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ABSTRACT: Gilt progeny (GP) often have restricted 
growth performance and health status in comparison 
to sow progeny (SP) from birth, with the underlying 
mechanisms responsible for this yet to be fully under-
stood. The present study aimed to compare differences 
in growth and development between GP and SP in 
the first 24 h after birth and in the periweaning period. 
Two cohorts of pigs including 36 GP and 37 SP were 
euthanized at 1 of 4 time points: a birth cohort (at 
birth before suckling, 0 h; and 24 h after birth, 24 h; 
n = 33) and a weaning cohort (at approximately 29 d 
of age; “pre-weaning,” PrW; and 24 h after weaning; 
“post-weaning,” PoW; n = 40). Pigs were individually 
weighed at 0 h, 24 h, PrW, and PoW up until the point 
of euthanasia, at which time the weights of selected 
tissues and organs were recorded and analyzed relative 
to BW. The length of the small intestine (SI), femur, 
and body were also measured, and a serum sample 
was collected and analyzed for IgG concentration. 
Samples of jejunal and ileal mucosa were collected 
and analyzed for total protein and specific activity of 
lactase. Euthanized GP were lighter (P < 0.01) than 
SP at all time points. At all time points, the ratios 

of quadriceps weight to femur length, BW to body 
length, spleen to BW (all P < 0.05), and SI weight to 
length (P < 0.10) were lower in GP than in SP. There 
was no difference (P ≥ 0.05) in stomach or heart to 
BW ratios between GP and SP in either cohort. The 
brain to liver weight ratio was greater (P = 0.044) in 
GP than in SP in the birth cohort, and the brain to 
BW ratio was greater (P < 0.01) in GP in both the 
birth and weaning cohorts. The liver to BW ratio was 
similar (P = 0.35) at birth but greater (P = 0.014) in 
GP around weaning. Total mucosal protein content 
in the jejunum and ileum was lower (P = 0.007) in GP 
at 24 h compared with SP, and specific activity of lac-
tase was greater (P = 0.022) in GP in the birth cohort, 
whereas there were no differences in the weaning co-
hort (P ≥ 0.10). Gilt progeny had lower (P < 0.001) 
serum IgG concentration compared with SP at 24 h, 
but there was no difference (P ≥ 0.10) in the weaning 
cohort. Collectively, these findings suggest that the 
early development of GP may be delayed compared 
with SP and that a number of the anatomical differ-
ences between GP and SP that exist after birth are 
also present at weaning.
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INTRODUCTION

On average, gilt progeny (GP) are born and 
wean lighter than sow progeny (SP; Carney-Hinkle 
et  al., 2013; Craig et  al., 2017a,b), which persists 
as slower growth to slaughter (Craig et al., 2017b). 
Light-for-age pigs are less likely to ingest colos-
trum and acquire sufficient maternal immunity for 
survival (Rooke and Bland, 2002). This reduction 
in live weight in GP, along with compromised im-
mune status of these animals (Klobasa et al., 1986; 
Carney-Hinkle et al., 2013), are thought to be the 
major contributors to higher mortality rates seen in 
GP before and after weaning (Miller et al., 2012b; 
Craig et al., 2017b). Reduction in the acquisition of 
maternal immunity in GP may be due to the lower 
immunity of the comparatively naive primiparous 
dam (Klobasa et al., 1985). Alternatively, if  prim-
iparous sows have lower colostrum and milk yields, 
GP may have lower intakes (King, 2000; Quesnel, 
2011), and (or) GP may have reduced gastrointes-
tinal tract (GIT) function resulting in limitation of 
their ability to absorb nutrients from colostrum and 
milk (Cottrell et al., 2017). To investigate possible 
mechanisms for these differences, this study exam-
ined anatomical and GIT functional development 
of GP and SP in the first 24 h after birth and during 
the periweaning period. It is in these critical stages 
where colostrum and milk ingestion is vital for sur-
vival (Rooke and Bland, 2002) and where a number 
of stressors are known to affect physiological devel-
opment of the piglet (Pluske et al., 1997; Dunshea, 
2003; Baxter et al., 2008). It was hypothesized that, 
in addition to having slower rates of growth, GP 
would have reduced anatomical development of 
several organs and delays in early functional devel-
opment of the GIT compared with SP around birth 
and weaning.

MATERIALS AND METHODS

All experimental procedures were approved 
by both the Rivalea (Australia) Animal Care and 
Ethics Committee (protocol number 16P014) and 
the Murdoch University Animal Ethics Committee 
(protocol number N2847/16) in accordance with 
the Australian Code for the Care and Use of 
Animals for Scientific Purposes (National Health 
and Medical Research Council, 2013).

Experimental Design

The experiment was conducted under com-
mercial conditions at a piggery in Corowa, NSW 
(Rivalea Australia Pty Ltd, Australia). Thirty-six 

entire male and 37 female piglets born to 41 Large 
White × Landrace F1 sows (Primegro genetics, 
NSW, Australia) were selected for the experiment. 
This consisted of 36 piglets born to 16 primiparous 
(parity 1) sows and 37 born to 25 multiparous sows 
(parities 3 and 4), with a minimum of 1 and a max-
imum of 4 piglets sampled from each dam. In the 
birth cohort, total piglets born per pregnancy were 
15.0 ± 2.1 and 12.8 ± 1.8 (mean ± SD) for prim-
iparous and multiparous sows, respectively, and 
total piglets born alive were 13.9 ± 2.3 and 12.4 ± 1.6 
for primiparous and multiparous sows, respectively. 
In the weaning cohort, these figures were 12.9 ± 3.7, 
13.0  ± 3.3, 12.0  ± 3.4, and 11.8  ± 2.7 piglets, re-
spectively. Piglets were euthanized, tissue samples 
were collected, and morphological traits of various 
organs were measured (see Piglet Euthanasia and 
Gross Anatomical Measurements section) either at 
birth (0 h), 24 h after birth (24 h), before weaning 
(“pre-weaning,” at approximately 29 d of age; PrW), 
or 24 h after weaning (“post-weaning,” PoW). Live 
weights of all pigs were measured at 0 h, 24 h, PrW, 
and PoW for each pig up until the time of euthan-
asia. Two separate cohorts of piglets were used for 
the experiment, including a birth cohort (0 and 
24 h) and a weaning cohort (PrW and PoW). The 
experiment was performed over an intensive 2-wk 
period, with piglets in the weaning cohort born in 
March and piglets in the birth cohort born in April, 
such that piglets from both groups were euthanized 
in April, with both dam parity treatments and sexes 
represented within each cohort.

