PigG interaction for plasma NEFA,
lactate, and cortisol. Similar to litter average piglet BW,
both MUE and PigG significantly affected individual
piglet BW. Piglets gestated in WC recipient gilts were
larger (P ≤ 0.01) than piglets gestated in MS recipient

Table 2. Transfer data from Meishan (MS) and White Crossbred (WC) gilts used as embryo recipients to generate intrabreed- and reciprocal-embryo transfer pregnancies1
Variable

Fixed effect
Fixed effect
P-value
MS2 (n = 30)
WC (n = 44)
Age, d
223.7 ± 1.2
250.4 ± 1.0
<0.001
Embryo received, n
13.0 ± 0.7
12.7 ± 0.6
0.74
Farrowed, %
37.5 ± 8.9
31.8 ± 7.2
0.62
Litter size, n4
7.4 ± 1.2
8.0 ± 1.1
0.72
20073 (n = 40)
2008 (n = 34)
Age, d
254.0 ± 1.0
220.1 ± 1.1
<0.001
Embryo received, n
13.8 ± 0.6a
11.8 ± 0.7b
0.04
Farrowed, %
28.0 ± 7.6
41.3 ± 8.6
0.26
Litter size, n4
8.1 ± 1.2
7.3 ± 1.1
0.62
––––––––– MS2 –––––––––
––––––––– WC –––––––––
20073 (n = 18)
2008 (n = 12)
2007 (n = 22)
2008 (n = 22)
Age, d
258.9 ± 1.5a
189.5 ± 1.8b
249.1 ± 1.4c
251.8 ± 1.4c
<0.001
Embryo received, n
14.2 ± 1.0
11.8 ± 1.1
13.5 ± 0.8
11.9 ± 0.9
0.69
Farrowed, %
33.3 ± 11.3
41.7 ± 13.8
22.7 ± 10.2
40.9 ± 10.2
0.67
Litter size, n4
7.7 ± 1.6
7.2 ± 1.8
8.6 ± 1.8
7.4 ± 1.3
0.83
a-cWithin a row, means without a common superscript differ (P ≤ 0.05).
1Least squares means ± SEM.
2Recipient breed.
3Year.
4Analyses of litter size based on n = 11 and 14 for recipient breed, MS and WC, respectively; n = 11 and 14 for year, 2007 and 2008, respectively; n = 6, 5, 5,
and 9 for recipient breed by year, MS by 2007, MS by 2008, WC by 2007, and WC by 2008, respectively.

2186

Miles et al.

gilts, and WC piglets were larger (P ≤ 0.01) than MS
piglets. Analysis of the solution for fixed effects of individual piglet BW illustrated that MUE had a greater
effect than PigG, accounting for 64% of the variation
compared with 36% for PigG. Plasma glucose tended to
be increased (P = 0.09) in piglets gestated in WC gilts
compared with those gestated in MS gilts. In contrast,
plasma albumin was increased (P ≤ 0.05) in MS piglets
compared with WC piglets, irrespective of MUE. There
were significant MUE × PigG interactions for hematocrit and hemoglobin in which MS piglets gestated in WC
recipients had the greatest (P ≤ 0.05) concentrations of
hematocrit and hemoglobin, followed by both breeds of
piglets gestated in MS recipients, and the WC piglets
gestated in WC recipients had the least concentrations
of hematocrit and hemoglobin. A similar tendency (P =
0.06) was observed for PUN concentrations.
Organ Weights, Glycogen Content,
and Proximate Analysis
Table 5 illustrates the organ weights of representative piglets harvested at d 1 of age after intrabreed- and

reciprocal-embryo transfer between MS and WC gilts
(corrected for BW). Similar to the individual piglet BW,
eviscerated BW had both significant MUE and PigG
effects in which piglets gestated in WC recipients had
increased (P ≤ 0.05) eviscerated BW and WC piglets
had increased (P ≤ 0.05) eviscerated BW compared with
MS piglets. In contrast, total visceral weight was greater
(P ≤ 0.01) in MS piglets compared with WC piglets, irrespective of MUE. After removal of GI tract contents,
no significant difference in emptied visceral weight was
observed between the MS and WC piglets. However, the
weight of the GI tract content was greater (P ≤ 0.01)
in the MS piglets compared with WC piglet, again irrespective of MUE. Furthermore, weight of the GI tract
alone tended to be greater (P = 0.07) in MS piglets
compared with WC piglets. There were no significant
effects for MUE, PigG, and MUE × PigG interaction
for the weight of the heart, lungs, liver, spleen, or kidneys, although hearts tended to be heavier (P = 0.10) in
WC piglets compared with MS piglets, and lungs tended
to be heavier (P = 0.10) in piglets from WC recipients
compared with MS recipients.

Table 3. Litter statistics from pregnancies generated by intrabreed- and reciprocal-embryo transfer between Meishan
(MS) and White crossbred (WC) gilts1
Variable
Farrowed, %
Prenatal survival, %
Perinatal survival, %
Litter size, n
Born alive, n
Gestation length, d
Avg. piglet BW, kg
Farrowed, %
Prenatal survival, %
Perinatal survival, %
Litter size, n
Born alive, n
Gestation length, d
Avg. piglet BW, kg

Fixed effect
MS2 (n = 11)
51.0 ± 13.5
49.4 ± 8.3
42.2 ± 7.6
6.6 ± 1.3
5.5 ± 1.1
114.4 ± 0.5
1.10 ± 0.06a

Fixed effect
WC (n = 14)
38.7 ± 7.8
53.2 ± 6.8
47.8 ± 6.2
7.8 ± 1.1
6.8 ± 1.0
114.1 ± 0.4

MS3 (n = 11)

WC (n = 14)
43.4 ± 8.1
60.1 ± 6.5
48.1 ± 6.0
8.7 ± 1.0
6.8 ± 1.0
115.8 ± 0.4b
1.37 ± 0.05b
––––––––– WC –––––––––
MS (n = 7)
WC (n = 7)
23.8 ± 9.1b
53.6 ± 12.7a
48.4 ± 10.0
60.8 ± 9.2
47.3 ± 9.2
48.4 ± 8.5
5.9 ± 1.6
9.8 ± 1.5
5.4 ± 1.3
8.1 ± 1.2
112.2 ± 0.6
115.9 ± 0.6
1.22 ± 0.08
1.57 ± 0.07

46.3 ± 13.3
42.5 ± 8.5
41.9 ± 7.8
5.8 ± 1.4
5.5 ± 1.1
112.6 ± 0.5a
1.13 ± 0.06a
––––––––– MS2 –––––––––
MS3 (n = 4)
WC (n = 7)
Farrowed, %
68.8 ± 25.0a
33.2 ± 10.3b
Prenatal survival, %
36.6 ± 13.8
62.3 ± 9.2
Perinatal survival, %
36.6 ± 12.8
47.8 ± 8.4
Litter size, n
5.7 ± 2.2
7.6 ± 1.5
Born alive, n
5.5 ± 1.8
5.5 ± 1.2
Gestation length, d
113.1 ± 0.9
115.7 ± 0.6
Avg piglet BW, kg
1.04 ± 0.11
1.16 ± 0.07
a,bWithin a row, means without a common superscript differ (P ≤ 0.05).
1Least squares means ± SEM.
2Maternal uterine environment.
3Piglet genotype.

1.40 ± 0.05b

P-value
0.44
0.73
0.58
0.50
0.39
0.65
0.003
0.86
0.12
0.54
0.11
0.36
<0.001
0.02

0.04
0.46
0.61
0.57
0.37
0.41
0.17
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Table 6 illustrates the body composition and tissue
glycogen concentrations of representative piglets harvested at Day 1 of age after intrabreed- and reciprocal-embryo
transfer between MS and WC gilts (corrected for BW).
No differences were observed between MUE, PigG, and
MUE × PigG interaction for DM and percentage of ash.
In contrast, the percentage of fat, nitrogen, and GE was
greater (P ≤ 0.05) in MS piglets compared with WC piglets, irrespective of MUE. Interestingly, glycogen concentrations in the liver, bicep femoris, and LM were less (P ≤
0.01) in MS piglets compared with WC piglets, irrespective of MUE. In a separate experiment using USMARC
pigs, glycogen concentrations in liver, bicep femoris, and
LM from MS and WC piglets (n = 9 per breed from 3
independent naturally bred litters) were not different immediately after parturition (data not shown).