For the birth cohort of progeny (0 and 24 h), 
dams were selected at parturition based on parity 
and the time of piglet birth was recorded. For 
the 0-h time point, piglets were opportunistically 
selected immediately after birth (within 1  h, be-
fore suckling), their birth weight (BWT) recorded, 
and immediately transported to an on-farm facility 
for euthanasia and dissection. For the 24-h time 
point, piglets were selected immediately after birth 
(within 1  h, before suckling), individually num-
bered with a marker, and BWT and time of day re-
corded before being returned to their farrowing pen 
to suckle. Exactly 24 h later, piglets were weighed 
again (24WT) and transported for euthanasia and 
dissection. Piglets were selected based on their rep-
resentation of an average BWT piglet in that litter.

Within the weaning cohort of progeny (PrW 
and PoW), sows were selected for the experiment 
before farrowing based on parity. At farrowing, up 
to 6 pigs per litter of average weight and conform-
ation were weighed (BWT) and individually tagged. 
These pigs were then weighed again at 24  h after 
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birth (24WT) and left to suckle their birth dams 
throughout lactation. Piglets allocated for euthan-
asia at the PrW and PoW time points were then 
selected from these tagged piglets around the time 
of weaning (28.6 ± 0.1 d; mean ± SE), with PrW pig-
lets weighed and euthanized before weaning (28.7 ± 
0.2 d) and PoW piglets weighed and weaned (28.6 ± 
0.2 d) from their dams, then weighed again and eu-
thanized exactly 24 h after weaning. The number of 
piglets in each cohort was balanced between dam 
parity treatment (GP or SP), time point (0 h, 24 h, 
PrW, or PoW), and sex, with 5 pigs per group al-
located where possible depending on the timing of 
natural farrowings and availability of dissection fa-
cilities (Table 1). Piglets were all euthanized over a 
period of 11 d, with sampling time randomly based 
on availability of facilities and farrowing times, as 
timing of parturition was natural and not induced 
in experimental gilts and sows.

Animal Management

Sows were moved into the farrowing house ap-
proximately 8 d before their expected farrow date 
and housed in individual farrowing crates. Sows 
within the birth cohort farrowed over 3 farrowing 
sheds, whereas sows within the weaning cohort 
were all located within the 1 shed. Each farrowing 
crate was fitted with drinker nipples for both the 
sows and piglets, and a creep area fitted with a heat 
lamp. Piglets were tail docked and given 200  mg 
of Fe (Gleptosil; Champion Alstoe, ON, Canada) 
and 2  mL of a mycoplasma vaccine (RespiSure 
One; Zoetis, NSW, Australia) via i.m. injection 2 d 
after birth. All sows were fed a common gestation 
[averaging 12.9 MJ DE/kg; 12.8% CP; 0.5% stand-
ardized ileal digestible (SID) Lys; as-fed basis] and 
lactation (14.8 MJ DE/kg; 16.9% CP; 0.9% SID 
Lys) diet throughout the experiment. Piglets were 
not provided access to creep feed and were vac-
cinated against porcine circovirus type 2 (Ingelvac 
CircoFLEX; Boehringer Ingelheim, NSW, 
Australia) approximately 1  wk before weaning. 
Although minimal cross-fostering was practiced 
soon after parturition to standardize litters to 10 
to 12 piglets, fostered piglets were not included in 
the experiment and experimental piglets were left to 
suckle their birth dam for the entirety of the suck-
ling period up until weaning. Piglets euthanized at 
the PoW time point were weaned and housed until 
euthanasia in individual metabolism pens (0.5 m × 
0.85 m) each fitted with a drinker nipple and a heat 
lamp shared between every 2 pens. These pigs were 
given ad libitum access to a commercial starter diet 

(averaging 14.5 MJ DE/kg; 17.4% CP; 1.3% SID 
Lys) during the 24 h post-weaning period.

Piglet Euthanasia and Gross Anatomical 
Measurements

Pigs were initially sedated with an intraperitoneal 
(i.p.) injection of 17 mg/kg of BW of xylazine hydro-
chloride (Ilium Xylazil-100; Troy Laboratories Pty 
Ltd, NSW, Australia) before being administered an 
anesthetic dose of 0.1 mL/kg i.p. sodium pentobar-
bitone (Lethabarb; Virbac, NSW, Australia) and 
finally a lethal dose of 0.5 mL/kg intra-cardiac so-
dium pentobarbitone. Two separate doses of so-
dium pentobarbitone were administered to retrieve 
a blood sample via jugular venepuncture from each 
piglet before full euthanasia, and a cardiac blood 
sample was collected after euthanasia. All euthan-
asia procedures were carried out by a veterinarian. 
Blood samples were collected into vacuum tubes 
containing EDTA (BD Vacutainer, Macquarie Park 
NSW, Australia). Samples were then refrigerated 
and left to clot for a minimum of 2 h and then centri-
fuged at 3,000 × g for 10 min at 4 °C to obtain serum. 
Serum samples were then transferred to a separate 
tube and stored at −80  °C until further analysis. 
A midline incision was made using a scalpel from 
the sternum to the pubis, and the GIT, its accessory 
organs, and selected muscles were gently removed. 
Absolute weights of major organs were recorded 
using a digital weighing scale, after being emptied of 
their contents and flushed with cold saline. Weights 
of the quadriceps muscle, stomach, small intestine 
(SI; excluding duodenum), liver, brain, heart, and 
spleen were recorded. The brain was separated from 
the lower brain stem/upper spinal cord at the for-
amen magnum and absolute brain weight included 
the cerebellum, olfactory bulbs, and the majority of 
the lower brain stem. The length of the SI (excluding 
the duodenum) and femur bone (excluding car-
tilage) were also measured. The jejunum and ileum 
of the SI from the duodenojejunal flexure to the 
ileocecal junction was removed and rinsed with cold 
0.01 M PBS (pH 7.2). Approximately 5-cm sections 
of proximal jejunum and distal ileum from each ter-
minal 15 cm of SI were collected and the mucosal 
layer scraped off using a ruler. Mucosa samples 
were flash-frozen in liquid nitrogen and stored at 
−80 °C until further analysis.