DISCUSSION
In commercial swine herds, selection for litter size
over the past 20 yr has dramatically increased the number of piglets born per litter. However, this increase in
litter size has caused a concomitant reduction of piglet birth weights, increased within-litter birth weight
variability, and increased pre-weaning piglet mortality.
Given that pre-weaning mortality affects 13% of liveborn piglets in the United States (PigCHAMP, 2010),
reducing piglet mortality has a potential to significantly
improve sow productivity and thereby increase profits
for the swine industry. Although MS piglets weigh significantly less than contemporary Western pig breeds at
birth, MS piglets have reduced pre-weaning mortality
rates (Legault, 1985; Lee and Haley, 1995). Furthermore,

Table 4. Body weight and blood components of Day 1 piglets resulting from intrabreed- and reciprocal-embryo transfer
between Meishan (MS) and White crossbred (WC) gilts1
Variable

Fixed effect
Fixed effect
MS2 (n = 59)
WC (n = 87)
BW, kg
1.08 ± 0.07a
1.36 ± 0.05b
Hematocrit, %
27.6 ± 1.3
26.7 ± 0.8
Hemoglobin, g/dL
10.7 ± 0.4
10.7 ± 0.3
4.3 ± 0.3x
5.0 ± 0.2y
Plasma glucose, mM
12.6 ± 1.1
12.3 ± 0.8
Plasma urea nitrogen, mM
6.6 ± 0.5
6.5 ± 0.4
Plasma albumin, mM
Plasma NEFA, mEq/L
0.45 ± 0.09
0.38 ± 0.06
7.8 ± 0.8
6.6 ± 0.6
Plasma lactate, mM
Plasma cortisol, ng/mL
80.0 ± 10.9
95.6 ± 7.2
MS3 (n = 61)
WC (n = 85)
BW, kg
1.09 ± 0.07a
1.35 ± 0.05b
Hematocrit, %
30.0 ± 1.4
24.3 ± 0.8
Hemoglobin, g/dL
11.6 ± 0.4
9.7 ± 0.2
4.7 ± 0.4
4.6 ± 0.2
Plasma glucose, mM
13.4 ± 1.2
11.5 ± 0.8
Plasma urea nitrogen, mM
7.4 ± 0.6a
5.7 ± 0.4b
Plasma albumin, mM
Plasma NEFA, mEq/L
0.34 ± 0.10
0.49 ± 0.06
7.7 ± 0.9
6.7 ± 0.6
Plasma lactate, mM
Plasma cortisol, ng/mL
89.1 ± 11.8
86.5 ± 6.7
––––––––– MS2 –––––––––
––––––––– WC –––––––––
MS3 (n = 25)
WC (n = 34)
MS (n = 36)
WC (n = 51)
BW, kg
1.00 ± 0.11
1.16 ± 0.07
1.18 ± 0.08
1.54 ± 0.06
Hematocrit, %
28.5 ± 2.1a,b
26.7 ± 1.2a
31.5 ± 1.4b
21.8 ± 1.2c
Hemoglobin, g/dL
10.8 ± 0.7a
10.5 ± 0.4a
12.4 ± 0.4b
8.9 ± 0.4c
4.3 ± 0.5
4.3 ± 0.3
5.1 ± 0.4
5.0 ± 0.3
Plasma glucose, mM
12.3 ± 1.8x,y
13.0 ± 1.1x
14.5 ± 1.3x
10.1 ± 1.1y
Plasma urea nitrogen, mM
7.2 ± 0.9
5.9 ± 0.6
7.5 ± 0.7
5.6 ± 0.5
Plasma albumin, mM
Plasma NEFA, mEq/L
0.36 ± 0.14
0.56 ± 0.09
0.31 ± 0.10
0.44 ± 0.08
8.7 ± 1.4
6.8 ± 0.8
6.7 ± 1.0
6.5 ± 0.8
Plasma lactate, mM
Plasma cortisol, ng/mL
83.6 ± 18.4
76.5 ± 12.3
94.6 ± 12.3
96.6 ± 10.2
a-cWithin a row, means without a common superscript differ (P ≤ 0.05).
x,yWithin a row, means without a common superscript tended to differ (P ≤ 0.10 and P ≥ 0.06).
1Least squares means ± SEM.
2Maternal uterine environment.
3Piglet genotype.

P-value
0.003
0.56
0.99
0.09
0.78
0.97
0.51
0.25
0.26
0.01
0.004
0.003
0.89
0.21
0.04
0.21
0.35
0.86

0.22
0.02
0.002
0.85
0.06
0.59
0.83
0.40
0.72
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previous studies have suggested that MS piglets have
greater physiological maturity immediately after parturition, which likely enhances early neonatal survival
(Stone et al., 1985; Le Dividich et al., 1991; Herpin et
al., 1993). As a result, the MS pig may serve as a reliable
model for studying pre-weaning survivability to identify
key developmental pathways that could be targeted to
limit pre-weaning piglet mortality in commercial pigs.
The current study investigated the contributions of the
maternal uterine environment, piglet genotype, and their
interaction on the development of neonatal piglets pertaining to pre-weaning survivability by using reciprocal
embryo transfers between MS and WC gilts. This study
further illustrated that MS piglets, regardless of mater-

nal uterine environment, have improved physiological
development relating to energy stores, particularly glycogen catabolism, appetite, and oxygen-carrying capacities of the blood that are advantageous to survival of piglets from birth to weaning.
From the embryo recovery results, ovulation rate
was greater in MS embryo donors compared with similar-aged WC gilts, but the 2 breeds were similar when
MS gilts were approximately 65 d younger than WC
gilts. Meishan gilts typically reach puberty around 100 d
of age (Christenson, 1993; Faillace et al., 1994); whereas typical WC gilts reach puberty around 200 d of age
(Kuehn et al., 2009). As a result, MS gilts similar in age
to the WC gilts used in this experiment had a greater

Table 5. Organ weights of Day 1 piglets resulting from intrabreed- and reciprocal-embryo transfer between Meishan
(MS) and White crossbred (WC) gilts1
Variable

Fixed effect
Fixed effect
MS2 (n = 19)
WC (n = 27)
Eviscerated BW, g
921.0 ± 10.4a
948.1 ± 7.2b
Total visceral, g
240.2 ± 8.9x
220.8 ± 6.0y
Heart, g
8.4 ± 0.4
8.5 ± 0.3
Lungs, g
15.3 ± 0.7x
16.8 ± 0.5y
Liver, g
28.8 ± 1.1
29.5 ± 0.8
Spleen, g
1.40 ± 0.09
1.46 ± 0.07
Kidneys, g
10.8 ± 0.6
10.7 ± 0.4
Gastrointestinal tract, g
82.8 ± 3.7
78.4 ± 2.8
Empty visceral, g
148.0 ± 4.3
145.2 ± 3.3
Gastrointestinal tract content, g
93.2 ± 8.1x
75.7 ± 5.5y
MS3 (n = 21)
WC (n = 25)
Eviscerated BW, g
916.7 ± 11.2a
952.3 ± 7.1b
Total visceral, g
249.9 ± 9.5a
211.1 ± 5.9b
Heart, g
8.0 ± 0.4x
8.9 ± 0.3y
Lungs, g
15.7 ± 0.7
16.4 ± 0.4
Liver, g
29.0 ± 1.2
29.4 ± 0.8
Spleen, g
1.42 ± 0.10
1.45 ± 0.07
Kidneys, g
10.7 ± 0.6
10.8 ± 0.4
Gastrointestinal tract, g
85.4 ± 4.1x
75.8 ± 2.7y
Empty visceral, g
150.5 ± 4.8
142.8 ± 3.1
Gastrointestinal tract content, g
100.8 ± 8.6a
68.1 ± 5.4b
––––––––– MS2 –––––––––
––––––––– WC –––––––––
MS3 (n = 8)
WC (n = 11)
MS (n = 13)
WC (n = 14)
Eviscerated BW, g
894.1 ± 17.9
947.8 ± 10.4
939.3 ± 11.9
956.9 ± 10.1
Total visceral, g
267.3 ± 15.3
213.1 ± 8.7
232.5 ± 9.8
209.1 ± 8.4
Heart, g
7.9 ± 0.6
8.8 ± 0.4
8.1 ± 0.4
8.9 ±0.4
Lungs, g
15.1 ± 1.2
15.6 ± 0.7
16.4 ± 0.7
17.1 ± 0.6
Liver, g
28.9 ± 1.9
28.8 ± 1.1
29.0 ± 1.3
29.9 ± 1.1
Spleen, g
1.39 ± 0.16
1.42 ± 0.09
1.44 ± 0.11
1.49 ± 0.09
Kidneys, g
10.2 ± 0.9
11.4 ± 0.5
11.2 ± 0.6
10.2 ± 0.5
Gastrointestinal tract, g
87.5 ± 6.3
78.2 ± 3.8
83.4 ± 4.5
73.4 ± 3.8
Empty visceral, g
151.2 ± 7.3
144.9 ± 4.5
149.7 ± 5.3
140.6 ± 4.5
Gastrointestinal tract content, g
117.3 ± 13.8
69.1 ± 7.9
84.2 ± 9.0
67.2 ± 7.7
a,bWithin a row, means without a common superscript differ (P ≤ 0.05).
x,yWithin a row, means without a common superscript tended to differ (P ≤ 0.10 and P ≥ 0.06).
1Least squares means ± SEM.
2Maternal uterine environment.
3Piglet genotype.