Biological Assays

Cardiac serum samples were analyzed for 
the birth cohort and jugular serum samples were 
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analyzed for the weaning cohort. As cardiac serum 
samples taken from the birth cohort showed a 
high amount of hemolysis, they were treated just 
before laboratory analysis to remove hemoglobin 
using a commercial product (hemoglobind; Biotech 
Support Group, Monmouth Junction, NJ). As 
per the manufacturer’s instructions, 250  µL of 
hemoglobind was added to 250  µL of hemolyzed 
serum, vortexed for 30 s before mixing via inversion 
for 10 min, and then centrifuged at 6,000 × g for 
2 min at 4 °C. Purified serum was then aspirated and 
assessed in duplicate for IgG concentration along 

with the jugular serum samples from the weaning 
cohort using a commercial ELISA kit (Bethyl 
Laboratories, Montgomery, TX). The intra-assay 
CV for the ELISA was 12.1% and the interassay 
CV was 9.1%.

Scrapings of mucosa from the proximal je-
junum and the distal ileum were also assayed for 
specific activity of lactase. Approximately 0.1 g of 
each frozen mucosal scraping was suspended in 
1.5  mL of PBS and homogenized in a benchtop 
homogenizer (FastPrep-24, MP Biomedicals, Seven 
Hills, NSW, Australia). Tubes were then centrifuged 

Table 1.  Number of animals (N) euthanized and number of observations for each parameter (n) within 
each dam parity (sow progeny, SP; or gilt progeny, GP), sex (male, M; or female, F), and time point

n

Dam parity SP GP

Sex M F M F

Timepoint1 0 h 24 h PrW PoW 0 h 24 h PrW PoW 0 h 24 h PrW PoW 0 h 24 h PrW PoW

Total N 4 5 5 5 5 4 5 5 2 5 5 5 4 5 5 5

Parameter

  Piglet liveweight

    BW at 0 h 4 4 5 5 5 3 5 5 2 4 5 5 4 4 5 5

    BW at 24 h — 5 5 5 — 3 5 5 — 5 5 5 — 5 5 5

    24-h BW gain — 4 5 5 — 3 5 5 — 4 5 5 — 4 5 5

    BW at PrW — — 5 5 — — 5 5 — — 5 5 — — 5 5

    BW at PoW — — — 5 — — — 5 — — — 5 — — — 5

  Musculoskeletal

    Quadriceps weight (QD) 4 5 4 4 5 3 5 5 2 4 5 4 4 5 5 4

    Femur length (FEM) 4 5 5 5 5 3 5 5 2 5 5 4 4 5 5 5

    QD:FEM 4 5 4 4 5 3 5 5 2 4 5 4 4 5 5 4

    Body length (BL) — — 5 5 — — 5 5 — — 5 5 — — 5 5

    BW:BL — — 5 5 — — 5 5 — — 5 5 — — 5 5

  Gastrointestinal tract

    Stomach weight (STOM) 3 5 5 5 5 3 5 5 1 4 5 5 4 5 5 5

    STOM:BW 3 5 5 5 5 3 5 5 1 4 5 5 4 5 5 5

    SI weight (SIWT)2 4 5 5 5 3 3 5 4 2 5 4 5 4 5 5 4

    SI length (SIL) 4 5 5 5 4 3 4 4 2 5 4 5 4 5 5 5

    SIWT:SIL 4 5 5 5 3 3 4 4 2 5 4 5 4 5 5 4

    Liver weight (LIV) 4 5 5 5 5 3 5 5 2 5 5 5 3 5 5 5

    LIV:BW 4 5 5 5 5 3 5 5 2 5 5 5 4 5 5 5

    Total protein per g SI mucosa3 8 10 10 10 10 8 10 10 4 7 9 10 8 10 10 8

    Specific lactase activity in SI3 8 10 10 10 10 8 10 10 4 7 9 10 8 10 10 8

  Other

    Brain weight (BR) 4 5 5 5 5 3 5 5 2 5 4 5 4 5 5 5

    BR:LIV 4 5 5 5 5 3 5 5 2 5 4 5 3 5 5 5

    BR:BW 4 5 5 5 5 3 5 5 2 5 4 5 3 5 5 5

    Heart weight (HRT) 4 5 5 5 5 3 5 5 2 5 5 5 4 5 5 5

    HRT:BW 4 5 5 5 5 3 5 5 2 5 4 5 4 5 5 5

    Spleen weight (SPL) 4 5 5 5 5 3 5 4 2 4 5 5 4 5 5 5

    SPL:BW 4 5 5 5 5 3 5 4 2 4 5 5 4 5 5 5

    Serum IgG concentration 4 5 5 5 5 4 4 5 2 5 5 5 4 5 5 5

1Pigs were euthanized at 4 different time points within a birth cohort (at birth before suckling colostrum, 0 h; and at 24 h after birth, 24 h) and a 
weaning cohort (pre-weaning, approximately 29 d of age, PrW; and 24 h post-weaning, PoW).

2SI = small intestine (jejunum and ileum).
3Two samples (jejunum and ileum) per animal.
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at 21,000  × g for 20  min at 4  °C, and homogen-
ates aspirated and refrozen at −20 °C until analysis. 
The specific activity of lactase was measured by the 
liberation of glucose from lactose in the methods 
previously described by Dudley et al. (1992, 1994). 
Homogenates were diluted 1:10 with PBS and 
600  mM lactose solution containing 0.13  mM 
p-hydroxymercuribenzoate (Sigma–Aldrich, St 
Louis, MO) was added. After 60 min the reaction 
was stopped by the addition of 200  µL each of 
1.8% Ba(OH)2 and 2% ZnSO4 and the amount of 
glucose liberated was measured using the Infinity 
Glucose Oxidase Liquid Stable Reagent (Thermo 
Fisher, Waltham, MA). For the final glucose assay, 
the intra-assay CV was 1.5%, and the interassay CV 
was 7.4%. The assay was performed in triplicate for 
each homogenized sample. Total protein was deter-
mined for each homogenate, with the sample fur-
ther diluted 1:10 in PBS using the Pierce BCA assay 
kit (Thermo Fisher, Waltham, MA). The intra- and 
interassay CVs for this assay were 1.9% and 7.6%, 
respectively. Specific lactase activity was normalized 
to protein and expressed as micromole of glucose 
liberated per minute per gram of protein.