P-value
0.05
0.09
0.81
0.10
0.66
0.60
0.88
0.35
0.60
0.09
0.02
0.004
0.10
0.49
0.81
0.76
0.89
0.07
0.21
0.007

0.17
0.16
0.88
0.98
0.71
0.98
0.11
0.94
0.79
0.13
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number of estrous cycles before embryo recovery, and
thus greater ovulation rate. This finding supports previous literature illustrating that age-matched ovulation
rate of MS gilts are greater than contemporary WC gilts
(Ashworth et al., 1990; Christenson, 1993). In contrast,
ovulation rates at the first estrus after puberty were not
different between the 2 breeds (Christenson, 1993).
Although no differences in pregnancy rate (i.e., successful fertilization) were observed between the 2 breeds of
embryo donors, total oocyte and subsequently fertilized
embryo recovery rate was less in MS donors compared
with WC donors. This difference may likely have resulted from reduced integrity of the MS oviduct. The MS
oviducts were less rigid and constant compared with the
WC oviduct, resulting in greater difficulty in threading
flush needles through the infundibulum during embryo
recovery and subsequently massaging the oocytes and
embryos through the utero-tubal junction. The number
of embryos transferred to recipients did not differ by

breed, but was greater in 2007 due to the greater ovulation rate of the MS donors in 2007.
After intrabreed- and reciprocal-embryo transfer between MS and WC gilts, overall farrowing rate was reduced in the reciprocal embryo transfer groups compared
with the intrabreed embryo transfers. However, there were
no differences in pre- and peri-natal survival or litter size
and NBA between the embryo transfer groups. These findings suggest that reciprocal embryo transfer groups had
greater difficulty establishing pregnancy, but once pregnancy was established, there was no difference in survival. The reduced establishment of pregnancy in reciprocal
embryo-transfer groups may be the result of differences
in early embryonic development or synchrony between
these breeds, which may have occurred because of breed
differences in response to the synchronization protocol. A
previous reciprocal embryo study investigating embryo
survival during early gestation demonstrated that MS
embryos from MS donors were less tolerant to routine

Table 6. Tissue glycogen concentrations and body composition of Day 1 piglets resulting from intrabreed- and
reciprocal-embryo transfer between Meishan (MS) and White crossbred (WC) gilts1
Variable

Fixed effect

MS2 (n = 19)
DM, %
21.5 ± 0.4
Fat, %
1.8 ± 0.1
CP, %
13.4 ± 0.3
Ash, %
5.1 ± 0.2
GE, kcal/g
4.23 ± 0.03
Liver glycogen, mg/g
16.2 ± 4.7
Biceps femoris glycogen, mg/g
38.7 ± 4.01
LM glycogen, mg/g
57.9 ± 4.5
MS3 (n = 21)
DM, %
21.8 ± 0.4
Fat, %
2.2 ± 0.1a
CP, %
13.9 ± 0.5a
Ash, %
5.0 ± 0.2
GE, kcal/g
4.29 ± 0.04a
Liver glycogen, mg/g
8.9 ± 2.7a
B. femoris glycogen, mg/g
29.9 ± 3.4a
LM glycogen, mg/g
47.7 ± 4.0a
––––––––– MS2 –––––––––
MS3 (n = 8)
WC (n = 11)
DM, %
21.8 ± 0.7
21.3 ± 0.4
Fat, %
2.4 ± 0.2
1.3 ± 0.1
CP, %
13.9 ± 0.5
12.9 ± 0.3
Ash, %
5.0 ± 0.3
5.1 ± 0.2
GE, kcal/g
4.29 ± 0.06
4.17 ± 0.03
Liver glycogen, mg/g
8.7 ± 4.5
30.0 ± 8.5
B. femoris glycogen, mg/g
32.4 ± 5.8
46.2 ± 5.0
LM glycogen, mg/g
44.3 ± 5.9
75.7 ± 6.0
a,bWithin a row, means without a common superscript differ (P ≤ 0.05).
1Least squares means ± SEM.
2Maternal uterine environment.
3Piglet genotype.

Fixed effect
WC (n = 27)
21.2 ± 0.3
1.7 ± 0.1
13.3 ± 0.2
4.8 ± 0.1
4.26 ± 0.02
18.0 ± 3.5
35.8 ± 2.8
57.5 ± 3.2
WC (n = 25)
21.0 ± 0.3
1.3 ± 0.1b
12.8 ± 0.3b
5.0 ± 0.1
4.20 ± 0.02b
32.9 ± 1.9b
46.3 ± 3.4b
70.1 ± 3.8b
––––––––– WC –––––––––
MS (n = 13)
WC (n = 14)
21.8 ± 0.5
20.7 ± 0.4
2.0 ± 0.2
1.3 ± 0.1
14.0 ± 0.3
12.7 ± 0.3
4.9 ± 0.2
4.8 ± 0.2
4.30 ± 0.04
4.23 ± 0.03
9.0 ± 2.9
36.0 ± 9.8
27.6 ± 3.5
46.4 ± 4.9
50.9 ± 4.6
64.9 ± 5.0

P-value
0.54
0.38
0.87
0.35
0.39
0.76
0.55
0.94
0.15
<0.001
0.008
0.99
0.05
0.003
0.007
0.002

0.46
0.14
0.58
0.45
0.56
0.83
0.52
0.14
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embryo transfer compared with WC embryos from WC
donors, as indicated by the percentage of viable embryos
at Day 30 of gestation (Ashworth et al., 1990). However,
once pregnancy was established, there were no statistical differences in pre- and peri-natal survival, litter size,
or NBA in embryo transfer groups at term in the current
study. It is important to note that MS piglets, irrespective
of MUE, had numerically decreased litter size and prenatal
survival, which further suggests that MS embryos may be
less tolerant to routine embryo transfer, as was observed
by Ashworth et al. (1990). In contrast to early embryonic
loss, results of a previous reciprocal embryo transfer study
in which litter size was measured during late gestation indicated that litter size and conceptus viability did not differ
between reciprocal embryo transfer groups from MS and
Yorkshire gilts (Biensen et al., 1998; Wilson et al., 1998).
The differences among embryo survival during early gestation (Ashworth et al., 1990), late gestation (Biensen et
al., 1998; Wilson et al., 1998), and term (lack of statistical
differences in the current study) may reflect differences
in the timing of embryonic loss after embryo transfer and
suggest that embryos for either breed or uterine environment have similar sensitivity to fetal loss during late gestation and at term after embryo transfer. Gestation length
was greater in WC piglets compared with MS piglets, regardless of MUE, and illustrated that PigG plays a key role
in initiating parturition. These gestation lengths are consistent with naturally bred MS (Canario et al., 2009) and
commercial WC breeds (Straw et al., 2008).
Piglet BW, both litter-average and individual-piglet
basis, was greater in piglets gestated in WC gilts, irrespective of PigG, demonstrating an advantage in pre- and
peri-natal growth in WC gilts. This finding supports crossbreeding studies between MS and LW pigs demonstrating
that birth weight was attributed to a significant maternal
effect in favor of the LW dam (Bidanel et al., 1990; Lee
and Haley, 1995). In a reciprocal transfer study between
MS and Yorkshire pigs, Wilson et al. (1998) demonstrated
a fetal breed × recipient breed interaction for fetal weight
at Day 90 of gestation, in which fetuses gestated in MS
recipients were lighter than fetuses gestated in Yorkshire
recipients. In contrast, MS fetuses gestated in Yorkshire
recipients were lighter than Yorkshire fetuses gestated
in Yorkshire recipients at Day 90 of gestation; however,
by term there was no difference observed in the BW of
MS piglets or Yorkshire piglets gestated in Yorkshire gilts.
The authors concluded that the MS uterine environment
resulted in a suppressive effect on the growth of fetuses,
irrespective of fetal breed. This pattern was also observed
in the current study at term, further suggesting a suppressive effect of the MS uterine environment on Day-1 piglet
BW, irrespective of PigG. Interestingly, piglet BW, again
on both a litter-average and individual-piglet basis, was
not only greater for piglets gestated in WC gilts, but WC