Statistical Analysis

Data were analyzed as a linear mixed model 
using the MIXED procedure of SPSS (IBM SPSS 
Version 21.0; IBM, Armonk, NY) with the indi-
vidual piglet as the experimental unit and dam 
parity group (GP vs. SP), time point (0 h vs. 24 h 
in the birth cohort; PrW vs. PoW in the weaning 
cohort), and piglet sex as fixed factors. Data from 
the birth and weaning cohorts were analyzed separ-
ately such that each model was a 2 × 2 × 2 factorial 
comparison, except in the case of measures at 24 h 
(birth cohort) and at PoW (weaning cohort), where 
a dam parity group × sex factorial comparison was 
carried out. Sex and any of its interactions were re-
moved from the model if  their effect was not sig-
nificant (P < 0.05) and not of primary interest to 
the hypothesis, using the backwards elimination 
procedure (Field, 2013). Specific activity of lac-
tase and total mucosal protein were also analyzed 
with intestinal section (jejunum vs. ileum) as an 
additional fixed factor, such that a 2 × 2 × 2 × 2 
factorial arrangement was employed. All absolute 
tissue and organ weights were analyzed, as well as 
the relative weights of the stomach (STM:BW), 
liver (LIV:BW), brain (BR:BW), heart (HRT:BW), 
and spleen (SPL:BW), expressed relative to piglet 
BW. In addition, quadriceps weight and femur 
length were expressed as a ratio (QD:FEM, g/cm), 

along with SI weight to length ratio (SIWT:SIL, g/
cm), brain to liver weight ratio (BR:LIV, g/g), and 
BW to body length ratio (BW:BL, g/cm; weaning 
cohort only).

Random effects (e.g., farrowing shed, litter, and 
day of euthanasia) did not have a significant effect 
(P ≥ 0.05) on any parameter studied and were there-
fore not included in the overall model. Between-
treatment comparisons from significant interaction 
effects were carried out using simple effects analysis 
in SPSS syntax using the COMPARE function. 
The number of individual pig observations (n) for 
each trait after editing for outliers is represented in 
Table 1. Extreme outliers were removed if  they were 
greater than 2 SD from the group mean and were 
deemed to be aberrant data. A P-value of <0.05 was 
considered significant, and a P-value of <0.10 was 
considered a trend. Estimates are reported herein as 
least square mean (LSM) ± SEM.

RESULTS

The 3-way interaction of dam parity group × 
time point × sex was not significant (P ≥ 0.05) for 
any parameter in either cohort and was therefore 
excluded from all models. Sex and its interactions 
were only significant for SPL and SPL:BW in the 
weaning cohort (dam parity group × sex inter-
action; P = 0.036 and P = 0.038, respectively) and 
for SIL and STOM:BW in the weaning cohort 
(main effect of sex; P = 0.045 and P = 0.049, re-
spectively), and were otherwise removed from all 
other models. Only the time point × section inter-
action for specific lactase activity in the weaning 
cohort contributed to the model (P  <  0.05), and 
therefore, all other interactions involving SI section 
were removed from the analysis of total mucosal 
protein and specific lactase activity in the SI. The 
dam parity × time point interaction was only sig-
nificant (P < 0.05) if  stated herein but was left in the 
model regardless of whether it made a significant 
contribution or not.

Piglet Liveweight and 24-h BW Gain

In the birth cohort, BW was significantly lower 
in GP compared with SP at 0 h (1.20 ± 0.07 vs. 1.57 ± 
0.06 kg, respectively; P < 0.001) and at 24 h (1.32 ± 
0.07 vs. 1.70 ± 0.08 kg, respectively; P = 0.004). In 
the weaning cohort, BW was not significantly dif-
ferent (P = 0.12) between GP and SP at 0 h (1.41 ± 
0.06 vs. 1.55 ± 0.06 kg; respectively), but GP tended 
(P = 0.099) to be lighter than SP at 24 h (1.51 ± 0.06 
vs. 1.66 ± 0.06 kg, respectively), and pigs selected 
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for the PrW time point were lighter than piglets 
selected for the PoW time point at 0 h (1.39 ± 0.06 
vs. 1.56 ± 0.06 kg, respectively; P = 0.060) and at 
24 h (1.48 ± 0.06 vs. 1.70 ± 0.06 kg, respectively; 
P  =  0.019). Gilt progeny were lighter than SP at 
PrW (7.54 ± 0.30 vs. 8.97 ± 0.30 kg, respectively; 
P = 0.002) and PoW (6.95 ± 0.41 vs. 8.88 ± 0.41 kg, 
respectively; P  =  0.004). Average BW gain in the 
first 24 h was not different (P ≥ 0.10) between GP 
and SP in the birth cohort (115 ± 16 vs. 135 ± 17 g, 
respectively) or the weaning cohort (101  ± 18 vs. 
115 ± 18 g, respectively). Pigs selected for the PrW 
time point tended (P = 0.057) to gain less weight in 
the first 24 h than pigs selected for the PoW time 
point (83 ± 18 vs. 133 ± 18 g, respectively).

Musculoskeletal System

Gilt progeny had a heavier (P  =  0.007; Table 
2) quadriceps muscle than SP in the birth cohort 
and in the weaning cohort (P  =  0.006; Table 3). 
Femur length was not different between GP and 
SP in either the birth (P  =  0.29; Table 2) or the 
weaning (P = 0.82; Table 3) cohorts. Gilt progeny 
had a lower QD:FEM than SP both in the birth co-
hort (0.83 ± 0.04 vs. 1.00 ± 0.03 g/cm, respectively; 
P = 0.002) and the weaning cohort (3.69 ± 0.19 vs. 
4.48  ± 0.19  g/cm, respectively; P  =  0.005). Body 
length was greater (P = 0.005) in SP than in GP in 
the weaning cohort and increased (P = 0.023) be-
tween PrW and PoW (Table 3). Values for BW:BL 

were greater (P  =  0.010) in SP (0.141  ± 0.004  g/
cm) than in GP (0.126 ± 0.004 g/cm) and decreased 
(P = 0.037) from PrW to PoW (data not shown).