piglets were heavier than MS piglets. The current findings
indicate that the MS uterine environment has a propensity
to reduce piglet size, but the WC piglet has attributes that
were able to partially circumvent this suppression. This
somewhat contradicts the previous reciprocal embryo
transfer study by Wilson et al. (1998), suggesting that the
suppressive effect of the MS uterine environment on fetal growth of WC piglets may not be as dramatic when
comparing a composite White breed as when comparing a
purebred Yorkshire breed. Furthermore, the previous study
co-transferred MS and Yorkshire embryos within the same
litter, which may have resulted in interactions between
the fetal genotypes within individual litters and reduced
differences in fetal weights. However, it is important to
highlight that the MUE affected piglet BW, both on a litteraverage and individual-piglet basis, greater than PigG in
the current study, thereby still supporting the previous observation of a suppressive effect on prenatal growth by the
MS uterine environment (Wilson et al., 1998).
Plasma albumin concentrations were increased
in MS piglets compared with WC piglets at Day 1 of
life, irrespective of MUE. This is consistent with the
previous pattern of increased albumin in MS piglets
compared with composite-line piglets at birth (Herpin
et al., 1993), suggesting that MS piglets, despite their
decreased size, have greater maturation of the liver
(Herpin et al., 1993) because albumin concentrations
are indicative of the physiological maturity of the liver
(Stone, 1984). Hematocrit and hemoglobin concentrations were elevated in MS piglets compared with WC
piglets gestated in WC gilts. This finding is consistent
with the finding of Herpin et al. (1993) that illustrated
increased hematocrit concentrations immediately after birth in MS piglets compared with LW and composite line piglets. Furthermore, WC piglets gestated
in MS gilts had greater concentrations of hematocrit
and hemoglobin compared with intrabreed WC piglets.
Hemoglobin is a protein produced by red blood cells
that delivers oxygen to the tissues, and hematocrit corresponds to the volume of red blood cells in the total
blood volume (Billett, 1990). As a result, hematocrit
and hemoglobin concentrations are highly correlated in
the pig (Miller et al., 1961). Increased hematocrit and
hemoglobin concentrations in the current study demonstrated that erythrocytes from MS piglets have improved
oxygen-carrying capacity, and the MS uterine environment appeared to improve the oxygen-carrying capacity
compared with the WC uterine environment, which likely benefits early neonatal survival. Furthermore, lower
hematocrit and hemoglobin concentrations in intrabreed
WC may reflect greater deficiency in iron, a correlative
factor with hematocrit and hemoglobin concentrations
(Miller et al., 1961). Interestingly, a similar tendency
was observed for PUN concentrations. This may reflect
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differences in kidney function given that the kidney
regulates erythropoiesis in neonatal pigs via production
of erythropoietin (David et al., 2002). Alternatively, increased PUN in MS piglets and piglets gestated in MS
gilts may reflect differences in the efficiency of AA use.
Given these differences in oxygen-carrying capacities
and possible kidney function, further experimentation
investigating erythropoiesis and hemoglobin production
during prenatal and neonatal development between MS
and WC piglets has the potential to identify unique targets for improving pre-weaning survival of piglets.
In a representative group of piglets harvested at Day 1
of life from each litter, eviscerated BW followed a similar
pattern observed for the litter average and individual piglet BW in which both MUE and PigG affected piglet BW
in favor of the WC breed. However, total visceral weight
had an opposite effect in which MS piglets had increased
visceral weight compared with WC piglets, irrespective
of MUE. There was a lack of significant effects on organ
weights and empty visceral weight between the breeds.
Interestingly, GI tract content weight was greater in MS
piglets, irrespective of MUE. This illustrated that MS piglets had greater colostrum intake on the first day of life,
which could improve piglet survivability. Literature comparing colostrum and milk intake of piglets during early
neonatal life in MS and contemporary breeds is lacking.