Gastrointestinal Tract

In the birth cohort, GP had lighter (P = 0.001) 
absolute stomach weights than SP (Table 2). 
However, there was no difference (P  =  0.49) in 
STM:BW between GP and SP (Fig. 1A). Both ab-
solute stomach weight (P  <  0.001; Table 2) and 
STM:BW (P  =  0.010; Fig. 1A) increased from 0 
to 24 h. The absolute SI weight of GP was similar 
(P = 0.10) to that of SP, and absolute SI weight in-
creased substantially (P < 0.001) from 0 to 24 h in 
both GP and SP (Table 2). There was no difference 
(P = 0.28) in SI length between GP and SP in the 
birth cohort (Table 2), which increased (P = 0.002) 
from 0 to 24  h. Weight of the SI relative to the 
length (SIWT:SIL) tended to be greater (P = 0.059) 
in SP compared with GP (Fig. 1B) and increased 
(P  <  0.001) from 0 to 24  h. There was no differ-
ence between GP and SP in terms of absolute liver 
weight (P = 0.23; Table 2) or LIV:BW (P = 0.35; 
Fig. 1C) in the birth cohort. There was no effect 
(P ≥ 0.05) of time point on absolute or relative 
(LIV:BW) liver weight. There tended (P = 0.060) to 
be an interactive effect of dam parity × time point 
on total protein per gram of mucosa in the SI in 
the birth cohort, being no different (P = 0.96) be-
tween GP and SP at 0 h and lower (P = 0.007) in 

Table 2.   Least square means (± SE) from the linear mixed model analysis of absolute tissue and organ 
weights and other absolute organ dissection parameters for the birth cohort

Trait3

Factor1  

SP GP P-value2

0 h 24 h 0 h 24 h D T

Musculoskeletal

  Quadriceps, g 3.9 ± 0.2 4.2 ± 0.3 3.3 ± 0.3 3.3 ± 0.2 *** ns

  Femur length, cm 4.0 ± 0.1 4.0 ± 0.1 3.9 ± 0.1 4.0 ± 0.1 ns ns

Gastrointestinal tract

  Stomach, g 7.6 ± 0.5 9.6 ± 0.5 5.5 ± 0.6 7.8 ± 0.5 *** ***

  SI weight, g 41.8 ± 6.1 77.5 ± 5.7 40.3 ± 6.6 58.8 ± 5.1 ns ***

  SI length, m 3.62 ± 0.20 4.50 ± 0.20 3.59 ± 0.23 4.09 ± 0.18 ns ***

  Liver, g 50.3 ± 4.5 51.6 ± 4.7 45.9 ± 6.0 44.0 ± 4.2 ns ns

Other

  Brain, g 31.7 ± 0.8 32.0 ± 0.9 32.6 ± 1.0 31.5 ± 0.8 ns ns

  Heart, g 10.4 ± 0.7 13.7 ± 0.7 8.9 ± 0.8 9.8 ± 0.6 *** ***

  Spleen, g 1.9 ± 0.2 2.8 ± 0.2 1.3 ± 0.2 1.9 ± 0.2 *** ***

1Analyzed as a 2 × 2 factorial treatment design (dam parity × time point; including the interaction term); sow progeny (SP) vs. gilt progeny (GP); 
at birth (0 h) vs. 24 h post-partum (24 h).

2P-values for the main effects of dam parity (D) and time point (T) within the birth cohort; ***P < 0.01; **P < 0.05; *P < 0.10; and ns = not 
significant (P ≥ 0.10). The dam parity × time point interaction was not significant (P ≥ 0.05) for any model.

3SI = small intestine (jejunum and ileum).
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GP than in SP at 24 h (Fig. 2A). Gilt progeny had 
greater (P = 0.023) specific activity of lactase in the 
SI compared with SP, which was similar at 0 and 
24 h (P = 0.11) and lower (P = 0.047) in the ileum 
compared with the jejunum (Fig. 2B).

In the weaning cohort, GP had lower (P = 0.045) 
absolute stomach weights than SP (Table 3). 
However, there was no difference (P  =  0.13) in 
STM:BW between GP and SP (Fig. 1A). Both abso-
lute stomach weight and STM:BW did not change 
(P ≥ 0.05) from PrW to PoW. In the weaning co-
hort, male pigs had a greater (P = 0.049) STM:BW 
than females (6.4 ± 0.2 vs. 5.9 ± 0.2 g/kg, respect-
ively). Gilt progeny had lighter (P = 0.038) absolute 
SI weights in the weaning cohort compared with 
that of SP (Table 3). Absolute SI weight decreased 
(P = 0.020) after weaning (Table 3). There was no 
difference (P = 0.57) in SI length between GP and 
SP in the weaning cohort and no change (P = 0.26) 
from PrW to PoW (Table 3). Weight of the SI relative 
to the length (SIWT:SIL) was greater (P = 0.019) in 
SP compared with GP and decreased (P < 0.001) 
from PrW to PoW (Fig. 1B). Males had a greater SI 
length (P = 0.045) than females in the weaning co-
hort (9.7 ± 0.2 vs. 9.1 ± 0.2 m, respectively). There 
was no difference (P = 0.24) between GP and SP in 
terms of absolute liver weight in the weaning cohort 
(Table 3). However, GP had a greater (P = 0.014) 
LIV:BW than SP (Fig. 1C). There was no effect 
(P ≥ 0.05) of time point on absolute liver weight 

(Table 2) or LIV:BW (Fig. 1C). There was no sig-
nificant effect of dam parity (P = 0.23), time point 
(P = 0.16), or section (P = 0.18) on total protein 
per gram of mucosa in the SI in the weaning co-
hort (Fig. 3A). Specific activity of lactase was not 
different (P = 0.77) between GP and SP or between 
weaning cohort time points (P = 0.11), but it was 
significantly higher (P < 0.001) in the jejunum than 
in the ileum (Fig. 3B).

Other Organs

There was no difference (P = 0.80) in absolute 
brain weight between GP and SP in the birth cohort 
(Table 2), although BR:BW was greater (P = 0.001) 
for GP compared with SP (Fig. 4A). The BR:LIV 
ratio was greater (P = 0.044) for GP than it was for 
SP (Fig. 4B). There was no change (P ≥ 0.05) in ab-
solute brain weight (Table 2), BR:BW (Fig. 4A), or 
BR:LIV (Fig. 4B) from 0 to 24 h. There was a trend 
(P  =  0.095) for a dam parity × time point inter-
action for absolute heart weight in the birth cohort, 
as there was a greater increase from 0 to 24 h for SP 
(P = 0.002) than there was for GP (P = 0.42; Table 
2), with most of the difference between GP and 
SP present at 24 h (P < 0.001), and no difference 
(P = 0.18) at 0 h between the 2 groups (Table 2). The 
same was true for HRT:BW, except the interaction 
was significant (P = 0.003) in this model (Fig. 4C). 
There was a greater difference in HRT:BW at 24 h 

Table 3.   Least square means (± SE) from the linear mixed model analysis of absolute tissue and organ 
weights and other absolute organ dissection parameters for the weaning cohort

Trait3

Factor1  

SP GP P-value2

PrW PoW PrW PoW D T D × T

Musculoskeletal

  Quadriceps, g 30.9 ± 1.9 29.7 ± 1.9 26.0 ± 1.8 23.5 ± 2.0 *** ns ns

  Femur, cm 6.8 ± 0.1 6.8 ± 0.2 6.7 ± 0.1 6.8 ± 0.1 ns ns ns

  Body length, cm 59.6 ± 1.1 63.9 ± 1.1 58.1 ± 1.1 58.9 ± 1.1 *** ** ns

Gastrointestinal tract

  Stomach, g 50.9 ± 2.4 52.4 ± 2.4 48.1 ± 2.4 45.2 ± 2.4 ** ns ns

  SI weight, g 281.7 ± 14.3 244.8 ± 15.1 248.9 ± 15.3 213.1 ± 15.1 ** ** ns

  SI length, m 9.43 ± 0.30 9.51 ± 0.30 9.01 ± 0.30 9.59 ± 0.28 ns ns ns

  Liver, g 223.9 ± 11.4 223.7 ± 11.4 215.6 ± 11.4 204.9 ± 11.4 ns ns ns

Other

  Brain, g 47.7 ± 1.3 52.8 ± 1.3 50.6 ± 1.4 52.5 ± 1.3 ns ** ns

  Heart, g 43.7 ± 2.4 50.6 ± 2.4 44.2 ± 2.4 39.9 ± 2.4 ** ns **

  Spleen, g 41.6 ± 2.3 47.5 ± 2.4 32.9 ± 2.3 28.0 ± 2.3 *** ns **

1Analyzed as a 2 × 2 × 2 factorial treatment design [dam parity × time point × sex; including interaction terms where significant (P < 0.05)]; sow 
progeny (SP) vs. gilt progeny (GP); pre-weaning (PrW) vs. post-weaning (PoW); male vs. female.

2P-values for the main effects of dam parity (D), time point (T), and their interaction (D × T) within the weaning cohort; ***P < 0.01; **P < 0.05; 
*P < 0.10; and ns = not significant (P ≥ 0.10).

3SI = small intestine (jejunum and ileum).
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between GP and SP (P = 0.007) than there was at 
0 h (P = 0.092), and there was a greater increase in 
HRT:BW from 0 to 24 h in SP (P < 0.001) com-
pared with GP (P = 0.54). Sow progeny had greater 
absolute spleen weights (P  <  0.001; Table 2) and 
SPL:BW (P = 0.027; Fig. 4D) than GP in the birth 
cohort. Both absolute spleen weight (Table 2) and 
SPL:BW (Fig. 4D) increased (P < 0.001) from 0 to 
24 h.

In the weaning cohort, there was no difference 
(P  =  0.33) in absolute brain weight between GP 

and SP (Table 3), while BR:BW ratio was greater 
(P  =  0.004) for GP compared with SP (Fig. 4A). 
Both absolute brain weight (P = 0.012; Table 3) and 
BR:BW (P = 0.027; Fig. 4A) increased from PrW to 
PoW. There was no difference (P = 0.30) in BR:LIV 
between GP and SP, which tended (P = 0.054) to in-
crease from PrW to PoW (Fig. 4B). The dam parity 
× time point interaction was significant (P = 0.027) 
for absolute heart weight, which was similar between 
PrW and PoW for GP (P = 0.22), and increased be-
tween PrW and PoW for SP (P = 0.052; Table 2). 
The difference in absolute heart weight between 
GP and SP was seen mostly at PoW (P = 0.004) ra-
ther than at PrW (P = 0.88; Table 2). Gilt progeny 
had similar HRT:BW at PrW and PoW (P = 0.12; 
Fig. 4C), whereas HRT:BW increased from PrW to 
PoW in SP (P = 0.008; Fig. 4C).

The dam parity × sex interaction was signifi-
cant for both absolute spleen weight (P  =  0.036) 
and SPL:BW (P = 0.038), with the majority of the 
difference in GP and SP occurring in males for ab-
solute spleen weight (27.6  ± 2.3 vs. 46.7  ± 2.3  g, 
respectively; P  <  0.001) and SPL:BW (4.0  ± 0.3 
vs. 5.5 ± 0.3 g/kg, respectively; P = 0.001). Within 
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Figure 2. Least square means (± SE) from the linear mixed model 
analysis of total mucosal protein (A) and specific lactase activity 
(SLA) per gram of protein (B) in the proximal jejunum and distal ileum 
at each birth cohort time point (birth, 0 h; and 24 h after birth, 24 h). 
P-value given is the main effect of dam parity.
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Figure 1. Least square means (± SE) from the linear mixed model 
analysis of  relative gastrointestinal tract (GIT) growth parameters 
for each dam parity treatment (gilt progeny, GP; sow progeny, SP) at 
each time point (birth, 0 h; 24 h after birth, 24 h; weaning, at approxi-
mately 29 d of  age; PrW; and 24 h after weaning, PoW), including 
stomach weight relative to body weight (STM:BW; A); weight of  the 
small intestine relative to its length (SIWT:SIL; B); and liver weight 
relative to body weight (LIV:BW; C). P-values given are for the main 
effect of  dam parity within that cohort (birth, 0 and 24 h; weaning, 
PrW and PoW).
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the females, absolute spleen weight was lower 
(P = 0.009) in GP compared with SP (33.2 ± 2.3 vs. 
42.3 ± 2.4 g, respectively), but SPL:BW was similar 
(4.3 ± 0.3 vs. 4.6 ± 0.3 g/kg, respectively; P = 0.48). 
In SP, females had a lower (P = 0.034) SPL:BW than 
males, but this difference was not shown in absolute 
spleen weight (P = 0.19), and there was no difference 
(P ≥ 0.05) in either parameter between sexes of GP. 
The dam parity × time point interaction was signifi-
cant (P = 0.024) for absolute spleen weight, with SP 
having higher (P = 0.010) weights than GP at PrW, 
and this difference was even greater (P  <  0.001) 
at PoW (Table 3). Absolute spleen weight did not 
change from PrW to PoW in GP (P  =  0.13), but 
increased slightly in SP (P = 0.082; Table 3). There 
was no effect (P = 0.80) of time point on SPL:BW 
(Fig. 4D).