However, several studies have investigated activity of
sows and piglets from MS and contemporary Western
breeds immediately after parturition (Meunier-Salaun
et al., 1991) and during lactation (Sinclair et al., 1998;
Farmer et al., 2001). During the first 24 h postpartum,
Meunier-Salaun et al. (1991) reported that MS and LW
sows spent >90% of the time lying down with no breed
effects for sow activity. In contrast, MS piglets spent a
greater amount of time at the udder (74%) compared with
WC piglets (54%), which allowed MS piglets more heat
and nutritional energy from the sows (Meunier-Salaun et
al., 1991). This would further support the current observation of greater colostrum intake by MS piglets during the
first day of life. Follow-up studies monitoring intake and
appetite between MS and contemporary Western piglets
would be useful for identifying potential methods to increase intake of commercial piglets during the first days
of life to improve pre-weaning survivability.
In the current study, MS piglets had greater fat and
protein contents than WC piglets, irrespective of MUE.
This illustrates greater energy stores in the carcass of an
MS piglet at Day 1 of life, which could be beneficial
to piglet survival. This supports previous literature that
demonstrated MS piglets have greater fat and protein
contents immediately after parturition compared with
composite-line piglets (Herpin et al., 1993). Le Dividich
et al. (1991) also showed increased protein contents in
MS piglets compared with LW piglets immediately after
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parturition, but did not find differences in fat contents
between MS and LW piglets. Differences between Le
Dividich and others and the current study likely occurred
due to difference in contemporary White pig genetics
(i.e., a European, purebred LW breed versus in the current study a composite line selected for leaner growth).
At d 1 of life, glycogen concentrations were greater in
liver, bicep femoris, and LM from WC piglets compared
with MS piglets, irrespective of MUE. However, no differences in liver, bicep femoris, and LM glycogen concentrations were observed immediately after birth of MS and WC
piglets from naturally bred pigs at the USMARC (Miles,
unpublished observation). Similar liver and muscle glycogen concentration patterns were also observed in MS and
LW piglets immediately after parturition (Le Dividich et
al., 1991). These findings demonstrate greater catabolism
of glycogen on the first day of life in MS piglets compared
with WC piglets, which could be advantageous to piglet
survival given that glycogen is a key energy source in the
neonatal piglet (van der Lende et al., 2001). From observations over the past 25 yr of the USMARC MS population,
MS piglets are more active during the first few days of
life compared with WC piglets; however, MS piglet activity steadily declines after ~1 wk to be similar or even
less than that of WC piglets. Similar activity has also been
observed in other crossbred MS populations during lactation (Sinclair et al., 1998; Farmer et al., 2001). Increased
physical activity enhances glycogen metabolism, particularly in the muscles (Sakamoto and Goodyear, 2002). It
is unknown whether increased activity in MS piglets during the first day of life increases glycogen catabolism in
MS piglets or whether an intrinsic increase in glycogen
catabolism in MS piglets leads to increased activity on the
first day of life. Studies using the MS breed are ongoing to
better understand activity during early life and glycogen
metabolism during prenatal and early neonatal development and how glycogen metabolism benefits pre-weaning
piglet survivability.
In conclusion, the results of this study indicate that
the MS breed serves as a suitable model for studying
pre-weaning survivability. This study demonstrates that
MS piglets, regardless of uterine environment, have improved physiological development that enhances their
early neonatal survivability. As a result, use of the MS
piglet to study components relating to oxygen-carrying capacities of the blood, appetite, activity, and energy stores, particularly glycogen, has the potential to
identify specific factors associated with piglet survival.
Identified factors associated with piglet survival can
then serve as possible targets to limit pre-weaning mortality in commercial pigs.
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