Serum IgG

In the birth cohort, the dam parity × time 
point interaction influenced (P  =  0.001) the 
piglet serum IgG concentration (Fig. 5), with no 

difference (P = 0.83) between GP and SP at 0 h, 
but significantly lower (P < 0.001) in GP at 24 h. 
Both GP and SP serum IgG concentrations in-
creased (P < 0.001) from 0 to 24 h. In the weaning 
cohort, there was no difference (P  =  0.98) in 
serum IgG concentration between GP and SP or 
between PrW and PoW (P = 0.20), and the dam 
parity × time point interaction was not significant 
(P = 0.12; Fig. 5).
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Figure 3. Least square means (± SE) from the linear mixed model 
analysis of total mucosal protein (A) and specific lactase activity 
(SLA) per gram of protein (B) in the proximal jejunum and distal ileum 
at each weaning cohort time point (weaning, at approximately 29 d of 
age; PrW; and 24 h after weaning, PoW). P-value given is the main ef-
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DISCUSSION

Gilt progeny are generally born lighter and 
suffer inferior performance to SP throughout the 
production cycle, with increased mortality and re-
duced growth rates (Holyoake, 2006; Miller et al., 
2012b; Craig et  al., 2017b). The findings from 
this study allow a further understanding of the 
underlying mechanisms behind differences between 
GP and SP, which are generally believed to be due 
to factors such as inferior colostrum and milk pro-
duction, intake and composition (Inoue et al., 1980; 
Klobasa and Butler, 1987; King, 2000), as well as 
differences in the ability to digest and (or) absorb 
specific components of colostrum and (or) milk in 
the GIT (Cottrell et  al., 2017). The results of the 
current experiment confirm that GP are born and 
weaned lighter than SP and may suggest that they 
suffer poorer acquisition of maternal immunity 
and delays in development of the GIT and skeletal 
muscle in utero and soon after birth, and around 
weaning. Unfortunately, due to constraints of time, 
resources, commercial pig production flows, and 
due to the fact that euthanasia was the end point 
of sampling for the current experiment, the sample 
size was limited and confined to 2 completely sep-
arate cohorts of animals; hence, results should be 
interpreted with this in mind.

In early gestation, development of the nervous 
system and skeleton is prioritized (McMeekan, 
1940; Hammond, 1944). Discrepancies were found 
in the present study between GP and SP in weights 
of organs of body systems developed later in ges-
tation, such as those of the GIT and of skeletal 
muscle, reflected in the lower absolute and relative 
weights of these tissues at birth (e.g., SI, stomach, 
spleen, and quadriceps muscle). In particular, GP 

having greater BR:LIV and BR:BW ratios com-
pared with SP at birth may be as a result of develop-
ment of the nervous system earlier in gestation and 
(or) because of fetal mechanisms in place to protect 
the development of the brain relative to some other 
tissues such as the skeletal muscle and organs of the 
GIT (i.e., the liver). This was supported by lower 
QD weight (both absolute and relative to femur 
length) in GP compared with SP at all time points 
in the present study. Femur length was highly con-
served between animals at every age studied, which 
is in agreement with Liu et al. (1999), and was not 
different between SP and GP, suggesting skeletal 
growth was comparable between the 2 groups. Da 
Silva et  al. (2013) found absolute semitendinosus 
muscle weight and area was lower in GP at birth 
compared with progeny born to multiparous sows 
of parities 3 and 4, and related this to the energy 
demands of GP being unmet during late gestation.

These asymmetrical growth patterns are often 
seen during intrauterine growth restriction, often 
observed in “runt” piglets from large litters that are 
born light as a result of uterine crowding (Bauer 
et al., 1998; Town et al., 2004). Because fat depos-
ition in utero is part of the last fetal growth phase 
(Hammond, 1944), fetal growth restriction in GP 
may result in lesser fat stores at birth for thermo-
regulation, which are already inadequate in new-
born pigs (Herpin et  al., 2002). This would also 
be impacted by a greater surface area to volume 
ratio in GP, which is suggested by their lower BWT 
compared with SP, and may increase heat loss and 
compromise their thermoregulatory ability. In the 
present study, GP had a lower BW:BL ratio in the 
weaning cohort, calculated in a similar way to body 
mass index, which has been shown to be a good 
predictor of pre- and post-weaning performance in 
newborn piglets (Douglas et al., 2016; Huting et al., 
2018). If  uterine space is restricted in late gestation 
in gilts, focused management strategies in mid-to-
late gestation to increase the BWT of GP may be in 
vain. In the experimental herd in the present study, 
primiparous sows are given a lower feed allowance 
than multiparous sows during gestation based on 
recommended gestation requirements (NRC, 2012), 
and it must be kept in mind that this may have im-
pacted the development of GP compared with that 
of SP. However, when additional nutrients are sup-
plied to primiparous sows, they generally direct 
these toward their own growth rather than that of 
the fetus (Clowes et al., 1998; Pluske et al., 1998; 
Zak et al., 1998).

Previous findings (Edwards et al., 2013), along 
with the present study, show that GP have a lower 
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weight per unit length of SI in comparison to SP. 
In the present study, the SI grew rapidly in terms of 
weight, length, and weight per unit length in the first 
24 h after birth, as has been shown previously in re-
sponse to intake of colostrum (Widdowson et al., 
1976; Burrin et al., 1992; Xu, 1996). This probably 
occurs due to an increase in intestinal cell number 
and size, as well as uptake of IgG and other macro-
molecules into enterocytes (Werhahn et al., 1981). 
Furthermore, in our previous experiment, we have 
shown that colostrum composition between prim-
iparous and multiparous sows is largely similar in 
terms of IgG sand macronutrient concentrations 
(Craig et  al., 2019). Data from the present study, 
therefore, points toward GP being restricted in their 
ability to obtain and digest colostrum in the first 
24 h of life. The lower SIW:SIL and total jejunal 
and ileal protein per gram of mucosa in GP com-
pared with SP may indicate that there is a reduction 
in the uptake of these proteins from colostrum pos-
sibly due to compromised development of the GIT, 
and ultimately affecting the capacity to absorb nu-
trients and components for the development of 
immunity.

Lower relative spleen weights in GP in both 
the birth and weaning cohort may suggest that 
their capacity to synthesize and store blood cells is 
compromised. Consequently, this may affect their 
ability to resolve infection around these challenge 
periods. Gilt progeny have been reported to suffer 
higher rates of mortality than SP, especially around 
weaning (Holyoake, 2006; Edwards et  al., 2013; 
Craig et  al., 2017b), thought due to impaired ac-
quisition of maternal immunity from colostrum. 
This is supported by the finding that GP had lower 
serum IgG concentrations than SP at 24  h in the 
present study. However, other studies investigating 
the difference between IgG levels in colostrum and 
milk of gilts and sows and in the serum of their 
progeny are conflicting (Klobasa and Butler, 1987; 
Cabrera et al., 2012; Miller et al., 2012a; Kielland 
et  al., 2015) in comparison to our study (Craig 
et  al., 2019). Differences in splenic growth and 
poorer acquisition of IgG in these early periods be-
tween GP and SP may favor the hypothesis that GP 
are less able to mount an immune response to in-
fection, such as to a lipopolysaccharide endotoxic 
challenge, but this requires further investigation. 
Furthermore, it may be speculated that greater rela-
tive liver weights in GP may be a sign of an increase 
in absorption of endotoxin due to compromised 
intestinal development causing a more permeable 
epithelium in these pigs (Cottrell et al., 2017), but 
again this requires further elucidation.

The fact that a number of these differences were 
also seen, and often exaggerated, in the weaning 
cohort (e.g., BR:BW, QD:FEM, BW:BL, SIW:SIL, 
LIV:BW, etc.), may be a further indication that GP 
do not exhibit compensatory organ growth before 
weaning and suffer a cumulative long-term disad-
vantage from being born lighter than SP and im-
munocompromised early in life. This is unsurprising 
given the relative impacts of lighter BWT of GP on 
their weaning weight and later performance (Craig 
et al., 2017b), but further implies that GP may be 
unable to optimally convert nutrients to carcass 
growth later in the grower-finisher period. A lower 
milk lactose concentration at day 21 of lactation in 
gilts compared with multiparous sows (Craig et al., 
2019) may indicate that gilts cannot maintain the 
metabolic demands of late lactation and that their 
milk production is inadequate for effective growth 
of their progeny to weaning. This concurs with the 
finding that a number of vital organs remained 
underdeveloped in GP in comparison to SP in the 
weaning cohort. This further highlights the need 
for energy and nutrient supplementation, for ex-
ample through creep feed, milk replacers and (or) 
energy supplements, for GP closer to weaning.

Absolute spleen and heart weights showed 
opposing trends in the first 24  h after weaning 
between parity groups, decreasing in GP after 
weaning, whereas heart and spleen weights in-
creased in SP after weaning. This may suggest that 
GP are relatively unable to adapt to weaning stress 
and may reflect poorer cardiovascular health and 
(or) a reduction in red blood cell production in 
these animals. There was no creep feed supplied in 
the present study, and it would be of interest to de-
termine whether these negative weaning stressors 
may be negated by exposure to creep feed before 
weaning. Further research in this area is warranted.

Higher specific activity of lactase in the brush 
border membrane of GP compared with SP at 24 h 
in the present study was surprising, and it is unclear 
from these findings what the cause or implications 
of this may be, and due to the small sample size in 
our study, this phenomenon needs to be confirmed 
with future studies. These findings are in contrast 
with that of Huygelen et al. (2015), who found no 
difference in enzyme activities at birth between 
low and normal birth weight piglets. Regardless, 
upregulation of the activity of lactase at birth may 
not result in improvements in glucose metabolism 
in GP unless glucose uptake by the enterocyte is 
simultaneously upregulated (Buddington, 2002). 
It seems from differences in SI weight to length 
ratios that the intestinal cells of GP are growing 
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at a slower rate to that of SP in the first 24 h of 
life, and we, therefore, may speculate that brush 
border glucose metabolism is less efficient in these 
animals. No differences in specific lactase activity 
were found between GP and SP in the weaning co-
hort, where the efficiency of milk carbohydrate di-
gestion may be more imperative in determining the 
piglets’ propensity for growth (Le Huërou-Luron, 
2002), especially given that levels of lactose in milk 
from gilts were found to be lower than in milk from 
multiparous sows by this stage (Craig et al., 2019). 
Specific activities of disaccharidases alone are often 
thought inadequate as indicators of digestive cap-
acity (Shields et al., 1980; Kelly et al., 1991), and 
it was unfortunate that whole mucosal weights or 
histological sections were unable to be taken in the 
present study. Another possible speculation is that 
greater specific lactase activity of GP in the birth 
cohort may be indicative of a longer, finger-like 
villus in the SI of GP compared with SP, as the 
majority of lactase activity is observed at the vil-
lous apex (Tsuboi et al., 1981, 1985). Further histo-
logical studies are required in to investigate early 
development of the GIT barrier structure and func-
tion in GP compared with SP.

In conclusion, the findings from this study sug-
gest that the development of a number of organs in 
late gestation—in particular those of the GIT and 
the skeletal muscle—may be compromised in GP 
in comparison to SP, culminating in differences at 
birth and persisting until weaning. To identify the 
best way to manage GP to maximize their perform-
ance, it is important to further investigate these 
physiological differences between GP and SP in fu-
ture studies. Although it may be important to focus 
management strategies toward improving fetal de-
velopment of GP in late gestation, the success of 
such strategies depends on the gilts’ capacity to 
supply uterine space, and direct additional nutri-
ents toward the placenta to ensure improvements 
in the growth of her progeny in utero. Management 
strategies targeted toward the growth of GP in lac-
tation, with consideration for their poorer GIT de-
velopment and acquisition of maternal immunity 
(in comparison to SP), may, therefore, be more 
successful.
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